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used in the various analyses are adjusted (rescaled) to common values, and known correlations are taken into
account. The averages include branching fractions, lifetimes, neutral meson mixing parameters, CP violation
parameters, parameters of semileptonic decays, and Cabibbo-Kobayashi-Maskawa matrix elements.
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I. EXECUTIVE SUMMARY

This paper provides updated world averages of mea-
surements of b-hadron, c-hadron, and z-lepton properties
using results available by March 2021. In a few cases,
important results that appeared later are included and are
clearly labeled as such. While new measurements since the
previous version of this paper [1] have been dominated by
the LHCb and the BESIII experiments, there are new
results from other experiments as well, and the older results
from previous generations of experiments are still very
important and contribute to the averages that we report.
Significant results are expected in the near future, with the
notable addition of measurements from the Belle II experi-
ment which started taking data in 2019.

Since the previous version of the paper, the b-hadron
lifetime and mixing averages have progressed only in the
BY sector, but with significant improvements both in
precision and in the averaging procedures. In total, new
BY results from 9 publications (of which 1 from ATLAS, 2
from CMS and 6 from LHCb) have been incorporated in
these averages. The lifetime hierarchy for the most abun-
dant weakly decaying b-hadron species is well established,
with a precision below 10 fs for all meson and Ag—baryon
lifetimes, and compatible with the expectations from the
heavy quark expansion. However, small sample sizes still
limit the precision for b baryons heavier than A (55, E),
Q,,, and all other yet-to-be-discovered b baryons). A sizable
value of the decay width difference in the B)-B? system is
measured with a relative precision of 6% and is well
predicted by the Standard Model (SM). In contrast, the
experimental results for the decay width difference in the
B°-BY system are not yet precise enough to distinguish the
small (expected) value from zero. The mass differences in
both the B-B? and BY-B? systems are known very
accurately at the O(1073) and O(107*) level, respectively.
On the other hand, CP violation in the mixing of either
system has not been observed yet, with asymmetries known
within a couple per mil but still consistent both with zero
and their SM predictions. A similar conclusion holds for
the CP violation induced by BY mixing in the b — cCs
transition, although in this case the experimental uncer-
tainty on the corresponding weak phase is an order of
magnitude larger, but now twice smaller than the SM
central value. Many measurements are still dominated by
statistical uncertainties and will improve once new results
from the LHC Run 2 become available, and later from LHC
Run 3 and Belle II.

The measurement of sin2f =sin2¢, from b — cCs
transitions such as B — J/wK$ has reached better
than 2.5% precision: sin2f =sin2¢; = 0.699 £ 0.017.
Measurements of the same parameter using different
quark-level processes provide a consistency test of the
SM and allow insight into possible beyond the Standard
Model effects. All results among hadronic b — s penguin

052008-4
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dominated decays of B mesons are currently consistent
with the SM expectations. Measurements of CP violation
parameters in BY — ¢¢ and BY — K*°K* enable similar
comparisons to the value of ¢S, where results are again
consistent with the small SM expectation. Among mea-
surements related to the unitarity triangle angle a = ¢,,
results from B decays to zz, pzr and pp are combined to
obtain a world average value of (85.27}%)°. Knowledge of
the third angle y = ¢; also continues to improve, with the
current world average being (66.273¢)°. The world average
for y has changed significantly since the previous HFLAV
report [1], due mainly to new LHCb measurements which
also improve the overall consistency of the combination.
The constraints on the angles of the unitarity triangle are
summarized in Fig. 48.

In exclusive semileptonic b hadron decays, determina-
tions of the CKM elements |V,,| and |V,,| are now

available from the decays B — D"¥¢/v, B, — D£*>uv,
B — nfv, B, —» Kuv and A, — puv. A global fit to all
exclusive results yields |V ;| = (39.10 & 0.50) x 10~ and
|Vup| = (3.51 £0.12) x 1073, The tension with the deter-
minations from inclusive B meson decays is thus 3.3¢ for
both |V,| and |V, |. The numerical values of R(D*) and
R(D), characterizing semitauonic decays B — D)7y,
have been stable since the last update. With respect to
the most recent theory calculations, the combined tension
with the SM expectation is 3.3c.

The most important new measurements of rare b-hadron
decays are coming from the LHC and new results are
provided by Belle II. Precision measurements of BY decays
are noteworthy, including several measurements of the
longitudinal polarization fraction from LHCb. CMS and
LHCb have updated their measurements of the branching

fractions of B?s) — ptu~ decays with additional data from

Run IT of the LHC, improving the sensitivity. There are
more and more measurements of observables related to
b — s£¢ transitions, and the so called “anomalies” pre-
viously observed persist with the new data. Global fits of
Wilson coefficients performed with the measured observ-
ables yield inconsistencies at the typical level of 3 standard
deviations from the standard model predictions. Improved
measurements from LHCb and other experiments are
keenly anticipated. The anomalies in tests of lepton flavor
universality, for instance in the measurement of the ratio of
branching fractions of B¥ — K*u*u~ and Bt - Ktete™
decays (Rg) from LHCb, with Run II data have also been
confirmed. In the low squared dilepton mass region, it
differs from the SM prediction by 3.1¢. In addition, more
and more stringent limits on lepton flavor violating modes
are being established. Among the CP violating observables
in rare decays, the “Kz CP puzzle” persists, and important
new results have appeared in two- and three-body decays.
LHCb has produced many other results on a wide variety of
decays, including b-baryon and B} -meson decays. Among

TABLE 1. Selected world averages. Where two uncertainties
are given the first is statistical and the second is systematic.

b-hadron lifetimes

7(BY) 1.519 £ 0.004 ps

B™) 1.638 = 0.004 ps

1.520 4 0.005 ps
) 1.429 £ 0.007 ps

B%) 1.624 £+ 0.009 ps

0.510 & 0.009 ps

T 1.471 £ 0.009 ps
7(8};) 1.572 £ 0.040 ps
7(E9) 1.480 &+ 0.030 ps
7(Q;) 1647013 ps
B® and BY mixing & CP violation
Amy 0.5065 4 0.0019 ps~!
ATy /Ty 0.001 £ 0.010
|ga/ Pal 1.0010 +£ 0.0008
Amy 17.765 & 0.006 ps~!
AT’ +0.084 + 0.005 ps~!
lgs/ ps| 1.0003 £ 0.0014

ces —0.049 +0.019 rad
Unitarity-triangle angle parameters
sin 2 = sin 2¢, 0.699 + 0.017
B=d (22.24+0.7)°
—1S k0 0.7415-13
=18, k0 0.63 £ 0.06
_nSKgK‘;Kg 0.83 +0.17
o (Pdh) —0.073 £ 0.115 £ 0.027 rad
(Spo_k+k-> Cpogk-) (0.14 £0.03,0.17 £ 0.03)
NS 1 jyad 0.86 £0.14
—nSp+p- 0.84 £0.12
=18 1y 0.66703 %00
NS -0.16 £0.22
(Sytns Crin-) (—0.666 + 0.029, —0.311 £ 0.030)
(8 p=2 Cpip) (—0.14 £ 0.13,0.00 &+ 0.09)
a=p, (85.244%)
a(D¥ %), a(D** ) —0.038 £ 0.013, —0.039 £ 0.010
Acp(BT = Dcp KT) 0.139 + 0.009
Aaps(BT = Dg,KT) —0.453 £ 0.026
r=ds (662135)°

the first results from Belle II, it is worth mentioning the
limit on the branching fraction of Bt — KTup
(<41 x 107° at 90% confidence level). With a dataset of
63 fb~! this limit is getting close to that obtained by the
first-generation B factories, BABAR and Belle.

More than 800 b to charm results from BABAR, Belle,
CDEFE, DO, LHCb, CMS, and ATLAS reported in approx-
imately 300 papers are compiled in a list of about 500
averages. The large samples of b hadrons that are available
in contemporary experiments allows measurements of
decays to states with open or hidden charm content with
unprecedented precision. In addition to improvements in
precision for branching fractions of B® and B* mesons,
many new decay modes have been discovered. In addition,

052008-5
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TABLE 2. Selected world averages. Where two uncertainties are given the first is statistical and the second is

systematic.

Semileptonic b-hadron decay parameters
B(B® —» D*t¢ 1)
B(B~ — D¢ 1,)
B(B® - D*¢ i)
B(B~ - D% 1,)
B(B® - nt¢71,)
|V.p| from exclusive B, B, and A, decays
|V.»| from exclusive B, B, and A, decays
B(B g ch_ﬂg)
B(B — Xf_l_/f)
|V.p| from inclusive B decays
|V.p| from inclusive B decays
R(D) = B(B — Dwv,)/B(B - D¢v,)
R(D*) = B(B - D*wv,)/B(B — D*¢v,)
b-hadron decays to charmed hadrons
B(BO - D z")
- D7)
BO - D;nt)
- Afn7)
B J/wK°)
B — J/yK")
B) = J/ye)
A) = J/wAO)
1‘3(3+ -~ J/yD{)/B(BS — J/yx")
b-hadron decays to charmless final states
B(B) = p'u™)
B(B® — pu™)
B(B® — ete)
B(B = X,y) (E, > 1.6 GeV)
Ry =B(B" - Ktutu)/B(Bt - KTete™)
in 1.1 <m2,,. <6.0 GeV?/c* (LHCb)
Rg = B(B* - K*®utu™)/B(BT —» K*%¢te™)
in 1.1 <m2,,. <6.0 GeV?/c*
Acp(B" > K*n7)
Acp(BT — K*x°)
Acp(B) > K~n%)
B(B® -yt~ +c.c.)
Observables in B® — K*u+tyu~

B(B*
B(
B(A;,
B5(
B(
B5(
5(

decays in bins of ¢> = m*(u*u~)

(4.97 £0.12)%
(5.58 £0.22)%
(2.24 £ 0.09)%
(2.30 £ 0.09)%
(1.50 £ 0.06) x 10~
(39.10 £ 0.50) x 1073
(3.51 £0.12) x 1073
(10.65 £0.16)%
(10.84 £ 0.16)%
(42.19 £ 0.78) x 1073
(4.194£0.17) x 1073
0.339 £ 0.030
0.295 £ 0.014

(2.56 £0.13) x 1073
(4.67£0.14) x 1073
(2.85+£0.18) x 1073
(4.45+£0.25) x 1073
(0.864 £ 0.029) x 1073
(1.006 £ 0.026) x 1073
(1.061 £+ 0.090) x 1073
(0.47 £0.29) x 1073
3.09 £0.55

(2.95+£0.41) x 107°
<0.21 x 10~ (CL = 90%)
<2.5x 107 (CL = 90%)

(3.49 £0.19) x 107

+0.042+0.013
0. 846—0 039-0.012

0.72%55
—~0.0836 + 0.0032
0.027 + 0.013
0.224 +0.012

<12 x107° (CL = 90%)
See Sec. IXF

the set of measurements available for B? and B mesons as
well as for b baryon decays is rapidly increasing. The
averaging method is improved to take into account and
determine correlations between averages.

In the charm sector, the main highlight is the LHCb
observation of dispersive mixing, i.e., the mixing parameter
x=AM/T # 0. The statistical significance of this obser-
vation is 8.2¢, which is much greater than the previous
significance of 3.1¢. The measurement of x, along with
measurements of 48 other observables by the E791,
FOCUS, Belle, BABAR, CLEO-c, BESIIl, CDF, and
LHCb experiments, is input into a global fit for 9-10
(depending on theoretical assumptions for subleading
amplitudes) mixing and CP violation parameters. From

this fit, the no-mixing hypothesis is excluded at a con-
fidence level above 11.5¢0. The precision on x is improved
by a factor of two from that of previous HFLAV fits. The
mixing parameter y = AI'/T" # 0 with a statistical signifi-
cance greater than 11.46. The world average value for the
observable yp is positive, indicating that the CP-even state
is shorter-lived, as in the K°-K° system. However, x > 0
and thus the CP-even state is the heavier one, which differs
from the K°-K° system. The CP violation parameters
|g/ p| and ¢ are compatible with CP symmetry at the level
of 1.60; thus there is no evidence for indirect CP violation,
i.e., that arising from mixing (|¢/p| # 1) or from a phase
difference between the mixing amplitude and a direct decay
amplitude (¢ #0). A separate fit to time-integrated
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TABLE 3. Selected world averages. Where two uncertainties
are given the first is statistical and the second is systematic.

D° mixing and CP violation

x (0.41 £ 0.05)%
y (0.62 £ 0.06)%
51(7[ (72;\»973)0

Ap (—0.70 + 0.36)%
lg/ p| 0.995 + 0.016
¢ (=25 +£1.2)°

X1, (no direct CP violation)
y12 (no direct CP violation) (0.60 £ 0.06)%
¢1» (no direct CP violation) (0.58 £0.91)°
g (~0.010 + 0.012)%

(0.41 + 0.05)%

Aadt, (=0.161 +0.028)%
Charm meson (semi)leptonic decays

fp (205.1 +4.4) MeV
fo, (252.2 £2.5) MeV
IV eal 0.2208 + 0.0040
|Vl 0.9701 £+ 0.0081
Charm meson hadronic decays

B(D® — K-7*) (3.999 + 0.006 + 0.031

+0.032¢5R ) %
B(D® - K*z7)/B(D° - K~ x*) (0.343 4 0.002)%

© parameters, lepton universality, and |V |

9/ Gy 1.0009 £ 0.0014
9/ ge 1.0027 & 0.0014
Gl Ge 1.0019 £ 0.0014
Be™ (17.812 £ 0.022)%
Rpad 3.6343 £ 0.0082
|Vs| from B(z™ — X v,) 0.2184 + 0.0021
|Vius/Vual from Bz~ - X,v,) 0.2243 £ 0.0022
|V | from

Ble — Ku.)/B(e — 70,) 0.2229 + 0.0019
|Vus|/|vud| from

B(r = K0.)/B(c — 10.) 0.2289 4 0.0019
|V 4| from B(z~ - K~ v;) 0.2219 + 0.0017
|V.s| T average 0.2207 £ 0.0014

measurements of D°— KTK~/ztz~ decays gives
Aadl = (=0.161 £ 0.028)%, which, like the previous
HFLAV fit, establishes direct CP violation in singly
Cabibbo-suppressed decays. The contribution of indirect
CP violation in this fit is consistent with zero, as expected.

The world’s most precise measurements of |V,.,| and
|V.s| are obtained from leptonic D™ — p*v and DY —
utv/tty decays, respectively. These measurements have
theoretical uncertainties arising from decay constants.
However, calculations of decay constants within lattice
QCD have improved such that the theory error is below
~20% of the experimental uncertainties of the measure-
ments. Measurements of the branching fractions for had-
ronic decays such as D° — K¥ 7% are at a precision where
final state radiation must be treated correctly and consis-
tently across the measurements for the accuracy of the
averages to match the precision; the required informed
averages are performed.

The 7 branching fraction fit has become more similar to
the PDG t branching fraction fit (also produced by
HFLAV) by abandoning some custom elaborations of
experimental results that were used in the previous reports.
For some lepton universality tests and some |V | calcu-
lations this edition uses recent new estimations of the
radiative corrections for the theory predictions of the
branching fractions. The central values are close to the
previous calculations and the uncertainties are larger but
considerably more reliable. When updating the external
inputs corresponding to the physical fundamental constants
for the |V | determination from the z branching fractions,
an accidental transcription error has been fixed, which
caused in the previous report an incorrect shift of about
+0.5¢ in |V ;| computed from B(z — Kv). Recent updates
on the radiative corrections used in the procedure to extract
|V .| from experimental data have shifted the |V ,,| world
average, resulting in a significant violation of the unitarity
of the first row of the CKM matrix. Like the |V
calculations that rely on kaon decay measurements, the
|V.s| measurements with z decays (less precise than the
ones obtained from kaon decays) are smaller than the |V,|
value that would be required by unitarity and the measured
|Vl and |V ;| values.

A small selection of highlights of the results described in
Secs. V=XII are given in Tables 1-3.

II. INTRODUCTION

Flavor dynamics plays an important role in elementary
particle interactions. The accurate knowledge of properties
of heavy flavor hadrons, especially » hadrons, plays an
essential role in determination of the elements of the
Cabibbo-Kobayashi-Maskawa  (CKM)  quark-mixing
matrix [2,3]. The operation of the Belle and BABAR
eTe™ B factory experiments led to a large increase in
the size of available B-meson, D-hadron and z-lepton
samples, enabling dramatic improvement in the accuracies
of related measurements. The CDF and DO experiments at
the Fermilab Tevatron have also provided important results
in heavy flavor physics, most notably in the B sector. In
the D-meson sector, the dedicated ete™ charm factory
experiments CLEO-c and BESIII have made significant
contributions. Run I and Run II of the CERN Large Hadron
Collider delivered high luminosity, enabling the collection
of even larger samples of b and ¢ hadrons, and thus a
further leap in precision in many areas, at the ATLAS,
CMS, and (especially) LHCb experiments. With ongoing
analyses of the LHC Run II data, further improvements are
anticipated.

The Heavy Flavor Averaging Group (HFLAV)' was
formed in 2002 to continue the activities of the LEP

"The group was originally known by the acronym “HFAG.”
Following feedback from the community, this was changed to
HFLAV in 2017.

052008-7



Y. AMHIS et al.

PHYS. REV. D 107, 052008 (2023)

Heavy Flavor Steering Group [4], which was responsible

for calculating averages of measurements of b-flavor

related quantities. HFLAV has evolved since its inception
and currently consists of seven subgroups:

(i) the “B lifetime and oscillations” subgroup provides
averages for b-hadron lifetimes and various param-
eters governing B’—B° and BY-BY mixing and CP
violation;

(ii) the “unitarity triangle angles” subgroup provides
averages for parameters associated with time-
dependent CP asymmetries and B — DK decays,
and resulting determinations of the angles of the
CKM unitarity triangle;

(iii) the “semileptonic B decays” subgroup provides
averages for inclusive and exclusive measurements
of B-decay branching fractions, and subsequent
determinations of the CKM matrix element magni-
tudes |V | and |V, ];

(iv) the “B to charm decays” subgroup provides averages
of branching fractions for b-hadron decays to final
states involving open charm or charmonium mesons,
as well as branching fractions for b-hadron produc-
tion in Y'(4S) and Y(5S) decays;

(v) the “rare b decays” subgroup provides averages of
branching fractions, CP asymmetries and other
observables for charmless, radiative, leptonic, and
baryonic B-meson and b-baryon decays;

(vi) the “charm CP violation and oscillations” subgroup
provides averages of mixing, CP-, and T-violation
parameters in the D°-D° system;

(vii) the “charm decays” subgroup provides averages
of charm-hadron branching fractions, properties of
excited D** and D,; mesons, properties of charm
baryons, and the D™ and D} decay constants f
and fp ;

(viii) the “tau physics” subgroup provides averages for ¢
branching fractions using a global fit, elaborates on
the results to test lepton universality and to deter-
mine the CKM matrix element magnitude |V |, and
lists and combines branching-fraction upper limits
for 7 lepton-flavor-violating decays.

Subgroups consist of representatives from experiments

producing relevant results in that area, i.e., representatives

from BABAR, Belle, Belle 11, BESIII, CLEO(c), CDF, DO,

LHCb, ATLAS, and CMS.

This article is an update of the last HFLAV publication,
which used results available by September 2018 [1].
Here we report world averages using results available by
March 2021. In some cases, important new results made
available later are included where possible. In general, we
use all publicly available results, including preliminary
results that are supported by written documentation, such as
conference proceedings or publicly available reports from
the collaborations. However, we do not use preliminary
results that remain unpublished for an extended period of

time, or for which no publication is planned. Since HFLAV
members are also members of the different collaborations,
we exploit our close contact with analyzers to ensure that
the results are prepared in a form suitable for combinations.

Section IIT describes the methodology used for calculat-
ing averages. In the averaging procedure, common input
parameters used in the various analyses are adjusted
(rescaled) to common values, and, where possible, known
correlations are taken into account. Sections V-XII present
world average values from each of the subgroups listed
above. A complete listing of the averages and plots,
including updates since this document was prepared, is
available on the HFLAV web site [5].

III. AVERAGING METHODOLOGY

The main task of HFLAV is to combine independent but
possibly correlated measurements of a parameter to obtain
the world’s best estimate of that parameter’s value and
uncertainty. These measurements are typically made by
different experiments, or by the same experiment using
different datasets, or by the same experiment using the
same data but with different analysis methods. In this
section, the general approach adopted by HFLAV is out-
lined. The software used to provide this is either the
COMBOS package [6], the HFLAVAVERAGING package [7]
or dedicated tools for some averages.

Our methodology focuses on the problem of combining
measurements obtained with different assumptions about
external (or “nuisance”) parameters and with potentially
correlated systematic uncertainties. Unless otherwise
noted, we assume for our combinations that the quantities
measured by experiments were performed in the asymptotic
regime (large data samples), so that the measured estimates
have a (one- or multidimensional) Gaussian likelihood
function. We use x to represent a set of n parameters and x;
to denote the ith set of measurements of those parameters.
The covariance matrix for the measurement is V,. In all fits,
we ensure that x and x; do not contain redundant informa-
tion, i.e., they are vectors with n elements that represents
exactly n parameters. A y* statistic is constructed as

N

X (x) :Z(xi_x>TVi_l(xi_x)7 (1)

i

where the sum is over the N independent determinations of
the quantities x, typically coming from different experi-
ments. This is the best linear unbiased estimator with
minimum variance [8] The results of the average are the
central values x, which are the values of x at the minimum
of y*(x), and their covariance matrix

N
V=3 v (2)
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which is a generalization of the one-dimensional esti-
mate 672 =) ;072

The value of y?(%) provides a measure of the consistency
of the independent measurements of x after accounting for
the number of degrees of freedom (dof), which is the
difference N — n between the number of measurements and
the number of fitted parameters. The values of (%) and
dof are typically converted to a p-value and reported
together with the averages. Unlike the Particle Data
Group [9], when y?/dof > 1 we do not by default scale
the resulting uncertainty. Rather, we examine the system-
atic uncertainties of each measurement to better understand
potential sources of the discrepancy.

In many cases, publications do not quote a direct
measurement of a parameter of interest, but of a quantity
that is a function of multiple parameters. An example is the
measurement of a ratio of branching fractions, from which
a branching fraction of interest is determined using pre-
vious (and usually more precise) knowledge of the branch-
ing fraction of a “normalization mode.” This leads to a
correlation between the determinations of the two branch-
ing fractions that appear in the ratio. In addition, if the same
normalization mode is used for measurements of different
branching fraction ratios, they too become correlated.
These correlations can be evaluated by performing a
simultaneous fit to all averages involved. This is done
by generalizing Eq. (1) to the form

20) =3 (o) -5V (o) %) ()

where p are the fit parameters, including the quantities
whose averages we want to determine, x; is the set of ith
measurements (e.g., of branching fractions and branching-
fraction ratios), and f; is the dependence of the measured
quantities x; on the parameters p. This procedure is used for
branching-fraction and related averages in Secs. VIII
and IX. An alternative approach, used in Sec. XII A, is
to construct the y? as in Eq. (1) and minimize it subject to a
list of constraints implemented with Lagrange multipliers.
The two approaches are essentially identical, except that the
covariance matrix is given in terms of p in the former and in
terms of x; in the latter.

If a special treatment is necessary in order to calculate an
average, or if an approximation used in the calculation
might not be sufficiently accurate (e.g., assuming Gaussian
uncertainties when the likelihood function exhibits non-
Gaussian behavior), we point this out. Further modifica-
tions to the averaging procedures for non-Gaussian
situations are discussed in Sec. III C.

A. Treatment of correlated systematic uncertainties

Consider two hypothetical measurements of a parameter
x, which can be summarized as

X1 + (S.X'l + Axl’l + A.X'Lz...
X2 + 5.X'2 + A)Cz’l + A.X'zwz...,

where the ox; are statistical uncertainties and the Ax, ; are
contributions to the systematic uncertainty. The simplest
approach is to combine statistical and systematic uncer-
tainties in quadrature

X1 + (5)(1 @ Axl’l @ Axl,z @ )
X + (5)(2 @ AXZJ @ AX2,2 @ ),

and then perform a weighted average of x; and x, using
their combined uncertainties, treating the measurements as
independent. This approach suffers from two potential
problems that we try to address. First, the values x; may
have been obtained using different assumptions for nui-
sance parameters; e.g., different values of the B lifetime
may have been used for different measurements of the
oscillation frequency Am,. The second potential problem is
that some systematic uncertainties may be correlated
between measurements. For example, different measure-
ments of Am,; may depend on the same branching fraction
used to model a common background.

The above two problems are related. We can represent
the systematic uncertainties as a set of nuisance parameters
y; upon which x; depends. The uncertainty Ay, which is
the uncertainty on y; coming from external measurements,
contributes Ax;; to the systematic uncertainty on x;. We
thus use the values of y; and Ay; assumed by each
measurement in our averaging. To properly treat correlated
systematic uncertainties among measurements, requires
decomposing the overall systematic uncertainties into
correlated and uncorrelated components. Correlated sys-
tematic uncertainties are those that depend on a shared
nuisance parameter, e.g., a lifetime as mentioned above;
uncorrelated systematic uncertainties do not share a nui-
sance parameter, e.g., the statistical uncertainty resulting
from independent limited size simulations of background
components. As different measurements often quote differ-
ent types of systematic uncertainties, achieving consistent
definitions in order to properly treat correlations requires
close coordination between HFLAV and the experiments. In
some cases, a group of systematic uncertainties must be
combined into a coarser description in order to obtain an
average that is consistent among measurements. Systematic
uncertainties that are uncorrelated with any other source of
uncertainty are combined together with the statistical
uncertainty, so that the only systematic uncertainties treated
explicitly are those that are correlated with at least one other
measurement via a consistently defined external param-
eter y;.

The fact that a measurement of x is sensitive to y;
indicates that, in principle, the data used to measure x could
also be used for a simultaneous measurement of x and y;.
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Yi

FIG. 1. Illustration of the possible dependence of a measured
quantity x on a nuisance parameter y;. The plot compares the
68% confidence level contours of a hypothetical measurement’s
unconstrained (large ellipse) and constrained (filled ellipse)
likelihoods, using the Gaussian constraint on y; represented by
the horizontal band. The solid error bars represent the statistical
uncertainties o(x) and o(y;) of the unconstrained likelihood. The
dashed error bar shows the statistical uncertainty on x from a
constrained simultaneous fit to x and y;.

This is illustrated by the large contour in Fig. 1. However,
there often exists an external measurement of y; with
uncertainty Ay; [represented by the horizontal band in
Fig. 1(a)] that is more precise than the constraint ¢(y;) from
the x data alone. In this case, the results presented in a
publication can be from a simultaneous fit to x and y;,
including the external measurement as a constraint, and
obtain the filled (x, y) contour and dashed one-dimensional
estimate of x shown in Fig. 1. We call the fit without the
external measurement wunconstrained, and the fit that
include the external measurement is referred to as
constrained.

To combine two or more measurements that share a
systematic uncertainty due to the same external parameter(s)
y;, the optimal solution is to take the unconstrained results
from the publications and perform a constrained simulta-
neous fit of all measurements to obtain values of x and y;.
Let us consider two statistically independent measurements,
x1 £ (6x; @ Axy ;) and x, = (6x, @ Ax,;), of the quantity x
as shown in Figs. 2(a) and 2(b). For simplicity we consider
only one correlated systematic uncertainty for each external
parameter y;. Since the publications were made, our knowl-
edge of y; will often have improved, causing the measure-
ments of x to shift to different central values and have
different uncertainties.

If the unconstrained likelihoods Li(x,y;,ys,...) for
each of the measurements are available, the exact method
is to minimize the simultaneous likelihood

Leomb (X, y1.¥2,...) = Hﬁk(xv)’h)’zy --~)H£i(yi)7 (4)
k i

with an independent Gaussian constraint

L /yi—yi\?
Li(y;) = exp [—§< Ay ) (5)
for each y;.

However, most publications do not include the full
likelihood, in which case we use an approximate method
instead. The first step of our procedure is to adjust the
values of each measurement to reflect the current best
knowledge of the external parameters y; and their ranges
Ay, as illustrated in Figs. 2(c) and 2(d). We adjust the
central values x; and correlated systematic uncertainties
Ax; linearly for each measurement (indexed by k) and
each external parameter (indexed by i):

Ax i
X =X+ Z ij (Vi = ei) (6)
AV
Ax) ;= A (7)

Ay '

This procedure is exact in the limit that the unconstrained
likelihood of each measurement is Gaussian and the linear
relationships in Egs. (6)) and (7) are valid.

The second step is to combine the adjusted measure-
ments, x; + (6x; @ Ax;; @ Axj, @ ...) by constructing
the goodness-of-fit statistic

X%omb(xvyl S LIEE )

_ 1|, NA N Yi=yi )’
zgﬁ_ﬁ{xﬁ(ﬁz(”_m s )] 2 Usr)

We minimize this y> to obtain the best values of x and y;
and their uncertainties, as shown in Fig. 3. Although this
method determines new values for the y;, we typically do
not report them as the Ax;, reported by each experiment
are generally not intended for this purpose (for example,
they may represent a conservative upper limit rather than a
true reflection of a 68% confidence level).

The results of the approximate method agree with the
exact method when the £; are Gaussian, Ay; < o(y;) and
the linear assumption for the approximate method is valid.

For averages where common sources of systematic
uncertainty are important, central values and uncertainties
are rescaled to a common set of input parameters following
the prescription above. We use the most up-to-date values
for common inputs, taking values for experimental con-
straints from within HFLAV or from the Particle Data
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(d)

FIG. 2. Illustration of the HFLAV combination procedure for correlated systematic uncertainties. Upper plots (a) and (b) show
examples of two individual measurements to be combined. The large (filled) ellipses represent their unconstrained (constrained) iso-
likelihood contours, while horizontal bands indicate the different assumptions about the value and uncertainty of y; used by each
measurement. The error bars show the results of the method described in the text for obtaining x by performing fits with y; fixed to
different values. Lower plots (c) and (d) illustrate the adjustments to accommodate updated and consistent knowledge of y;. Open circles
mark the central values of the unadjusted fits to x with y fixed; these determine the dashed line used to obtain the adjusted values.

Group when possible, and updated values of theoretical  with
parameters from their publications.

B. Treatment of unknown correlations pi; = min (65 ’ GJ'>_ (10)
Another issue that needs careful treatment is that of i %
unknown correlations among measurements, e.g., due to
use of the same decay model for intermediate states to Thi J . 2> min(o?.62). Setti
calculate acceptances. A common practice is to set the 18 corresponds (o setting o%; ;) = mm(ai,aj ). Setting
correlation coefficient to unity to indicate full correlation. ~ Pij = 1 When o; #0; can lead to a significant under-

A

However, this is not necessarily conservative and can result ~ estimate of the uncertainty on %, as can be seen from
in an underestimated uncertainty on the average. The most ~ Eq. (9). In the absence of better information on the
conservative choice of correlation coefficient between two correlation, we always use Eq. (9).

measurements i and j is that which maximizes the

uncertainty on X due to the pair of measurements, C. Treatment of asymmetric uncertainties

252(1 — p? For measurements with no correlation between them and

o;0i(1 —pj) : . L .
Oii) = 2 T 5 , 9) with Gaussian uncertainties, the usual estimator for the
o; +0j = 2pij0i0; average of a set of measurements is obtained by minimizing
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Yi
(= DN/
T
FIG. 3. [Illustration of the combination of two hypothetical

measurements of x using the method described in the text. The
ellipses represent the unconstrained likelihoods of each meas-
urement, and the horizontal band represents the latest knowledge
about y; that is used to adjust the individual measurements. The
filled small ellipse shows the result of the exact method using
L omp> and the hollow small ellipse and dot show the result of the
approximate method using y2 ..

2 _ X (xk_x)2
A=) 5=, (11)
k

where x; is the kth measured value of x and o7 is the
variance of the distribution from which x; was drawn. The
value & at minimum y? is the estimate for the parameter x.
The true o; are unknown but typically the uncertainty as
assigned by the experiment ¢;*" is used as an estimator for
it. However, caution is advised when ¢;*" depends on the
measured value x,. Examples of this are multiplicative
systematic uncertainties such as those due to acceptance, or
the v/N dependence of Poisson statistics for which x;, « N
and o, « v/N. Failing to account for this type of depend-
ence when averaging leads to a biased average. Such biases
can be minimized

o (%)

20\ N (xk_x)z
Pl =) S (12)
3

where o (%) is the uncertainty on x; that includes the
dependence of the uncertainty on the value measured. As an
example, consider the uncertainty due to detector accep-
tance, for which 6, (%) = (%/x;) x oV Inserting this into
Eq. (12) leads to the solution

S b/ (o)

Yo/ ()

which is the correct behavior, i.e., every measurement is
weighted by the inverse square of the fractional uncertainty
o™ /x;. When it is not possible to assess the dependence of
o on X from the uncertainties quoted by the experiments,
this dependence is ignored.

Another example of a non-Gaussian likelihood function
is when a measurement is given with asymmetric uncer-
tainties. In general we symmetrize them by taking their
linear average, however for branching fractions and asym-
metries, we take asymmetric uncertainties into account
through the use of Eq. (1) with a variable value for the kth
diagonal element V** of the covariance matrix for the
measurement (dropping the measurement index i for
simplicity). We take V¥ = (6%)? for f*(p) — x* < —o_
and V¥ = (6%)? for f*(p) — x* > o*, where o* (%) are
the left- (right-side) uncertainty quoted on the measurement
of x*, and f* is the kth element of f. Between these regions,
V* is interpolated linearly. While this will not fully recover
the likelihood, it is the optimal solution when no further
information is provided [10].

=

D. Splitting uncertainty for an average into components

We carefully consider the various uncertainties contrib-
uting to the overall uncertainty of an average. The covari-
ance matrix describing the uncertainties of different
measurements and their correlations is constructed, i.e.,
V = Vga + Vs + Vineory- If the measurements are from
independent data samples, then Vi, is diagonal, but Vi
and Vyeory, may contain correlations. The variance on the
average X can be written as

_1yy-1
5 1 i (VIVVTh,

0% = = =V (13)
Zi,j Vij (Zi,j Vij )
. Zi.j (V_l [Vstat + Vsys + Vtheory]v_l)ij
(> i Vi_jl)z
= that + Ggys + atzh- (14)

To calculate 62, in the last step, the calculation is repeated
without including V., in V and this is then subtracted from
the total. The same is done for the other two components.
This breakdown of uncertainties is provided in certain
cases, but usually only a single, total uncertainty is quoted
for an average.

IV. b-HADRON PRODUCTION FRACTIONS

We consider here the relative fractions of the different
b-hadron species produced in a specific process. These
fractions are needed for characterizing the signal
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TABLE 4. Published measurements of the B*/B° production ratio in Y(4S) decays, together with their average
(see text). Systematic uncertainties due to the imperfect knowledge of 7(B¥)/7(B°) are included.

Decay modes

Published value of Assumed value

Experiment, year References or method R+/00 = =00 of 7(B*)/7(B)
CLEO, 2001 [11] J/wK® 1.04 £0.07 £ 0.04 1.066 + 0.024
CLEO, 2002 [12] D*¢v 1.058 £0.084 £+ 0.136 1.074 £ 0.028
Belle, 2003 [13] Dilepton events 1.01 +0.03 £ 0.09 1.083 +0.017
BABAR, 2005 [14] (ct)K™ 1.06 £ 0.02 £ 0.03 1.086 + 0.017
Average 1.059 £ 0.027 (tot) 1.076 £ 0.004

composition in inclusive b-hadron analyses, predicting the
background composition in exclusive analyses, and con-
verting observed event yields (or event yield ratios) into
branching fraction (or branching fraction ratio) measure-
ments. We distinguish here the following three b-hadron
production processes: Y (4S) decays, Y(5S) decays, and
high-energy collisions (including Z° decays).

A. b-hadron production fractions in Y(4S) decays

Only the two lightest (charged and neutral) B-meson
species can be pair-produced in Y(4S) decays. Therefore,
only the following two branching fractions must be
considered:

Y(4S) - B*B")

=t

, 15
Cu(YaS)) )
ry4s B°B°
Fiat(Y(45))
In practice, most analyses measure their ratio
R+-/00 _ f_*‘ _ r(y4s)—- B*B7) (17)

f%  T(Y(4S) - B°BY%)’

which is easier to access experimentally. An inclusive (but
separate) reconstruction of BT and BY is difficult.
Therefore, R*~/% is measured with exclusive decays
Bt — f* and B — f° to specific final states f* and f°
that are related by isospin symmetry. Under the assumption
that I(B* — f*) =T'(B° — f9), i.e., that isospin invari-
ance holds in relating these B decays, the ratio of the
number of reconstructed B* — f* and B — f° mesons,
after correcting for efficiency, is equal to

[TBBT - f1) _ fTTBT = (BT [T (B
FIBE /%) JORE ) P B
(18)

where 7(B") and 7(B°) are the B* and B lifetimes,
respectively. Hence the primary quantity measured in these
analyses is RT/%7(B*)/z(B°), and the extraction of

R*/% with this method therefore requires the knowledge
of the 7(B*)/z(B°) lifetime ratio.

The published measurements of RT/% are listed® in
Table 4 together with the corresponding values of
7(B")/7(B) assumed in each measurement. All measure-
ments are based on the above-mentioned method, except
the one from Belle, which is a by-product of the B® mixing
frequency analysis using dilepton events (but note that it
too assumes isospin invariance, namely ['(B™ — £7X) =
['(B® - £+X)). The latter is therefore treated in a slightly
different manner in the following procedure used to
combine these measurements:

(i) each published value of R*~/% from CLEO and
BABAR is first converted back to the original
measurement of R*/%7(B*)/z(B°), using the
value of the lifetime ratio assumed in the corre-
sponding analysis;

(i) a simple weighted average of these original mea-
surements of R*~/%z(B*)/z(B") from CLEO and
BABAR is then computed, assuming no statistical or
systematic correlations between them;

(iii) the weighted average of R*~/%z(B*)/z(B°) is
converted into a value of R*~/%, using the latest
average of the lifetime ratios, 7(B*)/7(B°) =
1.076 £ 0.004 (see Sec. VA 2);

(iv) the Belle measurement of Rt~/ is adjusted to the
current values of 7(B%) = 1.519 +0.004 ps and
7(B*)/7(B%) = 1.076 4 0.004 (see Sec. VA 2), us-
ing the procedure described in Sec. III A;

(v) the combined value of RT/% from CLEO and
BABAR is averaged with the adjusted value of
RT/% from Belle, assuming a 100% correlation
of the systematic uncertainty due to the limited
knowledge on 7(B¥)/7(B"); no other correlation is
considered.

The resulting global average,

(19)

R*=/00 — I =1.059 £+ 0.027
foo : : ’

2An old and imprecise R measurement from CLEO [15] is
included in neither Table 4 nor the average.
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is consistent with equal production rate of charged and
neutral B mesons, although only at the 2.2¢ level.

On the other hand, the BABAR collaboration has per-
formed a direct measurement of the % fraction using a
method that neither relies on isospin symmetry nor requires
knowledge of 7(B")/z(B"). Rather, the method is based on
comparing the number of events where a single B® —
D*~¢*v decay is reconstructed to the number of events
where two such decays are reconstructed. The result of this
measurement is [16]

f% = 0.487 +0.010(stat) + 0.008(syst).  (20)

The results of Egs. (19) and (20) are obtained with very
different methods and are completely independent of each
other. Their product yields f™~ = 0.516 +0.019, and
combining them into the sum of the charged and neutral
fractions gives £~ + f% = 1.003 4 0.029.

To improve the accuracy in f*~ and %, we use the
relation f*~ + % + fp = 1, where fy is the fraction of
non-BB events. The non-BB events are primarily transi-
tions to lower bottomonia with emission of light hadrons,
while the contribution of decays to lepton pairs is negli-
gibly small. BABAR and Belle have observed transitions to
five final states: Y(1S)ztz~, Y(18)n, Y(1S)y, h,(1P)n
and Y'(2S)z "z~ [17-20]. Their total fraction is

f5 = 0.00264 + 0.00021, (21)

where the channels with 7z°7° are included using isospin
relations. The rates of the above transitions are higher then
expected for the bottomonium states; the enhancement
could be due to a “molecular” admixture of the on-shell BB
pairs in the Y(4S) wave function (for a review see, for
example, [21]). Quantitative understanding of the enhance-
ment pattern has not been reached yet. In particular, it
remains puzzling why the branching fraction of Y(4S) —
hy,(1P)n is 10 times higher than that of any other decay to a
bottomonium state. Since many transitions remain unex-
plored, we consider the fy value in Eq. (21) as a lower
limit. We perform a fit to R*—/% in Eq. (19), f* in Eq. (20)
and f in Eq. (21) with the constraint £+~ + f% 4+ fu = 1.
The positive error of f is set to infinity. The results of the
fit are

10 = 048I0, pi = 05125000,

fr 0.024
W = 1.057f0"025. (22)

The latter ratio differs from unity by 2.26.

fr= 0.00264f8’8§321,

B. b-hadron production fractions at the Y'(5S) energy

Hadronic events produced in ete™ collisions at the
Y(5S5) [also known as Y(10860)] energy can be classified

into three categories: light-quark (u, d, s, ¢) continuum
events, bb continuum events (including bBy, etc., with
initial-state-radiation photons), and Y(5S) events. The
latter two cannot be distinguished and are referred to as
bb events in the following. These bb events can hadronize
into different final states. We define f ;r&ss) to be the fraction
of bb events with a pair of nonstrange bottom mesons,
namely, BB, BB*, B*B, B*B*, BBz, BB*n, B*Br, B*B*x,
and BBrrz, where B denotes a B® or Bt meson and B
denotes a B® or B~ meson. Similarly, we define £1° to be
the fraction of bb events that hadronize into a pair of
strange bottom mesons (BYBY, BB, B:°B?, and B:°B:").
Note that the excited bottom-meson states decay via
B* — By and B}‘? — BY%. Lastly, f;(ss) is defined to be
the fraction of bb events without open-bottom mesons in
the final state (which includes production of light botto-
monium). By construction, these fractions satisfy
Fod? A1 =1 (23)

The CLEO and Belle collaborations have published
measurements of the inclusive Y(5S) branching fractions
B(Y(58) = D,X), B(Y(5S) = ¢X) and B(Y(5S) — D°X),
from which they extracted the model-dependent estimates

of f E(SS) reported in Table 5. This extraction was performed
)

under the implicit assumption f;(ss = 0 in the relation

1
= 169 X B(BY > D,X)

+ (1= £ =) x BB~ DX). (24)
and similar relations for
B(Y(58) - ¢X).

However, the assumption f;(ss) =0 is known to be
incorrect, given the observed production in e e~ collisions
at the Y'(5S) energy of the final states Y'(15,2S,38)z" 7™,
Y(1S,28,38)2°2°%  Y(1S)K*K~,  h,(1P,2P)ntn~,
api2(1P) a7~ Y,;(1D)n and Y(2S)y [26-30]. The
sum of the visible (i.e., uncorrected for initial-state radi-
ation) cross sections into these final states, plus those of the
unmeasured final states Y(15)K°K® and h,(1P,2P)x°x°,
which are obtained by assuming isospin conservation,
amounts to

B(Y(5S) - D°X) and

6"$(ete” — (bb)X) = 16.1 £ 1.5 pb,

where (bb) = Y(15.25.3S), Y,(1D), hy(1P.2P), yzp: 2.
and X = zz, nta %, KK, n. We divide this by the bb
production cross section, 6(ete”™ — bbX) = 340 4+ 16 pb
[31], to obtain
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TABLE 5. Published measurements of f1 >,

original publications, except for the 2010 Belle measurement, which is quoted as 1 — fz_(ds

Ref. [22].

obtained assuming f;(s

$) = 0. The results are quoted as in the
with fIiISS from

Experiment, year, dataset

Decay mode or method

Value of fgr(ss)

CLEO, 2006, 0.42 fb! [23] Y(55) - D, X 0.168 £ 0.026 005
Y(55) — 0.246 £ 0.0297 3119
Y(5S) - BBX 0.411 £0.100 £ 0.092
CLEO average of above 3 0.2179%

Belle, 2006, 1.86 fb~! [24] Y(5S8) - DX 0.179 £ 0.014 £ 0.041
Y(55) - DX 0.181 4+ 0.036 + 0.075
Belle average of above 2 0.180 £ 0.013 £+ 0.032

Belle, 2010, 23.6 fb~! [22] Y(5S) - BBX 0.263 +0.032 £ 0.051

fwiyx = 0.0473 £ 0.0048.

This should be taken as a lower bound for f;(ss)
To simultaneously extract the fractions under the exact
constraints of Eqgs. (23) and (24) and the one-sided

Gaussian constraint f;(ss) > f (vp)x» We perform a simulta-
neous y” fit to the measurements of Refs. [22-24] taking
into account all known correlations. The details of the fit

are described in Ref. [32]. The latest Belle measurement of
f E(SS) [31] lacks the information needed for the averaging,

and is therefore not included. Taking the inputs of Table 6,
the best fit values are

119 = 07552092 (25)
£ = 019850, (26)
13 = 00477888, (27)

where the strongly asymmetric uncertainty on f;(m is due

to the one-sided constraint from the observed (bb)X
decays. These results, together with their correlations,
imply

TABLE 6. External inputs on which the £, %

P fud” = 0261553 (28)
This is in fair agreement with BABAR results [33], obtained
as a function of center-of-mass energy and as a by-product
of another measurement, and which are not used in our
average due to insufficient information.

The production of B mesons at the Y(55) is observed to

be dominated by the B:°B:’ channel, with o(eTe™ —
BB /o(ete” — BIBI") = (87.0 £ 1.7)%  [34]
measured as described in Ref. [35]. The proportions of

the various production channels for nonstrange B mesons
have also been measured [22].

C. b-hadron production fractions at high energy

At high energy, all species of weakly decaying b hadrons
may be produced, either directly or in strong and electro-
magnetic decays of excited » hadrons. Before 2010, it was
assumed that the fractions of different species in unbiased
samples of high-pt b-hadron jets where independent of
whether they originated from Z decays, p p collisions at the
Tevatron, or pp collisions at the LHC. This hypothesis was
plausible under the condition Q* 3> Agp,, namely, that the
square of the momentum transfer to the produced b quarks
is large compared with the square of the hadronization
energy scale. This hypothesis is correct in the limit

averages are based.

Branching fraction Value Explanation and references
B(B - D,X) x B(D; — ¢r) 0.00374 4+ 0.00014 Derived from [9]

B(B? - D,X) 0.92 +0.11 Model-dependent estimate [25]
B(D; — gbﬂ:) 0.045 £+ 0.004 [9]
B(B — D°X) x B(D® - Kn) 0.02429 +0.00113 Derived from [9]
B(B - DX) 0.08 +0.07 Model-dependent estimate [24,25]
B(D° - Kr) 0.03965 + 0.00031 [9]
B(B - ¢X) 0.0343 £ 0.0012 [9]
B(B? - ¢X) 0.161 £0.024 Model-dependent estimate [23]
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pr — o0, in which the production mechanism of a » hadron
is completely described by the fragmentation of the b
quark. For finite pr, however, there are interference effects
of the production mechanism of the b quark and its
hadronization. While formally suppressed by inverse
powers of pr, these effects may be sizable, especially
when the fragmentation probabilities are small as, e.g., in
the case of b baryons. In fact, the available data show that
the fractions depend on the kinematics of the produced b
hadron. Both CDF and LHCD reported a pt dependence of
the fractions, with the fraction of Ag baryons observed at
low pr being enhanced with respect to that seen at LEP at
higher pr.

In our previous publication [1], we presented two sets of
averages, one including only measurements performed at
LEP, and another including only measurements performed
by CDF at the Tevatron.” While the first set is well defined
and is basically related to branching fractions of inclusive Z
decays, the other set is somewhat ill defined, since it
depends on the geometrical and kinematical acceptance of
the experiments over which the measurements are inte-
grated. With the ever increasing precision in heavy flavor
measurements, the b-hadron fraction averages provided by
HFLAV for high-energy hadron collisions are no longer of
interest, since they are not directly transferable from one
experiment to the other. We have therefore decided to no
longer maintain these averages. The interested reader
should refer to Sec. 4.1.3 of our previous publication [1].

The relative fractions of b-hadron types produced in Z
decays are universal and therefore still of interest. Since the
averages we have reported in Ref. [1] have remained stable
over the last decade and new data are not expected until a
future new electron-positron collider operates again at the Z
pole, they are not reported here.

V. LIFETIMES AND MIXING PARAMETERS
OF b HADRONS

Quantities such as b-hadron production fractions,
b-hadron lifetimes, and neutral B-meson oscillation
frequencies were studied in the 1990s at LEP and SLC,
at DORIS II and CESR, as well as at the Tevatron. This was
followed by precise measurements of the B° and B*
mesons performed at the asymmetric B factories, KEKB
and PEPII, as well as measurements related to the other b
hadrons, in particular BY, Bf and AY, performed at the
upgraded Tevatron. Currently, the most precise measure-
ments are coming from the ATLAS, CMS and LHCb
experiments at the LHC.

In many cases, these basic quantities, in addition to being
interesting by themselves, are necessary ingredients for
more refined measurements, for example decay-time-

The LHC production fractions results were still incomplete,
lacking measurements of the production of weakly decaying
baryons heavier than AY.

dependent CP-violating asymmetries. Hence, some of
the averages presented in this section are used as input
for the results given in subsequent sections. In the past,
many b-hadron lifetime and mixing measurements had a
significant dependence on the b-hadron production frac-
tions, which themselves depended on the lifetime and
mixing measurements. This circular coupling had to be
dealt with carefully whenever inclusive or semiexclusive
measurements of b-hadron lifetime and mixing parameters
were considered. In the past decade, this dependence has
reduced to a negligible level, with increasingly precise
exclusive measurements becoming available and dominat-
ing practically all averages.

In addition to lifetimes and oscillation frequencies, this
section also deals with CP violation in the B® and B?
mixing amplitudes, as well as the phase ¢<° that describes
CP violation in the interference between BY mixing and
decay in b — ccs transitions. In the absence of new physics
and subleading penguin contributions, this phase is equal to
=2p, = —arg [(V,sV3)?/ (V. V7, ). The angle B, which is
the equivalent of B, for the B system, is discussed
in Sec. VL

Throughout this section, published results that have been
superseded by subsequent publications are ignored (i.e.,
excluded from the averages) and are only referred to if
necessary.

A. b-hadron lifetimes

Lifetime calculations are performed in the framework of
the Heavy Quark Expansion (HQE) [36-38]. In these
calculations, the total decay rate of a hadron H, is
expressed as a series of expectation values of operators
of increasing dimension,

Cn
Iy, = |CKM|2Zm_ﬁ<Hb|0nk|Hb>y (29)
nk b

where |CKM|? is the relevant combination of CKM matrix
elements. The coefficients c,; are calculated perturbatively
[39], i.e., as a series in a,(m,). The nonperturbative
QCD effects are comprised in the matrix elements
(Hp| O, |Hp,) o Adyep of the operators O, For a given
dimension #n, there are usually several operators, indicated
by the index k. Hence the HQE predicts I'y, in the form of
an expansion in both Agcp/m), and a;(m,). The leading
term in Eq. (29) corresponds to the weak decay of a free b
quark. At this order all b-flavored hadrons have the same
lifetime. The concept of the HQE and first calculations of
valence quark effects emerged in 1986 [36]. In the early
1990s experiments became sensitive enough to detect
lifetime differences among various H, species. The pos-
sible existence of exponential contributions to I'y, , referred
to as violation of quark-hadron duality, is not captured by
the power series of the HQE [40,41]. The sizes of such
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terms can only be determined experimentally, by con-
fronting the HQE predictions with data. Possible violation
of quark-hadron duality has been shown to be severely
constrained by experimental results [42]. The matrix
elements can be calculated using lattice QCD or QCD
sum rules. In some cases they can also be related to those
appearing in other observables by utilizing symmetries of
QCD. One may reasonably expect that powers of
Agcp/myp, ~ 0.1 provide enough suppression that only
the first terms of the sum in Eq. (29) matter.
Importantly, starting from the third power the coefficients
are enhanced by a factor of 16z°. The dominant contribu-
tion to lifetime differences stems from these terms of order
167%(Agep/my)? [43]. State-of-the-art calculations of first-
order corrections to these predictions exist in terms of both
Aqcp/my, [44,45] and a,(m),) [46-50], with all subsequent
theory papers using these results.

Theoretical predictions are usually made for the ratios
of the lifetimes (with 7(B°) often chosen as the common
denominator) rather than for the individual lifetimes, since
this leads to cancellation of several uncertainties. The
precision of the HQE calculations (see Refs. [47,48,51-54],
and Refs. [55,56] for the latest updates) is in some instances
already surpassed by the measurements, e.g., in the case of
7(B")/7(B). Improvement in the precision of calculations
requires progress along two lines. First, better nonperturba-
tive matrix elements are needed. One expects precise
calculations, especially from lattice QCD where significant
advances have been made in the past decade. Second, the
coefficients c,;, must be calculated to higher orders of «;.
In particular, the a? and a;Aqcp/m;, contributions to the
lifetime differences are needed to keep up with the exper-
imental precision.

The following important conclusions, which are in
agreement with experimental observation, can be drawn
from the HQE, even in its present state:

(1) The larger the mass of the heavy quark, the smaller
the variation in the lifetimes among different ha-
drons containing this quark. This is illustrated by the
fact that lifetimes are rather similar in the b sector,
while they differ by large factors in the charm sector.

(i1) First corrections to the spectator model occur at
order Agcp/mj, leading to lifetime differences
around one percent.

(iii) The dominant contribution to the lifetime splittings
is of order 162 (Aqcp/m;)* and typically amounts
to several percent.

1. Overview of lifetime measurements

This section gives an overview of the types of b-hadron
lifetime measurements, with details given in subsequent
sections. In most cases, the decay time of an H,, state is
estimated by measuring its flight distance and dividing it by
the relativistic factor ffyc. Methods of accessing lifetime

information can roughly be divided into the following five
categories:

(1) Inclusive (flavor-blind) measurements. Early, low-
statistics measurements were aimed at extracting the
lifetime from a mixture of b-hadron decays, without
distinguishing the decaying species. Often, the exact
H, composition was ill defined and analysis-
dependent. Monte Carlo simulation was used for
estimating the fy factor, because the decaying ha-
drons were not fully reconstructed. In the 1990s,
these were the largest-statistics b-hadron lifetime
measurements accessible to a given experiment,
and could therefore serve as an important perfor-
mance benchmark. Nowadays, the average b-hadron
lifetime, which is certainly less fundamental than the
precisely measured lifetimes of the individual spe-
cies, is of very little interest. As a result, we no longer
review the inclusive b-hadron lifetime measure-
ments, the latest of which was published in 2004
[57]. The interested reader can refer to our previous
publication [1].

(2) Measurements in semileptonic decays of a specific
H,,. The virtual W boson from b — Wc¢ produces a
v, pair (£ = e, u) in about 21% of the cases. The
electron or muon from such decays provides a clean
and efficient trigger signature. The ¢ quark and the H,,
spectator quark(s) combine into a charm hadron H .,
which is reconstructed in one or more exclusive decay
channels. Identification of the H . species allows one
to separate, at least statistically, different H;, species.
The advantage of these measurements is in the sample
size, which is usually larger than in the case of
exclusively reconstructed hadronic H, decays (de-
scribed next). The main disadvantages are related to
the difficulty of estimating the lepton 4 charm sam-
ple composition and to the reliance on Monte Carlo
for the momentum (and hence fy factor) estimate.

(3) Measurements in exclusively reconstructed had-
ronic decays. These have the advantage of complete
reconstruction of the decaying H, state, which
allows one to infer the decaying species, as well
as to perform precise measurement of the Sy factor.
Both lead to generally smaller systematic uncertain-
ties than in the above two categories. The downsides
are smaller branching fractions and larger combi-
natorial backgrounds when the signal channel in-
volves multihadron decays, such as H, - H .z (nx)
with multibody H, decays. This problem is often
more serious in a hadron collider environment,
which has many hadrons and a nontrivial underlying
event. Decays of the type H, — J/wH, are often
used, as they are relatively clean and easy to trigger
on due to the J/yw — £7¢~ signature.

(4) Measurements at asymmetric B factories. In the
Y (4S) - BB decay, the B mesons (BT or B") are
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essentially at rest in the Y'(4S) frame. This makes
direct lifetime measurements impossible in experi-
ments at symmetric-energy colliders, which produce
the Y(4S) at rest. At asymmetric B factories the
Y (4S) meson is boosted, resulting in the B and B
moving nearly parallel to each other with similar
boosts. The decay time is inferred from the distance
Az separating the B and B decay vertices along the
boost axis and from the Y (45) boost, which is known
from the beam energies. This boost was fy ~ 0.55
(0.43) in the BABAR (Belle) experiment, resulting
in an average B decay length of approximately
250 (190) pm.

While one B® or BT meson is fully reconstructed in
asemileptonic or hadronic decay mode, the other B in
the event is typically not fully reconstructed, in order

TABLE 7.

®

to avoid loss of efficiency. Rather, only the position of
its decay vertex is determined from the remaining
tracks in the event. These measurements benefit
from large sample sizes, but suffer from poor
proper time resolution, comparable to the B lifetime
itself. The resolution is dominated by the uncertainty
on the decay-vertex positions, which is typically
50 (100) pm for a fully (partially) reconstructed B
meson. With much larger samples in the future, the
resolution and purity could be improved (and hence
the systematics reduced) by fully reconstructing both
B mesons in the event. Finally, the better vertex
precision of the Belle II experiment will also con-
tribute to the resolution improvement.

Measurement of lifetime ratios. This method, ini-
tially applied in the measurement of 7(B")/z(B°), is
now also used for other b-hadron species at the LHC.

Measurements of the BC lifetime with exclusive (excl.) or inclusive (incl.) decays, B charge

determination from the secondary vertex (sec. vtx), or partial reconstruction. See Sec. VA for a detailed

explanation of the method.

Experiment Method Data set 7(B°) (ps) References
ALEPH DWy¢ 91-95 1.518 £ 0.053 £ 0.034 [58]
ALEPH Exclusive 91-94 125703 £0.05 [59]
ALEPH Partial rec. 77~ 91-94 1,497 75008 [59]
DELPHI D¢ 91-93 1.617013 £0.08 [60]
DELPHI Charge sec. vtx 91-93 1.63 £0.14 £ 0.13 [61]
DELPHI Inclusive D*# 91-93 1.532 4 0.041 4 0.040 [62]
DELPHI Charge sec. vtx 94-95 1.531 +0.021 +0.031 [57]
L3 Charge sec. vtx 94-95 1.52 £ 0.06 + 0.04 [63]
OPAL D¢ 91-93 1.53 £0.12£0.08 [64]
OPAL Charge sec. vtx 93-95 1.523 £ 0.057 £ 0.053 [65]
OPAL Inclusive D*# 91-00 1.541 £ 0.028 + 0.023 [66]
SLD Charge sec. vix ¢ 93-95 1.56X015 £0.10 [67]"
SLD Charge sec. vtx 93-95 1.66 + 0.08 + 0.08 [67]*
CDF1 DY¢ 92-95 1.474 + 00397002 [68]
CDFI1 Excl. J/wK*° 92-95 1.497 £ 0.073 £+ 0.032 [69]
CDF2 Excl. J/wK$, J/wK* 02-09 1.507 £ 0.010 + 0.008 [70]
DO Excl. J/wK*° 03-07 1.414 £0.018 £ 0.034 [71]
DO Excl. J/yK} 02-11 1.508 + 0.025 + 0.043 [72]
DO Inclusive D~ p* 02-11 1.534 4+ 0.019 4 0.021 [73]
BABAR Exclusive 99-00 1.546 4 0.032 4 0.022 [74]
BABAR Inclusive D*# 99-01 1.529 £ 0.012 £ 0.029 [75]
BABAR Exclusive D*# 99-02 1.5237003 +0.022 [76]
BABAR Incl. D*z, D*p 99-01 1.533 4 0.034 + 0.038 [77]
BABAR Inclusive D*# 99-04 1.504 £ 0.0137991% (78]
Belle Exclusive 00-03 1.534 4 0.008 4 0.010 [79]
ATLAS Excl. J/yK? 2011 1.509 +0.012 4+ 0.018 [80]
CMS Excl. J/wK* 2012 1.511 £ 0.005 £ 0.006 [811°
CMS Excl. J/yK? 2012 1.527 £ 0.009 + 0.009 [811°
LHCb Excl. J/wK* 2011 1.524 £ 0.006 £ 0.004 [82]
LHCb Excl. J/ywKY 2011 1.499 +0.013 £ 0.005 [82]
LHCb Ktn~ 2011 1.524 +0.011 4 0.004 [83]
Average +0.004

*The combined SLD result quoted in Ref. [67] is 1.64 & 0.08 4= 0.08 ps.
"The combined CMS result quoted in Ref. [81] is 1.515 £ 0.005 £ 0.006 ps.
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The ratio of the lifetimes is extracted from the proper-

time dependence of the ratio of the observed yields of

two different b-hadron species, both reconstructed in

decay modes with similar topologies. The advantage

of this method is that subtle efficiency effects and

systematic uncertainties (partially) cancel in the ratio.

In some analyses, measurements of two [e.g., 7(B*) and

7(B*)/z(B%)] or three (e.g., 7(BT), ©(B*)/7(B’), and

Amy) quantities are combined. This introduces correlations

among measurements. Another source of correlations

among the measurements is systematic effects, which could

be common to a number of measurements in the same

experiment or to an analysis technique across different

experiments. When calculating the averages presented
below, such known correlations are taken into account.

2. B® and B* lifetimes and their ratio

After a number of years of dominating the B® and B*
lifetime averages, the LEP experiments yielded the scene to
the asymmetric B factories and the Tevatron experiments.
The B factories have been very successful in utilizing their
potential—in only a few years of running, BABAR and, to a
greater extent, Belle, have struck a balance between the
statistical and the systematic uncertainties, with both being
close to (or even better than) an impressive 1% level.
Meanwhile, CDF and DO emerged as significant contrib-
utors to the field as the Tevatron Run II data flowed in.
More recently, the LHC experiments came into play,
matching the precision and, in case of LHCb and CMS,
even improving it by a further factor of ~2.

At the present time, we have three sets of measurements
(from LEP/SLC, the B factories and Tevatron/LHC)
performed in different environments, obtained using sub-
stantially different techniques, and precise enough for
cross-checking and comparison.

The 7(B*), 7(B°) and 7(B*)/7(B°) measurements, and
their averages, are summarized in Tables 7, 8, and 9. For the
average of 7(B*)/7(B") we use only direct measurements
of this ratio and not separate measurements of 7(B*) and
7(B°). The following sources of systematic uncertainties
that are correlated within each experiment/machine are
considered in the averaging:

(i) for the SLC and LEP measurements—D™** branching
fraction uncertainties [4], estimation of the momentum
of b mesons produced in Z° decays (b-quark frag-
mentation parameter (Xz) = 0.702 4 0.008 [4]), BY
and b-baryon lifetimes (see Secs. VA 3and VA 5),and
b-hadron production fractions at high energy [1];

(ii) for the B-factory measurements—detector align-
ment and length scale, machine boost, and sample
composition (where applicable);

(iii) for the Tevatron and LHC measurements—detector
alignment, length scale and reconstruction effects.

The resultant averages are

7(B%) = 1.519 £ 0.004 ps, (30)
t(B*) = 1.638 =+ 0.004 ps, (31)
2(B*)/7(B®) = 1.076 + 0.004. (32)

TABLE 8. Measurements of the BT lifetime with exclusive (excl.) or inclusive (incl.) decays or with B charge
determination from the secondary vertex (sec. vtx). See Sec. VA for a detailed explanation of the method.

Experiment Method Dataset 7(BT) (ps) References
ALEPH D¢ 91-95 1.648 + 0.049 + 0.035 [58]
ALEPH Exclusive 91-94 15810 o0n [59]
DELPHI D¢ 91-93 1.61 £0.16 £0.12 [60]*
DELPHI Charge sec. vtx 91-93 1.72 4 0.08 + 0.06 (611
DELPHI Charge sec. vtx 94-95 1.624 +0.014 £ 0.018 [57]
L3 Charge sec. vtx 94-95 1.66 £+ 0.06 £ 0.03 [63]
OPAL D¢ 91-93 1.52 4 0.14 4+ 0.09 [64]
OPAL Charge sec. vtx 93-95 1.643 4 0.037 4 0.025 [65]
SLD Charge sec. vtx £ 93-95 1615013 +£0.07 [671°
SLD Charge sec. vtx 93-95 1.67 +0.07 + 0.06 [671°
CDF1 DW¢ 92-95 1.637 £ 0.05870043 [68]
CDFl1 Excl. J/wK 92-95 1.636 4 0.058 4 0.025 [69]
CDF2 Excl. J/yK 02-09 1.639 4 0.009 + 0.009 [70]
CDF2 Excl. D'z 02-06 1.663 +0.023 £+ 0.015 [84]
BABAR Exclusive 99-00 1.673 +0.032 £ 0.023 [74]
Belle Exclusive 00-03 1.635+0.011 +0.011 [79]
LHCb Excl. J/wK 2011 1.637 £ 0.004 4 0.003 [82]
Average 1.638 £+ 0.004

*The combined DELPHI result quoted in [61] is 1.70 4= 0.09 ps.

*The combined SLD result quoted in [67] is 1.66 £ 0.06 & 0.05 ps.
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TABLE 9. Measurements of the ratio 7(B*)/7(B%) from exclusive (excl.) decays modes or with B charge

determination from the secondary vertex (sec. vtx). See Sec. VA for a detailed explanation of the method.

Experiment Method Dataset Ratio 7(B*)/z(B°) References
ALEPH D¥¢ 91-95 1.085 + 0.059 £+ 0.018 [58]
ALEPH Exclusive 91-94 1272035500 [59]
DELPHI Dy 91-93 1005917 £0.10 [60]
DELPHI Charge sec. vtx 91-93 1065013 £0.10 [61]
DELPHI Charge sec. vtx 94-95 1.060 + 0.021 £ 0.024 [57]
L3 Charge sec. vtx 94-95 1.09 +0.07 £0.03 [63]
OPAL DHg 91-93 0.99 +0.14759 [64]
OPAL Charge sec. vtx 93-95 1.079 + 0.064 £ 0.041 [65]
SLD Charge sec. vtx £ 93-95 103599 £ 0.09 (671
SLD Charge sec. vix 93-95 1013958 £0.05 [67]*
CDF1 D¢ 92-95 1.110 £ 0.05675933 [68]
CDF1 Excl. J/yK 92-95 1.093 £ 0.066 + 0.028 [69]
CDF2 Excl. J/wK® 02-09 1.088 + 0.009 + 0.004 [70]
DO D**uD ratio 02-04 1.080 £ 0.016 £ 0.014 [85]
BABAR Exclusive 99-00 1.082 4+ 0.026 + 0.012 [74]
Belle Exclusive 00-03 1.066 4 0.008 £ 0.008 [79]
LHCb Excl. J/wK® 2011 1.074 4 0.005 4 0.003 [82]
Average 1.076 £+ 0.004

*The combined SLD result quoted in [67] is 1.01 & 0.07 & 0.06.

3. B! lifetimes

Like neutral kaons, neutral B mesons contain short- and
long-lived components, since the light (L) and heavy (H)
eigenstates differ not only in their masses but also in their
total decay widths. While in the B® system the decay width
difference AT"; can be neglected, the BY system exhibits a
significant value of the width difference AT’y =T"g; — 'y,
where 'y and I'yy are the total decay widths of the light
eigenstate BY and the heavy eigenstate B, respectively.
The sign of AT’ is measured to be positive [86], i.e., BY; has
a longer lifetime than BY . Specific measurements of AL
and Ty = ([ + Iyy)/2, which are more involved than
simple lifetime measurements, are explained and averaged in
Sec. VB2, but the resulting averages for 1/ =
1/(Ts + AT /2), 1/T sy = 1/(T'y — AT'y/2) and the mean
BY lifetime, defined as 7(BY) = 1/T’, are also quoted at the
end of this section. Neglecting CP violation in BY — BY
mixing, which is expected to be very small [42,49,50,87-89]
(see also Sec. VB 3), the mass eigenstates are also CP
eigenstates, with the short-lived (light) state being CP-even
and the long-lived (heavy) state being CP-odd [86].

Many BY lifetime analyses, in particular the early ones
performed before the nonzero value of AI'y was firmly
established, ignore AI'; and fit the proper time distribution
of a sample of B? candidates reconstructed in a certain final
state f with a model containing a single exponential
function for the signal. Such effective lifetime measure-
ments, which we denote as rsmgle(Bg — f), are estimates of
the expectation value [5° /T'(B,(t) — f)dt/ [ T'(B,(t) —
f)dt of the total untagged time-dependent decay rate

['(B(t) —» f) [90-92]. This expectation value may lie
a priori anywhere between 1/T and 1/Ty, depending
on the proportion of BY, and BY; in the final state f. More
recent determinations of effective lifetimes may be inter-
preted as measurements of the relative composition of BY
and BY; decaying to the final state f. Table 10 summarizes
the effective lifetime measurements.

Averaging measurements of rsingle(Bg — f) over several
final states f would yield a result corresponding to an ill-
defined observable when the proportions of BY and BY,
differ. Therefore, the effective B? lifetime measurements are
broken down into the following categories and averaged
separately.

(i) B? = DFX decays include mostly flavor-specific
decays but also decays with an unknown mixture
of light and heavy components. Measurements
performed with such inclusive states are no longer
used in our averages.

(ii) Decays to flavor-specific final states, i.e., decays to
final states f with decay amplitudes satisfying
ABY — f) #0, A(B) — ) #0, A(B—f) =0
and A(B? — f) = 0. Since there are equal fractions
of BY% and BY%; at production time (= 0), the
corresponding effective lifetime, called the flavor-
specific lifetime, is equal to [90]

Tyingle(BY — flavor specific)

_ 1/F§L+1/F?H_ 1 1+(§Irf)2

B 1/F5L+ 1/FsH _il— (311:5)2 '

(33)
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TABLE 10. Measurements of the effective BY lifetimes obtained from single exponential fits (except for the J/wa*z~ result of
Ref. [93], obtained from a time-dependent amplitude analysis).

Experiment Final state f Dataset rsingle(Bg - f) (ps) References
ALEPH D,h Tl-defined 91-95 1.47 £ 0.14 +0.08 [94]
DELPHI D,h Tll-defined 91-95 1.53012 +0.07 [95]
OPAL D, incl. Ill-defined 90-95 1722070508 [96]
ALEPH D¢t Flavor-specific 91-95 1547013 £0.04 [97]
CDF1 Dyt Flavor-specific 92-96 1.36 & 0.097 00 (98]
DELPHI Dytt Flavor-specific 92-95 1427914 £ 0.03 [99]
OPAL Dyt Flavor-specific 90-95 1.5010-18 £+ 0.04 [100]
DO DyutX Flavor-specific 02-11 10.4 fb~! 1.479 £ 0.010 £ 0.021 [73]
CDF2 D;at(X) Flavor-specific 02-06 1.3 fb! 1.518 +£0.041 £+ 0.027 [101]
LHCb D;D* Flavor-specific 11-12 3 fb! 1.5240.15 £ 0.01 [102]
LHCb D;rt Flavor-specific 2011 1 fb! 1.535+0.015 £0.014 [103]
LHCb n K~ Flavor-specific 2011 1.0 fb! 1.60 + 0.06 & 0.01 [83]
LHCb DY pty, Flavor-specific 11-12 3.0 fb! 1.547 £0.013 £ 0.011 [104]
Average of above 10 flavor-specific lifetime measurements 1.527 £0.011

CDF1 J/we CP even + odd 92-95 1347923 4 0.05 [105]
DO J/we CP even + odd 02-04 1.4447 0058 +0.02 [106]
LHCb J/we CP even + odd 2011 1 fb! 1.480 £ 0.011 =+ 0.005 [82]
CMS J/we CP even + odd 2012 19.7 fb~! 1.481 £ 0.007 + 0.005 [81]
Average of above 4J/y¢ lifetime measurements 1.480 £+ 0.007

LHCb whu CP even + odd 11-18 8.7 fb~! 2.07 4+ 0.29 +0.03 [107]
CMS ptu CP even + odd 11-16 61 fbo! 170208 [108]
Average of above 2 ytu~ lifetime measurements 2-00j8%

ALEPH DT pl)- mostly CP even 91-95 1.27 £ 0.33+0.08 [109]
LHCb KTK~ CP-even 2010 0.037 fb™! 1.440 = 0.096 =+ 0.009 [110]
LHCb KK~ CP-even 2011 1.0 fb~! 1.407 £ 0.016 =+ 0.007 [83]
Average of above 2 K"K~ lifetime measurements 1.408 + 0.017

LHCb DiD; CP-even 11-12 3 fb! 1.379 £ 0.026 + 0.017 [102]
LHCb J/ym CP-even 11-12 3 fb~! 1.479 £ 0.034 £ 0.011 [111]
Average of above 2 measurements of 1/T 1.422 +0.023

LHCb J/wK? CP-odd 2011 1.0 fb! 1.75 £0.12 £ 0.07 [112]
CDF2 J/wfo(980) CP-odd 02-08 3.8 fb~! 1701017 4 0.03 [113]
DO J/wfo(980) CP-odd 02-11 10.4 fb~! 1.70 4 0.14 + 0.05 [114]
LHCb J/yrtn CP-odd 2011 1.0 fb~! 1.652 + 0.024 + 0.024 [115]
CMS J yrta CP-odd 2012 19.7 fb~! 1.677 £ 0.034 = 0.011 [81]
LHCb J wrta CP-odd 15-16 1.9 fb! 1.645 £ 0.011 +0.012 [93]

Average of above 5 measurements of 1/Iy

1.650 £ 0.013

Because of the fast BY — BY oscillations, possible
biases of the flavor-specific lifetime due to a
combination of BY/B? production asymmetry, CP
violation in the decay amplitudes (|A(B? — f)| #
|A(BY - f)]), and CP violation in BY — B? mixing
(Igs/ ps| # 1, see Sec. V B) are strongly suppressed,
by a factor ~x? [where the definition of x, is given in
Eq. (48) and its value in Eq. (67)]. The BY/B°
production asymmetry at LHCb and the CP
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asymmetry due to mixing have been measured to
be compatible with zero with a precision below 3%
[116] and 0.3% [see Eq. (75)], respectively. The
corresponding effects on the flavor-specific lifetime,
which therefore have a relative size of the order of
107> or smaller, can be neglected at the current level
of experimental precision. Under the assumption of
no production asymmetry and no CP violation in
mixing, Eq. (33) is exact even for a flavor-specific
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decay with CP violation in the decay amplitudes.
Hence any flavor-specific decay mode can be used to
measure the flavor-specific lifetime.

The average of all flavor-specific B lifetime
measurements [73,83,97-104] is

Tsingle(BY — flavor specific) = 1.527 £ 0.011 ps.
(34)

(iii) The B — J/w¢ decay contains a well-measured
mixture of CP-even and CP-odd states. The pub-
lished B? — J/w¢ effective lifetime measurements
[81,82,105,106] are combined into the average
Toingle(BY = J/wp) = 1.480 + 0.007 ps. Analyses
that separate the CP-even and CP-odd components
in this decay through a full angular study, outlined in
Sec. VB 2, provide directly precise measurements
of 1/T’; and AT, (see Table 21).

(iv) The B — u*p~ decay is predicted to be CP-odd in
the Standard Model, but the mixture of CP-even and
CP-odd states has not been determined experimen-
tally. Effective lifetime measurements have been
published by LHCb [107] and CMS [108].

(v) Decays to CP eigenstates have also been measured.

These include the CP-even modes B? — DIt pl-
by ALEPH [109], B — K*K~ by LHCb [83,110],
BY - D} Dy by LHCb [102] and B? — J/yn by
LHCb [111], as well as the CP-odd modes B? —
J/wf,(980) by CDF [113] and DO [114], B? -
J/wrt 7z~ by LHCb* [93,115] and CMS [81], and
B? — J/wK? by LHCb [112]. If these decays are
dominated by a single weak phase and if CP
violation can be neglected, then Tsingle(B? -
CP-even) = 1/T'y and  7gge(BY » CP-0dd) =
1/T'yy (see Egs. (62) and (63) for approximate
relations in the presence of mixing-induced CP
violation). However, not all these modes are pure
CP eigenstates: a small CP-odd component is
present in BY — J/wntn~ decays and most prob-
ably also in B — D\ D~ decays. Furthermore,
the decays BY —» KTK~ and BY — J/wK? may
suffer from direct CP violation due to interfering
tree and loop amplitudes. The averages for the
effective lifetimes obtained for decays to the (nearly)

“The result of Ref. [93] for the B — J/yx*z~ lifetime is not
obtained through a single exponential fit of the lifetime distri-
bution, but through a full time-dependent amplitude analysis,
which concludes that the CP-odd fraction is greater than 97% at
95% C.L. and yields I'y; — T’y = —0.050 £ 0.004 £ 0.004 ps~!,
where 1/T; is the B lifetime. Before being averaged with other
determinations of the BY — J/yatza~ effective lifetime, this
result is converted to a measurement of 1/Ty using the latest
average of the B lifetime.

pure CP-even (DyD;, J/wn) and CP-odd
(J/wfo(980), J/wxtzn~) final states, where CP
conservation can be assumed, are

Toingle(BY — CP-even) = 1422 £0.023 ps,  (35)

Tyngle(B? = CP-0dd) = 1.650 + 0.013 ps.  (36)

As described in Sec. VB2, the effective lifetime
averages of Egs. (34), (35), and (36) are used as constraints
to improve the determination of 1/I'; and AI'; obtained
from the full angular analyses of B? — J/w¢, BY —
w(2S)¢ and BY — J/wK* K~ decays. The resulting world
averages for the BY lifetimes are

1 1
BY%) = =————— =1.429 4+ 0.007 7
7(B)) N 9+0.007 ps, (37)

1
B%,) = =———=1.624 £ 0.00 38
T( sH) FsH FS _ AFS/2 9 ps, ( )
(BY) =4 — % 1500+0005 ps (39)
T = — = = . . .
* Fs FSL + FsH P

4. B} lifetime

Early measurements of the B} meson lifetime, from
CDF [117,118] and DO [119], use the semileptonic decay
mode B} — J/w# v and are based on a simultaneous fit to
the mass and lifetime using the vertex formed with the
leptons from the decay of the J/y and the third lepton.
Correction factors are used to estimate the boost, which
cannot be measured directly due to the invisible neutrino.
Systematic uncertainties that are correlated among the
measurements include the impact of the uncertainty of
the B transverse-momentum spectrum on the correction
factors, the level of feed-down from w(2S) decays,
Monte Carlo modeling of the decay (estimated by varying
the decay model from phase space to the ISGW model), and
uncertainties in the B mass. With more statistics, CDF2
was able to perform the first B} lifetime based on fully
reconstructed B — J/wa™ decays [120], which does not
suffer from a missing neutrino. More recent measurements
at the LHC, both with B} — J/wu™v decays from LHCb
[121] and B} — J/wa*™ decays from LHCb [122] and
CMS [81], achieve the highest level of precision. Two of
them [81,122] are made relative to the B lifetime. Before
averaging, they are scaled to our latest B* lifetime average,
and the induced correlation is taken into account.

All the measurements are summarized in Table 11. The
world average, dominated by the LHCb measurements, is
determined to be

t(BY) = 0.510 £ 0.009 ps. (40)
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TABLE 11. Measurements of the B/ lifetime.

Experiment Method Dataset 7(BY) (ps) References
CDF1 J/wt 92-95 0.11 fb! 0.46701% £0.03 (117]
CDF2 J/we 02-04 036 fb~! 0.46375073 +0.036 [118]
DO J/wu 02-06 1.3 fb! 0.4481093% +0.032 [119]
CDF2 J/yr 6.7 tb~! 0.452 £ 0.048 £ 0.027 [120]
LHCb J/wu 2012 2 fb! 0.509 £ 0.008 £ 0.012 [121]
LHCb J/wyn 11-12 3 fb~! 0.5134 £+ 0.0110 £ 0.0057 [122]
CMS J/wn 2012 19.7 fb~! 0.541 +£0.026 £+ 0.014 [81]
Average 0.510 £+ 0.009

5. Ag and other b-baryon lifetimes

The first measurements of b-baryon lifetimes, performed
at LEP, originate from two classes of partially reconstructed
decays. In the first class, decays with a fully reconstructed
A/ baryon and a lepton of opposite charge are used. These
products are likely to occur in the decay of A) baryons. In
the second class, more inclusive final states with a baryon
(p, p, A\, or A)and a lepton have been used, and these final
states can generally arise from any b baryon. With the large
b-hadron samples available at the Tevatron and the LHC,
the most precise measurements of » baryons now come
from fully reconstructed exclusive decays.

The following sources of correlated systematic uncer-
tainties have been accounted for when averaging these
measurements: experimental time resolution within a
given experiment, b-quark fragmentation distribution into
weakly decaying b baryons, A(b) polarization, decay model,
and evaluation of the b-baryon purity in the selected event
samples. In computing the averages, the central values
of the masses are scaled to M(AY) = 5619.60+
0.17 MeV/c? [9].

For measurements with partially reconstructed decays,
the meaning of the decay model systematic uncertainties
and the correlation of these uncertainties between mea-
surements are not always clear. Uncertainties related to the
decay model are dominated by assumptions on the fraction
of n-body semileptonic decays. To be conservative, it is
assumed that these are 100% correlated whenever given as
an uncertainty. DELPHI varies the fraction of four-body
decays from 0.0 to 0.3. In computing the average, the
DELPHI result is scaled to a value of 0.2 + 0.2 for this
fraction. Furthermore, the semileptonic decay results from
LEP are scaled to a Ag polarization of —0.45f8"1179 [4]and a
b fragmentation parameter (xg), = 0.702 4 0.008 [123].

The list of all measurements are given in Table 12. We do
not attempt to average measurements performed with p# or
AZ combinations, which select unknown mixtures of b
baryons. Measurements performed with AfZ or AZ+T¢~
combinations can be assumed to correspond to semilep-

tonic Ag decays. Their average (1.247f8:8§; ps) is

significantly different from the average using only mea-
surements performed with exclusively reconstructed had-
ronic A) decays (1.471 & 0.009 ps). The latter is much
more precise and less prone to potential biases than the
former. The discrepancy between the two averages is at the
level of 3.10 and assumed to be due to a systematic effect in
the semileptonic measurements, where the Ag momentum
is not determined directly, or to a rare statistical fluctuation.
The best estimate of the Ag lifetime is therefore taken as the
average of the exclusive measurements only. The CDF
A(b) — J/wA lifetime result [131] is larger than the average
of all other exclusive measurements by 2.4¢. It is none-
theless kept in the average without adjustment of input
uncertainties. The world average Ag lifetime is then
7(A9) = 1.471 £ 0.009 ps. (41)
For the strange b baryons, we do not include the
measurements based on inclusive E¥£* final states, which
consist of a mixture of Z;’ and Eg baryons. Rather, we only
average results obtained with fully reconstructed 2, Z9
and Q, baryons, and obtain

() = 1.572 + 0.040 ps, (42)
£(E9) = 1.480 % 0.030 ps, 43)
7(Qp) = 1.647013 ps. (44)

It should be noted that several b-baryon lifetime measure-
ments from LHCb [133,138-140] were made with respect
to the lifetime of another » hadron (i.e., the original
measurement is that of a decay width difference). Before
these measurements are included in the averages quoted
above, we rescale them according to our latest lifetime
average of that reference b hadron. This introduces corre-
lations between our averages, in particular between the
=, and E) lifetimes. Taking this correlation into account
leads to

7(29)/2(E5) = 0.929 = 0.028. (45)
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TABLE 12. Measurements of the b-baryon lifetimes.

Experiment Method Dataset Lifetime (ps) References
ALEPH AZ 91-95 1.20 £ 0.08 + 0.06 [124]
DELPHI Afm vix 91-94 1.16 £0.20 £ 0.08 [1251°
DELPHI Au ip. 91-94 1105319 £ 0.09 [126]°
DELPHI pt 91-94 1.19 £0.14 £ 0.07 [1251°
OPAL AZ ip. 90-94 1213313 £ 0.10 [127°
OPAL AZ vix 90-94 1.15 £ 0.12 £ 0.06 [127)°
ALEPH A 91-95 1181513 +£0.03 [124]°
ALEPH AT 91-95 1301552 +0.04 [124]°
DELPHI ALY 91-94 L1159 +£0.05 [125]°
OPAL ASE, AT 90-95 1.297933 £ 0.06 [100]
CDFI1 AEE 91-95 1.32 £0.15 £ 0.07 [128]
DO Atu 02-06 1.2901 0110 000! [129]
Average of above 6 12471506

CDF2 Afr 02-06 1.401 + 0.046 £ 0.035 [130]
CDF2 J/wA 01-11 1.565 £ 0.035 £ 0.020 [131]
DO J/wA 02-11 1.303 £ 0.075 £ 0.035 [72]
ATLAS J/wA 2011 1.449 £ 0.036 £ 0.017 [80]
CMS J/wA 2011 1.503 £ 0.052 £ 0.031 [132]
CMS J/wA 2012 1.477 £ 0.027 £ 0.009 [81]
LHCb J/wA 2011 1.415 £+ 0.027 £ 0.006 (82]
LHCb J/wpK (w.rt. B%) 11-12 1.479 £ 0.009 £ 0.010 [133]
Average of above 8: A lifetime = 1.471 £0.009

ALEPH =X 90-95 1.35503050:13 [134]
DELPHI E X 91-93 15304 £03 [1351
DELPHI EX 92-95 1451073 £0.13 [136]
CDF2 J/WwE” 01-11 1.32 £0.14 £ 0.02 [131]
LHCb J/WwE” 11-12 155109 £0.03 [137]
LHCb 07 (wrt. A) 11-12 1.599 £ 0.041 £ 0.022 [138]
Average of above 3: E, lifetime = 1.572 +0.040

LHCb Efn (wrt. A)) 11-12 1.477 £ 0.026 £ 0.019 [139]
Average of above 1: =) lifetime = 1.480 +0.030

CDF2 J/wQ 01-11 166103 £0.02 [131]
LHCb Iy 11-12 1.541903% £ 0.05 [137]
LHCb Q™ (wrt. Ej) 11-12 1.78 £ 0.26 £ 0.05 + 0.06 [140]

Average of above 3:

Q, lifetime =

L6

*The combined ALEPH result quoted in [124] is 1.21 &= 0.11 ps.

°The combined DELPHI result quoted in [125] is 1.14 4+ 0.08 4= 0.04 ps.

“The combined OPAL result quoted in [127] is 1.16 & 0.11 £ 0.06 ps.

“The combined DELPHI result quoted in [136] is 1487940 £0.12 ps.

6. Summary and comparison with theoretical predictions

Averages of lifetimes of specific b-hadron species are
collected in Table 13. As described in the introduction to
Sec. VA, the HQE can be employed to explain the
hierarchy 7(B) < 7(A)) < 7(BY) ~ 7(B°) < z(B*), and
to predict the ratios between lifetimes. Recent predictions
are compared to the measured lifetime ratios in Table 14,
where the experimental values of 7(B?)/z(B°) and
7(A%)/7(B°) have been computed as the ratio of our
averages of the individual lifetimes.

The predictions of the ratio between the B* and B°
lifetimes, 1.082fg;82262 [56], is in good agreement with
experiment.

The total widths of the BY and B° mesons are expected to
be very close and to differ by at most 1% [44,54-56,141].
This prediction is consistent with the experimental ratio
7(BY)/7(B"), which is smaller than 1 by (=0.1 & 0.4)%.
The authors of Refs. [42,88] predict 7(BY)/7(B°) =
1.00050 £ 0.00108 £ 0.0225 x §, where & quantifies a
possible breaking of the quark-hadron duality. In this
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TABLE 13. Summary of the lifetime averages for the different
b-hadron species.

b-hadron species Measured lifetime

Bt 1.638 + 0.004 ps
B° 1.519 4 0.004 ps
BY 1T, = 1.520 4 0.005 ps

By 1Ty = 1.429 £ 0.007 ps

By /T = 1.624 £ 0.009 ps
B 0.510 4 0.009 ps
A} 1.471 4 0.009 ps
g, 1.572 4 0.040 ps
Ep 1.480 % 0.030 ps
2 1647045 ps

TABLE 14. Experimental averages of b-hadron lifetime ratios
and heavy-quark expansion (HQE) predictions.

Lifetime ratio  Experimental average HQE prediction

o(B*)/7(B°) 1.076 + 0.004 1.08210052 [56]
7(BY)/7(B®) 1.001 = 0.004 1.0007 = 0.0025 [56]
7(AY)/7(B) 0.969 =+ 0.006 0.935 + 0.054 [55]
©(89)/7(5;) 0.929 +0.028 0.95 +0.06 [55]

context, they propose to interpret any difference between
theory and experiment as being due to either new physics or
a sizable duality violation. The key message is that
improved experimental precision on this ratio will be
beneficial.

The ratio 7(A9)/z(B°) in particular has been the source
of theoretical scrutiny, since earlier calculations using the
HQE [36-38,43] predicted a value larger than 0.90, almost
20 above the world average at the time. Many predictions
cluster around a most likely central value of 0.94 [142].
Calculations of this ratio that include higher-order effects
predict a smaller value [48] and reduced this difference.
Since then, the experimental average has settled at a value

P(B) > B)) =4e™"'|cosh
P(B — BY) =4e™T4' |cosh

—>Bg):

P(B) — B)) =4e™"4'|cosh

significantly larger than initially, in agreement with the
latest theoretical predictions. A review [55] concludes that
the long-standing A lifetime puzzle is resolved, with a nice
agreement between the precise experimental determination
of 7(AY)/7(B”) and the less precise HQE prediction, which
needs new lattice calculations. There is also good agree-
ment for the 7(E))/z(E}) ratio, for which the prediction is
based on the next-to-leading-order calculation of Ref. [47].

B. Neutral B-meson mixing

The B° —B° and BY — B? systems both exhibit the
phenomenon of particle-antiparticle mixing. For each of
them, there are two mass eigenstates which are linear
combinations of the two flavor states, B) and BY,

|BoL) = pglBg) + a4l B3). (40)
|Bon) = PqlBg) — a,4B3). (47)

where the subscript ¢ = d is used for the BY (= B®) meson
and g = s for the BY meson. The heavier (lighter) of these
mass states is denoted BgH (BgL), with mass m g (m,) and
total decay width ')y (I'y;). We define

Am, = mgy —my, x, = Am, /T, (48)

ATy =Ty —Tyn, v, = Al,/(2I,),  (49)
where T, = (T;u+T,)/2=1/7(B)) is the average
decay width. Am, is positive by definition, and AL, is
expected to be positive within the Standard Model.?

Four different time-dependent probabilities are needed to
describe the evolution of a neutral B meson that is produced
as a flavor state and decays without CP violation to a
flavor-specific final state. If CPT is conserved (which will
be assumed throughout), they can be written as

Al“qt) + cos (Amqt)}
Ath) —cos (Amqt)] |C]q/l7q|2

: (50)
Ath) — cos (Amqt)] Pg/aql

+ cos (Am,t)

|

>For reasons of symmetry in Eqs. (48) and (49), AT is sometimes defined with the opposite sign. The definition adopted in Eq. (49) is
the one used in most experimental papers and many phenomenology papers on B physics.
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where t is the proper time of the system (i.e., the time
interval between the production and the decay in the rest
frame of the B meson). At the B factories, only the proper-
time difference Ar between the decays of the two neutral B
mesons from the Y(4S) can be determined. However, since
the two B mesons evolve coherently (keeping opposite
flavors as long as neither of them has decayed), the above
formulas remain valid if ¢ is replaced with Az and the
production flavor is replaced by the flavor at the time of the
decay of the accompanying B meson into a flavor-specific
state. As can be seen in the above expressions, the mixing
probabilities depend on three mixing observables: Am,,
AT, and |q,/p,|*. In particular, CP violation in mixing
exists if |g,/ pq|2 # 1. Another (nonindependent) observ-
able often used to characterize CP violation in the mixing is
the so-called semileptonic asymmetry, defined as

.Aq _ |pq/CIq|2 - |Qq/pq|2

Y palag? + 14,/ Py

i (51)
All mixing observables depend on two complex numbers,
M1, and I'{,, which are the off-diagonal elements of the
2 x 2 mass and decay matrices describing the evolution of
the B) — BY) system. In the Standard Model the quantity
U7,/ M1, ] is small, of the order of (m,,/m,)?, where m,, and
m; are the bottom and top quark masses. The following
relations hold to first order in |I'},/M1,|:

Ay =AML+ O(TL/MLPL. (52)
AT, =2|T'1, | cos g1, [1 + O(IT, /M, 1P)],  (53)

A =1Im(T'Y,/ M) + O(|T,/ MY, %)

Al
= S bangl, + O(LL/MGP). (54
q
where
¢?2 = arg (—Milz/rilz) (55)

is the observable phase difference between —M?, and I',
(often called the mixing phase). It should be noted that the
theoretical predictions for I'{, are based on the same HQE
as the lifetime predictions.

In the next sections we review in turn the experimental
knowledge on the BY decay-width and mass differences, the
BY decay-width and mass differences, CP violation in BY
and BY mixing, and mixing-induced CP violation in B?
decays.

1. B® mixing parameters AT'; and Am,

A large number of time-dependent B°-B° oscillation
analyses have been performed in the past 20 years by the

ALEPH, DELPHI, L3, OPAL, CDF, DO, BABAR, Belle,
and LHCb collaborations. The corresponding measure-
ments of Am, are summarized in Table 15. It is notable
that the systematic uncertainties are comparable to the
statistical uncertainties; they are often dominated by sample
composition, mistag probability, or b-hadron lifetime con-
tributions. Before being combined, the measurements are
adjusted to a common set of input values, including the
averages of the b-hadron fractions and lifetimes given in
this report (see Secs. IV and V A). Some measurements are
statistically correlated. Systematic correlations arise both
from common physics sources (fractions, lifetimes, branch-
ing fractions of b hadrons), and from purely experimental
or algorithmic effects (efficiency, resolution, flavor tagging,
background description). Combining all published mea-
surements listed in Table 15 and accounting for all
identified correlations as described in Ref. [4] yields
Amy = 0.5065 £ 0.0016 4= 0.0011 ps~'.

In addition, ARGUS and CLEO have published mea-
surements of the time-integrated mixing probability y,
[162] [163,164], which average to y, = 0.182 %+ 0.015.
Following Ref. [164], the decay width difference Al
could in principle be extracted from the measured value of
I, = 1/7(B°) and the above averages for Am, and y,
(provided that AI'; has a negligible impact on the Am, and
7(B") analyses that have assumed AI'; = 0), using the
relation

X3+
However, AI';/I'; is too small and the knowledge of y, too
imprecise to provide useful sensitivity on AI';/T";. Direct
time-dependent studies provide much stronger constraints:
|ATy|/Ty < 18% at 95% CL from DELPHI [145],
—6.8% < sign(Redqp)AT;/T; <8.4% at 90% CL from
BABAR [165], and sign(Relqp)AL,; /Ty = (1.7+ 1.8+
1.1)% [166] from Belle, where Acp = (q,/pa)A(B° —
fep)/A(B® — fcp) with A the denoting decays amplitudes
to a CP-even final state. The sensitivity to the overall sign
of Reld¢pAl'y/T; comes from the use of BY decays to CP
eigenstates. In addition, LHCb has obtained AT';/T'; =
(—4.4+2.5+1.1)% [82] by comparing measurements of
the lifetime for B® — J/wK*® and B® — J/wK} decays,
following the method of Ref. [167]. Using a similar
method, ATLAS and CMS have measured AT,;/T,; =
(—=0.1 +1.1+£0.9)% [168] and AT /Ty = (+3.4 +23 +
2.4)% [81], respectively. Assuming Relqp >0, as
expected from the global fits of the unitarity triangle within
the Standard Model [169], a combination of these six
results (after adjusting the DELPHI and BABAR results to
1/T; = 7(B%) = 0.001 & 0.004 ps) yields

AT';/T; = 0.001 % 0.010. (57)
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TABLE 15. Time-dependent measurements included in the Am, average. The results obtained from multidimensional fits involving
also the B° (and B) lifetime(s) as free parameter(s) [76,78,79] have been converted into one-dimensional measurements of Am,. All
measurements have then been adjusted to a common set of physics parameters before being combined.

Method
Experiment and references rec. tag Amy in ps~! before adjustment Amy in ps~! after adjustment
ALEPH [143] £ Oiet 0.404 + 0.045 £ 0.027
ALEPH [143] £ £ 0.452 + 0.039 £ 0.044
ALEPH [143] Above two combined 0.422 +0.032 £ 0.026 0.440 £ 0.032 0%
ALEPH [143] D* ?, Qjet 0.482 + 0.044 £ 0.024 0.482 + 0.044 £ 0.024
DELPHI [144] ¢ Ojet 0.493 £ 0.042 £ 0.027 0.499 £ 0.042 £ 0.024
DELPHI [144] Tt Ojet 0.499 £ 0.053 £ 0.015 0.500 = 0.053 £ 0.015
DELPHI [144] ¢ ¢ 0.480 + 0.040 £ 0.051 0.495 £ 0.040 15015
DELPHI [144] D* Ojet 0.523 +0.072 £0.043 0.518 +0.072 £ 0.043
DELPHI [145] vix comb 0.531 £ 0.025 £ 0.007 0.525 + 0.025 £ 0.006
L3 [146] 4 4 0.458 £ 0.046 £ 0.032 0.468 =+ 0.046 = 0.028
L3 [146] £ Ojet 0.427 + 0.044 £ 0.044 0.439 + 0.044 £ 0.042
L3 [146] ¢ £(IP) 0.462 £ 0.063 =+ 0.053 0.472 £ 0.063 + 0.044
OPAL [147] £ 4 0.430 £ 0.043 1028 0.467 +0.043 10017
OPAL [148] 4 Ojet 0.444 £ 0.029 15029 0.482 £ 0.029 £ 0.013
OPAL [149] D¢ Ojet 0.539 £ 0.060 £ 0.024 0.544 £ 0.060 =+ 0.023
OPAL [149] D* ¢ 0.567 £ 0.089 *0-05 0.572 + 0.089 *{ 058
OPAL [66] nt Oiet 0.497 + 0.024 £ 0.025 0.496 + 0.024 £ 0.025
CDF1 [150] D¢ SST 0471 10568 *0054 0470 15568 “0.034
CDF1 [151] I I 0.503 + 0.064 = 0.071 0.514 £ 0.064 *{07
CDF1 [152] ¢ Z, Qjet 0.500 £ 0.052 = 0.043 0.545 +0.052 £ 0.036
CDF1 [153] D¢ 4 0.516 £ 0.099 *:922 0.523 +0.099 7005
DO [154] DWy OST 0.506 + 0.020 £ 0.016 0.506 + 0.020 £ 0.016
BABAR [155] B° £, K.NN 0.516 £ 0.016 £ 0.010 0.521 £ 0.016 == 0.008
BABAR [156] 4 £ 0.493 +0.012 £ 0.009 0.487 + 0.012 £ 0.006
BABAR [76] D*ty £, K,NN 0.492 £ 0.018 +0.014 0.493 £ 0.018 £ 0.013
BABAR [78] D*¢v(part) 4 0.511 £ 0.007 = 0.007 0.513 + 0.007 £ 0.007
Belle [79] B, D*¢tv comb 0.511 £ 0.005 £ 0.006 0.514 + 0.005 £ 0.006
Belle [157] D*r(part) ¢ 0.509 +0.017 £ 0.020 0.514 +0.017 £ 0.019
Belle [13] ¢ ¢ 0.503 £ 0.008 £ 0.010 0.506 + 0.008 = 0.008
LHCb [158] B° OST 0.499 =+ 0.032 = 0.003 0.499 + 0.032 £ 0.003
LHCb [159] B OST,SST ~ 0.5156 + 0.0051 + 0.0033 0.5156 £ 0.0051 4 0.0033
LHCb [160] Dy OST.SST ~ 0.503 +0.011 +0.013 0.503 £ 0.011 £ 0.013
LHCb [161] Dy OST 0.5050 4 0.0021 + 0.0010 0.5050 & 0.0021 + 0.0010

World average (all above measurements included):
—ALEPH, DELPHI, L3 and OPAL only:
—CDF and DO only:

—BABAR and Belle only:
—LHCDb only:

0.5065 £+ 0.0016 £ 0.0011
0.494 £0.011 £ 0.009
0.509 £0.017 £0.013
0.509 £ 0.003 £ 0.003
0.5063 £ 0.0019 £ 0.0010

This average is consistent with zero and with the latest
Standard Model prediction of (3.97 £ 0.90) x 1073 [88].
An independent result, AI'y/T; = (0.50 &+ 1.38)% [170],
was obtained by the DO collaboration from their measure-
ments of the single muon and same-sign dimuon charge
asymmetries, under the interpretation that the observed
asymmetries are due to CP violation in neutral B-meson
mixing and interference. This indirect determination was
called into question [171] and is therefore not included in
the above average, as explained in Sec. V B 3.

Assuming Ay =0

and

using 1/T,; =1(B°) =

1.519 +0.004 ps, the Am, and y, results are combined
through Eq. (56) to yield the world average

Amg = 0.5065 +0.0019 ps~!, (58)

or, equivalently,

xy =0.769 £ 0.004 and y,=0.1858 £0.0011. (59)
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G ALlEPH) H—e—H 0.446 +0.026 +0.019 ps™
analyses
DELPHI " hoe 0.519 +0.018 +0.011 ps™
(5 analyses)
(3 amal 1,3) . 0.444 +0.028 +0.028 ps™
analyses
OPAL . 0.479 +0.018 +0.015 ps™
(5 analyses)
“ C]l)Fl ) H—e i+ 0.495 +0.033 +0.027 ps'
analyses
(1 anal DO) Y 0.506 +0.020 +0.016 ps™
analysis
(4BAB]AR ) 4| 0.506 £0.006 +0.004 ps'
analyses
G BEITLE ) A 0.509 +0.004 +0.005 ps™
analyses
LHCb ™ 0.5062 +0.0019 £0.0010 ps™
(4 analyses)
Average of above 0.5065 +0.0019 ps'1
after adjustments )
CLEO+ARGUS . 0.498 +0.032 ps™
(14 measurements)
World average H 0.5065 +0.0019 ps'l
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FIG. 4. The B°-B° oscillation frequency Am, as measured by
the different experiments. The averages quoted for ALEPH, L3
and OPAL are taken from the original publications, while the
ones for DELPHI, CDF, BABAR, Belle and LHCb are computed
from the individual results listed in Table 15 without performing
any adjustments. The time-integrated measurements of y, from
the symmetric B factory experiments ARGUS and CLEO are
converted to a Am, value using 7(B%) = 1.519 £ 0.004 ps. The
two global averages are obtained after adjustments of all the
individual Am, results of Table 15 (see text).

Figure 4 compares the Am, values obtained by the different
experiments.

The B° mixing averages given in Egs. (58) and (59) and
the b-hadron fractions of Ref. [1] have been obtained in a
fully consistent way, taking into account the fact that the
fractions are computed using the y, value of Eq. (5§9) and
that many individual measurements of Am, at high energy
depend on the assumed values for the b-hadron fractions.
Furthermore, this set of averages is consistent with the
lifetime averages of Sec. VA.

2. B! mixing parameters AT’y and Am,

The best sensitivity to AI'; is currently achieved by the
recent time-dependent measurements of the BY — J/y¢
(or more generally BY — (c¢)K*K~) decay rates per-
formed at CDF [172], DO [173], ATLAS [174-176]
CMS [177,178] and LHCb [179-183], where the CP-even
and CP-odd amplitudes are statistically separated through a
full angular analysis. These studies use both untagged and
tagged B candidates and are optimized for the measure-
ment of the CP-violating phase @<, defined later in
Sec. VB 4. The LHCb collaboration analyzed the BY —
J/wK*T K~ decay, considering that the K*K~ system can
be in a P-wave or S-wave state, and measured the
dependence of the strong phase difference between the
P-wave and S-wave amplitudes as a function of the K™K~
invariant mass [86]. This allowed, for the first time, the
unambiguous determination of the sign of AIl'y, which was
found to be positive at the 4.7¢ level. The following

TABLE 16. Measurements of AT, and T’y using B — J/w¢, BY — J/wK+tK~ and BY — y/(2S)¢ decays. Only the solution with
AT’y > 0 is shown, since the two-fold ambiguity has been resolved in Ref. [86]. The first error is due to statistics, the second one to
systematics. The last line gives our average.

Experiment Mode Dataset AT, (ps~h) T, (psh) References
CDF Iy 9.6 fb! +0.068 = 0.026 £ 0.009 0.654 % 0.008 == 0.004 [172]
DO J/wo 8.0 b~ +0.1637308 0.69350\% [173]
ATLAS J/wo 4.9 fo~! +0.053 £ 0.021 £ 0.010 0.677 £ 0.007 = 0.004 [174]
ATLAS Iy 14.3 b~ +0.101 + 0.013 £ 0.007 0.676 + 0.004 £ 0.004 [175]
ATLAS J/wo 80.5 fb~! +0.0607 £ 0.0047 £ 0.0043 0.6687 £ 0.0015 + 0.0022 [176]
ATLAS above 3 combined +0.0657 £ 0.0043 + 0.0037 0.6703 + 0.0014 £ 0.0018 [176]
CMS J/we 19.7 fb~! +0.095 £ 0.013 £ 0.007 0.6704 + 0.0043 £ 0.0055 [177]
CMS J/wo 96.4 fb~! +0.114 + 0.014 £ 0.007 0.6531 £ 0.0042 £ 0.0026 [178]
CMS above 2 combined +0.1032 £ 0.0095 + 0.0048 0.6590 + 0.0032 £ 0.0023 [178]
LHCb J/wK* K- 3.0 fb! +0.0805 £ 0.0091 £ 0.0032 0.6603 + 0.0027 £ 0.0015 [179]
LHCb J/WwKTK™* 3.0 b +0.066 + 0.018 £ 0.010 0.650 + 0.006 =+ 0.004 [180]
LHCb Above 2 combined +0.0813 + 0.0073 + 0.0036 0.6588 + 0.0022 + 0.0015 [180]
LHCb J/wK* K~ 1.9 fb~! +0.077 % 0.008 £ 0.003 —0.0041 £ 0.0024 + 0.0015° [183]
LHCb J/wK* K= 3.0 fb! +0.115 £ 0.045 £ 0.011 0.608 + 0.018 £ 0.012 [182]
LHCb w(28)¢ 3.0 ! +0.06610 044 £ 0.007 0.668 £ 0.011 £ 0.006 [181]

All combined

+0.074 £ 0.006

0.6627 £+ 0.0036

im(K*K~) > 1.05 GeV/c.

~T,.

oS
Ty - eTe.
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Contours of Aln L = 0.5 (39% CL for the enclosed 2D regions, 68% CL for the bands) shown in the (T, AT'y) plane on the

left and in the (1/Ty, 1/Tyy) plane on the right. The average of all the BY — J/w¢, B — J/wK+TK~ and BY — y(2S)¢ results is
shown as the red contour, where I'y and AL’y are scaled by factors 2.56 and 1.72. The constraints given by the effective lifetime
measurements of BY to flavor-specific, pure CP-odd and pure CP-even final states are shown as the blue, green and purple bands,
respectively. The average taking all constraints into account is shown as the dark-filled contour. The light-gray bands are theory
predictions. The horizontal band is Ay = 4+-0.091 + 0.013 ps~! [42,45,87,88] that assumes no new physics in B? mixing. The vertical
T’y band is calculated from Ref. [56] assuming the experimental world average for the B lifetime, 1.519 4 0.004 ps.

averages present only the AI'; > O solutions. Two degen-
erate solutions, differing in the values of two of the
measured strong phases, , and 5”, were found in the
ATLAS Run 2 analysis [176]. These show minor
differences in the BY lifetime and mixing parameters, so
for simplicity, the following averages only use solution (a)
of Ref. [176].

The published results [172—-183] are shown in Table 16.
They are combined in a fit that includes all measured
parameters and their correlations. These are ¢¢*, the direct
CP violation parameter |A| = |(g,/ps)A/A| (A and A being
the B and BY decay amplitudes, respectively), Amy,
polarization fractions and strong phases. As detailed further
in Sec. VB4, the BY - J/w¢ measurements of ATLAS
[175,176], CMS [177,178] and LHCb [179,183] are in
tension at the level of approximately 36, driven by the time
and angular parameters. To address this, the total uncer-
tainty for each parameter in each BY — J/y¢ set of results
by ATLAS, CDF, DO, CMS and LHCb is scaled up in a way
that results in an agreement of lo. For the parameters
already in agreement (i.e., the ¢, and S-wave parameters),
the uncertainties are not scaled. The covariance matrix is
recomputed to preserve the correlations between the
parameters. The resulting scale factors for I'y and AT
are 2.56 and 1.72. The results, displayed as the red contours
labeled “BY — (c¢)KK” in the plots of Fig. 5, are given in
the first column of numbers of Table 17.

An alternative approach, which is directly sensitive to
first order in AI';/T;, is to determine the effective lifetime

of untagged BY candidates decaying to pure CP eigenstates;
we use here measurements with B — D¥D; [102], BY —
J/wn [111], BY = J/wfy(980) [113,114] and B? —
J/wrtx~ [93,115] decays. The precise extraction of
1/T and AT’ from such measurements, discussed in detail
in Refs. [90-92], requires additional information in the
form of theoretical assumptions or external inputs on weak
phases and hadronic parameters. If f denotes a final state
into which both BY and BY can decay, the ratio of the
effective BY — f lifetime Tgingle> found by fitting the decay-
time distribution to a single exponential, relative to the
mean BY lifetime is [92]°

Tsingle(B(s) - f) _ 1 1- 2AjArys + y% (60)
0 - 2 AT ’
T<Bs) l_ys 1_Af Vs
where
2Re(4;)
AN = T 61
/ 1+ |42 (D)

To include the measurements of the effective BY — D{ D7
(CP-even), BY — J/yn (CP-even), BY — J/yf,(980)
(CP-odd) and B — J/watn~ (CP-odd) lifetimes as

®The definition of A2" given in Eq. (61) has the sign opposite
to that given in Ref. [92].
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TABLE 17.

Averages of AT, I', and related quantities, obtained from BY — J/y¢p, B = J/wK*K~ and BY -

w(2S)¢ alone (first column), adding the constraints from the effective lifetimes measured in pure CP modes
BY — DiDy,J/yn and BY — J/wfy(980),J/wata~ (second column), and adding the constraint from the
effective lifetime measured in flavor-specific modes B? — Dy #vX, Dyz", Dy D™ (third column, recommended

world averages).

s

BY — (ce)K*K~ modes
only (see Table 16)

BY — (ce)K*K~ modes
+ pure CP modes

Bg - (CE‘)K+K_ modes + pure
CP modes + flavor-specific modes

T, 0.6627 + 0.0036 ps~!

0.6570 & 0.0027 ps™!

0.6578 4- 0.0024 ps™!

1/T 1.509 £ 0.008 ps 1.522 £ 0.006 ps 1.520 £ 0.005 ps
1/Ty 1.429 £+ 0.008 ps 1.430 £+ 0.008 ps 1.429 4+ 0.007 ps
1Ty 1.598 4+ 0.014 ps 1.626 + 0.010 ps 1.624 £ 0.009 ps
AT +0.074 £ 0.006 ps~! +0.084 £ 0.005 ps~! +0.084 + 0.005 ps~!
AT /T +0.112 £0.010 +0.128 £ 0.008 +0.128 £ 0.007
p(T,. AT) -0.30 0.00 40.09
constraints in the AT fit, we neglect subleading penguin 1/Tiq = 1.624 £0.009 ps, and to the decay-width

contributions and possible direct CP violation. Explicitly,
in Eq. (60), we set AGp.y, = cos$™ and Agp 44 =
—cos ¢$°*. Given the small value of ¢$°°, we have, to first

order in y;:
1 (5°)*ys
l+——>= 2
FSL< + B (6)

Fiﬁ (1 _%) o

The numerical inputs are taken from Eqs. (35) and (36), and
the resulting averages, combined with the BY — J/wK+tK~
information, are indicated in the second column of numbers
of Table 17.

Information on ATy is also obtained from the study of the
proper time distribution of untagged samples of flavor-
specific BY decays [90], e.g., semileptonic B? decays,
where the flavor (i.e., BY or BY) at the time of decay is
determined by the decay products. Since there is an equal
mix of the heavy and light mass eigenstates at production
time (¢t = 0), the proper time distribution is a superposition
of two exponential functions with decay constants I'y; and
I",y. This provides sensitivity to both 1/T; and (AT',/T’)?.
Ignoring AT’ and fitting for a single exponential leads to an
estimate of I’y with a relative bias proportional to
(AT, /T,)?, as shown in Eq. (33). Including the constraint
from the world-average flavor-specific B? lifetime, given in
Eq. (34), leads to the results shown in the last column
of Table 17. These world averages are displayed as the
dark-filled contours labeled “Combined” in the plots of
Fig. 5. They correspond to the lifetime averages
1/T, = 1.520 4+ 0.005 ps, 1/Ty = 1.429 £ 0.007 ps,

Tsingle(BY — CP-even) »

Tsingle<B(s) - CP'Odd) ~

"The effective lifetimes measured in BY — K*K~ (mostly CP-
even) and BY — J/yK? (mostly CP-odd) are not used because
we cannot quantify the penguin contributions in those modes.

difference
AT, = 40.084 4 0.005 ps~!
AT, /T, = 40.128 £ 0.007. (64)

The good agreement with the Standard Model prediction
AT, = +0.091 £ 0.013 ps~! [42,45,87,88] excludes sig-
nificant quark-hadron duality violation in the HQE [184].
Estimates of AT'y/I'; obtained from measurements of the

BY - Dﬁ*HDE*)_ branching fraction [109,185-188] are not
used in the average, since they are based on the question-
able [45] assumption that these decays account for all
CP-even final states. The results of early lifetime analyses
that attempted to measure AI'y/I'; [63,95,99,105] are not
used either.

The probability of BY mixing has been known to be
large for more than 20 years. Indeed the time-integrated
measurements of the flavor blind measurement
X =fa+ fixs, where f), and f are the fractions of
B® and BY hadrons in a sample of semileptonic h-hadron
decays,8 when compared to our knowledge of y, and
the b-hadron fractions, indicated that y, should be close
to its maximal possible value of 1/2. Many searches of the
time dependence of this mixing have been performed by
ALEPH [189], DELPHI [95,99,145,190], OPAL
[191,192], SLD [193,194], CDF (Run I) [195] and DO
[196] but did not have enough statistical power and proper
time resolution to resolve the small period of the BY
oscillations.

BY oscillations were observed for the first time in 2006
by the CDF collaboration [197], based on samples of
flavor-tagged hadronic and semileptonic BY decays in
flavor-specific final states, partially or fully reconstructed
in 1 fb~! of data collected during Tevatron’s Run II. Since
then, the LHCb collaboration obtained the most precise

and

¥See Sec. IV. 1.3 of our previous publication [1].
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TABLE 18. Measurements of Am.

Experiment Method Dataset Am, (ps™h) References
CDF2 D¢y, DYt Do pt 1 fb~! 17.77 £ 0.10 + 0.07 [197]
LHCb Din*t, Dyntant 2010 0.036 fb~! 17.63 £0.11 £0.02 [198]
LHCb DyutX 2011 1.0 fb~! 17.93 £ 0.22 £0.15 [160]
LHCb Dyr* 2011 1.0 fb~! 17.768 £ 0.023 £ 0.006 [199]
LHCb J/wKYK~ 2011-2012 3.0 fb! 17.711 7095 £ 0.011 [179]
LHCb J/wKTK~ 20152016 1.9 fb~! 17.703 £ 0.059 £ 0.018 [183]
LHCb above 2 combined 2011-2016 4.9 fb! 17.694 + 0.041 £ 0.011 [183]
CMS T 2017-2018 96.4 fb~! 17.51 %009 +0.03 [178]
LHCb Dirtnnt 2011-2018 9 fb~! 17.757 £ 0.007 £ 0.008 [200]
LHCb Diz* 2015-2018 6 fb! 17.768 £ 0.005 £ 0.003 [201]
Average 17.765 £ 0.004 + 0.004

results using fully reconstructed B? — D7z" and  considered to be 100% correlated. Furthermore, the CMS

BY - D;atn nt decays [198-201]. LHCb has also
observed BY oscillations with semileptonic BY — Dyu*X
decays [160]. In addition, measurements with nonflavor-
specific final states have been performed by LHCb with
BY - J/wKTK~ decays [179,183] and CMS with BY —
J/w¢ decays [178]. The measurements of Am, are
summarized in Table 18.

An average of all the published CDF, LHCb and CMS
results yields

Amg = 17.765 £ 0.004 £ 0.004 ps~! (65)

and is illustrated in Fig. 6. The systematic uncertainties of
the LHCD results due to the length scale (affecting all
modes), the momentum scale (BY — D;z* Run 1 and Run
2, B > Dyatn 2" Run 1 and BY — J/wK*K™), the fit
bias (BY — D;z* Run 1 and BY - Dz 2~ z+ Run 1) and
the decay-time bias (BY — D;z* Run 1 and Run 2) are

T LR B T
CDF2 hadr+semilept 3. 17.77 £ 0.10 £ 0.07 ps™
afm
LHCb D;n",Din'n n* | 17.63 + 0.11 £ 0.02 ps™
(0.036 fb ' 2010)
LHCb Dju'X FF‘—'—H 17.93 +0.22 + 0.15 ps™
(1.0 fb ' Run 1) :
LHCb D x" H 17.768 + 0.023 + 0.006 ps™
(1.0 fb™' Run 1) :
LHCb J/yK'K M 17.694 + 0.041 + 0.011 ps™
(3.0+1.9 fb ' Runs 1+2)
CMS Jhyo i 17.51*%1 +0.03 ps™
(96.4 b Run 2)
LHCb D,n'n ' H 17.757 + 0.007 + 0.008 ps™
(9 fb' Runs 1+2)
LHCb Dz 17.768 + 0.005 + 0.003 ps™
(6 fb "' Run2)
Average 9 17.765 + 0.006 ps™
1 | PR I B 1

174 176 17.8 18 18.2
-1
Am, (ps™)

Heavy Flavour
Averaging Group

FIG. 6. Measurements of Amy, together with their average.

and LHCb measurements of Am, in B? — J/wK+tK~
decays are averaged using the measured central values
and uncertainties of the full set of observables determined
in these studies (¢, AT, Iy, |A|, strong phases and
polarization fractions) in order to account for their corre-
lations with Am.

The Standard Model prediction Amg, = 18.77 +
0.86 ps~' [87] is consistent with the experimental value,
but has a much larger uncertainty, dominated by the
uncertainty on the hadronic matrix elements recently
determined in [56,202-207]. The ratio AT'y/Am; can be
predicted more accurately to be 0.00482 4 0.00065
[45,87,88,208], in good agreement with the experimental
determination of

AT,/ Am, = 0.00472 = 0.00028. (66)

Multiplying the Am, result of Eq. (68) by the mean B?
lifetime of Eq. (39), 1/Ty = 1.520 + 0.005 ps, yields

x, = 27.01 £0.10. (67)
With 2y, = +0.128 4+ 0.007 [see Eq. (64)] and under the
assumption of no CP violation in BY mixing, this corre-

sponds to

x2 + y?

=———"""=10.499318 £ 0.000005. 68
T 1) (68)
The ratio
Amd
=0.02851 +0.00011, (69)
Am

N

of the B® and BY oscillation frequencies, obtained from
Egs. (58) and (65), can be used to extract the following
magnitude of the ratio of CKM matrix elements,
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th

Vis

Amym(BY)

Amgm(B°)
0.20530.0004 00029 (lattice QCD)
B { 0.2045 £0.000472%1! (sum rules)

=¢

(70)

The first uncertainty is from experimental uncertainties
(with the masses m(BY) and m(B°) taken from Ref. [9]).
The second uncertainty arises from theoretical uncertainties
in the estimation of the SU(3) flavor-symmetry breaking
factor £ =1.206 £ 0.017 [209], which is an average of
three-flavor lattice QCD calculations dominated by the
results of Ref. [203], or & = 1.201703% [206] obtained
from sum rules. Note that Eq. (70) assumes that Am and
Amy only receive Standard Model contributions.

3. CP violation in B® and B? mixing
Evidence for CP violation in B’ mixing has been
searched for, both with flavor-specific and inclusive BY
decays, in samples where the initial flavor state is tagged. In

the case of semileptonic (or other flavor-specific) decays,
where the final state tag is also available, the asymmetry

N(B%(t) = ¢*v,X) — N(B(t) —» ¢70,X)

d _
As = N(B(t) —» ¢*v,X) + N(B(t) = ¢ 0,X)

(71)

has been measured, either in decay-time-integrated analy-
ses at CLEO [164,210], BABAR [211], CDF [212] and DO
[170], or in decay-time-dependent analyses at OPAL [148],
ALEPH [213], BABAR [165,214,215] and Belle [216].
Note that the asymmetry of time-dependent decay rates in
Eq. (71) is related to |q,/pg4| through Eq. (51) and is
therefore time-independent. In the inclusive case, also
investigated and published by ALEPH [213] and OPAL
[65], no final state tag is used, and the asymmetry [217]

N(B°(t) — all) — N(B°(t) — all)
N(B°(t) — all) + N(B°(t) — all)

A Amgt
~ AL Tnjsin(Amdt) — sin? ( n;”’ )} (72)

must be measured as a function of the proper time to extract
information on CP violation. Furthermore, DO [218] and
LHCb [219] have studied the time-dependence of the
charge asymmetry of B® — D")=p*y,X decays without
tagging the initial state, which would be equal to

N(D¥ptv,X) - N(DW o,

N(D®uty,X) + N(DW*up,

X)
X)

1 — cos(Amgt)
= ‘ALSZL 2

(73)

TABLE 19. Measurements ° of CP violation in B° mixing and their average in terms of both AgL and |g4/ p4|- The individual results
are listed as quoted in the original publications, or converted ' to an A value. The ALEPH and OPAL results assume no CP violation

in BY mixing.

Experiment and references Method

Measured AZ;

Measured |q,/ p4l|

CLEO [164] Partial hadronic rec.
CLEO [210] Dileptons
CLEO [210] Average of above two

BABAR [165]
BABAR [214]
BABAR [211]
Belle [216]

Average of above 6 B-factory results

Full hadronic rec.
Partial rec. D*X¢v
Dileptons
Dileptons

+0.017 £0.070 £ 0.014
+0.013 £+ 0.050 £ 0.005
+0.014 £+ 0.041 £ 0.006

+0.0006 £ 0.0017+ 05938
—0.0039 £ 0.0035 £ 0.0019
—0.0011 £ 0.0079 = 0.0085
-0.0019 +£ 0.0027 (tot)

1.029 £0.013 £0.011
0.99971 £ 0.00084 £ 0.00175

1.0005 £ 0.0040 + 0.0043
1.0009 £ 0.0013 (tot)

DO [218] B - DW-ptux 40.0068 + 0.0045 + 0.0014

LHCb [219] B — DW—ptux —0.0002 + 0.0019 4 0.0030

Average of above 8 pure B results 40.0001 + 0.0020 (tot) 1.0000 % 0.0010 (tot)
DO [170] Muons and dimuons —0.0062 £ 0.0043 (tot)

Average of above 9 direct measurements —0.0010 £ 0.0018 (tot) 1.0005 4 0.0009 (tot)
OPAL [148] Leptons +0.008 £ 0.028 +0.012

OPAL [65] Inclusive [Eq. (72)] +0.005 £ 0.055 +0.013

ALEPH [213] Leptons —0.037 +£0.032 4+ 0.007

ALEPH [213] Inclusive [Eq. (72)] +0.016 £ 0.034 4+ 0.009

ALEPH [213]
Average of above 13 results

Average of above two

—0.013 £ 0.026 (tot)
—0.0010 £ 0.0018 (tot)

1.0005 £ 0.0009 (tot)

Best fit value from 2D combination
of A¢ and A results [see Eq. (74)]

—0.0021 £ 0.0017 (tot)

1.0010 £ 0.0008 (tot)
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TABLE 20. Measurements of CP violation in B® and B? mixing, together with their correlations p(A$; ,.A¢ ) and their two-

dimensional average. Only total errors are quoted.

Experiment and references Method Measured Ag Measured A§; p(AL . AY)
B-factory average of Table 19 —0.0019 £ 0.0027

DO [218,222] B) - DE;‘;_;ﬁvX +0.0068 + 0.0047 —0.0112 + 0.0076 +0.

LHCb [219,223] B(()s) N DE:;‘Mﬂ/X —0.0002 + 0.0036 +0.0039 + 0.0033 +0.13
Average of above -+0.0000 £ 0.0019 +0.0016 +£ 0.0030 -+0.066

DO [170] Muons and dimuons —0.0062 £ 0.0043 —0.0082 = 0.0099 —-0.61
Average of all above —0.0021 £ 0.0017 —0.0006 + 0.0028 —0.054

in absence of detection and production asymmetries. Note
that Egs. (72) and (73) assume AI'; = 0.

Table 19 summarizes the different measurements’
of A¢ and |q,/p,|. In all cases asymmetries compatible
with zero have been found. A simple average of all
measurements  performed at the B  factories
[164,165,210,211,214,216]  yields Ad = —0.0019+
0.0027. Adding also the DO [218] and LHCb [219]
measurements obtained with reconstructed semileptonic
B° decays yields Ag = +0.0001 £ 0.0020. As discussed
in more detail later in this section, the DO analysis with
single muons and like-sign dimuons [170] separates the B°
and BY contributions by exploiting the dependence on the
muon impact parameter cut; including this AglL result from
DO in the average yields A4 = —0.0010 =+ 0.0018.

All the other B analyses performed at high energy,
either at LEP or at the Tevatron, did not separate the
contributions from the B and BY mesons. Under the
assumption of no CP violation in BY mixing (A} = 0),
a number of these early analyses [65,148,213,220] report a
measurement of A% or |q,/p,| for the B® meson.
However, although we include them in Table 19, these
imprecise determinations no longer improve the world
average of Ag . Furthermore, the assumption makes sense
within the Standard Model, since A§; is predicted to be
about a factor 20 smaller than AZ; [87], but may not be
suitable in the presence of new physics.

The Tevatron experiments have measured linear combi-
nations of A% and A§ using inclusive semileptonic
decays of b hadrons. CDF (Run I) finds A% = +0.0015 +
0.0038(stat) + 0.0020(syst) [212], and DO obtains A% =
—0.00496 + 0.00153(stat) 4= 0.00072(syst) [170]. While
the imprecise CDF result is compatible with no CP
violation, the DO result, obtained by measuring the single
muon and like-sign dimuon charge asymmetries, differs by
2.8 standard deviations from the Standard Model expect-
ation of AZM = (=234 0.4) x 107* [45,170]. With a

’A low-statistics result published by CDF using the Run I data
[212] is not included in our averages, nor in Table 19.

more sophisticated analysis in bins of the muon impact
parameters, DO conclude that the overall deviation of their
measurements from the SM is at the level of 3.60.
Interpreting the observed asymmetries in bins of the muon
impact parameters in terms of CP violation in B-meson
mixing and in interference, and using the mixing param-
eters and the world-average b-hadron production fractions
of Ref. [221], the DO collaboration extracts [170] values for
A¢ and A§; and their correlation coefficient,'’ as shown in
Table 20. However, the various contributions to the total
quoted uncertainties from this analysis and from the
external inputs are not given, so the adjustment of these
results to different or more recent values of the external
inputs cannot (easily) be done.

Finally, direct determinations of A , also shown in
Table 20, have been obtained by DO [222] and LHCb [223]
from the time-integrated charge asymmetry of untagged
BY - D7utuX decays.

Using a two-dimensional fit, all measurements of A‘SiL
and A{; obtained by DO and LHCb are combined with the
B-factory average of Table 19. Correlations are taken into
account as shown in Table 20. The results, displayed
graphically in Fig. 7, are

Ad = —0.0021 £ 0.0017 < |,/ pa| = 1.0010 = 0.0008,
(74)

"“In each impact parameter bin i the measured same-sign
dimuon asymmetry is interpreted as A; = K$A$, + K¢A4 +
AK™AT /T4, where the factors K3, K¢ and K™ are obtained by
DO from Monte Carlo simulation. The DO publication [170]
assumes A = 1, but it has been demonstrated subsequently that
A <0.49 [171]. This particular point invalidates the AI';/T;
result published by DO, but not the A¢; and A results. As stated
by DO, their A‘SZL and A§; results assume the above expression for
A;, i.e., that the observed asymmetries are due to CP violation in
B mixing. As long as this assumption is not shown to be wrong
(or withdrawn by DO0), we include the AgL and A§; results in our
world average.
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FIG. 7. Measurements of Ag and A listed in Table 20
(B-factory average as the gray band, DO measurements as the
green ellipses, LHCb measurements as the blue ellipse) together
with their two-dimensional average (red hatched ellipse). The red
point close to (0, 0) is the Standard Model prediction of Ref. [87]
with error bars multiplied by 10. The prediction and the
experimental world average deviate from each other by 0.5¢.

& = —0.0006 £ 0.0028 & |¢,/p,| = 1.0003 £ 0.0014,
(75)

p(Ad , AL ) = —0.054, (76)

where p(AZ; , A ) is the correlation coefficient between
the two measured parameters, and the relation between A}
and |q,/p,| is given in Eq. (51)."" However, the fit 2
probability is only 4.5%. This is mostly due to an overall
discrepancy between the DO and LHCb averages at the
level of 2.20. Since the assumptions underlying the
inclusion of the DO muon results in the average 10" are
somewhat controversial [224], we also provide in Table 20
an average excluding these results.

The above averages show no evidence of CP violation in
BY or BY mixing. They deviate by 0.5¢ from the very
small predictions of the Standard Model (SM), A%M =
—(4.734042) x 10 and  AFM = +(2.06 +0.18) x
107> [87]. Given the current experimental uncertainties,
there is still significant room for a possible new physics
contribution, in particular in the B? system. In this respect,
the deviation of the DO dimuon asymmetry [170] from

llEarly analyses and the PDG use the complex parameter ez =
(Pq—4a4)/(py + a,) for the BY; if CP violation in the mixing is
small, Ad = 4Re(ep)/(1 + |ep|?) and the average of Eq. (74)
corresponds to Re(eg)/(1 + |ez|*) = —0.0005 + 0.0004.

expectation has generated significant interest. However, the
recent A$; and Ag results from LHCb are not precise
enough yet to settle the issue. It has been pointed out [225]
that the DO dimuon result can be reconciled with the SM
expectations of A3, and A if there are non-SM sources of
CP violation in the semileptonic decays of the b and ¢
quarks. A Run 1 ATLAS study [226] of charge asymme-
tries in muon + jets #7 events, in which a b-hadron decays
semileptonically to a soft muon, yields results with limited
statistical precision, compatible both with the DO dimuon
asymmetry and with the SM predictions.

At the more fundamental level, CP violation in B?
mixing is caused by the weak phase difference ¢;, defined
in Eq. (55). The SM prediction for this phase is tiny [42,88],

$SM — 0.0046 £ 0.0012. (77)

However, new physics in B? mixing could change the
observed phase to

#ho = 5 + 91" (79)

Using Eq. (54), the current knowledge of Ag;, AT’y and
Amy, given in Egs. (75), (64), and (65) respectively, yields
an experimental determination of ¢9,,

Am,
M~ _0.140.6, (79)

tan ¢}, = A ——
¢12 SL AFS

which represents only a very weak constraint.

4. Mixing-induced CP violation in B? decays

CP violation arising in the interference between B? — BY
mixing and decay is a very active field in which large
experimental progress has been achieved in the last decade.
The main observable is the phase ¢$, which describes CP
violation in the interference between B? mixing and decay
in b — ccs transitions.

The golden mode for such studies is BY — J/y¢,
followed by J/w — utu~ and ¢ —» K*K~, for which a
full angular analysis of the decay products is performed to
statistically separate the CP-even and CP-odd contribu-
tions in the final state. As already mentioned in Sec. V B 2,
CDF [172], DO [173], ATLAS [174-176], CMS [177,178]
and LHCb [179-183] have used both untagged and tagged
BY — J/w¢ (and more generally BY — (c¢)K*K~) decays
for the measurement of ¢$®. LHCb [93,227] has used
BY — J/wyn*tn~ events, analyzed with a full amplitude
model including several 7"z~ resonances (e.g., f((980)),
although the J/wz*z~ final state had already been shown
to have a CP-odd fraction larger than 0.977 at 95% CL
[228]. In addition, LHCb has used the BY — D{D;
channel [229] to measure ¢S,
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TABLE 21.

Direct experimental measurements of ¢

ccs
s

, AT and T, using BY — J/w¢, J/wKTK~, w(2S)¢, J/wrn*a~ and D} Dy

decays. The first error is due to statistics, the second one to systematics. The last (last but one) line gives our averages, where the AT,

uncertainties have been multiplied by 1.78 (1.72) to account for inconsistencies between the B — J /¢ measurements. Only solution
(a) of Ref. [176] is used.

Experiment Mode Dataset ces AT, (ps~h) References
CDF J/we 9.6 fb~! [-0.60, +0.12], 68% CL +0.068 =+ 0.026 4 0.009 [172]
DO J/we 8.0 fb~! -0.5570:38 +0.1631058 [173]
ATLAS J/w 4.9 fb! +0.12 £0.25 £ 0.05 +0.053 £ 0.021 4 0.010 [174]
ATLAS J/we 14.3 fb~! —0.110 £ 0.082 £ 0.042 +0.101 £ 0.013 £ 0.007 [175]
ATLAS J/we 80.5 fb! —0.081 £ 0.041 £ 0.022 +0.0607 + 0.0047 + 0.0043 [176]
ATLAS Above 3 combined —0.087 £ 0.036 & 0.021 +0.0657 # 0.0043 % 0.0037 [176]
CMS J/we 19.7 fb~! —0.075 £ 0.097 £ 0.031 +0.095 4 0.013 £ 0.007 [177]
CMS J/we 96.4 fb~! —0.011 £ 0.050 & 0.010 +0.114 £ 0.0014 + 0.0007 [178]
CMS Above 2 combined —0.021 +0.044 £+ 0.010 +0.1032 4 0.0095 + 0.0048 [178]
LHCb J/we 3.0 fb! —0.058 + 0.049 £ 0.006 +0.0805 % 0.0091 + 0.0032 [179]
LHCb J/yrta 3.0 fb~! +0.070 £ 0.068 + 0.008 . [227]
LHCb J/yKTK™* 3.0 fb~! +0.119 £0.107 £ 0.034 +0.066 £ 0.018 4 0.010 [180]
LHCb w(2S)¢ 3.0 fib! +0.23702 +£0.02 +0.0661 044 £ 0.007 [181]
LHCb DDy 3.0 fb! +0.02 +0.17 4+ 0.02 . [229]
LHCb J/yrta 1.9 fb-!° —0.057 £ 0.060 & 0.011 . [93]
LHCb J/y 1.9 fb1° —0.083 £ 0.041 & 0.006 +0.077 £ 0.008 4 0.003 [183]
LHCb Above 7 combined -0.042 £ 0.025 +0.0813 + 0.0048 [183]
LHCb Jwe 3.0 fb! +0.00 4+ 0.28 + 0.07 +0.115 4 0.045 £ 0.011 [182]
B? = J/y¢ combined —0.070 + 0.022 +0.074 £ 0.006

All combined —0.049 £ 0.019 +0.077 £ 0.006

All CDF, DO, ATLAS and CMS analyses provide
two mirror solutions related by the transformation
(AT, %) — (—AT, m — ¢S°*). However, the LHCb
analysis of BY — J/wK*K~ resolves this ambiguity and
rules out the solution with negative AI'; [86], a result in
agreement with the Standard Model expectation. Therefore,
in what follows, we only consider the solution with
ATy > 0.

In the B — J/w¢ and BY — J/wK* K~ analyses, <
and AI'y come from a simultaneous fit that determines also
the BY lifetime, the longitudinal and perpendicular ¢
polarization amplitudes |A|? and |A | |2, the S-wave ampli-
tude |Ag|?, and the strong phases. While the correlation
between ¢¢°* and all other parameters is small, the corre-
lations between Al I' and the polarization amplitudes are
sizeable. Therefore the full set of parameters provided by the
measurements are combined in a multidimensional fit that
considers the correlations between them. The combination
uses the single-experiment averages provided by ATLAS
[176], CMS [178] and LHCb [183].

As second-order loop processes could have different
contributions to ¢<**, we perform two combinations. In the
first one, we perform a combination of all the CDF [172],
DO [173], ATLAS [174-176], CMS [177,178] and LHCb
[93,179-183,227,229] results listed in Table 21. The

second one uses only the BY — J/w¢ measurements
[172-179,182,183].

ATLAS [176] measures two solutions for the strong
phases 6, and 6. Using one or the other only leads to
minor differences in the main parameters of interest, ¢s°*,
AT’y and T';. For simplicity, in this average, only solution
(a) is used. As some analyses fix or constrain Amy, in this
average it is fixed to 17.757 ps~' [1], which is the value
used in most measurements. Furthermore, || is considered
an independent observable in each decay mode, and is fixed
to 1 for BY — J/w¢. As the different BY — J/w¢ analyses
use different m(K*K~) regions, the S-wave amplitude
phases and fractions in the measurements that report them
are mapped to the m(KtK~) region used by CMS
[177,178], by arbitrary choice. The mapping is introduced
as a transformation of the S-wave fractions of ATLAS and
LHCb, assuming that the S wave component is the f
resonance and the P wave component is the ¢ resonance.
While the ¢ presence is very clear and its shape is well
measured, the shape of the S wave is not known well.
Therefore, the impact of the S-wave on the average of the
parameters of interest, ¢<<*, 'y, AT, is studied assuming
different S-wave mass shapes, such as a constant, and with
variations to the parameters of the P- and S-wave ampli-
tudes. The effect is found to be negligible in all cases.
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TABLE 22. Results of the averaging procedure, including the fit results and the scale factors of the individual parameters, for all
b — c¢s modes (second and third column) and for B — J/w¢ modes only (fourth and fifth column).

Parameter All b — ccs BY = J/w¢
Fit result Scale factor Fit result Scale factor

|Ao|? 0.520 + 0.003 1.46 0.519 £ 0.003 1.46
|A L] 0.253 £ 0.006 2.45 0.254 £+ 0.006 2.37
|Ag)? 0.030 £ 0.005 1.00 0.030 £ 0.005 1.00
9 3.18 £ 0.06 1.46 3.18 £ 0.06 1.46
5, 3.08 £0.12 2.04 3.08 £0.13 2.07
6s — 6, 0.23 +0.05 1.00 0.23 +0.05 1.00
T, 0.663 £ 0.004 ps~! 2.60 0.664 £ 0.004 ps~! 2.44
AT’ +0.077 £ 0.006 ps~! 1.78 +0.074 4 0.006 ps~! 1.72
¢ —0.049 +0.019 1.00 —0.070 £ 0.022 1.00

In some decay channels, LHCb measures I'y—TI}
[180,181,183] instead of I';. References [180,181] also
quote I'y assuming a 7o value of 1.520 ps. Therefore, in the
combination the same zzo value is assumed.

HFLAV

68% CL contours

(Alog £ = 1.15)

DO 8 fb~t

o

'n 011 CMS 116.1 fb~t

o g

.ﬂu SM no penguins

T CDF 9.6 fb~?
<

AMWKK[ps=1]

Using the same approach as discussed in Sec. VB 2 to
address the tension between the BY — J /¢ measurements
of ATLAS [175,176], CMS [177,178] and LHCb
[179,183], the total uncertainty for each parameter in each
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FIG. 8. 68% CL regions shown in the (%, AT’,) plane on the top and in the (I, AT') plane on the bottom, for individual experiments
and their combination. The left plots are obtained from all CDF [172], DO [173], ATLAS [174-176], CMS [177,178] and LHCb
[93,179-183,227,229] measurements of B — J/w¢, B — J/wKTK~, B? — w(25)¢, BY — J/watn~ and BY —» D} Dy decays,
while the right plots are obtained from B — J /¢ measurements only [172—179,182,183]. The expectation within the Standard Model
neglecting penguin contributions [42,45,87,88,169] is shown as the white rectangle in the top plots. The I'y theory value in the bottom
plots is calculated from Ref. [56] assuming the experimental world average for the B lifetime, 1.519 4 0.004 ps.
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TABLE 23. Correlation tables of the averaged observables from the fit to all » — ¢Zs modes (top) and to the B — J /¢ modes only
(bottom).

Parameter |Ao]? |A,? |Ag|? 5 5. Sg—6, T, AT, o,
|Ao]? 1.00 —-0.67 0.08 —0.03 —0.04 —0.05 —-0.09 0.28 —-0.01
|AL 1.00 —-0.03 —-0.03 0.01 0.04 0.15 -0.4 0.01
|Ag)? 1.00 —0.02 —-0.03 —-0.10 0.03 0.00 0.00
9 1.00 0.21 —-0.01 —-0.01 0.01 0.00
o1 1.00 0.00 —-0.02 —-0.02 0.01
0s— 6, 1.0 —-0.02 —-0.01 0.00
Iy 1.00 -0.24 —-0.01
AT’ 1.00 —-0.02
oy 1.00
Parameter |Ao]? |A,? |Ag|? 5 8, 8s—96, T, AT, o,
|Ao|? 1.00 —-0.68 0.08 —0.03 —-0.04 —-0.05 -0.12 0.32 -0.01
|A L] 1.00 —-0.03 -0.03 0.00 0.04 0.19 -0.45 0.01
|Ag)? 1.00 —0.03 —0.04 —-0.09 0.03 0.01 0.0
] 1.00 0.20 —-0.01 -0.01 0.01 0.01
o1 1.00 —0.01 -0.02 —-0.02 0.03
0s— 6, 1.0 -0.02 0.00 0.00
I 1.00 —-0.32 —-0.01
AT’ 1.00 0.00
&b 1.00
BY — J/y¢ set of results by ATLAS, CDF, DO, CMS and ()M = —28, = —0.0368 75 00s- (82)

LHCb is scaled up in a way that results in an agreement of
lo. The resulting scale factors are summarized in Table 22.

Given the increasing experimental precision of the LHC
results, we have stopped using the two-dimensional
AT, — ¢¢® histograms provided by the CDF and DO
collaborations, and are now approximating them with
two-dimensional Gaussian likelihoods.

We obtain the individual and combined contours shown
in Fig. 8. Maximizing the likelihood, we find, as summa-
rized in Table 21,

ATy = +0.077 £ 0.006 ps~!, (80)

$<% = —0.049 £ 0.019. (81)

This AT’y average is consistent but highly correlated with
the average of Eq. (64). Our final recommended average for
AT’ is the one of Eq. (64), which includes all available
information on this quantity. The complete set of averaged
parameters are listed in Table 22, and their correlations are
in Table 23.

In the Standard Model and ignoring subleading penguin
contributions, ¢<¢* is expected to be equal to —23,, where
ps = arg[—(V,V3,)/ (V. VE,)] is a phase analogous to the
angle f of the usual CKM unitarity triangle (aside from a
sign change). An indirect determination via global fits to
experimental data gives [169]

The average value of ¢¢°* from Eq. (81) is consistent with
this Standard Model expectation. Penguin contributions to
¢<° from BY — J/w¢ are calculated to be smaller than
0.021 in magnitude [230-232] but may become relevant
if future measurements reduce the error in Eq. (81). There
are no reliable estimates of the penguin contribution
to BO = J/wfo.

From its measurements of time-dependent CP violation in
BY - K*K~ decays, the LHCb collaboration has deter-
mined the B mixing phase to be =28, = —0.121 [233],
assuming a U-spin relation (with up to 50% breaking effects)
between the decay amplitudes of B? — KK~ and
B - zt7~, and a value of the CKM angle y of
(70.1 £7.1)°. This determination is compatible with, and
less precise than, the world average of ¢¢¢* from Eq. (81).

New physics could contribute to ¢¢°. Assuming that
new physics only enters in M7, (rather thaninI,), one can
write [45]

¢§6S = _Zﬂs + ¢;£\IP’ (83)

where the new physics phase ¢‘I’2NP

appearing in Eq. (78). In this case

is the same as that

= ¢ 28, + 5% = —0.008 £0.019,  (84)
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where the numerical estimation was performed with the
values of Egs. (77), (82), and (81). Keeping in mind the
approximation and assumption mentioned above, this can
serve as a reference value to which the measurement of
Eq. (79) can be compared.

VI. MEASUREMENTS RELATED TO UNITARITY
TRIANGLE ANGLES

We provide averages of measurements obtained from
analyses of decay-time-dependent asymmetries and other
quantities that are related to the angles of the unitarity
triangle (UT). Straightforward interpretations of the aver-
ages are given, where possible. However, no attempt to
extract the angles is made in cases where considerable
theoretical input is required to do so.

In Sec. VI A a brief introduction to the relevant phe-
nomenology is given. In Sec. VIB an attempt is made to
clarify the various different notations in use. In Sec. VIC
the common inputs to which experimental results are
rescaled in the averaging procedure are listed. We also

uncertainties. In the remainder of this section, the exper-
imental results and their averages are given, divided into
subsections based on the underlying quark-level decays.
All the measurements reported are quantities determined
from decay-time-dependent analyses, with the exception of
several in Sec. VI O, which are related to the UT angle y
and are obtained from decay-time-integrated analyses. In
the compilations of measurements, indications of the sizes
of the data samples used by each experiment are given. For
the ete™ B factory experiments, this is quoted in terms of
the number of BB pairs in the data sample, while the
integrated luminosity is given for experiments at hadron
colliders.

A. Introduction

In the Standard Model, the Cabibbo-Kobayashi-
Maskawa (CKM) quark-mixing matrix is a unitary matrix,
conventionally written as the product of three (complex)
rotation matrices [234]. The rotations are parametrized by
the Euler mixing angles between the generations, 0,,, 63

briefly introduce the treatment of experimental and 6,3, and one overall phase 9,
|
_‘5
Vie Vs Vs C12€13 $12€13 size”!
_ _ i5 i5
V=1 Va Ve Ve | = | —S12023 — Cras:3513€”  C12C3 — S125238513€°  sp3¢13 | (85)
i5 i5
Via Vis Vau 512523 — C12Cp3813€" —C12523 — S12C3813€" €23€C13

where ¢;; = cos@;;, s;; =sin 0;; for i < j =1, 2, 3.
The often used Wolfenstein parametrization [235]
involves the replacements [236]

S12 = /1,
§o3 = A/,{z,
si3e 0= AP (p — in). (86)

The observed hierarchy among the CKM matrix
elements is captured by the small value of A, in which
|

1=l -1p

V=| 2+18281-20p+in)] 1

A nonzero value of # implies that the CKM matrix is not
purely real, and is the source of CP violation in the
Standard Model. This is encapsulated in a parametriza-
tion-invariant way through the Jarlskog parameter J =
Im(V,, V., Vi, Vi) [237], which is nonzero if and only if
CP violation exists.

— 347 — 3241 4 4A%) AX?
AP = (1 =12 (p+in)] —A2+1A2[1 =2(p + in)]

a Taylor expansion of V leads to the familiar

approximation
1-22/2 A AP (p—in)
V= — 1-42/2 AX +0O0(%).
AP (1—p—in) -A2 1
(87)

At order A°, the CKM matrix in this parametrization is

A AP (p —in)
+ 0(2°). (88)
_ %AZ/I“

The unitarity relation V'V = 1 results in a total of nine
equations, which can be written as »,_, ., Vi;Vix = 6t
where 6, is the Kronecker symbol. Of the off-diagonal
expressions (j # k), three can be transformed into the other
three (under j <> k, corresponding to complex conjuga-

tion). This leaves three relations in which three complex
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(1,0) ’

FIG. 9. The unitarity triangle.

numbers sum to zero, which therefore can be expressed as
triangles in the complex plane. The diagonal terms yield
three relations, in which the squares of the elements in each
column of the CKM matrix sum to unity. Similar relations
are obtained for the rows of the matrix from VV' = 1.
Thus, there are in total six triangle relations and six sums to
unity. More details about unitarity triangles can be found in
Refs. [238-241].
One of the triangle relations,

ViaVip +VeaVep + ViaVip =0, (89)

is of particular importance to the B system, being specifi-
cally related to flavor-changing neutral-current b — d
transitions, and since the three terms in Eq. (89) are of
the same order, O(43). This relation is commonly known as
the unitarity triangle (UT). For presentational purposes, it is
convenient to rescale the triangle by (V.,V#,)~!, so that
one of its sides becomes 1, as shown in Fig. 9.

Two popular naming conventions for the UT angles exist
in the literature,

C VoV
a= ¢2 = arg —Lib s
Vudvub_
[ VdV*b_
= =arg |-,
thvtb_
[ VudV*h-
YE¢y=arg |- (90)
VCchb_

In this document the (a, f,7) set is used predominantly.
The sides R, and R, of the UT (see Fig. 9) are given by

v* /

ud T ud” ub —2
u - +;1 b

‘ cdvcb

R, = ! (1- (91)
o ‘ ch

Determinations of R, rely on measurements of semilep-
tonic B decays and are discussed in Sec. VII, while R, is

constrained by measurements of B meson oscillation
frequencies (Sec. V) and of rare decays (Sec. IX). The
parameters p and 7 define the apex of the UT, and are given
by [236]

ViV ViV
ﬁ"‘lﬁE— ud :bE td ib
Vc‘dvcb VL‘dvcb
VI—AD3 V1= 2A%(p + i)
The inverse relation between (p,#) and (p,7) is
V1= A24p + inf) (93)

p+in= .
V1=22[1 = AP + in))

By expanding in powers of A, several useful approximate
expressions can be obtained, including

5= <1 - %42> o0,

1
n= r]<1 —5/12> + 0%,

Via=AR—p—iif) +O(1°). (94)

Recent world-average values for the Wolfenstein parame-
ters, evaluated using many of the measurements reported in
this document, are [242].

_ +0.0119
A = 0.81327 5060

= 0.0085
p = 0.156670.082

2 = 0.22500+000024.

i = 0.3475 00318, (95)

The relevant unitarity triangle for the b — s transition is
obtained by replacing d <> s in Eq. (89). Definitions of the
set of angles (a,, f3;,7,) can be obtained using equivalent
relations to those of Eq. (90). However, this gives a value of
P, that is negative in the Standard Model, so that the sign is
usually flipped in the literature; this convention, i.e.
ps =arg[—(V,\V3,)/ (V. VE)] is also followed here and
in Sec. V. Since the sides of the b — s unitarity triangle are
not all of the same order in A, the triangle is squashed,
and S, ~ A%n.

B. Notations

Several different notations for CP violation parameters
are commonly used. This section reviews those found in the
experimental literature, in the hope of reducing the poten-
tial for confusion, and to define the frame that is used for
the averages.

In some cases, when B mesons decay into multibody
final states via broad resonances (p, K*, etc.), the exper-
imental analyses ignore the effects of interference between
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the overlapping structures. This is referred to as the quasi-
two-body (Q2B) approximation in the following.

1. CP asymmetries

The CP asymmetry is defined as the difference between
the rate of a decay involving a b quark and that involving a
b quark, divided by the sum. For example, the partial rate
asymmetry for a charged B decay would be given as

DB = -TB = ])
RNy

(96)

where f and f are CP-conjugate final states.

2. Time-dependent CP asymmetries
in decays to CP eigenstates

In the case of decays to a final state f, which is a CP
cigenstate with eigenvalue 7;, the B® and B° decay
amplitudes can be written as A, and Af, respectively.
The time-dependent decay rates for neutral B mesons, with
known (i.e., “tagged”) flavor at time At =0, are then
given by

e~1A1/2(B%) 2Im(A;)
Lpo_(Af) = in(AmAt
BO—>f( ) 47(30) |: 1+|ﬂf|281n( m )
1= |2
_ TM;'zcos(AmAt)] , (97)
e~ Ail/=(B%) 2Im(4y)
r Af) = - in(AmAt
Bo_,f( ) 42(BY) [ ]+|/1.f|2sm( mAt)
1= |4
+ TMJ;'ZCOS(AWLAI‘)] . (98)

This formulation assumes CPT invariance and neglects a
possible lifetime difference between the two physical
states. The case where nonzero lifetime differences are
taken into account, which must be considered for BY
decays, is discussed in Sec. VIB 3.

The notation and normalization used here are relevant for
the ete™ B factory experiments. In this case, neutral B
mesons are produced via the et e~ — Y(4S) — BB process,
and the wave function of the produced BB pair evolves
coherently until one meson decays. When one of the pair
decays into a final state that tags its flavor, the flavor of the
other at that instant is known. The evolution of the other
neutral B meson is therefore described in terms of Az, the
difference between the decay times of the two mesons in the
pair. At hadron collider experiments, ¢ is usually used
in place of Az, since the flavor tagging is done at production
(t =0); due to the nature of the production in hadron
colliders (incoherent bb quark pair production with many
additional associated particles), very different methods are
used for tagging compared to those in e™e™ experiments.

Moreover, since negative values of ¢ are not possible, the
normalization is such that [i" (Cpo_, (£)+Tpo_, ;(1))dr=1,
rather than the [*& (Cpo_ (A1) 4+ Tpo_, ;(Ar))d(ArL) = 1
normalization in Egs. (97) and (98).

The term

q4y

A= A, (99)
contains factors related to the decay amplitudes and to
B°-B° mixing, which originates from the fact that the
Hamiltonian eigenstates with physical masses and lifetimes
are |By) = p|B®) & ¢q|B°) (see Sec. V B, where the mass
difference Am is also defined). The definition of A, in
Eq. (99) allows three different categories of CP violation to
be distinguished, both in the B® and B? systems.

(i) CP violation in mixing, where |%| # 1. The strong-
est constraints on the associated parameters are
obtained using semileptonic decays, and are dis-
cussed in Sec. V. There is currently no evidence for
CP violation in mixing in either of the B°~B° or
BY-BY systems; therefore [4] =1 is assumed
throughout the discussion in this section.

(ii) CP violation in decay, where |j¥| # 1. This is the
only possible category of CP violation for charged B
mesons and b baryons (see, for example, results
reported in Sec. IX). Several parameters measured in
time-dependent analyses are also sensitive to CP
violation in decay, and are discussed in this section.

(iii) CP violation in the interference between mixing and
decay, where Im(4,) # 0. Results related to this
category, also referred to as mixing-induced CP
violation, are reported in this section.

The time-dependent CP asymmetry, again defined as the

normalized difference between the decay rate involving a b
quark and that involving a b quark, is then given by

Tgo_ s (A1) —Tpo_ (A1)

1— |42
= ———5sin(AmAt) — %cos(AmAt).
L+ |Af] 1+ |Af]

As(Ar) =

(100)

While the coefficient of the sin(AmA¢t) term in Eq. (100) is
customarily12 denoted S

_ 2Im(4f)

E—0, 101
T+ g (1o1)

different notations are in use for the coefficient of the
cos(AmArt) term:

12Occasione}lly one also finds Eq. (100) written as
Ay (Ar) = AP™ sin(AmAt) + .A;‘)r cos(AmAt), or similar.
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_L=|xP

Cir=-A,=——.
! T+ AP

(102)

The C notation has been used by the BABAR collaboration
(see e.g., Ref. [243]), and subsequently by the LHCb
collaboration (see e.g., Ref. [244]), and is also adopted in
this document. The A notation has been used by the Belle
collaboration (see e.g., Ref. [245]). For the case when the
final state is a CP eigenstate, as is being considered here,
the notation S¢p and Ccp is widely used, including in this
document, instead of specifying the final state f. In
addition, a subscript indicating which transition is under
consideration is often added to the S, C notation, particu-
larly when grouping together measurements with different
final states mediated by the same quark-level transition.
Neglecting effects due to CP violation in mixing, if the
decay amplitude contains terms with a single weak (i.e.,
CP-violating) phase then [A;| =1, and one finds S, =

Ny Sin(¢mix + ¢dec)’ Cf = 0, where ¢mix = arg(‘]/p) and
$aec = arg(Ay/Ay). The B°-B° mixing phase ¢y, is
approximately equal to 2/ in the Standard Model (in the
usual phase convention) [246,247].

If amplitudes with different weak phases contribute to
the decay, no clean interpretation of S in terms of UT
angles is possible without further input. In this document,
only the theoretically cleanest channels are interpreted as
measurements of the weak phase (e.g., b — ccs transitions
for sin(2f)), although even in these cases some care is
necessary. In channels in which a second amplitude with a
different weak phase to the leading amplitude contributes
but is expected to be suppressed, the concept of an effective
weak phase difference is sometimes used, e.g., sin(24°") in
b — ggs transitions.

If, in addition to having a weak phase difference, two
contributing decay amplitudes have different strong (i.e.,
CP-conserving) phases, then [A/| # 1, and the coefficient
of the cosine term becomes nonzero, indicating CP
violation in decay. Additional input is then required for
interpretation of the results, which in some cases is possible
through theoretical relations between different decay chan-
nels. In many other modes, however, it is not possible to
make a theoretically clean interpretation of S, and Cj
measurements in terms of weak phases.

Due to the fact that sin(AmAr) and cos(AmAt) are,
respectively, odd and even functions of A¢, only small
correlations (that can be induced by backgrounds, for
example) between S, and C; are expected at an e*e™ B
factory experiment, where the range of Ar is
—o00 < At < +o0. The situation is different for measure-
ments at hadron collider experiments, where the range of
the time variable is 0 < ¢ < +oco0, so that more sizable
correlations can be expected. We include the correlations in
the averages where available.

Frequently, we are interested in combining measure-
ments governed by similar or identical short-distance

physics, but with different final states (e.g., B’ —
J/w K$§ and B® — J/w K9). In this case, we remove the
dependence on the CP eigenvalue of the final state by
quoting —nS;. In cases where the final state is not a CP
eigenstate but has an effective CP content (see Sec. VI B 4),
the reported —#S is corrected by the effective CP.

3. Time-dependent distributions with nonzero
decay width difference

A complete analysis of the time-dependent decay rates of
neutral B mesons must also take into account the difference
between the widths of the Hamiltonian eigenstates, denoted
AT'. This is particularly important in the BY system, where a
non-negligible value of AI'y has been established (see
Sec. V B). The formalism given here is appropriate for
measurements of BY decays to a CP eigenstate f as studied
at hadron colliders, but appropriate modifications for B°
mesons or for the eTe™ environment are straightforward
to make.

Neglecting CP violation in mixing, the relevant replace-
ments for Eqs. (97) and (98) are [91]

e 1/7(BY) ATt )
Tpo_ /() = NTBO) [cosh (T) + Sy sin(Am,t)
ATt
— Cy cos(Am,t) + A" sinh( 2S )] (103)
and
e~1/7(BY) ATt _
Cpo_f(t) = Nm [cosh( 2‘ ) — Sy sin(Amt)

ATt
+ Cy cos(Am,t) + A2T sinh <T)] , (104)

where S, and C are as defined in Egs. (101) and (102),

respectively, 7(BY) = 1/T; is defined in Sec. VA 3, and the
coefficient of the sinh term is"

AT 2Re (lf)

= 105
/ 1+ |42 (105)

With the requirement [i" [[po_, +(r) + Tpo_ s(1)]dt = 1,
the normalization factor is fixed to N = (1 — (5:)2)/

o,
ASTAT, 14
(1 +—5—).

As ever, alternative and conflicting notations appear in the
literature. One popular alternative notation for this parameter
is Aur. Particular care must be taken regarding the signs.

"“The prefactor of A//27(B?) in Egs. (101) and (102) has been
chosen so that /=1 in the limit Ay =0. In the eTe™
environment, where the range is —oo < At < o0, the prefactor

should be N'/4¢(BY) and N =1 — (%)2_
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A time-dependent analysis of CP asymmetries in flavor-
tagged BY decays to a CP eigenstate f can thus determine
the parameters Sy, C; and A]ér. Note that, by definition,

(Sp)> +(Cp)* + (A" =1, (106)
and this constraint may or may not be imposed in the fits.
Since these parameters have sensitivity to both Im(4,) and
Re(4s), alternative choices of parametrization, including
those directly involving CP violating phases (such as f,),
are possible. These can also be adopted for vector-vector

final states (see Sec. VIB 4).
The untagged time-dependent decay rate is given by

e 1/7(BY) AT, . [ATt
:NW |:COSh< 5 )+A?F5mh< 5 >] (107)

Thus, an untagged time-dependent analysis can probe 4y,
through the dependence of A?" on Re(4;), given that

AT’y # 0. This is equivalent to determining the “effective
lifetime” [92], as discussed in Sec. VA 3. The analysis of
flavor-tagged BY mesons is, of course, more sensitive.

The discussion in this and the previous section is relevant
for decays to CP eigenstates. In the remainder of Sec. VI B,
various cases of time-dependent CP asymmetries in decays
to non-CP eigenstates are considered. For brevity, equa-
tions will usually be given assuming that the decay width
difference AT is negligible. Modifications similar to those
described here can be made to take into account a nonzero
decay width difference.

4. Time-dependent CP asymmetries in
decays to vector-vector final states

Consider B decays to states consisting of two spin-1
particles, such as J/wK**(— K%z°), J/w¢p, D**D*~ and
ptp~, which are eigenstates of charge conjugation but not
of parity.15 For such a system, there are three possible final
states. In the helicity basis, these are denoted h_y, hy, h_ ;.
The h state is an eigenstate of parity, and hence of CP. By
contrast, CP transforms 4| <> h_; (up to an unobservable
phase). These states are transformed into the transversity
basis states i = (hyy +h_y)/2and hy = (hyy —h_y)/2.
In this basis all three states are CP eigenstates, and /| has
the opposite CP to the others.

The amplitude for decays to the transversity basis states
are usually given by A, |, with normalization such that
|Ao|* + |A L |* + |A)|> = 1. Given the relation between the
CP eigenvalues of the states, the effective CP content of the
vector-vector state is known if |A|> is measured. An

PThis is not true for all vector-vector final states, e.g., D**p*
is clearly not an eigenstate of charge conjugation.

alternative strategy is to measure just the longitudinally
polarized component, |A,|*> (sometimes denoted by Slong)s
which allows a limit to be set on the effective CP content,
since [A| > <|A >+ |Aj|* = 1 — |Ag|%. The value of the
effective CP content can be used to treat the decay with the
same formalism as for CP eigenstates. The most complete
treatment for neutral B decays to vector-vector final states
is, however, time-dependent angular analysis (also known
as time-dependent transversity analysis). In such an analy-
sis, interference between CP-even and CP-odd states
provides additional sensitivity to the weak and strong
phases involved.

In most analyses of time-dependent CP asymmetries in
decays to vector-vector final states carried out to date, an
assumption has been made that each helicity (or trans-
versity) amplitude has the same weak phase. This is a good
approximation for decays that are dominated by amplitudes
with a single weak phase, such B® — J/wK*°, and is a
reasonable approximation in any mode for which only
small sample sizes are available. However, for modes that
have contributions from amplitudes with different weak
phases, the relative size of these contributions can be
different for each helicity (or transversity) amplitude,
and therefore the time-dependent CP asymmetry parame-
ters can also differ. The most generic analysis, suitable for
analyses with sufficiently large samples, allows for this
effect; such an analysis has been carried out by LHCb for
the B — J/yp° decay [231]. An intermediate analysis can
allow different parameters for the CP-even and CP-odd
components; such an analysis has been carried out by
BABAR for the decay BY - D*tD*~ [248]. The indepen-
dent treatment of each helicity (or transversity) amplitude,
as in the study of BY — J/w¢ [179] (discussed in
Sec. V), becomes increasingly important for high precision
measurements.

5. Time-dependent asymmetries: Self-conjugate
multiparticle final states

Amplitudes for neutral B decays into self-conjugate
multiparticle final states such as ztz~7° K*K ‘Kg,
mta KY, J/wnta~ or D’ with D - K%z*z~ may be
written in terms of CP-even and CP-odd amplitudes. As
above, the interference between these terms provides
additional sensitivity to the weak and strong phases
involved in the decay, and the time-dependence depends
on both the sine and cosine of the weak phase difference. In
order to perform unbinned maximum likelihood fits, and
thereby extract as much information as possible from the
distributions, it is necessary to choose a model for the
multiparticle decay, and therefore the results acquire some
model dependence. In certain cases, model-independent
methods are also possible, but the resulting need to bin the
Dalitz plot leads to some loss of statistical precision. The
number of observables depends on the final state (and on
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the model used); the key feature is that as long as there are
kinematic regions where both CP-even and CP-odd
amplitudes contribute, the interference terms will be
sensitive to the cosine of the weak phase difference.
Therefore, these measurements allow distinction between
multiple solutions for, e.g., the two values of 2 from the
measurement of sin(2).

In model-dependent analysis of multibody decays, the
decay amplitude is typically described as a coherent sum of
contributions that proceed via different intermediate reso-
nances and through nonresonant interactions. It is therefore
of interest to present results in terms of the CP violation
parameters associated with each resonant amplitude, e.g.,
p°KY in the case of the #"z~ K9 final state. These are
referred to as Q2B parameters, since in the limit that there
was no other contribution to the multibody decay, the
amplitude analysis and the Q2B analysis would give the
same results.

We now consider the various notations that have
been used in experimental studies of time-dependent
asymmetries in decays to self-conjugate multiparticle
final states.

a. B® - DWh' with D — Kyx*n~.—The states D,
D*n°, Dy, D*5, Dw are collectively denoted D™ A0,
When the D decay model is fixed, fits to the time-
dependent decay distributions can be performed to extract
the weak phase difference. However, it is experimentally
advantageous to use the sine and cosine of this phase as fit
parameters, since these behave as essentially independent
parameters, with low correlations and (potentially) rather
different uncertainties. A parameter representing CP vio-
lation in the B decay can be simultaneously determined. For
consistency with other analyses, this could be chosen to be
Cy, but could equally well be ||, or other possibilities.

Belle performed an analysis of these channels with
sin(2) and cos(2f) as free parameters [249]. BABAR
has performed an analysis in which || was also deter-
mined [250]. A joint analysis of the final BABAR and Belle
data samples supersedes these earlier measurements, and
uses sin(2f3) and cos(2f) as free parameters [251,252].
Belle has in addition performed a model-independent
analysis [253] using as input information about the
average strong phase difference between symmetric bins
of the Dalitz plot determined by CLEO-c [254].'° The
results of this analysis are measurements of sin(2¢;)
and cos(2¢).

b. B - D**D*~K%.—The hadronic structure of the B® —
D**D*‘Kg decay is not sufficiently well understood to
perform a full time-dependent Dalitz-plot analysis. Instead,

"“The external input needed for this analysis is the same

as in the model-independent analysis of BT — DK" with
D— Kgﬂ:+77.'_, discussed in Sec. VIO 5.

following Ref. [255], BABAR [256] and Belle [257] divide
the Dalitz plane into two regions: m(D*tK9)? >
m(D*"K$)? (labeled 5, =+1) and m(D*TKY)? <
m(D*"K$)? (1, =—-1); and then fit to a decay-time
distribution with asymmetry given by

As(At) = n},j—;cos(AmAt) - [% sin(23)

0

+ 1, 252 cos(Zﬁ)] sin(AmAt). (108)

Jo

The fitted observables are j—;, 2jjg‘ sin(24) and Zf—(‘;zcos(Zﬂ),
where the parameters J, J., J,; and J, are the integrals
over the half Dalitz plane m(D**K%)? < m(D*~K$)? of the
functions |a|> + |a|?, |a|® —|a|?>, Re(aa*) and Im(aa*),
respectively, where a and a are the decay amplitudes of
B - D**D*~K% and B — D**D*~KY, respectively. The
parameter J, (and hence J,/J) is predicted to be positive
[255]; assuming this prediction to be correct, it is possible
to determine the sign of cos(2f).

c. B’ J/yrta.—Amplitude analyses of B° —
J/wrtr~ decays [231,258] show large contributions from
the p(770)° and f,(500) states, together with smaller
contributions from higher resonances. Since modeling
the f,(500) structure is challenging [259], it is difficult
to determine reliably its associated CP violation parame-
ters. Corresponding parameters for the J/yp° decay can,
however, be determined. In the LHCb analysis [231], the
effective weak phase difference 24" is determined from
the fit; results are then converted into values for Sq-p and
Ccp to allow comparison with other modes. Here, the
notation Scp and Ccp denotes parameters obtained for the
J/wp® final state accounting for the composition of CP-
even and CP-odd amplitudes (while assuming that all
amplitudes involve the same phases), so that no dilution
occurs. Possible CP violation effects in the other ampli-
tudes contributing to the Dalitz plot are treated as a source
of systematic uncertainty.

Amplitude analyses have also been done for the B —
J/wrtr~ decay, where the final state is dominated by
scalar resonances, including the f(980) [227,228]. Time-
dependent analyses of this BY decay allow a determination
of 2f3,, as discussed in Sec. V.

d. B > K*K~K°—Studies of B® > KTK~K° [260-262]
and of the related decay Bt — KTK~ K™ [262-264], show
that the decay is dominated by a large nonresonant
contribution with significant components from the inter-
mediate KK~ resonances ¢(1020), f((980), and other
higher resonances, as well as a contribution from y .
The full time-dependent Dalitz plot analysis allows the
complex amplitudes of each contributing term to be
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determined from data, including CP violation effects (i.e.,
allowing the complex amplitude for the B® decay to be
independent from that for B° decay), although one ampli-
tude must be fixed to serve as a reference. There are several
choices for parametrization of the complex amplitudes
(e.g., real and imaginary part, or magnitude and phase).
Similarly, there are various approaches to the inclusion of
CP violation effects. Note that the use of positive definite
parameters such as magnitudes are disfavored in certain
circumstances (it inevitably leads to biases for small
values). In order to compare results between analyses, it
is useful for each experiment to present results in terms of
the parameters that can be measured in a Q2B analysis
(such as Ag, Sg, Cy, sin(2f°T), cos(2p°™), etc.)

In the BABAR analysis of the B — K*K~K° decay
[262], the complex amplitude for each resonant contribu-
tion was written as

Ap=cs(L4bp)eron, Ap=cp(1=by)el 1),
(109)

where b, and 6, parametrize CP violation in the magnitude
and phase, respectively. Belle [261] used the same para-
metrization but with a different notation for the parame-
ters.'” The Q2B parameter of CP violation in decay is
directly related to by,

~2b;

A =—%
T+

~Cy, (110)

and the mixing-induced CP violation parameter can be
used to obtain sin(2°),

— s b sin(2<) (111)
A I
where the approximations are exact in the case
that |¢/p| = 1.

Both BABAR [262] and Belle [261] present results for ¢,
and ¢y, for each resonant contribution, and in addition
present results for A, and 5 for $(1020)K°, f,(980)K°
and for the remainder of the contributions to the K*K~K°
Dalitz plot combined. BABAR also presents results for the
Q2B parameter S for these channels. The models used to
describe the resonant structure of the Dalitz plot differ,
however. Both analyses suffer from symmetries in the
likelihood that lead to multiple solutions, from which we
select only one for averaging.

e. B > 7" n K% —Studies of B — n"x"K) [265,266]
and of the related decay B — Tz~ Kt [263,267-269]

"(c,b,¢.8) < (a,c,b,d). See Eq. (113).

show that the decay is dominated by components from
intermediate resonances in the Kz (K*(892), K;(1430))
and 7z (p(770), £,(980), f,(1270)) spectra, together with
a poorly understood scalar structure that peaks near
m(zr) ~ 1300 MeV/c? and is denoted fx,'* as well as a
large nonresonant component. There is also a contribution
from the y ., state.

The full time-dependent Dalitz plot analysis allows the
complex amplitudes of each contributing term to be
determined from data, including CP violation effects. In
the BABAR analysis [265], the magnitude and phase of each
component (for both B® and B decays) are measured
relative to B — £,(980)KY, using the following para-
metrization:

Af = |Af|€l arg(Af), Af = ‘Af|el arg(Af). (112)
In the Belle analysis [266], the B® — K**z~ amplitude is
chosen as the reference, and the amplitudes are para-
metrized as

Ar=as(14cp)ebrtd)  Ar=ap(1—cp)ebr=d). (113)

In both cases, the results are translated into Q2B parameters
such as 2457, S, C, for each CP ecigenstate f, and
parameters of CP violation in decay for each flavor-specific
state. Relative phase differences between resonant terms are
also extracted.

f. B® - a7~ 7°.—The B® - 27~ 7" decay is dominated
by intermediate p resonances. Although it is possible, as
above, to directly determine the complex amplitudes for
each component, an alternative approach [270,271] has

been used by both BABAR [272,273] and Belle [274,275].
0

The amplitudes for B® and B’ decays to ztz~z" are
written as

Az = f1 AL + oA+ fodo,

Ase = fL AL+ fLA_+ foAo, (114)

respectively. The symbols A,, A_ and A, represent the
complex decay amplitudes for B® — p*z~, B —» p~z*
and B® — p°z° while A, A_ and A, represent those for
B = ptn~, B - p~xt and B® — p°x°, respectively. The
terms f, f_ and f; incorporate kinematic and dynamical
factors and depend on the Dalitz plot coordinates. The full
decay-time-dependent distribution can then be written in
terms of 27 free parameters, one for each coefficient of the
form factor bilinears, as listed in Table 24. These param-
eters are sometimes referred to as “the Us and Is”, and can

"The fy component may originate from either the f,(1370) or
f0(1500) resonances, or from interference between those or other
states and nonresonant amplitudes in this region.
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TABLE 24. Definitions of the U and I coefficients. Adapted
from Ref. [272].

Parameter Description

Ui Coefficient of |f|?

Ug Coefficient of |f,|?

Ut Coefficient of |f_|?

Uy Coefficient of |f,|* cos(AmAt)

U- Coefficient of |f_|? cos(AmAt)

U; Coefficient of |f|> cos(AmAt)

Iy Coefficient of |fo|? sin(AmA¢)

I_ Coefficient of |f_|? sin(AmAf)

I, Coefficient of |f|? sin(AmAt)
uim Coefficient of Im[f_f*]

UiRe Coefficient of Re[f. f*]

vy Coefficient of Im[f, f*] cos(AmAt)
ULRe Coefficient of Re[f, f*]cos(AmAr)
m Coefficient of Im([f, f*]sin(AmAt)
Re Coefficient of Re[f, f*]sin(AmAf)
utym Coefficient of Im[f, f}]

Uty Coefficient of Re[f, f;]

Ug” Coefficient of Im[f, f§] cos(AmAr)
Uge Coefficient of Re[f f§] cos(AmAt)
m Coefficient of Im[f f§] sin(AmAz)
R Coefficient of Re[f, f§] sin(AmAr)
utym Coefficient of Im[f_f]

Utye Coefficient of Re[f_f;]

usym Coefficient of Im[f_f;] cos(AmAt)
U_fe Coefficient of Re[f_f§] cos(AmAt)
' Coefficient of Im[f_f] sin(AmAr)
R Coefficient of Re[f_f{]sin(AmArt)

be expressed in terms of A, A_, Ay, A, A_ and A,. If the
full set of parameters is determined, together with their
correlations, other parameters, such as weak and strong
phases, parameters of CP violation in decay, etc., can be
subsequently extracted. Note that one of the parameters
(typically UT, the coefficient of |f, |?) is often fixed to
unity to provide a reference; this does not affect the
analysis.

6. Time-dependent CP asymmetries in
decays to non-CP eigenstates

Consider a non-CP eigenstate f, and its conjugate f. For
neutral B decays to these final states, there are four
amplitudes to consider: those for B® to decay to f and f
(Ay and Ay, respectively), and the equivalents for B (A y
and Af) If CP is conserved in the decay, then Ay = Af
and Ay = =A e

The decay-time-dependent distributions can be written in
many different ways. Here, we follow Sec. VIB2 and

define 1, = —_—f and A; =775 The time-dependent CP
asymmetries that are sensmve to mixing-induced CP
violation effects then follow Eq. (100):

= S; sin(AmAt) — C; cos(AmAt),

Ag(At)
(115)

FBO_,}-(A[) - FBU_,f<At>
Fgo_,l]‘c(Al) + FBU_)}(AZ)
= §7 sin(AmAt) — C; cos(AmAt),

.Aj:»(At) =

(116)

with the definitions of the parameters Cy, Sy, C]_c and S.?’
following Egs. (101) and (102).
The time-dependent decay rates are given by

e_‘A[VT(BO)

Fgo_)f(Al‘) :W(l + <Afj‘c>)

X [1+S;sin(AmAt) —Cycos(AmAt)], (117)

o~ 18d/2(B%)
FBO_,f(At) :W

X [1 =S sin(AmAt) +C;cos(AmAt)],

(1+ (A7)
(118)

e_‘A[VT(BO>
[po_7(A1) :W(l — (A7)

x [1+ 87 sin(AmAt) —Cj cos(AmAt)], (119)

o |Al/2(B%)

Tpo_7(At) :TBO)O — (A7)

x [1=S8;sin(AmAt) +Cy cos(AmAt)], (120)

where the time-independent parameter (Aff> represents an
overall asymmetry in the production of the f and f final
states in B® and B° decays,"’

(IAf* +1As17) -
(IAf* +1A,1%) +

(147> + 1A7]%)
(147> + 1A7%)

(Agp) = (121)

Assuming |g/p| =1, i.e., absence of CP violation in
mixing, the parameters C; and C; can also be written in
terms of the decay amplitudes as

Ag? — |Af?

_ A7 * — A7
T AP+ 1A

Ci = (122)
f ‘Af|2

PThis parameter is often denoted Ay (or Acp), but here we
avoid this notation to prevent confusion with the time-dependent
CP asymmetry.
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giving rise to asymmetries in the decay amplitudes for the
final states f and f. In this notation, the conditions for the
absence of CP violation in decay are (A7) =0 and
Cy = —Cj;. Note that Cy and C; are typicz_llly nONZzero;
e.g., for a flavor-specific final state where A, = A]_r =0,
they take the values Cy = —C; = 1.

The coefficients of the sine terms contain information
about the weak phase. In the case that each decay amplitude
contains only a single weak phase (i.e., no CP violation
in decay as well as none in mixing), these terms can be
written as

o _2|Af| |Af‘ Sin(¢mix + ¢dec - 6f)

= — and
f |Af|2 I |Af|2
—2|A7||A7| sin(@ix + Pgec + O
' |A7[* + [Ag]

where J; is the strong phase difference between the decay
amplitudes. If there is no CP violation, the condition
Sy = —S7 holds. If decay amplitudes with different weak
and strong phases contribute, no straightforward interpre-
tation of Sy and Sy is possible.

The conditions for CP invariance C;=—C; and
Sy = —S7 motivate a rotation of the parameters:
Sf-l-sz- Sp—8;
=T AT
Cr+ Cs Cy—Cy
_ =/ f __f f
=t AC =1 (124)

With these parameters, the CP invariance conditions
become S;; = 0 and C;7 = 0. The parameter AC; gives
a measure of the “flavor-specificity” of the decay: ACy; =
41 corresponds to a completely flavor-specific decay, in
which no interference between decays with and without
mixing can occur, while AC;7 =0 results in maximum
sensitivity to mixing-induced CP violation. The parameter
AS;7 is related to the strong phase difference between the
decay amplitudes of the B’ meson to the f and to f final
states. We note that the observables of Eq. (124) exhibit
experimental correlations (typically of ~20%, depending
on the tagging purity, and other effects) between S;7 and
ASsz, and between Cf]_(‘ and Aijz. On the other hand, the
final-state-specific observables of Egs. (117)-(120) tend to
have low correlations.

Alternatively, if we recall that the CP invariance con-
ditions at the decay amplitude level are Ay = A] and
A]_c = /_\f, we are led to consider the parameters [242]

A 1A
1f |A]~|2 + |Af‘2

AL 1A

d Ayp=—=5—->5. (125
AT U

These are sometimes considered more physically intuitive
parameters, since they characterize CP violation in decay in
decays with particular topologies. For example, in the case
of B® - p*z¥ (choosing f = pTz~ and f = p~zt), As
(also denoted A/") parametrizes CP violation in decays in
which the produced p meson does not contain the spectator
quark, while A7, (also denoted A7) parametrizes CP
violation in decays in which it does. Note that we have
again followed the sign convention that the asymmetry is
the difference between the rate involving a b quark and that
involving a b quark, cf. Eq. (96). Of course, these
parameters are not independent of the other sets of
parameters given above, and can be written as

A AR+ Cy+ (ApACy

T 14+ AC; + (A)Cpy
17 T A7) Cr

Ao, — TWAF) + Cpp + (ApAC

T —14+AC; + (A)Cp5

(126)

They usually exhibit strong correlations.

We now consider the various notations used in exper-
imental studies of time-dependent CP asymmetries in
decays to non-CP eigenstates.

a. B® - D**D¥ —The ((As7)s Cyy Sy, Cy, S7) set of
parameters was used in early publications by both BABAR
[276] and Belle [277] (albeit with slightly different nota-
tions), with f = D**D~, f = D*"D*. In a more recent
paper on this topic, Belle [278] instead uses the para-
metrization (AD*D’ SD*D’ ASD*D’ CD*D? ACD*D)’ while
BABAR [248] gives results in both sets of parameters. We
therefore use the (Ap-p, Spp, ASp+p, Cpp, ACpp) set.

b. B® - p*n¥.—In the p* 7™ system, the ((As7). Cr7 Sg7s
ACy3, ASyz) set of parameters was originally used by
BABAR [279] and Belle [280] in the Q2B approximation;
the exact names? used in this case were (.A’é’;,, Cors
S,z AC,,, AS,,;), and these names are also used in this
document.

Since p*x¥ is reconstructed in the final state 7+ 7~ z°, the
interference between the p resonances can provide addi-
tional information about the phases (see Sec. VIB 5). Both
BABAR [272] and Belle [274,275] have performed time-
dependent Dalitz-plot analyses, from which the weak phase
a is directly extracted. In such an analysis, the measured
Q2B parameters are also naturally corrected for interfer-
ence effects.

c. B> D%zt D**p* D¥p* —Time-dependent CP
analyses have also been performed for the final states

BABAR has used the notations Al [279] and A, [272] in
place of AL
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D¥ %, D**z* and D¥p™. In these theoretically clean cases,
no penguin contributions are possible, so there is no CP
violation in decay. Furthermore, due to the smallness of the
ratio of the magnitudes of the suppressed (b — u) and
favored (b — c¢) amplitudes (denoted Ry), to a very good
approximation, Cy=-Cy=1 (using f= DW-pt, f =
DWtYh= h =g, p), and the coefficients of the sine terms
are given by

Sf = _2Rf Sin(¢mix + ¢dec - 5f) and

Sy = —2Ry SiIn(Pmix + Paec + 5}")- (127)
Thus, weak phase information can be obtained from
measurements of S I and S]-c, although external information
on at least one of R or § is necessary, constituting a source
of theoretical uncertainty. Note that ¢ + Pgec = 26 +
Y =2¢, + ¢; for all the decay modes in question, while R,
and ¢ depend on the decay mode.

Again, different notations have been used in the liter-
ature. BABAR [281,282] defines the time-dependent prob-
ability function by

e~ lall/z

fE(n,Ar) = [1 %S, sin(AmAt) F5C, cos(AmAt)],

(128)

where the upper (lower) sign corresponds to the tagging
meson being a B® (B?). The parameter 7 takes the value +1
(—1) and ¢ denotes + (—) when the final state is, e.g., D™z
(D*z~). However, in the fit, the substitutions C;, = 1 and
S: = a F nb; — nc; are made, where the subscript i denotes
the flavor tagging category. These are motivated by the
possibility of CP violation on the tag side [283]. The
parameter a is not affected by tag-side CP violation.
The parameter b only depends on tag-side CP violation
parameters and is not directly useful for determining UT
angles. A clean interpretation of the ¢ parameter is only
possible for lepton-tagged events, which are not affected by
tag-side CP violation effects, so the BABAR measurements
report ¢ measured with those events only. Neglecting b
terms,

S,=a-c and S_=a+csa=(S,+S5_)/2 and
c=(S_—5.)/2, (129)

in analogy to the parameters of Eq. (124).

The parameters used by Belle in the analysis using
partially reconstructed B decays [284], are similar to the S,
parameters defined above. However, in the Belle conven-
tion, a tagging B corresponds to a + sign in front of the
sine coefficient; furthermore the correspondence between
the super/subscript and the final state is opposite, so that S
(BABAR) = —S7 (Belle). In this analysis, only lepton tags

are used, so there is no effect from tag-side CP violation. In
the Belle analysis that used fully reconstructed B decays
[285], this effect is measured and taken into account using
D*¢v decays; in neither Belle analysis are the a, b and ¢
parameters used. The parameters measured by Belle are
2R, sin(2¢y + ¢3 £ p),); the definition is such that
S*(Belle) = —2Rp:, sin(2¢h; + ¢p3 = 6p+,). This defini-
tion includes an angular momentum factor (—1)f [286],
and so for the results in the Dz system, there is an
additional factor of —1 in the conversion.

LHCb has also measured the parameters of B" — D¥z*
decays [287]. The convention used is essentially the same
as Belle, but with the notation (S, S7) = (S_, S, ). For the
averages in this document, we use the a and ¢ parameters.
Correlations are taken into account in the LHCb case,
where significant correlations are reported. Explicitly, the
conversion reads

a=—(S.+8.)/2. c=—(5,-5)/2. (130)

d. BY - DFK*.—The phenomenology of BY — DFK®*
decays is similar to that of B — D¥z%, with some
important caveats. The two amplitudes for » — u and
b — c transitions have the same level of Cabibbo-suppres-
sion (i.e., are of the same order in A) though the former is

suppressed by +/p? + n%. The large value of the ratio R of
their magnitudes allows it to be determined from data, as
the deviation of |C¢| and |C7| from unity can be observed.
Moreover, the nonzero value of AT’ allows the determi-
nation of additional terms, A?r and AJ%F (see Sec. VIB 3),

that break ambiguities in the solutions for ¢ + Pyees
which for B — DFK™* decays is equal to y — 2,.

LHCDb [288,289] has performed such an analysis with
BY — DFK® decays. The absence of CP violation in decay
was assumed, and the parameters determined from the fit
were labeled C, AAT, AT, S S. These are trivially related to
the definitions used in this section.

e. Time-dependent asymmetries in radiative B decays.—As
a special case of decays to non-CP eigenstates, let us
consider radiative B decays. Here, the emitted photon has a
distinct helicity, which is in principle observable, but in
practice is not usually measured. Thus, the measured time-
dependent decay rates for neutral B meson decays are given
by sums of the expressions of Egs. (117)-(120) for the final
states with left-handed (y;) and right-handed (y) photon
helicity [290,291]

Tpo_x, (A1) =Tpo_x,, (A1) + Tpo_y,, (A1)
o lad/(8)

T w(BY)

— (C + Cg) cos(AmAr)],

[1+ (Sy + Sg) sin(AmAr)

(131)
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Tpo_x, (A1) = Tpo_x,, (A1) + Tpo_x,, (Al)
o-IAd/(8Y)

T 4B

+ (Cp + Cg) cos(AmA¢)].

[1 - (S; + Sg) sin(AmAt)
(132)

Here, in place of the subscripts f and f, we have used L and
R to indicate the photon helicity. In order for interference
between decays with and without B°-B° mixing to occur,
the X system must not be flavor-specific, e.g., in the case of
B® — K*%, the final state must be K$z%. The sign of the
sine term depends on the C eigenvalue of the X system. At
leading order, the photons from b — gy (b — gy) are
predominantly left (right) polarized, with corrections of
order of m,/my,, and thus interference effects are sup-
pressed. Higher-order effects can lead to corrections of
order Agcp/my, [292,293], although explicit calculations
indicate that such corrections may be small for exclusive
final states [294,295]. The predicted smallness of the S
terms in the Standard Model results in sensitivity to new
physics contributions.

The formalism discussed above is valid for any radiative
decay to a final state where the hadronic system is an
eigenstate of C. In addition to K3z, experiments have
presented results using B® decays to Kf%ny, Kgpoy and
K%¢y. For the case of the K3p°y final state, particular care
is needed, as due to the non-negligible width of the p°
meson, decays selected as B® — K3p’y can include a
significant contribution from K**z¥y decays, which are
flavor-specific and do not have the same oscillation
phenomenology. It is therefore necessary to correct the
fitted asymmetry parameter for a “dilution factor”.

In the case of radiative BY decays, the time-dependent
decay rates of Eqgs. (131) and (132) must be modified, in a
similar way to that discussed in Sec. VI B 3, to account for
the nonzero value of AI',. Thus, for decays such as
BY — ¢y, there is an additional observable, A;‘byr , which
can be determined from an untagged effective lifetime
measurement [296].

7. Asymmetries in B — DK™ decays

CP asymmetries in B — DK™ decays are sensitive
to y. The neutral D) meson produced is an admixture of
D™)O (produced by a b — c transition) and D*)° (produced
by a color-suppressed b — u transition) states. If the final
state is chosen so that both D*)9 and D*)° can contribute,
the two amplitudes interfere, and the resulting observables
are sensitive to y, the relative weak phase between the two
B decay amplitudes [297]. Various methods have been
proposed to exploit this interference, including those where
the neutral D meson is reconstructed as a CP eigenstate
(GLW) [298,299], in a suppressed final state (ADS)
[300,301], or in a self-conjugate three-body final state,

such as Kgﬂ+77,'_ (BPGGSZ or Dalitz) [302,303]. While
each method differs in the choice of D decay, they are all
sensitive to the same parameters of the B decay, and can be
considered as variations of the same technique.

Consider the case of B¥ — DK¥, with D decaying to a
final state f, which is accessible from both D° and D°. We
can write the decay rates ' for B~ and B, the charge
averaged rate I' = (I'_ 4+ I'|)/2, and the charge asymmetry
A=(T_-T,)/(T_+T) [see Eq. (96)] as

[ o1y + 123 + 2rgrp cos (8 + 6p F 1), (133)

[ o 14 + 13 + 2rgrp cos (85 + 8p) cos(y),  (134)

A= 22rBrD sin (6 + 6p) sin(y) o 39)
ry + ry + 2rgrp cos (8 + 8p) cos(y)

where the ratios of B decay amplitudes are written in terms
of y, rp and 53,21

, (136)

such that rp is less than one. The ratio of D decay
amplitudes is correspondingly written, assuming CP con-
servation in D decay, in terms of rp and dp,

Ly A" > )
rpe =AD S ) (137)
The relation between B~ and B* amplitudes given in
Eq. (136) is a result of there being only one weak phase
contributing to each amplitude in the Standard Model,
which is the source of the theoretical cleanliness of this
approach for measuring y [304]. The parameters dp and dp
are the strong phase differences between the B and D decay
amplitudes, respectively.”” The values of r;, and §;, depend
on the final state f: for the GLW analysis, rp, = 1 and 6p is
trivial (either zero or x); for other modes, values of rp and
Op are not trivial, and for multibody final states they vary
across the phase space. This can be quantified either by an
explicit D decay amplitude model or by model-independent
information. In the case that the multibody final state (or a
subsample of it) is treated inclusively, the formalism is

*!Note that here we use the notation rg to denote the ratio of B
decay amplitudes, whereas in Sec. VI. B. 6 we used, e.g., Rp,, for
a rather similar quantity. The reason is that here we need to be
concerned also with D decay amplitudes, and so it is convenient
to use the subscript to denote the decaying particle. Hopefully,
usinzg r in place of R will reduce the potential for confusion.

*Note that the definition of 55, in Eq. (137) differs by a shift of
# from that used for D® — K* 7% decays in Sec. X.
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modified by the inclusion of a coherence factor, usually
denoted «, while rp and 6, become effective parameters
corresponding to amplitude-weighted averages across the
phase space.

Note that, for given values of rg and rp, the maximum
size of A (at sin (83 + 8p) = 1)is 2rgrp sin(y)/(r3 + r3).
Thus, even for D decay modes with small rp, large
asymmetries, and hence sensitivity to y, may occur for B
decay modes with similar values of ry. For this reason, the
ADS analysis of the decay B¥ — Dx™ is also of interest.

The expressions of Eq. (133)—(137) are for a specific
point in phase space, and therefore are relevant where both
B and D decays are to two-body final states. Additional
coherence factors enter the expressions when the B decay is
to a multibody final state (further discussion of multibody
D decays can be found below). In particular, experiments
have studied B™ — DK*(892)*, B’ — DK*(892)" and
BT — DK*ntx~ decays. Considering, for concreteness,
the B — DK*(892) case, the non-negligible width of the
K*(892) resonance implies that contributions from other
B — DKr decays can pass the selection requirements.
Their effect on the Q2B analysis can be accounted for with
a coherence factor [305], usually denoted x, which tends to
unity in the limit that the K*(892) resonance is the only
signal amplitude contributing in the selected region of
phase space. In this case, the hadronic parameters rz and dp
become effectively weighted averages across the selected
phase space of the magnitude ratio and relative strong phase
between the CKM-suppressed and -favored amplitudes;
these effective parameters are denoted 7z and Oy (the
notations r,, d; and rg, dg are also found in the literature).
An alternative, and in certain cases more advantageous,
approach is a Dalitz plot analysis of the full B - DKz
phase space [306-309].

We now consider the various notations used in exper-
imental studies of CP asymmetries in B — D®K®)
decays. To simplify the notation the Bt — DK™ decay
is considered; the extension to other modes mediated by the
same quark-level transitions is straightforward.

a. B - DKWY with D — CP eigenstate decays.—In the
GLW analysis, the measured quantities are the partial rate
asymmetry

F(B_ - DCPK_) - F(B+ g DCPK+)

Arp = 138
P T T(B~ - DepK™) +T(BT — DcpK™) (138)

and the charge-averaged rate
2F(B+ - DCPK+) (139)

Rep = ~ ,
» = (Bt - D'K")

which are measured for D decays to both CP-even and
CP-odd final states. It is often experimentally convenient to
measure Rqp using a double ratio,

R n (Bt - DcpKt)/T(BY — D°K™)
P~ T(B* > Deprt)/T(BY - DOz

(140)

that is normalized both to the rate for the favored
D — K*z~ decay, and to the equivalent quantities for
Bt — Dn™" decays [charge conjugate processes are implic-
itly included in Egs. (139) and (140)]. In this way the
constant of proportionality drops out of Eq. (134).
Eq. (140) is exact in the limit that the contribution of
the b — u decay amplitude to Bt — Dz vanishes and
when the flavor-specific rates I'(B* — D°h™) (h = x, K)
are determined using appropriately flavor-specific D
decays. In reality, the Cabibbo-favored D — Kx decay is
used, which is not perfectly flavor-specific. This introduces
a small bias, and corresponding systematic uncertainty, in
measurements of R-p using Eq. (140). The effect can
however be fully accounted for when combining multiple
measurements with sensitivity to y, including results from
B — Dx decays (see Sec. VIO 7).

b. B —» D¥K® with D — non-CP eigenstate two-body
decays.—For the ADS analysis, which is based on a
suppressed D — f decay, the measured quantities are again
the partial rate asymmetry and the charge-averaged rate. In
this case it is sufficient to measure the rate in a single ratio
(normalized to the favored D — f decay) since potential
systematic uncertainties related to detection cancel natu-
rally; the observed charge-averaged rate is then

[(B~ = [fIpK™) +T(B" = [f]pK™)
LB~ — [flpK™) +T(B* = [f]pK*)

RADS = s (141)

where the inclusion of charge-conjugate modes has been
made explicit. The CP asymmetry is defined as

_ B~ [flpK™) -T(B' = [f]pK")
Apps = - - - = (142)
[(B~ - [f]pK™) + T(B" — [f]pK™)

Since the uncertainty of A pg depends on the central value
of Raps, for some statistical treatments it is preferable to

use an alternative pair of parameters [310]

_T(B* = [fl,K")
F(B" = [floK")

FB” = /oKD (143)
[(B™ = [f]pK™)

where there is no implied inclusion of charge-conjugate
processes. These parameters are statistically uncorrelated
but may be affected by common sources of systematic
uncertainty. We use the (Raps, Aaps) set in our compilation
where available.

In the ADS analysis, there are two additional unknowns
(rp and 6p) compared to the GLW case. Additional
constraints are therefore required in order to obtain sensi-
tivity to y. Generally, one needs access to two different
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TABLE 25. Summary of relations between measured and
physical parameters in GLW, ADS and Dalitz analyses of
B — DHK®) decays.

GLW analysis

Reps 1+ r% + 2rg cos(85) cos(y)
Acps +2rp sin(Jp) sin(y)/Reps
ADS analysis

Raps ra + 1% + 2rgrp cos (85 + 8p) cos(y)
Aaps 2rgrpsin (8 + 6p) sin(y)/Raps
BPGGSZ Dalitz analysis (D — Kz "7™)

X4 rgcos(ég £y)

Y+ rpsin(dp £ 7)

Dalitz analysis (D — 7z 7~ z°)

p* |22 — x|

0+ tan”" (Im(z..)/ (Re(z) = x9))

linear admixtures of D° and D° states in order to determine
the relative phase: one such sample can be flavor tagged D
mesons, which are available in abundant quantities in many
experiments; the other can be CP-tagged D mesons from
w(3770) decays, or a superposition of D° and D° from
D°-DP mixing or from production in B — DK decays. In
fact, the most precise information on both rp and 6, for
D — Kr currently comes from global fits to charm mixing
data, as discussed in Sec. X A.

The relation of A,pg to the underlying parameters given
in Eq. (135) and Table 25 is exact for a two-body D decay.
For multibody decays, a similar formalism can be used with
the introduction of a coherence factor [311]. This is most
appropriate for doubly Cabibbo-suppressed decays to non-
self-conjugate final states, but can also be modified for use
with singly Cabibbo-suppressed decays [312]. For multi-
body self-conjugate final states, such as Kgﬂ+ﬂ_, a Dalitz
plot analysis (discussed below) is often more appropriate.
However, in certain cases where the final state can be
approximated as a CP eigenstate, a modified version of the
GLW formalism can be used [313]. In such cases the
observables are denoted A g w and R grw to indicate that
the final state is not a pure CP eigenstate.

c. B » DK™ with D — multibody final state decays.—
In the model-dependent Dalitz-plot (or BPGGSZ) analysis
of D decays to multibody self-conjugate final states, the
values of rp and dp across the Dalitz plot are given by an
amplitude model (with parameters typically obtained from
data). A simultaneous fit to the B* and B~ samples can then
be used to obtain y, rp and dp directly. The uncertainties on
the phases depend approximately inversely on rg, which is
positive definite and therefore tends to be overestimated
leading to an underestimation of the uncertainty on y that
must be corrected statistically (unless o(rg) < rg). An
alternative approach is to fit for the “Cartesian” variables

(x1.ys) = (Re(rpe@®=1)) Im(rpe's+1)))

= (rg cos(6p £ 7),rp sin(ég £y)). (144)

These variables tend to be statistically well behaved, and
are therefore appropriate for combination of results
obtained from independent B* data samples.

The assumption of a model for the D decay leads to a
non-negligible, and hard to quantify, source of uncertainty.
To obviate this, it is possible to use instead a model-
independent approach, in which the Dalitz plot (or, more
generally, the phase space) is binned [302,314,315]. In this
case, hadronic parameters describing the average strong
phase difference in each bin between the interfering decay
amplitudes enter the equations. These parameters can be
determined from interference effects in decays of quantum-
correlated DD pairs produced at the y(3770) resonance.
Measurements of such parameters have been made for
several hadronic D decays by CLEO-c and BESIIIL.

When a multibody D decay is dominated by one CP
state, additional sensitivity to y is obtained from the relative
widths of the BY — DK™ and B~ — DK~ decays. This can
be taken into account in various ways. One possibility is to
perform a GLW-like analysis, as mentioned above. An
alternative approach proceeds by defining

24 = Xy F iy,

xo = = / Relf(sy. 52)f (52 5)|dsidsa.  (145)

where s, s, are the coordinates of invariant mass squared
that define the Dalitz plot and f is the complex amplitude
for D decay as a function of the Dalitz plot coordinates.”
The fitted parameters (p*, 0F) are then defined by

el = (146)

P i+ — Xp-

Note that the yields of B* decays are proportional to
1+ (p*)? = (xp)?. This choice of variables has been used
by BABAR in the analysis of Bt — DK' with D —
ata~ Y [317]; for this D decay, and with the assumed
amplitude model, a value of xy = 0.850 is obtained.

The relations between the measured quantities and the
underlying parameters are summarized in Table 25. It must
be emphasized that the hadronic factors rz and §p are
different, in general, for each B decay mode.

“The Xo parameter gives a model-dependent measure of the
net CP content of the final state [313,316]. It is closely related to
the ¢; parameters of the model dependent Dalitz plot analysis
[302,314,315], and the coherence factor of inclusive ADS-type
analyses [311], integrated over the entire Dalitz plot.
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TABLE 26. Common inputs used in calculating the

averages.
7(B%) 1.519 4 0.004 ps
Am, 0.5065 + 0.0019 ps-"!
AT,)T, 0.001 + 0.010
AL [2(J/wK?) 0.209 % 0.006

C. Common inputs and uncertainty treatment

As described in Sec. III, where measurements combined
in an average depend on external parameters, it can be
important to rescale to the latest values of those parameters
in order to obtain the most precise and accurate results. In
practice, this is only necessary for modes with reasonably
small statistical uncertainties, so that the systematic uncer-
tainty associated with the knowledge of the external
parameter is not negligible. Among the averages in this
section, rescaling to common inputs is only done for
b — c¢s transitions of B® mesons. Correlated sources of
systematic uncertainty are also taken into account in these
averages. For most other modes, the effects of common
inputs and sources of systematic uncertainty are currently
negligible, however similar considerations are applied
when combining results to obtain constraints on a = ¢,
and y=¢; as discussed in Secs. VIL1 and VIO7,
respectively.

The common inputs used for calculating the averages are
listed in Table 26. The average values for the B lifetime
(z(B?)), mixing parameter (Am,) and relative width differ-
ence (AI';/T;) averages are discussed in Sec. V. The
fraction of the perpendicularly polarized component

(JA]*) in B = J/wK*(892) decays, which determines
the CP composition in these decays, is averaged from
results by BABAR [318], Belle [319], CDF [320], DO [71]
and LHCb [321] (see also Sec. VIII).

As explained in Sec. II, we do not apply a rescaling
factor on the uncertainty of an average that has y?/dof > 1
(unlike the procedure currently used by the PDG [9]). We
provide a confidence level of the fit so that one can know
the consistency of the measurements included in the
average, and attach comments in case some care needs
to be taken in the interpretation. Note that, in general,
results obtained from small data samples will exhibit some
non-Gaussian behavior. We average measurements with
asymmetric uncertainties using the PDG [9] prescription. In
cases where several measurements are correlated (e.g., Sy
and C in measurements of time-dependent CP violation in
B decays to a particular CP eigenstate) we take these into
account in the averaging procedure if the uncertainties are
sufficiently Gaussian. For measurements where one uncer-
tainty is given, it represents the total uncertainty, where
statistical and systematic uncertainties have been added in
quadrature. If two uncertainties are given, the first is
statistical and the second systematic. If more than two
uncertainties are given, the origin of the additional uncer-
tainty will be explained in the text.

D. Time-dependent asymmetries in b — ccs transitions
1. Time-dependent CP asymmetries
in b — ccs decays to CP eigenstates

In the Standard Model, the time-dependent parameters
for B® decays governed by b — cs transitions are

TABLE 27. Results and averages for S,_, .z, and Cy_,.z,. The averages are given from a combination of the most precise results only,

and also including less precise measurements.

Experiment Sample size —NSpces Cioees

Most precise
BABAR b — c¢s [324] N(BB) = 465M 0.687 £ 0.028 £ 0.012 0.024 £ 0.020 £ 0.016
Belle b — cés [325] N(BB) = 772M 0.667 £ 0.023 £ 0.012 -0.006 + 0.016 + 0.012
LHCb J/wK} [326,327] JLdr=3 ! 0.75 £ 0.04 —0.014 4 0.030
LHCb y(25)K$ [327] [Ldt=3 ! 0.84 +£0.10 £0.01 —0.05 £0.10 £ 0.01
Average 0.698 £ 0.017 —0.005 + 0.015
Confidence level 0.09(1.70) 0.54(0.60)

Less precise
BABAR y,,K$, [265] N(BB) = 383M 0.69 & 0.52 £ 0.04 + 0.07 —-0.2970% +0.03 £ 0.05
BABAR J/wK$ (%) [328] N(BB) = 88M 1.56 £0.42 £0.21 e
ALEPH [329] N(Z - hadrons) = 4 M 0.841982 4. 0.16
OPAL [330] N(Z - hadrons) = 4.4M 3258 +£05
CDF [331] [ L£dt =110 pb~! 0.79%044
Belle Y'(55) [332] [ £dt=121fb! 0.57 £ 0.58 £ 0.06
Average of all 0.699 +0.017 —0.005 £0.015

*This result uses “hadronic and previously unused muonic decays of the J/y”. We neglect a small possible correlation of this result
with the main BABAR result [324] that could be caused by reprocessing of the data.
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sin(2f) = sin(24,) F2

BaBar : I 0.69 + 0.03 + 0.01

PRD 79 (2009) 072009 i

BaBar yy Kg'! : : 0.69 £ 0.52 £ 0.04 £ 0.07

PRD 80 (2009) 112001 A I

BaBar J/y (hadronic) Kg : 1,06 +0.42+0.21

PRD 69 (2004):052001 ;

Belle : | 0.67 +0.02 + 0.01

PRL 108 (2012) 171802

ALEPH ; . N 0.84 798 10.16

PLB 492, 259 (2000) ' a

OPAL ’ B 3.20 1180+ 0.50,

EPJ C5, 379 (1998) it *

CDF ? i 0.79 "33

PRD 61, 072005 (2000) '

LHCb L 0.76 +0.03

JHEP 11 2017) 170

Belle5S - 5 : 0.57 + 0.58 + 0.06

PRL 108 2012) 171801 ‘: 7 5

Average ; ; 0.70 + 0.02

HFLAV :

-2 -1 0 1 2 3

sm(ZB) = sin(2¢,) [ b—ces Cop, T

BABAR Jhy Kg 0657+0036+0012 BABAR Jhy K N 0.026 +0.025 + 0.016
PRD 79 (2009) 072009 PRD 79 (2009) 072009
BABAR Jhy K| 0.694 +0.061 + 0.031 BABAR Jhy K -0.033 +0.050 + 0.027
PRD 79 (2009) 672009 PRD 79 (2009) 672009
BABAR y(2S) Kg 0.897 +0.100 + 0,036 BABAR (2S) Kg _0.089 +0.076 +0.020
PRD 79 (2009) 072009 : PRD 79 (2009) 072009 :
Belle Jiy Kg N 0.6700.029 + 0.013 Belle Jiy Kg : 0.015+0.021 *3.022
PRL 108 (2012) 171802 : PRL 108 (2012) 171802 -
Belle JAy K, 642 +0.047 + 0. Belle JAy K, : g Lol
PSL81 oa";zoliz) 171802 — ooz 0 o1 PgLioa\{zo%z) 171802 : DR
Belle y(2S) K, 0.718 +0.090 £ 0.031 Eelle y(2S) K¢, -0.104 +0.055 *§5a7
PRD 77 (2008) 091103(R) : RL 108 (2012) 171802 :

\ X +(. LHCb Jhy K, : -0.014 £ 0.
.IIbTIECbei/(lz;S?) 170 H—— 0750% Q 040 JHEP 11 320157) 170 o : oot
LHCb w(2S) Kg 0.840 £ 0,100 + Q"mo LHCb, y(2S) K. : -0.050 +0.100 + 0.010
JHEP 11 (2017) 170 ! JHEP 117 (2017) 170 :

&V&rﬂ/Average L 0.699 + c§.017 X'\{:?_C;%Average _“__ -0.005 + 0.015
0.4 0.5 0.6 0.7 0.8 0.9 1 -0.2 -0.1 0 0.1 0.2

FIG. 10. Top: average of measurements of S,_ ., interpreted as sin(2f), with (bottom left) the same but excluding less precise
measurements to allow inspection of the detail. Bottom right: more precise results and the world average for C,_, .z,

predicted to be S,_ .z = —nsin(2f) and C,_ .z =0 to
very good accuracy. Deviations from this relation are
currently limited to the level of <1° on 2p
[230,322,323]. The averages for —#S,_ .z and Cj_ .z
are provided in Table 27 and shown in Fig. 10 In all such
figures in this section, error bars cover 68% confidence
regions, and the corresponding ranges accounting only for
statistical uncertainties are also indicated (though some-
times not distinguishable from the total uncertainty).
Both BABAR and Belle have used the # = —1 modes
J/wKS, w(28)KY, y.KS and n K9, as well as J/wK?,
which has # = +1 and J/wK*°(892), which is found to
have 7 close to +1 based on the measurement of |A | | (see
Sec. VIC). The most recent Belle result does not use 7, K g

or J/wK*°(892) decays.”* LHCb has used J/yK9 (data
with J/w — u"u~ and eTe™ are reported in different
publications) and y(2S)KY decays. ALEPH, OPAL, and
CDF have used only the J/wK? final state. BABAR has also
determined the CP violation parameters of the B® — yoK?
decay from the time-dependent Dalitz-plot analysis of the
B’ > 7T+7T_Kg mode (see Sec. VIG 2). In addition, Belle
has performed a measurement with data accumulated at the
Y(5S) resonance, using the J/wK$ final state—this

*Previous analyses from Belle did include these channels
[79], but it is not possible to obtain separate results for those
modes from the published information.
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TABLE 28. Breakdown of results on S,_, .z, and Cp_, z-

Mode Sample size —NSpces Cpoezs
BABAR
J/wK$ [324] N(BB) = 465M 0.657 & 0.036 & 0.012 0.026 + 0.025 £ 0.016
J/wK [324] N(BB) = 465M 0.694 + 0.061 £ 0.031 —0.033 = 0.050 + 0.027
J/wK® [324] N(BB) = 465M 0.666 + 0.031 £ 0.013 0.016 +0.023 £ 0.018
w(25)KY [324] N(BB) = 465 M 0.897 £ 0.100 £ 0.036 0.089 =+ 0.076 =+ 0.020
K K§ [324] N(BB) = 465M 0.614 + 0.160 & 0.040 0.129 +0.109 = 0.025
n.KS [324] N(BB) = 465M 0.925 + 0.160 £ 0.057 0.080 + 0.124 £ 0.029
J/wK*(892) [324] N(BB) = 465M 0.601 + 0.239 =+ 0.087 0.025 + 0.083 + 0.054
All (324] N(BB) = 465M 0.687 & 0.028 & 0.012 0.024 £ 0.020 = 0.016
Belle
J/wK$ [325] N(BB) = 772M 0.670 £ 0.029 £ 0.013 0.015 +0.0210072
J/wK [325] N(BB) =772M 0.642 + 0.047 £ 0.021 —0.019 £ 0.026100H
w(28)K§ [325] N(BB) = 772M 0.738 +0.079 £ 0.036 —0.104 4 0.0551 0047
2o K [325] N(BB) = 772M 0.640 £ 0.117 £ 0.040 0.017 £ 0.083X 0050
All [325] N(BB) =772M 0.667 + 0.023 £ 0.012 —0.006 = 0.016 £ 0.012
LHCb
J/w(= pu)KS [326] [ Ldt=3fb! 0.731 £ 0.035 £ 0.020 —0.038 = 0.032 % 0.005
J/w(= ete K [327] [ L£dr=3fb! 0.83 £ 0.08 + 0.01 0.12 +0.07 +0.02
w(25)KY [327] [ Ldt=3fb! 0.84 £ 0.10 + 0.01 —0.05 £ 0.10 £ 0.01
Averages
J/wKy () 0.695 +0.019 0.000 + 0.020
J/wK 0.663 = 0.041 —0.023 + 0.030
w(25)KY 0.817 +0.056 —0.019 £ 0.048
K KS 0.632 + 0.099 0.066 + 0.074

“Belle 1T has presented a first result with B® — J/wK?, measuring sin(2f) = 0.55 4 0.21 4 0.04, where the first uncertainty is
statistical and the second is systematic [333]. We do not include this result in our averages as it is not planned to be published.

involves a different flavor tagging method compared to the
measurements performed with data accumulated at the
Y (4S) resonance. A breakdown of results in each charmo-
nium-kaon final state is given in Table 28.

While the uncertainty in the average for —nS,_ .z
is limited by the statistical uncertainty, the precision for
Cy_czs 18 close to being dominated by the systematic
uncertainty, particularly for measurements from the
ete™ B factory experiments. This occurs due to the possible
effect of tag-side interference [283] on the C,_, .z, meas-
urement, an effect which is correlated between different
ete” > Y(4S)— BB experiments. Understanding of this
effect may continue to improve in the future, allowing the
uncertainty to reduce.

2. Constraints on f = ¢,

From the average for —S,_ ., above, we obtain the
following solutions for f (in [0, z]):

B=(2224+07)° or p= (678407 (147

This result gives a precise constraint on the (p,7) plane,
as shown in Fig. 11. The measurement is in remarkable

FIG. 11. Constraints on the (p,#) plane, obtained from the
average of —nS,_, .z and Eq. (147). Note that the solution with
the smaller (larger) value of f§ has cos(2f) > 0 (<0).
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Jhy K sin(2B) = sin(29,)

2021

Jhy K cos(2B) = cos(29,)

2021

......................

BABAR

BABAR , -0.10+£0.57 £0.14 . 3.321046£0.27,
f 1 ! f % o

PRD 71, 032005 (2005) PRD 71, 032005 (2005)

Belle : N ,0.24+0.31+0.05 Belle 7 0.56 +0.79 + 0.11

Lo} 1 r A la) 1

PRL 95 091601 (2005) PRL 95 091601 (2005)

Average 0.16 +0.28 Average 1.64 +0.62

HFIAvV ; HFIAvV

-1 -08 -06 -04 -02 0 02 04 06 08 1 0 1 2 3 4

FIG. 12. Averages of (left) sin(28) = sin(2¢, ) and (right) cos(2f) = cos(2¢, ) from time-dependent analyses of B® — J/wK*° decays.

agreement with other constraints from CP-conserving
quantities, and with CP violation in the kaon system,
in the form of the parameter eg. Such comparisons have
been performed by various phenomenological groups,
such as CKMfitter [242] and UTFit [334] (see also
Refs. [335,336]).

3. Time-dependent transversity analysis
of B" — J/wK** decays

B meson decays to the vector-vector final state J/yK*°
are also mediated by the b — ccs transition. When a final
state that is not flavor-specific (K** — K9z°) is used, a
time-dependent transversity analysis can be performed,
yielding sensitivity to both sin(2f) and cos(2f) [337].
Such analyses have been performed by both B factory
experiments. In principle, the strong phases between the
transversity amplitudes are not uniquely determined by
such an analysis, leading to a discrete ambiguity in the sign
of cos(2f3). The BABAR collaboration resolves this ambi-
guity using the known variation [338] of the P-wave phase
(fast) relative to that of the S-wave phase (slow) with the

TABLE 29. Averages from B® — J/ywK*? transversity analyses.

invariant mass of the Kz system in the vicinity of the
K*(892) resonance. The result is in agreement with the
prediction from s-quark helicity conservation, and corre-
sponds to Solution II defined by Suzuki [339]. We include
only the solutions consistent with this phase variation in
Table 29 and Fig. 12.

At present, the results are dominated by large and non-
Gaussian statistical uncertainties, and exhibit significant
correlations. We perform uncorrelated averages, which
necessitates care in the interpretation of these averages.
Nonetheless, it is clear that cos(2f) > 0 is preferred by the
experimental data in J/wK*? (for example, BABAR [340]
finds a confidence level for cos(2f) > 0 of 89%).

4. Time-dependent CP asymmetries in
B" > D**D*~K?) decays
Both BABAR [256] and Belle [257] have performed
time-dependent analyses of the B — D*+D*‘K(S) decay, to
obtain information on the sign of cos(2f). More informa-
tion can be found in Sec. VI. B. 5. The results are given in
Table 30, and shown in Fig. 13. From their result and the

Experiment N(BB) sin 28 cos 2 Correlation
BABAR [340] 88M -0.10+0.57 £ 0.14 3.321 000 £0.27 -0.37

Belle [319] 275M 0.24 £0.31 £0.05 0.56 £0.79 £ 0.11 0.22
Average 0.16 £ 0.28 1.64 +£0.62 Uncorrelated averages
Confidence level 0.61(0.50) 0.03(2.20)

TABLE 30. Results from time-dependent analysis of B® — D**D*~K9.

Experiment N(BB) 5—") 2;3) Lsin(2p) 2;—{;2 cos(2p3)
BABAR [256] 230M 0.76 £0.18 £ 0.07 0.10 £0.24 £ 0.06 0.38 £0.24 £0.05
Belle [257] 449M 0.60%973 +0.08 —0.17 £ 0.42 £ 0.09 -0.231047 £0.13
Average 0.71 £0.16 0.03 £0.21 0.24 £0.22
C‘;‘;ﬁ‘g‘“’nce 0.63(0.50) 0.59(0.50) 0.23(1.20)
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PRD 74, 091101 (2008} s PRD 74, 091101 (2006) | ‘ PRD 74, 091101 (2006) i '
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FIG. 13. Averages of (left) (J./Jy), (middle) (2J,,/Jy) sin(2f) and (right) (2J,,/Jy) cos(2f) from time-dependent analyses of

B® —» D**D*~KY decays.

assumption that J,, > 0, BABAR infers that cos(2f) > 0 at
the 94% confidence level [256].

5. Time-dependent analysis of B? decays
through the b — ccs transition

As described in Sec. VI B 3, time-dependent analysis of
decays such as BY — J/y¢ probes the CP violating phase
of B%-B? oscillations, ¢,.> The combination of results on
B — J/w¢ decays, including also results from channels
such a BY - J/yx*z~ and BY — D} D7 decays, is dis-
cussed in Sec. V.

E. Time-dependent CP asymmetries in
color-suppressed b — cud transitions

1. Time-dependent CP asymmetries:
b — ciid decays to CP eigenstates

Decays of B mesons to final states such as Dz° are
governed by b — ciid transitions. If the final state is a CP
eigenstate, e.g. Dp7°, the usual time-dependent formulas
are recovered, with the sine coefficient sensitive to
sin(2f). Since there is no penguin contribution to these
decays, there is even less associated theoretical uncer-
tainty than for b — cés decays such as B — J/y K. Such
measurements therefore allow to test the Standard Model
prediction that the CP violation parameters in b — citd
transitions are the same as those in b — ccs [341].
Although there is an additional contribution from CKM
suppressed b — ucd amplitudes, which have a different
weak phase compared to the leading b — cid transition,
the effect is small and can be taken into account in the
analysis [342,343].

Results are available from a joint analysis of BABAR and
Belle data [344]. The following CP-even final states are
included: Dz° and Dy with D — K$z° and D — K%w; Dw
with D — K9%2% D*z° and D*5 with D* — Dz° and
D — KTK~. The following CP-odd final states are

»We use ¢, here to denote the same quantity labeled ¢<° in
Sec. V. It should not be confused with the parameter
@1, = arg[-M,/T'5], which historically was also often referred
to as ¢,.

included: Dz°, Dy and Dw with D - KTK~, D*z° and
D*n with D* — Dz° and D — K9%z°. All B — D®*)h0
decays are analyzed together, taking into account the

different CP factors (denoted Dg}),ho). The results are
summarized in Table 31.

2. Time-dependent Dalitz-plot analyses
of b — cud decays

When multibody D decays, such as D — K%z 7z~
are used, a time-dependent analysis of the Dalitz
plot of the neutral D decay allows for a direct determi-
nation of the weak phase 2 or, equivalently, of both
sin(2f) and cos(2p). This information can be used to
resolve the ambiguity in the measurement of 2/ from
sin(2f) [345].

Results are available from a joint analysis of BABAR and
Belle data [251,252]. The decays B — Dz°, B — Dp,
B - Dw, B — D*z° and B — D*p are used. (This collec-
tion of states is denoted by D*)10.) The daughter decays
are D* — Dz° and D — K%z z~. These results supersede
those from previous analyses done separately by Belle
[249] and BABAR [250] and are given in Table 32. Treating
p as a free parameter in the fit, the result
p=(225+44+12+0.6)° is obtained. This corre-
sponds to an observation of CP violation (f # 0) at 5.1¢
significance, and evidence for cos(2f) > 0 at 3.7¢. The
solution with cos(2f) < 0, corresponding to the ambiguous
solution for sin(2f3) from b — c¢s transitions, is ruled out
at 7.30.

A model-independent time-dependent analysis of B —
D™ n0 decays, with D — K%z z~, has been performed by
Belle [253]. The decays B — Dz°, B® — Dy, B® — Dy,
B° = Dw, B — D*7° and B® — D*5 are used. The results
are also included in Table 32. From these results, Belle
disfavors the cos(2¢,) < 0 solution that corresponds to the
sin(2¢, ) results from b — c¢s transitions at 5.1¢ signifi-
cance. The solution with cos(2¢;) > 0 is consistent with
the data at the level of 1.30. Note that due to the strong
statistical and systematic correlations, model-dependent
results and model-independent results from the same
experiment cannot be combined.
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TABLE 31. Results from analyses of B® — D®}A0, D — CP eigenstates decays.

Experiment N(BB) Cep Correlation
BABAR and Belle [344] 1243M 0.66 £ 0.10 £ 0.06 —0.02 £0.07 £ 0.03 —-0.05
TABLE 32. Averages from B - D", D — Kz 7~ analyses.

Experiment N(BB) sin 23 cos 23

Model-dependent

BABAR and Belle [251,252] 1240M 0.80 £ 0.14 = 0.06 £ 0.03 0.91 £0.22 £ 0.09 + 0.07
Model-independent
Belle [253] 772M 0.43 +0.27 + 0.08 1.06 £ 0.331) 71

3. Combined results from time-dependent
analyses of b — cud decays

A comparison of the results for sin(24) from
B — D™hO decays, with D decays to CP eigenstates
orto D — K%z"z~, is shown in Fig. 14. Averaging these
results gives sin(2f) = 0.71 £ 0.09, which is consistent
with, but not as precise as, the value from b — cCs
transitions.

F. Time-dependent CP asymmetries
in b — ccd transitions

The transition b — c¢d can occur via either a b — ¢
tree or a b — d penguin amplitude. The flavor changing
neutral current b — d penguin can be mediated by any up-
type quark in the loop, and hence the amplitude can be
written as

Apog =F,VuyVig +F VG Ve, +FV, V3,

= (Fu _FC>VubVZd + (Ft _Fc)thV:cd’ (148)

where F, ., describe all factors, except CKM suppression,
in each quark loop diagram. In the last line, both terms are
O(2%), exposing that the b — d penguin amplitude contains
terms with different weak phases at the same order of CKM
suppression.

In Eq. (148), we have chosen to eliminate the F,. term
using unitarity. However, we could equally well write

Apqg=(Fy = F)V Vg + (Fe = F )V, Vi,

= (FC - Fu)VcbV:d + (FI - Fu)thV?d- (149)

Since the b — ccd tree amplitude has the weak phase of
V. V%, either of the above expressions allows the penguin

amplitude to be decomposed into a part with the same
weak phase as the tree amplitude and a part with another
weak phase, which can be chosen to be either f or y. The
choice of parametrization cannot, of course, affect the
physics [346]. In any case, if the tree amplitude dominates,
there is little sensitivity to any phase other than that from
B°-B° mixing.

The b — ccd transitions can be investigated with studies
of various final states. Results are available from both
BABAR and Belle using the final states J/wz°, D*D~,
D**D*~ and D**D¥, and from LHCb using the final states
J/wp®, DT D~ and D** D¥; the averages of these results are
given in Tables 33 and 34. The results using the CP-even
modes J/yx° and D* D~ are shown in Fig. 15 and Fig. 16
respectively, with two-dimensional constraints shown in
Fig. 17. In all figures showing two-dimensional constraints
in this section, the contours contain 39.3% confidence
regions, corresponding to a Ay? or change in twice the

b—cud sin(2p) = sin(2¢,) ¥

: World Average il 0.70 +0.02
b—ccs ! F
+ HFLAV (Summer 2018) L
................................................... L
i BABAR+Belle i 0.66+0.10+0.06
%= i PRL115(2015) 121604 :
o H
& | Average 0.66+0.12
| HFLAV :
= i BABAR+Belle 0 8(1} 0.14+0.06 + 0.03
LB 1 PRL121 (2018) 261801 :
g
< | Average 0.80+0.16
A i HFLAV :
-0.2 0 0.2 0.4 0.6 0.8 1 1.2

FIG. 14. Averages of sin(2f) measured in color-suppressed
b — cid transitions.
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TABLE 33. Averages for the b — c&d modes, B — J/yz® and D*D~.
Experiment Sample size Scp Cep Correlation
J/wa
BABAR [347] N(BB) = 466M -1.23+£0.21 £0.04 —0.20 £0.19 £0.03 0.20
Belle [348] N(BB) = 772M -0.59 +0.19 £ 0.03 0.15 +0.1415%; 0.01
Average —0.86 £ 0.14 0.04 +0.12 0.08
Confidence level 0.04(2.00)
D™D~
BABAR [248] N(BB) = 46TM —0.65 +£0.36 £ 0.05 —0.07 £0.23 £0.03 —-0.01
Belle [278] N(BB) = 772M -1.06107; +£0.08 -0.43+0.16 £ 0.05 -0.12
LHCb [349] [ Ldt=3fb! -0.547017 £ 0.05 0.261018 +0.02 0.48
Average —0.84 £0.12 —-0.13+£0.10 0.18
Confidence level 0.027(2.20)

negative log-likelihood of one unit. The corresponding
regions accounting only for statistical uncertainties are also
indicated (though sometimes not distinguishable from the
total uncertainty).

Results for the vector-vector mode J/yp® are obtained
from a full time-dependent amplitude analysis of B® —
J/wrtx~ decays. LHCb [231] finds a J /yp° fit fraction of
65.6 = 1.9% and a longitudinal polarization fraction of
56.7 £ 1.8% (uncertainties are statistical only; both results
are consistent with those from a time-integrated amplitude
analysis [258] where systematic uncertainties were also
evaluated). Fits are performed to obtain 24T in the cases
that all transversity amplitudes are assumed to have the same
CP violation parameter. A separate fit is performed allowing
different parameters. The results in the former case are
presented in terms of Scp and Ccp in Table 34.

The vector-vector mode D*tD*~ is found to be domi-
nated by the CP-even, longitudinally polarized component.
BABAR measures a CP-odd fraction of 0.158 £ 0.028 £
0.006 [248], and Belle measures 0.138 £ 0.024 £ 0.006
[351]. These values are listed as R in Table 34, and are
included in the averages so that correlations are taken into
account.”® BABAR has also performed an additional fit in
which the CP-even and CP-odd components have inde-
pendent pairs of CP violation parameters S and C. These
results are included in Table 34. Results using D** D*~ are
shown in Fig. 18.

As discussed in Sec. VIB 6, the most recent papers on
the non-CP eigenstate mode D**D¥ use the (A, S, AS, C,
AC) set of parameters. Therefore, we perform the
averages with this choice, with results presented in
Table 34.

**Note that the BABAR value given in Table 34 differs from the
value quoted here, since that in the table is not corrected for
efficiency.

In the absence of the penguin contribution (so-called tree
dominance), the time-dependent parameters are given by
Spocea = 1 sin(Z/)’), Coocea=0, S, = sm(Z/} + 5)’
S_, =sin(2f-6), C,_=—-C_, and A =0, where § is
the strong phase difference between the D*"D~ and
D*~D" decay amplitudes. In the presence of the penguin
contribution, there is no straightforward interpretation in
terms of CKM parameters; however, CP violation in decay
may be observed through any of C;,_,.;y #0,C,_ # —C_,
orA,_#0.

The averages for the b — ccd modes are shown in
Figs. 19 and 20. Results are consistent with tree dominance
and with the Standard Model, although the Belle results in
B® - D™D~ [353] show an indication of CP violation in
decay, and hence a nonzero penguin contribution. The
average of S, ., in each of the J/wz’, D*D~ and
D**D*~ final states is more than 56 away from zero,
corresponding to observations of CP violation in these
decay channels. Possible non-Gaussian effects due to some
of the input measurements being outside the physical region
(SZCP + CZCP < 1) should, however, be borne in mind.

1. Time-dependent CP asymmetries in B? decays
mediated by b — ccd transitions

Time-dependent CP asymmetries in BY decays mediated
by b — c¢d transitions provide a determination of 24,
where possible effects from penguin amplitudes may cause
a shift from the value of 24, seen in b — ccs transitions.
Results in the b — ccd case, with larger penguin effects,
can be used together with flavor symmetries to derive limits
on the possible size of penguin effects in the b — ccs
transitions [354,355].

The parameters have been measured in B — J/yK?
decays by LHCb, as summarized in Table 35. The results
supersede an earlier measurement of the effective lifetime,
which is directly related to AAT, in the same mode [112].
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FIG. 15. Averages of (left) S,_ ;s and (right) C,_,.z4 for the mode B® — J/yx°.
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FIG. 17. Averages of two b — ccd dominated channels, for which correlated averages are performed, in the Scp vs. Ccp plane.
Contours at S%, + C%p, = 1 represent the physical boundary for the parameters. (Left) B — J/yz° and (right) B° - DTD~.
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FIG. 19. Averages of (left) —5S,_, .z interpreted as sin(25%) and (right) C,_,.z4. The —1S,_.z4 figure compares the results to the

world average for —1S,_ .z (see Sec. VID 1).

G. Time-dependent CP asymmetries
in charmless b — ggs transitions

Similarly to Eq. (148), the b — s penguin amplitude can
be written as

Ab—»s = FuVubVZs + chcbvis + FtthV;Fs

= (Fu - FC)VubVZs + (Ft - FC)thV;Fsv (150)
using the unitarity of the CKM matrix to eliminate the F,
term. In this case, the first term in the last line is O(4%)
while the second is O(4?). Therefore, in the Standard
Model, this amplitude is dominated by V,Vj,, and to
within a few degrees (|6°| = | — | < 2° for =~ 20°)

the time-dependent parameters can be written as”’
Shoqgs & =1 Sin(2p), Cp_ g, = 0, assuming b — s penguin
contributions only (¢ = u, d, s).

Due to the suppression of the Standard Model amplitude,
contributions of additional diagrams from physics beyond
the Standard Model, with heavy virtual particles in the
penguin loops, may have observable effects. In general,
these contributions will affect the values of S;_ 5, and

“"The presence of a small (O(4?)) weak phase in the dominant
amplitude of the s penguin decays introduces a phase shift given
by Sy_4qs = —# sin(2f)(1 + A). Using the CKMfitter results for
the Wolfenstein parameters [242], one finds A ~0.033, which
corresponds to a shift of 24 of +2.1°. Nonperturbative contri-
butions can alter this result.
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FIG. 20. Compilation of constraints in the —nS,_ z4, inter-
preted as sin(26°), vs C,_.z¢ plane. The contours at
sin(2p°)2 + C2_ .., = 1 represents the physical boundary for
the parameters.

Cpggs- A discrepancy between the values of S;,_, .z, and
Sp—qgs can therefore provide a solid indication of non-
Standard Model physics [341,357-359].

However, there is an additional consideration to take
into account. The above argument assumes that only the
b — s penguin contributes to the b — ggs transition. For
q = s this is a good assumption, which neglects only
rescattering effects. However, for ¢ = u there is a color-
suppressed b — u tree diagram (of order O(4*)), which
has a different weak (and possibly strong) phase. In the
case g = d, any light neutral meson that is formed from
dd also has a uit component, and so again there is
“tree pollution.” The B° decays to z°K$, p°K$ and wK?
belong to this category. The mesons ¢, f, and 5 are
expected to have predominant s5 composition, which
reduces the relative size of the possible tree pollution.
If the inclusive decay B — K*K~K° (excluding ¢K°) is
dominated by a nonresonant three-body transition, an
Okubo-Zweig-lizuka-suppressed [360-362] tree-level
diagram can occur through insertion of an s5 pair.
The corresponding penguin-type transition proceeds via
insertion of a uii pair, which is expected to be favored over
the ss5 insertion by fragmentation models. Neglecting
rescattering, the final state K°K°K° (reconstructed as
KIK9KY) has no tree pollution [363]. Various estimates,
using different theoretical approaches, of the values of

AS = Sj_ 455 — Sp—ces €xist in the literature [364-377]. In
general, there is agreement that the modes ¢K°, #K° and
K°KK" are the cleanest, with values of |AS] at or below
the few percent level, with AS usually predicted to be
positive. Nonetheless, the uncertainty is sufficient that
interpretation is given here in terms of sin(24°").

1. Time-dependent CP asymmetries:
b — qgs decays to CP eigenstates

The averages for —1S;_,,z, and Cj_, 45, can be found
in Tables 36 and 37, and are shown in Figs. 21, 22 and 23.
Results from both BABAR and Belle are averaged for the
modes 7/ K° (K° indicates that both K and K9 are used)
KOKOKY, n°K9 and wK9.”® Results on ¢k and KT KK
(implicitly excluding ¢Kg and foK9) are taken from
time-dependent Dalitz plot analyses of K+K‘Kg; results
on p°KY, f2KY, fxKY and 72~ K nonresonant are taken
from time-dependent Dalitz-plot analyses of z*z~ K9
(see Sec. VIG2).”” The results on foK% are from
combinations of both Dalitz plot analyses. BABAR has
also presented results with the final states z°z°K?
and pKr°.

Of these final states, ¢K9, K3, 2°K%, p°KY, wK?
and foKY have CP eigenvalue n = —1, while @K,
n'KY, KSKKS, foKS, £2KS, fxKS, 2°2°KY and 7t 7z~ K
nonresonant have 7= +1. The final state K"K~ K%
(with ¢K? and foK9 implicitly excluded) is not a
CP eigenstate, but the CP content can be absorbed
in the amplitude analysis to allow the determination of
a single effective S parameter. (In earlier analyses of the
KTK~K° final state, its CP composition was deter-
mined using an isospin argument [379] and a moments
analysis [380]).

The final state ¢pK3z° is also not a CP eigenstate
but its CP-composition can be determined from an
angular analysis. Since the parameters are common to
the B° - ¢K%z° and B° —» ¢pK*z~ decays (because
only Kz resonances contribute), BABAR performed a
simultaneous analysis of the two final states [388] (see
Sec. VIG 3).

It must be noted that Q2B parameters extracted from
Dalitz-plot analyses are constrained to lie within the
physical boundary (S%,+ C%p < 1). Consequently, the
obtained uncertainties are highly non-Gaussian when
the central value is close to the boundary. This is

“*Belle [378] includes the 7°K?9 final state together with 7°KY
in order to improve the constraint on the parameter of CP
violation in decay; these events cannot be used for time-
degendent analysis.

’Throughout this section, fo = f,(980) and f, = f,(1270).
Details of the assumed lineshapes of these states, and of the f
(which is taken to have even spin), can be found in the relevant
experimental papers [261,262,265,266].
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TABLE 35. Measurements of CP violation parameters from B — J/ ng.

Experiment

Scp Ccr A8

J Ladt

LHCb [356]

3 fb! 0.491077 +0.06 —0.28 £ 0.41 £ 0.08 —0.08 £ 0.40 £ 0.08

TABLE 36. Averages of —1S;_, 5, and C_,5,. Where a third source of uncertainty is given, it is due to model
uncertainties arising in Dalitz plot analyses.

Experiment N(BB) ~NSpqgs Choggs Correlation
gbKO
BABAR  [262]  470M 0.66 +0.17 £ 0.07 0.05 +0.18 £ 0.05
Belle [261]  657TM 0.9015% —0.04 +0.20 £ 0.10 £ 0.02
Average 0.74013 0.01 £0.14 Uncorrelated averages
’,I/KO
BABAR  [381]  467TM 0.57 +0.08 £ 0.02 —0.08 £ 0.06 + 0.02 0.03
Belle [382]  772M 0.68 +0.07 £ 0.03 —0.03 £0.05 £ 0.03 0.03
Average 0.63 +0.06 -0.05 £ 0.04 0.02
Confidence level 0.53(0.60)
KSKSKS
BABAR  [383]  468M 0.941051 +0.06 —0.17 £0.18 + 0.04 0.16
Belle [384]  722M 0.71 £0.23 £0.05 —0.12£0.16 £ 0.05 e
Average 0.83 +0.17 —0.15+£0.12 0.07
Confidence level 0.76(0.30)
JIOKO
BABAR  [381]  467TM 0.55 +£0.20 £+ 0.03 0.13 +£0.13 £0.03 0.06
Belle [378]  657M 0.67 +0.31 £0.08 —0.14 £0.13 £ 0.06 -0.04
Average 0.57 £0.17 0.01 £0.10 0.02
Confidence level 0.37(0.90)
P°KS
BABAR  [265]  383M 0357030 +£0.06+0.03 —0.05+0.26+0.10 +0.03
Belle [266]  657TM  0.641070 £0.09£0.10  —0.0393} £0.11 £0.10
Average 0.54f8“21f —0.06 £0.20 Uncorrelated averages
a)Kg
BABAR  [381]  467M 0.55192% 4 0.02 —0.527922 £0.03 0.03
Belle [385]  772M 0.91 +£0.32 £ 0.05 0.36 +0.19 £ 0.05 -0.00
Average 0.71 +0.21 -0.04 +0.14 0.01
Confidence level 0.007(2.70)
foK®
BABAR  [262,265] 0.747013 0.1540.16
Belle  [261,266] 0.63108 0.134+0.17
Average 0.69f8“11§ 0.14 +0.12 Uncorrelated averages
f2K§
BABAR  [265]  383M 048 +0.52+0.06+0.10  0.28%03 4 0.08 + 0.07
FxK§
BABAR  [265]  383M 020+0.52+0.07+0.07  0.137033 +0.04 +0.09

particularly evident in the BABAR results for B — f,K°
with f, = #tx~ [265]. These results must be treated with

caution.

As explained above, each of the modes listed in
Tables 36 and 37 has potentially different subleading
contributions within the Standard Model, and thus each
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TABLE 37.  Averages of —1S;_, ;5, and Cy_, ;5 (cont.). Where a third source of uncertainty is given, it is due to

model uncertainties arising in Dalitz plot analyses.

Experiment N(BB) —1Sp—qgs Chogis Correlation

ﬂoﬂng
BABAR [386] 227M —0.72 +0.71 £ 0.08 0.23+0.52+0.13 -0.02
Belle [387] 772M 0.921857 +0.11 -0.28 +0.21 £0.04 0.00
Average 0.66 + 0.28 —0.21 +0.20 0.00
Confidence level 0.08(1.80)

¢Kgn'0
BABAR [388]  465M 0.970% —0.20 £ 0.14 £ 0.06
72~ K nonresonant

BABAR [265] 383M  0.01+0.31£0.05+0.09 0.01+0.25+0.06 + 0.05

K*K K°
BABAR [262]  470M 0.65 £ 0.12 +0.03 0.02 £ 0.09 + 0.03
Belle [261]  657M 0.761015 0.14 £0.11 + 0.08 £ 0.03
Average O.68f8_‘?3 0.06 + 0.08 Uncorrelated averages

may have a different value of —1S,,_, ,5,. Therefore, there is
no strong motivation to make a combined average over the
different modes. We refer to such an average as a “naive s-
penguin average.” It is naive not only because the theo-
retical uncertainties are neglected, but also since possible
correlations of systematic effects between different modes
are not included. In spite of these caveats, there remains
interest in the value of this quantity and therefore it is given
here: (—1S,_43,) = 0.648 4 0.038, with confidence level
0.63(0.50). This value is in agreement with the average
—1Sp—czs given in Sec. VID 1. The average for Cy_, 5 is
(Cpoggs) = —0.003 £0.029 with a confidence level
of 0.43(0.80).

From Table 36 it may be noted that the averages for
—1Sp—qzs 0 PKG, NK°, foKY and KTK~KY are all now
more than 5S¢ away from zero, so that CP violation in these
modes can be considered well established. There is no
evidence (above 2¢) for CP violation in decay in any of
these b — ggs transitions.

2. Time-dependent Dalitz plot analyses:
B > K*K~-K° and B - n*n~ K}

As mentioned in Sec. VI. B. 5 and above, both BABAR
and Belle have performed time-dependent Dalitz plot
analyses of B > KTK~K® and B’ — n"72~ K9 decays.
The results are summarized in Tables 38 and 39. Averages
for the B® — f(K% decay, which contributes to both Dalitz
plots, are shown in Fig. 24. Results are presented in terms
of the effective weak phase (from mixing and decay)
difference f° and the parameter of CP violation in decay
A (A = —C) for each of the resonant contributions. Note
that Dalitz-plot analyses, including all those included in
these averages, often suffer from ambiguous solutions—we
quote the results corresponding to those presented as

“solution 17 in all cases. Results on flavor-specific ampli-
tudes that may contribute to these Dalitz plots (such as
K**z™) are given in Sec. IX.

For the B® - K*K~K° decay, both BABAR and Belle
measure the CP violation parameters for the pK°, f,K° and
“other K™K~ K%’ amplitudes, where the latter includes
all remaining resonant and nonresonant contributions to
the charmless three-body decay. For the B® — ztz~ K%
decay, BABAR reports CP violation parameters for all of
the CP eigenstate components in the Dalitz plot model
(0°KY, foKS, f2KY, fxK$ and nonresonant decays; see
Sec. VI. B. 5), while Belle reports the CP violation param-
eters for only the pOKg and fOKg amplitudes, although the
Dalitz-plot models used by the two collaborations are rather
similar.

3. Time-dependent analyses of B® — ¢pK>n°

The final state in the decay B’ — ¢K9z is a mixture of
CP-even and CP-odd amplitudes. However, since only
¢K*° resonant states contribute (in particular, pK*°(892),
$K;°(1430) and ¢K3°(1430) are seen), the composition
can be determined from the analysis of B — ¢K*tn~
decays, assuming only that the ratio of branching fractions
B(K* - K%7°)/B(K*® - K*z~) is the same for each
excited kaon state.

BABAR [388] has performed a simultaneous analysis
of B® - ¢K%z® and B® - $K* 7~ decays that is time-
dependent for the former mode and time-integrated for the
latter. Such an analysis allows, in principle, all parameters
of the B® — ¢K** system to be determined, including
mixing-induced CP violation effects. The latter is deter-
mined to be Aggyy = 0.28 £ 0.42 £ 0.04, where Agy is
half the weak phase difference between B® and B° decays
to the ¢K;°(1430) final state. As discussed above, this can
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FIG.21. Top: averages of (left) —1S,,_, ,,, interpreted as sin(2 °ff and (right) Cpgzs- The —nS,,_, .o figure compares the results to the
world average for —S,_ .z (see Sec. VID 1). Bottom: same, but only averages for each mode are shown. More figures are available

from the HFLAV web pages.

also be presented in terms of the Q2B parameter
sin(2681) = sin(28 + 2A¢y) = 0.9775%. The highly
asymmetric uncertainty arises due to the conversion from
the phase to the sine of the phase, and the proximity of the
physical boundary.

Similar sin(24°") parameters can be defined for each
of the helicity amplitudes for both @$K*°(892) and
$K3°(1430). However, the relative phases between these
decays are constrained due to the nature of the simulta-
neous analysis of B® — ¢K%z° and B® — ¢pK*7~, decays
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FIG.22. Averages of four b - ¢gs dominated channels, for which correlated averages are performed, in the S¢p vs. Ccp plane, where
Scp has been corrected by the CP eigenvalue to give sin(24"). Contours at S2, + C%, = 1 represent the physical boundary for the
parameters. Top left: B® — ¢K°, (top right) B® — /K, (bottom left) B® — KKK, (bottom right) B® — z°K%. More figures are

available from the HFLAV web pages.

and therefore these measurements are highly correlated.
Instead of quoting all these results, BABAR provides an
illustration of the measurements with the following
differences:

sin(2f—2A8y,) —sin(2f) =—-0.42792¢ . (151)

sin(28 — 2A¢;) — sin(28) = —0.321055.  (152)

sin(28 — 2A¢, ;) — sin(28) = —0.307533, (153)
sin(28—2A¢ ;) —sin(28—2A¢;) =0.02£0.23,  (154)

sin(2f3 — 2A8y,) — sin(28) = —0.107055,  (155)

where the first subscript indicates the helicity amplitude
and the second indicates the spin of the kaon resonance. For
the complete definitions of the Ad and A¢ parameters, refer
to the BABAR paper [388].

Parameters of CP violation in decay for each of the
contributing helicity amplitudes can also be measured.
Again, these are determined from a simultaneous fit of
B® - ¢K%7° and B® - ¢K 7~ decays, with the precision
being dominated by the statistics of the latter mode.
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the parameters.

TABLE 38.
account in the average.

Measurements of CP violation in decay, obtained from
decay-time-integrated analyses, are tabulated in Sec. IX.

4. Time-dependent CP asymmetries in B — K*K~

The decay B? — K*K~ involves a b — uiis transition,
and hence has both penguin and tree contributions. Both
mixing-induced and CP violation in decay effects may
arise, and additional input is needed to disentangle the
contributions and determine y and f¢. For example, the
observables in B® — 7tz can be related using U-spin, as
proposed in Refs. [389,390].

The observables are Scp, Ccp, and A,r. They are related
by S%, + C%p + A% = 1, but are usually treated as inde-
pendent (albeit correlated) free parameters in experimental
analyses, since this approach yields results with better
statistical behavior. Note that the untagged decay distribu-
tion, from which an “effective lifetime” can be measured,
retains sensitivity to A,r; measurements of the B? —
KTK~ effective lifetime have been made by LHCb
[83,110]. Compilations and averages of effective lifetimes
are given in Sec. V.

The observables in B — K+ K~ have been measured by
LHCDb [391,392]. The results are shown in Table 40, and
correspond to an observation of time-dependent CP vio-
lation in BY decays. Note that in Ref. [392] the results of
Ref. [391] are updated, when making a combined result, to

Results from time-dependent Dalitz plot analyses of the B® — K+K~K° decay. Correlations (not shown) are taken into

Experiment N (BB) T (¢K$)(°) A(pKY)

P (foKS)(°)

A(foKY) PUKTKKG)()  A(KTKTKY)

BABAR [262] 470M 21 +£6+2 —-0.05+0.18£0.05 18+6+4 -0.28+0.24+0.09 203 £43+1.2 —-0.02£0.09 £+ 0.03

Belle [261] 657M 322+£9.0 0.04 £0.20 31.3+9.0 —-0.30 £0.29 249+6.4 —0.14 £0.11

+2.6+14 +0.10 £ 0.02 +3.4+4.0 +0.11 £ 0.09 +2.1+£25 +0.08 £0.03
Average 24 £5 —0.01 £0.14 22+6 —-0.29 +0.20 21.6 £3.7 —0.06 £ 0.08
Confidence level 0.93(0.10)

TABLE 39. Results from time-dependent Dalitz plot analysis of the B® — "z~ K decay. Correlations (not shown) are taken into

account in the average.

Experiment  N(BB) B (KS) () A(p°KS) P (foKS) (%) A(foKS)

BABAR [265] 383M 102+89+3.0+1.9 0.05+026+0.10+0.03 36.0£9.8+£2.1+£2.1 —0.08+0.19+0.03 £0.04
Belle  [266] 657M  20.0788+£32+35 003503 £0.11£0.10 127780 £28+33 —0.06 4+ 0.17 + 0.07 + 0.09
Average 164 +638 0.06 £ 0.20 20.6 6.2 —0.07 +£0.14
Confidence level 0.39(0.90)

Experiment N(BB) B(f2K3)() A(f2K3) B(FxKS)() A(fxKS)
BABAR [265] 383M 1494179431452 —0.28%030 £0.08£0.07 58+152+2.2+2.3 —0.13533; +£0.04 £ 0.09
Experiment N(BB) p(z*2 KINR)(°) A(zT 7z~ KINR) B (1 e0K2) () Alr0K?)
BABAR [265] 383M 04+£88+19+38 -0.01+025+0.06+0.05 232+224+23+42 029704 +0.03+0.05

—0.53
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Merged b—qgs B(fKy)

2021

Merged b—qqs A p(fKy) @

" BaBar 36.0+9.8+2.1+2.1 » BaBar , , [i-0.08 +0.19 + 0.03 + 0.04
¥ PRD 80 (20G9) 112001 X PRD 80 (2009) 1120p1 & ™ [
R : +6.9 ® :
+ ' + I
Belle 12.7'22+2.8+33 Belle ,|i-0.06 +0.17 + 0.07 + 0.09
= PRD 79 (2009) Szo0f " PRD 79 (2009) 072004 i
, BaBar i , 18.0+£6.0 4.0 . BaBar -0.28 +0.24 £0.09
X PRD 85 (2012) 112010 X PRD 85 (2012) 112010 ;
X H ¢ H
Y Belle : 31.3+9.0+3.4+4.0 Y Belle 1-0.30 +0.29 + 0.11 + 0.09
PRD 82 (20%0) 073011 = ' PRD 82 (2010) 0730f11 e
Naive avérage 22.0+4.3 Naive average -0.14+0.12
b-qas Lr Ay b—qas  HrLav
30 20 10 0 10 20 30 40 5 60 -1 08 06 04 02 0 02 04 06

FIG. 24. Averages of (left) " = ¢S and (right) A¢p for the B® — f(K§ decay including measurements from Dalitz plot analyses of

both B® - KT™K~K% and B’ - n"n~K3.

account for improved knowledge of I’y and AI',. The
central value of Ar changes to —0.97 £ 0.07, which is
expected due to a shift in Iy with which it is strongly
correlated.

Interpretations of an earlier set of results [393], in terms
of constraints on y and 2/, have been separately published
by LHCb [233].

5. Time-dependent CP asymmetries in B? — ¢¢

The decay BY — ¢¢ involves a b — s5s transition, and
hence is a “pure penguin” mode (in the limit that the ¢
meson is considered a pure s§ state). Since the mixing
phase and the decay phase are expected to cancel in the
Standard Model, the phase from the interference of mixing
and decay is predicted to be ¢,(¢pp) =0 with low
uncertainty [394]. Due to the vector-vector nature of the
final state, angular analysis is needed to separate the CP-
even and CP-odd contributions. Such an analysis also
makes it possible to fit directly for ¢(pg).

A constraint on ¢,(¢p¢) has been obtained by LHCb
using 5 fb! [395]. The result is ¢,(¢p¢p) = —0.073+
0.115 4+ 0.027 rad, where the first uncertainty is statistical
and the second is systematic.

6. Time-dependent CP asymmetries in B! — K*°K*°

The decay B — K*°K*" involves a b — dds transition,
and similarly is a “pure penguin” mode. In this case, a
U-spin analysis with the B® decay mode to the same
final state can be used to make clean tests of the Standard
Model [396-398].

A significant complication arises due to the width of the
K*(892)° meson. This has been addressed by LHCb,
through a full analysis of the B — (K*z~)(K~z") decay,
using a Kz mass window from 750 to 1600 MeV/c?.
In addition to the vector K*(892) resonance, contributions
from Kz S-wave and from the tensor K3(1430) states
are included. Assuming all amplitudes have contri-
butions only from the same weak phase, a value of

TABLE 40. Results from time-dependent analysis of the B — K*K~ decay.

Experiment Sample size Scp Cep Apr

LHCb Run 1 [391] [ Ldt=3.0f"" 0.18+0.06+0.02 020+0.06=+0.02 —0.79+0.07+0.10
LHCb Run2 [392] [ Ldr=19fb~' 0.12+0.03+£001 0.16+£0.03+£0.01 —0.83+0.05=+0.09
LHCb Average [392] 0.14 +0.03 0.17 £0.03 -0.90 + 0.09
TABLE 41. Results for B® — K3K9.

Experiment N(BB) Scp Cep Correlation
BABAR [400] 350M —1.281039 1018 —0.40 + 0.41 £ 0.06 -0.32
Belle [401] 657M -0.3870%9 £ 0.09 0.38 +0.38 +0.05 0.48
Average —1.08 £0.49 —0.06 £ 0.26 0.14
Confidence level 0.29(1.10)
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FIG. 25. Averages of (left) Scp and (right) Cp for the mode B® — KgKg

¢ ((Ktz™) (K 7n")) = —=0.10+0.13 £ 0.14 rad is mea-
sured, where the first uncertainty is statistical and the
second is systematic, from a data sample of [ Ldr=
3.0 b~ [399].

H. Time-dependent CP asymmetries
in b — gqd transitions

Decays such as B —» K%KY are pure b — ¢gd penguin
transitions. As shown in Eq. (148), this diagram has
different contributing weak phases, and therefore the
observables are sensitive to their difference (which can
be chosen to be either § or y). Note that if the contribution
with the top quark in the loop dominates, the weak phase
from the decay amplitudes should cancel that from mixing,
so that no CP violation (neither mixing-induced nor in
decay) occurs. Nonzero contributions from loops with
intermediate up and charm quarks can result in both types
of effect (as usual, a strong phase difference is required for
CP violation in decay to occur).

Both BABAR [400] and Belle [401] have performed
time-dependent analyses of B% — K9K9 decays. The
results are given in Table 41 and shown in Fig. 25.

I. Time-dependent asymmetries in b — sy transitions

The radiative decays b — sy produce photons that
are highly polarized in the Standard Model. The decays
B’ —» Fy and B — Fy, where F is a strange hadronic
system, produce photons with opposite helicities, and since
the polarization is, in principle, observable, these final
states cannot interfere. The finite mass of the s quark
introduces small corrections to the limit of maximum
polarization, but any large mixing-induced CP violation
would be a signal for new physics. Since a single weak
phase dominates the b — sy transition in the Standard
Model, the cosine term is also expected to be small.

Atwood et al. [291] have shown that an inclusive
analysis of Kgﬂ,'o]/ can be performed, since the properties
of the decay amplitudes are independent of the angular
momentum of the Kz° system. However, if nondipole

operators contribute significantly to the amplitudes, then
the Standard Model mixing-induced CP violation could be
larger than the naive expectation S ~ —2(m,/m,) sin (2/3)
[292,293]. In this case, the CP parameters may vary over
the ngzoy Dalitz plot, for example, as a function of the
K97° invariant mass.

With the above in mind, we quote two averages: one
for the final state K*(892)y only, and one for the
inclusive K9z final state (including K*(892)y). If
the Standard Model dipole operator is dominant, both
should give the same CP-violation parameters (the latter,
naturally, with smaller statistical uncertainties). If not,
care needs to be taken in interpretation of the inclusive
parameters, while the results on the K*(892) resonance
remain relatively clean. Results from BABAR and Belle
are used for both averages; both experiments use the
invariant-mass range 0.60 < Mo < 1.80 GeV/ c? in the
inclusive analysis.

In addition to the K97y decay, both BABAR and Belle
have presented results using the Kgpy mode, while BABAR
(Belle) has in addition presented results using the Kgny
(Kgqby) channel. For the Kgpy case, due to the non-
negligible width of the p° meson, decays selected as
B® — K$p°y can include a significant contribution from
K**7¥y decays, which are flavor-specific and do not have
the same oscillation phenomenology. Both BABAR and
Belle measure S, for all B decay candidates with the p°
selection being 0.6 < m(z*z~) < 0.9 GeV/c?, obtaining
0.14 £ 025709 (BABAR) and 0.09 & 0.277097 (Belle).
These values are then corrected for a “dilution factor”
[402], that is evaluated with different methods in the two
experiments: BABAR [403,404] obtains a dilution factor of
—0.78101, while Belle [405] obtains +0.8310,3. Until the
discrepancy between these values is understood, the aver-
age of the results should be treated with caution.

The results are given in Table 42, and shown in Figs. 26
and 27. No significant CP violation is seen; the results are
consistent with the Standard Model and with other mea-
surements in the b — sy system (see Sec. 1X).

052008-68



AVERAGES OF b-HADRON, ¢-HADRON, AND z- ...

PHYS. REV. D 107, 052008 (2023)

TABLE 42. Averages for b — sy modes.

Experiment N(BB) Scp(b — sy) Cep(b — sy) Correlation
K*(892)y
BABAR [406] 467M —0.03 +£0.29 £0.03 —0.14 £ 0.16 £0.03 0.05
Belle [407] 535M ~0.32233¢ +0.05 0.20 £ 0.24 £ 0.05 0.08
Average —-0.16 £ 0.22 —-0.04 +0.14 0.06
Confidence level 0.40(0.90)
K97 (including K*(892)y)
BABAR [406] 467TM —0.17 £0.26 +0.03 —0.19 £0.14 +0.03 0.04
Belle [407] 535M —0.10 £ 0.31 +0.07 0.20 £ 0.20 +0.06 0.08
Average —0.15+£0.20 -0.07 £0.12 0.05
Confidence level 0.30(1.00)
K$ny
BABAR [408] 465M —0.18104¢ £0.12 —0.321045 +0.07 -0.17
Belle [409] T712M —-1.32+0.77 £ 0.36 0.48 £0.41 £ 0.07 -0.15
Average —0.49 +0.42 0.06 £+ 0.29 -0.15
Confidence level 0.24(1.20)
K$p'y
BABAR [404] 471M -0.18 £0.32702¢ —0.39 + 0.20735 -0.09
Belle [405] 657M 0.11 £0.3350% —0.05 +0.18 + 0.06 0.04
Average —-0.06 +0.23 -0.22 £0.14 —-0.02
Confidence level 0.38(0.90)
Koy
0.72+0.10 0.10
Belle [410] 772M 0.747072+0.10 —0.35 + 0.58701¢ -
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FIG. 26. Averages of (left) S,_, and (right) C;_,,,. Recall that the data for K*y is a subset of that for K92%.
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FIG. 27. Averages of four b — sy dominated channels in the S¢p vs Ccp plane. Contours at Sz, + C%p = 1 represent the physical
boundary for the parameters. (Top left) B° — K*y, (top right) B® — Kgnoy (including K*y), (bottom left) B® — K(S)m/, (bottom right)

B® > K9p%y.

J. Time-dependent asymmetries in B decays mediated
by b — sy transitions

A similar analysis can be performed for radiative BY
decays to, for example, the ¢y final state. As for other
observables determined with self-conjugate final states
produced in BY decays the effective lifetime, or equiva-
lently the parameter AT also provides sensitivity to the

underlying amplitudes. The LHCb collaboration has deter-
mined the relevant parameters in BY — ¢y decays [411] as
shown in Table 43.

K. Time-dependent asymmetries in b — dy transitions

The formalism for the radiative decays b — dy is much
the same as that for b — sy discussed above. In the limit

TABLE 43. Results from time-dependent analysis of the B — ¢y decay.
Experiment Sample size Scp Cep AAT
LHCb [411] J L£dt=3.0fb! 0.43+0.30£0.11 0.11+0.29 £0.11 -0.671037 £0.17
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TABLE 44. Averages for B — p¥y.

Experiment

N(BB) Scp

Cep Correlation

Belle [412] 657M

—0.83 £0.65 +£0.18

0.44 +£0.49 £0.14 —0.08

that the top quark contribution dominates the loop ampli-
tude, the weak phase in decay should cancel with that from
mixing making the mixing-induced CP violation parameter
Sp—a, very small. Corrections due to the finite light-quark
mass are smaller compared to b — sy, since m,; < m,, but
QCD corrections of O(Aqgcp/my),) may be sizable [292].
Significantly nonzero values of §,_, 4 and C,_,,, can also
arise if the up and charm quark contributions to the loop
amplitude are not negligible.

Results using the mode B? — p% are available from
Belle and are given in Table 44.

L. Time-dependent CP asymmetries
in b — uid transitions

The b — uiid transition can be mediated by either a
b — u tree amplitude or a b — d penguin amplitude. These
transitions can be investigated using the time dependence
of BY decays to final states containing light mesons. Results
are available from both BABAR and Belle for the CP
eigenstate (n = +1) #7z~ final state and for the vector-
vector final state p™p~, which is found to be dominated by
the CP-even longitudinally polarized component (BABAR
measures flone = 0.992 £ 0.024700% [413], and Belle
measures fion, = 0.988 +0.012 £ 0.023 [414]). BABAR
has also performed a time-dependent analysis of the vector-
vector final state p°p° [415], in which fi,, = 0.70 &+
0.14 & 0.05 is determined; Belle measures a smaller
branching fraction than BABAR for B® — p°p° [416] with
corresponding signal yields too small to perform a time-
dependent analysis, and finds fion, = 0.2170% 4+ 0.13 for
the longitudinal polarization. LHCb has measured the
branching fraction and longitudinal polarization for
B — p%°, and for the latter finds fio,e = 0.74570058 +
0.034 [417], but has not yet performed a time-dependent
analysis of this decay. The Belle measurement for
Siong 18 thus in some tension with the other results. Both
BABAR and Belle have furthermore performed time-
dependent analyses of the B’ — afz* decay [418,419];
BABAR in addition has reported further experimental input
for the extraction of a from this channel in a later
publication [420].

Results and averages of time-dependent CP violation
parameters in b — uiid transitions are listed in Table 45.
The averages for 7z~ are shown in Fig. 28, and those for
ptp~ are shown in Fig. 29, with the averages in the S¢p vs.
Ccp plane shown in Fig. 30, and averages of CP violation
parameters in B® — afz* decay shown in Fig. 31.

If the penguin contribution is negligible, the time-
dependent parameters for B® — ztz~ and B° — ptp~
are given by S,_ ¢ = nsin(2a) and C,_, 54 = 0. In the
presence of the penguin contribution, CP violation in decay
may arise, and there is no straightforward interpretation of
Sp—uia and Cp_, ,zq- An isospin analysis [423] can be used
to disentangle the contributions and extract a, as discussed
further in Sec. VIL 1.

For the non-CP eigenstate p* ¥, both BABAR [272] and
Belle [274,275] have performed time-dependent Dalitz-plot
analyses of the ztz~ 2" final state [270]; such analyses
allow direct measurements of the phases. Both experiments
have measured the U and [ parameters discussed in
Sec. VI. B. 5 and defined in Table 24. We have performed
a full correlated average of these parameters, the results of
which are summarized in Fig. 32.

Both experiments have also extracted the Q2B param-
eters for the pz channels. We have performed a full
correlated average of these parameters, which is equivalent
to determining the values from the averaged U and [
parameters. The results are given in Table 46.30Averages of
the B - p°2° Q2B parameters are shown in
Figs. 33 and 34.

With the notation described in Sec. VI B [Eq. (124)], the
time-dependent parameters for the Q2B B® — p* 7™ analy-
sis are, in the limit of negligible penguin contributions,
given by

AC\ 2
. 1- (TC> sin(2a) cos(6),

AS,; =41 - (%)2 cos(2a) sin(6) (156)

and C,, = A, = 0, where § = arg(A_, A’ _) is the strong
phase difference between the p~zt and pTz~ decay
amplitudes. In the presence of penguin contributions, there
is no straightforward interpretation of the Q2B observables
in the B® —» p* 77 system in terms of CKM parameters.
However, CP violation in decay may arise, resulting in
either or both of C,, # 0 and A7, # 0. Equivalently, CP
violation in decay may be detected via a deviation from

*The B - pta¥ Q2B parameters are comparable to the
parameters used for B — afz* decays, reported in Table 45. For
the B® — afz* case there has not yet been a full amplitude
analysis of B® — 7tz 7"z~ and therefore only the Q2B param-
eters are available.
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TABLE 45. Averages for b — uitd modes.
Experiment Sample size Scp Cep Correlation

ata”
BABAR [421] N(BB) = 46TM —0.68 £0.10 £ 0.03 —0.25 £ 0.08 £ 0.02 —-0.06
Belle [422] N(BB) = 772M —0.64 £ 0.08 £0.03 —0.33 £0.06 £ 0.03 —-0.10
LHCb Run 1 [391] J £dr=3.0 fb! —0.63 £ 0.05 +£0.01 —0.34 +0.06 £+ 0.01 0.45
LHCb Run 2 [392] J Ldt=19 fb! —0.706 + 0.042 £ 0.013 —0.311 £ 0.045 £ 0.015 0.394(stat), 0.306(syst)
LHCb Average [392] -0.672 £ 0.034 —0.320 + 0.038 0.405
Average —0.666 + 0.029 —0.311 +£0.030 0.288
Confidence level 0.94(0.10)

i prp”

BABAR [413]  N(BB) =387M —0.17 £+ 0.2019 52 0.01 £0.15+0.06 —0.04
Belle [414] N(BB) = 772M —0.13 £0.15£0.05 0.00 £ 0.10 + 0.06 —-0.02
Average —0.14+0.13 0.00 + 0.09 —0.02
Confidence level 0.99(0.020)

P°p°
BABAR [415] N(BB) = 465M 03+0.7£0.2 02+0.8=+03 —-0.04
Experiment ~ N(BB) Ay Cuyr wn AC, . AS,

afn*

BABAR [418] 384M

-0.07£0.07+£0.02 -0.10£0.15£0.09 0.37+£0.21 £0.07 0.26 £0.15+0.07 —0.14 £0.21 £0.06

Belle [419] 772M -0.06 £0.05 £0.07 —0.01 £0.11 £0.09 —0.51 £0.14 £0.08 0.54 £0.11 £0.07 —0.09 +0.14 £ 0.06
Average —0.06 £ 0.06 —0.05+0.11 —0.20 £0.13 0.43 +£0.10 —0.10£0.12
Confidence level 0.03(2.10)

Experiment N(BB) Azt Al Correlation
BABAR [418] 384M 0.07 £ 0.21 £ 0.15 0.15+£0.15 £ 0.07 0.63
Belle [419] 772M —0.04 £0.26 £0.19 0.07 £ 0.08 £ 0.10 0.61
Average 0.02 £0.20 0.10£0.10 0.38

Confidence level

0.92(0.16)

zero of either of the decay-type-specific observables A/~
and A7, defined in Eq. (125). Results and averages for
these parameters are also given in Table 46. Averages of CP

violation parameters in B® — p*z* decays are shown in

vs C

Fig. 35, both in AZ, o1
AJ- space.
The averages for S,_,z0 and Cp_,zq in B® = 2771~

decays are both more than 5S¢ away from zero, suggesting

space and in A, vs

+ - + -
T T SCP 2021 T T CCP 2021

BABAR N -0.68+0.10 + 0.03 BABAR ., -0.25+0.08+0.02
PRD 87 (2013) 052009 | ' PRD 87 (2013) 052009 = '
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FIG. 28. Averages of (left) Scp and (right) C¢p for the mode B — 7277~
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FIG. 29. Averages of (left) Scp and (right) Ccp for the mode B — pTp~.

that both mixing-induced and CP violation in decay are
well established in this channel. The discrepancy between
results from BABAR and Belle that used to exist in this
channel (see, for example, Ref. [424]) is no longer
apparent, and the results from LHCb are also fully con-
sistent with other measurements. Some difference is,
however, seen between the BABAR and Belle measure-
ments in the ai z* system. The confidence level of the five-
dimensional average is 0.03, which corresponds to a 2.1¢
discrepancy. As seen in Table 45, this discrepancy is
primarily in the values of S, ,, and is not evident in the
Az vs A7 projection shown in Fig. 31. Since there is no
evidence of underestimation of uncertainties in either
analysis, we do not rescale the uncertainties of the averages.

In B® - p* 7™ decays, both experiments see an indica-
tion of CP violation in the A{, parameter (as seen in
Fig. 35). The average is more than 3¢ from zero, providing

2021
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evidence of CP violation in decay in this channel. In B —
pTp~ decays there is no evidence for CP violation, neither
mixing-induced nor in decay. The absence of evidence of
penguin contributions in this mode leads to strong con-
straints on a = ¢;,.

1. Constraints on o = ¢,

The precision of the measured CP violation parameters
in b — uiid transitions allows constraints to be set on the
UT angle a =¢,. Constraints have been obtained with
various methods:

(i) Both BABAR [421] and Belle [422] have performed

isospin analyses in the zz system. Belle excludes
23.8° < ¢h, < 66.8° at 68% CL while BABAR gives a
confidence level interpretation for a, and constrain
a € [71°,109°] at 68% CL Values in the range

+ -
p p SCP AL CCP 2021
CCP
T T T T T
BaBar
04 2 Belle |
B Average
02 r i
Y SR .
0.2 f .
0.4 | J
1 1 x 1 1
-0.4 -0.2 0 0.2 0.4 s
Contours give -2A(In L) = sz =1, corresponding to 39.3% CL for 2 dof cp

FIG.30. Averages of b — uiid dominated channels, for which correlated averages are performed, in the Scp vs Ccp plane. Contours at
S%p + C%p = 1 represent the physical boundary for the parameters. Left: B — 77z~ and (right) B® — p*p~.
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FIG.31. Averages of CP violation parameters in B — aFz¥ in

Az vs A7 space.

[23°,67°] are excluded at 90% CL In both cases,
only solutions in 0°-~180° are quoted.

(i) Both experiments have also performed isospin
analyses in the pp system. The most recent result
from BABAR is given in an update of the measure-

2021

+ -0
n nwn U parameters

ments of the BT — p*p® decay [425], and sets the
constraint a = (92.4782)°. The most recent result
from Belle is given in their paper on time-dependent
CP violation parameters in B® — p*p~ decays, and
sets the constraint ¢, = (93.7 &+ 10.6)° [414].

(iii) The time-dependent Dalitz-plot analysis of the
B » 77~ 2% decay allows a determination of «
without input from any other channels. BABAR
[273] presents a scan, but not an interval, for a,
since their studies indicate that the scan is not
statistically robust and cannot be interpreted in terms
of 1-CL. Belle [274,275] has obtained a constraint
on « using additional information from SU(2)
relations between B — px decay amplitudes, which
can be used to constrain « via an isospin pentagon
relation [426]. With this analysis, Belle obtains the
constraint ¢, = (831,3)°.

(iv) The results from BABAR on B® — afz™ [418] can
be combined with results from modes related by
flavor symmetries (a;K and K;z) [427]. This has
been done by BABAR [420], resulting in the con-
straint a = (79 +7 £ 11)°, where the first uncer-
tainty is from the analysis of B® — ain* that
obtains o, and the second is due to the constraint
on |aff —qa|. This approach gives a result with
several ambiguous solutions; only the one that is
consistent with other determinations of « and with

2021
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FIG. 32. Summary of the U and I parameters measured in the time-dependent B — 7z~ 2% Dalitz plot analysis.
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TABLE 46. Averages of quasi-two-body parameters extracted from time-dependent Dalitz plot analysis of B® — ztz~z°.

0

Experiment N(BB) A Cpr S, AC,, AS,,
BABAR [273] 47IM -0.10+£0.03+0.02 0.02+0.06£0.04 0.05+£0.08+0.03 0.23+0.06£0.05 0.05+£0.08+0.04
Belle [274,275] 449M —-0.12+£0.05+0.04 —0.13+0.09£0.05 0.06+0.13+0.05 0.36+0.10£0.05 —0.08 £0.13£0.05
Average —0.11£0.03 —0.03£0.06 0.06 £0.07 0.27+0.06 0.01 +£0.08
Confidence level 0.63(0.50)

Experiment N(BB) A A Correlation
BABAR [273] 471M -0.12+0.08004 0.0970% £0.04 0.55
Belle [274,275] 449M 0.08+0.16+0.11 0.21 £0.08 £0.04 0.47
Average —0.08 £0.08 0.13£0.05 0.37
Confidence level 0.47(0.70)

Experiment N(BB) Cop0 S 070 Correlation
BABAR [273] 471M 0.19£0.23+£0.15 —0.37+0.34£0.20 0.00
Belle [274,275] 449M 0.49+0.36+£0.28 0.17+0.57£0.35 0.08
Average 0.27+0.24 -0.23+£0.34 0.02
Confidence level 0.68(0.40)

global fits to the CKM matrix parameters is
quoted here.

(v) The CKMfitter [242] and UTFit [334] groups use the
measurements from Belle and BABAR given above
with other branching fractions and CP asymmetries
in B — 7z, zza’ and pp modes to perform isospin
analyses for each system, and to obtain combined
constraints on a.

(vi) The BABAR and Belle collaborations have combined
their results on B — 7z, nzaz’ and pp decays to
obtain [428]

as=¢, = (88£5)°. (157)

The above solution is that consistent with the

Standard Model (there exists an ambiguous solution,

shifted by 180°). The strongest constraint currently

comes from the B — pp system. The inclusion of
results from B® — aFz¥ does not significantly affect

the average.
00 @
p T S 2021

(vii) All results for a = ¢, based on isospin symmetry
have a theoretical uncertainty due to possible iso-
spin-breaking effects. This is expected to be small,
<1°[429-431], but is hard to quantify reliably and is
usually not included in the quoted uncertainty.

Note that methods based on isospin symmetry make
extensive use of measurements of branching fractions
and CP asymmetries, for which averages are reported in
Sec. IX. Note also that each method suffers from
discrete ambiguities in the solutions. The model
assumption in the B’ — 7t 72~ 2" analysis helps resolve
some of the multiple solutions, and results in a single
preferred value for a in [0,z]. All the above measure-
ments correspond to the choice that is in agreement
with the global CKM fit.

Independently from the constraints on a = ¢, obtained
by the experiments, the results summarized in Sec. VIL are
statistically combined to produce world average constraints
on a=¢,. The combination is performed with the
GAMMACOMBO framework [432] and follows a frequentist

p'n’ C @

BABAR Ll -0.37 +0.34 +0.20 BABAR N 0.19+£0.23+0.15
H * H H= * H
PRD 88 (2013) 012003 : PRD 88 (2013) 012003:
Belle K N 0.17 +0.57 £ 0.35 Belle o 0.49 +0.36 +0.28
I o) ™ H T T 1

PRL 98 (2007) 221602 PRL 98 (2007) 221602§

Average -0.23+0.34 Average 0.27 +0.24
HFLAV correlated average HFLAV correlated aver:age
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FIG. 33. Averages of (left) S,_,zs and (right) Cy_, a4 for the mode B® — p°x°.
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TABLE 47. List of measurements used in the @ combination.
Results are obtained from either time-dependent (TD) CP
asymmetries of decays to CP eigenstates or vector-vector final
states, or time-integrated CP asymmetry measurements (CP).
Results from time-dependent asymmetries in decays to self-
conjugate three-body final states (TD-Dalitz) are also used in the
form of the U and [ parameters defined in Table 24.

1 1 1 1 1

1 ; 1
-2 -08 -04 0 04 08 1.2

Contours give -2A(In L) = sz =1, corresponding to 39.3% CL for 2 dof

FIG. 34. Averages of b — uiid dominated channels, for the
mode B® — p°z° in the S¢p vs Cep plane. The contour at S%, +
CZ%p = 1 represents the physical boundary for the parameters.

procedure, similar to that used by BABAR and Belle [428],
and described in detail in Ref. [431].

The input measurements used in the combination are
those listed above and are summarized in Table 47.
Additional inputs, summarized in Table 48, for the branch-
ing fractions and (for pp) polarization fractions, for the
relevant modes and their isospin partners are taken from
Sec. IX, while the ratio of BT to B lifetimes is taken from
Sec. V. Individual measurements are used as inputs, rather

prnt ApvsC

2021

B decay Method Parameters Experiment References
BABAR [421]
B > ztz~ TD Scp> Cep Belle [422]
LHCb [392]
BABAR [421]
0 0,0
Bl —ain  CP Belle [433]
_ BABAR [413]
0 +
B"=ptpm D Scrs Cer - Beje [414]
B — p0p0 D Scp,» Ccp BABAR [415]
- . BABAR [273]
0 + 7~ 0 5
B® —» ztz=2" TD-Dalitz {U,I} Belle [274]

than the HFLAV averages, in order to facilitate cross-
checks and to ensure the most appropriate treatment of
correlations. A combination based on HFLAV averages
gives consistent results. Results on B — afz* decays are
not included, as to do so requires additional theoretical
assumptions, but as shown in Ref. [428] this does not
significantly affect the average.

The fit has a > of 16.6 with 51 observables and 24
parameters. Using the y? distribution, this corresponds to a
p-value of 94.1% (or 0.16). A coverage check with
pseudoexperiments gives a p-value of (91.9 £ 0.3)%.

-+
) p"n*DCPV A, vs A,  [EEEN

T T T

BABAR

04 Belle 4
1 B Average

C
T T T Y T T T
0.3 BABAR |
U7 Belle
BX]  Average
0.2 &
_03 [ ; |
1 1 1 1 1 1 1
-0.3 -0.2 -0A1 0 0.1 0.2 0.3

Contours give -2A(In L) = AXQ =1, corresponding to 39.3% CL for 2 dof
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-0.2

0

1
0.2
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0.4

FIG. 35. CP violation in B — p*z¥ decays. Left: A%, vs C,, space, (right) A" vs. Af- space.
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TABLE 48. List of the auxiliary inputs used in the a combi-
nation.

Particle/decay Parameters Source References
B*/B° 7(B*)/7(B%) HFLAV Sec. V
B - ntn~ BR HFLAV Sec. IX
B® — 7%72° BR HFLAV Sec. IX
B* — a2t 7° BR HFLAV Sec. IX
BY = ptp~ BR, f; HFLAV Sec. IX
BY — p0p0 BR, f; HFLAV Sec. IX
B — p*p° BR, f; HFLAV Sec. IX

TABLE 49. Averages of a = ¢, split by B meson decay mode.
Only solutions consistent with the obtained world average are
shown.

Decay mode Value
B> ax (84.81221)°
(99.613:,)°
B — pp (91.0 £5.5)°
B’ > (pn)° (534555)°

The obtained world average for the unitarity triangle
angle a = ¢, is

a= ¢, = (85.273%)°. (158)

An ambiguous solution also exists at a=¢, © a+ 7=

¢, + n. The quoted uncertainty does not include effects due

to isospin-breaking. A secondary minimum close to zero is

disfavored, as discussed in Ref. [431]. Results split by
decay mode are shown in Table 49 and Fig. 36.

M. Time-dependent CP asymmetries
in b — cud /ucd transitions

Non-CP eigenstates such as D¥z*, D*Fz* and D¥p*
can be produced in decays of BY mesons either via
Cabibbo-favored (b — ¢) or doubly Cabibbo-suppressed
(b — u) tree amplitudes. Since no penguin contribution is
possible, these modes are theoretically clean. The ratio of
the magnitudes of the suppressed and favored amplitudes,
R, is sufficiently small (predicted to be about 0.02), that
O(R?) terms can be neglected, and the sine terms give
sensitivity to the combination of UT angles 24 + y.

As described in Sec. VI. B. 6, the averages are given in
terms of the parameters a and ¢ of Eq. (129). CP violation
would appear as a # 0. Results for the D¥z* mode are
available from BABAR, Belle and LHCb, while for D*¥F 7+
BABAR and Belle have results with both full and partial
reconstruction techniques. Results are also available from
BABAR using D¥p*. These results, and their averages, are
listed in Table 50 and shown in Fig. 37. It is notable that the

11
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FIG. 36. World average of a = ¢,, in terms of 1—CL, split by
decay mode.

average value of a from D*z is more than 3¢ from zero,
providing evidence of CP violation in this channel.

For each mode, Dz, D*z and Dp, there are two
measurements (a and ¢, or ST and S™) that depend on
three unknowns (R, 6 and 2§ +y), of which two are
different for each decay mode. Therefore, there is not
enough information to solve directly for 2f+7.
Constraints can be obtained if one is willing to use
theoretical input on the values of R and/or 6. One popular
choice is the use of SU(3) symmetry to obtain R by relating
the suppressed decay mode to B decays involving D
mesons. More details can be found in Refs. [286,434-437].

N. Time-dependent CP asymmetries
in b — ciis/ucs transitions

1. Time-dependent CP asymmetries in B® — D¥Kx*

Time-dependent analyses of transitions such as B® —
D¥K9x* can be used to probe sin(2f + y) in a similar way
to that discussed above (Sec. VIM). Since the final state
contains three particles, a Dalitz-plot analysis is necessary
to maximize the sensitivity. BABAR [438] has carried out
such an analysis, finding 2/ +y = (83 & 53 £ 20)° (with
an ambiguity 28 +y <> 2 + y + &) assuming the ratio of
the b — u and b — ¢ amplitude to be constant across the
Dalitz plot at 0.3.

2. Time-dependent CP asymmetries in
B! — D7K* and similar modes

Time-dependent analysis of BY — DTK* decays can be
used to determine y —2f3, [439,440]. Compared to the
situation for B® — D™ z* decays discussed in Sec. VIM,
the larger value of the ratio R of the magnitudes of the
suppressed and favored amplitudes allows it to be deter-
mined from the data. Moreover, the nonzero value of AT
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TABLE 50. Averages for b — ciid/ucd modes.

Experiment Sample size a c Correlation
D¥n*
BABAR (full rec.) [281] N(BB) = 232M —0.010 £ 0.023 £ 0.007 —0.033 £0.042 £ 0.012
Belle (full rec.) [285] N(BB) = 386M —0.050 + 0.021 £ 0.012 0.019 £ 0.021 £ 0.012 e
LHCb [287] J L£dt =3.0 fb! —0.048 £ 0.018 £ 0.005 0.010 £ 0.009 £ 0.008 —0.46 (syst)
Average —0.038 £ 0.013 0.009 £ 0.010 —-0.05
Confidence level 0.56(0.60)
D*F gt
BABAR (full rec.) [281] N(BB) = 232M —0.040 £ 0.023 = 0.010 0.049 £ 0.042 £ 0.015
BABAR (partial rec.) [282] N(BB) = 232M —0.034 £0.014 £ 0.009 —0.019 £0.022 £ 0.013
Belle (full rec.) [285] N(BB) = 386M —0.039 £ 0.020 £ 0.013 —0.011 £0.020 £0.013
Belle (partial rec.) [284] N(BB) = 65TM —0.046 £0.013 £0.015 —0.015 £ 0.013 £0.015
Average —0.039 £ 0.010 —0.010 £ 0.013
Confidence level 0.97(0.030) 0.59(0.60)
Dipj:
BABAR (full rec.) [281] N(BB) = 232M —0.024 £ 0.031 £ 0.009 —0.098 £ 0.055 £ 0.018

allows the determination of additional terms, labeled AAT
and AT, that break ambiguities in the solutions for y — 23,.

A similar analysis can also be done with B? —
DTK*rn*n~ decays. In this case the quasi-two-body
parameters are effective parameters, integrated over the
phase space of the decay.

LHCb [289] has measured the time-dependent CP
violation parameters in BY — DFK* decays, using
3.0 fb~! of data. The results are given in Table 51, and
correspond to 3.8¢ evidence for CP violation in the
interference between mixing and BY — DFK* decays.
From these results, and the world average constraint on

2021

a parameters

2B, [441], LHCb determine y=(1281)])°, &px=
(358113)° and Rp, x = 0.3710.

LHCDb [200] has also measured the time-dependent CP
violation parameters in B? — DF¥K*z* 7z~ decays. Both
model-dependent and -independent analysis have been
performed; results for the latter are quoted in Table 51.
From these results, LHCb determine y = (44 £ 12)°.

0. Rates and asymmetries in B — D*)K*) decays

As explained in Sec. VIB 7, rates and asymmetries in
Bt — DWK®+ decays are sensitive to y, and have
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FIG. 37. Averages for b — citd/ucd modes.
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TABLE 51. Results for BY - DF¥K* and D¥K*nt 7.

Experiment AAT

J Ldr C

AAT N S

BY - DYK*

LHCb [289] 3 fb~! 0.73+0.14+0.05 0.39+0.28+0.15

031 +£028+0.15 -0.52£0.20+£0.07 —0.49 £ 0.20 £+ 0.07

B —» D¥K*ntn~
LHCb [200] 9 fb~! 0.631 4 0.096 £ 0.032 —0.334 4+ 0.232 4+ 0.097 —0.695 £ 0.215 +0.081 —0.424 & 0.135 £ 0.033 —0.463 4 0.134 & 0.031

TABLE 52. Averages from GLW analyses of b — ciis/ucs modes. The sample size is given in terms of number of BB pairs, N(BB),
for the e*e™ B factory experiments BABAR and Belle, and in terms of integrated luminosity, [* £ dt, for the hadron collider experiments

CDF and LHCb.

Sample size N(BB)

Experiment or [Ldt Acps Acp_ Reps Rep-

B* = DepK*t
BABAR [443] 467M 0.25 £ 0.06 £+ 0.02 —0.09 +0.07 £ 0.02 1.18 £0.09 + 0.05 1.07 + 0.08 £ 0.04
Belle [444] 275M 0.06 £0.14 £ 0.05 —0.12 £ 0.14 £ 0.05 1.13£0.16 = 0.08 1.17+0.14 £ 0.14
CDF [445] 1 fb~! 0.39 £0.17 £ 0.04 1.30+0.24 £ 0.12
LHCb [446] 8.7 fb! 0.136 £ 0.009 £ 0.001 x 0.950 £ 0.009 £ 0.010 .-
Average 0.139 + 0.009 —0.096 £ 0.065 0.956 +£0.013 1.087 £ 0.082
Confidence level 0.14(1.50) 0.86(0.20) 0.06(1.95) 0.65(0.50)

B* = DipK*
BABAR [447] 383M —0.11 £ 0.09 £ 0.01 0.06 +0.10 £ 0.02 1.31 £0.13 £ 0.03 1.09 £0.12 £ 0.04
Belle [444] 275M —0.20 £ 0.22 £ 0.04 0.13+0.30 £ 0.08 1.41 +£0.25 £ 0.06 1.15+0.31 £ 0.12
LHCb [446] 8.7 fb! —0.115 £ 0.019 £0.009 0.123 £0.054 £0.031 1.051 £0.022 £0.028 0.952 £ 0.062 £ 0.065
Average —0.109 £0.019 0.096 £ 0.052 1.077 £0.034 1.011 £0.071
Confidence level 0.59(0.50)

B* = DepK*t
BABAR [448] 379M 0.09 £0.13 + 0.06 -0234+0.21+0.07 2.17+0.35+0.09 1.03 £0.27 £ 0.13
LHCb KK [449] 4.8 fb! 0.06 £ 0.07 £ 0.01 e 1.22 £0.09 £ 0.01 e
LHCb zzn [449] 4.8 fb! 0.154+0.13 £ 0.02 1.08 £0.14 +0.03
LHCb average [449] 4.8 fb! 0.08 £ 0.06 £ 0.01 e 1.18 £0.08 +0.02 e
Average 0.08 £ 0.06 —0.23 +£0.22 1.22 +£0.07 1.03 £ 0.30
Confidence level 0.83(0.20) 0.02(2.30)

BT - DepKtntn™

LHCb KK [450] 3 fb~! —0.045 +0.064 £+ 0.011 1.043 £ 0.069 + 0.034
LHCb zz [450] 3 fb~! —0.054 +£0.101 +0.011 1.035 £ 0.108 £ 0.038
LHCb average [450] 3 fb! —0.048 £ 0.055 1.040 + 0.064

BY - DCPK*O
LHCb KK [451] 4.8 fb! —0.05 +£0.10 £0.01 0.92 £0.10 £ 0.02
LHCb zz [451] 4.8 fb! —0.18 £ 0.14 £ 0.01 1.32+£0.19 £ 0.03

negligible theoretical uncertainty [304]. Various methods
using different D™*) final states have been used.

1. D decays to CP eigenstates

Results are available from BABAR, Belle, CDF and
LHCb on GLW analyses in the decay mode BT — DK™,
All experiments use the CP-even D decay final states
KTK~ and nt7~; BABAR and Belle in addition use the CP-
odd decay modes K7°, K@ and K¢, though care is taken
to avoid statistical overlap with the KK+ K~ sample used
for Dalitz plot analyses (see Sec. VIO 4). BABAR and Belle

also have results in the decay mode BT — D*K™*, using
both the D* — Dz° decay, for which CP(D*) = CP(D),
and the D* — Dy decay, for which CP(D*) = —CP(D).
LHCb also has results in the Bt — D*K" decay mode,
exploiting a partial reconstruction technique in which the
7% or y produced in the D* decay is not explicitly
reconstructed. Results obtained with this technique have
significant correlations, and therefore a correlated average
is performed for the Bt — D*K™ observables. In addition,
BABAR and LHCb have results in the decay mode
Bt —» DK**, and LHCb has results in the decay mode

BT - DK*z"z~. In many cases LHCb presents results
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FIG. 38.

separately for the cases of D decay to K*K~ and z*z~ to
allow for possible effects related to D°—~D° mixing and CP
violation in charm decays [442], which, however, are
known to be small and are neglected in our averages.
These separate results are presented together with their
combination, as provided in the LHCb publications, where
possible. The results and averages are given in Table 52 and
shown in Fig. 38. LHCb has performed a GLW analysis
using the B® — DK*® decay with the CP-even D — KK~
and D — ztn~ channels, which are also included in
Table 52.

As pointed out in Refs. [307,308], a Dalitz plot analysis
of B - DK*z~ decays provides more sensitivity to
¥ = ¢ than the Q2B DK*° approach. The analysis provides
direct sensitivity to the hadronic parameters rz and Oy
associated with the B — DK*? decay amplitudes, rather
than effective hadronic parameters averaged over the K*°
selection window as in the Q2B case.

Such an analysis has been performed by LHCb. A
simultaneous fit is performed to the B? — DK*z~
Dalitz plots with the neutral D meson reconstructed in

Averages of Acp and Rcp from GLW analyses.

results in Table 53 are for the Cartesian parameters, defined
in Eq. (144) associated with the B® — DK*(892)° decay.
Note that, since the measurements use overlapping data
samples, these results cannot be combined with the LHCb
results for GLW observables in B® - DK*(892)° decays
reported in Table 52.

LHCb uses the results of the B® - DK*z~ Dalitz
analysis to obtain confidence levels for y, r5(DK*?) and
55(DK*). In addition, results are reported for the hadronic
parameters needed to relate these results to Q2B measure-
ments of B’ — DK*(892)" decays, where a selection
window of m(K*z~) within 50 MeV/c? of the pole mass
and helicity angle satisfying | cos(0x«)| > 0.4 is assumed.
These parameters are the coherence factor «, the ratio of
Q2B and amplitude level rg values, Ry = 7/ rp, and the
difference between Q2B and amplitude level 5 values,
Ady = 65 — 5. LHCD [452] obtains

x = 0095 8+0.005 +0.002

—0.010-0.045 * RB = 102:())8? + 0.06,

S +0.03
the K*n~, K*K~ and n*z~ final states. The reported Adp = 0.02%545 £0.11. (159)
TABLE 53. Results from Dalitz plot analysis of B — DK*z~ decays with D — K*K~ and 27 7".
Experiment J Ldt X, v x_ y_
LHCb [452] 3 fb~! 0.04 £0.16 £0.11 —0.47 £0.28 £0.22 —-0.02£0.13£0.14 —0.35 £0.26 £ 0.41
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TABLE 54. Averages from GLW-like analyses of b — ciis/ucs modes.

Experiment Sample size AgoLw Rycrw
D, -0 KT
LHCb [454] [ Ldt=3 ! 0.05 +£0.09 £ 0.01 0.98 £0.11 £ 0.05
BABAR [317] N(BB) = 324M —0.02 £0.15£0.03 e
Average 0.03 +0.08 0.98 +£0.12
Confidence level 0.68(0.40) e
Dy+g-o K™
LHCb [454] [ Ldt=3 ! 0.30 £0.20 £ 0.02 0.95£0.22 £0.04
Dﬂ*n’ﬂ*n’ K+
LHCb [455] [ Ldt=3 ! 0.10 £ 0.03 £ 0.02 0.97 £ 0.04 £ 0.02
D7[+ﬂ_7[+ﬂ_K*+
LHCb [449] [ Ldr =438 fb! 0.02 £0.11 £0.01 1.08 £0.13 £0.03
D g - K0
LHCb [451] [ L£dr=1.38fb~! —0.03 £0.15£0.01 1.01 £0.16 £ 0.04

2. D decays to quasi-CP eigenstates

As discussed in Sec. VIB 7, if a multibody neutral D
meson decay can be shown to be dominated by one CP
eigenstate, it can be used in a “GLW-like” (sometimes
called “quasi-GLW”) analysis [313]. The same observables
Rcp, Acp as for the GLW case are measured, but an
additional factor of (2F, — 1), where F_ is the fractional
CP-even content, enters the expressions relating these
observables to y = ¢;. The F, factors have been measured
using CLEO-c data to be F, (z*z~2%) = 0.973 £0.017,
F (KTK=7°)=0.732+0.055, F (ztz n"2")=0.737+
0.028 [453].

The GLW-like observables for BT — DK' with
D - ata 7% KtK 7 and D —» ztz 7tz have been
measured by LHCb. The A gy w observable for B* — DK™

with D — 72772~ 7° was measured in an earlier analysis by

BABAR, from which additional observables, discussed in
Sec. VI B 7 and reported in Table 58 below, were reported.
The observables for B¥ — DK** and B — DK*? with
D — ntn n" 7~ have also been measured by LHCb. The
results are given in Table 54.

3. D decays to suppressed final states

For ADS analyses, all of BABAR, Belle, CDF and LHCb
have studied the modes BT — DK™ and BT — Dx*.
BABAR has also analyzed the Bt — D*K™" mode with full
reconstruction of the D* decay, while LHCb have studied the
same BT decay with a partial reconstruction technique.
There is an effective shift of 7z in the strong phase difference
between the cases that the D* is reconstructed as Dz° and
Dy [310], therefore these modes are studied separately. In
addition, both BABAR and LHCDb have studied the BT —
DK** mode, where K** is reconstructed as Kg:ﬁ, and
LHCb has studied the BT — DK*ztz~ mode. In all the

above cases the suppressed decay D — K~z has been
used. BABAR, Belle and LHCb also have results using
BT - DK with D - K~ zt7°, while LHCDb has results
using BT — DK* with D - K~ z*ztz~. The results and
averages are given in Table 55 and shown in Fig. 39.

Similar phenomenology as for B — DK decays holds for
B — Dr decays, although in this case the interference is
between b — citd and b — ucd transitions, and the ratio of
suppressed to favored amplitudes is expected to be much
smaller, O(1%). For most D meson final states this implies
that the interference effect is too small to be of interest, but
in the case of the ADS analysis it is possible that effects due
to y may be observable. Accordingly, the experiments now
measure the corresponding observables in the Dz final
states. The results and averages are given in Table 56 and
shown in Fig. 40.

BABAR, Belle and LHCb have also presented results
from a similar analysis method with self-tagging neutral B
decays: B - DK*0 with D — K~z (all), D - K-zt 7°
(BABAR only) and D —» K-n"n"z~ (BABAR and LHCD).
All these results are obtained with the K** — K*z~ decay.
Effects due to the natural width of the K*° are handled
using the parametrization suggested by Gronau [305].

The following 95% CL limits are set by BABAR [461]:

RADS(K”) < 0.244 RADs(KﬂﬂO) < 0.181
RADs(Kﬂ'ﬂ'ﬂ') < 0391, (160)

while Belle [462] obtains
Raps(Kr) < 0.16. (161)
The results from LHCb, which are presented in terms of the

parameters R, and R_ instead of R pg and Axpg, are given
in Table 57.
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TABLE 55. Averages from ADS analyses of b — ciis/ucs modes.
Experiment Sample size N(BB) or [ Ldt Aaps Raps
DK™, D - K zn*"
BABAR [456] 467TM —0.86 & 0.4710¢ 0.011 = 0.006 = 0.002
Belle [457] 772M —0.395038 004 0.01635 504t 1o o0ra
CDF [458] 7 fb~! —0.82 £0.44 +£0.09 0.0220 £ 0.0086 £ 0.0026
LHCb [446] 8.7 tb~! —0.451 +£0.026 0.0173 £ 0.0006
Average —0.453 +0.026 0.0172 £ 0.0006
Confidence level 0.70(0.40) 0.73(0.40)
DK*, D — K-z*z°
BABAR [459] 474M - 0.0091 100052 *0o0s
Belle [460] 772M 0.41 £0.30 £ 0.05 0.0198 £ 0.0062 £ 0.0024
LHCb [454] 3 fb! -0.20£0.27 £0.03 0.0140 £ 0.0047 £+ 0.0019
Average 0.07 +£0.20 0.0148 + 0.0036
Confidence level 0.13(1.506) 0.59(0.50)
DKY, D - K ntatn
LHCb [455] 3 fb! —0.313 £ 0.102 £ 0.038 0.0140 £ 0.0015 £ 0.0006
D*K*, D* - Dn°, D - K~x*
BABAR [456] 467TM 0.77£0.35+0.12 0.018 £ 0.009 £ 0.004
LHCb [446] 8.7 fb! 0.717 £0.286 0.0118 £ 0.0034
Average 0.74+£0.23 0.0125 £ 0.0032
Confidence level 0.91(0.10) 0.55(0.60)

D*K*, D* - Dy, D - K"

BABAR [456] 467M
LHCb [446] 8.7 fb!
Average

Confidence level

0.36 + 0.947975 0.013 +0.014 + 0.008

~0.558 + 1.349 0.0163 + 0.0373
0.03 +0.81 0.0135+0.0148
0.59(0.60) 0.94(0.16)

DK*", D - K~n", K*" - Kn*

BABAR [448] 379M
LHCb [449] 4.8 fb~!
Average

Confidence level

—0.34+£ 043 +0.16
~0.81 +0.17 +0.04
~0.75+0.16
0.34(1.00)

0.066 % 0.031 £ 0.010
0.011 4 0.004 % 0.001
0.012 % 0.004
0.09(1.70)

DK**, D - K ntntn~, K** > K%x"

LHCb [449] 4.8 fp~!

-0.45+0.21£0.14 0.011 £0.005 + 0.003

DK ntn=, D - K~ nt

LHCb [450] 3 fb!

—0.32153 0.00820 3050

Combining the results and using additional input from
CLEO [463,464] a limit on the ratio between the b — u and
b — ¢ amplitudes of 75(DK*?) € [0.07,0.41] at 95% CL
limit is set by BABAR. Belle sets a limit of 73 < 0.4 at
95% CL LHCb, combining all results on B’ — DK*°
decays, obtains 7z = 0.265 4+ 0.023.

4. D decays to multiparticle self-conjugate final states
(model-dependent analysis)

For the model-dependent Dalitz plot analysis, both
BABAR and Belle have studied the modes BT — DK™,
BT - D*KT and BT — DK*'. For BT - D*K™, both
experiments have used both D* decay modes, D* — Dx°
and D* — Dy, taking the effective shift in the strong phase

difference into account.’’ In all cases the decay D —
ngﬁﬂ‘ has been used. BABAR also used the decay
D — KYK"K~. LHCD has also studied B" — DK™ decays
with D — K%z z~. BABAR has also performed an analysis
of B¥ - DK™ with D — 72772~ 2°. Results and averages

S1Belle [465] quotes separate results for BT — D*K™ with
D* = Dz° and D* — Dy. The results presented in Table 58 are
from our average, performed using the statistical correlations
provided, and neglecting all systematic correlations; model
uncertainties are not included. The first uncertainty on the given
results is combined statistical and systematic, the second is the
model error (taken from the Belle results on Bt — D*K™* with
D* — DaY%).
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FIG. 39. Averages of Raps and Axpg for B — D®K®) decays.
TABLE 56. Averages from ADS analyses of b — citd/ucd modes.
Experiment Sample size N(BB) or [ Ldt Aaps Raps
Drnt, D - K n"
BABAR [456] 467TM 0.03 +0.17 £ 0.04 0.0033 + 0.0006 + 0.0004
Belle [457] 772M -0.04 £0.115057 0.003287 0005 *o 00013
CDF [458] 7 fbo! 0.13+0.254+0.02 0.0028 + 0.0007 + 0.0004
LHCb [446] 8.7 fb! 0.129 £0.014 0.00368 £ 0.00007
Average 0.126 £0.014 0.00366 £ 0.00007
Confidence level 0.47(0.70) 0.50(0.70)
Dr*, D - K a*tz°
Belle [460] 772M 0.16 £0.270% 0.00189 + 0.00054 05502
LHCb [454] 3 fb! 0.44 +0.19 £ 0.01 0.00235 4+ 0.00049 + 0.00004
Average 0.35+0.16 0.00216 £ 0.00038
Confidence level 0.40(0.80) 0.55(0.60)
Drt,D > K ntrntn
LHCb [455] 3 bl 0.023 + 0.048 + 0.005 0.00377 4+ 0.00018 + 0.00006
D*zt, D* - Da°% D — Kzt
BABAR [456] 467TM —0.09 +0.27 £ 0.05 0.0032 + 0.0009 + 0.0008
LHCb [446] 8.7 fb~! —0.140 4+ 0.059 0.00471 £+ 0.00077
Average —0.138 +0.058 0.00427 4+ 0.00065
Confidence level 0.86(0.20) 0.29(1.10)
D*n*, D* - Dy, D - K~ n"
BABAR [456] 467TM —0.65 + 0.55 +0.22 0.0027 + 0.0014 4+ 0.0022
LHCb [446] 8.7 fb~! 0.079 £0.128 0.00420 £+ 0.00138
Average 0.046 £0.125 0.00387 +£0.00122
Confidence level 0.23(1.20) 0.61(0.50)
Dntrnta~, D - K n"
LHCb [450] 3 fb! —0.003 £+ 0.090 0.00427 4+ 0.00043
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FIG. 40. Averages of Raps and Axpg for B — D™z decays.
are given in Table 58, and shown in Figs. 41 and 42. The (1) It is assumed that effects due to differences in the D
third error on each measurement is due to D decay model decay models used by the two experiments are
uncertainty. negligible. Therefore, we do not rescale the results

The parameters measured in the analyses are explained to a common model.
in Sec. VIB7. All experiments measure the Cartesian (i) It is further assumed that the D decay model
variables, defined in Eq. (144), and perform frequentist uncertainty is 100% correlated between experi-
statistical procedures, to convert these into measurements ments. (This approximation is compromised by
of y, rz and 8z. In the BT - DK* with D — 7= 2° the fact that the BABAR results include D —
analysis, the parameters (p*, §*) are used instead. KYKTK~ decays in addition to D — K%z"z~.)

In the B" — DK** analysis both BABAR and Belle Other than the D decay model, we do not consider
experiments reconstruct K** as K9z, but the treatment of common sources of systematic uncertainty.
possible nonresonant K%z " differs: Belle assigns an addi- (ii)) We include in the average the effect of correlations
tional model uncertainty, while BABAR uses a parametri- within each experiment’s set of measurements.
zation suggested by Gronau [305] in which the parameters (iv) At present it is unclear how to assign a model
rg and Op are replaced with effective parameters x7p uncertainty to the average. We have not attempted to
and 6. In this case no attempt is made to extract the true do so. An unknown amount of model uncertainty
hadronic parameters of the B+ — DK*+ decay‘ should be added to the final uncertainty.

We perform averages using the following procedure, (v) We follow the suggestion of Gronau [305] in
which is based on a set of reasonable, though imperfect, making the DK™ averages. Explicitly, we assume
assumptions. that the selection of K*T — Kg;:* is the same across

TABLE 57. Results from ADS analysis of B® - DK*0.
Experiment Sample size R, R_
D— K "
LHCb [451] f Ldt =48 tb! 0.064 + 0.021 £ 0.002 0.095 +0.021 £ 0.003
D> Kntrnta
LHCb [451] f Ldt =438 tb! 0.074 + 0.026 £ 0.002 0.072 +0.025 £ 0.003
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FIG. 41. Contours in the (x,y.) from model-dependent analysis of B* — DWK®* D — KOh*h~ (h = x, K). Left: B¥ — DK™,
(middle) B — D*K™*, (right) Bt — DK**. Note that the uncertainties assigned to the averages given in these plots do not include

model uncertainties.

experiments (so that k, 7 and d5 are the same), and
drop the additional source of model uncertainty
assigned by Belle due to possible nonresonant
decays.

Constraints on y = 3

The measurements of (x;,y.) can be used to obtain

constraints on y = ¢, as well as the hadronic parameters rp
and 6. BABAR [466], Belle [465,468] and LHCb [467]
have all done so using a frequentist procedure, with some
differences in the details of the techniques used.

(i) BABAR obtains y = (68717 +4 +3)° from DK™,
D*K* and DK*™.

(i) Belle obtains ¢3 = (78]} £4 £9)° from DK*
and D*K™.

(iii) LHCb obtains y = (847}3)° from DK using 1 fb~!
of data (a more precise result using 9 fb~! and the
model-independent method is reported below).

(iv) The experiments also obtain values for the hadronic
parameters as detailed in Table 59.

(v) In the BABAR analysis of B¥ - DK™ with D —
ata~n% decays [317], a constraint of —30° <y <
76° is obtained at the 68% confidence level.

(vi) The results discussed here are included in the
HFLAV combination to obtain a world average
value for y = ¢3, as discussed in Sec. VIO 7.

BABAR and LHCb have performed a similar analysis

using the self-tagging neutral B decay B® — DK*? (with
K*9 — K*77). Effects due to the natural width of the K*°
are handled using the parametrization suggested by Gronau
[305]. LHCDb [469] gives results in terms of the Cartesian
parameters, as shown in Table 58. BABAR [470] presents
results only in terms of y and the hadronic parameters. The
obtained constraints are:

(i) BABAR obtains y = (162 £ 56)°;

(i) LHCb obtains y = (8073)°

(iii) Values for the hadronic parameters are given in
Table 59.

5. D decays to multiparticle self-conjugate final states
(model-independent analysis)

A model-independent approach to the analysis of Bt —
D®K* with multibody D decays was proposed by Giri,
Grossman, Soffer and Zupan [302], and further developed by
Bondar and Poluektov [314,315]. The method relies on
information on the average strong phase difference between
D? and D° decays in bins of Dalitz plot position that can
be obtained from quantum-correlated y(3770) — D°DO
events. This information is measured in the form of
parameters c; and s; that are the weighted averages of the
cosine and sine of the strong phase difference in a Dalitz plot
bin labeled by i, respectively. These quantities have been
obtained for D — Kz "z~ (and D - KYK*K~) decays by
CLEO [254,471] and BES-III [472-474].

Belle [475] and LHCb [476] have performed model-
independent BPGGSZ analyses of the Bt — DK™ decay
with subsequent D — K%z"z~ and D — KKK~ decays.
In the LHCD analysis the BT — Dz+ mode, with the same
D decays, is also fitted simultaneously. This allows for better
control of some sources of systematic uncertainty, and also
allows additional parameters, denoted x; and y, following
the proposal in Ref. [477], to be determined from the data.
Since these additional parameters do not have significant
sensitivity to y = ¢3, we do not list them here and do not
include them in our global combination. However, this
parametrization does mean that the small amount of sensi-
tivity to y from the BT — Dz modes is included in the x,
and y, observables measured in this analysis.

Both Belle [478] and LHCb [479] have also used the
model-independent Dalitz-analysis approach to study
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FIG. 42. Averages of (x4, y.) from model-dependent analyses of B¥ — DK™+ with D — KSh*h~ (h = z, K). Top left: x,, (top
right) x_, (bottom left) y, , (bottom right) y_. The top plots include constraints on x_ obtained from GLW analyses (see Sec. VIO 1).
Note that the uncertainties assigned to the averages given in these plots do not include model uncertainties.

B® - DK*(892)° decays. In both cases, the experiments
use D — K9ztz~ decays, and LHCb has also included the
D — K‘;K TK~ decay. Belle [480] have in addition carried
out a model-independent analysis of B¥ - DK, D —
KOntn~n° decays. The Cartesian variables (x.,y.),
defined in Eq. (144), were determined from the data.
Note that due to the strong statistical and systematic
correlations with the model-dependent results given in
Sec. VIO 4, these sets of results cannot be combined.

The results and averages are given in Table 60, and
shown in Fig. 43. Most results have three sets of uncer-
tainties, which are, respectively, statistical, systematic, and
the uncertainty coming from the knowledge of c¢; and s;. To
perform the average, we remove the last uncertainty. If
identical c; and s; inputs are used in different experiments,
one might expect this uncertainty to be 100% correlated
between the measurements. The size of the uncertainty
from c; and s; is, however, found to depend on the size of
the B — DK data sample, and so we assign the LHCb
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TABLE 59. Summary of constraints on hadronic parameters from model-dependent analyses of Bt — D) K+
and B — DK*Y decays. Note the alternative parametrization of the hadronic parameters used by BABAR in the

DK*" mode.
Experiment Sample size rg Op
In DK*
BABAR [466] N(BB) = 468M 0.096 =+ 0.029 = 0.005 = 0.004 (11959 £3£3)°
Belle [465] N(BB) = 65TM 0.16070930 +0.01175:9%, (13812 £4 £23)°
LHCb [467] [Ldt=1fb" 0.06 + 0.04 (11572))°
In D*K*
BABAR [466] N(BB) = 468M 0.13379042 +£0.014 + 0.003 (-82+£21£5+£3)°
Belle [465] N(BB) = 65TM 0.196 10078 +0.01210 0% (342130 £3 £23)°
Tp S5
In DK**
BABAR [466] N(BB) = 468M kP = 0.149750¢¢ + 0.026 + 0.006 (111 £32£11£3)°
Belle [468] N(BB) = 386M 0.561012 +0.04 £0.08 (243130 £3 £50)°
In DK*0
BABAR [470] N(BB) = 371M <0.55 at 95% probability (62 £57)°
LHCb [469] [ Ldt=3 ! 0.39 +£0.13 (197535)°

uncertainties (which are mostly the smaller of the Belle
and LHCb values) to the averaged result. This procedure
should be conservative. In the LHCb B - DK*(892)°
results [479], the values of ¢; and s; are constrained to their
measured values within uncertainties in the fit to data, and
hence the systematic uncertainties associated with the
knowledge of these parameters is absorbed in their stat-
istical uncertainties. The B® — DK*(892)° average is
performed neglecting the model uncertainties on the
Belle results.

Constraints on y = ¢

The measurements of (x,,y.) can be used to obtain
constraints on y, as well as the hadronic parameters rp
and 0. The experiments have done so using frequentist
procedures, with some differences in the details of the
techniques used.

(1) From B" — DK', Belle [475] obtains
b3 = (77.35155 £ 4.1 £4.3)°
(i) From B" - DK™, LHCb [476] obtains

y = (68.7737)°.

(iii) From B° — DK*(892)°, LHCb [479] obtains
y = (71 £ 20)°.

(iv) The experiments also obtain values for the hadronic
parameters as detailed in Table 62.

(v) The results discussed here are included in the
HFLAV combination to obtain a world average
value for y = ¢3, as discussed in Sec. VIO 7.

6. D decays to multiparticle nonself-conjugate final states
(model-independent analysis)

Following the original suggestion of Grossman, Ligeti and
Soffer [312], decays of D mesons to K gK * 7% can be used in

a similar approach to that discussed above to determine
y = ¢3. Since these decays are less abundant, the event
samples available to date have not been sufficient for a fine
binning of the Dalitz plots, but the analysis can be performed
using only an overall coherence factor and related strong
phase difference for the decay. These quantities have been
determined by CLEO [482] both for the full Dalitz plots and
in a restricted region =100 MeV/c? around the peak of the
K*(892)* resonance.

+
Dy K™ X, vs y, modInd @
Y,y

0.2 T T
Belle B* ‘
LHCb B*
01 F E= BelleB’ ]
' [ LHCbB
B Averages

-0.2 1 1 L
-0.2 -0.1 0 0.1 0.2
X

Contours give -2A(In L) = sz =1, corresponding to 39.3% CL for 2 dof

FIG. 43. Contours in the (x., y ) plane from model-independent
analysis of BY — DK+ with D — K3h*h™ (h = x, K).
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LHCb [481] has reported results of an analysis of
Bt - DK* and B* - Dz' decays with D - KOK*7™.
The decays with different final states of the D meson are
distinguished by the charge of the kaon from the decay of
the D meson relative to the charge of the B meson, and are
labeled “same sign” (SS) and “opposite sign” (OS). Six
observables potentially sensitive to y = ¢; are measured:
two ratios of rates for DK and Dx decays (one each for SS
and OS) and four asymmetries (for DK and Dz, SS and
0S). This is done both for K*(892)*-dominated region
(with the same boundaries as used by CLEO-c) and the
remainder of the D decay Dalitz plot. The results, shown in
Table 61, do not yet have sufficient precision to set
significant constraints on y = ¢»; independently of other
results.

7. Combinations of results on rates and asymmetries in
B — DYK"™ decays to obtain constraints on y = ¢

BABAR and LHCb have both produced constraints on
¥ = ¢3 from combinations of their results on BT — DK™
and related processes. The experiments use a frequentist
procedure, with some differences in the details of the
techniques used.

(i) BABAR [483] uses results from DK, D*K and DK*
modes with GLW, ADS and BPGGSZ analyses, to
obtain y = (691]7)°.

(i) LHCb [484,485] uses results from the DK mode
with GLW, GLW-like, ADS, BPGGSZ (K%h*h™)
and GLS (K$K*7¥) analyses, as well as DK*? with
GLW, ADS and BPGGSZ analyses, DKz~ 7" with
GLW and ADS analyses and B - D¥K*(z" ")
decays. The LHCb combination also includes inputs
from BT — Dxz" decays. The LHCb combination
takes into account subleading effects due to charm
mixing [442], which are important for hadron
collider experiments since selection requirements
result in the acceptance varying with D decay time.
The result is y = (65.4738)°.

(iii) All of the combinations use inputs determined from
w(3770) - D°D° data samples (and/or from the
HFLAV global fits on charm mixing parameters; see
Sec. X A) to constrain the hadronic parameters in the
charm system. The LHCb combination simultane-
ously fits charm mixing data in order to obtain the
best constraint on J,, thereby improving knowl-
edge on both charm mixing parameters and y.

(iv) Constraints are also obtained on the hadronic
parameters involved in the decays. A summary of
these is given in Table 63.

(v) The CKMfitter [242] and UTFit [334] groups
perform similar combinations of all available results
to obtain combined constraints on y = ¢5.

Independently from the constraints on y = ¢); obtained
by the experiments, the results summarized in Sec. VI O are

statistically combined to produce world average constraints
on y=¢; and the hadronic parameters involved. The
combination is performed with the GAMMACOMBO frame-
work [432] and follows a frequentist procedure, identical to
that used in Ref. [486].

The input measurements used in the combination are
listed in Table 64. Individual measurements are used as
inputs, rather than the averages presented in Sec. VIO, in
order to facilitate cross-checks and to ensure the most
appropriate treatment of correlations. A combination based
on our averages for each of the quantities measured by
experiments gives consistent results.

All results from GLW and GLW-like analyses of BT —
D K+ modes, as listed in Tables 52 and 54, are used.
All results from ADS analyses of Bt — DWK®+ ag
listed in Table 55 are also used. Regarding B® — DK*0
decays, the results of the LHCb GLW/ADS analysis
of B - DK*® (Tables 52 and 57) are included.
Concerning results of BPGGSZ analyses of Bt —
DWK®* with D — K9hth™, the model-dependent
results, as listed in Table 58, are used for the BABAR
and Belle experiments, while the model-independent
results, as listed in Table 60, are used for LHCb. This
choice is made in order to maintain consistency of the
approach across experiments while maximizing the size
of the samples used to obtain inputs for the combination.
For BPGGSZ analyses of B* — DK*® with D - K%h"h~,
the model-independent result from LHCb (given in
Table 60) is used for consistency with the treatment
of the LHCb BT - DK™ BPGGSZ result; the model-
independent result by Belle is also included. The result of
the GLS analysis of B* — DK* with D — K**K¥ from
LHCb (Table 61) are used. Finally, results from the time-
dependent analyses of B - D¥K* and BY - D¥K*ntn~
from LHCDb (Table 51) are used.

Several results with sensitivity to y are not included in
the combination. Results from time-dependent analyses
of B® - DW¥z% and DFp* (Table 50) are not used,
as there are insufficient constraints on the associated
hadronic parameters. Similarly, results from B? —
D¥K9x* (Sec. VIN1) are not used. Results from the
LHCb B° - DK* 7z~ GLW-Dalitz analysis (Table 53) are
not used because of the statistical overlap with the GLW
DK*" analysis, which is used instead. Limits on ADS
parameters reported in Sec. VI O 3 are not used. Results on
BT - Dr" decays, given in Table 56, are not used, since
the small value of rz(Dzt) means that these channels have
less sensitivity to y and are more vulnerable to biases from
subleading effects [487]. Results from the BABAR Dalitz
plot analysis of Bt — DK™ with D — ztz~z" (given in
Table 58) are not included due to their limited sensitivity.
Results from the BT — DK', D — K%z"z~ BPGGSZ
model-dependent analysis by LHCb (given in Table 58),
and of the model-independent analysis of the same decay
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TABLE 62. Summary of constraints on hadronic parameters from model-independent analyses of Bt — DK™
and B > DK**, D — KSh*h™ (h = n, K) decays.

Experiment Sample size rg(DK™) 5g(DK™)

Belle [475] N(BB) = 772M 0.145 £0.030 + 0.010 £ 0.011 (1299 £ 15.0 £ 3.8 £4.7)°

LHCb [476] [ Ldt=9 ! 0.0904705071 (118.3137)°
F5(DK*) o5(DK*?)

Belle [478] N(BB) = 772M <0.87 at 68% confidence level

LHCb [479] [ Ldt=3 fb! 0.56 +0.17 (20473))°

TABLE 63. Summary of constraints on hadronic parameters obtained from global combinations of results in
BT —» DWK®+ and B® - DK*0 decays. Results for parameters associated with the other decay modes discussed
in this section are less precise and are not included in this summary.

Experiment rg(DK™) S3(DK™) rg(D*KT) Sz(D*K™)
BABAR [483] 0.09210:013 (10519)° 0.106150:2 (294721)°
LHCb [484,485] 0.0984 105027 (127.6739)° 0.09975:018 (3101)3)°
TABLE 64. List of measurements used in the y combination.
B decay D decay Method Experiment References
BT —» DK+ D— KYK~, D —» ntn, GLW BABAR [443]

D — K%2°, D - Ko, D — K%
BT —» DK+ D— KYK~, D = ntn, GLW Belle [444]

D - K% D - Kjw, D — K¢
BT —» DK+ D — KtK~, D - ntn~ GLW CDF [445]
BT > DK+ D—K'K,D—natn GLW LHCb [446]
Bt - D*K* D — KtK~, D - ntn, GLW BABAR [447]
D* — Dy(=°) D — K$2° D - K0, D > K¢
BT - D*K* D—-K'K~,D—zatn, GLW Belle [444]
D* — Dy(z°) D — K%2°, D - Ko, D — K¢
Bt - D*K* D— K*K~, D - ntn~ GLW LHCb [446]
D* — Dy(z°)
BT - DK*t D - KtK~, D - ntn, GLW BABAR [448]

D - K% D - K%w, D - K%¢
BT - DK** D—K'K~,D—zntn GLW LHCb [449]
BT - DK*nta~ D— KtK~, D — nta~ GLW LHCb [450]
BY - DK*0 D— K'K-,D— rntn GLW LHCb [451]
BT —» DK+ D - ataa° GLW-like BABAR [317]
Bt - DK™ D — KK~ 7% D - ntnn° GLW-like LHCb [454]
BT —» DK+ D= ataata GLW-like LHCb [455]
BT - DK*t D= ataata GLW-like LHCb [449]
BT —» DK+ D — K*n™ ADS BABAR [456]
BT > DK+ D - K*n¥ ADS Belle [457]
BT — DK+ D — K*n* ADS CDF [458]
BT > DK+ D — K*7* ADS LHCb [446]
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TABLE 64. (Continued)

B decay D decay Method Experiment References
Bt - DK™ D - K*7*7° ADS BABAR [459]
Bt - DK™ D - K*z¥ 70 ADS Belle [460]
Bt > DK™ D — K*z¥7° ADS LHCb [454]
Bt - DK* D - K¥n¥ntn ADS LHCb [455]
Bt - D*K* D — Kin* ADS BABAR [456]
D* — Dy(a°)

Bt - D*K* D — Kig* ADS LHCb [446]
D* — Dy(z°)

Bt - DK*t D - K*n¥ ADS BABAR [448]
Bt > DK*t+ D — Kin* ADS LHCb [449]
Bt - DK*t+ D - K*n¥ntn ADS LHCb [449]
B® - DK*0 D — K*n+ ADS LHCb [451]
B® - DK*0 D — K*n¥rgtn ADS LHCb [451]
Bt - DK*rntn~ D — K*n* ADS LHCb [450]
Bt — DK™ D — K%ntn~ BPGGSZ MD BABAR [466]
Bt - DK™* D — Kg7l'+77:_ BPGGSZ MD Belle [465]
Bt —» DK* D — K%ntn~, D — KYKTK- BPGGSZ MI LHCb [476]
Bt —» D*K* D — K%ntn~ BPGGSZ MD BABAR [466]
D* = Dy()

Bt - D*K* D — Kyntn~ BPGGSZ MD Belle [465]
D* — Dy(z°)

BT — DK** D — K%ntn~ BPGGSZ MD BABAR [466]
Bt - DK*+ D — K%ntn~ BPGGSZ MD Belle [468]
BY —» DK*0 D — K%ntn~ BPGGSZ MI Belle [478]
B® - DK*0 D — K%n*n~, D — KYKTK- BPGGSZ MI LHCb [479]
Bt —» DK* D — KYK*n* GLS LHCb [481]
BY —» DTK* D} = hth zt TD LHCb [289]
BY » D¥K*ntn~ D} - hth =zt TD LHCb [200]

by Belle (given in Table 60) are not included due to the
statistical overlap with results from model-(in)dependent
analyses of the same data.

Auxiliary inputs are used in the combination in order
to constrain the D system parameters and subsequently
improve the determination of y = ¢);. These include the
ratio of suppressed to favored decay amplitudes and the
strong phase difference for D — K*z* decays, taken
from the charm global fits (see Sec. X). The amplitude
ratios, strong phase differences and coherence factors
of D — K*7%2% D — K*z*z*z~ and D — K)K*z*
decays are taken from a combination of BES-III, CLEO-
¢ and LHCb measurements [482,488-491]. The fraction of
CP-even content for the GLW-like D — z*n~ntn~, D —
K*K~7% and D — nt 7~ 2° decays are taken from CLEO-c
measurements [453]. Finally, the value of —2p4; is taken
from the HFLAV averages (see Sec. V); this is required to

obtain sensitivity to y =¢; from the time-dependent
analysis of BY — DFK*(z*z~) decays. A summary of
the auxiliary constraints is given in Table 65.

The following reasonable, although imperfect, assump-

tions are made when performing the averages.

(i) CP violationin D - K*K~ and D — ztzn~ decays
is assumed to be zero. The results of Sec. X anyhow
suggest such effects to be negligible.

(i) The combination is potentially sensitive to sublead-
ing effects from D-D° mixing [442,492,493]
which are not accounted for. The effect is expected
to be small given that rz > 0.1 (for all modes)
while rp ~ 0.05.

(iii) All BT - DK** modes are treated as two-body
decays. In other words any dilution caused by non-
K** contributions in the selected regions of the
DK%zt or DK*z° Dalitz plots is assumed to be
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TABLE 65. List of the auxiliary inputs used in the combinations.
Decay Parameters Source Ref.
D — K*#* K, K7 HFLAV Sec. X
D — K*n ntn~ 5837y K3n, pK3m BESIII + CLEO + LHCb [488]
DEC AN aF AF & F (ztnrntz™) CLEO [453]
D — K*z*a° oK kK, pKom BESIII + CLEO + LHCb [489]
D - hth=a° F(zta 2%, F (K*K=7°) CLEO [453]
D — KYK*7* SRR (Rska sk CLEO [482]
raskr LHCb [490]
B® - DK*0 kDK LHCb [452]
BY - DTK* Py HFLAV Sec. V

negligible. As a check of this assumption, it was found
that including a coherence factor for B — DK**
modes, kz(DK*t) = 0.9, had negligible impact on
the results.

(iv) Each individual set of input measurements listed in
Table 38 is assumed to be completely uncorrelated,
although correlations between observables in a
set are used if provided by the experiment. While
this assumption is true for the statistical uncertain-
ties, it is not necessarily the case for systematic
uncertainties. In particular, the model uncertainties

TABLE 66. Averages values obtained for the hadronic param-
eters in B — DMK decays.

Parameter Value
rg(DK™) 0.0996 + 0.0026
rg(D*K™) 0.104f8:8112
rg(DK*Y) 0.101f8:83176
rp(DK™) 0.257+002]
6p(DK™) (128.0738)°
5p(D*K™") (314.9f17(‘)§0)°
5p(DK™) (49+61)°
35(DK™") (19453)°

TABLE 67. Averages of y=¢; split by B meson decay
mode.

Decay mode Value
BT - DK™ (64'0_—'—3.'(1))0
BT > D*K* (67133)°
Bt —» DK** (45117)°
B® —» DK (81.475¢)°
BY — DIK* (130157)°
BY —» DiK*n*n~ (45139)°

for different model-dependent BPGGSZ analyses
are fully correlated (when the same model is used).
Similarly, the model-independent BPGGSZ analyses
have correlated systematic uncertainties originating
from the measurement of the strong phase variation
across the Dalitz plot. The effect of including these
correlations is estimated to be <1°.

In total, there are 154 observables and 35 free param-
eters. The combination has a y? value of 122.3, which
corresponds to a global p-value of 0.398 (or 0.80). A
coverage check with pseudoexperiments gives a p-value
of (36.8+0.5)%. The obtained world average for the
unitarity triangle angle y = ¢ is

Y=y = (66.2133)°. (162)
An ambiguous solution aty = ¢p; — y = ¢h3 + 7 also exists.
The results for the hadronic parameters are listed in
Table 66. Results for input analyses split by B meson
decay mode are shown in Table 67 and Fig. 44. Results for
input analyses split by the method are shown in Table 68
and Fig. 45. Results for the hadronic ratios, rp, are shown

T T
HFLAV
2021
B»DK"
[ B>D,K 7*n
2 B'>D'k*
) B'>D"K*
T B'—>DK™
[ B'—=DK*
[ Combined

T

0.8

0.6

04 68.3%

0.2

1-CL
LI L - L ) L B

‘b 95 4%
IR Db . |
50 100 150 200
v [°]

FIG. 44. World average of y = ¢3, in terms of 1—CL, split by
decay mode.
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TABLE 68. Averages of y = ¢; split by method. For GLW
method only the solution nearest the combined average is shown.
Method Value
GLW (74.0137%)°
ADS (71133)°
BPGGSZ (68.8170)°

in Fig. 46. A demonstration of how the various analyses
contribute to the combination is shown in Fig. 47. There are
two overlapping solutions for the BT — DK** modes
which is why their uncertainties are so asymmetric. It
should be noted that the global combination for y has
moved substantially since the previous combination [1],
which found y = (71.17¢%)°. This is mainly driven by
updates of LHCb measurements to the full 9 fb~! dataset of
BT — DK decays with GLW/ADS and BPGGSZ analy-
ses which have both moved to lower values of y and are
now in very close agreement. The changes and consistency
of these measurements can be seen by inspecting the
two-dimensional confidence interval contours shown in
Fig. 47. While the change in central value to y alone looks
substantial, a proper comparison should be made in the
multidimensional space including the relevant rz and op
parameters as well, which suggests a much better compat-
ibility between the current and previous combinations.

P. Summary of the constraints on the angles
of the unitarity triangle

World averages for the angles of the unitarity triangle
P=¢;, a=¢, and y=¢; are given in Sec. VID2,
Sec. VIL 1 and Sec. VI O 7, respectively. These constraints
are summarized in Fig. 48 in terms of the CKM parameters
p and 7 defined in Eq. (92) using the relations, tany = 7/p,

08
206
N L
04 F
02F
i 1 95.4%
0 A S SN N N
0 100 150
v [°]
FIG. 45. World average of y = ¢3, in terms of 1—CL, split by

analysis method.
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FIG. 46. World averages for the hadronic parameters rp in the
different decay modes, in terms of 1—CL.

tan =7/(1 - p), a=tan"' (p/ij) +tan'((1-p)/7). The
overlap of the constraints demonstrates agreement with the
unitarity of the CKM matrix as predicted in the Standard
Model. The obtained values of p and # from this angles
only combination are
p =0.140 £ 0.018,

7=0353+£0012, (163)

with a correlation of —0.287.

VII. SEMILEPTONIC b HADRON DECAYS

In this section we present averages for semileptonic b
hadron decays, i.e. decays of the type B — X¢v,, where X
refers to one or more hadrons, ¢ to a charged lepton and v,
to its associated neutrino. Unless otherwise stated, # stands
for an electron or a muon, lepton universality is assumed,
and both charge conjugate states are combined. Some
averages assume isospin symmetry which is explicitly
mentioned at every instance.

Averages are presented separately for CKM favored
b — ¢ quark transitions and CKM suppressed b — u
transitions. We further distinguish exclusive decays involv-
ing a specific meson (X = D, D*, z, p, ...) from inclusive
decay modes, i.e. the sum over all possible hadronic states.
Semileptonic decays proceed via first order weak inter-
actions and are well described in the framework of the SM.
Their decay rates are sensitive to the magnitude squared of
the CKM elements V., and V,,, the determination of
which is one of the primary goals for the study of these
decays. Semileptonic decays involving the z lepton might
be more sensitive to beyond-SM processes, because the
high 7 mass can result in enhanced couplings to hypo-
thetical new particles such as a charged Higgs boson or
leptoquarks.

The technique for obtaining the averages follows the
general HFLAV procedure (see Sec. III) unless otherwise
stated. More information on the averages, in particular on
the common input parameters, is available on the HFLAV
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FIG. 47. Contributions to the combination from different input measurements, shown in the plane of the relevant rz (left) or 5z (right)
parameter vs. y = ¢b;. From top to bottom: Bt — DK+, Bt = D*K+, Bt - DK** and B° — DK*0. Contours show the two-
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FIG. 48. Summary of the constraints on the angles of the
unitarity triangle.

semileptonic webpage. In general, averages in this section
use experimental results available through spring 2021.

A. Exclusive CKM-favored decays
1. B — D* f 7 M
B — D*¢~, decays are described in terms of the recoil
variable w = vp - v}, the product of the four-velocities of
the initial and final state mesons. The differential decay rate

for massless fermions as a function of w is given by (see,
e.g., [494])

dU'(B — D*¢"v;)  Gimy,
dw 4873
X y(WingwF>(wW)|[Vepl?, (164)

(mp —mp-)*

where G is Fermi’s constant, mp and my- are the B and D*
meson masses, y(w) is a known phase-space factor, and
new 1s a small electroweak correction [495]. Some authors

also include a long-distance EM radiation effect (Coulomb
correction) in this factor. The form factor F(w) for the
B — D*¢~, decay contains three independent functions,
ha, (W), Ry (w) and Ry(w),

WDVE200) — 12 () — 1w 2 1 =2wr+ r?
A0 F0) = 1, o= 1w+ 12 {2 [ 2]

w—1
1+ R? R
X[ + 1(W)w—kl]

+ [1 (1= Ry(w) 2 1]2}, (165)
where r = mp. /mp.

Branching fraction.—First, we perform separate one-
dimensional averages of the B — D**#~0, and B~ —
D*0¢~p, branching fractions. In the fit to the measurements
listed in Tables 69 and 70, external parameters (such as the
branching fractions of charmed mesons) are constrained to
their latest values and the following results are obtained

B(B® » D™ ¢-1,) = (497 £0.02 £0.12)%,  (166)

B(B~ = D¢ ,) =(5.58 £0.07 £ 021)%,  (167)

where the first uncertainty is statistical and the second one
is systematic. The results of these two fits are also shown
in Fig. 49.

Extraction of |V | based on the CLN form factor.—To
extract |V, |, we consider the parametrizations of the form
factor functions %4 (w), R;(w) and R,(w) by Caprini,
Lellouch and Neubert (CLN) [507],

TABLE 69. Average of the B — D**#~1, branching fraction measurements.

Experiment

B(B® — D**£~1,) [%] (rescaled)

B(B" — D**¢~,) [%] (published)

ALEPH [496]

OPAL incl [497]
OPAL excl [497]
DELPHI incl [498]
DELPHI excl [499]
CLEO [500]

Belle untagged [501]
BABAR untagged [502]
BABAR tagged [503]
Belle II untagged [504]
Belle II tagged [505]

5.45 £ 0.26, + 0334,
6.13 + 028, + 0.57,5
5.12 + 020, + 036,
4.95 4 0.14, + 0.35,,
5.08 £ 0.20, + 042,
6.08 £ 0.19, + 0.37,
4.83 4 0.02, + 0.15
4.41 £ 0.04,, + 032,
517 + 0164y + 031
4.60 £ 0.05, + 048,
451 £ 041, +0.52,

5.53 £ 026, £ 0.52
5.92 £ 027y = 0.684y5
5.11 £ 019 £ 049
470 £ 0.1340 7037 gyt
5.90 £ 0.2 = 0.504y5
6.09 £ 0.19 £ 040,
4.90 =£ 0.02, = 016,
4.69 = 0.044, £ 0.34.
5.49 £ 0.164, £ 0.25
4.60 == 0.05, & 0.48
4.51 £ 0.4, £ 0.52,

Average

4.9740.02,,+0.12,,,

¥?/dof=16.4/10 (C.L.=8.85%)
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TABLE 70. Average of the B~ — D*%¢~1, branching fraction measurements.

Experiment

B(B~ — D*°¢ 1) [%] (rescaled)

B(B~ — D*°¢~1,) [%] (published)

CLEO [500]
BABAR tagged [503]
BABAR untagged [506]

6.20 + 0.20,, + 0.26,,
5.30 £ 0.15, + 033,
5.00 £ 0.08, + 031

6.50 £ 0.20,, + 043,
5.83 + 0.154 £ 0.30,
5.56 £ 0.08 + 041

Average

5.5840.07,1,+0.21

x2/dof=7.36/2 (C.L.=2.52%)

ha, (W) = hy, (1)[1 = 8p%z 4 (53p> — 15)2?

- (231p? - 91)7%), (168)
Ri(w)=R;(1)=0.12(w—1) + 0.05(w = 1)2, (169)
Ry(w) = Ry(1) + 0.11(w — 1) = 0.06(w — 1)2,  (170)

where z = (vw+ 1 —=+v2)/(vVw+ 1+ +2). The form
factor F(w) in Eq. (164) is thus described by the slope
p? and the ratios R; (1) and R,(1).

Experiments have measured these three CLN parameters
and extrapolated the rate to zero recoil w = 1 to determine
newF (1)|Vp|. At this kinematic point, the form factor
normalization F (1) can be obtained from theory with high
precision to measure |V ,|. We perform a four-dimensional
fit of newF(1)|Vp|, p? R1(1) and R,(1) to the measure-
ments shown in Table 71 taking into account correlated
statistical and systematic uncertainties. A side product of

the fit are best fit values of the original measurements,
which we refer to a rescaled measurements. Most of the
measurements in Table 71 are based on the decay
B® - D**¢~1,. Some measurements [500,508] are sensi-
tive also to B~ — D**/~1,, and one measurement [506] is
based on the decay B~ — D*’e~p,. Isospin symmetry is
assumed in this average. We note that the earlier results
from the LEP experiments and CLEO required significant
rescaling and have significantly larger uncertainties than
the recent measurements by Belle and BABAR. Only two
measurements constrain all four parameters [501,502], and
the remaining measurements determine only the normali-
zation 7w F(1)|V,,| and the slope p?.
The result of the fit is

newF(1)|Ve| = (35.00 £ 0.36) x 1073, (171)

P2 = 1.121 £ 0.024, (172)

ALEPH : (a)
545+0.26 £0.33
OPAL incl
6.13+£0.28 £0.57
OPAL excl
5.12+0.20 £0.36
DELPHI incl
495+0.14£0.35
DELPHI excl
508 £0.20 £0.42
CLEO

6.08 £0.19 £0.37
BELLE untagged i
4.83+0.02 £0.15 —
BABAR untagged
441£004 £0.32
BABAR tagged
5.17+£0.16 £0.31
BELLE II untagged
4.60 £0.05 £048
BELLE II tagged
451+041+0.52
Average

497 +0.02 +0.12

x*dof = 16.4/10 (CL = 8.85 %)

| HFLAV
;
1 | 1 | 1 :l 1 | 1

(b)

CLEO
620 +£0.20 £0.26

BABAR tagged

530 +£0.15+£0.33
BABAR untagged

500 +£0.08 £0.31

Average

558 £0.07 £0.21

HFLAV
;
1 | 1 | 1 | Il : | 1

y/dof =7.4/2 (CL =2.52 %)

2 3 4 5 6 7
B(B"— D 1" v) [%]

2 3 4 5 6 7

BB*—> D 1" v) [%]

FIG. 49. Branching fractions of exclusive semileptonic B decays: (a) B — D**¢~, (Table 69) and (b) B~ — D*°¢~, (Table 70).
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TABLE 71. Measurements of the Caprini, Lellouch and Neubert (CLN) [507] form factor parameters in B —
D*¢~ b, before and after rescaling. Most analyses (except [502]) measure only 7w F (1)|V .|, and p?, so only these

two parameters are shown here.

Experiment

NewF (1)|V | [1073] (rescaled)
newF (1)|V | [107] (published)

p? (rescaled)
p? (published)

ALEPH [496]

31.38 + 1.80y + 1.24
31.9 4 1.8y + 1.9,

0.488 + 0226, + 0.146,,,
0.37 4 0.263, + 0.14,y,

CLEO [500]

40.16 + 124, + 154,
43.1 4 1.3 £ 1.8

1363 £ 0.084, + 0.087y
1.61 £ 0.09, £ 0.2,

OPAL excl [497]

36.20 £ 1.58, + 1474
36.8 + 164y £ 2.0,

1.198 £ 0.206, =+ 0.153,
131 £ 0214 £ 0.16,

OPAL partial reco [497]

37.44 £ 1.20, £ 2.324
37.5 £ 1. 24 + 2.5

1.090 & 0.137 5 =+ 0.297,
1.12 4 0,14, £ 0.29,,

DELPHI partial reco [498]

35.52 + 141y £ 2.29
35.5 & Ly Ty

1.139 + 0123, + 0382
1.34 20,144, 5033,

DELPHI excl [499]

35.87 + 169 + 1.95
39.2 + 1.8, £ 2.3

1.070 + 0.141 4, + 0.153
1.32 4 0.15, £ 0.33,4

Belle [501]

34.82 + 0.154 + 0.5
35.06 % 0.15 + 0.56,

1.106 + 0.031,, + 0.008
1.106 £ 0.03 1, + 0.007

BABAR excl [502]

33.37 4 029, £ 0974
34.7 4 03¢y £ Ll

1.182 4 0.048 45 + 0.029,,
1.18 + 0.05,, =+ 0.03y,

BABAR D*° [506]

34.55 % 0.58 5 = 106,y
35.9 £ 0.64y £ L4y

1.124 4 0.058 4, + 0.0534,5
1.16 + 0.06,y; £ 0.08yy

BABAR global fit [508]

35.45 %+ 0.20,, = 108y
35.7 £ 0.2y £ 1.2

1.171 4 0.019, + 0.060,,
1.21 #0024 £ 0.07y

Average 35.00 + 0.1, + 0.34,4, 1121 + 0.014,,, + 0.019,,
Ry (1) = 1.269 + 0.026 (173) confidence level of 0.9%. The largest contribution to the 2 of
' the average is due to the ALEPH and CLEO measurements
Ry(1) = 0.853 £ 0.017, (174) [496,500]. An illustration of this fit result is given in Fig. 50.

and the correlation coefficients are

P F Vo2 = 0337, (175)
Prew FIV o |.R, (1) = —0.097, (176)
Priw F(|V | Ry(1) = —0.085, (177)

P ry1) = 0.565, (178)
P r(y) = —0.824, (179)
PR Ro(1) = —0.714. (180)

The uncertainties and correlations quoted here include both
statistical and systematic contributions. The y? of the fit is
42.2 for 23 degrees of freedom, which corresponds to a

To convert this result into |V |, theory input for the form
factor normalization is required. We use the result of the
FLAG 2021 average [509], with LQCD results from
Refs. [510,511],

newF (1) = 0.910 £ 0.013, (181)

where #gw = 1.0066 =+ 0.0050 has been used. The central
value of the latter corresponds to the electroweak correction
only. The uncertainty has been increased to accommodate
the Coulomb effect [510,512]. With Eq. (171), this gives

[Vep| = (38.46 £ 0.40,,, £0.554) x 1073, (182)

where the first uncertainty combines the statistical and
systematic uncertainties from the experimental measure-
ment and the second is theoretical (lattice QCD calculation
and electroweak correction).
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ALEPH 5

14t 185 12 a0 (a) Ax=1 CLEO (b) Ayi=1 (C)
ICLEO
02+ 12+ 15 e
JOPAL excl
:fpzxiu;,iidll reco & 40 - ” < 36k
——— = ) o BAR (Global Fi
DELPHI parta reco = DELDA Y a QEAY = BABAR (Global Fit)
355+ 14+ 23 — —0 Y, ’ - AVERAGE
[DELPHI excl o ?PAL DELPHI S £ AL
5o+ 17+ 20 —_— > part. rec 4 4 }purt.recu.) >
BELLE - A RAGE —- BELLE BABAR (D*0)
348+ 02+ 06 - = 351 ,f“ﬁ’ 'ABAR (Global Fit) =
BABAR excl ot L] ’, ol
38+ 03+ 10 o ~ ALEPH L (BF C1E| BABAR (D*0) =
BABAR D*0 E BABAR (excl.) E 34

5 " = o BABAR (excl.)

B
. 30 HFLAV HFLAV
J2dof = 422023 (CL = 0.90 %) HFLAV
o fdof = 42.2/23
N T L L. 1 [ N | L
25 30 35 40 0 0.5 1 1.5 2 0.8 1 1.2 14
F() IV | [107 ? 2
n,, FDIV_I [107] p p
FIG. 50. Tllustration of (a) the average and (b) the dependence of 7w F(1)|V,,| on p?. The error ellipses correspond to Ay? = 1

(CL = 39%). Figure (c) is a zoomed in view of the Belle and BABAR measurements.

Extraction of |V .| based on the BGL form factor.—A more
general parametrization of the B — D*#~1, form factor is
provided by Boyd, Grinstein and Lebed(BGL) [513-515].
Both Belle [501] and BABAR [516] have recently published
analyses of B — D*¢/~i, using the BGL form factor
parametrization: While Belle performs an extraction of
|V.| using BGL, the BABAR analysis only fits the BGL
form factor parameters but not the normalization. Due to
the limited set of input measurements we do not perform a
combination of the BGL form factor parameters or |V |
obtained with the BGL form factor at this point. We simply
note that |V | obtained in Refs. [501,517] using BGL is
consistent with our average in Eq. (182).

2. B = Df_ljf
The differential decay rate for massless fermions as a

function of w (introduced in the previous section) is given
by (see, e.g., [494])

B - D¢v, Gimj,
dw 4873
X gZ(W) |Vcb|2,

(mp + mp)*(W? = 1)¥ny,

(183)

where Gy, is Fermi’s constant, and my and m, are the B and
D meson masses. Again, ngy is the electroweak correction.

In contrast to B — D*£~0,, G(w) contains a single form-
factor function f (w),

4r

= (W),

gz(w) (1 —|—r)2

(184)
where r = mp/mg.

Branching fraction—Separate one-dimensional averages
of the B - D*¢~0, and B~ — D"/~ i, branching frac-
tions are shown in Tables 72 and 73. We obtain

B(B" - D ¢ 1,) = (224 £ 0.04 £ 0.08)%,  (185)

B(B~ = D%%~v,) =(2.30 £ 0.03 £ 0.08)%,  (186)
where the first uncertainty is statistical and the second one
is systematic. These fits are also shown in Fig. 51.

Extraction of |V .| based on the CLN form factor.—As for
B — D*¢~, decays, we again adopt the prescription by
Caprini, Lellouch and Neubert [507], which describes the
shape and normalization of the measured decay distribu-
tions in terms of two parameters: the normalization G(1)
and the slope p?,

TABLE 72. Average of B — D*#~i, branching fraction measurements.

Experiment B(B® — D ¢~ 1,) [%] (rescaled) B(B° — D*¢~1,) [%] (published)
ALEPH [496] 2.17 £ 0,18 + 035, 235 £ 0,204, + 0.4,
CLEO [518] 2.10 £ 0134 % 015, 220 4 01644 + 019,

BABAR [519]
Belle [520]

2,15+ 0.1y + 0144
2.33 4 0044 + 011,

223 4011y £ 0114
2.39 + 0044 £ 0.1

Average

2.2440.04,,1+0.08,,

x2/dof=1.41/3 (C.L.=70.2%)
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TABLE 73. Average of B~ — D%/~1, branching fraction measurements.
Experiment B(B~ — D%~ b,) [%] (rescaled) B(B~ — D%~ 1,) [%] (published)
CLEO [518] 2.14 £ 0.13 45 £ 0.17 g 2.32 £ 0.17 45 + 0.204y

BABAR [519]
Belle [520]

2.16 + 0.08, + 012,
2.46 + 0.04,, + 012,

2.31 + 0.08y + 0.09,,
2.54 + 0.04,, + 0.134,5

Average

2.3040.03, +0.08,,

x2/dof=3.04/2 (C.L.=21.8%)

Gw) = G(1)[1 = 8p%z + (51p* — 10)z% — (252p% — 84)7%],
(187)

where z = (vVw + 1= v2)/(Vw + 1+ V2).

Table 74 shows experimental measurements of the two
CLN parameters, which are corrected to match the latest
values of the input parameters. Both measurements of
B - D¢ v, and B~ — D", are used and isospin
symmetry is assumed in the analysis.

The form factor parameters are extracted by a two-
parameter fit to the rescaled measurements of 7gwG(1)|V |
and p? taking into account correlated statistical and
systematic uncertainties. The result of the fit is

with a correlation of

p'IEwg(l)ch‘,Pz =0.758. (190)
The uncertainties and the correlation coefficient include
both statistical and systematic contributions. The y? of the
fit is 4.6 for 8 degrees of freedom, which corresponds to a
probability of 80.0%. An illustration of this fit result is
given in Fig. 52.

The most recent lattice QCD result obtained for the form
factor normalization is [512]

G(1) = 1.0541 + 0.0083. (191)

Using again gy = 1.0066 £ 0.0050, we determine |V |

MewG(1)|Vep| = (41.53 £0.98) x 107, (188)  from Eq. (188),
p? = 1.129 £ 0.033, (189) [Vep| = (39.14 £0.92,, £0.364) x 1073, (192)
(a) (b)
ALEPH :
5 o CLEO :
2.1740.18 £0.35 s ol30t
CLEO ; §
2,10 £0.13+0.15 BRSEELE BABAR
2.16 £0.08 +0.12 T
BABAR : ;
2.15+0.11+0.14 |
: BELLE :
246 +0.04 £0.12 |
BELLE : !
2334004 £0.11 e e '
Average
Average 2.30 £0.03 £0.08 H*’—‘
224 £0.04 £0.08 H—hﬂ ]
E /dof =3.0/ 2 (CL =21.77 %)
HFLAV HFLAV
; .
x2/dof = 1.4/ 3 (CL = 70.22 %) : :
1 | 1 | 1l | 1 1 | 1 | 1 | Lk | 1
1.5 2 2.5 1 1.5 2 2.5

BB’— D1v)[%]

FIG. 51.

B(B*— D I*v) [%]

Branching fractions of exclusive semileptonic B decays: (a) B — D*#~1, (Table 72) and (b) B~ — D°/~p, (Table 73).
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TABLE 74. Measurements of the Caprini, Lellouch and Neubert (CLN) [507] form factor parameters in B —
D¢~ v, before and after rescaling.

Experiment

MewG(1)|Vep| [1073] (rescaled)

1ewG(1)|V | [1073] (published)

p? (rescaled)
p? (published)

ALEPH [496]

36.19 + 9.38,, + 6.83
311+ 9.9 + 8.6

0.814 + 0.821, + 0.419,
0.70 £ 0.98, £ 0.50,,,

CLEO [518]

44.17 4 5.68 + 346,
44.8 4 6.1 £ 3.7

1.270 4 0.214 4 + 0.121
130 4 0.27y + 0.14,y

Belle [520]

41.83 4 0.60,4 + 120,
4229 +1.37

1.090 4 0.0364 + 0.019,,
1.09 4 0.05

BABAR global fit [508]

42,55+ 071y + 2.0645
43.1 4 0.8, £ 2.3

1.194 £ 0.034,, + 0.060,y
1.20 + 0.04, £ 0.0744,

BABAR tagged [519]

42,54+ 171 + 1264
423 4+ 1.9, £ 1.0

1.200 + 0.088,, + 0.043
1.20 + 0.09,, + 0.04y,,

Average

41.53 + 0.4, + 0.88y,

1.129 + 0.024,,, + 0023,

where the first error combines the statistical and systematic
uncertainties from the experimental measurement and the
second is theoretical. This number is in excellent agreement
with |V,,| obtained from B — D*¢~i, decays given
in Eq. (182).

Extraction of |V .| based on the BGL form factor.—A more
general expression for the B — D¢~p, form factor is
again BGL. If experimental data on the w spectrum is
available, a BGL fit allows to include available lattice
QCD data at nonzero recoil w > 1 [512,521] to improve
the extrapolation to the zero recoil point w=1. A w
spectrum of B — D#~i, has been published by BABAR
[519] and Belle [520]. As the BABAR result does not
include the full error matrix of the w spectrum, we refrain
from performing a combined BGL fit at this point. In

Ref. [520] the values of |V ;| obtained by the CLN and
BGL fits are consistent.

3. B> Dg*)_ﬂ"'l/”

LHCb has recently extracted |V, | from semileptonic BY
decays for the first time [522]. The measurement uses both
BY - Diutv, and BY — D'y, decays using 3 fb~!
collected in 2011 and 2012. The value of |V, is deter-
mined from the observed yields of BY decays normalized to
those of B decays after correcting for the relative
reconstruction and selection efficiencies, and considering
the known relative B? and B® fragmentation fractions,
fs/fa» in the LHCb acceptance.

The normalization channels are B° — D~u*vy, and
B’ — D*‘,Lﬁz/ﬂ decays. One of the key features of the

48 o
L =
ALEPH (a) L (C)
36.19 £9.38 + 6.83 F
50 - L
CLEO 46
44.17 £5.68 £3.46 — F ("’)_‘ -
o =) BABAR global fit
BELLE = =
41.83+0.60 £ 1.20 | B
_‘3 40 - _4_3 44
BABAR global fit > > r
42.55£0.71£2.06 e - -
5 8 BELLE
[}f:\if}\k‘t;\i:%o;lzh | . O O 42F
E 30— E BABAR tagged
Average ol =
41.53+044 + 088 e
40 AVERAGE
HFLAV - HFLAV HFLAV
#*/dof = 4.6/ 8 (CL = 80.00 %) 20 L $fdof = 4.6/ 8 L
[ Y [N D R I \ s I 3@l v
10 20 30 40 50 0 1 2 0.8 1 1.2 14 1.6
3
3 ol 2
n,, GO IV I [107] o o

FIG. 52.

Tlustration of (a) the average and (b) dependence of nrwG(w)|V,,| on p?. The error ellipses correspond to Ay? = 1

(CL = 39%). Figure (c) is a zoomed in view of the Belle and BABAR measurements.
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analysis is that the D~ is reconstructed with the same decay
mode of the D; (D) — [K"K~],z7). With this choice the
signal and the reference channels have the same particles in
the final state and this minimizes the systematic uncertainties.

The shape of the form factors are extracted as well,
exploiting the kinematic variable p, (D), which is the
component of the D; momentum perpendicular to the BY
flight direction. This variable is highly correlated with g and
also slightly correlated with the helicity angles in the BY —
Djf‘,u*yﬂ decay. The Dj~ is not explicitly reconstructed, but
its contribution is disentangled kinematically from the D;.

For the BY — Dyu"v, decay, |V ;| is connected with the
measured ratio of signal yields, N, and the normalization
channel yields, N, through the relation

dw

h - Kz dl“(B? - Ds_/"+l/;t)
Nref 5 dw

where 7, is the BY lifetime, and the constant }C depends on
the external inputs as

K — fﬁB(D; - K"K ™) 1
S BD = KK n) BB = D)

where ¢ is the efficiency ratio between the signal and the
normalization. In the analogous expression for the BY —
D}“/ﬁuﬂ decay, the integral of the decay width is done on
the variables (w, cos 8,,cos 6y, y), and there is an explicit

dependence on the branching fraction of the D*~ — D~ z°
decay. The analysis takes advantage of the recent results
from lattice on the B — D7 and B? — D~ form factor
calculations. In particular, for the B — D}~ only the
calculation at zero recoil, /5 (1) from Ref. [523] is used.
For the B — D;/ﬁyﬂ decay, the very recent calculation of
the BY — D; form factors performed in the full w-range
[524] are used.

In this analysis both the CLN parametrization and a
5-parameter version of BGL have been used. The results of
the form factors are affected by large statistical uncertainty,
but are consistent with the results from the B decays. The
result for |V, |, updated with the most recent determination
of fy/fq and B(Dy - K"K~zn~) from Ref. [525], are

IVeplon = (40.8 £0.6 £0.9 £ 1.1) x 1073,
Veplpg, = (41.7£084+09 £ 1.1) x 1073, (193)

where the first uncertainty is statistical, the second
systematic and the third due to the limited knowledge of
the external inputs, in particular the constant f,/f,x
B(Dy — K*K zn~). The results obtained are in agreement
with the exclusive determinations of |V | using the B® and
B™ decays.

4. B - DYnt v,
The average inclusive branching fractions for B —
DWzt~1, decays, where no constraint is applied to the

TABLE 75. Averages of the B — D*)z~¢~D, branching fractions and individual results.

Experiment

B(B~ — Dtz ¢71,) [%] (rescaled)

B(B~ - D"z~ ¢"1,;) [%] (published)

Belle [526]
BABAR [503]

0.455 £ 0.027 4y =+ 0.035
0.405 £ 0.060, + 0.031

0.455 + 00275 %+ 0.039,
0.42 £ 0.06 + 0.03y4

Average

0.440+0.025+0.027

x2/dof=0.387 (C.L.=53.4%)

Experiment

B(B~ —» D**n=¢"1,) %] (rescaled)

B(B~ —» D**z=¢"1,) [%)] (published)

Belle [526]
BABAR [503]
Average

0.603 + 0.043 4, + 0.039y,
0.567 + 0.050,,, + 0.045,,
0.587-£0.033:0.029

0.604 + 0043, + 0.038y4,
0.59 4 0.055 + 0.04y,
¥2/dof=0.171 (C.L.=67.9%)

Experiment

B(B® —» D’z ¢~ 1,) [%] (rescaled)

B(B® - D°z*¢~1,) [%)] (published)

Belle [526]
BABAR [503]

0.405 + 0.036, + 0.043
0.406 + 0.080,4,, % 0.035,

0.405 =+ 0.036,, & 0.041y,
0.43 £ 0.08, £ 0.03y,,

Average

0.405+0.033+0.034

x2/dof=0.0002 (C.L.=99.0%)

Experiment

B(B® —» Dzt ¢~ p,) [%)] (rescaled)

B(B® - D*z*¢~0,) [%] (published)

Belle [526]
BABAR [503]

0.646 + 0.053 4y =+ 0.062,y4;
0.461 £ 0.081, + 0.044,

0.646 + 0.053 4y % 0.052,y
0.48 4 0.08, + 0.04,y,,

Average

0.564+0.0440.042

x?/dof=2.28 (C.L.=13.1%)
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; @ ; (b)

BELLE BELLE
0.405 +0.036 + 0.043 s B 0.646 +0.053 + 0.062 A
BABAR BABAR :

— e . , —e—
0.406 +0.080 +0.035 ; 0461 +0.081 +0.044 ;
Average Average
0.405 + 0.047 | 0.564 + 0.061 ]
xz/dofIOO(i/ 1 (CL=99.0 %) ¥/ dof = 1.28/ 1 (CL=13.1 %) '

1 1 1 1 |' L 1 1 | 1 1 1 1 1 1 1 L | 1 1 1 | 1
0.2 04 0.6 0.2 04 0.6 0.8
BB’ — D’ n+1v) [%] BB’ —= D n+1v) [%]
; (©) ; (d
BELLE BELLE
0455 £0.027 £ 0.035 = 0.603 +0.043 +0.039 T .
BABAR BABAR :
————+ - ———————1
0.405 +0.060 +0.031 : 0.567 +0.050 +0.045 :
Average Average
0.440 +0.037 4 0.587 +0.044 ———
y2/dof =0.39/ 1 (CL = 53.4 %) ' y*dof = 0.11/ 1(CL =679 %)
1 | 1 1 1 | Ll 1 1 | 1 1 1 1 Il A | 1 1 1 | 1
0.2 04 0.6 04 0.6 0.8

B(B - D* 1 1v) [%]

FIG. 53.

BB = D* ' 1v)[%]

Average branching fraction of exclusive semileptonic B decays (a) B® — D°z*¢7p,, (b) B° —» D*zt¢ oy,

(¢) B- »> D n ¢ b, and (d) B~ — D**zn~¢~0,. The corresponding individual results are also shown.

mass of the D®)z system, are determined by the combi-
nation of the results provided in Table 75 for
B - D°zt¢-v,, B® - Dnt¢~v,, B~ - D n ¢ iy,
and B~ —» D* 7~ ¢, decays. For the B - Dzt ¢~ 1,

decays a veto to reject the D** — D%z decays is applied.
The measurements included in the average are scaled to a
consistent set of input parameters and their uncertainties.
For both the BABAR and Belle results, the B semileptonic
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TABLE 76. Published and rescaled individual measurements and their averages for the branching fraction

B(B~ - D¢ 1,) x B(DY - D**n™).

B(B~ — D)D"+ 1~)¢ 1) [%]

B(B~ = D)D" 7)1, [%)]

Experiment (rescaled) (published)
ALEPH [531] 0.436 + 0.098, & 0.067 0.47 £ 0.104, = 0.07 4y
OPAL [532] 0.553 £ 0.2104,¢ £ 0100y 0.70 £ 0.21 45 & 0.104y
CLEO [533] 0.345 £ 0.0854, & 0.056, 0.373 4 0.0854 £ 0.057 4y
DO [534] 0.214 + 0.0184, 4= 0.0354 0.219 4 0.018, & 0.035y

Belle Tagged B~ [529]
Belle Tagged B° [529]
BABAR Tagged [528]
BABAR Untagged B~ [535]
BABAR Untagged B [535]

0.430 £ 0.070,,, + 0.059y,
0.593 £ 0.200 %+ 0076,
0.273 + 0030, % 0.029,
0.289 + 0.0175 + 0016,
0.277 £ 0.026 %+ 0023,

0.42 £ 0.07 4 + 0.07y,
0.42 £ 0.07 5 + 0.074y
0.29 + 0.034 + 0.034y5
0.30 £ 0.024 + 0024,
0.30 £ 0.02 + 0.024y5,

Average

0.277+0.010+0.015

x?/dof=11.9/8 (C.L.=15.5%)

TABLE  77. Published

rescaled  individual = measurements

B(B~ - D3¢~v,) x B(DY - D** 7).

and their averages for

B(B~ — DY(D* 5~)¢~1,) %]

B(B~ = DY(D** n~)¢"v,) [%)]

Experiment (rescaled) (published)
CLEO [533] 0.055 £ 0.066,; £ 0.0114 0.059 £ 0.066,; & 0.011
DO [534] 0.086 4 0.018, £ 0.0204y 0.088 4 0.018, & 0.0204y

Belle tagged [529]
BABAR tagged [528]
BABAR untagged B~ [535]
BABAR untagged B° [535]

0.184 + 0060, % 0.025,
0.076 + 0.013,, 4 0.009y,,
0.087 = 0.009,, & 0.007y,
0.065 + 0.0104,, % 0.004,

0.18 £ 0.065 + 003455,
0.078 £ 0.013, % 0.010,y,,
0.087 = 0.013, % 0.007y
0.087 = 0.0134 % 0.007y

Average

0.077+£0.006-0.004

x?/dof=534/5 (C.L.=37.6%)

signal yields are extracted from a fit to the missing mass
squared distribution for a sample of fully reconstructed BB
events. Figure 53 shows the measurements and the resulting
average for the four decay modes.

5.B->D"¢f i,

In this section we report results on B — D**#~1, decays,
where D** here denotes the lightest excited charm mesons
above the D and D* states. According to heavy quark
symmetry (HQS) [527], the D* mesons with a charm and
antiquark with relative angular momentum L = 1, form
one doublet of states with angular momentum j=s, +
L =3/2 [D(2420), D}(2460)] and another doublet with
J =1/2[D§(2400), D}(2430)], where s,, is the light quark
spin.3 : Parity and angular momentum conservation con-
strain the decays allowed for each state. The D and D3
states decay predominantly via D-wave to D*z and D™z,
respectively, and have small decay widths, while the Djj and

At present only these L = 1 orbital excited states have been
observed in the semileptonic B meson decays, but in principle
also radial 2§ excitation and states with L = 2, 3, observed in
fully hadronic B decays, could contribute to semileptonic decays.

D) states decay via S-wave to Dz and D*z and are very
broad. For the narrow states, the averages are determined
by the combination of the results provided in Table 76
and 77 for B(B~ - D¢ v,) x B(D? - D**z~) and
B(B~ — DY¢~0,) x B(DY — D**z~). For the broad states,
the averages are determined by the combination of the results
provided in Table 78 and 79 for B(B~ — D’¢v,) x
B(D? - D**z=) and B(B~ - Dy’¢"v,) x B(D® >
D*z~). The measurements are scaled to a consistent
set of input parameters and their uncertainties. The
results are reported for B~, and when measurements
for both BY and B~ are available, the combination assumes
the isospin symmetry. It is worth noticing that, while the
results for the narrow resonances and the Djj are consistent
between the various experiments, the available measure-
ments for B~ — D°¢/~p, obtained by BABAR [528],
Belle [529] and DELPHI [530], are not compatible. In
particular Belle did not observed a significant B~ —
D¢~ 0, contribution and put an upper limit on the presence
of the DY state.

For both the B-factory and the LEP and Tevatron
results, the B semileptonic signal yields are extracted
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TABLE  78. Published and  rescaled
B(B~ — D¢ v,) x B(D? - D**z™).

individual

measurements  and  their  averages  for

Experiment

B(B= - DY(D**77)¢~ ;) [%] (rescaled)

B(B~ — D*(D**2~)£~,) [%)] (published)

DELPHI [530]
Belle [529]
BABAR [528]

0.69 £ 0.17 5 + 0.18
~0.03 =+ 0.065 + 0.07
0.25 4 0.04 + 005,

0.83 £ 0.17, + 018y
—0.03 £ 00645 + 0.074y5,
0.27 4 0.04, + 0.05,4,

Average 0.1940.03+0.04

x2/dof=11.1/2 (C.L.=0.38%)

TABLE 79. Published and rescaled
BB~ — D’¢~v,) x B(D® - D n™).

individual

measurements  and  their  averages for

Experiment

B(B~ - D*(D*n~ )¢ by) [%] (rescaled)

B(B~ - D{*(D*n~ )¢ 1y) [%)] (published)

Belle Tagged B~ [529]
Belle Tagged B° [529]
BABAR Tagged [528]

0.25 4 0.04 + 006,
0.23 £ 0.08 4y + 0.06,y4
0.31 £ 0.04, + 0.05,4,

0.24 + 0.04, + 0.06,y
0.24 £ 0.04, + 0.06,
0.26 £ 0.05,, + 0.04,,

Average

0.28+0.03+0.04

x?/dof=0.65/2 (C.L.=72.0%)

from a fit to the invariant mass distribution of the D*)* 7~
system. The LEP and Tevatron measurements are for the
inclusive decays B — D**(D*n~ )X/ 1,. In the average
with the results from the B-factories, we use these
measurements assuming that no particles are left in the
X system. The BABAR tagged analysis of B — D3¢0,

was performed selecting D5 — Dn decays. The BABAR
result reported in Table 77 is translated in a branching
fraction for the D3 — D*zr decay mode as-
suming B(D; — Dn)/B(D5 - D*n) = 1.52£0.14 [9].
Figure 54 and 55 show the measurements and the resulting
averages.

ALEPH 3 (a) 3 (b)
0.436 +0.098 + 0.067 PO CLEO :
: 0.055 +0.066 +0.011 — g
OPAL : :
553 +£0.210 +0. : :
0.553 +0.210 +0.100 i 1 Do i
CLEO : 0.086 +0.018 +0.020 e
0.345 +0.085 +0.056 - ;
DO ; BELLE had tag :
0213 +0.018 +0.035 o 0.184 +0.060 +0.025 : — A
BELLE had.tag B+ I
0430 +0.070 £ 0.059 P ad.tag 1
: 0.076 +0.013 +0.009 ]
BELLE had.tag BO ' '
0.593 +0.200 +0.076 : * BABAR untagged B+ :
BABAR had.tag : 0.087 +0.009 £ 0.007 i
0.273 +0.030 +0.029 e :
BABAR untagged B+ BABAR untagged BO ;
0.289 £0.017 £0.016 " 0.065 +0.010 +0.004 i
BABAR untagged BO A
0.277 +0.026 +0.023 3 verage ‘
: 0.077 +0.007 &1
Average 0 0
0277 £0.018 11
dof = -
HFLAV : /dof = 11.90/8 (CL =155 % J2/dof =534/ 5 (CL = 37.6 %)
: ;
| 1 1 ] 1 | 1 1 1 1 1 1 | 1 a 1 1 | 1
0 0.5 0.2 0 02

B(B — D/1v) B(D?e D" 1) [%]

FIG. 54. Rescaled individual measurements
(b) B(B~ — D3¢~ v,) x B(DY — D**x7).

and their averages for (a) B(B~ — DV¢70,) x B(DY — D*"z")

B(B — D)1 v) B(D2—> D" 1) (%)

and
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§ @) U
DELPHI : BELLE had.tag B+ ;
: — - O
0.69 +0.17 £0.18 : 0.246 + 0.040 + 0.056 :
BELLE had tag i BELLE had.tag BO i
: ‘
-0.03 % 0.06 + 0.07 7 : 0.225 +0.080 % 0.057 Ui
BABAR had tag i BABAR had tag ?
: :
0.25+0.04 +0.05 i 0.308 + 0.040 + 0.047 e
Average Average
0.19 +0.05 e 0277 +0.047 Y
HFLAV HFLAV
23/dof = 11.10/ 2 (CL = 0.4 %) x2/dof = 0.65/ 2 (CL = 72.0 %)
1 | 1 1 1 1 | 1 i 1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 | : 1
-0.5 0 0.5 1 0.2 0 0.2 04

B(B — DI v) B(D’]0 - D" 1) [%]

BB — DI v) B(Dgoﬁ D* ) [%]

FIG. 55. Rescaled individual measurements and their averages for (a) B(B~ — D¢ 1,) x B(D? — D**z~) and

(b) B(B~ — D*¢"b,) x B(D® - D* ™).

B. Inclusive CKM-favored decays

1. Global analysis of B — X €~y

The semileptonic decay width I'(B — X.£~7,) has been
calculated in the framework of the operator production
expansion (OPE) [36-38]. The result is a double-expansion
in Agcp/mp, and a,, which depends on a number of
nonperturbative parameters. These parameters describe
the dynamics of the b-quark inside the B hadron and
can be measured using observables in B — X .£~7, decays,
such as the moments of the lepton energy and the hadronic
mass spectrum.

Two renormalization schemes are commonly used to
define the b-quark mass and other theoretical quantities: the
kinetic [536-539] and the 1S [540] schemes. Independent
sets of theoretical expressions are available for each, with
several nonperturbative parameters. The nonperturbative
parameters in the kinetic scheme are: the quark masses m,,
and m,, p2 and pZ at O(1/m3), and p3 and p; at
O(1/m3). In the 1S scheme, the parameters are: m,, A,
at O(1/m2), and py, 7, 7, and 73 at O(1/m3). Note that the
numerical values of the kinetic and 1S b-quark masses
cannot be compared without converting them to the same
renormalization scheme.

We use two sets of inclusive observables in B — X £~ 1,
decays to constrain OPE parameters: the moments of the
hadronic system effective mass (M%) of order n = 2, 4, 6,
and the moments of the charged lepton momentum (E%) of
order n = 0, 1, 2, 3. Moments are determined for different
values of E_,, the lower limit on the lepton momentum.

Moments derived from the same spectrum with different
value of E are highly correlated. The list of measurements
used in our analysis is given in Table 80. The only
external input is the average lifetime zp of neutral and
charged B mesons, taken to be (1.579 £ 0.004) ps (see
Sec. V).

In the kinetic and 1S schemes, the moments in B —
X .C"U, are not sufficient to determine the b-quark mass
precisely. In the kinetic scheme analysis, only a combina-
tion of m;, and m,. is well determined and we constrain the
c-quark mass (defined in the MS scheme) to the value of
Ref. [547],

mlc"l_s(3 GeV) = 0.986 + 0.013 GeV (194)
to pinpoint m,,. In the 1S scheme analysis, the b-quark mass

is constrained by measurements of the photon energy
moments in B — X,y [548-551].

2. Analysis in the kinetic scheme

We obtain |V | and the six nonperturbative parameters
mentioned above with a fit that follows closely the procedure
described in Ref. [552] and relies on the calculations of the
lepton energy and hadronic mass moments in B — X ¢~ 7,
decays described in Refs. [538,539]. The detailed fit result
and the matrix of the correlation coefficients is given in
Table 81. Projections of the fit onto the lepton energy and
hadronic mass moments are shown in Figs. 56 and 57,
respectively. The result in terms of the main parameters is
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TABLE 80. Experimental inputs used in the global analysis of B — X,.#~D,. n is the order of the moment, c is the
threshold value of the lepton momentum in GeV. In total, there are 23 measurements from BABAR, 15 measurements

from Belle and 12 from other experiments.

Experiment Hadron moments (M%) Lepton moments (E)
BABAR n=2,¢=091.1,13,15 n=0,c=06,1215
n=4,¢=08,10,12, 14 n=1,¢=06,08, 10, 1.2, 1.5
n==6,c=0.9, 13 [541] n=2,¢=06,10,15
n=3,c=0.38, 1.2 [541,542]
Belle n=2,¢=071.1,13,1.5 n=0,¢c=06,14
n=4,c¢=07,0.9, 1.3 [543] n=1,¢=10, 14
n=2,¢c=06,14
n=3,c=0.38, 1.2 [544]
CDF n=2,¢c=07
n =4, c=0.7 [545]
CLEO n=2,¢c=10,1.5
n=4,c=1.0, 1.5 [546]
DELPHI n=2,¢c=00 n=1,¢=0.0
n=4,¢c=00 n=2,¢=00

n =6, c=0.0 [530]

n =3, ¢c=0.0[530]

V| = (42.19 £0.78) x 1073, (195)
mkin = 4,554 +0.018 GeV, (196)
2 = 0.464 +0.076 GeV?2, (197)

with a y? of 15.6 for 43 degrees of freedom. The scale y of the
quantities in the kinetic scheme is 1 GeV.

The inclusive B — X_.#~0, branching fraction deter-
mined by this analysis is

B(B - X.77,) = (10.65 +0.16)%.  (198)

TABLE 81.

Including the branching fraction of charmless semileptonic
decays (Sec. VIID), B(B—X,¢"v,)=(1.9140.27) x 1073,
we obtain the semileptonic branching fraction,

B(B - X¢~0;) = (10.84 £0.16)%.  (199)

3. Analysis in the 1S scheme

The fit relies on the same set of moment measurements
and the calculations of the spectral moments described in
Ref. [540]. The theoretical uncertainties are estimated as
explained in Ref. [553]. No theory error correlations
between different moments are assumed (except between

Fit result in the kinetic scheme, using a precise c-quark mass constraint. The error matrix of the fit

contains experimental and theoretical contributions. In the lower part of the table, the correlation matrix of the
parameters is given. The scale u of the quantities in the kinematic scheme is 1 GeV.

[Veo| (10731 mkin [GeV]  mdS [GeV] w2 [GeV2]  p} [GeV?]  p [GeV?]  pig [GeV?]

Value 42.19 4.554 0.987 0.464 0.169 0.333 -0.153

Error 0.78 0.018 0.015 0.076 0.043 0.053 0.096
V| 1.000 -0.257 —0.078 0.354 0.289 —0.080 -0.051
miin 1.000 0.769 —0.054 0.097 0.360 -0.087
mMS 1.000 -0.021 0.027 0.059 -0.013
12 1.000 0.732 0.012 0.020
Py 1.000 -0.173 -0.123
W 1.000 0.066
Pis 1.000
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FIG. 56. Fit to the inclusive partial semileptonic branching fractions and to the lepton energy moments in the kinetic mass scheme. In
all plots, the gray band is the theory prediction with total theory error. BABAR data are shown by circles, Belle by squares and other
experiments (DELPHI, CDF, CLEO) by triangles. Filled symbols mean that the point was used in the fit. Open symbols are

measurements that were not used in the fit.

identical moments, i.e., moments with same values of » and
¢). The detailed result of the fit using the B — X,y
constraint is given in Table 82. The result in terms of
the main parameters is

V| = (41.98 +0.45) x 1073, (200)
mlS = 4,691 4 0.037 GeV, (201)
A = —0.362 £ 0.067GeV?, (202)

with a y? of 23.0 for 59 degrees of freedom. We find a good
agreement in the central values of |V, | between the kinetic
and 1S scheme analyses. No conclusion should, however,
be drawn regarding the uncertainties in |V |, as the two
approaches are not equivalent in the number of higher-order
corrections that are included.

C. Exclusive CKM-suppressed decays

In this section, we give results on exclusive charmless
semileptonic branching fractions and the determination of
|V.»| based on B — nfv decays. The measurements are
based on two different event selections: tagged events, in
which the second B meson in the event is fully (or partially)
reconstructed, and untagged events, for which the momen-
tum of the undetected neutrino is inferred from measure-
ments of the total momentum sum of the detected particles
and the knowledge of the initial state.

The LHCb experiment has reported a direct measure-
ment of |V,,|/|Ve| [554], reconstructing the A) — puv
decays and normalizing the branching fraction to the A‘}] —
A (—» pKr)uv decays. Recently LHCb reported also a
measurement of |V, |/|V ;| [555] using B, - Kuv decays
normalized to B, — D uv in two separate bins of ¢>. We
show a combination of |V,,| and |V,| using the LHCb
constraints on |V, |/|V |, the exclusive determination of
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FIG. 57.

|V.p| from B - nfv, and |V ;| from B - D*fv, B - D¢v
and B — Dguv.

We also present branching fraction averages for
BY = pftv, Bt - wftv, Bt - yf*v and BT — 5/t u.
Using the available measurements of the partial branching
fractions of B — pf*u, BT — wf*v decays, we also
present for the first time the combined ¢ spectrum for
these two decays.

1. B — v branching fraction and ¢* spectrum

We use the four most precise measurements of the
differential B — nfv decay rate as a function of the
four-momentum transfer squared, qz, from BABAR and
Belle [556-559] to obtain an average ¢> spectrum and an
average for the total branching fraction. The measurements
are presented in Fig. 58. From the two untagged BABAR
analyses [558,559], the combined results for BY > ¢ty
and BT — 72°/*v decays based on isospin symmetry are
used. The hadronic-tag analysis by Belle [557] provides
results for B - 77#%v and Bt — 2%¢*v separately, but

E..t (GeV)

Same as Fig. 56 for the fit to the hadronic mass moments in the kinetic mass scheme.

not for the combination of both channels. In the untagged
analysis by Belle [556], only B® — 7~/"v decays were
measured. The experimental measurements use different
binnings in ¢, but have matching bin edges, which allows
them to be easily combined.

To arrive at an average g> spectrum, a binned maximum-
likelihood fit to determine the average partial branching
fraction in each ¢ interval is performed, differentiating
between common and individual uncertainties and corre-
lations for the various measurements. Shared sources of
systematic uncertainty of all measurements are included in
the likelihood as nuisance parameters constrained assuming
Gaussian distributions. The most important shared sources
of uncertainty are due to continuum subtraction, the
number of B-meson pairs (only correlated among meas-
urement by the same experiment), tracking efficiency (only
correlated among measurements by the same experiment),
uncertainties from modeling the b — u£v, contamination,
modeling of final state radiation, and contamination from
b — ¢V, decays.
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TABLE 82. Fitresultin the 1S scheme, using B — X,y moments as a constraint. In the lower part of the table, the

correlation matrix of the parameters is given.

miS [GeV] A [GeV2]  p; [GeV3] 7, [GeV3] 1, [GeV?] 73 [GeV3] |V [1073]
Value 4.691 —0.362 0.043 0.161 -0.017 0.213 41.98
Error 0.037 0.067 0.048 0.122 0.062 0.102 0.45
ms 1.000 0.434 0.213 —0.058 —0.629 -0.019 —0.215
A 1.000 —0.467 —0.602 —0.239 —0.547 —0.403
o 1.000 0.129 —0.624 0.494 0.286
7 1.000 0.062 —0.148 0.194
7 1.000 ~0.009 —0.145
7 1.000 0.376
Vol 1.000

The averaged ¢* spectrum is shown in Fig. 58. The
probability of the average is computed as the y? probability
quantifying the agreement between the input spectra and
the averaged spectrum and amounts to 6%. The partial
branching fractions and the full covariance matrix obtained
from the likelihood fit are given in Tables 83 and 84. The
average for the total B - 7~#%v, branching fraction is
obtained by summing up the partial branching fractions:

B(B® » 77¢" ;) = (1.50 £ 0.02, £ 0.06y5) x 1074,
(203)

2. |Vyp| from B — nfy

The |V ;| average can be determined from the averaged
g*> spectrum in combination with a prediction for the
normalization of the B — x form factor. The differential
decay rate for light leptons (e, u) is given by

L L —
Input Me;suremenls:
¢ B° Belle untagged , Phys. Rev. D83, 071101 (2011)

V B° Belle had. tag, Phys. Rev. D88, 032005 (2013)

A B’ Belle had. Tag, Phys. Rev. D88, 032005 (2013)

& B°& B* BABAR untagged, Phys. Rev. D86, 092004 (2012)
0O B°& B BABAR untagged, Phys. Rev. D83, 032007 (2011)
® Likelihood fit average

il
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N

e
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FIG. 58. The B — nfvq® spectrum measurements and the

average spectrum obtained from the likelihood combination
(shown in black).

AF = Ar(qlzow’ ql%igh)

G o [8152| G¥| Vi 4
_ dg? |21P= u H2 (2]
/ 1 { 3 256rng 0(0)

(204)

2
Tiow

where G is Fermi’s constant, | p,| is the magnitude of the
three-momentum of the final state 7 (a function of ¢?), my
the B%-meson mass, and H(g>) the only nonzero helicity
amplitude. The helicity amplitude is a function of the form
factor f,

— 2mB|I_5ﬂ|

\/?

The form factor f, can be calculated with nonperturbative
methods, but its general form can be constrained by the
differential B — #£v spectrum. Here, we parametrize the
form factor using the BCL parametrization [560].

The decay rate is proportional to |V,,;|?|f(¢*)|*. Thus
to extract |V,;| one needs to determine f_ (¢°) (at least at
one value of ¢?). In order to enhance the precision, a binned
x? fit is performed using a y? function of the form

Hy fild). (205)

7> = (B— A7) €Y (B= AT7) + yioep + Zicse (206)

where C denotes the covariance matrix given in Table 84, B
is the vector of averaged partial branching fractions, and
ATz is the product of the vector of theoretical predictions of
the partial decay rates and the B’-meson lifetime. The form
factor normalization is included in the fit by the two extra
terms in Eq. (206): y ocp uses the latest FLAG lattice
average [509] from two state-of-the-art unquenched lattice
QCD calculations [561,562]. The resulting constraints are
quoted directly in terms of the coefficients b; of the BCL
parametrization and enter Eq. (206) as

.. -
Xigep = (b =broep) Cibep(b = broep),  (207)
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TABLE 83.

Partial B — 7~¢*v, branching fractions per GeV? for the input measurements and the average obtained from the

likelihood fit. The uncertainties are the combined statistical and systematic uncertainties.

AB(B® — n=¢tv,)/Ag? [1077]

Belle untagged Belle tagged

Belle tagged

BABAR untagged BABAR untagged

Ag? [GeV?] (B% (B%) (BY) (B**, 12 bins) (B%*, 6 bins) Average
0-2 58.7+12.9 97.5+16.7 84.1 £15.5 58.7+9.4 799 +9.1 72.0+7.0
2-4 76.3 + 8.0 53.0+13.8 653+7.1 714 +4.6
4-6 60.6 + 6.4 755+ 145 73.0 £ 16.2 673+ 64 80.1 £5.3 67.0 £ 3.9
6-8 733+7.6 485+ 11.8 747+7.1 75.6 £4.3
8-10 73.7 £ 8.1 39.0+11.2 502 +£12.8 679+7.38 58.7+5.5 644+43
10-12 70.2 + 8.8 79.5 + 14.6 81.3+8.2 71.7+£4.6
12-14 72.5+9.1 67.5+13.9 86.0 £ 16.4 624+74 549 +6.2 66.7 £ 4.7
14-16 63.0 £ 8.4 68.0 + 14.4 64.0+7.9 63.3 4.8
16-18 59.3+7.8 535+ 128 49.7+£13.3 66.1 +£8.2 502+5.7 620+ 4.4
18-20 36.8+7.2 58.0+12.8 405+£7.6 432 +43
20-22 47.1+6.2 59.0 £ 14.3 23.7+12.1 420+75 184 +3.2 42.5+4.1
22-24 39.9+6.2 33.5+10.6 16.8 £5.9 34.0+4.2
24-26.4 13.2+£29 124 +£13.0 17.8 £19.4 11.7+2.6
TABLE 84. Covariance matrix of the averaged partial branching fractions per GeV? in units of 1074,

Ag? [GeV?] 02 2-4 4-6 6-8 8-10 10-12 12-14 14-16 16-18 18-20 20-22 22-24 24-264
0-2 49.091 1.164 8.461 7.996 7.755 9.484 7.604 9.680 8.868 7.677 7.374 1717  2.877
2-4 21487 —0.0971 7.155 4411 5413 4531 4768 4410 3.442 3.597 3388 1430
4-6 15489 —0.563 5.818 4.449 4392 4.157 4.024 3.185 3169 3.013 1.343
6-8 18.2 2377 7.889 6.014 5938 5429 4.096 3781 3.863 1.428
8-10 18.124 1.540 7.496 5224 5441 4.197 3.848 4.094 1.673
10-12 21.340 4.213 17.696 6493 5.170 4.686 4.888 1.950
12-14 21.875 0.719 6.144 3.846 3939 3922 1.500
14-16 23.040 5219 6.123 4.045 4.681 1.807
16-18 19.798  1.662 4362 4.140 1.690
18-20 18.0629 2.621 3.957 1.438
20-22 16.990 1.670 1.127
22-24 17.774 —0.293
24-26.4 6.516

with b the vector containing the free parameters of the y? fit

constraining the form factor, Z;LQCD the averaged values
from Ref. [509], and Cigcp their covariance matrix.
Additional information about the form factor can be
obtained from light-cone sum rule (LCSR) calculations.
The state-of-the-art calculation includes up to two-loop
contributions [563]. It is included in Eq. (206) via

Yiger = (R = f(4* = 0; 5))2/”2%“' (208)

The |V ;| average is obtained for two versions: the first
combines the data with the LQCD constraints and the
second additionally includes the information from the
LCSR calculation. The resulting values for |V ;| are

Vb = (3.70£0.104,, £0.124¢,) x 1073 (data+LCQD),
(209)

Vo] = (3.67 + 009y, + 0.124,)

x 1073 (data + LCQD + LCSR), (210)

for the first and second fit version, respectively. The result
of the fit including both LQCD and LCSR is shown in
Fig. 59. The y? probability of the fit is 47%. We quote the
result of the fit including both LQCD and LCSR calcu-
lations as our average for |V, |. The best fit values for |V ;|
and the BCL parameters and their correlation matrix are
given in Tables 85 and 86.
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FIG. 59. Fit of the BCL parametrization to the averaged ¢>
spectrum from BABAR and Belle and the LQCD and LCSR
calculations. The error bands represent the 1o (dark green) and 2o
(light green) uncertainties of the fitted spectrum.

3. B - pfv, and B — w€v, branching
fraction and q* spectrum

We report the branching fraction averages for
B - Vfv,, V= p, o. The measurements and their aver-
ages are listed in Tables 87, 88, and presented in Fig. 60.

In the Bt — p%¢*v average, both the B — p~¢*v and
BT — p¢*v decays are used, where the B — p~¢*v are
rescaled by 0.57g+ /750 assuming the isospin symmetry.
The BT — p°¢*v results show significant differences, in
particular the BABAR untagged analysis gives a branching
fraction significantly lower (by about 30) than the Belle
measurement based on the hadronic-tag. The difference is
about 26 for the BY — p°/*v decay modes.

We use the most precise measurements of the differential
B — VZv,, V = p, o decay rates as a function of the four-

TABLE 85. Best fit values and uncertainties for the combined
fit to data, LQCD and LCSR results.

Parameter Value

[Vl (3.67 £ 0.15) x 1073

by 0.418 +£0.012

b, —0.399 £ 0.033

b, —0.578 £ 0.130

TABLE 86. Correlation matrix for the combined fit to data,
LQCD and LCSR results.

Parameter |V s by b, b,

Vsl 1.000 —0.780 —0.404 0.401
by —0.780 1.000 2.110 —0.587
b, —0.404 2.110 1.000 —0.686
b, 0.401 —0.587 —0.686 1.000

TABLE 87. Summary

of exclusive

determinations of

BT — p%¢*v. The errors quoted correspond to statistical and
systematic uncertainties, respectively.

B[10~4]

CLEO (Untagged) p* [564]
CLEO (Untagged) p™ [565]
Belle (Hadronic tag) p™ [557]
Belle (Hadronic tag) p° [557]
Belle (Semileptonic tag) p™ [566]
Belle (Semileptonic tag) p° [566]

1.49 £0.22 £ 0.28
1.58 £0.20 £0.20
1.73 £0.15+0.13
1.82+£0.10+0.10
1.21 £0.29+£0.17
1.354+0.23 £0.18

BABAR (Untagged) p* [558] 1.05 +£0.11 £ 0.21
BABAR (Untagged) p° [558] 1.00 £0.10 + 0.21
Average 1.58 +0.11

momentum transfer g> published by BABAR [558,568] and
Belle [557]. To obtain an averaged ¢> spectrum and
averaged branching fractions, we perform a y? of the form

2®) =) AFLClAT,,
me{Belle, BABAR}

N, -

Ay, = | xI'— Zj;NH Xi > (211)

where C,, is the covariance of the measurement and x7" is
the measured differential rate in bin i multiplied by the
corresponding bin width. Further, X denotes the averaged
spectrum and (N;_;, N;] the range of averaged bins used to
map to the ith measured bin. The binning of the averaged
spectrum is chosen to match the most granular experimen-
tal binning.

For the average of the B — w/v measurements from
Belle and BABAR we again chose the binning of the most
granular spectrum, in this case BABAR’s. However the
experimental spectra do not have a compatible binning in
terms of matching bin boundaries. In order to incorporate
the Belle data and create an averaged spectrum, the LCSR
fit results [570] are used to create a model with which to
split the second and fifth bin of the chosen binning, shown

TABLE 88. Summary of exclusive determinations of
BT —» w?"v. The errors quoted correspond to statistical and
systematic uncertainties, respectively.

B[10]

Belle (Untagged) [567]

BABAR (Loose v reco.) [559]
BABAR (Untagged) [568]

Belle (Hadronic tag) [557]
BABAR (Semileptonic tag) [569]

1.30 £ 0.40 £ 0.36
1.19 £0.16 £ 0.09
1.21 £0.14 £ 0.08
1.07 £0.16 £ 0.07
1.35+0.21 £0.11

Average

1.19+0.10
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FIG. 60. (a) Summary of exclusive determinations of B(B* — p’#*v) and their average. Measurements of B’ — p~#*v branching
fractions have been scaled by 0.5+ /7 in accordance with isospin symmetry. (b) Summary of exclusive determinations of B —

w?"v and their average.

in black in Fig. 61. To match the average bin onto a
measurement without matching bin edges, the average bin
X;, i =2 or5, is split into two parts delimited by the lower
bin edge, the ¢* value where the bin is split, and the upper
bin edge. We label the two parts of the split bin as “left” and
“right,” respectively, in the following and define:

Xirere = Linere/ 1i(1 + 0:€; et

xi.right = Ii,right/li(1 - ei‘gi.right)’ (212)
12

1 B o( = mm)lv §¥- B*/° Phys. Rev. D 83, 032007 (2011)
- ERE B*, Phys. Rev. D 88, 032005 (2013)
S 10 - x?/ndf=135/9 % BO, Phys. Rev. D 88, 032005 (2013)
8 ] HFLAV ‘@ Belle + BABAR
2 87
o ]
— 6 —
X ]

] |
T 44 =¥ P —f s J
< ] i IJ: —i—?-l—_l:—,—j—
S S e ol R LA S
5 2T ;

0 - L I L I L I L I_?-: T
0 5 10 15 20
q° [GeV?]

where 1; o (/; rigne) 18 the integral of the model function on
the support of the left (right) part of the split bin, the sum
I; = I e + L signe 1s the integral over the entire bin, & jf
(€iright) the uncertainty of the integration given by the
model uncertainty, and 6, the nuisance parameter for the
model dependence. We point out that the averaged spec-
trum does not depend on |V, |, as |V ;| cancels in the ratios
Liger/ Ii (L signt/ 1))-

The averaged spectra are shown in black in Fig. 61 and
tabulated in Table 89.

12

. E B - w(-3mlv — \L\isb?':J'a.He‘?iToe»;g' Phys. (2016)
'> 10 = x2/ndf=2.3/3 % B*,Phys. Rev.D 87, 032004 (2013)
() 4 B+, Phys. Rev. D 88, 032005 (2013)
O g HFLAV ® Belle + BABAR
© 4 2021
— -
o ]
— 06—
X 7]
~ ]
T 4
< ]
o ]
3 27

0 1 T 1T I T T T I T T T I T T T I
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FIG. 61. The averaged ¢ spectrum of the measurements listed in the text for the p (left) and @ (right) final state on top of the latest
Belle and BABAR measurements. The isospin transformation is applied to the B® — p~#*v measurements. In the right figure we also
show the model (green band) which was used to split the bins in the averaging procedure.
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TABLE 89. Averaged spectra. For the corresponding correla-
tion matrices see Tables 90 and 91.

B — ptu
g* bin AT'/Ag* x 10°
[0, 2] 1.54 +0.62
[2, 4] 2.11 +0.60
[4, 6] 2.68 £+ 0.65
[6, 8] 3.22 £ 0.67
[8, 10] 2.40 £+ 0.56
[10, 12] 3.34 £ 0.65
[12, 14] 3.35 £0.65
[14, 16] 3.27 £ 0.63
[16, 18] 2.66 £ 0.57
[18, 20] 2.22+0.52
[20, 22] 0.354+0.32
B - wfv
¢* bin AT'/Ag* x 10°
[0, 4] 1.51 +£0.46
[4, 8] 1.824+0.35
[8, 10] 2.9540.56
[10, 12] 3.44 +0.59
[12, 21] 2.22 £+ 0.40
Nuisance parameters
0, —0.01 +1.00
05 0.00 + 1.00

4. Other exclusive charmless semileptonic B decays

We report the branching fraction averages for BT —
n¢Tv and BT — y'¢Tv. The measurements and their
averages are listed in Tables 92 and 93, and presented in
Fig. 62. For B — n£*v decays, the agreement between
the different measurements is good, while BT — 5'£*v
shows a significant discrepancy between the old CLEO
measurement and the BABAR untagged analysis.

5. Direct measurements of |V ,;|/|V |

The LHCb experiment reported the first observation of
the CKM suppressed decay Ag — puv [554] and the
measurement of the ratio of partial branching fractions at
high ¢? for AY) - puv and AY) - A} (- pKr)uv decays,

B(A2 - P/W)q2>15 GeV?

R =
B(A2 - A?ﬂ”)qzﬂ GeV?

=(1.00+0.04+0.08) x 1072
(213)

The ratio R is proportional to (|V,|/|Ves|)* and
sensitive to the form factors of A) - p and A) - A
transitions that have to be computed with nonperturbative
methods, such as lattice QCD. The uncertainty on B(A} —
pKr) is the largest source of systematic uncertainties on R.
Using the recent average of B(A} — pKr) = (6.28 £+
0.32)% [9], the rescaled value for R is

R = (0.92 £ 0.04 +0.07) x 1072, (214)

Using the precise lattice QCD prediction [576] of the form
factors in the experimentally interesting g> region consid-
ered, we obtain

|Vub|
|Vch|

= 0.079 + 0.004, £ 0.004  (215)

where the first uncertainty is the total experimental uncer-
tainty, and the second one is due to the knowledge of the
form factors.

The LHCb experiment also reported the first observation
of the decay B? — K~u*v, and the measurements of its
branching fraction normalized to the BY — D5y, decays
[555]. The measurement has been performed in two bins of
g*. The results of the partial branching fractions has been
translated in measurements of |V,,|/|V.,| using form
factor calculation from LCSR for ¢*> <7 GeV? [577],

TABLE 90. Correlation matrix of the averaged B — pfv, spectrum.

[0, 2] [2, 4] [4, 6] [6, 8] [8, 10] [10, 12] [12, 14] [14, 16] [16, 18] [18, 20] [20, 22]
[0, 2] 1.00  -0.30 0.03 0.01 0.09 0.09 0.09 0.09 0.08 0.08 0.02
[2, 4] -0.30 1.00  -0.03 0.09 0.11 0.12 0.12 0.12 0.11 0.10 0.02
[4, 6] 0.03 -0.03 1.00 -0.18 0.13 0.13 0.15 0.14 0.13 0.12 0.03
[6, 8] 0.01 0.09 -0.18 1.00 0.06 0.18 0.18 0.18 0.16 0.14 0.04
[8, 10] 0.09 0.11 0.13 0.06 1.00 -0.21 0.05 0.04 0.12 0.10 0.03
[10, 12] 0.09 0.12 0.13 0.18 -0.21 1.00 —0.00 0.07 0.15 0.13 0.04
[12, 14] 0.09 0.12 0.15 0.18 0.05 —0.00 1.00 -0.16 0.14 0.12 0.04
[14, 16] 0.09 0.12 0.14 0.18 0.04 0.07 -0.16 1.00 0.10 0.14 0.05
[16, 18] 0.08 0.11 0.13 0.16 0.12 0.15 0.14 0.10 1.00 -0.27 -0.11
[18, 20] 0.08 0.10 0.12 0.14 0.10 0.13 0.12 0.14 -0.27 1.00 -0.13
[20, 22] 0.02 0.02 0.03 0.04 0.03 0.04 0.04 0.05 -0.11 -0.13 1.00
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TABLE 91. Correlation matrix of the averaged B — w?¢v, spectrum.
[0, 4] [4, 8] [8, 10] [10, 12] [12, 21] 0, 05

[0, 4] 1.00 —-0.15 0.08 0.04 0.06 —0.01 0.00
[4, 8] —-0.15 1.00 0.09 0.09 0.15 —0.01 —0.00
[8, 10] 0.08 0.09 1.00 —0.01 0.12 —0.00 —0.00
[10, 12] 0.04 0.09 -0.01 1.00 0.15 0.00 —0.00
[12, 21] 0.06 0.15 0.12 0.15 1.00 -0.00 —0.00
0, —-0.01 —-0.01 —0.00 0.00 —0.00 1.00 0.00
05 0.00 —-0.00 —0.00 —-0.00 —0.00 0.00 1.00

TABLE 92. Summary of exclusive determinations of
Bt — n¢*v. The errors quoted correspond to statistical and
systematic uncertainties, respectively.

B104]

0.45+0.23 £0.11
0.31 +£0.06 £ 0.08
0.64 +0.20 £ 0.04
0.38 £ 0.05 £ 0.05
0.42+0.11 £0.09
0.283 £ 0.055 £ 0.034

0.34440.043

CLEO [571]

BABAR (Untagged) [572]
BABAR (Semileptonic Tag) [573]
BABAR (Loose v-reco.) [559]
Belle (Hadronic Tag) [574]
Belle (Untagged) [575]

Average

TABLE 93. Summary of exclusive determinations of
BT — y/¢Tv. The errors quoted correspond to statistical and
systematic uncertainties, respectively.

B[1074]

CLEO [571] 2.71 £0.80 £ 0.56

. . 0.04 +0.22 +0.04,
BABAR (Semileptonic Tag) [573] (<0.47@90%CL)
BABAR (Untagged) [559] 0.24 +0.08 +0.03
Belle (Hadronic Tag) [574] 0.36 £0.27 £0.04
Belle (Untagged) [575] 0.279 +0.129 + 0.030
Average 0.249+0.067+0.03

and recent Lattice calculation for g> > 7 GeV? [578]. The
results are

1%
||V“b" =0.0607 £0.0021,, £0.0030, ¢> <7 GeV?,
cb
(216)
1%
||V"b|| =0.0946 £ 0.0041,, £0.0068, ¢>>7GeV?,
cb
(217)

where the experimental uncertainties include also the
uncertainties on the external inputs, and the last errors

are due to the form factor calculations for both B — K and
B; — D, decays. The discrepancy between the values of
|Vul/|Vep| for the low and high ¢?, requires further
investigations.

D. Inclusive CKM-suppressed decays

Measurements of B — X,¢*v decays are very challeng-
ing because of background from the Cabibbo-favored B —
X.Z1v decays, whose branching fraction is about 50 times
larger than that of the signal. Cuts designed to suppress this
dominant background severely complicate the perturbative
QCD calculations required to extract |V,,|. Tight cuts
necessitate parametrization of the so-called shape functions
in order to describe the unmeasured regions of phase space.
We use several theoretical calculations to extract |V ;| and
do not advocate the use of one method over another. The
authors of the different calculations have provided codes to
compute the partial rates in limited regions of phase space
covered by the measurements. Belle [579] and BABAR
[580] produced measurements that explore large portions of
phase space and thus reduce theoretical uncertainties.

In the averages, the systematic uncertainties associated
with the modeling of B - X.£"v, and B — X" v,
decays and the theoretical uncertainties are taken as fully
correlated among all measurements. Reconstruction-related
uncertainties are taken as fully correlated within a given
experiment. Measurements of partial branching fractions
for B — X,¢ v, transitions from Y (4S) decays, together
with the corresponding selected region, are given in
Table 94. We use all results published by BABAR in
Ref. [580], since the statistical correlations are given. To
make use of the theoretical calculations of Ref. [581], we
restrict the kinematic range of the invariant mass of the
hadronic system, My, and the square of the invariant mass
of the lepton pair, ¢>. This reduces the size of the data
sample significantly, but also the theoretical uncertainty, as
stated by the authors [581]. The dependence of the quoted
error on the measured value for each source of uncertainty
is taken into account in the calculation of the averages.

It was first suggested by Neubert [582] and later detailed
by Leibovich, Low, and Rothstein (LLR) [583] and Lange,
Neubert and Paz (LNP) [584], that the uncertainty of the
leading shape functions can be eliminated by comparing
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FIG. 62.
B(BT — /¢*v) and their average.

inclusive rates for B — X, " v, decays with the inclusive
photon spectrum in B — Xy, based on the assumption that
the shape functions for transitions to light quarks, u or s, are
the same to first order. However, shape function uncer-
tainties are only eliminated at the leading order and they
still enter via the signal models used for the determination
of efficiency.

In a paper by BABAR [585], detailed studies are
performed to assess the impact of various theoretical
predictions, on the measurements of the electron spectrum,

BB - n' 1" v)[x 10™]

(2) Summary of exclusive determinations of B(B™ — 5£"v) and their average. (b) Summary of exclusive determinations of

the branching fraction, and the extraction of |V |, where
the lower limit on the electron momentum is varied from
0.8 GeV/c to the kinematic endpoint. An important differ-
ence of this paper with respect to the other ones is that the
dependency on the theoretical models enters primarily
through the partial branching fractions, as the fit is sensitive
to signal decays only in regions with good signal-to-noise
such as the endpoint region. All other measurements
instead determine a partial branching fraction by using a
single model, and this partial branching fraction is then

TABLE 94. Summary of measurements of partial branching fractions for B — X, ¢ v, decays. The errors quoted on AB correspond to
statistical and systematic uncertainties. E, is the electron energy in the B rest frame, p* the lepton momentum in the B frame and my is

the invariant mass of the hadronic system. The light-cone momentum P, is defined in the B rest frame as P, = Ey — |py|. The s

variable is described in Refs. [587,588].

max

Measurement Accepted region AB[1074] Notes

CLEO [589] E, > 2.1 GeV 33£02£07

BABAR [588] E, > 2.0 GeV, st < 3.5 GeV? 444+04+04

BABAR [585] E, > 0.8 GeV 1.55 +£0.08 £ 0.09 Using the GGOU model
Belle [590] E, > 19 GeV 85+04+15

BABAR [580] My <17 GeV/c?, ¢*> > 8 GeV?/c* 6.9+0.6+04

Belle [591] My <17 GeV/c?, ¢* > 8 GeV2/c* 744+09+13

Belle [592] My < 1.7 GeV/c?, ¢*> > 8 GeV?/c* 85+£09+1.0 Used only in BLL average
BABAR [580] P, <0.66 GeV 99+£09+£038

BABAR [580] My < 1.7 GeV/c? 11.6 £1.0+0.8

BABAR [580] My < 1.55 GeV/c? 109+0.8+0.6

Belle [593] My <17 GeV/c?, ¢* > 8 GeV2/c* 159409+ 1.6

BABAR [580] (My. ) fit, pi > 1 GeV/c 182+ 13+15

BABAR [580] p;>13GeV/c 155+13+14
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converted into a |V,,| measurement by taking the corre-
sponding partial rate predicted by the theory calculations.
Due to this difference, the |V ;| results obtained in this
paper, with a lower limit of 0.8 GeV/c on the electron
momentum, are directly used as input to the averages based
on the theoretical framework provided by Bosh, Lange,
Neubert, and Paz (BLNP) [594-597], Andersen and Gardi
(DGE) [600] and Gambino, Giordano, Ossola and Uralsev
(GGOU) [604] averages. These determinations supersede
the previous BABAR endpoint measurement [586]. The
partial branching ratio quoted in Table 94 for Ref. [585] is
taken as that obtained with the GGOU calculation.

A new measurement of partial branching fractions in
three phase-space regions, covering about 31% to 86% of
the accessible phase space, was performed by Belle [593],
where machine learning techniques and hadronic tagging
were used to reduce backgrounds. The measurement of the
partial branching fraction obtained in the EZ > 1 GeV
region, the most precise one, is used to obtain |V ,,|. This
measurement supersedes the one of Ref. [579], based on
similar techniques.

In the following, the different theoretical methods and
the resulting averages are described.

1. BLNP

Bosch, Lange, Neubert and Paz (BLNP) [594-597]
provide theoretical expressions for the triple differential

decay rate for B — X, v, events, incorporating all known
contributions, while smoothly interpolating between the
“shape-function region” of large hadronic energy and small
invariant mass, and the “OPE region” in which all hadronic
kinematical variables scale with the b-quark mass. BLNP
assign uncertainties to the b-quark mass, which enters
through the leading shape function, to subleading shape
function forms, to possible weak annihilation contribution,
and to matching scales. The BLNP calculation uses the
shape function renormalization scheme; the heavy quark
parameters determined from the global fit in the kinetic
scheme, described in Sec. VII B 2, were therefore translated
into the shape function scheme by using a prescription
by Neubert [598,599]. The resulting parameters are
m;,(SF) = (4.582 + 0.023 £+ 0.018) GeV, u2(SF) =
(0.202i0.089f8_’8}8) GeV/ ¢%, where the second uncer-
tainty is due to the scheme translation. The extracted values
of |V,;| for each measurement along with their average are
given in Table 95 and illustrated in Fig. 63(a). The total
uncertainty is 3% and is due to: statistics (']3%),
detector effects (7|7%), B — X.£*v, model (*9%), B —
X, £*v, model (7| 3%), heavy quark parameters (34%),
SF functional form ('3 %), subleading shape functions
(798%), matching scales in BLNP u, p;, u, (738%), and
weak annihilation (709%). The error assigned to the
matching scales is the source of the largest uncertainty,
while the uncertainty due to HQE parameters (b-quark mass

TABLE 95. Summary of input parameters used by the different theory calculations, corresponding inclusive determinations of |V ;|
and their average. The errors quoted on |V, | correspond to experimental and theoretical uncertainties, respectively.

BLNP DGE GGOU ADFR BLL

Input parameters

Scheme SF MS Kinetic MS 1S
References [598,599] Ref. [600] see Sec. VIIB 2 Ref. [601] Ref. [581]
my (GeV) 4.582 £ 0.026 4.188 £ 0.043 4.554 £0.018 4.188 £ 0.043 4.704 £ 0.029
12 (GeV?) 0.202 3% : 0.464 £ 0.076 : e
References || values [1073]
CLEO E, [589] 422+£0491037 386+£04510%  423+£049707F 342040107 S
Belle My, ¢* [591] 451 +£047103 44312047100 4524048103  3.93+£041501F  4.68+£0.49103
Belle E, [590] 4.93+£0.46702° 4824045707  495+0467010  4.48 4042700 S
BABAR E, [585] 4.41£0.1279027 385+ 0.1170% 396 £0.107017 e
BABAR E,, s [588] 471 £032703  4.354+0.297038 o 3.81 £0.197019
Belle EZ, (My, ¢?) fit [593] 4.05+£0237028 4164+ 024701F  415+£02470%  4.05+0.237 8
BABAR My [580] 424 +£0.19702  447+£0201027  430+£0.20002)  3.83£0.18707
BABAR My [580] 4.03+£022702 4224023703 410+£023701  3.75+0.21708 S
BABAR My, ¢* [580] 4324£023702° 42440227008 433+£023707  3.75+£020°017  4.5040.2470%
BABAR P, [580] 4.09+£025102° 417+£025503 42540261020 3.57+£0.2250¢ o
BABAR pj, (Mx.q*) fit [580]  4.33+£0.24%000  4.45+0247012  4.44402470% 433 +£0.247010
BABAR p’ [580]

Belle My, g% [592]

4.34 £0.277539

443 £0.271013

4.43 £0.27709

4.28 £0.277519

5.01 +£0.397933

Average

4.28 £0.137539

3.93 +£0.10°5%

4.19 £0.12751)

3.92 £0.12751%

4.62 £ 0.207539
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CLEO (E) :
422+049+0.29-0.34 (a)
BELLE sim. ann. (m, q®
451+047+027-0.29
BELLE (E )
493+046+0.26-0.29
BABAR (E))
441+0.12+027
BABAR (E_,s™)
471+032+0.33-0.38
BELLE my g2 fit, (EI>1)
4.05+£0.23+0.18-0.20
BABAR (m <1.55)
424 +£0.19 +() 25
BABAR (m <1.7)
403+022+022
BABAR (m <17, q>>8)
432+023+0.26-0.28
BABAR (P*<0.66)
4.09 £0.25 £0.25
BABAR (p*>1GeV)
433+0.24+0.19-0.21
BABAR (p*>1.3GeV)
434+027+0.20-0.21
Average +/- exp + th. - th.
428 £0.13+0.20-0.21
Xz/dof = 16 0/11 (CL = 14.00 %)
Bosch e, Neubert and Paz (BLNP)
Phys. Rev. Dg72 073006,

1 | 1 1 1 |

CLEO (E ) :
3.86 +0.45+0.25-027 R (b)
BELLE sim. ann. (mX, q? :
4434047 +0.19-021 A
BELLE (E,) :
48240454023 A ——
BABAR (E ) :
3.85+0.11+0.08 - 0.07 i
BABAR (E_, s7™) :
435+0.29+028-0.30 —_——
BELLE my ¢’ fit, (E>1) :
416024 +0.12-0.11 A
BABAR (m <1.55) '
447 +020 +0.19-024 e S
BABAR (m\<1 1) :
422+023+021-027 T
BABAR (m <17,q>8) :
4244022+0.18-021 S
BABAR (P*<0.66) ;
4174026 +0.28-037 —_—
BABAR (m , q? fit, p*>1GeV) :
4454024 +0.12-0.13 ——
BABAR (p*>1.3GeV)
443+027+0.13 S
Average +/- exp + theory - theory :
92 +0.10 +0.09 - 0.10 -

}\/dof 21.4/11 (CL 3.00 %) :

ndersen and Gardi (DGE) :
JHEP 0601:097 200 ;
E. Gardi arXiv:0806.4524 1

1 1 1 1 a ‘ 1 I 2027

2 4 6

IV, | [x107]

FIG. 63.

2 4 6
IV, [x107]

Measurements of |V,,| from inclusive semileptonic decays and their average based on the BLNP (a) and DGE

(b) prescription. The labels indicate the variables and selections used to define the signal regions in the different analyses.

and u2(SF)) is second. The uncertainty due to weak
annihilation is assumed to be asymmetric, i.e. it only tends
to decrease |V ;|-

2. DGE

Andersen and Gardi (dressed gluon exponentiation,
DGE) [600] provide a framework where the on-shell
b-quark calculation, converted into hadronic variables, is
directly used as an approximation to the meson decay
spectrum without the use of a leading-power nonperturbative
function (or, in other words, a shape function). The DGE
calculation uses the M S renormalization scheme. The heavy
quark parameters determined from the global fit in the kinetic
scheme, described in Sec. VII B 2, were therefore translated
into the M'S scheme by using code provided by Einan Gardi
(based on Refs. [602,603]), giving m,(MS) = (4.188+
0.043) GeV. The extracted values of |V,,;| for each meas-
urement along with their average are given in Table 95 and

illustrated in Fig. 63(b). The total error is *35%, whose

breakdown is: statistics (1]2%), detector effects (17 %),
B — X.£v, model (1)3%), B — X W v, model (197%),
strong coupling a; ( 03%) my, ( %) weak annihilation
(+ 9%), matching scales in DGE (*04%) The largest
contnbutlon to the total error is due to the effect of the
uncertainty on m,,. The uncertainty due to weak annihilation
has been assumed to be asymmetric, i.e. it only tends to
decrease |V |-

3. GGOU

Gambino, Giordano, Ossola and Uraltsev (GGOU) [604]
compute the triple differential decay rates of B — X, vy,
including all perturbative and nonperturbative effects
through O(a?f,) and O(1/m3). The Fermi motion is
parametrized in terms of a single light cone function for
each structure function and for any value of ¢, accounting
for all subleading effects. The calculations are performed in
the kinetic scheme, a framework characterized by a
Wilsonian treatment with a hard cutoff u~ 1 GeV.
GGOU have not included calculations for the “(E,, s3'**)”
analysis [588]. The heavy quark parameters determined from
the global fit in the kinetic scheme, described in Sec. VII B 2,
are used as inputs: mi" = (4.554 £0.018) GeV, ui =
(0.464 £ 0.076)GeV/c?. The extracted values of |V,
for each measurement along with their average are given
in Table 95 and illustrated in Fig. 64(a). The total error is
39% whose breakdown is: statistics (T{3%), detector
effects (14%), B— X.*v, model (709%), B —
X, v, model (fll77 %), a,, m;, and other nonperturbative
parameters ( —_}—1188 %), higher order perturbative and non-
perturbative corrections (f}..ss%), modeling of the ¢ tail
(*1'3%) weak annihilations matrix element (f?'?%) func-
tional form of the distribution functions (7 101 1 %). The leading
uncertainties on |V, | are both from theory, and are due to
perturbative and nonperturbative parameters and the model-
ing of the ¢ tail. The uncertainty due to weak annihilation
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CLEO (Ee)

4234049 +022-031
BELLE sim. ann. (m ,q?) :
4524047 4025-028 A
BELLE (E,)

495 +046+0.16-0.21
BABAR (E )

396 +0.10 £0.17
BELLE my q? fit, (E|>1)
4.15 4024 +0.08 - 0.09
BABAR (m <1.55)
43040204020 -021
BABAR (m <1.7) ‘
4.10 + (72+0m 0.17 i
BABAR (mX<lA7$qz>8)
433+023+024-027

BABAR (P*<0.66)

425026 +0.26-0.27

BABAR (mv q? fit, p*>1GeV)
444 £024+0.09 - 0.10

BABAR (p*>1.3GeV)
443+027+009-0.11

— ()

-J:—.—-

Y2/dof = 15,1110 (CL= 1300 %) : m
1 | 1 1 1 | : 1 I 2021

CLEO (E))

342 +040 +£0.17

BELLE sim. ann. (mX, q?)
393+£041+0.18-0.17
BELLE (E))

448 £042£020

BABAR (E_,s™)
3.81+0.19+0.19-0.18
BELLE my q? fit, (E1>1)
405+023+0.18

BABAR (m <1 93)
3.83+0. 18+( 20-0.1
BABAR (m <1.7)
375+021+ ().]8

BABAR (m <1 7.9>>8)
3.75+0.20 +0.17

BABAR (P*<0.66)
357+022+0.19-0.18
BABAR ((mx—qz) fit, p*>1)
433+0.24 £0.19

BABAR (p*>1.3)

428 +£0.27 £0.19

Average +/- exp + theory - theory
392+0.12+0.18-0.12

— (b)

o
nes

¥*/dof =30.2/10 (CL = 0.08 %)
U.Aglietti, F.Di Lodovico, G.Ferrera , G Ricciardi (ADFR)

, L2021

Eur. Ph)is J.C59: 2131 2009 flmd reterepces thelelm ' ‘

Average +/- exp + theory - theory
P. Gam ordano. G. Ossola, N. Uraltsev
2 4 6

4.19+£0.12+0.11-0.12 .‘
JHEP 0710 058 2007 (GGOU)
IV 1 [x 107
ub

2 4 6
IV, | [x 107]

FIG. 64. Measurements of |V,,| from inclusive semileptonic decays and their average based on the GGOU (a) and ADFR
(b) prescription. The labels indicate the variables and selections used to define the signal regions in the different analyses.

has been assumed to be asymmetric, i.e. it only tends to
decrease |V ;|

4. ADFR

Aglietti, Di Lodovico, Ferrera and Ricciardi (ADFR)
[605] use an approach to extract |V |, that makes use of
the ratio of the B — X.£"v, and B — X, ¢ v, widths. The
normalized triple differential decay rate for B — X ,¢ v,
[601,606-608] is calculated with a model based on (i) soft—
gluon resummation to next-to-next-leading order and (ii) an
effective QCD coupling without a Landau pole. This
coupling is constructed by means of an extrapolation to
low energy of the high—energy behavior of the standard
coupling. More technically, an analyticity principle is
used. The lower cut on the electron energy for the endpoint
analyses is 2.3 GeV [601]. The ADFR calculation uses the
MS renormalization scheme; the heavy quark parameters
determined from the global fit in the kinetic scheme,
described in Sec. VIIB 2, were therefore translated into
the MS scheme by using code provided by Einan
Gardi (based on Refs. [602,603]), giving m;,(MS) =
(4.188 +0.043) GeV. The extracted values of |V,,| for
each measurement along with their average are given in

Table 95 and illustrated in Fig. 64(b). The total erroris 33%

whose breakdown is: statistics (’_L}_'g%), detector effects

(11%), B — X .£*v, model (*]3%), B — X,¢*v, model

(118%), a; (111 %0), |V | (£19%0), my, (107 %), m (513%),
semileptonic branching fraction (fg 78%) theory model

(33 3 %) The leading uncertainty is due to the theory model.

5. BLL

Bauer, Ligeti, and Luke (BLL) [581] give a HQET-based
prescription that advocates combined cuts on the dilepton
invariant mass, g2, and hadronic mass, my, to minimize the
overall uncertainty on |V, |. In their reckoning a cut on my
only, although most efficient at preserving phase space
(~80%), makes the calculation of the partial rate untenable
due to uncalculable corrections to the b-quark distribution
function or shape function. These corrections are suppressed
if events in the low ¢> region are removed. The cut
combination used in measurements is M, < 1.7 GeV/c?
and ¢> > 8 GeV?/c*. The extracted values of |V ;| for each
measurement along with their average are given in Table 95
and illustrated in Fig. 65. The total error is - 7% whose
breakdown is: statistics (133%), detector effects (530%),
B — X.£*v, model (1] 8%), B — X, £*v, model (1] %),
spectral fracnon (mb) (3 0%) perturbative approach: strong
coupling a; ( %) remdual shape function (+2 5%) third
order terms in the OPE (*40%). The leading uncertainties,
both from theory, are due to residual shape function effects
and third order terms in the OPE expansion. The leading
experimental uncertainty is due to statistics.
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BELLE breco (m_, ¢%)
—_-

501+0.39 £0.32 :

BELLE sim. ann. (mX, q?)
-—-—;-‘—-—u

4.68 049 £ 030 ;

BABAR (mx.qz) 3
n—-—‘—;—-—-

450 £0.24 £0.29 g

Average +/- exp +/- theory

462 £0.20 £0.29 :

¥*/dof = 1.4/ 2 (CL = 50.00 %)

C.W. Bauer, Z. Ligeti and M.E. Luke (BLL)

Phys. Rev. D64:113004 (2001)

1 | 1 1 1 | : 1 2021
2 4 6

IV, [x 107]

FIG. 65. Measurements of |V,,| from inclusive semileptonic
decays and their average in the BLL prescription.

6. Summary

The averages presented in several different frameworks
are presented in Table 96. In summary, we recognize that
the experimental and theoretical uncertainties play out
differently between the schemes and the theoretical
assumptions for the theory calculations are different.
Therefore, it is difficult to perform an average between
the various determinations of |V ,|. Since the methodology
is similar to that used to determine the inclusive |V,
average, we choose to quote as reference value the average
determined by the GGOU calculation, which gives
Vs = (419 £0.125511) x 1073

E. Combined extraction of |V,;| and |V |

In this section we report the result of a combined fit for
V.| and |V,| that includes the constraint from the

TABLE 96. Summary of inclusive determinations of |V, |. The
errors quoted on |V, | correspond to experimental and theoretical
uncertainties.

Framework [V [1073]

BLNP 428 £0.13103)
DGE 3.93 +0.1055%
GGOU 4.19 £0.12712
ADFR 3.92 £0.17948

BLL (my/q* only) 4.62 +0.20 £ 0.29

averaged |V ,;|/|V|, and the determination of |V ;| and
|V.p| from exclusive B meson decays.

The average of the |V, |/|V .| measurements from A, —
puv and B, — Kuv, using only results at high g (based on
Lattice-QCD), assuming the uncertainties due to trigger
selection and tracking efficiency are fully correlated, is

‘Vub|
|Vcb|

= 0.0838 % 0.0046 (218)

where the reported uncertainty includes both experimental
and theoretical contributions. The average of the |V ;| results

from B —» Dfv, B — D*¢v and B, — D§*)/w, is

V.| = (38.90 £ 0.53) x 1073, (219)
where the uncertainty also in this case includes both
experimental and theoretical contributions. The P(y?) of
the average is 30%.

The combined fit for |V ;| and |V | results in

V| = (3.51 £0.12) x 1073 (220)
V| = (39.10 £ 0.50) x 1073 (221)
PVl [Ven]) = 0.175, (222)

where the uncertainties in the inputs are considered
uncorrelated. The fit result is shown in Fig. 66, where

48 T
4.6 - Exclusive IV Ay* = 1.0 contours =
I . Inclusive ]
4.4 r Exclusive IV | IV, GGOU ]
4 2 E lvubl/lvcbl IVl global fit E
) ' E l:l HFLAV Average E
o 4F E
= 38F -
Z 36F =
3AF =
32F =
k)= HFLAV =
- E
28 P =89%
cC. o o 1 v v » 1 v o 1y oy 1 g

36 38 40 42 44

IV, [107]

FIG. 66. Combined average on |V,,| and |V | including the
LHCb measurement of |V,;,|/|V.s|, the exclusive |V,,| meas-
urement from B — z£v, and the |V_,| average from B — DZ£v,

B - D*¢v and B, — Dg*)ﬂy measurements. The dashed ellipse
corresponds to a 1o two-dimensional contour (68% of CL). The
point with the error bars corresponds to the inclusive |V | from
the kinetic scheme (Sec. VII B 2), and the inclusive |V,,;| from
GGOU calculation (Sec. VIID 3).

052008-120



AVERAGES OF b-HADRON, ¢-HADRON, AND z- ...

PHYS. REV. D 107, 052008 (2023)

both the Ay? =1 and the two-dimensional 68% C.L.
contours are indicated. The average value of |V | differs
from the inclusive one, by about 3.3¢. The difference of
|V .| from the GGOU inclusive result taken as reference is
also 3.3c0.

F. B —» D%7v, decays

In the SM, the semileptonic decays are tree level
processes which proceed via the coupling to the W+ boson.
These couplings are assumed to be universal for all leptons
and are well understood theoretically, (see Section V. A and
V. B). This universality has been tested in purely leptonic
and semileptonic B meson decays involving a 7 lepton,
which might be sensitive to a hypothetical charged Higgs
boson or other non-SM processes.

Compared to BT — 7, the B — D™®zy, decay has
advantages: the branching fraction is relatively high,
because it is not Cabibbo-suppressed, and it is a three-
body decay allowing access to many observables besides
the branching fraction, such as D™ momentum, q* dis-
tributions, and measurements of the D* and 7 polarizations
(see Ref. [609] and references therein for recent
calculations).

Experiments have measured two ratios of branching
fractions defined as

R(D) = %, (223)

B(B—~ D'¢v,)

where ¢ refers either to electron or u. These ratios are
independent of |V, | and to a large extent, also of the B —
D™ form factors. As a consequence, the SM predictions
for these ratios are quite precise:

(i) R(D) = 0.298 + 0.004: where the central value and
the uncertainty are obtained from an arithmetic
average of the predictions from Refs. [610-614].
The Refs. [610-612,614] are based on recent lattice
calculations [512,521] and results on the B — D¢v
form factor measurements from BABAR and Belle.
The prediction in Ref. [613] used here is based only
on theoretical inputs.

(i) R(D*) =0.254 £0.005: where the central value
and the uncertainty are obtained from an arithmetic
average of the predictions from Refs. [517,611-
613,615]. These calculations are in good agreement
between each other, and consistent with older
predictions. The authors of Ref. [615] use as inputs
the most recent Belle results of B — D*/v form
factors [501]. The authors of Ref. [613] obtain
predictions with and without using experimental
inputs. Compared with other calculations, their

predictions on R(D*) are slightly shifted toward a
lower value, resulting in R(D*) = 0.250 + 0.003
and R(D*) =0.247 +0.006 using and not using
the experimental results, respectively. In this average
we use the latter result. The calculation in Ref. [517]
is the result of the full angular analysis of B — D*fv
decay by BABAR, and gives an independent pre-
diction of R(D*) = 0.253 £ 0.005, which is com-
patible with the predictions above.

The first unquenched lattice-QCD calculation of the B —
D*?v at nonzero recoil in Ref. [616], predicts a value of
R(D*) = 0.265 £ 0.013, which reduces the tension, even if
the larger uncertainty alleviates its significance. A com-
bined analysis of B - Dfv and B — D*£v that includes
both lattice calculations and experimental inputs would be
desirable.

On the experimental side, in the case of the leptonic
decay, the ratios R(D™) can be directly measured, and
many systematic uncertainties cancel in the measurement.
The B — D**7u, decay was first observed by Belle [617]
performing an “inclusive” reconstruction, which is based on
the reconstruction of the By, from all the particles of the

events, other than the D*) and the lepton candidate, without
looking for any specific By,, decay chain. Since then, both
BABAR and Belle have published improved measurements
and have observed the B — Drv, decays [618,619].

The most powerful way to study these decays at the
B-factories exploits the hadronic or semileptonic By,,.
Using the full dataset and an improved hadronic B,
selection, BABAR measured [620]:

R(D) = 0.440 + 0.058 4+ 0.042,

R(D*) = 0.332 £0.024 £+ 0.018 (225)
where decays to both e* and y* were summed, and results
for B and B~ decays were combined in an isospin-
constrained fit. The fact that the BABAR result exceeded
SM predictions by 3.4¢ raised considerable interest.

Belle, exploiting the full dataset, published measure-
ments using both the hadronic [621] and the semileptonic
tag [622]. Belle also performed a combined measurement
of R(D*) and 7 polarization by reconstructing the 7 in the
hadronic 7 — zv and 7 — pv decay modes [623]. LHCb
measurements of R(D*) use both the muonic 7 decay [624],
and the three-prong hadronic 7 — 37(z°)v decays [625].
The latter is a direct measurement of the ratio
B(B® - D*~t*v,)/B(B° - D*"ztz~x"), and is trans-
lated into a measurement of R(D*) using the independently
measured branching fractions B(B® - D*"z"z~z") and
B(B® > D*pty,).

The most important source of systematic uncertainties
that are correlated among the different measurement is the
B — D** background components, which are difficult to
disentangle from the signal. In our average, the systematic
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TABLE 97. Measurements of R(D*) and R(D), their correlations and the combined average.

Experiment R(D*) R(D) p
BABAR [620,630] 0.332 £ 0.024, £ 0.018, 0.440 = 0.058,, % 0.042,, -0.27
Belle [621] 0.293 = 0.038, + 0.015 0.375 =& 0.064, + 0.026, —0.49
LHCb [624] 0.336 = 0.027y £ 0.0304,

Belle [623] 0.270 + 003544 0554y

LHCb [625,631] 0.283 = 0.019;, & 0.029,;

Belle [622] 0.283 = 0.018, + 0.014, 0.307 = 0.0374y % 0.016 -0.51
Average 0.295 £ 0.010 = 0.010 0.339 -£0.026 £ 0.014 -0.38

uncertainties due to the B — D** composition and kinemat-
ics are considered fully correlated among the measurements.

The results of the individual measurements, their aver-
ages and correlations are presented in Table 97 and Fig. 67.
The combined results, projected separately on R(D) and
R(D*), are reported in Fig. 68(a) and Fig. 68(b)
respectively.

The averaged R(D) and R(D*) exceed the SM pre-
diction given above, by 1.40 and 2.80, respectively.
Considering the R(D) and R(D*) total correlation of
—0.38, the difference with respect to the SM is about
330, and the combined x> = 13.97 for 2 degrees of
freedom corresponds to a p-value of 0.92 x 1073, assuming
Gaussian error distributions.

An analogous measurement using B, — J/w¢v decays
has been performed by LHCb, leading to R(Jy) = 0.71 +
0.175 & 0.18,y [626], which lies 1.8¢ above the most
recent SM prediction obtained by HPQCD collaboration
[627]. Recently LHCb reported the first observation of the
Ag — A7 D, decay [628], exploiting the three-prong
hadronic 7~ decays. The resulting ratio of semileptonic
branching fractions is R(A,) = 0.242 + 0.026,,,+
0.0404y5 & 0.059.;, where the last term is due to the
uncertainties on the external branching fractions meas-
urement, in particular for the Ag - Afu~D, decay. This
result is in agreement with the prediction of 0.324 + 0.004
from Ref. [629].

04

Ay* = 1.0 contours

BABAR 12

035 3
=~ L LHCFﬂ 8 .
A 031 N
N - N
=2 - \ Average \
N = Bellel5
025 w " BeHel9 .
F Bellel? i Word Average :
02+ '}HFLAV SM Prediction  JHEP 1712 (2017) 060 R(D)=0.339 +£0.026 £+ 0.014 1
* R(D)*0298 +0.004 PLB 795 (2019) 386 R(D‘) =0.295+0.010 +0.010
B NPT PRL 123 (2019) 091801 —.038 -1
- R(D*) =0.254 +0.005 EPJC 80 (2020) 2. 74 IP) 3y 984, .
- PRD 105 (2022) 034503 (1) =28% -
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FIG. 67.

Measurements of R (D) and R(D*) listed in Table 97 and their two-dimensional average. Contours correspond to Ay? = 1,

i.e., 68% CL for the bands and 39% CL for the ellipses. The black and blue points with error bars, are two recent SM prediction for
R(D*) and R(D). The SM predictions reported are based on results from Refs. [610,613,615]. More information is given in the text. An
average of these predictions and the experimental average deviate from each other by about 3.36. The dashed ellipse correspond to a 36

contour (99.73% CL).
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BaBar 2012, had. tag
BaBar 2012, had. tag : ; = 0332 +0.024 +0.018 1 | —
0.440 +0.058 + 0.042 : ; ‘ :
: ' Belle 2015, had. tag : o
Belle 2015, had. tag ; : () 0.293 £0.038 £0015 : : (b)
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0307 +0.037 +0.016 — LHCb 2015 ; i
Average : ] 0:336 £0.027 £0.030 3 i
0339 +0.030 = Lllgb 2018, (hadronic tau) d g
SM Prediction ; : 0283 £0.019 +0.029 T
redictic . Belle 2019, sl.tag ! !
0298 £0.004 [ | 0283 £0018 £ 0014 P ————
PRD 94 (2016) 094008 ‘ Average : :
0.299 +0.003 = 0295 £0.014 : —
PRD 95 (2017) 115008 SM Prediction : :
0.299 +0.003 - 0.254 +0.005 e
j PRD 95 (2017) 115008 3
JHEP 1712 (2017) 060 ‘ i
.
EPJC 80 (2020) 2, 74 : 0257 + 0.005( ) .
0297 £0.003 i PLB 795 (2019) 386 i
PRD 105 (2022) 034503 0.254 +0.007 —-—
0.296 +0.008 PRL 123 (2019) 9.091801 1
0.253 +0.005 -
EPJC 80 (2020) 2, 74 :
0.247 +0.006 ——
:
1 | 1 a : | 1 1 1 1 | 1 1 1 1 | 1 1 1
0.2 04 02 03
R(D) R(D*)
FIG. 68. (a) Measurements of R(D) and (b) R(D*). The green bands are the averages obtained from the combined fit. The red bands

are the averages of the theoretical predictions obtained as explained in the text.

VIII. DECAYS OF 5-HADRONS INTO OPEN OR
HIDDEN CHARM HADRONS

Ground-state B mesons and b baryons dominantly decay
to particles containing a charm quark via the b — ¢ quark
transition. In this section, measurements of such decays to
hadronic final states are summarized. The use of such
decays for studying fundamental properties of the bottom
hadrons and for obtaining parameters of the CKM matrix is
discussed in Secs. V and VI, respectively.

Since hadronic b — ¢ decays dominate the b-hadron
widths, they are an important part of the experimental
programme in heavy-flavor physics. Understanding the rate
of charm production in b-hadron decays is crucial for
validation of the heavy-quark expansion (HQE) that under-
pins much of the theoretical framework for b physics (see,
for example, Ref. [632] for a review). Moreover, such
decays are often used, in particular at hadron colliders, as
normalization modes for measurements of rarer decays. At
B-factories, hadronic » — ¢ decays are used for the tagging
of B mesons and a detailed knowledge is crucial for the
optimization and calibration of the tagger performance. In
addition, they are the dominant background in many
analyses. To accurately model such backgrounds with
simulated data, it is essential to have precise knowledge
of the contributing decay modes. In particular, with the
expected increase in the data samples at LHCb and Belle II,
the enhanced statistical sensitivity has to be matched by
low systematic uncertainties that arise from the limited

understanding of the dominant b-hadron decay modes. For
multibody decays, knowledge of the distribution of decays
across the phase-space (e.g., the Dalitz plot density for
three-body decays or the polarization amplitudes for
vector-vector final states) is required in addition to the
total branching fraction.

The large branching fractions of b — ¢ decays make
them ideal for studying the spectroscopy of both open and
hidden charm hadrons. In particular, they have been used to
both discover and measure the properties of exotic par-
ticles, such as the X(3872) [633,634], Z(4430)" [635,636]
and P.(4450)" [637] states. Similarly, b — ¢ transitions
are very useful for studying charmed baryons.

In addition to the dominant b — ¢ decays, there are
several decays in this category that are expected to be
highly suppressed in the Standard Model. These are of
interest for probing particular decay amplitudes (e.g., the
annihilation diagram, which dominates the B~ — Dy ¢
decay) used to constrain effects in other hadronic decays,
or for searching for new physics. There are also open charm
production modes that involve b — u transitions, such as
BY = D;z", which are mediated by the W emission
involving the |V,,| CKM matrix element. Finally, b — ¢
decays involving lepton flavor or number violation are
extremely suppressed in the Standard Model, and therefore
provide highly sensitive tests of new physics.

In this section, we give an exhaustive list of measured
branching ratios of decay modes to hadrons containing
charm quarks. The averaging procedure follows the
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methodology described in Sec. III. We perform fits of the
full likelihood function and do not use the approximation
described in Sec. III A. For the cases where more than one
measurement is available, in total 81 fits are performed,
with on average (maximally) 3.6 (128) parameters and
6.3 (221) measurements per fit. Systematic uncertainties
are taken as quoted without the scaling of multiplicative
uncertainties discussed in Sec. III C. Where available,
correlations between measurements are taken into account.
We consider correlations not only between measurements
of the same parameter, as done in our previous publication
Ref. [1], but also among parameters. The correlations
among parameters are given on the HFLAV web page
on hadronic B decays into open or hidden charm hadrons
[638]. If an insignificant measurement and a limit for the
same parameter are provided in the same paper, the former
is quoted, so that it can be included in averages. We also
provide averages of the polarization amplitudes of B meson
decays to vector-vector states. We do not currently provide
detailed averages of quantities obtained from Dalitz plot
analyses, due to the complications arising from the
dependence on the model used.

The results are presented in subsections organized
according to the type of decaying bottom hadron: B°
(Sec. VIIIA), BY (Sec. VIIB), B°/B™ admixture
(Sec. VIII C), BY (Sec. VIII D), B} (Sec. VIII E), b baryons
(Sec. VIIIF). For each subsection, the parameters p are
arranged according to the final state into the following
groups: a single charmed meson, two charmed mesons, a
charmonium state, a charm baryon, or other states, e.g.,
X(3872). In our tables, the individual measurements and
average of each parameter p; are shown in one row. We
quote numerical values of all direct measurements of a
parameter p;. We also show numerical values derived from
measurements of branching-fraction ratios p;/py, per-
formed with respect to the branching fraction p, of a
normalization mode, as well as measurements of products
p;jpi of the branching fraction of interest with those of
daughter-particle decays. In these cases, the quoted value
and uncertainty of the measurement are determined with
the fitted value of p;, and the uncertainty of p; is included
in the systematic uncertainty. A footnote “Using p,” is
added in these cases. Note that the fit uses p;/py or p;p;
directly and not the p; value that is quoted in the table. The
p; value is quoted to give a sense of the contribution of the
measurement to the average. When the measurement
depends on p; in some other way, it is also included in
our fit for p;, but in the tables no derived value is shown.
Instead, the measured function f of parameters is given in a
footnote “measurement of f used in the fit.”

In most of the tables of this section the averages are
compared to those from the Particle Data Group’s 2020
Review of Particle Physics (PDG 2020) [9] and 2021
update. When this is done, the “Average” column quotes

the PDG averages in green only if they differ from ours. In
general, such differences are due to different input param-
eters and measurements, differences in the averaging
methods and different rounding conventions. The fit p-
value is quoted if it is below 1%. Input values that appear in
red are not included in the PDG average. They are either
new results published after the closing of PDG and before
the closing of this report, May 2021, or results that do not
quote a direct measurement of the parameter of interest and
are therefore not considered in the PDG average. Input
values in blue are unpublished results (that are never
included in the PDG averages). Quoted upper limits are
at 90% confidence level (CL), unless mentioned otherwise.

The symbol B is used for branching ratios, and f'y for the
production fraction of quark or hadron X (see Sec. IV C).
The decay amplitudes for longitudinal, parallel, and
perpendicular transverse polarization in pseudoscalar to
vector-vector decays are denoted Ay, A, and A, , respec-
tively, and the definitions &) = arg(A;/Ay) and &, =
arg(A, /Ag) are used for their relative phases. For nor-
malized P-wave amplitudes we wuse the notation
fi = AR/ A2 + | A2 + |ALP). The inclusion of
charge conjugate modes is always implied.

Following the approach used by the PDG [9], for decays
that involve neutral kaons we mainly quote results in terms
of final states including either a K° or K° meson (instead of
a K% or KY), although the flavor of the neutral kaon is never
determined experimentally. The specification as K° or K°
simply follows the quark model expectation for the
dominant decay and the inclusion of the conjugate final
state neutral kaon is implied. The exception is BY decays to
CP eigenstates, where the width difference between the
mass eigenstates (see Sec. V) means that the measured
branching fraction, integrated over decay time, is specific to
the final state [639]. In such cases it is appropriate to quote
the branching fraction for, e.g., BY - J/wK} instead
of BY — J/yKY.

Most B-meson branching-fraction measurements assume
I(Y(4S) - B*B™) =T'(Y(4S) — B°B"). While there is
no evidence for isospin violation in Y(4S) decays, devia-
tions from this assumption can be of the order of a few
percent, see Sec. IVA and Ref. [640]. As the effect is
negligible for many averages, we take the quoted values
without applying a correction or additional systematic
uncertainty. However, we note that this can be relevant
for averages with percent-level uncertainty.

A. Decays of B mesons

Measurements of B° decays to charmed hadrons are
summarized in Secs. VIIIA 1 to VIITAS.

1. Decays to a single open charm meson

Averages of B decays to a single open charm meson are
shown in Tables 98-106.
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TABLE 98. Branching fractions for decays to a D®*) meson and one or more pions, 1.
Parameter [1073] Measurements Average HFLAV
BABAR [641] 2.554+0.05+0.16
BABAR [642] 3.03£0.23+£0.23
2.56 £0.13

B(B® — D~z")

Belle [643]"
CDF [644]°, [645]°, [646]°
LHCb [647]°, [648]*

B(B® - D rntatn)

LHCb [647] 6.10 £ 0.281063"
CDF [645]%" ,
LHCb [647], [649]

59513

Belle [650]
BABAR [641]

2.22+£0.04 £0.19
279 £0.08 £0.17
299 +0.23+0.24

. _ BABAR [642]
B(BO D (20]0) ﬂ+) BABAR [651Jk 2.63 :|:0.10
Belle [643]F
LHCb [652]'
LHCb [652] 6.94 +0.11 £ 0.43™
_ _ BABAR [653] 726 £0.11 = 0.31 7.08 &+ 0.26
0 * + -t . .
B(B® — D*(2010) 7 " a7) Belle [654] 6.81 023 +072
LHCb [652]™°
B(B" - D*(2007)°zt nt 7 7") Belle [654] 26+05+04 2.60 +0.60
B(B° —» D*(2010) "zt ztnn") Belle [654] 472 +£0.59 +0.71 472 +0.92
Belle [655] 231+0.11+£0.14 2.4140.16

B(B°

— D*(2010)~w(782)z™) BABAR [656]

2.88+0.21 £0.31

*Measurement of B B0 — D"K%)/
"Measurement of B(B

‘Measurement of B
9Measurement of B(A

/B(B° - D~z") used in our fit.

- Dz +)/l’j‘( B — D_JT+) used in our fit.
BO — D;at)/B(B° — D~ z") used in our fit.
— Afn7)/B(B® —» D~z") used in our fit.

,\ A/\/—\

“Measurement of B(B0 — D ntatn7)/B(B° - D~z™") used in our fit.

'Using B(B® - D~z").
*Using f,/fy = 0.259 + 0.038 from PDG 2006.

"Measurement of B(B? — D;zatz~)/B(B" - D z*z"z~) used in our fit.

"Measurement of B(B® - D~ Ktztn~

‘Measurement of B(B° — D;(2420)~z") x B(D;(2420)* —» D z*2~)/B(B® - D~z*x*z~) used in our fit.
( 7~) used in our fit.

)/B(B® - D xtxt

“Measurement of B(B° — D*(2010)~K*)/B(B° — D*(2010)z*) used in our fit.
'"Measurement of B(B® — D*(ZOIO)_ﬂ+7I+ﬂ_)/B(BO — D*(2010)~z") used in our fit.

"Using B(B® — D*(2010)"z™).

"Measurement of B(B® — D*(2010)" K'*;r+ -)/B(B° - D*(2010) aTaTx) used in our fit.
1(2420)°z%77) x B(D,(2420)° — D*(2010)"z~)/B(B® — D*(2010)~z"z*2~) used in our fit.

°Measurement of B(B® — D
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TABLE 99. Branching fractions for decays to a D®*) meson and one or more pions, II.

Parameter [1074] Measurements Average HFLAV
~ BABAR [657] 2.69 +0.09 +£0.13 2.62 +0.15
0 0.0
B(B" — D’x’) Belle [658] 225+ 0.14 % 0.35
BABAR [657] 3.05+£0.14 £ 0.28 2.23+£0.22
0 _, 0.0 _
B(B” — D" (2007)°7") Belle [658] 139 £ 0.18 + 0.26 p = 0.2%
LHCb [659] 8.46 4+ 0.14 £ 0.49*
B(B® — D'z x") Belle [650] 84404408 8.45+£0.39
LHCb [660]*¢, [661]"", [662]*"
B(B" - D*(2007)°x" 77) Belle [663] 62+12+18 62422
“In phase space region M(D°z") > 2.1 GeV/c?.
"Measurement of B(B? — D°K~z")/B(B® — D’z ") used in our fit.
‘Measurement of B(B - D°K*z~)/B(B° - D’z *z~) used in our fit.
Measurement of B(B? — D%¢(1020))/B(B° — D°z*z~) used in our fit.
*Measurement of B(B{ — D*(2007)°¢(1020))/B(B° - D°z*z~) used in our fit.
‘Measurement of B(B® - D°%(1020))/B(B® = D°z*z~) used in our fit.
éMeasurement of B(B® — D°KTK~)/B(B° - D°z"x~) used in our fit.
Measurement of B(B? — D°K*K~)/B(B° - D°z*z~) used in our fit.
TABLE 100. Branching fractions for decays to a D™ meson and a light meson.
Parameter [1074] Measurements Average HFLAV
Belle [650] 3.19+0.20 £ 045
B(B® — D°°(770)) Belle [663] 4.1+20+02° 3.07+0.46
LHCb [664]"
B(B" — D*(2007)°p°(770)) Belle [663] <5.1 <5.1
_ BABAR [657] 2.53£0.09 £0.11 2.36 +£0.13
0 0
B(B" = D) Belle [658] 177 £0.16 £ 0.21
BABAR [657] 2.69 £0.14 +0.23 2.26 £0.22
0 ) * 0 _
B(B” —~ D*(2007)"n) Belle [658] 14403403 p = 5.8%
BB - Doy BABAR [657] 148 +0.13 +0.07 138 4+0.12
(B” = D%) Belle [665] 1.14 4 0.20 919
=~ BABAR [657] 1.48 £0.22 £ 0.13
B(B" ~ D*(2007)°) Belle [665] 121 034 +0.22 1.40:£0.22
BABAR [657] 2.57+0.11 £0.14
= Belle [658] 2.37+0.23+0.28
0 0
B(B" — Do(782)) LHCb [659]  2.81+0.72+0.18 2.54£0.16
Belle [663]°
BABAR [657] 4.554+0.24 £0.39 3.64 +0.35
0 N)* 0 —
B(B" - D*(2007)°0(782)) Belle [658]  2.29+0.39 + 0.40 p = 1.8%
_ LHCb [659] 1.61 £0.11 £ 0.17 1.54 £0.18
0 0
B(B" — D°f,(1270)) Belle [650] 124£02+04 1.56 +0.21

“Using B(B® — Dw(782)).

"Measurement of B(B? — D°K*(892)%)/B(B° — D°°(770)) used in our fit.
‘Measurement of B(B" — D°p°(770))/B(B° - D°w(782)) used in our fit.
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TABLE 101. Branching fractions for decays to a D®)* meson and one or more kaons.

Parameter [1074] Measurements Average HFLAV
_ LHCb [648] 2.108 + 0.028+01272 2.10+0.13
0 + —0.124
B(B® » D"K™) Belle [643] 1.74 £ 0.38 £ 0.20°
BABAR [651] 2.040 £ 0.089 + 0.109° 2.03 +0.14
0 * -+
B(B” > D"(2010)"K™) Belle [643] 1.95+0.39 4 0.17"
B(B® - D™K*(892)*) BABAR [666] 46+06=+05 4.60+0.78
B(B® — D*(2010)~K*(892)™) BABAR [666] 32+06+£03 3.20+0.67
B(B® - D"Kz™") BABAR [666]  4.9+0.7+0.5 4.90 +0.86
B(B® —» D*(2010)~K%z*) BABAR [666] 3.0£0.7£03 3.00 +0.76
B(B° - D"K*K") Belle [667] <3.1 <3.1
B(B® — D*(2010)"K*K") Belle [667] <4.7 <4.7
B(B® - D=K*(892)°K*) Belle [667] 88+1.1£15 8.8+ 1.9
B(B® —» D*(2010)~K*(892)°K™) Belle [667] 129+22+25 129 +£3.3

351708

B(B® - D~K*rn*n") LHCb [649] 3.51 £ 0.651547°
B(B® - D*(2010)~K*7*1") LHCb [652]  4.583 & 0.262 % 0299 4.58 +0.40
“Using B(B® - D=x").
°Using B(B® — D*(2010)~z").
‘Using B(B" - D~ z*rn*n™).
Using B(B" — D*(2010)~z* ztx™).
TABLE 102. Branching fractions for decays to a D) meson and one or more kaons or a ¢.
Parameter [1077] Measurements Average HFLAV
_ BABAR [668] 53 +0.7+0.3 5.23 +0.67
0 0 0
B(B" ~ D°K7) Belle [669]  5.0713 +06
- BABAR [668] 3.6+ 1.2+0.3
0 * 00
B(B° — D*(2007)°K°) Belle [669] 6.6 3.6+12
- _ LHCb [660] 8.95 + 0.59 & 0.79" 8.92 4 0.86
0 0+
B(B” - D°K*77) BABAR [651] 88+ 1.5+09"
BABAR [651] 3.8+ 0.6 +0.4°
_ BABAR [668]  4.040.7+0.3
0 0 g 0 4.32 +0.42
B(B” ~ DPK*(892)°) Belle [669]  4.8'10 £0.5
LHCb [670]°
B(B® — D*(2007)°K*(892)°) Belle [669] <6.9 <6.9
B(B° — D*(2007)°K*(892)°) Belle [669] <4.0 <4.0
B(B® > D°K*x™) BABAR [651]  <1.9 <19
Belle [669] <1.8 0.00 + 0.58
0 0 g7 0
B(B” — D°K*(892)%) BABAR [668] 0.0 %05+ 0.3
_ _ LHCb [662] 5.83 +0.34 4+ 0.37" 5.92 +0.39
0 0+
B(B® —~ D’K"K") LHCb [662] 6.1 0.4+ 0.4

(Table continued)
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TABLE 102. (Continued)

Parameter [1077] Measurements Average HFLAV
_ LHCb [661] 0.101 £ 0.059 + 0.026* 0.101 & 0.064
0 0
B(B” — D7¢(1020)) LHCb [661]  <0.20
*Using B(B® — D°z*x7).
"Excluding D*(2010)*K~.
‘Using B(K*(892)° — K*z7). B
Measurement of B(B? — DIK*(892)°)/B(B° — D°K*(892)°) used in our fit.
TABLE 103. Branching fractions for decays to a D" meson.
Parameter [1074] Measurements Average HFLAY
_ Belle [671] 0.199 + 0.026 £+ 0.018
0 +
B(B” — Din) BABAR [672] 025+ 0.04 + 0.02 0.216 +0.026
Belle [673] 0.175 £ 0.034 £ 0.020 0.212 £ 0.030

B(B® —» D**n7)

BABAR [672]

0.261005 = 0.02

B(B® —» D}p~(770))

BABAR [672]

0.1179% +£0.03

0.09
0.1 10t0408§

0.41£0.13
B(B® — D:*p=(770)) BABAR [672] 041133 £0.04

0 06+0.14
B(B® — D} ay(980)7) BABAR [674]  0.0671} +£0.01° oo

. 0 14+0A21

B(B° - D;*ay(980)7) BABAR [674]  0.141074 +0.03" 016

0 6+l‘0
B(B° - D{a,(1320)7) BABAR [674]  0.647,% £0.15° S06
B(B" — Di*a,(1320)7) BABAR [674]  <2.00 <2.0

b 17.1735
B(B" — Dyz") LHCb [675] 22
LHCb [675] 0.221 £ 0.0097 03¢
B(B" = D;K™") Belle [671] 0.191 £ 0.024 + 0.017 0.221 £ 0.024
BABAR [672]  0.29 £ 0.04 £ 0.02
_ Belle [673] 0.202 £ 0.033 £ 0.022
0 * +

B(B” = DiK™) BABAR [672]  0.24 % 0.04 % 0.02 0.219+£0.030

0.35+0.10
B(B® - Dy K*(892)*) BABAR [672]  0.35709 +£0.04
B(B° - D:"K*(892)") BABAR [672]  0.3210; £0.04 0.321013
B(B° — Dy K9zt BABAR [676]  0.55£0.13 £0.10 0.55£0.17
B(B® —» D~K°z*) BABAR [676]  <0.55 <055

1.667073)

B(B® - DyK*ntn)

LHCb [677]

42d
1.67 +0.227042

*Using BABAR result for B(D} — (,br[*g [678].

°Measurement of B(B® - D; K*)/B(B

— D;z") used in our fit.

‘Using B(B® - Dyz™").
Using B(B? - D; K*z*x™).
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TABLE 104. Branching fractions for decays to excited D mesons.

Parameter [1073] Measurements Average HFLAV

23+£1.1

B(B® —» D" z™)* BABAR [642] 2.34+0.65 +0.88

AD** refers to the sum of all the nonstrange charm meson states with masses in the range 2.2-2.8 GeV/c?.

TABLE 105. Branching fractions for decays to excited D ;) mesons.

Parameter [107] Measurements Average HFLAV
B(B" — D, (2420)°z*7~) x B(D, (2420)° — D*(2010)*7")

LHCb [652]  14.45+£2.97 + 1.65° 14434
B(B® - D(2420)" %) x B(D,(2420)" —» DT n*xn")

Belle [679] 8.9+ 1.5 9.85)3

LHCb [647] 12.5+£3.0123°
B(B® — D,(2430)°(782)) x B(D,(2430)° — D*(2010)*7")

BABAR [656] 41+ 12411 4 £16
B(B® - D{(2300)"z") x B(Dy(2300)" — D7)

Belle [650] 6+1+3 6.0+3.0
B(B® - D3(2460)~x") x B(D3(2460)" — D7)

Belle [650] 215+ 1.74+3.1 21.5+36
B(B® — D, (2420)~z*) x B(D,(2420)* — D*(2010)*z*7~)

Belle [679] <33 <33
B(B® — D5(2460)~7*) x B(D3(2460)* — D*(2010)*z*z")

Belle [679] <24 <24
B(B® - D3(2460)~K*) x B(D5(2460)" — D°z*)

BABAR [651]  1.83 %040 = 0.31 1.83 051
B(B® - Dy, (2460)"z") Belle [680] <22¢ <22
B(B° - D,,(2460)"K*) Belle [680] <5.12° <3.1
B(B - D*,(2317)" ") Belle [680] <2.5¢ <23

+2.3

B(B® - D’,(2317)K*) Belle [680] 53515 5 2320

*Using B(B® — D*(2010) 7z ztx").
®Using B(B® - D~ atx).

‘Using B(D,;(2460)" — D]y).
Using B(D*,(2317)* = D} z°).
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TABLE 106. Branching fractions for decays to baryons.

Parameter [1074] Measurements Average HFLAV
B(B® » D ppa™") BABAR [681] 3.32+0.10 £ 0.29 3.32+£0.31
B(B® — D*(2010)" ppz+) BABAR [681] 4.55+0.16 +0.39 4554042
B(B® - D’ppataT) BABAR [681] 2.99 +£0.21 £0.45 2.99 +0.50
B(B® - D*(2007)°ppa*a~) BABAR [681] 1.91 £0.36 = 0.29 1.91 £ 0.46
N BABAR [681] 1.02 + 0.04 +0.06
0 0
B(B” — D°pp) Belle [682] 118+ 0.15 4+ 0.16 1036 = 0.069
B(B° - D*(2007)°pp) BABAR [681] 0.97 +0.07 +0.09 099 4 0.11

Belle [682]

1.2+£03£0.2

B(B® - D;A%p)

Belle [683]

0.29 +£0.07 £ 0.06

0.298+0:%02

B(B® — DYA°A)

BABAR [684]
Belle [685]

0.09810:922 £0.019
0.10570937 £0.014

0.100 £ 0.028

B(B® - DY2A° +c.c.)

BABAR [684]

0.15070:990 + 0.030

0.095
0.150% )53

B(B® - D~A%p) Belle [686] 0.336 + 0.063 £ 0.044 0.336 40077
B(B" — D*(2010)-A%) Belle [686]  0.251 £ 0.026 + 0.035 0.251:£0.044
2. Decays to two open charm mesons

Averages of BY decays to two open charm mesons are shown in Tables 107-111.
TABLE 107. Branching fractions for decays to D)D),
Parameter [107*] Measurements Average HFLAV
Belle [278] 2.12+£0.16 £0.18
B(B" - D*D") BABAR [687]  28+04+0.5 2.20+0.23
LHCb [688]"
_ Belle [278] 6.14 £0.29 £ 0.50 6.03 = 0.50
0 * +
B(B” — D*(2010)7D") BABAR [687] 57407407
_ Belle [351] 7.82 £0.38 £ 0.60 7.90 £ 0.61
0 * + yk
B(B” — D"(2010)7D"(2010)7) BABAR [687] 8.1 +£0.6+ 1.0
LHCb [688] 0.134 4 0.05770924¢
B(B" — D°D) Belle [689] <0.43 0.1342556
BABAR [687] <0.6
B(B® - D*(2007)°D°) BABAR [687] <29 <29

B(B® — D*(2007)°D*(2007)°)

Measurement of B(BY - D*D~)/B(B°
Includmg the charge- conjugate final state.
‘Using B(BT — Dy DY).

BABAR [687] <0.9 <0.90

— D*D7) used in our fit.
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TABLE 108. Branching fractions for decays to two D mesons and a kaon.

Parameter [1073] Measurements Average HFLAV
B(B® - D*(2010)"D*K") BABAR [690] 6.41 £ 0.36 & 0.39 6.41 £0.53
BABAR [690] 8.26 +0.43 £ 0.67
B(B° = D*(2010)* D*(2010)~K?) BABAR [256]*" 8.33 +£0.64
Belle [257]*
B(B® - D*(2010)"D°K™") BABAR [690] 2.47£0.10+£0.18 247 +£0.21
B(B® - D*(2007)°D~K™*) BABAR [690] 3.46 +0.18 £0.37 3.46 £0.41
B(B® - Dy D*(2007)°K ") BABAR [690] 10.6 +0.3+0.9 10.600.92
B(B® - D*(2007)°D°K?) BABAR [690] 1.08 £0.32 +0.36 1.08 +£0.48
B(B® - D*(2007)°D*(2007)°K?) BABAR [690] 24+0.6+07 2.40 4 0.87
B(B® - D*D K") BABAR [690] 0.75£0.12 4+ 0.12 0.75 +£0.17
B(B® —» D~D°K*) BABAR [690] 1.07 £ 0.07 £+ 0.09 1.07 +£0.11
B(B® - D°DK?) BABAR [690] 0.27 £0.10 £ 0.05 0.27 £0.11

+0.077
B(B® - D"D°K %) Belle [691] 0.173 + 0.0707003! 0-173 % oss

*Measurement of B(B° — D*(2010)*D*(2010)"K°)/2 used in our fit.
Measurement of B(B® — D,;(2536)* D*(2010)~)/B(B° — D*(2010)*D*(2010)~K°)2 used in our fit.

TABLE 109. Branching fractions for decays to D{” "D+,

Parameter [1073] Measurements Average HFLAV
Belle [692] 754+02+1.1
BABAR [693]  6.00 4 1.37+113* 7.824+0.72

0 +D-
B(B° — D{D~) BABAR [693] 9+2+1

LHCb [688]¢, [694]°
BABAR [695] 103 +14+29

B(B® - Dy D*(2010)") BABAR [693] 57+1.6+09 8.1+ 14
BABAR [693] 1147 £2.1151%"

BABAR [678] 188 +09+ 1.7

BABAR [695] 197+ 15+5.7 187+ 15
BABAR [693]  165+23+19

BABAR [693] 274449+ 53"

BABAR [693] 6.7£20=£1.1 75£19
BABAR [693] 9.30 £2.67 £2.22%

B(B" - D+D*(2010)")

B(B® —» D**D"™)

*Using B(Dy — ¢(1020)z™).

"Measurement of B(B? — D;D")/B(B° — D} D~) used in our fit.
‘Measurement of B(B? — D D;)/B(B® — DfD™) used in our fit.
Measurement of B(Bt — D} D°)/B(B° — D} D) used in our fit.
°At CL = 95%. )

‘Measurement of B(B® — A} A7)/B(B® - D D) used in our fit.
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TABLE 110. Branching fractions for decays to prplo-.

Parameter [1074] Measurements Average HFLAV
_ Belle [692] <0.36
0 +
B(B” — Dy D) BABAR [696]  <1.0 <036
B(B° — D:~D}) BABAR [696] <13 <13
B(B" - D:*D:™) BABAR [696]  <2.4 <2.4
TABLE 111. Branching fractions for decays to excited D; mesons.
Parameter [1073] Measurements Average HFLAV
Belle [697] 1.0219-13 +0-11e 1.0719:30
0 * +- —-0.12 -0.23 -0.16
B(B" = Dy (2317)7D7) BABAR [698] 1.8 404797
’ 1. 50+0 .70
B(B° = D*,(2317)"D*(2010)") BABAR [698] 1.5+ 0.4 +0.5" —0.54
BABAR [698] 4.4+ 1175
Belle [699] 4475120 +1.53°
+1.37 C
B(B® - D,, (2460)*D") Belle [699] 425776 £1.43 4.07 +0.86
BABAR [698] 5.2+ 1.5122¢
BABAR [693] 2.6+ 1.5+0.7
Belle [699] <224
BABAR [698]  12.5+ 1.6139°
B(B® - D,;(2460)* D*(2010)") BABAR [693]  8.8+2.0+ 1.4 100+ 1.8
BABAR [698] 103 +2.27}3¢
_ BABAR [700]  0.358 4 0.101 £ 0.083° 039 +0.11
0 +
B(B” = Dy1(2536)7D") BABAR [700]  0.464 + 0.183 + 0.077"
BABAR [700]  0.696 & 0.184 + 0.167°
B(B® - D,;(2536)*D*(2010)") BABAR [256]  0.766 =+ 0.200 = 0.059¢ 0.473 +£0.094
BABAR [700]  0.89 +0.27 + 0.16'
B(B® = D,;(2536)"D") Belle [701]" 0.264 +0.073
0.48 +0.14

B(B" - Dy, (2536)~D*(2010)*)

Belle [701], [257]

*Using B(D: — DY
bUsmg B(DS,
Usmg B(Dy
Using B(Dbl
Usmg B(Dy, 2536)
'Using B(Dy,; (2536)*
€Using B(B® — D*(
Measurement of

D*_(2010)+K0)) used in our fit.
‘Measurement  of

D*(ZOIO)*KO)) used in our fit.

2317

o
(
1(2460)
(
(

Measurement of B(B® — D,,(2536)~D*(2010)")BRps1(2536) *p * + 0S used in our fit.

)"
2460) " D;y).

).

> D*(2007))0K+)

— D*(2010)*K?).
2010)*D*(2010)~K?).
B(B® - D, (2536)~D")(B(D
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3. Decays to charmonium states

Averages of B” decays to charmonium states are shown in Tables 112—118.

TABLE 112. Branching fractions for decays to J/w and one kaon.

Parameter [1074] Measurements Average HFLAV
BABAR [14] 8.69 +0.22 + 0.30
Belle [702] 79404409
CDF [703] 115+23+1.7 10,29
B(B® — J/wK’) BABAR [704T, [14]° 8.64 0
CDF [705]°
LHCb [706]°, [707]%¢
_ Belle [708] 11.5+£0.1+0.5 11.76 + 0.49
B(B® — J/yK'x) LHCb [709]"
Belle [708] 11.9+0.1+0.8
BABAR [14] 13.09 + 0.26 + 0.77
BABAR [14] 13.05 4+ 0.431032¢ 12.69 + 0.45
0 * 0 —0.81 . B
B(B” = J/wK*(892)7) CDF [710] 174 +£20+ 1.8
CDF [705] 12.01 £3.11 + 0.952
LHCb [711]"
LHCb [707] 4.261 £ 0.29470373¢
_ LHCb [707] 430 4+ 0.30 + 0.37 432 +0.31
0 + . .
B(B® ~ J/yKon*x) CDF [712]  103+33+15
LHCb [707]
B(B® — J/wK°p°(770)) CDF [712] 54429409 54+3.0
B(B® = J/wK*(892)*z") CDF [712] 77+414+13 77 +43
BABAR [713]  23+03+023 2.28 £0.34
B(B® = J/ww(782)K° i
( Jyo(782)K7) BABAR [713] 2340370
B(B® — J/y(1020)K°) BABAR [714]  1.02+0.38 +0.10 1024039
B(B® — J/wK,(1270)°) Belle [715] 13 +3 4+ 3 13.1+4.4
Belle [716] 0.522 4 0.078 + 0.049
0 0
B(B” = J/ynKs) BABAR [717]  0.84+0.26+ 027 0.540 £ 0.089
B(B® — J/wK*(892)°z" z7) Eggbw[%]ﬂ] 0619+ 11 6.6+2.2

Measurement of B(B® — 5.K%)/B(B° — J/wK®) used in our fit.

"Measurement of B(B® — J/yK*
Measurement of 2B(BY — J/wK
Measurement of B(B® — J/ 1//1(0thr
eMeasurement of B(B® — yw(28)K®)B(yw SZS) = J/yn*a")/B(B® - J/yK") used in our fit.
"Measurement of B(B0 - n.Ktz™)/B(B

gUsmg B(B° —» J/wK").

892)%)/B(B° — J/wK") used in our fit.

)/B(B® — J/wK?) used in our fit.

- J/wK*n

~)/B(B® — J/wK°) used in our fit.

~) used in our fit.

"Measurement of B(B° — 1//(25)[(*(892) )/B(B® — J/wK*(892)°) used in our fit.
‘Measurement of B(B? — J/wK°K-n" + c.c.)/B(B® — J/wK°z"z~) used in our fit.
JUsmg B(BT = J/ww(782)K™).

Usmg B(BT — J/wK™).

'Measurement of B(B® — J/wK*(892)°K*K~)/B(B° — J/wK*(892)°z* z~) used in our fit.
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TABLE 113. Branching fractions for decays to charmonium other than J/yw and one kaon.
Parameter [1074] Measurements Average HFLAV
BABAR [14] 6.46 +0.65 £ 0.51
LHCb [707] 47407407
Belle [702] 6.7+1.1
B(B® - y(25)K?) Belle [718] 6.8+1.0+0.7 5.68 £0.38
Belle [718] 47+1.6+0.8
BABAR [14]*
LHCb [707]°
LHCbD [711] 6.04 4+ 0.18 + 0.29°
Belle [719] 5.52503 103
0 . 0 BABAR [14] 6.49 4+ 0.59 + 0.97 6.05 & 0.28
B(B” = y(25)K*(892)°) BABAR [14] 57408 £ 0.6
CDF [710] 9.0+22409
LHCb [720]°
BABAR [704] 9.1+1.4+09
BABAR [704] 114+15+34
BABAR [704] 11.58 + 1.64 + 3.49¢
0 0 85+1.1
B(B” = n.K%) BABAR [721] 64722 £28"
Belle [722] 123 £2.370
Belle [722]'
BABAR [723] 57+0.6+09
BABAR [723] 6.5+0.6+0.7"
B(B® — 5.K*(892)°) BABAR [721] 8+2+4" . 6.55 £ 0.69
Belle [722] 11.30 £ 3.06157¢’
Belle [722] 162 +£3.225
B LHCb [709] 420+ 0.18 £ 0.20 431+0.26
0 +
B(B® > n.K"7) LHCb [709] 573+ 0.24 + 0.67
B(B® - 1.(28)K*(892)°) BABAR [723] <3.9 <39
BABAR [723] <43 <43
0 * 0
B(B° — h,K*(892)°) BABAR [723]"
BABAR [700] <2.35" <23
0 0
B(B® - w(3770)K%) BABAR [700]  <4.64°

“Measurement of B(B® —» y(2S)K
"Measurement of B(B® — 1//%25
Usmg B(B® — J/y/K* (892)
Using B(B® — y(28)K°).

eMeasurement of B(BY — yw(25)K*(892)°)/B(B°

‘Using B(B* = n.K").
gUsmg B(B® > J/yK°).
"Calculated using B(n, -

pp).
‘Measurement of B(B® — 5.K*(892)°)/B(B°

JUsmg B(B° - 5.K°).
“Using B(B® — J/wK*7™).
Usmg B(h. = n.7).

(892) )/B(B® —

w(25)K?) used in our fit.
w(2S) — J/x/m:*:r )/B(B® — J/wK") used in our fit.

— 1.K?) used in our fit.

— w(28)K*(892)%) used in our fit.

"Measurement of B(B® — h.K*(892)°)B(h. — n.7)/B(B* — n.K*) used in our fit.

"Using B(w(3770) - D°DV).
°Using B(y(3770) - DT D™).
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TABLE 114. Branching fractions for decays to y. and one kaon.

Parameter [1074] Measurements Average HFLAV
0 0 <12
B(B — y,,K") BABAR [724] <124
. BABAR [725]  1.7+0340.2
0 * 0
B(B° - x.0K*(892)°) BABAR [124] <7 1.70 £ 0.36
Belle [726] 3785010 £0.33
B(B® = y,,K°) BABAR [727] 42403403 3.93£0.27
BABAR [14]*
_ Belle [728] 497 +0.12 +0.28 5.00 & 0.27
0 +
B(B” = yuK'n) BABAR [729]  5.11+0.14 %+ 0.58
BABAR [127]  2.5+0.240.2
B(B® - y., K*(892)°) Belle [730] 31403407 2.61+£0.25
BABAR [14] 2.83+0.43 +051°
B(B® = y, K72 Belle [728] 3.524+0.52+0.24 3.5240.57
B(B® - y. K7t 1) Belle [728] 3.16 + 0.35 + 0.32 3.16 + 0.47
BABAR [727]  0.15£0.09 + 0.03 0.150 £ 0.095
0 0
B(B" = yK®) Belle [726] <0.15
B(B® - y.,K*(892)°) BABAR [727]  0.66 %+ 0.18 + 0.05 0.66+0.19
B(B® > y.,K*77) Belle [728] 0.72 4+ 0.09 + 0.05 0.72+0.10
“Measurement of B(B® — y.,K*(892)°)/B(B° = y.,K°) used in our fit.
®Using B(B® — y.,K°).
TABLE 115. Branching fractions for decays to charmonium and light mesons.
Parameter [107] Measurements Average HELAV
BABAR [347]  1.69 +0.14 +0.07 1.74 £ 0.15
0 0
BB = J/yx) Belle [702] 23405+02
. BABAR [731] 4.6 £0.7+0.6 4.60 + 0.92
0 +
B(B® > J/ym'z") LHCb [732]°
B(B® - J/yx*a~ (NR)) BABAR [733]  <1.2° <12
BABAR [733] 27403 +02 2.96 +0.28
0 0
B(B® ~ J/yp°(770)) LHCb [734], [734]%, [734]°
Belle [735] 1235018 £ 0.07
B(B® — J/ym) LHCb [736] 0.848 £ 0,280 0123 1.124+0.16
BABAR [114] <27
LHCb [736] 0.855 £ 0.244°-154¢
B(B® = J/yn) Belle [735] <0.74 0.86 +0.28
BABAR [714]  <6.3
2.63 +0.69

B(B® = J/ww(782))

LHCb [734]

h
2.63 £0.567032
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TABLE 115. (Continued)

Parameter [1077] Measurements Average HELAY
B(B® = J/yf,(980)) LHCb [737]' <0.11
B(B® = J/yf, (1285)) LHCb [738] 0.8450 £ 0.1963 + 0.0752°  0.84 + 0.21
B(B® = J/wf,(1270)) BABAR [733]  <0.46 <046
B(B® - J/wK°K*n~ +c.c.) LHCb [707] <2.10 <2.1
B(B® — J/yK'K*K-) LHCb [707]  2.02 4043 +0.19 2024047
+14
B(B® — J/yK*(892)°K*K~) LHCb [707]  3.10 £ 0.66 % 1.07° 31005
B(BY — J/yag(980)°) x B(ag(980)° — K*K-) LHCb [739]  <0.090 <0.090
B(B® — J/wKTK™) LHCb [739] 0.253 £0.031 £ 0.019 0.253 £0.036
LHCb [739] <0.019
B(B® = J /y(1020)) Belle [740] <0.094 <0.9
BABAR [714] <0.9
+0.69
B(B® = y(2S)x*7) LHCb [732]  2.58+0.32 +0.57 25956
B(B® - y.12%) Belle [741] 1.124+£0.25+0.12 1.12 £ 0.28
“Measurement of B(B® — y(28)z*7z~)/B(B® — J/yz*z~) used in our fit.
°Non resonant only: K(S), p and f, contributions have been subtracted out.
‘Measurement of B(B® — J/ww(782))/B(B® — J/wp°(770)) used in our fit.
Measurement of B(B® — J/yun)/B(B° — J/wp®(770)) used in our fit.
‘Measurement of B(BY — J/yn')/B(B® — J/yp°(770)) used in our fit.
‘Using B(B® — J/ym).
Using B(BY — J/y1f).
"Using B(B® — J /yp°(770)).
'Measurement of B(B® — J/wf,(980))BR,0,i +, i— used in our fit.
YUsing B(f,(1285) —» ntnta~n™).
“Using B(B° — J/wK*(892)%z* 7).
'Using B(B® — J/yxt ™).
TABLE 116. Branching fractions for decays to J/y and photons, baryons, or heavy mesons.
Parameter [107¢] Measurements Average MELAY
LHCb [742] <1.5
0
BB = J/yy) BABAR [743]  <1.6 <15
LHCb [744] 0.451 £ 0.040 + 0.044
_ LHCb [745] <0.52
0
B(B" - J Jypp) Belle [746] B 0.451 =+ 0.059
BABAR [747] <1.9
= BABAR [748] <13
0 0
B(B” — J/yD") Belle [749] <20 <13
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TABLE 117. Branching fraction ratios. TABLE 118. Polarization fractions.
Parameter [1072] Measurements Average Parameter Measurements Average
B(B"=J wKOK* n+c.c.) Ag(B°=J/wK*(892)°)
B(B();’}/VA/K%”W_C)C LHCb [707] <4.8 <4.8 /Wuwm%)“) BABAR [750] <0.32 <0.32
AL (B~J/yK"(892)%) BABAR [750] <0.26 <0.26
A, (B°>J/wK*(892)%)
4. Decays to charm baryons
Averages of B decays to charm baryons are shown in Tables 119,120.
TABLE 119. Branching fractions, L.
Parameter [107*] Measurements Average HFLAV
B(B* > /_\;pzro) BABAR [751] 1.94 +0.17 £ 0.52 1.94+0.55
- _ BABAR [752] 12.30 £ 0.50 £ 3.28 11.7+£25
0 +
BB = Acpr'a) Belle [753] 110412435
N S 79+2.1
B(B® - AZpr*a~(NR)) BABAR [752]  7.90 + 0.40 + 2.04
< _ BABAR [752] 091 £0.07 £0.24 1.01 £0.22
0 0
B(B" = 2.(2455)°pr7) Belle [754] 14+02+04
= _ BABAR [752] 2.13 +£0.10 £ 0.56 2.124+0.42
0 +
B(B" = 2.(2455) " pz") Belle [754] 2140206
o _ BABAR [752] 1.15+0.10 £ 0.30 1.17+£0.24
0 +
B(B" — 2.(2520)"pz") Belle [754] 1.240.1 % 0.4
- LHCb [694] <0.16*"
0 +
B(B” = ACAL) Belle [755] <0.57 <0.16
- Belle [756] 79137 £43 53429
0 + 0 -23
BB = AcAKT) BABAR [757] 3.8+£3.1+£21
BABAR [757]  5243.7+2.8° 714

B(B® —» EZAY)

Belle [758]

32000  £17.9°

—4.1

’At CL = 95%.
°Using B(B® — Dy D™).
“Using B(Ef - E ztz™).
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TABLE 120. Branching fractions, II.

Parameter [107]

Measurements Average HFLAV

B(B® - A7 pK+K")

BABAR [759]  2.54+0.4+0.6 2.50+£0.75

B(B" = A pp(1020))

BABAR [759] <12 <12

BABAR [760] 1.89 £0.21 £0.49

B(B® - A; p) Belle [761] 2.197938 £ 0.65 1.8040.31
BABAR [760]"

B(B® - Az pK*(892)%) BABAR [762]  1.6+0.6+0.4 160 £0.75
B(B® — AzAYK™) BABAR [763]  3.8+08+ 1.0 38£13
B(B® - Az pK*n-) BABAR [762]  4.33+0.82+ 1.18 43414
B(BY — £,(2455) ) BABAR [751]  <2.4" <24
B(B" - £.(2455) pK*) BABAR [762]  1.11+0.30 £ 0.30 I.11:£0.43

_ . BABAR [752]  22+0.7+0.6 2.20 +0.93

0 0
B(B" = 2.(2520)°p7) Belle [754] <33
<022

B(B" - A;ppp)

BABAR [764] <0.22°

*Measurement of B(B* — Az pxt)/B(B° - AZ p) used in our fit.

®Using B(A[ — pK~z").
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5. Decays to exotic states

Averages of BY decays to exotic states are shown in Tables 121-124.

TABLE 121. Branching fractions for decays to X(3872).

Parameter [107] Measurements Average HFLAV
Belle [726] 12.871333 #3890
Belle [765] 103429132

BABAR [766]  85+5.0127°
BABAR [766]  10.0 + 5.4 +3.2°

BABAR [713]  13+£7+5° +36
B(B® - X(3872)K?) . 119552

BABAR [127]  22.2+10.748¢

Belle [726] 25013 £ 12°

BABAR [713] 21717 + 6"
BABAR [727] 274+19 £ 10°
BABAR [700]  <118.1"

BABAR [727]  -2.5+6.0705" -1.1£56
BABAR [727]  T+14+3°

B(B® — X(3872)K*(892)°)

+10
B(B® - X(3872)K*7~) Belle [767] 226437 +6.9° 2%
B(B® — X(3872)K°) x B(X(3872) = y.17)
Belle [718] <0.96 <096
B(B® — X(3872)K°) x B(X(3872) = yeov)
Belle [718] <1.22 <12
*Using B(X(3872) — yw(2S)y).
*Using B(B* — X(3872)K ™).
“Using B(X(3872) — J/wxtzn™).
Using B(X(3872) — J/yw(782)).
‘Using B(X(3872) —= J/wy).
‘Using B(X(3872) — D*(2007)°D).
TABLE 122. Branching fractions for decays to neutral states other than X(3872).
Parameter [107°] Measurements Average HFLAV
B(B® — w»(3823)K°) x B(w2(3823) = x.17)
Belle [718] <0.99 <099
B(B® — w»(3823)K°) x B(w2(3823) = x.27)
Belle [718] <2.28 <23
B(B® — Y(3940)K°) x B(Y(3940) — J/y(782))
BABAR [713]  2.140.9+0.3 2.10+£0.95
B(B® - X(4050)*K*) x B(X(4050)* — y.7")
Belle [768] 3.0503 it 3.0+40
BABAR [729] <18 o1
B(B® - X(4250)"K*) x B(X(4250)" = y. ")
Belle [768] 4.0153 5% 4120

BABAR [729] <4.7
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TABLE 123. Branching fractions for decays to charged states.

Parameter [107] Measurements Average HFLAV
B(B® — X(3872)"K™) BABAR [769] <50 <50
B(B® - X(3872)"K*) x B(X(3872)" — J/wn*x°)
BABAR [770]  <0.54 <0.54
B(B® — Z,.(4430)"K*) x B(Z,(4430)* — J/yx™")
Belle [708] 0.541040 +0.11 0.54%0%
BABAR [771] <04
B(B® — Z.(4430)"K+) x B(Z.(4430)* — y(28)z")
LHCb [636] 3.4+0.553" o
Belle [719] 32508453 34005
BABAR [771]  <3.1
B(B® - Z.(3900)"K*) x B(Z.(3900)* — J/wx™")
Belle [708] <0.090 <0.090
B(B® - Z,.(4200)~K*) x B(Z.(4200)* — J/yx*)
Belle [708] 2210714 22153

“The quoted amplitude fraction is multiplied by B(B® — w(2S)K*z~) = (5.80 £ 0.39) x 10~*

TABLE 124. Branching fraction ratios.

Parameter

Measurements

Average

B(B°—Y(3940)K?)
B(B*=Y(3940)KT)

BABAR [713]

0.7195 £0.1

B. Decays of B* mesons

Measurements of BT decays to charmed hadrons are summarized in Secs. VIIIB 1 to VIII B 5.

1. Decays to a single open charm meson

Averages of BT decays to a single open charm meson are shown in Tables 125-132.

TABLE 125. Branching fractions for decays to a D™ meson and one or more pions.

Parameter [1073] Measurements Average MFLAV
BABAR [641] 4.90 +0.07 +0.22
Belle [772] 43440.104+0.25
BABAR [642] 44940214023
B(B+ —» D°z*) CDF [644] 5.05 + 0.26 + 0.60° 4.67+0.14
BABAR [773]"¢
Belle [774]°, [775]°
LHCb [647]%, [455]¢, [446]°
LHCb [776] 4.664 4+ 0.029 + 0.268
Belle [772] 4.8240.1240.35
BABAR [641] 5.5240.17 £ 0.42
B(B* — D*(2007)°z") BABAR [642] 5134+0.22+0.28 4.84+0.16
BABAR [777]"¢
Belle [643]°
LHCb [446]°
10.6 + 1.4

B(B* — D*(2007)°ztntn~

)

Belle [654]

10.55 £0.47 £1.29
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TABLE 125. (Continued)

Parameter [1073] Measurements Average HFLAV
B(B+ — D*(2007)°x* n* w7~ n™) Belle [654] 5.67 £ 0.91 + 0.85 57+12
_ BABAR [778] 1.08 £ 0.03 £+ 0.05
+ ot
B(BT - D" x7) Belle [779] 1.02 +0.04 £0.15 1.073 £0.055
BABAR [780] 1.22 +0.05 £ 0.18
B(Bt - D*(2010)"z*z") Belle [779] 1.25 4 0.08 + 0.22 1.23 £0.15
LHCb [781]'
B(B* — D*(2010) n* z* nt7") Belle [654] 2.56 +0.26 + 0.33 2.56 +0.42
Usmg B(B® — D~z™").
Usmg non-CP modes for the D°.
CMeasurement of ZS’(B+ — D°K")/B(BT — D°z") used in our fit.
Measurement of B(Bt — D°z*z*z~)/B(B* — D°z*) used in our fit.
Measurement of B(B* — D*(2007)°k*)/B(B* — D*(2007)°z") used in our fit.
"Measurement of B(B* — D*(2010)"K*z")/B(B" — D*(2010)~z*z ") used in our fit.
TABLE 126. Branching fractions for decays to a D™ meson and one or more kaons.
Parameter [1074] Measurements Average HFLAV
LHCb [446] 3.716 £ 0.01413- 137
LHCb [455] 3.637 £ 0.02810 155"
) Belle [774] 3.160 £ 0.107501%° 2674012
B(B* - D°K™) BABAR [773] 3879 £0.163*0130" ' '
Belle [775] 3.59 +£0.23 £+ 0.30"
Belle [774]°
LHCb [776]*
B(B* — D°K*(892)") BABAR [782] 5.9 +0.30 +0.34 5:29 £ 045
B(B* - D°K*rntn) LHCb [649] 5.02 +0.69107%" 20=10
B(BT - DYK*K?) Belle [667] 55+14+08 55+1.6
B(Bt — DYK*(892)°K™) Belle [667] 75+13+£1.1 7.5+£1.7
LHCb [446] 4.123 4 0.058 4+ 0.2708
_ BABAR [777] 3939 + 0.1947)242>¢
+ * 0K+ -0.199 3.92+0.18
B(B™ — D"(2007)°K™) LHCb [776]  3.642 +0.283+01134h
Belle [643] 3.78 £0.92 + 0.45¢8
—+ N* 0 = + 83 +1.5
B(B* — D*(2007)°K*(892)*) BABAR [783]  83+1.1+10
B(B*+ — D*(2007)°K*K°) Belle [667] <10.6 <11
B(B+ — D*(2007)°K* (892)°K™*) Belle [667] 153 +£3.1+£29 153 +42
B(B* - D-K*x*) LHCb [784]  0.731 +0.019 + 0.045 0.731 +0.049
B(B* > D*(2010)"K* ) LHCb [781] 0.787 4 0.033 £+ 0.110' 0.79+0.12

Usmg B(Bt — Dz™).

Usmg non-CP modes for the D°.

Measurernent of B(B* — D°K*)/B(B* — D°K™) used in our fit.
4Statistical and systematic uncertainties are combined.

eMeasurement of B(B" — D*(2007)0K+)/B(B+ — DYK™*) used in our fit.
'Using B(B* - D'zt ztx

gUsmg B(B* - D* (2007)0 +)

"Using B(B* — D°K™).

‘Using B(B* — D*(2010)"z "z ™).
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TABLE 127. Branching fractions for decays to a D*) meson.

Parameter [107°] Measurements Average HFLAV
B(B+ — DK*) Belle [774] <70° <70
B(B* = D*K°) BABAR [785]  —3.8122+12 —38£25
B(B* — D*K*(892)°) BABAR [785]  —53123+14 —3%27
B(Bt - D*K*x") LHCb [786] 5.3140.90 + 0.59 >3+ 11
B(Bt - D*(2010)*K?) BABAR [787]  <9.0 <9.0
B(Bt —» D*(2010)*2°) Belle [788] <36 <3.6
“Using B(BT — D°K™).
TABLE 128. Branching fractions for decays to excited D mesons.
Parameter [1074] Measurements Average HELAV
B(B* —» D*0z*)? BABAR [642] 55+£5+£10 3B E12
B(B* — D;(2300)°z") x B(D}(2300)° — D*z")
BABAR [778]  6.84+03+2.0
Belle [779] 6.1 +£0.6+ 1.8 64x14
B(Bt = D;(2420)°z%) x B(D;(2420)° = D*(2010)*z")
BABAR [780] 59403+ 1.1 6.23 +0.91
Belle [779] 68+07+13
B(B* — D,(2420)°z") x B(D,(2420)° — Dz z~)
Belle [679] 1.85 £ 0.2910:3 2.55504
LHCb [647] 5.50 4 0.8070-7¢°
B(Bt — D,(2420)°z*) x B(D,(2420)° - D%z z~(NR))
2.1440.52
LHCb [647] 2.14 4 0.37 £ 0.35° 05
B(BT — D,(2420)°z") x B(D,(2420)° — D*(2007)°z*z")
Belle [679] <0.06 <0.060
B(BT — D,(2430)°z") x B(D;(2430)° — D*(2010)*z")
Belle [779] 50+04+1.1 4.98 +0.81
LHCb [647] 4.97 +0.8510.72°
B(Bt — D3(2460)°z) x B(D5(2460)° - D*z™)
BABAR [778]  3.5+02+0.4 3.4740.42
Belle [779] 34403407
B(B* — D3(2460)°z") x B(D3(2460)° — D*(2010)*z~)
BABAR [780]  1.84+0.3+0.5
Belle [779] 1.8+03+04 1.86 £0.33
LHCb [647] 2.08 + 0.647031°
B(B* — D3(2460)°z") x B(D3(2460)° — Dzt 7™)
LHCb [647] 0.75 4+ 0.32 + 0.13° 1.10 £0.32
LHCb [647] 2.14+0.53 £ 0.31°
B(B* — D3(2460)°z+) x B(D3(2460)° — D*(2007)°z*z~)
Belle [679] <0.22 <0.22

AD** refers to the sum of all the nonstrange charm meson states with masses in the range 2.2-2.8 GeV/c?

®Using B(B* — Dzt ztz™).
“Non-D*
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TABLE 129. Branching fraction ratios to excited D mesons.

Parameter Measurements Average
+ L D* 0+
e BABAR [780] 0.8+ 0.1+02 0.80 +0.17
TABLE 130. Branching fractions for decays to DE*) mesons.
Parameter [107] Measurements Average HFLAV
_ Belle [789] 194792 £2.6 19.7+£23
+ + -0.8
BB = Dy K*x7) BABAR [676] 202+ 1.3+3.8
B(BT —» D;KtK™) BABAR [676] 1.1£044+02 1.10+0.45
_ Belle [789] 147512423 154422
+ k= gt -14
B(B™ - DI K™x™) BABAR [676] 167+ 1.6£3.5
B(B™ - Di"K*tK™) BABAR [676] <l.5 <1.5
1 50+0455
B(B* — D{z°) BABAR [7190]  1.5702 £02 0ae
0 77+0412
B(BT - DfKTK") LHCb [7917* 011
LHCb [791] 0.0127291% 1 0,008 0.01270:018
+ + —0.014 —0.016
B(B™ — D7 ¢(1020)) BABAR [792]  <0.19
B(BT — Di*¢(1020)) BABAR [792] <1.2 <1.2
*Measurement of B(B* — Dy K*K~)/(B(B* — D} D°)B(D® — K*K~)) used in our fit.
TABLE 131. Branching fractions for decays to baryons.
Parameter [1074] Measurements Average HFLAV
B(BY — Dpprt) BABAR [681] 3.72+0.11 £0.25 3.72 +£0.27
_ 0.143 £0.032
B(B* — D°Ap) Belle [793] 0.143700%8 1+ 0.018
B(B* — D*(2007)°ppa™) BABAR [681] 3.73+0.17 £0.27 3.73+0.32
B(B* — D*(2007)°A%p) Belle [793] <0.48 <0.48
B(BT - D pprtza") BABAR [681] 1.66 £0.13 £0.27 1.66 +0.30
B(BT — D*(2010)"ppr*tx™) BABAR [681] 1.86 £0.16 =0.19 1.86 +0.25
B(BT —» D" pp) Belle [682] <0.15 <0.15
B(BT — D*(2010)* pp) Belle [682] <0.15 <0.15
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TABLE 132. Branching fractions of lepton number violating decays.

Parameter [107°] Measurements Average HFLAV
B(BT —» D ete™) Belle [794] <2.6 <2.6
B(BT —» D ute™) Belle [794] <1.8 <1.8
B(B* = D~u*u*) Belle [794]  <1.0 <1.0
2. Decays to two open charm mesons
Averages of BT decays to two open charm mesons are shown in Tables 136-136.
TABLE 133. Branching fractions for decays to D*)~D*)0,
Parameter [1074] Measurements Average FEEAY
Belle [689] 3.85+0.31£0.38 3.84 +0.42
B(BT - D*DY) BABAR [687] ) 38+0.6£0.5
LHCb l795J£|,b,c,d,c.t
B(B* - D*(2007)°D*) BABAR [687] 63+£14+10 63417
- BABAR [687] 36+05+£04 3.93 +0.52
+ * +Ho
B(B™ — D*(2010)"D") Belle [796] 4.59 +£0.72 £ 0.56
B(B* — D*(2010)*D*(2007)°) BABAR [687] 8B1+12+12 8.1+17

“Measurement of f. x B(Bf — D™D°)/(f,B(B* - D*D")) used in our fit.
Sf“B(B+ — DTDY)) used in our fit. )
) x B(D*~ = D~(a%.y)) + B(B; - D~D*))/(f,B(B* — D*D°))

"Measurement of f, x B(BS — D*D°)/
“Measurement of f, x (
x(

usead in our fit.
Measurement of f,
used in our fit.

“Measurement of f. x B
"Measurement of f. x B

B} - D*(2010)* D*(2007)°)/(f.B
Bf — D*(2010)*D*(2007)°)/(f.B

(

(B* - D*DY)) used in our fit.
(Bt — D*DY)) used in our fit.

TABLE 134. Branching fractions for decays to two D mesons and a kaon.

B(B; — D=D") x B(D*~ - D~(x".7)) + B(B; - D=D™))/(f.B(B* — D*D"))

Parameter [1073] Measurements Average HELAY
B(BT — D*(2007)°D°K™) BABAR [690] 2264 0.16 £0.17 2.26 +£0.23
B(BT - D* (2007)0D0K+) BABAR [690] 6.32+0.19 £0.45 6.32 +0.49
B(B+ - D*(2007)°D*(2007)0K*) BABAR [690]  11.23 £ 0.36 = 1.26 112413
B(BT — D*(2007)°D*K° BABAR [690] 2.06 +0.38 +0.30 2.06 +0.48
B(BT — D*(2010)+D0K0) BABAR [690] 3.81 £0.31 +0.23 3.81 £0.39
B(B+ — D*(2010)*D*(2007)°K°) BABAR [690]  9.17 + 0.83 £ 0.90 92412
BABAR [690] 1.31 £0.07 £ 0.12 1.454+0.13

B(B+ - D°DYK+)

Belle [797]

2.22 +0.22705%

B(Bt — D'DYK*x0)

Belle [691]

0.107 4+ 0.03179912

+0.036
0.107Z 45
none

BABAR [690]

0.22 £ 0.05 £ 0.05

B(B* —» D*D K*) Belle [198] 0. 0.220 4 0.071
B(B* - D*(2010)~D*K*) BABAR [690]  0.6+0.1 £0.1 0.60 +0.13
B(B* — D*(2010)*D~K*) BABAR [690]  0.63 & 0.09 = 0.06 0.63+0.11
B(B* = D*(2010)*D*(2010)"K*) BABAR [690]  1.32+0.13£0.12 1324+0.18
B(B* — DT DKY) BABAR [690]  1.55+0.17 £0.13 1.55+0.21
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TABLE 135. Branching fractions for decays to D{"' D)+

Parameter [1073] Measurements Average HFLAV
LHCb [688] 9.54 +£0.161] g%a
~ BABAR [693] 9.0+ 14£15 9.58+099
+ + 70 .
B(B™ = DiD") BABAR[693] 133 +18:+32 oo

LHCb [688]°¢, [795]5FemH  [791]k

_ BABAR [693]  6.62 + 1.4610-95° 7.9*10
+ + * 0 —0.94 =15
B(B™ — Dy D"(2007)°) BABAR [693] 121423420
_ BABAR [693] 93-+1.8-+1.9 834 2.0
+ *+ )0
B(B* — Di*D") BABAR [693]  7.03 +2.67 + 1.40"
BABAR [693] 17+3+2 17.942.7

B(B* = Di+D*(2007)°)

BABAR [693]

.90b
19.24 +3.3213:%

Usmg B(B® — D} D).
®Using B(D} — ¢(1020)z+).

‘Measurement of B(B? - D'D°)/B(B* — D} D) used in our fit.

*Measurement of B(B" — D°D°)/B(B* — D;D°) used in our fit.

“Measurement of f,. X B(BJr — D{D%)/(f,B(B* — D#D")) used in our fit.

'Measurement of f, x B(Bf — D;D")/(f,B(Bt — D;D")) used in our fit.

gMeasurement of f. x B(Bf — D;™D° + DfD*(2007)°)/(f,B(B™ — Dy D)) used in our fit.
"Measurement of f, x lS'(B+ - D*JrD0 + D+D*(2007)0)/(f B(B* — D} D")) used in our fit.
'Measurement of f, x B(B — D**D*(2007) )/ (fuB(BT - D;rDO)) used in our fit.
JMe:asurement of f. x B(Bf — D;*D*(2007)°)/(f,B(B* — D;D")) used in our fit.
“Measurement of B(B* — D} K*K~)/(B(B* > D! D°)B(D® - K*K~)) used in our fit.

TABLE 136. Branching fractions for decays to excited D, mesons.

Parameter [1073]

Measurements

Average HFLAY

B(B* — D*,(2317)*D°)

Belle [697]
BABAR [698]

+0.13 +0.12a
0.80 -0.12 -0.20

1.0 +£ 03504

0.25
O~83f0.15

B(B* — D*,(2317)* D*(2007)°)

BABAR [698]

0.9 +£0.650%"

0.90 £ 0.68

B(B* — D,,(2460)* D)

Belle [699]
Belle [699]
BABAR [698]
BABAR [698]
BABAR [693]
Belle [699]

3.055087 +1.04°
2237044 £0.76°
33+ 115430
5.14+1.37°¢
43+1.6+13
<2.4¢

328 £0.78

B(B* — D, (2460)* D*(2007)°)

BABAR [698]
BABAR [693]
BABAR [698]

7.6 +22734°
112426420
142 £3.2785¢

105+24

B(B* - D;(2536)"D°)

BABAR [700]
BABAR [700]
Belle [701]°

0.453 4+ 0.109 4+ 0.112°
0.41 4 0.17 £ 0.09°

0.405 + 0.084

B(B* = D,;(2536)"D*(2007)°)

BABAR [700]
BABAR [700]

1.144 4 0.245 + 0.267°
<1.900"

114555

Usmg B(D#,(2317)" — D{a°).
Usmg B(Dy,(2460)" — D+ 7).
Uilng B(Dy, (2460)" — Dﬁ*ﬂo).
Using B(D, (2460)+ — Dfztn).
Usmg B(Dy;(2536)" — D*(2007
'Using B(D,;(2536)" — D*(2010)*
gMeasurement of B(B*

D*(2010)*K?)) used in our fit.

)-
)Dsl(2536)+D°)(B(DS1(2536)+ — D*(2007)°K*) + B(Dy; (2536)" —
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3. Decays to charmonium states

Averages of BT decays to charmonium states are shown in Tables 137-143.

TABLE 137. Branching fractions for decays to J/y and one kaon.

Parameter [107] Measurements Average HFLAV
BABAR [14] 10.61 £0.15 £ 0.48
Belle [702] 10.140.2+0.7
Belle [772] 89+0.6405
Belle [799] 10.37 £ 0.61 £+ 0.49*
BABAR [800] 1034 0.9 + 0.5
BABAR [769] 81+ 13407
B(B* - J/yK*") Belle [799] 10658 +1.9° 10.06 +0.26
BABAR [704] . [801]%, [14] L [7697¢
Belle [802]", [7151“h
CDF [705]°, [803]%, [804]°
CMS [805]
DO 806 _
LHCb [807], [711F, [808]", [809]™
BABAR [14] 13.840.5+09"
Belle [810] 128 0.7+t 1.4 13.64 = 0.83
+ * + . .
B(BT = J/yK"(892)7) CDF [703] 158 +47+27
CDF [705] 1934+ 6.0+ 1.8
Belle [715] 184+3+3" 18.1 4+ 4.8
+ +
B(BT = J/yK,(1270)1) Belle [715]°
n " p <5.4
B(B* — J/wK,(1400)*) Belle [715] <5
Belle [811] 7.16 + 0.10 + 0.60 8.07 +0.52
B(B* = J/yK*n*n") BABAR [812] 11.64+0.7 409 p = 2.3%0
CDF [813] 69+18+12
Belle [716] 1274011 +0.11
+ +
B(BT = J/ynK™) BABAR [717) 1.08 + 0.23 + 0.24 124 £0.14
BABAR [713] 3.2 40.110¢ 3.227031
Bt 782)K+ -03 —031
B(B™ = J/yo(782)K7) BABAR [713]0
BABAR [714] 0.44 4+ 0.14 + 0.05
0.44 +0.15

B(BT — J/w¢p(1020)K™)

DO [814]

LHCb [815]", [815]"

\Using B(J/w — pp).

Usmg B(J/w — AAY).

Measurernent of B(BT - 1. KJ“)/B(B+ — J/wK*) used in our fit.
Measurement of B(B* — J/yx")/B(B* — J/wK") used in our fit.
‘Measurement of B(BT — J/l//[(*(892)+)/l3(B+ — J/wK") used in our fit.
‘Measurement of B(B™ — y,,K*)/B(B* = J/wK*) used in our fit.
EMeasurement of B(BT — J/wK(1270)*)/B(B* — J/wK™") used in our fit.
"Measurement of B(B° — J/yK,(1270)°)/B(B* — J/wK*) used in our fit.
'‘Measurement of f. x B(BY — J/wz")/(f.B(BY — J/wK™")) used in our fit.
Measurement of B(BT — w(2S)K)/B(BT — J/wK™) used in our fit.
k\[—7Tev pr>4GeV and 2.5 <y <45.

'Measurement of (B(B* — mK+)B(;7(, — pp))/(B(BT - J/wK*)B(J/w — pp)) used in our fit.

/s =8TeV, 0< pr <20 GeV and 2.0 <y < 4.5.
"Using B(BT — J/yK™).
°Measurement of B(B™ — J/wK,(1400)*)/B(B* — J/wK,(1270)") used in our fit.
PUsing B(B™ — J/wK,(1270)T).
9IMeasurement of B(B® — J/yw(782)K°)/B(B* — J/ww(782)K*) used in our fit.

‘Measurement of B(B = x.1(4140)K) x B(y.(4140) — J/w$(1020))/B(BT — J/w¢(1020)K™) used in our fit.

*The quoted value is a fit fraction from a Dalitz plot fit.

‘Measurement of B(B* — y.;(4274)K™) x B(y.,(4274) — J/w¢(1020))/B(B* — J/w$(1020)K*) used in our fit.
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TABLE 138. Branching fractions for decays to charmonium other than J/yw and one kaon.

Parameter [107] Measurements Average HFLAV
LHCb [711] 5.98 +0.06 + 0.27*
BABAR [14] 6.17 +0.32 + 0.44
DO [806] 6.5+04+0.8"
Belle [702] 6.9+0.6
Belle [718] 7.7+0.8+0.9 6.12+021
+ + . .
B(B™ ~w(29)K™) Belle [718] 63+09+0.6
Belle [772] 64+1.0+04
CDF [710] 55+1.0+0.6
BABAR [769] 49+16+04
BABAR [14]°
N ‘RO b . 59+1.1
B(B* — y(25)K*(892)*) BABAR [14] 5.88 +0.92 + 0.59
B(Bt - y(28)K atx™) Belle [811] 431+ 0.20 £ 0.50 4.31£0.54
B(Bt — y(28)$(1020)K ™) CMS [816] 0.040 + 0.004 + 0.006 00400 £ 0.0075
BABAR [700] 2.69 + 0.5770:48¢
BABAR [700] 2.07 +£0.79 £ 0.56°
B(B* — y(3770)K™) Belle [798] 48+1.1+0.7" 2.514+0.49
Belle [772] 02+ 1.4+ -00
BABAR [769] 35+25403
Belle [817] 3.65 £0.197059¢
Belle [772] 120+ 0.8 +0.7
Belle [799] 10.89 4 0.847] 48"
BABAR [704] 129409 +38
BABAR [704] 129+ 1.0 + 3.8°
B(B* > K" Belle [722] 12.5 + 14739 1045506
BABAR [800] 13.8473 H"
BABAR [769] 10.7 £23 +0.5°
Belle [799] 9. 6*22; a9
BABAR [704}, [723]%'™
LHCb [808]"
12 3+6.0
B(B* - n.K*(892)") BABAR [721] 121533 401° P
Belle [817] 1635593 043"
B(B* = n.(2S)K*) Belle [772] 48+1.1+03 4.47+£093
BABAR [769] 34+1.8403
Belle [818] <0.038 <0.038

B(B* - h.K*")

BABAR [723]"

Usmg B(Bt - J/yK™").

°Measurement of B(B™ — y(25)K*(892)")/B(B* — w(2S)K") used in our fit.
Us1ng B(BT — w(2S)K™).

Using B(w(3770) — D°DP).

Usmg B(y(3770) - D*D™).

‘Assumed B(w(3770) = D™ D~) + B(y(3770) — D°D°) = 1.
gUsmg B(n. — KKx).

"Using B(n. — pp).

'Using B(n, — A°AP).
JMeasurement of B(B° - 7. KO)/B(BJr — n.K") used in our fit.

Measurement of B(B® - 7, K*(892) )/B(B*T = 5.K") used in our fit.
"Measurement of B(B® — h.K*(892)°)B(h, — n.y)/B(BT — .K*) used in our fit.
"Measurement of B(B* — h.K")B(h, — n.y)/B(B" = .K") used in our fit.

"Measurement of (B(B*T — nCK+) (n. = pp))/(B(B™ - J/wK")B(J/w — pp)) used in our fit.

°Calculated using B(n. — pp).

PUsing B(n.(2S)) » KKx.
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TABLE 139. Branching fractions for decays to y. and one kaon.

Parameter [1074] Measurements Average HFLAV
BABAR [264]  1.84+0.32 +0.31
Belle [772] 2.04+0.9+0.1
B(B* — y.0K*) Belle [802] 6.02 +1.1 216 +0.38
Belle [802] 6+2+1°
BABAR [169] <18
BABAR [725] 14+05+02 1.40 £+ 0.54
+ * +
B(B™ — K" (892)7) BABAR [724]  <28.6
BABAR [727]  45+0.1+£0.3
Belle [726] 494 40.11+0.33
Belle [772] 58+09+0.5
B(B* =y K*) BABAR [769]  8.0+14+0.7 4.85+0.22
CDF [813] 155+5.4+20
BABAR [14]°
Belle [819]°
BABAR [127]  2.6+05+04
B(BT — y.K*(892)") Belle [730] 41406+09 2.89 +0.50
BABAR [14] 248 +0.83 +0.78°
B(B* - yaK+1° Belle [728] 3.29 +0.29 +0.19 3.29 +0.35
BABAR [729]  5.52+0.26 4 0.61 5.69 +0.35
+ 0+
B(B" = yaK'x) Belle [728] 5.75 +0.26 + 0.32
B(BT - y Ktntn) Belle [728] 3.74 £0.18 £ 0.24 3.74 +0.30
+0.036
BB — 7.,K") Belle [726] 0.1117993 + 0.009 0.108 & 0.031
BABAR [727]  0.10 £+ 0.06 + 0.01
B(BT - y,K*(892)") BABAR [727]  0.11 £0.43 £0.55 0.11£0.70
BBt = y,K'nt) Belle [728] 1.16 £0.22 £ 0.12 1.16 £ 0.25
B(BT - y,Ktntn) Belle [728] 1.34 £ 0.17 + 0.09 1.34 +0.19
*Using B(BT - J/wK™).
®Measurement of B(B* — y.,K*(892)1)/B(Bt — y.K*) used in our fit.
“Measurement of B(BT — y.2")/B(BT = y.K") used in our fit.
dUsing B(BT = y KT).
TABLE 140. Branching fractions for decays to charmonium and light mesons.
Parameter [107°] Measurements Average HFLAY
LHCb [820] 3.88+£0.11+£0.15
BABAR [801]  5.40 +0.45 +0.18"
+ +
B(BY > J/yx") Belle [702] 3.8+£0.6+03 4.114+0.16
CDF [804] 4.89 + 0.82 4 0.20°
CDF [803] 54+2+0°
B(B* = J/yr*a®) BABAR [733]  <0.73" <0.73
LHCb [821] 3.8159% £0.35 4.10 £0.38
Bt + -0.24
BB = J/yp™(770)) BABAR [733]  5.0+0.7+03
2.52+0.30

B(B* - w(28)n")

LHCb [820]

2.524+0.26 +0.15
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TABLE 140. (Continued)

Parameter [1077] Measurements Average HFLAV
n n ¢ <6.1
B(BT = yoon") BABAR [822] <6.1
Belle [819] 2.09 4+ 0.39 +0.17° 2.13+0.32
+ +
B(B" = yar™) Belle [819] 22404403
*Using B(BT - J/wK™).
®Nonresonant only.
“Computed using PDG2004 value of B(y.y — #r).
Using B(BT — y. K™).
TABLE 141. Branching fractions for decays to J/y and a heavy mesons.
Parameter [1074] Measurements Average HFLAV
B(BT — J/wD™) BABAR [748] <1.2 <1.2
- Belle [749] <0.25
+ 0+
BB~ J/yD'x") BABAR [812]  <0.52 <025
TABLE 142. Branching fractions for decays to J/y and baryons.
Parameter [1079] Measurements Average HFLAV
- Belle [746] 11.64+2818 11.6 £ 3.1
+ 0 23
B(B* —~J/wA"p) BABAR [747]  11.6114 142
B(BT - J/yX%p) Belle [746] <11 <11
BBt —» J/wppxrt) LHCb [745] <0.50 <0.50
TABLE 143. Direct CP violation parameters.
Parameter Measurements Average
Acp(Bt = J/wK™) DO [823] 0.0059 +£ 0.0036 +£ 0.0007 0.0059 +£ 0.0037
Acp(BT = J/wnt) DO [823] —0.042 £+ 0.044 + 0.009 —0.042 £+ 0.045
_ +0.056
Acp(B* — J/yp* (770)) LHCb [821] 0.0457 57 = 0.008 —0.054 + 0.053

BABAR [733]

—0.11 £0.12 +£0.08

052008-149



Y. AMHIS et al.

PHYS. REV. D 107, 052008 (2023)

TABLE 144. Branching fractions.

4. Decays to charm baryons

Averages of B decays to charm baryons are shown in Table 144.

Parameter [1074] Measurements Average HFLAY
BABAR [760] 3.38+0.12 +£0.89
. BABAR [760] 277 +0.32 + 0.48" 271 4043
+ S— . .
B(B" = Acpr™) Belle [753] 1.87°04 +0.56
BABAR [760]"*
-_ Belle [824] 48+04+0.6 4.89+0.73
+ + +
B(B" — AZACKT) BABAR [757]  114+£15+62
_ BABAR [757] 14.54 + 4.54 + 5.40° 18.1782
+ =0 A+ -6.2
B(BT = ZeAd) Belle [758] 33.6170 + 13.7°
B(B+ — E.(2930)*A) Belle [824] 3.46 4+ 0.90 + 3.49° 3-5£3.9
- BABAR [760] 0.333 + 0.032 £ 0.057" 0.336 £+ 0.065
+ 0
B(B" = Z(2455)"p) Belle [753] 0.45102 £ 0.14
B(B* — £.(2520)°p) Belle [753] <0.46 <046
B(B+ — £.(2455)~ pr*xt) BABAR [825] 2.98 +0.16 +0.78 298 +0.80
_ ¢ 0.32+0411
B(B* — £.(2800)°p) BABAR [760] 0.317 £ 0.062 & 0.082 -0.10
*Using B(B® — A7 p). B _
t"Measurement of B(BT — £.(2455)°p)/B(B* — A7 px") used in our fit.
“Measurement of B(B* — £,(2800)°p)/B(B* — A pax™) used in our fit.
Using B(E? - =-zt).
iUs.ing B(E.(2930)" - AfK™).
Using B(B™ — AZpa™).
5. Decays to exoftic states
Averages of BT decays to exotic states are shown in Tables 145-148.
TABLE 145. Branching fractions.
Parameter [107*] Measurements Average HFLAV

B(B* — X(3872)K*)

BABAR [727]  1.85+0.52403%
Belle [772] 12+ 1.1£0.1
Belle [726] <0.671°

BABAR [769]  <3.2

BABAR [766]", [713]"

Belle [765]"

20655

+2.9

B(B* — X(3872)K*(892)") BABAR [127] 1244 1.91H39° 12557

c 3.047

B(BT — X(3872)K°z+) Belle [767] 3.03+0.86 +£0.94 oLl
04+1.6

B(B+ > X(3915)K*)

Belle [772] 04£1.6£-00

:Using B(X(3872) = w(2S)y).

Measurement of B(B® — X(3872)K°)/B(B* — X(3872)K™") used in our fit.

‘Using B(X(3872) - J/wn"n™).
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TABLE 146. Product branching fractions to X(3872).

Parameter [107] Measurements Average HFLAV

B(B* - X(3872)K*) x B(X(3872) — D*(2007)°D°)

BABAR [700] 16.7 3.6 +4.7 16.7 +5.9
B(B* — X(3872)K*) x B(X(3872) — D°D°%)

Belle [798] <6.0 <60
B(B+ — X(3872)K*) x B(X(3872) — D°D°)

Belle [798] <6.0 <6.0
B(B* — X(3872)K*) x B(X(3872) — D*D")

Belle [798] <4.0 <4.0
B(B* — X(3872)K") x B(X(3872) — J Jyn* 7-)

Belle [765] 0.861 + 0.062 + 0.052 0.857 +0.073

BABAR [766] 0.84 +0.15 £ 0.07
B(B* — X(3872)K") x B(X(3872) — J /yw(782))

BABAR [713] 0.6 +0.2+0.1 0.60 +0.22
B(B* — X(3872)K*) x B(X(3872) — J /ym)

BABAR [717] <0.77 <0.77
B(B* — X(3872)K*) x B(X(3872) = J/yy)

Belle [726] 0.1781004% +0.012 0.206 + 0.043

BABAR [727] 0.28 +0.08 £+ 0.01
B(B+ — X(3872)K*(892)") x B(X(3872) = J/w7)

BABAR [727] 0.07 £0.26 £ 0.01 0.07+0.26
B(B* — X(3872)K") x B(X(3872) = z.17)

Belle [718] <0.19 <0.19
B(BT — X(3872)K™) x B(X(3872) = y.7)

Belle [718] <0.67 <067
TABLE 147. Product branching fractions to neutral states other than X(3872).
Parameter [1077] Measurements Average HFLAV
B(B* — y»(3823)K™") x B(yw»(3823) = xc17)

Belle [718] 0.97 £0.28 £0.11 0.97+0.30
B(B" — ya(3829)K) x Bya(3823) — 7027)

Belle [718] <0.36 <0.36
B(BT — Y(3940)K™) x B(Y(3940) — J/yy)

<14

BABAR [826] <14

B(B* — Y(3940)K ") x B(Y(3940) — J/ya(782))

0.7+0.5
BABAR [713]  3.0107%92

500738

(Table continued)
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TABLE 147. (Continued)

Parameter [1077] Measurements Average HFLAV
B(BT — w(4260)K™) x B(y(4260) - J/yrntz~)
BABAR [827] 204+0.7+0.2 2.00 +0.73
B(Bt — w(4660)K ™) x B(y(4660) — AFA7)
Belle [824] <12 <12
B(BT — Y,K") x B(Y, > AfA7)
Belle [824] <20 <20
B(BT = y.(4140)K™) x B(y.(4140) — J/yw$(1020))
LHCb [815] 0.57 £ 0.1410282° 0.66-031
DO [814] 0.922 +0.351 +0.358"
B(B* = . (4274)K*) x B(y. (4274) — J/we(1020))
+0.24
LHCb [815] 0.312 4+ 0.11075 15620 031 -pi6
*The quoted value is a fit fraction from a Dalitz plot fit.
®Using B(BT — J/w(1020)KT).
TABLE 148. Product branching fractions to charged states.
Parameter [107°] Measurements Average HFLAV
B(BT — X(3872)*K°) x B(X(3872)* — J/wr* ")
BABAR [770] <22 <22
B(B+ — Z,(4430)*K°) x B(Z,(4430)" — J jyz")
BABAR [771] <1.5 <1.5
B(B* — Z,(4430)*K°) x B(Z.(4430)* — w(28)x)
BABAR [771] <4.7 <4.7

C. Decays of admixtures of B"/B* mesons

Measurements of B®/B* decays to charmed hadrons are summarized in Secs. VIIIC 1 to VIIIC 3.

1. Decays to two open charm mesons

Averages of B’/B* decays to two open charm mesons are shown in Table 149.

TABLE 149. Branching fractions for decays to double charm.

Parameter [1074] Measurements Average

B(B — D°D°Kz°) Belle [691] 127 £0.317032 1.27590:38
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2. Decays to charmonium states

Averages of B’/B* decays to charmonium states are shown in Tables 150—154.

TABLE 150. Decay amplitudes for parallel transverse polarization.

Parameter Measurements Average
LHCb [321] 0.227 £ 0.004 £+ 0.011
A(B — J/yK") BABAR [318] 0.211 £ 0.010 £ 0.006 0.2219 £ 0.0072
Belle [319] 0.231 £ 0.012 £+ 0.008
Ay (B = yaK*) BABAR [318] 02+0.1£0.0 0.200 + 0.081
A|(B - w(28)K¥) BABAR [318] 0.22 £0.06 £ 0.02 0.220 + 0.063
TABLE 151. Decay amplitudes for perpendicular transverse polarization.
Parameter Measurements Average
LHCb [321] 0.201 4 0.004 £ 0.008
A (B - J/wK*) BABAR [318] 0.233 +0.010 £ 0.005 0.2100 £ 0.0063
Belle [319] 0.195 £ 0.012 £ 0.008
A (B = y.K*) BABAR [318] 0.03 +£0.04 £ 0.02 0.030 £ 0.045
A (B - w(28)K*) BABAR [318] 03£0.1£0.0 0.300 + 0.063
TABLE 152. Decay amplitudes for longitudinal polarization.
Parameter Measurements Average
. BABAR [318] 0.556 £ 0.009 £ 0.010
Ao(B = T/wK") Belle [319] 0.574 £ 0.012 £ 0.009 0.564 4 0.010
Ao(B = y1K*) BABAR [318] 0.77 £ 0.07 £ 0.04 0.770 + 0.081
Ao(B = w(28)K*) BABAR [318] 0.48 +0.05 £ 0.02 0.480 + 0.054
TABLE 153. Relative phases of parallel transverse polarization decay amplitudes.
Parameter Measurements Average
LHCb [321] —2.94 £0.02 £ 0.03
8(B = J/wK*) BABAR [318] —2.93 4+ 0.08 £ 0.04 —2.932 +£0.031
Belle [319] —2.887 £ 0.090 £ 0.008
8(B = xa1K*) BABAR [318] 0.0£0.3+0.1 0.00 £ 0.32
3(B = w(28)K*) BABAR [318] -28+04+0.1 —2.80 £ 0.41
TABLE 154. Relative phases of perpendicular transverse polarization decay amplitudes.
Parameter Measurements Average
LHCb [321] 2.94 +£0.02+0.02
5,(B— J/wK*) BABAR [318] 291 £0.05+0.03 2.935+0.024
Belle [319] 2.938 +0.064 £ 0.010
5. (B - w(28)K*) BABAR [318] 28+£03+£0.1 2.80 +£0.32
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3. Decays to exotic states

Averages of B/B* decays to exotic states are shown in Table 155.

TABLE 155.

Branching fractions for decays to X/Y states.

Parameter [1074]

Measurements

Average HFLAV

216707

B(B - X(3872)K) Belle [828]  2.24+0.5+0.6"
B(B — Y(3940)K) x B(Y(3940) — D*(2007)°D*(2007)°) Belle [828]  <0.67 <0.67
B(B — Y(3940)K) x B(Y(3940) — J/yw(782))
Belle [829]  0.71 £0.13£0.31 0.71 +0.34

*Using B(X(3872) —

D*(2007)°DY).

D. Decays of B? mesons

Measurements of BY decays to charmed hadrons are summarized in Secs. VIIID 1 to VIIID 4.

1. Decays to a single open charm meson

Averages of BY decays to a single open charm meson are shown in Tables 156—159.

TABLE 156. Branching fractions for decays to a D_g*).

Parameter [1073] Measurements Average HFLAV
LHCb [830]  2.95+0.0570%
CDF [645] 2.90 +0.21 +0.43°
B(B? - D;x*) Belle [35] 3.67193 +0.65 285+ 0.18
CDF [831]°
LHCb [647]°, [675]°
Belle [832] 24105 104 2.21+0s6!
0 -t 04 -0.54
B(B; = D7) LHCb [833]'
13 7'7+l49
B(B? — D;p*(770)) Belle [832] 8.55 17 £ 1.7 -18
10 6+3.0
B(B? - Di=p™(770)) Belle [832] 11.8735 £2.5 125
CDF [645] 6.25 + 0.60 148ef
B(BY - Dir*ztn”) LHCb [647] 572 + 1.05+057 39+ 1.0
LHCb [677]™
LHCb [675]  0.2142 4 0.00430:0134¢
- LHCb [830]  0.19+0.01 £0.02 0213 40014
0 + . .
B(B; = DFK™) CDF [831]  0.276 +0.051 + 0.031
Belle [35] 0.247515 £ 0.04
R 0 150+0.044
B(BY — DiFK*) LHCb [833]  0.150 + 0.0117004% o0
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TABLE 156. (Continued)

Parameter [1073] Measurements Average LAV
- - LHCb [677]  0.309 = 0.0307003%" 030820968
9 tat ~0.053 ~0.058
B(B; » Dy K'x'a7) LHCb [677]

*Using B(B® — D‘zﬁg.

Measurement of B(B) — DiKi)/B(BO - D‘;r*) used in our fit.
Measurement of B(B° - Dyatatn™)/B(BY - Dyz") used in our fit.
Measurement of B(B? — D*+Ki)/B(BO - D*_ﬂ'+) used in our fit.

Usmg fs/fa=0. 259 i 0.038 from PDG 2006.

'Using B(B0 — Dzt 71’ 7).

*Using B(BY - D;=n*

"Measurement of B( - Dy Ktx" ‘) /B(B? —» Dyztntx™) used in our fit.

‘Measurement of B(B0 - D51(2536) ) x B(D 31(2536) — Dintn7)/B(BY - Dyxtatz) used in our fit.

JUsmg B(B? —» D:~xt).
Usmg B(B? — D atata).
'Measurement of B(BO - D;K*ntz™)/B(BY -» Dy K"zt z~) used in our fit.

TABLE 157. Branching fractions for decays to a D).

Parameter [1074] Measurements Average HFLAV
B(BY — DYKY) LHCb [834] 43205405 4.30£0.71
B(B® — D*(2007)°K?) LHCb [834] 2.8+1.0+04 284 1.1
LHCb [670] 3.37 £0.30 & 0.44"
B(BY — D°K*(892)°) LHCb [664]  4.54 4 1.04 +0.90" 3.61£0.44
LHCb [670]°
LHCb [661] 0.287 + 0.034 + 0.022¢
B(B? — D°¢(1020)) LHCb [670]  0.249 + 0.047 + 0.039° 0.277 £ 0.031
LHCb [661]"
= LHCb [661] 0.355 -+ 0.042 + 0.038" 0.348 £ 0.046
0 * 0
BBy — D*(2007)°(1020)) LHCb [661] 0341 £ 0.055 & 0.042°
B(B? —» D**zt) LHCb [835] <0.061 <0.061
B(BY — D°£,(980)) LHCb [836]  <0.031 <0.031
B(B? - D0K+K_) LHCb [662] 7.855 + 0.752 + 0.688" 79410
B(BY - DYK-x+) LHCb [660]  9.97 +0.42 + 1.11° 100=1.2
Usmg B(B° — D°K*(892)").
Usmg B(B® — D°°(770)). o
Measurement of B(BY — D°$(1020))/B(B? - D°K*(892)°) used in our fit.
Using B(B® — D'zt 7).
Using B(B? - D°K*(892)°). .
'Measurement of B(BY — D*(2007)°¢(1020))/B(B? — D°$(1020)) used in our fit.
#Using B(BY — D°¢(1020)).
TABLE 158. Branching fractions for decays to excited D, mesons.
Parameter [107] Measurements Average HFLAV
B(BY — Dy, (2536) ") x B(Dy,(2536)" — Din*a~)
2 37+0.8]
312070

LHCb [677]  2.37 £0.59%04*

*Using B(BY — Dyata*n ).
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TABLE 159. Longitudinal polarization fraction.

Parameter Measurements Average
f1(BY — D*(2007)°¢(1020)) LHCb [661]  0.730 £ 0.150 + 0.030 0.73 £0.15
2. Decays to two open charm mesons
Averages of B? decays to two open charm mesons are shown in Table 160.
TABLE 160. Branching fractions.
Parameter [1074] Measurements Average HFLAV
LHCb [688] 438 £234+5.1°
CDF [188] 49+6+9° .
B(B} — D{D;) Belle [31] 5841 413 45.023;
DO [186]°
LHCb [837]°
LHCb [837] 135+6+17
CDF [188] 113+ 12+21°
B(B® - D D; + D:~DY) Belle [31] 17612 + 40 131 +13
DO [186]°
LHCb [837]°
LHCb [837] 127+ 8+ 17
CDF [188] 175 £ 19 + 34°
B(B? - D;*D:") Belle [31] 198733431 140 £ 15
DO [186]°
LHCb [837]°
_ LHCb [688]  3.9+£0.6 £0.5° 3.9150%
0 + -0.76
BBy — Dy DY) LHCb [694]*¢
B(B - D*D") LHCb [688]  2.38 = 0.44 % 0.33" 2.38£0.55
_ 1 82+0‘46
B(B? — D°DY) LHCD [688] 1.82 4 0.29 £ 0.348 T-043

*Using B(B® - Dy D™).

°Using f,/f4 = 0.269 + 0.033 and B(B® — D;D~) = (7.2 4 0.8) x 1073.
‘Measurement of B(BY - D{ D7) + B(BY - D™Dy + D:~D}) + B(BY — D**D*") used in our fit.

4At CL = 95%.

*Measurement of B(BY - AFA7)/B(BY - D;D™) used in our fit.

‘Using B(B® — D*D").
8Using B(B™ — D DY).
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3. Decays to charmonium states

Averages of BY decays to charmonium states are shown in Tables 161-165.

TABLE 161. Branching fractions for decays to J/y, 1.
Parameter [1074] Measurements Average HFLAV
LHCb [838] 10.5+0.1+1.0
Belle [839] 1254+07+23
CDF [705] 9.b3 +28+17
CDF [113]% [840] 10.61 +0.90
0 . .
B(B) — J/w$(1020)) CMS [841]°
DO [806]°, [842]%, [843]°
LHCb [844]°, [845]%, [845]%', [7117°,
[846]¢
+1.2
B(BY = JjyK'K-x* +c.c.) LHCb [707]  9.15 £ 0.65 4 0.95" 92011
LHCb [734]  4.14 +(0.3570611
0.66 10.56
B(BY - J/ym) Belle [847] 5.1 +0.5%2 458251
LHCb [736]
LHCb [734]  3.76 4 033104 o
B(BY — J/yn) Belle [847]  3.71 +£0.61°0% 37555
LHCb [736]"
0.122 £0.018
B(BY = J/wp(1020)¢(1020)) LHCb [846]  0.12240.013+0912!
CDF [848]™" 0.180 £ 0.023
0 0
B(B; — J/wKs) LHCb [706]°
_ LHCb [232]  0.417 4 0.018 + 0.035 0.422 4+ 0.039
0 * 0
B(Bs — J/wK*(892)°) CDF [848]  0.83+0.12+ 035"
B(BY - J/wK " n™) LHCb [707]  <0.44 <0.44
B(BY - J/wK°K+K") LHCb [707]  <0.120 <0.12

“Measurement of B(B? — J/wf,(980)) x B(f,(980) — ztx~)/B(BY — J/we(1020))/B(¢(1020) - K+K™)

used in our fit.

Measurement of B(B? — y/(28)¢(1020))/B(B% — J /yp(1020)) used in our fit.
(1

‘Measurement  of
K*K™) used in our fit.

B(BY - J/wf,

dMeasurement of B(BY — J/wf5(1525))/B(B? — J/w¢(1020)) used in our fit.

“lm(z*7~) — 980] < 90 MeV.

)
(

525))B(f,(1525) — K+K~)/B(BY — J/y(1020))/B((1020) —

fMeasurement of B(BY — J/watn™)/B(BY — J/we(1020))/B(¢(1020) — KTK~) used in our fit.
gMeasurement of B(BO -~ J/wp(1020)¢ (1020))/15'(30 — J/w$(1020)) used in our fit.

"Using B(B° — J/y/K atao).
'Using B(B® — J/yp°(770)).

JMeasurement of B(B® — J/yn)/B(B% — J/yn) used in our fit.
Measurement of B(B® — J/yn')/B(B% — J/yn') used in our fit.

Us1ng B(B? — J/we(1020)).
"Using f./fy = 0.269 + 0.033.
"Measurement of 2B(B — J/wK?
°Measurement of 2B(BY — J/wKS

3

) used in our fit.

)/B(B® — J/wK") used in our fit.
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TABLE 162. Branching fractions for decays to J/y, 1L

Parameter [107] Measurements Average HFLAV

B(B® - J/yn'n") LHCb [845]", [732]° 8.51]¢

B(B) = J/wf0(980)) x B(f(980) = z'z")
Belle [34] 116775537
CDF [113]¢
CMS [841]° 108+ 1.2
DO [842]°
LHCb [845], [849]°

B(BY = J/wf,(1370)) x B(f,(1370) = 7+ 7°)

+1.3
Belle [34] 34505108 29515
B(BY = J/yf(1285)) LHCb [738]  7.202 + 1.000700%" 72+14
LHCb [844]  28.04+29+3.5¢ 269+ 4.2
0 /
B(BY — J/yf5(1525)) DO [843]"
B(BY — J/yf(500)) x B(fo(500) — z*z~)
LHCb [849] <037 <037
_ LHCb [744]  0.358 +0.019 +0.033 0.358 4 0.038
0
B(B; =~ J/ypp) LHCb [745]  <0.48
B(BY = J/yy) LHCb [742]  <0.73 <0.73

Ym(xt ) — 980] < 90 MeV.

Measurement of B(BY — J/yx 71‘)/[3’(80 — J/y$(1020))/B(4(1020) - K*K~) used in our fit.

‘Measurement of B(BY — w(2S)ztx~)/B(BY — J/wrtx~) used in our fit.

Measurement of B(B? — J/l//_f0(980)) x B(fy(980) — 7[+7[_)/B(B? — J/w¢(1020))/B(¢(1020) - KTK™)
used in our fit.

*Measurement of B(BY — J/y£,(500)) x B(fy(500) — z*z~)/B(BY = J/wfy(980)) x B(f¢(980) — nx~)
used in our fit.

fUsing B(f,(1285) » ztatan")

Using B(BY — J/w(1020)).

"Measurement  of  B(BY — J/yf,(1525))B(f}(1525) — K*K~)/B(B? — J/w(1020))/B((1020) —
K™K~) used in our fit.

"Using B(BY — J/wf,(980)) x B(f,(980) — atx~).

TABLE 163. Branching fractions for decays to charmonium other than J/y.

Parameter [1074] Measurements Average HFLAV
LHCb [711]  5.19+0.28 +0.51°
B(B? — w(25)¢(1020)) DO [806] 58412+ 1.1° 5.28 £0.57
CDF [840] 55+ 1.4 +0.9°
B(BY - w(2S)K-n+ LHCb [720]  0.3120 + 0.0209 + 0.0304° 0.312 + 0.037
oW
_ ) 30610049
B(BY — w(25)K*(892)) LHCb [720]  0.3255 £ 0.0345750345° 03260 0as
+0.075
B(BY — w(28)zt77) LHCb [732]  0.288 4 0.03470.962¢ 02910 065

Usmg B’(B0 - J/w¢(1020)).
°Using B(B" — y(28)K* 7).
Usmg B(B® - 1//(25)1(*(892) ).
Using B(BY — J/yx*tn).
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TABLE 164. Branching fraction ratios.

Parameter Measurements Average

B(B >y K K")
e LHCb [850]  0.171 £ 0.031 £ 0.010 0.171 4 0.033

TABLE 165. Decay amplitudes and relative phases.

Parameter Measurements Average
fo(BY — J/wK*(892)%) LHCb [232] 0.497 £ 0.025 £ 0.025 0.497 £ 0.035
S (BY = J/wK*(892)) LHCb [232] 0.179 £ 0.027 £ 0.013 0.179 £ 0.030
]l (BY - J/wK*(892)%) LHCb [232] —27+02+0.2 —-2.70 £0.25
5, (BY — J/wKk*(892)°) LHCb [232]  0.01 £0.11503 0.01 £0.17

4. Decays to charm baryons
Averages of BY decays to charm baryons are shown in Tables 166,167.

TABLE 166. Branching fractions for decays to one charm baryon.

Parameter [107*] Measurements Average HFLAV
B(BY —» Az Az") Belle [851] 3.6+ 1.17)¢ 36£15
TABLE 167. Branching fractions for decays to two charm baryons.
Parameter [1074] Measurements Average HFLAV
B(BY = AfAL) LHCb [694]  <1.2* <12
’At CL = 95%.
®Using B(B? — D; D*).
E. Decays of B} mesons
Measurements of B decays to charmed hadrons are summarized in Secs. VIIIE 1 to VIIIE 4.
1. Decays to a single open charm meson
Averages of B} decays to a single open charm meson are shown in Table 168.
TABLE 168. Branching fractions for decays to one charm meson.
Parameter [1077] Measurements Average
fox B(Bf — D°K) LHCb [852]  3.791114 +0.25° 3.841¢2

*Using f,.
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2. Decays to two open charm mesons

Averages of B} decays to two open charm mesons are shown in Table 169.

TABLE 169. Branching fractions for decays to two D mesons.

Parameter [107°] Measurements Average
f.x B(Bf - D DY) LHCb [795]* 1243
f.x B(Bf - D{ D) LHCb [795]° -15+1.0
f.x B(Bf - D*D) LHCb [795]° 1.3+12
f.x B(Bf - DTD) LHCb [795]* 0.45 + 0.83
fex B(Bf = D:TDP + Dy D*(2007)°) LHCb [795]° -04+59
fex B(Bf = DD + D} D*(2007)°) LHCb [795]" -12+75
fex B(Bf — Dt D*(2007)°) LHCb [795] 13+17
f. x B(Bf - D**D*(2007)°) LHCb [795]" 27 + 36
fex (B(B; = D*"D°) x B(D*~ - D~ (a%y)) + B(B; » D~D*")) ,

LHCb [795] 0.3+5.0
fex (B(Bz = D*~D°) x B(D*~ — D~ (a%y)) + B(B; » D~D*)) _

LHCb [795} -23427
fex B(Bf = D*(2010)" D*(2007)°) LHCb [795]* -6+ 14
feo x B(Bf = D*(2010)*D*(2007)°) LHCb [795]' 53436

(Bf - DfD°)/(f,B(B* — D D)) used in our fit.
(Bf — DD/ (f,B(B* — D} D)) used in our fit.
(BJr - DTD%)/(f,B(B* — D*D")) used in our fit.
(Bf - DD 3/ f B(BT — D*DO)) used in our fit.

Measurement of f.
®Measurement of fe
“Measurement of f,
Measurement of f,

mmmm U'

><><><><><><><><

*Measurement of f. x B(Bf — D™D D+D* (2007)%)/(f,B(B* — D} D)) used in our fit.

Measurement of f. x B(Bf — D**D0 + D*D*(2007)0)/(f B(B* — D D")) used in our fit.

gMeasurement of f. x B(Bf - D**D*(2007) )/ (fuB(B* = D{ D)) used in our fit.

"Measurement of f. x B(BS — D" D*(2007)°)/ (f l’)’(B+ - D+D0)) used in our fit.

‘Measurement of f, x (B(B; = D*~D°) x B(D*~ — D~(z°,7)) + B(B; — D~D*))/(f.B(B* = D*D°))
used in our fit.

‘Measurement of f,x (B(B; - D*"D°) x B(D*~ — D~(2°,7)) + B(B; — D~D*°))/(f.,B(B* — D*D))

used in our fit. B
kMeasurement of f. x B(Bf - D*( 2010)+D*(2007) )/ (fuB(BT — D*D°)) used in our fit.
'Measurement of f. x B(Bi — D*(2010)* D*(2007)°)/(f,B(B* — D*D°)) used in our fit.
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3. Decays to charmonium states

Averages of B} decays to charmonium states are shown in Tables 170-171.

TABLE 170. Branching fractions for decays to charmonium.

Parameter [107°] Measurements Average
CMS [805]*
+ +
fex B(Bf = J/yxt) LHCb [807]"*, [809]°* 2.76 £0.12
fex B(Bf = yeont) LHCb [853]  4.00%]3) +0.33¢ 4.0
*Measurement of f, x B(Bf — J/wa")/(f . B(BT — J/wK™)) used in our fit.
b /s =7TeV, pr >4 GeV and 2.5 <y <4.5.
Vs =8TeV, 0< pr<20GeV and 2.0 <y <4.5.
dUsing fu-
TABLE 171. Branching fraction ratios.
Parameter Measurements Average
+ LHCb [854] 29+0.6+02
B(Bf—J/wD})
BB~ jyr) ATLAS [855] 3.8+ 1.1+04 3.09£0.55
B(B{=J/wDi) +1.2 +12
WJ/VJ/DT) ATLAS [855] 287,53 £0.3 2.8%0%
B(B=J/yDi") ATLAS [855] 104 £3.14+1.6 104 £3.5
B(Bf —J/wyrn")
+ b g LHCb [856] 241+0.30+0.33
B(Bf—=J/ynnta™)
BB —J/yx") CMS [805] 2.55+0.80+0.33 2:45£040
B(BY—J/wD*(2007)°K*) LHCb [857] 51+£18+04 514+1.8
B(B!—J/yDK")
B(B:>J/wD"(2010)° K" (892)°) LHCb [857] 21+£1.1+£03 2.1+ 1.1
B(Bf—J/wyDK™")
% LHCb [858] 0.069 + 0.019 £ 0.005 0.069 £ 0.020
B(B{~J/wK"K"xt) LHCb [859] 0.53 £ 0.10 £ 0.05 0.53 £ 0.11
BB —J[yx")
W LHCb [860] 0.268 + 0.032 £ 0.009 0.270 +0.033
B(B:—~J/yDK*) LHCb [857] 0.432 4 0.136 £ 0.028 0.43+0.14
B(Bf—=J/yn")
B(BI=J/yDtK"(892)°) LHCb [857] 0.63 +0.39 + 0.08 0.63 = 0.40
B(Bf—J/yD°K™)
4. Decays to a B meson
Averages of Bf decays to a B meson are shown in Table 172.
TABLE 172. Branching fractions for decays to BY meson.
Parameter [1074] Measurements Average

fex B(B! - Bz")

LHCb [861]  2.323 £0.30470%1*

2323

Using f,.
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F. Decays of b baryons

Measurements of b baryon decays to charmed hadrons are summarized in Secs. VIIIF 1 to VIII F4.

1. Decays to a single open charm meson

Averages of b baryon decays to a single open charm meson are shown in Table 173.

TABLE 173. Branching fractions for decays to D° mesons.

Parameter [107°] Measurements Average HFLAV
LHCb [862]  4.28 +0.4770H" 4281081
0 0. —0.48 -0.65
B(A, = D°pK7) LHCb [862]°
T im0 p0 e LHCb [862 T039¢ 1.881037
b x B(E) — D°pK") [862]  1.88+0.3910% -
b
*Using B(AY) — Dfopn‘).
®Measurement of fi?) x B(E) - D°pK~)/B(A) — D°pK~) used in our fit.
Ab
“Using B(A) — D°pK~).
2. Decays to charmonium states
Averages of b baryon decays to charmonium states are shown in Tables 174-177.
TABLE 174. A) branching fractions to charmonium.
Parameter [1074] Measurements Average HFLAV
BIAY > ] X~ LHCb [863] 3.17 £ 0.04 £0.08 3.171 £0.088
(Ay = J/ypKT) LHCb [864]%, [865]°, [866]"", [867]%"
B(AY = J/wpK-n"7") LHCb [865]  0.6614 £ 0.0304 % 0.0462' 0.661 £ 0.055
i 261 +£0.017
B(AY - J/ypr™) LHCbD [864] 0.2613 £ 0.0079 £ 0.0151" 0.26 0
CDF [868] 47+£21+19
ATLAS [8697 +2.8
B(A) — J/wA) CDF [870]" 475y
LHCb [871}
DO [872] 0.601 £+ 0.060 + 0.064 0.601 £+ 0.088
Fag X B(AG = J/wA?) CDF [870]
B(AY — y(2S)pK~) LHCb [865]  0.656 & 0.024 % 0.026' 0656 0.035
LHCb [871] 2.421 £0.1097 /440 2 4+14

B(A) - yw(25)A%) -15

ATLAS [869]  2.365 +0.1561 433"

(Table continued)
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TABLE 174. (Continued)

Parameter [1074] Measurements Average HFLAV

BIAD . LHCb [867]  0.767 % 0.044 % 0.054' 0.768 = 0.060
(A5 = 2e1PK”) LHCb [867]"

BIAD . LHCb [867] 0.786 + 0.063 + 0.057' 0.785 + 0.077
(Ap = xe2PK) LHCb [867] 0.784 + 0.077 + 0.074°

':Measurement of B(AY) — J/ypn~)/B(A) - J/wpK~) used in our fit.
Measurement of B(A) — y(2S)pK~)/B(AY — J/ypK~) used in our fit.
:Measurement of B(Ag - J/l//pl(‘fﬁn:)/B(Ag - J/l//pK:) used.m our flt.
Measurement of B(A) — P.(4380)"z~)/B(AY — J/wpK~) used in our fit.
‘Measurement of B(A) — P.(4457)"z~)/B(AY — J/wpK~) used in our fit.
"Measurement of ZS’(A0 — Z.(4200)~p)/B(AY — J/wpK~) used in our fit.
*Measurement of B(A) — y. 1 pK~)/B(A) - J/wpK~) used in our fit.
%’Measurement of B(AY) = y.opK~)/B(AY — J/ypK~) used in our fit.
'Using B(A) — J/wpK~).

IMeasurement of B(AY — y(28)A%)/B(AY — J/yAP) used in our fit.
*Measurement of 7 e x B(E, = J/wE™)/B(AY — J/wA®) used in our fit.

'Measurement of fQ x B(Q, = J/yQ7)/fpo x B(AY — J/yA®) used in our fit.
"Using B(A) — J /l//AO)

"Measurement of B(A) — y.,pK~)/B(A) — y.pK~) used in our fit.

°Using B(A) - y.1 pK™).

TABLE 175. E, and Q; branching fractions to charmonium.

Parameter [1077] Measurements Average HFLAV

79133

fe
72X B(E; = J/yE) CDF [870]  7.88% 504"

b

.27+0A12
fo; x B(Q = J/yQ") CDF [870]  0.270704% + 0.046" 027008

Usmg B(A) - J/y/AO)
°Using Fao % B(A) - J/wA?).

TABLE 176. Parity-violating asymmetry in A(,)7 decays to charmonium.

Parameter Measurements Average HFLAV

CMS [873] —0.14+0.14 £ 0.10
a(AY = J/yA) ATLAS [874]  03+0.240.1 0.07£0.10
LHCb [875] 0.050 + 0.170 + 0.070

TABLE 177. Transverse polarization of A produced in pp collisions.

Parameter Measurements Average HFLAV

LHCb [875] 0.060 £ 0.070 £ 0.020 0.035 £ 0.055
CMS [873] 00£0.1£0.1

P(A) - J/wA®)
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3. Decays to charm baryons

Averages of b baryon decays to charm baryons are shown in Tables 178—181.

TABLE 178. A, branching fractions.

Parameter [1073] Measurements Average HFLAV
LHCb [876] 43+00+03
_ CDF [646] 8.5+0.8+3.0" 4.45 4025
0 + . .
BA, = Afn) CDF [877]"

LHCb [647]°, [862]°¢, [878]°

LHCb [647]  6.36 £0.71 £ 0.68"
f
CDF [877] 13.53 £ 1.47532 7.15+0.96

0 ot o
B(Ay = Adntnz) CDF [877] 2684297113
LHCb [647]%"
B(A) — AYK-) LHCb [862] 03253 +0.0071 + 0.0198' e
BN > At pp) LHCb [878]  0.24031 £ 0.01024 + 0.01975' 0.240%053

LHCb [878]*!

*Using B(B® - D~z™").

"Measurement of B(A) - Afnta=n™)/B(A) - Afz~) used in our fit.

‘Measurement of B(A) — AFK™)/B(A) - Afz~) used in our fit.

*Measurement of B(A) - D°pz~)B(D® - K~z+)/(B(A) - Afz~)B(A; — pK~z)) used in our fit.
‘Measurement of B(A) - Afppr~)/B(A) - Afz~) used in our fit.

"Using B(AY — Afz~).

fMeasurement of B(A) — X.(2455)°z77) x B(Z.(2455)° - Afn~)/B(A) - Afz"n~x~) used in our fit.
"Measurement of B(A) — £.(2455)"+ 7z~ 77) x B(Z.(2455)*" — Afz")/B(A) — Afz*z~z~) used in our fit.
‘Measurement of B(AO — A (2595)F 7~ ) B(A.(2595)F = Afnta™)/B(A) > Afznta~z~) used in our fit.
!Measurement of B(AY —» A.(2625)"77) x B(A.(2625)" — Afn"n)/B(A) — Afz*n~n~) used in our fit.
“Measurement of B(A) — .(2455)°pp) x B(Z.(2455)° — Afz~)/B(A) = Af ppa~) used in our fit.
'Measurement of B(AO - Z (2520)°pp) x B(2.(2520)° — Afz~)/B(A) — Af ppr~) used in our fit.

TABLE 179. E, branching fractions.

Parameter [1074] Measurements Average HFLAV
VER 5
< B(E; ~ Ar) LHCb [879] 5.7 4 1.8%038 57420

TABLE 180. Branching fraction ratios.

Parameter Measurements Average HFLAV
B =AD" LHCb [694]  0.042 4 0.003 & 0.003 0.0420 + 0.0042
B(A~A{D;)
B(A) — A(2860)*77) x B(A,(2860)* — D°p)
B(A) — A(2880)7 ) x B(A.(2880)7 — Dp)

LHCb [880]  4.51:0314021 451+0.57

(Table continued)
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TABLE 180. (Continued)

Parameter Measurements

Average HFLAV

B(A) - A.(2940)"77) x B(A.(2940)* — D°p)
B(A) — Ac(2880) x") x B(A(2880)" — D'p)
LHCb [880] 0.83+0:31+0.18

0.83%535

0.35+0.19

-0.10-0.43
BE ALK LHCb [862]"
B(E)—-D"pK~)
a BE~ALKT) + -t 0 -t ;
Measurement of B(="—>D“11K‘)B(AC — pK~n")/B(D” - K~z") used in our fit.
b

TABLE 181. Product branching fractions.

Parameter [1074] Measurements

Average HFLAV

B(A) — £,.(2455)°pp) x B(£.(2455)° - Afn7)
LHCb [878]  0.2138 £ 0.0360" 03231

.0:
0.2141005

B(AY - £,(2520)°pp) x B(Z.(2520)° — AL z)

LHCb [878]  0.2859 & 0.0481 0044

0.286 5562

B(AY = A,(2595)77) x B(A(2595)" — Afz*n~)

LHCb [647]  3.15 + 1.22:+080° 3155
B(AY = A, (2625)"77) x B(A.(2625)" — At z*n)
LHCb [647]  3.08 £ 1.07 + 0.50" 31447
B(A) - %,.(2455)°z"77) x B(2.(2455)° — Afzn™)
LHCb [647] 529+ 1.72+1.11° 5.3+£21
B(A) — £,.(2455) 2= 77) x B(Z.(2455)*" > Afzt)
3.0+ 14

LHCb [647] 3.00 + 1.29 £ 0.64

“Using B(A) — Afppr™).
PUsing B(A) — Afztz=z).

4. Decays to exotic states

Averages of b baryon decays to XYZP states are shown in Table 182.

TABLE 182. Branching fractions for decays to pentaquarks.

Parameter [1074] Measurements

Average HFLAV

LHCD [866]  0.162 +0.0487 2083

0 o
B(A, = Pc(4380)777) LHCb [866]  0.161 4 0.052:0-3860

0162570

B(AY — P.(4380)*K") LHCb [866]°

B(AY — P, (4457)*77) LHCb [866]  0.05110925+0019

32174

0.032
0.051 f0.025
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TABLE 182. (Continued)

Parameter [1074] Measurements Average HFLAY
LHCb [866]  0.05170035 308"

B(A) — P.(4457)K") LHCb [866]° .5%28

B(A} — Z.(4200)"p) LHCb [866] 0244 & 0.08970108° 0.2410.14

“Using B(AY) — J/ypK~).
*Using B(AY — P (4380)TK").

‘Measurement of B(AY — P(4380)"z~)/B(AY) — P.(4380)"K~) used in our fit.

Using B(AY — P (4457)TK").

*Measurement of B(A) — P.(4457)*z~)/B(A) — P.(4457)*K~) used in our fit.

IX. 5-HADRON DECAYS TO CHARMLESS
FINAL STATES

This section provides branching fractions (BF), polari-
zation fractions, partial rate asymmetries (Acp) and other
observables of b-hadron decays to final states that do
not contain charm hadrons or charmonium mesons,3 3
except for a few lepton-flavor- and lepton-number-violating
decays reported in Sec. IX F. Four categories of B and B*
decays are reported: mesonic (i.e., final states containing
only mesons), baryonic (hadronic final states with baryon-
antibaryon pairs), radiative (including a photon or a lepton-
antilepton pair) and semileptonic/leptonic (including/only
leptons). We also report measurements of BY, BY and
b-baryon decays, and measurements of final-state polari-
zation in b-hadron decays. Results of CKM-matrix param-
eters obtained from A.p measurements are listed and
described in Sec. VI. As discussed in Sec. II, measurements
included in our averages are those supported with public
notes, including journal papers, conference contributed
papers, preprints or conference proceedings, except when
a result has not led to a journal publication after an
extended period of time.

The largest improvements since our last report [1] have
come from a variety of new measurements from the LHC,
especially LHCb. Also, the first results from Belle II are
included.

The averaging procedure follows the methodology
described in Sec. III. We perform fits of the full likelihood
function and do not use the approximation described in
Sec. III A. For the cases where more than one measurement
is available, in total 235 fits are performed, with on average
(maximally) 1.3 (20) parameters and 2.9 (23) measure-
ments per fit. Systematic uncertainties are taken as quoted
without the scaling of multiplicative uncertainties discussed

*The treatment of intermediate charm or charmonium states
differs between observables and sometimes among results for the
same observable. In the latter case, when these results are
averaged, we indicate the differences by footnotes.

in Sec. III C. In our tables, the individual measurements and
average of each parameter p; are shown in one row. We
quote numerical values of all direct measurements of a
parameter p;. We also show numerical values derived from
measurements of branching-fraction ratios p;/py, per-
formed with respect to the branching fraction p;, of a
normalization mode, as well as measurements of products
p;jpi of the branching fraction of interest with that of a
daughter decay. In these cases, the quoted value and
uncertainty of the measurement are determined with the
fitted value of p;, and the uncertainty of p; is included in
the systematic uncertainty. A footnote “Using p,” is added
in these cases. Note that the fit uses p;/p; or p;p; directly
and not the derived value of p;, which is quoted in our
table in order to give a sense of the contribution of the
measurement to the average. When the measurement
depends on p; in some other way, it is also included in
our fit for p;, but in the tables no derived value is shown.
Instead, the measured function f of parameters is given in a
footnote ‘“Measurement of f used in our fit.” Where
available, correlations between measurements are taken
into account. We consider correlations not only between
measurements of the same parameter, as done in our
previous publication [1], but also among parameters. The
correlation coefficients among parameters are quoted in our
web page [881].

If one or more experiments report a BF measurement
with a significance of more than three standard deviations
(o), all available central values for that BF are used in our
average. For BFs that do not satisfy this criterion, the most
stringent limit is used. Quoted upper limits are at 90% con-
fidence level (CL), unless mentioned otherwise. For
observables that are not BFs, such as Acp or polarization
fractions, we include in our averages all the available
results, regardless of their significance. Most of the
branching fractions from BABAR and Belle assume equal
production of charged and neutral B-meson pairs. The best
measurements to date show that this is still a reasonable
approximation (see Sec. IV), and we make no correction for
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it. At the end of some of the sections we list results that
were not included in the tables. Typical cases are mea-
surements of distributions, such as differential branching
fractions or longitudinal polarizations, which are measured
in different binning schemes by the different collaborations,
and thus cannot be directly used to obtain averages.

Observables obtained by Dalitz-plot analyses are marked
by footnotes. In these analyses, different experimental
collaborations often use different models, in particular
for the nonresonant component. When it applies we detail
the model used for the nonresonant component in a
footnote. In addition to this, Dalitz-plot analyses often
yield multiple solutions. In this case, we take the results
corresponding to the global minimum and follow the
conclusions of the papers.

The order of entries in the tables of this section
corresponds in most cases to that in the 2021 Review of
Particle Physics (PDG 2021) [9]. In most of the tables the
averages are compared to those from PDG 2021. When this
is done, the “Average” column quotes the PDG averages (in
green) only if they differ from ours. In general, this is due to
different input parameters, differences in the averaging

methods and different rounding conventions. Unlike the
PDG, no error scaling is applied in our averages when the
fit ¥ is greater than 1. On the other hand, the fit p-value is
quoted if it is below 1%. Input values that appear in red are
not included in the PDG 2021 average. They are new
results published since the closing of PDG 2021 and before
the closing of this report in June 2021. Input values in blue
are results that were unpublished at the closing of this
report (unpublished results are never included in the PDG
averages).

Sections IX A and IX B provide compilations of branch-
ing fractions of B® and B* to mesonic and baryonic charm-
less final states, respectively. Sections IX C and IX D give
branching fractions of b-baryon and B%-meson charmless
decays, respectively. In Sec. IX F observables of interest are
given for radiative decays and FCNC decays with leptons of
B and B* mesons, including limits from searches for
lepton-flavor/number-violating decays. Sections IX G and
IXH give CP asymmetries and results of polarization
measurements, respectively, in various b-hadron charmless
decays. Finally, Sec. IXE gives branching fractions of B}
meson decays to charmless final states.

TABLE 183. Branching fractions of charmless mesonic B decays with strange mesons (part 1).
Parameter [107] Measurements Average HFLAV
Belle [882] 23.97 £0.53 £ 0.71
BABAR [400] 2394+ 1.1+1.0
B(Bt - Kz%)® Belle 11 [883]  21.4723 + 1.6 23.5:40.7
CLEO [884] 18.813740
LHCb [885]
Belle [882] 12.62 £ 0.31 + 0.56
. o BABAR [886]  13.6+0.6+0.7 12.0 4 0.5
B(B" - K*a’) Belle 1 [887]  11.9%1 £1.6 oD
CLEO [884] 12,9039+
BABAR [888]  7154+13+32
Belle [889] 69.2+22+37
Belle 11 [890] 634134 +34
+ I+ -3.3 68.9+£2.3
B(B™ — i K™) Belle [891] 61410+ 1
CLEO [892] 8070 +7
LHCb [893]°
BABAR [894]  4.87104028
+ ! g + -14 +1.8
B(B™ — i K*(892)7) Belle [895] <29 481
B(BT = i (Kn)i") BABAR [894]  6.02240.9 6.0£2.3
B(B* — n'K;(1430)*) BABAR [894]  52+19+1.0° 52+2.1
28.0+52

B(B* - y'K3;(1430)%) BABAR [894]

28.07,5£26

*The PDG average is a result of a fit including input from other measurements.
"Measurement of B(Bt — K*K°)/B(B* — K°z*) used in our fit.
‘Measurement of B(B? — »'n')/B(B* — 'K*) used in our fit.

dMultiple systematic uncertainties are added in quadrature.
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A. Mesonic decays of B* and B’ mesons appear in different tables. Finally, Tables 207 and 208 detail
several relative branching fractions of B and B° decays,
respectively. Figure 69 gives a graphic representation of a
selection of high-precision branching fractions given in this

section.

This section provides branching fractions of charmless
mesonic decays. Tables 183-192 to are for Bt and
Tables 193-206 to are for B mesons. For both, decay
modes with and without strange mesons in the final state

TABLE 184. Branching fractions of charmless mesonic BT decays with strange mesons (part 2).

Parameter [107°] Measurements Average HFLAV
Belle [896] 2124023 +0.11
B(B* - nK*)* BABAR [888]  2.94103 +0.21 2362021
CLEO [892] 22438
BABAR [897] 189+18+1.3
B(B* — nK*(892)%) Belle [898] 193779 £ 1.5 193+ 1.6
CLEO [892] 264798 £33
B(Bt — n(Kn)5") BABAR [897] 182 +26+26 182437
B(B - nK;(1430)")° BABAR [897] 129+18+1.8° 129425
B(B* - K3(1430)%) BABAR [897] 9.1+£27+14 9.1 +3.0
B(B* = n(1295)K*) x B((1295) — nzx) BABAR [899] 29108 +0.2 29108
B(B* — 5(1405)K*) x B(y(1405) - nzx) BABAR [899] <13 <13
B(B* — 5(1405)K*) x B(5(1405) = K*K) BABAR [899] <1.2 <1.2
B(B* — n(1475)K*) x B(5(1475) = K*K) BABAR [899] 13.81 3419 13.8774
B(BT — f,(1285)K*) x B(f,(1285) — nar) BABAR [899]  <0.8 <0.80
B(BT — f,(1420)K*) x B(f,(1420) — nar) BABAR [899] <29 <29
B(BT — f,(1420)K*) x B(f,(1420) = K*K) BABAR [899]  <4.1 <4.1
B(BT — $(1680)K) x B(¢(1680) = K*K) BABAR [899] <34 <3.4
BABAR [262] 17 +4+12¢ 17412
+ +
B(B™ — fo(1500)K™) BABAR [262] 20410 +27°
Belle [385] 6.8+04+04
B(B* = w(782)K*)" BABAR [900] 63 +0.5+023 6.47 +0.40
CLEO [901] 32128408
B(BT — w(782)K*(892)") BABAR [902] <74 <7.4
B(B* — o(782)(Kx);") BABAR [902] 275+3.0+26 27.5+4.0
B(B* — w(782)K;(1430) 1) BABAR [902] 24.0+26+44 24.0+5.1
B(B* — w(782)K}5(1430)) BABAR [902] 21.5+3.6+24 215+43
B(Bt = a¢(980)"K°) x B(ag(980)* — nzt) BABAR [903]  <3.9 <3.9
B(BT — a¢(980)°K*) x B(ay(980)° — 5z®) BABAR [903] <25 <25

*The PDG uncertainty includes a scale factor.

°The PDG entry corresponds to B(B+ — n(Kfr)‘*)
Multlple systematic uncertainties are added in quadrature.
“Result extracted from Dalitz-plot analysis of B™ — K*K*K~ decays.

‘Result extracted from Dalitz-plot analysis of BT — KJK3K™ decays.
The measurement from the Dalitz-plot analysis of Bt — K atx~ decays [269] was not included in this average.
It is quoted as a separate entry.
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TABLE 185. Branching fractions of charmless mesonic B decays with strange mesons (part 3).

Parameter [107°]

Measurements

Average TFLAV

B(BT — K*(892)z")

BABAR [269]
Belle [267]
BABAR [904]

10.8 £0.612°
9.67 £ 0.6470-8°
14.6 £ 2.47140¢

104 +£0.8

B(B* - K*(892)*2%)

BABAR [904]
BABAR [905]
CLEO [901]

9.2 + 1.3797%¢
82+15+1.1
710 £ 1.0

8812

B(BT - K*rntn™)

LHCb [906]
BABAR [269]
Belle [267]

56.05+0.36 + 1.51¢

544+ 1.1+4.6
488 + 1.1 + 3.6

557+14

B(B* - K*ztz~(NR))

BABAR [269]
Belle [267]

9.3 +1.0769%¢
169 £ 1.3/ 7¢

16.3730

B(B* — w(782)K T (Ktrtz™))"

BABAR [269]

5 +8.8+0.5a
*7-9.0-0.4

59+89

B(BT — f5(980)K™) x B(f((980) » ntn~)

BABAR [269]
Belle [267]

10.3 £0.5579°
8.78 £ 0.827 V8¢

9405

B(B* — f,(1270)K*)

Belle [267]
BABAR [269]

1.33 £0.307033*
0.89%035 "0 03

1.07 £0.31

B(BT — fo(1370)K*) x B(f((1370) —» ntz™)

BABAR [268]

<10.7*

<11

B(BT — p(1450)°K+) x B(p(1450)° — z*7™)

BABAR [268]

<11.7%

<12

B(B* — f5(1525)K*) x B(f}(1525) — x*n")

BABAR [268]

<34

<34

B(Bt — p°(770)K™*)

BABAR [269]
Belle [267]

3.56 + 0457027
3.89 £0.47°085¢

3.74 £0.47

B(B* — K;(1430)°z7)¢

BABAR [269]
Belle [267]
BABAR [904]

32.0 & 125%™
51.6 £ 1.757
50.0 + 4.8+67°¢

46.9+5.0

B(B* - K3(1430)°z")

BABAR [269]
Belle [263]

5.6+ 1.27)8
<6.9*

56173

B(B* - K*(1410)°z%)

Belle [263]

<45.0°

<45

B(B* - K*(1680)°z")

Belle [263]
BABAR [268]

<12.0°
<15.0

<12

*Result extracted from Dalitz-plot analysis of B — K™z 7z~ decays.
’Result extracted from Dalitz-plot analysis of B — K97t 2" decays.
“Multiple systematic uncertainties are added in quadrature.

Using B(B™ - KTKTK~).

“The total nonresonant contribution is obtained by combining an exponential nonresonant component with the

effective-range part of the LASS lineshape.

"This result was not included in the main entry of B(B* — w(782)K™).

£The PDG uncertainty includes a scale factor.
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TABLE 186. Branching fractions of charmless mesonic B decays with strange mesons (part 4).

Parameter [107°] Measurements Average HFLAV
B(B* - K*°2°) BABAR [905] 162+12+1.5 162 +1.9
B(Bt — f,(980)K™) x B(f,(980) — z°z°)
BABAR [905] 28+0.6+05 28406405
LHCb [907] <0.046
B(Bt —» K~ztz?") BABAR [908] <0.95 <0.046
Belle [909] <4.5
B(Bt - K-zt (NR)) CLEO [910] <56 <56
B(Bt - K,(1270)°z+) BABAR [420] <40 <40
B(B* - K,(1400)°z%) BABAR [420] <39 <39
B(BT — Kzt z0) CLEO [911] <66.0 <66
17 2+2.8
B(B* — K3(1430)*2°) BABAR [904]  17.24+2.4715% T30
) 9 4+19
B(B* — p*(770)K°) BABAR [904] 9.4+ 1.6114*° 32
B(BT — K*(892)"ntx") BABAR [912] 753 +£6.0£8.1 75+ 10
B(BT — K*(892)*p°(770)) BABAR [913] 46+1.0+04 46+1.1
B(Bt = f0(980)K*(892)") x B(f((980) = ztx~)
BABAR [913] 42406403 42407
B(B* — a;(1260)*K°) BABAR [914] 349+ 50+ 4.4 349 +6.7
B(Bt = b;(1235)*K°) x B(b(1235)° - (782)z")
BABAR [918] 9.6+1.74+0.9 9.6+ 1.9
BABAR [915] 9.6+1.7+15
+ * 0,+
B(B" — K*(892)°"(770)) Belle [916] 89+ 1.7+ 1.2° 92£15
B(Bt - K,(1400)*p°(770)) ARGUS [917] <780 <780
B(B* — K;(1430)p°(770)) ARGUS [917] <1500 <1500
B(Bt = b,(1235)°K*) x B(b,(1235)° - (782)2°)
BABAR [919] 9.1+1.7+1.0 9.1+2.0
B(Bt = b;(1235)"K*(892)%) x B(b;(1235)* - w(782)x+)
BABAR [920] <59 <59
B(B* = b,(1235)°K*(892)") x B(b,(1235)° - 0(782)7")
BABAR [920] <6.7 <6.7

“Result extracted from Dalitz-plot analysis of B" — K3z" 2% decays.

"Multiple systematic uncertainties are added in quadrature.

“See also Ref. [921].
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TABLE 187. Branching fractions of charmless mesonic B decays with strange mesons (part 5).

Parameter [107°] Measurements Average HFLAV
Belle [882] 1.11 £ 0.19 + 0.05
B(B+ —» K*K°)* LHCb [885] 1.51 4021 +0.10° 1.31£0.14
BABAR [400]  1.61 £ 0.44 + 0.09
B(BT — K°K*x°) CLEO [911] <240 <24
Belle [922] 10.42 £ 0.43 + 0.22 10.29 + 0.37
+ + 10 p0\C
B(BT — KTKK) BABAR [262]  10.1+0.5 = 0.3
B(B* = £5(980)K ") x B(f,(980) — KKY9)
BABAR [262] 147 +28 4+ 1.8° 147+33
B(BT — fo(1710)K+) x B(fo(1710) — K9K?)
d
BABAR [262]  0.487039 +0.11 0.487954
B(B™ - K*KIKY(NR)) BABAR [262] 198 +3.7+25' 198 +45
BABAR [923]  <0.51
+ 00+
BB = KsKor™) Belle [922]  <0.87 <031
LHCb [906] 4.97 +0.13 4+ 0.29¢
B(B* - K*K~ ") Belle [924] 5.38 4 0.40 4 0.35" 5.06 +0.26

BABAR [925]

50£05+£05

B(B* - K*K~z"(NR))

LHCb [926]

1.625 £ 0.075 & 0.221%

1.627023

] BABAR [927]  <I.1 0.5710 o0
B(B* — K*(892)°K™) LHCE [9[26]k].1 2%
BABAR [927] <22 0.37313

B(B* - K;(1430)°K™)

LHCb [926]%™

aThe PDG average is a result of a fit including input from other measurements.

®Using B(Bt — K°z").

‘PDG uses the BABAR result including the y,, intermediate state.

dResult extracted from Dalitz- -plot analysis of BY — K3KJK* decays.

°All charmonium resonances are vetoed. The analysis also reports B(B* — KKOK ') = (10.6 £ 0.5+ 0.3) x
1079 including the y,, intermediate state.

The nonresonant amplitude is modeled using a polynomial function of order 2.

gUsmg B(Bt - K*KTK™).

"Also measured in bins of Mg+~

'LHCb uses a model of nonresonant obtained from a phenomenological description of the partonic interaction
that produces the final state. This contribution is called single pole in the paper, see Ref. [926] for details.

Using B(B™ - KTK=z™").

Result extracted from Dalitz-plot analysis of BY — K"K~ z" decays.

'Measurement of (B(B* — K*(892)°K*)B(K*(892)° — Kx)2/3)/B(B* — K*K~z*) used in our fit.

"Measurement of (B(B* — K;(1430)°K*)B(K*(1430) — Kx)2/3)/B(B* - K*K~z") used in our fit.
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TABLE 188. Branching fractions of charmless mesonic B decays with strange mesons (part 6).
Parameter [107°] Measurements Average HFLAV
b 0 825+0.078
B(BT - KTK n")zn < KK rescattering LHCb [926] 0.825 4 0.040 + 0.065" oo 0075
LHCb [907] <0.011
B(Bt - K*K*x™) BABAR [908]  <0.16 <0.011
Belle [909] <24
BABAR [262]  1.56 & 0.36 & 0.30°
B(B* — f,(1525)K+)¢ BABAR [262]  2.8% 0,910} 1.79 042
Belle [263] <8.0¢
B(Bt — f;(2220)K*) x B(f;(2220) - pp)  Belle [928] <0.41 <0.41
B(BT — K*(892)tz+K") BABAR [912] <118 <12
_ Belle [929] 0.77203 4 0.12 0.91 £+ 0.30
+ * + 0 —-0.30
BB — K*(892)7K" (892)%) BABAR [930]  12+05+0.1
B(BT — K*(892)"K*7™) BABAR [912]  <6.1 <6.1
BABAR [262]  34.6 0.6 +0.9%¢
. ot ek Belle [263] 30.6 +£1.2+23¢ 320408
B(B™ —~ KTK™K") Belle 11 [931]  32.04+22+ 1.4
LHCb [906]"*
BABAR [262] 9.2+ 0.4107¢
Belle [263] 9.60 + 0.9271 93¢
B(B* — ¢(1020)K*)° Belle 11 [932]  6.7+1.1+05 8.53 £ 0.47
CDF [933] 7.6+13+06
CLEO [934] 55174 £0.6
B(B* — £(980)K*) x B(f((980) - KTK")
BABAR [262] 94+1.6+28° 94+32
B(Bt — a,(1320)°K*) x B(a,(1320)° - K*K")
Belle [263] <1.14 <1.1
B(Bt - ¢(1680)K™) x B(¢(1680) - KtK~)
Belle [263] <0.8¢ <0.8
B(B* — fo(1710)K*) x B(f((1710) — KtK™)
BABAR [262]  1.1240.25 4+ 0.50° 1.1240.56
Belle [263] 24.0 + 1.57280 23.7139

B(B* —» K*K*K~(NR))

BABAR [262]

228427+ 7.6

*LHCb uses a dedicated lineshape to take into account zz <> KK rescattering, which is particularly significant in

the reglon 1 <mgg < 1.5 GeV/c2.
"Using B(BT - K*K~z").

CThe PDG uncertainty includes a scale factor.

See Ref. [926] for details.

“Result extracted from Dalitz-plot analysis of BT — KTK*K~ decays.
Result extracted from Dalitz-plot analysis of BT — K3K3K* decays.
"Treatment of charmonium intermediate components dlffers between the results.

€All charmonium resonances are vetoed, except for y.,. The analysis also reports B(B™

(33.44+0.540.9) x 107 excluding y,o.
?’Measurement of B(B*
‘Measurement of B(B™ — Ktz x

- K*K-77)/B(B*

— KTK*K~™) used in our fit.
7)/B(BT —» K"K"K~) used in our fit.

JMeasurement of B(B" - zta* ‘)/B(B* — KTKTK™) used in our fit.
“The nonresonant amplitude is modeled using a polynomial function including S-wave and P-wave terms.
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TABLE 189. Branching fractions of charmless mesonic B decays with strange mesons (part 7).

Parameter [107°] Measurements Average HFLAV
B(BT —» K*(892)"K+*K™) BABAR [912] 36.2+3.3+3.6 36.2+4.9
BABAR [935] 1124+ 1.0+£09°
B(B ~ g(1020)K"(892)") Belo M 3] 3175 4551 oL
CLEO [934] 106795713
B(Bt — ¢(1020)(Kx)5") BABAR [937] 83+14+08 83+£1.6
B(BT — K,(1270)"¢(1020)) BABAR [937] 6.1 £1.6£1.1 6.1£1.9
B(BT — K,(1400)*¢(1020)) BABAR [937] <3.2 <3.2
B(BT — K*(1410)*¢(1020)) BABAR [937] <4.3 <4.3
B(BT — K}5(1430)"¢(1020)) BABAR [937] 70£1.3£09 70+ 1.6
B(B* — K3(1430)*¢(1020)) BABAR [937] 84+18+1.0 84+21
B(BT — K,(1770)*"¢(1020)) BABAR [937] <15.0 <15
B(Bt - ¢(1020)K,(1820)*) BABAR [937] <16.3 <16
B(BT - a,(1260)TK*(892)°) BABAR [938] <3.6 <3.6
B(B* — ¢(1020)¢(1020)K*)* gﬁfﬁ fg E)Tg] Z:giloi 3[ 30c'3c o802
B(BT - n'n’KT) BABAR [941] <25.0 <25
B(BT — ¢(1020)w(782)K™) Belle [942] <1.9 <1.9
B(BT — X(1812)K™) x B(X(1812) — ¢(1020)w(782))
Belle [942] <0.32 <0.32
B(BT — h*XO(Familon))d CLEO [943] <49 <49

The PDG uncertainty includes a scale factor.

°Combination of two final states of the K*(892)*, K%z* and K*z°. In addition to the combined results, the paper
reports separately the results for each individual flnal state.

ZMeasured in the ¢¢ invariant mass range below the 7. resonance (M, < 2.85 GeV/ c?).

h=nr K.

TABLE 190. Branching fractions of charmless mesonic Bt decays without strange mesons (part 1).

Parameter [107°] Measurements Average HFLAV
Belle [882] 5.86 +0.26 +0.38
BABAR [886]  5.02 4 0.46 +0.29
+ 4 oy 548 +£0.33
B(BT - 2717 Belle 11 [887] 55510 £0.7
CLEO [884]  4.61/810¢
LHCb [906] 16.06 + 0.16 + 0.48° 16.01 4 0.49
+ + =
B(B" - ztxts) BABAR [944] 152 4 0.61)3%d¢
LHCb [945] 8.82 +0.10 4 0.50°%#
BABAR [944] 8.1 +0.71}13°¢
n 0 4 -1.6 8.76 £ 0.47
BB = p(770)77) Belle [946] 8.0123 +0.7
CLEO [901] 104537 £2.1
B(B* = f0(980)7") x B(f(,(980) — ntx™) BABAR [944] <1.5° <15

B(BT — f,(1270)xt) x B(f,(1270) - ztz")

LHCb [945]

1.43 4 0.05 & 0.275F<¢

127702
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TABLE 190. (Continued)

Parameter [107] Measurements Average HFLAV

BABAR [944] 0.9 £0.2707¢°

B(B* = £,(1270)x") x B(f,(1270) — K*K-)
. +0.058
LHCb [926]  0.377 4 0.040 = 0.040™  0-377Z00s6

B(Bt — p(1450)°z%) x B(p(1450)° —» ztr™)
LHCb [945]  0.83+£0.05+£0.89°%¢  11410%
BABAR [944] 1.4 £04703°°

B(B* — p(1450)°z*) x B(p(1450)° — K+K")

LHCb [926]  1.544%0.060 =0.08% -4 =011
B(BT = p3(1690)°z%) x B(p3(1690)° — ztz~)
LHCb [945] 008 £00240.16%0ee  0-08£0.16
B(B* — n*x*a™)S-wave LHCb [945]  4.04+£008+064ice ~ +H04=064
B(Bt — fo(1370)z") x B(f(1370) - ztz~)  BABAR [944]  <4.0° <4.0
+1.4
B(B* — z*a~x*(NR)) BABAR [944] 5.3 4075 3% 5.350%

aThe PDG uncertainty includes a scale factor.

Using B(BT - K*KTK").

“Result extracted from Dalitz-plot analysis of B¥ — ztz" 7z~ decays.

Charm and charmonium contributions are subtracted.

“Multiple systematic uncertainties are added in quadrature.

This analysis uses three different approaches: isobar, K-matrix and quasi-model-independent, to describe the
S-wave component. The results are taken from the isobar model with an additional error accounting for the different
S-wave methods as reported in Appendix D of Ref. [947].

gUsmg B(Bt - ztztzn).

"Result extracted from Dalitz-plot analysis of B¥ — K*K~z" decays.

'Using B(B* — KtK~z+).

JLHCD accounts the S-wave component using a model that comprises the coherent sum of a ¢ pole. See Ref. [945]
for details.

The nonresonant amplitude is modeled using a sum of exponential functions.

TABLE 191. Branching fractions of charmless mesonic Bt decays without strange mesons (part 2).

Parameter [107] Measurements Average HELAV
B(B* — n+2°2) ARGUS [948] <890 <890
BABAR [949] 102+144+0.9 109+ 1.5
+ n 0
BB™ = p*(770)7") Belle [950] 132 £2.3714
BBt —» ztntn™ 77:0) ARGUS [948] <4000 <4000
BABAR [425] 237+14+14
+ n 0
B(B* — p*(770)p°(770)) Belle [951] 17 £7.1008 240+ 1.9
B(B* — f4(980)p"(770)) x B(f4(980) — 7*7~)  BABAR [425]  <2.0 <20
B(B* — a,(1260)" ) BABAR [952] 264 +54+4.1 264+ 6.8

(Table continued)
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TABLE 192. Branching fractions of charmless mesonic B* decays without strange mesons (part 3).

TABLE 191. (Continued)

Parameter [107] Measurements Average HFLAV
B(Bt — a,(1260)%z") BABAR [952] 204 4+474+34 204 +5.8
BABAR [900] 6.7+0.5+04
Belle [953] 69+0.6+0.5

B(BT — w(782)n™")

CLEO [901]
LHCb [945]’4,11@_(1

11353+ 1.4

0.46
6-601).45

B(B* — w(782)p*(770)) BABAR [902] 159+ 1.6+ 1.4 159 +£2.1
Belle [896] 4.07 £0.26 £0.21

B(B* = nzt) BABAR [888]  4.00+0.40+024  402+027
CLEO [892] 1233
BABAR [954]  9.9+1240.8

B(B* - np*(770))° Belle [898] 41714+ 04 6.9+ 1.0
CLEO [892] 4.8733
BABAR [888]  3.5+0.6+0.2

B(B* - n'nt)* Belle [889] 1-76f8fg;f8f11§ 2.68 +0.46
CLEO [892] 10178
BABAR [894] 9.7+12 + 1.1

B(B* — if/p*(770)) CLEO [892] 112411 98+ 2.1
Belle [895] <5.8

"Result extracted from Dalitz-plot analysis of BT — x

trta~ decays.

®This analysis uses three different approaches: isobar, K-matrix and quasi-model-independent, to describe the
S-wave component. The results are taken from the isobar model with an additional error accounting for the different
S-wave methods as reported in Appendix D of Ref. [947].

“Multiple systematic uncertainties are added in quadrature.

Measurement of (B(B™ — w(782)x")B(w(782) — z*x~))/B(B*
“The PDG uncertainty includes a scale factor.

—> T T

ot

) used in our fit.

Parameter [1079] Measurements Average HFLAV
BABAR [955] <0.24
B(B* — $(1020)z*) Belle [956] <0.33 00319813
LHCb [926]*
B(B* — $(1020)p™(770)) BABAR [957] <3.0 <3.0
B(B* — ay(980)°z") x B(ag(980)° — yz°) BABAR [903] <58 <58
B(B* = ntatataa) ARGUS [948] <860 <860
B(B* = a,(1260)*°(770)) CLEO [958] <620.0° <620
B(BT — a,(1320)*p°(770)) CLEO [958] <720.0° <720
B(BT = b,(1235)°27%) x B(b,(1235)° - »(782)7°) BABAR [919] 67+17+1.0 6.7+2.0
B(B* — b{ ) BABAR [918] <33 <33
B(BT - ntatata aa0) ARGUS [948] <6300 <6300
B(B* = by(1235)*p°(770)) x B(b,(1235)° = w(782)z")
BABAR [920] <52 <52
B(B* - a,(1260)*a,(1260)°) ARGUS [948]  <13000 <13000
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TABLE 192. (Continued)

Parameter [1079]

Measurements

Average LAV

B(B* — b,(1235)°9%(770)) x B(b,(1235)° — w(782)7°)

BABAR [920]

<33 <3.3

Result extracted from Dalitz-plot analy51s of Bt - KTK~xt decays.

*Measurement of (B(Bt — ¢(1020)z")B(¢(1020) —

- K*K™))/B(B* —

K*K~z") used in our fit.

‘CLEO assumes B(Y(4S) — B°B°) = 0.43. The result has been modified to account for a branching fraction of 0.50.

TABLE 193. Branching fractions of charmless mesonic B® decays with strange mesons (part 1).
Parameter [107] Measurements Average HFLAV
Belle [882] 20.00 4 0.34 + 0.60
BABAR [959]  19.1+0.6£0.6
Belle 11 [883]  18.04+0.9+£0.9
0 Y 195405
BB - K*x7) CLEO [884]  18.0723%2
CDF [960]*", [961]°¢, [962]°
LHCb [963]%", [964]
Belle [882] 9.68 = 0.46 + 0.50
BABAR [421]  10.1+£0.6+0.4
0 0,0 9.96 +£0.48
B(B® - K°n’) Belle 1 [931] 10929 4 1.6
CLEO [884] 128539417
BABAR [888]  68.5+22+3.1
Belle [889] 589130 +43
B(B" — i K)® Belle 1 [890]  59.9+38 427 6504238
CLEO [892]  89.0/30 +£9.0
LHCb [965]™
Belle [966] 2.6+0.740.2
0 ! 0
B(B” - i K*(892)°) BABAR [894]  3.1799 £0.3 28206
B(B° - 5'K;(1430)°) BABAR [894] 63 +13+09 6.3+ 1.6
B(B° - i/ (Kx){) BABAR [894] 74117 4+0.6 74£16
13.7+32

B(B® — n/K3(1430)°) BABAR [894]

13759+ 1.2

‘Measurement of (B(BY — K~z")/B(B® = K*z7)) f‘ used in our fit.

"Measurement of (B(AY — pz~)/B(B° — K*z~ ))(on/fd) used in our fit.
Measurement of B(B® — K*K )/B(B® = K*z~) uséd in our fit.
‘Measurement of (B(B? — z*z~)/B(B® = K*z7)) f,— used in our fit.
‘Measurement of B(B® — 7r+7r )/B(B® = K*z~) uséd in our fit.
"Measurement of (B(B? - K*K~)/B(B° — K*x ‘))J; used in our fit.
€The PDG uncertainty includes a scale factor. -

"Measurement of B(A) — A%)/B(B” — 'K?) used in our fit.
‘Measurement of B(A) — A%')/B(B° - 'K?) used in our fit.

JMultlple systematic uncertainties are added in quadrature.
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TABLE 194. Branching fractions of charmless mesonic B® decays with strange mesons (part 2).

Parameter [107°] Measurements Average HFLAV
Belle [896] 1277933 +0.08 1.23+£0.25
0 0 -0.29
B(B" = nk?) BABAR [888]  1.15+043 40,09
BABAR [897] 165+ 1.1+0.8
B(B® — nK*(892)°) Belle [898] 1524+12+1.0 159+ 1.0
CLEO [892] 13.8772 £ 1.6
B(B° = n(Kn)) BABAR [897] 11.0+1.6+15 11.0£2.2
B(B® - nK;(1430)°) BABAR [897] 7.8+ 1.1+1.1° 78 £ 15
B(B® — nK3(1430)°) BABAR [897] 9.6+ 18+1.1 9.6+ 2.1
Belle [385] 45404403
B(B° - w(782)K) BABAR [900] 54+08+03 4.78 +0.43
CLEO [901] 10.0535 £ 1.4
B(B° — a4(980)°K°) x B(ay(980)° — nz°)
BABAR [903] <78 <7.8
B(B® = b,(1235)°K°) x B(b;(1235)° = w(782)x°)
BABAR [918] <78 <7.8
B(B® — a(980)"K*) x B(ay(980)~ — nz~)
BABAR [968]  <1.9 <1.9
B(B® = b,(1235)"K*) x B(b;(1235)" = o(782)x")
BABAR [919] 744+1.0+1.0 74+14
B(B® — b,(1235)°K*(892)°) x B(b(1235)° - (782)z°)
BABAR [920]  <8.0 <8.0
B(B® — b,(1235)"K*(892)%) x B(b,(1235)” = w(782)77)
BABAR [920]  <5.0 <5.0
B(B — ay(1450)~K*) x B(ay(1450)~ - nz~)
BABAR [968]  <3.1 <3.1
B(B° — K9X°(Familon)) CLEO [943] <53 <53
BABAR [902]  2.24+0.6+0.2
0 * 0
B(B® - »(782)K*(892)) Belle [967] 1840703 2.04 4+ 0.49
B(B® — »(782)(Kx)i?) BABAR [902] 184+ 1.8+ 1.7 184+25
B(B® — »(782)K;(1430)°) BABAR [902]  16.0+1.6+3.0 16.0 + 3.4
B(B® — »(782)K3(1430)°) BABAR [902]  10.1+£2.0+ 1.1 10.1+2.3
B(B® — »(782)K 7z~ (NR)) Belle [967] 5140.7+0.7° 51+1.0

*Multiple systematic uncertainties are added in quadrature.

°0.755 < Mg, < 1.250 GeV/c>.
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TABLE 195. Branching fractions of charmless mesonic B® decays with strange mesons (part 3).

Parameter [107°] Measurements Average HFLAV
BABAR [969] 3854+ 1.04+3.9"
0 +,.—0
BB’ = Kz n’) Belle [970] 366742 +3.0 37832
BABAR [969] 6.6+ 0.5+0.8
0 - +
B(B® - p=(770)K*) Belle [970] 151734240 7.01 +0.92
B(B® — p(1450)"K*) BABAR [969]  2.4+1.0+0.6" 24412
B(B® = p(1700)~K*) BABAR [969] 0.6+ 0.6 +0.4° 0.6 +0.7
_ BABAR [969] 2.8 4+0.5+0.4°
0 + 0
B(B" - KTz~ n(NR)) Belle [970] 94 2.8 +£0.6
B(B® - (Kn)y"n™) x B((Kr)§™ — K*a°)
BABAR [969] 342424 +4.1° 342448
B(B® - (Kn)y°2°) x B((Kz);" - K*n~)
BABAR [969] 8.6+ 1.1+1.3" 8.6+ 1.7
B(B® - K3(1430)°2°) BABAR [971]  <4.0° <4.0
B(B® - K*(1680)°2%) BABAR [971]  <7.5° <15
6.1+1.6
B(B" - K:07°) Belle [970] 6.111.04054

*Result extracted from Dalitz-plot analysis of B® — K™z~ 7% decays.
"Multiple systematic uncertainties are added in quadrature.

“The nonresonant amplitude is taken to be constant across the Dalitz plane.
4.1 < mg, < 1.6 GeV/c2.

TABLE 196. Branching fractions of charmless mesonic BY decays with strange mesons (part 4).

Parameter [107] Measurements Average LAV
BABAR [265] 50.15 & 1.47 + 1.76°¢
Belle [972] 4754+2443.7°

0 0+ ,—)a&b

LHCb [973]%"¢" [974], [9757, [975]", [975]™, [975F", [975°
LHCb [976] 12.60 & 0.67 & 3.055%44" 140+ 1.7

B(B° — K°z"z~(NR))" BABAR [265] 11.07223358 + 0.90°%¢ p = 1.6%0
Belle [972] 19.9 £2.55 7

(Table continued)
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TABLE 196. (Continued)

Parameter [107] Measurements Average LAV
BABAR [265] 4.36100 £0.31° 3.45+0.48

B(B° — p°(770)K°)P LHCb [976] 1.972037 + 0.42°%" p = 1.6%0
Belle [972] 6.1 £ 1.01]5°

*The PDG average is a result of a fit including input from other measurements.
"Treatment of charmonium intermediate components differs between the results.
‘Result extracted from Dalitz-plot analysis of B — K%z "z~ decays.

dMultiple: systematic uncertainties are added in quadrature.

*Measurement of B(AY) - pK°z~)/B(B° - K°z*z~) used in our fit.
"Measurement of B(A) — pK°K~)/B(B® — K°z*z~) used in our fit.
EMeasurement of %?B(E‘b’ — pK%27)/B(B® —» K°z*z~) used in our fit.

fv;() -
"Measurement of +-B(&) - pK°K~)/B(B" — K°z*x~) used in our fit.
‘Measurement of B(B® — K*(892)°K° + c.c.)/B(B° — K°z*z~) used in our fit.
'Regions correspondin§ to D, A and charmonium resonances are vetoed in this analysis.>
“Measurement of B(B? — K°K*z~ +c.c.)/B(B° = K°z"z~) used in our fit.

'Measurement of B(B® — K°K*K~)/B(B° — K%z z~) used in our fit.

"Measurement of B(BY - K%z*z7)/B(B® - K’z z~) used in our fit.

"Measurement of B(B? — K°K*z~ + c.c.)/B(B° - K%z z~) used in our fit.

°Measurement of B(B? — K°K*K~)/B(B° — K°z*z~) used in our fit.

PThe PDG uncertainty includes a scale factor.

IThe nonresonant component is modeled as a flat contribution over the Dalitz plane.

'Using B(B® - K%z 7).

*This value includes the flat NR component and the effective range of the LASS lineshape. The value
corresponding to the flat component alone is also given in the article.

‘The nonresonant component is modeled using a sum of two exponential functions.

TABLE 197. Branching fractions of charmless mesonic B® decays with strange mesons (part 5).

Parameter [107¢] Measurements Average HFLAV
BABAR [265]  8.29107 £ 0.82"
BABAR [969] 8.0+ 1.1+0.8°
B(B® — K*(892)*z7) Belle [972] 8.4+ 1.1, 78412244
; — . 00
CLEO [911] 16030 +2.0 b
LHCb [977]*¢, [976]*"
BABAR [265]  29.9%23 £ 3.6 33.6438
0 * +.-\¢8 -17 4.0
B(B” = K;(1430)"77) Belle [972] 49.7 +3.81680
1+1.
B(B® - K:tn™) Belle [970] 5.1+ 1.559¢" : 6
B(B° — K*(1410)*7) x B(K*(1410)* — K°z+)
Belle [972] <3.8° <3.8
B(B® — (Kn)y"n™) x B((Kz);" — K°z™") A
LHCb [976] 16.95 +0.73 + 1,12 186+ 1.1
BABAR [265] 227117 4 1.3% p=16%
B(B® - £(980)K°) x B(f((980) — z"z") 4
LHCb [976] 9.64 £ 0.41 £ 0.79*> 8.38 £ 0.61
BABAR [265]  6.92 +£0.77 £ 0.56*° p = 1.6%0

Belle [972] 7.6+ 1.770%°

(Table continued)
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TABLE 197. (Continued)

Parameter [107] Measurements Average HFLAV
4 0.17255%
B(B® - £,(500)K?) LHCb [976] 0.1661 9297 4 0.155*" p = 1.6%0
0.16297%
B(B® - £(1500)K°) x B(f,(1500) - z*7~)
. 1.354+0.79
LHCb [976] 1.348 4+ 0.280 + 0.734*> p = 1.6%0
BABAR [265] 271199 + 0.87%° 27+1.3
0 0 —0.83
B(B” — f>(1270)K7) Belle [972] <2.5%
BO 1 OKO 1 0 + =
BB = F,{1300)°K%) x Bf:{1300)"  #"7) 1.81409% +0.48,), 181397

BABAR [265]

Result extracted from Dalitz-plot analysis of B — K3z z~ decays.

Muluple systematic uncertainties are added in quadrature
CResult extracted from Dalitz-plot analysis of B® — K*z~2° decays.

Measurement of B(B? — K*(892)~z*)/B(B® - K*(892)*z~) used in our fit.
‘Measurement of B(B" — K*(892)"K* +c.c.)/B(B® — K*(892)+ﬂ‘) used in our fit.
"Measurement of (B(B® — K*(892)*z7)2/3)/B(B° - K°z"z~) used in our fit.
gThe PDG uncertainty includes a scale factor.

M1 < mg, < 1.6 GeV/c2.

Using B(B® — Kz 7™).
WUsing B(f,(1270) —» ztz™).

TABLE 198. Branching fractions of charmless mesonic B® decays with strange mesons (part 6).

Parameter [107] Measurements Average HFLAV
BABAR [969] 3.340.5404°
0 * 0.0
B(B° — K*(892)°x°) Belle [970] s 33406
Belle [972] <6.3° 3.824+0.36
B(B° — K3;(1430)* ™) BABAR [971] <16.2° p = 1.6%¢
LHCb [976]><¢
Belle [972] <10.1° 14743
B(B® — K*(1680)*7) BABAR [971] <25.0° p = 1.6%
LHCb [976]"°¢
B(B* - Ktnnta) DELPHI [978] <230 <230
B(B® - p°(770)K ") Belle [979] 284+0.5+05" 28407
B(B® - £o(980)K*7~) x B(f((980) — 7x) _
Belle [979] 1.4 +0.4193 14102
B(B° » K*n~ntn~ (NR)) Belle [979] <2.1%¢ <2.1
B(B® — K*(892)°z*x™) BABAR [980] 545429443 545452
BABAR [981] 5.14+0.670¢ 3.88 +0.77
0 * 0,0 h —-0.8
B(B° — K*(892)°°(770)) Belle [970] 21708109

B(B° - f,(980)K;(892)°) x B(f((980) — zx)"
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TABLE 198. (Continued)

Parameter [107°] Measurements Average HFLAV
Belle [979] 1.4:06100 3.90 £0.55
p = 0.1%0

BABAR [981] 57£0.6£04

Result extracted from Dalitz-plot analysis of B® - K*z~z° decays.

"Result extracted from Dalitz-plot analysis of B® — K97tz decays.

Multlple systematic uncertainties are added in quadrature

‘Measurement of (B(B° — K3(1430)* 2~ )B(K3;(1430)* — Kx)2/3)/B(B° — K°z*z~) used in our fit.
Measurement of (B(B° —» K*(1680)+7r )B(K*(1680)Jr — Kn)2/3)/B(B° — K°z*x~) used in our fit.
'0.75 < M(Kx) < 1.20 GeV/c

g0 55 < M(zx) < 1.20 GeV/c?.

"The PDG uncertainty includes a scale factor.

TABLE 199. Branching fractions of charmless mesonic B® decays with strange mesons (part 7).

Parameter [1079] Measurements Average HFLAV
B(B® - K, (1270)* ") BABAR [420] <30 <30
B(B° — K (1400)*z") BABAR [420] <27 <27
B(B® - a,(1260)"K+) BABAR [914] 1634+29+23 163 +3.7
B(B® = K*(892)*p~(770)) BABAR [981] 103+23+13 103426
B(B — (Kx);"p~(770)) x B((Kx); — Kx) BABAR [981] <48 <48
B(B® - K;(1430)*p~(770)) BABAR [981] 28 +10+6° 28+ 12
B(B® — K,(1400)°p°(770)) ARGUS [917] <3000 <3000
B(B® - (Kn);°p°(770)) x B((K=)y — Kx) BABAR [981] 31+443 3L.0£5.0
B(B® - K;(1430)°p°(770)) BABAR [981] 274+44+4 270+ 54
B(B® — (Kx);’f0(980)) x B(f((980) = zx) x B((Kz); — Kx)
BABAR [981]  3.1+0.8+0.7 31+l
B(B® — K;(1430)°£(980)) x B(f,(980) — )
BABAR [981]  2.7+0.7 £ 0.6" 27409
B(BY — K3(1430)°£(980)) x B(f,(980) — zx)
BABAR [981]  8.6+17+1.0 8.6 +2.0
LHCb [964] 0.0774 + 0.0126 + 0.0084°
_ Belle [882] 0.10 £ 0.08 £ 0.04 0.080 & 0.015
0 + . .
B(B” > K¥K7) CDF [961] 0.23 +0.10 % 0.10°
BABAR [959] <05
_ Belle [882] 126 +0.19 + 0.05
0 0 0
B(8" - K°K") BABAR [400]  1.08+028+0.11 1.2140.16
LHCb [975] 6.11 +0.45 & 0.78%
B(B® - K°K*7~ + c.c.) Belle [982] 7.20 4 0.66 £ 0.30 6.7+0.5
BABAR [983]  6.4+1.0+0.6
B(B® — K*(892)"K* +c.c.) LHCb [977] <0.38° <0.4

(Table continued)
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TABLE 199. (Continued)

Parameter [1079] Measurements Average LAV
d
0 X 070 £ LHCb [974] <1.0
B(B’ - K*(892)°K" +c.c.) BABAR [984] <19 <0.99
Multlple systematic uncertainties are added in quadrature.
Usmg B(B® - K*zn7).
Reglons corresponding to D, A} and charmonium resonances are vetoed in this analysis.
Usmg B(B® - K%z" 7).
Usmg B(B® — K*(892) 7).
'0.75 < M(Kx) < 1.20 GeV/c2.
TABLE 200. Branching fractions of charmless mesonic B® decays with strange mesons (part 8).
Parameter [107°] Measurements Average HFLAV
B(B® - KTK~2%) Belle [985] 2.17 £0.60 £+ 0.24 2.17 £0.65
B(B® - K%K52%) BABAR [986]  <0.9 <0.9
B(B® - K%K%) BABAR [986] <1.0 <1.0
B(B® - K%K%) BABAR [986] <2.0 <2.0
LHCb [975] 27.29 + 0.89 + 1.90*"
B(B® - K'K*K~) BABAR [262]  26.5+0.9 4 0.8 268+ 1.0
Belle [909] 283 +3.3+4.0
BABAR [262] 7.1 £0.670%°
Belle 1I [932] 594+1.8+0.7 7.25 + 0.60
0 0 . .
B(E" = ¢(1020)K7) Belle [936]  9.0:2240.7
LHCb [987]°, [988]"¢
B(B® - £,(980)K°) x B(f,(980) - K+K™)
BABAR [262]  7.0%28 +2.4° 7.0133
B(B® = f,(1500)K°) BABAR [262] 133138 +32¢ 13.378¢
B(B® - f5(1525)K°) BABAR [262]  0.2910%7 4 0.36° 0.291 04
B(B® — f,(1710)K°) x B(f,(1710) —» K*K")
BABAR [262] 444+0.7+0.5° 44£09
B(B® - K°K*K~(NR)) BABAR [262] 33+£5+9" 33+£10

Reglons correspondlng to D, A} and charmonium resonances are vetoed in this analysis.

*Using B(B° — K%z x™).

“Result extracted from Dalitz-plot analysis of B® — K9KTK~ decays.

4All charmonium resonances are vetoed, except for y.. The analysis also reports B(B® — K°K*K~) = (25.4 4 0.9 £0.8) x 107°
excludlng Xc0-

Measurement of (B(A) = A%$(1020))/B(B° — $(1020)K°))(f ro/f4)2 used in our fit.

‘Multiple systematic uncertainties are added in quadrature.

gMeasurement of B(BY - KOKO)/B(BO - ¢(1020)K0) used in our fit.

"The nonresonant amplitude is modeled using a polynomial function including S-wave and P-wave terms.
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TABLE 201. Branching fractions of charmless mesonic B® decays with strange mesons (part 9).

Parameter [1079] Measurements Average HFLAV
BABAR [383] 6.19 + 0.48 +0.19°¢ 6.04 £0.50
0 0 g0 g0)a
B(B” = KsKKs) Belle [009]  4.2°16+08
B(B° — f((980)KY) x B(f((980) — KIKY)
BABAR [383]  2.7713 + 1.3 27+138
B(B° = fo(1710)K%) x B(fo(1710) — KYKY)
) b, )
BABAR [383]  0.50704¢ £0.11°¢ 0.50705¢
B(B® - £,(2010)K%) x B(f,(2010) - K9K%)
BABAR [383]  0.54103) +£0.52°¢ 0.54 £0.56
13.3+£23
B(B® - KYKIKY(NR)) BABAR [383] 133732 +0.6%
B(B® —» KgKgK%) BABAR [989] <16° <16
B(B® — K*(892)°K*K™) BABAR [980] 275+13+£22 27.5+2.6
BABAR [388] 9.7+05+£0.5
Belle [990] 104 +£0.5+0.6
B(B® — $(1020)K*(892)°) Belle 11 [932]  11.0£2.1+ 1.1 10.1T£0.48
CLEO [934]  11.5/331)8 A
LHCb [991]°, [992]¢, [993]°", [417]
B(B° » Ktn~z"K~(NR)) Belle [994] <717 <72
BABAR [980] 46+1.14+08
0 * 0+ g— .
B(B’ - K*(892)°z"K™) Belle [994] 21145634455 45+13
LHCb [995] 0.834 £ 0.063 £ 0.158°*
B(B® - K*(892)°K*(892)%)* Belle [994] 0.265 035009 0.83+0.16
BABAR [996]  1.281035 +£0.11
*The PDG uncertainty includes a scale factor.
PResult extracted from Dalitz-plot analysis of B® — K(S)KgKg decays.
“Multiple systematic uncertainties are added in quadrature.
The nonresonant amplitude is modeled using an exponential function.
0.75 < M(Kn) <1.20 GeV/c?.
‘Measurement of B(B? — ¢(1020)K*(892)°)/B(B° — ¢(1020)K*(892)°) used in our fit.
*Measurement of B(BY — ¢(1020)¢(1020))/B(B° — ¢(1020)K*(892)") used in our fit.
"Measurement of B(B? — K*(892)°K*(892)%)/B(B® — $(1020)K*(892)°) used in our fit.
‘Measurement of B(B® — p°(770)p°(770))/B(B° — ¢(1020)K*(892)°) used in our fit.
'0.70 < M(Kr) < 1.70 GeV/c?.
“Using B(B? — K*(892)°K*(892)?).
TABLE 202. Branching fractions of charmless mesonic B® decays with strange mesons (part 10).
Parameter [1079] Measurements Average HFLAV
B(B® - KTz~ K*z~(NR)) Belle [994] <6.0 <6.0
_ BABAR [980] <22
0 * 0+
B(BY - K*(892)°K*z™) Belle [994] <76 <22
Belle [994] <0.20
0 * 0 gr* 0
B(B® — K*(892)°K*(892)°) BABAR [996]  <0.41 <02
B(B° — K*(892)TK*(892)") BABAR [997] <20 <20
B(B® — K,(1400)°4(1020)) ARGUS [917] <5000 <5000
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TABLE 202. (Continued)

Parameter [107°] Measurements Average HFLAV
B(B" ~ (Ka)'p(1020) BABAR 1388] 4340604 430:4043
B(B® — (Kn)y’¢), 1.60 < M, < 2.15GeV /c%.
BABAR [998] <1.7 <1.7
B(B® - K;5(1430)°27K") Belle [994] <31.8" <32
B(B® — K;(1430)°K*(892)°) Belle [994] <33 <33
B(B® - K;(1430)°K;(1430)) Belle [994] <8.4 <8.4
B(B® = ¢(1020)K;(1430)°) BABAR [388]  3.9+05+0.6 3.90 +0.78
B(B® - K;(1430)°K*(892)°) Belle [994] <1.7 <17
B(B® - K;(1430)°K;(1430)%) Belle [994] <4.7 <4.7
B(B® - ¢(1020)K*(1680)°) BABAR [998] <35 <35
B(B® - ¢(1020)K3(1780)°) BABAR [998] <2.7 <2.7
B(B® — ¢(1020)K;(2045)°) BABAR [998] <153 <15
B(B® — p°(770)K%(1430)°) ARGUS [917] <1100 <1100
B(B" — $(1020)K3(1430))" PABAR (385) s khs pere
B(B® — ¢(1020)¢(1020)K?) BABAR [939] 45+0.840.3° 45+09
B(B® = '/ K°) BABAR [941]  <31.0 <31
0.70 < M(Kr) < 1.70 GeV/c?.
®The PDG uncertainty includes a scale factor.
‘Measured in the ¢h¢ invariant mass range below the 5, resonance (M, < 2.85 GeV/ ).
TABLE 203. Branching fractions of charmless mesonic B® decays without strange mesons (part 1).
Parameter [1079] Measurements Average HELAY
LHCb [963] 5.10 £ 0.18 £ 0.35"
Belle [882] 5.04 £0.21 £0.18
it o,
Belle II [883] 58+0.7+03
CLEO [884] 4503107
T Ee, mienies
+0.1740.05
- ok, S
CLEO [892] <29
B(B® - nn) BABAR [888]  <1.0 <1.0
BABAR [954] 09+04+£0.1 12+04

B(B® ~ x)"

Belle [889]

+1.02+0.25
2'79—096—0‘34
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TABLE 203. (Continued)

Parameter [1079] Measurements Average HFLAV
BABAR [888] <1.7
0 /ol
B(B" = ') Belle [895] <65 <17
BABAR [954] <1.2
0 /
B(B" - n'n) Belle [895] <45 <12
Belle [895] <1.3
0 / 50
B(B” — p"(770)) BABAR [894]  <2.8 <13
B(B? = £4(980)n) x B(f,(980) — z*x~)
BABAR [894] <0.9 <0.9
BABAR [968] <1.5
0 0
B(B” — np°(770)) Belle [898] <19 <13
B(B® — £,(980)n) x B(f,(980) — z*z")
BABAR [968] <0.4 <04
B(B® - w(782)n) BABAR [888]  0.94035 +0.09 0941037
*Using B(B® — K*77).
The PDG uncertainty includes a scale factor.
TABLE 204. Branching fractions of charmless mesonic B® decays without strange mesons (part 2).
Parameter [1079] Measurements Average HFLAV
BABAR [3888] 1.017038 £ 0.09
0 / -0.38 +0.47
B(B” - w(782)1) Belle [895] <22 10805
B(B® — w(782)p°(770)) BABAR [902] <16 <16
B(B® = £,(980)@(782)) x B(f((980) — 7t z~)
BABAR [902] <15 <15
B(B® - »(782)w(782)) BABAR [1000]  1.240.3%03 12+04
Belle [956] <0.15
0 0
B(B" - ¢(1020)x") BABAR [955] <0.28 <0.15
B(B® > $(1020)) BABAR [888] <0.5 <05
Belle [895] <0.5
0 /
B(B” = ¢(1020)7) BABAR [888] <.l <05
B(B® - ¢(1020)72"z7) LHCb [1001] 0.182 4 0.025 + 0.043*° 0.182 £ 0.050
B(B® — $(1020)p°(770)) BABAR [957] <0.33 <033
B(B® — £,(980)¢(1020)) x B(f,(980) — ztz")
BABAR [957] <0.38 <0.38
B(B® — o(782)¢(1020)) BABAR [1000] <0.7 <0.7
LHCb [1002] <0.027
0
B(BY — ¢(1020)¢(1020)) BABAR [957] <02 <0.027
B(B® - ay(980) Tz~ +c.c.) x B(ay(980)" — nzt)
BABAR [968] <3.1 <3.1
B(B® = ay(1450) 7~ + c.c.) x B(ay(1450)* — nz*)
BABAR [968] <23 <23
B(B® - nt 7~ 2°) ARGUS [948] <720 <720
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TABLE 204. (Continued)

Parameter [1079] Measurements Average HFLAV
Belle [275] 3.04+05+0.7°
B(B® - p°(770)2°) BABAR [1003] 1.4+0.6+03 2005
CLEO [901] 1.6720+0.8
Belle [275] 226+ 1.1+4.4°
B(B® —» p*(770)2~ +c.c.) BABAR [279] 226+1.8+22 23.0+£23
CLEO [901] 27.6184 £4.2
o Belle [416] <11.2¢
0 oot
BB" — n'azrn) BABAR [415]  <23.1° <1l
400 < M(ztx~) < 1600 MeV/c?.
Multiple systematic uncertainties are added in quadrature.
“‘Result extracted from Dalitz-plot analysis of B® — 7z~ 7" decays.
40.52 < m,+,- < 1.15 GeV/c2.
0.55 < my+ - < 1.050 GeV/c?.
TABLE 205. Branching fractions of charmless mesonic B® decays without strange mesons (part 3).
Parameter [107°] Measurements Average HFLAV
_ BABAR [415] <8.8"
0 0 +
B(B® = p(770)z" ) Belle [416] <12.0° <838
LHCb [417] 0.95+0.17 £ 0.10°
B(B® — p°(770)p°(770)) Belle [416] 1.02 £ 0.30 £ 0.15 0.96 +0.15
BABAR [415] 0.92+0.324+0.14
B(B® = £,(980)x"77) x B(f((980) = nt77)
Belle [416] <3.0° <3.0
B(B® — £o(980)p°(770)) x B(fo(980) — " x")
Belle [416] 0.78 +0.22 +£0.11
BABAR [415] <0.40 0.78 £0.25
B(B° — £,(980)£0(980)) x B(f,(980) — ztx~) x B(f,(980) — ntz~)
BABAR [415] <0.19 <0.19
Belle [416] <0.2 ’
B(B® — f0(980)£0(980)) x B(fo(980) — a*a~) x B(f,(980) » K*K~)
BABAR [957] <0.23 <0.23
_ Belle [419] 222+20+28 259+238
0 + d
B(B” — a,(1260) 7" + c.c.) BABAR [1004]  332+3.843.0
B(B® - a,(1320)*7~ +c.c.) Belle [419] <6.3 <6.3
B(B® - a7~ 2%2%) ARGUS [948] <3100 <3100
Belle [414] 283+15+1.5
0 + -
B(BY — p*™(770)p~(770)) BABAR [413] 25.5 +2.1436 27.7+19
B(B° — a,(1260)°7°) ARGUS [948] <1100 <1100
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TABLE 205. (Continued)

Parameter [1079] Measurements Average HFLAV
BABAR [954] <0.5
0 0
B(B’ - w(782)7") Belle [953] <20 <0.5
B(B® - atatn n a°) ARGUS [948] <9000 <9000
B(B° — a,(1260)*p=(770) +c.c.) BABAR [1005] <61.0 <61
B(B® - a,(1260)°p°(770)) ARGUS [948] <2400 <2400
0.55 < my+,- < 1.050 GeV/c?.
°0.52 < m,- < 1.15 GeV/c>
‘Using B(BY — ¢(1020)K*(892)°).
“The PDG uncertainty includes a scale factor.
TABLE 206. Branching fractions of charmless mesonic B® decays without strange mesons (part 4).
Parameter [107] Measurements Average HFLAV
B(B® = b,(1235)" 2~ +c.c.) x B(b;(1235)* — w(782)7")
BABAR [919] 109+1.2+09 109+ 1.5
B(B® - b,(1235)°2°%) x B(b;(1235)° - w(782)x°)
BABAR [918] <1.9 <19
B(B® — b,(1235)"p*(770)) x B(b,(1235)™ - w(782)x")
BABAR [920] <14 <14
B(B® — b,(1235)°p°(770)) x B(b,(1235)° - »(782)x°)
BABAR [920] <34 <34
BB® - atatntaaa) ARGUS [948] <3000 <3000
B(B® - a,(1260)*a,(1260)7) x B(a;(1260)* — zta*z~) x B(a,(1260)~ —» a~z"z")
BABAR [1006] 11.8+2.6+1.6 11.8+3.1
B(B® » ntatntan na0) ARGUS [948] <11000 <11000
TABLE 207. Relative branching fractions of charmless mesonic BT decays.
Parameter Measurements Average
B(B*>K*K~x*
M LHCb [906]  0.151 £ 0.004 & 0.008 0.151 £ 0.009
B(B*—>K'zta")
W% LHCb [906] 1.703 £ 0.011 + 0.022 1.703 £ 0.025
B(B"—>ntratx™)
B oK) LHCb [906] 0.488 + 0.005 £ 0.009 0.488 +0.010
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TABLE 208. Relative branching fractions of charmless mesonic B° decays.

Parameter Measurements Average
BBI—K*K-) {3 LHCb [964] 3.98 +0.65 + 0.42
BE—k ) 1071 CDF [961] 1245+5 407£0.77
B(B"—K*(892)* K~ +c.c.) 2

e e 11072 LHCb [977] <5 <5.0

0 _, g0 g* 04ce.
A e 11072] LHCb [974] <2 <20
o LHCb [963] 0.262 + 0.009 + 0.017
BB'—K'n) CDF [962] 0.259 +0.017 £ 0.016 0.261 £ 0.015
BE' KKz icc.) LHCb [975] 0.123 +0.009 + 0.015° 0.123 +0.017

B(B°>Kz"n)
% LHCb [975] 0.549 + 0.018 £ 0.033" 0.549 + 0.038
B(BI=K" (892)0K"(892)%) [1()-2) LHCb [995] 7.58 +0.57 £ 0.30° 7.58 +0.64
B(BY—K*(892)°K*(892)?)
[: BBO=K'K™) r1n-2 +0.8
S 11072] LHCb [963] 1.879% +0.9 18412
B(B°=p"(770)p°(770)) 2
B ey [1072] LHCb [417] 9.4+1.7+09 94+19
B(B*—K°K®) 2 b
Brark [1072] LHCb [988] 75+3.1+06 75432
__B(B°-K°K) LHCb [988] 0.17 +0.08 & 0.02 0.17 +£0.08
B(B°—¢$(1020)K°)

B(B®—atzutu)
B(BY=J /wK* ) xB(J Jy—u*u~ ) xB(K** =K+~ Cb 1100 4141040 3cd 41410
LHCb [1007] 1+1.0+0.3° d£1.

*Regions corresponding to D, A} and charmonium resonances are vetoed in this analysis.
Multiple systematic uncertainties are added in quadrature.

“The mass windows corresponding to ¢» and charmonium resonances decaying to uu are vetoed.
4.5 <m,i, < 1.3 GeV/c?.
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HFLAV
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FIG. 69. A selection of high-precision charmless mesonic B meson branching fraction measurements.
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B. Baryonic decays of B* and B’ mesons

This section provides branching fractions of charmless
baryonic decays of B™ and B® mesons in Tables 209,210

and 211,212, respectively. Relative branching fractions are

TABLE 209. Branching fractions of charmless baryonic B™ decays (part 1).

given in Table 213. Figures 70 and 71 show graphic
representations of a selection of results given in this section.

Parameter [1079] Measurements Average HFLAV
_ Belle [1008] 1.607922 +0.12* 1.62 +0.21
+ + —0.19
B(B™ = ppr") BABAR [721] 1.69 + 0.29 + 0.26
B(B* — ppa*).m,, < 2.85 GeV/c> LHCb [1009]° 1.00£0.11
B(B* = ppr*(NR)) CLEO [910] <53 <53
B(B* — ppr*a®) Belle [1010] 458 +1.17 +0.67° 46413
B(B* — pprtata) ARGUS [1011] <520 <520
e Belle [1008] 5.54%027 + 0.36" 59+04
+ + —-0.25
B(B™ = ppK™) BABAR [800] 6.7+ 0.5 4 0.4°
£ 4 37+0.30
B(B* — ppK*),m,, <2.85 GeV/c? LHCb [808] 272029
B(B* - ©++(1710)p) x B(©*++(1710) > pK*+)E
Belle [928] <0.091 <0.091
B(B* — f;(2220)K) x B(f,(2220) = pp)
Belle [928] <0.41 <0.41
- BABAR [800] <15 0.305+0:084
+ —-0.081
B(B* — pA(1520)) LHCb [1009]"
B(B* — ppK*(NR)) CLEO [910] <89 <89

*The charmonium mass regions are vetoed.

Charmonium decays to pp have been statistically subtracted.

‘Measurement of B(B™ — ppx™),m,; <2.85 GeV/c*/(B(B* — J/wz")B(J/w — pp)) used in our fit.

Ym0 <13 GeV/c2.

°The PDG uncertainty includes a scale factor.
"Measurement of B(B* — ppK™"), m,; <2.85 GeV/c?/(B(B* — J/wK")B(J/w — pp)) used in our fit.

€Pentaquark candidate.

"Measurement of (B(B* — pA(1520))B(A(1520) - K*p))/(B(B* — J/wK*)B(J/y — pp)) used in our fit.
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TABLE 210. Branching fractions of charmless baryonic BT decays (part 2).

Parameter [1079] Measurements Average HFLAV
i} Belle [1012] 3.38700 £ 0.39°
+ * + -0.60 +0.8
B(B" = ppK(892)") BABAR [721] 53 +15+13° 36207
B(B* — £,(2220)K*(892)") x B(f,(2220) = pp)
BABAR [721]  <0.77 <0.77
_ LHCb [1013] 0247319 4+ 0.03
—+ 0 —0.08 +0.10
B(B™ = pAY) Belle [1014]  <0.32 0-24 2000
B(B* - pA'aY) Belle [1015] 3.007081 +£0.33 3.00108
B(B* — pZ(1385)°) Belle [1015] <0.47 <0.47
B(B* — A(1232)*A%) Belle [1015] <0.82 <0.82
. 11.3+£13
B(B* —» pAontz™) Belle [1016] 11.287029) +£1.03
B(B* —» pA°z*z~(NR)) Belle [1016] 592708 £0.69 594+ 1.1
B(Bt = pA°°(770)) x B(p°(770) = ntz~)
Belle [1016]  4.7870¢] +0.60 48+09
B(B* — pA’f,(1270)) x B(f,(1270) — z*z")
Belle [1016] 2.035077 £0.27 20+0.8
B(B* — pA’K*K") Belle [1017] 4.1059:83 £0.50 41407
B(B* - pA%(1020)) Belle [1017] 0.795 £ 0.209 £ 0.077 0.80 £0.22
B(B* — pA’K*K™) Belle [1017] 3.701037 +0.44 3.7+0.6
B(B* = A°A%z+) Belle [685] <0.94%¢ <0.94
. 3.4+0.6
B(B* — A°A°K) Belle [685] 3.381 03 £0.41°
B(B* - A°A’K*(892)*) Belle [685] 2.197 143 +£0.33% 22402
B(B* — A(1520)A°K ™) Belle [1017] 223 +£0.634+0.25 22407
B(B* - A(1520)A°K ™) Belle [1017] <2.08 <2.1
B(B* — A(1232)p) Belle [1008] <1.38 <14
B(B* — A**p) Belle [1008] <0.14 <0.14

:The charmonium mass region has been vetoed.

Charmonium decays to pp have been statistically subtracted.
“The charmonium mass regions are vetoed.

<2.85 GeV/c?.

d
Moo
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TABLE 211. Branching fractions of charmless baryonic B® decays (part 1).

Parameter [1079] Measurements Average HFLAV
LHCb [1018] 0.0125 £+ 0.0027 £+ 0.0018
B(B" > pp) Belle [1014] <0.11 0.0125 + 0.0032
BABAR [1019] <0.27
B(B® - ppataT) LHCb [1020] 27401402 27402
B(B® - ppata ), my - <122 GeV/c?
Belle [1010] 0.83 £0.17 & 0.17° 0.83 £0.24
B(B® - ppK*7-) LHCb [1020]  59+03+0.5" 3:9£06
_ Belle [1012] 25119035 +0.21¢
0 0 ~0.29 27+0.
B(B" = ppK’) BABAR [721]  3.0+0.5+03° 7£03
B(B° - ©(1540)" p) x B(©(1540)* — pKY)'
BABAR [721] <0.05 <0.05
Belle [928] <0.23 '
B(B® — £,(2220)K°) x B(f,;(2220) — pp)
BABAR [721] <0.45 <0.45
_ Belle [1012] 118702 + 0.1 1.24 £0.27
0 * 0 —025
B(B" — ppK* (892)°) BABAR [721] 147+ 045 + 0.40°
B(B® — £,(2220)K*(892)%) x B(f,(2220) — pp)
BABAR [721] <0.15 <0.15
mp <2.85 GeV/c>.
"Multiple systematic uncertamtles are added in quadrature.
cO 46 < my+ - <0.53 GeV/ ¢” invariant mass region has been excluded.
The charmonium mass region has been vetoed.
“Charmonium decays to pp have been statistically subtracted.
'Pentaquark candidate.
TABLE 212. Branching fractions of charmless baryonic B® decays (part 2).
Parameter [1079] Measurements Average HFLAV
B(B® - ppK*tK™) LHCb [1020] 0.113 + 0.028 + 0.014*° 0.11340.031
B(B® — ppa®) Belle [1021] 0.50 £0.18 +0.06 0.50 £0.19
B(B® > ppp p) BABAR [1022] <0.2 <0.2
_ BABAR [1023] 3.07+£0.31 £ 0.23 3.14 £0.28
0 0 -
B(B” = pA’x7) Belle [1015]  3.23+033 +0.29
B(B® — p%(1385)7) Belle [1015] <0.26 <0.26
B(B® — A(1232)*p +c.c.) Belle [1021] <1.6 <1.6
B(B® - A(1232)°A%) Belle [1015] <0.93 <0.93
B(B® — pA’K") Belle [1024] <0.82 <0.82
B(B® — A°A?) Belle [1014] <0.32 <0.32
B(B® - A°A°K?) Belle [685] 476708 +0.61° 48140

-0.9
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TABLE 212. (Continued)

Parameter [1079] Measurements Average HFLAV
B(B" - A°A°K*(892)°) Belle [685] 2461077 +0.34° 2.461 050

B(B® — A(1232)°A(1232)°) CLEO [958] <1500° <1500

B(B® = AtTA™") CLEO [958] <110° <110

‘m,; <2.85 GeV/c?.
bMultiple systematic uncertainties are added in quadrature.
“The charmonium mass regions are vetoed.
CLEO assumes B(Y(4S) - B°B%) = 0.43. The result has been modified to account for a branching fraction of 0.50.

TABLE 213. Baryonic relative branching fractions.
Parameter Measurements Average
B(B*—~ppr*.m,; <2.85 GeV/c?) LHCb [1009] 12.0+12+0.3 120+£1.2

B(B*—J/yr")xB(J/w—pp)

B(B*—>ppK™) a

BB 7/ K BT 0 =7p) LHCb [808] 491+£0.19+0.14 491+0.24
BB —~ppK* m,; <285 GeV/c?) LHCb 2.02+0.10 + 0. 2.02+0.1

B T w B TvpF) Cb [808] 02 £0.10£0.08 02 +0.13
B(B* >A(1520)p) xB(A(1520)~K* p)) LHCb [1009] 0.033 £+ 0.005 +£ 0.007 0.033 £+ 0.009

B(B*—J /wr")xB(J/y—pp)

B(B’~ppK*K~) LHCD [1020] 0.019 + 0.005 =+ 0.002" 0.019 £ 0.005
B(B°=ppK*r~)
B(B~ppr'x) LHCb [1020]  0.46 +0.02 +0.02° 0.46 + 0.03

B(B"—ppK*a~)

*Includes contribution where pp is produced in charmonium decays.
®m,, <2.85 GeV/c>.

HFLAV
2021 |

B(B%-ppK*+K~) 1

B(B-sppntn-)

B(B-ppK*n~)

B(B°-pppp) 1

B(B°-pp)

B(B +oAt *E) 4

B(B*~A(1232)%)

B(B*-ppnt)

B(B°-ppK°) 1

B(B*-ppK*)

B(B°-ppK*(892)°)
B(B*-ppK*(892)*)

B(B *-(2220)K*) x B(£j(2220)-pp) 1
B(B%-f;(2220)K®) x B(fj(2220)-pp) 1
B(B *-f;(2220)K*(892)*) X B(f;(2220)~pp)

B(B%-£j(2220)K " (892)°) x B(fj(2220)-pp) 1

FIG. 70. Branching fractions of charmless baryonic B* and B® decays into nonstrange baryons.
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HFLAV
2021 |

B(B *-pA%)
B(B°-pE(1385)") 1
B(B*-pz(1385)?) 1

B(B *»pA(1520))

B(B%-A(1232)°A%)

B(BO-A'A?) -

let
“
i
lel
<
B(B +-A(1232) * A°) {——
i
+—

B(B°~pA°K )

B(B+->N\OAK " (892)*) | g

B(BO-A\°A%K *(892)°) I -

B(B *-AA%K +) I

B(BO-A°N0K) -

B(B*+-\'An+) 14 1

B(B%-pin-) 14

B(B-pA°n-) e
B(B +-pAn®) 4 —e—

B(B *-pA°,(1270)) x B(f,(1270)-n*n~) : :
B(B *-pA%p°(770)) x B(p°(770)»n*n~)

B(B*-pA%T* - (NR))

BB *-A\(1520)\°%k *) 14 1

B(B *+-A\(1520)A°%K +) e

B(B *-pA%(1020)) 1 |

B(B*+-pA%K+K ")
B(B*+-pA%K*K ")

B(B%-0(1540)* ) x B(©(1540) * -pK?)

B(B*+-0**(1710)p) x B(©** (1710)~pK *) 4

0 1 2

le-6

FIG. 71. Branching fractions of charmless baryonic B* and B° decays into strange baryons.

C. Decays of b baryons Figure 72 shows a graphic representation of branching

A compilation of branching fractions of A) baryon fractions of A} decays.

decays is given in Tables 214 and 215. Table 216 provides .
the partial branching fractions of A) — Au*u~ decays in ®
intervals of ¢> = m?(u*u~). Compilations of branching
fractions of E), 2 and Q, baryon decays are given in
Tables 217, 218, and 219, respectively. Finally, ratios of (ii)
branching fractions of A), E) and Q; baryon decays are

detailed in Tables 220, 221 and 222, respectively.

052008-194

Measurements that are not included in the tables:

In Ref. [1034], LHCb measures angular observables
of the decay A2 — Aptu~, including the lepton-
side, hadron-side and combined forward-backward
asymmetries of the decay in the low recoil re-
gion 15 <m?(¢¢) <20 GeV?/c*.

In Ref. [1035], LHCb performs a search for baryon-
number-violating EY oscillations and set an upper
limit of @ < 0.08 ps~! on the oscillation rate.
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TABLE 214. Branching fractions of charmless Ag decays (part 1).

Parameter [1079] Measurements Average HFLAV
B(AY - pK°z™) LHCb [973] 12.4 £2.0 + 3.6 124442
B(AY — pK°K~) LHCb [973] <3.5° <35
e LHCb [963] d 45103
0 4.68 +£0.44 + 0. -0.8
B(A}, — pr™) CDF [960[° 68 +0 0.95
CDF [960] 54+1.1

B(A) - pK~)* LHCb [963]' 63+1240.8

ag
B(AY = A%tu-) LHCb [1025] 0.955 +0.186 £ 0.249

L9

CDF [1026] 1.520 & 0.366 + 0.387¢
+0.027
B(AY) = pautu”) LHCb [1027]" 0.069Z9.023
.. 0.3]+0.08
B(A) - pK~ete) LHCDb [1028]  0.3115004 109811 008
y 266T0:052
B(A) - pK—utu™) LHCb [1028] 0.266 £ 0.01375050" 0-266_9.041
"Multiple systematic uncertainties are added in quadrature.
°Using B(B® — K°z"z™).
“The PDG average is a result of a fit including input from other measurements.
dyr..: 0 —
Using B(A) — pK™).
:Measurement of (B(A) = pa~)/B(B® — K*x7))(fe/fa) used in our fit.
Measurement of B(A) — pz~)/B(A) - pK~) used in our fit.
Using B(A) — J/wAY).
"Measurement of B(A) — pa~utu~)/(B(AY = J/wpa~)B(J/y — uu~)) used in our fit.
‘measured in the m2. ,_ bin [0.1,6.0] GeV?/c* and for m,x < 2.6 GeV/c?.
Using B(A) - J/wpK~).
TABLE 215. Branching fractions of charmless Ag decays (part 2).
Parameter [1079] Measurements Average HFLAV
B(AY — A%) LHCb [1029]* 6.9+ 1.5
9'2-%—7‘2
B(AY — A%) LHCb [965]  9.23171% +0.40° 33
B(AY = A%) LHCb [965]  <3.05 <3.1
+2.0
B(A? > A%+ 77) LHCb [1030]° 47005
+13
B(AY - A°K 1) LHCb [1030]° 37015
+24
B(A) — A%K*K") LHCb [1030]° 16.15;
+2.9
B(AY — A%(1020)) LHCb [987]' 101555
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TABLE 215. (Continued)

Parameter [1079] Measurements Average HFLAV
; +24
B(A) = prtza”) LHCb [1031]8™ 211734
. +0.66
B(AY - pK~K*n) LHCb [1031]" 406 061
+5.6
B(AY - pK~z*n") LHCb [1031]"* 20353
415
B(A) - pK~K*K~) LHCb [10317" 12.67,%
!
“Measurement of (B(AY — A%)/B(B® — K*(892)°)) fi? used in our fit.
*Using B(B® - /'K"). !
‘Measurement of B(AY) - Az z7)/(B(A) - Afz~)B(AF - A°z™)) used in our fit.
‘Measurement of B(Ag - A°K*77)/(B(A) = Afa~)B(AF = A°z")) used in our fit.
*Measurement of B(A, = A°KTK™)/(B(A) = Afa~)B(Af = A%z")) used in our fit.
‘Measurement of (B(A) — A%(1020))/B(B® — $(1020)K°))(fo/f4)2 used in our fit.
£Vetoes on charm and charmonium resonances are applied. '
?‘Multiple systematic uncertainties are added in quadrature.
'Measurement of B(AY — prta=z7)/(B(A) - Afz")B(Af —» pK~n")) used in our fit.
‘Measurement of B(Alb - pK_K+7T_)/(B(A§ — Afz7)B(Af — pK~—x)) used in our fit.
“Measurement of B(Ad’ — pK ntn7)/(B(A) - Afz7)B(Af — pK~z")) used in our fit.
"Measurement of B(AY — pK~K*K~)/(B(A) — Afz")B(A; — pK~z")) used in our fit.
TABLE 216. Partial branching fractions of A) — Au"u~ decays in intervals of mlzﬁu_.
Parameter [1077] Measurements Average HFLAV
mﬁ,ﬂ_ <2.0 GeV?/c*
+0.24
LHCb [1032]  0.7202 +0.14 07 403
CDF [1026] 0.15£2.01 £0.05
2.0< mfm_ < 4.3 GeV?/c*
LHCb [1032]  0.2537027¢ +0.046 0.3+03
CDF [1026] 1.84 £ 1.66 £ 0.59 02
43 < miW_ < 8.68 GeV?/c*
LHCb [1025] 0.66 £ 0.72 £ 0.16 05407
CDF [1026] —0.20 £ 1.64 £ 0.08 ’ ’
10.09 < mi‘”_ < 12.86 GeV?/c*
+0.42
LHCb [1032]  2.087042 4 0.42 0106
CDF [1026] 297 +£1.47+£0.95
14.18 < mi+ﬂ, < 16.00 GeV?/c*
LHCb [1032]  2.041035 4+ 0.42 1.7+ 0.4
CDF [1026] 0.96 +£0.73 £ 0.31
mﬁvr > 16.00 GeV?/c*
CDF [1026] 6.97 £1.88 £2.23 7.0+29
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TABLE 217. Branching fractions of charmless Eg decays.

Parameter [107°] Measurements Average HFLAV
f=0 _ a <1.5
L B(E) - pROr) LHCb [973] <15
/s _ <0.99
T B(E) - pKOK-) LHCb [973] <L.0*
ff' % B(E) » Arta) LHCb [1030] <17 <17
T
f=
f_o B(E) — AK~ ) LHCb [1030] <0.8 <0.8
; % B(=) » AKTK-) LHCb [1030] <03 <03
Ay
£ b. 191594
f_‘; B(E) - pK-n*n) LHCb [1031]>¢ 0.38
+0.33
‘ff.if{z;(ag - pK~K~n*) LHCb [1031] 1720050
A
= b,e
%B(Eg - pKYK K") LHCb [1031] 0.18 £0.10
JA
b

*Using B(B® — K%z z7).
Multiple systematic uncertainties are added in quadrature.

f:'(]
‘Measurement of 2 B(E) — pK~z"2")/(B(A}) - Afz")B(Af — pK~z")) used in our fit.
Tyo

f=0
Measurement of f%B(E(b) - pK=K=7n")/(B(A) - Afn7)B(Af —» pK~n")) used in our fit.
b

S0
“Measurement of f;gB(Eg - pKTK=K™)/(B(A) > Afz)B(Af - pK~z")) used in our fit.
.'\h

TABLE 218. Relative branching fractions of charmless Z; decays.

Parameter [1072] Measurements Average
Tz, BE~pKK") LHCb [1033]  0.2650 + 0.0350 + 0.0470 0.265 4 0.059
f. BB KK K)

5, BE—pra) LHCb [1033]  <0.1470 <0.15

fu BB =K"KK)

=, BE-pKT) LHCb [1033]  0.2590 + 0.0640 + 0.0490 0.259 + 0.081
7. BB -K'KK)

B(E; —»prnn7)

A LHCb [1033] <56 <56
BE,»pK7) LHCDb [1033] 98 +27+9 08 + 28
B(E,-pK K°)

TABLE 219. Branching fractions of charmless Q; decays.

Parameter [10~%] Measurements Average
ff_l x B(Q; — pKK~) LHCb [1033]  <0.59" <0.59
f;;; x B(Q; — pK~17) LHCb [1033]  <1.68" <17
’;i x B(Qy — prx7) LHCb [1033] <3.59% <3.6

*Using B(BT - KTKTK™).
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TABLE 220. Relative branching fractions of charmless Ag decays.

Parameter Measurements Average
BAy—pr) LHCb [963] 0.86 + 0.08 £ 0.05 0.86 & 0.09
B(Aﬂ—»p[(_)
0 0
% LHCb [965] 0.14279340 0.1410 04
Iy BAY—pr) CDF [960] 0.042 + 0.007 + 0.006 0.042 + 0.009
fa B(B°=K*z™)
75 BAY=pK-) CDF [960] 0.066 + 0.009 + 0.008 0.066 + 0.012
fa B(B°=K*77)
75 BAY=Ag) LHCb [987] 0.5540.11 £ 0.04 0.55+0.12
T4 B(B"=K3p)
B(A)—pa—y'tu”) LHCb [1027]  0.044 £ 0.012 4 0.007 0.044 £0.014
B(A)—J [y pn™)xB(J [y—u*p~)
B(Aj=A'zta”) LHCb [1030]  0.073 £0.019 &+ 0.022 0.073 £ 0.029
B(A)=A] 77 )xB(A; —>A'z")
-~ BAQ‘;j)A"B';{)AO - LHCb [1030]  0.089 + 0.012 + 0.013 0.089 + 0.018
N )X c NI
B(Aj—=AK*K™) LHCD [1030]  0.253 £0.019 +0.019 0.253 £0.027

B(A) Al n)xB(A; —>Ax")
B(A2—>p7fﬂ+ﬂ’)
B(A)~A; 77 )xB(Af —pK-nt)

LHCb [1031]

0.0685 £ 0.0019 + 0.0033"

0.0685 £ 0.0038

B(i\ﬁ—’l"(’”’”’> LHCb [1031] 0.164 4 0.003 & 0.007* 0.164 £ 0.008
B(A)=A; 7 )xB(A; —>pK=x)
B(A,—»pK"K*x7) LHCb [1031]  0.0132 4 0.0009 + 0.0013" 0.0132 + 0.0016

B(A)>Af = )xB(Af —pK~xz")
B(A)—pK~K*K")
B(A)>A] 7z )xB(Af —pK-nt)

LHCb [1031]

0.0411 £ 0.0012 + 0.0020"

0.0411 £ 0.0023

% LHCb [973]  0.25+0.04 £0.07* 0.25+0.08
% LHCb [973]  <0.07 <0.07
- '
% LHCb [1025]  0.00154 + 0.00030 = 0.00020° 0.00154 =+ 0.00036
A
*Multiple systematic uncertainties are added in quadrature.
TABLE 221. Relative branching fractions of charmless Eg decays.
Parameter [1072] Measurements Average
Z_" y §<32+pﬁn*>) LHCb [973] <3 <3.0
d B"-»K’n"n™
T5) | BE=pKK) LHCb [973] <2 <20
fa 7 B(B°-K’ztn)
f_i? > B(E)~pK K'K") LHCb [1031] 0.057 £ 0.028 + 0.013* 0.057 £ 0.031
f,\g B(A)—A; 77 )xB(A; —»pK-nt)
% « BE)~pK n'x) LHCb [1031] 0.62 + 0.08 + 0.08" 0.62 £ 0.11
ng B(Ag—)AIﬂ_)XB(A:—n)K_II+)
5 > B(E)~pK = K") LHCb [1031] 0.56 & 0.06 + 0.06" 0.560 + 0.088
f,\? B(A)—A7 77 )xB(A; —>pK-nt)
"Multiple systematic uncertainties are added in quadrature.
TABLE 222. Relative branching fractions of charmless Q; decays.
Parameter [1073] Measurements Average
ﬁi% LHCb [1033]  <0.180 <0.18
f;l; % LHCb [1033]  <1.090 <1.1
Joy BQ—pKa) LHCb [1033]  <0.510 <0.51
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HFLAV

2021 |
B(A3~pK~K*K~) 1 |

B(N3-pK=K*n~) o
B(AJ-»pK~-n*n—)
B(\§~prntn—n~)
BIN~AK*+K ™) 1
BIAN-AK*+ )
B(A\J-»Aitn—)
BNB-+pK°K ~) 14—

B(AJ»pK°n—) 1

B(A§~A°$(1020)) ——
B(AB>A°n) 1
BN~ 14—
B(N3~pr—p* =)
BA-A%u*p-) 1
BA~A%) | e
B(N§-pK~) 1 na)
B(AB-pr~) 1 na]

0 1 2 3 4 5

FIG. 72. Branching fractions of charmless A decays.

D. Decays of B! mesons

Tables 223-226 and 227,228 detail branching fractions
and relative branching fractions of BY meson decays,
respectively. Figures 73 and 74 show graphic representa-
tions of a selection of results given in this section.

Measurements that are not included in the tables (the
definitions of observables can be found in the correspond-
ing experimental papers):

(i) In Ref. [1053], LHCb reports the differential B —
¢utu~ branching fraction in bins of m?(u*u~).
(i) In Ref. [1060], LHCb performs an angular analysis
of B® — ¢u*u~ decays and reports the differential
branching fractions, F;, S5, S4, S7, As, Ag, Ag and
Ay in bins of m?(u*p~).
(iii) In Ref. [1061], LHCb reports the photon polariza-
tion in BY — ¢y decays.

TABLE 223. Branching fractions of charmless BY decays (part 1).

Parameter [107°] Measurements Average HFLAV
CDF [961]* 0707011
0 N 20.10
B(B; = 77n) LHCb [964]"
B(BQ - 71'071'0) L3 [1036] <210 <210
B(B — pa0) L3 [1036] <1000 <1000
B(B? — ) L3 [1036] <1500 <1500
B(BY — p°(770)p°(770)) SLD [1037] <320 <320
B(BY = n'y) LHCbD [893] 3244+62+3.0° 2+7
B(B(s) - 11/45(1020)) LHCb [1038] <0.82 <0.82
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TABLE 223. (Continued)

HFLAV

Parameter [107°] Measurements Average

B(B? — ¢(1020)£,(980)) x B(f,(980) —» z*z")

LHCb [1001] 1.124+0.16 £ 0.14° 1.12 £ 0.21
B(BY = £,(1270)¢(1020)) x B(f,(1270) —» z*z")
+0.19
LHCb [1001]  0.61 +0.137033¢ 061015
B(BY — ¢(1020)p°(770)) LHCb [1001] 0.27 +0.07 £ 0.03° 0.27 £0.08
B(BY - ¢(1020)z"z~) LHCb [1001] 3.48 4+ 0.23 £ 0.39%¢ 3.48 £0.45
LHCb [992] 18.6 £ 0.5+ 1.6
0 .
B(BY - ¢(1020)¢(1020)) CDF [1039] 191 +15+25" 187+ 1.5
_ LHCb [963] 59+£0.7£0.6
0 +
B(B; ~ Kx7) CDF [960] 57410405 >38£07
LHCb [963] 252+18+24
B(B - K*K-) CDF [962] ~ 27.6+24+26 267+£22
Belle [1040] 3870 +7°
_ LHCb [988] 16.7 +£2.9 £2.1°¢ 17.4 £3.1
0 0 20
B(B; = K°KT) Belle [1041] 19,6758 +22°
“Measurement of (B(B? — ztz~)/B(B® — K*z7)) % used in our fit.
*Using B(Bt — /K ™"). o
“Multiple systematic uncertainties are added in quadrature.
400 < M(zt7~) < 1600 MeV /c2.
°Using B(B° — ¢(1020)K*(892)°).
Using B(B? — J/y(1020)).
¢Using B(B? — ¢(1020)K?).
TABLE 224. Branching fractions of charmless B decays (part 2).
Parameter [107¢] Measurements Average HFLAV
B(B? - Kz xn™) LHCb [975] 9.50 + 1.34 £ 1.67" 95+21
B(B? - K'K*n~ +c.c.) LHCb [975] 84.5+ 3.5 +8.0° 8a.5+87
B(B? — K*(892)~z™") LHCb [977] 2.93+0.98 +0.41 29+ 1.1
B(BY - K*(892)*K~ +c.c.) LHCb [1042] 18.6 + 1.2 + 4.5 18.6 £4.7
B(BY — Kj(1430)* K~ + c.c.) LHCb [1042] 313 +2.3 +253% 31+25
B(BY — K5(1430)* K~ + c.c.) LHCb [1042] 103 +2.5 4+ 16.4%¢ 10+ 17
B(BY —» K*(892)°K° +c.c.) LHCb [1042]  19.8 +2.8 & 5.0° 19.8 +£5.7
B(BY - Kj(1430)°K° + c.c.) LHCb [1042]  33.0 £2.5 +9.8° 33+10
B(BY - K5(1430)°K° + c.c.) LHCb [1042] 16.8 + 4.5 +£21.3%¢ 17 £22
B(BY - K3K*(892)°) LHCb [974] 16.7 +3.5 +2.3% 16:7+42
B(B? - K'KTK™) LHCb [975] 1.29 £+ 0.55 + 0.36" 129+ 0.66
B(B? — K*(892)°p°(770)) SLD [1037] <767 <767
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TABLE 224. (Continued)

Parameter [107] Measurements Average HFLAV
B(BY — K*(892)°K*(892)°) LHCb [993] 1124224+ 1.5 H2£27
B(BY - $(1020)K*(892)°) LHCb [991] 1144024 +£0.17% 1.14 +0.30
B(B° = pp) LHCb [1018]  <0.015 <0.015
B(BY - ppK*K") LHCb [1020] 4.2+ 0.3 £ 0.4° 42405
B(BY - ppK*7~) LHCb [1020] 1.3 +0.2+0.2¢ 1303
B(BY - pprtn) LHCb [1020]  <0.66 <066
B(BY — pA°K~ + c.c.) LHCb [1043]  5.46 4+ 0.61 = 0.82° 55+1.0

*Using B(B® — K%z+z™).

°Using B(B" — K*(892)*z").

‘Result extracted from Dalitz plot analysis of B - K$K "z~ decays.

Multiple systematic uncertainties are added in quadrature.

*Using B(B" - K%zt z7).

‘Using B(B® — ¢(1020)K*(892)°).
TABLE 225. Branching fractions of charmless BY decays (part 3).
Parameter [107°] Measurements Average MFLAV
B(BY = yy) Belle [1044] <3.1 <3.1

LHCb [1045] 339+1.7+£3.1° 341+£32
0

B(B: = $(1020)7) Belle [1044] 360 +£50+£7.0

BB — ptpm)°

ATLAS [1046]
LHCb [1047]

0.00280:0008
0.0030 = 0.0006.+0:0093

0.00295 £ 0.00041

CMS [108] 0.0029 + 0.0007 + 0.0002
CDF [1048] 0.01375007
_ LHCb [1049] <0.0094
0 +
B(BY - eTe) CDF [1050] <028 <0.0094
B(BY > t+¢7)° LHCb [1051] <5200.0 <5200
B(BY = iyt ) LHCb [1052] <0.0025° <0.0025
LHCb [1053] 0.859 =+ 0.023 £ 0.061"¢ 0.865 + 0.065
0 +,-)¢
B(By = ¢(1020)u7u7) CDF [1026] 121402040112
B(BY - K*(892)%ut ) LHCb [1054] 0.029 £ 0.010 & 0.004" 0.029 £ 0.011
B(BY — ztn ) LHCb [1007]" 0.084 +0.016
B(B? — $(1020)u) DELPHI [978] <5400 <5400
B LHCb [1055] <0.0054
0 +
B(B} - ey~ +c.c.) CDF [1050] 02 <0.0054
B(BY >ty +c.c.) LHCb [1056] <34.0 <34
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TABLE 225. (Continued)

Parameter [107°] Measurements Average LAV
B(B? — i'n) Belle [1057] <65 <65
0.166 £+ 0.025

B(BY - f}(1525)u* ") LHCb [1053] 0.166 =+ 0.020 + 0.015"

*Using B(B® — K*(892)%).

The ATLAS measurement is correlated with B(B® — u*p~). This correlation is not taken into account in our
average. For more information see Ref. [1058].

‘PDG shows the result obtained at 95% CL

At CL = 95%.

“The PDG uncertainty includes a scale factor.

fMultiple systematic uncertainties are added in quadrature.

$Using B(BY — J/w¢(1020)).

"Muon pairs do not originate from resonances and 0.5 < m,+,- < 1.3 GeV/c>.

‘Measurement of B(BY — atz~utu~)/(B(B® = J/wK*(892)°)B(J /y — ptu~)B(K*(892)° - Kx)2/3) used
in our fit.

TABLE 226. Branching fractions of charmless BY decays (part 4).

Parameter [107°] Measurements Average HFLAV

B(BY - 7y) Belle [1044] <3.1 <3.1
LHCb [1045] 3394 1.7+3.1° 341432

0

B(Bs —~ $(1020)y) Belle [1044] 36.0+ 5.0+ 7.0
ATLAS [1046]  0.00280:5%%8

B(BY — yrtu- ) LHCb [1047] 0.0030 + 0.0006 500 0.00295 + 0.00041
CMS [108] 0.0029 + 0.0007 + 0.0002
CDF [1048] 0.0138¢7

_ LHCb [1049] <0.0094

B(BY > e*e”) CDF [1050] <0.28 <0.0094

B(BY -t ) LHCb [1051]  <5200.0 <5200

B(BY — ptuuty) LHCb [1052] <0.0025¢ <0.0025

B(BY — $(1020)*u")"

LHCb [1053]
CDF [1026]

0.859 4+ 0.023 & 0.061%"
1214020 +0.11"

08655064

B(BY — K*(892)%u*u~) LHCb [1054]  0.029 + 0.010 + 0.0042 0.029 + 0.011
B(BY — n*nu* ) LHCb [1007]" 0.084+0.016
B(BY — ¢(1020)0) DELPHI [978] <5400 <5400
oo v O m
B(BY — vty +c.c.)’ LHCb [1056]  <34.0 <34

B(BY = 'n) Belle [1057] <65 <65
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TABLE 226. (Continued)

Parameter [107] Measurements Average MFLAV

01661505

B(BY > £,(1525)u* ") LHCb [1053]  0.166 % 0.020 + 0.015%"

“Using B(B® — K*(892)%).

"The ATLAS measurement is correlated with B(B® — y*u~). This correlation is not taken into account in our
average. For more information see Ref. [1058].

‘PDG shows the result obtained at 95% CL

‘At CL = 95%.

“The PDG uncertainty includes a scale factor.

"Treatment of charmonium intermediate components differs between the results.

EMultiple systematic uncertainties are added in quadrature.

"Using B(BY — J/w$(1020)).

0.5 <my,- < 1.3 GeV/c2.

‘Measurement of B(B? — ztz~u*u™)/(B(B® — J/wK*(892))B(J/y — utpu~)B(K*(892)° — Kx)2/3) used
in our fit.

TABLE 227. Relative branching fractions of charmless B? decays (part 1).

Parameter [1072] Measurements Average
- LHCb [964] 0.915 £ 0.071 4 0.083
o BBY=r77)
Ti BB =K n) CDF [961] 0.84+02+0.1 0.893 40098
0 st~ . .
;_% LHCb [963] 50005 £0.4 50115
B(BI—$(1020)$(1020))a CDF [1039] 1.78 £ 0.14 £+ 0.20 1.78 £ 0.24
B(BY=J /w$(1020))
B(BY—¢(1020)¢(1020)) LHCb [992] 184 +5+13° 184 + 14
B(B°—$(1020)K*(892)?)
B LHCDb [963] 74+0.6+0.6
£, BBY=K*z™)
TiBBE—K ) CDF [960] 71+1.04+07 7:30£0.70
F BBI~K K LHCb [963] 3164+ 09+ 1.9 1.7 417
74 BBI=K 7)) CDF [962] 3474+2.0+2.1
B(Bi=K'x"2") LHCb [975] 19.1 +£2.7+3.3° 19.1+43
B(B'>K'z'x )
B(BY=K°K 'z +cc.) LHCb [975] 170 +7 £ 15° 170 + 16
B(B°>Kz" )
B(BI~K°K*K") LHCb [975] <5.1 <5.1
B(B'=K'z" ")
B(Bi~K*(892)"x") LHCb [977] 39+ 13+£5 39+ 14
B(B'=K*(892)*z")
B(BY—K"(892)°K" (892)") LHCb [993] 111422413 111 +£26
B(B*—$(1020)K*(892))
B(BY—¢(1020)K"(892)) LHCb [991] 113+24+16 11.3£29
B(B—¢(1020)K*(892)%)
b
BB (10204 )c LHCb [1053]  0.0800 4 0.0021 + 0.0016
BB [y (1020) CDF [1026]  0.113+0.019 +0.007 0.0806 +0.0026

*The PDG average is a result of a fit including input from other measurements.
I?Multiple systematic uncertainties are added in quadrature.
“The PDG uncertainty includes a scale factor.
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TABLE 228. Relative branching fractions of charmless B? decays (part 2).
Parameter [1072] Measurements Average
B(BY—~ppK*x) LHCb [1020] 22 +442° 245
B(B°—>ppK*r~)
B(By—ppK'n) LHCDb [1020] 31+5+2 31+5
B(BY—»ppK"K~)

BBI~K*(892) % p) LHCb [1054] 1.44+0.4+0.1° 14+04
B(BY—=J/yK*(892)°)xB(J /y—u 1)
B(BI—~K"(892)0u ") LHCb [1054] 33 +1.1+04" 3.3+12
B(B°—K*(892)u* ™)
B(BS—¢(1020)¢/(1020)¢)(1020)) LHCb [1059] 11.74+3.0+1.5 11.7+3.4

B(B?—>¢(1020)¢(1020))

_ B(BY—K'K?) LHCb [988] 230 + 40 £ 22° 230 + 46
B(B"=¢(1020)K")
B(BY—~ KK (892)") LHCb [974] 334+ 7 +4° 33+8

B(B" =K%z n")

B(BY—f5(1525)u* ™)
B(BY—J /w$(1020))

LHCb [1053]

0.0155 £ 0.0019 + 0.0008"

0.0155 £ 0.0021

BBY—ratzutu)

LHCb [1007]

B(B'=J JyK)xB(J Jy—u* " )xB(K'>K*7™)

0.167 £ 0.029 & 0.013°

0.167 £0.032

*Multiple systematic uncertainties are added in quadrature.
Muon pairs do not originate from resonances and 0.5 < m,+ ,- < 1.3 GeV/c?.

HFLAV
L2021 |

B(B2»e*e~)

B(B-u*u~)

B(Bl-»T*T™)
B(BY~e*u~+c.c.)
BB-utu-ptu~)
BB-n*n-utuT)

B(B2-¢(1020)u*u~)

B(BY-K"(892)%u* ") |

FIG. 73. Branching fractions of charmless leptonic BY decays.
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HFLAV
2021 |

B(B2-pp)

B(B2-ppntn-)

B(BY-ppK *1~) |

BBY-ppK*K ™)

B(B2-pA°K~+c.c.)

3 3

B(B2-¢$(1020)K* (892)°)

B(B2-K *(892)°K* (892)°)

B(BY-KIK*(892)%+c. c.)

B(B2-K°KO)

B(B2-K*(892)~n*)

B(B2-K*(892)*K~ +c.c.)

B(B2-KK*+K )
B(B2-K%K*n~ +c.c.)

B(B2-K%n+n—)

B(B2-¢(1020)¢(1020))

BBY-n*n-)

3

B(B2-K nt)

3

B(BY-KORO)

B(BO-K*+K~)

3

B(B2-yy) 1¢

B(B2-¢(1020)y)

i =

B(B2-n'n’)

B(B2-¢(1020)n*n~)

3

B(B2-¢(1020)fp(980)) x B(fp(980)-»n*n~)

B(B2-,(1270)$(1020)) x B(f,(1270)-»n*n ")

B(B2-¢(1020)p°(770))

108

107

10-6

10-5

FIG. 74. Branching fractions of charmless nonleptonic BY decays.
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TABLE 229. Branching fractions and relative branching fractions of B decays.

Parameter Measurements Average
B(B} — pprﬁ) x 4= [1078] LHCb [1062]  <2.8" <28
B(B>—>1<+K“)

W [10 2] LHCb [885] <5.8 <5.8
B(Bf — K+K°) [1074] LHCb [885] <4.6 <4.6
B(Bf - KtK n") x f [1077] LHCb [853] <1.50° <15
B(Bf — Bix") x 4 10 3 LHCb [861] 2.37 +£0.3150%% 2.37 +£0.36

Measured in the region m(pp) < 2.85 GeV/c?, pr(B) <20 GeV/c and 2.0 < y(B) < 4.5.

"Derived from the ratio in the previous entry usmg B'(B+ - Kz +)

X w = and f. =
23.97 £0.53 £ 0.71) x 1076, 0.33 and 0.001.

Measured in the annihilation region mg-,+ < 1.834 GeV/c?, and in the fiducial region p;(B) <20 GeV/c and 2.0 < y(B) < 4.5

In the pseudorapidity range 2 < 5(B) < 5.
“Multiple systematic uncertainties are added in quadrature.

E. Decays of B} mesons

final state [1150]. Belle measures F; and Apg in
6 m*(£+¢7) [1089].

Table 229 details branching fractions and ratios of (iii) For the B — K*¢~¢" analyses, partial branching

branching fractions of B} meson decays to charmless
hadronic final states.

F. Rare decays of B” and B* mesons with
photons and/or leptons

This section reports different observables for radiative
decays, lepton-flavor/number-violating (LFV/LNV) decays
and flavor-changing-neutral-current (FCNC) decays with
leptons of BY and B* mesons. In all decays listed in this
section, charmonium intermediate states are vetoed.
Tables 230-232, 233-236 and 237-239 provide compila-
tions of branching fractions of radiative and FCNC decays
with leptons of B* mesons, B mesons and their admixture,
respectively. Tables 236 and 239 also include LFV/LNV
decays. Tables 240 and 241 contain branching fractions of
leptonic and radiative-leptonic B and B° decays. These
are followed by Tables 242 and 243, which give relative
branching fractions of B™ and B decays, then Table 244,
which gives a compilation of inclusive decays. In the
modes listed in Table 244, the radiated particle is a gluon,
which is an exception in this section. Table 245 contains
isospin asymmetry measurements. Finally, Tables 246 to
247 and 248 provide compilations of branching fractions of
B* and B° mesons to lepton-flavor/number-violating final
states, respectively. Figures 75-80 show graphic represen-
tations of a selection of results given in this section.

Measurements that are not included in the tables (the
definitions of observables can be found in the correspond-
ing experimental papers):

fractions and angular observables in bins of
m?(£+¢7) are also available:
B® — K*0¢=e™: LHCb reports F;, A7), Alm ARe in
the [0.0008,0.257) GeV?/c* bin of m*(£+¢7)
putting constraints on the B — K*%y photon polari-
zation [1151]. In Ref. [1152], LHCDb determines the
branching fraction in the dilepton mass region
[0.0009, 1.0] GeV?/c*.
B —» K*¢~¢": Belle measures F;, Apg, isospin
asymmetry in 6 m?(£*¢~) bins [1089] and P}, P%,
P,, Py in 4m*(¢*¢7) bins [1153]. In a
more recent paper [1154], they report measure-
ments of P, and P%, separately for ¢ = u or e, in
m?(£+¢7) bins and in the region [1,6] GeV2/c*.
The measurements use both B® and B* decays.
They also measure the LFU observables
Q; = P! — P¢, for i =4, 5. BABAR reports Fy,
Agg, P, in 5 m*(¢£7¢7) bins [1155].
B® — K*%u~p*: LHCb measures F, Apg, S5 — So,
A3—Ag, P|—Ps3, P,,— P} in 8m*(£¢~) bins [1156].
An updated measurement of the CP-averaged
observables is presented in Ref. [1157]. CMS mea-
sures F;, and Apg in 7 m*(¢£*¢7) bins [1158], as
well as Py, P5 [1159]. ATLAS measures F;, S345.78
and P ;54 in 6 m*(£7¢") bins [1160].
Bt — K**u~put: LHCD reports the full set of CP-
averaged angular observables in 8 m?(£¢~) bins
[1161]. CMS measures F; and Agg in 3 m?(£¢7)
bins [1162].

(i) In Ref. [1149], LHCb reports the up-down asym- (iv) B—X,£~¢* (where X, is a hadronic system with an

metries in bins of the Kzzxy mass of the BT —
K*n~nTy decay.

s quark): Belle measures Apg in bins of m?(£+¢7)
with a sum of 10 exclusive final states [1163].

(ii) For the B — K#~¢* channel, LHCb measures Fj (v) B - Ktn~ptu~, with 1330 < m(K*7z7)<

and Agg in 17 (5) bins of m?(£+¢~) for the K* (K$)

052008-206
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(vi)

(vii)

TABLE 230. Branching fractions of charmless radiative and FCNC decays with leptons of BT mesons

(part 1).
Parameter [107] Measurements Average HFLAV
Belle [1063] 3764+ 1.0+ 1.2
B(B* — K*(892)*y)" BABAR [1064] 422+ 14+£16 392412
CLEO [1065] 376187 £2.8
BABAR [404] 44,1763 £ 58° 43.81790
+ + —44 -6.3
B(B™ = K,(1270)"7) Belle [1066] 43.0+9.0+9.0°
BABAR [408] 774+ 1.0+ 0.4 7.89 +0.92
+ +
B(BT = nK™y) Belle [1067] 844 1.5%12
Belle [1068] 36+12404 29410
+ ! R+
B(B™ = K*y) BABAR [1069]  1.9*15 +0.1°
. Belle [410] 2.48 +0.30 & 0.24 2.71 +0.34
+ +
B(B™ — $(1020)K"y) BABAR [1070]  3.5+£0.6 4 0.4
_ BABAR [404] 245+09+12" 246+ 1.3
+ + =t
B(B™ » K'z"xy) Belle [1066] 25.0 + 1.8 +2.2°
BABAR [404] 23.4 +0.9108" 233412
+ * 0+ -0.7.
B(B™ — K*(892)°x"7) Belle [1071] 20.0770 +2.0'
BABAR [404] 82+04408"
+ +,0 ;
B(B+ = K*+p°(770)y) Belle [1071] 50,0 82409
B(B* - (Kn)i’z*y) x B(Kn)® - K*n)’
BABAR [404]  10.3707+1sh 10.3%7
_ BABAR [404] 99 +0. 7HIShk
BT - Ktz zty(NR 19 17
BB — K*z~x"y(NR)) Belle [1071] <9.0! 99220

The PDG uncertainty includes a scale factor.

Multlple systematic uncertainties are added in quadrature.

‘1 <MK,,,, <2 GeV/c
40 < 3.25 GeV 2/
MKW <2.4 GeV/cl.
MKW <34 GeV/c
M <3.0 GeV/c?,
"Miger < 1.8 GeV/c2.
My, <24 GeV/c2.

JThls corresponds to the (Kr) S-wave obtained with LASS parametrization [338].

M, < 1.6 GeV /¢

'1.25 < Mg, < 1.6 GeV/c? and M, < 2.4 GeV/c2.

branching fraction in bins of m?(u*p~) in the
range [0.1,8.0] GeV?/c*, and reports angular mo-
ments [1164].

In Ref. [1165], LHCb measures the phase difference
between the short- and long-distance contributions
to the BT - Ktu"u~ decay. The measurement is
based on the analysis of the dimuon mass distribu-
tion in the regions of the J/y and y(2S) resonances
and far from their poles, to probe long and short
distance effects, respectively.

In Ref. [1166], CMS performs the study of the
angular distribution of the B™ — K™pu"u~ channel
and measures, in 7 m*(u*pu~) bins, Apg and the

(viii)

(ix)

052008-207

contribution Fy from the pseudoscalar, scalar and
tensor amplitudes to the decay.

In Ref. [1167], LHCb performs a search for a
hidden-sector boson y decaying into two muons
in B® - K*%u*u~ decays. Results are given as
function of mass and lifetime in the range 214 <
m(y) <4350 MeV/c? and 0 < z(y) < 1000 ps.

In Ref. [1168], LHCb performs a search for a
hypothetical new scalar particle y, assumed to have
anarrow width, through the decay Bt — K™ y(u"p™)
in the ranges of mass 250 < m(y) < 4700 MeV/c?
and lifetime 0.1 < z(y) < 1000 ps. Upper limits are
given as a function of m(y) and z(y).
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TABLE 231. Branching fractions of charmless radiative and FCNC decays with leptons of BT mesons

(part 2).
Parameter [107] Measurements Average HELAV
B(B* — Kzt n0%) BABAR [1072] 45.6 £424+3.1° 456 +5.2
BABAR [404] 9 7+46+2.9ab
+ + —29-24 154
B(BT ~ K,(1400)"7) Belle [1066] <150 9.7533
B(BT — K*(1410)*y) BABAR [404] 27.13»&35?3»*) 27'@3?
1.32+0426
B(Bt — K;(1430)°z"y) BABAR [404] 1'32f8'-?3f8:323ﬂ,b -031

BABAR [1073] 145£40£15

+ * +

B(B* — K3(1430)*y) BABAR [404] 87170187 ub 13.8+ 4.0

B(B* > K*(1680)*y) BABAR [404] 667193 Hl44ub 67717

B(Bt — K5(1780)*y) Belle [1067] <9.7 <9.7

B(B* — K;(2045)ty) ARGUS [1074] <9900 <9900
Belle [1075] 0.877929 0% 0.98 +0.24

-0.27-0.11

+ +
B(BT = p*(770)7) BABAR [1076] 12404402

B(B* — pA%) Belle [1015] 245704 £0.22 245504
B(Bt - py) Belle [1077] <4.6 <4.6
_ Belle [1078] <0.049
+ + )¢
B(B" - a¢te7) BABAR [1079]  <0.066 <0.049
_ Belle [1078] <0.08
+ + ot o—)C
B(B" —zteteT) BABAR [1079]  <0.125 <0.08
BABAR [1079] <0.055
B(BT — ntutu)* Belle [1078] <0.069 0.0178 £ 0.0023
LHCb [1080]%¢
B(B* - n*u0) Belle [1081] <14.0 14

BABAR [1082] <100.0

My, < 1.8 GeV/c?.

Multiple systematic uncertainties are added in quadrature.

“Treatment of charmonium intermediate components differs between the results.

LHCDb also reports the branching fraction in bins of ms. ..

‘Measurement of B(B* — ztutp™)/(B(BT - J/wK")B(J/w — p*u~)) used in our fit.
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TABLE 232. Branching fractions of charmless radiative and FCNC decays with leptons of BT mesons

(part 3).

Parameter [107] Measurements Average HFLAV
LHCb [1083] 0.429 £ 0.007 £ 0.021° 0.463 £ 0.019

B(Bt = Kt¢+e) Belle [1084] 0.5997305 £0.014 p = 3.3%0
BABAR [1085]  0.47610:%% £ 0.022

—+0.064

B(B* — Kte'e ) Belle [1084] 0'5756%’“ +£0.015 0.561 + 0.056
BABAR [1085]  0.517012 +0.02
LHCb [1083] 0.429 + 0.007 £ 0.021

B(B* — K*tptu~)™* Belle [1084] 0.62410955 1 0,016 0.450 £+ 0.021
BABAR [1085]  0.41%1¢ +0.02

B(B* - K*tt77) BABAR [1086]  <2250.0 <2250
BABAR [1087]  <16.0

B(B* — K*uD) Belle [1081] <19.0 <16
Belle I [1088]  <41.0

B(B* — p*(770)vD) Belle [1081] <30.0 <30
LHCb [1083] 0.924 + 0.093 £ 0.067

B(BT — K*(892)*£+£7)*" Belle [1089] 1247937 £0.13 1.010 £ 0.099
BABAR [1085]  1.40704° +0.09
BABAR [1085]  1.38%047 4+ 0.08 1.55+£0.33

T X + 4 —\a —-0.42

B(BT — K (892)7e"e”) Belle [1089] 1731020 4+ 0.20
LHCb [1083] 0.924 £ 0.093 £ 0.067

B(B* — K*(892)tutpu~)* Belle [1089] 1117932 £0.10 0.96 + 0.10
BABAR [1085]  1.461072 +0.12
Belle [1090] <40.0

B(B* — K*(892)*v) Belle [1081] <61.0 <40
BABAR [1087]  <64.0

0.434 £0.038

BB - Ktata—utu™)

LHCb [1091]

. d
0.4337700587 + 0.0254

B(BT — ¢(1020)K utu™)

LHCb [1091]

+0.0180+0.0114¢
0'0790—00160 —-0.0072

0.079 5017

B(BY — Apui)

BABAR [1092]

<30.0

<30

*Treatment of charmonium intermediate components differs between the results.

Only muons are used.

“The PDG uncertainty includes a scale factor.

Using B(B* — w(28)K™").
*Using B(B™ — J/w¢(1020)K ™).

052008-209



Y. AMHIS et al.

PHYS. REV. D 107, 052008 (2023)

TABLE 233. Branching fractions of charmless radiative and FCNC decays with leptons of B® mesons

(part 1).

Parameter [107] Measurements Average HFLAV

B(B® — nk®) gﬁﬁ:ﬁ ([;é(;?] ; %é i;’?’ 4 76+ 1.8

BB = 1K) DABIR Lots] <o <64

B(B® = ¢(1020)K°) gj%i\?}%m i;‘;di 0.60+0.32 2.74 4+ 0.68

B(B* — K'n7y) Belle [1071] 4.6115103¢ 46+ 14
Belle [1063] 39.6+0.7+ 1.4

BB ~ K (892)%) CLEO [1068] 45503 £34
LHCb [1045]%, [1029]"

B(B® —» K*(1410)%) Belle [1071] <130.0° <130

B(B® — K*z~y(NR)) Belle [1071] <2.6° <26

B(K*0X(214)) x B(X(214) — p'*u~) .
Belle [1093] <0.0226' <0.023
BABAR [404] 20.5 4 2.072¢

B(B° - K'ztz7y) BABAR [1072]  18.5+2.1 i 1 2J 1994+ 1.8
Belle [1066] 24.0 +4.0+3.0°

B(B® - Ktz %) BABAR [1072] 407 +£22+3.1) 40.7 +3.8

B(B° — K(1270)%) Belle [1066] <58.0 <58

aMKn <3.25 GeV/C

"M Ky <24 GeV/c?

MKW/ <34 GeV/c

M¢K <3.0 GeV/c

e1 25 < Mg, < 1.6 GeV/c%.

"The PDG uncertainty includes a scale factor.

EMeasurement of B(B? — ¢(1020)y)/B(B° — K*(892) v used in our fit.
)°

"Measurement of (B(A) = A° )/B(B0 — K*(892
'X(214) is searched in the mass range [212,300] MeV /¢?
JMK,,,[ < 1.8 GeV/c2.

Kl < Mg,, <2 GeV/c2.

7)) f” used in our fit.

TABLE 234. Branching fractions of charmless radiative and FCNC decays with leptons of B® mesons

(part 2).
Parameter [107] Measurements Average HFLAV
B(B® - K,(1400)%) Belle [1066] <12.0 <12
BABAR [1073]  122+25+1.0
0 * 0
B(B” > K3(1430)°) Belle [1071] 13.0£50% 1.0 124424
B(B° — K3%(1780)°) Belle [1067] <21 <21
Belle [1075] 0.78+0:17+0.09
0 5 0 ~0.16-0.10 0.86 + 0.15
B(B” = p(770)y) BABAR [1076] 097402} +0.06
B(p°X(214)) x B(X(214) — u*u~) Belle [1093] <0.0173* <0.017

052008-210

(Table continued)



AVERAGES OF b-HADRON, ¢-HADRON, AND z- ... PHYS. REV. D 107, 052008 (2023)

TABLE 234. (Continued)

HFLAV

Parameter [107°] Measurements Average

Belle [1075] 0.40717 £0.13 0.44 £0.17
BABAR [1076]  0.507037 & 0.09

B(B" - w(782)y)

a0 g0y B ok
B(B® - pA'zy) Belle [1096] <0.65 <0.65
ey a0
o ey e lom o
00—y a0

“X(2l4) is searched in the mass range [212,300] MeV/c>.
"Treatment of charmonium intermediate components differs between the results.

TABLE 235. Branching fractions of charmless radiative and FCNC decays with leptons of B® mesons

(part 3).
Parameter [107] Measurements Average HFLAV
B(B® = ntte7) BABAR [1079]  <0.064 <0.064
B(B® - nete) BABAR [1079]  <0.108 <0.11
B(B® — nutu~) BABAR [1079] <0.112 <0.11
B(B" > 7%up) Belle [1081] <9.0 <9.0
LHCb [1083] 0.327 + 0.034 £ 0.017°
B(B® = K¢+ ¢7)? Belle [1084] 0.35179059 +0.010 0.328 £ 0.032
BABAR [1085]  0.21703 £0.02
Belle [1084] 0.30610:9% 4 0.008 0.249 £ 0.072
0 0 _+ —\a —0.086
B(B" ~ Kleer) BABAR [1085]  0.08*%13 +0.01
LHCb [1083] 0.327 £ 0.034 £ 0.017
B(B® » Kot yu~)? Belle [1084] 0.394100% 4 0012 0.341 + 0.034
BABAR [1085]  0.497072 +0.03
_ Belle [1081] <26.0
0 0
B(B® > K'vp) BABAR [1087]  <49.0 <26
B(B® — p°(770)vi) Belle [1081] <40.0 <40
Belle [1089] 0.97+%13 4+ 0.07 0.99 +£0.12
0 * 00+ p—\2 —0.11
B(B” — K*(892)°27¢7) BABAR [1085]  1.03*022 +0.07
. Belle [1089] 1.187027 4+ 0.09 1.04 +0.17
0 * 0 4+ ,—\a -0.22
B(B” — K*(892) %" e”) BABAR [1085]  0.86'02¢ £ 0.05
LHCb [1097] 0.9047 3018 + 0.062°
‘ 0.94 +0.06

B(B® — K*(892)°u*u™)"

Belle [1089]
BABAR [1085]

1.067017 £ 0.07
1357942 £ 0.10

*Treatment of charmonium intermediate components differs between the results.

Only muons are used.

“Multiple systematic uncertainties are added in quadrature.
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TABLE 236. Branching fractions of charmless radiative and FCNC decays with leptons of B’ mesons (part 4).

Parameter [107°] Measurements Average HFLAV
B(B® = ztautu) LHCb [1007]*>¢ 0.021 + 0.005
Belle [1081] <18.0
B(B® - K*(892)%up) Belle [1090] <55.0 <18
BABAR [1087] <120.0
B(B® = $(1020)u0) Belle [1090] <127.0 <127
B(B® - 2%ty +c.c.) BABAR [1098] <0.14 <0.14
_ Belle [1084] <0.038
0 0,+
B(B’ - K¢ty +c.c.) BABAR [1099] <027 <0.038
- Belle [1100] <0.16
0 * 0,+
B(B® > K*(892)%"u") BABAR [1099] <0.53 <0.16
_ Belle [1100] <0.12
0 * 0,+
B(B” ~ K*(892)%¢"u") BABAR [1099]  <0.34 <0.12
B Belle [1100] <0.18
0 * 0,+
B(B" —» K*(892)¢"u +c.c.) BABAR [1099] <058 <0.18
B(B® - Afu) BABAR [1101] <14 <14
B(B® > Afe) BABAR [1101] <4.0 <4.0

*The mass windows corresponding to ¢ and charmonium resonances decaying to uu are vetoed.

0.5 < myi,- < 1.3 GeV/c2.

“Measurement of B(B® — zt 7~ utu~)/(B(B® - J/wK*(892))B(J/w — ptu~)B(K*(892)° — Kx)2/3) used

in our fit.

TABLE 237. Branching fractions of charmless radiative, FCNC decays with leptons and LFV/LNV decays of

B*/B° admixture (part 1).

Parameter [107°] Measurements Average HFLAV
B(B — Kny) Belle [1067] 8.5+ 13112 8.511%8
B(B — K,(1400)y) CLEO [1065] <127 <127
B(B — K3(1430)y) CLEO [1065]  16.6739 +1.3 16.610
B(B — K3(1780)y) Belle [1067] <93 <93
Belle [550] 347 £ 15 £ 40°
BABAR [1102]  332+16+31°
Belle [1103] 375+ 18 £35°
B(B — X,y) BABAR [1104] 352 +£20+51° 349£19
CLEO [551] 329 + 44 +29°
BABAR [1105] 390 +91 + 64°
B(B - X,7) BABAR [1106] 92 +2.0+23 9.2+3.0
. Belle [1075] 1.21492 £ 0.12 1.40 £0.22
B(B = py) 034
BABAR [1076]  1.73703 +0.17
Belle [1075] 1.14 £ 0.205019 130 £0.18

B(B — p/wy)

BABAR [1076]

1.637030 £0.16
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TABLE 237. (Continued)

Parameter [107]

Measurements

Average HFLAV

B(B — X,ete™ )

BABAR [1107]
Belle [1108]

+0.82+0.71f
7'69—().77 —-0.60

4.04 £+ 130087

6.67 +0.83

B(B — Xutum)*

Belle [1108]
BABAR [1107]

4.13 £ 105708

+1.31+0.63f
4'41—1.17—050

4.27+£0.95

B(B — X,£+ )b

BABAR [1107]
Belle [1108]

+0.70+4-0.60f
6'73—0.64 —-0.56

4114083708

5.84 £ 0.69

‘Mg, <24 GeV/c?

°Measurement extrapolated to E, > 1.6 GeV using the method from Ref. [1109].

“The PDG uncertainty includes a scale factor.
Belle uses myi,~ > 0.2 GeV/c?, BABAR uses my:,- > 0.1 GeV/c2.

“Treatment of charmonium intermediate components differs between the results.

‘Multiple systematic uncertainties are added in quadrature.

TABLE 238. Branching fractions of charmless radiative, FCNC decays with leptons and LFV/LNV decays of

B*/B® admixture (part 2).

Parameter [107°] Measurements Average HFLAV
_ BABAR [1079]  <0.059
+ a
B(B > zt*¢7) Belle [1078] <0.062 <0.059
B(B = mete) BABAR [1079]  <0.11 <0.11
B(B — autpu~) BABAR [1079] <0.05 <0.05
Belle [1089] 0.487008 +0.03
+ —\a -0.07
B(B ~ Ke'e”) BABAR [1085]  0.388700% 1 0.020 0.44:£0.06
Belle [1089] 1.391923 £ 0.12 1.20+0.16
+ 4+ —\ba -0.20
B(B —~ Kreter) BABAR [1085]  0.997923 1 0.06
CDF [1026] 0.42 4+ 0.04 £ 0.02
B(B — Kutu)* Belle [1089] 0.50 & 0.06 + 0.03 0.442 £ 0.036
BABAR [1085]  0.417013 £0.02
CDF [1026] 1.01 +0.10 £ 0.05
B(B - K'utu)* Belle [1089] 1.1059:1% 4+ 0.08 1.06 4 0.09
BABAR [1085]  1.357033 £0.10
_ Belle [1089] 0.48100% +0.03
+£-)2 -0.04
B(B » K¢*27) BABAR [1110]  0.47 + 0.06 = 0.02 048004
+0.11
BB — K0 Belle [1089] 1.07+010 +£0.09 1.0540.10

BABAR [1110]

1.02791% 4 0.05

*Treatment of charmonium intermediate components differs between the results.

"The PDG uncertainty includes a scale factor.
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TABLE 239. Branching fractions of charmless radiative, FCNC decays with leptons and LFV/LNV decays of

B*/B° admixture (part 3).

Parameter [1079] Measurements Average HFLAY
_ Belle [1081] <16.0

B(B ~ Kvp) BABAR [1087]  <17.0 <16

. - Belle [1081] <27.0
B(B - K'v7) BABAR [1087]  <76.0 <27
B(B — mwb) Belle [1081] <8.0 <8.0
B(B — pub) Belle [1081] <280 <28
B(B - ﬂeiy$) BABAR [1098] <0.092 <0.092
B(B — pe*u¥) CLEO [1111] <32 <32
B(B - Ke*u¥) BABAR [1099]  <0.038 <0.038
B(B - K*eiyx) BABAR [1099] <0.51 <0.51

TABLE 240. Branching fractions of charmless leptonic and radiative-leptonic B* and B° decays (part 1).

Parameter [1077] Measurements Average HFLAV
Belle [1112] <9.8
+ +
B(B" > e'v.) BABAR [1113] <19 <9.8
Belle [1114] <8.6
B(B* - ptu,) BABAR [1113] <10 <8.6
Belle [1115] <10.7
Belle [1116] 7201300 £ 110
. Belle [1117] 1250 + 280 + 270 1094 + 208
+ +
BB = 7w BABAR [1118]  1830*330 + 240
BABAR [1119] 1700 =+ 800 + 200
Belle [1120] <30°
+ +
B(B" = ¢7ver) BABAR [1121] <156 <30
Belle [1120] <43°
+ +
B(B* = etv,y) BABAR [1121] <170 <43
Belle [1120] <34°
+ +
B(B" > u'uy) BABAR [1121] <260 <34
BABAR [1122] <33 <33
0
B(B" = yy) Belle [1123] <6.2
LHCb [1049] <0.025
~ CDF [1050] <0.83
0 +
B(B” = e*eT) BABAR [1124]  <1.13 <0.025
Belle [1125] <1.9
B(B° = etey) BABAR [1126] <122 <12
ATLAS [1046]  <0.0021°
LHCb [1047] <0.0034°
_ CMS [108] <0.0036° 0.0021
0 + <u.
B(B® = u*u”) CDF [1048] <0.038
BABAR [1124]  <0.52
Belle [1125] <1.6

*The PDG uncertainty includes a scale factor.

"E, > 1 GeV.
‘At CL = 95%.
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TABLE 241. Branching fractions of charmless leptonic and radiative-leptonic B* and B° decays (part 2).

Parameter [1077] Measurements Average HFLAV
B(B® - utuy) BABAR [1126] <15 <L5
B(B - ptuptp) LHCb [1052] <0.0069*° <0.0069
B(B” — SP) x B(S — p*u™) x B(P — p*p”)
LHCb [1052] <0.006™" <0.0060

LHCb [1051] <21000°

0 o
B(B® - 7777) BABAR [1127]  <41000 <21000
_ BABAR [1128] <240
0
B(B® - vp) Belle [1129] <780 <240
_ Belle [1129] <160°
0
B(B" — viy) BABAR [1128]  <170° <160
B(B* -ty utv,) LHCb [1130] <0.16 <0.16

*The mass windows corresponding to ¢ and charmonium resonances decaying to uu are vetoed.
At CL = 95%.
°E, > 0.5 GeV.
UE, > 1.2 GeV.

TABLE 242. Relative branching fractions of charmless radiative and FCNC decays with leptons of B* and B’
mesons (part 1).

Parameter Measurements Average
Bpmm s 1.0 < m2.,. < 6.0 GeV2/c!

LHCb [1080] 0.038 + 0.009 + 0.001 0.038 + 0.009
’22’;1:’,?1"1" ; Full m2, , range Belle [1084] 1.0810:1¢ 4+ 0.02 1.08 £0.16
Bk Ll <m2., <60 GeV?/c*

LHCb [1131] 0.8461 0032 Toa13% 0.846 £ 0.042
gk, 0.10 < m2, . <8.12 GeV?/c* and m2, , > 10.11 GeV?/c*

BABAR [1110]  1.007031 +0.07 1001032
i 1.0 <m2,, < 6.0 GeV2 /et

Belle [1084] 1.39103¢ +0.02 1.39 +0.35
B(B°—>KO .5 .5
Biiuio" " ; Full n2,, range Belle [1084] 1297932 £ 0.01 1.2910:32
%’; 10 <m2,, <60 GeV?/c*

Belle [1084] 0.55194% 4 0.01 0.551049
gﬁﬁiﬁ’éiﬁ:;’ Full m2,, range Belle [1084] 1.107018 £ 0.02 1.10 £0.16
B 1.0 <m2., <60 GeV2/c*®

Belle [1084] 1.037028 + 0.01 1.03928

aLHCb has also measured the branching fraction of BT — K*eTe™ in the m2. ,_ bin [1.1,6.0] GeV?/c*.
°For the other bins see the text.
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TABLE 243. Relative branching fractions of charmless radiative and FCNC decays with leptons of B* and B°
mesons (part 2).

Parameter Measurements Average
g(é:g/g/;:;’ Full m2, ,_ range Belle [1089] 0.83 £0.17 £0.08 0.83 £0.19
BB=Kwi) 010 < m2., <8.12 GeV2/c* and m2. . > 10.11 GeV?/c*

B(B—K'ete )" e : N :

BABAR [1110]

1135054 +£0.10

1135558

BB=Kwi7) .045 < m2

B(B—K*ete )’ e <Ll G6V2/04

Belle [1132]

0.527938 £ 0.06

052/43%

B(B->K*utu~
Bk Ll <m2., <60 GeV?/c*

Belle [1132]

0.961955 £0.11

09673

B(B=K*utu-
Bk 15 <m2., <19 GeV2/ct

Belle [1132]

1187932 £ 0.11

118553

B(B*—K*(892)%u* ) 2 2/et
By e 0045 <mpe- < 11 GeV /LCHCb [1133]
Belle [1132]

0.66° 1 +£0.03
0.46793; £0.13

0.65 507

B(B°—>K*(892)°u* ™)

sz)o’;’;-), 1.1 < mé,f, < 6.0 GeVZ/C4
LHCb [1133]
Belle [1132]

0.697 311 £0.05
1.0675%3 +£0.14

0.72%505

B(B°—K*(892)°u* ™) 2 24
W@Z)O%’ 15 < mf-f, < 19 GeV /C

Belle [1132] 1127941 +£0.10 1125947
B(B*—K*(892)* utu~)
W,OO“-S < miv_ <1.1 GCVZ/C4
. .61
Belle [1132] 0.62+9 +0.09 0.62:0%]
+ S K* + oty
Bk 11 <m2., < 6.0 GeV2/c*
Belle [1132] 0.72197] £0.15 0.7+,9
B(BT—K* + ot
%, 15 <m?.,. <19 GeV?/c!
1.99 2.0
Belle [1132] 14075 £0.12 14255
BBk~ (392)0) LHCb [1045] 1.234+0.06 +0.11° 121 + 011

B(By—¢(1020)7) Belle [1063]

1.10 £ 0.16 £ 0.20"

*Multiple systematic uncertainties are added in quadrature.
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TABLE 244. Branching fractions of B*/B? — g gluon decays.

Parameter [1074]

Measurements

Average TFLAV

Belle [1134] 2.610 £ 0.300°0440° +0.53
B(B = nX) CLEO [1135]  <4.400° 2612050
, BABAR [1136]  3.90 & 0.80 + 0.90°

BB =) CLEO [1137]  4.60 = 1.10 = 0.60° 424 £087
B(B — K*X) BABAR [1138]  <1.87° <1.9

1.95 £ 0.69
B(B — K°X) BABAR [1138]  1.95*03! +0.50°

3.72+0.76
B(B - 7X) BABAR [1138]  3.727029 +0.59°

0.4 < my <2.6 GeV/c?.
°2.1 < p, <2.7 GeV/e.
2.0 < p*(n') <2.7 GeV/c.
4p*(K) <234 GeV/c.
p*(n) < 2.36 GeV/c.

TABLE 245.

Isospin asymmetry in radiative and FCNC decays with leptons of B mesons. In some of the B-factory

results it is assumed that B(Y'(4S) — B*B~) = B(Y(4S) — B°BY), and in others a measured value of the ratio of
branching fractions is used. See original papers for details. The averages quoted here are computed naively and

should be treated with caution.

Parameter Measurements Average HFLAY
Belle [1139] —0.0048 + 0.0149 + 0.0150*"
Ag-(B = Xy7) BABAR [548] —0.006 4 0.058 + 0.026™" ~0.005 +0.020
Ag-(B = X, q7) BABAR [1105]  —0.06 £ 0.15 4+ 0.07° —-0.06 +0.17
. Belle [1063] 0.062 £ 0.015 + 0.013"
B0 (B = K77) BABAR [1064]  0.066 4 0.021 4 0.022 0.063 = 0.017
0.21+0.08
Mo | Belle [1075] —0.48703 1008 046 4+ 0.17

20(BO~p0y)

BABAR [1076]

-0.43702 £0.10

Ay_(B — K£tem)*

LHCb [1083]
Belle [1084]
BABAR [1110]

—0.1079:98 +£0.02°
-0317 05 + 001"
—0.41 £0.25 +0.01'

0.073
~0.1914007

BABAR [1110]

. f
-0.201039 +0.03

Ao_(B = K*t+em) Belle [1089] 0.337037 +0.08" —~0.01% 49
LHCb [1083] 0.009-13 £ 0.02°
Belle [1089] -0.30717 £0.08° -0.45 +0.10

Ay (B — KW gtem)e

BABAR [1085]

—0.647913 +0.03"

"My <2.8 GeV/c.

Multiple systematic uncertainties are added in quadrature.

°E, > 2.2 GeV.

“The PDG uncertainty includes a scale factor.
‘Only muons are used, 1.1 <m?2,,. <6.0 GeV?/c*.

1.0 <m2, . <6.0 GeV?/c*.

fm2. . <8.68 GeV?/c*.

"0.1 <m2.,. <7.02 GeV?/c*.
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TABLE 246. Branching fractions of charmless semileptonic B* decays to LFV and LNV final states (part 1).

Parameter [107°] Measurements Average HFLAV
B(BT - ztetu™ +c.c.) BABAR [1098] <0.17 <0.17
B(BT - ztetr) BABAR [1140] <74.0 <74
B(BT - zte™th) BABAR [1140] <20.0 <20
B(BT —» xtett™ +c.c.) BABAR [1140] <75.0 <75
B(BT - xtutr) BABAR [1140] <62.0 <62
B(BT - ntu~tt) BABAR [1140] <45.0 <45
B(BT - ztutr 4+ c.c.) BABAR [1140] <72.0 <72
LHCb [1141] <0.0070
B(B™ - Ktetu™) Belle [1084] <0.03 <0.007
BABAR [1099] <0.091
LHCb [1141] <0.0064
B(B™ - Kte u™) Belle [1084] <0.085 <0.0064
BABAR [1099] <0.13
B(B* - Ktetu~ +c.c.) BABAR [1099] <0.091 <0.091
B(B™ - Ktetz™) BABAR [1140] <43.0 <43
B(B" - Kte™zh) BABAR [1140] <15.0 <15
B(BT —» KTett™ +c.c.) BABAR [1140] <30.0 <30
B(B" - Ktutz7) BABAR [1140] <45.0 <45
BB~ K'e) LHCh (1142 <390 <28
B(BT - Ktutt +c.c.) BABAR [1140] <48.0 <48
B(BT — K*(892)"etu™) BABAR [1099] <1.30 <1.3
B(BT — K*(892)"e ™) BABAR [1099] <0.99 <0.99
B(BT —» K*(892)"eTu™ +c.c.) BABAR [1099] <1.40 <14
B(BT - n7etet) BABAR [1143] <0.023 <0.023
0 ) o e
B(BT - n7etu™) BABAR [1145] <0.15 <0.15
B(BT — p~(770)e"e™) BABAR [1145] <0.17 <0.17
B(BT — p~(770)u ™) BABAR [1145] <0.42 <0.42
B(BT — p=(770)etu™) BABAR [1145] <0.47 <0.47
At CL = 95%.
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TABLE 247. Branching fractions of charmless semileptonic B™ decays to LFV and LNV final states

(part 2).
Parameter [107] Measurements Average HFLAV
B(B* — K-e*et) BABAR [1143]  <0.030 <0.030
_ LHCb [1146] <0.041
+ +t
B(B™ — K~p'u") BABAR [1143]  <0.067 <0.041
B(B* — K-e*u") BABAR [1145]  <0.16 <0.16
B(B* — K*(892) e*e®) BABAR [1145]  <0.40 <0.40
B(B+ — K*(892)utu) BABAR [1145]  <0.59 <0.59
B(B* — K*(892)"e*u™) BABAR [1145]  <0.30 <0.30
BABAR [1145] <26
+ + 7t
B(B" > D7ete?) BELLE [794] <26 <26
BELLE [794] <1.8
+ +
B(B™ — D7ey™) BABAR [1145]  <2.1 <18
LHCb [1147] <0.69"
B(B* > Dt u*) BELLE [794] <1.0 <0.69
BABAR [1145] <17
B(B* — D*(2010)~u*u*) LHCb [1147] <2.4° <24
B(B* - D7pu*) LHCb [1147] <0.58" <0.58
BB+ - Dzt u*) LHCb [1147] <1.5° <15
B(B* — A%+) BABAR [1101]  <0.061 <0.061
B(B* — A%+) BABAR [1101]  <0.032 <0.032
B(B+ > Aou+) BABAR [1101]  <0.062 <0.062
B(B+ — Ae*) BABAR [1101]  <0.081 <0.081

*At CL = 95%.

TABLE 248. Branching fractions of charmless semileptonic B® decays to LFV and LNV final states.

Parameter [107°] Measurements Average HFLAV
. . Belle [1100] <0.12
B(B ~ K*(892)%¢u") BABAR [1099]  <0.34 <0.12
. j Belle [1100] <0.16
B(B" — K*(892)°¢*u”) BABAR [1099]  <0.53 <0.16
Belle [1084 <0.038
B(B® - Kty +4c.c.) BABA}Q [10&9] =027 <0.038
B(B® = ety +c.c.) BABAR [1098]  <0.14 <0.14
LHCb [1055] <0.0010
B CDF [1050] <0.064
B(B" = ey +cc) BABAR [1124]  <0.092 <0.001
Belle [1125] <0.17
BB’ - eTt™ +c.c.) BABAR [1148]  <28.0 <28
) LHCb [1056] <120 <12
0 +
B(B® > uTt" +cc) BABAR [1148]  <22.0
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HFLAV
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HFLAV

B(B%e *e ) ——1

B(B%u*u~) 14—

B(B%»t*17)

BBy * u-ptu-) —

BB%se*te-y)

BB%-u*pu-y) T¢
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B(B-nu*u-) 1¢
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BB%-n*tn-utu-) e
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B(B%-nu*u-) 1 |
B(B%-nt*1-) i
B(B-nete~) 1% |
BB-nmu*p-) 1 :
B(B-nt+1-) 14 |
10-10 10-9 10-8 10-7 10-6 10-5 10-4 102

FIG. 76. Branching fractions of B* and B° decays of the type b — uf*¢~, purely leptonic and leptonic radiative.
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FIG. 77.

Compilation of R

1.1 <m}+;- <6.0 GeV/c*

1.1 <m},- <6.0 GeV?/c*

1.0 < m?,- <6.0 GeV2/c*

1.1 < mj,- < 6.0 GeV?/c*

1.1 <m},- <6.0 GeV?/c*

1.0 <m}:,- <6.0 GeV2/c*
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T

0.8

decays to K®utyu~ and K®ete™, which provide information on lepton universality.
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HFLAV
L2021 |
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HFLAV

BB*-K-etet) 1

BB*-K-utut) 14 1
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FIG. 79. Limits on branching fractions of lepton-number-violating B* and B° decays.
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FIG. 80. Branching fractions of charmless B decays with neutrinos.
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G. Charge asymmetries in b-hadron decays where N, (Nj) is the number of hadrons containing a b
(B®) quark decaying into a specific final state (the CP-
conjugate state). This definition is consistent with that
of Eq. (96) in Sec. VIB 1. Measurements of time-
dependent CP asymmetries are not listed here but are
discussed in Sec. VI. Figure 81 shows a graphic
cp = Ny =N B, (226) representation of a selection of results given in this
N, + Ny section.

This section contains, in Tables 249-260, compilations
of CP asymmetries in decays of various b-hadrons: B+, B°
mesons, B*/B° admixtures, BY mesons and finally AY
baryons. The CP asymmetry is defined as

TABLE 249. CP asymmetries of charmless hadronic Bt decays (part 1).

Parameter Measurements Average
Belle [882] —0.011 & 0.021 % 0.006
LHCD [885] —0.022 + 0.025 + 0.010
Acp(BT = Kizh) BABAR [400]  —0.029 £ 0.039 & 0.010 —0.016 +0.015
Belle 11 [883]  —0.01 £ 0.08 + 0.05
CLEO [1169]  0.18 £0.24 £ 0.02
LHCb [1170]  0.025 £ 0.015 + 0.007*
Belle [882] 0.043 + 0.024 + 0.002
Acp(BT = K*t1°) BABAR [886]  0.030 + 0.039 + 0.010 0.027 + 0.013
Belle 11 [887]  —0.09 & 0.09 £ 0.03
CLEO [1169]  —0.29 4 0.23 £ 0.02
LHCD [893] —0.002 + 0.012 + 0.006"
BABAR [888] 0.00872917 + 0.009
+ Kt -0018 004 +0.011
Acp(BT = 'K™) Belle [889] 0.028 + 0.028 + 0.021 0.004 £0.0
CLEO [1169]  0.03 £0.12 +0.02
Acp(Bt = 7 K*(892)") BABAR [894]  —0.26 +0.27 &+ 0.02 —0.26 +£0.27
Acp(BT = if (Kz)5t) BABAR [894]  0.06 +0.20 £ 0.02 0.06 + 0.20
Acp(BT — n'K3(1430)") BABAR [894]  0.1540.13 £ 0.02 0.15+0.13
BABAR [888]  —0.36+0.11 £+ 0.03
+ + _
Acp(B* = nK*) Belle [896] ~0.38 £ 0.11 % 0.01 0.37 +0.08
BABAR [897]  0.01 +0.08 +0.02
+ * +
Acp(BT — nK"(892)7) Belle [898] 0.03 +0.10 4 0.01 0.02 4 0.06
Acp(BT = n(Kn)5t) BABAR [897]  0.05+0.13 £ 0.02 0.05+0.13
Acp(BT = 5K3(1430)1) BABAR [897]  —0.45 +0.30 & 0.02 —0.45 £ 0.30
Belle [385] —0.03 £+ 0.04 £ 0.01
+ + _
Acp(BT = o(782)K™) BABAR [900]  —0.01 + 0.07 + 0.01 0.025 +0.036
Acp(Bt = @(782)K*(892)") BABAR [902]  0.29 £ 0.35 +0.02 0.29 + 0.35
Acp(BT = w(782)(Kn)i") BABAR [902]  —0.10 £ 0.09 & 0.02 —0.10 £ 0.09
Acp(BT — 0(782)K35(1430)™) BABAR [902]  0.14 +£0.15 £ 0.02 0.14 £0.15
BABAR [269]  0.032 4 0.0520016b2
Acp(BT = K*(892)%7) Belle [267] —0.149 + 0.064 + 0.022%* —0.04 £+ 0.04
BABAR [904]  —0.12 4 0.217 008
_ +0.06¢,a
Acp(B' — K*(892)F2) BABAR [904] 0.52 +0.1479:%¢ 039+ 0.13

BABAR [905]

—0.06 +0.24 £ 0.04

*Multiple systematic uncertainties are added in quadrature.
Result extracted from Dalitz-plot analysis of Bt — K*ztz~ decays.
‘Result extracted from Dalitz-plot analysis of BY — K9z* 7" decays.
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TABLE 250. CP asymmetries of charmless hadronic B decays (part 2).

Parameter Measurements Average
LHCb [1171]  0.025 + 0.004 + 0.008"
Acp(BT = Ktzta ) BABAR [269]  0.028 + 0.020 + 0.023°° 0.0268 + 0.0084
Belle [267] 0.049 + 0.026 + 0.020°
Acp(BT — KTKTK~(NR)) BABAR [262]  0.060 + 0.044 4 0.019" 0.06 + 0.05
BABAR [269]  —0.106 + 0.05010:936<°
Acp(B* = fo(980)K™) BBk 2] ~0.077 + 0065 0" ~0.08 + 0.04
BABAR [905]  0.18 +0.18 + 0.04
JIT— pasiol osLoniyl,  oson
Acp(BT = f5(1525)K™) BABAR [262]  0.14 £ 0.10 £ 0.04° 0.14+0.11
Acp(B* = p°(TT0)K+) gﬁfﬁg 6%?9] 8:‘3‘3 i 81?%:(%;2 0.37 +£0.12
Acp(BT — Kzt 70) BABAR [904]  0.07 + 0.05 + 0.04" 0.07 + 0.06
Acp(BT — K;5(1430)°z") 2;111;56[;3) 4] 8:?1650.()1'8?%,853“1? 0.084 + 0.043
Acp(BT — (Kn)i’n™) BABAR [269]  0.032 £ 0.035 053¢ 0.032 £ 0.046
Acp(BT — K;5(1430)*2° BABAR [904]  0.26 & 0.027 4™ 0.26913
Acp(B* — K3(1430)2° BABAR [269]  0.05 4 0.23+0 8¢ 0.057937
Acp(BT = Kt72%20) BABAR [905]  —0.06 % 0.06 + 0.04 —0.06 £ 0.07
Acp(BT = pt(770)K°) BABAR [904]  0.21 4 0.1910:24° 0217034
Acp(BT = K*(892)*nta) BABAR [912]  0.07 +0.07 + 0.04 0.07 £ 0.08
Acp(BT = K*(892)*p°(770)) BABAR [913]  0.31+0.13 +0.03 0.314+0.13
Acp(B" — f0(980)K*(892)) BABAR [913]  —0.15+0.12 + 0.03 —0.15+0.12
Acp(B* — a;(1260)* K°) BABAR [914]  0.1240.11 +0.02 0.1240.11
Acp(BT — by (1235)7KO) BABAR [918]  —0.03 4+ 0.15 +0.02 —0.03+0.15
Acp(BT = K*(892)°p7(770)) BABAR [915]  —0.01 £0.16 +0.02 —-0.01 £0.16
Acp(BT — by (1235)°K™) BABAR [919]  —0.46 £ 0.20 + 0.02 —0.46 £ 0.20

Treatment of charmonium intermediate components differs between the results.
"Multiple systematic uncertainties are added in quadrature.

Result extracted from Dalitz-plot analysis of Bt — Ktz tz~ decays.

“The nonresonant amplitude is modeled using a polynomial function including S-wave and P-wave terms.
‘Result extracted from Dalitz-plot analysis of BT —
Result extracted from Dalitz-plot analysis of BT —

KTKTK~ decays.

+70 decays.

TABLE 251. CP asymmetries of charmless hadronic B decays (part 3).

Parameter Measurements Average
LHCb [885] —0.21 £0.14 £0.01
Acp(BT — KTKY) Belle [882] 0.014 £ 0.168 £ 0.002 —0.086 £+ 0.100
BABAR [400] 0.10+£0.26 £ 0.03
b
Acp(B* — K+KOKY)" Belle [922] 0.016 £+ 0.039 +£ 0.009 0.025 4+ 0.032

BABAR [262]

0041094 4+ 0,02¢
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TABLE 251. (Continued)

Parameter Measurements Average
LHCb [1171] —0.123 £0.017 + 0.014
Acp(BY - KTK n)* Belle [924] —0.170 + 0.073 £+ 0.017° —0.122 +0.021
BABAR [925] 0.00 £ 0.10+0.03
Acp(BT —» K"K~z (NR)) LHCb [926] —0.107 4 0.053 + 0.035' —0.107 £ 0.064
Acp(BY — K*(892)°K™) LHCb [926] 0.123 + 0.087 £ 0.045% 0.123 + 0.098
Acp(Bt — Kj(1430)°K ") LHCb [926] 0.104 + 0.149 + 0.088¢ 0.10£0.17
Acp(BT — ¢(1020)z™) LHCb [926] 0.098 + 0.436 + 0.266° 0.10 £ 0.51
Acp(BY —» K"K n")zm <> KK rescattering
LHCb [926] —0.664 4 0.038 + 0.0198 —0.664 £ 0.042
LHCb [1171]  —0.036 + 0.004 + 0.007°
Acp(B* > K*K*K™) BABAR [262]  —0.01720917 +0.014" -0.033 +0.007
Belle 1I [931] —0.049 £ 0.063 £ 0.022
LHCb [893] 0.017 £ 0.011 + 0.006:
Acp(B* = $(1020)K) BABAR [262] 0.128 £0.044 £ 0.013 0.024 + 0.012

Belle [936]
CDF [933]

0.01 £0.12+0.05
-0.07 £0.175055

Treatment of charmonium intermediate components differs between the results.
ACP is also measured in bins of MEoKY
Result extracted from Dalitz-plot analysis of B’ — K3K* K~ decays.
Multlple systematlc uncertainties are added in quadrature

°Also measured in bins of mg-g-.

LHCb uses a model of nonresonant obtained from a phenomenological description of the partonic interaction
that produces the final state. This contribution is called single pole in the paper, see Ref. [926] for details.

gResult extracted from Dalitz-plot analysis of B* —

"Result extracted from Dalitz-plot analysis of BT — KtK*K~ decays.

K"K~ z" decays.

TABLE 252. CP asymmetries of charmless hadronic B decays (part 4).

Parameter Measurements Average
Acp(BT = K*(892)*K*K") BABAR [912] 0.11 +0.08 £ 0.03 0.11 +0.09
Belle [1172] —0.02 +0.14 £ 0.03
+ * + -
Acp(B — ¢(1020)K"(892)") BABAR [935] 0.0 £ 0.09  0.04* 0.01+0.08
Acp(B* = (Kx):t(1020)) BABAR [937] 0.04 £ 0.15 + 0.04 0.04 +0.16
Acp(B* = K,(1270)*$(1020)) BABAR [937] 0.15 +0.19 + 0.05 0.15+0.20
Acp(Bt — K3(1430)*$(1020)) BABAR [937] —0.23 4+ 0.19 £ 0.06 —0.23 +0.20
Acp(BT = ¢(1020)4(1020)K+) BABAR [939] —0.10 + 0.08 & 0.02° —0.10 £ 0.08
Belle [1063] 0.011 + 0.023 =+ 0.003
+ * +
Acp(B™ = K*(892)77) BABAR [1064]  0.018 4 0.028 & 0.007 0.014 40018
Acp(B* = X7) Belle [1139] 0.0275 4 0.0184 + 0.0032° 0.028 - 0.019
Belle [1067] —0.16 £ 0.09 + 0.06°
+ + _
Acp(BT = nK™y) BABAR [408]  —0.090101%4 1 0.014° 0.12:£007
f
Aep(B* = $(1020)K*7) Belle [410] —0.03 +0.11 £ 0.08 0134 0.10

BABAR [1070]

—0.26 +0.14 £ 0.05*
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TABLE 252. (Continued)

Parameter

Measurements

Average

Acp(BT — p*(770)y)

Belle [1075]

—0.11 £0.32 +£0.09

—0.11 +£0.33

*Combination of two final states of the K*(892)*

reports separately the results for each individual final state.

Measured in the d)(ﬁ invariant mass range below the . resonance (M, < 2.85 GeV/ ).

MX <2.8 GeV/c2.
My, <24 GeV/c2.
eMKﬂ <3.25 GeV/c?.

N4< Ey <34 GeV/ ¢, where E; is the photon energy in the center-of-mass frame.

gMd,K < 3 0 GeV/C

TABLE 253. CP asymmetries of charmless hadronic Bt decays (part 5).

, K%7* and K*2°. In addition to the combined results, the paper

Parameter Measurements Average
Belle [882] 0.025 £ 0.043 £ 0.007
Acp(BT = nta0) BABAR [886] 0.03 £ 0.08 £ 0.01 0.02 £ 0.04
Belle IT [887] —0.04 £0.17 £0.06
b
Acp(B* — mrt 2 LHCb [1171] 0.058 +0.008 £ 0.011 0.057 4+ 0.014

BABAR [944]

X c,b
0.032 4 0.044 70049

LHCb [945] 0.007 £ 0.011 & 0.040%%°
Acp(B* = p°(770)7") BABAR [944]  0.18 4 0.07:003°° 0.016%35%5
LHCD [945] 0.468 + 0.061 4 0.103%%°
Acp(B* = f,(1270)z") LHCb [926] 0.267 4 0.102 =+ 0.048° 0.365 4+ 0.079
BABAR [944]  0.41 £0.251018¢<0
LHCb [945] —0.129 + 0.033 4 0.421%4°
Acp(BT = p(1450)°7+) LHCb [926] —0.109 4 0.044 + 0.024° —0.109 4 0.049
BABAR [944]  —0.06 4+ 0.287023°"
Acp(BT = p3(1690)°7") LHCb [945] —0.801 4 0.114 £+ 0.5115%° —-0.80 +0.52
Acp(BY — fo(1370)7) BABAR [944]  0.72+0.15 £ 0.16°° 0.72 +£0.22
Acp(BT = ntata), S-wave LHCb [945] 0.144 4 0.018 =+ 0.026%4° 0.144 4+ 0.032
Acp(BT = ntztz~ (NR)) BABAR [944]  —0.14 4 0.1470,5% -0.1410%
BABAR [949]  —0.01 £0.13 £ 0.02
+ + 0
BABAR [425]  —0.054 & 0.055 £ 0.010
+ + 0 —
Acp(BT = p*(770)p°(770)) Belle [951] 0.00 + 0.22 =+ 0.03 0.051 +0.054
LHCb [945] —0.048 =+ 0.065 + 0.049%4°
BABAR [900]  —0.02 4+ 0.08 + 0.01
+ + _
Acp(BT — 0(782)7") Belle [953] —0.02 4 0.09 + 0.01 0.041 £0.048
CLEO [1169]  —0.34 +0.25 +0.02
Acp(BT — w(782)p"(770)) BABAR [902]  —0.20 + 0.09 & 0.02 —0.20 + 0.09

Treatrnent of charmonium intermediate components differs between the results.
"Multiple systematic uncertainties are added in quadrature

“Result extracted from Dalitz-plot analysis of BT — #

#tn~ decays.

This analysis uses three different approaches: isobar, K-matrix and quasi-model-independent, to describe the S-
wave component. The Aqp results are taken from the isobar model with an additional error accounting for the
different S-wave methods as reported in Appendix D of Ref. [947]

Result extracted from Dalitz-plot analysis of BT —

"The nonresonant amplitude is modeled using a sum of exponential functions.

KTK~ 7t decays.
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TABLE 254. CP asymmetries of charmless hadronic B decays (part 6).

Parameter Measurements Average
Belle [896] —0.19 £ 0.06 = 0.01
+ + _
Acp(BT = nr*) BABAR [888] ~0.03 +0.09 + 0.03 0-14=0.05
BABAR [954] 0.13£0.11 +£0.02
+ +
Acp(B* = np*(770)) Belle [898] ~0.04193 +0.01 011011
BABAR [888] 0.03 £ 0.17 £ 0.02
+ /ot
Acp(BT = /") Belle [889] 0.207937 £ 0.04 0064 0.15
Acp(Bt = 1/pt(770)) BABAR [894] 0.26 £0.17 £ 0.02 0.26 +0.17
Acp(BT = b;(1235)%77%) BABAR [919] 0.05£0.16 £ 0.02 0.05+0.16
Acp(BT — ppr™) BABAR [721] 0.04 +£0.07 £ 0.04 0.04 £ 0.08
Acp(BY = pprt),m,; <2.85 GeV/c?
LHCb [1009] —0.041 £ 0.039 £ 0.005 _
Belle [1008] —0.17 £0.10 £ 0.02 0.058 £ 0.037
Acp(BT = ppK™),m,; <2.85 GeV/c?
LHCb [1009] 0.021 £ 0.020 £ 0.004
Belle [1008] —0.02 £0.05 £ 0.02 0.007 £0.019
BABAR [800] —0.161057 +0.04
_ a BABAR [721] 0.32 £0.13 +£0.05
+ * +
Acp(B* — ppK*(892)*) Belle [1012] —~0.01 £0.19 + 0.02 0.21+0.11
Acp(BY = pAY%) Belle [1015] 0.17 £0.16 = 0.05 0.17+0.17
Acp(BT — pAz®) Belle [1015] 0.01 £0.17 £0.04 0.01 £0.17
_ Belle [1089] 0.04 £0.10+0.02
+ + o+
Acp(BT = KT¢He7) BABAR [1110] —0.03 + 0.14 + 0.01 0.0240.08
Acp(BT™ —» KTete™) Belle [1089] 0.14 £0.14 +£0.03 0.14+0.14
- LHCb [1173] 0.012 4 0.017 £ 0.001>¢
+ +
Ace(BT = K u7) Belle [1089] ~0.05 4+ 0.13 + 0.03" 0011 0.017
Acp(BY —» mtutu™) LHCb [1080] —0.11 £0.12 +£0.01 —0.11+£0.12
Belle [1089] —0.13%91 £0.01
Acp(Bt — K*(892)T ¢+ ¢ ~0.16 —0.09 £0.14
cp(BT = K7(892) ) BABAR [1085] 0.01*02¢ 4 0.02 °
Acp(Bt — K*(892)TeTe™) Belle [1089] —0.147035 +0.02 —0.14 +£0.23
Acp(BT — K*(892) Tt u™) Belle [1089] —0.12 £ 0.24 £ 0.02 -0.12+0.24
*Treatment of charmonium intermediate components differs between the results.
Acp is also measured in bins of m, -
“Mass regions corresponding to ¢, J /y/ and y(2S) are vetoed.
Mass regions corresponding to J/y and w(2S) are vetoed.
TABLE 255. CP asymmetries of charmless hadronic B decays (part 1).
Parameter Measurements Average
LHCb [1174] —0.0831 £ 0.0034"
CDF [1175] —0.083 + 0.013 £ 0.004
Acp(B® > K1) Belle [882] —0.069 £+ 0.014 £ 0.007 —0.0836 + 0.0032

BABAR [421]
Belle II [883]

—0.107 £ 0.016700¢
—0.16 £ 0.05 £ 0.01
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TABLE 255. (Continued)

Parameter Measurements Average
Acp(B® - 'K*(892)°) gﬁfg‘g 6[?4] (}géjf-gzgﬁf-gfﬂ —0.07 £0.18
Acp(B® = 1/ (Km)i0) BABAR [894] —0.19 £0.17 £ 0.02 -0.19 £0.17
Acp(B® — 1'K3(1430)°) BABAR [894] 0.14 +0.18 £ 0.02 0.14 £0.18
o e TSl o
Acp(B® = n(Km)0) BABAR [897] 0.06 £0.13 +0.02 0.06 £0.13
Acp(B° = 1K;(1430)°) BABAR [897] —0.07 £0.19 £ 0.02 -0.07 £0.19
Acp(B® — b,(1235)"K™) BABAR [919] —0.07 £0.12+£0.02 -0.07 £0.12
Acp(BY - 0(782)K*(892)°) BABAR [902] 0.45+0.25 £0.02 0.45+0.25
Acp(B® — (782)(Kn)y) BABAR [902] —0.07 £ 0.09 £ 0.02 —0.07 £0.09
Acp(B® — w(782)K35(1430)°) BABAR [902] -0.37 £0.17 £ 0.02 -0.37£0.17
ol K0 Bt
I
Acp(B® = p(1450)~K™) BABAR [969] -0.10 £ 0.32 + 0.09 -0.10 £0.33
Acp(B° - p(1700)"K™) BABAR [969] —-0.36 £ 0.57 £ 0.23 —0.36 £ 0.61
Acp(B® — K7~ 7°(NR)) BABAR [969] 0.10 £ 0.16 £ 0.08° 0.10+0.18
Acp(B® - KOzt n™) BABAR [265] —0.01 +0.05 + 0.01¢ —0.01 £0.05
LHCb [976] ~0.308 + 0.060 + 0.016™
Acp(B® — K*(892)* 1) BABAR [265] —-0.21 +£0.10 + 0.02%¢ —0274 4 0.045

BABAR [969]
Belle [266]

—0.29 4+0.11 +0.02°
—0.2140.11 £0.07°

*LHCb combines results of the 1.9 fb~! run 2 data analy@is with those based on Run 1 dataset [1176]. The full
statlstlcal and systematic covariance matrices are used in the combination.

PResult extracted from Dalitz-plot analysis of B — Ktz~z° decays.

“The nonresonant amplitude is taken to be constant across the Dalitz plane.

Result extracted from Dalitz-plot analysis of B — KOIT 7~ decays.

“Multiple systematic uncertainties are added in quadrature

TABLE 256. CP asymmetries of charmless hadronic B decays (part 2).

Parameter Measurements Average
LHCb [976] —0.032 + 0.047 4+ 0.031*"

Acp(B® = (Kn)ita™) BABAR [265] 0.09 4 0.07 + 0.03*" 0.017 £ 0.043
BABAR [969] 0.07 £0.14 £0.01°

Acp(B? = K3(1430)*77) LHCb [976] —0.29 +0.22 + 0.09* -0.29 +0.24

Acp(B® — K*(1680)*7™) LHCb [976] —0.07 +0.13 £ 0.04* -0.07 £0.13

Acp(B® = £(980)K9) LHCb [976] 0.28 4+ 0.27 + 0.15*" 0.28 +0.31

Acp(B® - (Kn)ix°) BABAR [969] -0.15 £ 0.10 £ 0.04° —-0.15+0.11

Acp(B® — K*(892)°2°) BABAR [969] —0.15+£0.12 £0.04° -0.1540.13
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TABLE 256. (Continued)

Parameter Measurements Average
Acp(B® - K*(892)°2%77) BABAR [980] 0.07 £0.04 £ 0.03 0.07 £0.05
Acp(B® — K*(892)°0°(770)) BABAR [981] —0.06 £ 0.09 £+ 0.02 —0.06 £ 0.09
Acp(B® = f4(980)K*(892)%) BABAR [981] 0.07 £0.10 £ 0.02 0.07 £0.10
Acp(B® = K*(892)*p=(770)) BABAR [981] 0.21 £0.15+0.02 021 +£0.15
Acp(B® — K*(892)°K+K™) BABAR [980] 0.01 £0.05 £ 0.02 0.01 £ 0.05
Acp(B® — a,(1260)"K) BABAR [914] —0.16 £0.12 £ 0.01 -0.16 £0.12
(

Acp(B® = KOK)

Belle [1177]

.77 d
—0.5870:73 +0.04

0563

Belle [990]

—0.007 £ 0.048 £ 0.021

0 * 0 —
Acp(B” — $(1020)K"(892)°) BABAR [388]  0.01 % 0.06 = 0.03 0.001 +0.041
Acp(B® — K*(892)°z7K™) BABAR [980] 0.22 £0.33 £0.20 0.22+0.39
Belle [990] 0.093 £0.094 £ 0.017
0 *0
Acp(B” = (Kz);7(1020)) BABAR [388]  0.20 = 0.14 + 0.06 0.123 +0.081
BABAR [388] —0.08 £ 0.12 £ 0.05
0 * 0 —
LHCb [1045] 0.008 £0.017 £ 0.009
Acp(B? — K*(892)%) Belle [1063] —0.013 +0.017 4 0.004 —0.006 £ 0.011
BABAR [1064] —0.016 £+ 0.022 £+ 0.007
Acp(B® — K3(1430)%) BABAR [1073] —0.08 £ 0.15 £ 0.01 —0.08 £0.15
Acp(B® = X,7) Belle [1139] —0.0094 £ 0.0174 + 0.0047° —0.009 £ 0.018
“Result extracted from Dalitz-plot analysis of B® — K97z~ decays.
Multiple systematic uncertainties are added in quadrature.
“Result extracted from Dalitz-plot analysis of B® — K*z~2° decays.
Result extracted from a time-dependent analysis.
‘My <28 GeV/c2
TABLE 257. CP asymmetries of charmless hadronic B® decays (part 3).
Parameter Measurements Average
_ BABAR [273] 0.0910 08 £ 0.04"
0 + -0.06
Acp(B = p*(770)a") Belle [274] 0.21 £ 0.08 £ 0.04° 013:£0.05
_ BABAR [273] -0.12 £ 0.087505*
0 n —0.05 -
Ace(B” = p=(770)7) Belle [274] 0.08 +0.16 + 0.11° 0.08 =008
_ Belle [419] 0.01 £0.11 £ 0.09°
0 +
Acp(BY = a,(1260)" 7~ +c.c.) BABAR [418] 010+ 015 + 0.09° 0.05 +£0.11
Acp(B® - b,(1235) "7~ +c.c.) BABAR [919] —0.05£0.10 £ 0.02 —0.05£0.10
_ c BABAR [721] 0.11 £0.13 £0.06
0 * 0
Ace(B” = ppK*(892)°) Belle [1012]  —0.08 = 0.20 % 0.02 0.05 £0.12
0. BABAR [1023] —0.10 £0.10 £ 0.02
0 0 —
Acp(B” = pA'z”) Belle [1015]  —0.02+0.10 % 0.03 0.06:£0.07
_ Belle [1089] —0.08 £0.12 £ 0.02
0 * 0+ —
Ace(B” — K*(892)°2727) BABAR [1085]  0.02 £ 0.20 + 0.02 0.05£0.10
Acp(B® — K*(892)%e%e™) Belle [1089] —0.21 £0.19 £ 0.02 —0.21 £0.19
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TABLE 257. (Continued)

Parameter Measurements Average
_ LHCP [1173] —0.035 + 0.024 + 0.003%¢
0 * 0 + —
Ace(B” = K (892) %" 7) Belle [1089]  0.00 & 0.15 + 0.03" 0.034 4 0.024
*Result extracted from Dalitz-plot analysis of B — z+z~z% decays.
Result extracted from a time-dependent analysis.
“Treatment of charmonium intermediate components differs between the results.
Acp 1is also measured in bins of m,+
eMa%s reglon@ corresponding to ¢, J /;// and y(2S) are vetoed.
"Mass regions corresponding to J/y and y(2S) are vetoed.
TABLE 258. CP asymmetries of charmless hadronic decays of B*/B° admixture.
Parameter Measurements Average
y Belle [1063] —0.004 £ 0.014 £ 0.003 _
Ace(B = Ky) BABAR [1064]  —0.003 + 0.017 + 0.007 0.004 £ 0.011
Belle [1139] 0.0144 £ 0.0128 +0.0011°
Acp(B = X7) BABAR [1178]  0.017 +0.019 +0.010° 0.015 =001
Belle [1179] 0.022 £ 0.039 + 0.009°
Acr(B = Xorar) BABAR [1102]  0.057 % 0.060 + 0.018° 0.032+0.034
Acp(B = X, 01¢7) BABAR [1107] 0.04 £0.11 £0.01 0.04 £ 0.11
Acp(B = K*ete™) Belle [1089] —0.18 £0.15 £ 0.01 -0.18 £0.15
Acp(B - Kutu™) Belle [1089] —0.03 £0.13+£0.02 —0.03 +£0.13
- Belle [1089] —0.10 £0.10 = 0.01
* o+ _
Ace(B = K*¢7¢7) BABAR [1110]  0.03 % 0.13 + 0.01 0.05:£0.08
Acp(B = X,1) Belle [1134] ~0.13 + 0.047002¢ ~0.13003
Acp(B = K£¢7) BABAR [1110] —0.03 £ 0.14 £ 0.01 -0.03£0.14
aM x, <2.8 GeV/c?
O6<MX <20GeV/C
E* > 2.1 GeV where E; is the photon energy in the center-of-mass frame.
2. < E; <2.8 GeV where E; is the photon energy in the center-of-mass frame.
04<mx <2.6 GeV/c?.
TABLE 259. CP asymmetries of charmless hadronic B? decays.
Parameter Measurements Average
Acp(B? - 7t K-) LHCb [1174] 0.225 £0.012 0225 +0.012

CDF [1175] 0.22 +£0.07 £0.02

*LHCb combines results of the 1.9 fb~! run 2 data analysis with those based on Run 1 dataset [1176]. The full
statistical and systematic covariance matrices are used in the combination.

TABLE 260. CP asymmetries of charmless hadronic AY decays.

Parameter Measurements Average

LHCb [1180] —0.035 £ 0.017 £ 0.020
CDF [1175] 0.06 £ 0.07 £ 0.03

LHCb [1180] —0.020 £ 0.013 £0.019
CDF [1175] —0.10 £ 0.08 £ 0.04

Acp(A) = pr) —0.025 £ 0.025

Acp(A) — pK™) —0.025 + 0.022

(Table continued)

052008-231



Y. AMHIS et al.

PHYS. REV. D 107, 052008 (2023)

TABLE 260. (Continued)

Parameter Measurements Average
Acp(Ag - pl_(ozr‘) LHCb [973] 0.22+0.13+0.03 0.224+0.13
ACP(Ag - A0K+ﬂ'_) LHCb [1030] —0.53 +£0.23 +£0.11 —-0.53+0.25
ACP(AE - A0K+K‘) LHCb [1030] —0.28 +£0.10 £ 0.07 —-0.28 +0.12
HFLAV
Acp(BO~K*n~) 1 L
Acp(B*-K+K-1+) 1 o
Acp(B+-K*+n+n-) foi
Ace(B+-K*+K+K~) 1 lel
Ace(B+-KIn+) |
Ace(B*+-K*u*u~) A e
Acp(BO-K*(892)°) e
Acp(B-K"Y) | Fed
Acp(B 0K +) 1 Fed
Acp(B K " (892)%u* ™) —e—i
Ace(B*~K*(892)*u* ™) . i
Acp(B K +n°) (|
A (B-Xsy) - Fe4
Acp(B * =K (1430)°m*) e
Ac(B-(s +d)Y) 1 —e—
Acp(B+-n*n) A ——
Acp(B +-K*(892)°r+) } ° :
Acp(B * >$(1020)K+) ng]
Ace(N3-pK =+ =) 4 e
Acp(BO-nK* (892)°) e
Acp(B%-K*(892)%* 11~ ) 1 —e—
Ace(B*-nn*) I * i
Acp(B*>w(782)K*) 1 —e—
Acp(B-$(1020)K* (892)°) —e—
Acp(BO-K *(892)°%K +K~) 4 e
Ace(B *-p *(770)p%(770)) 1 e
Acp(BO=Ko+ ) o e
Acp(B*-n*ntn—) 1
Ace(B+-w(782)n+) | —e—
-03 -0.2 -0.1 0.0 01 02

FIG. 81. A selection among the most precise direct CP asymmetries (Acp) measured in charmless B* and B decay modes.

052008-232



AVERAGES OF b-HADRON, ¢-HADRON, AND z- ...

PHYS. REV. D 107, 052008 (2023)

Measurements that are not included in the tables (the
definitions of observables can be found in the correspond-
ing experimental papers):

(1) In Ref. [1181], LHCb reports the triple-product
asymmetrles (alz0dd, gT-0dd) for the decays A9 —
prata” and A) —» pr~KTK~.

(i) In Ref. [1182], LHCb reports alzodd ) gT-0dd anq
A(Acp)=Acp(N)=pK u 1) =Acp(A)=pK=J /).

(iii) In Ref. [1183], LHCb reports alz°% and ab=°% for
the decays A) — pK-ztz~, A) > pK"KTK~-
and E) - pK~K~z™".

(iv) In Ref. [1184] LHCb measures differences of CP
asymmetries between A and E) charmless decays
into a proton and three charged mesons and the
decays to the same final states with an intermediate
charmed baryon.

H. Polarization measurements in b-hadron decays

In this section, compilations of polarization measure-
ments in b-hadron decays are given. Tables 261, 262, and
263 detail measurements of the longitudinal fraction, f;, in
B*, B°, and B? decays, respectively. They are followed by
Tables 264, 265 and 266, which list polarization fractions
and CP parameters measured in full angular analyses of
BT, B and BY decays. Figures 82 and 83 show graphic
representations of a selection of results shown in this
section.

Most of the final states considered in the tables are pairs
of vector mesons and thus, we detail below the correspond-
ing definitions. For specific definitions, for example
regarding vector-tensor final states or vector recoiling
against dispin-half states, please refer to the articles. In
the decay of a pseudoscalar meson into two vector mesons,
momentum conservation allows for three helicity configu-
rations: Hy, Hy;. They can be expressed in terms of
longitudinal polarization amplitudes, Ay = H), and trans-
verse polarization amplitudes, A, = (H,; — H_,)/+/2 and
A= (H, +H_,)/V?2 and their charge conjugates: A,

Ay, and A, . Using the definitions:

F _ |Ael?
U T AP 1AL
_ A
Fio)L= Ay (227)

[Ao|* + 1AL I> + A >

the following CP conserving and CP violating observables,
which are used in our tables, are defined:

_ F,—F,
AL kK (228)

1 _
it ==(F +Fy).
Sr=o0,).L 2( i+ Fr) For

Note that, in the literature, f; and f; are used interchange-
ably to denote the longitudinal polarization fraction.

TABLE 261. Longitudinal polarization fraction, f;, in BT decays.

Parameter

Measurements

frL(BT —» w(782)K*(892)")

BABAR [902]

fL(BT = w(782)K5(1430)1)

BABAR [902]

fo(B* > K*(892)TK*(892)°)

BABAR [930]
Belle [929]

fr(BT = ¢(1020)K*(892)7)

BABAR [935]
Belle [1172]
Belle II [932]

frL(BT = ¢(1020)K,(1270)™)

BABAR [937]

fL(BT - ¢(1020)K%(1430)T)

BABAR [937]

fL(BY = K*(892)p°(770))

BABAR [913]

fL(BT = K*(892)°p*(770))

BABAR [915]
Belle [916]

FL(BY = p* (T70)p°(770))

BABAR [425]
Belle [951]

JL(B" - w(782)p"(770))

BABAR [902]

fL(BT — ppK*(892)7)

Belle [1012]

Average LAY
0.41 £0.18 £0.05 0.41 £0.19
0.56 £ 0.10 £ 0.04 0.56 £ 0.11
0.751058 +0.03 0.821013
1.06 £ 0.30 + 0.14
0.49 £ 0.05 + 0.03*
0.52 £ 0.08 £ 0.03 0.50 & 0.05
0.58 £0.23 +0.02
0.461 0131008 0.46 £ 0.14
0.8070% +0.03 0.80 £0.10
0.78 £0.12 £0.03 0.78 £0.12
o
oo Toee  ossozoole
0.90 + 0.05 £ 0.03 0.90 + 0.06
0.32£0.17 £ 0.09 0.32£0.19

*Combination of two final states of the K*(892)%,
reports separately the results for each individual flnal state.

®See also Ref. [921].
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TABLE 262. Longitudinal polarization fraction, f;, in B® decays.

Parameter Measurements Average HFLAV
BABAR [902] 0.72 £ 0.14 £ 0.02
£L(B® - o(782)K*(892)°) LHCb [1185] 0.68 +0.17 +£0.16 0.69 £0.11
Belle [967] 0.56 £ 0.291 58
fL(B® = »(782)K;(1430)°) BABAR [902] 0.45+0.12 £ 0.02 0.45+£0.12
, _ LHCb [995] 0.724 +0.051 £ 0.016 0.73 +0.05
0 * 0 0
f1(B® > K*(892)°K" (892)°) BABAR [996]  0.80°019 4 0.06
LHCb [1186] 0.497 +£0.019 £ 0.015
Belle [990] 0.499 +0.030 £ 0.018
0 * 0
f1(B” = $(1020)K(892)") BABAR [388]  0.494 % 0.034 £ 0.013 0497 £ 0.017
Belle II [932] 0.57 4+ 0.20 £ 0.04

fr(B® = $(1020)K3(1430)°)

Belle [990]
BABAR [388]

09187002 +£0.012

0.9017304¢ +0.037

0.032
0.912%) 045

LHCb [1185]

0.164 £ 0.015 £ 0.022

0 * 0,0
fL(B” — K*(892)°0°(770)) BABAR [981]  0.40+0.08 = 0.11 0.173 4 0.026
f1(BY > K*(892)*p=(770)) BABAR [981] 0.38 +0.13 + 0.03 0.38 +0.13
Belle [414] 0.988 + 0.012 £ 0.023 0.990 =+ 0.020
0 + -
fu(B = p(T70)p7(770)) BABAR [413]  0.992 % 0.024700%
LHCb [417] 0.7457 0048 +0.034
FL(B® = p°(770)p°(770))* BABAR [415] 075131} +0.04 0.71 £ 0.06
Belle [416] 0217918 £ 0.15
f1(B® = a;(1260)"a, (1260)7) BABAR [1006]  0.31 £0.22 +0.10 0.31 £0.24
f1(B® > ppK*(892)°) Belle [1012] 1.01 +0.13 £ 0.03 1.01 £0.13
f1(B® > A°A°K*(892)°) Belle [685] 0.60 & 0.22 + 0.08"¢ 0.60 + 0.23
fL(B® = K% 1im),0.04 < ¢* < 6.0 GeV?/c*
ATLAS [1160]  0.50 & 0.06 & 0.04 0.50 £ 0.07
fr(B® = K*%%e7),0.002 < ¢% < 1.120 GeV?/c*
LHCb [1187] 0.16 £ 0.06 + 0.03 0.16 + 0.07
The PDG uncertainty includes a scale factor.
"The charmonium mass regions are vetoed.
MAO/\O <2.85 GeV/c
TABLE 263. Longitudinal polarization fraction, f,, in B? decays.
Parameter Measurements Average HFLAV
LHCb [1002]  0.381 + 0.007 + 0.012
0
f1(Bs = ¢(1020)¢(1020)) CDF [1039]  0.348 +0.041 + 0.021 0.378 +:0.013
f1(BY = K*(892)°K*(892)°) LHCb [995] 0.240 4 0.031 =+ 0.025 0.24 + 0.04
f1(BY = ¢(1020)K*(892)°) LHCb [991] 0.51 £0.15 + 0.07 0.51 +£0.17
f1(B® = K3(1430)°K*(892)0) LHCb [399] 0.911 £ 0.020 = 0.165 0.91 +0.17
f1.(BY — K3(1430)°K*(892)0) LHCb [399] 0.62 +0.16 + 0.25 0.62 & 0.30
f1(B® — K3(1430)°K3(1430)°) LHCb [399] 0.25+0.14 +0.18 0.25+0.23
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TABLE 264. Results of full angular analyses of B™ decays.

Parameter Measurements Average TFLAV
BABAR [935] 0.21 £ 0.05 £ 0.02°
+ * +
fiL(BT — $(1020)K*(892)") Belle [1172]  0.19 £ 0.08 = 0.02 0.200.05
A%, (BT — ¢(1020)K*(892)T) BABAR [935] 0.17 £ 0.11 £ 0.02° 0.17+0.11
ALp(Bt — $(1020)K*(892)T) BABAR [935] 0.22 +0.24 £ 0.08" 0224+0.25

“Combination of two final states of the K*(892)*, K9z* and K*2°. In addition to the combined results, the paper

reports separately the results for each individual final state.

TABLE 265. Results of full angular analyses of B® decays.

Parameter Measurements Average HFLAV
LHCb [1186] 0.221 £0.016 £ 0.013

f1(BY = ¢(1020)K*(892)%) Belle [990] 0.238 £+ 0.026 4+ 0.008 0.224 £ 0.015
BABAR [388] 0.212 £0.032 £ 0.013
LHCb [1186] —0.003 £ 0.038 4+ 0.005

A%P (BO - ¢(1020)K*(892)0) Belle [990] —0.030 £ 0.061 4+ 0.007 —0.007 £ 0.030
BABAR [388] 0.01 £0.07 £ 0.02
LHCb [1186] 0.047 £ 0.074 £+ 0.009

ALp(BY — ¢(1020)K*(892)") Belle [990] ~0.14£0.11 £0.01 ~0.02 £ 0.06

BABAR [388]

—0.04 £ 0.15 +£0.06

f1(B® = ¢(1020)K3(1430)°)*

BABAR [388]
Belle [990]

0.0021 0918 +0.031
0.0569:032 + 0.009

0.024
0.029 jOA026

A%, (B® — ¢(1020)K3(1430))

Belle [990]
BABAR [388]

—0.016730% + 0.031
—0.05 £ 0.06 £ 0.01

—0.031 £0.04

ALp(B® - ¢(1020)K3(1430)°)

Belle [990]

—0.01708 £0.09

—0.0179%

*The PDG uncertainty includes a scale factor.

TABLE 266. Results of full angular analyses of B? decays.

Parameter Measurements Average HELAV
I 1 e e T
f1(BY = $(1020)K*(892)°) LHCb [991] 0.21 £0.11 £ 0.02 0.21+0.11
f1(B? = K*(892)°K*(892)?) LHCb [995] 0.526 + 0.032 £ 0.019 0.526 £ 0.037
f1(BY — K*(892)°K*(892)°) LHCb [995] 0.234 + 0.025 £ 0.010 0.23 +£0.03

(i) In the amplitude analysis of B — ¢¢ decays, in
addition to the results quoted in Table 266,
LHCb, in Ref. [395], extracts the CP-violating

Measurements that are not included in the tables (the
definitions of observables can be found in the correspond-
ing experimental papers):

(i) In the angular analysis of B® — ¢K*(892)? decays

[1186], in addition to the results quoted in Table 265,
LHCb reports observables related to the S-wave
component contributing the final state K™K~ K*z~:
fs(Kn). fs(KK). 8,(Kx). 8,(KK). Ag(Kx),
Ag(KK)CP, 55(Km)CF, 6(KK)CP.
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phase ¢$° and the CP-violating parameter ||
from a decay-time-dependent and polarization
independent fit. The CP-violating phases ¢
and ¢, | are obtained in a polarization-dependent
fit. A time-integrated fit is performed to extract the
triple-product asymmetries Ay and Ay. CDF, in
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HFLAV
2021 |

fi(B+-¢(1020)K; (1430)*) o T | e
f,(B%>¢(1020)K; (1430)°) 1 T I [
f,(B+-¢(1020)K;(1270) *) e
fi(B*-¢(1020)K*(892)*) —t——
£,(B%>¢(1020)K* (892)°) [ tei
f.(B%-w(782)K; (1430)°) - e
f.(B*->w(782)K; (1430)*) 1 —

fi(B+-w(782)K*(892)*)

f(BO~w(782)K" (892)°) e
fi(B+-K" (892)%+ (770)) 1 —e—
f.(BO-K *(892)°0°(770)) 1 e
fi(B+~K" (892)* p°(770)) 1 e
f.(BO~K"(892)* p= (770)) e
fi(B+-K"(892)*K"(892)°) [ S— e—

£,(B%-K *(892)°K* (892)°) } |

f(B%~a;(1260) * a,(1260) )

fi(B*~w(782)p* (770)) F——

1.(B°~p°(770)p°(770)) 1 I e
fL(B%p *(770)p=(770)) | i Fed

fL(B%~ppK *(892)%) I i

fi(B+~ppK *(892) *) | i

f.(BO>AOAK " (892)°) | . i

f,(B%-»K"e+e~),0.002 < g2 <1.120 GeV?/c*

fi(BO-K"0u*u~),0.04 < q2 < 6.0 GeV2/c* b p——at |

0.2 0.4 0.6 0.8 1.0

FIG. 82. Longitudinal polarization fraction in charmless B decays.

HFLAV
[ 2021 |

fi(B9-+6(1020)K" (892)°) I . i
fi(B2-K " (892)°K" (892)°) —o—
fL(B2-$(1020)¢$(1020)) 1 T tof:
f.(BO-K; (1430)°K* (892)°) 1 , i | * |
fL(B2-K; (1430)°K" (892)°) 1 i I ° i
f,(B2~K; (1430)°K; (1430)°) 1+ g i
0.0 02 0.4 0.6 08 1.0

FIG. 83. Longitudinal polarization fraction in charmless BY decays.
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Ref. [1039] also reports the triple-product asym-
metries Ay and Ay,.

(iii) InRef. [399], LHCb presents a flavor-tagged, decay-
time-dependent amplitude analysis of BY —
(K*7n~)(K~n") decays in the K*z¥ mass range
from 750 to 1600 MeV/c?. The paper includes
measurements of 19CP-averaged amplitude param-
eters corresponding to scalar, vector and tensor final
states as well as the first measurement of the CP-

violating phase ¢¢¢.

(iv) Reference [1185] presents an amplitude analysis of
B° = pK*(892)° realized by LHCb. Scalar (S) and
vector (V) contributions to the final state
(zt7n")(KTn~) are considered through partial
waves sharing the same angular dependence (VV,
SS, SV, VS) and the corresponding amplitudes are
extracted for each case. Triple product asymmetries
are also reported.

X. CHARM CP VIOLATION AND OSCILLATIONS
A. D°-D° mixing and CP violation

1. Introduction

The first evidence for D°-D° oscillations, or mixing, was
obtained in 2007 by Belle [1188] and BABAR [1189].
These results were confirmed by CDF [1190] and, in 2013
with high statistics, by LHCb [1191]. There are now
numerous measurements of D°-D° mixing with various
levels of sensitivity. In 2019, LHCb used all its available
data (8.9 fb~!) to observe CP violation in D decays for the
first time [1192]. Recently, LHCb measured the mixing
parameters x and y (see below) with much higher precision
[1193] than that of previous measurements. All these
measurements, plus others, are input into a global fit
performed by HFLAV to determine world average values
for mixing parameters, CP violation (CPV) parameters,
and strong phase differences.

Our notation is as follows. We use the phase convention
CP|D®) = —|D°) and CP|D®) = —|D°) [1194] and denote
the mass eigenstates as

Dy = p|D°) — ¢q|D°) (229)

D, = p|D°) + ¢|D°). (230)
With this phase convention, in the absence of CP violation
(p = q), D; is CP-even and D, is CP-odd. The mixing
parameters are defined as x=(m; —m,)/I" and
y= (', -TI,)/(I), where m;, my, and T'|,I’, are the
masses and decay widths, respectively, of the mass eigen-
states, and I'=(I'; +1',)/2. The global fit determines
central values and uncertainties for ten underlying param-
eters. These parameters, in addition to x and y, consist of
the following:

(i) CPV parameters |q/p| and Arg(q/p)= ¢, which
give rise to indirect CPV (see Sec. XB for a
discussion of indirect and direct CPV). Here we
assume indirect CPV is “universal,” i.e., indepen-
dent of the final state in D° — f decays.

(i1) direct CPV asymmetries

F(DO - K+ﬂ'_) -T(D° - K‘ﬂ'"‘)

Ap El—‘(D0 - Kt )+ T(D° - K~ n")
A= (D’ - K*K~) — F(?O — K K%)
(D’ - K*K~) +T(D° - K~K*)
A= (DY - zta™) =T(D° - n~xn™")
"TT(D° 5 ata) +T(D° - = xt)’

where, as indicated, the decay rates are for the pure
D° and D° flavor eigenstates.

(iii) the ratio of doubly Cabibbo-suppressed (DCS) to
Cabibbo-favored decay rates

(D’ - K*n~) +T(D° - K=z™)

Rp= = )
T - K2t +T(D° - KTn")

where the decay rates are for pure D° and D° flavor
eigenstates.
(iv) the strong phase difference d between the amplitudes
A(D® - K=z*) and A(D® — K~77"); and
(v) the strong phase difference d,, between the am-
plitudes A(D° - K=p*) and A(D° - K=p*).
The 61 observables used in the fit are measured from the
following  decays: D°— Kt¢ 5, D°— K'K-,
D5 azta, D> Ktr, D> Ktz 7% D° - ngﬁﬂ_,
D° - 2%zt7=, D° - KYK*K~, and D° - K*nntn".
The fit also uses measurements of mixing parameters
and strong phases determined from double-tagged branch-
ing fractions measured at the w(3770) resonance. The
relationships between measured observables and fitted
parameters are given in Table 267. Correlations among
observables are accounted for by using covariance matrices
provided by the experimental collaborations. Uncertainties
are assumed to be Gaussian, and systematic uncertainties
among different experiments are assumed to be uncorre-
lated unless specific correlations have been identified. We
have compared this method with a second method that adds
together three-dimensional log-likelihood functions for x,
v, and & obtained from several independent measurements;
this combination accounts for non-Gaussian uncertainties.
When both methods are applied to the same set of
measurements, equivalent results are obtained. We have
furthermore compared the results to those obtained from an
independent fit based on the GAMMACOMBO framework
[432] and found good agreement.

#Charge-conjugate modes are implicitly included.
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TABLE 267.

Left column: decay modes used to determine the fitted parameters x, y, 8, Sk Rp> Ap, Axs AL, |q/ pl, and ¢. Middle

column: measured observables for each decay mode. Right column: relationships between the measured observables and the fitted
parameters. The symbol (¢) denotes the mean reconstructed decay time for D — K*K~ or D° — 727z~ decays.

Decay Mode Observables Relationship
N 2yce = (la/pl+ |p/ql)ycos ¢ — (lq/pl = |p/al)xsing
D’ - K*K~/n*x Yer cr .
/ Ar 24r = (la/p| = |p/4l)y cosp = (a/ p| + |p/g])xsin g
x
D° - K%t~ Y
la/p|
¢
DY - Kt¢ o Ry RM:#
/! 1 :
0 L _ 0 . . x X" =xco80ky, + ¥Sinbg,,
D" — K™z~ " (Dalitz plot analysis) N V' = yC0S Oy — X SN g
Ry
“Double-tagged” branching fractions measured in y 24y
w(3770) - DD decays Rp Ry ="
VRpcosé
X2,y x' = xcosd+ ysind
124 12— / :
0 S X't x Yy =ycosd—xsinéd
Dok YEYT W = g/pl ( cosg £ ¥ sing)
y'* = lg/p[*'(y cos ¢ F x'sin¢)
D° - K*tz~ /K~ z* (time-integrated) iD
D
I'(D°—>K+tK~)-

_’Kva)AK + iL)AiCngirect (Aiac[i)irect ~ _AF)

DY — KK~ /nta~ (time-integrated) F(D'>K"K™)+

—>K+K_) D

I(D—ata )+

r(D°
) F(DO
(D>t )-I(D°—atn) (t)  gindirect indirect ~,
o) 4, + At (A~ —AD)

—rta) 7p

Mixing in the heavy flavor B® and B systems is
governed by a short-distance box diagram. In the D°
system, this box diagram is both doubly Cabibbo-
suppressed and GIM-suppressed [1195], and consequently
the short-distance mixing rate is tiny. Thus, D°-D° mixing
is dominated by long-distance processes. These are difficult
to calculate, and theoretical estimates for x and y range
over three orders of magnitude, up to the percent level
[1196-1199].

Almost all experimental analyses besides that of the
w(3770) - DD measurements [1200] identify the flavor
of the D° or D° when produced by reconstructing the decay
Dt — Dz or D*~ — D%z~. The charge of the pion,
which has low momentum in the lab frame relative to that
of the D° daughters and is often referred to as the “soft”
pion, identifies the D° flavor. For D** — Dz*,
Mp —Mp — M+ =Q ~6 MeV, which is close to the
kinematic threshold; thus, analyses typically require that
the reconstructed Q be less than some value (e.g., 20 MeV)
to suppress backgrounds. In several analyses, LHCb
identifies the flavor of the D° by partially reconstructing
B —» DWyu~X and B — D®utX decays; in this case the
charge of the y* identifies the flavor of the D° or D,

For time-dependent measurements, the D° decay time is

calculated as t = M DO(ZZ - p)/p, where d is the displace-
ment vector from the D** decay vertex to the D decay
vertex; p is the direction of the D° momentum; and p is its
magnitude. The D*T vertex position is taken as the
intersection of the D° momentum vector with the beam
spot profile for e*e™ experiments, and at the primary
interaction vertex for pp and pp experiments.

2. Input observables

The global fit determines central values and uncertainties
for ten parameters by minimizing a y? statistic. The fitted
parameters are x, v, Rp, Ap, |q/pl> @, 6, Sxpr» Ak, and A,.
In the D — K* 7~ z° Dalitz plot analysis [1201], the phases
of intermediate resonances in the D° — K*z~ 2% decay
amplitude are fitted relative to the phase for
A(D® — K*p~), and the phases of intermediate resonan-
ces for DO — K*z~ 7" are fitted relative to the phase for
A(D® — K*p~). As the D° and D° Dalitz plots are fitted
separately, the phase difference &g,, = Arg[A(D° —
K*tp™)/A(D® - K"p~)] between the reference ampli-
tudes cannot be determined from these individual fits.
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TABLE 268. Observables used in the global fit, except those from time-dependent D — K* 7z~ measurements and those from direct

CPV measurements. The latter measurements are listed in Tables 269 and 270, respectively.

Mode Observable Values Correlation coefficients

0 et 0 Yep (0.719 £ 0.113)%
D" =KK™ [mn, ¢Ks  pl (0.0089 + 0.0113)%
D’ - K9ntz™ [1211] x (0.56 £ 0.1979%7)%

: 10,050 +0.012
(Belle: no CPV) y (0.30 £ 0.15%)0%) %
la/p| 0.907 01 X000 1 0054 -0.074 -0.031

D% - K9rtn~ [1211] 1 0.034  —0.019

(Belle: no direct CPV) ¢ (=6 £ 11122) degrees 1 0.044

1

(0.58 £ 0.19+09734)g;
0 0+ ‘
DY = KS” 7~ [1211] y (027 + 016j88§§4?)%

(Belle: direct CPV Same as above

|q/p‘ 0.821—0420 1—0A0807
allowed) p (13412 &1.2;5)03245
-13-4.77) degrees
D - KOr* 7~ [1213] x (—0.86 £ 0.53 + 0.17)% 07
(LHCb: 1 fb~! no CPV) v (0.03 £ 0.46 + 0.13)% :
Xep (0.27 £ 0.16 £ 0.04)% 1 (=0.17+0.15) (0.04+0.01) (=0.02 —0.02)
) Yer (0.74 £ 036 +£0.11)% 1 (-0.03 - 0.05)  (0.01 —0.03)
D° - K$nta~ [1214]
Ax  (=0.053 £ 0.070 4 0.022)% _
(LHCb: 3 fb-1 CPV ( )% 1 ( 0.131+o.14)
allowed) Ay (0.06 +0.16 + 0.03)% Notation: above coefficients are (statistical + systematic). For
(x.v.1a/pl.#) = (xcp. ycp, Ax, Ay) mapping, see [1217].
0 oo xcp (0397 £ 0.046 £ 0.029)% 1 (0.11+40.13) (=0.02+0.01) (=0.01+0.01)
D" = Ksn™a” [1193] yer (0459 +0.120 + 0.085)% 1 (=0.01 = 0.02) (=0.05+0.01)
(LHCb: 5.4 b= CPV Ax  (=0.027 £ 0.018 £+ 0.001)% 1 (0.08 + 0.31)
allowed) Ay (0.020 £ 0.036 £ 0.013)% 1
D - Kdrta~ [1212] x  (0.16+0.23 +0.12 £ 0.08)%
0 g+ gr— .
KKK~ (BABAR: no vy (0.57+0.20+0.13 £ 0.07)% +0.0615
CPV)
D° - 72%F 7 [1215] x (1.5+£1.24+0.6)% .
(BABAR: no CPV) y (02409 +0.5)% '
D’ - K+¢p Ry (0.0130 % 0.0269)%
" 2617057 £0.39)%
D° - K*7~2° [1201 x (2.61705 ~0.75
- K 11201 % (~0.06033 +0.34)%
DY —» K*n~atr [491] Ry /2 (4.8 £1.8) x 107
Rp (0533 +0.107 £ 0.045)% 10 0 -042 001
i X (0.06 +0.23 +0.11)% 1 -073 039 0.02
W(fgzg)o‘; DD [1200] y (42+2.0+1.0)% I 053 —-0.03
¢ cos 5 0.817922 4007 1 004
sin & —0.01 £ 0.41 4 0.04 1

However, this phase difference can be constrained in the

global fit and thus is included as a fitted parameter. Yep :1 <'g'+‘£'>ycos¢—l <'g'—‘£‘>xsin¢
All input measurements are listed in Tables 268-270. 2\Iprl lq 2 q

There are three observables input to the fit that are world

average values:
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TABLE 269. Time-dependent D° —
RD and AD Via R:E = RD(I iAD).

K* 7~ observables used for the global fit. The observables R}, and Ry, are related to parameters

Mode Observable Values Correlation coefficients
Ry (0.303 = 0.0189)% U077 087
D° — Ktz [1189] (BABAR 384 fb~") X2+ (=0.024 + 0.052)% { T oos }
Vi (0.98 + 0.78)% 1'
Ap (=2.1 £5.4)%
D° > K-zt [1189] (BABAR 384 fb~!) X% (—0.020 £ 0.050)% Same as above
V- (0.96 + 0.75)%
Rp (0.353 £ 0.013)%
DY — Ktz~ [1207] (Belle 976 fb=' No CPV) 2 (0.009 £ 0.022)% { ! 0'7137 :g'gfé }
y (0.46 £ 0.34)% '1
Rp (0.364 + 0.018)% U 0655 —0.83
DY = K*z~ [1206] (Belle 400 fb~' CPV-allowed) X2 (0.032 £ 0.037)% { T o0 }
¥t (—0.12 £ 0.58)% '1
Ap (+2.3+£4.7)%
DY — K~z* [1206] (Belle 400 fb~! CPV-allowed) X' (0.006 + 0.034)% Same as above
V- (0.20 + 0.54)%
Rp (0.351 +0.035)% 1 090 -097
D® - K*z~ [1208] (CDF 9.6 fb~' No CPV) Iz (0.008 £ 0.018)% 1 _0 o8
N (0.43 £0.43)% { }
R} (0.338 £ 0.0161)% 1 0823 —0.920
D° = K*z~ [1209] (LHCb 3.0 fo~! B — D*uX tag CPV-allowed) ~ x>  (=0.0019 % 0. 0447 % L o 962
¥ (0.581 £ 0.526) %
Ry (0. 360100166 % 1 0812 —0. 91
D° - K—z* [1209] (LHCb 3.0 fb~! B — D*uX tag CPV-allowed) X% (0.0079 + 0. 0433)% 1 —0. 95
V- (0.332 +0.523)% { }
R} (03454 £00045)%  oin oo
D° —» K*tz~ [1210] (LHCb 5.0 fb~! D* tag CPV-allowed) X/t (0.0061 + 0.0037)% { '1 0. 963 }
¥t (0.501 £0.074)%
Rp (03454 £00045)% (| 0846 0935
DY - K-z* [1210] (LHCb 5.0 fb~! D* tag CPV-allowed) X2 (0.0016 - 0.0039)% Y 964
V- (0.554 £ 0.074)% { }
TABLE 270. Measurements of time-integrated CP asymmetries. The observable Acp(f) = [[(D° — f) —T(D° — f)]/

[[(D° - f) +T(D° — f)]. The symbol A{¢) denotes the difference between the mean reconstructed decay times for D° —

and D° — 777~ decays due to different trigger and reconstruction efficiencies.

KtK~

Mode Observable Values Alty/Tp
- _ Acp(KTK™) (+0.00 £ 0.34 £ 0.13)%
0 + 1 cp
D — h"h™ [1218] (BABAR 386 fb™") Acp(rta) (=0.24 + 0.52 + 0.22)% 0
- _ Acp(KTK™) (—0.43 £0.30 £ 0.11)%
0 + 1 cP
D" — h"h™ [1219] (Belle 540 fb~) Acp(rta) (+0.43 +0.52 + 0.12)% 0
Acp(KTK™) = Acp(ntn) (—0.62 £ 0.21 £ 0.10)%
DY — hth™ [1220,1221] (CDF 9.7 fb™1) Acp(KTK™) (—0.32 +£0.21)% 0.27 £ 0.01
Acp(rtn) (+0.31 £0.22)%
0 - -1
— h*™h™ [1192] (LHCb 9.0 fb~', Acp(KTK™) = Acp(ata) (—0.154 £ 0.029)% 0.115 + 0.002

D** = D%+ + B — D% X tags combined)
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| HELAV

0.300
0.110*53% o

CLEO 2005 0.160 + 0.290 = 0.290 %

0.070
0.004 %70 ¢

0.013 £ 0.022 £ 0.020 %

Belle 2008 H
World average H

il TS P PN PR FEETE ST P i
-02-01 0 01 02 03 04 05

Ry, (%)

0.013 +0.027 %

FIG. 84. World average value of Ry, = (x> + y?)/2 as calcu-
lated from D° — K*#~0 measurements [1202—1205]. The con-
fidence level from the fit is 0.97.

These are calculated using the COMBOS program [6]. The
world average for R, is calculated from measurements of
D° — K*£~p decays [1202-1205]; see Fig. 84. A meas-
urement of R,, using D° - K*z~ztz~ decays [491] is
separately input to the global fit. The inputs used for the
world averages of y.p and Ar are plotted in Figs. 85 and 86,
respectively.

The D° - K™z~ measurements used are from Belle
[1206,1207], BABAR [1189], CDF [1208], and LHCb
[1209,1210]; earlier measurements are either superseded
or have much less precision and are not used. The observ-
ables from D° — K7z~ decays are measured in two
ways: assuming CP conservation (D° and D° decays
combined), and allowing for CP violation (D° and D°
decays fitted separately). The no-CPV measurements are
from Belle [1211], BABAR [1212], and LHCb [1213]; for the
CPV-allowed case, Belle [1211] and LHCb [1193,1214]
measurements are  available. The D°— KTz 70,
D° > KYK*K~, and D° — z%z"z~ results are from
BABAR [1201,1215]; the D° — Kz~ z" 7~ results are from
LHCb [491]; and the w(3770) — DD results are from
CLEOc [1200]. A measurement of the strong phase 6 by
BESIII [1216] using y(3770) — DD events use HFLAV’s
world averages for Ry, and y as external inputs; thus, we do
not include this BESIII result in the global fit.

For each set Of_‘) correlated observables, we construct a
difference vector V between the measured values and those
calculated from the fitted parameters using the relations of
Table 267. For example, for D° — K%ztz~ decays,

E791 1999 @M’p—.—q

CLEO 2002

Belle 2009 (K'K'Ky)

BESIII 2015

Belle 2016 (K'K'/7*7)

e
}.._._;.{

0.732 +2.890 £ 1.030 %

3.420 +1.390 £ 0.740 %

-1.200 + 2.500 + 1.400 %

0.110 £ 0.610 £ 0.520 %

0.720 + 0.180 £ 0.124 %

-2.000 +1.300 £ 0.700 %

1.110 + 0.220 + 0.090 %

0.570 + 0.130 £ 0.090 %

LHCb 2019 H

Belle 2020 (Kqw) 0.960 + 0.910 £ 0.643 %

World average H 0.719 + 0.113 %

FIG. 85. World average value of ycp as calculated from D° —
K*K‘,n*n‘,K*K‘K(S), and K(S)(u measurements [1222—-1230].
The confidence level from the fit is 0.21.

V= (Axv Ay’ A|‘]/p|’ Ad))’ where Ax = Xmeasured — Xfitted
and similarly for Ay, Alg/p|, and A¢. The contribution
of a set of observables to the fit y? is calculated as
V- (M) - V", where M~ is the inverse of the covariance
matrix for the measured observables. Covariance matrices
are constructed from the correlation coefficients among the
observables. These correlation coefficients are furnished by
the experiments and listed in Tables 268-270.

2021

0.088 + 0.255 + 0.058 %
-0.120 £ 0.120 %

Belle 2016 -0.030 £ 0.200 £ 0.070 %

LHCb 2021 1 + D™ tag H 0.010 £ 0.011 £ 0.003 %
World average H 0.009 +£0.011 %
il IR IS S A e
02 -01 -0 01 02 03
A (%)

FIG. 86. World average value of Ap calculated from D° —
KTK~,n"n~ measurements [1226,1228,1231,1232]. The con-
fidence level from the fit is 0.73.
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3. Fit results

The global fitter uses MINUIT with the MIGRAD
minimizer, and all uncertainties are obtained from MINOS
[1233]. Three types of fits are performed, as described below.

(1) Assuming CP conservation, i.e., fixing Ap =0,
Ak =0,A,=0, ¢ =0, and |g/p| = 1. All other
parameters (x, y, 6, Rp, 0k,,) are floated.

(2) Assuming no subleading amplitudes in CF and DCS
decays. In addition, subleading amplitudes in SCS
decays are neglected in indirect CPV observables, as
their contribution is suppressed by the mixing
parameters x and y. These simplifictions have two
consequences [1234]: (a) no direct CPV in CF or
DCS decays (Ap = 0); and (b) only short-distance

|

dispersive amplitudes contribute to indirect CPV.
The latter implies that all indirect CPV is due to a
phase difference between M, and I'j,, the off-
diagonal elements of the mass and decay matrices. In
this case the four parameters {x,y,|q/p|,¢} are
related, and one fits for only three of them, in our
case {x.v. ¢} or {x,y.]a/pl}

(2b) The same assumptions as for Fit 2a, but fitting for
parameters xj, =2|M,|/T, yin=|Tp|/T, and
¢ = Arg(M,/T1,) [1234,1235]. The parameter
¢1, 1s the phase difference responsible for all indirect
CPV. The conventional parameters {x,y, |q/p|, ¢}
can be derived from {x;5,y12,¢2}; the result is
[1234,1236]

—yh + /(o] + yh)? — 4xfyydsin?ey,

1/2
; |

2
X1

2 2 2 2\2 20 a2 1/2
Yo =X + \/(xlz +y1,)7 — 4xi,yp,sin 4’12}

2

2

= {
= .
‘1‘ — <x12 + Y1+ 2%y Sin¢12> 174
p Xiy + V1 = 212 sin gy,
in 2
tan2¢p = — sin 241

(3) Allowing full CPV and fitting for all ten parameters:
X, Y, 5’ RD? AD’ 51(7[717 Q/p|’ ¢7 AK’ and AIT'

For fit (2a), we reduce four independent parameters to
three using the relation [1234,1236,1237] tan ¢ = (x/y)x
(1—|q/p?)/(1 + |q/p|?).” This constraint is imposed in
two ways: first we float {x,y,¢} and from these derive
lg/ p|; second, we float {x, y, |¢/p|} and from these derive
¢. The central values returned by the two fits are identical,
but the first fit yields MINOS errors for ¢, while the second
fit yields MINOS errors for |g/ p|. For fit (2b), the floated
parameters are {xj5, Y2, P12}: from these we derive
{x,y,19/pl|, ¢}, and the latter are compared to measured
observables to calculate the fit y2. All results are listed in
Table 271. The y? for the all-CPV-allowed Fit 3 is 63.6 for
61 — 10 =51 degrees of freedom. Table 272 lists the
individual contributions to this y2.

Confidence contours in the two dimensions (x,y) or
(lq/p|. ¢) are obtained by finding the minimum y? for each
fixed point in the two-dimensional plane. The resulting
lo—5¢ contours are shown in Fig. 87 for Fit 2, and in
Fig. 88 for Fit 3. The contours are determined from the
increase of the y? above the minimum value. For the all-
CPV-allowed Fit 3, the * at the no-mixing point (x,y) =
(0,0) is 2099 units above the minimum value; this

*One can also use Eq. (16) of Ref. [1235] to reduce four
parameters to three.

cos2¢15 + (yio/x12)*

|
corresponds to a statistical significance greater than
11.56 (for two degrees of freedom). Thus, the no-mixing
hypothesis is excluded at this high level. In the (|g/p|, ¢)
plot (Fig. 88, bottom), the x> at the no-CPV point
(lg/pl, ) = (1,0) is 5.63 units above the minimum value;
this corresponds to a statistical significance of 1.6c.

One-dimensional likelihood curves for individual param-
eters are obtained by finding the minimum y? for fixed values
of the parameter of interest. The resulting functions
Ay? = y* = y2., where y2. is the overall minimum value,
are shown in Fig. 89. The points where Ay? = 3.84 determine
95% C.L. intervals for the parameters. These intervals are
listed in Table 271. The value of Ay? at x = 0is 68.3 (Fig. 89,
upper left), and the value of Ay? at y = 0 is 477 (Fig. 89,
upper right). These correspond to statistical significances of
8.20 and > 11.40, respectively. These large values demon-
strate that neutral D mesons undergo both dispersive mixing
(AM # 0) and absorptive mixing (AI" # 0).

4. Conclusions

From the results listed in Table 271 and shown in
Figs. 88 and 89, we conclude the following:

(i) The experimental data consistently indicate D°-D°

mixing. The no-mixing point x = y = 0 is excluded

at > 11.5¢. The parameter x differs from zero with a

significance of 8.2¢, and y differs from zero with a
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TABLE 271. Results of the global fit for different assumptions regarding CPV. The y?/d.o.f. for Fits no. 2 and no. 3 are considered
satisfactory, although care should be taken when interpreting them in terms of probability due to unknown systematic uncertainties. The
x*/d.o.f. for Fitno. 1 (no CPV) is large due to the LHCb measurement of Acp(K*K~) — Acp(zta™) [1192], which heavily disfavors

both Agx and A, being zero.

No CPV No subleading ampl. in indirect CPV CPV-allowed

CPV-allowed
Parameter (Fit no. 1) (Fit no. 2) (Fit no. 3) 95% CL Interval
x(%) 0.4410-12 0.409 + 0.048 0.409%0 048 [0.313,0.503]
y(%) 0.63 £ 0.07 0.6031 05 0.615% 05 0.509,0.725]
Sk (%) 8.918% 55153 72433 [-12.6,21.8]
Rp(%) 0.344 4+ 0.002 0.343 4 0.002 0.343 4+ 0.002 [0.340, 0.347]
Ap(%) e e -0.70 £ 0.36 [~1.40,0.00]
lq/pl 1.005 =+ 0.007 0.995 +0.016 [0.96,1.03]
#(°) —0.187938 -2541.2 [-4.91,-0.19]
Skan(?) e 223729 23.0°58 [-22.6,64.9]
A (%) 21.8°333 0.027 £ 0.137 0.045 £ 0.137 [—0.22,0.31]
Ax (%) -0.133 £0.136 -0.113 £0.137 [-0.38,0.15]
x15(%) 0.409 + 0.048 e [0.314,0.503]
yi2(%) 0.60370957 [0.495,0.715]
$12(°) 0.58* 041 [-1.20,2.42]
72/d.o.f. 98.68/52 = 1.90 66.27/53 = 1.25 63.64/51 = 1.25
TABLE 272. Individual contributions to the y> for the all-CPV-allowed Fit 3.
Observable Degrees of freedom e Sa?
ycp World Average (Fig. 85) 1 0.87 0.87
Ar World Average (Fig. 86) 1 0.24 1.12
Xgop .~ Belle [1211] 1 0.59 1.70
Ygop o Belle [1211] 1 3.61 5.32
|q/Plxon o Belle [1211] 1 0.65 5.97
gor - Belle [1211] 1 0.63 6.60
xcp(Knt ™) LHCb 3 fb~! [1214] 1 0.71 7.31
yep(KP2t2~) LHCDb 3 fb~! [1214] 1 0.11 7.42
Ax(K°z*z~) LHCb 3 fb~! [1214] 1 0.11 7.53
Ay(K°z*z~) LHCb 3 fb~' [1214] 1 0.02 7.54
xcp(Kn* ™) LHCb 5.4 fb! [1193] 1 0.04 7.59
yep(Knt ™) LHCb 5.4 fb~! [1193] 1 1.11 8.70
Ax(K°z*z~) LHCb 5.4 fb~! [1193] 1 0.01 8.71
Ay(Kz*z~) LHCb 5.4 fb~' [1193] 1 -0.03 8.69
Xgopin- BABAR [1212] 1 0.84 9.52
Yxonn- BABAR [1212] 1 0.02 9.54
Xp0,¢,- BABAR [1215] 1 0.66 10.20
Yozt~ BABAR [1215] 1 0.16 10.36
(x? + y*)g+p-, World Average (Fig. 84) 1 0.15 10.51
Xg+ .z BABAR [1201] 1 7.24 17.75
Yoz BABAR [1201] 1 4.12 21.86
CLEOc [1200]
(x/y/Rp/ cos 8/ sin 5) 5 10.32 32.19
R} /x'** /y'* BABAR [1189] 3 8.45 40.63
Rp/x'*"/y'~ BABAR [1189] 3 4.17 44.80

(Table continued)
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TABLE 272. (Continued)

Observable Degrees of freedom x> e
R} /x>t /y'* Belle [1207] 3 1.93 46.73
Ry,/x'*=/y'~ Belle [1207] 3 2.36 49.09
R;/x/y' CDF [1208] 3 1.00 50.09
R}, /x"*/y/* LHCb D* tag [1210] 3 1.40 51.49
Ry /x>~ /y'~ LHCb D* tag [1210] 3 0.13 51.62
R} /x>t /y'* LHCb B — D*uX tag [1209] 3 0.62 52.24
Ry,/x'>~/y'~ LHCb B — D*uX tag [1209] 3 1.78 54.02
Agx/An. BABAR [1218] 2 0.35 54.38
Ak /A, Belle [1219] 2 1.45 55.83
Agk/A,, CDF [1220] 2 4.08 59.91
Agg — A, LHCb [1192] (D*, B® —» D°uX tags) 1 0.08 59.99
(32 + y2) g+ p-n+ o~ LHCD [491] 1 3.65 63.64
00 g
No direct CPV 6 E—
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0.7 4
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FIG. 87. Two-dimensional contours for theoretical parameters (x,, y1,) (top left), (x;», ¢b,) (top right), and (y;», ¢1») (bottom), under
the assumption of no direct CPV in DCS decays (Fit 3).
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FIG. 88. Two-dimensional contours for parameters (x,y)
(upper) and (|g/p| — 1, ¢) (lower), allowing for CPV (fit 4).

significance > 11.4¢. Mixing at the observed level is
dominated by long-distance processes, which are
difficult to calculate.

(i1) Since ycp is positive, the (mostly) CP-even state is
shorter-lived, as in the K°-K° system. However,
since x also appears to be positive, the (mostly) CP-
even state is heavier, unlike in the K°-K° system.

(iii) There is no evidence for indirect CPV arising from
D°-D° mixing (|¢/p| # 1) or from a phase differ-
ence between the mixing amplitude and a direct
decay amplitude (¢ # 0). The fitted values for these
parameters differ from the no-CPV case with a
statistical significance of 1.60, and more data is
needed to indicate any indirect CPV. In contrast,
small direct CPV (at the level of 0.15%) has been
observed in time-integrated DY - KtK~, ztn~ de-

cays by LHCb [1192]. CP asymmetries are dis-
cussed in Sec. X B.

B. CP asymmetries

One manifestation of CP violation is a difference in
decay rates between that of a particle and that of its CP-
conjugate antiparticle [1238]. Such phenomena can be
classified into two broad categories: direct CP violation
and indirect CP violation [1239].

Direct CP violation refers to charm-changing AC = 1
processes and can occur in both charged and neutral charm
hadron decays. It results from interference between two
different decay amplitudes, e.g., a penguin amplitude and a
tree amplitude, that have different weak and strong phases.
The weak phase difference between the interfering ampli-
tudes (A¢) has opposite signs for D — f and D — f
decays, while the strong phase difference (Ad) has the same
sign. As a result, squaring the total amplitudes to obtain the
decay rates gives an interference term proportional to
cos(A¢ + A5) for D — f decays, and proportional to
cos(—A¢ + AS) for D — f decays. Thus, the decay rates
differ. This difference is time-independent and can be
measured in time-integrated measurements.

In the Standard Model (SM), the strong-phase difference
can arise due to differences in the final-state interactions
(FSI) [1240], isospin amplitudes, intermediate-resonance
contributions, or partial waves of the interfering decay
amplitudes. A difference in weak phases arises from
different CKM vertex factors, as is often the case for tree
and penguin diagrams. Within the SM, direct CP violation
is expected only in singly Cabibbo-suppressed (SCS)
charm decays, as only these decays receive a non-negligible
contribution from the penguin amplitude. This type of CP
violation depends on the decay mode, and the CP asym-
metries can reach the percent level.

Indirect CP violation refers to AC =2 processes and
arises in D decays due to D°-D° mixing. It can occur as an
asymmetry in the mixing itself, or result from interference
between a decay amplitude following mixing and a non-
mixed amplitude. Within the SM, charm indirect CP
violation is expected to be universal, i.e., independent of
final state. Current experimental limits on indirect CP
violation are discussed in Sec. X A.

The time-integrated CP asymmetry Acp is defined as
the difference between D and D partial widths divided by
their sum:

o = M. (234)
(D) +T(D)

In the case of D and D] decays, A-p measures direct CP

violation; in the case of D° decays, A-p measures direct

and indirect CP violation combined (see also Sec. X D).

Given experimental constraints on A, shown in Fig. 86, a

contribution from indirect CP violation would be
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FIG. 89. The function Ay? = y? — 42, for fitted parameters x,y, 8, 8k, |g/p|, and ¢. The points where Ay* = 3.84 (denoted by
dashed horizontal lines) determine 95% C.L. intervals.
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TABLE 273. CP asymmetries Acp = [[(D*) —T(D7)]/[[(DT) + T'(D7)] for two-body D* decays. For each
entry, the first uncertainty is statistical, and the second is systematic. The third uncertainty in the Acp(D* — zty)

measurement from LHCD is due to Acp(DT — 7" Ky) used for calibration.

Mode Year Collaboration Acp
Dt—uty 2008 CLEO [1258] +0.08 & 0.08
2021 LHCb [1257] —0.013 + 0.009 + 0.006
[ 2018 Belle [1256] +0.0231 £ 0.0124 + 0.0023
orr 2010 CLEO [1259] +0.029 + 0.029 + 0.003
HFLAV average +0.004 + 0.008
2021 LHCb [1257] —0.002 %+ 0.008 + 0.004
- 2011 Belle [1260] 1+0.0174 £ 0.0113 4+ 0.0019
n 2010 CLEO [1259] —0.020 + 0.023 + 0.003
HFLAV average +0.003 £+ 0.007
2017 LHCb [1261] —0.0061 & 0.0072 =+ 0.0053 + 0.0012
o 2011 Belle [1260] —0.0012 & 0.0112 % 0.0017
T 2010 CLEO [1259] —0.040 4 0.034 4 0.003
HFLAV average —0.006 £ 0.007
2021 LHCb [1257] —0.032 +0.047 £ 0.021
Dt —K+n® 2010 CLEO [1259] —0.035 £ 0.107 + 0.009
HFLAV average —0.033 £ 0.046
D*—K*q 2021 LHCb [1257] —0.06 4 0.10 + 0.04
2014 CLEO [1262] —0.011 4 0.006 + 0.002
2012 Belle [1263] —0.00363 %+ 0.00094 + 0.00067
D+ —>Kgnt 2011 BABAR [1264] —0.0044 & 0.0013 + 0.0010
2002 FOCUS [1265] —0.016 £ 0.015 =+ 0.009
HFLAV average —0.0041 +£ 0.0009
2018 BESIII [1243] —0.018 + 0.027 + 0.016
2013 BABAR [1266] +0.0013 = 0.0036 + 0.0025
Dt KK 2013 Belle [1267] —0.0025 & 0.0028 + 0.0014
S 2010 CLEO [1259] —0.002 + 0.015 + 0.009
2002 FOCUS [1265] +0.071 £ 0.061 £ 0.012
HFLAYV average —0.0011 £ 0.0025
DK, K+ 2018 BESIII [1243] —0.042 + 0.032 + 0.012
2019 LHCb [1268] —0.00004 + 0.00061 + 0.00045
2013 BABAR [1266] +0.0046 =+ 0.0036 + 0.0025
+ 0/ 10\ K+
D7~ (K/K")K 2013 Belle [1267] ~0.0008 + 0.0028 + 0.0014

HFLAYV average

+0.0001 £ 0.0007

negligible compared to current A.p sensitivities. Values of
Acp for DY, D and D} decays are listed in Tables 273,
274, 275, 276, and 279 respectively. Modes with a single
K ¢ meson in the final state can exhibit a CP asymmetry due
to CP violation in K°-K° mixing [1241]; i.e., the rate for
K° — K differs slightly from that for K — K. This small
effect is visible thus far only in D™ — K¢nt decays (see
Table 273). For modes with a K or K° in the final state, the
table entries are already corrected for this effect. The
asymmetry for the DCS decay D° — K* 7z~ is not included
in these tables, as it is a by-product of charm-mixing
measurements and thus is discussed in Sec. X A (where it is
referred to as Ap).

In each experiment, care must be taken to correct for
production and detection asymmetries, as they can reach
the percent level. To take into account differences in
production rates between D and D, which would affect
the number of respective decays observed, some experi-
ments (such as E791 and FOCUS) normalize Acp to that
measured in a Cabibbo-favored mode. This method
assumes there is negligible CP violation in the normali-
zation mode. Explicitly, the CP asymmetry is calculated as

n(D) —n(D
n(D) +n(D)’

=

Acp = (235)
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TABLE 274. CP asymmetries Acp = [[(DT) —T(D7)]/[[(D*) + IT'(D~)] for three- and four-body D* decays.
For each entry, the first uncertainty is statistical, and the second (if quoted) is systematic.

Mode Year Collaboration Acp
D™ >K;e'v, 2015 BESIII [1269] —0.0059 +£ 0.0060 £ 0.0148
oy 2014 LHCb [1270] Model independent technique, no evidence for CPV
D"sa'nn
1997 E791 [1271] —0.017 £ 0.042 (stat.)
2014 DO [1272] —0.0016 £ 0.0015 + 0.0009
DT >K ntat 2014 CLEO [1262] —0.003 £+ 0.002 £ 0.004
HFLAYV average —0.0018 £ 0.0016
D*—K¢ntn® 2014 CLEO [1262] —0.001 £+ 0.007 £ 0.002
D"—>Ksnty 2020 BESIII [1273] —0.009 £ 0.029 £ 0.010
D*—K(K*n" 2018 BESIII [1243] +0.014 + 0.037 £ 0.024
DT =K K n" 2018 BESIII [1243] —0.006 + 0.041 £ 0.017
Dt —¢p[-K K |n" 2019 LHCb [1268] +0.00003 +£ 0.00040 £ 0.00029
2014 CLEO [1262] —0.001 £ 0.009 £ 0.004
2013 BABAR [1274] +0.0037 £ 0.0030 £ 0.0015
Dt K K-+ 2008 CLEO [1275] Dalitz plot analysis, no evidence for CPV
2000 FOCUS [1276] -+0.006 + 0.011 £ 0.005
1997 E791 [1271] —0.014 £ 0.029 (stat.)
HFLAV average -+0.0032 £ 0.0031
DK ntata’ 2014 CLEO [1262] —0.003 £ 0.006 £ 0.004
D™ >Kgrtata 2014 CLEO [1262] +0.000 £+ 0.012 £ 0.003
Dt—>K¢K ntn~ 2005 FOCUS [1277] —0.042 £ 0.064 £ 0.022
D >atntay 2020 BESIII [1273] 0.025 £ 0.050 £ 0.016
D*—K*zxta~a® 2020 BESIII [1278] —0.0004 +£ 0.0006 =+ 0.0001

TABLE 275. CP asymmetries Acp = [[(D°) — T'(D°)]/[[(D°) + T'(DY)] for two-body D°, D° decays. In each
entry, the first uncertainty is statistical, and the second (if quoted) is systematic, unless explicitly stated that they
have been combined. The third uncertainty in the Belle and LHCb Ap(D° — K¢K ) measurements is due to Acp
of the normalization channels D° — K¢z° (Belle) and D° — K*K~ (LHCD).

Mode Year Collaboration Acp
2017 LHCb [1279] +0.0007 £+ 0.0014 + 0.0011
2012 CDF [1280] +0.0022 + 0.0024 4 0.0011
2008 BABAR [1218] —0.0024 + 0.0052 4 0.0022
[y ——— 2012 Belle [1219] +0.0043 =+ 0.0052 + 0.0012
T 2002 CLEO [1224] 40.019 4 0.032 + 0.008
2000 FOCUS [1276] 40.048 4+ 0.039 + 0.025
1998 E791 [1281] —0.049 £+ 0.078 + 0.030
HFLAV average +0.0012 £ 0.0014
2014 Belle [1282] —0.0003 + 0.0064 &+ 0.0010
D> 7070 2001 CLEO [1283] -+0.001 £ 0.048 (stat and syst combined)
HFLAV average —0.0003 + 0.0064
2014 Belle [1282] —0.0021 + 0.0016 4 0.0007
DK n® 2001 CLEO [1283] +0.001 4 0.013 (stat and syst combined)
HFLAYV average —0.0020 + 0.0017
D’->K 2011 Belle [1284] +0.0054 + 0.0051 £ 0.0016
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TABLE 275. (Continued)

Mode Year Collaboration Acp
D'SKy 2011 Belle [1284] +0.0098 + 0.0067 &+ 0.0014
2021 LHCb [1285] —0.031 £ 0.012 4 0.004 + 0.002
DVSKK 2017 Belle [1286] —0.0002 + 0.0153 + 0.0002 + 0.0017
—hslts 2001 CLEO [1283] —0.23 £ 0.19 (stat and syst combined)
HFLAV average —0.019 £ 0.010
DK nt 2014 CLEO [1262] +0.003 £ 0.003 + 0.006
2017 LHCb [1279] +0.0004 4 0.0012 4= 0.0010
2012 CDF [1280] —0.0024 4+ 0.0022 4+ 0.0009
2008 BABAR [1218] +0.0000 + 0.0034 + 0.0013
DVSKK- 2012 Belle [1219] —0.0043 & 0.0030 = 0.0011
2002 CLEO [1224] +0.000 £ 0.022 4 0.008
2000 FOCUS [1276] —0.001 £ 0.022 +0.015
1998 E791 [1281] —0.010 £ 0.049 +0.012
HFLAV average —0.0009 £ 0.0011

TABLE 276. CP asymmetries Acp = [[(D°) —T'(D°)]/[T(D°) +T'(D°)] for three- and four-body D°, D°
decays. In each entry, the first uncertainty is statistical, and the second (if quoted) is systematic, unless explicitly
stated that they have been combined. The Belle study of D® — K*K~z+z~ [1287] employs a T-odd method for P-
even variables, which corresponds to measuring a global Acp.

Mode Year Collaboration Acp
2015 LHCbD [1288] Model-independent method, no evidence for CPV
2008 BABAR [1247] +0.0031 £ 0.0041 £ 0.0017
D'satrnn® 2008 Belle [1289] +0.0043 + 0.0130 (stat and syst combined)
2005 CLEO [1290] +0.017092 +0.05
HFLAYV average +0.0032 £+ 0.0042
D'»K-ntn’ 2014 CLEO [1262] +0.001 £ 0.003 £ 0.004
DY'K-nty 2020 BESIII [1273] —0.019 £ 0.013 £0.010
2005 Belle [1291] —0.006 £ 0.053 (stat)
D'>K*a~n® 2001 CLEO [1292] +0.091073 (stat)
HFLAV average —0.0014 £ 0.0517
2012 CDF [1293] —0.0005 £ 0.0057 + 0.0054
D'>Kgn'n~ 2004 CLEO [1294] —0.009 + 0.02115345
HFLAV average —0.0008 £+ 0.0077
D'—Ksn'y 2020 BESIII [1273] —0.039 £+ 0.032 £ 0.008
D'->K¢Knt 2016 LHCb [490] Amplitude analysis, no evidence for CPV
D'SK(K* 7~ 2016 LHCb [490] Amplitude analysis, no evidence for CPV
D'SK*K-7° 2008 BABAR [1247] —0.0100 £ 0.0167 &+ 0.0025
D'satrata 2013 LHCb [1250] Model-independent method, no evidence for CPV
D=zt a'y 2020 BESIII [1273] —0.055 £ 0.052 £ 0.024
D'sK-ntntm 2014 CLEO [1262] +0.002 £ 0.003 £ 0.004
D'—K-ntn'; 2020 BESIII [1273] —0.079 £+ 0.048 £ 0.025
D'sKtnntm 2005 Belle [1291] —0.018 £ 0.044 (stat)
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TABLE 276. (Continued)

Mode Year Collaboration Acp
2018 Belle [1287] +0.0034 £ 0.0036 =+ 0.0006
2018 LHCb [1251] Amplitude analysis, no evidence for CPV
DK K-mt - 2013 LHCb [1250] Model-independent method, no evidence for CPV
2012 CLEO [1295] Amplitude analysis, no evidence for CPV
2005 FOCUS [1277] —0.082 £ 0.056 £ 0.047
HFLAV average +0.0032 £ 0.0036

where (considering, for example, D® — K~K*)

N(D° - K~K*)

NS Kr) (230

n(D) =

_ N(D* - K-K™)
n(D) = ND S K (237)
and N(D — f) is the number of D — f decays recon-
structed. In this method there is the additional advantage
that most corrections due to reconstruction inefficiencies
cancel out, reducing systematic uncertainties.

Other experiments (such as Belle and LHCb) determine
Acp via the relation

Apeas = Acp + Aprod + Adets (238)
where A, 18 the measured (raw) asymmetry, Apq is the
asymmetry in the charm hadron production, and A4 is due
to a difference in detection efficiencies between positively
and negatively charged hadrons. The production asymmetry
at the LHC arises from a charge asymmetry of the colliding
particles: in pp collisions more charm baryons are produced
than antibaryons, and, as a result, charm mesons are less
abundantly produced than anticharm mesons. Though not
yet experimentally confirmed [1242], such a production
asymmetry is expected to be dependent on the kinematics of
the produced charm hadrons. The production asymmetry in
eT e collisions appears as a forward-backward (FB) asym-
metry caused by an interference of the photon and off-shell
70 contributions. The detection asymmetries typically arise
from differences in hadron interactions with detector
material. In particular, the interaction cross sections for
K* and K~ significantly differ, with the differences being
dependent on the kaon momentum.

The B-factory strategy to separate the production and CP
asymmetries relies on the former being odd, while the latter
is even, with respect to the center-of-mass production polar
angle (0%). The A, is measured in |cos@*| bins and
subsequently averaged; this removes the A,q contribution.
At LHCb, the production asymmetry is removed by
measuring Acp for D*-tagged D° — K=zt decays; this
also corrects for the soft x detection asymmetry.
Subsequently, D™ — K~z z" decays are used to correct

for the detection asymmetry introduced by the K~ z™
system itself, and D" — K¢n™ decays are then used to
remove the asymmetries in D" production and z" detec-
tion. Finally, the asymmetry related to the neutral kaon, i.e.,
from regeneration and different interactions of K° and K°
with the detector, as well as from CP violation occurring in
the K°-K° mixing, is calculated. Put together, this gives

ACP(K+K_) :Ameas<K+K_) _Ameas(K_ﬂ+>
+ Ameas (K777 ) = Appeas (Ks™)
+A(K® —KO).

For some decays, typically the ones with lower statistics,
one corrects for nuisance asymmetries by measuring Acp
relative to some well-measured reference channel, for
instance

ACP(DS+ - ’7/”+) :Ameas(l);r - 'I,”Jr) _Ameas(D;r - ¢”+)
+Acp(Dy > ¢r™).

The uncertainty of the reference Acp is treated as an
external-input uncertainty.
There are also A-p measurements performed recently for

D(J;) decays by BESIII using data collected at the D(S)D(S)

threshold. Employing the double-tag technique, where both
charm mesons produced are reconstructed, results in quite a
limited statistical sensitivity. Therefore any impact of the
production asymmetry, expected to be smaller than at the B-
factories, would have a negligible impact and is not corrected
for. Some of these BESIII measurements are for final states
involving K; [1243,1244], which makes them unique.
Measurements of Aqp differences, denoted AAp, are often
easier to interpret theoretically than individual A-p mea-
surements. The most important difference is that for D° —
K*K~ and D° — ntz~ decays, which is discussed in
Sec. X D. Notably, its measurement by LHCb, AAqp =
(=15.4 £2.9) x 107, constitutes the first observation of
CP violation in the charm sector [1192]. The difference
AAcp of CP asymmetries for the baryon decays A} —
pKTK~and A} — paTx~ was recently measured by LHCb
[1245]. We note that, in the limit of U-spin symmetry, direct
CP violation in D° - K*K~ and D° — 77z~ decays is
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TABLE 277.

CP asymmetries Acp = [[(D°) —(D)]/[[(D°) + I'(D°)] for rare D°, D° decays. In each entry,

the first uncertainty is statistical, and the second is systematic.

Mode Year Collaboration Acp

D'SK K nt]y 2016 Belle [1296] —0.003 £ 0.020 £ 0.000
D'—¢p[-K Ky 2016 Belle [1296] —0.094 £+ 0.066 £ 0.001
D —=p'[—ata ]y 2016 Belle [1296] 40.056 £+ 0.152 + 0.006
D'SKYKptp~ 2018 LHCb [1297] +0.00 £0.11 £ 0.02
D'—sataptp 2018 LHCb [1297] 40.049 £ 0.038 £ 0.007

expected to have equal magnitude but opposite sign [1246];
thus the measurement of AA-p “doubles” the effect.
However, no such U-spin argument exists for Al —
pKTK~ and A} — prta~ decays.

Direct CP asymmetries require the presence of both
weak and strong phase differences. The larger these phase
differences are, the larger the CP asymmetry. Strong phase
differences typically vary over the phase space of multi-
body decays, which usually proceed via intermediate states;
thus, local CP asymmetries, i.e., those corresponding to a
local region of phase space or those involving specific
intermediate states, can offer better sensitivity to CP
violation than a global asymmetry. Probing the multibody
phase space is often done in a model-dependent way by
employing a Dalitz-plot analysis or, more generally, an
amplitude analysis, separately for D and D decays. A CP
asymmetry is then determined for each contributing ampli-
tude. The CP-violating observables are asymmetries in
magnitudes and phases of CP-conjugate amplitudes, as
well as asymmetries in the amplitude fit fractions.

For multibody decays, some experiments use model-
independent techniques to search for local CP asymmetries.
One technique (see Refs. [1247,1248]) uses a binned y?
approach to compare the relative density in a bin of phase
space for D — f with that of the CP-conjugate decay.
Another technique (the “energy test technique” [1249]) uses
a test statistic variable (7) to determine the average distance
between events in phase space. If the distribution of events in
two CP-conjugate samples are identical (the CP-symmetric
case), T will fluctuate around a value close to zero. This
technique yields a p-value for the no-CP violation hypoth-
esis and identifies any CP-asymmetric phase space regions.

CP asymmetries measured for charm-meson decays are
listed in Tables 273, 274, 275, 276, 277, 279, and 280. The
asymmetries for three- and four-body decays are reported
for their observed final state, i.e., resonant substructure is
implicitly included but not considered separately. Most
asymmetries measured for three- and four-body channels
are still only global asymmetries. The reported model-
independent tests, which attempt to probe the decay phase
space, yield p-values typically at the level of a few percent
or higher and thus are consistent with no CP violation. The

lowest p-value of 0.6%, corresponding to a significance for
CP violation of 2.70, is obtained for the P-odd (parity-odd)
test of D° — 7tz "2~ decays [1250]. This implies that
the effect, if not a statistical fluctuation, originates in a
P-odd amplitude such as D° — [p°°];_,. For D° —
KtK~ntz~ decays [1251], a model-dependent amplitude
analysis was performed, and CP asymmetries were mea-
sured for 25 intermediate amplitudes. The uncertainties on
these asymmetries ranged from 1% to 15% and were
dominated by statistical errors. No significant CP violation
was observed, and the most significant asymmetry of 2.8¢
was observed for the phase of the P-odd amplitude
DY — [$(1020)p(1450)°], _,. CP violation arising through
P violation is discussed further in Sec. X C.

CP asymmetries have also been measured for decays
classified as rare: radiative modes D° — Vy, with
V = K", ¢$(1020), p°, as well as dimuon decays D° —
ata T and DY — KK~ utu~ (see Table 277). For the
dimuon modes, in addition to their global asymmetries
listed in Table 276, CP asymmetries in bins of the dimuon
invariant mass have been measured by LHCDb for the ranges
with significant signal yields. They are given in Table 278.
Asymmetries for mass regions away from p+u~ production
vian, p — w or ¢ decays still have very limited sensitivities,

TABLE 278. CP asymmetries of D°, D° — hth~u*p~ decays
in different dimuon invariant mass ranges, measured by LHCb. In
each entry, the first uncertainty is statistical, and the second is
systematic. Measurements are not performed for mass intervals
with insignificant signal yields.

m(u*p”)
Mode [MeV/c?] Acp
<525 +0.17 £ 0.20 £ 0.02
525-565 .
DK K ptu 565-780  —0.129 4 0.071 + 0.007
[1297] 780-950 +0.17 £ 0.10 £ 0.01
950-1020  +0.075 4 0.065 + 0.007
1020-1100  40.099 =+ 0.055 % 0.007
I <525 —0.334+0.26 £ 0.04
[1297] 525-565 .
>565 +0.13 4 0.02 £ 0.01

052008-251



Y. AMHIS et al.

PHYS. REV. D 107, 052008 (2023)

TABLE 279. CP asymmetries Acp = [[(Df) —T'(D;)]/[C(Df) 4+ T(Dy)] for two-body Di decays. In each
entry, the first uncertainty is statistical and the second is systematic. The third uncertainty in Acp (D] — z77’) from
LHCb is due to Acp(Dt — zt¢) used for calibration.

Mode Year Collaboration Acp
D —>utv 2009 CLEO [1298] +0.048 £ 0.061
2021 Belle [1299] +0.002 £ 0.003 £ 0.003
D nt 2021 LHCb [1257] +0.008 £ 0.007 £ 0.005
s n 2013 CLEO [1300] +0.011 4 0.030 £ 0.008
HFLAV average -+0.003 + 0.004
2017 LHCb [1261] —0.0082 +£ 0.0036 + 0.0022 £ 0.002
Df >ty 2013 CLEO [1300] —0.022 £ 0.022 £ 0.006
HFLAV average —0.0088 £ 0.0049
2013 BABAR [1266] +0.006 % 0.020 £ 0.003
DF Kt 2010 Belle [1301] +0.0545 + 0.0250 + 0.0033
§ § 2010 CLEO [1259] +0.163 £+ 0.073 £ 0.003
HFLAYV average +0.0311 £ 0.0154
2019 LHCb [1268] +0.0016 £ 0.0017 + 0.0005
D} —(K"/K")x* 2013 BABAR [1266] +0.003 £ 0.020 £ 0.003
HFLAV average +0.0016 £ 0.0018
2019 BESIII [1244] +0.006 = 0.028 £ 0.006
2013 CLEO [1300] +0.026 £ 0.015 £ 0.006
D >K¢K™ 2013 BABAR [1266] —0.0005 + 0.0023 + 0.0024
2010 Belle [1301] +0.0012 £ 0.0036 + 0.0022
HFLAV average +0.0008 +£ 0.0026
D K, K+ 2019 BESIII [1244] —0.011 £ 0.026 £ 0.006
2021 LHCb [1257] —0.008 £ 0.039 £+ 0.012
DY K+ ad 2021 Belle [1299] +0.064 +0.044 +0.011
s TRE 2010 CLEO [1259] +0.266 + 0.228 £ 0.009
HFLAV average +0.020 £+ 0.030
2021 Belle [1299] +0.021 £ 0.021 £ 0.004
2021 LHCb [1257] +0.009 £+ 0.037 £ 0.011
Df—-K*n
s 2010 CLEO [1259] +0.093 + 0.152 4+ 0.009
HFLAV average +0.019 £ 0.019
Df—-K*y 2010 CLEO [1259] +0.060 % 0.189 £+ 0.009

TABLE 280. CP asymmetries Acp = [[(D})—T(D;7)]/
[[(DY) + (D5 )] for multibody D¥ decays measured by CLEO
in 2013 [1300]. In each entry, the first uncertainty is statistical,
and the second is systematic.

Mode ACP

D} —atata —0.007 + 0.030 & 0.006
D} —nta'y —0.005 & 0.039 & 0.020
D} —atay —0.004 + 0.074 £ 0.019
D} >K(K*+n° —0.016 £ 0.060 £ 0.011
D} —>K(K¢n* +0.031 4 0.052 4 0.006
Dj—sKtxata +0.045 4 0.048 £+ 0.006
Dj—>KtK &t —0.005 & 0.008 =+ 0.004
D} >K¢K-nta™ +0.041 £0.027 £ 0.009
D —-K¢K*ata~ —0.057 & 0.053 + 0.009

Df —-K*K n*n®

—+0.000 £ 0.027 £ 0.012

with uncertainties ranging from 12% to 26%. These non-
resonance regions are particularly important for new
physics searches (see Sec. XI F). Overall, CP asymmetries
have been measured for more than 50 charm decay modes,
and in several modes the uncertainty on Acp is well below
5 x 1073, Only the modes D° - K*K~ and D° — ztz~
exhibit any CP violation. The CP asymmetry observed for
the mode D' — K¢n" is consistent with that expected
from K°-K° mixing [1241]; thus, it is not attributed to
direct CP violation in charm but to the K°-K° mixing.
In the charm baryon sector, there is no evidence of CP
violation. Until recently, there were only two measurements
for Al; these were performed by CLEO [1252] and
FOCUS [1253] and had limited sensitivity. The CLEO
measurement used the semileptonic decay Al — Aetv,,
while the FOCUS measurement used the CF decay
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Al — An™. Both searched for CP violation through an
angular analysis. Exploiting the A helicity angle, CP
violation was probed by comparing the P (parity) asym-
metry in decays of A and A;. This was done by measuring
the weak-asymmetry parameters a,_ and aj , respectively.
The a,, (az ) parameter is defined as the difference
between the rates of the A} (A7) decays occurring through
A (A) with helicity +3 and —1; it thus describes a
longitudinal polarization of the A (A) baryon.

The @, parameter is accessed through studying an
angular distribution, which for A7 — Az™ decays followed
by A — pa~ is given by

dr

dcos Gp

(239)

~1+ay apcosb,

where 6, is the A helicity angle, defined as the angle
between the momentum vector of the proton in the A rest
frame and the A momentum in the A rest frame. A weak-
asymmetry parameter for A — pz~ decays, @,, is defined
similar to a,_but considering the proton helicities of i%.
The corresponding angular distribution for charge conju-
gate process, A; — Az~ with A — pz™, involves az_and
a;. The weak-asymmetry parameters for the A and A
decays are well measured [9] and used as external param-
eters. An angular distribution of the semileptonic decays
Al = Aetv, is more complicated, owing to contribution
from one more weakly decaying system, W+ — eTu, (see
Sec. XI A). Therefore, in addition to the A helicity angle, it
also depends on the W™ helicity angle, an angle between
the decay planes of the Wt and A, as well as
q* =m?*(e*v,), making the CLEO measurement a four-
dimensional analysis [1252].

As ap, = —aj_in the case of P-parity conservation, the
CP-violating asymmetry is defined as

ap, +ag,

A = (240)

A, ~ AR,
The CLEO measurement [1252] gives
Alp(Af = Aefv,) =0.00 £0.03 £ 0.01 £0.02,

where the third error is related to the uncertainty of the A
weak-asymmetry parameter. The asymmetry measured by
FOCUS [1253] is

A%, (AF — Axt) = —0.07 £0.19 £ 0.12.

This method of accessing CP violation occurring through
P violation has also been applied by Belle [1254] to the

channel E?, — 2~ 77,2~ — Az~. Belle measures

A%,(E0 - E-7%) = 0.015 + 0.052 + 0.017.

The first high-statistics CPV measurement of charm
baryons comes from LHCD in the form of AAp for the
A - pKTK~ and A} - prtz~ SCS decays [1245],
where the result is

AAcp(AS = ph™h™) = Acp(pKTK™) — Acp(prtn)
= 0.003 4+ 0.009 +£ 0.006.

The measurement, performed in a phase-space-integrated
manner, has limited sensitivity and does not facilitate an
interpretation. However, the production asymmetry
between A and A; baryons cancels in this difference.
Given the potentially rich dynamics of these decays in
their five-dimensional phase space,3 6 AAcp measured in
phase-space regions or a model-dependent measurement
of intermediate amplitude asymmetries would be very
desirable.

For charm decays, one can construct various SU(3)-
based sum rules which, in addition to testing SU(3)
symmetry itself, are also useful for performing model-
independent tests of the SM. Particularly useful are sum
rules exploiting SU(3) subgroups such as U-spin or isospin
(D), as they involve fewer decays and offer more precise
tests. While U-spin symmetry in charm decays is broken by
a non-negligible amount due to the s-quark mass, isospin
symmetry holds at the (m, —m,) level and thus is very
precise. Important for our considerations are isospin sum
rules that relate individual CP asymmetries of the isospin-
related processes. Verifying such rules allows for tests to
be performed with reduced uncertainty from strong inter-
action effects.

Such a sum rule has been proposed for D — zz
decays in Ref. [1255]. Following the phase convention
of [1255], the isospin decomposition of D — zz ampli-
tudes gives

At = \/5./43 + \/EAl,
Aﬂono = 2./43 - ./41,
Aﬂ+”0 - 3./43,

where A; and Aj; are amplitudes corresponding to the
AI=1/2 and AI =3/2 transitions, respectively (i.e.,
transitions to zz final states with /=0 and I =2).
From this, one can get an amplitude isospin sum rule

1
—=A - A0

V2

— Ay =0. (241)

**For unpolarized A, the decay phase space reduces to a two-
dimensional Dalitz distribution.
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Probing such a sum requires knowledge of strong phases,
which are accessible only at charm-threshold experiments.
However, without this knowledge the sum of differences of
decay rates for D and D decays can be measured:

|Aﬂ'+ﬂ_|2 - |Aﬂ+ﬂ'_ |2 + |An0n0|2 - |AJT0H0’2
2 - _
- g (|A”+”0|2 - |A7r'7z0|2) = 3('-’41 |2 - |A1 |2> (242)

This equation suggests several SM tests. As the penguin
amplitude is, to excellent approximation within the SM,
purely Al = 1/2, any CP asymmetry observed in D™ —
7t7° would be a sign of new physics in the Al =3/2
amplitude. If the sum in Eq. (242), depending only on A,

J

|An+ﬂ’|2 - |An+ﬂ’ ‘2 + |Aﬂ0ﬂ0|2 - |A7t07[0|2

is found to be nonzero, this would mean that CP violation
arises from the Al = 1/2 transitions. Moreover, a scenario
in which the sum in Eq. (242) is zero and individual
asymmetries are nonzero would suggest new physics
contributing to the Al = 3/2 amplitude.

To facilitate an experimental test, one can exploit also the
sum of decay rates:

|A7r+ﬂ’|2 + ‘Aﬂ:*n” |2 + |AJT07ZO|2 + |A7L’0ﬂ0|2

2 - -
=3 (el + 1A wl) = 3(AP + A P). (243)

Dividing Eq. (242) by Eq. (243) gives

(|Aﬂ+ﬂ.’0 |2 - |Aﬂ'_ﬂ0 |2)

R

Note that the last term of the denominator enters with the
sign opposite compared to the one in the sum tested in
Refs. [1256,1257]. An advantage of the ratio in Eq. (244) is
that it corresponds to the CP asymmetry in the Al = 1/2
process and has no dependence on the Al =3/2 ampli-
tude, which facilitates an interpretation.

Relating the amplitude, the branching fraction, the
lifetime, and the asymmetry with |A|> < B/7;, and
|A]2 — |A]? = Acp(|A]> + |A]?), we rewrite Eq. (244) as

_ Acp(D? > atam)  Acp(D° - 2%7°)

1+;L0(%_2&) 1+ 22 (Biz — 2810y

4o VTR0 3Tt

R

Acp(D* - 7*2°)

— 3%+ (B 4 Bioy?
28+0 ‘L’D() TD()

(245)

where B, _, By, and B, denote the branching fractions for
D = zta~, D° = 7°2° and DT — ztx°, respectively.
The sum R is calculated using our averages for CP
asymmetries (Tables 273 and 275) and PDG averages
[9] for branching fractions and lifetimes. The result is

R = (+0.09 £3.22) x 1073, (246)

which is consistent with zero. In addition, all the individual
asymmetries contributing to R are consistent with zero. The
uncertainty on R is dominated by the uncertainties on
individual asymmetries.

The sum rule for D — KK decays involves full SU(3)
considerations and thus is imprecise. Reference [1255]
proposes a set of isospin sum rules for D — pz or
D — K®K®z, but to test these sum rules requires a
number of experimental measurements that have not yet
been performed.

2
3
|An:+rr’|2 + |Aﬂ+ﬂ’ |2 + |A7[07Z0|2 + |Aﬂ0ﬂ0‘2 - % (|A75+7z0|2 + |A7L'_7[0’2) .

(244)

C. T-odd asymmetries

Measuring 7T-odd asymmetries provides a complemen-
tary way to search for CP violation in the charm sector,
exploiting CPT invariance. T-odd asymmetries are mea-

sured using triple-products of the form a - (l; x ¢), where a,
b, and c are spins or momenta. This combination is odd
under time reversal (7). If a triple product is formed using
both spin and momenta, i.e.,

—_ — —
Sl'(Pz X P3),

it can be even under P-conjugation. However, if only
momenta are used, i.e.,

P1 (P2 xp3)s

it is odd under P-conjugation. Thus, in this case the 7-odd
method becomes P-odd and allows one to probe CP
violation occurring via P violation. This type of CPV,
arising in P-odd amplitudes, can be studied in decays of
mesons into final states with at least four spinless particles.
Two- and three-body hadronic decays of charm mesons to
spinless particles involve only P-even amplitudes,37 for
which CP violation can arise only through C-violation.

Taking as an example the decay mode D°—
K"K ztz~, involving spinless particles only, one forms
a triple-product correlation using momenta of the final-state
particles in the D° center-of-mass frame.”® Defining the
T-odd (and P-odd) correlation for D°

3p_even amplitudes are accessed with P-even variables, like
invariant masses or helicity angles.
38 :

For momentum-only triple products, at least four-daughter
final states are required to give a nonzero correlation, as only
three out of four momenta are independent. For three-body
decays, the daughters are in a plane and the triple product is zero.
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TABLE 281. Measurements of the T-odd CP asymmetry A; = (A; — Ag)/2.
Mode Year Collaboration Ar
2018 Belle [1287] +0.0052 +£ 0.0037 £ 0.0007
2014 LHCb [1309] +0.0018 £ 0.0029 +£ 0.0004
D'SsKYK-#atn 2010 BABAR [1310] +0.0010 £ 0.0051 + 0.0044
2005 FOCUS [1277] +0.010 £ 0.057 £ 0.037
HFLAV average +0.0035 £ 0.0021
D'>Kgntna® 2017 Belle [1308] —0.00028 £ 0.001387 00076
2011 BABAR [1311] —0.0120 + 0.0100 £ 0.0046
D">KK "z n~ 2005 FOCUS [1277] +0.023 £+ 0.062 £ 0.022
HFLAV average —0.0110 £ 0.0109
2011 BABAR [1311] —0.0136 + 0.0077 £+ 0.0034
Df>KK n"n~ 2005 FOCUS [1277] —0.036 + 0.067 £ 0.023
HFLAYV average —0.0139 £ 0.0084
Cr = pg+ - (Pr+ X Pa), (247)  measurements in Table 281 are also performed

and the corresponding quantity for D°
CT = ﬁK‘ ’ (57[' X 57[*)’ (248)

one can construct the asymmetry for the D° decays as

_T(Cr >0)-T(Cr <0)

Ar = , 249

T7I(Cr > 0)+I(Cr <0) (249)
and for their CP-conjugate decays as
- I(-C —I(=C

i (-Cy >0)-T'(-Cy<0) (250)

"7 I(=Cy > 0)+I(=C; <0)°

In these expressions, I" represents a partial width, and the
following applies:

P(Cp)=—Cy. C(Cy)=Cr. CP(A;)=Ap. (251)
The asymmetries A and A; depend on angular distribu-
tions of the daughter particles and may be nonzero due to
final-state interactions or P violation in weak decays. Given
Eq. (251), one can construct the CP-violating, i.e. CP-odd

(and P-odd, T-odd) asymmetry

Ar—A
ArEiT T§

5 (252)

where a nonzero value indicates CP violation (see
Refs. [1302-1307]). This asymmetry is referred to in the
literature by several names: Agyiy, abp, and alpdd.
Values of A for D, DY, and D° decay modes are listed
in Table 281. Despite relatively high precision (<1%),
there is no evidence for CP violation. In order to increase
sensitivity to CP violation (see Sec. X B), some of the

locally in phase-space regions. Decay phase space is
divided according to two- or three-body invariant mass
(for D° - K¢ata~n° decays in Ref. [1308]), helicity
angles of the two-body systems (D° — K*K~ztz~ in
Ref. [1287]) or using both mass and angular observables
(D° - K*K~z"7~ in Ref. [1309]). None of the local Ay
asymmetries is found to be significant.

All P-even contributions contributing to A7 cancel out in
the difference. Thus, A7y is only sensitive to P-odd
amplitudes or to interference between P-odd and P-even
ones. The cancellation typically applies also to detection
asymmetries and, at the hadron-collider experiments, the
production asymmetry, making this is a significant advan-
tage of the T-odd method.

Another way to probe P-odd amplitudes is through
amplitude analysis using P-odd variables. One example
is sin @, where @ is the angle in the D° frame between the
K* K~ decay plane and the z*z~ decay plane for the decay
D° — KTK~ntz~ [1251]. It can be shown that sin® is
proportional to the triple product. However, P-odd ampli-
tudes in four-body decays of charm mesons, for instance
D — [VV],_,, i.e. final states involving two vector mesons
in a P-wave state, are typically quite suppressed (<10%)
[1251,1312]. This makes searches for CP violation in these
amplitudes challenging. As discussed in Sec. X B, no
significant CP violation was observed for any of the
amplitudes contributing into the D® — K*K~z*z~ decays
studied by LHCb [1251]. The most significant asymmetry
of 2.80 was observed for the phase of the P-odd amplitude
DY = [$(1020)p(1450)°],_,. In another method, the
model-independent technique used to search for CP asym-
metries in D — 7zt 7=zt 7~ decays (see Sec. X B) has been
carried out separately for P-odd and P-even contributions,
separated out using a triple product [1250]. The p-value of
0.6%, corresponding to a significance for CP violation of
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TABLE 282. Inputs to the fit for direct and indirect CP violation. The first uncertainty listed is statistical and the
second is systematic. The uncertainties on A(z)/z and (¢)/7 are < 0.01 and are not quoted here.
Year Experiment Results At/ (t)/z Reference
2012 BABAR Ar = (+0.09 + 0.26 £ 0.06)% [1226]
2021  LHCb AY(KK) = (—0.003 % 0.013 4 0.003)% [1232]
AY(zr) = (—0.036 £ 0.024 £ 0.004)%

2014 CDF Ar = (=012 £0.12)% [1231]
2015 Belle Ar = (-0.03 £0.20 £ 0.07)% [1228]
2008  BABAR Acp(KK) = (+0.00 £ 0.34 £ 0.13)%

Acp(ar) = (-0.24 £0.52 £0.22)% 0.00 1.00 [1218]
2012 CDF AAcp = (-0.62 £0.21 £0.10)% 0.25 2.58 [1221]
2014 LHCb SL AAcp = (40.14 £ 0.16 £ 0.08)% 0.01 1.07 [1317]
2016 LHCb prompt AAcp = (—0.10 £ 0.08 = 0.03)% 0.12 2.10 [1318]
2019 LHCb SL2 AAcp = (—0.09 £ 0.08 £+ 0.05)% 0.00 1.21 [1192]
2019 LHCb prompt2 AAcp = (—0.18 £0.03 £ 0.09)% 0.13 1.74 [1192]

2.70, is obtained for the P-odd test of D° - ztzntz~
decays.

Decays of charm baryons also offer access to P-odd
amplitudes, e.g., A} decays with a weakly decaying baryon
in the final state, such as A7 — Ax*. Moreover, for
polarized charm baryons, e.g., A, produced weakly in
A, decays, one can build a triple product using the A_. spin.
Recently, the topic of symmetries has been revisited (see
Refs. [1313,1314]), with the suggestion to exploit addi-
tional asymmetries constructed from triple products in
multibody decays.

D. Interplay between direct and indirect CP violation

In decays of D° mesons, CP asymmetry measurements
have contributions from both direct and indirect CP
violation, as discussed in Sec. X A. The contribution from
indirect CP violation depends on the decay-time distribu-
tion of the data sample [1234]. This section describes a
combination of measurements that allows the determination
of the individual contributions of the two types of CP
violation. At the same time, the level of agreement for a no-
CP-violation hypothesis is tested. The first observable is

7(D° - hth™) —7(D° - h*™h™)
(D" = W h )+ o(D° = h i)

Ap

(253)

where h*h™ can be K*K~ or 27z~ and 7(D° — h*h™)
indicates the effective D° lifetime as measured in the decay
to hTh~. The second observable is

AAcp=Acp(KTK™) — Acp(ntn), (254)

where Acp are time-integrated CP asymmetries. The
underlying theoretical parameters are

— |"4D0—>f|2 - |'Al_)0—>f|2
r |AD0—>f|2+|ADO—>f|2’

ate () (]

Pl o1q p
where Ap_, ¢ is the amplitude for D — f[1315]. We use the
relations [1316]

dir —

Ap = —agf - adpyce. (256)
. (1) A —— Al
AAcp = Aaf} <1 +Yep <_r>> +agh —i i +alpyep —i ) :
. (1) - A(t
~ Adgy (1 +yep 9) +agdp ¥ (257)

between the observables and the underlying parameters.
Equation (256) constrains mostly indirect CP violation,
and the direct CP violation contribution can differ for
different final states. In Eq. (257), (r) /7 denotes the mean
decay time in units of the D lifetime; AX denotes the
difference in quantity X between K™K~ and n*z~ final
states; and X denotes the average for quantity X. We neglect
the last term in this relation, as all three factors are O(1072)
or smaller, and thus this term is negligible with respect to
the other two terms. Note that A(t)/7 < (t)/7, and it is
expected that |adlh|<|AadL| because alL(KTK~) and
adit(z*a~) are expected to have opposite signs in the
Standard Model [1315].

We perform a y? fit to extract Aall, and ai*$ using the
HFLAV average value ycp = (0.719+0.113)% (see
Sec. X A) and the measurements listed in Table 282. For
the BABAR measurements of Acp(K"K~) and Acp(ntn™),
we calculate AA-p adding all uncertainties in quadrature.
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FIG. 90. Plot of all data and the fit result. Individual measurements are plotted as bands showing their +1¢ range. The no-CPV point
(0,0) is shown as a filled circle, and the best fit value is indicated by a cross showing the one-dimensional uncertainties. Two-
dimensional 68% C.L., 99.7% C.L., and 99.99997% C.L. regions are plotted as ellipses.

This may overestimate the systematic uncertainty for the
difference, as it neglects correlated uncertainties.
However, the result is conservative, and the effect is
small, as all measurements are statistically limited. For all
measurements, statistical and systematic uncertainties are
added in quadrature when calculating the y2. In this fit,
Ar(KK) and Ap(zz) are assumed to be identical but are
plotted separately in Fig. 90 to visualize their level of
agreement. This approximation, which holds in the SM, is
supported by all measurements to date. A significant
relative shift of AA-p due to final-state-dependent Ar
values and different mean decay times, corresponding to a
contribution from the last term in Eq. (257), is excluded by
these measurements. The latest LHCb measurement mea-
sures AY, which is approximately equal to —Ar with the
relative difference being ycp.

The fit results are shown in Fig. 90. From the fit, the
change in y? from the minimum value for the no-CPV point
(0, 0) is 33.0, which corresponds to a C.L. of 6.9 x 10~% for
two degrees of freedom or 5.4 standard deviations. The
central values and *+1¢ uncertainties for the individual
parameters are

ad = (=0.010 £ 0.012)%

Addlt = (=0.161 £ 0.028)%. (258)
Relative to the average reported in our previous report [1],
the level of rejection of the hypothesis of CP symmetry
remains approximately unchanged, and the uncertainty on
indirect CP violation has more than halved. The average

clearly points at CP violation in the decays to two charged
hadrons.

XI. CHARM DECAYS

A. Semileptonic decays

1. Introduction

Semileptonic decays of D mesons involve the interaction
of a leptonic current with a hadronic current. The latter is
nonperturbative and cannot be calculated from first prin-
ciples; thus it is usually parametrized in terms of form
factors. The transition matrix element is written

Gr
75 Vea ' Hy

where Gy is the Fermi constant and V., is a CKM matrix
element. The leptonic current L* is evaluated directly from
the lepton spinors and has a simple structure; this allows
one to extract information about the form factors (in H,)
from data on semileptonic decays [1319]. Conversely,
because there are no strong final-state interactions between
the leptonic and hadronic systems, semileptonic decays for
which the form factors can be calculated allow one to
determine |V, | [3].

M =i (259)

2. D - Pfv, decays

When the final state hadron is a pseudoscalar, the
hadronic current is given by [1320]
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TABLE 283.

Results for my. and agg from various experiments for D° — K~¢*v and DT — K%*v decays.

The last two rows list results for other ¢ — se*v, decays, for comparison, because some theories [1344,1345] stated
that the form factors of the semileptonic decays are possibly insensitive to the spectator quarks.

this is

D — K¢v, experiment Mode References Mpo. (GeV/ c?) OBK
CLEO Il (D% ¢ = e, p) [1346] 1.89 4 0.0579% 0.36 + 0.10%09
FOCUS (D% ¢ = u) [1347] 1.93 +0.05 £ 0.03 0.28 £ 0.08 £ 0.07
Belle (D% ¢ = e,p) [1335] 1.82 +0.04 = 0.03 0.52 + 0.08 +0.06
BABAR (D% ¢ =e) [1336] 1.889 £0.012 £0.015  0.366 + 0.023 £+ 0.029
CLEO-c (tagged) (D, D*;¢ = e) [1337] 1.93 +0.02 £ 0.01 0.30 £ 0.03 £ 0.01
CLEO-c (untagged) (D% ¢ =e) [1338] 1.97 £ 0.03 +0.01 0.21 £0.05 £0.03
CLEO-c (untagged) (D¢ =e) [1338] 1.96 £+ 0.04 £ 0.02 0.22 +0.08 £ 0.03
BESIIT (D% ¢ =e) [1334] 1.921 £0.010 £ 0.007  0.309 £ 0.020 +0.013
BESII (D¢ =¢e) [1269] 1.953 £0.044 £ 0.036  0.239 +0.077 £ 0.065
BESIIT Dt > kﬁ* _eTy, [1339] 1.935 £0.017 £ 0.006  0.294 £ 0.031 +0.010
BESIIT Dy - netv, [1348] 3.759 £ 0.084 £ 0.045 0.304 £0.044 +0.22
BESII D} »rnety, [1348] 1.88 + 0.60 £+ 0.08 1.62 £0.90 £0.13
H, = (P(p)|gr.c|D(p")) where p, and y, are expansion parameters and « is a
5 ) m2 — m3 parameter that normali;es the form factor at ¢g> = 0, f +(0).
=f(g°) | (P + P)ﬂ 7 qu The parameter my. is the mass of the lowest-lying cg
) 5 resonance with the vector quantum numbers;
+ fol(q?) mp —2mP - (260) expected to provide the largest contribution to the form
q factor for the ¢ — ¢ transition. The sum over N gives the

where mp, and p’ are the mass and four momentum of the
parent D meson, mp and p are those of the daughter meson,
f+(q*) and fy(q*) are form factors, and g = p’ — p.
Kinematics require that f, (0) = f,(0). The contraction
q,L* results in terms proportional to m, [1321], and thus
for # = e the terms proportional to g, in Eq. (260) are
negligible and only the f,(g?) vector form factor is
relevant. The corresponding differential partial width is

dl'(D — Pev,) G%|V., . .
¢ = * 62’ 261

dq*d cos 0, 300 P |f+(g”)|" sin &; (261)

where p* = ((m}=(mptq) 2 (mp=(mp=a))]'? - o o magnitude of

2mp
the momentum of the final state hadron in the D rest frame,
and 0, is the angle of the electron in the ev rest frame with
respect to the direction of the pseudoscalar meson in the D
rest frame.

3. Form factor parametrizations

The form factor is traditionally parametrized with an
explicit pole and a sum of effective poles:

)= (i 21/mpole)

" Z 1-¢*/ }’kmpole)]

filq

(262)

contribution of higher mass states. For example, for D — =
transitions the dominant resonance is expected to be the
D*(2010), and thus mp,e = Mp-(010). For D — K tran-
sitions, the dominant resonance is expected to be the
D:: (2112), and thus mpole = ij(leZ)‘

4. Simple pole

Equation (262) can be simplified by neglecting the sum
over effective poles, leaving only the explicit vector meson
pole. This approximation is referred to as “nearest pole
dominance” or “vector-meson dominance.” The resulting
parametrization is

f+(0)

(1 - 2/n/lpole)

fi(g?) = (263)
However, values of m, that give a good fit to the data do
not agree with the expected vector meson masses [1320].
To address this problem, the “modified pole” or Becirevic-
Kaidalov (BK) parametrization [1322] was introduced. In
this parametrization e/ /0y is interpreted as the mass
of an effective pole higher than m., i.e., it is expected that
apk < 1. The parametrization takes the form

f+(0) !
(1 - qz/mgole) (1 — ABK 22 ) ’

pole

f+(‘12) =

(264)

where oapg 1is a free parameter that takes into
account contributions from higher states in the form of
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TABLE 284.  Results for m,. and agg from various experiments for D - 7z~ ¢*vand DT — 7%¢*v decays. The
last two rows list results for other ¢ — de*v, decays, for comparison, because some theories [1344,1345] stated that
the form factors of the semileptonic decays are possibly insensitive to the spectator quarks.

D — nfv, experiment Mode References Mpote (GeV/ c?) OBK

CLEO III (D% ¢ = e, p) [1346] 1.86.10 0047 0.37193Y £0.15
FOCUS (D% ¢ = p) [1347] 1917032 +0.07 oo

Belle (DY ¢ = e, p) [1335] 1.97 £0.08 £ 0.04 0.10 £0.21 £ 0.10
CLEO-c (tagged) (DY, D*;¢ = e) [1337] 1.91 £0.02 + 0.01 0.21 £0.07 £ 0.02
CLEO-c (untagged) (D% ¢ = e) [1338] 1.87 £ 0.03 £ 0.01 0.37 £0.08 +0.03
CLEO-c (untagged) (D¢ =e) [1338] 1.97 £0.07 £ 0.02 0.14+0.16 £ 0.04
BESII (D% ¢ = e) [1334] 1911 £0.012 £ 0.004  0.279 4+ 0.035 £ 0.011
BABAR (D% ¢ = e) [1333] 1.906 £0.029 +£0.023  0.268 £ 0.074 £ 0.059
BESII Dt — a%*y, [1339] 1.898 £0.020 £ 0.003  0.285 4+ 0.057 £ 0.010
CLEO-c DT = pety, [1349] 1.87 £0.24 4+ 0.00 0.21 £0.44 +0.05
BESIII Dt - pety, [1350] 1.73 £0.17 £ 0.03 0.50 £0.54 £0.08

an additional effective pole. This parametrization is
used by several experiments to determine form factor
parameters. Measured values of my,. and agg are listed
in Tables 283 and 284 for D — Kfv, and D — nfv,
decays, respectively.

5. z expansion

Alternatively, a power series expansion around some
value > =1, can be used to parametrize f,(q?)
[1319,1323-1325]. This parametrization is model-indepen-
dent and satisfies general QCD constraints. The expansion
is given in terms of a complex parameter z, which is the
analytic continuation of ¢ into the complex plane:

/ 2
AP = Y2 =V Tl
Vie— ¢+ i =1

where tg =t (1 — /1 —t_/t,) and ty = (mp +mp)>. In
this parametrization, g> = t, corresponds to z = 0, and the
physical region extends in either direction up to £|z| . =
4+0.051 for D — K¢v, decays, and up to +0.17 for
D — nfv, decays.

The form factor is expressed as

(265)

1 o0

Zak(foﬂz(ff,fo)]k’ (266)

2y
T = b 0 £
where the Blaschke factor P(g?) is used to remove
subthreshold poles, for instance, P(q*) =1 for D —» =«
and P(¢*) = z(q*, M}, ). The “outer” function ¢(z, £,) can
be any analytic function, but a preferred choice (see, e.g.,
Refs. [1323,1324,1326]), obtained from the operator prod-
uct expansion (OPE), is

P(q*.10) =a( Vit —¢* +/1, 1)

N R VO v e
(tL—1)'* (Vi -+ i)’

with @ = \/am?2/3. The OPE analysis provides a constraint
upon the expansion coefficients, > ¥ a? < 1. These coef-
ficients receive 1/Mp corrections, and thus the constraint is
only approximate. However, the expansion is expected to
converge rapidly since |z| <0.051(0.17) for D — K
(D — &) over the entire physical ¢ range, and Eq. (266)
remains a useful parametrization. The main disadvantage as
compared to phenomenological approaches is that there is no
physical interpretation of the fitted coefficients ag.

(267)

6. Three-pole formalism

An update of the vector pole dominance model has been
developed for the D — #nfv, channel [1327]. It uses
information of the residues of the semileptonic form factor
at its first two poles, the D*(2010) and D* (2600) reso-
nances. The form factor is expressed as an infinite sum of
residues from J” = 1~ states with masses mp::

Res f(d?)
O gT=my,
filg®) = - , (268)
’ ; mp, = 4’
with the residues given by
1
ZRC§ f+ ((]2) = EmD; fD; 9p;:Dr- (269)
q :mD;l

Values of the fp- and f,. decay constants have been
calculated relative to f via lattice QCD, with 2% and 28%
precision, respectively [1327]. The couplings to the Dz
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state, gp-p, and g, , are extracted from measurements

of the D*(2010) and D*' (2600) widths by the BABAR and
LHCDb experiments [1328—1330]. This results in the con-
tribution from the first pole being determined with 3%
accuracy. The contribution from the D*(2600) pole is
determined with poorer accuracy, ~30%, mainly due to
lattice uncertainties. A superconvergence condition [1331]

> Res fi(q*)=0 (270)
n=0 q2:m?);;

is applied, protecting the form factor behavior at large g°.
Within this model, the first two poles are not sufficient to
describe the data, and a third effective pole needs to be
included.

One of the advantages of this phenomenological model
is that it can be extrapolated outside the charm physical
region, providing a method to extract the magnitude of the
CKM matrix element V,;, using the ratio of the form factors
of the D — nfv and B — nfv decay channels. It will be
used once lattice calculations provide the form factor ratio
i (q®)/f5,(g%) at the same pion energy.

This form factor description can be extended to the D —
K?v decay channel, considering the contribution of several
5 resonances with J¥ = 17, The first two pole masses
contributing to the form factor correspond to the D} (2112)
and D}, (2700) resonant states [9]. A constraint on the first
residue can be obtained using information of the f decay
constant [9] and the g coupling extracted from the D**
width [1328]. The contribution from the second pole can be
evaluated using the decay constants from [1332], the
measured total width, and the ratio of D*K and DK decay
branching fractions [9].

7. Experimental techniques and results

Various techniques have been used by several experi-
ments to measure D semileptonic decays with a pseudo-
scalar particle in the final state. The most recent results are
provided by the BABAR [1333] and BESIII [1269,1334]
collaborations. Belle [1335], BABAR [1336], and CLEO-c
[1337,1338] have all previously reported results. Belle fully
reconstructs ete” — DDX events from the continuum
under the Y(4S) resonance, achieving very good g¢?
resolution (15 MeV?) and a low background level but with
a low efficiency. Using 282 fb~! of data, about 1300 D —
K7*v (Cabibbo-favored) and 115 D — n£ v (Cabibbo-
suppressed) decays are reconstructed, considering the
electron and muon channels together. The BABAR experi-
ment uses a partial reconstruction technique in which the
semileptonic decays are tagged via D** — D%zt decays.
The D direction and neutrino energy are obtained using
information from the rest of the event. With 75 fb~! of data,
74000 signal events in the D° — K~e*v mode are
obtained. This technique provides a large signal yield

but also a high background level and a poor g> resolution
(ranging from 66 to 219 MeV?). In this case, the meas-
urement of the branching fraction is obtained by normal-
izing to the D° — K~z decay channel; thus the
measurement would benefit from future improvements in
the determination of the branching fraction for this refer-
ence channel. The Cabibbo-suppressed mode has been
recently measured using the same technique and 350 fb~!
data. For this measurement, 5000 D° — z~e*v signal
events were reconstructed [1333].

The CLEO-c experiment uses two different methods to
measure charm semileptonic decays. The tagged analyses
[1337] rely on the full reconstruction of y(3770) — DD
events. One of the D mesons is reconstructed in a hadronic
decay mode, and the other in the semileptonic channel. The
only missing particle is the neutrino, and thus the ¢*
resolution is very good and the background level very low.
With the entire CLEO-c data sample of 818 pb~!, 14123
and 1374 signal events are reconstructed for the D° —
K~ e*vand D° — 7~e*v channels, respectively, and 8467
and 838 are reconstructed for the D* — K% *v and D* —
’e*v decays, respectively. An alternative method that
does not tag the D decay in a hadronic mode (referred to as
untagged analyses) has also been used by CLEO-c [1338].
In this method, the entire missing energy and momentum in
an event are associated with the neutrino four momentum,
with the penalty of larger backgrounds as compared to the
tagged method.

Using the tagged method, the BESIII experiment mea-
sures the D° — K~e*v and D° — 7z~ e*v decay channels.
With 2.93 fb~! of data, they fully reconstruct 70700 and
6300 signal events, respectively, for the two channels
[1334]. In a separate analysis, BESIII measures the semi-
leptonic decay D' — K9etv [1269], with about 20100
semileptonic candidates. Since 2016, BESIII has reported
additional measurements of D — K¢*v, and nftv,.
The signal yields are 26008, 5013, 47100, 20714, 3402,
2265, and 1335 events for Dt —K°(z*z7)etw,,
Dt - K%(z°2%)e*v,, D' > K ptv,, DT — K'(an)uty,,
Dt - n%*y,, D* > n~pty,, and DT — 2%y, [1339-
1343], respectively. The corresponding branching fractions
are determined with good precision. The most precise
products of the ¢ —» s(d) CKM matrix element and the
semileptonic form factor reported by BESIII are

IV |2~ (0) = 0.7053 +0.0040 £ 0.0112,  (271)
V| £2=K(0) = 0.7133 + 0.0038 + 0.0030,  (272)
IVl £2-7(0) = 0.1400 + 0.0026 & 0.0007,  (273)

from D° — K~etwv, [1334], D° — K~ ptv, [1340], DY —
m~eT v, [1334], respectively. These results are all based on
a two-parameter series expansion, respectively.
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TABLE 285.

Results for r and r, from various experiments for D — KZv, decays. Some theories [1344,1345]

stated that the form factors of the semileptonic decays are possibly insensitive to the spectator quarks. For
comparison, the last four rows list results for ¢ — setv, decays in which only the first two terms of the z expansion

were used.

Experiment D — KZv, Mode References 1 )
BABAR (D% ¢ =e) [1336] -25+024+0.2 0.6+6.0£5.0
CLEO-c (tagged) (D% ¢ =e) [1337] —2.65 +0.34 £ 0.08 13+£9+1
CLEO-c (tagged) (Dt ¢ =e) [1337] —1.66 £ 0.44 £ 0.10 -14+£11+£1
CLEO-c (untagged) (D% ¢ =e) [1338] -24+04+£0.1 21+ 11+£2
CLEO-c (untagged) (Dt ¢ =e) [1338] -28+6+2 324+ 18+4
BESIII (D% ¢ =e) [1334] —2.334 £ 0.159 + 0.080 3424391 +£241
BESIII (D*; ¢ =e) [1269] -2.23+0.42+0.53 11.3£85+8.7
BESIIT D’ - K-pty, [1340] —-1.90 £ 0.21 £ 0.07

BESIII Dt - I_(gm, ety, [1339] —1.76 £ 0.25 £ 0.06

BESIIT DY - netv, [1348] -73+1.7+04

BESIII D - 7nety, [1348] —-13.1+7.6+1.0

Results of the hadronic form factor parameters, m,,;. and
agk, obtained from the measurements discussed above, are
given in Tables 283 and 284. The z-expansion formalism
has been used by BABAR [1333,1336], BESIII [1334] and
CLEO-c [1337,1338]. Their fits use the first three terms of
the expansion, and the results for the ratios r; = a,/a, and
ry = a,/ayg are listed in Tables 285 and 286.

8. Combined results for the D — P€v, channels

Results and world averages for the products fX(0)|V .|
and f7(0)|V,.4| as measured by CLEO-c, Belle, BABAR,

and BESIII are summarized in Tables 288 and 289, and
plotted in Fig. 91 (left) and Fig. 91 (middle), respectively.
When calculating these world averages, the systematic
uncertainties of the BESIII analyses are conservatively
taken to be fully correlated.

The results and world averages of the products

P=1(0)|V,y|, which have been measured by CLEO-c
and BESIII, are summarized in Tables 290 and plotted
in Fig. 91 (right). In averaging, the systematic uncertainties
of the two BESIII analyses are conservatively taken to be
fully correlated.

TABLE 286. Results for r; and r, from various experiments for D — z£v, decays. Some theories [1344,1345]
stated that the form factors of the semileptonic decays are possibly insensitive to the spectator quarks. For
comparison, the last three rows list results for ¢ — de™v, decays in which only the first two terms of the z expansion

were used.

Experiment D — #fv, Mode References r 7y
CLEO-c (tagged) (D% ¢ =e) [1337] —2.80 £0.49 £ 0.04 6+3£0
CLEO-c (tagged) (DT, ¢ =e) [1337] —1.37+£0.88 £0.24 —-4+5+1
CLEO-c (untagged) (D% ¢ =e) [1338] -21+£07+£03 —-12+48+1.7
CLEO-c (untagged) (DT ¢ =e) [1338] -02+15+£04 -9.8+9.1£2.1
BESII (D% ¢ =e) [1334] —1.85+0.22 £ 0.07 -14+15+05
BABAR (D% ¢ =e) [1333] —-1.31+£0.70 £ 043 —-42+40£19
BESIII Dt — nlety, [1339] —-2.23 +£0.42 £0.06

CLEO-c DT - petu, [1349] 1.83 £2.23 £0.28

BESIII D = pety, [1350] 1.88 + 0.60 £ 0.08

BESIII Dt - quty, [1351] -09+27+£02
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TABLE 287.

The BESIII result for £~

Comparison between theory and experiment for hadronic form factors of other D,y — P transitions.
(0) with D — ne*v, is obtained by dividing the measured product £~ ~"(0)

|V.q4| by the

world average value for |V 4|. The uncertainties listed in the first and second parentheses are statistical and
systematic uncertainties, respectively.

() PT(0) £27(0) £277(0) 275 0)
0.38(03)(01)
CLEO-c(e) [1349]
0.458(05)(04) 0.49(05)(01) 0.35(03)(01) 0.72(08)(01)
BESIII(e) [1348] [1348] [1350] [1352]
0.39(04)(01)
BESIII(x) [1349]
LQCD,, —470 Mev
1353] 0.564 £0.011  0.437 +£0.018
LQCD,, —370 Mev
[1353] 0.542+0.013  0.404 +0.025
LCSR [1354] 0.49510 559 0.5587 0041 0.42970:/%5 02927017
LCSR [1355] 0.432+£0.033  0.520+£0.080  0.552+£0.051 0.458 +0.105
LCSR [1356] 0.45+0.14 0.55+0.18 e e
3PSR [1357] 0.50 £ 0.04 e o S
LFQM [1358] 0.76 e 0.71 0.66
LFQM(I) [1359] 0.50 0.62 e e
LFQM(II) [1359] 0.48 0.60 =
CQM [1360] 0.78 0.78 e e 0.72
CCQM [1361] 0.78 £0.12 0.73 £ 11 0.67+0.11 076 £0.11  0.60 £0.09

TABLE 288.

Results for fX(0)|V,| from various experiments. BABAR 2007 [1336] and Belle 2006 [1335] only

reported f%(0) values. The listed |V|fX(0) values of these two experiments are obtained by multiplying £X(0)
with their quoted |V /.

D — Kfv, measurement Mode V.| f%(0) Comment
BESIII 2019 [1340] (D% ¢ = p) 0.7133(38)(30) z expansion, 2 terms
BESIII 2017 [1339] (DT ¢ =e) 0.6983(56)(112) z expansion, 3 terms
BESIII 2015B [1269] (D¢ =e) 0.7370(60)(90) Z expansion, 3 terms
BESIII 2015A [1334] (D% ¢ =e) 0.7195(35)(41) Z expansion, 3 terms
CLEO-c 2009 [1337] (D°, D¢ =e) 0.7189(64)(48) Z expansion, 3 terms
Fitted pole mass +
0., modified pole ansatze;
BABAR 2007 [1336] (DY ¢ =e) 0.7211(69)(85) V.| = 0.9729 + 0.0003:
corrected for B(D® — K~ z+)

0. » |V 5| = 0.97296 + 0.00024
Belle 2006 [1335] D¢ =e, p) 0.6762(68)(214) (PDG 2006 wiunitarity)
World average 0.7180(33) BESIII syst. fully correlated
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TABLE 289. Results for 7 (0)|V 4| from various experiments.

D — nfv, measurement Mode |Valf%(0) Comment
BESIII 2017 [1339] (D¢ =e) 0.1413(35)(12) z expansion, 3 terms
BESIII 2015A [1334] D% ¢ =e) 0.1420(24)(10) Z expansion, 3 terms
CLEO-c 2009 [1337] (DY, D¢ =e¢) 0.1500(40)(10) Z expansion, 3 terms
BABAR 2015 [1333] DY ¢ =e) 0.1374(38)(24) Z expansion, 3 terms
Belle 2006 [1335] (DY ¢ = e, p) 0.1417(45)(68) Vea| = 02271 £ 0.0010

(PDG 2006 w/unitarity)

World average 0.1426(18) BESIII syst. fully correlated
2021 2021 2021
Belle 2006 —t— 0.6762+0.0068+0.0214 Belle 2006 0.1417+0.0045+0.0068
CLEO-c, nev = 0.085+0.006+0.001
BABAR 2007 H-eH 0.7211£0.0069+0.0085
BABAR 2007 —— 0.1500+0.0040+0.0010
CLEO-c 2009 [2g ] 0.7189+0.0064+0.0048
BESIII, nev e 0.079+0.006+0.002
CLEO-c 2009 H——i 0.1374+0.0038+0.0024
BESIII 2015A Hell 0.7195+0.0035+0.0041
BESIII 2015B HeH 0.7370+0.0060+0.0090 BESIII 2015 o 0.1420+0.0024+0.0010 BESIII, nuv [———1 0.087+0.008+0.002
BESIII 2017 e 0.6983+0.0056+0.0112
BESIII 2017 —— 0.1413+0.0035+0.0012
BESIII 2019 0.7133+0.0038+0.0030
Average =i 0.083+0.004+0.001
Average ke 0.1426+0.0018
Average ol 0.7180+0.0033
PR T T RS N S S NSO NN SO SO R PR T RS T ST S T O SN T N MY W' PR T AN T S S S ST N NS SO SO B W
0.6 0.7 0.8 0.12 0.14 0.16 0.18 0.06 0.08 0.1 0.12
K 4 D—n
NI OV | e )V

FIG. 91. Comparison of the results of fX(0)|V,,| measured by the Belle [1335], BABAR [1336], CLEO-c [1337], and BESIII

[1269,1334,1339,1340] experiments.

9. Form factors of other D — Ptv, decays

In the past two decades, rapid progress in lattice QCD
calculations of £27%™(0) has been achieved, motivated by
much improved experimental measurements of D — K¢,
and D — nfv,. However, in contrast, progress in theoreti-
cal calculations of form factors in other D) — PZ tu,
decays has been slow, and experimental measurements
sparse. Before BESIII, only CLEO reported a measure-
ment, that of £27"(0) [1349]. For this analysis both tagged
and untagged methods were used. Recently, BESIII

reported measurements of f277(0), f277(0), £277(0)

and fﬁ“_)K(O) using a tagged method [1348,1350,1352].
These measurements greatly expand experimental knowl-
edge of hadronic form factors in D — P#Z"v, decays. To
date, there is still no measurement of fﬁ_’”/ (0) due to the
small amount of data available. )

On the theory side, lattice QCD calculations of £~ v (0)
for D} — netw, were presented in Ref. [1353], but with
no systematic uncertainties included. Other calculations of

DF -y
Y "(0) and f27%(0) have been reported based on
QCD light-cone sum rules (LCSR) [1354—1356], three-point
QCD sum rules (3PSR) [1357], a light-front quark model

TABLE 290. Results for f27"(0)|V 4| from various experiments.

DT — nfv, measurement Mode IVl f277(0) Comment

BESIII 2017 [1351] (D¢ =e) 0.087(8)(2) Z expansion, 2 terms
BESIIT 2015A [1350] (D% ¢ =e) 0.079(6)(2) Z expansion, 2 terms
CLEO-c 2009 [1349] (D%, D¢ =e) 0.085(6)(1) Z expansion, 2 terms
World average 0.083(4) BESIII syst fully correlated
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TABLE 291. Summary of the latest LQCD calculations of f2~7(0) and f2~%(0) from the Fermilab/MILC, ETM,
and HPQCD collaborations.

Collaboration f2=7(0) 12=k(0)
Fermilab Lattice and MILC [1365] 0.625 +0.017 £ 0.013 0.768 +£0.012 £ 0.011
ETM(2 + 1+ 1) [1362] 0.612 +0.035 0.765 £ 0.031
HPQCD(2 + 1) [1363,1364] 0.666 + 0.029 0.747 £ 0.019
Average 0.634 + 0.015 0.760 £ 0.011

(LFQM) [1358,1359], a constituent quark model (CQM)
[1360], and a covariant confined quark model (CCQM)
[1361]. Table 287 summarizes both experimental measure-
ments and theoretical calculations of these form factors.
The 2% (0) value measured by BESIII is consistent with

current theoretical calculations. The £2~"(0) and £2°~" (0)
values measured by BESIII are consistent with the LCSR
calculations of Refs. [1354,1355]; however, the calculation
of Ref. [1355] is inconsistent with the measured value of

P=1(0). More robust theoretical calculations of these form
factors for both DT and D} semileptonic decays are desired.

10. Determinations of |V| and |V |

Assuming unitarity of the CKM matrix, the values of the
CKM matrix elements entering in charm semileptonic
decays are evaluated as [9]

V| = 0.97320 = 0.00011,

|V.a| = 0.22636 + 0.00048. (274)

Using the world average values of fX(0)|V.| and
f%(0)|V.4| from Tables 288 and 289 leads to the form
factor values

FK(0) = 0.7361 + 0.0034,
£7(0) = 0.6351 + 0.0081,

where the former one deviates with the present average of
lattice QCD calculations by 2.1¢ while good consistency is
found for the latter one. Table 291 summarizes f2~7(0)
and fP?7%(0) results based on Ny =2+1+1 flavor
lattice QCD of the ETM collaboration [1362], and earlier
results based on Ny =2+ 1 flavor lattice QCD of the
HPQCD collaboration [1363,1364]. Recently, the Fermilab
Lattice and MILC collaborations released their preliminary
results of f27%(0) and f2~7(0) basedon Ny =2+ 1+ 1
flavor lattice QCD calculations [1365]. The weighted
averages are f277(0) = 0.634 +0.015 and f2-K(0) =
0.760 + 0.011, respectively. The experimental accuracy
is at present better than that from lattice calculations.

Alternatively, if one assumes the lattice QCD form factor
values, the averages in Tables 288 and 289 give

V| = 0.9447 + 0.0043 (exp) + 0.0137(LQCD),
Veq| = 0.2249 4 0.0028 (exp) & 0.0055(LQCD).

Here, the uncertainties are dominated by the lattice QCD
calculations. These values are consistent within 1.9¢ and
0.10, respectively, with those obtained from the PDG
global fit assuming CKM unitarity [9].

11. Test of e —p lepton flavor universality

In the Standard Model (SM), the couplings between the
three families of leptons and gauge bosons are expected to
be equal; this is known as lepton flavor universality (LFU).
The semileptonic decays of pseudoscalar mesons are well
understood in the SM and thus offer a robust way to test
LFU and search for new physics. Various tests of LFU with
B semileptonic decays have been reported by BABAR,
Belle, and LHCb. The average of the ratio of the branching
fractions BB—>D<*>f+u, / BB_,[)(*WW (¢ = u, e) deviates from
the SM prediction by 3.40 (see Sec. VIIF). Precision
measurements of the semileptonic D decays also test LFU,
and in a manner complimentary to that of B decays [1366].
Within the SM, the ratios Bp_g,+,/Bp_ge, and
Bpmyty, /Bp-ze+,, are predicted to be 0.975 4 0.001

and 0.985 +0.002, respectively [1367]. The ratios are
expected to be close to unity with negligible uncertainty
mainly due to high correlation of the corresponding
hadronic form factors [1367].

In the SM, the semimuonic D decays are expected to
have lower branching fraction than their semielectronic
counterparts. Before BESIII, however, the information
related to the semimuonic D decays is relatively poor,
mainly due to higher backgrounds caused due to difficulty
of distinguishing muon and charged pions. In the charmed
meson sector, only D°— K~utv, D°— K uty,
D’ — AITREVR DT — I_(O/ﬁlzﬂ, DT — po/,ﬁy”, and DT —
K*%uv, have been investigated in experiments previously.
Except for D* — K*u"v,, all measurements of the other
decays are dominated by FOCUS and Belle experiments
and the existing measurements suffer large uncertainties.

Since 2016, BESIII performed a series of studies of
semimuonic D decays, including improved measurements
of DT —» [_(O;ﬁy” [1341], D° — z~u*v, [1343], and

"
DY _’K_”+’/u [1340], and the first observations of
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Dt — 7%y, [1343], D > wu'ty, [1368], DT — nuty,
[1351]. All these analyses used the tagged method and
2.93 tb~! of data taken at 3.773 GeV. The reported
branching fractions are

B(D" > K%"v,) = (8.72 £ 0.07 £0.18)%,  (275)
B(D° - n~uty,) =(0.272 +0.008 & 0.006)%.  (276)
B(Dt - 2%"v,) =(0.350 £ 0.011 £0.010)%,  (277)
B(D° - K~ut*v,) =(3.413 £0.019 £0.035)%,  (278)

B(D" - wptv,) =(0.177 £0.018 £0.011)%, (279)
B(D" - nutv,) =(0.104 £ 0.010 £ 0.005)%.  (280)

Combining these results with previous BESIII measure-
ments of their counterparts of the semielectronic decays
using the same data sample, the ratios of branching
fractions are

B(D® - nptv,)

= 0.922 £0.030 £0.022, (281
B(D° - n=ety,) (281)
B(D* - z°%utv,)
— 0.964 +0.037 £ 0.026, (282
B(D* — 'e*u,) (282)
B(D® - K~y
( - F Y 0,974 40,007 £ 0012, (283)
B(D? - K etv,)
B(D" - wutv,)
— 1.05+0.14, 284
B(D" - wetv,) (284)
B D+ +
BO" = miv) 914015, (285)

B(D* — netv,)

In addition, using the world average for B(D* — K%*v,)
[9] gives
B(Dt - K°%"v,)
B(D* - K%"v,)

= 1.00 4 0.03. (286)

These results indicate that any e — uy LFU violation in D
semileptonic decays has to be at the level of a few percent
or less. BESIII also tested e —pu LFU in separate g’
intervals using D) — z=©¢+y, [1343] and D° —
K~¢*uv, [1340] decays. No indication of LFU above the
20 level was found.

In 2018, using 0.482 fb~! of data taken at a center-of-
mass energy of 4.009 GeV, BESIII reported measurements
of the branching fractions for semileptonic decays
DY = ¢u*v,, Dy = nutv,, and Dy — y'utv, [1369].
Combining these results with previous measurements of

D} — ¢etv, [1369], D - netv,, and DI — ye'y,
[1370] gives the ratios

B<D;— - ¢ﬂ+1/ﬂ)

= 0.86 + 0.29, 287
B(Dj N ¢e+ye) 9 ( )
B(Di — nuty,)
D\ TR V) 05 4024 288
B(D{ - netv,) ’ o
B D+ /!, ,+

(DS = n'u'y,) 1.14 £ 0.68. (289)

B(D{ = r'e*v,)

These values are all consistent with unity. The uncertainties
include both statistical and systematic uncertainties, the
former of which dominates.

12. D - V?&v, decays

When the final state hadron is a vector meson, the decay
can proceed through both vector and axial vector currents,
and four form factors are needed. The hadronic current is
H,=V,+A,, where [1321]

2V(q*)

V,=(V(p.€)lgr.cID(p')) = iy o+ my

*U ./, o
Eupa€™ P P,

(290)

A, =(V(p.e)| = qrursc|D(p"))
= —i(mp + my)A(¢*)e;
. Az(qz)

g
mD+mV

+ iz;"—!ms(qz) Ao @)l - (7 + pllg (291)

(e"-q)(p' + p),

In this expression, my is the invariant mass of the daughter
particles of the V meson and

mp + my 2 mp — my 2
oy 1(q%) 2(q7)

As() - (292)

2my

To avoid divergence of the 5 (A3(q%) — Ap(g?)) item,

kinematics require that A3(0) = Ay(0). Terms proportional
to g, are negligible for £ = e. Thus, only the three form
factors A;(q%), A>(q*) and V(g?) are relevant for charm
decays.
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The differential decay rate is

dl'(D - Veu,)  GplVel | ,[(1—cos6,)?

dq*dcos 0, 1287 m}, o ’ -
1 4 cos 6,)?
L8 1 s since, P

(293)

where H and H,, are helicity amplitudes, corresponding to
helicities of the vector (V) meson. The helicity amplitudes
can be expressed in terms of the form factors as

1 m? m2—g?

H = D 1_ 1% m +m 2A By
’ lg|2my (mp+my) K m’, >( D v)°Ai(g)
_4p*2A2(q2)} . (295)
Here p* = (= (my+))* O ~(omy —g)) |1 is the magnitude of

2mp
the three-momentum of the V system as measured in the D
rest frame, and 6, is the angle of the lepton momentum with
respect to the direction opposite that of the D in the W rest
frame (see Fig. 92 for the electron case, 6,). The left-

1 5 5 v o handed nature of the quark current manifests itself as
Hy = m[(mD +my)*Ai(q*) F 2mpp*V(q*)]. |H_| > |H,|. The differential decay rate for D — V£v
P v followed by the vector meson decaying into two pseudo-
(294)  scalars is
J
dr(D - V¢v,V — PP 3G? P (¢*)q*
( o) 3y P gy iy

dg*d cosOyd cos O,dy — 20487*
x {(1+cos8,)?sin’ Oy |H_ (¢)]* + (1 — cos0,)sin0y |H_(q?)|> + 4 sin*0 .cos?0y|H(q?) |
—45in@,(1 + cosf,) sin Oy, cos Oy cos yH, (¢*)Hy(q?)
+4 sin 0,(1 —cos@,) sin Oy, cos Oy cos yH_(q*) Hy(q?)

—2sin?0,sin’ Oy cos 2yH_ (¢*)H_(q*)},

where the helicity angles 8,, 0y, and acoplanarity angle y
are defined as shown in Fig. 92. Usually, the ratios of the
form factors at g> = 0 are defined as

_ V()
ry :AI(O), (297)
= 3?283 (298)

FIG. 92. Decay angles 0y, 0, and y. Note that the angle y
between the decay planes is defined in the D-meson reference
frame, whereas the angles 6y and 6, are defined in the V meson
and W reference frames, respectively.

(296)

I

From the experimental point of view, these ratios can be
obtained without any assumption about the total decay rates
or the CKM matrix elements.

13. Vector form factor measurements

In 2002 FOCUS reported an asymmetry in the observed
cos(8y) distribution in D — K=zt v decays [1371]. This
was interpreted as evidence for an S-wave K~z component
in the decay amplitude. It should be noted that H(g?) is
equal to zero at for g> = g2, max but dominated over a wide
range of g2, especially at g> = 0 [1372]. The distribution
given by Eq. (296) is, after integration over y, roughly
proportional to cos?@y. Inclusion of a constant S-wave
amplitude of the form Ae® leads to an interference term
proportional to |[AH sin 8, cos 6y| which then causes an
asymmetry in cos(6y ). When FOCUS fit their data including
this S-wave amplitude, they obtained A=0.330+0.022+
0.015GeV~! and &= 0.68 4 0.07 +-0.05 [1373]. Both
BABAR [1374] and CLEO-c [1375] have also found
evidence for an f, — K™K~ component in semileptonic
D, decays.

The CLEO-c collaboration extracted the form factors
H_(q*), H_(g%), and Hy(g?*) from 11000D" > K~=z* ¢t v,
events with purity greater than 96% in a model-independent
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TABLE 292. Results for r, and r, from various experiments. Experiments marked with * did not consider a

separate S-wave contribution.

Experiment References ry r
Dt — K¢y,
E691* [1385] 20£06£03 0.0£05£02
E653* [1386] 2.00£0.33 +£0.16 0.824+0.22 £0.11
E687* [1387] 1.74 £0.27 £ 0.28 0.78 £0.18 £0.11
E791 (e)* [1388] 1.90 £0.11 +£0.09 0.71 £ 0.08 £ 0.09
E791 (u)* [1389] 1.84 £0.11 £ 0.09 0.75 £ 0.08 £ 0.09
Beatrice* [1390] 1.45 +£0.23 £ 0.07 1.00 £0.15 +0.03
FOCUS [1373] 1.504 £ 0.057 £ 0.039 0.875 £ 0.049 £ 0.064
BESIII (e) [1381] 1.406 £ 0.058 £+ 0.022 0.784 £0.041 £ 0.024
DY = KOz ¢y,
FOCUS (u) [1391] 1.706 £ 0.677 £ 0.342 0.912 £0.370 £ 0.104
BABAR (u) [1377] 1.493 +0.014 £ 0.021 0.775 £0.011 £ 0.011
BESIII (e) [1382] 1.46 +0.07 £ 0.02 0.67 = 0.06 £ 0.01
Dt - wetv,
BESIII [1383] 1.24 £ 0.09 £ 0.06 1.06 £ 0.15 £ 0.05
DO = pev,
CLEO-c [1380] 1.48 £0.15+£0.05 0.83 £0.11 £0.04
BESIII [1384] 1.695 £+ 0.083 £ 0.051 0.845 £ 0.056 £ 0.039
D = gerv,
BABAR [1374] 1.849 £ 0.060 £ 0.095 0.763 £ 0.071 £ 0.065
D} —» K¢y,
BESIIT* [1352] 1.67 £0.34 £0.16 0.77 £0.28 £ 0.07

fashion directly as functions of ¢> [1376]. They also
determined the S-wave form factor hy(g?) via the interfer-
ence term, despite the fact that the Kz mass distribution
appears dominated by the vector K*(892) state. It is
observed that H(g?) dominates over a wide range of ¢,
especially at low ¢°. The transverse form factor,

MpK

mKﬂ\/?

_(M%)—m%(”+q2)A (q2>+ 2q2
Mp+mg, g Mp+mg,

H,(q*) = (Mp+mg,)A(q%)

A3(‘]2> ,

which can be related to A;(g?), is small compared to LQCD
calculations and suggests that the form factor ratio r; =
A3(0)/A(0) is large and negative.

The BABAR collaboration selected a large sample of
244 x 10° D* — K~ n"e*v, candidates with a ratio S/B ~
2.3 from an integrated luminosity of 347 fb~! [1377]. With
four particles emitted in the final state, the differential
decay rate depends on five variables. In addition to the four
variables defined in previous sections there is also m?, the
mass squared of the Kz system. To analyze the DT —
K-nte'v, decay channel, it was assumed that all form
factors have a g variation given by the simple pole model,
and an effective pole mass of my = (2.63 £0.10 +
0.13) GeV/c? is fitted. This value is compatible with

expectations when comparing to the mass of J* = 1F
charm mesons. For the mass dependence of the form
factors, a Breit-Wigner with a mass-dependent width
and a Blatt-Weisskopf damping factor is used. For the
S-wave amplitude, a polynomial below the K};(1430), and
a Breit-Wigner distribution above, are used [1377]. These
are consistent with measurements of DT — K~ ztza™
decays. For the polynomial part, a linear term is sufficient
to fit the data. It is verified that the variation of the S-wave
phase is compatible with expectations from elastic Kz
scattering [338,1378] (after correcting for 5°/?) according
to Watson’s theorem [1379]. As compared with elastic
K~z" scattering, there is an additional negative sign
between the § and P waves. Contributions from other
spin-1 and spin-2 resonances decaying into K~z are also
considered.

In 2013, CLEO-c reported the first measurements of
form factors in D>t — pety, [1380]. Since 2016, several
new measurements of form factors in D) — Vetv, decays
have been reported by BESIII. These measurements greatly
increase the information available on D — V£ v, decays.
The BESIII data was recorded at center-of-mass energies
of 3.773 GeV (2.93 tb~!) and 4.178 GeV (3.19 tb~!). The
D — Ve'v, samples are reconstructed using a tagged
method, and 18262, 3112, 978, 491, and 155 signal events,
respectively, are obtained for the DT — K*%¢ty,,
D’ - K*e*v,, D"F = petv,, D' - wetv,, and
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D} — K*%e*y, decay modes [1352,1381-1384]. The form

factor ratios rvz% and r, :ﬁfggg are subsequently

extracted.

Table 292 lists measurements of 7y, and r, from several
experiments. Most of the measurements assume that the g>
dependence of the form factors is given by the simple pole
ansatz. Some of these measurements do not consider a
separate S-wave contribution; in this case such a contri-
bution is implicitly included in the measured values.

14. D - S?v, decays
In 2018, BESIII reported measurements of semileptonic
D decays into a scalar meson, D — SZv. The experiment
measured DY) — 4((980)ety,, with ay(980) — yx.
Signal yields of 25.71%% events for D° — a((980)¢*v,,
and 10.27]Y events for D* — ay(980)%¢*v,, were
obtained, resulting in statistical significances of greater
than 6.5¢ and 3.0, respectively [1392]. As the branching
fraction for a((980) — 5z is not well measured, BESIII

reports the product branching fractions

B(D® — ay(980)~e*v,) x B(ay(980)~ — nz~)

= (1.331055 £0.09) x 1074, (299)
B(D* = ay(980)%*v,) x B(ay(980)° — na°)
= (1.66708: £0.11) x 107 (300)

The ratio of these values can be compared to a prediction
based on QCD light-cone sum rules [1393], after relating
the a((980) — nz branching fractions via isospin. The
result is a difference of more than 2¢. Taking the lifetimes
of the D° and DT into account, and assuming
B(ay(980)~ — na~) = B(ay(980)° — »z°), the ratio of
the partial widths is

[(D° — ay(980)~e*v,)

=2.03 £0.95 + 0.06.
(D" — ay(980)%"v,)

(301)

This value is consistent with the prediction based on isospin
symmetry.

Recently, BESIII searched for the semileptonic decay of
D = ay(980)e*v,, with a(980)° — n2°. No significant
signal is observed. The product branching fraction upper
limit at the 90% confidence level is B(D] —
ay(980)etv,) x B(ay(980)° — na’) < 1.2 x 1074 [1394].

15. D — Afv, decays

Experimental studies of semileptonic D decays into an
axial-vector meson D — AZv are challenging due to low
statistics and high backgrounds. In 2007, CLEO-c reported
first evidence for the Cabibbo-favored decay D° —
K,(1270)"e*v, with a statistical significance of 46 [1395].

The branching fraction was measured to be
B(D® - K,(1270)"e*v,) = (7.6754 £0.6 £0.7) x 1074,
In 2019, BESIII reported the first observation of
D — K,(1270)°¢*v,, with statistical significance greater
than 100 [1396]. The branching fraction was measured to
be B(D*t—K,(1270)%e*y,)=(23.04£2.67)F+2.5)x 107
In 2021, the D° — K,(1270)"e*v, decay was observed
for the first time by BESIII with a statistical significance
greater than 100 [1397]. The reported branching fraction is
B(D* — K(1270)%"y,) = (10.9 £ 1.37)9 £ 1.2) x 1074,
Here, the third errors listed arise from the branching
fraction for K;(1270) - Kzz. The obtained branching
fractions are consistent with the theoretical calculations
with the K| mixing angle of 33° or 57°. Taking the lifetimes
of D? and D into account, the ratio of the partial widths is

(D" - K,(1270)°¢"v,)

=1.20£0.20 £ 0.15.
'(D° - K,(1270)"e*v,)

(302)

This value agrees with unity as predicted by isospin
symmetry.

In addition, BESIII has searched for the Cabibbo-
suppressed semileptonic decays DT — b;(1235)%*w,
and D° — b;(1235)%"v,. No significant signal is
observed. The product branching fraction upper limits at
the 90% confidence level are B(D* — b;(1235)%"1,) x
B(b;(1235)° - wr®) <1.12x 10~ and B(D® —
b1 (1235)~e*v,) x B(b(1235)° - wn’) < 1.75 x 1074,
respectively [1398].

B. Leptonic decays

Purely leptonic decays of Dt and D] mesons are among
the simplest and best understood probes of ¢ — d and
¢ — s quark flavor-changing transitions. The amplitude of
purely leptonic decays consists of the annihilation of the
initial quark-antiquark pair (cd or c5) into a virtual W+ that
subsequently materializes as an antilepton-neutrino pair
(¢*v,). The Standard Model branching fraction is given by

2

D,

+ + G 2 2 2 my \*
B(Dq -7 l/f) = ngquq‘ch‘ mem 1 —m— ,

(303)

where mp, is the D, meson mass, Tp, is its lifetime, m, is
the charged lepton mass, |V,,| is the magnitude of the
relevant CKM matrix element, and G is the Fermi
coupling constant. The parameter f D, is the D, meson
decay constant and parametrizes the overlap of the wave
functions of the constituent quark and antiquark. The decay
constants have been calculated using several theory meth-
ods, the most accurate and robust being that of lattice
QCD (LQCD). Using the Ny =2+ 1+ 1 flavor LQCD
calculations of fp+ and fp+ from the ETM [1399] and
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TABLE 293.

Experimental results and world averages for B(Dt — £*v,) and fp|V 4| The first uncertainty is

statistical and the second is experimental systematic. The third uncertainty in the case of f+|V ., is due to external
inputs (dominated by the uncertainty on 7). Here, we take the unconstrained result from CLEO-c.

Mode B (107 folVel MeV) References
i 3.95 £0.35+0.09 4724+214+05+0.2 CLEO-c [1258]
KV 3.71 £0.19 + 0.06 4574+124+04+0.2 BESIII [1408]
3.77+£0.17 £0.05 46.1+£1.0+03+0.2 Average
Ty, 120+24+£12 504£50£25+0.2 BESIII [1407]
wry, +tty, 462+1.0+03+0.2 Average
ey, <0.088 at 90% C.L. CLEO-c [1258]

FNAL/MILC [1400] Collaborations, the Flavour Lattice
Averaging Group (FLAG) calculates world average
values [1401]

PLAG = 212.0 £0.7 MeV, (304)
FLAG = 249.9 + 0.5 MeV, (305)
and the ratio
.\ FLAG
<§i> = 1.1783 £ 0.0016. (306)
-

These values are used within this section to determine the
magnitudes |V 4| and |V | from the measured branching
fractions of DT — £*v, and D} — £tu,.

The leptonic decays of pseudoscalar mesons are helicity-
suppressed, meaning their decay rates are proportional to
the square of the charged lepton mass. Thus, decays to 7t v,
are favored over decays to u"v,, and decays to e*v,, with

an expected B < 1077, are not yet experimentally observ-
able. The ratio of 71y, to u*v, decays is given by

2
u

2 2\2
b, _B(Dj —7'v) _ <mz) (mp, —m3) (307)

R/ =—— - —_—
= B(Dy = iy, (3, — )

m
and equals 9.75 + 0.01 for D} decays and 2.67 + 0.01 for
D™ decays, based on the well-measured values of my, me,
and mp  [9]. A significant deviation from this expectation

would be interpreted as LFU violation in charged cur-
rents [1402].

In this section we present world average values for the
product fDq|VCq, where g = d, s. For these averages,
correlations between measurements and dependencies on
input parameters are taken into account. In 2019, BESIII
reported a measurement of D} — u*v, [1403], by analyz-
ing 3.19 fb~! of ete collision data sample taken at a
center-of-mass energy of 4.178 GeV. The muon counter is
used to identify u™ lepton, thereby offering low back-
ground. In 2021, BESIII reported an updated measurement

of D} — utv, [1404], by analyzing 6.32 fb™! of eTe”
collision data sample taken at center-of-mass energies of
4.178-4.226 GeV without using the muon counter. The
new measurement of D — u*v, supersedes the 2019
result. Moreover, measurements of D] — v, were also
reported with t© — ztp, [1404], t© — p*D, [1405] and
t > ety,0, [1406] decays. In 2019, BESIII reported the
first observation of DY — v, with a statistical signifi-
cance of 5.1¢ [1407].

1. D* - ¢*v, decays and |V, 4|
The branching fraction B(D* — u*v,) has been deter-

mined by CLEO-c [1258] and BESIII [1408]. These lead to
the world average (WA) value

BYA(DY = pty,) = (3.77+0.17) x 107+, (308)

For Dt — ttv,, the recent BESIII measurement [1407]
gives

BYA(DT - tty,) = (1.20 £ 0.27) x 107+, (309)

Based on these two branching fractions, we extract the
weighted product of the decay constant and the CKM
matrix element to be

fplVeal = (46.2 £ 1.0) MeV. (310)
The uncertainty listed includes the uncertainty on
BYA(D* — ptu,), and also uncertainties on the external
parameters m,, mp, and 7, [9] needed to extract fp|V 4]
from the branching fraction via Eq. (303). Using the LQCD
value for f, from FLAG [Eq. (304)], we calculate the
magnitude of the CKM matrix element V, to be
|Veq| = 0.2181 £ 0.0049(exp) £ 0.0007(LQCD), (311)
where the first and second uncertainties are from experi-
ment and from LQCD, respectively. All input values and

the resulting world average are summarized in Table 293
and plotted in Fig. 93 (left).
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HFLAV
2021 2021
CLEO-c —e—t 249.8+9.7+4.5
BABAR H—e—H 257.8+7.9+7.0
Belle uv H—e—H 242.2+6.4+4.7
CLEO-c, nv b——————1 47.2+2.1+0.6 BESIlI(a) —— 238.9+17.3+5.0
BESINb) L BESH 243.1:3.043.7
T(e)v 4 24544109452
CLEO-c 1(x)v ——e—1 270.1:16.8:4.7
BESII, pv  +————i 45.7+1.210.4 wp)y L o 249812356
BABAR r(e)y  —t——a———p—i 240.1+12.3+16.1
T(u)v  —t———i— 235.7+11.1+13.0
r(e)v H——1 246.847.6;,
50.4+5.0+2.5 Belle mu ——— 257.8+8.11,
BESIII, v t(z)v H—e—1 261.7+9.35 ¢
BESIll(a), z(7)v 193+54-11
(x)v H——i 243.045.8+4.1
BESIl(b) t(p)v H——H 244.8+5.8+4.7
o(e)v == 244.4+2.3+3.0
Average [ 46.2+1.0+0.4 uv ol 244.9+2.4+2.7
Average v Hel 245.7+1.8+2.4
vTv et 245.4:1.412.0
1 1 1 ‘ 1 1 1 ‘ 1 1 1 1 1 “f 1 1 1 Il ‘ 1 1 1 Il 1 1 1
45 50 200 250 300

fIV_| (MeV)

o V_| (MeV)

FIG. 93. WA values for f|V,| (left) and f D, |V.| (right). For each point, the first error is statistical and the second error is systematic.
BESIII(a) represents results based on 0.48 fb~! of data recorded at \/s = 4.009 GeV [1412], and BESIII(b) represents results based on
6.32 fb~! of data recorded at Vs = 4.178-4.226 GeV [1405-1407].

Using the WA values of the branching fractions B(D* —
utv,) and B(D* — 7%v,) [Eq. (308) and Eq. (314)], the
ratio of these two branching fractions is determined to be

RD =

D =318 £0.73,

(312)
which is consistent with the ratio expected in the SM.

2. D} — ¢*v, decays and |V |
We use measurements of the branching fraction B(D{ —
urv,) from CLEO-c [1298], BABAR [1409], Belle [1410],
and BESIII [1404,1411] to obtain a WA value of
BYA(DY — pty,) = (543 £0.16) x 107°. (313)
The WA value for B(Dy — t7v,) is also calculated from
CLEO-c, BABAR, Belle, and BESIII measurements.
CLEO-c made separate measurements using 7 —
etv,0, [1412], 7+ - ntp, [1298], and 7+ — pTr, decays
[1413]; BABAR made separate measurements using z+ —
etv,o, and " — pty, D, decays [1409]; Belle made
separate measurements using 7" —e*v, 0, " = uty, 0,
and 77 — ztD, decays [1410]; and BESIII made measure-
ments using t7 — xtD, [1404,1411], t+ — pTp, [1405]
and 7+ — etv,b, [1406] decays. Combining all these
results and accounting for correlations, we obtain a WA
value of

BYADF = ttu,) = (5334+0.12) x 1072, (314)

The ratio of branching fractions is found to be

Ry, =9.82+0.36, (315)

which is consistent with the ratio expected in the SM.

Taking the average of BYA(D} — p*v) and BYA(D} —
7tv) [Egs. (313) and (314)], and using the most recent
values for m,, mp_, and 7, [9], we calculate the product of
the D, decay constant and |V |. The result is

Fo|Ves| = (245.4 +2.4) MeV, (316)

where the uncertainty is due to the uncertainties on
BYA(DY — ptu,), BYA(Df - tv,), and the external
inputs. All input values and the resulting world average
are summarized in Table 294 and plotted in Fig. 93 (right).
To calculate this average, we take into account correlations
within each experiment39 for uncertainties related to nor-
malization, tracking, particle identification, signal and
background parametrizations, and peaking background
contributions.

Using the LQCD value for f from FLAG [Eq. (305)],
we calculate the magnitude of the CKM matrix element V
to be

V.| = 0.9820 = 0.0096(exp) = 0.0020(LQCD),  (317)

where the first and second uncertainties are from experi-
ment and from lattice calculations, respectively.

*In the case of BABAR, we use the covariance matrix from the
Errata of Ref. [1410].

052008-270



AVERAGES OF b-HADRON, ¢-HADRON, AND z- ...

PHYS. REV. D 107, 052008 (2023)

TABLE 294. Experimental results and world averages for B(D{ — #*v,) and fp, |V |. The first uncertainty is
statistical and the second is experimental systematic. The third uncertainty in the case of f, |V.,| is due to external
inputs (dominated by the uncertainty on 7, ). We have adjusted the B(D} — 7*v,) values quoted by CLEO-c and
BABAR to account for the most recent values of B(z* — z*7,), B(z* — p*v,7,), and B(z* — e*v,D,) [9]. CLEO-
¢ and BABAR include the uncertainty in the number of D, tags (denominator in the calculation of the branching
fraction) in the statistical uncertainty of B; however, we subtract this uncertainty from the statistical one and include
it in the systematic uncertainty. When averaging the BESIII results of B(D} — ttv,), small correlations among
various measurements have been taken into account.

Mode B (1072) fp|Ves| MeV) References
0.565 + 0.044 + 0.020 249.8 £9.7+ 4.4+ 1.0 CLEO-c [1298]
0.602 £ 0.037 £ 0.032 257.8+£7.9+69+ 1.0 BABAR [1409]
Wy, 0.531 4 0.028 + 0.020 24224+ 64+46+1.0 Belle [1410]
0.517 + 0.075 £ 0.021 2389+ 173449409 BESIII [1411]
0.535 4+ 0.013 £0.016 243.1+£3.0+3.6+ 1.0 BESIII [1404]
0.543 +£0.011 +0.011 2449+24+25+1.0 Average
(e, 5324047 +£0.22 24544 109+5.1+1.0 CLEO-c [1413]
(7 t), 6.47 + 0.80 & 0.22 270.1 £168 +4.6 + 1.1 CLEO-c [1298]
™ (p)r, 5.50 + 0.54 +0.24 249.8 +£123+55+1.0 CLEO-c [1412]
tt, 559+ 0.32+0.14 251.7+72432+1.0 CLEO-c
(e, 5.09 +0.52 £ 0.68 240.1 £123+16.1 £ 1.0
o (u )y, 4.90 + 0.46 + 0.54 2357+ 11.1+13.0+ 1.0 BABAR [1409]
tty, 4.96 +0.37 +0.57 237.1+8.8+13.6+ 1.0 BABAR
(e, 5.38 +£0.33703) 246.8 £7.6151 £ 1.0
o (uh), 5.86 £0.37703 257.8 £ 8.17]5, £ 1.0 Belle [1410]
(7, 6.05 +0.43704¢ 261.7 £9.3735° £ 1.0
ttu, 570 +£0.21 £0.31 254.1+4.74+69+1.0 Belle
ot (7 t), 3.28 + 1.83 £0.37 193+54+11+1 BESIII [1411]
(2, 521+025+0.17 243.0+58+4.0+1.0 BESIII [1404]
o (p ), 529 +0.25 4+ 0.20 244.8 +58+4.6+ 1.0 BESIII [1405]
(e, 5.27+£0.10£0.12 244.4+234+28+1.0 BESIII [1406]
ttu, 5.26+0.09 £ 0.11 244.1+£2.0+2.6+ 1.0 BESIII
5.33+£0.08+0.09 2457+18+2241.0 Average
wry, 1y, 24544+14+1.7+1.0 Average
ety, <0.0083 at 90% C.L. Belle [1410]

3. Comparison with other determinations
Of |Vcd| and |Vcs‘

Table 295 summarizes, and Fig. 94 displays, all determi-
nations of the magnitudes |V 4| and |V |. The table and
figure show that, currently, the most precise direct

determinations are from leptonic D™ and D] decays. The
values obtained are in agreement within uncertainties with
those obtained from a global fit assuming CKM unitarity
[242]. However, there is a 2.1¢ tension for the |V .| values
determined from leptonic and semileptonic D ) decays.
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TABLE 295. Averages of the magnitudes of CKM matrix elements |V 4| and |V |, as determined from leptonic
and semileptonic Dy decays. In calculating these averages, we conservatively assume that uncertainties due to
LQCD are fully correlated. For comparison, values determined from neutrino scattering, from W decays, and from a
global fit to the CKM matrix assuming unitarity [242] are also listed.

Method References Value
‘V(rd‘
D - tv, This section 0.2181 4 0.0049(exp) + 0.0007(LQCD)
D - nfv, Sec. XTA 0.2249 + 0.0028(exp) + 0.0055(LQCD)
D — l/pl/f
D - ntu, Average 0.2208 + 0.0040
vN PDG [9] 0.230 £ 0.011
Global CKM Fit CKM Fitter [242] 0.22636 £+ 0.00048
Vel
D, - tu, This section 0.9820 + 0.0096(exp) £ 0.0020(LQCD)
D - K¢v, Sec. XTA 0.9447 4+ 0.0043(exp) + 0.0137(LQCD)
D, - tv,
D = Ktv, Average 0.9701 + 0.0081
W = 5 PDG [9] 0.947032 £0.13
Global CKM Fit CKMFitter [242] 0.97320 4+ 0.00011
4. Extraction of D meson decay constants b~ = (205.1+£4.4) MeV, (318)

As listed in Table 295 (and plotted in Fig. 94), the values
of |V,| and |V ,| can be determined from a global fit of the
CKM matrix assuming unitarity [242]. These values can be
used to extract the D™ and D/ decay constants from the

P =(252.2+2.5) MeV, (319)

and the ratio of the decay constants is

world average values of fp|V.,| and fp |V,,| given in exp
Eqgs. (310) and (316). The results are %Jp = 1.230 £ 0.030. (320)
D
2021 2021
D—puv et 0.2181:0.0049:0.0007 | | Ds—lv = 0.9820:0.0096::0.0020
D—zlv HeH  0.2249:0.0028:0.0055 | |D—Klv et 0.9447+0.0043:0.0137
Average Average
Dos(n)lv b 0.2208:+0.0039 D, 1vD—KIv ke 0.9701-0.0081
N —— 0.230+0.011
Y W-cs 0.94%°%2+0.13
Indirect . 0.22529'09%% Indirect o 0.97320+0.00011
1 1 1 1 J 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 | 1 1 1 1 J 1 1 1 1 ‘ 1
0.15 0.2 0.25 0.3 0.9 1 1.1
v V|

FIG. 94. Comparison of magnitudes of CKM matrix elements |V.,| (left) and |V_| (right), as determined from leptonic and
semileptonic Dy decays. Also listed are results from neutrino scattering, from W decays, and from a global fit of the CKM matrix
assuming unitarity [242].
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These values are in agreement within their uncertainties
with the LQCD values given by FLAG [Egs. (304)—(306)].
The only discrepancy is in the ratio of decay constants; in
this case the measurement is higher by 1.7¢ than the LQCD
prediction.

C. Hadronic D° decays and final state radiation

Measurements of the branching fractions for the decays
DY - K¥z*, D° - ztz~, and D° - KK~ have reached
sufficient precision to allow averages with O(1%) relative
uncertainties. At this precision, final state radiation (FSR)
must be treated correctly and consistently across the input
measurements for the accuracy of the averages to match the
precision. The sensitivity of measurements to FSR arises
because of a tail in the distribution of radiated energy that
extends to the kinematic limit. The tail beyond ) E, =
30 MeV causes typical selection variables like the hadronic
invariant mass to shift outside the selection range dictated
by experimental resolution, as shown in Fig. 95. While the
differential rate for the tail is small, the integrated rate
amounts to several percent of the total ATh™(ny) rate
because of the tail’s extent. The tail therefore translates
directly into a several percent loss in experimental
efficiency.

All measurements that include a FSR correction have a
correction based on the use of PHOTOS [1414—1418] within
the experiment’s Monte Carlo simulation. PHOTOS itself,
however, has evolved, over the period spanning the set of
measurements [1417]. In particular, the incorporation of
interference between radiation from the two separate
mesons has proceeded in stages: it was first available for
particle-antiparticle pairs in version 2.00 (1993), extended
to any two-body, all-charged, final states in version 2.02
(1999), and further extended to multibody final states in
version 2.15 (2005). The effects of interference are clearly
visible, as shown in Fig. 95, and cause a roughly 30%
increase in the integrated rate into the high energy photon
tail. To evaluate the FSR correction incorporated into a
given measurement, we must therefore note whether any
correction was made, the version of PHOTOS used in
correction, and whether the interference terms in PHOTOS
were turned on. Also worth noting, an exponentiated
multiple-photon mode was introduced in PHOTOS version
2.09, which allows PHOTOS to also simulate photons with
low energies; this mode can be switched on or off.

1. Updates to the branching fractions

Before averaging the measured branching fractions, the
published results are updated, as necessary, to the FSR
prediction of PHOTOS 2.15 with interference included and
exponentiated multiple-photon mode turned on. The update
will always shift a branching fraction to a higher value:
with no FSR correction or a FSR correction suboptimally
modeled, the experimental efficiency determination will be

10°
10*
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[}
=
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» 10°
c
O
>
w
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el by by by by s by by 1Yy Iy
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FIG. 95. The Kr invariant mass distribution for D° —

K~ nt(ny) decays. The three curves correspond to three different
configurations of PHOTOS for modeling FSR: version 2.02 with-
out interference (blue/gray), version 2.02 with interference (red
dashed) and version 2.15 with interference (black). The true
invariant mass has been smeared with a typical experimental
resolution of 10 MeV/c?. Inset: The corresponding spectrum of
total energy radiated per event. The arrow indicates the ) E,
value that begins to shift kinematic quantities outside of the range
typically accepted in a measurement.

biased high, and therefore the branching fraction will be
biased low.

Most of the branching fraction analyses used the
kinematic quantity sensitive to FSR in the candidate
selection criteria. For the analyses at the w(3770), this
variable was AE, the difference between the candidate D°
energy and the beam energy (e.g., Ex + E,; — Epeam fOr
DY > K ~z"). In the remainder of the analyses, the relevant
quantity was the reconstructed hadronic two-body mass
my,+j,-. To make a FSR correction, we need to evaluate the
fraction of decays that FSR moves outside of the range
accepted for the analysis. The corrections were evaluated
using an event generator (EVTGEN [1419,1420]) that
incorporates PHOTOS to simulate the portions of the decay
process most relevant to the correction.

We compared corrections determined both with and
without smearing to account for experimental resolution;
for the analyses using m;+;,- as the kinematic quantity
sensitive to FSR, the differences were negligible, typically
of O(1%) of the correction itself. The immunity of the
correction to resolution effects comes about because most
of the long FSR-induced tail in the m;+,- distribution
resides well away from the selection boundaries. The
smearing from resolution, on the other hand, mainly affects
the distribution of events right at the boundary. For the
analyses using AE however, events with low energy
photons are found to substantially move events across
the selection boundary; thus PHOTOS versions with expo-
nentiated multiple-photon mode turned on and off, respec-
tively, can give substantially different FSR corrections. In
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FIG. 96. FOCUS data (dots), original fits (blue) and toy MC parametrization (red) for D° — K~z* (left), D® — z*7~ (center), and

D° = ztz~ (right).

the case that this mode is on, smearing of the events with
low energy photons increases the amount of the FSR
correction by about 10%. This is well within the uncer-
tainty on the FSR correction, as discussed later in this
section, and thus ignored.

For measurements incorporating a FSR correction that
did not include interference and/or use exponentiated
multiple-photon mode, we update by assessing the FSR-
induced efficiency loss for both the PHOTOS version and
configuration used in the analysis and our nominal version
2.15 (with interference included and exponentiated multi-
ple-photon mode turned on). For measurements that pub-
lished their sensitivity to FSR, our generator-level
predictions for the original efficiency loss agreed to within
a few percent of the correction. This agreement lends
additional credence to the procedure.

Once the event loss from FSR in the most sensitive
kinematic quantity is accounted for, the event loss in other
quantities is typically very small. For example, analyses
using D** tags show very little sensitivity to FSR in the
reconstructed D*t —D° mass difference, i.e., in
M-+ — My p-. In this case, the effect of FSR tends to
cancel in the difference of reconstructed masses. In the
w(3770) analyses, the beam-constrained mass distributions
(e.g. \/Eieun — |Px + D.*) have some sensitivity, but
provide negligible independent sensitivity after the AE
selection.

The FOCUS [1421] analysis of the branching fraction
ratios B(D° - zt77)/B(D° - K-z*) and B(D° —
K*K™)/B(D" - K~x") obtained yields using fits to the
two-body mass distributions. FSR will both distort the low
end of the signal mass peak, and will contribute a signal
component to the low side tail used to estimate the
background. The fitting procedure is not sensitive to signal
events out in the FSR tail, which would be counted as part
of the background.

A more complex toy Monte Carlo procedure was
required to analyze the effect of FSR on the fitted yields,
which were published with no FSR corrections applied.
Determining the update involved an iterative procedure in
which samples of similar size to the FOCUS sample were

generated and then fit using the FOCUS signal and back-
ground parametrizations. The MC parametrizations were
tuned based on differences between the fits to the toy MC
data and the FOCUS fits, and the procedure was repeated.
These steps were iterated until the fit parameters matched
the original FOCUS parameters.

The toy MC samples for the first iteration were based on
the generator-level distributions of mg-,+, m,+,-, and
mg+ -, including the effects of FSR, smeared according
to the original FOCUS resolution function, and on back-
grounds generated using the parametrization from the final
FOCUS fits. For each iteration, 400 to 1600 individual
data-sized samples were generated and fit. The central
values of the parameters from these fits determined the
corrections to the generator parameters for the following
iteration. The ratio between the number of signal events
generated and the final signal yield provides the required
FSR correction in the final iteration. Only a few iterations
were required in each mode. Figure 96 shows the FOCUS
data, the published FOCUS fits, and the final toy MC
parametrizations. The toy MC provides an excellent
description of the data.

The corrections obtained to the individual FOCUS yields
were 1.0298 4 0.0001 for K—z", 1.062 £ 0.001 for z7 7",
and 1.0183 4 0.0003 for K™ K~. These corrections tend to
cancel in the branching ratios, leading to corrections
(update shifts) of 1.031 £0.001 (3.10%) for B(D° —
7 77)/B(D° - K~x*), and 0.9888 & 0.0003 (—1.12%)
for B(D® - K*K~)/B(D° - K~z™").

Table 296 summarizes the updated branching fractions.
The published FSR-related modeling uncertainties have
been replaced with a new, common estimate; this estimate
is based on the assumption that the dominant uncertainty in
the FSR corrections comes from the fact that the mesons are
treated as structureless particles. No contributions from
structure-dependent terms in the decay process (e.g.,
radiation from individual quarks) are included in
PHOTOS. Internal studies performed by various experiments
have indicated that in Kz decays, the PHOTOS corrections
agree with data at the 20%-30% level. We therefore
attribute a 25% uncertainty to the (updated) FSR correction
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TABLE 296. The experimental measurements relating to B(D? — K=z+), B(D® — ztx~), and B(D® - K*K~)
after updating them to the common version and configuration of PHOTOS. The uncertainties are statistical and total
systematic, with the FSR-related systematic estimated in this procedure shown in parentheses. Also listed are the
percent shifts in the results from those with the original correction (if any), in the case an update is applied here, as
well as the original PHOTOS and interference configuration for each publication.

Experiment (acronym) Result (rescaled) Update shift [%] PHOTOS
DY —» K—n*

BES III 18 (BE18) [1422] 3.931 4 0.006 4 0.067(44)% 1.25 2.03/Yes
CLEO-c 14 (CC14) [1262] 3.934 4+ 0.021 £ 0.061(31)% - 2.15/Yes
BABAR 07 (BAO7) [1423] 4.035 £ 0.037 = 0.074(24)% 0.69 2.02/No
CLEO 1II 98 (CL98) [1424] 3.917 £ 0.154 £ 0.167(27)% 2.80 none
ALEPH 97 (AL97) [1425] 3.931 £ 0.091 £ 0.124(27)% 0.79 2.0/No
ARGUS 94 (AR94) [1426] 3.490 £+ 0.123 4+ 0.287(20)% 2.33 none
CLEO 1II 93 (CL93) [1427] 3.965 4+ 0.080 + 0.171(13)% 0.38 2.0/No
ALEPH 91 (AL91) [1428] 3.733 £ 0.351 £ 0.455(28)% 3.12 none
DY — ntn™

BES IIT 18 [1422] 0.1529 4+ 0.0018 + 0.0032(23)% 1.39 2.03/Yes
D° = ztn/D° - K~z*

CLEO-c 10 (CC10) [1259] 0.0370 % 0.0006 + 0.0009(02) - 2.15/Yes
CDF 05 (CDO05) [1429] 0.03594 + 0.00054 + 0.00043(15) - 2.15/Yes
FOCUS 02 (FO02) [1421] 0.0364 + 0.0012 £ 0.0006(02) 3.10 none
D’ — KTK~

BES IIT 18 [1422] 0.4271 £+ 0.0021 %+ 0.0069(27)% 0.89 2.03/Yes
D° - KTK~ /D% - K=z™

CLEO-c 10 [1259] 0.1041 +0.0011 + 0.0012(03) - 2.15/Yes
CDF 05 [1429] 0.0992 +0.0011 + 0.0012(01) - 2.15/Yes
FOCUS 02 [1421] 0.0982 + 0.0014 £ 0.0014(01) -1.12 none

from potential structure-dependent contributions. For the
other two modes, the only difference in structure is the final
state valence quark content. While radiative corrections
typically enter with a 1/M dependence, the additional
contribution from the structure terms enters on a timescale
shorter than the hadronization timescale. Thus, this con-
tribution corresponds to M ~ Aqcp rather than that of the
quark masses and would be the same for all three modes.
We make this assumption when treating the correlations
among measurements. We also assume that the PHOTOS
amplitudes and any missing structure amplitudes interfere
constructively. The uncertainties largely cancel in the
branching fraction ratios. For the final average branching
fractions, the FSR uncertainty on Kz is as large as the
uncertainty due to other systematic effects. Note that
because of the relative sizes of FSR in the different modes,
the zz/Kr branching ratio uncertainty from FSR is
positively correlated with that for the Kz branching
fraction, while the KK/Kz branching ratio FSR uncer-
tainty is negatively correlated.

The B(D° — K~z*) measurement of Ref. [1430]
(CLEO II), the B(D° — z*77)/B(D° - K~z*") measure-
ments of Refs. [1281] (E791) and [1224] (CLEO IL.V), and
the B(D° — K*K~)/B(D° - K~zt) measurement of
Ref. [1224] are excluded from the branching fraction

averages presented here. These measurements appear not
to have incorporated any FSR corrections, and insufficient
information is available to determine the 2%-3% update
shifts that would be required.

2. Average branching fractions for
D' K z*,D' > x*n~ and D" - K*K~

The average branching fractions for D° — K~z*, D° —
atn~ and D° — KK~ decays are obtained from a single
y? minimization procedure, in which the three branching
fractions are floating parameters. The central values are
obtained from a fit in which the full covariance matrix,
accounting for all statistical, systematic (excluding FSR),
and FSR measurement uncertainties, is used. Table 297
presents the correlation matrix for this nominal fit. We then
obtain the three reported uncertainties on those central
values as follows: The statistical uncertainties are obtained
from a fit using only the statistical covariance matrix. The
systematic uncertainties are obtained by subtracting (in
quadrature) the statistical uncertainties from the uncertain-
ties determined via a fit using a covariance matrix that
accounts for both statistical and systematic measurement
uncertainties. The FSR uncertainties are obtained by
subtracting (in quadrature) the uncertainties determined
via a fit using a covariance matrix that accounts for both

052008-275



Y. AMHIS et al. PHYS. REV. D 107, 052008 (2023)

e R LERLEG2TELHFon s . . .
= dfla-—Socooococaocsoo~Eag statistical and systematic measurement uncertainties from
8 HEEEEEEEEEEEEEEEE . . : :
£ 2 TTT99TTTTTTTT T~ the uncertainties determined via the fit using the full
8 covariance matrix.
[
= V E - SRR R R el AN =N . . .
) oo —¥¥IngaatTar—=SAQ In forming the full covariance matrix, the FSR uncer-
= [&l2238588888588588 tics ae .
50 AlsSsSSsSSsE2ssaeseaag tainties are treated as fully correlated (or anticorrelated) as
=} . . . . .
'z ClTTTTTTTTTTTT described above. For the covariance matrices involving
< . . .. s
g = g g E § § ":7 5 § % 7 § ﬁ @ S®o systematlc I-ne.asurement uncertainties, ALEPH’s system-
g —|l—Scoccoccod—~ocoaoS2=8 atic uncertainties in the 0p- parameter are treated as full
% O[TTTTTT7TI1T1TT1TT1T111—°¢° correlated between the ALEPH 97 and ALEPH 91 mea-
8 Joagoanrezrsanagseax surements. Similarly, the tracking efficiency uncertainties
) — 1
5» = o2 Seds9858888 3 in the CLEO II 98 and the CLEO II 93 measurements are
3 mleeceeceecSsSSSS -9 treated as fully correlated. For the three BES III 18 results,
Is - both tracking and particle identification efficiencies for any
o SEEIREIRISTLESE[LIL particles shared between decay modes are treated as fully
Ll Ao "o dA NV oSS .
1 olececccodSaodSoccodSaez s correlated. Finally, the BES III 18 results also have a fully
S o O
s U-OOOOOOOOOOOﬂO||| .. 07”0
A correlated statistical dependence on the number of D”D
£ S| RAREESEISTEESESTREE pairs produced.
= o|lTeoevaAaN " TN Nxn = . . 2
b Alozmcecececceaomcecsacces The averaging procedure results in a final y~ of 36.0 for
5 [|C|°°°°T°TTTTT TS 13 (16-3) d f freedom (p-value = 5.9 x 10~
S - egrees of freedom (p-value = 5. .
E lommaoc—wanmonoon 22 The branching fractions obtained are
2 2828228288809 8S
e quqqqoqqqqqoqggg
Q SO OO OO OO O OO0 _
o b B(D° —» K=7") = (3.999 4+ 0.006 4 0.031 + 0.032)%,
,:2 Qﬂ-mmwﬁ-mmooml\mvc\—<0\
. P REXIEFILIRE Iz L= (321)
& mlem—oc—-coodSc—-3S Y —-oS
w mOOOOOOOO—‘OOOOOIOIOI
~
P |lot—wvo—tocvcars—-=822 B(D° =zt 27) =(0.149040.0012 4-0.0015 £ 0.0019) %,
& almT TN OOV OT0S oo
= == =2x2=2353S3S
2 (222222 c3222e 353 (322)
e OOOOOOO—‘OOOOO| T 7
=3
wn
. S O AN —~=< O N oSO O — O >
0 ) —
i N2 esxRIISINEI XIS RaeIy B(D” - K*K~)=(0.41134+0.0017 £0.0041 £0.0025) %.
g R R
(]
Q
= o on N
< N0 ONO <~ — >N e . .
i= Sz —~Stmoamamn=d g The uncertainties, estimated as described above, are stat-
= |2(2252838588385858838¢8 o o ;
g <|[SSSS3Z2333333359% istical, systematic (excluding FSR), and FSR modeling.
= The correlation coefficients from the fit using the total
=t TN —=OFTOOTT NN O s &
° ~|TITSI S S —amvmonEnndS — & uncertainties are
= AV XUV AO T ——— A nAavn —OoO
= Hlomeeeeee T Tmeceeeeee
Q <EOOOO—'OOOOOOOOOIOIOI K n n K+K
o0 “nt mtmT -
=1
— D N >
-t
T |e|esgssesrgenngdly K-zt 100 077 076
2 ||Rls88888&8855833<=s=2<S -
é UO'O'O',_'O'O'O'O'O'O'O'O'O'O'OIOI T 0.77 1.00 0.58
5 N OV A OO —~1n o — — O\ — < KtK= 0.76 0.58 1.00
= Blea8d eIz edsns o
g .
dll <D meeeeee Do e . . .
é Elld|cs—~cccoccsccasas S These results are explained in detail as follows. As
= . —
sz Fig. 97 shows, the average value for B(D° — K~ z*) and
S o o~ — — . . .
5|2 % § § E § § § E § % g % g RSN the input branching fractions agree very well. For the
Ez|8~2 S2es8cesRsIe” 2SS B(D° — K~7") measurements only, the partial y? is 4.9 in
o © S — . . . . . .
° = b the final fit. With the estimated uncertainty in the FSR
ES|o|SYERR23232332234052 modeling used here, the FSR uncertainty dominates the
Ellm[Srm=mo =259 S=Sn—-cS9 statistical uncertainty in the average, suggesting that
Q3 e T T experimental work in the near future should focus on
8
m 5 VRV VI verification of FSR with ) E, = 100 MeV. Note that the
— 2 Ot Tn = OO . . .
i% = T02A3233503 SEo = S systematic uncertainty excluding FSR has now approached
E & MOUOMUCCUCAMUUELMUUK the level of the FSR uncertainty; in the most precise

052008-276



AVERAGES OF b-HADRON, ¢-HADRON, AND z- ...

PHYS. REV. D 107, 052008 (2023)

D’ — Kt (%)
ALEPH 91
CLEO 1193 e
ARGUS 94
ALEPH 97 ——eb—
CLEO 1198 e
BABAR 07 e
CLEOc 14 ety
BES 111 18 e
Average: 3.999 + 0.006 + 0.031+ 0.032 He-H
32 34 36 88 4 4z
FIG. 97. Comparison of measurements of B(D" — K~z%)

(blue) with the average branching fraction obtained here (red,
and yellow band). For these measurements only, the partial y? is
4.9 in the final fit.

measurements of these branching fractions, the competing
uncertainty is the uncertainty on the tracking efficiency.

The B(D° - K*K~) and B(D° — n*z~) measure-
ments inferred from the branching ratio measurements
do not agree as well (Fig. 98). There is some tension
among the results when all measurements related to
B(D® - KTK~) and B(D° — z"z~) are included in the
average together. For the measurements related to B(D° —
K*K™) [B(D° - n*z~)] only, the partial y is 15.7 [6.0] in
the final fit.

The B(D° — K~z") average obtained here is approx-
imately two standard deviations higher than the PDG 2020
update average [9]. Table 298 shows the evolution from a fit
similar to the PDG fit (no FSR updates or correlations,

HFLAV

D’ — K'K™ (%)

FOCUS 03 HH—e—H
CDF 05
CLEOc 10 Hi——H

BES Il 18

Average: 0.4113 + 0.0017 + 0.0041+ 0.0025 HeH

0.4 0.42

FIG. 98.

Ref. [1430] included) to the average presented here. There
are three main contributions to the difference. The branch-
ing fraction in Ref. [1430] is low, and its exclusion shifts
the result upwards. A subsequently larger shift (+0.035%)
is due to the FSR updates, which as expected shift the result
upwards. The largest shift (4-0.050%) occurs as all of the
measurements related to B(D° — K*K~) and B(D° —
#tx~) are included in the average together with the
B(D° — K~z") measurements.

3. Average branching fraction for D° — K*n~

There is no reason to presume that the effects of FSR
should be different in D° - K*z~ and D° - K~ z+
decays, as both decay to one charged kaon and one charged
pion; indeed, for the same version of PHOTOS the FSR
simulations of these decays are identical. Measurements of
the relative branching fraction ratio between the doubly
Cabibbo-suppressed decay D° — K*z~ and the Cabibbo-
favored decay D° — K~z" (R, determined in Sec. X A)
have now approached O(1%) relative uncertainties. This
makes it worthwhile to combine our Rj average with the
B(D" — K~z") average obtained in Eq. (321), to provide a
measurement of the branching fraction:

B(D® - K*z~) = (1.372£0.017) x 104, (324)

Note that, by definition of R, these branching fractions do
not include any contribution from Cabibbo-favored D° —
K*rn~ decays. Our result is more precise than the PDG
2020 value of (1.364 +0.026) x 10~* [9] due to our using
a more precise value for the ratio R (obtained from a
global fit to a range of mixing data, see Sec. X A).

D’ — ntn (%)
FOCUS 03 H——e—7H
CDF 05 Fh—o—tii
CLEOCc 10 ——
BES Il 18 H——H
Average: 0.1490 + 0.0012 = 0.0015 + 0.0019 FH—+H

0.14 0.145 0.15 0.155

The B(D? — K*K~) (left) and B(D® — zz~) (right) values obtained either from absolute measurements or by scaling the

measured branching ratios with the B(D? — K~z*) branching fraction average obtained here. For the measurements (blue points), the
error bars correspond to the statistical, systematic and either the Kz normalization uncertainties or, in case of an absolute measurement,
the FSR modeling uncertainty. The average obtained here (red point, yellow band) lists the statistical, systematics excluding FSR, and
the FSR systematic. For the measurements related to B(D® — K+ K~) [B(D® — #*z~)] only, the partial 2 is 15.7 [6.0] in the final fit.
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TABLE 298. Evolution of the D? — K~z branching fraction from a fit with no FSR updates or correlations
(similar to the average in the PDG 2020 update [9]) to the nominal fit presented here.

Modes fit Description B(D® —» K—7*) (%) y*/(degree of freedom)
K n* PDG 2020 [9] equivalent 3.910 + 0.006 £ 0.033 51/(9-1)=0.64

K n* Drop Ref. [1430] 3.913 +0.006 £ 0.033 51/(8-1)=0.73

K nt Add FSR updates 3.948 +£0.006 +£0.032 £0.019 3.5/(8—1) =0.50
Kot Add FSR correlations 3.949 £+ 0.006 +0.032 +£0.033 3.7/(8 —1) =0.53
All Add CLEO-c, CDF, and FOCUS h*th~ 3.956 +0.006 + 0.032 +0.033 11.1/(14-3) = 1.01
All Add BES I hth~ 3.999 £+ 0.006 + 0.031 +0.032  36.0/(16 —3) =2.77

4. Consideration of PHOTOS++

The versions of PHOTOS that existing measurements were
performed with are now well over a decade out of date. The
newest version, PHOTOS++ 3.61 [1431], is now fully based
on C++ instead of the original FORTRAN. None of the
measurements used in our branching fraction averages use
PHOTOS++, so we have not yet undertaken an effort to
update all results to this newest version. However, at this
time it is worth continuing our procedure to evaluate
whether there is any continued low bias in the branching
fractions, due to suboptimal modeling of FSR.

We find that the FSR spectra for pHOTOS 2.15, with
interference included and exponentiated multiple-photon
mode turned on, and PHOTOS++ (in its default mode) are
compatible. The distributions of myg, for simulated D
mesons from B — D*X decays produced at Y'(4S) thresh-
old are nearly identical. As an example, the BABAR 07
selection criteria were applied to decays simulated with
PHOTOS++ and our nominal version of PHOTOS 2.15; both
produce identical FSR corrections to within 0.01%.

The distributions of AE for simulated D mesons pro-
duced at y(3770) threshold also are nearly identical. As an
example, for the BESIII 18 D° — K~z%, D — 7277, and
D" — K*K~ branching fraction results, the additional
update shifts required to correct from our nominal version
of PHOTOS 2.15 to PHOTOS++ are less than or equal to 0.02%.
However, if smearing is applied with the BES III 18 AE
resolution, while the update for D° — K=zt remains
negligible, the update shifts for D° - z* 7z~ and D° —
Kt K~ are modest at —0.25% and 0.19%, respectively; this
level of shifts are well within the systematic uncertainty of
our averages.

D. Excited D, mesons

Excited “open” charm mesons have received increased
attention since the first observation of low mass, narrow
D,; states that were inconsistent with QCD predictions
[1432-1435]. Their properties can be measured in both
prompt analyses as well as in amplitude analyses of

multibody B decays. Tables 299, 300, and 301 summarize
the measurements of masses and widths of excited D and
D states. If a preferred assignment of spin and parity was
measured, it is listed in the column J”, where the label
“npatural” denotes P = (—-1)/ (JF=0",17,2"...) and
“unnatural” denotes P = (—1)’*! (JF =07,1%,27...). In
some studies, it was possible to identify only whether the
state has natural or unnatural spin-parity, but not the values
of the quantum numbers.

For states in which multiple measurements are available,
an average mass and width are calculated; these are listed in
the gray shaded rows. For simplicity, when calculating
averages we neglect possible correlations among individual
measurements. All averaged masses and widths are sum-
marized in Fig. 99. The resonances listed in the tables and
figures are as they appear in the respective publications. In
some cases, it is unclear whether separately listed states are
in fact distinct or are the same resonance. An example is the
D;(2680)° state [1447], which has parameters close to
those of the D*(2650)°. Further measurements are needed
to resolve these ambiguities. Additionally, subsequent
measurements can change the average value such as to
change the relative masses of states, which may be in
contradiction with the naming. An example is the
D,(2430)° state, whose average mass has been lowered
by the latest LHCb measurement [1438] to become smaller
than the average mass of the D;(2420) states.

The masses and widths of narrow (I' < 50 MeV) orbitally
excited D mesons (1P states), both neutral and charged, are
well established. Measurements of broad states (I'~
200-400 MeV) are less abundant, as identifying the signal
is more challenging. The measured masses and widths, as
well as the J? values, are in agreement with theoretical
predictions based on potential models [527,1470-1472].

The spectroscopic assignment of heavier states remains
less clear. Further theoretical studies suggest the identity of
some 2S and 1D states [1473,1474] and tentatively discuss
possible 1F, 3S and 2P states. Possible new states to be
found in the future are suggested in Refs. [1474,1475].
Following precise measurements from LHCb, recent
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TABLE 299. Measurements of masses and widths for excited D mesons. The column J? lists the assignment of spin and parity. If
possible, an average mass or width is calculated. Table 1 of 2.

Resonance JP  Decay mode Mass [MeV/c?] Width [MeV] Measured by References

Dta~ 2297 + 8 +20 273+ 12 +48 BABAR [778]

D:(2400)°  0* D~ 2308 + 17 + 32 276 +£21 463 Belle [779]

0 D~ 2407 4+ 21 + 35 240 + 55 4+ 59 FOCUS [1436]
23182 £16.9 267.4 +35.6 Our average

DOz 2360 + 15+ 12+ 28 255 +£26 420 +47 LHCb [1437]

D (2400 0 DOzt 2349+ 64+ 1+4 217+ 1345412 LHCb [659]

0 DOz* 2403 + 14 + 35 283 424 + 34 FOCUS (m & T) + Belle (J©)  [650]
2351.3+7.0 2299 £+ 16.1 Our average

Dt~ 24248 £0.1 £0.7 33.64+034+2.7 LHCb [1438]

D"t~ 2419.6 £0.1 £ 0.7 352404409 LHCb [1330]

Dt~ 2423.1 £1.570% 38.8 5117 ZEUS [1439]

D"t~ 2420.1 £0.1+0.8 314+05+1.3 BABAR [1329]

D™t~ 20+1.7+1.3 CDF [1440]

D"t~ 24214 +1.54+09 237+£27+4 Belle [779]

D,(2420)° 1+ DOztr~ 2426 +3 + 1 244+748 Belle [679]

D" n~ 2421%) £2 2018 +3 CLEO [1441]

D"t~ 24224242 15+8+4 E387 [1442]

D"t~ 24144245 13+ 6710 ARGUS [1443]

D*tn~ 2428 £3 42 2378110 CLEO [1444]

D** ™ 2428 4845 58 4+ 14 + 20 TPS [1445]
2421.8 £ 04 31.8£0.7 Our average

DOzt 24219 £ 4.715% ZEUS [1439]

Dtz at 2421 +2+1 214548 Belle [679]

D (2420)F 1+ DOzt 2425+242 268 +4 CLEO [1446]

DOzt 24434+ 745 414+19+38 TPS [1445]
24232+ 1.6 25.0£6.0 Our average

D"t~ 24114349 309 +9 +28 LHCb [1438]

D;(2430)° 1% D*tn~ 2427 £ 26 + 25 38447 4 74 Belle [779]
2412.0+9.2 312.6 +28.6 Our average

Dz~ 2463.7+044+044+0.6 47+0.8+09+03 LHCb [1447]

Dt~ 2460.4 +0.1 +0.1 456404+ 1.1 LHCb [1330]

Dt~ 2464+ 14+05+02 438+29+1.7406 LHCb [784]

D**x~, Dr~ 2462.5+243 46.6 +8.113% ZEUS [1439]

Dt~ 24622 +0.14+0.8 50.5+0.6+0.7 BABAR [1329]

Dt~ 2460.4 +£1.2+22 41.84+25+29 BABAR [778]

Dz~ 492423+13 CDF [1440]

D3(2460)°  2* Dz~ 2461.6 +2.1 +3.3 45.6+4.4+6.7 Belle [779]

Dz~ 24645+ 1.1+1.9 38.74+5.34+2.9 FOCUS [1436]

Dz~ 2465+3+3 288 +6 CLEO [1441]

Dt~ 2455+3+5 1541345, ARGUS [1448]

Dt~ 2459 +3+2 20+ 10+5 TPS [1445]

D*n~ 2461 £3+1 2017, CLEO [1444]

2453 +3+2 254+ 10+5 E687 [1442]
2460.6 + 0.1 47.6 £0.6 Our average
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TABLE 300. Measurements of masses and widths for excited D mesons. The column J? lists the assignment of spin and parity. If

possible, an average mass or width is calculated. Table 2 of 2.

Resonance Jr Decay mode Mass [MeV/c?] Width [MeV] Measured by  References

DOzt 2463.1 £0.2£0.6 486+t13+19 LHCb [1330]

DOzt 24656 £1.8+05£1.2 46+34+14+29 LHCb [1437]

DOzt 2468.6 £0.6 0.0 £0.3 473+£15+03£0.6 LHCb [659]

D*z", DOzt 2460.6 +4.473¢ ZEUS [1439]

DOx* 24654 +0.2+ 1.1 BABAR [1329]

D;(2460)* 2t DOzt 2465.7 +1.81,4¢ 49.7+38+64 Belle [650]

Dz* 24676 £1.5+0.8 341+65+42 FOCUS [1436]

Dozt 2463 +3+3 275" £5 CLEO [1446]

DOzt 2453 £3£2 23+£9+5 E687 [1442]

DOzt 2469 £4£6 ARGUS [1449]
2465.6 + 0.4 46.7£1.2 Our average

D*t 'z~ 2518 £2+£7 199 +5+17 LHCb [1438]

D(2550)° 0~ D*tr~ 25394 +£4.5+6.8 130+ 12 £ 13 BABAR [1329]
2527.5+5.4 164.4 £ 12.5 Our average

D(2580)° Unnatural D*tx~ 25795+£34+£55 117.5 £ 17.8 £ 46 LHCb [1330]

D*t g~ 26419 £1.8+4.5 149 +4£20 LHCb [1438]

D(2600)° 1- DYz~ 2608.7£24+25 93+6+13 BABAR [1329]
26199 £2.8 111.5+11.7 Our average

D(2600)* Natural DOzt 26213 £3.7+4.2 BABAR [1329]

D*(2640)* 1- D* gt a~ 2637.0£2+6 Delphi [1450]

D*(2650)° Natural D*t 'z~ 26492 £35+35 140.2 £ 17.1 £18.6 LHCb [1330]

D*(2680)° 1- Dta~ 2681.1 £5.6+49+13.1 186.7+£85+8.6£8.2 LHCb [1447]

D*tr~ 2751 +£3+7 102 +£6 £ 26 LHCb [1438]

D(2740)° 2- D*tx~ 27370 £35+11.2 73.2+13.4 +£25 LHCb [1330]
27469 £ 6.4 88.5£194 Our average

D*tr~ 2753 +£4+6 6610+ 14 LHCb [1438]

D(2750)° 3- D*t g~ 27524 +£17+£27 71£6+11 BABAR [1329]
27525+£29 69.3 £ 10.1 Our average

DYz~ 2781+ 18+ 11£6 177+£32+20+7 LHCb [784]

D*t g~ 2761.1 £5.1+6.5 74.4+£3.4+37 LHCb [1330]

D1 (2760)° 1t Dt~ 2760.1 £1.1+£3.7 744 +3.4+19.1 LHCb [1330]

Dt~ 27633 +£23+23 609 £5.1+3.6 BABAR [1329]
2762.1 2.4 65.1 £5.8 Our average

D;(2760)° 3 DYz~ 27755 +£45+45+47 953+9.6+£79+33.1 LHCb [1447]

DOzt 2771.7£1.7+3.8 66.7 £ 6.6 £10.5 LHCb [1330]

D3(2760)* - DOzt 2798 £ 7+ 147 105+ 18+6+23 LHCb [659]

3 DOzt 2769.7 £3.8+ 1.5 BABAR [1329]
2772.8 £2.8 723+ 11.5 Our average

D;3(3000)° 2% Dtn~ 3214 £29 £33+ 36 186 +38 £ 34 + 63 LHCb [1447]

studies based on unitarized chiral perturbation theory and
lattice QCD propose a two-pole structure of the D*(2400)°
and predict the existence of a lighter state D*(2100)°
[1476,1477].

Tables 302, 303, and 304 summarize branching fractions
of B meson decays to excited D and D states, respectively.
The measurements listed are the products of the B meson
branching fraction and the daughter D meson branching
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TABLE 301. Measurements of masses and widths for excited D, mesons. The column J¥ lists the of spin and parity. If possible, an
average mass or width is calculated.
Resonance JP Decay mode Mass [MeV/c?] Width [MeV] Measured by References
D ° 2319.6+02+ 14 BABAR [1451]
Dfr° 2317.3+04+0.8 BABAR [1435]
* + + s
D3o(2317) 0 Dfr° 23183+ 12+1.2 BESIII [1452]
2318.0 £0.7 Our average
Dita’, 2460.1 £0.2+0.8 BABAR 1451
b a0y 1+ DIFTDITDiaia ZOIEREED el
st D 2T 2458 £ 1+1 BABAR [1435]
2459.6 £ 0.7 Our average
2537.7+0.5+3.1 1.7+£12+0.6 BESIII [1453]
D*FKY 0.92 +0.03 4 0.04 BABAR [1454]
D**KY 2535.7+0.6+£0.5 D@ [1455]
D**KY, D*OK+ 253478 £0.31 £ 0.4 BABAR [700]
Dirtm~ 25346+ 0.3+0.7 BABAR [1451]
D**KY%, DOK+ 25350+0.6 £ 1.0 E687 1442
D, (2536)F 1+ s 14421
DK+ 25353+0.2+0.5 CLEO [1456]
D*+KY 25348+ 0.6 £ 0.6 CLEO [1456]
D*OK* 25352+05+1.5 ARGUS [1457]
D*+KY 25356+0.7+0.4 CLEO [1444]
D*+KY 25359+ 0.6 £ 2.0 ARGUS [1458]
2535.1 £0.3 0.9 £0.0 Our average
2570.7 £2.0+ 1.7 172+3.6£1.1 BESIII [1453]
DK+, D**KY 256839 £0.29+£0.26 169 +0.5+0.6 LHCb [1459]
DYK§, DK+ 25694+ 1.6 +£0.5 121+45+1.6 LHCb [1460]
D3, (2573)* 2+ DYKS, DK 25722+03+1.0 27.1+£0.6+5.6 BABAR [1461]
DK+ 257425+33+1.6 104+£83+3.0 ARGUS [1462]
DK+ 25732717 £ 0.9 1617 +3 CLEO [1463]
2569.1 £0.3 16.9 £0.7 Our average
D,,(2590)* 0~ DYK~n~ 2591 +£6.0£7 89+ 16+ 12 LHCb [1464]
D" K9, DK 27323+43+5.38 136 £19+24 LHCb [1465]
Dk~ 2699774 127535 BABAR [1466]
n _ D**KY, DK+ 27092 +19+4.5 115.8£73 £ 12.1 LHCb [1467]
D?*,(2700) 1 1 3
s DK,D*K 2710 £243 149 £ 73 BABAR [1468]
DK+ 2708 £ 9113 108 £+ 273¢ Belle (7971
2713.0 £ 3.5 120.9 £ 10.3 Our average
D?,(2860)* 1 DK+ 2859 £ 12 +24 159 £23+77 LHCb [1469]
D*TKY, DK 2867.1 +43+1.9 50+ 11+13 LHCb [1465]
D*;(2860)* 3 DK+ 2860.5 £2.6 £ 6.5 522+8.6 LHCb [1469]
2865.0 3.9 522 £ 8.6 Our average
D,;(3040)* Unnatural DK 3044 £ 81 239 + 35145 BABAR (m & T') + LHCb(J?)  [1468]

fraction. It is notable that the branching fractions for B
mesons decaying to a narrow D* state and a pion are similar
for charged and neutral B initial states, while the branching
fractions to a broad D* state and z™ are much larger for B
than for B°. This may be due to the fact that color-

052008-281

suppressed amplitudes contribute only to the B* decay
and not to the B® decay (for a theoretical discussion, see
Refs. [1478,1479]). Values for the branching fractions of
the D mesons are difficult to extract due to the unknown
(and difficult to calculate) B — D*X branching fractions.
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FIG. 99. (a) Average masses for excited D, mesons; (b) average masses for excited D mesons; (c) average widths for excited D

mesons; (d) average widths for excited D mesons. The vertical shaded regions distinguish between different spin-parity states.

TABLE 302. Product of the B meson branching fraction and the daughter (excited) D meson branching fraction. Table 1 of 2.

Resonance Decay B[1074] Measured by References
6.1+£06=+138 Belle [779]
B~ — D;(2400)°(— D7~z 6.8+0.3+2.0 BABAR [778]
D;(2400)° 64+14 Our average
B~ = D}(2400)°(— D n7)K~ 0.061 £ 0.019 £ 0.005 £ 0.014 & 0.004 LHCb [784]
0.77 £0.05 £ 0.03 £ 0.03 £ 0.04 LHCb [659]
B" — D;;(2400)* (—» D’z )z~ 0.60 £ 0.13 £ 0.27 Belle [650]
Dj;(2400)* 0.76 £ 0.07 Our average
BY - D}(2400)" (- D°z*)K~ 0.177 £ 0.026 £ 0.019 =+ 0.067 £ 0.20 LHCb [1437]
6.8+07+13 Belle [779]
B~ — D,(2420)°(» D** 1)~ 8.42+0.08 £0.40 £+ 1.40 LHCb [1438]
D, (2420)° 7.6+ 1.0 Our average
B~ - D,(2420)°(» D’z 7 )n~ 1.85 £0.29 £ 0.27 £ 0.41 Belle [679]
B® - D,(2420)°(—» D** 7)o 0.7 +£0.2700 £0.1 Belle [655]
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TABLE 302. (Continued)

Resonance Decay B[1074] Measured by References

D, (2420)* BY - D, (2420)*(» D*a~n*)n~ 0.89 £0.15 +£0.22 Belle [679]
50+04=£1.08 Belle [779]
B~ — D,(2430)°(— D** ")~ 3.51 +£0.06 £ 0.23 £0.57 LHCb [1438]

D, (2430)° 45+0.7 Our average
B - D,(2430)°(— D" 77w 2.5+£04537 21 Belle [655]
34+£03+£0.7 Belle [779]
35+£02+0.5 BABAR [778]
B~ — D;(2460)°(— D*x™)z" 3.62 +0.06 £ 0.14 £ 0.09 + 0.25 LHCb [1447]

3.58 £0.23 Our average
D3(2460)° 1.8+03+04 Belle [779]
B~ — D3(2460)°(— D** 7)1~ 2.08 £0.03 £0.14 £ 0.34 LHCb [1438]

1.8+0.3 Our average
B~ — D3(2460)°(-» D** 77w 0.4 +£0.1709 £ 0.1 Belle [655]
B~ — D3(2460)°(—» D"z )K~ 0.232 £ 0.011 £ 0.006 = 0.010 = 0.016 LHCb [784]
244 £0.07 £ 0.10 £ 0.04 £0.12 LHCb [659]
B® - D3(2460)" (- D'z t)z~ 2.15+£0.17£0.31 Belle [650]

D;(2460)* 2.38 £0.16 Our average
B® — D3;(2460)" (- D°z*)K~ 0.212 £0.010 £0.011 £0.011 £ 0.25 LHCb [1437]
TABLE 303. Product of the B meson branching fraction and the daughter (excited) D meson branching fraction. Table 2 of 2.

Resonance Decay B[1074] Measured by References

D,(2550)° B~ = Dy(2550)°(— D**z7)n~ 0.72 £0.01 £ 0.07 £ 0.12 LHCb [1438]
D1 (2600)° B~ - D;(2600)°(— D**z7)x~ 0.68 £0.01 +0.07 £0.11 LHCb [1438]
D3 (2680)° B~ = D;(2680)°(— Dz )n~ 0.84 £ 0.06 £ 0.07 £ 0.18 £ 0.06 LHCb [1447]
D,(2740)° B~ — D,(2740)°(— D**n7)n~ 0.33 £0.02 £ 0.14 £ 0.05 LHCb [1438]
D;(2760)° B~ — D3(2760)°(—» D*z7)K~ 0.036 £ 0.009 £ 0.003 + 0.007 = 0.002 LHCb [784]
D;(2760)° B~ - D%(2760)°(—» D*n™)n~ 0.10 £ 0.01 £ 0.01 & 0.02 4 0.01 LHCb [1447]
B~ — D3(2760)°(—» D**n™)n~ 0.11 £0.01 £ 0.02 £ 0.02 LHCb [1438]
D3;(2760)* B® - D3(2760)* (— D°z*)z~ 0.103 £ 0.016 £ 0.007 £ 0.008 £ 0.005 LHCb [659]
D3(3000)° B° - D3(3000)°(— Dz )a™ 0.02 £ 0.01 £ 0.01 & 0.01 4 0.00 LHCb [1447]

The discoveries of the D*(2317)* and D, (2460)* have
triggered increased interest in properties of, and searches
for, excited D, mesons. While the masses and widths of the
D,(2536)* and D?,(2573)* states are in relatively good
agreement with potential model predictions, the masses of
the D?,(2317)* and D, (2460)* states are significantly
lower than expected (see Ref. [1480] for a discussion of c§
models). Moreover, the mass splitting between these two
states greatly exceeds that between the D, (2536)* and

D,,(2573)*. These unexpected properties have led to
interpretations of the D7;(2317)* and D (2460)* as
exotic four-quark states [1481,1482]. A molecule-like
(DK) interpretation of the D*,(2317)* and D, (2460)*
[1481,1482] that can account for their low masses and
isospin-breaking decay modes is tested by searching for
charged and neutral isospin partners of these states; thus far
such searches have yielded negative results. Therefore the
models that predict equal production rates for different
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TABLE 304. Product of the B meson branching fraction and the daughter (excited) D, meson branching fraction.

Resonance Decay B[107™] Measured by References
8.6155 £2.6 Belle [699]
BY — D% (2317)* (= DI 0)D- 18.0 £4.0%) BABAR [698]
10.145 £ 1.0+ 04 Belle [697]
D1, (2317)* 102+1.5 Our average
Bt - D*,(2317)*(— D} 2°)D° 8.013 £ 1.0+£04 Belle [697]
B® - D% (2317)*(— D} 2°)K~ 0.531013 £0.16 Belle [680]
227413+ 68 Belle [699]
B® - D, (2460)" (- D 7%)D~ 28.0 £8.011}? BABAR [698]
247+ 7.6 Our average
D, (2460)* 0 ) 82172 & ig Belle [699]
BY = D,,(2460) (= D:ty)D 8.0 £2.01553 BABAR [698]
8.1+23 Our average
Dy, (2460)" — D" x° (56 £ 13 +£9)% BABAR [693]
D, (2460)" — Dity (16 +4+3)% BABAR [693]
B - D(2536)*(— D*'K*)D~ 1.71 £ 0.48 £ 0.32 BABAR [700]
B° = D,,(2536)" (= D*"K°)D- 2.61 +1.03+0.31 BABAR [700]
B® = D,;(2536)* (= D*°K*)D*~ 3.32 £ 0.88 & 0.66 BABAR [700]
B® - D,,(2536)*(— D**K°)D*~ 5.00 £ 1.51 £ 0.67 BABAR [700]
D (2536)* B* — D,,(2536)* (= DK*)D" 2.16 4+ 0.52 + 0.45 BABAR [700]
B* — D,,(2536)* (= D**K%)D° 2.3040.98 £0.43 BABAR [700]
B* — D,,(2536)" (— D*K*)D* 546 £1.17 £+ 1.04 BABAR [700]
B* — D,;(2536) (- D*TK°)D* 3.92 +2.46 +0.83 BABAR [700]
B - D*,(2573)(— D°K*)D~ 0.34 £ 0.17 £ 0.05 BABAR [1466]
D (257" B* — D*,(2573)(— D°K*)D° 0.08 & 14 £ 0.05 BABAR [1466]
11.3+2215% Belle [7971
Bt = D *(2700)* (= D°K+)D° 5.02+£0.71 £0.93 BABAR [1466]
Dy (2700)* 5.83 £ 1.09 Our average
B® - D;*(2700)* (= D°K*)D-~ 7.14 £ 0.96 £ 0.69 BABAR [1466]

charged states are excluded. The molecular picture can also
be tested by measuring the rates for the radiative processes
D (2317)* /D, (2460)* — D"y and comparing to theo-
retical predictions. The predicted rates, however, are below
the sensitivity of current experiments.

Another model successful in explaining the total widths
and the D*(2317)*-D,; (2460)* mass splitting is based on
the assumption that these states are chiral partners of the
ground states DY and D% [1483]. While some measured
branching fraction ratios agree with predicted values,
further experimental tests with better sensitivity are needed
to confirm or refute this scenario. A summary of the mass
difference measurements is given in Table 305.

Recently, a new study proposed modified properties
when treating the D},(2317) as a four-quark state in
thermal medium using thermal QCD sum rules [1484].

Measurements by BABAR [1468] and LHCb [1467] first
indicated the existence of the D*;(2860)* meson. An
LHCb study of BY — D°K~zt decays, in which they
searched for excited D; mesons [1469], showed with
100 significance that this state comprises two different
particles, one of spin 1 and one of spin 3. This represents
the first measurement of a heavy flavored spin-3 particle,
and the first observation of B meson decays to spin-3

particles. A subsequent study of DE? mesons by the LHCb
collaboration [1465] supports the natural parity
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TABLE 305. Measurements of mass differences for excited D mesons.
Resonance Relative to Am [MeV/c?] Measured by References
4102+2.1+£09 ZEUS [1487]
DT(2420)0 D+ 411.7+0.7+£04 CDF [1440]
411.5+0.8 Our average
D, (2420)* D7 (2420)° 47243 CLEO [1446]
Dt 593.9+0.6 0.5 CDF 1440
D3(2460)° [14401
Dt 458.8 £3.7113 ZEUS [1487]
3.1£19+£09 FOCUS [1436]
. . . 0 —2+4+4 CLEO [1446]
D;(2460) D;(2460) 14+5+38 ARGUS
[1449]
30£1.9 Our average
348.7+0.5+0.7 Belle [1434]
. . N 35000+ 1.2+1.0 CLEO [1433]
D;y(2317) D; 3513421419 Belle (699]
3492+ 0.7 Our average
3441+ 13+ 1.1 Belle [1434]
- 3512+ 1.7+ 1.0 CLEO [1433]
Dg 3468 £ 1.6 £ 1.9 Belle [699]
D, (2460)* 3471 £ 1.1 Our average
4910£13+£19 Belle [1434]
D* 4914+£09+£1.5 Belle [1434]
4913+ 14 Our average
524.83 £0.01 £ 0.04 BABAR [1454]
D" (2010)* 525.301 04 £0.10 ZEUS [1487]
D, (2536)* 5253 +0.6+0.1 ALEPH [1488]
524.84 + 0.04 Our average
D*(2007)° 528.7+£1.9+0.5 ALEPH [1488]
D5, (2573)* DO 704 £3+£1 ALEPH [1488]

assignment for these states. This study also shows weak
evidence for a further structure at a mass around
3040 MeV/c? with unnatural parity, which was first
hinted at by a BABAR analysis [1468]. The second
observation of a spin-3 charm meson was a subsequent
LHCb analysis of B — D"z~ decays, which measured
the spin-parity assignment of the state D}(2760)* to be
JP =3~ [659]. This resonance was in fact observed
previously by BABAR [1329] and LHCb [1330]. The
measurement suggests a spectroscopic assignment
of 3D;. Recently, also the corresponding neutral state
was observed by LHCb, the D%(2760)° [1447].

Other observed excited D, states include D7, (2700)*
and D?,(2573)*. The properties of both (mass, width, J©)
have been measured and determined in several analyses.
A theoretical discussion [1485] investigates the possibility
that the D,;(2700)* could represent radial excitations
of the D;*. Similarly, the D, (2860)* and D,;(3040)*

could be excitations of D*,(2317)* and Dy, (2460)* or
D,;(2536)*, respectively. The most recently discovered
state is denoted as D (2590)%, and is a strong candidate to
be the missing 2'S, state, the radial excitation of the
pseudoscalar ground-state DY meson [1464].

Table 306 summarizes measurements of the helicity
parameter A, (also referred to as the polarization parameter).
In decays of orbitally excited charm mesons (D**) to D*x,
D* - Dz, the helicity distribution varies like
1 + Ap cos® 0y, where @y is the angle in the D* rest frame
between the two pions emitted by decay D** — D*rx and the
D* — Dzn. The parameter is sensitive to possible
S-wave contributions in the decay. In the case of a D meson
decaying purely via D-wave, the helicity parameter is
predicted to give A, = 3. Studies of the D;(2420)° meson
by the ZEUS and BABAR collaborations suggest that there is
an S-wave admixture in the decay, which is contrary to the
expectation based on heavy quark effective theory [494,1486].
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TABLE 306. Measurements of polarization amplitudes for excited D mesons.
Resonance Ap Measured by References
7.8187 11 ZEUS [1439]
5.72+£0.25 BABAR [1329]
D;(2420)° 595024 ZEUS [1487]
38+£0.6+£0.8 BABAR [535]
5.61 +£0.24 Our average
D, (2420)* 3.8+£0.6+£0.8 BABAR [535]
D;(2460)° —1.16 £ 0.35 (stat.) ZEUS [1439]
D(2750)° 0.33 + 0.28 (stat.) BABAR [1329]

E. Excited charmed baryons

In this section we summarize the present status of excited
charmed baryons decaying strongly or electromagnetically.
We list their masses (or the mass difference between
the excited baryon and the corresponding ground state),
natural widths, decay modes, and assigned quantum num-
bers. The present ground-state measurements are:
M(A}) = 2286.46 4+ 0.14 MeV/c?> measured by BABAR
[1489], M(E?) = (2470.907533) MeV/c? and M(E}) =
(2467.941077) MeV/c?, both dominated by CDF [131],
and M(QY) = (2695.2 4+ 1.7) MeV/c?, dominated by
Belle [1490]. Should these values change, so will many
of the values for the masses of the excited states.

Table 307 summarizes the excited A baryons. The first
two states listed, namely the A.(2595)" and A.(2625)", are
well established. The measured masses and decay patterns
suggest that they are orbitally excited A} baryons with total
angular momentum of the light quarks L = 1. Thus their
quantum numbers are assigned to be J* =1~ and J© = 3,
respectively. Their mass measurements are dominated by
CDF [1491]: M(A.(2595)%) = (2592.25 4 0.28) MeV/c?
and M(A.(2625)%) = (2628.11 4 0.19) MeV/c?. Earlier

measurements did not fully take into account the restricted
phase-space of the A.(2595)" decays.

The next two states, A.(2765)" and A.(2880)", were
discovered by CLEO [1492] in the Afz"z~ final state.
CLEO found that a significant fraction of the A.(2880)"
decays proceeds via an intermediate X.(2445)7 0zt
Later, BABAR [1493] observed that this state has also a
D°p decay mode. This was the first example of an excited
charmed baryon decaying into a charm meson plus a
baryon; previously all excited charmed baryons were found
via hadronic transitions into lower lying charmed baryons.
In the same analysis, BABAR observed for the first time an
additional state, A.(2940)", decaying into D°p. Studying
the D" p final state, BABAR found no signal and this
implies that the A.(2880)" and A.(2940)" are A/ excited
states rather than X, excitations. Belle reported the result of
an angular analysis that favors 5/2 for the A.(2880)" spin
hypothesis. Moreover, the measured ratio of branching
fractions B(A.(2880)" — £.(2520)z%)/B(A.(2880)" —
¥.(2455)7%) = (0.225 £ 0.062 £ 0.025), combined with
theoretical predictions based on HQS [527,1494], favor
even parity. However this prediction is only valid if the
P-wave portion of X.(2520)x is suppressed. LHCb [880]

TABLE 307. Summary of excited Al baryons. The uncertainties are the total of the statistical and systematic

uncertainties.

Charmed baryon excited state Mode Mass (MeV/c?) Natural width (MeV) JP
A.(2595)" Afrta, X.(2455)n 2592.25 £ 0.28 2.59 £0.57 -
A.(2625)* Afnta 2628.11 £0.19 <0.97 3-
A.(2765)* Afnta, 5.(2455)n 2766.6 +2.4 50 ?
A.(2860)* D°p 2856.1127 67.65,]3 2+
A.(2880)* Afntn, 2.(2455)n,  2881.63 £0.24 56004 3+

%.(2520)x, D°p
A.(2940)* D°p, 2.(2455)n 2939.612 2072 ?
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TABLE 308. Summary of the excited o baryon family. The mass difference is given with respect to

the A/,

Charmed baryon excited state Mode Mass difference (MeV/c?) Natural width (MeV) JP
(2455)++ Afn* 167.510 +0.17 1.8950% 1
T.(2455)* Afn° 166.4 + 0.4 <4.6 @ 90% C.L. 1+

. (2455)° Afn~ 167.29 +0.17 1.83%1s i

T (2520) Afnt 23195017 14.781030 3+

¥, (2520)* Afn° 231.0+23 <17 @ 90% C.L. 3+

T, (2520)° Afn~ 232.021012 15.3704 3+

>, (2800)** Afmt 5147 75122 -7

. (2800)" Af 70 50513 6218}

%.(2800)°" Nir 51973 722

Afn~ 560 + 13 86755

have analyzed the D°p system in the resonant substructure
of A, decays. They confirm the %* identification of the
A.(2880)7. In addition they find evidence for a further,
wider, state they name the A,(2860)", with J¥ = 3T (the
parity is measured with respect to that of the A.(2880)%).
The explanation for these states in the heavy quark-light
diquark model is that they are a pair of orbital D-wave
excitations. Furthermore, LHCD [880] find evidence for the
spin-parity of the A.(2940)* to be 5, and improve the
world average measurements of both the mass and width of
this particle.

A current open question concerns the nature of the
A.(2765)" state. However, it has now been experimentally
shown by Belle [1495] to be a A, rather than a ., and
implicit in this analysis is that the data can be explained by
one resonance. The state has also been observed, but not
measured, by LHCb [1496].

Table 308 summarizes the excited Zj+‘+‘0 baryons.
The ground state iso-triplets of X.(2455)*++0 and
%.(2520)*++9 baryons are well established. Belle
[1497] precisely measured the mass differences and widths
of the doubly charged and neutral members of this triplet.
The short list of excited X, baryons is completed by the
triplet of X.(2800) states observed by Belle [1498]. Based
on the measured masses and theoretical predictions
[1499,1500], these states are thought by some to be
members of the predicted T, 3 5~ triplet, where the subscript
2 refers to the total spin of the light quark degrees of
freedom. From a study of resonant substructure in B~ —
A}l prn~ decays, BABAR found a significant signal in the
Al final state with a mean value higher than measured
for the X.(2800) by Belle by about 3¢ (Table 308). The
decay widths measured by Belle and BABAR are consistent,
but it is an open question if the observed state is the same as
the Belle state.It is possible that the present excesses will
prove to be due to two or more overlapping states.

Circumstantial evidence for this can be found by comparing
with the 2, and Q. states of similar excitation energies.
Table 309 summarizes the excited Z;°. The list of
excited E,. baryons has many states, of unknown quantum
numbers, having masses above 2900 MeV/c? and
decaying through three different types of modes: A.Knz
or X .Knzm, E.nm, and AD. Some of these states
(E.(2970)*, E.(3055) and ZE.(3080)*°) have been
observed by both Belle [1501-1503] and BABAR [757],
are produced in the charm continuum, and are considered
well established. Recently LHCb [1504] reported three
narrow states in A K~. The masses of two of these states,
named the E.(2923) and E.(2939) bookend the already
discovered, wide E.(2930)°. This state, also decaying into
AFK~, was found in B decays by BABAR [1505]. It was
also observed by Belle [824], who in addition observed a
similar charged state. Table 309 shows the parameters
measured by Belle, as they allow for the interference and
other resonances in their analysis. However, given the low
statistics of these observations in e"e~ annihilation, it is
possible that the LHCb data explains the peaks found by
Belle and BABAR as the manifestation of these two states
overlapping, and thus there is no distinct Z.(2930) state.
LHCb [1504] note that there may well be a fourth
resonance at a lower mass of ~2880 MeV/c? and also
that the pattern of masses of these states bears a remarkable
similarity to that of the excited Q. masses, implying the
same underlying spin-structure of the quarks. The highest
mass of the LHCb Q. quintuplet does not appear to have an
analogous state here. This state had the lowest signal of the
five in the LHCb data and was not confirmed by Belle, so
this may imply that it is of a completely different nature to
the other four states. Alternatively there may exist an
equivalent state in the excited A7 K~ data but it cannot
be seen because of its large width and alternative decay
modes. The highest-mass of the three new states reported
by LHCb is very close in mass to the E.(2970); formerly
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TABLE 309. Summary of excited Eﬁ‘o states. For the first four isodoublets, it is the mass difference with respect to
the ground state to which they decay that is quoted as this avoids uncertainties in the ground state masses. For the
remaining cases, the uncertainty on the measurement of the excited state itself dominates.

Charmed baryon excited state Mode Mass difference (MeV/c?)  Natural width (MeV) J?
Al =y 110.5+04 %*
=0 =y 108.3 +0.4 %+
E.(2645)F B0t 174.7 £ 0.1 2.1+£0.2 %*
=.(2645)° E0n 178.5+0.1 24402 %*
2.(2790)" Elnt 320.7+0.5 9+1 1=
E.(2790)° Efa 323.8+0.5 10+ 1 -
E.(2815)*F 2.(2645)07* 348.8 £0.1 2.434+0.23 %*
=.(2815)° E.(2645) 2=, 2 3494 £+ 0.1 2.54 +0.23 %—
Charmed baryon excited Mass difference Natural width
state Mode (MeV/c?) MeV) JP
E.(2923)° AYK™ 2923.04 £0.35 7.1+£2.0 ?
E.(2930)* Ang 29423+ 4.6 148 £9.1 ?
£.(2930)° ATK- 2928.6174 19.57192 ?
=.(2939)° AYK™ 2938.55 £ 0.30 102+ 14 ?
Z.(2965)° AFK™ 2964.88 £ 0.33 141+1.6 ?
E.(2970)* AFK 7", ZH K, B, (2645)7% 2967.2 £ 0.8 21£3 ?
Z.(2970)° E.(2645) n~ 2970.4 £+ 0.8 28+ 3 ?
E.(3055)* SHTK~,AD 3055.7+ 04 80+1.9 ?
Z.(3055)° AD 3059.0 £ 0.8 6.2+24 ?
E.(3080)* AfFK 7", 2K, %,(2520)"t K=, AD 3077.8 +£0.3 3.6£0.7 ?
=.(3080)° AF K, Z0KY, 2,(2520)°KY 30799 + 1.0 5.6+22 ?

named by the PDG as the Z.(2980). A recent analysis by
Belle [1506] reveals that the favored spin-parity of this state
is JP = %““, which corresponds to it being a (2S) radial
excitation. The E.(2765) and E.(2970) properties seem to
differ by enough to be able to say with reasonable
confidence that they are completely different states, though
the confusion due to their similar masses might help
explain the poor consistency of the historical measurements
of the E.(2970). The properties of the E.(2970) can be
seen to have similarities to the A.(2765), not only in its
mass difference with respect to the ground state, but also its
decay pattern and large production in e e~ annihilation
data. This strengthens the confidence in their identification
as “Roper-like” resonances [1507], that is, as the charmed
equivalents of the light quark P,;(1440) which is often
identified as a radial excitation.

In addition to the E.(2970), Belle [1508] have analyzed
large samples of E., E.(2645), E.(2790), and E.(2815)
decays. From this analysis they obtain the most precise mass
measurements of all five iso-doublets, and the first signifi-
cant width measurements of the E.(2645), E.(2790) and

E.(2815). Though the spin-parity of these particles have not
been directly measured, there seems little controversy that
the simple quark-diquark model can explain the data. We
note that the precision of the mass measurements allows for
added information from the isospin mass-splitting to be used
in identifying the underlying structure. In addition, the recent
observation by Belle [1509] of photon transitions to the
ground state from the neutral (but not charged) =.(2815),
and probably also the E.(2790), can be interpreted as
confirmation of the standard quark interpretation.

Several of the width and mass measurements for the
E.(3055) and E.(3080) isodoublets are only in marginal
agreement between experiments and decay modes.
However, there seems little doubt that the differing mea-
surements are of the same particle. The masses do indicate
that their spin-parity might match those of the A.(2860)
and A.(2880).

The E.(3123)" reported by BABAR [757] in the
%.(2520)" "z~ final state has not been confirmed by
Belle [1502] with twice the statistics; thus its existence
is in doubt and it is omitted from Tab. 309 which
summarizes the present situation in the excited E, sector.

052008-288



AVERAGES OF b-HADRON, ¢-HADRON, AND z- ...

PHYS. REV. D 107, 052008 (2023)

TABLE 310. Summary of excited QY baryons. For the Q.(2770)°, the mass difference with respect to the ground
state is given, as the uncertainty is dominated by the uncertainty in the ground state mass. In the remaining cases the
total mass is shown, though the uncertainty in the 2} mass makes an important contribution to the total uncertainty.

Charmed baryon excited state Mode Mass difference (MeV/c?) Natural width (MeV) JP
Q,(2770)° Qly 707105 2
Charmed baryon excited state Mode Mass (MeV/c?) Natural width (MeV) JP
Q.(3000)° ErK- 3000.4 £ 0.4 45+0.7 ?
Q.(3050)° =YK~ 3050.2+£0.3 <12 ?
Q.(3065)° ErK- 3065.5 £ 0.4 35+05 ?
Q.(3090)° BfK- 3090.0 + 0.6 874 1.4 ?
Q.(3120)° ErK- 3119.1£ 1.0 <2.6 ?

The Q:° doubly strange charmed baryon has been seen by
both BABAR [1510] and Belle [1490]. The mass differences
AM = M(Q:%) — M(Q0) measured by the experiments are
in good agreement and are also consistent with most
theoretical predictions [1511-1514]. LHCb [1515] has
found a family of five excited Q¥ baryons decaying into
=+ K~. A natural explanation is that they are the five states
with L =1 between the heavy quark and the light (ss)
diquark; however, there is no consensus as to which state is
which, and this overall interpretation is controversial. Four of
the five states have been confirmed by Belle [1516] and,
although the Belle dataset is much smaller than that of
LHCDb, these mass measurements do contribute to the world
averages. There is evidence for a further, wider, state at
higher mass in the LHCb data. Belle data shows a small
excess in the same region, but it is of low significance.
Table 310 summarizes the excited Q. baryons.

Mass
(MeV)

3000

2750

2500

22501 Al D

FIG. 100. Level diagram for multiplets

Figure 100 shows the levels of excited charm baryons
along with corresponding transitions between them, and
also transitions to the ground states. We note that Belle
and BABAR discovered that transitions between ‘“fami-
lies” of baryons are possible, i.e., between the charmed-
strange (E.) and charmed-nonstrange (A} and X,.) fam-
ilies of excited charmed baryons [757,1501], and that
highly excited states are found to decay into a non-
charmed baryon and a D meson [1493,1503]. Transitions
of the ground state Z0 to the A}, corresponding to the
weak decay of the stange quark, were observed first by
Belle [1497], and then studied and measured by
LHCb [1517].

F. Rare and forbidden decays

This section provides a summary of searches for rare and
forbidden charm decays in tabular form. The decay modes

=0/+ 0
Q¢

and transitions for excited charm baryons.
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FIG. 101.

Upper limits at 90% C.L. for D° decays. The top plot shows flavor-changing neutral current and radiative decays, and the

bottom plot shows lepton-flavor-changing (LF), lepton-number-changing (L), and both baryon- and lepton-number-changing (BL)

decays.

can be categorized as flavor-changing neutral currents,
including decays with and without hadrons in the final
state, and radiative, lepton-flavor-violating, lepton-number-
violating, and both baryon- and lepton-number-violating
decays. Figures 101-103 plot the upper limits for D°, D+,
Dy, and A} decays. Tables 311-314 give the

corresponding numerical results. Some theoretical predic-
tions are given in Refs. [1518—1533].

Some D° decay modes have been observed and are
quoted as branching fractions with uncertainties in the
tables and shown as a symbol with a line representing the
68% C.L. interval in the plots.
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FIG. 102. Upper limits at 90% C.L. for D™ (top) and Dy
(bottom) decays. Each plot shows flavor-changing neutral current
and rare decays, lepton-flavor-changing decays (LF), and lepton-
number-changing (L) decays.

In several cases the rare-decay final states have
been observed with the dilepton pair being the decay
product of a vector meson. For these measurements the
quoted limits are those expected for the nonresonant
dilepton spectrum. For the extrapolation to the full
spectrum a phase-space distribution of the nonresonant
component has been assumed. This applies to the CLEO
measurement of the decays Da) — (KT, zt)ete™ [1534],
to the DO measurements of the decays DE;) - atutu
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FIG. 103. Upper limits at 90% C.L. for A} decays. Shown are

flavor-changing neutral current decays, lepton-flavor-changing
(LF) decays, and lepton-number-changing (L) decays.

[1535], and to the BABAR measurements of the decays
DZLS) — (K*,z")ete” and D(t) — (K*,m")utu~, where
the contribution from ¢ — [T/~ (I =e, u) has been
excluded. In the case of the LHCb measurements of
the decays D° — zt 2~ u*pu~ [1536] as well as the decays
DZZ) — xtutu~ [1537] the contributions from ¢ — [T~
as well as from p,w— [T~ (I=e, p) have been
excluded.
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TABLE 311. Upper limits for branching fractions at 90% C.L. for D° decays. Where values are quoted with
uncertainties, these refer to observed branching fractions with the first uncertainty being statistical and all others
systematic as detailed in the corresponding reference.

Mode BF x 10° Experiment References
vy 26.0 CLEO II [1538]
3.8 BESIII [1539]
2.2 BABAR [1540]
0.85 Belle [1541]
ete” 220.0 CLEO [1542]
170.0 Argus [1543]
130.0 Mark3 [1544]
13.0 CLEO II [1545]
8.19 E789 [1546]
6.2 E791 [1547]
1.2 BABAR [15438]
0.079 Belle [1549]
wrp 70.0 Argus [1543]
44.0 E653 [1550]
34.0 CLEO IT [1545]
15.6 E789 [1546]
52 E791 [1547]
2.0 HERAD [1551]
1.3 BABAR [1548]
0.21 CDF [1552]
0.14 Belle [1549]
0.0062 LHCb [1553]
nlete” 45.0 CLEO II [1545]
4.0 BESIII [1554]
Ot 540.0 CLEO II [1545]
180.0 E653 [1550]
nete” 110.0 CLEO I [1545]
3.0 BESIII [1554]
nutu 530.0 CLEO II [1545]
ntnete” 370.0 E791 [1555]
7.0 BESIII [1554]
KgeTe™ 12.0 BESIII [1554]
plete” 450.0 CLEO [1542]
124.0 E791 [1555]
100.0 CLEO II [1545]
atautu 30.0 E791 [1555]
0.964 + 0.048 £+ 0.051 £ 0.097 LHCb [1556]
Pout 810.0 CLEO [1542]
490.0 CLEO II [1545]
230.0 E653 [1550]
22.0 E791 [1555]
wete” 180.0 CLEO IT [1545]
6.0 BESIII [1554]
woptu 830.0 CLEO I [1545]
KTK eTe™ 315.0 E791 [1555]
11.0 BESIII [1554]

(Table continued)
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TABLE 311. (Continued)

Mode BF x 109 Experiment References
pete 59.0 E791 [1555]
52.0 CLEO 1T [1545]
KYK-ptu~ 33.0 E791 [1555]
0.154 4 0.027 £ 0.009 + 0.016 LHCb [1556]
dutp 410.0 CLEO II [1545]
31.0 E791 [1555]
Kte~ 1700.0 Mark3 [1557]
110.0 CLEO II [1545]
Koutp~ 670.0 CLEO II [1545]
260.0 E653 [1550]
K- rnteter 385.0 E791 [1555]
41.0 BESIII [1554]
K=z (ete),, 4040.5+0240.1 BABAR [1558]
K(892)ete” 140.0 CLEO II [1545]
47.0 E791 [1555]
K mtutp 360.0 E791 [1555]
K=t (utp) 0 4.17 £0.12 £0.40 LHCb [1559]
K0(892)utu 1180.0 CLEO II [1545]
24.0 E791 [1555]
atr oty 810.0 E653 [1550]
POy 240.0 CLEO IT [1560]
17.74+3.04+0.7 Belle [1296]
wy 240.0 CLEO IT [1560]
K*°(892)y 760.0 CLEO II [1560]
322.0 +20.0 +27.0 BABAR [1561]
by 190.0 CLEO IT [1560]
27.3+3.0+2.6 BABAR [1561]
invisible 94.0 Belle [1562]
pre* 270.0 CLEO [1542]
120.0 Mark3 [1563]
100.0 Argus [1543]
19.0 CLEO IT [1545]
17.2 E789 [1546]
8.1 E791 [1547]
0.81 BABAR [1548]
0.26 Belle [1549]
0.016 LHCb [1564]
et u* 86.0 CLEO II [1545]
0.80 BABAR [1565]
netu® 100.0 CLEO II [1545]
2.3 BABAR [1565]
rta ety 15.0 E791 [1555]
1.7 BABAR [1566]
pPletu® 66.0 E791 [1555]
49.0 CLEO IT [1545]
0.5 BABAR [1565]
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TABLE 311. (Continued)

Mode BF x 109 Experiment References
we*u* 120.0 CLEO II [1545]
1.7 BABAR [1565]
KtK=e*pu* 180.0 E791 [1555]
1.0 BABAR [1566]
petu 47.0 E791 [1555]
34.0 CLEO I [1545]
0.51 BABAR [1565]
Koetu* 100.0 CLEO II [1545]
0.86 BABAR [1565]
K-nte*u* 550.0 E791 [1555]
1.9 BABAR [1566]
K*(892)e*u* 100.0 CLEO I [1545]
83.0 E791 [1555]
1.2 BABAR [1565]
rFrtete® 112.0 E791 [1555]
0.91 BABAR [1566]
pa¥ ATl 29.0 E791 [1555]
L5 BABAR [1566]
K¥rTe*e* 206.0 E791 [1555]
2.8 BESIII [1567]
0.5 BABAR [1566]
K*n¥ptu* 390.0 E791 [1555]
0.53 BABAR [1566]
K¥K¥ete* 152.0 E791 [1555]
0.34 BABAR [1566]
K*K*ptu* 94.0 E791 [1555]
0.10 BABAR [1566]
aFatetut 79.0 E791 [1555]
3.1 BABAR [1566]
K*¥n¥ety® 218.0 E791 [1555]
2.1 BABAR [1566]
K¥KFetu* 57.0 E791 [1555]
0.58 BABAR [1566]
pe” 10.0 CLEO [1568]
pe* 11.0 CLEO [1568]

TABLE 312. Upper limits at 90% C.L. for D" decays.

Mode Limit x10° Experiment Reference
atete” 110.0 E687 [1569]
52.0 E791 [1547]
59 CLEO [1534]
1.6 LHCb [1570]
1.1 BABAR [1571]

(Table continued)
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TABLE 312. (Continued)

Mode Limit x10° Experiment Reference
atnlete” 14.0 BESIII [1554]
atutu 220.0 E653 [1550]
89.0 E687 [1569]
15.0 E791 [1547]
8.8 Focus [1572]
6.5 BABAR [1571]
3.9 DO [1535]
0.067 LHCb [1570]
prutu 560.0 E653 [1550]
Ktete 200.0 E687 [1569]
3.0 CLEO [1534]
1.0 BABAR [1571]
0.85 LHCb [1570]
Ktutyu 97.0 E687 [1569]
44.0 E791 [1547]
9.2 Focus [1572]
4.3 BABAR [1571]
0.054 LHCb [1570]
Kt alte 15.0 BESIII [1554]
Kgntete™ 26.0 BESIII [1554]
KsKtete~ 11.0 BESIII [1554]
atetu 34.0 E791 [1547]
atetu 110.0 E687 [1569]
2.9 BABAR [1571]
0.21 LHCb [1570]
atute 130.0 E687 [1569]
3.6 BABAR [1571]
0.22 LHCb [1570]
Ktetu® 68.0 E791 [1547]
Ktetu 130.0 E687 [1569]
1.2 BABAR [1571]
0.075 LHCb [1570]
Ktute™ 120.0 E687 [1569]
2.8 BABAR [1571]
0.10 LHCb [1570]
aete” 110.0 E687 [1569]
96.0 E791 [1547]
1.9 BABAR [1571]
1.1 CLEO [1534]
0.53 LHCb [1570]
o utut 87.0 E687 [1569]
17.0 E791 [1547]
4.8 Focus [1572]
2.0 BABAR [1571]
0.014 LHCb [1570]
aetuyt 110.0 E687 [1569]
50.0 E791 [1547]
0.13 LHCb [1570]

(Table continued)
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TABLE 312. (Continued)

Mode Limit x10° Experiment Reference
oyttt 560.0 E653 [1550]
K-ete™ 120.0 E687 [1569]
35 CLEO [1534]
0.9 BABAR [1571]
Kytu* 320.0 E653 [1550]
120.0 E687 [1569]
13.0 Focus [1572]
10.0 BABAR [1571]
K-etu* 130.0 E687 [1569]
K- nl%te" 8.5 BESIII [1567]
Ken=etet 33 BESIII [1567]
K*=(892)utut 850.0 E653 [1550]

TABLE 313. Upper limits at 90% C.L. for Di decays.

Mode Limit x 10% Experiment Reference
vetu, 130.0 BESII [1573]
xtete” 270.0 E791 [1547]
22.0 CLEO [1534]
13.0 BABAR [1571]
5.5 LHCb [1570]
ity 430.0 E653 [1550]
140.0 E791 [1547]
43.0 BABAR [1571]
26.0 Focus [1572]
0.18 LHCb [1570]
Ktete™ 1600.0 E791 [1547]
52.0 CLEO [1534]
4.9 LHCb [1570]
3.7 BABAR [1571]
Ktutu 140.0 E791 [1547]
36.0 Focus [1572]
21.0 BABAR [1571]
0.14 LHCb [1570]
K*T(892)utu~ 1400.0 E653 [1550]
atetu 610.0 E791 [1547]
rtety 12.0 BABAR [1571]
1.1 LHCb [1570]
atute 20.0 BABAR [1571]
0.94 LHCb [1570]
KTetu® 630.0 E791 [1547]
Ktety 14.0 BABAR [1571]
0.79 LHCb [1570]
Ktute 9.7 BABAR [1571]
0.56 LHCb [1570]

(Table continued)
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TABLE 313. (Continued)

Mode Limit x 105 Experiment Reference
netet 690.0 E791 [1547]
18.0 CLEO [1534]
4.1 BABAR [1571]
1.4 LHCb [1570]
ot 430.0 E653 [1550]
82.0 E791 [1547]
29.0 Focus [1572]
14.0 BABAR [1571]
0.086 LHCb [1570]
netut 730.0 E791 [1547]
0.63 LHCb [1570]
Ketet 630.0 E791 [1547]
17.0 CLEO [1534]
52 BABAR [1571]
0.77 LHCb [1570]
K-ytut 590.0 E653 [1550]
180.0 E791 [1547]
13.0 BABAR [1571]
0.026 LHCb [1570]
K-etu® 680.0 E791 [1547]
0.26 LHCb [1570]
K*=(892)utut 1400.0 E653 [1550]
TABLE 314. Upper limits at 90% C.L. for A} decays.
Mode Limit x 106 Experiment Reference
pete” 5.5 BABAR [1571]
pup 340.0 E653 [1550]
44.0 BABAR [1571]
0.077 LHCb [1574]
Stutus 700.0 E653 [1550]
petu 9.9 BABAR [1571]
pute 19.0 BABAR [1571]
petet 2.7 BABAR [1571]
Pt 9.4 BABAR [1571]
petut 16.0 BABAR [1571]

XII. TAU LEPTON PROPERTIES

This section reports a global fit of the available mea-
surements of 7 branching fractions and some elaborations
of the fit results. In this edition, we do not include the
combinations of upper limits on 7 lepton-flavor-violating
branching fractions, which were published in previous
editions, since it was not possible to update this contribu-
tion in due time.

Branching fractions averages are obtained with a fit of
branching fractions measurements so as to optimally
exploit the available experimental information. The fit is
described in Sec. XII. A. The fit results are used in
Sec. XII.B to test the lepton-flavor universality of the
charged-current weak interaction. A  “universality-
improved” [1575] branching fraction B, = B(z — evb)
and the ratio between the hadronic branching fraction
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and B, are obtained in Sec. XII.C. The value of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix element
|V.s| obtained from 7 decays is given in Sec. XIL D.

A. Branching fraction fit

A fit of the available experimental measurements is used
to determine the 7= branching fractions, together with their
uncertainties and correlations.

All relevant published statistical and systematic corre-
lations among the measurements are used. In addition, for a
selection of measurements, particularly the most precise
and the most recent ones, the documented systematic
uncertainty contributions are examined to consider system-
atic dependence on external parameters. We follow the
procedures detailed in Sec. III A to account for the updated
values and uncertainties of the external parameters and for
the correlations induced on different measurements that
have a systematic dependence on the same external
parameter.

Both the measurements and the fitted quantities consist
of either 7 decay branching fractions, labeled 5;, or ratios of
two 7 decay branching fractions, labeled B;/B;. Some
branching fractions are sums of other branching fractions,
for instance, Bg = B(t~ — h™v,), which is the sum of
By =B(t~ » nv,) and By = B(z~ - K v,), with the
symbol £ referring to a 7 or a K. The fit y? is constructed
following Eq. (1) and minimized subject to a list of
constraints on the fitted quantities:

(i) the fitted quantity corresponding to the ratio B;/B;

must be equal to the ratio of the respective quantities
B; and B;;

(ii) the fitted quantity corresponding to a branching-

fraction sum must be equal to the sum of the

quantities corresponding to the summed branching

fractions.
The constraints are implemented with Lagrange multipliers
(see Sec. III. In some cases, constraints arise from approxi-
mate relations that nevertheless hold within the present
experimental precision and are treated as exact. For
instance, the constraint B(r~ - K"K K*v,) = B(z™ —
K ¢uv,) x B(¢p - KTK™) is justified given the current
experimental evidence. Section XII. A. 6 lists all constraint
equations relating the fitted quantities.

Following a convention established in the Review of
Particle Physics, 7 branching fractions are often labeled
with the final state content of z*, 7%, K*, y, implicitly
including decay chains that involve intermediate particles,
e.g, K g — 7™, and 5, o, ¢ decays. When measurements
exclude the contribution of some or all the known inter-
mediate particles, the branching fraction notation flags this
information by adding, e.g., “ex. K?”.

1. Fit results

We use a total of 171 measurements to fit 135 quantities
subject to 88 constraints. The fit has y?/d.o.f. = 134/124,
corresponding to a confidence level CL = 24.56%. The
fitted quantity values and uncertainties are listed in
Table 315. Although the fit treats all quantities in the
same way, for the purpose of presenting correlations we
select a set of 47 “basis quantities” from which all
remaining quantities can be calculated using the definitions
listed in Sec. XII. A.6. The off-diagonal correlation
coefficients between the basis quantities are listed in
Sec. XII. A. 5.

Table 315 also reports B0 = B(t™ = X;v,) (see
Sec. XII. A. 6), the total measured branching fraction for 7

TABLE 315. HFLAV 2021 branching fractions fit results.

7 lepton branching fraction Experiment References
B, = particle™ > Oneutrals > 0 K%y,

0.8518 £ 0.0011 Average

B, = particle™ > Oneutrals > 0 K9 v,

0.8452 £ 0.0010 Average

By = /"717/47/1

0.17387 £ 0.00040 Average

0.17319 £ 0.00070 = 0.00032 ALEPH [1577]
0.17325 4 0.00095 + 0.00077 DELPHI [1585]
0.17342 4+ 0.00110 % 0.00067 L3 [1586]
0.17340 + 0.00090 + 0.00060 OPAL [1587]
By _ K O

Bs T e D,

0.9762 £ 0.0028 Average

0.9970 £ 0.0350 £ 0.0400 ARGUS [1588]
0.9796 £+ 0.0016 £ 0.0036 BABAR [1589]
0.9777 £ 0.0063 £ 0.0087 CLEO [1590]

(Table continued)
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TABLE 315. (Continued)

7 lepton branching fraction Experiment References
Bs=e0,u,

0.17811 £ 0.00041 Average

0.17837 £ 0.00072 4+ 0.00036 ALEPH [1577]
0.17760 £ 0.00060 4+ 0.00170 CLEO [1590]
0.17877 £ 0.00109 £ 0.00110 DELPHI [1585]
0.17806 £ 0.00104 4+ 0.00076 L3 [1586]
0.17810 £ 0.00090 =+ 0.00060 OPAL [1591]
67 =h Z OKgl/T

0.12020 £ 0.00055 Average

0.12400 £ 0.00700 £ 0.00700 DELPHI [1592]
0.12470 £ 0.00260 4 0.00430 L3 [1593]
0.12100 % 0.00700 + 0.00500 OPAL [1594]
Bg = h_l/.[

0.11504 £ 0.00054 Average

0.11520 £ 0.00050 £ 0.00120 CLEO [1590]
0.11571 £0.00120 + 0.00114 DELPHI [1595]
0.11980 £ 0.00130 4+ 0.00160 OPAL [1596]
By _ hy,

Bs — e D,

0.6459 + 0.0033 Average

Bg = ]Til/.[

0.10808 £ 0.00053 Average

0.10828 £ 0.00070 £ 0.00078 ALEPH [1577]
D=k

0.6068 + 0.0032 Average

0.5945 + 0.0014 £+ 0.0061 BABAR [1589]
By =K"v,

(0.6957 £ 0.0096) x 1072 Average

(0.6960 = 0.0250 £ 0.0140) x 1072 ALEPH [1597]
(0.6600 + 0.0700 4 0.0900) x 1072 CLEO [1598]
(0.8500 = 0.1800 = 0.0000) x 1072 DELPHI [1599]
(0.6580 + 0.0270 + 0.0290) x 1072 OPAL [1600]
B K v,

B ~ei

(3.906 + 0.054) x 1072 Average

(3.882 +0.032 4 0.057) x 1072 BABAR [1589]
(6.437 £0.092) x 1072 Average

By = h~ > I neutralsv,

0.36977 £ 0.00098 Average

812 =h > 177:01/.[ (CX.KO)

0.36477 4+ 0.00098 Average

813 = h_ﬂ'OIJT

0.25918 £ 0.00090 Average

0.25670 £ 0.00010 £ 0.00390 Belle [1601]
0.25870 &+ 0.00120 + 0.00420 CLEO [1602]
0.25740 £ 0.00201 £+ 0.00138 DELPHI [1595]
0.25050 £ 0.00350 4 0.00500 L3 [1593]
0.25890 £ 0.00170 £ 0.00290 OPAL [1596]

(Table continued)
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TABLE 315. (Continued)

7 lepton branching fraction Experiment References
By = 1,

0.25486 £ 0.00090 Average

0.25471 £ 0.00097 £ 0.00085 ALEPH [1577]
By = K,

(0.4322 £0.0148) x 1072 Average

(0.4440 + 0.0260 + 0.0240) x 1072 ALEPH [1597]
(0.4160 £ 0.0030 £ 0.0180) x 1072 BABAR [1579]
(0.5100 4 0.1000 = 0.0700) x 1072 CLEO [1598]
(0.4710 £ 0.0590 £ 0.0230) x 1072 OPAL [1603]
By =h™ > 2%,

0.10794 £ 0.00097 Average

0.09910 £ 0.00310 £ 0.00270 OPAL [1596]
Big = 27,

(9.460 + 0.100) x 102 Average

By = h 27, (ex.K?)

(9.309 4 0.100) x 102 Average

(9.498 4+ 0.320 4+ 0.275) x 1072 DELPHI [1595]
(8.880 4 0.370 4 0.420) x 1072 L3 [1593]
% _ h’ZﬂOl/,gex.Ko)

03592 4 0.0045 Average

0.3420 + 0.0060 + 0.0160 CLEO [1604]
By = 727, (ex.K?)

(9.245 4 0.099) x 1072 Average

(9.239 4 0.086 % 0.090) x 102 ALEPH [1577]
By; = K27, (ex.K?)

(0.0634 £ 0.0219) x 1072 Average

(0.0560 + 0.0200 £ 0.0150) x 1072 ALEPH [1597]
(0.0900 = 0.1000 = 0.0300) x 1072 CLEO [1598]
By = h™ > 32%,

(1.335 4+ 0.066) x 1072 Average

Bys = h™ > 32%,(ex.K?)

(1.250 £ 0.066) x 10~2 Average

(1.403 +£0.214 + 0.224) x 1072 DELPHI [1595]
By = h 37,

(1.173 £ 0.072) x 1072 Average

(1.700 4 0.240 4 0.380) x 1072 L3 [1593]
(4.526 £ 0.278) x 1072 Average

(4.400 £ 0.300 £ 0.500) x 1072 CLEO [1604]
By; = 7372, (ex.K?)

(1.040 = 0.071) x 102 Average

(0.977 £ 0.069 £ 0.058) x 1072 ALEPH [1577]
By = K372, (ex.K°, n7)

(4.648 +2.131) x 10~ Average

(3.700 £ 2.100 % 1.100) x 1074 ALEPH [1597]

(Table continued)
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TABLE 315. (Continued)

7 lepton branching fraction Experiment References
By = h= 47, (ex.K?)
(0.1587 £0.0391) x 1072 Average
(0.1600 £ 0.0500 = 0.0500) x 1072 CLEO [1604]
By = h= 47, (ex.K°, 1)
(0.1118 4 0.0391) x 1072 Average
(0.1120 4 0.0370 4 0.0350) x 1072 ALEPH [1577]
By =K >02°>0K%> 0y,
(1.548 +0.029) x 1072 Average
(1.700 £ 0.120 £ 0.190) x 1072 CLEO [1598]
(1.540 + 0.240 + 0.000) x 102 DELPHI [1599]
(1.528 +0.039 & 0.040) x 1072 OPAL [1600]
By =K >1(a"orK%ory)u,
(0.8556 4 0.0282) x 1072 Average
Bs; = K (particles) v,
(0.9370 4+ 0.0292) x 1072 Average
(0.9700 £ 0.0580 = 0.0620) x 1072 ALEPH [1605]
(0.9700 + 0.0900 + 0.0600) x 1072 OPAL [1606]
834 = hil_(ol/f
(0.9861 4 0.0138) x 1072 Average
(0.8550 - 0.0360 = 0.0730) x 102 CLEO [1607]
835 = ﬂ'iKOI/T
(0.8375 4+ 0.0139) x 1072 Average
(0.9280 + 0.0450 + 0.0340) x 1072 ALEPH [1597]
(0.8320 + 0.0025 4+ 0.0150) x 1072 Belle [1608]
(0.9500 =4 0.1500 = 0.0600) x 1072 L3 [1609]
(0.9330 4 0.0680 + 0.0490) x 1072 OPAL [1610]
837 = KiKol/T
(0.1486 = 0.0034) x 1072 Average
(0.1580 + 0.0420 4+ 0.0170) x 1072 ALEPH [1605]
(0.1620 4 0.0210 £ 0.0110) x 1072 ALEPH [1597]
(0.1478 4 0.0022 4 0.0040) x 1072 BABAR [1611]
0.1480 + 0.0013 4+ 0.0055) x 10~ elle

2 Bell [1608]
(0.1510 4 0.0210 + 0.0220) x 1072 CLEO [1607]
838 = K7K0 Z OHOUT
(0.2985 4 0.0073) x 1072 Average
(0.3300 + 0.0550 + 0.0390) x 1072 OPAL [1610]
839 = hikoﬂoyr
(0.5310 £0.0134) x 1072 Average
(0.5620 4 0.0500 = 0.0480) x 1072 CLEO [1607]
840 = 71'71_(071'01/.[
(0.3810 4 0.0129) x 1072 Average
(0.2940 4 0.0730 £ 0.0370) x 1072 ALEPH [1605]
(0.3470 4 0.0530 £ 0.0370) x 1072 ALEPH [1597]
(0.3860 4 0.0031 £ 0.0135) x 1072 Belle [1608]
(0.4100 + 0.1200 4 0.0300) x 1072 L3 [1609]

(Table continued)
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TABLE 315. (Continued)

7 lepton branching fraction Experiment References
642 = KiKOﬂ'OI/T

(0.1499 + 0.0070) x 1072 Average

(0.1520 4 0.0760 £ 0.0210) x 1072 ALEPH [1605]
(0.1430 4 0.0250 4 0.0150) x 1072 ALEPH [1597]
(0.1496 4 0.0019 £ 0.0073) x 1072 Belle [1608]
(0.1450 4 0.0360 + 0.0200) x 1072 CLEO [1607]
By =7 K> 17%,

(0.4045 £ 0.0260) x 1072 Average

(0.3240 + 0.0740 + 0.0660) x 1072 OPAL [1610]
By, = 7~ K22%, (ex.K?)

(2.342 +2.306) x 10~* Average

(2.600 4 2.400 4 0.000) x 10™* ALEPH [1612]
646 = ﬂ'_KOI_(Ol/T

(0.1517 £ 0.0247) x 1072 Average

847 = T[iKgKgI/T

(2.349 +0.065) x 107* Average

(2.600 + 1.000 £ 0.500) x 10~ ALEPH [1605]
(2.310 4 0.040 4 0.080) x 10™* BABAR [1613]
(2.330 +0.033 4 0.093) x 10~ Belle [1608]
(2300 £ 0.500 % 0.300) x 104 CLEO [1607]
648 = ﬂ'_KgKgI/T

(0.1048 £ 0.0247) x 1072 Average

(0.1010 4 0.0230 £ 0.0130) x 1072 ALEPH [1605]
649 = ﬂ'_ﬂ'OKOI_(OI/T

(3.543 £1.193) x 107* Average

Bsy = 7~ K$K97 v,

(1.820 £0.207) x 1073 Average

(1.600 £ 0.200 £ 0.220) x 10~ BABAR [1613]
(2.000 4 0.216 4 0.202) x 1073 Belle [1608]
Bs; = nK3K9 ',

(3.179 + 1.192) x 10~ Average

(3.100 + 1.100 £ 0.500) x 10~ ALEPH [1605]
853 = I_(Ohihihﬂkl/r

(2.223 £2.024) x 107# Average

(2.300 4 1.900 4 0.700) x 10™* ALEPH [1605]
Bsy = h~h~h* > Oneutrals > 0 K9v,

0.15193 £ 0.00063 Average

0.15000 = 0.00400 £ 0.00300 CELLO [1614]
0.14400 =+ 0.00600 £ 0.00300 L3 [1615]
0.15100 =£ 0.00800 =+ 0.00600 TPC [1616]
Bss = h~h~h* > Oneutrals v, (ex.K?)

0.14545 4+ 0.00058 Average

0.14556 £ 0.00105 £ 0.00076 L3 [1617]
0.14960 =+ 0.00090 £ 0.00220 OPAL [1618]
Bsg = h"h™h*v,

(9.790 £ 0.055) x 1072 Average

(Table continued)
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TABLE 315. (Continued)

7 lepton branching fraction Experiment References
657 = ]’lihih+1/1 (CX.KO)

(9.449 £ 0.054) x 1072 Average

(9.510 £ 0.070 4 0.200) x 1072 CLEO [1619]
(9.317 £0.090 & 0.082) x 1072 DELPHI [1595]
Bs; hh™h*v (ex.K°)

Bss — I h~h' >0 neutrals v, (ex.K?)

0.6496 £ 0.0031 Average

0.6600 =+ 0.0040 + 0.0140 OPAL [1618]
Bsg = h"h~h*v, (ex.K°, w)

(9.419 £ 0.054) x 10~ Average

Bsg =nntn v,

(9.300 £ 0.052) x 1072 Average

Bgy = nxtn v, (ex.K°)

(9.010 £ 0.052) x 1072 Average

(8.830 +0.010  0.130) x 1072 BABAR [1620]
(8.420 £ 0.000105%) x 1072 Belle [1621]
(9.130 4 0.050 4 0.460) x 1072 CLEO3 [1622]
By = mntnty, (ex.K0, o)

(8.981 £ 0.052) x 1072 Average

(9.041 £ 0.060 & 0.076) x 1072 ALEPH [1577]
Begs = h~h™h* > 1 neutrals v,

(5.293 + 0.052) x 1072 Average

Bes = h"h~h* > 1 2%, (ex.K")

(5.088 £0.052) x 1072 Average

865 = hihihjLﬂ'ol/T

(4.757 £ 0.054) x 1072 Average

Bes = h"h~h* 7%, (ex.K")

(4.573 £ 0.054) x 1072 Average

(4.230 4 0.060 4 0.220) x 1072 CLEO [1619]
(4.545 +£0.106 £ 0.103) x 1072 DELPHI [1595]
Be; = hmh~h* 7%, (ex.K°, »)

(2.791 £ 0.071) x 1072 Average

Beg = nnta 2y,

(4.620 4 0.054) x 1072 Average

By = nata 2%, (ex.K?)

(4.488 £0.054) x 1072 Average

(4.598 +0.057 4+ 0.064) x 1072 ALEPH [1577]
(4.190 £ 0.100 £ 0.210) x 1072 CLEO [1623]
By = wta 2, (ex.K°, w)

(2.743 £0.071) x 1072 Average

By = h~h* > 22%;, (ex.K?)

(0.5154 4+ 0.0312) x 1072 Average

(0.5610 + 0.0680 + 0.0950) x 1072 DELPHI [1595]
875 = hihih+2ﬂ'ol/f

(0.5041 +0.0311) x 1072 Average

(Table continued)
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TABLE 315. (Continued)

7 lepton branching fraction Experiment References
Byg = hmh~h™27%;, (ex.K?)

(0.4942 £0.0311) x 1072 Average

(0.4350 4 0.0300 = 0.0350) x 1072 ALEPH [1577]
By . hh h22%, (ex.K°)

Bsy — h~h~ k' >0neutrals>0 K;ZD,

(3.252 £0.203) x 10~ Average

(3.400 £ 0.200 4 0.300) x 1072 CLEO [1624]
By = hmh~h™27%, (ex.K°, @, 1)

(9.790 £ 3.562) x 10~* Average

878 = h_h_h+3ﬂ:ol/1

(2.124 £0.299) x 10~* Average

(2.200 4 0.300 4 0.400) x 10™* CLEO [1625]
B9 = K~h~h" > Oneutrals v,

(0.6276 £ 0.0140) x 1072 Average

880 = 1(771'7]’l+1/.r (eX.KO)

(0.4364 4 0.0073) x 1072 Average

By _ K 7 hty, (ex.K°)
Bsy ~ aata v, (ex.KO)

(4.843 £0.079) x 1072 Average

(5.440 +0.210 4 0.530) x 1072 CLEO [1626]
681 = Kiﬂih+ﬂoyr (eX.KO)

(8.498 £ 1.169) x 107# Average

By _ K7 h* v, (ex.K°)

Beo a xtn 72, (ex.K?)

(1.893 4 0.264) x 1072 Average

(2.610 4+ 0.450 4 0.420) x 1072 CLEO [1626]
Bg, = K~7n~ " > Oneutrals v,

(0.4759 +0.0136) x 1072 Average

(0.580070+139 + 0.1200) x 1072 TPC [1627]
Bgs = K 72t > 02%;, (ex.K?)

(0.3719 4 0.0134) x 1072 Average

Bsy =K nnty,

(0.3444 4 0.0069) x 1072 Average

Bsgs = K-ntn v, (ex.K?)
(0.2930 + 0.0068) x 10-2

(0.2140 £ 0.0370 £ 0.0290) x 1072 ALEPH [1628]
(0.2730 4 0.0020 = 0.0090) x 1072 BABAR [1620]
(0.3300 + 0.001073:91%9) x 1072 Belle [1621]
(0.3840 + 0.0140 4 0.0380) x 1072 CLEO3 [1622]
(0.4150 £ 0.0530 + 0.0400) x 1072 OPAL [1603]
Bgs _ K ata v (ex.K°)

Bsy 7 'z v, (ex.K0)

(3.252 £0.074) x 1072 Average

Bg; = k-~ nt 2,

(0.1308 4 0.0119) x 1072 Average

Bss = K-~ 1 7%, (ex.K") Average

(6.100 + 3.900 + 1.800) x 10~ ALEPH [1628]
(7.400 £ 0.800 & 1.100) x 10~ CLEO3 [1629]

(Table continued)
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TABLE 315. (Continued)

7 lepton branching fraction Experiment References
By = K 71 7%;, (ex.K%, 1)

(7.536 = 1.161) x 107* Average

(7.536 £ 1.161) x 107* Average

By, = 27K~ K" > Oneutrals v,

(0.1495 £ 0.0033) x 1072 Average

(0.1590 4 0.0530 = 0.0200) x 1072 OPAL [1630]
(0.1500 59500 £ 0.0300) x 1072 TPC [1627]
893 = ﬂ7K7K+I/T

(0.1434 4 0.0027) x 1072 Average

(0.1630 + 0.0210 + 0.0170) x 1072 ALEPH [1628]
(0.1346 4 0.0010 = 0.0036) x 1072 BABAR [1620]
(0.1550 £ 0.00101 5 5050) x 1072 Belle [1621]
(0.1550 £ 0.0060 == 0.0090) x 1072 CLEO3 [1622]
By _  a K K'vy,

By~ mata v, (ex.K?)

(1.592 +0.030) x 1072 Average

(1.600 4 0.150 4 0.300) x 102 CLEO [1626]
Boy = i~ K"K 7%,

(0.607 +0.183) x 107* Average

(7.500 4 2.900 4 1.500) x 107* ALEPH [1628]
(0.550 £ 0.140 £ 0.120) x 10~ CLEO3 [1629]
By K K v,

Bey ~ mata v (ex.K)

(0.1352 4 0.0408) x 1072 Average

(0.7900 = 0.4400 =+ 0.1600) x 1072 CLEO [1626]

B96 = K7K7K+I/T
(2.169 + 0.800) x 1073

(1.578 £ 0.130 4 0.123) x 107> BABAR [1620]
(3.290 £ 0.17055509) x 107 Belle [1621]
By, = 3h~2h* > Oneutrals v, (ex.K°)

(0.0993 + 0.0037) x 1072 Average

(0.0970 4 0.0050 £ 0.0110) x 1072 CLEO [1631]
(0.1020 4 0.0290 + 0.0000) x 1072 HRS [1632]
(0.1700 =4 0.0220 = 0.0260) x 1072 L3 [1617]
Bz = 3h2h* v, (ex.K?)

(8.281 £0.314) x 107* Average

(7.200 4 0.900 4 1.200) x 10™* ALEPH [1577]
(6.400 + 2.300 £ 1.000) x 10~ ARGUS [1633]
(7.700 4 0.500 4 0.900) x 10~* CLEO [1631]
(9.700 + 1.500 £ 0.500) x 10~ DELPHI [1595]
(5.100 4 2.000 4 0.000) x 10~* HRS [1632]
(9.100 + 1.400 £ 0.600) x 10~ OPAL [1634]
8104 = 3h72h+ﬂ'01/1 (CX.KO)

(1.645 £ 0.114) x 10~ Average

(2.100 = 0.700 = 0.900) - 10~ ALEPH [1577]
(1.700 4 0.200 4 0.200) x 10~* CLEO [1625]
(1.600 + 1.200 £ 0.600) x 10~ DELPHI [1595]
(2.700 4 1.800 4 0.900) x 10~* OPAL [1634]
Bigs = (57) v,

(0.7793 4 0.0534) x 1072 Average

(Table continued)
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TABLE 315. (Continued)

7 lepton branching fraction Experiment References
Biio = X5 v,

(2.908 £ 0.048) x 1072 Average

By = n~2’nu,

(0.1386 4+ 0.0072) x 1072 Average

(0.1800 + 0.0400 + 0.0200) x 1072 ALEPH [1635]
(0.1350 4 0.0030 = 0.0070) x 1072 Belle [1636]
(0.1700 4 0.0200 + 0.0200) x 1072 CLEO [1637]
By = K™ nu,

(1.547 £0.080) x 10~* Average

(2.9007 1300 & 0.700) x 10~ ALEPH [1635]
(1.420 £0.110 £ 0.070) x 10~ BABAR [1638]
(1.580 + 0.050 & 0.090) x 10~* Belle [1636]
(2.600 + 0.500 £ 0.500) x 10~ CLEO [1639]
By = K~ 2%,

(0.483 £0.116) x 107 Average

(0.460 £ 0.110 & 0.040) x 10~ Belle [1636]
(1.770 £ 0.560 £ 0.710) x 10~ CLEO [1640]
By, = 2 Ko,

(0.937 £ 0.149) x 10~* Average

(0.880 + 0.140 4 0.060) x 10~ Belle [1636]
(2.200 4 0.700 4 0.220) x 10™* CLEO [1640]
6136 = 71'777,'+ﬂ'7]71/1 (eX.KO)

(2.202 £0.129) x 107* Average

By = h~w > Oneutrals v,

(2.395 4+ 0.075) x 1072 Average

Biso = h”ov,

(1.988 £ 0.064) x 1072 Average

(1.910 £ 0.070 & 0.060) x 1072 ALEPH [1635]
(1.600 4 0.270 4 0.410) x 1072 CLEO [1641]
B h™ v,

ﬁ = h~h~h* 2%, (ex.K®)

0.4348 £0.0140 Average

0.4310 £ 0.0330 £ 0.0000 ALEPH [1642]
0.4640 £+ 0.0160 £+ 0.0170 CLEO [1619]
Bis) = K~ ov,

(4.101 £0.922) x 107* Average

(4.100 4 0.600 4 0.700) x 10™* CLEO3 [1629]
8152 = hiﬂowyr

(0.4069 £ 0.0419) x 1072 Average

(0.4300 = 0.0600 == 0.0500) x 1072 ALEPH [1635]
Biso h~wrv,

Bss — h~h-h*>0neutrals>0 Kgu,

(2.678 £0.275) x 1072 Average

Bisy _ h~wr'v,

Bis — h~h~h* 22, (ex.K°)

0.8235 £ 0.0757 Average

0.8100 £ 0.0600 £ 0.0600 CLEO [1624]
Big7 = K~ ¢pv,

(4.408 + 1.626) x 1073 Average

(Table continued)
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TABLE 315. (Continued)

7 lepton branching fraction Experiment References
Bies = K~ ¢(K*K ),

(2.169 4 0.800) x 107> Average

B]ég = K7¢(K2K2)UT

(1.499 £ 0.553) x 1073 Average

Bgoy = - wv,

(1.947 £ 0.065) x 1072 Average

By, = K n v, (ex.K°, o)

(0.2924 £ 0.0068) x 1072 Average

Bsoys = K~ nt 2%, (ex. K%, w, 1)

(3.874 £ 1.423) x 107* Average

8804 = ﬂiK(l)lK(L)l/T

(2.349 £0.065) x 10~# Average

Byos = aj (z7r)v,

(4.000 + 2.000) x 104 Average

(4.000 + 2.000 £ 0.000) x 10~ ALEPH [1577]
Bgys = 7~ K} K9 n'v,

(1.820 4+ 0.207) x 1073 Average

8806 = ﬂ_K(ZKgﬂOI/T

(1.820 4+ 0.207) x 1073 Average

Bgio = 27 7+372%, (ex.K?)

(1.940 £0.298) x 10~ Average

Bgiy = n21°wv,

(7.164 £ 1.586) x 1073 Average

(7.300 & 1.200 £ 1.200) x 1073 BABAR [1643]
6812 = 27T_71'+37[01/T (eX.KO, n,, fl)

(1.353 £2.683) x 107> Average

(1.000 + 0.800 4 3.000) x 107> BABAR [1643]
By = 37 27" v, (ex.K°, w)

(8.262 +0.313) x 10~ Average

8821 = 37T_27[+I/T (CX.KO, a),fl)

(7.738 £0.295) x 10~* Average

(7.680 £ 0.040 £ 0.400) x 10~ BABAR [1643]
Bgzz = K727T7277.'+IJ, (CX.KO)

(0.593 & 1.208) x 10~¢ Average

(0.600 % 0.500 % 1.100) x 1076 BABAR [1643]
6830 = 377:_27l'+71'ol/T (ex.Ko)

(1.633 £0.113) x 107* Average

8831 = 271"7[*(01/, (CX.KO)

(8.417 £0.624) x 107> Average

(8.400 + 0.400 4 0.600) x 107> BABAR [1643]
Bss, = 37 27t 7%, (ex. K%, 5, w, f1)

(3.772 £0.874) x 1073 Average

(3.600 £ 0.300 = 0.900) x 103 BABAR [1643]

(Table continued)
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TABLE 315. (Continued)

7 lepton branching fraction Experiment References
Bgss = K277 22+ 7%, (ex.KP)

(1.107 £ 0.566) x 1076 Average

(1.100 £ 0.400 + 0.400) x 1076 BABAR [1643]
Byio = 27 7 7(37°) v, (ex.K?)

(7.195 4+ 0.422) x 107> Average

(8.270 4+ 0.880 4 0.810) x 107> BABAR [1643]
By = 7 22%(nt 7~ 2%, (ex.K?)

(4.457 £0.867) x 107> Average

(4.570 £ 0.770 4 0.500) x 107> BABAR [1643]
Boy =~ f1(22 22" ),

(5.237 £0.444) x 107 Average

(5.200 £ 0.310 £ 0.370) x 1073 BABAR [1643]
Boso = 2n ntn(zt 7 2%, (ex.K?)

(5.046 4 0.296) x 107> Average

(5.390 +0.270 4 0.410) x 1073 BABAR [1643]
Bous = 2m~ 7 n(yy)v, (ex.K°)

(8.676 £ 0.509) x 1073 Average

(8.260 4 0.350 4 0.510) x 107> BABAR [1643]
Boyys = n 220, (ex.K?)

(1.945 +£0.378) x 107* Average

Bggg =1 — Bau

(0.0684 4 0.1068) x 1072 Average

decays to final states with strangeness 1. Also reported is
the unitarity residual Bgog=1—5,;=(0.0684+0.1068)x
1072, where 1 — B, is the sum of the 7 branching fractions
into all measured final states. We find that Bygg is consistent
with 0 to within the experimental uncertainty. A unitarity
constraint forcing Bgog to be O is not applied.

In performing the fit, a scale factor of 5.44 was applied to
the published uncertainties of the two severely inconsistent
measurements of Bys = 7 - KKKv by BABAR and Belle.
The scale-factor value was chosen using the PDG pro-
cedure, i.e., it is such that y?>/d.o.f. = 1 when fitting just
the two Bgg measurements.

2. Changes with respect to the previous report

In the previous HFLAV reports [1,221,441,1576], infor-
mation from the ALEPH Collaboration [1577] was used to
compute inclusive 7 branching fractions for final states with
one or more hadron, where each hadron can be either a pion
or a kaon. In the current report, we use Ref. [1577] for the
branching fractions for exclusive final states containing one
or more charged pions. The past choice granted some minor
advantages, which are now dropped in the interest of
simplicity. As a consequence, the 7 branching fraction
global fit reported here matches more closely the fit that we
supply to the PDG, reported in Ref. [9].

A set of preliminary BABAR results presented in 2018
[1578], used in the 7 branching fraction fit in the previous
HFLAV report [1], are not used here since they have not yet
been published. Therefore, we now use the older BABAR
measurement of B = B(t~ - K~2,) in Ref. [1579].
This revision of input measurements causes a significant
shift of the value of B(z~ - K32%,(ex.K®, 57)), which is
however consistent with the large uncertainty on the sole
direct measurement of this mode by ALEPH.

Since this edition, we use new improved calculations of
the radiative corrections for the theory predictions of the 7
decays to pseudoscalar mesons [1580]. The estimated
uncertainties are increased but more reliable in comparison
to the previous estimations [1581-1584]. There is a minor
increase of the uncertainties on the lepton universality tests
based on hadronic 7 decays (Sec. XII.B) and on |V
(Sec. XII. D).

The parameters used to update the measurements’
systematic biases and the parameters appearing in the
constraint equations in Sec. XII. A. 6 have been updated
to the PDG 2020 update [9].

3. Differences between the HFLAV 2021 fit
and the PDG 2021 fit

Our branching-fraction fit is different from that of the
PDG [9] in several ways.
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The PDG fit enforces the unitarity constraint Bggg = 0,
while the HFLAV 2021 fit does not.

As in our previous report [1], we use the ALEPH [9]
estimate for Bgys = B(t~ — ay (7~ y)v,), which is not a
direct measurement. By contrast, the PDG fit defines
Bgos = B(a; — ry) x B(r — 3av), using the PDG average
of B(a; — my) as a parameter in the fit. As a consequence,
the PDG fit procedure does not take into account the large
uncertainty on B(a; — my). This results in an underesti-
mated uncertainty on Bggs, which is then properly adjusted
with respect to the fit result in the PDG listings.

4. Branching fraction fit results and experimental inputs

Table 315 reports the experimental inputs to the 7
branching-fraction fit and the fit results.

5. Correlation coefficients between basis branching
Jractions uncertainties

The following tables 316-325 report the correlation
coefficients between basis quantities that were obtained
from the 7z branching fractions fit, in percent.

TABLE 316. Basis quantities correlation coefficients in percent, subtable 1.

Bs 23
By 8 5
Bio 5 7 7
By -14  -15 -13 -3
Big 1 1 2 -1 -8
By -5 =5 -8 -1 41 1
B 2 2 0o -2 0 -13 =7
By -5 —4 -8 -1 1 1 =36 1
Bog 2 2 1 -1 I -13 -1 =22 -10
Bso —4 -3 -10 -1 -8 0 6 -2 44 2
Bis 0 0 0 0 0 0 0 0 0 0 0
Bi; 0 -1 1 0 0 0 0 -2 0o -2 0 -I15
By 0 0 0 0 0 1 0 1 -1 1 0o -12 2
Bs Bs By Bio By Bis Bao Bas By; By Bs Bys By By
TABLE 317. Basis quantities correlation coefficients in percent, subtable 2.
By 0 0 0 0 0 -3 1 -5 0 -5 0 -1 -14 =20
By 0 0 0 0 0 0 0 0 0 0 0 -1 0 -4
By 0 -1 2 0 0 2 0 0 0 0 0 -1 3 —4
Bag 0 0 0 0 0 0 0 0 0 0 0 -3 0 -2
Bso 0 0 0 0 0 0 0 0 0 0 0 1 5 0
Bs, 0 0 0 0 0 0 0 0 0 0 0 -1 0 -1
Bss 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B -2 4 8 0 -3 4 =7 0 -6 0 -5 -1 3 0
B -6 -6 -7 -1 -10 0 -1 0 -1 0 3 0 -1 0
B -1 0 -3 0 -2 0 0 0 2 0 2 0 0 0
Bos 0 -1 3 0 -1 2 -1 0 -1 0 -1 0 2 0
Boy 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bias 0 0 0 0 0 0 -1 0 0 0 -2 0 0 0
Biag 0 0 1 0 0 1 0 -1 0 -1 0 0 1 0
B, Bs By Big By  Bis By By By By By Bss By, Bao
TABLE 318. Basis quantities correlation coefficients in percent, subtable 3.
Biso 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bz 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bisg 0 0 1 0 0 1 0 0 0 0 -1 0 1 0
Bis 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bis, -1 -1 -3 0 -2 0 -1 0 2 0 2 0 0 0
Big7 0 0 0 0 0 0 0 0 0 0 0 0 0 0

(Table continued)
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TABLE 318. (Continued)

Bgyy -1 -1 -2 0 -3 0 0 0 0 0 1 0 0 0
Bgos 1 0 1 0 0 0 -2 0 -1 0 -1 0 0 0
Bgos 2 2 1 0 2 0 0 0 0 0 -1 0 0 0
805 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bgii 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bg1z 0 1 0 0 0 0 0 0 0 0 0 0 0 0
Bgy1 0 0 2 0 0 1 -1 0 -1 0 -1 0 1 0
B2, 0 0 0 0 0 0 0 0 0 0 0 0 0 0
By Bs By By By Big By By By By By By By By
TABLE 319. Basis quantities correlation coefficients in percent, subtable 4.
By, 0 0 1 0 0 1 0 0 0 0 -1 0 1 0
Bgsp 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bgss 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Boso 0 0 1 0 0 1 0 0 0 0 -1 0 1 0
945 0 0 0 0 0 0 0 0 0 0 0 0 0 0
By Bs By Big B Bis By By By By By  Bss By, Buo

TABLE 320. Basis quantities correlation coefficients in percent, subtable 5.

By 1 0
Buag -1 -6 0
Bs 6 0 -7 0
Bs; 0 -3 0 -6 0
Bss 0 0 0 0 0 0
Be> -1 0 5 0 1 0 0
B 0 0 -1 0 0 0 0 -20
B 0 0 0 0 0 0 0 -1 -7
Bos 0 0 2 0 0 0 0 16 -4 0
By, 0 0 0 0 0 0 0 0 -1 0 0
Bisg 0 0 0 0 0 0 0 1 0 -5 0 0
Biog 0 0 1 0 0 0 0 2 0 0 1 0 4
By By By By Bsy  Bsi Bss Bsy By By Bos  Boy  Bips B
TABLE 321. Basis quantities correlation coefficients in percent, subtable 6.
Biso 0 0 0 0 0 0 0 0 0 -1 0 0 1 1
B3 0 0 0 0 0 0 0 0 0 0 0 0 2 1
Biss 0 0 1 0 0 0 0 2 -1 0 1 0 0 0
Bis 0 0 0 0 0 0 0 0 12 0 0 0 0 0
Bis, 0 0 0 0 0 0 0 -1 -11 -64 0 0 0 0
Big7 0 0 0 0 0 0 0 -1 0 0 1 0 0 0
Bgoo 0 0 0 0 0 0 0 -8 -067 -3 -1 0 0 0
Bgp, 0 0 0 0 0 0 0 20 =7 0 1 0 0 0
Bgos 0 0 0 0 0 0 0 -3 -14 -1 -1 -3 0 -1
Bgos 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bsii 0 0 0 0 0 0 0 0 -1 0 0 0 0 0
Bsis 0 0 0 0 -1 0 0 -1 -1 0 0 0 0 0
01 0 0 2 0 0 0 0 3 -1 0 1 0 0 1
Bgy, 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Byy By By By Bsy Bsi Bss By B By Bos  Boy B Big
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TABLE 322. Basis quantities correlation coefficients in percent, subtable 7.
Bssi 0 0 1 0 0 0 0 1 -1 0 1 0 0 0
Bgsy 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bs3s 0 0 0 0 0 0 0 0 0 0 0 0 0 0
920 0 0 1 0 0 0 0 1 -1 0 1 0 0 0
Boss 0 0 0 0 0 0 0 0 -1 0 0 0 0 0
By, By By Big  Bso  Bsi  Bss  Bsy B Bin Boy Boy  Bips  Biog
TABLE 323. Basis quantities correlation coefficients in percent, subtable 8.
B3, 0
Biss 0 0
Bisy 0 0 0 0
Bigr 0 0 0 0 0
Bsoo 0 0 0 -14 -3 0
Bsoo 0 0 0 -2 0 1 -2
Bsos 0 0 0 -58 -1 0 10 0
Bagos 0 0 0 0 0 0 0 0 0
Bgii 0 -1 20 0 0 0 0 0 0 0
Bs1s 0 -2 -8 0 0 0 0 0 0 0 -16
Bs)i 0 0 46 0 0 0 0 0 0 0 8 —4
Bs» 0 0 -1 0 0 0 0 0 0 0 0 0 -1
Bizo Bizz Bizg Bisi Bisy  Bier  Bsoo  Bsoa  Bsos  Bsos B Bgia Bgor  Bgm
TABLE 324. Basis quantities correlation coefficients in percent, subtable 9.
Bags 0 0 39 0 0 0 0 0 0 0 14 —4 39 -1
Bg, 0 0 3 0 0 0 0 0 0 0 2 0 3 0
Bgss 0 0 -1 0 0 0 0 0 0 0 0 0 -1 0
Bo 0 0 20 0 0 0 0 0 0 0 3 =2 34 -1
Boss 0 -1 25 0 0 0 0 0 0 0 10 -11 10 0
Bizo Bizz Bizg Bisi Bisy Bier  Bsoo  Bsoa  Bsos  Bsos  Bsin Bgia Bgor  Bgy
TABLE 325. Basis quantities correlation coefficients in percent, subtable 10.
Bs3» -2
B 17 1 0
045 17 2 0 4
Bgsi Bgs, Bgss Bagao Boss

6. Equality constraints

The constraints on the 7 branching-fractions fit quantities
are listed in the following equations. When a quantity such
as 33/ Bs appears on the left side of the equation it represents
a fitted quantity, while when it appears on the right side it
represents the ratio of two separate fitted quantities.

The equations include coefficients that arise from non-z
branching fractions, denoted, e.g., with the self-describing

notation By _,00. Some coefficients are probabilities
corresponding to the squared moduli of amplitudes describ-
ing quantum state mixtures, such as K°, K°, K, K, . These
are denoted with, e.g., Bgox ) = |(K°|K)|?. The values of
all non-r quantities are taken from the PDG 2021 [9]
averages. The fit procedure does not account for their
uncertainties, which are generally small with respect to the
uncertainties on the 7 branching fractions.
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61:

BZI

Bs _
Bs
B; =
Bgz
By _
Bs
B,
B—Sz
Bio _

BIS
Bio
Biy

Bis

+ Bay + Byy + Bug + Bgos + Bsg + Bsy + Bsog + Biag * Bysneutral + Bi2s * Byoneutral + B30 * By neutral
+ Bi3z * Byoneutrat T Bsoo - B0y + Bisi - Byogo, + Bisa - By, + By - Bk,

Bs + Bs + By + Big + Biy + Big + Bayg + Baz + Byy + Bag + Bag + Bss - (Bigojky) * Brgron® + Bigojk,y)
+ Bao - (Bgoky) - Brg—atn + Bigojk,)) + Baa - (Bgojgy) - Bry—aow + Bigoj,))

+ B3z - (Birojy) - Brgonon + Birojx,)) + Baz - (Bigojky) - Bryonow + Birojk,))

+ By7 - (Bi o0 * Bieyoun0z0) + Bag * By _z0,0 + Bgog + Bso « (Byouz020 = Bigosn0s0)

+ Bsy - Byoz00 + Bsos + Biag - Byoneutrat T Bi28 * By—neutrat + B130 * By—neutral

+ 8132 : (Br]—meutral ’ (B<I_(O|K5> : BKS—mOer + B(f(%lﬁ})) + BSOO ’ Bw—>7z°y + 8151 : Bw—ﬂto}/

+ 6152 . Bw—»ﬂoy + ‘6167 : (B(ﬁ—»KSKL . BKS—mOn'O)

B

Bs

Bss - Bigoik,y + Bo + Bgos + Bsz - Bigoig,y + Bio

Bg

Bs

By

Bs

Bio

Bs

Bio

By

= Bis + Big + Bag + Baz + By + Bag + Bsg + Bas - (Bigoik,y * Bryonozo) + Baz - (Bixok) - Brgnoa?)

+ 840 : (B(KO\KS> : BKS—HZO]L'O) + Z342 : (B<K0\KS> : BKS—HTO]L'O) + [347 : (BKS—NZO]L'O : BKS—HL'OIZO)
+ Bso * (Biya920 * Bigo920) + Biog * Byoneusrat + Bios * Byoneusrat + Bi3o * By—neutral
+ Bz - (Bikojky) * B otz * Byoneutral) + Bist * Boogoy + Bisy - Byopo, + Bsoo - Boorty

= Biag - B30 + B3o + By + Baog + Biy + Big + Bag + Bag + Bias - By + Biso - Byspo
=By + Bis
= Bigg - Bz + Bag + Basz + Bag + Bas - (Bkojky) - Bigonz0) + Bao - (Bixoiky) * Brymron)

+ By - (Bigojky) * Brgon) + Bao + Bag + Bag - (Bygoz0 - Biymanopo)
+ Bso + (Biyor0z0 " Biyon0z0) + Biag - Byozpo + Bsg - (Bigoiky) - Biyotat) + Bizo - Byozg

= Byz + Bas - (Bixojk,y * Brgona) + Bao + Bag - (Bigojkyy * Bry—r0)
= B3 + By

Biy
813

Bay = Byy + Bag + B3g + Bag - (Bigoiky) - Brymrt0) + Baz - (Bigoikg) - Bcymats0) + Baz + (Brgmnond - Brymsron)

+ BSO ' (BKS—vzoer ' BKS—nrO/zO) + 8126 ' Bq—»?ﬂro + [3128 ' Br]—»SnO + 8130 ' Br]—>37[0
+ 8132 : (BU(O‘Ks) ' BKS—nTOn'O ’ Br]—>3ﬂ0)
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Bys = Biag * By_30 + Bo + Bag + Bay + Biog - Bz + Biso - Byozp0
By = Bios - B a0 + Bag + Bao - (Bixojky) * Bryontno) + Baz - (Bigojky) - Bigonono) + Bag
By B
Bz  Bis
By = B3y + Biag - By3z0 + Bizg * Byozq0
B3y = Bigs * Byonewrat + Baz + Bog + Bay + Big + B3y + Big + Bigr - (Byokk, - Bryoron)
Bsy = Big + Bys + Bog + B3y + Bay + Biog - Byoneural + Bi3o * By—neural + Bie7 * (B, * Bryna0)
Bss = Bss - Biojkgy + Bao - Birojkg) + Baz - Bigojgyy + Baz + Bag + Bso + Bsi + Bsg - Bioig)
+ Bz - (Bigojky) * By—neurat) + Baa - Bigogyy + Bisr - Bypokik,
Bsy = Bss + By
By = By + By
Bsg = Byy + By,
By = Byy + By
By = Bag + Byg + Bgos
B9 = Bso + Bsy + Bgos
Bss = Bss - (Bixoiky) * Bigora) + Bar - (Bixojky) - Brgonta) + Bao - (Bikojky) - Brgonta-)
+ By - (Bigoigyy * Brgorta) + Bag - (2 Bgyonta  Biynoa®) + Bag * B goontn-
+ Bso + (2 Bgoontn - Bryorono) + Bsi - Brgonta + Bsz - (Bigojky) - Bry—rono + Birojk,))
+ Bey + Byg + By + Brg + Bos + Bos + Biog - Bycharged T Biog * Byoscharged + B30 * By charged
+ Bisz - (Bgojk,) - Byortr0 + Biojky) - Bryortnd * Byorta 0 + Bigojky) - Bryorta * Byoaa)
+ Bisi - (Byortzrz0 + Boozin) + Bisy - (Bt 20 + Boosrin) + Bior - (Byok+k- + Byoksk, - Brgortz-)
+ Bgoz + Bsos + Bsoo * (Bomr a0 + Boorta-)
Bss = Biss * Bycharged T Bisz * (Byoszt 20 + Bzt ) + Brg + By7 + Boy + Bgy + Byg + Bos
+ Bizs - By—charged + Bsoz + Bsos + Bgoo * (B2 + Bomrta) + Bisi - (Byozz a0 + Bomarta-)
+ B30 - By—charged t+ Bies
Bse = Bss - (Bigoiky) - Brgonta~) + Bea + Boz + Bay - (Bigoik,y * Brgonta) + Bgoa + Bsoo * Boon -
+ Bisi - Byorta- + Bies
Bs; = Bg, + Boz + Bgoa + Bgoo * Bzt = + Bist - Byzta- + Big7 - Bp—k+k-
By By
Bss  Bss
Bsg = Be + Boz + By + Bigr - By—k+k-
Bsy = Bss - (Bigoiky) * Brgontz-) + Bz + Bsoo * Bomrtn-
Bso = Bea + Bsoo * Bimrtn-
Bez = Bao - (Bigoiky) - Brgorn) + Baa - (Bigoky) - Bigorta) + Baz (27 Biyoonin  Bimunog0)
+ Bso - (2 Btz * Bryougoz0) + Bg + Bz + Brg + Bos + Biog - Byowcharged + Bi2s * By—charged
+ B30 - Byocharged + Bizz - (Bigojky) - Brgonta " Byoneural + Bigojkg) - B o920 * By—schargea)
+ Bisi - Byortaa0 + Bisz * (Byorztza0 + Boora) + Bsoo  Bomr a0 + Bsos
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Bey = Byg + By7 + Bos + Brg + Biag - Byoswtpa® + Biog - Bygt 20 + Bi3o * Byt a0 + Bgoo - Byt 20
+ Bisi - Byorrzao + Bisz + (Byoztzad + Boora) + Bsos
Bes = Bao - (Bixoiky) - Brgonta) + Baz - (Bigoikg) - Brgonta) + Bro + Bos + Biog * By g0
+ Bisi - Byontaa® + Bisa - Bomnt o~ + Bsoo - Boort a0 + Bsos
Bss = Bro + Bog + Biag - Byoost 20 + Bisi - Bzt gp0 + Bisz * Boozta~ + Bgoo * Bumrt a2 + Bsos
Bgy = Bag + Bos + Bigg * Byt 50 + Bgos
Beg = Bao - (Bigoiky) - Bigonta=) + Bro + Bisy - Booga + Bgoo - Bzt gm0
Bsy = Bisy - Byosrta- + Bro + Bsoo * Booort a2
By = Bisy  Byogigzo + Brg + Byg + Biag * Bz a0 + Bizo * Byopt 20
Bis = Bisy * Byoupt g0 + Bag + (2 Biount o+ Bryman0z0) + Br1 + Biag  Byoogt g0 + Biso * Byoopt gm0
Bis = Bisy Byt gz + Bz + Bias  Byogigz0 + Biso - Byogi gm0

Brg = Bgio + Bso * (2 Bignta = Biontar) + Biza - (Bigojy) * Bigora = Byozno)

Brg = Bsz + (Bigoiky) - Bigora) + Bar - (Biojky) - Bigonta) + Boz + Bos + Biag * By charged
+ Bisi * (Boorza0 + Boorta-) + Bigs + Bsoz + Bsos

Byoy = By + Bsoa + Bisi * Byrtn-

By _ Bso
Bey  Byo
Bg) = Biag * Bzt 70 + Bos + Bgos + Bisi * Byt -0
By _ Bsi
Bgo  Beo

By, = Biag * Bycharged T Baz - (Bigojk,y " Bigonta) + Bgoar + Bsoz + Bisi - (Boorta 20 + Booort )
+ Ba7 - (Bojky) - Brgontn)

Bygs = Biog - Bypi 0 + Bsoz + Bsoz + Bisi * (Byogt - a® + Booora-)

Bygy = Byoy + Bisi - Byosrt o~ + B3y - (Bigoikyy * Brgmrta-)

Bgs = Bgoa + Bisi - Boorta

B By

Bso  Beo

By; = By - (Bigoiky) * Bigonta) + Biog * Byt a0 + Bisi * Boo gtz + Bgog

Bgs = Biag * Byt 20 + Bgoz + Bisi * Btz

Bgg = Bgoz + Bisi - Byt g

By, = Boy + Bos

By _ By
B60 860
By, _ By
Bgg  Bygo
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Bos = Big7 - By k-

Bio2 = Bios + Bioa

Bios = Bsao + Bsaz + Bs3i - Bomnta

Bios = Bsso + Bgs3

Bios = B3o + Baa - Bigojkg) + Baz + Bsz - Bigojkg) + By + Bigs
+ Biag + (Byoszad + Byorizr0) + Bisy - Byogt a0

Biio = Bio + Big + Baz + Bag + Bss + Bag + Biog + Bgoa + Bsos + Bisi + Biso
+ B3y + By + Bsz + Bigs + Bigo + Bsx + Bias

Biso = Bisy + Bgoo + Bisi

Biso = Bgoo + Bisi

Bisy _Biso
Bss  Bes
Bis: _ Bis
Bsy  Bsy
Bis _Bis
Brs  Bis

5168 = 6167 : B¢—>K+K-

Biso = Bier - B(/)—>KSKL

Bsoa = Bag - (Bixoik,) - Biroyg,y)/ By - Brojky))
Bgos = Bso - ((Bikoi,) - Birojk,y)/ (Bixoik ) - Birojks)))
Bgio = Boig + Boi1 + Bsi1 - Byt 0 + Bsiz

Bgyo = Boao + Bsai

Bgzo = Bozo + Bs3i - Byoost z-a0 + Bgao

Byio = Bizs - B

n—3a°
Boi1 = Boss - Br]—)ﬂ+ﬂ_7[0
Bysy = Byse - Bn—>7z+n-;z°
8944 = [5136 ' Bn—»yy

Ban = By + Bs + By + Big + By + Big + Bag + By + Bag + Bog + Bsg + Bas + B3 + By
+ By + Byg - (14 ((Bxoik,y - Bigojk,))/ Bixoiks) - Birojky))) + Bas + Bea
+ Bio + By7 + Bsin + Bgiz + Bos + Bog + Bgsa + Bgsz + Biag + Biog
+ Bgoo + Bsos + Bsoo + Bisi + Biso + Bisz + Bas + Bs;
+ Bso - (1 + ((Boyk,y - Bikoyk,y)/ (Bixojks) - Biroiksy)))
+ Bsi + Bigr - (Bpkk- + Bypokk,) + Bisa + Boxo + Bgoy + By + Bgzi + Bize + Boas + Bgos

B. Tests of lepton universality

Lepton universality tests probe the Standard-Model prediction that the weak charged-current interaction has the same
coupling for all lepton generations. Starting with our 2014 report [1576], the precision of such tests was significantly
improved due to use of the Belle  lifetime measurement [1644], while improvements from the 7 branching fraction fit are
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negligible. We perform the universality tests by using
ratios of the partial widths of a heavier lepton a decaying
to a lighter lepton S [1645],

et () = 20 2%

B GaGﬁmZ
19243

a

m2
(m§> RYR:,  (325)

a

where (Refs. [1646-1648])

2
9p 34 2
Gy=—+-7-7"—, x)=1—-8x+8x>—x"—12x*1Inux,
P4, J)
(326)
3m: 9 mj
Ra/i:1 D Ma __/’
v +5M‘2,, 5M3,
a(my) (25
RI=14+1% (2 _72), 2
Y + o <4 7T> (327)

The equation holds at leading perturbative order (with
some corrections being computed at next-to-leading
order) for branching fractions to final states that include
a soft photon, as detailed in the notation. The inclusion of
soft photons is not explicitly mentioned in the branching
fractions notation used in this section, but ought to be
implicitly assumed, since experimental measurements do
include soft photons. For most measurements of = branch-
ing fractions, soft photons are not experimentally recon-
structed but accounted for in the simulations used to
estimate the experimental efficiency. We use R} =
1-43.2 x 107* and R} = 1-42.4 x 107* [1645] and My,
from PDG 2021 [9]. We use HFLAV 2021 averages and
PDG 2021 for the other quantities. Using pure leptonic
processes we obtain the coupling ratios

<g,> — 1.0009 + 0.0014, (328)

9/ .

(ﬁ) — 1.0027 £ 0.0014, (329)
9e) -

<g,,> — 1.0019 + 0.0014. (330)
ge T

Using the expressions for the 7 hadronic partial widths, we
obtain

<&>2 B(z — hu,)

B 2mymz, <1 - mﬁ/m%)Q
9u/ n B(h - ﬂDﬂ) (] + 6R1/h)m73'77 1- m%l/m%

(331)

TABLE 326. Universality coupling ratios correlation coeffi-
cients (%).

(&), 51

(&), —50 49

9r

(&), 16 18 1

(L), 12 11 -1 7

©), ®. @, ),

where h =z or K. The radiative corrections 6R,/, and
OR./x have been recently updated with an improved
estimation of their uncertainties and their values are
(0.18 £0.57)% and (0.97 £ 0.58)% [1580], respectively.
We obtain:

<&> —0.9959+0.0038, (&> —0.9855+0.0075.
g}l T gﬂ K

(332)

The largest contributions to the uncertainties of the tests
are the uncertainty on 6R,/, for (g,/g,), and the uncer-
tainty on the 7 branching fraction for (g,/g,)x. Similar
tests can be performed using measurements of decay
modes with electrons, but are less precise because the
meson decays to electrons are helicity suppressed and
have less precise experimental measurements. Averaging
the three (g,/g,) ratios we obtain

(&) — 1.0003 + 0.0014, (333)
t+r+K

u

accounting for correlations and assuming that the 6R,/,
and SR,k uncertainties are uncorrelated as they are
estimated to be with good approximation [1580].
Table 326 reports the correlation coefficients for the fitted
coupling ratios.

Since  (9:/9,): = (9:/9¢):/(9u/ 9e)r» the  correlation
matrix is expected to be positive semi-definite, with one
eigenvalue equal to zero. Indeed, in the reported correlation
matrix there is one eigenvalue that is consistent with zero
within the numerical accuracy of the reported figures.

C. Universality-improved B(t — ev?) and Ry, ,q

We compute two quantities that are used for further tests

involving the 7 branching fractions:

(i) the “universality-improved” value B of B, =
B(t — eup), determined with the assumption that
the Standard Model and lepton universality hold;

(ii) the ratio R;,q between the total branching fraction of
the 7 to hadrons, B;,,q and the universality-improved
B, which is a measure of the ratio I'(z — had)/
['(z — evp) of the respective partial widths.
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Following Ref. [1575], we obtain the improved value
Bini using the 7 branching fraction to uvo, B,, and the 7
lifetime. We average:

(i) the B, fit value Bs

(ii) the B, determination from the B, = B(z — uwp) fit

value B; assuming that g,/g, = 1, hence (see also
Sec. XII. B)

B, =B, - f(mz/m?)/f(mg/m3),  (334)

(iii) the B, determination from the 7 lifetime assuming
that g,/g, = 1, hence

5
e )
- (RIRYy)/ (RyRy), (33
where B(u — et,v,) = 1.

Accounting for correlatlons we obtain

BU = (17.812 + 0.022)%. (336)
We use B to obtain the ratio
I(z—h
R,z =hadrons)  Bua_ 5 0516 0082, (337)

T(t—>ewr) BN

where B,,q is the sum of all measured branching fractions
to hadrons. An alternative definition of B,y uses the
unitarity of the sum of all branching fractions,
B =1-B, — B, = (64.80 = 0.06)%, and results in:

- B, - B,

T— 3.6381 £ 0.0075.

Ry = (338)

A third definition of By, uses the unitarity of the
sum of all branching fractions, the Standard Model

prediction B, = B, 'f(mﬁ/mf)/f(mﬁ/mi) and B to

define BUSM = 1 — Bt — Buni . f(m2/m2)/ f(m2/m?) =
(64.87 + 0.04)%, yielding
Rum SM __ 1- Bgni - Blemi i f<mz/m12'>/f(mg/m%)
had - Bgni
= 3.6417 £+ 0.0070. (339)

Although Bi™ and B""™ are more precise than By, the
precision of R and RI™SM is just slightly better than the
one of Ry, because there are larger correlations between

i uni,SM i i
Biny, Biag® o and By™ than between By, and Bg™.

D. Measurements of |V |

The CKM matrix element magnitude |V,,| is most
precisely determined from kaon decays [1649] (see
Figure 104), and its precision is limited by the uncertainties
of the lattice QCD estimates of the meson form factor
/X7(0) and decay constant in fgi/f,+. Using the 7
branching fractions, it is possible to determine |V | in
an alternative way [1650,1651] that does not depend on
lattice QCD and has small theory uncertainties (as dis-
cussed in Sec. XIL. D. 1). Moreover, |V,,| can be deter-
mined using the 7 branching fractions similarly to the kaon
case, using the lattice QCD predictions for the meson decay
constants.

1. |V, from B(t - X)

The 7 hadronic partial width is the sum of the 7 partial
widths to strange and to nonstrange hadronic final states,
g = s + I'ya. The suffix “VA” traditionally denotes the
sum of the 7 partial widths to nonstrange final states, which
proceed through either vector or axial-vector currents.

Dividing any partial width I, by the electronic partial
width, I",, we obtain partial-width ratios R,, which satisfy
Ripag = Ry + Rya. In terms of such ratios, |V,,| can be
measured as [1650,1651]

|Vuv|rs - \/ / |V d|2 5Rtheory:| (340)

where ORpeory can be determined using perturbative QCD
and partly relying on experimental low energy scattering
data [1652-1654]. The calculations in the first two refer-
ences have been criticized for falling short in dealing with
the biases and uncertainties in the low-energy regime of
QCD [1655], but are still supported by the authors. In order
to obtain smaller and more reliable QCD uncertainties,
alternative procedures for computing |V | using = decays
have been proposed, which involve the 7 spectral functions
[1655] and lattice QCD methods [1656].

In the following, we compute |V | using the 7 branching
fraction fit results according to Eq. (340), since the
complexity of the other proposed procedures and the effort
that is required to reproduce them exceed the scope of this
report. We use Ref. [1652] and the s-quark mass m; =
93.00 + 8.54 MeV  [9] to calculate ORpeory = 0.238+
0.033, since that reference quotes uncertainties that are
intermediate with respect to the other two assessments in
the above mentioned existing literature.

We proceed following the same procedure of the
2012 HFLAV report [221]. We sum the strange and non-
strange hadronic 7 branching fractions B, and By,, and
use the universality-improved B (see Sec. XII.C) to
compute the R, and Ry, ratios. In past determinations of
|V.sl, such as the 2009 HFLAV report [424], the total
hadronic branching fraction was computed using unitarity
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TABLE 327. HFLAV 2021 7 branching fractions to strange

final states.

Branching fraction

HFLAV 2021 fit (%)

K v, 0.6957 £ 0.0096
K, 0.4322 +£0.0148
K27, (ex.K?) 0.0634 £ 0.0219

K372%,(ex.K%, 57)
7 K%,

0.0465 £ 0.0213
0.8375 £ 0.0139

7 Kz, 0.3810 £ 0.0129
7~ K272%,(ex.K?) 0.0234 +0.0231
Khh=hty, 0.0222 + 0.0202
K nu, 0.0155 £ 0.0008
K%y, 0.0048 4 0.0012
7 Koy, 0.0094 + 0.0015
K- v, 0.0410 + 0.0092
K-p(K K )y, 0.0022 =+ 0.0008
K~ (KK ), 0.0015 + 0.0006
K- ntv.(ex.K°, w) 0.2924 £+ 0.0068
K7 nt 7%, (ex.K°, w, ) 0.0387 £ 0.0142

K2z 2x v, (ex.K?) 0.0001 + 0.0001
K277 27" 2%, (ex.K?) 0.0001 =+ 0.0001

X7, 2.9076 & 0.0478

as Bﬁg}i =1-B,-B,, and By, was obtained from
Byni — B,. Here we use the direct experimental determina-
tion of By, for two reasons. First, both methods result in
comparable uncertainties on |V|, since the better precision
on Bt = 1 — B, — B, is offset by increased correlations in
the expressions (1 —B, —B,)/B" and B,/ (Bya — By)
used in the |V | calculation. Second, if there are unobserved
7 hadronic decay modes, they will affect By, and B, in a
more asymmetric way when using unitarity.

Using the 7 branching fraction fit results with their
uncertainties and correlations (Sec. XII. A), we compute
B, = (2908 +0.048)%  (see  Table 327) and
Bya = Byag — By = (61.83 £0.10)%. PDG 2021 averages
[9] are used for quantities other than the results of the
HFLAV t branching fractions fit; |V, =0.97373 +
0.00031 is taken from a 2020 updated determination
[1657]. We obtain |V |, = 0.2184 + 0.0021, where the
uncertainty includes a systematic error contribution of
0.0011 from the theory uncertainty on 6Reqy. This value
is 3.76 lower than the value |V |, = 0.2277 £ 0.0013
predicted from the CKM unitarity relation (|V|yni)? =

|

1- |Vud|2 - |Vub|2' We also compute (|Vus|/|Vud|)rs =
0.2243 4+ 0.0022.

2. |Vy| from B(t - Kv)/B(t — av)

We compute |V,|/|V,q| from the ratio of branching
fractions B(z — K v,)/B(r = n7v,) = (6.437 £0.092) x
1072 using the equation [1658]:

B(T_ - K_I‘/T) _ f%(i|vus|2 (I’I’l% - m%{)z
B(T_ - 71'_1/1) a f;zzi|Vud|2 <m% - m%>2

(1 + 5RTK/TIT)’
(341)

and we get |V,|/|V.l =0.2289 +0.0019, using the
ratio of decay constants fx. /f,+ = 1.1932 £ 0.0021 from
the FLAG 2019 lattice QCD averages with Ny =2 + 1 + 1
[209,1399,1400,1659,1660] and SR,k /., =(0.1040.80)%
[1580].

By using [V, [1657] we compute |V, , =
0.2229 + 0.0019, 2.16 below the CKM unitarity prediction.

3. |Vl from B(t — Kv)

We determine |V | from the branching fraction B(z~ —
K~v,) using

2

G
B(T_ - K_VT) = 16;hf%(i|vus|271m2

m2\ 2
x (1 —m—’;) Sew(1 +6R.x).  (342)
We use fgr =15574+03MeV from the FLAG
2019 latice QCD averages with N;,=2+1+1
[209,1399,1660,1661], Sgw = 1.02320 £ 0.00030 [1662]
and OR.x = (—0.154+0.57)% [1580]. We obtain
|Viusl.x = 0.2219 +0.0017, which is 2.66 below the
CKM unitarity prediction. The physical constants Gy and
1 are taken from CODATA 2018 [1663]. This edition fixes a
transcription error on the physical constants taken from PDG
2018 that caused an incorrect shift of the |V |, determi-
nation by about +0.5¢ in the previous HFLAV report [1].

4. Summary of |V | from t decays

We summarize the |V ;| results reporting the values, the dis-
crepancy with respect to the |V,;| determination from CKM
unitarity, and an illustration of the measurement method:

Vsl = 0.2277 £ 0.0013  0.06 [\/ 1= |V,ul2 = [V, 2(CKM unitarity)}, (343)

Vsl = 02184 +£0.0021  —3.7¢

Vaslek /s = 02229 £0.0019  — 2.1

[B(z~ = X;v,)], (344)

[B(t— - K v,)/B(t” - n7v,)], (345)
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Vis Kigs Nf =2+1+1, 2021 update
0.2231+ 0.0006

Vis Kp, N =2+1+1, PDG 2020
0.2252+ 0.0005

CKM unitarity & Vud &V,
0.2277+ 0.0013

T — XV

0.2184+ 0.0021

T— Kv/t— nv

0.2229+ 0.0019

T — Kv

0.2219+ 0.0017

T exclusive average

0.2222+ 0.0017

T average

0.2207+ 0.0014

HFLAV

FIG. 104. |V, determinations. In the CKM-unitarity evaluation,

V.a| 1s taken from a 2020 experimental update [1658]. The value

[Viuslges from K= — 2%~ 0, decays is taken from a 2021 update [1665]. The value |V,|xs from K= — u~D, decays is taken

from Ref. [9].

Vislox = 0.2219 £0.0017 —2.60

Averaging the two |V | determinations that rely on exclusive 7 branching fractions, we obtain:

Vaslroxa = 022224 0.0017  —2.56

Averaging the 7 inclusive and exclusive |V | determinations, we obtain:

IVl = 0.2207 £0.0014 —3.5¢

In calculating the averages, the correlation between fg.
and fg./f.+ is taken to be zero, in absence of public
information. Taking it to be +100% varies the |V | central
value by about 8% of its uncertainty and the |V
uncertainty by about 1% relative. From the purpose of
estimating the correlations between 6R ¢, 6R, and 6R g,
we use the information [1580] that the uncertainties on
OR.x and SR, are uncorrelated to a good approximation
and that 6R /., = 6R.x — 6R,,.

All |V 4| determinations based on measured 7z branching
fractions are lower than both the kaon and the CKM-
unitarity determinations. This is correlated with the fact that
the direct measurements of the three largest ¢ branching
fractions to kaons [B(t~ — K~v,), B(t~ - K~ 2%;,) and
B(z~ - 77K%,)] yield lower values than their SM

[B(z™ - K v,)]. (346)
[average of 7 exclusive measurements]. (347)
[average of 3 |V,| r measurements]. (348)

predictions based on the branching fractions of leptonic
kaon decays [1646,1665,1666].

Alternative determinations of |V | from B(z - Xv)
[1655,1656], based on partially different sets of experi-
mental inputs, report |V, | values consistent with the
unitarity determination.

Figure 104 reports our |V | determinations using the ¢
branching fractions, compared to two determinations based
on kaon data [9] and to the value obtained from |V ,,| with
CKM-matrix unitarity [9].
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