
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN-EP-2022-261
18 November 2022

© 2022 CERN for the benefit of the ALICE Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

First measurement of 𝚲+
c production down to 𝑝T = 0 in pp and p–Pb

collisions at √𝑠NN = 5.02 TeV

ALICE Collaboration

Abstract

The production of prompt Λ+
c baryons has been measured at midrapidity in the transverse momentum

interval 0 < 𝑝T < 1 GeV/𝑐 for the first time, in pp and p–Pb collisions at a centre-of-mass energy per
nucleon–nucleon collision

√
𝑠NN = 5.02 TeV. The measurement was performed in the decay channel

Λ+
c → pK0

S by applying new decay reconstruction techniques using a Kalman-Filter vertexing algo-
rithm and adopting a machine-learning approach for the candidate selection. The 𝑝T-integrated Λ+

c
production cross sections in both collision systems were determined and used along with the mea-
sured yields in Pb–Pb collisions to compute the 𝑝T-integrated nuclear modification factors 𝑅pPb and
𝑅AA of Λ+

c baryons, which are compared to model calculations that consider nuclear modification of
the parton distribution functions. The Λ+

c/D0 baryon-to-meson yield ratio is reported for pp and p–Pb
collisions. Comparisons with models that include modified hadronisation processes are presented,
and the implications of the results on the understanding of charm hadronisation in hadronic collisions
are discussed. A significant (3.7𝜎) modification of the mean transverse momentum of Λ+

c baryons is
seen in p–Pb collisions with respect to pp collisions, while the 𝑝T-integrated Λ+

c/D0 yield ratio was
found to be consistent between the two collision systems within the uncertainties.
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1 Introduction

Measurements of heavy-flavour hadron production in hadronic collisions provide crucial tests for calcula-
tions based on quantum chromodynamics (QCD). Typically, calculations of 𝑝T-differential heavy-flavour
hadron production cross sections in hadronic collisions are factorised into three separate components: the
parton distributions functions (PDFs), which describe the Bjorken-𝑥 distributions of quarks and gluons
within the incoming hadrons; the hard-scattering cross section for the partons to produce a charm or
beauty quark; and the fragmentation functions, which characterise the hadronisation of a quark to a
given hadron species [1]. As charm and beauty quarks have masses much larger than the ΛQCD energy
scale, the parton–parton hard-scattering cross sections can be calculated perturbatively [2]. In contrast,
the fragmentation functions cannot be calculated with perturbative QCD (pQCD) methods, and so must
be determined from measurements in e+e− collisions. They are then applied in cross section calcula-
tions under the assumption that the relevant hadronisation processes are “universal”, i.e. independent of
the collision system. Hadron-to-hadron production ratios within the charm sector, such as D+

s /D0 and
Λ+

c/D0, are therefore especially effective for probing hadronisation effects, since in theoretical calcula-
tions the PDFs and partonic interaction cross sections are common to all charm-hadron species and their
effects almost fully cancel in the yield ratios.

Previous measurements of charm-meson production cross sections in pp collisions at the LHC [3–6] show
that the D+/D0 and D+

s /D0 ratios are independent of the transverse momentum (𝑝T) within uncertainties,
and are consistent with results from e+e− and e−p collisions [7]. The ratios are also described well by
the PYTHIA 8 event generator using the Monash tune [8, 9], which adopts hadronisation fractions based
on fragmentation functions from e+e− collisions. However, the charm baryon-to-meson ratios Λ+

c/D0,
Ξ

0,+
c /D0, Ω0

c/D0, and Σ
0,++
c /D0 measured at midrapidity at the LHC [10–17] show significant deviations

from the values measured in e+e− collisions, and the Monash tune of PYTHIA significantly underpredicts
the production rates of charm baryons. Further hadronisation effects apart from pure in-vacuum fragmen-
tation must therefore be considered in order for models to better describe the Λ+

c measurements. These
effects include colour reconnection beyond the leading-colour approximation in PYTHIA 8 [18], quark
coalescence effects such as those applied in the Catania model [19] and in the quark (re)combination
model (QCM) [20], or variations of the statistical hadronisation model (SHM) including feed-down to
the ground-state baryon species from the decays of yet-unmeasured resonant states predicted by the
Relativistic Quark Model (RQM) [21]. However, for the heavier charm-strange baryon states Ξ

0,+
c and

Ω0
c [15, 17], only the Catania model is able to adequately describe the data. Measurements of beauty-

baryon production in pp collisions by the CMS and LHCb Collaborations [22–24] also indicate similar
differences in hadronisation mechanisms in the beauty sector between hadronic and leptonic collision
systems.

Differences between leptonic and hadronic collision systems are further highlighted by the measured
fragmentation fractions of ground-state single-charm hadrons, as reported at midrapidity for pp collisions
at centre-of-mass energy

√
𝑠 = 5.02 TeV in Ref. [25], where a significant enhancement of Λ+

c and Ξ
0,+
c

is seen with respect to e+e− and e−p collisions, along with a corresponding depletion of the relative
fraction of D mesons. However, the determination of these fragmentation fractions is dependent on
model assumptions, as the evaluation of the 𝑝T-integrated production cross sections of Λ+

c and Ξ
0,+
c

baryons required an extrapolation in order to cover regions of phase space that were not possible to study
experimentally. This is especially relevant in the low-𝑝T region, where a significant fraction of the overall
production of charm hadrons occurs and the uncertainties on the factorisation and renormalisation scales
of pQCD calculations used for the extrapolation become large. Measuring down to low 𝑝T is highly
challenging, due to the smaller displacement of the decay vertex from the interaction vertex, limiting the
effectiveness of topological selections due to the finite detector resolution. This necessitates the use of
alternative reconstruction and selection techniques to extract a significant signal from the combinatorial
background.
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Charm hadrons are also studied in p–Pb collisions at the LHC in order to examine possible modifications
of their production due to the presence of a cold nuclear environment. The nuclear modification factor,
𝑅pPb, of D mesons measured by ALICE in p–Pb collisions at centre-of-mass energy per nucleon–nucleon
collision

√
𝑠NN = 5.02 TeV is consistent with unity for 0 < 𝑝T < 36 GeV/𝑐 [26], suggesting that the cold

nuclear matter effects that influence charm-hadron production at midrapidity are moderate. However,
measurements of Λ+

c baryons in p–Pb collisions [11] indicate a 𝑝T-dependent modification with respect
to D mesons, with an 𝑅pPb lower than unity for 1 < 𝑝T < 2 GeV/𝑐 and systematically above unity for
𝑝T > 2 GeV/𝑐. This result is consistent with an increase in the mean 𝑝T of charm baryons in p–Pb colli-
sions with respect to pp collisions. Similar effects have been observed in differential studies of Λ+

c and D0

production as a function of charged-particle multiplicity in pp collisions at
√
𝑠 = 13 TeV by ALICE [27],

where the 𝑝T dependence of the Λ+
c/D0 ratio was significantly modified in high-multiplicity collisions

with respect to low-multiplicity collisions without any significant effect on the 𝑝T-integrated Λ+
c/D0

ratio. This can be extended by studying highly peripheral Pb–Pb collisions, where the multiplicity den-
sities of charged particles coincide with the highest multiplicity classes in pp collisions at

√
𝑠 = 13 TeV.

The Λ+
c/D0 ratios measured by the LHCb Collaboration in peripheral Pb–Pb collisions at forward rapid-

ity [28] exhibit a significant 𝑝T dependence, albeit with systematically lower values than those measured
in the same 𝑝T region at midrapidity. However, when these are calculated after integrating in the visible
𝑝T region, they do not have any significant dependence on the number of nucleons participating in the
collision,

〈
𝑁part

〉
, reaffirming the independence of the baryon-to-meson ratio on the multiplicity. A mod-

ification of the 𝑝T shape as a function of multiplicity has also been observed in the strangeness sector
by the ALICE and CMS Collaborations [29, 30] and is consistent with the effect of radial flow in hydro-
dynamic models such as EPOS LHC [31]. In this picture, particles of larger mass are boosted to higher
transverse momenta due to the presence of a common velocity field [32]. Furthermore, baryon production
may be enhanced as a result of hadronisation by quark recombination [33]. This can be further examined
by extending the measurement of Λ+

c -baryon production down to 𝑝T = 0 in both collision systems and
determining the mean transverse momentum. In addition, comparisons between p–Pb and Pb–Pb colli-
sions make it possible to disentangle initial- and final-state nuclear effects on charm-baryon production
in heavy-ion collisions. The effect of nuclear shadowing [34], which arises due to a modification of the
nuclear PDFs, can lead to a reduction in the charm-hadron yields at low 𝑝T due to a reduction of parton
densities at low Bjorken-𝑥. The nuclear modification factor 𝑅AA of Λ+

c baryons at midrapidity in central
Pb–Pb collisions at

√
𝑠NN = 5.02 TeV has a value systematically lower than unity for 𝑝T < 4 GeV/𝑐,

where nuclear shadowing is expected to play a relevant role, and 𝑝T > 6 GeV/𝑐 [35], as expected from
parton energy loss in the quark–gluon plasma created in the collision, while for 4 < 𝑝T < 6 GeV/𝑐 it is
consistent with unity. Measurements by the CMS Collaboration in the region 10 < 𝑝T < 20 GeV/𝑐 [13]
confirm this suppression at high 𝑝T, with an indication of increased suppression for central (0–30%)
compared to peripheral (30–100%) collisions. Studying the 𝑝T-integrated nuclear modification factors
allows us to determine whether the modification of the production yields observed in specific 𝑝T regions
is due to a reduction of the overall Λ+

c yield, or a modification of the momentum spectra in different
collision systems.

In this article, new measurements of Λ+
c -baryon production in the 𝑝T region 0 < 𝑝T < 1 GeV/𝑐 in pp and

p–Pb collisions at
√
𝑠NN = 5.02 TeV are reported. With respect to the previously published Λ+

c production
cross sections [11, 12], the measurements in both systems are extended down to 𝑝T = 0 thanks to new
decay reconstruction techniques, which employ a Kalman-Filter (KF) vertexing algorithm [36] coupled
with machine-learning-based selections [37]. The 𝑝T-integrated Λ+

c production cross sections and Λ+
c/D0

ratios reported in Ref. [11] are updated using these results, and the 𝑝T-integrated nuclear modification
factor 𝑅pPb is calculated. The new values are obtained without requiring a model-dependent extrapolation
in the 0 < 𝑝T < 1 GeV/𝑐 interval. The measurement of the full momentum spectrum also enables the
calculation of the mean 𝑝T of Λ+

c baryons in pp and p–Pb collisions. The integrated production cross
section in pp collisions is used along with the measured Λ+

c yields in Pb–Pb collisions [35] in order to
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derive the 𝑝T-integrated nuclear modification factor 𝑅AA. The paper is organised as follows. Section 2
describes the ALICE apparatus and the analysed data samples. Section 3 details the analysis methods
that were used. Sections 4 and 5 outline the corrections that are applied to calculate the Λ+

c production
cross sections, and the sources of systematic uncertainty. The results are presented in Section 6 and
compared with model calculations. Finally, a brief summary is given in Section 7.

2 Experimental setup and data samples

The ALICE detector system and its performance are described in detail in Refs. [38, 39]. The reconstruc-
tion of charm baryons from their hadronic decay products at midrapidity primarily relies on the Inner
Tracking System (ITS) [40], the Time Projection Chamber (TPC) [41], and the Time-Of-Flight detec-
tor (TOF) [42] for tracking, primary and decay vertex reconstruction, and charged-particle identification
(PID). These detectors are located inside a solenoidal magnet of field strength 0.5 T. In addition, the V0
scintillator arrays [43] are used for triggering collision events and for determining the luminosity when
used in conjunction with the T0 detector [44], and the Zero-Degree Calorimeter (ZDC) is employed for
offline event rejection in p–Pb collisions [39].

The analysis was performed at midrapidity on data from pp and p–Pb collisions at
√
𝑠NN = 5.02 TeV

collected with a minimum-bias (MB) trigger during Run 2 of the LHC. For pp collisions, the results
are quoted for |𝑦 | < 0.5, whereas for p–Pb collisions the rapidity in the nucleon–nucleon centre-of-mass
system (𝑦cms) is shifted due to the asymmetry of the colliding beams, corresponding to a rapidity range
of −0.04 < 𝑦cms < 0.96.

The MB trigger requires a pair of coincident signals in the two V0 scintillator arrays. Further offline
selections were applied to suppress the background originating from beam–gas collisions and other
machine-related background sources [45]. In order to maintain uniform ITS acceptance in pseudora-
pidity, only events with a reconstructed vertex position within 10 cm along the beam axis from the
nominal interaction point were analysed. The primary vertex position was identified using tracks re-
constructed in the TPC and ITS detectors. Events with multiple interaction vertices due to pileup from
several collisions were removed using an algorithm based on tracks reconstructed with the TPC and ITS
detectors [39]. Using these selection criteria, the sample of pp collisions comprised approximately one
billion events, corresponding to an integrated luminosity of Lint = 19.5± 0.4 nb−1 [46], while in p–Pb
collisions approximately 600 million events were selected, corresponding to Lint = 287±11 `b−1 [47].

3 Analysis methods

In this analysis, Λ+
c baryons were reconstructed via the decay channel Λ+

c → pK0
S and respective charge

conjugates, with branching ratio (BR) = (1.59±0.08)%, followed by the subsequent decay K0
S → 𝜋+𝜋−,

BR = (69.2±0.05)% [48]. Charged-particle tracks and particle-decay vertices were reconstructed in the
central barrel using the ITS and the TPC. The particle trajectories in the vicinity of the primary vertex,
and the decay vertices, were reconstructed with the KFParticle package [36], which allows a direct
estimate of their parameters and the associated uncertainties. The K0

S candidate was reconstructed by
pairing opposite-sign charged tracks forming a neutral decay vertex displaced from the primary vertex.
This candidate was then paired with a proton-candidate track, originating from the primary vertex, to
form a Λ+

c candidate.

To ensure good quality of the tracks used to reconstruct the Λ+
c candidates, further selection criteria were

applied in addition to the event selections mentioned above. In order to maintain a uniform detector
acceptance, the tracks of the charged particles involved in the decay chain were required to be within the
pseudorapidity interval |[ | < 0.8. The number of clusters in the TPC used for the energy loss determina-
tion was required to be larger than 50, to enhance the precision of the mean specific energy loss (d𝐸/d𝑥).
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Furthermore, for the track reconstruction, the minimum required number of crossed rows in the TPC was
70 out of a possible 159. Primary proton candidates were required to have a minimum of four (out of a
maximum of six) hits in the ITS.

Several selection criteria on the PID and decay topology were applied to initially filter Λ+
c signal can-

didates. The PID selections were based on the difference between the measured and expected detector
signals for a given particle species hypothesis, in units of the detector resolution (ndet

𝜎 ). For the pion-
candidate tracks from the K0

S decay and the proton-candidate track, a selection on the measured d𝐸/d𝑥
in the TPC of

��nTPC
𝜎

�� < 3 from the respective particle hypothesis was applied. If a measurement in the
TOF detector was available, a further TOF PID selection of

��nTOF
𝜎

�� < 3 (5) was applied on the particle
flight time in p–Pb (pp) collisions. The transverse momentum of the proton was required to be larger
than 150 MeV/𝑐. The deviation of the measured invariant mass from the world-average value [48]
was required to be within 20 MeV/𝑐2 for the K0

S. The Λ+
c candidates were also required to have a

𝜒2
topo/NDF < 50, where NDF is the number of degrees of freedom of the topological fit. The 𝜒2

topo/NDF
characterises whether the momentum vector of the Λ+

c candidate points back to the reconstructed pri-
mary vertex, and is calculated by the KFParticle algorithm [36]. A requirement on the distance between
the primary and secondary vertices (𝑙) normalised by its uncertainty (Δ𝑙) of 𝑙/Δ𝑙 < 30 was imposed on
the Λ+

c candidate to filter out decay vertices from longer-living particles. Finally, the estimated proper
lifetime 𝑐𝜏 of the K0

S and its decay length in the transverse plane were required to be smaller than 50 cm.

After applying the selections described above, the separation between signal and background was opti-
mised using a boosted decision tree (BDT) algorithm. The BDT implementation provided by the XG-
Boost library was used [37, 49]. With the machine learning approach, multiple selection criteria are
combined into a single response variable representing the probability of a candidate being a true Λ+

c
baryon. After the application of a trained BDT model to the full data sample, a selection in the BDT
response was applied to reduce the large combinatorial background.

Separate BDT models were trained for each collision system with a sample of signal and background
candidates in the interval 0 < 𝑝T < 1 GeV/𝑐. The signal candidates were obtained from simulated events
using the PYTHIA 8.243 [8] Monte Carlo (MC) generator with the Monash tune [9]. The transport of
simulated particles within the detector was performed with the GEANT3 package [50], and included a
detailed description of the LHC beam conditions and detector geometry and alignment, as well as the
time evolution of the detector configurations during the data taking. For p–Pb collisions, an underlying
p–Pb event generated with the HIJING 1.36 generator [51] was added on top of the PYTHIA 8 event
to simulate events with more than one nucleon–nucleon collision. Each PYTHIA 8 event was required
to contain a charm–anticharm quark pair with at least one of them hadronising into a Λ+

c baryon. Its
decay channel was then selected to be the hadronic decay into a proton and a K0

S. Only prompt Λ+
c

signal candidates, namely those produced directly in the hadronisation of a charm quark or in the strong
decay of a directly produced excited charm-hadron state, were selected for the training. Those that were
produced in the decay of a particle containing a beauty quark (feed-down) were not used since they have
a different decay vertex topology. The background sample was selected from a fraction of real data using
the same filtering selections described above, with the additional requirement that the invariant mass of
the Λ+

c candidate was within the intervals 1.98 < 𝑀 < 2.23 GeV/𝑐2 or 2.34 < 𝑀 < 2.58 GeV/𝑐2 to ensure
that the signal region was excluded.

The training variables related to the proton decay track were the nTPC
𝜎 and the track impact parameter

with respect to the primary vertex. The training variables describing the topology of the K0
S were i)

the 𝑐𝜏, ii) the decay length in the transverse plane, and iii) the 𝑙/Δ𝑙, as defined above. The training
variables related to the Λ+

c itself were i) the 𝜒2
topo/NDF, ii) the 𝑙/Δ𝑙, and iii) the pointing angle, which is

defined as the angle between the momentum vector of a particle and the line connecting its production
and decay vertices. Figure 1 shows the BDT output probability distribution from the trained model for
p–Pb collisions in 0 < 𝑝T < 1 GeV/𝑐, testing the hypothesis that the candidate belongs to the signal
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Figure 1: Distributions of the BDT output probabilities for Λ+
c → pK0

S signal (red) and background (blue) candi-
dates in p–Pb collisions for 0 < 𝑝T < 1 GeV/𝑐. The shaded regions represent the output of the training sample, and
the markers are the results after applying the model on the test sample.

class. The normalised distributions are shown separately for the signal (red) and background (blue)
classes, for the training sample (displayed as shaded bars) and the test sample (circles), which is a
subset of the input data that was not used for training. The training and test distributions do not deviate
significantly, demonstrating that the model is not over-trained. The proton PID variable and the Λ+

c
𝜒2

topo/NDF were found to have the highest importance ranking in the model, estimated using the SHAP
package [52], in both collision systems. In addition, the 𝑐𝜏 of the K0

S contributed significantly to the
signal and background separation. Despite the limited separation of the two classes, the selection on
the BDT output strongly reduces the background contribution while maintaining a high signal efficiency.
The BDT probability threshold for a candidate to be selected was optimised to maximise the expected
statistical significance. This was calculated using i) an estimated value for the signal in the 0 < 𝑝T <

1 GeV/𝑐 region based on a Lévy-Tsallis fit to the 𝑝T-differential Λ+
c production cross sections at higher

𝑝T [11, 12], multiplied by the reconstruction and selection efficiencies for each BDT selection threshold,
and ii) an estimate of the background within the signal region obtained by interpolating a fit to the
invariant mass sidebands using a fraction of the data.

After applying the BDT selections, the raw Λ+
c yields in the 𝑝T interval 0 < 𝑝T < 1 GeV/𝑐 were obtained

by fitting the invariant-mass distributions of the candidates as shown in Fig. 2. The left (right) panel
shows the invariant-mass distribution for pp (p–Pb) collisions along with the fit functions. The signal
peak was modelled with a Gaussian function and the background was described with a third-order poly-
nomial. The width of the Gaussian distribution was fixed to the value obtained from MC simulations in
order to improve the stability of the fit, while the mean was left as a free parameter. To better visualise
the line shape of the signal, the invariant mass distributions after subtracting the background fit functions
are shown in the lower panels of Fig. 2. The statistical significance of the extracted signal has a value of
3.8 (3.5) for pp (p–Pb) collisions.
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Figure 2: Invariant mass distributions of Λ+
c → pK0

S candidates in 0 < 𝑝T < 1 GeV/𝑐, in pp (left) and p–Pb (right)
collisions at

√
𝑠NN = 5.02 TeV. The red dashed curves represent the background fits, and the blue curves the total

fits. The lower panels show the distributions after subtracting the background estimated with the fit.

4 Corrections

The 𝑝T-differential production cross section of prompt Λ+
c baryons per unit rapidity in the interval |𝑦 | <

0.5 for pp collisions and −0.96 < 𝑦cms < 0.04 for p–Pb collisions was calculated from the raw yields as

d2𝜎

d𝑝Td𝑦
=

1
2

𝑓prompt(𝑝T) ×𝑁Λ+
c+Λ−

c
raw (𝑝T)

Δ𝑦Δ𝑝T × (Acc× Y)prompt(𝑝T) ×BR×Lint
, (1)

where 𝑁Λ+
c+Λ−

c
raw is the raw yield, 𝑓prompt is the fraction of prompt Λ+

c in the measured raw yield, BR is
the branching ratio, and Lint is the integrated luminosity. The factor 2 accounts for the presence of
both particles and antiparticles in the raw yields, and Δ𝑦Δ𝑝T accounts for the widths of the rapidity
and transverse momentum intervals. For the interval 0 < 𝑝T < 1 GeV/𝑐, the measurement of Λ+

c is
performed for Δ𝑦 = 1.6, under the assumption that the cross section per unit rapidity of Λ+

c baryons does
not significantly change between |𝑦 | < 0.5 and |𝑦 | < 0.8. This has been verified using PYTHIA 8 [8] and
FONLL [2, 53] simulations. The factor (Acc×Y)prompt is the product of the geometrical acceptance (Acc)
and the reconstruction and selection efficiency (Y) for prompt Λ+

c candidates in the Λ+
c → pK0

S channel.
The (Acc×Y)prompt corrections were obtained from MC simulations with the same configuration as those
used for the BDT training described above. For both collision systems, the efficiency correction factor
was observed to be constant within the interval 0 < 𝑝T < 1 GeV/𝑐 when computed in narrower 𝑝T
intervals. The (Acc× Y)prompt factor is almost constant as a function of rapidity for |𝑦 | < 0.5, and falls
steeply to zero for |𝑦 | > 0.5.

The fraction of the raw Λ+
c yield originating from beauty-hadron decays in the selected candidate sample

was obtained following the strategy defined in Ref. [11] using: i) the beauty-meson production cross
section from FONLL calculations, which is used as a basis for the 𝑝T shape for all beauty-hadron
species [53, 54]; ii) the relative abundances of different beauty-hadron species from LHCb measurements
in pp collisions [23]; iii) their decay kinematics from PYTHIA 8; and iv) the selection and reconstruc-
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tion efficiency of Λ+
c from beauty-hadron decays, which was estimated from MC simulations. The MC

samples were generated with a similar configuration as the training samples described in Section 3, but
instead of a charm–anticharm pair, they included a beauty–antibeauty quark pair in each simulated event,
with at least one Λ+

c among the decay products of the resulting beauty hadrons. The efficiency is similar
between prompt and feed-down candidates, as there are no tight selections applied on the decay topol-
ogy of the Λ+

c baryon. The possible modification of beauty-hadron production in p–Pb collisions was
included in the feed-down calculation by scaling the beauty-quark production by a nuclear modification
factor 𝑅feed-down

pPb . As for previous ALICE measurements of charm hadrons [11, 55], the central value
was chosen such that the 𝑅pPb of prompt and feed-down Λ+

c are equal. The values of (Acc× Y)prompt,
(Acc× Y)feed-down, and 𝑓prompt for 0 < 𝑝T < 1 GeV/𝑐 are listed in Table 1 for both collision systems.

Table 1: Correction factors (Acc× Y)prompt, (Acc× Y)feed-down, and 𝑓prompt in the interval 0 < 𝑝T < 1 GeV/𝑐.

pp p–Pb
(Acc× Y)prompt (6.30±0.03)% (4.77±0.02)%
(Acc× Y)feed-down (6.15±0.03)% (4.71±0.02)%

𝑓prompt

(
98.2+0.9

−1.5

)
%

(
98.1+0.9

−3.7

)
%

5 Systematic uncertainties

The contributions to the systematic uncertainty on the Λ+
c production cross section in 0 < 𝑝T < 1 GeV/𝑐

are summarised in Table 2.

Table 2: Systematic uncertainties on the Λ+
c production cross section for pp and p–Pb collisions in the 𝑝T interval

0 < 𝑝T < 1 GeV/𝑐.

pp p–Pb
Raw yield extraction 8% 9%
Selection efficiency 9% 9%
Tracking efficiency 4% 6%

Monte Carlo 𝑝T shape negl. 1%
Feed-down subtraction +0.9

−1.5% +0.9
−3.8%

Luminosity 2.1% 3.7%
Branching ratio 5%

The systematic uncertainty on the raw yield extraction was evaluated by repeating the fit to the invariant
mass distributions while varying: i) the function used to describe the background, ii) the minimum and
maximum of the mass ranges (sidebands) considered for the background fit, iii) the width of the mass
peak by ±10% compared to the value obtained from MC, and iv) the width of the mass intervals in the
invariant mass distribution. 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 background estimated from the fit. The systematic uncertainty was taken as the
RMS of the resulting raw-yield distribution, which corresponds to 8% (9%) for the analysis in pp (p–Pb)
collisions.

The systematic uncertainty on the selection efficiency arises due to possible differences between the real
detector resolutions and alignment, and their description in the simulation. This uncertainty was assessed
by comparing the production cross sections obtained using different selection criteria. In particular, the
selections on the BDT outputs were varied in a range corresponding to a modification of about 30%
in the efficiency for both pp and p–Pb collisions. The systematic uncertainty was assigned by adding
in quadrature the RMS and shift in the mean of the resulting production cross section distribution with
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respect to the value obtained with the default selections. For both pp and p–Pb collisions, this resulted in
an uncertainty of 9%.

The tracking efficiency uncertainty was determined by varying the track quality selection criteria and
comparing the matching efficiency between the TPC and ITS in data and MC, as described in Ref. [11].
The uncertainties on the individual tracks were propagated to the Λ+

c candidates according to the decay
kinematics, resulting in an uncertainty of 3% (6%) in pp (p–Pb) collisions. A further contribution was
added to account for the imperfect description of the material budget of the detector in the MC simula-
tions, which especially affects the absorption of protons and thus the reconstruction efficiency. This was
determined by comparing the corrected yields of charged pions, kaons, and protons using a standard MC
production and one with the material budget increased by 10%, which corresponds to a 2𝜎 modification
based on the estimated systematic uncertainty on the ALICE material budget [56]. The resulting uncer-
tainty on the Λ+

c yield is 2% in the interval 0 < 𝑝T < 1 GeV/𝑐, leading to an overall tracking efficiency
uncertainty of 4% in pp collisions and 6% in p–Pb collisions.

The possible systematic uncertainty due to the dependence of the efficiencies on the generated 𝑝T dis-
tribution of Λ+

c in the simulation was studied (“Monte Carlo 𝑝T shape” in Table 2). It was verified that
the acceptance and the reconstruction efficiency do not significantly vary within the 0 < 𝑝T < 1 GeV/𝑐
interval. Following the same procedure as in Ref. [11], the efficiencies were evaluated after reweighting
the 𝑝T shape of the PYTHIA 8 simulations to match the 𝑝T spectrum of D mesons from FONLL pQCD
calculations [53, 54], as no FONLL calculations exist for charm baryons. An uncertainty was assigned
based on the difference between the nominal and reweighted efficiencies. No significant variation was
observed in pp collisions, while a 1% variation was observed and assigned as systematic uncertainty in
p–Pb collisions.

The systematic uncertainty on the feed-down subtraction was evaluated by considering the theoretical
uncertainties of the beauty-meson production cross section in FONLL [53, 54], and the variation of
the beauty fragmentation function describing the hadronisation 𝑓 (b → Λ0

b) within its uncertainties as
measured in Ref. [23]. For p–Pb collisions a further consideration is made, varying the ratio of the
feed-down and prompt Λ+

c nuclear modification factors 𝑅feed-down
pPb /𝑅prompt

pPb within the range 0.9–3.0. The
upper bound of this range accounts for recent measurements by LHCb of the nuclear modification of Λ0

b
baryons [57], where the nuclear modification factor at backward rapidity was found to be consistent with
unity. The overall envelope from the variations was considered as the total uncertainty, resulting in +0.9

−1.5%
in pp collisions and +0.9

−3.8% in p–Pb collisions.

The production cross section has an additional global normalisation uncertainty due to the integrated
luminosity determination. The luminosity uncertainty was determined from van der Meer scans of pp
and p–Pb collisions at

√
𝑠NN = 5.02 TeV, and defined as 2.1% for the pp data sample [46] and 3.7% for

p–Pb collisions [47].

The 5% branching ratio uncertainty for the decay channel Λ+
c → pK0

S(→ p𝜋+𝜋−) is defined by com-
bining the uncertainties of the branching ratios of Λ+

c → pK0
S and K0

S → 𝜋+𝜋− in quadrature [48]. This
uncertainty is considered as fully correlated between 𝑝T intervals and collision systems.

6 Results

The 𝑝T-differential Λ+
c production cross sections were calculated according to Eq. (1) and are shown

in Fig. 3, where blue markers are used for pp collisions and black markers for p–Pb collisions. In each
collision system, the new result in 0 < 𝑝T < 1 GeV/𝑐 is shown as an open marker, and the filled markers
represent the previous measurements for 𝑝T > 1 GeV/𝑐 from Refs. [11, 12]. The Λ+

c production cross sec-
tions are compared with next-to-leading-order (NLO) pQCD calculations obtained with the POWHEG
framework [58], matched with PYTHIA 6 [60] to generate the parton shower and fragmentation, and
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Figure 3: The 𝑝T-differential Λ+
c production cross sections in pp and p–Pb collisions at

√
𝑠NN = 5.02 TeV [12],

including the new measurements in 0 < 𝑝T < 1 GeV/𝑐 as open markers. The lower panels show the ratios of the
measurements to POWHEG+PYTHIA6, with EPPS16 nPDF calculations included for p–Pb collisions [9, 58, 59].

the CT14NLO parton distribution functions [61]. For p–Pb collisions, the nuclear modification of the
parton distribution functions is modelled with the EPPS16 nuclear PDF (nPDF) parameterisation [59].
The nominal factorisation and renormalisation scales, `F and `R, were taken to be equal to the transverse

mass of the quark, `0 =
√︃
𝑚2

c + 𝑝2
T, and the charm-quark mass was set to 𝑚c = 1.5 GeV/𝑐2. The theo-

retical uncertainties were estimated by varying these scales in the range 0.5`0 < `R,F < 2.0`0, with the
constraint 0.5 < `R/`F < 2.0, as described in Ref. [53]. For the p–Pb case, the uncertainties on the par-
ton distribution functions and EPPS16 nPDF are not included in the calculation as they are considerably
smaller than the scale uncertainties. In both collision systems the measured 𝑝T-differential production
cross section values are significantly underestimated by the POWHEG predictions. In particular, in the
interval 0 < 𝑝T < 1 GeV/𝑐 the model underestimates the measurements by a factor of about 10, similar
to what was observed up to 𝑝T = 3 GeV/𝑐 in Ref. [11].

The measured differential production cross sections in 0 < 𝑝T < 1 GeV/𝑐 are reported in Table 3 and
compared with the values from Ref. [11], where the 0 < 𝑝T < 1 GeV/𝑐 region was determined from an
extrapolation. For both pp and p–Pb collisions, the measured values are lower than the extrapolated ones
and have smaller overall uncertainties, but remain within 1𝜎 when considering the combined measure-
ment and extrapolation uncertainties. The previously computed extrapolated production cross section in
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Table 3: The Λ+
c production cross sections at 0 < 𝑝T < 1 GeV/𝑐 in pp collisions for |𝑦 | < 0.5 and p–Pb collisions

for −0.96 < 𝑦cms < 0.04, at
√
𝑠NN = 5.02 TeV. The left values are the new measurements from this article, and the

right ones are the previously extrapolated values from Ref. [11].

d2𝜎/d𝑝Td𝑦 (0 < 𝑝T < 1 GeV/𝑐)
measured extrapolated [11]

pp (`b (GeV/𝑐)−1) 47.9±10.4 (stat.) ±6.1 (syst.) ±1.0 (lumi.) 68.5+11.9
−15.9 (extr.)

p–Pb (mb (GeV/𝑐)−1) 7.7±1.9 (stat.) ±1.1 (syst.) ±0.3 (lumi.) 8.5+5.1
−2.6 (extr.)

pp collisions was based on PYTHIA 8 predictions with specific tunes implementing colour-reconnection
mechanisms beyond the leading-colour approximation, and the extrapolation uncertainty was assigned
by taking the envelope of the different tunes. In p–Pb collisions, the extrapolation was performed by
multiplying the extrapolated regions of the production cross section in pp collisions by i) the Pb mass
number, ii) a correction factor to account for the different rapidity intervals covered in pp and p–Pb col-
lisions, and iii) a factor based on an assumption on the nuclear modification factor 𝑅pPb. The central
value was calculated using 𝑅pPb = 0.5 and the extrapolation uncertainty was estimated by varying this
hypothesis in the range 0.35 < 𝑅pPb < 0.8 [11].

The production cross section measurement in the interval 0 < 𝑝T < 1 GeV/𝑐 allows the 𝑝T-integrated
production cross section to be calculated without the need for a model-dependent extrapolation, which
in the previous publication [11] accounted for about 30% (20%) of the total Λ+

c production cross section
in pp (p–Pb) collisions. The rapidity-differential production cross sections for 0 < 𝑝T < 1 GeV/𝑐 were
summed with the values measured for the region 1 < 𝑝T < 12 (24) GeV/𝑐 for pp (p–Pb) collisions in
Ref. [11] to obtain the integrated cross section. No extrapolation towards higher 𝑝T is performed in either
system, as the contribution to the 𝑝T-integrated production cross section is negligible (< 0.1%) for the
reported level of precision. The systematic uncertainties due to the raw-yield extraction were propagated
as uncorrelated between 𝑝T intervals, and all other sources were considered as fully correlated. The
resulting 𝑝T-integrated prompt Λ+

c production cross sections in the two collision systems are reported
in Table 4, and compared with the values published in Ref. [11] based on the 𝑝T extrapolation described
above.

Table 4: The 𝑝T-integrated production cross sections for prompt Λ+
c baryons in pp collisions for |𝑦 | < 0.5 and p–Pb

collisions for −0.96 < 𝑦cms < 0.04, at
√
𝑠NN = 5.02 TeV. The first two rows correspond to the measured values over

the full 𝑝T range, and the last two rows to the previously extrapolated results from Ref. [11].

d𝜎Λ+
c /d𝑦

pp, measured (`b) 208±15 (stat.) ±15 (syst.) ±4 (lumi.)
p–Pb, measured (mb) 36.9±3.3 (stat.) ±4.5 (syst.) ±1.4 (lumi.)

pp, extrapolated (`b) [11] 230±16 (stat.) ±20 (syst.) ±5 (lumi.)+5
−10 (extr.)

p–Pb, extrapolated (mb) [11] 36.2±2.5 (stat.) ±4.5 (syst.) ±1.3 (lumi.)+4.4
−2.7 (extr.)

The new measurement in the 0 < 𝑝T < 1 GeV/𝑐 interval in pp collisions results in a reduction of the
𝑝T-integrated Λ+

c production cross section by about 10% with respect to the previous published results,
but the two values remain compatible in terms of the combined statistical and systematic uncertainties.
In p–Pb collisions the 𝑝T-integrated Λ+

c production cross section is also compatible with the previous
measurement [11].

In order to compare the spectral shapes in the two different collision systems at the same energy, the
nuclear modification factor 𝑅pPb, which is the ratio between the Λ+

c production cross sections in p–Pb
and pp collisions, scaled by the nuclear mass number 𝐴 = 208 and corrected to account for the shift in
rapidity between pp and p–Pb collisions using FONLL [53], is calculated. The systematic uncertainties
on the branching ratio and beauty feed-down are considered as fully correlated between the two collision
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Figure 4: Nuclear modification factor 𝑅pPb of prompt Λ+
c baryons in p–Pb collisions at

√
𝑠NN = 5.02 TeV as a

function of 𝑝T, compared with model calculations [58, 59, 62, 63].

systems, and all other systematic uncertainties as uncorrelated. This is shown as a function of 𝑝T in Fig. 4.
The 𝑅pPb in 0 < 𝑝T < 1 GeV/𝑐 is consistent with unity within the uncertainties, and is also consistent with
the decreasing trend towards low 𝑝T within 0 < 𝑝T < 6 GeV/𝑐 that was previously observed in Ref. [11].
The results are compared with the POWHEG+PYTHIA6 [58, 59] and POWLANG [62] models, as well
as the QCM model [63]. In the QCM model, the charm quark is combined with a co-moving light
antiquark or with two co-moving quarks to form a charm meson or baryon. For light-flavour (u, d, and s)
quarks, the momentum distribution is obtained by fitting the data of hadronic 𝑝T spectra using the quark
coalescence formulas of QCM and parameterising the hadron and quark spectra with a Lévy-Tsallis
function, as explained in Ref. [64]. A free parameter, 𝑅 (c)

B/M, characterises the relative production of
single-charm baryons to single-charm mesons. This value is set to 0.425, which is tuned to reproduce
the Λ+

c/D0 ratio measured by ALICE in pp collisions at
√
𝑠 = 7 TeV [10]. The relative abundances of

the different charm-baryon species are determined by thermal weights from the statistical hadronisation
approach [65]. The POWHEG+PYTHIA6 pQCD event generator, which is coupled with the EPPS16
nPDF set for p–Pb collisions, predicts a central 𝑅pPb value that is below unity for all 𝑝T and constant for
𝑝T > 4 GeV/𝑐, but consistent with unity within the uncertainties. It should be noted that the uncertainties
on this calculation come solely from the EPPS16 nPDF parametrisation, as the uncertainties related to
the pQCD scales in the POWHEG+PYTHIA6 calculation cancel out in the ratio between p–Pb and pp
collisions. While the model is in fair agreement with the measurements for 𝑝T < 3 GeV/𝑐, it does not
describe the increase above unity in the region 4 < 𝑝T < 8 GeV/𝑐. Similarly, the POWLANG calculations
are peaked in the region 2 < 𝑝T < 4 GeV/𝑐, but are at tension with the data for 𝑝T > 4 GeV/𝑐. In
the case of POWLANG, the 𝑅pPb is the result of the transport of charm quarks through an expanding
quark–gluon plasma, which is assumed to be formed in p–Pb collisions and affects the 𝑝T distributions
of charm hadrons. However, the calculated value is identical for all charm-hadron species as it does
not consider any modifications of the relative hadron abundances due to quark coalescence. The QCM
model, which does not include any nPDF or cold nuclear matter effects, gives the closest description of
the measurement over the full measured 𝑝T range.
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The 𝑝T-integrated 𝑅pPb of prompt Λ+
c baryons was calculated from the 𝑝T-integrated production cross

sections measured in p–Pb and pp collisions, and is reported in Table 5. The value is consistent with the
atomic mass number scaling of the Λ+

c production cross section in pp collisions (i.e. 𝑅pPb = 1), within
1.1𝜎 of the combined statistical and systematic uncertainties. The 𝑝T-integrated production cross section
in pp collisions from Table 4 is also used to compute the 𝑅AA of prompt Λ+

c baryons from the 𝑝T-
integrated corrected yields in central (0–10%) and semi-central (30–50%) Pb–Pb collisions at

√
𝑠NN =

5.02 TeV reported in Ref. [35]. These values are also reported in Table 5. The extrapolation uncertainties
on the Pb–Pb nuclear modification factors arise due to the extrapolation of the Pb–Pb Λ+

c -baryon yields
down to 𝑝T = 0, which was performed by estimating the Λ+

c/D0 ratio in 0 < 𝑝T < 1 GeV/𝑐 with model
calculations [66–69] and multiplying it by the measured D0-meson yield [70]. The uncertainty was
defined by the variation of the resulting Λ+

c yield with different model calculations.

Table 5: The 𝑝T-integrated nuclear modification factors 𝑅pPb and 𝑅AA of prompt Λ+
c baryons in p–Pb and Pb–Pb

collisions at
√
𝑠NN = 5.02 TeV. The Pb–Pb results are derived from the integrated yields published in Ref. [35].

The percentile ranges in the first column represent the centrality ranges considered for Pb–Pb collisions.

Λ+
c nuclear modification factor

p–Pb 0.85±0.09 (stat.) ±0.11 (syst.)
Pb–Pb (0–10%) 0.68±0.10 (stat.) ±0.10 (syst.)+0.10

−0.06 (extr.)
Pb–Pb (30–50%) 0.86±0.13 (stat.) ±0.13 (syst.)+0.09

−0.06 (extr.)

 < 0.04
cms

y0.96 < −

100%−Pb, 0−    p

| < 0.5y     |

50%−Pb, 30−Pb

| < 0.5y     |

10%−Pb, 0−Pb

0

0.2

0.4

0.6

0.8

1

1.2

1.4

N
u

c
le

a
r 

m
o

d
if
ic

a
ti
o

n
 f

a
c
to

r

 = 5.02 TeV
NN

s

ALICE  baryon
+
cΛ

 meson
0

D

EPPS16, 90% CL

, 90% CL
rwHF

nCTEQ15

Figure 5: The 𝑝T-integrated nuclear modification factors of prompt Λ+
c baryons and D0 mesons measured in p–Pb

and Pb–Pb collisions at
√
𝑠NN = 5.02 TeV [35, 70]. Statistical (bars) and systematic and extrapolation (brack-

ets) uncertainties are shown. The measurements are compared with calculations from the theoretical models
nCTEQ15 [71–73] and EPPS16 [59] that include only initial-state effects. The uncertainty bands on the mod-
els represent the 90% confidence level.

Figure 5 shows the 𝑝T-integrated nuclear modification factors for Λ+
c baryons in p–Pb and Pb–Pb col-

lisions, compared with those measured for D0 mesons in Ref. [70]. The 𝑝T-integrated 𝑅AA of Λ+
c is

1.8𝜎 below unity in 0–10% central collisions, indicating a suppression of the Λ+
c -baryon yield in Pb–Pb

collisions with respect to the binary-scaled pp reference due to shadowing and possible modifications
in the hadronisation mechanism. In the 30–50% centrality interval, the 𝑝T-integrated Λ+

c 𝑅AA is com-
patible with unity within the uncertainties. The 𝑝T-integrated Λ+

c 𝑅pPb is closer to unity than the 𝑅AA
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in central Pb–Pb collisions, as expected from the smaller shadowing effects in p–Pb compared to Pb–
Pb collisions, where the nucleons of both the projectile and the target nuclei are involved. In all three
collision systems, the nuclear modification factors for Λ+

c and D0 are consistent with one another, indi-
cating that there is no significant enhancement of the overall production of charm baryons compared to
charm mesons in heavy-ion collisions. The integrated 𝑅AA and 𝑅pPb are also compared with perturbative
QCD calculations including only initial-state effects modeled using two different sets of nuclear PDFs,
namely a Bayesian-reweighted version [71, 72] of nCTEQ15 [73] and EPPS16 [59]. The calculations
with EPPS16 do not include the dependence of the shadowing on the impact parameter of the Pb–Pb
collision, and therefore they are identical in the central and semi-central event classes. The predictions
with nCTEQ15 are obtained by applying a Bayesian reweighting of the nuclear PDFs, which is con-
strained by measurements of heavy-flavour hadron production in p–Pb collisions at the LHC [71], and
are labelled as nCTEQ15rwHF in Fig. 5. The uncertainty bands for both calculations represent the 90%
confidence level regions. In the reweighted nCTEQ15 case they are determined by considering three
different factorisation scales in addition to the PDF uncertainties. The measured 𝑅AA and 𝑅pPb values
are within the upper edge of the nCTEQ15 uncertainty band. These data provide an important input for
testing the assumptions of nPDFs in theoretical calculations.
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Figure 6: Left: Λ+
c/D0 ratio in pp and p–Pb collisions as a function of 𝑝T, compared with the QCM model [63, 74].

Right: Λ+
c/D0 ratio as a function of 𝑝T in pp collisions at

√
𝑠 = 5.02 TeV, including comparisons with models [9,

18, 19, 21, 74]

The Λ+
c/D0 baryon-to-meson yield ratio is used to further examine differences in the charm-quark hadro-

nisation into baryons and mesons that may arise due to the differing numbers of constituent quarks. The
results in pp and p–Pb collisions are shown in the left panel of Fig. 6. The 𝑝T-differential D0 produc-
tion cross section in 0 < 𝑝T < 1 GeV/𝑐 was taken from Ref. [3] for pp collisions and from Ref. [26]
for p–Pb collisions. In the calculation of the baryon-to-meson ratio, the uncertainties related to the
tracking efficiency, luminosity, and beauty feed-down were treated as fully correlated between the two
species, and all other uncertainty contributions were considered to be uncorrelated. The Λ+

c/D0 yield
ratio in 0 < 𝑝T < 1 GeV/𝑐 in both pp and p–Pb collisions indicates a decreasing trend with respect to
the intermediate 𝑝T region, albeit with large uncertainties. Within uncertainties, the Λ+

c/D0 ratios are
consistent between pp and p–Pb collisions. The distribution has a maximum in the region 1 < 𝑝T < 3
(3 < 𝑝T < 5) GeV/𝑐 in pp (p–Pb) collisions. The shift of the peak towards higher 𝑝T in p–Pb colli-
sions could be attributed to a contribution of collective effects, e.g. radial flow. Similar collective effects
have been observed for light- and heavy-flavour hadrons in p–Pb collisions at the LHC [75–77]. Such a
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contribution would be consistent with previous observations for the light-flavour Λ/K0
S baryon-to-meson

ratio [29]. The results are also compared with the QCM model [20, 74] which describes the magnitude
of the Λ+

c/D0 ratio well for 0 < 𝑝T < 12 GeV/𝑐 in both collision systems, as well as predicting a shift of
the peak towards higher 𝑝T, resulting from a hardening of the Λ+

c spectrum in p–Pb collisions.

The modification of the Λ+
c -baryon production spectrum in p–Pb collisions is confirmed by computing

the mean transverse momentum, 〈𝑝T〉. This was calculated in each collision system following the same
prescription as in Ref. [55], with the central value derived from a power-law fit to the 𝑝T spectrum. The
resulting values are summarised in Table 6 and compared with the values obtained for D0 mesons in
Ref. [26]. The 〈𝑝T〉 value for Λ+

c baryons is significantly higher in p–Pb collisions than in pp collisions,
by 3.7𝜎 considering the combined statistical and systematic uncertainties. This is in contrast with the
results for D0 mesons, for which the 〈𝑝T〉 is seen to be fully consistent between the two collision systems.

Table 6: Mean transverse momentum values for D0 mesons [26] and Λ+
c baryons in pp and p–Pb collisions at

√
𝑠NN = 5.02 TeV.

〈𝑝T〉 (GeV/𝑐)
pp p–Pb

D0 2.06±0.03 (stat.) ±0.03 (syst.) 2.07±0.02 (stat.) ±0.04 (syst.)
Λ+

c 1.86±0.06 (stat.) ±0.03 (syst.) 2.29±0.06 (stat.) ±0.06 (syst.)

The right panel of Fig. 6 shows the Λ+
c/D0 yield ratio in pp collisions as a function of 𝑝T compared with

model calculations in which different hadronisation processes are implemented. The Monash tune of
PYTHIA 8 [9], which implements fragmentation processes tuned on charm-hadron production measure-
ments in e+e− collisions, predicts an integrated value of about 0.1 for the Λ+

c/D0 ratio, with a mild 𝑝T
dependence. This significantly underpredicts the data, as already seen in Refs. [11, 12], with a difference
of approximately a factor 8 between the data and model in the interval 0 < 𝑝T < 1 GeV/𝑐. Model calcula-
tions including processes that enhance baryon production, like PYTHIA 8 including colour reconnection
beyond the leading-colour approximation [18], SHM+RQM [21], QCM [74], and Catania [19] are also
shown. Hadronisation in PYTHIA 8 is built on the Lund string fragmentation model [78], where quarks
and gluons connected by colour strings fragment into hadrons, and colour reconnection allows for par-
tons created in the collision to interact via colour strings. The tune with colour-reconnection topologies
beyond the leading-colour approximation includes so-called “junctions” that fragment into baryons and
lead to increased baryon production with respect to the Monash tune. The statistical hadronisation model
includes additional excited charm-baryon states that have not yet been observed but are predicted by the
Relativistic Quark Model [79]. These additional states decay strongly to Λ+

c baryons, thereby contribut-
ing to the prompt Λ+

c spectrum. The SHM+RQM predictions include a source of uncertainty related to
the branching ratios of the excited baryon states into Λ+

c final states, which is estimated by varying the
branching ratios between 50% and 100%. The Catania model assumes that a colour-deconfined state
of matter is formed in pp collisions, and hadronisation can occur via quark coalescence in addition to
fragmentation. Coalescence is implemented through the Wigner formalism, where a blast-wave model
is used to determine the 𝑝T spectrum of light quarks, and FONLL pQCD calculations are used for heavy
quarks. Hadronisation via coalescence is predicted to dominate at low 𝑝T, while fragmentation dom-
inates at high 𝑝T. All of these models qualitatively reproduce the data. The QCM model predicts a
maximum in the region 1 < 𝑝T < 3 GeV/𝑐, while the other models tend to predict a continuous increase
of the Λ+

c/D0 yield ratio towards low 𝑝T, reaching a value of about 0.6 at 𝑝T = 0. This trend might
highlight some tension with the data in the interval 0 < 𝑝T < 1 GeV/𝑐, since the data hint to a decrease
of the Λ+

c/D0 yield ratio, though a more precise measurement is needed to reach a firm conclusion.

The 𝑝T-integrated Λ+
c/D0 yield ratios in pp and p–Pb collisions are presented in Table 7. These are

consistent with each other within 1𝜎 of the combined statistical and systematic uncertainties, indicat-
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Table 7: The 𝑝T-integrated Λ+
c/D0 yield ratios in pp and p–Pb collisions at

√
𝑠NN = 5.02 TeV.

Λ+
c/D0

pp 0.47±0.04 (stat.) ±0.04 (syst.)
p–Pb 0.42±0.04 (stat.) ±0.06 (syst.)

ing no modification of the overall hadronisation fractions between pp and p–Pb collisions despite the
modification of the 〈𝑝T〉. A similar effect was observed for Λ+

c baryons measured as a function of
charged-particle multiplicity in pp collisions at

√
𝑠 = 13 TeV [27], where the 𝑝T-integrated Λ+

c/D0 ratio
was found to be independent of multiplicity despite a significant alteration of the 𝑝T-dependent spectrum.
This could indicate a common mechanism that alters the 𝑝T distribution of charm baryons for p–Pb and
high-multiplicity pp collisions while leaving the integrated relative abundance of baryons and mesons
consistent with lower-multiplicity pp collisions.

7 Summary

The first measurements of the production of prompt Λ+
c baryons in the transverse momentum interval

0 < 𝑝T < 1 GeV/𝑐 in pp (|𝑦 | < 0.5) and in p–Pb (−0.96 < 𝑦cms < 0.04) collisions at
√
𝑠NN = 5.02 TeV

with the ALICE detector at the LHC are reported, removing the model dependence affecting the previous
results for the 𝑝T-integrated Λ+

c yields [11]. The analysis was performed using the decay channel Λ+
c →

pK0
S. The Λ+

c production cross section in the interval 0 < 𝑝T < 1 GeV/𝑐 was measured to be larger
than predictions given by pQCD-based calculations in both pp and p–Pb collisions. The uncertainties
on the two measurements are smaller than the theoretical uncertainties on the previously extrapolated
values [11]. The 𝑝T-differential 𝑅pPb was measured in 0 < 𝑝T < 1 GeV/𝑐 and found to be consistent with
unity within the uncertainties, and also with a decreasing trend towards low 𝑝T in 0 < 𝑝T < 6 GeV/𝑐.
However, the current precision of the measurement is not enough to draw firm conclusions on the role
of cold nuclear matter effects and on the possible presence of collective effects, like the radial flow,
which are observed in heavy-ion collisions. In addition, the 𝑝T-integrated 𝑅pPb and 𝑅AA of prompt
Λ+

c baryons were obtained and compared with those of D0 mesons at the same centre-of-mass energy,
showing compatibility between the nuclear modification factors of the two charm hadron species. The
results are consistent with calculations that consider nuclear modification of the PDFs.

The Λ+
c/D0 yield ratio in 0 < 𝑝T < 1 GeV/𝑐 in both pp and p–Pb collisions indicates a decreasing trend

with respect to the intermediate 𝑝T region, albeit with large uncertainties. The PYTHIA 8 event generator
with the Monash tune, which incorporates fragmentation parameters from e+e− collisions, significantly
underestimates the Λ+

c/D0 yield ratio. The data are qualitatively reproduced by models that predict
an enhancement of baryon production by various mechanisms, including colour reconnection beyond
the leading-colour approximation, feed-down from unobserved resonant charm-baryon states, or quark
coalescence (recombination). The quark (re)combination model also describes the shift of the peak in
the Λ+

c/D0 ratio between pp and p–Pb collisions. The hardening of the 𝑝T spectrum of Λ+
c baryons is

confirmed by calculating the 〈𝑝T〉, resulting in a 3.7𝜎 modification between pp and p–Pb collisions.
The measurement of the Λ+

c baryon in the interval 0 < 𝑝T < 1 GeV/𝑐 in pp and p–Pb collisions and the
𝑝T-integrated results are crucial for providing further insight into charm-quark hadronisation in pp and
p–Pb collisions, and for the investigation of cold nuclear matter effects in p–Pb collisions. More precise
measurements are expected to be performed during Runs 3 and 4 of the LHC thanks to the upgraded
ALICE detector [80].
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