Estimating ™ as an input to the determination of the CKM angle y
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The interference between Cabibbo-favored and Cabibbo-suppressed B — Dz decay amplitudes
provides sensitivity to the CKM angle y. The relative size of the interfering amplitudes is an important
ingredient in the determination of y. Using branching fractions from various B — Dh decays, and the
measured value for 72X, the magnitude of the amplitude ratio of B* — D%z and B* — D%z decays is

estimated to be 27 = 0.0053 + 0.0007.
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I. INTRODUCTION

The CKM description of charged-current quark
transitions has been experimentally scrutinized to an
impressive accuracy. The CKM angle y encapsulates the
relative phase between b — ¢ and b — u quark transitions,
y =arg[— %} and is determined with a precision of 7°,
as compared to a precision below 3° deduced from indirect
measurements [1,2].

The interference between B* — D%z and B* — Dz*
decays, with the D° and D° meson decaying to the same
final state (charge conjugation is implied throughout),
provides sensitivity to the relative weak phase y [3-5].
Experimental determination of y from B — D like decays
is influenced by the effect of the unknown hadronic
parameters: r2”, the relative magnitude of the Cabibbo-
suppressed BT — D%zt amplitude compared to the
Cabibbo-favored B* — D%z* amplitude, and 627, the
strong phase difference between the favored and sup-
pressed modes. The ratio of amplitudes, r5”, determines
the size of the interference effect, and hence the sensitivity
to the CKM angle y.

A previous simultaneous determination of y, ri” and 55*
from the LHCb Collaboration, using B — D like modes,
found multiple solutions for 57 [6]. Consequently, an
estimate of its magnitude can provide useful information to
improve the determination of y [7].

In this paper we estimate the ratio of amplitudes

2" = A(BT - D) /A(B* — D°z"),

using branching fractions from various B — Dh decays,

using the measured value of rX [7]. A similar approach
was used to estimate the ratio of amplitudes for the decays
BY — D*z7 [9]. An overview of the decays used is given
in Table I. The amplitudes of the decays that involve a kaon
in the final state are denoted by primed symbols.

At tree level, the B¥ — D%z% amplitude receives con-
tributions from a color-allowed (7') and color-suppressed
topology (C), whereas the BY — Dz amplitude proceeds
predominantly through the color-suppressed topology
(C?) and also via the annihilation topology, as illustrated
in Fig. 1, where the superscript b indicates that the decay
proceeds through a b — u transition.

The method to estimate r5* with B® — D°K? decays is
given in Sec. Il A, whereas the use of B® — D%z° decays
is shown in Sec. II B. The effect of the annihilation diagram
is estimated in Sec. II C.

II. ESTIMATING r* FROM
BRANCHING FRACTIONS

The expression for the branching fraction takes the
following form:

TABLE I. The decays under study are listed, with the topol-
ogies contributing to the amplitude, the branching fraction, and
the relevant CKM elements. 7, C, E and A stand for color-
allowed tree, color-suppressed tree, W-exchange and annihilation
topologies, respectively. The primed symbols indicate the decays
with a kaon as the bachelor particle in the final state. The factor
/2 originates from the isospin decomposition of the neutral pion,

|7°) = (uir — dd)/ /2.
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FIG. 1. (a), (b) The color-allowed (tree) (7) and color-
suppressed (C) topologies contributing to the BT — DOz*
amplitude proceeding through V., and (c), (d) the color-
suppressed (C*?) and annihilation topologies contributing to
the B¥ — D%z amplitude proceeding through V.

BR(B — Dh) = |A(B — Dh)[?®%, 73,

where 4 is a pion or a kaon, <I>Id)h is a phase-space factor,
A(B — Dh) is the total amplitude (containing the CKM
elements, form factors and decay constants) and 7 is the
lifetime of the B meson. Contributions from ‘“rescattering”

(like B — D=zt — D%2%) are small, as shown within the
framework of QCD factorization by Beneke et al. [11].

The following estimate of the ratio of amplitudes can be
made:

A(BT - Dz")  |C|
A(BT - Dz*) |T +C]
_’ Vuchd Z|C|

Vcqud |T+ C|

=

(1)

where z quantifies the ratio between the hadronic parts
of the two color-suppressed tree diagrams proceeding
through a b — ¢ or b — u transition (shown in Fig. 1),
C" =7Cx (V 1, Vea)/ (Ve Via)- The contribution from the
annihilation topology is also absorbed in the quantity z,
and will be further discussed in Sec. II C.

We can estimate |C|/(|T| 4 |C|) in two ways.

A) 27 ~A(B" - D°K")/A(B* — D°K™"), applying
SU(3) symmetry, and correcting for the different
CKM elements involved.

B) rB* ~A(B° - D°2°)/A(BT — D°z"), using exter-
nal estimates for the contribution from W-exchange
topologies (E) to the decay B® — D%z,
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TABLE II. Values of CKM elements used.

VCKM Ref
|Vt = 0.97425 + 0.00022 [10]
|V.s| = 0.2253 £ 0.0008 [10]
[V = (3.72 £ 0.16) x 1073 [12]
|V.q| = 0.225 +0.008 [10]
|V .| =0.986 +0.016 [10]
|[Vep| = (41.1 £1.3) x 1073 [10]

The magnitude of z will be estimated in Sec. III by
comparing the result of the amplitude ratio of the decays
B* — DK™, r2K  to the measured value by LHCb [7]. For
the numerical values of the CKM elements, we use the
values listed in Table II.

A. Estimating r2* from B® — DK’

The decays B — DK can be used to estimate the
contributions of various B — Dz decay topologies, assum-
ing SU(3) symmetry.

The validity of this assumption was probed by compar-
ing the DWK and DWz decay rates, correcting for
differences in phase space, CKM elements, form factors
and decay constants [8]. This assures that the decays B® —
D°K? and B* — DK™ can be used to estimate a value for

the amplitude ratio, |C|/|T + C| = |C'|/|T’ + C'|, where
C' | [aBR(B — D°K) o)
T'+C'|  \ BR(B* — D°K*)’

The factor a quantifies a correction to the quoted value of
BR(B? — D°K?) from the Particle Data Group [10]. The
measured branching fraction by the BABAR [13] and Belle
[14] collaborations is obtained from the sum over the
charge-conjugate final states, and therefore the quoted
branching fraction represents the sum of the B® — DYK®
and B° — D°K? branching fractions. Recently LHCb also
performed an analysis of the decays B?s) — DK [15].

The quoted branching fraction can thus be expressed as
the sum of the squares of the two color-suppressed tree
amplitudes,

@ _
BR(B? — D°K?) = A(B° — D°K°)? + A(B" — D°KO)?
— |C/|2 + |C/uh|2
2
Vuchs ) % |C/|2

=(1+7
< Vch Vus

= (1+0.1567) x |C']2, (3)

where 7' quantifies the ratio between the hadronic
parts of the two color-suppressed tree diagrams
proceeding through the b —» u and b — ¢ transitions,
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|C""0| = 2'C' X |V, Vs / Ve Vs |. Hence, we need to cor-
rect the quoted branching fraction of the decay B® — DYK°

to yield an estimate of the amplitude of C’, relative to
|T" + C'| with a = 1/(1 + 0.156Z'), to obtain

rDﬂ _ Vubvcd
b Vcb Vud

4 BR(B? — D°K?)
1 +0.156Z' \| BR(B" - D°K™)’

B. Estimating 2" from B® — D’z°
A second estimate of 27 can be obtained using the
decay B° — D%z° The decay B — D°z° receives con-
tributions from the color-suppressed tree diagram (C) and
from the W-exchange diagram (E). The comparison of the
B° = D%2° and B* — Dz decay rates gives [8]

BR(B? — D°z°)
BR(B* — Dz")

=0.331 £ 0.010(BR)

(5)

again assuming that CKM elements, form factors, decay
constants and phase space factors cancel in the ratio. The
uncertainty originates from the uncertainty on the measured
branching fractions. The factor v/2 originates from the
isospin decomposition of the neutral pion. Although
the branching fraction BR(B® — D%z°) is determined as
the sum of the D° and D° final states, the b — u color-
suppressed tree amplitude is negligible compared to the
b — ¢ amplitude, unlike the situation of Eq. (2).

The color-suppressed tree diagram is expected to
dominate the total transition amplitude with respect to
the W-exchange topology E, which is supported by the
comparison of the branching fractions of B — D%z° and
BY — D°K? [8], leading to

C—-E
— =l =2
Tra -V

_E
‘C?‘ — 0.913 £ 0.074. (6)

To obtain an independent estimate of r5” with respect to
Eq. (4), i.e. without reusing information on the branching
fraction of B® — D°K®, the size of the W-exchange
amplitude can be estimated from the decay B — Dy K™
[16], resulting in the following value [8]:

E
’ n C‘ = 0.056 £ 0.004. (7)
Without assuming any value for the relative phase
between the W-exchange (E) and color-suppressed (C)
amplitudes, we assign the full contribution of the
W-exchange amplitude as uncertainty to the estimate of
IC/IT +C,
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C
——| =0.331 £ 0.010(BR) £ 0.056(E). 8
\”C\ (BR) (E).  ®)

The resulting expression for 57 then becomes

/3 \/ BR(B" — D"2°) o)

BR(B* — Dz*)

}"D” _‘ Vub Vcd
B =
Vcqud

C. Effect of annihilation topology

The relative contribution from the annihilation topology
with respect to the color-suppressed tree topology for the
Bt - Dzt amplitude, is estimated using the measured
branching fraction of the decay BT — D¢ [17], relative
to the decay B® — D°K®. At lowest order the BT — D¢
decay proceeds purely through the annihilation topology.

The estimate of |A/C| for the BY — D" case can
be directly obtained from the branching ratios, when
corrected for by the appropriate CKM elements and decay
constants fy,

_ |BRBT = D) (Vo Vis\ (fpfx\ _
|A/C| o \/BR(BO — DOKO) (Vubvcs) (stf(/)> .

with a large uncertainty from the branching fraction
measurement of Bt — D/ ¢; see Table L. It is also noted
that the branching fraction BR(BT — D°Dy) deviates
from BR(B” — D~D{), where the main difference is
expected to arise from the annihilation contribution [18].
Possible contributions to these final states from rescattering
processes are discussed in Ref. [19]. The relative phase
between the annihilation and color-suppressed tree top-
ology is unknown, so the annihilation contribution can
enhance or reduce the value of rg”. Assuming SU(3)
symmetry, this contribution is expected to be equal in
the BY — DK™ system, and will thus be accounted for in

the determination of z from r2X in the next section.

III. CORRECTION USING rb%

To quantify the ratio z between the hadronic parts
of the b —» u and b — ¢ color-suppressed tree diagrams,
C'" = 7/C" x (V,Ves/VerVius), an estimate for r2% can
be obtained in a similar way, and be compared to the fitted
value for rB% from the LHCb fit [7]. The quantity z also
contains the correction due to contributions from the
annihilation topology; see Fig. 1. We obtain the following
expression for rgk:

Vub Vcs
Vch Vus

DK __
s

7 BR(B" — D°K")
1 +0.156z" \| BR(B" - D°K*)’

which differs from Eq. (4) by the different CKM elements

involved. Inserting the value for rf% obtained from the
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LHCD fit, r2%X = 0.101 + 0.006 [7], the following estimate
for the ratio of the hadronic parts of the color-suppressed
amplitudes is obtained:

Z/

1+ 0.1567

The fact that the value of z’ is close to unity, indicates
that the hadronic parts of the two color-suppressed tree
diagrams are of similar magnitude, in particular if the
annihilation topology negatively interferes with the color-
suppressed tree topology, i.e. if the relative strong phase is
close to 180°, which would lead to a value 7/ ~ 0.75. We
assume that the deviation from unity is equal for the Dz
case, with an uncertainty of 10% from SU(3) symmetry
breaking effects, z = 0.76 = 0.07(BR) + 0.02(SU(3)).

Inserting the numerical values in Eq. (4) and Eq. (9)
leads to the following estimates of ri”:

=0.68 £0.05= 7 =076 £0.07. (10)

D7 (DOK®) = 0.0053 =+ 0.0002(Venr) = 0.0004(BR)
+0.0005(SU(3)). (11)

rP7(D°79) = 0.0053 £ 0.0002(Vegw) % 0.0002(BR)
+ 0.0009(E) = 0.0005(z) (12)

which are in good agreement, albeit with a large uncertainty
from the W-exchange contribution to the B® — D%7° decay
rate. The agreement shows the internal consistency of the
approach presented here. An additional 10% uncertainty
from SU(3) symmetry is assumed in the estimate of
Eq. (11), based on the agreement of the relative

PHYSICAL REVIEW D 94, 054021 (2016)

contributions of the various decay topologies to the B —
DK and B — D decays [8]. Given the correlated system-
atic uncertainties between the two results, the following
combined estimate is obtained:

rB7 = 0.0053 + 0.0007.

IV. CONCLUSIONS

The estimate for the value of the amplitude ratio r5” that
is presented here provides a valuable input to the discussion
of the measurement of 5™ at LHCb. The actual measure-
ment of 57 can be achieved either by a combination of
indirect measurements, as presented in Refs. [6,7], or by
direct measurement using semileptonic decays of the form
B* — Dz*, where D° - K~ u"v,, and the charge of the
kaon and muon can unambiguously tag the D° flavor.
Future determinations of r§* can be compared to the
estimate presented here, to assess the validity of the
assumptions on rescattering and SU(3) symmetry as used
in this paper. The LHCb Collaboration foresees accumu-
lating a 4 times larger data set by the end of 2018, and a 5
times smaller uncertainty at the end of the LHCb upgrade,
which will result in an experimental uncertainty of the
measured value of rB7 that is smaller than the one
presented here.
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