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New CP violation measurements at LHC Valeriia Lukashenko and and Ramén Angel Ruiz Fernandez

1. Introduction

Charge-Parity (CP) violation arises within the framework of the Standard Model (SM) as a
consequence of an irreducible complex phase in the parametrization of the so-called Cabibbo-
Kobayashi-Maskawa (CKM) matrix. The elements of this matrix characterize the strength of quark
flavour transitions between the flavour eigenstates [2, 3]. Exploiting the unitary property of the
CKM matrix, it is possible to define six triangles from the vanishing conditions in the complex
plane. In this proceeding, we present the latest updates performed by the LHCb collaboration
regarding three angles associated with these triangles, namely vy, 8 and S,, which are defined as
[2, 3]

VuaV? VeadV? VsV
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We also present the new results in the charm CP-violation sector, namely the measurement of

time-integrated CP-asymmetry in D® — K*K~ decays from LHCb. We then discuss prospects for
CP-violation measurements at LHC.

2. CKM angle y measurements

The CKM angle y can be measured from clean tree-level processes in Standard Model. The-
oretically, y can be determined precisely (|Ay| < 10~7) with a small irreducible error from the
second-order electro-weak corrections [4]. This makes y a strong tool for Standard Model tests,
as tree-level transitions are not sensitive to New Physics contributions. The current experimental
world average from [5] is compatible with the Standard Model prediction from [6].

Experimentally y is measured via interference between Cabbibo-favoured (CF) b — c transi-
tions and Cabbibo-suppressed (CS) b — u transitions. This can be observed in B* — Dh* decays,
where D is either D® or D' and h* = 7%, K*. D mesons are reconstructed with final states f that are
accessible for both D° and 50 The B* — D(— f)h* is described with three phases: CP-violating
v, CP-conserving strong B-phase ¢ difference and CP-conserving strong phase difference 6p in
D decays, as illustrated in Fig. 1. The amplitude of a CF decay B — D°h* is denoted as A. The
amplitude of B — D°h* is parametrized via a ratio r 3 between a CS and a CF amplitude. The ratio
of D° to 50 amplitudes to the final state f is denoted by rp. For the doubly-Cabbibo suppressed
decays of the DY, this is given by tan* 6. ~ 0.05, while for CP final states its value is around 1.

The biggest uncertainty in measurements usually comes from the knowledge of the 6 strong
phase. The value of 6p from the amplitude model is often unreliable, therefore if possible is taken
from external measurements.

2.1 yfrom B* — D[K*n*n*n¥]h* where h* = K*, n* with 9 fb~!

LHCb released a new measurement of v from B* — Dh* decays with D — K¥nfg*n*
[7]. The D — K¥n*n*x* decays are interesting because of the high branching fraction and only
charged particles in the final state. Decays B* — D[K n*r*n™|K*(n*) are suppressed and have
more prominent interference effects, whereas B* — D[K*a*n*n"|K*(n*) are favoured and the
interference is suppressed. The difference between the two decays is in the relative sign of the kaon
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Figure 1: On the left the sketch of the amplitudes contributing to B* — Dh* decays where D — f. A
and Ap are Cabibbo-favoured (CF) amplitudes of B and D decays, respectively; rp and rp are the ratio of
Cabbibo-suppressed (CS) amplitude versus CF amplitude; y is CP-violating phase difference; 6p and dp
are both CP-conserving phase differences. On the right is the binning scheme for the y measurement from
B* —» D[K*K n*n~]h* and B* — D[n*n~ n*n~ | h* decays.

from D decay with respect to the charged hadron from B decay. They are therefore referred to
as “like-signed" (favoured) or “opposite-signed” (suppressed). To enhance sensitivity to y further,
phase space is binned in four bins of strong phase difference 6 p [8]. The whole LHCb data with an
integrated luminosity of 9 fb~! is used.

The angle vy is determined from B-hadronic parameters: ratio of amplitudes 5 and strong-
phase difference 0. Both are defined in Fig. 1. D-hadronic parameters are taken from external
results by CLEO-c [8], BESIII [9], LHCb [10].

Measured B-hadronic parameters from B* — DK* and B* — Dn* decays are,

K= (94.6°3 003439 x 1072,

DK 6.0+0.7+8.6\0
6 - (134 6+6 0+O 7+87

- @STH X 107,

Dn _ +14.743.0+ 14.7yo0
6B - (311 8—15.0—2.3—15.0

The first uncertainty is statistical, the second is systematic, and the last uncertainty is from the
external inputs on D-hadronic parameters. The angle y is determined to be

+6.0+0.6+6.7\o0
= (548258 0/6-42) ">
and is consistent with the Standard Model expectation.

2.2 yfrom B* — D[K*K n*n~|h* and B* — D[n*n~n*n~|h* with 9 fb~!

Another measurement by LHCb exploits D — K*K~za*tn~ and D — atn~n*n~ decays [11].
The chosen binning scheme in the phase-space of D decays is two dimensional, in strong phase
difference 6p and ratio of amplitudes rp. In Fig. 1 binning scheme definition is shown on the
right, where above the symmetry line, the D-meson decay is favoured and below is suppressed. A
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Figure 2: Two dimensional likelihood profiles for y, 6 and rg from binned B* — D[K*K x*n~|h*
measurement and phase-space integrated B* — D [x*7n~ 7" n~ ]| h* measurement. The LHCb 2021 indicates
the previous LHCb y combination from [12].

phase-space integrated analysis is also performed with B* — D[n*n~n*n~ ] h* decays. B-hadronic
parameters with statistical and systematic uncertainties are measured to be

rgk = (110%3)) x 1072,

DK _ +14.0\o
63 - (81—13.0 ’

rg” = (41757 x 107,

6™ = (298*63.)°.

InFig. 2, the likelihood profiles are shown for both phase-space binned and integrated measurements.
The binned measurement has better sensitivity and only one minimum, whereas the phase-space
integrated measurement has two minima and worse sensitivity. The value of y is found by the
binned analysis to be,

120
y = (11675

which is around 3 sigma from the LHCb average [12]. This result is model-dependent due to the
absence of independent measurements on the D-hadronic parameters.

2.3 Updated LHCb y and D° — 50 mixing parameters combination

Combined measurement of y and D° — 50 mixing parameters based on the data collected
by LHCb provides the most precise single experiment values for these parameters [12]. The
combined measurement is updated with y measurement with B* — D[K*n¥n*x¥|h* decays [13],
y measurement with B* — D[h*h~n]h* decays [14], mixing parameters ycp — ylc{ﬁ measured
using D° — h*h~ decays [15], measurement of time-integrated CP-asymmetry in D — K*K~
decays [16], mixing parameters measured with D° — K%z*n~ decays [17].
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The new values for y and D° — 50 mixing parameters are [18]:

xcp = (0.389*0-9%0), %
yep = (0.63610070), %
lq/p| = 099570012,
¢=arg(q/p)=25+1.2°
y = (63.8%33)°

3. CP violation in charm

Standard Model CP violation in the charm sector is suppressed by the Cabbibo factor and GIM
mechanism. The expected Standard Model CP asymmetry in charm is below 0.1%. Time-integrated
CP asymmetry is defined as:

Al ~ (A2 ,
cp =t T gy D)y @)
|Af|? + |A7|2 ™D
where a? is the direct CP-asymmetry; (¢p) is the mean reconstructed decay time of D°; 7p is

f
DO lifetime and AY is the asymmetry between D® — f and 50 — f decay widths. LHCD has
observed the first direct CP-asymmetry in D° — h*h~ decays [1]. The difference between the
direct CP asymmetries of D? — K*K~ and D — #*7~ was measured to be non-zero with more
than 5o significance. However, it is not clear whether the CP-asymmetry comes mainly from the
D° — K*K~ decays or D — 77~ decay.

3.1 CP asymmetry in D’ — K*K~ decays

To understand the source of CP-asymmetry seen in [1], LHCb has measured the CP-asymmetry
in D® — K*K~ decays alone with 5.7 fb~! of data [16]. To determine D° mesons flavour, only
D° meson that originate from D** — D%z were used. The additional 7+ is used as a flavour tag
for D°. Experimentally Acp(K*K ™) from Eq. 2 is directly not accessible, and the so-called "raw"
CP-asymmetry is measured as

N(D** — D) = N(D*~ — D'n")

Arcaw _
P —0
N(D** — DOzn*)+ N(D*~ — D ™)

= ﬂCP(K+K_) +Adet(77tag) +Aprod(D*+), (3)

where A4, is detector asymmetry of tag 7, A4 is a production asymmetry of D** mesons. To
get Acp(K*K™) from A’C“IXV , Aproa and Ay, are determined using Cabibbo favoured decays, as
they have negligible CP-asymmetry. The determined Acp(K*K ™) is therefore,

Acp(K*K™) = (6.8+5.4+1.6)x107%,

where the first uncertainty is statistical and the second is systematic. This measurement is more
precise than the current world average from HFLAV [5], illustrated in Fig. 3.
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Figure 3: Experimental status of Acp(K*K ™). Highlighted in red is the LHCb result from [16].

Combining this result with the CP-asymmetry difference measured in [1] and previous LHCb
measurement of Acp(K*K ™) [19], the values for direct CP-asymmetries in D — K*K~ decays
and D° — n*n~ decays are determined:

al - = (1.7+£57) x 1074,
a (23.2+£6.1) x 1074,

atn- T

As can be seen from Fig. 4, the observed afr+n, shows 3.8 deviation from CP-symmetry. This
raises the need for a better understanding of this enhancement.
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Figure 4: The combined direct CP asymmetry in D° — K*K~ decays and D° — #*n~ decays with LHCb
data[16][19].
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4. CP violation in interference of mixing and decay

In B(()S) meson decays to a CP eigenstate, denoted by f, CP violation can originate from
the interference between the mixing and the decay. The latter can be modelled by an effective
Hamiltonian whose mass eigenstates are linear combinations of the two flavour eigenstates, p |B%) +
q |BY), where p and ¢ are complex parameters, normalised such that |p|? + |¢|> = 1. The CP

asymmetry as a function of decay time is given by

Upp(1) =Tpy(t)  —~Cycos(Amr) + Sy sin(Ami)

U p (1) +Tp (1) B cosh (%) +AJACF sinh (%) ,

Acp(t) =

“

where A" and Am are the widths and mass differences of the mass eigenstates of the B system,
A AR : 0 (RO
Cyr, Sy and AfF are defined as Eq. 5 and Ay (Ay) is the decay amplitude for the B(S) (B(S)) - f
transition.
1= 4517 _ 204y AAD 2Ry q Ay

=— = , =———, withdp=-=—. 5
A T T TV T R Py 77 pAs ©)

4.1 CP-violation in B® — yK? decays with 5.7 fb~!

The updated analysis of the B — z,//Kg decay performed with the data set collected by the
LHCb detector during the data-taking period from 2015 to 2018, where ¢ represents either a J /y
or a i (2S), is presented in [20]. This particular decay mode is usually called the "golden channel”
for measuring the S angle, as it is predominantly dominated by a tree-level » — c¢s transition and
exhibits a distinct experimental signature. The denominator of Eq. 5 is assumed to be unity since
the measurement of the decay-width difference, Al'y, is compatible with zero [5].

This analysis includes, for the first time, the following modes together B® — J/y(u*u™)K?,
BY — J/y(e*e™)K?, B® — y(28)(u*u)KY, where the K is reconstructed from two charged
pions tracks. To statistically subtract the background, the sPlot technique is employed [21]. The
invariant mass distribution of the selected candidates of all the decay modes and reconstruction
categories with the fit function and the background sources considered in the analysis is shown on
the left plot of Fig. 5. The experimental resolution related to the reconstruction of the decay time
is considered in the fit by convolving the probability density function (PDF) with three Gaussian
functions centred at zero with widths defined as linear functions of the decay time error. The decay
time efficiency is modelled using cubic splines [22]. The flavour of the B® meson at production
is inferred using the opposite-side (OS) taggers [23] and the same-side pion (SSx) and same-side
proton (SSp) algorithms [24]. The estimated mistag probability, 1, obtained by these algorithms is
calibrated using flavour-specific decays [20]. The CP-violation parameters S and C are determined
from a maximum-likelihood fit to the time-dependent decay rates of the B® and B° decays. The
decay time distribution of the signal candidates, as well as the CP fit projections for each of the
signal modes, are shown on the right plot of Fig. 5. In Fig. 6, the observed B’ — B° time-
dependent asymmetry is shown for all the decay channels [20]. The CP violation parameters from
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Figure 5: The invariant-mass distribution of the selected candidates is shown on the left figure (black points),
as well as the three signal modes and the background sources considered in the extended likelihood fit. On
the right plot, the decay time distribution of the signal is shown (black points), and the projections of the CP
fit for the individual contributions of the three decay modes, and the total is superimposed.
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Figure 6: B® — B° decay time asymmetry weighted by the inverse of the Flavour tagging dilution (black
points) and CP fit projections of the combined fit for the Run2 data set (black line). Dark and light blue
regions correspond to 1o and 20 confidence interval of the statistical uncertainty of the fit. The small offset
7 from 0 is due to production and flavour tagging asymmetries.

the simultaneous fit to the three decay channels are found to be [20]:

S‘;;gg =0.7158 + 0.0133 (stat.) + 0.0078 (syst.),

S

cg‘;;(% =0.0120 + 0.0123 (stat.) + 0.0029 (syst.).
S

The precision of this measurement is higher than the previous world average as determined by the

HFLAV group [5] and is in agreement with the current average as evaluated by the CKMfitter group
[6] and the UTfit group [25].
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4.2 CP-violation in B — J/yK*K~ decays with 5.7 fb~!

In this section, the most recent update regarding the measurement of the time-dependent CP
asymmetry in BY — J/y (utu~)K*K~ decay is presented. The analysis utilizes the data collected
by the LHCD detector during the data-taking period from 2015 to 2018. This decay mode, often
referred to as the "golden channel" for the BY — BY system, is highly advantageous for precisely
measuring all the significant parameters of the BY meson. These parameters include the CP-violation
phase ¢ in b — ccs transitions (= 28s in SM neglecting higher order penguin contributions [3]),
the difference in decay widths between the light and heavy mass eigenstates, Al'y, the difference of
the average Bg and B° meson decay widths, Iy — Iy, the Bg mass difference Am, and the direct
CP-violation parameter, |1| [26].

To account for the pollution of the S-wave dominated by the f,(980) resonance, the analysis
is performed in six m(K*K ™) bins in the vicinity of the ¢#(1020) resonance. As in the previous
analysis, the sPlot technique assigns a per-event weight that statistically subtracts the background
contributions [21]. The measurement of ¢ requires disentangling between the CP-even and CP-
odd decay amplitude components, which implies an angular analysis. The experimental decay time
resolution is accounted for by convolving the PDF with a Gaussian resolution function with the
per-event decay time error as the width. The decay time efficiency is corrected using a data-driven
method with B — J/yK*(K*n™) as the control channel modelled with a cubic spline function
[22]. The three-dimensional angular efficiency correction is introduced through normalization
factors in the PDF and is determined from simulated signal events that are iteratively corrected
to match real data kinematics. The flavour of the B meson at production is inferred using the
opposite-side (OS) taggers [23] and the same-side kaon (SSK) algorithm [24]. Each decision gives
an estimated mistag probability 7, calibrated using flavour-specific decays. The results of the main
physics parameters obtained from the simultaneous maximum likelihood fit are found to be [26]:

o5 [rad] = —0.039 + 0.022 + 0.006,
14| = 1.001 = 0.011 + 0.005,

Iy - Tylps™'] = -0.0056* 50013 + 0.0014,

AT [ps™'] = 0.0845 + 0.0044 + 0.0024,
Amg[ps~!] = 17.743 + 0.033 + 0.009,

The background-subtracted data distributions and the fit projections are shown in Fig. 7. The
measurements of ¢, Al's and I'y — "4 are the most precise measurements to date and agree with SM
expectations. No evidence of CP violation is found. Relaxing the assumption of same CP violation
parameters for all the polarization states shows no evidence of any polarization dependence. The
results are consistent with the previous measurements in B — J/yK*K~ [27, 28] performed by
LHCDb collaboration, as well as with previous measurements in this decay channel performed by
ATLAS [29] and CMS [30] collaborations.
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Figure 7: decay time and helicity angle distributions for background-subtracted B(s) — J/psiK*K~ decays
(black points) and the one-dimensional projections of the total PDF (solid blue line), the CP-even contribution
(dotted red), the CP-odd contribution (dash-dotted magenta) and the S-wave contribution (green).

4.3 CP-violation in BY — ¢¢ decays with 5.7 fb~!

The measurement of the CP violation parameters |A| and ¢3%* in the penguin-mediated decay
BY — ¢¢ are also updated by the LHCb collaboration using data collected by the LHCb experiment
during the Run2 data-taking (2015-2018) [31]. In contrast to the BY — J/yKK decays, the
interference phase which arises between the mixing and the decay through mixing in B — ¢¢
proceeds via a b — s§s transition. As a result, it is expected to be very close to zero due
to a cancellation between the mixing and decay-weak phases. However, possible new physics
contributions could arise and modify the CP-violation parameters, ¢5** and |1| [32].

The strategy employed in this analysis closely follows the approach described in Section 4.2,
with the difference that the S-wave pollution is found to be negligible in this case. A signal weight
is assigned to each candidate using the sPlot method from the fit to the invariant mass distribution
of the selected BY signal candidates [21]. The signal PDF includes the effects of angular and decay
time efficiencies, decay time resolution and mistag dilution. The parameter Amg, Iy and Al are
constrained using the most recent measurements by the LHCb collaboration [27, 33]. The CP
violation parameters are found to be [31]:

555 rad] = —0.042 + 0.075 + 0.009,

N

1] = 1.004 + 0.030 = 0.009.

10
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A polarization-dependent fit is performed where the parameters ¢, ; and |1|;, being i each of the
polarization states, can take different values. No significant difference between different polarization
states is observed [31]. These results are combined with the LHCb previous measurement using
the data-taking period from 2011 to 2012 [34], to obtain ¢ = —0.074 + 0.069 rad and || =
1.009 +£0.030. This is the most precise measurement of time-dependent CP asymmetry in the decay
BY — ¢¢ and in any penguin-dominated B meson decay. The measurement is consistent with the
SM expectation [31].

5. Prospects in LHC Run 3 and beyond

In the next years, LHC plans to collect more luminosity than ever. This will greatly benefit
the CP-violation measurements. LHCb will collect 50 fb~! of luminosity by the end of Run 4
(2032) and 300 fb~! by the end of Run 6 (2041). Both CMS and ATLAS will have 3 ab~! of data
collected by the end of Run 6. Depending on the decay channel uncertainty on y will be reduced
to 1° — 4° with 50 fb~! LHCb dataset and to 0.5° — 2° with 300 fb~! LHCb dataset. Projections
on parameters describing CP-violation in interference, like sin 28 and ¢, depend greatly on the
achievable flavour tagging power and decay time resolution. Assuming the expected Run 3 LHCb
detector performance and trigger efficiency, the uncertainty on sin2f goes down to 0.006 with
50 fb~!. With 300 fb~! of integrated luminosity about 4 times improvement in uncertainty with
respect to the current result [20] is expected. Projections on ¢ uncertainty from B — J/yK*K~
decays are summarized in Fig. 8. LHCb future cases (Run 4 and Run 6) are shown assuming the
current LHCb detector performance and improved trigger efficiency. For both CMS and ATLAS,
the “best" scenario from [35] and [36] is shown.

= e ——
@ F CMS 17-18
= 0.05|- . .
&8 I
3 |
© |
w0 | LHCb 15-16 ATLAS 15-17
004} * . 1
0.031 .
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Figure 8: The projections on the statistical uncertainty of CP-violating phase ¢y from B — J/WK*K~
decays. LHCb 15-16 is taken from [27], LHCb 15-18 from [26], CMS 17-18 from [30], ATLAS 15-17 from
[29], LHCb Run 4 and Run 6 from [37], ATLAS Run 6 from [36] and CMS Run6 from [35]. HFLAV world
average is from [5]. Standard Model value (SM) is taken from [6].
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