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HEAVY ION COLLISIONS
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EXPERIMENTAL FACILITIES : RHIC AND LHC
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HEAVY ION COLLISIONS

« Very high multiplicity (~ 20000 produced particles)
+ Most of them rather soft (P < 2 GeV)
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INITIAL STATE AND PARTON DISTRIBUTIONS

- Factorization : (partonic cross-section) ® (parton distribution)
Applicable to rare high momentum processes
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INITIAL STATE AND PARTON DISTRIBUTIONS

J

- Factorization : (partonic cross-section) ® (parton distribution)
Applicable to rare high momentum processes

« Underlying event : cannot be calculated in this framework

+ In a Heavy lon Collision, this is the most interesting part...
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Gluon Saturation



+ Gluons recombine at large density

Saturation criterion [Gribov, Levin, Ryskin (1983)]

Q2 x A7*xG(x, Q%) > 1
N—— ~—————

Ogg—g surface density

2
Q*<Qi= % ~ A3 (A= 0.25)

(saturation momentum)?
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EFFECTIVE DESCRIPTION: COLOR GLASS CONDENSATE

Snapshot of the constituents by color currents :

8= Jd“x (— TPV Fuy + J“(X)Au(X))

+ Time dilation:
static current

+ Many constituents:
J¥ large

« Current conservation:
[Dy,J*] =0
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Quantum Field Theories

with (Strong) Sources



POWER COUNTING

Order of magnitude of connected graphs

—
ext. lines  loops sources

~ g2 (hg?)™ (g™
——

« gJ = 1: strong source regime + What happenswheng] > 17?

= Non-perturbative « Short mean free path
dependence on g] « Thermalization
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EXCLUSIVE FINAL STATES : THERE BE DRAGONS...

Conjugate Amplitude Amplitude
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= Correlatlons among the produced partlcles
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EXCLUSIVE FINAL STATES : THERE BE DRAGONS...
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EXCLUSIVE FINAL STATES : THERE BE DRAGONS...
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MORE MODEST GOAL : INCLUSIVE OBSERVABLES

Example: gluon multiplicity

dN

~ 2
&p » ~ ‘A(P)‘
[ Dy, F¥Y] =T tErPOOA =0

Yang-Mills eq.

+ Sum of connected graphs
(vacuum graphs cancel)

- Expressible in terms of the
classical field with retarded
boundary conditions

N,= 0——o0

ﬂ*{ﬁﬁr{:
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ENERGY-MOMENTUM TENSOR AT LO
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INCLUSIVE OBSERVABLES : GENERIC FEATURES

Retarded propagation

« Inclusive measurement :

+ Average of an observable
over all final states

» No constraint on the final state

+ No boundary condition for the
fields at t = +co

- Retarded = Causal evolution
« Numerically straightforward
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Inclusive observable at order h°
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Inclusive observable at order h°

time

OLo [I] =

space
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HOW TO CALCULATE THE NEXT TO LEADING ORDER ?

Inclusive observable at order 1

OLo [I] =
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HOW TO CALCULATE THE NEXT TO LEADING ORDER ?

Step 1: generalize to an arbitrary initial fieldatt = —

OLO U) Ain] =
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HOW TO CALCULATE THE NEXT TO LEADING ORDER ?

Step 2: add one loop

ONLO U) ‘Ain] -
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HOW TO CALCULATE THE NEXT TO LEADING ORDER ?

Step 3: view the loop as an operator actingon O,

ONLo U) -Ain] =
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NEXT TO LEADING ORDER

classical
A

N\

{ (/\J

OMU)Ain] = |: %Jd"’xdsy r(x,y} m&ﬂm(y) :| OLO [],.Ain]

quantum
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Remarks
* T'(x,y) is universal, and known analytically :

d3p

etp (x—y)
(2m)32E,

F(x,y)=J

* LO contains NLO (in a somewhat obfuscated way...)

« Applications :
- JIMWLK factorization of large logs of p™*

« Study of isotropization/thermalization
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What happens if the

classical dynamics is unstable ?



INSTABILITIES

« The derivatives 50, , /6A;, are large if the classical solutions
have instabilities (they measure the sensitivity to the initial
condition)

+ This behaviour is ubiquitous in field theory:

- Scalar field with a ¢ interaction : parametric resonance

+ Yang-Mills theory : Weibel instability

« Consequence : O, growths exponentially with time, and
eventually becomes larger than O,

— breakdown of the perturbative expansion

Francois Gelis, September 2019 18



IMPROVED POWER COUNTING

» For an unstable mode:

x(x) ~ e (1 = Lyapunov exponent)
x0 —+o00
e’
J
X0 = -o0
o,(x)
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IMPROVED POWER COUNTING

» For an unstable mode:

x(x) ~ e (1 = Lyapunov exponent)

x0 —+o00
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IMPROVED POWER COUNTING

» For an unstable mode:

x(x) ~ e (1 = Lyapunov exponent)

x0 —+o00

(Wp+u,y)t

@

X0 = -c0

o, (x) o,(x)

2ut

< 0
« At order n, there are terms ~ e?™Ht

NLo ~ €
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RESUMMATION OF THE LEADING TERMS

Resummation
h d d
ORESUM = eXp [zjd3Xd3y r(x)y) 5A1n(x) 5A111(y)] OLO
Orsson = O + Oy + subset of all higher orders
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LEADING TERMS : CLASSICAL STATISTICAL APPROXIMATION

h o 5
= I 0, , [Ain
eXp [2 J’x’y 2(x)y) 6A1n( )S-Aln(y)‘| LO[ ]
"Laplacian”

Diffusion operator on the classical phase-space

= [Pa] e [~ [ atory' xy)aly)] O, n +al
XY

« In this resummation, the observable is obtained as an average
over classical fields with fluctuating initial conditions

 The exponentiation of the 1-loop result promotes the classical
vacuum A;, = 0 into the coherent quantum state |0;y)
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Numerical implementation



HAMILTONIAN LATTICE FORMALISM

Space
= 3D cubic lattice

Francois Gelis, September 2019

- Discrete space, continuous time
 Hamilton equations :

at.A = 8
0¢& = F(A)

+ Yang-Mills case :

Use link variables instead of A to
preserve residual gauge symmetry

22



DISCRETIZATION OF THE EXPANDING VOLUME

——————

— —
e —
/'
=
—

T =const
. . M = const
+ Comoving coordinates : T,n,x . T L

+ Only a small volume is simulated
+ periodic boundary conditions
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THERMALIZATION

+ Unstable modes grow
very quickly

» Other modes are
filled later

 Asymptotic
distribution: classical
equilibrium

o - o a0 o - Tw—p' -1

50 = 300 = 5000 - Thoew-12
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PRESSURE ISOTROPIZATION

+ At early times, P, drops
much faster than P,
(redshifting of the

p— longitudinal momenta
due to the expansion)

S~ - Drastic change of
" S e S behavior when the
I e expansion rate becomes
107 /' \\

smaller than the growth
rate of the unstability

3 « Eventually, isotropic
pressure tensor :
P, = P,
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PRESSURE ISOTROPIZATION

+ At early times, P, drops
much faster than P,
] Leadehifting of the
Pros : dinal momgnta
he expansion)

« Straightforward implementation change of

r when the
on rate becomes

+ Manifest residual gauge symmetry

Caveats : than the growth
- Non renormalizable approximation he unstability
« Sensitive to the UV cutoff Ly, isotropic
e tensor:
J
P =P
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ALTERNATIVES

all-orders
QFT

Kinetic
theory

Kadanoff-Baym
equations

Semi-Classical | Kinetic theory | Kadanoff-Baym
Cont. limit X v v
Screening v X v

+ BUT: Kadanoff-Baym equations are hard to implement and very

heavy to solve numerically..

Francois Gelis, September 2019
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INSIGHTS FROM KINETIC THEORY

0.1
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QuZ3
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- Zero point fluctuations matter
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INSIGHTS FROM KINETIC THEORY
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« Isotropization is rather fast
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INSIGHTS FROM KINETIC THEORY
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+ Hydrodynamical behavior in less than 1 fm/c
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INSIGHTS FROM KINETIC THEORY
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+ Only two attractors: free streaming and isotropic
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Thank you !
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DEGREES OF FREEDOM

Vel Wb N
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. PZL N Q% N AQCD e?\(ypmryJ , Pz~ Qs eYYobs
« Fast partons : frozen dynamics, negligible p, = classical sources
« Slow partons : evolve with time = gauge fields
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DEGREES OF FREEDOM

fields sources
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DEGREES OF FREEDOM

fields sources
,\W y
Y
Fy
Yobs +y cut +y proj
I J'= P SH

(-~ 1 Wipl
-7FVE, +AJ

. PZL N Q% N AQCD e?\(ypm_iny , Pz~ Qs eYYobs
« Fast partons : frozen dynamics, negligible p, = classical sources
« Slow partons : evolve with time = gauge fields
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CANCELLATION OF THE CUTOFF DEPENDENCE

fields sources

$ y
Y

1y

Yoy from :

the loops :

Yobs +y cut +y proj
J'= P SH

[p]

Yproj = Yeut

+ The cutoff y..: is arbitrary and should not affect physical results
 Loop corrections depend on the cutoff in a universal way
* WIp] must depend on ycy: to cancel this dependence
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B-JIMWLK EVOLUTION EQUATION

Balitsky, Jalilian-Marian, lancu, McLerran, Weigert, Leonidov, Kovner

oW, [p] 1 J 5 5

e @ ) e W[l
5. Bpa@) Xer ULz Wle

F (JIMWLK Hamiltonian)

« Mean field approx. (BK equation) : [Kovchegov (1999)]
« Langevin form of B-JIMWLK : [Blaizot, lancu, Weigert (2003)]

« First numerical solution : [Rummukainen, Weigert (2004)]
» Note: Y ~ logarithm of longitudinal momentum
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B-JIMWLK EVOLUTION EQUATION

Balitsky, Jalilian-Marian, lancu, McLerran, Weigert, Leonidov, Kovner

(ﬁ\/\/ [l 1C A A
More recent developments :

Running coupling correction
[Lappi, Mantysaari (2012)]

« Me{ B-JIMWLK equation at Next to Leading Log
. Larl [Kovner, Lublinsky, Mulian (2013)] 03)]

. fird_[Caron-Huot (2013)] [Balitsky, Chirilli (2013)]

» Note: Y ~ logarithm of longitudinal momentum

Francois Gelis, September 2019 30



B-JIMWLK EVOLUTION EQUATION

Balitsky, Jalilian-Marian, lancu, McLerran, Weigert, Leonidov, Kovner

ANA/_[n] 1C A A
More recent developments : ]

F( Open questions for practical uses :

[[ - Does the NLO evolution preserve the
positivity of W([p]? (non trivial if the JIMWLK
Hamiltonian contains higher derivatives at
NLO)

« Fird_!l + Can the NLO B-JIMWLK equation still be
mapped into a Langevin equation?

—

o Lar

—

* Note:
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POWER COUNTING

1 L L
8=—7 [FuP+ [ 01 +18) A
~—_— ~—

slow fast

1

In the saturated regime: J* ~ g/, =2

At ~g7!, fx~g

1
T”V~? Co +cCq gz+czg4+-~-]

co = tree level, c; = one loop, etc...
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INCLUSIVE OBSERVABLES AT NLO

[FG, Lappi, Venugopalan (2007-2008)]

+ Observables at NLO can be obtained from the LO by
differentiation with respect to the initial condition of the
classical field :

_n J o(u,v) 9 9 O
NLo 2 ’ a‘Ainit (u) aAinit (V) ro

u,v

* NLO : the time evolution remains classical;

h only enters in the initial condition
« NNLO: h starts appearing in the time evolution itself

+ o(u,v) is universal; calculable analytically; depends on ycut
Factorization: y..¢ can be absorbed in W/p; 5]
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Another take on LO contains NLO : Moyal equation

~

0P+
0T

- Wigner transform : W, (x,p) = st ePs (x + %}6T|x — %}

« Liouville-von Neumann equation: i h = [ﬁ, P+

« LvN equation is equivalent to Moyal equation

oW, 2 . 1h, « — — —
- = H(x,p) o sin (2( dpdx — Ox0p )) W (x,p)
= {3W:} +0(h)
——

Poisson bracket

At O(h), the evolution is still classical (the h' corrections
come from the quantum nature of the initial state)

Francois Gelis, September 2019
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HANDWAVING ARGUMENT FOR FACTORIZATION

.:’7 Tcoll - E !

- The duration of the collision is very short: Teon ~ E '
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HANDWAVING ARGUMENT FOR FACTORIZATION

.:’7 Tcoll - E !

- The duration of the collision is very short: Teon ~ E '

 The logarithms we want to resum are due to the radiation of soft
gluons, which takes a long time
> it must happen (long) before the collision
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HANDWAVING ARGUMENT FOR FACTORIZATION

.:’7 Tcoll - E !

space-like interval

- The duration of the collision is very short: Teon ~ E '

 The logarithms we want to resum are due to the radiation of soft
gluons, which takes a long time
> it must happen (long) before the collision

 The projectiles are not in causal contact before the impact
> the logarithms are intrinsic properties of the projectiles,
independent of the measured observable
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LEADING LOG CORRECTIONS IN AA COLLISIONS

* The y..-dependent part of the NLO correction can be shown to
be:

‘ oNLo = Yeut [ﬂ-ﬁ _9{2} OLO + e |

Hi,2 ¢ JIMWLK Hamiltonians for the two nuclei

* Notes:

+ does not mix the two nuclei = Factorization
- does not work for exclusive quantities
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FACTORIZATION

- By integrating over p; ,'s, one can transfer the y... dependence
into universal distributions W1 5 [p1 5]

Resummation of (x,y..;)" to all orders

oleading log :J [Dp] Dpz] W1 [p1] WZ [pz] 81:(.)/
fixed p1’2

aalvv — %W  (JIMWLK equation)
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INSTABILITY OF CLASSICAL SOLUTIONS
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« Consequence: NLO corrections grow exponentially with time
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+ LO = classical chromo-E and chromo-B fields

(E]

+ NLO = gluon loop embedded in this field
— =0

« instability ~ imaginary part of the loop ~ gluon pair production
» BUT : at NLO, no feedback of the produced gluons on the LO field!
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