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1 Introduction

Violation of charge-parity (CP) symmetry in charm-quark transitions has been observed for
the first time in the measurement of the difference between the CP asymmetry in D° — K+ K~
and D°— 7t~ decays [1]. As of today, this measurement remains the only experimental
evidence of CP violation in charm decays, and more generally in any up-type quark (u, ¢, or t)
transition. A successive measurement in the D° — KK~ decay mode found no statistically
significant CP asymmetry [2], leaving the D° — 777~ decay as the only charm-hadron decay
with experimental evidence of CP violation [3, 4].

While the existence of CP violation in the charm-quark sector at the observed O(1073)
level is not excluded in the Standard Model (SM), uncertainties in theoretical calculations do
not allow for a quantitative comparison or precise predictions for other decay channels [5-16];
see refs. [17-19] for reviews on this subject. Further experimental measurements of CP
asymmetries in charm decays are therefore highly desirable, as they would provide deeper
insight into CP violation phenomenology. Such measurements could potentially involve
dynamics beyond the SM [20-26], that are not constrained to be the same as in the down-type
quark (d, s, or b) sector.

Among many charm-hadron decay modes in which CP violation could manifest itself, the
Cabibbo-suppressed D° — K gK (S) mode stands out for being analogous to the two-body decays
D°— K+*K~ and D°— 7t7~ [1], but has the possibility of a more sizeable asymmetry. Only
amplitudes proceeding via tree-level exchange — which vanish in the flavour-SU(3) limit
— and electroweak loop diagrams contribute to this decay, which therefore has a relatively
small branching fraction [27]. Its CP asymmetry is defined by

I'(D°— KIKQ) —T(D°— KIKY)

AP (KIKY) = — ,
(KSKS) I'(D°— KJKY) + I'(D°— KJKY)

(1.1)




with I' being the decay width of the neutral D meson. Any effect arising from regeneration,
mixing and CP violation in the K{KY final state cancel in AP since the D? and D° decay
to the same CP-symmetric K* — KV final state [28]. In the SM, A" (KJK$) might be
significantly larger than in the D° — 7t7~ and D°— KK~ channels. Several predictions
exist for AT(KJKY) [9, 29-33], up to the percent level. The study of the D° — KK decay
mode provides a valuable probe of CP violation in the charm sector, offering a means to
discriminate between competing theoretical approaches.

These considerations have motivated several experimental determinations of this observ-
able across different experiments, including some recent ones [34-39]. The world average
of the CP asymmetry is AT (KJKS) = (—1.19 £ 0.77 £+ 0.17)%, where the time-dependent
contribution to the asymmetry is neglected [40, 41]. This has now reached the subpercent level,
entering the interesting sensitivity range of theoretical predictions. The reduced precision of
this measurement compared with other charm CP asymmetry results is due to the smaller
branching fraction and the difficulty of reconstructing the Kg decay products, given its much
longer lifetime relative to bottom and charm hadrons.

In this work, a new measurement of A“Y(KJKY) is reported, based on a sample of
proton-proton (pp) collisions corresponding to an integrated luminosity of about 6.2 fb™1,
collected in 2024 by the LHCb detector. The detector has been significantly improved
over its previous version, including the data acquisition system [42, 43], which enabled the
adoption of a software-based selection of KJ particles at the first trigger level, resulting in
a substantially improved efficiency.

The measurement of A" (K2KQ) requires knowledge of the D° flavour at production.
A sample of flavour-tagged D°— KJK{ decays is obtained by selecting only D° mesons
that originate from D*(2010)* — D%zt decays.! The charge of the pion in this decay
(“tagging pion”) identifies the flavour of the accompanying neutral charm meson. While
DY — DO oscillations can cause a flavour change before decay, the effect is small compared
with the resolution of the current measurement and is therefore neglected [44]. The K
mesons are reconstructed in the 777~ final state and are required to have decayed within
the vertex detector.

The decay widths I" in eq. (1.1) are related to the observed yields N by

N(D" = KIKD) o« (D)o (D) T(D" = KIKY), (1.2)
where o(D**) denotes the production cross-sections of the D** mesons and e*(D**) the
corresponding detection efficiencies for their decays. Both factors are charge asymmetric,
due to the D** production asymmetry arising from the hadronisation of charm quarks in
pp collisions, and to asymmetries in the geometry and response of the detector. Since the
final state of the D° decay is self-conjugate, any detection asymmetry arises solely from the
tagging pion. All these quantities are calibrated using a sample of D" — K§W+7T* decays,
which have the same final-state particles as the D° — K2K{ decay, but with a negligible CP
asymmetry [18]. In order to avoid experimenter’s bias, the results of the analysis were not
examined until the full procedure had been finalised.

nclusion of the charge-conjugate process is implied throughout this document unless explicitly specified.
Hereafter, the D*(2010)* meson is referred to as D*™.



2 LHCDb detector

The LHCb Run 3 detector [45] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < 1 < 5, designed for the study of particles containing b or ¢ quarks. Installed prior
to the start of Run 3 data taking in 2022, it represents a major upgrade of the detector
system. The new configuration was designed to match the performance of the Run 1-2
detector [46, 47], while allowing it to operate at approximately five times the luminosity.

The high-precision tracking system consists of a silicon-pixel vertex detector (VELO)
surrounding the pp interaction region [48], a large-area silicon-strip detector (UT) [49] located
upstream of a dipole magnet with a bending power of about 4 T m, and three stations of
scintillating-fibre detectors [49] located downstream of the magnet. Tracks reconstructed in
both the VELO and the scintillating-fiber detectors, with the possible addition of intermediate
hits in UT, are referred to as long tracks. The dipole magnetic-field polarity is periodically
reversed during data taking, alternating between pointing upwards (MagUp) and downwards
(MagDown), to mitigate the effects of differences in reconstruction efficiencies for particles
of opposite charges. Different types of charged hadrons are distinguished using information
from two ring-imaging Cherenkov detectors [50].

Readout of all detectors into an all-software trigger [42, 43] is a central feature of the
upgraded detector, allowing the reconstruction of events at the maximum LHC interaction
rate, and their selection in real time. The trigger system is implemented in two stages: a
first inclusive stage (HLT1) running on GPU boards based primarily on charged particle
reconstruction, which reduces the data volume by roughly a factor of twenty, and a second
stage (HLT2) running on CPUs, which performs the full offline-quality reconstruction and
selection of physics signatures. A large disk buffer is placed between these stages to hold
the data while the real-time alignment and calibration are performed.

For the measurement described in this paper, data collection benefits from the newly
implemented trigger system, which, for the first time, enables the selection of events containing
Kg candidates directly at the HLT1 level for every LHC bunch crossing. This leads to an
improvement in the signal efficiency by a factor of about three over the previous LHCD detector,
which is the main factor responsible for the increase in precision for the current measurement.

Simulated samples are used solely to optimise selection requirements. In the simulation,
pp collisions are generated using PYTHIA [51] with a specific LHCb configuration [52]. Decays
of unstable particles are described by EVTGEN [53], in which final-state radiation is generated
using PHOTOS [54]. The interaction of the generated particles with the detector, and its
response, are implemented using the GEANT4 toolkit [55] as described in ref. [56].

3 Event selection

At the HLT1 stage, long tracks with good fit x?, momentum p > 5GeV/c, transverse
momentum pp > 0.45GeV/e, and incompatible with originating from any reconstructed
primary vertex (PV) are considered. The tracks with opposite charge passing this selection
are paired, and their invariant mass is computed assuming the pion mass for each of them.
Pairs with an invariant mass within £45MeV/c? of the known K mass [27] are classified



as Kg candidates. Events of interest for this analysis are triggered by requiring at least
one K¢ candidate with py > 2.45 GeV/c.

At the HLT? level, after a full reconstruction of the whole event, K candidates with
an invariant mass within £35MeV/c? from the known KQ mass are paired to form DY
candidates. These candidates are required to originate from a common vertex and to have
an invariant mass within 90 MeV/c? of the known DY mass [27]. An additional track is
then combined with the D particle to form D*t candidates. The invariant-mass difference
Am = m(D*t) — m(D") is required to be smaller than 170 MeV/c? [27]. The resulting
candidates are saved on permanent storage and used for further analysis.

A calibration sample of D** — DO(KJn 7~ )7T decays is obtained from the same HLT1
trigger selection, by applying a similar HLT2 selection, in which the requirements on the
second K(S) of the signal mode are replaced by requirements on the compatibility of the
two pions to have originated from the D° decay vertex. This HLT2 selection is specifically
developed for the purpose of the current work, with the aim of providing a calibration sample
with the closest trigger selections to that of the signal decay. Events collected via other
parallel trigger selections are not considered. This ensures an accurate cancellation of detector
effects between samples across all periods of data taking, notwithstanding the changes in
detector and trigger conditions made over time to optimize the global apparatus performance.

The offline selection of candidate decays is designed to suppress the background while
avoiding introducing any charge biases that might affect the signal and calibration mode
differently. In this respect, an important aspect is the presence, in both the signal and
calibration sample, of a non-negligible fraction of charm mesons originating from b-hadron
decays rather than from the primary pp interaction. These secondary particles are affected
by different production asymmetries with respect to the prompt decays, quantified at the
0.2% level [57]. Following the same approach as the previous LHCb measurement [36], it has
not been attempted to reject secondary decays, but rather allow them to contribute to the
measurement. The spurious asymmetry introduced by the secondary component is cancelled
by ensuring that the calibration sample contains secondary decays in the same proportion
as the signal sample. This is achieved by a careful choice of the selection criteria, avoiding
imposing any requirements on observables sensitive to the position of the D** or D vertices
that have different resolutions in the two samples [58].

The calibration mode has the same final-state particles as the signal, and a branching
fraction approximately two hundred times larger [27]. This decay mode can contaminate the
signal even though the proportion of pion pairs randomly falling within the Kg mass window
is small. Although the fit procedure is capable of taking this contribution into account,
additional selection criteria are applied on the significance of the flight distance of both K (s)
mesons from the D° decay vertex to suppress this contamination to a negligible level. The
effect of this requirement is independent of the flight distance of the parent charm meson from
the primary pp interaction vertex, and therefore does not affect the proportion of the secondary
component. Studies based on simulated events have identified other physics processes that
could potentially contaminate the signal sample, such as partially reconstructed D° decays
originating from D** meson, including D° — KJKJr° decays. Some non-D° decays can also
contaminate the sample, with the main contributor being the D — KgKgrr+ mode, where



the KgKg pair is incorrectly associated with a D® decay. These background components are
rendered negligible by selecting only candidates with m(D) within £26 MeV/c? of the known
D° mass [27], which is measured with a resolution of about 7MeV/c?. The width of the mass
window is chosen to prevent a possible risk of charge biases arising from residual differences
in the mass calibration and resolution between positive and negative particles. The potential
contamination of the K(S) sample by A particles has been verified on data, and found to have
a negligible impact, since this background does not peak in the Am distribution.

To maximise the sensitivity of the measurement, only D*T candidates compatible with
having decayed in the vicinity of the PV are selected. This suppresses background from
random combination of tracks and allows the candidate mass to be recalculated by constraining
the origin vertex to coincide with the PV, improving the Am mass resolution by a factor of
two, with an associated improvement in combinatorial background rejection. Using simulated
samples it is shown that this requirement removes the same proportion of secondary B-decay
component from both the signal and calibration sample, thus leaving the validity of the
cancellation procedure unaffected.

The largest remaining background contribution to the signal sample originates from
random combinations of genuine Kg particles from the primary interaction, which form
a fake DU candidate. This is partially rejected by the m(D°) requirement, and is further
suppressed by requiring the Kg candidates to be inconsistent with originating from the PV
with a selection on its impact parameter significance, thereby improving the signal purity. To
ensure an identical effect on the secondary fraction in signal and calibration samples, the
selection is applied only on the Kg candidate that fulfils the HLT1 selection. If both K(S)
candidates do, one is arbitrarily chosen. A threshold for this requirement has been optimised
jointly with a condition on a multivariate classifier. Track-related observables, including
track and vertex quality, transverse momenta of Ké) and D candidates, helicity angles of
the KJ and DY decays, and particle-identification information of the D final-state particles,
are used as input to a k-nearest-neighbours (kNN) classifier [59]. This classifier is trained
using a simulated D% — K(S)K(SJ sample as signal proxy and data from the D mass sidebands
as combinatorial background proxy. Kinematic variables of the tagging pion are excluded
from the classifier to avoid introducing possible charge-asymmetry biases.

To make better use of the available data, signal candidates are classified into two classes of
purity (high-purity, with signal-to-background ratio S/B ~ 20 and low-purity, with S/B ~ 4),
which are fitted separately to determine AT, These classes are defined by an optimised set
of requirements on both the kNN classifier and the significance of the Kg impact parameter,
chosen to maximise the combined resolution on the A" parameter.

This strategy closely follows the procedure of the previous LHCb publication [36]. In
about 10% of events, multiple D*T candidates are found. In these cases, only one D*T
candidate is arbitrarily selected for subsequent analysis.

The data sample is divided into eight blocks according to data-taking periods with
substantially different trigger and detector spatial alignment conditions. These conditions
were varied several times during the year to optimise the data acquisition. The offline
selection is the same in each block, except for the requirement on the D° mass window,



Data block | [L£dt [fb~! ]| Polarity
A 0.7 MagDown
B 0.7 MagUp
C 0.6 MagUp
D 1.1 MagUp
E 1.1 MagUp
F 0.9 MagDown
G 0.7 MagDown
H 0.4 MagUp
Total 6.2 —

Table 1. Integrated luminosity of individual data blocks.

whose threshold has been determined separately for each block to account for possible slight
calibration differences. The integrated luminosities of each data block are reported in table 1.

4 Correction of nuisance asymmetries

Each DY — KgKg candidate is appropriately weighted to cancel all spurious production and
detection asymmetries, with weights obtained from the calibration sample. This follows the
same procedure as the previous LHCb analysis [36], with the only modification that the

+

weights, w™, are expressed in terms of the three-momentum p of the tagging pion from the

D** decay instead of using the D° kinematic observables

nt N~
wE () = W. (4.1)

This is motivated by the need to precisely control the most important source of detection
asymmetry. In eq. (4.1), the probability density of calibration decays in the p'space is denoted
by n('Ij(ﬁ) The plus and minus signs in the expression indicate quantities related to D**
and D*~ candidates, respectively. The weights are computed by classifying the calibration
sample based on the observed charge asymmetry by means of a kNN classifier based on the
three-dimensional p space. The number of neighbours used is 30, as it is low enough to
describe local variations of asymmetry across the phase space, and it allows to keep statistical
fluctuations related to the size of the considered sample below 10%.

In the calibration sample, the absence of selection criteria requiring compatibility of the
DY final-state particles with the primary vertex in the dedicated HLT?2 selection leads to
a low-purity sample. To improve the S/B ratio, additional offline selections are applied,
while maintaining strict consistency between the calibration and signal selections to ensure
an accurate cancellation of detector effects.

First, all offline selections applied to the signal sample that can be directly ported to
the calibration sample are applied to equalise the kinematic distributions and the fraction
of secondary decays. Then, requirements on variables including the particle-identification
information of final-state tracks, vertex-fit quality of D°, K g and D*T mesons, and the opening



angles between the final-state particles are applied to further suppress the combinatorial
background. The resulting sample has a high purity (S/B ~ 13) and it is used for the
weight calculation. The Am distribution of calibration candidates is shown in figure 1. It
is verified on block E data that the potential bias in the measurement due to the residual
background under the Am peak is less than 1074,

The newly adopted calibration mode is not self-conjugate, in contrast to the previously
used D°— KTK~ decay [36]. To account for this, the analysis procedure is modified
with respect to the earlier LHCb measurement. The decay proceeds primarily through the
intermediate D? — K *_(KgTr_)wJr channel, which produces a charge-asymmetric momentum
distribution of the two pions. As a result, the detector response may differ between signal
and calibration candidates, since positive and negative pions traverse regions with distinct
charge-dependent detection asymmetries in the two samples. To eliminate this spurious effect,
the three-momentum of the pions from the D decay is weighted in the calibration sample to
make it charge symmetric, before being used as input to the kNN classifier that calculates
the signal weights. The charge-symmetrisation procedure employs an independent kNN
classifier, trained to distinguish candidates based on the charge of the highest-momentum
pion and the kinematics of both final-state pions. The effectiveness of this correction is
confirmed by verifying that a kNN classifier can no longer separate DY from D° after the
weights are applied. The correction shifts the final result by about 0.1%, corresponding
to roughly 14% of the statistical uncertainty, and the associated systematic uncertainty is
therefore negligible compared to other contributions.

Distributions of the final weights w® applied to the signal sample for the correction of
spurious asymmetries (as defined in eq. (4.1)) are shown in figure 2. The differences between
the distributions of the two charges are a consequence of different D° and D° acceptances and
detector asymmetries. These distributions are similar, but not identical, in every data block,
and D°/DP candidates are separately corrected before fitting for the asymmetry. To avoid
weights affected by large uncertainties, candidates with weights lower than 0.56 and larger
than 5.00 are dropped at this stage. These correspond to a fraction of 5 x 10™4, whose effects
are therefore neglected. The size of the asymmetry correction obtained by the application
of these weights is about 1.4%. This accounts for the cumulative effect of all production
and detection asymmetries affecting the data.

5 Asymmetry measurement

A binned maximum-likelihood fit to the joint distribution of Am and the two m(KQ) ob-
servables is performed separately for each data block to measure the AY parameter. The
choice of the Kg candidate for filling the invariant-mass histograms is arbitrary. The three-
dimensional fit is performed simultaneously for candidates of both flavours and across the two
purity bins. Data block A is further divided into two sections, fitted separately to account
for changes in running conditions. The final measurement is then obtained as the weighted
average of the results from all blocks.

The total probability density function is parametrised by the sum of the signal component,
which has a peaking distribution in each of the three observables, and four background
components, each describing a specific source: random combination of five pions, a Kg
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are used in the fit extracting A" (KgKg) to correct the signal sample for detection and production
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combined with three random pions, three random pions combined with a Kg, two Kg
combined with a random pion. The probability density functions used to describe the five
components are empirical. The contributions from D°— K{r"n~ and D°— ntr—ntr™
decays are verified to be negligible, and are excluded from the fit. The peaking component in
the Am distribution is described by a Johnson Sy distribution [60]. The peaking component
in the m(KQ) distribution is modelled as the sum of two Gaussian functions with a common
mean but different widths, except for blocks A, B, and H, where a single Gaussian function
is used to avoid fit instabilities due to their smaller sample sizes. The nonpeaking component
in the Am distribution is modelled with a threshold function in the low-purity bins and with
a first-order polynomial in the high-purity bins. In the m(KQ) distribution, this component
is described by a first-order polynomial.

In each subsample, the parameters defining the signal and background probability density
functions are shared between D** /D*~ candidates, while the normalisation of each component
is allowed to differ. All parameters included in the probability density function are allowed
to vary in the fit to the data.

Figures 3 and 4 show the projections of the fit to the total data sample for candidates
satisfying the high- and low-purity selection, respectively. The histograms are obtained by
adding all data blocks. The candidates entering these plots have been individually weighted

to correct for spurious asymmetries.

6 Systematic uncertainties and cross-checks

To assess potential systematic effects, the weighting procedure is validated by applying the
weights derived from one half of the calibration sample to the other half. As expected, this
cancels the raw asymmetry of the sample, which was initially significant at (—1.04 + 0.05)%
due to a combination of production asymmetry and detector effects, and reduces it to
(—0.08 £ 0.07)% after the application of the weights.

The weighting procedure is also affected by a systematic uncertainty, partly due to the
finite size of the calibration sample, and partly due to the numerical approximation, which is
implicit in estimating a ratio of probability densities with the discretised kNN classifier output.
The first uncertainty is evaluated by a bootstrap procedure applied to the calibration sample,
where multiple pseudoexperiments are generated by resampling. The resulting uncertainty
is 0.24%. The second effect is evaluated by varying the value of the number of neighbours
(k parameter) used in the kNN classifier when computing the weights, considering values
between 30 and 200. This yields an uncertainty of 0.20%.

While asymmetries arising from regeneration and from mixing and CP violation in
the K% — K9 system do not affect the signal sample, they can affect the D°— Kg7r+7r_
calibration sample. To evaluate the impact of the neglected Kg regeneration and oscillation,
the dependence of AT (after applying all weights) on the K§ flight distance is studied
using the calibration data. No evidence of such a dependence is observed, and an upper
limit of 0.05% is set on the corresponding AF bias, which is negligible compared to the
statistical and other systematic uncertainties.

An additional source of systematic uncertainty arises from the limited knowledge of
the shape of the mass distributions. It is evaluated by fitting the simulated samples of
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Figure 3. Results of the fit for the sample satisfying the high-purity selection and combining all data
blocks. The left (right) column reports histograms for the DY (D) candidates. The Am distributions
are reported in the top row. The masses of the two K3 candidates are reported in the middle and
bottom rows. The D — KJKQ component is indicated by the red area. For the m(Kg) distributions
the combinatorial component refers to random combination of two pions for the considered candidate,
paired either with a genuine K§ candidate or with an independent random combination of two
additional pions.

pseudoexperiments with alternative models, whose fit quality is comparable to that of the
baseline model. The alternative models include: the sum of two Gaussian functions for the
peaking component in the Am distribution; the sum of three Gaussian functions for the
peaking component in the m(Kg) distribution; and a polynomial multiplied by a threshold
function for the nonpeaking component in the Am distribution. The largest observed
variations are taken as the systematic uncertainty ranging from 0.1% to 1.9%, depending
on the subsample. The systematic uncertainties due to the choice of fit model are assumed
to be fully correlated across the data blocks, resulting in a total systematic uncertainty
associated with the choice of the fit model of 0.27%. A summary of all systematic effects
can be found in table 2.

The data sample includes data blocks recorded with each polarity of the LHCb magnet.
To check for potential uncompensated systematic effects, the asymmetries of the signal

,10,
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Figure 4. Results of the fit for the sample satisfying the low purity selection and integrating all data
blocks. The left (right) column reports histograms for the D° (D) candidates. The Am distributions
are reported in the top row. The masses of the two Kg candidates are reported in the middle and
bottom rows. The D®— KJK? component is indicated by the red area. For the m(Kg) distributions
the combinatorial component refers to random combination of two pions for the considered candidate,
paired either with a genuine K§ candidate or with an independent random combination of two
additional pions.

Systematic source Uncertainty [%]
Calibration sample size 0.24
Weighting procedure 0.20
Fit model 0.27

Table 2. Summary of absolute systematic uncertainty sources on A“F (D% — KJK) in percent.
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Data block Yield AT (%]
1534 + 75 5.5+ 34
1639 £ 56 0.8+3.2
1385+55 —0.3+34
2915+ 85 0.3+24
3149 + 94 0.0£+24
2544 + 77 4.6 +2.6
1599 £+ 67 1.7+ 3.3
911 £ 54 5.6 4.3

T QEHDOQT >

Table 3. Measurements of yields and AT (DY — KJKQ) extracted from weighted fits to individual
data blocks. The quoted uncertainty is statistical only.

and calibration mode have been compared separately for the MagUp and MagDown magnet
polarities. The results are found to be compatible within 1.50.

7 Results

The measured A“F(D°— KJ{KQ) values for the different data blocks are shown in table 3.
All measurements are compatible with each other. The weighted average is

AP(KIKY) = (1.86 £ 1.04 + 0.41)%,

where the first uncertainty is statistical, and the second is systematic, obtained by combining
the individual sources of systematic uncertainty from table 2 as uncorrelated. This result
is the most precise single measurement of this quantity to date, and it is compatible with
CP symmetry and with the average of previous determinations [34-39]. Any time-dependent
effect can be neglected, as mentioned in section 1. It is anyway useful to provide the average
decay time of the selected D? — K[S)Kg decays to allow the interpretation of this result in a
wider global charm CP violation scenario. This value normalised to the DU lifetime [27], is
(t)/7(D") = 1.76 4 0.02. It is obtained by integrating all data blocks and purity bins, after
performing sideband subtraction in the Am distribution. The contribution from secondary
decays is subtracted, exploiting the same simulated D% — KgK(S) sample used for selections
optimization. The quoted uncertainty includes statistical and systematic contributions.

Combining this result with the previous LHCb measurements [35, 36], assuming all
systematic uncertainties are uncorrelated, the following value is obtained

AP (KEKY) = (—0.37 £ 0.78 £ 0.29)%.

The compatibility between the three measurements corresponds to a p-value of 1.2%. Despite
the similar integrated luminosity of the LHCb measurement based on the 2015-2018 dataset,
and the exclusion of certain candidate categories included in the previous analysis [36],
this result achieves better precision, thanks to the significantly improved efficiency of the
upgraded trigger.
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