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ABSTRACT

A study of the difference in the CP asymmetries between A) — J/ypn~ and A) — J/ypK~ decays, AAcp, is
performed using proton-proton collision data collected by the LHCb experiment in the years 2015-2018,
corresponding to an integrated luminosity of 6fb '. This quantity is measured to be
AAcp = (4.03 £1.18 £ 0.23)%, where the first uncertainty is statistical and the second is systematic.
When combined with the previous LHCb result, a value of AArp = (4.31 +1.06 £ 0.28)% is obtained, cor-
responding to a significance of 3.9¢ against the CP symmetry hypothesis. Studies of triple-product asym-
metries, which provide an additional probe of CP violation, show no significant deviation from CP
symmetry.

© 2025 The Authors. Published by Elsevier B.V. and Science China Press. This is an open access article under
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the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Measurements of CP violation are a powerful tool for discover-
ing physics beyond the Standard Model and addressing the long-
standing matter-antimatter asymmetry puzzle [1,2]. Since the first
observation of CP violation in neutral kaons in 1964 [3], CP viola-
tion has also been established in both the beauty and charm quark
sectors [4]. In b hadrons, CP violation was first established in 2001
through the interference of decay and B’-B° mixing, although no
direct CP violation in decay was found [5]. Direct CP violation
was later observed in B-meson decays, i.e. B°—K" ©~ via b — sull
transitions [6,7], where the interference between tree-level and
so-called electroweak loop (penguin) diagrams plays a critical
role.! Recently, the LHCb experiment reported the first evidence of
direct CP asymmetry (Acp) in the difference between B* — J/ym+
and B* — J/yK* decays, governed by b — ccq(q = d,s) transitions
[8]. The measurement of b — ccd transitions plays a crucial role in
constraining subleading penguin diagram contributions to b — ccs
processes. This approach enables a cleaner extraction of the weak
phase 28 =2arg[—(VVy,)/(VVy,)] through penguin-enhanced
processes, thereby improving precision tests of the Standard Model
[9-15]. Here, V; denotes an element of Cabibbo-Kobayashi-
Maskawa (CKM) matrix, which describes the mixing of quark flavors
under the weak interaction.

# Authors are listed at the end of this paper.
! Unless otherwise stated, the inclusion of charge conjugate processes is implied
throughout the text.
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While evidence for CP violation has been found in beauty meson
decays into charmonium [8], the same significance has not yet been
established in the corresponding baryon sector [16], despite similar
quark-level dynamics and large predicted asymmetries [11,12].
Exploring CP violation in the baryon sector provides additional
insights into the mechanisms of CP violation in the Standard Model
and may lead to the discovery of new physics [2]. The first observa-
tion of CP violation in baryon decays has been achieved with the
A% pK w7~ decay by the LHCb collaboration in 2025 [17]. Recent
measurements of A) — AK™ K" decays suggest evidence of CP viola-
tion with a significance of 3.1 standard deviations (o), which
requires confirmation with additional data [18]. Asymmetries in
baryon decays have also been explored in other decay channels,
including AY— D° pK~ [19], A)— pm~ [20], E; - pK K~ [21], A)—
pK prp [22], A= Kopm~ [23], A?» p m~ =" =~ [24,25] and
AYJED — phh'h" [26,27], where h represents a kaon or pion. No CP
violation has been observed in these decay modes to date.

Decays of the A9 baryon into charmonium final states, such as
AY— JiypK~ and A)—]/yypr-, provide a baryonic counterpart to
the mesonic b — ctq transitions discussed above. The A%— J/
YpK~ decay, dominated by the b — cCs transition, is expected to
receive negligible penguin contributions and thus provides a refer-
ence channel with minimal CP violation, similar to the role of
b — cts mesonic modes. In contrast, the A)—J/yypr~ decay pro-
ceeds via a b — ccd transition, where penguin amplitudes are
enhanced, making it sensitive to potentially larger CP asymmetries,
mirroring the situation in mesonic b — ccd case. The interference
pattern can be expressed in terms of tree and penguin amplitudes
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as M~ (VaVi)T + (VaViy)Pe for  A)—Jjypn- and M~
(VesViy )T + (VisVip)Pu for A9— JiypK~, where T and P denote
tree-level and penguin contributions, respectively [28]. Measuring
the CP asymmetry difference between these two decay modes,

AMep = Acp (A5 = Jjupm) — Acp(4§ — J /K ), (1)

provides crucial information not only for constraining the penguin-
induced phase shift but also for testing the Standard Model’s predic-
tions in baryonic decays.

The Cabibbo-favored decay A) — J/ypK~ was first observed in
2013 by the LHCb collaboration and was used for a precise lifetime
measurement of the Ag baryon [29], based on proton-proton (pp)
collision data collected with the LHCb detector at center-of-mass
energies of 7 and 8 Te V during Run 1 (2011-2012), corresponding
to an integrated luminosity of 3fb™". Using the same dataset, the

Cabibbo-suppressed decay AS—»]/lppn* was first observed in
2014. This analysis also provided a measurement of A A between
the two decays, yielding (5.7 +2.4 4+ 1.2)% [30], where the first
uncertainty is statistical and the second is systematic. This article
presents an updated measurement of AAq using data recorded
at 13TeV during Run 2 (2015-2018), corresponding to an inte-

grated luminosity of 6fb™'. The results are obtained by integrating
over the full phase space of the Ag decay, defined in terms of the

J/¥p and pr~ invariant masses, without accounting for the varia-
tion of the experimental efficiency across the phase-space regions.

2. The LHCb detector

The LHCb detector [31,32] is a single-arm forward spectrometer
covering the pseudorapidity range 2 <5 < 5, designed for the
study of particles containing b or ¢ quarks. The detector used for
this analysis 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 4Tm, and three sta-
tions of silicon-strip detectors and straw drift tubes placed down-
stream of the magnet. The tracking system provides a
measurement of the momentum, p, of charged particles with a rel-
ative uncertainty ranging from 0.5% at low momentum to 1.0% at
200GeV/c, and determines the impact parameter with a resolution
of (15 +29/p;) um, where p; is the transverse momentum of the
particle in GeV/c. Particle identification (PID) of final-state particles
is achieved using two ring-imaging Cherenkov detectors, a
calorimeter system, and a muon detection system.

Simulated samples of the decays AJ—]/ypn~ and AJ— JjypK~
are generated according to a uniform distribution in three-body
phase space, to optimize the event selection, to constrain the fit
models for the determination of the signal (reference) yields, and
to describe the shape of misidentified backgrounds. In the simula-
tion, pp collisions are generated using PYTHIA [33,34] with a speci-
fic LHCb configuration [35]. Decays of unstable particles are
described by EVTGEN [36], in which final-state radiation is gener-
ated using PHOTOS [37]. The interaction of the generated particles
with the detector, and its response, are implemented using the
GEANT4 toolkit [38,39] as described in Ref. [40]. The kinematics

of the Ag baryon and the PID of final-state particles in the simu-
lated samples are corrected to account for the discrepancies
between simulation and data.

3. Candidate selection

The online event selection is performed using a trigger system
[41], which consists of a hardware stage followed by a two-level
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software stage designed to select J/y — utu~ candidates. The
hardware stage relies on information from the calorimeter and
muon systems and requires events to contain at least one muon
with high p;. The software stage operates in two parts: the first
stage performs a partial reconstruction, requiring either a pair of
well-reconstructed, oppositely charged muons with an invariant
mass greater than 2.7 GeV/c?, or a single well-reconstructed muon
with high p; and a significant impact parameter with respect to
any primary pp collision vertex (PV). The second stage ensures that
the pair of oppositely charged muons forms a good vertex-fit chi-
square that is well separated from any PV.

In the offline analysis, additional requirements are applied to
candidates selected by the trigger. The J/y candidates are recon-
structed from a ptp~ pair, where each muon has
pr > 500MeV/c. The invariant mass of the muon pair is required
to lie within the range [3049, 3140] MeV/c2. The AY candidates
are formed by combining the J/¢ candidate with a proton and a
negatively charged hadron h™, where h™ denotes either 7~ or K™.
The hadrons (p, h™) are required to have a good track-fit chi-
square, high py, positive particle identification, and must be incon-
sistent with originating from any PV. The j/y, proton, and h~ must
originate from a common vertex (A9 vertex). The A candidate is
required to be consistent with originating from a PV, and to have
a flight distance greater than 1.5mm. To distinguish AJ—J/ypr-
and 49— J/ypK~ decays, the information from the tracking system
and Cherenkov detectors is used to form a probability for the
hypothesis of a final-state particle being a pion or kaon, calculated
by a neural network [42]. The pion candidate probability of being a
pion should be greater than that of being a kaon, and vice versa for
the kaon candidate. In addition, fiducial-volume requirements are
imposed to exclude A9 candidates whose decay products are near
the boundaries of the detector acceptance, where detection asym-
metry is significant.

For the signal A)—J/ypn~ channel, backgrounds due to particle
misidentification from B?— Jj 7™ 7, B?— Jjyy K™ K=, A%— Jjyr p
K, and A — J/yK'p decays are removed by applying tighter PID
requirements on the decay products whose invariant mass lies
within a +£22MeV/c? window (twice the mass resolution) around
the nominal mass of the corresponding b hadron [28]. Another
source of background arises from B® — J/yK" m~ decays. To sup-
press such background, candidates are rejected if the invariant
mass m(J/yK"m~), calculated by assigning the kaon mass hypoth-
esis to the proton candidate, falls within a mass window of
+33MeV/c? around the known B° mass [28], and either the K*
7~ invariant mass lies within +100MeV/c> of the known
K*(892)° mass [28], or the proton candidate has a high probability
of being misidentified as a kaon. With the above selections, there
still remain contributions from 42— J/yy p K~ decays which are
considered as a background component in the fit used to deter-
mine the signal yields. Furthermore, residual background from
AY— )y A, with long-lived A— pr~ decays is excluded by rejecting
candidates with the pm~ invariant mass within +4MeV/c? of the
known A mass [28]. For the reference 47— J/yypK~ channel, a sim-
ilar procedure is applied to remove the B’ J/yy K+ K=, B°— J/yy K*
K-, and A2—J\y K*P contributions. These selection requirements
are the same as those used in Ref. [43].

Combinatorial background is suppressed using a multivariate
analysis based on a gradient boosted decision tree (BDTG) classifier
implemented in the TMVA toolkit [44,45]. The discriminant vari-
ables comprise kinematic properties, track and vertex reconstruc-
tion quality, and particle identification information for protons
and muons. The BDTG is trained on a simulated sample for the sig-



nal and data candidates in the mass range
m(]J/ypn~) € [5770,5870]MeV/c? for the background. The require-
ment on the BDTG response is optimized by maximizing the signal
significance S/+/S+ B, where S and B stand for signal and back-
ground yields in the signal region, defined as
m(J/ypr~) € [5595,5645]MeV/c2. The BDTG response optimiza-
tion retains 73% of signal candidates and rejects 98% background
candidates for the AJ — J/ypm~ decays. The same BDTG response
and working point are applied to the reference channel.

4. Invariant-mass fits

The yields of signal and reference channels are extracted using
an extended unbinned maximume-likelihood fit, performed simul-
taneously on the A and A2 mass distributions. The A} signal shape
is modeled by a Hypatia function [46]. Tail parameters for the sig-
nal and reference channels are derived from their corresponding
simulated samples and fixed during the fit to data, while the Hypa-
tia width and peak position are free parameters to accommodate
discrepancies between simulation and data. The combinatorial
background is modeled by an exponential function. The residual
background from AJ— J/yypK~ decays to the signal sample is mod-
eled using simulation, where the kaon mass is assigned to the pion
to emulate its contribution to the J/yyp7t~ invariant-mass spectrum.
The parameters of the probability density functions are shared
between the A) decay and its charge conjugate, except for the
yields of each component. The fits are performed separately for
the A)—=J/yypr~ and AJ— JjypK~ decays.

Nuisance asymmetries arising from the production of A9 and A9
baryons, as well as from proton detection efficiency, are accounted
for in the simultaneous fits. These asymmetries arise from the dif-
ferent production cross-sections of A) and A9 baryons in pp colli-
sions, which depend on the 7 and p; of A baryons. Additionally,
differences in the interaction of protons and antiprotons with mat-
ter lead to distinct detection efficiencies [20]. To cancel these
asymmetries, the five-dimensional distribution of (p,pr,#) of the
A baryons and the (p, p;) of the proton of the 42— JjypK~ decay,
is weighted to match that of the A)—J/ypn~ decay. This weighting
is achieved using the sPlot method [47] to statistically subtract the
background and the hep_m1 package [48] to calculate the weights.
The log-likelihood of the A mass fit is scaled by a factor that takes
into account the impact of the weighting procedure on the statis-
tical uncertainty, using Kish’s effective sample size method [49-
52].
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The measured yields are N(Ag —»]/zppn*) = 10853 + 134 and

N(Ag - ]/llpr’) — 125380 + 372, respectively. The signal yield

for A) —J/ypm~ is approximately 5.7 times larger than that
obtained in our previous analysis [53]. The “raw” asymmetry
between AE and Zg decays, denoted as A;.y, is determined as the
relative difference in their yields obtained from the invariant-
mass fits, as shown in Figs. 1 and 2. The fit results are
Araw (Ag N ]/l//pnf) = (5.94+1.14)% and Ay (Ag N ]/x,//pK’) -
(0.98 & 0.30)%. The detection asymmetries of pions and kaons dif-
fer and do not cancel in the calculation of AAgp, requiring a correc-
tion to the raw AAq determined from their difference. The kaon
and pion detection asymmetries are functions of their momenta,
and can be determined from their kinematic distributions. At LHCb,
the difference in raw asymmetries of the D*— K2n* and D" —
K n*m* decays can probe the two-track detection asymmetry
Ap(K™) — Ap(m~). Using the LHCb calibration data collected during
2016-2018, following the methods outlined in Refs. [54-57], the
detection asymmetry is estimated by fitting the LHCb calibration
dataset of these two D" decays, with their kaon and pion kinematic
distributions weighted to match the background-subtracted distri-
butions in this analysis. The difference is estimated to be
Ap(K™) — Ap(mt~) = (—0.94 £ 0.04)%. Using this correction and
the definition in Eq. (1), AAcp is calculated as

AAce = Avaw (45 = J PR ) = A (45 = J jypK")

+ Ap(K™) — Ap(m"), 2)
and found to be
AAp = (4.03 +1.18)%,

where the uncertainty is statistical, and is calculated solely by add-
ing the two A Statistical uncertainties in quadrature, with the
statistical uncertainty of Ap(K™) — Ap(m~) propagated to the sys-
tematic uncertainty.

5. Systematic uncertainty

Various sources of systematic uncertainties on the AAqp mea-
surement are considered, as listed in Table 1.

To account for potential biases from using the same peak posi-
tion and width parameters in the simultaneous fits, these parame-
ters are allowed to vary independently for the A7 and A9 samples.
Fits are performed by allowing the peak position only, the Hypatia
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Fig. 1. Mass distributions of (a) Ag —J/ypn~ and (b) A — J/ypr+ candidates with the results of the fit also shown.
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Fig. 2. Mass distributions of (a) A) — J/ypK~ and (b) A) — J/YPK " candidates with the results of the fit also shown.

Table 1

Summary of absolute systematic uncertainties of AAcp. The second column is the
uncertainty of AAc. The third column is the uncertainty of the triple-product
asymmetry A; oid of the Ag — J/ypm~ decays, which is defined in Section 6.

Source of uncertainty AAcp (%) .A?iodd (%)
AY peak parameters 0.210 0.210
Signal shape 0.016 0.016
Background shape 0.012 0.012

B> J/WK* 1~ background 0.013 0.013
Weighting 0.013 —

PID asymmetry 0.074 —
Detection asymmetry 0.040 —

Total 0.230 0.210

width only, and both parameters, to vary independently instead of
sharing the same values. The largest uncertainty is obtained when
varying both. The uncertainties in the two decay channels are
added in quadrature.

The systematic uncertainties related to the signal and the back-
ground shapes are considered by altering the fit models. The signal
shape is varied by using the sum of two Crystal Ball functions [58]
for both decay modes. Pseudoexperiments are generated based on
the baseline fit results. Fits are performed to each pseudoexperi-
ment using both the baseline model and the alternative signal
shape. The mean and standard deviation of the differences
between the two sets of fits are combined in quadrature, and the
result is assigned as a systematic uncertainty. The same method
is used to determine the uncertainty on the combinatorial back-
ground shape, by replacing the default model with a Chebyshev
polynomial. Residual background from misidentified
B® — J/yK* 7~ decays in the signal channel is included as a source
of systematic uncertainty. This component is modeled as an expo-
nential function in the J/yjpn~ invariant-mass fit, with its shape
parameter fixed from simulation and its yield fixed from a dedi-
cated fit under an alternative hypothesis where the proton is
assigned the kaon mass.

The uncertainty from weighting is evaluated by varying the pro-
cedure applied to the A — J/ypK~ sample, using alternative
schemes based on sPlot results obtained from segmented phase-
space regions of the A — J/ypn~ decay. The uncertainty from
the efficiency asymmetry due to the PID requirements on the
final-state hadrons is determined from calibration samples, and
is calculated as the quadrature sum of the asymmetry’s central
value and uncertainty. The statistical uncertainty on the detection
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asymmetry Ap(K™) — Ap(7~) is also incorporated into the system-
atic uncertainty.

Compared to the previous results [30], systematic uncertainties
are significantly reduced owing to a much larger calibration sam-
ple for detection asymmetries and more optimized selection crite-
ria that minimize background, thereby reducing the associated
modeling uncertainties.

6. Triple-product asymmetry

The direct CP asymmetry is linked to the CP-even phase differ-
ence, A, and the CP-odd phase difference, A¢, between the tree-
level and penguin diagrams, and is proportional to sin Adsin Ad¢.
If the decay amplitude is decomposed into T-even and T-odd

terms, where T denotes time reversal, the CP-even phase can also
be different between terms under this decomposition. The triple-
product asymmetry (TPA), which is proportional to

cos Ad' sinA¢, is investigated, where A¢' (As') denotes the relative

weak (strong) phase between the T-odd and T-even part of the
decay amplitudes [59]. The scalar triple products of the final-

state particle momenta in the AJ rest frame are defined as

C?Ep/r . (pp Xprr)a (3)
for A] candidates, and
E/T\ = p;r . (pﬁ X pn+)= (4)

for A candidates, which change sign under time-reversal transfor-
mation. The triple-product asymmetry is defined as the difference

of yield asymmetries in A and A9 samples, as

) (N(C? >0) -N(C;<0) N(-C;>0)-N(-C; < 23) _

2

T odd T N(_F N
N(C.>0) +N(C2<0) N(-C;>0)+N(-
The observable .A? a is particularly advantageous for experimen-
—Of

tal measurements, as any non-CP asymmetry contributions related
to production or detection are effectively canceled.

The TPA in A)—J/yyp~ decays is measured by performing sep-
arate fits to the Aj and A samples. The Aj samples with C- > 0
and C? <0, as well as ,f? >0 and ,E? < 0, are fitted simultane-
ously, with shape parameters shared for all components. The fit



model is the same as that used for measuring AAcp, except that no
kinematic weight is applied to the J/yjpK~ sample, which is not rel-

evant for this measurement. The measured TPA s
As (Ag —>]/1//p1r) = (~1.37 £ 1.15)%, where the uncertainty
is  statistical only. The systematic uncertainty of
.A?_Odd (Ag — ]/wpn*) is calculated similarly to that of AAcp, as
listed in Table 1.
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7. Binned analyses

Asymmetries in multibody decays often vary across the phase
space of the final-state particles. To explore this, several binning
schemes are employed. First, the phase space of the A) — J/ypn-
decay is divided into 4 or 128 bins using an adaptive binning
scheme. Each region contains an approximately equal number of
candidates, to keep the uncertainty in different bins at the same

T I I
8 LHC b + Binned result
] 7 ﬂ)‘l — Overall result
............... Binned result avg.
4

- 10 of overall result

~4F .
C 1 L 1 i
1 3 4
Bin
C T T T .
10 LHCb + Binned result -
8:— 6 fb™! — Overall result _:
E - Binned result avg. E
= J
C [ 10 of overall result ]
SNE ]
= - -
3 2r -
—~ - 4
= L 4
ok J
4 .
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1 3 4
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. e
inned resu
sE LHCb
6 fb! — Overall result
10  Binned result avg.

- 10 of overall result

Fig. 3. Results of the binned fit for the (left) raw asymmetry and (right) triple-product asymmetry. From top to bottom: 4 bins with equal candidate number; 4 bins separated
by resonance peaks; 4 x 2 bins separated by resonant peaks and sign of cos 0.
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level and facilitate the estimation of the significance of the
observed variations. Second, the data are partitioned according to
resonant structures to study the contributions of specific interme-
diate states to the global CP asymmetry. The dominant contribu-
tion in this channel is from A) — J/yN(— pm~), where N
represents an excited nucleon resonance. Based on the m(p7m~) dis-
tribution, the dataset is divided into four mass intervals: (1.07,
1.45], (1.45, 1.52], (1.52, 1.65], and (1.65, 3.00] GeV/c®. Each of
these four subsamples is further split according to the helicity
angle 0 of the pmt~ system, defined as the angle between the proton
momentum and the opposite of the A momentum in the pm~ rest
frame. The splitting is done at cos = 0, yielding two bins per mass
region.

Both the raw asymmetry A, and TPA A?iodd for the qu

JIWpm~ decay in these bins are measured, and shown in Figs. 3
and 4. The compatibility with the global result is evaluated by
means of a y?2 test, defined as y2 = R"V~'R, where R is the vector
of differences between the bin-by-bin asymmetries and the corre-
sponding global values, and V is the corresponding statistical
covariance matrix. The y2?/ndof (and corresponding p-values) for
the adaptive binning scheme with 4 bins are 3.7/3 (0.30) for A.w
and 2.4/3 (0.49) for A?iodd, while for 128 bins they are 120.5/127

(0.65) and 115.8/127 (0.75), respectively. Binning by m(pm~) yields
%% /ndof values of 1.8/3 (0.61) for A, and 4.5/3 (0.21) for A?iodd.
When further dividing according to the cos 0 value, the results are
2.2/7 (0.95) and 6.6/7 (0.47), respectively, indicating no significant
variation of the asymmetries across the phase space.

8. Conclusion

In summary, a search for CP violation in A) — J/yp7~ decays is
performed using pp collisions collected by the LHCb experiment
during the 2015-2018 run period of the LHC. Both CP and triple-
product asymmetries have been measured to exploit the full
potential of the data. The phase-space integrated CP asymmetry
for the A) — J/ypm~ decay, with respect to the A) — J/ypK~ decay,
is measured to be

Adep = Aco (A5 — J/pm) = Ace (45 — J /oK)
=(4.03+1.18 £0.23)%,

— . — 0.4
50 3_‘ LHCb ilo.s
s 28F 6fb' 3
N\U 26 r 4 —0.2
= F 1 Jo
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where the first uncertainty is statistical and the second is system-
atic, here and in the following. The A A measurement provides
the first evidence of CP violation in decays of b baryons to charmo-
nium, with a significance of 3.3 when including systematic uncer-
tainties. This result is then combined with the LHCb 2011-2012
result (5.7 +2.4+1.2)% [30] with the Best Linear Unbiased Esti-
mate (BLUE) method [60-62], obtaining

AAcp = (4.31+£1.06 £0.28)%.

The correlation in systematic uncertainties is considered by assum-
ing a 100% correlation in signal and combinatorial background
shapes. The combined result corresponds to a significance level of
3.90.

The phase-space integrated triple-product asymmetry for the

AY — J/ypr~ decay is measured to be

A~

T odd (/12 HJ/t/fpn‘) =(~-137+£1.15+£021)%,

consistent with T-odd symmetry. The triple-product asymmetry
A?iodd is sensitive to decay angular structures, notably the interfer-

ence between different angular momenta [59,63-65], thereby
complementing the angular-integrated information from the AAcqp
measurement. Measuring both observables is crucial for under-
standing the underlying mechanism of CP violation.

Besides, localized CP violation is investigated through measure-
ments of raw CP asymmetries and triple-product asymmetries across
various phase-space regions, with no significant variations observed.
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