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In these proceedings, recent results on time-dependent and time-integrated measurements of CP
violation and of meson mixing in the charm sector are presented, including the first observation of

CP violation in the charm system.

I. INTRODUCTION

Charm mesons provide a unique opportunity to
search for CP violation in decays of particle contain-
ing up-type heavy quarks. Due to the large number D
mesons collected by the LHCb experiment during the
period from 2011 to 2018, an unprecedented experi-
mental precision can be reached. In these proceedings
the latest results published by the LHCb and Belle
collaborations concerning the search for CP violation
in charm mesons decays are presented.

II. OBSERVATION OF CP VIOLATION IN
CHARM DECAYS

Neglecting terms of size O(10~%) and smaller, the
CP asymmetry of a final state f, where f = KTK—

or 77, can be written as [1 2]
Ace(p =apn - Sy

where (t(f)) indicates the mean decay time of D% —
[ decays in the reconstructed sample, adi5(f) is the
direct CP asymmetry, 7(D°) is the D° lifetime and

Ar(f) is the asymmetry between D° — f and D’ f
effective decay widths [3] 4].

The D° mesons considered in this analysis are pro-
duced either in D** — D7t decays where the D* is
produced at the primary vertex of the event, referred
to as prompt, or in B — Dou’P#X semileptonic de-
cays (charge-conjugation is implied throughout these
proceedings), where B stands for a hadron containing
a b quark and X indicates any additional particle. The
flavor of the DP is inferred from the charge of the ac-
companying pion (m—tagged) in the prompt case and
from that of the muon (u—tagged) in the semileptonic
decay.

The raw asymmetries measured for both types
of DY production mechanisms, AT_f28ed(f) and
Ar-tageed(f) - are defined as the difference between

the signal yields of decays tagged by positively or neg-
atively charged pions or muons normalized to their
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sum. This quantity can be written as

Acp(f) + Ap(m) + Ap(D"),
Acp(f) + Ap(p) + Ap(B), (2)

where Ap and Ap represent the detection and produc-
tion asymmetries of the given particles, respectively.
These asymmetries are independent of the final state
f, and thus cancel in the difference (provided that the
kinematic distributions of the relevant particles are
equal between the two decay modes), giving

AT— tagged (f)

raw

At (f)

Q

Q

AACP = ACP(KJrK ) Cp(?T+7T7)
= A (KTK™) — Apaw ()
~ aath(n) - S r, 3)

where Ar has been assumed independent of the final
state [T, Addp(f) = alip(KTK™) — adp(mta)
and A(t(f)) is the difference of the mean decay times.

The dataset used corresponds to an integrated lumi-
nosity of 5.9 fb~! collected by the LHCb experiment
during 2015-2018. The data are selected in several
steps. Requirements are applied on the hardware trig-
ger decision. Fiducial requirements are imposed in or-
der to exclude kinematic regions which have very large
raw asymmetries (up to 100%) due to large detection
asymmetries. In the prompt sample a requirement
is imposed to suppress the background coming from
non-prompt D? mesons. Particle identification (PID)
cuts are also applied to suppress the background due
to the mis-identification of final-state particles. The
D*T vertex is formed as a common vertex of a D°
and a 71 and it is constrained to coincide with the
nearest primary vertex. Muon-tagged candidates are
also selected using a dedicated multivariate algorithm
aimed at suppressing the combinatorial background.
Finally, in events with several D*T and B candidates,
only one of them is kept randomly.

Since the detection and production asymmetries are
expected to depend on the kinematics of the final-state
particles, a weighting procedure is necessary to ensure
the cancellation of production and detection asymme-
tries in Eq. . The distributions of the transverse
momentum, azimuthal angle and pseudorapidity of
D** or D° mesons are weighted between K+ K~ and
m+t7~ modes. It is then checked a posteriori that also
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the distributions of the tagging pion or muon agree
after this procedure.

The raw asymmetries of signal and background
components are extracted by means of simultane-
ous least-squares fits to the binned mass distribu-

tions of D** and D*~ (D° and Eo) candidates in
the prompt (semileptonic) sample. The signal mass
model consists of the sum of three Gaussian functions
and a Johnson Sy function [8] in the pion-tagged case,
whereas in the muon-tagged case the model is given by
the sum of two Gaussian functions convoluted with a
truncated power-law function that takes into account
final-state photon radiation effects. The combinato-
rial background is described by an empirical function
in the prompt mode and by an exponential function
in the semileptonic mode. In the u-tagged case, the
contribution from misidentified D° — K~nt+ decays
is modeled with the tail of a Gaussian function. The
mass distributions with the fit projections overlaid are
shown in Fig.[l] The 7-tagged (u-tagged) signal yields
are approximately 44 (9) million D° — K+ K~ decays
and 14 (3) million D° — 77~ decays.

Several sources of systematic uncertainties have
been considered. In the prompt case, the main sys-
tematic uncertainties are related to the knowledge of
the signal and background mass models and to the
presence of neglected background components peak-
ing in the m(D°) distribution. In the semileptonic
case, the dominant systematic uncertainty is due to
the possibility that the D° flavor is not determined
correctly by the muon charge due to misreconstruc-
tion effects.

The results obtained for the difference of the raw
asymmetries are

—t d
AATteeed

p—tagged __
AACP =

(-18.243.240.9) x 1074,
(—9+8+5) x 1074,

where the first uncertainties are statistical and the sec-
ond systematic. By combining these results with pre-
vious LHCb measurements [9] [10] the following value
is obtained

AAcp = (—15.4+2.9) x 1074,

where the uncertainty contains both statistical and
systematic contributions. The significance of the de-
viation from zero is 5.30. This is the first observation
of CP violation in the decay of charm hadrons.

By using in Eq. the values of A(t)/r(D°) =
0.11540.002 measured from the dataset and obtained
using the world average of the DO lifetime [I1] and the
LHCD average Ar = (—2.8 £2.8) x 1074 [3| 4] it is
possible to obtain

Aadlt, = (—15.7+£2.9) x 1074,

which confirms that AAcp is mainly sensitive to direct
CP violation.
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III. SEARCH FOR CP VIOLATION IN
Df — K3nt, Dt — KK+ AND Dt — ¢nt
DECAYS

In these decays, CP violation can arise in the inter-
ference between loop- and tree-level processes in the
Cabibbo suppressed ¢ — ddu and ¢ — s5u transitions.
The search for CP violation in these channels is im-
portant since beyond Standard Model (SM) processes
could significantly enhance the size of CP violation
expected in these decays [5].

The raw asymmetry, defined as the difference be-
tween the signal yields of positively and negatively
charged DE’;) mesons normalised to the sum for each
mode, can be written as

—ft —ft

+ + +
N bl Y R T AN ¢
where the first term on the right-hand side is the CP
asymmetry of the considered mode, the second is the
D(t) production asymmetry and the last is the f* de-
tection asymmetry, with f+ = K7+ K°K* or ¢ .
The detection and production asymmetries are can-
celed using samples of Cabibbo-favoured decays, such
as DT — Ko7+, Df — KVK™T and Df — ¢n ™, for
which the CP asymmetries are expected to be negligi-
bly small compared to the Cabibbo-suppressed modes.
The CP asymmetries for the decay modes of interest
are then determined as

Df K%t Df K%t DFf —o¢n™
Acp : ~ Avaw ) — Ara¥y ) (5)
AD+~>KSK+ - AD'*'HKSK‘*’ Dt K%t
CP ~ raw - raw
DFf-KKT Df —¢nt
Araw + Araw ) (6)
Dt —ont Dt —¢nt Dt K)rt
ACP ~ Araw ¢ - Araw ) (7

where the contribution from the K detection asym-
metry has been omitted and must be subtracted where
relevant.

The dataset used corresponds to an integrated lu-
minosity of 3.8 fb~! collected by the LHCb collab-
oration during part of 2015-2017. The data are se-
lected requiring that one or more of the Dé) decay
products are associated with a large transverse en-
ergy deposit in the LHCb calorimeter system and by
two levels of software trigger. The K9 candidates are
built from pions that are reconstruced in the vertex
detector, to reduce to a negligible level the interfer-
ence between Cabibbo-favoured and doubly Cabibbo-
suppressed amplitudes resulting from kaon mixing.
Finally, the candidates with a K? in the final state
are further selected by means of an artificial neural
network using both kinematic and geometric quanti-
ties. The ¢(1020)-meson mass is required to be within
10 MeV/c? from its PDG value [I1]. Since the contri-
bution of D(t) mesons produced from b-hadron decays
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FIG. 1: Mass distributions of (left) m-tagged K™K ~, (mid left) m-tagged 7+ 7™, (mid right) u-tagged K™K~ and (right)

p-tagged mT ™ final states. The fit projections are overlaid.

could bias the measurement, a cut on the impact pa-
rameter in the plane transverse to the beam (TIP) is
necessary to reduce this effect. The residual contri-
bution from secondary decays is accounted for with a
systematic uncertainty. The backgrounds due to the
misidentification of one of the final-state particles are
reduced to negligible levels using PID requirements
and kinematic vetoes. Fiducial requirements are used
to exclude the regions with large detection asymme-
tries.

Since the detection and production asymmetries
could depend on the kinematics of the involved par-
ticles, a weighting procedure is necessary in order to
ensure an adequate cancellation of the nuisance asym-
metries.

In the measurement of DI — K%zt (Dt — ¢nt)
CP asymmetries, the kinematic distributions of D}
and 7F (D' and 7) mesons are weighted between the
relevant modes. For the measurement of the Dt —
K9K* CP asymmetry, the kinematic distributions of
DT, K+ and 7T are weighted between all relevant
modes.

The raw asymmetries of all the modes entering
Egs. 5} [6] and [7] are determined by means of least-
squares fits to the invariant-mass distributions of D7
and D candidates. In each fit the signal component
is modeled as the sum of a Gaussian function with
a Johnson Sy function [8], whereas the combinatorial
background is described by the sum of two exponential
functions. The mass distributions with the fit projec-
tions are shown in Fig.

Several sources of systematic uncertainties have
been considered. The dominant systematic uncer-
tainty for all the modes is due to the assumed sig-
nal and background shapes used in the fit. This is
evaluated by fitting with the default model large sets
of pseudoexperiments where alternative models that
describe data equally well are used in generation.

After correcting for the K° detection asymmetry
by following the technique developed in Ref. [9], the
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following CP asymmetries are obtained

ADE KT 1341.940.5) x 1073,
+ 0 ot
AD R (20,09 4 0.65 £ 0.48) x 1073,
ABIOTT = (00,05 4+ 0.42 4+ 0.29) x 1073,

where the first uncertainties are statistical and the
second systematic. These results represent the best
determination of these quantities to date and are con-
sistent with the hypothesis of no CP violation.

IV. SEARCH FOR CP VIOLATION WITH
KINEMATIC ASYMMETRIES IN THE
D° » KtK~ntn~ DECAY

Charge-parity violation in Cabibbo-suppressed
D° — KtK~mt7~ decays has been studied by means
of T-odd correlations [I2HI4], where T stands for the
operator that reverses the direction of momenta and
spins. Amplitudes of the decay can be extracted from
Ax, which it is defined as

(X >0)-T(X<0)

Ax = (X >0)+ (X <0)

(8)

where X is a kinematic variable and I" is the decay rate
of D° decays. The CP-violating kinematic asymmetry
can then be written as
1 —

agp = 5 (AX - UgPAY) (9)
where n&p is a CP eigenvalue specific of X. The cho-
sen kinematic variables are combinations of 61, 5 and
®. The 6; (02) variable is the angle between the
K* (7%) meson and the direction opposite to that
of the DY momentum in the centre-of-mass frame of
the KK~ (n77n™) system. The ® variable is the
angle between the KTK~ and w77~ pairs in the
centre-of-mass frame. A set of five kinematic vari-
ables is defined: sin 2®, cos 6 cos 0 sin P, sin @, cos P
and cos 87 cos 3 cos®. The first three variables have
n&p = —1, whereas the others have %y = +1.
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FIG. 2: Mass distributions of (left) DF — K277, (middle) Df — KYK™* and (right) DI — ¢n" candidates. The fit

projections are overlaid.

In this analysis the total dataset collected by the
Belle detector, corresponding to an integrated lumi-
nosity of 988 fb~!, is used. The flavor of the DO is
identified by the charge of the accompanying pion in
the D*T — DOzt strong decay. The final-state parti-
cles are selected imposing requirements on their mo-
menta and transverse momenta. The charged tracks
are identified as pions or kaons depending on the ratio
of their PID likelihoods. Vetoes are applied in order to
reject DY — KTK~K? decays that could fake a sig-
nal. Finally, in events with more than one candidate,
only one candidate is retained.

The CP-violating asymmetries are calculated by
comparing the signal yields for each DY flavor
and sign of the kinematic variable. Binned two-
dimensional maximume-likelihood fits are performed to
the m(KTK~-7t7~) and Am = m(D% ") — m(DV)
distributions. The signal component is modeled as
the sum of a Gaussian and a bifurcated Gaussian
function for m(KTK~7w"7~) and as the sum of a
Gaussian function and a Johnson Sy function for
Am. The combinatorial background component is de-
scribed by a Chebyshev function for m(K+*K - ntr™)
and a threshold function for Am. The background
due to the association of a D° with a random pion is
the product of the signal shape for m(KTK -~ ntw™)
and of the combinatorial shape for Am. Finally,
the background due to partially reconstructed D°
mesons is described by a Chebyshev function for
m(KTK~7tn~) and a bifurcated Gaussian function
for Am. The m(K+*K~7"7~) and Am distributions
with the fit projections overlaid are shown in Fig. [3|

Several sources of systematic uncertainty are con-
sidered. The dominant one is due to the detector bias
and it is estimated with a control sample of Cabibbo-
favoured D° — K+tn~7ntn~ decays in which all the
kinematic asymmetries are expected to be well below
the experimental precision. The measurement of each
kinematic asymmetry is repeated on this sample and
the associated statistical uncertainty is taken as sys-
tematic uncertainty for the corresponding quantity.

The CP-violating kinematic asymmetries are found
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FIG. 3: Distributions of (left) m(K+t K~ 77 ™) and (right)
Am with the results of the fit overlaid. The different com-
ponents, from lowest to highest are: combinatorial back-
ground, partially reconstructed D® background, random-
pion background and signal.

to be
alPy = ( 3443.6+0.6)x 1073,
aSPy = ( 52+43.7+0.7) x 1072,
aSloe = ( 3.9+3.6+0.7) x 1072,
Sy costreons = (—02£3.6+0.7) x 1073,
Sy cospasma = ( 0.2£3.7+0.7) x 1072,

where the first uncertainties are statistical and the
second systematic. No CP violation is observed within
the current experimental precision.

V. SEARCH FOR TIME-DEPENDENT CP
VIOLATION IN D° - KTK~ AND D° —» ntn—
DECAYS

Tests of CP violation in the mixing or interference
between mixing and decay, for which the SM predic-
tions still lie about one order of magnitude below the
current experimental precision [I5], are complemen-
tary to those of direct CP violation and might help
clarify the picture after the first observation of CP
violation in charm decays. Since the charm mixing
parameters are both smaller than 10~2 [16], the time-
dependent CP asymmetry, defined as the difference of
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—0
the decay rates of D° and D~ mesons to a final state
f = KTK~ or 777~ normalized to the sum of the
decay rates, can be approximated as

Acp(f.) ~ i (f) — Ar()——,  (10)

Tpo

that is the equivalent of Eq. without the averaging
on the decay time.

The flavor of the D at the production is inferred
from the charge of the accompanying pion in D*T —
DOzt strong decays. The time-dependent raw asym-
metry can be calculated as the difference between pos-
itively and negatively tagged candidates normalized to
their sum and can be exapanded as

Aaw (f 1) = Acp(f,t) + Ap(m) + Ap(D¥), (11)

where Ap(7) and Ap(D*) are the pion detection and
the D* production asymmetries, respectively. Once
the raw asymmetry is measured as a function of D°
decay time, Ar can be obtained from a fit with a linear
function to the A,aw(f,t) values.

The dataset used corresponds to an integrated lu-
minosity of about 2 fb~! collected by the LHCb ex-
periment during 2015 and 2016. The data are selected
by a two-stage software trigger, without imposing any
requirement on the output of the hardware trigger.
The first stage of the software trigger requires that at
least one track has high transverse momentum and im-
pact parameter. At the second stage, two oppositely-
charged and high quality tracks with momenta above
5 GeV/c and a distance of closest approach less than
0.1 mm are combined to form a D% meson candidate.
Finally, a high-quality pion with momentum above 1
GeV/c and transverse momentum above 100 MeV /¢
is combined with the D° meson to form a D** can-
didate. Particle identification criteria are applied of-
fline in order to select K+ K—, #t7~ and K~ 77" final
states. Moreover, the D° meson is required to have
a flight distance along the z axis (in the 2 — y plane)
greater than 3 mm (0.3 mm) in order to reject large
detection asymmetry regions. Finally, in events with
more than one D* candidate, only one of them is kept
on a random basis.

The data sample contains momentum-dependent
charge asymmetries due to the pion used to tag the D°
flavor (as the ones described in Secs. [II] and that
could bias the measurement. This effect is corrected
for by weighting the (gtagbs, 0y, k) distributions of D°
and D’ mesons to their average value, where g, is the
charge of the tagging pion, 0.,y = arctan(p,(,)/p-)
and k = 1/,/p2+p2. The effect of this correction

(shown in Fig. and the whole analysis procedure
are checked on a large sample of Cabibbo-favoured
D® — K—7t decays, for which the value of A is ex-
pected to be well below the experimental precision.
The pollution from secondary decays is accounted for
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FIG. 4: Values of the raw asymmetry for the K~ 7" con-
trol sample and 2016 MagUp dataset (red full circles) be-
fore and (black empty circles) after the weighting proce-
dure. The results of a fit with a linear function are shown
as dashed lines in both cases.

with a fit to the TIP distribution in each decay-time
bin. The prompt component is modeled with a Dirac
delta centered at the value TIP = 0 convoluted with
a Gaussian resolution function, while the secondary
component is described empirically with an exponen-
tial function convoluted with a Gaussian resolution
function. In order to measure Ar, a linear function
is fitted to the time-dependent asymmetry of primary
decays obtained through fits to the TIP distribution
in 21 bins of decay time in the range [0.6, 8]7po.

Several sources of systematic uncertainties are eval-
uated. The dominant ones are due to the secondary
decays contamination and to the removal of the back-
ground under the Am = m(hTh™7%) — m(hTh™)
peak. The first uncertainty is evaluated by using
different resolution functions for the TIP, as well
as other parameterisations for the secondary compo-
nent. The second uncertainty is estimated by chang-
ing the definition of the sideband used to perform the
background-subtraction of the Am distribution.

The result obtained on the control sample of
Cabibbo-favoured D° — K—7t decays is

Ap(K—nt) = (0.7£1.1) x 1074,

where the uncertainty is only statistical. The results
obtained for the KT K~ and 777~ modes are

Ap(KTK™) = (1.34£35+0.7) x 1074,
Ap(rTn™) = (11.34+6.9+0.8) x 1074,

where the first uncertainties are statistical and the
second systematic. The projections of the fits to the
time-dependent asymmetries are shown in Fig. If
weak phases in the decay are neglected [5, [7], Ar does
not depend on the D decay channel and the two val-
ues can be combined. The average value of Ar is

Ar(KTK™ +7777) = (344 3.1+ 0.6) x 1074,
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FIG. 5: Measured values of the time-dependent asymme-
try for the primary component for (top) D® — K™z,
(middle) D® — KTK~ and (bottom) D° — w~n" de-
cays. The fit projections are overlaid.

where the first uncertainty is statistical and the second
systematic. This value is consistent with the hypoth-
esis of no CP violation in mixing or in the interference
between mixing and decay.

VI. MEASUREMENT OF THE MASS
DIFFERENCE BETWEEN NEUTRAL
CHARM-MESON EIGENSTATES

Direct experimental access to charm-mixing pa-
rameters is offered by self-conjugate multibody de-
cays, such as D° — K% *7~. For neutral charm
mesons it is possible to write |D; o) = p| D) + D",
where ¢ and p are complex parameters. If |¢/p| # 1
then CP symmetry is violated in mixing, while if
¢y = arg(qAs/pAys) # 0 then CP symmetry is vi-
olated in the interference between mixing and de-
cay. The amplitude A;(Ay) refers to the decay
DY — Kgﬂ"'ﬂ_(ﬁo — Kntn™). If CP symmetry
is conserved in the decay amplitude (|4f|> = [Af|?),
then ¢, is independent of the final state, ¢y ~ ¢ =
arg(q/p). One can then define the dimensionless pa-
rameters © = (my —mg)/I" and y = (T'y — ')/ (21),
where mq(2y and I'y() are the mass and decay width
of the D7) mass eigenstate, and I' = (I'y +I'2) /2 [11].
In this analysis, a novel model-independent approach,
called the bin-flip method, is adopted. This approach
is optimized for the measurement of the parameter
x [17].

The Dalitz plot is divided in different bins that
preserve nearly constant strong-phase differences,
AS§(m2,m?%), where m3 means m?(K2r*) for D° —
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—0
Ko%7tr= and m?*(K%7F) for D — Ko%tn~ de-
cays. Two sets of eight bins are formed symmetri-

cally about the bisector mi = m2. Positive indices

refer to bins where mi > m?, whereas negative in-
dices refer to bins where m3 < m2. The data are
further split in bins of decay time, labelled with the

j index. For each bin, the ratio R;j(R;j) between

initially produced DO(EO) mesons in Dalitz bin —b
and Dalitz bin b is measured. The ratios are pro-
portional to a combination of terms involving the pa-
rameter zcp £ Az = —(g¢/p)*!(y + iz) and to the
strong-phase differences taken as external inputs [I7].
The results are expressed in terms of the CP-averaged
mixing parameters xop = —S(2cp), yop = —R(zcp),
Azr = —3(Az) and Ay = —R(Az).

The dataset used corresponds to an integrated lu-
minosity of 3 fb~! collected by the LHCb experiment
during 2011 and 2012. Both prompt D*t — DOx*
and semileptonic B — D%y~ X decays are used.
The selection applies criteria consistent with the de-
cay topology on momenta, vertex and track displace-
ments, PID information and invariant masses of either
D*t or D° decay products, depending on the consid-
ered sample. One random candidate is retained in
events where multiple signal candidates are present.

The signal yields in each bin are obtained by fits to
the Am = m(K%n = 7t)—m(K%7 7 ™) distribution
for the prompt sample. In the semileptonic case, the
signal yields are obtained by fits to the m(K%n+n ™)
distribution. The mixing parameters are obtained
by minimizing a least-square function that compares
the decay-time evolution of signal yields observed in
Dalitz bins —b and +b, along with their uncertainties.

The dominant systematic uncertainty on xcp is
due to the contamination of secondary decays in the
prompt sample and to the presence of D° mesons com-
bined with random muons in the semileptonic sample.
The main systematic uncertainty on ycp is due to the
neglected decay time and m2 resolutions, as well as
the neglected efficiency variations across the Dalitz
plane. Finally, possibly nonuniformities with respect
to the two halves of the Dalitz plot induced by recon-
struction inefficiencies are the main systematic uncer-
tainty in the determination of Az and Ay.

The results obtained are

zop = ( 27+£1.6+0.4) x 1073,
yop = ( TA+3.6+1.1)x 1077,
Az = (—0.534£0.70 £0.22) x 1073,
Ay = ( 0.6+1.6+0.3) x 1073,

where the first uncertainties are statistical and the
second systematic. The results are consistent with
the hypothesis of no CP violation. The resulting de-
termination of the mass difference, as well as those
of the CP-violating parameters, are the most precise
from a single experiment. When combining the result
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FIG. 6: Two-dimensional countour plots for (top) = ws.
y and (bottom) ¢ ws. |g¢/p| — 1 parameters. The blue
(orange) shaded areas show the 1 and 2 o level contours
for the world average without (with) the inclusion of this
measurement.

for the mass difference with the world average [16],
the first evidence for a value > 0 is achieved. The
impact of the parameters measured in this analysis on
the current world average is shown in Fig. [6]

VII. CONCLUSIONS

In these proceedings, the state of the art for what
regards the search for CP violation in charm meson
decays has been presented. In particular, the results
shown include the first observation of CP violation in
charm decays by the LHCb collaboration. In the next
decade, the LHCb and Belle 2 collaborations will con-
tinue the search for direct and indirect CP violation
in several other decay modes, in order to help clarify
the picture and establish whether new dynamics is at
play in the up-quark sector.
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