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Initial State Effects and Azimuthal Correlations 
in Small (high multiplicity) Systems 

1. We are interested in rare, fluctuation driven events producing over 100 
charged particles 
 
 
 
 
 
 
 

2. There is at least 6 units of rapidity between beam and produced 
gluons 



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). 
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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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There’s a wealth of information on the proton wavefunction 
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Power counting in p+A 

g

g

g

Can obtain saturation by large A, small x or high energy 
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n ⇠ 1/g2 color sources

geff ⇠ g · n ⇠ 1/g
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Di-hadron production 
“Jet” Graph: 

“Glasma” Graph: 



Power counting in QCD: multi-particle production 

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 
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Anatomy of a proton-proton collision 

Jet graph: 

Glasma graph: 
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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 
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And v3 persists to very high momentum… 

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

Can “flow” generate v3 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.



Classical Yang-Mills  
and v3 in the soft ridge  

Schenke, Schlichting, Venugopalan  
Phys.Lett. B747 (2015) 76-82, arXiv:1502.01331 

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



cos(3ϕ) in the hard ridge 

This is a small correction! 
 
Possibilities: 

 single soft rescattering off jet graph 
 more careful treatment of jet and fragmentation 



(  )
 

Part III: 
Four particle correlations and collectivity 

Dumitru, McLerran, Skokov, Phys.Lett. B743 (2015) 134-137 
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Connected 
(intrinsic) 

“Disconnected” 
(single-particle factorizable) 



Intrinsic (connected) contributions 

III. MULTI-GLUON PRODUCTION FROM THE GLASMA
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[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)

For n = 1 and using CF = (N2
c � 1)/2Nc we find
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which agrees with equation 58 of [1] as well as equation 8 of [? ].

In the perturbative limit we can match using
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agreeing with equation 7 of [? ].

II. ANGULAR INTEGRALS

Using the following model

� =

⇡NcQ2

2↵s (Q2
+ k2

?)
(7)

where reproduces the perturbative limit for k2
? � Q2

using S?Q2
= 8⇡↵2

s.

dN

dy
=

N3
c

8⇡2
(N2

c � 1)↵s

�
S?Q

2
P

�
log (eQT /k0)

log

�
Q2

T
/Q2

P

�

1�Q2
P
/Q2

T

(8)

d2nNm

dy1 · · · dy2n
=

2

2n�4↵2n�2
s N2n+2

c

m2n⇡(N2
c � 1)

�
S?Q

2
P

�
log

�
Q2

T
/Q2

P

�

1�Q2
P
/Q2

T

(9)

1

“Jet” Graph: 

“Glasma” Graph: 

1.  Both jet and glasma graphs have c2{4}>0 (at high pT ) 

2.  Experimentally does c2{4}>0 at high pT?  

3.  Low multiplicity c2{4,6,8} contains interesting QCD physics. 

4.  How can we understand the negative c2{4} of soft particles? 

 



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 

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⊥).
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1>  This symmetry breaking is enough for the  
   “disconnected” glasma graphs to give v2 

 
2>  As the v2 comes from the single particle spectra: c2{4}<0 

+



v2 from CYM 

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

Schenke, Schlichting, Venugopalan  
Phys.Lett. B747 (2015) 76-82, arXiv:1502.01331 



Further evidence for collectivity 

1> Connected (i.e. glasma, jet) contributions will 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? 



1.  Multi-particle production can be computed in a framework  
consist with the nuclear wave-function obtained from deep inelastic scattering 
 

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

3.  The soft ridge is another story: it is collective (i.e. c2{4}<0) 
a.  Classical Yang-Mills provides a natural framework (consistent with “glasma graphs”) 

b.  Rotational symmetry breaking by color domains 
 

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

Summary 



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

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



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 


