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Abstract

A search for violation of the charge-parity (CP) symmetry in the D* — K~ KTzt
decay is presented, with proton-proton collision data corresponding to an
integrated luminosity of 5.4fb~! collected at a center-of-mass energy of
13TeV with the LHCb detector. A novel model-independent technique is
used to compare the Dt and D~ phase-space distributions, with instru-
mental asymmetries subtracted using the Df — K~ KtnT™ decay as a con-
trol channel. The p-value for the hypothesis of CP conservation is 8.1%.

The CP asymmetry observables A?I;TS = (0.95 £ 0.434at & 0.264y5¢) x 1073 and
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through the phase space of a multibody decay.
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The breaking of the combined charge-parity (CP) symmetry in particle interactions
is a critical element in explaining the imbalance between matter and antimatter in the
Universe [1]. Existing observations of CP violation in K and B meson decays are consistent
with predictions from the Standard Model (SM), where the violation arises from a single
irreducible phase in the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix [2, 3].
However, the effect of this phase alone is insufficient to explain the observed matter-
antimatter asymmetry [4-7], underscoring the necessity for new CP-violating dynamics
beyond the SM.

In the charm-quark sector, C'P violation has so far only been observed in the difference
between the time-integrated CP asymmetries of D®— =7+ and D°— K~ K™ decays [8].
These are Cabibbo-suppressed decays, with transitions of the type ¢ — uqq (¢ = d, s)
for which the SM predicts very small CP asymmetries, of the order of 1073 or less. The
recent measurement of the asymmetry in the D° — K~ K™ decay [9, 10] indicates that
the observed signal is mostly due to CP violation in the D° — 7~7" decay amplitude.
The interpretation of these results is still being debated, with explanations falling within
the SM [11-14] and some suggesting physics beyond it [15-18]. Measurements of CP
asymmetries in a wide range of decays are fundamental to fully exploit the potential of
charmed hadrons for revealing signs of physics beyond the SM.

Three-body decays have unique features for CP-asymmetry studies. Depending on
the underlying mechanism of CP violation, localized asymmetries across the decay phase-
space can be considerably larger than the integrated value, as observed already in B
decays [19,20]. The DT — K~ K*7" decay' is the three-body Cabibbo-suppressed DT
decay with the largest branching fraction [21]. Studies of CP violation across its Dalitz
plot, a two-dimensional diagram representing the phase space [22,23], have previously been
undertaken by the BaBar [24], CLEO [25] and LHCD [26] collaborations. Measurements of
the CP asymmetry in the phase-space region dominated by Dt — ¢t with ¢ — K~ K™,
have also been reported by LHCb [27,28]. All results are consistent with CP symmetry.

In this Letter, a search for localized CP violation in the phase space of D* — K~ K*xt
decays is presented, using data collected by the LHCb experiment from 2016 to 2018,
corresponding to an integrated luminosity of 5.4 fb~*. Currently, this represents the largest
sample available of c-hadron decays with potential for observation of CP violation. A
model-independent technique is developed to address the challenge of isolating the CP
asymmetry from instrumental effects, by exploiting the control channel DY — K~ K*rn™,
for which CP violation is not expected [15,29].

The LHCD detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < n < 5, described in detail in Refs. [30,31]. It is designed for the study of
particles containing b or ¢ quarks. The magnetic field polarity is reversed periodically
during data taking to mitigate the differences of reconstruction efficiencies of particles
with opposite charges. Data sets corresponding to about one half of the total integrated
luminosity are recorded with each magnetic field configuration.

The online event selection is performed by a trigger consisting of a hardware stage
followed by a two-level software stage. In between the two software stages, an alignment
and calibration of the detector is performed in near real-time and their results are used in
the trigger [32]. In the first software stage, events used in this analysis are selected if at
least one track has large transverse momentum and is incompatible with originating from

IThe inclusion of charge-conjugate processes is implied throughout except in the discussion of asymmetries.



any primary vertex (PV), or if any two-track combination forming a vertex significantly
displaced from the PV is found in the event by a multivariate algorithm [33,34]. In the
second stage, two oppositely charged particles identified as kaons are combined with a
particle identified as a pion to form a good-quality decay vertex detached from any PV.
The PV with the smallest value of X7 is associated with the decay candidate, where x% is
defined as the difference in the vertex-fit x? of the PV reconstructed with and without the

particle under consideration, in this case, the D(t) candidate. Further requirements are

applied on the Dz;) decay time, on the angle between the reconstructed D(J;) momentum

vector and the vector connecting the PV to the decay vertex, on the x? of the D(t,)

decay-vertex fit, and on the momentum, the transverse momentum and the x% of the
D?;) candidate and of its decay products. The invariant masses of the D™ and D
candidates are required to be within the intervals [1805,1935] MeV and [1905,2035] MeV,
which correspond to approximately ten times their mass resolution.?

The candidates selected from the second software-trigger stage are directly used for
the offline analysis [34] and must satisfy additional selection criteria, applied uniformly
for the Dt and D} samples whenever possible, to minimize potential biases in the
CP violation study. A stringent particle identification (PID) requirement is applied on
both kaons, which reduces to a negligible level the contamination from Dt — K~-nwt7™
decays in the D} — K~ K*7t sample, while significantly reducing background due to
random combinations of tracks. Contamination from semileptonic decays where the
muon is misidentified as a pion is suppressed by a muon PID veto to the pion candidate.
Contamination from A7 — K pr" decays and random combinations of DY — K—x*
decays with a pion are removed using invariant-mass vetoes. The requirement on the
maximum xip of the D\ meson is further tightened to reduce the contamination from
secondary b-hadron decays. Fiducial requirements are applied to remove small regions of
the kinematic space where large charge asymmetries are observed, typically caused by
low-momentum tracks being swept out of the detector acceptance by the magnetic field.
Finally, candidates are randomly rejected to equalize, in each data-taking year, the signal
yields of the samples collected with each magnet polarity.

After applying all selection criteria, the yields for D" and D} decays are approximately
135 and 181 million, respectively, with a purity of 95% within an interval of £20 MeV
around their nominal masses. The K~ K*7" invariant-mass distributions are shown in
Fig. 3 of the Appendix.

The strategy to identify a signal of CP violation in the Dt — K~ K*x" decay is a
model-independent search based upon a y2-test for the hypothesis of the charge asym-
metries over the D' Dalitz plot being compatible with those of the D} control mode.
It assumes that the nuisance asymmetries (i.e., differences in charged-particle detection,
reconstruction or selection efficiencies, left-right detector or any other instrumental asym-
metries) depend only on the kinematics of the final-state particles and that local effects
arising from correlations between the Dt kinematic-dependent production asymmetries
and the Dalitz plot variables are negligible, making the difference between the production
asymmetries a global effect that can be subtracted.

The Dalitz plots are divided into bins and the raw charge asymmetry for the decay X

2Natural units with ¢ = 1 are used throughout.



in each bin ¢ is defined as - -
) ]\[’L7 _ NZ,
Al = T —ix (1)
N© +ND
where X = S, C refers to the signal () or control (C') modes, + and — refer to the charge
of the Dis candidates, and Nfr)i is the number of decays X ) in bin ¢, as determined
from mass fits described later. The CP observable is defined as
AAcp = A, — Al — AAED™. (2)
The term AAgP°Pal i the global difference in asymmetries averaged over all bins in the

raw
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where 0 ,:.x are the ASX uncertainties. Any difference between the global asymmetries in
the two decays is cancelled by this term which, in the absence of CP violation, corresponds
to the difference between the D+ and D} production asymmetries. The A%C term cancels
out instrumental asymmetries from the raw signal asymmetry in bin .

To build the x? test-statistic, the significance of AALp,

AN
SACP - O_AA?P7 (4)
CP

is used, where o5 Al 18 the AA%, statistical uncertainty and accounts for the correlations
between the individual per-bin asymmetries and the global difference of asymmetries.
The expressions for o AL, and o A qElobal are presented in Eq. 7 and Eq. 8 in the Appendix.

Under the hypothesis of CP symmetry, S& op follows a standard normal distribution, as
validated using pseudoexperiments.
The test-statistic is then defined as

Nyins

C(Sacr) = ) (SA)% (5)

i

from which a p-value for the hypothesis of no localized CP violation can be extracted.

The Dalitz plots for the signal and control samples are depicted in Fig. 1, where the
binning scheme is overlaid. In this plot, s(K~7") and s(K~K™) represent the squared
invariant masses of the K7™ and K~ K™ systems, respectively. For the purpose of this
plot, background subtraction is performed using the sPlot technique [35], based on D
and D invariant-mass fits.

The binning scheme is designed to exploit the resonant structures in the
Dt — K~ K*n" decay, which are similar to those in the Df — K~ K7™ decay. Key
features in these decays are the K*(892)" and ¢(1020) vector resonances, prominently
visible around s(K~7%) = m%_, and s(K~K™*) = mj. Vector resonance distributions
in the Dalitz plot present a node, shown more explicitly in the inset of Fig. 1 for the ¢
case. The rectangular areas around the two resonances are divided into four bins with
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Figure 1: Dalitz plots for (left) DT — K~ K*tx™ and (right) Dy — K~ K7™ decays in data
with the binning scheme overlaid. The enlarged inset shows the bins around the ¢ region,
where the same numbering scheme is followed for both channels.

the internal boundaries defined by the distribution node in one direction and the known
mass [21] in the other. For the K*? resonance, the region above the node is further
subdivided to account for instrumental asymmetry variations. Other Dalitz plot areas
are segmented to approximately equalize the number of candidates in each bin, with the
D} Dalitz plot following a similar segmentation with expanded outer limits. This design
has a natural bin-to-bin correspondence between the Dalitz plots of DT and D mesons
with a good agreement between final-state kinematic quantities in each bin. A bin-by-bin
weighting procedure is applied to the D candidates to correct for residual differences.

Sensitivity studies, where Dt — K~ K+7" samples are generated according to the
isobar model from Ref. [25], support this binning choice. In these studies, CP violation
is introduced as small differences in the relative phase or magnitude of one or more
resonances’ amplitudes between the Dt and D~ samples. The asymmetry caused by a
phase difference changes sign when crossing vertically or horizontally between quadrants
around the resonance of interest. This behavior motivates the measurement of the CP
asymmetry observable Acp|s [27]:

AC’P|S — % [(AAtop-left + AAbottom-right) o (AAtop-right + AAbottom-left)} ’ (6)

where AA., = A5 — AY  and the Dalitz plot bins top-left, top-right, bottom-left, and
bottom-right are the ones numbered in Fig. 1 as bins 13, 17, 14 and 16 (3+4, 7+8, 5
and 6),% respectively, for the ¢pr* (K**K*) resonant amplitude. In this case, the global
asymmetry components cancel out, making Acp|g an observable sensitive purely to CP
violation in the decay. The local AAL, are also provided as additional measurements,
which can be interpreted as C'P-violating observables in light of theoretical predictions,
but only as relative quantities between bins. All the results from the present study are
insensitive to CP violation manifested solely as a global asymmetry.

3The plus sign indicates that candidates from two bins are combined before computing Acp|s-
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To verify the method and mitigate experimenter’s bias, multiple tests were conducted

before examining the A% values. Both signal and control samples were segmented by D?;)

momentum, pseudorapidity, and transverse momentum, confirming that AA%,, values were
statistically compatible among these segments. Simulations [36] of the Dt — K~ Ktznt
and D} — K~ K*7t decays, using a realistic resonant model with the same yields as
in data, are used to study the impact of known effects, such as detection and tracking
efficiency asymmetries [37] and PID efficiency asymmetries extracted from calibration
samples [38], obtained as a function of the kaon and pion kinematics. The patterns of
asymmetries in simulated signal and control samples match those observed in the control
data. Additionally, various production-asymmetry models are tested, based on the results
obtained with data taken in 2011 and 2012 [39-41]. None of the models significantly
affects the local raw asymmetry patterns across the Dalitz plot. The method’s validity is
further confirmed through 10,000 pseudoexperiments designed to simulate instrumental
asymmetries, with the resulting 371" (Sk p)? values fitting a x? distribution with Ny
degrees of freedom.

The signal and background raw charge asymmetries and yields are directly determined
for each Dalitz plot bin from simultaneous x? fits to the binned KT K*7* invariant-mass
distributions of D?;) and D(_S) candidates, independently for each data taking year and
magnet polarity. The raw asymmetries are then combined for the final results. The
signal and background shapes, as well as the procedure used to verify that the extracted
asymmetries are unbiased, are described in the Appendix.

The results for AAL, are shown in detail in Table 1. Systematic uncertainties arise
from various sources and are evaluated by comparing results obtained with alternative
procedures to the nominal ones. The impact of remaining kinematic mismatches between
the control and signal samples is assessed by obtaining the D} asymmetries without
equalization weights. Different fit models for the signal and background mass shapes are
tested. Biases due to differences in the instrumental asymmetries related to the different
DT and D7 lifetimes, flight distance distributions and contamination from b-hadron
decays, which cannot be disentangled, are determined by splitting the samples into two
ranges of D-meson flight distance significance and x?p and combining the resulting AAL,,
values. For most bins, this is the dominant systematic uncertainty (labelled as “sec.dec.”
in Table 1). The influence of different requirements in the trigger for the signal and control
channels is investigated by aligning the selection criteria. The precision in each bin is
limited by the statistical uncertainty. A graphical representation of the results is shown
in Fig. 4 of the Appendix.

The CP observables Acp|g for the ¢m* and K*9K* systems are given by

7'('Jr —
Al = (0.95 4 0.43 4 0.26) x 107,

AR KT = (~0.26 £ 0.56 £ 0.18) x 107,

where the first uncertainty is statistical and the second is systematic, evaluated using
the same procedure described for the AA%L, results. The uncertainties are also shown in
detail in Table 1.

Finally, the statistical significances S icp are shown across the Dalitz plot in Fig. 2.
The x? of the search test is 31.8 for 22 degrees of freedom, resulting in a p-value of
8.1%, consistent with the hypothesis of no localized CP violation in the phase space of
the DT — K~ K*xt decay. Potential systematic biases in the search test results are



Table 1: Experimental results for AAL, = AAL  — AABP! and Acp|s, with systematic and
statistical uncertainties shown in the last two columns. The individual contributions to the

systematic uncertainties are also shown. All values are expressed in 1073 units.

Bin AAcp g™ ofsiee ot o B ol ouar
1 1.97 0.67 1.35 0.88 0.10 1.75 1.39
2 0.78 0.32 0.19 050 026 0.68 1.33
3 —0.01 0.01 0.49 0.15 067 0.8 1.43
4 0.06 0.20 0.11 0.24 0.21 0.39 0.75
5 0.24 0.06 0.07 0.04 0.05 0.11 0.36
6 0.71 0.05 0.21 0.08 0.17 0.29 0.38
7 0.99 0.06 0.36 0.19 0.04 041 0.73
8 0.69 0.16 0.57 0.13 0.13 0.63 1.28
9 —-3.14 0.99 0.60 1.59 0.01 1.97 2.49
10 0.83 1.28 1.97 263 087 3.63 1.97
11 —0.02 0.20 0.39 0.10 024 0.51 0.78
12 1.08 0.11 0.22 0.11 0.03 0.27 0.63
13 0.25 0.04 0.13 0.06 0.06 0.17 042
14 —0.99 0.08 0.05 0.07 0.08 0.14 0.42
15 —1.99 0.01 0.56 0.08 0.18 0.60 0.90
16 0.12 0.05 0.26 0.07 0.15 0.31 0.43
17 —0.55 0.08 0.08 0.10 0.03 0.15 0.35
18 —0.24 0.19 0.39 0.03 0.14 046 047
19 —0.53 0.07 0.50 020 034 0.64 0.75
20 —2.14 0.46 0.29 0.29 0.20 0.65 1.14
21 0.45 0.48 0.53 023 042 086 1.07
22 2.14 1.28 1.09 0.81 0.85 2.05 2.23
Resonant mode  Acp|g U:Vyzitghﬁng a§§‘s}d“' afytst ;;isgtger J;‘y’gt Ostat
ot 0.95 0.12 0.21 0.07 0.07 026 043
KK+ —0.26 0.01 0.16 0.06 0.06 0.18 0.56

examined by evaluating A A%, in the same alternative scenarios used to evaluate systematic
uncertainties for AA%L,. The resulting p-values range from 2.3% to 14.1%, confirming
absence of localized CP violation over the Dalitz plot within the current statistical reach.

In summary, this Letter reports a search for CP violation across the phase space
of D — K~ K™zt decays utilizing a novel binned, model-independent method that
neutralizes instrumental effects via a control channel with an identical final state. The
p-values, obtained from all considered scenarios, are consistent with CP symmetry. The
observables AA%L, are measured with 107 precision within the bins of the Dalitz plot. This
constitutes the most precise search for localized CP violation ever performed. Furthermore,
this study presents the most precise measurement of Adc)gs and the first experimental

result for Agpg{ " both compatible with zero with a precision smaller than 1073,



(_\’]—3.5_'| I I I 5 %
> r 4 A
(2, 3 3
— [
I 2
N 2.5 1
= |
i 0
2r -1
i -2
1.5:_ _3
i —4
1_l....l..‘=..|.... -5

0.5 1 15 2
(K 7*) [GeV?]

Figure 2: The significance Sa., across the Dalitz plot, which accounts only for the statistical
uncertainty. The inset shows a zoom of the Dalitz plot around the ¢ region.
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Figure 3: Invariant-mass distribution of the final samples of (left) D™ — K~ K*x and (right)
Df — K~ K*n™" candidates.

A Appendix

A.1 Invariant-mass distributions and fits

The probability density function (PDF) used to describe the KT K*7r* invariant-mass
distribution of signal candidates in each bin of the Dalitz plot is given by a sum of a
Gaussian function and a double-sided Crystal Ball (DSCB) function [42], with widths
and tails that can differ between the left and right sides of the PDF around the most
probable value. All the parameters describing the signal shape, apart from the Gaussian
width and mean, are fixed to the values obtained from simulation, weighted by PID
efficiencies obtained from calibration samples [38]. The fixed parameters are the offset and
relative fraction between the DSCB and the Gaussian functions, and the tail parameters
of the DSCB. The background is parameterized by a third-order Bernstein polynomial for
Dt — K~ K*xn" and as a second-order for polynomial for D} — K~ K*7nt decays. The
Gaussian width and the background parameters are shared between the D(t,) and D(:,)
subsamples that are fitted simultaneously.

The fits are validated using pseudoexperiments, where K¥K*7* invariant-mass distri-
butions are generated according to the baseline fit results and then fitted with the same
prescription. The pulls for the fitted parameters follow standard normal distributions
across all Dalitz plot bins for both decay modes. This analysis confirms that the signal
and background asymmetries are unbiased.

For illustration, the mass distributions of the D* — K~ K*7n* and D — K- K*trn™
candidates, summed over all Dalitz plots bins, are given in Fig. 3.

A.2 TUncertainties of the observables

The statistical uncertainties of the asymmetries defined in the Letter are shown below for
completeness.

2 )
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A.3 Graphical representation of the CP asymmetries

A graphical representation of the AA%, results is shown in Fig. 4. The horizontal axis is
given by the bin index, according to the scheme depicted in Fig. 1.
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Figure 4: Difference of charge asymmetries AA"CP for each bin of the Dalitz plot.
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