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Abstract

The production of (anti-)deuteron and (antiHe nuclei in Pb—Pb collisions afsun = 2.76 TeV
has been studied using the ALICE detector at the LHC. Thetspeghibit a significant hardening
with increasing centrality. Combined blast-wave fits ofesaV particles support the interpretation
that this behavior is caused by an increase of radial flow.iftegrated particle yields are discussed
in the context of coalescence and thermal-statistical inexfectations. The particle ratio%e/d
and®He/p, in Pb—Pb collisions are found to be in agreement witlbramon chemical freeze-out
temperature offichem~ 156 MeV. These ratios do not vary with centrality which is greement
with the thermal-statistical model. In a coalescence agpgrpit excludes models in which nucleus
production is proportional to the particle multiplicity @fiavors those in which it is proportional
to the particle density instead. In addition, the obseovatif 31 anti-tritons in Pb—Pb collisions is
reported. For comparison, the deuteron spectrum in ppsamils at,/s = 7 TeV is also presented.
While the pitratio is similar in pp and Pb—Pb collisions, the d/p ratio jngollisions is found to be
lower by a factor of 2.2 than in Pb—Pb collisions.
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1 Introduction

Collisions of ultra-relativistic ions create suitable ddions for producing light (anti-)nuclei, because
a high energy density is reached over a large volume. Undsetoonditions, hot and dense matter,
which contains approximately equal numbers of quarks anidgaarks at mid-rapidity, is produced
for a short duration (a few IG° s). The system cools down and undergoes a transition to amadr
gas. While the hadronic yields are fixed at the moment whenatesof inelastic collisions becomes
negligible (chemical freeze-out), the transverse monmandistributions continue to change until also
elastic interactions cease (kinetic freeze-out).

The formation of (anti-)nuclei is very sensitive to the chieghfreeze-out conditions, to the dynamics
of the emitting source as well as to final-state effects. Tioelyiction scenarios are typically discussed
within two approaches: (i) The thermal-statistical apptohas been very successful not only in describ-
ing the integrated yield of the hadrons but also of compasiieei ﬂ-@] In this picture, the chemical
freeze-out temperatui®nem (predicted around 160 MeV) acts as the key parameter. Toiegssensitiv-

ity of the abundance of nuclei to the choiceTgfemis caused by their large massand the exponential
dependence of the yield on the temperature given by-expTchem). (ii) In the coalescence model,
nuclei are formed by protons and neutrons which are nearphase space and exhibit similar veloci-
ties QES] A quantitative description of this process igitally based on the coalescence paramBger
and has been applied to many collision systems at variougieeeﬂi]. The binding energy of light
nuclei is very small (around few MeV), so they can hardly remiatact during hadronic interactions,
even if only quasi-elastic scattering during the hadroihiage with temperatures between 100 MeV and
170 MeV is considered. When produced thermally at chemreszie-out, they might break apart and
be created again by final-state coalescehck [14]. It turbshed both, the thermal approach and the
coalescence mechanism, give very similar predicti@s [15]

The production of light nuclei has attracted attention adseat lower incident energies in heavy-ion
collisions at the AGS, SPS, and RHI[E!—lS]. A study of thpestelence on/syn is of particular
interest, because different production mechanisms mightimate at various energies, e.g. a formation
via spectator fragmentation at lower energies or via coalese/thermal mechanisms at higher ones. In
all cases, an exponential drop in the yield was found witheiasing mass of the nucléﬂ@ 20]. At
RHIC and now at the LHC, matter with a high content of strange @f anti-quarks is created in heavy-
ion collisions. This has led to the first observation of atihas|[21] and of anti-hypertritor@ZZ]. Their
yields at LHC energies were predicted based on thermal nestighates irﬂlDZ].

In this paper, a detailed study of light (anti-)nuclei prodd in the mid-rapidity region in Pb—Pb colli-
sions at,/Syn = 2.76 TeV and a comparison with deuteron production in pfistohs at\/s = 7 TeV
using A Large lon Collider Experiment (ALICE|ﬁlZ3] is presed. The paper is organized as follows: In
Sectior 2, details of the analysis technique used to extaacyields, acceptance and efficiency correc-
tions of (anti-)deuterons and (anfiHe are presented. The results are given in SeEtion 3 whidis stih

a comparison of the production of nuclei and anti-nuclenhglwith studies related to the hadronic inter-
action of anti-nuclei with the detector material. Then, tl@sverse momentum spectmg-integrated
yields and average transverse momenta are shown. The atigeref (anti-)tritons is also discussed
in this section. In Sectionl 4, the results are discussedgaldth a description using a blast-wave ap-
proach, and are compared with expectations from the thestatistical and coalescence models. The
measurement of (anti-)alphas and (anti-)hypertritonsheilshown in subsequent publications.
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2 Experiment and data analysis
2.1 The ALICE detector

The results presented in this paper are obtained from tlzecdéiected by the ALICE experiment at the
LHC. Its performance and the description of its various gatesns are discussed in detail in Refs] [23,
]. The ALICE detector has excellent particle identifioaticapabilities. The main detectors used in
this analysis are the Time Projection Chamber (T@) [2%], Time-Of-Flight detector (TOFm6], and
the Inner Tracking System (ITﬂZ?]. All detectors are posed in a solenoidal magnetic field of
B = 0.5 T. As the main tracking device, the TPC provides fulhashal acceptance for tracks in the
pseudo-rapidity regiofm| < 0.8. In addition, it provides particle identification viaetmeasurement of
the specific energy loss=ddx. It allows the identification of (anti¥He over the entire momentum range
under study and the measurement is only limited by the aleilstatistics. The velocity information
from the TOF detector is in addition used to identify deutsravith transverse momentg( above
1.4 GeVt and (anti-)tritons in the transverse momentum range of @8/G< pr < 1.6 GeVE. The
detector provides a similar acceptance as the TPC and dtistimie resolution for tracks from Pb—Pb
collisions corresponds to about 80 ps which is determinetthéyntrinsic time resolution of the detector
and the accuracy of the start time measurement. By a combimadgisis of TPC and TOF data, deuterons
are identified up to 4.5 GeV¥in Pb—Pb collisions. In case of pp collisions, the less pedgidetermined
start time leads to a time resolution of about 120 ps and #ndiiication is limited to about 3 Ge¥/The
precise space-point resolution in the six silicon layerthefl TS allows a precise separation of primary
and secondary particles in the high track density regiosecto the primary vertex.

2.2 Event and track selection

For this analysis, the data collected in the year 2010 are. useotal, the data sample consists of nearly
14 million Pb—Pb collisions af/syny = 2.76 TeV and 380 million minimum-bias triggered eventsgdpr
collisions at\/s= 7 TeV after off-line event selection.

A pair of forward scintillator hodoscopes, the VO detect®8 < n < 5.1 and -3.7< n < -1.7),
measured the arrival time of particles with a resolution afsland was used for triggering purposes
and for centrality determination of Pb—Pb collisions. Inqmilisions, the data were collected using a
minimume-bias trigger requiring at least one hit in eithertlodé VO detectors or in the two innermost
layers of the ITS (Silicon Pixel Detector, SPD). The triggendition during the Pb—Pb data taking was
changed with time to cope with the increasing luminosityvéeéd by the LHC. It was restricted offline
to a homogenous condition, requiring at least two hits irBR® and one hit in either of the VO detectors.
This condition was shown to be fully efficient for the 90% moshtral eventslﬂS]. A signal in the VO
was required to lie in a narrow time window 30 ns) around the nominal collision time in order to reject
any contamination from beam-induced background. Only svesith a reconstructed primary vertex
position in the fiducial regiof\;| < 10 cm were considered in the analysis. The VO amplitudeibligion
was also used to determine the centrality of the heavy-idlisioms. It was fitted with a Glauber Monte-
Carlo model to compute the fraction of the hadronic crosi@ecorresponding to a given range of VO
amplitude. Based on those studies, the data were dividegviera centrality percentiles, selecting on
signal amplitudes measured in the @[28]. The contamindtiom electromagnetic processes has been
found to be negligible for the 80% most central events.

In this analysis, the production of primary deuterons 8Hé-nuclei as well as their respective anti-
particles are measured at mid-rapidity. In order to prowipmal particle identification by reducing the
difference between transverse and total momentum, therapae provided within a rapidity window

of |y| < 0.5. In addition, only those tracks in the full tracking aceeqte of|n| < 0.8 are selected. The

extrapolation of the yield at low momenta, where the accegaloes not cover the fulf| < 0.5 region,

is done by assuming a flat distribution ynand by determining il/dy for eachpr-interval. Primary
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Fig. 1: Specific energy loss Eldx) vs. rigidity (momentum/charge) for TPC tracks from pp isidins at,/s =
7 TeV (top panel) and from 0-80% most central Pb—Pb collsiatn,/syv = 2.76 TeV (bottom panel). The solid
lines represent a parametrization of the Bethe-Bloch curve

particles are defined as prompt particles produced in tHesicol including all decay products, except
products from weak decays of light flavor hadrons and of mudnworder to select primary tracks of
suitable quality, various track selection cuts are applfgdeast 70 clusters in the TPC and two points in
the ITS (out of which at least one in the SPD) are requiredsélselections guarantee a track momentum
resolution of 2% in the relevamtr-range and ald/dx resolution of about 6%, as well as a determination
of the Distance-of-Closest-Approach to the primary veitethe plane perpendicular (DG and par-
allel (DCA,) to the beam axis with a resolution of better than 308 in the transverse direction [24].
Furthermore, it is required that theg per TPC cluster is less than 4 and tracks of weak-decay pi®duc
are rejected as they cannot originate from the tracks ofgasgmuclei.
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Fig. 2: Distribution of (m? — mg) measured with the TOF detector for tracks with 2.6 Ge¥/ pr < 2.8 GeVk
from central Pb—Pb collisions showing the peak correspuantti the deuteron massy and the background from
mismatched tracks (black dotted line) which is subtraateahitain the raw yields (see text for details).

2.3 Particle identification

Particle identification is mainly performed using the T][2It is based on the measurement of the
specific ionization energy deposit§ftix) of charged particles. Figuté 1 shows th&/dk versus rigidity
(momentum/chargey/2) of TPC tracks for pp collisions ays= 7 TeV (top panel) and for Pb—Pb colli-
sions at,/syn = 2.76 TeV (bottom panel). Nuclei and anti-nuclei like (ayuteuterons, (anti-)tritons, and
(anti-*He are clearly identified over a wide range of momenta. Thid sakves represent a parametriza-
tion of the Bethe-Bloch function for the different particdpecies. In practice, it is required that the
measured energy-loss signal of a track lies irmaxdndow around the expected value for a given mass
hypothesis. While this method provides a pure sampfHef nuclei in thepr-range between 2 Gev/
and 7 GeVt, it is limited to aboutpr < 1.4 GeVE for deuterons.

In order to extend thgr-reach of the deuteron measurement, the TOF system is used #iis mo-
mentum in addition. Based on the measured flight timine massn of a particle can be calculated
as

mz:p—z-(ﬁ—l), @)

where the total momenturp and the track lengtih. are determined with the tracking detectors. Fig-
ure[2 shows the obtainasih? distribution, where the deuteron mass squar@) (vas subtracted, for a
pr-bin between 2.6 Ge¢/and 2.8 GeW. For eachpr-bin, theAn¥ distribution is fitted with a Gaus-
sian function with an exponential tail for the signal. Sinlbe background mainly originates from two
components, namely wrong associations of a track with a TiQdtar and the non-Gaussian tail of lower
mass patrticles, it is described with a first order polynortaalvhich an exponential function is added.
The same procedure for signal extraction and backgrounttasiion is applied in the analysis of pp
collisions.

2.4 Background rejection

Particles produced in the collisions might interact with tetector material and the beam pipe which
leads to the production of secondary particles. The prdibaloif anti-nucleus production from the
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interaction of primary particles with detector materiahisgligible, whereas the sample of nuclei may
include primary as well as secondary particles originafimgn the material. This contamination is
exponentially decreasing with increasing momentum. Iritemtg it is about five times larger in central
compared to peripheral Pb—Pb or pp events because of therfpgibability of a fake ITS hit assignment
to secondary tracks. Most of the secondary particles frorteriah have a large DCA to the primary
vertex and hence this information is used to correct for thramination. Figurg]3 shows the DGA
distribution for deuterons (left panel) and anti-deutergnght panel) for Pb—Pb collisions tsyn =
2.76 TeV. The distributions are shown for two differéDICA;| cuts. As can be seen from the figure,
a strict DCA;| cut of 1.0 cm cuts a large fraction of background for nucleit toes not change the
distribution for anti-nuclei. At sufficiently high momenfabove 1.4 Ge\ for deuterons and above 2
GeV/c for 2He), the secondary and knock-out contamination caused bgrialas in this way reduced
to a negligible level and the raw yield can be directly extdc In order to extend the measurement of
deuterons to lower momenta in Pb—Pb collisions, the B@stribution for deuterons in each transverse
momentum pr)-interval was fitted with the expected shapes (called “lateg” in the following) as
extracted from Monte-Carlo events. Figlte 4 shows a tymgample of this procedure for tracks with
transverse momentum rang®@eVE < pr < 1.0 GeVk. One template for primary particles and one
template for secondary particles from material are used.chlaracteristic shape of the template used for
knock-out nuclei from material with its flat behavior at lar@CAy allows a precise distinction between
the two contributions. The significant peak at smaICA,y| is caused by those knock-out nuclei to which
a cluster in one of the SPD layers is wrongly associated. T&ireed fraction of primary particles is
then used to calculate the raw yield in the correspongifipin. The same technique is applied for
background rejection and raw yield extraction of deutefongp collisions at,/s=7 TeV.

ALICE, Pb-Pb, {5, = 2.76 TeV ALICE, Pb-Pb, \s, = 2.76 TeV
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Fig. 3: Distribution of DCA, for deuterons (left) and anti-deuterons (right) in the $nsrse momentum range
0.7 GeVk < pr < 1.4 GeVck for 0-80% most central Pb—Pb collisions @by = 2.76 TeV demonstrating the
influence of cuts in DCAon d andd.

2.5 Efficiency and acceptance

The finalpr-spectra of nuclei are obtained by correcting the raw spdotrtracking efficiency and accep-
tance based on Monte-Carlo (MC) generated events. Staegiard generators, such as PYTH.[29]
PHOJET [[__3b] or HIJINGEl] do not include the production ahfi-)nuclei other than (anti-)protons
and (anti-)neutrons. Therefore, nuclei are explicitheotgd into underlying PYTHIA (in case of pp)
and HIJING (in case of Pb—PDb) events with a flat momentumildigion. In the next step, the particles
are propagated through the ALICE detector geometry withGRANT3 transport cod 2]. GEANT3
includes a basic description of the interaction of nucldhwhe detector, however, this description is
imperfect due to the limited data available on collisionéigtit nuclei with heavier materials. Due to the
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Fig. 4: Distribution of DCA, of identified deuterons in the transverse momentum rang&evie < pr < 1.0
GeV/c for central Pb—Pb collisions (Syn = 2.76 TeV) along with the Monte-Carlo templates which ateditto
the data (see text for details).

unknown interaction of anti-nuclei with material, theseg@sses are not included for anti-nuclei heavier
than anti-protons. In order to account for these effectslladétector simulation with GEANT4 as a
transport coddﬂ:ﬂ%] was used. Following the approachrithesi in @5], the correction for interac-
tion of (anti-)nuclei with the detector material from GEABWas scaled to match the expected values
from GEANT4. An alternative implementation to correct foist effect and the relevant uncertainties
related to these corrections are discussed in Selctibn B4 adceptanceefficiency is then obtained as
the ratio of the number of particles detected by the detaottine number of generated particles within
the relevant phase space.
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Fig. 5: Acceptance efficiency as a function of transverse momentyry) for deuterons (left) and foiHe (middle)
in Pb—Pb collisions a{/syn = 2.76 TeV, as well as for deuterons in pp collisions/at= 7 TeV (right panel). The
curves represent a fit with the function presented in Bq.9@¢ text for details).

The top panel of Fidg.l5 shows the acceptaneticiency for deuterons (left) amiHe (right) as a function

of pr for Pb—Pb collisions a{/syn = 2.76 TeV. In both cases, the rapid rise of the efficiency at fp

is determined by energy loss and multiple scattering psaesf the incident particle with the detector
material. The values reach a maximum when the energy lossi@rsmaller and when the track curva-
ture is still sufficiently large so that a track can cross thadlarea between two TPC readout chambers
in a relatively small distance such that the two track paats &till be connected. For straighter tracks at
higher pr which cross the insensitive region between two chambessdibtance is larger and the con-
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nection becomes more difficult. Thus a slight reduction ef éffficiency is observed until a saturation
value is reached. The figure also shows the lower efficienbyesa(open points) when in addition a
deuteron track is matched to a hit in the TOF detector. Thp dranainly caused by the energy loss and
multiple scattering in the material between the TPC and €, by the TOF dead zones corresponding
to other detectors or structures, and by the number of aE@fechannels. The curves represent fits with

the empirical functional form

f(pr) =ao e /P + a5 pr. 2

Here,ag, a1, ay, andaz are free parameters. Correcting the raw spectra with ditieefit function or the
actual histogram is found to result in negligible differeaavith respect to the total systematic error.

Figure[® (bottom panel) also shows acceptareféiciency for the deuterons as a functionmaf for pp
collisions at,/s=7 TeV. The curve is afit using the same functional form as émeithe Pb—Pb collisions

discussed above. The efficiency has a simgiaidependence as the one for Pb—Pb collisiong/&in
= 2.76 TeV. The observed differences are due to variatiotiseimumber of active detector components,

mainly in the SPD, for the two data sets.

2.6 Momentum correction
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Fig. 6: The average difference between the reconstructed and tiexagedpr is plotted as a function of the
reconstructegdr for simulated deuterons arfée for Pb—Pb collisions ay/sun = 2.76 TeV. The lines represent a
fit with the functional form as shown in Ed.](3) (see text fotails).

Low-momentum patrticles lose a considerable amount of gnetdle traversing the detector material.
The track reconstruction algorithm takes into account tbel@nb scattering and energy loss, assuming
the pion mass for each particle. Therefore, a track-bykt@mrection for the energy loss of heavier
particles (dd and®HefHe) is needed. This correction is obtained from MC simutatjan which the
difference of the reconstructed and the generated trassvaomentum is studied on a track-by-track
basis. Figuré]6 shows the averaggedifference as a function of the reconstructed track moomant
(pRe9) for deuterons andHe. The lines represent the empirical function

C D
f(pT):A+B<1+¥> , 3)
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where the free parametefsB,C, and D are extracted from a fit. It can be seen that the correction
becomes largest for the heaviest particles at low momentds rEflects the typical BP-behavior of
the energy loss. The difference in transverse momentumrigated on a track-by-track basis in the
analysis. This energy loss correction has been appliedfbotp and for Pb—Pb collisions. The same
correction in rapidity has also been studied and found taltr@s negligible changes in the final spectra.

2.7 Systematic uncertainties

Individual contributions to the systematic error of the sw@ament are summarized in Table 1 and are
discussed in detail in the following. The systematic uraiaty related to the identification of the nuclei
is smaller in thepr-region in which the energy loss in the TPC provides a clepaisgion compared to
those in which the identification is mainly based on the TGBrimation. The error is of the order of 1%
for deuterons at low momenta and for the fpj-range studied foPHe-nuclei. In the TOF partpg >

1.4 GeVk) of the deuteron spectrum, the error is considerably laggerto the presence of background
and has been estimated as 5% on the basis of different siginat#on methods: the raw yields obtained
from the signal fit and from bin counting are compared. Thigreges of the uncertainties related to the
tracking and matching are based on a variation of the tratkand are found to be less than 4% and
independent of the particle species. In addition to thisaréation in the momentum correction leads to
differences of similar magnitude at lower momenta and adeddn quadrature.

Contamination from secondaries originating from intamas of primary particles with the detector ma-
terial dominates the systematic error at low transverse emban but it decreases exponentially towards
higher momenta. These uncertainties are estimated by atieariof the fit range and templates. Their
values amount to about 20% in the lowgstbin for deuterons and fotHe in most central events.
For all other centralities and transverse momentum regiibis significantly lower. Feed down from
weakly decaying hyper-nuclei is negligible for deuteroifie only relevant decay of the hyper-triton,

3 AH — d+p+ 1, results in a negligible contamination, because of the myug00 times smaller pro-
ductlon cross section of the hyper-triton with respect mdtauteronﬂﬂ 2]. On the other hand, the decay
2H — 3He+ 1~ contaminates théHe-spectrum as these particles are produced with similardemce.
ThIS background is conceptually similar to the feed dowm\afiecays into the proton- spectrulﬂ[%]
though the relevant branching ratio in the casé idf(25%) E‘}’] is assumed to be considerably lower
than in the case of (64%). A detailed MC study shows that only about 4-8% off’\aildecaying into
3He pass the track selection criteria of prim@iye. Therefore, the remaining contamination has not
been subtracted and the uncertainty related to it was fuirtiestigated by a variation of the DGAcut

in data and a final error of about 5% is assigned. Uncertaiitti¢he material budget have been studied
by simulating events varying the amount of materiabb}0%. This leads to variations in the efficiency
of about 5% in the lowespr-bins. The hadronic interaction of nuclei with the detectaterial gives
rise to an additional uncertainty of about 6% for deuterod fam 3He. The material between TPC and
TOF needs to be considered only for the deuteron spectrureglyo> 1.4 GeVE and increases the un-
certainty by additional 5%. The corresponding correctimngnti-nuclei are significantly larger and less
precisely determined because of the missing knowledgeeofdlevant elastic and inelastic cross sec-
tions. Details of the systematics originating from diffieces between the available models are discussed
in the next section.

In general, the individual contributions to the systematior do not show a significant dependence on
the event multiplicity. The only exception is given by thecartainty of the correction for secondaries
from material, which changes from about 20% in central taua#é6 in peripheral Pb—Pb or pp collisions,

respectively. All other contributions are found to be inelegeent of event multiplicity.
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Source d SHe
0.7GeVt 4GeVk | 2GeVk 8 GeVk
PID 1% 5% 1% 1%
Tracking and matching 6% 4% 6% 4%
Secondaries material 20% 1% 20% 1%
Secondaries weak decay negl. 5%
Material budget 5% 1% 3% 1%
Hadronic interaction 6% 6%

Table 1: Summary of the main contributions to the systematic unt#its. See text for details.
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Fig. 7: Ratio of anti-particle to particle efficiency based on GEANand a modified version of GEANT3 including
an empirical model to describe the hadronic interactiomaitauclei for (anti-)deuterons (left) and for (anfiHe
(right). The estimate of the systematic uncertainty forttadronic interaction based on the difference between the
two models is indicated by the blue band.

3 Results
3.1 Anti-particle to particle ratios and hadronic interaction of anti-nuclei

For a measurement of particle to anti-particle ratios, theection of the hadronic interaction of the
emitted particles with the detector material has to be pedgiknown. The relevant cross sections are
only poorly measured for anti-nuclei heavier than The only available data for anti-deuterons from
the U-70 Serpukhov acceleratm[@ 39] are measured divediahigh momentaf = 13.3 GeV¢ and

p = 25.0 GeVt) and provide only a rough constraint. Two approaches arsidgered to model the cor-
rection for hadronic interaction. Firstly, the anti-nuabeoss sections are approximated in a simplified
empirical model by a combination of the anti-protamyg) and anti-neutronda) cross sections. Fol-
lowing the approach presented H[40], the cross seatipn for an anti-deuteron on a target material
with mass numbeaA is then e.g. given by '

3/2 3/2\2/3
Oga= (02 + 02 PK(A) (4)

where the scaling factdf (A) is determined from the same procedure applied to the mehmekastic
cross sections of nuclei and protons. Details of the metteodhbe found in@O]. This approach is
implemented as a modification to GEANT3. However, it doesagebunt for elastic scattering processes
and is therefore only used for the estimation of the systientaicertainty. Secondly, the anti-nucleus—
nucleus cross sections are determined in a more sophéstioaddel with Glauber calculations based on
the well-measured total and elastip pross section_[34]. It is implemented in the GEANT4 sofvar
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Fig. 8: Ratios ofd and d as well as ofHe and®He versuspr per nucleon for various centrality classes in Pb—Pb
collisions at,/Syn = 2.76 TeV. Boxes describe the systematic uncertaintieicaelines the statistical ones.

package@3].

The relevant correction factor for the anti-particle totjgde ratio is given by the ratio of the efficiencies
in which all effects cancel except of those related to thednad interaction with the detector material.
The efficiency ratios for anti-deuterons and féfe nuclei using the two models described above (mod-
ified GEANT3 and GEANT4) are shown in Figl 7. The applied cctioe factors are parameterized
with the same function which was used for a similar study #)].[3The absorption correction is larger
for tracks which are required to reach the TOF detector dube@dditional material behind the TPC,
mainly the support structure and the Transition RadiatieteBtor (TRD). In the following, results cor-
rected with GEANT4 are presented. Based on the discrepatayekn the two models, an uncertainty of
60% of the difference between the efficiency for particles amnti-particles is assumed for the absorption
correction. It is indicated by the blue band in Hig. 7.

Applying this model-based correction to the data, leadd/tband®*HefHe ratio shown in Fig18 for
various centrality bins in Pb—Pb collisions. Both ratiog eonsistent with unity and exhibit a constant
behavior as a function gfr as well as of collision centrality. Since the same statemleaold true for the
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Anti-nuclei/nuclei | Centrality Ratio

0-10% | 0.98+ 0.01+0.13
_ 10-20% | 0.99+ 0.01+ 0.13
d/d 20-40% | 1.01+0.01+0.14
40-60% | 1.02+ 0.01+0.16
60-80% | 1.02+ 0.02+ 0.16
0-20% | 0.83+ 0.08+ 0.16
20-80% | 1.03+ 0.14+0.18

Table 2: Anti-particle to particle ratios for various centralityaslses in Pb—Pb collisions glsyy = 2.76 TeV. The
first error represents the statistical error and the secoadsothe systematic error. See text for details.

3HePHe

o/p ratios [@l], these observations are in agreement withaapens from the thermal-statistical and
coalescence models [2] which predict a raticdd = (p/p)? and3HePHe = (/p)3. Tablel2 show the
anti-particle to particle ratios for various centralitpsses in Pb—Pb collisions glsyy = 2.76 TeV.

Ongoing studies on the hadronic interaction of anti-nucl¢he material between the TPC and TOF will
allow to constrain the uncertainties of the currently ppabdel based corrections and to replace them
with data driven ones. As the spectra for nuclei and antlenaee consistent within the currently large
uncertainties, only the spectra of nuclei are provided éfdlowing.

3.2 Spectra of nuclei

The final spectra of deuterons obtained in Pb—Pb and ppiookisare shown in Fid.]9. The statistical
and systematic errors are shown separately as verticaldine boxes, respectively. In pp collisions, the
spectrum is normalized to the number of all inelastic colfis (NineL) Which includes a correction for
trigger inefficiencies (sed-:LlﬁlEMB] for details). It is fitevith the following function 6] that has
been used for lighter particles

1 N dN  (n-1(n-2 1 M=o -
2mpr dprdy  dy 2mnC(nC + mg(n— 2)) nC
with the fit parameter€, n, and the &/dy. The parametemy corresponds to the mass of the particle

under study (deuteron) at rest amg = /M3 + p2 to the transverse mass. As in the case of lighter
particles, the function is found to describe the deutgpprspectrum well in the measured range with
a x2/ndf of 0.26 . The fit function is used for the extrapolation e unmeasured region at low and
high transverse momenta (about 45% of the total yield) ampg-antegrated yield of N/dy = (2.03+
0.34(sysb) x 10~% is obtained.

(5)

While statistical errors are negligible, the systematiorers dominated by the uncertainty related to
the extrapolation (13%) which is evaluated by a comparidadifterent fit functions @7] (Boltzmann,
mr-exponential,pr-exponential, Fermi-Dirac, Bose-Einstein). Based on #raes extrapolation in the
unmeasured region of the spectrum, a mean transverse mamépg) of 1.075+ 0.060 GeVt is ob-
tained.

The final spectra of deuterons afide for Pb—Pb collisions ay/Sun = 2.76 TeV are shown in FigBl 9
and[I0 for various choices of the collision centrality. Agaihe systematic and statistical errors are
shown separately by boxes and vertical lines, respectivigde pr distributions show a clear evolution,
becoming harder as the multiplicity increases. A simildnayéor is observed for protons, which have
been successfully described by models that incorporagn#isant radial row@l].

The spectra obtained in Pb—Pb collisions are individuattgdiwith the blast-wave (BW) model for the
determination ofr-integrated yields an¢pr). This model|[48] describes particle production properties
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Fig. 9: Efficiency and acceptance corrected deuteron spectra fdPliPbollisions at/Syn = 2.76 TeV in various

centrality classes and for inelastic pp collisions/at= 7 TeV. The dashed lines represent an individual fit with the
BW function (Eq[®) in the case of Pb—Pb spectra and with thetfan presented in E](5) in the case of the pp
spectrum (see text for details). The boxes show systematicand vertical lines show statistical error separately.

by assuming that the particles are emitted thermally frorex@anding source. The functional form of
the model is given by

1 dN R prsinhp my coshp
—— [ / rdr myl K , 6
prdpr Jo mr 0( Ticin ) 1( Tkin > ©
where the velocity profil@ is described by
p =tanh B =tanh?! (Bg(r/R)”) . (7)

Herelg andK; are the modified Bessel functionsis the radial distance from the center of the fireball
in the transverse plan® is the radius of the fireball3(r) is the transverse expansion velocifg is
the transverse expansion velocity at the surfaces the exponent of the velocity profile, af@, is
the kinetic freeze-out temperature. The free parametetiseiriit areTyn, Bs, N, and a normalization
parameter. Here, we present two alternatives: fitting the garticles separately (Fids. 9 dnd 10) and
simultaneously (Fig—_11). The extracted values of the kinfseeze-out temperature and radial flow
velocity are discussed in more detail in the next sectione fdsults of these fits are summarized in
Table[3, where the values oNddy and (pr) are also reported. TheNddy values are extracted by
individually fitting the spectra with the BW model. The extadation topy = 0 introduces an additional
error which is again evaluated by a comparison of differdrfufictions and amounts to about 6% for
central and 13% for peripheral collisions for the deuter@idg. In the3He case, it contributes about
17% and 16% to the total systematic errors for the 0—20% arRD20 centrality class, respectively.
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Centrality (B) Tuin (MeV) n dN/dy (pr) (GeVk) Xx2Indf

d (0-10%) 0629+ 0.003 77£1 0.754+0.05 (9.82+0.0441.46) x 1072 212+0.00+£009 0.10
d (10-20%) 0612+0.004 1062 076+0.06 (7.60+0.04+1.16)x 10?2 2.08+0.01+0.09 0.07
d (20-40%) 0568+ 0.005 124+9  091+0.12 (4.754+0.02+0.77) x 10?2 1.92+0.00+0.11  0.03
d (40-60%) 0508+0.012 109+3 1074016 (1.904+0.01+0.40) x 1072 164+0.01+0.10 0.02
d (60-80%) 0382+ 0.009 1092 1804031 (0.51+0.01+0.14) x 1072 1.29+0.01+0.14 0.27
3He (0-20%) 0572+0.006 10L+61 102+0.02 (2.76+0.09+0.62) x 10°* 2.83+0.05+045 0.49
SHe (20-80%) (B574+0.007 10137 099+0.03 (5.09+0.244+1.36)x 10°° 2.65+0.06+045 0.20
d,%He (0-20%) 0617+0.009 83+22 081+0.06 0.32

Table 3: Summary of extracted yieldd\ddy and mean transverse momefpg) based on the BW individual fits
performed on the spectra for Pb—Pb collisiong/ain = 2.76 TeV. The first error onN/dy and(pr) represents the
statistical error and the second one is the combinationsiésyatic and extrapolation errors, added in quadrature.
See text for details.
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Fig. 12: The production yield N/dy of light nuclei as a function of the particle masg measured for 0-20%
centrality class in Pb—Pb collisions g&yn = 2.76 TeV. The line represents a fit with an exponential fiamct

Figure[I2 shows the production yields of p, d, &tk measured in the centrality interval 0—-20% in
Pb—Pb collisions which follow an exponential decrease thighmass of the particle. The penalty factor,
namely the reduction of the yield by adding one nucleon, 3T6. Such an exponential decrease has
already been observed at lower incident energies stantomg those provided by the AGE[JJE@ 19,
E], yet with different slopes.

The mean transverse momentymr) values obtained for d antHe are compared to those of light
particle species for Pb—Pb collisions @y = 2.76 TeV (from [Ell]) in Fig[IB. The figure shows that
the (pr) increases with increasing mass of the particle. Such a b®havexpected if all the particles
are emitted from a radially expanding source.

3.3 Observation of (anti-)triton

The combined particle identification capability of the TR@a OF also allows a track-by-track iden-
tification of low momenta (0.6 Ge¥/< pr < 1.6 GeVt) anti-tritons as illustrated in Fig. 4. In this
momentum region, the background from mismatched trackensved by the TPC particle identifi-
cation. The contamination is estimated based on a side-si@y and found to be negligible below
pr < 1.6 GeVE, but it increases rapidly for higher momenta so that signdl lsackground cannot be
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Fig. 13: Mean transverse momentufpr) as a function of particle mass for various centrality class® shown
for Pb—Pb collisions af/syn = 2.76 TeV.
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Fig. 14: Scatter plot of m? — m%) measured with the TOF detector vergys Only those tracks are shown which
pass the pre-selection done by applyingaa@it on the TPC B/dx. The pr-region in which the candidates are
identified on a track-by-track basis is shown as red box.

distinguished anymore thus limiting the range availabtdlie measurement.

As can be seen, 31 anti-triton candidates are observed i0-83% centrality range. These numbers
are consistent with expectations based on an extrapolafitme 3He-spectra to lower momenta taking
into account the low reconstruction efficiency for antiemis in this momentum region (of about 110
6%). An observation of about 10 to 40 anti-tritons is expediased on this estimate, indicating similar
production rates of anti-tritons arithe nuclei. This comparison suffers from large uncertasntaated

to the absorption of anti-nuclei and energy loss in the detematerial before the TPC at such low
momenta. A similar measurement of tritons is unfeasibletduke large contamination from knock-out
nuclei in this momentum region.
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4  Discussion

4.1 Description of spectra via blast-wave fits
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Fig. 15: Blast-wave fit ofrrt, K*, p, d, and®He particles for 0-20% centrality for Pb—Pb collisions &N =
2.76 TeV. Solid symbols denote thg range of the spectra used for the fits, while the open symlihoia she
remaining part. The lower panels show the deviations of thasured spectra to the BW fits.

Combined BW fits provide essential insight into the kinetaeze-out conditions and allow quantitative
comparisons between different collision systems and b&tweeasurements at differepByy in terms

of a hydrodynamic interpretation. In this section, a simngtous fit to thet, K, p, d, and®He spectra
in the centrality range 0-20% using in addition data from, ] is discussed. Since the BW model is
not expected to describe eventual hard contributions tlagtsat in at highepr, the fit ranges have been
limited. For the light particles, they are taken aslin , @05-1 GeVE, 0.2-1.5 GeWe, 0.3-3 GeVe

for 1, K, and p, respectively). However, for d afde, the spectrum is fitted up to the value where
the invariant yield reduces to 10% of the maximum availaladlie of that spectrum. The exponemt
of the velocity profile is left as a free parameter as in [4h]suich an approach, all particle species are
forced to decouple with the same parameters even thougheéhayre different hadronic cross sections
with the medium. This is in particular relevant for multiastge particles such aandQ [@], which
are therefore not included in the fit. These limitations arepresent in full hydrodynamic calculations.
However, these are not yet available for light nuclei at LH@rgies.

In Fig.[I3 the results of a simultaneous fit to the five partggecies are shown. The deviations of the
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spectra from the BW fit are shown in the lower parts of Eid. 1%e Btatistical errors are shown by
vertical lines and the systematic errors are shown as shaateds. Note that data points marked with
open symbols are not included in the fit. The hardening ofpleetsa for central collisions is qualitatively
well described by the combined BW fit with a collective radiaiv velocity (3) = 0.632+ 0.01, a kinetic
freeze-out temperature i, = 113+ 12 MeV, andh = 0.72+ 0.03. Thex?/ndf value of the fitis 0.4. A
comparison of these parameters to those obtained from afjt¢pand p [41] 1(B) = 0.644+ 0.020,Tyin
=974 15 MeV, andn = 0.73+ 0.11) reveals that the inclusion of nuclei leads to a shgéthaller value
for (B) and a slightly larger value foF,. This behavior is mainly driven by the strong anti-corrielat
of (B) and Ty, in the blast-wave model: the slightly lower value @) leads to a deviation of the fit
from the proton spectrum which is then compensated by a hifihe

A detailed look at the data-to-fit ratio for light nuclei rede a considerable slope, both for d aihte,
which is not observed in the case of a fit to light nuclei alomsleown in FigTl1. The difference between
the two fit variants is caused by a small, but significant ckandf) which is about 5% lower in the fit
to light nuclei alone. This deviation thus underlines thrersg sensitivity of the light nuclei spectra to
the value of(3) due to their large mass.

4.2 Comparison to thermal models

Figure[I6 shows the d/p and tPide/p ratios as a function of the average charged particléipticity per
event. The proton yields are taken frdﬂ[@, 49]. The obskvedues of about.8 x 103 for the d/p ratio
and about B x 10~° for the 3He/p ratio are in agreement with expectations from the théstatistical
models [ﬂl[b] Similar values for d/p ratios are also obsgrvg the PHENIX experiment for Au-Au
collisions ,Eh]. Since at RHIC energies significant eliénces between nucleus and anti-nucleus
production are present, for this plot the geometrical msamsed which in a thermal concept cancels
the influence of the baryon chemical potentigg) *. Within the achieved experimental precision, no
dependence of these patrticle ratios on the event multipiebbserved at RHIC and LHC energies. Also
thep/p and the pit ratios hardly vary with centralitm 2] showing th&temandug do not vary with
centrality in high energy collisions. In a coalescence apph, the centrality independence disfavors
implementations in which the nuclei production is propmél to the absolute proton multiplicitﬂ53]
rather than the particle density.

The comparison with thermal models is shown in more detaflign[17 for the 0—10% centrality class.
These calculations have been performed using the graraticah formulation of both THERMUS#I",M]
and the GSI-Heidelberg modeél [1]. This approach is appabtior the ratios shown here, as no strange
quarks are involved. Details can be found.in |1, 2]. Thesesaire monotonically increasing witldhem
reflecting the dependence with éxpAm/Tchem) WhereAm corresponds to the mass difference of the
particles under study.

The measured ratios 8He/p and®He/d are in agreement with a chemical freeze-out temperatuthe
range of 150 MeV to 165 MeV. No significant differences areenbsd between the THERMUS and
GSlI-Heidelberg model with respect to the production oftliggmti-)nuclei. A fit to p, d, andHe only
gives Tenem = 156+ 4 MeV with a x?/ndf of 0.4. This value can be compared to a fit including all
measured light flavor hadrons which yields a temperaturdofitl56 MeV [55].

The d/p ratio obtained in pp collisions is lower by a factor2a than in Pb—Pb collisions. Assuming
thermal production not only in Pb—Pb, but also in pp collisiothis could indicate a lower freeze-out
temperature in pp collisions. However, thetpatio does not show significant differences between pp
and Pb—Pb collisions. Effects related to canonical sugmef strange particles can also be excluded

*In a thermal model, the yieldg of a baryon with energ¥ in a medium of temperatur® is proportional to exp—%)
while the yield of an anti-baryong is proportional exp—%). The geometric meagyngng leads to a cancellation of the
HB-
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Fig. 17: Particle ratios of nuclei as measured in 0-10% most centraPPB collisions compared to the THER-
MUS B] model (solid lines) and the GSI-Heidelberg modﬂil (dashed lines) as a function of the chemical
freeze-out temperatufBnem The3He yield is scaled to 0-10%. Horizontal error bars indichtemperature
range obtained by a projection of the total error of the ratidhe temperature axis.

because these ratios do not involve any strange quarks.efbiner this observation must find another
explanation within the framework of thermal models or nbarinal production mechanisms need to be
considered in small systems. Further work in the theoreticalels is needed for a better understanding
of this effect.

4.3 Comparison with the coalescence model

Light nuclei have nucleons as constituents and are thuly lfeemed via coalescence of protons and
neutrons which are near in space and have similar velocltighis production mechanism, the spectral
distribution of the composite nuclei is related to the on¢hefprimordial nucleons via
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AN d*Np 8
Ei—= =Ba | Ep——= 8
|dpi3 A( p dpﬁ) ( )

assuming that protons and neutrons have the same momendtribudion. Ba is the coalescence pa-

rameter for nuclei with mass numbeA and a momentum g = App. In the simplest approacBa is
independent of the transverse momentum and is determindtelimaximum relative momentugy of

the coalescing nucIeor‘E[ 56 57]:

ar N\ M
Ba= (g Pg> el 9)

In this expression, the spin of the nucleons is neglectedvhaddm are the nucleus and the proton mass,
respectively. Under the assumption that thevalue is the same for deuterons attée, Eq. [9) can be
rewritten as

Mz, - m 3
53:B§< 3&62 >zZBZ, (10)
d

allowing for a basic comparison of the measuBzcandB; values.

Figure[I8 shows the obtaind} values for deuterons (left panel) aBg values for*He (right panel) in
several centrality bins for Pb—Pb collisions. The resultspdotted versus the transverse momentum per
nucleon. A clear decrease Bf andB3 with increasing centrality is observed. In the coalescemictire,

this behavior is explained by an increase in the source veNug the larger the distance between the
protons and neutrons which are created in the collisionggeelikely is that they coalesce. Alternatively,

it can be understood on the basis of the approximately conhdtp and*He/p-ratios as an increase of
the overall proton multiplicity independent of the georyedf the collision. The argument can be best
illustrated by assuming a constant valueBefand integrating Eq[{8) ovawr. The value ofB, can then

be calculated for a given ratio d/p and a given spectral sfiépg) (with [;° f(pr)dpr = 1) of the proton
spectrum as

dNy

T 4y 1
Bo=+5- dN T f2 ) (11)
2 (G2 Jo Sptdpr

where for a constant ratio of the deuterdyddy to proton dN, /dy yield, itis found thaB, [11/(dN,/dy).

As can be seen in Fif. L8, the coalescence parameter alsomee® increasing trend with transverse
momentum for central collisions in contrast to expectatiohthe most simple coalescence models. The
significance of this increase is further substantiated kyfélet that the systematic errors betwasni
bins are to a large extent correlated. It can be qualitatierplained by position-momentum correlations
which are caused by a radially expanding source [58]. A caispa of theB, andB; values based on
Eq. (10) is presented in Fig. 119 and shows qualitative ageeetretween the two observables.

In a more quantitative picture, it turns out that the coaese process is governed by the same homo-
geneity volume which can be extracted from the HBT radii. Wahematical expression which relates
B2 to HBT radii (R, andR)) is given by

B 3%/2(Cy)
~ 2meRE (mr)R (mr)

2 (12)
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Fig. 18: The coalescence parametBgqleft) andBs (right) as a function of the transverse momentum per nucleon
for various centrality classes in Pb—Pb collisiong/ain = 2.76 TeV.

wheremy corresponds to the transverse mass [R4landR, are given by the longitudinal and transverse
HBT radii in the Yano-Koonin-Podgoretskii parameteriaati (Cy) is a quantum-mechanical correction
factor which depends on the deuteron size and the longaldind transverse radii of homogeneity for
nucleons. As explained in detail 14], EQ.112) is onlyigdbr gaussian density profiles of the fireball.
The latter would lead to identical slop@g and T, of the deuteron and proton spectra which is not

supported by data. For the phenomenologically more pedebox-like density profiles, the equation
must be in principle amended by the factor éxng - mo)(T—l* - %)) wheremy corresponds to the
rest mass of the proton. For reasons of simplicity, this tamthl correction, which would lead to an
even steeper increase of tBe values from HBT as a function gbr, is neglected in the following.
Figure[19 shows the comparisonBy values from Figl_1I8 obtained in the 0-20% centrality intéuvith

B, calculated using EG{1.2) and the HBT voluMg = R? R| = R2gRong from [59,/60] for pion. The
dependence of the HBT radii on the particle mass is takenaictount by showing results as a function
of the transverse kinetic energy per nucleon. A rough agee¢ms found in terms of magnitude and the

dependence opr.

Taking into account its strong dependence on centralitymnthe dependence & on collision energy
can also be discussed. It is observed Bt a fixed momentumpg = 1.3 GeVE) for central collisions
(0-20%) decreases rapidly from AGS energies to top SPS gaedthen remains about the same up to
RHIC [51]. Our value of approximately 4104 GeV?/c2 is only slightly lower than the measurement at
RHIC (~ 6 x 10~* GeV#/c?). SinceB; is inversely proportional to the homogeneity voluig = R4 R,

the decrease iB;, corresponds to an increase in effective volume and supgionti&ar observations based
on HBT measurements. On the other hand, Ed. (11) shows treatraase ifB, can also be related to a
simple increase of the proton multiplicity.

5 Conclusion

In summary, the spectral distributions of deuterons in pgst 7 TeV and of deuterons ariéie in Pb—
Pb collisions at /Syx = 2.76 TeV have been presented. In Pb—Pb collisions, thdsysgke decreasing by
a factor of 307+ 76 for each additional nucleon, the meanrises with mass and the combined blast-

The identityRiR” = RsideRlong is only valid for symmetric collision systems like Pb—Pb dodradii calculated in the
longitudinally co-moving system.
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Fig. 19: The comparison of coalescence parameBarandB; based on Eq[{10) as well as a comparisoBpf
values extracted from deuteron spectra and from HBT radiiBq. [I2) in central (0-20%) Pb—Pb collisions at

V&N =2.76 TeV [59] 60].

wave fit tor, K, p, d, and®He gives a reasonable fit witl8) = 0.63 andT, around 115 MeV suggesting
that these nuclei take part in the evolution from chemic&inetic freeze-out. For anti-tritons, a track-
by-track identification has been applied in the momentungeah6 GeVé < pr < 1.6 GeVE and the
observation of 31 anti-tritons in Pb—Pb collisions, &\~ = 2.76 TeV in the 0-80% centrality class is
reported in this paper.

An important question is whether the nuclei produced in fréam collisions are created at the chemical
freeze-out or at a later stage via coalescence. One of thellesyvations is the fact that the d/p ahte/p
ratios are constant as a function(dNcn/dn ) ,—o. This confirms a trend seen by PHEN [ 51] for the
d/p ratio. Such a behavior is expected from a thermal-$§talisinterpretation, as it is found thatnem
andug do not vary with centrality in high energy collisions. A fher test of the underlying production
mechanism is the study of the elliptic flown] of these particles, presently under investigation. Resul
from the STAR CoIIaboratior[[S] indicate thet scales with the number of nucleons when plotted versus
pr divided by the mass number. Such a behavior favors the czales model.

Studying the measured patrticle ratios from Pb—Pb collgsiona thermal-statistical model points to a
common freeze-out temperature of around 156 MeV for lighti{muclei and all other measured light
flavor hadrons. At these temperatures, the weakly-bounteomuand®He can hardly survive. These
nuclei might break up and might be regenerated. Howevdrisitomplex process of break-up and regen-
eration is governed by an overall isentropic expansionp#récle ratios are preservelﬂGl]. Eventually,
the yields of particles including weakly bound nuclei arerdiore described in the thermal-statistical
model. Other properties, e.g. spectral shapes and elfiptic exhibit the influence of the interactions
during the hadronic phase. Light (anti-)nuclei in Pb—Phisiohs therefore show the identical behav-
ior as non-composite light flavor hadrons which are govetmed common chemical freeze-out and a
subsequent hydrodynamic expansion.

The extracted coalescence parameRerand B3 exhibit a significant decrease with collision centrality
and an increase with transverse momentum which cannot Bairsg by coalescence models in their
simplest form. On the other hand, taking into account thgelasource volume for more central collisions
and the radial expansion of the emitting system, a rougheaggat with theB, parameter deduced from
the HBT radii of pions is found. Thus the production of lightti-)nuclei in Pb—Pb collisions may still
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be compatible with the expectations from a coalescencessjrae description.

The measurements of nuclei at LHC energies are shown tonfailends observed from lower incident
energies. Extrapolations and model predictions basedeoth#rmal-statistical or coalescence approach
are, therefore, a solid ground for further studies, e.gypeh-nuclei and exotica.
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