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Ultra-relativistic Nucleus-Nucleus (A+A) Collisions

Gluonic  
Pancakes
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Ultrarelativistic Nucleus-Nucleus (A+A) Collisions
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Why photons? 

-Produced at every stage

-No strong interactions

-Mean free path in medium > medium size

Photons escape, virtually unscathed 
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The Standard model of Heavy Ion Collisons
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Photon Production
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Photon Production
Photons are produced throughout the evolution by different processes,  

and fly away to the detectors 
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Direct Photons: Produced NOT by decays (In medium) 
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Direct Photon 
Puzzle



Photons @ RHIC

Figure from Paquet et al,  
Phys.Rev. C93 (2016) no.4, 044906
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Photons @ LHC
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Figure from Paquet et al,  
Phys.Rev. C93 (2016) no.4, 044906

See also Shen, Nucl.Phys. A956 (2016) 184-191



“The inability to simultaneously describe both  
the photon yield and anisotropy.” 

Direct Photon Puzzle



Solution

- We are lacking a source of photons.

- Source can act as an extra knob for tuning. 
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René Magritte 
Empire of Light
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Two Models
(Early vs Late time production)



Photons from the  
”bottom-up”  

scenario
(QCD Kinetic Thermalization)
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The model

⌧min
<latexit sha1_base64="AHA1FJHMzvY04fnZmGH/6v8EQ0o="></latexit>

Pre-equilibrium  
Photon Production

Thermal Photon Production 
from the QGP 

MC-Glauber

Thermal Photon Production 
from the Hadronic Phase 

Instantanous 
thermalization 

(matching)

* Using the thermal rates in  

**

Hydrodynamical evolution using VISH (2+1)

⌧max
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⌧hydro
<latexit sha1_base64="7EZWfF43VohNj7L4DPFxP2ISY4g="></latexit>

⌧hydro = 0.6fm
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⌧min = 0.1fm
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⌧max = 15fm
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Far-from equilibrium 
QCD matter

Q =
Q =Classical Statistical

Thermalization

Over-occupation

Non-perturbative Kinetic regime

Turbulence

Quantum 
Corrections

Non-linear fields

Relaxation

Direct photons from pre-equilibrium epochs! *
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Far-from equilibrium 
QCD matter
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Q =Classical Statistical
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Hard Scale: Ȝ�
ư ⇠ hǓǝi�
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Fit the lattice results

Gluon Distribution

with 
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Kinetic Rates
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Kinetic Rates

Small angle approximation Expansion on momentum exchange
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Kinetic Rates

Small angle approximation 

Amplitude
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Kinetic Rates

Small angle approximation 

Regulator
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Kinetic Rates

Small angle approximation 

 Screening Masses

ƭǔ,Ǌ(ɜ) =
Z

d� Ǔ
(�ǳ)�

�
Ǔ ǉǔ,Ǌ(ɜ, Ǔ)

<latexit sha1_base64="sVCOXJc7ZscNUTH3Ma70ixjf++E="></latexit><latexit sha1_base64="sVCOXJc7ZscNUTH3Ma70ixjf++E="></latexit><latexit sha1_base64="sVCOXJc7ZscNUTH3Ma70ixjf++E="></latexit><latexit sha1_base64="sVCOXJc7ZscNUTH3Ma70ixjf++E="></latexit>

Ʃ dƲɌ

d�Ƽd�Ǔ =
�

� (�ǳ)��
Z

d�Ǔ�
�Ʃ�

d�Ǔ�
�Ʃ�

d�Ǔ�
�Ʃ�

|M|�

⇥ (�ǳ)� ɍ�(ƴ� + ƴ� � ƴ� � ƴ)
⇥ ǉ�(Ǔ�) ǉ�(Ǔ�) [�± ǉ�(Ǔ�)]

<latexit sha1_base64="NDnhdcC+vPEXt8cPtAq0y5UXJgc="></latexit><latexit sha1_base64="NDnhdcC+vPEXt8cPtAq0y5UXJgc="></latexit><latexit sha1_base64="NDnhdcC+vPEXt8cPtAq0y5UXJgc="></latexit><latexit sha1_base64="NDnhdcC+vPEXt8cPtAq0y5UXJgc="></latexit>

19



Ʃ ǇƲ
Ǉ� ƼǇ� Ǔ =

�~
�ǳ� Ɋ ɊƷ L ǉǔ(p) (ƭǊ + ƭǔ)

<latexit sha1_base64="F96BnqGXuwQ7kwEsmVc9451LYqM="></latexit><latexit sha1_base64="F96BnqGXuwQ7kwEsmVc9451LYqM="></latexit><latexit sha1_base64="F96BnqGXuwQ7kwEsmVc9451LYqM="></latexit><latexit sha1_base64="F96BnqGXuwQ7kwEsmVc9451LYqM="></latexit>

Kinetic Rates

Small angle approximation 
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Distribution
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BMSS Scenario

Dynamical Lattice  
Simulations 
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Occupation in the lattice 

Gluon Distribution

Quark DistributionExtension

Hard dipole approximation

with 
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�
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and 

Q.Stat. kick in outside the region of interest.*
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ASSUMPTIONS

Bjorken Expansion

ǘ = (ǆǒǖǋ ɐ, ǘǛ, ǘǜ, ǖǌǑǋ ɐ)
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Transverse Translation 
Invariance

Weak coupling limit
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Photons from  
pseudocritical 
enhancement

(Non-perturbative partonic enhancement)
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The model

⌧min
<latexit sha1_base64="AHA1FJHMzvY04fnZmGH/6v8EQ0o="></latexit>

Pre-equilibrium  
Photon Production

Thermal Photon Production 
from the QGP 

MC-Glauber

Thermal Photon Production 
from the Hadronic Phase 

* Inspired by:   

**

Hydrodynamical evolution using VISH (2+1)

⌧max
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Enhancement  

around Tpc

E
dNenh

d4x d3p
⌘ h(T)E

dNthermal

d4x d3p
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⇢
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⌧hydro
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25H. van Hees, et al, Nucl. Phys. A933, 256 (2015)



Direct photon yield
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How to disentangle a long exposure picture?

?
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HBT
(Hanbury Brown-Twiss correlations) 



Robert Hanbury Brown

“if the radiation received at two places is mutually coherent, then 
the fluctuation in the intensity of the signals received at those two 

places is also correlated” 

1
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HBT - What are they?

B

A

1

2

So
ur
ce
s

De
te
cto

rs

Signal 

Intensity Interferometry

The distance between two sources 
using interference at the level of 
intensity

C ⇠ hI1 I2i
hI1 ihI2i

! hN1N2i
hN1 ihN2i

<latexit sha1_base64="L7+XbuGLiC274D6nnxrDoDQxrcA="></latexit>

Main Object : HBT Correlator
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HBT - What are they?

Used to measure the size of astronomical 
light sources.

A little bit of History
B

A

1

2
De

te
cto

rs

Signal 

Cassiopeia A and Cygnus A

How? 
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HBT - What are they?

Used to measure the size of astronomical 
light sources.

A little bit of History
B

A

1

2
De

te
cto

rs

Signal 

Cassiopeia A and Cygnus A

How? δx δp ≫ 2πℏ
δx δp ≲ 2πℏ

Photons behave classical

Photons behave quantum

δxmax ∼ 2R

q* =
πℏ
R

Quantum effects start at

29



HBT - What are they (for us)?

C ⇠ hI1 I2i
hI1 ihI2i

! hN1N2i
hN1 ihN2i
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Main Object : HBT Correlator

In the context of Particle Physics 

Two-particle correlations

Fermions          Anticorrelate 

Bosons             Correlate

C(p1,p2) =
Ep1
Ep2

dN
d3p1d3p2

Ep1

dN
d3p1

Ep2

dN
d3p2

,
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Fourier Transform of 
Emission  
Function  
(rate)

 (Spin) Degeneracy
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HBT - What are they (for us)?

C ⇠ hI1 I2i
hI1 ihI2i

! hN1N2i
hN1 ihN2i
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Main Object : HBT Correlator

In the context of Particle Physics 

Two-particle correlations

Fermions          Anticorrelate 

Bosons             Correlate

C(p1,p2) =
Ep1
Ep2

dN
d3p1d3p2

Ep1

dN
d3p1

Ep2

dN
d3p2

,
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hhqiqjii =
Z

d3qqi qj g(q;K) ⌘
1
2
(R�1)ij

<latexit sha1_base64="ZKxlpK+l+kN6HM3OOpyhbOcgIWs="></latexit>

g(q;K) ⌘ C(q,K)� 1R
d3q [C(q,K)� 1]
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are the HBT Radiiwhere

In this talk, we will only be  
interested in the diagonal! 
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A little but important caveat

In the context of Particle Physics 

Pion Interferometry 

BUT

Stars are relatively close to being “Static Sources"

Photon Interferometry 
Dynamical  

sources

Radii are more like weighted  
averages, in fact. 
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MAIN POINT  
OF MY TALK
MAIN POINT  
OF MY TALK



Use photon HBT not to  
extract source sizes, but  

to cross-compare models
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Some Results
(Hanbury Brown-Twiss correlations) 



René Magritte 
Empire of Light

⌧min
<latexit sha1_base64="AHA1FJHMzvY04fnZmGH/6v8EQ0o="></latexit>

Pre-equilibrium  
Photon Production

Thermal Photon Production 
from the QGP 

Thermal Photon Production 
from the Hadronic Phase 

Instantanous 
thermalization 

(matching) Hydrodynamical evolution using VISH (2+1)

⌧max
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⌧hydro
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Pre-equilibrium  
Photon Production

Thermal Photon Production 
from the QGP 

Thermal Photon Production 
from the Hadronic Phase 

⌧min
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⌧max
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⌧hydro
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Hydrodynamical evolution using VISH (2+1)

Enhancement

M
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r

The Models
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The HBT-Correlator

C(p1,p2) =
Ep1
Ep2

dN
d3p1d3p2

Ep1

dN
d3p1

Ep2

dN
d3p2

,
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C(q,K) = 1+
1
d

|S(q,K)|2

S(0,p1)S(0,p2)
,
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Longitudinal direction affected the 
most by the inclusion of the 
sources.

Early-times production reduces 
effective radii, while late times 
increase them. 

Non-gaussianities strong at early 
times, thanks to Bjorken expansion
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The HBT-Radii

hhqiqjii =
Z

d3qqi qj g(q;K) ⌘
1
2
(R�1)ij
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g(q;K) ⌘ C(q,K)� 1R
d3q [C(q,K)� 1]
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Early-times production reduces effective 
radii, while late times increase it. 

Are these differences enough to 
measure it?

Longitudinal direction affected the most 
by the inclusion of the sources.
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But wait, there is more!

The Normalized Excess Kurtosis

Δi =
hhq4

i ii
3hhq2

i ii2
� 1

<latexit sha1_base64="HhfJGGof9JzTw7tGitdSXDEBSlg="></latexit>

Measures “how much non-Gaussian is a distribution

Early-times non-Gaussianities strong, particularly at 
small pair momenta. 

Very interesting observable, hard to measure.
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Statistical Model
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N  p π
2 

1

exponential parameterization

 = 2.76 TeV, 0-20%NNsALICE data, Pb--Pb at 

Effective dilution of the signal! 

Exponential-like source used as test model. 

Correlator simulated sampling from source. 

Error depends strongly on the average 
momentum of the pair.

Low momentum pairs statistically significant. 

Exponential distribution
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Summary
Even when the discrepancies of the Direct Photon Puzzle are solved, 
we need to differentiate between the different models in the 
market. 

Photon correlations are the tool that we need to do so. 

Yes, they are very hard measurements, but not impossible anymore.  
We should start walking before we run.   

Remember that the endgame here is to untangle the space-time  
evolution of the medium created in a Heavy Ion Collision.
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Outlook

Refine existing models to be able to compare against  
experimental results. 

Get better grasp of the enhancement at

Model/Simulate the pre-eq time expansion dynamics 

Compare new ideas in the HBT framework 

G A R C I A @ F I A S . U N I - F R A N K F U R T. D E 40



Back-up Slides



Bottom-up 
thermalization



Bottom-up thermalization

Three  
Stages

I. Early Times. 2-2 broadening

II. Onset of thermalization

III. Mini-jet quenching
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I. Early Times: 2    2  broadening 

Dominated by 
hard gluons 
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Longitudinal broadening

Instabilities freed hard Gluons

Hard-hard interactions 
dominated by soft exchange ǐ�
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I. Early Times: 2    2  broadening 

Ǒǋ ⇠
�
Ɋǖ

Ƶ�

Ƶǖɜ
<latexit sha1_base64="EuanlCi3Rg5wr1FLLJCsMMlD2P0="></latexit><latexit sha1_base64="EuanlCi3Rg5wr1FLLJCsMMlD2P0="></latexit><latexit sha1_base64="EuanlCi3Rg5wr1FLLJCsMMlD2P0="></latexit><latexit sha1_base64="EuanlCi3Rg5wr1FLLJCsMMlD2P0="></latexit>

hǓǝi ⇠ Ƶǖ (Ƶǖɜ)��/�
<latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit>

Longitudinal broadening

Instabilities freed hard Gluons

Dominated by 
hard gluons 

 hǓ?i ⇠ Ƶǖ
<latexit sha1_base64="cS6+oz2IPCOTM1beuW9xqjMtP4Q="></latexit><latexit sha1_base64="cS6+oz2IPCOTM1beuW9xqjMtP4Q="></latexit><latexit sha1_base64="cS6+oz2IPCOTM1beuW9xqjMtP4Q="></latexit><latexit sha1_base64="cS6+oz2IPCOTM1beuW9xqjMtP4Q="></latexit>

pz pz pz

pxpxpx

Hard-hard interactions 
dominated by soft exchange ǐ�

ƨ ⇠ Ɋǖ

Z Ǉ�Ǔ
Ǔ ǉǊ ⇠

Ƶ�
ǖ

ƵƷɜ
<latexit sha1_base64="4FkdJrr2Xz4KxJUXpn3Cl18c+g8="></latexit><latexit sha1_base64="4FkdJrr2Xz4KxJUXpn3Cl18c+g8="></latexit><latexit sha1_base64="4FkdJrr2Xz4KxJUXpn3Cl18c+g8="></latexit><latexit sha1_base64="4FkdJrr2Xz4KxJUXpn3Cl18c+g8="></latexit>

hǓǝi ⇠ Ƶǖ (Ƶǖɜ)��/�
<latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit>

� ≪ Ƶ ɜ ≪ Ɋ−�/�
ǖ

<latexit sha1_base64="hJH7AFRZmVUvNG8/x3Ytfe2Ql2A="></latexit><latexit sha1_base64="DiVyXU56MUUpYDPogOY90BkwlOE="></latexit><latexit sha1_base64="DiVyXU56MUUpYDPogOY90BkwlOE="></latexit><latexit sha1_base64="HPDtdLDS1QA4yCPXgugn+5UhTVU="></latexit>

hǓǝi ⇠ Ƶǖ (Ƶǖɜ)��/�
<latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit>

hǓǝi ⇠ Ƶǖ (Ƶǖɜ)��/�
<latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit>

ǐ�
ƨ ⇠ Ɋǖ

Z Ǉ�Ǔ
Ǔ ǉǊ ⇠

Ƶ�
ǖ

ƵƷɜ
<latexit sha1_base64="4FkdJrr2Xz4KxJUXpn3Cl18c+g8="></latexit><latexit sha1_base64="4FkdJrr2Xz4KxJUXpn3Cl18c+g8="></latexit><latexit sha1_base64="4FkdJrr2Xz4KxJUXpn3Cl18c+g8="></latexit><latexit sha1_base64="4FkdJrr2Xz4KxJUXpn3Cl18c+g8="></latexit>

Ǒǋ ⇠
�
Ɋǖ

Ƶ�

Ƶǖɜ
<latexit sha1_base64="EuanlCi3Rg5wr1FLLJCsMMlD2P0="></latexit><latexit sha1_base64="EuanlCi3Rg5wr1FLLJCsMMlD2P0="></latexit><latexit sha1_base64="EuanlCi3Rg5wr1FLLJCsMMlD2P0="></latexit><latexit sha1_base64="EuanlCi3Rg5wr1FLLJCsMMlD2P0="></latexit>
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Phys.Rev. C99 (2019) no.3, 034910



Dominated by 
hard gluons 

 hǓ?i ⇠ Ƶǖ
<latexit sha1_base64="cS6+oz2IPCOTM1beuW9xqjMtP4Q="></latexit><latexit sha1_base64="cS6+oz2IPCOTM1beuW9xqjMtP4Q="></latexit><latexit sha1_base64="cS6+oz2IPCOTM1beuW9xqjMtP4Q="></latexit><latexit sha1_base64="cS6+oz2IPCOTM1beuW9xqjMtP4Q="></latexit>

II. Onset of thermalization Ɋ−�/�
ǖ ≪ Ƶ ɜ ≪ Ɋ−�/�

ǖ
<latexit sha1_base64="NfZHYagDG2XRRxPYoz4/Hg+Jy0g="></latexit><latexit sha1_base64="HvmXX0IQSH97Pgx+P2g9vkEcjAs="></latexit><latexit sha1_base64="HvmXX0IQSH97Pgx+P2g9vkEcjAs="></latexit><latexit sha1_base64="VhOygnwWNT326fzriRncfZZqsHk="></latexit>

hǓ?i ⇠ Ƶǖ
<latexit sha1_base64="cS6+oz2IPCOTM1beuW9xqjMtP4Q="></latexit><latexit sha1_base64="cS6+oz2IPCOTM1beuW9xqjMtP4Q="></latexit><latexit sha1_base64="cS6+oz2IPCOTM1beuW9xqjMtP4Q="></latexit><latexit sha1_base64="cS6+oz2IPCOTM1beuW9xqjMtP4Q="></latexit>

Occupation of Hard Gluon
drops below unity

Soft gluons dominate the 
screening mass Ǒǖ ⇠

Ɋ�/�
ǖ Ƶ�

Ʒ
(ƵƷ ɜ)�/�

<latexit sha1_base64="HtMbRhgkHBMHLfUBgXr7ht81saw="></latexit><latexit sha1_base64="HtMbRhgkHBMHLfUBgXr7ht81saw="></latexit><latexit sha1_base64="HtMbRhgkHBMHLfUBgXr7ht81saw="></latexit><latexit sha1_base64="HtMbRhgkHBMHLfUBgXr7ht81saw="></latexit>

Screening mass is dominated 
 by soft sector ǐ�

ƨ ⇠ ɊǖƲǖ
Ǔǖ

⇠ Ɋ�/�
ǖ Ƶǖ

(Ƶǖɜ)�/�
<latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit><latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit><latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit><latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit>

pz pz pz

pxpxpx

ǇƲǊ
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ǉ
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)

<latexit sha1_base64="Df/Vh4pyg9El/5th6pY1snPRUc4="></latexit><latexit sha1_base64="tYPqnwEfhAcLpdmynCG6byRVWvA="></latexit><latexit sha1_base64="tYPqnwEfhAcLpdmynCG6byRVWvA="></latexit><latexit sha1_base64="drw+XXq4tgsOmjS2DwnAk9M0hhA="></latexit>

hǓǝi ⇠ Ƶǖ (Ƶǖɜ)��/�
<latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit>

hǓǝi ⇠ Ƶǖ (Ƶǖɜ)��/�
<latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit>

hǓǝi ⇠ Ƶǖ (Ƶǖɜ)��/�
<latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit><latexit sha1_base64="rEfDp7abbKvV/7CX96aYdi8Vu7k="></latexit>

ǐ�
ƨ ⇠ Ɋǖ

Z Ǉ�Ǔ
Ǔ ǉǊ ⇠

Ƶ�
ǖ

ƵƷɜ
<latexit sha1_base64="4FkdJrr2Xz4KxJUXpn3Cl18c+g8="></latexit><latexit sha1_base64="4FkdJrr2Xz4KxJUXpn3Cl18c+g8="></latexit><latexit sha1_base64="4FkdJrr2Xz4KxJUXpn3Cl18c+g8="></latexit><latexit sha1_base64="4FkdJrr2Xz4KxJUXpn3Cl18c+g8="></latexit>

Longitudinal momentum hǓǝi ⇠
pɊǖƵǖ

<latexit sha1_base64="9C7gEV9a2tKOthYIHo33V6yt7AA="></latexit><latexit sha1_base64="9C7gEV9a2tKOthYIHo33V6yt7AA="></latexit><latexit sha1_base64="9C7gEV9a2tKOthYIHo33V6yt7AA="></latexit><latexit sha1_base64="9C7gEV9a2tKOthYIHo33V6yt7AA="></latexit>

ǐ�
ƨ ⇠ ɊǖƲǖ

Ǔǖ
⇠ Ɋ�/�

ǖ Ƶǖ
(Ƶǖɜ)�/�

<latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit><latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit><latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit><latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit>
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pz pz pz

pxpxpx

Ɋ−�/�
ǖ ≪ Ƶ ɜ ≪ Ɋ−��/�

ǖ
<latexit sha1_base64="S+dO5CvjunQWa2eyUV+7atge99c="></latexit><latexit sha1_base64="F86OHL8ZXRd+AmcyGf7QEGnZE0Y="></latexit><latexit sha1_base64="F86OHL8ZXRd+AmcyGf7QEGnZE0Y="></latexit><latexit sha1_base64="P127p4kcG0GA0kl1zrbkr3kVRmI="></latexit>

III. Mini-jet Quenching

Dominated by 
soft gluons 

 hǓ?i ⇠ ǐƨ
<latexit sha1_base64="zczE1LjSP2QKlppcYnTcIH7siv8="></latexit><latexit sha1_base64="zczE1LjSP2QKlppcYnTcIH7siv8="></latexit><latexit sha1_base64="zczE1LjSP2QKlppcYnTcIH7siv8="></latexit><latexit sha1_base64="zczE1LjSP2QKlppcYnTcIH7siv8="></latexit>

Soft sector thermalizes

Acts like a bath

Hard sector looses energy to soft bath

Temperature rises as

Ƹ = ǆƸɊ�
ǖ Ƶǖ(Ƶǖɜ)

<latexit sha1_base64="rQtUTyv89R8nMdMjGci+cInCAUQ="></latexit><latexit sha1_base64="rQtUTyv89R8nMdMjGci+cInCAUQ="></latexit><latexit sha1_base64="rQtUTyv89R8nMdMjGci+cInCAUQ="></latexit><latexit sha1_base64="rQtUTyv89R8nMdMjGci+cInCAUQ="></latexit>

 ɜǗǋ ⇠ ǆǈǔ Ɋ���/�Ƶ��
Ʒ

<latexit sha1_base64="ILcc1y/kRYcSejZZzu7WM2tif0E="></latexit><latexit sha1_base64="ILcc1y/kRYcSejZZzu7WM2tif0E="></latexit><latexit sha1_base64="ILcc1y/kRYcSejZZzu7WM2tif0E="></latexit><latexit sha1_base64="ILcc1y/kRYcSejZZzu7WM2tif0E="></latexit>

ƸǗǋ ⇠ ǆƸ ǆǈǔ, Ɋ�/�ƵƷ
<latexit sha1_base64="49QR4YxvDMXq2gWx2H2AEn4aDCQ="></latexit><latexit sha1_base64="49QR4YxvDMXq2gWx2H2AEn4aDCQ="></latexit><latexit sha1_base64="49QR4YxvDMXq2gWx2H2AEn4aDCQ="></latexit><latexit sha1_base64="49QR4YxvDMXq2gWx2H2AEn4aDCQ="></latexit>

ƸǗǋ ⇠ ǆƸ ǆǈǔ, Ɋ�/�ƵƷ
<latexit sha1_base64="49QR4YxvDMXq2gWx2H2AEn4aDCQ="></latexit><latexit sha1_base64="49QR4YxvDMXq2gWx2H2AEn4aDCQ="></latexit><latexit sha1_base64="49QR4YxvDMXq2gWx2H2AEn4aDCQ="></latexit><latexit sha1_base64="49QR4YxvDMXq2gWx2H2AEn4aDCQ="></latexit>

ǐ�
ƨ ⇠ ɊǖƲǖ

Ǔǖ
⇠ Ɋ�/�

ǖ Ƶǖ
(Ƶǖɜ)�/�

<latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit><latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit><latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit><latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit>

ǐ�
ƨ ⇠ ɊǖƲǖ

Ǔǖ
⇠ Ɋ�/�

ǖ Ƶǖ
(Ƶǖɜ)�/�

<latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit><latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit><latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit><latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit>

From Kurkela et al.  
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pz pz pz

pxpxpx

Ɋ−�/�
ǖ ≪ Ƶ ɜ ≪ Ɋ−��/�

ǖ
<latexit sha1_base64="S+dO5CvjunQWa2eyUV+7atge99c="></latexit><latexit sha1_base64="F86OHL8ZXRd+AmcyGf7QEGnZE0Y="></latexit><latexit sha1_base64="F86OHL8ZXRd+AmcyGf7QEGnZE0Y="></latexit><latexit sha1_base64="P127p4kcG0GA0kl1zrbkr3kVRmI="></latexit>

III. Mini-jet Quenching

Dominated by 
soft gluons 

 hǓ?i ⇠ ǐƨ
<latexit sha1_base64="zczE1LjSP2QKlppcYnTcIH7siv8="></latexit><latexit sha1_base64="zczE1LjSP2QKlppcYnTcIH7siv8="></latexit><latexit sha1_base64="zczE1LjSP2QKlppcYnTcIH7siv8="></latexit><latexit sha1_base64="zczE1LjSP2QKlppcYnTcIH7siv8="></latexit>

Soft sector thermalizes

Acts like a bath

Hard sector looses energy to soft bath

Temperature rises as

Ƹ = ǆƸɊ�
ǖ Ƶǖ(Ƶǖɜ)

<latexit sha1_base64="rQtUTyv89R8nMdMjGci+cInCAUQ="></latexit><latexit sha1_base64="rQtUTyv89R8nMdMjGci+cInCAUQ="></latexit><latexit sha1_base64="rQtUTyv89R8nMdMjGci+cInCAUQ="></latexit><latexit sha1_base64="rQtUTyv89R8nMdMjGci+cInCAUQ="></latexit>

 ɜǗǋ ⇠ ǆǈǔ Ɋ���/�Ƶ��
Ʒ

<latexit sha1_base64="ILcc1y/kRYcSejZZzu7WM2tif0E="></latexit><latexit sha1_base64="ILcc1y/kRYcSejZZzu7WM2tif0E="></latexit><latexit sha1_base64="ILcc1y/kRYcSejZZzu7WM2tif0E="></latexit><latexit sha1_base64="ILcc1y/kRYcSejZZzu7WM2tif0E="></latexit>

ƸǗǋ ⇠ ǆƸ ǆǈǔ, Ɋ�/�ƵƷ
<latexit sha1_base64="49QR4YxvDMXq2gWx2H2AEn4aDCQ="></latexit><latexit sha1_base64="49QR4YxvDMXq2gWx2H2AEn4aDCQ="></latexit><latexit sha1_base64="49QR4YxvDMXq2gWx2H2AEn4aDCQ="></latexit><latexit sha1_base64="49QR4YxvDMXq2gWx2H2AEn4aDCQ="></latexit>

ƸǗǋ ⇠ ǆƸ ǆǈǔ, Ɋ�/�ƵƷ
<latexit sha1_base64="49QR4YxvDMXq2gWx2H2AEn4aDCQ="></latexit><latexit sha1_base64="49QR4YxvDMXq2gWx2H2AEn4aDCQ="></latexit><latexit sha1_base64="49QR4YxvDMXq2gWx2H2AEn4aDCQ="></latexit><latexit sha1_base64="49QR4YxvDMXq2gWx2H2AEn4aDCQ="></latexit>

ǐ�
ƨ ⇠ ɊǖƲǖ

Ǔǖ
⇠ Ɋ�/�

ǖ Ƶǖ
(Ƶǖɜ)�/�

<latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit><latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit><latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit><latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit>

ǐ�
ƨ ⇠ ɊǖƲǖ

Ǔǖ
⇠ Ɋ�/�

ǖ Ƶǖ
(Ƶǖɜ)�/�

<latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit><latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit><latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit><latexit sha1_base64="sUvGSV5YSCC1A6KtcqCn6BG52uA="></latexit> From Kurkela et al.  
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From Kurkela and Zhu  
Phys.Rev.Lett. 115 (2015) no.18, 182301 



Turbulent 
thermalization

Of highly occupied  
non-abelian plasmas 

very far from equilibrium 



Universality

Far from  
equilibrium 

Close to   
equilibrium 

Non-thermal  
Fixed point 

Thermal 
Equilibrium

Initial Conditions



Non-thermal fixed point

def. Parametrically long self-
similar regime quantum fields 

under go in their way to 
Thermal Equilibrium 



Self - Similarity

def. distribution function depends on 
a Universal, time-independent 

function 

f(t, p) = tαfS(p⊥tβ, pztγ)

Transport and Turbulence

def. Local flow of conserved 
charges to accommodate better 

the total corresponding charge. The 
flow is turbulent when is self-similar



Phys.Rev. D89 (2014) no.11, 114007 

Finding the right 
scenario



Hard Scale: Ȝ�
ư ⇠ hǓǝi�

<latexit sha1_base64="1rKfhFvFoLT0AgPtkcSPbR9MvzQ="></latexit><latexit sha1_base64="1rKfhFvFoLT0AgPtkcSPbR9MvzQ="></latexit><latexit sha1_base64="1rKfhFvFoLT0AgPtkcSPbR9MvzQ="></latexit><latexit sha1_base64="1rKfhFvFoLT0AgPtkcSPbR9MvzQ="></latexit>

Hard Scale:

Phys.Rev. D89 (2014) no.11, 114007 

Ǔ?
<latexit sha1_base64="RGjdlijaY5NP7k0HTB8yUmtUkiQ="></latexit><latexit sha1_base64="RGjdlijaY5NP7k0HTB8yUmtUkiQ="></latexit><latexit sha1_base64="RGjdlijaY5NP7k0HTB8yUmtUkiQ="></latexit><latexit sha1_base64="RGjdlijaY5NP7k0HTB8yUmtUkiQ="></latexit>

(Ƶɜ)��/�
<latexit sha1_base64="qUYu+OrAcSe3LzMgHyqH9W1sKRU="></latexit><latexit sha1_base64="qUYu+OrAcSe3LzMgHyqH9W1sKRU="></latexit><latexit sha1_base64="qUYu+OrAcSe3LzMgHyqH9W1sKRU="></latexit><latexit sha1_base64="qUYu+OrAcSe3LzMgHyqH9W1sKRU="></latexit>

Transverse 

Gluon occupation: High

Ɋ = ��/� ɋ = ~ Ɍ = �/�
<latexit sha1_base64="VIDr0NqTbO1BmbD2mDPQSHGfbhs="></latexit><latexit sha1_base64="VIDr0NqTbO1BmbD2mDPQSHGfbhs="></latexit><latexit sha1_base64="VIDr0NqTbO1BmbD2mDPQSHGfbhs="></latexit><latexit sha1_base64="VIDr0NqTbO1BmbD2mDPQSHGfbhs="></latexit>



Occupancy: Ǔǝ
<latexit sha1_base64="l38HasvuDMIOjwPu3v2oV2oHxqo="></latexit><latexit sha1_base64="l38HasvuDMIOjwPu3v2oV2oHxqo="></latexit><latexit sha1_base64="l38HasvuDMIOjwPu3v2oV2oHxqo="></latexit><latexit sha1_base64="l38HasvuDMIOjwPu3v2oV2oHxqo="></latexit>

Phys.Rev. D89 (2014) no.11, 114007 



Occupancy: Ǔǝ
<latexit sha1_base64="l38HasvuDMIOjwPu3v2oV2oHxqo="></latexit><latexit sha1_base64="l38HasvuDMIOjwPu3v2oV2oHxqo="></latexit><latexit sha1_base64="l38HasvuDMIOjwPu3v2oV2oHxqo="></latexit><latexit sha1_base64="l38HasvuDMIOjwPu3v2oV2oHxqo="></latexit>

Ɍ = �/�
<latexit sha1_base64="ounYNpn1jni5+k2GeQq+5Hnnjys="></latexit><latexit sha1_base64="ounYNpn1jni5+k2GeQq+5Hnnjys="></latexit><latexit sha1_base64="ounYNpn1jni5+k2GeQq+5Hnnjys="></latexit><latexit sha1_base64="ounYNpn1jni5+k2GeQq+5Hnnjys="></latexit>

Phys.Rev. D89 (2014) no.11, 114007 



Fit the lattice results

Gluon Distribution

with 

ǉǊ (ɜ, Ǔ?, Ǔǝ) =
�
Ɋǖ

(Ƶǖ ɜ)ɊǉƷ (Ǔ?, (Ƶǖ ɜ)Ɍ Ǔǝ)
<latexit sha1_base64="3S4epO8DPhFHg/taL4dsOHIJ+vM="></latexit><latexit sha1_base64="3S4epO8DPhFHg/taL4dsOHIJ+vM="></latexit><latexit sha1_base64="3S4epO8DPhFHg/taL4dsOHIJ+vM="></latexit><latexit sha1_base64="3S4epO8DPhFHg/taL4dsOHIJ+vM="></latexit>

ƻǕ(Ǔ⊥ − Ƶǖ, Ǖ) = ɑ(Ƶǖ − Ǔ⊥) + ɑ(Ǔ⊥ − Ƶǖ)ǈ
− �

�

(
Ǔ⊥−Ƶǖ

Ǖ Ƶǖ

)�

<latexit sha1_base64="vbMHn8VAJAAUIbbcQHvjx7PC5gA="></latexit><latexit sha1_base64="vbMHn8VAJAAUIbbcQHvjx7PC5gA="></latexit><latexit sha1_base64="vbMHn8VAJAAUIbbcQHvjx7PC5gA="></latexit><latexit sha1_base64="HeQ17Jp2jeqeGiIsMi4KWNlYWnw="></latexit>

and 

ǉƷ (Ǔ?, Ǔǝ) = ǉ~
Ƶǖ
Ǔ?

ǈ�
�
�

⇣
Ǔǝ
ɛ~

⌘�

ƻǕ(Ǔ? � Ƶǖ, Ǖ)
<latexit sha1_base64="CG73l2Zw8HJl1vJbxQktc7nfBeI="></latexit><latexit sha1_base64="CG73l2Zw8HJl1vJbxQktc7nfBeI="></latexit><latexit sha1_base64="CG73l2Zw8HJl1vJbxQktc7nfBeI="></latexit><latexit sha1_base64="CG73l2Zw8HJl1vJbxQktc7nfBeI="></latexit>

ɛ~
<latexit sha1_base64="Ws0MA5kQbChvdE7zQbeMNFzDuBM="></latexit><latexit sha1_base64="Ws0MA5kQbChvdE7zQbeMNFzDuBM="></latexit><latexit sha1_base64="Ws0MA5kQbChvdE7zQbeMNFzDuBM="></latexit><latexit sha1_base64="Ws0MA5kQbChvdE7zQbeMNFzDuBM="></latexit>

ǉ~
<latexit sha1_base64="OV8fE/cDzTlZuS2E7Day+COwrW0="></latexit><latexit sha1_base64="OV8fE/cDzTlZuS2E7Day+COwrW0="></latexit><latexit sha1_base64="OV8fE/cDzTlZuS2E7Day+COwrW0="></latexit><latexit sha1_base64="OV8fE/cDzTlZuS2E7Day+COwrW0="></latexit>



Fit the lattice results

Gluon Distribution

Quark DistributionExtension

Hard dipole approximation

with 

ǉǊ (ɜ, Ǔ?, Ǔǝ) =
�
Ɋǖ

(Ƶǖ ɜ)ɊǉƷ (Ǔ?, (Ƶǖ ɜ)Ɍ Ǔǝ)
<latexit sha1_base64="3S4epO8DPhFHg/taL4dsOHIJ+vM="></latexit><latexit sha1_base64="3S4epO8DPhFHg/taL4dsOHIJ+vM="></latexit><latexit sha1_base64="3S4epO8DPhFHg/taL4dsOHIJ+vM="></latexit><latexit sha1_base64="3S4epO8DPhFHg/taL4dsOHIJ+vM="></latexit>

ǉǔ (ɜ, Ǔ?, Ǔǝ) = Ɋǖ ǉǊ (ɜ, Ǔ?, Ǔǝ)
<latexit sha1_base64="WoEkE5YvPBd3xSAr4bXu75ZZAU0="></latexit><latexit sha1_base64="WoEkE5YvPBd3xSAr4bXu75ZZAU0="></latexit><latexit sha1_base64="WoEkE5YvPBd3xSAr4bXu75ZZAU0="></latexit><latexit sha1_base64="WoEkE5YvPBd3xSAr4bXu75ZZAU0="></latexit>

ƻǕ(Ǔ⊥ − Ƶǖ, Ǖ) = ɑ(Ƶǖ − Ǔ⊥) + ɑ(Ǔ⊥ − Ƶǖ)ǈ
− �

�

(
Ǔ⊥−Ƶǖ

Ǖ Ƶǖ

)�

<latexit sha1_base64="vbMHn8VAJAAUIbbcQHvjx7PC5gA="></latexit><latexit sha1_base64="vbMHn8VAJAAUIbbcQHvjx7PC5gA="></latexit><latexit sha1_base64="vbMHn8VAJAAUIbbcQHvjx7PC5gA="></latexit><latexit sha1_base64="HeQ17Jp2jeqeGiIsMi4KWNlYWnw="></latexit>

and 

Q.Stat. kick in outside the region of interest.*

ǉƷ (Ǔ?, Ǔǝ) = ǉ~
Ƶǖ
Ǔ?

ǈ�
�
�

⇣
Ǔǝ
ɛ~

⌘�

ƻǕ(Ǔ? � Ƶǖ, Ǖ)
<latexit sha1_base64="CG73l2Zw8HJl1vJbxQktc7nfBeI="></latexit><latexit sha1_base64="CG73l2Zw8HJl1vJbxQktc7nfBeI="></latexit><latexit sha1_base64="CG73l2Zw8HJl1vJbxQktc7nfBeI="></latexit><latexit sha1_base64="CG73l2Zw8HJl1vJbxQktc7nfBeI="></latexit>



Phenomenological Matching

hƵ�
ǖ i = �.��GeV

<latexit sha1_base64="1Xw1lVGYzWXGXvy2SFf5fCzKugQ="></latexit><latexit sha1_base64="1Xw1lVGYzWXGXvy2SFf5fCzKugQ="></latexit><latexit sha1_base64="1Xw1lVGYzWXGXvy2SFf5fCzKugQ="></latexit><latexit sha1_base64="1Xw1lVGYzWXGXvy2SFf5fCzKugQ="></latexit>

hƵ�
ǖ i = �GeV

<latexit sha1_base64="0nf0W/mN9/TvGDE1p5bdn+mMaUs="></latexit><latexit sha1_base64="0nf0W/mN9/TvGDE1p5bdn+mMaUs="></latexit><latexit sha1_base64="0nf0W/mN9/TvGDE1p5bdn+mMaUs="></latexit><latexit sha1_base64="0nf0W/mN9/TvGDE1p5bdn+mMaUs="></latexit>

hƵ�
ǖ i = �.��GeV

<latexit sha1_base64="GuXr8SyQvJOMTl/uXCTaLIOE3fU="></latexit><latexit sha1_base64="GuXr8SyQvJOMTl/uXCTaLIOE3fU="></latexit><latexit sha1_base64="GuXr8SyQvJOMTl/uXCTaLIOE3fU="></latexit><latexit sha1_base64="GuXr8SyQvJOMTl/uXCTaLIOE3fU="></latexit>

hƵ�
ǖ i =

R
Ǉ�Ǜ?Ƶ�

ǖ (Ǜ?)
hƷ?i

<latexit sha1_base64="yMNmJhUO1wAUcSlvn4kcy0YQ8So="></latexit><latexit sha1_base64="yMNmJhUO1wAUcSlvn4kcy0YQ8So="></latexit><latexit sha1_base64="yMNmJhUO1wAUcSlvn4kcy0YQ8So="></latexit><latexit sha1_base64="yMNmJhUO1wAUcSlvn4kcy0YQ8So="></latexit>

IP-Glasma

RHIC, 200GeV, 0-5% (Reference)

RHIC, 200GeV, 0-20%

ALICE, 2.76TeV, 0-20% 

hƵ�
ǖ i = �GeV

<latexit sha1_base64="0nf0W/mN9/TvGDE1p5bdn+mMaUs="></latexit><latexit sha1_base64="0nf0W/mN9/TvGDE1p5bdn+mMaUs="></latexit><latexit sha1_base64="0nf0W/mN9/TvGDE1p5bdn+mMaUs="></latexit><latexit sha1_base64="0nf0W/mN9/TvGDE1p5bdn+mMaUs="></latexit>

hƵ�
ǖ i = �GeV

<latexit sha1_base64="0nf0W/mN9/TvGDE1p5bdn+mMaUs="></latexit><latexit sha1_base64="0nf0W/mN9/TvGDE1p5bdn+mMaUs="></latexit><latexit sha1_base64="0nf0W/mN9/TvGDE1p5bdn+mMaUs="></latexit><latexit sha1_base64="0nf0W/mN9/TvGDE1p5bdn+mMaUs="></latexit>

hƵ�
ǖ i = �GeV

<latexit sha1_base64="0nf0W/mN9/TvGDE1p5bdn+mMaUs="></latexit><latexit sha1_base64="0nf0W/mN9/TvGDE1p5bdn+mMaUs="></latexit><latexit sha1_base64="0nf0W/mN9/TvGDE1p5bdn+mMaUs="></latexit><latexit sha1_base64="0nf0W/mN9/TvGDE1p5bdn+mMaUs="></latexit>



Phenomenological Matching

ǆǈǔ ǆ�/�Ƹ =


��

���ǳ� ǎƷ/ƲɊ
�/� ƲǓǄǕǗ

Ƶ�
Ʒ Ʒ?

�
ƲǓǄǕǗ

dƲǆǋ
dǜ

��/�
.

<latexit sha1_base64="Czzg266qKcMdqqLoBYISxmkl8hg="></latexit><latexit sha1_base64="Czzg266qKcMdqqLoBYISxmkl8hg="></latexit><latexit sha1_base64="Czzg266qKcMdqqLoBYISxmkl8hg="></latexit><latexit sha1_base64="Czzg266qKcMdqqLoBYISxmkl8hg="></latexit>

Entropy is  
transported via

Kinetic  
Freeze-out

En
tro

py
Match

ing

Measured

Initial conditions 
(model) 



Phenomenological Matching

ǆǈǔ ǆ�/�Ƹ =


��

���ǳ� ǎƷ/ƲɊ
�/� ƲǓǄǕǗ

Ƶ�
Ʒ Ʒ?

�
ƲǓǄǕǗ

dƲǆǋ
dǜ

��/�
.

<latexit sha1_base64="Czzg266qKcMdqqLoBYISxmkl8hg="></latexit><latexit sha1_base64="Czzg266qKcMdqqLoBYISxmkl8hg="></latexit><latexit sha1_base64="Czzg266qKcMdqqLoBYISxmkl8hg="></latexit><latexit sha1_base64="Czzg266qKcMdqqLoBYISxmkl8hg="></latexit>

known to logarithmic  
precision   

ƧƸ
<latexit sha1_base64="MGYAIooMBA0y5tmh7OXo3geut10="></latexit><latexit sha1_base64="MGYAIooMBA0y5tmh7OXo3geut10="></latexit><latexit sha1_base64="MGYAIooMBA0y5tmh7OXo3geut10="></latexit><latexit sha1_base64="MGYAIooMBA0y5tmh7OXo3geut10="></latexit>

ƧƸ = ~.��
<latexit sha1_base64="xl4bJswbIzLYq39ZAZM2d9FlYVM="></latexit><latexit sha1_base64="xl4bJswbIzLYq39ZAZM2d9FlYVM="></latexit><latexit sha1_base64="xl4bJswbIzLYq39ZAZM2d9FlYVM="></latexit><latexit sha1_base64="xl4bJswbIzLYq39ZAZM2d9FlYVM="></latexit>

Entropy is  
transported via



Phenomenological Matching

ǆǈǔ ǆ�/�Ƹ =


��

���ǳ� ǎƷ/ƲɊ
�/� ƲǓǄǕǗ

Ƶ�
Ʒ Ʒ?

�
ƲǓǄǕǗ

dƲǆǋ
dǜ

��/�
.

<latexit sha1_base64="Czzg266qKcMdqqLoBYISxmkl8hg="></latexit><latexit sha1_base64="Czzg266qKcMdqqLoBYISxmkl8hg="></latexit><latexit sha1_base64="Czzg266qKcMdqqLoBYISxmkl8hg="></latexit><latexit sha1_base64="Czzg266qKcMdqqLoBYISxmkl8hg="></latexit>

Entropy is  
transported via

ɜǆ
<latexit sha1_base64="GxS4QmrM3EewgQe4z5vpo9vLu4M="></latexit><latexit sha1_base64="GxS4QmrM3EewgQe4z5vpo9vLu4M="></latexit><latexit sha1_base64="GxS4QmrM3EewgQe4z5vpo9vLu4M="></latexit><latexit sha1_base64="GxS4QmrM3EewgQe4z5vpo9vLu4M="></latexit>

is independent of match

ƸǗǋ ⇠ ~.��GeV
<latexit sha1_base64="CLGDEqI05/ED4yEjq2DUb4I6K20="></latexit><latexit sha1_base64="CLGDEqI05/ED4yEjq2DUb4I6K20="></latexit><latexit sha1_base64="CLGDEqI05/ED4yEjq2DUb4I6K20="></latexit><latexit sha1_base64="CLGDEqI05/ED4yEjq2DUb4I6K20="></latexit>

ɜǗǋ ⇠ � fm
<latexit sha1_base64="p8q7qpio8+xgtOLv74PDyn3LWgM="></latexit><latexit sha1_base64="p8q7qpio8+xgtOLv74PDyn3LWgM="></latexit><latexit sha1_base64="p8q7qpio8+xgtOLv74PDyn3LWgM="></latexit><latexit sha1_base64="p8q7qpio8+xgtOLv74PDyn3LWgM="></latexit>


