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Preface to the Series 
 

 
The RIKEN BNL Research Center (RBRC) was established in 1997 at Brookhaven National Laboratory.* 
RBRC is funded by “Rikagaku Kenkyosho” (RIKEN, The Institute of Physical and Chemical Research) in 
Japan and the United States Department of Energy’s Office of Science. 
 
A Memorandum of Understanding between RIKEN and BNL, initiated in 1997, has been renewed in 2002, 
2007 and 2012. 
 
RBRC is dedicated to the study of strong interactions, including spin physics, lattice QCD and relativistic 
heavy ion physics through the nurturing of new generations of young physicists. The RBRC founding Director 
T.D. Lee and the second Director N. P. Samios conceived and implemented this vision, which has been 
maintained and further developed down to the present day. 
 
The RBRC research program has theory, lattice gauge computing and high-energy experimental nuclear 
physics components. Recently, an astrophysics/cosmology component has been added. The RBRC Theory, 
Computing and Experimental Groups presently comprise 48 researchers. Positions include full-time RBRC 
Fellows, half-time joint RHIC Physics Fellows and full-time postdoctoral Research Associates. The RHIC 
Physics Fellows hold joint appointments with RHIC and other institutions, where they have tenure track 
positions. To date, RBRC has over 101 graduates (Fellows and Research Associates) of whom approximately 
67 have already attained tenure at major research institutions worldwide. 
 
In 2001 a RIKEN Spin Program (RSP) was initiated at RBRC. The research staff comprises joint 
appointments in theory and experiment between RBRC and RIKEN, including RSP Researchers, RSP 
Research Associates and Young Researchers. They are mentored by senior RBRC Scientists. A number of 
RIKEN junior Research Associates and Visiting Scientists also contribute to the program. 
 
In support of the lattice gauge program at RBRC and elsewhere, a series of high-performance computers has 
been designed and built by researchers from Columbia University, IBM, BNL, RBRC and University of 
Edinburgh, with the U.S. DOE Office of Science providing infrastructure support at BNL. To date, the steps 
in this program have been: QCDSP (0.6 TFlops, 1998-2006), which was awarded the Gordon Bell Prize for 
price performance in 1998; QCDOC (10 TFlops, 2005-2012); QCDCQ (600 TFlops, 2011-present). Recent 

K results were awarded the Ken Wilson Prize in 2012. 
 
A very important activity of RBRC is its active Workshop series on Strong Interaction Physics, with each 
workshop focused on a specific physics problem. A list of proceedings of all past Workshops can be found on 
the RBRC website (http://www.bnl.gov/riken/proceedings.php). The talks from many of the recent 
workshops can be accessed from the link at the top of the Proceedings page. To date, about 119 Workshops 
have taken place; the full proceedings of most of the workshops from 2005 – 2014 are available at this link. 
 
 
        S. H. Aronson, Director 
        March 2015 
 
 
 
 
 
 
* Work Performed under the auspices of U.S.D.O.E. Contract No. DE-SC0012704 

http://www.bnl.gov/riken/proceedings.php


Introduction 
  

The particle angular correlation measurements in small colliding systems, such as p+p, p+Pb, 

d+Au and 
3
He+Au at RHIC and the LHC, have recently attracted significant interest. In 

particular, high-multiplicity events from such collisions exhibit a very similar pattern of long-

rapidity-range azimuthal correlations (the "ridge") as in Au+Au and Pb+Pb collisions. In AA 

collisions it is widely accepted that the ridge reflects various harmonic flow components arising 

from strong hydrodynamic response to fluctuating initial conditions. Hence, it is natural to ask 

whether the ridge observed in small colliding systems may also be interpreted as hydrodynamic 

flow plus fluctuating initial conditions.  

Although such a hydro-based interpretation can be made to work phenomenologically, it is 

unclear whether the hydrodynamic gradient expansion approach developed for A+A collisions is 

applicable in such small systems. Besides, there are alternative proposals in explaining the 

observation based on initial state effects (e.g. early gluon dynamics in a saturation picture).  

More recently, multi-particle cumulants measurements (as reported at QM14) have shown strong 

evidence for collectivity in high multiplicity p+Pb collisions, but the exact physical meaning of 

these measurements needs to be clarified. This Workshop specifically aimed to have focused 

discussions on these issues, and hopefully progress will be made in understanding them. 

Specific topics which were addressed included: 

 

 Meaning of experimental measurements: What are the precise meanings of cumulants 

measurements? Whether/how do they unambiguously prove collectivity? What are the 

effects of potential event centrality selection bias, as well as the roles of jets and other 

short range correlations? 

 

 Meaning and origin of collectivity: What are the possible explanations for observed 

ridge correlations? How well do they explain the features in the data? What are the 

possible hydrodynamic as well as non-hydrodynamic origins of collectivity? 

 

 Validity of hydrodynamics: Theoretically, what is the boundary for the applicability of 

current viscous hydrodynamic modeling? Suppose hydrodynamics could indeed work for 

such small colliding systems, whether/how can we understand it in the usual 

hydrodynamic gradient expansion framework? What are the roles of hydrodynamic 

fluctuations which become significant in small systems? 
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Preamble: Anisotropic (collective) flow
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Newer picture (since 2010) in collisions of  “large’’ systems:


Initially asymmetric collision zone (in the transverse plane)

!
!
!
!
!
!
!
!
!
!
!
!
⇒ anisotropic emission of particles
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Preamble: Anisotropic (collective) flow



vn : Fourier coefficients of the single-particle distribution;


Ψn :  n-th harmonic  “event plane’’


!

☞ even at (mathematically) fixed impact parameter, vn & Ψn vary from 
event to event!


☛ initial conditions & system evolution

!

Goal: measure the vn coefficients (in a second step: as a function of pT, y)
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Principle: 


① Using the measured azimuths of the emitted particles, build 
appropriate correlators


For instance                 ,                        …


brackets? to be discussed later


② Equate with the (theoretical) value of these correlators for events 
with anisotropic flow only


☛ yields flow estimate(s)


For instance                 = (vn)2  if only flow in the system  ☛  vn{2}
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Measuring anisotropic flow with 

(multiparticle) “cumulants’’



Principle: 


① Using the measured azimuths of the emitted particles, build 
appropriate correlators


For instance                 ,                        …


If only flow was present, all correlators would be equal.


Due to the presence of additional sources of interparticle correlations 
(“nonflow’’) in the system, some correlators are more equal than the 
others. 


☛ Cumulants, in which the impact of the other sources is minimized


e.g. cn{4} ⌘
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Principle: 


① Using the measured azimuths of the emitted particles, build 
appropriate correlators

!
☛ Old motivation of cumulants: minimize the bias from nonflow.


N.B., P.M.Dinh, J.-Y.Ollitrault, PRC 63 (2001) 054904, 64 (2001) 054901
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Measuring anisotropic flow with 
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Principle: 


① Using the measured azimuths of the emitted particles, build 
appropriate correlators

!
☛ Old motivation of cumulants: minimize the bias from nonflow.


N.B., P.M.Dinh, J.-Y.Ollitrault, PRC 63 (2001) 054904, 64 (2001) 054901
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multiplicity M

Measuring anisotropic flow with 

(multiparticle) “cumulants’’

 Nonflow effects?

 Quantum-statistics effects


 Resonance decays


 Momentum conservation


 (Mini)jets


 Strong & Coulomb interaction


 ...
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Principle: 


① Using the measured azimuths of the emitted particles, build 
appropriate correlators

!
☛ Old motivation of cumulants: minimize the bias from nonflow.


N.B., P.M.Dinh, J.-Y.Ollitrault, PRC 63 (2001) 054904, 64 (2001) 054901

!

② Equate with the theoretical value of the cumulants for events with 
anisotropic flow only: 


cn{2} = (vn)2  ,  cn{4} = -(vn)4  ,  cn{6} = 4(vn)6  ,  cn{8} = -33(vn)8 … 


☛ yields flow estimate vn{k} if cn{k} ≫  
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☛ Old motivation of cumulants: minimize the bias from nonflow.


N.B., P.M.Dinh, J.-Y.Ollitrault, PRC 63 (2001) 054904, 64 (2001) 054901

!

!

!

☛ yields flow estimate vn{k} if    vn ≫  
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Measuring anisotropic flow with 

(multiparticle) “cumulants’’
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(AGS), SPS, early-RHIC era!

… and concern



Principle of the method: 


① Using the measured azimuths of the emitted particles, build a 
generating function Gn(z)  (which generates multiparticle averages)


② Look for the position of the first zero of Gn(z)  (in practice, the first 
minimum of its modulus)  ☞ z0


③ Under the assumption of events with anisotropic flow only, deduce 
from z0 an estimate of vn: 


!
j01 = 2.40483…


!
R.S.Bhalerao, N.B., J.-Y.Ollitrault, NPA 727 (2003) 373


!
!
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Measuring anisotropic flow with 

“Lee–Yang zeroes’’

⌘ j01
Mz0

vn{∞}
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“Lee–Yang zeroes’’ shared the same original motivation as cumulants: 
minimize the bias from nonflow. 


☛ yields flow estimate vn{∞} if    vn ≫ 


!

From a theorist’s point of view, LYZ-method is more aesthetic, since it 
directly measures “many-body collectivity’’ in the system under study. 
(The position of the first zero controls the asymptotic behavior of cumulants)
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Measuring anisotropic flow with 

“Lee–Yang zeroes’’
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Measuring anisotropic flow with 

multiparticle methods

Let us discuss a few assumptions & points which I left aside till now. 


The meaning of angular brackets? represent an average!


On the experimental side, over many (all) detected particles in an 
event (M), then over many events (Nev)…


☛ Both M and Nev are finite, there will be statistical fluctuations!


☞ nightmarish appendices / sections in 

PRC 63 (2001) 054904, PRC 64 (2001) 054901, & NPA 727 (2003) 373


☞ were much talked about in 2002-05 (“limitation of the methods’’) 
yet have gone missing since then thanks to large M and Nev.
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Average over M detected particles in Nev events

☛ define the “resolution parameter’’ 


for “large’’ χ ≳ 1, life is easy, the statistical fluctuations decrease 
like                both on the vn{k} and on vn{∞}


☞ corresponds to the regime at LHC & high RHIC energies in 
collisions of large systems (measured with reasonable detectors…)!


when χ < 1, things become more involved…


Measuring anisotropic flow with 

multiparticle methods

N.Borghini — 12/32Collectivity in Small Colliding Systems, BNL, March 4-6, 2015

� ⌘ vn
p
MMvn

1/
p

MNevMNev



Average over M detected particles in Nev events

☛ define the “resolution parameter’’ 


for “large’’ χ ≳ 1, life is easy, the statistical fluctuations decrease 
like                both on the vn{k} and on vn{∞}


☞ corresponds to the regime at LHC & high RHIC energies in 
collisions of large systems (measured with reasonable detectors…)!


when χ < 1, things become more involved…


Measuring anisotropic flow with 

multiparticle methods

N.Borghini — 12/32Collectivity in Small Colliding Systems, BNL, March 4-6, 2015

� ⌘ vn
p
MMvn

1/
p

MNevMNev



Measuring anisotropic flow with 

multiparticle methods

Let us discuss a few assumptions & points which I left aside till now. 


The meaning of angular brackets? represent an average!


On the experimental side, over many (all) detected particles in an 
event, then over many events…


On the theoretical side — as hidden in the relations between flow 
and the cumulants or the position of the first zero: 


first over the particles in an event, with an azimuthal distribution 
modulated by vn(!);


then over events, assuming an isotropic distribution of Ψn and a 
constant vn.


!

!

!
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can be corrected for if it only

reflects the detector properties
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is it so obvious when there is

physics at play? 


(☛ engineered events)



Measuring anisotropic flow with 
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Let us discuss a few assumptions & points which I left aside till now. 


The meaning of angular brackets? represent an average!


On the experimental side, over many (all) detected particles in an 
event, then over many events…


On the theoretical side — as hidden in the relations between flow 
and the cumulants or the position of the first zero: 


first over the particles in an event, with an azimuthal distribution 
modulated by vn (!);


then over events, assuming an isotropic distribution of Ψn and a 
constant vn.
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too idealistic!
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Anisotropic flow fluctuations
… in an experimental centrality bin are unavoidable; and physical!


⇒ Introduce a probability distribution p(vn) at fixed Ψn.


☛ to first approximation, mean value ⟨vn⟩ and standard deviation δvn.


if δvn ≪ ⟨vn⟩ then  vn{2} = ⟨vn⟩ + δvn, vn{4} = vn{6} = vn{8} = ⟨vn⟩ - δvn…


☞ use cumulants to estimate ⟨vn⟩ and δvn.


if δvn ≳ ⟨vn⟩ then the above identities no longer hold


☞ argue that differences between higher-order cumulant estimates 
vn{4} ,  vn{6} ,  vn{8} … reflect non-Gaussianities of p(vn).


more in Jiangyong’s talk!
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☛ minimize nonflow 

☛ statistics not an issue (2002-1?)
☛ reconstruct flow fluctuations
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Multiparticle measurements of 

anisotropic flow in small systems
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ATLAS Coll., Phys. Lett. B 725 (2013) 60
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anisotropic flow in small systems

N.Borghini — 19/32Collectivity in Small Colliding Systems, BNL, March 4-6, 2015

ALICE Coll., Phys. Rev. C 90 (2014) 054901
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ALICE Coll., Phys. Rev. C 90 (2014) 054901



Multiparticle measurements of 

anisotropic flow in small systems
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CMS Coll., arXiv:1502:05382



Multiparticle measurements of 

anisotropic flow in small systems

N.Borghini — 22/32Collectivity in Small Colliding Systems, BNL, March 4-6, 2015

CMS Coll., arXiv:1502:05382
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CMS, arXiv:1502:05382
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Average over M detected particles in Nev events

☛ define the “resolution parameter’’ 


for “large’’ χ ≳ 1, life is easy, the statistical fluctuations decrease 
like                both on the vn{k} and on vn{∞}


☞ corresponds to the regime at LHC & high RHIC energies in 
collisions of large systems (measured with reasonable detectors…)!


when χ < 1, things become more involved…

☞ what does this mean for small systems?


Measuring anisotropic flow with 

multiparticle methods

N.Borghini — 25/32Collectivity in Small Colliding Systems, BNL, March 4-6, 2015
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Average over M detected particles in Nev events

☛ define the “resolution parameter’’ 


when χ < 1, things become more involved…


Multiparticle methods for measuring 
anisotropic flow in small systems
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from NPA 727 (2003) 373  (page 411…)



Average over M detected particles in Nev events

☛ define the “resolution parameter’’ 


when χ < 1, things become more involved:

at small χ:

 - Gaussian errors on the cumulants cn{2k}, with width
!

☞ measurement of vn becomes more difficult;


☞ may spoil the attempts to pinpoint p(vn) (= the “physical’’ 
fluctuations of the measured signal).
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Average over M detected particles in Nev events

☛ define the “resolution parameter’’ 


when χ < 1, things become more involved:

at small χ:

 - Gaussian errors on the cumulants cn{2k}, with width
!

☞ measurement of vn becomes more difficult;


☞ may spoil the attempts to pinpoint p(vn) (= the “physical’’ 
fluctuations of the measured signal).


N.Borghini — 27/32Collectivity in Small Colliding Systems, BNL, March 4-6, 2015

� ⌘ vn
p
MMvn

1p
M2kNevM Nev

Multiparticle methods for measuring 
anisotropic flow in small systems



Average over M detected particles in Nev events

☛ define the “resolution parameter’’ 


when χ < 1, things become more involved:

at small χ:

 - Gaussian errors on the cumulants cn{2k}, with width
!

 - error on vn{∞} grows exponentially!
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from NPA 727 (2003) 373  (LYZ-method page 385)

N.Borghini — 28/32Collectivity in Small Colliding Systems, BNL, March 4-6, 2015

☛ statistical fluctuations (finite Nev) of the generating function!

Multiparticle methods for measuring 
anisotropic flow in small systems
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from NPA 727 (2003) 373
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Simulations (Nev = 20000 — yet slow          -dependence —, M = 300) 
without flow, analyzed with Lee–Yang zeroes
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from NPA 727 (2003) 373

� =
j01p

2 lnNevNev

jumps in the reconstructed

flow estimates ⟺ LY-zeroes

Simulations (Nev = 20000 — yet slow          -dependence —, M = 300) 
without flow, analyzed with Lee–Yang zeroes
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from NPA 727 (2003) 373

� =
j01p

2 lnNevNev

jumps in the reconstructed

flow estimates ⟺ LY-zeroes!

⟺ ugly-looking (not vn-driven)

    generating functions

Simulations (Nev = 20000 — yet slow          -dependence —, M = 300) 
without flow, analyzed with Lee–Yang zeroes

p
lnNevNev
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Multiparticle measurements of 

anisotropic flow in small systems
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@CMS: Are you sure of your error bars?

remember
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Do not ask cumulants / Lee–Yang-zeroes to provide you

with any meaningful “onset of collectivity’’  (unfortunately!)

remember
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From large to small systems

 Cumulants, Lee–Yang zeroes: a reminder 


 old motivations & applications


 newer uses


 Application to smaller(?) systems


 overview of results


 caveats from the theory side

☛ minimize nonflow 

☛ statistics not an issue (2002-?)
☛ reconstruct flow fluctuations

☛ minimize nonflow 

☛ statistics will strike back!



Multiparticle methods for measuring

anisotropic flow

N.Borghini — 32/32Collectivity in Small Colliding Systems, BNL, March 4-6, 2015

From large to small systems

 Event-plane method: 


 born 1984, refinements in 1993, 1997; many successful applications


 criticized (nonflow) in 1999-2000, when applied to small vn 


 Cumulants (resp. Lee–Yang zeroes):


 born 2000 (resp. 2003); many successful applications


 now 15 (resp. 12) year old… Beware of limitations in small systems!



Hydrodynamic simulations in small colliding
systems

Piotr Bożek

AGH University of Science and Technology, Kraków

Piotr Bożek Hydro in small systems



QGP formed in A-A collisions
sQGP
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3+1D hydrodynamics
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Fireball and flow in p-Pb
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Piotr Bożek Hydro in small systems



1) Elliptic and triangular flow observed in p-Pb
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2) Flow from higher cumulants

Bzdak,PB, McLerran, 1311.7325

Yan, Ollitrault, 1312.6555

offline
trkN

0 100 200 300
2v

0.05

0.10

|>2}η∆{2, |2v
{4}2v
{6}2v
{8}2v
{LYZ}2v

| < 2.4η < 3.0 GeV/c; |
T

0.3 < p
 = 2.76 TeV

NN
sPbPb 

offline
trkN

0 100 200 300

2v

0.05

0.10 | < 2.4η < 3.0 GeV/c; |
T

0.3 < p
 = 5.02 TeV

NN
spPb 

CMS Preliminary

v2{4} ' v2{6} ' v2{8} < v2{2}

multiplicity dependence -

Kozlov, Luzum, Denicol, Jeon, Gale, 1405.3976
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small system with large deformation d-Pb
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3a) Elliptic flow observed in d-Au at 200GeV
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Figure 2: v2 as a function of pT for midrapidity hadrons in the 5% most central d+Au
collisions. Also shown on the plot are hydrodynamic calculations from Refs. [14, 15, 18, 19].
Figure is from Ref. [16].

4

PHENIX, arXiv:1303.1794

large eccentricity - large elliptic flow
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small on big collisions

PHENIX proposal −→ v3, Sickles et al. arXiv:1401.2432

α clusters in 12C Broniowski, Arriola arXiv:1312.0289
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strong effect for d-A

intrinsic deformation dominates

over fluctuations

effect for v3 in 3He-A,

Nagle et al. arXiv:1312.4565
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3b) Triangular flow in 3He-Au
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-strong v2 in d-Au and 3He-Au

-strong v3 in 3He-Au

I observed v3 −→ collectivity

I hierarchy of v2 and v3 consistent with
collective response on fireball geometry

I large v2 in He-Au

Consistent with hydrodynamics
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4a) Factorization at intermediate p⊥

 (GeV/c)
T
assoc - p

T

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttr

ig
(p

2r

0.95
0.96
0.97
0.98
0.99

1
1.01

CMS Preliminary

 = 5.02 TeVNNspPb  

 < 260trk
offline N≤220 

 < 1.5 GeV/c
T

trig
1.0 GeV/c < p

 (GeV/c)
T
assoc - p

T

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttr

ig
(p

2r

0.95
0.96
0.97
0.98
0.99

1
1.01

<220trk
offline N≤185 

 (GeV/c)
T
assoc - p

T

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttr

ig
(p

2r

0.95
0.96
0.97
0.98
0.99

1
1.01

<185trk
offline N≤150 

 (GeV/c)
T
assoc - p

T

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttr

ig
(p

2r

0.95
0.96
0.97
0.98
0.99

1
1.01

<150trk
offline N≤120 

 (GeV/c)
T
assoc - p

T

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttr

ig
(p

2r

 < 2.0 GeV/c
T

trig
1.5 GeV/c < p

CMS
/s=0.08ηKozlov et. al., 

 (GeV/c)
T
assoc - p

T

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttr

ig
(p

2r

2r

 (GeV/c)
T
assoc - p

T

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttr

ig
(p

2r

 (GeV/c)
T
assoc - p

T

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttr

ig
(p

2r

 (GeV/c)
T
assoc - p

T

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttr

ig
(p

2r

 < 2.5 GeV/c
T

trig
2.0 GeV/c < p

 (GeV/c)
T
assoc - p

T

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttr

ig
(p

2r

 (GeV/c)
T
assoc - p

T

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttr

ig
(p

2r

 (GeV/c)
T
assoc - p

T

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttr

ig
(p

2r

 (GeV/c)
T
assoc - p

T

trigp
0 0.5 1 1.5 2 2.5

)
Tas

so
c

,p
Ttr

ig
(p

2r

 < 3.0 GeV/c
T

trig
2.5 GeV/c < p

 (GeV/c)
T
assoc - p

T

trigp
0 0.5 1 1.5 2 2.5

)
Tas

so
c

,p
Ttr

ig
(p

2r

 (GeV/c)
T
assoc - p

T

trigp
0 0.5 1 1.5 2 2.5

)
Tas

so
c

,p
Ttr

ig
(p

2r

 (GeV/c)
T
assoc - p

T

trigp
0 0.5 1 1.5 2 2.5

)
Tas

so
c

,p
Ttr

ig
(p

2r

- factorization holds for v2 and v3 up to 3 GeV
- small deviations explained by hydro+Glauber Kozlov, Luzum, Denicol, Jeon, Gale, 1405.3976
- geometry driven (??) origin of correlations at small and intermediate p⊥
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4b) Correlations at large ∆η (Ridge)
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- factorization holds for large ∆η
- geometry driven (??) origin of correlations at central, forward and backward rapidities

- similar mechanism in AMPT: Ma, Bzdak-arXiv: 1404.4129, Koop, Adare, Nagle-arXiv: 1501.06880
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5) Interferometry radii
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Interferometry radii - pp, pA, AA
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- pA system size in between pp and AA
(differences in flow strength, initial size, flow profile)

- HBT in pA consistent with hydrodynamics
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Interferometry radii (d-Au, He-Au)

d-Au (PHENIX data)
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6) Mass splitting of v2
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PB, Broniowski, Torrieri, 1307.5060

Werner, Bleicher, Guiot, Karpenko, Pierog, 1307.4379
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7) Mass hierarchy of < p⊥ >
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larger < p⊥ > in smaller systems

Bzdak, Skokov, arXiv:1306.5442
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Hydrodynamic flow in p-p?

I Humanic-nucl-th/0612098 (pythia, cascade)

I Romatschke, Luzum-arXiv:0901.4588 (overlap)

I Prasad, Roy, Chattopadhyay, Chaudhuri -arXiv:
0910.4844 (overlap)

I Bozek-arXiv: 0911.2393 (flux-tubes)

I Yan, Dong, Zhou, Li, Ma, Sa- arXiv: 0912.3342
(transport)

I Werner, Karpenko, Pierog, Bleicher, Mikhailov-
arXiv: 1010.0400 (EPOS)

I Deng, Xu, Greiner-arXiv: 1112.0470 (hot-spots,
transport model)

I Shuryak, Zahed-arXiv:1301.4470 (symmetric)

I Bzdak, Schenke, Tribedy, Venugopalan-arXiv:
1304.3403 (IP-Glasma)

I Ma, Bzdak-arXiv: 1404.4129 (AMPT)
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 p+Pb 5.02 TeV:

 IP-Glasma n=2

 MC-Glauber 1 n=2

 IP-Glasma n=3

 MC-Glauber 1 n=3

Bzdak et al. arXiv: 1304.3403

-Is hydrodynamics valid?
-What is the initial eccentricity?
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Ridge in pp
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PB arXiv:1010.0405

can we measure (calculate) v2
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Fireball shape in pp

flux-tubes
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EbE v2 deconvolution? (ATLAS, Jia, Mohapatra)
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Stronger flow in p-p ?
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hydro model
p-Pb 5.02TeV

ALICE Data
p-p 900GeV
p-p 7TeV

Pb-Pb 2.76TeV
p-Pb 5.02eV

stronger transverse flow in p-p !

Kisiel 1012.1517

Hirono, Shuryak 1412.0063

ALICE
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I SIGNS FOR COLLECTIVITY IN SMALL SYSTEMS
(in order of significance, personal view)

1. Elliptic and triangular flow
2. Flow from higher cumulants

all particles flow
3. Hierarchy of v2 and v3 in p-A, d-A, He-A

collective response to geometry (final state effect)
4. Factorization at intermediate p⊥ and large ∆η

particles at intermediate p⊥, large η, correlated to geometry
5. k⊥ dependence of HBT radii
6. Mass splitting of v2

7. Mass hierarchy of < p⊥ >

I WHAT IS IT
I Final state interaction
I Geometry driven :

hydrodynamics, preequilibrium flow, surface emission, jet
quenching, uncertainity principle . . .

I Probably a combination of several mechanisms
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pressure anisotropy - why hydrodynamics works
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- early pressure anisotropy irrelevant!

Vredevoogd, Pratt, 0810.4325
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FSI scenarios

fields+thermalization

color fields

local thermalization→ hadronization

u

p1

p 2

+

_

+

_

hydrodynamics

hydrodynamic expansion

hadronization, statistical emission

u

p1

p 2

+

_

+

_

Hydro, Asymmetric-Hydro, preequilibrium expansion give similar flow
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Flow without jet quenchinq?
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energy-momentum tensor

Tµν =


ε 0 0 0
0 p + Π 0 0
0 0 p + Π 0
0 0 0 p + Π

+ πµν

I shear viscosity

∆µα∆νβuγ∂γπαβ =
2ησµν − πµν

τπ
− 1

2
πµν

ηT

τπ
∂α

(
τπu

α

ηT

)
I bulk viscosity

uγ∂γΠ =
−ζ∂γuγ − Π

τΠ
− 1

2
Π
ζT

τΠ
∂α

(
τΠu

α

ζT

)
I viscosity corrections from velocity gradients

I initial stress tensor - pressure anisotropy

I equation of state
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fireball asymmetry - flow asymmetry
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- Ev-by-Ev hydro response to geometry valid
- response strength depends on details
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Glauber+NB
fluctuations from subnuclear dynamics

x
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Additional fluctuations of density (compared to Glauber)
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dependence on model details
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- response strength depends on details, initial eccentricity
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Extracting the flow correlations
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v3 - small mass splitting
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Directed flow- tilted source
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∂τux = −∂xp⊥
p + ε

∂τY = −
∂ηp‖

τ(p + ε)

tilted source → transverse pressure + longitudinal pressure
Glauber model
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Ridge in p-Pb
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symmetric ridge also from CGC, K.Dusling, R. Venugopalan, arXiv:1210.3890, 1211.3701, 1302.7018
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Asymmetric distributions
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Can we reduce uncertainties?
go back to very peripheral A-A and smaller systems
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Song, Bass, Heinz, Hirano, Shen-arXiv:1101.4638

also jet modification, dijet asymmetry, PID flow, HBT

Piotr Bożek Hydro in small systems



New observables in p+A & Ridge  
from cascade 

Adam Bzdak 

AGH University of Science and Technology, Kraków 

Situation 
New observables 
Multi-particle cumulants 
AMPT, escape mechanism 
Conclusions 



𝐶2(∆𝜑)   hydro   glasma diagr.  

𝑣2 𝑝𝑡     hydro    dipole-domain 

𝑣3(𝑝𝑡)    hydro    dipole-domain  

𝑣2,3 vs 𝑁𝑡𝑟𝑎𝑐𝑘   hydro 

𝑝𝑡  vs 𝑁𝑡𝑟𝑎𝑐𝑘   hydro    geom. scaling 

𝑣2 mass splitting  hydro 

𝑣2 2,4,6,8    hydro   dipole-domain         

𝑣2(𝑝𝑡) in d+Au  hydro            

𝑣3(𝑝𝑡) in He3+Au  hydro          

2 

The situation in p+A: 

gluon bremsstrahlung 



𝐶2(∆𝜑)   hydro   glasma diagr.  

𝑣2 𝑝𝑡     hydro    dipole-domain 

𝑣3(𝑝𝑡)    hydro    dipole-domain    𝑣3 = 0 in glas-dia  

𝑣2,3 vs 𝑁𝑡𝑟𝑎𝑐𝑘   hydro 

𝑝𝑡  vs 𝑁𝑡𝑟𝑎𝑐𝑘   hydro    geom. scaling 

𝑣2 mass splitting  hydro 

𝑣2 2,4,6,8    hydro   dipole-domain    𝑣2
4 4 < 0 in glas-dia        

𝑣2(𝑝𝑡) in d+Au  hydro         problem for dip-dom 

𝑣3(𝑝𝑡) in He3+Au  hydro                                   problem for dip-dom   

3 

The situation in p+A: 

gluon bremsstrahlung 



4 

 
Hydro is running strong (uncertain status in p+p!). Hydro at high 𝑝𝑡  
is very questionable. 
 
 
The dipole-domain model sounds good but it seems (?) to have  
problems with d+Au and He3+Au (the more dipoles the smaller 𝑣𝑛).  
 
 
Glasma diagrams might not be relevant in high-multiplicity p+A  
(𝑣3 = 0, 𝑣2

4 4 < 0). 

P. Bozek, PRC 85 (2012) 014911 
K. Dusling, R. Venugopalan, PRD 87 (2013), 094034 
A. Dumitru, A.V. Giannini, NPA 933 (2014) 212 
V. Skokov, arXiv:1412.5191 
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CGC:       𝑁𝑝𝐴  ~ ln (𝑁𝑝𝑎𝑟𝑡)     checked in rcBK, IP-Glasma, KLN 

WNM:    𝑁𝑝𝐴  ~ 𝑁𝑝𝑎𝑟𝑡 

AB, V.Skokov, PRL 111 (2013) 182301 

Other possible tests of initial vs. final state physics. 

thanks to B.Schenke 



6 

𝑝𝑇  versus 𝜂 on proton side 

P.Bozek, AB, V.Skokov, PLB 728 (2014) 662 

CGC predictions are not so clear, many uncertainties. 
Anyway, it is worth giving a try. 

p side Pb side p side 

less stuff on proton side 𝑝𝑡  ~ 𝑄𝑠
𝐴, 𝑄𝑠

𝐴 is growing with y 
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𝒗𝒏 on proton (−4 < 𝜂 < −2.5) and nucleus (2.5 < 𝜂 < 4) sides 

P. Bozek, AB, G.L. Ma, in preparation 

The dipole-domain model predictions are warranted. 

Hydro 

AMPT  
w/w.o jets 

for 40-60% the ratio is 1 

preliminary preliminary 
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(𝑣2{2})2 = 𝑒𝑖2(𝜑1−𝜑2)  

                   = 𝑣2
2 + 𝑐2 

(𝑣2{4})4 = − 𝑒𝑖2 𝜑1+𝜑2−𝜑3−𝜑4 + 2 𝑒𝑖2 𝜑1−𝜑2
2

 

  = − 𝑣2
4 + 2 𝑣2

2 2
+ 𝑐4                   

Correlations: 

etc. 

if in each event 𝑣2 = 𝑣2  
and no non-flow 

𝑣2 2 = 𝑣2 

𝑣2 𝑚 = 𝑣2 

N.Borghini, P.M.Dinh, J.-Y.Ollitrault, PRC 63 (2001) 054906 

𝑐𝑚 is non-flow 
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Pb-Pb 
this difference is    
             due to 𝑐2 

difference between 𝑣2{2} and 𝑣2 4 ≈ 𝑣2{6} ≈ 𝑣2{8} is due to  
flow fluctuations 
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MC calculation for ellipticities    

AB, P. Bozek, L. McLerran, NPA 927 (2014) 15  

𝑏 

𝜎𝑖𝑛 𝑏  ~ 𝑒−𝑏2/𝛾 

inelastic cross-section 

in hydrodynamics 𝜈2 ~ 𝜖2 

(so called Glauber MC) 

Indication that 𝑣2 2 > 𝑣2 4 ≈ 𝑣2{6} ≈ 𝑣2 8  in A+A follows from  
initial geometry. What about p+A ? 
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p+A with negative binomial distribution 

Hydro calculations: 

AB, P. Bozek, L. McLerran, NPA 927 (2014) 15 
AB, V. Skokov, arXiv:1312.7349  

𝑣2 2 = 0.082 ± 0.002 

𝑣2 4 = 0.055 ± 0.004 

𝑣2 6 = 0.052 ± 0.005 

for many other implementations  
it looks similar 
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CMS data 

𝜐2 2 > 𝑣2 4 ≈ 𝑣2 6 ≈ 𝑣2 8  

CMS Coll., arXiv:1502.05382  
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We can keep arguing why hydrodynamics cannot work in p+A 
even if all data show it works. 
 
Or perhaps we should  try to understand why hydrodynamics can  
describe all data even if technically speaking it might not be the right  
framework. 



14 
AB, G.L. Ma, PRL 113 (2014) 252301 
G.L. Ma, AB, PLB 739 (2014) 209 

AMPT model (elastic scatterings of partons) 

𝝈 = 𝟏. 𝟓 − 𝟑 mb 

Z.W. Lin, C.M. Ko, B.A. Li, B. Zhang,  
S. Pal, PRC  72 (2005) 064901  
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p+A and peripheral Pb+Pb 

𝑣2 (but not 𝑣3) in Pb+Pb is underestimated 
 
The only calculation (so far) that compares apples with apples 

AB, G.L. Ma, PRL 113 (2014) 252301 
G.L. Ma, AB, PLB 739 (2014) 209 
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𝑣2(𝑝𝑡) and 𝑣3(𝑝𝑡) in p+Pb 

AB, G.L. Ma, PRL 113 (2014) 252301 
G.L. Ma, AB, PLB 739 (2014) 209 
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Two-particle correlation function in p+p and p+Pb 

 
G.L. Ma, AB, PLB 739 (2014) 209 
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d+Au and He3+Au 

J.D. Orjuela Koop, A. Adare, D. McGlinchey, J.L. Nagle, arXiv:1501.06880 
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Predictions for higher 𝑣𝑛(𝑝𝑡) in p+Pb 

𝑣4 and 𝑣5 roughly equal and smaller by a factor of two than 𝑣3  

AB, G.L. Ma, PRL 113 (2014) 252301 
G.L. Ma, AB, PLB 739 (2014) 209 
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As seen by ATLAS ... 
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We get the right signal with the minimal number of scatterings 

Roughly 𝟏 − 𝟐 collisions per parton 



22 

 
With 1 − 2 collisions per parton it is natural to question hydro in p+p,  
p+A and peripheral A+A collisions 
 
Hydro still capable to fit the data (it is flexible enough, 𝜂/𝑠) 
 
Jets are not modified in p+A, perhaps it indicates that the number of  
collisions is indeed small 
 
1 − 2 collisions per parton is consistent with escape mechanizm 
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Hydrodynamics is difficult to distinguish from escape mechanizm. 
𝑣2 is carried, e.g., by non-interacting partons. 

Obvious 𝑣2, 𝑣3 for larger 𝑝𝑡. 
 
As shown recently, this is dominant source of elliptic and triangular  
flow in AMPT 

L. He, T. Edmonds, Z.W. Lin, F. Liu,  
D. Molnar, F. Wang, arXiv:1502.05572  

more partons  
with 𝑁𝑐𝑜𝑙𝑙 = 0  
here 

than here 

larger probability for  
partons to escape along  
the short axis 
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Partons that interacted exactly 1, 2, …, collisions carry large 𝑣𝑛. 
 
Partons that interacted 𝑁 + 1 (or 2, 3, 4 … ) times carry very small  
𝑣2 just after collision number N.  

L. He, T. Edmonds, Z.W. Lin, F. Liu,  
D. Molnar, F. Wang, arXiv:1502.05572  
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Conclusions: 
 
Hydro survives all data in p+Pb, d+Au and He3+Au 
 
Hydro questionable for higher 𝑝𝑡 
 
New predictions:   𝑝𝑡 , 𝑣2, 𝑣3  vs.  𝜂;   𝑁𝑐ℎ  vs. 𝑁𝑝𝑎𝑟𝑡 

 
Cascade with small cross-section and minimal number  
of scatterings works pretty well for high and low 𝑝𝑡 
 
All we need is 𝟏 − 𝟐 collisions per parton 
 
This mechanism results in hydro-like results but it is not hydro 
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Backup 
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AMPT results for low- and high-multiplicity events in p+Pb 

 
G.L. Ma, AB, PLB 739 (2014) 209 
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G.L. Ma, AB, PLB 739 (2014) 209 

AMPT results for different cross-sections 

𝜎 = 1.5 − 3 mb works good enough 
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AMPT  
reproduces  
well near-side  
peaks in p+p 
and p+Pb 

G.L. Ma, AB,  
PLB 739 (2014) 209 
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AMPT and mass ordering of 𝑣2 in p+Pb 

 
AB, G.L. Ma, PRL 113 (2014) 252301 



Gabriel S. Denicol

with C. Gale, S. Jeon and C. Shen 

Knudsen numbers in 
small colliding systems
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When does hydro break down?

Flow in p-N collisions ? 

Phenomenological approach: compare model with data and see
                                                      if an agreement is reached  

Theoretical approach: check if hydrodynamics is applicable
                                        in the conditions created in pA  

Real theoretical approach: prove it thermalizes ...  
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In terms of Knudsen number 

Knudsen number

Microscopic theory (Boltzmann Equation)

~0.05

Navier-Stokes Israel-Stewart Free-Streaming

~0.4(?) ~0 ideal 
hydro

heavy ion collisions (?)
Torrilhon&Struchtrup

In heavy ion collisions, hydrodynamics is expected 
to work for  Kn ~ 0.5 Bouras et al, PRC 82, 024910 (2010).

Huovinen et al, PRC 79, 014906 (2009).
Denicol et al, PRL, arXiv:1408.5646.

Validity of fluid dynamics 
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What are the scales ?

Microscopic
scales

Inverse Macroscopic
scales

Microscopic scale strongly depends on the viscosity ansatz  

expansion rate
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Shear and bulk viscosities

this talk

best case scenario: small viscosity in QGP phase

maximum ζ/s is 0.3



Fluid-dynamical model
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Basics of fluid dynamics

Energy-momentum conservation

Spatial projector

Charge conservation

Bulk viscous
pressure

Shear stress
tensor

Particle 
diffusion
current

Always true, regardless of
the applicability fluid dynamics
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Fluid-dynamical equations

Inclusion of bulk viscous pressure, shear-stress tensor, 
and all couplings 

GSD&Niemi&Molnar&Rischke, arXiv:1202.4551

For collisions at lower energies, baryon number 
and electric charge diffusion should also enter 
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shear viscosity only 

Results
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Knudsen numbers – AA

Niemi&GSD, arXiv:1404.7327 Optical Glauber 
20-30%, x=y, LHC

τ0=0.6 fm, η/s=0.08

Hydrodynamics works, even where it should not. 
Why is there no freezeout? 

Note that viscosity is unphysical. 
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Knudsen numbers – AA

If η/s(T) is used in hadronic phase, then freezeout occurs. 

Early stages, hydro works (but we used a small η/s there)  

Niemi&GSD, arXiv:1404.7327 Optical Glauber 
20-30%, LHC

τ0=0.6 fm, η/s(T)
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IC 1 IC 2 IC 3

r (fm)

Kn Kn Kn

T T T

(GeV)

r (fm) r (fm)

τ 
(f

m
)

τ 
(f

m
)

MC-Glauber, central pA, LHC, τ0=0.6 fm, η/s(T), ζ/s(T)
top 3 events out of 107
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pA – other Knudsen numbers  
τ 

(f
m

)

r (fm)r (fm) r (fm)

Kn  – theta Kn  – shear Re-1
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Profile in transverse plane MC-Glauber, central pA, LHC
τ0=0.6 fm, η/s(T), ζ/s(T)

τ=1.0 fm τ=2.0 fm τ=3.0 fm

Kn>0.13 Kn>0.3 Kn>0.4

GeV

T T T

Kn Kn Kn
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τ=1.0 fm τ=2.0 fm τ=3.0 fm

Kn

Kn – shear

Profile in transverse plane MC-Glauber, central pA, LHC
τ0=0.6 fm, η/s(T), ζ/s(T)
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Effects of Bulk viscosity in pA 
collisions 

Effective pressure

Can become negative
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Knudsen number profiles - pA 
IC 1 IC 2 IC 3Kn

bulk

shear
+

τ 
(f

m
)

τ 
(f

m
)

shear
only

r (fm) r (fm) r (fm)
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IC 1 IC 2 IC 3

shear
only

bulk

T(GeV)

shear
+

τ 
(f

m
)

τ 
(f

m
)

r (fm) r (fm) r (fm)

Temperature profiles - pA 
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Negative effective pressure in pA? 

Even when ζ/s < 0.3 around Tc, the effective 
pressure can become negative  

This did not happen in AA

r (fm) r (fm) r (fm)

IC 1 IC 2 IC 3

τ 
(f

m
)

Π/P Π/P Π/P
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Kn profile – transverse plane
τ=1.0 fm τ=2.0 fm τ=3.0 fm

shear
only

bulk

shear
+
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Π/P0 – transverse plane profile

τ=1.0 fm τ=2.0 fm τ=3.0 fm

Π/P Π/P Π/P

Even when ζ/s < 0.3 around Tc, the effective 
pressure can become negative  

This did not happen in AA
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Temperature profile – transverse plane

τ=3.0 fm

Clearly, system is stopped by the bulk 
viscosity

no bulk with bulk
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Conclusions

● The Knudsen numbers reached in pA collision are much larger
than in AA collisions

● Bulk viscosity reduces the expansion rate →  smaller Kn
but bulk viscosity leads to negative effective pressure ...   

We estimated the Knudsen numbers reached in a pA

● The effect of bulk viscosity is much larger in pA collisions
when compared with AA collisions 

Even at its limit, can hydro still provide 
a reasonable description?



  24

cavitation ? MC-Glauber, central collision, LHC
τ0=0.6 fm, η/s(T), ζ/s(T)

τ=2.6 fmτ=1.6 fm τ=3.6 fm



  25

cavitation ? MC-Glauber, central collision, LHC
τ0=0.6 fm, η/s(T), ζ/s(T)

τ=5.6 fmτ=4.6 fm τ=6.6 fm
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Tc=180 MeV
Negative pressure

in AA?

central collision, LHC
τ0=0.6 fm, η/s(T)

MC-Glauber

Large effect, but the effective pressure is 
mostly positive
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Negative pressure? central collision, LHC

τ0=0.6 fm, η/s(T)

MC-Glauber
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Coefficients from kinetic theory

Transport coefficients computed within the 14-moment approximation

GSD&Jeon&Gale, arXiv:1403.0962
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Fluid-dynamical equations
GSD&Niemi&Molnar&Rischke, arXiv:1202.4551

First Order terms

Theory constructed from a truncation scheme

Second Order terms

Higher Order terms?

we can check if this
truncation scheme works
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Knudsen numbers

If full η/s(T) is used, domain of validity becomes limited.
Applicability of hydro at early times worsens. 

Niemi&GSD, arXiv:1404.7327
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Knudsen numbers – pA 

For a full η/s(T), hydrodynamics is basically out of its domain
of validity  



Ridge from glasma production�
in �

p+p and p+A collisions

Kevin Dusling 
Physical Review Letters 

Brookhaven National Laboratory 



Overview 
1>  A review of the ridge  
 from (connected) glasma graphs  
 at high pT (i.e. > 1÷ 2 GeV --- hard ridge) 

 
2> cos(3ϕ) in the hard & soft ridge 
 (and some difficulties with hydro) 

 
3> observation of collectivity in the soft ridge 



Many-body high energy QCD: 
The   (CGC) 

Observables must be independent from how the 
large-x and small-x degrees of freedom are 
separated: 
Functional Renormalization Group equation  
 
(JIMWLK - Jalilian-Marian, Iancu, McLerran, 
Weigert, Leonidov, Kovner). 

x1 ⌧ 1

x2 ⌧ x1

x3 ⌧ x2

x4 ⌧ x3

For reviews see: 
McLerran, Lect. Notes Phys.583:291-334 (2002),  
arXiv:hep-ph/0104285 
 
Gelis, Iancu, Jalilian-Marian, Venugopalan: 
Ann. Rev. Nucl. Part. Sci. (2010), arXiv: 1002.0333 
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Albacete, Milhano, Quiroga-Arias ,Rojo 
arXiv:1203.1043 (2012). 
Quiroga-Arias, Albacete, Armesto, Milhano, Salgado 
J.Phys.G G38 (2011) 124124. 
Albacete, Armesto, Milhano, Salgado 
PRD80 (2009) 034031. 

There’s a wealth of information on the proton wavefunction 
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Factorization in the dense/dense limit 
Calculation of inclusive quantities can be written in a factorized form: 

The complete treatment of inclusive observables at leading log of x involves 

1.  Solving the full JIMWLK hierarchy 

2.  Solving classical Yang-Mills 

Our (KD, RV) ridge studies (from glasma graphs) consist of two approximations 

1.  Gaussian truncation: JIMWLK → rcBK 

2.  Perturbative limit:  

Gelis, Lappi, Venugopalan, PRD78 (2008) 054019, PRD78 (2008) 054020, PRD79 (2009) 094017 

pT � Qs



Gluon Saturation 
A large nucleus,          , results in a high occupation of gluons,          
and therefore the gluon-field can be treated classically. 
 

Jalilian-Marian, Kovchegov (2006) 
McLerran & Venugopalan (1994) 

Power counting changes considerably … 

A � 1 ⇢ ⇠ A1/3



Power counting in p+A 

O �
g6
�

g

g

O �
g2
�

g

Can obtain saturation by large A, small x or high energy 

g g

n ⇠ 1/g2 color sources

geff ⇠ g · n ⇠ 1/g



1
NTrig

d2N
d��

0 ⇡
��

Di-hadron production 
“Jet” Graph: 

“Glasma” Graph: 



Power counting in QCD: multi-particle production 

O �
g8
� O �

g12
�

O �
g0
� O �

1/g4
�

Low color density 
(min. bias events) 

High color density  
(“central” events) 

Expect large enhancement of glasma graph over jet for central events 

“jet” graph                      “glasma” graph 



Anatomy of a proton-proton collision 

Jet graph: 

Glasma graph: 

1
NTrig

d2N
d��

0 ⇡
��



Proton-Proton systematics 
Increasing Centrality Increasing M

om
entum

 

Dusling, Venugopalan, Phys.Rev. D87 (2013) 094034, arXiv:1302.7018 



Proton-Lead systematics 

Dusling, Venugopalan, Phys.Rev. D87 (2013) 094034, arXiv:1302.7018 

Increasing Centrality Increasing M
om

entum
 



Part II: More Questions than Answers 

This cannot be the whole story… 



Part II: The v3 puzzle 

CMS Collaboration, Phys.Lett. B724 (2013) 213-240 



Hydrodynamics in p+Pb ? 

B. Schenke, P. Tribedy, R. Venugopalan 
PRL 108 , 252301 (2012) , PRC 86, 034908 (2012) 

Schenke, Venugopalan PRL 113, 102301 (2014) 

Pb+Pb: th/expt 

p+Pb:  
th/expt 

Pb+Pb: th/expt 

p+Pb:  
th/expt 



1> Which initial state is correct? 

2> What about v2 fluctuations, δv2 ? 

3> Tuning of Glauber initial conditions between p+A and A+A required to get 
correct two particle correlation matrix 

Hydrodynamics in p+Pb ? 

Igor Kozlov, Matthew Luzum, Gabriel Denicol, Sangyong 
Jeon, Charles Gale arXiv:1412.3147 P. Bozek, W. Broniowski, G.Torrieri  

Phys.Rev.Lett. 111 (2013) 172303 
 
See also: 
K. Werner, M. Bleicher, B. Guiot, Iu. Karpenko, T. Pierog,  
Phys.Rev.Lett. 112 (2014) 23, 232301 

Vn�

�
paT , p

b
T

�



O. Velasquez, P. Christiansen, E. Cuautle Flores,  
A. Maldonado Cervantes, and G. Paić,  
PRL 111, 042001  

1> Mass splitting observed in peripheral pp 

2>  Rate of change of mass splitting largest for pp: 
      Larger flow in pp or color reconnection? 

3>  Largest effect is for protons:  
 We don’t understand the proton yields in central Pb+Pb 

4>  v2 mass splitting really isn’t an independent piece of evidence: 
 The push out of protons can be driven by denominator. 

The radial flow 



But v3 persists to very high momentum… 

Dusling, Venugopalan, Nucl.Phys. A931 (2014) 283-287 

Can “flow” generate a3 out to 5 GeV ? 

284 K. Dusling, R. Venugopalan / Nuclear Physics A 931 (2014) 283–287

the Color-Glass-Condensate (CGC) effective field theory [1] of QCD. In a series of works [2–6]
a phenomenology of two-particle correlations was developed which incorporated mini-jet pro-
duction explaining the recoiling jet seen on the away-side (!φ = π where !φ is the azimuthal 
angle between the pair) and particle production from α−8

s enhanced Glasma graphs [7–10] re-
sponsible for a double-peaked (i.e. symmetric with respect to !φ = π/2) ridge structure.

Some of the non-trivial systematics of the ridge that are understood within this framework 
include a) self-consistent explanation of the ridge in both p+p and p+Pb collisions; b) the trans-
verse momentum dependence of the ridge yield above 1 GeV (where the above framework is 
applicable) c) the ridge yield with respect to the event activity (i.e. centrality); and d) the more 
rapid rise in ridge yield in high multiplicity p+Pb compared to the increase seen in p+p as a 
function of the charged particle multiplicity.

Since the original discovery of the ridge in p+p [11] and p+Pb [12,13] collisions there has 
been a wealth of additional experimental analyses. For example, data on the species dependence 
of mean p⊥ [14] and two-particle correlations [15] alludes to a build-up of radial flow in high-
multiplicity collisions from the observed mass ordering of the mean p⊥ as demonstrated by 
hydrodynamic simulations [16,17]. However, the fact that the mass splitting persists to low-
multiplicity p+Pb and peripheral p+p collisions suggests that the mechanism responsible for 
the species dependence may instead stem from hadronization (see [18] for one such model).

The CMS Collaboration has done an analysis of the four-particle cumulant [19] and showed 
for the first time at this meeting [20] results for v2{6, 8, LYZ} in high-multiplicity p+Pb col-
lisions. However, such seemingly flow-like correlations can also be found in perturbative cal-
culations as demonstrated by the consideration of multi-particle production from Pomeron ex-
change [21]. A comprehensive study of multi-particle correlations in the Glasma framework has 
yet to be completed.

The observation of a non-vanishing third Fourier harmonic (i.e. triangular flow) in the angular 
distribution is crucial to disentangling initial from final-state descriptions (e.g. all odd harmonics 
vanish for Glasma diagrams while the jet-graph produces a small negative third harmonic). In 
[19] it was found that v3 was positive and increased with centrality. Unfortunately, the calculation 
of these quantities in our framework is tricky as it relies on a) an understanding of the underlying 
event which enters into the denominator; and b) soft physics as the reference particle lies in 
the range 0.3 < pT < 3.0 GeV. To circumvent these issues we instead examine the triangular 
anisotropy when both particles are semi-hard using a different quantity, a3, defined from the 
per-trigger di-hadron yield as

1
Ntrig

d2N

d!φ
= a0 + 2

∑

n=1

an cos(n!φ), (1)

where !φ is the azimuthal angle between charged hadrons. Fig. 1 shows the extracted a3 from the 
available CMS data. The left plot shows that for semi-hard di-hadrons the third harmonic changes 
from slightly negative (indicative of jet production) to large and positive at high centrality. The 
right plot shows that for an associated particle between 1–2 GeV the third harmonic remains 
sizable out to a pT as large as 6 GeV; a very high momentum for hydrodynamics to still be 
applicable.

This work considers multiple scattering corrections to both jet and Glasma diagrams in a 
self-consistent framework that would naturally include the quantum interference between the two 
matrix elements. Numerical simulations of classical Yang–Mills has shown that a non-vanishing 
v3 can develop as the system evolves in time [22]. Our goal is to examine a related question, of 
how multiple scattering in dilute–dense collisions modifies the two-particle correlation.



Multiple re-scatterings can generate v3 in 
the soft ridge … so why not at high pT? 

Schenke, Schlichting, Venugopalan arXiv:1502.01331 

1> v3 identically zero at τ=0 (consistent with glasma diagrams) 
 
2> v3 not correlated with ε3 



CYM is consistent with glasma graphs? 

This is a small correction! 
 
I see no reason why a single soft rescattering  
(off jet or glasma graph) would not reconcile this.   
 
But the calculation needs to be done. 



(  )
 

Four and more particle correlations 

Dumitru, McLerran, Skokov, Phys.Lett. B743 (2015) 134-137 
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Intrinsic (connected) contributions 

III. MULTI-GLUON PRODUCTION FROM THE GLASMA

dnN

dy1d2k1? · · · dynd2kn?
=


1

2(2⇡)3

�n X

a1...an
�1...�n

⌦
|Ma1...an

�1...�n
(k1?, . . . ,kn?) |2

↵
(10)

M = ✏�1
µ1
· · · ✏�n

µn
k2
1 · · · k2

nA
µ1a1

(k1) · · ·Aµnan
(kn) (11)

k2Aµa
(k) = �ifabcg3

Z
d2p?

(2⇡)2
Lµ

(k?,p?)
⇢ b
P
(p?)⇢ c

T
(k? � p?)

p2
?(k? � p?)2

(12)

dnN

dy1d2k1? · · · dynd2kn?
=


1

2(2⇡)3

�n �
�2ig3

�2n X

a1...an

fa1b1c1 · · · fanbncnfa1d1e1 · · · fandnen

Z  nY

i=1

d2pi?

(2⇡)2
d2qi?

(2⇡)2
T (ki?,pi?,qi?)

!

⌦
⇢ b1
P

(p1?) · · · ⇢ bn
P

(pn?)⇢
c1

T
(k1? � p1?) · · · ⇢ cn

T
(kn? � pn?)

⇢̄ d1
P

(q1?) · · · ⇢̄ dn
P

(qn?)⇢̄
e1

T
(k1? � q1?) · · · ⇢̄ en

T
(kn? � qn?)

↵
(13)

dnN

dy1d2k1? · · · dynd2kn?
=

(n� 1)! Nn
c

⇡4n
(N2

c � 1)

2n�1

↵n
sS?

k2
1? · · ·k2

n?

Z
d2p?

(2⇡)2
�

n
(p?) [�(k1? ± p?) · · ·�(kn? ± p?)]

(14)

[1] M. Gyulassy and L. D. McLerran, Phys.Rev. C56, 2219 (1997), arXiv:nucl-th/9704034 [nucl-
th].
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I. MULTI-GLUON PRODUCTION FROM THE POMERON

We consider multiple gluon production in the kinematic region – referred to as multiregge
kinematics – where the outgoing partons have comparable transverse momenta and are

strongly ordered in rapidity.

Following [? ] the n-gluon production cross-section is

dn�

dy1d2k1? · · · dynd2kn?
=

2↵n+2
s Nn+1

c

⇡2nCF

 
nY

i=1

1

k2
i?

!Z
d2k0?

k2
0? (k0? + k1? + · · ·+ kn?)

2 (1)

which is strictly valid in the limit

y0 ⌧ y1 ⌧ y2 ⌧ · · · ⌧ yn ⌧ yn+1 and ↵s (yi+1 � yi) ⌧ 1 for i = 0 . . . n (2)
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“Jet” Graph: 

“Glasma” Graph: 



Intrinsic (connected) contributions 

1>  Both yield c2{4}>0 at high pT where calculation reliable 
 
2>  Experimentally does c2{4}>0 at high pT?  

   We expect this transition to occur but where? 
 
3>  Low multiplicity c2{4,6,8} contains interesting QCD physics. 
 
4>  How can we understand the negative c2{4} of soft particles? 
 



Another look at glasma graphs 

The average in eq. (12) corresponds to

⟨O⟩ ≡
∫

[Dρ1 Dρ2]W [ρ1]W [ρ2]O[ρ1, ρ2] . (13)

In the MV model [1,2],

W [ρ] ≡ exp

(

−
∫

d2x⊥
ρa(x⊥)ρa(x⊥)

2 µ2
A

)

, (14)

where ρ can be either ρ1 or ρ2. The color charge squared per unit area µ2
A
,

besides the nuclear radius R, is the only dimensionful scale in the problem–as
we will discuss later, the saturation scale Qs can be expressed simply in terms
of this scale. We will consider this Gaussian model in the rest of this paper8.
For these Gaussian correlations, in momentum space,

〈

ρ̃∗
a
(k⊥)ρ̃b(k′

⊥)
〉

= (2π)2µ2
A

δabδ(k⊥ − k′
⊥) . (15)

p
q

p

q

Figure 6: Trivial color correlation. This type of connection between the sources
leads to a non correlated contribution to the 2-gluon spectrum, that cancels in
the difference in eq. (6).

Examining the structure of F in eq. (12), one observes that one of the nine
possible quadratic combinations of the ρ1’s and ρ2’s is a disconnected piece,
represented in the fig. 6, whose expression is nothing but

〈

|A(p)|2
〉 〈

|A(q)|2
〉

, (16)

which is identical to the product of single inclusive distributions. It exactly
cancels the disconnected contribution to pair production–the second term in
eq. (7). Therefore only eight terms contribute to the correlated distributions of
pairs. Of these, as we shall see, four terms give identical leading contributions
to C1(p, q) for large p, q ≫ Qs. Two of these terms, as shown in fig. 7(a), have a

8In the simplest treatment of small x evolution, based on the Balitsky-Kovchegov equa-
tion [39], W [ρ] can also be modelled by a Gaussian [37], albeit non-local, with µ2

A
→ µ2

A
(x⊥).

11

p
q

p

q

p
q

p

q

Figure 7: Topology of color correlations. These contributions are detailed in
Appendix A. The upper (lower) contractions are pairwise contractions of ρ1

(ρ2). a) Top Figure: Single diffractive contribution to the classical two particle
correlation. Two gluons are emitted from the same quark line in the amplitude
and likewise in the complex conjugate amplitude. This diffractive emission how-
ever occurs at different spatial positions for the sources, which are localized in
a transverse area of size 1/Qs. See text. There is an identical contribution with
ρ1 ↔ ρ2. b) Bottom Figure: Interference contribution where the transverse
positions of the interacting quarks are switched in the complex conjugate am-
plitude for ρ2 while they are the same for ρ1. There is an identical contribution
for ρ1 ↔ ρ2.
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Symmetry breaking by color domains 
Kovner, M. Lublinsky 
Phys. Rev. D84 (2011) 094011 

Dumitru,Giannini, Nucl.Phys. A933 (2015) 212 



Symmetry breaking by color domains 
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where ρ can be either ρ1 or ρ2. The color charge squared per unit area µ2
A
,

besides the nuclear radius R, is the only dimensionful scale in the problem–as
we will discuss later, the saturation scale Qs can be expressed simply in terms
of this scale. We will consider this Gaussian model in the rest of this paper8.
For these Gaussian correlations, in momentum space,
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Examining the structure of F in eq. (12), one observes that one of the nine
possible quadratic combinations of the ρ1’s and ρ2’s is a disconnected piece,
represented in the fig. 6, whose expression is nothing but

〈

|A(p)|2
〉 〈

|A(q)|2
〉

, (16)

which is identical to the product of single inclusive distributions. It exactly
cancels the disconnected contribution to pair production–the second term in
eq. (7). Therefore only eight terms contribute to the correlated distributions of
pairs. Of these, as we shall see, four terms give identical leading contributions
to C1(p, q) for large p, q ≫ Qs. Two of these terms, as shown in fig. 7(a), have a

8In the simplest treatment of small x evolution, based on the Balitsky-Kovchegov equa-
tion [39], W [ρ] can also be modelled by a Gaussian [37], albeit non-local, with µ2

A
→ µ2

A
(x⊥).
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1>  This symmetry breaking is enough for the  
   disconnected glasma graphs to give v2 

 [At least within the perturbative glasma calculation] 
 
2>  As the v2 comes from the single particle spectra: c2{4}<0 

+



v2 from CYM 

Schenke, Schlichting, Venugopalan arXiv:1502.01331 

1>  Above calculation has both connected and disconnected graphs 
2>  Need to think about how to disentangle contributions 



Further evidence for “collectivity” 

1> Connected (i.e. glasma, jet) contributions lead to a breaking of v2{n} scaling 

2>  Does the breaking increase with higher minimum pT? 

3>  Does c2{4} change sign at higher minimum pT? 



ALICE Collaboration, Phys.Lett. B719 (2013) 29-41 

B.G. Zakharov, Phys.Rev.Lett. 112 (2014) 3, 032301- medium effects lead to a 
considerable modification of the photon-tagged and inclusive jet fragmentation 
functions. For inclusive jets the magnitude of the effect is surprisingly large. 
 

Mini-jets are unmodified … what about “real” jets? 



1> Multi-particle production can be computed in a framework consist with what we 
know about the proton / nuclear wavefunction from DIS. 

2>  Glasma graphs successfully describe the hard ridge (i.e. pT. > 1÷ 2 GeV)  

3>  I don’t see v3 as being a big issue with the high pT ridge 

4>  The soft ridge is another story: it is collective (i.e. c2{4}<0) 

 a. Multiple scattering via CYM 

 b. Rotational symmetry breaking by color domains 

 

5>  Decisive measurements: 

 a.  systematics of c2{4} with low pT cutoff 

 b.  jet modification / quenching 

Summary 



Effects	  of	  hadronization	  
on	  vn	  from	  gluon	  
bremsstrahlung	  in	  p+A	  
Collec&vity	  in	  Small	  Colliding	  Systems	  with	  High	  Mul&plicity	  
	  
Angelo	  Esposito	  
	  
	  
March	  6th,	  2015	  @	  Brookhaven	  Na&onal	  Laboratory	  
	  
Based	  on	  a	  work	  by	  M.	  Gyulassy	  &	  AE,	  soon	  to	  appear	  on	  the	  arXiv	  
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The	  puzzles	  
•  Correla&ons	  among	  final	  state	  par&cles	  in	  A+A	  have	  been	  
intepreted	  as	  signatures	  for	  the	  near	  “perfect	  fluidity”	  of	  
the	  Quark	  Gluon	  Plasma	  (QGP)	  
•  In	  the	  naïve	  picture	  the	  QGP	  should	  arise	  at	  very	  high	  
densi9es	  and/or	  temperatures	  
•  This	  idea	  has	  been	  challenged	  by	  the	  recent	  discoveries	  
at	  RICH	  and	  LHC,	  e.g.:	  
1.   Non-‐zero	  p+A	  vn(pT)	  moments	  comparable	  to	  the	  A+A	  

ones	  
2.   Near	  energy-‐independence	  of	  the	  A+A	  vn(pT)	  during	  the	  

Beam	  Energy	  Scan	  (BES)	  

•  These	  systems	  were	  expected	  to	  be	  either	  to	  small	  or	  too	  
cold	  to	  present	  QGP!	  
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The	  puzzles	  

•  The	  magnitude	  of	  the	  p+A	  
vn	  is	  comparable	  to	  A+A	  

•  The	  magnitude	  of	  v2	  does	  
not	  change	  with	  energy	  
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BES	  v2	  moments	  p+A	  Fourier	  harmonics	  



A	  possible	  QCD	  solution	  
•  Even	  if	  hydrodinamics	  can	  explain	  the	  data	  it	  might	  not	  be	  the	  
only	  model	  capable	  to	  do	  so	  

•  What	  do	  all	  these	  configura&ons	  have	  in	  common?	  What	  
could	  be	  the	  underlying	  physics?	  

•  In	  QCD	  when	  a	  momentum	  exchange	  happens,	  the	  
distribu&on	  of	  the	  emided	  gluon	  follows	  the	  Gunion-‐Bertsch	  
(GB)	  distribu&on:	  
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dN (1)
g

d⌘ dk dq
=

µ2

(q2 + µ2)2
CR↵

⇡2k2

q2

(k� q)2

Color	  dipole	  distribu&on	  

QED-‐like	   Non-‐abelian	  QCD	  



A	  possible	  QCD	  solution	  
•  In	  p+A	  the	  target	  color	  dipoles	  are	  longitudinally	  separated	  by	  
Δz	  =	  zi	  –	  zi-‐1	  ≈	  1	  fm	  

•  They	  act	  coherently	  when	  emifng	  gluons	  because	  of	  Lorentz	  
contrac&on	  in	  CM	  frame	  and	  long	  forma&on	  &me	  of	  the	  
gluons	  in	  the	  lab	  frame	  

•  How	  does	  the	  emided	  gluon	  look	  like	  ager	  a	  coherent	  
momentum	  exchange?	  

•  Same	  GB	  distribu9on	  but	  with	  total	  exchanged	  momentum	  
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dN
coh

(k) =
1X

n=1

Z
d2QP el

n (Q) dNGB(k,Q)

P el
n (Q) = e���

n

n!

Z
8
<

:

nY

j=1

d2qj

�el

d�el

d2qj

9
=

; �2(Q� (q1 + · · ·+ qn))

q = (q,ψ)

k = (k,φ)
proton

coherent clusters

[Gyulassy et. al. – PRD90, 054025 (2014)]



A	  possible	  QCD	  solution	  
•  The	  previous	  distribu&on	  has	  the	  following	  proper&es:	  

1.  η-‐independence	  
2.  Preferen&al	  direc&on	  (q)	  
3.  Scaling	  law	  with	  n	  similar	  to	  the	  observed	  one:	  

4.  Produces	  non-‐zero	  gluon	  vn(pT)	  with	  shape	  similar	  to	  the	  data:	  

“Ridge-‐like”	  structure	  

[vn(k, q)]
1/n = [vm(k, q)]1/m

n=1

2

3

4

5

qê m=1

qê m=3

0 2 4 6 8 10
0.0
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0.4

0.6

0.8

kê m

v n
Hkê
m
,q
êmL

The	  magnitude	  of	  this	  moments	  is	  
huge	  (by	  a	  factor	  ≈3)	  if	  compared	  

to	  the	  observed	  ones!	  	  
	  

Need	  for	  a	  smearing	  effect	  
	  

Natural	  candidate:	  hadroniza9on	  
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The	  Monte	  Carlo	  simulation	  
•  We	  performed	  the	  hadroniza&on	  using	  JETSET	  7.4	  

•  Generated	  30	  ×	  106	  events	  
•  Each	  event	  is	  composed	  by:	  

1.  Two	  quark-‐an&quark	  pairs	  each	  with	  Ecom	  =	  200	  GeV	  

2.  In	  between	  the	  two	  quarks	  we	  plug	  a	  Poissonian	  number	  of	  
gluons	  (	  <Ng>=8	  )	  distributed	  according	  to	  the	  GB	  formula	  with	  
Qsat	  =	  2	  GeV	  and	  μ	  =	  300	  MeV	  

3.  We	  hadronize	  using	  both	  the	  independent	  fragmenta&on	  
scheme	  and	  the	  Lund	  string	  model	  

•  Indep.	  frag.:	  gluons	  hadronize	  independently	  from	  each	  other	  	  

•  Lund	  model:	  gluons	  “pinch”	  the	  QCD	  string	  deforming	  it	  in	  the	  
transverse	  plane	  and	  hence	  genera&ng	  correla&ons	  
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The	  Monte	  Carlo	  simulation	  
•  For	  ini&al	  gluons	  and	  final	  pions	  we	  compute	  the	  
correla&on	  func&on:	  

	  
with	  |ηa,b|<2.5,	  |Δη|>2	  (long-‐range)	  and	  both	  par&cles	  in	  
the	  same	  pT	  bin	  
• We	  fit	  the	  final	  Δφ	  distribu&ons	  with	  a	  truncated	  Fourier	  
expansion:	  

•  Extract	  the	  single-‐par&cle	  n	  ≤	  6	  azimuthal	  moments	  	  
	  

C(��; pT ) =
S(��; pT )

B(��; pT )

Same	  event	  pairs	  

Mixed	  event	  pairs	  
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1 + 2

6X

n=1

v2n(pT ) cos(n��)

!
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Results	  (independ.	  frag.)	  
•  Gluons	  and	  pions	  Δφ	  long-‐range	  distribu&ons:	  
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Results	  (independ.	  frag.)	  
•  In	  the	  low-‐pT	  region	  (pT	  <	  Qsat)	  the	  hadroniza&on	  almost	  
completely	  eliminates	  the	  ini&al	  gluonic	  correla&on	  

This	  is	  the	  IR	  safety	  of	  the	  hadroniza&on.	  The	  model	  is	  
blind	  to	  the	  low-‐k	  gluons	  

•  In	  the	  higher-‐pT	  region	  instead,	  the	  final	  pion	  two-‐
par&cle	  distribu&ons	  closely	  resemble	  the	  partonic	  ones	  

Here	  we	  are	  simply	  “building”	  pions	  around	  the	  gluons.	  No	  
addi&onal	  source	  of	  correla&on	  is	  introduced	  
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Results	  (Lund	  model)	  
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Results	  (Lund	  model)	  
•  Again	  in	  the	  low-‐pT	  region	  (pT	  <	  Qsat)	  the	  correla&on	  of	  the	  
final	  hadrons	  is	  much	  milder	  than	  for	  the	  ini&al	  gluons	  

•  In	  the	  higher-‐pT	  regime	  we	  have	  a	  striking	  unexpected	  away-‐
side	  peak	  (several	  9mes	  larger	  than	  the	  near-‐side	  one)!	  

•  Where	  does	  it	  come	  from?	  

•  The	  string	  breaking	  introduces	  deeply	  non-‐trivial	  correla9ons	  
in	  the	  spectrum	  of	  the	  final	  pions	  	  	  	  	  	  	  	  	  	  	  	  	  	  Model	  dependence!	  
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qq̄

q ′

q̄ ′

pT

−pT

When	  the	  QCD	  string	  breaks,	  total	  transverse	  
momentum	  is	  conserved	  

	  
	  

We	  always	  have	  a	  parton	  with	  pT	  and	  one	  with	  –pT	  
	  
	  

Large	  Δφ	  ≈	  π	  peak	  in	  the	  two-‐pion	  distribu&ons	  



Results	  (single-‐particle	  vn)	  
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Conclusions	  (low-‐pT	  region)	  
•  Both	  indep.	  fragm.	  and	  Lund	  model	  show	  strong	  suppression	  
of	  ini&al	  correla&on	  for	  pT	  <	  Qsat	  (model-‐independent	  feature)	  

•  Consequence	  of	  the	  IR	  hadroniza&on:	  large	  azimuthal	  
asymmetries	  predicted	  at	  partonic	  level	  with	  k	  <	  Qsat	  are	  
found	  to	  be	  greately	  reduced	  and	  sensi&ve	  to	  the	  
hadroniza&on	  scheme	  

•  Local	  parton-‐hadron	  duality,	  independent	  fragm.	  and	  Lund	  
string	  model	  differ	  greatly	  in	  “low-‐pT”	  region	  

•  Hadroniza&on	  should	  always	  be	  taken	  into	  account	  by	  models	  
of	  ini&al-‐state	  azimuthal	  anistropy	  

•  The	  parton	  level	  vn(pT)	  in	  the	  low-‐pT	  region	  must	  be	  much	  
larger	  than	  the	  experimental	  one	  since	  they	  are	  cri&cally	  
smeared	  out	  by	  hadroniza&on	  
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Conclusions	  (higher-‐pT	  region)	  
•  In	  the	  higher-‐pT	  region:	  

1.  Independent	  fragmenta&on:	  no	  surprises	  
2.  QCD	  string:	  huge	  away-‐side	  correla&on	  coming	  from	  transverse	  

momentum	  conserva&on	  of	  the	  flux	  tube	  
•  IF	  this	  feature	  survives	  to	  more	  complicated/realis&c	  
situa&ons	  we	  have	  two	  possible	  interpreta&ons:	  
1.  Pay	  par&cular	  aden&on	  to	  model-‐dependence	  of	  final	  two-‐

par9cle	  correla9ons	  
2.  If	  we	  “buy”	  the	  Lund	  model	  as	  a	  fairly	  accurate	  descrip&on	  then	  

we	  might	  have	  an	  addi9onal	  non-‐flow	  source	  of	  correla9on.	  It	  
should	  be	  subracted.	  

•  What	  about	  the	  vn?	  Both	  models	  have	  s&ll	  very	  large	  
moments.	  
1.  Independent	  fragmenta&on:	  large	  even	  vn,	  very	  small	  odd	  vn	  
2.  QCD	  string:	  large	  even	  vn,	  large	  nega&ve	  odd	  vn	  
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Future	  plans	  	  
•  What	  is	  next?	  
•  Ini&al	  system	  is	  a	  perfectly	  back-‐to-‐back	  system	  (recoil)	  

•  The	  final	  pions	  within	  the	  indep.	  fragm.	  model	  has	  essen&ally	  no	  odd	  
vn	  harmonics	  

•  We	  need	  to	  implement	  a	  third	  quark-‐an&quark	  system.	  We	  look	  for	  
a	  “Mercedes	  Benz-‐like”	  system.	  How	  do	  the	  moments	  look	  like	  in	  
this	  configura&on?	  

•  What	  happens	  to	  the	  string	  breaking	  effect	  with	  higher	  order	  
cumulants	  are	  taken	  into	  account?	  

•  Need	  for	  a	  realis&c	  descrip&on	  of	  p+p,	  p+A	  and	  A+A	  

•  Implement	  the	  gluon	  GB	  bremsstrahlung	  in	  HIJING	  

THANK	  YOU!	  

16/16	  
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Back	  up	  
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Gluons/pions	  multiplicity	  
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•  More	  par&cles	  (factor	  of	  2)	  in	  the	  independent	  fragmenta&on	  
sheme	  than	  in	  the	  Lund	  model	  
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Gluons/pions	  pT	  distributions	  
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19	  
•  The	  indep.	  fragm.	  subtract	  pT	  to	  the	  gluon	  mostly	  producing	  sog	  
pions	  

•  The	  transverse	  fluctua&ons	  of	  the	  string	  can	  add	  pT	  to	  the	  already	  
exis&ng	  gluon	  k,	  leading	  to	  harder	  pions	  
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Details	  of	  the	  simulation	  
1.  Use	  JETSET	  7.4	  that	  can	  implement	  both	  indep.	  frag.	  and	  Lund	  

model	  
2.  Generate	  60	  x	  106	  quark-‐gluons-‐an&quark	  systems.	  This	  means:	  

•  30	  x	  106	  events	  for	  a	  two	  pairs	  system	  
•  20	  x	  106	  events	  for	  a	  three	  pairs	  (“Merced	  Benz”)	  system	  

3.  The	  q-‐qbar	  of	  each	  system	  move	  along	  the	  z-‐axis	  with	  RICH	  
center-‐of-‐mass	  energy	  (Ecom	  =	  200	  GeV)	  

4.  The	  gluons	  are	  extracted	  from	  a	  suitably	  regularized	  GB	  
distribu&on:	  

	  
	  with	  Qsat	  =	  2	  GeV,	  μ	  =	  300	  MeV	  and	  ΛQCD	  =	  200	  MeV	  

5.  Prevent	  final	  π,	  K	  and	  η	  from	  decay	  
6.  Only	  select	  final	  pairs	  pions	  with	  |ηa,b|	  <	  2.5,	  5	  >	  |Δη|	  >	  2	  and	  

in	  the	  same	  pT	  bin	  
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f reg
GB(q,k) /

Q2
sat

(q2 +Q2
sat)

2

q2 + µ2

(k2 + ⇤QCD)(k2 + q2 + µ2 � 2kq cos(��  ))
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Collectivity In Large

Perspective on Large versus Small  and the pA+DA+BES challenge since 2012 

M. Gyulassy @ RBRC  3/4/15  Workshop
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Pb
p

Perfect Fluid
Hydro?Color Glass

Glasma?

pQCD Parton Cascade?

Hadron
Resonance
Gas?

pQCD gluon
Bresstrahlung?

AdS/CFT
Black Hole?

BGK eta
Triangle ?

QM entaglement?

106   pT>1 GeV 
tracks shown
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RHIC

QGP & CGC
1

3

2

2

3

1

Bulk
PQCD

Parton
pQCD

Null Control

1. Bulk PQCD Collective Elliptic Flow  v2
2. Parton pQCD Jet Quenching  RAA
3.  p+p Calibration and d+A Control on CGC

In 2004 Three Lines of Data Seemed to Converged to QGP and CGC

Three 
Stable legs

QGP =PQCD + pQCD + dA  = v2 + (RAA+IAA) + RdA

(Nucl.Phys. A750 (2005) MG,L.McLerran, E Shuryak, B Muller, XN Wang, H.Stoecker, +10^3 )

√√

√√

√
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Experimental Priorities

•Y=+- 3   test  interplay QGP<->CGC ?

•C2(phi1,phi2, pt1,pt2, eta1,eta2; f1,f2, Mult, A,B, Ecm)

•Heavy Quark tomography    

•Open Charm (enhancement?);   J/Psi (suppression?)
      Charm Flow?                     

•   Direct Photons thermometer
•   Tagged  direct photon -quark jets!

•Turn  Ecm~20-200 and  A=1-100  exp. knobs 

exp. knobs6D microscope

MG: RBRC 5/15/2004

2015 RBRC workshop focuses on A=1, 2, 3 small probes of heavy nuclei 

Update many remaining unsolved question since last RBRC April 2013
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My
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  The old Bevalac, AGS, SPS, RHIC  paradigm: 
                AA =  QGP Fluid Core +  HR Gas Corona
                was severely challenged by beam energy independence of vn
                                                         

One 2012 shock for me: PHENIX and STAR Beam Energy Scan (BES) found that
Azimuthal Fourier Harmonics vn are center of mass energy invariant to 20% 

Is this just multi component bad luck: 1 = 1 + 1 - 1 + 1 – 1 + 1 – 1 ??
Or an AA unexpected discovery of conformal invariance to energy scale ?
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STAR 2014 Beam energy independence of v2{4}  from 8-2760 AgeV !

Where is all this wonderful 
genanken physics hiding
In the vn data ?

But There is a tiny difference between
(v2(p) -v2(pbar))/3 ~ 0.007
Observed at ~10 AGEV
Is this the tiny signature of the critical point?

J.Steinheimer 14
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Collision Energy Dependence of Viscous Hydrodynamic Flow in Relativistic Heavy-Ion Collisions
Chun Shen, Ulrich Heinz Published in Phys.Rev. C85 (2012) 054902

Even in pure mininal viscous hydro without a HRG corrona there should be
Be more sqrt s dependence than seen in data

Hydro is rather sensitive to interplay of string sqrt s dependent radial pT flow
And weaker sqrt s dependence of v2(pT)

H. Peterson can fit BES by suitable adjusting initial URQMD stringy phase
Before the hydro phase. Yu. B. Ivanov,  A. A. Soldatov solve BES with three
Fluid model adjusted to the data.  Invariance to beam energy remains a severe
challenge for theory interpretation. 
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BES shock because Initial density varies greatly  from LHC to RHIC to SPS

LHC

RHIC

Mt. LHC is smaller than expected with HIJING = evidence for CGC Qsat
But does CGC saturation apply at low dNg/dy @ SPS?? 

[Slightly less perfect flow than @RHIC]

Wit's Ruler

R
ad

ial p
T

 F
lo

w
 co

n
vo

lu
ted
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 QGP (IR)

PT< Q
s
(x,A)

CGC

UVIM

BES shock because Initial 
transverse pT distributions in pp and pQCD
as well as glonal dNdy vary strongly
with beam energy. How can the small
azimuthal vn(pT) asymmetry fluctuations
be so universally independent of size and 
beam energy? Why can't we turn QGP off ??
How can we prove signatures are true
If they cannot be turned off via control exps?

X.N. Wang
1990
with my
graffiti
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"Wit Busza's 70th Birthday Party 2013 and His Revenge of pA”

Can the Au Pillars of QGP and CGC aka 2004 be left Standing 
after the pA and DA and BES data of 2013 ? 
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RHIC
and
LHC

QGP vs CGC

1

1 2

2

Why does 
p,DA appear
To “Flow” like 
A+A?

Why is 
R_DA modified
from 1 ?

Can QGP survive the RBRC 2013 D+Au and p+Pb tsunami?

BES , D+Au and p+Pb un-calibrated the v2 Barometer of sQGP
D+Au also un-calibrated the  RAA opacity meter

R(DAu) = 1  ??
v2(DAu) ~ v2(AuAu) ?? 

3

Why  are Small size 
and Low energy 
observables not Null?

Where did the Hadron
Gas Corona go?

(from my RBRC workshop 4/16/2013 talk)

? Control Exp ?
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Since 1970's Wit Busza  measured p+A  triangles 
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NA49 hep-ex/ 971101 verified Wit's FNAL triangles at SPS

Global Triangular breaking of boost invariance in p+A Ecm= 20 AGeV
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16

BGK 1977  p+A “Rapidity Triangles” 
● Multiple independent parton 

dx/x collisions liberate
uniform rapidity color between  
p and wounded A nucleons.

● Color neutralized via pair 
production in flux tubes sum 
over “beam jets” =>  triangular 
dNd/y 

●  A1/3  ~ 10 Target beam jets
vs 1 Projectile beam jet 

● Rapidity slope = Npart / log(s) 
slope RHIC ~ 2 x  LHC 

Figure from Brodsky, Gunion, Kuhn 1977.

Y
pb

= -10Y
P
=+10

Boost invariance must be globally broken in p+A !   Generalized in
1980 Lund multi beam jet flux tube as well a 1990 CGC models
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Global boost non-invariance and BGK triangles in d+A  RHIC
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PHOBOS 0311009  pp vs Dau vs AuAu  vs models

Absolute scale of dN/deta in pp and DA
Are also well understood

Monte Carlo implementation of BGK77
Via HIJING and AMPT predicted correctly 
the p+p and p,D+Au dNch/dy
At SPS and RHIC.  This basic feature
Understood via CGC  Qsat(y,A) saturation.
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Amazingly perfect BGK77  linear rapidity triangles at LHC 5 ATeV pPb also
(once trivial eta Jacobian at eta=0 is canceled out in ratio)

Npart

18

4

10

15
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A+A ~ (p+A1/3) +(A1/3+p) + more symmetric stuff(  A-A1/3  +  A-A1/3 )

3D jet tomography and the twisted color glass condensate
A. Adil, M. Gyulassy, T. Hirano , Nucl.Phys. A774 (2006) 593

AA b>0 has opposite Rapidity Triangle at p+A edges

Note the total dN/dy integrated over xT is completely flat & constant !

xT averaged AA appears boost invariant but
AA b>0 is NOT boost invariant locally except at  xT=b/2

Physics of p+A, D+A, He3+A matters a lot for understanding A+A 
Nagle et al 

+ =
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Note diff
EP vs 2p

A recent twist on the D+Au v2 story:   Event Plane v2 significantly reduced relative to 2012 2part

arXiv:1404.7461 [nucl-ex].

2012 2p

Bozek

(s)
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2014:  A new invariance of v2:  D+Au @200  = p+Pb@ 2760   ??

Is 2011
Bozek hydro
Success 
Now dead?
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Note: 2014 boost invariant  Romat hydro 
(not 2011 Bozek's) was used in 
this  recent fit to new v2(EP) DAu data 

 Rapidity eta and radial pT dependence 
 of absolute dN/detdpT  (pi + p)
must also be predicted and checked

 Is this a Hydro vs CGC 
           Skirmish?? :-)

(see A. Esposito talk Friday)
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Strong rapidity asymm v2 seen Au side > D side. (differs from STAR)

S. Huang, PHENIX HP13 arXiv:1404.7461 [nucl-ex].

Boost noninvariant dipole v1 component  at high +- rapidity masks v2(y,pT) physics
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New STAR 1502.07652 D+Au large rapidity gap azimuthal asymmetries

STAR V2 in Au direction Deta < -2
Is similar to
V2 in D direction Deta > +2

? PHENIX v2(EP)(y,pT) seem different ?

Does strong rapidity dependence of v2
rule out  hydrodynamic origin
of v2 in D+Au ?? 
Future pA with BES should be high priority

See workshop STAR and PHENIX talks

Strong eta dependence of v2?
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 Future detailed BES with   pA, DA, and He3A data at RHIC will be critically important.
Should be a very high priority for RHIC PAC 
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Now for a Non-hydro AMPT intermission reproducing vn in p+Pb

Fits pPb well ,but underestimates PbPb. PbPb is more than parton billiards 
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Analysis of AMPT evolution reveals that most of the final vn 
Comes not from multiple collision “active” partons but those that freezeout
“escape” without collisions (moving away from dense regions) 

1502.05572

AMPT somehow overcomes Shuryak's old opacity upper bound. I dont understand how.
Need a talk from D. Molnar
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Now let's  drop Final State interactions completely

And show that p+Pb vn can also be quantitatively 

understood in terms of purely initial state classical 
color field decoherence effects

The Revenge of Glasma + BFKL  to quench Wit's pA Revenge
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There is 100% uncertainty of hydro Initial Conditions in p+A
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KDusling&RajuV, PRD 87, 094034 (2013)

Input Unintegrated Gluon Structure Phi(y,kT)
BK evolved from initial Saturation Qsat(Y,A)

Near side
“Glasma”
graphs

Away side
Mini jet “BFKL”
graphs

Color decoherence
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Comparison of the color glass condensate to dihadron correlations in proton-proton 
and proton-nucleus collisions  PRD 87, 094034,  Kevin Dusling and Raju Venugopalan

CMS pPb vs Glasma+BFKL ATLAS pPb vs Glasma+BFKL 

Quantitative description with pp constrained UGD and reasonable variations of proton and Pb
Initial Qsat(Y,A) = Npart 0.17 GeV^2  and   Npart_prot ~ 3-4 and Npart_Pb~ 14-22
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35[MG:  must be computed from QCD and quantitatively tested on pp and pA]

KDusling&RajuV, PRD 87, 094034 (2013)
Raju's Revenge:
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 (see also R.L Ray FJ00013;  PRD 90, 054013 (2014))  
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A Perturbative QCD Gluon Decoherence Model of vn in p+A

Multi beam jets as transverse interfering color antennas 

Goal is to understand analytically the mechanism the Glasma/BFKL initial state vn
And propose a HIJING Monte Carlo generalization  
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Gluon Bremsstrahlung peaks in transverse direction near the total 
momentum transfer Q = (Q, Psi)  that also defines reaction Event Plane (EP)

The Basic Non-Abelian feature: uniform rapidity “ridge”  (unlike in QED)
 
And a small kT conformal peaks in beam direction 1/k^2    (as in QED)

 Color Dipole
  Form factor

(Gunion Bertsch 1982)
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BGK Beam Jet rapidity envelope

Azimuthal Harmonics of a single GB antenna

Transverse Kinematic factors

In pA  mu^2 = qhat L = Qsat^2 

1/k^2          for k << q ~ mu

mu^2/k^4 for k >> q ~ mu
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A single GB color antenna has analytic vn: 

Two particle vn from ATLAS

Perfect v
n

1/n  = v
1
 Scaling 

q/μ = 3

v
1

v
2

v
3

q/μ = 1

Note intrinsic huge even and odd vn peaking rear mu ~ Qsat 

Huge intrinsic GB vn
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All order in opacity multiple scattering generalization of GB pQCD Brems 

Pn is total momentum transfer distribution from n coherent elastic scatterings

At n=N th order in opacity with M coherent target clusters that can be resolved by k
Projectile plus Target bremsstrahlung sums to

2 glue Brems in independent emission approx 
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Projectile Beam Jet Brems Participant Recoil Target Beam Jets Brems

Combined projectile and target beam jets  radiate gluons collimated 
In azimuthal angles dictated by cluster recoil momenta

Target dipoles act
Coherently if transverse 
separation cannot  be resolved by 
radiated glue

1< M < N coherent target clusters (color density fluctuations) radiate
Bremsstrahlung glue uniformly in rapidity but collimated near cluster recoil momenta 
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Bremms satisfies generalized power scaling
of multi gluon nth harmonic cumulants  !
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GLVB Conclusion:  pQCD decoherence (Bremmstrahlung) from multiple
                    Recoiling clusters of partons  (beam jets) naturally lead to multiple
                   Long range in eta “ridges” with large vn fluctuations event by event

                    And naturally account for power law scaling of 
                    multi gluon nth harmonic cummulants

  The approximate factorization and power scaling of azimuthal
  harmonics from CSA coherent state non-Abelian
  bremsstrahlung is similar to “perfect fluid hydrodynamic
  collective flow” factorization and scaling, but in this case
  no assumption about local equilibration or minimal viscosity
  is necessary.  This work provides qualitative analytic perturbative QCD 
  Insight into  the quantitative success of Glasma/BFKL 
  initial state decoherence explanations of observed pA and DA asymmetries.

Work in progress is to implement beam jet azimuthal asymmetries into HIJING

(see contribution by Angelo Esposito Friday for some further surprises)
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The end of this introductory provocation.

Because pA is not Null Control

The theory debates must now continue. 

Can we work out an objective strategy to decide

Between Hydro and CGC idealizations without

invoking the dreaded 1885 Weierstrass
 
“ I can postdict anything ” theorem ?



RBRC Workshop on 

Collectivity in Small Colliding Systems 

with High Multiplicity 

Collaborators: R.Kurita, K.Murase, K.Nagai 



•

•

•

•

•



Finite number of 

hadrons 

 

 

 

 

 

 

Initial state 

fluctuation 

Hydrodynamic 

fluctuation 

0 

collision axis 

ti
m

e
 

Fluctuations appear everywhere! 
Final hadronic observables  Whole history 

Propagation of jets 



• Hydro at work to 

describe elliptic flow 

(~ 2001) 

• E-by-e hydro at work 

to describe higher 

harmonics (~ 2010) 

• Hydro at work in p-p 

and/or p-A??? (2012-) 

𝑑 ≲ 5 fm 

𝑑 ≲ 1 fm 

Is fluctuation important  

in such a small system? 

𝑑 ≲ 1 fm? 



• Conventional hydrodynamics 
 Space-time evolution of (coarse-

grained) thermodynamic quantities 

• Microscopic information  
 Lost through coarse-graining process 

• Does the lost information play an 

important role in dynamics in small 

system and/or on an e-by-e basis? 
 Thermal (Hydrodynamic) fluctuation! 

Calzetta, Kapusta, Muller, Stephanov, Young, Moore, 
Kovtun, Romatschke, Hirano, Murase,…  



K. Murase and TH, arXiv:1304.3243[nucl-th] 



Π 𝑥 =   𝑑4𝑥′𝐺𝑅 𝑥, 𝑥′ 𝐹 𝑥′  

Dissipative current 𝛱 Thermodynamic force 𝐹 

Shear Shear stress tensor Gradient of flow 

Bulk Bulk pressure Divergence of flow 

Diffusion Diffusion current Gradient of 𝝁𝑩 



𝐺𝑅 𝑡, 𝑡′ = 
𝜅

𝜏
exp −

𝑡 − 𝑡′

𝜏
𝜃(𝑡 − 𝑡′) 

Retarded (Causal) response function 

𝜅: transport coefficient 

𝜏: relaxation time 

Π 𝑡 = −
Π 𝑡 − 𝜅𝐹 𝑡

𝜏
 



𝑡 

𝐺𝑅 

𝑡′ 

𝐺𝑅 

𝐺𝑅 =
𝜅

𝜏
𝑒−

𝑡
𝜏 𝐺𝑅 ≈ 𝜅𝛿 𝑡′  coarse 

graining 

Navier Stokes 
 causality 

Non-Markovian Markovian 

Maxwell-Cattaneo 

𝑡
𝜆 → 𝑡′ 

Relaxation  Important in relativistic theory 



Π 𝑥 =   𝑑4𝑥′𝐺𝑅 𝑥, 𝑥′ 𝐹 𝑥′ + 𝛿Π(𝑥) 

𝛿Π(𝑥)𝛿Π(𝑥′) = 𝑇𝐺∗(𝑥, 𝑥′) 

• Generalized Langevin Eq. for currents 

• Fluctuation-Dissipation Relation (F.D.R.) 

K. Murase and TH, arXiv:1304.3243[nucl-th] 

𝐺∗ : Symmetrized correlation function 

𝛿Π : Hydrodynamic fluctuation 



E
n

tr
o

p
y
 

fluctuation 

dissipation 

Thermal equilibrium state 

= Maximum entropy state 

Balance between 

fluctuation and 

dissipation  
 Stability of the 

thermal equilibrium 

state 



𝛿Π𝜔,𝒌
∗ 𝛿Π𝜔′,𝒌′ = 2𝜅

2𝜋 4𝛿(𝜔 − 𝜔′) 𝛿 3 (𝒌 − 𝒌′)

1 + 𝜔2𝜏2
 

𝐺𝑅 𝑡, 𝑡′ = 
𝜅

𝜏
exp −

𝑡 − 𝑡′

𝜏
𝜃(𝑡 − 𝑡′) 

 Colored noise!  

 (Indirect) consequence of causality 

K. Murase and TH, arXiv:1304.3243[nucl-th] 



Π 𝑥 =   𝑑4𝑥′𝐺𝑅 𝑥, 𝑥′ 𝐹 𝑥′ + 𝛿Π(𝑥) 

Integral form 

Differential form 

𝜏
𝑑Π 𝑥

𝑑𝑡
+ Π 𝑥 = 𝐹 𝑥 + 𝜉 𝑥  

K. Murase and TH, arXiv:1304.3243[nucl-th] 

𝜉 = ℒ 𝑑 𝑑𝑡 𝛿Π: white noise 

 No longer colored noise 

 Practically convenient 



Ideal hydro 

(1G hydro) 

Dissipative hydro 

(2G hydro) 

Fluctuating hydro 

(3G hydro) 

No dissipation 

Wave propagation 

Towards 

equilibrium 

Fluctuating 

around mean 

value 



𝑣2 2 2 
= 𝑣2

2 + 𝛿𝑣2
2 

𝑣2 visc. < 𝑣2 ideal < 𝑣2 fluc.  (!?) 

𝜎: Coarse graining size 

Fluctuation of 𝒗𝟐  
 Information about thermal fluctuation 

v2 from two particle 

correlation/cumulant 



R.Kurita, K.Nagai, K.Murase and TH, in preparation 



𝑑𝑒

𝑑𝜏
= −

𝑒 + 𝑃 𝑒

𝜏
1 −

𝜋 − Π

𝑠𝑇
 

𝜏Π
𝑑Π

𝑑𝜏
+ Π = −

𝜁

𝜏
+ 𝜉Π 

Equation of motion 

Stochastic constitutive equations 

𝑒 : Energy density 

𝑃 : Pressure 

𝑠 : Entropy density 

Π : Bulk pressure 

𝜂 

𝜏𝜋, 𝜏Π 

: Shear viscosity 

: Relaxation time 

Hydrodynamic 

noises! 

𝜏𝜋
𝑑𝜋

𝑑𝜏
+ 𝜋 =

4𝜂

3𝜏
+ 𝜉𝜋  

𝜁 : Bulk viscosity 
Shear: 

Bulk: 

𝜋 : Shear stress 



Y.Asakawa, T.Hatsuda,Phys.Rev.D55, 4488 (1997) 

  
  

E
ff

e
c

ti
v
e

 d
.o

.f
. 

 

                          𝑇 (MeV)                 

𝑑eff = 𝑑𝐻
1 − tanh

𝑇 − 𝑇𝑐
𝑑

2
+ 𝑑𝑄

1 + tanh
𝑇 − 𝑇𝑐
𝑑

2
 

 

𝑑𝐻 = 3 

𝑑𝑄 = 37 

𝑇𝑐 = 170 MeV 

𝑑 = 𝑇𝑐/50 

𝑠 𝑇 = 𝑑eff
4𝜋2

90
𝑇4 

𝑝 𝑇 =  𝑠 𝑇′ 𝑑𝑇′
𝑇

0

 

𝑒 = 𝑇𝑠 − 𝑝 

Effective degree of freedom  



𝜁

𝑠
 

𝜂

𝑠
 

Caveat: Just for demonstration! 

𝜂

𝑠
=

1

4𝜋
 

𝜁

𝑠
= 15

1

3
− 𝑐𝑠

2

2
𝜂

𝑠
 

Shear viscosity 

Bulk viscosity 

Relaxation time 𝜏𝜋 = 𝜏Π =
3𝜂

2𝑝
 

P.Kovtun et al., PRL94, 111601 (2005) 

S.Weinberg, Astrophys.J.168, 175 (1971) 



𝜉𝜋
𝜇𝜈(𝑥)𝜉𝜋

𝛼𝛽(𝑥′) = 4𝑇𝜂Δ𝜇𝜈𝛼𝛽𝛿(4) 𝑥 − 𝑥′  

Δ𝜇𝜈𝛼𝛽 =
1

2
Δ𝜇𝛼Δ𝜈𝛽 + Δ𝜇𝛽Δ𝜈𝛼 −

1

3
Δ𝜇𝜈Δ𝛼𝛽 

F.D.R. for shear viscosity 

Δ𝜇𝜈 = 𝑔𝜇𝜈 − 𝑢𝜇𝑢𝜈 

Bjorken expansion case 𝑢𝜇 = (cosh 𝜂𝑠 , 0, 0, sinh 𝜂𝑠) 

𝜋 = 𝜋00 − 𝜋33 ⟹ 𝜉𝜋 = 𝜉𝜋
00 − 𝜉𝜋

33 



⟹
4𝑇𝜂

Δ𝜏Δ𝑉
Δ0000 − 2Δ0033 + Δ3333 =

8𝑇𝜂

3Δ𝜏Δ𝑉
 

Δ𝜂𝑠 = 1, Δ𝑥 = Δ𝑦 = 1 (fm) Δ𝑉 =  𝜏Δ𝜂𝑠Δ𝑥Δ𝑦, 

𝜉𝜋 𝑥 𝜉𝜋 𝑥′ = 𝜉𝜋
00𝜉𝜋

00 − 2 𝜉𝜋
00𝜉𝜋

33 + 𝜉𝜋
33𝜉𝜋

33  

Magnitude of fluctuation in discretized space-time 

Need F.D.R. for  𝜉𝜋 = 𝜉𝜋
00 − 𝜉𝜋

33 

Width of Gaussian white noise  prop. to inverse volume 



Initial conditions 

𝑇0 = 0.22 GeV 

𝜋0 = Π0 = 0 

𝜏0 = 1 fm 

Perfect fluid 

Viscous fluid 

Fluctuating hydro 



Fixed initial condition 

 Final entropy fluctuation  

due to hydrodynamic noises 

Perfect fluid 

Viscous fluid 

Fluctuating hydro 



 Fluctuating entropy around mean value 





𝑑 𝑠𝜏

𝑑𝜏
=
𝜋 − Π

𝑇
≶ 0 

𝑑 𝑠𝜏

𝑑𝜏
=
𝜏

𝑇

3𝜋2

4𝜂
+
Π2

𝜁
≥ 0 

Israel-Stewart formalism 

Constitutive 

equations designed 

to obey the 2nd law 

of thermodynamics 
 Non-linear 

response 

Fluctuating hydro 

Entropy production 

 Not positive definite 

due to hydrodynamic 

noises 
 The 2nd law of 

thermodynamics on 

(ensemble) average 



R.Kurita, K.Nagai, K.Murase and TH, in preparation 



𝑃 𝜎 = 𝐴

𝑃 𝜎 = −𝐴
= 𝑒𝐴𝑡 

𝜎 𝑡 =
1

𝑡
 𝜎 𝑠 𝑑𝑠
𝑡

0

 Entropy production rate 
averaged over 0 < 𝑠 < 𝑡 

 𝑃 𝜎 : Probability 

distribution of entropy 

production rate 

𝑃 𝜎  

𝑃 𝜎 = 𝐴  𝑃 𝜎 = −𝐴  

Probability of negative 

entropy production 
 Quantified through 

fluctuation theorem! 
𝜎  𝐴 −𝐴 0 

D.J.Evans et al., PRL71,2401(1993); G.Gallavotti and E.G.D.Cohen, PRL74, 2694(1995); 

D.J.Evans and D.J.Searles, PRE52, 5839(1995). 



Consequence of fluctuation 

theorem in Bjorken expansion 

∆𝑆fin
𝑆fin

=
2 ∆ 𝜏𝑠

𝜏0𝑠0 + ∆ 𝜏𝑠

1

∆𝜂𝑠Δ𝑥Δ𝑦
 

Δ 𝜏𝑠 : Average entropy production 

per volume of local thermal system 



The number of independent local thermal 

system: 

𝑁 =
𝑆 𝑏

Δ𝑥Δ𝑦
 

Δ𝑆tot
𝑆tot

=
1

𝑁

∆𝑆fin
𝑆fin

=
2 ∆ 𝜏𝑠

𝜏0𝑠0 + ∆ 𝜏𝑠

1

∆𝜂𝑠𝑆 𝑏
 

≤
1

2𝜏0𝑠0

1

∆𝜂𝑠𝑆 𝑏
=

1

2𝑆ini
 

Δ𝑥 
Δ𝑦 

Theorem: Upper bound of total entropy 

fluctuation in Bjorken expansion 



p-p collision 

𝜎in = 61 mb at LHC 

1

𝜎in
~0.4 − 0.5 

𝜎in = 42 mb at RHIC 𝑅 = 6 fm 

𝑏  (fm) 

1 𝑆
  
(f
m

−
1
) 

𝑆 

Enhancement of 

fluctuation effects 

in small system 

𝑏 



• Formulation of relativistic 

fluctuating hydrodynamics for 

consistency to describe viscous 

fluid evolution on an event-by-

event basis 

• Entropy fluctuation from hydro 

noise 

• Fluctuation theorem in the context 
of heavy ion collisions 

• Themal fluctuation in small system 



𝜂 = lim
𝜔→0

lim
𝑞→0

1

2𝜔
 𝑑𝑡𝑑𝑥 𝑒𝑖(𝜔𝑡−𝑞𝑥) 

× 𝑇𝑥𝑦 𝑡, 𝑥 , 𝑇𝑥𝑦(0,0)  

Slow dynamics  How slow? 
• Macroscopic time scale ~ 1 𝜔   
𝑡"macro" 

• Microscopic time scale 𝜏 
cf.) Long tail problem (liquid in 2D, 

glassy system, super-cooling, etc. ) 



Constitutive 

equations at Navier-

Stokes level 
𝜋𝜇𝜈 = 2𝜂𝜕<𝜇𝑢𝜈>,  
Π = −𝜍𝜕𝜇𝑢

𝜇 , 

… 

𝑡 

thermodynamics force 

𝑡0 

𝐹
 o
r 
𝑅
/𝜅

 

Realistic response 

Instantaneous response 

violates causality 

 Critical issue in 

relativistic theory 

 Relaxation plays an 

essential role 

𝜏 



Π 𝑡 =   𝑑𝑡′𝐺𝑅 𝑡, 𝑡′ 𝐹 𝑡′   

Linear response to thermodynamic force 

Retarded Green function (as an example) 

𝐺𝑅 𝑡, 𝑡′ = 
𝜅

𝜏
exp −

𝑡 − 𝑡′

𝜏
𝜃(𝑡 − 𝑡′) 

Differential form 

Π 𝑡 = −
Π 𝑡 − 𝜅𝐹 𝑡

𝜏
 , 

Maxwell-Cattaneo Eq. (simplified Israel-

Stewart Eq.) 

𝑣signal = 
𝜅

𝜏
< 𝑐 



Suppose entropy production rate obeys 

Gaussian 

𝑃 𝜎 =
1

2𝜋𝑎2
exp −

𝜎 − 𝜎 2

2𝑎2
 

2 𝜎 

𝑎2
= 𝑡 

From fluctuation theorem, 

𝑃 𝑆fin ∝ exp −
𝑆fin − 𝑆fin

2

2 2 𝜎 𝑡
2  

⟹ 𝑡𝑎 = 2 𝜎 𝑡 



Rayleigh-Taylor instability 

Non-linearity, instability, dynamic critical phenomena,… 

Kelvin-Helmhortz  instability 

Figures from J.B.Bell et al., ESAIM 44-5 (2010)1085  

Ex.) Seeds for instabilities 



𝜏𝜋
𝑑𝜋

𝑑𝜏
+ 𝜋 =

4𝜂

3𝜏
+ 𝜉𝜋  
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Femtoscopic	  signature	  of	  strong	  radial	  flow	  	  
in	  high-‐mul7plicity	  pp	  collisions	  

[arXiv:1412.0063]	  
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2	

"Collec9vity	  in	  Small	  Colliding	  Systems	  
with	  High	  Mul9plicity"	

Radial	  flow	  in	  pp	  collisions	  ?	

HBT	  radii	



Outline	

•  Introduc9on	  
– HBT	  interferometry	  
– Data	  from	  ALICE	  

•  Method	  
– Gubser	  flow	  +	  laPce	  EOS	  

•  Results	

3	



Hanbury-‐Brown	  Twiss	  interferometry	

4	

1	

2	



out-‐side-‐long	  parametriza9on	

5	

side	

out	

long	

[PraW	  (1986)]	  
[Bertsch,	  Gong,	  Tohyama	  (1988)]	  



out/side	  ra9o	  @pp	  from	  ALICE	  (2011)	

6	



Radial	  flow	  in	  pp?	

•  We	  use	  hydro	  
•  We	  have	  to	  parametrize	  the	  strength	  of	  radial	  flow	  
–  Axisymmetric	  &	  boost	  invariant	  

	

7	



Radial	  flow	  in	  pp?	

•  We	  use	  hydro	  
•  We	  have	  to	  parametrize	  the	  strength	  of	  radial	  flow	  
–  Axisymmetric	  &	  boost	  invariant	  

	

8	

Gubser	  flow	



Gubser	  flow	

9	

[Gubser	  (2010)]	  

Parameters:	  	

fixed	  by	  mul9plicity	



Equa9on	  of	  state	  from	  laPce	

10	
[Wuppertal-‐Budapest	  coll.(2014)]	  

Evolved	  with	  laPce	  EOS	  aher	  0.6	  fm	

Gubser	  solu9ons	  are	  for	  conformal	  EOS	



q	  indicates	  the	  strength	  of	  radial	  flow	

11	

q=0.7/fm q=1.7/fm 

Large	  radial	  flow Small	  radial	  flow 



Two-‐par9cle	  Correla9on	  func9on	

12	

Freezeout	  surface	 MC	  sampling	  of	  par9cles	

Two-‐par9cle	  correla9on	  	

-‐	  evaluated	  in	  the	  longitudinally	  comoving	  system	

Radii	  are	  determined	  by	  3D	  fiPng	



HBT	  volume	  	

13	
13	



out/side	  ra9o	

14	
14	



Why	  out/side	  ra9o	  is	  small	  for	  large	  radial	  flow?	

15	

:	  dist.	  of	  pair	  displacements	

side	

out	



out-‐side	
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17	

Gaussian	  parametriza9on	  of	  displacements	



9me-‐side	

18	q=1.5/fm	  (large	  flow) 
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19	

Low	  kt:	  	

High	  kt:	  	

Why	  out/side	  ra9o	  is	  suppressed	  at	  hight	  kt	  
	  for	  large	  radial	  flow?	



Summary	
•  Radial	  flow	  in	  high-‐mul9plicity	  pp	  collisions?	  
•  Calculated	  HBT	  radii	  @pp	  
– Gubser	  +	  laPce	  EOS	  

•  PreWy	  strong	  radial	  flow	  [	  q	  ~	  1.7	  /fm	  ]	  

20	
20	



Backup	  slides	

21	



HBT	  radii	

22	
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What is the meaning of cumulants? 
--what can and can’t be learned from it 

Jiangyong Jia 

1 3/4-3/6, 2015, BNL 

collaboration with Sooraj Radhakrishnan 

!  How are cumulants affected by flow & nonflow? 
!  How to suppress & subtract nonflow? 
!  How are cumulants affected by p(vn)? 



The precise meaning of cumulant data?  2 

negative c2{4} or real v2{4}  
Onset of collectivity? 

 What “v2{2k} ≈ same”  means? 
p(vn)~Gaussian?, ~power? 

p+Pb p+Pb 

Bzdak, McLerran, Ollitrault, Li, Art….  



!  d 

3 

p(vn) & nonflow 



The precise meaning of cumulant? 

!  Average combinations in one event, then average over events 

4 

!  Q-cumulant method allow determination in one pass, but with 
careful removal of duplicate terms, i.e. 

ϕ1≠ϕ2 
ϕ1≠ϕ2≠ϕ3≠ϕ4 

ϕ1=ϕ2≠ϕ3≠ϕ4 ϕ1=ϕ2=ϕ3≠ϕ4 ϕ1=ϕ2=ϕ3=ϕ4  + permutations 

Nicolas, Jean-Yves, Ante, Ramond,Sergi,… 



Direct cumulant or Q-cumulant 5 

single particle quantity! 
Non-flow? 

Is non-flow removed by the duplicate terms i.e. is 
non-flow suppressed within each event? or is it 
suppressed by averaging over the events? 

1 

2 

Non-flow in this talk = “Non-flow” + statistical fluc. from finite N 



Removing non-flow in each event? 6 

!  To see if one can cancel nonflow in each event, define cumulant EbyE. 

… 

!  Cumulant expression 

2{2k}nv’
0 0.02 0.04 0.06

1

10

210

310

410 2{2}nv’
2{4}nv’
2{6}nv’
2{8}nv’

2
nq

=0.05nN=250, v

Difference
-0.006 -0.004 -0.002 0 0.0021

10

210

310

410 2
n q- 2{4}nv’

2
n q- 2{6}nv’

2
n q- 2{8}nv’

Dominated by fluc. in qn 
non-flow not removed event by event 



Can we estimate vn{2k} directly from p(qn)? 
!  Simulation pPb hijing w/o and with v =0.1 flow.  

!  Calculate EbyE flow vector qn and group them according to multiplicity N. 
!  Calculate the cumulants of flow vectors, ignore duplicate terms 

7 

q
0 0.1 0.2 0.3 0.4

p(
q)

1

10

210

310
p+Pb HIJING,N=80

w/o flow
with flow, v=0.1

q
0 0.1 0.2 0.3 0.4

p(
q)

1

10

210

310
p+Pb HIJING, N=200

w/o flow
with flow, v=0.1

5.02 TeV 

Non-flow strongly suppressed all 
the way to N~80 in 4p correlation 
 

Nevertheless non-zero 

N
0 100 200 300 4000

0.05

0.1

0.15

HIJING+flow q{2}
HIJING+flow q{4}
 
 

p+Pb HIJING 5.02 TeV

N
0 100 200 300 4000

0.05

0.1

0.15

HIJING+flow q{2}
HIJING+flow q{4}
HIJING only q{2}
HIJING only q{4}

p+Pb HIJING 5.02 TeV

qn{4} from pure 
HIJING,  
 
cn{4}=-qn{4}4 value 
is much smaller 

vn{2k} can be calculated directly from p(qn) with good precision! 



Direct cumulant or Q-cumulant 8 

Single particle quantity These terms are not important! 

1 

!  Non-flow can’t be suppressed within each event! 
!  Non-flow is suppressed by averaging over the events! 



How non-flow contribute to cumulant? 

!  For each event 

9 

Generating func.: 

Therefore: 

!  If flow v and nonflow s are uncorr, then their cumulants are additive 
Use slightly different notation 

Drop subscript n and use cx{2k} to represent cn{2k} calculated from p(x) distribution 



N
0 100 200 300 4000

0.05

0.1

0.15

HIJING+flow q{2}
HIJING+flow q{4}
HIJING only q{2}
HIJING only q{4}

p+Pb HIJING 5.02 TeV

Subtract non-flow contribution 

!  Near perfect improvements on q{2} in general. 
!  Good improvement on q{2k} in small N, but not sufficient, why? 

10 

N
0 20 40 60 80 1000

0.1

0.2

HIJING+flow q{2}
HIJING+flow q{4}
 
 
 
 

p+Pb HIJING 5.02 TeV

N
0 20 40 60 80 1000

0.1

0.2

HIJING+flow q{2}
HIJING+flow q{4}
HIJING only s{2}
HIJING only s{4}
 
 

p+Pb HIJING 5.02 TeV

N
0 20 40 60 80 1000

0.1

0.2

HIJING+flow q{2}
HIJING+flow q{4}
HIJING only s{2}
HIJING only s{4}
nonflow sub v{2}
nonflow sub v{4}

p+Pb HIJING 5.02 TeV



Trivial correlation between non-flow and flow 

!  Terms like                               all non-zero, but 1/N,1/N2…suppressed  
!  Evaluated by relating moments for the sample with moment for the population     
  

11 

v 

q 

s v=vx+ivy s=sx+isy 
q=v+s 

!  Consider random fluc. around v, flow vector chosen along x-axis 

!  Presence of flow v suppresses statistical fluctuation in flow direction! 



Resulting corrections 12 

!  For 2nd order: 

!  4th order: 

!  6th order: 

NO correction for 2PC! 



N
0 20 40 60 80 1000

0.1

0.2

HIJING+flow q{4}
HIJING only s{4}
nonflow sub v{4}
nonflow sub+corr v{4}

Applying corrections in simulation for cn{4} 13 

N
0 20 40 60 80 1000

0.1

0.2

toy+flow q{4}
toy only s{4}
nonflow sub v{4}
nonflow sub+corr v{4}

!  Improves the behavior at small N  

HIJING pPb 

Toy 

4% residual 
derivations 
" about 20% 
for c{4} 

Perfect recovery in Toy! 

Shown by magenta 

Can we correct in a data-driven way? 



Estimating non-flow distribution in data 14 

!  The nonflow fluctuations estimated from difference of two sub-events. 
!  It works as long as long-range-nonflow is small (further suppressed by Δη gap) 
!  Gap not important for s{4} and higher-order, but could be for s{2}.  

A B 
η 

JJ, S. Mohapatra 1304.1417 



Subtracting non-flow distribution 15 

ATLAS obtain p(v) via unfolding p(s) from p(q): 1305.2942 

But for cumulants, just calculate: 

Works within ~% for higher-order cumulants 



Non-flow suppression via 2 subevent method 16 

N
0 20 40 60 80 1000

0.1

0.2

HIJING+flow q{4}
HIJING only s{4}
nonflow sub v{4}
nonflow sub+corr v{4}
nonflow 2sub event. v{4}

N
0 20 40 60 80 100

-0.2

-0.1

0 10×

{4}qHIJING+flow c
{4}vnonflow sub c

{4}vnonflow sub+corr. c
{4}vnonflow 2sub event. c

The method works well for 4 and higher-order cumulant,         
sometimes even better than the correction method. 
 

v{4} 

c{4} 

Green symbols 



Non-flow suppression via 2 subevent method 
!  Performance is not as good for v{2}: due to dominance of non-flow, 

imprecision from 2sub event method can not be neglected 

17 

N
0 50 100 150 2000

0.05

0.1

0.15

HIJING+flow q{2}
HIJING only s{2}
nonflow sub v{2}
nonflow 2sub event. v{2}

N
0 100 200 300 4000

0.05

0.1

0.15

HIJING+flow q{2}
HIJING only s{2}
nonflow sub v{2}
nonflow 2sub event. v{2}

c{2} 

c{2} 

The residual effects is 
about 10% of v{2} for 
N<100, and decrease 
as 1/√N at large N 

Correlation is only needed for non-flow, but not for flow! 



How are cumulants affected by p(vn)? 

18 



The precise meaning of cumulant data?  19 

negative c2{4} or real v2{4}  
Onset of collectivity? 

 What “v2{2k} ≈ same”  means? 
p(vn)~Gaussian?, ~power? 

p+Pb p+Pb 

Bzdak, McLerran, Ollitrault, Li, Art….  

v{2k} depend on p(v) shape! 

? 
? 



For narrow distributions 20 

!  Simple central-moment expansion 

!  Keep up to θ4: 

!  v{4}≈v{6}≈… 
Cumulants mainly sensitive to mean and width of p(v). 
Other details lead to only tiny differences between v{4},v{6},… 

JJ, S. Radhakrishnan 1412.4759 



Are cumulants sensitive to non-Gaussianity? 

!  Divide B-G distri. to 2 equal parts, and calculate cumulants separately. 

 

!  Differences between v{4}, v{6},… are very small 

21 

n
v

0 0.05 0.1 0.15 0.2 0.25 0.3
-210

-110

1

10

210

A B 
p(vn )∝ vn exp

−(vn
2 + (vn

0 )2

2δn
2

!

"
##

$

%
&& I0 (

vnvn
0

δn
2
)

 choose vn
0=δ√2 

1.414      1             1           1  
0.851      0.759     0.746     0.744 
1.809      1.690     1.701     1.701 

In units of vn
0  

A 
B 

all 

Higher-order cumulants not very sensitive to p(v) beyond mean and width? 



For very broad distribution (example) 

!  In principle can’t use the c2{4}<0 as sign of onset of collectivity 
!  Unless we have some a priori knowledge of its shape, i.e. close to BG 

22 

vn{2k} similar when central-moments<<moments 

Negative v{2k} # cn{2k} wrong sign 



How cumulants depends on p(v)? 23 

!  Cumulant defined via: 

!  Redefine to absorb sign: 

!  ak = 1, 1, 4, 33, 456 … defined by 

!  This way the flow values can be calculated as 

!  Convergence of               requires                                      has 0 in 
complex plane, i.e. LYZ method. 
!  Necessary but not sufficient condition when p(v) is non-Gaussian. 

lim
k→∞
v{2k}

# c = limsupk→∞ akk = Rconv c = lim
k→∞

akk, but                    may not exist 



Behavior of v{2k} from narrow to broad 
!  Consider v{2k} for a flat p(v), width dialed by a 
!  As p(v) become broader, v{2k} converges more 

slowly, and eventually flip sign. 

24 

k
0 50 100 150 200

v{
2k
}

-0.5

0

0.5

1

a=0.4 a=0.6 a=0.78 a=0.782 a=0.8 a=1.0

Need all cumulants to understand p(v) if it is far from 
Gaussian. So why not just measure/calculate p(v) or p(q)? 



Behavior of v{2k} from narrow to broad 
!  Consider v{2k} for a flat p(v), width dialed by a 
!  As p(v) become broader, v{2k} converges more 

slowly, and eventually flip sign. 

25 

k
0 50 100 150 200

v{
2k
}

-0.5

0

0.5

1

a=0.4 a=0.6 a=0.78 a=0.782 a=0.8 a=1.0

Need all cumulants to understand p(v) if it is far from 
Gaussian. So why not just measure/calculate p(v) or p(q)? 

10% precision not enough 
to learn details of p(v) 



p(q) form initial state color fluc? 

!  May imply the related p(v) is strongly non-Gaussian 
!  To understand the correlations from coherent color field, one 

could just calculate p(q), since cq{2k} � cv{2k}! 

26 

Adrian, Larry, Vladmir 1412.5191 

A is q without connected terms 



Summary 
!  Studied how cumulants depends on flow and nonflow  

!  Non-flow suppressed by averaging over the events, not in each event 
!  Hence p(qn) contains ≈ full information of flow & nonflow 

!  qn is a single particle quantity: 

!  Since                     for each event, non-flow contribution to cumulants 
can be subtracted order-by-order 
!  Data-driven two-subevent method allow subtraction nonflow and coupling 

between flow and non-flow due to trivial statistics 
!  Correlations are need only for nonflow removal, not for flow. 

!  vn{2k} is influenced or even dominated by non-Gauss. of p(vn) 
!  Especially important in small system where flow & nonflow (initial color field) 

can be large. 
!  In this case, probably p(qn) is a simpler quantity to measure/calculate. 
!  v2{2k} data need to have much smaller uncertainty to have meaningful 

constraints on p(v2). 
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Size, shape, and dissipative length  
in small colliding systems 

Yin Jiang 

In collaboration with Jinfeng Liao 

Indiana University 

1 

Workshop of collectivity in small colliding systems with high multiplicity 



Outline 

• Motivation 

• Wave function 

• Density distribution 

• Eccentricity 

• Dissipative length 

• Conclusions 

2 



Motivations 

• pA and pp collisions’ high multiplicity probe rare 

fluctuations. 

• Proton’s spatial eccentricity may be reflected in the 

final-state flow. 

• The validity of the fluid description for small systems. 

  Proton size and shape fluctuation (density, radius and  

eccentricity distribution).  Motivated by 1301.5911  

  Dissipative length for a small system 

3 



Wave function 

• Cornell potential 𝑉 𝑟 = −
𝜎

𝑟
+ 𝜅 𝑟 

• Two body wave function behavior 

• 𝑟 → 0, 𝜙 → 𝑒−𝑎 𝑟 

• 𝑟 → +∞ , 𝜙 → 𝑒−𝑏 𝑟
3
2/(𝑐 𝑟)1/4 

• Interpolation 

• 𝜙 = exp ,−𝑎 𝑟 − 𝑏 𝑟
3

2 − 𝑎 𝑟
𝑐 𝑟 2

𝑐 𝑟 2+1
−  

1

2
ln 𝑐 𝑟 + 1 - 

4 



Wave function 
• 3-body ground state, variational method 

• Ψ 𝑟 1, 𝑟 2, 𝑟 3; 𝑎, 𝑏, 𝑐  

= 𝜙 𝑟 2 − 𝑟 1 𝜙 𝑟 3 − 𝑟 2 𝜙 𝑟 1 − 𝑟 3  

= 𝜙 𝑢 𝜙
1

2
𝑢 + 𝑣 𝜙

1

2
𝑢 − 𝑣  

• Given 𝑢 = 𝑟 2 − 𝑟 1 , 𝑣 =
1

2
𝑟 1 + 𝑟 2 − 𝑟 3  and angle 

𝑢 ∙ 𝑣 = 𝑢 𝑣 cos 𝜑 , the shape of the triangle and the 

wave function is determined. 

 5 

1 

2 3 

𝑢 

𝑣  



Transverse density 
• Given 𝑢,  𝑣 and angle 𝜑, the shape of the 

triangle and the value wave function are 

determined. 

 

 

 

 

 

1 

2 3 

Mass 
Center 

Same probability 

Gauss 
smearing(𝜍) 

𝜃 
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Transverse density 
• The orientation of the triangle plane normal 

(sin 𝛼 cos 𝛽 , sin 𝛼 sin 𝛽 , cos 𝛼) is random.  

 

 

 

• We get the final distribution  

𝑓(𝑥, 𝑦, 𝑧; 𝑢, 𝑣, cos𝜑 , 𝜃, cos 𝛼 , 𝛽)               

g =  𝑑𝑧 𝑓(𝑥, 𝑦, 𝑧, 𝑢, 𝑣, cos𝜑 , 𝜃, cos 𝛼 , 𝛽) 

 

 

 

Normal 

Beam 

 𝛼, 𝛽 

Boost 
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Some events 

𝜍=0.1fm 

𝜍=0.5fm 

𝜍=0.3fm 
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Some events 

cos𝛼=0 

cos𝛼=0.5 

cos 𝛼=1 
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Nucleon thickness function 

• The averaged 2D density distribution of the 

proton as 

𝜌 𝑟 = 𝑥2 + 𝑦2  

=  𝑑𝑢 𝑑𝑣 𝑑 cos𝜑 𝑢2𝑣2  
1

8𝜋2
 𝑑 cos 𝛼 𝑑𝛽 𝑑𝜃 𝑔 Ψ2 𝑢, 𝑣, 𝜑  

• *𝑢, 𝑣, cos𝜑+ obey distribution 𝑢2𝑣2 Ψ2 𝑢, 𝑣, 𝜑  

• *𝛼, cos 𝛽 , 𝜃+ obey uniform distribution. 
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Nucleon thickness function 

• Gauss smearing width 𝜍 dependence. 
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Average radius distribution 
• Gauss smearing width 𝜍 dependence. 
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Eccentricity 
• For a given event *𝑢, 𝑣, cos𝜑 , 𝛼, cos 𝛽 , 𝜃+ , 

transverse distribution 𝜌(𝑟, 𝜉) is anisotropic. 

• Eccentricity 

𝜖𝑛 = cos(𝑛 𝜉 − 𝑛 Φ𝑛)  

• Event plane angle 

𝑛 Φ𝑛 = arctan sin(𝑛 𝜉) / cos(𝑛 𝜉)  

• Determining the  𝜖𝑛(𝑢, 𝑣, cos𝜑 , 𝛼, cos 𝛽 , 𝜃) by 

using the distribution of *𝑢, 𝑣, cos𝜑 , 𝛼, cos 𝛽 , 𝜃+  . 
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Eccentricity 

• Gauss smearing width 𝜍 dependence. 

• 𝜖2(𝜍) 
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Eccentricity 

• Gauss smearing width 𝜍 dependence. 

• 𝜖3(𝜍) 
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Correlations 
• 𝜍=0.1fm 
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Correlations 
• 𝜍=0.3fm 
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Correlations 
• 𝜍=0.5fm 
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Correlations 
• 𝜍=0.1fm 
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Correlations 
• 𝜍=0.3fm 
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Correlations 
• 𝜍=0.5fm 
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Correlations 
• 𝜍=0.1fm 
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Correlations 
• 𝜍=0.3fm 
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Correlations 
• 𝜍=0.5fm 
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Dissipative length 

• Hydrodynamic valid with small Knudsen number 

Kn = 𝑙/𝐿 

• Dissipative length in relativistic fluid 

    𝑙 =
𝜂

𝑠

1

𝑐𝑠𝑇
                    Kn =

𝜂

𝑠

1

𝑐𝑠𝑇𝐿
 

• Keeping 𝑆 = 𝑠𝐿3 ≈ 𝑐𝑜𝑛𝑠𝑡  

• High temperature 𝑠/𝑇3 ≈ 𝑐𝑜𝑛𝑠𝑡, 𝑐𝑠 ≈ 𝑐𝑜𝑛𝑠𝑡. 

 

Phys. Rev. C 81, 014902  
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Dissipative length 

• Squeezing the system  𝐿′ = 𝐿/𝜆, 𝜆 > 1 

• 2D case 𝑠′ = 𝑠 𝜆2, 𝑇′ = 𝑇 𝜆2/3, 𝑙′ =
𝜂

𝑠 𝑇′

𝜆−2/3

𝑐𝑠𝑇
    

 then 𝐾𝑛′ = 𝜆1/3
𝜂

𝑠 𝑇′
/
𝜂

𝑠 𝑇
𝐾𝑛 

• 3D case 𝑠′ = 𝑠 𝜆3, 𝑇′ = 𝑇 𝜆, 𝑙′ =
𝜂

𝑠 𝑇′

𝜆−1

𝑐𝑠𝑇
   

  then 𝐾𝑛′ =
𝜂

𝑠 𝑇′
/
𝜂

𝑠 𝑇
𝐾𝑛 

𝑙 =
𝜂

𝑠

1

𝑐𝑠𝑇
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Conformal case 

• In conformal case 𝜂/𝑠 is a constant. 
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Temperature dependence 

•  We set 𝑇 = 2𝑇𝑐. 

𝜂/𝑠 Nucl.Phys. A769 (2006) 
 

2D 
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3D 



Conclusions 

• We calculated proton’s ground state wave 

function with variational method. 

• The large radius events may have a observable 

probability. Eccentricities are not so small. 

• The Knudsen number is mainly controlled by 

the temperature dependence of 𝜂/𝑠. Fluid 

could be applicable for small systems. 
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Thank you! 
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Collective behavior in  
small colliding systems

I. Kozlov, M. Luzum, G. Denicol, S. Jeon, C. Gale  
(1405.3976,1412.3147) 
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Correlations in 7TeV pp collisions 

13 

 
Pronounced structure at large δη around δφ ~ 0 ! 

Intermediate pT: 1-3 GeV/c 
MinBias high multiplicity (N>110) 

Figure 7 

Results based on 1fb-1,  
i.e. sampling 50billion pp events  

with high multiplicity trigger 
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Pronounced structure at large δη around δφ ~ 0 ! 

Intermediate pT: 1-3 GeV/c 
MinBias high multiplicity (N>110) 

Figure 7 

Results based on 1fb-1,  
i.e. sampling 50billion pp events  

with high multiplicity trigger 
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• Modify Glauber model + use MUSIC by 
Schenke, Jeon & Gale, PRL 106 (2011)

• Check whether experimental data can be 
described with hydrodynamics

• Introduce a more stringent test on 
hydrodynamics (observable        ), which 
gives another handle to explore HIC

Are particle azimuthal anisotropies due to hydro?

rn
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Glauber + rapidity distribution

p Pb
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• sample participants 

• add sources 

• add NBD fluctuations 

• increase 

Glauber
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Glauber+NBD
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pp multiplicity with Glauber+NBD
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In small systems         affects both  
fluctuations and system size 

Transverse granularity

8
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Comparing
hydro calculations to

existing pA data 
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� = 0.4fm ⌘/s = 0.08Start with:



pPb flow observables: CMS & hydro
v̄2{4}
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CMS 1211.0989   McGill, LBNL 1405.3976



� = 0.4fm⌘/s = 0.08

v̄2{4}
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experiment:
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Comparing       predictions to CMS data
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Comparing       predictions to CMS data

20

 (GeV/c)T
assoc - pT

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttri

g
(p 3r

0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

<260trk
offline N≤220 

 < 1.5 GeV/c
T
trig1.0 GeV/c < p

 (GeV/c)T
assoc - pT

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttri

g
(p 3r

0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

<220trk
offline N≤185 

CMS Preliminary
 = 5.02 TeVNNspPb  

 (GeV/c)T
assoc - pT

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttri

g
(p 3r

0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

<185trk
offline N≤150 

 (GeV/c)T
assoc - pT

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttri

g
(p 3r

0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4

<150trk
offline N≤120 

 (GeV/c)T
assoc - pT

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttri

g
(p 2r

 < 2.0 GeV/c
T
trig1.5 GeV/c < p

CMS
Kozlov and Luzum

 (GeV/c)T
assoc - pT

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttri

g
(p 2r

3r

 (GeV/c)T
assoc - pT

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttri

g
(p 2r

 (GeV/c)T
assoc - pT

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttri

g
(p 2r

 (GeV/c)T
assoc - pT

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttri

g
(p 2r

 < 2.5 GeV/c
T
trig2.0 GeV/c < p

 (GeV/c)T
assoc - pT

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttri

g
(p 2r

 (GeV/c)T
assoc - pT

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttri

g
(p 2r

 (GeV/c)T
assoc - pT

trigp
0 0.5 1 1.5 2

)
Tas

so
c

,p
Ttri

g
(p 2r

 (GeV/c)T
assoc - pT

trigp
0 0.5 1 1.5 2 2.5

)
Tas

so
c

,p
Ttri

g
(p 3r

 < 3.0 GeV/c
T
trig2.5 GeV/c < p

 (GeV/c)T
assoc - pT

trigp
0 0.5 1 1.5 2 2.5

)
Tas

so
c

,p
Ttri

g
(p 3r

 (GeV/c)T
assoc - pT

trigp
0 0.5 1 1.5 2 2.5

)
Tas

so
c

,p
Ttri

g
(p 3r

 (GeV/c)T
assoc - pT

trigp
0 0.5 1 1.5 2 2.5

)
Tas

so
c

,p
Ttri

g
(p 3r

r3

tw
ik

i.c
er

n.
ch

/tw
ik

i/p
ub

/C
M

SP
ub

lic
/P

hy
si

cs
Re

su
lts

H
IN

14
01

2

1

pa
T ⌘ ptrig

T

D
ev

et
ak

 fo
r C

M
S 

Q
M

 2
01

4

m
ul

tip
lic

ity



Conclusion
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• Hydrodynamics can reasonably describe: 

‣  pPb system at high multiplicity 
                                               and     

‣  pPb and PbPb effects with one set of parameters 
           e.g. different        lead to remarkably similar   

•         predictions provide another handle to explore HIC 

‣ it tells us where hydro breaks down 
‣ a way to probe initial conditions (granularity) 
‣ a way to study differences between pA and AA 

v2{2}, v3{2}, v2{4} rn

rn

✏3 v3{2}



Another handle 
to study HIC
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� = 0.4fm
⌘/s = 0.08

        multiplicity dependence prediction in pPb
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� = 0.4fm⌘/s = 0.08

     dependence on    and       in pPb
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� = 0.4fm⌘/s = 0.08

     dependence on    and       in pPb

     is sensitive to 
transverse granularity
rn



Heinz, Qiu, Shen 1302.353526

ALICE 1109.2501
� = 0.4fm⌘/s = 0.08fluct

Reanalyzing PbPb data

McGill LBNL 1405.3976



Heinz, Qiu, Shen 1302.353527

ALICE 1109.2501
� = 0.4fm⌘/s = 0.08fluct

Reanalyzing PbPb data

McGill LBNL 1405.3976



Heinz, Qiu, Shen 1302.3535
McGill LBNL 1405.3976

28

ALICE 1109.2501
� = 0.4fm⌘/s = 0.08fluct

Reanalyzing PbPb data



Conclusion
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• Hydrodynamics can reasonably describe: 

‣  pPb system at high multiplicity 
                                               and     

‣  pPb and PbPb effects with one set of parameters 
           e.g. different        lead to remarkably similar   

•         predictions provide another handle to explore HIC 

‣ it tells us where hydro breaks down 
‣ a way to probe initial conditions (granularity) 
‣ a way to study differences between pA and AA 

v2{2}, v3{2}, v2{4} rn

rn
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Initial conditions: longitudinal profile
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Pseudorapidity distribution
ATLAS arXiv/1403.5738
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Initial conditions: Glauber+NBD
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 pPb         PbPb



Initial conditions: Glauber+NBD
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 pPb         PbPb
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Number of participants in pPb and PbPb systems
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Evolution time in pPb and PbPb systems
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pPb and PbPb systems size
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Flow observables for pPb and PbPb

 pPb        PbPb
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Flow observables for pPb and PbPb
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The system formed in ultrarelativistic heavy-ion collisions behaves as a nearly-perfect fluid. This
collective behavior is probed experimentally by two-particle azimuthal correlations, which are typi-
cally averaged over the properties of one particle in each pair. In this Letter, we argue that much
additional information is contained in the detailed structure of the correlation. In particular, the
correlation matrix exhibits an approximate factorization in transverse momentum, which is taken as
a strong evidence for the hydrodynamic picture, while deviations from the factorized form are taken
as a signal of intrinsic, “nonflow” correlations. We show that hydrodynamics in fact predicts factor-
ization breaking as a natural consequence of initial state fluctuations and averaging over events. We
derive the general inequality relations that hold if flow dominates, and which are saturated if the
matrix factorizes. For transverse momenta up to 5 GeV, these inequalities are satisfied in data, but
not saturated. We find factorization breaking in event-by-event ideal hydrodynamic calculations
that is at least as large as in data, and argue that this phenomenon opens a new window on the
study of initial fluctuations.

I. INTRODUCTION

In relativistic heavy-ion collision experiments a large
second Fourier harmonic is observed in two-particle cor-
relations as a function of relative azimuthal angle [1–4].
This has long been considered a sign of significant col-
lective behavior [5], or “elliptic flow”, indicating the ex-
istence of a strongly-interacting, low-viscosity fluid [6].
However, only recently has it been realized that all such
correlations observed between particles separated by a
large relative pseudorapidity could be explained by this
collective behavior [7–15], at least for the bulk of the
system.
One significant piece of evidence for this view was the

recent observation of the factorization [16–19] of two-
particle correlations into a product of a function of prop-
erties of only one of the particles times a function of the
properties of the second. Specifically, for pairs of parti-
cles in various bins of transverse momentum pT , factor-
ization of each Fourier harmonic was tested as [16]:

Vn∆(p
a
T , p

b
T ) ≡

〈

cosn(φa − φb)
〉 ?
= vn(p

a
T )× vn(p

b
T ), (1)

where the brackets indicate an average over pairs of par-
ticles (a and b) coming from the same event as well as an
average over a set of collision events, and φa(φb) is the
azimuthal angle of particle a(b). The left-hand side is a
(symmetric) function of two variables, paT and pbT , and in
general may not factorize into a product of a function vn
of each variable individually. The fact that this factoriza-
tion holds at least approximately, then, is a non-trivial
observation about the structure of the correlation.
While most known sources of non-flow correlations do

not factorize at low pT [20], a type of factorization comes
naturally in a pure hydrodynamic picture where particles
are emitted independently. They thus have no intrinsic

correlations with other particles, carrying only informa-
tion about their orientation with respect to the system
as a whole. This causes the two-particle probability dis-
tribution in a single collision event to factorize [21] into
a product of one-particle distributions,

dNpairs

d3pad3pb
(flow)
=

dN

d3pa
×

dN

d3pb
. (2)

Inspired by this fact, it has often been stated [19, 22,
23] that the factorization test in Eq. (1) should work
perfectly in hydrodynamics. The observed approximate
factorization was hailed as a success for the flow inter-
pretation of correlations, while small deviations from the
factorized form was interpreted as a gradual breakdown
of the hydrodynamic description with increasing trans-
verse momentum, and of increasing contribution from
other sources of correlations.

In this work, we show that factorization as in Eq. (1)
is not necessarily present even in an ideal hydrodynamic
system governed by Eq. (2), because of event-by-event
fluctuations [13, 24, 25]. These stem from quantum
fluctuations: the collision takes place over a very short
timescale, and takes a snapshot of the wavefunction of
incoming nuclei. In the presence of fluctuations, we show
that the correlation matrix satisfies general inequalities,
which are saturated by Eq. (1). We test these inequalities
on ALICE data and point out where breaking of factor-
ization occurs. We then illustrate with a full event-by-
event hydrodynamic calculation that the same deviation
seen in experiment is also present in ideal hydrodynam-
ics.
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Backdrop  

Essential Questions 
  

Ø  Do we have potent experimental constraints for initial-state 
fluctuations and what do they tell us? 

Ø   Is there a fundamental change in the reaction dynamics with 
reduced system size? 

Ø  What are the Implications for η/s extraction?  

Acoustic scaling provide invaluable insights on these questions!! 
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( )
1

1 2 cosn n
n

dN v n
d

φ
φ =

⎛ ⎞
∝ + −Ψ⎡ ⎤⎜ ⎟⎣ ⎦
⎝ ⎠

∑

( ) ( )22, exp 0
3

tT t k k T
s Tµν µν

η
δ δ⎛ ⎞= −⎜ ⎟

⎝ ⎠

Acoustic viscous modulation of vn  

Staig & Shuryak arXiv:1008.3139 
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Matter Flow 

 Flow is acoustic 

/k n R=

Scaling expectations: 

( )
1/

( ) exp
n

n T

n

v p nβ
ε

⎛ ⎞
ʹ′∝ −⎜ ⎟

⎝ ⎠
( )
( )

( )
( )

( )
1/ 1/

1/2 1/2
2 2

( )
~ exp ( 2)

( )

n n
n T n

T

v p
n

v p
ε

β
ε

ʹ′⋅ − − ln n

n

v
R
β

ε

⎛ ⎞ ʹ′ʹ′−
∝⎜ ⎟

⎝ ⎠

vn is related to v2 
System size  
dependence 

n2 dependence 

Each of these scaling expectations has been exquisitely validated 

Initial Geometry characterized by many 
shape harmonics (εn) à drive vn 

t R∝
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A B 

Ø  Geometric fluctuations included 
Ø   Geometric quantities constrained by multiplicity density. 

( )*cosn nnε φ ψ= −

Phys. Rev. C 81, 061901(R) (2010) 

arXiv:1203.3605 

σx & σy à RMS widths of density distribution 

Geometric quantities for scaling 

Geometry 

Roy A.  Lacey, Stony Brook University, RBRC Workshop, BNL, March. 4-6, 2015 

N part
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Acoustic Scaling - n2 

ü  Characteristic n2 viscous damping validated 
ü  Similar patterns for other centrality selections  
ü  Important constraint for η/s  

Roy A.  Lacey, Stony Brook University, RBRC Workshop, BNL, March. 4-6, 2015 

Scaling properties of flow 
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Npart
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Centrality  
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v
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ε
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⎝ ⎠

ü Characteristic 𝟏/ 𝑹  scaling prediction is  
     non-trivial 

Ø  Eccentricity change alone is not sufficient 
To account for the Npart dependence of vn 

Transverse size (𝑹  ) influences viscous damping 

Acoustic Scaling – 𝟏/𝑹    

Scaling properties of flow 

Roy A.  Lacey, Stony Brook University, RBRC Workshop, BNL, March. 4-6, 2015 
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ln n

n

v
R
β

ε

⎛ ⎞ ʹ′ʹ′−
∝⎜ ⎟

⎝ ⎠Acoustic Scaling – 𝟏/𝑹    

ü  Characteristic 𝟏/ 𝑹  viscous damping validated with n2  
dependence  at RHIC & the LHC 
ü  Important constraint for η/s  

Roy A.  Lacey, Stony Brook University, RBRC Workshop, BNL, March. 4-6, 2015 

Scaling properties of flow 
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Acoustic scaling in 
ü  Ultra-central collisions 
ü  Shape-engineered events  

Roy A.  Lacey, Stony Brook University, RBRC Workshop, BNL, March. 4-6, 2015 

Experimental Constraints for initial-state fluctuations  



pT (GeV/c)
0 1 2 3 4 5 6

v n

0.00

0.02

0.04

0.06

0.08

0.10

0.12

n=2
n=3
n=4
n=5

0-1%

Pb+Pb @ 2.76 TeV

9  

ü  𝑺𝒑𝒆𝒄𝒊𝒇𝒊𝒄  𝒎𝒂𝒈𝒊𝒕𝒖𝒅𝒆𝒔  &  𝒐𝒓𝒅𝒆𝒓𝒊𝒏𝒈  𝒐𝒇  𝒗𝒏  𝒑𝒓𝒐𝒗𝒊𝒅𝒆𝒔  𝒂  𝒄𝒉𝒂𝒓𝒂𝒄𝒕𝒆𝒓𝒊𝒔𝒕𝒊𝒄  𝒄𝒐𝒏𝒔𝒕𝒓𝒂𝒊𝒏𝒕  

Roy A.  Lacey, Stony Brook University, RBRC Workshop, BNL, March. 4-6, 2015 

Ultra-central collisions 
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ü  Construct vn from PID vn via acoustic scaling ansatz 
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ü  𝑨𝒄𝒐𝒖𝒔𝒕𝒊𝒄  𝒗𝒂𝒍𝒊𝒅𝒂𝒕𝒊𝒐𝒏  𝒐𝒇  𝒗𝒏  𝒎𝒂𝒈𝒏𝒊𝒕𝒖𝒅𝒆𝒔  &  𝒕𝒓𝒆𝒏𝒅𝒔!
ü  Similar results for 0-1% centrality selection   

Roy A.  Lacey, Stony Brook University, RBRC Workshop, BNL, March. 4-6, 2015 

Ultra-central collisions 
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Shape-engineered Events 

Roy A.  Lacey, Stony Brook University, RBRC Workshop, BNL, March. 4-6, 2015 

ALICE data 

q2(Lo) q2(Hi) 

Ø  Viable models for initial-state 
fluctuations  should still scale  

Shape fluctuations lead to 
a distribution of the Q vector 

at a fixed centrality   
Lacey et. al, arxiv:1311.1728 

Ø  Cuts on qn should change the 
magnitudes ⟨∈↓𝒏 ⟩, ⟨𝒗↓𝒏 ⟩, ⟨𝑹↓𝒏 ⟩ 
at a given centrality due to 
fluctuations 
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Acoustic Scaling of shape-engineered events 

Scaling properties of flow 

Roy A.  Lacey, Stony Brook University, RBRC Workshop, BNL, March. 4-6, 2015 

ü  Characteristic 𝟏/ 𝑹  viscous damping validated  
      for different event shapes at the same centrality 
ü  A further constraint for initial fluctuations model and η/s  

Lacey et. al, arxiv:1311.1728 
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Compare patterns sensitive to the reaction dynamics 
ü   HBT radii 
ü   Acoustic scaling of vn 

Roy A.  Lacey, Stony Brook University, RBRC Workshop, BNL, March. 4-6, 2015 

Ø  Is there a fundamental change in the reaction dynamics 
with reduced system size? 
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Comparison of Au+Au and Cu+Cu collisions – mT dependence 

Similar mT  dependence for  
Both systems 

 
Similar influence of  
Space-momentum  

Correlations! 
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Comparison of Au+Au and d+Au collisions – mT dependence 

Similar mT  dependence for  
Both systems 

d+Au indicates a smaller freeze-out volume! 
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Scaling of the transverse radii 

d+Au, Cu+Cu and Au
+Au radii scale for the 

same beam energy 

Ø  Expansion dynamics of the d+Au system appears to be  
strongly influenced by final state effects 

 
Ø  Larger expansion rate at the LHC 
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ü  Expected scaling patterns validated   
ü  Important constraint for η/s  

Roy A.  Lacey, Stony Brook University, RBRC Workshop, BNL, March. 4-6, 2015 
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ü  𝑪𝒐𝒎𝒃𝒊𝒏𝒆𝒅  𝒔𝒄𝒂𝒍𝒊𝒏𝒈  𝒖𝒏𝒅𝒆𝒓𝒔𝒕𝒐𝒐𝒅    

Roy A.  Lacey, Stony Brook University, RBRC Workshop, BNL, March. 4-6, 2015 

Scaling properties of flow 
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ü  Similar acoustic patterns for p+Pb and Pb+Pb 
ü  Similar results for other small systems  

Roy A.  Lacey, Stony Brook University, RBRC Workshop, BNL, March. 4-6, 2015 
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Other system combinations – including deformed nuclei -   
fully predictable à testable 

Roy A.  Lacey, Stony Brook University, RBRC Workshop, BNL, March. 4-6, 2015 

Answer: 
Ø No strong indication for a fundamental change in the 

reaction dynamics with reduced system size? 
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Better constraints via acoustic scaling 

Roy A.  Lacey, Stony Brook University, RBRC Workshop, BNL, March. 4-6, 2015 

Ø  Implications for η/s extraction? 



Song et al 

22 Roy A.  Lacey, Stony Brook University, RBRC Workshop, BNL, March. 4-6, 2015 

Status Quo 

Note 
The Initial-state eccentricity 
difference between MC-KLN and  
MC-Glauber is ~ 20%  due to  
fluctuation differences in the models! 
  

εn – η/s  interplay? 

Improved  methodology required 

Luzum et al. arXiv 0804.4015 

η/s is a property of the medium 
and should not depend on initial 

geometry! 
This is NOT an uncertainty; It is a 

failure of the method of extraction  



23  

ln n

n

v
R
β

ε

⎛ ⎞ ʹ′ʹ′−
∝⎜ ⎟

⎝ ⎠

ü Characteristic a𝒄𝒐𝒖𝒔𝒕𝒊𝒄  
𝒔𝒄𝒂𝒍𝒊𝒏𝒈  𝒗𝒂𝒍𝒊𝒅𝒂𝒕𝒆𝒅  𝒇𝒐𝒓    
𝒗𝒊𝒔𝒄𝒐𝒖𝒔  𝒉𝒚𝒅𝒓𝒐𝒅𝒚𝒏𝒂𝒎𝒊𝒄𝒔  

Scaling properties of flow 

Roy A.  Lacey, Stony Brook University, RBRC Workshop, BNL, March. 4-6, 2015 

ü  𝜷↑′ ↑′ 𝒔𝒉𝒐𝒘𝒔  𝒄𝒍𝒆𝒂𝒓  𝒔𝒆𝒏𝒔𝒊𝒕𝒊𝒗𝒊𝒕𝒚  𝒕𝒐  η/s 
ü  Viscous hydrodynamics can be used for calibration  

- Viscous Hydrodynamics 
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Characteristic 𝟏/ 𝑹  viscous damping validated in viscous 
hydrodynamics; calibration à 4πη/s ~ 𝟏.𝟑±𝟎.𝟐  

Extracted η/s value insensitive to initial conditions 
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ü  Characteristic 𝟏/ 𝑹  viscous 
damping validated across 
beam energies 

  

ü  Experimental indications for 
η/s variation in the (𝑻, 𝝁↓𝑩 )-
plane 

ü  CEP? 

7.7 GeV 19.6 GeV 39 GeV 62.4 GeV 200 GeV 

2.76 TeV 

Acoustic Scaling – 𝟏/𝑹    𝑺𝒄𝒂𝒍𝒊𝒏𝒈  𝒇𝒐𝒓  𝒕𝒉𝒆  𝑩𝒆𝒂𝒎  𝑬𝒏𝒆𝒓𝒈𝒚  𝑺𝒄𝒂𝒏  
Scaling properties of flow 

Roy A.  Lacey, Stony Brook University, RBRC Workshop, BNL, March. 4-6, 2015 

Lacey et. al, Phys.Rev.Lett. 112 (2014) 082302 
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Epilogue 

Roy A.  Lacey, Stony Brook University, RBRC Workshop, BNL, March. 4-6, 2015 

Ø  Acoustic dynamics validated in “large” and 
“small” systems 

  

ü  Strong evidence for the important 
role of final-state interactions. 

  

ü  Better estimates for η/s; 
ü  η/s estimate insensitive to initial geometry 
ü  (η/s)LHC  > (η/s)RHIC 
ü Constraints for 𝜼/𝒔  (µB,T) 



Wei Li !
Rice University!

Experimental summary and future 
measurements in pp and pA collisions 
 

− some personal perspectives 
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How small a QCD fluid can be?!
Collectivity diminishing as L decreases:           !
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 = 2.76 TeVNNsPbPb  

è a smaller but hotter QGP fluid?!!

35-40%!

No QGP fluid in pp and pPb expected!!

Kn = λmfp/L ~ 1	  
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central 
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pp 7 TeV, Ntrk>=110 0-0.0007%  
central 

JHEP 09 (2010) 091 

1<pT<3 GeV/c 

  Breaking news in 2010:  
 

First surprise in small system!

Mini-QGP fluid (L ~ 1 fm)? 

High-multiplicity pp (Nch
trk>200) 

Why not? AA is larger but still just L ~ 10 fm 
Other contenders, e.g., CGC glasma!
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The “ridge” tsunami in pPb at the LHC!

The “ridge” seen in all systems at the LHC!!
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Long-range angular correlations in p–Pb collisions ALICE Collaboration

Fig. 3: Left: Associated yield per trigger particle in Dj and Dh for pairs of charged particles with
2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 0–20%

multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top
right: the associated per-trigger yield after subtraction (as shown on the left) projected onto Dh averaged
over |Dj| < p/3 (black circles), |Dj �p| < p/3 (red squares), and the remaining area (blue triangles,
Dj < �p/3, p/3 < Dj < 2p/3 and Dj > 4p/3). Bottom right: as above but projected onto Dj av-
eraged over 0.8 < |Dh | < 1.8 on the near side and |Dh | < 1.8 on the away side. Superimposed are fits
containing a cos(2Dj) shape alone (black dashed line) and a combination of cos(2Dj) and cos(3Dj)
shapes (red solid line). The blue horizontal line shows the baseline obtained from the latter fit which
is used for the yield calculation. Also shown for comparison is the subtracted associated yield when
the same procedure is applied on HIJING shifted to the same baseline. The figure shows only statisti-
cal uncertainties. Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated
uncertainties are less than 1%.

the above-mentioned incomplete near-side peak subtraction on v2 and v3 is evaluated in the
following way: a) the size of the near-side exclusion region is changed from |Dh | < 0.8 to
|Dh |< 1.2; b) the residual near-side peak above the ridge is also subtracted from the away side
by mirroring it at Dj = p/2 accounting for the general pT-dependent difference of near-side
and away-side jet yields due to the kinematic constraints and the detector acceptance, which is
evaluated using the lowest multiplicity class; and c) the lower multiplicity class is scaled before
the subtraction such that no residual near-side peak above the ridge remains. The resulting
differences in v2 (up to 15%) and v3 coefficients (up to 40%) when applying these approaches
have been added to the systematic uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity.
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [34] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative
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è Everything “flows”?!

p Pb 

~ a few hours of pPb 
beam on Sep. 21, 2012!

followed by a longer run !
in 2013!

CMS!
ALICE!

ATLAS!
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How small a QCD fluid can be?!

In QED matter, there is a smallest scale!
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How small a QCD fluid can be?!

In QED matter, there is a smallest scale!

cannot be smaller than a!

Not obvious in QCD as partons are point-like !

Maybe partons are not the relevant “quasi-particles” 
degree of freedom in sQGP? !

Then what is it? Does it have an intrinsic size from 
the fundamental principle? !



20 

Endrodi et al., 0710.4197 

ε ~ Ntrk

V
If Ntrké or Vê, weakly-coupled regime can 
be reached in principle, but not practically!

How small a QCD fluid can be?!
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Endrodi et al., 0710.4197 

ε ~ Ntrk

V
If Ntrké or Vê, weakly-coupled regime can 
be reached in principle, but not practically!

pp and pA should be well in the “fluid” regime!

How small a QCD fluid can be?!
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Mass ordering of PID spectra and vn!

ALICE!PHENIX!

Color reconnection + initial-state anisotropy !
could lead to the same effect?!

Hydro wins again!!

Larger <βT> for !
smaller systems !

pPb!PbPb!
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Mass ordering of PID spectra and vn!

ALICE!PHENIX!

Color reconnection + initial-state anisotropy !
could lead to the same effect?!

Hydro wins again!!

Larger <βT> for !
smaller systems !

pPb!PbPb!

pp?!
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pPb CMS 

NCQ scaling in pPb system!!

Baryon/meson crossing!



25 

pPb CMS 

NCQ scaling in pPb system!!

pPb CMS 

Flow developed at partonic level!?!

scaled !
by nq!

K0
s (nq=2)!

!

Λ (nq=3)!

Baryon/meson crossing!
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pPb CMS 

NCQ scaling in pPb system!!

pPb CMS 

Flow developed at partonic level!?!

scaled !
by nq!

K0
s (nq=2)!

!

Λ (nq=3)!

Baryon/meson crossing!

Expected or surprising in pPb?!
!

Amazing scaling in AA discovered 10 yrs ago in 
quest of explanations, esp. in light of pPb data!



27 

offline
trkN

0 100 200 300

2v

0.05

0.10

|>2}ηΔ{2, |2v
{4}2v
{6}2v
{8}2v
{LYZ}2v

| < 2.4η < 3.0 GeV/c; |
T

0.3 < p
 = 2.76 TeVNNsPbPb 

offline
trkN

0 100 200 300

2v

0.05

0.10 | < 2.4η < 3.0 GeV/c; |
T

0.3 < p
 = 5.02 TeVNNspPb 

CMS Preliminary

arXiv:1502.05382!

≤

v2{4} ≈ v2{6} ≈ v2{8} ≈ v2{∞}!

Direct evidence of collectivity in pPb!

Long-range correlations involve all particles!?!
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Collectivity!!
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more particle randomly in ϕ, will v2(LYZ) be!
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≤
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✔	  
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a quantitative relation of 
v2{2}, v2{4}, v2{6}, v2{8} …!
(assuming v2{m}     ε2{m})!∝

Hydro predicted more than just collectivity!

Yan, Ollitrault, Bzdak, Mclerran!
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a quantitative relation of 
v2{2}, v2{4}, v2{6}, v2{8} …!

With more precise data,!
hydro. model is falsifiable!!

(assuming v2{m}     ε2{m})!∝

Hydro predicted more than just collectivity!

Yan, Ollitrault, Bzdak, Mclerran!
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Summary of experimental facts	  

Ø  Similar shape of vn(pT)!
Ø  Mass ordering of v2 and NCQ scaling!
Ø  Tslope     mass; stronger radial flow in small system!
Ø  Flow factorization breaking!
Ø  Collective multiparticle correlations!

High-multiplicity pPb exhibits “hydro-like” 
behavior as PbPb in many ways!

Results in dAu/He3A also suggestive of hydro. !

∝
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Summary of experimental facts	  

Ø  Similar shape of vn(pT)!
Ø  Mass ordering of v2 and NCQ scaling!
Ø  Tslope     mass; stronger radial flow in small system!
Ø  Flow factorization breaking!
Ø  Collective multiparticle correlations!

High-multiplicity pPb exhibits “hydro-like” 
behavior as PbPb in many ways!

Results in dAu/He3A also suggestive of hydro. !

∝

Any alternatives, which can do all that hydro does?!
Any observable qualitatively contradicts hydro?!
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Hydro. has its problem that initial-state “geometry” 
in pA is very uncertain  
	  

Glauber-like !
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Works “surprisingly” well!!

What does it imply?!
Coincidence? (Maybe just picked the “right” η/s)!

P. Bozek!
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Hydro. has its problem that initial-state “geometry” 
in pA is very uncertain  
	   IP-glasma pPb!
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eccentric proton?!

arXiv:1407.8458!

pomerons!

pp/pA sensitive subnucleonic fluctuations!

or!

Hydro. has its problem that initial-state “geometry” 
in pA is very uncertain  
	   IP-glasma pPb!
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HBT provide us important system size information!
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HBT provide us important system size information!

Relation among pp, pA and AA at fixed Nch unclear!

PbPb!

pPb?!

pp?!
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HBT provide us important system size information!

Can we push to !
higher multiplicity?!

Relation among pp, pA and AA at fixed Nch unclear!

PbPb!

pPb?!

pp?!
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System Size Scan (SSS) at RHIC!

A1!

A2!

Glauber!

subnucleonic!

subnucleonic!

1!
1!

AA	  

pp! pA!

pA!

For A1(A2) ≥ 2, all hydro !
models tend to converge!
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pA (and pp?) program at RHIC!
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pA (and pp?) program at RHIC!
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pA (and pp?) program at RHIC!
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pA (and pp?) program at RHIC!

Look forward to pAu (and pAl) results from RHIC! !
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Initial-state lumpiness – flow factorization!
(subleading flow)!

How to further scrutinize hydro.?	  

Decouple initial fluctuations and final dynamics!
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How to further scrutinize hydro.?	  
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How to further scrutinize hydro.?	  

f (pT ,φ,η) ~1+ 2 vn (pT ,η) cos
n=1

∞

∑ n φ −Ψn pT ,η( )( )%& '(

3D expansion!

Ψn η
a( ) Ψn η

b( )

Gateway to a full 3D description of initial-state 
fluctuations and dynamics of system evolution!
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How to further scrutinize hydro.?	  

TrackerHF- HF+

η

a a b

5.2-5.2 3.0-3.0 2.4-2.4 0

)bη,aη(ΔnV

)bη,aη(-ΔnV

)bη,aη(ΔnV
)bη,aη(-ΔnV

 ≡) bη,aη(nr

All pairs have η gap > 2 units!

r
n
(ηa,ηb ) ≈ cos[n(Ψ n (η

a )−Ψ n (−η
a ))]

arXiv:1503.01692!
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How to further scrutinize hydro.?	  

aη
0.0 0.5 1.0 1.5 2.0

)b
η,a

η( 2r

0.85

0.90

0.95

1.00

0-0.2% centrality

 = 2.76 TeVNNsCMS PbPb 

 < 5.0bη4.4 < 
 < 4.0bη3.0 < 

Exponential fits

aη
0.0 0.5 1.0 1.5 2.0

)b
η,a

η( 2r

0.85

0.90

0.95

1.00

20-30%

aη
0.0 0.5 1.0 1.5 2.0

)b
η,a

η( 2r

0.85

0.90

0.95

1.00

0-5%

 < 3.0 GeV/ca
T0.3 < p

 > 0 GeV/cb
Tp

aη
0.0 0.5 1.0 1.5 2.0

)b
η,a

η( 2r

0.85

0.90

0.95

1.00

30-40%

aη
0.0 0.5 1.0 1.5 2.0

)b
η,a

η( 2r

0.85

0.90

0.95

1.00

5-10%

aη
0.0 0.5 1.0 1.5 2.0

)b
η,a

η( 2r

0.85

0.90

0.95

1.00

40-50%

aη
0.0 0.5 1.0 1.5 2.0

)b
η,a

η( 2r

0.85

0.90

0.95

1.00

10-20%

aη
0.0 0.5 1.0 1.5 2.0

)b
η,a

η( 2r

0.85

0.90

0.95

1.00

50-60%

r
n
(ηa,ηb ) ≈ cos[n(Ψ n (η

a )−Ψ n (−η
a ))] η gap: 2ηa!



53 

How to further scrutinize hydro.?	  
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How to further scrutinize hydro.?	  
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How to further scrutinize hydro.?	  
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How to further scrutinize hydro.?	  

tracks
|<2.4η|N
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n = 4
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Many implications to 3D hydro, η dependence of initial 
state, how to reinterpret previous vn(η) measurement etc.!
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Some puzzles raised by Raju!

Puzzles$for$the$collec;vity$picture$in$p+A$

•  Why$is$there$no$sign$of$“mini\jet”$quenching$in$p+A$?$
$
•  Why$is$v2$large$up$to$pT$of$9$GeV$in$p+A$?$

•  Why$is$v2$much$smaller$in$p+p$than$p+A$for$the$same$Nch$and$
HBT$radius$?$

•  Why$is$mass$ordering$in$<pT>$seen$even$at$Nch$=$6$?$
$
$ Raju at RHIC/AGS users’ meeting 2014!
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Jet quenching in pPb and pp (?)!

If ridge is flow è strongly interacting  !
è presence of jet quenching?!

No leading hadron!
suppression!
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Dihadron unmodified!
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Jet quenching in pPb and pp (?)!

If ridge is flow è strongly interacting  !
è presence of jet quenching?!

No leading hadron!
suppression!
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No dijet asymmetry!
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Dihadron unmodified!

But for very high-pT jets! But in MB events! How is “v2” subtracted!
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What is the expectation of parton energy loss as 
system size decreases?!

ΔE ~αs (T )q̂(T )L
2
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What is the expectation of parton energy loss as 
system size decreases?!

ΔE ~αs (T )q̂(T )L
2

partN
0 10 20 30 40

 (f
m

)
π

S/

0.0

0.5

1.0

1.5

2.0 pPb

PbPb

MC GlauberIn small system!

q̂ ~ T 3but T é! so! é!L ê !
Who wins?!
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What is the expectation of parton energy loss as 
system size decreases?!

ΔE ~αs (T )q̂(T )L
2
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Who wins?!

q̂ ~ 1
R2  or 1

< L >2

fix Ntrk!

s ~ Ntrk

πR2

s ~ T 3

q̂ ~ T 3
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What is the expectation of parton energy loss as 
system size decreases?!

ΔE ~αs (T )q̂(T )L
2
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MC GlauberIn small system!

q̂ ~ T 3but T é! so! é!L ê !
Who wins?!

ΔE nearly indep. of systems size, if fixing Ntrk?!!

q̂ ~ 1
R2  or 1

< L >2

fix Ntrk!

s ~ Ntrk

πR2

s ~ T 3

q̂ ~ T 3
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50-70%!

Why we are not seeing parton energy loss in pPb?!
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50-70%!

Why we are not seeing parton energy loss in pPb?!
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Suppression going away at high pT!
50-70%!

Why we are not seeing parton energy loss in pPb?!
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Still sizable suppression at pT ~ 8-15 GeV/c!

Suppression going away at high pT!
50-70%!

Why we are not seeing parton energy loss in pPb?!
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Still sizable suppression at pT ~ 8-15 GeV/c!
Best shot: high-multiplicity pPb + intermediate pT!

Suppression going away at high pT!
50-70%!

Why we are not seeing parton energy loss in pPb?!
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What is the in-vacuum reference?!

Jets in pPb modified !
but not like quenching!

Major progress on pPb centrality but still pretty tough!

(color fluctuations?!
 energy conservation?)!

0-10%

-1+Pb data, 27.8 nbp2013 
-1 data, 4.0 pbpp2013 

 = 5.02 TeVNNs
=0.4R, tkanti-

ATLAS

+2.1 < y* < +2.8

+1.2 < y* < +2.1

+0.8 < y* < +1.2

+0.3 < y* < +0.8

60-90%
1.6

1.0

0.4

Pbp
R

40 100 1000 40 100 1000
 cosh(<y*>) [GeV]× 

T
p

0.85	  

How solid the assumption is?!
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Jet/hadron anisotropy at high pT!
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, Glauber2L
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0-10% centrality-1bµ = 150 intCMS L

 = 2.76 TeVNNsPbPb 

self-referenced!!v2 ~
Y in −Y out

Y in +Y out
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Jet/hadron anisotropy at high pT!

 (GeV/c)
T
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self-referenced!!v2 ~
Y in −Y out

Y in +Y out

Ridge, pT > 20 GeV!
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Jet/hadron anisotropy at high pT!

 (GeV/c)
T
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self-referenced!!v2 ~
Y in −Y out

Y in +Y out

Ridge, pT > 20 GeV!

Predictions in pPb needed!!

“soft” vs “hard” v2!

In PbPb, high-pT v2 
related to the geometry!
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Ridge in pPb persists up to at least several GeV/c!

Sizeable v2 ~ 5% (after a large subtraction)!

Multiparticle correlations to test collectivity 
of high pT particles!
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Ridge in pp!

pp 7 TeV, Ntrk>=110 1<pT<3 GeV/c 

The last missing piece of the puzzle!

•  What is the vn?!
•  Is it collective?!
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Ridge in pp!

pp 7 TeV, Ntrk>=110 1<pT<3 GeV/c 

The last missing piece of the puzzle!

•  What is the vn?!
•  Is it collective?!

and of course, is it flow, CGC, or …?!
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Ridge in pp!

Exclusive probe of subnucleonic fluctuations!!

pp 7 TeV, Ntrk>=110 1<pT<3 GeV/c 

The last missing piece of the puzzle!

•  What is the vn?!
•  Is it collective?!

and of course, is it flow, CGC, or …?!
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Ridge in pp!

Intriguing Ntrk and pT dependence of ridge yield!!
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arXiv: 1206.0148!
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Ridge in pp!

Need more low PU pp (~ 50 pb-1)!
!

Ø  Higher Ntrk (≥150) è away-side jets less dominant!
Ø  Multiparticle correlations!

pPb 

pp 

PbPb 

PbPb : pPb : pp ≈ 8 : 4 : 1 
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RHIC and the LHC schedules!
Next 10 years 

1 

6.5 to 7 TeV 
Peak luminosity 1.7x1034cm-2s-1 

Run 2 Run 3 

7 TeV 
Peak luminosity 2.0x1034cm-2s-1 

LIU (Injectors) 
ALICE 
LHCb 

HL-LHC 
(Machine 
& expts) 

PbPb, ArAr (?), pPb, pAr (?)!PbPb! PbPb/pPb!
Low PU pp (?)!

LHC!

pA! AA! BES II! AA!

RHIC!

pA program next 2-3 yrs will provide important guide!
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The big questions from small systems!

“Perfect fluid” paradigm!
- Consolidate it (or destroy?)!

Pre-equilibruim flow !
− Dynamics of thermalization	  

Subnucleonic fluctuations !
− Test fundamental QCD!

arXiv:1407.8458!



1

Event selection and centrality bias in pA collisions (*)

RBRC workshop on "Collectivity in small colliding systems"

Constantin Loizides 
(LBNL)

04 March 2015

(*) based on talk by A.Morsch at IS2014 
     and ALICE paper arXiv:1412.6828 
     on pPb centrality
     

http://www.bnl.gov/cscs2015/


2 Basic procedure

● Impact parameter not observable

– And for small systems only 
weakly correlated to number 
of participants (Npart)

● Classify events in terms of event 
activity (or centrality estimator E)

– E should vary monotonously 
with number of participants

– Multiplicity, energy, 
slow neutron energy

– Order as percentile of cross 
section

● Establish relation to Glauber 
model parameters (Npart, Ncoll) via 
particle production model

Glauber MC: π(Ncol) Model: P(E | Ncol)



3 Essential requirements
● Demonstrate correlation of 

measurement to collision geometry

– Via correlation of observables 
that are causally disconnected 
after collision

● Demonstrate completeness

– Are there other relevant geometry 
parameters that are biased by the 
selection wrt minimum bias?

– What are their possible influence 
on centrality dependent 
measurements?

● Importance for p(d)A:
small dynamic range 
leads to large fluctuations 



4 Example large system: ALICE Pb+Pb
F

or
w

ar
d 

ne
ut

ro
ns

Charged hadrons ~3

● Correlate particle yields from 
disconnected parts of phase 
space

– Correlation arises from 
common dependence on 
collision impact parameter

Miller et al., Ann. Rev. Nucl. Part. Sci 57 (2007) 205
ALICE, Phys. Rev. C 88 (2013) 044909

http://arxiv.org/abs/nucl-ex/0701025
http://arxiv.org/abs/1301.4361


5 Example small system: PHENIX d+Au
● Probability for Ncoll binary 

collisions π(Ncoll) from Glauber

● Charge distribution for one collision 
(Negative Binomial)

● For Ncoll collisions, assume <BBC>~<Ncoll>

● Fit to measured distribution

● For fixed k and μ

PHENIX, PRC 90 (2014) 034902

http://arxiv.org/abs/1310.4793


6 High-pT bias factor correction

● Presence of high pT particle at 
central rapidity increases BBC 
charge

● Quantify bias using pp data 
coupled with the Glauber model 

– And check with HIJING

PHENIX, PRC 90 (2014) 034902

http://arxiv.org/abs/1310.4793


7 Correlation with d-dissociation

STAR, PRL 91 (2003) 072304
● Essential cross check

● Establish unambiguous 
relation of centrality estimator 
to collision geometry

● Note: d-going ZDC energy not 
a centrality estimator

PHENIX, PRC 90 (2014) 034902

Single 
neutron 
peak

http://arxiv.org/abs/nucl-ex/0306024
http://arxiv.org/abs/1310.4793


8 Remarks

● Need Glauber fit with specific particle production model 
because of defining centrality and determining Ncoll 
from the same estimator

● Biases can be consequence of

– Correlations of collision parameters other than Npart

– Correlations induced after collision 
(eg. jet fragmentation in the example of PHENIX)

● Bias corrections are not necessarily corrections of Ncoll

– Physics origin has to be understood

Look at non-trival extensions of the Glauber model



9 Glauber extensions

● Glauber-Gribov color fluctuations

– Size of proton varies e-by-e

– Configuration frozen for a single p-A 
collision

– Parameter Ω equals width of Gaussian 
fluctuations

● HIJING Glauber

– Mean number of hard scatterings (nhard) 
depends on NN overlap 

– No fluctuations of spatial distribution
● Only Poisson fluctuations of nhard

● Flickering of the interaction strength

– Generalized gluon distribution and 
fluctuations

Alvioli et al., PRC 90 (2014) 034914

ATLAS-CONF-2013-096

http://arxiv.org/abs/1402.2868v3
https://cds.cern.ch/record/1599773


10 Glauber extensions

Jia, PLB 681 (2009) 320

● Glauber-Gribov color fluctuations

– Changes π(Ncoll)

● HIJING Glauber

– Does not change π(Ncoll)

– Provides a correlation between 
hard and soft particle production

– Long range correlation via bNN

– Note: Large nhard values 
suppressed by energy 
conservation

Geometric bias

ATLAS-CONF-2013-096

http://arxiv.org/abs/0907.4175
https://cds.cern.ch/record/1599773


11 Glauber-Gribov

● Glauber-Gribov fits slightly worse

● However, extracted parameters 
closer to WN expectation

ATLAS-CONF-2013-096

https://cds.cern.ch/record/1599773


12 Centrality dependent dN/dη

● Npart scaling depends on Ω

● Presence of bias open question

ATLAS-CONF-2013-096

https://cds.cern.ch/record/1599773


13 Centrality dependent measurements

● Rich phenomenology if one trusts the measurement of Ncoll

● However, systematics of centrality determination itself has to be 
discussed first in the context of particle production models

Alvioli et al., PRC 90 (2014) 034914

http://arxiv.org/abs/1402.2868v3


14 Kinematic bias on centrality from jets 
Armesto et al., arXiv:1502.02986

Taking into account energy-momentum conservation in the proton
in a toy simulation of pp (hard) PYTHIA plus pPb (UE) HIJING events
describes main features of data

http://www.arxiv.org/abs/arXiv:1502.02986


15

Total inel. σ

5 10 150

Multiple parton interactions (MPI)
● Naive factorization

Skands, arXiv:1207.2389

● In reality

– Color screening to regularize 
hard cross section at low pT

– Cut-off at high n because of 
energy conservation

– Coherence between scatters

– Impact parameter dependence

● Leads to a correlation between 
hard and soft as in AA

>1 at pert. scale

Jet pedestal

http://arxiv.org/abs/1207.2389


16 Scaling of hard probes with multiplicity
ALICE, JHEP 09 (2013) 049

J/ψ

Ds

Mini-jets

CMS, JHEP 04 (2014) 103

Υs

ALICE, PLB 712 (2012) 165

http://arxiv.org/abs/1307.1249
http://arxiv.org/abs/1312.6300
http://arxiv.org/abs/1202.2816


17 Nucleon-nucleon impact parameter studies

Leads to long range (η) correlations. 
How much of this effect survives in pPb?

(obtained from slicing superposition 
of Ncoll pp collisions in 2.8<η<5.1) 

Morsch, IS2014



18 Energy and species dependence

Bias on nhard O(30%) at the LHC, 
and only O(5%) at RHIC

And decreases with projectile size

Deviation from binary scaling: 

F
=

F
=

Morsch, IS2014Morsch, IS2014



19  

● Correlation between hard 
and soft qualitatively 
reproduced with GPythia

● Not a bias on Ncoll

● Modification approaches 
unity as η separation 
between centrality and pT 
increases

ALICE, arXiv:1412.6828

|η|<1.4 -3.7<η<-1.7&&2.8<η<5.1

2.8<η<5.1

http://arxiv.org/abs/1412.6828


20  

● Correlation between hard 
and soft qualitatively 
reproduced with GPythia

● Not a bias on Ncoll

● Modification approaches 
unity as η separation 
between centrality and pT 
increases

|η|<1.4 -3.7<η<-1.7&&2.8<η<5.1

2.8<η<5.1

ATLAS-CONF-2013-107

ALICE, arXiv:1412.6828

https://cds.cern.ch/record/1624333
http://arxiv.org/abs/1412.6828


21 Forward neutron energy vs multiplicity

Correlation between forward neutron energy and multiplicity?   

NBD method SNM method



22 Correlation between ZNA and V0A  

● For each ZNA centrality class  

– Plot the V0A ring1 distribution

– Find input π(Ncoll) distribution 
via Unfolding

● Does not work for a biased estimator

– Convolute the distribution of the
SNM model with the NBD 
from the V0A glauber fit 

V0A ring 1 dist.
Unfolded
P(ZNA) x NBD(V0Ar1)

ALICE, arXiv:1412.6828

http://arxiv.org/abs/1412.6828


23 Scaling of particle production
● <S>i / <S>MB vs <dN/di/<dN/dMB(-1<<0)

sliced in ZN activity

●

● Assume dN/d scales with Npart

 = 0 – perfect N
part

 scaling

 = 1 – perfect N
coll

 (or N
part

target) scaling

Correlation between causally disconnected 
observables (slow neutrons vs multiplicity)
→ connection to geometryALICE, arXiv:1412.6828

http://arxiv.org/abs/1412.6828


24 Centrality from Hybrid method

1) Assume ZN is bias free +
    define centrality classes
2) Construct similar model 
    as for the Glauber fits

Resulting values 
within at most 10%

ALICE, arXiv:1412.6828

http://arxiv.org/abs/1412.6828


25 QpPb factors with hybrid method

Hybrid method
● Charged particle Q

pPb
 consistent with unity at high p

T

● Cronin peak develops with multiplicity

ALICE, arXiv:1412.6828

http://arxiv.org/abs/1412.6828


26 Average QpPb
ALICE, arXiv:1412.6828

http://arxiv.org/abs/1412.6828


27 dN/dη measurements
ALICE, arXiv:1412.6828

http://arxiv.org/abs/1412.6828


28 Wrt discussion of this morning

<Ncoll>≈7

<Ncoll>≈16

<Ncoll>≈1680

0-5% ZNA selection corresponds to roughly 2xminbias multiplicity, 
say roughly 100 tracks for ATLAS or CMS
QpPb close to 1 (but of course with uncertainty), but v2 non-zero!
Result in PbPb at Ncoll~16?



29 Conclusions

● Question of “bias vs no-bias” in 
general has no definite answer

● Systematics of centrality 
measurement and interpretation 
of data must be done in the 
same framework

● Using the hybrid approach 
avoids the bias (but at expense 
of limited dynamical range)



30 Extra



31 Centrality dependent nuclear modification

<Ncoll>≈7

<Ncoll>≈16

<Ncoll>≈1680

● <Ncoll>= A σpp/σpA ≈ 7 with

–  σpp = 70 mb from interpolation
 of existing data

– σpA = 2090 ± 120 mb from 
LHCb-CONF-2012-034 
(or use Glauber)

● Note:  <Ncoll> ≈ 15 is reached in
“0-5% central” pPb collisions

ALICE, PRL 110 (2013) 082302

How to perform a centrality dependent measurement?

http://cds.cern.ch/record/1490049/files/LHCb-CONF-2012-034.pdf
http://arxiv.org/abs/arXiv:1210.4520


32 Multiplicity bias
ALICE, arXiv:1412.6828

http://arxiv.org/abs/1412.6828


33 Geometry bias
ALICE, arXiv:1412.6828

http://arxiv.org/abs/1412.6828


34 Multiplicity scaled by different Npart
ALICE, arXiv:1412.6828

http://arxiv.org/abs/1412.6828


35 Cronin and high-pT region vs Nch

Ratio peak / high pT Peak regionHigh pT region 

ALICE, arXiv:1412.6828

http://arxiv.org/abs/1412.6828


36  |η|<1.4 -3.7<η<-1.7&&2.8<η<5.1

2.8<η<5.1 |η|>8

ALICE, arXiv:1412.6828

http://arxiv.org/abs/1412.6828


37 RpPb measurement

ATLAS-CONF-2013-107

https://cds.cern.ch/record/1624333


38 J/Ψ and Ψ(2S) suppression

(2S)
(2S)

low Nch high Nchlow Nch high Nch

● J/  µµ: Multiplicity dependent suppression in p-going direction, 
                 and no suppression in Pb-going direction

● Consistent with shadowing

●  (2S)  µµ: Multiplicity dependent suppression in both directions

● Needs additional effect (Final state?)

J/

J/

Forward going Backward going 



Possibility of Superfluidity 
in p-A and p-p collisions at 
the LHC

Abhijit Majumder, 
Derek Everett, Chris Zin, and Sean Gavin
Wayne State University

Riken BNL workshop on collectivity in small systems,  Mar 4-6,  2015
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Outline

✤ Motivation for p-p, p-A, (and also A-A)

✤ Hard and soft multiplicity fluctuations in p-A

✤ Behavior of initial state in !"4 theory 

✤ Simulations....approximations

✤ Expected behavior in SU(2) gauge theory

✤ Conclusions and discussion
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Motivation in p-p, p-A,
 and in A-A

✤ Possible collective behavior in high 
multiplicity p-p and p-A collisions

✤ Requirement of rapid thermalization 
in A-A (#0 ~ 0.5 fm/c)

✤ Is it possible to have something like 
pressure driven flow but with a 
delayed thermalization?

η∆
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Gluon density in initial state

✤ Mean no. of gluons very high 
in the initial state

✤ CGC / Glasma initial state

✤ But there could also be large 
fluctuations around this mean
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Gluon density in initial state

✤ Mean no. of gluons very high 
in the initial state

✤ CGC / Glasma initial state

✤ But there could also be large 
fluctuations around this mean
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Trigger on a hard jet: 
high energy/low density partons

✤ Good evidence from ATLAS and PHENIX 
that a proton can fluctuate to a small object 
with few very high energy partons. 

M. Kordell and A.M.
5



✤ The opposite can also be true!

✤ There could be large fluctuations into a  
denser phase, which are captured by 
high-multiplicity events 

✤ CGC calculations give you the mean 
event: There could be fluctuations to a 
denser state. 

Trigger on a high multiplicity event: 
low energy/high density partons

6



Comparison to previous work

✤ Dusling, Epelbaum, Gelis, Venugopalan 
(focussed on post condensate phase, instability induced 
thermalization of fluctuations)

✤ Liao, Blaizot, Mclerran, Gelis 
Kinetic thermalization, followed by BEC (delayed condensation)

✤ Coleman-Smith and Mueller
Proton fluctuates to a large size, followed by hydro-dynamics

7



An initial state with a very high 
density of gluons (bosons)

✤ Initial state formed by fusion of space-like (virtual) gluons into a 
light-like (real) gluon.

✤ Similar to the GLASMA (note: mean state!)
[This work is not predicated on the presence of the CGC]

✤ Several low momentum states up to Q ~ Qs are now over occupied

✤ Gluons begin to appear after # ~ 1/Q 

✤ Macroscopic occupation of some momentum states

✤ One condition for a super-fluid fulfilled 

8



2 conditions for a super-fluid 

✤ Macroscopic occupation of a few 
momentum states

✤ Dispersion relation of excitations that 
makes it hard to excite.

✤ Landau condition

E0 = E0 + ✏(p) + ~p · ~v + Mv2

2
~P 0 = ~p+M~v

✏(p) + ~p · ~v < 0

9



Static (NR) condensate

✤ Bogoliubov transformation
Separate p=0 from other p = 0 operators
replace 

✤ Diagonalize the Hamiltonian for p = 0 states.

H =
X

p

p2

2m
a†pap +

V

2

X

p1,p2,q1,q2

a†p1
a†p2

aq1aq2�p1+p2�q1�q2,0

/
a0, a

†
0 !

p
N

✏(p) = Cp+ · · ·
/
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Dynamic (non-uniform) NR condensate

✤ Gross-Pitaevskii equation

i~ @
@t
 =

✓
~r2

2m
+ g| |2

◆
 

 = ⇢ei✓

~vs =
~~r✓

m

m

@ji

@t

+
@⇧ik

@xk
= 0

introduction of phase of 
condensate

gradient of phase gives 
velocity

Potential hydrodynamics
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Relativistic scalar condensate
✤ Charged scalar theory

Note: no spontaneous symmetry breaking

✤ Introduce a large condensate by hand.  

✤ Separate the Lagrangian into a condensate part and terms quadratic, 
cubic and quartic in the fluctuation. 

✤ Density and velocity of superfluid:

L =
1

2
@µ�

⇤@µ�� 1

2
m2�⇤�� 1

4
(�⇤�)2

� = ei✓ (⇢+ �1 + i�2)

vis =
@i✓

@0✓⇢2
L = L0 + L2 + L3 + L4

following 
Alford et. al.
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Radial flow of condensate

!=0.01

Solving these 
equations with  

Boost invariant solutions only, calculations in the transverse plain.
13



Radial flow of condensate

!=0.01

Solving these 
equations with  

Boost invariant solutions only, calculations in the transverse plain.
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Elliptic flow of condensate

Please note: simulations are very very very preliminary
14



Elliptic flow of condensate

Please note: simulations are very very very preliminary
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Elliptic flow of condensate

Please note: simulations are very very very preliminary
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Fluctuations, interactions, 
thermalization

✤ This simple picture is modified by the presence of fluctuations

✤ There are no walls, but there are many other partons 

✤ Fluctuations can be generated by collision of hard particles with 
condensate, fluctuations can be generated spontaneously. 

✤ Methodology: condensate is a dense phase, use classical equations of 
motion 

✤ Fluctuations are a dilute phase, will have to be treated quantally.

✤ More and fluctuations are generated,  they interact and thermalize

✤ Fluctuations interact with condensate and get modified !****
15



Mass gap for fluctuations...

⇤'1 = (�m2 � 3�⇢2)'1 ⇤'2 = (�m2 � �⇢2)'2

Mass gaps proportional to $2 means fluctuations are 
hard to generate while condensate density is large

Look at part of Lagrangian, quadratic in fluctuations

Note: we will ignore the effect of pre-pre flow 

The generated pre-flow is still there in the simulations above

Interaction with the condensate makes fluctuation massive

16



SU(2) gauge theory

✤ Is there a mass gap in excitation/fluctuation spectrum ?

✤ Separate field into condensate and fluctuation

here, L1 = L2  in the scalar case ... 
just bad notation

Fµ⌫ = ta(@µAa⌫ � @⌫Aaµ + g✏abcAbµAc⌫)
Classical 

condensate

Fµ⌫ = ta(@µA a⌫ � @⌫A aµ) Quantum fluctuations

A. Majumder arXiv:1402.1912 [nucl-th]

17

http://arxiv.org/abs/arXiv:1402.1912
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SU(2) gauge theory

all factors of the classical 
field in S. For a real mass S < 0

Assume, diagonalization in color and Lorentz indices

Assume, slowly varying fields and
keep, only up to single derivatives 

18



Condensate in color and spin

is the modulus of the condensate
% is the phase

introduce two random unit vectors, to quantify condensate in x-y 

Following 
Sannino et al.

19



Solving for mass gap

Now substitute back into S and take event average.

Solutions for 
scalar potential

hcos2(✓)i = 1

2

S < 0

Fluctuations have a mass, so hard to excite...
20



Conclusions outlook

✤ p-p, p-A possibly reveal the initial state dynamics of A-A

✤ There could be a dense highly occupied state of gluons formed in the 
initial state

✤ The excitation spectrum seems to have a mass gap, so dense state 
behaves like a superfluid with very low viscosity

✤ This allows to generate flow, without full thermalization

✤ Mass gap means thermalization will happen later, 

✤ System may become strongly coupled by this point

✤ One could also have instabilities later leading to thermalization
21



To do list

✤ Many things left to do:

✤ Calculate T&'  from the scalar theory and SU(2) and look at time 
evolution

✤ Set up a condensate in SU(3) and study the presence of mass gap. 

✤ Calculations need to be renormalized. Need to see range of time 
where one can apply weak coupling. 

✤ A way out from requiring rapid thermalization.

✤ Huge implications for low pT jets, these cannot lose energy as they 
cannot excite modes in this medium.

22



Principal Component Analysis and Subleading Flow

Aleksas Mazeliauskas

Department of Physics and Astronomy
Stony Brook University

March 6, 2015

A. Mazeliauskas, and D.Teaney, arXiv:1501.03138

R. Bhalerao, J.Y. Ollitrault, S. Pal, and D.Teaney, arXiv:1410.7739



Many sources of flow
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Many sources of flow
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Many sources of flow
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Event by Event Triangular Flow

Event-by-event particle yield expanded in azimuthal angle ϕ

dN

dp
= V0(p) +

∞∑
n=1

Vn(p)e−inϕ + h.c.

E-by-e triangular flow estimate

|V3(p)|ei3Φ(p) ≡ 1

∆p

∑
j∈bin(p)

ei3ϕj

Event averaged correlation matrix

C3(p1, p2) = 〈V3(p1)V ∗3 (p2)〉

Good observable – characterize it!
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Simple flow model

Single flow

|V3(p)|ei3Φ = V
(1)

3 (p)︸ ︷︷ ︸
fixed real p-function

× ε3√
〈ε2

3〉︸ ︷︷ ︸
complex e-by-e orientation

,

Single flow ⇒ correlation matrix factorizes

C3(p1, p2) = 〈V3(p1)V ∗3 (p2)〉 = V
(1)

3 (p1)× V (1)
3 (p2)

Measure factorization with

r3(p1, p2) =
〈V3(p1)V ∗3 (p2)〉√
〈|V3(p1)|2〉 〈|V3(p2)|2〉

r3(p1, p2) = 1 for single flow.

arXiv:1501.03138 Motivation 4 / 15



Factorization breaks
Single flow fails. F. Gardim et al, arxiv:1211.0989

r3(p1, p2) =
〈V3(p1)V ∗3 (p2)〉√
〈|V3(p1)|2〉 〈|V3(p2)|2〉

≤ 1
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See U. Heinz et al, arxiv:1502.0463
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Subleading flow

One product does not work!

〈V3(p1)V ∗3 (p2)〉 6= V
(1)

3 (p1)× V (1)
3 (p2)

Try two!

〈V3(p1)V ∗3 (p2)〉 = V
(1)

3 (p1)× V (1)
3 (p2)︸ ︷︷ ︸

leading flow

+V
(2)

3 (p1)× V (2)
3 (p2)︸ ︷︷ ︸

subleading flow

Math: any covariance matrix is a sum of its eigenvectors.

〈V3(p1)V ∗3 (p2)〉 =
∑
a

V
(a)

3 (p1)× V (a)
3 (p2)

V
(a)

3 (p) =
√

λa︸︷︷︸eigenvalue
× ψ

(a)
3 (p)︸ ︷︷ ︸

normalized eigenvectors

Only need 2-3 terms: λ1 > λ2 � λ3 � . . .
arXiv:1501.03138 Principal Component Analysis 6 / 15



Principal Component Analysis

Bonus: Eigenvectors V
(a)

3 (p) is a complete basis for e-by-e V3(p)

V3(p) = ξ1V
(1)

3 (p)︸ ︷︷ ︸
leading flow

+ ξ2V
(2)

3 (p)︸ ︷︷ ︸
subleading flow

+ . . .︸︷︷︸
small

.

ξ1 ≈ ε3/
√
〈ε2

3〉, but ξ2 uncorrelated with ξ1 (by PCA construction)

Summary of PCA

find eigen-values/vectors of 〈V3(p1)V ∗3 (p2)〉
only 2-3 eigenvectors relevant

expand e-by-e V3(p) in leading/subleading flows

arXiv:1501.03138 Principal Component Analysis 7 / 15



Factorization “explained”

〈V3(p1)V ∗3 (p2)〉 = V
(1)

3 (p1)V
(1)

3 (p2) + V
(2)

3 (p1)V
(2)

3 (p2)

r3(p1, p2) =
〈V3(p1)V ∗3 (p2)〉√
〈|V3(p1)|2〉 〈|V3(p2)|2〉
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Subleading V3(p) flow

V3(p) = ξ1V
(1)

3 (p) + ξ2V
(2)

3 (p) + . . . , ξa = |ξa|ei3Φa
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Two flows ⇒ two initial geometries
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Geometry in subleading flow plane

Correlate entropy density S with subleading flow ξ2

〈S(r, φ) ξ2〉 or 〈S(r, φ+ Φ2)|ξ2|〉

Plot 〈S(r, φ+ Φa)|ξa|〉 × r3 minus background
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“ε3” for subleading flow

Leading flow predicted by ε3

ε
(1)
3 ∝

〈
r3︸︷︷︸
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〉

Predict subleading flow with
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arXiv:1501.03138 Predictors 12 / 15



Predicting subleading flow

Correlation coefficient between flow and geometry
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Event-by-event correlations
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Summary

1. Principal Component Analysis is a systematic way of analyzing two
particle correlations.

2. 2-3 principal components contain all information of rn matrix.

3. Factorization breaking (subleading flow) originates from radial
excitation in geometry.

Further work:

subleading flow for n = 0, 1, 2, 4, 5 . . .,

principal components in η direction.

Thank you!

Summary 15 / 15



Backup
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Radial geometry of subleading flow
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Single-shot vs event averaged response

evolve smooth initial geometry with radially excited eccentricity

compare with event averaged subleading flow
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Single term predictor

Correlate flow with Fourier components of geometry
S3(k) =

∫∞
0 rdrJ(kr)S3(r)

Q =
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Single-shot evolution subleading flow
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Figure: Hydrodynamic evolution of the subleading triangular flow. The color
contours indicate the radial momentum density per rapidity, T τr = τ(e+ p)uτur,
while the arrows indicate the radial flow velocity.
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Centrality and viscosity dependence
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Centrality and viscosity dependence
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Averaged geometry in predicted event plane
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Workshop	  	  Summary:	  
	  Collec3vity	  in	  Small	  Colliding	  Systems	  with	  High	  Mul3plicity	  	  

March	  4-‐6	  2015	  

This	  will	  not	  be	  a	  summary	  of	  results	  presented	  here	  but	  an	  
aGempt	  to	  put	  the	  various	  ideas	  discussed	  in	  a	  simple	  

context.	  

and	  to	  tell	  a	  few	  jokes	  that	  will	  get	  people	  angry	  

“If	  you	  are	  that	  angry,	  you	  must	  not	  be	  sure	  of	  yourself.”	  
Alice	  McLerran	  

“I’m	  just	  doing	  my	  job.”	  
Larry	  McLerran	  



	  "I	  don't	  know	  what	  you	  mean	  by	  'glory',"	  Alice	  
said.	  
	  
Humpty	  Dumpty	  smiled	  contemptuously.	  "Of	  
course	  you	  don't-‐	  3ll	  I	  tell	  you.	  I	  meant	  'there's	  
a	  nice	  knock-‐down	  argument	  for	  you!'"	  
	  
"But	  'glory'	  doesn't	  mean	  'a	  nice	  knock-‐down	  
argument',"	  Alice	  objected.	  
	  
"When	  I	  use	  a	  word,"	  Humpty	  Dumpty	  said,	  in	  
rather	  a	  scornful	  tone,	  "it	  means	  just	  what	  I	  
choose	  it	  to	  mean-‐	  neither	  more	  nor	  less."	  
	  
"The	  ques3on	  is,"	  said	  Alice,	  "whether	  you	  can	  
make	  words	  mean	  so	  many	  different	  things.”	  

"The	  ques3on	  is,"	  said	  Humpty	  Dumpty,	  
"which	  is	  to	  be	  master-‐that's	  all.”	  
	  
Alice	  was	  too	  much	  puzzled	  to	  say	  
anything;	  so	  a\er	  a	  minute	  Humpty	  
Dumpty	  began	  again.	  "They've	  a	  temper	  
some	  of	  them-‐	  par3cularly	  verbs:	  
they're	  the	  proudest-‐	  adjec3ves	  you	  can	  
do	  anything	  with,	  but	  not	  verbs-‐	  
however,	  I	  can	  manage	  the	  whole	  lot	  of	  
them!	  Impenetrability!	  That's	  what	  I	  
say!"	  	  
	  
Through	  the	  Looking	  Glass,	  Ch.	  VI	  	  
	  

Webster’s	  3’d	  Interna3onal	  
Dic3onary:	  

	  
Collec3ve:	  

	  
(6)	  marked	  by	  simultaneity,	  
uniformity	  or	  similarity	  (as	  a	  

response	  to	  a	  s3mulus)	  among	  all	  
members	  of	  a	  group	  



High	  	  Mul3plicity,	  Thermaliza3on	  and	  Proton-‐Proton	  or	  Proton-‐
An3proton	  Collisions	  

Various	  opinions:	  
	  

Satz,	  Rafelski,	  Shuryak,	  Bjorken,	  McLerran,	  Ruuskanen	  
	  

All	  have	  stated	  in	  3mes	  past	  (about	  30	  years	  ago)	  that	  at	  sufficiently	  	  high	  mul3plicity	  
	  pp	  collisions,	  the	  mean	  free	  path	  becomes	  small	  compared	  to	  the	  size	  of	  the	  system	  

In	  this	  limit	  pp	  and	  AA	  collisions	  should	  be	  generically	  the	  same.	  	  	  
	  

Vesa	  Russkanen	  and	  I	  applied	  our	  early	  hydrodynamical	  computa3ons	  proton-‐
an3proton	  collisions	  	  	  

	  
Bj	  and	  friends	  ran	  the	  C0	  experiment	  at	  the	  Tevatron	  studying	  high	  mul3plicity	  events,	  

and	  found	  p_T	  enhancements,	  mass	  ordering	  and	  strangeness	  enhancement.	  
Features	  now	  associated	  with	  a	  hydro-‐dynamical	  interpreta3on	  

	  
The	  argument	  for	  heavy	  ions	  was	  always	  the	  size	  is	  much	  larger	  so	  that	  the	  

assump3ons	  that	  go	  into	  a	  hydro-‐dynamical	  treatment	  	  are	  much	  beGer.	  The	  energy	  
densi3es	  associated	  with	  typical	  events	  is	  also	  large	  than	  is	  that	  for	  pp	  	  



So	  if	  the	  hydro-‐dynamical	  assump3ons	  and	  the	  thermal;	  descrip3on	  is	  much	  beGer	  
in	  AA	  than	  pp	  or	  pA,	  why	  is	  there	  	  so	  much	  excitement	  about	  pA	  and	  pp	  in	  the	  heavy	  

ion	  community?	  
	  

For	  some	  it	  would	  validate	  the	  hydro-‐dynamical	  treatment	  in	  heavy	  ion	  collisions.	  
	  

For	  others	  it	  provides	  a	  laboratory	  that	  allows	  one	  to	  test	  issues	  poorly	  understood	  
in	  heavy	  ion	  collisions:	  

	  
The	  nature	  of	  maGer	  at	  very	  early	  3mes	  in	  such	  collisions:	  

CGC,	  Glasma	  
	  

The	  consequences	  of	  decoupling	  
	  

Generically	  effects	  such	  as	  flow	  are	  generated	  by	  earlier	  3me	  phenomena	  at	  shorter	  
distance	  scales	  in	  pp	  	  or	  pA	  collisions	  than	  in	  AA	  collisions.	  

	  
The	  decoupling	  occurs	  generically	  at	  earlier	  3me	  and	  higher	  temperatures	  in	  pp	  and	  

pA	  than	  in	  AA	  
	  

Maybe	  we	  can	  learn	  something	  new	  about	  QCD	  maGer?	  
	  



Surprising	  and	  exci3ng	  result	  of	  pA	  experiments	  at	  CERN:	  	  
	  High	  degree	  of	  collec.ve	  behaviour	  of	  par.cles	  produced	  in	  high	  mul.plicity	  

events	  

Simple	  Examples	  of	  Collec3ve	  Behaviour	  

Example	  1:	  	  Beam	  of	  partons	  going	  down	  beam	  pipe	  



Example	  2:	  	  Beam	  of	  par3cles	  hilng	  target	  



Example	  3:	  	  2	  Slit	  Interference	  

Intensity	  
PaGern	  

Beam	   Target	  



Example	  4:	  	  An	  Expanding	  Gas	  of	  Non-‐Interac3ng	  
Par3cles	  

Energy	  Conserved	  
Number	  Conserved	  
Energy/Par3cle	  
Conserved	  

Radial	  Flow	  at	  late	  
3me.	  

�radial ⇠ E/Nm ⇠ Qsat/⇤QCD



Example	  5:	  	  Opacity	  



Example	  6	  

Hydrodynamic	  Flow:	  
	  

Well	  mo3vated	  theore3cally	  for	  Central	  AA	  collisions	  
	  

Works	  semi-‐quan3ta3vely	  for	  experimental	  observables	  up	  to	  uncertain3es	  
associated	  with	  ini3al	  condi3ons,	  decoupling	  and	  range	  of	  applicability	  

	  
It	  would	  be	  very	  difficult	  to	  give	  up	  on	  such	  a	  successful	  theory	  of	  heavy	  ion	  

collisions	  in	  favor	  of	  less	  well	  mo3vated	  	  model	  computa3ons:	  
	  

However:	  
	  

We	  need	  to	  beGer	  understand	  effect	  associated	  with	  early	  and	  late	  3mes,	  and	  
non-‐hydro	  physics,	  such	  as	  jet	  	  interac3ons.	  

	  
We	  also	  need	  to	  be	  honest	  about	  where	  when	  the	  hydrodynamic	  descrip3on	  

should	  break	  down	  such	  as	  peripheral	  AA	  and	  lowish	  mul3plicity	  pp	  and	  pA.	  	  This	  
is	  not	  a	  modeling	  issue	  or”	  I	  can	  find	  some	  model	  etc”	  issue.	  	  You	  can	  have	  an	  

infinite	  number	  of	  wrong	  theories,	  and	  therefore	  there	  will	  always	  be	  some	  wrong	  
theory	  to	  describe	  a	  finite	  set	  of	  data.	  	  You	  have	  to	  ask	  deeper	  ques.ons!	  



Something	  we	  can	  all	  agree	  on:	  
	  

Because	  the	  odd	  moments	  of	  flow	  exist,	  there	  must	  be	  final	  state	  interac3ons.	  
	  

Is	  this	  reasonable:	  	  If	  there	  is	  satura3on,	  as	  almost	  all	  of	  the	  ini3al	  state	  
models	  incorporate,	  then	  if	  there	  are	  strong	  ini3al	  state	  interac3ons	  there	  

should	  also	  be	  strong	  in	  the	  final	  state	  
	  

UnseGled	  ques3ons:	  
	  

Do	  we	  need	  only	  one	  interac3on	  per	  par3cle	  as	  suggested	  by	  Bzdak	  or	  do	  we	  
need	  many	  as	  required	  by	  hydro?	  

	  
Do	  we	  need	  ini3al	  state	  contribu3ons	  to	  the	  moments	  which	  might	  interfere	  

with	  the	  final	  state	  interac3ons?	  
	  

To	  what	  degree	  are	  fluctua3ons	  in	  the	  proton	  probe	  important	  for	  flow	  
measurements	  in	  pA?	  



High	  pt	  vs	  low	  pt	  
	  

If	  there	  are	  significant	  flow	  effects	  at	  some	  pt,	  
how	  can	  it	  be	  that	  there	  are	  not	  significant	  jet	  
interac3ons	  at	  that	  same	  pt?	  	  Is	  there	  any	  
respectable	  theore3cal	  considera3on	  which	  
would	  allow	  this?	  	  Non-‐respectable	  that	  is	  not	  

obviously	  wrong?	  

In	  CGC	  and	  in	  Biro,	  Levai,	  Gyulassy	  and	  Vitev:	  
	  

There	  is	  a	  decoupilng	  between	  the	  coordinate	  
space	  ellip3ci3es	  and	  the	  induced	  v_n’s.	  	  	  

How	  do	  we	  see	  this?	  



Hydrodynamics	  clearly	  must	  break	  down	  at	  early	  and	  late	  3mes.	  
	  

How	  can	  we	  see	  this	  in	  an	  unambiguous	  way?	  
	  

Can	  we	  measure	  the	  effects	  of	  P_L/P_T?	  
If	  we	  can	  isolate	  such	  an	  effect,	  what	  does	  it	  tell	  us	  about	  the	  3me	  and	  size	  

scales	  involved.	  

General	  Comments:	  
	  

A	  basic	  problem	  is	  that	  hydro	  describes	  the	  qualitai3ve	  features	  of	  pA	  and	  pp	  
collisions.	  	  To	  get	  beGer	  resolu3on	  on	  the	  issue,	  one	  	  needs	  beGer	  theory	  

which	  limits	  parameters.	  	  Difficult	  to	  	  do	  when	  	  a	  frac3on	  of	  the	  community	  is	  
comfortable	  with	  filng	  data	  even	  when	  the	  underlying	  models	  which	  are	  

used	  are	  either	  outside	  their	  range	  of	  validity	  or	  have	  something	  
fundamentally	  wrong	  in	  their	  implementa3on.	  	  Even	  for	  consistent	  
descrip3ons,	  very	  difficult	  because	  	  of	  large	  numbers	  of	  adjustable	  

parameters.	  	  

I’m	  just	  doing	  my	  job!	  



Summary of RHIC results on small colliding systems 
Dave Morrison (BNL)

hydro? maybe. anyway, it’s sunny and warm.



Key RHIC data sets for small systems

2003 
d+Au 

200 GeV  
20/nb

2008 
d+Au 

200 GeV 
200/nb

2014 
3He+Au 
200 GeV 

70/nb

2015 
p+p 

p+Au 
p+Al 

200 GeV

STAR 
10M m.b. events

PHENIX 
1.6B m.b. events
STAR 
70M m.b. events
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Two particle correlations in d+Au at RHIC

0.48 < |η| < 0.7)
PHENIX PRL 111, 212301 (2013)

assumption: jet-like contribution to correlations 
same in peripheral and central d+Au 

central – peripheral removes centrality 
independent correlations 

varying η selection, like- and opposite-sign 
correlations used to set systematic uncertainty
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One person’s signal is another’s background

STAR PRL 97, 162301 (2006)

for different ptrig
T in each passoc

T interval. The background
level decreases rapidly as passoc

T is raised, e.g., by an order
of magnitude between the two rows in Fig. 1.

Near-side peaks are seen in all panels and indicate larger
yields for higher ptrig

T at fixed passoc
T . Such an increase in the

correlated yield is expected if the correlation is dominated
by jet fragmentation, with higher ptrig

T biasing towards
higher ET jets. An away-side peak is not apparent at the
lowest ptrig

T , consistent with previous studies of !! corre-
lations in central Au! Au collisions in similar ptrig

T and
passoc
T ranges [12]. However, an away-side peak emerges

clearly above the background as ptrig
T is increased. The

narrow, back-to-back peaks are indicative of the azimu-
thally back-to-back nature of dijets observed in elementary
collisions.

Figure 2 shows the !! distributions for the highest ptrig
T

range in Fig. 1 (8< ptrig
T < 15 GeV=c) for midcentral

(20%–40%) and central Au! Au collisions, as well as
for d! Au collisions. passoc

T increases from top to bottom;
for the highest passoc

T (lower panels), the combinatorial
background is negligible. We observe narrow correlation
peaks in all passoc

T ranges. For each passoc
T , the near-side

peak shows similar correlation strength above background
for the three systems, while the away-side correlation
strength decreases from d! Au to central Au! Au. For
8<ptrig

T < 15 GeV=c and passoc
T > 6 GeV=c, a Gaussian

fit to the away-side peak finds a width of "!! " 0:24#
0:07 for d! Au and 0:20# 0:02 and 0:22# 0:02 for
20%–40% and 0%–5% Au! Au collisions, respectively.

No significant dependence of the widths on system or
centrality is observed.

To quantify the correlated near- and away-side yields,
we integrate the area under the peaks (near-side j!!j<
0:63; away-side j!!$ #j< 0:63) and subtract the non-
jetlike background. In previous analyses at lower pT , an-
isotropic (‘‘elliptic’’) flow contributed significantly to the
measured two-particle correlation, leading to large uncer-
tainties in the extraction of jetlike yields [14,15]. In this
analysis, the background contribution due to elliptic flow is
estimated using a function B%1! v2fpassoc

T gv2fptrig
T g&

cos'2!!(), where the v2 are extracted from standard
elliptic flow analysis [14] and B is fitted to the region
between the peaks (0:63< j!!j< 2:51), and is appre-
ciable only for the lowest passoc

T range in Fig. 2. The
uncertainty in the magnitude of elliptic flow introduces a
small systematic uncertainty less than 5% on the extracted
associated yields (Fig. 3).

Figure 3 shows the centrality dependence of the near-
and away-side yields for the ptrig

T and passoc
T ranges in Fig. 2.

The leftmost points in each panel correspond to d! Au
collisions, which we assume provide the reference distri-
bution for jet fragmentation in vacuum. The near-side
yields (left panel) show little centrality dependence, while
the away-side yields (right panel) decrease with increasing
centrality. The away-side centrality dependence is similar
to our previous studies of dihadron azimuthal correlations
for lower pT ranges [12]. Note that the yields in different
passoc
T bins for a given centrality may exhibit correlations

due to their common trigger population.
The effect of the medium on dijet fragmentation can be

explored in more detail using the pT distributions of near-
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FIG. 3 (color online). Centrality dependence (number of par-
ticipants NPart) of near- and away-side yields in 200 GeV d! Au
(leftmost points) and Au! Au collisions, for 8< ptrig

T <
15 GeV=c and various passoc

T ranges. A semilog scale is used
and data for 3< passoc

T < 4 GeV=c are scaled by 1.5 for clarity.
The error bars are statistical. The horizontal bars for 3< passoc

T <
4 GeV=c show the systematic uncertainty due to background
subtraction; it is negligible for higher passoc

T .
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need to determine harmonic 
background well to have good 
measure of jet-like signal

need to determine jet-like 
correlation well to have good 

measure of harmonic signal

Likewise, flow-like signal (1% modulation) not apparent in 
PHENIX d+Au forward di-hadron analysis.  
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Two particle correlations in PHENIX central arms

The dominant source of systematic uncertainty results
from the inability to completely exclude the near-side jet
peak in this analysis. The PHENIX central arm spectrom-
eters lack sufficient j!!j acceptance to completely
exclude the near-side jet peak. To assess the systematic
influence of any residual unmodified jet correlations, we
analyzed charge-selected correlations. Charge ordering is a
known feature of jet fragmentation, which leads to
enhancement of the jet correlation in opposite-sign pairs,
and suppression in like-sign pairs, in the near side peak
(e.g., Ref. [25]). A representative pT selection of Yð!"Þ
and !Yð!"Þ distributions for like-sign and opposite-sign
pairs are shown in Fig. 1 (bottom panels). Both !Yð!"Þ
distributions exhibit a significant cosð2!"Þ modulation.
The magnitude of the modulation at !" ¼ 0 is larger in
the opposite-sign case. The root-mean-squared variation
of the same-sign and opposite-sign cn measurements rela-
tive to the combined value is included in the systematic
uncertainties. This reflects the influence of possible
remaining jet correlations and is applied symmetrically,
because the influence of the jet contribution is not known.
As an additional test, the minimum !! was varied from
the nominal value of 0.48 to 0.36 (where sensitivity to jet
contributions is enhanced) and 0.60 (where it is reduced).
The 0.36 selection has some !" asymmetry in !Yð!"Þ;
the 0.60 selection does not. In both cases the extracted c2
values are consistent with the central !! selection. To
assess the dependence of the results on our selection of
peripheral events, we have extracted c2 values using
60%–88% and 70%–88% central events as alternate

peripheral samples. No significant change was found in
the c2 values from the default peripheral subtraction. This
is potentially different from the implications of Ref. [26]
where a difference in low pT hadron correlations between
40%–100% dþ Au and pþ p collisions is observed. We
observe a similar magnitude signal in both 0%–5% and
0%–20% central events. Other sources of uncertainty, such
as occupancy and acceptance corrections, were found to
have a negligible effect on these results.
In pþ Pb collisions at the LHC, the signal is seen in

long-range !! correlations. In this analysis, signal is
measured at midrapidity, but it is natural to ask if previous
PHENIX rapidity separated correlation measurements [18]
would have been sensitive to a signal of this magnitude.
The maximum c2 observed here is approximately a 1%
modulation about the background level. Overlaying a
modulation of this size on the conditional yields shown
in Fig. 1 of Ref. [18] shows that the modulation on the near
side is small compared with the statistical uncertainties.
With the current method we cannot determine whether the
signal observed here persists for !> 3.
To test effects of the centrality determination or known

jet modifications on this observable, we have applied the
identical analysis procedure (including the centrality selec-
tion) to HIJING [27] (v1.383) dþ Au events. As shown in
Fig. 2, we find an average c2 value of ð7:5% 5:5Þ & 10'4

for 0:5< pa
T < 1:5 GeV=c with no significant pT

dependence.
The c3 values, shown in Fig. 2, are small relative to c2.

Fitting the c3 data to a constant yields ð6% 4Þ & 10'4 with
a #2 per degree of freedom of 8:4=7 (statistical uncertain-
ties only); no significant c3 is observed.
A measure of the single-particle anisotropy, v2, can be

obtained under the assumption of factorization [28–30]:
c2ðpt

T; p
a
TÞ ¼ v2ðpt

TÞv2ðpa
TÞ. We have varied pt

T and
recomputed v2ðpTÞ and find no significant deviation from
the factorization hypothesis. The calculated single particle
v2 is shown in Fig. 3, and also compared with the ATLAS
[9] results, revealing qualitatively similar pT dependence
with a significantly larger magnitude. We also compare the
v2 results to a hydrodynamic calculation [14,31] and find
good agreement between the data and the calculation. The
v2 reported here is the excess v2 beyond any which is
present in peripheral dþ Au collisions. While we cannot
extract v3 from the current data, Fig. 2 shows that the
measured c3 values are in agreement with the values
expected from v3 as a function of pT in the same model
as the v2 calculation [31]. The v2 data are also in qualita-
tive agreement with another hydrodynamic calculation
[32] both with the MC-Glauber model and with impact-
parameter glasma [33] initial conditions (note that these
calculations are at a fixed Npart, not the exact centrality

range as in the data). These calculations have very different
assumptions about the initial geometry and yet are all in
qualitative agreement with the data.

FIG. 2 (color online). The nth-order pair anisotropy, cn, of the
central collision excess as a function of associated particle pa

T . c2
(filled [red] circles) and c3 (filled [green] squares) are for 0:5<
pt
T < 0:75 GeV=c, 0:48< j!!j< 0:7. c2 as extracted from

dþ Au HIJING events using the same procedure as in the data
is also shown (open circles). c3 as expected for our pT selections
from Ref. [31] is shown as a dashed line.

PRL 111, 212301 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

22 NOVEMBER 2013

212301-5

assume factorization c2(pTtrigger, pTassociated) = v2(pTtrigger) × v2(pTassociated)

PHENIX PRL 111, 212301 (2013)

Is there significant residual jet-like contribution? 
Hydro interpretation more convincing if broken out by particle type. 
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η extent of near-side jet-like contribution
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TABLE III. Inverse slope parameters in MeV/c of passociated
T

spectra from fits of data in Fig. 10. The inverse slope parameter
from a fit to π− inclusive spectra in Au+Au collisions [57,58] above
1.0 GeV/c is 280.9±0.4 MeV/c for 0–10%

√
sNN = 62.4 GeV and

330.9±0.3 MeV/c for 0–12%
√

sNN = 200 GeV. Statistical errors
only.

√
sNN = 62.4 GeV

√
sNN = 200 GeV

Au+Au 332 ± 13 457 ± 4 (40–80%)
399 ± 4 (0–12%)

Cu+Cu 370 ± 9 443 ± 3
d+Au 438 ± 9
PYTHIA 417 ± 9 491 ±3

for central Au+Au collisions at
√

sNN = 200 GeV. While no
dependence on collision system is observed, there is a clear
increase in the "η width with increasing ⟨Npart⟩ in Au+Au
collisions at

√
sNN = 200 GeV. This indicates that the shape of

the jet-like correlation is modified in central Au+Au collisions
at

√
sNN = 200 GeV. PYTHIA predicts a greater width in "η at

the lowest passociated
T than seen in d+Au or Cu+Cu.

Overall, it can be concluded that the agreement among
the different collision systems and energies shows remarkably
little dependence of the jet-like per-trigger yield on the system
size. In contrast to the peripheral Au+Au data, the central
Au+Au data show indications that the jet-like correlation
is modified. The model in Ref. [59], a hypothesis for the
formation of the ridge through gluon bremsstrahlung, does
not produce a ridge broad enough to agree with the data;
however, it is possible that a similar mechanism could explain

the broadening of the jet-like correlation. Similarly, models
for ridge production by turbulent color fields [27,60] predict a
broadening of the jet-like peak in "η which is not wide enough
to describe the ridge but may explain the data in Fig. 11.

C. The near-side ridge

In Ref. [12], we reported detailed studies of the ridge in
Au+Au collisions at

√
sNN = 200 GeV as a function of

p
trigger
T and passociated

T . Here we investigate the ridge centrality,
energy, and system size dependence. The dependence of the
ridge yield on ⟨Npart⟩ for Cu+Cu and Au+Au collisions is
shown in Fig. 12 for both energies studied. Table IV shows b"φ

values and v2 of trigger and associated particles for all collision
systems and energies studied in Fig. 12. The centrality bins are
characterized by the fraction of geometric cross section σ/σgeo,
average number of participants ⟨Npart⟩, and number of binary
collisions ⟨Ncoll⟩. Contrary to the jet-like yield, which shows
little dependence on centrality, the ridge yield increases steeply
with ⟨Npart⟩. Within errors, there is no difference in ridge yield
between Cu+Cu and Au+Au collisions at the same ⟨Npart⟩ at
a given energy, demonstrating the system independence of the
ridge yield.

The energy dependence of the ridge yield is potentially a
sensitive test of ridge models. Comparing the two collision
energies studied, the ridge yield is observed to be smaller
at

√
sNN = 62.4 GeV than at

√
sNN = 200 GeV. Similar

behavior was also observed for the jet-like yield. Therefore, a
closer investigation of the centrality dependence of the ratio
Yridge/Yjet is reported in Fig. 13. The ratio of the yields is
independent of collision energy within errors. For the same
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FIG. 11. (Color online) Dependence of the widths in "φ and "η on p
trigger
T for 1.5 GeV/c < passociated

T < p
trigger
T , passociated

T for 3 < p
trigger
T <

6 GeV/c, and ⟨Npart⟩ for 3 < p
trigger
T < 6 GeV/c and 1.5 GeV/c < passociated

T < p
trigger
T for 0–95% d+Au, 0–60% Cu+Cu at

√
sNN = 62.4 GeV

and
√

sNN = 200 GeV, 0–80% Au+Au at
√

sNN = 62.4 GeV, and 0–12% and 40–80% Au+Au at
√

sNN = 200 GeV. Comparisons to PYTHIA

are shown as lines. The 5% systematic error due to the uncertainty on the acceptance correction is not shown and systematic errors due to the
acceptance correction are given in Table II.
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G. 2D fits

In addition to the standard ZYAM procedure, we also
analyzed the distribution of particles in Eq. (1) using two-
dimensional fits of the form as follows:

d2N

d!φd!η
= A

[

1 +
4∑

n=1

2Vn! cos(n!φ)

]

+ YJ

2πσ!φ,J σ!η,J

e
− !η

2σ2
!η,J e

− !φ

2σ2
!φ,J . (11)

with first four coefficients V1!, V2!, V3!, and V4! of a Fourier
expansion and a term accounting for the jet-like correlation on
the near side. This approach is motivated by the class of models
for ridge production through a triangular initial condition.
If nonflow contributions are negligible, V2! corresponds to
the average of the product of the trigger particle v2 and the
associated particle v2 and V3! corresponds to the average
of the product of the trigger particle v3 and the associated
particle v3. We use Eq. (11) to fit the data and extract V3!/V2!

for all collision energies and systems. We allow V3! to
be negative. A narrow roughly Gaussian away-side peak at
!φ ≈ π , which could arise from correlations from the produc-
tion of an away-side jet, would have a negative contribution
to V3! and a negative V3! could indicate that flow is not
the dominant production mechanism for these correlations.
Furthermore, V2! is not constrained to the experimental
values measured for v2 through other means. There is no
systematic error on V3!/V2! due to the efficiency because any
uncertainty in the efficiency would change the magnitude of
the modulations, given by A in Eq. (11), but not the relative size
of those modulations, V2! and V3!. The uncertainty due to the
fit and uncertainty in the acceptance correction is determined
by fixing the parameters within the range given in Table II.
This gives an uncertainty of <4% on V3!/V2!.

IV. RESULTS

A. Sample correlations

Figure 5 shows fully corrected !η projections of sample
correlations on the near side (|!φ| < 0.78) before background
subtraction for d+Au, Cu+Cu, and Au+Au collisions at
energies

√
sNN = 62.4 GeV and

√
sNN = 200 GeV. The

trigger particles were selected with transverse momentum
3 < p

trigger
T < 6 GeV/c and the associated particles with

1.5 GeV/c < passociated
T < p

trigger
T . The data show a clear jet-like

peak sitting on top of the background and the ridge. The level
of the background is increasing with energy and system size as
expected, as more bulk particles are produced in the collision.

Examples of the complementary projections in !φ before
background subtraction for (|!η| < 1.78) are shown in
Fig. 6. The elliptic flow modulated background is shown as
solid curves. The middle curve corresponds to background
calculated with the nominal value of v2. The upper (lower)
curve corresponds to the background if the upper (lower)
bound on v2 is used instead. Since we have conservatively
assumed that the error on the v2 of the trigger and associated
particles is 100% correlated, the background occasionally goes

|<0.78φ∆|
 η∆

dN
/d

0.45

0.5

(a) Cu+Cu 62 GeV
0-60%

1.75

1.8

1.85(b) Au+Au 62 GeV
0-80%

η∆
-1.5 -1 -0.5 0 0.5 1 1.5

 η∆
dN

/d

0.75

0.8

0.85

0.9

0.95 (e) Au+Au 200 GeV
40-80%

η∆
-1.5 -1 -0.5 0 0.5 1 1.5

5.3

5.4

5.5
(f) Au+Au 200 GeV

0-12%

 η∆
dN

/d

0.1

0.2

0.3
(c) d+Au 200 GeV

0-95%

0.9

1

1.1
(d) Cu+Cu 200 GeV

0-60%

FIG. 5. (Color online) Sample correlations in !η (|!φ| < 0.78)
for 3 < p

trigger
T < 6 GeV/c and 1.5 GeV/c < passociated

T < p
trigger
T for

(a) 0–60% Cu+Cu at
√

sNN = 62.4 GeV, (b) 0–80% Au+Au
at

√
sNN = 62.4 GeV, (c) 0–95% d+Au at

√
sNN = 200 GeV,

(d) 0–60% Cu+Cu at
√

sNN = 200 GeV, (e) 40–80% Au+Au at√
sNN = 200 GeV, and (f) 0–12% central Au+Au at

√
sNN = 200

GeV. Lines show the !η range where the jet-like yield is determined.
The data are averaged between positive and negative !η and reflected
in the plot. Shaded lines in (f) show the systematic errors discussed
in Sec. III F.

above the signal in Fig. 6(f) on the away side. However, since
we are focusing the near side we prefer this conservative
estimate. Note that the uncertainty in the size of the elliptic
flow modulated background affects only the ridge yield but
not the jet-like yield, since the elliptic flow contribution to the
jet-like yield in !φ cancels out in Eq. (6) and in !η is included
in b!η in Eq. (8).

Sample background-subtracted correlation functions dNJ

d!η

from Eq. (8) and dNJ

d!φ
from Eq. (6) on the near side for 3 <

p
trigger
T < 6 GeV/c and 1.5 GeV/c < passociated

T < p
trigger
T from

Figs. 5 and 6 are shown in Fig. 7. For the given kinematic
selection, the extracted jet-like correlation peaks in both !η
and !φ projections look very similar in all studied systems
and collision energies. The jet-like yields discussed through the
rest of the paper are obtained from the !η projection method;
the !φ method is used only for determining the width of the
jet-like correlation in !φ. Below, the dependence of the near
side jet-like yield and Gaussian width of the jet-like correlation
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G. 2D fits

In addition to the standard ZYAM procedure, we also
analyzed the distribution of particles in Eq. (1) using two-
dimensional fits of the form as follows:

d2N

d!φd!η
= A

[

1 +
4∑

n=1

2Vn! cos(n!φ)

]

+ YJ

2πσ!φ,J σ!η,J

e
− !η

2σ2
!η,J e

− !φ

2σ2
!φ,J . (11)

with first four coefficients V1!, V2!, V3!, and V4! of a Fourier
expansion and a term accounting for the jet-like correlation on
the near side. This approach is motivated by the class of models
for ridge production through a triangular initial condition.
If nonflow contributions are negligible, V2! corresponds to
the average of the product of the trigger particle v2 and the
associated particle v2 and V3! corresponds to the average
of the product of the trigger particle v3 and the associated
particle v3. We use Eq. (11) to fit the data and extract V3!/V2!

for all collision energies and systems. We allow V3! to
be negative. A narrow roughly Gaussian away-side peak at
!φ ≈ π , which could arise from correlations from the produc-
tion of an away-side jet, would have a negative contribution
to V3! and a negative V3! could indicate that flow is not
the dominant production mechanism for these correlations.
Furthermore, V2! is not constrained to the experimental
values measured for v2 through other means. There is no
systematic error on V3!/V2! due to the efficiency because any
uncertainty in the efficiency would change the magnitude of
the modulations, given by A in Eq. (11), but not the relative size
of those modulations, V2! and V3!. The uncertainty due to the
fit and uncertainty in the acceptance correction is determined
by fixing the parameters within the range given in Table II.
This gives an uncertainty of <4% on V3!/V2!.

IV. RESULTS

A. Sample correlations

Figure 5 shows fully corrected !η projections of sample
correlations on the near side (|!φ| < 0.78) before background
subtraction for d+Au, Cu+Cu, and Au+Au collisions at
energies

√
sNN = 62.4 GeV and

√
sNN = 200 GeV. The

trigger particles were selected with transverse momentum
3 < p

trigger
T < 6 GeV/c and the associated particles with

1.5 GeV/c < passociated
T < p

trigger
T . The data show a clear jet-like

peak sitting on top of the background and the ridge. The level
of the background is increasing with energy and system size as
expected, as more bulk particles are produced in the collision.

Examples of the complementary projections in !φ before
background subtraction for (|!η| < 1.78) are shown in
Fig. 6. The elliptic flow modulated background is shown as
solid curves. The middle curve corresponds to background
calculated with the nominal value of v2. The upper (lower)
curve corresponds to the background if the upper (lower)
bound on v2 is used instead. Since we have conservatively
assumed that the error on the v2 of the trigger and associated
particles is 100% correlated, the background occasionally goes
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FIG. 5. (Color online) Sample correlations in !η (|!φ| < 0.78)
for 3 < p

trigger
T < 6 GeV/c and 1.5 GeV/c < passociated

T < p
trigger
T for

(a) 0–60% Cu+Cu at
√

sNN = 62.4 GeV, (b) 0–80% Au+Au
at

√
sNN = 62.4 GeV, (c) 0–95% d+Au at

√
sNN = 200 GeV,

(d) 0–60% Cu+Cu at
√

sNN = 200 GeV, (e) 40–80% Au+Au at√
sNN = 200 GeV, and (f) 0–12% central Au+Au at

√
sNN = 200

GeV. Lines show the !η range where the jet-like yield is determined.
The data are averaged between positive and negative !η and reflected
in the plot. Shaded lines in (f) show the systematic errors discussed
in Sec. III F.

above the signal in Fig. 6(f) on the away side. However, since
we are focusing the near side we prefer this conservative
estimate. Note that the uncertainty in the size of the elliptic
flow modulated background affects only the ridge yield but
not the jet-like yield, since the elliptic flow contribution to the
jet-like yield in !φ cancels out in Eq. (6) and in !η is included
in b!η in Eq. (8).

Sample background-subtracted correlation functions dNJ

d!η

from Eq. (8) and dNJ

d!φ
from Eq. (6) on the near side for 3 <

p
trigger
T < 6 GeV/c and 1.5 GeV/c < passociated

T < p
trigger
T from

Figs. 5 and 6 are shown in Fig. 7. For the given kinematic
selection, the extracted jet-like correlation peaks in both !η
and !φ projections look very similar in all studied systems
and collision energies. The jet-like yields discussed through the
rest of the paper are obtained from the !η projection method;
the !φ method is used only for determining the width of the
jet-like correlation in !φ. Below, the dependence of the near
side jet-like yield and Gaussian width of the jet-like correlation
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Jet-like component identified using ZYAM subtraction of background.   
Widths and trends with pTtrigger,associated in d+Au similar to A+A 
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Stretching PHENIX correlation acceptance …

p+p min-bias

d+Au 0-5%

Pair central arm tracks with MPC-S, Δη ~ 3.4

18

PHENIX arXiv:1404.7461

E = 3 GeV @ η > 3 ⇒ ET < 300 MeV
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Accounting for jet-like contributions to d+Au c2

5

the sum function and each individual cosine component252

are plotted in Fig. 1 for each distribution. We observe253

that the p+p distribution shape is described almost en-254

tirely by the dipole term cos(��), as expected gener-255

ically by transverse momentum conservation, via pro-256

cesses such as dijet production or soft string fragmen-257

tation; The shape in central d+Au exhibits both dipole258

and quadrupole cos(2��) terms with similar magnitudes.259

Both c3 and c4 are found to be ⇡0, as shown in Fig. 1.260
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5% d+Au collisions and c2(pT ) for pairs in minimum bias p+p
collisions times the dilution factor (⌃ET

pp/⌃ET
dAu). Panel

(b) shows their ratio, indicating that the contribution to the
c2 amplitude in d+Au from elementary processes present in
p+p are small, only a few percent at low pT and rising to
only 10% by 4.5 GeV/c. Both statistical (bar) and systematic
(band) uncertainties are shown.
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ties. We estimate contributions to systematic uncertain-263
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from weak decays and photon conversions and (2) multi-265
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tion by reducing the spatial matching windows in the268

third layer of the PC from 3� to 2�, and find that the269

change is less than 2% fractionally in c2. To study the270

pile-up e↵ect in d+Au collisions we separate the d+Au271

data set into two groups, one from a period with lower272

luminosity and the other with the higher luminosity. The273

corresponding pile-up event fractions in central d+Au are274

3.5% and 7.0%, respectively. The cdAu
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nosity data set is around 5% higher than that in higher276

luminosity across all pT . The average pile-up fraction277

for the total data sample is around 4%–5% and a sys-278
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e↵ect. Additionally, we compare cpp
2 results for p+p data280

taken in the 2008 and 2009 running periods, and see a281

di↵erence of less than 5% for pT < 1 GeV/c, increas-282
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that might arise because the tower energy and centrality284
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STAR long range azimuthal correlations in d+Au 

STAR arXiv:1502.07652
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FIG. 1: Correlated dihadron yield, per radian per unit of pseudorapidity, as a function of �� in three ranges of �⌘ in d+Au
collisions. Shown are both low and high ZDC-Au activity data. Both the trigger and associated particles have 1 < pT < 3 GeV/c.
The arrows indicate ZYAM normalization positions. The error bars are statistical and histograms indicate the systematic
uncertainties.

TABLE I: Near- (|��| < ⇡/3) and away-side (|���⇡| < ⇡/3) correlated yields and ZYAM background magnitude, per radian
per unit of pseudorapidity, at large �⌘ in low- and high-activity d+Au collisions. Positive(negative) ⌘ corresponds to d(Au)-
going direction. Both the trigger and associated particles have 1 < pT < 3 GeV/c. All numbers have been multiplied by 104.
Errors are statistical except the second error of each ZYAM value which is systematic and applies also to the corresponding
near- and away-side yields. An additional 5% e�ciency uncertainty applies.

Event Event 1.2 < |�⌘| < 1.8 Event �4.5 < �⌘ < �2 2 < �⌘ < 4.5

activity selection ZYAM near away selection ZYAM near away ZYAM near away

40-100% ZDC 1896±7+1
�13 10±4 346±5 ZDC 978±2+1

�2 2±1 55±1 361±1+1
�2 1±1 38±1

0-20% 3043±11+15
�26 53±7 456±7 1776±4+2

�1 10±2 70±2 438±2+1
�2 1±1 31±1

40-100% FTPC 1324±7+2
�6 7±4 347±5 TPC 636±2+1

�2 6±1 59±1 309±2+1
�1 3±1 45±1

0-20% 3468±10+7
�5 43±6 429±7 1899±3+2

�5 15±2 75±2 445±1+1
�3 2±1 27±1

the ridge is via Fourier coe�cients of the azimuthal cor-
relation functions without background subtraction. Fig-
ure 3 shows the second harmonic Fourier coe�cient (V

2

)
as a function of�⌘ for both high and low ZDC-Au energy
collisions. The V

2

values are approximately the same in
high- and low-activity collisions at large �⌘. Both de-
crease with increasing |�⌘| from the small �⌘, jet dom-
inated, region to the large �⌘, ridge, region by nearly
one order of magnitude. The �⌘ behavior of V

2

, a mea-
sure of modulation relative to the average, is qualitatively
consistent with the �⌘-dependent ratio of the near-side
correlated yield over ZYAM. One motivation to analyze
correlation data using Fourier coe�cients is their inde-
pendence of a ZYAM subtraction procedure. One way for
V
2

to develop is through final-state interactions which, if
prevalent enough, may be described in terms of hydro-
dynamic flow. If V

2

is strictly of a hydrodynamic elliptic
flow origin, the data would imply a decreasing collective
e↵ect at backward/forward rapidities that is somehow
independent of the activity level of the events.

To gain further insights, the multiplicity dependencies
of the first, second and third Fourier coe�cients V

1

, V
2

and V
3

are shown in Fig. 4. Three �⌘ ranges are pre-
sented for FTPC-Au, TPC, and FTPC-d correlations, re-

spectively. Results by both the ZDC-Au and FTPC-Au
event selections are shown, plotted as a function of the
corresponding measured charged particle pseudorapidity
density at mid-rapidity dN

ch

/d⌘. The absolute value of
the V

1

parameter in each �⌘ range varies approximately
as (dN

ch

/d⌘)�1 (see the superimposed curves). This is
consistent with jet contributions and/or global statistical
momentum conservation. On the other hand, the V

2

pa-
rameter in each �⌘ range is approximately independent
of dN

ch

/d⌘ over the entire measured range (the dashed
lines are to guide the eye). Similar behavior of V

2

is
also observed in p+Pb collisions at the LHC [13, 40, 41].
Figure 4 shows that the V

3

values are small and mostly
consistent with zero, except for TPC-TPC correlation at
the lowest multiplicity.

In d+Au collisions, dihadron correlations are domi-
nated by jets, even at large �⌘, where the away-side
jet contributes [38]. The behavior of V

1

suggests that
the jet contribution to Vn is diluted by the multiplicity.
The similar V

2

values and �⌘ dependencies in di↵erent
multiplicity collisions are, therefore, rather surprising.
In order to accommodate a hydrodynamic contribution,
there must be a coincidental compensation of the reduced
jet contribution with increasing multiplicity, over the en-
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FIG. 1: Correlated dihadron yield, per radian per unit of pseudorapidity, as a function of �� in three ranges of �⌘ in d+Au
collisions. Shown are both low and high ZDC-Au activity data. Both the trigger and associated particles have 1 < pT < 3 GeV/c.
The arrows indicate ZYAM normalization positions. The error bars are statistical and histograms indicate the systematic
uncertainties.
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per unit of pseudorapidity, at large �⌘ in low- and high-activity d+Au collisions. Positive(negative) ⌘ corresponds to d(Au)-
going direction. Both the trigger and associated particles have 1 < pT < 3 GeV/c. All numbers have been multiplied by 104.
Errors are statistical except the second error of each ZYAM value which is systematic and applies also to the corresponding
near- and away-side yields. An additional 5% e�ciency uncertainty applies.
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relation functions without background subtraction. Fig-
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as a function of�⌘ for both high and low ZDC-Au energy
collisions. The V
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crease with increasing |�⌘| from the small �⌘, jet dom-
inated, region to the large �⌘, ridge, region by nearly
one order of magnitude. The �⌘ behavior of V
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, a mea-
sure of modulation relative to the average, is qualitatively
consistent with the �⌘-dependent ratio of the near-side
correlated yield over ZYAM. One motivation to analyze
correlation data using Fourier coe�cients is their inde-
pendence of a ZYAM subtraction procedure. One way for
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to develop is through final-state interactions which, if
prevalent enough, may be described in terms of hydro-
dynamic flow. If V
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is strictly of a hydrodynamic elliptic
flow origin, the data would imply a decreasing collective
e↵ect at backward/forward rapidities that is somehow
independent of the activity level of the events.

To gain further insights, the multiplicity dependencies
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are shown in Fig. 4. Three �⌘ ranges are pre-
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Figure 4 shows that the V
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In d+Au collisions, dihadron correlations are domi-
nated by jets, even at large �⌘, where the away-side
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FIG. 1: Correlated dihadron yield, per radian per unit of pseudorapidity, as a function of �� in three ranges of �⌘ in d+Au
collisions. Shown are both low and high ZDC-Au activity data. Both the trigger and associated particles have 1 < pT < 3 GeV/c.
The arrows indicate ZYAM normalization positions. The error bars are statistical and histograms indicate the systematic
uncertainties.
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the ridge is via Fourier coe�cients of the azimuthal cor-
relation functions without background subtraction. Fig-
ure 3 shows the second harmonic Fourier coe�cient (V
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)
as a function of�⌘ for both high and low ZDC-Au energy
collisions. The V
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values are approximately the same in
high- and low-activity collisions at large �⌘. Both de-
crease with increasing |�⌘| from the small �⌘, jet dom-
inated, region to the large �⌘, ridge, region by nearly
one order of magnitude. The �⌘ behavior of V

2

, a mea-
sure of modulation relative to the average, is qualitatively
consistent with the �⌘-dependent ratio of the near-side
correlated yield over ZYAM. One motivation to analyze
correlation data using Fourier coe�cients is their inde-
pendence of a ZYAM subtraction procedure. One way for
V
2

to develop is through final-state interactions which, if
prevalent enough, may be described in terms of hydro-
dynamic flow. If V

2

is strictly of a hydrodynamic elliptic
flow origin, the data would imply a decreasing collective
e↵ect at backward/forward rapidities that is somehow
independent of the activity level of the events.

To gain further insights, the multiplicity dependencies
of the first, second and third Fourier coe�cients V

1

, V
2

and V
3

are shown in Fig. 4. Three �⌘ ranges are pre-
sented for FTPC-Au, TPC, and FTPC-d correlations, re-

spectively. Results by both the ZDC-Au and FTPC-Au
event selections are shown, plotted as a function of the
corresponding measured charged particle pseudorapidity
density at mid-rapidity dN

ch

/d⌘. The absolute value of
the V

1

parameter in each �⌘ range varies approximately
as (dN

ch

/d⌘)�1 (see the superimposed curves). This is
consistent with jet contributions and/or global statistical
momentum conservation. On the other hand, the V

2

pa-
rameter in each �⌘ range is approximately independent
of dN

ch

/d⌘ over the entire measured range (the dashed
lines are to guide the eye). Similar behavior of V

2

is
also observed in p+Pb collisions at the LHC [13, 40, 41].
Figure 4 shows that the V

3

values are small and mostly
consistent with zero, except for TPC-TPC correlation at
the lowest multiplicity.

In d+Au collisions, dihadron correlations are domi-
nated by jets, even at large �⌘, where the away-side
jet contributes [38]. The behavior of V

1

suggests that
the jet contribution to Vn is diluted by the multiplicity.
The similar V

2

values and �⌘ dependencies in di↵erent
multiplicity collisions are, therefore, rather surprising.
In order to accommodate a hydrodynamic contribution,
there must be a coincidental compensation of the reduced
jet contribution with increasing multiplicity, over the en-

(rearranged order of panels)

mid-mid mid-forwardmid-backward

high- and low-activity event selections

near-side yield apparent in high-activity d+Au over wide η range
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Many bins in pseudorapidity 6
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FIG. 2: The �⌘ dependence of (a) the near- (|��| < ⇡/3)
and away-side (|�� � ⇡| < ⇡/3) correlated yields, and (b)
the ratio of the near- to away-side correlated yields in d+Au
collisions. Positive(negative) ⌘ corresponds to d(Au)-going
direction. Only high ZDC-Au activity data are shown. The
error bars are statistical and histograms indicate the system-
atic uncertainties (for �⌘ > 2 in (b) the lower bound falls
outside the plot). The dashed curve in (b) is a linear fit to
the �⌘ < �1 data points.
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FIG. 3: The �⌘ dependence of the second harmonic Fourier
coe�cient, V2, in low and high ZDC-Au activity d+Au colli-
sions. The error bars are statistical. Systematic uncertainties
are 10% and are shown by the histograms, for clarity, only for
the high-activity data.

tire measured multiplicity range, by an emerging, non-jet
contribution, such as elliptic flow.
Whether or not a finite correlated yield appears on

the near side depends on the interplay between V
1

and
V
2

(higher order terms are negligible). Although the V
2

parameters are similar, the significantly more negative
V
1

in low- versus high-multiplicity events eliminates the
near-side V

2

peak in ��. The same applies also to the
TPC-FTPC correlation comparison between the Au- and
d-going directions. The V

2

values are rather similar for
FTPC-d (forward rapidity) and FTPC-Au (backward ra-
pidity) correlations, but the more negative V

1

for d-going
direction eliminates the near-side V

2

peak. If the relevant
physics in d+Au collisions is governed by hydrodynam-
ics, then it may not carry significance whether or not
there exists a finite near-side long-range correlated yield,
which would be a simple manifestation of the relative V

1

and V
2

strengths.
Our V

2

data are qualitatively consistent with that from
PHENIX [30]. While PHENIX focused on the pT depen-
dence, we study the Fourier coe�cients as a function of
�⌘ a↵orded by the large STAR acceptance, as well as the
event multiplicity. Hydrodynamic e↵ects, if they exist in
d+Au collisions, should naively di↵er over the measured
multiplicity range and between Au- and d-going direc-
tions. However, the V

2

parameters are approximately
constant over multiplicity, and quantitatively similar be-
tween the Au- and d-going directions. On the other
hand, the correlation comparisons between low- and high-
activity data reveal di↵erent trends for the Au- and d-
going directions. The high- and low-activity di↵erence in
the FTPC-Au correlation in Fig. 1(b) may resemble ellip-
tic flow, but that in the FTPC-d correlation in Fig. 1(c)
is far from an elliptic flow shape. In combination, these
data suggest that the finite values of Vn cannot be ex-
clusively explained by hydrodynamic anisotropic flow in
d+Au collisions at RHIC.

In summary, dihadron angular correlations are re-
ported for d+Au collisions at

p
sNN = 200 GeV as a

function of the event activity from the STAR experi-
ment. The event activity is classified by the measured
zero-degree neutral energy in ZDC, the charged hadron
multiplicity in FTPC, both in the Au-going direction,
or the multiplicity in TPC. In a recent paper we have
shown that the short-range jet-like correlated yield in-
creases with the event activity [29]. In this paper we
focus on long-range correlations at large |�⌘|, where jet-
like contributions are minimal on the near side, although
the away side is still dominated by jet production. Two
approaches are taken, one to extract the correlated yields
above a uniform background estimated by the ZYAM
method, and the other to calculate the Fourier coe�-
cients, Vn = hcosn��i, of the dihadron �� correlations.
The following points are observed: (i) The away-side cor-
related yields are larger in high- than in low-activity col-
lisions in the TPC and FTPC-Au, but lower in FTPC-

STAR arXiv:1502.07652

“The away-side correlation shape, 
noticeably concaved for TPC, is 
presumably determined by the underlying 
parton-parton scattering kinematics. On 
the near side, finite correlated yields are 
observed at large ∆η on the Au-going side 
in all bins, while the yields are consistent 
with zero on the d-going side.”
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FIG. 2: The �⌘ dependence of (a) the near- (|��| < ⇡/3)
and away-side (|�� � ⇡| < ⇡/3) correlated yields, and (b)
the ratio of the near- to away-side correlated yields in d+Au
collisions. Positive(negative) ⌘ corresponds to d(Au)-going
direction. Only high ZDC-Au activity data are shown. The
error bars are statistical and histograms indicate the system-
atic uncertainties (for �⌘ > 2 in (b) the lower bound falls
outside the plot). The dashed curve in (b) is a linear fit to
the �⌘ < �1 data points.
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FIG. 3: The �⌘ dependence of the second harmonic Fourier
coe�cient, V2, in low and high ZDC-Au activity d+Au colli-
sions. The error bars are statistical. Systematic uncertainties
are 10% and are shown by the histograms, for clarity, only for
the high-activity data.

tire measured multiplicity range, by an emerging, non-jet
contribution, such as elliptic flow.
Whether or not a finite correlated yield appears on

the near side depends on the interplay between V
1

and
V
2

(higher order terms are negligible). Although the V
2

parameters are similar, the significantly more negative
V
1

in low- versus high-multiplicity events eliminates the
near-side V

2

peak in ��. The same applies also to the
TPC-FTPC correlation comparison between the Au- and
d-going directions. The V

2

values are rather similar for
FTPC-d (forward rapidity) and FTPC-Au (backward ra-
pidity) correlations, but the more negative V

1

for d-going
direction eliminates the near-side V

2

peak. If the relevant
physics in d+Au collisions is governed by hydrodynam-
ics, then it may not carry significance whether or not
there exists a finite near-side long-range correlated yield,
which would be a simple manifestation of the relative V

1

and V
2

strengths.
Our V

2

data are qualitatively consistent with that from
PHENIX [30]. While PHENIX focused on the pT depen-
dence, we study the Fourier coe�cients as a function of
�⌘ a↵orded by the large STAR acceptance, as well as the
event multiplicity. Hydrodynamic e↵ects, if they exist in
d+Au collisions, should naively di↵er over the measured
multiplicity range and between Au- and d-going direc-
tions. However, the V

2

parameters are approximately
constant over multiplicity, and quantitatively similar be-
tween the Au- and d-going directions. On the other
hand, the correlation comparisons between low- and high-
activity data reveal di↵erent trends for the Au- and d-
going directions. The high- and low-activity di↵erence in
the FTPC-Au correlation in Fig. 1(b) may resemble ellip-
tic flow, but that in the FTPC-d correlation in Fig. 1(c)
is far from an elliptic flow shape. In combination, these
data suggest that the finite values of Vn cannot be ex-
clusively explained by hydrodynamic anisotropic flow in
d+Au collisions at RHIC.

In summary, dihadron angular correlations are re-
ported for d+Au collisions at

p
sNN = 200 GeV as a

function of the event activity from the STAR experi-
ment. The event activity is classified by the measured
zero-degree neutral energy in ZDC, the charged hadron
multiplicity in FTPC, both in the Au-going direction,
or the multiplicity in TPC. In a recent paper we have
shown that the short-range jet-like correlated yield in-
creases with the event activity [29]. In this paper we
focus on long-range correlations at large |�⌘|, where jet-
like contributions are minimal on the near side, although
the away side is still dominated by jet production. Two
approaches are taken, one to extract the correlated yields
above a uniform background estimated by the ZYAM
method, and the other to calculate the Fourier coe�-
cients, Vn = hcosn��i, of the dihadron �� correlations.
The following points are observed: (i) The away-side cor-
related yields are larger in high- than in low-activity col-
lisions in the TPC and FTPC-Au, but lower in FTPC-

Consistency of STAR and PHENIX correlations?

5

the sum function and each individual cosine component252

are plotted in Fig. 1 for each distribution. We observe253

that the p+p distribution shape is described almost en-254

tirely by the dipole term cos(��), as expected gener-255

ically by transverse momentum conservation, via pro-256

cesses such as dijet production or soft string fragmen-257

tation; The shape in central d+Au exhibits both dipole258

and quadrupole cos(2��) terms with similar magnitudes.259

Both c3 and c4 are found to be ⇡0, as shown in Fig. 1.260
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FIG. 2: Panel (a) shows c2(pT ) for track-tower pairs from 0%–
5% d+Au collisions and c2(pT ) for pairs in minimum bias p+p
collisions times the dilution factor (⌃ET

pp/⌃ET
dAu). Panel

(b) shows their ratio, indicating that the contribution to the
c2 amplitude in d+Au from elementary processes present in
p+p are small, only a few percent at low pT and rising to
only 10% by 4.5 GeV/c. Both statistical (bar) and systematic
(band) uncertainties are shown.

Figure 2 shows the fitted c2 parameters from the d+Au261

and p+p with both statistical and systematic uncertain-262

ties. We estimate contributions to systematic uncertain-263

ties from two main sources: (1) tracking backgrounds264

from weak decays and photon conversions and (2) multi-265

ple collisions in a bunch crossing (pile-up) in d+Au col-266

lisions. We estimate the tracking background contribu-267

tion by reducing the spatial matching windows in the268

third layer of the PC from 3� to 2�, and find that the269

change is less than 2% fractionally in c2. To study the270

pile-up e↵ect in d+Au collisions we separate the d+Au271

data set into two groups, one from a period with lower272

luminosity and the other with the higher luminosity. The273

corresponding pile-up event fractions in central d+Au are274

3.5% and 7.0%, respectively. The cdAu
2 in the lower lumi-275

nosity data set is around 5% higher than that in higher276

luminosity across all pT . The average pile-up fraction277

for the total data sample is around 4%–5% and a sys-278

tematic uncertainty around 10% is assigned to cover this279

e↵ect. Additionally, we compare cpp
2 results for p+p data280

taken in the 2008 and 2009 running periods, and see a281

di↵erence of less than 5% for pT < 1 GeV/c, increas-282

ing to 15% for pT > 3 GeV/c. To characterize biases283

that might arise because the tower energy and centrality284

are measured in the same rapidity range, we have com-285

pared results obtained using two di↵erent detectors in286

the Au-going direction to define the event centrality: (i)287

the reaction-plane detector (�2.8 < ⌘ < �1.0) [24] and288

(ii) the ZDC (⌘ < �6.5) [25]. The c2 values obtained in289

the two cases di↵er by 6%.290

Some portion of the correlation quadrupole strength291

c2 in the d+Au data could be due to elementary pro-292

cesses such as dijet fragmentation (mainly from away293

side) and resonance decays. We can estimate the e↵ect294

of such processes under the assumptions that (i) all cor-295

relations present in minimum bias p+p collisions are due296

to elementary processes, and (ii) those same processes297

occur, unmodified, within nucleon-nucleon collisions in298

the d+Au system. In this case, we would expect the299

contribution from elementary processes to be equal to300

the cpp
2 (pT ) but diluted by the increase in particle mul-301

tiplicity between p+p and d+Au (see also the “scalar302

product method”, as in [26, 27]). We estimate the ratio303

of the p+p to d+Au general multiplicities by measur-304

ing the ratio of the total transverse energy
P

ET seen305

in the MPC-S calorimeter in p+p versus d+Au events,306

which we find to be approximately 1/(17.9 ± 0.35) and307

only weakly dependent on the track pT ( 2%). We can308

then separate cdAu
2 (pT ) into elementary and nonelemen-309

tary components:310

cdAu
2 (pT ) = cNon�elem.

2 (pT ) + cElem.
2 (pT )

⇡ cNon�elem.
2 (pT ) + cpp

2 (pT )
⌃Epp

T

⌃EdAu
T

(3)

The ratio in Fig. 2(b) shows that the contribution to311

cdAu
2 from elementary processes is indeed small, ranging312

from a few percent at the lowest pT to around 10% at313

the highest pT , and no more than 13% with the other314

centrality selections mentioned above. The presence of315

the near-side peak in the pairs distribution in the cen-316

tral d+Au system is reproduced in some physics model317

calculations. The formation of a medium that evolves318

hydrodynamically is one such possibility [7–9], but pro-319

cesses such as initial state gluon saturation [14, 15] could320

also create such an e↵ect.321

To quantitatively address the physics of this near-side322

peak and compare with detailed hydro-dynamics calcula-323

tions, the v2 of charged hadrons, pions, and (anti)protons324

at midrapidity is measured via event plane method [28].325

The v2 is measured as v2(pT ) = hcos 2(�Particle �326

 Obs
2 )i/Res( Obs

2 ), where the average is over particles327

in the pT bin and over events. The second order event328

plane direction  Obs
2 is determined using the MPC-S329

(Au-going). The study of correlation strength as above330

indicates that the elementary-process contribution to the331

event plane v2 result is similarly small, less than 10%332

PHENIX arXiv:1404.7461

STAR arXiv:1502.07652
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Jet-like yields in high and low activity d+Au events

4

the correlated yield distribution is folded into the range
of 0 < �� < ⇡, ZYAM is taken as the lowest yield aver-
age over a �� window of ⇡/8 radian width. The ZYAM
systematic uncertainty is estimated by the yields at the
ZYAM�� location averaged over ranges of width of ⇡/16
and 3⇡/16 radians.

Figure 1(a) and 1(b) show the correlated yield densi-
ties per radian per unit of pseudorapidity as a function
of �⌘ for both the near-side (|��| < ⇡/3) and away-
side (|�� � ⇡| < ⇡/3) ranges in (a) low and (b) high
FTPC-Au multiplicity collisions. Both the trigger and
associated particle pT ranges are 1 < pT < 3 GeV/c.
The ZYAM background estimate is done for individual
�⌘ bins separately. The statistical errors of the data
points include point-to-point statistical errors from the
ZYAM values, since each �⌘ bin has its own ZYAM
value. The near-side yields exhibit Gaussian peaks and
the away-side yields are approximately uniform in �⌘.

A Gaussian+pedestal function Yjetlikep
2⇡�

exp
⇣
� (�⌘)2

2�2

⌘
+ C

fits to the near-side data are superimposed in Fig. 1(a,b)
as solid curves, and the fit parameters are listed in Ta-
ble I. The Gaussian area Y

jetlike

measures the near-side
jetlike correlated yield per radian. The fits indicate a ra-
tio ↵ = Y high

jetlike

/Y low

jetlike

= 1.29 ± 0.05(stat.) ± 0.02(syst.)
of jetlike yields in high to low FTPC-Au multiplicity col-
lisions. For ZDC-Au event selection, the jetlike ratio pa-
rameter is ↵ = 1.13 ± 0.05(stat.) ± 0.03(syst.). The ↵
parameter for events selected by FTPC-Au multiplicity
is further from unity compared to ↵ for events selected
by ZDC-Au energy. The ratios of the away-side corre-
lated yields are 1.32±0.02(stat.)±0.01(syst.) for FTPC-
Au multiplicity and 1.22 ± 0.02(stat.) ± 0.01(syst.) for
ZDC-Au energy selected events respectively. The corre-
lated yield ratios are similar (within 2 standard devia-
tions) between the near and away side, consistent with
back-to-back jet correlations. In addition, the near-side
Gaussian peak is wider in high- than in low-activity colli-
sions. A similar broadening of jetlike peak was previously
observed in d+Au collisions compared with that in p+p
collisions [21].

In previous studies, dihadron correlations in low-
multiplicity events are subtracted from high-multiplicity
events. The residual correlation is often attributed to
non-jet origins assuming jetlike correlations are equal in
high- and low-multiplicity collisions [13]. The di↵erences
between high and low FTPC-Au multiplicity events from
our data are shown in Fig. 1(c). A constant fit to the
near- and away-side di↵erence gives a �2/ndf = 50/9
and 6.4/9, respectively, while a Gaussian fit to the near
side gives �2/ndf = 2.3/8. These di↵erences resemble
jetlike correlation features, consistent with a Gaussian
peak on the near side and a uniform distribution on the
away side. They therefore suggest that the di↵erence is
likely of jetlike origin.

As a first attempt to “address” the jetlike correlated

TABLE I: Gaussian+pedestal
Yjetlikep

2⇡�
exp

⇣
� (�⌘)2

2�2

⌘
+C fit re-

sults to near-side correlated yield densities in d+Au collisions.
The percentiles indicate fractions of selected events, 40-100%
being low-activity and 0-20% high-activity. First errors are
statistical, and second systematic (due to ZYAM). An addi-
tional 5% e�ciency uncertainty applies to Yjetlike and C.

Event selection �2/ndf �(⇥10�3) Yjetlike(⇥10�4) C(⇥10�4)

FTPC 40-100% 19/25 336±7±1 461±11±5 19±5±9

20-40% 18/25 362±8±3 546±15+7
�14 24±7+20

�11

0-20% 19/25 382±10±9 596±19+15
�11 70±8±12

ZDC 40-100% 19/25 352±7+2
�6 501±11±1 22±5+14

�8

20-40% 26/25 372±9±7 580±18±17 43±8±12

0-20% 17/25 376±10±3 568±20±17 59±9+27
�14
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FIG. 1: The dihadron correlated yield normalized per radian
per unit of pseudorapidity as function of �⌘ in d+Au colli-
sions on the near (|��| < ⇡/3, solid circles) and away side
(|���⇡| < ⇡/3, open circles). Shown are the (a) low and (b)
high FTPC-Au activity data, and the high-activity data after
subtracting the (c) unscaled and (d) scaled low-activity data.
Trigger and associated particles have 1 < pT < 3 GeV/c and
|⌘| < 1. The Gaussian+pedestal fit to the near side is su-
perimposed as the solid curves. Error bars are statistical and
boxes indicate the systematic uncertainties.

yield di↵erence, the jetlike ratio parameter ↵ is applied
as a scaling factor to the low-activity data before it is
subtracted from the high-activity data. This procedure
assumes that the away-side correlated yield scales with
the near-side one, which is based on momentum conserva-
tion arguments. The resulting subtracted data are shown
in Fig. 1(d). The shape of the near-side di↵erence is the
result of subtracting a narrow Gaussian from a wide one
of equal area o↵set by a pedestal. On the away side,
once the low-activity data are scaled up, the correlated
yields are consistent between high- and low-activity col-

STAR arXiv:1412.8437 fits to near-side with  
Gaussian + flat pedestal 

assume ratio of Gaussian 
yields indicates jet-like yields in 

high-activity d+Au increase 
(already an interesting point 
about modified jet yields in 

small systems – interesting to 
test in p+A and 3He+Au) 

subtract scaled yield from low-
activity d+Au to leave  
non-jet-like correlation
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Similar prescription has also been used by ATLAS
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Centrality (activity) dependence of d+Au correlation
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FIG. 4: Fourier coe�cients (a) V1, (b) V2, and (c) V3 versus
the measured mid-rapidity charged particle dNch/d⌘. Event
activity selections by both ZDC-Au and FTPC-Au are shown.
Trigger particles are from TPC, and associated particles from
TPC (triangles), FTPC-Au (circles), and FTPC-d (squares),
respectively. Systematic uncertainties are estimated to be
10% on V1 and V2, and smaller than statistical errors for
V3. Errors shown are the quadratic sum of statistical and
systematic errors. The dashed curves are to guide the eye.

d; (ii) Finite near-side correlated yields are observed at
large�⌘ above the estimated ZYAM background in high-
activity collisions in both the TPC and FTPC-Au (re-
ferred to as the “ridge”); (iii) The ridge yield appears
to scale with the away-side correlated yield at the cor-
responding �⌘ < �1, which is dominated by the away-
side jet; (iv) The V

2

coe�cient decreases with increasing
|�⌘|, but remains finite at both forward and backward
rapidities (|�⌘| ⇡ 3) with similar magnitude; (v) The
V
1

coe�cient is approximately inversely proportional to
the event multiplicity, but the V

2

appears to be indepen-
dent of it. While hydrodynamic elliptic flow is not ex-
cluded with a coincidental compensation of jet dilution
by increasing flow contribution with multiplicity and an
unexpected equality of elliptic flow between forward and
backward rapidities, the data suggest that there exists a
long-range pair-wise correlation in d+Au collisions that
is correlated with dijet production.
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FIG. 4: Fourier coe�cients (a) V1, (b) V2, and (c) V3 versus
the measured mid-rapidity charged particle dNch/d⌘. Event
activity selections by both ZDC-Au and FTPC-Au are shown.
Trigger particles are from TPC, and associated particles from
TPC (triangles), FTPC-Au (circles), and FTPC-d (squares),
respectively. Systematic uncertainties are estimated to be
10% on V1 and V2, and smaller than statistical errors for
V3. Errors shown are the quadratic sum of statistical and
systematic errors. The dashed curves are to guide the eye.

d; (ii) Finite near-side correlated yields are observed at
large�⌘ above the estimated ZYAM background in high-
activity collisions in both the TPC and FTPC-Au (re-
ferred to as the “ridge”); (iii) The ridge yield appears
to scale with the away-side correlated yield at the cor-
responding �⌘ < �1, which is dominated by the away-
side jet; (iv) The V

2

coe�cient decreases with increasing
|�⌘|, but remains finite at both forward and backward
rapidities (|�⌘| ⇡ 3) with similar magnitude; (v) The
V
1

coe�cient is approximately inversely proportional to
the event multiplicity, but the V

2

appears to be indepen-
dent of it. While hydrodynamic elliptic flow is not ex-
cluded with a coincidental compensation of jet dilution
by increasing flow contribution with multiplicity and an
unexpected equality of elliptic flow between forward and
backward rapidities, the data suggest that there exists a
long-range pair-wise correlation in d+Au collisions that
is correlated with dijet production.
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FIG. 4: Fourier coe�cients (a) V1, (b) V2, and (c) V3 versus
the measured mid-rapidity charged particle dNch/d⌘. Event
activity selections by both ZDC-Au and FTPC-Au are shown.
Trigger particles are from TPC, and associated particles from
TPC (triangles), FTPC-Au (circles), and FTPC-d (squares),
respectively. Systematic uncertainties are estimated to be
10% on V1 and V2, and smaller than statistical errors for
V3. Errors shown are the quadratic sum of statistical and
systematic errors. The dashed curves are to guide the eye.

d; (ii) Finite near-side correlated yields are observed at
large�⌘ above the estimated ZYAM background in high-
activity collisions in both the TPC and FTPC-Au (re-
ferred to as the “ridge”); (iii) The ridge yield appears
to scale with the away-side correlated yield at the cor-
responding �⌘ < �1, which is dominated by the away-
side jet; (iv) The V

2

coe�cient decreases with increasing
|�⌘|, but remains finite at both forward and backward
rapidities (|�⌘| ⇡ 3) with similar magnitude; (v) The
V
1

coe�cient is approximately inversely proportional to
the event multiplicity, but the V

2

appears to be indepen-
dent of it. While hydrodynamic elliptic flow is not ex-
cluded with a coincidental compensation of jet dilution
by increasing flow contribution with multiplicity and an
unexpected equality of elliptic flow between forward and
backward rapidities, the data suggest that there exists a
long-range pair-wise correlation in d+Au collisions that
is correlated with dijet production.
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FIG. 4: Fourier coe�cients (a) V1, (b) V2, and (c) V3 versus
the measured mid-rapidity charged particle dNch/d⌘. Event
activity selections by both ZDC-Au and FTPC-Au are shown.
Trigger particles are from TPC, and associated particles from
TPC (triangles), FTPC-Au (circles), and FTPC-d (squares),
respectively. Systematic uncertainties are estimated to be
10% on V1 and V2, and smaller than statistical errors for
V3. Errors shown are the quadratic sum of statistical and
systematic errors. The dashed curves are to guide the eye.

d; (ii) Finite near-side correlated yields are observed at
large�⌘ above the estimated ZYAM background in high-
activity collisions in both the TPC and FTPC-Au (re-
ferred to as the “ridge”); (iii) The ridge yield appears
to scale with the away-side correlated yield at the cor-
responding �⌘ < �1, which is dominated by the away-
side jet; (iv) The V

2

coe�cient decreases with increasing
|�⌘|, but remains finite at both forward and backward
rapidities (|�⌘| ⇡ 3) with similar magnitude; (v) The
V
1

coe�cient is approximately inversely proportional to
the event multiplicity, but the V

2

appears to be indepen-
dent of it. While hydrodynamic elliptic flow is not ex-
cluded with a coincidental compensation of jet dilution
by increasing flow contribution with multiplicity and an
unexpected equality of elliptic flow between forward and
backward rapidities, the data suggest that there exists a
long-range pair-wise correlation in d+Au collisions that
is correlated with dijet production.
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Other collective observables in d+Au at RHIC?
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Fig. 4. The heavy flavor decay electron RdA for 0–20% central d + Au collisions from
Ref. [37] (solid points) and from the blast-wave calculations presented in this work
(curve). The dashed lines show the changes in the blast-wave expectations from the
uncertainties on the blast-wave parameters discussed above.

Fig. 5. Predictions for p+Pb collisions at 5.02 TeV. Blast-wave fit results from the 5%
highest multiplicity p + Pb collisions [15] and FONLL [42,43] heavy meson spectra
have been used to generate these results.

4. Conclusions

Given the large uncertainties on the available heavy flavor data
in d + Au collisions at RHIC and the large uncertainties on the
blast-wave calculation here, it is important to consider how a ra-
dial flow interpretation of heavy flavor data in very small colli-
sion systems would be verified or ruled out. The clearest evidence
will come from charm and bottom separated results being made
possible by recently installed vertex detectors at both STAR and
PHENIX. Reconstructed D mesons from STAR and charm and bot-
tom separated electron measurements from PHENIX will show the
meson mass dependence of the heavy flavor enhancement seen
by PHENIX [37]. Additionally, it is of interest to study multiplicity
selected p + p collisions at

√
s = 200 GeV in order to investigate

how the blast-wave parameters evolve with both collision system

and event activity and how that informs the interpretation of the
d + Au data discussed here in terms of radial flow.

Recently, there has been much interest in the possibility of hy-
drodynamic flow in very small collisions systems. Here we have
raised the possibility that the enhancement of heavy flavor de-
cay electrons previously observed [37] could be caused by radial
flow using a blast-wave parameterization constrained by the light
hadron data. We find qualitative agreement between the data and
the prediction of this model, suggesting hydrodynamics as one
possible explanation of the enhancement of electrons from heavy
flavor decay observed in d + Au collisions. Further measurements
have the potential to constrain any possible role of hydrodynamics
in very small collision systems. D meson spectra at RHIC are espe-
cially interesting as the modifications should be significantly larger
than is seen at the LHC.
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Fig. 1. (Top panels) Charged hadron spectra for the 0–20% most central d + Au collisions [40]. Overlaid with the data are the results of a simultaneous blast-wave fit to the
data. (Bottom panels) Ratios of the experimental data to the blast-wave fits. Statistical uncertainties on the points are shown as error bars and systematic uncertainties are
shown as boxes.

electrons and positrons (which are required to have |η| < 0.35 as
in the experimental measurements) and the y-axes have the pT
of the parent D and B meson (decays in which a B decays to a
D which subsequently decays to an electron are included in the
B meson plot). We use the same procedure to extract the elec-
tron pT spectra for both the FONLL and blast-wave meson pT
spectra. We take the branching ratios to be: BR(B → e) = 10.86%,
BR(B → D → e) = 9.6% and BR(D → e) = 10.3% [48].

The results for the electron RdAu are shown in Fig. 4 overlaid
with the measured electron RdAu [37]. The uncertainties on the
data are large and the uncertainties on the blast-wave calculation
are shown as the dashed lines. The magnitude of the enhancement
expected from the blast-wave calculation is in good agreement
with the data. At pT ≈ 1–2.5 GeV/c there is a peak in the cal-
culation that is not seen in the data. At high pT , both the data
and the calculation, by construction, approach unity at high pT in

Blast wave fits to measured hadrons + FONLL D,B spectra + decay to electrons 19
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3He+Au results, predictions, and modeling

B. Schenke and R.Venugopalan / Nuclear Physics A 00 (2014) 1–4 3

p+Au d+Au He3+Au

 0

 0.05

 0.1

 0.15

 0.2

 0  0.5  1  1.5  2  2.5

〈v n2 〉
1/

2

pT [GeV]

p+Au 200 GeV
0 fm < b < 2 fm
η/s=0.12

 v2 
 v3 
 v4 
 v5 

 0

 0.05

 0.1

 0.15

 0.2

 0  0.5  1  1.5  2  2.5

〈v n2 〉
1/

2

pT [GeV]

d+Au 200 GeV
0 fm < b < 2 fm
η/s=0.12

 v2 
 v3 
 v4 
 v5 

 0

 0.05

 0.1

 0.15

 0.2

 0  0.5  1  1.5  2  2.5

〈v n2 〉
1/

2

pT [GeV]

3He+Au 200 GeV
0 fm < b < 2 fm
η/s=0.12

 v2 
 v3 
 v4 
 v5 

Figure 2. Typical configurations of the initial energy density distribution for p+Au, d+Au and 3He+Au collisions (upper panel). Azimuthal
anisotropy coe�cients v2 � v5 in the three collision systems (lower panel).

4. p+Au, d+Au, and 3He+Au collisions at RHIC

To determine whether final state collective e↵ects provide the dominant contribution to the measured azimuthal
anisotropy, RHIC is now studying 3He+Au collisions that on average generate more triangular initial state configura-
tions compared to p+Au or d+Au. If collectivity is the physical explanation for the observed anisotropies, we expect
a larger v3 in 3He+Au collisions compared to p+Au and d+Au collisions at the same energy. To make this expectation
more quantitative, we present predictions from the IP-Glasma+music framework.

For deuteron-gold collisions (d+Au) we compute the nucleon distribution in the deuteron using the Hulthen form
of its wave function [24, 25]. For 3He, we use the same nucleon configurations as employed in [26]. They are obtained
from Green’s function Monte Carlo calculations using the AV18 + UIX model interaction [27].

For this comparative study we do not perform a detailed centrality selection, but instead sample the impact param-
eter b between 0 and 2 fm in all systems. We then compute the initial state distribution of the energy density and flow
velocity at time ⌧0 = 0.5 fm/c and evolve the system using viscous fluid dynamics with ⌘/s = 0.12 until freeze-out at
T = 135 MeV.

We present typical configurations of the initial energy density distribution in the transverse plane and final results
for the transverse momentum dependent azimuthal anisotropy coe�cients v2 to v5 in Fig. 2. While we find very small
values for v2 through v5 in p+Au collisions, the additional nucleons and their position fluctuations generate larger
v2 � v4 in d+Au and 3He+Au collisions. The odd harmonics v3 and v5 are noticeably larger in 3He+Au collisions
compared to d+Au collisions. This qualitative prediction can be compared to future measurements at RHIC.

5. Conclusions

We have demonstrated that experimental results for v2 and v3 in proton-heavy ion collisions at the LHC are not
well described by the IP-Glasma+musicmodel. Reasons for this could be the neglected initial state correlations and/or
the lack of a detailed description of the fluctuating subnucleonic structure of the proton. Our results for p+A collisions
di↵er significantly from those in [28, 29, 30, 31], suggesting that the details of the initial shape in small systems are
of paramount importance.
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Figure 1: Elliptic and triangular flow coe�cients of charged hadrons
as functions of the transverse momentum, pT , for 3He-Au collisions:
PHENIX preliminary data [21] (full circles and full squares, respec-
tively) and hydrodynamic calculations (solid and long-dashed lines
respectively), as well as elliptic flow coe�cient for d-Au collisions:
PHENIX data [32] (empty circles) and hydrodynamic calculations
(dashed line).

tions of the wounded nucleons. The assumed longitudinal
profile of the fireball along the space-time rapidity is dif-
ferent for the left- and right-going participant nucleons;
we use an approximately linear ansatz for the dependence
on the spacetime rapidity (see Ref. [30] for details), that
fairly well describes the observed asymmetry of the rapid-
ity spectra in d-Au collisions [31].

The centrality class c = 0�5% is selected approximately
by using events with the number of wounded nucleons
Nw � 25. The viscous hydrodynamic evolution is per-
formed with shear viscosity ⌘/s = 0.08 and bulk viscosity
⇣/s = 0.04 (for T < 170 MeV). The evolution starts at
⌧ = 0.6 fm/c, and ends at the freeze-out hypersurface with
temperature of 150 MeV. The non-equilibrium corrections
to the local momentum distributions at freeze-out are im-
plemented in the THERMINATOR code. Our analysis is
carried out with 500 hydrodynamic events, where on top
of each we generate 5000 THERMINATOR events.

2. Flow coe�cients and long range ridge correla-

tions

We begin the presentation of our results with the el-
liptic and triangular flow coe�cients, evaluated as func-
tions of the transverse momentum, pT , for all charged
hadrons (Fig. 1). We evaluate the flow coe�cients of
charged hadrons with |⌘| < 0.5, using the scalar-product
method [33, 34], with the reference particles taken from
the Au-side bin, 3.1 < ⌘ < 3.9 and 0.3 < p? < 5.0 GeV.
We note large values of both coe�cients, in approximate
agreement with the preliminary results of the PHENIX
Collaboration [21]. For comparison, we also show v

2

for
d-Au collisions, which is somewhat smaller than in the
3He-Au case and compatible with the data. We note that
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pp2v
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p
Figure 2: Elliptic flow coe�cient for charged pions, kaons, and pro-
tons+antiprotons (solid, long-dashed, and dashed lines respectively)
from the 3+1D hydrodynamic calculations, plotted as functions of
the transverse momentum pT .

a larger value of v
2

in 3He-Au collisions is expected from
the large initial ellipticity of the fireball [20].

In Fig. 2 we show the mass hierarchy of v
2

(pT ), plot-
ting it for charged pions, kaons, and protons+antiprotons.
The behavior is typical for hydrodynamics, with the p+p̄
case significantly lower than pions or kaons at low pT , and
higher above pT ' 1.2 GeV.

A very vivid manifestation of collectivity is made with
the help of the two-particle correlation functions, defined
in the standard way as

C(�⌘,��) =
S(�⌘,��)

B(�⌘,��)
,

C(��) =

R
d�⌘ S(�⌘,��)R
d�⌘B(�⌘,��)

, (1)

where the signal S is constructed by histogramming
the pairs of particles with the relative pseudorapid-
ity �⌘ and the relative azimuth ��, while the back-
ground B is the analogous quantity evaluated with the
mixed events. The kinematic cuts for the two particles
correspond to the PHENIX experiment: |⌘

trig

| < 0.35,
1 GeV < pT,trig < 3 GeV, and �3.7 < ⌘

assoc

< �3.1 or
3.1 < ⌘

assoc

< 3.9 for the Au-side and 3He-side, respec-
tively. The result of our model simulation for C(�⌘,��)
are shown in Fig. 3. We note the clear appearance of the
near- and away-side ridges.

The result of the projected correlation function C(��),
as well as the PHENIX preliminary data [21], are shown
in Fig. 4. Again, we note clearly the emergence of the
ridge structure, both in the Au-side and in the 3He-side,
in fair agreement with the data. We remark that since the
kinematic cuts are rather narrow, limiting the number of
the observed hadrons, it is quite challenging to accumu-
late enough statistics in the hydrodynamic simulation to
have statistically significant results. Qualitatively similar
results have been obtained in the AMPT model [35].

We note that the precise results for C(��) are sensitive

2
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Multi-particle methods
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Figure 2: The v2 values as a function of Noffline
trk . Open data points are published two- and four-

particle v2 results [35]. Solid data points are v2 results obtained from six- and eight-particle
cumulants, and LYZ methods, averaged over the particle pT range of 0.3–3.0 GeV/c, in PbPb atpsNN = 2.76 TeV (left) and pPb at psNN = 5.02 TeV (right). Statistical and systematic uncertain-
ties are indicated by the error bars and shaded regions, respectively.

ilar values for v2{4}, v2{6}, v2{8}, and v2{LYZ}, without yet, however, providing quantitative
predictions.

In summary, multi-particle azimuthal correlations among six, eight, and all particles have been
measured in pPb collisions at psNN = 5.02 TeV by the CMS experiment. The new measure-
ments extend previous CMS two- and four-particle correlation analyses of pPb collisions and
strongly constrain possible explanations for the observed correlations. A direct comparison of
the correlation data for pPb and PbPb collisions is presented as a function of particle multi-
plicity. Averaging over the particle pT range of 0.3–3.0 GeV/c, multi-particle correlation signals
are observed in both pPb and PbPb collisions. The second-order azimuthal anisotropy Fourier
harmonic, v2, is extracted using six- and eight-particle cumulants and using the LYZ method
which involves all particles. The v2 values obtained using correlation methods including four
or more particles are consistent within ±2% for the PbPb system, and within ±10% for the pPb
system. This measurement supports the collective nature of the observed correlations. The ra-
tios of v2 values obtained using different numbers of particles are found to be consistent with
hydrodynamic model calculations for pPb collisions.
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With debate about how to account for flow and non-flow in 
d+Au, better to employ known techniques that address this 
differently – particularly with additional collision geometries.



Higher-order cumulant analysis in p,d,3He+A?
PHOBOS Phys. Rev. C72, 031901 (2005) Set scale of track multiplicity in small systems 

dNch/dη ~ 18 in 0–20% d+Au 

Challenging for PHENIX – 
⇒ Nch ~ 6 in mid-rapidity spectrometers in 0–20% d+Au 

Would be great to see STAR cumulant analysis applied to 
d+Au (and 3He+Au and p+A too!) to help resolve issues of 
flow, non-flow

RAPID COMMUNICATIONS

SCALING OF CHARGED PARTICLE PRODUCTION IN . . . PHYSICAL REVIEW C 72, 031901(R) (2005)
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FIG. 2. Measured pseudorapidity distributions of primary
charged particles from d+Au collisions at

√
sNN = 200 GeV as a

function of collision centrality. Shaded bands represent 90% confi-
dence level systematic errors, and the statistical errors are negligible.
The minimum-bias distribution is shown as open diamonds [9].

the transformation dNch/dy and dNch/dη naturally produces
the “double-hump” structure in dNch/dη even if there is no
structure in dNch/dy. As a function of collision centrality, the
integrated charged particle multiplicity in the measured region
(|η| ! 5.4) and the estimated total charged particle multiplicity
extrapolated to the unmeasured region using guidance from
the shifted p+nucleus data (see Fig. 6) are presented in
Table I.

Now, we compare our d+Au results with p(p̄)+p and
p+A data obtained at lower energy and discuss the energy and
centrality dependence of the data (see Fig. 3). The results are
consistent with a picture in which the production of particles
with rapidity near that of the incident deuteron (gold) is
approximately proportional to the number of deuteron (gold)
participants. These trends are consistent with lower energy
p+A data [20,21] and with the quark-parton model of Brodsky
et al. [22].

Figure 4(a) shows that the total charged particle multiplicity
scales linearly with ⟨Npart⟩ in both d+Au and Au+Au
collisions. It also indicates that the transition between inelastic
p(p̄)+p collisions and Au+Au collisions is not controlled
simply by the number of participants, as even very central
d+Au multiplicity per participant pair shows no signs of
extrapolating to the Au+Au results. Not only do we find that
the total charged particle production in d+Au scales linearly
with ⟨Npart⟩, but also that the scaling relative to the p(p̄)+p
multiplicity is energy independent and the same in all hadron +
nucleus collisions [3]. This is evident from Figure 4(b) where
the ratio RA = Nch/N

pp
ch is plotted as a function of ⟨Npart⟩ for a

large variety of systems and energies. Here Nch is the integrated
total charged particle multiplicity for d+A,p+A [20], and
N

pp
ch is for p(p̄)+p. Note that the ν (ν = ⟨Ncoll⟩/⟨Nd

part⟩)
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FIG. 3. Centrality dependence of the dNch/dη ratio of d+Au
collisions relative to the fit to the inelastic UA5 p(p̄)+p data [19] at
the same energy. Arrows represent the ⟨Nd

part⟩ of the most central and
most peripheral collisions. Typical systematic errors are shown for
selected points. The inset figure shows the variation of the ratio as a
function of ⟨NAu

part⟩, for four η regions in the gold direction. Dashed
lines represent a linear fit to the data.

of central d+Au collisions is twice that of minimum-bias
p+Pb collisions.

It is this scaling, observed for the first time by Busza et al.
[25], which led to the wounded nucleon model [26]. Based on
the recent calculation presented by Białas et al. in Ref. [10], we
conclude that the wounded nucleon model not only describes
the total multiplicity but also the complete pseudorapidity
distributions. Kharzeev et al. [11] find, however, that the data
can also be well reproduced within the parton saturation model.
Figure 5 shows the comparison of our data with the recent
calculations of parton saturation [11] and the predictions of
AMPT [12].

Finally, Fig. 6 compares dNch/dη distributions of d+Au
to p + Emulsion (Em) collisions at five energies [4,27,28],
in the effective rest frame of both the projectile “beam” (a)
and target (b). For p+Em data, the dNch/dη distributions
represent the sum of shower and gray tracks. Note that η is
measured in different reference frames for d+Au and p+Em.
This means that compared to d+Au collisions, the p+Em
pseudorapidity distributions are suppressed by the Jacobian
for η + ytarget ∼ 0. The 50–70% centrality bin of d+Au
collisions was selected in order to match as well as possible
NAu

part/N
d
part to NEm

part/N
p
part where ⟨Npart(pEm)⟩ = 3.4. The

relative normalization of the dNch/dη for d+ Au and p+Em
collisions requires a ratio of ⟨Npart(dAu)⟩/⟨Npart(pEm)⟩ = 1.6
(a multiplicative factor of 1/1.6 has been applied to the d+A
data), such that the data correspond to the same number of
nucleons interacting with the nucleus. A remarkably good
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Figure 3: The decomposed ⟨v2⟩ = ⟨v⟩2+σ2 for the second (a) and third (b) harmonics for
(ηα, ηβ) pairs. (c): The two- and four-particle cumulants, V2{2} (solid red squares) and

V
1/2
2 {4} (solid blue triangles), and the decomposed ⟨v22⟩ (solid green dots) as a function of

η for one particle while averaged over η of the partner particle. The cyan band on top of

V
1/2
2 {4} points present V 1/2

2 {4}+ σ′. (d): V3{2} (solid red squares) and ⟨v23⟩ (solid green
dots) as a function of η. The dashed lines are the mean value averaged over η for 20-30%
central Au+Au collisions at

√
s
NN

= 200 GeV.

2.3. Systematic Uncertainties

The systematic errors for V {2} and V 1/2{4} are estimated by varying
event and track quality cuts: the primary event vertex to |zvtx| < 25 cm; the
number of fit points along the track greater than 15; the distance of closest
approach to the event vertex |dca| < 2 cm. The systematic errors for events

at 20-30% centrality were found to be 1% for V2{2} and 2% for V 1/2
2 {4}, and

the same order of magnitude for other centralities.
The fitting error on the parameterized σ′ from ∆V 1/2{4} is treated as a

systematic error, which is 70%, since σ′ is consistent with zero in less than
2-σ standard deviation. Similarly, the fitting errors on the parameters used
in the ∆η-dependent correlation D are treated as systematic errors that are
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Figure 4: Projected minimum and maximum integrated luminosities for p+Au at 100 GeV/nucleon assuming linear 
weekly luminosity ramp-up in 4 weeks. The average store polarization of the proton beam expected to be close to the 
polarization achieved in the 100 GeV p+p  run. 

 
p+Al at 100 GeV/nucleon – Operation in this mode is similar to p+Al at 100 GeV/nucleon with 
some modifications to the lattice. The expected Al intensity has the same charge per bunch as was 
demonstrated with Cu ions in Run-12. 
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RHICf – RHICf is a proposed experiment in the PHENIX interaction region looking in the forward 
direction, and proposed to run in Run-15 and/or Run-16. The following running modes are considered, 
both with transverse polarized protons at the interaction point: 

(1) 255 GeV beam energy, 111 bunches, 2×1011 p/bunch, β* = 10 m 
(2) 100 GeV beam energy, 111 bunches, 2×1011 p/bunch, β* = 10 m 
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RHICf – RHICf is a proposed experiment in the PHENIX interaction region looking in the forward 
direction, and proposed to run in Run-15 and/or Run-16. The following running modes are considered, 
both with transverse polarized protons at the interaction point: 

(1) 255 GeV beam energy, 111 bunches, 2×1011 p/bunch, β* = 10 m 
(2) 100 GeV beam energy, 111 bunches, 2×1011 p/bunch, β* = 10 m 
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• 9 weeks of p+p at √s = 200 GeV

• 5 weeks of p+Au collisions at √sNN = 200 GeV

• 2 weeks of p+Al collisions at √sNN =  200 GeV

300–650/nb of p+Au 
c.f. 200/nb of d+Au in Run-8

1000–2000/nb of p+Al
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STAR Run-15 request

 
1. Executive Summary 

 
With two new major upgrades, the Heavy-flavor Tracker (HFT) and the Muon Telescope Detector 
(MTD), the STAR Collaboration has positioned itself well for leading the field in several major 
scientific programs in the next few years. We have maintained a similar pace in our scientific 
productivity and training of the next generation of young scientists for the last 15 years. To continue 
our excellent track record on science, we, the members of the STAR Collaboration, have recently 
produced a road map for our future in the form of our decadal plan, eSTAR Letter of Intent, Beam 
Energy Scan Phase II Whitepaper and pp/pA Letter of Intent documents. This is a critical time for 
RHIC as a facility and STAR as a collaboration. The STAR Collaboration is fully committed to our 
priorities based on the scientific pillars of studying QGP properties, elucidating the nature of the 
spin of the proton, searching for a critical point in the QCD phase diagram and exploring the high-
density gluon field in nuclei. A sustainable strong science program in STAR calls for realization of 
the proposed upgrades and substantial new initiatives, and requires continuous effort and 
involvement from each and every collaborator. The STAR Collaboration proposes the following 
two-year beam-use request for RHIC run periods in 2015 and 2016, in order to achieve its near-term 
spin and relativistic heavy ion physics goals. A detailed breakdown of the proposed run periods is 
shown in Table.1.1.  

Table 1.1 STAR BUR for run15 and run16. Both requests assume 22 cryo-weeks for RHIC operation, 
and 17 weeks of physics run with two species in one RHIC year. 

 
  

Run Energy Duration System Goals priority sequence 

15 √sNN=200GeV 
 
 
 

√s=200GeV 

5-week 
 
 

 
12-week 

 
 
 
 

 
 

Transverse 
p+Au 

 
 
1) p+p 

 
 
2) transverse 

6 weeks 
 

 
3) longitudinal 

6 weeks 

saturation physics, 
ridge and reference,  
L=300 nb-1 
 
1) HI reference 
L=90 pb-1, 500M MB 
 
2) Study transversity,  
Sivers effects 
L=40 pb-1, 60% pol. 
 
3) Study ∆g(x) 
L=50 pb-1, 60% pol. 

1 
 
 
 

2 
 
 
 

2 
 
 
 

2 

3 
 
 
 
 
 
 
 

2 
 

 
 

1 

16 √s=200GeV 
 
 

√s=510GeV 

10-week 
 
 

7-week 

Au+Au 
 
 
Transverse  
p+p  

Λc, D v2, RAA, ϒ 
10nb-1, 2billion MB 
 
AN of W±, γ, Drell-Yan,  
L=400 pb-1, 55% pol 

1 
 
 

2 

1 
 
 

2 

 
 

3 

“The [Forward Meson Spectrometer], which is sensitive to photons from neutral 
pions and other particle decays, is situated in the proton direction in p+Au collisions. 
This will enable us to study the ridge effect from correlation between neutral pions at 
η∼=3 with hadrons at η~=0, and would require an integrated luminosity of 200 nb-1.” 
 26



Geometry Control

p+Au 
d+Au 

He3+Au

Comparison of different geometries provides key tests 
of underlying physics (initial conditions, equilibration 

time, medium properties, etc.)
(PAC presentation of PHENIX BUP by J. Nagle) 27



6 

pp <N>~15, 1<pT<3 GeV/c 

The “ridge” in pp collisions 

pp N>110, 1<pT<3 GeV/c 

No ridge observed in minimum bias pp or any pp MC generators 

Two-particle Δη-Δϕ correlation 

6

I

9 

Very high multiplicity pp collisions 

Very high-multiplicity pp events are rare in nature 

10-5 – 10-6 prob. 

Very exotic  
pp events 

Raw counts of tracks! 

<Ntrk
offline>~15 for MB pp

High multiplicity 
trigger in FVTX is to be 
developed for Run15!

Slide from Wei Lei, Rice University

High Multiplicity Event is the key!

Ntrkoffline (pT>0.4 GeV/c, |η| < 2.4)

28



Triggering on high multiplicity p+p at RHIC

Trigger : #track > Threshold�

~ 3/4 active wedges�

Online Coarse Track 

PHENIX forward silicon vertex (FVTX)
NtrkFVTX (1.2 < |η| < 2.2) ≥ 12 

Yield Estimate�
4

The data were obtained from p+p in the 2008 and 2009
experimental runs and d+Au in the 2008 run with the
PHENIX detector. The event centrality class in d+Au
collisions is determined as a percentile of the total charge
measured in the PHENIX beam-beam counter covering
�3.9 < ⌘ < �3.0 on the Au-going side [16]. For the top
5% central d+Au collisions, the corresponding number of
binary collisions and number of participants are 18.1±1.2
and 17.8± 1.2 respectively [16].

Charged particles used in this analysis are recon-
structed in the two PHENIX central-arm tracking sys-
tems, consisting of drift chambers and multi-wire propor-
tional pad chambers (PC) [17]. Each arm covers ⇡/2 in
azimuth and |⌘| < 0.35, and the tracking system achieves
a momentum resolution of 0.7%�1.1%p GeV/c.

The drift-chamber tracks are matched to hits in the
third layer of the PC, reducing the contribution of
tracks originating from decays and photon conversions.
Hadron identification is achieved using the time-of-flight
detectors, with di↵erent technologies in the east and
west arms, for which the timing resolutions are 130 ps
and 95 ps, respectively. Pions and (anti)proton tracks
are identified with over 99% purity at momenta up to
3 GeV/c [18, 19] in both systems.

Energy deposited at large rapidity in the Au-going di-
rection is measured by the towers in the south-side Muon
Piston Calorimeter (MPC-S) [20]. The MPC-S comprises
192 towers of PbWO4 crystal covering 2⇡ in azimuth and
�3.7 < ⌘ < �3.1 in pseudorapidity, with each tower sub-
tending approximately �⌘⇥�� ⇡ 0.12⇥0.18. Over 95% of
the energy detected in the MPC is from photons, which
are primarily produced in the decays of ⇡0 and ⌘ mesons.
Photons are well localized, as each will deposit over 90%
of its energy into one tower if it hits the tower’s center.
To avoid the background from noncollision noise sources
and cut out the deposits by minimum ionization parti-
cles (⇠ 245 MeV), we select towers with deposited energy
ETower > 3 GeV.

We first examine the long-range azimuthal angular cor-
relation of pairs consisting of one track in the central
arm and one tower in the MPC-S. Because the towers
are mainly fired by photons, and the azimuthal extent
of each energy deposition is much smaller than the size
of azimuthal angular correlation from jet or elliptic flow,
these track-tower pair correlations will be good proxies
for hadron-photon correlations without attempting to re-
construct individual photon showers. We construct the
signal distribution S(��, pT ) of track-tower pairs over
relative azimuthal opening angle �� ⌘ �Track � �Tower,
each with weight wtower, in bins of track transverse mo-
mentum pT .

S(��, pT ) =
d(wTowerN

Track(pT )�Tower
Same event )

d��
(1)

Here �Track is the azimuth of the track as it leaves the
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FIG. 1: The azimuthal correlation functions C(��, pT ), as
defined in Eq. 2, for track-tower pairs with di↵erent track
pT selections in 0%–5% central d+Au collisions (left) and
minimum bias p+p collisions (right) at

p
sNN = 200 GeV.

From top to bottom, the track pT bins are 0.2–1.0 GeV/c,
1.0%–2.0 GeV/c and 2.0%–4.0 GeV/c. The pairs are formed
between charged tracks measured in the PHENIX central
arms at |⌘| < 0.35 and towers in the MPC-S calorimeter
(�3.7 < ⌘ < �3.1, Au-going). A near-side peak is observed
in the central d+Au which is not seen in minimum bias p+p.
Each correlation function is fit with a four-term Fourier co-
sine expansion; the individual components n = 1 to n = 4 are
drawn on each panel, together with the fit function sum.

primary vertex, �Tower is the azimuth of the center of the
calorimeter tower. The wTower is chosen as the tower’s
transverse energy ET = ETower sin (✓Tower). This quan-
tity is found to be less sensitive to occupancy e↵ects
which result from multiple hits in the same tower, or a
single hit which distributes its signal between more than
one tower. To correct for the nonuniform PHENIX az-
imuthal acceptance in the central arm tracking system,
we then construct the corresponding “mixed-event” dis-
tribution M(��, pT ) over track-tower pairs, where the
tracks and tower signals are from di↵erent events in the
same centrality and vertex position class. We then con-
struct the normalized correlation function

C(��, pT ) =
S(��, pT )

M(��, pT )

R 2⇡
0

M(��, pT ) d��
R 2⇡
0

S(��, pT ) d��
(2)

whose shape is proportional to the true pairs distribution
over ��.
Figure 1 shows the correlation functions C(��, pT ) for

di↵erent pT bins, for the top 5% most central d+Au
collisions and for minimum bias p+p collisions. Near
head-on d+Au collisions show a visible enhancement of

V2 extraction from Run8 dAu 
Centrality 0-5% : 80Mevents�

100 Hz bandwidth for 
FVTX HighMulti Trigger�

9 weeks of pp running 
assuming 30% uptime�

300 Mevents to be 
accumulated �

Run15 pp�

(~ x4 of Run8 dAu central)�
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Summary

• long-range near-side correlations in d+Au clearly seen in PHENIX, STAR 

• different prescriptions for accommodating properties of low-activity 
(peripheral) d+Au or MB p+p in analyzing high-activity (central) d+Au 

• clarify issue of decomposition into jet-like, non-jet-like components 

• similar features are seen in LHC p+p, p+Pb correlation data, suggesting 
common physics, arguing for common approaches 

• e.g., multi-particle cumulant analysis of RHIC d+Au and 3He+Au! 

• anticipate high multiplicity p+p RHIC data from current Run-15 

• full modeling to exploit full range of system geometries being provided by 
RHIC to address physics: high multiplicity p+p, p+Al, p+Au, d+Au, 3He+Au
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What	  can	  we	  learn	  from	  	  
3He+A	  and	  p(d)+A	  	  
collisions	  at	  RHIC?	  

Jamie	  Nagle	  
University	  of	  Colorado,	  Boulder,	  USA	  



A+A	  
Enough	  par-cles	  to	  

equilibrate,	  QGP,	  collec-ve	  
mo-on	  

p+A	  
Not	  enough	  par-cles	  to	  
equilibrate,	  control	  

experiment	  

Prejudice	  



p+A	  
Proton	  Projec-le	  

Nucleus	  Par-cipants	  



MC	  Glauber	  –	  ini-al	  energy	  density	  of	  
par-cipants,	  large	  eccentrici-es	  from	  fluctua-ons	  



IP	  Glasma–	  ini-al	  energy	  density	  only	  in	  region	  
where	  nucleons	  overlap,	  much	  smaller	  eccentrici-es	  



IniIal	  Geometry	  +	  Hydrodynamics	  

IP	  Glasma	  +	  Hydro	  –	  under-‐predicts	  p+Pb	  v2	  and	  v3	  by	  x3	  
	  
One	  could	  enhance	  the	  	  
effect	  by	  including	  	  
fluctuaIng	  proton	  shape,	  
sIll	  smaller	  iniIal	  size	  



Glauber	  +	  Hydro	  (Bozek)	  –	  qualitaIve	  descripIon	  of	  v2	  and	  v3	  
no	  pre-‐equilibrium,	  no	  hadronic	  cascade,	  3-‐dimensional	  



hVp://arxiv.org/abs/1502.04745	  

Glauber	  +	  PreFlow	  +	  Hydro	  +	  Hadronic	  Cascade	  	  
[superSONIC]	  (Romatschke)	  	  

qualitaIve	  descripIon	  of	  v2	  and	  v3	  	  



ALICE	  Experiment	  
p+Pb	  @	  LHC	  

PHENIX	  
d+Au	  @	  RHIC	  

Viscous	  Hydrodynamics	  +	  Cascade	  
Similar	  Flow	  Fingerprint?	  

Small	  QGP?	  



Geometry	  Engineering	  

hVp://arxiv.org/abs/arXiv:1312.4565	  

Proposal	  to	  run	  
“triangular”	  system	  	  

at	  RHIC	  
	  

Small	  systems	  
challenge	  our	  picture	  
of	  required	  Ime	  and	  

size	  scales	  



MoIvaIon	  à	  Ideas	  à	  PredicIons	  à	  Experiment	  

PHENIX	  Look	  Back	  at	  d+Au	  (Christmas	  2012)	  
Idea	  for	  3He+Au	  (January	  2013)	  
PHENIX	  Proposal	  (May	  2013)	  
Theory	  PredicIons	  (December	  2013	  -‐	  hVp://arxiv.org/abs/1312.4565)	  
Running	  (June	  2014)	  
First	  Results	  (December	  2014)	  
	  
One	  of	  the	  fun	  parts	  of	  science…	  	  	  idea,	  hypothesis,	  test	  

hVp://arxiv.org/abs/1408.2549	  
Publicly	  available	  Helium-‐3	  three-‐nucleon	  
configuraIons	  from	  Joe	  Carlson,	  J.	  Lynn	  



Looking	  under	  the	  hood	  
Tf	  =	  150	  MeV	   Tf	  =	  170	  MeV	  

v2	  

v3	  

ε2	  

ε3	  



2014	  
Data	  

v2	  d+Au	  ~	  v2	  3He+Au	  
	  	  

Finite	  v3	  in	  3He+Au	  

Centrality	  trigger	  
key	  

	  to	  necessary	  
staIsIcs	  



Sincere	  Request	  
In	  addiIon	  to	  exploring	  new	  ways	  to	  look	  at	  the	  3He+Au	  data,	  it	  is	  very	  
important	  to	  have	  some	  standard	  measures	  (2,4	  parIcle	  cumulants,	  

standardized	  centrality	  selecIons,	  etc.).	  	  	  	  
Needed	  for	  good	  quanItaIve	  science.	  

Example	  

PHENIX	  BBC	  Au-‐Going	  Charge	  [3He+Au]	  

PHENIX	  5%	  
Central	  Trigger	  

0-‐20%	  on	  ZDC	  
40-‐88%	  on	  ZDC	  



Glauber	  IC	  +	  Hydro	  (η/s=1/4π)	  +	  Hadronic	  Cascade	  [SONIC]	  
PREDICTION	  	  

(JN	  et	  al.,	  Phys.Rev.Lett. 113 (2014) 11, 112301)	  



Glauber	  IC	  +	  PreFlow	  +	  Hydro	  (η/s=1/4π)	  +	  Hadronic	  Cascade	  
[superSONIC]	  

hVp://arxiv.org/abs/1502.04745	  



IP	  Glasma	  gives	  very	  different	  eccentricity	  from	  Glauber	  in	  pA	  
	  

However,	  in	  d+Au	  and	  3He+Au,	  	  
the	  eccentricity	  is	  driven	  by	  the	  2	  and	  3	  hot	  stops,	  	  

not	  their	  individual	  geometry	  
	  

Note	  though	  that	  the	  IPGlasma	  has	  a	  smaller	  hot	  spots	  	  
with	  higher	  energy	  density	  that	  result	  in	  	  

more	  rapid	  radial	  expansion	  



IP	  Glasma	  +	  MUSIC	  (η/s	  =	  1.5	  x	  1/4π)	  
Much	  larger	  iniIal	  radial	  expansion,	  but	  also	  no	  late	  cascade	  

hVp://arxiv.org/abs/1407.7557	  Bjoern	  Schenke,	  Raju	  V.	  



Bzdak,	  Ma	  (hVp://arxiv.org/abs/1406.2804)	  AMPT	  and	  p+Pb	  



AMPT	  v2.21	  results	  [Javier	  Orjuela-‐Koop	  et	  al.,	  arXiv:1501.06880]	  
String	  melIng	  on,	  σ=1.5	  mb,	  only	  mod.	  for	  3He	  into	  Glauber	  

hVp://arxiv.org/abs/1501.06880	  

pT	  =	  1	  GeV	  



hVp://arxiv.org/abs/1503.00468	  

New	  paper	  from	  Bozek	  with	  Glauber	  IC	  +	  3-‐d	  Hydrodynamics	  
No	  hadronic	  cascade	  



hVp://arxiv.org/abs/1503.00468	  



What	  have	  we	  learned?	  	  	  Need	  to	  design	  control	  
experiments	  to	  test	  different	  inputs.	  

e.g.	  same	  IC	  model	  in	  p,d,3He+A,	  same	  η/s,	  must	  have	  
hadronic	  stage	  (known	  to	  exist)	  



Niemi	  et	  al.:	  	  hVp://arxiv.org/abs/1404.7327	  

Applicability	  of	  Hydrodynamics?	  

Needs	  clear	  resoluIon	  

Romatschke:	  	  hVp://arxiv.org/abs/1502.04745	  



Comparing	  Systems	  

v2	  d+Au	  ~	  v2	  3He+Au	  
	  	  

Expected	  	  
	  

v2	  p+Au	  <<	  v2	  3He/d+Au	  
	  



superSONIC	  predicts	  for	  
p+Al	  and	  p+Au	  

	  
Data	  taking	  for	  those	  
systems	  at	  RHIC	  in	  the	  
next	  couple	  of	  months!	  

	  
Comparison	  of	  

geometries	  at	  the	  same	  
energy	  is	  key	  to	  
discriminaIng	  

compeIng	  explanaIons	  



Does	  the	  signal	  	  
go	  away?	  

	  
Considering	  

proposal	  of	  d+A	  at	  
10,	  39,	  62	  GeV	  to	  
really	  see	  what	  
happens	  in	  
nature…	  



What	  would	  it	  really	  cost	  to	  run	  d/3He+Pb	  at	  LHC?	  	  	  	  
Millions	  of	  CHF	  might	  be	  well	  jusIfied.	  	  	  
	  
	  
	  
LHC	  d/3He+Pb	  workshop?	  

Important	  to	  
invesIgate	  high	  

mulIplicity	  	  p+p	  at	  RHIC	  
energies	  



Escape	  Mechanism	  
	  
Antenna	  

Opaque	  system	  boiling	  off	  
parIcles	  will	  have	  anisotropic	  
emission.	  
However,	  …	  	  	  think	  at	  least	  one	  
step	  ahead	  and	  check…	  

Good	  to	  push	  on	  alternaIve	  ideas,	  but	  one	  snowball	  does	  
not	  enable	  one	  to	  conclude	  that	  everyone	  else	  is	  wrong.	  



OTHER	  SIGNALS?	  	  	  
Makes	  sense	  to	  run	  all	  the	  usual	  signal	  
codes	  and	  ask	  the	  same	  quesIons!	  

AutocorrelaIon?	  
Quenching?	  

	  
Theory	  groups	  use	  
pre-‐equilibrium	  +	  
hydro	  space-‐Ime	  
and	  calculate	  jet	  

quenching	  
observables.	  

	  
What	  observables	  
are	  most	  sensiIve	  



31	  

Fluid	  Probe:	  
	  	  

Put	  a	  pebble	  in	  the	  stream	  
and	  watch	  something	  out	  of	  
equilibrium	  then	  equilibrate.	  

Charm	  Quark	  
Perfect	  Fluid?	  

“Does	  the	  Charm	  Flow	  at	  RHIC?”	  

At	  the	  &me,	  many	  said	  this	  idea	  was	  “ridiculous”.	  	  

Beauty	  Quark	  



RaIo	  Au+Au	  /	  p+p	  
	  

Charm	  quarks	  
pushed	  out	  by	  blast	  

wave	  of	  fluid	  

Decade	  old	  predic-on	  



Summary	  
Of	  Thoughts	  



Roles of short range correlations and recoil 
subtraction in ridge measurements 

Sooraj Radhakrishnan 

 

RBRC Workshop on Collectivity in Small 
Colliding Systems with High Multiplicity 

1 



2 

Ridge in small systems 

 Correlations extending to large pseudo rapidity separations (‘ridge’) in high 

multiplicity p+Pb and d+Au collisions. 

 Exists over a large 𝑝𝑇 range (up to ~ 10 GeV). 

 Many measurements suggest collective origin similar to that in Pb+Pb  

• Multiplarticle cumulants, mass ordering, scaling between p+Pb and 

Pb+Pb, .. 

 

Phys. Lett. B 724 
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Measuring the ridge 
 Measure yield above flat pedestal. 

Phys.Rev. C90 ,4,044906  
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Measuring the ridge 

 But can be misleading, if ridge amplitude is small. 

 Measure yield above flat pedestal. 

 Clear near side modification on d-going side, but ridge yield is zero! 

Phys.Rev. C90 ,4,044906  

arXiv:1401.2432 
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Measuring the ridge 
 Measure 𝑣𝑛 from 2PC: with or without recoil subtraction? 

arXiv:1312.6770 

 Results differ between 

subtracted and 

unsubtracted cases 

With subtraction Without subtraction 

With subtraction Without subtraction 

      Mass ordering 

 

Scaling between p+Pb 

and Pb+Pb 

Phys.Rev. C90 ,4,044906  

Phys. Lett. B 726, 164-177 
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Measuring the ridge 

arXiv:1312.6770 

 Results differ between 

subtracted and 

unsubtracted cases 

With subtraction Without subtraction 

With subtraction Without subtraction 

      Mass ordering 

 

Scaling between p+Pb 

and Pb+Pb 

 Measure 𝑣𝑛 from multiparticle cumulants 

• But no a priori reason to have non zero 𝑣2{4} or 𝑣3{4}, i.e average 

geomtery component. 

Phys.Rev. C90 (2014) 4, 044906  

 Measure 𝑣𝑛 from 2PC: with or without recoil subtraction? 
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Measuring the ridge 

 Larger contribution from non flow correlations in p+Pb compared to Pb+Pb, 

both on near side and away side 

• Smaller flow signal 

• Events selected using multiplicity triggers could enhance jet 

correlations. 
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Measuring the ridge 

 Much larger contribution from non flow correlations in p+Pb, both on near 

side and away side 

• Smaller signal 

• Events selected using multiplicity triggers enhance jet correlations. 

 Near side jet can be suppressed by a Δη cut 

 Away side jet  do recoil subtraction. How good is it? 



9 

Overview  

 In general, about recoil 

subtraction! 

• Reasoning behind and 

estimation of recoil 

contribution. 

• Effects on short and long range 

correlations 

• Consistency of results 

• Dipolar flow (𝑣1) in p+Pb and 

recoil subtraction. 

• Some discussion on similar 

analysis at RHIC 𝑣1 - 𝑣5 measured by ATLAS 

using recoil subtraction. 
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Estimating recoil contribution 

 Weak centrality dependence for difference of yields between near side and 

away side. 

• Difference does not have contribution from 𝑣2, 𝑣3, and 𝑣4. 

PhysRevLett.110.182302 
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Estimating recoil contribution 

 Weak centrality dependence for difference of yields between near side and 

away side. 

• Difference does not have contribution from 𝑣2, 𝑣3, and 𝑣4 --> measure 

of away side jet yield 

• Away side jet yield no longer independent of centrality with multiplicity 

selection 

• But the change can be estimated from the change in near side jet yield 



Recoil subtraction   
12 

α is chosen such that aY
N-peak

peri =Y
N-peak

Y
N-peak

peri

Y
N-peak

 Peripheral bin is taken to be one with total FCal energy (𝐸𝑇
𝑃𝑏) < 10 GeV 



13 

 

 
 Estimated recoil contribution gives a good estimate of the yield difference. 

• Difference does not have contribution from 𝑣2, 𝑣3, and 𝑣4. 

 

Recoil subtraction   



Recoil subtraction and short range 
14 

After subtraction 

Before subtraction 

• Short range contribution is minimal 

beyond Δη > 2 

• Subtraction removes most of the short 

range correlations also. 

• Weak Δη dependence for 𝑣𝑛,𝑛 

 



Recoil subtraction and 𝑣𝑛 

15 

 

 

 Away side jet contribution cause even harmonics to increase and odd 

harmonics to decrease 

 Differences exist also at low 𝑝𝑇 

 Subtracted values show similar 𝑝𝑇 dependence as those in heavy ion 

collisions.  



Choice of peripheral bin 

16 

 
 

 Performance is similar across the 𝑝𝑇
𝑎 

range if 𝑁𝑐ℎ < 20 is used as the 

peripheral bin, instead of 𝐸𝑇
𝑃𝑏 < 10 

GeV.  



Choice of peripheral bin 

17 

 
 

 Expected since recoil estimated 

using 𝐸𝑇 < 10 GeV, reproduce the 

away side jet yield in 𝑁𝑐ℎ classes 

 Performance is similar across the 𝑝𝑇
𝑎 

range if 𝑁𝑐ℎ < 20 is used as the 

peripheral bin, instead of 𝐸𝑇
𝑃𝑏 < 10 

GeV.  



Centrality bias in vn measurement 

 How do the 𝑁𝑐ℎ and 

𝐸𝑇
𝑃𝑏dependence of 

𝑣𝑛 compare with each 

other? 

 

 

 Mean 𝐸𝑇
𝑃𝑏in an 𝑁𝑐ℎ 

class is not biased by 

autocorrelations 

 But 𝑣𝑛 can be 

different from 

difference in jet 

contribution in 𝐸𝑇
𝑃𝑏 

and 𝑁𝑐ℎ classes. 

 

18 



19 

Centrality bias in vn measurement 

 𝑣𝑛 plot as function of mean 𝐸𝑇 in the bin, for events binned in 𝐸𝑇 

and 𝑁𝑐ℎ agree with each other  jet bias to results are small. 



Dipolar flow 

20 

 In A+A collisions a rapidity even first order flow (𝑣1) is observed 

 Hydrodynamic response to initial dipole asymmetry 

 

 

𝑝𝑇 

• -ve at low 𝑝𝑇  and +ve at higher 𝑝𝑇 

Phys.Rev. C86 (2012) 014907 

Fig from P. Stankus 



Dipolar flow 

21 

 In A+A collisions a rapidity even first order flow is observed 

 Hydrodynamic response to initial dipole asymmetry 

 

 

𝑝𝑇 

• -ve at low 𝑝𝑇  and +ve at higher 𝑝𝑇 

 Also has a momentum conservation component at 2PC 

𝑣1,1 𝑝𝑇
𝑎, 𝑝𝑇

𝑏 =  𝑣1 𝑝𝑇
𝑎 𝑣1 𝑝𝑇

𝑏  − 𝐾𝑝𝑇
𝑎𝑝𝑇

𝑏 
 

𝑝𝑇
𝑏 

Mom. conservation 

Mom. Conservation + flow 

𝑝𝑇
𝑏 

Phys.Rev. C86 (2012) 014907 



Dipolar flow in p+Pb 

22 

 

 

 A similar component can be expected in p+Pb. 
 Should show up in yield measurements. 𝑣1,1 𝑝𝑇

𝑎, 𝑝𝑇
𝑏 =  𝑣1 𝑝𝑇

𝑎 𝑣1 𝑝𝑇
𝑏  − 𝐾𝑝𝑇

𝑎𝑝𝑇
𝑏 

 

• If 𝑣1(𝑝𝑇
𝑎) or 𝑣1(𝑝𝑇

𝑏) 

= 0, no difference 

between α𝑌𝑖𝑛𝑡
𝐴,𝑝𝑒𝑟𝑖 and 

𝑌𝑖𝑛𝑡
𝑑𝑖𝑓𝑓. 



Dipolar flow in p+Pb 

23 

 

 

 A similar component can be expected in p+Pb. 
 Should show up in yield measurements. 𝑣1,1 𝑝𝑇

𝑎, 𝑝𝑇
𝑏 =  𝑣1 𝑝𝑇

𝑎 𝑣1 𝑝𝑇
𝑏  − 𝐾𝑝𝑇

𝑎𝑝𝑇
𝑏 

 

• If 𝑣1(𝑝𝑇
𝑎) or 𝑣1(𝑝𝑇

𝑏) 

= 0, no difference 

between α𝑌𝑖𝑛𝑡
𝐴,𝑝𝑒𝑟𝑖 and 

𝑌𝑖𝑛𝑡
𝑑𝑖𝑓𝑓. 



Dipolar flow in p+Pb 

24 

 

 

 A similar component can be expected in p+Pb. 
 Should show up in yield measurements. 𝑣1,1 𝑝𝑇

𝑎, 𝑝𝑇
𝑏 =  𝑣1 𝑝𝑇

𝑎 𝑣1 𝑝𝑇
𝑏  − 𝐾𝑝𝑇

𝑎𝑝𝑇
𝑏 

 

• If 𝑣1(𝑝𝑇
𝑎) or 𝑣1(𝑝𝑇

𝑏) 

= 0, no difference 

between α𝑌𝑖𝑛𝑡
𝐴,𝑝𝑒𝑟𝑖 and 

𝑌𝑖𝑛𝑡
𝑑𝑖𝑓𝑓. 

• Posistive difference if 

both particles at low 

(high) 𝑝𝑇 

 

• Negative difference if 

one at low (high) and 

other at high (low) 𝑝𝑇 



𝑣1,1 in p+Pb 

25 

 
 

  Before recoil subtraction show mostly a linear dependence on 𝑝𝑇
𝑎 . 

 After recoil subtraction, a  characteristic 𝑝𝑇
𝑎,𝑏 dependence 

•  Similar to that seen in central Pb+Pb collisions 

 

 Can be seen more clearly on the Fourier harmonics. 

Before subtraction After subtraction 



𝑣1 in p + Pb 

26 

 
 
 Shows good factorization into single particle 𝑣1  
 Similar 𝑝𝑇 dependence as in Pb+Pb, crosses zero around 1.5 GeV 

 Comparable magnitude as 𝑣3  
 

 



Comparison with RHIC results 

27 

 Double ridge in PHENIX and single ridge 

at STAR?  

scaled 

subtraction 

similar to 

ATLAS 

direct 

subtraction 

 Multiplicty is smaller at RHIC  recoil component is larger 

compared to signal 

 Uncertainties in α? 

 STAR uses 40-100% as peripheral, subtracting some flow signal as 

well? 

PhysRevLett.111.212301 

 arXiv:1412.8437 



Comparison with RHIC results 

28 

 𝑣𝑛 measured without recoil 

subtraction (STAR). 

 

 𝑣1 dominated by momentum 

conservation component (~1/N). 

 𝑣2 could be biased by non-flow 

contributions, larger effect at 

lower multiplicity 

 Need some non flow subtraction 

or multi-particle correlation 

measurements to make 

meaningful statements on the 

(low) multiplicity dependence  

 arXiv:1502.07652 



Summary and Conclusions 

29 

 
 

 2PC in p+Pb have larger contribution (than A+A) from near and away 

side jets 

 Both can be estimated and subtracted out using the recoil subtraction 

procedure. 

 

 Results are consistent within a few percent if the peripheral bin used 

to estimate recoil is changed. 

 No residual bias between measurements in 𝑁𝑐ℎ
𝑟𝑒𝑐 and 𝐸𝑇

𝑃𝑏 bins 

 Recoil subtraction also allows measurement of first order flow, which 

shows a similar 𝑝𝑇 dependence as in Pb+Pb collisions. 

 

 Results from RHIC show large difference between scaled and 

unscaled subtractions  smaller multiplicity effects?  



BACK UP 

30 

 
 



Ridge persists to high 𝑝𝑇 

31 

 

 Higher 𝑝𝑇 also has larger per 

trigger jet yields.  

 Near-side ridge visible up to 10 

GeV. 
 



Yield in Δη 

32 

 Integrated yields in Δη before and after recoil subtraction 



𝑣𝑛 factorization 

33 

 
 
 𝑝𝑇 dependence of 𝑣𝑛 consistent within few percent for different 

choice of 𝑝𝑇
𝑏 for 𝑝𝑇

𝑏 < 3 GeV.  

𝑣𝑛 𝑝𝑇
𝑎

=  
𝑣𝑛,𝑛 (𝑝𝑇

𝑎, 𝑝𝑇
𝑏)

𝑣𝑛,𝑛 (𝑝𝑇
𝑏, 𝑝𝑇

𝑏)
 



Factorization 

34 

 
 



 AMPT=HIJING +F.S scattering. 

• Interaction strength controlled by αs and μ. 

 HIJING only need momentum conservation, while AMPT need both 

• The complex pT dependence of v1,1 can naturally be generated from final 

state interaction 

35 

v1,1 calculated for pairs with |Δη|>1.5 

Arxiv1203.3410 

𝑣1,1 in HIJING and AMPT 



𝑣1,1 in peripheral Pb+Pb 

36 

 
 

• 𝑣1,1(𝑝𝑇
𝑎, 𝑝𝑇

𝑏) in peripheral and central event classes from Pb+Pb collisions. 

• In central event class the non flow contributions are suppressed. 



BNL, March 4 2015 

Collectivity in Small Colliding Systems with High Multiplicity

Gunther Roland

Summary of LHC results on 
small colliding systems
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“Factorization breakdown of 
triangular flow in pPb”

Back to 2010
“Then tell me, future boy, what are you going to measure in 2015?”



Gunther Roland                                               Collectivity in Small Colliding Systems with High Multiplicity                                                 BNL, March 4 2015

Summary of LHC results on small colliding systems

• Why are we here:  “Collectivity” in “small” systems

• pp and pPb runs were thought to provide “trivial” reference for PbPb 
physics

• About 1/4 of LHC “heavy ion” publications are on pPb collisions

• Vast majority are not “reference” measurements, but studies of “new” 
physics (or “old” A+A physics) in small systems

• I won’t summarize all ~30 pPb papers, but highlight some 
results of particular interest (to me)
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What is “small”?

vs

PbPb

pPb

15fm few fm vs 1 fm

pp
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What is “small”?

vs

PbPb

pPb

Large “flow” for Npart ~ 20 Npart > 20 reached for 
few % “central” pPb

PbPb pPb

15fm few fm vs 1 fm

pp

Npart = 2
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What is “small”?

vs

PbPb

pPb

Large “flow” for Npart ~ 20 Npart > 20 reached for 
few % “central” pPb

PbPb pPb

15fm few fm vs 1 fm

pp

Npart = 2
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What is “small”?

vs

PbPb

pPb

15fm few fm vs 1 fm

pp

offline
trkN

0 200 400 600

310

410

510

610

710

810
pPb MinBias
PbPb 50-100%

CMS
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What is “small”?

vs

PbPb

pPb

15fm few fm vs 1 fm

pp

pp

pPb

AA

pp

ALICE
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Are pp and pPb “small”?

vs

PbPb

pPb

15fm few fm vs 1 fm

pp



Gunther Roland                                               Collectivity in Small Colliding Systems with High Multiplicity                                                 BNL, March 4 2015

⊕
2D CF can be described as superposition 
of “jet-like” correlations (intra-jet and jet-
jet correlations) + weakly rapidity 
dependent flow harmonics

Importance of jet-like correlations drops from pp to pPb to PbPb:
lower collision energy
higher multiplicity

Are pp and pPb “small”?
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Strength of correlations for same 
multiplicity much lower in pp than pPb

pp vs pPb
St

re
ng

th
 o

f n
ea

r-s
id

e 
co

rre
la

tio
ns

In pPb (and PbPb), for multiplicity > 50, jet-like correlations are 
perturbation of flow-like signal

In high multiplicity pp much of final-state multiplicity comes from jet 
fragmentation
“Flow-like” correlations are perturbations on dominant jet-like structure
Need more data (analyses) to make any judgement on pp
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What is “small”?

vs

PbPb

pPb

15fm few fm vs 1 fm

pp



Gunther Roland                                               Collectivity in Small Colliding Systems with High Multiplicity                                                 BNL, March 4 2015

What is “small”?

vs

PbPb

pPb

15fm few fm vs 1 fm

pp

To decide which circle is “small”, need a length scale 

Finite viscosity implies that mean free path is not 0

[provides means to decide when gradients are large, c.f. Rischke at IS2014]
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Is there “collectivity” in “small” systems?

What is collectivity?
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Is there “collectivity” in “small” systems?

What is collectivity?

A1: I know it when I see it
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Is there “collectivity” in “small” systems?

What is collectivity?

A1: I know it when I see it

A2: Correlated production/motion of particles emerging 
from an expanding medium (matter); not correlated 
emission of non-interacting particles

I.e. in the context of our field, it relates to the existence of 
a (near-ideal or not) fluid
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• Azimuthal anisotropies vn

• Characteristic vn(pT) shape
• Mass ordering of vn(pT)
• Characteristic multiplicity 

dependence
• Weak rapidity dependence of 

correlations

• Connection to initial geometry
• Higher order (n>4) 

correlations 
• Factorization breaking 
• Mass ordering of pT spectra 
• Event angle correlations

Is there “collectivity” in “small” systems?

How do we know there is collectivity in “large” collision systems?

A: Wide range of correlation measurements in qualitative/semi-
quantitative or quantitative agreement with viscous hydro 
calculations with sensible initial conditions/transport coefficients

AWOL: Medium response to local energy deposition
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vn(pT) in pPb

1. Good agreement with CMS
2. Characteristic vn(pT) shape as in PbPb
3. Expected “n” ordering as in PbPb

The good: The somewhat confusing:
1. v2(pT=10GeV) ~ 4%
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Mass ordering of vn(pT)

Mass ordering seen in pPb (even stronger than in PbPb at the same multiplicity)

The good: The somewhat confusing:
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Characteristic multiplicity dependence

|<2.4η|
tracksN

210 310

3v

0.00
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|>2}η∆{2, |
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 = 5.02 TeV, vNNspPb 

|>2}η∆{2, |
3

 = 2.76 TeV, vNNsPbPb 

> = 1.6}η{EP, <
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 = 2.76 TeV, vNNsPbPb 
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T

Hydro PbPb, IP-Glasma, p

 < 3 GeV/c
T

0.3 < pCMS

|<2.4η|
tracksN

210 310

2v

0.05

0.10

|>2}η∆{2, |2 = 5.02 TeV, vNNspPb 

|>2}η∆{2, |2 = 2.76 TeV, vNNsPbPb 

> = 1.6}η{EP, <2 = 2.76 TeV, vNNsPbPb 

>0.2 GeV/c
T

Hydro PbPb, IP-Glasma, p

 < 3 GeV/c
T

0.3 < pCMS

Continuous evolution from “small” 
(pPb and PbPb) to “large” (PbPb) system

PbPb

pPb
pPb

PbPb
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From small to large

N.b.: at high multiplicity in pPb, “peripheral subtraction” is irrelevant

Ridge Yield

No clear evidence for turn-on at low multiplicity
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Rapidity dependence

As for PbPb, weak rapidity dependence with 
maximum near maximal particle density

assocη
-2 -1 0 1 2

=0
)

η( 2
)/vη( 2v

0.5

1

1.5

CMS Preliminary =5.02 TeVNNspPb 

<260trkN≤220
<3 GeV/c

T
0.3<p

p-trig  Pb-trig
       No subtraction
      <20 subtractiontrk  N
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Factorization breakdown

Some tension between (pPb) data and predictions



Gunther Roland                                               Collectivity in Small Colliding Systems with High Multiplicity                                                 BNL, March 4 2015

Connection to initial geometry
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Connection to initial geometry

He+Pb at LHC would be nice
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Higher order correlations

v2 correlations between all particles in the event 
Does this define “collectivity”?
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“Radial flow”?

For completeness: Expected mass ordering of π, K, p spectra
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• Azimuthal anisotropies vn

• Characteristic vn(pT) shape
• Mass ordering of vn(pT)
• Characteristic multiplicity 

dependence
• Weak rapidity dependence of 

correlations

• Connection to initial geometry
• Higher order (n>4) 

correlations 
• Factorization breaking 
• Mass ordering of pT spectra 
• Event angle correlations

Is there “collectivity” in “small” systems?

Experimentally, “collectivity” observables show a 
smooth evolution from “small” to “large” systems

✔
✔

✔
✔

✔

LHC?

✔

✔
(✔-?)

?
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Other signs of “matter” in small systems?
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Quarkonia vs 
“event activity”

Jets vs 
“event activity”

Connection between soft/hard production
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Hadrons unsuppressedJets balanced

Any signs of jet quenching?
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Hadrons unsuppressedJets balanced

5% v2 at 10GeV
??

Any signs of jet quenching?
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Jets RpPb (100GeV) ~ 1.1 Hadron RpPb(50GeV) ~ 1.35

Anything else?
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Implies RD(pT~50GeV) ~ 1.2

Jets RpPb (100GeV) ~ 1.1 Hadron RpPb(50GeV) ~ 1.35

Predicted pPb/pp 
fragmentation function ratio

Anything else?

(submitted!)
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Summary of LHC results on small colliding systems

• Nearly all observables commonly associated with 
“collectivity” have been studied in small systems at LHC

• Nearly all results qualitatively show characteristics of “collectivity”

• Continuous evolution from “small” to “large” systems

• But

• No clear sign of  “matter” in other observables

• How small is too small? 

• Is there a consistent initial state description with a sensible evolution of 
transport coefficients that works from small to large?

• Is there a transition from apparent collectivity to real collectivity?

• Our field turns its lonely eyes to theory



Hydrodynamics in small systems 
with Glasma initial conditions
Björn Schenke, Brookhaven National Laboratory



• High multiplicity p+p and p+Pb collisions at LHC 
show similar features as Pb+Pb collisions (ridge, vn) 

• d+Au at RHIC also seems  
to show similar features 

• Interpretation not yet clear:  

• Initial correlations? Theory on this is developing: new insights 

• Initial geometry + collective effects? Fluid dynamics? 

• How well can fluid dynamics do? What are calculations sensitive 
to? When does hydro break down?

Introduction: Small systems p+p, p+A, d+A, 3He+A
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Why fluid dynamics?

3

• A motivation for using hydrodynamics in small systems  
is its success in larger systems and the similarity of 
experimental data in p+A and A+A collisions

Although, the initial states are likely to look quite different
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Heavy ions: Initial conditions

4

• Models need to provide input for fluid dynamic simulations:  
initial energy density, flow velocities, shear stress tensor 

• Initial conditions fluctuate from event to event 

• Main source of fluctuations: nucleon positions 

• Different models give different energy density distributions

-8
-6

-4
-2

 0
 2

 4
 6

 8 -8
-6

-4
-2

 0
 2

 4
 6

 8

MC-KLN

x [fm]
y [fm]

-8
-6

-4
-2

 0
 2

 4
 6

 8 -8
-6

-4
-2

 0
 2

 4
 6

 8

IP-Glasma
o=0.2 fm/c

x [fm]
y [fm]

-8
-6

-4
-2

 0
 2

 4
 6

 8 -8
-6

-4
-2

 0
 2

 4
 6

 8

MC-Glauber

x [fm]
y [fm]

C. Gale, S. Jeon, B. Schenke, Int.J.Mod.Phys. A28 (2013) 1340011 



Computing the initial state at high energies

• 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 impact parameter dependence) 

• Fit parameters to HERA diffractive data 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IP-Glasma initial conditions

• Sample nucleons from Woods-Saxon distribution 

• Sample color charge density 

• 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  
VA  and VB via the Yang-Mills equations         
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IP-Glasma initial conditions

• Yang-Mills equations determine: 

• Initial gluon fields from color charges 

• Energy density after the collision 

• Early non-equilibrium time evolution  

• Then match fields’        to hydrodynamics 
by extracting     and  
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Results in Pb+Pb collisions: Average vn
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Results in Pb+Pb collisions: Event-by-event vn
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Results in Pb+Pb collisions: Event-by-event vn
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Results in Pb+Pb collisions: Event-by-event vn
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So how do we do in small systems?
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• System size:  

Systematics of initial size vs. HBT  

• vn in p+Pb:  

Energy deposition, effect of proton shape 

• vn in d+Au and 3He+Au:  

predictions and data comparison



System Size
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System Size: Same trend seen in data
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Fourier Harmonics in p+Pb (and Pb+Pb)
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Fourier Harmonics in p+Pb (and Pb+Pb)
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Fourier Harmonics in p+Pb
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Difference to other hydro calculations: Initial state

18

20 40 60 80 100 1200

0.02

0.04

0.06

0.08

0.1

0.12 p-Pb 5.02TeV ATLAS
{2}2v
{4}2v
{2PC}2v

 hydro  Glauber{2}2v
 hydro  Glauber+NB{2}2v
 hydro  Glauber+NB{4}2v

  GeV�   EY �

2v

Schenke, Venugopalan, Phys. Rev. Lett. 113 (2014) 102301

 0
 0.02
 0.04
 0.06
 0.08

 0.1
 0.12
 0.14
 0.16

 40  60  80  100  120  140

�v
22 �

1/
2

Ntrk
offline

d/s=0.18

 CMS Pb+Pb v2 
 CMS p+Pb v2 Pb+Pb v2 
 p+Pb v2 

Bozek, Broniowski, Phys.Rev. C88 (2013) 014903 

MC-Glauber

-4 -2  0  2  4
x [fm]

-4

-2

 0

 2

 4

y 
[fm

]

IP-Glasma

-4 -2  0  2  4
x [fm]

-4

-2

 0

 2

 4

y 
[fm

]

see also: Kozlov, Luzum, Denicol, Jeon, Gale, arXiv:1405.3976 

d+Au



• MC-Glauber does not constrain energy density dist. 
                               Where do we put the energy? 
                               What shape does it have? 

• IP-Glasma constrains energy density deposition  
However, it does not describe vn in p+Pb  

• Proton substructure should matter  
(if main effect is of collective origin or not) 

• Combine constituent quark model with JIMWLK 
evolution to get proton structure at small x 

19
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Issues in small systems (p+p, p+A)



Are we sensitive to the shape of the proton?
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Û�• Three “Constituent quarks” at large x 
• JIMWLK evolution with infrared regulator to get 

gluon distribution at smaller x 
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!
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!

!
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S .  S C H L I C H T I N G ,  B .  S C H E N K E ,  P H Y S .  L E T T.  B 7 3 9 ,  3 1 3 - 3 1 9  ( 2 0 1 4 )

JIMWLK evolution: decreasing x

Even at small x the proton is not a sphere of gluons



JIMWLK evolution of a “lumpy proton”
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Round vs. structured proton: IP-Glasma + MUSIC

22

 0

 0.05

 0.1

 0.15

 0.2

 0  0.5  1  1.5  2  2.5

〈v
n
2
〉1

/2

pT [GeV]

p+Pb 2760 GeV
b = 0 fm
η/s=0.18

solid: constituent quarks
dashed: spherical proton

 v2 
 v3 
 v4 
 v5 

initial 
energy density

It makes a huge difference!



Various  small collision systems: IP-Glasma + MUSIC
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3He+Au results from IP-Glasma + MUSIC
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Predictions for η/s = 0.12:

p+Au d+Au He3+Au
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3He+Au results from IP-Glasma + MUSIC
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• Relativistic fluid dynamics has been very successful in describing 
bulk properties of heavy ion collisions 

• In p+A collisions hydro results are highly sensitive to the 
substructure of the proton 

• In small systems there are also contributions to anisotropic 
particle production from the initial state (see S. Schlichting’s talk) 

• However, they may not survive the final state interactions 

• If so, the final state interactions fully account for the vn's 
and measurements can provide information  
on the substructure of the proton

Conclusions
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Initial state and azimuthal 
correlations in p+A

Soeren Schlichting!
Brookhaven National Lab

RBRC Workshop Mar 2015, Brookhaven

Based on work in collaboration with  
B. Schenke,R. Venugopalan  

(PLB 739 (2014) 313-319 & arXiv:1502.01331)



p+A collisions

-> Event-by-event particle production appears to be anisotropic  
— Spontaneous breaking of rotational symmetry

• Correlation extends 
up to high pT~10GeV

Strong azimuthal correlations observed in high multiplicity events

• Correlation between many 
particles (>8) observed



Possible explanations for p+A
!

• Some hydrodynamic calculations are 
able to reproduce experimental data 
(talks by Bozek, Kozlov) 

• But: Viscous corrections more 
problematic for small systems due to 
larger gradients. 

• Strong sensitivity to initial state models. 
(talk by Schenke) 

• Problems in describing the high pT data.   Fig by J.Nagle

Hydrodynamics?



Possible explanations for p+A!

Correlated production mechanism  
—  ‘Glasma graphs’?  
(Dusling, Venugopalan,…) 

Breaking of rotational symmetry due to  
domains of color electric field inside the 
nucleus?  
(Kovner,Lublinsky; Dumitru, Giannini,…) 

• Problems in describing odd harmonics.   

• In principle also present in A+A but 
more pronounced in p+A

Initial state effects?



Different mechanisms have been proposed to explain the data 

• Initial state interactions         and/or!

• Initial state geometry + final state interactions!

Irrespective of the mechanism, one needs to understand 

Possible explanations for p+A

 
II) Initial state dynamics up to  τ~1 fm/c

I) Nucleon structure and fluctuations  
 on sub-nucleonic scales



Proton structure  
at high-energies

Picture from fineartamerica.com



• High-energy scattering of projectile and 
target is almost instantaneous. 

• Semi-classical picture: In each event the 
projectile resolves a particular realization 
(snapshot) of the target wave-function. 

• Convenient variables to describe nucleon 
structure are the light-like Wilson lines  
 
 
 
 

Event-by-event fluctuations

(corresponds to forward scattering amplitude 
of  a quark in eikonal approximation)

~I fm



Spatial profile of gluon distribution

Evolution of fluctuations
Consider fluctuating initial state at moderately small value of x 

— inspired by constituent quark models

(SS, Schenke PLB 739 (2014) 313-319)

http://arxiv.org/abs/1407.8458


Evolution of fluctuations

!

• Hadron radius increases linearly with rapidity — ‘Gribov diffusion’

(SS, Schenke PLB 739 (2014) 313-319)

-> Nucleon shape remains in tact even after evolution 
     over several units of rapidity 

• Small scale fluctuations develop and  become finer and finer 
(Qs grows) with rapidity

http://arxiv.org/abs/1407.8458


Initial state  
in p+A collisions



q/g+p collisions
• Description in the dilute-dense framework as scattering of a 

quark/gluon wave-packet off a high-energy proton target 

• Can be turned into a model for (forward) p+p/A by considering 
UPD for Wigner function and convolution with fragmentation 
function (Blaizot,Gelis,Venugopalan; Dumitru,Jalilian-Marian,…)

Single-particle 
distribution

Incoming q/g 
wave-packet

Quark/Gluon 
elastic scattering 

matrix



q/g+p collisions
• Description in the dilute-dense framework as scattering of a 

quark/gluon wave-packet off a high-energy proton target 

Quarks

-> Sizeable vn’s up to high pT — No odd harmonics for gluons. 
(SS, Schenke, Venugopalan work in progress)

preliminary
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Nucleus!
!
!
!

p+A collisions

-> Description of initial state and early-time dynamics in the color-
glass condensate framework

Color charge 
density 

!
!

proton!
!
!
!

High multiplicity events require that both proton and nucleus are 
treated as dense objects with high gluon density. 



p+A collision
Initial state (τ=0+) and early time dynamics described by the 
solution of classical Yang-Mills equations to leading order in αs 
(Kovner,McLerran,Weigert,Krasnitz, Venugopalan,Lappi …) 

Includes both connected and disconnected contributions  
to vn as well as coherent final state interactions at τ>0

Color charge 
density

Measure single particle spectrum at different times 
of the CYM evolution and extract Fourier harmonics 
vn(pT) from event plane and 2PC technique 



Initial state in p+A

-> No odd harmonics for gluons without final-state interactions.  
Initial spectrum symmetric under kT<->-kT 

• Initial state properties immediately after the collision (τ=0+)

τ=0.0 fm/c

τ=0.0 fm/c

Energy density profile 
(single event)

Fourier harmonics (event average)
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-> Significant momentum space anisotropy v2 
 at τ=0 due to production mechanism.



Dynamics in p+A collisions
• Classical (2+1D)Yang-Mills evolution after the collision 

— includes re-scattering of produced gluons

Fourier harmonics (event average)
Energy density profile 

(single event)

τ=0.1 fm/c

τ=0.1 fm/c
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(SS, Schenke, Venugopalan arXiv:1502.01331)



• Classical (2+1D)Yang-Mills evolution after the collision 
— includes re-scattering of produced gluons

Dynamics in p+A collisions

Energy density profile 
(single event)

τ=0.2 fm/c

τ=0.2 fm/c
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(SS, Schenke, Venugopalan arXiv:1502.01331)



-> Sizeable odd harmonics for gluons generated by 
pre-equilibrium dynamics on a time scale < I fm/c  

• Classical (2+1D)Yang-Mills evolution after the collision 
— includes re-scattering of produced gluons

Dynamics in p+A collisions

Energy density profile 
(single event)

τ=0.4 fm/c

τ=0.4 fm/c
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(SS, Schenke, Venugopalan arXiv:1502.01331)



Effect of CYM evolution

Comparison of event plane measurement vn{EP} and extraction 
from two particle correlation vn{2PC} yields compatible results

(SS, Schenke, Venugopalan arXiv:1502.01331)

v3v2

Evolution of v2 and v3 in central p+Pb collision



Effect of event geometry
‘Eccentric’ proton‘Spherical’ proton

……
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-> No significant correlation between vn and en observed

-> Small sensitivity to large scale structure  
 — very different from hydro  (c.f. talk by Schenke)  



System size dependence

v3v2

Comparison of the effect in p+Pb and Pb+Pb

Significantly smaller effecting Pb+Pb -> points to importance of 
additional final state interactions to explain Pb+Pb data

Can be attributed to large number of mutually uncorrelated 
domains probed in Pb+Pb



Conclusions

v3v2

Comparison of the effect in central p+Pb and central Pb+Pb
• Event by event fluctuations of the protons sub-nucleonic structure 

appear on different length scales and may play an important role in 
our understanding of p+A collisions at the LHC.

• Initial state effects and early time dynamics (τ<0.4 fm/c) can lead to 
sizable even (v2,4,…) and odd harmonics (v3,5,…)  up to fairly large  pT. 

Initial state effects likely important for p+A but many questions still open  
— Higher order effects? How to transition to final state? 

• Even large scale fluctuations ~Rp are consistent with small-x evolution

-> Importance to re-evaluate constraints from e+p 
on proton structure and event-by-event fluctuations

• Substantially larger effect in p+A as compared to A+A. 

• Correlations are rather insensitive to global event geometry.



 Collectivity in small systems  !  
 
   

 Collectivity in small systems  !  
 

(depends on what you mean by 'collectivity')  

 Collectivity in small systems ? 
 
  

1 2015 BNL Collectivity WS J. 
Schukraft 

l Is there collectivity in small systems ? 
 

l Why does it matter ? 
pPb 5.02 TeV  

December 2012 



 pPb 5 TeV 

Collectivity 
l  weak definition:   
ð SIMILAR effect for ALL particles (of some kind, say pT/PID) in ALL events 
ð   Collectivity is experimentally proven in AA (≈ in pA) 

2015 BNL Collectivity WS J. Schukraft 2 

PbPb 10-20% 'Ridge' 
all h± in all events 

'Jet' 
some h± in some events 

AA definitely coll. 
pA practically certain 

Teaser: 
are jets in e+e-  

'weakly collective' ? 

v2{2}< v2{4}≈v2{6}≈ … ≈v2{∞} 

EbE  P(v2) 



Collectivity in large systems: AA 
l  strong definition:     {'thermo' +  'hydro'} - dynamics 
ð emerging-f(t)- in strongly interacting, macroscopic matter with density/pressure 
gradients 
 

l   Collectivity is consistent with ≈ all data in AA  to (very) good accuracy 
ð  thermo-dynamics:  

µ  particle ratios (Statistical Model) to 10-30% 
 

ð hydro-dynamics: 
µ  LO: radial (v0) & elliptic (v2) flow for > 95% of all particles (pt < few GeV) 
µ  NLO: higher harmonics vn, PID  (m dependence) of vn ('mode mixing' of v0 & v2) 
µ  NNLO: non-linear mode mixing (vn≠ εn), factorization violation r(pT), EbE P(vn), … 
 

ð  thermo + hydro:  
µ  HBT f(T, β):  (R(mT), R(Nch

1/3),  Rout/Rside ≈ 1) 

 

2015 BNL Collectivity WS J. Schukraft 3 

 'Standard Model' of heavy ion physics 



Ultra-central vn 

Tensions (presumably work in progress, not cracks) 

l  p/π ratio, ultra-central vn, HBT εf, … 

2015 BNL Collectivity WS J. Schukraft 4 

Azimuthal HBT: ε @ freezeout 

SM fits to particle ratios 

few, if any(*), doubt that we have 'strong collectivity' in (central) AA 
'the ideal liquid sQGP' 

* at least until early last week http://arxiv.org/abs/1502.05572 .. 



Collectivity in small systems: 'central' pA 
l   Collectivity consistent with ≈ all data in central pA to reasonable accuracy 
ð  thermo-dynamics:  particle ratios (SM, γs=1!) to ≈ 20-30% 
ð hydro-dynamics:  pA, dA, 3He-A 

µ  LO: radial & elliptic flow  
µ  NLO: higher harmonics vn, PID   vn  
µ  NNLO: not yet tested 

ð  thermo + hydro:   
µ   HBT (R(mT), R(Nch

1/3),  Rout/Rside ≈ 1) 
 

 

2015 BNL Collectivity WS J. Schukraft 

HBT: R vs KT 

Rside 

Rout 

Rlong 

BW fit: Tkin vs β	


particle ratios pp, pA, AA	


PID v2	


The experimental support for 'strong collectivity' 
is not really worse than AA 
only somewhat less tested .. 

5 



Collectivity in small systems: 'central' pp 
l   Collectivity consistent with data in high Nch pp ??   
ð  thermo-dynamics: MB particle ratios (ce-SM) to ≈20-40% γs < 1! 
ð hydro-dynamics: 

µ  LO: radial & elliptic flow ? 
µ  NLO: not yet tested 
µ  NNLO: not yet tested 

ð  thermo + hydro:   
µ   HBT (R(mT), R(Nch

1/3),  Rout/Rside ≤ 1) 
 

 

2015 BNL Collectivity WS J. Schukraft 

particle ratios pp, pA, AA	


The Ridge	


BW fit: Tkin vs β	


HBT: R vs KT 

Rside 

Rout 

Rlong 

Rout/Rside 

particle ratios in MB pp	


6 

The experimental support for 'strong collectivity'  is much 
less tested .. 

but were it has been tested, at high Nch, it looks not so bad ! 



A priori: pp ≈ pA @ same dN/dy 
l  LO pp = pA: Nch, transverse size & shape => Initial State ε(x,y):  
ð   experimentally verified: R(pp) ≈ R(pA) < R(AA) @ same Nch (≈ Npart) 

ð  IF there is collectivity in central pA, THEN there is no reason why not in 'central' pp  
l  NLO pp ≠ pA: some differences expected 
ð MPI vs Ncoll, transverse ε-profile,  
dσ/dN => bias,  jet fraction, .. 

2015 BNL Collectivity WS J. Schukraft 7 

<pT> vs Nch 

BW fit: Tkin vs β	


HBT:  
R vs Nch 

pp closer to pA than pA to  AA  
as expected… 



Facts & 'Fiction' 
l  Experimental facts: 
ð weak collectivity proven in AA, essentially proven in pA, not known in pp  

µ   'all particles in all events' must be part of any physics model 
ð strong coll. (thermo & hydro) compatible with vast majority of data in AA & pA 

µ   some areas need work, some tests missing in pA (NNLO) 
ð very limited data in pp at high Nch, but compatible with SC ! pp ≈ pA @ same Nch 

l  Small ≈ LARGE (no ‘onset’)=> No longer ‘Business as usual’ 
ð 1) invent different physics to mimic the same phenomenology (conspiracy theory) 
ð 2) extend ‘heavy ion physics’ to include small systems (central pA, MB pp ??) 

µ  2a: heavy ion physics (sQGP) in pA/pp 
µ  2b: pp/pA physics (kinetic non-equilibrium transport) in AA 

l  Hypothesis: There IS collectivity in small systems at high Nch ! 
ð 1) pA ≈ AA: mostly based on measurements  

µ  many similar phenomena <=> similar underlying physics 
ð 2) pp ≈ pA: mostly based on (my) a priori expectations & limited exp. results 

µ  mind the jet-bias in pp ! 
ð 3) ≈ ≠  =: differences are interesting and important to study ! 

µ  finite size/finite time/non-equilibrium effects teach us about dynamics 
2015 BNL Collectivity WS J. Schukraft 8 



pA ≈ AA: Objections 
l  sQGP: no ideal liquid w/o jet-quenching (energy loss) 
ð hydro is dimensionless (Kn = λ/R << 1),  

µ  R = 1-2 fm may be big:  τ0(<0.2 fm/c?), η/S ≈  0 => λ ≈  0;  1/<pt> ≈  0.3 fm 
ð energy loss has dimension: ΔE ~ (Δx-a)n, Δx = path length, a = formation length 

µ  ΔEpA > 1/5 x ΔEAA (n = 1, a = 0), and possibly much more 
µ   is measured RpPb (in)compatible with quantitative expectations for ΔE ? 
 

l  hydro not applicable (large Kn, large gradient/viscosity corrections, ..) 
ð we may need different TH tools, not necessarily different physics ? 

µ  'hydro' : physics driven by gradients in SI matter 
µ  smoothly extends into 'partial hydro/decoupling/non-equilibrium' regime ? 
 
 

l  difference is size is significant, but not huge ! 
ð   made up (largely ?) by higher density ? 
ð ES: the conformal QGP: pA may be smaller (R ↓), but also much denser (λ ↓) 
 

2015 BNL Collectivity WS J. Schukraft 9 

RCuCu
RHIC ≈  2RpPB

LHC ≈ pp 



HBT radii pp, pA, AA 

2015 BNL Collectivity WS J. Schukraft 10 

RCuCu
RHIC ≈  2RpPB

LHC ≈ pp 



pA ≈ AA: Objections 
l  similar phenomena ≠>  same physics 
ð counter examples: 

µ   elliptic flow: v2(< 2 GeV) = hydro (Δρ/Δx), v2(> 10 GeV) quenching (ρ) 
     linked by geometry and SI matter, but driven by distinct physics 
µ  radial flow: AA hydro, pp: Color Reconnection ? 

'hydrodynamics' similar (emission from boosted system T, β), dynamics different 
 
 

ð  likelihood argument: better if many independent phenomena are involved 
µ  'razor': What looks more natural & simple: different or similar physics ? 

2015 BNL Collectivity WS J. Schukraft 11 



l  If it looks like a rose 
 
 
 
 
 
 
 

l  + smells, + feels,  
+ pricks, + tastes, + ..  like a rose  

Is it a Rose ? 

2015 BNL Collectivity WS J. Schukraft 12 

Summary Part I: 
similar phenomenology (measured or expected) in  

pp, pA and AA 
overwhelmingly likely based on similar physics: 

 inhomogeneous, dense, strongly interacting matter 
SM:      drop of ideal liquid sQGP: thermo + hydro dynamics 

B-SM: cloud of grey/black mist (sMOG): non-eq. kinetics 1502.05572 



II) Why is it interesting ? 
l  'Looking under the hood': what makes the sQGP tick ?  
ð stat. mechanics (thermo & hydro) hide very well the details: d.o.f & dynamics 

µ  strength & limitation: same results for different underlying 'stuff' (theories/models) 
µ  thermal system knows nothing about how and why it arrived in equilibrium  

ð go towards and beyond the limits of thermo & hydro 
µ  study deviations due to finite size/finite time (=> small systems) 
 

l  'Looking for the transition': how does collectivity emerge f(r, t) ? 
ð change size & lifetime & density  (pp -> pA -> AA) 
 

l  'Looking for the beginning': universal aspects of soft QCQ ? 
ð connection to soft QCD in ‘non-collective’ systems like MB pp or even e+e- ? 

2015 BNL Collectivity WS J. Schukraft 13 



pp-pA-AA: Similarities & Differences 
l   Similar Particle Production 
ð   Striking & very non-trivial similarities between pp(e+e-) and AA 
ð   Striking & very non-trivial difference ('strangeness enhancement):  

l   Different Explanations & no connection (in general):  
ð   Born (pp) <-> Evolving (AA)  into equilibrium 
ð   γs(GC) or rc (SC) are fudge factors , i.e. not predicted/calculable as f(√(s),dn/dy, ..) 
ð   Core-Corona: e+e- and pp ?? 

2015 BNL 
Collectivity WS J. 
Schukraft 

14 

e+e- LEP PbPb  SPS 

Particle Production: 
Data versus Thermal Model 



l   No quantitative interpretation which smoothly describes small & large 
ð   despite evident relevance for understanding HOW we reach thermal ratios.. 

Known, but often ignored 

2015 BNL 
Collectivity WS J. 
Schukraft 

15 
Star http://arxiv.org/abs/0808.2041 STAR http://arxiv.org/abs/nucl-ex/0607033 Phenix http://arxiv.org/abs/1005.3674 

pp, dA, AA  RHIC 
pp 200 GeV 

Particle production: 
γs vs dNch/dy 

Particle production: 
Data /Thermal Model 



Strange Developments in pA 

 'strangeness enhancement' 
all particles reach thermal values, EXCEPT Ω ? 

phi follows neither γs nor rc model ? 
2015 BNL Collectivity WS J. Schukraft 16 



Other Developments 
l  Final state chemistry ? 
ð K* : decay + scattering 

µ  or sequential  freeze-out (lower Tchem) 
ð p/π: B annihilation (= seq. freezeout) 

l  light nuclei d,(3He) 
ð   pp x 2, reaches ≈ SM value  
ð canonical suppression ? B2(Nch) ≠ c ? 

2015 BNL Collectivity WS J. Schukraft 17 

do we see dynamics at work 
while reaching (leaving) thermodynamics ?? 



Momentum Spectra 
l   Known, but not really understood   

2015 BNL Collectivity WS J. Schukraft 18 

Radial Flow fit (BW): 
T  & <β> vs dNch/dy 

pp, dA, AA  RHIC 

Star http://arxiv.org/abs/0808.2041 Radial Flow fit (BW): 
Data/Fit (π,K,p) 

pp 200 GeV 



Hydro in PbPb  
l  ideal (BW) hydro ≈  ok < 1-2 GeV(p, K), > 3-4 GeV (p, Λ, ..) in both pT and v2 
ð  deviations above: 'smooth decoupling ?' 

2015 BNL Collectivity WS J. Schukraft 19 



20 2015 BNL 
Collectivity WS J. 
Schukraft 

https://n-ext.inha.ac.kr/indico/event/13/contribution/14/material/slides/0.pdf 

'Decoupling' at RHIC at 
somewhat lower pT 



BW + Resonances (DRAGON 1502.01247) 

2015 BNL Collectivity WS J. Schukraft 21 

K0 

p 

φ	


Qual. similar, quant. diff.  
π/K to 2-2.5 GeV 
p to > 4.5 GeV 

(Φ,Λ), Ξ, Ω require 
higher T, lower β	


(like at RHIC) 



Real Hydro: IP-Glasma + Music (1502.016750) 

l  Data/Model (almost too perfect !) 
ð  note that low pT pion excess !! 

2015 BNL Collectivity WS J. Schukraft 22 



Real Hydro Comparison 
l  VISHNU(Hydro + URQMD)1501.03286,  

2015 BNL Collectivity WS J. Schukraft 23 

Ξ	


AfterBurner important: 
 incr. radial flow in hadron phase 

=> explain differential freeze-out Tkin ? 
=> meson-baryon crossing in v2 ? 
 
Would be interesting to see where data & 
(hydro + AB) deviate: 
- Does it coincide in pT  & vn 
- Higher decoupling pT for large mass ?

  

Hydro + AB  does very well  
(T, β, vn) 



What happens after  Hydro ? 
l  mass matters, up to a point (again,  pT ≈  v2).. 
ð  presumably, 'falling out of hydro' is a smooth process (over large pT range) 

µ  do we need new physics (eg coalescence) at intermediate pT (4-10 GeV) ? 
µ  or a smooth transition between hydro  and jets ? 

 

2015 BNL Collectivity WS J. Schukraft 24 



Will the φ tell ? 

2015 BNL Collectivity WS J. Schukraft 25 

NCQ scaling in 40-50% 
or 

it's breaking in 10-20% 
could be a (m, σ) effect in the HG ! 

 
If only we could switch off the HG.. 

φ = π	

NCQ scaling ? 

φ = p 
HG push ? 

HG push on p ? 

φ = p 
HG push ? 



Radial Flow in pPb 

2015 BNL Collectivity WS J. Schukraft 26 

earlier 'decoupling' 
Tkin ≈  Tchem 

β,Tkin(π,K,p) ≈  β,Tkin(Ξ, Ω) 
 

(d, 3He) in PbPb compatible with flow 
d in pPb compatible with coalescence 

no (or little) hadronic rescattering ? 
 

clear & direct view on the sQGP ?? 
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l  MANY similar/identical observations(@ similar Nch), no inconsistency (?), .. 
ð  1) particle ratios (γs -> 1) 
ð  2) pT-spectra (radial flow), 
ð  3) anisotropic flow: vn ~ εn,  vn(p, d, 3He), vn(b), vn(pT), v2(LYZ), vn(PID) 
ð  4) HBT r(Nch, mT) 

l  .. make the hypothesis increasingly more likely 
ð  a most 'natural' assumption, to be proven wrong rather than right 
ð  subtle is the lord, but malicious he is not 

l  What is is the 'underlying physics' ? 
ð  sQGP: thermo + hydro dynamics ('at the edge') ? 
ð  sMOG: strongly interacting FS matter with density gradients (1502.05572)  
ð  CGC: weakly int. dense IS matter + some conspiracies (in AA !!) 
ð  ??? 

l  Why should we care ? 
ð  leave the comfort zone of infinite size equilibrium to study dynamics 

µ  from small & dilute -> large & dense: emergence & limits of 'collectivity' 
ð  looking 'under the hood' is mandatory, whatever we may find ! 

2015 BNL Collectivity WS J. Schukraft 

 Hypothesis: The physics underlying 'collectivity' 
signals is the same in AA, pA, and pp 
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2015 BNL Collectivity WS J. Schukraft 

http://arxiv.org/abs/1503.00468 



Collectivity in small 
systems with large 

multiplicity, pp and pA
Edward Shuryak 

Stony Brook

Workshop "Collectivity in Small Colliding 
Systems with High Multiplicity”, BNL, March 
4-6,2015



• 2010: ridge in pp (high mult.events P=10^-6 or M$ per event!) then seen in central pA (P=few 
percents) 

• Femtoscopy (ALICE) in pp shows signs of flow in radii (k_t)!

• central-peripheral => antiridge=elliptic flow, consistent with hydro (Bozek et al) and “sound systematics” 
from AA (Lacey).  

• v2 and v3 scaling pA/AA (arXiv:1408.3411 Basar Teaney) 

• PHENIX does d Au and finds  about twice larger v2, again in agreement with Glauber+hydro (Bozek et al)  
=> He3 run results (to be reported here) 

• (2013) strong radial flow suggested (arXiv:1301.4470, ES,Zahed)  with surprisingly small  viscous corrections even for very 
small sizes. QGP is conformal: small system and high T compensate each other!

• (2013)  strong radial flow seen in identified particle spectra (by CMS and ALICE)  fitted by hydro and blast 
wave: it is indeed stronger than in AA!

• QM 2014 v2{4,6,8} are the same ,  from CMS => collectivity!

• femtoscopy radii in pp (Hirono+ES,arXive:1412.0063) and spectra (Kalaydzhyan+ES) 
+hydro =>  (surprisingly) small initial size 0.6-1 fm!

• pA: many wounded nucleons and strings. “Spaghetti collapse” scenario (1404.1888, 
Kalaydzhyan+ES), now also established in AdS/QCD (Iatrakis, Ramamurti,ES)

http://arxiv.org/abs/arXiv:1408.3411
http://arxiv.org/abs/arXiv:1301.4470


14

well, while it underpredicts a bit the tail in pA (see e.g.
CMS pages with public info. (Unfortunately I don’t know
the exact version and parameters used and cannot com-
ment on soft/hard contributions.)

Summary: initial state fluctuations and global observ-
ables support close relation between the “participants”
(nucleons or constituent quark) and final hadrons. An
old view that this connection is due to QCD strings –
Lund model – seem to be holding.

Finally, let me mention high multiplicity pp . We do
not yet know ✏n in this case. Experiment should do
4,6 particle correlators and separate dynamical 2-particle
correlations from collective v

2

. Hydro practitioners still
have to do vn/✏n and establish its viscosity dependence
and accuracy. Theoretical predictions for pp cover the
whole range: from elongated transverse string [39] pre-
dicting large ✏

2

⇠ 1 to a IP-glasma or “string ball” pic-
ture [49] wich predicts very small ✏

2

instead.

IV. THE SMALLEST DROPS OF QGP

The success of hydrodynamics as the basic dynamical
tool, and recent focus on higher harmonics and viscosity
had renewed interest to understand the limits of hydro.
In particular, successful description of the n-th flow har-
monics implies that hydro still works at a scale R/n:
taken the nuclear radius R ⇠ 6 fm and the largest har-
monic studied in hydro n = 6 one concludes that this
scale is 1 fm or so, at least. (This argument provides
only the upper limit, since, as we argued in detail above,
we don’t see harmonics with larger n because of its vis-
cous damping by freezeout, as well as current statistical
limitations of the data sample. Harmonics with larger
n are obviously excited by “spiky” initial state: whether
they are hydrodynamical we don’t know.)

Equally important is to approach the problem in the
opposite direction, starting in the framework of micro-
scopic models used for low mutiplcity pp, pA and ask-
ing at which multiplcities some of heir usual assumption
should fail. In particular, we will discuss below at which
number/density of stringstheir interaction would lead to
collective phenomena.

Obviously, direct observation of smaller and smaller
systems and the monitoring of the collective phenomena
in them are extremely valuable for answering those ques-
tions. Such systems are provided by high multiplicity
pp and pA collisions, which we discuss in this chapter.
As we will see, there are similarities but also important
di↵erences of the two cases.

Before we go into details, let us try to see how large
those systems really are. At freezeout the size can be
directly measured, using femtoscopy method. (Brief his-
tory: so called Hanbury-Brown-Twiss (HBT) radii. This
interferometry method came from radio astronomy. The
influence of Bose symmetrization of the wave function
of the observed mesons in particle physics was first em-
phasized by Goldhaber et al [80] and applied to proton-

28 J.F. Grosse-Oetringhaus / Nuclear Physics A 931 (2014) 22–31

Fig. 6. Left panel: Proton to φ ratio as a function of pT for different Pb–Pb centrality classes [47]. Right panel: Femto-
scopic radii extracted from two- and three-pion cumulants together with the associated λ parameters [50].

shape is driven by radial flow. Combining this finding with that for the v2 suggests that the mass 
(and not the number of constituent quarks) drives v2 and spectra in central Pb–Pb collisions for 
pT < 4 GeV/c. It is interesting to note that also in p–Pb collisions the shape of the pT spectra of 
φ and p become more similar for high-multiplicity events [3].

3.4. Identified-particle spectra

The ALICE Collaboration has presented yields and spectra for 12 particle species (π , K±, K∗, 
K0, p, φ, Λ, Ξ , Ω , d, 3He, 3ΛH) in up to 3 collision systems (and, for pp collisions, 3 different 
center of mass energies). In particular the measurement of the pT and centrality dependence of 
the d and the nuclei (3He, 3ΛH) spectra should be pointed out [25]. It is interesting to note that the 
yields of d, 3He and 3ΛH are correctly calculated in equilibrium thermal models. Furthermore, the 
yields of multi-strange baryons have been measured as a function of event multiplicity showing 
a smooth evolution from pp over p–Pb to Pb–Pb collisions for the yield ratios to π or p [2]. The 
large amount of data allows a stringent comparison to thermal models which describe particle 
production on a statistical basis [49].

3.5. Source sizes

For the first time, femtoscopic radii were extracted with three-pion cumulants [16,50]. This 
approach reduces non-femtoscopic effects contributing to the extracted radii significantly. Fig. 6

FIG. 12: (From [12]) Alice data on the femtoscopy radii (up-
per part) and “coherence parameter” (lower part) as a func-
tion of multiplicity, for pp, pPb, PbPb collisions.

antiproton annihilation. Its use for the determination
of the size/duration of the particle production processes
had been proposed by Kopylov and Podgoretsky [81] and
myself [82]. With the advent of heavy ion collisions this
“femtoscopy” technique had grew into a large industry.
Early applications for RHIC heavy ion collisions were
in certain tension with the hydrodynamical models, al-
though this issue was later resolved [83].)

The corresponding data are shown in Fig.12, which
combines the traditional 2-pion and more novel 3-pion
correlation functions of identical pions. An overall
growth of the freezeout size with multiplicity, roughly
as < Nch >1/3, is expected already from the simplest
picture, in which the freezeout density is some univer-
sal constant. For AA collisions this simple idea roughly
works: 3 orders of magnitude of the growth in multiplic-
ity correspond to one order of magnitude growth of the
size.

Yet the pp, pA data apparently fall on a di↵erent line,
with significantly smaller radii, even if compared to the
peripheral AA collisions at the same multiplicity. Why
do those systems get frozen at higher density, than those
produced in AA? To understand why can it be the case
one should recall the freezeout condition: “the collision
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rate becomes comparable to the expansion rate”

< n�v >= ⌧�1

coll(n) ⇠ ⌧�1

expansion =
dn(⌧)/d⌧

n(⌧)
(22)

Higher density means larger l.h.s., and thus we need a
larger r.h.s.. So, more “explosive” systems, with larger
expansion rate, freezeout earlier. We will indeed argue
below that pp, pA high-multiplcity systems are in fact
more “explosive”: it is seen from radial flow e↵ects on
spectra as well as HBT radii.

But how those systems become “more explosive” in
the first place? Where is the room for that, people usu-
ally ask, given that even the final size of these objects is
not large but even smaller than in peripheral AA, which
has weak radial flow. Well, the only space left is at the
beginning: those systems must start accelerating earlier,
from even smaller size, to get enough acceleration and
eventually collective flow by their “early” freezeout. So,
our “small systems” must be born even smaller than we
naively think!

A. Collectivity in small systems

Let us briefly recall the time sequence of the main
events. The first discovery – done in the very first LHC
run – was done by CMS, who found a “ridge” correlation
[75] in high multiplicity pp. Unfortunately, it only hap-
pens in events which have probability P ⇠ 10�6 or less,
so studies of this sample are statistically limited[128].

Switching to most central pA CMS [76] and other col-
laborators had observed similar ridge there, now with
much higher – few percent – probability. By subtracting
high multiplicity and low multiplicity correlators CMS
and ALICE groups soon had concluded, that “ridge” is
accompanied by the “anti-ridge”, and thus is basically an
elliptic flow.

PHENIX collaboration at RHIC also found a ridge-
like correltion in central dAu collisions, Furthermore, v

2

is larger than in pPb at LHC by about factor 2. This
is what one would gets from di↵erent initial conditions,
for d and p beams, reflected in pioneering hydro stadies
of such collisions by Bozek [22]. That was the first indi-
cation for collectivity of the phenomenon. (Indeed, any
dynamical model creating v

2

from some gluonic correla-
tions such as “the shape of the Pomeron” would instead
predict a decrease, by about factor 2, as gluons in p and
n of the d can hardly be correlated.) Another contribu-
tion of PHENIX was the observation that dA HBT radii
display the famous decreasing trend with pt well known
for AA collisions, which is another direct evidence for
presence of the collective flow.

But the truly final blow has been made at QM14 by
CMS, who demonstrated their v

2

measurements from 4,6
and even 8 particles: see Fig.13. Previous data for AA
collisions had shown perfect agreement between those,
and new data for pA are in this respect the same. This

Raphael Granier de Cassagnac Quark Matter 2014, Darmstadt 

Multiparticle correlations 
• v2 stays large when calculated with multi-particles 

– v2(4)=v2(6)=v2(8)=v2(LYZ) within 10%  
– True collectivity in pPb collisions!  
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FIG. 14: (color online) Temperature T versus the fireball size
R plane. Solid blue line is the adiabate S = const, approx-
imately TR = const for sQGP. Example 0 in the text cor-
responds to reducing R, moving left A ! B. Example 1 is
moving up the adiabate A ! C. Example 2 corresponds to
adiabatic expansion, such as A ! E,C ! E. If in reality C
corresponds to pA, the freezeout occurs at the earlier point
D.

establishes collectivity of the flow in pA, “beyond the
reasonable doubt”.

Taken collectivity for granted, one can still ask whether
the v

2

observed is caused by geometry of the source. One
nice control experiment testing this is to do He3Au col-
lisions, and test if three initial nucleons, leading to geo-
metric “triangularity” of the initial state, will indeed be
followed by larger v

3

. Preliminary data from Phenix on
He3Au do indeed show v

3

(pt > 1 GeV ) ⇡ 0.05, compara-
ble to hydro predictions [23, 24]: the detailed comparison
to calculations and dAu is still to be done.

B. Small systems and conformal scaling of QGP

Even given those facts, the hydrodynamical treatment
of pA and pp collisions had met a psychological barrier:

THE SMALLEST DROPS OF QGP 

AA data follow N^1/3 curve => fixed freeze out density	


Yet the pp, pA data apparently fall on a different line	


Why do those systems get frozen at higher density, 
than those produced in AA?  

(hint #1)

So, more “explosive” systems, with larger	

expansion rate, freezeout earlier, at higher density.	


Where is the room for that, people usually ask, given that even the final size 
 of these objects is not large but even smaller than in peripheral AA,  

which has weak radial flow.  
Well, the only space left is at the beginning: those systems must start accelerating  

earlier, from even smaller size, 

⇠ N1/3
ch
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Hydrodynamic simulations are used to calculate the identical pion HBT radii, as a function of the
pair momentum k

T

. This dependence is sensitive to the magnitude of the collective radial flow in the
transverse plane, and thus comparison to ALICE data enables us to derive its magnitude. By using
hydro solutions with variable initial parameters we conclude that in this case fireball explosions
starts with a very small initial size, well below 1 fm.

I. INTRODUCTION

The so called Hanbury-Brown-Twiss (HBT) interfer-
ometry method originally came from radio astronomy [1]
as intensity interferometry. The influence of Bose sym-
metrization of the wave function of the observed mesons
in particle physics was first emphasized by Goldhaber et
al. [2] and applied to proton-antiproton annihilation. Its
use for the determination of the size/duration of the par-
ticle production processes had been proposed by Kopy-
lov and Podgoretsky [3] and one of us [4]. Heavy-ion
collisions, with its large multiplicities, turned the “fem-
toscopy” technique into a large industry. Early applica-
tions for RHIC heavy-ion collisions were in certain ten-
sion with the hydrodynamical models, but this issue was
later resolved, see e.g. [5]. The development of the HBT
method had made it possible to detect the magnitude
and even deformations of the flow.

Makhlin and Sinyukov [6] made the important observa-
tion that HBT radii are sensitive to collective flows of the
matter. The radii decrease with the increase of the total
transverse momentum kT = (p1T + p2T)/2 of the pair.
A sketch shown in Fig.1 provides a qualitative explana-
tion to this e↵ect: the larger is kT, the brighter becomes a
small (shaded) part of the fireball, which the radial flow is
maximal and the its direction coincides with the direction
of kT. This follows from maximization of the Doppler-
blue-shifted thermal spectrum ⇠ exp (�p

µ

u

µ

/Tf). In this
paper we will rely on this e↵ect, as well as on ALICE
HBT data, to deduce the magnitude of the flow in high
multiplicity pp collisions.

(Although we will not use those, let us also mention
that the HBT method can also be used not only for de-
termination of the radial flow, but for elliptic flow as well:
see e.g. early STAR measurements [7]. Another devel-
opment in the HBT field was a shift from two-particle
to three-particle correlations [8], [9] available due to very
high multiplicity of events as well as high luminosities of
RHIC and LHC colliders.)

With the advent of LHC it became possible to trigger
on high multiplicity events, both in pp and pPb collisions:

⇤
Electronic address: yuji.hirono@stonybrook.edu
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FIG. 1: (Color online)Sketch of how the radial flow (arrows
directed radially from the fireball center) influences the HBT
radii. At small k

T

the whole fireball (the circle) is visible,
but at larger k

T

one sees only the part co-moving in the same
direction – shown by shaded ellipse.

the resulting sample revealed angular anisotropies v2, v3
similar to anisotropic flows in heavy-ion (AA) collisions.
At the moment the issue whether those can or cannot be
described hydrodynamically is under debate. So far the
discussion of the strength of the radial flow was based
on the spectra of identified particles, see [12, 13]. In this
paper we look at the radial flow from a di↵erent angle,
using the measured HBT radii [10].
The HBT radii for pp collisions at LHC has been mea-

sured by the ALICE collaboration [10], as a function
of multiplicity. Their magnitude has been compared to
those coming from hydro modelling in Refs. [21, 22]. Our
analysis of the HBT radii focus on the strength of the ra-
dial flow. We illustrate how the radii, and especially the
ratio R

o

/R

s

, are indicative of the flow magnitude.
While at minimally biased collisions and small multi-

plicities the observed HBT radii are basically indepen-
dent of the pair transverse momentum kT, for high mul-
tiplicity the observed radii decrease with kT. So, the
e↵ect we are after appears only at the highest multi-
plicities – the same ones which display hydro-like angu-
lar correlations and modifications of the particle spectra.
The strongest decrease, as expected, is seen for the so
called R

o

radius, for which this reduction in the interval
kT = 0.1 · · · 0.7GeV reaches about factor 4 in magnitude.
The kT dependence of the HBT radii tells us about

the strength of the flow. The reason these data are quite
important is the following: the HBT radii at small kT
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. This dependence is sensitive to the magnitude of the collective radial flow in the
transverse plane, and thus comparison to ALICE data enables us to derive its magnitude. By using
hydro solutions with variable initial parameters we conclude that in this case fireball explosions
starts with a very small initial size, well below 1 fm.

I. INTRODUCTION

The so called Hanbury-Brown-Twiss (HBT) interfer-
ometry method originally came from radio astronomy [1]
as intensity interferometry. The influence of Bose sym-
metrization of the wave function of the observed mesons
in particle physics was first emphasized by Goldhaber et
al. [2] and applied to proton-antiproton annihilation. Its
use for the determination of the size/duration of the par-
ticle production processes had been proposed by Kopy-
lov and Podgoretsky [3] and one of us [4]. Heavy-ion
collisions, with its large multiplicities, turned the “fem-
toscopy” technique into a large industry. Early applica-
tions for RHIC heavy-ion collisions were in certain ten-
sion with the hydrodynamical models, but this issue was
later resolved, see e.g. [5]. The development of the HBT
method had made it possible to detect the magnitude
and even deformations of the flow.

Makhlin and Sinyukov [6] made the important observa-
tion that HBT radii are sensitive to collective flows of the
matter. The radii decrease with the increase of the total
transverse momentum kT = (p1T + p2T)/2 of the pair.
A sketch shown in Fig.1 provides a qualitative explana-
tion to this e↵ect: the larger is kT, the brighter becomes a
small (shaded) part of the fireball, which the radial flow is
maximal and the its direction coincides with the direction
of kT. This follows from maximization of the Doppler-
blue-shifted thermal spectrum ⇠ exp (�p

µ

u

µ

/Tf). In this
paper we will rely on this e↵ect, as well as on ALICE
HBT data, to deduce the magnitude of the flow in high
multiplicity pp collisions.

(Although we will not use those, let us also mention
that the HBT method can also be used not only for de-
termination of the radial flow, but for elliptic flow as well:
see e.g. early STAR measurements [7]. Another devel-
opment in the HBT field was a shift from two-particle
to three-particle correlations [8], [9] available due to very
high multiplicity of events as well as high luminosities of
RHIC and LHC colliders.)

With the advent of LHC it became possible to trigger
on high multiplicity events, both in pp and pPb collisions:
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FIG. 1: (Color online)Sketch of how the radial flow (arrows
directed radially from the fireball center) influences the HBT
radii. At small k

T

the whole fireball (the circle) is visible,
but at larger k

T

one sees only the part co-moving in the same
direction – shown by shaded ellipse.

the resulting sample revealed angular anisotropies v2, v3
similar to anisotropic flows in heavy-ion (AA) collisions.
At the moment the issue whether those can or cannot be
described hydrodynamically is under debate. So far the
discussion of the strength of the radial flow was based
on the spectra of identified particles, see [12, 13]. In this
paper we look at the radial flow from a di↵erent angle,
using the measured HBT radii [10].
The HBT radii for pp collisions at LHC has been mea-

sured by the ALICE collaboration [10], as a function
of multiplicity. Their magnitude has been compared to
those coming from hydro modelling in Refs. [21, 22]. Our
analysis of the HBT radii focus on the strength of the ra-
dial flow. We illustrate how the radii, and especially the
ratio R

o

/R

s

, are indicative of the flow magnitude.
While at minimally biased collisions and small multi-

plicities the observed HBT radii are basically indepen-
dent of the pair transverse momentum kT, for high mul-
tiplicity the observed radii decrease with kT. So, the
e↵ect we are after appears only at the highest multi-
plicities – the same ones which display hydro-like angu-
lar correlations and modifications of the particle spectra.
The strongest decrease, as expected, is seen for the so
called R

o

radius, for which this reduction in the interval
kT = 0.1 · · · 0.7GeV reaches about factor 4 in magnitude.
The kT dependence of the HBT radii tells us about

the strength of the flow. The reason these data are quite
important is the following: the HBT radii at small kT
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transverse plane, and thus comparison to ALICE data enables us to derive its magnitude. By using
hydro solutions with variable initial parameters we conclude that in this case fireball explosions
starts with a very small initial size, well below 1 fm.

I. INTRODUCTION

The so called Hanbury-Brown-Twiss (HBT) interfer-
ometry method originally came from radio astronomy [1]
as intensity interferometry. The influence of Bose sym-
metrization of the wave function of the observed mesons
in particle physics was first emphasized by Goldhaber et
al. [2] and applied to proton-antiproton annihilation. Its
use for the determination of the size/duration of the par-
ticle production processes had been proposed by Kopy-
lov and Podgoretsky [3] and one of us [4]. Heavy-ion
collisions, with its large multiplicities, turned the “fem-
toscopy” technique into a large industry. Early applica-
tions for RHIC heavy-ion collisions were in certain ten-
sion with the hydrodynamical models, but this issue was
later resolved, see e.g. [5]. The development of the HBT
method had made it possible to detect the magnitude
and even deformations of the flow.

Makhlin and Sinyukov [6] made the important observa-
tion that HBT radii are sensitive to collective flows of the
matter. The radii decrease with the increase of the total
transverse momentum kT = (p1T + p2T)/2 of the pair.
A sketch shown in Fig.1 provides a qualitative explana-
tion to this e↵ect: the larger is kT, the brighter becomes a
small (shaded) part of the fireball, which the radial flow is
maximal and the its direction coincides with the direction
of kT. This follows from maximization of the Doppler-
blue-shifted thermal spectrum ⇠ exp (�p
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/Tf). In this
paper we will rely on this e↵ect, as well as on ALICE
HBT data, to deduce the magnitude of the flow in high
multiplicity pp collisions.

(Although we will not use those, let us also mention
that the HBT method can also be used not only for de-
termination of the radial flow, but for elliptic flow as well:
see e.g. early STAR measurements [7]. Another devel-
opment in the HBT field was a shift from two-particle
to three-particle correlations [8], [9] available due to very
high multiplicity of events as well as high luminosities of
RHIC and LHC colliders.)

With the advent of LHC it became possible to trigger
on high multiplicity events, both in pp and pPb collisions:
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radii. At small k
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the whole fireball (the circle) is visible,
but at larger k
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one sees only the part co-moving in the same
direction – shown by shaded ellipse.

the resulting sample revealed angular anisotropies v2, v3
similar to anisotropic flows in heavy-ion (AA) collisions.
At the moment the issue whether those can or cannot be
described hydrodynamically is under debate. So far the
discussion of the strength of the radial flow was based
on the spectra of identified particles, see [12, 13]. In this
paper we look at the radial flow from a di↵erent angle,
using the measured HBT radii [10].
The HBT radii for pp collisions at LHC has been mea-

sured by the ALICE collaboration [10], as a function
of multiplicity. Their magnitude has been compared to
those coming from hydro modelling in Refs. [21, 22]. Our
analysis of the HBT radii focus on the strength of the ra-
dial flow. We illustrate how the radii, and especially the
ratio R
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/R
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, are indicative of the flow magnitude.
While at minimally biased collisions and small multi-

plicities the observed HBT radii are basically indepen-
dent of the pair transverse momentum kT, for high mul-
tiplicity the observed radii decrease with kT. So, the
e↵ect we are after appears only at the highest multi-
plicities – the same ones which display hydro-like angu-
lar correlations and modifications of the particle spectra.
The strongest decrease, as expected, is seen for the so
called R
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radius, for which this reduction in the interval
kT = 0.1 · · · 0.7GeV reaches about factor 4 in magnitude.
The kT dependence of the HBT radii tells us about

the strength of the flow. The reason these data are quite
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FIG. 18: Sketch of the radial flow (arrows directed radially
from the fireball center) explaining how it influences the HBT
radii. At small kt the whole fireball (the large circle) con-
tributes, but at larger kt one sees only the part of the fireball
which is co-moving in the same direction as the observed pair.
This region – shown by shaded ellipce – has a smaller radii
and anizotropic shape, even for central collisions.

poses is explained in a sketch shown in Fig.18. At small
kt the detector sees hadrons emitted from the whole fire-
ball, but the larger is kt, the brighter becomes its small
(shaded) part in which the radial flow is (i) maximal
and (ii) has the same direction as ~kt. This follows from
maximization of the Doppler-shifted thermal spectrum
⇠ exp (pµuµ/Tfreezeout). One way to put is is to note
that e↵ective T in it is increased by the gamma factor of
the flow.

Hirono and myself [87] rely on this e↵ect, as well as
on ALICE HBT data [86], to deduce the magnitude of
the flow in high multiplicity pp collisions. The data are
shown in Fig.19. The e↵ect is better seen in the so called
“out”-directed radius Rout (the top plot). While low mul-
tiplcity data (connected by the blue dashed line) are ba-
sically independent on the pair momentum, at high mul-
tiplcity (stars and red dashed line) they are decreasing,
by a rather large factor. Another consequence of the flow
is anisotropy of radii. In the bottom plot the ratio of two
radii are shown: at small multiplcity it is always 1 – that
is the source is isotropic – but at high multiplcity the
source is anisotropic, the radii are quite di↵erent with
the ratio dropping to about 1/3 at the largest kt.

In Fig.20 we show a series of calculations in which the
initial QGP stage of the collision is modelled by numeri-
cal hydro solution close to Gubser analytic solution with
variable parameter q. (The late stages need to deviate
from Gubser since near Tc the EOS is very di↵erent from
conformal ✏ = 3p assumed in Gubser’s derivation).

Let us summarize what we learned in this subsection
so far. Unlike central pA, the highest multiplcity pp
events are significantly denser/hotter than central AA.
Very strong radial flow, seen in spectra of identified par-
ticles and HBT radii, require very small – sub femtometer
– initial size of the system. In spite of high cost associ-
ated with those events, their studies are of uttmost im-
portance for the search for ever more extreme conditions
of matter.
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FIG. 10. Projections of the 3D Cartesian representations of the cor-
relation functions for events with 23 � Nch � 29 and pairs with
0.3 < kT < 0.4 GeV/c. To project onto one q-component, the oth-
ers are integrated over the range 0�0.16 GeV/c. Dashed lines show
analogous projections of the Gaussian fit.

in Section IVC. In Fig. 10 the same correlation is shown as
projections of the 3D Cartesian representation. The other q
components are integrated over the range of 0� 0.16 GeV/c.
The fit, shown as lines, is similarly projected. In this plot
the fit does not describe the shape of the correlation perfectly;
however, the width is reasonably reproduced.

IV. FIT RESULTS

A. Results of the 3D Gaussian fits

We fitted all 72 correlation functions (4+8 multiplicity
ranges for two energies times 6 kT ranges) with Eq. (7). We
show the resulting femtoscopic radii in Fig. 11 as a function of
kT. The strength of the correlation λ is relatively independent
of kT, is 0.55 for the lowest multiplicity, decreases monoton-
ically with multiplicity and reaches the value of 0.42 for the
highest multiplicity range. The radii shown in the Fig. 11 are
the main results of this work. Let us now discuss many aspects
of the data visible in this figure.
Firstly, the comparison between the radii for two ener-

gies, in the same multiplicity/kT ranges reveals that they are
universally similar, at all multiplicities, all kT’s and all di-
rections. This confirms what we have already seen directly
in the measured correlation functions. The comparison top
s = 200 GeV pp collisions at RHIC is complicated by the

fact that these data are not available in multiplicity ranges.
The multiplicity reach at RHIC corresponds to a combination
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FIG. 11. Parameters of the 3D Gaussian fits to the complete set of
the correlation functions in 8 ranges in multiplicity and 6 in kT for
pp collisions at

p
s= 7 TeV, and 4 ranges in multiplicity and 6 in kT

for pp collisions at
p
s= 0.9 TeV. All points at given kT bin should

be at the same value of kT , but we shifted them to improve visibility.
Open black squares show values for pp collisions at

p
s = 200 GeV

from STAR [10]. Lines connecting the points for lowest and highest
multiplicity range were added to highlight the trends.

of the first three multiplicity ranges in our study. No strong
change is seen between the RHIC and LHC energies. It shows
that the space-time characteristics of the soft particle produc-
tion in pp collisions are only weakly dependent on collision
energy in the range between 0.9 TeV to 7 TeV, if viewed in
narrow multiplicity/kT ranges. Obviously the

p
s = 7 TeV

data have a higher multiplicity reach, so the minimum-bias
(multiplicity/kT integrated) correlation function for the two
energies is different.
Secondly, we analyze the slope of the kT dependence. RGlong

falls with kT at all multiplicities and both energies. RGout and
RGside show an interesting behavior – at low multiplicity the kT
dependence is flat for RGside and for R

G
out it rises at low kT and

then falls again. For higher multiplicities both transverse radii
develop a negative slope as multiplicity increases. At high

FIG. 19: HBT radii versus the pair transverse momentum
kT , for various multiplicities of the pp collisions, from ALICE
[86].
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FIG. 18: Sketch of the radial flow (arrows directed radially
from the fireball center) explaining how it influences the HBT
radii. At small kt the whole fireball (the large circle) con-
tributes, but at larger kt one sees only the part of the fireball
which is co-moving in the same direction as the observed pair.
This region – shown by shaded ellipce – has a smaller radii
and anizotropic shape, even for central collisions.
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ball, but the larger is kt, the brighter becomes its small
(shaded) part in which the radial flow is (i) maximal
and (ii) has the same direction as ~kt. This follows from
maximization of the Doppler-shifted thermal spectrum
⇠ exp (pµuµ/Tfreezeout). One way to put is is to note
that e↵ective T in it is increased by the gamma factor of
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the flow in high multiplicity pp collisions. The data are
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by a rather large factor. Another consequence of the flow
is anisotropy of radii. In the bottom plot the ratio of two
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source is anisotropic, the radii are quite di↵erent with
the ratio dropping to about 1/3 at the largest kt.

In Fig.20 we show a series of calculations in which the
initial QGP stage of the collision is modelled by numeri-
cal hydro solution close to Gubser analytic solution with
variable parameter q. (The late stages need to deviate
from Gubser since near Tc the EOS is very di↵erent from
conformal ✏ = 3p assumed in Gubser’s derivation).

Let us summarize what we learned in this subsection
so far. Unlike central pA, the highest multiplcity pp
events are significantly denser/hotter than central AA.
Very strong radial flow, seen in spectra of identified par-
ticles and HBT radii, require very small – sub femtometer
– initial size of the system. In spite of high cost associ-
ated with those events, their studies are of uttmost im-
portance for the search for ever more extreme conditions
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in Section IVC. In Fig. 10 the same correlation is shown as
projections of the 3D Cartesian representation. The other q
components are integrated over the range of 0� 0.16 GeV/c.
The fit, shown as lines, is similarly projected. In this plot
the fit does not describe the shape of the correlation perfectly;
however, the width is reasonably reproduced.
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E. The “radial flow puzzle” for central pA

The simplest consequence of the radial flow is growth
of the mean transverse momentum. CMS data on those
are shown in Fig.15(a). While pp and pA data are shown
by points, versus the multiplicity, the AA ones (from AL-
ICE) are shown by shaded areas: the central ones corre-
spond to its upper edge. While one may argue for other
mechanisms of the meant pt growth – e.g. rescattering or
larger saturation momentum Qs in glasma at higher mul-
tiplicity – those explanations fail to explain why protons
get it much larger than the pions.

More generally, the experimental signatures of the ra-
dial flow are based on the observation that collective
flow manifests itself di↵erently for secondaries of di↵er-
ent mass. While (near) massless pions have exponential
spectra hardly a↵ected by the flow, massive particles have
spectra of modified shape. Eventually, for very heavy
particles (not really reached in reality) the thermal mo-
tion should become negligible and their momenta be just
mv where v is the velocity of the flow, the distribution
over which has a characteristic peak at the fireball edge.

More specific measure used since [73] looks at the so
called “violation of the m? scaling”. The so called m?
slopes T 0 defined by the exponential form (above certain
pt)

dN

dydp2

?
=

dN

dydm2

?
⇠ exp(�m?

T 0 ) (30)

are the best indicators of the radial flow. A sample of
such slopes for pA collisions recently measured by CMS
is shown in Fig.15 (similar data from ALICE but for
smaller multiplcities are also available, see Fig.50). The
min.bias pp,pA show the same T 0 for all secondaries: thus
no flow. Small multiplicity bins (marked by 8 and 32 at
the bottom-right) are the ones in which the m? scaling
holds. This behavior is natural for independent string
fragmentation, rescattering or glasma.

Flow manifests itself di↵erently. For pions T 0 is simply
the freezeout temperature, blue-shifted by the exponent
of the transverse flow rapidity

T 0 = Tfe (31)

For more massive particles – kaons, protons, lambdas,
deuterons etc – the slopes are mass-dependent . As seen
from Fig.15(b), they are growing approximately linearly
with the mass, and the e↵ect gets more pronounced with
multiplicity. This is a new regime not seen before in pA,
signature of the collective flow.

Furthermore, the highest multiplicity pA do have
slopes even exceeding those in central PbPb LHC col-
lisions, the previous record-holding on the radial flow.
(It has been predicted to happen few months before ex-
periment : see version v1 of this paper [64].)

This gives rise to what we call the “radial flow puzzle”.
Indeed, naive estimates of densities in the previous sub-
section may suggest that explosion in highest multiplicity
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FIG. 16: (color online) The freezeout surface in universal di-
mensionless time t and radial distance r coordinates. (Blue)
thick solid line in the middle corresponds to central AA
(PbPb) collisions, (red) thick solid line on the top to the
highest multiplicity pp . Two (black) thin ones correspond
to central p Pb case, before and after collapse compression,
marked pAi, pAf respectively. The arrow connecting them
indicates the e↵ect of multi string collapse.

pA case should still be weaker than in AA. Indeed, both
the system is smaller and the initial entropy density seem
to be smaller as well. Yet the data show the opposite: the
observed radial flow strength follows a di↵erent pattern

yAA,central
? < ypA,central

? < ypp,highest
? (32)

Hydrodynamics is basically a bridge, between the ini-
tial and the final properties of the system. For the pur-
pose at hand – to see how its result depend on the size
of the system – it is convenient to follow the paper of
Zahed and myself [64]. The radial flow is discussed using
Gubser’s solution [44]. The setting is in the standard rel-
ativistic coordinate sets, the proper time -spatial rapidity
- transverse radius - azimuthal angle (⌧̄ , ⌘, r̄,�) with the
metric

ds2 = �d⌧̄2 + ⌧̄2d⌘2 + dr̄2 + r̄2d�2, (33)

One single solution describes all cases considered: we
will proceed from the dimensional variables ⌧̄ , r̄ with the
barto dimensionless variables

t = q⌧̄ , r = qr̄ (34)

using rescaling by a single parameter q with dimension
of the inverse length. In such variables there is a single
solution of ideal relativistic hydrodynamics, which for the
transverse velocity and the energy density reads

v?(t, r) = tanh(y?) =
2tr

1 + t2 + r2

(35)
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0

28/3

t4/3 [1 + 2(t2 + r2) + (t2 � r2)2]4/3

The first equation – the radial velocity – has no parame-
ters at all, but the second has the second dimensionalless
parameter of the ✏̂

0

related to the entropy and thus the
multiplicity.

✏̂
0

= f�1/3

⇤

✓
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16⇡

dS

d⌘

◆
4/3

(36)

where
The freezeout surface is usually considered to be

isotherm T = Tf : so if for a particular case the param-
eters q, ✏̂

0

are known, it can be found from the second
equation. Before turning to actual plot of such surfaces,
let us comment that if for some cases – e.g. AA collisions
with di↵erent nuclei – they will coincide, the observed
flow velocity will be the same. (This is our thought ex-
periment 1 in the subsection IVB: two collisions are con-
formal copies of each other.)

In Fig.16 we show several of such curves. The blue
line marked AA corresponds to central PbPb collisions
at LHC, its q = 1/4.3 fm, ✏̂

0

= 2531, Tf = 120MeV , is
our benchmark for which radial flow is well documented.
Two black lines are for the pPb case: they both have
Tf = 170 MeV and the same multiplicity but di↵erent
scale parameter: q = 1/1.6 fm for the lower dotted line
but twice smaller spacial scale q = 1/0.8 fm for the up-
per thin solid line. As also an arrow indicates, those cor-
responds to hydro started from the “naive” initial size,
and the second from the “compressed” size, according to
“spaghetti collapse” scenario we will discuss in section
IV B. The former one is well below the AA benchmark,
and its radial flow is weaker. The latter is above it, and
its radial flow is stronger: the maximal transverse veloci-
ties on these curves (located near the turn of the freezeout
surface downward) are

vpAi
? = 0.56 < vAA

? = 0.81 < vpAf
? = 0.84 (37)

The upper red line is our guess for maximal multiplicity
pp collisions, assuming its q = 1/0.5 fm: it has even
stronger radial flow with maximal vpp

? = 0.93.
In summary: the observed pattern of radial flow mag-

nitude can only be explained if the initial size of the pA
system is significantly reduced, compared to the naive
estimates in the preceding section.

F. Radial flow in high multiplicity pp

Let us start with the conclusions drown from our pre-
liminary discussion of the densities: Unlike central pA,
the density in high multiplicity pp collisions is too high for
the string model. The initial state must be in a GLASMA
state, if there is one.

While the perturbative picture of the BFKL Pomeron
–corrected for saturation e↵ects – describes correctly the

logarithmic growth of the cross section with energy and
main features of the the typical events, it does not so
far provide much guidance about the dynamics of high-
multiplcity events. It is not at all surprising: those are
fluctuations with small probablity ⇠ 10�6, and under-
stand their precise dynamics is di�cult. In particular, we
do not even have any good means to predict the initial
size and shape of the partron distribution in the trans-
verse plane, for high multiplicity pp events. (Unlike pA,
we dont have such useful tool as Glauber and participant
nucleons, separately measured. Nor do we have dimen-
sionfull quantities like ↵0 associated with strings.)

Therefore, lacking good theory guidance, one may in-
vert the logical path, and proceed as follows: (i) The data
allows us to understand the magnitude of the flows – ra-
dial, v

2

, v
3

– at freezeout. Then (ii) hydro can be “solved
backwards”, telling us what initial conditions are needed
to generate such flow.

One phenomenological input can be the mean pt and
spectra of the identified particles in high multiplicity
pp: some of those we have already shown in Fig15.
More details are in CMS publication [77], for various
energies

p
s = 0.9, 2.76, 7 TeV . One can fit those data

by Gubser flow: its two parameters ✏̂
0

, q , the entropy
and the initial size, can be fitted to this data.

Another approach is to use is the femtoscopy method.
It allows to detect the magnitude and even deformations
of the flow. Makhlin and Sinyukov [84] made the impor-
tant observation that HBT radii decrease with the in-
crease of the (total) transverse momentum ~k

1

+ ~k
2

= ~kt

of the pair. Modification of their argument for our pur-

FIG. 17: (color online) Comparison of the experimental slopes
T 0(m) versus the particle mass m (GeV). The solid circles
are from the highest multiplicity bin data of Fig.15, com-
pared to the theoretical predictions. The solid and dash-
dotted lines are our calculations for freezeout temperatures
Tf = 0.17, 0.12 GeV , respectively. The asterisks-marked
dashed line are for Epos LHC model, diagonal crosses on the
dashed line are for AMTP model.

Gubser solution  
at early time 

+numerical hydro  
at later stages

conclusion: in order to describe  
ALICE femtoscopy pp data 
one needs very strong flow  

=> surprisingly small initial size1/q=2/3 fm
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Figure 9: Average transverse momentum of identified charged hadrons (pions, kaons, protons;
left panel) and ratios of particle yields (right panel) in the range |y| < 1 as a function of the cor-
rected track multiplicity for |�| < 2.4, for pp collisions (open symbols) at several energies [8],
and for pPb collisions (filled symbols) at

p
sNN = 5.02 TeV. Both hpTi and yield ratios were

computed assuming a Tsallis-Pareto distribution in the unmeasured range. Error bars indicate
the uncorrelated combined uncertainties, while boxes show the uncorrelated systematic uncer-
tainties. For hpTi the fully correlated normalization uncertainty (not shown) is 1.0%. In both
plots, lines are drawn to guide the eye (gray solid – pp 0.9 TeV, gray dotted – pp 2.76 TeV, black
dash-dotted – pp 7 TeV, colored solid – pPb 5.02 TeV). The ranges of hpTi, K/� and p/� values
measured by ALICE in various centrality PbPb collisions (see text) at

p
sNN = 2.76 TeV [33] are

indicated with horizontal bands.

14 5 Results

by ALICE in PbPb collisions at
p

sNN = 2.76 TeV for centralities from peripheral (80–90% of the
inelastic cross-section) to central (0–5%) [27]. These ALICE PbP data cover a much wider range
of Ntracks than is shown in the plot. Although PbPb data are not available at

p
sNN = 5.02 TeV

for comparison, the evolution of event characteristics from RHIC (
p

sNN = 0.2 TeV, [2, 4, 28])
to LHC energies [27] suggests that yield ratios should remain similar, while hpTi values will
increase by about 5% when going from

p
sNN = 2.76 TeV to 5.02 TeV.
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Figure 10: Inverse slope parameters T� from fits of pion, kaon, and proton spectra (both charges)
with a form proportional to pT exp(�mT/T�). Results for a selection of multiplicity classes,
with different Ntracks as indicated, are plotted for pPb data (left) and for MC event generators
AMPT, EPOS LHC, and HIJING (right). The curves are drawn to guide the eye.

For low track multiplicity (Ntracks . 40), pPb collisions behave very similarly to pp collisions,
while at higher multiplicities (Ntracks � 50) the hpTi is lower for pPb than in pp. The first ob-
servation can be explained since low-multiplicity events are peripheral pPb collisions in which
only a few proton-nucleon collisions are present. Events with more particles are indicative
of collisions in which the projectile proton strikes the thick disk of the lead nucleus. Inter-
estingly, the pPb curves (Fig. 9, left panel) can be reasonably approximated by taking the pp
values and multiplying their Ntracks coordinate by a factor of 1.8, for all particle types. In other
words, a pPb collision with a given Ntracks is similar to a pp collision with 0.55 ⇥ Ntracks for
produced charged particles in the |�| < 2.4 range. Both the highest-multiplicity pp and pPb
interactions yield higher hpTi than seen in central PbPb collisions. While in the PbPb case even
the most central collisions possibly contain a mix of soft (lower-hpTi) and hard (higher-hpTi)
nucleon-nucleon interactions, for pp or pPb collisions the most violent interaction or sequence
of interactions are selected.

The transverse momentum spectra could also be successfully fitted with a functional form pro-
portional to pT exp(�mT/T�), where T� is called the inverse slope parameter, motivated by the
success of Boltzmann-type distributions in nucleus-nucleus collisions [29]. In the case of pi-
ons, the fitted range was restricted to mT > 0.4 GeV/c in order to exclude the region where
resonance decays would significantly contribute to the measured spectra. The inverse slope
parameter as a function of hadron mass is shown in Fig. 10, for a selection of event classes,
both for pPb data and for MC event generators (AMPT, EPOS LHC, and HIJING). While the data

FIG. 15: (color online) (From [21].) (a) Average transverse
momentum of identified charged hadrons (pions, kaons, pro-
tons; left panel) and ratios of particle yields (right panel)
in the range |y| < 1 as a function of the corrected track
multiplicity for |⌘| < 2.4, for pp collisions (open symbols)
at several energies, and for pPb collisions (filled symbols) atp

sNN = 5.02 TeV. (b) The slopes of the m? distribution T 0

(in GeV) as a function of the particle mass. The numbers on
the right of the lines give the track multiplicity.

in AA. Another approach used is a comparison of central
pA with peripheral AA of the same multiplicity, or more
or less same number of participants. Similar matter den-
sity is obtained.

(iii) Now we move to the last (and most controversial)
case, of the pp collisions. Needless to say the density
is very low for min.bias events. “High multiplicity” at
which CMS famously discovered the “ridge” starts from
about Nmax

pp > 100 ⇤ 3 (again, 100 is the number of CMS
tracks).

The big question here is: what is the area? Unlike in

the case of central pA, we don’t utilize standard Glauber
and full cross section (maximal impact parameters): we
address now a fluctuation which has small probability.
In fact, nobody knows the answer to that. Based on the
profile of pp elastic scattering (to be discussed in section
??) I think it should correspond to impact parameter b
in the black disc regime. If so ⇡b2

b.d. ⇠ 1/2 fm2 and

nmax
pp ⇡ Nmax

pp

⇡b2

b.d.

⇠ 600 fm�2 (26)

Other evidences about glue distribution in a proton
comes from HERA di↵ractive production, especially of
J/ : they also suggest a r.m.s. radius of only 0.3 fm,
less than a half of electromagnetic radius.

Let us summarize those (naive) estimates: in terms of
the initial entropy density one expects the following order
of the densities

dNpA
maximal

dA?
⇠ dNAA

peripheral

dA?
⌧ dNAA

central

dA?
⌧ dNpp

maximal

dA?
(27)

and may thus expect that the radial flow follows the same
pattern. The data however show it is not the case.

D. Shape fluctuations in central pA and peripheral
AA

Scaling relation between central pA and peripheral AA
has been proposed and tested by Basar and Teaney [13].
Step one of their paper has been prompted by the fact,
noticed in the CMS paper already: at the same multiplic-
ity, v

3

in both cases are basically the same. Some people
suggested new theories (and even paradigms) based on
this fact: but in fact it is hardly surprising, since equal
multiplicity means equal number of fluctuating partici-
pant nucleons. So, the first thing Basar and Teaney did
was to remove the geometrical contribution to peripheral
AA, and found that the remaining fluctuation-driven part
of v

2

is also perfectly the same, see Fig.21.
Their second proposal is that the pt dependence of (the

fluctuating part) of the vn has an universal shape, and
AA and pA data are only di↵erent by a scale of mean pt

vpA
n (pt) = vpA

n (
pt


) (28)

where the the conformal scaling factor

 =
< pT >pPb

< pT >PbPb
⇡ 1.25 (29)

is due to di↵erence in the radial flow. This relation also
works well.

two possible e↵ects, as the multiplicity grows:
(i) an increases the initial temperature Ti. Since the final
one is fixed by hadronization near the phase transition
Tf ⇡ Tc, the contrast between them gets larger and hydro
flow increases;
(ii) the initial size of the fireball decreases, increasing
the initial temperature Ti even further.
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Figure 9: Average transverse momentum of identified charged hadrons (pions, kaons, protons;
left panel) and ratios of particle yields (right panel) in the range |y| < 1 as a function of the cor-
rected track multiplicity for |�| < 2.4, for pp collisions (open symbols) at several energies [8],
and for pPb collisions (filled symbols) at

p
sNN = 5.02 TeV. Both hpTi and yield ratios were

computed assuming a Tsallis-Pareto distribution in the unmeasured range. Error bars indicate
the uncorrelated combined uncertainties, while boxes show the uncorrelated systematic uncer-
tainties. For hpTi the fully correlated normalization uncertainty (not shown) is 1.0%. In both
plots, lines are drawn to guide the eye (gray solid – pp 0.9 TeV, gray dotted – pp 2.76 TeV, black
dash-dotted – pp 7 TeV, colored solid – pPb 5.02 TeV). The ranges of hpTi, K/� and p/� values
measured by ALICE in various centrality PbPb collisions (see text) at

p
sNN = 2.76 TeV [33] are

indicated with horizontal bands.
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by ALICE in PbPb collisions at
p

sNN = 2.76 TeV for centralities from peripheral (80–90% of the
inelastic cross-section) to central (0–5%) [27]. These ALICE PbP data cover a much wider range
of Ntracks than is shown in the plot. Although PbPb data are not available at

p
sNN = 5.02 TeV

for comparison, the evolution of event characteristics from RHIC (
p

sNN = 0.2 TeV, [2, 4, 28])
to LHC energies [27] suggests that yield ratios should remain similar, while hpTi values will
increase by about 5% when going from

p
sNN = 2.76 TeV to 5.02 TeV.
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Figure 10: Inverse slope parameters T� from fits of pion, kaon, and proton spectra (both charges)
with a form proportional to pT exp(�mT/T�). Results for a selection of multiplicity classes,
with different Ntracks as indicated, are plotted for pPb data (left) and for MC event generators
AMPT, EPOS LHC, and HIJING (right). The curves are drawn to guide the eye.

For low track multiplicity (Ntracks . 40), pPb collisions behave very similarly to pp collisions,
while at higher multiplicities (Ntracks � 50) the hpTi is lower for pPb than in pp. The first ob-
servation can be explained since low-multiplicity events are peripheral pPb collisions in which
only a few proton-nucleon collisions are present. Events with more particles are indicative
of collisions in which the projectile proton strikes the thick disk of the lead nucleus. Inter-
estingly, the pPb curves (Fig. 9, left panel) can be reasonably approximated by taking the pp
values and multiplying their Ntracks coordinate by a factor of 1.8, for all particle types. In other
words, a pPb collision with a given Ntracks is similar to a pp collision with 0.55 ⇥ Ntracks for
produced charged particles in the |�| < 2.4 range. Both the highest-multiplicity pp and pPb
interactions yield higher hpTi than seen in central PbPb collisions. While in the PbPb case even
the most central collisions possibly contain a mix of soft (lower-hpTi) and hard (higher-hpTi)
nucleon-nucleon interactions, for pp or pPb collisions the most violent interaction or sequence
of interactions are selected.

The transverse momentum spectra could also be successfully fitted with a functional form pro-
portional to pT exp(�mT/T�), where T� is called the inverse slope parameter, motivated by the
success of Boltzmann-type distributions in nucleus-nucleus collisions [29]. In the case of pi-
ons, the fitted range was restricted to mT > 0.4 GeV/c in order to exclude the region where
resonance decays would significantly contribute to the measured spectra. The inverse slope
parameter as a function of hadron mass is shown in Fig. 10, for a selection of event classes,
both for pPb data and for MC event generators (AMPT, EPOS LHC, and HIJING). While the data

FIG. 15: (color online) (From [21].) (a) Average transverse
momentum of identified charged hadrons (pions, kaons, pro-
tons; left panel) and ratios of particle yields (right panel)
in the range |y| < 1 as a function of the corrected track
multiplicity for |⌘| < 2.4, for pp collisions (open symbols)
at several energies, and for pPb collisions (filled symbols) atp

sNN = 5.02 TeV. (b) The slopes of the m? distribution T 0

(in GeV) as a function of the particle mass. The numbers on
the right of the lines give the track multiplicity.

in AA. Another approach used is a comparison of central
pA with peripheral AA of the same multiplicity, or more
or less same number of participants. Similar matter den-
sity is obtained.

(iii) Now we move to the last (and most controversial)
case, of the pp collisions. Needless to say the density
is very low for min.bias events. “High multiplicity” at
which CMS famously discovered the “ridge” starts from
about Nmax

pp > 100 ⇤ 3 (again, 100 is the number of CMS
tracks).

The big question here is: what is the area? Unlike in

the case of central pA, we don’t utilize standard Glauber
and full cross section (maximal impact parameters): we
address now a fluctuation which has small probability.
In fact, nobody knows the answer to that. Based on the
profile of pp elastic scattering (to be discussed in section
??) I think it should correspond to impact parameter b
in the black disc regime. If so ⇡b2

b.d. ⇠ 1/2 fm2 and

nmax
pp ⇡ Nmax

pp

⇡b2

b.d.

⇠ 600 fm�2 (26)

Other evidences about glue distribution in a proton
comes from HERA di↵ractive production, especially of
J/ : they also suggest a r.m.s. radius of only 0.3 fm,
less than a half of electromagnetic radius.

Let us summarize those (naive) estimates: in terms of
the initial entropy density one expects the following order
of the densities

dNpA
maximal

dA?
⇠ dNAA

peripheral

dA?
⌧ dNAA

central

dA?
⌧ dNpp

maximal

dA?
(27)

and may thus expect that the radial flow follows the same
pattern. The data however show it is not the case.

D. Shape fluctuations in central pA and peripheral
AA

Scaling relation between central pA and peripheral AA
has been proposed and tested by Basar and Teaney [13].
Step one of their paper has been prompted by the fact,
noticed in the CMS paper already: at the same multiplic-
ity, v

3

in both cases are basically the same. Some people
suggested new theories (and even paradigms) based on
this fact: but in fact it is hardly surprising, since equal
multiplicity means equal number of fluctuating partici-
pant nucleons. So, the first thing Basar and Teaney did
was to remove the geometrical contribution to peripheral
AA, and found that the remaining fluctuation-driven part
of v

2

is also perfectly the same, see Fig.21.
Their second proposal is that the pt dependence of (the

fluctuating part) of the vn has an universal shape, and
AA and pA data are only di↵erent by a scale of mean pt

vpA
n (pt) = vpA

n (
pt


) (28)

where the the conformal scaling factor

 =
< pT >pPb

< pT >PbPb
⇡ 1.25 (29)

is due to di↵erence in the radial flow. This relation also
works well.

two possible e↵ects, as the multiplicity grows:
(i) an increases the initial temperature Ti. Since the final
one is fixed by hadronization near the phase transition
Tf ⇡ Tc, the contrast between them gets larger and hydro
flow increases;
(ii) the initial size of the fireball decreases, increasing
the initial temperature Ti even further.

mt scaling, no flow
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With growing multiplicity, the pp and pA collisions enter the domain where the macroscopic description
(thermodynamics and hydrodynamics) becomes applicable. We discuss this situation, first with simplified thought
experiments, then with some idealized representative cases, and finally address the real data. For clarity, we do not
do it numerically but analytically, using the Gubser solution. We found that the radial flow is expected to increase
from central AA to central pA, while the elliptic flow decreases, with higher harmonics being comparable. We
extensively study the magnitude and distribution of the viscous corrections, in Navier-Stokes and Israel-Stuart
approximations, ending with higher gradient resummation proposed by Lublinsky and Shuryak. We found that
those corrections grow from AA to pA to pp, but remain tractable even for pp.

DOI: 10.1103/PhysRevC.88.044915 PACS number(s): 12.38.Mh

I. INTRODUCTION

High energy heavy ion collisions are theoretically treated
very differently from pp and pA ones. While the for-
mer are very well described using macroscopic theories—
thermodynamics and relativistic hydrodynamics—the latter
are subject to what we would like to call the “pomeron
physics”, described with a help of microscopic dynamics in
terms of (ladders of) perturbative gluons, classical random
gauge fields, or strings. The temperature and entropy play a
central role in the former case, and are not even mentioned or
defined in the latter case.

The subject of this paper is the situation when these two
distinct worlds (perhaps) meet. In short, the main statement
of this paper is that specially triggered fluctuations of the pp
and pA collisions of particular magnitude should be able to
reach conditions in which the macroscopic description can
be nearly as good as for AA collisions. While triggered by
experimental hints at the Cern Large Hadron Collider (LHC)
to be discussed below, this phenomenon has not yet been a
subject of a systematic study experimentally or theoretically,
and is of course far from being understood. So on onset let us
enumerate few key issues to be addressed.

(i) How do the thermodynamical and hydrodynamical
(viscosities, relaxation time, etc.) quantities scale with
the change in the system size R and the multiplicity N?
What are the criteria for macroscopic (hydrodynamical)
behavior?

(ii) What are the consequences of the fact that the strongly
coupled quark-gluon plasma (sQGP) phase of matter is
approximately scale invariant?

(iii) Do high multiplicity pp and pA collisions in which the
(double) “ridge” has been recently observed at the LHC
[1–3] fit into the hydrodynamical systematics tested so
far for AA collisions?

(iv) What is the expected magnitude of the radial flow in
pp and pA collisions, and how is it related to that in
AA? What are the freeze-out conditions in these new
explosive systems?

(v) How do amplitudes of the second and higher angular
harmonics vn scale with n, R, and η/s? In which pt

region do we expect hydrodynamics to work, and for
with vn?

The major objective of the heavy ion collision program
is to create and study properties of a new form of matter,
the quark-gluon plasma. Among many proposed signatures
proposed in [4], the central role is played by production
of macroscopic fireball of such matter, with the subsequent
collective explosion described by the relativistic hydrodynam-
ics. Its observable effects include radial and elliptic flows,
supplemented by higher moments vm,m > 2. At the BNL
Relativistic Heavy Ion Collider (RHIC) and LHC the AA
collisions has been studied in detail by now, with multiple
measured dependences, with excellent agreement with hydro-
dynamics in a wide domain, for n < 7 and in the range of
pt < 3 GeV.

Let us start with a very generic discussion of applicability
of hydrodynamics. The basic condition is that the system’s
size R should be much larger than microscopic scales such as,
e.g., the correlation lengths or the inverse temperature T −1.
The corresponding ratio is one small parameter

1
T R

≈ O(1/10) ≪ 1, (1)

where the value corresponds to well-studied central AA
collisions. Another important small parameter which we seem
to have for sQGP is the viscosity-to-entropy-density ratio

η

s
= 0.1 . . . 0.2 ≪ 1. (2)

This tells us that viscous scale—the mean free path in kinetic
terms—is additionally suppressed compared to the micro scale
1/T by strong interaction in the system. The product of both
parameters appearing in expressions below suggests that one
can hope to apply even ideal hydrodynamics in AA collisions
with few percent accuracy, as also is seen phenomenologically.

The reason why the fireballs produced in AuAu collisions
at RHIC and PbPb at LHC behaves macroscopically is related
to the large size of the colliding nuclei used. Yet smaller
systems, with sizes O(1 fm) occurring in pp or pA, should
also be able to do so, provided certain conditions are met. Let
us thus start to define a proper comparison, starting with our
thought experiment 0, in which two systems (see a sketch in
Fig. 1) A and B have the same local quantities—temperatures,
viscosities and the like—but different sizes RA > RB . (For
example, think of AuAu and CuCu collisions at the same

044915-10556-2813/2013/88(4)/044915(13) ©2013 American Physical Society
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FIG. 8. (Color online) The slopes of the m⊥ distribution T ′ (GeV)
as a function of the particle mass, from [13]. The numbers on the right
are track multiplicity.

In the remaining radial Cooper-Fry integral over the freeze-
out surface one should substitute proper time τ (r) and its
derivative, as well as transverse rapidity κ(τ (r), r), defined
via tanh(κ) = v⊥. The spectra are fitted to exponential form at
large m⊥ [see Fig. 9(a)] and finally in Fig. 9(b) we compare
the slopes T ′ observed by the CMS (in the highest multiplicity
bin) to theoretical results.

We start doing it by comparing to other models. We do
not include the parton cascade models Hijing, as it has no
flow by design and obviously fails in such a comparison. The
(latest version of the) hydrodynamical model “Epos LHC” [25]
predicts spectra with slopes shown by asterisks: as evident
from Fig 9.(b) it misses the slope by a lot, for the protons
by about factor 2. Even further from the data are the slopes
calculated from the AMPT model [26] (diagonal crosses and
dashed line).

Upper two lines in Fig. 9(b) show our results, corresponding
to two selected values of Tf , 0.12, and 0.17 GeV. The former
is in the ballpark of the kinetic freeze-out used for AA data:
but as Fig. 9(b) shows it overpredicts the radial flow for the
pA case. The second value corresponds to the QCD critical
temperature Tc: it is kind of the upper limit for Tf since it is
hard to imagine freeze-out in the QGP phase. As seen from
the figure, such value produces reasonable amount for the
collective radial flow as observed by the CMS. The same level
of agreement holds not only in the highest multiplicity bin, but
for most of them. We thus conclude that in pA the chemical
and kinetic freeze-out coincide.

Apart from the effective m⊥ slopes T ′ for each multiplicity
bin and particle type, the paper [23] also gives the mean
transverse momenta. Like slopes, they also display that
radial flow in few highest multiplicity pA do exceed that in
central AA. Those data also agree reasonably well with our
calculation.
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FIG. 9. (Color online) (a) A sample of spectra calculated for
π, K, p, top-to-bottom, versus m⊥ (GeV), together with fitted
exponents.(b) Comparison of the experimental slopes T ′(m) versus
the particle mass m (GeV). The solid circles are from the highest
multiplicity bin data of Fig. 8, compared to the theoretical predictions.
The solid and dash-dotted lines are our calculations for freeze-
out temperatures Tf = 0.17, 0.12 GeV, respectively. The asterisk-
marked dashed lines are for Epos LHC model, diagonal crosses on
the dashed line are for AMTP model.

(The reader may wander why we do not compare the spectra
themselves. Unfortunately we cannot do it now, neither in
normalization more in shape because of significant “feed-
down” from multiple resonance decays, strongly distorting
the small-pt region. Event generators like HIJING and AMPT
use “afterburner” hadron cascade codes for that.)

B. Higher harmonics

The repeated motive of this paper is that the smaller systems
should have stronger radial flow, as they evolve “longer” (in
proper units, not absolute ones) and the pressure gradient
driving them never disappears. Higher harmonics are not
driven permanently but are instead oscillating, plus damped
by the viscosity. Since the only harmonics in the pA and pp
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hard to imagine freeze-out in the QGP phase. As seen from
the figure, such value produces reasonable amount for the
collective radial flow as observed by the CMS. The same level
of agreement holds not only in the highest multiplicity bin, but
for most of them. We thus conclude that in pA the chemical
and kinetic freeze-out coincide.

Apart from the effective m⊥ slopes T ′ for each multiplicity
bin and particle type, the paper [23] also gives the mean
transverse momenta. Like slopes, they also display that
radial flow in few highest multiplicity pA do exceed that in
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calculation.
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(The reader may wander why we do not compare the spectra
themselves. Unfortunately we cannot do it now, neither in
normalization more in shape because of significant “feed-
down” from multiple resonance decays, strongly distorting
the small-pt region. Event generators like HIJING and AMPT
use “afterburner” hadron cascade codes for that.)
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The repeated motive of this paper is that the smaller systems
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proper units, not absolute ones) and the pressure gradient
driving them never disappears. Higher harmonics are not
driven permanently but are instead oscillating, plus damped
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Collective flow in high-multiplicity proton-proton collisions
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We present an evidence of strong radial flow in high-multiplicity pp collisions. We analyze the
CMS data on the inclusive spectra of the charged pions, kaons and protons in the LHC

p
s = 7 TeV

collisions. For hN
tracks

i >⇠ 75 we demonstrate the consistency of the hydrodynamic description with
the (idealized) Gubser’s flow. Using a one parameter fit of the model to experimental data, we
obtain the initial fireball size to be smaller and of the order of 1 fm. At smaller multiplicities, the
fit cannot be performed which shows a limitation of the hydrodynamic approach and provides us
with falsifiability of our theory.

I. INTRODUCTION

The idea of collective e↵ects amenable to hydrody-
namic description of the proton-proton (pp) collisions
goes all the way back to the works of Landau [1]. How-
ever experimental studies of the particle spectra, mea-
sured over decades at fixed-target and collider (ISR at
CERN, Tevatron ant Fermilab, RHIC at Brookhaven)
experiments, have demonstrated the so called m? scal-
ing (to be discussed in detail below) characteristic for
individual breaking of QCD strings. The so called Lund
model and many forms of event generators based on it
were used to fit and explain these data. More recent
versions of those – such as PYTHIA 8, now include cer-
tain form of string interaction or color reconnection [2]),
successfully describe various observables associated with
particle production in pp collisions. So, pp (as well as pA)
collisions have been for long time considered qualitatively
di↵erent from heavy ion AA ones, in which collective flow
and its hydrodynamical description is a mainstream since
its successful description of RHIC data [? ].

The situation changed since the beginning of LHC
operation in 2010, when CMS discovered the now fa-
mous “ridge” correlation at large multiplicities (100 and
higher), later also found in pA and confirmed to be collec-
tive elliptic flow. The Lund-model mechanism failed to
describe strong growth of the mean p

T

with multiplcity:
the proposed explanations were (i) appearance of radial
collective flow, or (ii) increase in the parton saturation
momenta Q

s

in GLASMA model. The former required
that m? slopes T

0, defined via a fit

dN

i

dy m

T

dm

T

⇠ exp(�m

T

/T

0), (1)

to be linearly growing with the particle mass, T

0(M) ⇠
M , the latter that those slopes be M -independent.

Since relevant high-multiplicity pA collisions have
probability of several percents, contrary to ⇠ 10�6 in
the pp case, their studies have statistical advantage and

⇤
Electronic address: tigran.kalaydzhyan@stonybrook.edu

†
Electronic address: shuryak@tonic.physics.sunysb.edu

were completed first. The data of the identified particle
spectra (⇡,K,p,⇤) have clearly shown that the dilemma
indicated above is resolved in favor of the flow. Analy-
sis of these data using various versions of hydrodynamics
has been made successfully, see e.g. [12? ].

Participants of many N

p

⇠ 20 nucleons in high-
multiplicity pA collisions indicate involvements of large
number of Pomeron exchanges and thus large number of
strings produced. In [14] we discussed string-string in-
teractions, had shown it to be attractive one mediated
by sigma-meson exchanges, and described conditions for
collectivization of the multi-string systems.

Returning to the issue of flow in the pp case, let us
mention that early femtoscopy data by ALICE [15] in
fact already included strong evidences for such flow phe-
nomena with a surprisingly high transverse flow veloci-
ties, as recently revealed in the analyzed by Hirono and
Shuryak [16]. However there were no detailed studies of
the data on the identified particle spectra: this gap we
intend to fill with our paper.

A. Collective flow and spectra

At the moment, there is basically no accepted theory
of the fluctuations creating high multiplicity pp events.
Therefore, like in [12], we will use the hydro solution
which is the simplest, an analytic solution known as Gub-
ser’s flow [8], which is a generalization of the Bjorken’s
flow for the case of finite transverse size and both radial
and longitudinal expansion with respect to the beam axis.

Before we proceed, let us mention certain limitations of
this approach. (i) Since we discuss only the radial flow in
this work, we deal with axially symmetric picture. Fur-
thermore, Gubser’s flow assumes a certain initial shape
of the fireball, induced by the conformal map central for
its derivation. In reality, the shape of the actual system
remains unknown, and we use this one just for practical
convenience. (ii) The Gubser’s flow assumes conformity
of matter and thus EOS ✏ = p/3. Small systems, pp, pA

do spend most of their time in the QGP phase, and only
a small fraction of it near T

c

and the freezeout: for gen-
eration an overall flow velocity we will only discuss this
approximation should be fine. (The femtoscopy radii,
measured at freezeout, are more sensitive to that final

how does flow depend 
on the initial size of the fireball?
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FIG. 1: (Color online) Profiles of the freezeout surfaces (up-
per) and the corresponding velocities (lower plot) for three
di↵erent freezeouts: at ✏

0

= 10 and 1/q = 0.7fm (upper red),
1/q = 1fm (middle blue), 1/q = 2fm (lower orange).

stages, and that is why we complemented Gubser’s flow
by numerical solution in [16].) (iii) As discussed e.g. in
[12], the outer part of the freezeout surface is rather unre-
alistic, di↵ering qualitatively from those of more realistic
hydro solutions. However, since its contribution in the
latter case is quite small, we may simply exclude this
region from the consideration.

The solution is given by the energy density and trans-
verse velocity,

✏(⌧̄ , r̄) =
✏0(2q)8/3

⌧̄

4/3[1 + 2q

2(⌧̄2 + r̄

2) + q

4(⌧̄2 � r̄

2)2]4/3
, (2)

v?(⌧̄ , r̄) ⌘ tanh(⌧̄ , r̄) =
2q

2
⌧̄ r̄

1 + q

2
⌧̄

2 + q

2
r̄

2
, (3)

where (⌧̄ , r̄) is radial flow rapidity; r̄ and ⌧̄ =
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are the radial coordinate and the (longitudinal) proper
time, respectively.

Thus our model has two parameters (q, ✏0) . The di-
mensionless energy density parameter ✏0 is related to the
entropy per unit rapidity,
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where f⇤ = 11 is the number of e↵ective degrees of free-
dom in quark-gluon plasma [8]. The entropy per unit

FIG. 2: (color online) Normalized spectra of pions (squares),
kaons (triangles) and protons (discs) at di↵erent multiplic-
ities. Open symbols correspond to the CMS data [6] for
|⌘| < 2.4 and

p
s = 7 TeV, while the solid ones are obtained

from the best one-parameter fit of the Gubser’s flow.
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Parameter q characterizes an inverse transverse size of
the system at the beginning of the hydrodynamic phase.
Since, as we already emphasized, there is no theory of
the initial state, we do not know its value. Our study
of the spectra can thus be seen as an attempt to find its
value from the data, using the radial flow phenomenon.

To simplify our further calculations, we consider the
Gubser’s solution in dimensionless variables ⌧ = q⌧̄ , r =
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Spectra of identified particles compared with the data
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v?(⌧, r) ⌘ tanh(⌧, r) =
2⌧r
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2 + r

2
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To illustrate typical flow solutions, we depict them in
Fig. 1 for some of the parameters similar to the ones used
in this paper. The freezeout surface profile is obtained
by solving (6) for ✏ = f⇤ T

4
f and Tf = 170 MeV. As

one can see from the upper plot, for the lower curve the
freezeout happens from the edge inwards, meaning the
system cools down gradually. However, the upper curve
indicates a strong radial flow, i.e. the system undergoes
a fast expansion due to a high internal pressure and then
suddenly freezes out. In other words, a plateau in the
freezeout profile (and a “knee”) is an indicator of a strong
radial flow. The absolute magnitude of the radial flow,
shown in the lower part of Fig. 1, one can see the radial
distribution of the corresponding flow velocities.

In order to obtain inclusive particle spectra, we use the
Cooper-Frye formula [9]

dN

i

dy p

T

dp

T

d�

p

=
Z

p

µ

d

3
�

µ

(x)
(2⇡)2

f

i

(x, p), (8)

where �

p

is the azimuthal angle of ~p

T

, f

i

(x, p) is the dis-
tribution function for the particles of the chosen type
i, and the integration is performed over a hypersur-
face of constant temperature (the freezeout temperature,
Tf = 170 MeV). For the further discussion one should
also introduce the so-called “transverse mass”, m

T

⌘p
p

2
T

+ m

2, with a useful property m

T

dm

T

= p

T

dp

T

.
In the Boltzmann approximation, f

i

= g

i

e(p·u�µi)/T

(for kaons and protons), and an azimuthally symmetric
case, the Eq. (8) reduces to [10]
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,

where g

i

is a number of states for the given particle mass
m

i

, ⌧ is taken at the freezeout surface.
We already mentioned that the outer tail of the Gub-

ser’s solution is clearly unphysical: its power fall o↵ with
distance is di↵erent from the exponentially falling nu-
clear densities. We simply do not include the part out-
side a peak value. (it either corresponds to small times,
when hydro regime is not yet developed, or describes hy-
dro incorrectly), we take a cut-o↵ rcut, which is defined
by the position of integrand’s maximum as a function
of r? (explain this). In what follows, we assume the
chemical potential µ

i

= const and normalize the distri-
butions, which makes the exponent and other numerical

prefactors irrelevant. One should not expect to repro-
duce pion spectra in this approximation because of the
Bose-Einstein statistics and resonance decays which are
not taken into account. For pions one should, in princi-
ple, change the Eq. (??) by multiplying arguments of the
exponent and Bessel functions by n, multiply the whole
expression by (�1)n+1 and sum over n 2 N, but in our
case it turned out to be not essential and does not change
the result much, so we present it as it is. This procedure
would take into account the Bose-Einstein statistics but
not the other e↵ects.

Before turning to the results, let us discuss some qual-
itativeve features of the spectra. First, let us assume for
a moment a complete absence of the flow, i.e. put  = 0.
Then the Eq. (??) reduces to (1) meaning the m? spec-
tra for all hadrons are identical, with a slope T

0 = Tf (the
so-called, m

T

-scaling). By turning on the flow,  6= 0,
one would violate this m

T

-scaling, since distributions for
di↵erent particles will in general have di↵erent shapes,
and in particular di↵erent slopes. Such di↵erence is in-
deed visible from the data in Figure 2. The larger is the
multiplicity, the more pronounced is the m

t

-scaling vio-
lation. It is clear that hNtracks = 75 is a transition case,
i.e. slopes are nearly similar. It is also visible from the
corresponding Gubser solution, Fig. 3, where this case is
almost similar to a complete absence of the radial flow.

Results of our calculations are shown in Fig. 2, together
with the experimental data. We use the CMS data [6]
for charge particles distributions in

p
s = 7 TeV pp colli-

sions. The transverse momentum (or mass) distributions
for

p
s = 0.9 and 2.76 TeV in the chosen multiplicity

classes, if present, are practically the same and we do
not consider them separately. Typical parameters and
output are listed in Table I. It is important to note that
for lower multiplicities, i.e. hNtracksi < 75, we could not
perform any fit, which would describe the data. We treat
this fact as a breakdown of hydrodynamic approach for
low multiplicities (check this for N=40). It is amusing
to note that collective e↵ects start appearing at a similar
multiplicity in pPb collisions [7, 14]. (check this state-
ment).

For the nonrelativistic region, m

T

⇠ m

i

, the inverse
slope parameter T

0 characterizes a blueshifted freezeout
temperature [11], i.e. T

0 = Tf+ 1
2m

i

hv?i2. As one can see
from Table I, the inverse slope for protons and kaons ex-
tracted from experimental data is, indeed, larger than the
freezeout temperature. The fact that the pion spectra are
steeper (especially at the low transverse momenta) can
be related to the so called feed-down pions, the presence
of additional pions from resonance decays. Such contri-

hN
tracks

i ✏
0

1/q [fm] dS/d⌘ vmax

? T 0(p) T 0(K)

131 12.7 1.05±0.05 204.7 0.71 574 MeV 397 MeV
98 8.6 1.00±0.05 153.1 0.68 458 MeV 338 MeV
75 6.0 1.00±0.05 117.2 0.63 394 MeV 301 MeV

TABLE I: Parameters used in the calculation and the output.

The solution defines the Cooper-Fry surface  
and the transverse rapidity on it

the spectra versus m_T, 
for the highest multiplicity bins: 

note that they are not parallel => 
NO M_T SCALING !
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2
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where (⌧̄ , r̄) is radial flow rapidity; r̄ and ⌧̄ =
p

t

2 � z

2

are the radial coordinate and the (longitudinal) proper
time, respectively.

Thus our model has two parameters (q, ✏0) . The di-
mensionless energy density parameter ✏0 is related to the
entropy per unit rapidity,

✏0 = f

�1/3
⇤

✓
3

16⇡

dS

d⌘

◆4/3

, (4)

where f⇤ = 11 is the number of e↵ective degrees of free-
dom in quark-gluon plasma [8]. The entropy per unit

FIG. 2: (color online) Normalized spectra of pions (squares),
kaons (triangles) and protons (discs) at di↵erent multiplic-
ities. Open symbols correspond to the CMS data [6] for
|⌘| < 2.4 and

p
s = 7 TeV, while the solid ones are obtained

from the best one-parameter fit of the Gubser’s flow.

rapidity is given by the charged particle multiplicity,

dS

d⌘

' 7.5
dNch

d⌘

. (5)

Parameter q characterizes an inverse transverse size of
the system at the beginning of the hydrodynamic phase.
Since, as we already emphasized, there is no theory of
the initial state, we do not know its value. Our study
of the spectra can thus be seen as an attempt to find its
value from the data, using the radial flow phenomenon.

To simplify our further calculations, we consider the
Gubser’s solution in dimensionless variables ⌧ = q⌧̄ , r =

Note that K,P spectra are fitted  
better than that for pions: this is because of  
the feed down from  the resonance decay

Smaller Nh<70  
cannot be fitted by hydro, 

M_t scaling 
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FIG. 3: (Color online) Profiles of the freezeout surfaces (left)
and velocities (right) for the Gubser solutions at various val-
ues of the parameters (1/q [fm], ✏

0

) used in our calculations.
Upper red - (1.05, 12.7), middle blue - (1.0, 8.6), lower orange
- (1.0, 6.0).

bution to other species is much smaller: and this is why
we considered the fit to the kaon and proton slope to be
the priority. As seen from the plot, this goal is reached.

In Fig.3 we show the freezeout surface and the trans-
verse velocity distribution on it, producing the above
mentioned spectra. Note first, that the value of the scale
parameter happen to be very close to q = 1 fm in all
cases. Looking at the upper plot Fig.3 one finds that
both the proper time and radius of the fireball at the

freezeout is close to 1 fm. Looking at the lower plot of
Fig.3 one finds that the maximal value of the transverse
velocity at its edge reaches v

max

? ⇡ 0.65 or so.

II. CONCLUSIONS AND DISCUSSION

We demonstrated that high multiplicity pp collisions,
like those in pA, possess strong indications for collective

radial flow. The magnitude of the flow, needed to explain
the spectra of identified secondaries, mostly kaons and
protons, is quantified. We had further observe, that the
freezeeut time and radius of the system are both close
to 1 fm. As we already mention in the introduction,
independent analysis of the femtoscopy data [16] provide
similar velocity estimates, and even a bit smaller size
1/q ⇡ 2/3 fm. In order for hydrodynamics to work, the
mean free path in QGP, of which it is made of, should be
much smaller than that. This conclusion, following from
these data, is of course highly nontrivial.

This done, one wander how for such small system it
was possible to acquires the transverse velocity as large
as v

max

? ⇡ 0.65 (at its edge). Hydrodynamics, in the
particular form of Gubser flow solution provides specific
picture of that, as dependence of the energy density on
space and time.

As time ⌧ goes to zero, one sees that the corresponding
energy density (2) becomes very large, and it is physically
obvious that at some “initial time” ⌧

i

the hydrodynam-
ical desciption should break down. We do not know, of
course, know from our analysis what its value can be,
since the final observable does not depend on it.

We also do not know, and do not even speculate, what
physical process is responsible for the system formation.
Let us only comment on the string model interpretation
put forward for the pA data in our paper [14]: in it the so
called diluteness of the “spaghetti” of the QCD strings
is small enough, about 0.3 or so, to think of an initial
system as a collection of strings, undergoing a collective
collapse. However, in the pp case we consider in this
paper, large number ⇠ 20 of participant nucleons and
Pomerons are not there, and we have no clue whether a
muti-string description can or cannot be used at all. All
we can say is that both systems, high multiplicity pp and
pA collisions, have very similar femtoscopy sizes and flow
magnitudes.
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Collectivity of v2 in central pA: 
the case is closed by these beautiful CMS “killer plot”
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rate becomes comparable to the expansion rate”

< n�v >= ⌧�1

coll(n) ⇠ ⌧�1

expansion =
dn(⌧)/d⌧

n(⌧)
(22)

Higher density means larger l.h.s., and thus we need a
larger r.h.s.. So, more “explosive” systems, with larger
expansion rate, freezeout earlier. We will indeed argue
below that pp, pA high-multiplcity systems are in fact
more “explosive”: it is seen from radial flow e↵ects on
spectra as well as HBT radii.

But how those systems become “more explosive” in
the first place? Where is the room for that, people usu-
ally ask, given that even the final size of these objects is
not large but even smaller than in peripheral AA, which
has weak radial flow. Well, the only space left is at the
beginning: those systems must start accelerating earlier,
from even smaller size, to get enough acceleration and
eventually collective flow by their “early” freezeout. So,
our “small systems” must be born even smaller than we
naively think!

A. Collectivity in small systems

Let us briefly recall the time sequence of the main
events. The first discovery – done in the very first LHC
run – was done by CMS, who found a “ridge” correlation
[75] in high multiplicity pp. Unfortunately, it only hap-
pens in events which have probability P ⇠ 10�6 or less,
so studies of this sample are statistically limited[128].

Switching to most central pA CMS [76] and other col-
laborators had observed similar ridge there, now with
much higher – few percent – probability. By subtracting
high multiplicity and low multiplicity correlators CMS
and ALICE groups soon had concluded, that “ridge” is
accompanied by the “anti-ridge”, and thus is basically an
elliptic flow.

PHENIX collaboration at RHIC also found a ridge-
like correltion in central dAu collisions, Furthermore, v

2

is larger than in pPb at LHC by about factor 2. This
is what one would gets from di↵erent initial conditions,
for d and p beams, reflected in pioneering hydro stadies
of such collisions by Bozek [22]. That was the first indi-
cation for collectivity of the phenomenon. (Indeed, any
dynamical model creating v

2

from some gluonic correla-
tions such as “the shape of the Pomeron” would instead
predict a decrease, by about factor 2, as gluons in p and
n of the d can hardly be correlated.) Another contribu-
tion of PHENIX was the observation that dA HBT radii
display the famous decreasing trend with pt well known
for AA collisions, which is another direct evidence for
presence of the collective flow.

But the truly final blow has been made at QM14 by
CMS, who demonstrated their v

2

measurements from 4,6
and even 8 particles: see Fig.13. Previous data for AA
collisions had shown perfect agreement between those,
and new data for pA are in this respect the same. This

Raphael Granier de Cassagnac Quark Matter 2014, Darmstadt 

Multiparticle correlations 
• v2 stays large when calculated with multi-particles 

– v2(4)=v2(6)=v2(8)=v2(LYZ) within 10%  
– True collectivity in pPb collisions!  
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FIG. 14: (color online) Temperature T versus the fireball size
R plane. Solid blue line is the adiabate S = const, approx-
imately TR = const for sQGP. Example 0 in the text cor-
responds to reducing R, moving left A ! B. Example 1 is
moving up the adiabate A ! C. Example 2 corresponds to
adiabatic expansion, such as A ! E,C ! E. If in reality C
corresponds to pA, the freezeout occurs at the earlier point
D.

establishes collectivity of the flow in pA, “beyond the
reasonable doubt”.

Taken collectivity for granted, one can still ask whether
the v

2

observed is caused by geometry of the source. One
nice control experiment testing this is to do He3Au col-
lisions, and test if three initial nucleons, leading to geo-
metric “triangularity” of the initial state, will indeed be
followed by larger v

3

. Preliminary data from Phenix on
He3Au do indeed show v

3

(pt > 1 GeV ) ⇡ 0.05, compara-
ble to hydro predictions [23, 24]: the detailed comparison
to calculations and dAu is still to be done.

B. Small systems and conformal scaling of QGP

Even given those facts, the hydrodynamical treatment
of pA and pp collisions had met a psychological barrier:



24

4

experimental data within 10-15%, the computed v
2

in
p+Pb collisions underestimates the data by a factor of
approximately 3.5. We have checked that even in the
ideal case (⌘/s = 0) the data is still underestimated by
approximately a factor of 2. We also varied the freeze-
out temperature and switching time ⌧

0

, but no choice
of parameters could achieve much better agreement with
the experimental data. For v

3

, shown in Fig. 5, we find
a similar result: Pb+Pb data are well described, while
p+Pb data are underestimated for No�ine

trk

> 60. Ideal
fluid dynamics (not shown) increases the v

3

significantly
by nearly a factor of 4. Its No�ine

trk

dependence is rather
flat, slightly decreasing with increasing No�ine

trk

, opposite
to the trend seen in the experimental data.
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FIG. 4. (Color online) Multiplicity dependence of the root-
mean-square elliptic flow coe�cient v2 in Pb+Pb (open sym-
bols) and p+Pb collisions (filled symbols) from the IP-
Glasma+music model (connected triangles) compared to ex-
perimental data by the CMS collaboration [35].
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FIG. 5. (Color online) Multiplicity dependence of the root-
mean-square triangular flow coe�cient v3 in Pb+Pb (open
symbols) and p+Pb collisions (filled symbols) from the IP-
Glasma+music model (connected triangles) compared to ex-
perimental data by the CMS collaboration [35].

The primary reason for the small vn in p+Pb collisions
is that the initial shape of the system closely follows the
shape of the proton (see [34]), which is spherical in our
model. The subnucleonic fluctuations included generate
non-zero values of the vn, but they do not fully account
for the larger experimentally observed values. As noted
above, modifications of the (fluctuating) proton shape
are necessary to account for the larger observed v

2

and
v
3

in p+Pb collisions. If the hydrodynamic paradigm
is valid, the results of the high-multiplicity p+Pb and
p+p collisions could then in principle be used to extract
detailed information on the spatial gluon distribution in
the proton.

There are hydrodynamical models that describe as-
pects of the p+Pb data. These models should also de-
scribe key features of Pb+Pb collisions where hydrody-
namics is more robust. A model where the spatial geom-
etry of p+Pb collisions is di↵erent from ours is that of
[13–17], where the interaction region is determined from
the geometric positions of participant nucleons. How-
ever, as noted, this model falls into the class of models
that are claimed [26] not to be able to reproduce the
data on event-by-event vn distributions in A+A colli-
sions. Whether this particular model can do so needs
to be examined. We also note that the v

2

centrality de-
pendence in the model di↵ers from the CMS data for
p+Pb collisions [16].

Another model which claims large v
2

and v
3

in p+Pb
collisions determines the system size from the position of
“cut pomerons” and strings [18, 36]. The multiplicity
dependence of the vn in this model has not yet been
shown. The vn distributions in A+A collisions should
also provide a stringent test of this model.

In addition to the important quantitative tests im-
posed on di↵erent hydrodynamical models by the exper-
imental data, there are conceptual issues that arise due
to the possible breakdown of the hydrodynamic paradigm
when extended to very small systems. As shown in re-
cent quantitative studies, viscous corrections can be very
significant in p+Pb collisions but play a much smaller
role in Pb+Pb collisions [34, 37]. In particular, an anal-
ysis of Knudsen numbers reached during the evolution in
A+A and p+A collisions finds that viscous hydrodynam-
ics breaks down for ⌘/s � 0.08 in p+A collisions [37].

An alternative to the hydrodynamic picture and its
sensitivity to the proton shape is provided within the
Glasma framework itself by initial state correlations of
gluons that show a distinct elliptic modulation in relative
azimuthal angle [21–25]. If these are not overwhelmed
in p+Pb collisions by final state e↵ects, as they are in
A+A collisions, they can contribute significantly to the
observed v

2

, and possibly v
3

. The initial state correla-
tions are those of gluons and do not address features of
the data such as the mass ordering in particle spectra.
While natural in hydrodynamical models, mass ordering
may also emerge due to universal hadronization e↵ects,

FIG. 25: (Color online) Multiplicity dependence of the root-
mean-square elliptic flow coe�cient v2 in Pb+Pb (open
symbols) and p+Pb collisions (filled symbols) from the IP-
Glasma+music model (connected triangles) compared to ex-
perimental data by the CMS collaboration.

leads to all distances being of the order of the impact
parameter b, the only scale in the problem. In (b) we
had shown an alternative picture, in which there are no
gluons but 2Np QCD strings. Since those are “cold” (un-
excited) we crow those as straight lines. (Note that the
picture a bit exaggerates the ratio of two parameters in-
volved: the mean impact parameter between the nucleons
b ⇠p

�NN/⇡ ⇡ 1.6 fm and the size of the quark-diquark
dipole d ⇠ .4 fm, emphasizing b� d.)

Let us estimate the deformation of the initial state.
Since it is central collision, there is no mean geometrical
e↵ects and all deformations comes from fluctuations. As
discussed above, for all n one expects the same magnitude

✏n ⇠ 1p
N

(41)

where N = NpNg for (a) and only N = Np for (b).8 Results

Figure 7 presents the charged particle pseudorapidity density for p+Pb collisions at
�

sNN = 5.02 TeV
in the pseudorapidity interval |�| < 2.7 for eight centrality intervals. In the most peripheral collisions
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Figure 7: dNch/d�measured in di�erent centrality intervals. Statistical uncertainties, shown with vertical
bars are typically smaller than the marker size, colour band shows the systematic uncertainty of the
results.

(centrality interval 60-90%) dNch/d� has what appears to be a double-peak structure, similar to that seen
in proton-proton collisions [35, 49]. In more central collisions, the shape of dNch/d� becomes progres-
sively more asymmetric, with more particles produced in the Pb-going direction than in the proton-going
direction.

To investigate further the centrality evolution, the distributions in the various centrality intervals are
divided by the distribution in the 60-90% centrality interval. The ratios are shown in Fig. 8. The double
peak structure seen in the distributions in Fig. 7 disappears in the ratios. The ratios are observed to grow
nearly linearly with pseudorapidity, with a slope that increases from peripheral to central collisions. In the
0-1% centrality interval, the ratio increases by almost a factor of two over the measured �-range. These
ratios are fit with a second-order polynomial function, and the fit results are summarized in Table 2.

Figure 9 shows the dNch/d� divided by the number of participant pairs (�Npart�/2) as a function
of �Npart� for three di�erent implementations of the Glauber model; standard Glauber (top panel) and
Glauber-Gribov model with � = 0.55 and 1.01 in the middle and lower panels respectively. Since the
charged particle yields have significant pseudorapidity dependence, the dNch/d�/(�Npart�/2) is presented
in five � intervals including the full pseudorapidity interval, �2.7 < � < 2.7.

The dNch/d�/(�Npart�/2) values from the standard Glauber model are approximately constant up to
�Npart� � 10 and then increase for larger �Npart�. This trend is absent in the Glauber-Gribov model with
� = 0.55, which shows a relatively constant behaviour for the integrated yield divided by the number of
participant pairs. Finally, the dNch/d�/(�Npart�/2) values from the Glauber-Gribov model with � = 1.01
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FIG. 26: Rapidity distribution in pPb collisions for di↵erencet
centrality classes, from [38] .

FIG. 27: Sketch of the initial state in central pA collisions.
The plot (a) corresponds to IP-glasma model, with colored
circles representing multiple gluons. Fig.(b) is for Np = 16
Pomerons, each represented by a pair of cold strings. The
open circles are quarks and filled blue circles are diquarks.

Evaluating Ng from PDF’s at LHC energy includes in-
tegration from xmin ⇠ 10�3 to 1: one gets roughly the
ratio

✏(b)n

✏(a)

n

⇠ 1p
Ng
⇠ 4 (42)

Let us now switch to practical calculations and com-
parison to data. Schenke and Venugopalan [9] had re-
cently studied v

2

, v
3

flows in (very peripheral) AA and
central pA. They found that the IP-glasma model they
developed does a very good job for the former and un-
derpredicts them in the latter case, see Fig. 25.

As we already discussed above, in the peripheral AA ✏
2

is large, O(1), in any model, and in order to get the right
v
2

one has to have correct viscosity – which apparently
these authors have. The central pA is indeed the test
case: we argued above that the density is not yet large
enough to apply the IP-glasma model, and that stringy
Pomerons should be more applicable one. If so, using
(42) we should increase the v

2

by a factor of 4, which
brings it to an agreement with the CMS measurements.

One more test should be the width of the multiplicity
distribution, as it is defined by the number of Pomerons,
not gluons. as well as the magnitude of the shape fluc-
tuations ✏

2

, ✏
3

. This test is so far less accurate, but
qualitatively it also confirms out point of view that the
density in the pA case, even most central, is insu�cient
for IP-glasma model.

We thus conclude that the stringy model Fig.27(b) is
preferable over the picture (a).

More detailed discussion of pA collisions bring in im-
portnt details such as exact definition of the centrality
classes in terms of percentage of the cross section and
“the number of participants” Np associated with them.
For a detailed studies of these issues read e.g. that from
ATLAS [38] (or its analogs from other collaborations).
As seen from the table 4 of that paper, the exact number
for Np depends on the method: for example 1-5% cen-
trality class has Np ranging from 18.2 in Glauber to 27.4
in Glauber-Gribov fit.

The v2 magnitude tells us about 
fluctuations in the initial state 

in AA it is Glauber wounded nucleons: 
what is it in pA and pp?

IP glasma
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experimental data within 10-15%, the computed v
2

in
p+Pb collisions underestimates the data by a factor of
approximately 3.5. We have checked that even in the
ideal case (⌘/s = 0) the data is still underestimated by
approximately a factor of 2. We also varied the freeze-
out temperature and switching time ⌧

0

, but no choice
of parameters could achieve much better agreement with
the experimental data. For v

3

, shown in Fig. 5, we find
a similar result: Pb+Pb data are well described, while
p+Pb data are underestimated for No�ine

trk

> 60. Ideal
fluid dynamics (not shown) increases the v

3

significantly
by nearly a factor of 4. Its No�ine

trk

dependence is rather
flat, slightly decreasing with increasing No�ine

trk

, opposite
to the trend seen in the experimental data.
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FIG. 4. (Color online) Multiplicity dependence of the root-
mean-square elliptic flow coe�cient v2 in Pb+Pb (open sym-
bols) and p+Pb collisions (filled symbols) from the IP-
Glasma+music model (connected triangles) compared to ex-
perimental data by the CMS collaboration [35].
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FIG. 5. (Color online) Multiplicity dependence of the root-
mean-square triangular flow coe�cient v3 in Pb+Pb (open
symbols) and p+Pb collisions (filled symbols) from the IP-
Glasma+music model (connected triangles) compared to ex-
perimental data by the CMS collaboration [35].

The primary reason for the small vn in p+Pb collisions
is that the initial shape of the system closely follows the
shape of the proton (see [34]), which is spherical in our
model. The subnucleonic fluctuations included generate
non-zero values of the vn, but they do not fully account
for the larger experimentally observed values. As noted
above, modifications of the (fluctuating) proton shape
are necessary to account for the larger observed v

2

and
v
3

in p+Pb collisions. If the hydrodynamic paradigm
is valid, the results of the high-multiplicity p+Pb and
p+p collisions could then in principle be used to extract
detailed information on the spatial gluon distribution in
the proton.

There are hydrodynamical models that describe as-
pects of the p+Pb data. These models should also de-
scribe key features of Pb+Pb collisions where hydrody-
namics is more robust. A model where the spatial geom-
etry of p+Pb collisions is di↵erent from ours is that of
[13–17], where the interaction region is determined from
the geometric positions of participant nucleons. How-
ever, as noted, this model falls into the class of models
that are claimed [26] not to be able to reproduce the
data on event-by-event vn distributions in A+A colli-
sions. Whether this particular model can do so needs
to be examined. We also note that the v

2

centrality de-
pendence in the model di↵ers from the CMS data for
p+Pb collisions [16].

Another model which claims large v
2

and v
3

in p+Pb
collisions determines the system size from the position of
“cut pomerons” and strings [18, 36]. The multiplicity
dependence of the vn in this model has not yet been
shown. The vn distributions in A+A collisions should
also provide a stringent test of this model.

In addition to the important quantitative tests im-
posed on di↵erent hydrodynamical models by the exper-
imental data, there are conceptual issues that arise due
to the possible breakdown of the hydrodynamic paradigm
when extended to very small systems. As shown in re-
cent quantitative studies, viscous corrections can be very
significant in p+Pb collisions but play a much smaller
role in Pb+Pb collisions [34, 37]. In particular, an anal-
ysis of Knudsen numbers reached during the evolution in
A+A and p+A collisions finds that viscous hydrodynam-
ics breaks down for ⌘/s � 0.08 in p+A collisions [37].

An alternative to the hydrodynamic picture and its
sensitivity to the proton shape is provided within the
Glasma framework itself by initial state correlations of
gluons that show a distinct elliptic modulation in relative
azimuthal angle [21–25]. If these are not overwhelmed
in p+Pb collisions by final state e↵ects, as they are in
A+A collisions, they can contribute significantly to the
observed v

2

, and possibly v
3

. The initial state correla-
tions are those of gluons and do not address features of
the data such as the mass ordering in particle spectra.
While natural in hydrodynamical models, mass ordering
may also emerge due to universal hadronization e↵ects,

FIG. 25: (Color online) Multiplicity dependence of the root-
mean-square elliptic flow coe�cient v2 in Pb+Pb (open
symbols) and p+Pb collisions (filled symbols) from the IP-
Glasma+music model (connected triangles) compared to ex-
perimental data by the CMS collaboration.

leads to all distances being of the order of the impact
parameter b, the only scale in the problem. In (b) we
had shown an alternative picture, in which there are no
gluons but 2Np QCD strings. Since those are “cold” (un-
excited) we crow those as straight lines. (Note that the
picture a bit exaggerates the ratio of two parameters in-
volved: the mean impact parameter between the nucleons
b ⇠p

�NN/⇡ ⇡ 1.6 fm and the size of the quark-diquark
dipole d ⇠ .4 fm, emphasizing b� d.)

Let us estimate the deformation of the initial state.
Since it is central collision, there is no mean geometrical
e↵ects and all deformations comes from fluctuations. As
discussed above, for all n one expects the same magnitude

✏n ⇠ 1p
N

(41)

where N = NpNg for (a) and only N = Np for (b).8 Results

Figure 7 presents the charged particle pseudorapidity density for p+Pb collisions at
�

sNN = 5.02 TeV
in the pseudorapidity interval |�| < 2.7 for eight centrality intervals. In the most peripheral collisions
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Figure 7: dNch/d�measured in di�erent centrality intervals. Statistical uncertainties, shown with vertical
bars are typically smaller than the marker size, colour band shows the systematic uncertainty of the
results.

(centrality interval 60-90%) dNch/d� has what appears to be a double-peak structure, similar to that seen
in proton-proton collisions [35, 49]. In more central collisions, the shape of dNch/d� becomes progres-
sively more asymmetric, with more particles produced in the Pb-going direction than in the proton-going
direction.

To investigate further the centrality evolution, the distributions in the various centrality intervals are
divided by the distribution in the 60-90% centrality interval. The ratios are shown in Fig. 8. The double
peak structure seen in the distributions in Fig. 7 disappears in the ratios. The ratios are observed to grow
nearly linearly with pseudorapidity, with a slope that increases from peripheral to central collisions. In the
0-1% centrality interval, the ratio increases by almost a factor of two over the measured �-range. These
ratios are fit with a second-order polynomial function, and the fit results are summarized in Table 2.

Figure 9 shows the dNch/d� divided by the number of participant pairs (�Npart�/2) as a function
of �Npart� for three di�erent implementations of the Glauber model; standard Glauber (top panel) and
Glauber-Gribov model with � = 0.55 and 1.01 in the middle and lower panels respectively. Since the
charged particle yields have significant pseudorapidity dependence, the dNch/d�/(�Npart�/2) is presented
in five � intervals including the full pseudorapidity interval, �2.7 < � < 2.7.

The dNch/d�/(�Npart�/2) values from the standard Glauber model are approximately constant up to
�Npart� � 10 and then increase for larger �Npart�. This trend is absent in the Glauber-Gribov model with
� = 0.55, which shows a relatively constant behaviour for the integrated yield divided by the number of
participant pairs. Finally, the dNch/d�/(�Npart�/2) values from the Glauber-Gribov model with � = 1.01
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FIG. 26: Rapidity distribution in pPb collisions for di↵erencet
centrality classes, from [38] .

FIG. 27: Sketch of the initial state in central pA collisions.
The plot (a) corresponds to IP-glasma model, with colored
circles representing multiple gluons. Fig.(b) is for Np = 16
Pomerons, each represented by a pair of cold strings. The
open circles are quarks and filled blue circles are diquarks.

Evaluating Ng from PDF’s at LHC energy includes in-
tegration from xmin ⇠ 10�3 to 1: one gets roughly the
ratio

✏(b)n

✏(a)

n

⇠ 1p
Ng
⇠ 4 (42)

Let us now switch to practical calculations and com-
parison to data. Schenke and Venugopalan [9] had re-
cently studied v

2

, v
3

flows in (very peripheral) AA and
central pA. They found that the IP-glasma model they
developed does a very good job for the former and un-
derpredicts them in the latter case, see Fig. 25.

As we already discussed above, in the peripheral AA ✏
2

is large, O(1), in any model, and in order to get the right
v
2

one has to have correct viscosity – which apparently
these authors have. The central pA is indeed the test
case: we argued above that the density is not yet large
enough to apply the IP-glasma model, and that stringy
Pomerons should be more applicable one. If so, using
(42) we should increase the v

2

by a factor of 4, which
brings it to an agreement with the CMS measurements.

One more test should be the width of the multiplicity
distribution, as it is defined by the number of Pomerons,
not gluons. as well as the magnitude of the shape fluc-
tuations ✏

2

, ✏
3

. This test is so far less accurate, but
qualitatively it also confirms out point of view that the
density in the pA case, even most central, is insu�cient
for IP-glasma model.

We thus conclude that the stringy model Fig.27(b) is
preferable over the picture (a).

More detailed discussion of pA collisions bring in im-
portnt details such as exact definition of the centrality
classes in terms of percentage of the cross section and
“the number of participants” Np associated with them.
For a detailed studies of these issues read e.g. that from
ATLAS [38] (or its analogs from other collaborations).
As seen from the table 4 of that paper, the exact number
for Np depends on the method: for example 1-5% cen-
trality class has Np ranging from 18.2 in Glauber to 27.4
in Glauber-Gribov fit.

16 Pomerons
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experimental data within 10-15%, the computed v
2

in
p+Pb collisions underestimates the data by a factor of
approximately 3.5. We have checked that even in the
ideal case (⌘/s = 0) the data is still underestimated by
approximately a factor of 2. We also varied the freeze-
out temperature and switching time ⌧

0

, but no choice
of parameters could achieve much better agreement with
the experimental data. For v

3

, shown in Fig. 5, we find
a similar result: Pb+Pb data are well described, while
p+Pb data are underestimated for No�ine

trk

> 60. Ideal
fluid dynamics (not shown) increases the v

3

significantly
by nearly a factor of 4. Its No�ine

trk

dependence is rather
flat, slightly decreasing with increasing No�ine

trk

, opposite
to the trend seen in the experimental data.
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FIG. 4. (Color online) Multiplicity dependence of the root-
mean-square elliptic flow coe�cient v2 in Pb+Pb (open sym-
bols) and p+Pb collisions (filled symbols) from the IP-
Glasma+music model (connected triangles) compared to ex-
perimental data by the CMS collaboration [35].
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FIG. 5. (Color online) Multiplicity dependence of the root-
mean-square triangular flow coe�cient v3 in Pb+Pb (open
symbols) and p+Pb collisions (filled symbols) from the IP-
Glasma+music model (connected triangles) compared to ex-
perimental data by the CMS collaboration [35].

The primary reason for the small vn in p+Pb collisions
is that the initial shape of the system closely follows the
shape of the proton (see [34]), which is spherical in our
model. The subnucleonic fluctuations included generate
non-zero values of the vn, but they do not fully account
for the larger experimentally observed values. As noted
above, modifications of the (fluctuating) proton shape
are necessary to account for the larger observed v

2

and
v
3

in p+Pb collisions. If the hydrodynamic paradigm
is valid, the results of the high-multiplicity p+Pb and
p+p collisions could then in principle be used to extract
detailed information on the spatial gluon distribution in
the proton.

There are hydrodynamical models that describe as-
pects of the p+Pb data. These models should also de-
scribe key features of Pb+Pb collisions where hydrody-
namics is more robust. A model where the spatial geom-
etry of p+Pb collisions is di↵erent from ours is that of
[13–17], where the interaction region is determined from
the geometric positions of participant nucleons. How-
ever, as noted, this model falls into the class of models
that are claimed [26] not to be able to reproduce the
data on event-by-event vn distributions in A+A colli-
sions. Whether this particular model can do so needs
to be examined. We also note that the v

2

centrality de-
pendence in the model di↵ers from the CMS data for
p+Pb collisions [16].

Another model which claims large v
2

and v
3

in p+Pb
collisions determines the system size from the position of
“cut pomerons” and strings [18, 36]. The multiplicity
dependence of the vn in this model has not yet been
shown. The vn distributions in A+A collisions should
also provide a stringent test of this model.

In addition to the important quantitative tests im-
posed on di↵erent hydrodynamical models by the exper-
imental data, there are conceptual issues that arise due
to the possible breakdown of the hydrodynamic paradigm
when extended to very small systems. As shown in re-
cent quantitative studies, viscous corrections can be very
significant in p+Pb collisions but play a much smaller
role in Pb+Pb collisions [34, 37]. In particular, an anal-
ysis of Knudsen numbers reached during the evolution in
A+A and p+A collisions finds that viscous hydrodynam-
ics breaks down for ⌘/s � 0.08 in p+A collisions [37].

An alternative to the hydrodynamic picture and its
sensitivity to the proton shape is provided within the
Glasma framework itself by initial state correlations of
gluons that show a distinct elliptic modulation in relative
azimuthal angle [21–25]. If these are not overwhelmed
in p+Pb collisions by final state e↵ects, as they are in
A+A collisions, they can contribute significantly to the
observed v

2

, and possibly v
3

. The initial state correla-
tions are those of gluons and do not address features of
the data such as the mass ordering in particle spectra.
While natural in hydrodynamical models, mass ordering
may also emerge due to universal hadronization e↵ects,

FIG. 25: (Color online) Multiplicity dependence of the root-
mean-square elliptic flow coe�cient v2 in Pb+Pb (open
symbols) and p+Pb collisions (filled symbols) from the IP-
Glasma+music model (connected triangles) compared to ex-
perimental data by the CMS collaboration.

leads to all distances being of the order of the impact
parameter b, the only scale in the problem. In (b) we
had shown an alternative picture, in which there are no
gluons but 2Np QCD strings. Since those are “cold” (un-
excited) we crow those as straight lines. (Note that the
picture a bit exaggerates the ratio of two parameters in-
volved: the mean impact parameter between the nucleons
b ⇠p

�NN/⇡ ⇡ 1.6 fm and the size of the quark-diquark
dipole d ⇠ .4 fm, emphasizing b� d.)

Let us estimate the deformation of the initial state.
Since it is central collision, there is no mean geometrical
e↵ects and all deformations comes from fluctuations. As
discussed above, for all n one expects the same magnitude

✏n ⇠ 1p
N

(41)

where N = NpNg for (a) and only N = Np for (b).8 Results

Figure 7 presents the charged particle pseudorapidity density for p+Pb collisions at
�

sNN = 5.02 TeV
in the pseudorapidity interval |�| < 2.7 for eight centrality intervals. In the most peripheral collisions
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Figure 7: dNch/d�measured in di�erent centrality intervals. Statistical uncertainties, shown with vertical
bars are typically smaller than the marker size, colour band shows the systematic uncertainty of the
results.

(centrality interval 60-90%) dNch/d� has what appears to be a double-peak structure, similar to that seen
in proton-proton collisions [35, 49]. In more central collisions, the shape of dNch/d� becomes progres-
sively more asymmetric, with more particles produced in the Pb-going direction than in the proton-going
direction.

To investigate further the centrality evolution, the distributions in the various centrality intervals are
divided by the distribution in the 60-90% centrality interval. The ratios are shown in Fig. 8. The double
peak structure seen in the distributions in Fig. 7 disappears in the ratios. The ratios are observed to grow
nearly linearly with pseudorapidity, with a slope that increases from peripheral to central collisions. In the
0-1% centrality interval, the ratio increases by almost a factor of two over the measured �-range. These
ratios are fit with a second-order polynomial function, and the fit results are summarized in Table 2.

Figure 9 shows the dNch/d� divided by the number of participant pairs (�Npart�/2) as a function
of �Npart� for three di�erent implementations of the Glauber model; standard Glauber (top panel) and
Glauber-Gribov model with � = 0.55 and 1.01 in the middle and lower panels respectively. Since the
charged particle yields have significant pseudorapidity dependence, the dNch/d�/(�Npart�/2) is presented
in five � intervals including the full pseudorapidity interval, �2.7 < � < 2.7.

The dNch/d�/(�Npart�/2) values from the standard Glauber model are approximately constant up to
�Npart� � 10 and then increase for larger �Npart�. This trend is absent in the Glauber-Gribov model with
� = 0.55, which shows a relatively constant behaviour for the integrated yield divided by the number of
participant pairs. Finally, the dNch/d�/(�Npart�/2) values from the Glauber-Gribov model with � = 1.01
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FIG. 26: Rapidity distribution in pPb collisions for di↵erencet
centrality classes, from [38] .

FIG. 27: Sketch of the initial state in central pA collisions.
The plot (a) corresponds to IP-glasma model, with colored
circles representing multiple gluons. Fig.(b) is for Np = 16
Pomerons, each represented by a pair of cold strings. The
open circles are quarks and filled blue circles are diquarks.

Evaluating Ng from PDF’s at LHC energy includes in-
tegration from xmin ⇠ 10�3 to 1: one gets roughly the
ratio

✏(b)n

✏(a)

n

⇠ 1p
Ng
⇠ 4 (42)

Let us now switch to practical calculations and com-
parison to data. Schenke and Venugopalan [9] had re-
cently studied v

2

, v
3

flows in (very peripheral) AA and
central pA. They found that the IP-glasma model they
developed does a very good job for the former and un-
derpredicts them in the latter case, see Fig. 25.

As we already discussed above, in the peripheral AA ✏
2

is large, O(1), in any model, and in order to get the right
v
2

one has to have correct viscosity – which apparently
these authors have. The central pA is indeed the test
case: we argued above that the density is not yet large
enough to apply the IP-glasma model, and that stringy
Pomerons should be more applicable one. If so, using
(42) we should increase the v

2

by a factor of 4, which
brings it to an agreement with the CMS measurements.

One more test should be the width of the multiplicity
distribution, as it is defined by the number of Pomerons,
not gluons. as well as the magnitude of the shape fluc-
tuations ✏

2

, ✏
3

. This test is so far less accurate, but
qualitatively it also confirms out point of view that the
density in the pA case, even most central, is insu�cient
for IP-glasma model.

We thus conclude that the stringy model Fig.27(b) is
preferable over the picture (a).

More detailed discussion of pA collisions bring in im-
portnt details such as exact definition of the centrality
classes in terms of percentage of the cross section and
“the number of participants” Np associated with them.
For a detailed studies of these issues read e.g. that from
ATLAS [38] (or its analogs from other collaborations).
As seen from the table 4 of that paper, the exact number
for Np depends on the method: for example 1-5% cen-
trality class has Np ranging from 18.2 in Glauber to 27.4
in Glauber-Gribov fit.
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experimental data within 10-15%, the computed v
2

in
p+Pb collisions underestimates the data by a factor of
approximately 3.5. We have checked that even in the
ideal case (⌘/s = 0) the data is still underestimated by
approximately a factor of 2. We also varied the freeze-
out temperature and switching time ⌧

0

, but no choice
of parameters could achieve much better agreement with
the experimental data. For v

3

, shown in Fig. 5, we find
a similar result: Pb+Pb data are well described, while
p+Pb data are underestimated for No�ine

trk

> 60. Ideal
fluid dynamics (not shown) increases the v

3

significantly
by nearly a factor of 4. Its No�ine

trk

dependence is rather
flat, slightly decreasing with increasing No�ine

trk

, opposite
to the trend seen in the experimental data.
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FIG. 4. (Color online) Multiplicity dependence of the root-
mean-square elliptic flow coe�cient v2 in Pb+Pb (open sym-
bols) and p+Pb collisions (filled symbols) from the IP-
Glasma+music model (connected triangles) compared to ex-
perimental data by the CMS collaboration [35].
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FIG. 5. (Color online) Multiplicity dependence of the root-
mean-square triangular flow coe�cient v3 in Pb+Pb (open
symbols) and p+Pb collisions (filled symbols) from the IP-
Glasma+music model (connected triangles) compared to ex-
perimental data by the CMS collaboration [35].

The primary reason for the small vn in p+Pb collisions
is that the initial shape of the system closely follows the
shape of the proton (see [34]), which is spherical in our
model. The subnucleonic fluctuations included generate
non-zero values of the vn, but they do not fully account
for the larger experimentally observed values. As noted
above, modifications of the (fluctuating) proton shape
are necessary to account for the larger observed v

2

and
v
3

in p+Pb collisions. If the hydrodynamic paradigm
is valid, the results of the high-multiplicity p+Pb and
p+p collisions could then in principle be used to extract
detailed information on the spatial gluon distribution in
the proton.

There are hydrodynamical models that describe as-
pects of the p+Pb data. These models should also de-
scribe key features of Pb+Pb collisions where hydrody-
namics is more robust. A model where the spatial geom-
etry of p+Pb collisions is di↵erent from ours is that of
[13–17], where the interaction region is determined from
the geometric positions of participant nucleons. How-
ever, as noted, this model falls into the class of models
that are claimed [26] not to be able to reproduce the
data on event-by-event vn distributions in A+A colli-
sions. Whether this particular model can do so needs
to be examined. We also note that the v

2

centrality de-
pendence in the model di↵ers from the CMS data for
p+Pb collisions [16].

Another model which claims large v
2

and v
3

in p+Pb
collisions determines the system size from the position of
“cut pomerons” and strings [18, 36]. The multiplicity
dependence of the vn in this model has not yet been
shown. The vn distributions in A+A collisions should
also provide a stringent test of this model.

In addition to the important quantitative tests im-
posed on di↵erent hydrodynamical models by the exper-
imental data, there are conceptual issues that arise due
to the possible breakdown of the hydrodynamic paradigm
when extended to very small systems. As shown in re-
cent quantitative studies, viscous corrections can be very
significant in p+Pb collisions but play a much smaller
role in Pb+Pb collisions [34, 37]. In particular, an anal-
ysis of Knudsen numbers reached during the evolution in
A+A and p+A collisions finds that viscous hydrodynam-
ics breaks down for ⌘/s � 0.08 in p+A collisions [37].

An alternative to the hydrodynamic picture and its
sensitivity to the proton shape is provided within the
Glasma framework itself by initial state correlations of
gluons that show a distinct elliptic modulation in relative
azimuthal angle [21–25]. If these are not overwhelmed
in p+Pb collisions by final state e↵ects, as they are in
A+A collisions, they can contribute significantly to the
observed v

2

, and possibly v
3

. The initial state correla-
tions are those of gluons and do not address features of
the data such as the mass ordering in particle spectra.
While natural in hydrodynamical models, mass ordering
may also emerge due to universal hadronization e↵ects,

FIG. 25: (Color online) Multiplicity dependence of the root-
mean-square elliptic flow coe�cient v2 in Pb+Pb (open
symbols) and p+Pb collisions (filled symbols) from the IP-
Glasma+music model (connected triangles) compared to ex-
perimental data by the CMS collaboration.

leads to all distances being of the order of the impact
parameter b, the only scale in the problem. In (b) we
had shown an alternative picture, in which there are no
gluons but 2Np QCD strings. Since those are “cold” (un-
excited) we crow those as straight lines. (Note that the
picture a bit exaggerates the ratio of two parameters in-
volved: the mean impact parameter between the nucleons
b ⇠p

�NN/⇡ ⇡ 1.6 fm and the size of the quark-diquark
dipole d ⇠ .4 fm, emphasizing b� d.)

Let us estimate the deformation of the initial state.
Since it is central collision, there is no mean geometrical
e↵ects and all deformations comes from fluctuations. As
discussed above, for all n one expects the same magnitude

✏n ⇠ 1p
N

(41)

where N = NpNg for (a) and only N = Np for (b).8 Results

Figure 7 presents the charged particle pseudorapidity density for p+Pb collisions at
�

sNN = 5.02 TeV
in the pseudorapidity interval |�| < 2.7 for eight centrality intervals. In the most peripheral collisions
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Figure 7: dNch/d�measured in di�erent centrality intervals. Statistical uncertainties, shown with vertical
bars are typically smaller than the marker size, colour band shows the systematic uncertainty of the
results.

(centrality interval 60-90%) dNch/d� has what appears to be a double-peak structure, similar to that seen
in proton-proton collisions [35, 49]. In more central collisions, the shape of dNch/d� becomes progres-
sively more asymmetric, with more particles produced in the Pb-going direction than in the proton-going
direction.

To investigate further the centrality evolution, the distributions in the various centrality intervals are
divided by the distribution in the 60-90% centrality interval. The ratios are shown in Fig. 8. The double
peak structure seen in the distributions in Fig. 7 disappears in the ratios. The ratios are observed to grow
nearly linearly with pseudorapidity, with a slope that increases from peripheral to central collisions. In the
0-1% centrality interval, the ratio increases by almost a factor of two over the measured �-range. These
ratios are fit with a second-order polynomial function, and the fit results are summarized in Table 2.

Figure 9 shows the dNch/d� divided by the number of participant pairs (�Npart�/2) as a function
of �Npart� for three di�erent implementations of the Glauber model; standard Glauber (top panel) and
Glauber-Gribov model with � = 0.55 and 1.01 in the middle and lower panels respectively. Since the
charged particle yields have significant pseudorapidity dependence, the dNch/d�/(�Npart�/2) is presented
in five � intervals including the full pseudorapidity interval, �2.7 < � < 2.7.

The dNch/d�/(�Npart�/2) values from the standard Glauber model are approximately constant up to
�Npart� � 10 and then increase for larger �Npart�. This trend is absent in the Glauber-Gribov model with
� = 0.55, which shows a relatively constant behaviour for the integrated yield divided by the number of
participant pairs. Finally, the dNch/d�/(�Npart�/2) values from the Glauber-Gribov model with � = 1.01
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FIG. 26: Rapidity distribution in pPb collisions for di↵erencet
centrality classes, from [38] .

FIG. 27: Sketch of the initial state in central pA collisions.
The plot (a) corresponds to IP-glasma model, with colored
circles representing multiple gluons. Fig.(b) is for Np = 16
Pomerons, each represented by a pair of cold strings. The
open circles are quarks and filled blue circles are diquarks.

Evaluating Ng from PDF’s at LHC energy includes in-
tegration from xmin ⇠ 10�3 to 1: one gets roughly the
ratio

✏(b)n

✏(a)

n

⇠ 1p
Ng
⇠ 4 (42)

Let us now switch to practical calculations and com-
parison to data. Schenke and Venugopalan [9] had re-
cently studied v

2

, v
3

flows in (very peripheral) AA and
central pA. They found that the IP-glasma model they
developed does a very good job for the former and un-
derpredicts them in the latter case, see Fig. 25.

As we already discussed above, in the peripheral AA ✏
2

is large, O(1), in any model, and in order to get the right
v
2

one has to have correct viscosity – which apparently
these authors have. The central pA is indeed the test
case: we argued above that the density is not yet large
enough to apply the IP-glasma model, and that stringy
Pomerons should be more applicable one. If so, using
(42) we should increase the v

2

by a factor of 4, which
brings it to an agreement with the CMS measurements.

One more test should be the width of the multiplicity
distribution, as it is defined by the number of Pomerons,
not gluons. as well as the magnitude of the shape fluc-
tuations ✏

2

, ✏
3

. This test is so far less accurate, but
qualitatively it also confirms out point of view that the
density in the pA case, even most central, is insu�cient
for IP-glasma model.

We thus conclude that the stringy model Fig.27(b) is
preferable over the picture (a).

More detailed discussion of pA collisions bring in im-
portnt details such as exact definition of the centrality
classes in terms of percentage of the cross section and
“the number of participants” Np associated with them.
For a detailed studies of these issues read e.g. that from
ATLAS [38] (or its analogs from other collaborations).
As seen from the table 4 of that paper, the exact number
for Np depends on the method: for example 1-5% cen-
trality class has Np ranging from 18.2 in Glauber to 27.4
in Glauber-Gribov fit.
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4

experimental data within 10-15%, the computed v
2

in
p+Pb collisions underestimates the data by a factor of
approximately 3.5. We have checked that even in the
ideal case (⌘/s = 0) the data is still underestimated by
approximately a factor of 2. We also varied the freeze-
out temperature and switching time ⌧

0

, but no choice
of parameters could achieve much better agreement with
the experimental data. For v

3

, shown in Fig. 5, we find
a similar result: Pb+Pb data are well described, while
p+Pb data are underestimated for No�ine

trk

> 60. Ideal
fluid dynamics (not shown) increases the v

3

significantly
by nearly a factor of 4. Its No�ine

trk

dependence is rather
flat, slightly decreasing with increasing No�ine

trk

, opposite
to the trend seen in the experimental data.
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FIG. 4. (Color online) Multiplicity dependence of the root-
mean-square elliptic flow coe�cient v2 in Pb+Pb (open sym-
bols) and p+Pb collisions (filled symbols) from the IP-
Glasma+music model (connected triangles) compared to ex-
perimental data by the CMS collaboration [35].
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FIG. 5. (Color online) Multiplicity dependence of the root-
mean-square triangular flow coe�cient v3 in Pb+Pb (open
symbols) and p+Pb collisions (filled symbols) from the IP-
Glasma+music model (connected triangles) compared to ex-
perimental data by the CMS collaboration [35].

The primary reason for the small vn in p+Pb collisions
is that the initial shape of the system closely follows the
shape of the proton (see [34]), which is spherical in our
model. The subnucleonic fluctuations included generate
non-zero values of the vn, but they do not fully account
for the larger experimentally observed values. As noted
above, modifications of the (fluctuating) proton shape
are necessary to account for the larger observed v

2

and
v
3

in p+Pb collisions. If the hydrodynamic paradigm
is valid, the results of the high-multiplicity p+Pb and
p+p collisions could then in principle be used to extract
detailed information on the spatial gluon distribution in
the proton.

There are hydrodynamical models that describe as-
pects of the p+Pb data. These models should also de-
scribe key features of Pb+Pb collisions where hydrody-
namics is more robust. A model where the spatial geom-
etry of p+Pb collisions is di↵erent from ours is that of
[13–17], where the interaction region is determined from
the geometric positions of participant nucleons. How-
ever, as noted, this model falls into the class of models
that are claimed [26] not to be able to reproduce the
data on event-by-event vn distributions in A+A colli-
sions. Whether this particular model can do so needs
to be examined. We also note that the v

2

centrality de-
pendence in the model di↵ers from the CMS data for
p+Pb collisions [16].

Another model which claims large v
2

and v
3

in p+Pb
collisions determines the system size from the position of
“cut pomerons” and strings [18, 36]. The multiplicity
dependence of the vn in this model has not yet been
shown. The vn distributions in A+A collisions should
also provide a stringent test of this model.

In addition to the important quantitative tests im-
posed on di↵erent hydrodynamical models by the exper-
imental data, there are conceptual issues that arise due
to the possible breakdown of the hydrodynamic paradigm
when extended to very small systems. As shown in re-
cent quantitative studies, viscous corrections can be very
significant in p+Pb collisions but play a much smaller
role in Pb+Pb collisions [34, 37]. In particular, an anal-
ysis of Knudsen numbers reached during the evolution in
A+A and p+A collisions finds that viscous hydrodynam-
ics breaks down for ⌘/s � 0.08 in p+A collisions [37].

An alternative to the hydrodynamic picture and its
sensitivity to the proton shape is provided within the
Glasma framework itself by initial state correlations of
gluons that show a distinct elliptic modulation in relative
azimuthal angle [21–25]. If these are not overwhelmed
in p+Pb collisions by final state e↵ects, as they are in
A+A collisions, they can contribute significantly to the
observed v

2

, and possibly v
3

. The initial state correla-
tions are those of gluons and do not address features of
the data such as the mass ordering in particle spectra.
While natural in hydrodynamical models, mass ordering
may also emerge due to universal hadronization e↵ects,

FIG. 25: (Color online) Multiplicity dependence of the root-
mean-square elliptic flow coe�cient v2 in Pb+Pb (open
symbols) and p+Pb collisions (filled symbols) from the IP-
Glasma+music model (connected triangles) compared to ex-
perimental data by the CMS collaboration.

leads to all distances being of the order of the impact
parameter b, the only scale in the problem. In (b) we
had shown an alternative picture, in which there are no
gluons but 2Np QCD strings. Since those are “cold” (un-
excited) we crow those as straight lines. (Note that the
picture a bit exaggerates the ratio of two parameters in-
volved: the mean impact parameter between the nucleons
b ⇠p

�NN/⇡ ⇡ 1.6 fm and the size of the quark-diquark
dipole d ⇠ .4 fm, emphasizing b� d.)

Let us estimate the deformation of the initial state.
Since it is central collision, there is no mean geometrical
e↵ects and all deformations comes from fluctuations. As
discussed above, for all n one expects the same magnitude

✏n ⇠ 1p
N

(41)

where N = NpNg for (a) and only N = Np for (b).8 Results

Figure 7 presents the charged particle pseudorapidity density for p+Pb collisions at
�

sNN = 5.02 TeV
in the pseudorapidity interval |�| < 2.7 for eight centrality intervals. In the most peripheral collisions
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Figure 7: dNch/d�measured in di�erent centrality intervals. Statistical uncertainties, shown with vertical
bars are typically smaller than the marker size, colour band shows the systematic uncertainty of the
results.

(centrality interval 60-90%) dNch/d� has what appears to be a double-peak structure, similar to that seen
in proton-proton collisions [35, 49]. In more central collisions, the shape of dNch/d� becomes progres-
sively more asymmetric, with more particles produced in the Pb-going direction than in the proton-going
direction.

To investigate further the centrality evolution, the distributions in the various centrality intervals are
divided by the distribution in the 60-90% centrality interval. The ratios are shown in Fig. 8. The double
peak structure seen in the distributions in Fig. 7 disappears in the ratios. The ratios are observed to grow
nearly linearly with pseudorapidity, with a slope that increases from peripheral to central collisions. In the
0-1% centrality interval, the ratio increases by almost a factor of two over the measured �-range. These
ratios are fit with a second-order polynomial function, and the fit results are summarized in Table 2.

Figure 9 shows the dNch/d� divided by the number of participant pairs (�Npart�/2) as a function
of �Npart� for three di�erent implementations of the Glauber model; standard Glauber (top panel) and
Glauber-Gribov model with � = 0.55 and 1.01 in the middle and lower panels respectively. Since the
charged particle yields have significant pseudorapidity dependence, the dNch/d�/(�Npart�/2) is presented
in five � intervals including the full pseudorapidity interval, �2.7 < � < 2.7.

The dNch/d�/(�Npart�/2) values from the standard Glauber model are approximately constant up to
�Npart� � 10 and then increase for larger �Npart�. This trend is absent in the Glauber-Gribov model with
� = 0.55, which shows a relatively constant behaviour for the integrated yield divided by the number of
participant pairs. Finally, the dNch/d�/(�Npart�/2) values from the Glauber-Gribov model with � = 1.01
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FIG. 26: Rapidity distribution in pPb collisions for di↵erencet
centrality classes, from [38] .

FIG. 27: Sketch of the initial state in central pA collisions.
The plot (a) corresponds to IP-glasma model, with colored
circles representing multiple gluons. Fig.(b) is for Np = 16
Pomerons, each represented by a pair of cold strings. The
open circles are quarks and filled blue circles are diquarks.

Evaluating Ng from PDF’s at LHC energy includes in-
tegration from xmin ⇠ 10�3 to 1: one gets roughly the
ratio

✏(b)n

✏(a)

n

⇠ 1p
Ng
⇠ 4 (42)

Let us now switch to practical calculations and com-
parison to data. Schenke and Venugopalan [9] had re-
cently studied v

2

, v
3

flows in (very peripheral) AA and
central pA. They found that the IP-glasma model they
developed does a very good job for the former and un-
derpredicts them in the latter case, see Fig. 25.

As we already discussed above, in the peripheral AA ✏
2

is large, O(1), in any model, and in order to get the right
v
2

one has to have correct viscosity – which apparently
these authors have. The central pA is indeed the test
case: we argued above that the density is not yet large
enough to apply the IP-glasma model, and that stringy
Pomerons should be more applicable one. If so, using
(42) we should increase the v

2

by a factor of 4, which
brings it to an agreement with the CMS measurements.

One more test should be the width of the multiplicity
distribution, as it is defined by the number of Pomerons,
not gluons. as well as the magnitude of the shape fluc-
tuations ✏

2

, ✏
3

. This test is so far less accurate, but
qualitatively it also confirms out point of view that the
density in the pA case, even most central, is insu�cient
for IP-glasma model.

We thus conclude that the stringy model Fig.27(b) is
preferable over the picture (a).

More detailed discussion of pA collisions bring in im-
portnt details such as exact definition of the centrality
classes in terms of percentage of the cross section and
“the number of participants” Np associated with them.
For a detailed studies of these issues read e.g. that from
ATLAS [38] (or its analogs from other collaborations).
As seen from the table 4 of that paper, the exact number
for Np depends on the method: for example 1-5% cen-
trality class has Np ranging from 18.2 in Glauber to 27.4
in Glauber-Gribov fit.

conclusion: no glasma in pA 
but Pomerons/strings instead

Schenke, Venugopalan



the strength of flow does not  
follow the (naive) ordering of  

the entropy density
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Figure 9: Average transverse momentum of identified charged hadrons (pions, kaons, protons;
left panel) and ratios of particle yields (right panel) in the range |y| < 1 as a function of the cor-
rected track multiplicity for |�| < 2.4, for pp collisions (open symbols) at several energies [8],
and for pPb collisions (filled symbols) at

p
sNN = 5.02 TeV. Both hpTi and yield ratios were

computed assuming a Tsallis-Pareto distribution in the unmeasured range. Error bars indicate
the uncorrelated combined uncertainties, while boxes show the uncorrelated systematic uncer-
tainties. For hpTi the fully correlated normalization uncertainty (not shown) is 1.0%. In both
plots, lines are drawn to guide the eye (gray solid – pp 0.9 TeV, gray dotted – pp 2.76 TeV, black
dash-dotted – pp 7 TeV, colored solid – pPb 5.02 TeV). The ranges of hpTi, K/� and p/� values
measured by ALICE in various centrality PbPb collisions (see text) at

p
sNN = 2.76 TeV [33] are

indicated with horizontal bands.
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by ALICE in PbPb collisions at
p

sNN = 2.76 TeV for centralities from peripheral (80–90% of the
inelastic cross-section) to central (0–5%) [27]. These ALICE PbP data cover a much wider range
of Ntracks than is shown in the plot. Although PbPb data are not available at

p
sNN = 5.02 TeV

for comparison, the evolution of event characteristics from RHIC (
p

sNN = 0.2 TeV, [2, 4, 28])
to LHC energies [27] suggests that yield ratios should remain similar, while hpTi values will
increase by about 5% when going from

p
sNN = 2.76 TeV to 5.02 TeV.
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Figure 10: Inverse slope parameters T� from fits of pion, kaon, and proton spectra (both charges)
with a form proportional to pT exp(�mT/T�). Results for a selection of multiplicity classes,
with different Ntracks as indicated, are plotted for pPb data (left) and for MC event generators
AMPT, EPOS LHC, and HIJING (right). The curves are drawn to guide the eye.

For low track multiplicity (Ntracks . 40), pPb collisions behave very similarly to pp collisions,
while at higher multiplicities (Ntracks � 50) the hpTi is lower for pPb than in pp. The first ob-
servation can be explained since low-multiplicity events are peripheral pPb collisions in which
only a few proton-nucleon collisions are present. Events with more particles are indicative
of collisions in which the projectile proton strikes the thick disk of the lead nucleus. Inter-
estingly, the pPb curves (Fig. 9, left panel) can be reasonably approximated by taking the pp
values and multiplying their Ntracks coordinate by a factor of 1.8, for all particle types. In other
words, a pPb collision with a given Ntracks is similar to a pp collision with 0.55 ⇥ Ntracks for
produced charged particles in the |�| < 2.4 range. Both the highest-multiplicity pp and pPb
interactions yield higher hpTi than seen in central PbPb collisions. While in the PbPb case even
the most central collisions possibly contain a mix of soft (lower-hpTi) and hard (higher-hpTi)
nucleon-nucleon interactions, for pp or pPb collisions the most violent interaction or sequence
of interactions are selected.

The transverse momentum spectra could also be successfully fitted with a functional form pro-
portional to pT exp(�mT/T�), where T� is called the inverse slope parameter, motivated by the
success of Boltzmann-type distributions in nucleus-nucleus collisions [29]. In the case of pi-
ons, the fitted range was restricted to mT > 0.4 GeV/c in order to exclude the region where
resonance decays would significantly contribute to the measured spectra. The inverse slope
parameter as a function of hadron mass is shown in Fig. 10, for a selection of event classes,
both for pPb data and for MC event generators (AMPT, EPOS LHC, and HIJING). While the data

FIG. 15: (color online) (From [21].) (a) Average transverse
momentum of identified charged hadrons (pions, kaons, pro-
tons; left panel) and ratios of particle yields (right panel)
in the range |y| < 1 as a function of the corrected track
multiplicity for |⌘| < 2.4, for pp collisions (open symbols)
at several energies, and for pPb collisions (filled symbols) atp

sNN = 5.02 TeV. (b) The slopes of the m? distribution T 0

(in GeV) as a function of the particle mass. The numbers on
the right of the lines give the track multiplicity.

in AA. Another approach used is a comparison of central
pA with peripheral AA of the same multiplicity, or more
or less same number of participants. Similar matter den-
sity is obtained.

(iii) Now we move to the last (and most controversial)
case, of the pp collisions. Needless to say the density
is very low for min.bias events. “High multiplicity” at
which CMS famously discovered the “ridge” starts from
about Nmax

pp > 100 ⇤ 3 (again, 100 is the number of CMS
tracks).

The big question here is: what is the area? Unlike in

the case of central pA, we don’t utilize standard Glauber
and full cross section (maximal impact parameters): we
address now a fluctuation which has small probability.
In fact, nobody knows the answer to that. Based on the
profile of pp elastic scattering (to be discussed in section
??) I think it should correspond to impact parameter b
in the black disc regime. If so ⇡b2

b.d. ⇠ 1/2 fm2 and

nmax
pp ⇡ Nmax

pp

⇡b2

b.d.

⇠ 600 fm�2 (26)

Other evidences about glue distribution in a proton
comes from HERA di↵ractive production, especially of
J/ : they also suggest a r.m.s. radius of only 0.3 fm,
less than a half of electromagnetic radius.

Let us summarize those (naive) estimates: in terms of
the initial entropy density one expects the following order
of the densities

dNpA
maximal

dA?
⇠ dNAA

peripheral

dA?
⌧ dNAA

central

dA?
⌧ dNpp

maximal

dA?
(27)

and may thus expect that the radial flow follows the same
pattern. The data however show it is not the case.

D. Shape fluctuations in central pA and peripheral
AA

Scaling relation between central pA and peripheral AA
has been proposed and tested by Basar and Teaney [13].
Step one of their paper has been prompted by the fact,
noticed in the CMS paper already: at the same multiplic-
ity, v

3

in both cases are basically the same. Some people
suggested new theories (and even paradigms) based on
this fact: but in fact it is hardly surprising, since equal
multiplicity means equal number of fluctuating partici-
pant nucleons. So, the first thing Basar and Teaney did
was to remove the geometrical contribution to peripheral
AA, and found that the remaining fluctuation-driven part
of v

2

is also perfectly the same, see Fig.21.
Their second proposal is that the pt dependence of (the

fluctuating part) of the vn has an universal shape, and
AA and pA data are only di↵erent by a scale of mean pt

vpA
n (pt) = vpA

n (
pt


) (28)

where the the conformal scaling factor

 =
< pT >pPb

< pT >PbPb
⇡ 1.25 (29)

is due to di↵erence in the radial flow. This relation also
works well.

two possible e↵ects, as the multiplicity grows:
(i) an increases the initial temperature Ti. Since the final
one is fixed by hadronization near the phase transition
Tf ⇡ Tc, the contrast between them gets larger and hydro
flow increases;
(ii) the initial size of the fireball decreases, increasing
the initial temperature Ti even further.
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E. The “radial flow puzzle” for central pA

The simplest consequence of the radial flow is growth
of the mean transverse momentum. CMS data on those
are shown in Fig.15(a). While pp and pA data are shown
by points, versus the multiplicity, the AA ones (from AL-
ICE) are shown by shaded areas: the central ones corre-
spond to its upper edge. While one may argue for other
mechanisms of the meant pt growth – e.g. rescattering or
larger saturation momentum Qs in glasma at higher mul-
tiplicity – those explanations fail to explain why protons
get it much larger than the pions.

More generally, the experimental signatures of the ra-
dial flow are based on the observation that collective
flow manifests itself di↵erently for secondaries of di↵er-
ent mass. While (near) massless pions have exponential
spectra hardly a↵ected by the flow, massive particles have
spectra of modified shape. Eventually, for very heavy
particles (not really reached in reality) the thermal mo-
tion should become negligible and their momenta be just
mv where v is the velocity of the flow, the distribution
over which has a characteristic peak at the fireball edge.

More specific measure used since [73] looks at the so
called “violation of the m? scaling”. The so called m?
slopes T 0 defined by the exponential form (above certain
pt)

dN

dydp2

?
=

dN

dydm2

?
⇠ exp(�m?

T 0 ) (30)

are the best indicators of the radial flow. A sample of
such slopes for pA collisions recently measured by CMS
is shown in Fig.15 (similar data from ALICE but for
smaller multiplcities are also available, see Fig.50). The
min.bias pp,pA show the same T 0 for all secondaries: thus
no flow. Small multiplicity bins (marked by 8 and 32 at
the bottom-right) are the ones in which the m? scaling
holds. This behavior is natural for independent string
fragmentation, rescattering or glasma.

Flow manifests itself di↵erently. For pions T 0 is simply
the freezeout temperature, blue-shifted by the exponent
of the transverse flow rapidity

T 0 = Tfe (31)

For more massive particles – kaons, protons, lambdas,
deuterons etc – the slopes are mass-dependent . As seen
from Fig.15(b), they are growing approximately linearly
with the mass, and the e↵ect gets more pronounced with
multiplicity. This is a new regime not seen before in pA,
signature of the collective flow.

Furthermore, the highest multiplicity pA do have
slopes even exceeding those in central PbPb LHC col-
lisions, the previous record-holding on the radial flow.
(It has been predicted to happen few months before ex-
periment : see version v1 of this paper [64].)

This gives rise to what we call the “radial flow puzzle”.
Indeed, naive estimates of densities in the previous sub-
section may suggest that explosion in highest multiplicity
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FIG. 16: (color online) The freezeout surface in universal di-
mensionless time t and radial distance r coordinates. (Blue)
thick solid line in the middle corresponds to central AA
(PbPb) collisions, (red) thick solid line on the top to the
highest multiplicity pp . Two (black) thin ones correspond
to central p Pb case, before and after collapse compression,
marked pAi, pAf respectively. The arrow connecting them
indicates the e↵ect of multi string collapse.

pA case should still be weaker than in AA. Indeed, both
the system is smaller and the initial entropy density seem
to be smaller as well. Yet the data show the opposite: the
observed radial flow strength follows a di↵erent pattern

yAA,central
? < ypA,central

? < ypp,highest
? (32)

Hydrodynamics is basically a bridge, between the ini-
tial and the final properties of the system. For the pur-
pose at hand – to see how its result depend on the size
of the system – it is convenient to follow the paper of
Zahed and myself [64]. The radial flow is discussed using
Gubser’s solution [44]. The setting is in the standard rel-
ativistic coordinate sets, the proper time -spatial rapidity
- transverse radius - azimuthal angle (⌧̄ , ⌘, r̄,�) with the
metric

ds2 = �d⌧̄2 + ⌧̄2d⌘2 + dr̄2 + r̄2d�2, (33)

One single solution describes all cases considered: we
will proceed from the dimensional variables ⌧̄ , r̄ with the
barto dimensionless variables

t = q⌧̄ , r = qr̄ (34)

using rescaling by a single parameter q with dimension
of the inverse length. In such variables there is a single
solution of ideal relativistic hydrodynamics, which for the
transverse velocity and the energy density reads

v?(t, r) = tanh(y?) =
2tr

1 + t2 + r2

(35)
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Recently there appeared interest in collective interaction of QCD strings. Intrinsic attractive
interaction of strings in the context of holographic models of the AdS/QCD type, or � exchanges for
QCD strings – can significantly a↵ect properties of the multi-string systems. The high multiplicity
pA collisions are the simplest example of the kind, producing “spaghetti” of many strings extended
in the longitudinal (beam) direction. We study their collective field

I. INTRODUCTION

A. High energy collisions

High energy colliders – RHIC at BNL and LHC at
CERN – continue to provide new data on wide range of
hadronic collisions, from the basic proton-proton pp ones,
to proton-nuclei (dAu and pAu, respectively, to be called
pA below) and heavy-ion AA collisions. As the multiplic-
ity grows in each of the system, a transition is observed.
In the AA case, peripheral collisions are superpositions
of NN ones, while more central ones lead to production of
the QGP fireball, which subsequently explodes, leading
to a set of observed collective phenomena such as radial,
elliptic, etc. flows. The typical pp, pA events are, on
the contrary, well explained by pQCD and QCD strings,
decaying independently, according to Lund-type models
like Pythia and its descendants.

The question where the transition between those two
regimes happens is currently under intensive study, and
collective phenomena such as radial, elliptic, and trian-
gular flows were indeed observed in high multiplicity pA
and perhaps even pp collisions.

In this paper we will not consider high-density and
pQCD-based tools; instead we will start from a dilute
system of independent strings and study when such a
description will be limited by their interaction.

Not going into a review of phenomenology in this pa-
per, we still need to mention one central issue – to be
referred to as “the radial flow puzzle” –, which explains
why we are so interested in pA collisions. The magnitude
(maximal transverse rapidity) of the radial flow seems to
grow monotonously, from central AA to central pA to pp
(see data in [? ? ] and discussion in []):

yAA,central

? < ypA,central

? < ypp,highest? (1)

while the estimates of the initial entropy density (multi-
plicity per transverse area dN/dA?) however suggests a
di↵erent order :

dNpA

central

dA?
⇠

dNAA

peripheral

dA?
<

dNAA

central

dA?
<

dNpp

highest

dA?
(2)

One scenario to explain this puzzle, proposed by
Kalaydzhyan and Shuryak [4], is a collective collapse of

the string system created in maximal multiplicity pA
case. If so, the size of the system is reduced and density
increased by a significant factor, leading to a di↵erent
order of the densities:

dNAA

peripheral

dA?
<

dNAA

central

dA?
<

dNpA

maximal

dA?
<

dNpp

maximal

dA?
(3)

corresponding to the strength of the flow. Another no-
table consequence of this collapse is that the combined
field of all strings become strong enough to restore chiral
symmetry and thus create the QGP fireball, needed for
an explosion.

B. AdS/QCD

The objective of this work is to study the issue using
the AdS/QCD approach. A brief review in this subsec-
tion is intended to explain our motivation for doing so.
The famous AdS/CFT duality is a holographic corre-

spondence between the D = 4 N=4 super Yang-Mills
theory at strong coupling with certain version of a string
theory in an AdS5 ⇥ S5 background created by a set of
D3 branes [1]. Both the theory in question and the back-
ground possess conformal symmetry. Furthermore, large
number of branes N reduces the string theory to weakly
coupled (super)gravity.
Since we will be dealing with strings, let us remind the

reader that those live in the “bulk” of the AdS5 space,
carrying electric color fluxes from charges on its bound-
ary (that is, “our” or gauge theory world). The Mal-
dacena calculation [1] for two static charges derived the
shape of bending (geodesic) string. As the setting is scale
invariant, the modified strong coupling Coulomb law re-
mains V ⇠ 1/r, with only the coe�cient modified. First,
the calculation for the charges moving with fixed veloc-
ity ±v away from each other has been performed by Lin
and Shuryak [25], who found that for small enough v
there is a scaling solution for the falling string, general-
izing Maldacena case into a “generalized Ampère law”.
Yet, above certain critical velocity this becomes unstable,
and the stable solution in that range has been found nu-
merically. The hologram of that string calculated in [3]
showed a near-spherical, non-hydrodynamical explosion,
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Radial flow is characterized by the dependence on
the particle mass M (for identified secondaries ⇡,K, p,⇤
etc) of either (i) their mean hp?(M)i or (ii) the of M?
distribution slope T

eft

(M), see e.g. [? ]. The data do
not show such dependence for the lower multiplicities (8
and 32) but the e↵ect clearly is there for higher ones (84
to 235).

Elliptic flow is in those cases measured also in two
ways, either by the two-particle or four-particle correla-
tion parameters known as v2{2} and v2{4} [? ]. The
latter for pA is multiplicity independent above N

tr

> 80,
but rapidly drops below it. This is perhaps the best in-
dicator for the onset of explosive regime we so far have.
For AA data for N

tr

< 80 are too uncertain to see any
trends there.

(The careful reader may notice that this value coin-
cides with the small peak of the multiplicity distribution
shown in Fig. 1 and dividing the miltiplicity distribution
into two parts, the geometry dominated and the high
multiplicity tail. This must be a coincidence, since it is
specific to the size of Pb nuclei used: the 16 wounded
nucleons is the mean value for a proton going along its
diameter.)

III. COLLECTIVE STRING INTERACTIONS

Stretching of these strings longitudinally creates what
we would call “the spaghetti stage”.

A. Interaction in multi-string systems

One Pomeron - 2 strings so N
p

= 20 event corresponds
to N

s

= 40 strings.
In order to study interaction, we need to know how far

from each other they are and how thick is the string
The typical impact parameter in a collision at LHC

energies is

b̄ ⇠
r

�
in

⇡
⇡ 1.5 fm (6)

while the string radius is rather small, e.g. according to
lattice studies [? ] r

s

⇡ .15 fm, an order of magnitude
lower. The fraction of the volume occupied by N

s

strings
in a cylinder is thus

N
s

⇣r
s

b̄

⌘2
⇠ 10�2N

s

(7)

For a “minimally biased” (typical) pA collisions, with
just few strings, it is a rather dilute system: so the inde-
pendence of string fragmentation – assumed by the Lund
model and its descendants – seems reasonable. But for
N

p

= 40 or more, this assumption should obviously be
questioned and revisited.

The system of strings, once produced by color ex-
changes as the target and projectile pass each other at

t ⇡ 0, is then stretched between their remnants, with ra-
pidities +Y and �Y where Y is related to NN center of
mass energy. An the generic rapidity �Y < y < Y (not
too close to each end) one can view the set of strings
as approximately parallel and directed along the beam
direction.
Interaction between the QCD strings was the subject

of our previous paper [8], to which we refer the reader for
motivations and the details. Following it, we will assume
it to be mediated by the lightest scalar �. For one string
the sigma “cloud” has the form

h�(r?)W i
hW ih�i = 1� CK0(m�

r̃?) (8)

where K0 is the Bessel function and the “regulated”
transverse distance is

r̃? =
q

r2? + s2
string

(9)

which smoothens the 2d Coulomb singularity ⇠ ln(r?) at
small r. The parameters values are consistent with the
string width.
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FIG. 2. (Color online). Points are lattice data from [12], the
curve is expression (8) with C = 0.26, s

string

= 0.176 fm.

Lattice simulations such as [12] have found vacuum
modifications due to presence of a QCD string. We
argued [8] that those data can be well described by a
“sigma cloud”. In Fig. 2 one can see our two-parameter
fit to those data (The sigma mass here was taken to be
m

�

= 600MeV as an imput, and not fitted/modified.)
The problem is thus reduced to the set of 2-dimensional

point particles with the interaction 2d Yukawa interac-
tion.
The main parameter of the string-string interaction is

thus numerically small

g
N

�
T

⌧ 1 (10)

typically in the range 10�1 � 10�2. So it is correctly
neglected in the situations – for which the Lund model
has been originally invented – in which only O(1) strings
are created. It is only comes into play when the number
of strings is so large, that this smallness can be overcome.
Instantaneous e↵ects first The magnitude of the quark

condensate � = hq̄qi at the string location is only 0.8
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We study early stages of “central” pA and peripheral AA collisions. Several observables indicate
that at the su�ciently large number of participant nucleons the system undergoes transition into a
new “explosive” regime. By defining a string-string interaction and performing molecular dynam-
ics simulation, we argue that one should expect a strong collective implosion of the multi-string
“spaghetti” state, creating significant compression of the system in the transverse plane. Another
consequence is collectivization of the “sigma clouds” of all strings into collective chorally symmetric
fireball. We find that those e↵ects happen provided the number of strings N

s

> 30 or so, as only
such number compensates small sigma-string coupling. Those finding should help to understand
subsequent explosive behavior, observed for particle multiplicities roughly corresponding to this
number of strings.

I. INTRODUCTION

A. The evolving views on the high energy collisions

Before we got into discussion of high multiplicity pA

collisions, let us start by briefly reviewing the current
views on the two extremes: the AA and the minimum
bias pp collisions.

The “not-too-peripheral” AA we will define as those
which have the number of participant nucleons N

p

> 40,
and the corresponding multiplicity of the order of few
hundreds. (Peripheral AA, complementary to this def-
inition, we will discuss in this paper, below in sec-
tion IVB.) Central AA collisions produce many thou-
sands of secondaries: the corresponding fireball has the
energy/entropy density well inside the QGP domain, and
those were naturally in the focus of the RHIC and LHC
heavy ion programs. Needless to say, the theory guid-
ance and those experiments resulted in widely known
conclusions about strongly coupled dynamics of QGP.
In particular, its collective flows were found to follow the
hydrodynamical predictions with a remarkable accuracy.

(Hydrodynamical modeling typically starts at the
proper time ⌧

i

⇠ 1/2 fm, and the EOS used is that of
the fully equilibrated matter known from lattice simula-
tions. The description of matter at earlier stages and the
exact mechanism/degree of actual thermal equilibration
is still a developing and hotly debated subject which we
will not address in this work.)

AdS/CFT correspondence has provided dual descrip-
tion to strongly interacting systems. In its vocabulary,
thermal fireballs of deconfined matter are dual to certain
5-dimensional black holes, and its hydrodynamical ex-
pansion corresponds to departure of this black hole from
the space boundary (where the gauge theory is located).
Attractively interacting and collapsing system of QCD
strings we will discuss should be viewed as a QCD ana-
log to formation of the AdS/CFT black hole formation.

The opposite extreme is represented by the typical

FIG. 1: The upper plot reminds the basic mechanism of
two string production, resulting from color reconnection. The
lower plot is a sketch of the simplest multi-string state, pro-
duced in pA collisions or very peripheral AA collisions, known
as “spaghetti”.

(minimum bias) pp collisions. Its Pomeron description
at large impact parameter b = 1�2 fm is naturally given
in terms of a double string production, see upper plot of
Fig. 1. Color reconnection (described perturbatively or
by a “tube” string diagram) leads to a pair of longitu-
dinally stretched strings, with subsequent breaking into
several pieces – hadronic clusters, which finally decay into
few final secondaries, as implemented in e.g. the Lund
model event generators, which do quite a good job in re-
producing these phenomena. The density of a produced
excitation is low, it takes place in the confining QCD vac-
uum: thus the string description. The Pomeron profile,
in particular, was historically the origin of the so-called
↵

0(t = 0) parameter, related to the string tension, which
defines the “string scale” both in QCD and fundamental
string theory.

(If collisions are “hard”, with momentum transfer
Q � 1 GeV, they resolve nucleons and Pomerons to
their partonic substructure. Perturbative description of
the Pomeron is well developed. At a very high density
perturbative theory breaks down and may lead to the
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2d spaghetti collapse

6

Peripheral AA are modeled in the standard Glauber
way, except that we take the number of participants being
in exactly the same bins, namely N

p

= 5, 10, 15, 20, 25,
for comparison.

B. Time evolution

Basically strings can be viewed as a 2-d gas of particles
with unit mass and forces between them are given by the
derivative of the energy (8) , and so

~̈r
i

= ~f
ij

=
~r
ij

r̃
ij

(g
N

�
T

)m
�

2K1(m�

r̃
ij

) (19)

with ~r
ij

= ~r
j

� ~r
i

and “regularized” r̃ (9).
We have used a classical molecular dynamics code

based on CERN library FORTRAN double precision
solver DDEQMR and this force to follow the particle evo-
lution in the transverse plane. In Figs. 4 and 6 we show
an example of one particular configuration with N

s

= 40.
In order to study longer time evolution, we took a some-
what larger coupling ???. As seen from Fig. 4 the con-
servation of the (dimensionless) total energy

E
tot

=
X

i

v2
i

2
� 2g

N

�
T

X

i>j

K0(m�

r
ij

) (20)

is indeed observed: its accuracy is about 10�4. Even
higher accuracy is observed for the total momentum
(which remains zero).

The evolution consists of two qualitatively distinct
parts: (i) early implosion, which converts potential en-
ergy into the kinetic one, which has its peak when frac-
tion of the particles “gravitationally collapse” into a
tight cluster; and (ii) subsequent approach to a “mini-
galaxy” in virial quasi-equilibrium. To illustrate better
the first stage of the motion we made a number of movies:
three first screenshots for this configurations are shown
in Fig. 6. Running multiple files we occasionally see more
complicated scenarios realized, e.g. two “mini-galaxies”
departing from each other.

One can see that the total kinetic energy approaches
over time some mean value, which of course should be
related to the “virial’ value

2hE
kin

i =
*
X

i

~r
i

@U

@~r
i

+
(21)

as time goes to infinity. (It is standard outcome of molec-
ular dynamics studies, e.g. stars in Galaxies have similar
quasi-equilibrium.).

The simulations for peripheral AA have a particular
feature. As exemplified in Fig. 5, the initial strong defor-
mation of the system – its y-direction size is much larger

than that in x-direction, the collapse goes in two stages.
First one finds rapid 1d collapse along the x axes, supple-
mented by much more slower collapse along y direction.
If the simulation runs long enough, the resulting cluster
becomes of course isotropic.

C. Results

We generated similar time evolutions for an ensembles
of randomly generated initial conditions. Out of many
possible observables we selected the following one : Lo-
cal density in the generated clusters ✏

max

defined by the
following procedure. Step one, resembling early searches
for the location of the black hole in our Galaxy center,
is the location of most rapidly moving particle. After it
is found, its position is taken as a cluster center, and
the number of particles inside the circle of fixed radius
r0 = 0.3 fm is used to calculate the maximal 2d density
n
max

The results are converted to maximal energy den-
sity of a run by

✏
max

= �
T

n
max

(22)

and averaged over the runs.
Systematic results were organized as follows. We have

sets of 10 runs for each set of parameters, the string
number N

s

= 10, 20, 30, 40, 50, the coupling constants
g
N

�
T

= 0.01, 0.02, 0.03, 0.05, 0.08, 0.10, 0.20 and two dif-
ferent initializations, corresponding to central pA or pe-
ripheral AA.

The output is shown in Fig. 6 as the maximal energy
density reached (during the proper time ⌧ < 2 fm/c. The
main result is that the implosion of the system produces
values which are significantly higher than at the initial
time ⌧ = 0, namely ✏0 = 2 to 9 GeV/fm3 for those sets.

While the rate of the evolution depends on the strength
of the coupling, the maximal energy density reached is
much less sensitive to it. As one can see from it, for
small number of strings ⇠ 10 there is no dependence on
the coupling, in the range selected: those are too small to
create any e↵ect. However as N

s

> 30 the coupling be-
comes important: it increases the density by a significant
factor, reaching values as large as ✏

max

⇠ 80 GeV/fm3.
As such high energy density is being reached, the string

description of the system can no longer be maintained.
As the kinetic energy dissipates into multiple strings
states, they become highly excited. The equilibrium fully
equilibrated into the sQGP, the temperature would be
about T

i

⇠ 500MeV ⇠ 3T
c

, enough to generate very
robust hydro explosion.

D. Elliptic deformations

V. SUMMARY
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lution in the transverse plane. In Figs. 4 and 6 we show
an example of one particular configuration with N

s

= 40.
In order to study longer time evolution, we took a some-
what larger coupling ???. As seen from Fig. 4 the con-
servation of the (dimensionless) total energy

E
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=
X

i

v2
i

2
� 2g

N

�
T

X

i>j

K0(m�

r
ij

) (20)

is indeed observed: its accuracy is about 10�4. Even
higher accuracy is observed for the total momentum
(which remains zero).

The evolution consists of two qualitatively distinct
parts: (i) early implosion, which converts potential en-
ergy into the kinetic one, which has its peak when frac-
tion of the particles “gravitationally collapse” into a
tight cluster; and (ii) subsequent approach to a “mini-
galaxy” in virial quasi-equilibrium. To illustrate better
the first stage of the motion we made a number of movies:
three first screenshots for this configurations are shown
in Fig. 6. Running multiple files we occasionally see more
complicated scenarios realized, e.g. two “mini-galaxies”
departing from each other.

One can see that the total kinetic energy approaches
over time some mean value, which of course should be
related to the “virial’ value

2hE
kin

i =
*
X

i

~r
i

@U

@~r
i

+
(21)

as time goes to infinity. (It is standard outcome of molec-
ular dynamics studies, e.g. stars in Galaxies have similar
quasi-equilibrium.).

The simulations for peripheral AA have a particular
feature. As exemplified in Fig. 5, the initial strong defor-
mation of the system – its y-direction size is much larger

than that in x-direction, the collapse goes in two stages.
First one finds rapid 1d collapse along the x axes, supple-
mented by much more slower collapse along y direction.
If the simulation runs long enough, the resulting cluster
becomes of course isotropic.

C. Results

We generated similar time evolutions for an ensembles
of randomly generated initial conditions. Out of many
possible observables we selected the following one : Lo-
cal density in the generated clusters ✏

max

defined by the
following procedure. Step one, resembling early searches
for the location of the black hole in our Galaxy center,
is the location of most rapidly moving particle. After it
is found, its position is taken as a cluster center, and
the number of particles inside the circle of fixed radius
r0 = 0.3 fm is used to calculate the maximal 2d density
n
max

The results are converted to maximal energy den-
sity of a run by

✏
max

= �
T

n
max

(22)

and averaged over the runs.
Systematic results were organized as follows. We have

sets of 10 runs for each set of parameters, the string
number N

s

= 10, 20, 30, 40, 50, the coupling constants
g
N

�
T

= 0.01, 0.02, 0.03, 0.05, 0.08, 0.10, 0.20 and two dif-
ferent initializations, corresponding to central pA or pe-
ripheral AA.

The output is shown in Fig. 6 as the maximal energy
density reached (during the proper time ⌧ < 2 fm/c. The
main result is that the implosion of the system produces
values which are significantly higher than at the initial
time ⌧ = 0, namely ✏0 = 2 to 9 GeV/fm3 for those sets.

While the rate of the evolution depends on the strength
of the coupling, the maximal energy density reached is
much less sensitive to it. As one can see from it, for
small number of strings ⇠ 10 there is no dependence on
the coupling, in the range selected: those are too small to
create any e↵ect. However as N

s

> 30 the coupling be-
comes important: it increases the density by a significant
factor, reaching values as large as ✏

max

⇠ 80 GeV/fm3.
As such high energy density is being reached, the string

description of the system can no longer be maintained.
As the kinetic energy dissipates into multiple strings
states, they become highly excited. The equilibrium fully
equilibrated into the sQGP, the temperature would be
about T

i

⇠ 500MeV ⇠ 3T
c

, enough to generate very
robust hydro explosion.

D. Elliptic deformations

V. SUMMARY
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FIG. 3. (Color online) Example of changing transverse po-
sitions of the 50 string set: three pictures correspond to one
initial configuration evolved to time ⌧ = 0.1, 0.5, 1, 1.5 fm.
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FIG. 4. (Color online) The (dimensionless) kinetic and po-
tential energy of the system (upper and lower curves) for the
same example as shown in Fig. 6, as a function of time t(fm).
The horizontal line with dots is their sum, namely E

tot

, which
is conserved.
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FIG. 5. (Color online) Example of peripheral AA collisions,
with b = 11 fm and the 50 string set. Four snapshots of the
string transverse positions x, y(fm) correspond to times ⌧ =
0.1, 0.5, 1., 2. fm.
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I. INTRODUCTION

A. High energy collisions

High energy colliders – RHIC at BNL and LHC at
CERN – continue to provide new data on wide range of
hadronic collisions, from the basic proton-proton pp ones,
to proton-nuclei (dAu and pAu, respectively, to be called
pA below) and heavy-ion AA collisions. As the multiplic-
ity grows in each of the system, a transition is observed.
In the AA case, peripheral collisions are superpositions
of NN ones, while more central ones lead to production of
the QGP fireball, which subsequently explodes, leading
to a set of observed collective phenomena such as radial,
elliptic, etc. flows. The typical pp, pA events are, on
the contrary, well explained by pQCD and QCD strings,
decaying independently, according to Lund-type models
like Pythia and its descendants.

The question where the transition between those two
regimes happens is currently under intensive study, and
collective phenomena such as radial, elliptic, and trian-
gular flows were indeed observed in high multiplicity pA
and perhaps even pp collisions.

In this paper we will not consider high-density and
pQCD-based tools; instead we will start from a dilute
system of independent strings and study when such a
description will be limited by their interaction.

Not going into a review of phenomenology in this pa-
per, we still need to mention one central issue – to be
referred to as “the radial flow puzzle” –, which explains
why we are so interested in pA collisions. The magnitude
(maximal transverse rapidity) of the radial flow seems to
grow monotonously, from central AA to central pA to pp
(see data in [? ? ] and discussion in []):

yAA,central

? < ypA,central

? < ypp,highest? (1)

while the estimates of the initial entropy density (multi-
plicity per transverse area dN/dA?) however suggests a
di↵erent order :

dNpA

central

dA?
⇠

dNAA

peripheral

dA?
<

dNAA

central

dA?
<

dNpp

highest

dA?
(2)

One scenario to explain this puzzle, proposed by
Kalaydzhyan and Shuryak [4], is a collective collapse of

the string system created in maximal multiplicity pA
case. If so, the size of the system is reduced and density
increased by a significant factor, leading to a di↵erent
order of the densities:

dNAA

peripheral

dA?
<

dNAA

central

dA?
<

dNpA

maximal

dA?
<

dNpp

maximal

dA?
(3)

corresponding to the strength of the flow. Another no-
table consequence of this collapse is that the combined
field of all strings become strong enough to restore chiral
symmetry and thus create the QGP fireball, needed for
an explosion.

B. AdS/QCD

The objective of this work is to study the issue using
the AdS/QCD approach. A brief review in this subsec-
tion is intended to explain our motivation for doing so.
The famous AdS/CFT duality is a holographic corre-

spondence between the D = 4 N=4 super Yang-Mills
theory at strong coupling with certain version of a string
theory in an AdS5 ⇥ S5 background created by a set of
D3 branes [1]. Both the theory in question and the back-
ground possess conformal symmetry. Furthermore, large
number of branes N reduces the string theory to weakly
coupled (super)gravity.
Since we will be dealing with strings, let us remind the

reader that those live in the “bulk” of the AdS5 space,
carrying electric color fluxes from charges on its bound-
ary (that is, “our” or gauge theory world). The Mal-
dacena calculation [1] for two static charges derived the
shape of bending (geodesic) string. As the setting is scale
invariant, the modified strong coupling Coulomb law re-
mains V ⇠ 1/r, with only the coe�cient modified. First,
the calculation for the charges moving with fixed veloc-
ity ±v away from each other has been performed by Lin
and Shuryak [25], who found that for small enough v
there is a scaling solution for the falling string, general-
izing Maldacena case into a “generalized Ampère law”.
Yet, above certain critical velocity this becomes unstable,
and the stable solution in that range has been found nu-
merically. The hologram of that string calculated in [3]
showed a near-spherical, non-hydrodynamical explosion,
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corresponding to the strength of the flow. Another no-
table consequence of this collapse is that the combined
field of all strings become strong enough to restore chiral
symmetry and thus create the QGP fireball, needed for
an explosion.

B. AdS/QCD

The objective of this work is to study the issue using
the AdS/QCD approach. A brief review in this subsec-
tion is intended to explain our motivation for doing so.
The famous AdS/CFT duality is a holographic corre-

spondence between the D = 4 N=4 super Yang-Mills
theory at strong coupling with certain version of a string
theory in an AdS5 ⇥ S5 background created by a set of
D3 branes [1]. Both the theory in question and the back-
ground possess conformal symmetry. Furthermore, large
number of branes N reduces the string theory to weakly
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ary (that is, “our” or gauge theory world). The Mal-
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mains V ⇠ 1/r, with only the coe�cient modified. First,
the calculation for the charges moving with fixed veloc-
ity ±v away from each other has been performed by Lin
and Shuryak [25], who found that for small enough v
there is a scaling solution for the falling string, general-
izing Maldacena case into a “generalized Ampère law”.
Yet, above certain critical velocity this becomes unstable,
and the stable solution in that range has been found nu-
merically. The hologram of that string calculated in [3]
showed a near-spherical, non-hydrodynamical explosion,
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demonstrating quite directly that in N=4 at strong cou-
pling there should be no jets, even in e+e�annihilation
into quarks.

Consequently, suppose one can describe a set of falling
strings in AdS5 (say, a “strongly coupled glasma”). If the
endpoints are separated by a very large rapidity interval
(say ⇠ �y=15 at the LHC), one would expect for the
falling strings similar huge rapidities of the transverse
flow.

This does not happen in the real world, for the reason
that only the high T (or QGP) phase of QCD is (approx-
imately) conformal, modeled by the AdS/CFT duality.
Yet when the temperature falls to that of the decon-
finement transition T

c

, the system’s behavior changes.
Confinement sets in, quarks and gluons are reorganized
into hadrons, and the resulting hadronic system soon un-
dergoes the so-called freezeout. This is where a transi-
tion from (theoretically well-based) AdS/CFT duality to
(much less strict) AdS/QCD models is needed. Those use
5D gravity backgrounds which include confinement e↵ect,
by e↵ectively cutting o↵ the IR part of the holographic
space (for a review, see e.g. [? ]). The bulk strings
in such a background reach certain equilibrium positions
and “levitate.” Their hologram at the space boundary
is what one would call the QCD strings. Thus in such
models the forces between quarks gradually change from
Coulomb 1/r at small r to linear V ⇠ r at large r, cor-
responding to confinement.

So far, the AdS/QCD approach has been used to model
the hadronic spectrum as well as thermodynamics of
QCD at finite temperatures. Important recent advances
[11], which are used below, include the back reaction of
the quarks in the Veneziano limit of QCD (also called
V-QCD), in which the number of colors and flavors are
comparable:

N
c

, N
f

! 1 N
f

/N
c

= x = const (4)

Unlike lattice QCD, AdS/QCD is not restricted to Eu-
clidean domain, and thus various time-dependent pro-
cesses can also be studied. This opened a door to stud-
ies of various out-of-equilibrium settings devoted to un-
derstanding of the matter equilibration. Those include
the “equilibration shock wave” or falling membrane [],
Bjorken geometry falling black hole [], collision of infi-
nite walls of matter [], and stationary strong shocks [].

Since the creation of QGP fireball is dual to formation
of a black hole in a bulk, this topic has been addressed in
some of these works, and is the central one of the present
paper as well. We, however, focus instead on smaller sys-
tems such as typical pp or pA collisions, and thus instead
of colliding walls, we discuss a string setting. Looking
for a more amenable geometry, we look at the so called
“spaghetti” phase, in which certain number of parallel
QCD strings is produced and subsequently decay. The
smallest number, originating from a single Pomeron or
color exchange, is 2 strings, connected to leading quarks
(diquarks).

It has been argued in [4] that when the number of
strings in “spaghetti” gets large enough, mutual attrac-
tion between them gets large enough to induce collapse
and the collectivization of their fields. It has been argued
that it should happen for the largest number in observed
high multiplicity pA events, in which perhaps 40 or so
strings are produced.
In this paper we study the same scenario, but in a

holographic setting.

TABLE I: default

�
tot

� = exp(�) dilaton

A (6) conformal factor of the metric

A
s

A+ 2
3� string conformal factor

T tachyon q̄q scalar

� �
tot

= �+ � dilaton fluctuation

s T = ⌧ + s tachyon fluctuation

 �g
MN

= 2 ⇤ ⌘
MN

conformal fluctuation

⇣  � A

0

�0 � scalar glueballs

⇠  � A

0

⌧

0 s scalar mesons

II. THE SETTING

A. The background

The background and fields are defined in papers by
Kiritsis et al. [6, 7]. The specific calculation we follow
includes back reaction of the quarks in V-QCD with Po-
tential I [11].
The action for gravity and the dilaton � is

S = M3N2
c

Z
d5x

p
�g[R � 4

3
gµ⌫@

µ

�@
⌫

�+ V (�)] (5)

The overall setting includes background with a (con-
formal) gravity metric of the form

g
µ⌫

= exp(2A(z))[dz2 + ⌘
ij

dxidxj ] (6)

where ⌘
ij

= diag(�,+,+,+) is the Minkowski metric.
The t’ Hooft � coupling is directly related to the dila-

ton: � = exp(�).
The UV expansions of the background fields are such

that they reproduce the perturbative running of the t’
Hooft coupling.

A(z) = � log
z

`
+

4

9 log(z⇤
UV

)
, �(z) = � 8

9V1 log(z⇤
UV

)
,

(7)

where ` is the AdS radius and ⇤
UV

is the characteristic
scale of the theory that corresponds to the QCD strong
coupling scale.
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FIG. 1: The background solutions for the metric scale factor
(solid), the dilaton (dashed) and the tachyon (dotted) as a
function of the holographic coordinate z.

B. Strings

The bulk theory is expected to be a certain approxima-
tion to string theory, so there fundamental strings in the
bulk. The electric fluxes running through those strings
are sourced by charges at the boundary – the quarks and
gluons of the gauge theory.

String dynamics is governed by the Nambu-Goto ac-
tion

S
NG

= �T
f

Z
d⌧d�

p
�detg

S

(8)

(g
S

)
↵�

= (g
S

)
µ⌫

@
↵

Xµ@
�

X⌫ (9)

and in the coordinates used

(g
S

)
µ⌫

= e2As(z)⌘
µ⌫

(10)

A
s

(z) = A(z) +
2

3
�(z) (11)

In the holography really based on string theory, like
the original AdS/CFT correspondence, the fundamental
string tension T

f

provides the input scale for the whole
construction. Unfortunately, in the AdS/QCD models
we use, such a connection of T

f

to other parameters is
missing, and thus should be fitted to phenomenology (see
below).

Gravity forces – gradients of the metric – causes all
objects, including strings, to fall toward the IR (large z)
direction. However the dilaton gradient produces the op-
posite e↵ect. Specifically, in the background used, the
metric at large z is decreasing as A ⇠ �z2, but the
� contribution cancels this term and causes an increase
A

s

⇠ (1/2) ln(z) at large z. As a result, at some position
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FIG. 2: The combination A
s

(z) as a function of the holo-
graphic coordinate z (solid) compared to it’s IR (large z)
asymptotics (dashed). It is noticed that A

s

(z) has a minimum
corresponding to the equilibrium scale of the QCD string.

z⇤ there is a minimum of A
s

, see Fig.2. It corresponds
to zero of the derivative

A0
s

(z⇤) = 0, z⇤ ⇡ 0.80203 (12)

The simplest falling string example is a string extended
in x direction and falling in z: Xµ = (t, x, 0, 0, Z(t)).
Plugging this into the action, one finds the e↵ective ac-
tion of the problem for Z(t):

Z
dtdxe2As(Z)

p
1 � Ż2 (13)

which generates the equation of motion (EOM):

@
t

 
e2As(Z) Żp

1 � Ż2

!
=
p
1 � Ż2@

z

⇣
e2As(Z)

⌘
(14)

Instead of solving this EOM, for one string, one can use
instead conservation of energy in our time-independent
background. The Hamiltonian for this case is

H = �exp(2A
s

(Z))p
1 � Ż2

(15)

By setting it equal to the energy E, one gets directly the
first derivative of Z.
As usual, motion in general occurs between two turn-

ing points in which the velocity vanishes Ż = 0. When
z = z⇤ and the energy corresponds to the minimum, the
string simply “levitates” without motion at this point.
The holographic image of this stationary string, calcu-
lated by standard rules, generates some stress tensor
Tµ⌫(x) distribution, with Minkowski indices µ, ⌫ = 0..3,
describing a static QCD string. The integral

R
d3xT 00(x)

per unit length in x is known as the QCD string tension
T
s

= (420MeV )2. Rather than predicting it, one can
use it to fix the fundamental string tension T

f

.
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3

1 2 3 4 z

-20

20

40

60

tHzL
FHzL
AHzL

FIG. 1: The background solutions for the metric scale factor
(solid), the dilaton (dashed) and the tachyon (dotted) as a
function of the holographic coordinate z.

B. Strings

The bulk theory is expected to be a certain approxima-
tion to string theory, so there fundamental strings in the
bulk. The electric fluxes running through those strings
are sourced by charges at the boundary – the quarks and
gluons of the gauge theory.

String dynamics is governed by the Nambu-Goto ac-
tion

S
NG

= �T
f

Z
d⌧d�

p
�detg

S

(8)

(g
S

)
↵�

= (g
S

)
µ⌫

@
↵

Xµ@
�

X⌫ (9)

and in the coordinates used

(g
S

)
µ⌫

= e2As(z)⌘
µ⌫

(10)

A
s

(z) = A(z) +
2

3
�(z) (11)

In the holography really based on string theory, like
the original AdS/CFT correspondence, the fundamental
string tension T

f

provides the input scale for the whole
construction. Unfortunately, in the AdS/QCD models
we use, such a connection of T

f

to other parameters is
missing, and thus should be fitted to phenomenology (see
below).

Gravity forces – gradients of the metric – causes all
objects, including strings, to fall toward the IR (large z)
direction. However the dilaton gradient produces the op-
posite e↵ect. Specifically, in the background used, the
metric at large z is decreasing as A ⇠ �z2, but the
� contribution cancels this term and causes an increase
A

s

⇠ (1/2) ln(z) at large z. As a result, at some position

1 2 3 4 z

2.5

3.0

3.5

4.0
AsHzL

FIG. 2: The combination A
s

(z) as a function of the holo-
graphic coordinate z (solid) compared to it’s IR (large z)
asymptotics (dashed). It is noticed that A

s

(z) has a minimum
corresponding to the equilibrium scale of the QCD string.

z⇤ there is a minimum of A
s

, see Fig.2. It corresponds
to zero of the derivative

A0
s

(z⇤) = 0, z⇤ ⇡ 0.80203 (12)

The simplest falling string example is a string extended
in x direction and falling in z: Xµ = (t, x, 0, 0, Z(t)).
Plugging this into the action, one finds the e↵ective ac-
tion of the problem for Z(t):

Z
dtdxe2As(Z)

p
1 � Ż2 (13)

which generates the equation of motion (EOM):

@
t

 
e2As(Z) Żp

1 � Ż2

!
=
p
1 � Ż2@

z

⇣
e2As(Z)

⌘
(14)

Instead of solving this EOM, for one string, one can use
instead conservation of energy in our time-independent
background. The Hamiltonian for this case is

H = �exp(2A
s

(Z))p
1 � Ż2

(15)

By setting it equal to the energy E, one gets directly the
first derivative of Z.
As usual, motion in general occurs between two turn-

ing points in which the velocity vanishes Ż = 0. When
z = z⇤ and the energy corresponds to the minimum, the
string simply “levitates” without motion at this point.
The holographic image of this stationary string, calcu-
lated by standard rules, generates some stress tensor
Tµ⌫(x) distribution, with Minkowski indices µ, ⌫ = 0..3,
describing a static QCD string. The integral

R
d3xT 00(x)

per unit length in x is known as the QCD string tension
T
s

= (420MeV )2. Rather than predicting it, one can
use it to fix the fundamental string tension T

f

.

A holographic image of the bulk string  
is the QCD string
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demonstrating quite directly that in N=4 at strong cou-
pling there should be no jets, even in e+e�annihilation
into quarks.

Consequently, suppose one can describe a set of falling
strings in AdS5 (say, a “strongly coupled glasma”). If the
endpoints are separated by a very large rapidity interval
(say ⇠ �y=15 at the LHC), one would expect for the
falling strings similar huge rapidities of the transverse
flow.

This does not happen in the real world, for the reason
that only the high T (or QGP) phase of QCD is (approx-
imately) conformal, modeled by the AdS/CFT duality.
Yet when the temperature falls to that of the decon-
finement transition T

c

, the system’s behavior changes.
Confinement sets in, quarks and gluons are reorganized
into hadrons, and the resulting hadronic system soon un-
dergoes the so-called freezeout. This is where a transi-
tion from (theoretically well-based) AdS/CFT duality to
(much less strict) AdS/QCD models is needed. Those use
5D gravity backgrounds which include confinement e↵ect,
by e↵ectively cutting o↵ the IR part of the holographic
space (for a review, see e.g. [? ]). The bulk strings
in such a background reach certain equilibrium positions
and “levitate.” Their hologram at the space boundary
is what one would call the QCD strings. Thus in such
models the forces between quarks gradually change from
Coulomb 1/r at small r to linear V ⇠ r at large r, cor-
responding to confinement.

So far, the AdS/QCD approach has been used to model
the hadronic spectrum as well as thermodynamics of
QCD at finite temperatures. Important recent advances
[11], which are used below, include the back reaction of
the quarks in the Veneziano limit of QCD (also called
V-QCD), in which the number of colors and flavors are
comparable:

N
c

, N
f

! 1 N
f

/N
c

= x = const (4)

Unlike lattice QCD, AdS/QCD is not restricted to Eu-
clidean domain, and thus various time-dependent pro-
cesses can also be studied. This opened a door to stud-
ies of various out-of-equilibrium settings devoted to un-
derstanding of the matter equilibration. Those include
the “equilibration shock wave” or falling membrane [],
Bjorken geometry falling black hole [], collision of infi-
nite walls of matter [], and stationary strong shocks [].

Since the creation of QGP fireball is dual to formation
of a black hole in a bulk, this topic has been addressed in
some of these works, and is the central one of the present
paper as well. We, however, focus instead on smaller sys-
tems such as typical pp or pA collisions, and thus instead
of colliding walls, we discuss a string setting. Looking
for a more amenable geometry, we look at the so called
“spaghetti” phase, in which certain number of parallel
QCD strings is produced and subsequently decay. The
smallest number, originating from a single Pomeron or
color exchange, is 2 strings, connected to leading quarks
(diquarks).

It has been argued in [4] that when the number of
strings in “spaghetti” gets large enough, mutual attrac-
tion between them gets large enough to induce collapse
and the collectivization of their fields. It has been argued
that it should happen for the largest number in observed
high multiplicity pA events, in which perhaps 40 or so
strings are produced.
In this paper we study the same scenario, but in a

holographic setting.

TABLE I: default

�
tot

� = exp(�) dilaton

A (6) conformal factor of the metric

A
s

A+ 2
3� string conformal factor

T tachyon q̄q scalar

� �
tot

= �+ � dilaton fluctuation

s T = ⌧ + s tachyon fluctuation

 �g
MN

= 2 ⇤ ⌘
MN

conformal fluctuation

⇣  � A

0

�0 � scalar glueballs

⇠  � A

0

⌧

0 s scalar mesons

II. THE SETTING

A. The background

The background and fields are defined in papers by
Kiritsis et al. [6, 7]. The specific calculation we follow
includes back reaction of the quarks in V-QCD with Po-
tential I [11].
The action for gravity and the dilaton � is

S = M3N2
c

Z
d5x

p
�g[R � 4

3
gµ⌫@

µ

�@
⌫

�+ V (�)] (5)

The overall setting includes background with a (con-
formal) gravity metric of the form

g
µ⌫

= exp(2A(z))[dz2 + ⌘
ij

dxidxj ] (6)

where ⌘
ij

= diag(�,+,+,+) is the Minkowski metric.
The t’ Hooft � coupling is directly related to the dila-

ton: � = exp(�).
The UV expansions of the background fields are such

that they reproduce the perturbative running of the t’
Hooft coupling.

A(z) = � log
z

`
+

4

9 log(z⇤
UV

)
, �(z) = � 8

9V1 log(z⇤
UV

)
,

(7)

where ` is the AdS radius and ⇤
UV

is the characteristic
scale of the theory that corresponds to the QCD strong
coupling scale.
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can only follow evolution of those as x = N
f

/N
c

changes.
However if the mixing remains relatively weak, such dis-
tinction remains meaningful and can help to understand
what is happening, in particular in the small-magnitude
of the string-string interactions we focus on in this work.

With such motivation, we have studied the mixing phe-
nomenon in significant detail. The excitation equations
were derived in [11], Eqs.(A100,A101), for two gauge in-
variant combinations of scalars. We use them in the fol-
lowing form, of two coupled equations

⇣ 00 + k̃(A) ⇣ 0 + p̃(A) ⇠0 + z0(A)2 m2⇣ + Ñ1(A) (⇣ � ⇠) = 0 ,
(19)

⇠00 + q̃(A) ⇣ 0 + ñ(A) ⇠0 + t̃(A)m2⇠ + Ñ2(A) (⇠ � ⇣) = 0 ,
(20)

where the variable used is A instead of the usual AdS
coordinate z and the derivatives are with respect to A.
The reason for this choice is that the numerical calcu-
lations close to the AdS boundary become substantially
more accurate. The coe�cients in equations (19) and
(20) are, expressed in the A coordinate:

k̃(A) =

✓
k(z(A))z0(A) � z00(A)

z0(A)2

◆
, p̃(A) = p(z(A))z0(A) ,

(21)

ñ(A) =

✓
n(z(A))z0(A) � z00(A)

z0(A)2

◆
, q̃ = q(z(A))z0(A) ,

(22)

Ñ1(A) = N1(z(A))z0(A)2, Ñ2(A) = N2(z(A))z0(A)2,
(23)

t̃(A) = t(z(A))z0(A)2 , (24)

where the original coe�cients (without the tildes) are
given by the lengthy expressions in [11], Eqs (A.102 -
A.107). We will not copy them here, but just comment
that all parameters of those coe�cients are fixed by the
Lagrangian, and so, even with all the complexity of ex-
pressions, everything is fully determined. Normalizable
solutions, both in IR and UV, provide the scalar masses
that we already discussed above.

We defined a set of “zeroth order” states ⇣
(0)
n

, ⇠
(0)
n

as
the eigenfunctions of the Hamiltonian without mixing

H(0) =

 
H

⇣

0

0 H
⇠

!
(25)

The eigenvalues are “unmixed masses squared” m
(0) 2
n

and

H
⇣

= �w
⇣

(A)

z0(A)2

✓
d2

dA2
+ k̃(A)

d

dA
+ Ñ1(A)

◆
, (26)

H
⇠

= �w
⇠

(A)

t̃(A)

✓
d2

dA2
+ ñ(A)

d

dA
+ Ñ2(A)

◆
, (27)

Ê Ê Ê Ê Ê‡ ‡Ï Ï Ï

Coupled System Eigenvalues

Decoupled Gluon Eignvalues

Decoupled Meson Eigenvalues

1 2 3 4 5
m
LUV

-4

-2

0

2

Eigenmasses

FIG. 3: The determinant of the UV boundary value of two
linearly independent solutions of the scalar fluctuation equa-
tions, versus the mass parameter in ⇤

UV

units. It’s five zeros
(red points) indicate the normalizable solutions and the cor-
responding masses are those of the lowest five scalars. Two
other curves correspond to unmixed equations as explained in
the text.

The normalization weight for each is found by standard
elimination of the first derivative – the Schrödinger form–
in each equation separately, and all of those states are
subsequently normalized to the unit norm. Hence, we
have defined

w
⇣

(A) = z0(A)2e
R
k̃(A) , w

⇠

(A) = t̃(A)2e
R
ñ(A) . (28)

In Fig.3, we show the UV behavior of the non-
normalizable solution as a function of mass squared. Ze-
ros correspond to the normalizable solutions, or eigenval-
ues. The curve with closed circles corresponds to fully-
coupled system, giving the “mixed mass squared”, while
two other curves are for uncoupled equations. The les-
son from this plot is that each mixed state is close (in its
mass) to one of the unmixed states we use as a basis; this
was our early indication that mixing e↵ects are, in some
sense, small. Looking at the Fig. 3 more attentively, one
finds an expected pattern of repulsive mass levels due
to to mixing: close pairs of states move away from each
other, the lowest state moves lower, etc.
To make it quantitative we proceed by defining the

mixing part of the Hamiltonian

V =

 
0 V

⇠

V
⇣

0

!
(29)

where

V
⇣

= �w
⇣

(A)

z0(A)2

✓
p̃(A)

d

dA
� Ñ1(A)

◆

V
⇠

= �w
⇠

(A)

t̃(A)2

✓
q̃(A)

d

dA
� Ñ2(A)

◆
(30)
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Near the levitation point one can approximate the mo-
tion by a harmonic oscillation with the frequency

!⇤ = [2A00
s

(z⇤)]
1/2 (16)

However, because the potential is quite asymmetric, the
validity of such harmonic approximation is rather lim-
ited. In general, oscillations toward large z – the IR –
take longer time and reach higher values of z, as com-
pared to motion in the UV direction.

Let us now return to the discussion of the holographic
image of the string on the boundary. Standard rules re-
quire calculation of the bulk-to-boundary propagators for
all bulk fields, which source the operators of the gauge
theory. One of them – the metric g

µ⌫

– sources the stress
tensor Tµ⌫ mentioned above. The characteristic scale
of the string energy distribution in transverse plane is
given by the mass of the corresponding mode, known
as the tensor glueball M(2++) ⇡ 2 GeV. This (rather
high) scale defines the scale of the QCD string width
�y ⇠ 1/M(2++) ⇡ 0.1 fm.

Flavorless scalars source quark bilinear operator q̄q,
related to modification of the quark condensate in the
QCD vacuum by the string. The lowest scalar meson in
QCD is much lighter than the tensor glueball M(0++) =
m

�

⇡ 0.4 GeV, and thus it produce much wider image.
This field will play prominent role in what follows.

III. THE SCALAR MESONS

A. Phenomenology

Before we turn to our model calculations, let us for
completeness present a brief summary of the relevant
hadronic spectroscopy. The scalar flavor-singlet sector
of hadronic spectroscopy we need to address is one of
the most complicated ones; its detailed discussion can
be found in publications of Particle Data Group and the
vast literature on which it is based.

The scalar meson channel includes one light state,
known as the � meson or f0(600) in current PDG
naming. Multiple complex fits put its location around
M + i�/2 ⇡ (400� 600) + i(200� 300) MeV, but with a
large spread. It is followed by a group of relatively close
states f0(1370), f0(1500), and f0(1710). In general, all of
them are expected to be a mixture of close ūu + d̄d, s̄s
and the lowest glueball states. A number of arguments
– narrow width, di↵ractive production, and absence in
�� production channel – indicate that the middle state
f0(1500) is mostly comprised of the glueball. Splitting of
f0(1370), f0(1710) is comparable to 2m

s

and their decay
channel suggest that the upper state is predominantly a
strange s̄s meson.

The chiral symmetry breaking phenomenon is strongly
related with the existence of the light scalar meson
� � f0(600). The standard form of its interaction with
quarks vacuum, �q̄q, shows that the vacuum expectation

value (VEV) h�i is – up to a sign – nothing else but the
“constituent quark mass.” Partial or full cancellation of
this VEV implies local restoration of chiral symmetry.

B. Scalar masses in AdS/QCD

It is crucial to our project to include the back reac-
tions of the quarks on the gluonic observables, or use the
Veneziano limit (also called V-QCD). Fortunately such
calculations has been recently done in [11]. The calcu-
lation starts in the IR from in falling boundary condi-
tion, and then proceed toward the UV end, the boundary.
Mass values which cause “bad” (non-normalizable) solu-
tions to vanish there provide the spectrum of the model.
The masses of the lowest five modes in the scalar channel
can be read o↵ our Fig. 3.
As seen from this plot, and previously shown in Fig.7

(left) of [11], at physically relevant flavor parameter
x = N

f

/N
c

⇡ 1 the lowest non-flavored scalar is indeed
significantly lighter than the others. Fig.8 (left) puts its
mass to about half of the ⇢ meson mass and in the phe-
nomenologically expected ⇠ 400 MeV range.
Next come a close pair of the second and third states,

with mass ratios to the first one m3/m1 ⇡ 2.6. Since in
the calculation the strange quark is as light as u, d, there
should not be a separate f0(1710) state, and this pair
can be identified with a close pair f0(1370), f0(1500); at
x = N

f

/N
c

= 1 their splitting is also correct. Di↵erent
x-dependence of the third state from others hints that it
is indeed mostly a glueball, but this feature is not robust,
as it depends on the details of the potential.
The five lowest masses in units of the UV scale of the

model are

m1

⇤
UV

= 1.53 ,
m2

⇤
UV

= 3.54 ,
m3

⇤
UV

= 3.94 ,

m4

⇤
UV

= 4.86 ,
m5

⇤
UV

= 5.45 (17)

Selecting the numerical value of ⇤
UV

from the second
and third state masses, which are narrow and therefore
well mapped to phenomenology, we fix the absolute units
in our model to be

⇤
UV

= 387MeV, m
�

= 592MeV (18)

C. Study of state mixing

In the language of QCD there are two kind of un-
flavored hadrons: those made of glue – glueballs, and
mesons (q̄q). In the string language those are, re-
spectively, made from closed and open strings. In the
AdS/QCD models those originate from fluctuations of
gravity-dilaton or quark-related branes.
In any of those pictures, states with identical quantum

numbers can mix, and when the mixing is strong the
original designation of states loses its meaning, and one

the bottom-line is that the model does a very good job  
even on the most complicated part of hadronic spectroscopy:  

the 0++scalars and their mixing

so a string has 2 holograms:  
thin, via glueballs, and thick via sigma meson
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summary
• “small system” show collective flow, with magnitude even 

stronger than in central AA, via femtoscopy and spectra of 
k,p,Lambda’s  !

• this may only happen if they start their life being very small (1/
q=0.7-1 fm)!

•  for pA: we know the size, it is supposed to be a multi string 
“spaghetti” (=> small hydro flow) 

• unless multi string “spaghetti” collapses. We now see it 
holographically to happen 

• the high multiplicity pp starts very small and dense: glasma? 



outline
!

• small system femtoscopy: why are they different from AA? (yes, they are 
more explosive) 

• high multiplicity pp and HBT radii: the flow => initial size (paper with Yuji 
Hirono, see his talk later) 

• spectra of identified secondaries and flow (paper with Tigran Kalaydzhyan) !

• what do fluctuations/harmonics tell us about the initial state? 

• pA:  “spaghetti collapse” => sQGP explosion (paper with Tigran 
Kalaydzhyan) 

•  how the ``fundamental strings” in AdS/QCD models generate  the QCD string 
dynamics (paper with Ioannis Iatrakis, Adith Ramamurti )
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Disclaimer

Only high transverse momentum, k⊥ > 3 GeV, corresponding to
small resolution scale for conjugate variable r⊥ < .07 fm.
Recent ATLAS results: anisotropy persists up to k⊥ ≈ 10 GeV.

Imperative to apply short-scale QCD dynamics.

Dilute-dense limit (relevant for pA collisions). Scattering of
projectile (p) partons off target (A).
No comparison to experiment:
we are not there yet and without transparent microscopical
computations there is no point to try to describe data.

– Our computations are for large |~k|⊥
– No correlation with low |~k|⊥
– No normalization by the total number of particles.
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Outline

Motivation: Azimuthal asymmetry from connected diagrams in
dilute-dense limit and high order cumulants; v2{4} ≈ v2{6} ≈ v2{8}?

Single-particle azimuthal asymmetry from initial state

Azimuthal anisotropy in MV model: numerical results

JIMWLK evolution: fate of anisotropy at small x

A more realistic approach by T. Lappi

Conclusions
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Scattering cross section for dilute-dense limit I

Goal: to find v2{n} in dilute-dense limit at high k⊥
In eikonal approximation, parton propagation is described
by light-like Wilson line V(~x) = P exp

(
ig

∫
dx−A+(x−,~x)

)
Boosted field of target (A)

projectile 
parton

S-matrix in momentum space: 〈S1(~k⊥)〉 = 1
dR

〈
trRV(~k⊥)V†(~k⊥)

〉
or can be

obtained from
〈S1(~k⊥)〉 =

∫
d2b d2r ei~r⊥~k⊥ S1(~x⊥,~y⊥),

where ~x⊥ = ~b⊥ +~r⊥/2 and ~y⊥ = ~b⊥ −~r⊥/2 and
〈S1〉 = 1

dR

〈
trRV(~x⊥)V†(~y⊥)

〉
; k⊥ ∝ 1/r⊥; ~r⊥ = ~x⊥ − ~y⊥

dR is dimension of representation R

SA(~r) =
N2

c |SF(~r)|2 − 1
N2

c − 1

SF(~r) can be complex, while SA(~r) is real.
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Scattering cross section for dilute-dense limit II

Scattering to high transverse momentum corresponds to small |~r | ∝ 1/k⊥ .
Gradient expansion of vector potential A+(x−,~x) gives (fundamental
representation only)

〈S1(~r, ~b)〉 − 1 =

〈
(ig)2

2Nc
tr

(
~r · ~E(~b)

)2
+

1
2

[
(ig)2

2Nc
tr

(
~r · ~E(~b)

)2
]2

+ O(r6)
〉

Light-cone electric field of target in covariant gauge
Ei(~b) =

∫
dx−F+i = −∂i

∫
dx−A+(x−, ~b).

For m-quarks (only leading order is shown)

〈Sm〉 − 1 =

(
(ig)2

2Nc

)m 〈
tr(~r1,⊥~E1)2tr(~r2,⊥~E2)2 · · · tr(~rm,⊥~Em)2

〉
; ~Ei = ~E(~bi,⊥)

By knowing 〈~E(~b1)~E( ~b2)〉, one can compute Sm, cumulants, cn{m} and harmonics
vn{m} of azimuthal anisotropy.
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Scattering cross section for dilute-dense limit III

Event averaging corresponds to averaging over target
ensemble 〈~E(~b1)~E(~b2)〉.

In McLerran-Venugopalan model

g2

Nc
〈Ea

i (~b1)Eb
j (~b2)〉 =

1
N2

c − 1
δabδij Q2

s ∆(~b1 − ~b2)
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Cumualnts of azimuthal anisotropy I

Cumulants of azimuthal anisotropy can be readily computed. Cumulants are
defined in such a way as to cancel disconnected pieces not associated with single
particle azimuthal anisotropy. For example

cn{4} = 〈ein(φ1+φ2−φ3−φ4)〉conn = 〈ein(φ1+φ2−φ3−φ4)〉 − 2〈ein(φ1−φ3)〉2

.
In field theory, this corresponds to considering fully connected diagrams only

Connected graph
1

2

Disconnected graph
1

2

V. S. 1412.5191
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Cumualnts of azimuthal anisotropy II

There are (2m − 2)!! ways to contract Sm(~r1, ~b1, . . . ,~rm, ~bm) in fully connected way:

〈Sm(~r1, ~b1, . . . ,~rm, ~bm) − 1〉conn. =

(
−Q2

s

4

)m 1
(N2

c − 1)m−1

∆(~b1 − ~b2)∆(~b2 − ~b1) · · ·∆(~bm−1 − ~bm)∆(~bm − ~b1)

(~r1~r2)(~r2~r3) · · · (~rm−1~rm)(~rm~r1) + permutations.

Averaging with respect to impact parameters (for Gaussian ∆(~b)):

〈Sm(~r1, . . . ,~rm) − 1〉conn. =

(
−Q2

s

4

)m 1
(N2

c − 1)m−1

ξm−1

m
(~r1~r2)(~r2~r3) · · · (~rm−1~rm)(~rm~r1) + permutations.

ξ = Sc/Sp = 1/ND.

In large Nc, normalization of angular averages is defined by disconnected contribution

〈Sm(~r1, . . . ,~rm) − 1〉disc. ≈

(
−

Q2
s

4

)m m∏
i=1

r2
i .

V. S. 1412.5191
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Cumualnts of azimuthal anisotropy III

• Not all (2m − 2)!! terms contribute to cumulants. m!!(m − 2)!! nonzero terms are defined by
all possible contractions of terms entering with opposite signs before φ’s in
e2i(φ1+φ2+···+φn−φn+1−φn+2−···−φ2n).
• For 4 particles, e2i(φ1+φ2−φ3−φ4)

Graph that does not contribute

2

1

3

4

∝ (~r1~r3)(~r2~r4)(~r1~r2)(~r3~r4)

Graph that does contribute

2

1

3

4

∝ (~r1~r3)(~r1~r4)(~r2~r3)(~r2~r4)
V. S. 1412.5191
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c2{m} from connected diagrams

Final result

c2{m} =
m!!(m − 2)!!

m 2m

(
ξ

N2
c − 1

)m−1

Suppressed by powers of 1/N2
c and ξ = Sc/Sp.

c2{m} are manifestly positive for any m.

Same result remains true for adjoint representation
(Casimir operators cancel in normalized observables).
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v2{m} from connected diagrams I

Harmonics are related to cumulants. Relation of flow coefficients to cumulants
(see N. Borghini, P. M. Dinh and J. Y. Ollitrault 0105040)

v2k
2 {2k} = (−1)k+1 × (Numerical coefficient) × c2{m = 2k} = κ2kc2{m = 2k}

First few κ2m (also in the talk by Jiangyong Jia ”a2m”):

Order, 2m 2 4 6 8 10 12 14
1/κ2m 1 -1 −4 33 −456 9460 −274800

Idea behind these numbers: if we have dominating single particle azimuthal
anisotropy v2{1} then

vm
2 {m} = vm

2 {1} + corrections

Purpose for hydrodynamics: extract genuine v2{1} and suppress “non-flow”.
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v2{m} from connected diagrams II

Skipping the details (see Appendix of V. S. 1412.5191)

κ2m =
v2m

n {2m}
cn{2m}

= (−1)m+1

m!(m − 1)!
∞∑

k=1

(
2

j0,k

)2m−1

.

At large orders the sum can be approximated by the first term.
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v2{m} from connected diagrams III

Harmonics:

(v2{m})m =
(−1)

m
2 +1

mβm

(
ξ

N2
c − 1

)m−1

; βm = 2
∞∑

k=1

(
2

j0,k

)m

≈ 2
(

2
j0,1

)m

Explicitly for second and fourth order:

v2
2{2} =

1
4

ξ

N2
c − 1

; v4
2{4} = −

1
4

(
ξ

N2
c − 1

)3

v2{4} is complex!
m→ ∞:

lim
m→∞

|v2{m}| =
ξ

N2
c − 1

j0,1
2

; j0,1 = 2.40483

(similar to LYZ, see talk by Nicolas Borghini)
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v2{m} from connected diagrams: illustration

Connected graphs only

ξ=1
2

real
complex|v

co
n

2
{m

}(|
k→

T|
≫

Q
s)|

0

0.05

0.10

0.15

m
2 6 10 14 18 22 26 30

V. S. 1412.5191

A. Dumitru, L. McLerran, V. S. 1410.4844

Hierarchy of |v2{m}|.
Complex v2{4k}, k ∈ Z;
including v2{4} and v2{8}
Experiment: high multiplicity pA
c2{4} < 0{ v2{4} ∈ R
Theory: connected graph only
c2{4} > 0{ v2{4} ∈ C
In order to describe high k⊥ with IS
effects, one needs disconnected graphs
with azimuthal anisotropy
I believe that similar conclusion is valid
for dense-dense limit and “glasma”
graph

• A hydro practitioner: “non-flow”. However, very different from conventional
non-flow contributions (i.e. resonance decay): long-range in rapidity, approximate
equality of high order harmonics |v2{m}|.
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Single particle anisotropy

Kovner&Lublinsky: Re Sρ − 1 =
(ig)2

2Nc
tr(~r~E)2; If projectile partons scatter off same

electric field, they pick up same transverse momentum (independent on rapidity of
partons). E plays similar role to Q in Miklos Gyulassy talk?!
To take this into account, let modify E − E correlator:

g2

2Nc

〈
tr Ei(~b1⊥)Ej(~b2⊥)

〉
=

1
4

Q2
s ∆(~b1⊥ − ~b2⊥)

(
δij + 2A

(
âiâj −

1
2
δij

))
Angular distribution for scattering of single quark, for fixed â.(

1
π

dN
dk2

)−1 dN
d2k

= 1 − 2A + 4A (k̂ · â)2 .

Consequently, elliptic harmonic of single-particle distribution: v2 ≡
〈
e2i(φk−φa)

〉
â

= A .

Repeating calculations, see details in †:

v2
2{2} = c2{2} = ξ

(
A2 +

1
4(N2

c − 1)

)
v4

2{4} = −c2{4} = ξ3
(
A4 −

1
4(N2

c − 1)3

)
Factors of ξ = 1/ND: partons scatter off

domain with same ~E orientation.
c2{2}: change of regime whenA ∼ 1/Nc

c2{4}: change of regime whenA ∼ 1/N3/2
c

A. Kovner, M. Lublinsky,1109.0347, 1211.1928; A. Dumitru, A. Giannini 1406.5781
† A. Dumitru, L. McLerran, V.S. 1410.4844; A. Dumitru, V. S. 1411.6630
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Single particle anisotropy

| < 1)
lab

(|chN
0 50 100 150 200

{4
}

2c

-0.01

0

0.01

0.02

0.03
-310×

Charge independent: zoomed in
c < 3.0 GeV/

T
p0.2 < 

 = 5.02 TeVNNsALICE p-Pb 

ALICE Coll. 1406.2474

similar by CMS Coll 1305.0609

c2{4} = −ξ3
(
A4 − 1

4(N2
c−1)3

)
Interpretation in terms of IS:

Nch < 60: dominated by connected
contribution to c2{4}
Nch > 60: dominated by single particle
disconnected contribution to c2{4}
Warning: current result cannot be
directly compared to experimental data
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Single particle anisotropy: illustration of hierarchy

In general it is difficult to derive general expression for v2{m}.
Limiting cases are easy:

• Connected graphs dominate:

(v2{m})m =
(−1)

m
2 +1

mβm

(
ξ

N2
c − 1

)m−1

;

Connected graphs only

ξ=1
2

real
complex|v

co
n

2
{m

}(|
k→

T|
≫

Q
s)|

0

0.05

0.10

0.15

m
2 6 10 14 18 22 26 30

• A(single particle anisotropy) dominates:

v2{m} = ξ1−1/mA; at large m v2{m} = ξA

Disconnected graphs only

ξ=1
2

vdi
sc

on
2

{m
}(|

k→
T|

≫
Q

s)

0

0.05

0.10

0.15

m
2 6 10 14 18 22 26 30

Probability distribution?! Can be reconstructed from the cumulants.
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MV model for high energy

Large-x valence partons are modeled by random, recoilless color charges ρa(~x⊥) creating
semi-classical small-x gluon fields Aa(~x⊥).

Gaussian distribution of sources

Seff[ρa] =

∫
dx−d2x⊥

ρa(x−,~x⊥) ρa(x−,~x⊥)
2µ2

Weizsäcker-Williams fields:

Aµa(x−,~x⊥) = −δµ+ g
∇2
⊥

ρa(x−,~x⊥) .

Propagation of fundamental charge in this field

V(~x⊥) = P exp
{
−ig

∫
dx−taA+a(x−,~x⊥)

}
S-matrix for scattering charge off given target field configuration

Sρ(~r⊥, ~b⊥) ≡
1

Nc
trV†(~x⊥) V(~y⊥), ~r⊥ ≡ ~x⊥ − ~y⊥ , 2~b⊥ ≡ ~x⊥ + ~y⊥

Details on numerical implementation:
A. Dumitru, V. S. 1411.6630

T. Lappi 0711.3039
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Single configuration I

Normalization 1/r2 mimics LO of
isotropic part of cross-section

Real part is dominated by cos 2φr

Imaginary part is dominated by cos φr

A. Dumitru, V. S. 1411.6630
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Single configuration II

Higher orders are seen in real part Imaginary part is dominated by cos 3φr

A. Dumitru, V. S. 1411.6630
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Amplitudes: definition

Goal is to extract amplitudes of azimuthal anisotropy
In each event Fourier decomposition is performed:

1 − Re Sρ(~r⊥) ≡ Dρ(~r⊥) = N(r⊥)

1 +

∞∑
n=1

A′2n(r⊥) cos(2nφr)


Im Sρ(~r⊥) = N(r⊥)

∞∑
n=0

A′2n+1(r⊥) cos((2n + 1)φr)

To cancel trivial random phase:

An(r⊥) =
π

2
|A′2n(r⊥) |

Results are presented in terms of Qs defined by
〈
Sρ

〉
(rs =

√
2/Qs)

!
= e−1/2

A. Dumitru, V. S. 1411.6630
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Amplitudes: even harmonics

〈A2 〉
〈δA2

2 〉1/2

〈A4 〉
fit to 〈A2 〉

0.05

0.10

0.15

0.20

r QS
0 0.5 1.0 1.5 2.0 2.5

Largest amplitude: 〈A2〉

Finite 〈A2〉 at r → 0; 〈A2〉 is
approximately constant for r < 1/Qs

〈δA2
2〉

1/2 is comparable to 〈A2〉:
fluctuations are rather high
〈A4〉 is significantly smaller
Fit of 〈A2〉 motivated by hg

1 of distribution
of linearly polarized gluons (for an
unpolarized target) introduced in TMD
factorization

δijf g
1 (x,~k2) +

(
k̂ik̂j −

1
2
δij

)
h⊥g

1 (x,~k2) .

In MV (A. Metz and J. Zhou, 1105.1991):

h⊥g
1 (x,~r2) ∝

1
r2Q2

s

[
1 − exp

(
−

r2Q2
s

4

)]
A. Dumitru, V. S. 1411.6630
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Fluctuations of A2

r Qs = 0.55
P(

A
2)

0

0.02

0.04

0.06

0.08

0.10

A2
0 0.1 0.2 0.3 0.4

A. Dumitru, V. S. 1411.6630
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Amplitudes: odd harmonics

〈A1 〉
〈δA2

1 〉1/2

〈A3 〉
0

0.02

0.04

0.06

0.08

0.10

r QS
0 0.5 1.0 1.5 2.0 2.5

Expectation value of Im Sρ is 0
However, odd harmonics are
non-zero!
At small r, 〈A1〉 and 〈A3〉 approach
zero, as expected from analytic
arguments
(A. Dumitru and A. Giannini, 1406.5781)

Im Sρ ∝ αsr3 cos φr

A. Dumitru, V. S. 1411.6630
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Amplitudes: large r

〈A2 〉
〈A4 〉
〈A1 〉
〈A3 〉
fit to 〈A2 〉

0

0.05

0.10

0.15

0.20

r QS
0 2 4 6 8 10 12 14

Fit breaks down at large r > 3Qs:
analytical derivation involves adhoc
IR cut-offs introduced arbitrary
Amplitudes approach common
non-zero function at large r:
expected universal scale invariance of
fluctuations of azimuthal dependence
of S-matrix

A. Dumitru, V. S. 1411.6630
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Amplitudes: averaging over finite ~b⊥

Dρ(~r⊥, ~b⊥) =

∫
d2~b′⊥
πr2
⊥

Θ
(
r⊥ − |~b⊥ − ~b′⊥|

)
Dρ(~r⊥, ~b⊥)

〈A2 〉
〈δA2

2 〉1/2

〈A4 〉

b
→

-averaged

0

0.05

0.10

0.15

0.20

r QS
0 0.5 1.0 1.5 2.0 2.5

〈A1 〉
〈δA2

1 〉1/2

〈A3 〉

b
→

-averaged

0

0.02

0.04

0.06

0.08

r QS
0 0.5 1.0 1.5 2.0 2.5

A. Dumitru, V. S. 1411.6630
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Amplitudes: averaging over finite ~b⊥

〈A2 〉
〈A4 〉
〈A1 〉
〈A3 〉

b
→

-averaged

0

0.05

0.10

0.15

0.20

r QS
0 2 4 6 8 10 12 14

〈A2 〉
〈A4 〉
〈A1 〉
〈A3 〉
fit to 〈A2 〉

0

0.05

0.10

0.15

0.20

r QS
0 2 4 6 8 10 12 14

A. Dumitru, V. S. 1411.6630
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BeyondMV

Beyond MV: inclusion of quantum fluctuations.
Previous “mean-field” BK studies
showed that azimuthal anisotropy decreases exponentially in Y .
See A. Kovner & M. Lublinsky 1211.1928.
• Anisotropic initial conditions 1 − S ∝ e−1/4Q2

Sr2(1+# cos(2φ))

• BK equation assuming uniform distribution in impact parameter space

∂YN(~r) =
CFα(r2)

2π

∫
d2~r1K(~r,~r1)

(
N(~r1) + N(~r2) − N(~r) − N(~r1)N(~r2)

)
• In this particular set up I was able to reproduce their conclusion: azimuthal
anisotropy decays very fast with Y = ln(x0/x).
• Crucial assumption: uniformity in impact parameter space
• Even at level of initial condition (given by MV model), azimuthal anisotropy
of S(~r, ~b) arises due to fluctuations of soft fields in transverse impact parameter
plane.

JIMWLK equation with both ~r and ~b.
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JIMWLK I

Evolution over a step ∆Y in rapidity opens up phase space for radiation of gluons and
modifies classical action. This is taken into account by functional renormalization
group equation, JIMWLK.
In terms of `random walk” in space of Wilson lines
(see e.g. T. Lappi and H. Mäntysaari, 1212.4825 ):

Y=0
Y=0.5
Y=1
Y=3
Y=5

〈A2〉

〈A4〉

0

0.05

0.10

0.15

0.20

0.25

r QS(Y)
1 10

Y=0
Y=1
Y=3
Y=5

〈A1〉

〈A3〉

0

0.02

0.04

0.06

0.08

0.10

r QS(Y)
1 10

A. Dumitru, V. S. 1411.6630
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JIMWLK II

Thick lines: Calculations are performed following the experimental analysis
(including correlations between soft and high k⊥ particles)
Thin lines: only high k⊥

0 1 2 3 4 5
p

T
 / Q

s

0
0.

1
0.

2
v 2

JIMWLK Q
s
√Β = 1.8

Q
s
√Β = 2.6

Q
s
√Β = 3.9

0 1 2 3 4 5
p

T
 / Q

s

0
0.

05
0.

1
0.

15
v 4

JIMWLK Q
s
√Β = 1.8

Q
s
√Β = 2.6

Q
s
√Β = 3.9

B is a typical size of a proton in hard particle production at small x.

T. Lappi arXiv:1501.05505
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Odd harmonics

Single particle anisotropy:
•[A] for fundamental representation SF has odd harmonics, e.g. cos(3φ);
•[B] for adjoint representation SA is manifestly real and thus can have only even
harmonics (SA)
Two particle azimuthal anisotropy: [A] does not help much if there is an
approximate quark—anti-quark symmetry of projectile wave function at small x.
Indeed, two particle correlation function summed over qq, qq̄, q̄q and q̄q̄
channels is C-even

S2 ∝
(

tr V†(~x1) V(~y1) + tr V(~x1) V†(~y1)
) (

tr V†(~x2) V(~y2) + tr V(~x2) V†(~y2)
)

is real, and so has even cumulants only.
Obtaining non-zero c1{2} and c3{2} may require to account for (at least) one
additional soft rescattering of (anti-) quarks besides their hard scattering from
target shockwave.
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Conclusions

Neglecting initial state one-particle azimuthal anisotropy: complex v2{4}

Initial state one-particle azimuthal anisotropy is present due to fluctuating
valence quarks. This disconnected contribution to c2{4} results in real v2{4}

MV model:

even amplitudes 〈A2〉 and 〈A4〉 of azimuthal anisotropy are approximately
constant for k⊥ > Qs (r⊥ < 1/Qs);

odd amplitudes 〈A1〉 and 〈A3〉 approach zero at k⊥ → ∞ (r⊥ → 0)

〈A2(k⊥ ∼ Qs)〉 ≈ 20% 〈A4(k⊥ ∼ Qs)〉 ≈ 4.7%

Small-x evolution does not significantly modify anisotoropy

Does v2{m} has a direct connection to TMD hg
1?!

No multiplicity bias were imposed in our studies.
Gunter Roland: collectivity as “correlated emission of interacting particles”. In
this talk, collectivity is correlated emission of non-interacting particles. Gluon
saturation is essentially multi-particle collective phenomenon.

Vladimir.Skokov@WMIch.edu Azimuthal anisotropy RIKEN/BNL 2015 32 / 32



Meanings	  of	  Ridge	  measurements	  

Fuqiang	  Wang	  
Purdue	  University	  



Outline	  

•  Brief	  introduc<on	  

•  STAR	  data	  (arXiv:1412.8437,	  1502.07652)	  
•  Uncertainty	  principle	  vn?	  (arXiv:1404.4119)	  
•  AMPT	  escape	  anisotropy	  (arXiv:1502.05572)	  

•  Summary/open	  ques<ons	  

3/4/15	   2	  Collec<vity	  in	  Small	  Colliding	  Systems	  -‐-‐	  Fuqiang	  Wang	  



The	  Ridge	  
Two-‐par<cle	  	  

angular	  correla<ons	  

3/4/15	   3	  

Au+Au ridge 

Δφ	


STAR,	  PRC	  80	  (2009)	  

dN/dφ ∼ 1	  +	  2v2cos2(φ-ψ2)	  +	  2v3cos2(φ-ψ3)	  
	  

dN/dΔφ ∼ 1	  +	  2v22cos2Δφ +	  2v32cos2Δφ	  

Collec<vity	  in	  Small	  Colliding	  Systems	  -‐-‐	  Fuqiang	  Wang	  

EllipFc	  flow	  subtracted	   Above	  uniform	  pedestal	  



Ridge	  in	  small	  systems,	  and	  everywhere	  

4	  3/4/15	  

Δη ∼ 3	  

STAR	  dAu	  PHENIX	  dAu	  

STAR	  

Collec<vity	  in	  Small	  Colliding	  Systems	  -‐-‐	  Fuqiang	  Wang	  

AT
LA
S	  

PHENIX	  dAu	  



Careful	  about	  central	  –	  peripheral	  

•  Central	  and	  peripheral	  
jets	  differ	  

•  central	  –	  peripheral	  has	  
caused	  confusions	  

•  Experimentally	  we	  should	  
do	  a	  be`er	  job	  
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Central	  –	  peripheral	  in	  a`empt	  to	  subtract	  jets	  

STAR,	  arXiv:1412.8437,	  accepted	  by	  PLB	  

α≈1.3	  

Collec<vity	  in	  Small	  Colliding	  Systems	  -‐-‐	  Fuqiang	  Wang	  

PHENIX,	  PRL	  111	  (2013)	  



Double	  ridge	  is	  vulnerable	  

Acer	  a	  simple	  “correc<on”	  the	  
double	  ridge	  is	  gone.	  
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Jet	  contaminaFon	  

Cent	  –	  α*peri	  

Cent	  –	  peri	  

Collec<vity	  in	  Small	  Colliding	  Systems	  -‐-‐	  Fuqiang	  Wang	  



Remarks	  
•  With	  peripheral	  subtrac<on,	  jet	  contribu<ons	  may	  be	  reduced,	  but	  results	  

can	  be	  uninterpretable.	  
•  Central	  –	  peripheral	  may	  be	  OK	  at	  LHC	  as	  jet	  residual	  is	  rela<vely	  small	  

with	  the	  large	  event	  mul<plicity.	  

•  Wise	  to	  move	  away	  from	  central	  –	  peripheral,	  including	  PHENIX.	  
•  Go	  to	  large	  Δη,	  so	  near-‐side	  jet	  contribu<on	  is	  minimal.	  

•  Without	  peripheral	  subtrac<on,	  the	  away-‐side	  is	  dominated	  by	  jets.	  But	  
the	  results	  are	  cleaner,	  and	  effect	  of	  jets	  is	  easier	  to	  comprehend.	  
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Long-‐range	  correla<ons	  in	  d+Au	  

•  ZYAM	  uniform	  background	  subtracted	  
•  Near-‐side	  long-‐range	  finite	  ridge,	  

unlikely	  from	  near-‐side	  jet	  
•  Away-‐side	  Au-‐	  vs.	  d-‐side	  behavior	  differ	  

3/4/15	   8	  

Δη ∼ 3	  
PHENIX,	  1404.7461	  

STAR,	  arXiv:1502.07652	  

0	   π	
Δφ	

ZYAM:	  Correlated	  signal	  +	  uncorrelated	  bkgd	  
Fourier	  coefficients:	  All	  par<cles	  are	  correlated	  
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Fourier	  coefficients:	  hydro?	  

•  No	  v2	  difference:	  central	  vs.	  peripheral	  
•  No	  v2	  difference:	  Au-‐going	  vs.	  d-‐going	  
•  These	  features	  are	  not	  normally	  

expected	  in	  hydro	  

3/4/15	   9	  

STAR,	  arXiv:1502.07652	  
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Mul<plicity	  dependence	  

3/4/15	   10	  

•  V2	  nearly	  constant	  over	  mul<plicity:	  
coincident	  compensa<on	  of	  jet	  +	  flow?	  

•  Hydro	  gives	  same	  v2	  over	  mul<plicity?	  

Centrality	  by	  BBC	  
same	  η	  range	  as	  signal	  

x2	  

Centrality	  by	  ZDC	  
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Or	  something	  else?	  

•  The	  ridge	  does	  not	  scale	  with	  
ZYAM	  (underlying	  background):	  
Fourier	  coefficients	  decrease	  
dras<cally	  (x5)	  with	  Δη	  	  

•  But,	  the	  ridge	  is	  propor<onal	  to	  
the	  away-‐side	  jet	  at	  given	  Δη	  

•  Is	  ridge	  somehow	  related	  to	  jet?	  

•  Color	  reconnec<on	  between	  
beam	  jet	  and	  midrapidity	  jet?	  
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Remarks	  
•  Central	  vs.	  peripheral	  comparison	  is	  complex:	  	  

–  on	  Au-‐going	  side,	  central	  >	  peripheral	  on	  away	  side,	  but	  
–  on	  d-‐going	  side,	  central	  <	  peripheral.	  	  
It	  must	  have	  something	  to	  do	  with	  the	  underlying	  partonic	  kinema<cs.	  

•  And	  yet,	  V2’s	  are	  similar	  between	  Au-‐	  and	  d-‐side,	  unexpected	  from	  hydro.	  

•  V2	  is	  rela<vely	  insensi<ve	  to	  mul<plicity.	  	  
If	  peripheral	  V2	  is	  completely	  from	  jets,	  it	  will	  be	  reduced	  by	  mul<plicity.	  
Non-‐jet	  components	  coincidentally	  compensate	  the	  reduced	  jet	  effect?	  

•  Can	  it	  be	  possible	  that	  there	  is	  a	  2nd	  order	  harmonic	  in	  all	  pairs	  from	  
peripheral	  to	  central?	  
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Excitement	  is	  the	  possibility	  of	  hydro	  or	  CGC	  
in	  small	  systems	  

•  Hydro	  is	  classical	  
•  Is	  hydro	  applicable	  to	  such	  

small	  systems?	  
•  Mean	  free	  path	  may	  be	  small	  

rela<ve	  to	  the	  size,	  ~	  fm?	  
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Why	  should	  classical	  physics	  work?	  
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1	  fm	  

Single	  state	  anisotropy	  



15	  

Ini<al	  v2	  from	  Quantum	  Mechanics	  
D.	  Molnar,	  FW,	  and	  C.H.	  Greene,	  arXiv:1404.4119	  

Typical	  Au+Au	  collisions	  

Collec<vity	  in	  Small	  Colliding	  Systems	  -‐-‐	  Fuqiang	  Wang	  3/4/15	  

Thermal	  weigh<ng	  of	  all	  states	  



AMPT	  can	  describe	  the	  ridge	  too…	  
•  AMPT:	  A	  Mul<-‐Phase	  Transport	  (string	  mel<ng	  turned	  on)	  
•  Partons	  (quarks)	  liberated	  from	  nucleons	  and	  strings	  
•  Parton	  cascading:	  elas<c	  sca`ering	  with	  3	  mb	  cross-‐sec<on	  
•  Partons	  cease	  to	  interact:	  freeze-‐out,	  coalescence	  into	  hadrons	  

3/4/15	   16	  

A.	  Bzdak,	  G.L.	  Ma,	  PRL	  113,	  252301	  (2014)	  
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Parton	  cascade	  history	  

3/4/15	   17	  

•  Get	  into	  transport	  code	  	  
•  Follow	  cascading	  history,	  microscopic	  interac<ons	  
•  Inves<gate	  how	  parton	  vn	  is	  generated	  
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How	  is	  anisotropy	  developed?	  

•  Partons	  freeze	  out	  with	  large	  
posi<ve	  v2,	  even	  when	  they	  
do	  not	  interact	  at	  all.	  

•  This	  is	  due	  to	  larger	  escape	  
probability	  along	  x	  than	  y.	  

•  Remaining	  partons	  start	  off	  
with	  nega<ve	  v2,	  and	  become	  
∼isotropic	  (v2∼0)	  acer	  one	  
more	  collision.	  

•  Process	  repeats	  itself.	  
•  Similar	  for	  v3.	  	  
•  Similar	  for	  d+Au	  collisions.	  

3/4/15	   18	  

Pa
rt
on

	  v
2	  

L.	  He,	  T.	  Edmonds,	  Z.-‐W.	  Lin,	  F.	  Liu,	  D.	  Molnar,	  FW,	  arXiv:1502.05572	  
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Similar	  for	  v3,	  and	  d+Au	  

3/4/15	   19	  

Similar	  for	  d+Au	  Similar	  for	  v3	  	  
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“Escape”	  mechanism	  
•  Majority	  of	  vn	  comes	  from	  the	  “escape”	  mechanism	  (“surface”	  emission).	  
•  Considered	  to	  be	  responsible	  only	  for	  high-‐pT	  vn.	  
•  Results	  suggest	  no	  fundamental	  difference	  between	  high-‐pT	  and	  low-‐pT.	  

3/4/15	   20	  

All	  pT	   Ini<al	  parton	  pT	  >	  2	  GeV/c	  

Pa
rt
on

	  v
2	  

Pa
rt
on

	  v
2	  
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Where	  are	  the	  dynamics?	  

3/4/15	   21	  

Strong	  r-‐p	  correla<on	  

Finite	  r-‐p	  correla<on	  

r-‐p	  correla<on	  purely	  	  
from	  “escape”	  	  
mechanism	  
(“Surface”	  	  
emission)	  

Increase	  purely	  from	  
“escape”	  mechanism	  

Test	  case:	  p	  randomized,	  dynamics	  destroyed	  

Collec<ve	  mo<on,	  	  
but	  not	  collec<vity	  

Collec<vity	  

Test	  case	  	  

CollecFve	  moFon	  ≠	  CollecFvity	  
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Similar	  for	  d+Au	  
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Majority	  anisotropy	  from	  escape	  

3/4/15	   23	  

•  Majority	  of	  anisotropy	  comes	  from	  the	  final-‐step	  “escape”	  mechanism.	  
•  Escape	  yields	  a	  slightly	  larger	  v2	  in	  normal	  AMPT	  than	  in	  random	  case.	  

The	  escape	  probability	  (parton	  sees)	  differs	  in	  these	  two	  cases.	  
•  The	  partons	  start	  with	  small	  v2	  before	  escape	  (freezeout).	  
•  This	  small	  v2	  is	  due	  to	  dynamics,	  result	  of	  hydrodynamic	  pressure	  push.	  

It	  is	  this	  flow	  that	  is	  most	  relevant.	  However	  it	  plays	  a	  minor	  role.	  

p	  randomized	  

Normal	  AMPT	  

Normal	  AMPT	  
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Our	  flow	  paradigm?	  

3/4/15	   24	  

hydro	  

pathlength-‐dep.	  
energy	  loss	  

??	  
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Hydrodynamics	  
•  Hydrodynamics	  have	  pressure	  driven	  evolu<on	  only.	  
•  Energy-‐momentum	  cell	  freeze-‐out	  controlled	  by	  local	  temperature/density.	  
•  The	  escape	  mechanism	  is	  not	  obviously	  present	  in	  hydrodynamics.	  
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Which	  is	  real?	  
•  Escape	  anisotropy	  has	  all	  characteris<cs	  of	  “flow”	  so	  

mul<-‐par<cle	  correla<ons	  etc.	  It’s	  just	  not	  hydro	  flow.	  

•  Hydrodynamics	  describe	  data	  well.	  	  
AMPT	  also	  describes	  data	  well.	  	  
	  

•  Which	  is	  more	  real?	  How	  to	  dis<nguish?	  
–  Pressure	  push	  generates	  radial	  flow	  
–  Escape	  mechanism	  does	  not	  generate	  radial	  flow	  
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Many	  open	  ques<ons	  
•  Many	  interes<ng	  features	  in	  small	  system	  data.	  	  

Can	  hydro	  describe	  them	  all?	  
•  Is	  hydro	  simply	  a	  model	  with	  many	  parameters	  too?	  
•  Do	  we	  not	  have	  to	  worry	  about	  quantum	  physics?	  
•  Are	  we	  really	  right	  that	  the	  majority	  of	  the	  measured	  

anisotropy	  is	  indeed	  hydro	  flow?	  
•  Is	  the	  “nearly	  perfect	  liquid”	  actually	  far	  from	  perfect?	  
•  …	  
•  …	  
•  	  	  

3/4/15	   27	  Collec<vity	  in	  Small	  Colliding	  Systems	  -‐-‐	  Fuqiang	  Wang	  



From	  pp	  to	  eA:	  
what	  do	  we	  have?	  	  

what	  do	  we	  expect	  to	  do?	  

• Other	  than	  correla,ons;	  
	  	  How	  pp/dA	  is	  different	  from	  AA	  
• Sta,s,cs	  and	  radial	  flow	  
• Future	  Measurements	  for	  collec,vity	  study	  
• Summary	  and	  Outlook	  

Zhangbu	  Xu	  

1	  Zhangbu	  Xu	  



March	  of	  Progress	  in	  (QGP)	  

Zhangbu	  Xu,	  small	  system	  collec,vity	   2	  

ee	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  pp	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  pA	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  AB	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  AA	  	  	  	  	  	  	  	  	  	  pA	  	  	  	  	  	  	  pp	  

Bjorken:	  	  
What	  takes	  you	  	  
so	  long?	  



Neandertal	  vs	  Modern	  Human	  

Zhangbu	  Xu,	  small	  system	  collec,vity	   3	  

Neandertals	  lack:	  	  	  
Language,	  	  
social	  skill,	  	  
technological	  ingenuity,	  	  
foraging	  savvy	  

Scien,fic	  American,	  02/2015	   Small	  systems	  lack:	  	  
Flow,	  
Thermaliza,on,	  
Experimental	  signals,	  
Volume	  and	  ,me	  	  

Gene:	  	  
1.5-‐2%	  DNA	  from	  Neandertal	  
35—70%	  of	  Neandertal	  	  
genome	  persists	  in	  people	  today	  
Total	  difference	  0.12%	  

Reason	  of	  ex,nc,on:	  	  
“That’s	  not	  necessarily	  a	  sign	  that	  they	  were	  stupid…	  	  
It’s	  just	  what	  happens.”	  
What	  happens	  is	  swamping	  gene	  pool	  by	  modern	  human.	  	  
It	  is	  just	  sta?s?cs.	  

Signatures:	  	  
V2	  flow	  correla,ons	  
Hydrodynamic	  model	  
V2	  mass	  ordering	  
High	  Mul,plicity	  

Maybe	  the	  important	  	  
difference	  is	  just	  	  

sta?s?cs	  



What	  sta,s,cs	  should	  be	  used?	  

Zhangbu	  Xu,	  small	  system	  collec,vity	   4	  

Tribedy&	  Venugopalan,	  arXiv:1112.2445	  

Nonextensive:	  	  
Fluctua,on	  is	  larger	  with	  bigger	  system	  
Data	  clearly	  shows	  NO	  Boltzmann-‐Gibbs	  
Can	  be	  explained	  in	  theory	  	  
with	  mul,ple	  gluon	  interac,ons	  

an	  ensemble	  (also	  sta?s?cal	  ensemble)	  
…is	  a	  probability	  distribu,on	  for	  the	  
state	  of	  the	  system.	  



Intensive	  parameters	  

Zhangbu	  Xu,	  small	  system	  collec,vity	   5	  

STAR	  Collabora,on,	  Phys.	  Rev.	  D	  74	  (2006)	  32006	  

Intensive	  parameters	  (energy	  or	  momentum	  per	  par,cle)	  depends	  	  
strongly	  on	  extensive	  parameters	  (mul,plicity,	  volume).	  	  
On	  the	  contrary,	  <ET>	  extremely	  flat	  vs	  energy	  and	  centrality	  in	  A+A	  

PHENIX,	  PRL	  (2001)	  

PHENIX	  130GeV	  Au+Au	  
WA98	  17.2GeV	  Pb+Pb	  



Classes	  of	  events	  within	  mul?plicity	  

Zhangbu	  Xu,	  small	  system	  collec,vity	   6	  

CDF	  Collabora?on,	  PRD	  65	  (2002)	  072005	  
Shengli	  Huang,	  PHD	  (2004)	  USTC	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

Sor	  event	  class	  slower	  mul,plicity	  dependence	  
Hard	  event	  class	  strong	  mul,plicity	  and	  energy	  dependence	  



E.	  Schnedermann,	  J.	  Sollfrank,	  U.	  Heinz,	  nucl-‐th/9307020,	  PRC48	  (cited	  364)	  
F.	  Re?ere,	  M.	  Lisa,	  PRC70	  

Assump?ons:	  
1)  Local	  thermal	  equilibrium	  è	  Boltzmann	  distribu,on	  
2)  Longitudinal	  and	  transverse	  expansions	  (1+2)	  
3)  Radial	  flow	  profile	  ρ(r)∝Atanh(βm(r/R)n	  ),	  (n=1)	  
4)  Temperature	  and	  <β>	  are	  global	  quan,,es	  

7	  

Characteris?cs	  of	  Radial	  flow	  

Radial	  flow:	  Convex	  Shape,	  	  
experimental	  spectra:	  Concave	  Shape	  



Limita?ons	  extended	  to	  small	  system	  
STAR	  PRC71	  

8	  

STAR	  PRL99	  

•  Strong	  assump,on	  on	  local	  thermal	  
equilibrium	  

•  Arbitrary	  choice	  of	  pT	  range	  of	  the	  spectra	  
(low	  and	  high	  cuts)	  

•  Flow	  velocity	  <β>=0.2	  in	  p+p	  
•  Lack	  of	  non-‐extensive	  quan,,es	  to	  

describe	  the	  evolu,on	  from	  p+p	  to	  central	  
A+A	  collisions	  	  

•  example	  in	  chemical	  fits:	  	  
canonical	  to	  grand	  canonical	  	  ensemble	  

•  mT	  spectra	  in	  p+p	  collisions:	  
Levy	  func,on	  or	  mT	  power-‐law	  

•  mT	  spectra	  in	  A+A	  collisions:	  
Boltzmann	  or	  mT	  exponen,al	  

•  What	  func,on	  can	  capture	  these	  features?	  
	   Radial	  flow:	  Convex	  Shape,	  	  

experimental	  spectra:	  Concave	  Shape	  



Tsallis	  Sta?s?cs	  
•  Nice	  web	  based	  notebooks:	  Tsallis	  Sta?s?cs,	  Sta?s?cal	  Mechanics	  

for	  Non-‐extensive	  Systems	  and	  Long-‐Range	  Interac?ons	  	  
h_p://www.cscs.umich.edu/~crshalizi/notabene/tsallis.html	  

•  hup://tsallis.cat.cbpf.br/biblio.htm	  
	  

9	  

Nega,ve	  Binomial	  Distribu,on:	  κ=1/(q-‐1)	  
	  
Temperature	  fluctua,on:	   q

T

TT
−=

−
1

/1

/1/1
2
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G.	  Wilk:	  arXiv:	  0810.2939;	  C.	  Beck,	  EPL57(2002)3	  



It	  is	  all	  about	  the	  q-‐sta?s?cs	  

•  Why	  is	  this	  relevant	  to	  us	  (Heavy-‐ion	  physics)?	  
– We	  have	  dealt	  with	  Boltzmann	  distribu,on	  
But	  the	  spectra	  are	  clearly	  non-‐Boltzmann	  	  

–  It	  is	  easy	  to	  make	  a	  change	  
–  It	  is	  easy	  to	  compare	  
–  Change	  mT	  exponen,al	  to	  mT	  power	  law	  

10	  

)1/(1)11( −−−
+ q

TmT
q



Tsallis	  sta?s?cs	  in	  Blast	  Wave	  model	  

11	  
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Where	  ρ=Atanh(βm(r/R)n),	  n=1	  ;	  	  any	  of	  the	  three	  integrals	  is	  HypergeometryF1	  
β:	  flow	  velocity	  

With	  Tsallis	  distribu?on,	  the	  BlastWave	  equa?on	  is:	  	  



Fit	  results	  in	  Au+Au	  collisions	  

12	  

Au+Au	  60—80%:	  	  
<β>=0	  
T	  	  	  	  	  	  =	  0.114	  +-‐	  0.003	  
q	  	  	  	  	  	  =	  1.086	  +-‐	  0.002	  
chi^2/nDof	  =	  138/	  123	  

Au+Au	  0—10%:	  
<β>	  =	  0.470+-‐	  0.009	  	  
T	  =	  0.122	  +-‐	  0.002	  	  
q	  =	  1.018	  +-‐	  0.005	  	  
chi^2/nDof	  =	  130	  /	  125	  

STAR	  PRL97	  
STAR	  PRL99	  
STAR	  PRL98	  
STAR	  PRL92	  

Phys.Rev.	  C79	  (2009)	  051901	  

All	  baryons	  and	  mesons	  in	  one	  consistent	  fit	  



Dissipa?ve	  energy	  into	  flow	  and	  heat	  

13	  

More	  thermalized	  

1.  Decrease	  of	  qè1,	  closer	  to	  Boltzmann	  
2.  Increase	  of	  radial	  flow	  (0è0.5)	  
3.  Increase	  of	  temperature	  	  
4.  T,	  β∝	  (q-‐1)2,	  NOT	  	  linear	  (q-‐1)	  	  

Phys.Rev.	  C79	  (2009)	  051901	  



Results	  in	  p+p	  collisioins	  

14	  

<β>	  =	  0	  
T	  =	  0.097+-‐	  0.010	  	  
q	  =	  1.073	  +-‐	  0.005	  	  
chi^2/nDof	  =	  55	  /	  73	  

<β>	  =	  0	  	  
T	  =	  0.0889+-‐	  0.004	  	  
q	  =	  1.100	  +-‐	  0.003	  	  
chi^2/nDof	  =	  53	  /	  66	  

STAR	  PLB615	  
STAR	  PLB637	  
STAR	  PLB612	  
STAR	  PLB616	  
STAR	  PRC72	  
STAR	  PRC75	  

Phys.Rev.	  C79	  (2009)	  051901	  

baryons	  and	  mesons	  are	  incompa?ble	  in	  one	  fit	  



How	  is	  result	  different	  from	  BGBW?	  

15	  

BGBW:	  underpredicts	  higher	  pt	  yields	  for	  all	  mesons	  in	  p+p	  
Baryons	  and	  mesons	  are	  created	  differently	  in	  p+p:	  	  
baryons	  from	  gluons	  and	  popcorn	  model?	  



Baryon	  and	  meson	  are	  different	  classes	  

16	  

STAR	  PRC75	  

In	  p+p	  collisions,	  the	  mT	  spectra	  of	  baryons	  and	  mesons	  are	  in	  two	  groups	  
Maybe	  we	  should	  not	  call	  p+p	  system	  as	  a	  whole	  global	  system	  
However,	  equilibrated	  toward	  more	  central	  Au+Au	  collisions	  

Radial	  flow:	  Convex	  Shape,	  	  
experimental	  spectra:	  Concave	  Shape	  



Extend	  to	  high	  pT	  

	  
	  

Tmq

q
T

Te

m
T
q

/1

)1/(1)11(

−→

−−

⎯⎯→⎯

−
+ q-‐1=0.10+-‐(~0.01)	  

Velocity	  β	  =0	  

	  Blast-‐Wave	  with	  Tsallis	  Sta,s,cs	  
Z.	  Tang	  et	  al.,	  PRC	  79	  (2009)	  051901	  

PHENIX,	  arXiv:1005.3674	  



Fit	  to	  p+p	  Spectra	  in	  200	  GeV	  	  

18	  

Phys.	  Rev.	  C	  91	  (2015)	  024910	  

Steeper	  slope	  for	  baryons	  at	  high	  pt	  (more	  sensi,ve	  to	  spectral	  change)	  	  
If	  V2	  are	  the	  same,	  actual	  ellip,c	  flows	  depend	  on	  spectra	  



Beam	  Energy	  Dependence	  (i)	  

19	  



Beam	  Energy	  Dependence	  (ii)	  

20	  



mT	  scaling	  

21	  

Phys.	  Rev.	  C	  91	  (2015)	  024910	  

Higher	  mul,plicity	  may	  be	  different,	  but	  what	  ensemble	  should	  we	  use?	  	  
Are	  we	  biasing	  sample	  in	  a	  microscopic	  way?	  	  



Breaking	  of	  mT	  scaling	  

22	  

Phys.	  Rev.	  C	  91	  (2015)	  024910	  



23	  

The	  proton	  and	  pion	  spectra	  in	  p+p	  collisions	  follow	  xT-‐scaling	  with	  a	  beam-‐energy	  	  
dependent	  factor	  of	  6.5	  above	  pT∼	  2	  GeV/c.	  The	  pion	  and	  proton	  spectra	  follow	  transverse	  	  
mass	  scaling	  for	  mT<	  2	  GeV/c2	  in	  both	  p+p	  and	  d+Au	  collisions,	  sugges,ng	  the	  transi,on	  	  
Region	  from	  sor	  to	  hard	  process	  domina,on	  occurs	  at	  pT∼	  2	  GeV/c	  in	  these	  collision	  systems.	  

STAR	  Collabora,on,	  	  
Phys.	  Leu.	  B	  637	  (2006)	  161	  

Spectra	  in	  d+Au	  collisions	  



Last	  ,me,	  I	  checked,	  they	  are	  s,ll	  there!	  

Zhangbu	  Xu,	  small	  system	  collec,vity	   24	  

Likely	  op,cal	  illusion:	  it	  is	  impossible	  to	  see	  both	  top	  and	  bouom	  sides	  at	  the	  same	  ,me.	  	  
We	  cannot	  claim	  flow	  and	  no	  flow	  at	  the	  same	  ,me!	  	  



e+p	  collisions	  at	  319GeV	  

Zhangbu	  Xu,	  small	  system	  collec,vity	   25	  

e+p	  319GeV	  
betaS	  	  =	  0.0001	  +-‐	  0.6946	  
<beta>	  =	  0.0001	  +-‐	  0.4631	  
T	  	  	  	  	  	  =	  0.0873	  +-‐	  0.0073	  
q_M	  	  	  	  =	  1.1060	  +-‐	  0.0039	  
chi^2/nDof	  =	  18.54	  /	  24	  
	  	  
p+p	  200	  GeV:	  
<beta>	  =	  0.000	  +0.124	  -‐	  0.000	  
T	  =	  0.0923	  +-‐	  0.0027	  
q_M	  =	  1.0946	  +-‐	  0.0006	  
chi^2/nDof	  =	  268/268	  

H1	  Collabora,on	  e+p	  319GeV	  
Phys.Le_.	  B673	  (2009)	  119-‐126	  

Ks,	  ρ,	  K*,φ	  

D0	  



STAR	  Detector	  System	  	  
TPC	  MTD	  Magnet	   BEMC	   BBC	  EEMC	   TOF	  

HFT	  

X103	  increases	  in	  DAQ	  rate	  since	  2000	  



Heavy-‐Ion	  meets	  Spin	  (run15)	  
•  5	  weeks	  	  

Polarized	  p+Au	  
L=300nb-‐1	  

•  Satura,on	  physics,	  
•  pA-‐ridge	  	  
•  Cold	  Nuclear	  Effect	  
•  GPD	  gluon	  (pre-‐EIC)	  

Au	
 Au’	


p	
 p’	


Upgrades	  for	  run15:	  	  
1.  Roman-‐Pot	  Phase	  II	  	  

(move	  RP	  closer)	  
2.  Refurbish	  FMS	  
3.  FMS	  pre-‐shower	  
4.  Forward	  Instrumenta,on	  

(proton	  in	  BLUE)	  

π0	  

Other	  Extreme	  Geometry:	  Cu+Au,	  	  3He+Au	  



Transverse	  Polariza?on	  Measurements	  
kinema,c	  and	  dynamical	  effects	  that	  are	  directly	  sensi,ve	  to	  	  
quark	  transversity	  and	  partonic	  mo,on	  within	  the	  proton.	  

The	  only	  non-‐zero	  AN	  measurements	  at	  mid-‐rapidity	  
	  Interference	  fragmenta,on	  Func,on	  

AN	  decreases	  with	  increased	  je}ness	  of	  the	  
event;	  Possible	  diffrac,ve	  nature.	  	  
run15	  Roman	  Pot	  Upgrade	  cri,cal	  to	  the	  program	  
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STAR	  Plan	  on	  BUR,	  BES	  II	  and	  pp/pA	  LoI	  

hups://drupal.star.bnl.gov/STAR/starnotes/public/sn0598	  

hups://drupal.star.bnl.gov/STAR/starnotes/public/sn0605	  

Commiuee	  co-‐chairs:	  	  
Bedanga	  Mohanty	  (NISER)	  
Dan	  Cebra	  (UC	  Davis)	  

Commiuee	  co-‐chairs:	  	  
Elke	  Aschenauer	  (BNL)	  
Ernst	  Sichtermann	  (LBL)	  
Huan	  Huang	  (UCLA)	  

hups://drupal.star.bnl.gov/STAR/starnotes/public/sn0606	  



STAR	  Forward	  Upgrade:	  	  
Tracking	  and	  Calorimetry	  

Fourier	  expansion	  of	  FCal	  ET	  distribu,on:	  
	  
	  
	  
(ATLAS,	  CMS	  method)	  
	  
Event	  shape	  selec,on	  
•  0th	  order	  event-‐shape	  selec,on:	  Centrality	  by	  

ΣET	  (system	  size)	  
•  2nd	  order	  event-‐shape	  selec,on:	  ellip,city	  by	  

q2	  (system	  shape)	  
•  3rd	  order	  event-‐shape	  selec,on:	  triangularity	  by	  

q3	  (system	  shape)	  



Extreme	  Geometry:	  d+Au	  Collisions	  	  

STAR Preliminary 
 

Δφ	


d+Au@200 GeV pT : [1,3]x[1,3] GeV/c 
 

FTPC Multiplicity 

•  High-mult. (before ZYAM) – jet in low-mult.  
→ Double Ridge 

•  High-mult. (before ZYAM)– scaled jet in low-mult.  
→ Away-side diminished 

STAR Preliminary 

STAR	  Collabora,on,	  arXiv:	  1412.8437	  

	  diharon	  in	  close	  Pseudo-‐rapidity	  range	  



STAR	  Long-‐Term	  Plan	  
hups://drupal.star.bnl.gov/STAR/starnotes/public/sn0592	  



Semi-inclusive Measurements 

Azimuthal correlations in di-hadron (semi-inclusive deep-inelastic scattering) measurements, 
	  
	  

e + Auèe’ + Au + h1 + h2 + X 
	  
	  

provide sensitivity to gluons and have been proposed as a robust probe of saturation: 

eSTAR projections for 10 GeV electrons scattering off 100 GeV/nucleon Au beams, 1 fb-1. 

6 

Fig.2.6	   Why	  not	  flow,	  flux	  tube	  and	  mul,plicity	  dependence?	  –	  E.	  Shuryak	  



,	  EPD	  



Conclusions	  and	  Outlook	  

•  Non-‐equilibrium	  effects	  are	  needed	  to	  describe	  
the	  spectra	  in	  p+p	  collisions	  

•  Are	  we	  manipula,ng	  the	  ensemble	  
microscopically?	  

•  Non-‐zero	  radial	  flow	  (breaking	  of	  mT	  scaling)	  is	  
observed	  at	  900GeV	  and	  7TeV	  p+p	  collisions	  

•  Study	  of	  d+Au	  and	  p+Pb,	  and	  high	  mul,plicity	  p
+p	  events	  are	  on-‐going	  

•  New	  detectors	  and	  EIC	  simplify	  and	  isolate	  the	  
physics	  origins	  

35	  



Data	  references	  (p+p)	  
•  200	  GeV	  RHIC	  data	  (STAR+PHENIX)	  
•  charged	  pions,	  protons	  and	  an,-‐protons(STAR)	  

(Phys.Leu.B637:161-‐169,2006)	  
•  K0S,	  lambda,	  lambdabar,	  xiMinus,	  xiPlus(STAR)	  (Phys.	  Rev.	  C	  75,	  

064901(2007))	  
•  piZero(Phenix)	  (Phys.	  Rev.	  D	  76,	  051106	  (2007)) 
•  KPlus,	  KMinus(Phenix)	  (Phys.	  Rev.	  C	  74,	  024904	  (2006)) 

•  540	  GeV	  data	  (UA2,	  UA1)	  
•  pion,	  kaon,	  proton,	  charged	  par,cles(UA2,	  1983)	  (Banner	  M,	  

Bloch	  P,	  Bonaudi	  F,	  et	  al.	  Inclusive	  charged	  par,cle	  produc,on	  at	  
the	  CERN	  pp	  collider[J].	  Physics	  Leuers	  B,	  1983,	  122(3):	  
322-‐328.)	  	  

•  kaon,	  K0S	  (Alner	  G	  J,	  Alpg?rd	  K,	  Anderer	  P,	  et	  al.	  Kaon	  
produc,on	  in	  pp	  reac,ons	  at	  a	  centre-‐of-‐mass	  energy	  of	  540	  
GeV[J].	  Nuclear	  Physics	  B,	  1985,	  258:	  505-‐539.)	  	  

•  pionZero(pT<=40	  GeV/c,	  1.0<|eta|<1.8),	  pionZero(pT<=15	  GeV/
c,	  |eta|<=0.85),	  eta(3<=pT<=6	  GeV/c,	  |eta|<=0.85)	  (Banner	  M,	  
Bloch	  P,	  Bonaudi	  F,	  et	  al.	  Inclusive	  par,cle	  produc,on	  in	  the	  
transverse	  momentum	  range	  between	  0.25	  and	  40	  GeV/c	  at	  the	  
CERNSp\	  bar	  pS	  collider[J].	  Zeitschrir	  f¨¹r	  Physik	  C	  Par,cles	  and	  
Fields,	  1985,	  27(3):	  329-‐339.)	  	  

•  pionZero(1.5<pT<4.5	  GeV/c,	  <|eta|>=0)	  (Banner	  M,	  Bloch	  P,	  
Bonaudi	  F,	  et	  al.	  Inclusive<	  i>	  ¦Ð</i><	  sup>	  0</sup>	  produc,on	  
at	  the	  CERN	  p-‐p?	  collider[J].	  Physics	  Leuers	  B,	  1982,	  115(1):	  
59-‐64.)	  	  

•  K/pion,	  pbar/pion	  (Alexopoulos	  T,	  Allen	  C,	  Anderson	  E	  W,	  et	  al.	  
Mass-‐iden,fied	  par,cle	  produc,on	  in	  proton-‐an,proton	  
collisions	  at	  sqrt	  [s]=	  300,	  540,	  1000,	  and	  1800	  GeV[J].	  Physical	  
Review	  D,	  1993,	  48(3):	  984.)	  	  

•  charged	  par,cles(UA1,1982)	  (Arnison	  G,	  Astbury	  A,	  Aubert	  B,	  et	  
al.	  Transverse	  momentum	  spectra	  for	  charged	  par,cles	  at	  the	  
cern	  proton-‐an,proton	  collider[J].	  Physics	  Leuers	  B,	  1982,	  
118(1):	  167-‐172.)	  

•  0.9	  TeV	  pp	  collisions	  at	  LHC	  data:	  	  
•  pionPlus,	  pionMinus,	  KPlus,	  KMinus,	  proton,	  pbar(CMS)	  (Chatrchyan	  

S,	  Khachatryan	  V,	  Sirunyan	  A	  M,	  et	  al.	  Study	  of	  the	  inclusive	  
produc,on	  of	  charged	  pions,	  kaons,	  and	  protons	  in	  pp	  collisions	  at\	  
sqrt	  {s}=	  0.9,	  2.76,\	  mbox	  {and}	  7~\	  mbox	  {TeV}[J].	  The	  European	  
Physical	  Journal	  C,	  2012,	  72(10):	  1-‐37.)	  	  

•  K0S,	  lambda,	  Xi(CMS)	  (Khachatryan	  V,	  Sirunyan	  A	  M,	  Tumasyan	  A,	  
et	  al.	  Strange	  par,cle	  produc,on	  in	  pp	  collisions	  at\	  sqrt	  {s}=	  0.9	  
and	  7	  TeV[J].	  Journal	  of	  High	  Energy	  Physics,	  2011,	  2011(5):	  1-‐40.)	  	  

•  pionZero(ALiCE)	  (Abelev	  B,	  Abrahantes	  Quintana	  A,	  Adamov¨¢	  D,	  et	  
al.	  Neutral	  pion	  and	  ¦Ç	  meson	  produc,on	  in	  proton¨Cproton	  
collisions	  at	  and[J].	  Physics	  Leuers	  B,	  2012.)	  	  

•  charged	  par,cles(CMS)	  (Charchyan	  S.	  Charged	  par,cle	  transverse	  
momentum	  spectra	  in	  pp	  collisions	  at\	  sqrt	  {s}=	  0.9	  and	  7	  TeV[J].	  
2011.)	  

•  7	  TeV	  pp	  collisions	  at	  LHC	  data:	  	  
•  pionPlus,	  pionMinus,	  KPlus,	  KMinus,	  proton,	  pbar(CMS)	  (Chatrchyan	  
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Outline of this talk

• Fluctuations of initial eccentricity and harmonic flow.

I Parameterizations of anisotropy fluctuations: power and elliptic power

I Applications to fluctuations of harmonic flow: AA and pA

Pb-Pb → extraction of
η

s
and p-Pb → patterns of v2{m}

• Correlations of initial eccentricity and harmonic flow.

I Correlations between v2 and v3: p-Pb, d-Au and 3He-Au
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Motivation: collectivity in small colliding systems?

Harmonic flow from p-Pb high-multiplicity events: Vn = vn exp(inΨn)

J. Jia, Nucl.Phys. A (2014) arXiv:1408.0066

Anisotropies in the particle spectrum from pre-equilibrium or late stage?

2



Li Yan, RBRC workshop

IF medium collective expansion in small colliding systems

Collective expansion (hydro) scenario for small colliding systems:

• Harmonic flow is associated to initial anisotropies by collective expansion

• Assuming linear eccentricity scaling (hydro): for n ≤ 3.

Vn = κnEn with En = εn exp (inΦn)

• Detailed patterns of the observed harmonic flow:

• Fluctuations of Vn ⇔ Fluctuations of En ∼ εn
• Correlations of Vn ⇔ Correlations of En ∼ Φn

Require measurements of multi-particle correlations ∼ 〈V an (V ∗m)b〉.
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Event-by-event fluctuations of harmonic flow

In experiments: p-Pb and Pb-Pb

(CMS )PLB724 (2013)213-240

Cumulants: v2{m}

(ATLAS) JHEP 1311(2013)183

EbE distribution: P (vn)

Cumulants and EbE distribution:

vn{m} ∼ 〈vmn 〉 = 〈V m/2n (V ∗n )m/2〉 =

∫
dvnP (vn)vmn

εn{m} ∼ 〈εmn 〉 = 〈Em/2n (E∗n)m/2〉 =

∫
dεnP (εn)εmn
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Elliptic Power distribution and Power distribution

Two dimensional distribution of E :

E = εx + iεy

• Elliptic Power distribution : fluctuation + initrinsic geometry

PEP(εx, εy) =
α

π
(1− ε20)α+

1
2

(1− ε2x − ε2y)α−1

(1− ε0εx)2α+1
, with |E| < 1

α ∼ N ⇒ fluctuations, ε0 ⇒ average RP eccentricity (roughly)

• Power distribution : pure fluctuation-driven (ε0 = 0)

PPower(εx, εy) =
α

π
(1− ε2x − ε2y)α−1 ⇐ PEP(ε0 → 0)

1D distributions are obtained after integration over azimuthal angle.
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Event-by-event fluctuations of ε2 in p-Pb: P (ε2)

• Event-by-event distribution of ε2 with PHOBOS Monte Carlo Glauber:
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Event-by-event fluctuations of ε2 in p-Pb: P (ε2)

• Event-by-event distribution of ε2 with PHOBOS Monte Carlo Glauber:
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Remarks:

• EbE distribution of ε is not trivial! (Non-Gaussian)

• Elliptic power and power universally describe EbE ε in pp, pA and AA:

I ε2, ε3,

I for different models: MC-Glb, MC-KLN, IP-Glasma

I for different centrality classes.

A good understanding of the statistical property of ε.
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Fluctuations in p-Pb system: cumulants of v2

CMS collaboration, CMS-PAS-HIN-14-006

0 < v2{8} ≈ v2{6} ≈ v2{4} < v2{2}

power distribution: ⇔ 0 < ε2{8} ≈ ε2{6} ≈ ε2{4} < ε2{2}

8
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Fluctuations in p-Pb system: cumulants of v2

CMS collaboration, CMS-PAS-HIN-14-006

0 < v2{8} ≈ v2{6} ≈ v2{4} < v2{2}
power distribution: ⇔ 0 < ε2{8} ≈ ε2{6} ≈ ε2{4} < ε2{2}
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Cumulant of ε2 in p-Pb

• Model predictions of cumulants of ε{m}:

Gauss BG Power

ε{2} σ
√
σ2 + ε̄2 1√

1 + α

ε{4} 0 ε̄

[
2

(1 + α)2(2 + α)

]1/4
ε{6} 0 ε̄

[
6

(1 + α)3(2 + α)(3 + α)

]1/6

ε{8} 0 ε̄

 48

(
1 +

5α

11

)
(1 + α)4(2 + α)2(3 + α)(4 + α)


1/8

⇒ Analytical relations between cumulants ε{m}.
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• Qualitative pattern from Power: 0 < ε2{8} ≈ ε2{6} ≈ ε2{4} < ε2{2}

Cumulants of Power distribution
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(See also Bozek et al. arXiv:1304.3044 and Bzdak et al. arXiv:1311.7325)
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• Quantitatively from Power:
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Signals of collective expansion? CMS collaboration, CMS-PAS-HIN-14-006
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Pb-Pb EbE Vn distribution:

12
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Rescaled (Elliptic) Power: fit ATLAS EbyE vn distribution

• Distribution of vn is ‘rescaled’ Elliptic Power or Power distribution.

P (εn)dεn = P (εn(vn, κn))

∣∣∣∣∂εn∂vn

∣∣∣∣ dvn → P (vn/κn)/κndvn → fit vn distribution

• Rescaled (Elliptic) Power parameterization: ATLAS v2 and v3 at 45-50%.
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• Non-Gaussianity: κn ⇒ flow resp., and (ε0, α)⇒ information of initial state.
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ATLAS EbyE vn distribution
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• Universal fit with Elliptic Power and Power parameterizations.

• Disentangled parameters can be read off from fit: κn, (ε0, α)

• Beyond linear eccentricity scaling:

vn = κnεn + κnκ
′
nε

3
n + . . . . →

∣∣∣∣dvndεn

∣∣∣∣
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ATLAS EbyE vn distribution
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κn and extracting η/s in hydrodynamic response

• Flow response coefficient κn = vn/εn from fit

centrality (%)
0 10 20 30 40 50 60 70
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/sη
0.19

0.23
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0.19

p+Pb
 CMS2κ

'=0.10κ CMS 2κ

• Fit by hydro. leads to estimate of η/s
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Event-Plane correlations:

• Initial state plane correlations + medium expansion (for higher harmonics).

• Initial state plane correlations: fluctuation + background geometry

• Correlation between V2 and V3: ATLAS scalar-product method

〈cos 6(Φ2−Φ3)〉w

⇔ Pvv23 =
〈V 3

2 (V ∗3 )2〉
〈|V2|6〉1/2〈|V3|4〉1/2

⇔ Pεε23 =
〈E32 (E∗3 )2〉

〈|E2|6〉1/2〈|E3|4〉1/2
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• Qualitatively, (anti-correlation between E2 and E3 w.r.t. an elliptic shape)

I
I

II

II

Pεε
23 = −1 Pεε

23 = 1

Anti-correlations between E2 and E3 w.r.t. a triangular shape.

• Quantitatively, from N-independent sources:

|Pεε23(Ē = 0)| ∼ O
(

1

N3/2

)
, |Pεε23(Ē3 6= 0)| ∼ O

(
1

N1/2

)
, |Pεε23(Ē2 6= 0)| ∼ O(1)
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Central collision events of p-Pb, d-Au, 3He-Au

Averaged density profile of central events: (PHOBOS Monte Carlo Glauber)
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• Medium collective expansion?

• Intrinsic geometry due to the structure of proton, deuteron and 3He
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Correlations involving V1:
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Summary

• Fluctuations of harmonics: parameterizations with Elliptic Power and Power

1. Applications to p-Pb: cumulants of harmonic flow in p-Pb

2. Applications to Pb-Pb (also p-Pb): disentangle initial state and medium exp.:

η/s and (α, ε0)

• Correlations of harmonics in small colliding systems:

1. Anti-correlations between V2 & V3 in d-Au, 3He-Au: geometry + fluctuations

2. Anti-correlation between V2 & V3 in p-Pb: fluctuations.

3. Correlation patterns involving V1.

Alternative test of collectivity in small colliding systems.
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Back-up slides
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Solving cumulants of vn

Resp. coefficient
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Elliptic Power distribution: test of universality
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Goodness of fit
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Power distribution: test of universality

Analytical relation: ε{4} = ε{2}3/2
(

2
1+ε{2}2
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Li Yan, RBRC workshop

Extract information of initial state from the fit
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Fluctuations
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• Fluctuations become stronger for peripheral collisions.

• ε0 grows with centrality percentage.
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