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Search for direct CP violation in charged charmless B — PV decays
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Measurements of CP asymmetry in charmless B — PV decays are presented, where P and V denote a
pseudoscalar and a vector meson, respectively. Five different B — PV decays from four final states,
B* - atxtn~, B* - K*ntn~, Bt - K*K*K~ and B* — 77 K"K~ are analyzed. The measurements
are based on a method that does not require full amplitude analyses, and are performed using proton-proton
collision data at a center-of-mass energy of 13 TeV collected by LHCb between 2015 and 2018,
corresponding to an integrated luminosity of 5.9 fb~!. In the z+ 7~ P-wave, in the region dominated by the
B* — p(770)°K* decay, a CP asymmetry of Acp = +0.150 4= 0.019 4- 0.011 is measured, where the first
uncertainty is statistical and the second is systematic. This is the first observation of CP violation in this
process. For the other four decay channels, in regions dominated by the B* — p(770)°z%,

0 0
BT — K*(892)z%, B* - K*(892)°K* and B* — ¢(1020)K* decays, CP asymmetries in the P-wave

compatible with zero are measured.

DOI: 10.1103/PhysRevD.108.012013

I. INTRODUCTION

In recent years, the large datasets produced at the LHC
have allowed precise measurements of direct CP violation
in B meson decays [1]. However, there are still a number of
decay channels without precise CP -asymmetry measure-
ments. Large samples of specific decays are required to
improve our knowledge of CP asymmetries in charmless
decays of B mesons, including those with neutral mesons in
the final state. The start of Belle II [2] operations, the
coming data-taking with an upgraded LHCb detector [3],
and the analyses of the data already collected by the LHCb
detector will allow the necessary measurements in the near
future.

Theoretical developments using different approaches
have resulted in many predictions for CP asymmetries.
Many of these studies are focused on charmless two-body
and quasi-two-body B -meson decays, in particular those to
two pseudoscalar mesons (B — PP) and to a pseudoscalar
and a vector meson (B — PV) [4-14]. These studies are
directly linked to the long-standing controversy about the
role of the short- and long-distance contributions to the
generation of the strong-phase differences needed for direct
CP violation to occur [1].
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In this paper quasi-two-body B — PV decays, which
result in three-body final states due to V decays, are
studied. Given the large phase space of these B-meson
decays, different types of resonant contributions are
allowed. Therefore, in three-body final states the vector
resonances interfere with other resonant components. The
interference has been used to estimate the strong phases, as
well as the contribution from penguin amplitudes [15-17].
Furthermore, the three-body environment can affect the
amount of the CP violation associated with the B — PV
decay amplitude [12].

The resonant structure of three-body decays can be
studied with model-dependent amplitude analyses, a
complex task given the large number of possible
intermediate states. Recently, the LHCb Collaboration
presented three CP -asymmetry measurements of B —
PV decays based on a full Dalitz plot analysis of data
collected in 2011 and 2012 [18-21]. From the amplitude
analysis of the B® — K9z tz~ decay, the CP asymmetry
in the B — K*(892)*z~ decay was measured to be
Acp = —0.308 £0.062 [18]. The Acp measurement of

the decay B* — %*(892)01@ from B* —» K*zFK*
decay was 0.123 £0.087 £0.045 [19]. Finally, from
the analysis of the B~ — 7~z "z~ decay, the CP asym-
metry of B~ — 77 p(770)° decay was found to be
consistent with zero, Acp = 0.007 £0.019 [20,21]. In
the same analysis, CP asymmetries were observed in
the B~ - n o and B~ — n~ f,(1270) decays, Acp =
0.160 4+ 0.028 and Acp = 0.468 £ 0.077, respectively.
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In this paper, measurements of CP asymmetries in
charmless B — PV decays are presented. The measure-
ments are based on data collected by the LHCb detector
between 2015 and 2018, corresponding to 5.9 fb~! of
proton-proton (p p) collisions at a center-of-mass energy of
13 TeV. A new method [12] that does not rely on a full
amplitude analysis is used. The method is based on three
key features of three-body B decays: the large phase space;
the dominance of scalar and vector resonances with masses
below or around 1 GeV/c?, confirmed by amplitude
analyses performed by Belle [22,23], BABAR [24-27]
and LHCDb Collaborations [19-21]; and the clear signatures
of the resonant amplitudes in the Dalitz plot. The method
used in this analysis is suited for measuring the CP
asymmetry between the yields of the BY — P*V and B~ —
P~V decays.

In the decay B* — R(— hyhy)hs, where R is a reso-
nance, the notation 8| is used for the two-body invariant
mass squared m*(hyhy) and s, for m?(hyhj). The
resonance line shape (typically a Breit-Wigner distribution)
is observed in the projection of the Dalitz plot onto the s
axis. When a narrow interval in s around the resonance
mass is selected, the projection of the data onto s reflects
the angular distribution of the decay products. In vector
resonances, a parabolic shape is observed, since the decay
width is proportional to cosine squared of the helicity
angle, cos® 0, where 0 is defined as the angle between A7
and i computed in the (h7, hy) rest frame. If the (h7, hy)
pair forms a scalar resonance, the distribution in s, is
uniform, since the decay of scalar resonances is isotropic in
cos 6. The interference term between a vector and a scalar
resonance is linear in cos 6.

The CP asymmetry is measured for the following decays:

0
the B* — p(770)°K* region and B* — K *(892)°z* from
the B* - K*n"z~ final state; B* — ¢(1020)K* from
B - K*K*K~ decays; the B* — p(770)°z% region

from the B* — 77"z~ final state; and B+ — 1(2*(892)01(i
from B* — 7 KT K~ decays. Itis important to emphasize that
the method does not isolate the p(770)° contribution from
the influence of the w(782) resonance. However, previous
analysis show that the fit fractions of amplitudes involving the
p(770)° resonances are roughly two orders of magnitude
higher than those of the w(782) in the B* — p(770)°z*
and B* — p(770)°K* decays [21,28]. In addition, their
widths are about one order of magnitude different.
Therefore, hereafter the P-wave decays in the regions domi-
nated by the p(770)° vector resonance will be denoted as
B* = p(770)°z* and B* — p(770)°K=.

The method introduced in [12] is described in Sec. IV. A
detailed description of the selection, efficiency and back-
ground for the four charmless three-body channels is given
in a companion paper [29].

II. LHCb DETECTOR AND DATASET

The LHCb detector [30,31] is a single-arm forward
spectrometer covering the pseudorapidity range 2 <5 < 5,
designed for the study of particles containing b or ¢ quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power
of about 4 Tm, and three stations of silicon-strip detectors
and straw drift tubes placed downstream of the magnet. The
tracking system provides a measurement of the momentum,
p, of charged particles with a relative uncertainty that varies
from 0.5% at low momentum to 1.0% at 200 GeV/c. The
minimum distance of a track to a primary pp collision
vertex, the impact parameter (IP), is measured with a
resolution of (15 + 29/py) um, where pr is the compo-
nent of the momentum transverse to the beam, in GeV/c.
Different types of charged hadrons are distinguished using
information from two ring-imaging Cherenkov detectors.
Photons, electrons and hadrons are identified by a calorim-
eter system consisting of scintillating- pad and preshower
detectors, an electromagnetic and a hadronic calorimeter.
Muons are identified by a system composed of alternating
layers of iron and multiwire proportional chambers.

The online event selection is performed by a trigger,
consisting of a hardware stage, based on information
from the calorimeter system, followed by a software stage,
which applies a full event reconstruction. At the hardware
trigger stage, the B" — hyhy h; candidates are required to
include a hadron with transverse energy deposited in the
calorimeters typically larger than 3.5 GeV. The software
trigger requires a two-, three- or four-track vertex with a
significant displacement from all primary vertices. At least
one charged particle must have a large transverse momen-
tum and be inconsistent with originating from any primary
vertex. A multivariate algorithm is used for the identifica-
tion of displaced vertices consistent with the decay of a
b-hadron.

Simulations are used to model the effects of the detector
acceptance and the selection requirements, to validate the
fit models and to evaluate efficiencies. In the simulation,
pp collisions are generated using PYTHIA 8 [32] with a
specific LHCb configuration [33]. Decays of unstable
particles are described by EvtGen [34], in which final-state
radiation is generated using PHOTOS [35]. The interaction of
the generated particles with the detector, and its response,
are implemented using the GEANT4 toolkit [36,37] as
described in Ref. [38].

III. SELECTION OF SIGNAL CANDIDATES

The selection of signal candidates follows closely the
procedure used in the model-independent analysis of the
same data sample [39]. Signal B* candidates are formed
from three tracks that are consistent with originating from
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TABLE I. Number of B* and B~ candidates in the signal region of 5247 MeV/c? to 5315 MeV/c? and the
corresponding purities.

B* - K*nta~ B* - K*KtK~ B* = ntata B* - 7t KtK~
B~ 243 960 159673 51977 17161
BT 240 884 176 345 44389 21178
Purity 0.91 0.96 0.88 0.76

the same secondary vertex. Each reconstructed Bt candi-
date is associated with the primary vertex that is most
consistent with its flight direction. A requirement is also
imposed on the angle between the B momentum and the
vector between the primary and secondary vertices.

A multivariate analysis is performed to further reduce
the combinatorial background. A boosted decision-tree
classifier [40] is trained using simulated signal and data
in the high-mass sideband region (mg > 5.4 GeV/c?) for
the background. The variables used in this classifier are the
quantities based on the quality of the reconstructed tracks
and decay vertices, the kinematic properties of the B™
candidate and its decay products, and the B' candidate
displacement from the primary vertex. The requirement on
the response of this classifier is chosen to optimize the

statistical significance of the signal, &gy,/\/(S + B)gatas
where g, is the signal efficiency determined in simulation
and (S + B)g,, is obtained by counting the events selected
from data within 40 MeV/ ¢2 of the known Bt mass [41].

Particle identification (PID) is used to reduce the cross-
feed from other B decays in which hadrons are incorrectly
identified. The main sources of this cross-feed are K — #
and 7 — K misidentification. These backgrounds arising
from K — 7 and 7 — K misidentification are suppressed
by stringent PID requirements for each final-state particle.
Tracks that are outside of the fiducial region of the PID
system are removed. Furthermore, tracks associated with
hits in the muon system are removed to eliminate cross-feed
from semileptonic decays.

Candidates within the invariant mass interval 5247—
5315 MeV/c?, which includes approximately 95% of
the considered B* decays, are retained for further analysis.
The number of B* candidates for each channel used in this
analysis, as well as the signal purity, are shown in Table 1.

From these candidates, vector resonances are selected by
applying restrictions on the s variable around the known

mass of each involved resonance, i.e., K *(892)°, p(770)°
and ¢(1020). In the s axis, the data are analyzed in

150 and 5 MeV/c?,
!

invariant mass intervals of 50,

respectively, centered at the known values of the resonance
masses. Since all decay modes have resonances in both s
and s, only data with s, > 5 GeV?/c* are considered.
This requirement ensures that only the interference between
scalar and vector resonances in s is relevant. The definition
of the interval in s | varies according to the position of the
resonance in the phase space. In order to avoid charmonium
resonances in the 7"z~ spectrum of the B* — K*ztn~
decay, an additional veto is applied around the known y .
and J/y invariant masses.

IV. B - PV FIT FUNCTION

Generally, the decay amplitudes for BT and B~ are
represented as a coherent sum of intermediate amplitudes,
with the magnitude and the phase for each amplitude as free
parameters. At low two-body invariant masses the data are
dominated by scalar and vector resonances. In the case of
one vector resonance interfering with a scalar component,
the decay amplitudes can be represented by [12]

M = ale® FW cosO(s, . s)) +ale® FBY, (1)
where aY and af are the magnitudes of the vector and
scalar resonances, respectively, assumed to be independent
of s,. 6" and &3 are the phases of the vector and scalar
amplitudes, and 6(s_,s)) is the helicity angle. The reso-
nance R may be described by a Breit-Wigner (BW)
function, FBY, without any loss of generality,

1
- lmRFR(SH) ’

BW _
FR"(s)) = e (2)
where FR<SH) is the energy-dependent relativistic width and
mp is the resonance mass. The helicity angle is a function
of the two Dalitz variables, cos 9(s||, s1) [42]. However,
for the low mass and sufficiently narrow resonances, a
parabolic dependence of cosé@ only on s, is a good
approximation.

The matrix element squared is

M| = (a})*(cos O [FRY > + (a)?[FSV]* + 2alaf cos O|FRN P |FEWV ]
X {COS(5V 55)[(’”\/ - 5||)( - SH) (myLy)(mgls)]
+ sin(8Y. = 83)[(msLs) (myy, = s) = (myL'y)(m3 = 5]}, 3)
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where my g is the vector (scalar) mass and the dependency of cos@ on s and s, is omitted for simplicity.
Assuming that a¥/, ai and the phases 6Y and 61 do not depend on s |, Eq. (3) can be simplified as a quadratic polynomial

in cos@(m?,s ) and written as

IMy|? = f(cosO(m},s))) = po*™ + p1*cosO(my, s|) + py=cos’O(my, s ), (4)

where P(jfl,z are polynomial coefficients. The coefficient
pi is related to CP violation in the scalar component,
whereas py is related to CP violation in the interference
between the vector and scalar amplitudes. Since the scalar
resonances are usually broad, an amplitude analysis is
required to quantify the CP violation in these cases. Given
that the decay rates are proportional to |M|?, the CP
asymmetry AYp in the B — PV decay is given as function
of py*,

_ M- IMLPP Py —ps
IM_P+ M P py+py

Vv
ACP

(5)

Given the approximation cos®(s.s )=~ cos@(mj.s,),
cos@ becomes a linear function of s, [42]. With this
approximation, the CP asymmetry can be obtained from
the distribution of s, whereas the asymmetry obtained
from the cos @ distribution is used to evaluate the systematic
uncertainty.

Finally, the function in Eq. (4) is used to fit the histo-
grams of data projected onto the s, axes in order to
determine the fit parameters p§, ,, and then calculate the
resulting CP asymmetry using Eq. (5). The asymmetry
depends only on the first term of Eq. (3), related to cos? 6.
The other terms in this equation are constant or linearly
dependent on cos 6.

V. RESULTS

The efficiency-corrected yields of BY and B~ as a
function of s, are displayed in Fig. 1, with the results
of the quadratic fits [Eq. (4)] superimposed. The fit
parameters, as well as the corresponding goodness-of-fit
parameter y°/ndf, are also listed. All asymmetries are
computed from the term p53 and corrected for the BT -
meson production asymmetry [29].

The vector resonances studied in this paper occupy a
small part of the charmless three-body B phase-space
decay. The combinatorial background behavior in this
region is a smooth function of the Dalitz variables, so
the parameters pg and p; absorb it. Another background
component is related to the prompt production of these
resonances plus a random track. It has an angular distri-
bution similar to the scalar resonances, so it is absorbed in
the pg parameter.

A. BT - nta*x~ decay

For the B* — p(770)°z" region, the CP asymmetry
related to the vector resonance is measured to be

Acp(p(770)°7%) = —0.004 + 0.017,

which is compatible with CP symmetry.

The effect of a CP asymmetry compatible with zero can
also be seen in Fig. 1(a), which shows the vector parabolas
of BT and B~ very close to each other. It is important to
note that, given the mass window selected, this measure-
ment also includes the w(782) contribution.

B. B* - K*n*n~ decay
This decay has two amplitudes involving low-mass

vector resonances: B — K *(892)%z% and the region
dominated by B* — p(770)°K* decays. Unlike the result
for the Bt — p(770)°z* region, the large CP asymmetry
obtained here for the B* — p(770)°K* region can be
clearly seen as a difference between the B and B~
parabolas in Fig. 1(b). In this P-wave region dominated
by the p(770)° resonance, the CP asymmetry is measured
to be

Acp(p(770)°K*) = 0.150 = 0.019,

with a statistical-only significance of 7.9 standard devia-
tions (o). This measurement can be compared with the
values obtained by previous experiments for this channel,
as listed in Table II. The results are compatible within the
uncertainties.

For BT — <K) *(892)°z" decays, the region with 7z~
mass in the range [9, 12] GeV?/ ¢* is removed from the fit
due to the presence of the J/y and y,, resonances, as can
be seen in Fig. 1(c). The CP asymmetry related to the
vector resonance is measured to be

0
Acp(K*(892)7%) = —0.015 4 0.021,

which is compatible with CP symmetry.

The exclusion of narrow regions around the charmonium
resonances does not affect the sensitivity of the method or
the fit quality, since these regions are close to the minimum
of the parabolas. Again, the similarity between the B* and
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FIG. 1. Distribution of s, for B* and B~ candidates and the corresponding quadratic fits for (a) p(770)° in B* — z*ztn",

0 0
() p(770)°in B* — Kzt 77, (c) K *(892)% in B* - K*z" 7z, (d) K*(892)%in B* — zFK*K~, and (e) $(1020) in B* - K*K+tK~.
In the symmetric channels, the phase space distribution and its projections are presented with the two axes being the squares of the
low-mass m,,, and high-mass my,, combinations of the opposite-sign particle pairs, for visualization purposes.

B~ parabolas in Fig. 1(c) is compatible with the numerical The CP asymmetry related to the vector resonance,
value obtained. shown in Fig. 1(d), is measured to be

C.B* - n*K*K~ decay .

0 Acp(K *(892)°K*) = 0.007 % 0.054,
For the Bt — K*(892)°K* resonance, the data are
analyzed in the range [10, 25] GeV?/c*, due to the smaller

phase space of the B* — 7K+ K~ final state. which is compatible with CP symmetry.
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TABLE II.

Summary of CP -asymmetry measurements for the vector resonance channels and their associated

final-state B* — R(— hyhy )hi decays. For comparison purposes, the previous measurements from other

experiments are also included.

Decay channel

This work

Previous measurements

BE - (p(770)° - 7t 7" )a*

B* - (p(770)° - ztz7)K*
0

BT — (K*(892)° —» K*z¥)at

0
B* > (K*(892)° - K*z¥)K*
B* — (4(1020) » K+ K~)K*

—0.004 £ 0.017 £ 0.009
40.150 £0.019 £ 0.011

—0.015 +£0.021 £ 0.012

+0.007 £ 0.054 £ 0.032
+0.004 £+ 0.014 £ 0.007

+0.007 £ 0.011 £ 0.016 (LHCb [20,21])

+0.44 £ 0.10 + 0.04 (BABAR [28])
+0.30 £ 0.11 £ 0.02 (Belle [22])

40.032 £ 0.052 = 0.011 (BABAR [28])
—0.149 4 0.064 £ 0.020 (Belle [22])
+0.123 £ 0.087 & 0.045 (LHCb [19])
+0.128 & 0.044 = 0.013 (BABAR [26])

D. Bt - K*K*K~ decay
For B" — ¢(1020)K" decays, the CP asymmetry
related to the vector resonance is measured to be

Acp(¢(1020)KF) = 0.004 £ 0.014,

consistent with CP symmetry. This measurement is in
agreement with the value obtained by the BABAR experi-
ment [26], Acp(p(1020)K*) = +0.128 4 0.044 4 0.013,
at the 2.8¢ level. The similarity of the BT and B~
distributions in Fig. 1(e) is consistent with the small value
of Acp(¢(1020)K*) obtained.

VI. SYSTEMATIC UNCERTAINTIES

The three leading sources of systematic uncertainties are
discussed below, the dominant one being the variation of
the range in s, where the fits are performed.

Variation of fit regions: The range in s, where the
data are fitted varies according to the phase space and
the presence of other resonances. The default values of
projections, in units of GeV?/c*, are 5-21 for the p(770)°
resonance in B* — zztz~ decays, 5-22 for p(770)° in

0
B* —» K*zxtz~ decays, 5-17 for K*(892)" in B* —

K*rntx~ decay, 10-25 for (K>*(892)0 in BY - 7*KTK~
decay and 11-16 for ¢(1020) in B* — K*K+*K~ decay.
The intervals are varied by displacing simultaneously both
low and high limits by up to 0.5 GeV?/c* for ¢(1020) in
B* - K*K*K~ decay, and by up to 1 GeV?/c* for all
other decays.

Variations of resonance mass window: The choice of
interval in s around the resonance mass defines the region
where the data are fitted. The intervals in s are varied
around the default values, described in the Sec. III, con-
sidering the ranges 140-160 MeV/c?, 45-55 MeV/c? and

0
4.5-5.5 MeV/c? for p(770)°, K°(892)° and ¢(1020),

respectively. The differences in the results with respect
to the default fit are taken as systematic uncertainties in the
corresponding CP -asymmetry measurements. The varia-
tion is done in small increments, giving 1000 results for
each channel. The systematic uncertainties are taken
from the root mean square of the resulting asymmetry
distributions.

Change of the projected variable: In this case, the fit is
performed defining the parabola in terms of the helicity
angle cos @, instead of s | . The procedure to obtain the CP
asymmetry is the same and the difference with respect to
the default fit is taken as systematic uncertainty.

The need for higher-order terms in the fit function is
also investigated. These terms would account for a possi-
ble influence of f,(1270) in the B* — z 7"z~ final
state. Using simulation [43] and the known value of
B(f,(1270) — ztz"~), the contribution of the tensor res-
onance is found to be negligible. Finally, a systematic
uncertainty related to the efficiency correction was evalu-
ated and also found to be negligible.

The total systematic uncertainties are obtained as the
sum in quadrature of the three contributions. Table II
summarizes the results obtained in this analysis.

VII. SUMMARY AND CONCLUSION

In summary, CP asymmetries in charmless B — PV
decays are determined using a new method, without the
need for amplitude analyses. The data set analyzed corre-
sponds to an integrated luminosity of 5.9 fb=! of proton-
proton collisions collected by the LHCb detector in
2015-2018 at a center-of-mass energy of 13 TeV. Five
decay channels are studied, namely B* — ¢(1020)K=,

B* — (K)*(892)07zi, B* - p(770)°z*, B* - }%*(892)01@
and B — p(770)°K*. For the B* — p(770)°K* region,
the CP asymmetry is measured to be Acp = +0.150 £
0.019 4+ 0.011, which differs from zero by 6.8¢, computed
with the total uncertainty.
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For the other channels, the measured CP asymmetries are
compatible with zero, as predicted using the CPT constraint
[12]. The CPT symmetry would suppress CP violation in
B — PV decays, which nevertheless could still occur
through final-state interactions involving the third particle.
A distinct feature of the B* — p(770)°K* amplitude in the
B* — K*z* 7z~ final state is that the contribution from the
vector amplitude is much smaller than the scalar contribu-
tion, represented by the B* — £,(980)°K* decay, whereas
the opposite is true for the other final states studied.

These measurements are significantly more precise than
the previous results obtained by the Belle and BABAR
Collaborations. Some tension is found between the results
of this analysis and those from Belle and BABAR, whereas
good agreement is found with LHCb results obtained
with amplitude analyses of B* — z*z+z~ [20,21] and
B* - 7t KT K~ decays [19].

The method used in this analysis is based on the
approximation of a two-body interaction plus one spectator
meson, and on the general assumption that the magnitudes
and phases of the amplitudes are constant across the whole
phase space. These hypotheses, which are assumed by all
models used in amplitude analyses, are supported by the
quality of the fits.
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