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Abstract

A time-dependent analysis of the BY — ¢ decay rate is performed to determine
the C P-violating observables Sy, and Cy,, and the mixing-induced observable Aﬁv'
The measurement is based on a sample of pp collision data recorded with the LHCb
detector, corresponding to an integrated luminosity of 3 fb~! at center-of-mass
energies of 7 and 8 TeV. The measured values are

Sgy = 0.4340.30 + 0.11,
Cyy = 0.1140.29 £ 0.11,
AS, = —0.67T04 £0.17,

where the first uncertainty is statistical and the second systematic. This is the first
measurement of the observables S and C in radiative BY decays. The results are
consistent with the Standard Model predictions.
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In the Standard Model (SM) of particle physics, the b — s transition proceeds via loop
Feynman diagrams. The small size of the SM amplitude makes such process sensitive to the
contribution of possible new particles. The emitted photons are produced predominantly
with left-handed helicity in the SM due to parity violation in the weak interaction, with a
small relative right-handed component proportional to the ratio of s- to b-quark masses.
In many extensions of the SM, the right-handed component can be enhanced, leading to
observable effects in mixing-induced CP asymmetries and time-dependent decay rates
of radiative B® and BY decays [113]. Current measurements sensitive to right-handed
contributions [4-9] are in agreement with SM predictions [10].

The rate P(t) at which B? or B? mesons decay to a common final state that contains
a photon, such as ¢y (where ¢ refers to ¢(1020)), depends on the decay time ¢ as [3]

P(t) < e "*'{ cosh (ALt/2) — A® sinh (AT,t/2) )

+ ¢ C cos (Amyt) — ¢ Ssin (Amyt) }, M)
where AT’y and Am, are the width and mass differences between the B? mass eigenstates,
defined positively, I', is the mean decay width between such eigenstates, and ( takes the
value of +1 (—1) for an initial B? (B?) state. The coefficients A® and S are sensitive to
the photon helicity amplitudes and weak phases, while C' is related to CP violation in
the decay. The SM predictions for the three coefficients in the B — ¢y decay are close
to zero [3]. The LHCb collaboration has previously measured AciAw = —0.98 7035 023 [9]
from a time-dependent flavour-untagged analysis, which is compatible with the SM within
two standard deviations.

This Letter reports the first measurement of the CP-violating observables S and
C from a radiative B? decay, determined from the time-dependent rate of BY — ¢y
decays in which the ¢ meson decays to a K™K~ pair. An update of the Afw coefficient
measurement is also provided. Results are based on data collected with the LHCb detector
in pp collisions at center-of-mass energies of 7 and 8 TeV during the years 2011 and 2012,
respectively, corresponding to an integrated luminosity of 3fb™'. Compared to Ref. [9],
the current analysis benefits from a 20% higher event selection efficiency, a reoptimized
calorimeter reconstruction and a new photon identification algorithm. Flavor-tagging
algorithms are applied to determine the initial flavor of the BY or B? meson, which
is essential to measure the S and C observables, whereas flavor-untagged decays still
contribute to the measurement of A”. The background is subtracted from a fit to the
mass distribution of the BY candidates. A sample of untagged B® — K*%y decays (where
K* refers to K*°(892)), reconstructed in the flavor-specific K** — K7~ final state, is
used to control the decay-time-dependent efficiency, since its lifetime is well measured.
Throughout this Letter, the inclusion of charge-conjugated processes is implied.

The LHCD detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < n < 5, described in detail in Refs. [11,]12]. It 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. Different types of charged hadrons are distinguished
using information from two ring-imaging Cherenkov detectors. Photons, electrons and
hadrons are identified by a calorimeter system consisting of scintillating-pad and preshower
detectors, an electromagnetic and a hadronic calorimeter.



The online event selection is performed by a trigger system, which consists of a
hardware stage, based on information from the calorimeter and muon systems, followed
by a software stage, which applies a full event reconstruction. Two trigger selections are
defined, with different photon and track momentum thresholds. Samples of simulated
events, produced with the software described in Refs. |13H18], are used to characterize
signal and background contributions. The signal sample is generated with the three
coeflicients AdAw’ Cyy and Sy, set to zero.

Candidate B? — ¢y decays are reconstructed from a photon candidate and two
oppositely charged particles identified as kaons. The selection is designed to maximize
the significance S/v/S + B of the signal yield. Photons are reconstructed from energy
deposits in the electromagnetic calorimeter and required to have a momentum transverse
to the beam axis, pr, larger than 3.0 or 4.2 GeV/c, depending on the trigger selection.
Background due to photons from 7° decays is rejected by a dedicated algorithm [19].
The kaon candidates are required to have p > 1.0 GeV/c and pt > 0.3 GeV/¢, where p is
the total momentum, and at least one of them must fulfill p > 10 GeV/c and pr > 1.2
or 1.8 GeV/c, depending on the trigger selection. Kaon candidates are required to be
inconsistent with originating from a primary pp interaction vertex, and must form a
common vertex of good quality. The KK~ system must have an invariant mass within
15 MeV/c? of the known ¢ mass [20]. The BY candidate must be consistent with originating
from only one pp interaction vertex, and only candidates with decay times between 0.3
and 10 ps are retained. In addition, the cosine of the helicity angle (0 ), defined as the
angle between the momenta of the positively charged kaon and that of the B? meson in
the rest frame of the ¢ meson, is required to be less than 0.8 in absolute value. This
requirement helps to suppress the 7° and combinatorial backgrounds, which are expected
to be distributed as cos? fy and a uniform distribution, respectively, as opposed to the
sin? @ distribution expected for the signal. The B® — K*%v decay, with K** — K+7—,
is selected with almost identical requirements. A pion is required instead of a kaon, and
the invariant mass of the K7~ system must be within 100 MeV/c? of the known K*°
mass [20].

The signal yields are 5110 4 90 for B — ¢y decays and 33860 + 250 for B® — K*0y
decays, where the uncertainties are statistical only. They are obtained from separate
extended unbinned maximum-likelihood fits to the BY — ¢y and B® — K*%y reconstructed
mass distributions in the ranges 5000-6000 MeV/c? and 4600-6000 MeV/c?, respectively.
The mass fits are shown in Fig. [l The results are used to assign weights to the candidates
in the data samples in order to subtract the backgrounds [21]. The signal line shapes
are described by modified Crystal Ball functions [22], consisting of a Gaussian core with
power-law tails on both sides of the peak. The mean and width of the Gaussian core are
obtained from data, while the tail parameters are determined from simulation. Three
background categories are considered: combinatorial, peaking, and partially reconstructed.
The combinatorial background, modeled by a linear function, is produced by the wrong
association of a random photon with two hadrons mostly coming from real ¢ and K*°
resonances. The peaking backgrounds originate from other b-hadron decays with a
reconstructed mass falling under the signal peak, due to the misidentification of one or
several final-state particles. All possible combinations of misidentified hadrons, or the
misidentification of a 7 meson as a photon, are considered for the signal and control
decay channels. For the B? — ¢y decay channel, the relevant contributions are B? — ¢mr°
and AY — (pK )7, where pK~ comes from A(1520) and further baryon resonances. For
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Figure 1: Fits to the mass distributions of the (left) BY — ¢~ and (right) BY — K*Y7 candidates.

the B® — K*%y decay channel, the B® — K*%7% and AY — (pK ™)y decays are taken into
account. Each peaking background is modeled with a Crystal Ball function. The shape
parameters are determined from simulation, except for the width of the Gaussian core,
which is multiplied by a factor to account for the difference in resolution between data
and simulation. The yield ratios of peaking backgrounds to signal are calculated using
simulation samples and taking the branching ratios from experimental measurements [6},9)].
They are determined to be below 2% in all cases. Partially reconstructed backgrounds
originate from other b-hadron decays in which one or several final-state particles are
not reconstructed. This contribution is negligible in B? — ¢y decays, while for the
B? — K*%y mode the dominant contributions are: decays of the type B — Kmmy with a
missing pion, decays of the type B — K77°X (mainly from BT — D%p* decays) with
one or several missing hadrons, and BY — K*%5(+v) decays with a missing photon. They
are described by an ARGUS function [23] convolved with a Gaussian function to account
for the detector resolution, with the shape parameters determined from simulation.

Flavor-tagging algorithms are applied to identify the initial flavor of the B? meson.
They provide a tag decision ¢, which takes the value 41 if the signal was originally a
BY meson, —1 if it was a BY meson, and zero if no decision is given. The algorithms
also provide an estimate 1 of the probability for the tag decision to be incorrect (mistag
probability). Two classes of flavor-tagging algorithms are used: same-side (SS) [24]
and opposite-side (OS) taggers [25]. The SS tagger determines the flavor of the signal
candidate by identifying the charge of the kaon produced together with the B? meson
in the fragmentation process, and is based on a neural network algorithm [24]. The OS
taggers rely on the pair production of b hadrons in pp collisions and examine the decay
products of the other b hadron in the event. The information used includes the charge of
the leptons produced in semileptonic decays, the charge of kaons produced in b — ¢ — s
transitions, and the charge of the particles originating from the decay vertex [25].

The mistag probability estimate n is calibrated using a linear function to obtain a
corrected mistag probability w for the signal sample. This is performed using mainly
samples of BT — Ji Kt and B® — J/ip K*° decays for the OS tagger and B? — D 7"
and B},(5840)° — BT K~ decays for the SS tagger. The uncertainties of the calibration
parameters include a systematic uncertainty that takes into account possible differences
of these parameters between the decays used for calibration and other B-decay modes.



The validity of these calibrations for B? — ¢y decays is checked using both simulation
and data. Finally, the outputs of the algorithms are combined into a single decision and
mistag probability. The effective tagging efficiency, e.g = (4.99 £ 0.14)%, is the product
of the probability to obtain a decision €,y = (74.5 = 0.8)% and the square of the effective
dilution D = 1 — 2w = (25.9 + 0.3)%.

The CP-violating and mixing-induced observables are determined from a weighted
unbinned maximum-likelihood fit [26] to the decay-time distributions, performed simul-
taneously on the B? — ¢y and B° — K*’y samples. The signal probability density
function (PDF) of the B? — ¢ decay-time distribution is defined as the decay rate P(t)
in Eq. [1 convolved with a resolution function and multiplied by a decay-time-dependent
efficiency €(t). For the B — K*%y decay, the time-dependent decay rate is described as a
single exponential function. The physics parameters are constrained to the averages from
Ref. [27]: 750 = 1.520 £0.004 ps, T’y = 0.6629 +£0.0018 ps~*, AT, = 0.088 £0.006 ps~! and
Amg = 17.7574+0.021 ps—!. The correlation of —0.11 between the I'y and AI'y parameters
is taken into account.

The decay-time resolution is modeled by the sum of two Gaussian functions, with a
common mean and independent widths. The widths are given by the per-candidate decay-
time uncertainties, multiplied by constant scaling factors determined from simulation to
account for an observed underestimation of the uncertainties. Additional control samples
are used to determine the decay-time resolution differences between simulation and data,
which are accounted for in the analysis as a source of systematic uncertainty. These
samples include ¢ mesons coming from pp interaction vertices and B® — J/i K*O decays,
with J/p — ptp~. In the latter case, in order to emulate the signal behavior, the decay
is reconstructed with the two muons not contributing to the vertex fitting. The resolution
depends strongly on the decay time, with an average of 70fs. The decay-time resolution
is dominated by the photon momentum resolution, therefore being similar for BY — ¢~y
and B? — K*%v decays.

The efficiency as a function of the decay time t is parameterized as

75a/t‘
e(t) cosh(bt)’ 2)

where the parameters a and b describe mainly the shape of the function at low and high
decay times, respectively. One hundred bins of variable size are defined to characterize
this function. The efficiency parameters are determined in the simultaneous fit to the
data, mainly driven from B? — K*%y candidates, while the differences between the two
decays are obtained from simulation and fixed in the data fit. In simulation, the decay-
time-dependent efficiencies of the two decay modes are compatible within uncertainties.

Pseudoexperiments are used to validate the overall fit procedure. In each pseudoex-
periment, samples of B — ¢y and B® — K*% signal decays are generated based on the
data mass fit and the expected yields. Background candidates are included taking random
events from data or simulation. The mass and the decay-time fits are then performed,
following the nominal procedure. The procedure is repeated for several values of the
coefficients. No biases are found on the average fitted values, in any scenario. Statistical
uncertainties are found to be underestimated by about 15% for Sy, and Cy,, and 5% for
"4¢A>77 due to the background-subtraction weights [26]. The uncertainties are corrected for
in the results below.
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Figure 2: Decay-time fit projections. The top row corresponds to the tagged (left) B? — ¢
and (right) BY — ¢7 candidates, while the bottom plots show the (left) untagged BY — ¢ and
(right) B® — K*%y candidates. The line is the result of the fit described in the text, including
statistical uncertainties.

The decay-time distributions and the corresponding fit projections are shown in Fig. [2]
The fitted values are Sy, = 0.43 +0.30, Cy, = 0.11 £ 0.29 and A3, = —0.67 0],
with a small correlation of —0.04 between each pair of observables. The statistical
uncertainty includes the uncertainty from the physics parameters taken from external
measurements. For Sy, and Cy,, the systematic uncertainty is dominated by the effects of
possible differences between data and simulation in the decay-time resolution parameters
(0.08), and the uncertainty on the parameters used to calibrate the same-side tagging
algorithms (0.04). For Ajv, the dominant source of systematic uncertainties is related
to the determination of the decay-time-dependent efficiency function. In particular, the
contribution of the partially reconstructed background of B® — K*%v decays, coming from
the correlation between reconstructed mass and time (0.11) and the mass-shape modeling
(0.08), and the limited size of the simulation sample used to determine the efficiency
differences between B? — ¢y and B® — K*%y decays (0.08). The total systematic
uncertainties are 0.11 for Sy, and Cy,, and 0.17 for Aa%v‘

In summary, the CP-violating and mixing-induced observables Sy,, Cy, and Aﬁy
are measured from a time-dependent analysis of BY — ¢ decays, using a data sample
corresponding to an integrated luminosity of 3fb~* collected with the LHCb experiment
during the 2011 and 2012 data-taking periods. More than 5000 B? — ¢ decays are



reconstructed. A sample of B® — K*%y decays, which is six times larger, is used for the
calibration of the time-dependent efficiency. From a simultaneous unbinned fit to the
BY? — ¢y and B® — K*%y data samples, the values

Sgy = 0.43 4 0.30 £ 0.11,
Cyy = 0.1140.29 £ 0.11,
AS = —0.67103 £0.17

are measured, where the first uncertainty is statistical and the second systematic. The
results are compatible with the SM expectation [3] within 1.3, 0.3 and 1.7 standard
deviations, respectively.
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