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Light (anti)nuclei production in Pb-Pb collisions at ,/syy = 5.02 TeV
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The measurement of the production of deuterons, tritons and *He and their antiparticles in Pb-Pb collisions
at /syy =5.02 TeV is presented in this article. The measurements are carried out at midrapidity (|y| <
0.5) as a function of collision centrality using the ALICE detector. The pr-integrated yields, the coalescence
parameters and the ratios to protons and antiprotons are reported and compared with nucleosynthesis models. The
comparison of these results in different collision systems at different center-of-mass collision energies reveals a
suppression of nucleus production in small systems. In the Statistical Hadronisation Model framework, this can
be explained by a small correlation volume where the baryon number is conserved, as already shown in previous
fluctuation analyses. However, a different size of the correlation volume is required to describe the proton yields
in the same data sets. The coalescence model can describe this suppression by the fact that the wave functions
of the nuclei are large and the fireball size starts to become comparable and even much smaller than the actual

nucleus at low multiplicities.

DOI: 10.1103/PhysRevC.107.064904

I. INTRODUCTION

Collisions of ultrarelativistic heavy ions create suitable
conditions for the production of light (anti)nuclei, as a high
energy density is reached over a large volume. Under these
conditions, hot and dense matter, which contains approxi-
mately equal numbers of quarks and antiquarks at midrapidity,
is produced for a short duration (a few 10723 s). After a decon-
fined quark-gluon plasma (QGP) is formed in the initial state,
the system cools down and undergoes a transition to a hadron
gas. While the hadronic yields are fixed at the moment when
the rate of inelastic collisions becomes negligible (chemi-
cal freeze-out), the transverse momentum (pr) distributions
continue to change until elastic interactions cease (kinetic
freeze-out). The observed nucleus abundance is highly sen-
sitive to the chemical freeze-out conditions as well as the
dynamics of the emitting source.

The production of light nuclei and antinuclei has already
been measured in many experiments at various energies in
heavy-ion collisions at the Bevalac [1], the Schwerionensyn-
chrotron (SIS) [2,3], the Alternating Gradient Synchrotron
(AGS) [4-8], the Super Proton Synchrotron (SPS) [9-12],
the Relativistic Heavy Ion Collider (RHIC) [13-20], and
the Large Hadron Collider (LHC) [21-25], and in smaller
collision systems [22,26-38]. The production of light nu-
clei is usually discussed within two theoretical approaches:
the nucleon coalescence model [39-44] and the statistical
hadronization model (SHM) [45-49].
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Generally, the coalescence model describes the production
of nuclei from the nucleons emitted from a hot fireball that
cools down while expanding. Most variants use a phase-
space picture for the formation; namely the nucleons have
to be close in space and (relative) momentum to allow for
the formation of the nucleus. In particular, the studies of
the production of (anti)nuclei as a function of the charged-
particle multiplicity [22] have clearly shown experimentally
a dependence of the yield (ratios) on the volume of the
emitting fireball. In fact, a strong suppression of nucleus-to-
proton yield ratios is seen from high multiplicities in Pb-Pb
to lower multiplicities in p-Pb, and reaching small multiplic-
ities in pp [37,38] collisions. The size of the fireball can
be extracted from the measurement of two-particle corre-
lations, of Hanbury Brown-Twiss type [50-52], nowadays
often called femtoscopy. Empirically, it was found that the
charged-particle multiplicity of the collision is proportional
to the size parameter R cubed [44,53]. Theoretically, these
correlations can be directly connected to the coalescence pa-
rameter B4, which is a measure for the probability to form a
nucleus of mass number A from the corresponding nucleons
[40—42,44,54-56]. This dependence is mainly given by the
fact that the wave functions of the nucleons have to overlap
with the nucleus’s wave function, while the constituents are
being emitted from a region of homogeneity of the fireball.
This leads to a strong suppression of nucleus production in
small systems, since the size of the formed nucleus becomes
larger than the emitting source [44,57]. It is worthwhile to
mention that coalescence models typically ignore the problem
of conservation of energy and momentum in the process,
assuming either that this is handled via the off-shell nature
of the particles or additional particles involved in the process
itself.

The SHM successfully describes hadron yields in heavy-
ion collisions, in particular in central collisions and at
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midrapidity [48]. The production of nuclei is solely deter-
mined by their quantum numbers and masses [49]. For more
peripheral heavy-ion collisions or even smaller collision sys-
tems such as pp and p-Pb, one needs to switch from a grand
canonical ensemble to a canonical description of the rele-
vant quantum numbers (baryon number B, charge O, and
strangeness S) [58,59]. The canonical ensemble requires a
local conservation of each quantum number in a particular
volume V., the so-called correlation volume. Interestingly,
V. cannot be unambiguously determined from first principles
[60], but it can be constrained from measurements of the
event-by-event number fluctuation of net protons [59,61] or
deuterons [25]. Other approaches include a nonequilibrium
treatment of the quantum numbers in question (see Ref. [49]
and references therein) or even a partial chemical equilibrium
(PCE) [62-64].

In this article, the production of deuterons, tritons and 3He
and their antiparticles in Pb-Pb collisions at a center-of-mass
energy per nucleon pair /syy = 5.02 TeV is reported. The
pr-integrated yields, the coalescence parameters (calculated
using average of protons and antiprotons, since they are found
to be produced in same abundance at the LHC energies
[65]) and the ratios to protons and antiprotons are com-
pared with nucleon coalescence and statistical hadronization
models.

II. EXPERIMENTAL APPARATUS AND DATA SAMPLE

The results presented in this article are based on the data set
of Pb-Pb collisions at /syy = 5.02 TeV collected in 2018. In
total, 230 x 10° events were analyzed, of which 86.7 x 10°
are central trigger events in the 0-10% centrality interval
and 74.3 x 10° are semicentral trigger events in the 30-50%
centrality interval.

The ALICE detector [66,67] has excellent particle iden-
tification and vertexing capabilities. The (anti)nuclei were
measured using the Inner Tracking System (ITS), the Time
Projection Chamber (TPC) and the time-of-flight (TOF) de-
tector. All these detectors are located inside a homogeneous
magnetic field with a strength of 0.5 T and cover the full
azimuthal acceptance and the pseudorapidity range |n| < 0.9
for interactions located in |z| < 10 cm, where z is the distance
from the nominal interaction point along the beam direction.

The ITS [68] consists of six cylindrical layers of (position-
sensitive) silicon detectors, covering the central rapidity
region. The ITS allows the reconstruction of the primary and
secondary vertices. It is also used to separate primary nuclei
from secondary nuclei via the distance of closest approach
(DCA) of the track to the primary vertex with good resolution
(better than 300 wm), assured by the Silicon Pixel Detector
(SPD), which comprises the innermost two layers of the ITS.

The TPC [69] is the main tracking device of the
experiment. It is a gas-filled cylinder and provides par-
ticle identification via the specific energy loss (dE/dx).
(Anti)*He are identified up to pr = 7 GeV/c using the TPC
only.

The TOF detector [70] allows for the light (anti)nuclei
identification by means of the velocity determination. Its total
time resolution for tracks from Pb-Pb collisions corresponds

to about 65 ps which is determined by the intrinsic time reso-
Iution of the detector and the resolution of the event collision
time measurement. By a combined analysis of TPC and TOF
data, (anti)deuterons are identified up to pr = 6 GeV/c in
Pb-Pb collisions. (Anti)tritons are also identified using TPC
and TOF. However, due to a sizable background starting at
about 2 GeV/c originating from mismatches between a track
and a cluster in TOF, the (anti)tritons can only be measured
up to pr = 3.2 GeV/c in this data set.

The Transition Radiation Detector (TRD) [71] was de-
signed to provide electron identification and triggering and to
improve the track reconstruction and calibration in the central
barrel of ALICE. The TRD improves the overall momentum
resolution of the ALICE central barrel by providing addi-
tional space points at large radii for tracking, reducing as well
significantly the probability of mismatch between tracks and
TOF hits for rare probes analyses such as the triton analysis
presented in this article.

Finally, a pair of forward and backward scintillator ho-
doscopes (2.8 <n < 5.1 and —3.7 <n < —1.7), the VO
detectors [72], measures the arrival time of particles with
a resolution of 1 ns. The VO detectors are used for trig-
gering purposes and for rejection of beam-gas interactions.
Furthermore, it provides the centrality determination in Pb-Pb
collisions.

III. DATA ANALYSIS
A. Event and track selection

The data were collected using a minimum-bias trigger re-
quiring at least one hit in both the VO detectors. In addition,
a central and a semicentral trigger were used, also determined
by the VO detectors, selecting collisions in the 0-10% and
30-50% centrality intervals, respectively. Moreover, the tim-
ing information of the VO scintillator arrays is used to reject
the events triggered by the interactions of the beam with the
residual gas in the LHC vacuum pipe. A further selection
using a zero degree calorimeter is applied in order to reject the
electromagnetic beam-beam interactions and beam-satellite
bunch collisions [73]. These three rejections are done in the
offline analysis.

The production yield of primary (anti)deuterons,
(anti)tritons and (anti)’He are measured at midrapidity.
In order to provide optimal particle identification by reducing
the difference between transverse and total momentum, the
spectra are provided within a rapidity window of |y| < 0.5.
Only tracks in the full tracking acceptance of |n| < 0.8 are
selected. In order to guarantee good track momentum and
dE /dx resolution in the relevant pr ranges, the selected
tracks are required to have at least 70 out of 159 possible
reconstructed points in the TPC and two points in the ITS (out
of which at least one is in the SPD). The requirement of at
least one point in the two innermost layers, the SPD, assures
a resolution better than 300 um on the distance of closest
approach to the primary vertex in the planes perpendicular
(DCA,,) and parallel (DCA.) to the beam axis for the selected
tracks [67]. Furthermore, it is required that the x2 per TPC
reconstructed point is less than 2.5 and tracks of weak-decay
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FIG. 1. Specific energy loss of charged tracks in the TPC vs
rigidity (p/z) for Pb-Pb collisions at ,/syy = 5.02 TeV. The dashed
lines represent parametrizations of the Bethe-Bloch curve. Particles
lighter than deuterons have been removed by applying a selection in
the dE /dx vs p/z plane that corresponds to the upper edge (30) of
the proton band such that only nuclei are visible.

products are rejected as they cannot originate from the tracks
of primary nuclei.

B. Particle identification

The TPC allows for a clean identification of (anti)’He
in the whole pr range and of (anti)deuterons up to pr =
1 GeV/c. For higher transverse momenta, the dE/dx in-
formation for charged particles is combined with the TOF
mass determination in the (anti)deuteron analysis. For the
(anti)tritons in the whole pt range, a combined TPC and TOF
analysis is performed. Figure 1 shows the TPC specific energy
loss as a function of rigidity (p/z) in Pb-Pb collisions at
/Svnv = 5.02 TeV. The dashed curves represent parametriza-
tions of the Bethe-Bloch formula for the different particle
species. The (anti)deuteron and (anti)*He identification with
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the TPC is achieved by requiring that the energy-loss signal
of a track lies in a 30 window around the expected value for a
given mass hypothesis, where o is the dE /dx resolution. For
the (anti)tritons, a reduced 20 window is employed in order
to further decrease the background.

In order to extend the pr reach of the measurement, it is
additionally required that the track is matched to a hit in the
TOF detector. As shown in Fig. 2, based on the time-of-flight
measurement the squared mass of the particle is determined in
different p intervals and the distributions are then fitted using
a Gaussian function with an exponential tail for the signal.
The background of the (anti)deuterons mainly originates from
two components, namely wrong association of a track with a
TOF hit and the non-Gaussian tail of lower mass particles. For
the (anti)tritons the dominant background originates from the
wrong associations of a track with a TOF hit. For both nuclei,
the background is described with the sum of two exponential
functions.

C. Background rejection

Among of the main sources of background in the analyses
of the primary deuteron and triton production are nuclei orig-
inating from secondary interactions. These secondary nuclei
come mostly from the interactions of other primary parti-
cles with the detector material. In some of these interactions,
a light nucleus can be produced by spallation processes,
i. e., can be knocked out from detector or from support
material. The baryon number conservation sets a very high
energy threshold for the production of secondary antinu-
clei with similar processes, thus making the contribution of
secondary antinuclei from material negligible, as also con-
firmed by simulations. Other processes, such as the decay of
(anti)hypernuclei, represent a negligible contamination of the
observed (anti)deuterons and (anti)tritons.

As already done in previous analyses [21-25], in order to
subtract the background from secondary deuterons and *He
the DCA,, is used. The distribution of primary particles is
expected to be peaked at DCA,, = 0, whereas secondary par-
ticles are expected to exhibit a flat DCA,, distribution to the
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FIG. 2. Fit to the measured squared mass to extract the antideuteron signal in 4.4 < pr < 5.0 GeV/c (left) and the antitriton signal in
2.0 < pr < 2.4 GeV/c (right). The red dashed line shows the background, the solid blue line the combined fit to the data, and the green dashed

line the signal only.
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FIG. 3. DCA,, of deuterons @en red circles) and antideuterons (solid red circles) for the pr intervals 1.0 < pr < 1.1 GeV/c (left) and
of *He (open blue squares) and *He (solid blue squares) for 1.2 < pr < 1.6 GeV/c (right).

first order. The typical distributions of DCA,, for nuclei and
antinuclei detected in ALICE are shown in Fig. 3. In second
order, the tracks originating from secondary particles may be
associated to a wrong hit in the innermost layers of the ITS.
If the latter belongs to a primary particle, the extrapolation of
the secondary particle track will wrongly point to the primary
vertex, as the track pointing is mostly driven by the hits in the
innermost layers of the ITS. In the deuteron and *He analyses
presented in this article, a fit to the observed DCA,, distribu-
tion is performed to extract the primary fraction of deuterons
and *He. The DCA,, distributions of primary and secondary
deuterons as well as *He in each transverse momentum inter-
val are extracted from Monte Carlo (MC) events and are used
as templates to fit the measured DCA,, distribution. Since the
secondary particles have large DCA,,, the fits are done in a
range of DCA,, wider than the actual track selection criterion
to better constrain the secondary particle components. The
contamination from deuterons produced in the interactions
with the detector material is only significant below 1.4 GeV/c.

In contrast to deuterons, the background from secondary
tritons is rather dominant over the low number of primary
triton counts. As this background only occurs at low pr, the
triton yield is only measured above 2.4 GeV/c (2.0 GeV/c in
the most peripheral centrality interval).

D. Corrections to the spectra

The pr-differential-production spectra of (anti)deuterons,
(anti)*He, and (anti)tritons are obtained by correcting the raw
spectra for tracking efficiency and acceptance based on MC
generated events. The MC samples used to compute the effi-
ciency and the acceptance corrections for the Pb-Pb analysis
were generated using the HUING event generator [74]. Since
HIJING does not provide light (anti)nuclei, an ad hoc generator
that injects particles on top of the event generator was used.
The kinematics of the injected nuclei is chosen randomly by
picking their transverse momentum from a flat distribution in
the range between 0 and 10 GeV /¢, their azimuthal angle from
a flat distribution between 0 and 27 radians, and their rapidity
from a flat distribution in the range |y| < 1. All particles are

transported with GEANT4 [75] through a full simulation of
the ALICE detector. The GEANT4 version used in the ALICE
software framework was modified to take into account the
latest (anti)nuclei hadronic interaction measurements [24,76].

For the (anti)deuteron, (anti)>He, and (anti)triton analyses,
the efficiency x acceptance was determined for each centrality
interval separately. The input pr distributions of (anti)nuclei
in the simulation are modified according to a blast-wave (BW)
parametrization using pr -dependent weights. The BW pa-
rameters are taken from [65].

IV. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainties affecting these
measurements were studied as follows:

(1) the amount of material budget employed in the MC
simulation of the ALICE apparatus was varied by +
4.5%, corresponding to the uncertainty on the ALICE
material budget determination [67];

(2) track selection criteria were varied as done for previ-
ous analyses [21-25];

(3) fit functions used for the signal extraction were varied;

(4) for the antitriton analysis different functions were used
to weight the input spectra in the simulation.

A large contribution of the systematic uncertainty is
due to the limited knowledge of the interaction of nuclei
with the detector material. The main transport code used
in ALICE is GEANT4 [75]. This is used to estimate the
efficiency xacceptance that is applied as correction to the
spectra. In general, the accuracy of the transport codes is lim-
ited by the available data for nuclei and especially (anti)nuclei
hadronic interaction cross sections, which have only been
measured in energy ranges far from the typical momenta of
light (anti)nuclei produced in heavy-ion collisions [77-80].
In a detailed study comparing the available data on different
targets and their description in GEANT4, the corresponding
uncertainty is evaluated as the scaling factor for the cross
section value in GEANT4 that is required to match the exper-
imental data. The simulations to estimate the efficiency are
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FIG. 4. (Anti)deuteron, (anti)*He, and (anti)t spectra measured in Pb-Pb collisions at ,/syy = 5.02 TeV for different centrality classes
reported with different colours. The boxes represent the systematic uncertainties, while the vertical lines are the statistical ones. The dashed
lines represent the individual blast-wave fits to the spectra. The blast-wave fits of (anti)*He are used on (anti)t spectra as well to show the trend.

then repeated with the cross section in GEANT4 scaled by this
factor. The determined systematic uncertainty is below 1%
for the deuterons using TPC and TOF and about 8% for an-
tideuterons at low pr, and decreases down to 4% at the largest
pr. For 3He it is about 0.5% and for *He it is about 2% with a
small dependence on pr. The values for ¢ and 7 are similar,
with about 0.5% and between 2.5% and 5%, respectively.
In addition, weak decays from (anti)hypertritons can affect
the (anti)*He spectra and contribute to the systematic uncer-
tainties with about 1.7%. The discrepancy between the data
and MC description of the ITS-TPC matching efficiencies
is accounted for by adding 5% of systematic uncertainties.
All the other systematic uncertainties in the Pb-Pb analyses
were estimated separately for each centrality class: particle
identification and analysis selection criteria contribute by less
than 3%; the signal extraction method by less than 2%; the
TPC particle identification systematic uncertainty is estimated
to be less than 2%.

The huge background and the low number of counts of
the (anti)triton analysis result in quite large statistical uncer-
tainties, and the systematic variations were found to be not
significant within the statistical uncertainties. Therefore, the
uncertainties from the variations were dropped and instead
systematic uncertainties based on similar studies for charged
pions, kaons, and protons were assigned, namely 5% for the
ITS-TPC matching efficiency and 6% for the signal extraction
for all centrality and pr intervals. The uncertainty on the pr
spectra coming from the uncertainty of the ALICE material
budget was determined to be 2% [24]. For the weighting of the
efficiency x acceptance, various functional dependencies were

applied. This results in a negligible uncertainty in the higher
pr intervals, where the weighting does not have any effect,
and up to 8% uncertainty in the lower pt intervals. To evaluate
the systematic uncertainty due to the background estimation,
an alternative data-driven method was used to determine the
background. In this method, nontriton candidates were se-
lected in the TPC by requiring that their dE /dx is outside a
+20 window around the triton peak. Their squared TOF-mass
distribution is used as a template for the background, which is
scaled to the squared TOF-mass distribution of triton candi-
dates. It matches very well the background outside the triton
peak region and allows an independent estimate of the back-
ground under the triton peak. This results in no systematic
uncertainty in the low pr region without any background and
up to 20% in the higher pt intervals. All these contributions
result in a total systematic uncertainty for the (anti)triton pr
spectra between 8% and 22%.

V. RESULTS

The transverse momentum spectra of (anti)deuterons,
(anti)*He, and (anti)tritons are extracted in Pb-Pb collisions
at /syy =5.02 TeV for various centrality classes. The
transverse momentum spectra are shown in Fig. 4. A clear
evolution of the spectral shape with centrality is observed,
with the average transverse momentum almost doubling its
value going from peripheral to most central Pb-Pb collisions
and a shift in the peak position towards higher pt for increas-
ing multiplicity.
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FIG. 5. Coalescence parameters B, (left) and B (right) measured for antinuclei in Pb-Pb collisions at /syy = 5.02 TeV as a function of
the transverse momentum scaled by the mass number. Compatible results are obtained for the nuclei. Each color corresponds to a different
centrality class. The boxes represent the systematic uncertainties, while the vertical lines are the statistical ones. See the text for details.

In order to measure the total yield per rapidity unit in Pb-Pb
collisions, the spectra were fitted with the blast-wave func-
tion, which assumes a thermal production of particles from
an expanding source [81]. The systematic uncertainty of the
integrated yield is obtained by shifting the spectrum within its
systematic uncertainties and adding an additional uncertainty
quadratically to account for the extrapolation to low and high
pr. The latter is estimated by using different fit functions such
as the mt exponential, Boltzmann, Fermi-Dirac, and Bose-
Einstein functions [82]. The fractions of extrapolated yield at
low pr for different centrality classes are about 5% to 40%
for (anti)deuterons, 15% (8%) to 50% (35%) for (anti)’He,
and 23% (1%) to 50% (11%) for (anti)tritons depending on
the centrality class. The extrapolated yields in the high-pr
region are negligible for most of the centrality classes except
for a 3% contribution for the most peripheral collisions for
(anti)deuterons and (anti)*He, and a 55% to 15% contribution
depending on the centrality class for (anti)tritons. The statisti-
cal uncertainties are calculated by repeating the blast-wave fit
by shifting the spectra randomly with a Gaussian distribution
within the statistical uncertainties of each pr interval. The
resulting yield distribution is fitted with a Gaussian and the
width of this distribution is taken as the statistical uncertainty.

The coalescence scenario can be tested by computing the
coalescence parameter B, (see for instance Ref. [83] and
references therein). Under the assumption of equal production
of protons and neutrons, it is defined as

-A
B —E d*N, E d*N, W
A= La——= - )
dpy \ " dp}
3N, d*N, . . .
where Ej4 i and EPW are the invariant production spectra
A P

of the nuclei with mass number A and of protons, respec-
tively. Protons are used here since neutrons are unmeasured
and isospin symmetry is expected at LHC energies. Figure 5
shows the measured coalescence parameters B, and B; as
a function of the transverse momentum scaled by the mass
number A for Pb-Pb collisions at ,/syy = 5.02 TeV. An or-
dering of the coalescence parameters with collision centrality,

from higher B4 values in peripheral collisions to lower By
values in the central ones is clearly visible. This trend with
centrality is explained in the coalescence model framework as
a consequence of the increasing radius R of the source from
peripheral to central events [44,56,57]. Similarly, the decrease
of R with increasing momentum as measured with two-proton
correlations [84] can also explain the increase of the coa-
lescence parameters with momentum observed in Fig. 5, as
already seen in small collision systems [37]. Notably, the
space-momentum correlations between nucleons restrict the
volume that is effectively used for coalescence and make
it smaller than the total volume. This means that particles
at higher momentum probe a smaller region in the radially
expanding system.

The ratio between the production yields of *He and 7
provides another powerful test of the coalescence predictions
[57]. This model gives two predictions for the formation: one
assumes that the A = 3 nuclei are formed from three nucleons
(called three-body coalescence in the following) and the other
assumes the formation of the nucleus from a deuteron and
a nucleon (two-body coalescence). Figure 6 shows on the
left the measured ratios as a function of transverse momen-
tum in different centrality classes. The ratios are flat with
pr within uncertainties. The average ratio 7 />He over the
measured transverse momenta is shown in Fig. 6 on the right,
as a function of the charged-particle multiplicity (dN./dn)
determined in a pseudorapidity range of |nj,| < 0.5 in the
laboratory system. While the SHM expectation for this ra-
tio is very close to 1, the predictions from the coalescence
model [57] deviate from unity due to the difference in the
wave functions of the two nuclei. However, within the current
statistical and systematic uncertainties, it is not possible to
conclude which flavor of coalescence model is favoued by the
measurement, nor if there is any significant departure from the
SHM expectations.

Figure 7 shows the measured d/p, *He/p, and t/p for
different collision systems at different energies. Both the
coalescence models (using the two different approaches, i.
e., two-body and three-body coalescence [57], and on top
of URQMD [85,86]) and the canonical SHM (CSM) [58]
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FIG. 6. Left: ratios of transverse momentum spectra of 7 and *He in different centrality intervals. Right: multiplicity dependence of the
average f />He ratio compared with the coalescence model expectations (two-body coalescence in orange and three-body coalescence in blue)
[57]. The open boxes represent the total systematic uncertainties, while the vertical lines are the statistical ones.

capture qualitatively the observed trend with multiplicity. The
UrQMD model uses a hybrid approach where nuclei are ulti-
mately produced by coalescence. However, none of the model
curves are able to explain quantitatively all the data points.
In all cases, a decrease in the ratios is observed from central
Pb-Pb collisions toward peripheral Pb-Pb collisions. In partic-
ular, in the case of the d/p ratio, this depletion is significant
when considering only the uncorrelated uncertainties. Such
an effect is expected in transport codes modeling interactions
of the nuclei in the rescattering phase following the hadron
formation [85].

In the SHM, assuming the grand canonical ensemble, the
nucleus-to-proton ratios are fixed by the temperature of the
source, thus they are expected to stay constant as a function
of charged-particle multiplicity. However, when assuming a
canonical ensemble and the exact conservation of baryon
number over a defined volume, the nucleus-to-proton ratios
increase from low to high multiplicities. The extension of
the conservation volume was studied via event-by-event cor-
relation measurement and it was found to be V., = (1.6 &+
0.2)dV/dy [25]. The studies presented here thus show that a
small conservation volume is needed to describe deuteron-to-
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FIG. 7. Integrated deuteron (left), *He (middle), and triton yields (right) over proton yields as a function of charged-particle multiplicity
(dN/dne) for pp, p-Pb, and Pb-Pb collisions measured by the ALICE Collaboration. The boxes represent the uncorrelated systematic
uncertainties, while the vertical lines are the statistical ones. The shaded boxes represent the centrality-correlated uncertainties. In addition, the
data are compared to the THERMAL-FIST CSM (canonical statistical model) at 155 MeV with a correlation volume of V, = 1.6 dV/dy shown as
a black line [58], the two coalescence approaches displayed in green (two-body coalescence) and in blue (three-body coalescence) [57], and

URQMD hybrid coalescence shown as a purple line [86].
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proton ratio in peripheral Pb-Pb collisions within the SHM,
while the production of protons requires significantly larger
values of around V., = (3-5)dV/dy [61]. At the moment,
there is no configuration of the SHM that is able to describe
simultaneously protons and nuclei with a single set of
parameters in peripheral Pb-Pb and smaller collision systems.
The decrease of the nucleus over proton ratios going towards
smaller multiplicities is also expected in coalescence models,
where it is caused by the evolution of the system size with
multiplicity.

VI. SUMMARY AND CONCLUSION

In this article, we have presented comprehensive measure-
ments of the production of (anti)nuclei in Pb-Pb collisions at
/svv = 5.02 TeV including the first antitriton measurement
in Pb-Pb collisions at LHC energies. The obtained results
follow the trends established at lower collision energy, but
show a much larger constraining power on models thanks to
significantly smaller systematic and statistical uncertainties.

For deuterons, the number of studied centrality intervals
was largely increased compared to previous ALICE studies
and demonstrate the strong increase of the radial flow when
going from peripheral to central events. This is similarly
visible for *He and ¢, but with a lower number of centrality
intervals. The extracted spectra for ¢ and 3He agree well in
the overlap region of both spectra. Only for the most periph-
eral interval a slight deviation from unity is visible, which
is also expected by coalescence models, where the deviation
at low multiplicities is expected due to the different spatial
wave functions of ¢ and 3He [44,57]. This will be constrained
better with high-statistics data from Run 3, using all available
collision systems, i. e., pp, p-Pb, and Pb-Pb.

The yield ratios of d/p as a function of charged-particle
multiplicity agree well with both expectations, i. e., coales-
cence and thermal models. Notably, the deuteron-over-proton
ratio requires a small correlation volume within the SHM with
respect to net-proton fluctuation measurements. For *He the
data lie at low multiplicity slightly closer to the coalescence
expectations, and for high multiplicities corresponding to Pb-
Pb the data lie between thermal and coalescence models. In
contrast, for the triton the data points are much closer to
the coalescence model with multiplicities in Pb-Pb collisions.
Recently, several works appeared [87-89] that each try to
improve the SHM in particular multiplicity regions. They give
a good description in the region they are applied to, but they
are not applicable in the full multiplicity range investigated
here.

The presented data, even though they are much more pre-
cise than previous results, still do not allow for a strong
conclusion about the dominant production mechanism. More
differential studies, in particular also those involving addi-
tional (hyper)nuclei, such as “He and iH will help us to
understand better the processes underlying the formation of
composite objects.

The ongoing Run 3 of the LHC with the upgraded
ALICE apparatus will allow for such more precise studies of
(anti)(hyper)nuclei production and for the extension to mass
A = 4 hypernuclei in Pb-Pb collisions [90].
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