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Abstract. Recent results on CP violation in charm and beauty sector, as well
as lifetime measurements, by the CMS experiment at the LHC are presented.
The first measurement of CP violation in charm by CMS is reported, as well as
the most precise measurement of effective lifetime 7(B? — J/ z//K(S)) and the first
evidence for CP violation in the B — J/y#(1020) — u*u”K*K~ decay. The
analyses are based on 13 TeV proton-proton collision data.

1 Introduction

Baryon asymmetry of the universe (BAU) remains one of the great mysteries of mod-
ern physics. The noninvariance of fundamental interactions under the combined charge-
parity (CP) transformation is one of the necessary conditions for generation of observed
BAU [1]. The standard model accounts for CP violating effects via a single phase in the
Cabibbo—Kobayashi—-Maskawa (CKM) quark mixing matrix [2, 3]. Nevertheless, the mag-
nitude of CP violating effects within the SM is insufficient to account for the observed BAU
[4], which means that beyond the SM mechanisms for CP violation must exist. Moreover, all
observables in CP violation studies are predicted with great precision. All these factors make
the CP violation measurements sensitive to probing new physics.

The CMS Experiment [5] at the CERN LHC is a general purpose detector and is able to
perform a vast range of physics studies, including flavor physics. Excellent tracking system
[6], as well as a large amount of data collected and a refined trigger strategy allow the CMS
to compete with the specialized flavor physics experiments (like LHCb, Belle, BaBar) and to
actively contribute to the heavy hadron physics [7-10].

In the present work, three recent results from the CMS Collaboration are reported: the search
for direct CP violation in D° — KJK{ decay [11], the effective lifetime of the B — J/yK})
decay measurement [12] and the measurement of time-dependent CP violation in the B —
J/Y$(1020) — ptu” KK~ decay [13]. All these studies are crucial to shed light on CP
violation phenomenology.

2 Search for CP violation in D° — K{K?

Charmed meson decays are the only meson decays involving an up-type quark where CP
violation can be studied, however, in contrast to the K and B systems, CP violation in charm
mesons is severely suppressed by the Glashow-Iliopoulos—Maiani mechanism [14] and by
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the magnitude of the CKM elements [2, 3]. Given the strong Standard Model suppression, an
observation of a significant CP violation in D meson decays may indicate a contribution from
new physics mechanisms. The D° — Kg Kg decay proceeds through the tree-level exchange
diagram and penguin annihilation diagrams, which are shown on the Fig. 1. Theoretical
predictions indicate similar amplitudes and different phases for the two diagrams, which can
result in CP violation in this channel as large as a few percent [15] and therefore possibly
within reach of current experiments.
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Figure 1. The decay of neutral charm meson to two neutral kaons: exchange (left) and penguin annihi-
lation (right) diagrams [11].
The CP asymmetry Acp, for the D — KJKY decay, is defined as

(D" — KYKY) -T(D° — KJKY)
I(D° - KIKY) + (D" — K2K?)

Acp(KIK?D) = (1)
The current world-average of this quantity is = (—1.9 + 1.1)% [16] with the most significant
contribution coming from the LHCb collaboration measurement [17].
In the CMS analysis the flavor of neutral D is determined by the pion charge found from
the decays D** — D%z* and D*~ — D°r~. The physical asymmetry from Eq. 1 depends
on the D** production asymmetry, on the asymmetry of the detection efficiency, and on the
”raw”” asymmetry, which indicates the difference in the number of reconstructed D** and D*~
candidates. Taking these three asymmetries, the expression from the Eq. 1 can be rewritten
in the following way:

Acp ~AZY — ALy — ALY, 2

The measurements of A‘é’;’ and AdCeIf, might contribute to the systematic uncertainty,
therefore, to reduce this impact, the analysis measures the difference of Acp between the
D’ — KgK‘S) (signal channel) and D’ — Kgﬂ+ﬂ_ (reference channel): these channels have
similar kinematics and topology, hence, the measurement of AAcp (defined in Eq. 4) allows
to obtain the statistically-driven observable with negligible systematic uncertainty.

AAcp = Acp(KIKD) — Acp(KIn*n™) = AFS(KIKD) — AXY(Kon*n™) 3)
The analysis uses proton-proton collisions data recorded by the CMS detector during the
CERN LHC Run 2 in 2018 at /s = 13 TeV. It utilizes the B parking data set [18], collected
with a set of single-muon triggers with different minimum thresholds on the muon transverse
momentum.
One of the most significant sources of charm quark production is the decay of the heavier
b-quark. Therefore, among all the events in this analysis, those associated with the decays of
b-hadrons are of great interest. In 2018, a B parking strategy for muon triggers was employed



on the CMS detector: event recording only occurred if the detached muon had a sufficiently
large transverse momentum (pr); depending on the trigger, a pr value greater than 5-12 GeV
was required, thus collecting events associated with b — uX decays. It is well known that in
semi-leptonic decays of b-hadrons [16], a c-quark is almost always produced. Therefore, the
B-parking dataset contains O(10'?) events with charm hadrons, each possessing sufficiently
high momentum, making it well-suited for precision measurements in the charm sector, par-
ticularly for measuring the CP violation parameter.

The reconstruction process of the studied channel starts with the selection of five final tracks
of charged pions. In reference channel, it is required that the probability of successful recon-
struction of two of them into K(S) mass exceeds 1 %. In signal channel, it is also required that
the other two tracks are successfully reconstructed into K(S). Then, from the obtained virtual
Kg tracks and two pion tracks (or from another virtual Kg track in the case of signal chan-
nel), the D° decay vertex is reconstructed. In the final stage, the reconstructed D° vertex is
combined with the fifth pion track to form the common vertex of D*(2010)*. The objects of
study are the numbers of events for the decays of D*(2010)~ and D*(2010)*. Likewise, ad-
ditional selection criteria are implied in order to minimize the statistical uncertainty of AAcp
measurement [11].

To extract the raw CP asymmetry in reference channel, a simultaneous binned extended max-
imum likelihood fit is performed on the invariant mass distributions m(D%r) of D** and D*~
candidates. The results of the fit to the m(D°nr) distributions are presented in Fig. 2 and
Table 1.

1 1
> 80000 CMS 41.6 fb* (13 TeV) > 80000 CM_S0 41.6 b (13 TeV]
s D’ - KT T + Data s D - KImm t Data
— — Fit p — Fit
o o
- 60000 — Signal D** > 60000 — Signal D*~
% ---- Background % ---- Background
h] he]
T 40000 © 40000
5] 3
O O
20000 20000
0 | | L 0 | | L
2.006 2.008 2.010 2.012 2.014 2016 2.006 2.008 2.010 2.012_02.014 2.016
0.
m(D"Tt") [GeV] m(D 1) [GeV]

Figure 2. The D°z* (left) and D°z* (right) invariant mass distributions for the K{7*7~ channel, with
the result of the fit to both distributions [11].

In signal channel, to reduce the statistical uncertainty arising from the signal channel yield,
which is the dominant uncertainty in the analysis, the signal extraction is performed using
a 2D unbinned maximum likelihood (UML) fit performed simultaneously on the D*(2010)*
and D*(2010)” samples to the distribution of m(D°r) vs. m(K(S) Kg). The results of the fit are
presented in Fig. 3 and Table 1.

The measured difference in the asymmetries is largely insensitive to systematic uncertainties.
The most significant sources of them are the uncertainty in fit model choice, fit range and the
matching of reference and signal channels distributions.

Combining systematic and statistical uncertainty, the difference in the CP asymmetries be-
tween D° — KJK? and D° — K0rn*n~ is measured to be [11]:

AAcp = Acp(KYKD) — Acp(KImn™) = (6.3 £3.0 £ 0.2) % )



CMS 41.6 fb* (13 TeV) CMS 41.6 fb* (13 TeV

> >
§ 200 ¢+ Data % 200 + Data
- — Fit e — Fit
o —— D°x D* o — B’xD*
9150 —— D’xbkg 2150 —— D xbkg
R — bkg x bkg £ e bkg x bkg
2 2 -~ Dixbkg
< 100 S 100 ALAGUE
o [ Ll (8} P

50 50 A

0 [ . e 0 L L
2.006 2.008 2.010 2.012 2.014 2.016 2.006 2.008 2.010 2.012 _02.014 2.016
0
m(D°) [GeV] m(D ) [GeV]
CMS 41.6 fo (13 TeV) CMS 41.6 fb* (13 TeV)

3 250 3250
s ¢ Data s ¢+ Data
o~ — Fit o~ * — it
2001 — D’xD* 5200 F  Bxpr
% — — D°x bkg % — — B’ xbkg
-_g 0 0, 7 W bkg x bkg _E 0 f oy bkg x bkg
© - [ -
[§) o

100 W O\ 100

50 50

‘ ‘1.80" — 1.85 ‘ 1.90‘ - ‘1.95 0= ‘1.80 . ‘ ‘1.95
m(KS K3) [GeV] m(KI KD [GeV]

Figure 3. The invariant mass distributions for D*(2010)* candidates (left) and D*(2010)~ candidates
(right), with the m(D°r) distributions in the upper row and the m(Kg K(S’) distributions in the lower row.
Projections of the simultaneous 2D fit are also shown [11].

Table 1. Results of the fit to the selected D*(2010)* — D°r* and D*(2010)~ — D°z~ candidates. The
D*(2010)* signal yields N given in the second column are used in the evaluation of AAZy. The
uncertainties are statistical only [11].

Decay N

D*(2010)* — D%(— Kdn*n)x* 944800 + 3500
D*(2010)” - D%(— Kin*n)n~ 930150 + 3400
D*(2010)* — D°(— KIK))n* 1095 + 46
D*(2010)” — D%(— KK{)m~ 051 + 44

Using the world-average value of = (—0.1 = 0.8)% [16], we report the measurement [11]
Acp(KIKD) = (6.2 +3.0 £ 0.2 + 0.8)%, §))

where the three uncertainties represent the statistical uncertainty, the systematic uncertainty,
and the uncertainty in the measurement of the asymmetry in the D° — K27r+7r’ decay. The
measured value is consistent with no CP violation within 2.0 s. d. Likewise, it is consistent
with the LHCb [17] measurement at the level of 2.7 s.d., respectively. This is the first CMS
search for CP violation in the charm sector, paving the way for future measurements with
more data, using new techniques, and in other channels.



3 Measurement of effective lifetime of the B) — J/y K}

Measurements using b-hadron decays have greatly enhanced our understanding of the stan-
dard model flavor sector. The oscillations of B® and B? mesons make them particularly valu-
able for the verification of the SM predictions for the CP violation. Neutral B mesons are
produced as flavor states but travel as the mass eigenstates (light and heavy states), which
are a linear combination of the two flavor states. When CP violation is not present in the
flavor mixing, the mass eigenstates align with CP eigenstates. These mass eigenstates can
have different lifetimes, which may differ from the average B meson lifetime.

In this analysis, the effective lifetime of the B meson in its decay to J/ ‘/’K(s) is measured. The
existence of a nonzero decay width difference, denoted as Al'y, in the B(S’ system enables the
extraction of information regarding the mass eigenstate rate asymmetry, Aar,. The J/ng
state is (almost) a CP-odd state [19], which allows the measurement of the B? heavy-state
lifetime provided that CP violation in mixing is negligible. Figure 4 shows the diagrams for
the decay modes B) — J/yK{ and B® — J/yK;. These decays are related through the U-
spin flavor symmetry. Using this symmetry, the B’ — J/ ng decay can be used to determine
the hadronic penguin parameters that are important for a precision measurement of sin 28,
where  is one of the angles from the CKM unitarity triangle [20].
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Figure 4. The tree-level (left) and penguin (right) diagrams for the decay BY — J/y K [12].

The effective lifetime is theoretically defined as the time expectation value of the untagged
decay rate, where untagged means that no requirements are made that would bias one BY
mass eigenstate over the other. The effective lifetime is connected to the Aar,:

T(J/l,ng

0 2
eff T 1+ 2Aarys + 5
e o ( » , ©)

1- ys 1 +AAl"Sys

where y; is the normalized decay width difference, defined as y; = 7p %, AT is the decay
width difference between the heavy and light B mass eigenstates, and 7o denotes the mean
BY lifetime. The standard model predictions for this figure are [16]:

=1.62 + 0.02ps, (7N

eff
) SM

7 (J/yKY

The previous measurement by the LHCb experiment [21] using the same decay mode re-

ported a value of T(J / WK(S))eff = 1.75 £ 0.12 (stat) + 0.07 (syst) ps, consistent with the SM
calculation.

Data used in the analysis were recorded during stable LHC beam periods, corresponding to an
integrated luminosity of 140 fb~! [22], collected by the CMS experiment during 2016-2018
in proton-proton collisions at /s = 13 TeV. Events of interest are selected using a two-tiered
trigger system. The first level, uses information from the calorimeters and muon detectors to



select events at a rate of around 100 kHz within a fixed latency of 4 us and the second level
reduces the event rate to around 1 kHz before the data storage.

The reconstruction process commences by identifying two muons with opposite charges,
which must correspond to those that triggered the readout. These muon pairs are fitted to a
common vertex and retained for further use if the fit probability is greater than 0.5%. For the
offline reconstruction, the decay B?X) - J /zﬁKg is reconstructed using the J/y meson decay
to u*u~ and Kg meson decay to 7*z~. The n*nx~ and u*y~ are also required to be within 2.5
reconstructed resolution from the mean of Kg and J/y respectively. The contamination in the
Kg candidates from A — pn~ is removed using the Armenteros-Podolansky method [23].
Then, reconstructed Kg and dimuon are fitted into common vertex. Likewise, additional
selection criteria are used [12]. The channel B® — J/ng is used as a control channel.

To extract the information regarding the decay lifetime, a 2D UML fit to m(J/ z,ng) vs. t1is
used, where proper decay time is defined as:

Lym
t= , ®)
PT

where m and pr are the invariant mass and transverse momentum of the B candidate, re-
spectively, and L, is the decay length in the transverse direction between the production and
decay vertices. The uncertainty in the proper decay time is determined by propagating the
uncertainties in the decay length, invariant mass, and momentum of the B candidate.

To reduce backgrounds, a multivariate selection is employed, based on a boosted decision tree
(BDT). The BDT classifier uses two input samples containing signal and background decays,
respectively. The optimization of the BDT threshold is done by minimizing the uncertainty in
the proper lifetime measurement based on studies using toy models. The BDT discriminant
is required to be greater than 0.61 (0.60) for events collected in 2016 and 2018 (2017) [12].
The measured invariant mass and proper decay time distributions are shown in Fig. 5, along
with the combined projections of the 2D UML fit, in the full fit range.
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Figure 5. The proper decay time distribution from data (points) for events in the B? signal region with
invariant mass J/yK? in the range 5.34 — 5.42GeV. The vertical bars on the data points indicate the
statistical uncertainty. The dashed, dotted-dashed, dotted, and solid lines show the BY signal, B® control
channel, combinatorial background, and total fit contributions, respectively [12].



The systematic uncertainties account for the difference between the measured B° lifetime
and the world-averaged quantity of the value, the limited simulation samples statistics, the
efficiency model, and, finally, the uncertainty in choice of the fit model.

The measured yields of the BY and B° signals are found to be 727 + 35 and 68460 + 270
respectively, where the uncertainties are statistical only. The final result for B? — ]/l//Kg
effective lifetime is [12]

7 (71wkQ)” = 1,59 £0.07 (stat) +0.03 (sys0) ps. )

The result is consistent with SM calculations and is compatible with the LHCb results [21] at
the level of 2.1 s.d.

4 Measurement of time-dependent CP violation in B mesons

The decay of BY mesons to a CP eigenstate cZs5 offer significant opportunities for the study
of CP violation in the interference between decays with and without mixing. In this analysis,
the CP observable of weak phase angle ¢, as well as is extracted from the study of the decay
BY — J/y (= utp”) $(1020) (— K*K~). This analysis is performed on CMS Run 2 data,
collected at +/s = 13 TeV during 2017-2018. This work benefits from a larger data sample
and a new pioneering flavor tagging algorithm, which in combination lead to the largest
effective statistics ever used for a single measurement of ¢;.

The B? — J/y ¢(1020) final state is a mixture of CP eigenstates, which requires an amplitude
analysis to separate the CP-odd and the CP-even components. A time-dependant angular
analysis is performed in the transversity basis by measuring the decay angles of the final-state
particles ® = (6, Y1, #1) and the proper decay length ¢ of the reconstructed BY candidate. The
illustration of the e three decay angles is provided in Fig. 6.
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Figure 6. Definition of the three angles 6r, {7, and ¢r describing the B — J/y ¢ — p*u~K* K~ decay
[13].

The decay rate used to describe the distribution of the final state particles consists of a func-
tion (O, ct, @), as in Ref. [25]:

d*r, (BY)

10
—d®d(ct) =F(O,ct,a) x ; O;(ct, a)gi(G)), (10)



where O; are time-dependent functions, g; are angular functions, and « is a set of physics
parameters. The functions O;(ct, @) are defined as:

AT gt . ATt .
Oi(ct,a) = Nie 5! [a; cosh (T) + b; sinh (T) + c; cos (Amyt) + d; sin (Amgt)| . (11)

The functions ¢;(®) and the parameters N;,a;, b;,c;, and d; are defined in Ref. [13]. The
physics parameters are the weak phase ¢,; the decay width (absolute mass) difference AT
(Amy) between the light and heavy BY mass eigenstates; their average decay width I'y; the
CPV parameter |4|; the perpendicular, longitudinal, and parallel transversity amplitudes
Ay, A, and A, ; and the respective strong phases dp,d), and 6,. The model for the decay
of the BY meson is depicted in Eq. 10, whereas the model for the decay of the B? meson is
derived by inverting the signs of the ¢; and d; terms in Eq. 11.

The data for this analysis are collected with two independent triggers: “muon-tagging”, that
requires a J/y — u*p~ candidate along with an additional muon potentially usable for fla-
vor tagging and “standard”, that requires to present a displaced J/¢ — u*u~ candidate in
conjunction with a ¢ — K*K~. More information about the selection can be found in the
Ref. [13].

The flavor of the B candidate at production is determined by a novel flavor tagging frame-
work which consists of four separate tagging algorithms (“taggers”): opposite-side (OS)
muon, OS electron, OS jet, and same-side (SS). The OS approach relies on the predomi-
nant production of b quarks in bb pairs. Thus, the initial flavor of the B? meson can be
inferred by determining the flavor of the other (“OS”) b quark in the event. On the other
hand, SS taggers take advantage of the charge correlations reflecting underlying flavor con-
tent between the signal b meson and nearby particles produced in its hadronization. Each
algorithm is constructed to produce a tagging decision &, = 0, +1, -1, if the candidate is

classified as untagged, B?, or E(:, respectively, and an estimation of the mistag probability
Wyg.. The fraction of tagged events is called "tagging efficiency" ( &g ), While wyg can be
used to evaluate the dilution D = 1 — 2wy, , an indication of performance degradation. Tak-
ing into account the dilution, the "tagging power" Py, = s[agl)z acts as the effective tagging
efficiency and can be used to evaluate the effective statistical power of a data sample. All four
taggers are deployed in the standard data sets, while only the OS muon algorithm is used in
the muon-tagging data sets. To maximize performance, w,g is evaluated on a per-event ba-
sis by dedicated DNNs. All DNNs are developed using the KERAS library [26] in simulated
events. In all optimization cases, the DNNs employ the cross-entropy loss function combined
with the Adam optimizer [27].

The event mistag probability, as estimated by the tagging algorithms, undergoes calibration
utilizing a self-tagging data sample of B* — J/y K™, where the kaon’s charge corresponds to
the flavor of the B* meson. The calibration procedure is executed by comparing the measured
mistag fraction (Wpeas) With the wy,, predicted by the taggers. The flavor tagging framework
is validated with extensive studies on simulations and the B’ — J/yK*(892)° — u*u K*n~.
The physics parameters of interest are extracted with a simultaneous UML fit to the B data
sets using seven observables as input: mp, ct, 07, €0s Or, COs Y, o1, and wy,g . The list of the
determined physical parameters from the fit is presented on the Tab. 2. The measured number
of BY — J/y¢ signal events from the fit is 491270 + 950, while the effective tagged statistics,
represented as Ngo - Pryg , amount to approximately 28000, which is the highest ever used for
this channel in a single measurement.

The systematic uncertainties are either related to the parameters of the efficiency and cali-
bration functions (these uncertainties are evaluated by either sampling the parameters based



on their uncertainties or re-sampling a data sample) or account for potential biases resulting
from the assumptions made in the fit model and analysis methods (in this case an alternative
hypothesis is tested, and the fit to the data sample is repeated).

The several parameters of interest are measured and their values are provided in the Tab. 2.
All main physics parameters of interest are found to be consistent with the SM-based pre-
dictions [28] as well as with the world-averaged values [16]. The measured value of |1] is
consistent with no direct CP violation.

Table 2. Results of the fit to data for the main physics parameters [13].

Parameter Fit value  Stat. uncer. ~ Syst. uncer.
¢s[mrad] =73 23 +7

ATs [ps!] 0.0761  +0.0043 +0.0019
T, [ps™!] 0.6613  +0.0015 +0.0028
Amg[fps™!| 17757 £0.035 +0.017
1Al 1.011  +0.014 +0.012
Ao 0.5300 +0.0016 +0.0044
A, |? 0.2409  +0.0021 +0.0030
lAs[? 0.0067 +0.0033 +0.0009
S 3.145  +0.074 +0.025
5. 2.931  +0.089 +0.050
Ss1 048 +0.15 +0.05

The results obtained with Run 2 data are further combined with those obtained by CMS at
/s = 8TeV [28]. The combined result [13] for the CP-violating phase is ¢, = —74 + 23mrad,
while for the decay width difference is A’ = 0.0780 +0.0045ps ™", both values are consistent
with the SM-based predictions. The 2D ¢, vs. Al'; contours for one, two, and three s.d. for
the combined results, as well as the SM prediction, are shown in Fig. 7. The combined ¢;
value exhibits a deviation from zero by 3.2 s.d., providing the first evidence for CPV in BY —
J/YK* K decays.
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Figure 7. The two-dimensional one, two, and three s.d. contours in the ¢, — AI'; plane for the combined
results. Both statistical and systematic uncertainties are taken into account. The SM prediction is
represented by the black rectangle, with the central value indicated with the black diamond [2, 3, 63].
The dashed line indicates no CPV in the Bg meson decay/mixing interference [13].



5 Conclusion

The CMS detector recent contributions to flavor physics prove that it can be one of the leading
actors in such areas as rare decays, spectroscopy, and, likewise, precision measurements of
CP violation parameters. All these results are possible due to refined trigger strategies, as well
as the advanced methods of tagging. The CMS Run 3 data will provide unique opportunities
thanks of a revamped trigger strategy, which will lead to the collection of an unprecedented
amount of data suitable for flavor physics studies.
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