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The first measurement of the CP asymmetry of the decay rate (Acp) and the CP average (XAgg) and CP
asymmetry (AAgg) of the forward-backward asymmetry in the muon system of A — pu*u~ decays is
reported. The measurement is performed using a data sample of proton-proton collisions, recorded by the
LHCb experiment from 2016 to 2018 at a center-of-mass energy of 13 TeV, which corresponds to an
integrated luminosity of 5.4 fb~!. The asymmetries are measured in two regions of dimuon mass near
the ¢-meson mass peak. The dimuon-mass integrated results are Acp = (—1.1 £4.0 +0.5)%,
YApg = (3.9 £4.0£0.6)%, AApg = (3.1 £4.0 £ 0.4)%, where the first uncertainty is statistical and
the second systematic. The results are consistent with the conservation of CP symmetry and the Standard

Model expectations.
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Rare decays that are sensitive to transitions between ¢
and u quarks in association with the simultaneous emission
of a pair of oppositely charged leptons (£7¢~) offer the
opportunity to explore flavor-changing neutral-currents
(FCNCs) in the up-type quark sector. In the Standard
Model (SM), FCNC transitions are only generated by loop-
level processes and suppressed by the Glashow-Iliopoulos-
Maiani (GIM) mechanism [1]. In the charm system, the
GIM mechanism leads to a particularly strong suppression
with respect to the down-type quark sector. Thus, studies of
rare charm decays are sensitive probes of beyond-Standard-
Model phenomena and constitute a complementary testing
ground with respect to studies of rare beauty and strange
hadron decays. New particles and interactions extending
the SM can lead to modifications of branching fractions,
modify angular distributions of final-state particles,
or introduce additional sources of charge-parity (CP)
asymmetry [2—15]. The LHCb collaboration has previously
succeeded in measuring branching fractions of rare charm
meson decays at the level of 1077 and recently published
the first angular analysis and a search for CP violation in
rare decays of neutral D° mesons [16-19]. However,
measurements of rare baryonic charm decays comprising
two charged leptons in the final state remain far less
explored in the experimental landscape [20-22].

“Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2025,/111(9)/L091102(14)

L091102-1

The decays of A, baryons to pu 'y~ final states' proceed
at short distances via ¢ = uZ ¢~ transitions, which in the
SM lead to branching fractions below O(107%) [23-27].
However, the total decay width is dominated by intermedi-
ate resonant contributions of the form A} — pX(— utu™),
where X can be a short-lived 7, po, w, or ¢ meson that
subsequently decays into two muons. These long-distance
contributions increase the branching fraction to O(107°).
Recently, the LHCDb collaboration has published an updated
measurement of the branching fractions of A} — pu*u~
decays in different regions of the dimuon mass,
m(utu~) [22]. The measurement is performed relative to
the branching fraction in the m(u*u~) region around the
known ¢-meson mass [28], which is the dominant con-
tribution to the total decay rate. An upper limit on the
branching fraction B(Al — putp~) <29 x 1078 at
90% confidence level is set in regions of m(u*u~) where
the influence of intermediate resonances is minimal and
sensitivity to beyond-SM contributions is largest. Further
separation of short and long-distance contributions can be
reached by studying angular distributions and CP asym-
metries, which complement searches for new phenomena in
decays of D and D™ mesons because of the nonzero spin
of the Al baryons [25-27]. However, to date, no mea-
surements of CP or angular asymmetries in Al — pu*yu~
decays have been performed.

This letter presents the first measurement of the direct
CP asymmetry, as well as the CP average and CP
asymmetry of the forward-backward asymmetry in the

1Charge—conjugate decays are implied throughout this letter
unless stated otherwise.
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lepton system, in A7 — puTu~ decays. The analysis uses
proton-proton (pp) collision data recorded by the LHCb
experiment at a center-of-mass energy of 13 TeV in the
years 2016, 2017, and 2018, which correspond to an
integrated luminosity of 5.4 fb~!. The analysis uses A}
baryons produced directly in the primary p p interaction
and the same data as used in Ref. [22]. However, the signal
candidate selection is reoptimized for the measurement of
asymmetries. The CP asymmetry, Acp, is defined in terms
of the difference of decay rates for A and A7 decays to
puTu~ and putu final states as

Aoy = DAL = putp) —T(AZ = pup”)
P = _ - _ — NE)
D(AS = putp) +T(A7 = pptp)

(1)
where I" is the decay rate. The forward-backward asym-

metry, Agg, is defined as

_ I'(cos® > 0) —T'(cos & < 0)
" T(cos® > 0) +T(cos® <0)’

Arp (2)

where @ is the angle between the direction of the positively
charged lepton in the dimuon rest frame and the flight
direction of the dimuon system in the rest frame of the A}
baryon. In contrast, for A7 baryons the angle is measured
relative to the flight direction of the negatively charged
lepton. The forward-backward asymmetry is measured
separately for A7 and A baryons and referred to as

Aﬁé and Aﬁé, respectively, which allows the CP average,
YASE, and the CP asymmetry, AASE, to be defined as

SASE = 1/2- (AN + AN
CcP _ AS Az
AAFB = 1/2' [AFB _AFB]‘ (3)

These observables further enhance the sensitivity of the
measurement to the real and imaginary parts of beyond-SM
couplings [26].

Given the current experimental sensitivity, the asymme-
tries measured in this letter are null tests of the SM.
Interference effects between SM resonant and beyond-SM
amplitudes can produce asymmetries as large as O(%)
[25], referred to as resonance enhanced asymmetries. The
measurement is performed in the m(u"u~) region which is
dominated by the intermediate ¢ meson, where the signal
yield is sufficiently high to measure CP and angular
asymmetries. To be sensitive to variations of the asymme-
tries over the phase space, the observables are determined
in two regions, which are defined symmetrically below and
above the known mass of the ¢ meson [28].

The LHCb detector [29,30] is a single-arm forward
spectrometer designed for the study of particles containing
b or ¢ quarks. It includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region, a large-area silicon-strip detector

located upstream of a dipole magnet with a bending power
of about 4 T m, and three stations of silicon-strip detectors
and straw drift tubes placed downstream of the magnet. The
polarity of the magnetic field is reversed periodically
throughout the data-taking. Particle identification is pro-
vided by two ring-imaging Cherenkov detectors, an electro-
magnetic and a hadronic calorimeter, and a muon system
composed of alternating layers of iron and multiwire
proportional chambers. Events are selected online by a
trigger that consists of a hardware stage, which is based on
information from the calorimeter and muon systems,
followed by a software stage which performs a full event
reconstruction [31]. Simulation is required to model the
effects of the detector acceptance, the imposed selection
requirements and to describe the signal and backgrounds.
In the simulation, pp collisions are generated using
Pythia [32] with a specific LHCb configuration [33].
Decays of unstable particles are described by EvtGen
[34], in which final-state radiation is generated using
Photos [35]. The interaction of the generated particles with
the detector, and its response, are implemented using the
Geant4 toolkit [36] as described in Ref. [37]. The underlying
pp interaction is reused multiple times, with an independ-
ently generated signal decay for each [38].

The hardware trigger requires the presence of a muon
with large transverse momentum, pr, which is compatible
with one of the two muons of the signal candidate.
Furthermore, candidates where a positive trigger decision
is caused by the presence of muons with high pt, or a
hadron, photon or electron with high transverse energy in
the calorimeters due to other particles produced in the pp
collision, are also considered. The subsequent software
trigger selects in a first stage events where a pair of tracks
satisfies a multivariate classifier based on geometric and
kinematic criteria that identifies candidates consistent with
the displaced decay of a charm hadron, or alternatively
events with a reconstructed dimuon vertex which is dis-
placed from any primary vertex (PV). In the second
software-trigger stage, candidate A baryons are con-
structed by combining three charged tracks that form a
good-quality secondary vertex. Each of the tracks is
required to be inconsistent with originating from a PV,
to satisfy pr > 0.3 GeV/c and to have a minimum
momentum p of 3 GeV/c. The scalar sum of the pt of
the three tracks has to exceed 0.5 GeV/c. The AF
candidate must have a decay vertex significantly separated
from any PV, and compatible with originating from one of
the PVs. Therefore, only A} candidates with a recon-
structed momentum vector that aligns with the vector
connecting the secondary and primary vertices are further
considered.

Additional selection criteria are applied offline. The
reconstructed mass of the A/ candidates, m(putu~), is
limited to the range [2147,2486] MeV/c?. Stringent par-
ticle identification criteria are placed on the particles
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identified as protons to suppress background from mis-
identified D" — z#tutu~ decays, where the pion is
wrongly identified as a proton. The selection is further
optimized to reduce the contributions of two major
sources of background. The first comprises random asso-
ciations of unrelated tracks that coincidentally fulfill the
selection criteria. To reduce this combinatorial background,
a multivariate selection based on a boosted decision tree
(BDT) classifier [39,40] as implemented in the TMVA
toolkit [41] is employed. The BDT classifier is trained
using simulated candidates as proxies for the signal, and
data candidates with m(pu*pu~) < 2256.5 MeV/c? or
m(putp~) > 2321.5 MeV/c? for the background. The
AdaBoost algorithm [42] is used when training the BDT
classifier in ten disjoint training subsamples, which is
subsequently applied using a k-fold cross-validation [43].
The choice of features that are used in the training has been
based on the selection described in Ref. [22] and comprises
kinematic and topological features of the A} candidates, as
well as features related to the isolation of the signal
candidates with respect to other tracks in the event. The
variables are chosen to minimize the correlation with the
Al mass to avoid artificial sculpting of the mass spectrum
of Al candidates.

The second major background arises from hadronic A}
baryon decays to pz™z~ final states, where two oppositely
charged pions are identified as muons. Despite the low pion
to muon misidentification probability [44], the large
branching fraction of Al — pztz~ decays [28] causes a
peaking background. This is further suppressed by a
multivariate muon-identification discriminant that com-
bines the information from the Cherenkov detectors, the
calorimeters, and the muon chambers.

The threshold on the muon-identification discriminant is
simultaneously optimized with the requirement on the BDT
classifier output by minimizing the uncertainty on the
asymmetries. This is achieved by randomly splitting the
data samples into two halves, simulating a vanishing
asymmetry in the samples as expected in null-test
measurements.

If after the full selection an event contains more than one
A/ candidate, only one is randomly selected. This require-
ment removes less than one percent of candidates. To avoid
potential biases on the measured quantities, all asymmetries
were shifted by a random offset and only examined after the
analysis procedure had been finalized.

The reconstruction and selection requirements result in
efficiency losses that correlate with the decay kinematics
and vary as a function of m(u*u~) and cos 6. A correction
for relative efficiency variations across the phase space is
applied using simulated samples to ensure an unbiased
determination of the measured asymmetries. The simula-
tion samples are corrected for known differences with
respect to data in particle identification response [44].
A two-dimensional correction map is employed to assign

weights to each candidate that account for relative effi-
ciency variations and can be found in the Supplemental
Material [45].

To determine Ap, the so-called raw asymmetry, A, 1S
measured, which also receives contributions from nuisance
asymmetries of approximately 4%. These asymmetries
are caused by the different production cross sections of
A} and A7 baryons, quantified as the production asym-
metry, Apod(A), and a nonequal detection efficiency of
protons and antiprotons which leads to a detection asym-
metry, Ag(p). The detection asymmetry from the pair of
oppositely charged muons is estimated to be negligible. For
small asymmetries, the raw asymmetry can be approxi-
mated as

N(AS = pu'p™) =N(AZ = pptp)
N(AL = putp™)+N(AZ = pup)
~Acp(NE = pptu”)

+Apr0d (Ac+) +Adet(p) (4)

Apw(AF = putp)=

The CP asymmetry is obtained by subtracting the
raw asymmetry measured in a control data sample of
Al - ng decays, where effects of CP violation are
assumed to be negligible and which is subject to the same
nuisance asymmetries, as

ACP(Ai - p/'lJr,u_) = Araw(Aj - p/A+M_)
_Araw(Az-r - pK(S)) (5)

Since Age(p) and Apoq(A) depend on the kinematics of
the p and A/ particles, a weighting scheme is developed to
match the final-state kinematics of the control mode to that
of the signal mode using a BDT algorithm with gradient
boosting [39—-41].

To measure the asymmetries, the data are split in four
disjoint subsamples, which are defined by the flavor of the
A} baryon and the sign of cosd. The measurement is
performed separately in the two m(u*u~) regions ¢y,
and @iy, defined as [979.46,1019.46] MeV/ ¢® and

[1019.46,1059.46] MeV/c?. In the following, these
dimuon-mass regions refer to ranges in the reconstructed
dimuon mass, without correcting for effects due to a finite
experimental mass resolution of approximately 8 MeV/c?
[45]. Figure 1 shows the background-subtracted dimuon-
mass spectrum of Al — puTu~ candidates using a side-
band subtraction, with the boundary between the two
m(utu~) ranges also indicated.

The asymmetries are then determined through unbinned
extended maximum-likelihood fits to the weighted
m(putu~) distribution of selected candidates, where the
weights correct for the phase-space-dependent efficiency
variations. The asymmetries and yields are determined
from simultaneous fits, in which they are treated as free
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FIG. 1. Background-subtracted distribution of dimuon mass for
A} — putu~ candidates. The red line indicates the known mass
of the ¢ meson, which marks the boundary between the two
considered dimuon-mass regions. Weights are assigned to correct
for efficiency variations as described in the main text.

parameters. The total fit function consists of three compo-
nents: the A — pu*u~ signal, combinatorial background
and background from misidentified A7 — pztz~ decays.
The signal component is described by the sum of a Johnson
Sy function [46] and a Gaussian function, to account for
asymmetric tails of the distribution. The parameters of the
model are determined by a fit to simulated candidates
which are selected with the same requirements as the
data candidates. The peak position of the distribution is
allowed to vary in the fit to the data separately for the two
dimuon-mass regions and baryon flavors. The mass shape
of the combinatorial background is parametrized using a
fourth-order Chebyshev polynomial with parameters deter-
mined by a fit to a control data sample, where all three
final-state particles carry the same electric charge. These
candidates are entirely made of random combinations
of tracks and used as a proxy for the combinatorial back-
ground. The misidentified A — pa™z~ background is
also described by a Johnson Sy function [46] whose
parameters are determined using simulated candidates of
A} — prtx~ decays assigning the muon mass hypothesis
to both pions. Due to limited simulation sample sizes, not
all selection criteria can be applied and the requirement on
muon particle identification is applied to only one of the
two pions. The CP and forward-backward asymmetries of
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FIG. 2. Distribution of m(pu*u~) for efficiency-weighted
candidates, together with the fit projection.

misidentified background are determined using high-yield
data control samples of Al — pa'z~ decays and are fixed
in the baseline fit that is used to measure the asymmetries.
Assumptions in the background modeling give rise to
systematic uncertainties which are described later in this
letter.

In the fit, the free parameters are the yields of each fit
component, the asymmetries of signal and combinatorial
background, and the signal peak position. The fits are
performed separately in the two dimuon-mass regions. The
fits are validated to return unbiased estimates of the
asymmetries and their uncertainties using large samples
of pseudoexperiments. The resulting signal and +back—
ground yields, as well as the asymmetries Acp, A;\B and

Aé\é are listed in Table I. The mass spectrum of selected
A} = putu~ candidates is shown in Fig. 2, together with
the fit projection.

The dominant systematic uncertainties affect all asym-
metries and arise from limited knowledge of the models
used in the mass fits and possible imperfections in the
correction for phase-space-dependent efficiency variations.
To evaluate the systematic uncertainty related to the fit
model, pseudoexperiments are performed, where alterna-
tive parametrizations of the signal and background com-
ponents are tested against the baseline fit model. For the
signal component, a Crystal Ball function [47] and a
Gaussian function are chosen as alternatives. In addition,
the requirements used to select the control sample to

TABLE 1.  Yields after correcting for relative efficiency variations and measured asymmetries for A7 — pu®pu~ decays in the two
dimuon-mass regions. For the asymmetries the first uncertainty is statistical and the second systematic.

Efficiency-weighted yields Asymmetries
m(utu) Signal Misid. back. Comb. back. Acp [%] Agg [%] Aé}‘; [%]
brow 346 £ 22 57+21 437 £ 26 -0.8£62+06 11.7£85+1.1 22+£87£14
Dhign 435+£22 35+ 17 390 +£25 —-14+£53+£06 35£72+£09 -03+74+£1.1
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determine the shape of the combinatorial background are
varied, and an alternative shape is obtained from a fit,
where the shape parameters are left free to vary when fitting
Al — puTu signal candidates. To address the inability to
apply the signal muon particle-identification requirements
on the simulated A} — pz*z~ decays, an alternative shape
is determined on a sample where muon particle identifi-
cation requirements are not applied. The asymmetries of the
misidentified background component, which are fixed in
the baseline fit, are determined in control samples with
modified selection requirements and varied within the
observed deviations from the baseline values. The studies
are performed separately for both dimuon-mass regions.
For all tested alternatives, the mean bias with respect to the
baseline model is determined for the measured asymme-
tries, and the largest observed bias over the set of shape
variations in each dimuon-mass region is taken as the
corresponding systematic uncertainty.

Systematic uncertainties related to the correction for
efficiency variations are evaluated by creating alternative
correction maps targeting aspects of the selection which
might be subject to residual differences in simulation and
data. The alternative maps are obtained by applying
weights to the simulated candidates to match the number
of reconstructed tracks and the BDT output distribution
observed in data, and by placing requirements on particle
identification for the final-state particles neglecting the
corrections that are applied in the baseline analysis. Using
the alternative correction maps, the measurement is
repeated on resampled datasets which are obtained by
bootstrapping the original sample [48]. The root mean
square among the variations of the results that are observed
with the alternative maps is taken as the systematic
uncertainty. The uncertainty related to the limited simu-
lation sample size is also propagated and considered as
systematic uncertainty on the measured asymmetries.

Additionally, the following three sources of systematic
uncertainty are only relevant for the measurement of Acp.
The first source arises from the instrumental asymmetry
correction due to limitations of the kinematic equalization
procedure. A systematic uncertainty is assigned by evalu-
ating the effect of residual discrepancies of the kinematic
distributions of signal and control mode candidates after the
weighting. The root mean square among the variations of
the results obtained after a second one-dimensional weight-
ing of the A} and proton kinematic distributions is taken as
a systematic uncertainty. The second source arises from the
combined effects of CP violation and mixing in the neutral
kaon system and the different interaction probabilities of
K? and K particles with the detector material [49,50] and a
systematic uncertainty is evaluated following the method
described in Refs. [51,52]. Finally, the fraction of A}
baryons arising from decays of b -flavored hadrons is
determined for signal and control mode candidates by
studying the distribution of the impact parameter, which is

defined as the minimum distance of the A trajectory to the
PV. The difference of these fractions for signal and control
mode candidates, together with the difference in asymme-
tries for Al baryons produced in the primary interaction
and from b -hadron decays, are translated into a systematic
uncertainty related to an imperfect cancellation of produc-
tion asymmetries.

The finite angular resolution of the LHCb detector is
relevant for the measurement of the forward-backward
asymmetry, and a systematic uncertainty is assigned by
estimating the fraction of candidates where the sign of cos @
changes due to the finite detector resolution in simulations.

A summary of the systematic uncertainties, together with
the correlations of the measured asymmetries due to the
systematic uncertainties, can be found in the Supplemental
Material of this letter [45]. The size of the systematic
uncertainty depends on the considered asymmetry and
dimuon-mass region but typically constitutes between
10% and 15% of the corresponding statistical uncertainty.

The analysis is repeated on statistically independent data
subsets to check for biases from specific instrumental
effects. The criteria to split the subsets include the number
of PVs and reconstructed tracks in the event, the data-
taking year, the magnetic-field orientation, the trigger
classification, the A} baryon transverse momentum and
the impact parameter significance of the A candidate with
respect to the PV, which is defined as the difference in the
vertex-fit y> of a given PV, reconstructed with and without
considering the candidate. The resulting variations of the
measured asymmetries are consistent with statistical
fluctuations.

Using Eq. (3) and considering correlations between the
systematic uncertainties [45], AAgg and XApg are com-
puted from the measured asymmetries listed in Table I and
the results can be found in Table II. Correlations between
the statistical uncertainties of the measured asymmetries are
negligible. Furthermore, the dimuon-mass integrated val-
ues are determined, following the procedure described in
Ref. [53], and found to be

Acp = (=1.1 £4.0 +0.5)%,
SApg = (3.9 £4.0 £ 0.6)%,
AApg = (3.1 £4.0 £ 0.4)%,

TABLE II. CP average and asymmetry of the forward-back-
ward asymmetry for A — puu~ decays in the dimuon-mass
regions. The first uncertainty is statistical and the second
systematic.

m(pp) 2Agg [%] AApg [%]
Do 69+6.1+1.0 48+6.1+0.8
Phigh 16+52+08 19452406
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FIG. 3. Measured signal asymmetries in the regions of dimuon
mass (black points) and their dimuon-mass-integrated value with
its uncertainty (blue). The shown uncertainty comprises both the
statistical and systematic uncertainty.

where the first uncertainty is statistical and the second
systematic. All results are also shown in Fig. 3 and are
consistent with zero, confirming the SM expectation.

In summary, a search for resonance-enhanced angular
and CP asymmetries in Al — puTu~ decays in two
m(utu~) regions near the ¢-meson mass is presented.
The results are based on the analysis of pp collision data
recorded by the LHCb experiment in the years 2016, 2017,
and 2018 at a center-of-mass energy of 13 TeV, which
correspond to an integrated luminosity of 5.4 fb=!. The
asymmetries are measured in two regions of dimuon mass
to enhance the sensitivity to beyond-SM effects. The results
confirm the SM prediction and will help to constrain the
parameter space of models extending the SM [25,26].
Future datasets recorded by the upgraded LHCb
detector [54] with significantly increased yields will allow

the statistical uncertainties to be further reduced, and the
measurement to be extended to additional dimuon-mass
regions.
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