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Abstract

The measurement of the production of deuterons, tritons and *He and their antiparticles in Pb—Pb
collisions at /sy = 5.02 TeV is presented in this article. The measurements are carried out at
midrapidity (Jy| < 0.5) as a function of collision centrality using the ALICE detector. The pr-
integrated yields, the coalescence parameters and the ratios to protons are reported and compared
with nucleosynthesis models. The comparison of these results in different collision systems at differ-
ent centre-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.
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1 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 approximately equal numbers of quarks and antiquarks at midrapidity, is produced for
a short duration (a few 10723 s). After a deconfined 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 (chemical freeze-out),
the transverse momentum (pt) distributions continue to change until elastic interactions cease (kinetic
freeze-out). The observed nucleus abundance is highly sensitive 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]], SIS [2, 3], AGS [4H7], SPS [8-10], RHIC [11H18]]
and LHC [19423]] and in smaller collision systems [20} 24436]. The production of light nuclei is usually
discussed within two theoretical approaches: the nucleon coalescence model [37H42]] and the statistical
hadronisation model (SHM) [43-47]].

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 [20] 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 multiplicities in pp [35 [36]
collisions. The size of the fireball can be extracted from the measurement of two-particle correlations,
Hanbury Brown & Twiss type [48-50]], nowadays often called femtoscopy. Empirically, it was found that
the charged-particle multiplicity of the collision is proportional to the size parameter R cubed [42, [51]].
Theoretically, these correlations can be directly connected to the coalescence parameter B4, which is a
measure for the probability to form a nucleus of mass number A from the corresponding nucleons [38-
40,142,152, 153]. This dependence is mainly given by the fact that the wave functions of the nucleons have
to overlap with the nucleus’ 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 [42] 154].

The SHM successfully describes hadron yields in heavy-ion collisions, in particular in central collisions
and at midrapidity [46]]. The production of nuclei is solely determined by their quantum numbers and
masses [47]. For more peripheral heavy-ion collisions or even smaller collision systems such as pp and
p—Pb, one needs to switch from a grand canonical ensemble to a canonical description of the relevant
quantum numbers (baryon number B, charge O, and strangeness S) [S5, [56]]. 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 [57]], but it can
be constrained from measurements of the event-by-event number fluctuation of net protons [56] 58]
or deuterons [23]]. Other approaches include a non-equilibrium treatment of the quantum numbers in
question (see Ref. [47] and references therein) or even a partial chemical equilibrium (PCE) [59H61]].

In this article, the production of deuterons, tritons and *He and their antiparticles in Pb—Pb collisions at
a centre-of-mass energy per nucleon pair /sy = 5.02 TeV is reported. The pr-integrated yields, the
coalescence parameters and the ratios to protons are compared with nucleon coalescence and statistical
hadronisation models.
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2 Experimental apparatus and data sample

The results presented in this article are based on the data set of Pb—Pb collisions at /sy = 5.02 TeV
collected in 2018. In total, 230 x 10° events were analysed, 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 [62,163]] has excellent particle identification and vertexing capabilities. The (anti) nu-
clei were measured using the Inner Tracking System (ITS), the Time Projection Chamber (TPC) and the
Time-Of-Flight detector (TOF). 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 [64] consists of six cylindrical layers of (position-sensitive) silicon detectors, covering the cen-
tral 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 ptm), assured by the Silicon Pixel
Detector (SPD), which are the innermost two layers of the ITS.

The TPC [635]] is the main tracking device of the experiment. It is a gas-filled cylinder and provides
particle identification via the specific energy loss (dE/dx). (Anti)*He are identified up to py = 7 GeV//c
using the TPC only.

The TOF detector [66] allows for the light (anti)nuclei identification by means of the velocity deter-
mination. Its total time resolution for tracks from Pb—Pb collisions corresponds to about 65 ps which
is determined by the intrinsic time resolution 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 sizeable background starting at about 2 GeV /¢ originating from mismatches between a track and a
cluster in TOF, the (anti)tritons can only be measured up to p = 3.2 GeV/c in this data set.

The Transition Radiation Detector (TRD) [67] was designed to provide electron identification and trig-
gering 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 additional 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 hodoscopes (2.8 <1 < 5.1 and —3.7 < n < —1.7),
the VO detectors [[68]], measures the arrival time of particles with a resolution of 1 ns. The VO detectors
are used for triggering purposes and for rejection of beam—gas interactions. Furthermore, it provides
the centrality determination in Pb—Pb collisions.

3 Data analysis
3.1 Event and track selection

The data were collected using a minimum-bias trigger requiring 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 timing 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 the Zero Degree Calorimeter is applied
in order to reject the electromagnetic beam—beam interactions and beam—satellite bunch collisions [69]].
These three rejections are done in the offline analysis.
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Figure 1: Specific energy loss of charged tracks in the TPC vs. rigidity (p/z) for Pb—Pb collisions at /sny = 5.02
TeV. The dashed lines represent parameterisations of the Bethe—Bloch curve. Particles lighter than deuterons have
been removed artificially, such that only nuclei are visible.

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 || < 0.8 are selected. In order to guarantee good track momentum and dE/dx
resolution in the relevant p 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 plane perpendicular (DCA,,) and
parallel (DCA,) to the beam axis for the selected tracks [63]. Furthermore, it is required that the x? per
TPC reconstructed point is less than 2.5 and tracks of weak-decay products are rejected as they cannot
originate from the tracks of primary nuclei.

3.2 Particle identification

The TPC allows for a clean identification of (anti)>He in the whole pr range and of (anti)deuterons up to
pt ~ 1 GeV/c. For higher transverse momenta, the dE/dx information 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 [I] shows the TPC specific energy loss
as a function of rigidity (p/z) in Pb-Pb collisions at \/syn = 5.02 TeV. The dashed curves represent
parameterisations of the Bethe—Bloch formula for the different particle species. The (anti)deuteron and
(anti)*He identification with 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 2c window is employed in order to further decrease the background.

In order to extend the pr reach of the measurement, it is additionally requested 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 pt intervals and the distributions are then fitted using a
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Figure 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.

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.

3.3 Background rejection

One of the main sources of background in the analyses of the primary deuteron and triton production are
nuclei originating from secondary interactions. These secondary nuclei come mostly from the interac-
tions of other primary particles 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 mate-
rial. The baryon number conservation sets a very high energy threshold for the production of secondary
antinuclei with similar processes, thus making the contribution of secondary antinuclei from material
negligible, as also confirmed by simulations. Other processes, such as the decay of (anti)hypernuclei,
represent a negligible contamination to the observed (anti)deuterons and (anti)tritons.

As already done in previous analyses [19-23]], 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 particles are expected to exhibit a flat DCA,, distribution to the 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,, distribution is performed to extract the primary fraction of deuterons and
3He. The DCA,, distributions of primary and secondary deuterons as well as 3He in each transverse
momentum interval 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).
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Figure 3: DCA,, of deuterons (open 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).

3.4 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 efficiency and the acceptance corrections for the Pb—Pb analysis were
generated using the HIJING event generator [/0]. 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 /c, 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 [71] 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 [22, [72]].

For the (anti)deuteron, (anti)®He and (anti)triton analyses, the efficiency xacceptance was determined
for each centrality interval separately. The input pr distributions of (anti)nuclei in the simulation are
modified according to a Blast-Wave parametrization using pr-dependent weights. The BW parameters
are taken from [73].

4 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 [63]];

2. track selection criteria were varied as done for previous analyses [19-23]];
3. variation of the fit functions used for the signal extraction;

4. for the antitriton analysis different functions were used to weight the input spectra in the simula-
tion.
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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 [71]. This is
used to estimate the efficiency x acceptance that is applied as correction to the spectra. In general, the
accuracy of the transport codes is limited 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 [74H77]]. 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
experimental data. The simulations to estimate the efficiency are then repeated with the cross section in
GEANTH4 scaled by this factor. The determined systematic uncertainty is below 1% for the deuterons
using TPC and TOF and about 8% for antideuterons at low pt which 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 pt. The values for
t and t 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 uncertainties 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 sta-
tistical uncertainties 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 un-
certainties 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 pt intervals.
The uncertainty on the pt spectra coming from the uncertainty of the ALICE material budget was deter-
mined to be 2% [22]]. 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 pr 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, non-triton candidates were selected 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 candidates.
It matches very well the background outside the triton peak region and allows an independent estimate
of the background 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 pr intervals. All these contributions result in a total
systematic uncertainty for the (anti)triton pt spectra between 8% and 22%.

5 Results

The transverse momentum spectra of (anti)deuterons, (anti)*He and (anti)tritons are extracted in Pb—Pb at
the unprecedented energy of /sxy = 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 prt for increasing multiplicity.

In order to measure the total yield per rapidity unit in Pb—Pb collisions, the spectra were fitted with the
Blast-Wave function, which assumes a thermal production of particles from an expanding source [78]].
The systematic uncertainty of the integrated yield is obtained by shifting the spectrum within its system-
atic uncertainties and adding an additional uncertainty quadratically to account for the extrapolation to
low and high pt. The latter is estimated by using different fit functions such as mt exponential, Boltz-
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Figure 4: (Anti)deuteron, (anti)*He and (anti)t spectra measured in Pb—Pb collisions at V/SnN = 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.

mann, Fermi—Dirac and Bose—Einstein functions [79]. The fractions of extrapolated yield at low pr
for different centrality classes are about 5% to 40% for the (anti)deuteron, 15% (8%) to 50% (35%) for
(anti)*He and 23% (1%) to 50% (11%) for (anti)triton depending on the centrality class. The extrapolated
yields in the high-pt region are negligible for most of the centrality classes except for a 3% contribu-
tion for the most peripheral collisions for (anti)deuteron and (anti)*He, and a 55% to 15% contribution
depending on the centrality class for (anti)triton. The statistical 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 By (see for instance
Ref. [80] and references therein). Under the assumption of equal production of protons and neutrons, it
is defined as

&N, &N, \
Bi=Ex— (B2 | (1)
dpy dpp

a*N, . . . Lo
where EA s N1 and Epﬁ.%p are the invariant production spectra of the nuclei with mass number A and
p

protons, respectlvely. 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 B3 as a function
of the transverse momentum scaled by the mass number A for Pb—Pb collisions at /sy = 5.02 TeV.
An ordering 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 [42) [53| [54]. Similarly, the decrease of R with increasing momentum as
measured with two-proton correlations [81]] can also explain the increase of the coalescence parameters
with momentum observed in Fig. [} as already seen in small collision systems [35].
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Figure 5: Coalescence parameters B, (left) and B3 (right) measured in Pb—Pb collisions at /sy = 5.02 TeV as
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Figure 6: Left: ratios of transverse momentum spectra of t and *He in different centrality intervals. Right:
multiplicity dependence of the average t/>He ratio compared with the coalescence model expectations (two-body
coalescence in orange and three-body coalescence in blue) [54]. The open boxes represent the total systematic
uncertainties, while the vertical lines are the statistical ones.

The ratio between the production yields of *He and t provides another powerful test of the coalescence
predictions [54]. 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 momentum in different centrality classes.
The ratios are flat with pr within uncertainties. The average ratio t/*He over the measured transverse
momenta is shown in Fig. |§| on the right, as a function of the charged-particle multiplicity (dN,/dn)
determined in a pseudorapidity range of |11,p| < 0.5 in the laboratory system. While the SHM expectation
for this ratio is very close to 1, the predictions from the coalescence model [54] deviate from unity due
to the difference in the wave function of the two nuclei. However, within the current statistical and
systematic uncertainties, it is not possible to conclude which flavour of coalescence model is favoured
by the measurement nor if there is any significant departure from the SHM expectations.

Figure7|shows the measured d/p, *He/p, and t/p for different collision systems at different energies. Both
the coalescence models (using both approaches, i.e. two-body and three-body coalescence [54], and on
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Figure 7: Integrated deuteron (left), 3He (middle) and triton yields (right) over proton yields as a function of
charged-particle multiplicity (dN/dnep) 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 is compared to the Thermal-
FIST CSM (canonical statistical model) at 155 MeV with a correlation volume of V, = 1.6 dV /dy shown as black
line [55], the two coalescence approaches displayed in green (two-body coalescence) and in blue (three-body
coalescence) [154] and UrQMD hybrid coalescence shown as purple line [83]].

top of UrQMD (82, [83]], which is a hybrid approach where nuclei are ultimately produced by coales-
cence), also the Canonical SHM (CSM) [55]] capture qualitatively the observed trend with multiplicity,
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
particular, 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 modelling interactions of the nuclei in the
rescattering phase following the hadron formation [82].

In the SHM assuming the grand canonical ensemble, the nucleus-to-proton ratios are fixed by the tem-
perature of the source, thus it is 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 correlation measurement and it was found to be
Ve =1.6+£0.2dV /dy [23]. The studies shown here thus show that a small conservation volume is needed
to describe deuteron-to-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 [58]]. 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.

6 Summary and conclusion

In this article, we have presented comprehensive measurements of the production of (anti)nuclei in Pb—
Pb collisions at /sy = 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 uncertain-
ties.

For deuterons, the number of studied centrality intervals was largely increased compared to previous
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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 t, but with a lower number of centrality intervals.
The extracted spectra for t and *He agree well in the overlap region of both spectra. Only for the most
peripheral 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 t and
SHe [42, [54]. 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. coalescence 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 data between thermal and coalescence model. On the contrary, for t the data points are much closer
to the coalescence model with multiplicities in Pb—Pb collisions. Recently, several works appeared |84+
86] 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 being much more precise than previous results, still do not allow for a
strong conclusion about the dominant production mechanism. More differential studies, in particular also
those involving additional (hyper)nuclei, such as “He and iH will help 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 [87].

References

[1] S. Nagamiya et al., “Production of pions and light fragments at large angles in high- nuclear
collisions”, |[Phys. Rev. C 24 (1981) 971.

[2] FOPI Collaboration, W. Reisdorf et al., “Systematics of central heavy ion collisions in the 1A
GeV regime”, Nucl. Phys. A 848 (2010) 366—427,|arXiv:1005.3418 [nucl-ex].

[3] HADES Collaboration, J. Adamczewski-Musch et al., “Directed, Elliptic, and Higher Order Flow
Harmonics of Protons, Deuterons, and Tritons in Au+Au Collisions at /syy = 2.4 GeV”, Phys.
Rev. Lett. 125 (2020) 262301, [arXiv:2005.12217 [nucl-ex].

[4] E886 Collaboration, N. Saito ef al., “Composite particle production in relativistic Au+Pt, Si+Pt,
and p+Pt collisions”, Phys. Rev. C 49 (1994) 3211-3218.

[5] E864 Collaboration, T. A. Armstrong et al., “Measurements of light nuclei production in 11.5A
GeV/c Au+Pb heavy-ion collisions”, Phys. Rev. C 61 (2000) 064908, arXiv:nucl-ex/0003009
[nucl-ex].

[6] E864 Collaboration, T. A. Armstrong ef al., “Antideuteron Yield at the AGS and Coalescence
Implications”, Phys. Rev. Lett. 85 (2000) 2685-2688, arXiv:nucl-ex/0005001 [nucl-ex].

[7] S. Albergo et al., “Light nuclei production in heavy-ion collisions at relativistic energies”, Phys.
Rev. C 65 (2002) 034907.

[8] NA44 Collaboration, J. Simon-Gillo et al., “Deuteron and anti-deuteron production in CERN
experiment NA44”, Nucl. Phys. A 590 (1995) 483—-486.

11


http://dx.doi.org/10.1103/PhysRevC.24.971
http://dx.doi.org/10.1016/j.nuclphysa.2010.09.008
http://arxiv.org/abs/1005.3418
http://dx.doi.org/10.1103/PhysRevLett.125.262301
http://dx.doi.org/10.1103/PhysRevLett.125.262301
http://arxiv.org/abs/2005.12217
http://dx.doi.org/10.1103/PhysRevC.49.3211
http://dx.doi.org/10.1103/PhysRevC.61.064908
http://arxiv.org/abs/nucl-ex/0003009
http://arxiv.org/abs/nucl-ex/0003009
http://dx.doi.org/10.1103/PhysRevLett.85.2685
http://arxiv.org/abs/nucl-ex/0005001
http://dx.doi.org/10.1103/PhysRevC.65.034907
http://dx.doi.org/10.1103/PhysRevC.65.034907
http://dx.doi.org/10.1016/0375-9474(95)00259-4

Light (anti)nuclei production in Pb—Pb collisions at /syn = 5.02 TeV ALICE Collaboration

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

NA49 Collaboration, S. V. Afanasiev et al., “Deuteron production in central Pb+Pb collisions at
158A GeV”, |Phys. Lett. B 486 (2000) 22-28.

NA49 Collaboration, T. Anticic et al., “Energy and centrality dependence of deuteron and proton
production in Pb+Pb collisions at relativistic energies”, |Phys. Rev. C 69 (2004) 024902.

STAR Collaboration, C. Adler et al., “Antideuteron and anti-helium-3 production in /syy = 130
GeV Au+Au collisions”, Phys. Rev. Lett. 87 (2001) 262301, arXiv:nucl-ex/0108022.

PHENIX Collaboration, S. S. Adler et al., “Deuteron and Antideuteron Production in Au+Au
Collisions at /syy = 200 GeV”, |Phys. Rev. Lett. 94 (2005) 122302, arXiv:nucl-ex/0406004
[nucl-ex].

PHENIX Collaboration, S. Afanasiev et al., “Elliptic flow for phi mesons and (anti)deuterons in
Au + Au collisions at /syy =200 GeV”, Phys. Rev. Lett. 99 (2007) 052301,
arXiv:nucl-ex/0703024 [nucl-ex].

STAR Collaboration, B. Abelev et al., “Yields and elliptic flow of d(anti-d) and He-3(anti-He-3)
in Au+Au collisions at ,/syny = 200- GeV”, arXiv:0909.0566 [nucl-ex].

STAR Collaboration, H. Agakishiev et al., “Observation of the antimatter helium-4 nucleus”,
Nature 473 (2011) 353, larXiv:1103.3312 [nucl-ex].

STAR Collaboration, J. Adam et al., “Beam energy dependence of (anti-)deuteron production in
Au+Au collisions at the BNL Relativistic Heavy Ion Collider”, Phys. Rev. C 99 (2019) 064905,
arXiv:1903.11778 [nucl-ex].

STAR Collaboration, J. Adam et al., “Beam-energy dependence of the directed flow of deuterons
in Au+Au collisions”, Phys. Rev. C 102 (2020) 044906, arXiv:2007.04609 [nucl-ex].

STAR Collaboration, M. Abdallah et al., “Light nuclei collectivity from /syxy = 3 GeV Au+Au
collisions at RHIC”, |Phys. Lett. B 827 (2022) 136941, arXiv:2112.04066 [nucl-ex].

ALICE Collaboration, J. Adam et al., “Precision measurement of the mass difference between
light nuclei and anti-nuclei”, Nature Phys. 11 (2015) 811-814, arXiv:1508.03986 [nucl-ex].

ALICE Collaboration, J. Adam et al., “Production of light nuclei and anti-nuclei in pp and Pb—Pb
collisions at energies available at the CERN Large Hadron Collider”, Phys. Rev. C 93 (2016)
024917, larXiv:1506.08951 [nucl-ex].

ALICE Collaboration, S. Acharya et al., “Measurement of deuteron spectra and elliptic flow in
Pb-Pb collisions at /sy = 2.76 TeV at the LHC”, Eur. Phys. J. C 77 (2017) 658,
arXiv:1707.07304 [nucl-ex].

ALICE Collaboration, S. Acharya et al., “First measurement of the absorption of *He nuclei in
matter and impact on their propagation in the galaxy”,larXiv:2202.01549 [nucl-ex].

ALICE Collaboration, “First measurement of antideuteron number fluctuations at energies
available at the Large Hadron Collider”, arXiv:2204.10166 [nucl-ex].

British-Scandinavian Collaboration, B. Alper et al., “Large angle production of stable particles
heavier than the proton and a search for quarks at the CERN intersecting storage rings”, Phys.
Lett. B 46 (1973) 265-268.

British-Scandinavian-MIT Collaboration, W. M. Gibson et al., “Production of deuterons and
antideuterons in proton—proton collisions at the CERN ISR”, Lettere Al Nuovo Cimento 21 (1978)
189-194.

12


http://dx.doi.org/10.1016/S0370-2693(00)00746-2
http://dx.doi.org/10.1103/PhysRevC.69.024902
http://dx.doi.org/10.1103/PhysRevLett.87.262301
http://arxiv.org/abs/nucl-ex/0108022
http://dx.doi.org/10.1103/PhysRevLett.94.122302
http://arxiv.org/abs/nucl-ex/0406004
http://arxiv.org/abs/nucl-ex/0406004
http://dx.doi.org/10.1103/PhysRevLett.99.052301
http://arxiv.org/abs/nucl-ex/0703024
http://arxiv.org/abs/0909.0566
http://dx.doi.org/10.1038/nature10079
http://arxiv.org/abs/1103.3312
http://dx.doi.org/10.1103/PhysRevC.99.064905
http://arxiv.org/abs/1903.11778
http://dx.doi.org/10.1103/PhysRevC.102.044906
http://arxiv.org/abs/2007.04609
http://dx.doi.org/10.1016/j.physletb.2022.136941
http://arxiv.org/abs/2112.04066
http://dx.doi.org/10.1038/nphys3432
http://arxiv.org/abs/1508.03986
http://dx.doi.org/10.1103/PhysRevC.93.024917
http://dx.doi.org/10.1103/PhysRevC.93.024917
http://arxiv.org/abs/1506.08951
http://dx.doi.org/10.1140/epjc/s10052-017-5222-x
http://arxiv.org/abs/1707.07304
http://arxiv.org/abs/2202.01549
http://arxiv.org/abs/2204.10166
http://dx.doi.org/10.1016/0370-2693(73)90700-4
http://dx.doi.org/10.1016/0370-2693(73)90700-4
http://dx.doi.org/10.1007/BF02822248
http://dx.doi.org/10.1007/BF02822248

Light (anti)nuclei production in Pb—Pb collisions at /syn = 5.02 TeV ALICE Collaboration

[26] Fermilab E735 Collaboration, T. Alexopoulos et al., “Cross sections for deuterium, tritium, and
helium production in pp collisions at /s = 1.8 TeV”, Phys. Rev. D 62 (2000) 072004.

[27] H1 Collaboration, A. Aktas et al., “Measurement of anti-deuteron photoproduction and a search
for heavy stable charged particles at HERA”, Eur. Phys. J. C 36 (2004) 413423,
arXiv:hep-ex/0403056 [hep-ex].

[28] CLEO Collaboration, D. M. Asner et al., “Antideuteron production in Y (nS) decays and the
nearby continuum”, |Phys. Rev. D 75 (2007) 012009, arXiv:hep-ex/0612019 [hep-ex].

[29] ALEPH Collaboration, S. Schael et al., “Deuteron and anti-deuteron production in e+e- collisions
at the Z resonance”, Phys. Lett. B 639 (2006) 192-201, arXiv:hep-ex/0604023 [hep-ex].

[30] ALICE Collaboration, S. Acharya et al., “Production of deuterons, tritons, *He nuclei and their
antinuclei in pp collisions at /s = 0.9, 2.76 and 7 TeV”, Phys. Rev. C 97 (2018) 024615,
arXiv:1709.08522 [nucl-ex].

[31] ALICE Collaboration, S. Acharya et al., “Multiplicity dependence of light (anti-)nuclei
production in p-Pb collisions at \/snn = 5.02 TeV”, Phys. Lett. B 800 (2020) 135043,
arXiv:1906.03136 [nucl-ex]!

[32] ALICE Collaboration, S. Acharya et al., “Multiplicity dependence of (anti-)deuteron production
in pp collisions at \/s =7 TeV”, Phys. Lett. B 794 (2019) 50-63, arXiv:1902.09290
[nucl-ex].

[33] ALICE Collaboration, S. Acharya et al., “(Anti-)deuteron production in pp collisions at
/s =13 TeV”, Eur. Phys. J. C 80 (2020) 889, arXiv:2003.03184 [nucl-ex].

[34] ALICE Collaboration, S. Acharya et al., “Jet-associated deuteron production in pp collisions at
\/s =13 TeV”, Phys. Lett. B 819 (2021) 136440, arXiv:2011.05898 [nucl-ex].

[35] ALICE Collaboration, S. Acharya et al., “Production of light (anti)nuclei in pp collisions at /s =
13 TeV”,JHEP 01 (2022) 106, arXiv:2109.13026 [nucl-ex].

[36] ALICE Collaboration, S. Acharya et al., “Production of light (anti)nuclei in pp collisions at
/s =5.02 TeV”, Eur. Phys. J. C 82 (2022) 289, arXiv:2112.00610 [nucl-ex].

[37] J. 1. Kapusta, “Mechanisms for deuteron production in relativistic nuclear collisions”, Phys. Rev. C
21 (1980) 1301-1310.

[38] S. Mrowczynski, “Deuteron formation mechanism”, J. Phys. G 13 (1987) 1089-1097.

[39] S. Mrowczynski, “Anti-deuteron Production and the Size of the Interaction Zone”, Phys. Lett. B
248 (1990) 459-463.

[40] R. Scheibl and U. W. Heinz, “Coalescence and flow in ultrarelativistic heavy ion collisions”, |Phys.
Rev. C 59 (1999) 1585-1602, |arXiv:nucl-th/9809092 [nucl-th].

[41] J. Steinheimer, K. Gudima, A. Botvina, I. Mishustin, M. Bleicher, et al., “Hypernuclei, dibaryon
and antinuclei production in high energy heavy ion collisions: Thermal production versus
Coalescence”, Phys. Lett. B 714 (2012) 85-91, arXiv:1203.2547 [nucl-th]l.

[42] F. Bellini and A. P. Kalweit, “Testing production scenarios for (anti-)(hyper-)nuclei and exotica at
energies available at the CERN Large Hadron Collider”, |Phys. Rev. C 99 (2019) 054905,
arXiv:1807.05894 [hep-phl].

13


http://dx.doi.org/10.1103/PhysRevD.62.072004
http://dx.doi.org/10.1140/epjc/s2004-01978-x
http://arxiv.org/abs/hep-ex/0403056
http://dx.doi.org/10.1103/PhysRevD.75.012009
http://arxiv.org/abs/hep-ex/0612019
http://dx.doi.org/10.1016/j.physletb.2006.06.043
http://arxiv.org/abs/hep-ex/0604023
http://dx.doi.org/10.1103/PhysRevC.97.024615
http://arxiv.org/abs/1709.08522
http://dx.doi.org/10.1016/j.physletb.2019.135043
http://arxiv.org/abs/1906.03136
http://dx.doi.org/10.1016/j.physletb.2019.05.028
http://arxiv.org/abs/1902.09290
http://arxiv.org/abs/1902.09290
http://dx.doi.org/10.1140/epjc/s10052-020-8256-4
http://arxiv.org/abs/2003.03184
http://dx.doi.org/10.1016/j.physletb.2021.136440
http://arxiv.org/abs/2011.05898
http://dx.doi.org/10.1007/JHEP01(2022)106
http://arxiv.org/abs/2109.13026
http://dx.doi.org/10.1140/epjc/s10052-022-10241-z
http://arxiv.org/abs/2112.00610
http://dx.doi.org/10.1103/PhysRevC.21.1301
http://dx.doi.org/10.1103/PhysRevC.21.1301
http://dx.doi.org/10.1088/0305-4616/13/9/011
http://dx.doi.org/10.1016/0370-2693(90)90322-W
http://dx.doi.org/10.1016/0370-2693(90)90322-W
http://dx.doi.org/10.1103/PhysRevC.59.1585
http://dx.doi.org/10.1103/PhysRevC.59.1585
http://arxiv.org/abs/nucl-th/9809092
http://dx.doi.org/10.1016/j.physletb.2012.06.069
http://arxiv.org/abs/1203.2547
http://dx.doi.org/10.1103/PhysRevC.99.054905
http://arxiv.org/abs/1807.05894

Light (anti)nuclei production in Pb—Pb collisions at /syn = 5.02 TeV ALICE Collaboration

[43] P. Braun-Munzinger, K. Redlich, and J. Stachel, Particle production in heavy ion collisions,
invited review in: R.C. Hwa, X.N. Wang Eds., Quark Gluon Plasma, vol. 3. World Scientific
Publishing, 2003. larXiv:nucl-th/0304013.

[44] A. Andronic, P. Braun-Munzinger, J. Stachel, and H. Stocker, “Production of light nuclei,
hypernuclei and their antiparticles in relativistic nuclear collisions”, |Phys. Lett. B 697 (2011)
203207, larXiv:1010.2995 [nucl-th].

[45] J. Cleymans, S. Kabana, I. Kraus, H. Oeschler, K. Redlich, and N. Sharma, “Antimatter
production in proton-proton and heavy-ion collisions at ultrarelativistic energies”, |Phys. Rev. C 84
(2011) 054916, arXiv:1105.3719 [hep-phl].

[46] A. Andronic, P. Braun-Munzinger, K. Redlich, and J. Stachel, “Decoding the phase structure of
QCD via particle production at high energy”, Nature 561 (2018) 321-330, arXiv:1710.09425
[nucl-th].

[47] B. Donigus, “Light nuclei in the hadron resonance gas”, Int. J. Mod. Phys. E 29 (2020) 2040001,
arXiv:2004.10544 [nucl-th].

[48] R. Hanbury Brown and R. Q. Twiss, “A Test of a new type of stellar interferometer on Sirius”,
Nature 178 (1956) 1046-1048.

[49] R. Hanbury Brown and R. Q. Twiss, “Correlation between Photons in two Coherent Beams of
Light”, Nature 177 (1956) 27-29.

[50] G. Goldhaber, S. Goldhaber, W.-Y. Lee, and A. Pais, “Influence of Bose-Einstein statistics on the
antiproton proton annihilation process”, Phys. Rev. 120 (1960) 300-312.

[51] ALICE Collaboration, J. Adam et al., “Two-pion femtoscopy in p-Pb collisions at /syn = 5.02
TeV”,|Phys. Rev. C 91 (2015) 034906, |arXiv:1502.00559 [nucl-ex].

[52] K. Blum, R. Sato, and E. Waxman, “Cosmic-ray Antimatter”,larXiv:1709.06507
[astro-ph.HE].

[53] K. Blum, K. C. Y. Ng, R. Sato, and M. Takimoto, “Cosmic rays, antihelium, and an old navy
spotlight”, |Phys. Rev. D 96 (2017) 103021} larXiv:1704.05431 [astro-ph.HE].

[54] K.-J. Sun, C. M. Ko, and B. Donigus, “Suppression of light nuclei production in collisions of
small systems at the Large Hadron Collider”, Phys. Lett. B 792 (2019) 132-137,
arXiv:1812.05175 [nucl-th].

[55] V. Vovchenko, B. Donigus, and H. Stoecker, “Multiplicity dependence of light nuclei production
at LHC energies in the canonical statistical model”, Phys. Lett. B 785 (2018) 171-174,
arXiv:1808.05245 [hep-ph].

[56] V. Vovchenko, B. Donigus and H. Stoecker, “Canonical statistical model analysis of p-p , p -Pb,
and Pb-Pb collisions at energies available at the CERN Large Hadron Collider”, |Phys. Rev. C 100
(2019) 054906, |arXiv:1906.03145 [hep-ph].

[57] P. Castorina and H. Satz, “Causality Constraints on Hadron Production In High Energy
Collisions”, Int. J. Mod. Phys. E 23 (2014) 1450019, arXiv:1310.6932 [hep-ph].

[58] ALICE Collaboration, S. Acharya et al., “Global baryon number conservation encoded in
net-proton fluctuations measured in Pb—Pb collisions at /sy = 2.76 TeV”, Phys. Lett. B 807
(2020) 135564, arXiv:1910.14396 [nucl-ex].

14


http://dx.doi.org/10.1142/9789812795533_0008
http://dx.doi.org/10.1142/9789812795533_0008
http://arxiv.org/abs/nucl-th/0304013
http://dx.doi.org/10.1016/j.physletb.2011.01.053
http://dx.doi.org/10.1016/j.physletb.2011.01.053
http://arxiv.org/abs/1010.2995
http://dx.doi.org/10.1103/PhysRevC.84.054916
http://dx.doi.org/10.1103/PhysRevC.84.054916
http://arxiv.org/abs/1105.3719
http://dx.doi.org/10.1038/s41586-018-0491-6
http://arxiv.org/abs/1710.09425
http://arxiv.org/abs/1710.09425
http://dx.doi.org/10.1142/S0218301320400017
http://arxiv.org/abs/2004.10544
http://dx.doi.org/10.1038/1781046a0
http://dx.doi.org/10.1038/177027a0
http://dx.doi.org/10.1103/PhysRev.120.300
http://dx.doi.org/10.1103/PhysRevC.91.034906
http://arxiv.org/abs/1502.00559
http://arxiv.org/abs/1709.06507
http://arxiv.org/abs/1709.06507
http://dx.doi.org/10.1103/PhysRevD.96.103021
http://arxiv.org/abs/1704.05431
http://dx.doi.org/10.1016/j.physletb.2019.03.033
http://arxiv.org/abs/1812.05175
http://dx.doi.org/10.1016/j.physletb.2018.08.041
http://arxiv.org/abs/1808.05245
http://dx.doi.org/10.1103/PhysRevC.100.054906
http://dx.doi.org/10.1103/PhysRevC.100.054906
http://arxiv.org/abs/1906.03145
http://dx.doi.org/10.1142/S0218301314500190
http://arxiv.org/abs/1310.6932
http://dx.doi.org/10.1016/j.physletb.2020.135564
http://dx.doi.org/10.1016/j.physletb.2020.135564
http://arxiv.org/abs/1910.14396

Light (anti)nuclei production in Pb—Pb collisions at /syn = 5.02 TeV ALICE Collaboration

[59] X. Xu and R. Rapp, “Production of Light Nuclei at Thermal Freezeout in Heavy-Ion Collisions”,
Eur. Phys. J. A 55 (2019) 68, arXiv:1809.04024 [nucl-th].

[60] V. Vovchenko, K. Gallmeister, J. Schaffner-Bielich, and C. Greiner, “Nucleosynthesis in heavy-ion
collisions at the LHC via the Saha equation”, Phys. Lett. B 800 (2020) 135131,
arXiv:1903.10024 [hep-phl].

[61] T. Neidig, K. Gallmeister, C. Greiner, M. Bleicher, and V. Vovchenko, “Towards solving the
puzzle of high temperature light (anti)-nuclei production in ultra-relativistic heavy ion collisions”,
Phys. Lett. B 827 (2022) 136891}, larXiv:2108.13151 [hep-phl.

[62] ALICE Collaboration, K. Aamodt et al., “The ALICE experiment at the CERN LHC”, JINST 3
(2008) S08002.

[63] ALICE Collaboration, B. Abelev et al., “Performance of the ALICE Experiment at the CERN
LHC”, Int. J. Mod. Phys. A 29 (2014) 1430044, |arXiv:1402.4476 [nucl-ex].

[64] ALICE Collaboration, K. Aamodt et al., “Alignment of the ALICE Inner Tracking System with
cosmic-ray tracks”, JINST 5 (2010) PO3003, |arXiv:1001.0502 [physics.ins-det].

[65] J. Alme et al., “The ALICE TPC, a large 3-dimensional tracking device with fast readout for
ultra-high multiplicity events”, Nucl. Instrum. Meth. A 622 (2010) 316-367,|arXiv:1001.1950
[physics.ins-det].

[66] A. Akindinov et al., “Performance of the ALICE Time-Of-Flight detector at the LHC”, [Eur. Phys.
J. Plus 128 (2013) 44.

[67] ALICE Collaboration, S. Acharya et al., “The ALICE Transition Radiation Detector:
construction, operation, and performance”, Nucl. Instrum. Meth. A 881 (2018) 88—127,
arXiv:1709.02743 [physics.ins-det].

[68] ALICE Collaboration, E. Abbas et al., “Performance of the ALICE VZERO system”, JINST 8
(2013) P10016, |arXiv:1306.3130 [nucl-ex].

[69] W. Herr, “Beam-beam interactions”,. https://cds.cern.ch/record/941319.

[70] X.-N. Wang and M. Gyulassy, “HIJING: A Monte Carlo model for multiple jet production in p p,
p A and A A collisions”, Phys. Rev. D 44 (1991) 3501-3516.

[71] GEANT4 Collaboration, S. Agostinelli et al., “GEANT4: A Simulation toolkit”, Nucl. Instrum.
Meth. A 506 (2003) 250-303..

[72] ALICE Collaboration, S. Acharya et al., “Measurement of the low-energy antideuteron inelastic
cross section”, Phys. Rev. Lett. 125 (2020) 162001, arXiv:2005.11122 [nucl-ex].

[73] ALICE Collaboration, S. Acharya et al., “Production of charged pions, kaons, and (anti-)protons
in Pb-Pb and inelastic pp collisions at /syy = 5.02 TeV”, |Phys. Rev. C 101 (2020) 044907,
arXiv:1910.07678 [nucl-ex]!

[74] A. Auce, R. F. Carlson, A. J. Cox, A. Ingemarsson, R. Johansson, P. U. Renberg, O. Sundberg, and
G. Tibell, “Reaction cross-sections for 38, 65, and 97 MeV deuterons on targets from Be-9 to
Pb-208”, Phys. Rev. C 53 (1996) 2919-2925.

[75] F. G. Binon et al., “Absorption cross-sections of 25 GeV/c antideuterons in Li, C, Al, Cu and Pb”,
Phys. Lett. B 31 (1970) 230-232.

15


http://dx.doi.org/10.1140/epja/i2019-12757-7
http://arxiv.org/abs/1809.04024
http://dx.doi.org/10.1016/j.physletb.2019.135131
http://arxiv.org/abs/1903.10024
http://dx.doi.org/10.1016/j.physletb.2022.136891
http://arxiv.org/abs/2108.13151
http://dx.doi.org/10.1088/1748-0221/3/08/S08002
http://dx.doi.org/10.1088/1748-0221/3/08/S08002
http://dx.doi.org/10.1142/S0217751X14300440
http://arxiv.org/abs/1402.4476
http://dx.doi.org/10.1088/1748-0221/5/03/P03003
http://arxiv.org/abs/1001.0502
http://dx.doi.org/10.1016/j.nima.2010.04.042
http://arxiv.org/abs/1001.1950
http://arxiv.org/abs/1001.1950
http://dx.doi.org/10.1140/epjp/i2013-13044-x
http://dx.doi.org/10.1140/epjp/i2013-13044-x
http://dx.doi.org/10.1016/j.nima.2017.09.028
http://arxiv.org/abs/1709.02743
http://dx.doi.org/10.1088/1748-0221/8/10/P10016
http://dx.doi.org/10.1088/1748-0221/8/10/P10016
http://arxiv.org/abs/1306.3130
https://cds.cern.ch/record/941319
http://dx.doi.org/10.1103/PhysRevD.44.3501
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1103/PhysRevLett.125.162001
http://arxiv.org/abs/2005.11122
http://dx.doi.org/10.1103/PhysRevC.101.044907
http://arxiv.org/abs/1910.07678
http://dx.doi.org/10.1103/PhysRevC.53.2919
http://dx.doi.org/10.1016/0370-2693(70)90112-7

Light (anti)nuclei production in Pb—Pb collisions at /syn = 5.02 TeV ALICE Collaboration

[76] J. Jaros et al., “Nucleus-Nucleus Total Cross-Sections for Light Nuclei at 1.55 GeV/c/Nucleon and
2.89 GeV/c/Nucleon”, Phys. Rev. C 18 (1978) 2273-2292,

[77] S.P. Denisov, S. V. Donskov, Yu. P. Gorin, V. A. Kachanov, V. M. Kutjin, A. L. Petrukhin, Yu. D.
Prokoshkin, E. A. Razuvaev, R. S. Shuvalov, and D. A. Stojanova, “Measurements of

anti-deuteron absorption and stripping cross sections at the momentum 13.3 gev/c”, Nucl. Phys. B
31 (1971) 253-260.

[78] E. Schnedermann, J. Sollfrank, and U. W. Heinz, “Thermal phenomenology of hadrons from
200-A/GeV S+S collisions”, Phys. Rev. C 48 (1993) 2462-2475, |arXiv:nucl-th/9307020
[nucl-th].

[79] F. Reif, Fundamentals of Statistical and Thermal Physics. McGraw-Hill, 1965.

[80] P. Braun-Munzinger and B. Dénigus, “Loosely-bound objects produced in nuclear collisions at the
LHC”, Nucl. Phys. A 987 (2019) 144-201, arXiv:1809.04681 [nucl-ex].

[81] ALICE Collaboration, J. Adam et al., “One-dimensional pion, kaon, and proton femtoscopy in
Pb-Pb collisions at \/sny =2.76 TeV”, |Phys. Rev. C 92 (2015) 054908, arXiv:1506.07884
[nucl-ex].

[82] S. Sombun, K. Tomuang, A. Limphirat, P. Hillmann, C. Herold, J. Steinheimer, Y. Yan, and
M. Bleicher, “Deuteron production from phase-space coalescence in the UrQMD approach”, |Phys.
Rev. C 99 (2019) 014901, arXiv:1805.11509 [nucl-th].

[83] T. Reichert, J. Steinheimer, V. Vovchenko, B. Dénigus, and M. Bleicher, “Energy dependence of
light hypernuclei production in heavy-ion collisions from a coalescence and statistical-thermal
model perspective”, arXiv:2210.11876 [nucl-th].

[84] B. Donigus, G. Ropke, and D. Blaschke, “Deuteron yields from heavy-ion collisions at energies
available at the CERN Large Hadron Collider: Continuum correlations and in-medium effects”,
Phys. Rev. C 106 (2022) 044908.

[85] N. Sharma, L. Kumar, P. M. Lo, and K. Redlich, “Light nuclei production in pp and pA collisions
in the Baryon Canonical Ensemble”, arXiv:2210.15617 [nucl-th].

[86] V. Vovchenko and V. Koch, “Centrality dependence of proton and light nuclei yields as a
consequence of baryon annihilation in the hadronic phase”, arXiv:2210.15641 [nucl-th].

[87] A. Dainese, M. Mangano, A. B. Meyer, A. Nisati, G. Salam, and M. A. Vesterinen, [ ‘Report on the
Physics at the HL-LHC, and Perspectives for the HE-LHC”, tech. rep., CERN-2019-007, Geneva,
Switzerland, 2019. https://cds.cern.ch/record/2703572.

16


http://dx.doi.org/10.1103/PhysRevC.18.2273
http://dx.doi.org/10.1016/0550-3213(71)90229-X
http://dx.doi.org/10.1016/0550-3213(71)90229-X
http://dx.doi.org/10.1103/PhysRevC.48.2462
http://arxiv.org/abs/nucl-th/9307020
http://arxiv.org/abs/nucl-th/9307020
http://dx.doi.org/10.1016/j.nuclphysa.2019.02.006
http://arxiv.org/abs/1809.04681
http://dx.doi.org/10.1103/PhysRevC.92.054908
http://arxiv.org/abs/1506.07884
http://arxiv.org/abs/1506.07884
http://dx.doi.org/10.1103/PhysRevC.99.014901
http://dx.doi.org/10.1103/PhysRevC.99.014901
http://arxiv.org/abs/1805.11509
http://arxiv.org/abs/2210.11876
http://dx.doi.org/10.1103/PhysRevC.106.044908
http://arxiv.org/abs/2210.15617
http://arxiv.org/abs/2210.15641
http://dx.doi.org/10.23731/CYRM-2019-007
http://dx.doi.org/10.23731/CYRM-2019-007
https://cds.cern.ch/record/2703572

	1 Introduction
	2 Experimental apparatus and data sample
	3 Data analysis
	3.1 Event and track selection
	3.2 Particle identification
	3.3 Background rejection
	3.4 Corrections to the spectra

	4 Systematic uncertainties
	5 Results
	6 Summary and conclusion

