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v n  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
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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

MC-Glauber initial state  
+ hydro works

4
4

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 ;  S H E N ,  PA Q U E T,  D E N I C O L ,  J E O N ,  G A L E  …

IP-Glasma
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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  R E S U LT  C H A N G E S  D R A M A T I C A L LY

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

8

H .  M Ä N T Y S A A R I ,  B .  S C H E N K E ,  P H Y S .  R E V.  L E T T.  1 1 7 ,  0 5 2 3 0 1  ( 2 0 1 6 )

B j ö r n  S c h e n k e ,  B N L

Exclusive diffractive J/Ψ production

8

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
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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 L9

Temperature dependent η/s  
constrained in A+A collisions

Use constrained proton  
to predict v2 in p+Pb collisions

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  
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BUT :  R E S U LT S  A R E  V E R Y  S E N S I T I V E  T O  
A L L  T H E  D E TA I L S !

10
B j ö r n  S c h e n k e ,  B N L10

which is the subject of this talk
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used τ0=1 fm here, no initial πμν 



S I G N I F I C A N C E  O F  I N I T I A L  S TA T E  I N   
S M A L L  S Y S T E M S
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Lifetime in small systems is shorter than in typical A+A event 

Details of the initial state matter more: 
• Initial/switching time 
• Initial flow 
• Initial viscous stress tensor 
• Possibly the details of matching 

Will analyze various effects in one typical p+A event using the 
IP-Glasma initial state model and MUSIC hydrodynamics

B j ö r n  S c h e n k e ,  B N L



V I S C O U S  S T R E S S  I N  T H E  I N I T I A L  S TA T E
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We have always neglected the initial πμν from the IP-Glasma 

But of course it is there - In p+A it is likely very big 

Further there is a uη, flow in the rapidity direction, that also 
needs to be included 

Finally one can define bulk stress as                      using P from 
the EoS in hydrodynamics to match to all components of the 
CYM Tμν 

This last part has a small effect.

B j ö r n  S c h e n k e ,  B N L

� =
�

3 � P



π μν  F R O M  T H E  I P - G L A S M A
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Determine ε and uμ from 

then, using P=ε/3  
(it would be, had we reached isotropy in the CYM system): 

This is potentially quite large 

Will analyze this in a p+A event. Going to the extreme…

B j ö r n  S c h e n k e ,  B N L

πμ� = Tμ�
CYM � 4

3�uμu� +
�

3g
μ�

�u� = uμTμ�



S H E A R  A N D  B U L K  V I S C O S I T I E S

14 B j ö r n  S c h e n k e ,  B N L

In the examples we will use  
η/s =0.1 and a T dependent ζ/s 

S. Ryu, J. -F. Paquet, C. Shen, G.S. Denicol,  
B. Schenke, S. Jeon, C. Gale 
Phys.Rev.Lett. 115 (2015) 13, 132301 

G. S. Denicol, U. W. Heinz, M. Martinez,  
J. Noronha and M. Strickland,  
Phys. Rev. D 90, 125026 (2014); 
Phys. Rev. Lett. 113, 202301 (2014) 
 
QGP: F. Karsch, D. Kharzeev and K. Tuchin,  
Phys. Lett. B 663, 217 (2008) 
Hadron Gas:  
J. Noronha-Hostler, J. Noronha and C. Greiner,  
Phys. Rev. Lett. 103, 172302 (2009)



I N I T I A L  D I S T R I B U T I O N S

15 B j ö r n  S c h e n k e ,  B N L

т=0.2 fm т=0.4 fm т=0.6 fm

CYM evolution 

( ~free streaming )

Energy densities [GeV/fm3]
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E V O L U T I O N  O F  π μν
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with initial πμν without initial πμν

η/s =0.1 and T dependent ζ/s



Similar magnitude 
for

I N I T I A L  I P - G L A S M A  π
μν

 C O M PA R E D  T O  
I N I T I A L  N A V I E R - S T O K E S  VA L U E

17 B j ö r n  S c h e n k e ,  B N L

η/s = 0.1
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E F F E C T  O F  I N I T I A L  π μν
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Testing in just one event:

• more entropy production
• different viscous effects

• initial πμν reduces v2

h+/-

τ0=0.6 fm
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E F F E C T  O F  I N I T I A L  π μν
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Testing in just one event:

• more entropy production
• different viscous effects

• initial πμν reduces v2

h+/-

τ0=0.4 fm
�
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E F F E C T  O F  S W I T C H I N G  T I M E

20 B j ö r n  S c h e n k e ,  B N L

τ0=0.4 fm τ0=0.6 fmτ0=0.2 fm



E V O L U T I O N  O F  π μν
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T dependent η/s and ζ/s



E F F E C T  O F  S W I T C H I N G  T I M E
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more hydro → larger vn

h+/-
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E F F E C T  O F  B U L K  V I S C O S I T Y
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E F F E C T  O F  B U L K  V I S C O S I T Y
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h+/-

Spectra become 
significantly steeper 
(decreased radial flow)

vn are increased 
likely mainly due to 
the steeper spectra



E F F E C T I V E  P R E S S U R E  1 -Π / P
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E F F E C T  O F  I N I T I A L  u μ

26 B j ö r n  S c h e n k e ,  B N L

w/o initial flow w initial flow



E F F E C T  O F  I N I T I A L  u μ

27 B j ö r n  S c h e n k e ,  B N L

�

����

���

����

���

����

� ��� ��� ��� ��� � ��� ���

�� � � �������
�� � ��� ��

� �

�� �����

�� ��� ��
�� � ��

�����

����

���

�

��

���

� ��� ��� ��� ��� � ��� ���

�� � � �������

�� � ��� ��

��
��
��
��

��
��
�
� �

��
�
��
��

��
�

�� �����

�� ��� ��
�� � ��

(with initial πμν)

Harder spectra 

Less v2

�
�ux2� = 0.47

�
�uy2� = 0.53

�
�(�u�)2� = 0.14

τ0=0.6 fm:

τ0=0.2 fm:
�

�ux2� = 0.38
�

�uy2� = 0.41
�

�(�u�)2� = 0.53



E F F E C T  O F  I N I T I A L  u η
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h+/-

small effect: with uη  a little more suppression  
of vn as one would expect



E F F E C T  O F  R E L A X A T I O N  T I M E

29 B j ö r n  S c h e n k e ,  B N L

Weak effect when  
not including initial  
πμν
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with initial πμν

With initial πμν 

surprisingly large  
effect on v2 

probably a δf effect



S U M M A R Y
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• Correlations observed in the low momentum region 
(pT<1.5 GeV) of small systems could be dominated by 
strong final state effects 

• Fluctuating protons and IP-Glasma initial state result in 
anisotropic flows in the right ballpark 

• But the details of the initial state and the hydrodynamic 
medium do matter 

• Next will be larger scale simulations in the most realistic 
scenario (with initial πμν and flow, for different switching 
times and hydro parameters) 

B j ö r n  S c h e n k e ,  B N L
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E F F E C T  O F  I N I T I A L  u μ
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(with initial πμν)

Harder spectra 

Less v2

τ0=0.6 fm:

τ0=0.2 fm:
�

�vT2� = 0.46
�

�(�v�)2� = 0.46

�
�vT2� = 0.52

�
�(�v�)2� = 0.11
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H O W  T O  C O N S T R A I N  P R O T O N  S H A P E  
F L U C T U A T I O N S ?
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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 L35

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

N E E D  A D D I T I O N A L  P I E C E  O F  D A TA  A S  C O N S T R A I N T  
I N  T H E  S P I R I T  O F  T H E  O R I G I N A L  I P - G L A S M A  M O D E L  

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



D I F F R A C T I V E  J /Ψ  P R O D U C T I O N

36
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No exchange of color charge 
Large rapidity gap 

Coherent diffraction: 
Proton remains intact 
Sensitive to average gluon  
distribution in the proton 

Incoherent diffraction: 
Proton breaks up 
Sensitive to shape fluctuations

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;  A R X I V: 1 6 0 7 . 0 1 7 1 1



C G C  F R A M E W O R K  J /Ψ  P R O D U C T I O N
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B j ö r n  S c h e n k e ,  B N L37

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;  A R X I V: 1 6 0 7 . 0 1 7 1 1

Diffractive eigenstates are color dipoles  
at fixed rT and bT

Scattering amplitude

S E E  
M .  L .  G O O D  A N D  W.  D .  W A L K E R  
P H Y S .  R E V.  1 2 0  ( 1 9 6 0 )  1 8 5 7 .
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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;  A R X I V: 1 6 0 7 . 0 1 7 1 1

C O H E R E N T  D I F F R A C T I O N :  
TA R G E T  S TA Y S  I N TA C T

I N C O H E R E N T  D I F F R A C T I O N :  
TA R G E T  B R E A K S  U P

S E N S I T I V E  T O  F L U C T U A T I O N S !

S E E   
H .  I .  M I E T T I N E N   
A N D  J .  P U M P L I N  
P H Y S .  R E V.  D 1 8  ( 1 9 7 8 )  1 6 9 6  

Y.  V.  K O V C H E G O V   
A N D  L .  D .  M C L E R R A N  
P H Y S .  R E V.  D 6 0  ( 1 9 9 9 )  0 5 4 0 2 5  

A .  K O V N E R  A N D   
U .  A .  W I E D E M A N N  
P H Y S .  R E V.  D 6 4  ( 2 0 0 1 )  1 1 4 0 0 2
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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;  A R X I V: 1 6 0 7 . 0 1 7 1 1

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

IPSat → IP-Glasma

round proton

fluctuating proton

A D D I N G  C O L O R  C H A R G E  F L U C T U A T I O N S

H 1  C O L L A B O R A T I O N ,  E U R .  P H Y S .  J .  C 4 6  ( 2 0 0 6 )  5 8 5 ,  P H Y S .  L E T T.  B 5 6 8  ( 2 0 0 3 )  2 0 5  
Z E U S  C O L L A B O R A T I O N ,  E U R .  P H Y S .  J .  C 2 4  ( 2 0 0 2 )  3 4 5 ,  E U R .  P H Y S .  J .  C 2 6  ( 2 0 0 3 )  3 8 9



A D D I N G  Q S F L U C T U A T I O N S

41
B j ö r n  S c h e n k e ,  B N L41

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;  A R X I V: 1 6 0 7 . 0 1 7 1 1

IPSat → IP-Glasma and add QS fluctuations

E X P E R I M E N TA L  D A TA :  H 1  C O L L A B O R A T I O N ,  J H E P  1 0 0 5  ( 2 0 1 0 )  0 3 2  



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

42

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 L42
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pT [GeV]
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 CMS v2{2} p+Pb 150-185 per. subtr.

Temperature dependent η/s  
constrained in A+A collisions

Use constrained proton  
to predict v2 in p+Pb collisions

preliminary

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  



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

B j ö r n  S c h e n k e ,  B N L
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• I N C L U D E  3 D  F L U C T U A T I N G  I N I T I A L  S TA T E   
• S T U D Y  v n  A S  F U N C T I O N  O F  R A P I D I T Y  
• C A N  C O N S T R A I N  R A P I D I T Y  D E P E N D E N C E  O F  η / s  
• W I L L  N E E D  T H I S  F O R  S I M U L A T I O N S  O F  B E S @ R H I C

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

S. JEON AND J. KAPUSTA, PRC56, 468 (1997)

R A P I D I T Y  D I S T R I B U T I O N S  I N  
H E A V Y  I O N  C O L L I S I O N S   
F O L L O W  V I A  L I N E A R  
E X T R A P O L A T I O N  F R O M   
P + P  C O L L I S I O N S  

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

E N E R G Y  D E N S I T Y  ( U P P E R )  
B A R Y O N  D E N S I T Y  ( L O W E R )
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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 1 2 3 0 1  ( 2 0 1 6 )
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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 1 2 3 0 1  ( 2 0 1 6 )
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 (ηT/(ε+P))min=0.04, a=10, b=2

E X P  D A TA :  P H O B O S  C O L L . ,  B . B .  
B A C K , E T  A L . ,  P H Y S . R E V.  L E T T.  9 4  
( 2 0 0 5 )  1 2 2 3 0 3

CONCLUSIONS: 
η/s IS NOT CONSTANT    HADRONIC η/s IS LARGE    QGP η/s CANNOT RISE QUICKLY 



3 D  G L A S M A  I N I T I A L  S TA T E
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B .  S C H E N K E ,  S .  S C H L I C H T I N G ,  A R X I V: 1 6 0 5 . 0 7 1 5 8 ,  S U B M I T T E D  T O  P R C

E X I S T I N G  3 D  I N I T I A L  S TA T E  M O D E L S  A R E  V E R Y  S I M P L I S T I C  
N O W  D O  A  F I R S T  P R I N C I P L E S  3 D  C A L C U L A T I O N  U S I N G   
C L A S S I C A L  YA N G - M I L L S  +  Q C D  J I M W L K  E V O L U T I O N  

G L U O N  F I E L D S  I N  A  N U C L E U S  A T  D I F F E R E N T  x :

Y = −2.4 (x ≈ 2×10−3)        Y = 0 (x ≈ 2×10−4)        Y = 2.4 (x ≈ 1.6×10−5)

http://arxiv.org/abs/arXiv:1605.07158
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• C O L L I D E  T W O  J I M W L K  E V O LV E D  N U C L E I  

B .  S C H E N K E ,  S .  S C H L I C H T I N G ,  A R X I V: 1 6 0 5 . 0 7 1 5 8 ,  S U B M I T T E D  T O  P R C

E N E R G Y  D E N S I T Y G L U O N  M U LT I P L I C I T Y

R A P I D I T Y

http://arxiv.org/abs/arXiv:1605.07158

