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Abstract The production of light (anti-)nuclei and (anti-)
hypernuclei in ultra-relativistic heavy-ion collisions, but
also in more elementary collisions as proton—proton and
proton—nucleus collisions, became recently a focus of inter-
est. In particular, the fact that these objects are all loosely
bound compared to the temperature and energies, e.g. the
kinetic energies involved, is often stressed out to be special
for their production. The binding energies of these (anti-)
nuclei is between 130 keV (A separation energy in the hyper-
triton) and about 8 MeV per nucleon. Whereas the connected
temperatures are of the order of 100 to 160 MeV. This lead to
some difficulties in the interpretation of the usually discussed
production models, i.e. coalescence and statistical-thermal
models, as will be discussed here. In this brief review we
discuss selected highlights of the production of light (anti-)
nuclei, such as (anti-)deuteron, (anti-)helium and (anti-)
alpha nuclei. In addition, we will discuss the current status
of the highly debated lifetime of the (anti-)hypertriton and
connected measurements and model results.

1 Introduction

Ultra-relativistic heavy-ion collisions (i.e. gold—gold (Au—
Au) at the Relativistic Heavy-Ion Collider (RHIC) at BNL,
with a top collision energy of /sy = 200 GeV, and lead-
lead (Pb-Pb) at the Large Hadron Collider (LHC) at CERN,
with current top collision energy for Pb—Pb collisions of
JSNN = 5.02 TeV and /s = 13 TeV for pp collisions)
are usually seen as the experimental tool for the creation of
the quark-gluon plasma. The quark-gluon plasma is a droplet
of deconfined matter formed in the very high temperatures
of the mentioned collisions. A similar phase transition is one
of the sequences in the time-evolution of the early universe.
It is the main aim of the ultra-relativistic heavy-ion physics
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to create the quark-gluon plasma and to study its proper-
ties. To understand these properties, control measurements
in proton—proton (pp) and proton—nucleus (p—Au at RHIC
and p—Pb at the LHC) collisions have to be done. These con-
trol measurements have turned out to be very interesting on
their own, as we will see in the following. The traditional idea
of doing p—Pb and d—Au collisions is to provide a reference
for the Pb—Pb and Au—Au collisions, in order to investigate
so called cold nuclear matter (initial state) effects.

The investigation of the production of nuclei has been
an active part in the studies of heavy-ion collisions since
their beginning. This is also connected to the fact that the
low-energy heavy-ion physics is clearly more connected to
nuclear structure physics, since for instance the studied heavy
ions can break up into smaller nuclei that can be investi-
gated. Whereas, in ultra-relativistic heavy-ion collisions the
collided ions are mainly creating a zone of large energy den-
sity and temperature that is nearly baryon number free.! This
fact can be seen from the baryochemical potential up, that
is about one GeV at the low energies and close to zero at
the LHC. This means that at the LHC anti-protons and anti-
neutrons are equally produced as their matter counter pieces.
At RHIC pup is still some MeV which leads to slight differ-
ence in the measured production yields of protons and anti-
protons, that results in a small difference of the production
of nuclei and anti-nuclei.

Nevertheless, the small values of the baryochemical
potential still allows for the measurement of (sufficiently)
high production yields of anti-nuclei and lead to two dis-
coveries by the STAR Collaboration at RHIC. Firstly, they

! The beam rapidities are shifted to large values and beam remnants
can be detected at very forward direction, for example measured with
calorimeters hundrets of meters away from the collision point. In fact,
at large rapidities a zone of high net-baryon number and baryon density
is expected to be formed, see e.g. [1,2]. This manuscript will only focus
on the mid-rapidity region, which is considered to be nearly baryon
free.
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observed the anti-alpha [3] and secondly, they observed the
anti-hypertriton [4]. The latter is a bound state of an anti-
proton, an anti-neutron and an anti-A hyperon. With this
observation they extended the nuclear chart by adding a third
axis, in this case into the positive strangeness direction. It
was the first discovered anti-hypernucleus and there is hope
to find more in the next data taking campaigns.

The formation of (anti-)(hyper-)nuclei in high-energy col-
lisions is often discussed using two different approaches.?
On one hand, the coalescence model, where the objects are
formed from its constituents, and on the other hand the ther-
mal model assuming (in the simplest case) that all particles
are formed at one temperature, and the corresponding volume
and baryochemical potential.

Thermodynamic concepts are typically used to describe
systems with large number of particles (> 10*) in local ther-
mal equilibrium. Typical numbers of produced charged par-
ticles per pseudo-rapidity unit at mid-rapidity in collisions at
the LHC are:

— in central® (0-5%) Pb—Pb collisions (LHC): dNch/dn =~
1600 [9], and

— in high multiplicity (0-5%) p—Pb collisions (LHC):
dNcp/dn =~ 45 [10], and

— in minimum bias pp collisions (LHC): dN¢p/dn =~ 6 [11].

In fact, integrating over the full pseudo-rapidity region one
gets a value of more than 17000 charged particles (226000
particles including neutrals) that are produced in central col-
lisions [6]. The lifetime of the created system (medium) must
be long enough and the mean free path of the particles in the
medium must be short enough, so that equilibrium can be
established by several interactions (simulations show about
3-6 are necessary) between its constituents [12].

In the following we focus on recent results by the ALICE
and the STAR Collaborations, who are the main contribu-
tors on the discussed physics in this review, and the current
model developments to describe these results. The review is
organized as follows: first a short discussion on the available
models, then the focus is put on the (anti-)nuclei data and then
the peculiarities of the (anti-)hypertriton are highlighted. A
brief summary and a short outlook conclude this manuscript.

2 Both models have been discussed recently in several longer reviews,
e.g. [5-8].

3 Central means that the collisions are head-on, i.e. a maximum overlap
of the colliding nuclei and thus a large number of produced particles.
In contrast to that peripheral collisions only have a small overlap and
lead to a smaller number of particles produced in the collision.
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2 Models
2.1 Collectivity and general concepts

The evolution of an ultra-relativistic heavy-ion collision is
usually connected to three characteristic temperatures, the
(pseudo) critical temperature T, the chemical freeze-out
temperature T¢,, and the kinetic freeze-out temperature Tiip.
When the temperature in the collision is higher than T, a
quark-gluon plasma is formed that is after a very short time
cooling down until again Tt is reached where the hadroniza-
tion starts. The particle yields are then fixed at T¢h, where the
inelastic collisions cease. After further cooling down Ty is
reached, where also elastic processes stop and the spectra
of the particles are frozen (see for instance [6,13—15] for a
deeper discussion).

While the evolution of the temperatures the system is expand-
ing and the main expansion is in radial direction. This expan-
sion can be described in hydrodynamic models, in one col-
lective flow field. This implies that all particles flow with one
velocity, the radial flow velocity. A simple (hydro-like) model
that is widely used in the description of transverse momen-
tum spectra of particles is the blast-wave model [17]. The
development of the radial “push” the particle get is shown
in Fig. 1, where deuteron transverse momentum spectra are
displayed for different centralities in Pb—Pb collisions, com-
pared with pp collisions. One clearly sees that the spectrum
in pp collisions is a straight line in a log plot, i.e. an expo-
nential spectrum. Whereas when one goes from peripheral
to more central events, the spectra become less exponential
and develop a shoulder that leads to a higher average trans-
verse momentum, which is a clear sign of the radial flow [6].
Of particular interest for the heavy-ion community is also the
anisotropic flow, that is formulated through a Fourier decom-
position of the azimuthal angular dependent production spec-
tra of the investigated particles. This is caused mainly by the
spatial eccentricity of non-central collisions, that leads to a
momentum eccentricity, i.e. stronger flow in one direction
compared to another.

2.2 Thermal models

As discussed in Sect. 1 the numbers of particles produced
in central heavy-ion collisions is quite large (more than
20000), therefore it makes sense to apply statistical meth-
ods. In fact, hadron yields measured in heavy-ion colli-
sions at various energies are known to be described sur-
prisingly well by such a statistical approach, i.e. the ther-
mal model [18-23], which in the simplest case repre-
sents a non-interacting gas of known hadrons and reso-
nances in the grand-canonical ensemble (see, for instance
Ref. [24] for an overview). This concept has also been
for many years successfully applied to production yields
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Fig. 1 Transverse momentum spectra for different centralities in Pb—
Pb collisions, shown together with the one from minimum bias pp col-
lisions. The percentages indicate the overlap of the collisions, where
0-10% are most central and 60—80% are most preripheral collisions.
Figure from [16], where also the details about the measurement are
given

of light nuclei [25-31], and, even more surprisingly, a
very good description of the various light (anti-)(hyper-)
nuclei yields measured in heavy-ion collisions is obtained
[16,32-36]. Actually, as pointed out in [8] and visible from
Fig. 2 (the black lines indicate the freeze-out curve for three
cases), there are significant differences at low energies when
the thermal model is used to map the extracted temperature
Tt (in the figure only named 7') and baryochemical potential
up onto the QCD phase diagram if nuclei production yields
are included or neglected.

Often itis argued (see for instance [38,39]), that the chem-
ical freeze-out temperature T¢y, where the particles are sup-
posed to be produced is much higher than the low binding
energies of the nuclei, i.e. 2.2 MeV for the deuteron compared
tothe Tch = 156 MeV chemical freeze-out temperature. Nev-
ertheless, the analysis of the production yields of all particles
from heavy-ion collision at RHIC and LHC, including light
nuclei, gives a similar temperature, and if only the light par-
ticles are used the prediction for the light nuclei is in good
agreement with the measured production yields. In fact, if
only the nuclei are used to extract a temperature the result is
very close to the 156 MeV, namely Tc, & 160MeV [5,6,40].
The circumstance that objects of binding energies of several
MeV are described by their production at 160 MeV in thermal
models is often called ”snowballs in hell” [20,39,41-44].

From the partition function Z of the hadron resonance gas
all thermodynamical quantities for hadrons and light (anti-)
(hyper-)nuclei can be computed. Specifically, one can com-
pute, for each hadron, its density n(T¢h, @, V) ATf all hadrons
are produced from a state of thermodynamical equilibrium
then, for a given data set, e.g. one beam or center-of-mass
energy, the measured hadron yield for hadron j, dN;/dy at
a given rapidity y but integrated over transverse momentum,
should be reproducedasdN; /dy = V -n(Teh, , V). Inprac-
tice, a fit is performed for each data set to the measured yields
to determine the 3 parameters T¢y, (g, V. The potentials 1o
and pg are fixed by strangeness and charge conservation.

Since the beginning of the 90s a very large body of data
on hadron yields produced in ultra-relativistic nuclear col-
lisions has been collected. From an analysis of these data
in the spirit of the above approach convincing evidence has
been obtained [5,45-50] that the yields of all hadrons pro-
duced in central collisions can indeed be very well described,
yielding the complete energy dependence of the parameters
Teh, B, V [47,48], see in particular also the recent fit to the
high precision LHC data [5]. For recent reviews see [5,24].

The description of light nuclei in this approach assumes
that the nuclei are handled as normal hadrons, i.e. mesons
or baryons, characterised mainly by their quantum numbers
(spin S, isospin I, total angular momentum J, baryon num-
ber B, strangeness S, and charge Q) and mass. As a matter of
fact, the very important feed-down in the baryon and meson
sector seems to be negligible for the nuclei (at top RHIC
and LHC energies). The population of the light nuclei states
is mainly driven by their mass (or mass number A). The
weakly decaying hypernuclei leading to additional yields for
the light nuclei (of the same mass number A) are suppressed
in the analysis since they are usually removed by a selec-
tion on topological quantities in the analysis. In addition,
these decays have branching ratios and reconstruction effi-
ciencies on the order of 10% each, leading to a suppression of
about 100 compared to the pure nuclei yields. The same holds
true for hypernuclei decays into daughters of a mass number
A-1 or lower. These facts lead to a strong suppression (factor
330 at the LHC) of feed-down from higher mass states for
instance seen in the ALICE data [5,6,51]. It should be noted,
that at low energies the contribution of excited nuclei, are
expected to be contributing more strongly to the measured
yields of stable nuclei, as discussed in [37].

In the beginning to middle of the 80s, important work was
done to describe the data on light nuclei production from
the Bevalac. Back then, the whole entropy production was
connected to baryons and nuclei, since only a small amount of
pions is created in comparison to higher energies.> In fact, the

4w is in general a vector of all possible chemical potentials.

3> Atthe LHC about 80% of the produced particles in a central heavy-ion
collision are pions and only roughly 5% are baryons and nuclei.
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Fig. 2 Black lines: constant energy per particle ratio E/N = 1 GeV
for the case of no nuclei (dashed), ground state nuclei (dash-dotted) and
excited nuclei (solid) being included in the statistical model calculation.
The colored lines correspond to constant entropy per baryon trajectories:
S/A = 5 (green), S/A = 10 (orange), and S/A = 30 (blue). Figure
from [37], where also the details about the calculations are given

entropy per nucleon was found to be directly extractable from
the measured d/p ratio and connected through the formula
S/A =3.95—1In (d/p) [28], whereas the data back then gave
values of about 5 to 6. This was understood by hydrodynamic
calculations which included decays from particle unstable
excited nuclei [52]. Light nuclei yields at these energies have
strong contributions from the decay of intermediate mass
fragments which are produced in excited states or even only
exist as a typically broad resonance state as pointed out and
used by Hahn & Stocker [30,53]. This work has been re-
discovered recently and some work is done to describe the
data as SIS18 energies taken with the HADES experiment
and the data from STAR from the beam-energy scan at RHIC
[37]. These excited nuclei are also important in a recent pre-
clustering approach [54-56].

The entropy per net-baryon S/A extracted from the ther-
mal model description displayed in Fig. 2 as a function of
the centre-of-mass energy ./snn is displayed in Fig. 3. It
shows a nice agreement between the three cases from 10
GeV onwards, but some difference at low energies if nuclei
are included or not. Basically no difference between the S/ A
ratio is observed for the case when only stable nuclei or in
addition excited nuclei are included (to be precise: the dif-
ference is less than 1%).

The partition function of the hadron resonance gas used
in the thermal model is, in this low temperature, low den-
sity regime, usually evaluated in the non-interacting limit
[5]. Sometimes, repulsive interactions are modeled with an
“excluded volume’ prescription. As long as all hadrons have
the same excluded volume this correction leads to a reduction
of the total particle density but does not change the relative
densities of individual hadrons. In [57] the excluded volume
correction has been used exclusively in this spirit. Whereas
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Fig. 3 The entropy per net-baryon ratio S/ A as a function of the colli-
sion energy for the case of no nuclei (dashed), ground state nuclei (dash-
dotted) and excited nuclei (solid) being included in the statistical model
calculation. Extracted using the thermal model description as in [37]

in [58-60] the excluded volume correction has been applied
for baryon sector only, also using a uniform parameter for all
baryon species, leading to a suppression of various baryon-
to-meson ratios. While each hadron specie can, in principle,
have its own individual eigenvolume, a justification of a par-
ticular scheme is problematic due to the lack of a reliable
empirical input.

An exploratory study of excluded volume corrections for
light nuclei has been presented in [61], where a large sensi-
tivity of light nuclei ratios to the choice of eigenvolumes was
reported.

An extreme and very recent example of the application of
the excluded volume approach is given in [62,63] and devel-
oped in [62,64—68], which leads to a rather good descrip-
tion of the data but uses a rather ”complicated” set of hard-
core radii for hadrons and nuclei connected with a treatment
through the induced surface tension and allowing for two
separate freeze-out temperatures. From a simple perspective
these are additional parameters which always lead to a better
description of data. Looking into more detail it seems even
more unnatural that the freeze-out temperature of the nuclei
is supposed to be higher than the ones for the hadrons (about
185 MeV for nuclei compared to 165 MeV for the hadrons in
their approach). So nuclei yields are even frozen before the
hadron yields (in the cooling phase of the fireball evolution)
making the “snowballs in hells” arguments even stronger.

In fact, as seen from the aformentioned values for the
charged particle multiplicty it is also clear that a grand-
canonical description of pp and p—Pb collisions will be rather
difficult. For such values it is more appropriate to use a
canonical approach, either only strangeness canonical or a
full canonical description, i.e. an explicit conservation of
the quantum numbers. This approach was developed in the
pastin [23,69-75] and applied to elementary collisions, such
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as pp, p—Pb, pp and eTe™ collisions [76-88]. This concept
was applied in [89] to predict the dependence of various
(anti-)(hyper-)nuclei production yields and their ratios on the
charged particle multiplicity, using a fully canonical treat-
ment.

There are other models which are connected to a thermal
description as partial chemical equilibration approaches that
are able to describe the data, such as the treatment of the
temperature evolution of the chemical potentials [90] or the
usage of the Saha equation [91], similar to the one used in
cosmology to describe the big bang nucleosynthesis [92].
Furthermore, there is the Hagedorn resonance model that
also can describe the data well [93]. Some more ideas are
reviewed in [8].

2.3 Coalescence models

A more microscopic approach for the production of com-
posite objects such as deuterons and light nuclei in nuclear
and hadronic collisions is the coalescence model. It was first
established for the description of data collected at the proton
synchrotron at CERN, when for the first time a 25 GeV pro-
ton beam was used to study particle production in collisions
with a variety of different targets [94]. In view of the surpris-
ingly large cross sections observed for deuteron production
in these p-nucleus collisions a mechanism was proposed [95—
97], in which deuterons are formed by protons and neutrons
which are close in phase-space. This idea was further devel-
oped to describe the yields of clusters in heavy-ion collisions
at different energies. The first time it was used in heavy-ion
collisions was at the Bevalac at Lawrence Berkeley Labo-
ratory starting in the 70s [98-103]. It was further used as
the model applied to data obtained at the Alternate Gradient
Synchrotron (AGS) at BNL where several different experi-
ments (E802/E866, E814, E864, E877, E878) have results on
the production of light nuclei [104-106]. Furthermore, at the
CERN SPS it was used for the description of heavy-ion data
at three different experiments (NA44, NA49, NA52) [107-
119]. The model was also successfully applied to describe
the yields of nuclei at RHIC [4,121-124].

In the following, we briefly summarise important aspects
of this approach. A deeper discussion of the variants can be
found in [6]. An empirical coalescence model based on the
above pioneering publications was developed for the analy-
sis of light nucleus production data from relativistic nuclear
collisions at the Berkeley Bevalac, see, e.g., the review in
[31] and references given there. Such collisions typically
lead to the complete disintegration of the overlap zone of
the colliding nuclei into their constituent nucleons. In such
a situation, the production cross-section of a light nucleus
with mass number A is given by the probability that A of
the *produced’ nucleons have relative momenta less than an
empirical parameter pg, to be determined by comparison with

measured yields. This model relates the production cross-
section of the (light) nucleus, having a momentum py, to a
scaled power of the production cross-section for nucleons (in
practice protons since neutrons are typically not measured)®
which have a momentum p,:

d3Ny

A
E =Bs | E N (1)

where by ps = App. This leads to the interesting fact that,
for a given nucleus, the coalescence parameter B 4 should not
depend on momentum or centrality of the collision but only
on the cluster parameters:

A—1
Ba = 4—”193 M )
3 mA

where M and m are the nucleus and the proton mass, respec-
tively, and 47”[78 is the coalescence volume in momentum
space. With this approach a reasonable description of the
Bevalac data was obtained, see for instance [31]. In fact,
already at the Bevalac measurements it was observed that
using this formalism one gets different coalescence radii pg
for different nuclei (d,t,>He). They differ by about 20-30%
for the different species. Equation 2 actually demonstrates an
independence on the momentum of the particles and in fact
at the Bevalac and in elementary collisions such a behaviour
is observed, namely By, is little dependent on the collision
energy and the multiplicity in the events.

The coalescence model approach can also be connected
with a thermodynamic treatment, as for instance discussed
in [25,125-127]. From this approach one can derive the pro-
portionality

1\@-D
Bj x (V) 3)

where V is now the volume in coordinate space. Thus often
in the first approaches one either used a coordinate space or
a momentum space approach.

In the 1990ties, data obtained at the Brookhaven AGS
and CERN SPS accelerators at much higher energies pro-
vided, however, clear evidence for a momentum and cen-
trality/multiplicity dependence of B4. Furthermore, it was
realised that the production of bound objects from their free
constituents violates energy and momentum conservation. To
address these issues and to provide a more systematic theoret-
ical description of the coalescence process, new approaches
were developed which also took into account the temporal
evolution of the fireball formed in the collision, see., e.g.
[128-132].

© This assumption is fine at higher energies where isospin symmetry
is roughly given. Whereas, at lower energies a correction due to the
isospin asymmetry is needed.

@ Springer
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Nevertheless, for a full model description one has to cal-
culate the coalescence process itself which has several draw-
backs. The transverse kinetic energies of particles produced
in ultra-relativistic heavy-ion collisions lie with some hun-
dreds of MeV to several GeV significantly above the rele-
vant binding energies of the multi-baryon objects (2.2 MeV
for deuterons, 8.48 MeV for tritons and 7.72 MeV for 3He
nuclei). This factis used in transport models (e.g. UrQMD) to
argue that one can neglect the structure and intrinsic dynam-
ics of such nuclei altogether. To describe the production of
nuclei one usually uses different classes of coalescence mod-
els. e.g. momentum-space coalescence, phase-space coales-
cence with and without potential forces.

Clearly, a full treatment would need a detailed knowl-
edge of the wave function of the nuclei under consideration.
A recent discussion is for instance given in [133]. In this
approach, the coalescence yield is proportional of the square
of the n-body-wave function of the state formed by coales-
cence, which is usually approximated by a Gaussian function,
which is far away from the true distribution (although arecent
study showed that the usage of a more realistic function, i.e.
the Hulthén wave function leads to similar results [134]).
In practice this n-body-wave function is adjusted such that
the corresponding rms radius (m ) agrees with the size of
the nucleus of consideration. This is still a crude approxima-
tion but at least takes account of the global parameters such
as reduced mass and binding energy. The different binding
energies are also reflected in the rms radii, which are used to
project on in the more sophisticated models.

These considerations notwithstanding, most actual data
analyses are still based on the simple momentum space coa-
lescence picture. In [135], e.g., the authors use this approach
to describe the apparent thermal ordering observed for the
production of light nuclei at different RHIC energies. In this
approach, the exponential mass dependence with a parame-
ter p (usually named penalty factor) is introduced indirectly
through the coalescence parameter B4. To reach such an
exponential behaviour, which one could call thermal-like,
one has to put in by hand a thermal distribution of the nuclei
(which is already the case if one assumes a blast-wave distri-
bution for the baryons used in the coalescence calculation).
If this is not done one cannot easily reproduce the described
observations, while the exponential behaviour comes out nat-
urally in a thermal model as discussed in Sect. 2.2.

In Fig. 4 the coalescence parameter B, is shown for the
data displayed in Fig. 1 using Formula 1 in the five centrality
classes available in Pb-Pb collisions at \/sN\y = 2.76 TeV
[16]. The most peripheral data is rather flat compared with
the more central ones. This is in line with the data in more
elementary collisions, i.e. pp and p-Pb, where the coales-
cence parameter Bj is nearly constant. In [136] the observed
increase in the minimum bias data in pp collisions at /s = 7
TeV is explained by the composition of the complete distribu-
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Fig. 4 The coalescence parameters B as a function of the transverse
momentum per nucleon for various centrality classes in Pb-Pb collisions
at ./snn = 2.76 TeV. Figure from [16]

tion by the single multiplicity B, spectra, that are in fact really
flat. The large differences between the different centralities
in Fig. 4 are explained if one takes the more sophisticated
approaches into account that are discussed in the following,
i.e. the connection between source and the phase-space cor-
relations.

A slightly different and rather new approach [39,131,137—
140] uses the size of the fireball to cope with the above men-
tioned centrality dependence of the B4 which was observed
first at the AGS and the SPS. The size of the fireball is typ-
ically measured in high-energy collisions by the technique
proposed by Hanbury Brown and Twiss in 1956 [141-143] to
estimate the size of stars. This technique was then applied to
elementary collisions by Goldhaber et al. in 1960 [144] and is
nowadays one of the first physics measurements in heavy-ion
collisions, since the measurement can be done using small
statistics and using only charged pions which are abundantly
produced. The measurement uses the fact that one can con-
struct a correlation function from the two bosons, in the lat-
ter case pions, from calculating only their relative momenta.
Quantum mechanics encodes the spatial information in this
quantity by interference effects. The measurement is widely
called HBT interferometry (from Hanbury Brown and Twiss)
or more precise two-particle intensity interferometry (nowa-
days even femtoscopy) and by some model assumptions one
can extract the spatial extension and the time evolution of
the fireball. The spatial extension is usually identified by
the volume of homogeneity. For an informative review see
[145,146].

These facts are used as an input for the model by Scheibl
and Heinz [131], where they develop a coalescence approach
from phase-space and quantum mechanical aspects of nuclei
formation based on [130]. They end up at a formalism which
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takes into account the probability of formation depending on
the size of the fireball, whose expansion is modeled in a semi-
realistic way. This allows to predict the B4 as a function of
transverse momentum, or as it is done in the paper as function

of transverse mass mrt = ,/p% + m2.

For the first studies in Ref. [131] the pion HBT radii were
used, mainly because of absence of anything else and the
expected scaling with the transverse mass. Whereas, it is
more appropriate to use the radii measured by proton-proton
correlations (first suggested by Koonin [147]) since the radius
of homogeneity might be different for the two cases).’

The approach by Scheibl and Heinz [131] was used by
Blum et al. [149,150] to estimate the production probability
of anti-nuclei (anti-deuterons and anti-*He) by cosmic-ray
interactions. They calculate the B4 from all existing data
and from that the production probability of anti-matter in the
universe by standard processes. This production mechanism
leads to background for anti-matter production from exotic
processes such as decay of heavy dark matter particles con-
structed to explain the anti-matter candidates observed in the
AMSO02 experiment [151,152], for more details see [153—
161].

Connected to the work of Blum at al., a model using a
parameterisation of measured HBT radii is derived in [162,
163] to predict coalescence parameters for nuclei up to mass
number A = 4. A similar approach is discussed in [164],
where the focus is more on the description of the multiplicity
dependence of the ratios of the different nuclei to protons.

In a more recent work, Blum and Takimoto [165] derive
a direct connection between the two particle function of two
nucleons (in the pair rest frame) and the coalescence param-
eter B4 following a similar path as in [131]. This is then
applied in [166] to the ALICE data, which is rather well
described in this framework. A small tension, of about 20 is
only observed for the S3 ratio, where the production yields
of hypertriton, helium, proton and A are compared such that
some uncertainties drop.

There are other recent developments in the description of
the light (anti-)(nuclei-)production that should be mentioned
here that are somehow close to the coalescence model. A
model so far mainly applied to low energy data is FRIGA
[167], a method to identify clusters in transport model calcu-
lations, and connected to that with a partial overlap the new
Parton Hadron Quantum-Molecular Dynamics (PHQMD)
[168—170] model, that is a newly created transport model
which already incorporates the features to find clusters and
nuclei in the simulated evolution.

7 Recently, studies by the ALICE Collaboration could show that if res-
onance decays are taken into account the radii as function of transverse
mass of different correlations lead to similar values, implying acommon
core radius [148].

A completely different approach, albeit based on the trans-
port code SMASH [171], is using the wd cross-sections to
establish a kind of detailed balance in the transport simulation
[42,43] and can with that very well describe the deuteron pro-
duction at the LHC. So the same calculations for other higher
mass nuclei are eagerly awaited. The main author has recently
given an overview talk at QM2019 [44] where he intensively
discusses another special ratio, the yield of tritons times the
one of protons divided by the squared deuteron yield, that is
suggested as direct measure of the neutron fluctuations [172—
175] to help finding the critical point in the beam energy scan
at RHIC. Neutrons are in most experiments, in particular for
ALICE and STAR, not accessible and therefore their fluctu-
ations can not be measured directly but only through nuclei.

3 (Anti-)nuclei

The ALICE Collaboration has taken data at several energies
in pp (900 GeV, 2.76 TeV, 5.02 TeV, 7 TeV, 8 TeV, 13 TeV),
p—Pb (5.02 TeV and 8.16 TeV) and Pb—Pb (2.76 and 5.02
TeV) collisions in the last 10 years and results on (anti-)
(hyper-)nuclei have been pushed forward in many of those
data sets. Unfortunately, not all result is published by now
which is similar for the STAR Collaboration where data has
been taken data even in two dedicated beam energy scans,
that are supposed to help finding the expected critical point
in the QCD phase diagram. These data allow for differen-
tial studies as function of the centre-of-mass energies of the
collisions or even in the charged particle multiplicity of the
different events, where overlaps between pp and p—Pb, and
p—Pb and Pb—Pb exist. In this sense a system size dependent
analysis is possible, which is very interesting thinking of the
aforementioned connection between the correlations and the
coalescence parameter.

From the corrected® transverse momentum spectra the
production yields (dN/dy) are extracted.

A comparison of results from the ALICE and STAR Col-
laboration for different (anti-)(hyper)nuclei with predictions
from the thermal model are shown in Fig. 5, that well agree
with each other. The plot shows nicely several facts that were
only touched slightly before:

— The suppression of the particle production is strongly
dependent on its mass, i.e. dN/dy is proportional to
exp (—m/Twp), clearly visible in this plot since it uses
a logarithmic y-axis.

8 The spectra have to be corrected for losses, mainly from the limited
acceptance of the detector and its efficiency, but also for absorption in the
material. For nuclei there is also a strong contribution from spallation
processes, often called knock-out from the material, that needs to be
subtracted from the primary signal that is of main interest here.
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Fig. 5 Prediction of several nuclei and hypernuclei, together with
experimental results of the ALICE Collaboration [16,35,40] and the
STAR Collaboration [176]. Figure derived and updated from [6]

— The production yields of anti-nuclei and nuclei are
approaching each other at higher energies and become
basically equal at the LHC.

— For hypernuclei there is a strong enhancement visible at
low energies, that can be understood as an interplay of
the temperature dependence, the baryochemical potential
and canonical effects. This makes the upcoming CBM
experiment at FAIR [177] and MPD at NICA [178-180]
hypernuclei factories, with large potential for the discov-
ery of new (multistrange-)hypernuclei, since they both
will take data in this energy region.

The fact that dN/dy o exp (—m/T¢) is nicely visible in
Fig. 6, for the measurement of dN/dy of nuclei ((p, d, 3He,
3He)) as a function of the baryon number A in pp collisions
at /s = 7 TeV, p-Pb collisions at /sny = 5.02 TeV and
central Pb—Pb collisions at ,/snn = 2.76. The slopes are
directly connected to the chemical freeze-out temperature,
whereas for pp and p—Pb canonical effects play an additional
role, which is not the case for Pb—Pb.

Nevertheless, also the coalescence models are describing
the data rather well. More qualitatively, this is visible from
Fig. 7 where the coalescence parameters from many differ-
ent experiments [111-114,176,185-191] are shown together
with the expectation using a parameterisation of the HBT vol-
ume from STAR data from the beam energy scan at different
energies [192], based on formula 3, as a function of /snN.
In fact, very recently models investigated this behaviour
in slightly more detail and can describe the shape nicely
[193,194].

To make a more quantitative comparison it makes sense
to check for instance the production through ratios, e.g. d/p
and 3He/p ratios, as function of the mean number of charged
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Fig. 7 Coalescence parameters B, and B3 from different heavy-ion
collision experiments [111-114,176,185-191] as a function of ,/snN.
Data from heavy-ion collisions, where open symbols represent the anti-
nucleus measurement. The horizontal dashed lines at low energies indi-
cate the By and B3 values in elementary collisions as pp, pp, p—A and
y A but also the Bevalac heavy-ion data is close to it. The dashed-dotted
lines show a simple model assuming B4 o 1/VA~!, where the vol-
ume V is taken from HBT radius measurements by STAR at their beam
energy scan [192]. Please note that the ALICE B3 measurement from
3He nuclei is in a broader centrality interval (0-20%) as the correspond-
ing By (0-10%). Figure updated from [6]

particles (dN.,/dn), as depicted in Fig. 8. Here the predic-
tions from a thermal model calculation using exact conserva-
tion of all quantum numbers through a canonical treatment
[89] and a coalescence calculation from a more sophisticated
model [164] are compared to ALICE data [16,136,184,195].
Both models describe the data rather well, whereas it seems
depending on the multiplicity not one correlation volume V¢
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Fig. 8 Ratio between the production yields of deuterons and protons
for different multiplicities in pp collisions at /s = 7 TeV [136] and
/s = 13 TeV [195], p-Pb collisions at /snn = 5.02 TeV [184] and
Pb—Pb collisions at /sy = 2.76 TeV [16]. The two black lines (con-
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while the magenta line represents the expectation from a coalescence
model [164]. Figure taken from [195]

(72}
E i .
)]
100 F -
g F e - B
9 B .
2 i CSM (Thermal-FIST) 1
g P —T=155MeV, V =dV /dy
£ 10°® E Y/ e T=155MeV, V. =3dV /dy_|
= . Coalescence E
ks == Three-body ]
o -+ Two-body b
= ALICE ]
g -7 o(*He + *He) / (p + P), p-Pb s, = 5.02 TeV (-1< ¥,<0)
10 E w2 .3He/(p+5), Pb-Pb VSTJN=2-76 TeV (lch“: 0.5 E
E +2¢°He/(p + D), pp ‘E=7Tev(b’c1ﬂ§°-5) E
[ ¢Ze e/ ). E
g ?(‘lﬁ H)/ fp * p): p‘f‘P‘b‘ @ = §_02 ‘Te‘V f’ff){mé 0) B

10 102 10°
(dN_/dn )

lab’lr, | < 0.5

Fig. 9 Ratio between the production yields of *He and protons in pp,
p—Pb, and Pb—Pb collisions as a function of the average charged-particle
multiplicity [16,181,197]. The expectations for the canonical statistical
hadronization model (Thermal-FIST [198]) [89] and two coalescence
approaches are shown [164]. For the thermal model, two different values
of the correlation volume are displayed and connected through the grey
band. The uncertainties of the coalescence calculations, which are due to
the theoretical uncertainties on the emission source radius, are denoted
as shaded bands. Figure from [197]

is prefered but it seems its value changes with multiplicity.
Also [196] can describe the d/p trend reasonably well. Fig-
ure 9 shows predictions from the same models for the *He/p
ratio compared to the ALICE data[16, 181, 197]. The descrip-
tion of the data trend is again rather well for both models,
whereas there is some tension with the p—Pb data.
Similarily, one can check the measured coalescence
parameter B, and B3 in slices of pr/A as a function of
the charged particle multiplicity against the models. This is
shown in Fig. 10 for B, compared to the coalescence model
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Fig. 10 Coalescence parameter B, at pt/A = 0.75 GeV/c as a func-
tion of charged particle multiplicity in pp collisions at /s = 7 TeV
[136] and /s = 13 TeV [195], p-Pb collisions at ./syn = 5.02 TeV
[184] and Pb—Pb collisions at ,/sxN = 2.76 TeV [16]. The two lines
are theoretical predictions based on two different parameterisations of
the HBT radius, see [195]

from [162], and in Fig. 11 with the same model and in addi-
tion an estimate based on the thermal model [5,89].

The coalescence model here uses two different constraints
on the HBT radii and it seems that they both work only for
a limited region in multiplicity of the data (at lower mul-
tiplicities the description from the HBT radii works well,
whereas at higher multiplicities the constrain to the B, is
prefered from the data). This is less clear for the B3, where
the data from heavy-ions is rather between the two coales-
cence calculations. Here the thermal model does a very good
job, since for the heavy-ion data the grand-canonical model
[5] describes the measurements, and at lower multiplicities
its continuation in the canonical statistical model [89] works
rather well.

4 (Anti-)hypernuclei

(Anti-)hypernuclei provide a unique access to the hyperon-
nucleon (YN) and the hyperon-hyperon (YY) interaction that
otherwise is not easily accessible, since neither hyperon tar-
gets nor hyperon beams are feasible to allow for precision
measurements that are needed to get a deeper understand-
ing of their interaction.” Whereas, the understanding of the
aforementioned interaction is of exceptionally importance in
the discussion of neutron stars, see e.g. [205-214].

9 A decoupled and brand new approach for the study of the aforemen-
tioned interactions is through the technique of two-particle intensity
interferometry — the same as used above in connection to the coales-
cence process — often called simply femtoscopy. Since it is also allowing
access to hyperons which have not been observed in hypernuclei (yet),
ie. x0and Q. itisa really hot topic [148,199-204].
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Fig. 11 The coalescence parameter as a function of the mean charged-
particle multiplicity density for pp, p—Pb, and Pb—Pb collisions [16,
181,197]. In addition, the expectations from the coalescence [162] and
the thermal models (grand-canonical SHM [5] and the canonical sta-
tistical model CSM [89] using a Blast-Wave model description for the
transverse momentum dependence) are shown. Figure from [197]

In the following we will focus on the (anti-)hypertriton.
The hypertriton is a bound state of a A hyperon, a proton
and a neutron, and as such the lightest hypernucleus. Even
being discovered in the 1954 [215-217], only shortly after
the discovery of hypernuclei by Danysz and Pniewski [218]
in 1953, its properties are still not well constraint.

The best measured quantity is the A-separation energy,
i.e. the energy needed to remove the A from the deuteron.
The currently accepted value is only By =(130 + 50) keV
[207,219-221]. As all hypernuclei the hypertriton decays
weakly and the small separation energy already tells one that
the lifetime of the object should be close to the lifetime of the
free A hyperon. A visualization of the radial wave function of
the hypertriton, assuming a A—deuteron bound state, is shown
in Fig. 12. In comparison also a triton-like wave function is
shown. One clearly sees that the hypertriton is a huge object
and the rms radius extracted from the wave function is about
10 fm. This means also from a simple quantum mechanical
picture the A should basically decay freely, being so far away
from the deuteron core [6]. Measurements in the 1970s using
emulsions and bubble chambers led to a value close to the
free A lifetime, mainly because of the large uncertainties.
Whereas with the STAR measurement [4] different heavy-ion
experiments started a series of measurements which changed
the picture since the uncertainties started to get smaller due
to much larger statistics in these experiments. All heavy-ion
experiments measured a significantly lower lifetime and the
so-called “hypertriton lifetime puzzle” was born.

It is worth to mention, that the hypertriton branching ratios
have so far not been experimentally determined. Therefore
usually a theoretical branching ratio is used [222] when the
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Fig. 12 Wavefunction (red) of the hypertriton assuming a s-wave inter-
action for the bound state of a A and a deuteron. The root mean square
value of the radius of this function is v/ (r2) = 10.6 fm. In blue the corre-
sponding square well potential is shown. In addition, the magenta curve
shows a triton-like object using a similar calculation as the hypertriton,
namely a deuteron and an added nucleon, resulting in a much narrower
object as the hypertriton. As shown in [6]

measured spectra are corrected for the branching ratio.'? The
four main decay modes are ?\H — 3He + 7, iH —
SH+7#%3H > d+p+7n~ and 3H — d+n+ 7"
It is clear from the above mentioned main contributing tech-
niques to the hypertriton measurements, i.e. emulsions and
bubble chambers, that the problem is connected to the neutral
particles (n and ) that are not possible to detect with these
methods.

The most important fact connected to the production of
this object is the very small A-separation energy of only
130 keV, that should lead to a suppression of its production
probability because of the violent environment in a heavy-
ion collision. That is easily visible from the comparison of
the A-separation energy with the temperature of the fireball
in the order of 150 MeV. These three orders of magnitude
between the two values and the connected “impossibility”
to form these loosely bound objects goes under the name
”snowballs in hell” [32,41,223].

Nevertheless, also the hypertriton production is mea-
sured and its production yields are well described by the
thermal model [5,8,35]. There are also calculations in the
coalescence approach that describe the data rather well
[7,133,166,175,224-231]. More on this topic can be found
in [6].

In Fig. 13 the current experimental and theoretical status
of the hypertriton lifetime puzzle” is shown. The data points
(red) without boxes are from emulsions and bubble chambers
[235-240] and the ones with boxes (corresponding to the sys-

10 This is needed since only a fraction of the full production spectrum
is measured, namely the one that corresponds to the investigated decay
mode.
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Fig. 13 Hypertriton lifetime measured by the ALICE Collaboration
[35,232], the HypHI Collaboration [233] and the STAR Collaboration
[4,234] in heavy-ion collisions, compared with previously published
results [235-240]. The blue dashed line with the shaded band represents
the world average of the shown hypertriton lifetime measurements. The
magenta full horizontal line indicates the lifetime of the free A hyperon
as reported by the Particle Data Group [241]. The dashed-dotted lines of
different colours are theoretical model expectations of the hypertriton
lifetime

tematic uncertainties) all have been measured in heavy-ion
collision [4,35,232-234] are depicted together with the the
lifetime of the free A hyperon as reported by the Particle Data
Group [241], as the magenta full horizontal line. One clearly
sees that the uncertainties shrink significantly over time since
large data sets have been collected by the ALICE and STAR
Collaborations and being utilised in the measurement. In fact,
there is even a new preliminary measurement by the ALICE
Collaboration that has even smaller uncertainties as the last
published data point [242]. The blue dashed line in Fig. 13
represents the world average (shaded blue area corresponds
to the connected uncertainty) using the displayed data (in
red) and utilising the prescription given in [243], that is in
line with the one by the Particle Data Group (PDG) [241].

In any case, the uncertainties, in particular the systematic
ones, have to be taken seriously and lead to a deviation of 4o
of the world average compared with the free A lifetime.

In addition, several theoretical model expectations are dis-
played in Fig. 13 as dashed dotted lines (of different colours)
with a focus on the most reliable model calculations of the
hypertriton lifetime. The most recent ones are leading to
much smaller tension, or better agreement with the world
average.

In fact, the value by Gal and Garcilazo [244] is the first
calculation which includes also a final-state interaction effect
of the pion. This leads to a reduction of the expected hyper-
triton lifetime down to 81% of the free A value due to addi-
tional attraction from the pion final-state interaction. A more
recent approach [245] also incorporates in addition a hyper-
triton wavefunction that is based on chiral effective field the-

ory, distorted waves for the pions and by that also p-wave
interactions, where in [244] only s-waves were included.
In addition,the authors of [245] show for the first time that
the off-shell ¥ — N + 7 weak decay contribution to the
hypertriton decay rate brings its lifetime down by about
10%. In Fig. 13 we show the values of both calculations
with uncertainties, whereas the one in grey corresponds to a
tGH) = 191(132)(£22) ps matching the Bx =(130 £ 50)
keV provided by Avraham Gal [246], based on [245].

An exception is the most recent calculation, by Hilden-
brand and Hammer [247], which is using a pionless effective
field theory (EFT) approach with Ad degrees of freedom,
that finds a value of the hypertriton lifetime very close (about
0.987,) to the one of the free A as long as the commonly
accepted separation energy of By =(130 &£ 50) keV is used.
They studied also the dependence of the lifetime on the sep-
aration energy, while increasing up to 2 MeV, they obtain
about 0.97,. The same authors get a similar rms radius as
discussed above (in connection to Fig. 12) in their model
[248].

An interesting twist comes from the STAR Collaboration
who managed first to measure the 3-body decay mode iH —
d+p+ 7~ experimentally and could by that calculate a ratio
of the obtained production in the two decay channels. To be
precise they calculated F(iH — 3He + n’)/(F(iH —
SHe +77) + F(iH — d + p + 7)), which is very close
to R3 defined as:

R3 =T (QH — *He + 77)/(T(AH — all 7~ channels).  (4)

It can be connected to the assignment of the total angular
momentum of the hypertriton, as discussed in [240,249,250].
The current experimental situation together with these two
models is depicted in Fig. 14. The experimental data [234,
236,240,251-253] agree nicely with the assumptionofa J =
1/2 system.!!

In addition, the STAR Collaboration published recently
a new paper [254] showing the A separation energy B,
extracted from their mass measurement via the invariant
mass technique, together with a CPT test via the mass dif-
ference between nuclei and corresponding anti-nuclei. They
find slightly different values for B for hypertriton and anti-
hypertriton, that are still in agreement in uncertainties, as
shown in Fig. 15. Assuming CPT invariance they are also
averaged in the same figure. The CPT test itself is shown in
Fig. 16, comparing ALICE results [255] and STAR results
[254] by the difference of the mass per charge of parti-
cle and anti-particle normalised to the mass per charge,
i.e. A(m/|ql)/(m/|q|). No deviation from CPT invariance
is observed, since all differences agree with zero. One can

11" A value of J = 3/2 would imply a longer and not a shorter lifetime
than the A hyperon [244].
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expectation from CPT invariance. The horizontal error bars represent
the sum in quadrature of the statistical and systematic uncertainties.
Figure from [254]
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actually already see from Fig. 15 that the A(m/|q|)/(m/|ql)
difference between hypertriton and anti-hypertriton is about
300 keV and thus the value plotted in Fig. 16 can only be
about 0.0001, since the charge q is unity and the mass of the
hypertriton 2.991 GeV/c?.

The averaged A separation energy is measured to be

= (0.41 £ 0.12 = 0.11) MeV, which actually close to a
recalibration of the old data done in [256], and displayed in
Fig. 15 as magenta horizontal lines. This is done mainly since
the official PDG averaged masses changed since the 60s and
70s when these old data was established. An increase of B
from 130 to 410 keV is intensively discussed in the commu-
nity and seen as strong reason to remeasure its value in other
experiments. Nevertheless, the by a factor three increased
B value still leads to a very large object, large rms radius,
that should result in a strong influence on production yield
calculations for the hypertriton in a coalescence approach.
This fact is not the case for the thermal model where the size
of the object plays no role.

The implications of an increased A-separation energy of
the hypertriton in a chiral effective field theory approach are
studied in [257]. The authors find no strong evidence against
the new experimental result in the description of hypernuclei
in their approach.

Since there is a direct connection between B, and R3 it is
interesting to study its consistency through models, as done
in [245,247]. In fact, [245] show in a calculation that the
extracted A separation energy and the R3 value by the STAR
Collaboration [234,254] are in agreement within the given
uncertainties. Whereas, in [247] the test reveals a discrep-
ancy of about 1.80 between the calculation (R3=0.55 £ 0.09
[247]) and the value by the STAR Collaboration (R3=0.32 +
0.05 (stat.) =£ 0.08 (syst.) [234])

5 Summary and outlook

The presented selected highlights show an active field of
research in a special environment, i.e. ultra-relativistic heavy-
ion collisions. The production of (anti-)(hyper-)nuclei is
rather well described by thermal and coalescence models,
depending on their implementation. Most sophisticated mod-
els do a very good job, thus more differential tests of the
models have been started and some of them have been dis-
cussed here. In particular, the ratios of production yields or
the coalescence parameters as function of charged particle
multiplicity have shown some tension and might help to iden-
tify the right approach to understand the production mecha-
nism of loosely bound objects, as light (anti)(hyper-)nuclei,
in high-energy collisions.

The hypertriton production is nicely described by ther-
mal models and also coalescence models do a rather good
job. Even when the object itself can be considered as rather
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large, sometimes even called the ultimate halo nucleus, which
enters the coalescence calculations strongly.

The lifetime of the hypertriton gives some riddles, since
it is expected naively to be close to the lifetime of the free
A, whereas the current world average is about 40 away from
it. Recent models incorporating final-state interactions agree
very well with the world average. New measurements on the
A separation energy and the R3 allow to further constrain
these models'?. Also new measurements of the lifetime are
expected to come out in future that will have much higher pre-
cision than before. Even the measurement of the production
and lifetime of the hypertriton in pp collisions is expected
soon, since the signal was shown recently [264].

So far no evidence was found on any CPT invariance vio-
lation in the nuclei sector, whereas the precision of the exper-
imental tests increased and will get even better in the future.

The ultimate test of the different production models will
come through the measurement of flow observables, in par-
ticular the anisotropic flow of all (hyper-)nuclei described
at once in one model, that require large amounts of data as
expected in the upcoming runs at the LHC [6,265]. First
measurements have been done [266,267] but many more are
eagerly awaited.

A completely new way to study the YN and YY inter-
actions was only slightly touched here, namely femtoscopy.
This method started helping to improve the scarce YN and
YY scattering data. In fact, one can by combing that with the
information from hypernuclei constrain and improve chiral
effective field theory more [265] and there is hope to even
study three body forces in this way, e.g. by studying Ad cor-
relations [268].

In conclusion, the knowledge of the production of light
(anti-)(hyper-)nuclei increased significantly, but still there is
no complete understanding of the underlying mechanism.
Clearly, more data is needed but also models need improve-
ment to cope with all the indicated issues.
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