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Fluctuating 
initial conditions 
and hydrodynamics 
quantitatively  
describe the  
azimuthal structure



• Gluon number increases with decreasing gluon momentum 

• Gluon saturation at  

• Strong fields with occupation !
Classical description possible 

• IP-Sat model parametrizes !
(simple way to include transverse position dependence) 

• Fit parameters to HERA diffractive data!

C O M P U T I N G  T H E  I N I T I A L  S TAT E
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!
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+Ã(Ý, x/)

«/ � +Ã(Ý, x/)



• Sample nucleon positions from Woods-Saxon distribution!
including nucleon-nucleon correlations 

• Determine DIS cross section from IP-Sat model 

• Extract                 and get color charge density distribution

C O M P U T I N G  T H E  I N I T I A L  S TAT E
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• Sample color charges 

• For nucleus A and B compute the path-ordered 
exponential over its longitudinal extend!
!

• m is an infrared cutoff of order 

• Wilson lines after the collision are then obtained from         

!
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 ,  P R L 1 0 8 ,  2 5 2 3 0 1  ( 2 0 1 2 ) ,  P R C8 6 ,  0 3 4 9 0 8  ( 2 0 1 2 )
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�QCD

and      via the Yang-Mills equations6Ƃ 6	
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• Yang-Mills equations determine: 

• Initial gluon fields from color charges 

• Energy density after the collision 

• Early non-equilibrium time evolution  

• This is the IP-Glasma model (IP-Sat+Glasma)

!
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 ,  P R L 1 0 8 ,  2 5 2 3 0 1  ( 2 0 1 2 ) ,  P R C8 6 ,  0 3 4 9 0 8  ( 2 0 1 2 )

K R A S N I T Z ,  V E N U G O PA L A N ,  N U C L . P H Y S .  B 5 5 7  ( 1 9 9 9 )  2 3 7
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/ê�• Compute energy-momentum tensor !

of the gluon fields 

• Extract energy density and flow vector via!

• This provides the initial conditions !

for fluid dynamic simulations with MUSIC!

• We set the initial 

Õê/ê� = �Õ�

! ê! = �

B .  S C H E N K E ,  S .  J E O N ,  C .  G A L E ,  P H Y S .  R E V.  L E T T.  1 0 6 ,  0 4 2 3 0 1



E V E N T- B Y- E V E N T  F L U I D  D Y N A M I C S

• Evolve many initial shapes using viscous fluid dynamics 

• Convert energy density to particles (“freeze-out”) 

• Determine     coefficients of particle distributions 

• Average and compare to experimental data

9
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Non-linearities in hydrodynamics are important 
Detailed transport properties are not  
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M O R E  O N  I P - G L A S M A  A N D  M U S I C    
AT  Q U A R K  M AT T E R  2 0 1 4

• Extracting the bulk viscosity of the quark gluon plasma (IP-Glasma+MUSIC)!
Talk by Gabriel Denicol - Monday 13:40 

• The electromagnetic signature of the IP-Glasma initial state (IP-Glasma+MUSIC)!
Poster by Jean-Francois Paquet - Poster #G-21 

• Probing the non-equilibrium dynamics of hot and dense QCD with dileptons (MUSIC)!
Talk by Gojko Vujanovic - Monday 15:40 

• Initial state geometry and fluctuations in deformed and asymmetric nuclear 
collisions in the IP-Glasma framework (IP-Glasma)!
Talk by Prithwish Tribedy - Monday 11:40 

• MUSIC and MARTINI with a Hadronic Afterburner (IP-Glasma+MUSIC)!
Poster by Sangwook Ryu - Poster #E-29 

• Signatures of collective behavior in small systems (MUSIC)!
Talk by Igor Kozlov - Wednesday 9:20!
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Why does it not work? Two possibilities: 
!

a) We neglected correlations from the initial state 
!

They are there in IP-Glasma - just need to keep them 
!

b) The proton is not spherical and its shape fluctuates 
!

Other models: 
MC-Glauber: similar fluctuations in p+Pb and Pb+Pb!

One challenge for MC-Glauber are the similar p+p and p+Pb HBT radii 
!
EPOS: Fluctuations of “cut pomerons” - larger eccentricities !

!

K .  D U S L I N G ,  R .  V E N U G O PA L A N ,  P H Y S . R E V.  D 8 7  0 5 4 0 1 4  ( 2 0 1 3 )

B . S C H E N K E ,  R . V E N U G O PA L A N ,  A R X I V: 1 4 0 5 . 3 6 0 5 ( 2 0 1 4 )

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

K .  W E R N E R ,  M .  B L E I C H E R ,  B .  G U I O T,  I .  K A R P E N K O ,  T.  P I E R O G,  A R X I V: 1 3 0 7 . 4 3 7 9

http://arxiv.org/abs/arXiv:1405.3605
http://arxiv.org/find/nucl-th/1/au:+Pierog_T/0/1/0/all/0/1
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K .  D U S L I N G ,  R .  V E N U G O PA L A N ,  P H Y S . R E V.  D 8 7  0 5 4 0 1 4  ( 2 0 1 3 )
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B .  S C H E N K E ,  R .  V E N U G O PA L A N  -  W O R K  I N  P R O G R E S S

Classical calculation contains leading Glasma graphs
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B .  S C H E N K E ,  R .  V E N U G O PA L A N  -  W O R K  I N  P R O G R E S S

Initial anisotropy is present - can it contribute?
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Multiplicity as in 65-70% central Pb+Pb 
Unlike for collective flow, strong dependence on method,«/



• IP-Glasma model + fluid dynamics does very good 
job in describing experimental data in A+A 
collisions out to very peripheral events 

• Similar size in p+p and p+Pb agrees with ALICE HBT 

• Within IP-Glasma+MUSIC model and ignoring initial 
state correlations,     in p+Pb are not well described 

• If fluid dynamic picture holds we have access to 
shape fluctuations of the proton’s gluon distribution 

S U M M A R Y
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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 ,  P H Y S .  R E V.  C 8 9 ,  0 2 4 9 0 1 ( 2 0 1 4 )

Multiplicity distributions in p+p and p+Pb collisions 
are not as wide as the experimental data 
Introduce fluctuation of color charge density 
Hadronization can also widen the distribution

C M S  C O L L A B O R A T I O N ,  J H E P  1 1 0 1 ,  0 7 9  ( 2 0 1 1 )
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K .  D U S L I N G ,  R .  V E N U G O PA L A N ,  P H Y S . R E V.  D 8 7  0 5 4 0 1 4  ( 2 0 1 3 )
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MC-Glauber model + 
hydro gets size in  
p+Pb ~ size in Pb+Pb

P.  B O Z E K ,  W.  B R O N I O W S K I ,  P HY S . L E T T.  B 7 2 0  ( 2 0 1 3 )  2 5 0 - 2 5 3  



F r e e z e - o u t  s u r f a c e  v s .  t i m e

32

P.  B O Z E K ,  W.  B R O N I O W S K I ,  P H Y S .  R E V.  C  8 8 ,  0 1 4 9 0 3  ( 2 0 1 3 )  
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A T L A S  C O L L A B O R A T I O N ,  J H E P  1 3 1 1  ( 2 0 1 3 )  1 83  
C M S  C O L L A B O R A T I O N ,  P R C  8 7 ( 2 0 1 3 )  0 1 4 9 0 2,  A R X I V: 1 3 1 0 . 8 6 5 1

Û�

Mean from distributions Event-plane method

ATLAS CMS

AV E R A G E  A N D  R M S
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• Sample nucleon positions from Woods-Saxon distribution 

• Add all (Gaussian) thickness functions!

• Extract                 and get color charge density distribution

C O M P U T I N G  T H E  I N I T I A L  S TAT E
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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 ,  P R L 1 0 8 ,  2 5 2 3 0 1  ( 2 0 1 2 ) ,  P R C8 6 ,  0 3 4 9 0 8  ( 2 0 1 2 )
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Temperature dependent ⌘/s C. Gale, S. Jeon, B.Schenke,
P.Tribedy, R.Venugopalan, PRL110, 012302 (2013)

Use ⌘/s(T ) as in Niemi et al., Phys.Rev.Lett. 106 (2011) 212302

0.0 0.1 0.2 0.3 0.4 0.5
0.0
0.2
0.4
0.6
0.8
1.0

T @GeVD

hês

RHIC LHC

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0  0.5  1  1.5  2

〈v
n

2
〉1

/2

pT [GeV]

RHIC 200GeV, 30-40%

open: PHENIX

filled: STAR prelim.

η/s(T)

 v2
 v3
 v4
 v5

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0  0.5  1  1.5  2

〈v
n
2
〉1

/2

pT [GeV]

ATLAS 30-40%, EP
η/s(T)

 v2
 v3
 v4
 v5

Experimental data: A. Adare et al. (PHENIX), Phys.Rev.Lett. 107, 252301 (2011)
Y. Pandit (STAR), Quark Matter 2012, (2012)
ATLAS collaboration, Phys. Rev. C 86, 014907 (2012)

One (⌘/s)(T ) will be able to describe both RHIC and LHC data
Used parametrization not yet perfect: no surprise
More detailed study needed - include different RHIC energies and LHC

Björn Schenke (BNL) BNL, December 18 2013 54/50
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