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The QCD phase space

Quark Gluon Plasma

• QCD behaves differently depending on conditions of temperature of 
density of matter 

• Low temperature and densities: hadronic phase (confinement)
• Transition at high temperature to a deconfined phase: The QUARK-

GLUON PLASMA
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Highly Energetic Heavy Ion Collisions

• This state of matter can be accessed in particle colliders through 
Heavy Ion Collision experiments

• Performed at Brookhaven National Laboratory’s Relativistic Heavy Ion 
Collider (RHIC) and CERN’s Large Hadron Collider (more specifically 
the ALICE experiment)
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Stages of a heavy ion collision

• After the collision, matter goes through different phases as it cools down 
• In the last part, it reaches the hadronic phase, and this is how it appears in the 

detectors

t=0 ~0.5 fm/c ~10 fm/c ~15 fm/c
time

Quark Gluon PlasmaPre-equlibrium: GLASMA Hadronic phase Finally observed particles
(hadrons)

Collision

Cooling down

Freeze out
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• We are interested in studying the matter generated immediately after 
the collision (            )
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Stages of a heavy ion collision

t=0 ~10 fm/c ~15 fm/c

Quark Gluon PlasmaPre-equlibrium: GLASMA Hadronic phase Finally observed particles
(hadrons)

Collision

Cooling down

Freeze out

~0.5 fm/c
time

THIS TALK

⌧ = 0+

• After the collision, matter goes through different phases as it cools down 
• In the last part, it reaches the hadronic phase, and this is how it appears in the 

detectors
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Highly Energetic Heavy Ion Collisions
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Fig. 5. Parton distributions in a proton, measured in Deep Inelastic Scattering at HERA.2

parton distributions at high energy/small x is that the gluons are outnumbering
all the other parton species – the valence quarks are completely negligible in this
kinematical region, and the sea quarks are suppressed by one power of the coupling
↵

s

, since they are produced from the gluons by the splitting g ! qq.

Fig. 6. Left: typical process in a hadronic collision in the dilute regime. Right: typical process in
the dense regime.

This increase of the gluon distribution at small x leads to a major complication
when applying QCD to compute processes in this regime. Indeed, the usual tools of
perturbation theory are well adapted to the situation where the parton distributions
are small (see the left figure 6) and where a fairly small number of graphs contribute
at each order. On the contrary, when the parton distributions increase, processes
involving many partons become more and more important, as illustrated in the
right panel of the figure 6. The extreme situation arises when the gluon occupation
number is of order 1/↵

s

: in this case, an infinite number of graphs contribute at each
order. This regime of high parton densities is non-perturbative, even if the coupling
constant is weak – the non-perturbative features arise from the fact that the large

• At high energies the partonic content of 
protons and neutrons is vastly dominated 
by a high density of gluons
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Highly Energetic Heavy Ion Collisions
• At high energies the partonic content of 

protons and neutrons is vastly dominated 
by a high density of gluons

• Relativistic kinematics: at high energies, 
the nuclei appear almost two-dimensional 
in the laboratory frame due to Lorentz 
contraction
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Highly Energetic Heavy Ion Collisions
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This increase of the gluon distribution at small x leads to a major complication
when applying QCD to compute processes in this regime. Indeed, the usual tools of
perturbation theory are well adapted to the situation where the parton distributions
are small (see the left figure 6) and where a fairly small number of graphs contribute
at each order. On the contrary, when the parton distributions increase, processes
involving many partons become more and more important, as illustrated in the
right panel of the figure 6. The extreme situation arises when the gluon occupation
number is of order 1/↵

s

: in this case, an infinite number of graphs contribute at each
order. This regime of high parton densities is non-perturbative, even if the coupling
constant is weak – the non-perturbative features arise from the fact that the large

• At high energies the partonic content of 
protons and neutrons is vastly dominated 
by a high density of gluons

• Relativistic kinematics: at high energies, 
the nuclei appear almost two-dimensional 
in the laboratory frame due to Lorentz 
contraction

• QCD becomes non-linear and non-perturbative!
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Color Glass Condensate
• We use an approximation of QCD for high gluon densities where we 

replace the gluons with a classical field generated by the valence 
quarks
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This increase of the gluon distribution at small x leads to a major complication
when applying QCD to compute processes in this regime. Indeed, the usual tools of
perturbation theory are well adapted to the situation where the parton distributions
are small (see the left figure 6) and where a fairly small number of graphs contribute
at each order. On the contrary, when the parton distributions increase, processes
involving many partons become more and more important, as illustrated in the
right panel of the figure 6. The extreme situation arises when the gluon occupation
number is of order 1/↵

s

: in this case, an infinite number of graphs contribute at each
order. This regime of high parton densities is non-perturbative, even if the coupling
constant is weak – the non-perturbative features arise from the fact that the large

A

µ(x)

• Dynamics of the field described by Yang-Mills classical equations:

[Dµ, F
µ⌫ ] = J

⌫ / ⇢(x)
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Color Glass Condensate
• We use an approximation of QCD for high gluon densities where we 

replace the gluons with a classical field generated by the valence 
quarks

4 François Gelis

-310

-210

-110

1

10

-410
-3

10 -210 -110 1

-310

-210

-110

1

10

 HERAPDF1.0

 exp. uncert.

 model uncert.

 parametrization uncert.

 

x

x
f

2 = 10 GeV2Q

vxu

vxd

xS 

xg 

                H1 and ZEUS

-310

-210

-110

1

10

Fig. 5. Parton distributions in a proton, measured in Deep Inelastic Scattering at HERA.2

parton distributions at high energy/small x is that the gluons are outnumbering
all the other parton species – the valence quarks are completely negligible in this
kinematical region, and the sea quarks are suppressed by one power of the coupling
↵

s

, since they are produced from the gluons by the splitting g ! qq.

Fig. 6. Left: typical process in a hadronic collision in the dilute regime. Right: typical process in
the dense regime.

This increase of the gluon distribution at small x leads to a major complication
when applying QCD to compute processes in this regime. Indeed, the usual tools of
perturbation theory are well adapted to the situation where the parton distributions
are small (see the left figure 6) and where a fairly small number of graphs contribute
at each order. On the contrary, when the parton distributions increase, processes
involving many partons become more and more important, as illustrated in the
right panel of the figure 6. The extreme situation arises when the gluon occupation
number is of order 1/↵

s
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A

µ(x)

• Dynamics of the field described by Yang-Mills classical equations:

• Calculation of observables: average over background classical fields

[Dµ, F
µ⌫ ] = J

⌫ / ⇢(x)

hO [⇢]i =
Z

[d⇢] exp

⇢
�
Z

dxTr

⇥
⇢

2
⇤�O [⇢]
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Hydrodynamics

Color Glass Condensate

Quark Gluon Plasma

Finally observed particles (hadrons)

Initial conditions of QGP
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Computation of observables in the Color Glass Condensate

Tµ⌫ =
1

4
gµ⌫F↵�F↵� � Fµ↵F ⌫

↵

• Correlators:

• Energy-Momentum Tensor:

hTµ⌫i / h✏0i

• Covariance:
Cov[✏0] = h✏0(x?)✏0(y?)i � h✏0(x?)ih✏0(y?)i

hTµ⌫T �⇢i / h✏0✏0i
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Computation of observables in the Color Glass Condensate
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Tµ⌫ =
1

4
gµ⌫F↵�F↵� � Fµ↵F ⌫
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• Energy-Momentum Tensor:

What we find:
• Contrary to expectations, we obtain 

relatively large-range correlations 
(  dddddecay in the      dddd limit). 

• We show that, although the Glasma Graph 
result yields a good approximation in the 
ggggg limit, it quickly becomes dddddd 
unacceptable at larger distances. 

• These results could have an impact in 
both physical interpretations and 
numerical results for any observable built 
from this quantity.

1/r2 r ! 1

r ! 0

T. Lappi and, S. Schlichting, Phys.Rev. D 97, 034034 (2018)

• Correlators:

Cov[✏0] = h✏0(x?)✏0(y?)i � h✏0(x?)ih✏0(y?)i

hTµ⌫i / h✏0i
hTµ⌫T �⇢i / h✏0✏0i

• Covariance:

Glasma Graph result:
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Applying our results to the analytical calculation of fluctuation eccentricities. 

Computing the dilute-dense limit of our expressions, which would have a direct 
application in the theoretical characterization of proton-nucleus collisions. 

Applying the same framework in the calculation of correlators of the divergence 
of the Chern-Simons current, thus characterizing the generation of axial charge 
in the early stages of heavy ion collisions. 

Computing the time evolution of our result towards thermalization time                  
ddddddd, where it can serve as input for hydro QGP simulations. 
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Future prospects
• The study just described presents a wide variety of applications and 

potential follow-up projects. Currently we are exploring the following lines of 
research:

⌧ ⇠ 1/Qs
Glasma calculation of energy-momentum tensor

correlations at early times

Pablo Guerrero Rodriguez

December 15, 2017

Pablo Guerrero Rodriguez (UGR) Glasma hTµ⌫
x

T

µ⌫
y

i calculation at ⌧ = 0

+

December 15, 2017 1 / 13

Albacete /40June 28, 2018Initial correlations of the EMT of Glasma 31

Outlook. What’s next??

• We have performed an exact analytical calculation of the covariance of the 
energy momentum tensor of the Glasma at             . What’s next??. 

• Calculate the time evolution up to  

• Hydro applications: Eccentricity fluctuations, mode decomposition… 

• Transport properties of the off-equilibrium medium? 

⌧ = 0+

Tµ⌫ = Tµ⌫
0 + Tµ⌫

1 ⌧ + Tµ⌫
2 ⌧2 + . . .

⌧ ⇠ 1/Qs
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thanks for your attention


