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QCD and collectivity

Standard Model built/discovered looking for the highest possible degree of simplicity

All particle content and interactions of the Standard Model discovered using this principle
— greatest success of the reductionistic approach in Physics

Also very successful — Complex systems with emerging behavior
[Strongly-coupling many body systems; quantum entanglement with many d.o.f...]

Region of transition — largely unknown

QCD — rich dynamical content, with emerging dynamics
that happens at scales easy to reach in collider experiments

Best available tool to study the first levels of complexity
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QCD phase diagram

QCD — rich dynamical content, with emerging dynamics
that happens at scales easy to reach in collider experiments — e.g. E0oS

Experimental tools
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Neutron stars

—0S determines neutron star structure

outer crust 0.3-0.5 km

/ ions, electrons

inner crust 1-2 km

-#—— electrons, neutrons, nuclei
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structure largely unknown
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FoS constraints from GW
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[Annala, Gorda, Kurkela, Vuorinen 2018; Annala, Gorda, Kurkela, Nattila, Vuorinen 2019;
also Most et al. 2018; Dexheimer et al. 2019]

The existence of quark-matter core found to be a common feature of the allowed EoS

Further constraints for the EoS at higher and higher baryon density in future experiments FAIR, NICA
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Questions accessible in HIC

nucleus A

N

What is the structure of the colliding objects?

— Small-x region of the nuclear (hadron) wave function

Initial State — Fix out-of-equilibrium initial stages with well-controlled theoretical framework

Out of equilibrium

What is the dynamics at the initial stages after the collision?

— Mechanism of isotropization/equilibration/thermalization — classical/quantum
— When/how/why hydrodynamics apply?

Final State

Towards equilibrium

What are the properties of the produced medium?

— Identify signals to characterize the medium with well-controlled observables
— what are the building blocks and how they organize?
— is it strongly-coupled? quasiparticle description”? phases?

Local equilibrium
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Far from equilibrium initial state needs to equilibrate fast (~1 fm or less)

Most of the theoretical progress in the last years:
— Viscosity corrections
— Fluctuations in initial conditions
— Emergence of hydro from kinetic egs, holography, etc...
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E0oS — high temperature

—quation of state at #p =0 is rather well known by 5 o —
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Harmonics: the golden measurement

[simplified discussion]

Remember the Euler eqs. — and use conformal EoS € = 3F

|
b'/I'ramsverse plane

op c? /\J of the collision

— = VP x -V

dt e+ P X ‘ /

Initial state
spatial »

anisotropies

Final state

momentum 9\\

anisotropies

These final state momentum anisotropies are measurable, e.g.
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[Vytautas Vislavicius parallel talk]

[Plenty of other data in previous talks]
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Hydro works In all systems from small to large %

[Also plenary — Jan Fiete Grosse-Oetringhaus]
[ Tayalati parallel talk]
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Hydro models able to describe the harmonics from these data T R o

Hydrodynamics seem to work (too) well in all colliding systems for large multiplicities
But time scales and occupancies in small systems are small

For some classes of problems hydro equations have attractors
luniversal solutions, independent on initial conditions]
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Hydro works In all systems from small to large %

[Also plenary — Jan Fiete Grosse-Oetringhaus]
[ Tayalati parallel talk]
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Hydrodynamics seem to work (too) well in all colliding systems for large multiplicities
But time scales and occupancies in small systems are small

For some classes of problems hydro equations have attractors
luniversal solutions, independent on initial conditions]
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Bunyoljyos uslios

p”é’uf(x,p) = Cocsolf] + Cro2|f]

[Bottom-up thermalization — Baier, Mueller, Schiff, Son 2001]

Pz ™ a?Qs (QST)

W Qs
[Arnold, Moore, Yaffe 2001; Kurkela, Zhu 2015; Keegan, Kurkela, Pz (QsT)1/3
Mazeliauskas, Teaney 2016; Kurkela Mazeliauskas, Paquet,
Schlichting, Teaney 2019.. ]
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A picture for equilibration

bunyoljyog usiosg

ad

—13/5
Notice: similar to jet
quenching (see later)

() p.

-

p”@uf(x,p) = Cocsolf] + Cro2|f]

- Pz
[Bottom-up thermalization — Baier, Mueller, Schiff, Son 2001] | -
" Qs 3
[Arnold, Moore, Yaffe 2001; Kurkela, Zhu 2015; Keegan, Kurkela, P (QsT)1/3 ‘* Pz asQS(QsT)

Mazeliauskas, Teaney 2016; Kurkela Mazeliauskas, Paquet,
Schlichting, Teaney 2019.. ]
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Initial conditions and CGC

|[Piotr Kotko - parallel talk]

INTRODUCTION

pA (dilute-dense) collisions within CGC

NUulLEUS

- P <
FORWARD
PARTV\CLES

N ) J—
CORRELATORS OF

(Tr U(TT)UT(YT)>X WILSON LINES
1 - — — —
— (Tr [UEUG] Tr [UGDUTED)] )

]
-8 (2. 1)

[C. Marquet, 2007]

COLOR FIELD

OF TUE NUCLE UG

LARGE-X SMALL- X
PARTONS  PARTONDS
(vaLENCE]  (WEE)

[L. McLerran, R. Venugopalan, 1993]
LOChLIZED 5~ TRANSVERSE
RANDOM CoLOR. 7 &  TLANE
S0 NRCE S A

}

NEE. PARTONS

Large-x partons — the color source for wee partons:

1% - 3\ — SU+ = —

(D7) (x5 X7) = 0"p( X 7)0(x7)
RANDOM DISTRIBUTION

OF (OLOR SDURCES

AVERAGE OVER COLOR SOURCE S
GAUSSIAN FUNCTIONAL %[ID]
B-JIMWLK EVOLUTION IN X

[Balitsky-Jalilian-Marian-lancu-McLerran
-Weigert-Leonidov-Kovner, 1996-2002]

Color Glass Condensate provides a
general framework to compute Initial
stages in dilute-dense or dense-dense
regimes

% Bn's\'.. . .

In dense-dense |.C. usually
computed by solving the Color YM
equations with classical sources
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Forward-forward |ets

Checks of CGC the relevance/presence of dynamics of utmost importance

One generic prediction of CGC dynamics is broadening —
oroposal: best seen in forward-forward jets

0.07 I v T v | T v I 0.14 1 ' T v I v T v | 0.07 1 ' T v T T I
p-g p-p p-p
-Pb -Pb al -Pb
0.06 | " 0.12 + 2 - 0.06 | .
28 < py1.P>1 < 35 GeV 35 < p;7 < 45 GeV, 28< por < 35 Ge 35 < py71.P>T < 45 GeV

0.05 2.7 <VY..Y><4 0.10 2.7 <Yy.Y><4 0.05 2.7 <VY.Y><4
I 0 - %
S 0.04 | S 0.08 | - l S 0.04
> i > s >
S 1| ¢ S
fé 0.03 5 0.06 - 5 0.03
© - © — ©

0.02 - F}& B 0.04 - - 0.02

0.01 | 0.02 F . 0.01

0.00 ' 0.00 L e ' ' ' 0.00 ' '

3.0 20 22 24 26 28 3.0 20 22 24 26 28 30
Ap Ag

[Krzysztof Kutak - parallel talk
See Marat Siddikov for predictions on J/Psi]
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IN-Mmedium parton propagators

[A complete set of Feynman rules can be written]

Medium is extended — space-time needed [purely momentum not suitable]

Eikonal approximation, the medium is a background classical field A/jl(x)

. Er [drl? .
-—_\/N\\/A\// G(tZ’xJ_,Z; tl"xJ_,l ‘E) = P | Dr cXp {ZE dg d—g + lg dfn . A(f, r)}
y < >> The dynamics in the transverse plane is described by
Doonia fehin in |~ o oo usual Quantum Mechanics (Feynman path integral)
( %fawﬁ)
W(x,) = Pexp {ig def n-AQ,x D} Color rotation — Wilson line
= = ¥ >
Sheusht Lag W(x,) ~ 1 No color rotation (color survival)

EPS-HEP 2019 / Ghent Belgium Dense QCD in heavy ions and neutron stars 16



INntra-jet color conerence

Color coherence - number of effective emitters for soft gluon radiation
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A medium rotates color and can break color coherence

vacuum result
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ar ordering...
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angu

Radiation by total
charge when the pair
cannot be resolved

/q

[Mehtar-Tani, Tywoniuk,
Salgado; Casalderrey-
Solana, lancu...]

Cr(Rqg—S(®1,y1)T) +Cr(Rg—S@L,y1)T) + CuS(@L,y1)T]

exp {

Survival prob — medium cannot resolve

distances smaller than 1/\/97

1At( )?
— — x —
461 1L =YL

}
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Viedium-induced radiation

[Zakharov, Baier, Dokshitzer, Mueller, Peigne, Schiff, Wiedemann, Gyulassy, Levai, Vitev, and many others... starting in the mid-90’s]

1
~ tform

P(L,y";u) <—>Wxi M

Where the Kernel is given by the path integral ~  |====%== ---- :‘;;\ ----------
! ) Rt dr(f) | - / LL&.&A_,?_LM *
Ky w5y, y) =/ Dr exp Zg/df( ) P, y,r) {11 | 111

y(y) dg§
VA

During formation time kf ~ G g = teorm ™ \/a)/cA] 7 Fucion ke licrical Em&mﬁ

{”“Jr/ Factorization for

soft gluons l

Rate equations

dl / tk-u / .
dedk N&SCR/dy/dy /due au a}’/C(y 7u7y7Y)

0 J : T
= D" (x,pL, L) =/ dz ICs; (z —m;L)
0 <

oL

me L me
X {D] d (;7PL7L> _ZDj d(ZIj,pJ_,L)} y

o
{Lﬂ [Balizot, Dominguez, lancu, Mehtar-Tani 2013; Jeon, Moore 2005]

EPS-HEP 2019 / Ghent Belgium Dense QCD in heavy ions and neutron stars 18



Viedium-induced radiation

[Zakharov, Baier, Dokshitzer, Mueller, Peigne, Schiff, Wiedemann, Gyulassy, Levai, Vitev, and many others... starting in the mid-90’s]

. |
~ tform

P(L,y";u) <—>Wxi M

y:0 u {((‘((

Where the Kernel is given by the path integral ~  |====%== - - :‘;;\ ----------
! ) Rt dr(f) | - / LL&.&A_,?_LM *
’C(y,u;y,Y)zf Dr exp Zg/df( ) P, y,r) {11 | 111

y(y) dg§
S A

During formation time kf ~ G g = teorm ™ \/a)/cA] 7 Fucion ke licrical Em&mﬁ

{”“Jr/ Factorization for

soft gluons l

Rate equations

dl / tk-u / .
dedk N&SCR/dy/dy /due au a}’/C(y 7u7y7Y)

0 J : T
= D" (x,pL, L) =/ dz ICs; (z —m;L)
0 <

oL

me L me
X {D] d (;7PL7L> _ZDj d(ZIj,pJ_,L)} y

o
{Lﬂ [Balizot, Dominguez, lancu, Mehtar-Tani 2013; Jeon, Moore 2005]

EPS-HEP 2019 / Ghent Belgium Dense QCD in heavy ions and neutron stars 18



Viedium-induced radiation

[Zakharov, Baier, Dokshitzer, Mueller, Peigne, Schiff, Wiedemann, Gyulassy, Levai, Vitev, and many others... starting in the mid-90’s]
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{Lﬂ [Balizot, Dominguez, lancu, Mehtar-Tani 2013; Jeon, Moore 2005]
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Vacuum-like emissions

Hard splittings with small formation time cannot be resolved by the medium
First hard splitting + DLA — most of the cascade is vacuum-like (with energy loss on top)

Modiwn - i wemed radiatina

1% ( Uell:\\'\ma)(_(f‘r

[Caucal, lancu, Mueller, Soyez 2018]
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[Casalderrey-Solana, Mehtar-Tani
Salgado, Tywoniuk 2012]

Color coherent sub-jets provide organizational principle for in-medium cascade
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A yoctosecond chronometer

[late times]

Can we more directly measure the space-time development with jet observables?
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Boosted tops
(difficult with present LHC
PoPb luminosity)

See also talk by L. Apolinario for studies with

formation time clustering and jet splitting function
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[Apolinario et al 2019]
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A yoctosecond chronometer

[early times]

Inclusive high-pT particle suppression well reproduced by energy loss models —
but traditionally problem to reproduce harmonics

0.2
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[Noronha-Hostler et al 2016]
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Improvements
in phenomenology

Study of the relevance
of the initial stages —
delay time needed
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[Andres et al 2019]
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Jets sensitive to the initial stages of the collision — a new tool to study equilibration
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Heavy guark suppression

0.25

Pb-Pb Vs, =5.02 TeV
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= non-prompt J/&, 0 - 100 %, CMS

| 4 non-prompt J/&, 0 - 80 %, ATLAS
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eavy-guark suppression provides additional information about the jet guenching mechanism
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[Boris Kopeliovich parallel talk]

In-medium dead-cone effect makes energy loss smaller for heavy quarks
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NPDFsS — reweignting

[Lansberg parallel talk]
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|[Eskola, Paakkinen,
Paukkunen 2019]

Nuclear PDF analyses have remarkably improved with
LHC proton-lead data

|See also Michael Klasen Parallel talk and Anna Stasto for future
opportunities with nuclear DIS at LHeC/FCC-eh]
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Conclusions

QCD provides a very powerful laboratory to understand how the first levels of complexity
emerge from a fundamental (and non-abelian) theory
1 QCD has a rich dynamical content well within experimental reach

-1 Branches to other very active fields in Physics, including Cosmology or Condense Matter where
equilibration, role of guantum entanglement, etc... are very active lines

Study of the QCD equation of state both for cold and hot dense matter with very ditferent
experimental tools

1 GW observations showing the potential to pin-down the structure of neutron stars

- Heavy-ion collisions fundamental tool for Earth experiments

New data from LHC and RHIC

1 Continuous progress on the characterization of the QGP
1 Completely new opportunities — initial stages / small systems — directly access time evolution

o New facilities (FCC, HE-LHC, EIC, LHeC... ) and future of LHC key for a rigurous determination of this region
(+theoretical developments) and access to unchartered properties of the QGP
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