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Abstract

A measurement of direct CP violation in the decay Bt — KTV is reported using a
data sample corresponding to an integrated luminosity of 5.4 fb~1, collected with the
LHCb experiment at a center-of-mass energy of \/s = 13 TeV. The CP asymmetry is
measured to be 0.025 + 0.015 + 0.006 4= 0.003, where the uncertainties are statistical,
systematic, and due to an external input, respectively. This is the most precise
measurement of the CP asymmetry in the decay BT — K7 and exceeds the
precision on the current world average. This direct CP asymmetry is a key input to
studies of a long-standing anomaly in B meson decays, known as the K m-puzzle. The
asymmetry is consistent with the previous measurements of this quantity, confirming
and significantly enhancing the observed anomalous difference between the direct
CP asymmetries of the B — K*7~ and BT — K70 decays.
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Rare decays of heavy flavored hadrons that primarily proceed through loop-level
transitions are powerful probes of the effects of new physics (NP) beyond the Standard
Model (SM). The family of B— K= decays is dominated by hadronic loop amplitudes
in the SM, but include contributions from suppressed tree-level processes, as well as
electroweak loop-level processes through which NP may affect the decay [1-4]. Studies of
the decay BY — K "7~ at the B-factory experiments led to the first observation of direct
CP violating asymmetries in the B system [5,6] resulting from the interference of two decay
amplitudes where both the relative strong and weak phases are nonzero. The observed
asymmetries in these modes are a result of the interference between tree- and loop-level
amplitudes. Further studies at the B-factory and Tevatron experiments, and at LHCb have
provided measurements of the branching fractions and CP asymmetries of the complete
set of B — K7 decays: B® — K*r~ [7H10], Bt — K=" [8,]11], B® — K°x° [12,|13]
and BT — K% [8,/14.[15], where the inclusion of charge-conjugated processes is implied
throughout this Letter, except where asymmetries are discussed. The amplitudes in the
SM are expected to obey relations imposed by isospin symmetry |1-4},16-21]. However,
measurements have revealed inconsistencies with this expectation. The largest observed
discrepancy is between the measured direct CP asymmetries of the decays BY— K m~
and BT — K7 The difference between Acp(BY — KT7~) = —0.084 4+ 0.004 and
Acp(BT — K*Tr%) = 0.040 4 0.021 is nonzero at 5.5 standard deviations (o), whereas
equal asymmetries are expected based on isospin arguments. A more accurate examination
of this anomaly, known as the K7 puzzle, is through the sum rule
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(1)
proposed in Ref. [19], where Acp(K7) and B(K7) are the CP asymmetries and the
branching fractions of the B — K7 decays and 7y /7, is the ratio of the B® and BT lifetimes.
This sum rule predicts a nonzero direct asymmetry of Acp(B® — K7%) = —0.150 +0.032
using current world averages for the other quantities [22]. The current measurement of this
quantity is 0.01 4+ 0.10 [22]. The K7 puzzle has been the subject of significant theoretical
attention, which includes more complete examination of the SM predictions as well as
potential NP sources of the discrepancies |1H41|16,|18-21].
This Letter presents a measurement of direct CP asymmetry in the decay B* — K",
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where T'(B* — K*70) refers to the rate of B*¥ — K*7% decays, using data recorded with
the LHCDb detector at the CERN Large Hadron Collider. The data sample corresponds to
an integrated luminosity of 5.4fb~" collected at a center-of-mass energy of 13 TeV between
2016 and 2018.

The LHCDb detector [23,24] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < n < 5. 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 momentum,
p, of charged particles with a relative uncertainty that varies from 0.5% at low momentum
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to 1.0% at 200 GeV/c. The minimum distance of a track to a primary pp collision vertex
(PV), the impact parameter (IP), is measured with a resolution of (15 + 29/pr) wm,
where pr is the component of p transverse to the beam, in GeV/c. Different types of
charged hadrons are distinguished using information from two ring-imaging Cherenkov
detectors (RICH). Photons, electrons and hadrons are identified by a calorimeter system
consisting of scintillating pad and preshower detectors, an electromagnetic and a hadronic
calorimeter. Charged and neutral clusters in the electromagnetic calorimeter (ECAL)
are separated by extrapolating the tracks reconstructed by the tracking system to the
calorimeter plane, while photons and neutral pions are distinguished by cluster shape and
energy distributions.

Simulated events are used to model the effects of the detector acceptance and the
imposed selection requirements. In the simulation, pp collisions are generated using
PyTHIA [25] with a specific LHCDb configuration [26]. Decays of unstable particles are
described by EVTGEN [27], in which final-state radiation is generated using PHOTOS [28].
The interaction of the generated particles with the detector and its response are imple-
mented using the GEANT4 toolkit [29] as described in Ref. [30].

The decay topology BT — h™n®, where h™ is a charged hadron, presents a unique
challenge in the proton-proton collision environment of the LHC. These decays comprise a
single charged track and lack a reconstructible displaced vertex, a signature typically used
to identify the decays of b hadrons. The candidate selection for BT — K*7° candidates
instead relies on identifying a charged kaon that is inconsistent with originating from
any PV but consistent with originating from the B-meson trajectory. That trajectory is
determined by adding the momenta of the K+ and 7° candidates, where the 7° momentum
is defined as pointing from the LHCb interaction point to the coordinate of the energy
deposited by the 7¥ candidate in the calorimeter.

The LHCD trigger system [31] consists of a hardware stage, based on information from
the calorimeter and muon systems, followed by a software stage, in which a full event
reconstruction is applied. Events are required to pass a hardware trigger that selects a
neutral pion or photon with a high transverse energy based on energy deposits in the
calorimeter. Because of the limited ECAL position resolution a significant fraction of
high pr 7 — 7y decays have their photons merged into a single cluster. Only this
79 category is used in this analysis, as neutral pions with the photons resolved suffer
from a large background of randomly combined clusters. Further selection relies on a
dedicated software trigger developed for this analysis [32]. A BT — K7 candidate is
formed by adding the four-momenta of the neutral pion and a charged track identified
as a kaon using information from the RICH detectors. The charged kaon is required to
have p > 12GeV/c, pr > 1.2GeV/e, and a significant TP with respect to any PV. The
neutral pion is required to have pr > 3.5 GeV/c and the scalar sum of the K and 7° pr
must exceed 6.5 GeV/c. The BT candidate is required to have a K™7° invariant mass
in the range 4 < m(K*7%) < 6.2GeV/c?, and pr > 5 GeV/c. Finally, the BT candidate
trajectory is obtained by fixing its momentum vector to the PV with the smallest kaon
IP. The significance of the distance of closest approach between the K candidate and
this trajectory is denoted as DOCA-y2. In order to identify K candidates consistent
with production via B-meson decay, the DOCA-y? is required to be small. In the offline
reconstruction, a stricter set of particle identification requirements are applied to the K™
candidates.

Further candidate selection is based on variables characterizing how well isolated a



candidate is from other tracks in the event. Vertex-isolation variables are calculated by
combining each track in the event with the K candidate individually to form a two-track
secondary vertex. Three related variables are calculated: the smallest y? of the vertex fit
between the K+ and any other track, the smallest change in x? when one more track is
added to that vertex, and the multiplicity of vertices having small x2. The isolation of
the candidate is also measured with the pr asymmetry

Prg — Pr
A pT — B cone 7 3
( ) pTB + pTcone ( )

comparing the transverse momentum of the BT candidate (pr,) to a scalar sum of
additional charged particles nearby (pr,,..). Particles are considered in a cone around the
reconstructed B trajectory with a radius in the n—¢ plane of AR = \/ (A¢)? + (An)? =
1.7, where A¢ is the difference in radians between the azimuthal angles of the momentum
of the reconstructed B candidate and the track, and An is the difference between their
pseudorapidities. To ensure that the simulated distributions of these variables for the
signal decays are consistent with data, candidate weights are generated from the ratios
of these distributions between simulated B° — K+~ decays and a control sample of
B° — K+~ candidates selected in the same data set. A gradient boosted reweighter
(GBR) [33] technique is used to determine the weights, which are subsequently applied to
the BT — KnY simulations.

The final candidate selection is performed using boosted decision tree (BDT) classifiers
with the isolation variables, the DOCA-y2, the smallest change in x? of the PV when
including the K track in the vertex fit, the pr of the BT and the Kt candidates, and
the momentum of the 7° candidate as inputs. These variables are chosen to provide
discriminatory power between signal and background without biasing the m(K*7?)
distribution.

Two pairs of BDTs are trained and tested using data to represent background
and simulated Bt — K79 decays, corrected as described above, to represent sig-
nal. One pair of BDTs is trained on background data with candidate invariant mass
m(KTr%) < 4860 MeV/c?, which is dominated by partially reconstructed b-hadron decays.
Another pair of BDTs is trained on background data with m(K*7%) > 5700 MeV/c?, which
are primarily random K 7% combinations (combinatorial background). In each of these
categories, the data sample is split randomly, a BDT classifier is trained and tested on
each half, and then used to assign a score to the candidates in the other half [34,135]. This
avoids biases due to artifacts in the training samples, while taking advantage of the full
set of data available. The optimal requirements on the classifier response variables are
found for the data set by maximizing €/ VN, where ¢ is the signal selection efficiency,
evaluated on simulated events, and N is the total number of candidates observed in a
region of approximately 3 times the observed BT — K *7° resolution around the expected
BT mass.

Kaon candidates with pp > 17 GeV/c or p > 250 GeV/¢ are removed from the sample
after BDT selection because of insufficient coverage in the BT — J/A) K™ control sample
described below. They account for only 3% of the candidates after final selection.

The m(K*7%) distribution of the selected BT — K 7" candidates, separated by the
charge of the B meson, is shown in Fig. [1| along with the results of a fit to the data. In
the fit, the signal is modeled by the sum of a Crystal Ball function [36] and a Gaussian
function with an exponential tail describing the high-mass region. The Crystal Ball and




the Gaussian functions share a common mean and width that varies freely in the fit,
and their tail shape parameters are fixed from simulation. Combinatorial background is
modeled by an exponential function, with the exponent parameter allowed to vary freely
in the fit. The tail of a Gaussian function is used to model the partially reconstructed
background in the low-mass region, with mean and width allowed to vary freely in the fit.
The rate of 7+ — KT misidentification is measured in D° — K7 decays as a function
of pion momentum and pseudorapidity, with the same particle identification requirements
as signal events [37]. The contribution of the misidentified BT — 7"7° background is
inferred from its branching fraction [38] and the misidentification rate to be 2.4% of the
Bt — K*7% yield. The BT — 77 7% background component is modeled by a Gaussian
with mean and resolution fixed to values determined from simulated events and a yield
fixed to the expectation. There is assumed to be no asymmetry in this background.

An additional class of background candidates arises from decays such as
BT - (K** - K*n%7% BY —» (K** - K*77)7° and B — K™ (p~ — 7~ 7°) where a
pion from the K* or p~ decay is not reconstructed. The polarization of the K* or p~
meson results in a double peaked m(KT7%) distribution, where the higher-mass peak
is close to the expected B mass. This type of background is modeled with a parabolic
function convolved with a Gaussian resolution function following the method described in
Ref. [39]. The width of the resolution function is fixed to that of the signal resolution and
the end points are fixed to the kinematic end points, allowing for a shift between the fitted
and the known BT masses [38]. The lower-mass peak contributes below the m(Kt7?)
range considered, and so its relative height is fixed to a value determined from simulation.

Other background sources include: BT — (K** — KT7%)y decays where the v is
misidentified as a 7°; BT — (f°(980) — 7%7%) K decays where one 7° is not reconstructed;
and B® — (D° — K*r)n% B — (Kz(1430) — K7 )7 and B? — K*n%7~ decays
where the 7~ is not reconstructed. Simulation studies have shown that these background
contributions either have m(K™7°) distributions indistinguishable from the partially
reconstructed samples described by a Gaussian tail, or in the case of B? — K77~ has
a branching fraction too small to give an observable contribution.

The data are fitted separately in four categories. In order to reduce uncertainties
due to non-uniformity of the detector, candidates are separated according to whether
the LHCb dipole magnetic field is aligned vertically upward (Magnet Up) or downward
(Magnet Down) in the experiment. Candidates are further separated by B-meson charge
in order to measure the CP asymmetry. The yield and asymmetry of each fit component
are allowed to vary freely while the shape parameters are the same for the B and B~
candidates. The total yield of B¥ — K*7¥ decays is measured to be 8310 £ 255 in the
Magnet Up data set and 8373 £ 253 in the Magnet Down data set. The raw asymmetry,
Aaw, between the B~ and BT signal yields is found to be 0.019 #+ 0.021 for Magnet Down
and 0.005+0.022 for Magnet Up. The results are consistent when candidates are separated
by data-taking year as well as when shape parameters are allowed to vary independently
for all four data categories.

As the measured asymmetry receives contributions from a number of nuisance asym-
metries, the CP asymmetry can be expressed as

Acp(BT — K*71%) = A (BT — K*7%) — AB

prod.

- A({l(et,? (4)

where A, is the production asymmetry of B* mesons and Af, is the combined
asymmetry in detection, triggering, and reconstruction of K* mesons. These effects must
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Figure 1: Invariant-mass distribution of the selected candidates with fit projections overlayed.
The data set is divided by the charge of the B meson, with B¥ — K 7% shown on the left and
B~ — K70 on the right.

be corrected for in order to extract Acp from A,,,,. The combined effect of the nuisance
asymmetries is measured with a control sample of Bt — (J/¢ — ptpu~)K™ decays, using
the same data sample as the signal channel.

In the hardware trigger, events with a BT — (J/ib — p*p~) K™ decay are required
to trigger on particles other than the kaon, in order to avoid introducing additional
trigger asymmetries. At the software stage the event must trigger on the kaon in the
same manner as signal events. The offline selection requires that the B-meson lifetime be
greater than 0.1 ps and that the kaon and muons have a significant IP with respect to all
PVs. Additional requirements on the momentum of the kaon and B candidates as well as
kaon particle identification are imposed to match the signal selection. The momentum
distributions of the Bt and KT candidates are weighted to match those of the signal
candidates using the GBR technique [33], as the production and detection asymmetries
may depend on kinematics of the decay.

The raw asymmetry in the BT — J/) K™ signal yields is determined via an unbinned
maximum-likelihood fit in which the invariant-mass distribution of the BT — JApK+
candidates is modeled by the sum of two Gaussian functions sharing a common mean,
while the combinatorial background is modeled by an exponential distribution. The total
yield of BT — JW K™ decays is measured to be 372874 + 776 for Magnet Down and
306821 £ 699 for Magnet Up data samples with a purity of approximately 99%. The raw
asymmetry is found to be —0.009 4+ 0.002 for Magnet Up, and —0.012 4 0.002 for Magnet
Down samples. The CP asymmetry for the decay BT — (J/ip — puTp~)K™ is taken to be
Acp(BT — JApK™T) = 0.002 £ 0.003 from Ref. [3§]. After subtracting Acp, the remaining
asymmetry is attributed to the combination of production, detection, reconstruction, and

triggering effects, which can then be determined from
AS L+ AR = A (BT — JWKT) — Acp(BT — JKT). (5)

prod.

This estimate of the nuisance asymmetry is then used in Eq. 4| to determine Acp(B*T —

bt



Table 1: Systematic uncertainties on Acp(B+— K*70).

Systematic Value (x1073)
Signal modeling shape 4.3
Combinatorial background shape 1.3
Partial reco. background shape 1.3
Peaking partial reco. background shape 1.2
Peaking partial reco. background offset 1.3
Peaking partial reco. background resolution 1.4
Bt — 770 yield 1.3
Bt — 7770 OP asymmetry 1.5
Multiple candidates 1.3
Production/detection asymmetry stat. 2.1
Production/detection asymmetry weights 0.5
Sum in quadrature 6.1

K*70). This is done separately for the Magnet Up and Magnet Down data. By averaging
the Magnet Up and Magnet Down results, the direct CP asymmetry is determined to be
Acp(BT— K*7%) = 0.025 £ 0.015, where the uncertainty is statistical only.

To assess the systematic uncertainty due to mismodeling of the signal and background
line shapes, pseudoexperiments are generated for variations of the m(K ) fit model.
The leading source of systematic uncertainty is from modeling the signal component
in the fit. This uncertainty is assessed by replacing the default model with a single
Gaussian distribution. Systematic uncertainties are assessed for numerous fit variations:
replacing the exponential distribution for the combinatorial background with a linear
function, individually replacing each low-mass background model with an Argus function,
allowing the position and resolution of the peaking low-mass background to vary freely
and independently of the signal distribution, and varying the yield and asymmetry of
Bt — 7t7° background. Pseudoexperiments are also generated to assess the systematic
uncertainty due to including events with multiple candidates in the base analysis.

The statistical uncertainty on the determination of the raw BT — J/i) K™+ asymmetry
is also considered as a systematic uncertainty, and is the subdominant source of systematic
uncertainty. Additionally, the difference between the nuisance asymmetries with and
without applying the GBR weights is taken to be a systematic uncertainty. The estimated
values for all systematic uncertainties are shown in Table [I| where the common value
of 0.0013 is from the statistical uncertainty of the pseudoexperiments generated. The
Acp(BT — JRK™) precision of 0.003 is considered separately as an external-input
uncertainty.

In conclusion, the direct CP asymmetry of the decay BT — K*7" has been measured
with the LHCb detector using a data sample corresponding to a luminosity of 5.4 fb~'. Tt
is found to be

Acp(BT— K% = 0.025 £ 0.015 4 0.006 + 0.003,

where the first uncertainty is statistical, the second is systematic and the third due to
external inputs, exceeding the precision of the current world average [22]. This result
is consistent with the world average and consistent with zero at approximately 1.50.



The CP asymmetry difference, AAcp(K7) = Acp(BT— KT7%) — Acp(B°— K'n7), is
found to be 0.108 £ 0.017, where Acp(B— K*77) is taken from Ref. [22]!. Including
the result presented in this Letter, the new world average of Acp(BT— KTnY) is found
to be 0.031 £ 0.013. This corresponds to AAcp(K7) = 0.115 £ 0.014, which is nonzero
with a significance of more than 8 standard deviations, substantially enhanced over the
results prior to this measurement. The updated sum rule prediction for Acp(B® — K°7Y),
shown in Eq.[l], is found to be —0.138 4 0.025, departing from zero with a significance of
approximately 5.5 .
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