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The landscape of QCD
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The future Electron Ion Collider
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EIC white paper: Accardi https://doi.org/10.17226/25171
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Welcome to the Center for Frontiers in Nuclear Science
The Electron-Ion Collider (EIC) is essential for our understanding of quantum chromodynamics (QCD) and in particular the role of  gluons and sea quarks

in the structure of nucleons and nuclei. The mission of this Center is to promote and facilitate the realization of the U.S. based EIC by enhancing the

science case and collaborations amongst the scientists around the world interested in the EIC.

 

CFNS Postdoctoral and Graduate Student Fellowship Program
CFNS offers three kinds of fellowship programs to work on Electron-Ion Collider activities: CFNS Postdoctoral Fellows are located at CFNS Stony Brook

full time.  CFNS-University Joint Postdoctoral Fellows spend 30%-50% of their time at CFNS and the rest at their home institutions. CFNS Graduate

Student Fellows can be located at Stony Brook University or their home university. The programs will start in Fall 2018. Application information will

apear here. For more information, contact cfns_contact@stonybrook.edu.  

 

CFNS News
 

Construction of a U.S.-based Electron Ion collider is a 
priority for the next decade — NAS review

ELIC @ JLABeRHIC @ BNL

Two concepts have been proposed

© 
in Nuclear Science 

https://doi.org/10.17226/25171
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Transition to an EIC era

We are in the middle of a transition

What insight do we heavy ion physicists bring in ?

EIC-era

RHIC-era
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Transition to an EIC era

P.Tribedy, APS April meeting, Ohio, 2018 2

Outline

• Learn about proton shape from e+p Deep Inelastic scattering 

• Model relativistic Proton-HeavyIon (p+A) collisions

• Look for glimpse of proton shape in p+A collisions

γ*

P →
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Mostly based on work done in collaboration with : 

H. Mäntysaari, B. Schenke and C. Shen (arXiv:1705.03177)
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HERA
EIC

RHIC/LHC

RHIC era changed our view of nuclei at high energies

Can our knowledge of colliding nuclei make a difference to EIC physics?
Can our knowledge of correlation measurements make a difference ?
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Di-hadron correlations : ridge + di-jets
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Di-hadron correlations is a very striking and widely studied phenomena :

Di-hadron correlations in relative pseudorapidity (Δη) & azimuth (Δφ) 
High multiplicity p+p/A  → strikingly similar to A+AP Tribedy, Rutgers Nuclear Physics Seminars, 2018 8
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Di-hadron correlations across systems

No ridge appears in e+e, e+p, similar 
to low multiplicity p+p/A collisions
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Multiplicity-dependent c1{2} and c2{2} with increasing ⌘-separation
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Ridge

Interesting systematics with collisions system 
(this also tell us a lot)
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 Different rapidity window        physics at different times 

Δη

Intermediate
Short-range

Long-range

5

C112(∆η12) = AHe−(∆η)2/2σ2
H −AV e

−(∆η)2/2σ2
V +ARC112(∆η12) = AHe−(∆η)2/2σ2

H −AV e
−(∆η)2/2σ2

V +ARC112(∆η12) = AHe−(∆η)2/2σ2
H −AV e

−(∆η)2/2σ2
V +AR

A+A collision produce a system that lasts for ~10 fm 

Goal : Measurement over wider range of rapidity  

Main motivation 

t

z
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3

Di-hadron correlations : ridge + di-jets

8
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1. Data that nailed it down: vn @ RHIC/LHC
Retinskaya, Luzum, Ollitrault 1311.5339

RHIC and LHC vn data rules out several initial state models 
Rules out Mc-Glauber (Npart) but not Mc-Glauber (Ncoll) 

vn @ RHIC/LHC Constraints @ RHIC/LHC

The long-range correlations probe early time correlations, the angular 
component is de-composed into harmonics, strongest is v2 = <cos(2φ)>

vn @ RHIC/LHC

Advantage is that such correlations are easy to measure  

Most well understood are the measurements in A+A
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What early time effects do we probe in A+A ?

P Tribedy, Chiral Fluids, July 16-19, 2018 12

The Chiral Magnetic Effect : a closer look

Scenario-2 : Excess left handed
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1. Hydrodynamics flow → initial state 
fluctuations of the energy density

13

• Long range Δη correlations emerge from early times (causality) 
• Azimuthal structure formed by the medium response to the 

fluctuating initial transverse geometry

B j ö r n  S c h e n k e ,  B N L

Interpretation: Strong final state effects

Initial energy density 
distribution

Hydrodynamic 
 expansion

2. Chiral Effects → initial 
state fluctuations of the 
axial charge profile

Lappi, Schlichting 
1708.08625 
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Towards EIC observables

e+A @ EIC 

??

??

?? 
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A+A @ RHIC/LHC 
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Steps towards EIC observables 

Small-x → two ways to represent the gluons inside hadrons/nuclei
Weizsacker-Williams (WW) : gluon distribution (G(1)) + linearly polarized 
partner (h(1)).
Dipole gluon distribution (DP) : (G(2)) + linearly polarized partner (h(2)).

Table: D. Boer 1611.06089, V. Skokov

Introduction

Talk by Daniël Boer on Monday; ArXiv 1611.06089

At small x, there are two di↵erent unintegrated gluon distributions (UGD):
Dipole gluon distribution (G(2)) + linearly polarized partner (h(2)).
Appears in many processes. Small x evolution is well understood.
Maximal polarization xh(2) = xG(2)

Weizsäcker-Williams (WW) gluon distribution (G(1)) + linearly polarized partner (h(1)).
Degree of polarization is x- and transverse momentum dependent

DIS DY SIDIS pA! � jet X e p! e0 Q Q X pp! ⌘c,b X pp! J/ �X pA! j1 j2X
e p! e0 j1 j2 X pp! H X pp! ⌥ �X

G(1) (WW) ⇥ ⇥ ⇥ ⇥ p p p p

G(2) (DP)
p p p p ⇥ ⇥ ⇥ p

pp! � �X pA! �⇤ jet X e p! e0 Q Q X pp! ⌘c,b X pp! J/ �X
e p! e0 j1 j2 X pp! H X pp! ⌥ �X

h(1) (WW)
p ⇥ p p p

h(2) (DP) ⇥ p ⇥ ⇥ ⇥

Talk by Daniël Boer on Monday

Talk by Elke Aschenauer on Tuesday

Dijets in DIS: saturation{ decrease of back-to-back dihadron correlation as a probe of G(1)

L. Zheng, E. C. Aschenauer, J. H. Lee and B. W. Xia Phys. Rev. D 89, 7, 074037 (2014)

In this talk: structure of back-to-back peak as a probe of h(1)
g

VSkokov@bnl.gov Dijet Azimuthal Anisotropy in DIS RBRC Synergies workshop 2 / 33
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      Mantysaari et al 1712.02508, Dumitru et al Phys. Rev. D 94, 014030 (2016), Dumitru et al Phys. Rev. Lett. 
115 (2015) 25, 252301, Zheng et al Phys. Rev. D 89, 7, 074037 (2014),Toll et al, Phys. Rev. C 87, 024913 
(2013), F. Dominguez et al Phys.Rev. D85 (2012) 045003, Metz et al Phys.Rev. D84 (2011) 051503, 
Dominguez et al Phys.Rev. D83 (2011) 105005, Boer et al Phys.Rev. D80 (2009) 094017, Mulders et al 
Phys.Rev. D63 (2001) 094021
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Inclusive di-jets at the EIC
      Dumitru, Skokov Phys. Rev. D 94, 014030 (2016), 

Dumitru, Lappi, Skokov Phys. Rev. Lett. 115 (2015) 
25, 252301, Dumitru, Skokov, Ullrch arXiv: 
1809.02615v1 

Rapidity imbalance 

Relative azimuth 

The distribution of linearly polarized gluons and elliptic azimuthal anisotropy in DIS

dijet production at high energy

Adrian Dumitru⇤

Department of Natural Sciences, Baruch College, CUNY,
17 Lexington Avenue, New York, NY 10010, USA and

The Graduate School and University Center, The City University of New York, 365 Fifth Avenue, New York, NY 10016, USA

Tuomas Lappi†

Department of Physics, P.O. Box 35, 40014 University of Jyväskylä, Finland and
Helsinki Institute of Physics, P.O. Box 64, 00014 University of Helsinki, Finland

Vladimir Skokov‡

Department of Physics, Western Michigan University, Kalamazoo, MI 49008, USA and
RIKEN/BNL Research Center, Brookhaven National Laboratory, Upton, NY 11973, USA

We determine the distribution of linearly polarized gluons of a dense target at small x by solving
the B-JIMWLK rapidity evolution equations. From these solutions we estimate the amplitude of
⇠ cos 2� azimuthal asymmetries in DIS dijet production at high energies. We find sizeable long-
range in rapidity azimuthal asymmetries with a magnitude in the range of v2 = hcos 2�i ⇠ 10%.

Transverse momentum dependent (TMD) factoriza-
tion [1, 2] in deep inelastic scattering predicts a distribu-
tion for linearly polarized gluons in an unpolarized tar-
get [3, 4]. This is reflected in cos 2� asymmetries in dijet
production [5, 6] and in other processes [7–9]. To date
little is known about the magnitude of these functions in
the small-x regime of high energies. In this paper we per-
form first estimates of these functions by solving the B-
JIMWLK renormalization group equations [10–21]. Also,
we use our solutions to analyze the magnitude of the re-
sulting cos 2� asymmetry in dijet production [5, 22] at
leading order. These could be tested at a future electron-
ion collider (EIC) [23, 24], where the small-x e↵ects dis-
cussed here can be enhanced by using a nuclear target.

Recent data for high multiplicity p+p [25, 26] and

p+Pb [27–33] data at the LHC have revealed long-range
(in rapidity) angular cos 2� “ridge” correlations in par-
ticle production high multiplicity events. The magni-
tude of these long range correlations is conventionally
parametrized in terms of v2 ⌘ hcos 2�i. In fact, the
azimuthal correlation in DIS dijet production at high
energy originates also from the long-ranged eikonal in-
teraction and so results in a similar experimental sig-
nature as the “ridge”. To make this connection ex-
plicit we shall parametrize the azimuthal structure aris-
ing from the linearly polarized gluon distribution in terms
of v2 = hcos 2�i, and determine its dependence on the ra-
pidity imbalance of the dijet.
At leading order the cross section for inclusive produc-

tion of a dijet in �

⇤-nucleus scattering is given by [5, 6]
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are the dijet transverse momentum scale ~

P? and the

transverse momentum imbalance ~q?, respectively. The
transverse momenta of the produced quark and anti-
quark are given by ~

k1 and ~

k2 and their respective light-
cone momentum fractions are z and 1 � z; the dijet in-
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Talk by Daniël Boer on Monday

Talk by Elke Aschenauer on Tuesday

Dijets in DIS: saturation{ decrease of back-to-back dihadron correlation as a probe of G(1)

L. Zheng, E. C. Aschenauer, J. H. Lee and B. W. Xia Phys. Rev. D 89, 7, 074037 (2014)

In this talk: structure of back-to-back peak as a probe of h(1)
g
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q2 q2

k1

k2 k2

k1

FIG. 2. Typical Feynman diagrams contributing to the quark-antiquark jet correlation in deep
inelastic scattering: (a) leading order, where the bubble represents the gluon attachments to both

quark lines; (b,c) two-gluon exchange diagrams.

for the two gluons a and b. Similarly, Fig. 2(c) can be reduced to:

−
g

−q+2 + iϵ
ΓaT b . (10)

The sum of these two diagrams will be g/(−q+2 + iϵ)
[
T bΓa − ΓaT b

]
. Because of the unique

color index in Γa, we find the effective vertex as,

Fig. 2(b, c) ∼
i

−q+2 + iϵ
(−ig)(−ifbca)T

c , (11)

which corresponds to the first order expansion of the gauge link contribution in the gluon
distribution defined in Eq. (2). For all high order contributions, we can follow the procedure
outlined in Ref. [2, 20] to derive the gluon distribution.

In particular, we calculate the differential cross section contributions from the diagrams
of Fig. 2, assuming the generic coupling between the exchanged gluons and the nucleus
target. The contributions at given order can be reproduced by the hard partonic cross
section (given below) multiplying the TMD gluon distribution defined as Eq. (2) at the
same order from the similar diagrams. This method is particular useful to identify the gluon
distributions involved in the hard scattering processes and will be applied throughout the
following calculations.

Of course, to build a rigorous TMD factorization theorem for this process, we have to go
beyond the diagrams shown in Fig. 2, and include the real gluon radiation contributions [17,
18]. These diagrams will introduce the large logarithms of ℓn(P 2

⊥/q
2
⊥), in addition to the

small-x logarithms ℓn(1/x). The combination of both effects has not yet been systematically
studied in the literature. We hope to address this issue in the future. Moreover, there have
been discussions on the power counting method to factorize the gluon distribution from any
generic Feynman diagrams, where one has to be extra cautions about the “super-leading-
power” contributions (see, for example, Ref. [27]).

From our analysis, we identified the gluon distribution involved in the quark-antiquark jet
correlation in DIS process is the first gluon distribution at small-x. We want to emphasize
that this result is also the unique consequence of non-abelian feature of QCD. For Abelian
theory, we can easily find that the final state interactions between the quark and antiquark
with the nucleus target cancel out completely. Therefore, there is no final state interaction
effects in the similar QED process.

Furthermore, the gauge link U [+] in Eq. (3) can be viewed as the sum of all the final state
interactions between the nucleus target and the produced quark as shown in Fig. 2 (b). In the

8

fig: 1101.0715
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Inclusive di-jets at the EIC

WW gluon distribution (G(1)) + linearly polarized          .                                                                                          
partner (h(1))

      Dumitru, Skokov Phys. Rev. D 94, 014030 (2016), Dumitru, Lappi, Skokov Phys. Rev. Lett. 
115 (2015) 25, 252301 Dumitru, Skokov, Ullrch arXiv: 1809.02615v1 

The distribution of linearly polarized gluons and elliptic azimuthal anisotropy in DIS

dijet production at high energy

Adrian Dumitru⇤

Department of Natural Sciences, Baruch College, CUNY,
17 Lexington Avenue, New York, NY 10010, USA and

The Graduate School and University Center, The City University of New York, 365 Fifth Avenue, New York, NY 10016, USA

Tuomas Lappi†

Department of Physics, P.O. Box 35, 40014 University of Jyväskylä, Finland and
Helsinki Institute of Physics, P.O. Box 64, 00014 University of Helsinki, Finland

Vladimir Skokov‡

Department of Physics, Western Michigan University, Kalamazoo, MI 49008, USA and
RIKEN/BNL Research Center, Brookhaven National Laboratory, Upton, NY 11973, USA

We determine the distribution of linearly polarized gluons of a dense target at small x by solving
the B-JIMWLK rapidity evolution equations. From these solutions we estimate the amplitude of
⇠ cos 2� azimuthal asymmetries in DIS dijet production at high energies. We find sizeable long-
range in rapidity azimuthal asymmetries with a magnitude in the range of v2 = hcos 2�i ⇠ 10%.

Transverse momentum dependent (TMD) factoriza-
tion [1, 2] in deep inelastic scattering predicts a distribu-
tion for linearly polarized gluons in an unpolarized tar-
get [3, 4]. This is reflected in cos 2� asymmetries in dijet
production [5, 6] and in other processes [7–9]. To date
little is known about the magnitude of these functions in
the small-x regime of high energies. In this paper we per-
form first estimates of these functions by solving the B-
JIMWLK renormalization group equations [10–21]. Also,
we use our solutions to analyze the magnitude of the re-
sulting cos 2� asymmetry in dijet production [5, 22] at
leading order. These could be tested at a future electron-
ion collider (EIC) [23, 24], where the small-x e↵ects dis-
cussed here can be enhanced by using a nuclear target.

Recent data for high multiplicity p+p [25, 26] and

p+Pb [27–33] data at the LHC have revealed long-range
(in rapidity) angular cos 2� “ridge” correlations in par-
ticle production high multiplicity events. The magni-
tude of these long range correlations is conventionally
parametrized in terms of v2 ⌘ hcos 2�i. In fact, the
azimuthal correlation in DIS dijet production at high
energy originates also from the long-ranged eikonal in-
teraction and so results in a similar experimental sig-
nature as the “ridge”. To make this connection ex-
plicit we shall parametrize the azimuthal structure aris-
ing from the linearly polarized gluon distribution in terms
of v2 = hcos 2�i, and determine its dependence on the ra-
pidity imbalance of the dijet.
At leading order the cross section for inclusive produc-

tion of a dijet in �

⇤-nucleus scattering is given by [5, 6]

E1E2
d�

�⇤
TA!qq̄X

d

3
k1d

3
k2d

2
b

= ↵eme

2
q↵s� (x�⇤ � 1) z(1� z)

�
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2 + (1� z)2
� ✏

4
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4
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(P 2
? + ✏
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⇥
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(1)(x, q?)�
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✏

4
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#
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2
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= ↵eme

2
q↵s� (x�⇤ � 1) z2(1� z)2

8✏2fP
2
?

(P 2
? + ✏

2
f )

4

⇥
h
xG

(1)(x, q?) + cos (2�)xh(1)
? (x, q?)

i
. (2)

Here,

~

P? = (1� z)~k1 � z

~

k2 , ~q? = ~

k1 + ~

k2 (3)

are the dijet transverse momentum scale ~

P? and the

transverse momentum imbalance ~q?, respectively. The
transverse momenta of the produced quark and anti-
quark are given by ~

k1 and ~

k2 and their respective light-
cone momentum fractions are z and 1 � z; the dijet in-
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FIG. 3: The average azimuthal anisotropy v2 = hcos 2�i ver-
sus the dijet rapidity imbalance ⇠ = log (1 � z)/z. Thick
(thin) lines correspond to longitudinal (transverse) photon
polarization.

tion of the dijet transverse momentum scale P? and the
transverse momentum asymmetry q?. Increasing P? in-
creases x and suppresses evolution e↵ects and so v2(P?)
increases towards the MV model initial condition. The
reason for the di↵erence between the fixed and running
coupling curves in v2(P?) is that in this preliminary
study they have not been adjusted to have the same evo-
lution speed @Y lnQ2

s (Y ). We observe the same behavior
for v2(q?) even though x increases only slowly with q?;
here the increase of the elliptic asymmetry is mainly due

to h(1)
? (q?)/G(1)(q?) ! 1 as q?/Qs � 1, as shown above.

Overall, in the kinematic range considered in Fig. 2 we
find a rather substantial magnitude of v2 ⇠ 10%.

Figure 3 shows v2 versus the rapidity asymmetry

⇠ = log
1� z

z

. (11)

Our calculation applies for moderately large rapidity sep-
arations less than 1/↵s, since we are assuming that the
two jets are sensitive to the same distribution of Wilson
lines. We find a mild increase of v2 away from z = 1/2
which is due to the fact that asymmetric dijet configura-
tions probe the gluon field of the target at larger values
of x. The slow evolution of the eikonal interaction with
x translates into a rather flat v2(⇠) over several units in
⇠ away from the boundary of phase space. Hence, at
high energies the azimuthal asymmetry is long range in
rapidity.

In summary, we have computed the TMD distribu-

tion h

(1)
? of linearly polarized gluons for a large nucleus

at small x. We have used the McLerran-Venugopalan
model to obtain initial conditions at x0 ⇠ 10�2 and

the B-JIMWLK equations to evolve to lower x. We
find that for realistic values of x and transverse mo-
mentum imbalance q? that h

(1)
? (x, q?) is of substantial

magnitude. This results in large elliptic azimuthal asym-
metries v2 ⌘ hcos 2�i ⇠ 10% in DIS dijet production.
Also, the azimuthal correlations are long range in rapid-
ity, i.e. v2 depends weakly on the rapidity asymmetry
⇠ = log (1� z)/z.
In the future we intend to check other initial condi-

tions for the evolution, although we do not expect quali-
tative modifications of the results presented here. It will
be interesting, also, to study Sudakov resummation ef-
fects [44, 45] as well as more general kinematic configu-
rations which require quadrupole matrix elements [5].
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of this paper, the jet spectra would be corrected with sophisticated unfolding procedures

(see for example Refs. [60, 61]). Here, we simply correct the jet P? spectra by shifting it up

so that hP?ijet = hP?iparton for P? > 1.5 GeV/c. No corrections on q? were applied.
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FIG. 8: d�/d� distributions for parton pairs (blue points) generated with the MCDijet generator

and corresponding reconstructed dijets (red points) in
p
s=90 GeV e+A collisions for 1.25 <

q? < 1.75 GeV/c and 3.00 < P? < 3.50 GeV/c. The error bars reflect an integrated luminosity

of 10 fb�1/A. The left plot shows the azimuthal anisotropy for all virtual photon polarizations

while the middle and right plots correspond to transverse and longitudinal polarized photons,

respectively. For details, see text.

Figure 8 shows the resulting d�/d� distributions for the original parton pairs (blue solid

points) and the reconstructed dijets (red solid squares) in
p
s=90 GeV e+Au collisions

for 1.25 < q? < 1.75 GeV/c and 3.00 < P? < 3.50 GeV/c. The results are based on

10M generated events but the error bars were scaled to reflect an integrated luminosity of

10 fb�1/A. The left plot shows the azimuthal anisotropy for all virtual photon polarizations,

and the middle and right plot for transversal and longitudinal polarized photons, respectively.

The quantitative measure of the anisotropy, v
2

, is listed in the figures. The values shown

are those for parton pairs; the accompanying numbers in parenthesis denote the values

derived from the reconstructed dijets. Note the characteristic phase shift of ⇡/2 between

the anisotropy for longitudinal versus transversally polarized photons. Despite this shift, the

sum of both polarizations still adds up to nonzero net v
2

due to the dominance of transversely

polarized photons, as depicted in the leftmost plot in Fig. 8.

The reconstructed dijets reflect the original anisotropy at the parton level remarkably

well despite the dijet spectra not being fully corrected. The loss in dijet yield, mostly due to

loss of low-p
T

particles, is on the order of ⇠ 25%. Since the key observable is the measured
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Computing it using an universal framework 

Nucleus → multiple scattering centers :  

-2 -1.5 -1 -0.5  0  0.5  1  1.5  2
x[fm]

-2

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 2

y[
fm

]

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

Kowalski, Teaney hep-ph/0304189v3

Q2
s(x⊥, x=0.003, A=1)[GeV2]

Round proton

y ⊥
[f
m
]

Q2
s(x⊥, Y =0.003, A=197)[GeV2]

IP-Sat : Color charge distribution inside Nuclei

IP-Sat (Impact Parameter dependent saturation) parametrization HERA
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IP-Sat : saturation models of DIS

R ∼ A1/3
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• Fundamental objects are Color Charge 
density matrices ρa(x⊥,Y), local Gaussian 
distribution W[ρ]  (MV-Model)  

• Color field before collisions : solving Yang 
Mills equations for each configuration of 
source ρ(x⊥) & current Jν = δν ρ(x⊥)

Classical Yang-Mills approach on 2+1D lattice
Schenke, Tribedy, Venugopalan 1202.6646

E-by-E solve CYM for two colliding nuclei : [Dµ, Fµ⌫ ] = J⌫

TPSC%seminar,%IIT%Roorkee%%29/11/12% 39%

Color%Glass%Condensate%

where

J+ = �(x�)⇢
1
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J� = �(x+)⇢
2

(x?)

J i = 0 (11)

and we have restricted ourselves to work in a gauge where the link operators along

the particle trajectories drop out.

Before the collision takes place, we find a solution of the equations of motion

to be

A+ = 0

A� = 0

Ai = �(x�)�(�x+)↵i
1

(x?) + �(x+)�(�x�)↵i
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This is a solution of the Yang-Mills equations in all of space-time except on or

within the forward light cone, as shown in Fig. 3. In the forward light cone, we
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must add in extra pieces in order to have a solution. This will be done below. The
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Computing it using an universal framework 
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IP-Glasma : Multiplicity and Energy density
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I Energy density (✏): Fµ⌫ ! Tµ⌫ (stress energy tensor).
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solving eigen value eq. uµT
µ⌫ = ✏u⌫ gives ✏ and flow u⌫
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FIG. 1: Linearly polarized and unpolarized WW gluon distributions versus transverse momentum q? at di↵erent rapidities Y .
Transverse momentum is measured in units of the saturation momentum Qs(Y ). The curves correspond to evolution at fixed
↵s = 0.15.
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?. Here, we re-

strict ourselves to kinematic configurations where ~

P? is
greater than ~q?, referred to as the “correlation limit” in
Refs. [5, 22].

In Eq. (2) � denotes the azimuthal angle between ~

P?
and ~q?, respectively. We introduce the following measure
for the azimuthal anisotropy,
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The average over � in this equation is performed with
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The linearly polarized h
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? and unpolarized G
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tributions are defined as the traceless part and the trace
of the Weizsäcker-Williams unintegrated gluon distribu-
tion, respectively:

xG

ij
WW =

1

2
�

ij
xG

(1) � 1

2

✓
�

ij � 2
k

i
k

j

k

2

◆
xh

(1)
? . (7)

In the CGC framework the gluonic degrees of freedom at
small x are described by Wilson lines. They are path or-
dered exponentials in the strong color field of the target,

and cross sections for di↵erent observables can be related
to di↵erent correlation functions of the Wilson lines. The
Wilson line is a path ordered exponential of the covariant
gauge field, whose largest component is A+:
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The Weizsäcker-Williams unintegrated gluon distribu-
tion [5, 22, 34], on the other hand, is expressed most
naturally in terms of the light cone gauge (A+ = 0) field,
which has large transverse components. These can be
obtained by a gauge transformation

A

i(xT ) =
1

ig

U

†(xT ) @iU(xT ) . (9)

Since, in light cone gauge, the gauge field lives above
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�) ⇠ ✓(x�)Ai(xT ), this field can

also be thought of as a sheet of color electric field on the
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�) = �(t�z)Ai(xT ). The Weizsäcker-
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where we have normalized the distribution with the
transverse area of the target L

2. This normalization
drops out of the results expressed in terms of the ellip-
tical asymmetry v2. For analytical calculations of the

functions G(1)(x0, q?) and h

(1)
? (x0, q?) in the McLerran-

Venugopalan (MV) model [35, 36], see Refs. [6, 22].
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of the Weizsäcker-Williams unintegrated gluon distribu-
tion, respectively:

xG

ij
WW =

1

2
�

ij
xG

(1) � 1

2

✓
�

ij � 2
k

i
k

j

k

2

◆
xh

(1)
? . (7)

In the CGC framework the gluonic degrees of freedom at
small x are described by Wilson lines. They are path or-
dered exponentials in the strong color field of the target,

and cross sections for di↵erent observables can be related
to di↵erent correlation functions of the Wilson lines. The
Wilson line is a path ordered exponential of the covariant
gauge field, whose largest component is A+:

U(xT ) = P exp

⇢
ig

Z
dx

�
A

+(x�
,xT )

�
. (8)
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Single configuration of an Au nucleus
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Williams distribution is simply the two-point correlator
of the light cone gauge fields

xG

ij
WW(x,~k) =

8⇡

L

2

Z
d

2
xT

(2⇡)2
d

2
yT

(2⇡)2
e

�ikT ·(xT�yT )

⇥
⌦
A

i
a(xT )A

j
a(yT )

↵
, (10)

where we have normalized the distribution with the
transverse area of the target L

2. This normalization
drops out of the results expressed in terms of the ellip-
tical asymmetry v2. For analytical calculations of the

functions G(1)(x0, q?) and h

(1)
? (x0, q?) in the McLerran-

Venugopalan (MV) model [35, 36], see Refs. [6, 22].

2

αs xh(1)
T αs xG(1)

αsY=1 

αsY=0.5
αsY=0

10−4

10−3

10−2

10−1

qT/Qs(Y)
0 2 4 6 8 10

αsY=0
αsY=0.2
αsY=0.4
αsY=0.6
αsY=0.8
αsY=1

h(
1) T
/G

(1
)

0

0.2

0.4

0.6

0.8

1.0

qT/Qs(Y)
0 2 4 6 8 10

FIG. 1: Linearly polarized and unpolarized WW gluon distributions versus transverse momentum q? at di↵erent rapidities Y .
Transverse momentum is measured in units of the saturation momentum Qs(Y ). The curves correspond to evolution at fixed
↵s = 0.15.

variant mass is given by M = P?/
p
z(1� z). Also,

✏

2
f = z(1 � z)Q2 with Q

2 of order P

2
?. Here, we re-

strict ourselves to kinematic configurations where ~

P? is
greater than ~q?, referred to as the “correlation limit” in
Refs. [5, 22].

In Eq. (2) � denotes the azimuthal angle between ~

P?
and ~q?, respectively. We introduce the following measure
for the azimuthal anisotropy,

v2 ⌘ hcos 2�i . (4)

The average over � in this equation is performed with
the weight (1) or (2), respectively. Since

x =
1

s

✓
q

2
? +

1

z(1� z)
P

2
?

◆
(5)

is independent of �, for a longitudinally/transversally po-
larized photon we have

v

L
2 =

1

2

h

(1)
? (x, q?)

G

(1)(x, q?)
, v

T
2 = �

✏

2
fP

2
?

✏

4
f + P

4
?

h

(1)
? (x, q?)

G

(1)(x, q?)
.

(6)

The linearly polarized h

(1)
? and unpolarized G

(1) dis-
tributions are defined as the traceless part and the trace
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where we have normalized the distribution with the
transverse area of the target L

2. This normalization
drops out of the results expressed in terms of the ellip-
tical asymmetry v2. For analytical calculations of the

functions G(1)(x0, q?) and h

(1)
? (x0, q?) in the McLerran-

Venugopalan (MV) model [35, 36], see Refs. [6, 22].
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FIG. 1: Linearly polarized and unpolarized WW gluon distributions versus transverse momentum q? at di↵erent rapidities Y .
Transverse momentum is measured in units of the saturation momentum Qs(Y ). The curves correspond to evolution at fixed
↵s = 0.15.

variant mass is given by M = P?/
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z(1� z). Also,
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2 of order P
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?. Here, we re-

strict ourselves to kinematic configurations where ~

P? is
greater than ~q?, referred to as the “correlation limit” in
Refs. [5, 22].

In Eq. (2) � denotes the azimuthal angle between ~

P?
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for the azimuthal anisotropy,
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The linearly polarized h
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? and unpolarized G
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tributions are defined as the traceless part and the trace
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In the CGC framework the gluonic degrees of freedom at
small x are described by Wilson lines. They are path or-
dered exponentials in the strong color field of the target,

and cross sections for di↵erent observables can be related
to di↵erent correlation functions of the Wilson lines. The
Wilson line is a path ordered exponential of the covariant
gauge field, whose largest component is A+:
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The Weizsäcker-Williams unintegrated gluon distribu-
tion [5, 22, 34], on the other hand, is expressed most
naturally in terms of the light cone gauge (A+ = 0) field,
which has large transverse components. These can be
obtained by a gauge transformation
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the light cone A
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�) ⇠ ✓(x�)Ai(xT ), this field can

also be thought of as a sheet of color electric field on the
light cone Ei(xT , x

�) = �(t�z)Ai(xT ). The Weizsäcker-
Williams distribution is simply the two-point correlator
of the light cone gauge fields
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where we have normalized the distribution with the
transverse area of the target L

2. This normalization
drops out of the results expressed in terms of the ellip-
tical asymmetry v2. For analytical calculations of the

functions G(1)(x0, q?) and h

(1)
? (x0, q?) in the McLerran-

Venugopalan (MV) model [35, 36], see Refs. [6, 22].

Estimates of the anisotropy for different systems
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We determine the distribution of linearly polarized gluons of a dense target at small x by solving
the B-JIMWLK rapidity evolution equations. From these solutions we estimate the amplitude of
⇠ cos 2� azimuthal asymmetries in DIS dijet production at high energies. We find sizeable long-
range in rapidity azimuthal asymmetries with a magnitude in the range of v2 = hcos 2�i ⇠ 10%.

Transverse momentum dependent (TMD) factoriza-
tion [1, 2] in deep inelastic scattering predicts a distribu-
tion for linearly polarized gluons in an unpolarized tar-
get [3, 4]. This is reflected in cos 2� asymmetries in dijet
production [5, 6] and in other processes [7–9]. To date
little is known about the magnitude of these functions in
the small-x regime of high energies. In this paper we per-
form first estimates of these functions by solving the B-
JIMWLK renormalization group equations [10–21]. Also,
we use our solutions to analyze the magnitude of the re-
sulting cos 2� asymmetry in dijet production [5, 22] at
leading order. These could be tested at a future electron-
ion collider (EIC) [23, 24], where the small-x e↵ects dis-
cussed here can be enhanced by using a nuclear target.

Recent data for high multiplicity p+p [25, 26] and

p+Pb [27–33] data at the LHC have revealed long-range
(in rapidity) angular cos 2� “ridge” correlations in par-
ticle production high multiplicity events. The magni-
tude of these long range correlations is conventionally
parametrized in terms of v2 ⌘ hcos 2�i. In fact, the
azimuthal correlation in DIS dijet production at high
energy originates also from the long-ranged eikonal in-
teraction and so results in a similar experimental sig-
nature as the “ridge”. To make this connection ex-
plicit we shall parametrize the azimuthal structure aris-
ing from the linearly polarized gluon distribution in terms
of v2 = hcos 2�i, and determine its dependence on the ra-
pidity imbalance of the dijet.
At leading order the cross section for inclusive produc-

tion of a dijet in �

⇤-nucleus scattering is given by [5, 6]
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Here,

~

P? = (1� z)~k1 � z

~

k2 , ~q? = ~

k1 + ~

k2 (3)

are the dijet transverse momentum scale ~

P? and the

transverse momentum imbalance ~q?, respectively. The
transverse momenta of the produced quark and anti-
quark are given by ~

k1 and ~

k2 and their respective light-
cone momentum fractions are z and 1 � z; the dijet in-
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The brackets denote an average over � of cos 2� at fixed q? and P?, with normalized weights

proportional to the cross-sections in Eqs. (1) or (2), respectively.
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is independent of �, for definite polarization of the virtual photon we have [19]
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The polarization determines the sign of v
2

. In experiments it is not possible to tell the po-

larization of the photon in dijet production directly. Instead, one measures the polarization

blind sum, see Eq. (26). In Sec. IV, we show how one could disentangle v

L

2

and v

T

2

.

A measurement of the �-averaged dijet cross-section provides the conventional (unpolar-

ized) Weizsäcker-Williams gluon distribution xG

(1)(x, q2?) via Eqs. (1,2). A measurement of

the average of cos 2� then provides the distribution of linearly polarized gluons via Eqs. (6).

We note that the conventional distribution can, in principle, be measured in �A ! qq̄X also

in the Q

2 ! 0 limit. However, for a real photon ✏

2

f

/ Q

2 ! 0 so that the cross-section for

the process becomes isotropic and one no longer has access to xh

(1)

? (x, q2?).

Eqs. (1,2) are restricted to high energies not only because the large component of the

light cone momenta of the quark and anti-quark are conserved (high-energy kinematics),

but also because we neglect photon - quark scattering with gluon emission (�⇤
q ! g + q).

For an unpolarized target, and massless quarks, the distribution f

q

1

(x, q2) of unpolarized

quarks enters [15, 28] and gives an additional contribution to the isotropic part of the dijet

cross-section. For more realistic computations at EIC energies these contributions should

be included in the future.

The linearly polarized and conventional gluon distributions3 are given by the traceless part

and by the trace of the Weizsäcker-Williams unintegrated gluon distribution, respectively:
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2
W in Eq. (5) denotes the CM energy of the �

⇤ - nucleon collision.
3 We only consider the forward gluon distributions in this paper. In the non-forward case the general

decomposition of the WW GTMD involves additional independent functions on the r.h.s. of Eq. (7), see

e.g. Ref. [29].
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of this paper, the jet spectra would be corrected with sophisticated unfolding procedures

(see for example Refs. [60, 61]). Here, we simply correct the jet P? spectra by shifting it up

so that hP?ijet = hP?iparton for P? > 1.5 GeV/c. No corrections on q? were applied.
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FIG. 8: d�/d� distributions for parton pairs (blue points) generated with the MCDijet generator

and corresponding reconstructed dijets (red points) in
p
s=90 GeV e+A collisions for 1.25 <

q? < 1.75 GeV/c and 3.00 < P? < 3.50 GeV/c. The error bars reflect an integrated luminosity

of 10 fb�1/A. The left plot shows the azimuthal anisotropy for all virtual photon polarizations

while the middle and right plots correspond to transverse and longitudinal polarized photons,

respectively. For details, see text.

Figure 8 shows the resulting d�/d� distributions for the original parton pairs (blue solid

points) and the reconstructed dijets (red solid squares) in
p
s=90 GeV e+Au collisions

for 1.25 < q? < 1.75 GeV/c and 3.00 < P? < 3.50 GeV/c. The results are based on

10M generated events but the error bars were scaled to reflect an integrated luminosity of

10 fb�1/A. The left plot shows the azimuthal anisotropy for all virtual photon polarizations,

and the middle and right plot for transversal and longitudinal polarized photons, respectively.

The quantitative measure of the anisotropy, v
2

, is listed in the figures. The values shown

are those for parton pairs; the accompanying numbers in parenthesis denote the values

derived from the reconstructed dijets. Note the characteristic phase shift of ⇡/2 between

the anisotropy for longitudinal versus transversally polarized photons. Despite this shift, the

sum of both polarizations still adds up to nonzero net v
2

due to the dominance of transversely

polarized photons, as depicted in the leftmost plot in Fig. 8.

The reconstructed dijets reflect the original anisotropy at the parton level remarkably

well despite the dijet spectra not being fully corrected. The loss in dijet yield, mostly due to

loss of low-p
T

particles, is on the order of ⇠ 25%. Since the key observable is the measured

18

B. Background studies

While MCDijet allows the study of the signal anisotropy in great detail it does neither

generate complete events, nor does it allow us to derive the level of false identification of

dijets in events unrelated to dijet production. The purity of the extracted signal sample

ultimately determines if these measurements can be conducted. For studies of this kind we

have to turn to PYTHIA6, an event generator that includes a relatively complete set of DIS

processes.

p/A X

e

e′

jet 1

jet 2

FIG. 10: Photon-gluon fusion processes that contributes to the 2+1 jet signal cross-section.

The presence of underlying event activity is key to answering the question if one can

achieve a clear separation between the products of the hard partonic interaction and the

beam remnants. For that reason, one usually labels an event as “2+1 jets” if it has 2 jets

coming from the hard partonic interaction, with the “+1” indicating the beam remnants.

The diagram in Fig. 10 thus depicts a 2+1-jet event.

While dijet studies have been successfully conducted in e+ p collisions at HERA (see for

example [62, 63]) most such measurement have been carried out at high Q

2 and high jet

energies (E
jet

> 10 GeV). In our studies, however, we focus on moderately low virtualities

and relatively small jet transverse momenta P? (see Fig. 6). Consequently, the dijet signal

is easily contaminated by beam remnants. To minimize this background source we limit jet

reconstruction to 1 < ⌘ < 2.5, su�ciently far away from the beam fragmentation region.

In our PYTHIA6 study we count f
i

+�

⇤
T,L

! f

i

+g and g+�

⇤
T,L

! f

i

+ f̄

i

(see Fig. 10) as

signal and all other as background processes. By far the dominant background source is the

standard LO DIS process �⇤+ q ! q. Figure 11 illustrates the Q2 dependence of the signal-

to-background (S/B) ratio, i.e., the number of correctly reconstructed signal events over the

number of events that were incorrectly flagged as containing a signal dijet process. The S/B

ratio rises initially due to the improved dijet reconstruction e�ciency towards larger Q2 (or

20
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FIG. 13: dN/d� distribution of signal and background jets after corrections.

Figure 13 shows the resulting dN/d� distributions for signal jets (solid squares) and

background jets (solid circles). The signal-to-background ratio for the indicated cuts is

S/B ⇡ 11. After the finite ⌘-range correction both, signal and background pairs show no

modulation, as expected.

C. Extracting v

L

2

and v

T

2

In order to derive the distribution of linearly polarized gluons via Eqs. (6), the contribu-

tions from transverse (vT
2

) and longitudinally polarized photons (vL
2

) need to be disentangled.

With the exception of di↵ractive J/ production, no processes in DIS exist where the po-

larization of the virtual photon can be measured directly. In our case there are 3 features

that do make the separation possible: (i) vL
2

and v

T

2

have opposite signs (see Fig. 8), (ii) the

background contribution shows no anisotropy (see Fig. 13), and (iii) the relation

v

unpol

2

=
Rv

L

2

+ v

T

2

1 +R

(26)

A phase shift between transverse & longitudinal photons (probe)

Photon-gluon fusion as a potential bkg.
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• Large long-range cos(2φ) anisotropy in DIS dijets is predicated to probe TMDs

Initial geometry and fluctuations in A+A
IP-Glasma provides good description of initial geometry and
fluctuations in Pb+Pb and Au+Au.
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FIG. 8. (Color online) v1(pT ) compared to experimental data
from the ALICE [37] and ATLAS [38] collaborations.

energies, calculated pion spectra also underestimate the
data for pT < 300MeV but v1(pT ) is well reproduced.

We present event-by-event distributions of v2, v3, and
v4 compared to results from the ATLAS collaboration
[40, 41] in Fig. 9. We chose 20-25% central events be-
cause eccentricity distributions from neither MC-Glauber
nor MC-KLN models agree with the experimental data
in this bin [41]. To compare data with the distribution
of initial eccentricities [42] from the IP-Glasma model
and the final vn distributions after hydrodynamic evolu-
tion, we scaled the distributions by their respective mean
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FIG. 9. (Color online) Scaled distributions of v2, v3, and v4

(from top to bottom) compared to experimental data from
the ATLAS collaboration [40, 41]. 1300 events. Bands are
systematic experimental errors.

value. We find that the initial eccentricity distributions
are a good approximation to the distribution of experi-
mental vn. Only for v4 (and less so for v2) the large vn

end of the experimental distribution is much better de-
scribed by the hydrodynamic vn distribution than the "n

distribution. This can be explained by non-linear mode
coupling becoming important for large values of v2 and
v4 [43].

In summary, we have shown that the IP-
Glasma+music model gives very good agreement
to multiplicity and flow distributions at RHIC and LHC.
By including properly sub-nucleon scale color charge
fluctuations and their resulting early time CYM dynam-
ics, this model significantly extends previous studies in
the literature [19, 36, 44–48]. Omitted in all studies
including ours is the stated dynamics of instabilities and
strong scattering in over-occupied classical fields that
can drive the system to isotropy and generate substan-

Same framework can be used to study various A+A systems like

(asymmetric ) Cu+Au and (deformed) U+U nuclear collisions.

23 / 32

It may be possible to measure similar correlations at the future EIC : 
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FIG. 1. The mean transverse momentum hpT i of identified
particles as a function of the number of charged hadrons per
pseudo-rapidity interval around mid-rapidity compared to ex-
perimental data from the ALICE collaboration [84].

formula. This sampling procedure introduces the least
distortion in the momentum distribution of particle sam-
ples when the Cooper-Frye formula takes on negative val-
ues in certain regions of the hypersurface [83].

We have checked by explicit calculation that for
charged hadrons the e↵ect of rescattering in UrQMD is
negligible. Proton spectra and vn(pT ) are slighty blue
shifted because of the additional hadronic scatterings
[19].

Results We begin by presenting results for the av-
erage transverse momentum hpT i of identified particles
as a function of charged particle multiplicity in Fig. 1.
Using both temperature dependent ⌘/s and ⇣/s and a
switching time of ⌧

0

= 0.4 fm we find good agreement
with experimental data from the ALICE collaboration
for charged pions, protons, and ⇤’s. The hpT i of charged
kaons is underestimated. We note that as discussed for
heavy ion collisions in [70], the inclusion of bulk viscosity
is essential in order not to overestimate hpT i. Without
bulk viscosity, the pion hpT i is overestimated the most,
by approximately 50%. The e↵ect of using the constant
e↵ective ⌘/s is weak as is the e↵ect of a smaller switching
time ⌧

0

= 0.2 fm, which is not shown here.
Having established the agreement with measured

transverse momentum spectra, which is almost entirely
determined by hpT i, we now present results for vn from
two-particle correlations. To compute vn{2} using par-
ticle samples from UrQMD, we first construct the flow
vector Qn =

P
i wie

in�i , where the sum i runs over all
particles of interest with 0.3GeV < pT < 3GeV (when
comparing to CMS results), and the weights are set to
wi = 1. The two particle cumulant vn{2} is then com-
puted as

vn{2} =
1

hN(N � 1)i
ev

(hRe{QnQ
⇤
n}�Ni

ev

) , (3)

FIG. 2. The second and third harmonic v
2

{2} and v
3

{2} of
charged hadrons as a function of the number of tracks (as
defined by the CMS collaboration) for the temperature de-
pendent ⌘/s using ⌧

0

= 0.2 fm (squares) and ⌧
0

= 0.4 fm
(circles). We compare to experimental data from the CMS
Collaboration [85] with peripheral events subtracted.
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FIG. 3. Same as Fig. 2, but for the e↵ective ⌘/s = 0.2.

where N is the number of particles included in the cal-
culation of Qn and h·i

ev

is the average over events. In
practice, we sample the hypersurface from each hydrody-
namic event 5000 times and run UrQMD for each of these
particle configurations. For the evaluation of vn{2} we
combine the UrQMD output of all 5000 runs to collect
enough statistics and suppress short range correlations
from e.g. resonance decays. The latter e↵ect is desired
because the measurement uses a large pseudo-rapidity
gap of |�⌘| > 2 between the two particles, also eliminat-
ing short range correlations.

In Fig. 2 we see that above a multiplicity of No✏ine

trk

'
80 = 2hNo✏ine

trk

i, the experimental vn{2} are well re-
produced by our calculation, considering the uncertainty
from the initial switching time, which we vary from ⌧

0

=

A+A p+A
e+A

di-hadron correlations have been a key observable across different systems 

They provide many information about the early stages of collisions

Lessons from RHIC/LHC about modeling colliding nuclei will be helpful to further 
study such processes and may be implement in the Monte-Carlo generators for EIC 

Quantities like v2  are studied very widely at RHIC & LHC



Thank you 


