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P H O T O N  A Z I M U T H A L  A N I S O T R O P Y

Puzzle: Direct photon elliptic anisotropy  
is as large as that for pions (at RHIC & LHC) 
QM2014: Also large photon 
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Calculations have a problem describing this 

P H E N I X ,  P H Y S .  R E V.  L E T T.  1 0 9 ,  1 2 2 3 0 2  ( 2 0 1 2 ) A L I C E ,  J . P H Y S . C O N F. S E R .  4 4 6  ( 2 0 1 3 )  0 1 2 0 2 8  
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P H O T O N  A Z I M U T H A L  A N I S O T R O P Y

Problem: Photons are produced mostly early in the  
collision when flow is not yet built up

A L S O :  
!
F I R E B A L L  M O D E L :  VA N  H E E S ,  G A L E ,  R A P P,  P H Y S . R E V.  C 8 4  ( 2 0 1 1 )  0 5 4 9 0 6   
H Y D R O :  D I O N ,  PA Q U E T,  S C H E N K E ,  Y O U N G ,  J E O N ,  G A L E ,  P H Y S . R E V.  C 8 4  ( 2 0 1 1 )  0 6 4 9 0 1  
P H S D :  L I N N Y K ,  K O N C H A K O V S K I ,  C A S S I N G ,  B R A T K O V S K A YA ,  P H Y S . R E V.  C 8 8  ( 2 0 1 3 )  0 3 4 9 0 4  
H Y D R O :  S H E N ,  H E I N Z ,  PA Q U E T,  K O Z L O V,  G A L E ,  A R X I V: 1 3 0 8 . 2 1 1 1 ,  A R X I V: 1 4 0 3 . 7 5 5 8  

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
p

T
 (GeV/c)

-0.05

0.00

0.05

0.10

0.15

0.20

v
2
 (

p
T
)

ALICE Preliminary
v

2
(PP, FIC)

v
2
(RP, FIC)

v
2
(SIC)

Direct photon v
2

0-40%, τ
0
=0.14 fm/c, σ=0.4 fm

2.76A TeV Pb+Pb@LHC

C H A T T E R J E E ,  H O L O PA I N E N ,  H E L E N I U S ,   
R E N K ,  E S K O L A ,  P H Y S . R E V.  C 8 8  ( 2 0 1 3 )  0 3 4 9 0 1  

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

p
T
 (GeV/c)

0.00

0.05

0.10

0.15

0.20

0.25

v
2
(p

T
)

PHENIX (BBC)

smooth (MC)

v
2
 (RP)

v
2
 (PP)

200A GeV Au+Au@RHIC

20-40% Centrality bin

σ=0.4 fm, τ
0
= 0.17 fm/c

v
2
 of thermal photons

P H E N I X A L I C E

T H E R M A L  P H O T O N S T H E R M A L  P H O T O N S



L AT E S T  I P - G L A S M A + M U S I C  R E S U LT S
PA Q U E T,  S H E N ,  V U J A N O V I C ,  D E N I C O L ,  S C H E N K E ,  L U Z U M ,  H E I N Z ,  J E O N ,  G A L E

Combine the following photon sources: 
• prompt: NLO pQCD with nPDF, Ncoll scaled 
• thermal: fluid dynamics + QGP-, meson gas-,  

baryonic thermal photon rates 
• hadronic decays:  
• jet-medium interaction and pre-equilibrium  

production not yet included 
• pre-equilibrium flow is built up in IP-Glasma

ë� � ��, � � ��, � � ë��, . . .



L AT E S T  I P - G L A S M A + M U S I C  R E S U LT S
PA Q U E T,  S H E N ,  V U J A N O V I C ,  D E N I C O L ,  S C H E N K E ,  L U Z U M ,  H E I N Z ,  J E O N ,  G A L E
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Inclusive photons

M .  W I L D E  [ A L I C E ]  
N U C L .  P H Y S .  A  9 0 4 - 9 0 5  ( 2 0 1 3 )  5 7 3 C

D .  L O H N E R  [ A L I C E ]  
P H D  T H E S I S ,  U .  O F  H E I D E L B E R G  ( 2 0 1 3 )



L AT E S T  I P - G L A S M A + M U S I C  R E S U LT S
PA Q U E T,  S H E N ,  V U J A N O V I C ,  D E N I C O L ,  S C H E N K E ,  L U Z U M ,  H E I N Z ,  J E O N ,  G A L E

Direct photons

M .  W I L D E  [ A L I C E ]  
N U C L .  P H Y S .  A  9 0 4 - 9 0 5  ( 2 0 1 3 )  5 7 3 C

D .  L O H N E R  [ A L I C E ]  
P H D  T H E S I S ,  U .  O F  H E I D E L B E R G  ( 2 0 1 3 )����
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Calculated spectra 
underestimate data 
Full result for     too low Û�



E F F E C T  O F  P R E - E Q U I L I B R I U M  F L O W
PA Q U E T,  S H E N ,  V U J A N O V I C ,  D E N I C O L ,  S C H E N K E ,  L U Z U M ,  H E I N Z ,  J E O N ,  G A L E
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Small effect (switching to hydro at                       ) �� = �.� fm/V



P H O T O N  A Z I M U T H A L  A N I S O T R O P Y

What can help? 

• Strong Magnetic field and conformal anomaly  

• Photon enhancement around TC 

• Generally a suppression of the photon yield from  
early times or a delay of photon emission  

• Glasma evolution      this talk

B A S A R ,  K H A R Z E E V,  S K O K O V,  P H Y S . R E V. L E T T.  1 0 9  ( 2 0 1 2 )  2 0 2 3 0 3  
B A S A R ,  K H A R Z E E V,  S H U R YA K ,  A R X I V: 1 4 0 2 . 2 2 8 6

VA N  H E E S ,  H E ,  R A P P,  A R X I V: 1 4 0 4 . 2 8 4 6  

L I U ,  L I U ,  P H Y S . R E V.  C 8 9  ( 2 0 1 4 )  0 3 4 9 0 6  
S E M I - Q G P :  L I N  @ Q M 2 0 1 4  

M C L E R R A N ,  S C H E N K E ,  A R X I V: 1 4 0 3 . 7 4 6 2 ,  T O  A P P E A R  I N  N U C L . P H Y S . A



S I M P L E  G L A S M A  D Y N A M I C S

• Initially: High gluon density and one scale 

• Elastic scattering is enhanced by large occupation 
numbers 

• Separation of scales must happen towards 
thermalization �IR � �Ã�

+Ã = �IR = �

B L A I Z O T,  G E L I S ,  L I A O ,  M C L E R R A N ,  V E N U G O PA L A N ,  N U C L . P H Y S .  A 8 7 3  ( 2 0 1 2 )  6 8 - 8 0  
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O V E R - O C C U PAT I O N

«/+Ã

v(«)
I N I T I A L  G L U O N   
D I S T R I B U T I O N

E Q U I L I B R I U M  
D I S T R I B U T I O N

B L A I Z O T,  G E L I S ,  L I A O ,  M C L E R R A N ,  V E N U G O PA L A N ,  N U C L . P H Y S .  A 8 7 3  ( 2 0 1 2 )  6 8 - 8 0  



M O D E L  F O R  G L A S M A  E V O L U T I O N

«/+Ã

v}() =
���,
 V�Ã�

�
i/� � �

over-occupied gluon distribution
becomes thermal when 

��, =
 V�Ã

�
�

� is a constant related to  gluon/ quarks

vµ() =
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i/� + � quark distribution

Energy densities:
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M O D E L  F O R  G L A S M A  E V O L U T I O N

Identify time with collision time in transport equations
B L A I Z O T,  G E L I S ,  L I A O ,  M C L E R R A N ,  V E N U G O PA L A N ,  N U C L . P H Y S .  A 8 7 3  ( 2 0 1 2 )  6 8 - 8 0  

Ì � �/��
�,

Energy density scales as

� � �/Ì�+�

isotropic system� = �/�

� �= �/� pressure anisotropy

for simplicity (could also use 3D hydro)

We can now solve for         and �(Ì) ��,(Ì)



E V O L U T I O N  O F  E N E R G Y  S C A L E S
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Initial values are fixed by requiring energy conservation 
at time of “thermalization”, when ���,

� V�Ã
= �

/� = ���MeV, �Ã = �.�, V = �, � = �, � = �/�

Here ÌÌ� = �.� fm/V

(�IR � �Ã�)

M C L E R R A N ,  S C H E N K E ,  A R X I V: 1 4 0 3 . 7 4 6 2 ,  T O  A P P E A R  I N  N PA



P H O T O N  P R O D U C T I O N

UV-scale starts out lower and drops more slowly than T 
This will shift photon production to later times

Production rates (Compton+annihilation):
J . I .  K A P U S TA ,  P.  L I C H A R D ,  D .  S E I B E R T,  P H Y S .  R E V.  D  4 4  ( 1 9 9 1 )  2 7 7 4
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M C L E R R A N ,  S C H E N K E ,  A R X I V: 1 4 0 3 . 7 4 6 2 ,  T O  A P P E A R  I N  N PA



P H O T O N  P R O D U C T I O N

Photon yields follow from time integration
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K-factor of 7 (lots of sources are missing…) 
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Glasma spectrum suppressed and steeper

� = �, � = �/� I S O T R O P I C

M C L E R R A N ,  S C H E N K E ,  A R X I V: 1 4 0 3 . 7 4 6 2 ,  T O  A P P E A R  I N  N PA



P H O T O N  P R O D U C T I O N

K-factor of 7 (lots of sources are missing…) 
!

Glasma spectrum suppressed and steeper

� = �, � = �/�
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A N I S O T R O P I C

Photon yields follow from time integration
M C L E R R A N ,  S C H E N K E ,  A R X I V: 1 4 0 3 . 7 4 6 2 ,  T O  A P P E A R  I N  N PA



F I R S T  F U L L  H Y D R O  R E S U LT S

MUSIC + Glasma rates vs. MUSIC + thermal rates
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Mainly the suppression of the early time rates  
relative to the hadron gas production leads 
to the increase of photon elliptic anisotropy

PA Q U E T,  G A L E ,  J E O N ,  M C L E R R A N ,  S C H E N K E ,  W O R K  I N  P R O G R E S S



F I R S T  F U L L  H Y D R O  R E S U LT S

MUSIC + Glasma rates vs. MUSIC + thermal rates 
+ prompt photons

Adding prompt photons reduces     drastically…
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PA Q U E T,  G A L E ,  J E O N ,  M C L E R R A N ,  S C H E N K E ,  W O R K  I N  P R O G R E S S



D E F O R M E D  N U C L E I
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• U+U collisions can produce larger elliptic flow in 
central collisions, because of their deformation 

• This can help to disentangle effects of strong 
magnetic fields and collective flow  

• We show that it can also constrain the 
mechanism of particle production

B .  S C H E N K E ,  P.  T R I B E D Y,  R .  V E N U G O PA L A N ,  A R X I V: 1 4 0 3 . 2 2 3 2 ,  T O  A P P E A R  I N  P R C  



D E F O R M E D  N U C L E I

20

Deformation is parametrized in the  
Woods-Saxon distribution as 
 
 
 
 
with spherical harmonics 

B .  S C H E N K E ,  P.  T R I B E D Y,  R .  V E N U G O PA L A N ,  A R X I V: 1 4 0 3 . 2 2 3 2 ,  T O  A P P E A R  I N  P R C  

�(À) =
��

� + exp([À � ,�]/>)

,� = ,[� + ��9��(�) + ��9��(�)]

9��

Au

U

dramatization



C O L L I S I O N S  O F  D E F O R M E D  N U C L E I

21

• Fluctuations in impact parameter and 4 angles

B .  S C H E N K E ,  P.  T R I B E D Y,  R .  V E N U G O PA L A N ,  A R X I V: 1 4 0 3 . 2 2 3 2 ,  T O  A P P E A R  I N  P R C  
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B .  S C H E N K E ,  P.  T R I B E D Y,  R .  V E N U G O PA L A N ,  A R X I V: 1 4 0 3 . 2 2 3 2 ,  T O  A P P E A R  I N  P R C  
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S H A P E - M U LT I P L I C I T Y  C O R R E L AT I O N S

in ultra-central collisions. Example U+U: 

T W O - C O M P O N E N T  M O D E L I P - G L A S M A

` /`�large � small ��
` /`�small � large ��

S T R O N G  ( L I N E A R )  C O R R E L A T I O N W E A K  ( L O G )  C O R R E L A T I O N



S H A P E - M U LT I P L I C I T Y  C O R R E L AT I O N S

23

• Select ultra-central 
events based on  
neutrons in the ZDC 

• Study correlation 
between    and 
multiplicity  

• Correlation depends 
on model 

B .  S C H E N K E ,  P.  T R I B E D Y,  R .  V E N U G O PA L A N ,  A R X I V: 1 4 0 3 . 2 2 3 2 ,  T O  A P P E A R  I N  P R C  

 0.08

 0.1

 0.12

 0.14

 0.16

 0.18

 0.2

2

IP-Glasma U+U
IP-Glasma def. Au+Au

0-0.1% spectators

 0.08

 0.1

 0.12

 0.14

 0.16

 0.18

 0.2

 0.85  0.9  0.95  1  1.05  1.1  1.15

2

Mult/  Mult 

MC-Glauber+NBD U+U
MC-Glauber+NBD def. Au+Au

0-1% spectators

��



24

 0.08

 0.1

 0.12

 0.14

 0.16

 0.18

 0.2

2

IP-Glasma U+U
IP-Glasma def. Au+Au

0-0.1% spectators

 0.08

 0.1

 0.12

 0.14

 0.16

 0.18

 0.2

 0.85  0.9  0.95  1  1.05  1.1  1.15

2

Mult/  Mult 

MC-Glauber+NBD U+U
MC-Glauber+NBD def. Au+Au

0-1% spectators

B .  S C H E N K E ,  P.  T R I B E D Y,  R .  V E N U G O PA L A N ,  A R X I V: 1 4 0 3 . 2 2 3 2  

U+U, side-side U+U, tip-tip

Au+Au, side-side Au+Au, “tip-tip”

Uranium: prolate 
Gold: oblate (?)

S H A P E - M U LT I P L I C I T Y  C O R R E L AT I O N S



D E F O R M E D  N U C L E I
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B .  S C H E N K E ,  P.  T R I B E D Y,  R .  V E N U G O PA L A N ,  A R X I V: 1 4 0 3 . 2 2 3 2 ,  T O  A P P E A R  I N  P R C    
E X P E R I M E N TA L  D A TA :  S TA R ,  H U I  W A N G  A T  Q U A R K  M A T T E R  2 0 1 4

U+U, tip-tip
Mult: |η|<1U+U

Au+Au

Lines are model eccentricities scaled by the ratio of 
<v2> and <ε2>



S U M M A R Y

• Photon anisotropy remains a puzzle 
• Mechanisms that reduce early photon emission help 
• Glasma non-thermal evolution is one possibility  
• Prompt photons are a big problem 

• Deformed nuclei collisions can give insight into  
particle production mechanism, distinguish models  

• IP-Glasma result of multiplicity-geometry correlation 
agrees better with preliminary STAR data than the 
two-component model
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E X P E R I M E N TA L  M E T H O D

Direct photon anisotropy

D .  L O H N E R  [ A L I C E ] ,  P H D  T H E S I S ,  U .  O F  H E I D E L B E R G  ( 2 0 1 3 )
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