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Fig. 1 Schematic side view of a central, symmetric nucleus-nucleus
at the RHIC or LHC collider in the laboratory frame. When t < 0
(top), the nuclei move towards each other along the collision axis z.
The relativistic length contraction along the direction of motion is so
strong (by a factor up to ∼ 100 at RHIC, ∼ 3000 at the LHC) that
spherical nuclei appear as flat disks. The collision itself occurs over a
very short time scale, which is conventionally chosen as the origin t = 0
(middle). Matter created in the collision then expands in all directions at
a velocity close to that of light. Therefore, the region it fills at time t > 0
is depicted as a rectangle of width " 2ct , capped with two semicircles
of radius " ct (bottom)

nal direction. Therefore, all the nucleon-nucleon collisions
happen simultaneously. The only information that remains
from the nuclear structure is integrated over the longitudi-
nal coordinate z. If ρ(x, y, z) denotes a physical quantity
characterizing the local density of the nucleus at the time
of the collision (from now on, x denotes a spatial cartesian
coordinate, not to be confused with the Bjorken x above),
then the collision is only sensitive to the thickness function
TA(x, y) ≡

∫ +∞
−∞ ρ(x, y, z)dz.

Second, the collision can be thought of as a snapshot,
which captures the positions of nucleons within nuclei, as
well as the internal structure of these nucleons, at the time
when the collision occurs. In this respect, the collision acts
as a measurement, in the quantum sense. For this reason,
high-energy collisions differ fundamentally from low-energy
experiments. Quantum mechanics plays an essential role in
describing nuclear structure. Because of quantum mechan-
ics, a phenomenon as intuitive as the ellipsoidal deformation
of the 238U nucleus in its ground state is not easy to for-
mulate. One considers it to be deformed in a specific frame,
called the “intrinsic frame”. But 238U in its ground state has
no rotational motion (it is a j = 0 state in the language of
quantum mechanics), which implies that its wave function is

spherically symmetric in the laboratory frame. This spherical
wave function is written as a linear superposition of ellip-
soidal states with all possible orientations. In a high-energy
collision, the wave function collapses and one measures a sin-
gle orientation. Intuitively, the nucleus is seen in its intrinsic
frame.

The major complication of a heavy-ion collision, respec-
tive to nuclear structure, is that it involves two nuclei, instead
of one. What one sees at the end of the day is a number of
particles emitted in the collision. Over the years, evidence
has accumulated that the density of matter produced in the
collision, which determines the emission of particles, is pro-
portional to the product of the nuclear profiles3 of the incom-
ing nuclei, TA(x, y)TB(x, y) [9–11]. This lore provides a
direct link between high-energy collisions and nuclear struc-
ture [12].

The main reason why high energies are useful is that the
higher the energy, the larger the number of particles created in
the collision. In a head-on collision (zero impact parameter,
as in Fig. 1) at ultrarelativistic energies, created particles
(in majority pions) largely outnumber the initial number of
nucleons (which is 2A for a collision between two identical
nuclei of mass number A), by a factor ∼ 20 at the top RHIC
energy [13], and by a factor ∼ 85 at the LHC [14].4 This
implies in practice that more information is available in every
collision.

A concrete example of the usefulness of a larger mul-
tiplicity is the determination of the impact parameter b of
the collision from experimental data, which becomes signifi-
cantly more precise as the collision energy increases. At ultra-
relativistic energies, the impact parameter is a well-defined
quantity, in the sense that its quantum uncertainty δb = h̄/P ,
where P is the momentum of the nucleus, is negligible. For
Pb+Pb collisions at the LHC, δb " 4 × 10−7 fm, negligi-
ble compared to the nuclear diameter 2R " 14 fm. Despite
being well defined, the impact parameter cannot be measured
directly in experiment, and it is estimated using the multiplic-
ity of the event, as I now explain. The only nucleons which
interact are those which overlap with the other nucleus at the
time of impact (Fig. 2). They are referred to as participants or
wounded nucleons [16], while the other nucleons are called
spectators. The number of particles produced in the collision
is proportional to the number of wounded nucleons (more
precisely, to the number of wounded quarks within colliding

3 This prescription was initially inspired by descriptions using high-
energy QCD to model the collision [4–8].
4 ALICE evaluates the average number of charged particles for colli-
sions in the 0–5% centrality window. One must in addition take into
account that ∼ 1

3 of the produced particles are neutral, and that the
average multiplicity in b = 0 collisions is ∼ 11% larger than in the
considered centrality window, which consists roughly of collisions with
b < 3.5 fm [15].

123

⦿ Relativistic ion collisions (e.g. @ LHC)

[O
lli

tr
au

lt 
20

23
]

transverse plane Heavy-ion collisions phenomenology

● Anisotropy of particle emission linked to asymmetry of initial condition

Courtesy of V. Somà
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Powerful probe of fluid behavior.
Anisotropic flow from spatial anisotropy.

[Ollitrault, 1992]

Azimuthal anisotropy of particle emission. 
Elliptic flow, the 2nd harmonic.

Coordinate space Momentum space

6

sources of initial anisotropy

non-central collisions

deformed nuclei

Clearly visible in exp. data!

  

STAR data TRENTo estimate

Deformation explains the data!
Sign change of v2{4}.

Precision data from STAR.
v2{4} of opposite signs.

Estimates with TRENTo model.

[Giacalone, 1811.03959]
[Giacalone, Jia, Zhang, 2105.01638]
[Jia, 2106.08768]

[STAR collaboration, 1505.07812]

[Giacalone, 1811.03959]

Leading order corrections from β2 :
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Imaging nuclear structure at the LHC
How to discern orientations in central collisions?

Courtesy of G. Giacalone
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⦿ Prolate vs oblate deformationAnalysis of LHC data
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● Only triaxiality explains LHC results!

B. Bally ESNT workshop - Saclay - 24/11/2023 14/29

➝ Determination of nuclear shape consistent with low-energy nuclear structure!

more “explosive” expansion  ➝  larger <pT>

correlation between anisotropy & <pT>

[Bally et al. 2022]


