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Abstract. For many years, significant efforts at the LHC have been put to-
wards the measurements of the production of (anti)(hyper)nuclei in high-energy
hadronic collisions. The ALICE experiment has contributed with measurements
in pp, p—Pb, Xe—Xe, and Pb—Pb collisions, at various center-of-mass energies.
Recently, also the LHCb experiment has measured the production of nuclei in
both collider and fixed-target modes. The highlights of recent experimental
measurements are discussed in the context of the production models used to
describe the hadronization mechanism.

1 Introduction

At the Large Hadron Collider, the baryochemical potential is close to zero [1] and therefore
it is possible to measure the production of both nuclei and antinuclei, in several collision sys-
tems, from pp to Pb—Pb, in a range of center-of-mass energies between ~ 1 and ~ 13 TeV. The
measurements of the production of (anti)(hyper)nuclei at accelerators allow the study of the
nucleosynthesis mechanism, which is nowadays under intense debate in the scientific commu-
nity. The production mechanism is usually described by three classes of phenomenological
models, i.e., the statistical hadronization model (SHM), the coalescence approach, and hybrid
models that include relativistic hydrodynamics with a subsequent coalescence afterburner, to
describe the survival of bound states in the hadron gas phase with intense rescattering. Many
observables have been pointed out to have a strong discrimination power among the model
predictions, and therefore the experimental challenge today is to get the most possibly pre-
cise measurement to compare to the expectations of the models. Besides the interest in the
hadronization mechanism per se, the study of the production of (anti)(hyper)nuclei at the
LHC has important applications to the indirect dark matter searches and to the study of the
particle interactions needed for the equation of state to describe neutron star observations.

2 Testing production models

According to SHM, light (anti)(hyper)nuclei are produced by a source in local thermal and
hadrochemical equilibrium at the chemical freeze-out, with a temperature common to all light
flavor species [2], of about 155 MeV. Such chemical freeze-out temperature corresponds to
the phase-transition temperature, that is the same in Pb—Pb [3] and Xe—Xe [4] collisions,
and corresponds to the pseudo-critical temperature for the transition from QGP to hadron
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gas predicted by lattice QCD calculations [5]. In heavy-ion collisions, the grand-canonical
ensemble of the statistical model [2, 6, 7], where all the charges are only conserved on average
but fluctuate from one microscopic state to another, holds true to describe the particle yield in
the case of sufficiently large reaction volumes. In small collision systems (e.g., pp and p—Pb
collisions), the exact conservation of charges from one microscopic state to another plays an
important role in determining the final state particle yield. Therefore, the canonical ensemble
of the SHM is used, resulting in the so-called canonical suppression of the yields of particles
carrying conserved charges, relative to their grand-canonical values.

In the coalescence model, light (anti)(hyper)nuclei are formed by the coalescence of nu-
cleons that are close in phase space and with matching spin-isospin configurations, at kinetic
freeze-out (occurring when the elastic interactions stop and the momentum of the particles is
fixed). In the state-of-the-art implementation of the coalescence model, the formation prob-
ability is calculated by folding the phase-space distributions of the constituent nucleons with
the Wigner density distribution of the bound state [8].

Recent developments of the coalescence model based on the Wigner function formal-
ism have shown that the coalescence of deuterons is extremely sensitive to the wavefunction
of the nucleus and to the size of the baryon-emitting source [7-9]. For instance, in order
to reproduce the measured transverse momentum distribution of deuterons measured in the
high-multiplicity sample of pp collisions at a center-of-mass energy of /s = 13 TeV by
ALICE with a coalescence model based on the Wigner function formalism [8], the realistic
wavefunction of deuterons, i.e., Argonne v18 [10], is needed in addition to the measured
baryon-emitting source size [11], as shown in Fig. 1.

On the contrary, the SHM predictions depend only on the mass and on the spin degeneracy
factor of the nucleus. This aspect is particularly relevant in two cases: (i) in small collision
systems, since the size of the nucleus (rgeyteron = 1.96 fm and rsy, = 1.76 fm [12]) and that
of the baryon-emitting source (» ~ 1 fm in pp collisions [13] and r ~ 1.5 fm in p—Pb colli-
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Figure 1. Transverse momentum distribution of deuterons measured in the high multiplicity class of pp
collisions at /s = 13 TeV by ALICE, compared to the expectations of a coalescence model based on
the Wigner function formalism that uses several hypotheses for the wavefunction, implemented as an
afterburner on top of events generated with EPOS 3 or PYTHIA 8.3.



sions [14]) are comparable; (ii) in the ratios of the yields of nuclei and hypernuclei with mass
number A > 3.

In the left panel of Figure 2 the ratios of the integrated yields of deuterons and protons
are shown as a function of the charged-particle multiplicity and compared to the expectations
of the production models. The predictions of two implementations of the canonical statistical
model (CSM) with different hypotheses for the freeze-out temperature and those of the coa-
lescence model describe qualitatively the smoothly increasing trend of the deuteron-to-proton
yield ratios with multiplicity and the overall yields. Notably, all the predictions give similar
results for the A = 2 yield ratios, making it difficult to discriminate among the hadronization
mechanisms. A better discrimination power is present for the ratios of *He-to-proton yields,
as shown in the right panel of Fig. 2: especially at the multiplicities corresponding to heavy-
ion collisions, models differ by ~ 40%. However, the current experimental precision is not
enough to distinguish among the predictions of the different models.
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Figure 2. The ratios of the integrated yields of deuterons and protons (left panel) and *He and protons
(right panel) are shown as a function of the charged-particle multiplicity and compared to the expecta-
tions of several production models.

In this scenario, hypernuclei (nuclei with at least one hyperon constituent) play an impor-
tant role as they are very loosely bound states with a large spatial extension of their wave-
function. For instance, hypertriton is a hypernucleus composed of a proton, a neutron, and
a A hyperon, with a separation energy of the A of about 102 keV [15] and a radius of about
10 fm [16]. The ratio of the yields of the ?\H and of the *He as a function of multiplicity has
a great discrimination power between the SHM and coalescence (see left panel of Fig. 3),
because the two species have comparable masses (ms 1=2.991 and ms.=2.809 GeV/c?) but
very different sizes (rsA ~10 fm and r3.=1.76 fm). Hence the SHM, which depends only on
the masses of the nuclei, predicts a flat ratio as a function of multiplicity, while the coales-
cence model, which takes into account the interplay between the source size and the spatial
extension of the nucleus wavefunction, results in an increasing trend of the predicted ratio as
a function of multiplicity, that reflects the increasing size of the baryon-emitting source. Fi-
nally, another powerful tool to discriminate among the predictions of the production models
is the multiplicity-dependent ratio of the yields of f\H and those of the A baryon. The mod-
els give very different predictions for such a ratio, especially in the low multiplicity range,
corresponding to small systems. Only few measurements of this ratio are currently available
from the ALICE Collaboration, as shown in the right panel of Fig. 3, but with a precision
good enough to discriminate among the models. The data agrees with the predictions of the
coalescence model within 1o at (dN.,/dn) < 10, and exclude the SHM predictions by ~ 60
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Figure 3. Ratio of the integrated yields of 3 H and *He (left panel) and of 3 H and A (right panel)
as a function of the charged-particle multiplicity, compared to the expectations of different production
models.

3 Impact on astrophysics

One interesting application of the measurement of the production of antinuclei in accelera-
tor experiments concerns the search for indirect dark matter (DM). Antinuclei in the Galaxy
might be produced either by reactions of primary cosmic rays (CRs) with the interstellar
medium (ISM), both constituted for the 90% by protons and for the 9% by alpha nuclei, or
by annihilation of dark matter candidates, or by even more exotic sources such as anticlouds
or antistars [17]. Although antinuclei heavier than antiprotons still elude detection in space,
many theoretical efforts are ongoing in order to model the flux of antinuclei from cosmic
rays, with the ultimate goal of correctly interpret any future measurement of antinuclear CR
fluxes. In this sense, information on the production of antinuclei from accelerator experi-
ments, particularly in small collision systems, is essential for the theoretical description of
the background constituted by antinuclei from cosmic-ray collisions with ISM. Notably, the
production of antinuclei at the LHC is typically measured at midrapidity (|ly| < 0.5), and then,
combined with several coalescence models, employed to predict the flux of antinuclei from
CR interactions at forward rapidity. However, the possible impact of a rapidity dependence
of the production yield and of the coalescence probability' of antinuclei was suggested in
Ref. [18] and recently investigated by the ALICE Collaboration in pp collisions at /s = 13
TeV [19]. In such work, the rapidity dependence of the production yield of p and d and of
the coalescence parameter B, (obtained from Eq. 1 with A = 2) has been investigated. The
measurements have been carried out rapidity-differentially up to |y| < 0.7, and then, with
the use of the a state-of-the-art coalescence model based on the Wigner formalism [8], the
integrated yields and B, have been extrapolated to forward rapidity and high pt, as shown
in Fig. 4. These model predictions have been used as input for the calculations of the flux
of antinuclei from cosmic rays in Ref. [20]. In such work, the author investigates the role of
the rapidity extrapolation in the predictions of the CR flux of antinuclei assessing that about
90% of the flux is due to antideuterons with rapidity between 0.5 and 1.5. This kinematical
region is the one where the CR flux is expected to be dominated by the DM signal, according

IThe coalescence parameter is defined as the ratio between the invariant yield of the nucleus with mass number
A and that of the protons, raised to the power of A, assuming protons and neutrons to have the same transverse
momentum distributions as they are isospin partners, and p$ = p?/A:
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Figure 4. Deuteron yields (left panel) and coalescence parameter B, as a function of rapidity for fixed
intervals of the pr/A (right panel), measured in pp collisions at /s = 13 TeV by ALICE [19]. The data
are compared to the predictions of a coalescence afterburner based on the Wigner function formalism,
on top of events generated with EPOS 3 or PYTHIA.

to many cosmological models [21]. The relevant rapidity region (0.5 < |y| < 1.5) is in reach
of present or future LHC experiments, such as LHCb [22] in its fixed-target configuration,
CMS [23] in its Run 4 program, and the future ALICE 3 facility [24].

Finally, one open point is still the extrapolation to the low-energy scale needed for astrophys-
ical models: while the LHC experiments cover the TeV scale, the production of antinuclei
in the Galaxy occurs at center-of-mass energies of the order of 1-10 GeV (for instance, an-
tideuterons are produced in collisions of /s = 17 GeV [21]). The current assumption is that
the production models employed at the LHC energy scale can also be used at lower ener-
gies. The LHCb Collaboration recently measured *He nuclei [25] and successfully identified
(anti)hypertritons [26]. Future (anti)deuteron and (anti)*He measurements as a function of
rapidity provided by LHCb would be highly useful for the cosmic-ray flux modeling, as the
LHCD fixed-target mode would allow the scan of the low energy collision range (of the order
of 1-10 GeV), relevant for astrophysics.
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