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Why study heavy 1on collisions?

Study the Quark Gluon Plasma (QGP)

Unique phase of strongly-interacting matter in which quarks
and gluons are completely deconfined from nucleons and nuclei

Expected state of early universe and a near perfect fluid

Understand the sub-nucleonic structure of nuclei

How do quark and gluon interactions give rise
to nuclei?

Constrain global nuclear structure properties
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A growing subfield in heavy ion physics!

Nature 635, 67-72 (2024)
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https://www.nature.com/articles/s41586-024-08097-2

Quark-gluon plasma formation in a heavy ion collision

Lorentz-
contracted
nuclei

Time: 0 fm/c s 1fm/c ~10 fm/c ~101° fm/c

EPJC 84 (2024) 813
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https://link.springer.com/article/10.1140/epjc/s10052-024-12935-y

Experimental study of quark-gluon plasma

Given 1nitial accelerator
parameters...

nuclear
species,
beam energy, b I
luminosity,..

~101° fm/c

EPJC 84 (2024) 813
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Experimental study of quark-gluon plasma

Given 1nitial accelerator

arameters...
p and

experimental
measurements
in the detector:

nuclear

; charged
species, I

particle
trajectories
(tracks),

beam energy, b
luminosity,..

energy
deposits of
neutral
particles in
calorimeters,..

~101° fm/c
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Experimental study of quark-gluon plasma

Given 1nitial accelerator

arameters...
p and

experimental
il measurements
i#A 1n the detector:

nuclear

; charged
species, I

particle
trajectories
(tracks),

Reconstruct everything that

beam energy, b \
happens in between!

luminosity,..

energy
deposits of
neutral
particles in
calorimeters,..

~101° fm/c

EPJC 84 (2024) 813
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Experimental facilities

Relativistic Heavy Ion Collider Large Hadron Collider (LHC)
(RHIC) ? CERN, Geneva, Switzerland  ffjghest energies available

? Brookhaven National Laboratory, USA for nuclear collisions
RHIC energies, species combinations and luminosities (Run-1 to 24) *\ / SNN ~ 5 TeV

VL «PbPb + special runs
such as XeXe

New in 2025: OO and

N Multiple NeNe!
. | oy - é:)‘llﬁlsei?)fl 7 e - Fixed-target experiments
\ Ny - . P
e, " species at SPS and LHCb
T Conterotomas cnery Y (GEV] Gty GSI
Large range of center of mass energy ? Darmstadt, Germany

Svv = 8 - 200 GeV : : :
NN Fixed-target experiments with

Extremely versatile collider! complementary phase space
coverage to collider experiments
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Constraining QGP models with charged particle production

Charged particle measurements constrain models of the initial energy density and system evolution

Charged particle density at the LHC Charged particle energy density at RHIC
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arXiv 2504.0250! -
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N . . . . .« o nuclei, “peripheral” CeI.lt?al
part : average number of nucleons participating in the collision collisions collisions
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https://arxiv.org/abs/2504.02505
https://journals.aps.org/prc/abstract/10.1103/h8d5-swg6
https://journals.aps.org/prc/abstract/10.1103/h8d5-swg6
https://journals.aps.org/prc/abstract/10.1103/h8d5-swg6

Measuring the speed of sound in quark-gluon plasma
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https://iopscience.iop.org/article/10.1088/1361-6633/ad4b9b
https://arxiv.org/abs/2506.10394

Radial flow probes plasma bulk viscosity

Radial flow measured as a function of particle transverse momentum is sensitive to the

Radial flow of inclusive charged particles

10

bulk viscosity of the quark-gluon plasma
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https://arxiv.org/pdf/2503.24125
https://arxiv.org/pdf/2504.04796

Anisotropic flow of particles in the quark-gluon plasma

Spatial anisotropy of the  Pressure gradients in the strongly-  Anisotropic particle
collision system interacting plasma distribution

L

detector

Range Of HUCICaI' Overlap CERN, MUSIC hydrodynamic simulations
(cc C entrality”) PRL 110, 012302 (2013)

Decompose angular distribution of particles into a Fourier series with flow coefficients v, :

Z—Z x 1+ °_°1 2v,(pr)cos(n(¢ — Y'))
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https://cerncourier.com/a/going-with-the-flow/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.012302

Anisotropic flow probes quark dynamics

Measuring the anisotropic flow (v,) of different particles gives insight into how different flavor quarks
experience the quark-gluon plasma

Heavy quarks: excellent probes of QGP as due to their heavy mass, they are produced before QGP formation

Heavy quarks tflow less than Higher statistics with Run 3 J /y tlow consistent with zero
light quarks, but baryons still data enables first A flow at RHIC: cooler medium, no
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https://journals.aps.org/prc/abstract/10.1103/6pmd-6dwr

Searching for the wake in the quark-gluon plasma

“New” observable: Energy-
Energy correlators
Correlation functions between
particles in a jet

Sensitive to models of the jet “wake”
in the QGP

Can we see “waves” in

| the quark gluon plasma

after a jet has passed
through it?

PbPb

Theory

PP

Data

Jets: groups of particles produced from the
hadronization of a single quark or gluon

1.70 nb”' PbPb (5.02 TeV) + 302 pb™ pp (5.02 TeV)

1.5
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anti-k; R=0.4
Injetl <1.6
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https://www.sciencedirect.com/science/article/pii/S037026932500317X?via=ihub

Mapping the phase diagram of heavy ion collisions

Where does the first-order phase transition between quark-gluon plasma and a hadron gas occur?

Search by varying center of mass energy and measuring event-by-event fluctuations of the net proton number:

e Cumulants: C; = < N> ,C, = < 6N* > ...where SN =N — < N >
o Factorial cumulantsk :x;, = C, 60, =— C,; + G5, ...
 Related to correlation length of the system

300 perrre— New results from Beam Energy Scan II Program at RHIC
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https://arxiv.org/pdf/2504.00817

Mapping the phase diagram of heavy ion collisions

Where does the first-order phase transition between quark-gluon plasma and a hadron gas occur?

Search by varying center of mass energy and measuring event-by-event fluctuations of the net proton number
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https://arxiv.org/pdf/2504.00817
https://indico.cern.ch/event/1334113/contributions/6246293/attachments/3046368/5382749/Zbroszczyk-for-HADES-QM25.pdf
https://link.springer.com/article/10.1140/epjc/s10052-025-14621-z
https://arxiv.org/pdf/2504.00817

Does QGP form in small collision systems?

Flow described by hydrodynamic Strangeness enhancement at high .
. . C . Flow in jets!
models in pp collisions! multiplicity s 385" (op 1370
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https://arxiv.org/abs/2411.09323
http://dx.doi.org/10.1103/PhysRevLett.133.142301
https://journals.aps.org/prc/abstract/10.1103/7lx4-x8rw
https://link.aps.org/doi/10.1103/PhysRevD.110.L031105

Disentangling “hot” vs “cold” nuclear matter effects

How can we differentiate phenomena caused by the hot plasma phase from non-plasma effects?

Key observable: quarkonia, bound states of two heavy quarks

Hot nuclear matter effects: study in AA collisions  Cold nuclear matter effects: study in pA collisions

Quarkonia states are predicted to “melt” in Many non-plasma effects can break apart quarkonia:

the hot quark-gluon plasma
Nuclear structure & internal Breakup due to

1 Sequential suppression — color screening . D arton dyn ami CS « co-m OVi n g» par ticles

> X

3 step

\ Nuclear “absorption” - breakup by

Y (25) Xc ]/ . . .
Temperature (Energy density) Parton energy lOSS the Interaction Wlth the HUCIQUS

Production Probability

 Excited states dissociate earlier than ground state
— potential to use as “thermometers” of the QGP
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Disentangling “hot” vs “cold” nuclear matter effects

Filling in a miSSing piece: Sequential suppression — color screening
what happens to y.?

. ¥.. 1n pPb 1s consistent with previous
Measurements in the forward pp measurements — no dissociation

rapidity region provide additional &ws) \XC
constraints on models « Could indicate that temperature in pPb fempersre (e densty)
is not hot enough to form QGP
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.102302
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-22-003/index.html
https://doi.org/10.1007/JHEP07(2025)235

How does nuclear matter change with nuclear size?

How does partonic nuclear matter change from small to large collision systems?

Measured cross section in AA or pA

Quantify difference compared to “vacuum” R — OAA
(pp collisions) with nuclear modification factor R 4: AL 24 Measured cross section in pp scaled by
pp average number of interactions in AA or pA
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How does nuclear matter change with nuclear size?

How does partonic nuclear matter change from small to large collision systems?

Measured cross section in AA or pA

Quantify difference compared to “vacuum” R — OAA
(pp collisions) with nuclear modification factor R 4: AL 24 Measured cross section in pp scaled by
pp average number of interactions in AA or pA
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How does nuclear matter change with nuclear size?

How does partonic nuclear matter change from small to large collision systems?

Measured cross section in AA or pA

Quantify difference compared to “vacuum” R — OAA
(pp collisions) with nuclear modification factor R 4: AL 24 Measured cross section in pp scaled by
pp average number of interactions in AA or pA
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Charged particle density in OO

A closer look at OO collisions

CMS-PAS-HIN-25-010

Probing path-dependent energy loss with dijets

Density in most central OO collisions Pty x; < 1 implies different path
. . . x _— —,—.— .
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N part: average number of nucleons participating in the collision

ATLAS-CONF-2025-010
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How is nuclear structure described in terms of quarks
and gluons ?

Electromagnetic interactions in Ultra-Peripheral Collisions (UPC) allow to “image”
the quarks and gluons in nuclei
;ﬂfi_, » Measurements of coherent vector meson production constrain models of how quark and gluon

4_l distributions are modified in nucleil

 Search for onset of saturation regime, where gluon density is maximized

In Q?

@ L

saturation

non-perturbative region Qg ~
|
In X x = Egluon/quark
Pnucleus
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How is nuclear structure described in terms of quarks
and gluons ?

(19

Electromagnetic interactions in Ultra-Peripheral Collisions (UPC) allow to “image”

the quarks and gluons in nuclei

y “ » Measurements of coherent vector meson production constrain models of how quark and gluon
distributions are modified in nuclei

- Search for onset of saturation regime, where gluon density is maximized = mpulse approximation: free
quarks and gluons in nuclei
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do(yPb— Jy Pb)/d]t

How is nuclear structure described in terms of quarks

and gluons ?

Signs of gluon saturation?

 Incoherent J /iy photoproduction as a function of

momentum transfer |7| more sensitive to
differentiate saturation and shadowing models

« Data are compatible with gluon saturation models

Increasing | | = momentum transfer in interaction .
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New probes in ultra peripheral collisions :
jets and open heavy flavor
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Probing nuclear structure with heavy ion collisions

Body-body
configuration
Boosted to Pressure-driven Particlization and
relativistic speed I" > 100 hydrodynamic expansion free streaming
B« ol e « Measurements of < v22 > 1n UU and AuAu collisions
2<p; ) | . . .
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Probing nuclear structure with heavy ion collisions
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PRL 135, 012302 (2025)
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Probing nuclear structure with heavy ion collisions

Can anisotropic flow measurements reflect differences in the nuclear structure of oxygen and neon?

Hydrodynamic models incorporating nuclear structure
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Probing nuclear structure with heavy ion collisions
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Probing nuclear structure with heavy ion collisions

Multiparticle correlations constrain the quadrupole deformation “Alchemy” at the LHC !
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https://arxiv.org/pdf/2409.04343

» Progress is being made on understanding both the global “bulk” properties of the unique quark-
gluon plasma, and the fundamental quark and gluon interactions that give rise to them

» A lively ongoing debate exists in the community about whether quark-gluon plasma is formed in
small systems, even as small as pp or ultra-peripheral collisions

« LHC NeNe and OO special data-taking runs have provided a wealth of new data for intermediate
collision species between pp and AuAu/PbPb

« Measurements in ultra-peripheral nucleus-nucleus collisions help us better understand the
structure of nuclei in terms of quarks and gluons

 Several measurements now clearly demonstrate how heavy ion collisions can also be used to
learn about low-energy nuclear structure

Many more exciting results soon to come !

Thank you for your attention
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Top quarks in the quark gluon plasma

Observation of the top quark in heavy ion collisions confirmed that all quark flavors are
present in the pre-equilibrium stage of the QGP

Very challenging to measure! Measurement of top and anti- Improved measurement
Requires high-statistics, heavy- top quark production cross precision with Run 3 LHC
flavor-tagged jets, and machine section with Run 2 data data
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