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Abstract

Loosely-bound objects such as light nuclei are copiously produced in proton-proton and nuclear col-
lisions at the Large Hadron Collider (LHC), despite the fact that typical energy scales in such collisions 
exceed the binding energy of the objects by orders of magnitude. In this review we summarise the experi-
mental observations, put them into context of previous studies at lower energies, and discuss the underlying 
physics. Most of the data discussed here were taken by the ALICE Collaboration during LHC Run1, which 
started in 2009 and ended in 2013. Specifically we focus on the production of (anti-)nuclei and (anti-)hyper-
nuclei. Also included are searches for exotic objects like the H-dibaryon, a possible uuddss hexaquark state, 
or also a possible bound state of a � hyperon and a neutron. Furthermore, the study of hyperon-nucleon 
and hyperon-hyperon interactions through measurements of correlations are briefly discussed, especially 
in connection with the possible existence of loosely-bound states composed of these baryons. In addition, 
some results in the strange and charmed hadron sector are presented, to show the capabilities for future 
measurements on loosely-bound objects in this direction. Finally, perspectives are given for measurements 
in the currently ongoing Run2 period of the LHC and in the future LHC Run3.
© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The data collected at the Large Hadron Collider (LHC) [1] at different energies and for differ-
ent collision systems, i.e. pp, p–Pb and Pb–Pb led to a large number of interesting observations 
regarding the production of composite objects such as light nuclei and hyper-nuclei. These are 
mainly obtained by the ALICE Collaboration [2] using the particle identification capabilities of 
the ALICE detector. Results on total and differential production cross sections were obtained 
for different collision systems and a number of observables, such as transverse momentum (pT) 
spectra or integrated production yields dN /dy.

The high collision energies reached at the LHC lead to a significant increase of the produc-
tion probabilities for all particles compared to the measurements at the Relativistic Heavy-Ion 
Collider (RHIC) at the Brookhaven National Lab (BNL). The current top energy for Run2 
(2015-2018) at the LHC is 13 TeV for pp collisions, 8 TeV per nucleon-pair in p–Pb collisions 
and 5.02 TeV per nucleon-pair in Pb–Pb collisions.

In every central Pb–Pb collision at the LHC more than 21000 charged particles (≈ 32000 
particles including neutrals) are produced at 

√
sNN =5.02 TeV [3] and more than 17000 charged 

particles (≈ 26000 particles including neutrals) are produced at 
√

sNN =2.76 TeV [4]. This cor-
responds to an increase by about 25% while the energy is roughly doubled. The development 
of the mean charged particle multiplicity 〈dNch/dη〉 with collision energy is shown in Fig. 1. 
The increase of produced particles for different colliding systems can be described by power-law 
functions, with 〈dNch/dη〉 ∝ s0.155

NN for central A–A and ∝ s0.103 for pp (pp), p–Pb and d–Au 
collisions.

The ALICE Collaboration has published a large set of results for the production of hadrons 
composed of u, d and s quarks (e.g. [5–9]). These are of particular interest to understand the 
dynamics and production mechanisms at work to form mesons and baryons. Also the results 
on hadrons containing c quarks are important to mention, especially since the charm quark is 
expected to be produced in initial hard collisions of partons. All these particles are understood 
in the quark model as compact ‘bags’ with qq̄ (mesons) or qqq (baryons) configurations. In 
particular, their radii are less than 1 fm. It is by now well accepted that the yields of these hadrons 
in relativistic nuclear collisions can be well described in a thermal approach with temperature and 
baryo-chemical potential as the main parameters governing their production [10–14]. At LHC 
energy the value of the temperature parameter is around 156 MeV and the chemical potential 
vanishes, implying equal production yields for particles and anti-particles. We will below give a 
brief summary of this approach.

Light nuclei and hypernuclei with baryon number B ≤ 4, in contrast, are objects composed 
of nucleons and hyperons and, hence, are generally not described in terms of quarks. Their radii 
are significantly larger than those of hadrons. Some of these, the deuteron and the hypertri-
ton, are particularly loosely bound. These loosely-bound objects are systems which are stable 
against strong decays but with binding energies EB tiny compared to their masses and even 
much smaller than the typical nuclear potential binding them. The size of such systems scales 
then approximately ∝ 1√

EB
, independent of the nuclear potential. A case in point is the deuteron 

with EB = 2.23 MeV and a rms radius of 
√〈r2〉 ≈ 2.1 fm [15]. A more dramatic case is the 

hypertriton in which a � hyperon is bound to a deuteron by only 130 keV, leading to a size 
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Fig. 1. (Colour online.) Charged particle multiplicity (〈dNch/dη〉) for high-energy hadron and nuclear collisions as a 
function of collision energy, shown as 2

〈Npart 〉 〈dNch/dη〉, where 〈Npart 〉 is the mean number of participating nucleons. 
Measurements for central Pb–Pb and Au–Au collisions are shown together with inelastic pp and pp collisions as a 
function of 

√
s, together with those from non-single diffractive p–A and d–A collisions. The energy dependence of A–A, 

pp (pp) collisions is well described by power-law functions with different exponents. For details see [3].

of approximately 10 fm. In contrast, the nuclei 3He and 4He are more strongly bound and rea-
sonably compact objects. As will be shown below, all these particles are copiously produced 
at LHC energies.1 Their detailed production mechanism is, however, not fully understood. Sur-
prisingly, as we will demonstrate below, their yields in Pb–Pb collisions can be described with 
the same thermal approach as for standard hadrons. Provocatively, their thermal production tem-
perature T coincides with those for all other hadrons, although for their binding energies the 
relation EB 	 T ≈ 156 MeV. Here and in the following we use natural units with constants 
h̄ = kB = c = 1 except in the figures.

Light nuclei were actually first observed in high energy proton-nucleus collisions at the CERN 
PS accelerator [16]. Already then these findings of unexpected large yields were considered a 
major surprise. The first application of thermal concepts to explain deuteron as well as 3He and t 
production in proton-induced collisions at high energy is due to Hagedorn, who used a pre-cursor 
of his statistical approach [17] to describe the production of deuterons and other light nuclei in 
collisions of 25 GeV protons with various nuclear targets. However, the results were at variance 
with the momentum dependence of measured deuteron yields. Better agreement was achieved 
with a ‘coalescence’ approach discussed below. The subject was taken up again only 25 years 
later with the beginning of the relativistic nuclear collisions program at the Brookhaven AGS and 
CERN SPS, see [18] for a review.

Using thermal concepts to describe the production of composite objects such as light nuclei 
was taken up again about 25 years ago [19–21]. There it was noticed that treating such objects as 
point particles and using only their mass and quantum numbers leads to an excellent description 
of the available data and to predictions for data at much higher energies. With the new data 
from the RHIC and LHC accelerators the empirical evidence is now becoming detailed enough 

1 In fact, the relative production yields are low, but the data sets are large thus even with a low production yield many 
particles are measured.
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to fully explore the consequences of this approach. We will focus mostly on results obtained at 
LHC energies but, where appropriate, also take data at lower energy into account.

Because of the fragility of loosely bound particles and the high particle density in the hot 
fireballs at the hadronisation stage, one would expect that these objects cannot be produced at 
all, or if they would be produced should dissolve immediately after being formed. Consequently, 
alternative approaches based on coalescence models have been developed to shed light on their 
production mechanism. These approaches have also met with some success but a number of 
issues and open questions remain. In this review we will contrast the thermal production picture 
with results using various coalescence models.

The production of these loosely-bound states in abundances not reached before allows also 
the spectroscopy of their ground-states and to study their branching ratios in (weak) decays. This 
holds for the known hyper-nuclei but also for other exotic states predicted by QCD or QCD 
inspired models and still to be discovered.

In the following we provide first a short overview of the ALICE setup, highlighting the parts 
which play an important role later on. This is followed by remarks on the experimental capabili-
ties in the strange and charmed hadron sector. In the next part we describe the models which are 
used to understand and interpret the results mentioned above, namely the hydrodynamic picture 
utilized to explain the evolution of the created fireball and the models to describe the production 
of particles and in particular the loosely-bound states we are focusing on. The results for the pro-
duction of nuclei, hyper-nuclei and exotica are described and discussed in the following section. 
We then give an outlook to results expected in LHC Run2 and Run3 (starting 2021), before we 
conclude and discuss the presented results.

2. ALICE setup

The ALICE detector layout is optimised to study different signatures and observables of the 
quark-gluon plasma, the state expected from QCD thermodynamics when hadrons melt to a 
deconfined form of matter consisting of quarks and gluons. For this, the layout (see Fig. 2) 
consists of different detector types for vertexing, tracking and particle identification. It is split into 
a forward muon spectrometer, where hadrons are stopped by an absorber mixture of concrete and 
steel, and a central barrel part, which is used to study the production of hadrons and electrons 
at mid-rapidity (full coverage up to pseudo-rapidity |η| < 0.9). In addition to these different 
detectors, a set of zero-degree calorimeters is installed at 116 m distance from the interaction 
point.

The central barrel is making use of the solenoidal magnetic field of up to 0.5 T, provided by 
the L3 magnet, to bend the tracks of charged particles, thus allowing the measurement of the 
momentum p and rigidity p/z, where z denotes the charge number of the particles. The region 
of the interaction point is surrounded first by a thin Be beam pipe, followed by six layers of three 
different silicon detector types, mainly used for vertexing and tracking. The first two layers are 
made of silicon pixel detectors (SPD), followed by two layers of silicon strip detectors (SSD) 
and finally two layers of silicon drift detectors (SDD) allowing also particle identification using 
the specific energy loss (dE/dx) in the detector. The complete set of silicon detectors is called 
inner tracking system (ITS).

Tracks originating from the interaction point and traversing the beam pipe and the silicon de-
tectors reach the time projection chamber (TPC), the main tracking device in the central barrel 
also used for particle identification using the specific energy loss [22]. Particles with intermediate 
pT reach the transition radiation detector (TRD) and also the time-of-flight detector (TOF). The 
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Fig. 2. (Colour online.) Artistic view of the ALICE detector setup. The central barrel is hosted inside the (red) L3 magnet, 
providing a solenoidal field of 0.5 T. This part of the setup is clearly separated from the muon spectrometer outside of 
the solenoid. The insert shows an enlargement of the collision area with the ITS silicon detectors inside the TPC. See 
text for the discussion of the main detectors and [2,23] for more details.

TRD is designed to separate electrons from pions, through the measurement of transition radia-
tion, collected additionally to the ionisation in the Xe/CO2 gas mixture. Further, the TRD can be 
used for triggering on (di-)electrons and on highly ionising particles (z > 1). The time-of-flight 
measurement is also used for particle identification, whereas the start-time of the flight-time 
measurement is generated by the T0 detector and the length is largely determined by the track 
reconstructed using the TPC.

A mainly in heavy-ion collisions used quantity is the so-called centrality. The centrality is a 
measure for a given fraction of the multiplicity distribution. Usually it is defined as centrality 
class by selecting a percentile of the measured multiplicity distribution (e.g. 0-5%). This is done 
comparing with a geometrical model, named after Roy J. Glauber, the Glauber model [24]. By a 
Monte Carlo approach for this model, the number of participant nucleons (Npart) and the number 
of inelastic nucleon-nucleon collisions (Ncoll) can be estimated, using the randomly selected 
impact parameters b and the distribution of the nucleons of two nuclei according to the relevant 
nuclear density distribution. When such a Monte Carlo simulation is compared to the measured 
distribution in a detector, the corresponding centrality classes can be defined. This is shown in 
Fig. 3 using the VZERO detector (in Fig. 2 named V0), two scintillator hodoscope arrays, hosted 
also in the central barrel [25–27].

In addition to the aforementioned detectors the ALICE setup consists of more specialised 
detectors as calorimeters, further forward detectors or detectors to trigger on cosmic rays reach-
ing the ALICE detectors and used for their calibration and alignment. A full description of the 
detector layout can be found in [2,23].

Because of these very nice capabilities, especially the excellent particle identification over a 
large range of rigidity, the ALICE detector is well suited to study stable, weakly and strongly 
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Fig. 3. (Colour online.) Measured VZERO detector amplitude compared to a Glauber model, used to define the centrality 
classes. The figure is taken from [26], where also more details are given on the Glauber fit.

decaying particles. In other words the ALICE setup at the LHC is a unique tool for the research 
discussed in this review.

3. ALICE performance for strangeness and charm physics

The excellent vertexing capabilities of the ALICE detector setup allows nicely to separate 
the primary vertex from secondary vertices stemming from weak decays. The resolution of the 
ITS is of about 60 µm, which leads to the clear and clean secondary vertex finding for the weak 
decays of hadrons containing strangeness, as K0

s and �, whose mean decay length is of the order 
of several centimeters. Their signal is then reconstructed by a invariant mass analysis which lead 
to highly significant signals (σ > 10) as depicted in Fig. 4, when either a track pair of π+ + π−
or a p+π− pair is found such that both originate from the same secondary vertex.

The � candidates can be further combined with a ‘bachelor’ π or K meson. If the recon-
structed � flight-line comes close to a charged track which seems to be displaced from the 
primary vertex a cascade candidate can be reconstructed. An example of the invariant mass of 
� + π− and � + K− is shown in Fig. 5. The signals correspond to the decays of �− and �−.

Furthermore, the weak decays of charmed mesons are in the order of several hundred microm-
eters and thus their secondary vertices are also separable from the primary vertex. Combining two 
or three tracks with displaced vertices and applying strong selection criteria, such as the cosine 
of the pointing angle to be close to unity, lead to invariant mass plots as visualized in Fig. 6.

These examples show the excellent performance and the capabilities in the strangeness and 
charm physics sector of the ALICE setup and with these the possibilities in studies connected to 
the topics discussed in this topical review.

4. Models

4.1. The evolution of the fireball

Relativistic heavy-ion collisions offer a unique way to study the matter created in these col-
lisions as state of deconfined quarks and gluons usually called Quark-Gluon Plasma, or simply 
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Fig. 4. (Colour online.) Examples of reconstructed invariant mass spectra of K0
s and � particles for a particular pT bin 

and in the most central event class (0-5%). Figure taken from [23].

Fig. 5. (Colour online.) Examples of reconstructed invariant mass of �− and �− spectra in Pb–Pb collisions at √sNN in 
0-80% centrality. The arrows indicate the expected positions in mass, averaged by the Particle Data Group [28]. Taken 
from [29].

QGP. This QGP exists only for a very short time (about 10-15 fm/c at the LHC) until it is cooled 
down below the pseudo-critical temperature Tc, while expanding, and the quarks and gluons start 
to hadronise. In this created hadron gas the particles may still interact and scatter, although the 
expansion during the hadronisation stage leads to low enough densities that inelastic collisions 
are rare. At this point the production yields of the particles are frozen in: the corresponding tem-
perature is usually referred to as chemical freeze-out temperature Tchem, whereas the particles 
stop to scatter and stream freely below the kinetic freeze-out temperature Tkin. One of the im-
portant results from particle production studies in relativistic nuclear collisions is [31,32,11,14]
that, for center-of-mass energies studied at RHIC and the LHC, the value of Tchem closely agrees 
with Tc: chemical freeze-out takes place near the QCD phase boundary.

The latter two characteristic temperatures of the fireball evolution can be extracted from model 
analyses which will be described in a dedicated section 4. The pseudo-critical temperature Tc

(pseudo-critical temperature because the transition in ultra-relativistic heavy-ion collisions at 
very high energy is found to be a cross-over transition) is studied using lattice QCD where dif-
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Fig. 6. (Colour online.) Reconstructed invariant mass spectra of D0, D+ and D∗+ (going from top to bottom) mesons, 
for three different transverse momentum intervals and for the 0-10% central events. Taken from [30].

ferent thermodynamic quantities are investigated. From these studies a Tc of 154 ± 9 MeV and 
a critical energy-density of εc = 0.34 ± 0.13 GeV/fm3 can be extracted [33,34]. Thus, above the 
temperature Tc a deconfined state of matter is created in heavy-ion collisions where temperatures 
of the fireball reach more than 300 MeV at the LHC as is, e.g., indicated by measurements of 
effective temperatures from spectra of direct photons [35].

A schematic picture of the evolution through the different phases of a collision of two relativis-
tic nuclei is displayed in Fig. 7. It displays the collision of two nuclei traveling with (nearly) the 
speed of light and exhibits the different phases of the created fireball while cooling down. In fact, 
the expansion in z-direction (beam direction) is the main cooling mechanism in these collisions, 
and this one-dimensional space-time picture is fully analytically solvable (Bjorken model [36]). 
The different phases of the fireball evolution are usually tackled by different model approaches. 
The pre-equilibrium phase (τ0 ≤ 1 fm/c) is, e.g., often modeled by quantum transport using a 
parton-cascade model or a Boltzmann transport approach [37–39,12].

After a proper time τ = (t2 − z2)1/2 of about 1 fm/c the fireball approaches a state of lo-
cal thermal equilibrium (the QGP) whose evolution is well described within the framework of 
relativistic hydrodynamics when the QGP is assumed to be a nearly ideal fluid with very low 
shear viscosity to entropy density ratio. The main further ingredient needed as input here is the 
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Fig. 7. (Colour online.) Space-time diagram of a heavy-ion collision of two nuclei colliding at time t=0 and longitudinal 
position z=0 (transverse direction not shown). The evolution goes from a hot-fireball in a pre-equilibrium phase through 
the formation of a QGP, followed by a cross-over phase transition to a hadron gas. The fireball formed in the collision 
emits different kinds of particles (indicated by the arrows). The temperatures crossed during the evolution are Tc , Tchem

and Tkin . For further details see text. (Figure courtesy of Boris Hippolyte).

(QCD) equation-of-state, i.e. the relation between pressure, energy density and baryon density, 
at a given temperature. There are several good reviews existing on the applicability of relativistic 
hydrodynamics for (ultra-)relativistic heavy-ion collisions [40,37,41–44]. After the temperature 
of the system reaches (locally) the pseudo-critical temperature Tc the QGP starts to hadronise 
and hadrons are formed. Since Tc ≈ Tchem, see above, where hadron yields are determined and 
their yields are ‘frozen’, the subsequent evolution in the hadronic phase can only be described 
in a non-equilibrium approach [45]. Usually it is modeled by a hadronic cascade, where further 
elastic and, in principle inelastic scattering can take place. The excellent agreement between ther-
mal model predictions and data for T = Tchem implies that inelastic rescattering must be small, 
see below.

4.1.1. Collective expansion and hydrodynamic flow
In addition to the above introduced longitudinal expansion the fireball also expands in radial 

direction. Strong pressure gradients in the direction transverse to the beam induce a strong flow 
field, which the particles experience while the fireball evolves. This radial or transverse flow 
field leads to a characteristic shape of the transverse momentum spectra of each particle species 
in heavy-ion collisions. Since the transverse momentum due to hydrodynamic flow is (essentially, 
up to relativistic effects) given by the product of the particle mass and common flow velocity, the 
heavier particles get shifted to higher mean transverse momenta, implying a characteristic mass 
ordering.

A simplified version of the relativistic hydrodynamic approach is the blast-wave model within 
which the collective expansion (in transverse direction) sketched above is described using a 
parameterized hydrodynamic flow field. It has three parameters: Tkin, β , n, i.e. the kinetic 
freeze-out temperature (introduced before as the temperature when the particles stop to scat-
ter), a velocity parameter β and a scale parameter n to characterize the flow profile. A more 
complete description of this model can, e.g., be found in [46].
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The model assumes a spectrum of purely thermal sources which are boosted in transverse 
direction. The velocity distribution in 0 ≤ r ≤ R is assumed to be

βr =
( r

R

)n

βs ,

where βs is the surface velocity, a free parameter of the fit. In many applications, a linear profile 
is assumed and n is fixed equal to unity. The quality of the fit can be improved if n is considered 
as an additional free parameter. The resulting values for the kinetic freeze-out temperature Tkin

and βs are generally anti-correlated, see Fig. 9. The so obtained spectral shape is a superposition 
of the contributions due to the individual thermal sources and is given by

1

mT

dN

dmT
∝ mT

R∫
0

I0

(
pT sinhρ

Tkin

)
K1

(
mT coshρ

Tkin

)
r dr , (1)

where I0(x) and K1(x) are Bessel functions, mT =
√

p2
T + m2 and ρ = tanh−1 βr . An exam-

ple fit to pions, kaons and protons is shown in Fig. 8 with a common parameter determined 
by the analysis of the 0-5% centrality class of the data taken with the ALICE apparatus at √

sNN = 2.76 TeV [6]. The excesses at low momenta for the pions are due to feed-down from 
resonance decays (mainly ρ(770) → π+π−) which are not yet included in the model. The model 
assumes boost-invariance which is near mid-rapidity rather well fulfilled at LHC energy. Note 
that Equation (1) is integrated over rapidity y. In principle, one should use a blast-wave formula 
differential in pT and y. This is in more detail discussed in [47,48]. The comparison of this fit 
with the previous results from the STAR Collaboration at RHIC is shown in Fig. 9. The ALICE 
Collaboration observes an approximately 10% higher radial flow at LHC energies compared to 
that at RHIC [6].

Blast-wave fits allow a simple phenomenological description of spectra as the model parame-
ters are fit to the data. The resulting distributions cannot describe the full collective properties. For 
this an approach using relativistic hydrodynamics including viscosity plus a detailed treatment of 
resonance decays is needed. They nevertheless offer an economical way to study systematically 
the evolution of particle spectra with only three parameters. Additionally, they are often used to 
extrapolate measured particle spectra towards unmeasured pT-regions, namely towards low and 
high transverse momenta.

Equation (1) shows that the presence of transverse flow effectively leads to a characteristic 
modification of the spectral shape [37]. The collective flow increases the particle energies pro-
portional to their rest mass mi . Thus the spectrum at low momenta (pT 	 mi ) can be described 
with a correspondingly higher effective temperature Teff. One directly obtains the expected scal-
ing Teff ≈ Tkin + 1

2mi〈βs〉2 in the non-relativistic limit [49]. Another advantage of the blast-wave 
fits is given by the fact that the resulting parameters determine a unique flow field which can then 
be used to estimate spectral shapes for other, not yet measured particles i with a given mass mi .

Since the expansion for non-zero impact parameter collisions is generally anisotropic in az-
imuthal direction due to the almond shape of the overlap zone, see Fig. 10, one usually writes 
down the transverse momentum spectrum as a function of the azimuthal angle φ and expands the 
spectrum in form of a Fourier series as
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Fig. 8. (Colour online.) Blast-wave fit with a common set of parameters to pion (upper), kaon (middle), and proton 
(lower) (π , K, p) spectra simultaneously in the 0-5% centrality class. The data are from the ALICE Collaboration [6] and 
the lines display the result of the global fit discussed there. For details see text.

1

pT

d3N

dpTdydφ
= 1

2πpT

d2N

dpTdy

{
1 + 2

∞∑
n=1

vn(pT,y) cos[n(φ − R)]
}

, (2)

where the Fourier coefficients in the sum are called flow coefficients vn [51–53].



P. Braun-Munzinger, B. Dönigus / Nuclear Physics A 987 (2019) 144–201 155
Fig. 9. (Colour online.) Resulting fit contours (1σ ) for the kinetic freeze-out temperature Tkin and average transverse 
expansion velocity 〈βT〉 for different centrality bins measured in Pb–Pb collisions at LHC energy compared with the 
results of Au–Au collisions at RHIC. Figure from [6].

Fig. 10. (Colour online.) Artistic view of a non-central heavy-ion collision of two nuclei, in blue. The overlap region of 
the collision has an almond shape as visible from the red fireball where the arrows indicate the expansion velocity. Taken 
from [50].

The second flow coefficient v2 is usually referred to as the elliptic flow parameter. In a non-
central heavy-ion collision this coefficient has a large contribution in the decomposition. This 
can be understood from the Fig. 10 showing a non-central collision which leaves an almond 
shape fireball in the overlap region. The spatial anisotropy visible as almond shape leads to a 
momentum anisotropy in the expansion of this fireball: the part of the almond with large curva-
ture, lying in the so called reaction plane (indicated in green), will be pushed away stronger than 
the part being out of the reaction plane (in equation (2) described by R). This anisotropy is 
also indicated by the momentum arrows displayed in yellow. The v2 coefficient exhibits a similar 
mass ordering as the transverse flow: for constant v2 values the pT of particles is increasing with 
increasing mass as expected for a common flow field.

4.2. Statistical hadronisation model

4.2.1. Concepts
Strong interactions are quantitatively described in the framework of quantum chromodynam-

ics (QCD) which describes the interactions among the basic constituents of QCD, the coloured 
quarks and gluons. The corresponding QCD Lagrange density is hence formulated entirely in 
terms of these fundamental particles. On the other hand, all hadrons are colour-less. This makes 
a direct connection between the QCD Lagrangian and hadron observables difficult. Here, the 
lattice QCD framework, in which the Lagrangian is expressed in a thermodynamical partition 
function Z(V, T , μ) comes to the rescue. Indeed, it was realized recently [33,34], that Z can be 
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well approximated with the partition function for the hadron resonance gas, provided that the 
temperature T stays below Tc, the transition temperature to the QGP.

The partition function of the hadron resonance gas is, in this low temperature, low density 
regime, usually evaluated in the non-interacting limit [14]. Sometimes, repulsive interactions are 
modeled with an ‘excluded volume’ prescription, see, e.g., [54–56] and references therein. 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 the references 
below the excluded volume correction has been used exclusively in this spirit. In the absence of 
any reliable knowledge of such interactions we consider it inappropriate to go further and use 
different excluded volumes for specific hadrons, especially also since there are no experimental 
data which would warrant such a step.

From this partition function of the hadron resonance gas all thermodynamical quantities for 
hadrons can be computed. Specifically, one can compute, for each hadron, its density n(T , μ, V ). 
If all hadrons are produced from a state of thermodynamical equilibrium then, at a given beam 
or center-of-mass energy, the measured hadron yield for hadron j , dNj/dy at a given rapidity y
but integrated over transverse momentum, should be reproduced as dNj/dy = V ·n(T , μ, V ). In 
practice, a fit is performed at each energy to the measured yield data to determine the 3 parameters 
T , μB, V . Note that μQ and μS are fixed by charge and strangeness conservation, respectively.

Since 1994 a very large body of data on hadron yields produced in ultra-relativistic nuclear 
collisions has been collected. From an analysis of these data in the spirit of the above approach 
convincing evidence has been obtained [57,10,11,32,58,13,14] that the yields of all hadrons pro-
duced in central (nearly head-on) collisions can indeed be very well described, yielding the 
complete energy dependence of the parameters T , μB, V [11,32], see in particular also the recent 
fit to the precision LHC data [14]. For recent reviews see [12,14]. Since the yields of particles 
are frozen at these parameters the corresponding temperature is also called chemical freeze-out 
temperature Tchem, as already indicated above.

Of particular interest for the present review is that the fit includes also loosely-bound states 
such as the deuteron (and anti-deuteron), and even the very weakly bound hypertriton (and anti-
hypertriton). This implies that particle production takes place at rather low temperatures and 
densities (for LHC energy the temperature is Tchem = 156.5 ± 1.5 MeV, implying a total particle 
density ntot ≤ 0.45 fm−3). After chemical freeze-out the density must be even much lower for 
the loosely bound hypertriton to survive, see the detailed discussion below.

4.2.2. Application
In the following we will present and discuss some examples of the analysis of particle pro-

duction data using this model. The specific physics connected to the production of nuclei and 
hyper-nuclei will be discussed in sections 6 and 7 below.

We begin with the comparison of hadron production at the LHC with the statistical hadro-
nisation model. In Fig. 11 the result is shown of a thermal model analysis of the data collected 
by the ALICE Collaboration using the GSI-Heidelberg model [21,20,19,59,58,60,14]. Very good 
agreement is obtained for Tchem = 156.5 ± 1.5 MeV over the 9 orders of magnitude in particle 
production yields.

At LHC energy, the baryo-chemical potential μB which is a measure of the difference of pro-
duction probabilities for baryons and anti-baryons is expected to be close to zero, since the LHC 
c.m. energy exceeds twice the baryon mass by more than a factor of 103. The value presented in 
the figure from the fit is 0.7 ± 3.8 MeV, in excellent agreement with this expectation. The nearly 
vanishing baryo-chemical potential leads to equal yields of baryons and anti-baryons and in con-
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Fig. 11. (Colour online.) Thermal model description of the production yields (rapidity density) of different particle 
species in heavy-ion collisions at the LHC for a chemical freeze-out temperature of 156.5 MeV (from [60], where more 
details can be found, see also [61]).

sequence also to equal yields of nuclei and anti-nuclei for the different species. This also implies 
that measurements of particle production at LHC energies are relevant for the understanding of 
the evolution of the early universe. In fact, different from the situation for nuclear collisions at 
LHC energy, the production of nuclei in the early universe can not happen when the baryons are 
produced because the photons, still in equilibrium with the baryons, would destroy all formed 
nuclei immediately. Thus, the formation of nuclei happens in the early universe at a much later 
time after the temperature has dropped sufficiently, such that no thermal photons are left to de-
stroy the formed deuterons. From this point on, the process n + p → d + γ is dominating the 
detailed balance, deuterons are produced and the backward reaction is energetically suppressed.

Since, in this review, we are in particular interested in loosely-bound states we show in Fig. 12
the deuteron-to-proton ratio in relativistic nuclear collisions as a function of centre-of-mass en-
ergy, bridging data from the SPS to RHIC to the LHC. Assuming thermal production of deuterons 
according to the particle mass and spin reproduces the data very well, implying that the statistical 
hadronisation model is a useful tool to estimate production yields also for loosely-bound states 
as developed in [20,19,21]. The application of the parameterization of the energy-dependence 
of Tchem and μB [11,32] within the framework of the statistical hadronisation model leads to an 
impressive description of all hadron production data. In fact, yields for the production of loosely-
bound states at LHC energy were successfully predicted in [21] before data taking. This shows 
that the production of nuclei is quantitatively well reproduced within the framework of the sta-
tistical hadronisation model, implying that the same parameters (Tchem, μB, V ) governing light 
hadron production yields also determine the production of light composite objects, with only 
the particle mass and quantum numbers and not structural parameters such as binding energy or 
radius as input.

Another way to look at the deuteron-proton ratio is displayed in Fig. 13 extracted from the 
thermal model [32]. In this Figure, the d/p ratio is shown as function of the entropy per unit of 
rapidity in the collision. As naively expected, increasing the entropy leads first to a precipitous 
drop of the ratio, as the entropy/baryon scales ∝ − ln (d/p), [62,63]. Above 

√
sNN ≈ 20 GeV the 

chemical freeze-out temperature saturates at around 160 MeV, implying that the entropy density 
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Fig. 12. (Colour online.) Deuteron-to-proton ratio as measured in central nuclear collisions at different centre-of-mass 
energies √sNN. The data points are compared with predictions based on the thermal model (parameterised in the red 
line).

Fig. 13. (Colour online.) Deuteron-to-proton ratio as measured in central nuclear collisions versus produced entropy. The 
same data points as in Fig. 12 are compared to calculations of the entropy obtained using the thermal model (red line).

stays constant. The main entropy increase is then due to the volume expansion of the fireball at 
freeze-out, implying that the d/p ratio approaches a constant value of ≈ 3 · 10−3.

No detailed microscopic description for the production of loosely-bound objects exists to-
date. The results for deuteron production and, in fact, for the production of other loosely-bound 
states, see below, could be connected with the assumption that the total entropy is conserved after 
chemical freeze-out at each collision energy (

√
sNN). This would imply a very dilute phase di-

rectly after chemical freeze-out. We will discuss another possibility, especially keeping in mind 
that also very extended objects such as the hypertriton need to be considered.
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4.3. Coalescence model

A different approach for the production of composite 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 proton beam was used to study particle production in collisions with a variety of differ-
ent targets [16]. In view of the surprisingly large cross sections observed for deuteron production 
in p-nucleus collisions a mechanism was proposed [64,65], in which deuterons are formed by 
protons and neutrons which are close in phase-space. This picture was further developed to de-
scribe 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 Laboratory starting in the 
70s [66–68,63,69,70]. It was further used as the model applied to data obtained at the Alternate 
Gradient Synchrotron (AGS) at Brookhaven National Laboratory (BNL) where several different 
experiments (E802/E866, E814, E864, E877, E878) have results on the production of light nu-
clei [71–73]. Furthermore, at the CERN SPS it was used for the interpretation of heavy-ion data 
at three different experiments (NA44, NA49, NA52) [74–86]. The model was also successfully 
applied to describe the yields of nuclei at RHIC [87–93].

In the following, we briefly summarise important aspects of this approach. An empirical co-
alescence model based on the above pioneering publications was developed for the analysis of 
light nucleus production data from relativistic nuclear collisions at the Berkeley Bevalac, see, 
e.g., the review in [94] and references given there. Such collisions typically lead to the com-
plete 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 em-
pirical parameter p0, to be determined by comparison with measured yields. This model relates 
the production cross-section of the (light) nucleus, having a momentum pA, to a scaled power 
of the production cross-section for nucleons (in practice protons since neutrons are typically not 
measured) which have a momentum pp:

EA

d3NA

d3pA

= BA

(
Ep

d3Np

d3pp

)A

, (3)

whereby pA = App. This leads to the interesting fact that, for a given nucleus, the coalescence 
parameter BA should not depend on momentum or centrality of the collision but only on the 
cluster parameters:

BA =
(

4π

3
p3

0

)(A−1)
M

mA
(4)

where M and m are the nucleus and the proton mass, respectively, and 4π
3 p3

0 is the coalescence 
volume in momentum space. With this approach a reasonable description of the Bevalac data 
was obtained, see for instance [94]. In fact, already at the Bevalac measurements it was observed 
that using this formalism one gets different coalescence radii p0 for different nuclei (d,t,3He). 
They differ by about 20-30% for the different species. Equation (4) 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 BA is little dependent on the collision energy 
and the multiplicity in the events.
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The coalescence model approach can also be connected with a thermodynamic treatment, as 
for instance discussed in [95–99]. From this approach one can get the proportionality

BA ∝
(

1

V

)(A−1)

(5)

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 provided, however, clear evidence for a momentum and centrality/multiplicity 
dependence of BA. 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 theoretical 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. [100,101,49,102].

Nevertheless, for a full model description one has to calculate the coalescence process itself 
which has several drawbacks. The transverse kinetic energies of particles produced in ultra-
relativistic heavy-ion collisions lie with some hundreds of MeV to several GeV significantly 
above the relevant 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 fact is used in transport models (e.g. 
UrQMD) to argue that one can neglect the structure and intrinsic dynamics of such nuclei al-
together. To describe the production of nuclei one usually uses different classes of coalescence 
models:

• Momentum-space coalescence: pure momentum-space analysis is done and particles with 
relative momenta below a lower limit, smaller as a given cut-off momentum are treated as 
part of a (formed) nucleus [103–105,66,106–108],

• Phase-space coalescence: analysis in momentum- and coordinate-space [109–111],
• Phase-space coalescence with treatment of the potential forces: coordinate-space and 

momentum-space parameters are related to known or predicted potentials of the bound 
states [112],

• Generalised phase-space coalescence: projection of the n-particle phase-space-distribution in 
the final state onto a corresponding multi-particle wave function of the bound state [113–119],

• Models using a statistical fragmentation: assuming a chemical and thermal equilib-
rium [95–97,120,121],

• Special case (very often understood in the heavy-ion community as coalescence, since it is 
also applicable for hadron formation): Coalescence from quarks instead of nucleons: usually 
connected to the description of flow in heavy-ion collisions [122–130].

All these model implementations have still a profound problem, they violate momentum and 
energy conservation since they assume a formation of a nucleus from its nucleons without any 
possible recoil partner. If one assumes a dense medium after the chemical freeze-out one could 
easily find a partner to conserve energy and momentum in the coalescence process. This is not 
the case as can be seen by the particle yields which should have different spectra and thus much 
lower yields if a dense and interacting medium would exist throughout the expansion and further 
cooling period following the chemical freeze-out. In fact, the notion of chemical freeze-out im-
plies a phase of non-equilibrium (see for instance [102]) for temperatures below Tchem, which fits 
nicely to the observations coming from the statistical thermal model that the entropy per baryon 
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Table 1
Radii of light (hyper-)nuclei. All from [15], 
except the value of the hypertriton which is 
not measured but obtained from a calcula-
tion [132].

nucleus rms radius (fm)

deuteron 2.1421±0.0088
triton 1.7591±0.0363
3He 1.9661±0.0030
4He 1.6755±0.0028
3
�H 4.9

is fixed at chemical freeze-out and thus the yields of nuclei are not modified while the system is 
expanding.

In addition, a full treatment would need a detailed knowledge of the wave function of the nu-
clei under consideration. A recent discussion is for instance given in [130]. In this approach, the 
coalescence yield is proportional of the square of the n-body-wave function of the state formed 
by coalescence, which is usually approximated by a Gaussian function, which is far away from 
the true distribution (although a recent study showed that the usage of a more realistic func-
tion, i.e. the Hulthén wave function leads to similar results [131]). In practice this n-body-wave 
function is adjusted such that the corresponding rms radius (

√〈r2〉) agrees with the size of the 
nucleus of consideration. This is still a crude approximation 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 summarised in 
Table 1, where the measured radii of the light nuclei are taken from [15] and the hypertriton rms 
radius comes from a theoretical calculation of the wave function discussed in [132]. One sees 
that the radii drop by 28% going from deuteron to 4He, whereas the hypertriton rms radius is at 
least a factor 2.2 larger than the deuteron.

These considerations notwithstanding, most actual data analyses are based on the simple mo-
mentum space coalescence picture. In [133], 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 parameter p (usually named penalty 
factor) is introduced indirectly through the coalescence parameter BA. To reach such an exponen-
tial 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 you assume a blast-wave distribution for the baryons 
you use in the coalescence calculation). If this is not done one cannot easily reproduce the de-
scribed observations, while the exponential behaviour comes out naturally in a thermal model as 
discussed in section 4.2.

A slightly different and rather new approach [134,135,49,136,137] uses the size of the fireball 
to cope with the above mentioned centrality dependence of the BA which was observed first at 
the AGS and the SPS. The size of the fireball is typically measured in high-energy collisions by 
the technique proposed by Hanbury Brown and Twiss in 1956 [138–140] to estimate the size of 
stars. This technique was then applied to elementary collisions by Goldhaber et al. in 1960 [141]
and is nowadays one of the first physics measurements in heavy-ion collisions, since the mea-
surement can be done using small statistics and using only charged pions which are abundantly 
produced. The measurement uses the fact that one can construct a correlation function from the 
two bosons, in the latter case pions, from calculating only their relative momenta. Quantum me-
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chanics encodes the spatial information in this quantity by interference effects. The measurement 
is widely called intensity interferometry and by some model assumptions one can extract the spa-
tial extension and the time evolution of the fireball. The spatial extension is usually identified by 
the volume of homogeneity. For an informative review see [142].

This is used as an input for the model by Scheibl and Heinz [49], where they develop a 
coalescence approach from phase-space and quantum mechanical aspects of nuclei formation 
based on [101]. They end up at a formalism which 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 BA as a function of transverse momentum, or as it is done in the paper as 

function of transverse mass mT =
√

p2
T + m2.

The approach by Scheibl and Heinz [49] was used by Blum et al. [143,144] to estimate the 
production probability of anti-nuclei (anti-deuterons and anti-3He) by cosmic-ray interactions. 
They calculate the BA 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 
constructed to explain the anti-matter candidates observed in the AMS02 experiment [145,146], 
for more details see [147–155].

5. Results of (multi-)strange baryon production measurements

An interesting observation is described in this section, obtained by comparing the results for 
strangeness production for different collision systems, namely pp, p–Pb and Pb–Pb. Since the 
system size dependence of particle production is relevant for the understanding of the production 
mechanism of loosely-bound nuclei and hyper-nuclei, this is connected with the main topic of 
the review. The charged particle multiplicities reached in minimum bias pp collisions are about 
dNch/dη ≈ 6, whereas high multiplicity events in p–Pb collisions lead to dNch/dη ≈ 45 and 
attain dNch/dη ≈ 1500 in central (0-5%) Pb–Pb collisions. This means one can span three orders 
of magnitude in multiplicity at the LHC going from one system to the other. When one uses 
the data in the different systems and does a careful study for instance of the production yield 
ratio of �− to π− versus the multiplicity, one can see [156] a rather smooth increase in the ratio 
going from pp to p–Pb until an approximately constant plateau is reached in Pb–Pb collisions. 
This is displayed in Fig. 14 as the ratio of the sum of �− + �̄+ and π− + π+. This can be 
qualitatively understood as a lifting of the canonical strangeness suppression, valid for pp and 
p–Pb collisions, until the suppression becomes completely lifted in peripheral Pb–Pb collisions 
and the grand-canonical limit is reached [156–158]. In detail, the canonical suppression effect is 
not fully understood, as the φ meson which carries not net strangeness but is dominantly an ss̄
state, is also following the suppression trend. This could imply that the φ meson is dominantly 
made at the phase boundary from uncorrelated s and s̄ quarks similar to the observations in the 
charm sector [14].

The ALICE Collaboration did a detailed study with fine multiplicity bins for all accessible 
strange hadrons here [160,161]. The main focus of this work is to establish the trends with asso-
ciated multiplicity of the production of strangeness in elementary collisions.

6. Recent results of (anti-)nucleus production measurements

Light nuclei and anti-nuclei such as the deuteron, 3He and the triton are loosely-bound objects, 
with binding energies and, in particular, nucleon separation energies much smaller than Tc. For 
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Fig. 14. (Colour online.) Ratio of (�− + �̄−) over (π− + π+) vs. multiplicity for different collision systems. The red 
horizontal lines are from slightly different thermal model implementations. From [159].

Fig. 15. (Colour online.) Energy deposit per unit length of each track versus rigidity p/z in the TPC shown for a dedicated 
run of the 13 TeV data taking with a magnetic field of 0.2 T applied. Plot prepared for [162].

mass number A ≤ 3 they are rather copiously produced at LHC energies and can be directly 
measured and identified with the ALICE detector. Fig. 15 shows the signal in the TPC versus 
rigidity for particles with charge number 1. For momenta less than 2 GeV/c the lines for deuterons 
and tritons are well separated from those of the lighter hadrons. Experimentally it turns out to be 
much easier to measure the production of anti-nuclei as nuclei are produced also by knock-out 
processes from secondary particles traversing the beam-pipe and the detector material of the 
ITS. In fact, since the beam pipe is made from Beryllium, the main process releasing the light 
nuclei observed are from spallation processes due to pions interacting with detector material. 
Such processes lead to the production of nuclei such as 7Li, 4He, 3He and d; these particles are 
mainly observed at low momentum values. Such “knock-out” nuclei have to be separated from 
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Fig. 16. (Colour online.) Distribution of the Distance-to-Closest Approach (DCAxy ) for deuterons (left) and anti-
deuterons (right) in the transverse plane (xy), with two different cut values on the DCAz applied. The y-axis for 
anti-deuterons is shown in a logarithmic scale to allow for the visibility of the difference between the two DCAz cuts. 
Figure taken from [163]. For details see text.

Fig. 17. (Colour online.) Measured velocity β as function of rigidity p/z. The clear separation of light flavoured hadrons 
over a wide momentum range is visible. Taken from [23].

the nuclei produced in the fireball of the initial collision. The selection criterion to suppress these 
nuclei is the so-called distance-of-closest-approach (DCA) in the beam direction (DCAz) and in 
transverse direction (DCAxy ). An example of such DCAxy distributions for nuclei and anti-nuclei 
is shown in Fig. 16 for two different DCAz cut settings (|DCAz| <10 cm and |DCAz| <1 cm). 
For the deuterons (left panel) one clearly sees a strong reduction of counts when changing the 
cut. For anti-deuterons, which are shown on the right panel, the reduction is much smaller and 
only becomes visible if a logarithmic scale is used, since there is much reduced background on 
the anti-matter side compared to the strong effect on the matter side.

At higher momenta, when the Bethe-Bloch curves of the nuclei start to merge with those 
of protons and light hadrons (around 1.5 GeV/c for deuterons and 2 GeV/c for tritons), one 
can additionally use the TOF detector to remove the contamination from lighter particles. The 
separation in the TOF detector is shown as a velocity β over p/z in Fig. 17.

The above mentioned knock-out effect for nuclei is also strongly visible when the energy loss 
in the TPC for particles and anti-particles is compared directly as in Fig. 18, where the effect 
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Fig. 18. (Colour online.) TPC dE/dx signal as function of rigidity for pp (left) and Pb–Pb (right) collisions. Figures 
clearly show the asymmetry between particles and anti-particles (positive and negative rigidities), caused by enhancement 
of particles at low rigidity, whereas anti-nuclei at similar rigidities have a higher probability to be absorbed. From [163]. 
For details see text.

is easily spotted by eye, thus a difference between the rigidity distribution for all nuclei species 
(deuterons, tritons, helium-3) is seen. Another interesting observation that usually leads to con-
fusion is only visible in the right panel of Fig. 18. We first note that primary production of the 
iso-dublets 3He and triton should be very similar at LHC energies. This is also shown explicitly 
in Fig. 32. However, because of the very different rigidities (p/z) of these two particles due to 
their different charge, the produced particles appear at different positions in the figure and the 
produced bulk of particles appears to be different. At equal rigidity (p/z) 3He and tritons have 
similar tracking efficiencies. Nuclei with mass number 3 produced in the fireball have typical 
momenta of 2-3 GeV/c, see, e.g., Fig. 37. The associated mean rapidities are 1.25 and 2.5 for 
production of 3He and t, respectively. Tritons with charge z = 1 start to become indistinguish-
able from light hadrons, protons, and deuterons at such high rapidity. For 3He with z = 2 the 
most likely momenta lead to a reduced rigidity. In addition, their specific energy loss is larger 
by a factor of 4. Both factors lead to clean separation of 3He by energy loss and momentum 
measurements alone. To clearly identify (anti-)tritons one needs additionally the time-of-flight 
measurement as displayed in Fig. 19 as expected mass (measured mass minus world average) 
versus pT.

In this Fig., the mass, measured combining the TPC and TOF information, is shown vs. pT

relative to the expected mass for anti-tritons. Clearly 31 anti-tritons can be identified, reaching 
up to 1.6 GeV/c in transverse momentum. For more likely higher momenta the identification 
becomes difficult. This yield coincides with the expectation for 3He in the corresponding pT

window.
After a careful analysis of the data for deuterons in transverse momentum slices and correcting 

the data for acceptance and efficiency one obtains the spectra shown in Fig. 20 for pp minimum 
bias data and five centrality intervals and for two centrality intervals for 3He in Fig. 21. Instead 
of giving the spectra for particles and anti-particles, the ALICE Collaboration decided to show 
the spectra for particles and the ratio between anti-particles and particles as depicted in the right 
panel. These ratios are also of interest because, in the framework of the thermal model and the 
coalescence model, one expects them to be close to unity at LHC energies. In addition, Fig. 22
shows the same ratio for pp collisions at the three different energies available.
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Fig. 19. (Colour online.) Anti-triton candidates measured by TPC and TOF shown in a plot of expected triton mass versus 
transverse momentum, taken from [163]. For details see text.

Fig. 20. (Colour online.) Invariant transverse momentum spectra for deuterons in pp and five centrality classes in Pb–Pb 
(left panel) and ratio between anti-nuclei and nuclei (d̄/d and 3He/3He) for the different centrality classes in the right 
panel. Figures taken from [163].

The spectra of nuclei show a hardening going from more peripheral to more central events. 
In addition, a clear difference is visible when the shape of pp and Pb–Pb spectra are compared. 
The Pb–Pb spectra show a particular shape which is caused by the radial flow, originating from 
the radial expansion of the fireball. This particular shape of the spectra is usually modeled by the 
blast-wave approach [46] discussed in section 4.1.1 above. To estimate the total production yield 
for specific particles this function is also used to extrapolate the spectra towards low pT, where 
the measurement is not possible because of the low acceptance and efficiency.
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Fig. 21. (Colour online.) Invariant transverse momentum spectra for 3He nuclei measured for two centrality classes in 
Pb–Pb collisions, figure from [163].

Fig. 22. (Colour online.) d̄/d ratio as function of transverse momentum scaled by baryon number A for the different pp 
collision energies available at the LHC (

√
s = 900 GeV, 2.76 TeV and 7 TeV), compared with the squared ratio of p̄/p 

which is expected in models. Figure from [164]. For more details see text.

It is impressive to see how well the blast-wave approach reproduces the shape of transverse 
momentum spectra for different particle species at a given centrality with one common set of pa-
rameters. This is shown in Fig. 23 for π , K, p, d and 3He in Pb–Pb collisions at 

√
sNN = 2.76 TeV 

and 0-20% central events. Only the particle mass was changed in the blast-wave formula. This 
strongly supports the hydrodynamic flow picture with one common kinetic freeze-out temper-
ature Tkin and radial expansion velocity 〈β〉. In the lower panels of Fig. 23 the common fit is 
compared with the measured spectra. The deviation at low pT visible for π− is mainly caused 
by resonance decays which feed into the spectra in this region. At higher pT values the spectra 
deviate from the fit because the blast-wave model is no longer a good approximation and the 
expected power-law behaviour from hard-scattering processes becomes visible.
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Fig. 23. (Colour online.) Invariant transverse momentum spectra for π+ , K+, p, d, 3He in Pb–Pb collisions at 0-20% 
centrality fitted with one global set of blast-wave parameters. The lower panels show the comparison of model with data. 
From [163]. For more details see text.

Clearly also the loosely-bound deuteron and 3He particles participate in the flow. Their mean 
transverse momentum can also be extracted with the help of the blast-wave model. The mean pT
(Fig. 24) shows a clear increase with the particle mass corresponding to the previously discussed 
radial flow which at common expansion velocity implies a mass ordering. At the same time 
this also gives additional confirmation about the briefly discussed behaviour of anti-tritons and 
anti-3He yields which have nearly equal masses and thus have the same 〈pT〉.

When the spectra are extrapolated to low pT, as discussed before, the production yield per ra-
pidity unit, namely the rapidity density dN /dy, can be extracted. The ratio 2d

p+p of these rapidity 
densities is presented in Fig. 25 for different multiplicities going from pp, over p–Pb to Pb–Pb 
collisions. A linear increase can be seen going from pp to p–Pb, until a maximum is reached in 
Pb–Pb collisions, similar to the previously discussed case of the lifting of strangeness suppres-
sion. The linear increase of the d/p ratio is expected for naïve coalescence models. In such models 
one would, however, expect the ratio to increase further for more central Pb–Pb collisions. In-
stead, the values reach a plateau at the level predicted using the thermal model. A plateau is 
also expected in more sophisticated coalescence models (see for instance [166]). In fact, the be-
haviour can be described completely by a canonical statistical-thermal model approach as shown 
in [167].

The measured rapidity densities exhibit an exponential mass ordering, as shown for p, d and 
3He in p–Pb and Pb–Pb collisions (in Pb–Pb also anti-4He is drawn) in Fig. 26. The exponential 
decrease in the rapidity density dN /dy when another baryon is added to the system is called 
penalty factor [170]. The value of the penalty factor is about 300 for Pb–Pb collisions and 600 
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Fig. 24. (Colour online.) Measured mean transverse momentum versus particle mass for different centrality intervals. 
Taken from [163].

Fig. 25. (Colour online.) Ratio of the production yields of deuterons to protons (2d/(p+p̄) as a function of the mean 
multiplicity 〈dNch/dη〉 in pp, p–Pb and Pb–Pb collisions. The green and magenta points are extracted from the minimum 
bias pp measurement at different energies, the p–Pb results are preliminary results from the ALICE Collaboration and 
the Pb–Pb corresponds to the five centrality classes discussed before. From [165].

Fig. 26. (Colour online.) Production yields of different nuclei as a function of particle mass in p–Pb and Pb–Pb collisions, 
as shown in [168]. The lines are exponential fits.
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Fig. 27. (Colour online.) The left panel shows the squared ratio of mass and charge number (m/z)2 distributions for d, 
d̄, 3He and 3He. The right panel depicts the normalised mass difference �(m/|z|)

AĀ
(m/|z|)A and the normalised binding energy 

difference �ε
AĀ

εA
, from [169]. For details see text.

for p–Pb collisions. The lines shown in Fig. 26 are exponential fits for the two different systems, 
separately. The exponential falling of the rapidity density as a function of mass is a natural 
prediction of the thermal model.

The anti-alpha yield shown in Fig. 26 is extracted by a combined measurement using TPC 
and TOF to clearly identify the anti-alphas with the two detectors as shown in Fig. 28, where the 
10 identified 4He in the analyzed sample. The figure only shows data from events which contain 
a signal above the line indicated by the gray line named offline trigger in the figure, thus every 
event used in this figure contains at least a |z| = 2 particle. Recently, the same kind of figure was 
shown by the ALICE Collaboration at QM2018 for the higher collision energy (Fig. 29).

The high abundance of deuterons and anti-deuterons as well as 3He and anti-3He, allows 
for a precise comparison of the particle to anti-particle masses. This comparison is at the same 
time a CPT test in the nuclei sector. The result of this mass measurement [169], expressed as 
squared ratio of mass over charge number, of the different (anti-)particle species, is depicted 
in Fig. 27 together with the result for the mass difference and the difference in the binding 
energies. The results represent the highest precision direct measurements of particle-antiparticle 
mass differences for nuclei. They improve by one to two orders of magnitude results originally 
obtained more than 4 decades ago for the anti-deuteron. See [169] for more details.

Another observable which can help to understand the production mechanisms of loosely-
bound systems is the azimuthal or elliptic flow characterized by the flow coefficient v2, intro-
duced above. The dependence of this second Fourier coefficient v2 on pT is shown in Fig. 30 for 
pions, kaons, protons and deuterons. A naïve simple coalescence model would assume a scaling 
of the v2 of protons by a factor 2 to estimate the v2 of the deuterons, as shown in Fig. 31. This is 
not fulfilled as seen from the data compared with the dashed regions being the scaled proton v2.2

Instead the data are reasonably well described by a blast-wave model calculation, when the pa-
rameters of the blast-wave function are determined by a fit to the π , K, p and then only inserting 
the mass of the deuteron, for details see [172]. This implies that deuterons ‘feel’ the anisotropic 
hydrodynamic expansion velocity in very similar ways as the nearly point-like pions, kaons, and 
protons. The result is in agreement with the recent findings by [174].

2 This could be solved by applying a quark coalescence approach as discussed in [173,126–128], which is not consid-
ered here.
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Fig. 28. (Colour online.) Measured dE/dx signal in the ALICE TPC versus magnetic rigidity, together with the expected 
curves for negatively-charged particles in the data set of 2011, taken at √sNN = 2.76 TeV. The inset panel shows the TOF 
mass measurement which provides additional separation between anti-3He and anti-4He for tracks with p/z > 2.3 GeV/c
(from [171]). See text for more details.

Fig. 29. (Colour online.) Measured dE/dx signal in the ALICE TPC versus magnetic rigidity, together with the expected 
curves for negatively-charged particles in the data set of 2015, taken at √sNN = 5.02 TeV. The inset panel shows the 
TOF mass measurement which provides additional separation between anti-3He and anti-4He for tracks with p/z >

2.3 GeV/c. As shown at QM2018 conference by the ALICE Collaboration.

In passing we note that the current data also allow the investigation of the validity of isospin 
symmetry in the production process. This in principle could be done by comparing production 
yields of protons and neutrons. Since neutrons are not detectable with the ALICE apparatus this 
test is performed indirectly through the comparison of the production yields for triton and 3He 
nuclei. As discussed above it is rather difficult to extract a full transverse momentum spectrum 
for tritons. Therefore the test is currently only done in a limited pT range. Fig. 32 shows how 
well this works for the transverse momentum spectra of triton and 3He nuclei, together with their 
anti-particles, for pp collisions at 

√
s = 7 TeV. Within the experimental uncertainties isospin 

symmetry is observed. From these spectra and the corresponding proton and deuteron pT spectra 
one can also extract the B2 and B3 coefficients as depicted in Fig. 33 and Fig. 34.
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Fig. 30. (Colour online.) Elliptic flow coefficient v2 for pions, kaons, protons and deuterons for three different cen-
trality classes (left: 0-10% centrality; middle: 10-20%; right: 20-40%). The measured data points are compared with a 
blast-wave fit of pions, kaons and protons. The parameters of this fit is used for the prediction for deuterons. As shown 
in [172].

Fig. 31. (Colour online.) Elliptic flow coefficient v2 of deuterons for three different centrality classes. The measured data 
points are compared with predictions of a naïve coalescence model assuming a simple scaling of the v2 of protons by a 
factor of 2 to get the v2 of deuterons. As shown in [172].

Fig. 35 shows the experimentally extracted B2 and B3 (mainly from central collisions of these 
publications [175–181,78–81]) as a function of the center-of-mass energy in the heavy-ion col-
lisions. One finds that the coalescence parameters are rather insensitive on the collision energy 
in heavy-ion collisions since all data points of B2 lie around 10−3 and B3 between 10−7 and 
10−6. Nevertheless, in elementary collisions the coalescence parameters are found to be signifi-
cantly higher as indicated by the constant dashed lines at low energies. The latter is also visible 
in Figs. 33 and 34. The dashed-dotted line shows a simple model description of these data as-
suming BA to be proportional to (1/V )A−1 (see Eq. (5)), where the volume V is obtained from 



P. Braun-Munzinger, B. Dönigus / Nuclear Physics A 987 (2019) 144–201 173
Fig. 32. (Colour online.) Invariant differential yields of tritons and 3He nuclei (left panel) and their anti-nuclei (right 
panel) in inelastic pp collisions at 

√
s = 7 TeV, as shown in [164]. The dashed line is a Tsallis fit to the data, see text for 

details.

Fig. 33. (Colour online.) Coalescence parameter B2 of anti-deuterons in inelastic pp collisions at 
√

s = 7 TeV, compared 
to the values measured at lower energies in pp, γ p, ep, in p–Cu and p–Pb collisions. As shown in [164].

a parameterisation of STAR HBT radii measured at different energies [182]. The volume from 
the STAR measurement agrees well with the volume from the thermal model [183].

One important observation in Fig. 35 is that there is a significant jump between elementary 
collisions and central heavy-ion collisions. This is mainly connected to the different multiplici-
ties in these collision systems, but rather insensitive to the collision energy since the data span 
an energy range from some GeV up to 13 TeV, see Fig. 33. If one plots for instance B2 as a 
function of the mean number of particles (e.g. 〈dNch/dη〉) as in Fig. 25 for the d/p ratio there is a 
smooth transition visible from pp towards Pb–Pb as shown recently by the ALICE Collaboration 
at QM2018.
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Fig. 34. (Colour online.) Coalescence parameter B3 of tritons and 3He nuclei (left panel) and their anti-nuclei (right 
panel) in elastic pp collisions at 

√
s = 7 TeV. The Bevalac measurements in p–C, p–Cu and p–Pb collisions are shown as 

bands at low momentum. Dashed lines indicate the values obtained with EPOS-LHC using a simple afterburner for the 
coalescence. From [164].

Fig. 35. (Colour online.) Coalescence parameters B2 and B3 from different heavy-ion collision experiments 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 indicate the B2 and B3 values in elementary collisions as pp, pp̄, p–A and γ A but also the 
Bevalac heavy-ion data is close to it. The dashed-dotted lines show a simple model assuming BA ∝ 1/V A−1, where 
the volume V is taken from HBT radius measurements by STAR at their beam energy scan [182]. Please note that the 
ALICE B3 measurement from 3He nuclei is in a broader centrality interval (0–20%) as the corresponding B2 (0–10%).

7. Results of (anti-)hypernucleus production measurements

Hypernuclei, as bound states of nucleons and hyperons, are of particular interest. Their study 
provides an interesting testing ground of the baryon-hyperon interaction. In their ground states 
they generally decay weakly, i.e. have lifetimes of the order of 1-10×10−10 s. Generally, they 
are produced and identified by (K−, π−), (π+, K+) or (e, e′K+) reactions on stable nuclear tar-
gets [184,185]. In relativistic nuclear collisions their signal can be reconstructed by an invariant 



P. Braun-Munzinger, B. Dönigus / Nuclear Physics A 987 (2019) 144–201 175
Fig. 36. (Colour online.) Invariant mass of hypertriton (left) and anti-hypertriton (right) for events with 10-50% centrality 
in the hypertriton 2 ≤ pT < 10 GeV/c interval. The data points are shown as filled circles, while the squares represent 
the background distribution. The line indicates the function used to perform the fit and used to evaluate the background 
and the raw signal. Figure originates from [186].

mass analysis, using the decay products. For instance the hypertriton 3�H decays into 3He + π−
and 3He and π with displaced vertex (see below) can be well identified with detectors of STAR 
at RHIC and ALICE at the LHC.

The hypertriton is a bound state of a proton, a neutron and a � baryon. The separation energy 
of the � from the p and n inside the hyper-nucleus is only about a few hundred keV, which leads 

to a rough estimate for its rms radius 
√

〈r2
�d〉 (distance of � to d) of between 5 and 10 fm. In 

addition, the very low binding energy implies only a small modification of the wave function of 
the � inside the hyper-nucleus. As a consequence, we expect the lifetime of the hypertriton to be 
very close to that of the free � as discussed later in more detail.

7.1. Transverse momentum spectra

The signal extracted in a centrality interval of 10-50% in a transverse momentum bin of 
2 ≤ pT < 10 GeV/c for hypertriton and anti-hypertriton using the ALICE setup is displayed 
in Fig. 36. The statistics gathered in the 2011 Pb–Pb collision data taking period by the ALICE 
Collaboration allowed for a split in two centrality classes and three transverse momentum bins 
for hypertriton as well as for anti-hypertriton. The transverse momentum spectrum x branching 
ratio is depicted in Fig. 37 compared with a scaled blast-wave function.

The measurement of transverse momentum distributions for the hypertriton is of key impor-
tance for the understanding of its production mechanism. Already the measurement of deuteron 
transverse momentum spectra clearly showed that the shape of these distributions agrees well 
the notion that the deuteron participates in the hydrodynamic expansion of the fireball along with 
all other hadrons. This is recognised by a hydrodynamic analysis based on the ‘blast-wave’ ap-
proach. In this approach the overall expansion parameters are collected as discussed above in a 
formula describing the transverse expansion.

It already came as a surprise that this blast-wave function can be used to describe the mea-
sured deuteron distributions under the assumption that all blast-wave parameters except the mass 
remain constant, implying full participation in the expansion. It would be even more surprising 
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Fig. 37. (Colour online.) Transverse momentum spectra multiplied by the branching ratio B.R. of the charged two-body 
decay for hypertriton (filled circles) and anti-hypertriton (squares) for the most central Pb–Pb collisions for |y| < 0.5. 
The indicated dashed lines are the blast-wave curves used to extract the particle yields integrated over the full pT-range. 
Figure taken from [186].

Fig. 38. (Colour online.) pT-integrated rapidity density times branching ratio as a function of branching ratio (dN /dy ×
B.R. vs B.R.). The horizontal line is the measured dN /dy × B.R. and the band around it represents the quadratic sum of 
statistical and systematic uncertainties. The dashed lines indicate different theoretical expectations. Taken from [186].

if the very loosely bound hypertriton ‘flows’ along with the deuteron, as well as with the tightly 
bound other hadrons. First results are visible in Fig. 37 and indeed lend support to this picture. 
Further results will come from the LHC Run2 data taking during 2015 - 2018. A precision test of 
this assumption by a high statistics measurement of hypertriton pT spectra is planned for Run3 of 
ALICE data taking. If the flow hypothesis is confirmed this would be a challenge for coalescence 
models but be naturally explained in the multi-quark production hypothesis discussed below.

7.2. Rapidity distributions

From this also an integrated rapidity density x branching ratio can be extracted as shown 
in Fig. 38. It is compared to model predictions as a function of the branching ratio. An exact 
measurement of all decay modes and their branching ratios is still needed. The values 0.15 and 
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Fig. 39. (Colour online.) Comparison of the coalescence parameter B2 for d, 3He and 3�H. The B2 values of 3He and 
3
�H were calculated by scaling the B3 parameter. Taken from [186] and thus more details can be found there.

0.35 are limits set by experimental knowledge of ratios of branching ratios. The upper limit 
for instance is determined by the ratio of the 3He + π− decay channel to all decay channels 
containing a π−. The most referenced theoretical calculation expects a branching ratio of about 
25%, which is also used to correct the experimental data [87]. The same thermal model which 
is used to predict the light nuclei yields describes also the (anti-)hypertriton yield rather well 
around the expected branching ratio.

One can further compare the coalescence parameters of different light nuclei with those of the 
hypertriton, as shown in Fig. 39. This is done by scaling the B3 value determined for 3He and 
3
�H to the B2, to allow for a comparison (using the mass scaling given by equation (4)).

7.3. Impact on thermal analysis

In the thermal approach the production yield of loosely-bound states is entirely determined by 
mass, quantum numbers and fireball temperature while the yield in the framework of coalescence 
should significantly depend on the relevant wave functions. The hypertriton and 3He have very 
different wave functions but have essentially equal production yields, as we will see later on.

In contrast to what was discussed before, the energy conservation needs to be taken into 
account when forming objects with baryon number A from A baryons, since the coalescence 
of off-shell nucleons does not help as the density must be much lower than nuclear matter 
density. To quantify the delicate balance between formation and destruction one can calculate 
the maximum momentum transfer onto the hypertriton before it breaks up, which is of the or-
der Qmax < 20 MeV/c, whereas typical pion momenta are pπ > 250 MeV/c, and the typical 
hadronic momentum transfer in the fireball is 〈Q〉 > 100 MeV/c. This means the hypertriton 
interaction cross-section with pions or nucleons at thermal freeze-out is of order σ ≈ 70 fm2. 
For the majority of hypertritons to survive, the mean-free path λ has to exceed the system 
size at thermal freeze-out which is estimated [14] to be about 10 fm. Taking λ > 15 fm for 
a rough estimate this would lead to a density of the fireball at formation of hypertriton of 
n < 1/(λσ) = 0.001 fm−3. This is completely inconsistent with a formation at kinetic freeze-out, 
where typically n = 0.05 fm−3. In addition to that, the description of the centrality dependence 
of spectra and d/p ratio as a function of multiplicity is not consistent with current coalescence 
predictions.
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Fig. 40. (Colour online.) Strangeness population factor S3 as a function of the √sNN compared with different model 
predictions. Figure from [186]. For details see text.

Interestingly, the above mentioned facts are not raising any troubles for the thermal model. 
The only scale there (at LHC energy and below) is the temperature T < 160 MeV. At such a scale, 
the momentum transfer q = T , and the form factors of hadrons are sampled at q2 = T 2. This 
implies that sizes of hadrons d < 2 fm cannot be resolved since G(q) ∝ 1 − q2R2/6, and since 
all (rms) radii for nuclei with A = 2, 3, and 4 are smaller than 2 fm, the correction due to the finite 
size of nuclei will not exceed 35%. As such the actual change from this on thermal model results 
should be much less as only the relative change between normal hadrons and light nuclei matters, 
the overall change only leads to a volume correction, so the correction for nuclei is estimated 
to be less than 25%. On the other hand, the hypertriton has a radius exceeding 5 fm, while the 
measured yield of hypertriton and 3He is well compatible with the thermal model prediction, even 
though their wave functions are very different. Because of its large size, however, hypertriton 
production should not be described by thermal model calculations. In fact, the agreement of 
the yields of baryon number 3 states with the predictions using the thermal model supports the 
notion that, at the low thermal scale of about 155 MeV, their wave function matters little for the 
production process, in contrast to expectations within the framework of coalescence models. We 
will provide, in section 9 an interesting but speculative way out of this dilemma based on the 
assumption that loosely-bound states are formed at chemical freeze-out as compact multi-quark 
states.

The STAR collaboration has proposed to use the strangeness population factor S3 defined as 
the ratio of the production yield of hypertriton to that of 3He times the production yield ratio of 
p over � to characterise the production process. The S3 factor is thought as a quantity describing 
the local baryon-strangeness correlations [187–189]. S3 is shown in Fig. 40 as a function of 

√
sNN

to compare the measurements at AGS energies (E864), with those at RHIC energy (STAR) and 
with the most recent measurement from the ALICE Collaboration at the LHC. The data points are 
compared with theory predictions from different models, namely three versions of coalescence 
model implementation (two different versions of AMPT and the DCM model) and two models 
belonging to different thermal model approaches. The data are well compatible with the thermal 
model and hybrid UrQMD predictions. String models and simple coalescence models do not 
describe the observations. The somewhat high value from the STAR collaboration is surprising 
given the new ALICE data.
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Fig. 41. (Colour online.) Wave function (red) of the hypertriton assuming a s-wave interaction for the bound state of a �
and a deuteron. The root mean square value of the radius of this function is 

√
〈r2

�d〉 = 10.6 fm. In blue the corresponding 
square well potential is shown. In addition, the magenta curve shows a “triton” like object using a similar calculation as 
for the hypertriton, namely a deuteron and an added nucleon, resulting in a much narrower object.

7.4. Hypertriton lifetime

Another important topic is the measurement of the lifetime of the hypertriton, especially be-
cause it goes hand in hand with the branching ratio and the binding energy. Since its observation 
its lifetime has been determined in several experiments [190–197]. Until the first measurement in 
heavy-ion collisions by the STAR Collaboration in the year 2010, the results stem mainly from 
strangeness-exchange reactions in emulsions. At the same time calculations were done connect-
ing the experimental information of the binding energy EB , or better the separation energy of the 
� B� being only about 130 keV [198], and the expected lifetime.

The theoretical predictions [199–208] span a range of 0.7 × τ� to 0.97 × τ�.
A simple model already shows that the lifetime of the � in the hypertriton should be very 

close to the free one. If one assumes a pure s-wave interaction between the � and the deuteron a 
similar calculation can be done as for the deuteron [209–211]. This pure bound state of a � and 
a deuteron is described by a non-relativistic Schrödinger equation with a square well potential 
of depth V0. The solution now depends on the range of the potential. This range is usually indi-
cated by R. For a potential depth V0 = −30 MeV with a bound state of a � separation energy 
of B� = 130 keV, R is around 1.5 fm. This means the attractive potential is only acting in a 
very restricted region. The calculated wave function and the potential are depicted in Fig. 41. 
From the wave function one can clearly see that the probability to find the � close to the poten-
tial/deuteron is very small. A simple calculation leads to a probability of about 90% to find the 
� outside the potential well, which shows that the � in this simple model is most of the time 
outside of the potential region and thus its wave function should not be modified too strongly. 
As a consequence the lifetime of the hypertriton should not be too much different from that of 
the free �. From this simple quantum mechanical approach one can also estimate the rms radius 

of the object to be
√

〈r2
�d〉 = 10.6 fm, so clearly larger than a lead nucleus. This value coming 

from the integration of the displayed wave function is very close to that coming from the approx-

imation without the acting potential, namely 
√

〈r2
�d〉 = 1√

4μB�
, where μ is the reduced mass of 

the �-deuteron system. A completely different view on this comes from the discussions of halo 
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Fig. 42. (Colour online.) Measured dN /d(ct ) spectrum shown together with an exponential fit to determine the lifetime, 
taken from [186].

nuclei, and under certain assumptions the hypertriton can be seen as one or even as an Efimov 
state [212].

The data taken by the ALICE Collaboration was split into four ct bins combining the signal 
of hypertriton and anti-hypertriton to extract the lifetime experimentally, then an exponential fit 
was performed to determine the lifetime. The dN /d(ct) distribution and the exponential fit are 
shown in Fig. 42.

The fit results in a proper decay length of cτ =
(

5.4+1.6
−1.2(stat.) ± 1.0(syst.)

)
cm.

The results from the measurement of the ALICE Collaboration yield a lifetime of τ =(
181+54

−39(stat.) ± 33(syst.)
)

ps, as shown together with the previously published results

[190–197] in Fig. 43. This and the previous measured values are used to calculate a new world av-

erage using the same procedure as described in [162,213]. It is evaluated to be τ =
(

215+18
−16 ps

)
and the published ALICE result is compatible with this average.

Recently, the STAR Collaboration published a new measurement and gives a rather low new 
value of the lifetime combining the results of the 2-body decay channel and the 3-body decay 
channel using the statistics gathered in the RHIC energy scan program [214]. To estimate a new 
world average value of the lifetime we added this value to the previous results and performed 
a new fit, shown in Fig. 43 together with the current existing experimental results. The corre-
sponding new world average shown there is (177 ± 18) ps together with the most reliable model 
calculations of the hypertriton lifetime [201,205,207,208]. In fact, the most recent value by Gal 
and Garcilazo [208] is the first calculation which includes also a final-state interaction effect of 
the pion. This leads to a reduction of the expected hypertriton lifetime down to 81% of the free 
� value due to additional attraction from the pion final-state interaction.

In any case, the uncertainties, in particular the systematic ones, have to be taken seriously and 
only lead to a deviation of 2σ of the world average compared with the free � lifetime. For an 
indication of the expected improvement in Run2 see Fig. 50. From these data ALICE extracted 

a preliminary value of τ =
(

237+33
−36(stat.) ± 17(syst.)

)
ps which is in agreement with the new 

world average and the free � lifetime [215]. Using this most precise preliminary value in the 
calculation of the world average the mean value would go up to (188 ± 16) ps.
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Fig. 43. (Colour online.) Hypertriton lifetime measured by the ALICE Collaboration and the STAR Collaboration [214], 
compared with previously published results (see text for details). The dashed line with the band represents the world 
average of the shown hypertriton lifetime measurements. The full vertical line indicates the lifetime of the � hyperon as 
reported by the Particle Data Group.

8. Results of searches for dibaryon states

In addition to the previously discussed (anti-)nuclei and (anti-)hypernuclei the ALICE Collab-
oration has started to investigate the hyperon-nucleon and hyperon-hyperon interaction through 
the search of signals of possible bound states involving hyperons. This is done in invariant mass 
analyses of different possible decay channels of these objects.

The most prominent example is the H-dibaryon, a hexaquark state consisting of uuddss, 
which has the same quantum numbers as a bound state of two � hyperons. It was first predicted 
by R. Jaffe in a bag model calculation [216]. Recent studies on the lattice lead to a potentially 
bound H-dibaryon, in calculations connected to the pursuit to calculate light nuclei in QCD from 
first principles [217,218]. These calculations are still done at unphysically high pion masses, and 
therefore need an chiral extrapolation to the physical point [219,220]. With these further steps 
the H-Dibaryon becomes rather unbound, by 13±14 MeV, or could be still weakly bound by 
about 1 MeV. The study of double � hyper-nuclei and there the well known Nagara event lead 
also to a possible binding energy of 1 MeV for the �� system [221,185].

To provide new information on a possible �� bound state the ALICE collaboration studied 
the possible H-dibaryon in the region around the �� threshold. For this the analysis was done 
in the invariant mass of �+p+π as shown in Fig. 44. The other candidate which was studied by 
the ALICE Collaboration is a possible bound state of �n which would decay into a deuteron and 
a π−. The HypHI Collaboration observed a signal in this channel which was first interpreted in a 
preliminary analysis as the possible decay of the �n bound state [222], since it was lying below 
the threshold. The published result is then clearly above the threshold and an interpretation as 
a bound state is withdrawn [223]. The ALICE result in the same decay channel is depicted in 
Fig. 44.

Since both analyses did not yield a signal, upper limits were calculated being far from any 
model predictions, including thermal models. Therefore, the analysis was extended in the phase 
space of decay length and branching ratio. The results are displayed in Figs. 45 and 46. For 
the study versus branching ratio the lifetime of the free � hyperon was assumed and for this 
case only for unreasonable very small branching ratios the upper limit and the model predictions 



182 P. Braun-Munzinger, B. Dönigus / Nuclear Physics A 987 (2019) 144–201
Fig. 44. (Colour online.) Invariant mass of �+p+π− (left) and d̄+π+ (right) reconstructed in 19.3 ×106 central events. 
Taken from [224].

Fig. 45. (Colour online.) Extracted upper limit dN /dy as function of the branching ratio compared with different models. 
For details see [224].

agree. For the theoretically preferred branching ratios the upper limits are factors of more than 20 
away from the predicting models. To analyze the upper limits in the phase space of decay length 
the branching ratio was set to the theoretically most favoured value. Also here the upper limits 
are far away from the model expectations as long as reasonable decay lengths are assumed.

Recently a theoretical study was performed [129] using a more sophisticated method for the 
quark coalescence. In fact, these results mainly focus on the comparison with the thermal model 
which nicely describes the experimental results of the known states. This is done especially, 
because the predicting power of the (quark) coalescence is limited due to its dependence on the 
unknown wave function of the dibaryons and thus the additional input needed to get an estimate 
for the production probability, as already indicated in section 7.

Another way to study the interaction of baryons is through the two-particle intensity correla-
tion function. Thus the hyperon-nucleon and the hyperon-hyperon interaction can be extracted 
from the correlation functions [225,226]. This is possible by a precise modeling but is com-
plicated because of the influence of feed-down on the correlation function and with this to the 
extracted interaction.

The first published results for the pp, �p and �� correlation functions are depicted in 
Fig. 47 [227]. A detailed study is described there to extract the interaction parameter from these 
correlation functions. The extracted scattering parameters for the �� interaction from the data 
are allowing the existence of bound H-dibaryon if the effective range d0 would be small and 
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Fig. 46. (Colour online.) Upper limit dN /dy as function of the decay length compared with the thermal model prediction 
for the hypothetical �� and �n bound states. For details see [224].

Fig. 47. (Colour online.) The pp (left), �p (centre) and �� (right) correlation functions with a simultaneous fit with 
the Next-to-Leading-Order expansion (red line) for the scattering parameter of �p. The dashed line denotes the assumed 
linear baseline. After the fit is performed the Leading-Order parameter set (green curve) is plugged in for the �p system 
and the scattering length obtained from for the �� system (cyan curve). As shown in [227].

the scattering length f0 would be negative. Nevertheless, the data and many models favour the 
possible existence of resonance state.

9. Discussion

In the previous sections we have presented results on strange hadrons, light nuclei, the hyper-
triton and exotic bound states. A thermal model fit including the (hyper-)nuclei yields is displayed 
in Fig. 48. The outcome is basically the same as when the nuclei are not included in the fit, namely 
the temperature is 156 MeV (as also visible in Fig. 11). This alone is very interesting because it 
means the yields of loosely-bound objects can be predicted by the thermal model, as also shown 
in Fig. 48 for the �� and �n bound state where upper limits have been estimated as discussed 
in Sec. 8. The upper limits are more than a factor 20 away from the thermal model expectations.

On the other hand, the yields of loosely-bound objects as the deuteron (2.225 MeV binding 
energy), 3

�H (binding energy of 2.355 MeV) and 3He (2.57 MeV binding energy per nucleon) 
are nicely reproduced by the thermal model with a temperature of 156 MeV, which is 60 times 
above the binding energy of the (hyper-)nuclei.
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Fig. 48. (Colour online.) Comparison of ALICE production yields dN /dy of baryons, light (hyper-)nuclei and exotica 
with thermal model predictions. The yield for hypertriton production was corrected by 25% for the branching ratio, �n 
by 54% and �� by 64%.

Even more when only the separation energy of the � inside the hypertriton is considered 
which is only 130 keV, thus the temperature is 1000 times higher than the separation energy and 
still the hypertriton yield is well described by the model.

One way to understand the production yields of (anti-)(hyper-)nuclei is a multiple freeze-out 
scenario as indicted in [228], which shows that the ratios of hypernuclei to nuclei would be a 
good probe for this idea.

On top of the previously discussed facts, the produced nuclei exhibit a significant flow follow-
ing the mass ordering as introduced in the very beginning. This means that the ‘loosely-bound 
objects’ experience a radial flow field similar to that for the other hadrons, leading to a significant 
increase of the transverse momenta (for the deuteron for instance the mean pT is about 0.9 GeV/c
in pp collisions and reaches 2.2 GeV/c in central Pb–Pb collisions). For the most extreme case, 
the hypertriton, this push is thus even significantly higher.

In fact, the nuclei even “feel” the anisotropy of the flow field, leading to significant values 
of v2 for the deuteron as shown above and also observed at lower energies at the RHIC energy 
scan [229], which follows the expected trend given by the blast-wave model.

Within the currently available limited statistics the transverse momentum spectra of hypertri-
ton and anti-hypertriton indicate hydrodynamic flow very comparable to that measured for the 
nearly equal mass 3He nuclei. This could lend support to the assumption that such nuclei are 
rather formed via coalescence of nucleons and hyperons, thereby somehow naturally inheriting 
the flow of the baryons. However, connecting hydrodynamic flow with the coalescence picture 
has not been tested for hypernuclei so far. Nevertheless, for deuteron and 3He Zhao et al. [230,
231] can describe the existing data rather well.

Furthermore, we show, in Fig. 49, the transverse momentum spectra of J/ψ mesons decaying 
into dielectrons at mid-rapidity compared with a statistical hadronisation model approach [232,
14] for the production which is combined with a hydrodynamic model calculation to describe 
its spectrum in the shown band [47]. In addition, the appropriately scaled pT spectrum for the 
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Fig. 49. (Colour online.) Comparison between the scaled hypertriton and J/ψ transverse momentum spectra, together 
with a hydrodynamic model calculation. Figure modified from [47]. For details see text.

hypertriton is shown. Within uncertainties, the two transverse momentum distributions agree in 
shape. One should note that the masses of the two objects are rather equal, namely 2.99 GeV/c
for the hypertriton and 3.10 GeV/c for the J/ψ . The interesting fact is here that the binding 
energy differs dramatically for these hadrons: the binding energy of the hypertriton is about 
2.3 MeV, with a � separation energy of a few hundreds of keV, whereas the J/ψ is bound by 
about 600 MeV. Even more important would be a measurement of the elliptic flow or even higher 
flow coefficients with suitable statistics.

Below we will contrast the thermal and coalescence description for loosely-bound states and 
offer an admittedly rather speculative way out of the apparent dilemma that such fragile objects 
seem to be produced thermally nearly the phase boundary but flow like all other hadrons.

Recently [108] showed a nice agreement with the ALICE data in a phase-space approach, 
whereas one should note that the spectra are well described using different relative velocity cut-
off values between the involved nucleons for the deuteron and 3He spectra. The predicted elliptic 
flow v2 is nevertheless not well described. The most recent phase-space coalescence calculation 
was shown at the Quark Matter Conference 2018 in Venice and uses a set of values for the max-
imum relative momentum and the maximum distance which is fitted from the AGS data [233]. 
Here the d/p ratio can be described reasonably well, using pure UrQMD for the pp data and a 
hybrid approach (hydro model + UrQMD) for the production of the nucleons which are forming 
the nuclei then by final-state coalescence.

The transverse momentum spectrum of deuterons and the B2 are also well reproduced in a 
similar approach using the SMASH transport model [234], where instead of applying a coales-
cence model, deuterons are formed and disintegrated throughout the whole hadronic evolution 
using experimentally measured cross-sections. Recently, the same authors investigated the cen-
trality dependence [235] and therein show the transverse momentum spectra for deuterons at 
various centralities. The inspection of these results clearly reveal difficulties in describing more 
peripheral centrality classes. In fact, one would expect modifications from in-medium effects 
on the “free” cross-sections, which should be stronger in central events. The difficulty of the 
understanding of the creation and destruction in this model is indicated by the mean free path 
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of the deuteron (λd) in the fireball. If one assumes a pion density of about 0.1 fm3 (see for in-
stance [236]) and the 200 mb inelastic cross-section [237] (as implemented in SMASH) one gets 
λd = 0.5 fm, that is the deuteron moves in a dense medium.

The recent work by Zhang and Ko [238] shows that the coalescence formation of the hyper-
triton might be driven by two processes, the three-body channel binding together �, p and n as 
assumed in general for the formation of A=3 nuclei. In addition, they show the necessity of the
d + � coalescence with even larger weight compared to the three-body coalescence, and conclude 
that both are needed to get close to the measured yields. Similar conclusions are found in the re-
cent article by Sun et al. [166], where they show the same for production of light (anti-)nuclei in 
small systems and find them to be suppressed towards lower multiplicities.

Very recently, it was shown that this coalescence approach actually fails to describe 3He pro-
duction if parameters based on deuteron production are used [230]. The same approach is roughly 
working for deuterons at the LHC and for both nuclei species at RHIC. Since the results from 
the coalescence model depends on the phase-space distribution of the kinetic freeze-out nucle-
ons, this could mean that the hydro+UrQMD model used in this study may not give the correct 
nucleon phase-space distribution in heavy-ion collisions at the LHC, although it gives the correct 
one at RHIC. Whereas, the comparison with the transverse momentum spectra and the elliptic 
flow of protons is also working well for the protons shown in the comparison in [230].

The general issue of these approaches in these recent publications is connected with the densi-
ties they assume at freeze-out [239,240]. In a very recent work, this concept was revived and used 
to calculate the production yields, yield ratios and transverse momentum spectra parameterised 
by blast-wave functions changing the mass of the different (anti-)nuclei rather successfully [241]. 
This approach uses a non-equilibrium method based on chemical potentials of the pions. In [242]
an alternative scenario is proposed using chemical potentials, following the work by Rapp and 
Shuryak, showing that the yields from a thermal model at chemical freeze-out could be measured 
even when a hadronic phase exists. This indicates either the absence of inelastic collisions in the 
hadronic phase or the effect of inelastic collisions being compensated by the non-zero chemical 
potentials during the hadronic evolution. This very interesting issue could be resolved experi-
mentally by comparing the observations discussed here for (anti-)nuclei with measurements of 
the production of strongly-decaying resonances which are also influenced by the existence of a 
hadronic phase [242–244,243,245].

If one assumes that coalescence only takes place at or after thermal freeze-out the relevant 
densities should be large enough that the coalescing nucleons are sufficiently off-shell so that the 
energy conservation problem can be avoided. On the other hand, the density has to be low enough 
that the objects formed are not immediately destroyed again. If we conservatively assume that 
the hypertriton has a radius of larger than 5 fm, see 7.3, then the pion or nucleon density has to 
be < 10−3/fm3 for the hypertritons to survive (see similar arguments above for the deuteron). At 
such densities one would normally assume that all nucleons are on the mass shell. On the other 
hand, this simple estimate also would lead to the conclusion that no hypertriton can survive the 
phase after chemical freeze-out, calling the thermal approach into question.

A microscopic coalescence model taking into account all the above mentioned issues would 
be desirable for the future and predictions from it would be well appreciated but the above con-
siderations indicate that this will not be straightforward.

An interesting and promising discussion on the difference between thermal and coalescence 
model predictions are given here [246]. The authors make similar statements as above that the 
wave function plays an important role for the coalescence approach but not for the thermal model.
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Fig. 50. (Colour online.) Invariant mass distribution for the 3�H and 3
�̄

H̄ from a first analysis of the Pb–Pb data taken in 
2015, shown first at the LHCC meeting autumn 2016 [247].

An elegant but very speculative way out of this dilemma was recently suggested [14]. There 
it is proposed that composite objects such as d and hypertriton are actually formed at the phase 
boundary as compact multi-quark states which would develop into the nuclear wave functions 
over a time scale of > 20 fm/c, i.e. corresponding to an excitation energy of approximately 
10 MeV. At such time scales the density of the fireball should be well below 10−3/ fm3 such 
that even the hypertriton can survive. In this picture also the surprising flow behaviour of the 
loosely-bound states, see the discussion below and in [174] would find its natural explanation as 
due to quark flow from the QGP.

One way to make a precision test of this hypothesis is connected to plans for LHC Run3 and 
Run4 in the coming decade. There, measurements discussed above such as the comparison in 
Fig. 49 could be performed with a hundred-fold improved statistical accuracy, see the discussion 
in section 10.

10. Expectations for Run2, Run3 and Run4 of the LHC

Higher precision results on the aforementioned topics are the goal in the next running phases 
of the LHC. The LHC Run2 has already started in 2015 and the aim of Run2 is to collect 2 · 108

Pb–Pb minimum bias events at 
√

sNN = 5 TeV. For these statistics only a moderate reduction of 
the uncertainties is expected. Nevertheless, it will allow to study the observables more differen-
tially as reported here. In addition, an online trigger on z = 2 particles is in place for the pp and 
p–Pb data taking and will provide the possibility to enhance the samples with light (hyper-)nu-
clei. A first example of the results on the hypertriton (using the Pb–Pb minimum bias data taken 
in 2015) was shown first at the LHCC open session at CERN and is displayed in Fig. 50.

For Run3 a huge increase of statistics is expected in data from the upgraded ALICE ex-
periment [248–250] (about 1010 central events) which will allow precise measurements in the 
sector of loosely-bound objects. For instance Fig. 51 shows the expected signal for the hypertri-
ton decaying in the two-body decay channel. In the peak a signal of around 44000 hypertriton 
candidates is expected. This will be possible because the collisions will happen at 50 kHz and 
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Fig. 51. (Colour online.) Expected invariant mass distribution for 3�H reconstructed in Pb–Pb collisions (0-10% centrality 
class) at the top LHC energy of √sNN = 5.5 TeV, corresponding to Lint = 10nb−1. Figure from [249].

Table 2
Expected yields of (hyper-)nuclei and exotica per 
1010 central collisions which are envisaged in Run3. 
The acceptance × efficiency for detection of charged 
tracks and weak decays (secondary vertex reconstruc-
tion) are included, as well as the branching ratios.

Particle Yield

Anti-alpha 4He 5.5 · 103

Anti-hypertriton 3
�̄

H (�̄p̄n̄) 4.4 · 104

4
�̄

H (�̄p̄n̄n̄) 102

5
�̄

H (�̄p̄n̄n̄n̄) 2

4
�̄�̄

He (�̄�̄p̄n̄) 1

H-Dibaryon (��) > 106

�n > 8 · 106

�� 5 · 104

the detector will be read-out continuously. For this purpose the TPC and the ITS will be up-
graded [248,249]: the multi-wire proportional chambers of the TPC will be replaced by GEMs 
(Gas Electron Multiplier) and the new ITS will consist of 7 concentric layers of pixel detectors, 
using Monolithic Active Pixel Sensors (MAPS).

Table 2 shows the expected yields for 1010 central events expected in Run3. This will allow 
to study the A=2 and A=3 objects with high precision and will allow to investigate the A=4 
(hyper-)nuclei with the accuracy currently possible for the A=2, 3 states. This means the ALICE 
Collaboration will be able to study the mass (difference of particle and anti-particle) lifetime and 
the production yields of these objects, as shown in the body of this review. Fig. 52 shows the 
predictions for (hyper-)nuclei as a function of 

√
sNN in comparison with the ALICE measured 
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Fig. 52. (Colour online.) Predictions of the thermal model for different loosely-bound objects as function of √sNN. In 
addition the ALICE results of Run1 are shown in magenta. Similar figure as in [21].

values from Run1. Clearly, the Run1 and Run2 measurements will be improved significantly in 
Run3, Run4 and, in addition there is a good chance that a first observation of the indicated A=5 
hyper-nucleus can be made.3

In addition, a recent review [128] from the ExHIC Collaboration shows the huge variety of 
possible states to investigate in the next years. A particular focus will be also put on the searches 
for kaonic bound states, states which consist of nucleons and negatively charged kaons which 
bind these systems and shrink them strongly in size [252,253]. The existence of such kaonic 
bound states with relatively narrow widths are currently under strong debate because several 
different experiments conflicting signals in different channels [185,254]. ALICE will make a 
dedicated search in Run3. In the most prominent channel ppK−, which decays strongly, we 
expect a production yield of the order of dN/dy ≈ 3 × 10−3 in central Pb–Pb collisions [255].

11. Summary and outlook

We have presented a survey of results on the production of loosely-bound objects in 
hadronic and nuclear collisions at LHC energies. The measured production yields of light 
(anti-)(hyper-)nuclei clearly match the thermal model expectations. Including them or exclud-
ing them in a thermal model fit does not change the fit outcome significantly. The measured 
(anti-)(hyper-)nuclei follow the same radial expansion as the light hadrons, and can be explained 
with one common set of blast-wave parameters.

Despite the very high collision energy and the more than 6 orders of magnitude lower binding 
energy of such objects, such bound states are copiously produced. In particular, their production 
yield is determined by their mass and does not depend on their binding energy. Surprisingly, all 
measured yields closely follow the prediction of the thermal model with the same temperature as 
obtained from an analysis of light hadron yields.

The model predictions for the investigated bound states of �� and �n are well above the 
upper limits which have been set. The latter also holds in a reasonable part of the phase space of 

3 A summary of the recent workshop on future physics opportunities for high-density QCD at the LHC with heavy-ion 
and proton beams, connected to the discussed topic, can be found in [251].
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decay length and branching ratio of these states. On the other hand, the thermal model can also 
describe the production yield of the hypertriton reasonably well, which binding energy is only 
130 keV. The investigated bound states could nevertheless still be unbound and resonances above 
the threshold. In this case they might be so broad that they are not observed.

The current world average of the lifetime of the hypertriton is around 2σ away from the 
most recent theoretical estimate, expecting it to be only 3% below the lifetime of the free �. 
This world average is currently dominated by the measurements in heavy-ion collisions. These 
measurements being already more precise as the measurements in emulsions need a signifi-
cant improvement on their uncertainties, both statistical and systematic. One way to study the 
systematic effects in heavy-ions was started by the STAR Collaboration looking also into the 
three-body-decay channel. The more fundamental point is to significantly reduce the statistical 
uncertainties, which will be possible with the discussed upgrade of the ALICE detector. The cur-
rent data taking period will reduce the uncertainties significantly, whereas the expected statistics 
of Run3 will allow the study of A=4 hyper-nuclei and lead to much improved measurement of 
the lifetime of the hypertriton. In addition to this, the measurement of the production of light 
(anti-)nuclei will become very precise and also the phase space for the investigation of other 
hypothetical exotic bound states is opening up in Run3.

These results will be complemented by the measurements at lower energies at the upcoming 
facilities CBM at FAIR, BM and MPD at NICA and the heavy-ion program at J-PARC where the 
physics aims include plans to study hypernuclei and exotic objects. Furthermore, plans are ongo-
ing to build a hadron accelerator machine at energies even higher than the LHC. Current planning 
foresees nucleus-nucleus collisions at a centre-of-mass energy of 

√
sNN = 39 TeV [256].

Altogether this will increase our knowledge of the production of loosely-bound objects and 
will help to finally reveal their production mechanism.

We finally note that a review of anti(hyper)-matter production in nuclear collisions with dif-
ferent focus just became available [257].

Note added in proof

In a very recent preprint (arXiv :1904 .05818) Hildenbrand and Hammer present an investiga-
tion of the hypertriton wave function. The results support the large rms radius discussed above.
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