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Abstract

Studies of open-charm hadron production in pp and p–Pb collisions are performed by the
ALICE Collaboration at the LHC to investigate charm-quark hadronization mechanisms. Re-
cent measurements of charm meson (D0, D+, D+

s , and D∗+) and baryon (Λ+
c , Ξ

0,+
c , Σ0,++

c , and
Ω0

c) production in pp collisions at
√
s = 5.02 TeV and

√
s = 13 TeV allow the determination of

the charm cross section and the fragmentation fractions at
√
s = 5.02 TeV with unprecedented

precision. The measurements show that the fragmentation fractions significantly differ from the
ones measured in e+e− and e−p collisions. This highlights possible differences in the hadroniza-
tion process between electron induced collisions and pp collisions at the LHC.
Furthermore, the first measurement of the baryon-to-meson yield ratio Λ+

c /D
0, down to pT = 0

in pp and p–Pb collisions will be discussed. In p–Pb collisions a modification of the hadroniza-
tion mechanisms could be present due to cold nuclear matter effects and collective phenomena.
A systematic comparison between data and model calculations will help to understand charm
quark hadronization in pp and p–Pb collisions.

1 Introduction

Charm and beauty quarks have masses much larger than the ΛQCD energy scale, which means
that their production can be calculated perturbatively. Thus, measurements of heavy-flavor hadron
production provide crucial tests for calculations of quantum chromodynamics (QCD). Typically,
heavy-flavor hadron production cross sections are calculated in a factorization approach multiplying
three separate components: the parton distributions functions (PDFs), which describe the mo-
mentum 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
characterize the hadronization of a quark to its respective hadron species. As the fragmentation
functions are non-perturbative, they are determined from measurements in e+e− and e−p collisions,
and the relevant hadronization processes were so far assumed to apply universally, independent of
the energy and collision system. In particular, ratios of heavy-flavour hadrons are sensitive to the
charm fragmentation functions, since the terms related to the PDFs and partonic cross sections are
common to all hadrons and cancel out in the yield ratios. Recent measurements performed by the
ALICE Collaboration of the charm meson-to-meson yield ratios D+/D0 and D+

s /D
0 [1] have shown

that there is no momentum dependent modification of the charm meson hadronization, since the
measurements are flat as a function of pT. The results are also in agreement with measurements per-
formed at e+e− and e−p colliders, and with pQCD calculations based on the factorization approach
that include fragmentation functions parameterized from e+e− and e−p collisions. On the contrary,
the charm baryon-to-meson yield ratio Λ+

c /D
0, measured in pp collisions at

√
s = 5.02 TeV, is



strongly pT dependent [2], as shown in the upper right panel of Fig. 1. The Λ+
c /D

0 yield ratio is not
described by MC generators, such as PYTHIA with Monash tune [3] and HERWIG 7 [4], which use
fragmentation functions parameterized from e+e− collisions. However, various models do describe
the measured baryon-to-meson ratio. For instance PYTHIA 8 including color reconnection (CR)
beyond leading color [5] enhances the baryon production in multi-parton interactions by introducing
color junctions. The Catania model [6] considers a thermalized systems of light quarks, anti-quarks,
and gluons and treats hadronization as a combination of fragmentation and coalescence. The statis-
tical hadronization model, which is based on fragmentation functions from e+e− collisions, includes
unobserved states in addition to those listed by the PDG [7] by taking guidance from the relativistic
quark model (RQM) [8].
The enhancement with respect to electron collider measurements, and the strong pT dependence
for the Λ+

c /D
0 yield ratio is also observed for Ξ0,+

c /D0, Ω0
c/D

0, and Σ0,++
c /D0 yield ratios in the

measured momentum range. In addition, more differential measurements were performed, like mea-
suring the Λ+

c /D
0 yield ratio as a function of the event multiplicity. The enhancement of the Λ+

c /D
0

yield ratio even persists in low multiplicity pp collisions as it will be discussed in the next section.
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Figure 1: Upper left: Λ+
c /D

0 ratio in pp and p–Pb collisions at
√
sNN = 5.02 TeV as a function of

pT [2]. Upper right: Λ+
c /D

0 ratio as a function of pT in pp collisions at
√
s = 5.02 TeV, including

comparisons to models [8, 5, 3, 6, 9]. Lower left: Λ+
c /D

0 and Λ/Ks
0 ratio in pp collisions at√

s = 13 TeV in different multiplicity classes [10], [11]. Lower right: pT-integrated Λ+
c /D

0 yield
ratio as a function of charged-particle multiplicity in pp, p–Pb and Pb–Pb collisions in ALICE,
measured at various collision energies [12].
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2 Results

2.1 Λ+
c /D

0 yield ratio

In the upper left panel of Fig. 1 the baryon-to-meson yield ratio Λ+
c /D

0 is presented down to pT = 0 in
pp and p–Pb collisions at

√
sNN = 5.02 TeV. A significant fraction of the total hadron cross section is

at low momenta. Thus, an extension of the measurement range from the published results at pT > 1
GeV/c [13], shown with the full markers, to the preliminary results in the interval 0 < pT < 1 GeV/c,
indicated by the open circles, is crucial to complete the picture of hadronization. The low momentum
range is dominated by combinatorial background, but a new candidate reconstruction method using
the KFParticle package [14] and applying machine-learning selections with the XGBoost gradient
boosting algorithm [15] to separate signal and background, allows the signal extraction down to
pT = 0. The p–Pb result at pT > 4 GeV/c hints at a larger Λ+

c /D
0 yield ratio than the one

measured in pp collisions, while the ratio is lower at pT < 4 GeV/c. This suggests a possible
pT redistribution of baryons in p–Pb collisions with respect to pp collisions. This effect could be
attributed to a contribution of collective effects, i.e. radial flow, in p–Pb collisions, which is consistent
with previous observations in the light-flavor Λ/K0

S baryon-to-meson yield ratio [11].
A multiplicity differential measurement in pp collisions at

√
s = 13 TeV of the Λ+

c /D
0 yield ratio as a

function of the transverse momentum [10] is shown in the lower left panel of Fig. 1. The figure shows
that there is an increase in the yield ratio from low to high multiplicity for 1 < pT < 12 GeV/c, which
could also point to a different momentum redistribution among baryons and mesons. A similar effect
was also seen in the strange sector when looking at the Λ/K0

S ratio, also shown in the lower left panel
of Fig. 1. This points to a similar hadronization mechanism in the light and heavy flavor sectors.
However, when studying the pT integrated Λ+

c /D
0 yield ratio as a function of multiplicity [12] as

shown in the lower right panel of Fig. 1 there seems to be no significant variation as a function of
the multiplicity, collision system or energy. This suggests that the modification observed in the pT
differential studies could be due to a momentum redistribution without a modification of the overall
yield.

2.2 Σ0,++
c production in pp collisions at

√
s = 13 TeV

Measurements of the Σ0,++
c /D0 yield ratio [16] in Fig. 2 (middle) also show a significant enhancement,

by a factor larger than 10, with respect to the Monash tune of PYTHIA [3], while it is well described
by the statistical hadronization model [8], and models including coalescence [6, 17]. The Σ0,++

c

baryon states are contributors to the Λ+
c yield as they decay strongly and are not distinguishable

from prompt production. The feed-down contribution Λ+
c (← Σ0,++

c ) is shown in the right panel of
Fig. 2 for pT > 2 GeV/c, and the pT integrated fraction is found to be 0.38±0.06(stat.)±0.06(syst.).
A suppression of these states with respect to the Λ+

c baryon production is expected due to the
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Figure 2: Measurements of (left) Λ+
c /D

0, (middle) Σ0,++
c /D0, and (right) contribution of Σ0,++

c

feed-down to the prompt Λ+
c cross section in pp collisions at

√
s = 13 TeV [16]. The measurements

are compared to model calculations [8, 5, 3, 6, 17].
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relative rarity of spin-1 diquarks. This implies that a sizable proportion of the measured prompt
Λ+
c originates from the decays of heavier resonant states, and notably the PYTHIA predictions with

enhanced color reconnection appear to overestimate this contribution.

2.3 Ξ0
c, Ξ

+
c and Ω0

c production in pp collisions at
√
s = 13 TeV

The impact of strangeness on the hadronization process can be studied by measuring Ξ0,+
c [18] and

Ω0
c [19] baryons. The measurements were performed in pp collisions at

√
s = 13 TeV. The Ξ0

c/D
0

and Ξ+
c /D

0 yield ratios are displayed in the left panel of Fig. 3, and the right panel shows the
baryon-to-baryon yield ratio Ω0

c/Ξ
0
c . Since the branching ratio of the decay Ω0

c → Ω−π+ is not
yet experimentally measured, the Ω0

c cross section is not corrected for the theoretical branching
ratio [20]. The measurements show a significant enhancement over all models, even those that were
able to describe the Λ+

c /D
0 yield ratio. The Catania model [6] comes closest to describing the data.

PYTHIA with Monash tune [3] underestimates the data by orders of magnitude and even PYTHIA
including CR beyond leading color approximation [5] underestimates the data. The Catania model
can also describe the data when including higher mass resonance decays. Using the ALICE Ξ0

c

data and the Ω0
c/Ξ

0
c yield ratio, scaled by the branching ratio, the integrated Ω0

c cross section
can be obtained. Compared to measurements from the Belle Collaboration in e+e− collisions at√
s = 10.52 TeV [21], the ratio estimated by ALICE is larger by a factor of 4.7±1.3(stat.)±0.5(syst.)

for the BR(Ω0
c → Ω−π+)× σ(Ω0

c)/σ(Ξ
0
c) yield ratio.

ALI-PUB-487391 ALI-PUB-523538

Figure 3: Left: Measurement of Ξ0
c/D

0 and Ξ+
c /D

0 [18] in comparison to models [8, 5, 3, 6, 17]. Right:
Baryon-to-baryon yield ratio BR(Ω0

c → Ω−π+)× σ(Ω0
c)/σ(Ξ

0
c) in pp collisions at

√
s = 13 TeV [19].

2.4 Total charm cross section and fragmentation fractions

The total charm cross section per unit of rapidity at mid rapidity is computed as the sum of the cross
section of the single charm ground state hadron species, and shown in Fig. 4 (left) as a function
of the collision energy. The open blue marker shows the first computation of the total cc̄ cross
section in p–Pb collisions at

√
sNN = 5.02 TeV, and it is shown together with previous ALICE

measurements in pp collisions at
√
s = 2.76, 5.02 and 7 TeV [22], shown as full blue markers. A

comparison with FONLL and NNLO calculations shows that the ALICE results lie on the upper
edge of the uncertainty bands of the pQCD calculations. In the right panel of Fig. 4, the individual
fragmentation fractions of the different hadron species are shown. The results in pp collisions are
shown together with the preliminary measurements in p–Pb collisions. The first measurement of
the Ξ0

c in pp collisions at
√
s = 5.02 TeV is also shown. The measurements are compared to e+e−

and e−p collisions [23], and an enhancement of Λ+
c baryon production can be seen with respect to

leptonic collisions, which corresponds to a depletion of the meson abundances.
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Figure 4: Left: Total charm production cross section at midrapidity in pp and p–Pb collisions as
a function of collision energy [22] in comparison to FONLL and NNLO calculations [24]. Right:
Relative hadronization fractions of ground-state charm hadron species measured by ALICE in pp
and p–Pb collisions, compared with e+e− and e−p collisions [23].

3 Outlook

In the upcoming Run 3 and 4 and future ALICE 3 experiment [25] many more exciting results on
heavy flavor production and hadronization are expected. An upgraded apparatus and a higher data
taking rate allows to perform measurements with even more precision in a broader momentum range.
Furthermore, the full reconstruction of beauty hadrons and multi-charm species will be feasible.
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