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The B? — BY system can be used to look for new sources of CP violation. Time-dependent
CP violation measurements of beauty mesons allow the determination of the mixing induced CP-
violating phase, ¢s. The angular analysis of the B — ¢¢ decay is presented, along with two
B? — J/¢phTh™ decays, where the two hadrons are either a pair of kaons or a pair of pions. The
analyses are based on data collected with the LHCb detector between 2011 and 2016.

I. INTRODUCTION

The Standard Model (SM) fails to explain the
matter-antimatter asymmetry observed in our uni-
verse. Finding new sources of CP violation could aid
in explaining this difference. Time-dependent CP vi-
olation measurements of beauty mesons allow the de-
termination of the mixing induced CP-violating phase,
¢s. The CP-violating phase is of interest in both
penguin dominated and three-level b — s transitions,
which test the flavour changing neutral current inter-
action describing B meson mixing. The LHCDb experi-
ment provides high sensitivity in these measurements.

We present new results of time-dependent CP vio-
lation in the BY — BY system using data collected at
LHCDb between 2011 and 2016. The analyses discussed
are the time-dependent analysis of the BY — ¢¢ de-
cay, as well as two separate B? — J/1hTh~ decays,
where the two hadrons are either a pair of kaons or a
pair of pions.

II. MOTIVATION

In BY decays that proceed through a b — cés tran-
sition, the CP-violating phase, ¢5°* is given by —28;
where higher order diagrams including loops and new
physics (NP) contributions are neglected. This is
analogous to the CKM-angle 3 in B® decays. The
CKM angle B5 is given by

8, = arg (‘VV) , 1)

VesVi,

where the arguments are elements from the Cabibbo
Kobayashi Maskawa (CKM) matrix.
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FIG. 1: The box diagrams representing B — B? mixing.
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FIG. 2: The tree diagram of the B — J/¢hth™ decay.

The numerator arguments, V;s and Vyp, stem from
the BY — BY mixing Feynman diagram shown in Fig.
The two matrix elements in the denominator enter
through the tree diagram of a b — c¢s transition, as
can be seen in Fig. Thus, the CP-violating phase,
¢<°%, can be measured through interference between
mixing and decay as ¢s = Pmix — 20dec-

III. STATUS AND PREDICTIONS OF THE
DECAYS

The updated measurement of CP violation param-
eters in the BY — ¢¢ decay has been performed on
the full Run 1 data-set with the addition of data col-
lected in 2015 and 2016 [I]. The decay mode is dom-
inated by penguin loop contributions, thus increasing
the sensitivity to NP. In the analysis, the direct CP
violation parameter, |\| is measured, along with the
CP-violating phase ¢5°5. The SM predicts ¢5°% close
to zero in the context of QCD factorisation [2]. The-
oretical errors are of the order of ~ 2%[3]. However,
several beyond the Standard Model (BSM) models al-
low for significant CP violation in b — sSs penguin
decays [4H6].

The BY — J/¢hTh™ analyses are both performed
using data collected by the LHCb detector in 2015 and
2016. The results have been combined with previous
Run 1 measurements [7, [§]. The common parameters
measured here are |A| and the CP-violating phase ¢$°°.

The B? — J/¢K+K~ analysis [9] focuses on the
¢ mass window by selecting the K+K~ invariant
mass between 0.99 GeV/c? and 1.05 GeV/c?. Ad-
ditional parameters measured in this decay are the
decay width difference, ATy, as well as the difference
between average decay widths, I'y — I'y.
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FIG. 3: Experimental status of ¢ vs. AI'y before the

Winter 2019 conferences [10].

The BY — J/yntn~ decay has previously been
shown to have a predominant CP-odd final state [I1].
This implies the decay has no sensitivity to I'z, such
that the measured difference in average decay widths
is 'y — I'y. Predictions from global fits to data of
the phase ¢ give a value of —36.8797 [mrad] [12).
Its experimental status before the Winter 2019 con-
ferences is shown in Fig

IV. ANALYSIS INGREDIENTS

The analyses discussed here are performed using a
time-dependent angular analysis. The methods used
are similar and a general overview of the necessary
analysis ingredients is described in this section.

A. Selection

It is essential to select a sample of events with signal
purity as high as possible. Each analysis uses differ-
ent methods to achieve this. In the BY — ¢¢ analy-
sis, a multivariate neural network is trained to remove
background events. The A) — ¢pK~ background is
modeled in the fit to the data due to it being diffi-
cult to remove. Roughly 8500 signal candidates were
found in the full 2011-2016 data-set.

The B? — J/ihTh™ analyses use a boosted de-
cision tree to select signal events. In the BY —
J/WKTK~ decay mode, the A) — JypK~ back-
ground mode is subtracted using negatively weighted
MC candidates. A total of around 117 000 signal
events are found. The B? — J/¢mTn~ analysis uses
the wrong sign (BY — J/¢ntrT) invariant mass
shape to determine the shape of the combinatorial
background. This shape is used in the final mass fit,
which yields roughly 33 500 signal candidates.
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B. Decay-time resolution

To resolve the fast flavour oscillations induced by
BY — BY meson mixing, it is essential to achieve a
good decay-time resolution that is much smaller than
the oscillation period. In the analyses covered here,
an average decay-time resolution of 41 — 45 fs is ac-
complished.

The B? — J/v»h*h~ analyses make use of a prompt
J /v sample to calibrate the decay-time resolution. In
the B — ¢¢ analysis, a novel method was imple-
mented, utilising the fact that the opening angle be-
tween the two kaons stemming from a ¢ is very small.
This is exploited by calibrating the decay-time reso-
lution on a prompt pseudo-two body sample.

C. Angular efficiency

The non-uniform selection efficiency in the decay
angles as a result of the LHCb detector acceptance
and kinematic selection cuts needs to be accounted
for. The helicity angles used in the BY — J/y K+t K~
decay are defined as shown in Fig. [ A similar for-
malism is used in the B? — ¢¢ and B? — J/vntn—
analyses.
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FIG. 4: Definition of the helicity angles used in the time-
dependent angular B? — J /YKtK™ analyses.

The efficiency is calculated for each analysis, where
simulated events selected in the same way as data are
used.

D. Decay-time efficiency

In a similar fashion, the decay-time efficiency needs
to be accounted for. All Run 2 (2015-2016) data uses
the B — J/¢K*0 decays as a control mode. A dif-
ferent control sample is used in Run 1 vs. Run 2 data
due to differences in the higher level trigger config-
uration. In order to create a control sample that is
kinematically more similar to the decay mode of in-
terest, the Run 1 B? — ¢¢ data use the control mode
BY - D nt.
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E. Flavour tagging

Knowledge of the flavour of the BY meson at pro-
duction is essential in measuring the CP-violating
phase ¢s, since the sensitivity to the phase scales di-
rectly with the effective tagging power. At LHCb,
flavour tagging algorithms are generated using self-
tagged decay modes, such as BT — J/¢K™T and
BY — D;mT. The effective tagging power achieved
in the analyses discussed here is roughly 5%.

V. RESULTS

The time-dependent fit to extract the CP violation
parameters consists of a simultaneous fit to the decay-
time and the three helicity angles. The B? — ¢¢ fit
consists of three contributions: the CP-even P-wave
and CP-odd P-wave coming from the ¢¢ final state.
In addition, the fo(980) resonance is close in mass to
the ¢ and could thus contribute to the result. This is
accounted for in the fit by allowing the combination
of an S-wave and double S-wave component. The fit
results are given in Tab. [l The results presented are
in agreement with previous LHCD results as well as
the SM predictions.

TABLE I: B — ¢¢ results

Parameter Fit Result
s58 -0.073 £ 0.115 £ 0.027 [rad]
[A| 0.99 + 0.05 £+ 0.01

To extract the fit parameters in the B? —
J/WKT K™ analysis a similar procedure is used. The
difference is that the m(K ™K ™) invariant mass is split
into six bins. This aids in controlling the interference
of the ¢ component with the S-wave f(980) contri-
bution. The time-dependent angular fit consists of a
simultaneous fit in decay-time and helicity angles in
the six two-kaon mass bins. The results are shown in
Tab. [[Il These are the most precise single measure-
ments of ¢ T'y — 'y and AT's. The results are in
agreement with SM predictions.

TABLE II: BY — J/4% K+ K™ results

Parameter Fit Result
e -0.083 + 0.041 + 0.006 [rad]
BY 1.012 + 0.016 4+ 0.006

I, —T4 |-0.0041 + 0.0024 + 0.0015 [ps~]
AT,  |-0.0772 + 0.0077 + 0.0026 [ps~ ']

The BY — J/+vprt 7~ analysis performs a simulta-
neous fit to the decay-time, helicity angles and the
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7T7~ mass spectrum. The fit to the 77~ invari-
ant mass, displayed in Fig. [5| consists of many res-
onances. The biggest contribution comes from the
f0(980) — 77—, Other components in the fit are the
f0(1790), f2(1270), f5(1525) and non-resonant contri-
butions. The results are shown in Tab. [TIl
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FIG. 5: A fit to the 777~ invariant mass in the B? —
J/ymTm™ analysis.

TABLE III: BY — J/yntn~ results

Parameter Fit Result
-0.057 4 0.060 + 0.011 [rad]
BN 1.0179:05 £ 0.03
Ty — T4 |-0.050 & 0.004 + 0.004 [ps™]

VI. ¢ COMBINATION

The LHCD collaboration has performed many mea-
surements of the CP-violating phase, ¢<°, in b — ccs
transitions. The LHCb combined result shown in
Fig. [3] includes results using Run 1 data taken at
the LHCb detector from BY — (25)¢ [13], BY —
DI D7 [14], B — J/¢K* K~ where the high Kt K~
mass range is considered [15], B — J/¢KTK~ [T]
and BY — J/yntn~ [§]. An updated combination
has been performed, including the two new BY —
J/Whth™ analyses presented here. The results are
displayed in Fig. [6]

The combined results for the b — c¢és parameters
are outlined in Tab. [[V] The experimental precision
of the measurements presented has improved tremen-
dously with the inclusion of the new measurements.

VII. CONCLUSION

LHCb is currently producing some of the world’s
most precise measurements in terms of CP-violation
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FIG. 6: Updated experimental status of ¢<*° vs. AT
with the inclusion of the Run 2 BY — J/YKTK™ and
BY — J/¢mtnT results.

TABLE IV: Updated b — c¢¢s combination results

Parameter Fit Result
ces -0.041 + 0.025 [rad]
Al 0.993 £ 0.010

T 0.6562 % 0.0021 [ps™!]
AT, 0.0816 + 0.0048 [ps™']

in BY meson decays. The results presented do not

yet include the data taken at LHCb in 2017 and 2018
and it will be very interesting to further increase the
precision by including more data. The expected in-
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FIG. 7: Comparison of ¢, statistical sensitivity from dif-
ferent decay modes.

crease in sensitivity of B? — ¢¢, BY — J/YKTK~
and B? — KTn~ K~ n7 is shown in Fig.[7] where the
current results are based on a sample of data corre-
sponding to 5fb~!.
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