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Abstract The decay-time-dependent CP asymmetry in
B? — J/y KT K~ decays is measured using proton—proton
collision data, corresponding to an integrated luminosity of
1.9 fb_l, collected with the LHCDb detector at a centre-of-
mass energy of 13 TeV in 2015 and 2016. Using a sample
of approximately 117000 signal decays with an invariant
KT K~ mass in the vicinity of the ¢(1020) resonance, the
CP-violating phase ¢, is measured, along with the differ-
ence in decay widths of the light and heavy mass eigenstates
of the BY-BY system, AT. The difference of the average
B? and BY meson decay widths, I'y — I'y, is determined
using in addition a sample of B — J/ K+~ decays.
The values obtained are ¢y = —0.083 £ 0.041 £ 0.006 rad,
ATy = 0.077 + 0.008 & 0.003ps~! and Ty — Ty =
—0.0041 £ 0.0024 + 0.0015 ps_l, where the first uncer-
tainty is statistical and the second systematic. These are the
most precise single measurements of these quantities to date
and are consistent with expectations based on the Standard
Model and with a previous LHCb analysis of this decay
using data recorded at centre-of-mass energies 7 and 8 TeV.
Finally, the results are combined with recent results from
B? — J/ T~ decays obtained using the same dataset as
this analysis, and with previous independent LHCb results.

1 Introduction

The existence of new phenomena beyond those predicted
by the Standard Model (SM), hereafter referred to as
New Physics (NP), could introduce sizeable effects on
CP-violating observables. In the SM, CP violation origi-
nates from an irreducible complex phase in the Cabibbo—
Kobayashi—-Maskawa (CKM) matrix that describes the mix-
ing of the mass and weak interaction eigenstates of the
quarks [1,2]. In decays of a B? meson to a CP eigen-
state, CP violation can originate from the interference of
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the amplitude of the decay and that of the adjoint decay
preceded by BY-BY oscillation. It manifests itself through
a nonzero value of the phase ¢y = —arg(X), where the
parameter A = arg [(q /p) (Z /A)] describes CP violation
in the interference between mixing and decay. Here, A and
‘A are the amplitudes for a B or a BY meson to decay to the
same final state and the complex parameters p = (BngL)
and g = (§2|BL) describe the relation between the flavour
and the mass eigenstates, light, L, and heavy, H. The two
eigenstates have a decay width difference AI'y = I' — 'y
and a mass difference Amg; = myg — mp. In the absence
of CP violation in the decay and assuming negligible CP
violation in B‘?-E(s) mixing [3], |A| is expected to be unity.
In the SM, ignoring subleading contributions, the phase ¢;
can be related to the CKM matrix elements V; j» such that
¢s ~ —2B5, where B; = arg[—(VisV}};)/(Ves V7). Global
fits to experimental data, assuming unitarity of the CKM
matrix, give a precise prediction of a small value, namely
—2Bs = —O.O3691L8:88(1)(7) rad according to the CKMfitter
group [4] and —28; = —0.0370 £ 0.0010rad according to
the UTHfit collaboration [5]. However, many NP models [6,7]
predict larger values for this phase if non-SM particles were
to contribute to B’~BY oscillations, while satisfying all exist-
ing constraints. Thus, a measurement of ¢ different from the
SM prediction would provide clear evidence for NP.

Due to its high yield and clean experimental signature,
the most sensitive decay channel to NP contributions is
BY — JAy(— ptuT)KTK™ [8], where the kaon pair
predominantly originates from the decay of a ¢(1020)
resonance !. Angular momentum conservation in the decay
implies that the final state is an admixture of CP-even
and CP-odd components, with orbital angular momentum
of 0 or 2, and 1, respectively. Moreover, along with the
three polarisation states of the ¢ meson (P-wave states),
there is also a CP-odd K™K~ component in an S-wave
state [9]. The data can therefore be described considering four

! The inclusion of charge-conjugate processes is implied through-
out this paper, unless otherwise noted. For simplicity, the resonance
¢(1020) is referred to as ¢ in the following.
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polarisation amplitudes A, = |Ag|e~"%, where the indices
g €10, ||, L, S} refer to the longitudinal, transverse-parallel
and transverse-perpendicular relative orientations of the lin-
ear polarisation vectors of the J/¢ and ¢ mesons and S
to the single S-wave amplitude, respectively. The CP-even
and CP-odd components are disentangled by a decay-time-
dependent angular analysis, where the angular observables
cosfk, cosd, and ¢, are defined in the helicity basis as
described in Ref. [10]. The polar angle 6k (6,,) is the angle
between the K+ (1) momentum and the direction opposite
to the BY momentum in the KK~ (u* 1 ™) centre-of-mass
system and ¢y, is the azimuthal angle between the K+ K~ and
wt ™ decay planes. The ¢, angle is defined by a rotation
from the K~ side of the K™K~ plane to the u* side of the
wt ™ plane. The rotation is positive in the ;™ direction
in the BY rest frame.

A decay-time-dependent angular analysis also allows the
determination of ATy, and of the average B? decay width,
[y = ('L + ') /2. Inthe SM, 'y and AT’ can be calculated
within the framework of the heavy quark expansion (HQE)
theory [11-17], where a perturbative expansion of the ampli-
tudes in inverse powers of the b-quark mass is used to cal-
culate b-hadron observables. The ratio of the average decay
width of Bg and B mesons, 'y / T'q, is usually the preferred
observable to compare with experimental measurements as it
allows the suppression of common uncertainties in the calcu-
lation. The predictions are AT’y = 0.088 + 0.020 ps~! [18]
and I's/T'y = 1.0006 £ 0.0025 [19]. The high precision
of the ratio I'y / I'y makes it an excellent testing ground for
the validity of the HQE [19,20]. In addition, AT’ can pro-
vide bounds complementary to those from I'y/ I'y on quark-
hadron duality violation [21].

Measurements of ¢, Al's and I's using B? — JWKTK~
decays, with J/iy — u* ™, have been previously reported
by the DO [22], CDF [23], ATLAS [24,25], CMS [26]
and LHCb [27] collaborations. The LHCb collaboration
has also exploited different decay channels, namely B? —
Jr T~ 28], BY — v (28)¢ [29], B — D} D; [30]
and BY — J/ Kt K~ forthe K+ K~ invariant-mass region
above 1.05GeV/c? [31]. The world-average values, includ-
ing all of the above mentioned results, are ¢y, = —0.021 £
0.031rad, AT’y = 0.08540.006 ps~ ' and I'y/ 'y = 1.006+
0.004 [32]. They are in agreement with the abovementioned
predictions.

The main parameters of interest in this paper are ¢;, |A|,
Iy — Iy, ATy and Amg measured in B — Jiy KTK~
decays, in the KT K~ mass region 0.99-1.05GeV/c?. The
new measurement reported is based on a data sample of
proton—proton collisions recorded at a centre-of-mass energy
of /s = 13TeV in 2015 and 2016 during Run 2 of
LHC operation, corresponding to an integrated luminosity
of 0.3fb~! and 1.6fb~!, respectively. The decay width dif-
ference I'y — I'y is determined using B — J/ KTm~
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decays as a reference, reconstructed in the same data set as
the signal. The K7~ in the final state originates predom-
inantly from the decay of a K*(892)° resonance. The anal-
ysis procedure gives access to I'y — 'y rather than I'y due
to the dependence of the time efficiency parametrisation on
['y. This allows the determination of I'y — I'; with a signifi-
cant reduction of the systematic uncertainty associated with
lifetime-biasing selection requirements compared to the pre-
vious measurement. Taking as an input the precisely known
value of I'y [32], the ratio I'y/ 'y may be determined with
higher precision with respect to measuring the two lifetimes
independently.

In this analysis, the polarisation-independent CP-violating
parameter A,, associated with each polarisation state r, is
defined such that A, = n,A, where 1, = +1 forr € {0, ||}
and n, = —1forr € {L,S}. As a consequence, ¢y =
— arg A. However, this assumption can be relaxed such that
the values of ¢; and |A,| are measured separately for each
polarisation state. In addition, the following quantities are
measured: the ¢ polarization fractions |Ag|* and |A | |?; the
strong-phase differences 6 | — 8p and 8 — d¢; the fraction of
S-wave, Fjs, and the phase difference 65 — §1. The S-wave
parameters are measured in bins of m(K*K ™). The sum
|Aol> + |A L2+ [A) 12 equals unity and by convention & is
Zero.

After a brief description of the LHCb detector in Sect. 2,
the candidate selection and the background subtraction using
the s Plot technique [33] are outlined in Sect. 3. The rele-
vant inputs to the analysis, namely the decay-time resolu-
tion, the decay-time efficiency, the angular efficiency and
the flavour-tagging calibration, are described in Sects. 4, 5, 6
and 7, respectively. The s Fit procedure [34], the evaluation
of the systematic uncertainties and the results are discussed
in Sects. 8, 9 and 10, respectively. The combination of the
results obtained in this analysis with those measured by the
LHCb collaboration using data collected in 2011 and 2012
and determined using 2015 and 2016 B? — JAp T~ data
is presented in Sect. 11. Finally, conclusions are drawn in
Sect. 12.

2 Detector and simulation

The LHCb detector [35,36] is a single-arm forward spec-
trometer covering the pseudorapidity range 2 < n < 5,
designed for the study of particles containing b or ¢ quarks.
The detector includes a high-precision tracking system con-
sisting 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 track-
ing system provides a measurement of the momentum, p,
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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 vertex (PV), the
impact parameter (IP), is measured with a resolution of
(15429/ pt) pm, where pr is the component of the momen-
tum 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 calorimeter system consisting
of scintillating-pad and preshower detectors, an electromag-
netic and a hadronic calorimeter. Muons are identified by a
system composed of alternating layers of iron and multiwire
proportional chambers.

Samples of simulated events are used to optimise the sig-
nal selection, to derive the angular efficiency and to correct
the decay-time efficiency. In simulations, pp collisions are
generated using PYTHIA [37,38] with a specific LHCb con-
figuration [39]. Decays of hadronic particles are described
by EVTGEN [40], in which final-state radiation is generated
using PHOTOS [41]. The interaction of the generated par-
ticles with the detector, and its response, are implemented
using the GEANT4 toolkit [42,43] as described in Ref. [44].
The B? — J/v¢ simulated sample used in this analysis is
generated taking into account the three possible polarization
states of the ¢ meson while S-wave contributions are not
included.

3 Selection and mass fit

Events are first required to pass an online event selection
performed by a trigger [45], which consists of a hardware
stage, based on information from calorimeters and muon sys-
tems, followed by a software stage, which applies a full event
reconstruction. At the hardware stage, events are required to
have a muon with high pr or a hadron, photon or electron
with high transverse-energy deposit in the calorimeters. A
difference with respect to the previous analysis is that all the
events passing any of the hardware trigger requirements are
accepted. This increases the signal yield by 13% in 2015 and
by 7% in 2016 with respect to using the muon system infor-
mation only. The different signal gain in the two data taking
years is due to tighter LO trigger thresholds employed in the
2015 data. The subsequent software trigger consists of two
separate stages. In the first stage, the events can be divided
into two categories. In the first category, they are required
to have two well-identified oppositely charged muons with
invariant mass larger than 2700 MeV/c2. This trigger has an
almost uniform efficiency as a function of B? decay time
and will be referred to as unbiased. In the second category,
events are retained if there is at least one muon with trans-
verse momentum larger than about 1 GeV/c and with a large
impact-parameter significance with respect to all PVs in the

event. The latter is defined as the difference in the vertex-fit
%2 of the PV fitted with and without the considered track.
Events are also included in the second category if they pass
the selection by a multivariate algorithm that identifies a two-
track good-quality secondary vertex with a large scalar sum
of the pr of the associated charged particles and a significant
displacement from the PVs. These triggers, whose selection
thresholds changed slightly between 2015 and 2016 data tak-
ing, introduce a nontrivial dependence of the efficiency on
the BY decay time and will be referred to as biased. In the sec-
ond stage of the trigger, events containing a ;™ 4~ pair with
invariant mass within 120 MeV/c? of the J/i mass [46] and
which form a vertex that is significantly displaced from the
PV are selected, introducing another small decay-time bias.

In the offline selection, the J/i meson candidates are
formed from two oppositely charged particles, originating
from a common vertex, which are identified as muons and
which have pt larger than 500 MeV/c. The invariant mass
of the ™™ pair, m(u™ ™), must be in the range 3020
3170 MeV/c?. The J/i meson candidates are combined with
KT K~ candidates formed from two oppositely charged par-
ticles that are identified as kaons and that originate from
a common vertex. The KK~ pair is required to have pr
larger than 500 MeV/c. The invariant mass of the K ™ K ~ pair,
m(K* K ™), must be in the range 990-1050 MeV/c?. The B?
candidates are reconstructed by combining the J/i candidate
with the K™K~ pair, requiring that they form a good ver-
tex and have an invariant mass, m (J/yy K™ K ™), in the range
5200-5550 MeV/c?. The BY origin vertex is defined as the
PV in the interaction, or if multiple PVs are reconstructed
the PV with the minimum value of the BY impact parameter
significance is associated with the candidate. The invariant
mass is calculated from a kinematic fit that constrains the B?
candidate to originate from its origin vertex and constrains
m (™) to the known J/yr mass [46]. When deriving the
decay time, ¢, and the helicity angles of the BS candidate
the origin vertex constraint is also applied. In addition, ¢ is
required to be in the range 0.3—15.0 ps, which suppresses
a large fraction of prompt combinatorial background whilst
having a negligible effect on the sensitivity to ¢s. The kine-
matic fit also estimates a per-candidate decay-time uncer-
tainty, &;.

The selection is optimised with respect to the previ-
ous analysis [27] by means of a gradient-boosted decision
tree (BDT) [47,48], which is used to further suppress com-
binatorial background. To train the BDT, simulated B? —
J/Wr ¢ candidates are used as a signal sample and data candi-
dates with m(J/yy KT K ™) in the range 54505550 MeV/c?
are used as a sample of combinatorial background. The simu-
lation is corrected to match the distributions observed in data
of particle identification variables, the B? transverse momen-
tum and pseudorapidity, the quality of the muon and kaon
track fits and the number of tracks in an event with measure-

@ Springer
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ments both in the VELO and the tracking stations. Various
input quantities are used in the BDT to exploit the features of
the signal decay in order to distinguish it from background,
namely the track-fit x > of the final-state particles, the particle
identification probability as provided mainly from the RICH
and muon systems, the quality of the candidate J/i» and B?
decay vertices, the pr of the B? candidate and of the KT K~
combination and the BSO IP with respect to its origin vertex.
The selection requirement on the BDT output is chosen to
maximise the effective signal sample size approximated by
the square of the sum of sWeights divided by sum of squared
sWeights.

In addition to combinatorial background, studies of the
data in sidebands of the m(J/yy KT K ™) spectrum show
contributions from approximately 5200 Ag — JW pK~
(350 B® — Jy Ktm™) decays where the proton (pion) is
misidentified as a kaon. These backgrounds lie around the B?
signal peak in the m(J/yy K+ K ™) distribution, as shown in
Fig. 1. These contributions are suppressed using more strin-
gent kaon identification requirements if the m(J/y K™K ™)
mass, with the kaon interpreted as a proton (pion), lies
within 15 MeV/c? around the A (B) known mass [46]. This
reduces the B — J/ KTn~ peaking background con-
tribution to approximately 120 decays. This background is
neglected and a systematic uncertainty is assigned to account
for this approximation. The contribution due to the Ag back-
ground is 1600 + 160, where the uncertainty includes sta-
tistical and systematic sources. The Ag background is statis-
tically subtracted by inserting simulated Ag decays into the
data sample with negative weights. This is done prior to the
sPlot procedure, in which the combinatorial background is
subtracted in a fit to m(J/yy KK ™). Correlations between
the candidate mass and the angular variables are preserved
and the simulated candidates are weighted such that the dis-
tributions of the kinematic variables used in the fit, and their
correlations, match those of data.

T
LHCb

——
Signal
of L O
Simulation _ Age JhpK-
10° - B MK

—_
(=]
S

Candidates / (5 MeV/c?)

—_
(=]
TR

'E
5200

5400 5500
mJAwKK") [MeV/e?]

Lol o
5300

Fig. 1 Distribution of the invariant mass of BS candidates, selected
from simulated BA? — J/ KT K~ (greenfilled area), A2 — Jr pK~
(solid red line) and B® — J/r KT~ (dotted blue line) decays. The
distributions are weighted to correct differences in the kinematics and
the resonance content between simulation and data
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Figure 2a shows the m(J/y K™K ™) distribution and the
result of an unbinned maximum-likelihood fit to the sam-
ple in the range 5200-5550 MeV/c?. The sample is divided
into 24 independent subsamples, corresponding to six bins in
m (K K ™) with boundaries at 990, 1008, 1016, 1020, 1024,
1032, 1050 MeV/ ¢2, to the biased and the unbiased trigger
categories, and to the year of data taking. The probability den-
sity function (PDF) used for the fit is independent for each of
these subsamples and is composed of a single double-sided
Crystal Ball (CB) [49] function for the signal and an expo-
nential function for the combinatorial background. The CB
tail parameters are fixed to those obtained from simulation.

The sPlot technique relies on the variable used for back-
ground subtraction to be uncorrelated with the variables
to which the sWeights are applied. However, a correlation
between the signal mass shape with cos 8, is observed, due
to the dependence of the mass resolution on the transverse
momentum of the muons. The per-candidate mass uncer-
tainty, o;,, obtained in the vertex and kinematic fit used to
obtain m(J/y» K™ K ™), is found to represent a good proxy of
cos 0, due to its correlation with the BY candidate mass reso-
lution. Therefore, the signal function uses oy, as a conditional
observable. The width parameter ocp of the double-sided CB
function is parametrised as a quadratic function of the per-
candidate mass uncertainty such that ocg = ajo,, + azo,fl,
a and a, are free parameters determined from the data. The
quadratic dependence is motivated by simulation studies.

A small contribution from B® — J/y KK ~ background
candidates is observed at the known BY mass [46]. This con-
tribution is included in the PDF and is modelled with a Gaus-
sian distribution, where the mean is fixed to the fitted BY
mass minus the difference between BY and B® masses [46]
and the resolution is fixed to 7 MeV/ ¢2, which is determined
from a fit to the B — J/y Ktn~ data control chan-
nel. Figure 2b shows the background-subtracted invariant-
mass distributions of the K™K~ system in the selected
BY — J/y K*K~ candidates. After the trigger and full
offline selection requirements, the signal yield totals approx-
imately 15000 and 102000 B? — J/r KT K~ decays in the
2015 and 2016 data sets, respectively.

The fraction of events containing more than one B can-
didate within the m (J /¢ K+ K ~) range 53405400 MeV/c?
is 0.3%. All candidates are retained in the subsequent stages
of the analysis and a systematic uncertainty on the impact of
allowing multiple candidates per event to be present in the
analysis is assigned.

4 Decay-time resolution
The value and the uncertainty of the decay-time resolution

strongly affects the relative precision on ¢y, thus the knowl-
edge of the decay-time resolution calibration is pivotal. The
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Fig. 2 a Distribution of the invariant mass of selected B? —
J/ K+ K~ decays. The signal component is shown by the long-dashed
red line, the background component by the dashed green line and the
total fit function by the solid blue line. The background contribution
due to Ag — J/y pK~ decays is statistically subtracted. The contri-

resolution function is modelled with a Gaussian distribution
with a mean of zero and a width o¢fr, Where o is determined
using a sample of candidates constructed from combinations
of J/y, KT and K ~ candidates that originate predominantly
in the primary interaction (prompt component). This sample
is referred to as the prompt J/ K+ K~ sample. It is selected
as described in Sect. 3 for B? — J/r KT K~ decays except
for the lower limit requirement for the decay time, by making
use of a different trigger line which is heavily prescaled.

The prompt component has zero decay time and is used
to calibrate the detector resolution by studying the shape of
the decay-time distribution around zero. This distribution is
modelled by a delta function. In addition to the prompt com-
ponent, there is a contribution at later decay times originat-
ing from J/iy mesons produced in b-hadron decays, and a
small fraction of a background due to candidates that have a
decay time computed with respect to a wrong PV (wrong-PV
component). The b-hadron component contributes to a tail at
positive decay times and is described by two exponential
functions. The shape of the wrong-PV component is deter-
mined from a data control sample in which the decay-time
distribution of candidates is constructed by computing their
decay time with respect to an independent PV from the fol-
lowing event. This contribution is found to be approximately
0.5% of the prompt sample.

The sum of the prompt and b-hadron components is con-
volved with a triple-Gaussian resolution function

3 2
1 (t —p)
R(t) = fi exp|——1, (1)
; V2o, P 207
where Zi fi = 1, pu is a parameter that describes a bias in
the decay time measurement and o; are the individual widths.
The bias, i, is assumed to be zero and a systematic uncer-

9000
8000
7000
6000
5000
4000
3000
2000
1000

Weighted cands. / (0.6 MeV/c2)

m(KK") [MeV/c?]

bution from B® — J/y K+ K ~decays is not shown separately due to
its small size. b Distribution of K™K~ invariant mass from selected
BY — JAy K* K~ decays. The background is subtracted using the
s Plot method. The dashed blue lines define the boundaries of the six
m(K+ K ™) bins that are used in the analysis

tainty is assigned studying a possible deviation from this
value. The rest of the parameters are determined from the fit.

The calibration sample is split into eleven subsets accord-
ing to the per-candidate decay-time uncertainty, §;. The
model is fit to the decay-time distribution in order to extract
the parameters governing the decay-time resolution of Eq. (1)
as shown in Fig. 3a. The dilution of the amplitude of the B?-
BY oscillation due to the calibrated resolution is determined
in each bin of §; as

3
D=3 fiexp [-aﬁAmf/z] , )
i=1
and is then used to evaluate an effective single-Gaussian
width given by

Oetf = 1/ (—2/Am2) InD. 3)

This effective single-Gaussian resolution of width oef gives
the same damping effect on the magnitude of the B‘? meson
oscillation as the triple-Gaussian model. Figure 3b shows
the variation of o.f as a function of §,. The variation is
fit with a linear function oes(8;) = bg + b1, to deter-
mine the calibration parameters by = 12.97 £ 0.22fs and
b1 = 0.846 £ 0.006, where the uncertainties are statistical
only. A quadratic dependence is also evaluated and used as
an alternate model to compute a systematic uncertainty. The
calibration procedure is validated using simulated signal and
prompt samples. The difference between the effective reso-
lutions obtained in these simulated samples is approximately
0.8 fs and is treated as a source of systematic uncertainty.
The result of the calibration leads to an effective single-
Gaussian resolution function averaged over the §; bins with
oeff = 45.54 £ 0.04 £ 0.05fs, where the first uncertainty
is statistical, and the second contribution comes from the
uncertainties on the calibration parameters. This corresponds

@ Springer



706 Page 6 of 26

Eur. Phys. J. C (2019) 79:706

o F — T E
E ol tHOY  (a) { Data ]
N — Total fit ]
g 105;— """ Resolution _;
\: : --- Wrong PV 3
5 0k — Longlived 1 ]
& : --- Long lived 2 E
10°F 2
10

¢ [ps]

Fig. 3 aDecay-time distribution of the prompt J/4 KT K ~ calibration
sample with the result of an unbinned maximum-likelihood fit overlaid
in blue. The overall triple-Gaussian resolution is represented by the
dashed red line, while the two long-lived and the wrong-PV compo-
nents are shown by the long-dashed-dotted and dashed-multiple-dotted
brown and pink lines and the long-dashed purple line, respectively. b
Variation of the effective single-Gaussian decay-time resolution, oeff,

to adilution D = 0.721 £ 0.001 assuming Am; = 17.757 £
0.021 ps~! [32].

5 Decay-time efficiency

The selection and reconstruction efficiency depends on the
B? decay time due to displacement requirements made on the
signal tracks and a decrease in reconstruction efficiency for
tracks with large impact parameter with respect to the beam
line [50]. The efficiency as a function of the decay time is
determined using a new technique with respect to Ref. [27],
exploiting the B — J/y K*n~ decay, with J/y —
wt ™, as a control sample. This control mode is kinemati-
cally similar to the signal decay. Since the decay-width dif-
ference between the two mass eigenstates in the BY system is
measured to be consistent with zero [46], B — J/y Ktn—
candidates are assumed to have a purely exponential decay-
time distribution with lifetime r(ﬁ?a = 1.520ps [32]. The BY
efficiency is determined via a simultaneous fit to background-
subtracted data and simulated samples through the relation

0 80
e (1) = el (1) x Sm )
Egim (1)
where 8fa(1a(t) is the efficiency of the control channel and
85‘;(; (1) /8531 () is the ratio of efficiencies of simulated sig-

nal and reference decays after reconstruction and selection.
Residual differences between either signal and control mode
or data and simulation are automatically corrected for in the
ratio of Eq. (4). In order to correct first-order differences
between the B? and B data samples, the latter is weighted
to match the p and pr distribution of BS data. In addition,
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as a function of the estimated per-candidate decay-time uncertainty, &;,
obtained from the prompt J/ K+ K~ sample. The red line shows the
result of a linear fit. The data points are positioned at the barycentre of
each §; bin. The shaded histogram (see right y axis) shows the distri-
bution of &, in the background-subtracted B — J/yr KT K~ sample

both B? and B simulated samples are weighted to match the
pr distribution of the BY data sample. The simulated sam-
ples are further corrected according to the ratio of the PDF
used to generate them and the PDF obtained with the param-
eters measured in data [27,51]. Together with an additional
weighting to match the m(K 7 ~) and m(K+TK™) distri-
butions in data, this procedure reproduces the correct mix-
ture of P- and S-waves in the K+t~ and K™ K~ final state.
The decay-time efficiency is obtained separately for the data-
taking periods 2015 and 2016 and the two trigger categories.
The B® — J/ K+~ candidates are selected using trig-
ger and preselection requirements similar to those of the
BSO — J/y KT K~ channel. The main difference is an addi-
tional selection on the pion-identification requirement, in
order to reduce the probability of reconstructing two dif-
ferent BY candidates by swapping the kaon and pion mass
hypotheses. In addition, the pt of the pion is required to
be larger than 250 MeV/c to reduce the number of multiple
candidates per event to 0.5% in the m(J/y K ™) region
5260-5300 MeV/c?. The invariant mass of the kaon-pion pair
is required to be in the range 826-966 MeV/c?. The BDT as
trained and optimised on the signal channel is used, applying
the same selection requirement. Several potential peaking
backgrounds arising from the misidentification of particles
are considered but they are all found to be negligible. A small
contribution from B? — J/y KT~ decays is removed by
selecting candidates with m(J/y KTm ™) < 5350 MeV/c?.
Figure 4a shows the m(J/4y K+ ™) distribution and cor-
responding result of an unbinned maximum-likelihood fit to
the sample. The model used for the fit is the same for the 2015
and 2016 data-taking periods and the two trigger categories
but with independently fitted parameters. It is composed of
a Hypatia [52] function for the signal, where the parame-
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Fig. 4 Distribution of the invariant mass of selected a B® —
JAW KT~ and b Bt — J/ K+ decays used for the calibration and
validation of the decay-time efficiency. The signal component is shown

ters describing the tails are fixed to the values obtained from
simulation, and an exponential function for the combinato-
rial background. In total, 75,000 and 480,000 B mesons are
found in 2015 and 2016, respectively. The result of this fit
is used to statistically subtract the background when deter-
mining the decay-time efficiency in data, by using weights
computed with the sPlot technique.

The PDF used to describe the decay-time distribution of
the B? data, and of the Bs0 and B? simulated samples is com-
posed of the product of the efficiency function and a single
exponential function, convolved with a single Gaussian res-
olution function centred at zero. For the B® candidates, the
width of the resolution function is set to 39 fs and 42 fs for
the simulated and data samples, respectively. The first value
is obtained from simulation, and the second value is obtained
by scaling the B? resolution obtained in data, as described in
Sect. 4, by the ratio seen between the B® and B? resolutions
in simulated samples. A B? simulated sample is generated
with ATy = Ops~! an(g thus a single exponential function

is used to determine 85;1. As a cross-check, the decay-time
efficiency is also derived from the nominal BY — J/i/ ¢
simulated sample, weighted to have AT’y = 0ps~! such that
the same fitting strategy can be used as defined above. The
difference between these two strategies is considered as a
source of systematic uncertainty.

The efficiency functions are parametrised using cubic
splines with nodes at 0.3, 0.58, 0.91, 1.35, 1.96, 3.01, 7.00 ps
and the first coefficient fixed to unity. The node positions
are defined as to create six uniformly populated bins in the
interval 0.3—15 ps, assuming an exponential distribution with
I' = 0.66 ps—!. The position of the last node is chosen due to
the lack of candidates at large decay times in the 2015 data

control sample. The final decay-time efficiencies, 8(1125(13 (t),are
shown in Fig. 5. The structure around 1 ps visible in Fig. 5a,
c is due to the different definition of the origin vertex used in
the trigger and in the offline selection.

te!
N
(=3
(=3
S
S
T T T

5300 5350
mJ/yK") [MeV/c?]

by the long-dashed red line, the background component by the dashed
green line and the total fit function by the solid blue line

The full procedure is validated in data using two approa-
ches where the BY samples are replaced with alternative B
meson samples of known lifetime. First, a sample of approxi-
mately 1.6 million BY — J/Ay (— puT ™)K candidates is
reconstructed in the same data set as the Bs0 — JAWWKTK~
candidates and selected using similar selection requirements.
The mass distribution of these candidates is shown in Fig. 4b.
This sample is used to measure the difference of the BT and
BY decay widths, I'y, — 'y, with the same methods used
for the measurement of I'y — I'y. A simulated sample of
BT decays is used in the calculation of the numerator of
Eq. (4) and this sample is corrected such that the particle-
identification, event-multiplicity and other kinematic and
selection variables match those in data. The measured differ-
ence of decay widths is ', — 'y = —0.0478 +0.0013 ps ',
where the uncertainty is statistical only. This is in agreement
with the world average value, —0.0474 £ 0.0023 ps_1 [46],
and validates the measurement of I'y — I'; with a precision
of 0.003 ps~ 1.

A similar test is done using the B — J/y» K+7~ decays
both as the signal and the reference to measure a null decay-
width difference. The sample is split into two independent
sets according to different selection criteria, where one is
used to evaluate the decay-time efficiency with the procedure
defined above, and the other is used as the signal sample. In
all cases, the measured decay-width difference is found to be

consistent with zero with a precision around 0.003 ps~.

6 Angular efficiency

The LHCDb detector geometry and the selection requirements
give rise to efficiencies that vary as a function of the helic-
ity angles 0k, 6, and ¢;. The three-dimensional angular-
efficiency correction is determined from simulated signal
events to which the same trigger and selection criteria as
in the data are applied. The efficiency is evaluated separately

@ Springer
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Fig. 5 Decay-time efficiency o —— — s 22—y ..
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Fig. 6 Normalised angular efficiency as a function of a cosfg, b
cosf, and ¢ ¢y, where in all cases the efficiency is integrated over
the other two angles. The efficiency is evaluated using simulated
B»? — J/¥ ¢ decays that have been weighted to match the kinemat-
ics and physics of B? — JAF KT K~ decays in data, as described in
the text. The points are obtained by dividing the angular distribution

for the different years of data taking and for the two trig-
ger categories. Two sets of corrections are applied to the
simulated events such that they match the data. First, the
simulated samples are weighted, using a boosted decision
tree method [53], to match the pr, p and m(K K ™) distri-
butions of the BsO signal. A second procedure is performed
to correct the differences observed in the kinematic distribu-
tions of the final-state particles and the fact that the simulated
events do not include K+ K~ pairs in an S-wave configura-
tion. This correction is implemented as an iterative procedure
that gradually modifies the simulation such that the S-wave
fraction matches the value measured in the data. As a result,
the agreement of the kaon momentum and pr distributions
between the simulation and the data is improved. The effi-
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in the simulated sample by the distribution expected without any effi-
ciency effect and the curves represent an even fourth-order polynomial
parameterisation of each one-dimensional efficiency. The figure is for
illustration only as the angular efficiency is accounted for by normali-
sation weights in the signal PDF

ciencies as a function of the three helicity angles are shown
for illustration in Fig. 6. The angular efficiency correction
is introduced in the analysis through normalisation weights
in the PDF describing the signal decays in the fit of Sect. 8,
following the procedure described in Ref. [54]. The weights
are calculated using simulated candidates and their statistical
uncertainties are propagated to the parameters of interest as
a systematic uncertainty.

A cross-check of the angular efficiency procedure is made
using the B — J/ K+t~ data and B® — J/y K*(892)°
(— K7Tm™) simulated samples. The simulation contains
K ™7~ systems in P-wave only and is corrected to match the
kinematic distributions of the data using the iterative method
defined above and the angular-efficiency weights are deter-
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mined. The P- and S-wave B® — J/yy K+~ polarisation
amplitudes are measured by means of an unbinned fit to the
distribution of helicity angles of the final-state particles and
found to be consistent with those in Ref. [55].

Another high-precision test of the angular-efficiency cor-
rection is made by using the large sample of BT — J/y KT
decays presented in Sect. 5. In BT — J/yy KT, the helicity
angle 6, distribution follows a 1 — cos? 6, dependence. The
BT data sample is split into nine disjoint subsets according
to the pseudorapidity of the B™ meson, to check the large
efficiency variation as a function of this quantity. In each
subset, background is subtracted with the sPlot technique
using the B candidate mass as a discriminating variable.
Prior to any angular efficiency correction, the 6, distribu-
tion presents up to a 30% deviation from the expected shape,
three times larger than in B? — Jp KT K~ decays. How-
ever, when the BY — J/y K simulation is used to correct
the data with the same method used for this analysis, a fit
of the background-subtracted and efficiency-corrected data
demonstrates that the expected distribution is fully recovered
in each bin, with an overall precision of about 0.1%. The test
is stable against variation of the binning of the BT sample and
choice of different variables used to correct the simulation to
match the data with respect to the baseline strategy.

7 Tagging the B? meson flavour at production

The determination of the initial flavour of the B? meson,
called tagging, is a fundamental component for measuring
CP asymmetries in the decays of B? mesons to CP eigen-
states. Two classes of algorithms are used. The opposite side
(OS) tagger exploits the fact that b and b quarks are almost
exclusively produced in pairs in pp collisions, allowing the
flavour of the signal B? candidate to be inferred from the
flavour of the other b hadron in the event. The OS tagger
combines information on the charge of the muon or electron
from semileptonic b decays, the charge of the kaon from
the b — ¢ — s decay chain, the charge of a reconstructed
secondary charm hadron and the charges of the tracks that
form the secondary vertex of the other b-hadron decay, com-
bined into a weighted average, with weights depending on
the transverse momenta of the tracks. The same-side kaon
(SSK) tagger exploits the additional correlated kaon that
tends to be produced during the hadronisation of the b (b)
quark that forms the signal Bs0 (E(S)) candidate, with its initial
flavour identified by the kaon charge. These flavour tagging
algorithms have been revisited and optimised using Run 2
data [56], obtaining significantly higher combined tagging
performances with respect to Run 1. Further details on the
OS and SSK taggers can be found in Refs. [57-59].

The tagging algorithms each provide a flavour-tagging
decision, ¢, and an estimate, 7, of the probability that the
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Fig. 7 Calibration of the OS tagger using BT — J/iy K™ decays. The
black points show the average measured mistag probability, w, in bins
of predicted mistag, 7, the red line shows the calibration as described
in the text and the yellow area the calibration uncertainty within one
standard deviation. The shaded histogram shows the distribution, with
arbitrary normalisation, of 7 in the background subtracted B.? — J o
sample, summing over candidates tagged as B or BY

decision is incorrect (mistag) for each reconstructed BY can-
didate. The tagging decision takes the value +1 (—1) for each
tagged BA‘,) (E?) candidate and 0 if the taggers cannot make a
decision (untagged). The mistag probability is defined in the
range from O to 0.5, since n > 0.5 corresponds to the oppo-
site decision with a mistag of (1 — ). For untagged events
nis 0.5.

Each tagging algorithm is implemented as a BDT that is
trained and optimised using large samples of simulated b-
hadron decays for the SSK tagger and a large data sample
of B — J/y Kt decays for the OS tagger. The mistag
probability for each tagger is given by the output of the BDT,
which is calibrated using dedicated data control channels to
relate 7 to the true mistag probability, , as described in the
following sections. Each tagger has a corresponding tagging
power given by etagDZ, where €, is the fraction of tagged
candidates and D = 1 — 2w is the dilution induced on the
amplitude of the B? oscillation. The tagging power represents
the effective reduction in statistical power due to imperfect

tagging.

7.1 Opposite-side tagging

The OS tagging algorithm is calibrated using the sample of
BT — Jiy KT decays (Sect. 5), whose flavour is deter-
mined by the kaon charge. This sample of BT — Jay K+
decays is independent of that used to train and optimise the
BDT of the tagging algorithm. The result of the fit to the dis-
tribution of m(J/y K ) shown in Fig. 4b is used to compute
sWeights, which are applied in subsequent stages of the anal-
ysis to subtract the background. The BT — J/iy KT sam-
ple is further weighted to match the background-subtracted
BE — J/¥ ¢ sample in the distributions of charged-track and
PV multiplicities and the pt and rapidity of the B meson.
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Table 1 Calibration parameters for the OS and SSK taggers. Where
given, the first uncertainty is statistical and the second is systematic

Tagger oS SSK

Po 0.3890 £ 0.0007 £ 0.0028 0.4325 £ 0.0108 £ 0.0030
Pi 0.849 + 0.006 £ 0.027 0.92+0.13£0.02

Apo 0.0090 £ 0.0014 0.00 £0.03

Api 0.014 £0.012 0.00 £0.03

(n) 0.360 0.417

The calibration between true and estimated mistag for
each tagging algorithm is given by an empirically determined
linear relationship,

A A
o) = (po + %) + (Pl + %) (m— () (5)

Apy

A
w(n) = (po - %) + (Pl - T) m—=m), (6)

where w(n) and w(n) are the calibrated mistag probabili-
ties for BT and B~ mesons, respectively, Apo | are mistag
asymmetries and (n) is the average estimated mistag of the
BT — Jay KT sample. The calibration parameters are
determined from an unbinned maximum-likelihood fit to the
n distribution of the probability

Plaln) = (1 — )@ () +a(l — @ ), )

for an initial flavour of the BT (B ™) meson. The discrete vari-
able a has the value O or 1 for an incorrect or correct tagging
decision, respectively, based upon comparing the decision q
to the kaon charge. Figure 7 shows the relation between the
flavour-averaged value of w and 5 determined by the fit and
the values of the measured mistag in bins of estimated mistag,
which supports the use of a linear calibration function. The
final calibration parameters are given in Table 1 and the over-
all tagging power for candidates with an OS tag only can be
found in Table 2. Differences of the tagging efficiency are
expected to be negligible as their effects are washed out by the
fast BS—E(S) oscillations. The applicability of the calibration
from BT — J/y K+ to BY — J/y ¢ decays is tested using
simulated samples and observed differences between the cali-
bration parameters are treated as a source of systematic uncer-
tainty. Variations in the parameters caused by the use of a
different model for the combinatorial background in the fit
to the m(J/yr K) distribution are found to be negligible.

7.2 Same-side tagging

The SSK tagger is calibrated by resolving the B?-E? flavour
oscillations in a sample of flavour-specfic B — D zx+
decays. The amplitude of this oscillation is related to the aver-
aged BS—E? mistag probability, @, via the PDF of the decay-

@ Springer

Table 2 Overall tagging performance for B — J/y K*K~. The
uncertainty on €gg D? is obtained by varying the tagging calibration
parameters within their statistical and systematic uncertainties summed
in quadrature

Category €tag(%) D? €tag D* (%)

OS only 11.4 0.078 0.88 +0.04
SSK only 42.6 0.032 1.38 £0.30
0S & SSK 23.8 0.104 2.4740.15
Total 77.8 0.061 4.734+0.34

time distribution of flavour-tagged B? — D;n™" decays,
given by

Pty =€) [T) ® Rt — 1],

(1) = Tye ™" [cosh(AT/2) + g™ (1 — 2a(n)) cos(Amy1)]
(3

where ' and ¢ are the true and reconstructed decay time of the
BY meson, respectively, and I'(¢) is the BY decay rate. The
decay time and the decay-time uncertainty are estimated from
a kinematic fit [60] in which the D 7t candidate is con-
strained to originate from the PV. The decay-time efficiency
is empirically parameterised as € (t) = 1—1/(14 (at)" +b),
and R(r — ') is the decay-time resolution model. Here
g™ = +1 (=1) if the BY meson has (has not) changed
flavour between its production and decay, determined by
comparing the flavour-tagging decision and charge of the
pion. A linear relationship between the true and estimated
mistag probabilities is assumed, as given in Eq. (5).
Approximately 70 000 same-side flavour-tagged BSO —
D;rr+ decays, with Dy — KtK~m—, are selected with
similar requirements as in Ref. [59]. Due to trigger require-
ments, only candidates with pT(BS) larger than 2 GeV/c?
are used to perform the calibration. Figure 8 shows the dis-
tribution of m(D; ) for the selected sample. Superim-
posed is the result of a fit with a model composed of a sig-
nal contribution described by a Hypatia with tail parameters
fixed to those from simulation and a combinatorial back-
ground component modelled by an exponential function. In
addition, template shapes for several peaking backgrounds
(B - DfK¥, B - Dyat, A) - A;=x", BY —
D nt and B — D p") are evaluated from simulation
and included in the fit model. The yield of the peaking back-
grounds is determined from a fit to m(Dy 77T) in the mass
range 5100-5600 MeV/c?. Using the fit results, the yield is
extrapolated to the narrower region 5300-5600 MeV/c? and
fixed in the subsequent m(D; 7 *) fit, which is used to com-
pute sWeights for background subtraction as in the OS cali-
bration. The B — D7 7+ sample is also weighted to match
the background-subtracted B? — J/r ¢ sample in the dis-
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Fig. 8 Distribution of the invariant mass of selected B — D ™+
candidates (black points). The total fit function is shown as the solid
blue line. The signal component is shown by the red long-dashed line,
the combinatorial background by the light-blue short-dashed line and
other small background components are also shown as specified in the
legend. Only the dominant backgrounds are shown

tributions of charged-track and PV multiplicities and the pt
and rapidity of the B? meson.

To calibrate the decay-time resolution in Eq. (8), a sample
of promptly produced D; 7" candidates is selected follow-
ing the requirements defined in Ref. [61]. The procedure to
obtain the calibration for the decay-time resolution is sim-
ilar to that described in Sect. 4. An unbinned maximum-
likelihood fit is made to the Dy candidate invariant-mass
distribution in 18 bins of §;. The model consists of a sin-
gle Gaussian component for the signal and a second-order
polynomial for the combinatorial background. From this fit,
sWeights are computed that are used to subtract the back-
ground contribution in an unbinned fit to the decay-time dis-
tribution in each &, bin. The model for this fit is composed of
two Gaussian functions with a common mean and different
widths. Only candidates with reconstructed decay time in the
range from —1.0 to 0.1 ps are fitted. At such low values the
longer-lived background components can be neglected. The
effective single-Gaussian resolution is calculated from the
double-Gaussian model using Eqs. (2) and (3). The variation
of the effective resolution with the average value of §; in each
bin is shown in Fig. 9. From a binned fit using a linear calibra-
tion function, o (8;) = co + c16;, the calibration constants
are determinedtobe ¢y = 18.8+1.0fsand ¢y = 1.0340.02,
where the uncertainties are statistical only. Applying a simi-
lar procedure to a sample of simulated B — D; 7+ decays
indicates a difference in the calibration parameters between
prompt D; 7" candidates and BY — D; 7 decays. A sys-
tematic uncertainty of 0.1 is assigned to ¢ to account for this
difference.

To determine the SSK tagger calibration parameters from
the BY — D 7™ decay candidates, an unbinned maximum-
likelihood fit, which uses the PDF of Eq. (8), is performed.
Uncertainties due to the use of external measurements [46] of
I's, AT's, Amg, and the decay-time resolution parameters (co,

T W S FW S |

n n n n n n n n 1
0 0.05 0.1
d, [ps]

Fig. 9 Variation of the effective single-Gaussian decay-time resolu-
tion, oeff, as a function of the estimated per-event decay-time uncer-
tainty, §;, obtained from the prompt D; 7+ sample. The red line shows
the result of a linear fit to the data and the yellow band its uncertainty
within one standard deviation

c1) are accounted for via Gaussian constraints in the likeli-
hood function. The parameters of the SSK tagger calibration
and decay-time efficiency are free in the fit. Figure 10 shows
the result of this fit, split by decays that are tagged as being
mixed or unmixed, and the obtained relation between w and
n. Also shown are the values of the measured mistag in bins of
estimated mistag, which supports the use of a linear calibra-
tion function for w(n). The final calibration parameters are
given in Table 1. Two sources of systematic uncertainty are
studied in addition to the knowledge of the time resolution,
which is incorporated in the statistical uncertainty. The first
and larger one is due to the applicability of the calibration
from B — D% to B — J/i ¢ decays. It is tested using
simulated events and the observed difference between the cal-
ibrations is assigned as a systematic uncertainty. Variations
in the parameters through the use of a different model for
the combinatorial background in the fit to the B — D 7w+
invariant-mass distribution are treated as systematic uncer-
tainties. The tagging asymmetry parameters, Apg and Apy,
are both assumed to be 0.00 £ 0.03. The uncertainty is esti-
mated by studying the tagging calibration using a sample
of over 3.1 million promptly produced Dy — K+tK 7~
decays, with the method described in Ref. [59]. The overall
tagging power for B.? — JAp KT K~ candidates with only
an SSK tag can be found in Table 2.

7.3 Tagger combination

Approximately 31% of the tagged candidates in the B? —
J/y KT K~ sample are tagged by both the OS and the SSK
algorithms. Since the algorithms are uncorrelated, as they
select mutually exclusive charged particles, the two tagging
results are combined taking into account both decisions and
their corresponding estimate of 7. The combined estimated
mistag probability and the corresponding uncertainties are
obtained by combining the individual calibrations for the OS
and SSK tagging and propagating their uncertainties. The
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Fig. 10 a Distribution of the decay time for B? — D;n" candi-
dates tagged as mixed and unmixed with the projection of the fit result,
which is described in the text. b Calibration of the SSK tagger using
BY — D™ decays. The black points show the average measured
mistag probability, w, in bins of predicted mistag, 7, the red line shows

effective tagging power and efficiency for these both OS and
SSK tagged candidates is given in Table 2.

8 Maximum-likelihood fit

The maximum-likelihood fitting procedure is similar to that
in Ref. [27], the only major differences being the treatment
of the decay-time efficiency and that the quantity I'y — I'y is
measured instead of I'y. It has been checked via pseudoexper-
iments that, given that the decay-time efficiency is obtained
using Iy as an input parameter (see Sect. 5), the fitted value
of I'y — I'; and its uncertainty are independent of the value
and uncertainty of I';. This strategy has the advantage that
the measured value of I'y — I'y can be combined with the
most up-to-date value of I'y to obtain I'y or I's/ I'.

Each candidate i is given a signal weight W; using the
sPlot method with m(J/y K™K ™) as a discriminating vari-
able and o, as a conditional variable as explained in Sect. 3.
A weighted fit is then performed to the Bs0 decay time and
helicity-angle distributions using a PDF that describes only
the signal. The log-likelihood in each of the 24 data subsam-
ples is scaled by a per-sample factora = >, W;/ >, Wl.2 to
account for the effect of the weights in the determination of
the parameter uncertainties [34].

The distribution of the decay time and angles for a B?
meson produced at time + = 0 is described by a sum of
ten terms, corresponding to the four polarisation amplitudes
squared and their interference terms. Each of these is given
by the product of a decay-time-dependent function and an
angular function

d*T(BY — J/YyK+YK™)
dr dQ2

10
o Y Nehi(®) fi@. )

k=1
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the calibration obtained from the fit described in the text, and the yel-
low area the calibration uncertainty within one standard deviation. The
shaded histogram shows the distribution of » in the background sub-
tracted BY — J/ ¢ sample

with

0 3 ATt . ATt
hi(t|By) = Ee ai coshT + by Sth

+ci cos(Amt) + dy sin(Amt)) , (10)
_ 3 ATt ATt
hk(tlB?) = Ee*r’ <ak cosh - + by, sinh -
—cy cos(Amt) — dy sin(Amt)) , (11)

where the definition of the parameters Ny, ax, by, ck, dy and
of the function f}(€2) can be found in Table 3.

The interference between the different S- and P-wave con-
tributions is accounted for via an effective coupling factor,
Csp. The Csp factors are computed by integrating the inter-
ference between the S- and P-wave contributions in each
of the six m(K+tK ™) bins in which the analysis is per-
formed, using the same strategy as in the previous analy-
sis. They are applied by multiplication to the relevant terms
in Eq. (9). The Csp factors are unity for terms involving
P-wave and S-wave amplitudes only (k < 8). In the determi-
nation of the Csp factors, the m(K ™ K ™) lineshape of the P-
wave component is described by a relativistic Breit—Wigner
distribution, while the S-wave is taken as an f{(980) reso-
nance modelled as a Flatté amplitude with parameters from
Ref. [62]. The Cgp correction factors are calculated to be
0.8463, 0.8756, 0.8478, 0.8833, 0.9415 and 0.9756 from the
lowest to the highest m (K ™K ™) bin. Their effect on the fit
results is small and is discussed further in Sect. 9, where three
different S-wave lineshapes are considered to assign a sys-
tematic uncertainty. The PDF considers four disjoint tagging
cases: only OS tagged candidates, only SSK-tagged, OS and
SSKtagged, and untagged candidates. Taking into account all



Page 13 of 26 706

Eur. Phys. J. C (2019) 79:706

pringer

As

(0¢p — S — Og)urs |0y|—

(09 + 5¢ — 0g — 5¢)500

(0¢ — S¢ — 09)500 | 0Y|—

(09 + 5¢ — 0g — Sg)s0o

|0y S| lsa0
(5¢ — 0g — S)urs 5] | € |0y$] + (09 — Sg)s0a | (5¢ — 0g — Sg)s00 S| | |0ysY| — (g — Sg)soo |
(T¢ — Sg — To)soo | Ty|+ (To + 5S¢ — Tg — Soyurs (Tg — Sg — Toyuis [ Ty|— (Tg + 5S¢ — Tg — Soyurs
[Ty Sy shGth\hWI
(S¢ — T — Sg)soa|Sy| — &~ | TS| — (Tg — S)us | €— (S¢ — To — Soyurs Sy | € — [TYSY| 4 (T — Soyurs | &—
(I — S¢ — lgyurs |lly|— (Ip + S¢ — llg — Sg)s00 (lgp — S¢ — llg)soa|lly|— (Ip 4 ¢ — g — sg)s00
___«\w«\_ QUGQCQA%
(S¢ — llg — Seyurs [ Sy| | ¢ sy + (g — sg)so0 | § (¢ — llg — S)soo|Sy| | ¢ Ty — (g — Sgysoo | §
(Spyurs |Sy|— (Isv-DE (Sp)soa |y sy +DE SVl st
(Te — 0g — Te)s0o | Ty|+ (Te + 0p — To — Og)urs (T — 09 — Toyurs | Ty|+ (Te + 0p — To — Og)urs
- | Tyoy| Qﬁuikukwgl
(0 — Tg — 0g)s00|0y| [£— [TY0Y| + (Te — §ET| (0¢ — Tg — Og)urs 5% [TY0¢| — (Te — §ET|
(lp — 0g — lgyurs |Iv|+ (g 4+ 0 — llg — 0g)soo (I — 09 — lligysoo|lly|+ (lp + 0 — llg — 0g)soo
- |y oy suNEZufw\(
(0¢p — llg — Ogyurs [0y | € — |T¢0y| — (lg — 0g)soo | & (0¢ — llg — 0g)s0a | 0] | & — |I¢0y] 4 (lg — 0g)soo £
_HA_EV — Tg — lg)soo |lly|+ _HA_EV + T¢p — llg — To)urs _HA:% — To — loyurs |Iy|+ T:% + T¢p — llg — To)urs
- ___«\4«\_ %usthhvmw
(T — llg — Tgysoo | Ty | £~ Ty + (lg — Toyus | & (To —llg — Toyurs [ Ty| | § Ty — (lg — Toyus | §
(Toyurs | Ty|— (Tel =D (T¢)s0a | Ty| T+ D ATVl ({s%s — 1) s
(Ipyuss | ly| (-t (I)s0o | Iy|— (Il +Dé V] ({520 — 1) ¥s
(Op)urs 0y| (oI —DE (0¢p)500 0¥ |— o+ DE 1oV Is¥s
«Nn b5 «Q Ip IN «\,

¢ uis = Ps pue ¢psoo = 92 ‘lgurs = Is ‘lgsod = 12 “Jgurs = ¥s ‘¥gs0o = ¥ opn[our pasn SUONEBIAIIQQY "BIBP dY) 0} I Sy} Ul pasn suonouny juepuadop-swn pue Jemsuy ¢ I[qe],



706 Page 14 of 26

Eur. Phys. J. C (2019) 79:706

detector response effects, the full PDF is conditional upon the
mistag probability and the estimated decay-time uncertainty.

A simultaneous fit is made to the different subsamples,
divided by m(KTK™) bin, year of data taking and trigger
category. The PDF for each subsample, up to a normalisation
constant, is given by

P ([’ Q|qOS’ qSSK, nOS’ nSSK’ 8,)
10
0
o0 Y Cho N fi (e gy ()
k=1
A[2 (405, 4555, S, 55K) hy (11BY)
+0 (a9, ¢%5, 0%, %) hy (11BY) ] © R (1 = 1'181)}
(12)

where R is the time resolution function defined in Eq. (1)
and the terms

o) (qos7 qSSK’ ,7057 nSSK) _ [1 + Clos (1 2w (nos))]
% [] + qSSK (1 —2% (nSSK)>] ’
(13)
o) (qos’ qSSK7 nOS, nSSK) _ [1 _ qos (1 2% (nos))]

x [1 _ gSSK (1 — 2 (nSSK))] .

(14)

account for the measured flavour of the B? candidate. All
physics parameters are free in the fit and are common across
the subsamples, except for the S-wave fraction and the phase
difference §s — 8, which are independent parameters for
each m(K+tK ™) bin.

9 Systematic uncertainties

Systematic uncertainties on the measured physics parame-
ters arise from a variety of sources that are described in the
following. They are summarised in Table 4.

Three systematic effects due to the m (J/i K+ K ~) model
and the sWeights computation are taken into account. Firstly,
the systematic effect due to statistical uncertainties in the
m(J/y KT K ™) fit model is estimated. For this the sWeights
are recomputed after varying the fit parameters within their
statistical uncertainties. The systematic uncertainties are
obtained from the difference in fit results and are found to be
negligible. Secondly, the average width of the double-sided
CB distribution is parametrised as a linear function of the
per-candidate mass uncertainty, instead of a quadratic one.
The differences to the baseline result are assigned as system-
atic uncertainties on the mass shape. Thirdly, the assumption
that the m(J/yy KK ™) distribution is independent of the

@ Springer

decay time and angles is tested by re-evaluating the sWeights
in bins of these observables, repeating the fit and assigning
the differences in fit results as systematic uncertainties.

The main physics background contribution comes from
misidentified Ag — J/ pK~ decays. Possible effects due
to the limited knowledge of the size of this component are
estimated by repeating the fit after varying the amount of this
background by one standard deviation of its measured yield.
The maximum difference is found to be negligible and thus
no systematic uncertainties are assigned. A further systematic
effect due to the B — J/yy K+ K~ background is evaluated
by repeating the m(J/y K™K ™) fit while leaving the mass
resolution for this component free. A new set of sWeights
are computed, leading to negligible systematic uncertain-
ties. Finally, approximately 0.5% of B? — JWKTK™
candidates come from the decays of B mesons via the
B} — B?]t+ decay [63,64]. The effect of ignoring this
component in the fit is evaluated using simulated pseudoex-
periments where 0.5% of the candidates are replaced with
BY-from-B." decays that are randomly sampled from simu-
lated B} — BY(— J/¥ ¢)7 " decays. This is found to have
a negligible effect on all parameters.

In the baseline strategy, all candidates are retained even
if multiple candidates are present in a single event. A
part of these multiple candidates is found to peak in the
m(J/y KT K ™) distribution, which introduces a bias in the
physics parameters, mainly on I'y. The peaking component is
due to so-called clone candidates originating from final state
tracks that are duplicated in the reconstruction process. Can-
didates are considered to be clones if they belong to the same
event and their final-state tracks are separated by an angle
smaller than Smrad. To assign systematic uncertainties, a
single random candidate is selected among all clone candi-
dates in an event and the fitis repeated. Approximately 0.35%
(0.2%) of all selected B? (BY) candidates are removed. The
maximum resulting variations of the fit values are assigned
as systematic uncertainties.

Possible biases of the fitting procedure are studied by gen-
erating and fitting over eight thousand pseudoexperiments of
the same size as the data. The biases are determined from the
resulting pull distributions. The ones that are significantly
different from zero are assigned as systematic uncertainties.

Different models of the S-wave lineshape based on the
results in Ref. [65] are used to evaluate the coupling factors
Csp ineach of the six m (K ™ K ™) bins, according to Ref. [31].
This includes an S-wave parametrisation with a cubic spline
function determined from data, a variation of the f(980)
pole and width parameters used in the baseline model within
their uncertainties, and the variation of the f(980) parame-
ters according to the second solution found in the analysis in
Ref. [65]. The maximum resulting variations of the fit val-
ues, mostly due to the spline parametrisation, are assigned as
systematic uncertainties.
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Table 4 Summary of the systematic uncertainties

Source o A Iy —Ty ATy Amy |AL|? |Aol? 8.—8 8 —d
[rad] [ps™'1  [ps™'] [ps'] [rad] ~  [rad]
Mass: width parametrisation - - - 0.0002  0.001 0.0005  0.0006  0.05 0.009
Mass: decay-time and angles dependence 0.004 0.0037  0.0007 0.0022  0.016 0.0004  0.0002  0.01 0.004
Multiple candidates 0.0011  0.0011  0.0003 0.0001  0.001 0.0001  0.0006  0.01 0.002
Fit bias 0.0010 - - 0.0003  0.001 0.0006  0.0001  0.02 0.033
Csp factors 0.0010  0.0010 - 0.0001  0.002 0.0001 - 0.01 0.005
Time resolution: model applicability - - - - 0.001 - - - 0.001
Time resolution: ¢ bias 0.0032  0.0010  0.0002 0.0003  0.005 - - 0.08 0.001
Time resolution: wrong PV - - - - 0.001 - - - 0.001
Angular efficiency: simulated sample size 0.0011  0.0018 - - 0.001 0.0004  0.0003 - 0.004
Angular efficiency: weighting 0.0022  0.0043  0.0001 0.0002  0.001 0.0011  0.0020  0.01 0.008
Angular efficiency: clone candidates 0.0005  0.0014  0.0002 0.0001 - 0.0001  0.0002 - 0.002
Angular efficiency: ¢ and o; dependence 0.0012  0.0007  0.0002 0.0010  0.003 0.0012  0.0008  0.03 0.006
Decay-time efficiency: statistical - - 0.0012 0.0008 - 0.0003  0.0002 - -
Decay-time efficiency: kinematic weighting - - 0.0002 - - - - - -
Decay-time efficiency: PDF weighting - - 0.0001 0.0001 - - - - -
Decay-time efficiency: AI'y = 0 simulation — — - 0.0003 0.0005 - 0.0002  0.0001 - -
Length scale - - - - 0.004 - - - -
Quadratic sum of syst. 0.0061  0.0064  0.0015 0.0026  0.018 0.0019  0.0024  0.10 0.037

The tagging parameters are Gaussian-constrained in the
fit and therefore their uncertainties contribute to the sta-
tistical uncertainty of each fit value. This mainly affects
the parameter ¢g, with a contribution to the uncertainty of
15 mrad. In addition, the calibration of the OS tagging is re-
evaluated using a quadratic function instead of a linear one.
The observed differences when repeating the fit are found to
be negligible.

The systematic uncertainties associated with decay-time
resolution originate from four different sources. The first is
due to the statistical uncertainties on the calibration param-
eters and is found to be negligible. The second is related
to the assumption that the resolution model obtained in the
calibration sample applies also to the signal sample. The cor-
responding systematic uncertainty is determined by evaluat-
ing the ratio of the calibration effective resolutions, obtained
from the simulated samples of the calibration and signal
decays, and using it to scale the effective resolutions in the
prompt data sample. These scaled effective resolutions are
then described by a quadratic function and used to deter-
mine the physics parameters. The differences with respect
to the baseline result are assigned as systematic uncertain-
ties. A third source of uncertainty is due to a possible bias
of the Gaussian resolution mean, which is assumed to be
zero in the baseline model. A quadratic dependence of the
mean on the decay-time uncertainty is observed in the cali-
bration sample, with a maximum deviation of about 5 fs from
zero. It is modelled in the prompt data sample after weight-
ing it in order to match the signal data sample. Correspond-

ing systematic uncertainties are evaluated as the differences
between the results obtained with this bias and the baseline
model. Finally, the fourth systematic effect is estimated by
varying the contribution in the fit of candidates with an asso-
ciated wrong origin vertex. The fraction of these candidates
is varied between 0 and 1.5%, corresponding to about three
times the fraction that is measured in the calibration sam-
ple, the calibration updated and the fit to data repeated. The
maximum deviations from the baseline fit are assigned as
systematic uncertainties.

The angular efficiency is determined from simulated sig-
nal, weighted such that the kinematic distributions of the
final-state particles match those in the data. Systematic uncer-
tainties are assigned to account for the limited size of the sim-
ulated sample by varying the normalisation weights accord-
ing to their uncertainties and their covariance matrix and
repeating the fit with a new varied set of weights. The result-
ing RMS of each fitted observable is taken as a systematic
uncertainty. In addition, the impact of the specific configura-
tion of the gradient-boost tree method used in the reweight-
ing of the simulation is studied by testing approximately one
hundred alternative configurations. The maximal deviations
from the fit result obtained with the default angular efficiency
are assigned as systematic uncertainties. The differences
between the fit results obtained using angular corrections
from the baseline or alternative weighting procedures of the
simulated candidates are also considered as systematic uncer-
tainties. Animperfect removal of clone candidates, in simula-
tion, that peak in the BY candidate mass is tested as follows.
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The peaking component is separated from the underlying
background via sWeights using all simulated events to deter-
mine its shape. As an alternative, it is modelled according to
the distribution of the corresponding background classifica-
tion that is available in simulations, which however is limited
by the small sample size and is therefore not used as the base-
line strategy. In addition, the two components are separated
by matching the reconstructed daughter particles to the sim-
ulated particles by comparing their track momentum mag-
nitudes and directions. The angular efficiency is determined
according to these two changes and the larger differences are
assigned as systematic uncertainties. Finally, from a fit to sev-
eral simulated samples of the same size as data, uncertainties
are evaluated as the differences between fitted and gener-
ated values to account for correlations between the angular
efficiency and the decay time as well as the decay-time uncer-
tainty. Such correlations are neglected in the baseline fit.

Several sources of systematic uncertainties related to the
determination of the spline-based decay-time efficiency are
studied and found to be small. First, the effect due to the lim-
ited size of the data and simulated samples is estimated by
repeating the fit several times with the spline coefficients var-
ied according to their covariance matrix and the RMS of the
fitted observable distributions is taken as systematic uncer-
tainties. Two further contributions are evaluated by taking the
difference between the baseline fit and alternative fits where
the time efficiency is determined without applying either the
kinematic or the PDF weighting procedures used to correct
the physics parameters of B‘? and BY simulated samples.
Next, the number of spline nodes is doubled and found to have
a negligible effect on the result. Another systematic uncer-
tainty source is due to the differences observed in decay-
time efficiency derived from the simulated samples with AT’
equal to or different from zero. It has been also checked that
varying the decay-time resolutions used in the determination
of the decay-time efficiency by 10% has negligible effects.

The uncertainty on the LHCb length scale is estimated to
be 0.022% [66], as determined from metrology and track-
based alignment. This translates directly into an uncertainty
on I'y — 'y, AT’y and Amy, which is non-negligible only
in the case of Amy. Other parameters are unaffected. The
precision on the track momentum scale is 0.03%. Its effect
largely cancels in the computation of the decay time, leading
to negligible uncertainties on all observables.

Asymmetries between B? and BY production rates are
diluted by the fast oscillation between particle and antipar-
ticle. They are found to have a negligible effect on the fit
parameters.

No statistically significant systematic effect on the results
is observed when repeating the analysis on subsets of the
data, splitting by magnet polarity, trigger conditions, year
of data taking, number of primary vertices, bins of B? PT,
pseudorapidity and decay-time uncertainty.

@ Springer

10 Results

The results of the maximum-likelihood fit described in Sect. 8
are

¢s = —0.083 + 0.041 =+ 0.006 rad
|A| = 1.012 £ 0.016 + 0.006
Ty — [y = —0.0041 £ 0.0024 4+ 0.0015 ps~"
ATy = 0.077 + 0.008 + 0.003 ps~"
Amg = 17.703 + 0.059 £ 0.018 ps !
|A 1> = 0.2456 + 0.0040 + 0.0019

|Ao|? = 0.5186 + 0.0029 + 0.0024
8, —8=2.64+0.13+0.10rad

8 — 80 =3.06 T 308 +0.04 rad. (15)

The S-wave fractions and phase differences with respect to § |
in each m (KK ™) bin are summarized in Appendix 1. The
background-subtracted data distributions with fit projections
are shown in Fig. 11.

The results are in good agreement with the previous LHCb
measurement. The measurements of ¢y, AT’y and I'y — Iy
are the most precise to date and agree with the SM expecta-
tions [4,5,18,19]. The results also indicate no CP violation
in B — J/¥K*K~ decays. The value of Amy is in a
good agreement with the world average value [46]. Relax-
ing the assumption that A, is the same for all polarisation
states and repeating the fit shows no evidence for any polari-
sation dependence. The correlation matrix including system-
atic uncertainties can be found in Table 5.

11 Combination with other results

The results presented in this paper are combined with related
Run 1 and Run 2 LHCb measurements, taking into account
all statistical correlations, all systematic errors and their cor-
relations, and correlations between different run periods.

11.1 Combination with Run 1 B — J/y K¥ K~

The measurements presented in this paper are consistent with
those obtained from the analysis of the data collected by
LHCb during the LHC Run 1 [27]. The Run I measure-
ments are combined with the results of this analysis taking
into account a covariance matrix that includes the statisti-
cal uncertainties with their correlations, and the systematic
uncertainties with their correlations, both between the param-
eters in a single run period and between the two run periods.

The sources of systematic uncertainty that are correlated
between the analyses are the applicability of the time resolu-
tion obtained from the prompt control sample on the signal
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dashed purple) S-wave contributions. Data and fit projections for the
different samples considered (data-taking year, trigger and tagging cat-
egories, m(K ™K ™) bins) are combined

Table 5 Correlation matrix including the statistical and systematic correlations between the parameters

&s [A] Is—Ta AT Amg AL [Aol? 31 —do 3 —do
b 1.00 0.16 —0.05 0.01 —-0.02 0.01 0.00 0.03 0.00
[A] 1.00 0.07 —0.09 0.06 0.04 —0.02 0.04 0.01
I's —Ty 1.00 —0.46 0.06 0.35 —0.24 —0.01 0.03
AT 1.00 —0.05 —0.64 0.46 —0.02 0.00
Amg 1.00 0.01 0.01 0.55 —0.01
1AL 2 1.00 ~0.64 0.01 0.07
| Ao|? 1.00 0.01 ~0.02
81 —do 1.00 0.25
8 — 8o 1.00

sample, the Cgsp factors, the correction of simulation for the
angular efficiency determination, and the length scale. In the
case of the angular efficiency, a correlation matrix is deter-
mined from the RMS distributions of the parameters in Run
2 and the same matrix is taken to account for correlations
between Run 1 and Run 2. For all other sources of system-
atic uncertainty no correlation is assumed. For the parameters
showing asymmetric uncertainties, the larger uncertainty has
been used in the combination.

It has been verified that using the average of the two asym-
metric uncertainties does not change the combination, and

that completely ignoring the systematic correlations has a
negligible effect. In the Run 1 measurement, Iy was mea-
sured instead of Iy — 'y, hence a linear transformation is
taken into account in the combination, constraining Iy to the
known value [32]. The combined results are

¢s = —0.080 & 0.032rad ,

Al =0.993 4+ 0.013,

Iy = 0.6570 £ 0.0023 ps~ !,
ATy = 0.0784 £ 0.0062 ps~ !,
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Table 6 Correlation matrix for the results in Eq. (16) taking into account correlated systematics between Run 1 and the 2015 and 2016 results

bs [A] Ly ATy Amg |ALI? |Aol? 31 —do 3 —do
Ps 1.00 0.10 -0.02 -0.02 0.02 0.01 -0.02 0.08 0.00
[A| 1.00 0.04 —-0.04 —0.05 0.03 -0.02 —0.06 0.02
I 1.00 —0.35 0.04 0.28 —0.17 —0.01 0.00
AT 1.00 —0.01 —0.61 0.40 —0.02 0.00
Amg 1.00 0.01 —0.01 0.61 0.01
|AL|? 1.00 —0.67 0.01 0.00
|Ag|? 1.00 —0.04 —0.06
81 —do 1.00 0.28
8y — 8o 1.00
Amyg = 17.691 £ 0.042 ps_1 , Table 7 Correlation matrix for the results in Eq. (17) obtained taking
into account correlated systematics between the considered analyses
|A |2 = 0.2486 + 0.0035 , Y Y
¢ [A] r AT
|Ao)* = 0.5197 + 0.0035, - - -
8, —8p=2.88+0.11rad, bs 1.00 0.05 —0.01 —0.03
A 1.00 0.03 —0.03
8 — 8o =3.155+£0.079 rad. (16) 1A
Iy 1.00 —0.17
ATl 1.00

The correlation matrix can be found in Table 6. The correla-
tion between 'y and 'y is 0.39. The combined value of ¢
is 2.5 standard deviations from zero and agrees with expec-
tations based on the SM [4,5].

11.2 Combination with other LHCb ¢, results

The results obtained in the previous section are further com-
bined with the recent results from B? — JpntrT [67]
decays, and the Run 1 results from BS — JrntaT [28],
BY — Jiy KTK~ for the K* K~ invariant mass region
above 1.05GeV/c? [31], B? — ¢(2S)¢ [29] and BY —
D} D [30] decays.

The Run 1 analysis of B? — JAy ™ decays mea-
sured |A| and ¢; assuming a value of Am fixed to 17.768
0.024 ps~!. Before the combination, this value is updated
to 17.711 4 0.059 ps~! [27], and the analysis is repeated to
obtain updated values of |A| and ¢s. The analysis of 2015 and
2016 data, instead, measured ¢y, |A| and 'y — 'y, assuming
the Amy value determined in this analysis. In the combina-
tion, 'y — [y is parametrised as 'y — 'y — AT’ /2, and the
value of I'; is constrained to the known value. The combined
values are

¢s = —0.041 +0.025rad ,
Al =0.993 £ 0.010,
Iy = 0.6562 + 0.0021 ps~ !,
AT = 0.0816 & 0.0048 ps " . a7

The correlation matrix can be found in Table 7. The correla-
tion between I'y and I'; is 0.48.
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Fig. 12 Regions of 68% confidence level in the ¢;-AT's plane for the
individual LHCb measurements and a combined contour (in blue). The
BY — Jpap KK~ (magenta) and B — J/y ntaw™ [67] (red) con-
tours show the Run 1 and Run 2 combined numbers. The ¢ [4] and
AT [18] predictions are indicated by the thin black rectangle

The values of these parameters are the most precise to
date. Figure 12 shows the 68% confidence level regions in
the ¢s vs. ATy plane for the considered analyses and the
LHCb combination. The combined value of ¢ is consistent
with global fits to data. The parameter |1| agrees with the
hypothesis of no CP violation in the decay. The values of I'y
and AT are consistent with expectations from HQE models.

12 Conclusions

In summary, a flavour-tagged decay-time-dependent angu-
lar analysis of B? — J/Ay KTK~ decays has been per-
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formed, using 1.9fb~! of pp collision data recorded by the
LHCb experiment during the 2015 and 2016 runs of the
LHC. Approximately 117000 signal decays are selected,
with a decay-time resolution of about 45fs and a tagging
power of 4.7%. The CP-violating phase ¢, is measured to be
—0.083 £ 0.041 £ 0.006 rad, the decay width difference of
the BY mass eigenstates, AI'y = 0.07740.008+£0.003 ps—!,
and the difference of the average decay widths of the B? and
BY mesons, I’y — I’y = —0.0041 & 0.0024 + 0.0015ps71.
Using the known value for the B meson lifetime 1.520 4
0.004 ps [32], the ratio of Bg and B® meson decay widths
is measured to be I'y/ I'y = 0.9938 £ 0.0036 £ 0.0023. All
results are shown with first the statistical and second the sys-
tematic uncertainty. These are the single most precise mea-
surements of these quantities to date. In addition, the mass
difference between the BY mass eigenstates is measured to be
Amg = 17.703£0.059 £ 0.018 ps~!. All results are consis-
tent with theoretical predictions based on the SM [4,5]. The
CP-violating parameters are also determined assuming that
they are not the same for all B? — J/yy KT K~ polarisation
states and no polarisation dependence is observed.

The measurements presented here for the parameters ¢y,
Al Ty = Ta, ATy, Amg, [A L], | Aol 81 — 8o and 8 — 8o
are consistent with those from BSO — JAy KTK~ decays
obtained using data collected by the LHCb experiment dur-
ing Run 1 of the LHC [27]. The two sets of measurements
are combined accounting for the statistical and systematic
correlations between parameters in each and the systematic
correlations between the two run periods. The combined val-
ues are ¢; = —0.080 £ 0.032rad, || = 0.993 £ 0.013,
Iy = 0.6570 + 0.0023 ps—!, ATy = 0.0784 £ 0.0062 ps~!
and Am; = 17.691 &+ 0.042 ps_l. The value of ¢; is 2.5
standard deviations from zero and consistent with theoreti-
cal predictions based on the SM [4,5].

The results are further combined with the recent results
from BY — Jiywtmx~ [67], and the Run 1 results from
BY — Jppwta~ [28], BY — Jy KTK~ forthe K* K~
invariant mass region above 1.05GeV/c? [31], B? —
Y (28)¢ [29] and Bs0 — D} Dy [30]. The combined values
are ¢, = —0.041 £ 0.025rad, |A| = 0.993 + 0.010, I’y =
0.6562 + 0.0021 ps~! and ATy = 0.0816 % 0.0048 ps—".
These values are consistent with theoretical predictions based
on the SM [4,5]. In particular, the value of ¢; is consistent
with a non-zero CP-violation predicted within the SM and
with no CP-violation in the interference of B? meson mixing
and decay. The parameter || is consistent with unity, imply-
ing no evidence for direct CP-violation in B‘? — JWKTK™
decays.
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Appendix

A S-wave parameters

The results for the S-wave parameters in each of the six
m(KTK™) bins are given in Table 8. The main sources of

systematic uncertainties are the Csp factors, the mass factor-
ization and biases of the fitting procedure.
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Table 8 Values of the S-wave parameters in each m (K ™ K ™) bin. The
first uncertainty is statistical and the second systematic

Parameter Value

Fs 0.492 +0.043 £ 0.010

Fs» 0.041 % 0.008 & 0.006

Fys 0.004473:099 + 0.0014
+0.0062

Fs4 0.0069 700002 +0.0016

Fys 0.073 £ 0.013 = 0.004

Fs6 0.1527901% +0.009

8s1 — 81 [rad] +2.217937 £0.20

852 — 81 [rad]
853 — 8 [rad]
ds4 — 41 [rad]
ds5 — &1 [rad]
856 — 61 [rad]

+1.56 £ 0.29 £ 0.05
+1.097047 £0.10
—0.28%01¢ +0.12
—0.54109 +0.02
—1.10%7013 +0.11

References

10.

13.

14.

&

. N. Cabibbo, Unitary symmetry and leptonic decays. Phys. Rev.
Lett. 10, 531 (1963)

M. Kobayashi, T. Maskawa, CP-violation in the renormalizable
theory of weak interaction. Prog. Theor. Phys. 49, 652 (1973)
LHCb Collaboration, R. Aaij et al., Measurement of the flavour-
specific CP-violating asymmetry ag) in B? decays. Phys. Lett. B
728, 607 (2014). arXiv:1308.1048

CKMfitter group, J. Charles et al., Current status of the standard
model CKM fit and constraints on AF = 2 new physics, Phys.
Rev. D 91, 073007 (2015). arXiv:1501.05013, updated results and
plots available at http://ckmfitter.in2p3.fr/

UTfit Collaboration, M. Bona et al., The unitarity triangle fit in
the standard model and hadronic parameters from lattice QCD: A
reappraisal after the measurements of Amgy and BR(B — tv).
JHEP 10, 081 (2006). arXiv:hep-ph/0606167, updated results and
plots available at http://www.utfit.org/

A.J. Buras, Flavour theory: 2009, PoS EPS-HEP2009, 024 (2009).
arXiv:0910.1032

C.-W. Chiang et al., New physics in BS — J /Y ¢: a general anal-
ysis. JHEP 04, 031 (2010). arXiv:0910.2929

S. Faller, R. Fleischer, T. Mannel, Precision physics with B? —
J /Y@ at the LHC: the quest for new physics. Phys. Rev. D 79,
014005 (2009). arXiv:0810.4248

S. Stone, L. Zhang, S-waves and the measurement of CP vio-
lating phases in B? decays. Phys. Rev. D 79, 074024 (2009).
arXiv:0812.2832

LHCb Collaboration, R. Aaij et al., Measurement of CP violation
and the B? meson decay width difference with BY — J/¢ Kt K~
and B? — mtmw~ decays. Phys. Rev. D 87, 112010 (2013).
arXiv:1304.2600

. V.A.Khoze, M.A. Shifman, Heavy quarks. Sov. Phys. Usp. 26, 387
(1983)

M.A. Shifman, M. Voloshin, Preasymptotic effects in inclusive
weak decays of charmed particles. Sov. J. Nucl. Phys. 41, 120
(1985)

V.A. Shifman, M. Voloshin, Hierarchy of lifetimes of charmed and
beautiful hadrons. Sov. Phys. JETP 64, 698 (1986)

LI Bigi, N.G. Uraltsev, A.l. Vainshtein, Nonperturbative correc-
tions to inclusive beauty and charm decays: QCD versus phe-
nomenological models. Phys. Lett. B 293, 430 (1992). Erratum
ibid. B297 (1992) 477, arXiv:hep-ph/9207214

Springer

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

L.I. Bigi, The QCD perspective on lifetimes of heavy flavor hadrons.
arXiv:hep-ph/9508408

N. Uraltsev, Heavy quark expansion in beauty and its decays. Proc.
Int. Sch. Phys. Fermi 137, 329 (1998). arXiv:hep-ph/9804275

M. Neubert, B decays and the heavy quark expansion. Adv. Ser.
Dir. High Energy Phys. 15, 239 (1998). arXiv:hep-ph/9702375
M. Artuso, G. Borissov, A. Lenz, CP violation in the B? system.
Rev. Mod. Phys. 88, 045002 (2016). arXiv:1511.09466

M. Kirk, A. Lenz, T. Rauh, Dimension-six matrix elements for
meson mixing and lifetimes from sum rules. JHEP 12, 068 (2017).
arXiv:1711.02100

S. Jager, K. Leslie, M. Kirk, A. Lenz, Charming new physics
in rare B-decays and mixing? Phys. Rev. D 97, 015021 (2018).
arXiv:1701.09183

T. Jubb, M. Kirk, A. Lenz, G. Tetlalmatzi-Xolocotzi, On the ulti-
mate precision of meson mixing observables. Nucl. Phys. B 915,
431 (2017). arXiv:1603.07770

DO Collaboration, V.M. Abazov et al., Measurement of the CP-
violating phase ¢>sj ads using the flavor-tagged decay B — J/vr¢
in 8fb~! of pp collisions. Phys. Rev. D 85, 032006 (2012).
arXiv:1109.3166

CDF Collaboration, T. Aaltonen et al., Measurement of the bottom-
strange meson mixing phase in the full CDF data set. Phys. Rev.
Lett. 109, 171802 (2012). arXiv:1208.2967

ATLAS Collaboration, G. Aad et al., Flavour tagged time depen-
dent angular analysis of the By — J/v¢ decay and extraction of
AT's and the weak phase ¢ in ATLAS. Phys. Rev. D 90, 052007
(2014). arXiv:1407.1796

ATLAS Collaboration, Measurement of the CP violation phase ¢
in BE — J /¥ ¢ decays in ATLAS at 13 TeV, https://cds.cern.ch/
record/2668482

CMS Collaboration, V. Khachatryan et al., Measurement of the
CP-violating weak phase ¢; and the decay width difference AT’y
using the B? — J/¥¢(1020) decay channel in pp collisions at
/s = 8 TeV. Phys. Lett. B 757, 97 (2016). arXiv:1507.07527
LHCb Collaboration, R. Aaij et al., Precision measurement of CP
violation in BY — J/¥K+tK~ decays. Phys. Rev. Lett. 114,
041801 (2015). arXiv:1411.3104

LHCb Collaboration, R. Aaij et al., Measurement of the CP-

violating phase ¢; in E(r)ms — J/ymtm~ decays. Phys. Lett.
B 736, 186 (2014). arXiv:1405.4140

LHCb Collaboration, R. Aaij et al., Measurement of the CP vio-
lating phase and decay-width difference in BY — v/ (28)¢ decays.
Phys. Lett. B 762, 253 (2016). arXiv:1608.04855

LHCb Collaboration, R. Aaij et al., Measurement of the CP-

violating phase ¢; in E(:ms — D} D; decays. Phys. Rev. Lett.
113, 211801 (2014). arXiv:1409.4619

LHCb Collaboration, R. Aaij et al., Resonances and C P-violation
in BY and BY — J/y K+ K~ decays in the mass region above the
¢ (1020). JHEP 08, 037 (2017). arXiv:1704.08217

Heavy Flavor Averaging Group, Y. Amhis et al., Averages of b-
hadron, c-hadron, and 7-lepton properties as of summer 2016. Eur.
Phys. J. C 77, 895 (2017). arXiv:1612.07233, updated results and
plots available at https://hflav.web.cern.ch

M. Pivk, ER. Le Diberder, sPlot: a statistical tool to unfold
data distributions. Nucl. Instrum. Methods A 555, 356 (2005).
arXiv:physics/0402083

Y. Xie, sFit: a method for background subtraction in maximum
likelihood fit. arXiv:0905.0724

A.A. AlvesJr. etal., Performance of the LHCb muon system. JINST
8, P02022 (2013). arXiv:1211.1346

LHCb Collaboration, R. Aaij et al., LHCb detector performance.
Int. J. Mod. Phys. A 30, 1530022 (2015). arXiv:1412.6352

T. Sjostrand, S. Mrenna, P. Skands, A brief introduction to PY THIA
8. 1. Comput. Phys. Commun. 178, 852 (2008). arXiv:0710.3820


http://arxiv.org/abs/1308.1048
http://arxiv.org/abs/1501.05013
http://ckmfitter.in2p3.fr/
http://arxiv.org/abs/hep-ph/0606167
http://www.utfit.org/
http://arxiv.org/abs/0910.1032
http://arxiv.org/abs/0910.2929
http://arxiv.org/abs/0810.4248
http://arxiv.org/abs/0812.2832
http://arxiv.org/abs/1304.2600
http://arxiv.org/abs/hep-ph/9207214
http://arxiv.org/abs/hep-ph/9508408
http://arxiv.org/abs/hep-ph/9804275
http://arxiv.org/abs/hep-ph/9702375
http://arxiv.org/abs/1511.09466
http://arxiv.org/abs/1711.02100
http://arxiv.org/abs/1701.09183
http://arxiv.org/abs/1603.07770
http://arxiv.org/abs/1109.3166
http://arxiv.org/abs/1208.2967
http://arxiv.org/abs/1407.1796
https://cds.cern.ch/record/2668482
https://cds.cern.ch/record/2668482
http://arxiv.org/abs/1507.07527
http://arxiv.org/abs/1411.3104
http://arxiv.org/abs/1405.4140
http://arxiv.org/abs/1608.04855
http://arxiv.org/abs/1409.4619
http://arxiv.org/abs/1704.08217
http://arxiv.org/abs/1612.07233
https://hflav.web.cern.ch
http://arxiv.org/abs/physics/0402083
http://arxiv.org/abs/0905.0724
http://arxiv.org/abs/1211.1346
http://arxiv.org/abs/1412.6352
http://arxiv.org/abs/0710.3820

Eur. Phys. J. C (2019) 79:706

Page 21 of 26 706

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

T. Sjostrand, S. Mrenna, P. Skands, PYTHIA 6.4 physics and man-
ual. JHEP 05, 026 (2006). arXiv:hep-ph/0603175

I. Belyaev et al., Handling of the generation of primary events in
Gauss, the LHCb simulation framework. J. Phys. Conf. Ser. 331,
032047 (2011)

D.J. Lange, The EvtGen particle decay simulation package. Nucl.
Instrum. Methods A 462, 152 (2001)

P. Golonka, Z. Was, PHOTOS Monte Carlo: a precision tool for
QED corrections in Z and W decays. Eur. Phys. J. C 45, 97 (2006).
arXiv:hep-ph/0506026

Geant4 Collaboration, J. Allison et al., Geant4 developments and
applications. IEEE Trans. Nucl. Sci. 53, 270 (2006)

Geant4 Collaboration, S. Agostinelli et al., Geant4: a simulation
toolkit. Nucl. Instrum. Methods A 506, 250 (2003)

M. Clemencic et al., The LHCb simulation application, Gauss:
design, evolution and experience. J. Phys. Conf. Ser. 331, 032023
(2011)

R. Aaijetal., The LHCDb trigger and its performance in2011. JINST
8, P04022 (2013). arXiv:1211.3055

Particle Data Group, M. Tanabashi et al., Review of particle
physics, Phys. Rev. D 98, 030001 (2018)

L. Breiman, J.H. Friedman, R.A. Olshen, C.J. Stone, Classification
and Regression Trees (Wadsworth international group, Belmont,
1984)

Y. Freund, R.E. Schapire, A decision-theoretic generalization of
on-line learning and an application to boosting. J. Comput. Syst.
Sci. 55, 119 (1997)

T. Skwarnicki, A study of the radiative cascade transitions between
the Upsilon-prime and Upsilon resonances. PhD thesis, Institute of
Nuclear Physics, Krakow, DESY-F31-86-02 (1986)

LHCb Collaboration, R. Aaij et al., Measurements of the BT,
BY, BS meson and A2 baryon lifetimes. JHEP 04, 114 (2014).
arXiv:1402.2554

LHCb Collaboration, R. Aaij et al., Measurement of the polariza-
tion amplitudes in B® — J /v K*(892)° decays. Phys. Rev. D 88,
052002 (2013). arXiv:1307.2782

D. Martinez Santos, F. Dupertuis, Mass distributions marginalized
over per-event errors. Nucl. Instrum. Methods A 764, 150 (2014).
arXiv:1312.5000

A. Rogozhnikov, Reweighting with boosted decision trees. J.
Phys. Conf. Ser. 762 (2016). arXiv:1608.05806. https://github.
com/arogozhnikov/hep_ml

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

T. du Pree, Search for a strange phase in beautiful oscillations.
PhD Thesis, VU University, Amsterdam, CERN-THESIS-2010-
124 (2010)

LHCb Collaboration, R. Aaij et al., Measurement of the polariza-
tion amplitudes in B® — J /¢ K*(892)" decays. Phys. Rev. D 88,
052002 (2013). arXiv:1307.2782

D. Fazzini, Flavour Tagging in the LHCb experiment. In Proceed-
ings, 6th Large Hadron Collider Physics Conference (LHCP 2018):
Bologna, Italy, June 4-9, 2018, LHCP2018 230 (2018)

LHCb Collaboration, R. Aaij et al., B flavour tagging using
charm decays at the LHCb experiment. JINST 10, P10005 (2015).
arXiv:1507.07892

LHCb Collaboration, R. Aaij et al., Opposite-side flavour tagging
of B mesons at the LHCb experiment. Eur. Phys. J. C 72, 2022
(2012). arXiv:1202.4979

LHCb Collaboration, R. Aaij et al., A new algorithm for identifying
the flavour of B? mesons at LHCb. JINST 11, P05010 (2016).
arXiv:1602.07252

W.D. Hulsbergen, Decay chain fitting with a Kalman filter. Nucl.
Instrum. Methods A 552, 566 (2005). arXiv:physics/0503191
LHCb Collaboration, R. Aaij et al., Measurement of CP asymmetry
in B — DF K decays. JHEP 03, 059 (2018). arXiv:1712.07428
LHCb Collaboration, R. Aaij et al., Measurement of resonant and
CP components in B? — J/¢¥r T~ decays. Phys. Rev. D 89,
092006 (2014). arXiv:1402.6248

LHCb Collaboration, R. Aaij et al., Observation of the decay B —
BO7 ™. Phys. Rev. Lett. 111, 181801 (2013). arXiv:1308.4544
V.V. Kiselev, Decays of the B}t meson. arXiv:hep-ph/0308214
LHCb Collaboration, R. Aaij et al., Measurement of resonant and
C P components in B? — J/ym T~ decays. Phys. Rev. D 89,
092006 (2014). arXiv:1402.6248

LHCb Collaboration, R. Aaij et al., Precision measurement of the
BS—E(; oscillation frequency in the decay Bg — Dyt New J.
Phys. 15, 053021 (2013). arXiv:1304.4741

LHCb Collaboration, R. Aaij et al., Measurement of the CP-
violating phase ¢ from BY — J/yn*n~ decaysin 13 TeV pp
collisions. arXiv:1903.05530, submitted to Phys. Lett. B

@ Springer


http://arxiv.org/abs/hep-ph/0603175
http://arxiv.org/abs/hep-ph/0506026
http://arxiv.org/abs/1211.3055
http://arxiv.org/abs/1402.2554
http://arxiv.org/abs/1307.2782
http://arxiv.org/abs/1312.5000
http://arxiv.org/abs/1608.05806
https://github.com/arogozhnikov/hep_ml
https://github.com/arogozhnikov/hep_ml
http://arxiv.org/abs/1307.2782
http://arxiv.org/abs/1507.07892
http://arxiv.org/abs/1202.4979
http://arxiv.org/abs/1602.07252
http://arxiv.org/abs/physics/0503191
http://arxiv.org/abs/1712.07428
http://arxiv.org/abs/1402.6248
http://arxiv.org/abs/1308.4544
http://arxiv.org/abs/hep-ph/0308214
http://arxiv.org/abs/1402.6248
http://arxiv.org/abs/1304.4741
http://arxiv.org/abs/1903.05530

706 Page 22 of 26 Eur. Phys. J. C (2019) 79:706

LHCDb Collaboration

R. Aaij’®, C. Abelldn Beteta*®, T. Ackernley”®, B. Adeva*’, M. Adinolfi>*, H. Afsharnia®, C. A. Aidala’®, S. Aiola®?,
Z. Ajaltoum ,S. Akarﬁl, P A]blCOCCOlg, J. Albrecht!'!, F. Alessw44, M. Alexander?, A. Alfonso Albero42, G. Alkhazov3*
P. Alvarez Cartelle®’, A. A. Alves Jr*?, S. Amato?, Y. Amhis®, L. An!8, L. Anderlini!®, G. Andreassi*®, M. Andreotti!’,
F. Archilli'3, P. d’Argent'3, J. Arnau Romeu’, A. Artamonov*!', M. Artuso®, K. Arzymatov3®, E. Aslanides’, M. Atzeni*®
B. Audurier?®, S. Bachmann'?, J.J. Back?, S. Baker’’, V. Balagurag’b, W. Baldini'7**, A. Baranov3®, R.J. Barlow’3
S. Barsuk®, W. Barter’’, M. Bartolini?®, F. Baryshmkov74 G. Bassi®, V. Batozskaya32, B. Batsukh®, A. Battig”,
V. Battista®*, A.Bay®, M. Becker'!, F Bedeschi®, I.Bediaga', A.Beiter®, L.J.Bel?®, V.Belavin®®, S.Belin?3,
N. Beliy®®, V. Bellee®, K. Belous*!, I. Belyaev®>, E.Ben-Haim’, G. Bencivenni!®, S.Benson®, S.Beranek!?,
A. Berezhnoy?®, R. Bernet*®, D. Berninghoff'?, E. Bertholet?, A. Bertolin?*, C. Betancourt*®, F. Betti!®¢, M. O. Bettler’!,
M. van Beuzekom?®, Ia. Bezshylko46 S. Bhasin®, J. Bhom30 M. S. Bleker11 S. Bifani*, P. Billoir”, A. Blrnkrautll
A. Bizzetil$: U M. B]¢rn59,M. P. Blag044, T. Bla.kesz, E Blanc45, S. Blusk“, D. Bobulskasj, V. B000127, 0. Boente Garcia®?

T. Boettcher®, A. Boldyrev39, A. Bondar*®¥, N. Bondar**, S. Borghi44 S8 M. Borisyak38, M. Borsato!3, J. T. Borsuk??,
M. Boubdir!®, T.J.V.Bowcock®, C.Bozzi!”**, S.Braun!®, A.Brea Rodnguez43 M. Brodski**, J. Brodzicka3",
A. Brossa Gonzalo®?, D. Brundu?***, E. Buchanan50 A. Buonaura*®, C.Burr*, A.Bursche?3, J.S. Butter?s,
J. Buytaert**, W. Byczynski**, S.Cadeddu®’, H.Cai®, R. Calabrese!’¢, S.Cali!®, R. Calladine*, M. Calvi?!i,
M. Calvo Gomez*?™, A. Camboni*>™ P Campana19 D. H. Campora Perez**, L. Capriottim’e, A. Carbone!®=,
G. Carboni?®, R. Cardinale?®, A. Cardini®®, P.Camniti?!, K. Carvalho AkibaZ, A. Casais Vidal*®, G. Casse®®
M. Cattaneo*®*, G. Cavallero®®, R. Cenci®>P, J. Cerasoli’, M. G. Chapmanso, M. Charles®**, Ph. Charpentier44,
G. Chatzikonstantinidis*®, M. Chefdeville®, V. Chekalina®®, C.Chen?, S.Chen?®, A.Chernov®’, S.-G. Chitic**,
V. Chobanova*®* @, M. Chrzaszcz**, A. Chubykin34, P. Ciambrone!®, M. F. Cicala®?, X. Cid Vidal*}, G. Ciezarek™®,
F. Cindolo'®, P. E. L. Clarke®*, M. Clemencic**, H. V. Cliff!, J. Closier**, J. L. Cobbledick®, V. Coco**, J. A. B. Coelho®,
J. Cogan E. Cogneras L. Cojocariu”, P. Collins**, T. Colombo**, A. Comerma-Montells'3, A. Contu??, N. Cooke?’,
G. Coombs’>, S. Coquereau42 G. Corti**, C. M. Costa Sobral®?, B. Couturier®, G. A. Cowan®*, D. C. Craik®,
A. Crocombe®?, M. Cruz Torres!, R. Currie®*, C.D’Ambrosio**, C.L.DaSilva’”, E.Dall’Occo?3, J. Dalseno®¥,
A. Danilina®, A. Davis’®, O. De Aguiar Francisco**, K. De Bruyn**, S. De Capua®, M. De Cian*®’, J. M. De Miranda!,

L. De Paula?, M. De Serio'>-4, P. De Simone!®, C.T. Dean’”®, W. Dean’®, D. Decamp®, L. Del Buono’, B. Delaney’!

H.-P. Dembinski!2, M. Demmer“, A. Dendek3!, V. Denysenk046, D. Derkach?®, O. Deschamps F. Desse®, F. Dettori®?

B. Dey®, A.Di Canto*, P.DiNezza'®, S.Didenko’*, H. Dijkstra*, F. Dordei’>-", M. Dorigo252, A. Dosil Sudrez*

L. DouglasSS, A. Dovbnya47, K. Dreimanis®®, M. W. Dudek’?, L. Dufour®, G. Dujanyg, P. Durante**, J. M. Durham”®
D. Dutta®®, R. Dzhelyadin41’T, M. Dziewiecki!?, A. Dziurda®®, A. Dzyuba34, S. Easo>, U. Eged657, V. Egorychev35,
S. Eidelman*®Y, S. Eisenhardt>*, S.Ek-In*®, R. Ekelhof!!, L.Eklund®, S. Ely“ A. Ene33, S. Escher!®, S. Esen?8
T. Evans®!, A. Falabella'®, J. Fan®, N. Farley*’, S. Farry56 D. Fazzini®, P. Fernandez Declara**, A. Fernandez Prieto*?,
F. Ferrari'®¢, L. Ferreira Lopes®, F. Ferreira Rodrigues?, S. Ferreres Solezs, M. Ferro-Luzzi**, S. Filippov37, R. A. Fini!?
M. Fiorini'7-2, M. Firlej?!, K. M. Fischer®®, C. Fitzpatrick**, T. Fiutowski®!, F. Fleuret®®, M. Fontana**, F. Fontanelli*-h,
R. Forty44, V. Franco Lima>®, M. Franco Sevilla®?, M. Frank**, C.Frei**, D.A. Fridayss, J.Fu?24, 'W. Funk*,
M. Féo**, E. Gabr1e154, A. Gallas Torreira®3, D. Galli'®¢, S. Gallorini’*, S. Gambetta®*, Y. Gan?, M. Gandelman?,

P. Gandini?%, Y. Gao L. M. Garcia Martin’®,  B. Garcia Plana43 F. A. Garcia Rosalesg, J. Garcia Pardifias*0,
J. Garra Tico®!, L. Garrldo42 D. Gascon42 C. Gaspar44, G. Gazzom D. Gel’leB E. Gersabeck58 M. Gersabeck58
T. Gershon?, D Gerstel’, Ph. Ghez”, V. Gibson®!, A. Gioventu*}, O. G. Girard®, P. Gironella Gironell*?, L. Glubega

C. Glughano17 K. Gizdov™*, V. V. Gligorov’, D. Golubkov®, A. Golutvin’”74, A. Gomes'?, 1. V. Gorelov3®

C. Gotti?!l, E. Govorkova®8, J.P. Grabowski!3, R. Graciani Diaz*?, T. Grammatico’, L. A. Granado Cardoso**
E. Graugés*?, E. Graverini®, G. Graziani'®, A.Grecu®®, R.Greim?®, P. Griffith!’, L.Grillo’, L. Gruber*,
B. R. Gruberg Cazon®’, C. Gu?, X. Guo®’, E. Gushchin®’, A. Guth!?, Yu. Guz*'**, T. Gys**, C. Gobel®®, T. Hadavizadeh®®,
C. Hadjivasiliou®, G. Haefeli*’, C.Haen*, S.C.Haines’!, P. M. Hamilton%?, Q. Han®, X.Han'?, T.H.Hancock”’,
S. Hansmann-Menzemer'?, N. Harnew”®, T. Harrison’®, C.Hasse**, M. Hatch**, J. He®®, M. Hecker’’, K. Heijhoffzg,
K. Heinicke“, A. Heister'!, A. M. Hennequin44, K. Hennessy56, L. Henry76, E. van Herwijnen44, J. Heuello, M. HeR!,
A. Hicheur®, R. Hidalgo Charman®®, D.Hill®®, M. Hilton®®, P. H. Hopchev*, J.Hu'3, W.Hu®, W.Huang®
Z.C. Huard61, W. Hulsbergenzg, T. Humalr57 R.J. Hunter52, M. Hushchyn39, D. Hutchcroft56, D. Hyndszg,
P. Ibis!!, M. Idzik®!, P. Ilten®, A. Inglessﬁ“, A. Inyakin‘“, K. Ivshin®*, R. Jacobsson**, S. Jakobsen**, J.Jalocha®®,
E. Jans?®, B. K. Jashal’®, A. Jawahery62, V. Jevtic!!, F Jiang3, M. John®®, D. Johnson**, C.R.Jones’!, B.Jost*,
N. Jurik®®, S. Kandybei47, M. Karacson*®*, J. M. Kariuki®®, S. Karodia®®, N. Kazeev®®, M. Kecke!3, F. Keizer!,

@ Springer


http://orcid.org/0000-0002-1353-6002

Eur. Phys. J. C (2019) 79:706 Page 23 of 26 706

M. Kelsey63 , M. Kenzie’!, T.Ketel®®, B. Khanji44, A. Kharisova”, C.Khurewathanakul®®, K. E.Kim®, T. Kirn!?,
V. S. Kirsebom®, S. Klaver'?, K. Klimaszewski®2, P. Kodassery Padmalayammadam30, S. Koliiev*®, A. Kondybayeva74,
A. Konoplyannikov®, P. Kopciewicz?!, R. Kopecna'?, P. Koppenburg?®, I. Kostiuk?®#%, 0. Kot*®, S. Kotriakhova’*,
M. Kozeihaﬁ, L. Kravchuk37, R. D. Krawczyk44, M. KrepsSz, F. Kress®’, S. Kretzschmarlo, P. Krokovny40’y,
W. Krupa3 1 W. Krzemien32, W. Kucewicz3%!, M. Kucharczyk30, V. Kudryavtsev40’y, H. S. KuindersmaZ®, G. J. Kunde’®,
A. K. Kuonen®, T. Kvaratskheliya35 ,D. Lacarrere®, G. Laffertyss, A. Lai?3, D. Lancierini*®, J. J. Lane>8, G. Lanfranchi!®,
C. Langenbruchlo, T. Latham®?, F. Lazzari®®", C. Lazzeroni®, R.Le Gac’, A.Leflat’®, R. Lefevre®, F. Lemaitre®,
0. Leroy’, T.Lesiak’, B.Leverington'?, H.Li®, P-R.Li%2 X Li’”? Y.Li* Z. Li%, X Liang®, R.Lindner*,
P.Ling®’, F. Lionetto*®, V. Lisovskyi®, G.Liu®’, X.Liu?, D.Loh’?, A.Loi®}, J.Lomba Castro*}, I. Longstaff>,
J. H. Lopesz, G. Loustau*®, G. H. Lovell®!, D. Lucchesi?*®, M. Lucio Martinez?3, Y. Luo3, A. Lupat024, E. Luppi”’g,
0. Lupt0n52, A. Lusiani®, X. Lyu66, R. Ma67, S. Maccoliniw’e, F. Machefert®, F. Maciuc33, V. Macko®, P. Mackowiak!!,
S. Maddrell-ManderSO, L. R. Madhan Mohanso, 0. Maev34’44, A. Maevskiy39, K. Maguir658, D. Maisuzenko34,
M. W. Majewski3 1 'S Malde®, B. Malecki**, A. Malinin”?, T. Maltsev#?+Y, H. Malygina13, G. Manca?*f, G. Mancinelli’,
D. Manuzzil®¢, D. Marangott022’q, J. Maratas®*, J. F. Marchand®, U.Marconi!®, S.Mariani!3, C. Marin BenitoS,
M. Marinangeli45, P. Marino®®, J. Marks!'3, P.J. Marshall®®, G. Martellotti?’, L. Martinazzoli**, M. Martinelli**2!,
D. Martinez Santos*>, F. Martinez Vidal’®, A. Massafferri!, M. Materok'®, R. Matev**, A.Mathad*®, Z. Mathe*,
V. Matiunin®’®, C. Matteuzzi?!, K. R. Mattioli’8, A. Mauri*®, E. Maurice3:®, M. McCann®”**, L. Mcconnell'#, A. McNab8,
R. McNulty'4, J. V. Mead®®, B.Meadows®!, C.Meaux’, N.Meinert’!, D.Melnychuk®?, S.Meloni’!", M. Merk?®,
A. Merli*?4, E. Michielin?*, D. A. Milanes’?, E. Millard>?, M.-N. Minard>, O. Mineev>, L. Minzoni!”-¢, S. E. Mitchell>*,
B. Mitreska®®, D. S. Mitzel**, A. Mogini’, R. D. Moise®’, T. Mombicher!!, 1. A. Monroy’?, S. Monteil®, M. Morandin®*,
G. Morellolg, M. J. Morello?® S Mor0n31, A. B. Morris’, A.G. Morrissz, R. Mountain“, H. Mu3 , F Muheim54,
M. Mukherjeeﬁg, M. Mulder?3, C.H. Murphy59, D. MurraySS, A. Modden!!, D. Miiller**, J. Miiller!!, K. Miiller*°,
V. Miiller!!, P. Naik®®, T. Nakada*®, R. Nandakumar>3, A. Nandi®?, T. Nanut*®, 1. Nasteva2, M. Needham’*, N. Neri22+4,
S. Neubert!3, N. Neufeld**, R.Newcombe’’, T.D. Nguyen45, C. Nguyen-Mau45’“, E. M. Niel®, S. Nieswand!?,
N. Nikitin®®, N.S. Nolte**, D.P. O’Hanlon'®, A. Oblakowska-Mucha3!, V. Obraztsov*!, S. Ogilvy>®, R. Oldeman?®3f,
C.J. G. Onderwater’?, J.D.Osborn’®, A. Ossowska3?, J. M. Otalora Goicochea?, T. Ovsiannikova®®, P. Owen®,
A. Oyanguren76, P.R. Pais®®, T. Pajero25 * A. Palano'®, M. Palutan!®, G. Panshin”, A. Papanestis53, M. Pappaga11054,
L. L. Pappalardo!”-¢, W. Parker?, C. Parkes>®**, G. Passaleva'®%* A. Pastore!>, M. Patel’’, C. Patrignani'®®, A. Pearce**,
A. PellegrinozS, G. Penso?’, M. Pepe Altarelli**, S. Perazzini!®, D. Pereima’®, P. PerretG, L. Pescatore®, K. Petridis®°,
A. Petrolini?™ A Petrov’3, S. Petrucci®*, M. Petruzzo?>9, B. Pietrzyk®, G. Pietrzyk®, M. Pikies®®, M. Pili®?,
D. Pinci?’, J. Pinzino*, F. Pisani**, A. Piuccil?, V. Placinta®3, S. Playfer54, J. Plews*®, M. Plo Casasus®, F. Polci®,
M. Poli Lener'?, M. Poliakova®, A. Poluektov’, N. Polukhina’+, 1. Polyak0v63, E. Polycarpoz, G.J. PomerySO, S. Ponce*,
A. Popov‘“, D. Popov49, S. Poslavskii*!, L. P. Promberger44, C. Prouve®, V. Pugatch48, A. Puig Navarro*®, H. Pullen®®,
G. Punzi®P, W. Qian“, J. Qin66, R. Quaglianig, B. Quintanaﬁ, N. V. Raab'¥, B.Rachwal®', J. H. Rademacker>?,
M. Rama®, M. Ramos Pernas*>, M. S. Rangel?, F. Ratnikov3®3°, G.Raven?®, M. Ravonel Salzgeber**, M. Reboud?,
F.Redi®®, S.Reichert!!, A.C.dosReis', F. Reiss’, C.Remon Alepuz76, 7Z.Ren®, V.Renaudin®®, S. Ricciardi®?,
S. Richards™®, K. Rinnert®, P.Robbe®, A.Robert’, A.B. Rodrigues45, E. Rodriguesf’l, J. A. Rodriguez Lopez70,
M. Roehrken**, S. Roiser*, A. Rollingssg, V. Romanovskiy‘“, M. Romero Lamas*?, A. Romero Vidal*?, J. D. Roth’8,
M. Rotondo'®, M. S. Rudolph®?, T. Ruf**, J. Ruiz Vidal’®, J. Ryzka®!, J. J. Saborido Silva*?, N. Sagidova®*, B. Saitta®*,
C. Sanchez Gras?8,  C. Sanchez Mayord0m076, B. Sanmartin Sedes®®, R. Santacesaria?’, C. Santamarina Rios*3,
P. Santangelolg, M. Santimaria!®**, E. Santovetti?®J, G. SarpisSg, A. Sarti'®k, C. Satriano?”s, A. Satta?®, M. Saur®,
D. Savrina®>-° L. G. Scantlebury Smead®®, S. Schael'?, M. Schellenberg“,M. Schiller®®, H. Schindler**, M. Schmellinglz,
T. Schmelzer!!, B. Schmidt**, O. Schneider®, A. Schopper44, H. F. Schreiner®!, M. Schubigerzg, S. Schulte®,
M. H. Schune®, R. Schwemmer**, B. Sciascial®, A. Sciubba?”¥, S. Sellam®, A. Semennikov>>, A. Sergi49*44, N. Serra®,
J. Serrano’, L. Sestini?*, A. Seuthe!!, P. Seyfert44, D. M. Shangase78, M. Shapkin‘“, T. Shears>®, L. Shekhtman®®Y,
V. Shevchenko’374, E. Shmanin’4, J. D. Shupperd®?, B. G. Siddi'?, R. Silva Coutinho*®, L. Silva de Oliveira®, G. Simi’*,
S. Simone'>4, 1. Skiba!’, N. Skidmore!?, T. Skwarnicki®®, M. W. Slater*’, J. G. Smeaton’', E. Smith'®, 1. T. Smith>*,
M. Smith®’, M. Soaresl6, 1. Soares Lavra!, M. D. Sokoloff61, EJ.P Soler55, B. Souza De PaulaZ, B. Spaan“,
E. Spadaro Norella?24, P. Spradlin55 , F Stagni44, M. Stahl®!, S. Stahl**, P.Stefko®, S. Stefkova’’, O. Steinkamp46,
S. Stemmle!3, O. Stenyakin“, M. Stepanova34, H. Stevens!!, A. Stocchi®, S. Stone®?, S. Stracka>, M. E. Stramaglia45 s
M. Straticiuc®?, U. Straumann?®, S. Strokov’>, J. Sun?, L. Sun®, Y. Sun®2, P. Svihra®8, K. Swientek3!, A. Szabelski®Z,
T. Szumlak3!, M. Szymanski“, S. T’Jampenss, S. Tanejasg, Z. Tang3, T. Tekampe1 1 G. Tellarini'’?, F. Teubert**,
E. Thomas**, K. A. Thomson>®, J. van Tilburg®®, M. J. Tilley>’, V. Tisserand®, M. Tobin*, S. Tolk**, L. Tomassetti!’-¢,

@ Springer



706 Page 24 of 26 Eur. Phys. J. C (2019) 79:706

D. Tonelli®, D.Y. Tou’, E.Tournefier’, M. Traill>>, M. T. Tran®, A. Trisovic®!, A. Tsaregorodtsev7, G. Tuci®-*-p,
A. Tully’!, N.Tuning?®, A.Ukleja’?, A.Usachov®, A.Ustyuzhanin®®-*°  U.Uwer!3, A.Vagner’>, V. Vagnoni'®,
A. Valassi44, S. Valat44, G. Valenti16, H. Van Hecke79, C. B. Van Hulsel4, R. Vazquez Gomez44, P. Vazquez Regueir043,
S. Vecchil”’, M. van Veghel72, J.J. Velthuis®®, M. Veltri!®*, A. Venkateswaran®®, M. Vernet®, M. VeronesiZ®,
M. Vesterinen®2,  J. V. Viana Barbosa**, D. Vieira®, M. Vieites Diaz*®, H. Viemann’!, X. Vilasis-Cardona®>"™,
A. Vitkovskiyzg, V. Volkov3°, A. Vollhardt*®, D. Vom Bruch®, B. Voneki*, A. Vorobyev34, V. Vorobyev“o’y, N. Voropaev34,
1. A. de Vries?®, C. Vazquez Sierra?®, R. Waldi’!, J. Walsh®, J. Wang4, J. Wang3, M. Wang3, Y. Wang69, Z. Wang46,
D.R. Ward®', H.M. Wark®®, N. K. Watson®®, D. Websdale’’, A.Weiden*, C.Weisser®®, B.D.C. Westhenryso,
D.J. White’®, M. Whitehead'®, D. Wiedner!!, G. Wilkinson®®, M. Wilkinson®?, I. Williams>!, M. R. J. Williams>3,
M. Williams®®, T. Williams*®, F. F. Wilson>®>, M. Winn®, W. Wislicki*?>, M. Witek®, G. Wormser®, S. A. Wotton®!,
H. Wu®, K. Wyllie**, Z. Xiang®®, D. Xiao®, Y. Xie®, H. Xing®’, A. Xu?, L. Xu?, M. Xu®, Q. Xu®, Z. Xu3, Z. Xu’,
Z. Yang3 VA Yang62, Y. Yao63, L. E. Yeoman556, H. Yin69, J. Yu69’ab, X. Yuan®? , O. Yushchenko‘“, K. A. Zarebski49,
M. Zavertyaevlz’c, M. Zdybal30, M. Zeng3, D. Zhang69, L. Zhang3, S. Zhang3, W. C. Zhang3’aa, Y. Zhang44, A. Zhelezov!3,
Y. Zheng®, X. Zhou®®, Y. Zhou®®, X. Zhu?, V. Zhukov'?-30_ J. B. Zonneveld>*, S. Zucchelli'6-¢

I Centro Brasileiro de Pesquisas Fisicas (CBPF), Rio de Janeiro, Brazil
2 Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil
3 Center for High Energy Physics, Tsinghua University, Beijing, China
4 Institute of High Energy Physics (ihep), Beijing, China
5 Univ. Grenoble Alpes, Univ. Savoie Mont Blanc, CNRS, IN2P3-LAPP, Annecy, France
6 Université Clermont Auvergne, CNRS/IN2P3, LPC, Clermont-Ferrand, France
7 Aix Marseille Univ, CNRS/IN2P3, CPPM, Marseille, France
8 LAL, Univ. Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, Orsay, France
9 LPNHE, Sorbonne Université, Paris Diderot Sorbonne Paris Cité, CNRS/IN2P3, Paris, France
107, Physikalisches Institut, RWTH Aachen University, Aachen, Germany
! Fakultit Physik, Technische Universitit Dortmund, Dortmund, Germany
12 Max-Planck-Institut fiir Kernphysik (MPIK), Heidelberg, Germany
13 physikalisches Institut, Ruprecht-Karls-Universitit Heidelberg, Heidelberg, Germany
14 School of Physics, University College Dublin, Dublin, Ireland
I5 INFN Sezione di Bari, Bari, Italy
16 INFN Sezione di Bologna, Bologna, Italy
I7 INFN Sezione di Ferrara, Ferrara, Italy
I8 INFN Sezione di Firenze, Firenze, Ttaly
19 INFN Laboratori Nazionali di Frascati, Frascati, Italy
20 INFN Sezione di Genova, Geneva, Italy
21 INFN Sezione di Milano-Bicocca, Milan, Italy
22 INFN Sezione di Milano, Milan, Italy
23 INFN Sezione di Cagliari, Monserrato, Italy
24 INFN Sezione di Padova, Padova, Italy
25 INFN Sezione di Pisa, Pisa, Italy
26 INFN Sezione di Roma Tor Vergata, Rome, Italy
27 INFN Sezione di Roma La Sapienza, Rome, Italy
28 Nikhef National Institute for Subatomic Physics, Amsterdam, The Netherlands
29 Nikhef National Institute for Subatomic Physics and VU University Amsterdam, Amsterdam, The Netherlands
30 Henryk Niewodniczanski Institute of Nuclear Physics Polish Academy of Sciences, Krakéw, Poland
31 AGH - University of Science and Technology, Faculty of Physics and Applied Computer Science, Krakéw, Poland
32 National Center for Nuclear Research (NCBJ), Warsaw, Poland
33 Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Magurele, Romania
34 Petersburg Nuclear Physics Institute NRC Kurchatov Institute (PNPI NRC KI), Gatchina, Russia
35 Institute of Theoretical and Experimental Physics NRC Kurchatov Institute (ITEP NRC KI), Moscow, Russia, Moscow,
Russia
36 Institute of Nuclear Physics, Moscow State University (SINP MSU), Moscow, Russia
37 Institute for Nuclear Research of the Russian Academy of Sciences (INR RAS), Moscow, Russia

@ Springer



Eur. Phys. J. C (2019) 79:706 Page 25 of 26

706

38 Yandex School of Data Analysis, Moscow, Russia

39 National Research University Higher School of Economics, Moscow, Russia

40 Budker Institute of Nuclear Physics (SB RAS), Novosibirsk, Russia

41 Institute for High Energy Physics NRC Kurchatov Institute (IHEP NRC KI), Protvino, Russia, Protvino, Russia

42 [CCUB, Universitat de Barcelona, Barcelona, Spain

43 Instituto Galego de Fisica de Altas Enerxias (IGFAE), Universidade de Santiago de Compostela, Santiago de
Compostela, Spain

44 European Organization for Nuclear Research (CERN), Geneva, Switzerland

4 Institute of Physics, Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland

46 physik-Institut, Universitit Ziirich, Ziirich, Switzerland

47 NSC Kharkiv Institute of Physics and Technology (NSC KIPT), Kharkiv, Ukraine

48 Institute for Nuclear Research of the National Academy of Sciences (KINR), Kyiv, Ukraine

49 University of Birmingham, Birmingham, UK

S0 H.H. Wills Physics Laboratory, University of Bristol, Bristol, UK

3! Cavendish Laboratory, University of Cambridge, Cambridge, UK

32 Department of Physics, University of Warwick, Coventry, UK

33 STFC Rutherford Appleton Laboratory, Didcot, UK

>+ School of Physics and Astronomy, University of Edinburgh, Edinburgh, UK

33 School of Physics and Astronomy, University of Glasgow, Glasgow, UK

36 Oliver Lodge Laboratory, University of Liverpool, Liverpool, UK

37 Imperial College London, London, UK

38 School of Physics and Astronomy, University of Manchester, Manchester, UK

59 Department of Physics, University of Oxford, Oxford, UK

60 Massachusetts Institute of Technology, Cambridge, MA, USA

6l University of Cincinnati, Cincinnati, OH, USA

62 University of Maryland, College Park, MD, USA

63 Syracuse University, Syracuse, NY, USA

o4 Laboratory of Mathematical and Subatomic Physics, Constantine, Algeria, associated to?

65 Pontificia Universidade Catélica do Rio de Janeiro (PUC-Ri0), Rio de Janeiro, Brazil, associated to?

%6 University of Chinese Academy of Sciences, Beijing, China, associated to?

67 South China Normal University, Guangzhou, China, associated to’

68 School of Physics and Technology, Wuhan University, Wuhan, China, associated to’

9 Institute of Particle Physics, Central China Normal University, Wuhan stateHubei, China, associated to?

70 Departamento de Fisica , Universidad Nacional de Colombia, Bogota, Colombia, associated to?

71 Institut fiir Physik, Universitidt Rostock, Rostock, Germany, associated to!3

72 Van Swinderen Institute, University of Groningen, Groningen, The Netherlands, associated to28

73 National Research Centre Kurchatov Institute, Moscow, Russia, associated to3>

74 National University of Science and Technology “MISIS”, Moscow, Russia, associated 033

75 National Research Tomsk Polytechnic University, Tomsk, Russia, associated to>>

76 Instituto de Fisica Corpuscular, Centro Mixto Universidad de Valencia - CSIC, Valencia, Spain, associated to*?

7T H.H. Wills Physics Laboratory, University of Bristol, Bristol, UK

78 University of Michigan, Ann Arbor, USA, associated t0%3

7 Los Alamos National Laboratory (LANL), Los Alamos, USA, associated 093

2 Universidade Federal do Tridngulo Mineiro (UFTM), Uberaba-MG, Brazil

b Laboratoire Leprince-Ringuet, Palaiseau, France

¢ PN. Lebedev Physical Institute, Russian Academy of Science (LPI RAS), Moscow, Russia
d Universita di Bari, Bari, Italy

¢ Universita di Bologna, Bologna, Italy

[ Universita di Cagliari, Cagliari, Italy

€ Universita di Ferrara, Ferrara, Italy

N Universita di Genova, Genoa, Italy

1 Universita di Milano Bicocca, Milan, Ttaly

@ Springer



706 Page 26 of 26 Eur. Phys. J. C (2019) 79:706

J Universita di Roma Tor Vergata, Rome, Italy

K Universita di Roma La Sapienza, Rome, Italy

"' AGH - University of Science and Technology, Faculty of Computer Science, Electronics and Telecommunications,

Krakéw, Poland

™ LIFAELS, La Salle, Universitat Ramon Llull, Barcelona, Spain

" Hanoi University of Science, Hanoi, Vietnam

© Universita di Padova, Padova, Italy

P Universita di Pisa, Pisa, Italy

4 Universita degli Studi di Milano, Milan, Italy

T Universita di Urbino, Urbino, Italy

$ Universita della Basilicata, Potenza, Italy

! Scuola Normale Superiore, Pisa, Italy

! Universita di Modena e Reggio Emilia, Modena, Italy

v Universita di Siena, Siena, Italy

W H.H. Wills Physics Laboratory, University of Bristol, Bristol, UK

* MSU - Iligan Institute of Technology (MSU-IIT), Iligan, Philippines

¥ Novosibirsk State University, Novosibirsk, Russia

%z Sezione INFN di Trieste, Trieste, Italy
3 School of Physics and Information Technology, Shaanxi Normal University (SNNU), Xi’an, China
b physics and Micro Electronic College, Hunan University, Changsha City, China
¢ Lanzhou University, Lanzhou, China

" Deceased

@ Springer



	Updated measurement of time-dependent CP-violating observables in B 0s toJ-3mu/-2muψ 2mu K+ K- decays
	Abstract 
	1 Introduction
	2 Detector and simulation
	3 Selection and mass fit
	4 Decay-time resolution
	5 Decay-time efficiency
	6 Angular efficiency
	7 Tagging the B 0s meson flavour at production
	7.1 Opposite-side tagging
	7.2 Same-side tagging
	7.3 Tagger combination

	8 Maximum-likelihood fit
	9 Systematic uncertainties
	10 Results
	11 Combination with other results
	11.1 Combination with Run 1 B 0s toJ-3mu/-2muψ 2muK +K-
	11.2 Combination with other LHCb φs results

	12 Conclusions
	Acknowledgements
	Appendix
	A S-wave parameters
	References




