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Ultra-relativistic nuclear collisions A. Kalweit

Figure 1: Typical event displays from the ALICE experiment at CERN showing various collision systems
from pp (left) to Pb-Pb (right).

1. What is an ultra-relativistic nuclear collision?

The Large Hadron Collider (LHC) at CERN does not only collide protons on protons, but also
heavier ions such as lead (Pb) or xenon (Xe). Approximately one month of running time per year
is dedicated each year to these collisions. The energy released in such a collision can be quickly
determined as follows. The top centre-of-mass energy in LHC Run 3 currently corresponds to√
𝑠 = 13.6 TeV. This corresponds to a beam energy of 𝐸𝑏𝑒𝑎𝑚 = 6.8 TeV of a single proton. In a

Pb-ion beam, however, only the protons in the Pb-nucleus get accelerated and not the neutrons. For
a 𝐴=208
𝑍=82 Pb-isotope with 𝑍 = 82 protons and in total 𝐴 = 208 nucleons, this results in a beam energy

of 𝐸𝑏𝑒𝑎𝑚,𝑃𝑏𝑃𝑏 = 82/208 · 6.8 TeV = 2.68 TeV and correspondingly to a centre-of-mass energy per
nucleon-nucleon pair of √𝑠𝑁𝑁 = 5.36 TeV.

Figure 1 shows typical event displays of these collisions in which the increase of particle
multiplicity going from lighter to heavier colliding nuclei becomes immediately visible. The
actual measurement of the total number of charged particles is routinely performed at the LHC
and corresponds to about 22000 in central (small impact parameter) Pb-Pb collisions [1]. In our
current understanding, the many re-scatterings among the partons created in the collision establish
a local thermodynamic equilibrium soon after the initial nucleon-nucleon collisions. Naturally,
this number of partons 𝑁 is much smaller than the typical scale of thermodynamically described
systems which is given by the Avagadro number, i.e. 1 ≪ 𝑁 ≪ 1 mol. Nevertheless, it is still large
enough to give access to new multi-body phenomena in QCD. Such a reasoning is best understood in
analogy to QED: even knowing the Lagrangian of QED with precision, the wide areas of condensed
matter or cold atom physics provide rich fields of study that are not immediately deductible from
the fundamental interaction.

The main phenomenon to occur is the creation of the so-called quark-gluon-plasma (QGP) – a
deconfined state of matter at very high temperatures [2, 3]. The QGP must exist at infinitely high
temperatures as they were for instance present in the early universe. If we imagine a system of
quarks and gluons at temperatures of e.g. 𝑇 ≫ 100 GeV, then asymptotic freedom implies that any
momentum transfer large enough to change the direction of such a particle is largely suppressed due
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Figure 2: (Left panel) Average fireball temperature and hadronisation temperature as a function of collision
energy in heavy-ion collisions. Figure taken from [7]. (Right panel) Thermal-statistical fit to particle yields.
Figure taken from [8].

to the running coupling. Quarks and gluons must thus behave like a gas of free particles that are not
localisable to individual hadrons anymore. At the same time, we know that at small temperatures, for
instance the room temperature of around 1/40 keV, partons are confined into hadrons. Consequently,
a phase transition between these regimes must occur at some intermediate temperature. Nowadays,
lattice QCD calculations allow to pinpoint this phase transition to a critical temperature of around
𝑇 ≈ 150 − 160 MeV, corresponding to about 1.8 · 1012 K [4]. In these calculations, the phase
transition manifests itself as a fast rise in several observables such as the energy density or pressure.
This fast rise is interpreted as a sudden increase in the number of degrees of freedom arising from
the deconfined quarks.

Luckily, such temperatures are reached in ultra-relativistic heavy-ion collisions. They are
for instance measured by determining the slope of the spectra of direct photons emitted from the
fireball. In such studies, temperatures of around 341 ± 41 MeV are obtained [5]. It must be noted
though, that these measurements of direct photons remain of limited significance as the fast radial
expansion leads to a blue-shift of the photon spectrum. Therefore, future experimental efforts are
needed to allow for a model-independent determination of this temperature. This is possible by
measuring the slope of the invariant mass spectrum of virtual photons that couple to di-leptons and
are thus experimentally accessible. At the LHC, this will be feasible only in future thanks to the
ITS2 and ITS3 upgrades [6].

While photons and di-leptons are sensitive to the average fireball temperature over its entire
lifetime, the temperature after its hadronisation can be determined from systematic measurements
of light flavour hadrons. This is demonstrated in the right panel of Fig. 2. In the statistical-
thermal hadronisation model, the yields d𝑁/d𝑦 are expected to be fully determined by their thermal
equilibrium abundance, i.e. roughly proportional to the Boltzmann factor exp(−𝑚/𝑇𝑐ℎ), where
𝑚 corresponds to the hadron mass and 𝑇𝑐ℎ to the so-called chemical freeze-out temperature. The
chemical freeze-out of the fireball is determined by the moment when the mean-free path for
inelastic interactions exceeds its size. The experimentally determined value of 𝑇 ≈ 156 MeV
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Figure 3: The phase diagram of strongly interacting matter. Figure taken from [11].

is consistent with the aforementioned lattice QCD calculations, thus indicating that the chemical
freeze-out occurs soon after hadronisation.

The evolution of the temperatures occuring in heavy-ion collisions as a function of √𝑠𝑁𝑁 is
summarised in the left panel of Fig. 2. Notably, the hadronisation/chemical freeze-out temperature
saturates above top SPS energies, i.e. any further increase in energy does not lead anymore to
a higher hadronic temperature, but only to an increase of temperature in the partonic phase as
evidenced by an increase in the average fireball temperature. While the latter is currently only
predicted by model calculations [9], future experimental efforts will underlay these predictions for
the so called caloric curve of QCD with precision data [6, 10].

2. Where do we do ultra-relativistic nuclear collision?

As already evident from the discussion on the caloric curve, heavy-ion physics naturally spans
a wide range of collision energies. Broadly speaking, there is a high and a low energy frontier.
The high energy frontier is currently at the LHC with all four major LHC experiments (ALICE,
ATLAS, CMS, LHCb) pursuing very successful heavy-ion programs. The first heavy-ion run at the
LHC took place in 2010 under the participation of ALICE, ATLAS, and CMS. It must be noted
that the ALICE experiment is among the LHC experiments the one that is optimised for heavy-ion
collisions. LHCb is taken heavy-ion data since the 2015 run.

At the low energy frontier, programs at several accelerators are either running or are planned
in the current and next decade. Since many years, the Relativistic Heavy Ion Collider (RHIC) in
Brookhaven contributes to the progress of the field. In particular, an ongoing beam energy scan aims
at finding a critical point in the QCD phase diagram (see for instance [12] and references therein).
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The FAIR facility in Darmstadt is planned to become operational in 2029. Several detectors that
are currently operational (sPHENIX and STAR at RHIC, HADES at GSI, NA-61 at CERN-SPS)
or planned (NA-60+ at CERN-SPS, CBM at FAIR, MPD at the NICA facility in Dubna) cover
different regions in centre-of-mass energy and with different interaction rate [13]. The purpose of
this effort is to shed light on the structure of the QCD phase diagram as shown in Fig. 3. Like
water or any other chemical substance, also QCD has a phase diagram. Its control parameters are
given by the temperature 𝑇 and the baryochemical potential 𝜇𝐵. The latter quantifies the excess of
baryons over antibaryons in the system.

3. What can we learn from ultra-relativistic nuclear collisions?

While the characterisation of the properties of the quark-gluon plasma in terms of its transport
parameters such as the shear vicosity is the main goal of heavy-ion physics, recent developments also
allowed intriguing insights into the neighboring fields of physics. These include the (subnucleonic)
structure of nuclei as well as astroparticle physics. All in all, heavy-ion collisions provide a unique
laboratory for many of these fields of study.

3.1 Characteristics of the quark-gluon-plasma

The shear viscosity over entropy ratio 𝜂/𝑠 of the QGP is determined via the measurement of
the anisotropic flow coefficients 𝑣𝑛. The 𝑣𝑛s are defined by the fourier decomposition of the particle
multiplcities with respect to the 𝑛−th order reaction plane angle Ψ in the azimuthal plane:

𝑑𝑁

𝑑𝜙
∝ 1 + 2

∞∑︁
𝑛=1

𝑣𝑛 cos[𝑛(𝜙 − Ψ𝑛)] . (1)

The spatial anisotropy of the initial state in non-central heavy-ion collisions induces a momentum
anisotropy in the final state which is quantified by the 𝑣𝑛s. Fluctuations in the initial state lead to
non-zero values of higher harmonics in the final state if they are not damped by the viscosity of the
system. This results in a strong sensitivity of the 𝑣𝑛 measurement to the viscosity. Nowadays, the
most precise determinations of 𝜂/𝑠 use a plethora of data on 𝑣𝑛 and particle production spectra and
combine them in a Bayesian analysis (see for instance [14]). Remarkably, these studies find that the
obtained values of 𝜂/𝑠 ≈ 0.1 − 0.3 are significantly smaller than that of any other known liquid,
even superfluid helium. The QGP is therefore often referred to as an "ideal liquid".

Beyond its viscosity, another important transport parameter of the QGP is given by its diffusion
coefficient. The diffusion of quarks inside the QGP is best studied using charm quarks. Charm
quarks are roughly 200-500 times heavier than the much more abundant u- and d-quarks. That
makes them so heavy that they are not produced thermally during the QGP lifetime (𝑚𝑐 ≫ 𝑇), but
only in the initial nucleon-nucleon collisions where their abundance is calculable in perturbative
QCD. Subsequently, their number is conserved during the further evolution of the system. The
measurement of the 𝑣2 of D-mesons reveals a non-zero value indicating that they participate in
the medium expansion: despite their heavy mass they receive so many kicks from the much more
abundant u,d, and s-quarks that they thermalise [15, 16]. Based on model comparisons, one can
then constrain the charm quark diffusion coefficient 𝐷𝑠 to values of 1.5 < 2𝜋𝐷𝑠𝑇𝑐 < 4.5. Charm
quarks are therefore often considered to be the perfect tool to characterize the QGP medium in terms
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of diffusion, recombination, and energy loss. Remarkably, a different behaviour is observed for
the even heavier beauty quarks. Experimentally, one studies the difference in elliptic flow between
prompt and non-prompt D-mesons, because the latter mostly originate from B-hadron decays. A
significantly smaller 𝑣2 value is found for the non-prompt D-mesons [15, 16]. This indicates that
b-quarks are only partially thermalised, i.e. that their relaxation time is significantly longer.

Given its importance for the field, a lot of the future physics program at the LHC is targeted
at the reconstruction and study of heavy flavour hadrons. On one hand, the heavy-ion program
in ATLAS, CMS, and LHCb will naturally profit from the planned Phase II upgrades of ATLAS
and CMS as well as the LHCb upgrade II. On the other hand, a dedicated dedicated heavy-ion
experiment ALICE 3 is planned for installation in Long Shutdown 4 [10]. The latter foresees a
compact low mass all-silicon tracker with excellent vertex reconstruction and particle identification
performance. The first layer is envisaged to be positioned inside the beam-pipe in only 5 mm
distance from interaction point. In particular, this device will also allow for the reconstruction of
multi-charm hadrons such as Ξ𝑐𝑐 in heavy-ion collisions.

The study of multi-charm particles follows the impressive developments that have been achieved
over the last two decades in the quarkonium sector. As a matter of fact, the sequential suppression
and regeneration of charm quarks is probably the most striking signature of deconfinement in the
field. At SPS and RHIC energies, where the number of produced 𝑐𝑐 pairs is small, de-confinement
and subsequent scatterings yield to a separation of the 𝑐 and 𝑐 quark that then hadronise into
separate hadrons, most likely a 𝐷0 and �̄�0. At LHC energies, the number of 𝑐𝑐 pairs is so large that
those originating from independent scatterings are re-combining leading to an enhancement over
the original suppression [17]. This picture is further confirmed by the behaviour of Bottomonia
that are more rarely produced and remain suppressed also at LHC energies [18]. Remarkably, less
tightly bound states such as Υ(3𝑠) are more suppressed than the more tightly bound states such as
Υ(1𝑠) [19].

Another striking indication for QGP formation in heavy-ion collisions is the phenomenon of jet
quenching. Fig. 4 shows an example event with a roughly 300 GeV jet on one side of the collision
and the away-side jet being absorbed in the roughly 10 fm of QCD medium. Many quantitative
studies related to such observations aim at understanding the details of energy loss mechanisms
of partons in the medium and the determination of the so-called 𝑞 variable that quantifies the
energy loss per unit path length. One example of such studies is given by the distribution of
𝑥 𝑗 = 𝑝

𝑠𝑢𝑏𝑙𝑒𝑎𝑑𝑖𝑛𝑔

𝑇
/𝑝𝑙𝑒𝑎𝑑𝑖𝑛𝑔

𝑇
which monitors the transverse momentum of the subleading jet with

respect to the one of the leading jet in the event. While in pp collisions, the distribution is naturally
peaked close to unity, it is peaked around 0.6 in Pb–Pb collisions [20, 21]. The ideal probe for such
studies are clearly jet-photon measurements in which the leading jet is given by a highly energetic
photon that escapes the medium without re-interaction. While current studies are still somewhat
statistically limited [22], future LHC heavy-ion runs will elucidate the picture [23].

3.2 (Subnucleonic) Structure of nuclei

The LHC collides lead ions that are fully stripped, i.e. ions of the type 208Pb82+ that are
82 times positively charged. The strong electromagnetic field surrounding the nucleus results in
photon-Pb collisions which probe the (subnucleonic) structure of the nucleus. In particular, the
coherent J/𝜓 production probes the low Bjorken-x gluon parton distribution functions inside the
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Figure 4: Event display from the ATLAS experiment showing a quenched jet.

nucleus. A comparison of the observed cross-section with the impulse approximation (no nuclear
effects) allows for the extraction of the so called gluon shadowing factor, i.e. 𝑅𝑔 ≈ 0.5 at 𝑥 ≈ 10−5.

Another interesting study is focused on the determination of the neutron skin of nuclei based on
ultra-relativistic heavy-ion collisions [24]. The collision deposits energy in the interaction region
depending on the extent of the neutron skin in the 208Pb nuclei. A larger neutron skin leads to a
considerably larger total hadronic cross section 𝜎𝑡𝑜𝑡 and the resulting QGP droplet is in addtion
more diffuse and less elliptical. By a careful study of all relevant observables, one is thus able
to constrain the size of the neutron skin with a precision that is comparable to more traditional
methods and state-of-the-art calculations.

3.3 Astroparticle physics

One of the most exciting topics in modern physics is the search for dark matter. One of the
main hypotheses for its nature is the weakly massive interacting particle (WIMP). Some of these
proposed dark matter candidates are expected to annihilate into 3He particles. These particles are
actively searched for in space- and balloon-borne experiments such as AMS or GAPS. At the same
time, collider based experiments are needed for a to understand (i) antinuclei formation mechanisms
in order to model production in dark matter decays, (ii) antinuclei formation mechanisms in order
to model production in background reactions from collisions of ordinary cosmic rays, and (iii) the
interaction of antinuclei with ordinary matter to determine the transparency of the galaxy. At the
LHC, both the ALICE and LHCb experiment contribute to these activities. Thanks to its excellent
particle identification capabilities, ALICE is well suited to measure production and annihilation
cross-sections of 𝑝, 𝑑, and 3He. The LHCb experiment also uses the so-called SMOG system for
fixed target collisions that can very well model cosmic ray collisions by studying p-He collisions.
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It is in addition very well suited to study 𝑝 production thanks to its good particle identification
capabilities. In particular, it is also able to measure prompt and non-prompt contributions in
antiproton production [25]. Such studies are of great importance to reduce uncertainties in modeling
the antiproton flux near earth that shows a roughly 1𝜎 excess above known sources [26]. Remarkably,
new studies show that also 3He can be identified based on the energy loss in the VELO detector.

Figure 5: Production yield of 3He as a function of event multiplicity as measured by ALICE in comparison
to production model. Figure taken from [27].

In this context, proton-proton and heavy-ion collisions at the LHC serve as a "anti-matter
factory" that allows many unique studies. As shown in Fig. 5, the measurements from small
(pp) to large (Pb-Pb) collision systems allows to constrain the production mechanisms of light
antinuclei such as 3He [27]. The two main mechanisms under consideration, statistical-thermal and
coalescence, give a different prediction for the production yield as a function of event multiplicity
and thus can be distinguished. The antinuclei produced in the collision then travel through the
detector where they might interact hadronically with he material. This fact allows to infer these
unknown cross-sections that are also needed to determine the mean free path of antinuclei in the
universe [28]. These studies indicate that only about 50% of the 3He nuclei that are potentially
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produced by dark matter annihiliations in the centre of the galaxy would annihiliate with the
intergalactic matter on their travel to earth.

4. Summary

Ultra-relativistic collisions are a unique laboratory to study QCD at extreme densities. A World-
wide program involving many facilities and collaborations is needed to study the phase diagram
of QCD in all its facets. The characterization of the QGP enters a quantitative era (numerical
determination of transport coefficients) and will reach textbook quality in the next decade. Along
the way, many interesting and unique insights impacting the neighboring fields of nuclear and
astroparticle physics have been found.
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