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Phenomenological prelude:
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“Standard picture” in p-p collisions:

Initial state radiation

Hard processes

Multi-parton
interactions

Fragmentation

Hadronization
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e Hadronic collisions = superposition of individual partonic collisions

e No final state interactions: free streaming



High-multiplicity collisions
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e Typical p-p collisions have O(10) final state hadrons

in central rapidity region

e Very rarely a collisions results in N ~ O(150)



Strangeness enhancement
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@ Something happens when the
events get more active

o The kind of particles coming
out changes as function of
system size

o The bigger the system
(dN/dn), more (multi-)strange
particles

= High multiplicity collisions not just more of the same

K = us, A = uds, E = uss, ) = sss



Strangeness enhancement
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@ Something happens when the
events get more active

o The kind of particles coming
out changes as function of
system size

o The bigger the system
(dN/dn), more (multi-)strange
particles

= High multiplicity collisions not just more of the same
e Significant new physics needed to reproduce qualitative features

Sjostrand, Fischer JHEP 1701 (2017)
K = us, A = uds, E = uss, ) = sss



Long-range azimuthal correlations
Individual events pick a preferred direction:

p(¢=n/2)

particles have more
transverse momentum
in some directions than
others

N\
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Long-range azimuthal correlations
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CMS cumulant analysis:PLB 765 (2017)



Collectivity in nuclear collisions

pp: pA: AA:

CMS Pb+Pb
Vs =276TeV

CMS pp \s =13 TeV Preliminary
105 = NJ7™ < 150

60-70%

e Long range azimuthal correlations more prominent in larger
systems



Collectivity in nuclear collisions

G. Roland, Trento 2017



Collectivity in nuclear collisions

G. Roland, Trento 2017

Formation of Quark-gluon plasma

o Azimuthal asymmetry from
anisotropic explosion of
quark-gluon plasma

e Strangeness content of plasma
in chemical equilibrium




Hydrodynamics

Lorentz contracted nuclei Pre—thermal plasma Locally thermalised plasma

AL

e Relativistic fluid dynamics =
i) conservation of currents and
ii) gradient expansion around local thermal equilibrium

9T =0
T =T —nV=Hu"> 4 ...



Hydrodynamization
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e Strong anisotropy Pr,/Pr < 1, sign of large correction

o At early times pre-equilibrium evolution

Hydro: EoS, n/s, etc., Pre-equilibrium: need microscopic description



Hydrodynamization
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e Strong anisotropy Pr,/Pr < 1, sign of large correction

o At early times pre-equilibrium evolution

Hydro: EoS, n/s, etc., Pre-equilibrium: need microscopic description
@ hydro evolution maybe not reached at all in small systems

e Even if there is no hydro, the same microscopic final state
interactions are present



Motivation:
Existential questions:

e How does collectivity arise from microscopic interactions?

e What signs of collectivity are really signs of fluid like behaviour?
Which come from just final state interactions? Are there maybe
other confounding effects that mimic those of final state
interactions?

e How does the

pp?

“perfect fluid” melt into free streaming particles in

What is the microscopic structure of quark-gluon plasma?

To answer these questions, must understand far-from-equilibrium
physics



Outline:

e Simple controlled example

e pQCD kinetic theory

2-2 scattering

1-2 induced splitting

Overoccupied cascade
Landau-Pomeranchuk-Migdal Suppression
Underoccupied cascade

e Bottom-up thermalization and applications to hadronic collisions



Simple controlled example:

o Far-from equilibrium = Near-equilibrium
o QFT — KT — Hydro



e Start with a system that is global thermal equilibrium
@ Push the system out of equilibrium by an external source

e Couple to external EM-field: A*
o Couple with gravity: gh” = nM" + h*¥(t)



e Start with a system that is global thermal equilibrium
@ Push the system out of equilibrium by an external source

e Couple to external EM-field: A*
o Couple with gravity: gh” = nM" + h*¥(t)

o Follow time evolution of the conserved currents in the system

T () JH(t) (1)

e Expect that at late times t > ticr0, €volution given by
hydrodynamics
o At earlier times something else, non-hydrodynamical evolution



For a small perturbation, linear response is given by the retarded
correlation function

JH(z,t) = /dga;’dtG’jy(x,t;x’,t’)éAy(x',t’)
T (3, 1) = / B2 A6 G (x, 1%, ) hs (X, )

The retarded response functions carry all information on how small
perturbations propagate



Particularly nice to analyse in fourier space:

JH(w, k) = G (w, k) Ay (w, k)
TH (w, k) = G4 (w, k) hag(w, k)

o No mode-mixing in the linear level

e Corresponds to a plane wave perturbation k||z
A# electric charge diffusion mode

hoos haas hyy, Bz, ho, sound mode

hoz, hoy, Pzy, h2o, shear mode

hzy, tensor mode



Non-analytic structures in G(w, k) describe how the system evolves

towards equilibrium:

Example: Hydrodynamics

00 _ xD
d w + iDk?
00,00 _ —k*sT
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GOx,O:}c - k277
T w + iy
G = —inw

In time-domain:

27

dw
/ ﬂezth%r,Ow(w’ k) = iResGY " (w = 7, k)

= e M2y

_ 4n
I = 35T

@ Note, stability requires that all the non-analyticities are in the

lower half of the complex plane



Non-analytic structures in G(w, k) describe how the system evolves
towards equilibrium:

Example AdS/CFT:

<«—__ Hydodynamic
M x polew~-iDK

X X
X X
X / X

Non-hydodynamic
poles ® ~ -i2xT(1+/- i)n

Son, Starinets JHEP 0209 (2002), Starinets PRD 66 (2002)

GOTx’()z (t, k) = Res(Whydro)e “hvdrot 4 Z Res(wy,)e~ !
n

o Note: the structures must always come in pairs for the response to
be real in time-domain

19



What happens in free kinetic theory?

PHouf(x,p,t) +FiV§p)f(X, p,t) =0

free streaming external force

o On-shell particles: p° = |p| (m = 0 for simplicity)



What happens in free kinetic theory?

PHouf(x,p,t) +FiV§p)f(X, p,t) =0

free streaming external force

o On-shell particles: p° = |p| (m = 0 for simplicity)

e Force:
F' = gFi’Bpﬁ =g(E-v+Bxv) for electro-mag
F' = —GF%WpB p?  for gravity

with

N =N =

Fgg glw(aaguﬁ + aﬁgua - &/gaﬂ)

nﬂy(aahuﬁ + aﬁhua - auhaﬁ>



What happens in free kinetic theory?

P, (x,p,t) + F'VP) f(x,p, 1) = 0

free streaming external force
Fourier transform:
dwd3k _; ..
_ —iwt+ik-x
f(w7k7p> - € f(t,X)

or 2

(—iw + ik - v) f + ;Fiv§p)f =0

With v = p/p.



What happens in free kinetic theory?

P"0,uf (x,p.t) + F'V{" f(x,p,t) = 0
free streaming exterr?arl force

Fourier transform:

dw d®k
—€

—iwt+ik-x
— t
or 27 F(t:%)

flw, k,p) =

1 .
(—iw + ik - v) f + ];Fle(p)f =0
With v = p/p. Linearize in force around thermal equilibrium:
Fi:(SFivf:feq‘i‘(sf

1 i (P)
EFVi f
w—k-v+ie

i€ to choose the retarded, not advanced solutions

6f = —g%



Now we can compute the correlation function for currents:

here electric current for simplicity:

5J”=g/p“5f
P
pw—k-v—l—ze

(o3

Use that in isotropic system %%f(p) = 8?Tﬂf’(p) =E-f'(p)

dQy O
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Now we can compute the correlation function for currents:

here electric current for simplicity:

5IF = g / o
P

| / LRV
p

w—k-v+ie

Use that in isotropic system a1%]"’(1)) = %f/(p) = %f’(p)

8 [ dQy Vo
OJH 292 2y /dppf(p) XZ/

A7 w—k-v +1ie

N~

Screening mass m?2 angular structure

This is the famous HTL polarization tensor that Tony will talk about

N
N



Now we can compute the correlation function for currents:

here electric current for simplicity:

5IF = g / o
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Use that in isotropic system a1%]"’(1)) = %f/(p) = %f’(p)
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Screening mass m?2 angular structure

This is the famous HTL polarization tensor that Tony will talk about

d —Fgﬁvavﬁ

oTH = 3G? Py | ———M
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Ballistic propagator:
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Master integral:
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Kinetic theory, noninteracting
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