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Global Goal
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Why photons? 
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Ultrarelativistic Nucleus-Nucleus (A+A) Collisions
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Ultrarelativistic Nucleus-Nucleus (A+A) Collisions

Color medium  
(Glasma)

Interacting  
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Pre-equilibrium stages 

Q = 1
Q = 2
Q = 5
Q = 20

Classical Statistical

Thermalization
Instabilities

Over-occupation

Non-perturbative Kinetic regime

Turbulence

Quantum 
Corrections

Non-linear fields Relaxation
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The “Photon Puzzle”

The inability to calculate both the direct photon’s yield, 
and it’s anisotropy coefficients with current models
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ASSUMPTIONS

Bjorken Expansion

ǘ = (ǆǒǖǋ ɐ, ǘǛ, ǘǜ, ǖǌǑǋ ɐ)
<latexit sha1_base64="3xByLYAOLUlD4hWzF+NTQb6Qj+s="></latexit><latexit sha1_base64="3xByLYAOLUlD4hWzF+NTQb6Qj+s="></latexit><latexit sha1_base64="3xByLYAOLUlD4hWzF+NTQb6Qj+s="></latexit><latexit sha1_base64="3xByLYAOLUlD4hWzF+NTQb6Qj+s="></latexit>

Transverse Translation 
Invariance

ǘ = (ǆǒǖǋ ɐ, ~, ~, ǖǌǑǋ ɐ))
<latexit sha1_base64="cYPxuiiWwZ9yjYmy4HF7IcCQ37Y="></latexit><latexit sha1_base64="cYPxuiiWwZ9yjYmy4HF7IcCQ37Y="></latexit><latexit sha1_base64="cYPxuiiWwZ9yjYmy4HF7IcCQ37Y="></latexit><latexit sha1_base64="cYPxuiiWwZ9yjYmy4HF7IcCQ37Y="></latexit>



DISCLAIMER

!
OBJECTIVE

Solve the “Photon 
Puzzle”? 

NO

Change the 
perspective 

Show that NEQ 
photons are relevant

So?
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Bottom-up thermalization

Three  
Stages

I. Early Times

II. Onset of thermalization

III. Thermalization of the soft sector
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Screening mass

Instabilities freed hard Gluons

Inelastic processes produce soft glue
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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>

Soft avg. mom.

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>



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. Thermalization of the soft sector

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>

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>

 

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>
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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



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>

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



Occupancy: 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>

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>

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 



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

Finding the right 
scenario



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>

ǉƷ (Ǔ?, Ǔǝ) =
Ƶǖ
Ǔ?

ǈ�
�
�

⇣
Ǔǝ
ɛ~

⌘�

ƻǕ(Ǔ? � Ƶǖ, Ǖ)
<latexit sha1_base64="lDYHvaBX8z0afOinGul5usOFn0g="></latexit><latexit sha1_base64="lDYHvaBX8z0afOinGul5usOFn0g="></latexit><latexit sha1_base64="lDYHvaBX8z0afOinGul5usOFn0g="></latexit><latexit sha1_base64="lDYHvaBX8z0afOinGul5usOFn0g="></latexit>

and 

Q.Stat. kick in lower than region of interest.*
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Kinetic Rates

Ʃ dƲɌ

d�Ƽd�Ǔ = |M|� ⌦ ƪ [ǉǌ]⌦ ɍ(ǓǌǑ � ǓǒǘǗ)
<latexit sha1_base64="YeysUYrPoCTTr+BezmSI3v9l9LA="></latexit><latexit sha1_base64="YeysUYrPoCTTr+BezmSI3v9l9LA="></latexit><latexit sha1_base64="YeysUYrPoCTTr+BezmSI3v9l9LA="></latexit><latexit sha1_base64="YeysUYrPoCTTr+BezmSI3v9l9LA="></latexit>

Leading Log 

Complete LO

scatterings

Momentum transfer: 

� $ �
<latexit sha1_base64="s7GgYQKyt+OHwor21QX5mm4+GgY="></latexit><latexit sha1_base64="s7GgYQKyt+OHwor21QX5mm4+GgY="></latexit><latexit sha1_base64="s7GgYQKyt+OHwor21QX5mm4+GgY="></latexit><latexit sha1_base64="s7GgYQKyt+OHwor21QX5mm4+GgY="></latexit>

ǊƸ $ Ƹ
<latexit sha1_base64="KStlonpELNvB2atjG6kOJr3W1y0="></latexit><latexit sha1_base64="KStlonpELNvB2atjG6kOJr3W1y0="></latexit><latexit sha1_base64="KStlonpELNvB2atjG6kOJr3W1y0="></latexit><latexit sha1_base64="KStlonpELNvB2atjG6kOJr3W1y0="></latexit>

ǊƵǖ $ Ƶǖ
<latexit sha1_base64="ju+6pJo0+5IhqvYHfoKK/9TGrHU="></latexit><latexit sha1_base64="ju+6pJo0+5IhqvYHfoKK/9TGrHU="></latexit><latexit sha1_base64="ju+6pJo0+5IhqvYHfoKK/9TGrHU="></latexit><latexit sha1_base64="ju+6pJo0+5IhqvYHfoKK/9TGrHU="></latexit>

scatterings� $ �
<latexit sha1_base64="s7GgYQKyt+OHwor21QX5mm4+GgY="></latexit><latexit sha1_base64="s7GgYQKyt+OHwor21QX5mm4+GgY="></latexit><latexit sha1_base64="s7GgYQKyt+OHwor21QX5mm4+GgY="></latexit><latexit sha1_base64="s7GgYQKyt+OHwor21QX5mm4+GgY="></latexit>

Colinearly enhanced, 
inelastic processes

scatterings� $ �
<latexit sha1_base64="6j/VClYsPEgr4DZt3AOVUixr+2E="></latexit><latexit sha1_base64="6j/VClYsPEgr4DZt3AOVUixr+2E="></latexit><latexit sha1_base64="6j/VClYsPEgr4DZt3AOVUixr+2E="></latexit><latexit sha1_base64="zripF8CkJolYOitCXyjHFaXZ+aU="></latexit><latexit sha1_base64="8O0WLEYrEgNeUjLqnTyeMgWo/eM="></latexit><latexit sha1_base64="3/yHtA5V9dHdLJNwhUIdcS2sV2I="></latexit><latexit sha1_base64="EzdrZEerim3zsov7N98zX/ECO2I="></latexit><latexit sha1_base64="6j/VClYsPEgr4DZt3AOVUixr+2E="></latexit><latexit sha1_base64="6j/VClYsPEgr4DZt3AOVUixr+2E="></latexit><latexit sha1_base64="6j/VClYsPEgr4DZt3AOVUixr+2E="></latexit><latexit sha1_base64="6j/VClYsPEgr4DZt3AOVUixr+2E="></latexit><latexit sha1_base64="6j/VClYsPEgr4DZt3AOVUixr+2E="></latexit><latexit sha1_base64="6j/VClYsPEgr4DZt3AOVUixr+2E="></latexit>

LPM



Kinetic Rates

Small angle approximation Expansion on momentum exchange

Ǔ�
<latexit sha1_base64="GIOzg8qSyaP31Z6xG0m5oCUQ+A4="></latexit><latexit sha1_base64="GIOzg8qSyaP31Z6xG0m5oCUQ+A4="></latexit><latexit sha1_base64="GIOzg8qSyaP31Z6xG0m5oCUQ+A4="></latexit><latexit sha1_base64="GIOzg8qSyaP31Z6xG0m5oCUQ+A4="></latexit>

Ǔ�
<latexit sha1_base64="PMnE3dglk+DSftD3rd5n7pXE3n4="></latexit><latexit sha1_base64="PMnE3dglk+DSftD3rd5n7pXE3n4="></latexit><latexit sha1_base64="PMnE3dglk+DSftD3rd5n7pXE3n4="></latexit><latexit sha1_base64="PMnE3dglk+DSftD3rd5n7pXE3n4="></latexit>

Ǔ�
<latexit sha1_base64="/Gh5l8N7d6e6za03XTJlOs7pBFE="></latexit><latexit sha1_base64="/Gh5l8N7d6e6za03XTJlOs7pBFE="></latexit><latexit sha1_base64="/Gh5l8N7d6e6za03XTJlOs7pBFE="></latexit><latexit sha1_base64="/Gh5l8N7d6e6za03XTJlOs7pBFE="></latexit>

Ǔ
<latexit sha1_base64="lEcnFpTndlze6fxGYFpXgAbQsFs="></latexit><latexit sha1_base64="lEcnFpTndlze6fxGYFpXgAbQsFs="></latexit><latexit sha1_base64="lEcnFpTndlze6fxGYFpXgAbQsFs="></latexit><latexit sha1_base64="lEcnFpTndlze6fxGYFpXgAbQsFs="></latexit>

|p| =
p

(p� + q)� ⇠ |p�|+ q · p�/|p�|
<latexit sha1_base64="sQ3TPTB6Q2xCat/DxyOMTJNXz6c="></latexit><latexit sha1_base64="sQ3TPTB6Q2xCat/DxyOMTJNXz6c="></latexit><latexit sha1_base64="sQ3TPTB6Q2xCat/DxyOMTJNXz6c="></latexit><latexit sha1_base64="sQ3TPTB6Q2xCat/DxyOMTJNXz6c="></latexit>

|p�| =
p
(p� � q)� ⇠ |p�|� q · p�/|p�|

<latexit sha1_base64="ahzanswF+DYauGvBbY0gNbuH2bQ="></latexit><latexit sha1_base64="ahzanswF+DYauGvBbY0gNbuH2bQ="></latexit><latexit sha1_base64="ahzanswF+DYauGvBbY0gNbuH2bQ="></latexit><latexit sha1_base64="ahzanswF+DYauGvBbY0gNbuH2bQ="></latexit>

ǔ
<latexit sha1_base64="++ZidDWLTB+ruGDNn2CxqjwCdz4="></latexit><latexit sha1_base64="++ZidDWLTB+ruGDNn2CxqjwCdz4="></latexit><latexit sha1_base64="++ZidDWLTB+ruGDNn2CxqjwCdz4="></latexit><latexit sha1_base64="++ZidDWLTB+ruGDNn2CxqjwCdz4="></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>



EKT: JHEP 01 (2003) 030

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 

Amplitude

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>



EKT: JHEP 01 (2003) 030

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 

Regulator

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>



EKT: JHEP 01 (2003) 030

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 

 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>



Thermal Stage

Rate

Inv. Yield

Total Yield

Ʃ dƲth

d�Ƽd�Ǔ =
�
�
ɊɊǖ
�ǳ�LƸ�ǈ�Ʃ/Ƹ .

<latexit sha1_base64="I+HC+ChBXcd6dxpIqRsPT7Y9OUI="></latexit><latexit sha1_base64="I+HC+ChBXcd6dxpIqRsPT7Y9OUI="></latexit><latexit sha1_base64="I+HC+ChBXcd6dxpIqRsPT7Y9OUI="></latexit><latexit sha1_base64="I+HC+ChBXcd6dxpIqRsPT7Y9OUI="></latexit>

�
Ʒ?

dƲɌ

d�Ǔ?dǜ
=

�
�
Ɋ Ɋǖ
ǳ� ɜ�Ǘǋ Ƹ�

Ǘǋ ƦǗǋ(Ǔ?) .
<latexit sha1_base64="0+A8L0DuzQ72OK+2dRzzp51Sz+w="></latexit><latexit sha1_base64="0+A8L0DuzQ72OK+2dRzzp51Sz+w="></latexit><latexit sha1_base64="0+A8L0DuzQ72OK+2dRzzp51Sz+w="></latexit><latexit sha1_base64="0+A8L0DuzQ72OK+2dRzzp51Sz+w="></latexit>

ƦǗǋ(Ǔ?) =
⇢
ɋ�Ǘǋ


Ư�(ɋǗǋǓ?)
ɋǗǋǓ?

+ �Ư�(ɋǗǋǓ?)
(ɋǗǋǓ?)�

�

� ɋ�ǆ

Ư�(ɋǆǓ?)
ɋǆǓ?

+ �Ư�(ɋǆǓ?)
(ɋǆǓ?)�

��
,

<latexit sha1_base64="Y8XNHY5+ffrJkiAAb9oIM+GCILk="></latexit><latexit sha1_base64="Y8XNHY5+ffrJkiAAb9oIM+GCILk="></latexit><latexit sha1_base64="Y8XNHY5+ffrJkiAAb9oIM+GCILk="></latexit><latexit sha1_base64="Y8XNHY5+ffrJkiAAb9oIM+GCILk="></latexit>ɋ = Ƹ��
<latexit sha1_base64="TbgYfSRbYYabXWgCFlBTnBNai/s="></latexit><latexit sha1_base64="TbgYfSRbYYabXWgCFlBTnBNai/s="></latexit><latexit sha1_base64="TbgYfSRbYYabXWgCFlBTnBNai/s="></latexit><latexit sha1_base64="TbgYfSRbYYabXWgCFlBTnBNai/s="></latexit>

�
Ʒ?

dƲɌ

dǜ =
�
�
Ɋ Ɋǖ
ǳ ɜ�Ǘǋ Ƹ�

Ǘǋ

✓
Ƹ�
Ǘǋ

Ƹ�
ǆ
� �

◆
.

<latexit sha1_base64="fg2PLw9AIUEuW9MtRSr72QHM6zM="></latexit><latexit sha1_base64="fg2PLw9AIUEuW9MtRSr72QHM6zM="></latexit><latexit sha1_base64="fg2PLw9AIUEuW9MtRSr72QHM6zM="></latexit><latexit sha1_base64="fg2PLw9AIUEuW9MtRSr72QHM6zM="></latexit>

Ƹ = ƸǗǋ(ɜǗǋ/ɜ)�/�
<latexit sha1_base64="931Vmsew8ItCjfkvdeDMqZsdI84="></latexit><latexit sha1_base64="931Vmsew8ItCjfkvdeDMqZsdI84="></latexit><latexit sha1_base64="931Vmsew8ItCjfkvdeDMqZsdI84="></latexit><latexit sha1_base64="931Vmsew8ItCjfkvdeDMqZsdI84="></latexit>



Glasma. Stage I

Rate

Inv. Yield

Total Yield

�
Ʒ?

dƲɌ

dǜ =

r
ǳ
�

�~
�ǳ� Ɋǈ ɓǊ ǉ~ ɛ~ ƵƷ

�
� log

✓
ɜ�
ɜ~

◆
ɟǕ

<latexit sha1_base64="+nKkQBXQ5OgxbS0mfw7Sr0MUgaI="></latexit><latexit sha1_base64="+nKkQBXQ5OgxbS0mfw7Sr0MUgaI="></latexit><latexit sha1_base64="+nKkQBXQ5OgxbS0mfw7Sr0MUgaI="></latexit><latexit sha1_base64="zripF8CkJolYOitCXyjHFaXZ+aU="></latexit><latexit sha1_base64="TDca+6PagRgzXZsFTiebw1ILVWA="></latexit><latexit sha1_base64="ZacrXGkkjZeMSXVDE9HEczWBmTE="></latexit><latexit sha1_base64="cBPqUCJdBKkxpltbh4undUzJ+Hc="></latexit><latexit sha1_base64="+nKkQBXQ5OgxbS0mfw7Sr0MUgaI="></latexit><latexit sha1_base64="+nKkQBXQ5OgxbS0mfw7Sr0MUgaI="></latexit><latexit sha1_base64="+nKkQBXQ5OgxbS0mfw7Sr0MUgaI="></latexit><latexit sha1_base64="+nKkQBXQ5OgxbS0mfw7Sr0MUgaI="></latexit><latexit sha1_base64="+nKkQBXQ5OgxbS0mfw7Sr0MUgaI="></latexit><latexit sha1_base64="+nKkQBXQ5OgxbS0mfw7Sr0MUgaI="></latexit>

Ʃ ǇƲ
Ǉ� ƼǇ� Ǔ =

�~
�ǳ� Ɋ ɊƷ L ǉǔ(ɜ,p) ƭǊ(ɜ)

<latexit sha1_base64="dceQCAn9u/lpiJeDQ+BWJiirvyg="></latexit><latexit sha1_base64="dceQCAn9u/lpiJeDQ+BWJiirvyg="></latexit><latexit sha1_base64="dceQCAn9u/lpiJeDQ+BWJiirvyg="></latexit><latexit sha1_base64="dceQCAn9u/lpiJeDQ+BWJiirvyg="></latexit>

ǉ~
ɛ~
ƵƷ

=

r
�
ǳ ɓǔ


log

✓
Ƶ�
Ʒ

ɛ�
~

◆���

<latexit sha1_base64="cyEWxUnZ+xap+e7P3dbQHA/VBl8="></latexit><latexit sha1_base64="cyEWxUnZ+xap+e7P3dbQHA/VBl8="></latexit><latexit sha1_base64="cyEWxUnZ+xap+e7P3dbQHA/VBl8="></latexit><latexit sha1_base64="cyEWxUnZ+xap+e7P3dbQHA/VBl8="></latexit>

ƭǊ(ɜ) =
Ƶ�
Ʒ

�ǳ�Ɋǖ

ɓǊ
(ƵƷ ɜ)

<latexit sha1_base64="SVXSKp4Ufg2CTUsVLlElbuyAws4="></latexit><latexit sha1_base64="SVXSKp4Ufg2CTUsVLlElbuyAws4="></latexit><latexit sha1_base64="SVXSKp4Ufg2CTUsVLlElbuyAws4="></latexit><latexit sha1_base64="SVXSKp4Ufg2CTUsVLlElbuyAws4="></latexit>



Glasma. Stage II

Rate

Inv. Yield

Total Yield

�
Ʒ? Ƶ�

Ʒ

dƲɌ

dǜ =

r
ǳ
�

�~
�ǳ� Ɋǈ L ɓǊ ǉ~

⇣
Ɋ��/�
ǖ � �

⌘

⇥
✓
�+

ɛ~
ƵƷ

ɟǕ
◆

<latexit sha1_base64="G20Cu6P54Y5hPtdMOhxuNFsmXIE="></latexit><latexit sha1_base64="G20Cu6P54Y5hPtdMOhxuNFsmXIE="></latexit><latexit sha1_base64="G20Cu6P54Y5hPtdMOhxuNFsmXIE="></latexit><latexit sha1_base64="G20Cu6P54Y5hPtdMOhxuNFsmXIE="></latexit>

Ʃ ǇƲ
Ǉ� ƼǇ� Ǔ =

�~
�ǳ� Ɋ ɊƷ L ǉǔ(ɜ,p) ƭǊ(ɜ)

<latexit sha1_base64="dceQCAn9u/lpiJeDQ+BWJiirvyg="></latexit><latexit sha1_base64="dceQCAn9u/lpiJeDQ+BWJiirvyg="></latexit><latexit sha1_base64="dceQCAn9u/lpiJeDQ+BWJiirvyg="></latexit><latexit sha1_base64="dceQCAn9u/lpiJeDQ+BWJiirvyg="></latexit>

ǉ~
ɛ~
ƵƷ

=

r
�
ǳ ɓǔ


log

✓
Ƶ�
Ʒ

ɛ�
~

◆���

<latexit sha1_base64="cyEWxUnZ+xap+e7P3dbQHA/VBl8="></latexit><latexit sha1_base64="cyEWxUnZ+xap+e7P3dbQHA/VBl8="></latexit><latexit sha1_base64="cyEWxUnZ+xap+e7P3dbQHA/VBl8="></latexit><latexit sha1_base64="cyEWxUnZ+xap+e7P3dbQHA/VBl8="></latexit>

ƭǊ(ɜ) =
ɓǊ Ɋ��/�

ǖ
�ǳ�

Ƶ�
Ʒ

(ƵƷ ɜ)�/�
<latexit sha1_base64="b40Tr14dmNFX80Kvnbu791LOMT8="></latexit><latexit sha1_base64="b40Tr14dmNFX80Kvnbu791LOMT8="></latexit><latexit sha1_base64="b40Tr14dmNFX80Kvnbu791LOMT8="></latexit><latexit sha1_base64="b40Tr14dmNFX80Kvnbu791LOMT8="></latexit>



Glasma. Stage III

Rate

Inv. Yield

Total Yield

Ʃ dƲth

d�Ƽd�Ǔ =
�
�
ɊɊǖ
�ǳ�LƸ�ǈ�Ʃ/Ƹ .

<latexit sha1_base64="I+HC+ChBXcd6dxpIqRsPT7Y9OUI="></latexit><latexit sha1_base64="I+HC+ChBXcd6dxpIqRsPT7Y9OUI="></latexit><latexit sha1_base64="I+HC+ChBXcd6dxpIqRsPT7Y9OUI="></latexit><latexit sha1_base64="I+HC+ChBXcd6dxpIqRsPT7Y9OUI="></latexit>

Ƹ = ǆƸɊ�
ǖ Ƶǖ(Ƶǖɜ)

<latexit sha1_base64="OA4Quo6epkgcFDx1vi7uSHXqJ+0="></latexit><latexit sha1_base64="OA4Quo6epkgcFDx1vi7uSHXqJ+0="></latexit><latexit sha1_base64="OA4Quo6epkgcFDx1vi7uSHXqJ+0="></latexit><latexit sha1_base64="OA4Quo6epkgcFDx1vi7uSHXqJ+0="></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
Glauber

RHIC, 0-5% (Reference)

RHIC, 0-20%

ALICE, 0-20% 



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



Contributions



Comparison to data 

PHENIX

Phys. Rev. C71, 034908 (2005)



Comparison to data 

ALICE

Phys. Lett. B754, 235 (2016),



Contributions
(AMY revisited)



Kinetic Rates

Ʃ dƲɌ

d�Ƽd�Ǔ = |M|� ⌦ ƪ [ǉǌ]⌦ ɍ(ǓǌǑ � ǓǒǘǗ)
<latexit sha1_base64="YeysUYrPoCTTr+BezmSI3v9l9LA="></latexit><latexit sha1_base64="YeysUYrPoCTTr+BezmSI3v9l9LA="></latexit><latexit sha1_base64="YeysUYrPoCTTr+BezmSI3v9l9LA="></latexit><latexit sha1_base64="YeysUYrPoCTTr+BezmSI3v9l9LA="></latexit>

Leading Log 

Complete LO

scatterings

Momentum transfer: 

� $ �
<latexit sha1_base64="s7GgYQKyt+OHwor21QX5mm4+GgY="></latexit><latexit sha1_base64="s7GgYQKyt+OHwor21QX5mm4+GgY="></latexit><latexit sha1_base64="s7GgYQKyt+OHwor21QX5mm4+GgY="></latexit><latexit sha1_base64="s7GgYQKyt+OHwor21QX5mm4+GgY="></latexit>

ǊƸ $ Ƹ
<latexit sha1_base64="KStlonpELNvB2atjG6kOJr3W1y0="></latexit><latexit sha1_base64="KStlonpELNvB2atjG6kOJr3W1y0="></latexit><latexit sha1_base64="KStlonpELNvB2atjG6kOJr3W1y0="></latexit><latexit sha1_base64="KStlonpELNvB2atjG6kOJr3W1y0="></latexit>

ǊƵǖ $ Ƶǖ
<latexit sha1_base64="ju+6pJo0+5IhqvYHfoKK/9TGrHU="></latexit><latexit sha1_base64="ju+6pJo0+5IhqvYHfoKK/9TGrHU="></latexit><latexit sha1_base64="ju+6pJo0+5IhqvYHfoKK/9TGrHU="></latexit><latexit sha1_base64="ju+6pJo0+5IhqvYHfoKK/9TGrHU="></latexit>

scatterings� $ �
<latexit sha1_base64="s7GgYQKyt+OHwor21QX5mm4+GgY="></latexit><latexit sha1_base64="s7GgYQKyt+OHwor21QX5mm4+GgY="></latexit><latexit sha1_base64="s7GgYQKyt+OHwor21QX5mm4+GgY="></latexit><latexit sha1_base64="s7GgYQKyt+OHwor21QX5mm4+GgY="></latexit>

Colinearly enhanced, 
inelastic processes

scatterings� $ �
<latexit sha1_base64="6j/VClYsPEgr4DZt3AOVUixr+2E="></latexit><latexit sha1_base64="6j/VClYsPEgr4DZt3AOVUixr+2E="></latexit><latexit sha1_base64="6j/VClYsPEgr4DZt3AOVUixr+2E="></latexit><latexit sha1_base64="zripF8CkJolYOitCXyjHFaXZ+aU="></latexit><latexit sha1_base64="8O0WLEYrEgNeUjLqnTyeMgWo/eM="></latexit><latexit sha1_base64="3/yHtA5V9dHdLJNwhUIdcS2sV2I="></latexit><latexit sha1_base64="EzdrZEerim3zsov7N98zX/ECO2I="></latexit><latexit sha1_base64="6j/VClYsPEgr4DZt3AOVUixr+2E="></latexit><latexit sha1_base64="6j/VClYsPEgr4DZt3AOVUixr+2E="></latexit><latexit sha1_base64="6j/VClYsPEgr4DZt3AOVUixr+2E="></latexit><latexit sha1_base64="6j/VClYsPEgr4DZt3AOVUixr+2E="></latexit><latexit sha1_base64="6j/VClYsPEgr4DZt3AOVUixr+2E="></latexit><latexit sha1_base64="6j/VClYsPEgr4DZt3AOVUixr+2E="></latexit>

LPM



Comparison to data 

PHENIX (AMY revisited)

Phys. Rev. C71, 034908 (2005)



Comparison to data 

ALICE (AMY revisited)

Phys. Lett. B754, 235 (2016),
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Turbulent thermalization 
(and all that Jazz)



Caveats

IR enhancement? 

Simple model

Pre-equilibrium doesn’t account 
for anisotropies  . . . yet.  

Full kinetic approach will account  
for inelastic terms



BMSS thermalisation is a consistent framework, 
confirmed by real-time lattice studies

Summary and 
 Outlook

BMSS photons are relevant at scales 
relevant for saturation physics

EKT studies are needed to discriminate, and to account for 
anisotropies

Higher correlations (photon HBT) may be particularly sensitive to 
pre-equilibrium physics 

Photons are our cleanest probes


