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The inclusive production of the charm–strange baryon �0
c is measured for the first time via its hadronic 

decay into �−π+ at midrapidity (|y| < 0.5) in proton–proton (pp) collisions at the centre-of-mass energy √
s = 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 pT dependence of 
the �0

c -baryon production relative to the prompt D0-meson and to the prompt �0
c -baryon production 

is compared to various models that take different hadronisation mechanisms into consideration. In the 
measured pT interval, the ratio of the pT-integrated cross sections of �0

c and prompt �+
c baryons 

multiplied by the �−π+ branching ratio is found to be larger by a factor of about 20 with a significance 
of about 4σ when compared to e+e− collisions.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.

Recent measurements of charm-baryon production at midra-
pidity by the ALICE Collaboration [1–5] show that the �+

c /D0, 
�

0,+
c /D0, and �0,++

c /D0 baryon-to-meson yield ratios are higher 
in pp collisions at LHC energies than in e+e− collisions, indicating 
that charm hadronisation occurs via different processes in the two 
collision systems [6]. The ratios are found to decrease with increas-
ing transverse momentum (pT), a trend not expected by models 
based on factorisation and on the usage of the fragmentation func-
tions extracted from e+e− collisions. A significant dependence of 
the pT-differential �+

c /D0 ratio with the multiplicity of charged 
particles produced in the event was also observed in pp collisions 
at 

√
s = 13 TeV [7], possibly suggesting a continuous evolution of 

this ratio from low-multiplicity pp collisions to the highest multi-
plicity of charged particles characterising Pb–Pb collisions with a 
small impact parameter [8].

Higher charm baryon-to-meson ratios in pp collisions with re-
spect to e+e− collisions are expected by models that either include 
dynamical processes that are relevant in quark-and-gluon enriched 
systems (e.g. colour reconnection beyond leading colour approxi-
mation [9] and quark coalescence [10]), or that treat hadronisation 
as a statistical process [11,12].

The Lund string fragmentation model [13,14] implemented in 
the PYTHIA event generator [15–17], is one of the main hadro-
nisation models used in general-purpose Monte Carlo event gen-
erators [18]. In the default version of PYTHIA 8 (Monash 2013 
tune [19]), the choice of quarks and gluons that are matched to 
form strings, encoding colour-confining potentials, is done in the 
leading-colour approximation. This configuration suppresses the 
connection of quarks and gluons coming from independent parton 

� E-mail address: alice -publications @cern .ch.

scatterings, realising heavy-quark fragmentation and hadronisation 
schemes very similar to those occurring in e+e− collisions. As 
a result, all of the baryon-to-meson ratios mentioned above are 
severely underestimated. The extension of colour reconnection be-
yond the leading colour (CR-BLC) approximation [9] allows the cal-
culations to better approximate quantum chromodynamic colour 
algebra when matching partons to form strings and enhances the 
role of “junction” colour-topologies that favour the formation of 
baryons. The CR-BLC model reproduces the �+

c /D0 ratio, includ-
ing the dependence on event multiplicity [7], and the �0,++

c /D0

ratio [3], but it underestimates the �0,+
c /D0 [4,5].

In the Catania model [10], charm quarks can hadronise via 
“vacuum”-like fragmentation as well as recombine (coalesce) with 
surrounding light quarks from the underlying event. The Wigner 
formalism is used to calculate the probability to form a baryon 
(meson) given the phase-space distribution of three (two) quarks. 
Within uncertainties, this model reproduces the charm baryon-to-
meson ratios measured so far in pp collisions, though it tends to 
systematically underpredict the �0,+

c /D0 and the �0,+
c /�

0,++
c ra-

tios.
In the models implementing hadronisation on a statistical ba-

sis, the relative abundances of the various charm-hadron species 
are determined by statistical weights that depend on the hadron 
mass, spin, and on the system properties. The pT dependence of 
the predicted ratios can have different origins. It derives from 
the feed-down from higher-mass state decays in the model of 
Ref. [12], in which a large set of not-yet-observed charm-baryon 
states is assumed, following the expectation of the relativistic 
quark model [20]. In the quark-recombination model (QCM) [11]
it instead derives from the requirement that charm quarks form 
hadrons by combining with light quarks with the same velocity. 

https://doi.org/10.1016/j.physletb.2022.137625
0370-2693/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons .org /licenses /by /4 .0/). Funded by 
SCOAP3.
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Both models describe the �+
c /D0 and �0,++

c /D0 ratios and under-
estimate the �0,+

c /D0 ratio in pp collisions, with the QCM predic-
tion being closer to the data, although lower by about a factor of 
two.

The �0
c baryon is composed of a charm quark and two strange 

quarks. The mentioned models can reproduce �+
c data better than 

�
0,+
c data. This signals a possible difficulty with charm-strange 

baryons and suggests that the measurement of �0
c production rep-

resents a crucial step to constrain models and understand whether 
strange quarks, or strange diquarks, play a peculiar role in charm-
baryon formation in pp collisions. In high-energy nucleus–nucleus 
collisions, the production yields of strange hadrons, in particular 
of multiple-strange baryons, normalised to pion ones are enhanced 
with respect to pp collisions and are well described by statistical 
models using a grand canonical ensemble with strangeness pro-
duction regulated by chemical equilibrium [21–27]. Measurements 
of �− and �− production as a function of the event multiplicity 
suggest that the onset of such enhancement occurs progressively 
with increasing particle multiplicity, starting from low-multiplicity 
pp collisions [25]. In this context, it is however interesting to note 
that although current data do not exclude that the D+

s /D0 ra-
tio in pp collisions could be larger than in e+e− collisions, they 
do not support an increase similar, in relative terms, to that of 
�

0,+
c /D0 ratio. Indeed, the analysis of charm fragmentation frac-

tions reported in Ref. [6] suggests that the sum of the c → �0
c and 

c → �+
c fragmentation fractions could be larger than the c → D+

s
one. Another interesting observation is given by the fact that 
the �0,+

c /�
0,++
c ratio is described well by the default PYTHIA 8 

Monash tune [5], which significantly underestimates both �0,+
c /D0

and �0,++
c /D0 ratios, suggesting that the production of the two 

baryons could be equally suppressed in e+e− collisions because of 
similar mechanisms. The fraction of �+

c coming from �0,++
c de-

cays is larger by a factor of about two in pp collisions than in 
e+e− collisions [3]: this supports the interpretation [9,28]that in 
e+e− collisions the �0,++

c formation is suppressed by the need of 
forming in string breaking a (dd, ud, uu)-diquark with spin S = 1, 
which is heavier than the S = 0 (ud)-diquark needed to form a 
�+

c . A similar argument might be relevant in the comparison of 
�0

c and �0,+
c production, possibly influenced by the different mass 

values of S = 1 (ss) and S = 0 (sd, su) diquarks [20]. This fur-
ther highlights the importance of measuring the �0

c production 
cross section to understand the role played by strange quarks and 
diquarks in charm-quark hadronisation. The measurement of the 
production cross section of the �0

c baryon is also needed to quan-
tify its possible significant contribution to the total charm cross 
section at midrapidity per unit of rapidity, both in pp and in Pb–
Pb collisions at the LHC [6].

This Letter reports on the first measurement of the pT-
differential production cross section of the inclusive �0

c baryon 
multiplied by the branching ratio (BR) of the hadronic decay chan-
nel �0

c → �−π+ at midrapidity (|y| < 0.5) in pp collisions at √
s = 13 TeV. Inclusive �0

c include prompt �0
c , produced directly in 

the hadronisation of charm quarks or in the decay of directly pro-
duced excited charm states, as well as �0

c from decays of beauty or 
multiple-charm hadron decays. The ratios of the inclusive �0

c cross 
section to the prompt D0 meson [3] and to the prompt charm–
strange �0

c baryon [5] are also reported. The absolute branching 
ratio of the decay channel used has not been measured yet. The 
�0

c baryon was reconstructed together with its charge conjugate in 
the interval 2 < pT < 12 GeV/c.

A description of the ALICE detector and its performance can 
be found in Refs. [29,30]. The main detectors used for this mea-
surement are the Inner Tracking System (ITS), the Time Projection 
Chamber (TPC), and the Time-Of-Flight detector (TOF). They are 
located in the central barrel, which covers the pseudorapidity in-

terval (|η| < 0.9), and are embedded in a solenoidal magnet that 
provides a B = 0.5 T field parallel to the beam direction. The ITS is 
used for tracking, vertex reconstruction, and trigger purposes. The 
TPC is the main tracking detector in the central barrel and is also 
used for particle identification (PID) via the measurement of the 
particle specific energy loss (dE/dx). The TOF provides PID infor-
mation via the measurement of the particle time-of-flight relative 
to the time of the collision [31]. The analysed data sample consists 
of pp collisions at 

√
s = 13 TeV recorded with a minimum-bias 

(MB) trigger based on coincident signals in the two scintillator ar-
rays (V0) located on both sides of the nominal interaction point 
along the beam direction. Offline selection criteria, based on the 
signals from the V0 and the Silicon Pixel Detector, which consti-
tutes the two innermost ITS layers, were applied to remove back-
ground due to the interaction between one of the beams and the 
residual gas present in the beam vacuum tube as well as other 
machine-induced backgrounds [32]. Events with multiple recon-
structed primary vertices, which amount to 1% of the total event 
sample, were rejected to reduce the contamination from the su-
perposition of several collisions within the same colliding bunches 
(pile-up events). Only events with a primary vertex position within 
10 cm from the nominal interaction point along the beam di-
rection were used. After the aforementioned selections, the data 
sample corresponds to an integrated luminosity Lint = 32.08 ±
0.51 nb−1 [33].

The �0
c -baryon candidates were built from �−π+ pairs using 

a Kalman-Filter (KF) vertexing algorithm [34] by combining a pos-
itive charged track (π+ candidate) originating from the primary 
vertex and a �−-baryon candidate. The �− was reconstructed 
from the decay chain �− → �K− , BR = (67.8 ± 0.7)%, followed 
by � → pπ− , BR = (63.9 ± 0.5)% [35]. The �− and � baryons 
were reconstructed by exploiting their characteristic decay topolo-
gies as reported in Refs. [5,36]. The tracks of the charged particles 
involved in the decay chain were required to be in the pseudora-
pidity interval |η| < 0.8, to have at least 70 out of 159 crossed TPC 
tracking points, and to have a fit quality χ2/NDF < 2 in the TPC. 
Moreover, primary π+ candidates were required to have a mini-
mum of four (out of six) hits in the ITS. Protons, pions, and kaons 
were selected by requiring compatibility within four standard de-
viations (4σ ) between the measured signal and that expected for 
the respective particle hypothesis for both the TPC dE/dx and the 
time-of-flight measurement. Tracks without signal in the TOF de-
tector were identified using only the TPC information. In order 
to reduce the large combinatorial background, a machine-learning 
approach based on the adaptive Boosted Decision Tree (BDT) al-
gorithm in the Toolkit for Multivariate Data Analysis (TMVA) [37]
was used. The signal sample of �0

c baryons for the BDT training 
was obtained from a simulation based on the PYTHIA 8.243 event 
generator [17]. The mean proper lifetime of �0

c in the simulation 
was set to 80 μm according to the latest LHCb measurement [38]. 
The propagation of the generated particles through the detector 
was performed using the GEANT 3 package [39]. The luminous re-
gion distribution and the conditions of all ALICE detectors in terms 
of active channels, gain, noise level, and alignment, and their evo-
lution with time during the data taking, were taken into account 
in the simulations. The background candidates were taken from 
data by selecting candidates with invariant mass in the intervals 
2.39 < M < 2.62 GeV/c2 and 2.77 < M < 2.99 GeV/c2, which are 
outside of the expected mass peak of the �0

c . Before the training, 
loose selections were applied on the distance, normalised to its un-
certainty, between the � decay point and the primary vertex, and 
on the �, �− , and �0

c χ2
geo/NDF, which is a variable calculated by 

the KF Particle algorithm [34] related to the intersection probabil-
ity of the daughter-particle trajectories taking their uncertainties 
into account. The BDT model was trained independently for each 
pT interval with variables related to the �− decay topology, such 
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Fig. 1. (Left panel): invariant-mass distribution of �0
c → �−π+ candidates and their charge conjugates integrated over the whole pT interval 2–12 GeV/c. The blue line 

shows the total fit function and the red line represents the combinatorial background fit. (Right panel): acceptance-times-efficiency for prompt, feed-down, and inclusive �0
c

baryons decaying into �−π+ as a function of pT in pp collisions at √s = 13 TeV.

as the distance of closest approach (DCA) of the decay particles, 
the DCA between the primary vertex and the reconstructed �−
candidate, the pointing angle of the reconstructed �− decay ver-
tex to the reconstructed �0

c decay vertex, the χ2
geo/NDF, and the 

χ2
topo/NDF. The χ2

topo/NDF is calculated by the KF Particle [34] al-
gorithm and characterises whether the �− candidate points back 
to the reconstructed �0

c decay vertex. The output of the BDT train-
ing allows the classification of each candidate with a number re-
lated to its probability to be a �0

c baryon signal or combinatorial 
background.

The �0
c raw yields were obtained from the fit to the invariant-

mass distribution of the candidates as shown in the left panel of 
Fig. 1. The signal peak was modelled with a Gaussian function and 
the background was described by a linear function.

The pT and y-differential production cross section in the ra-
pidity interval |y| < 0.5 of inclusive �0

c baryons multiplied by the 
branching ratio into the considered hadronic decay channel was 
calculated from the raw yields as follows

BR × d2σ�0
c

dpTdy
= 1

2�y�pT
× N

�0
c +�0

c
raw

(Acc × ε)inclusive
× 1

Lint
, (1)

where N
�0

c +�0
c

raw is the raw yield in a given pT interval with width 
�pT and in the rapidity interval �y = 1.6 assuming that the cross 
section does not vary significantly from |y| < 0.5 to |y| < 0.8. To 
confirm that this assumption has a negligible impact on the re-
sult, it was verified that by assuming the rapidity dependence ex-
pected for charm mesons in FONLL [40,41] and for charm baryons 
in PYTHIA 8 [17] the cross section changes by less than 1% in 
the measured pT interval. Since the feed-down contribution is not 
subtracted, the raw yield is divided by the inclusive acceptance-
times-efficiency factor, (Acc × ε)inclusive and by the integrated lu-
minosity Lint of the data sample to obtain the production cross 
section. The factor 1/2 is needed to compute the average cross 
section of �0

c and �0
c . The factor (Acc × ε)inclusive is the product of 

the geometrical acceptance (Acc) and the reconstruction and selec-
tion efficiency (ε) for the �0

c → �−π+ decay. The (Acc × ε)inclusive
correction was obtained from a simulation with the same config-
uration as the one used for the BDT training described above. The 
�0

c -baryon pT distribution from the simulations was reweighted in 
order to use realistic momentum distributions in the determina-
tion of the acceptance and the efficiency, which depends on pT. 
The weights were defined with an iterative procedure to match 
the pT dependence measured for �0

c baryon in the intervals used 
in the analysis. In the simulation, the �0

c is unpolarized: it was as-
sumed that the modification of the acceptance that would arise 

from a non-zero polarization can be considered negligible with 
respect to the statistical uncertainty and the other systematic un-
certainties of the measurement. The right panel of Fig. 1 shows 
the final (Acc × ε) correction factors of prompt, beauty feed-down, 
and inclusive �0

c as a function of pT. They are consistent with each 
other within uncertainties because the selection variables used are 
not sensitive to the displacement by a few hundred micrometers 
of the prompt and beauty feed-down �0

c decay vertices from the 
collision point. The efficiency values increase with pT from about 
0.7% to about 5%.

Systematic uncertainties were estimated considering several 
sources. The uncertainty on the track reconstruction efficiency was 
evaluated by varying the track selection criteria and by comparing 
the probability to prolong the tracks from the TPC to the ITS hits 
in data and simulations. A 6% uncertainty was assigned. The sys-
tematic uncertainty on the selection efficiency derives from pos-
sible differences between the detector resolutions and alignment 
and their description in the simulation. This uncertainty was as-
sessed from the comparison of the corrected yields obtained by 
varying the selections. In particular, the selections on the BDT out-
puts were varied separately in the different pT intervals, with a 
corresponding variation of the efficiencies ranging from 30% to 
50% depending on pT. The assigned systematic uncertainty is 10%, 
which represents the largest contribution to the systematic un-
certainty of the measurement. The systematic uncertainty due to 
the shape of the �0

c pT spectrum used in the simulation for 
the calculation of the (Acc × ε)inclusive factor was estimated by 
modifying the weights mentioned above within their uncertain-
ties. An uncertainty of about 4% was estimated in the pT interval 
2 < pT < 4 GeV/c and a 2% uncertainty in 4 < pT < 12 GeV/c. The 
systematic uncertainty on the raw-yield extraction was evaluated 
in each pT interval by repeating the fit to the invariant-mass distri-
butions varying the function used to describe the background and 
the fit range. In order to test the sensitivity to the line-shape of 
the signal, a bin-counting method was used, in which the signal 
yield was obtained by integrating the invariant-mass distribution 
after subtracting the combinatorial background. A 6% uncertainty 
was assigned independent of pT. The sources of systematic un-
certainty are assumed to be uncorrelated among each other and 
the total systematic uncertainty in each pT interval is calculated 
by a quadratic sum of the individual contributions, resulting in 
a 14% systematic uncertainty in 2 < pT < 4 GeV/c and 13% in 
4 < pT < 12 GeV/c. The production cross section has an additional 
global normalisation uncertainty of 1.6% due to the integrated lu-
minosity determination [33].

The pT-differential production cross section of inclusive �0
c

baryons multiplied by the branching ratio of the �−π+ channel 

3
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Fig. 2. The pT-differential production cross section of inclusive �0
c baryons mul-

tiplied by the branching ratio into �−π+ for |y| < 0.5 in pp collisions at √s =
13 TeV. The error bars and empty boxes represent the statistical and systematic 
uncertainties, respectively. The measurement is compared with PYTHIA 8.243 with 
Monash tune [19] and with CR beyond the leading-colour approximation [9], which 
are multiplied by a theoretical BR(�0

c → �−π+) = (0.51+2.19
−0.31)% [42–47].

measured in the rapidity interval |y| < 0.5 and the pT interval 
2 < pT < 12 GeV/c are shown in Fig. 2. The feed-down contribu-
tion from �−

b , e.g. �−
b → �0

c + π− [35], is not subtracted because 
of the lack of knowledge of the branching ratios of b-hadron de-
cays to �0

c . Given that the efficiencies of prompt and feed-down 
�0

c are consistent within uncertainties, the inclusive measurement 
presented here preserve the original relative abundances of its 
prompt and feed-down components. The data are compared with 
the inclusive �0

c pT-differential cross sections expected from the 
PYTHIA 8.243 Monash and CR-BLC tunes (Mode 2) [9,17,19] mul-
tiplied by the branching ratio, BR(�0

c → �−π+) = (0.51+2.19
−0.31)%, 

obtained by considering the estimate reported in Ref. [42] for the 
central value, and the envelope of the values (including their un-
certainties) reported in Refs. [42–47] to determine the uncertainty. 
In the pT interval of the measurement, the cross section from the 
CR-BLC tune is larger than the one from the Monash tune by factor 
varying between 9 and 25 depending on pT. The Monash tune and 
CR-BLC tune underestimate the data by more than 3.3σ and 2.7σ , 
respectively, when BR(�0

c → �−π+) = 0.51%+2.19%
−0.31% is considered.

The ratios of the pT-differential production cross section of 
inclusive �0

c baryons (multiplied by the branching ratio of the 
�0

c → �−π+ decay channel) to the prompt D0-meson cross sec-
tion [3] and to the prompt �0

c -baryon one [5] are reported in 
the left and right panel of Fig. 3, respectively. The systematic un-
certainties on the tracking efficiency and on the luminosity were 
propagated as fully correlated in the ratios. The uncertainties do 
not allow to draw a conclusion about the possible pT dependence 
of the ratios. The data are compared with model expectations 
that were obtained by scaling the �0

c /D0 and �0
c /�

0
c ratios pre-

dicted by the models by the BR of the �0
c → �−π+ decay channel 

mentioned above. The uncertainty band of the models represents 
the BR uncertainty. For the Catania model only the specific un-
certainty of the model itself are also included in the uncertainty 
band [10]. In the bottom panels, the ratios of the various models 
and the data to the Catania prediction are shown. The expecta-
tions of the models differ significantly, even by orders of magni-
tude, demonstrating the sensitivity of the measured ratios to the 
implementation of the charm hadronisation process in the mod-
els. As visible in the left panels of Fig. 3, the Monash [19] and 
CR-BLC [9] tunes of PYTHIA 8, as well as the QCM [11] model 
underestimate the data significantly. The Monash tune expects a 
BR(�0

c → �−π+) × �0
c/D0 ratio increasing with pT from about 

4 × 10−7 to about 1 × 10−5. The CR-BLC model enhances the ratio 

by a factor of 12 to 34 with respect to the Monash tune. The pre-
diction of the QCM is larger than that of the CR-BLC model, but it 
is lower than the data by more than 1.8σ . The Catania model [10]
is consistent with the data. In particular, in the version in which 
additional charm resonance states on top of those listed in the 
PDG [35] are considered, the �0

c/D0 ratio is enhanced by a factor 
of 2, thus enlarging the range of possible BR(�0

c → �−π+) values 
that would allow the model prediction to be compatible within 1σ
with the data considering only the data uncertainty. The �0

c /D0

ratio decreases with pT in the measured pT range in the CR-
BLC, QCM, and Catania models, oppositely to what is expected by 
Monash. In the �0

c /�
0
c baryon-to-baryon ratio, shown in the right 

panel of Fig. 3, a similar hierarchy among the model predictions 
is present, though PYTHIA 8 with CR-BLC gives an enhancement 
by a factor of 4 to 5 with respect to the Monash expectation, thus 
smaller than that of the �0

c /D0 ratio. Also for this ratio, the CR-BLC 
and QCM predictions are close to each other and higher than the 
Monash tune. The Catania model shows a good agreement with 
the data, whether the augmented set of charm resonance states is 
considered or not.

Using the ALICE �0
c [5] and �+

c [3] data, the ratios BR(�0
c →

�−π+) × σ(�0
c )/σ (�+

c ) and BR(�0
c → �−π+) × σ(�0

c )/σ (�0
c )

of the cross sections integrated in the �0
c measured pT interval 

were obtained. They are reported in Table 1. They are compared 
with the values measured in e+e− collisions at 

√
s = 10.52 GeV 

by Belle, obtained from the cross sections reported in Table 1 of 
Ref. [28]. Though the limited pT and rapidity ranges of the AL-
ICE measurement do not allow for a direct comparison of the pp 
and e+e− data, the ratios observed by ALICE are larger by a fac-
tor of 8.7 ± 2.2(stat.) ± 0.9(syst.) and 4.7 ± 1.3(stat.) ± 0.5(syst.)
for the BR(�0

c → �−π+)×σ(�0
c )/σ (�+

c ) and BR(�0
c → �−π+)×

σ(�0
c )/σ (�0

c ), respectively. The large BR uncertainties of the �0
c

are not propagated in the computation of this factor. This differ-
ence, along with the comparison of data and models in Fig. 3, 
represents further evidence that the hadronisation process differs 
in pp and e+e− collisions and is sensitive to the density of quarks, 
colour charges, and on the system size.

In summary, the inclusive pT-differential production cross sec-
tion of the charm-strange baryon �0

c multiplied by the branching 
ratio of the �0

c → �−π+ decay channel was measured at midra-
pidity (|y| < 0.5) in pp collisions at 

√
s = 13 TeV. The ratio of this 

measurement to the production cross section of the D0 meson pro-
vides further evidence that charm quarks hadronise to �0

c baryons 
more frequently in pp collisions than in e+e− collisions, confirm-
ing the general trend observed from previous measurements of 
�+

c , �
0,+
c , and �

0,++
c production. The large uncertainty of the 

�0
c → �−π+ branching ratio limits the effectiveness of the com-

parison with theoretical models. However, the predictions of the 
available models differ by large factors indicating that future mea-
surements of the BR, which could be performed also by the LHCb 
or Belle 2 collaborations, will allow to exploit these data to set 
stringent constraints to theoretical models and obtain deep insight 
into the charm hadronisation and the role of strange quarks and 
diquarks. Moreover, despite the large uncertainties, only the Cata-
nia model, which assumes that charm-quark hadronisation pro-
ceeds via both fragmentation and coalescence, can describe the 
BR(�0

c → �−π+) × σ(�0
c )/σ (D0) ratio within uncertainties. More 

precise measurements with the data sample collected in Run 3 of 
the LHC will allow us to further investigate the pT shape of the 
�0

c/D0 and �0
c/�

0
c ratios.
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Fig. 3. Left, top panel: ratio of the pT-differential cross section of �0
c baryons (multiplied by the branching ratio into �−π+) to the D0-meson one [3] in |y| < 0.5 in pp 

collisions at √s = 13 TeV. Right, top panel: ratio of the pT-differential cross section of �0
c baryons (multiplied by the branching ratio into �−π+) to the �0

c -baryon one [5]
in |y| < 0.5 in pp collisions at √s = 13 TeV. Bottom panels: ratio of the data and models to the Catania (coalescence plus fragmentation) model [10]. The error bars and 
empty boxes represent the statistical and systematic uncertainties, respectively. The measurements are compared with model calculations (see text for details), which are 
multiplied by a theoretical BR(�0

c → �−π+) = (0.51+2.19
−0.31)% [42–47].

Table 1
Ratio of the pT-integrated cross section of �0

c baryon (multiplied by the branching ratio into �−π+) 
in the interval 2 < pT < 12 GeV/c with respect to the �+

c - and �0
c -baryon cross sections measured by 

the ALICE [3,5] and Belle [28] experiments in pp collisions at √s = 13 TeV and e+e− collisions at √s =
10.52 GeV, respectively. The first and second uncertainties represent the statistical and systematic ones. 
The data include the correction for the branching ratio BR(�− → �K−, � → pπ−)=(43.3 ± 0.6)% [35].

Ratio ALICE (pp 13 TeV) Belle (e+e− 10.52 GeV) [28]
2 < pT < 12 GeV/c visible

BR(�0
c → �−π+) × σ(�0

c )/σ (�+
c ) (1.96 ± 0.42 ± 0.13) × 10−3 (2.24 ± 0.29 ± 0.16) × 10−4

BR(�0
c → �−π+) × σ(�0

c )/σ (�0
c ) (3.99 ± 0.96 ± 0.96) × 10−3 (8.58 ± 1.15 ± 1.98) × 10−4

Data availability

This manuscript has associated data in a HEPData repository at: 
https://www.hepdata .net /record /ins2088206.
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J. Bielčík 35, , J. Bielčíková 85, , J. Biernat 106, , A.P. Bigot 126, , A. Bilandzic 95, , G. Biro 136, , 

S. Biswas 4, , N. Bize 103, , J.T. Blair 107, , D. Blau 140, , M.B. Blidaru 97, , N. Bluhme 38, C. Blume 63, , 

G. Boca 21,54, , F. Bock 86, , T. Bodova 20, , A. Bogdanov 140, S. Boi 22, , J. Bok 57, , L. Boldizsár 136, , 

A. Bolozdynya 140, , M. Bombara 37, , P.M. Bond 32, , G. Bonomi 131,54, , H. Borel 127, , 

A. Borissov 140, , H. Bossi 137, , E. Botta 24, , L. Bratrud 63, , P. Braun-Munzinger 97, , M. Bregant 109, , 

M. Broz 35, , G.E. Bruno 96,31, , M.D. Buckland 116, , D. Budnikov 140, , H. Buesching 63, , 

S. Bufalino 29, , O. Bugnon 103, P. Buhler 102, , Z. Buthelezi 67,120, , J.B. Butt 13, A. Bylinkin 115, , 

S.A. Bysiak 106, M. Cai 27,6, , H. Caines 137, , A. Caliva 97, , E. Calvo Villar 101, , J.M.M. Camacho 108, , 

P. Camerini 23, , F.D.M. Canedo 109, , M. Carabas 123, , F. Carnesecchi 32, , R. Caron 125, , J. Castillo 

Castellanos 127, , F. Catalano 29, , C. Ceballos Sanchez 141, , I. Chakaberia 73, , P. Chakraborty 46, , 

S. Chandra 132, , S. Chapeland 32, , M. Chartier 116, , S. Chattopadhyay 132, , S. Chattopadhyay 99, , 

T.G. Chavez 44, , T. Cheng 6, , C. Cheshkov 125, , B. Cheynis 125, , V. Chibante Barroso 32, , 

D.D. Chinellato 110, , E.S. Chizzali 95, ,II, J. Cho 57, , S. Cho 57, , P. Chochula 32, , P. Christakoglou 83, , 

C.H. Christensen 82, , P. Christiansen 74, , T. Chujo 122, , M. Ciacco 29, , C. Cicalo 51, , L. Cifarelli 25, , 

F. Cindolo 50, , M.R. Ciupek 97, G. Clai 50,III, F. Colamaria 49, , J.S. Colburn 100, D. Colella 96,31, , 

A. Collu 73, M. Colocci 32, , M. Concas 55, ,IV, G. Conesa Balbastre 72, , Z. Conesa del Valle 128, , 
G. Contin 23, , J.G. Contreras 35, , M.L. Coquet 127, , T.M. Cormier 86,I, P. Cortese 130,55, , 

M.R. Cosentino 111, , F. Costa 32, , S. Costanza 21,54, , P. Crochet 124, , R. Cruz-Torres 73, , E. Cuautle 64, 
P. Cui 6, , L. Cunqueiro 86, A. Dainese 53, , M.C. Danisch 94, , A. Danu 62, , P. Das 79, , P. Das 4, , 

S. Das 4, , A.R. Dash 135, , S. Dash 46, , R.M.H. David 44, A. De Caro 28, , G. de Cataldo 49, , L. De 

Cilladi 24, , J. de Cuveland 38, A. De Falco 22, , D. De Gruttola 28, , N. De Marco 55, , C. De Martin 23, , 

S. De Pasquale 28, , S. Deb 47, , H.F. Degenhardt 109, K.R. Deja 133, R. Del Grande 95, , 

L. Dello Stritto 28, , W. Deng 6, , P. Dhankher 18, , D. Di Bari 31, , A. Di Mauro 32, , R.A. Diaz 141,7, , 

T. Dietel 112, , Y. Ding 125,6, , R. Divià 32, , D.U. Dixit 18, , Ø. Djuvsland 20, U. Dmitrieva 140, , 

7

http://orcid.org/0000-0002-9213-5329
http://orcid.org/0000-0002-0504-7428
http://orcid.org/0000-0002-9611-3696
http://orcid.org/0000-0002-0760-5075
http://orcid.org/0000-0003-0348-9836
http://orcid.org/0000-0001-5241-7412
http://orcid.org/0000-0003-0497-5705
http://orcid.org/0000-0001-8847-489X
http://orcid.org/0000-0002-4417-1392
http://orcid.org/0000-0002-7388-3022
http://orcid.org/0000-0002-8071-4497
http://orcid.org/0000-0002-9719-7035
http://orcid.org/0000-0001-9680-4940
http://orcid.org/0000-0002-5659-2119
http://orcid.org/0000-0002-4713-7069
http://orcid.org/0000-0002-0877-7979
http://orcid.org/0000-0003-3618-4617
http://orcid.org/0009-0000-7365-1064
http://orcid.org/0000-0002-2205-5761
http://orcid.org/0000-0003-0177-0536
http://orcid.org/0000-0001-8910-9173
http://orcid.org/0009-0005-4862-5370
http://orcid.org/0000-0002-8079-7026
http://orcid.org/0000-0002-6180-4243
http://orcid.org/0000-0001-8535-0680
http://orcid.org/0000-0002-2372-6117
http://orcid.org/0009-0006-0236-2680
http://orcid.org/0000-0002-7366-8891
http://orcid.org/0000-0001-7516-3726
http://orcid.org/0000-0002-2205-4419
http://orcid.org/0000-0002-5478-6120
http://orcid.org/0000-0001-7662-3878
http://orcid.org/0000-0003-0614-7671
http://orcid.org/0009-0002-1990-7289
http://orcid.org/0000-0001-6367-9215
http://orcid.org/0000-0001-6698-9577
http://orcid.org/0000-0003-2316-9565
http://orcid.org/0000-0002-3888-8303
http://orcid.org/0009-0008-5460-6805
http://orcid.org/0000-0003-4277-4963
http://orcid.org/0000-0002-4333-8090
http://orcid.org/0000-0002-2501-6856
http://orcid.org/0000-0002-0569-4828
http://orcid.org/0000-0002-4343-4883
http://orcid.org/0009-0009-9085-079X
http://orcid.org/0000-0001-7987-4592
http://orcid.org/0000-0003-1172-0225
http://orcid.org/0000-0002-4116-2861
http://orcid.org/0000-0002-0359-1403
http://orcid.org/0000-0002-6186-289X
http://orcid.org/0000-0002-3082-4209
http://orcid.org/0000-0001-5743-7578
http://orcid.org/0000-0002-7178-3001
http://orcid.org/0000-0001-5971-6415
http://orcid.org/0000-0002-7328-9154
http://orcid.org/0000-0001-9223-6480
http://orcid.org/0000-0001-7357-9904
http://orcid.org/0000-0003-0611-9283
http://orcid.org/0000-0002-6454-0052
http://orcid.org/0009-0002-3371-4483
http://orcid.org/0000-0001-7633-1189
http://orcid.org/0009-0006-7928-4203
http://orcid.org/0000-0002-7790-1152
http://orcid.org/0000-0002-6905-8345
http://orcid.org/0000-0003-0687-8124
http://orcid.org/0000-0001-8638-6300
http://orcid.org/0009-0000-0199-3372
http://orcid.org/0009-0009-2974-6985
http://orcid.org/0000-0001-9148-9101
http://orcid.org/0000-0003-2784-3094
http://orcid.org/0000-0001-7431-4051
http://orcid.org/0000-0002-7908-3288
http://orcid.org/0000-0002-2599-7957
http://orcid.org/0009-0005-5922-8936
http://orcid.org/0000-0002-0442-6549
http://orcid.org/0000-0003-3498-4661
http://orcid.org/0000-0002-3156-0188
http://orcid.org/0000-0002-4862-3384
http://orcid.org/0000-0003-2843-9667
http://orcid.org/0000-0002-9040-5292
http://orcid.org/0000-0003-4673-8038
http://orcid.org/0000-0002-4911-7766
http://orcid.org/0000-0003-0309-5917
http://orcid.org/0000-0003-3705-7898
http://orcid.org/0009-0004-5511-2496
http://orcid.org/0000-0001-5253-2517
http://orcid.org/0000-0002-1373-1844
http://orcid.org/0000-0001-7883-3190
http://orcid.org/0000-0002-3687-8179
http://orcid.org/0000-0002-3643-1502
http://orcid.org/0000-0002-3755-0992
http://orcid.org/0000-0003-1664-8189
http://orcid.org/0000-0001-6861-2810
http://orcid.org/0000-0003-4940-2441
http://orcid.org/0000-0003-1659-0394
http://orcid.org/0000-0001-5613-7629
http://orcid.org/0009-0001-0415-8257
http://orcid.org/0000-0003-0002-4654
http://orcid.org/0000-0003-2849-0120
http://orcid.org/0000-0003-3578-5373
http://orcid.org/0009-0008-5850-0274
http://orcid.org/0000-0002-4681-3002
http://orcid.org/0000-0002-4266-8338
http://orcid.org/0000-0002-8085-8597
http://orcid.org/0000-0002-6800-3465
http://orcid.org/0000-0002-2829-5950
http://orcid.org/0000-0003-4185-2093
http://orcid.org/0009-0001-4479-0417
http://orcid.org/0000-0002-5942-812X
http://orcid.org/0000-0001-6283-2927
http://orcid.org/0009-0009-8669-3875
http://orcid.org/0000-0002-8224-4302
http://orcid.org/0000-0001-7333-224X
http://orcid.org/0009-0004-0514-1723
http://orcid.org/0000-0003-1618-9648
http://orcid.org/0000-0001-8879-6290
http://orcid.org/0000-0003-2881-9635
http://orcid.org/0000-0001-7602-6432
http://orcid.org/0000-0002-5054-1521
http://orcid.org/0000-0002-3069-5822
http://orcid.org/0000-0003-2527-0720
http://orcid.org/0000-0001-9610-5218
http://orcid.org/0000-0002-3075-1556
http://orcid.org/0000-0001-6247-9633
http://orcid.org/0009-0008-2547-0419
http://orcid.org/0009-0009-7215-3122
http://orcid.org/0009-0009-4284-8943
http://orcid.org/0000-0002-0413-9478
http://orcid.org/0000-0003-2049-1380
http://orcid.org/0000-0002-8880-1608
http://orcid.org/0000-0001-6286-120X
http://orcid.org/0009-0001-3424-1553
http://orcid.org/0000-0002-1595-411X
http://orcid.org/0000-0002-2543-0336
http://orcid.org/0000-0002-5269-9779
http://orcid.org/0000-0001-5945-3424
http://orcid.org/0000-0002-9261-9497
http://orcid.org/0000-0003-0604-2044
http://orcid.org/0000-0002-4008-9922
http://orcid.org/0000-0001-9981-7536
http://orcid.org/0000-0001-7610-8673
http://orcid.org/0000-0002-5187-2779
http://orcid.org/0000-0002-0722-7692
http://orcid.org/0000-0002-0985-4155
http://orcid.org/0000-0002-9614-4046
http://orcid.org/0000-0002-3311-1175
http://orcid.org/0000-0003-4238-2302
http://orcid.org/0000-0003-4511-4784
http://orcid.org/0000-0003-0578-5567
http://orcid.org/0000-0003-1097-8806
http://orcid.org/0000-0002-8789-0004
http://orcid.org/0000-0002-6224-1577
http://orcid.org/0009-0004-0724-7003
http://orcid.org/0009-0002-8368-9407
http://orcid.org/0000-0002-4891-5168
http://orcid.org/0000-0001-6837-3362
http://orcid.org/0000-0002-9982-9577
http://orcid.org/0009-0009-7059-0601
http://orcid.org/0009-0001-4181-8891
http://orcid.org/0000-0003-0000-2674
http://orcid.org/0009-0009-5292-9579
http://orcid.org/0000-0002-4325-0646
http://orcid.org/0000-0002-1850-0121
http://orcid.org/0000-0001-7066-3473
http://orcid.org/0000-0001-5433-969X
http://orcid.org/0000-0002-8804-1100
http://orcid.org/0000-0001-5129-1723
http://orcid.org/0000-0002-6806-3206
http://orcid.org/0000-0002-4255-7347
http://orcid.org/0000-0003-2677-7961
http://orcid.org/0000-0001-9102-9500
http://orcid.org/0000-0001-7804-0721
http://orcid.org/0000-0003-4167-9665
http://orcid.org/0000-0001-5283-3520
http://orcid.org/0000-0002-7602-2930
http://orcid.org/0000-0001-9504-2702
http://orcid.org/0000-0002-9677-5294
http://orcid.org/0000-0002-8343-8758
http://orcid.org/0000-0003-2778-6421
http://orcid.org/0000-0002-7880-8611
http://orcid.org/0000-0001-6955-3314
http://orcid.org/0000-0002-5860-585X
http://orcid.org/0000-0001-7528-6523
http://orcid.org/0000-0001-6359-0608
http://orcid.org/0000-0001-5140-9816
http://orcid.org/0000-0002-2166-1874
http://orcid.org/0000-0002-5165-6638
http://orcid.org/0000-0002-8899-3654
http://orcid.org/0009-0002-3904-8872
http://orcid.org/0000-0003-2771-9069
http://orcid.org/0000-0002-2678-6780
http://orcid.org/0000-0001-6632-7741
http://orcid.org/0000-0001-5008-6859
http://orcid.org/0000-0002-7865-4202
http://orcid.org/0000-0002-3220-4505
http://orcid.org/0000-0002-5986-3842
http://orcid.org/0000-0002-0830-4872
http://orcid.org/0000-0002-7055-6181
http://orcid.org/0000-0002-5884-4404
http://orcid.org/0000-0002-0711-4022
http://orcid.org/0000-0001-9236-0748
http://orcid.org/0000-0002-0175-3712
http://orcid.org/0000-0002-7599-2716
http://orcid.org/0000-0001-6700-7950
http://orcid.org/0000-0003-2860-9881
http://orcid.org/0000-0002-6562-5082
http://orcid.org/0000-0002-5559-8906
http://orcid.org/0000-0003-0348-092X
http://orcid.org/0000-0002-4886-6052
http://orcid.org/0000-0002-2065-6256
http://orcid.org/0009-0005-3775-1945
http://orcid.org/0000-0002-6357-7857
http://orcid.org/0009-0000-1217-7768
http://orcid.org/0000-0001-6853-8905


ALICE Collaboration Physics Letters B 846 (2023) 137625

A. Dobrin 62, , B. Dönigus 63, , A.K. Dubey 132, , J.M. Dubinski 133, , A. Dubla 97, , S. Dudi 89, , 

P. Dupieux 124, , M. Durkac 105, N. Dzalaiova 12, T.M. Eder 135, , R.J. Ehlers 86, , V.N. Eikeland 20, 

F. Eisenhut 63, , D. Elia 49, , B. Erazmus 103, , F. Ercolessi 25, , F. Erhardt 88, , M.R. Ersdal 20, 
B. Espagnon 128, , G. Eulisse 32, , D. Evans 100, , S. Evdokimov 140, , L. Fabbietti 95, , M. Faggin 27, , 

J. Faivre 72, , F. Fan 6, , W. Fan 73, , A. Fantoni 48, , M. Fasel 86, , P. Fecchio 29, A. Feliciello 55, , 

G. Feofilov 140, , A. Fernández Téllez 44, , M.B. Ferrer 32, , A. Ferrero 127, , A. Ferretti 24, , 
V.J.G. Feuillard 94, , J. Figiel 106, , V. Filova 35, , D. Finogeev 140, , F.M. Fionda 51, , G. Fiorenza 96, 

F. Flor 113, , A.N. Flores 107, , S. Foertsch 67, , I. Fokin 94, , S. Fokin 140, , E. Fragiacomo 56, , 

E. Frajna 136, , U. Fuchs 32, , N. Funicello 28, , C. Furget 72, , A. Furs 140, , T. Fusayasu 98, , 

J.J. Gaardhøje 82, , M. Gagliardi 24, , A.M. Gago 101, , A. Gal 126, C.D. Galvan 108, , 

D.R. Gangadharan 113, , P. Ganoti 77, , C. Garabatos 97, , J.R.A. Garcia 44, , E. Garcia-Solis 9, , 

K. Garg 103, , C. Gargiulo 32, , A. Garibli 80, K. Garner 135, A. Gautam 115, , M.B. Gay Ducati 65, , 

M. Germain 103, , C. Ghosh 132, S.K. Ghosh 4, M. Giacalone 25, , P. Gianotti 48, , P. Giubellino 97,55, , 
P. Giubilato 27, , A.M.C. Glaenzer 127, , P. Glässel 94, , E. Glimos 119, , D.J.Q. Goh 75, V. Gonzalez 134, , 

L.H. González-Trueba 66, , M. Gorgon 2, , L. Görlich 106, , S. Gotovac 33, V. Grabski 66, , 

L.K. Graczykowski 133, , E. Grecka 85, , L. Greiner 73, , A. Grelli 58, , C. Grigoras 32, , V. Grigoriev 140, , 

S. Grigoryan 141,1, , F. Grosa 32, , J.F. Grosse-Oetringhaus 32, , R. Grosso 97, , D. Grund 35, , 

G.G. Guardiano 110, , R. Guernane 72, , M. Guilbaud 103, , K. Gulbrandsen 82, , T. Gunji 121, , 

W. Guo 6, , A. Gupta 90, , R. Gupta 90, , S.P. Guzman 44, , L. Gyulai 136, , M.K. Habib 97, 

C. Hadjidakis 128, , H. Hamagaki 75, , M. Hamid 6, Y. Han 138, , R. Hannigan 107, , M.R. Haque 133, , 

A. Harlenderova 97, J.W. Harris 137, , A. Harton 9, , H. Hassan 86, , D. Hatzifotiadou 50, , P. Hauer 42, , 

L.B. Havener 137, , S.T. Heckel 95, , E. Hellbär 97, , H. Helstrup 34, , T. Herman 35, , G. Herrera 

Corral 8, , F. Herrmann 135, S. Herrmann 125, , K.F. Hetland 34, , B. Heybeck 63, , H. Hillemanns 32, , 

C. Hills 116, , B. Hippolyte 126, , B. Hofman 58, , B. Hohlweger 83, , J. Honermann 135, , 

G.H. Hong 138, , D. Horak 35, , A. Horzyk 2, , R. Hosokawa 14, Y. Hou 6, , P. Hristov 32, , 

C. Hughes 119, , P. Huhn 63, L.M. Huhta 114, , C.V. Hulse 128, , T.J. Humanic 87, , H. Hushnud 99, 

A. Hutson 113, , D. Hutter 38, , J.P. Iddon 116, , R. Ilkaev 140, H. Ilyas 13, , M. Inaba 122, , 

G.M. Innocenti 32, , M. Ippolitov 140, , A. Isakov 85, , T. Isidori 115, , M.S. Islam 99, , M. Ivanov 97, , 

M. Ivanov 12, V. Ivanov 140, , V. Izucheev 140, M. Jablonski 2, , B. Jacak 73, , N. Jacazio 32, , 

P.M. Jacobs 73, , S. Jadlovska 105, J. Jadlovsky 105, S. Jaelani 81, L. Jaffe 38, C. Jahnke 110, , M.A. Janik 133, , 

T. Janson 69, M. Jercic 88, O. Jevons 100, A.A.P. Jimenez 64, , F. Jonas 86, , P.G. Jones 100, J.M. Jowett 32,97, , 

J. Jung 63, , M. Jung 63, , A. Junique 32, , A. Jusko 100, , M.J. Kabus 32,133, , J. Kaewjai 104, 

P. Kalinak 59, , A.S. Kalteyer 97, , A. Kalweit 32, , V. Kaplin 140, , A. Karasu Uysal 71, , D. Karatovic 88, , 

O. Karavichev 140, , T. Karavicheva 140, , P. Karczmarczyk 133, , E. Karpechev 140, , V. Kashyap 79, 

A. Kazantsev 140, U. Kebschull 69, , R. Keidel 139, , D.L.D. Keijdener 58, M. Keil 32, , B. Ketzer 42, , 

A.M. Khan 6, , S. Khan 15, , A. Khanzadeev 140, , Y. Kharlov 140, , A. Khatun 15, , A. Khuntia 106, , 
B. Kileng 34, , B. Kim 16, , C. Kim 16, , D.J. Kim 114, , E.J. Kim 68, , J. Kim 138, , J.S. Kim 40, , 

J. Kim 94, , J. Kim 68, , M. Kim 94, , S. Kim 17, , T. Kim 138, , K. Kimura 92, , S. Kirsch 63, , 

I. Kisel 38, , S. Kiselev 140, , A. Kisiel 133, , J.P. Kitowski 2, , J.L. Klay 5, , J. Klein 32, , S. Klein 73, , 

C. Klein-Bösing 135, , M. Kleiner 63, , T. Klemenz 95, , A. Kluge 32, , A.G. Knospe 113, , C. Kobdaj 104, , 

T. Kollegger 97, A. Kondratyev 141, , E. Kondratyuk 140, , J. Konig 63, , S.A. Konigstorfer 95, , 

P.J. Konopka 32, , G. Kornakov 133, , S.D. Koryciak 2, , A. Kotliarov 85, , O. Kovalenko 78, , 

8

http://orcid.org/0000-0003-4432-4026
http://orcid.org/0000-0003-0739-0120
http://orcid.org/0009-0001-6339-1104
http://orcid.org/0000-0002-2568-0132
http://orcid.org/0000-0002-9582-8948
http://orcid.org/0009-0007-4091-5327
http://orcid.org/0000-0002-0207-2871
http://orcid.org/0009-0008-9752-4391
http://orcid.org/0000-0002-3897-0876
http://orcid.org/0009-0006-9458-8723
http://orcid.org/0000-0001-6351-2378
http://orcid.org/0009-0003-4464-3366
http://orcid.org/0000-0001-7873-0968
http://orcid.org/0000-0001-9410-246X
http://orcid.org/0000-0003-2449-3172
http://orcid.org/0000-0003-1795-6212
http://orcid.org/0000-0002-8427-322X
http://orcid.org/0000-0002-4239-6424
http://orcid.org/0000-0002-2325-8368
http://orcid.org/0000-0003-2202-5906
http://orcid.org/0009-0007-8219-3334
http://orcid.org/0000-0003-3573-3389
http://orcid.org/0000-0002-0844-3282
http://orcid.org/0000-0001-6270-9283
http://orcid.org/0009-0005-4586-0930
http://orcid.org/0000-0001-5823-9733
http://orcid.org/0000-0003-3700-8623
http://orcid.org/0000-0003-0152-4220
http://orcid.org/0000-0001-9723-1291
http://orcid.org/0000-0003-1089-6632
http://orcid.org/0000-0001-9084-5784
http://orcid.org/0009-0002-0542-4454
http://orcid.org/0000-0002-7692-0079
http://orcid.org/0000-0002-6444-4669
http://orcid.org/0000-0002-7104-7477
http://orcid.org/0000-0002-8632-5580
http://orcid.org/0000-0002-0194-1318
http://orcid.org/0009-0006-6140-676X
http://orcid.org/0009-0007-2053-4869
http://orcid.org/0000-0003-0642-2047
http://orcid.org/0000-0002-2136-778X
http://orcid.org/0000-0001-8216-396X
http://orcid.org/0000-0002-3420-6301
http://orcid.org/0009-0005-2155-0460
http://orcid.org/0000-0001-7814-319X
http://orcid.org/0009-0004-9666-7156
http://orcid.org/0000-0002-2582-1927
http://orcid.org/0000-0003-1148-0428
http://orcid.org/0000-0001-6122-4698
http://orcid.org/0000-0002-6314-7419
http://orcid.org/0000-0002-0019-9692
http://orcid.org/0000-0001-5496-8533
http://orcid.org/0000-0002-8698-3647
http://orcid.org/0000-0003-4871-4064
http://orcid.org/0009-0007-2395-8130
http://orcid.org/0000-0002-5038-1337
http://orcid.org/0000-0002-6847-8671
http://orcid.org/0000-0002-8512-8219
http://orcid.org/0009-0001-4753-577X
http://orcid.org/0000-0001-7039-535X
http://orcid.org/0000-0002-8450-5318
http://orcid.org/0000-0001-7382-1609
http://orcid.org/0000-0002-4831-5808
http://orcid.org/0000-0003-4167-7176
http://orcid.org/0000-0002-1383-6160
http://orcid.org/0000-0003-4358-5355
http://orcid.org/0000-0001-7400-7019
http://orcid.org/0000-0003-3793-5291
http://orcid.org/0009-0008-1162-7067
http://orcid.org/0000-0002-7607-3965
http://orcid.org/0009-0006-9202-262X
http://orcid.org/0000-0003-1746-1279
http://orcid.org/0000-0001-7792-2247
http://orcid.org/0000-0002-9581-0879
http://orcid.org/0000-0002-4442-5727
http://orcid.org/0009-0002-9826-4989
http://orcid.org/0000-0003-1476-6245
http://orcid.org/0000-0003-0562-9820
http://orcid.org/0009-0006-9035-556X
http://orcid.org/0000-0002-0661-5220
http://orcid.org/0000-0002-0658-5949
http://orcid.org/0000-0002-1469-9022
http://orcid.org/0000-0001-8372-5135
http://orcid.org/0000-0001-9960-2594
http://orcid.org/0000-0001-9785-2215
http://orcid.org/0000-0002-5298-2881
http://orcid.org/0000-0003-0626-9724
http://orcid.org/0000-0001-5990-482X
http://orcid.org/0000-0002-3809-4984
http://orcid.org/0000-0002-6769-599X
http://orcid.org/0000-0002-2843-2556
http://orcid.org/0000-0001-6178-648X
http://orcid.org/0000-0001-7474-0755
http://orcid.org/0009-0008-0106-3130
http://orcid.org/0000-0002-2420-7650
http://orcid.org/0000-0002-9336-5169
http://orcid.org/0000-0003-3808-7917
http://orcid.org/0009-0008-6551-4180
http://orcid.org/0000-0003-4518-3528
http://orcid.org/0000-0001-7978-9638
http://orcid.org/0000-0002-8535-3061
http://orcid.org/0009-0004-3528-4709
http://orcid.org/0000-0002-6529-560X
http://orcid.org/0000-0002-7638-2047
http://orcid.org/0000-0001-9593-6730
http://orcid.org/0000-0002-4743-2885
http://orcid.org/0000-0002-9083-4484
http://orcid.org/0000-0002-7404-8723
http://orcid.org/0000-0002-9335-9076
http://orcid.org/0000-0003-4004-5265
http://orcid.org/0000-0003-4692-7410
http://orcid.org/0009-0002-2276-3757
http://orcid.org/0009-0004-3122-4872
http://orcid.org/0009-0009-1031-8307
http://orcid.org/0000-0002-6527-1245
http://orcid.org/0000-0003-4647-4159
http://orcid.org/0000-0003-4562-2922
http://orcid.org/0000-0002-3850-8884
http://orcid.org/0000-0001-6925-3469
http://orcid.org/0000-0003-1437-6108
http://orcid.org/0000-0002-3632-4547
http://orcid.org/0000-0002-7078-3093
http://orcid.org/0000-0001-9001-4198
http://orcid.org/0009-0003-2644-3643
http://orcid.org/0000-0003-1477-8414
http://orcid.org/0000-0002-2442-4583
http://orcid.org/0000-0001-9352-5049
http://orcid.org/0000-0002-5397-6782
http://orcid.org/0000-0003-1008-5119
http://orcid.org/0009-0008-7787-9304
http://orcid.org/0000-0002-1488-4009
http://orcid.org/0000-0002-2851-5554
http://orcid.org/0000-0002-3693-2649
http://orcid.org/0000-0003-3895-9092
http://orcid.org/0000-0003-2478-9651
http://orcid.org/0000-0001-9059-2414
http://orcid.org/0000-0002-2134-967X
http://orcid.org/0000-0002-7934-4038
http://orcid.org/0000-0001-9047-4856
http://orcid.org/0000-0001-7461-7327
http://orcid.org/0009-0002-2983-9494
http://orcid.org/0000-0003-2406-911X
http://orcid.org/0000-0003-2889-2234
http://orcid.org/0000-0002-3066-855X
http://orcid.org/0000-0001-9980-5199
http://orcid.org/0000-0003-1969-6960
http://orcid.org/0000-0001-9087-4665
http://orcid.org/0000-0002-7685-0808
http://orcid.org/0000-0002-1605-5837
http://orcid.org/0000-0002-9492-3775
http://orcid.org/0000-0001-6811-5240
http://orcid.org/0009-0004-0872-2785
http://orcid.org/0009-0002-4730-9489
http://orcid.org/0009-0009-3972-0631
http://orcid.org/0000-0001-7602-1121
http://orcid.org/0000-0002-0559-6697
http://orcid.org/0000-0003-0618-4843
http://orcid.org/0000-0001-6907-0486
http://orcid.org/0000-0002-1513-2845
http://orcid.org/0000-0001-6297-2532
http://orcid.org/0000-0002-1726-5684
http://orcid.org/0000-0002-5629-5181
http://orcid.org/0000-0002-9355-6379
http://orcid.org/0000-0002-9057-9719
http://orcid.org/0000-0002-6603-6693
http://orcid.org/0000-0003-1831-7957
http://orcid.org/0000-0002-1474-6191
http://orcid.org/0009-0003-1055-0356
http://orcid.org/0000-0002-3493-3891
http://orcid.org/0000-0001-6189-3242
http://orcid.org/0000-0003-3075-2871
http://orcid.org/0000-0002-5741-7144
http://orcid.org/0000-0001-6653-6164
http://orcid.org/0000-0002-2724-668X
http://orcid.org/0000-0003-0996-8547
http://orcid.org/0009-0009-9098-9839
http://orcid.org/0000-0002-7504-2809
http://orcid.org/0000-0002-6434-7084
http://orcid.org/0000-0002-4816-283X
http://orcid.org/0000-0003-1433-6018
http://orcid.org/0009-0000-0438-5567
http://orcid.org/0009-0006-7951-7118
http://orcid.org/0000-0001-9676-3309
http://orcid.org/0000-0003-0078-8398
http://orcid.org/0000-0002-0906-062X
http://orcid.org/0000-0002-2102-7398
http://orcid.org/0000-0003-4558-7856
http://orcid.org/0009-0004-3408-5783
http://orcid.org/0009-0003-8978-9852
http://orcid.org/0000-0002-4808-419X
http://orcid.org/0000-0002-8354-7786
http://orcid.org/0000-0001-8322-9510
http://orcid.org/0000-0003-3902-8310
http://orcid.org/0000-0002-5592-0758
http://orcid.org/0000-0002-1301-1636
http://orcid.org/0000-0003-2841-6553
http://orcid.org/0000-0002-7285-3411
http://orcid.org/0009-0003-0133-319X
http://orcid.org/0000-0003-4116-7002
http://orcid.org/0000-0002-6497-3974
http://orcid.org/0000-0002-2211-715X
http://orcid.org/0000-0001-7296-5248
http://orcid.org/0000-0001-6203-9160
http://orcid.org/0000-0002-9249-0435
http://orcid.org/0000-0002-8831-4009
http://orcid.org/0000-0003-4824-2458
http://orcid.org/0000-0001-8738-7268
http://orcid.org/0000-0002-3652-6683
http://orcid.org/0000-0001-6810-6897
http://orcid.org/0000-0003-3576-4185
http://orcid.org/0009-0005-8435-0001


ALICE Collaboration Physics Letters B 846 (2023) 137625

V. Kovalenko 140, , M. Kowalski 106, , I. Králik 59, , A. Kravčáková 37, , L. Kreis 97, M. Krivda 100,59, , 
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