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Measurements of different charm-hadron species, particularly the yield ratios as a function of
transverse momentum, provide unique insights into heavy-quark hadronization. In this contri-
bution, the recent results of charm production in proton-proton (pp) collisions at /s = 5.02
and 13 TeV, collected during Run 2 by the ALICE experiment, are presented. The observed
baryon-to-meson yield ratios differ from predictions where the hadronization has been tuned to
measurements in e*e~ and ep collisions for various charm-baryon species. These findings suggest
that the universality of fragmentation fractions is not validated and that baryon-to-meson ratios are
dependent on the collision system. Additionally, first studies of charm-hadron reconstruction, D*,
Df and 28’”(2520) using the large data sample of pp collisions at v/s = 13.6 TeV from Run 3 at
the LHC are also included, providing further inputs in understanding charm-quark hadronization
mechanisms. Comparisons between the measured meson-to-meson and baryon-to-meson ratios
with novel theoretical calculations will also be discussed.
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1. Introduction

The production of heavy quarks, i.e., charm and beauty, in proton-proton collisions at the
LHC occurs in the early stages of the collision, and can be described using perturbative Quantum
Chromodynamics (QCD) calculations. The heavy-quark production cross section is evaluated
based on a factorization approach, as a convolution of three factors [1]: i) the Parton Distribution
Functions (PDFs), which describe the probability distribution of finding quarks or gluons inside the
proton with a given fraction of the proton momentum; ii) the hard-scattering cross section at the
partonic level, which governs the interaction between partons leading to the production of heavy
quarks; and iii) the fragmentation functions, which presents the likelihood of heavy-quark transition
into specific heavy-flavor hadrons, such as mesons or baryons, carrying a specific fraction of the
quark momentum. The formation of hadrons from heavy quarks requires a longer time, which
has motivated the idea that the hadronization process of heavy quarks is independent of colliding
system and collision energy. The charm-quark hadronization is typically studied by measuring
production-yield ratios of different hadron species, because the PDFs and partonic scattering cross
sections are common to the charm- or beauty-hadron species and, therefore, can be canceled out in
the yield ratios.

This contribution focuses on the production measurements of various charmed mesons DO, D*,
D} [2-4] and charmed baryons Af, Eg’+, Q0 [5-9], using data from pp collisions at /s = 5.02
and 13 TeV, collected by the ALICE detector during the LHC Run 2. These measurements provide
valuable insights into the hadronization mechanisms [10]. With the ongoing Run 3 at the LHC and
the recent upgrades of the ALICE detector, more precise and differential measurements of charmed
mesons, such as D* and D, have been achieved. Notably, the first measurement of the charmed
baryon resonance 28 ""(2520) has also been obtained. These results, along with comparisons to
model predictions, further enrich our understanding of heavy-quark hadronization mechanisms.

2. Results

Figure 1 shows the ratios of prompt and non-prompt D-meson production cross sections
measured in pp collisions at v/s = 13 TeV, compared with theoretical pQCD calculations from
FONLL [17] for prompt D mesons and from FONLL + PYTHIA 8 for the non-prompt ones. There
is no available FONLL prediction for prompt D mesons. These ratios are in good agreement with
e*e™ and ep results, as well as with the calculations. With these available results, the fragmentation
fraction of beauty quarks to strange mesons divided by the one to non-strange mesons, f;/( fu+f4), is
found to be compatible with previous measurements across various collision energies and systems,
supporting the assumption of universality of fragmentation functions for mesons. In contrast, these
calculations underestimate recent measurements of charm baryon-to-meson yield ratios in hadronic
collisions. As an example, the A} /D baryon-to-meson production yield ratio as a function of pr is
shown in the top-left panel of Fig. 2. The ratio exhibits a strong pt dependence, with a significant
enhancement at low and intermediate pt with respect to models based on e*e™ fragmentation
functions, as PYTHIA 8 with the Monash tune. The A}/D° ratio is instead well captured by
model calculations that implement different hadronization processes and have been proposed to
explain this baryon enhancement: i) a tune of PYTHIA 8 with color connection beyond leading
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Figure 1: Ratios of prompt and non-prompt D-meson production cross sections as a function of pt in pp
collisions at 4/s = 13 TeV compared with FONLL+PYTHIA 8 predictions.

color approximation in which junction topologies increase baryon production [18], ii) the Statistical
Hadronization Model (SHM) + Relativistic Quark Model (RQM) [19] with feed-down to A¢ from
an augmented set of higher-mass charm-baryon states predicted the RQM, iii) Catania [20] and
Quark Combination Model (QCM) [21], which assumes hadronization via coalescence, enhancing
baryon production. An enhancement with respect to e*e™ collisions is also observed for 58* /D°
yield ratio as shown in the top right panel of Fig. 2. However, deviations between measurements
and model predictions are much larger for charm-strange baryons (Eg’+ /DY) than for non-strange
baryons. Only the Catania [20] and POWLANG [22] models are compatible with the measured
2¢ /DY ratio within about 1o. The other model calculations show even larger deviations compared

with the measured Eg’+/ D ratio.

Currently, there is a significant limitation in interpreting the production results of heavier
charm-strange baryons due to the lack of precise branching ratio measurements. In the recently
published inclusive QY baryon production in the hadronic decay channel Q0 — Q~z* [8], the large
uncertainty induced by theoretical estimates of the branching ratio BR(Q? — Q~z*) limits the
understanding of QY production. Precise measurements of these branching ratios are thus crucial.
The bottom-left panel of Fig. 2 reports the ratio, BR(Q? — Q~e*v,.)/BR(Q! — Q~x*), which is
measured to be 1.12 + 0.22 (stat.) + 0.27 (syst.) using the results in the hadronic decay channel
Q~n* from Ref. [8]. The ALICE result is compared with previous experimental measurements
from CLEO [11] and Belle [12], as well as to several theoretical predictions [13—15]. The ALICE
result is compatible within 10~ with the CLEO result and it is 2.30 lower than the one measured by
the Belle Collaboration. The ALICE measurement is also consistent within 10~ with the available
theoretical predictions, which show some tension compared to the Belle results.

The bottom-right panel of Fig. 2 shows the fragmentation fractions for charm hadrons, i.e.,
the fraction of quarks fragmenting into specific hadron species among all the ground-state charm
hadrons, in pp collisions at v/s = 5.02 and 13 TeV. These results indicate no significant energy
dependence within the current uncertainties. In addition, a clear difference is observed with respect
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Figure 2: Top left: prompt A}/D° production-yield ratio in pp collisions at v/s = 5.02 TeV [5]. Top
right: pr-differential Eg’+ /D production-yield ratios in pp collisions at /s = 13 TeV compared with model
predictions [7]. Bottom left: comparison of BR(Q? — Q~e*v.)/BR(Q? — Q~n*) between experiments
and theoretical calculations [9, 11-15]. Bottom right: charm-quark fragmentation fractions at midrapidity
(Iyl < 0.5) in pp collisions at /s = 5.02 and 13 TeV compared with results in e*e™ and ep collisions [7, 16].

to the charm fragmentation fractions measured in e*e™ and ep collisions, confirming the baryon
enhancement at the LHC, possibly due to different hadronization mechanisms occurring in the
parton-rich environment produced in pp collisions.

The left panel of Fig. 3 shows the first measurement of the pr-differential production-yield
ratio of prompt D} /D* mesons at midrapidity in pp collisions at v/s = 13.6 TeV collected during
Run 3 in ALICE. This new result extends the previous one obtained with the Run 2 sample at /s =
13 TeV [7] down to pt = 0.5 GeV/c, and has twice more pr intervals at low and intermediate pr.
These results are compared with measurements from the LHCb Collaboration in pp collisions at
/s = 13 TeV for two different forward rapidity intervals. The comparison indicates no significant
dependence on rapidity. Extending the hadronization studies to the charm-baryon resonance sector,
the right panel of Fig. 3 presents the first measurement of the baryon resonance 22 (2520) at
the LHC. The ratios 28 ’++(2520)/28 ""(2455) are compared with predictions from PYTHIA 8 even
generator, for different values of a parameter related to the formation probability of spin-1 diquarks
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Figure 3: Left panel: Df/D* production-yield ratios as a function of pr in pp collisions at v/s = 13.6
TeV from ALICE Collaboration, compared with those in pp collisions at v/s = 13 TeV measured by the
LHCb Collaboration [23] in two different rapidity ranges. Right panel: =0 (2520)/2%"(2455) ratios are
compared with PYTHIA 8 Mode 2 calculations for various values of the spin-1-diquark probability-formation
parameter [10, 24, 25].

containing a charm quark. The ratio shows the capability of the data to constrain specific model
parameters, highlighting the role of diquark spin state and providing further constraints on the
hadronization mechanisms.

3. Summary and outlook

The study of heavy-quark production in pp collisions at the LHC offers crucial insights into the
dynamics of QCD. Extensive measurements of charm-baryon production have been conducted by
the ALICE Collaboration, revealing intriguing results. While charm-meson production shows good
agreement with model predictions and pQCD calculations, charm-baryon production in pp colli-
sions exhibits a significant enhancement compared to measurements from leptonic collisions and
expectations from models based on fragmentation functions tuned on e"e* and ep collisions. This
phenomenon challenges the conventional view of the universality of the charm-quark hadronization
process. This enhancement suggests that the ‘in-vacuum’ string fragmentation mechanism alone
cannot adequately describe heavy-flavor baryon production in hadronic collisions. The findings
indicate that the mechanisms driving heavy-quark hadronization in pp collisions at the LHC re-
quire further theoretical and experimental investigation. Taking advantage of the improved detector
capabilities, more precise measurements of heavy-flavor baryon production with Run 3 data are
expected to provide more stringent constraints on theoretical models and help to further understand
the heavy-quark hadronization process.
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