Eur. Phys. J. C (2018) 78:702
https://doi.org/10.1140/epjc/s10052-018-6186-1

THE EUROPEAN

) CrossMark
PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

Double and triple inclusive gluon production at mid rapidity:
quantum interference in p-A scattering

Tolga Altinoluk'#, Néstor Armesto?, Alex Kovner>*, Michael Lublinsky’

I National Centre for Nuclear Research, 00-681 Warsaw, Poland

2 Departamento de Fisica de Particulas and IGFAE, Universidade de Santiago de Compostela, 15782 Santiago de Compostela, Galicia, Spain
3 Physics Department, University of Connecticut, 2152 Hillside road, Storrs, CT 06269, USA

4 Theoretical Physics Department, CERN, 1211 Geneva 23, Switzerland

5 Physics Department, Ben-Gurion University of the Negev, 84105 Beer Sheva, Israel

Received: 30 May 2018 / Accepted: 24 August 2018 / Published online: 1 September 2018

© The Author(s) 2018

Abstract We compute double and triple inclusive gluon
production in p-A scattering beyond the so-called “glasma
graph” approximation. We consider quantum interference
effects and identify in this general setup the terms responsible
for the gluon HBT and initial wave function Bose enhance-
ment which lead to correlations in particle production. Both
of these terms originate from the factorizable part of the
quadrupole and sextupole terms in the production cross sec-
tion. We also show that the target Bose enhancement in this
regime is suppressed at large number of colors.

1 Introduction

The interest in correlated particle production in the recent
years has been triggered by the observation at the Large
Hadron Collider (LHC) of the so called ridge correlations
in p-p and p-Pb scattering [ 1-14]. Many features of the ridge
correlations are shared in these reactions with similar obser-
vations in Pb-Pb collisions at the LHC and earlier observa-
tions of the same structure in Au-Au collisions at the Rela-
tivistic Heavy Ion Collider, later observed in d-Au and 3He-
Au [15-19]. In heavy ion collisions the accepted explanation
of the origin of correlations is due to a collective behavior of
the final state of the dense system of gluons, which follows a
hydrodynamic evolution starting a short time after scattering.
A similar explanation has been put forward for the observed
ridge in p-A and p-p as well [20-22]. Nevertheless, the ques-
tion remains of whether the mechanism that leads to these
correlations in small systems (p-p and p-A) is of the same
origin.

It has been suggested that the structure of the wave func-
tion of the highly energetic proton can be nontrivial and con-
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tain preexisting correlations which are reflected in the final
state of the scattering [23,24]. Motivated by this idea, a rea-
sonable description of large parts of the data has been pro-
vided by calculations based on the Color Glass Condensate
(CGC) approach in [25-28]. This work used the so called
“glasma graphs” approximation which is based essentially
on the dilute-dilute limit of the CGC framework [23,24].

The physics of “glasma graph” approximation used in
[25-28] was elucidated later in [29,30]. There it was shown
that the physical origin of the correlations in the “glasma
graph” approach where the quantum interference effects that
unavoidably appear in a system of identical bosons, i.e. glu-
ons. The two distinct contributing quantum effects identi-
fied in [29,30] were the Bose enhancement of gluons in the
incoming projectile wave function and the Hanbury Brown—
Twiss (HBT) interference effect in the emission of gluons in
the final state. Diagrammatics of the HBT effect in QCD
was discussed in [31], and in the CGC framework more
recently in [32,33]. Similar effects (albeit with opposite sign)
have been later identified in the quark production in the
CGC based framework in [34], see also [35,36]. The glasma
graph approach was also used in [37,38] to study triple and
quadruple gluon correlations. However, these studies were
performed in the dilute-dilute limit of glasma graphs which
should be only applicable for p-p collisions at midrapidity,
while we aim to go beyond this limit and consider p-A.

We mention another recent paper [39] where quantum
interference effects for gluons were studied in a model cal-
culation from the point of view of multi parton interactions.
More recently a calculation of quantum interference effects
in forward quark production in the framework of multi par-
ton interactions has been performed in [40,41]. There it was
shown that these effects are ubiquitous in identical particle
production, and that in the framework of the eikonal multiple
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scattering approach are contained in the quadrupole ampli-
tude.

It is desirable to have a similar detailed understanding
of quantum interference effects in gluon production at mid
rapidity in the framework of the unabridged CGC formula-
tion, i.e., beyond the “glasma graph” approximation.

The purpose of the present paper is precisely to provide
such a calculation for two and three particle inclusive produc-
tion. We perform it within the dilute-dense CGC approach
which is a fully consistent scheme for calculation of particle
production in p-A collisions. In this respect we follow the
same line as [54] and [32,33]. We generalize the recent work
along the same lines [55] (which is based on the approach of
[32,33]) by identifying more generally the origin of the var-
ious terms in the double inclusive gluon production as well
as calculating quantum interference effects in three gluon
production for the first time.

In order to identify various physical effects, in the present
paper we adapt the approach of [40,41] to production of par-
ticles in the adjoint representation. We use the insight of [32,
33,40,41] regarding the approximation of the quadrupole
amplitude in terms of dipoles and explain similarly to [40,41]
that this approximation correctly accounts for the quantum
interference effects. This considerably simplifies the color
algebra, which in general leads to several different Wilson
line ensembles [32,33,56] whose target averages have to be
modelled. It also allows us to identify in full generality the
Bose enhancement (both in the projectile and the target wave
function) as well as HBT contributions to particle produc-
tion within this general framework, besides providing results
beyond any approximation of large number of colors N,.

We show that just like for fundamentally charged particles,
the effects due to the quantum statistics that are encoded in the
quadrupole amplitude are leading correlation effects at large
N,. They contribute to the correlated production at order
1/N 3, while similar terms that arise from the dipole squared
(no color exchange) term are suppressed as 1/N, f . We also
observe that in the dilute-dense framework the terms in the
production amplitude that arise due to Bose enhancement
in the target are suppressed by 1/N, CZ relative to the Bose
enhancement terms in the projectile. This N, counting is
quite different from that in the glasma graph approximation,
where both effects are of the same order in 1/N,.

' Note that several other attempts exist in the literature to go beyond

glasma graphs in multi particle production [42—44]. These works how-
ever do not include the quantum interference effects, but rather deal with
a more careful evaluation of non factorizable contributions to products
of dipoles within the McLerran—Venugopalan model [45,46]. There is
also a body of literature devoted to the evaluation of higher multipoles
within the same framework [47-53], as well as discussing their evolu-
tion with energy, however the relevance of these objects to multi gluon
production has not been elucidated.
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The plan of this paper is the following. In Sect. 2 we per-
form the calculation of the double inclusive gluon produc-
tion at central rapidities in p-A. We describe the formalism
and set out the approximation that we are using for calcu-
lating the target averages for a saturated target with confine-
ment radius given by the inverse of saturation momentum.
Besides, we discuss the meaning of various contributions
to correlated production, identifying the Bose enhancement
and HBT ones. We also show that the interesting correlated
terms in this expression arise from the contribution of the
quadrupole in the cross section. Section 3 contains the cal-
culation for the triple inclusive gluon production. In Sect. 4
we provide a short discussion of our results.

2 The double inclusive gluon production in dilute-dense
scattering

The aim of this section is to calculate the double inclusive
gluon production in p-A collisions in terms of the dipole scat-
tering amplitude. Our starting point is the general expression
[57,58] for production of two gluons with pseudorapidities
11, N2 and transverse momenta k1, k>

do
d%kidn1d?kydny

« / Ay = 2)AT G — )
X1X2¥1Y2

— a3(4n)2f eik]-(21—21)+ik2~(22—22)
21212222

x Al (xy = 22) AT (@2 = y)
x (p P ()" 0P (2]
x([U@n —ven]" (U@ - Uton]

x[Ue) - U™ [U'@ - UTm]™) .

chy

Here, p%(x) is the color charge density in the projectile, U (x)
is the adjoint Wilson line in the color field of the target rep-
resenting the scattering matrix of a gluon at transverse coor-
dinate x, a is the color index running from 1 to ch -1,
L=/ d*z and the Weiszacker-Williams field A’ is given
by

R

__ - Pk _igp-n kK
2m (x —y)

(2m)? k2

@

Equation (1) is graphically illustrated in Fig. 1.

The averaging over p, (- - - ) p, in Eq. (1) will be performed
using the McLerran—Venugopalan (MV) model [45,46]. As
for averaging over U (x), (---)r, it will not be performed
explicitly but some properties of the distribution of U’s will
be used to simplify and interpret our general expressions.
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Fig. 1 Graphical illustration of Eq. (1) with the vertical lines repre-
senting the rescatterings with the target through Wilson lines

2.1 Projectile averaging in double inclusive gluon
production

We start with averaging of the cross section with respect to the
projectile color charge distribution. We use the generalized
MYV model where the weight functional is Gaussian. Thus the
average of any product of the color charge densities factorizes
into a product of all possible Wick contractions:

<,o‘” (1) (x2) " (y1)p" (y2)>P
= (o ™)) (" 0P (),
+ (o e o0) (P2 @20 0),

+ (o (e () (0 0" () 3

P

For the average of two projectile color charges we take a
general form:

(" @et ) =8 y). )

We do not assume translational invariance of the projec-
tile wave function. This means that the function w2(x, y)
depends both on the difference x — y and the center-of-mass
coordinate % The finite transverse size of the projectile R
is reflected in vanishing of 2 (x, y) for (x + y)? > 4R2.
Then the average of four projectile color charges reads

(P o et e ()

— gmazghiba M2(x1’ x2) y,z(yl » V2)
+5a1b18a2b2 [LZ(XIy yl) Mz(xz, 2)
+8UP289P 12 (xy y) 4 (x2. ). ©)

Implementing this projectile averaging procedure we get

do
d%kydnd?kodn

x f A'(x1 — 2D)A @1 — YDA (0 — 22) AT (22 — y2)
X1X2Y1Y2

_ af(4n)2/ okt @1 —2)+ike (2—2)
71212222

X

x {uz(xl, ) (y1. y2) <tr {[Um) — U]
[UTG) —UTo)][UG2) — UGn)]
[

x [UT(z2) — U*(xz)]}> + 12 (Ger, yi) 1 (2, y2)
T
x <tr {[ven -venlvten - vion]|

X tr {[U(Zz) ~U)][UT @) - UT()’z)]}>

T
+ 12 0rn, y2) 12 (s y1><tr {[ven -ven]
x [UTG) = UTO)][U(z2) — Ux2)]

x[U@) - U*<y2>]}> } (©6)
T

We define the dipole and the quadrupole amplitudes in the
standard way as

1 +
D(x,y) = —_1tr [U(X)U (y)], (7

N2

c

! + +
O(x,y,z,v) = ﬁu[uu)u MUDQUTW], ¥

C

and the corresponding Fourier transforms as

d*q1 d*q
(2n)% (21)?
d*q1 d*qp d*q3 d*qs
(2n)? (2m)2 (21)? (27)?
x e ARG RN O (g, g0, 3, g4). (10)

D(x1,x2) =

e MR D (g gr),  (9)

O(x1, x2, X3, X4) =

The cross section is then written most conveniently as the
sum of three terms:

do
d%kydnd?kydn, type A
=a?(@4n)>(N? - 1)
d’q d*qy d*q3 d*qu
2m)2 27)% (27)? (27)2
x 2|tk = ). G + g0 12| = k1 = @2, —(2 + g3) |
x L' (ki, q1)L' (k1, q2) L (ka, —q3) LY (ka, —q4),  (11)
do
d’kydnd?kadn, type B
= a2(@dm)2(N? = 1)?
d*qy d’qx d’q3 d*qa
27)% (2m)2 27)? (27)?
x 22kt = a0, = ki = ) |12 (k2 = g3, ~ (k2 = g |
x L' (k1, q1)L' (k1, q2) LY (ka, g3) LY (k2, ) (12)

(Qq1, 92,93, 94)) T

(D(q1,92)D(q3, q4))T
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Fig. 2 Diagrams of type A, Eq. (11)
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Fig. 3 Diagrams of type B, Eq. (13)

and

do
d?kydnd*kodn) type C
= a?(4m)*(N? = 1)
d*q1 d*qy d’q3 d’qs
(2m)? 27)? (27m)* 27)?
x| k1 = an), —(ka = a0 |13 (k2 = @), — (k1 = )]
xL'(k1, q1)L' (k1, g2)LY (ka, q3)L7 (k2, qa), (13)

(0(q1, 92,93, 94))T

where, for convenience, we have defined the Lipatov vertex

) k — i ki
L’(k,q)sﬁ—p. (14)

The different contractions of the projectile color charge
density leading to the three terms are illustrated in Figs. 2, 3
and 4.
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Fig. 4 Diagrams of type C, Eq. (13)
2.2 Target averaging in double inclusive gluon production

Our next step is to understand the general features of the
target averages. Here we follow the logic of [40,41].

The cross section involves integration over the four coor-
dinates of the product of the eikonal matrices U (x). One
therefore expects that the main contribution will come from
the region of the transverse plain where as many points are far
away from each other as possible. Configurations in which
points come close to each other in the transverse plain will
give contributions suppressed by powers of area of the pro-
jectile.

On the other hand, one cannot have all four points far away
from each other. This follows since the target field ensemble
has to be color invariant. As a mater of fact, it is reasonable
to assume that the color neutralization in the target ensem-
ble is achieved on transverse distance scales of order 1/Qj.
In order for the S-matrix on such a target to be non vanish-
ing, the objects that scatter must be color singlets of size of
order or smaller than 1/Q;. Thus, the maximal contribution
must come from the configurations where the four points are
combined into pairs, such that each pair is a singlet and the
distance between the pairs is large. Taking into account only
such configurations is equivalent to the calculation of target
averages in which one factorizes the average of a product of
any number of U matrices into averages of pairs with the
basic “Wick contraction” given by

ab cd _ qac¢hd 1 T
(Ut eve), = ss v euTon),
1
_ qacghd
— §acs Ng_ld(x,y), (15)
where
d(x, y) = (DG )7 (16)

Note that only one color structure appears in this expres-
sion, the one where the left and right indexes of the two
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U-matrices are in color singlets. The physical reason for this
is the following. Recall that the left index of U specifies the
color of the incoming gluon, while the right index the color
of the scattered gluon. We expect that on a saturated target
the S-matrix of any nonsinglet colored state vanishes (black
disk limit). The structure of Eq. (15) encodes precisely this
property.

With these physical assumptions on the target field ensem-
ble we have

(Qx,y,z,v))7 —> d(x,y)d(z,v) +d(x,v)d(z, y)

1
tor A adyv), A7)

c

(D(x, y)D(z,v))r —> d(x, y)d(z,v)

1
(Ng——l)z [d(x,v)d(y, z)
+d(x,z)d(v, y)]. (18)

+

It is now straightforward to rewrite the double gluon inclu-
sive production cross section entirely in terms of the dipole
averages assuming translational invariance,

2 2

d(x1, x3) = d’q1 d°qa —iq1-X1+ig2-x2
’ (2m)? (27)?
1+q
x d <%) 521 — ). (19)
We find
do

d2krdmid®hodny |y o

d“q 2
= o (47) /(2 e )2 d(q1)d(q2)
X{(Ng - I)MZ[(kl —q1), (ko — 612)]

Xﬂz[(m — k1), (g2 — kz)]
x L' (k1. q)L' k1, q1) L (ka, @) LY (k2. 42)
+ (V2= 1) w2tk — ). ke + an) |
xp?[ = 1 = @), ~(@2 + k) |1kt gL (Kt 42)
x LI (ky, —q1) L (k2. —q2)
#2[(/61 —q1), (ko — @)]Mz[ — k1 —q2), (1 — kz)]

x L' (k1, q1)L' (k1, q2) L’ (ka, q1)L? (k2, qz)}, (20)

do
dzkldmdzkzdnz type B

qul d2
_ 2 2
= oy (4m) /(2 )2 (2)2

d(q1)d(q2)

x{(N? = 1% 2[ =g, (@1 = k) |

xi?| 2 = 42), (42— ko) |

x L' (ki. q)L' (k1. q1) L' (ka. g2) L7 (k2. q)

+02[ k1 = ), k1 = @) |12 (k2 + 1), ~ (@2 + ko) |
x L' (ki, gL' (k1. q2) L (ka, —q1) L7 (ka, —¢2)
-H/«z[(kl —q1), — (k1 — q2)]

MZ[(kz —q2), (q1 — kz)]Li(kl, q1)

xL'(ki, q2) L’ (k2, q1) L7 (ka, qz>}, (1)

do
d2kydnd*kodny type C

Pq &g
2 2
-t / @n) 2n)?

d(gnd(q2)
x{(NE — D[tk =), (@2~ k)

xii? k2 = 42). (@1 = k) |
x L' (ki, q)L' (k1, q1) L’ (ka, g2) L’ (k2, q2)
+ Mz[(/ﬂ —q1), (@2 — kz)]

Mz[(kz +q1), —(ki + qz)]

xL'(ky, q) L' (k1, —q2) L’ (ka, —q1) LY (k2. q2)
+ (V2= 1) 2tk — a1, (@1 — ko)

xii?| (k2 = g2), — (ki = g | L' (ki )

x L' (k1,q2) LY (k2, q1) L7 (ka, qz)}. (22)

Finally let us organize the terms in powers of N, Cz —1.Then

do 2 2,72 2
O Un)(NP -1
PhndmdPlody, % @M e =1

d*q d*q
)2 @) d(q1)d(q2)

1 1
X{Io + N2 111 + N2 1)212},
(23)

with

fo = w2tk = 1), (@1 = k) 1?2 = @2). (@2 = o)
x L' (k1. gL' (ki ) LY (k2. ) L (k. q2), 24)
I= w2tk = a0, @2 — k) |62 e = @), (@ = k)|
x L' (k1. gL' (k1. 1)L (k2. @)L (k2. 42)
w2t = a0, @1 — k) |2 G2 = 420, — 61 = 02)]

x L (k1, 1)L’ (k1, g2)L (ka, 1)L (k2, q2)
+ (kp — —k2), (25)
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B = w2 ki = ). = = g || (k2 = 42). (g1 — k)

x L' (ki, q1) L' (k1, g2)L? (k2, —q1) LY (ka, —q2)
+ (ky = —k2)

+ u? [(kl —q1), —(ka — %)]MZ[ — (ki +q2), (1 + kz)]

x L (ky, q) L' (k1, —q2) L (ka, —q1) LY (k2, g2)
+ (k2 — —kz). (26)

2.3 Identifying terms in double inclusive gluon production

Given the expressions above it is quite straightforward to
identify the physical origin of the various terms above.

First of all we note, that the cross section is symmetric
under the transformation (ky, ko) — (k1, —k2). This prop-
erty of the dilute-dense approximation is well known in the
literature. It is also known that the symmetry is “accidental”
and it disappears once one includes higher order perturbative
corrections [59-61]. We will therefore only consider half of
the terms in Eq. (24), namely those that are written out explic-
itly.

To understand the meaning of the various terms we have
to first of all specify u?(k, p) a little further. Recall that it
is defined as thee correlation function of the color charge
density, which operationally reads

12k, p) = (p“ (k) p*(p)) p. (27)

NZ—1
In the hypothetical translational invariant limit, where the dis-
tribution of p is invariant under translations in the transverse
plain, we would have

k —
uyk,p) =T (T”> 8Pk + p). (28)

The translationally invariant approximation is quite reason-
able if we are interested in production of high transverse
momentum gluons, however in a more accurate calculation
the transverse size of the projectile should be reflected in 2.
A reasonable way to include it is to introduce a form factor
of the type

2 _ k—p
wk,p)=T 5 Fl(k + p)R], (29)

where R is the radius of the projectile. Here T is roughly
speaking the transverse dependent distribution of the valence
charges, and F(x) is a soft form factor which is maximal at
x = 0 and rapidly decreases to zero at |x| > 1. The exact
form of the function F'(x) does not matter for our purposes,
it can be taken as a Gaussian Fg(x) = exp (—xz) , Or as
a Lorentzian Fy (x) = 1/(1 + x?), or any other function

@ Springer

with these properties. The important property is that F(x)
vanishes when the sum of the transverse momenta is not soft.
Let us now examine the various terms in Eq. (24):

e First off, the term Iy obviously is just an uncorrelated
production cross section, which is equal to the square of
single gluon emission probability. It is not interesting from
the point of view of correlated production.

e The expression for /] contains two distinct terms, and it is
easy to see that they have quite different origin. The first
term is proportional to

12|t = q0). (@2 = ko) |1 (k2 = 42 (a1 — k)]

_ 72 (kl + ko — g1 —Q2)F2
2

<[ (ki = a1 = G2 = 4 R]. (30)

Note that the momenta k1 —¢g and k> — g5 are the momenta
the two gluons have in the projectile wave function, since
k1 and k; are the momenta in the final state, while ¢; and
q2, being the arguments of the dipole scattering ampli-
tudes, are the momentum transfers imparted to the two
gluons during the propagation through the target. Due to
the properties of the form factor F, this term is sharply
peaked when the momenta of the two gluons in the projec-
tile wave function are very close to each other, i.e., within
the inverse projectile radius. This term therefore embod-
ies the Bose enhancement in the incoming projectile wave
function.

e The nature of the second term in /1 in Eq. (24) is defined
by the factor

W2t = a0, (@ = k) |1 2 = g0, — ki — @)

ki + ko k1 + k2
=T — T —
( : ql) ( u %)

x F2[(ky — k2)R]. (31)

This term enhances production of pairs of gluons with
equal (up to 1/R) transverse momenta in the final state.
This is a typical HBT contribution.

e The first term in I; is proportional to

1?0 = . k1 — a2 1?2 = @2). —Gka — ) |
o F2[(q1 — q2)R]. (32)

Here the momentum exchange in the scattering of two
gluons is the same. Naturally this term is associated with
Bose enhancement in the target wave function. This termis
somewhat different from the others in that it looks like the
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target gluon distribution here is regulated by the projec-
tile size R. This is in fact natural. The Bose enhancement
in the target wave function should be certainly regulated
by the target and not the projectile size. However, very
long transverse wave length gluons of the target are not
probed by a smaller projectile, and thus do not contribute
to the cross section. This is the reason why even though
the enhancement is due to the properties of the target wave
function, in the expression for the cross section the regu-
lator is the projectile size.

It is interesting to note that in the glasma graph approx-
imation the projectile and the target Bose enhancement
terms appear at the same order in 1/N.. On the other
hand in the proper dilute-dense treatment the target Bose
enhancement terms come with further suppression fac-
tors. It is indeed a well known fact that some aspects of
1/N, counting are different in the dilute and dense limits
[62,63].

Finally the second term in I has the same structure,

12— ). ks = ) |1?| = b1 +42). @1 + )|
o F2[(ki = k2 = 1+ 42) RI, (33)

as the projectile Bose enhancement term and constitutes

do
d?kidny d?kodny d?k3dnys

« / etk @ =2 +ike (z2=22)+iks(23-23)
212122222323

= o (41)°

x / A (1 — 2)AT G — y) AV (12— 22)
X1Y1X2y2X3y3

x AT (Zy — y2) A (x3 — 23)AF(Z3 — ¥3)

x (0 )P ()P (k30" (0" (42 (1))

(ARG

22

x(Uz, — Uy,) 2 (UL, — UL )™
L= Un) (UL, — U;3)"3b3>T, (34)

><(UZ

where the coordinate of each Wilson line is written as a sub-
script.

3.1 Projectile averaging in triple inclusive gluon production

We first perform the averaging over the projectile color
charge densities. As in the previous section we adopt the
generalized MV model for the average of two projectile color
charge densities and write down all possible Wick contrac-
tions of the product of the color charge densities. Then, the
average of six projectile color charges reads

an 1/ NC2 suppressed correction to this effect.

3 The triple inclusive gluon production in dilute-dense
scattering

In this section, we study inclusive triple gluon production.
The set up of the process is illustrated in Fig. 5. The formal
expression of the three gluon production cross section, for
gluons with pseudorapidities n; and transverse momenta k;,
i =1, 2,3, can be simply written as

Fig. 5 Graphical illustration of as as

Eq. (34) with the vertical lines P (xg)Op (xQ)O
representing the rescatterings
with the target through Wilson
lines

<on1 pxz px3 '0\/1 pyz '0)’3 >

.mmumumnmnmnnmm
z3

kq i ky
.ummn;l : E?mnnmu‘
ko E ko
.nnnnnnnnim151nnnrmnnmnfz\2 : Z\Qnmnmnuxmumn‘
ks 1 ks
| ngumnummnmumnmnm‘

p px; pyl 'OXz pyz)(px3 'Ovs)

+ (o5t o) (o2 oovz o) + (o2 i e o22)

+ (o2 ol2) (o £ )0t 082) + (o ot oz o8]
+ (o o) (o 2ot pi2) + (o oz oz o)
+ (05! p32) (px3 PI 052 0%3) + (052 p22) 0! pm)
+ (o o) (o o2 ol o82) + (o ot )b o22)]

Qo (1) O] @ 0" ()@ ™ (y3)
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P (x3)@ " (x2) p) () P (y2)@ P (3)

ky ky
zZ1 Z
ko ko

Fig. 6 Three-dipole (ddd) contribution to the three-gluon production
cross section

SR [ e RR e e

+ (oo (e oo o) + (ot plietp2)] - 33)

Here, we introduce a compact notation and write the coor-
dinate of each color charge density as a subscript (and also
omitted the subscript P from the averages).

These terms can be categorized in three main groups. We
have labeled the first term as three-dipole (ddd) contribution
since it leads to the product of three dipoles when multiplied
by the target scattering matrices U. The graphical illustra-
tion of this term is presented in Fig. 6. The next three terms
are named as dipole-quadrupole (dQ) contribution since they
generate a dipole and a quadrupole term after multiplication
by U’s. One of these terms is illustrated in Fig. 7. The last four
terms in Eq. (35) are labeled as sextupole (X) contribution
since these terms generate the trace of all six Wilson lines.
One of these terms (the one that is proportional to <,of(']1 ,0;15))
is illustrated in Fig. 8.

We start with the three-dipole contribution to the three-
gluon production cross section. We use Eq. (4) and substitute
the first term of Eq. (35) in the three-gluon production cross

o (13)@ p@) e M) @p’w (vs)

ko k

.rcmwmr;-,—mwnw.

1oz

ko 1 ke

.nnmnmnmmwgz I, ]

' 22

ky 1 ks

<3 z3

section. A straightforward algebra gives the three-dipole con-
tribution as

do
dzkldnl d2k2dn2 d2k3d773

ddd

_ 0133 (47[)3 / ek (i=21)+iky-(22—22)+iks (23—23)
212122222323

xf Al(x) — z21)A'(Z1 — y1)

X1Y1X2Y2X3Y3

x A (xa — 22) AV (22 — y2) AR (x5 — 23) A% (23 — y3)
xp?(xr, yDu>(x2, y2)i?(x3, y3)

X<tr (U, — U, Ul - U1}

xtr {[Uz, — Uy ILUS, — U1}

xtr {[Uzy — U IIUL, — U;3]}>T. (36)

We can now Fourier transform the three-dipole contribu-
tion. Using the standard definition of the dipole amplitude,
Eq. (7), we can write the three-dipole contribution to the
three-gluon production as

do 3 3 ar2 3
= o @m? (N2 1
Phydiy dhadny dPadns | g oy ()7 (Ne =1

/ d*qi d’qx d*qz d*qs d*qs d’qe

(2m)? 2m)? 2m)% 2m)% (27)% (27)?
x(D(q1.42)D(g3. 44) D(gs. 46))

x Wi lki —q1.q2 — ki | n?[ka — g3, g4 — k2]

xu?[ks — gs. g6 — k3]

x L'(ky, q1)L' (k1. q2) L' (ka, g3) L7 (k2. qa)

x L* k3, g5) L* (ks, g6), (37)

where the function L, defined in Eq. (14), gives the trans-
verse momentum structure.

Next, we consider the dipole-quadrupole (dQ) contribu-
tion to the three-gluon production cross section. The second,

P (w3) !
k1 E ky
® ERE ®
ko E ko
® Sl A ®
kf') E k{
[ _ S ®

Fig. 7 Graphical illustration of the first term of the dQ-contribution to the three-gluon production cross section. It corresponds to the independent

emission of gluon kj and interference of gluon k; and gluon k3

@ Springer



Eur. Phys. J. C (2018) 78:702

Page 9 of 19 702

P (w3) p‘”(rz)np"‘(m) CA )

27 (12)@ ™ (y3)
k1 E ky
¢ EEEEA ®
ka1 ko
@S Egﬁmnmwwm.
k3 : kfi
. 23 5 z3 .

Fig. 8 Graphical illustration of the term that is proportional to (pﬁ,‘ 032

third and fourth terms in Eq. (35) fall into this category and,
using these three terms, we can write the dQ-contribution as

do
d%kidn; d*kydny d*ksdns aQ
—d? (47,)3/ eikr(m721)+ik2-(zz*fz)+ik3~(23*23)/
212122222373 X1 Y1X2Y2X3Y3

x Al (x1 — 2D A (@1 — yD A (2 — 22)AY (22 — y2)

x A*(x3 — 23) A% (Z3 — y3><u2<x1, yotr {[Uz, — Uy ]
<[V = U1} [ 120 2002 02, 33)

xtr {[Uz, — Uy, IUS, = ULIU, — U UL — U1
+? (62, )P (3, y2) tr {[Uz, — U JIUL, — U]
x[Uz = U lIUL, = U 1)

+ (2, y)tr {[Uzy — Uy, UL,

x [uz(xl, )l o,y {[Uz, — Uy U — U

7U)Tz]}

x[Usy — Ug UL, = UL+ 1 (rr, ya) (a3, y1)

xtr {[Uz, — U WU — U MU, — U 1S, — u;g]}]

1 (x3, ya)tr {[Uzy — U UL, — U1}
x (26 e, y2)ue (U7 = U U, = U]
x[Uszy — Un UL — UL T} + 12 (1, y2) i (2. y1)

xtr {[Uz, — Uy IIUS — U MUz, — U UL — U1} ] >T. (38)

The graphical illustration of the first term in Eq. (38) is
shown in Fig. 7. This term represents the independent emis-
sion of the gluon k1 while gluons k, and k3 interfere. Indeed,
the interference of the gluons k; and k3 are exactly the type
A and type C contributions introduced in the double inclu-
sive gluon production calculation. The remaining two terms
in Eq. (38) correspond to independent emission of the gluon
ko with interference of gluons k; and k3, and independent
emission of the gluon k3 with interference of gluons k; and
ko, respectively.

Fourier transform of Eq. (38) can be performed in the same
way as before. Then, one can use the dipole (Eq. (9)) and
quadrupole (Eq. (10)) amplitudes in momentum space and

" (y3)

) in the sextupole contribution

write the dipole-quadrupole contribution to the three-gluon
production cross section as

do
d%kydny d*kadn d2ksdn;
= o’ (4m)® (N? — 1)?
d*q1 d*qx d*qz d’qs d’qs d’qe
(2m)? 2n)? 2m)? 27)? (27m)? (27)?

X {(D(cn, q2)0(q3, 4, g5, q6)>T

dQ

x L%k, g3, q43 k1, q1, 92; k3, G5, 46)
+(k1, g1, q2) < (k2, g3, g4)

+(k2, g3, q4) < (k3, g5, 616)}, (39

where the function £9Q is defined as

L9%(ka, g3, q4: k1. g1, 92 k3. g5, 46)
= 1?[ka — q3. g4 — ko) |L7 (kz, g3) L7 (k2. qa)
x {Mz[kl +q2. ks — qs] w?
x[ = (ki —q1). g6 — k3)|L k1, —q) L' (k1. —q2)
+1? [k — q1. g6 — k3]
x[ks = g5, 42 = k1L (k1. 0L (k1. 2) |
x LK (k3. g5)L* (k3. ge). (40)

Finally, let us consider the sextupole (X) contribution to
the three-gluon production cross section. This contribution
stems from the last four terms in Eq. (35). These are terms that
include interference of all the three gluons . We have shown
the illustration of the term that is proportional to (5! pi7) in
Fig. 8. After contracting the color indexes of these four terms
with the Wilson line structure from the target side, we can
write the X-contribution to the three-gluon production cross

section as

@ Springer



702 Page 10 of 19

Eur. Phys. J. C (2018) 78:702

do

d?kidny d*kadn d?kadns

X

= o (4m)? / ok G121 Fika- (2 —E2) ik (33 -33)
212122722323
x/ Ay — 2D A Gr = y)AT (62 — 22)
X1Y1X2y2X3y3
x A (Z2 — y2) A* (x5 — 23)AK(Z3 — y3)
X <u2(x2, x3) [uzm, y2) 1 (y1, y3) tr {[Uz, — Uy, ]
x[Ul — U Uz, — Uy, UL, — UT U, — U]

<[US, = ULT} + 2 Ger, y) P (. yo) te { Uz, — Uy,
x[U] = UJ MUz, — U, I[U], — Uy,

x[Us, — U JIUS, — Uyll}]

+ 1% (x2, x1) [Mz(x3, )2 (y3, v1)

xtr {[Uz, — Uy, UL, — U 1[Uz, — Uy,

x[U], = ULIU;, — U JIUZ — U 1}

+p2(x3, yDUA (3. y2) e {[Us; — Uy JUZ, — U]

x[Uz, = Uy, LU, = UL MUz, — Uy IUY, — U;,]}]
2 2 2

+ u(x2, y1) [M (x1, x3)u”(y2, ¥3)

xtr {[UZl — Ug UL = U} Uz, — Uy

x[US — UL MUz, — Uy IV, — UL]}

+ 1 (1, y3) P (a3, yo) tr {[Uzl o AR AR
_ I 241 _ T gt
x[Uzy — Un UL, — U Uz — U UL Uy3]}|
2 2 2
+ u(x2, y3) [u (x3, x)u"(y2, y1)
xtr {[Um — Ug)[UZ, = U [Uz, — Uy
x[US — ULMUz, — Uy, U, — U;]}

+ 1P (s, y) > (xr, y2) tr {[Ua — UgllUZ, = U}

x[Us, — Ug, U2, — U [Uz, — Uy UL, — U;fl]} ] > .
T

(41)

@ Springer

The sextuple amplitude is defined in the usual way as

X(x1, X7, X2, X3, X3, X3)
1

= =7t [VenvTED U U E U e U )|

(42)

and its momentum space expression can be written as

X(x1, X1, X2, X5, X3, x5)
[ d*q d*qy d*q3 d*q4 d*qs d’gs
— ) @n)? 2n)? 27)2 27)2 (27)% (27)?

« e—iq1<x1+iqz»x;—iq3-x2+iq4-xé—iq5-x3+iqs<xg X(q1, 42, 43+ 44+ G5+ G6)-

(43)

Finally, we can write the sextupole contribution the three-
gluon production as

do
d2k1d7]1d2k2d}72d2k3d173
= o’ (4m)® (N2 - 1)
d’q d’qy d’q3 d*qu d*qs d’qe
(2m)? 2m)? 27)? (27)* 2m)? (27)?

X

x {(X(QL 92,43, 44, 45, q6)>T
X [ﬁ¥(k1, q1. 92 k2. 43, 943 k3. g5. q6)
+ L5 (k1. q1. 23 k2, g3, 4 k3. g, %)}

+ (k1. q1, q2) < (k3, gs, ‘]6)}, (44)
where

ﬁ?(kl,ql,qz; k2,43, q4: k3, g5, 46)
= w1 [k2 — q3. g2 — ki |L (K1, q1)
x L' (ky, q2) L’ (ka, q3) L7 (k2. q4)

X {Mz[kl —q1, k3 + Q6]M2[614 — ko, —k3 — 615]
x LX(k3, —gs5)L* (k3, —qe)

+M2[kl —q1,4q6 — k3],u2[k3 —qs5,q4 — kz]

x L* (k3 gs) L (k3, q6>} (45)
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and

L5 (k1. q1.q2: ka. q3. g4: k3. gs. g6)
= u?[ka + ge. ki — q1] L' (k1. gL' (k1. q2)
x L’ (kz, —q5)L7 (k2. —q5)

X{u2[k3 + qa, —ky — qs]uz[ —k3—q3,q2 — kl]
x L*(k3, —q3) L* (k3, —q4)
+M2[k3 —q3,q2 — k1]M2[Q4 — k3, —ky — 45]

x L¥(ks, g3) L (k3, q4) } (46)

3.2 Target averaging in triple inclusive gluon production

In this Subsection we perform the target averaging for the
three-gluon production cross section by adopting the same
procedure introduced in Sect. 2.2. We use Eq. (15) for the
product of two Wilson lines and calculate the pairwise fac-
torized expressions for the three-dipole, dipole-quadrupole
and sextuple contributions to the triple inclusive gluon pro-
duction cross section. In order to identify the “irreducible”
quantum interference effects that involve all three gluons, we
need to calculate the triple inclusive gluon production cross
section to (’)[(NC2 — 1)72]. Therefore, we will present the
results for the pairwise contraction of three-dipoles, dipole-
quadrupole and sextuple amplitudes to all orders in number
of colors but we will only take into account the relevant terms
when calculating the explicit expressions for each contribu-
tion. We will assume translational invariance for the dipole,
Eq. (19), when computing the cross sections.

Let us start with the three-dipole contribution. The result
for the pairwise factorization of a generic three-dipole ampli-
tude to all orders in N, reads

(DGt ) De2 ) De ),
—> d(x1, x))d (x2, x3)d (x3, x5)

¥ dr, x)[d ez, 1), 54) + d 2, ¥5)d (5, 33))

_
(NZ 1)
+d(xz, xé)[a'(xl, x3)d (x], x3) + d(x1, x3)d (x], X3)i|

+ ds, xp[dxr, 2 (3, )

+d(xr, x)d(x], xz)]}

1
(NZ = 1)

+d(xr, ¥5)[d s, (2, x3) + d (e, )3, x2)|

+ :d(xl, xz)[dm, X)d (. x5) + d (x|, x5)d (x3, xg)]

+ d(xt, 3 [, XD ) + A3, x5)d ez, )

Td(x, xg)[d(xz, X))d(x3, x4) +d (x|, x))d (xa, x3)]}. (47)

Substituting this factorized expression into Eq. (36) we
write the three-dipole contribution to the triple inclusive
gluon production cross section as

do
d%kydny d%kodn, d?ksdn;

ddd
d’qy d*q d%qs
(2m)? 2m)? (27)?

o ) (N2 1) / d(g1d(@2)d(q3)

X {Iddd,o + [Iddd,l + ldgd,2 + Iddd,3]

1
(N2 = 1)

(i) | )

where we have defined /4440 as

lada.o = 12 (ki — q1, q1 — k1)
xu*(ky — q2. g2 — ka) 1/ (k3 — g3, g3 — k3)
x L' (ki, q)L' (k1, 1) L’ (k2. q2) LY (k2. q2)
x L*(k3, g3)L* (k3, g3). (49)

Moreover, for the O (
compact notation

(N(2+1)2) terms we have introduced a
ladd1 = laaa.1 + (ks — —k3), (50)
with

- o, 5 5
laga, 1 = n ki — g1, q1 — k) ko — g2, 93 — ko)

x (k3 — q3, g2 — k3) L (k1, q)L' (k1 q1)
x L’ (ka, g2) LY (ka, g3) L* (k3, ¢3) L* (K3, q2). (51)

The remaining terms can be defined by using the explicit
expression of 14441 and the symmetry properties:

Laaa2 = laaa 1 (1 < 2) + (ks > —k3), (52)
ladd,3 = lada,1(1 <> 3) + (k2 — —k2). (53)

The pairwise contraction of a generic dipole-quadrupole
term can be written as

(Do ¥D 0. xp s xp)
— d(xq, xi)[d(xz, x5)d (x3, x5) + d(x2, x3)d (x3, xé)]

1
+ N2 — ld(xl, x1)d (xa, x3)d (x5, x3)

1
(NZ—1)?

+d(], ¥d (xh, ) |

+ {d(xl, xz)[d(x;, ©))d(x3, x5)

+d(n, 5)[d ], 12)d 3, 35) + d (], ) (2, 53)]

+d@, x| A, D)2, x) + d (], 5)d (e, )]

+d(xi, xg)[d(x;  x3)d(x2, X5) + d(x}, x2)d (x3, xg)]}

@ Springer



702 Page 12 of 19

Eur. Phys. J. C (2018) 78:702

1
MRV ENTE

i, x)d(xf, ) |+ d o, ) [d @, 1A )

{d(xg, e, x)d(, )

+d(x, x)d (1, xg)] } (54)

Using Eqgs. (54) in (38), one can organize this contribution
to the triple inclusive gluon production cross section as

do
d2k1d771 dzkzdnz d2k3d173
= o’ (4m)® (N? — 1)?
d*q1 d*q d*qs
(2m)? (2m)% 2m)?

X { [IdQ,l + 14,2 + IdQ,3]

dQ

d(q1)d(q2)d(q3)

1
o lig1 + Lo + li.s
NZ -1

1
+0 <—(N3 — 1)2> } (55)

where we have introduced the same notation used in the three-
dipole contribution and we define

lig.1 = lag.1 + (ka — —ka), (56)
Lig1 = lig.1 + (ke = —k2), (57)
with

lig.1 = w2 (k1 — q1, q1 — k1) p? (k2 — g2, g3 — k3)
xpu?(ky — q3, q2 — k2) L (k1, q1) L' (k1, q1)
x L (ka, g2) LY (k2. q2) L* (k3. q3) L* (k3, g3)
+ 1Pkt — q1, g1 — k) 1Pk — g2, @2 — k3)
x u?(ks — g3, q3 — ka) L' (k1, q1)L' (k1, 1)
x L (ky, q2) LY (k2. q3) L* (k3, g3) L* (k3. q2), (58)
Loy = w2k — qi.q1 — ki) 1 (—ka — q3. g2 + k3)
xu?(ka — q2.q3 — k3) L' (k. q1) L' (k1. q1)
x L (ky, q2) L’ (ka, —q3)L* (k3, g3)L* (k3, —q2).  (59)

The remaining terms can again be written by using the sym-
metry properties and they are defined as

lag.2 = lag(1 < 2) + (ki — —k1) ,

IdQ,3 = idQ’l(l <> 3) =+ (kl — _kl)7 (60)
Ligs = Iig (1< 2) + (ki — ki),
ligs = iéQ,l(l < 3) + (k1 — —k1). 61)

@ Springer

In a similar manner, one can calculate the pairwise con-
traction of a generic sextupole term:

<X(x1, X, X2, X5, X3, xé)}T
—> d(x1, x})d(x2, x5)d (x3, x5)
+d(x1, x3)d (x2, x1)d (x3, x5)
+ d(x1, x))d(x2, x3)d (x3, x5)
+d(x2, x3)d (x3, x})d (x1, x3)
+d(x3, x3)d (x1, x5)d (x2, x1)

{d(m, x)d (x2, x3)d (x5, x3)

L]
N2 -1

+d(x2, x3)d (x3, x1)d (x5, x])
+d(x3, xé)d(xl , xg)d(xg, xé)
+ d(x2, x3)d (x1, x3)d (x], x5)
+d(x3, x1)d (x2, x])d (x5, x5)

+d(x1, x2)d (x3, x5)d (x5, x;)}

+ {d(xl, x2)d (x3, x1)d (x5, X3)

(N2 —1)?
+d(x2, x3)d (x1, x5)d (x3, )
+d(x3, x1)d (x2, x3)d (x], x3)

+d(x1,xé)d(xg,xi)d(xz,xé)}. (62)

We can now substitute Eq. (62) into the sextupole contri-

bution to the triple inclusive gluon production cross section
given by Eq. (41). The result reads

do
d*kydny d*kadna d*k3dn
= o 4m)® (N> = 1)
d*qi d*qy dqs
(2m)? (2m)* (27)?

X

d(q1)d(q2)d(q3)

X { [IX,I +Ixo+Ix3+ Ixa+ Ix,s]

1 1
+O<<N3—1>>+O<<N3—1>2)}’ ()

where

Ix1 = [iX,l + (k3 — _kS)] + [1;/(,1 + (ki — _kl)]
(64)

with I~X’1 and I;/(’l defined as
Ix) = 12k — g2, o — k1) 2 (k1 — q1, g3 — k3)
x u2(ks — g3, q1 — ka) L (k1. gL (k1. 42)

x LY (ka, q2) L7 (k2, q1) L* (k3, g3) L¥ (k3, q3)
+ 12k + g2, ki — q2) > (ks — q3, 1 — k1)
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xu?(q3 — k3, —q1 —k2) L' (ki, 1)L’ (k1. q2)

x L (ky, —q1) L' (ka, —q2) L* (k3, g3)L* (k3, q3) ~ (65)
Iy = p ki — g2, q2 — ko) (ko — q1. k3 — g3)

x u*(qy — ki, g3 —k3) L' (ky, gL (k1. q2)

x LI (kz, q1)L (k2, q2) L* (k3, g3) L* (k3. 43)

+ 12 (k1 — g2, g2 — ko) 1P ka + q1, g3 — k3)

xu?(ks — g3, ki — q1) L' (ky, —q2)L' (k1. q1)

x L (kz, —q1) L’ (k2, g2) L* (k3, g3)L* (k3. q3).  (66)

The terms Ix 2 and Ix 3 can again be defined by using the
symmetry properties as

Ixa = [ix,l(l 5225335 D+ (ks — —k3)]

H R 1> 225335 D+ i = —kn),
(67)
Ixs = [ix,lu 5335225 D)+ (ks > —k3)]

H B 1= 335225 D+ = —kn)].
(68)

The explicit expressions for the remaining two terms read

Ix.a) = 12 ka — qa, q1 — k1) >k — q1, g3 — k3)
x u?(ks — g3, q2 — k2) L' (k1. q1)L (k1. ) LY (k2. 42)
x L7 (ky, q2)L* (k3, g3) L* (k3 q3) + (k3 — —ka)
+ 1P (ko — g2, g3 — k3) 1> (ks — g3, ki — q1)
x u*(q1 — ki, q2 —ka) L' (k1, q1)
x L'(ki, q1) L (k2, ¢2) L (k2, q2)
x L*(k3, q3)L* (k3. g3) + (k1 —> —k1)
+ur ko — g2 ki — q1)
x (ks — g3, q1 — k1) 13 (g3 — k3, @2 — ka) L (k1, q1)
x L' (k1. q1) L' (k2. g2) LY (k2. q2)
x LK(ks, q3)L* (k3. g3) + (ks > —k3)
+ 12 (g1 — k1, g3 — k3) P (ki — q1, 2 — k2)
x u(ky — g2, ks — q3) L' (ki, q0) L' (k1. )L (k2. g2)
x L (ky, ) L* (k3. q3) L* (k3, g3) + (k1 — —k1), (69)
Iixs) = w2 ka — g2, g2 — k1) >k — q1, q1 — k3)
xu?(ks — g3, q3 — ko) L' (ky, q1) L' (k1, ¢2) L7 (k2. 42)
x L (ky, q3)L* (k3, g3) L* (k3. q1) + (k3 — —k3)
+ 12 (ko — g2, g2 — k3)
x 12 (ks — q3, q3 + k1) 12 (q1 — ka, —k1 — q1)
x L' (ki, —q1)L' (k1. —q3) L (k2, g2) L' (k2. q1)
x L*(k3, g3)L* (k3. q2) + (k1 — —k1)
+utka + 1.k — q1)
x u*(ks — g3, q3 — k1) 11> (q2 — k3, —k2 — q2)

x L' (kt, gL' (k1, g3) L (ka, —q2) L7 (ka, —q1)

x L¥(k3, g3) L  (k3, g2) + (ks — —k3)

+ulka + g3, k3 — q3) (k1 — g1, q1 — k3)

x u*ki — q2.q2 — ka) L' (ky, —q1)L' (k1. q2)

x LY (k2 2) L (ka, —43)

x L¥(k3, g3) L  (k3, q1) + (ki = —k). (70)
Finally, the triple inclusive gluon production cross section

can be organized according to the powers in the number of
colors and the result reads

do
d?kydny d2kadns d2ksdns
=) (4m)* (N2 —1)°
/dth d*qy d*q3
(2m)? (2m)? (2m)?

d(q1)d(g2)d(q3)

1
X {Iddd,o + = [IdQ,l + lag,2 + IdQ,3]
N2 -1

1
(NZ—1)?

+[tig.1 + lig.2 + Tho.]

+[Ix,1 +Ixo+ Ix3+ Ixa+ IX,S] ]

1 1
+O((N3—1)3>+O<<N3—1>4>}' 7D

This is our final result for the triple inclusive gluon produc-
tion cross section explicitly written up to order (N, 3 —D73 It
is straightforward to calculate the (V. CZ —D3and (N 3 -
terms with all the ingredients introduced in this Subsection.
However, as mentioned earlier, in order to observe the quan-
tum interference effects it is enough to calculate the triple
inclusive gluon production cross section to order (N, 3 -2
Thus, we have not written the higher order terms explicitly.

+ [ [Iddd,l + Igda,2 + Iddd,S]

3.3 Identifying terms in triple inclusive gluon production

Now, we can take a closer look at each term in the triple inclu-
sive gluon production cross section separately and identify
them one by one. We will follow the same logic that was
introduced in Sect. 2.3 to perform this analysis, i.e., we will
use the fact that

w2k, p) oc F[(k + p)R], (72)

where function F is a soft form factor that is peaked around
zero and R is the radius of the projectile.
(1) OQ) terms:

e The only contribution that we get at O(1) is the Igdd.0
term. It is clear that this term is the classical contribution
to triple inclusive gluon production cross section and it is
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equal to the product of three single inclusive gluon pro-
duction cross sections. It is responsible for independent
emission of all three gluons, with transverse momenta k1,
ko and k3, and does not generate any correlations.

(ii) O(1/N?) terms:

At this order, we have three different terms: /4,1, 14Q,2
and I4q 3. Let us start with Iqq,1 whose explicit expression
can be read off from Eqgs. (56), (57), (58) and (59).

e /4g,1 term has two contributions:
The first one is proportional to

w2kt — g1, q1 — k1) 1P (ka — g2, g3 — k3)
x u? (ks — q3, g2 — ko) oc 2 (ki — q1, q1 — ki)
x F*{[(k2 — q2) — (ks — q3)1 R} (73)

The form factor is peaked around kp —g» = k3 —¢g3 while
the gluon k1 does not interfere with the remaining two
gluons. Thus, it is clear that this term is a contribution
to forward peak of Bose enhancement of gluons k — g2
and k3 — g3 in the projectile with the third gluon emitted
independently. The mirror image of this term, given by
the transformation k, — —k3, contributes to the back-
ward peak of the Bose enhancement of the gluons ky — g2
and k3 — g3 in the projectile. Obviously, in this case the
third gluon is emitted independently as well.

The second term of /4, is proportional to

w2k — qu, q1 — k1) p? (k2 — g2, g2 — k3)
x w2 (ks — q3, q3 — ko) oc (ki — q1, q1 — ki)
x F?[(ky — k3)R]. (74)

In this contribution the form factor is peaked around k» =
k3. Therefore, it is clear that this term is a contribution to
the forward peak of the HBT correlations of the gluons k;
and k3 while the third gluon is emitted independently. The
mirror image of this term is given by the transformation
ky — —kp and will be a contribution to the backward
peak of the HBT correlations of the gluons k, and k3.
Since 14q,2 and I4q,3 are related to I4g,1 by symmetry, it
is obvious that these terms exhibit the same behavior as
I4q,1 but with gluons interchanged (1 <> 2 and 1 < 3
respectively).

(iii) O(1/N2) terms:

e I4qq,1 term:
This term is proportional to

@ Springer

w2y — q1, q1 — k1) itk — g2, g3 — ka)
x w2 (ks — q3, g2 — k3) oc > (ki — q1, q1 — ki)
x F*[(q3 — q2)R]. (75)

In this term, the form factor is peaked around g2 = g3
where ¢» and g3 are the momenta of the gluons in the
target wave function. Therefore, this term is clearly a
contribution to the forward peak of the Bose enhance-
ment of the gluons g, and g3 in the target wave function
while the third gluon is emitted independently. Its mirror
image given by the transformation k3 — —k3 is a con-
tribution to the backward peak of the Bose enhancement
of the gluons g and g3 in the target wave function.

The remaining two terms that stem from the three-
dipole contribution at O(1 /Nf ) are Igqd2 and lg4d.3-
These terms can be obtained by exchanging (1 <« 2)
and (1 < 3). Hence, they exhibit the same behavior
as Iqdd,1. Namely, Iqqq,2 is a contribution to the (for-
ward/backward peaks) Bose enhancement of the gluons
q1 and g3 in the target wave function while gluon ¢ is
emitted independently, and I44q,3 1S a contribution to the
(forward/backward peaks of the) Bose enhancement of
the gluons g1 and g7 in the target wave function while
the gluon g3 is emitted independently.

L, term:

This term is proportional to

ki — g1, q1 — ki) u?>(—ka — g3, g2 + k3)
x 12k — qa. q3 — k3) o< > (k1 — q1, q1 — k1)
x F2{[(ka — q2) — (k3 — q3)] R} . (76)

The form factor is again peaked around k> — g2 = k3 —g3.
Therefore, this term contributes to the forward peak of
the Bose enhancement of the gluons kp — g2 and k3 —¢g3 in
the projectile wave function with the third gluon emitted
independently. Clearly, the mirror image is a contribution
to the backward peak. I, , and /), 5 exhibit the same
behavior with the exchange of (1 <> 2 ) and (1 < 3).
We would like to emphasize that these three terms are N.-
suppressed corrections to the (forward/backward peaks
of the) Bose enhancement of the two gluons in the projec-
tile wave function while the third gluon is emitted inde-
pendently, which was the behavior that we have observed
in the first part of the /4Q,1, ag,2 and /yq,3 terms.

Ix 1 term:

This is the first term that we are analyzing which stems
from the sextupole contribution. Unlike the previous
terms that we have analyzed, all the terms that originate
from the sextupole contribution lead to the interference of
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all three gluons and there are no independent emissions.
After this short comment, let us take a closer look at Ix 1
term. It is composed of four different contributions. The
first contribution is proportional to

w2 ka — q2, g2 — k1) (ki — q1, q3 — k3)
x 12k — g3, q1 — k2) o< F [(ka — k1) R]
x F2{[(k1 — q1) — (k3 — q3)1 R} . (77)

The first form factor is peaked around k; = kp while
the other two form factors peaked around k; — g1 =
k3 — g3. Thus, this term is a contribution to the forward
peak of the HBT correlations of gluons k; and k> together
with the forward peak of the Bose enhancement of gluons
k1 — g1 and k3 — g3 in the projectile wave function. Its
mirror image, given by the transformation k3 — —k3,isa
contribution to backward peak of the Bose enhancement
of k; — g1 and k3 — g3 in the projectile wave function
together with a contribution to the forward peak of the
HBT correlations of gluons k; and k».

The second term in /x| is proportional to

12k + g2 ki — q2) n> (ks — g3, g1 — ki)
x 1 (qs — k3, —q1 — k) o< F [(ka + k1) R]
x F2{[(ky — q1) — (k3 — q3)] R} . (78)

The first form factor is peaked around k; = —kj and the
remaining two form factors are the same as the previous
contribution. Therefore, one can identify this term as a
contribution to the backward peak of the HBT correla-
tions of the gluons k; and k> together with the forward
peak of the Bose enhancement of the gluons k; — g1 and
k3 — g3 in the projectile wave function. Obviously, its
mirror image, given by the transformation k3 — —k3, is
a contribution to the backward peak of HBT correlations
of gluons k; and k, together with the contribution to the
backward peak of the Bose enhancement of the gluons
k1 — g1 and k3 — g3 in the projectile wave function.
The third term in Ix  is proportional to

ks — q2. g2 — ko) 2 (ka — q1. k3 — q3)
x 12(q1 — ki, q3 — k3) o< F [(ky — k1) R]
x F2{[—(k; — q1) — (k3 — q3)1 R} . (79)

The first form factor in this term is peaked around k; =
ky while the other two form factors are peaked around
k1 — q1 = g3 — k3. Thus, it is clear that this term is a
contribution to the forward peak of HBT correlations of
gluons k; and k» together with the backward peak of the
Bose enhancement of gluons k1 — g1 and k3 — g3 in the
projectile. Its mirror image, given by the transformation

ki — —ki, is a contribution to the backward peak of
HBT correlations of gluons k; and k; together with the
forward peak of the Bose enhancement of gluons k; — g1
and k3 — (3.

The last term in Ix ; is proportional to

w2 (=ki — g2, g2 — ko) > (ko + q1, g3 — k3)
x 12 (ks — g3, k1 — q1) o F [(—=ka — k)R]
x F2{[(ky — q1) + (ks — q3)] R} . (80)

The first form factor is peaked around k1 = —k» and the
remaining two form factors are peaked around k1 — g1 =
q3 — k3. Therefore, it is a contribution to the backward
peak of HBT correlations of gluons k; and k, together
with the backward peak of the Bose enhancement of glu-
ons k| — q1 and k3 — g3 in the projectile wave function.
Its mirror image, given by the transformation k; — —ki,
is a contribution to the forward peak of HBT correlations
of gluons k; and k; together with the forward peak of the
Bose enhancement of gluons k1 — g1 and k3 — g3 in the
projectile wave function.

It can easily be shown that Ix » and Ix 3 exhibit a simi-
lar behavior as Ix 1 with gluons interchanged. /x 2 con-
tributes to (backward/forward) HBT correlations of glu-
ons ky and k3 together with (backward/forward) Bose
enhancement of gluons k1 — g1 and k» — g3 in the pro-
jectile wave function. Finally, Ix 3 contributes to (back-
ward/forward) HBT correlations of gluons ki and k3
together with (backward/forward) Bose enhancement of
gluons ky — g2 and k3 — g3 in the projectile wave function.
Ix 4 term:

This term has four different contributions and they all
contribute to the Bose enhancement of all three gluons.
The first contribution in Ix 4 is proportional to

nika — g2, q1 — ki) ki — q1, g3 — k3)
x (ks — g3, @2 — ka) o< F{l(ka — q2) — (ki — q1)]R}
x F{[(k1 —q1) — (k3 — g3)]R}
X F{l(ks — q3) — (k2 — q2)IR}. (1)

The first form factor is peaked around k1 — g1 = k2 — g2,
the second one is peaked around k| —q; = k3 —¢3 and the
last one is peaked around k> — g» = k3 — g3. Therefore, it
is clear that this term is a contribution to the forward peak
of the Bose enhancement of gluons k1 — ¢ and k> — ¢»,
gluons k1 — g1 and k3 — g3, and gluons ky — g and k3 — g3
in the projectile wave function. Its mirror image, given
by the transformation k3 — —k3, is a contribution to
the forward peak of the Bose enhancement of the gluons
ka — q»> and k1 — g1 together with the backward peak of
the Bose enhancement of the gluons k1 — g1 and k3 — g3,
and gluons k» — ¢ and k3 — g3 in the projectile wave
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function.
The second contribution in Ix 4 is proportional to

1 (ky — g2, q3 — ks) 11> (ks — g3, ki — q1)
x u*(q1 —ki.q2 — ka) o F{[(k2 — q2) — (k3 — g3)]R}
x F{[(ky — q1) + (ks — g3)]R}
x F{l(q1 — k1) + (g2 — k2)IR}. (82)

Clearly, this is a contribution to the forward peak of Bose
enhancement of gluons k> — g7 and k3 — g3 together with
the backward peak of the Bose enhancement of gluons
k1 —q1 and ky — g2, and gluons k1 — g1 and k3 — g3 in the
projectile wave function. Its mirror image is given by the
transformation ki — —k;. Therefore, it contributes to
the forward peak of Bose enhancement of gluons k> — g2
and k3 — g3, gluons k1 —g and ky — g7, and gluons k1 — g
and k3 — g3 in the projectile wave function.

The third contribution in Ix 4 is proportional to

u ks — g2, ki — q1) w (ks — g3, q1 — ki)
x u*(g3 — k3. g2 — ko) o F{[(ka — q2) + (ki — q1)]R)}
x F{[(ks — gq3) — (k1 — q1)]R}
x F{[(g3 — k3) + (@2 — k2)]R}. (83)

By looking at the peaks of the form factors, it is straight-
forward to see that this is a contribution to the forward
peak of the Bose enhancement of the gluons k1 — ¢
and k3 — g3 together with a backward peak of the Bose
enhancement of the gluons k1 — ¢ and k> — g2, and glu-
ons k3 — g3 and k> — g7 in the projectile wave function. Its
mirror image is given by the transformation k3 — —k3.
Therefore, it contributes to the forward peak of the Bose
enhancement of the gluons k» — ¢» and k3 — g3 together
with a backward peak of the Bose enhancement of the
gluons k1 — g1 and k3 — g3, and gluons k| — g and
ko — g» in the projectile wave function.

The last contribution in Ix 4 is proportional to

1 (q1 — ki, g3 — k3) (ki — g1, g2 — k2)
x 1 (ky — g2, k3 — g3) & F{[(q1 — k1) + (g3 — k3)]R}
x F{[(ki —q1) — (k2 — q2) IR}
x F{[(k2 — q2) + (k3 — g3)]R}. (34)

Clearly, this term is a contribution to the forward peak
of the Bose enhancement of gluons k1 — g1 and k> — ¢2
together with a backward peak of the Bose enhancement
of the gluons k; — g1 and k3 — g3, and gluons k> — g2
and k3 — g3 in the projectile wave function. Its mirror
image is given by the transformation k; — —k;. Thus, it
contributes to the forward peak of the Bose enhancement
of gluons k; — g1 and k3 — g3 together with a backward
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peak of the Bose enhancement of the gluons k; — g1 and
ko — q», and gluons k> — ¢» and k3 — g3 in the projectile
wave function

Ix 5 term:

The last term that stems from the sextupole contribution
at O(1/N f ) is the Ix s term. It has four different contri-
butions and all of them contribute to the HBT correlations
of all three gluons.

The first contribution in /x 5 is proportional to

wrka — q2, g2 — k1) 12 (ki — q1, q1 — k3)
x n2(ks — g3, q3 — k2) o F[(ka — k1)R]
x F[(ky — k3)R] F[(k3s — k2)R]. (85)

In this term, the form factors are peaked around k» = ki,
ki1 = k3 and k3 = k,. Thus, it is a contribution to the
forward peak of the HBT correlations of gluons k1 and k5,
gluons k1 and k3, and gluons k> and k3. The mirror image
of this term is given by the transformation k3 — —k3 and
it contributes to the forward peak of the HBT correlations
of k1 and ky together with backward peak of the HBT
correlations of the gluons k| and k3, and gluons k, and
k3.

The second contribution in Ix 5 is proportional to

wrky — qa. g2 — k3) u? (ks — g3, q3 + k1)
x 12(q1 — ko, —ki — q1) o< F(ka — k3)R]
x F[(ki + k3)R] F[(=ka — k1) R). (86)

The form factors in this term are peaked around ky = k3,
ki = —ko and k; = —k3. Hence, this term contributes
to the forward peak of the HBT correlations of gluons
ko and k3 together with the backward peak of the HBT
correlations of gluons k1 and k3, and gluons k1 and k3. The
mirror image of this term is given by the transformation
k1 — —kj. Therefore, it contributes to the forward peak
of the HBT correlations of gluons k; and k3, gluons k»
and k3, and gluons k; and k.

The third contribution in Ix s is proportional to

1 (ka + q1, ky — q1) 1> ks — g3, 3 — ki)
x u*(q2 — k3, —ka — q2) o F[(kz + k1)R]

x F[(ks — k)R] F[(—k2 — k3)R]. (87)
In this term the form factors are peaked around kp = —k1,
ks = ki and kp, = —ks. It contributes to the forward

peak of HBT correlations of gluons k3 and k; together
with a backward peak of the HBT correlations of gluons
k1 and kp, and gluons ky and k3. On the other hand, its
mirror image (given y the transformation k3 — —k3)
contributes to the forward peak of the HBT correlations
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of gluons k3 and k, together with the backward peak of
the HBT correlations of gluons k1 and k3, and gluons ki
and k3.

Finally, the last contribution in Ix 5 is proportional to

w2 (ky + g3, ks — q3) > (k1 — q1, q1 — k3)
x u2(ki — g2, g2 — k) o F(ka + k3)R]
x F[(—k3 — k{)R] F[(k1 — k2)R). (88)

Clearly, this term contributes to the forward peak of the
HBT correlations of the gluons k1 and k5 together with the
backward peak of the HBT correlations of the gluons k>
and k3, and gluons k3 and k. Its mirror image is given by
the transformation k| — —k;. Therefore, it contributes
to the forward peak of the HBT correlations of the gluons
k1 and k3 together with the backward peak of the HBT
correlations of the gluons &, and k3, and gluons k; and
ky.

4 Conclusions

To conclude, we have calculated the inclusive two and three
gluon production in p-A collisions at mid rapidity in the CGC
formalism. We use the generalized McLerran—Venugopalan
model to perform the projectile averaging. This model allows
for accounting for the finite transverse size of the projectile.

We observe that in the full dilute-dense limit that goes
beyond the glasma graphs, the expression for the cross sec-
tion double inclusive gluon production contains two types of
terms: a product of two dipole amplitudes and a quadrupole.
The origin of the quadrupole term is the contribution to scat-
tering where the two incoming gluons exchange color while
propagating through the target.

We further used simple physical assumptions about the
target structure to express the quadrupole average in terms
of products of averages of two dipoles. We stress that this
factorization is not a result of the large N, limit and is, in
fact, completely unrelated with the large N. expansion. It
is rather the result of the physical expectation that the color
neutralization of the target ensemble happens on transverse
scales of order 1/Q;. As discussed in [40,41], this approxi-
mation does not take into account the “classical” correlated
term arising from the contributions to transverse integrals
where the produced particles have to be close to each other
in the incoming projectile wave function.

The resulting expression for double inclusive production
is quite simple, see Eq. (23). It exhibits very similar terms to
those obtained for double inclusive quark production in [40,
41]. Just like there, we find that all the quantum interference
effects that constitute the genuine multiparticle correlations
(as can be extracted e.g. using the cumulant method [64—67])

atorder 1/N. 3, given by the /1 term in (23), originate from the
quadrupole. Our results in this part of the paper are consistent
with [55]. We observe two types of quantum interference
effects — the Bose enhancement of gluons in the projectile
wave function and the Hanbury-Brown—Twiss interference
effect. In the case of gluons (differently from the production
of identical quarks) the two effects enhance the production
of gluons which are both collinear and anticollinear in the
transverse plane. These same effects have been observed in
the glasma graph calculation earlier [25-30,32,33].

Additionally to [55] we identify the Bose enhancement
terms in the target wave function. There is an interesting
difference in this aspect between the full dilute-dense calcu-
lation presented here, and the glasma graphs of [25-30]. In
the glasma graph calculation, which is based on the dilute-
dilute limit, and is therefore symmetric between the projec-
tile and the target, the Bose enhancement in the farget wave
function is of the leading order in 1/N,, just like the Bose
enhancement in the projectile. In the complete dilute-dense
framework utilized in the present paper this effect, although
present, is suppressed as 1 /N, 02 relative to the projectile Bose
enhancement effect.

We have also computed the triple inclusive gluon produc-
tion in the dilute-dense limit for the first time. Our result
is given in Eq. (71). Although the expressions are lengthy,
the basic physics is very simple. One observes terms in the
production which involve the interference between two of
the gluons, and independent emission of the third one. Such
terms would be subtracted if one would calculate the three
particle cumulant rather than write up the three particle inclu-
sive cross section. Additionally, there are genuine three par-
ticle correlation terms which appear at order 1/ N? — these
are the Ix ; terms in (71). These terms originate solely from
the sextupole in the cross section. They include interference
due to Bose enhancement and HBT contributions of all three
particles, as well as “mixed” terms where two of the particles
are coupled via Bose enhancement, and other two due to the
HBT effect.

These features are very similar to those observed in three
quark production in [40,41]. There is one interesting albeit
expected difference. In production of three quarks the cor-
rection due to interference of all three quarks has an opposite
sign to the term where one quark is emitted independently
of the other two (which interfere). It therefore has a flavor of
“unitarization correction” as discussed in [40,41]. For gluon
production this is not the case. All terms in the cross section
are positive, and thus the genuine three gluon interference
term enhances the correlations rather than weakening them.

Correlations among more than two particles have been
studied at RHIC and the LHC, e.g., in the context of the
study of properties of the produced medium [68-70], for
the study of HBT correlations [71] or for extraction of the
azimuthal asymmetries [72,73]. Without some simplifica-
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tions and implementation of models for the proton and nuclei,
it is very difficult to provide definite predictions beyond the
long range pseudorapidity nature of our correlations. Such
study and the computation of several gluon inclusive pro-
duction that is paved by the present work, with the obvious
extension to the four gluon inclusive case, are left for future
work.

Acknowledgements AK thanks Amir Rezaeian and Vladi Skokov for
many discussions related to the subject of this work. We also thank
Mauricio Martinez, Matt Sievert and Doug Wertepny for pointing out
some mistakes in Eqgs. (11), (12) and (13), and (37), (39) and (44),
in the first version of this paper. TA and AK express their gratitude
to the Departamento de Fisica de Particulas at Universidade de Santi-
ago de Compostela, for support and hospitality when part of this work
was done. ML thanks the hospitality and support of the CERN theory
division. We thank Centro de Ciencias de Benasque Pedro Pascual for
warm hospitality during the program Collectivity and correlations in
high-energy hadron and nuclear collisions and the COST workshop on
collectivity in small systems. The work of TA is supported by Grant No.
2017/26/M/ST2/01074 of the National Science Centre, Poland. NA was
supported by Ministerio de Ciencia e Innovacién of Spain under projects
FPA2014-58293-C2-1-P, FPA2017-83814-P and Unidad de Excelencia
Maria de Maetzu under project MDM-2016-0692, by Xunta de Galicia
(Conselleria de Educacion) within the Strategic Unit AGRUP2015/11,
and by FEDER. AK was supported by the NSF Nuclear Theory Grant
1614640, the Fulbright US scholar program and a CERN scientific asso-
ciateship. ML was supported by the Israeli Science Foundation Grant #
1635/16; AK and ML were also supported by the BSF Grants #2012124
and #2014707. This work has been performed in the framework of
COST Action CA15213 “Theory of hot matter and relativistic heavy-
ion collisions” (THOR).

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

Funded by SCOAP3.

References

1. V. Khachatryan et al. [CMS Collaboration], JHEP 1009, 091
(2010). arXiv:1009.4122 [hep-ex]

2. V. Khachatryan, Phys. Rev. Lett. 116,
arXiv:1510.03068 [nucl-ex]

3. G.Aadetal. [ATLAS Collaboration], Phys. Rev. Lett. 116, 172301
(2016). arXiv:1509.04776 [hep-ex]

4. S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 718, 795
(2013). arXiv:1210.5482 [nucl-ex]

5. B. Abelev et al. [ALICE Collaboration], Phys. Lett. B 719, 29
(2013). arXiv:1212.2001 [nucl-ex]

6. G.Aadetal. [ATLAS Collaboration], Phys. Rev. Lett. 110, 182302
(2013). arXiv:1212.5198 [hep-ex]

7. R. Aaij et al. [LHCb Collaboration], Phys. Lett. B 762, 473 (2016).
arXiv:1512.00439 [nucl-ex]

8. V. Khachatryan et al. [CMS Collaboration], Phys. Rev. C 96(1),
014915 (2017). arXiv:1604.05347 [nucl-ex]

9. V. Khachatryan et al. [CMS Collaboration], Phys. Lett. B 765, 193
(2017). arXiv:1606.06198 [nucl-ex]

172302 (2016).

@ Springer

10. M. Aaboud et al. [ATLAS Collaboration], Phys. Rev. C 96(2),
024908 (2017). arXiv:1609.06213 [nucl-ex]

11. M. Aaboud et al. [ATLAS Collaboration], Eur. Phys. J. C 77(6),
428 (2017). arXiv:1705.04176 [hep-ex]

12. M. Aaboud et al. [ATLAS Collaboration], Phys. Rev. C 97(2),
024904 (2018). arXiv:1708.03559 [hep-ex]

13. S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 724, 213
(2013). arXiv:1305.0609 [nucl-ex]

14. B.B. Abelev et al. [ALICE Collaboration], Phys. Rev. C 90(5),
054901 (2014). arXiv:1406.2474 [nucl-ex]

15. B. Alver et al. [PHOBOS Collaboration], Phys. Rev. Lett. 104,
062301 (2010). arXiv:0903.2811 [nucl-ex]

16. B.I. Abelev et al. [STAR Collaboration], Phys. Rev. C 80, 064912
(2009). arXiv:0909.0191 [nucl-ex]

17. A. Adare et al. [PHENIX Collaboration], Phys. Rev. Lett. 114(19),
192301 (2015). arXiv:1404.7461 [nucl-ex]

18. L. Adamczyk et al. [STAR Collaboration], Phys. Lett. B 747, 265
(2015). arXiv:1502.07652 [nucl-ex]

19. A. Adare et al. [PHENIX Collaboration], Phys. Rev. Lett. 115(14),
142301 (2015). arXiv:1507.06273 [nucl-ex]

20. P. Bozek, Eur. Phys. J. C 71, 1530 (2011). arXiv:1010.0405

21. P. Bozek, Phys. Rev. C 88, 014903 (2013)

22. P. Bozek, W. Broniowski, Phys. Lett. B 718, 1557 (2013).
arXiv:1211.0845

23. A. Dumitru, F. Gelis, L. McLerran, R. Venugopalan, Nucl. Phys.
A 810, 91 (2008). arXiv:0804.3858 [hep-ph]

24. A.Dumitru, K. Dusling, F. Gelis, J. Jalilian-Marian, T. Lappi, Venu-
gopalan, Phys. Lett. B 697, 21 (2011). arXiv:1009.5295

25. K. Dusling, R. Venugopalan, Phys. Rev. Lett. 108, 262001 (2012).
arXiv:1201.2658 [hep-ph]

26. K. Dusling, R. Venugopalan, Phys. Rev. D 87(5), 051502 (2013).
arXiv:1210.3890 [hep-ph]

27. K. Dusling, R. Venugopalan, Phys. Rev. D 87(5), 054014 (2013).
arXiv:1211.3701 [hep-ph]

28. K. Dusling, R. Venugopalan, Phys. Rev. D 87(9), 094034 (2013).
arXiv:1302.7018 [hep-ph]

29. T. Altinoluk, N. Armesto, G. Beuf, A. Kovner, M. Lublinsky, Phys.
Lett. B 751, 448 (2015). arXiv:1503.07126 [hep-ph]

30. T. Altinoluk, N. Armesto, G. Beuf, A. Kovner, M. Lublinsky, Phys.
Lett. B 752, 113 (2016). arXiv:1509.03223 [hep-ph]

31. A.Capella, A. Krzywicki, E.M. Levin, Phys. Rev. D 44, 704 (1991)

32. Y.V. Kovchegov, D.E. Wertepny, Nucl. Phys. A 906, 50 (2013).
arXiv:1212.1195 [hep-ph]

33. Y.V. Kovchegov, D.E. Wertepny, Nucl. Phys. A 925, 254 (2014).
arXiv:1310.6701 [hep-ph]

34. T. Altinoluk, N. Armesto, G. Beuf, A. Kovner, M. Lublinsky, Phys.
Rev. D 95, 034025 (2017). arXiv:1610.03020 [hep-ph]

35. M.Martinez, M.D. Sievert, D.E. Wertepny, JHEP 1807, 003 (2018).
arXiv:1801.08986 [hep-ph]

36. M. Martinez, M.D. Sievert, D.E. Wertepny, arXiv:1808.04896
[hep-ph]

37. S. Ozonder, Phys. Rev. D 91(3), 034005 (2015). arXiv:1409.6347
[hep-ph]

38. S. Ozonder, Turk. J. Phys. 42(1), 78 (2018). arXiv:1712.05571
[hep-ph]

39. B. Blok, C.D. Jakel, M. Strikman, U.A. Wiedemann, JHEP 1712,
074 (2017). arXiv:1708.08241 [hep-ph]

40. A. Kovner, A. Rezaeian, Phys. Rev. D 96, 074018 (2017).
arXiv:1707.06985

41. A. Kovner, A. Rezaeian, Phys. Rev. D 97, 074008 (2018).
arXiv:1801.04875 [hep-ph]

42. T.Lappi, B. Schenke, S. Schlichting, R. Venugopalan, JHEP 1601,
061 (2016). arXiv:1509.03499 [hep-ph]

43. K. Dusling, M. Mace R. Venugopalan, Phys. Rev. D 97(1), 016014
(2018). arXiv:1706.06260 [hep-ph]


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/1009.4122
http://arxiv.org/abs/1510.03068
http://arxiv.org/abs/1509.04776
http://arxiv.org/abs/1210.5482
http://arxiv.org/abs/1212.2001
http://arxiv.org/abs/1212.5198
http://arxiv.org/abs/1512.00439
http://arxiv.org/abs/1604.05347
http://arxiv.org/abs/1606.06198
http://arxiv.org/abs/1609.06213
http://arxiv.org/abs/1705.04176
http://arxiv.org/abs/1708.03559
http://arxiv.org/abs/1305.0609
http://arxiv.org/abs/1406.2474
http://arxiv.org/abs/0903.2811
http://arxiv.org/abs/0909.0191
http://arxiv.org/abs/1404.7461
http://arxiv.org/abs/1502.07652
http://arxiv.org/abs/1507.06273
http://arxiv.org/abs/1010.0405
http://arxiv.org/abs/1211.0845
http://arxiv.org/abs/0804.3858
http://arxiv.org/abs/1009.5295
http://arxiv.org/abs/1201.2658
http://arxiv.org/abs/1210.3890
http://arxiv.org/abs/1211.3701
http://arxiv.org/abs/1302.7018
http://arxiv.org/abs/1503.07126
http://arxiv.org/abs/1509.03223
http://arxiv.org/abs/1212.1195
http://arxiv.org/abs/1310.6701
http://arxiv.org/abs/1610.03020
http://arxiv.org/abs/1801.08986
http://arxiv.org/abs/1808.04896
http://arxiv.org/abs/1409.6347
http://arxiv.org/abs/1712.05571
http://arxiv.org/abs/1708.08241
http://arxiv.org/abs/1707.06985
http://arxiv.org/abs/1801.04875
http://arxiv.org/abs/1509.03499
http://arxiv.org/abs/1706.06260

Eur. Phys. J. C (2018) 78:702

Page 19 of 19 702

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

K. Dusling, M. Mace, R. Venugopalan, Phys. Rev. Lett. 120(4),
042002 (2018). arXiv:1705.00745 [hep-ph]

L.D. McLerran, R. Venugopalan, Phys. Rev. D 49, 2233 (1994).
arXiv:hep-ph/9309289

L.D. McLerran, R. Venugopalan, Phys. Rev. D 49, 3352 (1994).
arXiv:hep-ph/9311205

J.P. Blaizot, F. Gelis, R. Venugopalan, Nucl. Phys. A 743,57 (2004).
arXiv:hep-ph/0402257

F. Dominguez, C. Marquet, B.W. Xiao, F. Yuan, Phys. Rev. D 83,
105005 (2011). arXiv:1101.0715 [hep-ph]

F. Dominguez, C. Marquet, A.M. Stasto, B.W. Xiao, Phys. Rev. D
87, 034007 (2013). arXiv:1210.1141 [hep-ph]

Y. Shi, C. Zhang, E. Wang, Phys. Rev. D 95(11), 116014 (2017).
arXiv:1704.00266 [hep-th]

K. Fukushima, Y. Hidaka,
arXiv:1708.03051 [hep-ph]

A. Dumitru, J. Jalilian-Marian, T. Lappi, B. Schenke, R. Venu-
gopalan, Phys. Lett. B 706, 219 (2011). arXiv:1108.4764 [hep-ph]
J. Jalilian-Marian, Phys. Rev. D 85, 014037 (2012).
arXiv:1111.3936 [hep-ph]

A. Kovner, M. Lublinsky, Phys. Rev. D 83, 034017 (2011).
arXiv:1012.3398 [hep-ph]

T. Altinoluk, N. Armesto, D.E. Wertepny, arXiv:1804.02910 [hep-
ph]

N.N. Nikolaev, W. Schafer, B.G. Zakharov, Phys. Rev. D 72,
114018 (2005). arXiv:hep-ph/0508310

J. Jalilian-Marian, Y.V. Kovchegov, Phys. Rev. D 70,
114017 (2004). Erratum: [Phys. Rev. D 71, 079901 (2005)].
arXiv:hep-ph/0405266

JHEP 1711, 114 (2017).

58.

59.

60.

61.
62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

A. Kovner, M. Lublinsky,
arXiv:hep-ph/0609227

L. McLerran, V. Skokov, Nucl. Phys. A 959, 83 (2017).
arXiv:1611.09870 [hep-ph]

A. Kovner, M. Lublinsky, V. Skokov, Phys. Rev. D 96(1), 016010
(2017). arXiv:1612.07790 [hep-ph]

Y.V. Kovchegov, V.V. Skokov, arXiv:1802.08166 [hep-ph]

T. Altinoluk, A. Kovner, E. Levin, M. Lublinsky, JHEP 1404, 075
(2014). arXiv:1401.7431 [hep-ph]

T. Altinoluk, N. Armesto, A. Kovner, E. Levin, M. Lublinsky, JHEP
1408, 007 (2014). arXiv:1402.5936 [hep-ph]

N. Borghini, PM. Dinh, J.Y. Ollitrault, Phys. Rev. C 63, 054906
(2001). arXiv:nucl-th/0007063

P. Carruthers, I. Sarcevic, Phys. Rev. Lett. 63, 1562 (1989). Erra-
tum: [Phys. Rev. Lett. 63, 2612 (1989)]

A. Giovannini, G. Veneziano, Nucl. Phys. B 130, 61 (1977)

H.C. Eggers, P. Lipa, P. Carruthers, B. Buschbeck, Phys. Lett. B
301, 298 (1993)

B.I. Abelev et al. [STAR Collaboration], Phys. Rev. Lett. 102,
052302 (2009). arXiv:0805.0622 [nucl-ex]

B.I. Abelev et al. [STAR Collaboration], Phys. Rev. Lett. 105,
022301 (2010). arXiv:0912.3977 [hep-ex]

N.N. Ajitanand [PHENIX Collaboration], Indian J. Phys. 84, 1647
(2010)

B.B. Abelev et al. [ALICE Collaboration], Phys. Lett. B 739, 139
(2014). arXiv:1404.1194 [nucl-ex]

S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 724, 213
(2013). arXiv:1305.0609 [nucl-ex]

V. Khachatryan et al. [CMS Collaboration], Phys. Rev. Lett. 115(1),
012301 (2015). arXiv:1502.05382 [nucl-ex]

JHEP 0611, 083 (2006).

@ Springer


http://arxiv.org/abs/1705.00745
http://arxiv.org/abs/hep-ph/9309289
http://arxiv.org/abs/hep-ph/9311205
http://arxiv.org/abs/hep-ph/0402257
http://arxiv.org/abs/1101.0715
http://arxiv.org/abs/1210.1141
http://arxiv.org/abs/1704.00266
http://arxiv.org/abs/1708.03051
http://arxiv.org/abs/1108.4764
http://arxiv.org/abs/1111.3936
http://arxiv.org/abs/1012.3398
http://arxiv.org/abs/1804.02910
http://arxiv.org/abs/hep-ph/0508310
http://arxiv.org/abs/hep-ph/0405266
http://arxiv.org/abs/hep-ph/0609227
http://arxiv.org/abs/1611.09870
http://arxiv.org/abs/1612.07790
http://arxiv.org/abs/1802.08166
http://arxiv.org/abs/1401.7431
http://arxiv.org/abs/1402.5936
http://arxiv.org/abs/nucl-th/0007063
http://arxiv.org/abs/0805.0622
http://arxiv.org/abs/0912.3977
http://arxiv.org/abs/1404.1194
http://arxiv.org/abs/1305.0609
http://arxiv.org/abs/1502.05382

	Double and triple inclusive gluon production at mid rapidity: quantum interference in p-A scattering
	Abstract 
	1 Introduction
	2 The double inclusive gluon production in dilute-dense scattering
	2.1 Projectile averaging in double inclusive gluon production
	2.2 Target averaging in double inclusive gluon production
	2.3 Identifying terms in double inclusive gluon production

	3 The triple inclusive gluon production in dilute-dense scattering
	3.1 Projectile averaging in triple inclusive gluon production
	3.2 Target averaging in triple inclusive gluon production 
	3.3 Identifying terms in triple inclusive gluon production 

	4 Conclusions
	Acknowledgements
	References




