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Understanding the fundamental interactions is just the beginning!
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Evidence for the formation of dense QCD medium

~ 100 GeV_L S}lppressed yield of
high-energy probes
(hadrons, jets,
heavy flavor, ..)

1 CeV Collective behavior

of low-p+ particles
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energy Heavy-1on collisions

high energy scatterings energy loss

~ 100 GeV-

far from equilibrium initial state hydrodynamics hadron gas
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Long-range correlations as a characteristic signature of collectivity

Heavy-ion collisions have initial ellipticity

Pressure:

spatial anisotropy
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Long-range correlations as a characteristic signature of collectivity

Heavy-ion collisions have initial ellipticity

Pressure:

spatial anisotropy
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Azimuthal correlations captured by hydrodynamics and
constrain transport coefficients of the QGP
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Azimuthal correlations captured by hydrodynamics and
constrain transport coefficients of the QGP
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Energy loss of a parton in finite-temperature QCD
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Kicks occasionally induce gluon radiation

Radiation can’t be resolved instantaneously Jgﬁ‘fi
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Baier, Dokshitzer, Mueller, Peigne, Schiff (1996), Zakharov (1996)
I Arnold, Moore, Yaffe (2003)
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Jet modification
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Jet modification

Change in temperature from jet
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Jet modification
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Beyond energy loss: Jet (sub)structure modification by the medium
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Pushing our knowledge of heavy-ion physics in smaller systems

Heavy-1on collisions

high energy scatterings energy loss
far from equilibrium initial state hydrodynamics hadron gas
~ 1 fm/c ~ 10 fm/c
| | » time
Smaller systems (e.g. p-Pb)
high energy scatterings energy loss?
far from equilibrium initial state hadron gas
hydrodynamics?
: » (1me

~ few fm/c



Flow-like correlations in small systems No observed energy loss
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Flow-like correlations in small systems
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Challenges and opportunities for theory in small systems

Are v, a signature of final-state collectivity?
- Applicability of hydrodynamics far-from-equilibrium
- Initial- and final-state effects in v,

Is no energy loss consistent with final-state collectivity?
- Thermalization, hydrodynamization, and jet quenching

Jasmine Brewer (CERN)
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Flow 1n small systems challenges the standard view of hydrodynamics

ohove o o) ST far from equilibrium | hydrodynamics?
conservation laws dominate

(gradient expansion) |
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Flow 1n small systems challenges the standard view of hydrodynamics

“close” to (local) equilibrium, :
conservation laws dominate

(gradient expansion) | >

time
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Implications for theory

Far-from-equilibrium generalized
hydrodynamic modes

Reduction in degrees of freedom
to “pre-hydrodynamic” mode

Jasmine Brewer (CERN)

JB, Yan, Yin [1910.00021]
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Implications for theory phenomenology

Far-from-equilibrium generalized Similar attractor across very different theories

hydrodynamic modes
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Reduction in degrees of freedom
to “pre-hydrodynamic” mode

Enables estimate of entropy
production in heavy-ion collisions
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Origins of azimuthal correlations in small and large systems
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Origins of azimuthal correlations in small and large systems

Correlation of v, with initial...
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Observables to distinguish initial- versus final-state effects

Giacalone, Schenke, Shen [2006.15721]
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Connecting the 1nitial state to hydrodynamics: thermalization in kinetic theory

far from equilibrium initial state
hydrodynamics?

time

e A 0.1fm/c 1.0fm/c

QCD kinetic theory

Kurkela [1601.03283]
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Connecting the 1nitial state to hydrodynamics:

far from equilibrium initial state
hydrodynamics?

time

e A 0.1fm/c 1.0fm/c

QCD kinetic theory

Kurkela [1601.03283]

] -

* Motivated initial conditions for hydrodynamics
* Reduced sensitivity to starting time of hydro

Jasmine Brewer (CERN)

thermalization 1n kinetic theory
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Connecting the 1nitial state to hydrodynamics: thermalization in kinetic theory

far from equilibrium initial state

hydrodynamics?
time
Py 1~ : P[ :
? A 01 fm/C 1.0 fm/C % . <<67;> TekT Thydro
1 1 ~ n
R Y R s LTI
0 —_— T
(B & 2+1D hydro.
QCD kinetic theory o5 | @7 =
e : ¢ Kinetic theory
) Kurkela [1601.03283] i
. .o ... ) 2+1D Yang-Mills
* Motivated initial conditions for hydrodynamics —-B o ol T

* Reduced sensitivity to starting time of hydro - (fm)

Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney

Jet quenching in kinetic theory? MOOI’G, S(,hllChtlIlg, SChIUSSGI', Soudi [1805 01604’ 1805 00961]

[2105.01679]

Jasmine Brewer (CERN) “Jet and thermalization in non-Abelian plasmas” @INT July 2021 27



Opportunities of light 1ons for study of small systems

Challenge: geometry of p-Pb very sensitive to spatial structure of the proton
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- similar multiplicity
- heavy-ion-like geometry




Opportunities of light 10ons for study of small systems

Challenge: geometry of p-Pb very sensitive to spatial structure of the proton
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e similar multiplicity
* heavy-ion-like geometry
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Opportunities of light 10ons for study of small systems

ALICE projections to distinguish energy loss in O-O from baseline
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Outlook: opportunities for theory in small systems

Novel access to far-from-equilibrium QCD matter

Precision high-energy

physics at high multiplicity +<—— Precision heavy-ion physics
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