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Outline
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Growth of the gluon distribution at small x

Gluon distribution at small x

• Note: gluons have been divided by 20

• Gluons dominate at any x ≤ 10−1
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Longitudinal momentum fraction in AA collisions

• The partons that are relevant for the process under
consideration carry the longitudinal momentum fractions:

x1,2 =
M⊥√

s
e±Y

• M⊥ : transverse mass
• Y : rapidity
•

√
s : collision energy
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Longitudinal momentum fraction in AA collisions

Nucleus-Nucleus collision

• 99% of the multiplicity below p⊥ ∼ 2 GeV

• x ∼ 10−2 at RHIC (
√

s = 200 GeV)

• x ∼ 4.10−4 at the LHC (
√

s = 5.5 TeV)

⊲ gluons at small x are the most important
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Gluon saturation

• consider a hadron or nucleus probed via gluon exchange

• at low energy, only valence quarks are present in the
hadron wave function
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Gluon saturation

• when energy increases, new gluons are emitted

• the emission probability is αs
∫

dx
x ∼ αs ln( 1

x ), with x the
longitudinal momentum fraction of the gluon

• at small-x (i.e. high energy), these logs need to be
resummed
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Gluon saturation

• as long as the gluon density remains small, the evolution
is linear: the number of gluons produced at a given step is
proportional to the number of gluons at the previous step

Balitsky, Fadin, Kuraev, Lipatov (1977)
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Gluon saturation

• eventually, the gluons overlap in phase-space

• gluon recombination becomes likely

• after this point, the evolution is non-linear
Balitsky (1996), Kovchegov (2000)
Jalilian-Marian, Kovner, Leonidov, Weigert (1999)
Iancu, Leonidov, McLerran (2001)
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Criterion for gluon recombination

Gribov, Levin, Ryskin (1983)

Number of gluons per unit area :

ρ ∼ xGA(x ,Q
2)

πR2
A

Recombination cross-section :

σgg→g ∼ αs

Q2

Recombination happens if ρσgg→g & 1, i.e. Q2 . Q2
s , with :

Q2
s ∼ αsxGA(x ,Q

2
s )

πR2
A

∼ A1/3 1
x0.3
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Saturation domain

log(Q 2)

log(x -1)

Λ
QCD
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Saturation momentum: constraints from data

Qs as a function of x and A
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Requirements

?
• Main difficulty: How to treat collisions involving a large

number of partons?
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Requirements

• Main difficulty: How to treat collisions involving a large
number of partons?

• Dilute regime : one parton in each projectile interact
(what the standard perturbative techniques are made for)
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Requirements

• Main difficulty: How to treat collisions involving a large
number of partons?

• Dense regime : multiparton processes become crucial
⊲ new techniques are required
⊲ multi-parton distributions are needed
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CGC: Degrees of freedom

CGC = effective theory of small x gluons

• The fast partons (k+ > Λ+) are frozen by time dilation
⊲ described as static color sources on the light-cone :

Jµ = δµ+ρ(x−, ~x⊥) (0 < x− < 1/Λ+)

• The color sources ρ are random, and described by a
probability distribution WΛ+ [ρ]

• Slow partons (k+ < Λ+) cannot be considered static over
the time-scales of the collision process

⊲ must be treated as standard gauge fields

⊲ eikonal coupling to the current Jµ : AµJµ



François Gelis

Gluon saturation
Why small-x gluons matter

Gluon evolution

Color Glass Condensate

High energy collisions
Power counting

Leading Order

Next to Leading Order

Factorization

Correlations
RHIC and LHC data

Ridge in Au-Au collisions

Ridge in p-p collisions

Emergence of flow
Hydro in AA collisions

Toy scalar model

Pressure at LO and NLO

Resummation

Zero mode fluctuations

Complete spectrum

Summary

12

CGC: renormalization group evolution

Independence w.r.t Λ+ → evolution equation (JIMWLK) :

∂WΛ+

∂ ln(Λ+)
= H WΛ+

H =
1
2

∫

~x⊥,~y⊥

δ

δα(~y
⊥
)
η(~x⊥, ~y⊥

)
δ

δα(~x⊥)

where −∂2
⊥ α(~x⊥) = ρ(1/Λ+, ~x⊥)

• η(~x⊥, ~y⊥) is a non-linear functional of ρ

• Resums all the powers of αs ln(1/x) and of Qs/p⊥ that
arise in loop corrections

• Simplifies into the BFKL equation when the source ρ is
small (expand η in powers of ρ)
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2 Collisions of two saturated projectiles
Power counting
Leading Order
Next to Leading Order
Initial state factorization
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Power counting

• CGC effective theory with cutoff at the scale Λ+
0 :

k+

P+Λ+
0

fields sources

S = −1
4

∫

FµνFµν

︸ ︷︷ ︸

SYM

+

∫

(Jµ
1 + Jµ

2 )

︸ ︷︷ ︸

fast partons

Aµ

• Expansion in g2 in the saturated regime:

dN1

dyd2~p⊥
∼ 1

g2

[

c0 + c1 g2 + c2 g4 + · · ·
]
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2 Collisions of two saturated projectiles
Power counting
Leading Order
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Leading Order

dN1

dyd2~p⊥

∣
∣
∣
∣

LO

=
∑

trees

Inclusive gluon spectrum at LO :

dN1

dyd2~p⊥

∣
∣
∣
∣

LO

∝
∫

d4xd4y eip·(x−y) · · · Aµ(x)Aν(y)

[
Dµ,Fµν

]
= Jν

1 + Jν
2

︸ ︷︷ ︸

Yang−Mills equation

, lim
t→−∞

Aµ(t , ~x) = 0

(at LO, everything comes from classical fields)
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2 Collisions of two saturated projectiles
Power counting
Leading Order
Next to Leading Order
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Next to Leading Order [FG, Venugopalan (2006)]

dN1

dyd2~p⊥

∣
∣
∣
∣

NLO

=
∑

trees

Inclusive gluon spectrum at NLO :

dN1

dyd2~p
⊥

∣

∣

∣

∣

NLO

=

[

1
2

∫

~u,~v∈Σ

G(~u, ~v)TuTv +

∫

~u∈Σ

β(~u)Tu

]

dN1

dyd2~p
⊥

∣

∣

∣

∣

LO

Σ = initial Cauchy surface , Tu ∼ δ/δAinit(u)

(for certain choices of Σ, the functions G(~u, ~v) and β(~u) are
calculable analytically)
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Power counting
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Leading Logs [FG, Lappi, Venugopalan (2008)]

Logs of Λ+ and Λ−

1
2

∫

~u,~v∈Σ

G(~u, ~v)TuTv +

∫

~u∈Σ

β(~u)Tu =

= ln
(
Λ+

)
H1 + ln

(
Λ−) H2 + terms w/o logs

H1,2 = JIMWLK Hamiltonian

⊲ ensures the factorizability of these logs into
JIMWLK-evolved distributions W [ρ1,2]
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Factorization of the Leading Logs of 1/x

• One can factorize all the powers of αs log(1/x1,2)

Single inclusive gluon spectrum at Leading Log accuracy

〈
dN1

dyd2~p⊥

〉

LLog

=

∫
[
Dρ1 Dρ2

]
W1

[
ρ1

]
W2

[
ρ2

] dN1[ρ1,2]

dyd2~p⊥
︸ ︷︷ ︸

for fixed ρ1,2

• The factor dN1/dyd2~p⊥ under the integral does not
depend on y : the rapidity dependence comes entirely from
the distributions W1,2

• This factorization establishes a link to other reactions
(such as DIS) in the saturated regime
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Multi-gluon correlations at Leading Log

• The previous factorization can be extended to
multi-particle inclusive spectra :

〈
dNn

dy1d2~p1⊥ · · · dynd2~pn⊥

〉

LLog

=

=

∫
[
Dρ1 Dρ2

]
W1

[
ρ1

]
W2

[
ρ2

] dN1[ρ1,2]

dy1d2~p1⊥
· · · dN1[ρ1,2]

dynd2~pn⊥

• Note: at Leading Log accuracy, all the rapidity correlations
come from the evolution of the distributions W [ρ1,2]

⊲ they are a property of the pre-collision initial state

• This formula predicts long range (∆y ∼ α−1
s ) correlations

in rapidity
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Why factorization works: causality

τcoll ∼ E-1

• The duration of the collision is very short: τcoll ∼ E−1
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Why factorization works: causality

τcoll ∼ E-1

• The duration of the collision is very short: τcoll ∼ E−1

• The logarithms we want to resum arise from the radiation
of soft gluons, which takes a long time
⊲ it must happen (long) before the collision
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Why factorization works: causality

τcoll ∼ E-1

space-like interval

• The duration of the collision is very short: τcoll ∼ E−1

• The logarithms we want to resum arise from 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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3 Correlations in the final state
2-hadron correlations in data
Ridge in Au-Au collisions
Ridge in p-p collisions
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Nucleus-nucleus collisions at RHIC

-2
-1

0
1

2
0

2
4

ρ
/ρ∆

0

0.2

0.4

0.6

∆
η∆

φ

STAR Preliminary

• Long range correlation in ∆η (rapidity)

• Narrow correlation in ∆ϕ (azimuthal angle)
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Proton-proton collisions at the LHC

• Similar effect visible for high multiplicity p-p collisions,
in an intermediate p⊥ window

• Much weaker than in AA collisions
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Importance of the initial stages

Long range rapidity correlations probe early times

tcorrelation≤ tfreeze out e− 1
2 |ηA−ηB |

detection

freeze out

latest correlation

A
B

z 

t
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Initial classical color fields [Lappi, McLerran (2006)]

• At τ = 0+, the chromo-~E and ~B fields form longitudinal
“flux tubes” extending between the projectiles:

• Correlation length in the transverse plane: ∆r⊥ ∼ Q−1
s

• Correlation length in rapidity: ∆η ∼ α−1
s
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3 Correlations in the final state
2-hadron correlations in data
Ridge in Au-Au collisions
Ridge in p-p collisions
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2-hadron correlations at RHIC

Dumitru, FG, McLerran, Venugopalan (2008)

• η-independent fields lead to long range correlations :
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2-hadron correlations at RHIC

Dumitru, FG, McLerran, Venugopalan (2008)

• η-independent fields lead to long range correlations :

R

Q
S
-1

• Particles emitted by different flux tubes are not correlated
⊲ (RQs)

−2 sets the strength of the correlation
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2-hadron correlations at RHIC

Dumitru, FG, McLerran, Venugopalan (2008)

• η-independent fields lead to long range correlations :

• Particles emitted by different flux tubes are not correlated
⊲ (RQs)

−2 sets the strength of the correlation

• At early times, the correlation is flat in ∆ϕ
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2-hadron correlations at RHIC

Dumitru, FG, McLerran, Venugopalan (2008)

• η-independent fields lead to long range correlations :

vr

• Particles emitted by different flux tubes are not correlated
⊲ (RQs)

−2 sets the strength of the correlation

• At early times, the correlation is flat in ∆ϕ
A collimation in ∆ϕ is produced later by radial flow
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Ridge: centrality dependence

Gavin, McLerran, Moschelli (2008)

Radial flow modelled by a blast wave
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Ridge: rapidity dependence

Dusling, FG, Lappi, Venugopalan (2009)

 0

 0.2

 0.4
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 1.2

-6 -5 -4 -3 -2 -1  0  1  2

1/
N

tr
ig

 d
N

ch
/d

∆η
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pT
trig = 2.5 GeV

pT
assoc = 350 MeV

Au+Au 0-30% (PHOBOS)
p+p (PYTHIA)

ytrig = 0
ytrig=0.75

ytrig=1.5

• Note: the central peak is not a CGC prediction. It is good
old jet fragmentation, taken from PYTHIA in this plot
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Ridge: rapidity dependence

0.0
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/(
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 d

2 q T
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y q
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]

yq - yp

Pb+Pb at LHC

× 10-2

× 0.5

× 0.65 × 0.85

pT = 2 GeV
qT = 2 GeV

yp = 0
yp = -1.5

yp = -3
yp = -4.5

• The shape of the yq − yp dependence depends on the
rapidity of the trigger particle

the CGC provides testable predictions that may distinguish
it from other models that also have “boost invariance”
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3 Correlations in the final state
2-hadron correlations in data
Ridge in Au-Au collisions
Ridge in p-p collisions
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Origin of the angular correlation

Dumitru, Dusling, FG, Jalilian-Marian, Lappi, Venugopalan (2010)

• The long range rapidity correlations invoked in A-A
collisions are also present in p-p collisions

• Whether there is a sufficient amount of radial flow to
induce the azimuthal collimation is unknown

• less particles are produced

• the system freezes out much earlier

• There is however an “intrinsic” angular correlation, that
exists in the absence of flow (it was there in A-A collisions
as well, but neglected because it is a small effect)
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Intrinsic angular correlations

• 2-gluon inclusive spectrum before the average over ρ1,2:

p

q

⊲ this contribution dominates the 2-gluon spectrum in the
regime where the parton densities are large

⊲ the average over ρ1,2 amounts to connecting the red
and green lines in all the possible ways (pairwise if the
sources have Gaussian distributions)
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Intrinsic angular correlations

• Trivial connection (no correlation):

p

q
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Intrinsic angular correlations

• Non-trivial connection (1):

p

q
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Intrinsic angular correlations

• Non-trivial connection (2):

p

q
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Intrinsic angular correlations

• Non-trivial connection (3):

p

q



François Gelis

Gluon saturation
Why small-x gluons matter

Gluon evolution

Color Glass Condensate

High energy collisions
Power counting

Leading Order

Next to Leading Order

Factorization

Correlations
RHIC and LHC data

Ridge in Au-Au collisions

Ridge in p-p collisions

Emergence of flow
Hydro in AA collisions

Toy scalar model

Pressure at LO and NLO

Resummation

Zero mode fluctuations

Complete spectrum

Summary

34

Intrinsic angular correlations

• Non-trivial connection (4):

p

q
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Intrinsic angular correlations

• Non-trivial connection (5):

p

q
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Intrinsic angular correlations

• Diagrams (1-4) have only back-to-back correlations

• (5) is the interesting one!

p

q

k

k

q-k

p-k

⊲ Momentum assignment of the unintegrated gluon
distributions:

[φ1(k⊥)]
2
φ2(|p⊥ − k⊥|) φ2(|q⊥ − k⊥|)
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Intrinsic angular correlations

• In the saturation regime, unintegrated gluon distributions
are peaked near Qs:

QsHx=10-2
L=1.5 GeV

QsHx=10-4
L=1.9 GeV

QsHx=10-5
L=2.4 GeV

1 10 100
kT

2

0.5

1.0

1.5

2.0

2.5

3.0

UGD

• The presence of this peak is what correlates the directions
of ~p⊥ and ~q⊥ around ∆φ = 0 when we perform the
integration over ~k⊥
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Intrinsic angular correlations

k

• |~k⊥| ∼ Qs
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Intrinsic angular correlations

k

−k

• |~k⊥| ∼ Qs
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Intrinsic angular correlations

k

−k

p

q

p−k

q−k

• |~k⊥| ∼ Qs

• |~p
⊥
− ~k⊥| ∼ |~q

⊥
− ~k⊥| ∼ Qs
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Intrinsic angular correlations

k

−kp

q

• |~k⊥| ∼ Qs

• |~p
⊥
− ~k⊥| ∼ |~q

⊥
− ~k⊥| ∼ Qs

• If the momenta are smaller than the width of the distributions,
there is no significant angular correlation

Similarly, for large momenta there is no correlation because the
main contribution does not come from the peak of the
distributions anymore
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Intrinsic angular correlations

• The effect is maximal for intermediate p⊥,q⊥ ∼ Qs:

-0.01
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4 Emergence of hydrodynamical flow
Hydrodynamics in AA collisions
Toy scalar model
Pressure at LO and NLO
Unstable modes and resummation
Zero mode fluctuations only
Complete fluctuation spectrum
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Stages of a nucleus-nucleus collision

z 

t

strong fields classical dynamics

gluons & quarks out of eq. viscous hydro

gluons & quarks in eq. ideal hydro

hadrons kinetic theory

freeze out

• The Color Glass Condensate provides a framework to
describe nucleus-nucleus collisions up to a time τ ∼ Q−1

s

• The subsequent stages are well described by nearly ideal
hydrodynamics
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Matching to hydrodynamics

• If a smooth matching from the CGC to Hydro is possible,
there should be an overlap between their respective
domain of applicability:

CGC

Hydrodynamics

⊲ one should be able to recover the fluid behavior by
starting from the CGC. However, this is problematic at the
moment
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Reminder on hydrodynamics

Equations of hydrodynamics :

∂µTµν = 0

Additional inputs :

EoS : p = f (ǫ) , Transport coefficients : η, ζ, · · ·

• Required initial conditions : Tµν(τ = τ0, η, ~x⊥)
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4 Emergence of hydrodynamical flow
Hydrodynamics in AA collisions
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φ4 field theory with a strong external source

Dusling, Epelbaum, FG, Venugopalan (2010)

Lagrangian

L =
1
2
(∂αφ)

2 − V (φ) + Jφ

V (φ) =
g2

4!
φ4 J = θ(−x0)eaQx0 Q3

g

• In 3+1-dim, g is dimensionless, and the only scale in the
problem is Q, provided by the external source

• Q mimics the saturation scale

• The source is active only at x0 < 0, and is switched off
adiabatically when x0 → −∞
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Tµν at Leading Order

Tµν
LO

= ∂µϕ∂νϕ− gµνL , �ϕ+ V ′(ϕ) = J , lim
x0→−∞

ϕ(x) = 0

-40

-30

-20
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 0

 10

 20

 30

 40

-20  0  20  40  60  80

time

PLO εLO

⊲ no single-valued relation between ǫ and p: no EoS at LO
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Tµν at Next to Leading Order

Tµν
NLO

= ∂µϕ∂νβ + ∂µβ∂νϕ− gµν
[

∂αβ∂
αϕ− βV ′(ϕ)

]

+

∫

k

[

∂µa−k∂
νa+k −

gµν

2

(

∂αa−k∂
αa+k − V ′′(ϕ)a−k a+k

)]

[

�+ V ′′(ϕ)
]

a±k = 0 , lim
x0→−∞

a±k (x) = e±ik·x

[

�+ V ′′(ϕ)
]

β = − 1
2 V ′′′(ϕ)

∫

k
a−k a+k , lim

x0→−∞
β(x) = 0
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Tµν at Next to Leading Order: secular divergences

NLO corrections for g = 1

-40

-30

-20

-10

 0

 10

 20

 30

 40

-20  0  20  40  60  80

time

PNLO εNLO

• ǫNLO is a small correction at all times (it is protected from
divergences by the conservation of Tµν)

• pNLO is still small at x0 = 0

• pNLO diverges exponentially when x0 → +∞
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4 Emergence of hydrodynamical flow
Hydrodynamics in AA collisions
Toy scalar model
Pressure at LO and NLO
Unstable modes and resummation
Zero mode fluctuations only
Complete fluctuation spectrum
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Stability analysis

• Consider the (linearized) equation for fluctuations of
momentum ~k over the uniform background ϕ0(t) :

ϕ̈0(t) + V ′(ϕ0(t)) = 0

ä +
[

k2 + V ′′(ϕ0(t))
︸ ︷︷ ︸

m2(t)

]

a = 0

• It has two independent solutions a1 and a2

• If T is the period of ϕ0(t), one can relate a1,2(T ) to a1,2(0)
by a linear transformation :

Mk ≡
(

a1(T ) a2(T )
ȧ1(T ) ȧ2(T )

)(
a1(0) a2(0)
ȧ1(0) ȧ2(0)

)−1

• det(Mk ) = 1 (from unitarity, since ϕ0(t) ∈ R)
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Stability analysis

(In)stability conditions

tr (Mk ) < 2 : a1 and a2 are stable

tr (Mk ) = 2 : a1 is stable and a2 diverges linearly

tr (Mk ) > 2 : a1 is stable and a2 diverges exponentially

-2
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tr
(M

k)

k / m0
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Resummation [FG, Lappi, Venugopalan (2007)]

Reminder: energy-momentum tensor at NLO

Tµν
NLO

=

[

1
2

∫

~u,~v∈Σ

G(~u, ~v)TuTv +

∫

~u∈Σ

β(~u)Tu

]

Tµν
LO
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Resummation [FG, Lappi, Venugopalan (2007)]

Resummed energy-momentum tensor

Tµν
resummed

= exp

[

1
2

∫

~u,~v∈Σ

G(~u, ~v)TuTv +

∫

~u∈Σ

β(~u)Tu

]

Tµν
LO

• contains the complete LO + NLO
+ a subset of the higher orders :

Tµν
resummed

=
Q4

g2

[

c0 + c1 g2

︸ ︷︷ ︸

fully

+ c2 g4 + · · ·
︸ ︷︷ ︸

partly

]

• resums the leading divergent terms (i.e. the terms where
each extra g2 is accompanied by a growing fluctuation)
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Why does it cure the secular divergences?

• exp[· · ·Tu] shifts the initial condition of a classical field:

exp

[
∫

~u∈Σ

α(u)Tu

]

F [ϕinit ] = F [ϕinit + α]

Equivalent form of the resummation

exp

[

1
2

∫

~u,~v∈Σ

G(~u, ~v)TuTv +

∫

~u∈Σ

β(~u)Tu

]

Tµν
LO

[ϕinit ]

=

∫

[Dα] exp

[

− 1
2

∫

~u,~v∈Σ

α(~u)G−1(~u, ~v)α(~v)

]

Tµν
LO

[ϕinit + α+ β]

⊲ initial condition at x0 = 0 shifted by a Gaussian-distributed
fluctuation, but full non-linear evolution at x0 > 0 ⊲ no runaway
contributions [Son (1996), Khlebnikov, Tkachev (1996)]
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Spectrum of fluctuations

• The variance of the Gaussian fluctuations is:

G(~x , ~y) =
∫

d3~k
(2π)32|k | a+k (0, ~x)a−k (0, ~y)

[

�+ V ′′(ϕ0(t))
]

a±k = 0 lim
x0→−∞

a±k (x) = e±ik·x

• a±k (t , ~x) = plane wave distorted by the background field :
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4 Emergence of hydrodynamical flow
Hydrodynamics in AA collisions
Toy scalar model
Pressure at LO and NLO
Unstable modes and resummation
Zero mode fluctuations only
Complete fluctuation spectrum
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Time evolution of the pressure

LO result, i.e. no fluctuations :
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Time evolution of the pressure

Resummed result (with k=0 fluctuations only) :
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• No more divergence of the pressure when x0 → +∞
• P relaxes to ǫ/3 ⊲ EoS of a 4-dim scale invariant system
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Time evolution of the phase-space density

ρ(φ, φ̇) at t = 0 :
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Time evolution of the phase-space density

ρ(φ, φ̇) at t = 10 :
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Time evolution of the phase-space density

ρ(φ, φ̇) at t = 20 :
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Time evolution of the phase-space density

ρ(φ, φ̇) at t = 50 :
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Time evolution of the phase-space density

ρ(φ, φ̇) at t = 100 :
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• The phase-space density ρ(φ, φ̇) spreads around a curve
of fixed energy ⊲ micro-canonical equilibrium
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What makes ρ(φ, φ̇) spread?

• In a non-harmonic potential, fields with different
amplitudes oscillate at different frequencies

⊲ their relative phase increases linearly in time

• They spread over the entire orbit in a time

trelax ≈
2π

∆α · dω
dφ

• In our toy model: dω/dφ ∼ g and ∆α ∼ Q

trelax ∼
1

gQ
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What makes the pressure relax?
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P = -εP = -ε

P = +ε

P = +ε

ǫ− 3P = −d(φφ̇)
dt

• For a single field configuration, the average of ǫ− 3P over
the orbit is zero

• If ρ(φ, φ̇) spreads uniformly around the orbit, the ensemble
average leads to the same result as the time average for
one field configuration :

lim
t→+∞

〈ǫ− 3P〉α,α̇ =
1
T

∫ T

0
dt [ǫ− 3P]α,α̇=0 = 0 .
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4 Emergence of hydrodynamical flow
Hydrodynamics in AA collisions
Toy scalar model
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Unstable modes and resummation
Zero mode fluctuations only
Complete fluctuation spectrum
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Relaxation of the pressure

g = 0.5
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• Note: g = 0.5 is a very small coupling in this model

(V (φ) has a 1/4! prefactor)
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Coupling dependence

g dependence at fixed ǫ
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• The relaxation time decreases rapidly with increasing g

• Note: g = 8 in this theory may be comparable to gs = 2 in
QCD, due to the 1/4! in the potential

• Caveat: our calculation becomes less reliable at large g
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Energy distribution

Probability distribution P(e) (e = energy on one site, g = 0.5)
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• At t = 0, narrow Gaussian fluctuations

• Very rapid change of shape around t ≈ 30

• Shape closer to Bose-Einstein later on (but not quite)
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Summary

• Collisions of hadrons/nuclei at high energy require some
knowledge about the multigluon Fock states of the
projectiles. An effective description of these states is
provided by the color glass condensate

• Some new correlations among the final state particles
emerge as a consequence of these high density states

• The CGC computation of the energy-momentum tensor in
heavy ion collisions has several problems :

• No equation of state at LO

• Secular divergences at NLO due to instabilities

• A resummation of higher order terms leads to :

• Cancellation of all the secular divergences

• Relaxation of the pressure towards an equation of state

• More thermal-like energy density fluctuations
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Power counting

• The instabilities are triggered by the 2-point function :

u

vG(u,v)

• Power counting : G ∼ O(1), •◦ ∼ TA ∼ O(g e
√
µτ )

• This 1-loop term is of order g2 e2
√
µτ relative to the LO
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Power counting

• At n-loop order, one should pick the terms that have the
fastest growth in time

⊲ maximize the number of locations where the initial field
is perturbed on the light-cone, while minimizing the powers
of αs

x y

• This 2-loop term is of order g4 e4
√
µτ relative to the LO
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Power counting

• Non-Gaussian correlations are suppressed :

G3(u,v,w)

• Power counting : G3 ∼ O(g), •◦ ∼ O(g e
√
µτ )

• This 2-loop term is of order g4 e3
√
µτ relative to the LO

⊲ subleading
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