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We investigate the contributions from the so-called elliptic gluon Wigner distributions to the rapidity 
and azimuthal correlations of particles produced in high energy pp and p A collisions by applying the 
double parton scattering mechanism. We compute the ‘elliptic flow’ parameter v2 as a function of the 
transverse momentum and rapidity, and find qualitative agreement with experimental observations. This 
shall encourage further developments with more rigorous studies of the elliptic gluon distributions and 
their applications in hard scattering processes in pp and p A collisions.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

One of the interesting experimental observations from the 
proton–proton and proton–nucleus collisions at the Large Hadron 
Collider (LHC) and Relativistic Heavy Ion Collider (RHIC) is the 
long range rapidity and azimuthal angle correlations between 
hadrons [1–9], see, e.g., a recent review in Ref. [10]. These intrigu-
ing observations have generated great theoretical investigations, 
and many models have been proposed to explain the experimen-
tal results, including (but not limited to) hydrodynamics [11–14], 
QCD motivated models [15–18], and in particular, the multi-gluon 
correlations calculated in the Color Glass Condensate (CGC) frame-
work [19,20,22–33].

In this paper, we investigate the contribution from the double 
parton scattering (DPS) [34,35] coupled with the so-called elliptic 
gluon Wigner distribution [36–38]. In high energy collisions, we 
expect the DPS, or in general, the multi-parton scattering, is the 
dominant source for multi-particle productions. A unique feature 
of DPS is that its contribution is not strongly suppressed for near-
side particle productions with large rapidity separation as com-
pared to the single parton scattering (SPS) contribution. Therefore, 
DPS may well be the dominant source for long range correlations 
among produced hadrons.

It was first pointed out in Ref. [39] that the DPS plays an im-
portant role in two particle production in forward p A and dA
collisions at RHIC. This idea was followed up in the saturation 
formalism in Ref. [40] to estimate the so-called pedestal contri-
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bution in the correlation measurements. Further study in Ref. [41]
also confirmed the importance of these contributions in the two 
particle production in p A collisions. However, all these studies as-
sumed that the two hard scatterings are essentially uncorrelated. 
In the following, we will extend the DPS mechanism to include the 
impact parameter dependence which naturally encodes the corre-
lation between the two scatterings. If we average over the impact 
parameter space, this will reduce to the previous applications of 
the DPS mechanism in the CGC framework. However, the uninte-
grated gluon distribution involved in these scatterings depends on 
the impact parameter. In particular, there is a nonzero cos(2φ) az-
imuthal correlation between the transverse momentum k⊥ and the 
impact parameter b⊥ , which was referred to as the elliptic gluon 
Wigner distribution in Ref. [36]. Since the impact parameters for 
the two hard scatterings are correlated due to the DPS mechanism, 
we expect the transverse momenta from the two hard scatterings 
are correlated as well. This will naturally give rise to the cos(2φ)

two-particle correlation in the final state.
In Ref. [36], the elliptic gluon Wigner distribution has been 

shown to be measurable in diffractive dijet production in lepton-
nucleon collisions at the future electron-ion collider (EIC). The 
present study suggests that the same distribution can affect var-
ious observables in different types of collisions.

The rest of this paper is organized as follows. In Sec. 2, we 
study the DPS contributions to the two particle production in the 
dilute-dense collisions and derive a formula for the ‘elliptic flow’ 
parameter v2. The result is relevant to pp and p A experiments 
at RHIC and the LHC. In Sec. 3, we numerically evaluate v2 in a 
model which incorporates the saturation effect in the target. We 
point out some generic features of the DPS contributions which 
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can be compared to the experimental observations. We summarize 
our paper in Sec. 4.

2. Double parton scattering contributions in the dilute-dense 
collisions

In order to describe the near-side two particle correlations in 
pp and p A collisions, we introduce the impact parameter depen-
dence in the DPS framework. Similarly to the derivation of DPS in 
Refs. [34,35], we write down the generic expression for the differ-
ential cross section of two parton production as

dσ

dy1d2k1⊥dy2d2k2⊥

∣∣∣∣
D P S

=
∫

d2x⊥d2 y⊥d2b1⊥d2b2⊥eik1⊥·x⊥eik2⊥·y⊥ F A(xp, x′
p; z⊥)

× F B(xA, x′
A; �b1⊥, �b2⊥; �x⊥, �y⊥) , (1)

where z⊥ = |�b1⊥ − �b2⊥|, and �b1⊥ and �b2⊥ denote the two hard 
scattering positions with respect to the center of the target. The 
‘dipole sizes’ x⊥ and y⊥ are Fourier-conjugate variables to the par-
tons’ outgoing transverse momentum k1⊥ and k2⊥ , respectively. 
The longitudinal momentum fractions xp , x′

p , xA , and x′
A are de-

termined by the final state kinematics. The physics picture is that 
two partons from the incoming proton encounter multiple scatter-
ing off the target, and fragment into two final state particles. The 
multiple scattering is described in the CGC framework or in the 
color-dipole model. For a large nucleus, we can assume a factor-
ized form

F B ≈ SxA

(�b1⊥, �x⊥
)

Sx′
A

(�b2⊥, �y⊥
)

, (2)

where S is the dipole S-matrix which may be in the fundamental 
or adjoint representation depending on the partonic channels in-
volved in the DPS. The terms neglected in (2) are of order 1/N2

c . 
It has been argued [33] that these color-suppressed, but ‘connect-
ed’ contributions can give rise to nonvanishing v2 in pp and p A
collisions. Moreover, if the target is small, as in pp collisions, fac-
torization (2) is violated even in the large-Nc limit due to the 
small-x evolution in the target. (In the case of a dipole target, 
this can be shown analytically [42,43].) Such factorization break-
ing effects have been considered as another source of v2 in small 
systems [19–21].

Here we show that, even if the factorization (2) holds strictly, 
there exist non-trivial angular correlations between the two outgo-
ing particles due to the angular correlation between �b1⊥ and �x⊥ in 
the S-matrix. It should be mentioned that the idea that the corre-
lation between impact parameter and dipole orientation generates 
anisotropy in the final state has been previously studied in the 
context of single [15,16] (see also, [45]) and double [31,32] par-
ton scattering. Thus, the approach here is essentially the same as 
in [31,32]. Yet, our formulation is considerably more concise and 
clearly establishes the connection to the elliptic gluon Wigner dis-
tribution which is a fundamental object in the tomographic study 
of the nucleon/nucleus.

For this purpose, let us write (1) as

dσ

dy1d2k1⊥dy2d2k2⊥

∣∣∣∣
D P S

=
∫

d2b1⊥d2b2⊥ F A(xp, x′
p; z⊥)GxA (�b1⊥, �k1⊥)Gx′

A
(�b2⊥, �k2⊥), (3)

where G(�b⊥, �k⊥) is the Fourier transform of S(�b⊥, �x⊥) and we 
assumed (2). The angular correlation between �b⊥ and �x⊥ is trans-
formed into the one between �b⊥ and �k⊥ . At small-x, this correla-
tion is dominantly elliptic [36,37], namely,

G(�b⊥, �k⊥) = G0(b⊥,k⊥) + 2 cos 2(φb − φk)G̃(b⊥,k⊥) + · · · . (4)

The angular integrals in (3) then lead to an elliptic angular corre-
lation of the form cos 2(φk1 − φk2).

This can be seen most clearly and model-independently at 
large impact parameter where it is convenient to write �b1,2⊥ =
�b⊥ ± �z⊥/2, so that d2b1⊥d2b2⊥ = d2z⊥d2b⊥ . Since the two partons 
are confined in the proton, the z⊥ integral is limited within the 
confinement radius z⊥ � 1/�. When b⊥ � 1/� ∼ z⊥ , we can ap-
proximately integrate over z⊥ to obtain the collinear double parton 
distribution of the proton,∫

d2z⊥ F A(xp, x′
p; z⊥) = Dp(xp, x′

p) , (5)

which can be further simplified as Dp(xp, x′
p) = C(xp, x′

p) f (xp) ×
f (x′

p) with C ≈ 1. With this approximation, we can write down 
the differential cross section as

dσ

dy1d2k1⊥dy2d2k2⊥

∣∣∣∣
D P S

∼
∫

1/�

d2b⊥ f (xp) f (x′
p)GxA (�b⊥, �k1⊥)Gx′

A
(�b⊥, �k2⊥) (6)

∝ π

∫
1/�

db2⊥
[

G0
xA

(b⊥,k1⊥)G0
x′

A
(b⊥,k2⊥)

+ 2 cos 2(φk1⊥ −φk2⊥)G̃xA (b⊥,k1⊥)G̃x′
A
(b⊥,k2⊥)

]
.

As expected, we recognize the cos 2(φk1 − φk2 ) correlation propor-
tional to the elliptic part G̃ squared.

We now turn to the small impact parameter region b⊥ ∼ z⊥ ∼
1/�. To proceed, we introduce a Gaussian model F A(z⊥) ∝ e−z2⊥�2

. 
The angular integrals can then be performed as

1/�∫
d2b1⊥d2b2⊥e−�2|�b1⊥−�b2⊥|2 GxA (b1⊥,k1⊥)Gx′

A
(b2⊥,k2⊥)

= 4π2

1/�∫
0

b1⊥db1⊥b2⊥db2⊥e−�2(b2
1⊥+b2

2⊥)

×
[

I0(2�2b1⊥b2⊥)G0
xA

(b1⊥,k1⊥)G0
x′

A
(b2⊥,k2⊥)

+2 cos 2(φk1⊥ − φk2⊥)I2(2�2b1⊥b2⊥)

×G̃xA (b1⊥,k1⊥)G̃x′
A
(b2⊥,k2⊥)

]
. (7)

We again find the elliptic correlation cos 2(φk1 −φk2 ). Other models 
of F A will also give rise to this correlation, as long as F A depends 
on the angle between �b1⊥ and �b2⊥ via z⊥ = |�b1⊥ − �b2⊥|.

Noting that the upper limit of the b1,2⊥-integrations in (7) can 
actually be extended to some value Rcut > 1/�, we define

V 2(k1⊥,k2⊥) ≡
∫ Rcut

0 b1⊥db1⊥b2⊥db2⊥e
−�2(b2

1⊥+b2
2⊥)

I2(2�2b1⊥b2⊥)G̃xA(b1⊥,k1⊥)G̃x′A
(b2⊥,k2⊥)

∫ Rcut
0 b1⊥db1⊥b2⊥db2⊥e

−�2(b2
1⊥+b2

2⊥)
I0(2�2b1⊥b2⊥)G0

xA
(b1⊥,k1⊥)G0

x′A
(b2⊥,k2⊥)

,

(8)

This is related to the experimentally measured v2 via

v2(k⊥,kref
⊥ ) ≡ V 2(k⊥,kref

⊥ )√
V 2(k

ref
⊥ ,kref

⊥ )

, (9)
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Fig. 1. v2 as a function of k⊥ . The cutoff in the b⊥-integration in (8) is Rcut = 2 (left) and Rcut = 5 (right). (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)

Fig. 2. kref
⊥ -dependence at Y = 4. Left: Rcut = 2, Right: Rcut = 5. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this article.)

where kref
⊥ denotes some reference momentum. Experimentally, it 

has been observed that v2 is roughly independent of kref
⊥ . This im-

plies that the two-particle correlation V 2 factorizes V 2(k1⊥, k2⊥) ≈
v2(k1⊥)v2(k2⊥), and this is consistent with the hydrodynamic 
interpretation of v2. In our case (8), the integrand approxi-
mately factorizes at small b1,2⊥ . However, the result after the full 
b1,2⊥-integrations does not factorize in general.

3. Model calculation

To illustrate the DPS contribution discussed above, we evalu-
ate (8) in a model that incorporates the gluon saturation effect at 
small-x. For definiteness, we consider the pp collisions partly be-
cause realistic models for p A with both the b⊥-dependence and 
the small-x evolution are not available to us. The angular indepen-
dent part G0 and the elliptic part G̃ are computed from the solu-
tion of the impact parameter dependent Balitsky–Kovchegov (BK) 
equation in the same way as explained in [37]. The only differ-
ence is that here we use a different initial condition to be slightly 
more realistic (e−d2 → e−cd2

with c = 6 in Eq. (7) of [37]). For 
small dipole sizes r⊥ → 0 and at small impact parameter b⊥ ≈ 0, 
this gives the initial condition SY =0(b⊥, r⊥) ≈ e−cr2⊥/R2

where R is 
roughly the size of the target. For the proton, we use R = 1 fm
so that the initial condition is ∼ e−r2⊥/(0.4 fm)2

which is the same 
as the original GBW model [44]. Below we use R as the unit of 
length, so for example Rcut = 2 means Rcut = 2R . The current nu-
merical result is intended to be viewed as an illustrative example 
which shows that this mechanism due to the elliptic Wigner dis-
tribution can generate sizeable elliptic flow in small systems. Of 
course, a more realistic numerical model calculation should be car-
ried out in the future in order to compare with the experimental 
data measured for small systems created in pp and p A collisions.

The results for k⊥ = kref
⊥ and xA = xA′ = e−Y are shown in Fig. 1

for different values of Y with � = 1. In the two figures, we used 
different values of the cutoff Rcut in the b⊥-integral. Actually, the 
elliptic part G̃ becomes negative in the large-k⊥ region. This means 
that the squared function (G̃)2 in the numerator has two peaks 
in the k⊥ direction at fixed b1⊥ ≈ b2⊥ . However, the zero of G̃
is b⊥-dependent, so that after integrating over b⊥ we obtain the 
single-peak structure as in the right figure. On the other hand, if 
the cutoff is small as in the left figure, b⊥-averaging is insufficient 
and we see a remnant of the double-peak structure. Note that the 
peak position of v2 is almost independent of Y , and does not coin-
cide with the saturation momentum k ∼ Q s(Y ) which is a rapidly 
increasing function of Y . This is a characteristic property of the el-
liptic part G̃ observed in [37]. Interestingly, Ref. [21] argued that 
the peak position of v2 from the present mechanism should oc-
cur at the inverse correlation length of Q s in the transverse plane 
which is much smaller than Q s . It remains to be seen whether 
the observation in [37] can be physically interpreted as such. We 
also note that the height of the peak decreases with increasing Y
largely because G̃ has the same property. Compared with the ex-
perimental data, the magnitude of v2 in our model is somewhat 
smaller even for the smallest values of Y .

Next we test the degree of factorization. We choose k⊥ �= kref
⊥

and check the kref
⊥ -dependence of the result. The integrand of (8)

factorizes at small b⊥ , because I2(2�2b1⊥b2⊥) ∼ (b1⊥b2⊥)2. Thus, 
factorization is good if Rcut is small and this is clearly seen in 
Fig. 2 (Y = 4) and Fig. 3 (Y = 8). We also see that the factorization 
holds better for larger Y values. Note that v2 is no longer positive 
definite once we allow k⊥ �= kref

⊥ because G̃ is negative for large 
kref
⊥ . When Y becomes large, the negative region of G̃ is pushed to 

a larger k-region and v2 tends to become positive.
Finally we study the rapidity correlation between two particles. 

We take xA and xA′ in (8) to be different and compute v2(k⊥ =
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Fig. 3. kref
⊥ -dependence at Y = 8. Left: Rcut = 2, Right: Rcut = 5. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this article.)

Fig. 4. v2(k⊥ = kref
⊥ = 2) as a function of the rapidity difference �Y between two particles. Left: Rcut = 2, Right: Rcut = 5.

kref
⊥ = 2) from (9) as a function of �Y = Y − Y ref = ln 1

x − ln 1
xref . 

(In practice we set Y ref = 0.) The result is shown in Fig. 4. We rec-
ognize a certain degree of ‘long-range rapidity correlation’, namely, 
v2 decreases only slowly with increasing �Y . This is largely due to 
approximate factorization of the double scattering amplitude (2). 
We should mention that when �Y becomes too large such that 
αs�Y ∼ 1, one has to consider the small-x evolution between the 
two rapidities [25]. This is however beyond the scope of this work.

4. Conclusions and discussions

To summarize, we have explored the two-particle productions 
in small systems created in high energy pp and p A collisions from 
the double parton scattering mechanism, where the elliptic gluon 
Wigner distributions give rise to the desired cos(2φ) azimuthal an-
gular correlations. By applying the DPS idea, we derived a formula 
for the two particle correlation in the small-x saturation formalism, 
where two partons from the incoming nucleon scatter with the tar-
get nucleon/nucleus and produce two particles in the final state. 
The DPS mechanism imposes the impact parameter correlation be-
tween the two hard partonic scattering processes, which results in 
a correlation between the transverse momenta of the final state 
particles. Due to the unique feature of the DPS mechanism, this 
correlation will not decrease dramatically with the increase of the 
rapidity difference between the two particles.

We have also applied a recent result of the elliptic gluon distri-
butions from the BK equation [37] to illustrate their contributions 
to the cos(2φ) correlation between two particles produced in high 
energy pp and p A collisions. The size of the elliptic flow parameter 
v2 was found in a similar range as the experimental observations 
at RHIC and the LHC. This is an encouraging message, and demon-
strates that the long range correlation of v2 may have significant 
contributions from the elliptic gluon distributions in the target. 
However, we would like to emphasize that we have limited knowl-

edge on the elliptic gluon distribution as compared to the usual 
dipole gluon distribution, and more studies are needed to com-
pare to the experimental data. This will also help to pin down the 
underlying mechanism for the novel “flow” phenomena in high en-
ergy pp and p A collisions.

Finally, we would like to point out that the elliptic gluon 
Wigner distribution represents a nontrivial tomography structure 
of gluons inside the nucleon/nucleus. Its dependence on x, b⊥
and k⊥ will provide not only the imaging of parton distributions 
at small-x, but also the unique opportunity to explore the QCD 
dynamics associated with the small-x evolution [37]. Since the el-
liptic gluon distribution can be well studied in hard diffractive dijet 
production at the EIC [36], the comparison between the two par-
ticle elliptic flow in pp and p A collisions and further observables 
in e A collisions will be crucial to understand the gluon dynam-
ics under extreme conditions. We hope to come back to this issue 
soon.

Acknowledgements

We thank Edmond Iancu and Amir Rezaeian for correspon-
dence about their related work [45]. This material is based upon 
work supported by the U.S. Department of Energy, Office of 
Science, Office of Nuclear Physics, under contract number DE-
AC02-05CH11231 and by the Natural Science Foundation of China 
(NSFC) under Grant No. 11575070.

References

[1] V. Khachatryan, et al., CMS Collaboration, J. High Energy Phys. 1009 (2010) 091, 
http://dx.doi.org/10.1007/JHEP09(2010)091, arXiv:1009.4122 [hep-ex].

[2] B. Abelev, et al., ALICE Collaboration, Phys. Lett. B 719 (2013) 29, http://dx.
doi.org/10.1016/j.physletb.2013.01.012, arXiv:1212.2001 [nucl-ex].

[3] G. Aad, et al., ATLAS Collaboration, Phys. Rev. Lett. 110 (18) (2013) 182302, 
http://dx.doi.org/10.1103/PhysRevLett.110.182302, arXiv:1212.5198 [hep-ex].

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

http://dx.doi.org/10.1007/JHEP09(2010)091
http://dx.doi.org/10.1016/j.physletb.2013.01.012
http://dx.doi.org/10.1103/PhysRevLett.110.182302
http://dx.doi.org/10.1016/j.physletb.2013.01.012


378 Y. Hagiwara et al. / Physics Letters B 771 (2017) 374–378

[4] S. Chatrchyan, et al., CMS Collaboration, Phys. Lett. B 718 (2013) 795, http://
dx.doi.org/10.1016/j.physletb.2012.11.025, arXiv:1210.5482 [nucl-ex].

[5] A. Adare, et al., PHENIX Collaboration, Phys. Rev. Lett. 114 (19) (2015) 192301, 
http://dx.doi.org/10.1103/PhysRevLett.114.192301, arXiv:1404.7461 [nucl-ex].

[6] A. Adare, et al., PHENIX Collaboration, Phys. Rev. Lett. 115 (14) (2015) 142301, 
http://dx.doi.org/10.1103/PhysRevLett.115.142301, arXiv:1507.06273 [nucl-ex].

[7] G. Aad, et al., ATLAS Collaboration, Phys. Rev. C 90 (4) (2014) 044906, http://
dx.doi.org/10.1103/PhysRevC.90.044906, arXiv:1409.1792 [hep-ex].

[8] G. Aad, et al., ATLAS Collaboration, Phys. Rev. Lett. 116 (17) (2016) 172301, 
http://dx.doi.org/10.1103/PhysRevLett.116.172301, arXiv:1509.04776 [hep-ex].

[9] M. Aaboud, et al., ATLAS Collaboration, arXiv:1609.06213 [nucl-ex].
[10] K. Dusling, W. Li, B. Schenke, Int. J. Mod. Phys. E 25 (01) (2016) 1630002, 

http://dx.doi.org/10.1142/S0218301316300022, arXiv:1509.07939 [nucl-ex].
[11] J. Casalderrey-Solana, U.A. Wiedemann, Phys. Rev. Lett. 104 (2010) 102301, 

http://dx.doi.org/10.1103/PhysRevLett.104.102301, arXiv:0911.4400 [hep-ph].
[12] E. Avsar, C. Flensburg, Y. Hatta, J.Y. Ollitrault, T. Ueda, Phys. Lett. B 702 

(2011) 394, http://dx.doi.org/10.1016/j.physletb.2011.07.031, arXiv:1009.5643 
[hep-ph].

[13] B. Schenke, R. Venugopalan, Phys. Rev. Lett. 113 (2014) 102301, http://dx.doi.
org/10.1103/PhysRevLett.113.102301, arXiv:1405.3605 [nucl-th].

[14] L. Yan, J.Y. Ollitrault, Phys. Rev. Lett. 112 (2014) 082301, http://dx.doi.org/10.
1103/PhysRevLett.112.082301, arXiv:1312.6555 [nucl-th].

[15] B.Z. Kopeliovich, H.J. Pirner, A.H. Rezaeian, I. Schmidt, Phys. Rev. D 77 (2008) 
034011, http://dx.doi.org/10.1103/PhysRevD.77.034011, arXiv:0711.3010 [hep-
ph].

[16] B.Z. Kopeliovich, A.H. Rezaeian, I. Schmidt, Phys. Rev. D 78 (2008) 114009, 
http://dx.doi.org/10.1103/PhysRevD.78.114009, arXiv:0809.4327 [hep-ph].

[17] M. Gyulassy, P. Levai, I. Vitev, T.S. Biro, Phys. Rev. D 90 (5) (2014) 054025, 
http://dx.doi.org/10.1103/PhysRevD.90.054025, arXiv:1405.7825 [hep-ph].

[18] G. Gambini, G. Torrieri, arXiv:1606.07865 [nucl-th].
[19] A. Kovner, M. Lublinsky, Phys. Rev. D 83 (2011) 034017, http://dx.doi.org/10.

1103/PhysRevD.83.034017, arXiv:1012.3398 [hep-ph].
[20] A. Kovner, M. Lublinsky, Phys. Rev. D 84 (2011) 094011, http://dx.doi.org/10.

1103/PhysRevD.84.094011, arXiv:1109.0347 [hep-ph].
[21] A. Kovner, M. Lublinsky, Int. J. Mod. Phys. E 22 (2013) 1330001, http://dx.doi.

org/10.1142/S0218301313300014, arXiv:1211.1928 [hep-ph].
[22] K. Dusling, R. Venugopalan, Phys. Rev. D 87 (5) (2013) 054014, http://dx.doi.

org/10.1103/PhysRevD.87.054014, arXiv:1211.3701 [hep-ph].
[23] K. Dusling, R. Venugopalan, Phys. Rev. D 87 (5) (2013) 051502, http://dx.doi.

org/10.1103/PhysRevD.87.051502, arXiv:1210.3890 [hep-ph].
[24] Y.V. Kovchegov, D.E. Wertepny, Nucl. Phys. A 906 (2013) 50, http://dx.doi.org/

10.1016/j.nuclphysa.2013.03.006, arXiv:1212.1195 [hep-ph].

[25] E. Iancu, D.N. Triantafyllopoulos, J. High Energy Phys. 1311 (2013) 067, http://
dx.doi.org/10.1007/JHEP11(2013)067, arXiv:1307.1559 [hep-ph].

[26] B. Schenke, S. Schlichting, R. Venugopalan, Phys. Lett. B 747 (2015) 76, http://
dx.doi.org/10.1016/j.physletb.2015.05.051, arXiv:1502.01331 [hep-ph].

[27] A. Dumitru, A.V. Giannini, Nucl. Phys. A 933 (2015) 212, http://dx.doi.org/10.
1016/j.nuclphysa.2014.10.037, arXiv:1406.5781 [hep-ph].

[28] A. Dumitru, J. Jalilian-Marian, Phys. Rev. D 81 (2010) 094015, http://dx.doi.org/
10.1103/PhysRevD.81.094015, arXiv:1001.4820 [hep-ph].

[29] A. Dumitru, L. McLerran, V. Skokov, Phys. Lett. B 743 (2015) 134, http://dx.doi.
org/10.1016/j.physletb.2015.02.046, arXiv:1410.4844 [hep-ph].

[30] T. Lappi, Phys. Lett. B 744 (2015) 315, http://dx.doi.org/10.1016/j.physletb.2015.
04.015, arXiv:1501.05505 [hep-ph].

[31] E. Levin, A.H. Rezaeian, Phys. Rev. D 84 (2011) 034031, http://dx.doi.org/10.
1103/PhysRevD.84.034031, arXiv:1105.3275 [hep-ph].

[32] E. Gotsman, E. Levin, U. Maor, S. Tapia, Phys. Rev. D 93 (7) (2016) 074029, 
http://dx.doi.org/10.1103/PhysRevD.93.074029, arXiv:1603.02143 [hep-ph].

[33] T. Lappi, B. Schenke, S. Schlichting, R. Venugopalan, J. High Energy Phys. 
1601 (2016) 061, http://dx.doi.org/10.1007/JHEP01(2016)061, arXiv:1509.03499 
[hep-ph].

[34] M. Diehl, D. Ostermeier, A. Schafer, J. High Energy Phys. 1203 (2012) 089, 
http://dx.doi.org/10.1007/JHEP03(2012)089, arXiv:1111.0910 [hep-ph].

[35] A.V. Manohar, W.J. Waalewijn, Phys. Lett. B 713 (2012) 196, http://dx.doi.org/
10.1016/j.physletb.2012.05.044, arXiv:1202.5034 [hep-ph].

[36] Y. Hatta, B.W. Xiao, F. Yuan, Phys. Rev. Lett. 116 (20) (2016) 202301, http://
dx.doi.org/10.1103/PhysRevLett.116.202301, arXiv:1601.01585 [hep-ph].

[37] Y. Hagiwara, Y. Hatta, T. Ueda, Phys. Rev. D 94 (9) (2016) 094036, http://dx.
doi.org/10.1103/PhysRevD.94.094036, arXiv:1609.05773 [hep-ph].

[38] J. Zhou, arXiv:1611.02397 [hep-ph].
[39] M. Strikman, W. Vogelsang, Phys. Rev. D 83 (2011) 034029, http://dx.doi.org/

10.1103/PhysRevD.83.034029, arXiv:1009.6123 [hep-ph].
[40] A. Stasto, B.W. Xiao, F. Yuan, Phys. Lett. B 716 (2012) 430, http://dx.doi.org/

10.1016/j.physletb.2012.08.044, arXiv:1109.1817 [hep-ph].
[41] T. Lappi, H. Mantysaari, Nucl. Phys. A 908 (2013) 51, http://dx.doi.org/10.1016/

j.nuclphysa.2013.03.017, arXiv:1209.2853 [hep-ph].
[42] Y. Hatta, A.H. Mueller, Nucl. Phys. A 789 (2007) 285, http://dx.doi.org/10.1016/

j.nuclphysa.2007.03.003, arXiv:hep-ph/0702023v2.
[43] E. Avsar, Y. Hatta, J. High Energy Phys. 0809 (2008) 102, http://dx.doi.org/10.

1088/1126-6708/2008/09/102, arXiv:0805.0710 [hep-ph].

[44] K.J. Golec-Biernat, M. Wusthoff, Phys. Rev. D 59 (1998) 014017, http://dx.doi.
org/10.1103/PhysRevD.59.014017, arXiv:hep-ph/9807513.

[45] E. Iancu, A.H. Rezaeian, arXiv:1702.03943 [hep-ph].

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

http://dx.doi.org/10.1016/j.physletb.2012.11.025
http://dx.doi.org/10.1103/PhysRevLett.114.192301
http://dx.doi.org/10.1103/PhysRevLett.115.142301
http://dx.doi.org/10.1103/PhysRevC.90.044906
http://dx.doi.org/10.1103/PhysRevLett.116.172301
http://refhub.elsevier.com/S0370-2693(17)30446-X/bib4161626F75643A32303136796172s1
http://dx.doi.org/10.1142/S0218301316300022
http://dx.doi.org/10.1103/PhysRevLett.104.102301
http://dx.doi.org/10.1016/j.physletb.2011.07.031
http://dx.doi.org/10.1103/PhysRevLett.113.102301
http://dx.doi.org/10.1103/PhysRevLett.112.082301
http://dx.doi.org/10.1103/PhysRevD.77.034011
http://dx.doi.org/10.1103/PhysRevD.78.114009
http://dx.doi.org/10.1103/PhysRevD.90.054025
http://refhub.elsevier.com/S0370-2693(17)30446-X/bib47616D62696E693A32303136696A74s1
http://dx.doi.org/10.1103/PhysRevD.83.034017
http://dx.doi.org/10.1103/PhysRevD.84.094011
http://dx.doi.org/10.1142/S0218301313300014
http://dx.doi.org/10.1103/PhysRevD.87.054014
http://dx.doi.org/10.1103/PhysRevD.87.051502
http://dx.doi.org/10.1016/j.nuclphysa.2013.03.006
http://dx.doi.org/10.1007/JHEP11(2013)067
http://dx.doi.org/10.1016/j.physletb.2015.05.051
http://dx.doi.org/10.1016/j.nuclphysa.2014.10.037
http://dx.doi.org/10.1103/PhysRevD.81.094015
http://dx.doi.org/10.1016/j.physletb.2015.02.046
http://dx.doi.org/10.1016/j.physletb.2015.04.015
http://dx.doi.org/10.1103/PhysRevD.84.034031
http://dx.doi.org/10.1103/PhysRevD.93.074029
http://dx.doi.org/10.1007/JHEP01(2016)061
http://dx.doi.org/10.1007/JHEP03(2012)089
http://dx.doi.org/10.1016/j.physletb.2012.05.044
http://dx.doi.org/10.1103/PhysRevLett.116.202301
http://dx.doi.org/10.1103/PhysRevD.94.094036
http://refhub.elsevier.com/S0370-2693(17)30446-X/bib5A686F753A32303136726E74s1
http://dx.doi.org/10.1103/PhysRevD.83.034029
http://dx.doi.org/10.1016/j.physletb.2012.08.044
http://dx.doi.org/10.1016/j.nuclphysa.2013.03.017
http://dx.doi.org/10.1016/j.nuclphysa.2007.03.003
http://dx.doi.org/10.1088/1126-6708/2008/09/102
http://dx.doi.org/10.1103/PhysRevD.59.014017
http://refhub.elsevier.com/S0370-2693(17)30446-X/bib49616E63753A32303137667A6Es1
http://dx.doi.org/10.1016/j.physletb.2012.11.025
http://dx.doi.org/10.1103/PhysRevC.90.044906
http://dx.doi.org/10.1103/PhysRevLett.113.102301
http://dx.doi.org/10.1103/PhysRevLett.112.082301
http://dx.doi.org/10.1103/PhysRevD.83.034017
http://dx.doi.org/10.1103/PhysRevD.84.094011
http://dx.doi.org/10.1142/S0218301313300014
http://dx.doi.org/10.1103/PhysRevD.87.054014
http://dx.doi.org/10.1103/PhysRevD.87.051502
http://dx.doi.org/10.1016/j.nuclphysa.2013.03.006
http://dx.doi.org/10.1007/JHEP11(2013)067
http://dx.doi.org/10.1016/j.physletb.2015.05.051
http://dx.doi.org/10.1016/j.nuclphysa.2014.10.037
http://dx.doi.org/10.1103/PhysRevD.81.094015
http://dx.doi.org/10.1016/j.physletb.2015.02.046
http://dx.doi.org/10.1016/j.physletb.2015.04.015
http://dx.doi.org/10.1103/PhysRevD.84.034031
http://dx.doi.org/10.1016/j.physletb.2012.05.044
http://dx.doi.org/10.1103/PhysRevLett.116.202301
http://dx.doi.org/10.1103/PhysRevD.94.094036
http://dx.doi.org/10.1103/PhysRevD.83.034029
http://dx.doi.org/10.1016/j.physletb.2012.08.044
http://dx.doi.org/10.1016/j.nuclphysa.2013.03.017
http://dx.doi.org/10.1016/j.nuclphysa.2007.03.003
http://dx.doi.org/10.1088/1126-6708/2008/09/102
http://dx.doi.org/10.1103/PhysRevD.59.014017

	Elliptic ﬂow in small systems due to elliptic gluon distributions?
	1 Introduction
	2 Double parton scattering contributions in the dilute-dense collisions
	3 Model calculation
	4 Conclusions and discussions
	Acknowledgements
	References




