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A measurement of the B — J/ys¢ decay parameters using 80.5 fb~! of integrated luminosity
collected with the ATLAS detector from 13 TeV pp collisions at the LHC is presented. The
measured parameters include the CP-violating phase ¢, the width difference Al'y between
the BY meson mass eigenstates and the average decay width I'y. The values measured for the
physical parameters are combined with those from 19.2 fb~! of 7 TeV and 8 TeV data, leading
to the following:

¢y = —0.096 +0.036 (stat.) + 0.024 (syst.) rad
ATy = 0.0696 + 0.0042 (stat.) = 0.0029 (syst.) ps_1
I’ = 0.6684 +£0.0014 (stat.) + 0.0018 (syst.) ps_1

Results for ¢ and Al are also presented as 68% likelihood contours in the ¢5 — Al plane.
Furthermore the transversity amplitudes and corresponding strong phases are measured. All
measurements are in agreement with the Standard Model predictions.
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1 Introduction

In the presence of New Physics (NP) phenomena, sources of CP violation in b-hadron decays can arise
in addition to those predicted by the Standard Model (SM) [1]. In the BE — J/Y¢ decay, CP violation
occurs due to interference between a direct decay and a decay with B — BY mixing. The oscillation
frequency of BY meson mixing is characterised by the mass difference Amy of the heavy (By) and light
(Bp) mass eigenstates. The CP violating phase ¢y is defined as the weak phase difference between the BY
— BY mixing amplitude and the b — c¢s decay amplitude. In the SM the phase ¢, is small and is related
to Cabibbo—Kobayashi—-Maskawa (CKM) quark mixing matrix elements via the relation ¢, =~ —2p,

with By = arg[—(VisV, )/ (VesV7,)]; assuming no NP contributions to Bg mixing and decays, a value
of 24 = —0.0363f8:88}g rad can be predicted by combining beauty and kaon physics observables [2].

While large NP enhancements of the mixing amplitude have been excluded by the precise measurement
of the oscillation frequency [3], the NP couplings involved in the mixing may still increase the size of the
observed CP violation by enhancing the mixing phase ¢ with respect to the SM value.

Other physical quantities involved in BY — BY mixing are the decay width I’y = (I', + I'y)/2 and the width
difference Al'y = I, — I'y, where I'L, and I'y are the decay widths of the light and heavy mass eigenstates,
respectively. In the SM the width difference is predicted to be AT’y = 0.087 + 0.021 ps~! [4]. A potential
NP enhancement of ¢ would also decrease the size of Al'y, however it is not expected to be affected
as significantly as ¢5 [5]. Nevertheless, extracting Al'y from data is interesting as it allows theoretical
predictions to be tested [5].

The analysis of the time evolution of the B — J/ ¢ decay provides the most precise determination of
¢s and Al's. Previous measurements of these quantities have been reported by the DO , CDF, LHCb,
ATLAS and CMS collaborations [Aad:2016tdj, 6-10]. Additional improvements in measuring ¢ from
BY decays to /(2S)¢ and to D D; have been achieved by the LHCb collaboration [Aaij:2016psitwoS,
Aaij:2014Ds].

The analysis presented here introduces a measurement of the BY — J /¢ decay parameters using 80.5 fb~!
of LHC pp data collected by the ATLAS detector during 2015 — 2017 at a centre-of-mass energy, +/s,
equal to 13 TeV. The analysis closely follows a previous ATLAS measurement [Aad:2016tdj] that was
performed using 19.2 fb~! of data collected at 7 TeV and 8 TeV and introduces more precise models for
both signal and backgrounds.

2 ATLAS detector and Monte Carlo simulation

The ATLAS detector™ consists of three main components: an inner detector (ID) tracking system immersed
in a 2 T axial magnetic field, electromagnetic and hadronic calorimeters, and a muon spectrometer (MS).
The inner tracking detector covers the pseudorapidity range || < 2.5, and consists of silicon pixel,
silicon micro-strip, and transition radiation tracking detectors. The ID is surrounded by a high-granularity
liquid-argon (LAr) sampling electromagnetic calorimeter. A steel/scintillator tile calorimeter provides
hadronic coverage in the central rapidity range. The end-cap and forward regions are equipped with LAr

* ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point. The z-axis is along the beam
pipe, the x-axis points to the centre of the LHC ring and the y-axis points upward. Cylindrical coordinates (r, ¢) are used
in the transverse plane, r being the distance from the origin and ¢ being the azimuthal angle around the beam pipe. The
pseudorapidity 7 is defined as n = — In[tan(6/2)] where 6 is the polar angle.
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calorimeters for electromagnetic and hadronic measurements. The MS surrounds the calorimeters and
provides a system of tracking chambers and detectors for triggering. A full description can be found in
Refs. [11-13].

The muon and tracking systems are of particular importance in the reconstruction of B meson candidates.
Only data collected when both these systems were operating correctly and when the LHC beams were
declared to be stable are used in the analysis. The data were collected during periods with different
instantaneous luminosity, therefore several triggers were used in the analysis. All triggers were based on
the identification of a J/¢ — u*u~ decay, with transverse momentum (pr) thresholds of either 4 GeV or
6 GeV for the muons.

The measurement uses 80.5fb~' of pp collision data. The uncertainty in the combined 2015-2017
integrated luminosity is 2.0%. It is derived, following a methodology similar to that detailed in Ref. [14],
and using the LUCID-2 detector for the baseline luminosity measurements [15], from calibration of the
luminosity scale using x—y beam-separation scans.

To study the detector response, estimate backgrounds, and model systematic effects, 100M Monte Carlo
(MC) simulated Bg — J/y ¢ events were generated using PyTHia 8.210 [16] tuned with ATLAS data,
using the A14 set of parameters [17] together with the CTEQ6L1 set [18]. The detector response was
simulated using the ATLAS simulation framework based on GEANT4 [19, 20]. In order to account for
the varying number of proton—proton interactions per bunch crossing (pile-up) and trigger configurations
during data-taking, the MC events were weighted to reproduce the same pile-up and trigger conditions
as in data. Additionally, the background samples of both exclusive (Bg - J/WK O and Ap — J/ YypK™)
and inclusive (bb — J/¥ X and pp — J/¥X) decays were simulated, using the same simulation tools
as in case of the signal events. For validation studies related to flavour tagging, detailed in 4, events of
B* — J/YyK* exclusive decays were also simulated.

3 Reconstruction and candidate selection

The reconstruction and candidate selection for the decay BS = J/Yy(uu)¢(K*K™) is described here.
Events must pass the trigger selections described in Section 2. In addition, each event must contain at least
one reconstructed primary vertex, formed from at least four ID tracks, and at least one pair of oppositely
charged muon candidates that are reconstructed using information from the MS and the ID. The muon
track parameters used in this analysis are determined from the ID measurement alone, since the precision
of the measured track parameters is dominated by the ID track reconstruction in the pt range of interest
for this analysis. Pairs of oppositely charged muon tracks are refitted to a common vertex and the pair is
accepted for further consideration if the quality of the fit meets the requirement y?/n.d.o.f. < 10. In order
to account for varying mass resolution in different parts of the detector, the J/¢ candidates are divided
into three subsets according to the pseudorapidity  of the muons. In the first subset both muons have
7| < 1.05, where the values 5 = +1.05 correspond to the edges of the barrel part of the MS. In the
second subset one muon has 1.05 < || < 2.5 and the other muon || < 1.05. The third subset contains
candidates where both muons have 1.05 < || < 2.5. A maximum-likelihood fit is used to extract the J/y
mass and the corresponding mass resolution for these three subsets, and in each case the signal region is
defined symmetrically around the fitted mass, so as to retain 99.7% of the J /¢ candidates identified in the
fits.

11th October 2019 — 17:10 5



\ Not reviewed, for internal circulation only ‘

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

1238

124

125

126

127

128

129

130

131

| ATLAS DRAFT

The candidates for the decay ¢ — K™K~ are reconstructed from all pairs of oppositely charged
tracks, with pr > 1 GeV and || < 2.5, that are not identified as muons. Candidate events for
BY — J/y(ut u")¢(K* K ™) decays are selected by fitting the tracks for each combination of J /s — u* ™
and ¢ — K"K~ to a common vertex. The fit is also constrained by fixing the invariant mass calculated
from the two muon tracks to the J/y mass [21]. A quadruplet of tracks is accepted for further analysis
if the vertex fit has y?/n.d.o.f. < 3. For the ¢ — KK~ candidate, the invariant mass of the track pairs
(using a kaon mass hypothesis) must fall within the interval 1.0085 GeV < m(K*K™) < 1.0305 GeV.
The interval, chosen using MC simulation, is selected to retain 98% of true ¢ — K"K~ decays. The
BS candidate with the lowest ,\/2 /n.d.o.f. is selected in cases where more than one candidate passes all
selections. In total, 2977 526 BY candidates are collected within the mass range of 5.150-5.650 GeV.
This range is chosen to give enough background events in the side bands of the mass distributions to allow
a high precision determination of the properties of background events. The mass window choice has been
varied and found to have a negligible systematic effect on the results.

The mean number of interactions per bunch crossing is 30, necessitating a choice of the best candidate for
the primary vertex at which the BY meson is produced. The variable used is the three-dimensional impact
parameter ag, which is calculated as the minimum distance between each primary vertex candidate and
the line extrapolated from the reconstructed B meson vertex in the direction of the BY momentum. The
chosen primary vertex is the one with the smallest ag.

For each BY meson candidate the proper decay time ¢ is estimated using:

t = ny Mg
Pt

where pr, is the reconstructed transverse momentum of the BY meson candidate and m,, denotes the
mass of the B meson, taken from Ref. [21]. The transverse decay length, L xy» is the displacement in
the transverse plane of the BY meson decay vertex with respect to the primary vertex, projected onto the
direction of the BY transverse momentum. The primary vertex position is recalculated after removing any
tracks used in the BY meson candidate to avoid biasing L.

4 Flavour tagging

To identify, or fag, the flavour of a neutral B meson at the point of production, information is extracted
using the decay of the other (or opposite) b-hadron that is produced from the pair production of b and b
quarks. This approach is called opposite-side tagging (OST).

The OST algorithms each define a discriminating variable, based on charge information, which is sensitive
to the flavour (ie. b- or b-quark) of the opposite-side h-hadron. The algorithms thus provide a probability
that a signal B meson in a given event is produced in a given flavour. The calibration of the OST
algorithms proceeds using data containing B* — J/y K* candidate decays, where the charge of the kaon
determines the flavour of the B meson, providing a self-tagging sample of events. These OST algorithms
are calibrated as a function of the discriminating variable, using yields of signal B* mesons extracted from
fits to the data. Once calibrated, the OST algorithms are applied to B? — J/y(ut u)p(K+K™) candidate
events to provide a probability that each candidate was produced in a BY or BY meson state, which is used
in the maximum likelihood fit (described in Section 5). Section 4.1 describes the reconstruction of the
B* — J /¢ K* candidates, followed by a description of the OST methods in Section 4.2. The performance
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of the OST algorithms on the calibration sample is given in Section 4.3, and details on how the probabilities
from the OST algorithms are used in the maximum likelihood fit, including the determination of the
distributions of these probabilities in signal and background, are discussed in Section 4.4.

4.1 B* —» J /Yy K* event selection

Candidate B* — J/yK* decays are identified in a series of steps described here. First, J/iy candidates
are selected from oppositely charged muon pairs forming a good vertex, as described in Section 3.
Each muon is required to have pr > 4 GeV and || < 2.5. Dimuon candidates with invariant mass
2.8 < m(u*tu~) < 3.4 GeV, as determined from the refitted track parameters of the vertex, are retained
for further analysis. To form the B* candidate, an additional track is required. The track is assigned
the charged kaon mass hypothesis and combined with the dimuon candidate using a vertex fit, performed
with the mass of the dimuon pair constrained to the J /¢ mass [21]. Prompt background contributions are
suppressed with the requirement on the proper decay time of the B* candidate of ¢ > 0.2 ps.

The tagging probabilities are determined from B* and B~ signal events. These signal yields are derived
from fits to the invariant mass distribution, m(J/y K*), and performed in intervals of the discriminating
variables. To describe the B* — J/iyK* signal, two Gaussian functions with a common mean are
used. An exponential function is used to describe the combinatorial background and a hyperbolic tangent
function to parametrise the low-mass contribution from incorrectly or partially reconstructed b-hadron
decays. A Gaussian function is used to describe the B* — J/yn* contribution, with fixed parameters
taken from simulation except for the normalisation, which is a free parameter. A fit to the overall mass
distribution constrains the shapes of the signal and backgrounds, excluding the slope of the exponential
function. Subsequent fits are performed in the intervals of the tagging discriminating variables, separately
for B and B~ candidate events, with the normalisation (and exponential slope) parameters left free. The
B* and B~ signal yields are extracted from these fits. Figure 1 shows the invariant mass distribution of
B* candidates overlaid with a fit to all selected candidates, and including the individual fit components
for the signal and backgrounds.

4.2 Flavour tagging methods

The flavour of the signal B meson at the point of production is inferred using several methods, which differ
in their efficiency and discrimination power. The measured charge of a lepton (electron or muon) from the
semileptonic decay of a B meson provides strong discrimination; however, the » — ¢ transitions are diluted
through processes that can change the charge of the observed lepton, such as through neutral B meson
oscillations, or through cascade decays b — ¢ — €. The separation power of lepton tagging is enhanced
by considering a weighted sum of the charge of the tracks in a cone around the lepton, with parameters
determined separately for each tagging method based on optimisation of the tagging performance. If no
lepton is present, a weighted sum of the charge of the tracks in a jet associated with the opposite-side
b-hadron decay is used to provide discrimination. This weighted sum, or cone charge, is defined as:

_ ZlN tracks

0, = qi - (pTi)*

AR

ey

where x = {4, e, jet} refers to muon, electron, or jet charge, respectively, and the summation is made over
a selected set of tracks — including the lepton — in a cone, AR = \/(A¢)? + (An)?, around the lepton or

11th October 2019 — 17:10 7
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Figure 1: The invariant mass distribution for selected B* — J/iyK* candidates. Data are shown as points, and the
overall result of the fit is given by the blue curve. The contributions from the combinatorial background component
are indicated by the red dotted line, partially reconstructed b-hadron decays by the purple shaded area, and decays
of B* — J/yn®, where the pion is misassigned as a kaon, by the green dashed line.

jet direction. The requirements on the tracks and AR are described below, dependent on the OST method.
Two sub-categories of O, are considered: the first discrete category is used in the case where the cone
charge is formed either from only one track or from more than one track of the same charge; this results
in a cone charge of O, = x1. The second continuous category is used when more than one track is
considered, and the sum contains tracks of both negative and positive charge. In the continuous case, Q
is divided into intervals within the range —1 < O, < 1 for each OST algorithm.

A probability P(B|Qy) is constructed, which is defined as the probability that a B meson is produced in
a state containing a b-quark, given the value of the cone charge Q.. An equivalent probability for the
b-quark case is defined as P(B|Q,). Using the B* calibration samples, P(Q|B?) for each tagging method
used can be defined. The probability to tag a B meson as containing a b-quark is therefore given as
P(B|Qy) = P(Qx|B")/(P(Q«|B") + P(Q«|B™)), and correspondingly P(B|Q,) = 1 — P(B|Q,). If there
is no OST information available for a given BY meson, a probability of 0.5 is assigned to that candidate.

The OST algorithms used in the analysis are described below, noting that the same algorithms are used
for the calibrations using B* mesons, and as applied to BY meson candidates to infer the initial flavour.

Muon tagging
For muon-based tagging, at least one additional muon is required in the event, with pr > 2.5 GeV,

|| < 2.5 and with |Az| < 5 mm, where |Az| is the difference in z between the primary vertex and the
longitudinal impact parameter of the ID track associated to the muon. Muons are classified and kept

11th October 2019 — 17:10 8
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if their identification quality selection working point is either Tight" or Low-pr;* these categories are
subsequently treated as distinct flavour tagging methods. For muons with pt > 4 GeV, Tight muons are
the dominant category, with the Low-pt requirement typically identifying muons of pr < 4 GeV. In
the case of multiple muons passing selection criteria in one event, Tight muons are chosen over Low-pt
muons. Within the same muon category, the muon with the highest pt that passes the selections is used.

A muon cone charge variable, Q,, is constructed in the same way as Eq. 1, with « = 1.1 and the sum
over the reconstructed ID tracks within a cone, AR = 0.5, around the muon direction. These tracks must
have pr > 0.5 GeV, || < 2.5, and |Az| < 5 mm. Tracks associated with the decay of a B meson signal
candidate are excluded from the sum. In each interval of Q,,, a fit to the J/y K* invariant mass spectrum
is performed and the number of signal events extracted. The fit model used is described in Section 4.1.
Figure 2 shows the distributions of the muon cone charge using B* signal candidates for Tight muons, and
includes the tagging probability as a function of the cone charge variable. The corresponding distributions
for Low-pt muons are shown in Figure 3.

—_

N
n

1

- = T T ] - T T T -
O, oc ATLAS Internal ENR-| O ,of ATLAS Internal ER:|
S "7F Vs=13TeV, 8056 1% S "7F Vs=13TeV, 805" 1%
0.8+ Tight muons =16 35 0.8 ¢ Tight muons Ho.16 5
E EaB'—=JiyK" 7 Z BBk ] z
7 EE o ENE 0.7F ESB-uvk 3 ERE
06% —J1.2 - 0.6 otz =
0.5 i 0.5 ot
0.4 Tos 04 Fooe
0.35 0.6 0.3 —fo,oe
02 0.4 0.2 —o.04
0.1 0.2 0.1 = 0.02
0 1 0 1 ° 03 ¥
Q -Q,

Figure 2: Cone charge distributions, Q,,, for Tight muons, shown for cases of discrete charge (left), and for the
continuous distribution (right). For each plot, in red (blue), the normalised B* (B~) cone charge distribution is
shown (corresponding to the right axis scale). Superimposed is the distribution of the tagging probability, P(B|Q,,),
as a function of the cone charge, derived from a data sample of B* — J/yyK*, and defined as the probability to have
a B* meson (on the signal-side) given a particular cone charge Q,,. The fitted parametrization, shown in black, is
used as the calibration curve to infer the probability to have a BY or B? meson at production in the decays to J/y¢.

Electron tagging

Electrons are identified using inner detector and calorimeter information, which satisfy the Medium
electron quality criteria [23]. The inner detector track associated with the electron is required to have
pr > 0.5GeV, || < 2.5, and |Az| < 5 mm. To reject electrons from the signal-side of the decay, electrons
with opening angle between the B meson candidate and electron momenta, {3, of cos({p) > 0.93 are not

t Tight muon reconstruction is optimised to maximise the purity of muons at the cost of some efficiency, requiring combined
muons with hits in at least two stations of the MS and additional criteria, described in Ref. [22].

¥ This working point is optimized to provide good muon reconstruction efficiency down to a pt of = 3 GeV, while controlling
the fake rate. It allows > 1 (> 2) MDT station tracks up to || < 1.3 (1.3 < |p| < 1.55) for candidates reconstructed by
algorithms utilizing inside-out combined reconstruction [22]. Additional cuts on the number of precision stations and on
variables very sensitive to the decays in flight of hadrons are also applied to suppress fakes.

11th October 2019 — 17:10 9
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Figure 3: Normalised cone charge distributions, Q,,, for B* (B™) events shown in red (blue) for Low-pr muons, for
cases of discrete charge (left), and for the continuous distribution (right). Superimposed is the distribution of the
tagging probability, P(B|Q,,).

considered. In the case of more than one electron passing the selection, the electron with the highest pr is
chosen. Charged-particle tracks within a cone of size AR = 0.5 are used to form the electron cone charge
Qe, constructed in the same way as Eq. 1, with « = 1.0. The resulting electron cone charge distributions
are shown in Figure 4, together with the corresponding tagging probability.

~ = T -2 o ~ 1: — 0.2 °
g 0.9E ATLAS Internal s % g 0.9E TLAS Internal 018 g
e E Vs=13 TeV, 80.5b" 17 < g F (s-13TeV, 805" 3
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E B =J/yK™ 3 = E B sJiyK* b4
E E3B-JyK * =14 2 0.7? SRS 014 5
iz 0.6 012 =
5 =k 0.5F 0.1
. ; —o.8 0.4; 0.08
- 06 O.Si 0.06
. % %0'4 0.2?
0.1 = = 0.2 0.1E
0 1 0 1 0 e
-Q,

Figure 4: Normalised cone charge distributions, Q., for B* (B™) events shown in red (blue) for electrons, for cases
of discrete charge (left), and the continuous distribution (right). Superimposed is the distribution of the tagging
probabilities, P(B|Q,).

Jet tagging

In the absence of a muon or electron, a jet identified as containing a b-hadron is required. Jets are
reconstructed from calorimetric information using the anti-k; algorithm [24, 25] with a radius parameter
R = 0.4. The identification of a b-tagged jet uses a multivariate algorithm MV2¢10 [26], utilising boosted
decision trees (BDT), which output a classifier value. Jets are selected that exceed the BDT classifier
output value of 0.56. This value is optimised to maximise the tagging power of the calibration sample.
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In the case of multiple selected jets, the jet with the highest value of the multivariate output classifier is
used. Jets associated to the signal decay are not considered in this selection.

Tracks within a cone of size AR = 0.5 of the jet axis are used to define a jet cone charge, Qjei,constructed
in the same way as Eq. 1, where x = 1.1 and the sum is over the tracks associated with the jet, with
|Az| < 5 mm, and excluding tracks from the decay of the signal B meson candidate. The signal yields
are extracted from the data from fits to the J/¢ K* invariant mass spectrum, using the same procedure
described for muon tagging. Figure 5 shows the distribution of the opposite side jet cone charge for B*
signal candidates.

-~ = T T ]2 5 - F T T T T 102 5
g 0.9 ATLAS Internal . —fns g g 0.9 TLAS Internal . Joe e
o E Vs=13 TeV, 80.5b 17 ¢ o E Vs=13 TeV, 80.5b ¢
o 0.8? ¢ Jets —1.6 § o 0.8 ¢ Jets —o.16 i}
= 1 = =] 1. =
0.7 =Es 44 3 0.7 ek o145
0.6F ETE E £
0.5 i £ =
0_4; —Jo.8 ; —
0.3 —o6 F =
ES E 1
0.2 =. = -
0.1 ; 3
0

Figure 5: Normalised cone charge distributions, Qje;, for B* (B™) events shown in red (blue) for jets, for cases of
discrete charge (left), and the continuous distribution (right). Superimposed is the distribution of the tag probability,

P(B|Qjet)-

4.3 Flavour tagging performance

In order to quantify and compare the performance of the various tagging methods, three figure-of-merit
terms are constructed, which describe: the fraction of events used by a given tagging method, the purity
of the method, and the overall power of the tagging method in the sample. The efficiency, €, of an
individual tagging method is defined as the fraction of signal events tagged by that method compared to
the total number of signal events in the sample. The purity of a particular flavour tagging method, called
the dilution, is defined as D(Qy) = 2P(B|Qx) — 1. The tagging power of a particular tagging method is
then defined as Ty = 3, €; - D?(Qy;), where the sum is over the probability distribution in intervals of
the cone charge variable. An effective dilution, D, = VT/e€,, is calculated from the measured tagging
power and efficiency.

By definition, there is no overlap between lepton-tagged and jet-charge-tagged events. The overlap
between events with both a muon (either Tight or Low-pr) and electron, corresponds to around 0.6% of
all tagged events. In the case of multiply-tagged events, the OST method is selected in order: Tight muon,
electron, Low-pt muon, jet. However, the ordering of muon- and electron-tagged events is shown to have
negligible impact on the final results. A summary of the tagging performance for each method and the
overall performance on the B* sample is given in Table 1.
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Table 1: Summary of tagging performances for the different flavour tagging methods on the sample of B* signal
candidates, as described in the text. Uncertainties shown are statistical only. The efficiency (e, ) and tagging power
(T) are each determined by summing over the individual bins of the cone charge distribution. The effective dilution
(Dy) is obtained from the measured efficiency and tagging power. For the efficiency, effective dilution, and tagging
power, the corresponding uncertainty is determined by combining the appropriate uncertainties in the individual
bins of each charge distribution.

Tagmethod | e [%] | Dy[%] |  Tx[%]
Tight muon 4.50+0.01 [ 43.8+0.2 | 0.862 +0.009
Electron 1.57+0.01 | 41.8+0.2 | 0.274 +0.004
Low-pr muon | 3.120.01 [ 29.9+0.2 | 0.278 + 0.006
Jet 12.04 £0.02 | 16.6 + 0.1 | 0.334 +0.006
Total 21.23+0.03 [ 28.7+0.1 | 1.75 +0.01

4.4 Using tag information in the B(s’ fit

For the maximum likelihood fit performed on the B data, and described in detail in Section 5, the per-
candidate probability, P(B|Q), that the B meson candidate was produced in a state Bg (versus a BS) is
provided using the calibrations derived from the B* — J/yyK* sample, described above, and shown in
Figures 2-5. As the distributions of P(B|Q) from signal B mesons and background data can be expected
to be different, separate probability density functions (PDFs) are necessary to describe these distributions
in the likelihood function. These PDFs are defined as Ps(P(B|Qy)) and P,(P(B|Qy)), describing the
probability distributions for signal and background, respectively, and are extracted using the sample of
B? candidates. The PDFs consist of the fraction of events that are tagged with a particular method (or
are untagged), the fractions of those events categorised as discrete or continuous, and for those that are
continuous, a PDF of the corresponding probability distribution.

Continuous PDF

The parametrisations of the continuous PDF components of Py, (P(B|Qy)) for each OST method are
defined as follows: In the sideband regions, 5.150 < m(J/YyKK) < 5.317GeV and5.417 < m(J /Yy KK) <
5.650 GeV, unbinned maximum likelihood fits are performed to P(B|Q,) distributions to extract the
background (continuous category) PDFs for P, (P(B|Qx)). For the Tight muon and electron methods, the
parametrisation has the form of the sum of a second-order polynomial and two exponential functions. A
Gaussian function is used for the Low-p muons. For the jet tagging algorithm an eighth-order polynomial
is used.

For the signal, fits are performed to the P(B|Q,) distributions, using all events in the m(J /Y KK)
distributions to extract the signal (continuous category) PDFs for P;(P(B|Q,)). In these fits, the previously
extracted parameters to describe the background PDFs are fixed, as is the relative normalisation of signal
and background, extracted from a fit to the m(J /¢ K K) distribution. For the signal PDFs, the Tight muon
tagging method uses the sum of two exponential functions and a constant function to describe the signal.
For the electron tagging method, the signal function has the form of the sum of a second-order polynomial
and two exponential functions, and for the Low-pr muon and jet tagging methods a Gaussian function is
used.
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Discrete PDF

In the case where the cone charge is discrete, the fractions of events f,| (f-1) with cone charges +1 (-1)
are determined separately for signal and background using events from the signal and sideband regions
of the BE mass distribution (as defined in Section 3). The remaining fraction of events, 1 — f; — f_1,
corresponds to the continuous parts of the distribution. Positive and negative charges are equally probable
for background candidates formed from a random combination of a J/y and a pair of tracks, but this is not
necessarily the case for background candidates formed from a partially reconstructed b-hadron. Table 2
summarises for the different tagg methods, the fractions f; and f_; obtained for signal and background
events.

Table 2: Fractions f,; and f_; of events with cone charges of +1 and —1 respectively, for signal and background
events and for the different tagging methods. Only statistical uncertainties are given.

Tag method Signal Background
J+1 [%] J=1 [%] J+1 [%] f=1 [%]
Tight muon 69 +03 7.5 +0.3 4.7 0.1 49 +0.1

Electron 20 +1 19 =1 16.8 £0.2 173 +£0.2
Low-pr muon | 10.9 0.5 11.6 +£0.5 7.0 £0.1 7.5 +0.1
Jet 3.60+0.15 354+0.15| 3.05+0.03 3.17+0.03

The relative fractions of signal and background events tagged using the different OST methods are found
using a similar sideband-subtraction method, and are summarised in Table 3.

Table 3: Relative fractions of signal and background events tagged using the different methods. The efficiencies
include both the continuous and discrete contributions. Only statistical uncertainties are quoted.

Tag method Signal efficiency [%] ‘ Background efficiency [%]

Tight muon 4.06 £ 0.06 3.21 +0.01
Electron 1.86 +0.04 1.48 £ 0.01
Low-pt muon 2.95+0.05 2.70 £0.01
Jet 12.1 +£0.1 9.41 +£0.02
Untagged 79.1 +0.3 83.20 £ 0.05

To account for possible deviations between data and the selected fit models, variations of the procedure
described here are used to determine systematic uncertainties, as described in Section 6.

5 Maximum likelihood fit

An unbinned maximum-likelihood fit is performed on the selected events to extract the parameter values
of the Bg - J/W(utu)¢p(K*K™) decay. The fit uses information about the reconstructed mass m, the
measured proper decay time ¢, the measured proper decay time uncertainty o, the tagging probability,
P(B|Q,), and the transversity angles Q of each BY — J/y¢ decay candidate. The measured proper
decay time uncertainty o is calculated from the covariance matrix associated with the vertex fit for each
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candidate event. The transversity angles Q = (0, ¥, ¢7) are defined in Section 5.1. The likelihood
function is defined as a combination of the signal and background PDFs as follows:

N

ln 'L = Wi ln[fs : ﬁ(mii ti’ O—mi’o-ti’Qi’ Pi(B|Qx)»pT{) + fS . fB[) : TB()(mi’ ti? O—Vni»o-tpgiv Pi(B|Qx)spT,-)
i=1

+fS : fAb . 7—-/\;, (mi9 t;, O-m,"o-ti’Qi’ Pi(B|Qx)’pT,:)

+ (1 - f‘S : (1 + fBO + fA},))Tbkg(mla ti7 O-m,'a o-li’Qi’ Pi(Ble)J;T,-)]’
(@)

where N is the number of selected candidates, w; is a weighting factor to account for the trigger efficiency
(described in Section 5.3). %, Fpo, Fa, and Fpg are the PDFs modelling the signal, B° background, Ap
background, and the other background distributions, respectively. The term f; is the fraction of signal
candidates and fgo and f, are the background fractions of B mesons and A, baryons misidentified as
BY candidates, calculated relative to the number of signal events. These background fractions are fixed
to their expectation from the MC simulation, and variations are applied as part of the evaluation of the
effects of systematic uncertainties. The mass m;, the proper decay time #; and the decay angles €; are the
values measured from the data for each event i. A detailed description of the signal PDF terms in Eq. (2)
is given in Section 5.1. The three background functions are described in Section 5.2.

5.1 Signal PDF

The PDF used to describe the signal events, 7, has the following composition:

?S(mi’ tiao-mi’ O-thi’ Pi(Ble)sPT,-) = PS(mi’ O-m,-) : PS(O-mi) : PS(Qis 1, Pl(BIQX)7 O-ti)
“Ps(oy;) - Ps(Pi(BlQx)) - A€, p1,) - Ps(pr,)-

The mass term Pg(m;, 0, ) is modelled in the following way:

1 —(mj-mp )2

e 2Smomy)? (3)
V2180 m;

The term P, (m;, o, ) uses per-candidate mass errors, o, , calculated for each J /iy ¢ candidate from the
covariance matrix associated with the 4-track vertex fit. Each measured candidate mass is convoluted by a
Gaussian function with a width equal to o,; multiplied by a scale factor S,,,, introduced to account for any
mismeasurements. Both S,,, and the mean value mp_, which is the BY meson mass, are free parameters
determined in the fit.

Ps(mi’ O_mi) =

The probability terms Ps(o,,) , Ps(oy,) and Ps(pr;) are introduced to account for differences between
signal and background events for the values of the per-candidate mass error, time error and pr, values,
respectively. Distributions of these variables for signal and background are described by gamma functions
and the method is unchanged from the analysis explained in Ref. [27]. The tagging probability term for
signal Ps(P;(B|Qx)) is described in Section 4.4. The term A(€2;, pr,) is the acceptance function, described
at the end of the current Section 5.1.
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The term Ps(;,t;, P;i(B|Qx), 0;) is a joint PDF for the decay time ¢ and the transversity angles Q for the
BY — J/y(u u”)p(K*K~) decay. Ignoring detector effects, the distribution for the time ¢ and the angles
Q is given by the differential decay rate [28]:

10

— (k) (k)
dt dQ - O (t)g (HT’ ¢’T’ ¢T )7

where O™ () are the time-dependent functions corresponding to the contributions of the four different
amplitudes (Ao, Aj, A,, and Ag) and their interference terms, and g (67, ¥, ¢7) are the angular
functions. Table 4 shows the time-dependent and the angular functions of the transversity angles. The
formulae for the time-dependent functions have the same structure for B? and B but with a sign reversal
in the terms containing Amyg, which is a fixed parameter of the fit (using Ref. [21]). The formalism
used throughout this analysis assumes no direct CP violation. In Table 4, the parameter A, (¢) is the
time-dependent amplitude for the CP-odd final-state configuration while Ay(¢) and A (f) correspond
to CP-even final-state configurations. The amplitude As(#) gives the contribution from the CP-odd
non-resonant BY — J/yK*K~ S—wave state (which includes the fy.). The corresponding functions are
given in the last four lines of Table 4 (k = 7-10). The amplitudes are parametrised by |A;|e’%", where
i = {0,]], L, S}, with 69 = 0 and are normalised such that |A¢(0)|*> + |AL (0)]> + [A;(0)|? = 1. |AL(0)]
is determined according to this condition, while the remaining three amplitudes are parameters of the fit.
The phase J5 is the phase difference between Ag(0) and Ag(0) at the resonance peak. |As |2 gives the ratio
of non-resonant over resonant yield in the interval of m(K*K ™) used in the analysis. In the sum over the
mass interval, the interference terms (lines 8 — 10 in Table 4) are corrected by a factor @ = 0.51 £ 0.02 that
takes into account the mass—dependent differences in absolute amplitude and phase between the resonant
and the S—wave amplitudes. The correction is based on the Breit-Wigner description of the resonance
and on the assumption of uniform Ag. The uncertainty on the value of @ has been calculated based on
the Flatté parametrisation [Flatte:1976xu] and the corresponding systematic uncertainty is explained in
Section 6.

The angles (67, YT, ¢r), are defined in the rest frames of the final-state particles. The x-axis is determined
by the direction of the ¢ meson in the J /iy rest frame, and the K* K~ system defines the x—y plane, where
py(K™) > 0. The three angles are defined as:

* Or, the angle between p(u*) and the normal to the x—y plane, in the J /i meson rest frame,

* ¢r, the angle between the x-axis and py, (u"), the projection of the 4™ momentum in the x—y plane,
in the J/iy meson rest frame,

* Y, the angle between p(K*) and —p(J /) in the ¢ meson rest frame.

The PDF term P,(Q;, t;, Pi(B|Qx), 0+, ) takes into account the lifetime resolution, so each time element
in Table 4 is smeared with a Gaussian function. This smearing is performed numerically on an event-by-
event basis where the width of the Gaussian function is the proper decay time uncertainty, measured for
each event, multiplied by a scale factor to account for any mismeasurements. The average value of this
uncertainty for signal events is 69 fs.

The angular acceptance of the detector and the kinematic cuts on the angular distributions are included
in the likelihood function through A(Q;, pr;). This is calculated using a 4D binned acceptance method,
applying an event-by-event efficiency according to the transversity angles (67, ¥, ¢7) and the pr of the
candidate. The pr binning is necessary, because the angular acceptance is influenced by the pt of the BY
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candidate. The acceptance is calculated from the Bg — J/y¢ MC events with additional weighting for
pr and 7 distributions. In the likelihood function, the acceptance is treated as an angular acceptance PDF,
which is multiplied with the time- and angle-dependent PDF describing the B? — J/y(ut u™)¢(K*K™)
decays. As both the acceptance and time- and angle-dependent decay PDFs depend on the transversity
angles they must be normalised together. This normalisation is done numerically during the likelihood
fit. The PDF is normalised over the entire BY mass range, 5.150-5.650 GeV.

5.2 Background PDF

The background PDF has the following composition:

Fokg (M, ti, 04, Qi Pi(B|Qx), p1;) = Po(my) - Po(tiloy,) - Po(Pi(B|Qx))
Py () - Po(oy;) - Po(pri)-

The proper decay time function P, (t;|0,) is parametrized as a prompt peak modelled by a Gaussian
distribution, two positive exponential functions and a negative exponential function. These functions are
smeared with the same resolution function as the signal decay time-dependence. The prompt peak models
the combinatorial background events, which are expected to have reconstructed lifetimes distributed
around zero. The two positive exponential functions represent a fraction of longer-lived backgrounds with
non-prompt J /i, combined with hadrons from the primary vertex or from a B/ D meson in the same event.
The negative exponential function takes into account events with poor vertex resolution. The probability
terms, Py(0,) and Py(pr;), are described by gamma functions. They are unchanged from the analysis
described in Ref. [27] and explained in detail there. The tagging probability term for background events
Py (P;(B|Qy)) is described in Section 4.4.

The shape of the background angular distribution, P,(€2;) arises primarily from detector and kinematic
acceptance effects. The best description has been achieved by Legendre polynomial functions:

Y™0r) = QL+ 1)/@m = m)/(I+m) P (cos b7)
1 dk
Pe(x) = S -Df )

4 14 1 ak,l,m\/inm(HT)cos(mq&T)Pk(cosz) where m > 0

Py (07, ¥, 1) = Z Z Z ak,l,m«/iyl—m(aT) sin(mer) Pr(cosyr) wherem <0
k=0 1=0 m==l{ gy 1 mN2Y(67) Pr(cos yr) where m =0

where the coeflicients ay ;,, are adjusted to give the best fit to the angular distributions for events in the
sidebands of the B mass distribution. These parameters are then fixed in the main fit, defined by Eq. (2).
The BY mass interval used for the background fit is between 5.150 and 5.650 GeV excluding the signal
mass region |(m(BY) — 5.366| < 0.110 GeV. Higher order Legendre polynomial functions were tested as
a systematic check, described in Section 6.

The background mass model, Py(m;) is an exponential function with a constant term added.

Contamination from By — J/¢yK% and A, — J/ypK~ events mis-reconstructed as BY — J/y¢ is
accounted for in the fit through the Fzo and 4, terms in the PDF function described in Eq. (2). The
fractions of these contributions, fzo = (4.3 £ 0.5)% and fa, = (2.1 + 0.6)%, are defined relative to the
number of the BY — J/y¢ signal events and are evaluated from MC simulation using production cross
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sections and branching fractions from Refs. [21, 29-33]. MC simulated events are also used to determine
the shape of the mass and transversity angle distributions. The 3D angular distributions of Bg — J /Yy K"
and of the conjugate decay are modelled using input from Ref. [34], while angular distributions for
Ap — J/YpK™ and the conjugate decay are considered flat. These distributions are sculpted for detector
acceptance effects and then described by Legendre polynomial functions, Eq. (4). These shapes are
used as templates in the fit. The By and A, lifetimes are accounted for in the fit by adding additional
exponential terms, scaled by the ratio of By/B? or A,/BY masses as appropriate, where the lifetimes and
masses are taken from Ref. [21]. Systematic uncertainties due to the background from B; — J/y K 0+ and
Ap = J/YypK™ decays are described in Section 6. The contribution of the S—wave B; — J/y K decays
as well as their interference with the P—wave B; — J/w K" decays are included in the PDF of the fit,
using the parameters measured in Ref. [34].

5.3 Muon trigger proper decay time-dependent efficiency

Trigger muons with high values of transverse impact parameter are especially effected by the limited
tracking acceptance; this results in inefficiency at large values of the proper decay time. This inefficiency
is estimated using MC simulated events, by comparing the B? proper decay time distribution obtained
before and after applying the trigger selection. To account for this inefficiency in the fit, the events are
reweighted by a factor w:

w=po-[1-pi- (Erf(( - p3)/p2) + D], &)

where Erf denotes the error function and pg, p1, p» and p3 are parameters determined in the fit to MC
events. No significant bias or inefficiency due to offline track reconstruction, vertex reconstruction, or
track quality selection criteria is observed.

6 Systematic uncertainties

Systematic uncertainties are evaluated for effects that are described below.

* Flavour tagging: There are two contributions to the uncertainties in the fit parameters due to the
flavour tagging procedure, the statistical and systematic components. The statistical uncertainty due
to the size of the sample of B* — J/yK* decays is included in the overall statistical error. The
systematic uncertainty arising from the precision of the OST calibration, described in Section 4.2,
is estimated by changing the models used to parametrise the probability distribution, P(B|Qx), as a
function of the cone charge from the function used by default (a third-order polynomial for muons
and a sinusoidal for electrons) to one of several alternative functions. The alternative functions
are: a linear function; a fifth-order polynomial; or two third-order polynomials that describe
the positive and negative regions and have common constant and linear terms, but independent
quadratic and cubic terms. The BY fit is repeated using the alternative models and the largest
difference with respect to the nominal fit is assigned as the systematic uncertainty. To verify the
calibration procedure, calibration curves are derived from simulated samples of B* and B? signals.
The variations between the curves from these two samples are propagated to the calibration curves
derived from data. The differences in the parameters between the nominal fit and that with the
variations of calibration curves are included in the systematic uncertainty. An additional systematic
uncertainty is assigned due to potential dependency on the pile-up distribution. The calibration data
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are split into subsets of approximately equal yields, separated according to the pile-up profile of the
event, and separate calibrations are made for each subset. For the BY fit, the fit is repeated using
the calibrations corresponding to the pile-up profile of that event. Differences between the nominal
and the modified fit for the parameters of interest are taken as the systematic uncertainty. For the
terms Py (P(B|Qx)) and Ps(P(B|Qx)), variations of the parametrisation are considered (including
using histograms in place of a parametrisation). The resulting changes in the parameters of the BY
fit are similarly included in the systematic uncertainties.

Angular acceptance method: The angular acceptance of the detector and the kinematic cuts,
A(Q;, pt,), described in Section 5.1, is calculated from a binned fit to MC simulated data. In order
to estimate the systematic uncertainty introduced from the choice of binning, different acceptance
functions are calculated using different bin widths and central values.

Inner detector alignment: Residual misalignments of the ID affect the impact parameter, dj,
distribution with respect to the primary vertex. The effects on the fit parameters have been studied
and observed deviations are included in the systematics uncertainties.

Trigger efficiency: To correct for the proper decay time dependent inefficiencies due to the triggers,
the events are re-weighted according to Eq. (5). An alternative fit is performed using different sets
of binning in the MC sample used to determine the efficiency. The systematic effects are found to
be negligible.

Best candidate selection: The systematic uncertainty of the BY fit from the selection of the
candidate with the best quality in the ~ 5% of events that are found to contain multiple candidates
after cuts is estimated. In the default fit, the B candidate with the lowest x?/n.d.o.f. is selected. An
equivalent sample is created where the candidate with the highest pr is selected instead. Deviations
from the default fit are included in the systematics of the measurement.

Background angles model: The shape of the background angular distribution, Py, (67, o7, Y1), is
described by the Legendre polynomial functions of 14th degree, given in Eq. (4). Alternatively,
higher order Legendre polynomial functions were tested, and the differences in fit parameters relative
to the default fit are taken as systematic uncertainties.

The shapes are primarily determined by detector and kinematic acceptance effects and are sensitive
to the pr of the B meson candidate. For this reason, the parametrisation using the Legendre
polynomial functions is performed in six pr intervals: 10-15 GeV, 15-20 GeV, 20-25 GeV,
25-30 GeV, 30-55 GeV and >55 GeV.

The systematic uncertainties due to the choice of pr intervals are estimated by repeating the fit, with
these intervals enlarged and reduced by 1 GeV and by 2 GeV. The biggest deviations observed in
the fit results were taken to represent the systematic uncertainties.

The parameters of the Legendre polynomial functions given in Eq. (4) are adjusted to give the best
fit to the angular distributions for events in the B mass sidebands. To test the sensitivity of the fit
results to the choice of sideband regions, the fit is repeated with alternative choices for the excluded
signal mass regions: I(m(Bg) —5.366 GeV| > 0.085 GeV and I(m(Bg) —5.366 GeV| > 0.160 GeV
(instead of the default |(m(B§)) —5.366 GeV| > 0.110 GeV). The differences in the fit results are
assigned as systematic uncertainties.
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* B, contribution: The contamination from B; — J/¢ K% events mis-reconstructed as BS -

J /W ¢ is accounted for in the final fit. Studies are performed to evaluate the effect of the uncertainties
in the By — J/w K% fraction and the shapes of the distributions of the mass, transversity angles,
and lifetime. In the MC events the angular distribution of the B; — J/w K% decay is modelled
using parameters taken from Ref. [34]. The contribution of the S—wave B; — J/¥Knr decays as
well as its interference with the P—wave By — J/y K 0x decays are also included in the PDF of the
fit, following the parameters measured in Ref. [34]. The uncertainties of these parameters are taken
into account in the estimation of systematic uncertainty. After applying the BY signal selection cuts,
the angular distributions are fitted using Legendre polynomial functions. The uncertainties of this
fit are included within the systematic uncertainty.

Ap contribution: The contamination from A, — J/y¥pK~ events mis-reconstructed as Bg - J/ud
is accounted for in the final fit. Studies are performed to evaluate the effect of the uncertainties
in the A, — J/YypK™ fraction f,,, and the shapes of the distributions of the mass, transversity
angles, and lifetime. Additional studies are performed to determine the effect of the uncertainties
in the A, — J/Y A" branching ratios used to reweight the generated MC.

Fit model mass and lifetime: To estimate the systematic uncertainties due to the signal BY mass
model, the default model has been altered by adding a second Gaussian function in Eq. (3), which
has the same structure as the first Gaussian but a different scale factor, S,ln, which is an additional
free parameter of the fit. Respective changes in fit parameters are found negligible.

To test the sensitivity of the part of the fit model describing the lifetime, two systematic tests are
performed. The determination of signal and background lifetime errors is sensitive to the choice
of pr bins, in which the relative contributions of these two components are evaluated. To estimate
the systematic uncertainty, the fit is repeated varying the intervals of the default pt binning. The
determination of signal and background lifetime errors is also sensitive to the determination of the
signal fraction. The fit is repeated by varying this fraction within one standard deviation of its
uncertainty and differences are included in the systematic uncertainty.

Fit model S—wave phase: As explained in Section 5.1, the model for the interference between the
BY — J/w¢(K*K~) and the S—wave BY — J/y K* K~ is corrected by a factor & = 0.51 + 0.02 to
account for the mass—dependent differences in absolute amplitude and phase between the resonant
and S—wave amplitudes. To account for uncertainty in «, the fit was repeated with @ = 0.51 + 0.02
and @ = 0.51 —0.02 values. The variations of the parameter values relative to those from the default
fit using the central value @ = 0.51 are included in the systematic uncertainties.

Limitations of data modelling: Due to its complexity, the fit model can be sensitive to some
nuisance parameters. This limited sensitivity could potentially lead to a bias in the measured
physics parameters, even when the model perfectly describes the fitted data. To test the stability of
the results, due to the choice of default fit model, a set of pseudo-experiments are conducted using
the default model in both the generation and fit. The systematic uncertainties are determined from
the mean of the pull distributions of the pseudo-experiments scaled by the statistical error of that
parameter on the fit to data. The observed deviations are included in the systematics.

The systematic uncertainties are listed in Table 5. For each parameter, the total systematic uncertainty is
obtained by adding all of the contributions in quadrature.
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Table 5: Summary of systematic uncertainties assigned to the physical parameters of interest.

@ AT’ Ts lAjO) 7 1A0(0)* [As(0)] o1 3 61— s
[1073rad] [1073 ps~!] [1073 ps~'] [1073]  [1073]  [1073] [1073rad] [1073 rad] [1073 rad]

Tagging 19 0.4 0.3 0.2 0.2 1.1 17 19 2.3
Acceptance 0.7 <0.1 <0.1 0.8 0.7 24 33 11 2.6
ID alignment 0.8 0.2 0.5 <0.1 <0.1 < 0.1 11 7.2 <0.1
Best cand. sel. 0.5 0.4 0.7 0.5 0.2 0.2 12 17 7.5
Background angles model:

Choice of fit function 2.5 <0.1 0.3 1.1 <0.1 0.6 12 0.9 1.1

Choice of pt bins 1.3 0.5 < 0.1 0.4 0.5 1.2 1.5 72 1.0

Choice of mass interval 0.4 0.1 0.1 0.3 0.3 1.3 4.4 7.4 23
Dedicated backgrounds:

B, 23 L1 <0.1 0.2 3.0 L5 10 23 2.1

Ap 1.6 0.3 0.2 0.5 1.2 1.8 14 30 0.8
Fit model:

Time res. sig frac 1.4 1.1 0.5 0.5 0.6 0.8 12 30 0.4

Time res. pt bins 0.7 0.5 0.8 0.1 0.1 0.1 2.2 14 0.7

S—wave phase 0.2 <0.1 <0.1 0.3 <0.1 0.3 11 21 8.4

Model limitation 4.1 1.7 0.9 1.4 <0.1 1.5 19 0.9 7.0
Total 20 2.5 1.7 22 3.4 44 52 62 14

7 Results

The full simultaneous unbinned maximum-likelihood fit contains nine physical parameters: Al, ¢, s,
|Ag(0)2, |A||(0)|2, O, 01, |As(0)|? and 5. The other parameters in the likelihood function are the Bg
signal fraction fs, parameters describing the J/y¥¢ mass distribution, parameters describing the decay
time plus angular distributions of background events, parameters used to describe the estimated decay time
uncertainty distributions for signal and background events, and scale factors between the estimated decay
time uncertainties and their true uncertainties. In addition there are also nuisance parameters describing
the background and acceptance functions that are fixed at the time of the fit.

Multiplying the total number of events supplied to the fit with the extracted signal fraction and its statistical
uncertainty provides an estimate for the total number of BY meson candidates of 457720 + 750. The
results and correlations of the physics parameters obtained from the fit are given in Tables 6 and 7. Fit
projections of the mass, proper decay time and angles are given in Figures 6 and 7, respectively.

8 Combination with 7 TeV and 8 TeV results

The measured values are consistent with those obtained in a previous analysis [Aad:2016tdj], using
ATLAS 19.2 fb~! of data collected at Vs of 7 TeV and 8 TeV. A Best Linear Unbiased Estimator (BLUE)
combination [Nisius:2014wua] is used to perform a combination of the current measurements with those
from 19.2fb~! of 7 TeV and 8 TeV data. The measured values, uncertainties, and correlations are taken
from the measurements performed at each centre-of-mass energy. The statistical correlation between these
three measurements is zero as the events are different. The correlations of the systematic uncertainties
between the three measurements are estimated and tested in several categories depending of whether the
given systematic effect changed significantly between the measurements. The combined results for the fit
parameters and their uncertainties are given in Table 8.
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Table 6: Fitted values for the physical parameters of interest with their statistical and systematic uncertainties.

Parameter Value Statistical | Systematic
uncertainty | uncertainty
¢s[rad] -0.093 0.041 0.020
ATy [ps‘l] 0.0668 0.0046 0.0025
[y[ps~] 0.6662 0.0014 0.0017
|A)(0) |2 0.2195 0.0021 0.0022
|Ag(0)]? 0.5156 0.0013 0.0034
|As(0)]? 0.0378 0.0035 0.0044
0, [rad] 3.07 0.11 0.05
0y [rad] 3.31 0.06 0.06
0, —0g [rad] | -0.23 0.04 0.01

Table 7: Fit correlations between the physical parameters of interest.

AT [y A1 (0) | A0 | [As(O)* | 6 0, | 0L—0s

s ~0.10 | 0.02 000 | -0.01 | -0.01 | 002 001 | —0.01
AT 1 ~0.57 0.10 0.09 004 | 004 | 000/| 001
I, 1 ~0.14 | -0.04 0.10 | -0.11 | —0.03 | 0.02
|A)(0)]? 1 -035 | -021 | 056| 0.17 | -0.05
|Ao(0)]? 1 028 | -0.12 | -0.05 | 0.06
|As(0)[? 1 ~0.40 | -0.17 |  0.20
5 1 0.32 | -0.07
5. 1 0.03

The two-dimensional likelihood contours in the ¢ — Al plane for the ATLAS results based on 7 TeV and
8 TeV data, the result from 13 TeV, and the combined results from 7 TeV, 8 TeV and 13 TeV are shown
in Figure 8. The statistical and systematic uncertainties are combined in quadrature and correlations are
taken into account in the construction of Gaussian contours. The correlation between the ¢ and Al'yvalues
determined in combination is —0.04.

Two-dimensional likelihood contours in the ¢; — Al'y plane are shown in Figure 9 for this ATLAS
result, the result of CMS [9] using the B? — J/Y ¢ decay, and a combination of three LHCb measure-
ments [Aaij:2016psitwoS, Aaij:2014Ds, 8] using B — J/w ¢, and B decays to y(25)¢ and to D} D;,
respectively. The contours are obtained interpreting each result as Gaussian 2D contour in the ¢; — Al
plane. All results are consistent between one other and with the SM [2, 4].
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Figure 6: (Left) Mass fit projection for the B — J/y¢ sample. The red line shows the total fit, the short-dashed
magenta line shows the B — J/y¢ signal component, the long-dashed blue line shows the Bg — J/WK"
component, and the solid green line shows the contribution from A, — J/YypK™~ events. (Right) Proper decay time
fit projection for the BY — J /¢ sample. The red line shows the total fit while the short-dashed magenta line shows
the total signal. The total background is shown as a blue dotted line, and a long-dashed grey line shows the prompt
J /¢ background component. Below each figure is a ratio plot that shows the difference between each data point and
the total fit line divided by the statistical and systematic uncertainties summed in quadrature (o) of that point.

Table 8: Values of the physical parameters extracted in the combination of 13 TeV results with those obtained from

7 TeV and 8 TeV data.

Parameter Value Statistical | Systematic
uncertainty | uncertainty
¢slrad] —-0.096 0.036 0.024
AT[ps~!] 0.0696 0.0042 0.0029
Ts[ps™'] 0.6684 0.0014 0.0018
|A;(0) 0.2210 0.0019 0.0026
|40 (0) 0.5178 0.0014 0.0040
|As|? 0.0407 0.0032 0.0057
0, [rad] 3.19 0.11 0.07
0y [rad] 3.32 0.06 0.09
0, —0s [rad] | —=0.23 0.04 0.02
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Figure 7: Fit projections for the transversity angles ¢ (top left), cos(8r) (top right), and cos(y¥r) (bottom). In all
three plots the red solid line shows the total fit, the BY — J/y ¢ signal component is shown by the magenta dashed
line and the blue dotted line shows the contribution of all background components. Below each figure is a ratio
plot that shows the difference between each data point and the total fit line divided by the statistical and systematic
uncertainties summed in quadrature (o) of that point.
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Figure 8: Likelihood 68% confidence level contours in the ¢, — Al plane, showing ATLAS results for 7 TeV and
8 TeV data (blue dashed-dotted curve), for 13 TeV data (green dashed curve) and for 13 TeV data combined with
7 TeV and 8 TeV (red solid curve) data. In all contours the statistical and systematic uncertainties are combined in
quadrature and correlations are taken into account.

0.12f ATLAS Internal i
Vs=7,8 and 13 TeV |
68% CL contours 1

Al [ps

0.1+ CMS 19.7 fb? i
- 4.9 fo J /WK K™ 1
0.081 _
0.06}- ATLAS 19.2 + 80.5 fb! 7
| | | | | | | | | | | | | | |
0.2 0 0.2 0.4
¢ [rad]

Figure 9: Likelihood 68% confidence level contours in the ¢ — Al'plane, including results from LHCb (green) and
CMS (red) using 7 TeV and 8 TeV data. The brown contour shows the ATLAS result for 13 TeV combined with
7 TeV and 8 TeV. In all contours the statistical and systematic uncertainties are combined in quadrature.
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9 Summary

A measurement of the time-dependent C P asymmetry parameters in BY — J/w(u*u~)¢p(K*K ™) decays
from a 80.5 fb~! data sample of pp collisions collected with the ATLAS detector during the 13 TeV LHC
run is presented. The values from the 13 TeV analysis are consistent with those obtained in the previous
analysis using 7 TeV and 8 TeV ATLAS data [Aad:2016tdj]. The two measurements are statistically

combined, leading to the following results:

s

AT’

[y

1A (0)?
|40 (0)1?
|As(0)?

—-0.096
0.0696
0.6684
0.2210
0.5178
0.0407
3.19
3.32
-0.23

H H+H+ HFH+HFHHFH

0.036 (stat.)
0.0042 (stat.)
0.0014 (stat.
0.0019 (stat.
0.0014 (stat.
0.0032 (stat.

0.11
0.06
0.04

(stat.
(stat.
(stat.

)
)
)
)
)
)
)

H H+H H+ HH+HFHHF+ K

0.024 (syst.) rad
0.0029 (syst.) ps~!
0.0018 (syst.) ps
0.0026 (syst.)
0.0040 (syst.)
0.0057 (syst.)
0.07  (syst.) rad
0.09 (syst.) rad
0.02  (syst.) rad

The new ATLAS measurement on the CP violation phase ¢ increased a precision of the previous ATLAS
measurement using 7 TeV and 8 TeV ATLAS data [Aad:2016tdj], and the new result is still consistent
with the Standard Model prediction.
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