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The inclusive production of the charm-strange baryon Ω0
c is measured for the first time via its

semileptonic decay into Ω−eþνe at midrapidity (jyj < 0.8) in proton-proton (pp) collisions at the center-of-
mass energy

ffiffiffi
s

p ¼ 13 TeV with the ALICE detector at the LHC. The transverse momentum (pT)
differential cross section multiplied by the branching ratio is presented in the interval 2 < pT < 12 GeV=c.
The branching-fraction ratio BRðΩ0

c → Ω−eþνeÞ=BRðΩ0
c → Ω−πþÞ is measured to be 1.12� 0.22 (stat)

� 0.27 (syst). Comparisons with other experimental measurements, as well as with theoretical calculations,
are presented.
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I. INTRODUCTION

Production measurements of heavy-flavor hadrons (i.e.,
hadrons containing charm or beauty quarks) in high-energy
proton-proton (pp) collisions provide essential tests of
calculations based on the quantum chromodynamics
(QCD) factorization approach [1]. These frameworks
exploit the fact that the heavy-quark masses are much
larger than the QCD energy scale, ΛQCD, to calculate the
production of heavy-flavor hadrons as a convolution of
three factors: (i) the parton distribution functions (PDFs) of
the incoming protons; (ii) the cross section of the partonic
hard scattering; and (iii) the fragmentation functions that
parametrize the nonperturbative evolution of a heavy quark
into a given heavy-flavor hadron species. Heavy-quark
hadronization is typically studied via the measurement of
hadron-to-hadron yield ratios, because the PDFs and
partonic scattering cross sections are common to the charm-
or beauty- hadron species and, therefore, with appropriate
choice of the scheme of calculation it can be canceled out in
the yield ratios.
At the LHC, extensive production measurements of D0,

Dþ, Dþ
s , D�þ charmed mesons [2–8] and of Λþ

c , Σ0;þþ
c ,

Ξ0;þ
c , Ω0

c charmed baryons [9–16] have been conducted.
The meson-to-meson production yield ratios, for both the
respective prompt (i.e., produced in the hadronization of
charm quarks or from the decay of excited open charm and
charmonium states) and nonprompt (coming from beauty

hadron decays) components of the D-meson production,
are observed to be independent of the transverse momen-
tum (pT) within uncertainties. These ratios are well
described by perturbative calculations at next-to-leading
order, with next-to-leading-log resummation [1,17–19],
which incorporate fragmentation functions tuned on
eþe− and e−p collision measurements. In contrast, these
calculations underestimate the observed enhancement of
the production of baryons relative to mesons in hadronic
collisions [20,21], with respect to the same measurements
performed in eþe− or e�p collisions. Several models have
been proposed to explain the baryon enhancement. They
either include dynamical processes that are relevant in
quark-and-gluon enriched systems (e.g., color reconnection
beyond leading color approximation [22] and quark coa-
lescence [23,24]), or that treat hadronization as a statistical
process while considering a set of yet-unobserved higher-
mass charm-baryon states [25].
Currently, a significant limitation in interpreting the

production results of heavier strange-charm baryons is
the absence of precise branching ratio measurements. In
the recent inclusive Ω0

c → Ω−πþ measurement reported in
Ref. [16], model calculations were multiplied by the branch-
ing ratio, BRðΩ0

c → Ω−πþÞ ¼ ð0.51þ2.19
−0.31Þ%. This valuewas

obtained by considering the estimate reported inRef. [26] for
the central value, and the envelope of the values (including
their uncertainties) reported in Refs. [26–30] to determine
the uncertainty. This large uncertainty limited the under-
standing of Ω0

c production, meaning it is, therefore, imper-
ative to measure its branching ratios. The Belle and
CLEOCollaborations publishedmeasurements ofBRðΩ0

c →
Ω−eþνeÞ=BRðΩ0

c → Ω−πþÞ and found 1.98� 0.13ðstatÞ �
0.08ðsystÞ [31] and 2.4� 1.1ðstatÞ � 0.2ðsystÞ [32], respec-
tively. Model calculations based on the light-front approach
and the light-cone sum rules predict lower values of the
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branching fraction ratio of 1.1� 0.2 [26] and 0.71 [33],
respectively. These models provide a way to relate the
properties of hadrons, such as their masses, decay constants,
and form factors, to fundamental QCD parameters and
quark–gluon distributions within the hadrons. The hadronic
part of the weak decay is parametrized in those models in
terms of form factors, which belong to the nonperturbative
region of QCD. Another tool to study the charmed baryon
decays is based on the flavor symmetry of SUð3Þf in the
quark model, which allows the calculations of decay modes
and relative probabilities of charmed baryon decays [34–36].
By applying the effective color approach under the frame-
work of SUð3Þf symmetry, a branching fraction ratio of 1.35
[36] is computed. The differences between the model
calculations and the experimental values underscore the
need for further experimental measurements and theoretical
developments.
This letter presents the first pT-differential inclusive

production measurement of the semileptonic decay channel
Ω0

c → Ω−eþνe and the branching-fraction ratio BRðΩ0
c →

Ω−eþνeÞ=BRðΩ0
c → Ω−πþÞ at midrapidity (jyj < 0.8) in

pp collisions at the center-of-mass energy
ffiffiffi
s

p ¼ 13 TeV.
The Ω0

c baryon is reconstructed together with its charge
conjugate in three pT intervals, 2 < pT < 4 GeV=c,
4 < pT < 6 GeV=c, and 6 < pT < 12 GeV=c.

II. EXPERIMENTAL SETUP
AND DATA SAMPLES

The ALICE experiment and its performance are pre-
sented in detail in Refs. [37,38]. The main detectors used in
this analysis are the inner tracking system (ITS) [39], the
time projection chamber (TPC) [40], and the Time-Of-
Flight detector (TOF) [41] for vertexing, tracking, and
particle identification (PID) purposes. They are located in
the central barrel covering the pseudorapidity interval
(jηj < 0.9) and lie inside a solenoidal magnet that provides
a magnetic field B ¼ 0.5 T parallel to the beam direction.
The analyzed data sample consists of pp collisions at

ffiffiffi
s

p ¼
13 TeV recorded with a minimum-bias (MB) trigger. The
MB trigger requires a pair of coincident signals in two
scintillator arrays (V0) [42], which are located on both
sides of the nominal interaction point along the beam
direction. Further offline event selection was applied to
remove the contamination from beam-gas collisions and
other machine-related backgrounds. These criteria were
based on the timing information of the two V0 arrays and a
selection on the correlation between clusters and tracklets
reconstructed in the two innermost layers of the ITS
(Silicon Pixel Detector, SPD). Only events with a recon-
structed vertex position within�10 cm along the beam axis
from the nominal interaction point were analyzed, to
maintain a uniform ITS acceptance in pseudorapidity.
The primary-vertex position was defined using tracks
reconstructed in the TPC and ITS detectors. Events with

multiple reconstructed primary vertices, which amount
to about 1% of the total event sample, were rejected to
reduce the contamination from the superposition of several
collisions within the same colliding bunches (pile-up
events). After the aforementioned selection criteria, the
data sample corresponds to an integrated luminosity Lint ¼
(32.08� 0.51) nb−1 [43].

III. ANALYSIS METHOD

The Ω0
c candidates were built by pairing an electron or

positron candidate track with an Ω cascade candidate using
a Kalman-Filter (KF) vertexing algorithm [44]. Charge
conjugate modes are included everywhere unless otherwise
stated.
The Ω candidates were reconstructed via the decay chain

Ω− → ΛK− (BR ¼ ð67.8� 0.7Þ%), followed by the decay
Λ → pπ− (BR ¼ ð63.9� 0.5Þ%) [45], exploiting the char-
acteristic decay topology as reported in Refs. [16,46].
Charged-particle tracks used in this analysis were required
to be within the pseudorapidity interval jηj < 0.8 and to
have a number of crossed TPC pad rows larger than 70 out
of a maximum of 159. Particle identification (PID) selec-
tion was based on the differences between the measured
and expected response for a given particle species hypoth-
esis, in units of the detector resolution (nσdet). For proton,
pion, and kaon tracks, a selection on the measured specific
energy loss dE=dx in the TPC of jnσTPCj < 4 was applied
for the respective particle hypothesis. An additional PID
selection of jnσTOFj < 5 was applied for the kaon candi-
dates when information from the TOF detector was
available. Tracks without TOF hits were identified using
only the TPC information.
Electron candidate tracks were selected by requiring to

have a minimum of three (out of a maximum of six) hits in
the ITS with two in the SPD layers [47,48], at least 50
clusters in the TPC, a number of crossed TPC pad rows
larger than 70, and pT > 0.5 GeV=c. These requirements
help suppressing the contribution from short tracks, which
are unlikely to originate from the Ω0

c decay. The dominant
source of electron background is photon conversions. They
were rejected by requiring hits in the SPD layers, minimiz-
ing the effective material budget. The electron candidate
tracks were identified by using dE=dx and time-of-flight
information in the TPC and TOF detectors, respectively.
Two selection criteria on the PID of electron candidates,
jnσeTPCj < 4 and jnσeTOFj < 5, were required. The remain-
ing electrons steaming from photon conversion and those
originating from Dalitz decays of neutral mesons were
further rejected with an invariant-mass technique [49,50].
The electron candidates were paired with opposite-sign
tracks from the same event passing loose identification
criteria (jnσeTPCj < 5 without any TOF requirement) and
were rejected if they formed at least one eþe− pairs with an
invariant mass smaller than 50 MeV=c2.
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TheΩ0
c candidateswere selected by requiring the cosine of

the opening angle between the electron and the Ω candidate
tracks to be greater than 0 for 2 < pT < 4 GeV=c, 0.25 for
4 < pT < 6 GeV=c and 0.5 for 6 < pT < 12 GeV=c. The
pT dependence of this selection was chosen by looking at its
correlation with the eΩ-pair mass distribution in data and
Monte Carlo (MC) simulations, minimizing the rejection of
signal candidates in the data.
After applying the selections described above, further

separation of the signal and background was based on the
boosted decision tree (BDT) algorithm implemented in the
XGBOOST library [51,52]. Independent BDT models were
trained for each pT interval with a sample of signal and
background candidates as performed in Refs [3,11,53]. For
the reconstructed signal, eΩ pairs from Ω0

c decays were
obtained from simulations with the PYTHIA 8.2 event
generator [54]. Each PYTHIA event was required to contain
a cc̄ or bb̄ quark pair and Ω0

c baryons were forced to decay
into the Ω−eþνe channel. The mean proper lifetime of Ω0

c
baryons in the simulation was set to 268 fs based on the
latest LHCb measurement [55]. The transport of simulated
particles within the detector was performed with the GEANT

3 package [56]. The conditions of all the ALICE detectors
in terms of active channels, gain, noise level, and align-
ment, as well as the evolution of the detector configurations
during the data-taking period, were taken into account in
the simulations. A mixed-event (ME) technique was used to
increase statistics in the background sample. The ME
technique exploited randomized subsamples of the full
dataset, using the same filtering selections described above,
generating eΩ pairs with the opposite charge. The ME
background was obtained by correlating Ω candidates in an
event with electron candidate tracks from other events with
similar multiplicity and primary-vertex position along the
beam direction. Exploiting a background sample using the
same-charge eΩ pairs in the same event (SE) was also

tested. The resulting background distributions were found
to be consistent with each other, and the SE pairs were used
to normalize the more statistically abundant ME back-
ground sample.
The BDT training variables included topological proper-

ties of the decays and PID variables. The training variables
related to the PID information were obtained by combining
the ones coming from the TPC and TOF, nσK;ecombined ¼
1ffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðnσK;eTPCÞ2 þ ðnσK;eTOFÞ2

q
, on the electron and kaon tracks,

respectively. The training variables describing the Ω decay
topology were the distance of the closest approach (DCA)
of the charged decay particles, the pointing angle of the
reconstructed Ω momentum to the primary vertex, the
χ2topo=NDF, which, in this analysis, characterizes whether
the momentum vector of the Ω candidate points back to
the reconstructed primary vertex of the event, and the
χ2geo=NDF, which is related to the geometrical intersection
of the daughter-particle trajectories, taking their uncertain-
ties into account. The training variables related to the Λ
were the DCA to the primary vertex, the radial distance of
the Λ decay vertex from the beam axis, and the DCA
between the decay particles. The BDT model output is a
single response variable related to the probability that the
candidate is a signal. The selection on the BDT output was
tuned in each pT interval to maximize the expected
statistical significance, which was estimated using: the
expected signal obtained from the Ω0

c production cross
section reported in Ref. [16] multiplied by the BDT
selection efficiency and the expected background estimated
from the normalized ME. The resulting BDT output
thresholds were 0.86, 0.84, and 0.81 for the three pT
intervals, respectively.
The left panel of Fig. 1 shows the invariant-mass distri-

bution of eΩ pairs in SE (same-sign and opposite-sign) and
ME (opposite-sign) in the interval 2 < peΩ

T < 12 GeV=c.

1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8

)2c) (GeV/�(em

0

20

40

60

80

100

120

140

E
n
tr

ie
s

SE opposite-sign pairs

SE same-sign pairs

ME opposite-sign pairs

ALICE 

 = 13 TeVspp, 

 and charge conj.e� 
+ e

��  
0
c�

c < 12 GeV/
T

� ep2 < 

1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8

)2c) (GeV/�(em

0

10

20

30

40

50

60

70

E
n
tr

ie
s

Data (ME subtracted)

PYTHIA 8

ALICE 

 = 13 TeVspp, 

 and charge conj.e� 
+ e

��  
0
c�

c < 12 GeV/
T

� ep2 < 

FIG. 1. Left panel: invariant-mass distribution of opposite-sign pairs (black solid circle marker) and same-sign pairs (red solid square
marker) in SE, and opposite-sign pairs (blue open square marker) in ME. Right panel: invariant-mass distribution of the Ω0

c candidates
obtained by subtracting the opposite-sign charge eΩ pairs in ME from the opposite-sign charge pairs in SE (black solid circle marker),
and eΩ opposite-sign charge pairs coming from Ω0

c decay from PYTHIA 8 (green open circle marker).
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The raw yield was obtained by subtracting the combinatorial
background computed using the ME technique from the
invariant-mass distribution of eΩ pairs with opposite-sign
charge in the SE. The right panel of Fig. 1 shows the
invariant-mass distribution of eΩ candidates, obtained after
background subtraction, in comparison with eΩ opposite-
sign charge pairs coming from the Ω0

c decay computed with
the PYTHIA 8 event generator [54]. Only eΩ pairs satisfying
1.7 < meΩ < 2.7 GeV=c2 were considered for further
analysis. The number of reconstructed eΩ signal pairs
consists of 232� 15 candidates. The missing momentum
of the neutrino was corrected by using the Bayesian-
unfolding technique [57] implemented in the RooUnfold
package [58]. The response matrix, which represents the
correlation between the generated Ω0

c and reconstructed eΩ
transverse momenta, used in the unfolding procedure is
shown in the left panel of Fig. 2. In this analysis, theBayesian
procedure requires two iterations to converge. Additional
information on the unfolding procedure is explained in
Ref. [15]. The response matrix was determined with the
same simulation setup used for the BDT training.
The pT-differential production cross section of inclusive

Ω0
c baryons in the rapidity interval jyj < 0.8 multiplied by

the BR into the considered semileptonic decay channel was
calculated from the yields obtained from the unfolding
procedure as follows:

BR ×
d2σΩ

0
c

dpTdy
¼ 1

2ΔyΔpT
×

NΩ0
c

raw

ðA × εÞ ×
1

Lint
; ð1Þ

where NΩ0
c

raw is the raw yield (sum of particles and anti-
particles) in a given pT and rapidity interval with width
ΔpT and Δy. The factor 1=2 takes into account that the raw
yield includes both particles and antiparticles, while the
cross section is given for particles only. The Lint is the

integrated luminosity. Since the feed-down contribution is
not subtracted, the ðA × εÞ factor is the product of the
acceptance and efficiency for inclusiveΩ0

c baryons, where ε
accounts for the reconstruction and selection of the Ω0

c

decay-product tracks and the Ω0
c-candidate selection. The

ðA × εÞ correction was obtained from a simulation with the
same configuration as the one used for the BDT training
and the response matrix. The ðA × εÞ correction factors of
prompt, beauty feed-down (nonprompt), and inclusive Ω0

c
as a function of pT are observed to be consistent with each
other within uncertainties, because the selection variables
used are not sensitive to the displacement by a few hundred
micrometres of the prompt and beauty feed-down Ω0

c decay
vertices from the collision point. The Ω0

c-baryon pT
distribution from the PYTHIA 8 simulation was reweighted
to match the true distribution, which was parametrized via a
Tsallis fit to the differential production cross section of Ω0

c
as measured in Ref. [16]. The right panel of Fig. 2 shows
the product of the final ðA × εÞ correction factor for
inclusive, prompt and feed-down Ω0

c as a function of pT.

IV. SYSTEMATIC UNCERTAINTIES

The different contributions to the total systematic uncer-
tainty of the Ω0

c production cross section in 2 < pT <
12 GeV=c are summarized in Table I. The various sys-
tematic sources were defined as the rms of the distribution
of the corrected yields obtained from the reported varia-
tions, if not differently specified.
The systematic uncertainty on the raw-yield extraction

was evaluated by investigating possible contaminations to
eΩ pairs with the opposite charge from other decays. The
contamination of different decay channels mentioned in
Refs. [32,59] are the Ω0

c → Ξþ
c e−νe, Ξ0

c → Ω−eþνeK0,
Ξþ
c → Ω−eþνeKþ, and Ω0

c → Ω−eþνeπþπ−. From PYTHIA

8 simulation studies, it was found that these decays mainly
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contribute to a mass region below 2.2 GeV=c2. A maximum
variation of 10% at the corrected yield level was found by
varying the lower limit of the integration mass range for the
signal extraction in the eΩ mass from 1.7 to 2.2 GeV=c2,
which was assigned as systematic uncertainty. Note that
those decay channels are not experimentally observed,
therefore the Belle [31] and CLEO [32] Collaborations do
not correct for it in addition to not assigning a corresponding
systematic uncertainty.
The systematic uncertainty on the tracking efficiency

was determined by comparing the matching efficiency of
prolonging a track from the TPC to the ITS in data and
simulation, and by varying the track quality selection
criteria. The uncertainty on the matching efficiency, defined
as the relative difference in the ITS–TPC matching effi-
ciency between the data and simulation, affected only the
electron track. For the tracks of the Ω decay particles, the
prolongation to the ITS was not required. The uncertainties
on electron tracks were propagated to the Ω0

c candidates
according to the decay kinematics, resulting in an uncer-
tainty of 2%. The second contribution to the track
reconstruction was estimated by varying the track quality
selection criteria and 4% uncertainty was assigned.
The systematic uncertainty on the unfolding procedure

was determined by considering three contributions. The
first contribution was due to the regularization procedure in
the Bayesian unfolding. It was estimated by varying the
iteration number between 2 and 5, and an uncertainty of 4%
was assigned. The second contribution was estimated by
unfolding with the singular value decomposition algorithm
[60], and a 4% uncertainty was assigned, independent ofΩ0

c
pT. The third source was related to the sensitivity of the
unfolding to bin edge effects and was estimated by varying
the pT range and the binning of the response matrix.
An uncertainty of 10% was assigned in the interval
2 < pT < 6 GeV=c. At higher pT, no variations were

observed when using finer pT intervals in the unfolding
procedure.
The systematic uncertainty on the selection efficiency

originates from imperfections in the description of the
detector response and alignment in the simulation. It was
estimated from the ratios of the corrected yields obtained by
varying the selections on the BDToutputs, which results in
modification of the efficiencies, raw yield, and background
values. The systematic evaluation was extended using a
BDT model with different training variables (no PID
included in the training) and preselection (PID selections
were varied when not included in the BDT). Avalue of 15%
was assigned as systematic uncertainty.
The systematic uncertainty due to the difference in the

shape of the true and generated Ω0
c pT distributions was

estimated by varying the Tsallis fit used to determine the pT
weights within the statistical and pT uncorrelated uncer-
tainties. The assigned uncertainty, defined as the maximum
variation observed, was 10% in the interval 2 < pT <
4 GeV=c, 2% in the interval 4 < pT < 6 GeV=c, and 1%
for the highest pT interval.
All systematic uncertainties are considered uncorrelated

and summed in quadrature to obtain the total systematic
uncertainty. The production cross section has an additional
global normalization uncertainty of 1.6% due to the
uncertainties of the integrated luminosity [43].

V. RESULTS

The pT-differential cross section of inclusive Ω0
c baryon

production multiplied by the branching ratio into Ω−eþνe,
in pp collision at

ffiffiffi
s

p ¼ 13 TeV, measured in rapidity
interval jyj < 0.8 and the pT interval 2 < pT <
12 GeV=c, is shown in the top panel of Fig. 3. It is
compared with the previously published measurements of
inclusive Ω0

c baryon production in the hadronic decay
channel Ω0

c → Ω−πþ. The error bars and boxes represent
the statistical and systematic uncertainty, respectively. The
uncertainty of the integrated luminosity is not included in
the boxes. In the bottom panel of Fig. 3 the branching-
fraction ratio BRðΩ0

c → Ω−eþνeÞ=BRðΩ0
c → Ω−πþÞ is

shown as function of pT. The systematic uncertainties
on the branching-fraction ratio were calculated assuming
all the uncertainties between the two measurements as
uncorrelated, except for the ITS–TPC matching efficiency,
track quality selection, and the MC pT shape. The uncer-
tainty of the luminosity cancels in the ratio, as it is fully
correlated.
The ratio of the two measurements, shown in the bottom

panel of Fig. 3, is used to calculate the pT independent
branching-fraction ratio. The result was averaged over pT
using the inverse uncorrelated relative uncertainties as
weights [61]. The weights were defined as the sum in
quadrature of the relative statistical uncertainties and the
pT-uncorrelated part of the systematic uncertainties. All the
systematic uncertainties were considered as pT-correlated

TABLE I. Contributions to the systematic uncertainty of
the Ω0

c cross section for the pT intervals 2 < pT < 4 GeV=c,
4 < pT < 6 GeV=c, and 6 < pT < 12 GeV=c. The global un-
certainty on the luminosity is quoted separately and it is not added
in quadrature to the other sources.

pT (GeV=c) 2–4 4–6 6–12

Raw-yield extraction 10% 10% 10%
ITS–TPC matching efficiency 2% 2% 2%
Track efficiency 4% 4% 4%
Bayesian-unfolding iterations 4% 4% 4%
Unfolding method 4% 4% 4%
Response-matrix pT range and binning 10% 10% negl.
BDT selection 15% 15% 15%
Generated pT shape 10% 2% 1%

Total systematic uncertainty 24% 22% 19%

Luminosity 1.6%
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in the semileptonic decay. For the hadronic decay, all
systematic uncertainties were considered as pT-correlated,
except for the raw yield extraction. The pT-correlated
systematic uncertainties were propagated by recomputing
the ratio after shifting up and down the ratios with the
corresponding pT-correlated systematic uncertainties. The
final systematic uncertainty on the ratio is obtained by
summing the pT-correlated and uncorrelated systematic
uncertainties in quadrature. The measured ratio is
BRðΩ0

c→Ω−eþνeÞ=BRðΩ0
c→Ω−πþÞ¼1.12�0.22ðstatÞ �

0.27ðsystÞ.
In Fig. 4, the measured pT-independent branching-frac-

tion ratio is compared with previous experimental measure-
ments from the CLEO Collaboration [32] and Belle
Collaboration [31], and with the theory predictions based
on the light-front approach and light-cone sum rules calcu-
lations [26,33]. The ALICE result is compatible within 1σ
with the CLEO result and is 2.3σ lower than the one
measured by the Belle Collaboration. The ALICE measure-
ment is also consistent within 1σ with the available theo-
retical predictions, which showed some tensions with the
Belle results. The present result is also compatible within the
uncertaintieswith theBRðΞ0

c → Ξ−eþνeÞ=BRðΞ0
c → Ξ−πþÞ

measured by the ALICE Collaboration [14]. The agreement
between those two measurements is also predicted by the
light-front approach calculations [26,62]. More precise
measurements are expected to be performed during Runs

3 and 4 of the LHC. In view of those future measurements, it
would be beneficial to compare also with additional model
calculations, like LQCD [63] and RQM [64], which already
provide their prediction for the branching-fraction ratio
BRðΞ0

c → Ξ−eþνeÞ=BRðΞ0
c → Ξ−πþÞ.

VI. SUMMARY

The inclusive pT-differential production cross section of
the charm-baryon Ω0

c multiplied by the branching ratio
BRðΩ0

c → Ω−eþνeÞ is measured for the first time at
midrapidity (jyj < 0.8), in the pT interval 2 < pT <
12 GeV=c, in pp collisions at

ffiffiffi
s

p ¼ 13 TeV. The
BRðΩ0

c → Ω−eþνeÞ=BRðΩ0
c → Ω−πþÞ is measured to be

1.12� 0.22ðstatÞ � 0.27ðsystÞ, using the inclusive produc-
tion cross section measured in Ref. [16]. The branching-
fraction ratio is consistent with theory calculations and
is 2.3σ lower than the value reported by the Belle
Collaboration [31].
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Particules (IN2P3) and Centre National de la Recherche
Scientifique (CNRS), France; Bundesministerium für
Bildung und Forschung (BMBF) and GSI
Helmholtzzentrum für Schwerionenforschung GmbH,
Germany; General Secretariat for Research and
Technology, Ministry of Education, Research and
Religions, Greece; National Research, Development and
Innovation Office, Hungary; Department of Atomic Energy
Government of India (DAE), Department of Science and
Technology, Government of India (DST), University
Grants Commission, Government of India (UGC) and
Council of Scientific and Industrial Research (CSIR),
India; National Research and Innovation Agency—
BRIN, Indonesia; Istituto Nazionale di Fisica Nucleare
(INFN), Italy; Japanese Ministry of Education, Culture,
Sports, Science and Technology (MEXT) and Japan

Society for the Promotion of Science (JSPS) KAKENHI,
Japan; Consejo Nacional de Ciencia (CONACYT) y
Tecnología, through Fondo de Cooperación Internacional
en Ciencia y Tecnología (FONCICYT) and Dirección
General de Asuntos del Personal Academico (DGAPA),
Mexico; Nederlandse Organisatie voor Wetenschappelijk
Onderzoek (NWO), Netherlands; The Research Council of
Norway, Norway; Pontificia Universidad Católica del Perú,
Peru; Ministry of Education and Science, National Science
Centre and WUT ID-UB, Poland; Korea Institute of
Science and Technology Information and National
Research Foundation of Korea (NRF), Republic of
Korea; Ministry of Education and Scientific Research,
Institute of Atomic Physics, Ministry of Research and
Innovation and Institute of Atomic Physics and
Universitatea Nationala de Stiinta si Tehnologie
Politehnica Bucuresti, Romania; Ministry of Education,
Science, Research and Sport of the Slovak Republic,
Slovakia; National Research Foundation of South Africa,
South Africa; Swedish Research Council (VR) and Knut &
Alice Wallenberg Foundation (KAW), Sweden; European
Organization for Nuclear Research, Switzerland; Suranaree
University of Technology (SUT), National Science and
Technology Development Agency (NSTDA) and National
Science, Research and Innovation Fund (NSRF via PMU-B
B05F650021), Thailand; Turkish Energy, Nuclear and
Mineral Research Agency (TENMAK), Turkey; National
Academy of Sciences of Ukraine, Ukraine; Science and
Technology Facilities Council (STFC), United Kingdom;
National Science Foundation of the United States of
America (NSF) and United States Department of Energy,
Office of Nuclear Physics (DOE NP), United States of
America. In addition, individual groups or members have
received support from: Czech Science Foundation (Grant
No. 23-07499S), Czech Republic; European Research
Council (Grant No. 950692), European Union; ICSC—
Centro Nazionale di Ricerca in High Performance
Computing, Big Data and Quantum Computing,
European Union—NextGenerationEU; Academy of
Finland (Center of Excellence in Quark Matter) (Grants
No. 346327, No. 346328), Finland.

[1] M. Cacciari, M. Greco, and P. Nason, The pT spectrum in
heavy-flavor hadroproduction, J. High Energy Phys. 05
(1998) 007.

[2] S. Acharya et al. (ALICE Collaboration), Measurement
of D0, Dþ, D�þ and Dþ

s production in pp collisions at
ffiffiffi
s

p ¼
5.02 TeV with ALICE, Eur. Phys. J. C 79, 388 (2019).

[3] S. Acharya et al. (ALICE Collaboration), Measurement of
beauty and charm production in pp collisions at

ffiffiffi
s

p ¼
5.02 TeV via non-prompt and prompt D mesons, J. High
Energy Phys. 05 (2021) 220.

[4] G. Aad et al. (ATLAS Collaboration), Measurement
of D��, D� and D�

s meson production cross sections in

MEASUREMENT OF Ω0
c BARYON … PHYS. REV. D 110, 032014 (2024)

032014-7

https://doi.org/10.1088/1126-6708/1998/05/007
https://doi.org/10.1088/1126-6708/1998/05/007
https://doi.org/10.1140/epjc/s10052-019-6873-6
https://doi.org/10.1007/JHEP05(2021)220
https://doi.org/10.1007/JHEP05(2021)220


pp collisions at
ffiffiffi
s

p ¼ 7 TeV with the ATLAS detector,
Nucl. Phys. B907, 717 (2016).

[5] A. M. Sirunyan et al. (CMS Collaboration), Nuclear modi-
fication factor of D0 mesons in Pb–Pb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Phys. Lett. B 782, 474 (2018).
[6] A. M. Sirunyan et al. (CMS Collaboration), Studies of

Beauty suppression via nonprompt D0 mesons in Pb–Pb
collisions at Q2 ¼ 4 GeV2, Phys. Rev. Lett. 123, 022001
(2019).

[7] R. Aaij et al. (LHCb Collaboration), Measurements of
prompt charm production cross-sections in pp collisions
at

ffiffiffi
s

p ¼ 5 TeV, J. High Energy Phys. 06 (2017) 147.
[8] R. Aaij et al. (LHCb Collaboration), Measurements of

prompt charm production cross-sections in pp collisions
at

ffiffiffi
s

p ¼ 13 TeV, J. High Energy Phys. 03 (2016) 159; 09
(2016) 013(E); 05 (2017) 074(E).

[9] S. Acharya et al. (ALICE Collaboration), Λþ
c production

and baryon-to-meson ratios in pp and p–Pb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV at the LHC, Phys. Rev. Lett. 127,
202301 (2021).

[10] S. Acharya et al. (ALICE Collaboration), Λþ
c production in

pp and in p–Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Phys. Rev.
C 104, 054905 (2021).

[11] S. Acharya et al. (ALICE Collaboration), First measurement
of Λþ

c production down to pT ¼ 0 in pp and p–Pb collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Phys. Rev. C 107, 064901 (2023).
[12] A. M. Sirunyan et al. (CMS Collaboration), Production of

Λþ
c baryons in proton-proton and lead–lead collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Phys. Lett. B 803, 135328 (2020).
[13] S. Acharya et al. (ALICE Collaboration), Measurement of

prompt D0, Λþ
c , and Σ0;þþ

c ð2455Þ production in proton–
proton collisions at

ffiffiffi
s

p ¼ 13 TeV, Phys. Rev. Lett. 128,
012001 (2022).

[14] S. Acharya et al. (ALICE Collaboration), Measurement of
the cross sections of Ξ0

c and Ξþ
c Baryons and of the

branching-fraction ratio BRðΞ0
c → Ξ−eþνeÞ=BRðΞ0

c →
Ξ−πþÞ in pp collisions at

ffiffiffi
s

p ¼ 13 TeV, Phys. Rev. Lett.
127, 272001 (2021).

[15] S. Acharya et al. (ALICE Collaboration), Measurement of
the production cross section of prompt Ξ0

c baryons at
midrapidity in pp collisions at

ffiffiffi
s

p ¼ 5.02 TeV, J. High
Energy Phys. 10 (2021) 159.

[16] S. Acharya et al. (ALICE Collaboration), First measurement
of Ω0

c production in pp collisions at
ffiffiffi
s

p ¼ 13 TeV, Phys.
Lett. B 846, 137625 (2023).

[17] B. A. Kniehl, G. Kramer, I. Schienbein, and H. Spiesberger,
Collinear subtractions in hadroproduction of heavy quarks,
Eur. Phys. J. C 41, 199 (2005).

[18] B. A. Kniehl, G. Kramer, I. Schienbein, and H. Spiesberger,
Inclusive charmed-meson production at the CERN LHC,
Eur. Phys. J. C 72, 2082 (2012).

[19] M. Cacciari, S. Frixione, N. Houdeau, M. L. Mangano, P.
Nason, and G. Ridolfi, Theoretical predictions for charm
and bottom production at the LHC, J. High Energy Phys. 10
(2012) 137.

[20] S. Acharya et al. (ALICE Collaboration), Charm-quark
fragmentation fractions and production cross section at
midrapidity in pp collisions at the LHC, Phys. Rev. D
105, L011103 (2022).

[21] S. Acharya et al. (ALICE Collaboration), Charm production
and fragmentation fractions at midrapidity in pp collisions atffiffiffi
s

p ¼ 13 TeV, J. High Energy Phys. 12 (2023) 086.
[22] J. R. Christiansen and P. Z. Skands, String formation beyond

leading colour, J. High Energy Phys. 08 (2015) 003.
[23] J. Song, H.-h. Li, and F.-l. Shao, New feature of low pT

charm quark hadronization in pp collisions at
ffiffiffi
s

p ¼ 7 TeV,
Eur. Phys. J. C 78, 344 (2018).

[24] V. Minissale, S. Plumari, and V. Greco, Charm hadrons
in pp collisions at LHC energy within a coalescence
plus fragmentation approach, Phys. Lett. B 821, 136622
(2021).

[25] M. He and R. Rapp, Charm-baryon production in proton-
proton collisions, Phys. Lett. B 795, 117 (2019).

[26] Y.-K. Hsiao, L. Yang, C.-C. Lih, and S.-Y. Tsai, Charmed
Ωc weak decays into Ω in the light-front quark model, Eur.
Phys. J. C 80, 1066 (2020).

[27] T. Gutsche, M. A. Ivanov, J. G. Körner, and V. E.
Lyubovitskij, Nonleptonic two-body decays of single heavy
baryons ΛQ, ΞQ, and ΩQðQ ¼ b; cÞ induced byW emission
in the covariant confined quark model, Phys. Rev. D 98,
074011 (2018).

[28] H.-Y. Cheng, Nonleptonic weak decays of bottom baryons,
Phys. Rev. D 56, 2799 (1997); 99, 079901(E) (2019).

[29] S. Hu, G. Meng, and F. Xu, Hadronic weak decays of the
charmed baryon Ωc, Phys. Rev. D 101, 094033 (2020).

[30] K.-L. Wang, Q.-F. Lü, J.-J. Xie, and X.-H. Zhong, Toward
discovering the excited Ω baryons through nonleptonic
weak decays of Ωc, Phys. Rev. D 107, 034015 (2023).

[31] Y. B. Li et al. (Belle Collaboration), First test of lepton
flavor universality in the charmed baryon decays
Ω0

c → Ω−lþνl using data of the Belle experiment, Phys.
Rev. D 105, L091101 (2022).

[32] R. Ammar et al. (CLEO Collaboration), Observation of
the decay Ω0

c → Ω−eþνe, Phys. Rev. Lett. 89, 171803
(2002).

[33] T. M. Aliev, S. Bilmis, and M. Savci, Charmed baryon
Ω0

c → Ω−lþνl and Ω0
c → Ω−

c π
þðρþÞ decays in light cone

sum rules, Phys. Rev. D 106, 074022 (2022).
[34] C.-Q. Geng, C.-W. Liu, T.-H. Tsai, and S.-W. Yeh, Semi-

leptonic decays of anti-triplet charmed baryons, Phys. Lett.
B 792, 214 (2019).

[35] C. Q. Geng, Y. K. Hsiao, C.-W. Liu, and T.-H. Tsai, Three-
body charmed baryon Decays with SU(3) flavor symmetry,
Phys. Rev. D 99, 073003 (2019).

[36] C.-W. Liu, Nonleptonic two-body weak decays of charmed
baryons, Phys. Rev. D 109, 033004 (2024).

[37] B. Abelev et al. (ALICE Collaboration), Performance of the
ALICE experiment at the CERN LHC, Int. J. Mod. Phys. A
29, 1430044 (2014).

[38] K. Aamodt et al. (ALICE Collaboration), The ALICE
experiment at the CERN LHC, J. Instrum. 3, S08002
(2008).

[39] K. Aamodt et al. (ALICE Collaboration), Alignment of the
ALICE inner tracking system with cosmic-ray tracks,
J. Instrum. 5, P03003 (2010).

[40] J. Alme et al., The ALICE TPC, a large 3-dimensional
tracking device with fast readout for ultra-high multiplicity
events, Nucl. Instrum. Methods Phys. Res., Sect. A 622, 316
(2010).

S. ACHARYA et al. PHYS. REV. D 110, 032014 (2024)

032014-8

https://doi.org/10.1016/j.nuclphysb.2016.04.032
https://doi.org/10.1016/j.physletb.2018.05.074
https://doi.org/10.1103/PhysRevLett.123.022001
https://doi.org/10.1103/PhysRevLett.123.022001
https://doi.org/10.1007/JHEP06(2017)147
https://doi.org/10.1007/JHEP03(2016)159
https://doi.org/10.1007/JHEP09(2016)013
https://doi.org/10.1007/JHEP09(2016)013
https://doi.org/10.1007/JHEP05(2017)074
https://doi.org/10.1103/PhysRevLett.127.202301
https://doi.org/10.1103/PhysRevLett.127.202301
https://doi.org/10.1103/PhysRevC.104.054905
https://doi.org/10.1103/PhysRevC.104.054905
https://doi.org/10.1103/PhysRevC.107.064901
https://doi.org/10.1016/j.physletb.2020.135328
https://doi.org/10.1103/PhysRevLett.128.012001
https://doi.org/10.1103/PhysRevLett.128.012001
https://doi.org/10.1103/PhysRevLett.127.272001
https://doi.org/10.1103/PhysRevLett.127.272001
https://doi.org/10.1007/JHEP10(2021)159
https://doi.org/10.1007/JHEP10(2021)159
https://doi.org/10.1016/j.physletb.2022.137625
https://doi.org/10.1016/j.physletb.2022.137625
https://doi.org/10.1140/epjc/s2005-02200-7
https://doi.org/10.1140/epjc/s10052-012-2082-2
https://doi.org/10.1007/JHEP10(2012)137
https://doi.org/10.1007/JHEP10(2012)137
https://doi.org/10.1103/PhysRevD.105.L011103
https://doi.org/10.1103/PhysRevD.105.L011103
https://doi.org/10.1007/JHEP12(2023)086
https://doi.org/10.1007/JHEP08(2015)003
https://doi.org/10.1140/epjc/s10052-018-5817-x
https://doi.org/10.1016/j.physletb.2021.136622
https://doi.org/10.1016/j.physletb.2021.136622
https://doi.org/10.1016/j.physletb.2019.06.004
https://doi.org/10.1140/epjc/s10052-020-08619-y
https://doi.org/10.1140/epjc/s10052-020-08619-y
https://doi.org/10.1103/PhysRevD.98.074011
https://doi.org/10.1103/PhysRevD.98.074011
https://doi.org/10.1103/PhysRevD.56.2799
https://doi.org/10.1103/PhysRevD.99.079901
https://doi.org/10.1103/PhysRevD.101.094033
https://doi.org/10.1103/PhysRevD.107.034015
https://doi.org/10.1103/PhysRevD.105.L091101
https://doi.org/10.1103/PhysRevD.105.L091101
https://doi.org/10.1103/PhysRevLett.89.171803
https://doi.org/10.1103/PhysRevLett.89.171803
https://doi.org/10.1103/PhysRevD.106.074022
https://doi.org/10.1016/j.physletb.2019.03.056
https://doi.org/10.1016/j.physletb.2019.03.056
https://doi.org/10.1103/PhysRevD.99.073003
https://doi.org/10.1103/PhysRevD.109.033004
https://doi.org/10.1142/S0217751X14300440
https://doi.org/10.1142/S0217751X14300440
https://doi.org/10.1088/1748-0221/3/08/S08002
https://doi.org/10.1088/1748-0221/3/08/S08002
https://doi.org/10.1088/1748-0221/5/03/P03003
https://doi.org/10.1016/j.nima.2010.04.042
https://doi.org/10.1016/j.nima.2010.04.042


[41] A. Akindinov et al. (ALICE Collaboration), Performance of
the ALICE time-of-flight detector at the LHC, Eur. Phys.
J. Plus 128, 44 (2013).

[42] E. Abbas et al. (ALICE Collaboration), Performance of the
ALICE VZERO system, J. Instrum. 8, P10016 (2013).

[43] S. Acharya et al. (ALICECollaboration), ALICE 2016-2017-
2018 luminosity determination for pp collisions atffiffiffi
s

p ¼ 13 TeV, Technical Report No. ALICE-PUBLIC-
2021-005, CERN, 2021, https://cds.cern.ch/record/2776672.

[44] I. Kisel, I. Kulakov, and M. Zyzak, Standalone first level
event selection package for the CBM Experiment, IEEE
Trans. Nucl. Sci. 60, 3703 (2013).

[45] R. L. Workman et al. (Particle Data Group), Review of
particle physics, Prog. Theor. Exp. Phys. 2022, 083C01
(2022).

[46] S. Acharya et al. (ALICE Collaboration), Multiplicity
dependence of (multi-)strange hadron production in pro-
ton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV, Eur. Phys. J. C 80,
167 (2020).

[47] S. Acharya et al. (ALICE Collaboration), Measurements
of low-pT electrons from semileptonic heavy-flavour ha-
dron decays at mid-rapidity in pp and Pb–Pb collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV, J. High Energy Phys. 10 (2018)
061.

[48] S. Acharya et al. (ALICE Collaboration), Measurement of
electrons from semileptonic heavy-flavour hadron decays at
midrapidity in pp and Pb–Pb collisions at ffiffiffiffiffiffiffiffi

sNN
p ¼5.02TeV,

Phys. Lett. B 804, 135377 (2020).
[49] S. Acharya et al. (ALICE Collaboration), Centrality and

transverse momentum dependence of inclusive J=ψ pro-
duction at midrapidity in Pb–Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
5.02 TeV, Phys. Lett. B 805, 135434 (2020).

[50] S. Acharya et al. (ALICE Collaboration), Inclusive J=ψ
production at mid-rapidity in pp collisions at

ffiffiffi
s

p ¼5.02TeV,
J. High Energy Phys. 10 (2019) 084.

[51] T. Chen and C. Guestrin, XGBoost, in Proceedings of
the 22nd ACM SIGKDD International Conference on
Knowledge Discovery and Data Mining, KDD ’16 (Asso-
ciation for Computing Machinery, New York, NY, 2016),
pp. 785–794.

[52] L. Barioglio, F. Catalano, M. Concas, P. Fecchio, F. Grosa,
F. Mazzaschi, and M. Puccio, hipe4ml=hipe4ml, 10.5281/
zenodo.5734093 (2021).

[53] S. Acharya et al. (ALICE Collaboration), Measurement of
prompt Dþ

s -meson production and azimuthal anisotropy in
Pb–Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Phys. Lett. B 827,
136986 (2022).

[54] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai,
P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P. Z.
Skands, An introduction to PYTHIA 8.2, Comput. Phys.
Commun. 191, 159 (2015).

[55] R. Aaij et al. (LHCb Collaboration), Measurement of the Ω0
c

baryon lifetime, Phys. Rev. Lett. 121, 092003 (2018).
[56] R. Brun, F. Bruyant, F. Carminati, S. Giani, M. Maire, A.

McPherson, G. Patrick, and L. Urban, GEANT: Detector
Description and Simulation Tool, CERN Program Library
(CERN, Geneva, 1993).

[57] G. D’Agostini, A Multidimensional unfolding method
based on Bayes’ theorem, Nucl. Instrum. Methods Phys.
Res., Sect. A 362, 487 (1995).

[58] T. Adye, Unfolding algorithms and tests using RooUnfold, in
Proceedings of the PHYSTAT 2011Workshop, CERN-2011-
006 (CERN, Geneva, Switzerland, 2011), pp. 313–318.

[59] S. Faller and T. Mannel, Light-quark decays in heavy
hadrons, Phys. Lett. B 750, 653 (2015).

[60] A. Hocker and V. Kartvelishvili, SVD approach to data
unfolding, Nucl. Instrum. Methods Phys. Res., Sect. A 372,
469 (1996).

[61] M. Bonamente, Statistics and Analysis of Scientific Data,
Graduate Texts in Physics (Springer-Verlag, New York,
2013).

[62] Z.-X. Zhao, Weak decays of heavy baryons in the light-front
approach, Chin. Phys. C 42, 093101 (2018).

[63] Q.-A. Zhang, J. Hua, F. Huang, R. Li, Y. Li, C. Lü, P. Sun,
W. Sun, W. Wang, and Y. Yang, First lattice QCD calcu-
lation of semileptonic decays of charmed-strange baryons
Ξ�
c , Chin. Phys. C 46, 011002 (2022).

[64] R. N. Faustov and V. O. Galkin, Semileptonic Ξc baryon
decays in the relativistic quark model, Eur. Phys. J. C 79,
695 (2019).

S. Acharya ,127 D. Adamová ,86 A. Agarwal,135 G. Aglieri Rinella ,32 L. Aglietta,24a,24b M. Agnello ,29

N. Agrawal ,25a,25b Z. Ahammed ,135 S. Ahmad ,15 S. U. Ahn ,71 I. Ahuja ,37 A. Akindinov ,141 V. Akishina,38

M. Al-Turany ,97 D. Aleksandrov ,141 B. Alessandro ,56 H. M. Alfanda ,6 R. Alfaro Molina ,67 B. Ali ,15

A. Alici ,25a,25b N. Alizadehvandchali ,116 A. Alkin ,104 J. Alme ,20 G. Alocco ,52 T. Alt ,64 A. R. Altamura ,50

I. Altsybeev ,95 J. R. Alvarado ,44 M. N. Anaam ,6 C. Andrei ,45 N. Andreou ,115 A. Andronic ,126 E. Andronov ,141

V. Anguelov ,94 F. Antinori ,54 P. Antonioli ,51 N. Apadula ,74 L. Aphecetche ,103 H. Appelshäuser ,64 C. Arata ,73

S. Arcelli ,25a,25b M. Aresti ,22a,22b R. Arnaldi ,56 J. G. M. C. A. Arneiro ,110 I. C. Arsene ,19 M. Arslandok ,138

A. Augustinus ,32 R. Averbeck ,97 M. D. Azmi ,15 H. Baba,124 A. Badalà ,53 J. Bae ,104 Y.W. Baek ,40 X. Bai ,120
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25bSezione INFN, Bologna, Italy
26aDipartimento di Fisica e Astronomia dell’Università, Catania, Italy
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