
Eur. Phys. J. C (2024) 84:1264
https://doi.org/10.1140/epjc/s10052-024-13244-0

Regular Article - Experimental Physics

Search for CP violation in D0 → K0
SK0

S decays in proton–proton
collisions at

√
s = 13 TeV

CMS Collaboration∗

CERN, 1211 Geneva 23, Switzerland

Received: 19 May 2024 / Accepted: 13 August 2024 / Published online: 6 December 2024
© CERN for the benefit of the CMS Collaboration 2024

Abstract A search is reported for charge-parity CP viola-
tion in D0 → K0

SK0
S decays, using data collected in proton–

proton collisions at
√
s = 13 TeV recorded by the CMS

experiment in 2018. The analysis uses a dedicated data set
that corresponds to an integrated luminosity of 41.6 fb−1,
which consists of about 10 billion events containing a pair
of b hadrons, nearly all of which decay to charm hadrons.
The flavor of the neutral D meson is determined by the
pion charge in the reconstructed decays D∗+ → D0

π
+ and

D∗− → D0
π

−. The CP asymmetry in D0 → K0
SK0

S is mea-
sured to be ACP(K0

SK0
S) = (6.2 ± 3.0 ± 0.2 ± 0.8)%, where

the three uncertainties represent the statistical uncertainty,
the systematic uncertainty, and the uncertainty in the mea-
surement of theCP asymmetry in the D0 → K0

Sπ
+
π

− decay.
This is the first CP asymmetry measurement by CMS in the
charm sector as well as the first to utilize a fully hadronic
final state.

1 Introduction

The noninvariance of fundamental interactions under the
combined charge-parity (CP) transformation is one of the
necessary conditions for the generation of the observed
baryon asymmetry in the universe [1]. In the standard model
(SM), the CP symmetry violation originates from a single
phase in the Cabibbo–Kobayashi–Maskawa (CKM) quark
mixing matrix [2,3]. Extensive studies of CP violation in
weak interaction decays of strange and beauty mesons have
been performed by many experiments, with all results to date
being consistent with the predictions based on the CKM
formalism [4]. However, the magnitude of CP violation in
the SM appears to be insufficient to explain the matter–
antimatter asymmetry observed in the universe [5–7], sug-
gesting the existence of sources of CP violation beyond
the SM. Charmed meson decays are the only meson decays
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involving an up-type quark where CP violation can be stud-
ied, and are complementary to strange and beauty meson
decays. In contrast to the K and B systems, CP violation
in charm mesons is severely suppressed by the Glashow–
Iliopoulos–Maiani mechanism [8] and by the magnitude of
the CKM elements [3]. Given the strong SM suppression, an
observation of a significant CP violation in D meson decays
may indicate a contribution from new physics, which can
be different from those relevant for down-type quark sys-
tems. The first observation of CP violation in charm decays
was recently reported by the LHCb Collaboration in a mea-
surement of the CP asymmetry (ACP) difference between
the D0 → K+K− and D0 → π

+
π

− decays [9]. However,
determining if this (or other) measurements of CP violation
is an indication of new physics is hampered by large theoreti-
cal uncertainties associated with long-distance contributions
and nonperturbative effects [10].

The D0 → K0
SK0

S decay proceeds through the W boson
exchange and penguin annihilation Feynman diagrams, some
examples of which are shown in Fig. 1, which results in a rel-
atively small branching fraction of (1.41±0.05)×10−4 [4].
In this figure and throughout this paper, charge-conjugate
states are implied, unless otherwise indicated. 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 [11–15] and therefore
possibly within reach of current experiments.

The CP asymmetry ACP, for the D0 → K0
SK0

S decay, is
defined as

ACP(K0
SK0

S) = Γ (D0 → K0
SK0

S) − Γ (D0 → K0
SK0

S)

Γ (D0 → K0
SK0

S) + Γ (D0 → K0
SK0

S)
. (1)

The current world average for the time-integrated CP asym-
metry is ACP(K0

SK0
S) = (−1.9 ± 1.1)% [4], which is domi-

nated by results from the LHCb [16] and Belle [17] Collab-
orations.

123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-024-13244-0&domain=pdf
mailto:cms-publication-committee-chair@cern.ch


1264 Page 2 of 26 Eur. Phys. J. C (2024) 84 :1264

Fig. 1 The decay of neutral charm meson to two neutral kaons:
exchange (upper) and penguin annihilation (lower) diagrams

This paper presents the first CP violation measurement
by the CMS experiment in the charm sector. The flavor of
the neutral D meson is determined from the pion charge
found from reconstructing the decays D∗+ → D0

π
+ and

D∗− → D0
π

−. We measure the CP asymmetry difference,
ΔACP, between the signal channel D0 → K0

SK0
S and the ref-

erence channel D0 → K0
Sπ

+
π

−. The D0 → K0
Sπ

+
π

− CP
asymmetry has been previously measured [18] and found
to be consistent with zero, as expected since this decay is
not CKM-suppressed. Therefore, a significant deviation of
ΔACP from 0 would indicate CP violation in the D0 →
K0

SK0
S decay.

In proton–proton (pp) collision data, the number of D∗+

and D∗− decays (signal events, N ) are measured, where both
D0 and D0 are reconstructed in the K0

SK0
S or K0

Sπ
+
π

− decay
modes. The “raw” asymmetry between these numbers, Araw

CP
(defined in Eq. (2)), is different from the true asymmetry ACP,
due to the slightly different production cross sections (σ ) of
D∗+ and D∗− mesons, as well as to a possible difference in
the detection efficiency (ε) between D∗+ and D∗−. Because
these three asymmetries are all small, the following relation
can be written:

ACP ≈ Araw
CP − Apro

CP − Adet
CP, where

Araw
CP = N (D∗+ → D0

π
+
) − N (D∗− → D0

π
−
)

N (D∗+ → D0
π

+
) + N (D∗− → D0

π
−
)
,

Apro
CP =

σ
pp→D∗+X

− σ
pp→D∗−X

σ
pp→D∗+X

+ σ
pp→D∗−X

, and

Adet
CP = ε(D∗+ → D0

π
+
) − ε(D∗− → D0

π
−
)

ε(D∗+ → D0
π

+
) + ε(D∗− → D0

π
−
)
, (2)

where measuring the difference of ACP between the signal
and reference channels, Apro

CP (D∗± production asymmetry)

and Adet
CP (D∗± detection asymmetry) cancel out, as they do

not depend on the final state (K0
SK0

S or K0
Sπ

+
π

−):

ΔACP ≡ ACP(K0
SK0

S) − ACP(K0
Sπ

+
π

−
)

= Araw
CP (K0

SK0
S) − Araw

CP (K0
Sπ

+
π

−
). (3)

The reference channel was chosen to be as similar as possi-
ble in kinematics, topology, and final-state signature to the
signal channel, to ensure that the reconstruction efficiency
asymmetries cancel in the measured difference of asymme-
tries, ΔACP.

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 [19,20], col-

lected with a set of single-muon triggers with different min-
imum thresholds on the muon transverse momentum (pT)
and impact parameter with respect to the beamline. Differ-
ent triggers were enabled depending on the instantaneous
luminosity: as the luminosity decreased, less restrictive trig-
gers were enabled, as allowed by the limited event rate to
be processed by the data acquisition system and recorded
on tape. The data set contains about 1.2 × 1010 events and
corresponds to an integrated luminosity of 41.6 fb−1. More
details about this data set can be found in Ref. [19]. These trig-
gers are intended to select events containing a semimuonic
decay of a b hadron (or a semimuonic decay of c hadron that
originated from a b-hadron decay). Since the trigger requires
muons inconsistent with being produced in the primary inter-
action, most of such muons come from semileptonic decays
of beauty hadrons, hence approximately 80% of the events
in this sample include b hadrons [19,20]. As beauty hadrons
nearly always decay into charm hadrons, this data set also
provides a rich sample of charm decays, making it suitable
for CP violation studies in the charm sector.

123



Eur. Phys. J. C (2024) 84 :1264 Page 3 of 26 1264

2 The CMS detector

The central feature of the CMS apparatus is a superconduct-
ing solenoid of 6 m internal diameter, providing a magnetic
field of 3.8 T. Within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic
calorimeter, and a brass and scintillator hadron calorimeter,
each composed of a barrel and two endcap sections. For-
ward calorimeters extend the pseudorapidity (η) coverage
provided by the barrel and endcap detectors. Muons are mea-
sured in gas-ionization detectors embedded in the steel flux-
return yoke outside the solenoid. The reconstructed decays
used by this analysis contain five pions in the final state.
Pions are measured by the silicon tracker whose setup dur-
ing the 2018 LHC running period, when the data used in this
paper were recorded, consisted of 1856 silicon pixel [21]
and 15 148 silicon strip detector modules. For non-isolated
particles with |η| < 3 and 1 < pT < 10 GeV, the track
resolutions are typically 1.5% in pT and 20–75µm in the
transverse impact parameter [22].

Events of interest are selected using a two-tiered trigger
system. The first level, composed of custom hardware pro-
cessors, uses information from the calorimeters and muon
detectors to select events at a rate of around 100 kHz within
a fixed latency of 4µs [23]. The second level, known as the
high-level trigger, consists of a farm of processors running
a version of the full event reconstruction software optimized
for fast processing, and further reduces the event rate before
data storage [24].

A more detailed description of the CMS detector, together
with a definition of the coordinate system used and the rele-
vant kinematic variables, can be found in Ref. [25].

3 Simulated event samples

The simulated event samples used in this analysis are gen-
erated with pythia 8.230 [26]. The pythia output is inter-
faced with evtgen [27] 1.3.0, which simulates various b and
c hadron decays. The underlying event is also modeled with
pythia using the CP5 [28] tune. Final-state photon radiation
is modeled with photos 3.61 [29]. Samples with inclusive
decays B+ → D∗±

(→ Dπ
±
)X , B0 → D∗±

(→ Dπ
±
)X ,

and prompt D∗± → Dπ
± were generated. The events

were then passed through a detailed Geant4-based simu-
lation [30] of the CMS detector, followed by the trigger and
reconstruction algorithms identical to those used for the col-
lision data.

4 Reconstruction of charm meson decays

The reconstruction starts with finding K0
S → π

+
π

− candi-
dates as described in Ref. [31]. The two oppositely-charged

pion tracks are fit to a common vertex that is required to have
a χ

2 fit probability Pvtx > 1%. The dipion invariant mass
must be within 20 MeV of the world average value of the K0

S
meson mass [4], corresponding to approximately three times
the mass resolution.

In the signal channel, two K0
S → π

+
π

− candidates are
each fit again with kinematic constraints to the K0

S mass,
and subsequently, the K0

S candidates are fitted as two virtual
tracks to a common vertex, assumed to be the D0 → K0

SK0
S

decay vertex. The K0
SK0

S invariant mass is required to be
between 1.77 and 1.95 GeV, and the vertex fit probability
must exceed 1%. Both K0

S decay vertices have to be dis-
placed in three-dimensional (3D) space by at least one stan-
dard deviation (s.d.) from the fitted K0

SK0
S vertex, and the

corresponding pointing angle (the angle between the particle
momentum and the vector joining the production vertex with
its decay vertex) for each K0

S candidate is required to be less
than 90◦.

In the reference channel, after the single K0
S selection,

two additional high-purity [32] and opposite-sign tracks with
pT > 0.6 GeV (and at least one of them with pT > 0.7 GeV)
are selected. The K0

Sπ
+
π

− combination is then fit to a com-
mon vertex, assumed to be the D0 decay vertex, which must
have a Pvtx > 5%, and an invariant mass between 1.823 and
1.908 GeV, assuming charged-pion mass [4] for both tracks,
which corresponds to approximately twice the mass resolu-
tion.

The primary vertex (PV) is selected from the reconstructed
pp interaction vertices as the one with the smallest point-
ing angle of the D0 candidate. After the D0 reconstruction,
an additional track is added to form the D∗+ → D0

π
+ or

D∗− → D0
π

− candidates. A two-object vertex fit is per-
formed to reconstruct the D∗± decay vertex, which is required
to have a Pvtx > 1%. The D∗+ candidate invariant mass
is determined from the refitted pion and D0 four-momenta
and then corrected by subtracting the difference between the
reconstructed D0 candidate mass and the world-average D0

mass, to remove the effect of the D0 detector mass resolu-
tion. The candidates are rejected if they are compatible with
an incorrect decay topology that assumes negligible decay
time of any of the K0

S candidates.

5 Final selection criteria

A mixture of different triggers with varying thresholds in the
data set makes it challenging to properly model the kinematic
distributions of charm mesons in the simulation. Therefore,
an optimization of the selection criteria is done using the
experimental data directly. A two-dimensional (2D) fit to
the distribution of m(Dπ

±
) vs m(K0

SK0
S), similar to the one
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Table 1 Optimized selection
criteria in the signal channel
K0

SK0
S. The requirements on the

K0
S candidates in the third and

fourth lines are given first for
the K0

S with larger pT, then for

the K0
S with lower pT

Variable Requirement

|η| of the tagging pion from D∗± → Dπ
±

<1.2

pT of the tagging pion from D∗± → Dπ
±

>0.35 GeV

pT(K0
S) >2.2 and >1.0 GeV

K0
S vertex displacement significance from the D0 vertex in xyz >7 and >9

D0 vertex displacement significance from the PV in xy >2

D0 vertex displacement significance from the PV in xyz >9

Pvtx(Dπ
±
) >5%

Pvtx(K
0
SK0

S) >1%

Pvtx(π
+
π

−
) for K0

S → π
+
π

−
>1%

Angle between D0 momentum and displacement from PV in xyz <0.205 rad

Angle between D0 momentum and displacement from PV in xy <0.237 rad

Angle between D0 momentum and displacement from beamline in xy <0.237 rad

described below, is performed for the data (with the D∗+ and
D∗− samples merged) while the selection criteria are varied.
The variables used in the optimization include the candi-
date pT, η, Pvtx, distances between production and decay
vertices for K0

S and D0 candidates divided by their corre-
sponding uncertainties, and corresponding pointing angles.
The optimal criteria were chosen as those which result in
the smallest relative uncertainty on the fitted signal yield.
Cross-validation was used to ensure there is no bias due to
statistical fluctuations in the data, via randomly splitting the
data into six equal sub-samples, finding optimal criteria using
five of them and applying them to the last part. The procedure
is repeated six times (each time leaving out a different part
of the full data set) and results in six almost identical sets
of selection criteria. The average value for each selection is
taken as the final selection criteria, presented in Table 1.

Similar selection criteria are applied to the reference chan-
nel, to minimize the differences in kinematic distributions
between the signal and the reference channels: the only
adjustment is that the scalar sum of the pT of the two pions
that are not from the K0

S decay in the reference channel must
exceed 1 GeV and the single K0

S candidate in the reference
channel must satisfy the requirements applied to the high-pT

K0
S candidate in the signal channel.

6 ACP measurement: reference channel

The signal and reference channels are found to have con-
sistent η and φ distributions, but slightly different pT(D∗±

)

ones, and thus the detection and production asymmetries may
not cancel out fully in the ΔACP measurement. In order to
suppress this effect, the reference channel data are reweighted

to match the pT(D∗±
) distribution found in the signal chan-

nel, before splitting the samples by the pion charge.
To extract the raw CP asymmetry, a simultaneous binned

extended maximum likelihood fit is performed on the invari-
ant mass distributions m(Dπ

±
) of weighted D∗+ and D∗−

candidates. The signal in x = m(Dπ
±
) is fitted with the

SU Johnson transformation of the normal distribution [33],
with the shape parameters shared between the D∗+ and D∗−

components while the signal yields are independent. The
background is modeled with a modified threshold function
(x − x0)

α
(1 + ax), where x0 is the threshold value equal to

the sum of the masses of D0 and π
+, and α and a are floated

in the fit and they are not shared between the D∗+ and the
D∗− background model. The results of the fit to the m(Dπ

±
)

distributions are presented in Fig. 2 and Table 2. The mea-
sured raw asymmetry is Araw

CP (K0
Sπ

+
π

−
) = (0.78±0.10)%,

where the uncertainty is statistical only and accounts for the
correlations found in the simultaneous fit.

7 ACP measurement: signal channel

To reduce the statistical uncertainty arising from the signal
channel yield, which is the dominant uncertainty in the anal-
ysis, the signal extraction is performed using a 2D unbinned
maximum likelihood fit performed simultaneously on the
D∗+ and D∗− samples to the distribution of m(Dπ

±
)vs.

m(K0
SK0

S). The fit function consists of the following com-
ponents:

• D0 × D∗+, the signal component;
• D0 × bkg, for events containing genuine D0 and back-

ground pion combinations;
• bkg × bkg, for the background in both dimensions,
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Fig. 2 The D0
π

+ (left) and D0
π

− (right) invariant mass distributions for the K0
Sπ

+
π

− channel, with the result of the fit to both distributions

Table 2 Results of the fit to the selected D∗+ → D0
π

+ and D∗− →
D0

π
− candidates, where D0

(D0
) → K0

Sπ
+
π

−. The D∗± signal yields
N given in the second column are used in the evaluation of Araw

CP . The
uncertainties are statistical only

Decay N χ
2 with 100 bins

D∗+ → D0
π

+ 944 800 ± 3 500 78

D∗− → D0
π

− 930 150 ± 3 400 93

where each component is a product of two one-dimensional
(1D) functions. For the D∗± signal, the Johnson function is
used with all signal shape parameters fixed to those found
in the fit to the reference channel. This approach is veri-
fied to be reasonable using simulated event samples. The D0

signal is modeled with a sum of two Johnson functions, all
parameters of which are fixed to values determined from the
simulation, except for a single free parameter that is used to
scale the width. The background in x = m(Dπ

±
) is modeled

with the same function as in the reference channel. The back-
ground in y = m(K0

SK0
S) is described with an exponential

function exp(βy), where β is floating in the fit, plus a Gaus-
sian function with free parameters to describe the partially-
reconstructed background from the D±

s → K0
SK0

Sπ
± decay

producing an excess at about 1.83 GeV in the K0
SK0

S invariant
mass distribution.

The projections of the data and the 2D fit on both axes
are shown in Fig. 3; additional projections in sub-ranges are
shown in Appendix A. The fit results are listed in Table 3. The
measured raw asymmetry is Araw

CP (K0
SK0

S) = (7.1 ± 3.0)%
and in combination with the results of Sect. 6 the ACP dif-
ference is measured to be ΔACP = (6.3 ± 3.0)%, where the
uncertainty is statistical only and accounts for the correla-
tions found in the simultaneous fit.

8 Systematic uncertainties

The measured difference in the asymmetries is largely insen-
sitive to many systematic uncertainties that would affect a
measurement of ACP in a single channel, such as the difficult-
to-measure production and detection asymmetries that would
need a dedicated calibration procedure.

Uncertainties related to the choice of the signal and back-
ground models are calculated separately using alternative
models and assessing the observed variations in ΔACP.

In the baseline approach, the signal in them(Dπ
±
) invari-

ant mass distribution is modeled with the Johnson func-
tion [33]. As an alternative, we use a Johnson+Gaussian func-
tion with a common mean. Another alternative is a sum of
two Crystal Ball functions [34]. For each case, the reference
channel is fit as a first step, then the obtained shape parame-
ters are fixed in the 2D fit to the signal channel. Other com-
ponents of the 2D fit remain unchanged from the baseline
fit. The largest deviation in ΔACP from the baseline value is
taken as a systematic uncertainty.

The baseline signal function for the m(K0
SK0

S) invariant
mass distribution is a sum of two Johnson functions. As an
alternative, we use a Johnson+Gaussian function or a sum of
two Crystal Ball functions. These variations have no effect
on the fit of the reference channel, just on that of the signal
channel. The largest deviation in ΔACP from the baseline
value is taken as a systematic uncertainty.

The baseline background model in the x = m(Dπ
±
) dis-

tribution is (x − x0)
α
(1 + ax). An alternative background

model is obtained by changing the function multiplying the
threshold function from a linear polynomial to an exponential
function. The baseline background model in the m(K0

SK0
S)

distribution is an exponential function and an exponential
multiplied by a linear polynomial is used as an alternative.
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Fig. 3 The invariant mass distributions for D∗+ candidates (left) and D∗− candidates (right), with the m(Dπ
±
) distributions in the upper row and

the m(K0
SK0

S) distributions in the lower row. Projections of the simultaneous 2D fit are also shown

Table 3 Results of the 2D fit to the selected D∗+ → D0
π

+ and D∗− →
D0

π
− candidates, where D0

(D0
) → K0

SK0
S. The D∗± signal yields N

given in the second column are used in the evaluation of Araw
CP . The χ

2

corresponds to the fit projection with 100 bins in the x = m(Dπ
±
)

axis and 90 bins in the y = m(K0
SK0

S) axis, as shown in Fig 3. The
uncertainties are statistical only

Decay N χ
2 (x axis) χ

2 (y axis)

D∗+ → D0
π

+ 1095 ± 46 77 90

D∗− → D0
π

− 951 ± 44 93 62

These variations are taken as independent systematic uncer-
tainties.

In the signal channel fit, there is a contribution from the
D±

s → K0
SK0

Sπ
± decay, which is modeled by a Gaussian

with free parameters. As an alternative, we remove this reflec-
tion by restricting the fit range to bem(K0

SK0
S) > 1.835 GeV,

and the deviation from the baseline is included as a system-
atic uncertainty.

To assess the systematic uncertainty related to the pT
reweighting, we vary the parameters of the reweighting func-

tion within their uncertainties. As an alternative, we consider
the weights depending on the pT of the low-momentum pion
that is used for the flavor tagging instead of pT(D∗±

). The
largest change is taken as a systematic uncertainty related to
the reweighting.

Differences in Apro
CP and Adet

CP between the two channels
are expected to be reproduced by the simulation of the pro-
cesses and the detector. Checking the reweighted reference
channel and signal channel in simulation show that the pT-,
η-, and φ-dependent asymmetries are consistent with zero as
is the integrated value of (−0.13 ± 0.34)%. Therefore, no
systematic uncertainty is assessed.

If multiple candidates in the same event are removed by
keeping only the one with the highest D∗± vertex fit prob-
ability, the resulting ΔACP changes negligibly and no cor-
responding systematic uncertainty is assigned. Pion charge
misidentification was shown to have a negligible effect as
well.

All systematic uncertainties described above are uncor-
related and summarized in Table 4 together with the total
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Table 4 Absolute systematic uncertainties in the measurement of
ΔACP

Source Uncertainty (%)

m(Dπ
±
) signal model 0.10

m(Dπ
±
) background model 0.02

m(K0
SK0

S) signal model 0.04

m(K0
SK0

S) background model 0.02

m(K0
SK0

S) fit range 0.06

Reweighting 0.09

Total 0.16

systematic uncertainty, calculated as the sum in quadrature
of the different contributions.

9 Summary

A measurement of CP violation in D0 decays is reported,
using proton–proton collision data collected at

√
s = 13 TeV

with a novel high-rate data stream (B parking). These data
correspond to an integrated luminosity of 41.6 fb−1 and
include about 10 billion events containing beauty hadron
decays. The difference in the CP asymmetries between
D0 → K0

SK0
S and D0 → K0

Sπ
+
π

− is measured to be:

ΔACP ≡ ACP(K0
SK0

S) − ACP(K0
Sπ

+
π

−
)

= (6.3 ± 3.0 (stat) ± 0.2 (syst)) %.
(4)

Using the world-average value of ACP(K0
Sπ

+
π

−
) = (−0.1±

0.8)% [4,18,35], we report the measurement

ACP(K0
SK0

S) = (6.2 ± 3.0 ± 0.2 ± 0.8)%, (5)

where the three uncertainties represent the statistical uncer-
tainty, the systematic uncertainty, and the uncertainty in the
measurement of the CP asymmetry in the D0 → K0

Sπ
+
π

−

decay. The measured value is consistent with no CP viola-
tion within 2.0 standard deviations. Likewise, it is consistent
with the LHCb [16] and the Belle measurements [17] at the
level of 2.7 and 1.8 standard deviations, respectively. Tab-
ulated results are provided in the HEPData record for this
analysis [36]. 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.
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Appendix A: Additional projections of the 2D fit

Figures 4 and 5 show the projections of the 2D fit in the
signal channel in subranges of the mass variables. The top
and middle rows show 1D projections of the 2D fit on
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Fig. 4 Results of the 2D fit to the m(Dπ
±
) ×m(K0

SK0
S) for the signal

channel, D∗+ candidates. Upper and middle rows show 1D projec-
tions of the 2D fit on m(D0

π
+
) in ranges of m(K0

SK0
S): left sideband

(upper left), region of D±
s → K0

SK0
Sπ

± contamination (upper right),

signal region of K0
SK0

S (middle left), and right sideband (middle right).

Lower row shows 1D projections of the 2D fit on m(K0
SK0

S) in ranges

of m(D0
π

+
): left sideband (left), signal region of D0

π
+ (center), and

right sideband (right)
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Fig. 5 Results of the 2D fit to the m(Dπ
±
) ×m(K0

SK0
S) for the signal

channel, D∗− candidates. Upper and middle rows show 1D projec-
tions of the 2D fit on m(D0

π
−
) in ranges of m(K0

SK0
S): left sideband

(upper left), region of D±
s → K0

SK0
Sπ

± contamination (upper right),

signal region of K0
SK0

S (middle left), and right sideband (middle right).

Lower row shows 1D projections of the 2D fit on m(K0
SK0

S) in ranges

of m(D0
π

−
): left sideband (left), signal region of D0

π
− (center), and

right sideband (right)

m(Dπ
±
) in ranges of m(K0

SK0
S): left sideband, region of

D±
s → K0
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± contamination, signal region of K0
SK0

S, and
right sideband. The lower three plots show 1D projections of
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