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Why do we want to study many-body QCD?

Crystals 2021, 11(7), 817
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What are some of the striking properties of the Quark-Gluon Plasma?

most strongly-coupled
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* Scale dependent degrees of freedom

* Perfect liquid with viscosity at the quantum bound

To what extent can we describe the properties of the medium over a variety of
scales, starting from the interaction of quarks and gluons?



How do we create a many body QCD system? 4
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Heavy nuclei Heavy nuclei

Deposit a large amount of energy through collisions of
participating nucleons

High temperatures cause a transition of hadronic matter to a QGP

Can control the duration and volume of the medium through

centrality of collisions T ALICE Detector PbPb Event Display

Centrality can be experimentally
evaluated through the number of
final state particles produced
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The timeline of a heavy-ion collision 5
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arXiv.: 2407.07484
* Different probes are sensitive to different phases of the evolution Model of Gradual Emergence
 Canvary the importance of different phases by changing the types of colliding nuclei Non Hydro _ <

* pp:nohydrodynamic phase
* pA:cold nuclear matter effects
* AA: majority of the evolution spent in the hydrodynamic phase

* 0O-0:shorter hydrodynamic phase than PbPb -> more sensitive to pre-equilibrium
* Ne-Ne :vary theinitial conditions 0 /\/\/\\

* Fixedtargetcollisions System size

Collectivity %

Hydro




What type of phase transitions do we have? 6
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Different phase transition types

Crossover : Smooth transition with no latent heat
Quark-Gluon Plasma Butter melting
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1storder : transition at a fixed temperature with
latent heat
Water boiling

P

50 Color
Superconductor

LHC explores pg ~ 0region
0 200 400 600 800 1000 1200 1400 1600

Baryon Chemical Potential - u(MeV) RHIC can vary pg through a beam energy scan

At low pg lattice QCD predicts a crossover phase transition
Effective models predict a 15t order transition at high pg

Is there a critical point along the phase-diagram that separates the two transition types?



How can we probe the phase transition?
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Cross-over transition predicted by lattice QCD calculations at low pgat T~ 155 MeV
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Eur. Phys. J. C 84 (2024) 813

Hadronic phase starts at phase transition

Particle abundances can be described
using a three-parameter thermal fit at 155
MeV which is common to all light-particle
species

Extracted freezeout temperature matches
lattice calculations



How can we locate the critical point? 8

Probability Density

At the critical point the fluctuations in the medium are scale invariant

The correlation length in the medium rapidly increases near the critical point

We can expect to see large scale event-by-event fluctuations in conserved properties such as net-baryon number

Different moments of these distributions are differently sensitive to the correlation length, ¢

—— Standard Gaussian
—— Higher Variance
—— Skewed (Positive)
High Kurtosis

variance g2 ~ &2

Skewness S~ 45
Kurtosis k ~ &

Certain combinations of these moments
such as ko? are volume independent — can
be compared across different collision
energies

—-10.0 -75 -5.0 2.5 0.0 2.5 5.0 7.5 10.0
value



How quickly do strong interactions manifest?

* Once the collision occurs, how quickly do strong interactions between the coloured partons start?

* How quickly does the system thermalise? -T2~
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* |nsemi-peripheral collisions there is a spatial asymmetry in the overlap region
* Asymmetryin colliding geometry happens at very early times — as system expands the asymmetry vanishes

* Inorderforthe spatial asymmetry to propagate to the final state, the medium needs to already be strongly
interacting whilst asymmetric ~ 0.5-1 fm/c

 Canwefind any signatures?



The medium flows 10
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New hadronisation mechanisms ‘ 11
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Classical pictures such as the breaking of Lund strings along two end points

Can a deconfined medium lead to new hadronisation mechanisms?
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"".Q'. Q" 0"‘ When measuring the flow of heavy hadrons, can they pick
0 %00, 0g000%,
.:.‘.. .,‘0‘.0 up the flow of lighter hadrons?

Investigate the collective effects of hidden heavy-flavour
partons with overlapping

wavefunctions can form
hadrons - coalescence



Is there modification to strong interactions in a dense coloured medium? ‘ 12

In the vacuum
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QCD 1->2 splitting function
governs the evolution of partons

P1—>2 — Pvacuum(za (9)

In the medium o0 et

Over the quantum-mechanical formation time of the
splitting, interactions with the medium integrate

P1—>2 — Pvacuum(za ‘9) + Pmedium(za 975)

Formation-time dependence

Medium dependent modification of the splitting function
jets radiate more energy in the presence of the medium



How can we access modifications experimentally? 13
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jetyield in heavy-ion What are some of the important features
collisions

controlling interactions with the medium?

The energy lost by a jet depends on the amount of QGP traversed

towards
experimental x 1 /}’,

control

Colour neutral probe
is unmodified

v
Can try to control with
calibrated energy tags




How can we access modifications experimentally? 14

jetyield in heavy-ion What are some of the important features
collisions controlling interactions with the medium?
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How does coloured information propagate in the medium 15

Can we understand the diffusion properties of
the medium with respect to colour charges?

How does the lost energy get redistributed in the medium?

Can we recover the energy if we increase the jet radius?
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Can we access a hew type of elementary collision? 16

0 \._;,,,f In ultra-peripheral collisions the nuclei interact electromagnetically

——

) clean collisions to access a range of different physics
> 2 x nuclear radius

photon-nucleus collisions

,/,‘.‘.\ 00 TN * coherentinteractions -> sensitive to the average gluon density in the
93 f"_’ (X
P R nucleus
\ 00 ‘~.’5 ’...\;' .
T A * nuclear shadowing
AR I L .
N  saturation effects

* Incoherentinteractions -> sensitive to fluctuations in the nucleus gluon
field

* nucleon structure
* spatial fluctuations



Can we access a new type of elementary collision? 17

\ 09 T e In ultra-peripheral collisions the nuclei interact electromagnetically
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> 2 x nuclear radius
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Iﬂf N * light-by-light scattering : vy — 7Y
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s 120,V 190 - . . .
Y e * Sensitive to the structure of the vacuum and its polarisation
‘9. 09 - . . .
U * Sensitive to BSM searches such as axion like particles
A

« Resonance production: 7y — £

* Non-perturbative QCD
* Meson structure



Conclusion 18

Heavy-ion collisions are the gateway to many-body
QCD physics

Many body QCD matter exhibits unexpected and
fascinating properties

Starting from the simple interactions of quarks and

gluons, how much of the physics of many body QCD
can we describe?

Thanks for listening and enjoy
the heavy-ion sessions!
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Extreme initial conditions in heavy-ion collisions ‘ 19

Vorticity Magnetic Field A

In non-central collisions, huge
angular momentum is

1
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: In non-central collisions, large
|
) i .. I
deposited in the collision I
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|

magnetic fields are generated
by the spectator nucleons

not measured yet but expected

~ 21 -1
w~107s tobe :B~10"2T

other vorticities in nature
Core of a supercell tornado w~ 10" s
Nanodroplets of superfluid He? w ~ 10° s

other magnetic fields in nature
Fridge magnetB~103T
MagnetarB~10"10T

What sighatures can we look for?

 Boththevortical and magnetic fields can couple to the spin of quarks in the QGP, leading to a polarisation of the quarks

* Polarisation of A hyperons can be experimentally measured through the decay A > ptt- where the proton is preferentially
emitted in the direction of the spin of the A

 What otherinitial conditions can cause polarisation of the QGP constituents?
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