PHYSICAL REVIEW LETTERS 132, 051802 (2024)

Improved Measurement of CP Violation Parameters in B! — J/ywK*K~ Decays
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The decay-time-dependent CP asymmetry in BY — J/w(— pu"u~)K* K~ decays is measured using
proton-proton collision data, corresponding to an integrated luminosity of 6 fb~!, collected with the LHCb

detector at a center-of-mass energy of 13 TeV. Using a sample of approximately 349 000 BY signal decays
with an invariant K™K~ mass in the vicinity of the ¢(1020) resonance, the CP-violating phase ¢; is
measured, along with the difference in decay widths of the light and heavy mass eigenstates of the
BY-BY system, ATl,, and the difference of the average B? and B® meson decay widths, I, — I";. The
values obtained are ¢, = —0.039 & 0.022 £ 0.006 rad, AL, = 0.0845 £ 0.0044 & 0.0024 ps~', and
r,-Ir,= —0.00561’8_‘8811; +0.0014 ps~!, where the first uncertainty is statistical and the second
systematic. These are the most precise single measurements to date and are consistent with expectations
based on the Standard Model and with the previous LHCb analyses of this decay. These results are
combined with previous independent LHCb measurements. The phase ¢, is also measured independently
for each polarization state of the KT K~ system and shows no evidence for polarization dependence.
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The interference between BY -mixing and -decay ampli-
tudes to CP eigenstates with a ¢C resonance in the final
state gives rise to a measurable CP-violating phase ¢,
which is particularly sensitive to physics beyond the
standard model (SM). In the SM, neglecting subleading
loop contributions in b — ¢¢s transitions, ¢, is predicted to
be equal to —2f,, where f; = arg [—(V;V5)/ (Vs V)]
and V; are elements of the Cabibbo-Kobayashi-Maskawa
(CKM) quark-flavor-mixing matrix [1]. Global fits to
experimental data, under the assumption of the CKM
paradigm, give —2f, = —0.03681”8:88869 rad [2]. This pre-
cise indirect determination makes the measurement of ¢,
an excellent probe for physics beyond the SM, especially
for models contributing to BY%-B? mixing [3,4]. Several
experiments have measured ¢,, the B? decay width, and
decay-width difference, Iy and AT, respectively, in BY
decays via b — ccs transitions [5-19]. The measurements
lead to the current world average of ¢S = —0.049 +
0.019 rad [20], which is dominated by the LHCb results
in BY — J/wh*h~ (h = K, ) decays using 5 fb~! of data
collected at center-of-mass energies of /s =7, 8, and
13 TeV [13]. This Letter reports an update of the LHCb

“Full author list given at the end of the Letter.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

0031-9007/24/132(5)/051802(12)

051802-1

measurements in B — J/wK* K~ decays [21] using the
full Run 2 data taken in 2015-2018, corresponding to an
integrated luminosity of 6 fb~' at /s = 13 TeV. The
results supersede those in Ref. [13] and are combined with
the LHCD result using 3 fb~! of Run 1 data [12]. Apart
from the increased data size, this analysis benefits from
improvements in the calibration procedures of the particle
identification (PID), flavor-tagging algorithms, and the BY
decay-time resolution model.

The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < 5 < 5, described in
detail in Refs. [22,23]. Simulated events produced with the
software described in Refs. [24-27] are used to model the
effects of the detector acceptance, resolution, and selection
requirements. Dedicated simulations are produced for each
year of data taking corresponding to the relevant detector
and accelerator conditions. High-purity data samples of
charm hadron, charmonia, and beauty hadron decays are
used to calibrate the simulated single-particle reconstruction
and PID efficiencies. The trigger, which performs the online
data selection [28], consists of a hardware stage, based on
the high transverse momentum, pr, and signatures from the
calorimeter and muon systems, followed by a software stage
with full event reconstruction. Two software trigger algo-
rithms, exploiting the muon kinematics and two-muon
vertex information, are used to select candidates. The first
requires a vertex with a large impact-parameter significance
from all primary vertexes and, therefore, introduces a
nontrivial efficiency dependence on the B? decay time.
The second has almost uniform decay-time efficiency.
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FIG. 1. Distribution of m(J/wK*K~) for the full data sample
and projection of the maximum likelihood fit.

Consequently, candidates selected by the two triggers are
studied in separate categories.

The selection of B — J/y(— u*u~)KTK~ candidates,
with K*K~ invariant masses in the range [990,
1050] MeV/c?, follows the same strategy used in the
previous Run 2 measurement [13]. In order to take into
account different data-taking and calibration conditions for
optimal event selection, a gradient-boosted decision tree
(BDT) classifier applied in the selection is trained separately
for each year between 2016 and 2018, with the result for
2016 applied to the 2015 dataset due to its limited size. The
BDT selection improves the signal-to-background ratio by
about a factor of 50. The peaking backgrounds due to pion
and proton misidentification in B® and AY decays are
significantly reduced with stringent PID and mass require-
ments. The remaining peaking background from Ag -
J/wpK~ decays is subtracted statistically through the
injection of simulated events into the data with a negative
sum of weights equal to the expected number of 4700 AY
candidates.

Selected BY — J/wK* K~ candidates in the mass range
[5200, 5550] MeV/c? are subsequently retained for analy-
sis. The data sample is divided into 48 independent sub-
samples, corresponding to six m(KTK~) bins with
boundaries at 990, 1008, 1016, 1020, 1024, 1032, and
1050 MeV/c?, two trigger categories, and four years of data
taking. The invariant mass of selected BY candidates,
m(J/wKTK™), and the per-candidate mass uncertainty
o, are calculated by constraining the J/y mass to the
world average [20] and requiring the B? candidate momen-
tum to point back to the corresponding primary vertex.
Using m(J/wK™K~) as the discriminating variable, a signal
weight is assigned to each candidate with the sPlot method
[29-31], using an extended maximum-likelihood fit, shown
in Fig. 1. The signal shape is described by a double-sided
Crystal Ball (CB) function [32], whose width is parame-
trized as a function of ¢,,, using a second-order polynomial.
This parametrization accounts for the correlation between

m(J/wK*K~) and the helicity angle cos 6,,, which is due to
the dependence of the m(J/wK™*K~) resolution, character-
ized by 6,,, on the pr of the muons. Since the muon py
depends on cos 8,,, o,, is found to represent a good proxy for
cos 6. The parameters that describe the tail of the CB
function are fixed to those obtained from simulation. The
background from B® — J/wK* K~ decays is modeled with
the same CB function as the signal, sharing all shape
parameters except for the mean of the distribution. The
difference between the means of the signal and B® compo-
nents is fixed to its world average [20]. The background due
to random combinations of tracks is modeled with an
exponential function. The peaking background from B® —
J/wK*n~ decays is estimated to be negligible. The BY —
J/wK*T K~ signal yields are 16181 + 135, 103319 + 342,
105465 4 343, and 123870 £ 476 for the 2015, 2016, 2017,
and 2018 datasets, respectively.

The measurement of ¢, in B — J/wK*K~ decays
requires the CP-even and CP-odd decay-amplitude com-
ponents to be disentangled, depending upon the relative
orbital angular momentum between the J/y candidate and
the kaon pair. A weighted simultaneous fit to the distribu-
tions of decay time and decay angles (cos 0, cos 0,,, ¢;,) in
the helicity basis, as described in Ref. [13], is performed for
the 48 independent subsamples, to determine the physics
parameters. These parameters are ¢,; |A]; I’y — I'y; ATy; the
BY mass difference Am,; and the polarization amplitudes
Ay = |Ayle=, where the indices k € {0, |, L, S} refer to
the different polarization states of the KK~ system. The
sum |A| | + [Ag|* + |A | |* equals unity, and §, is zero, by
convention. The parameter A is defined as 17;(q/ p)(Ac/Ay),
where p = (BY|B;) and ¢ = (BY|By) describe the relation
between mass and flavor eigenstates and #; is the CP
eigenvalue of the polarization state k.

The probability density function (PDF) for the signal in
each subsample accounts for the decay-time resolution, the
decay-time and angular efficiencies, and the flavor tagging.
It considers P- and S-wave components of the kaon pair
from ¢(1020) and f((980) decays, while the D-wave
component is neglected [15,33]. The interference of P
and S waves includes an effective coupling factor Cgp,
determined in each m(K*K™) bin through integration of
the mass line shape interference term. The line shape of the
¢(1020) resonance [15,33] is modeled as a relativistic
Breit-Wigner distribution, while the f,(980) resonance is
modeled as a Flatté amplitude with parameters from
Ref. [34]. The effect of mass resolution is also accounted
for. The computed values of Cgp are 0.8458 + 0.0018,
0.8673 £0.0004, 0.8127 £0.0012, 0.8558 = 0.0010,
0.9359 4 0.0004, and 0.9735 £ 0.0001 from the lowest
to the highest m (K™ K~) bin. The value of I'; is fixed to its
world average [35]. All physics parameters are left uncon-
strained in the fit and are shared across the subsamples,
except for the S-wave fraction and the phase difference
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0s — 6, which are independent parameters for each
m(K*TK™) bin.

The experimental decay-time resolution is accounted for
by convolving the signal PDF with a Gaussian resolution
function with the per-candidate decay-time uncertainty as
the width. The per-candidate decay-time uncertainty is
calibrated to represent the effective resolution, which is
determined from a control sample of promptly decaying
J/w candidates combined with two kaons selected sim-
ilarly as the signal except for the decay time and flight
distance requirements. The candidates with negative recon-
structed decay times, arising from purely detector reso-
lution effects, are used for the calibration. The possible
contamination from nonprompt decays is estimated to be
around 1%-2% and has a negligible effect on the calibra-
tion model. The average resolution for the signal candidates
is determined to be around 42 fs.

The prompt sample used in the decay-time resolution
calibration has a nonzero mean decay time due to residual
detector misalignment. This bias, which depends on the
kinematics, is corrected for in the analysis. In the mis-
aligned simulated samples, a small bias remains after the
correction and is assigned as a systematic uncertainty.

The reconstruction and selection produce a nonuniform
efficiency as a function of the decay time and angles of the
BY decays. The angular and decay-time efficiencies are
assumed to factorize and are evaluated separately for
different years of data taking and for the two trigger
categories. The three-dimensional angular efficiency cor-
rection is introduced through normalization weights in the
PDF describing the signal decays in the time-dependent
angular fit. The efficiency is determined from simulated
signal events subjected to the same selection criteria as
data. The simulated sample is corrected by an iterative
procedure using data [13].

The decay-time efficiency is determined using a
data-driven method with a reference channel B’ —
J/wK*(— K*z~) that is topologically similar to the
signal channel. The decay-time efficiency is modeled by
a cubic spline function, determined from the decay-time
distribution of selected candidates divided by the expected
distribution for the case of perfect acceptance. The latter is
modeled by an exponential distribution with the B lifetime
[20], convolved with a Gaussian resolution function with a
width of 42 fs. Simulated B® and BY events are used to
determine and apply corrections at the level of 3% to
account for kinematic differences between B° and BY
decays. The background-subtracted B® — J/wK*° candi-
dates are selected using the same strategy as in Ref. [13],
with an additional requirement on the helicity angle
cosfy <0, to avoid a large difference between signal
and control samples, since pions with cosfx > 0 tend to
have extremely low momenta. The decay-time efficiency is
validated by replacing B? samples with B* and B? samples

TABLE I. Main physics parameters of interest, where the first
uncertainty is statistical and the second systematic.

Parameter Values

¢, [rad] -0.039 +0.022 +0.006
|4] 1.001 +0.011 £0.005
I, —Typs™'] —0.0056 jg_'ggl‘; +0.0014
AT [ps™!] 0.0845 +0.0044 +0.0024
Amg[psT!] 17.743 £0.033 +0.009
|A ] 0.2463 +0.0023 +0.0024
|Ao? 0.5179 +0.0017 +0.0032
8, — by [rad] 2.903 f8;8772 +0.048
o) — 9y [rad] 3.146 +0.061 £0.052

where the decay widths are measured to be consistent with
their corresponding world averages [20].

The flavor of the BY meson at production is inferred
using two independent classes of flavor-tagging algorithms,
the opposite-side (OS) tagger [36] and same-side (SS)
tagger [37], which exploit specific accompanying B meson
decays and signal fragmentation information, respectively.
Each method yields a tagging decision Q, with an estimated
mistag probability «, for each B meson, where Q = +1,
—1, or 0, if the meson is classified as BY, BY, or untagged,
respectively. To obtain the correct mistag probability ,
each algorithm is calibrated using a linear function follow-
ing the same strategy as Ref. [13]. The calibration of the OS
mistag probability uses BT — J/wK™ decays, for which
the value of w in an interval of x can be obtained from the
number of correct and wrong decisions. The calibration of
the SS mistag probability uses flavor-specific BY — D;z™"
decays, for which the value of @ in an interval of « is
estimated by fitting the decay-time distribution. The decay-
time acceptance is modeled with a cubic spline [38]. The
effective tagging power is given by the product of the
tagging efficiency (e.,,) and the wrong-tag dilution squared,
€ug X (1 —2w)?. The combined tagging powers of the OS
and SS taggers are (4.18 £0.15)%, (4.22 £0.16)%, and
(4.36 £ 0.16)% for 2015-2016, 2017, and 2018, respec-
tively, where the statistical and systematic uncertainties are
combined. A novel inclusive flavor-tagging algorithm [39],
which uses track information from the full event, is applied
as an alternative method to cross-check the OS and SS
combined method and provides compatible results for ¢,
with similar precision.

The results of the simultaneous maximum likelihood fit
to the 48 independent data samples for the nine main
physics parameters of interest are given in Table I. The
statistical uncertainties are computed using the profile-
likelihood method and cross-checked with the bootstrap-
ping technique [40,41]. The background-subtracted data
distributions with fit projections are shown in Fig. 2. The
results are in good agreement with the LHCb Run 1 and
2015-2016 measurements [12—14]. As a cross-check, the
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FIG. 2. Decay-time and decay-angle distributions for background-subtracted BY — J/wK*K~ decays with the one-dimensional
projections of the PDF at the maximum-likelihood point. The data and fit projections for the different samples considered [data-taking
year, trigger and tagging categories, m(K"K~) bins] are combined.

analysis is performed on the 2015-2016 data subsample,
and the results are consistent with the previous Run 2
measurement [13]. The measurements of ¢,, AI, and
I'y —T'; are the most precise to date and agree with the
SM expectations [2,42-44]. No CP violation in BY —
J/wK* K~ decays is found. The value of Am, agrees with
the world average [20]. The amplitudes of the S-wave
component are determined in the same fit and summarized
in Supplemental Material [45]. Removing the assumption
that the CP-violating parameters |1| and ¢, are the same for
all polarization states shows no evidence for any polariza-
tion dependence, and the corresponding results are sum-
marized in Table II.

The total systematic uncertainties shown in Table I are the
quadrature sum of different contributions, described in the
following and summarized in Supplemental Material [45].
The tagging parameters are constrained in the fit, and,
therefore, their associated systematic uncertainties contrib-
ute to the statistical uncertainty of each physics parameter.
This contribution is 0.0025 rad to ¢, and 0.0015 ps~! to
Amy and is negligible for all other parameters.

The systematic uncertainties related to the mass fit model
are estimated by changing the calibration model of the per-
candidate mass uncertainty, varying the estimation of
misidentified Ag and mass resolution parameters independ-
ently. The signal weights are recomputed by varying the fit

parameters within their statistical uncertainties. Since the
sPlot method implicitly relies on factorization of the
discriminating variable, m(J/wK"K~), and the rest of
the observables, a systematic uncertainty is assigned for the
small correlation between the m(J/wK*K™) distribution
and the decay time and angles by reevaluating the signal
weights in bins of decay time and angles. The effect of
ignoring the contribution of B} — BYX candidates is
evaluated with pseudoexperiments by adding about 2%
[46-48] of Bf — BY(— J/w¢)X simulated candidates,
estimated from the branching fraction and efficiencies.

TABLEII. Measured observables in the polarization-dependent
fit. The uncertainties are statistical only.

Parameters Values
#? [rad] -0.034 £+ 0.023
\J — ¢° [rad] —0.002 £ 0.021

di — 0 [rad] —0.00170.920
¢S — ¢? [rad] 0.022700%¢
129 0.96970 03

|All/29] 09827005
lj_/l() 1. 107ir0.082
IAS//10|| 1121700

. —-0.078
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The B component causes biases in 'y and AT, at the level
of about 0.0015 ps~'. These are corrected for in the final fit
taking into account the systematic uncertainty on the bias,
while minor differences in other parameters are taken as
systematic uncertainties. The effect of neglecting a possible
D-wave K™K~ component is conservatively estimated with
pseudoexperiments that contain twice the size of the
expected D-wave contribution from Ref. [33].

The effect due to imperfect removal of ghost tracks [49]
reconstructed with noisy hits is evaluated according to
simulation and considered among the systematic uncer-
tainties. Around 1.4% of the selected events have multiple
candidates; the effect of such cases is considered in
systematic uncertainties by choosing one candidate ran-
domly and repeating the fit. Systematic uncertainties are
assigned due to the limited size of the PID calibration
samples. Different models of the S-wave line shape based
on the results in Ref. [34] are used to evaluate the Cgp
factors and assign systematic uncertainties.

A systematic uncertainty for the translation of the decay-
time resolution calibration from the control sample to
signal is derived using simulation. A minor systematic
uncertainty due to non-Gaussian effects in the decay-time
resolution is assigned. Systematic uncertainties accounting
for the limited sizes of the calibration sample for the decay-
time resolution and the simulated samples for the angular
efficiencies are estimated by varying the calibration param-
eters and efficiencies according to the statistical covariance
matrices. The effect of ignoring the angular resolutions in
the fit is estimated by performing separate fits to the
generated and reconstructed angular variables from simu-
lation, and the differences are taken as systematic uncer-
tainties. The effect of the specific configuration of the
gradient-boosted tree method applied to correct the kin-
ematics of simulation in the time and angular efficiency is
estimated by applying 100 alternative configurations.

The longitudinal scale of the vertex detector has a
relative uncertainty of 0.022% [50,51], and a systematic
uncertainty is assigned by scaling the track parameters with
this uncertainty. The systematic uncertainty associated with
the track momentum scale calibration is estimated by
varying all track momenta by 0.03% [52]. Possible biases
in the fitting procedure and effects of neglecting correla-
tions between the decay-angle and decay-time efficiencies
are studied using pseudoexperiments. The results are found
to be stable when repeating the analysis on subsets of the
data, split by the two LHCb magnet polarities, trigger
conditions, year of data taking, number of reconstructed
primary vertices, bins of BY ps, 5, or tagging categories.

In conclusion, the CP-violation and decay-width param-
eters in the decay BY — J/wK* K~ are measured using the
full Run 2 dataset collected by the LHCb experiment. The
results are ¢, =—0.0394+0.022+0.006rad, |A] = 1.001+
0.011 £ 0.005, T, —T,; = —0.0056"050!3 +0.0014 ps~!,
and AT, = 0.0845 % 0.0044 4 0.0024 ps~!, superseding

the previous Run 2 LHCb measurement in the same decay
[13]. No evidence for CP violation is found in the B —
J/w(utpu™)KTK~ decay. The results are consistent with
the previous measurements in BY — J/y(utpu~)KtK~
[12,13] and BY — J/w(e*e™)K*K~ [14] decays and the
combination with which yields ¢, = —0.044 £ 0.020 rad
and |A| = 0.990 &+ 0.010. A combination of all LHCb ¢,
measurements in BY decays via b — cés transitions
[12,14-16,18,19], BY — J/w(u"u")K*K~ above the
¢(1020) resonance, B — DiD{, B —» J/yntn~, B —
w(2S)K*K~, and BY — J/wK* K", yields ¢, = —0.031+
0.018 rad. The full fit results and correlations are provided
in Supplemental Material [45]. This is the most precise
measurement of the CP-violating phase ¢, to date and is
consistent with SM predictions [2,42].
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