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We report decay-rate CP asymmetries of the singly-Cabibbo-suppressed decays Ξþ
c → Σþhþh− and

Λþ
c → phþh−, with h ¼ K, π, measured using 428 fb−1 of eþe− collisions collected by the Belle II

experiment at the SuperKEKB collider. The results, ACPðΞþ
c → ΣþKþK−Þ ¼ ð3.7� 6.6� 0.6Þ%,

ACPðΞþ
c → Σþπþπ−Þ ¼ ð9.5� 6.8� 0.5Þ%, ACPðΛþ

c → pKþK−Þ ¼ ð3.9� 1.7� 0.7Þ%, ACPðΛþ
c →

pπþπ−Þ ¼ ð0.3� 1.0� 0.2Þ%, where the first uncertainties are statistical and the second systematic,
agree with CP symmetry. From these results we derive the sums ACPðΞþ

c → Σþπþπ−Þþ
ACPðΛþ

c → pKþK−Þ ¼ ð13.4� 7.0� 0.9Þ%, ACPðΞþ
c → ΣþKþK−Þ þ ACPðΛþ

c → pπþπ−Þ ¼ ð4.0�
6.6 � 0.7Þ%, which are consistent with the U-spin symmetry prediction of zero. These are the first
measurements of CP asymmetries for individual hadronic three-body charmed-baryon decays.

DOI: 10.1103/s2gy-c3vh

I. INTRODUCTION

Violation of charge-parity (CP) symmetry has been
established in decays of strange, charmed, and bottom
mesons [1–11] and recently bottom baryons [12]. The
LHCb Collaboration established CP violation in charm
decays by observing a nonzero difference between the
decay-rate CP asymmetries of D0 → KþK− and D0 →
πþπ− [10]. (Charge-conjugate modes are included implic-
itly.) The standard model explains the measured CP
asymmetries of strange and bottom decays (see, for
example, Sections 12 and 13 of Ref. [13]), yet offers no
clear interpretation of the CP asymmetry measured for
charm decays. Some theoretical interpretations have sug-
gested themeasuredCP asymmetryof order10−3 arises from
interactions beyond the standard model [14–20], others from
nonperturbative QCD [21–25]. Moreover, LHCb’s separate
determinations of ACPðD0 → KþK−Þ and ACPðD0 →
πþπ−Þ [11] indicate unexpectedly large breaking of U-spin
symmetry [26], which assumes invariance under the
exchange of down and strange quarks and predicts that
the CP asymmetries of D0 → KþK− of and D0 → πþπ−
have equal magnitudes and opposite signs [27,28].
Another place to search for CP violation and test U-spin

symmetry is in three-body, singly Cabibbo-suppressed,
hadronic charmed-baryon decays [29,30]. AssumingU-spin
symmetry,

ACPðΞþ
c → Σþπþπ−Þ þ ACPðΛþ

c → pKþK−Þ ¼ 0; ð1Þ

ACPðΞþ
c → ΣþKþK−Þ þ ACPðΛþ

c → pπþπ−Þ ¼ 0: ð2Þ

Noneof these asymmetries have beenmeasured, individually
or in these sums, despite the large branching fractions
of their decays. LHCb measured the difference between
ACPðΛþ

c → pKþK−Þ and ACPðΛþ
c → pπþπ−Þ [31], but

since they are not related by U-spin this does not reveal
anything about U-spin-symmetry breaking.
We report the first measurements of the CP asymmetries

of Ξþ
c → Σþhþh− and Λþ

c → phþh−, with h ¼ K, π. We
use 428 fb−1 of eþe− collisions collected at or near the

ϒð4SÞ center-of-mass energy by the Belle II experiment
from 2019 to 2022.
The decay-rate CP asymmetry of charmed baryon Xþ

c
decaying to final state fþ is

ACPðXþ
c → fþÞ≡ ΓðXþ

c → fþÞ− ΓðX̄−
c → f̄−Þ

ΓðXþ
c → fþÞþΓðX̄−

c → f̄−Þ : ð3Þ

We determine it by measuring the asymmetry of yields,

ANðXþ
c → fþÞ≡ NðXþ

c → fþÞ − NðX̄−
c → f̄−Þ

NðXþ
c → fþÞ þ NðX̄−

c → f̄−Þ ; ð4Þ

which we correct for detection and production asymme-
tries. In the limit of small asymmetries,

ANðXþ
c → fþÞ ¼ ACPðXþ

c → fþÞ þ ApðXþ
c Þ þ AdðfþÞ;

ð5Þ

where ApðXþ
c Þ is due to the forward-backward asymmetry

of charmed-baryon production in eþe− collisions [32–34]
and AdðfþÞ is the asymmetry of detecting the charged final-
state particles.
Since Ap is an odd function of the cosine of the polar

angle of the charmed baryon’s momentum in the eþe−
center-of-mass (c.m.) frame, cos θ, we suppress it by
replacing AN in Eq. (4) with the average of the AN
measured separately in the forward and backward regions,

A0
N ¼ ANðcos θ > 0Þ þ ANðcos θ < 0Þ

2
: ð6Þ

We remove the charged-particle detection asymmetries by
subtracting the yield asymmetries of control channels,
Λþ
c → Σþhþh−, Λþ

c → pπþK−, and D0 → πþK−πþπ−.
We useD0 → πþK−πþπ− rather thanD0 → πþK− because
the phase-space of the K− πþ pair is similar for Λþ

c →
pπþK− and D0 → πþK−πþπ−, but not for D0 → πþK−.
Since these decays are Cabibbo favored, they have high
yields and are expected to have negligible CP asymmetries,
which we assume are zero. The decay-rate CP asymmetry
of Ξþ

c → Σþhþh− is
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ACPðΞþ
c → Σþhþh−Þ ¼ A0

NðΞþ
c → Σþhþh−Þ

− A0
NðΛþ

c → Σþhþh−Þ; ð7Þ

and that of Λþ
c → phþh− is

ACPðΛþ
c → phþh−Þ ¼ A0

NðΛþ
c → phþh−Þ

− A0
NðΛþ

c → pπþK−Þ
þ A0

NðD0 → πþK−πþπ−Þ: ð8Þ

Subtracting the Λþ
c asymmetries cancels final-state-baryon

detection asymmetries. Adding the D0 asymmetry cancels
K− and πþ detection asymmetries that the subtraction of
A0
NðΛþ

c → pπþK−Þ introduces. For the former, the distri-
butions of the final-state baryon’s c.m. framemomentumand
cos θ must be the same in the signal and control channels.
For the latter, the same must be true of the kaon-pion pair.
We apply kinematic weights to candidates in each control
channel so that their distributions match those of their signal
channel. We assume there is no asymmetry in detecting the
hþh− pair from the Ξþ

c and Λþ
c decays, and assign a

systematic uncertainty for this assumption. The measured
values of A0

NðΞþ
c → Σþhþh−Þ and A0

NðΛþ
c → phþh−Þ

remained unexamined until the entire analysis procedure
was finalized to avoid potential bias.

II. BELLE II DETECTOR AND SIMULATION

The Belle II detector [35], which is located at the
SuperKEKB asymmetric-energy eþe− collider [36], has
a cylindrical geometry and includes a tracking system
comprising a two-layer silicon pixel detector (PXD) sur-
rounded by a four-layer double-sided silicon strip detector
(SVD) and a 56-layer central drift chamber (CDC), which
also measures charged-particle energy loss. For the data
used here, the second layer of the PXD covered only 15%
of the azimuthal range. The symmetry axis of these
detectors, the z axis, is nearly coincident with the direction
of the electron beam. Outside the CDC is a time-of-
propagation detector (TOP) in the barrel region and an
aerogel-based ring-imaging Cherenkov detector (ARICH)
in the forward end cap. They provide information for
charged-particle identification together with the energy loss
measurements from the SVD and CDC. Surrounding the
TOP and ARICH is an electromagnetic calorimeter (ECL)
based on CsI(Tl) crystals that measures the energy deposited
by photons, charged particles,K0

L, and neutrons. Outside the
ECL is a superconducting solenoid magnet that provides a
1.5T field parallel to the z axis. Its flux return is instrumented
with resistive-plate chambers and plastic scintillatormodules
to detect muons, K0

L, and neutrons.
We use simulated events to identify sources of back-

ground, optimize candidate selection, weight control
modes, determine fit models, and validate the analysis
procedure. We generate eþe− → qq̄, where q ¼ u, d, s, c,

with KKMC [37], hadronize quarks with PYTHIA 8 [38],
generate ϒð4SÞ → BB̄ events and particle decay with
EvtGen [39] and PYTHIA 8, and simulate detector response
with Geant4 [40]. Beam-induced backgrounds are accounted
for by including randomly triggered data. Both simulated
and real data are reconstructed with the Belle II analysis
software framework [41,42].

III. CANDIDATE SELECTION

Each charged particle must be associated with at least
one hit in the CDC and have a distance of closest approach
to the eþe− interaction point (IP) of less than 3 cm in z and
1 cm in the perpendicular plane. We identify charged
particles as pions, kaons, or protons using information from
all subdetector systems except the PXD [43]. A proton is
identified using the likelihood of its track to be from a
proton divided by the sum of likelihoods for it to be from
a proton, kaon, or pion. Pions and kaons are identified
using neural-network trained particle-identification prob-
abilities. Σþ candidates are reconstructed via Σþ → pπ0

and π0 via π0 → γγ.
A kinematic-vertex fit constrains the final-state particles’

origin points and four-momenta to be consistent with the
decay topology, the masses of the Σþ and π0 candidates to
be their known values [13], and the initial-state baryon to
originate from the IP [44]. Only candidates with fit χ2

probabilities greater than 0.001 are retained for subsequent
analysis. Backgrounds due to random combinations of
final-state particles and due to charmed baryons originating
from decays of B mesons are reduced by restricting the
initial-state baryon’s c.m.-frame momentum and flight sig-
nificance—the displacement vector from the IP to the decay
vertex position, projected onto the momentum direction,
divided by its uncertainty.
We optimize selection criteria by maximizing S=

ffiffiffiffiffiffiffiffiffiffiffiffi

Sþ B
p

,
where S and B are the signal and background yields
determined from the fit described in Sec. IV in a signal
channel in data in the region around the known initial-state
baryon mass [13]. As a result Ξþ

c → Σþπþπ− decays, which
have a smaller rate and feature larger expected backgrounds,
are selected with tighter requirements than Ξþ

c → ΣþKþK−

decays. For each control channel, we use the same criteria as
for its corresponding signal channel.

A. Ξ+
c → Σ+h+h− and Λ+

c → Σ+h+h−

We reconstruct each Ξþ
c → Σþhþh− or Λþ

c → Σþhþh−
candidate from two oppositely charged particles and one
Σþ candidate. Protons are identified with 92% efficiency
and 5% kaon-as-proton and 0.3% pion-as-proton misiden-
tification rates. Kaons and pions are identified with 89%
and 98% efficiencies, respectively, with corresponding
pion-as-kaon and kaon-as-pion misidentification rates of
7% and 24%.
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Photon candidates are formed from clusters of energy
deposition in the ECL that are not associated with a
reconstructed charged particle. Each cluster must be in a
region covered also by the CDC and have energy greater
than 80 MeV if in the ECL’s forward end cap, 30 MeV if in
its barrel, and 60 MeV if in its backward end cap.
Background photons are rejected using two multivariate
classifiers that determine if a cluster is due to beam-induced
background or a hadronic shower [45]. They use shower-
related variables, the time difference between the eþe−
collision and the cluster signal, and other information
related to photon detection. A photon pair with mass in
½120; 145� MeV=c2 is accepted as a neutral pion candidate.
A pπ0 pair with mass in ½1.166; 1.211� GeV=c2 is

accepted as a Σþ candidate; the mass resolution is
7 MeV=c2. For ΣþKþK−, the Σþ flight significance must
be above 8 and the initial-state baryon must have c.m.-frame
momentum above 2.4 GeV=c and flight significance above
−1.5. For Σþπþπ−, the Σþ flight significance must be above
16 and the initial-state baryonmust have c.m.-framemomen-
tum above 2.7 GeV=c and flight significance above 3.6.

B. Λ +
c → ph+h− and Λ +

c → pπ +K −
We reconstruct each Λþ

c → phþh− or Λþ
c → pπþK−

candidate from one proton candidate and two oppositely
charged particles. Protons are identified with 90% effi-
ciency, with 2% kaon-as-proton and 0.1% pion-as-proton
misidentification rates. Kaons and pions are identified with
79% and 90% efficiencies, respectively, with correspond-
ing pion-as-kaon and kaon-as-pion misidentification rates
of 2% and 7%.
For pKþK−, the Λþ

c must have c.m.-frame momentum
above 2.3 GeV=c and flight significance above −0.75. For
pπþπ−, the Λþ

c must have c.m.-frame momentum above
2.5 GeV=c and flight significance above 2.0. For pK−πþ,
the Λþ

c candidate must satisfy the same momentum and
flight-significance requirements as the signal channel its
asymmetry is being subtracted from.

C. D0 → π +K −π +π −
We reconstruct each D0 → πþK−πþπ− candidate from

four charged particles with zero net charge. Charged pion
and kaon candidates must satisfy the same pion and kaon
criteria as for Λþ

c → phþh−. The D0 candidate must have
c.m.-frame momentum above 2.3 GeV=c, mass in
½1.8; 1.92� GeV=c2, and χ2 probability above 0.001 for a
kinematic-vertex fit that constrains its momentum to point
back to the IP. Due to the very large yield of the D0 →
πþK−πþπ− control mode, we randomly select 10% of D0

candidates to use for the asymmetry determination.

IV. YIELD AND ASYMMETRY DETERMINATION

We determine the asymmetries from the yields of the
signal and control channels, separated into the forward and

backward regions and by charge, by maximizing extended
likelihoods of the unbinned mass distributions of the
selected decay candidates. Simultaneous fits are performed
for each pair of signal and corresponding charmed-baryon
control channels, separated by charge, and for the forward
and backward regions. The likelihoods parametrize two
sources of candidates, correctly reconstructed ones and
background; the number of misreconstructed candidates is
negligible according to simulation.
We model each channel’s correct-candidate distribution

with a double-sided Crystal Ball function [46,47], with its
parameters fixed to values determined from fits to simu-
lated data integrated over the forward and backward
regions. We model each channel’s background distribution
with a straight line with its parameters free. The yields of
correctly reconstructed candidates and background are free.
For the correct-candidate models of each pair of signal

channel and charmed-baryon control channel, we add two
free parameters to account for a potential common offset
and a potential common scaling of widths from the values
determined from fits to simulated data. They are predomi-
nantly determined from the high-yield control modes.
We add a mode offset and width scaling for the D0 →
πþK−πþπ− channels as well, determined independently
from the charmed-baryon channels.
The kinematic weights for theΛþ

c → Σþhþh− andΛþ
c →

pπþK− control channels are calculated from the momen-
tum and cos θ distributions of the final-state proton. The
weights for the D0 → πþK−πþπ− control channel are
calculated from the momentum and cos θ distributions of
the kaon. Weighting in these distributions is sufficient to
also equalize the Σþ and πþ momentum and cos θ dis-
tributions. We use the sPlot technique [48] to isolate the
correct-candidate distributions, using the results of the yield
fits. We first calculate weights to equalize the momentum
distributions, apply those weights, and then calculate
weights to equalize the cos θ distributions. Figures 1–3
show these distributions with and without weighting. Small
deviations remain in the momentum distributions, but the
effect on the cancelation of detection asymmetries is
negligible.
We then repeat the fits with the weighting to determine

the yields and the asymmetries of the control modes.
Figures 4 and 5 show the mass distributions of the
candidates for each decay channel, the results of the final
fit, and the resulting averaged yield asymmetries as
functions of the masses. Table I lists the measured yields
and forward, backward, and averaged yield asymmetries.
The measured asymmetries in data sidebands, which
indicate the amount of asymmetry due to backgrounds,
agree with the simulation and are compatible with zero.
We validate this procedure by fitting to simulated

distributions generated by sampling from models fit to
the real data, and with different input asymmetry values.
We find no biases.
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FIG. 2. Weighted and unweighted correct-candidate proton momentum (left) and cos θ (right) distributions for Λþ
c → pKþK− and

Λþ
c → pπþK− (top) and Λþ

c → pπþK− and D0 → πþK−πþπ− (bottom) with selection criteria for Λþ
c → pKþK−.

FIG. 1. Weighted and unweighted correct-candidate proton momentum (left) and cos θ (right) distributions for Ξþ
c → ΣþKþK− and

Λþ
c → ΣþKþK− (top) and Ξþ

c → Σþπþπ− and Λþ
c → Σþπþπ− (bottom).
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FIG. 3. Weighted and unweighted correct-candidate proton momentum (left) and cos θ (right) distributions for Λþ
c → pπþπ− and

Λþ
c → pπþK− (top) and Λþ

c → pπþK− and D0 → πþK−πþπ− (bottom) with selection criteria for Λþ
c → pπþπ−.

FIG. 4. Mass distributions for Ξþ
c → Σþhþh− (top) and Λþ

c → phþh− (bottom) candidates for h ¼ K (left) and π (right) and the
results of the fits, summing Ξþ

c and Ξ̄−
c contributions and summing forward and backward contributions; and their averaged yield

asymmetries as functions of mass, with fit projection overlaid.
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FIG. 5. Mass distributions for Λþ
c → Σþhþh− (top), Λþ

c → pπþK− (middle), and D0 → πþK−πþπ− (bottom) candidates with the
selection criteria for Λþ

c → pKþK− (left) and Λþ
c → pπþπ− (right) and the results of the fits, summing Λþ

c and Λ̄−
c contributions and

summing forward and backward contributions; and their averaged yield asymmetries as functions of mass, with fit projection overlaid.

TABLE I. Yields (in 103) and asymmetries (in %) with statistical uncertainties.

Decay mode Yield Forward AN Backward AN A0
N

Ξþ
c → ΣþKþK− 0.78� 0.05 13.0� 9.2 10.5� 9.2 11.7� 6.5

Λþ
c → ΣþKþK− 9.9� 0.1 10.9� 1.5 5.3� 1.6 8.1� 1.1

Ξþ
c → Σþπþπ− 0.62� 0.04 17.0� 10.0 9.7� 8.9 13.3� 6.8

Λþ
c → Σþπþπ− 23.4� 0.2 7.4� 1.0 0.2� 1.0 3.8� 0.8

Λþ
c → pKþK− 13.6� 0.2 9.3� 2.2 5.5� 2.4 7.4� 1.7

Λþ
c → pπþK−a 955.0� 1.3 5.6� 0.2 1.6� 0.2 3.6� 0.1

D0 → πþK−πþπ−a 928.0� 1.4 1.6� 0.2 −1.5� 0.2 0.1� 0.2

Λþ
c → pπþπ− 40.5� 0.4 5.8� 1.3 1.5� 1.4 3.6� 0.9

Λþ
c → pπþK−b 410.3� 0.7 5.4� 0.3 1.5� 0.3 3.4� 0.2

D0 → πþK−πþπ−b 925.2� 1.4 1.6� 0.2 −1.3� 0.2 0.1� 0.2
aCandidates are selected and kinematically weighted for the Λþ

c → pKþK− mode.
bCandidates are selected and kinematically weighted for the Λþ

c → pπþπ− mode.
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V. SYSTEMATIC UNCERTAINTIES

We repeat the fits to determine yields using a sum of
Johnson’s SU function [49] and a Gaussian function in
place of the double-sided Crystal Ball function for correct
candidates and a second-order polynomial in place of the
straight line for background (each separately). The results
are consistent and we take the differences in quadrature of
the asymmetry uncertainties as systematic uncertainties
from the choice of the fit model.
We repeat the analysis with candidate weights using

truth-matched candidates in simulation instead of using
sPlot. We take the changes in results as systematic
uncertainties arising from the weighting scheme. We also
try determining the weights to equate the transverse-
momentum distributions instead of the full-momentum
distributions; the results change negligibly.
Since the detector acceptance depends on cos θ, a

detection asymmetry due to the forward-backward asym-
metry of charmed-baryon production may remain after
averaging the forward and backward asymmetries. We
estimate its effect by comparing the results of analyzing
simulated data with and without candidates weighted to
have identical jcos θj distributions for correct candidates
(isolated using sPlot) in the forward and backward regions.
The results are consistent. We take the differences as
systematic uncertainties arising from potentially imperfect
cancellation of Ap. We also compared the results of
analyzing real data with and without weights, determined
according to the same weight function as for simulated
data, and found consistent values.
We assumed there is no asymmetry in detecting the hþh−

pair from the Ξþ
c and Λþ

c decays. To estimate the effects of
such asymmetries, which may arise from intermediate
states in the decays, we analyze data simulated to have
exaggerated differences (compared to the real data) in the
hþ and h− momentum distributions. The relative difference
in average momentum of the two hadrons before and after
modification ranges from 8% to 17%, depending on the
channel. We take the differences in quadrature of the
asymmetry uncertainties with and without this modification
as systematic uncertainties due to a potential hþh− detec-
tion asymmetry, Adðhþh−Þ.
We have also assumed there is no asymmetry in detecting

the πþπ− pair in theD0 decay. To estimate the effect of such
an asymmetry, we compare the yield asymmetries in data for
D0 → πþK−πþπ− and D0 → πþK−, with the candidates of
the four-body decay weighted so that the momentum and
cos θ distributions of its kaon and a randomly selected πþ
match those of the two-body decay. The weighted yield
asymmetry for the four-body decay, ð−1.1� 0.8Þ%, is con-
sistent with that of the two-body decay, ð−0.4� 0.2Þ%,
showing that resonant structure in D0 → πþK−πþπ− does
not significantly bias the subtraction of the πþK− detection

asymmetry. We assign no systematic uncertainty for this
potential effect.
Table II lists these systematic uncertainties, their quad-

rature sum, and the statistical uncertainties for each signal
decay mode.

VI. RESULTS AND CONCLUSIONS

Using 428 fb−1 of eþe− collisions collected by Belle II,
we measure

ACPðΞþ
c → ΣþKþK−Þ ¼ ð3.7� 6.6� 0.6Þ%; ð9Þ

ACPðΞþ
c → Σþπþπ−Þ ¼ ð9.5� 6.8� 0.5Þ%; ð10Þ

ACPðΛþ
c → pKþK−Þ ¼ ð3.9� 1.7� 0.7Þ%; ð11Þ

ACPðΛþ
c → pπþπ−Þ ¼ ð0.3� 1.0� 0.2Þ%; ð12Þ

where the first uncertainties are statistical and the second
ones systematic. These results agree with CP symmetry.
Their U-spin sums are

ACPðΞþ
c → Σþπþπ−Þ þ ACPðΛþ

c → pKþK−Þ
¼ ð13.4� 7.0� 0.9Þ%; ð13Þ

ACPðΞþ
c → ΣþKþK−Þ þ ACPðΛþ

c → pπþπ−Þ
¼ ð4.0� 6.6� 0.7Þ%; ð14Þ

consistent withU-spin symmetry. These are the world’s first
ACP measurements for individual hadronic three-body
charmed-baryon decays. Their uncertainties are predomi-
nantly statistical in origin, so future measurements using
more data collected byBelle IIwill be important for precisely
searching for CP violation and testing U-spin sum rules.
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