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Abstract

A search for CP violation in D — KK 7~ and D° — K{K~n decays is reported.
The search is performed using an unbinned model-independent method known as
the energy test that probes local CP violation in the phase space of the decays.
The data analysed correspond to an integrated luminosity of 5.4 fb~! collected
in proton-proton collisions by the LHCb experiment at a centre-of-mass energy of
Vs = 13 TeV, amounting to approximately 950 thousand and 620 thousand signal
candidates for the D — K(S)K_W+ and DY — K(S)K+7T_ modes, respectively. The
method is validated using D° — K~ ntn~ 7" and D° — K{r"n~ decays, where
CP-violating effects are expected to be negligible, and using background-enhanced
regions of the signal decays. The results are consistent with CP symmetry in
both the D° — KJK~ 7T and the DY — KSK ™7~ decays, with p-values for the
hypothesis of no CP violation of 70% and 66%, respectively.
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1 Introduction

In the Standard Model (SM) of particle physics, CP violation and matter-antimatter
asymmetries are introduced in the quark sector through a complex phase in the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [1,)2]. However, the level of CP violation observed
in the SM is not sufficient to explain the measured baryon asymmetry in the universe,
motivating the search for new physics that can introduce additional sources of CP
violation [3/4]. Since CP-violating effects in charm decays are expected to be small within
the SM, such decays offer an excellent laboratory to search for these new sources.

While CP-violating effects have been extensively measured and tested in the beauty
and strange sectors, CP violation in charm has only recently been observed, with the
measurement of the difference between asymmetries in two singly Cabibbo-suppressed
(SCS) modes [5]. It is not yet clear whether this result is consistent with the SM, or if
extensions to the SM are required to explain the measurement |6H10]. Further analysis
of CP violation in the charm sector is therefore essential. Multibody charm decays offer
an excellent environment for such studies. Large, localised CP-violating effects can arise
in multibody decays, because of the interplay of different intermediate resonances and
corresponding variations of the strong phase across the relevant phase space.

This paper presents a search for CP violation in D° — KJK*nF decays[| These
decays are also dominated by SCS amplitudes, such that they offer excellent prospects to
further understand the observation of CP violation in the charm sector. These decays
also include significant contributions from D° — K*¥K* decays. In addition, the decay
modes under study contain contributions from DY — K{K*° decays, where additional
CP-violating effects in the charm sector can arise [11]. The D — K{K*nF decay modes
have been previously studied at LHCDb [12], in an amplitude analysis using a dataset
corresponding to 3fb! of integrated luminosity collected in the first run of Large Hadron
Collider (LHC) operations at centre-of-mass energies /s = 7 and 8 TeV. The analysis
presented here complements that study with a search for local CP-violating effects using
an unbinned, model-independent method, called the energy test [13-16]. This method has
been applied in previous analyses of charm and beauty hadron decays at LHCb [17-20].
The new study reported here makes use of 5.4 fb™! of data collected in the second period
of LHC operations at /s = 13 TeV, with signal yields about seven times larger than the
previous LHCb amplitude analysis of these decay modes [12].

2 Analysis overview

In this study, samples of D° mesons decaying to the final state KY K*7rT are analysed
using the energy test. The method tests a hypothesis of no CP violation. The final result
is a single p-value that describes the consistency with this hypothesis.

Candidate D° decays are identified by selecting D** candidates that undergo the
strong decay D*T — DOz%. The flavour of the D° or D° candidate at production is
directly determined by the charge of the 7+ (denoted the soft pion) in this decay. The D°
meson then decays to the final state KK 7~ or KK ™. The decay is referred to as
“same sign” (SS) when the charge of the pion produced in the D° meson decay matches
that of the soft pion in the D** — D°r* decay. If the pion from the D° meson has the
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opposite charge to the soft pion, the final state is referred to as the “opposite sign” (OS)
decay. There are therefore four different decay modes in total: D° — KJKT7~ (OS),
D — K§K—7* (SS), D° — K{K*n~ (SS) and D° — K{K~7* (OS). The branching
fraction of the SS decays are approximately a factor 1.5 larger than that of the OS
decays [21]. The KQ meson is selected via its decay to the 777~ final state. To minimise
detector effects that could mimic potential CP violation in these decay modes, two other
decay modes that are dominated by Cabibbo-favoured amplitudes are employed as control
channels: D° — K~7Tn~ 7" and D° — KJr"n~. Both control channels are topologically
similar to the signal modes and no significant CP-violating effects are expected in these
transitions [22].

The phase space of the D® — K2K*7F decay is parameterised in terms of the invariant
mass squared of pairs of the decay products: s;p = m?(K{K®), s13 = m*(K{nT), and
93 = m2(K*xF). While only two quantities are necessary to fully parameterise a three-
body decay, the use of all three two-body combinations to describe the phase space in
this study ensures that each quantity is treated on an equal footing.

3 Energy test method

The energy test is an unbinned, model-independent method that tests if two multi-
dimensional datasets are consistent with the same underlying distribution [13-16]. The
comparison of D° and D° decays using this method therefore provides a powerful search
for local CP violation. The test quantifies differences within the phase space of the two
samples, through the calculation of a test statistic, the T-value, determined as

Z Y + Z Vi~ = Z Vi (1)

i,j#1 1,571

T

The first term is a sum over all pairs of (n) D° candidates, the second term is a sum over
all pairs of (7) D° candidates, while the final term considers all D°-D° pairs. The function
;; provides a weight to each pair of candidates, and is taken to be v;; = e~/ 252, where
d7; = (s12, — 512,5)° + (5135 — S13,5) + (523, — 523,5)° is the square of the Euclidean distance
between the two candidates under consideration, using the parameterisation of the phase
space discussed in Sec. 2] The tuneable parameter 0 sets the distance scale probed in
the study, and is optimised to maximise the sensitivity to CP violation, as discussed in
Section [6] The normalisation of each term in Eq. [I] ensures that the test is only sensitive
to local sample differences, and is, by construction, insensitive to global asymmetries.
The value of T is expected to be close to zero under the null hypothesis of no sample
differences, but to be large and positive in the presence of significant CP violation.

The significance of the calculated T-value is determined by comparing the value found
to the distribution under the null hypothesis. This distribution depends on the specifics of
the sample under study, so is determined using a permutation method, repeatedly running
the test using the recorded data but with the flavour of the D° and D° mesons randomly
assigned. This stage can be performed with a subset of the signal sample, significantly
increasing the speed with which this distribution can be determined, following advances
in Refs. [23-25]. The fraction of these permutation samples with a T-value greater than

that observed in the (unpermuted) datasets is the p-value associated with the study.



4 LHCDb experiment

The LHCb detector [26,27] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < n < 5, designed for the study of particles containing b or
¢ quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the proton-proton interaction region [28], a large-area
silicon-strip detector located upstream of a dipole magnet with a bending power of about
4Tm, and three stations of silicon-strip detectors and straw drift tubes [29] placed down-
stream of the magnet. The tracking system provides a measurement of the momentum, p,
of charged particles with a relative uncertainty that varies from 0.5% at low momentum to
1.0% at 200 GeV/c. The minimum distance of a track to a primary proton-proton collision
vertex (PV), the impact parameter (IP), is measured with a resolution of (154 29/pr) pm,
where pr is the component of the momentum transverse to the beam, in GeV/c. Different
types of charged hadrons are distinguished using information from two ring-imaging
Cherenkov detectors [30]. Photons, electrons and hadrons are identified by a calorimeter
system consisting of scintillating-pad and preshower detectors, an electromagnetic and a
hadronic calorimeter. Muons are identified by a system composed of alternating layers of
iron and multiwire proportional chambers [31].

The magnetic field deflects oppositely charged particles in opposite directions, which
can lead to detection asymmetries. Periodically reversing the magnetic field polarity
throughout the data-taking almost cancels the effect.

The online event selection is performed by a trigger, which consists of a hardware
stage based on information from the calorimeter and muon systems followed by two
software stages. In between the software stages, an alignment and calibration of the
detector is performed in near real-time, with the results then used in the trigger [32]. The
same alignment and calibration information is propagated to the offline reconstruction,
ensuring consistent and high-quality particle identification (PID) information between
the trigger and offline software. The identical performance of the online and offline
reconstruction offers the opportunity to perform physics analyses directly using candidates
reconstructed in the trigger [33,134] which the present analysis exploits. The storage of
only the information related to triggered candidates enables a reduction in the event
size by an order of magnitude. Candidates are only considered if other particles in the
same event are responsible for the hardware trigger decision, to avoid potential biases
introduced when signal candidates are responsible for the event being selected.

5 Signal selection

The selection of candidates begins with the trigger stage, where the selection is based
on the transverse energy measured by the calorimeters, accepting only particles with a
significant energy deposit. In the first software trigger stage at least one of the particles in
the DY decay is required to have high transverse momentum and to be inconsistent with
originating from a PV [35]. A dedicated selection of signal decays is then made at the
second software trigger level. From this stage onward K — 777~ decays are considered in
two different categories: the first involving K mesons that decay early enough for the pions
to be reconstructed in the vertex detector; and the second containing K mesons that decay
later such that track segments of the pions cannot be formed in the vertex detector. These



categories are referred to as long and downstream, respectively. To avoid contamination
from D° — K—ntn~ 7" decays, the KQ vertex is required to be significantly displaced
from the D° meson decay vertex. This also reduces the background due to other pions
produced in the proton-proton collision that are incorrectly reconstructed as a K§ meson.
The pions from the K3 decay are required to have p > 3000 MeV/c and pr > 175 MeV/c
if the decay is in the downstream category. The other hadrons produced in the D and
D** decays are required to have p > 1000 MeV/¢ and pr > 200 MeV/c irrespective of the
K? decay category, and the D° meson is required to have pr > 1800 MeV/c. Particle
identification criteria are placed on the pion and kaon directly produced in the D° decay,
in order to reduce background.

To improve the purity of the data sample and reduce any residual detector asymmetries,
additional criteria are applied offline. The D" meson is required to be consistent with
originating at the PV, and to decay significantly displaced from this point. As low-
momentum charged particles might be swept away from the beam pipe or bent back
into it by the magnet, or into and out of the coverage of the LHCb detector, some areas
are reached by particles of only one charge for each magnet polarity. This effect can
potentially produce local asymmetries in the soft pion phase space. To avoid this the
areas of maximal asymmetry are removed from the sample, using criteria inspired by
Ref. [36]. To exclude candidates originating from hadronic interactions with the detector
material, a requirement on the radial distance from the beamline is applied on the D**
and D° origin and decay vertices. Furthermore, only proton-proton interactions within
the main interaction region along the beamline are considered. Particle identification
criteria are applied to the particles produced in the DY and KQ meson decays. Looser
particle identification requirements are placed on the soft pions given the lower momenta
of these particles.

The signal sample is then defined by selecting candidates with invariant masses within
intervals around the mean values of the particles considered. The relevant final-state
particles are required to have an invariant mass within 11.6 MeV/c? of the known K¢
meson mass [21], within 22.1 MeV/c? of the known D° meson mass [21], and to have
AM = m(D) — m(D?) within 0.7 MeV/c? of the known mass difference between the
D** and D° meson. These intervals correspond to three standard deviations of the detector
resolution for the candidate masses in signal decays. A kinematic fit is also performed to
better resolve the momenta of the final state particles. The pion produced in the D**
meson decay is constrained to originate from the measured PV. In addition, the D° and
KQ masses are constrained to their known values [21]. After the aforementioned criteria
are applied, some events contain multiple candidates. In these events one candidate is
selected randomly. This results in a net loss of ~ 4% for both the SS and OS samples.
In total, about 950 thousand SS candidates and about 620 thousand OS candidates are
selected; for the SS sample n = 468 223 and n = 480059 whereas for the OS sample
n = 310701 and 7 = 310480.

The purity of the samples under study are estimated with a binned maximum-likelihood
fit of the AM distribution. The fit uses a specific probability density function (PDF) to
model the background component following Ref. [37], and uses the sum of two Gaussian
functions to model the signal component. These two Gaussian functions are constrained
to the same mean value while the widths are free parameters. The distributions of AM
for the SS and OS samples are shown in Fig. [I| along with the results of the fit. The
purity within the defined signal mass window is about 91% for both the SS sample and



the OS sample. Figure [2 shows the Dalitz plots of the selected signal samples.
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Figure 1: Distributions of AM for D° — KYK*nF decays for (left) SS and (right) OS decays
with fit results overlaid. For each decay charge conjugation is always implied.
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Figure 2: Dalitz plots of the selected signal samples for the (left) SS and (right) OS decays. The
peaking structure seen as a horizontal band in both plots corresponds to the K** resonance.
The K*0 resonance is also visible as a vertical band in the OS decays phase space distribution.
For each decay charge conjugation is always implied.

6 Optimisation and sensitivity studies

The energy test is associated with a single free parameter, §, which sets the distance-
scale associated with the test, as discussed in Sec. [3] Different choices can be made
for this parameter, with these choices then providing different sensitivity to local CP
violation. To maximise the power of the test applied here to potential CP-violating
effects, simulated pseudoexperiments are performed. These pseudoexperiments make
use of the DY — KJK*rF amplitude model determined using data collected at the
LHCb experiment in the first period of LHC operations , and are generated using the
GOOFIT package . The dataset used in the analysis presented here does not overlap
with the dataset that was used to determine this amplitude model.

Different CP asymmetries are introduced in these studies by varying the amplitudes
associated with specific contributing resonances, with the magnitudes varied between 1%
and 12%, and the phases varied between 1° and 14°. The generated pseudoexperiment



samples have a comparable sample size to that of the LHCb dataset analysed here, and also
include a variation of efficiency across the phase space of the decay, based on that expected
in data. The energy test is run on these simulated datasets, and the p-value for the null
hypothesis of CP symmetry is recorded for different values of §. The value of § which
gives the smallest p-value is then considered the optimal choice for the variation under
study. For most resonances tested the minimum p-value is achieved for § ~ 0.2 GeV?/c?,
so this value is selected as the baseline value for analysing the real data, to ensure the
most sensitive test is performed. This approach also enables the sensitivity of the OS and
SS analyses carried out here to be confirmed and estimated. For example, in both the SS
and OS modes, a p-value of O(107%) is expected if a 2% CP asymmetry is present in the
magnitude of the amplitude associated with the K*(892)* resonances, while a p-value of
O(1073) is expected for a 2° phase difference between the CP-conjugate decays.

7 Control channels

The method described in the previous sections is tested using control channels to confirm
that any observed sample differences are not caused by instrumentation effects, or by CP
violation in the K§ meson decay. To confirm that instrumentation effects do not mimic CP
violation, the D — K~ ntn~ 7t decay is studied. This decay is dominated by Cabibbo-
favoured contributions, ensuring a large sample size, and implying that the expected level
of CP-violation is negligible [22]. Likewise, D° — K77~ decays are studied to confirm
negligible effects from asymmetries in the K meson decays. In both cases the D° meson
flavour is identified through the same D*t decay. Both control channels are selected using
criteria closely reproducing the ones used for the signal channel.

The yield in the D° — K~7T7~ 7" decay mode is roughly one hundred times larger
than in the signal decay modes, while the D° — K277~ yield is about twelve times the
signal yield. Therefore subsamples are randomly produced in the control channels, each
containing the same number of candidates as the signal yield in the SS channel. Each of
these subsamples is then tested individually using the energy test. The control channel
tests therefore result in a distribution of p-values. As the control samples are expected
to be CP symmetric, the resulting p-values should be uniformly distributed, while local
biases would lead to a non-uniform distribution. The results of these tests are shown in
Fig. |3l Potential deviations from a flat distribution are probed using x?-tests, which return
p-values of 94% and 43% for the D — K-ntr 7" decay mode and D° — K{r 7~
decay mode, respectively. No significant deviation from a flat distribution is therefore
observed, and potential biases are considered negligible.

Further checks have been carried out. First, the previous test is repeated using
subsamples containing double the number of candidates in the signal channel. The results
are again consistent with negligible bias. In addition, the control channels are confirmed to
exhibit no evidence for potential biases when the dataset is split into different data-taking
periods, both by the year and by the direction of the magnetic field. Further, decays of
the K meson are split according to the location of the K§ decay in the detector. Again,
no evidence for bias is seen. Finally, the D° — K~ 7"7~ 7" decay is randomly assigned a
flavour, and then the known K-7 instrumentation asymmetry [39] is injected. The same
exercise of splitting into appropriately sized subsamples is performed, and the energy test
study is repeated. The recorded p-value distribution is consistent with no bias.
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Figure 3: Distribution of p-values for the control channels obtained from (left) D® — K~z t7—n+
decays and (right) D — Kg7r+7r* decays. Each p-value is obtained by comparing subsamples
with roughly the same yield as that observed in the signal channel.

8 Backgrounds

Despite a signal purity that exceeds 90% for both the SS and OS decay modes, the
presence of asymmetric background contributions can also induce a large T-value and
mimic CP violation. Similar tests to those made using the control channels are therefore
made using background-enhanced samples to confirm that the background does not cause
such effects.

Background candidates are selected from the AM sidebands where
|AM — 145.4] > 1.2MeV/c?, while otherwise requiring the standard signal selec-
tion. This sideband corresponds to the value of AM lying more than five times the
detector resolution from the known value for the signal modes. This dataset typically
contains genuine D° and KJ mesons, whereas the D** candidate is formed by combining
the D° meson with a random pion. This dataset is split into subsamples that contain
twice the number of background events found in the signal region, determined using the
fits described in Sect. [5| The energy test is run on each of these ‘background-enhanced’
subsamples. Again, this results in distributions of p-values, as shown in Fig. [d These
distributions are compared to the expected flat distribution (assuming no significant
asymmetry in the background processes) using x2-tests. The p-values of these tests are
3% (for the SS mode) and 33% (for the OS mode). While the SS mode yields only a
percent-level compatibility with no underlying background effect, it is worth noting that
no individual test in this case returns a p-value below 10%, i.e. at a level that would be
indicative of any underlying background asymmetries. In addition, the seven p-values for
the SS mode are combined and an overall test is performed by calculating a single overall
statistic P = —2 Y~ | log p;, following Fisher’s method as also discussed in Ref. [20]. The
p-value for this new statistic is found to be 25%. Consequently, there is no significant
indication that the presence of background causes bias in the searches for CP violation
presented here.

Nevertheless, an additional test is performed, considering candidate decays where the
K candidate mass, the D° candidate mass, and the value of AM are all larger than the
known signal values by more than 5 standard deviations of the detector resolution in
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Figure 4: Distribution of p-values found in the (left) SS and (right) OS background-enhanced
samples selected by considering a side-band in AM. Each p-value is obtained by comparing
datasets that contain roughly twice the background yield present in the signal window.

each variable, while also requiring that m(KY) < 562 MeV/c?, m(D°) < 1966 MeV/c? and
AM < 165MeV/c?. Applying this selection provides roughly the same number of events
in the signal region for both the SS and OS samples, so the energy test is run once on
these samples, yielding p-values of 75% and 17%, again consistent with a CP symmetric
background. These large p-values further confirm that the presence of background in the
signal channel does not mimic the effects of CP violation.

Additionally, possible sources of background within the signal selection window were
investigated. Samples of D® — K{rtr 7% D° —» K{KTK~ and D° — K{n"n~ decays
were simulated. These decays can mimic the signal process when the neutral pion is missed
and/or when one of the charged particles is misidentified. The selection requirements
applied in the analysis reduce these backgrounds to per mille level constructions and
smaller, such that no significant asymmetry is expected in the signal channels from these
sources. In addition, these background decays are expected to also be selected in the
background-enhanced samples discussed above, where no evidence is found for the presence
of background that can mimic CP violation.

9 Results and conclusions

Following confirmation that the method is free from any significant bias, either due to
instrumentation effects or the presence of background, the signal regions are analysed
using the energy test. This analysis considers the largest sample of D° — K{K*r¥
decays studied to date, collected at the LHCb experiment in the second period of LHC
operations, with yields of about 950 thousand and about 620 thousand candidates for
the SS and OS sample, respectively, which are more than seven times larger than those
considered in previous analyses of the same decay modes using data collected at the
LHCb experiment [12]. Figure [5shows the T-value observed in data for each decay mode,
alongside the distribution of T-values expected under the hypothesis of local CP symmetry.
The SS sample returns a p-value for the hypothesis of local CP symmetry of 70%, while
the OS sample returns a p-value for this hypothesis of 66%. Consequently, no evidence is



found for local CP violation in the phase space of D* — K{K*7rF decays.
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