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2-particle correlation as a function of Δη and Δϕ
Δη :  D I F F E R E N C E  I N  P S E U D O - R A P I D I T Y  
ΔΦ :  D I F F E R E N C E  I N  A Z I M U T H A L  A N G L E  

Ridge:  
Structure that is 
long range in Δη 
and generally 
shows two bumps 
in Δϕ  
“double-ridge”

C M S  C O L L A B O R A T I O N ,  E U R .  P H Y S .  J .  C 7 2  ( 2 0 1 2 )

B j ö r n  S c h e n k e ,  B N L



R I D G E  I N  H E A V Y  I O N  C O L L I S I O N S
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First seen in heavy ion collisions at RHIC
S TA R  C O L L A B O R A T I O N ,  P H Y S .  R E V.  C 8 0  ( 2 0 0 9 )  0 6 4 9 1 2  
P H O B O S  C O L L A B O R A T I O N ,  P H Y S .  R E V.  L E T T.  1 0 4  ( 2 0 1 0 )  0 6 2 3 0 1

Interpretation in heavy ion collision: 
• Long range correlations emerging from early times (causality) 
• Azimuthal structure formed by the medium response to the 

initial transverse geometry (well described by hydrodynamics) 

B j ö r n  S c h e n k e ,  B N L
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Azimuthal structure quantified using Fourier expansion
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Azimuthal structure quantified using Fourier expansion
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T H E O R E T I C A L  D E S C R I P T I O N  I N  H E A V Y  I O N S
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Fluctuating nucleon positions and color charges ➞ 
Fluctuating deposited energy

Pressure gradients drive the evolution  
Described by hydrodynamics

High energy: Initial energy density can be computed in the 
color glass condensate framework (effective theory of QCD) 
It includes gluon saturation at high densities  
( small x and small transverse momentum pT ≲ QS )

C . G A L E ,  S . J E O N ,  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 1 0 ,  0 1 2 3 0 2  ( 2 0 1 3 )

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 C 8 6 ,  0 3 4 9 0 8  ( 2 0 1 2 )

B j ö r n  S c h e n k e ,  B N L



C O M PA R I S O N  O F  T H E O R Y  T O  E X P E R I M E N T
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A L I C E  C O L L A B O R A T I O N ,  P H Y S .  R E V.  L E T T.  1 0 7 ,  0 3 2 3 0 1  ( 2 0 1 1 )
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Quantitative description of the experimental data!

B j ö r n  S c h e n k e ,  B N L
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V 2Δ  I N  p + p  C O L L I S I O N S
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A L I C E  C O L L A B O R A T I O N ,  P H Y S .  L E T T.  B  7 1 9  ( 2 0 1 3 )  2 9  
A T L A S  C O L L A B O R A T I O N ,  P H Y S .  R E V.  L E T T.  1 1 0  ( 2 0 1 3 )  1 8 2 3 0 2  
C M S  C O L L A B O R A T I O N ,  P H Y S .  L E T T.  B  7 1 8  ( 2 0 1 3 )  7 9 5

high multiplicity p+Pb

B j ö r n  S c h e n k e ,  B N L



v 2  I N  p + p ,  p + P b ,  P b + P b  C O L L I S I O N S  
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S E E  A L S O :   

A L I C E  C O L L A B O R A T I O N   
P H Y S .  L E T T.  B 7 1 9  ( 2 0 1 3 )  2 9 - 4 1 ;  P H Y S .  
R E V.  C  9 0 ,  0 5 4 9 0 1  

A T L A S  C O L L A B O R A T I O N  
P H Y S .  R E V.  L E T T.  1 1 0 ,  1 8 2 3 0 2  ( 2 0 1 3 ) ;  
P H Y S .  R E V.  C  9 0 . 0 4 4 9 0 6  ( 2 0 1 4 )  

C M S  C O L L A B O R A T I O N  
P H Y S . R E V. L E T T.  1 1 5 ,  0 1 2 3 0 1  ( 2 0 1 5 )  

B j ö r n  S c h e n k e ,  B N L

C M S  C O L L A B O R A T I O N ,  A R X I V: 1 6 0 6 . 0 6 1 9 8

http://prl.aps.org/abstract/PRL/v110/i18/e182302


S T R O N G  F I N A L  S TA T E  E F F E C T S  I N  S M A L L  
S Y S T E M S ?  E V E N  H Y D R O D Y N A M I C S ?

S C H E N K E ,  V E N U G O PA L A N   
P R L 1 1 3  ( 2 0 1 4 )  1 0 2 3 0 1

B O Z E K ,  B R O N I O W S K I  
P R C 8 8  ( 2 0 1 3 )  0 1 4 9 0 3  
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Calculation I showed before 
does not work in p+Pb

Simple initial state  
+ hydro works

12
12 B j ö r n  S c h e n k e ,  B N L

O T H E R  C A L C U L A T I O N S :  K O Z L O V,  L U Z U M ,  D E N I C O L ,  J E O N ,  G A L E ;  W E R N E R ,  G U I O T,  
K A R P E N K O ,  P I E R O G ;  R O M A T S C H K E ,  …

IP-Glasma
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W I T H  F L U C T U A T I N G  P R O T O N  
I P - G L A S M A  D O E S  D E S C R I B E  p + P b  v 2

W E I  L I  AT  I N I T I A L  S TA G E S  2 0 1 6
B j ö r n  S c h e n k e ,  B N L



M O R E  E V I D E N C E  F O R   
P R O T O N  S H A P E  F L U C T U A T I O N S

14

H .  M Ä N T Y S A A R I ,  B .  S C H E N K E ,  A R X I V: 1 6 0 3 . 0 4 3 4 9 ,  P R L  I N  P R I N T

B j ö r n  S c h e n k e ,  B N L

Exclusive diffractive J/Ψ production

14

round proton

fluctuating proton



S T R A T E G Y:  C O N S T R A I N  P R O T O N  F L U C T U A T I O N S  W I T H  J /Ψ  
P R O D U C T I O N  A N D  P R E D I C T  F L O W  I N  p + P b  C O L L I S I O N S

15

H .  M Ä N T Y S A A R I ,  P.  T R I B E D Y,  B .  S C H E N K E ,  I N  P R E PA R A T I O N

B j ö r n  S c h e n k e ,  B N L15
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G .  D E N I C O L ,  A .  M O N N A I ,  B .  S C H E N K E  
P H Y S . R E V. L E T T.  1 1 6  ( 2 0 1 6 )  N O . 2 1 ,  2 1 2 3 0 1  



P R O B L E M  W I T H  H Y D R O D Y N A M I C S

Knudsen number: ratio of a microscopic to a macroscopic scale 
Small Knudsen number means hydrodynamics is valid

16

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

Pb+Pb p+Pb

16
16 B j ö r n  S c h e n k e ,  B N L



B U T  A D S / C F T  S A Y S  I T ’ S  O K

17

P.  C H E S L E R ,  J H E P  1 6 0 3  ( 2 0 1 6 )  1 4 6  

17
17 B j ö r n  S c h e n k e ,  B N L

Degree of “hydrodynamization”

t
t =1.5 ≈ 0.375 fm

Δ≲0.2 hydrodynamic 
Δ≳0.8 really not hydrodynamic

x=y=z=0



O T H E R  E X P L A N A T I O N S
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Quarks or gluons are produced 
from color field domains  
in the Pb or p target 

Particles that come from the same 
domain are correlated 

Effect is suppressed by the number of colors and the 
number of domains (it is small for heavy ions)

O T H E R  E X P L A N A T I O N S :  I N I T I A L  S TA T E

19

Intuitive picture: 

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

1/Qs

B j ö r n  S c h e n k e ,  B N L



C O R R E L A T I O N S  F R O M  T H E  I N I T I A L  S TA T E
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p+A collisions in the Color Glass Condensate: 

High multiplicity events: Target and projectile are dense objects  
➞ Classical Yang-Mills framework 

Compute the gluon momentum distribution from the initial  
fields after the collision - Then analyze its anisotropy

proton nucleus

Jμ1 = �μ+�1(x�,xT)

[Dμ, Fμ� ] = J�
1

Jμ2 = �μ��2(x+,xT)

[Dμ, Fμ� ] = J�
2

S C H E N K E ,  S C H L I C H T I N G ,  V E N U G O PA L A N ,  P H Y S .  L E T T.  B 7 4 7 ,  7 6 - 8 2  ( 2 0 1 5 )  

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

B j ö r n  S c h e n k e ,  B N L



C O R R E L A T I O N S  F R O M  T H E  I N I T I A L  S TA T E
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S C H E N K E ,  S C H L I C H T I N G ,  V E N U G O PA L A N ,  P H Y S .  L E T T.  B 7 4 7 ,  7 6 - 8 2  ( 2 0 1 5 )  
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C O R R E L A T I O N S  F R O M  T H E  I N I T I A L  S TA T E
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S C H E N K E ,  S C H L I C H T I N G ,  V E N U G O PA L A N ,  P H Y S .  L E T T.  B 7 4 7 ,  7 6 - 8 2  ( 2 0 1 5 )  
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Odd harmonics generated by pre-equilibrium dynamics

C O R R E L A T I O N S  F R O M  T H E  I N I T I A L  S TA T E
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S C H E N K E ,  S C H L I C H T I N G ,  V E N U G O PA L A N ,  P H Y S .  L E T T.  B 7 4 7 ,  7 6 - 8 2  ( 2 0 1 5 )  
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No correlation with global geometry (ε2, ε3) !

C O R R E L A T I O N S  F R O M  T H E  I N I T I A L  S TA T E
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S C H E N K E ,  S C H L I C H T I N G ,  V E N U G O PA L A N ,  P H Y S .  L E T T.  B 7 4 7 ,  7 6 - 8 2  ( 2 0 1 5 )  
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S E N S I T I V I T Y  T O  S Y S T E M  S I Z E
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Pb+Pb not described in initial state picture. Reason: 
Gluons produced from many uncorrelated color field domains

S C H E N K E ,  S C H L I C H T I N G ,  V E N U G O PA L A N ,  P H Y S .  L E T T.  B 7 4 7 ,  7 6 - 8 2  ( 2 0 1 5 )  
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B j ö r n  S c h e n k e ,  B N L
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S C H E N K E ,  S C H L I C H T I N G ,  T R I B E D Y,  V E N U G O PA L A N ,  I N  P R E PA R A T I O N

B j ö r n  S c h e n k e ,  B N L

Do we see mass splitting 
without hydro?

Classical Yang-Mills 
coupled to PYTHIA’s 
Lund fragmentation 

Gluon v2 is translated 
to hadron v2 

Mass splitting in ⟨pT⟩  
and v2!



Many different calculations using different 
approximations exist 

They all find a ridge without any hydrodynamics 

Some are compared in 

See the review article

M A N Y  C A L C U L A T I O N S  O F  R I D G E  
E F F E C T  F R O M  I N I T I A L  S TA T E  
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Dumitru, Dusling, Fernandez-Fraile, Gavin, Gelis, Jalilian-Marian, 
Kovchegov, Lappi, McLerran, Dominguez, Marquet, McLerran, 
Moschelli, Schenke, Schlichting, Skokov, Venugopalan, Wu, …

B j ö r n  S c h e n k e ,  B N L

T.  L A P P I ,  B .  S C H E N K E ,  S .  S C H L I C H T I N G ,  R .  V E N U G O PA L A N ,  J H E P  1 6 0 1  ( 2 0 1 6 )  0 6 1  

K .  D U S L I N G ,  W.  L I ,  B .  S C H E N K E ,  I N T.  J .  M O D .  P H Y S .  E 2 5 ,  1 6 3 0 0 0 2  ( 2 0 1 6 )



K I N E T I C  T H E O R Y  “ A N I S O T R O P I C  E S C A P E ”
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A .  B Z D A K ,   G . - L .  M A ,  P R L  1 1 3  ( 2 0 1 4 )  
L .  H E ,  T.  E D M O N D S ,  Z . - W.  L I N ,  F.  L I U ,  D .  M O L N A R ,  F.  W A N G ,  P L B 7 5 3  ( 2 0 1 6 )

B j ö r n  S c h e n k e ,  B N L

Final state effect, but weakly interacting (3 mb x-sect.) 

Described in AMPT

Partons are more likely 
to escape in the short  
direction → vn



• 3He+Au, d+Au: Systematics of flow in different systems 
Explained by hydrodynamics. Initial state: no calculation  

• Higher order cumulants: Data shows that 
v2{4}≈v2{6}≈v2{8} …   
Natural in hydrodynamics but not a unique feature 

H O W  T O  D I S T I N G U I S H  “ F L O W ”  F R O M  
A N  “ I N I T I A L  S TA T E ”  S C E N A R I O

29 B j ö r n  S c h e n k e ,  B N L

M E A S U R E M E N T:   
P H E N I X  C O L L A B O R A T I O N ,  P R L 1 1 5 ,     

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



H O W  T O  D I S T I N G U I S H  “ F L O W ”  F R O M  
A N  “ I N I T I A L  S TA T E ”  S C E N A R I O
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• Mass splitting of mean pT and vn: (probably not good)  
Natural in any situation where particles are produced  
from a common boosted source: e.g. fluid cell, strings  

• c2{4} turning positive as multiplicity increases 
could mean collectivity sets in but also alternative explanations 

• HBT: Relative radii in p+p, p+Pb and Pb+Pb: Data favors 
description that yields similar radii in p+p and p+Pb  

D U M I T R U ,  M C L E R R A N ,  S K O K O V,  P H Y S . L E T T.  B 7 4 3  ( 2 0 1 5 )  1 3 4 - 1 3 7  

B j ö r n  S c h e n k e ,  B N L

A L I C E  C O L L A B O R A T R I O N ,  P H Y S .  L E T T.  B  7 3 9  ( 2 0 1 4 )  1 3 9 - 1 5 1



C O M P L E T E  P I C T U R E
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S .  S C H L I C H T I N G ,  Q U A R K  M A T T E R  P R O C E E D I N G S ,  A R X I V: 1 6 0 1 . 0 1 1 7 7



S U M M A R Y
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• Azimuthal anisotropies in A+A collisions well understood 

• Results in p+p and p+A look very similar  

• Final state effect or initial state correlations? 

• Probably we have a mixture of both - need to determine 
what effect dominates in which system/multiplicity 

In any case: Exciting opportunity to learn about fluctuating 
proton shape and/or correlated multi-gluon distributions in 
nuclei!

B j ö r n  S c h e n k e ,  B N L
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M A N Y  C A L C U L A T I O N S  O F  R I D G E  
E F F E C T  F R O M  I N I T I A L  S TA T E  
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T.  L A P P I ,  B .  S C H E N K E ,  S .  S C H L I C H T I N G ,  R .  V E N U G O PA L A N ,  J H E P  1 6 0 1  ( 2 0 1 6 )  0 6 1  

1. Dilute-dense limit: 
• Glasma graph approximation  

two gluon exchange (not more) and Gaussian statistics  
of color charges (MV model) - closer to dilute-dilute limit 

• Nonlinear Gaussian approximation 
resums multiple gluon exchanges, neglects non-Gaussianities 

• JIMWLK evolution  
introduces non-Gaussianities via evolution 

• Color Domain Model 
introduces additional non-Gaussian correlations  
(like the ones introduced by JIMWLK evolution (small)  
or intrinsic four point correlations of significant magnitude) 

2. Dense-dense limit: 
• Classical Yang-Mills calculation 

includes multiple-gluon exchange, “rescattering”

Dumitru, Dusling, Fernandez-Fraile, Gavin, Gelis, Kovchegov,  
Jalilian-Marian, Lappi, McLerran, Moschelli, Venugopalan, …

Dominguez, Marquet, Wu;  
Lappi, Schenke, Schlichting, Venugopalan 

Lappi, Phys.Lett. B744 (2015) 315-319 

A. Dumitru, A.V. Giannini, L. McLerran, V. Skokov

Schenke, Schlichting, Venugopalan

B j ö r n  S c h e n k e ,  B N L



v 2  I N  p + P b  C O L L I S I O N S  
M U LT I - PA R T I C L E  C O R R E L A T I O N S
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G L A S M A  G R A P H  A P P R O X I M AT I O N
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Illustration: K. Dusling

Dusling, Venugopalan, Phys.Rev. D87 054014 (2013)

More approximate scheme but data comparison done:  
Glasma graphs. Do not include multi-gluon interactions



Correlated yield vs. angular difference
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Systematics well 
described 

Ridge larger in p+A 
than in p+p because 
of larger saturation  
scale
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Dilute-dense limit: approximation schemes
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T. Lappi, B. Schenke, S. Schlichting, R. Venugopalan, JHEP 1601 (2016) 061 
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Scattering of two independent quarks off a large nucleus
MV model after JIMWLK evolution

The two approximate 
schemes use the dipole 
operator extracted from the 
numerical JIMWLK evolution 

solid:numerical JIMWLK 
dash-dotted (squares):  
non-linear Gaussian 
dotted (circles): glasma graph 
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Scattering of two independent quarks off a large nucleus
MV model after JIMWLK evolution

• No odd vn in glasma graph approximation by symmetry 
• Perfect agreement between non-linear Gaussian 

approximation and numerical result in MV (must be) 

Dilute-dense limit: approximation schemes
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Correlations are suppressed by the number of colors
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T. Lappi, B. Schenke, S. Schlichting, R. Venugopalan, JHEP 1601 (2016) 061 

Scattering of two independent quarks off a large nucleus

after JIMWLK evolution
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