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The first measurement of f\H and %ﬁ differential production with respect to transverse momentum and centrality
sxy = 5.02 TeV is presented. The f\H has been reconstructed via its two-charged-body
decay channel, i.e., f\H — 3He + z~. A Blast-Wave model fit of the p,-differential spectra of all nuclear species

measured by the ALICE collaboration suggests that the ?\H kinetic freeze-out surface is consistent with that of
other nuclei. The ratio between the integrated yields of }\H and *He is compared to predictions from the statistical
hadronisation model and the coalescence model, with the latter being favoured by the presented measurements.

1. Introduction

Relativistic heavy-ion collisions provide a rich environment for the
study of nuclei, hypernuclei, and their charge conjugates. Hypernuclei
are nuclei that have at least one hyperon among their constituents.
The additional strange baryon leads to a unique nuclear system that
can help to benchmark the interactions among hyperons and nucleons.
Understanding such interactions has become particularly relevant in re-
cent years due to their important connections with the modelling of
the equation-of-state of dense astrophysical objects, such as the neutron
stars [1,2]. In fact, a precise knowledge of the two-body (Y-N) and three-
body (Y-N-N) hyperon—nucleon forces allows for determining whether
the presence of hyperons in the innermost core of neutron stars, which
is known to be energetically favourable, reconciles with the recent ob-
servations of large-mass neutron stars [3,4]. Multiple studies analysing
particle momentum correlations [5,6] play a direct role in establishing
these interactions. In a complementary approach, the lifetime and the
binding energy of a hypernucleus reflect the strength of the Y-N and
Y-N-N forces [7-9].

The lightest known hypernucleus is the hypertriton (iH), composed
of a proton, a neutron, and a A hyperon. As such, it represents the sim-
plest system to study the interaction among A hyperons and nucleons.
Early experiments studied f\H using nuclear emulsions and helium bub-
ble chambers [10-14]. These experiments obtained results with large
statistical uncertainties. In recent years, more precise measurements
have been performed by ALICE [15-18] and STAR [19-23] Collabo-
rations in relativistic heavy-ion collisions at the CERN LHC and BNL
RHIC colliders. Such measurements contributed in determining that the
f\H is a loosely bound state with a A separation energy, B,, of the or-
der of one hundred keV, and has an average lifetime very close to the
free A one [24]. With such properties, the hypertriton wave function
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is expected to have a radial extension of approximately 5 fm [25-27],
considerably larger than the other nuclei with a mass number equal to
three and comparable in size to the fireball created in Pb—Pb collisions.

There are two main classes of models used to explain the forma-
tion of nuclei in Pb-Pb collisions: the statistical hadronisation model
(SHM) and the coalescence model. While the SHM is insensitive to the
structure of the particle being produced [28-32], the coalescence model
relies on the knowledge of the particle wave function to produce predic-
tions [33-39]. There is a wealth of variations for each class of models but
based on similar approach. In the SHM, the production cross section of a
specific particle is determined solely by a temperature, denoted as chem-
ical freeze-out temperature, the volume of the system created in the
collision, the quantum numbers, and the mass of the particle. In Pb-Pb
collisions, the grand canonical formulation of the SHM has proven to be
very successful in describing the yields of light flavoured hadrons [28].
Based on the two parameters from the analysis of light hadrons, the SHM
then provides a parameter-free prediction of the yields of (hyper)nuclei.
In the coalescence model, the production rate of nuclei is given by the
convolution between the phase space of the nucleons produced in the
collision and the nuclear wave function, according to the Wigner func-
tion formalism [40]. These two models give similar predictions for the
yield ratios of most ordinary nuclei (e.g. d/p) [35-37] and qualitatively
describe the available experimental data at the LHC [41-52]. However,
when it comes to a tight configuration or a loosely-bound state, the pre-
diction of the SHM and the coalescence model for particle ratios diverge
significantly in all collision systems. For example, recent studies on the
yield of “He in Pb-Pb collisions show an agreement with the SHM while
the coalescence model failed to explain it [52]. Conversely, the ?\H/A
ratio in p-Pb collisions [17] is only well-described by the coalescence
predictions. This discrepancy indicates that the nucleosynthesis mech-
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anism [53,54] still needs further investigation with new experimental
measurements.

This letter presents the first measurement of the ?\H produc-
tion in Pb-Pb collisions at a center-of-mass energy per nucleon pair
m = 5.02 TeV. In Sec. 2 the ALICE apparatus and the analysis
method are described, whereas the results are discussed in Sec. 3.

2. The ALICE detector and analysis details

The ALICE apparatus is composed of several specialised detectors,
as detailed in [55]. In this analysis, iH are reconstructed using both
the Inner Tracking System (ITS) [56] and the Time Projection Chamber
(TPC) [57] detectors. The ITS is the closest central-barrel detector to the
beam pipe and comprises six cylindrical layers. The primary role of ITS
is to reconstruct charged-particle trajectories and to measure precisely
the position of the interaction vertices. The TPC is a gaseous detector
employed as the primary tracking and particle identification (PID) de-
vice in ALICE. The TPC is used to identify charged particles by measuring
their specific energy loss. Both ITS and TPC are placed in a homogeneous
magnetic field of 0.5 T produced by a solenoidal magnet. These two de-
tectors cover the entire azimuth in the pseudorapidity range |5| < 0.9.
The centrality determination and trigger are provided by a pair of for-
ward (2.8 < 7 < 5.1) and backward (—3.7 <5 < —1.7) detectors called
VOA and VOC [58], respectively. The coincidence of a signal in the VOA
and a signal in the VOC is used as a minimum-bias trigger. Additionally,
two thresholds on the minimum amount of charge deposited on the VO
detector are implemented to trigger online on central and semi-central
Pb-Pb collisions. These thresholds are defined by the Glauber model fit
to the VO detector signal amplitudes [58,59].

The data sample employed in this analysis has been collected during
the LHC 2018 Pb-Pb run at /sy = 5.02 TeV. Based on the signal am-
plitudes of the VO detectors, three centrality classes are considered (from
central to peripheral collisions): 0-10%, 10-30%, and 30-50%. The cen-
trality classes are labelled according to the corresponding percentiles of
the Pb-Pb hadronic interaction cross section. The stored events, catego-
rized into the 0-10% and 30-50% classes, are enriched by the online
trigger on central and semi-central collisions. In total, approximately
210 million events are studied. At the LHC energies, approximately the
same number of f\H and %ﬁ are produced [60]. Therefore, the results

of f\H and 3H are averaged. In the following, we use the notation j\H
for both particle and antiparticle.

A dedicated Monte Carlo (MC) simulated sample has been employed
for optimising the iH selection and evaluating the efficiency correc-
tions. The MC sample consists of ?\H signal injected on top of underlying
Pb-Pb collisions, which are simulated with the HIJING event genera-
tor [61]. In each MC event, 80 f\H are injected. The transverse mo-
mentum (py) distribution of the injected signal is given by the Blast-
Wave [62] function, with parameters taken from fit to the 3He Pt spec-
tra [51]. The particle transport through the detector material is done
using GEANT4 [63], which simulates both the interaction with the ma-
terial and the weak decay kinematics of the ?\H

In this analysis, iH candidates are reconstructed via the two-
charged-body mesonic decay channel f\H —3He + 7z~ (and the related
charge conjugated process). Firstly, a preselection method is performed.
Tracks that have specific energy loss in the TPC compatible within 5¢
to that of He or r tracks are employed to reconstruct the ?\H decay
topology with the algorithm used in previous analyses [15-17]. The re-
construction of f\H candidates employed the ALICE secondary vertex
finder method which pairs opposite-sign *He and 7z candidate tracks.
The tracks are required to have more than 50 hits in TPC (N1P¢) and
good fit quality (y2/ Nchsc < 4). In order to mitigate the contamination
from >He produced in the interaction with materials, an additional selec-
tion py > 1.2 GeV/c is imposed for *He. Additional selection criteria are
used by combining data on the decay kinematics and the position of the
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Fig. 1. Invariant-mass distribution of selected ?\H candidates in the centrality
class 0-10% and p; interval 3 < p; < 3.5 GeV/c fitted with a function which
is the sum of a double-sided Crystal Ball signal and an exponential background.
Vertical lines represent the statistical uncertainties.

decay vertex. The selections include the maximum distance-of-closest-
approach (DCA) of the decay products to the primary vertex (DCApy
< 8 cm) and among the daughter tracks themselves (DCA, 4 < 1.6
cm), and the cosine of the angle between the f\H momentum vector and
the straight line connecting the primary and secondary vertices (cos 6p).
The selection on cos fp is set as a function of the proper decay time of
the candidates such to ensure a 95% efficiency for reconstructing true
JH.

The main selection step consists of combining the candidate features
in a gradient-boosted decision tree classifier (BDT) [64,65] that is em-
ployed for the iH signal selection. The BDT is a supervised learning
algorithm that determines how to differentiate between two or more
classes, specifically signal and background in this context, by analysing
sets of examples referred to as the training sets. In this analysis, the train-
ing sets consist of j\H signal candidates obtained from the MC sample
and background candidates from paired like-sign *He and 7 tracks from
the data. For each 13\H candidate, the BDT combines a set of topological
and single-track variables to produce a score, which serves to separate
signal and background. The variables do not exhibit correlation with the
3He-z invariant mass and are: the decay length in the rest frame ct, the
cos 0p, the PID information for *He, the DCA to the primary vertex for
both 3He and r tracks, the DCA between *He and 7, and the number
of clusters of the He track in the TPC. Candidates with a BDT score ex-
ceeding a specified threshold are classified as signal. This threshold is
determined to optimise the expected signal significance, taking into ac-
count the predicted production yield according to the SHM for the ?\H,
as well as the background rate observed from like-sign >He and 7 pairs.

The BDT training and testing steps and the j\H yield computation
have been performed in different centrality and pr intervals indepen-
dently. The iH signal is extracted from the invariant-mass distribution
after rejecting candidates whose score is lower than the BDT model
threshold. An unbinned maximum-likelihood fit is performed to the
f\H invariant-mass distribution, employing a double-sided Crystal Ball
(DSCB) [66] function and an exponential function to model the signal
and the background components of the spectrum, respectively. The pa-
rameters of the DSCB function are fixed using the MC sample leaving
only the mean and the normalisation of the DSCB free. Fig. 1 shows an
example of the invariant-mass fit in the most central collisions and in the
pr interval 3 < pr < 3.5 GeV/c. The number of detected f\H is obtained
from the integral of the DSCB function. However, this number has to
be corrected to account for the detection efficiency, the branching ratio
(B.R.), and the absorption of the 13\H in the ALICE detector material. The
detection efficiency comprises several components, including the accep-
tance of the ALICE detector, the absorption of daughter tracks, and the
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Fig. 2. Deuteron (d), antitriton (t), *He [511, and f\H spectra measured in Pb-Pb collisions at 1/syy = 5.02 TeV. Each panel shows a centrality interval and different

nuclei are reported with different colours. For f\H, the average spectra between particles and antiparticles is employed. The width of the boxes refers to the range of
the p; intervals, while their height represents the systematic uncertainties. The vertical lines are the statistical uncertainties. The combined Blast-Wave fit parameters

for d, t, *He, and 3H are listed in Table 1.

selection efficiency. It can be directly computed using the MC sample in
different centrality and pr intervals. The detection efficiency increases
with the 13\H pr and ranges from 10% to 38%. The branching ratio is
set to 0.25 + 0.023 according to Ref. [7]. Finally, the absorption cor-
rection (C,,,) is computed by simulating the interaction of 3 +H with the
ALICE detector material with GEANT4, and evaluating the probability
(P, of the 3 1 H to be absorbed before decaying. The absorption cross
section employed for the simulation has been extracted from Ref. [67],
which accounts for the extension of the iH wave function, and amounts
to about 1.5 times that of the 3He. The probability of f\H to be absorbed
is found to be increasing as a function of pr due to the larger amount
of material crossed by the high-momentum particle. The corresponding
correction, computed as C,,s = 1 — Py, ranges from 0.96 to 0.93.

The main systematic uncertainties on the measurement of the iH T
spectra are due to the iH decay reconstruction, the BDT selection, and
the invariant-mass fit in each py interval. These systematic uncertain-
ties are estimated as an envelope by employing a multi-trial approach.
In this approach, the following elements of the analysis are varied: two
different weak-decay vertex-reconstruction methods, two different back-
ground datasets for the BDT training, two different fit functions for the
f\H signal (a Kernel Density Estimator [68] and the DSCB), three dif-
ferent fit functions for the combinatorial background modelling (poly-
nomial of the first and second order, and an exponential function), and
different BDT selection thresholds (giving rise to a +10% variation of
the efficiency around its nominal value). These elements are varied in-
coherently to populate a distribution of different yields that constitute
our trial distribution in each p; and centrality interval. The systematic
uncertainty is then estimated as the standard deviation of the obtained
distributions and varies from 8% to 34% in different intervals. Since the
absorption cross section of f\H is uncertain, an additional uncertainty
due to the absorption is evaluated by changing the interaction cross
section in the simulation to three times the *He inelastic cross section
with the detector materials. This results in systematic uncertainties of
4%-6%, depending on the py interval. Another source of the uncertainty
originates from the uncertainty on the branching ratio, which amounts
to 9% and is common to all the pr and centrality classes.

3. Results and discussions

The ?\H pr-differential spectra in different centrality intervals, de-
fined as the average of particles and antiparticles, are shown in Fig. 2
along with the spectra of deuterons, antitritons, and >He in the corre-
sponding centrality ranges, as measured in Ref. [51]. A simultaneous
fit with the Blast-Wave model parameterisation [62] is done with all
the shown spectra. The parameters of the combined Blast-Wave fit are
listed in Table 1. Notably, the temperature and velocity in the Blast-
Wave fit are compatible with those obtained by fitting only light nuclei
(d, t, *He, *He) [521, suggesting a similar kinetic freeze-out surface for
light-flavoured nuclei.

Individual Blast-Wave fits are employed to extrapolate the ?\H spec-
trum in the unmeasured py range and obtain the total yield (dN /dy)
in the three centrality classes. The variation intervals of the fit pa-
rameters are restricted to an interval of +1¢ around the parameters
obtained from the combined fits shown in Fig. 2. The resulting dN /dy
values are reported in Table 1. The fraction of extrapolated yield us-
ing the Blast-Wave fit is 13%, 39%, and 27% for the 0-10%, 10-30%,
and 30-50% centrality classes, respectively. The total uncertainties on
the integrated yields c(BW,) are computed by fitting the spectra con-
sidering both statistical and systematic uncertainties. To separate the
statistical and systematic components of the uncertainty which origi-
nates from the Blast-Wave extrapolation, a fit considering only statistical
uncertainty of the /3\H spectra is used to estimate the statistical compo-
nent (6(BW,,)). The systematic uncertainty due to the fitting procedure
is extracted using the relation 6(BWy) = Ve(BW )2 — c(BW, )2
An additional source of systematic uncertainty to the measured yield
arises from the unknown pr distribution of ZH As the fits performed
with other functions, namely my-exponential and Boltzmann, have not
passed the Pearson y? test for the goodness of the fit and since the pr
distribution of *}\H should be very similar to *He according to the Blast-
Wave model [62], the related uncertainty is inherited from the previous
3He production analysis [51] and corresponds to 1.8%, 3.3%, and 0.3%
of the measured integrated yield in 0-10%, 10-30%, 30-50%, respec-
tively.

The production yield of ?\H provides a powerful tool to investi-
gate the mechanism of nuclear production in relativistic hadronic col-
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Parameters of the combined Blast-Wave fits and integrated (f\H + %ﬁ)/z yields in different centrality intervals. The fits include deuteron, antitriton, *He, and f\H as

shown in Fig. 2. The ZH yields are obtained with an individual Blast-Wave fit whose parameters are restricted in 1o region of the parameters shown in the table.

Centrality {Br) T (GeV) n 7%/ ndf dN /dyx 10~ (B.R. = 0.25)

0-10% 0.694 + 0.003 0.103 + 0.005 0.498 + 0.009 43.4 /39 4.83 + 0.23(stat) + 0.57(syst)
10-30% 0.666 + 0.003 0.132 + 0.008 0.507 + 0.012 19.1/ 34 2.62 + 0.25(stat) + 0.40(syst)
30-50% 0.598 + 0.005 0.152 + 0.010 0.660 + 0.022 21.8/33 1.27 + 0.10(stat) + 0.14(syst)

lisions [18]. The measured ?\H yield in all the centrality intervals
is directly compared with the predictions from the grand-canonical
SHM [69] with T=155 MeV. The predicted /3\1-1 dN /dy (9.5% 1079)is ap-
proximately two times higher than the measured one in central Pb-Pb
collisions, suggesting that the SHM, as applied, may lack certain ele-
ments necessary for accurately describing the generation of this weakly
bound state.

On the other hand, while the SHM is able to calculate directly the
absolute yields of hadrons, in the coalescence model only the yield ra-
tios among particles can be computed without any further knowledge
of the momentum spectra of the nucleons. To compare with both the
models, SHM and coalescence, the ?\H/3He ratio is considered. The 3He
production spectra from Ref. [51] are not corrected for the feed-down
from iH. However, this effect is estimated to be at most 1.7%, and a
systematic uncertainty of the same magnitude is included in the ratio
to account for it. The produced charged-particle multiplicities per unit
of pseudorapidity (dN,/dn), which are related to the centrality of the
collision and can reflect the size of the fireball, may have effects on the
ratios of particle yields and need to be taken into account. In this case,
the grand-canonical SHM predicts no multiplicity dependence. A de-
viation from the grand-canonical ensemble prediction is present in the
canonical SHM only for (d Ny, /dn) ;<05 < 100 [29], which corresponds
to peripheral collisions comparatively and is not covered by the pre-
sented results. The coalescence model formulation here considered [70]
uses the Wigner function formalism and a parametrisation of the wave
function of the /3\H that depends on its A separation energy, and it was al-
ready successfully applied to predict the production of other light nuclei
in heavy-ion collisions [71,72]. Three different coalescence predictions
are shown by setting B, to the latest ALICE and STAR experimental val-
ues and to the world average of the B, measurements [18,20,24]. The
uncertainty due to the B, value is asymmetric as the f\H wave function
width is not a linear function of B, . Furthermore, the coalescence model
predicts a suppression of the ZH/ 3He ratio with decreasing multiplici-
ties due to the interplay between the smaller hadron emission source in
peripheral Pb-Pb collisions and the wide wave function of the f\H In
Fig. 3, the model predictions are compared with the measured ?\H/3He
yield ratio as a function of the average charged-particle multiplicity of
the analysed centrality intervals. The measured f\H />He yield ratios are
well described by the coalescence prediction using the current world
average of B, (solid blue line). In addition, the recent STAR measure-
ments [21] suggest a similar suppression of the ?\H /3He ratio going from
large (Au-Au and U-U) to smaller (Zr-Zr and Ru-Ru) collision systems.
For larger values of B,, the predictions from the coalescence model ap-
proach that of the SHM, but they are not compatible with the measured
ratios. The results from a prior ALICE analysis [15] in Pb-Pb collisions
at /syny = 2.76 TeV are included in Fig. 3 for comparison. The results
presented in this Letter remain consistent with the previous study within
a 20 confidence interval, but uncertainties are twice as small as those
obtained from the smaller data sample at lower collision energy.

In Fig. 4, the iH/3He yield ratio as a function of py in the three
different centrality intervals is shown. While the SHM does not infer
the expected pr shape of the particles, the coalescence mechanism im-
plies a decrease of the f\H/3He ratio for increasing pr. Conversely, in
a simple hydrodynamic picture like the Blast-Wave model, the radial
flow boosts the high p production of heavier particles such as the }\H

Consequently, within the Blast-Wave framework, the f\H/3He ratio is
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Fig. 3. Yield ratio of iH to 3He together with theoretical predictions as a func-
tion of multiplicity. In the left panel, the results of this analysis are compared
with the ALICE measurement at 4/syy = 2.76 TeV [15]. Vertical lines are used
for the statistical uncertainties and the height of the boxes for the systematic
ones. The width of the boxes refers to the uncertainties of multiplicity. For each
centrality interval the (AN, /dn) is taken from Ref. [73] and the 3He yield from
Ref. [51]. The dense orange dashed line represents the expectation of SHM,
while the other three sets of lines stand for coalescence model with different
B, hypotheses. The coalescence prediction with world average B, is displayed
with a 1o uncertainty as the filled area, both lines and shadowed areas are lin-
ear interpolations of the available model calculations [70]. In the right panel,
the results of recent STAR measurement are shown for comparison [21].

expected to increase as a function of py. However, the current exper-
imental uncertainties do not allow for a definitive conclusion on the
trend of the ?\H/3He ratio as a function of pr.

4. Conclusions

This Letter presents the first pr-differential measurement of the f’\H
production in Pb-Pb collisions at y/syy = 5.02 TeV. The py distri-
bution of j\H is well described by a simultaneous Blast-Wave fit with
other light nuclei. The fit temperature and velocity profiles are com-
patible with those found for other light-flavoured nuclei, hinting to a
common Kkinetic freeze-out surface for hypernuclei and ordinary nuclei
produced in Pb-Pb collisions. The pr-integrated yields show a signifi-
cant discrepancy with respect to the predictions of the SHM tuned to fit
the other light-flavoured particles. Furthermore, the yield ratio /3\H /*He
was calculated to test the predictions of the coalescence model, that is
able to describe the measured ratios when assuming the correct binding
energy of the iH Finally, both the coalescence and the Blast-Wave mod-
els describe the experimental data for the 13\H/3He ratios as a function
of pr. However, their predictions have a different pr trend. Presently,
the large experimental uncertainties preclude a definitive interpretation;
however, the forthcoming data from LHC Run 3 will allow the ALICE
Collaboration to measure this quantity with unprecedented precision.
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represent the statistical and systematic uncertainties, respectively. The width of the boxes displays the range of the p intervals. The pink solid lines are calculated
as the ratios of the Blast-Wave fit functions for *He and f\H. The other three curves stand for the predictions of the coalescence model with different B, hypotheses.
The coalescence prediction with world average B, is displayed with a 1¢ uncertainty band [70].
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