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We study incoherent diffractive dijet production in electron-nucleus deep inelastic scattering at small xg;
within the color glass condensate. We follow the general approach of [1] but we focus on the correlation
limit, that is, when the momentum transfer A ;| and the gluon saturation momentum Q; of the nucleus are
much smaller than the individual jet momentum P . We arrive at analytic expressions for the dijet cross
section, which can be written as a sum of four terms which exhibit factorization: each such term is a product
between a hard factor, which includes the decay of the virtual photon to the gg pair, and a semihard one
which involves the dipole-nucleus scattering amplitude. We further calculate the azimuthal anisotropies
(cos2¢) and (cos4¢). They are of the same order in the hard momentum P,, but the (cos4ep) is
logarithmically suppressed due to its dependence on the semihard factor. Finally, in order to extend the
validity of our result towards the perturbative domain, we calculate the first higher kinematic twist, i.e., the

correction of relative order A2l / le.
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I. INTRODUCTION

It has been known for quite some time that the pertur-
bative part of the light-cone wave function (LCWF) of a
hadron or a nucleus contains gluon modes whose occupa-
tion numbers rise rapidly when x becomes very small [2-5],
with x being the longitudinal momentum fraction carried by
the gluon under consideration. Such an increase can
eventually lead to violation of unitarity limits: for example,
at fixed impact parameter, the magnitude of the amplitude
for a small projectile color dipole to scatter off the hadron
or nucleus should never exceed unity. The problem finds its
solution within perturbative QCD, since nonlinear dynam-
ics start to develop for the highly occupied modes, they
tame their growth and lead to the phenomenon of gluon
saturation [6—8]. A dynamical semihard scale, the satu-
ration momentum (), is generated and serves as the
boundary between a dilute regime, in which gluons have

*benj aroagui@gmail.com
‘trianta@ectstar.eu
*shuyi@sdu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2023,/107(11)/114007(22)

114007-1

transverse momenta k; > (Q,, and a dense regime, where
gluons have transverse momenta k; < Q,. To a good
accuracy, this scale grows according to Q2(A,x) «
A?A'3(1/x)*, where A is the QCD scale, A is the atomic
number of the nucleus and 4 ~ 0.25, thus justifying the use
of weak coupling methods for sufficiently large nuclei and/or
at small-x. The color glass condensate [9—11] has emerged as
a modern QCD effective theory which incorporates gluon
saturation. By calculating the emission of soft gluons in the
presence of a strong background color field, there have been
derived nonlinear small-x evolution equations [12-20] for
gluon correlators pertinent to the determination of cross
sections or other physical observables.

The typical way to probe such a system is by collisions at
high energy with a smaller projectile. Proton-nucleus (pA)
collisions, deep inelastic scattering (DIS) of electrons off
hadrons or nuclei (ep and eA), or even ultraperipheral
nucleus-nucleus collisions (UPCs) in which a quasi real
photon emitted by the one nucleus scatters off the other
nucleus, provide the main laboratories for exploring gluon
saturation. Over the last few years there has been great
interest in correlations among the particles produced in the
final state of these collisions. In this context, one of the
simplest and most studied processes is the inclusive
production of two jets in the forward projectile direction
[1,21-38]. In ep and eA collisions the two jets are initiated
by the ¢g pair to which the virtual photon fluctuates, while
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in pA collisions they are mostly due to a quark-gluon pair
emerging from the splitting of a collinear quark within the
proton. Here one is mostly interested in the so-called
“correlation limit” [22]: this refers to the regime in which
the transverse momenta of the two jets are much harder than
both the saturation momentum and the imbalance between
them, with the second condition meaning that they propagate
almost back-to-back in the transverse plane. To leading order
in perturbation theory, the dijet imbalance is the same as the
momentum transferred from the target to the projectile and
therefore in the kinematics of interest it can be controlled by
the physics of saturation. Similar arguments apply to the case
of dihadron production [39-47], since the perturbative part of
the process remains the same.

Of equal value is the diffractive production of jets (or
hadrons) in the same types of collisions [1,48-57]. In
diffraction there is no net color exchange between the
projectile partons and the hadronic/nuclear target and as a
consequence one observes a rapidity gap, i.e. an angular
region between the two colliding objects which is void of
particles. Focusing on ep and eA collisions, on the
projectile side one must require the partonic fluctuation
of the virtual photon to remain in a color singlet state after
the scattering with the target. Regarding the target side, the
hadron or nucleus may remain intact or not after the
collision and we respectively refer to the process as
coherent or incoherent diffraction. In order to calculate
the total diffraction, we must average the cross section over
all target configurations. If one averages at the amplitude
level and then takes the square, one obtains only the
coherent component. Subtracting the latter from the total
diffractive cross section, we get the incoherent component
and thus it becomes clear that incoherent diffraction
is directly related to fluctuations in the target wave
function [58]. For instance, in an appealing picture,
exclusive vector-meson production in ep DIS has been
used to constrain geometrical fluctuations in the shape of
the proton [59,60]. But with a more homogeneous target,
like a large nucleus, the momentum transfer to the
projectile is of the order of the inverse nucleus diameter,
which is a very small nonperturbative scale and thus
completely uninteresting to our purposes. Still, a different
mechanism has been studied in [1] (see also the earlier and
closely related work in [61]): the subleading in N, piece
(with N, the number of colors) of the gluon correlator
which corresponds to diffraction, leads to incoherent
scattering with a momentum transfer that can reach large
perturbative values. As we shall discuss in Sec. III, this
piece originates from the color exchange between different
substructures inside the nucleus and as such it may be
regarded as a color fluctuation. Notice that the relevant
gluon correlator is to be calculated within the CGC
framework and thus it involves minimal model dependence.

The transverse momenta of the jets considered in [1]
were rather generic and therefore the approach was

necessarily numerical. Our scope here is to give an
analytical insight in the correlation limit and the outline
of this work is as follows. In Sec. II we present a short
review of the derivation of the general formula which gives
the gg contribution to dijet production. Then we isolate the
part of the scattering which leads to incoherent diffraction.
In Sec. III we evaluate the corresponding diffractive
correlator in the correlation limit assuming the Gaussian
approximation. In Sec. IV we give the cross sections for
both transversely and longitudinally polarized photons in a
form that separates the hard from the semihard dynamics.
In Sec. V we analyze the momentum dependence of the
semihard factor. Having all the elements at our disposal, in
Sec. VI we present our results for the average (over the
azimuthal angle) cross section and for the elliptic and
quadrangular anisotropies. In the correlation limit, the latter
quantify the distribution in the orientation of the imbalance
with respect to the axis defined by the almost back-to-back
jets. In Sec. VII we evaluate the first higher kinematic twist
and point out the changes that it brings to the elliptic
anisotropy. Finally we conclude and discuss potential
future developments in Sec. VIII. Some technical parts
are presented in the four appendices at the end of the paper.

II. INCOHERENT DIFFRACTIVE DIJET
PRODUCTION AND KINEMATICS

First, we briefly review the derivation of the cross section
for incoherent diffractive dijet production in high energy
deep inelastic scattering of a virtual photon y* off a generic
nucleus with atomic number A. Let us define the kinematics
of the incoming particles. We shall work in a frame where
they are both ultrarelativistic and carry zero transverse
momentum. More precisely, in light-cone notation, the
photon with virtuality ¢*q, = —Q? is a right mover that
carries the 4-momentum ¢* = (¢, —0?%/2¢", 0), while the
nucleus is a left mover with 4-momentum Py, = (0, Py, 0)
per nucleon, i.e., the nucleon mass is set to zero.

At high energy it is convenient to adopt the dipole
picture, in which the virtual photon first decays into a gg
pair. The lifetime 7, of such a color dipole is of the order of
2¢"/Q? and it is much larger than the longitudinal extent
L = R,/y of the boosted nucleus, where R, is its radius
and y its Lorentz factor. Indeed, with R, ~A'/3Ry and
y =~ PyRy, where Ry is the nucleon radius, the aforemen-
tioned condition 7, > L is equivalent to xg;A'/3 < 1. This
inequality is satisfied by assumption, since xgj = 0%/2q -
Py = 0%/2q" Py is typically of the order of 1072 or
smaller.

In this viewpoint, all the QCD dynamics is contained in
the scattering of the color dipole off the nucleus. The latter
can be at saturation, thus generating a strong color field and
it becomes necessary to take into account multiple scatter-
ing. In the kinematics of interest the pair scatters eikonally
and gives rise to a dijet system in the forward direction
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(of the virtual photon). We consider diffractive production
in which the ¢g pair remains in its initial color state but
acquires a transverse momentum A from the nucleus. In the
case of a homogeneous nucleus, this can occur only with
the exchange of color between different nucleons. In turn,
this means that the scattering is incoherent from the
perspective of the nucleus and that the overall process is
suppressed by 1/N?2 in the multicolor limit. This process
was numerically studied in [1] in the regime where all
momenta are semihard, i.e., when k| ~k,| ~A| ~ Q,,
with k; and k, the final transverse momenta of the quark
and the antiquark, respectively, and where k;, = |k,|, etc.
In the current work we will give an analytical calculation in
the correlation limit k; | ~ k,| > Q, A |, where we point
out that there is no need to make any assumption regarding
the relation between the scales A | and Q. Clearly the most

|

interesting case is when A | is of the order of (or smaller
than) the semihard scale Q, so that unitarity corrections
and gluon saturation are important, despite the fact that two
hard jets are being produced.

In the framework of light-cone perturbation theory
(LCPT), the general expressions for dijet cross sections
have been derived more than a decade ago [22,24]. In what
follows, we shall follow the notation and conventions
adopted in Refs. [32,34,62], properly adjusted to the case
of diffractive production. Let us start by considering the gg
component in the LCWF of a virtual photon. In order to
avoid a proliferation of equations, we shall deal explicitly
only with the case of a transverse virtual photon, while for
the case of longitudinal polarization we will just present the
final result. In momentum space the direct amplitude
(DA) reads

77(q)) g = Z Z 5a/3/ d9,dd,5(1 - 9, —192)/d2k/1d2k/25<2)(k/1 + k), (91.K))lq5 (91, k )fh (92.k3)),

Ma=t1/2 ap=1

where i = 1,2 stands for the polarization index of the
transverse photon, while a and f are color indices in the
fundamental representation. 1;, k| and 9; are the helicity
state, the transverse momentum and the longitudinal
momentum fraction (with respect to the virtual photon)
of the quark and similarly for the antiquark. Notice that we
have used a prime to denote the transverse momenta
before the scattering, since they are different from the final
ones k; and k,. The gg amplitude is given by

v (90 =T cer #inO
AAp \7 2 (Zﬂ)3k2 +19(1 —19)Q2 ’

with e, the fractional electric charge of the quark flavor
under consideration. The function

(Pﬁll 2 (9)

appearing in the numerator in Eq. (2.2) represents the
helicity structure of the photon splitting vertex, while the
|

(2.2)

= 5,28 = 1)51 +2ie']  (2.3)

(2.1)

combination in the respective denominator arises, accord-
ing to the LCPT rules, from the energy denominator

1 k/2 k/2
E,—E, =— 2
q99 14 2q+ (191 19 Q >

1

=2079.9, (K +9,9,0%).

(2.4)

Next, we make a Fourier transform according to

a5, (91.K1), (9. K5))
— 222y p—ik| x—ik _p
= [ @xyetie g 0,08, (820). 29
where clearly x and y are the corresponding transverse

coordinates of the quark and the antiquark. A straightfor-
ward integration over the momenta k| and k leads to

N
V(@) gq = Z a[)’/ d9,d9,5(1 =9, — 9,) / Exd’yyr; , (91.7)]45 (191,x)é§2(192,y)>, (2.6)
da=%1/2 ap=1
with r = x —y and where the coordinate space gg amplitude reads
. B gt ieey or! _
l//ﬂl/lz(lg’r> == 7(27;)2 90/1112( )T 1(0r). (2.7)
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In the above, we have defined 0 = 9(1 — 9) Q? and the
dipole transverse size r =|r|, while K; is the usual
modified Bessel function of the second kind which sup-
presses exponentially the decay of the virtual photon to
dipoles with size much larger than 1/Q.

The advantage of the above representation is that we can
easily take into account the multiple scattering of the dipole
off the target color field, since the transverse coordinate of a
parton interacting with a soft gluon is a good quantum
number. In the kinematics we are interested in, the nucleus
can be viewed as a Lorentz contracted shockwave and the
scattering of each parton in the virtual photon LCWF is
given by a Wilson line: V (x) for the quark and V' (y) for the
antiquark, where

V(x) = Texp [ig/ dx*t“A;(x*,x)} (2.8)
Here T stands for time ordering in the light-cone time x™, g is
the QCD coupling, #* is a SU(N,) color matrix in the

fundamental representation and A7, witha = 1, ..., N2 — 1,
is the only nonvanishing component of the target color field

@ = > Zéaﬂ / d9,d9,5(1 - 8, — 9,) / dxd?yip , (8,.7)[S(x.y) — 1]lg% (8,.%)7), (92.))-

Ma=t1/2ap=1

in the Lorentz gauge d,A% = 0. The inclusion of the multiple
scattering simply amounts to the replacement

) = g

in Eq. (2.6). Still, the above corresponds to the inclusive
production of a dijet, which is not exactly what we want. In
order to have a diffractive process to the order of accuracy, the
projectile color dipole must scatter elastically and emerge as
a color singlet in the final state. Such a projection is simply
achieved by making the further replacement

Bop = [V(x)VT (2.9)

VEV'0) = Tl = { oVl - 1o

= [S(x.y) = 1o,

(2.10)
where S(x,y) is the S matrix for the elastic scattering of the
color dipole (x,y). All in all, for evaluating the complete ¢g

component [yy(g))p; of the virtual photon LCWF which

determines the diffractive dijet production one must imple-
ment the above modification in Eq. (2.6), which is

(2.11)

Finally, we come to calculate the corresponding cross section and we do so by calculating the number of quarks and

antiquarks in the final state, namely,

d yTA—>qu

v 5 +
dk+dk+d2k &k, (2m)5(q

with N, (k,),

—ki—ky) =

(T (@IN (k)N (ko) Y () 0y (2.12)

N =

N 7(ky) the respective quark and antiquark number operators and where we have averaged over the

polarization of the transverse photon. From this point on, using the appropriate normalization of these number operators
(cf. Appendix C in [32]), straightforward algebra leads to (taking into account all relevant flavors and with a,, = €*/4r)

dolr 9% AN ) Px &y 2% %5
— Jem e S(1 =9, —9,)(92 4+ 92) [ SXEYEXTY
49,49,k &k, 272 (Zef> (=8 =8)0+8) [ 5520 2

x et teos ke T2 (0K (@ 7)([S(x.) = 1IS(%) = 1),

where the bar denotes coordinates in the complex conjugate
amplitude (CCA). The average in the last factor is to be
taken over all possible target field configurations, with a
weight function suitable to the longitudinal scale, or
equivalently the rapidity, of interest. We shall work in
the framework of the color glass condensate (CGC): at
moderate rapidities we can resort to the McLerran-
Venugopalan (MV) model [63,64], whereas at higher

(2.13)

rapidities we should better rely on the solution to the
BK equation [12,13] or the JIMWLK equation [14-20].
The precise rapidity is determined by the kinematics and
we shall return to this matter at the end of the current
section.

At this point we make a change of variables. In the DA
and in coordinate space we go from x and y to the
separation r and the center of energy b according to
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x =b+ 9,r and y = b — 9yr, while in momentum space
we replace k; and k, by the dijet imbalance A and the
relative momentum P according to k; =P+ ;A and
ky, = —P + 9,A. It is rather important to point out that,
for our process, this imbalance is equal to the momentum
transferred from the target, since in the final state there are
no other particles between the dijet and the nucleus. With
the analogous change of variables in the CCA we immedi-
ately find that the phase in the Fourier transform in
Eq. (2.13) becomes

ki-(x—%)+ky,-(y—=y)=P-(r—7)+A-(b-b).
(2.14)

When the nucleus is homogeneous, CGC correlators
depend only on the differences between any two transverse
coordinates. In particular, the one appearing in Eq. (2.13)
|

v A—qgX
dolT S amN,

d9,d9,PAA 4 (Z e§'> (1= 8; = 9,)(9% + 93)

X e—iA-B—iP.(r—i) % Q2K1 (Qr)Kl (Q ;)WD(,.’ I_',B),

where the “diffractive” correlator YW, contains all the QCD
dynamics in the CGC framework and is defined as

Wh(r.F. B) = (S(x.y)S(y. X)) — (S(x.y))(S(. ¥)).
(2.16)

The corresponding expression for a longitudinally polar-
ized virtual photon can be obtained from Eq. (2.15) via the
replacements 97 + 93 — 49,9, and (r/r)K,(Qr) —
Ko(Qr) and similarly for the respective factor in the
CCA. We would also like to mention that Eq. (2.15) gives
the cross section per unit longitudinal momentum fractions
of the “jets.” It is more standard to rewrite it in terms of
rapidities, and for this to happen it is enough to multiply
with a factor 9;9,. In this work we are interested in the
scenario that the two jets share almost equally the longi-
tudinal momentum of the virtual photon, i.e., the two
fractions are considered to be of the order of one-half.
Then, such a multiplicative factor does not bring any
significant parametric dependence and if needed it can
be trivially restored at the end of the calculation.

The correlators in Eq. (2.16) must be evaluated at the
rapidity gap Y., =1In1/x,,, of the diffractive process.
Here xg,, is defined as the fraction of the target nucleon
longitudinal momentum P} which is transferred to the
diffractive ¢g system. This is determined by the conserva-
tion law

can depend only on three vectors, which we choose to be r,
r and the difference between the impact parameters in the
DA and the CCA, ie., B=b—b. First, in view of
Eq. (2.14), this means that one of the two center of energy
vector integrations can be trivially performed to give the
total area S, of the nucleus. Second, if we keep only the
factorized piece (T(r))(T*(r)), with T=1-S the T
matrix, we find that the integration over B leads to a &
function in A (more precisely this is smeared to momenta
up to a small nonperturbative scale, but to our purposes
such a scale can be taken equal to zero). Thus, in order to
have a nonzero momentum transfer A, we must consider
the “connected” part of the correlator in Eq. (2.13). The
resulting cross section will be suppressed by a color factor
1/N? and the corresponding process is incoherent as we
discuss in Sec. III. Putting everything together we arrive at
the differential cross section in the transverse sector [1]

d’B d*r d*F

2z 27 2n
(2.15)

|
__ 1l (a K,
xgapPszqu<81+192+Q2 :>)Cgap
P2 AZ

:xBj<1+Q—g+a§>. (2.17)
We will be interested in the kinematic regime

P, ~0> A,. As a consequence the term A% /Q? can
be safely dropped, while the term P% /Q? is of the order of
one, so that

1 P3
Ygap 2 In——1In <1+Q_g). (2.18)

xBj

This means that the production of the dijet “consumes”
roughly one unit of the available longitudinal phase space,
but since xg; < 1 such a reduction of the gap is subdomi-
nant at the leading logarithmic level. Hence, although it is
not hard to keep the second term in Eq. (2.18) when
calculating the correlators, we shall neglect such a term and
therefore assume that the gap is P, independent. As
typically done, one can start with the MV model initial
condition at Y, = In1/x, with x, ~ 1072 and then evolve
with the BK or the JIMWLK equation for a rapidity
interval AY = Yy, — Y = In xo/xg;.

Equation (2.18) also explains why we prefer to study
only the symmetric case in which 9; and 8, are roughly
equal to each other. Still assuming that Q is a hard scale, let
us see what happens in the unbalanced situation where 9,
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Left panel: A diagram for incoherent diffractive dijet production at the level of four-gluon exchange. It corresponds to Eq. (3.2)

which is part of the product (T(x,y))(T(y,%)). Each of the two lower double lines, which correspond to colorless substructures
(nucleons) in the nucleus, exchanges only one gluon with the projectile ¢g pair in the DA (and one in the CCA), and thus it undergoes
inelastic scattering. Right panel: The same in the large-N,. limit, in which the gluons are represented by double lines. The substructures
are not colorless in the final state, thus indicating that the nucleus does not remain intact. Two independent colors (in the fundamental
representation), « and S, flow in the diagram which is of the order of ¢®N2.

(or 9,) gets small enough so that Q becomes much smaller
than the hard momentum P . Then, although our calcu-
lation and results that follow in the next sections remain
generally valid (since the correlation limit is not sensitive to
the value of Q), one of the two jets becomes very soft in its
longitudinal momentum. As a consequence, it “eats up” a
significant part of the rapidity space between the other jet
and the target and therefore, as evident in Eq. (2.18), the
diffractive gap gets smaller leading to a less interesting
situation.

III. AVERAGING IN THE CGC

The incoherent diffractive cross section involves the
correlator Wy (r, 7, B) defined in Eq. (2.16), which we will
calculate analytically in the correlation limit. For a warmup,
and in order to get an insight to the dynamics, we shall first
work at lowest order in the number of gluon exchanges.
Within each projectile dipole, one in the DA and one in the
CCA, there are two gluon hookings and therefore we can
make use of the expansion

7
4N,

a= [T o),

Sx,y)=~1- (af —af)?  with

(3.1)

and similarly for S(¥,X). Obviously this expansion is valid
only in the absence of unitarity corrections, that is when
r,7,B < 1/Q; or, equivalently, when P, A > Q.. We
will assume that the CGC wave function is Gaussian: this is
valid by definition in the MV model, while it is very
accurate even after IMWLK evolution is included [65-68].
When taking the expectation values in Eq. (2.16), only the
connected part survives, that is, only terms which involve
the contraction of one field in the DA with a field in the
CCA are relevant. For example, one such term is (cf. Fig. 1)

4 4
—g a a g a.d a.d

¢ ab
g' b b
= (o) (agaz),
;4N§(N§ —1) XA
(3.2)

where we have explicitly shown the summations over color
indices (which refer to gluons) to avoid any confusion. For
the first equality, we have just used the fact that the
correlator of two fields is diagonal in color. In turn this
means that only one gluon color flows in the lhs as implied
by the single summation over a. On the contrary, in the last
expressions two independent gluon colors are summed and
therefore we have divided by the number of colors for the
equation to be valid (assuming that the Gaussian approxi-
mation gives equal weight to all the color components of
the gauge field). Thus, the connected piece which we are
calculating is suppressed at large N . as anticipated. Putting
together all the possible terms, one can write W, as

4

- 9
WolrhB) = v =)

x [(agag) + (o) — (agiaf) — ().

We are free to add and subtract “equal point correlators”
like (aag), so that eventually we can reconstruct average
values of the scattering amplitudes (at the level of two-
gluon exchange), i.e.,

Whp(r,7,B)
272(1\/31 LT G5) (T (3.) = (T.2) — (T3

(3.4)
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FIG. 2. Left panel: A diagram for coherent diffractive dijet production, in general proportional to (7' (x,y))(T(¥,X)), at the level of
four-gluon exchange. A colorless substructure (nucleon) of the nucleus exchanges two gluons with the projectile gg pair in the DA (and
the same, for a potentially different nucleon, in the CCA) and thus it undergoes elastic scattering. Right panel: The same in the large-N ..
limit, in which the gluons are represented by double lines. The nucleon remains intact. Two independent colors flow in the DA and
another two in the CCA, thus leading to a total diagram which is of the order of g8N?.

In Fig. 1 we give a typical diagram corresponding to
incoherent diffraction at the level of four-gluon exchange and
we illustrate the color flow in the large-N . limit. Comparing
to the respective coherent diffraction diagrams in Fig. 2, we
observe that the color exchange (necessary for incoherent
scattering) between the colorless substructures (nucleons) of
the target nucleus leads to a 1/N? suppression.

The separations r and 7 are small, since they are con-
strained by their conjugate momentum P which is hard.
Then in Eq. (3.4) we can expand all amplitudes around B,
given that they all involve one leg in the DA and the other
leg in the CCA. It is a straightforward exercise to show that
the lowest order term in the linear combination in the
square bracket is of quadratic order, which is due to the fact
that we are still calculating an elastic process for the
projectile dipole. More precisely we find

T(x5)+7T(y.x)—T(x.%)—T(y.y) =~r'r/odT(B),
(3.5)

where, for the purposes of a more compact notation, a
calligraphic symbol is used for the average value of a
quantity, for example here 7 = (T'). Thus, substitution of
Eq. (3.5) into Eq. (3.4) leads to

Whp(r,F,B) ~ FErkF o /T (B)0 ' T (B),

2(N2-1)
(3.6)

which is valid at the level of four-gluon exchange and in the
Gaussian approximation.

Now we would like to generalize the above to the case of
larger values of B, since it is the coordinate space variable
conjugate to the momentum A ; which we would like to be
of the order of Q. The typical configuration, as illustrated
in Fig. 3, is when x and y in the DA remain close together,
the same for ¥ and y in the CCA, but the pair in the DA is far
away from the pair in the CCA. Such an extension (always
in the Gaussian approximation) for Wpy(r,7, B) which
includes unitarity corrections for the scattering amplitude

7 (B) is not that complicated and is given in Appendix A.
We find

Cr ;.
Wh(r.F.B) ~ Tl\grlwrkflq)(zs)

x [0/ InS,(B)][0"0' nS,(B)].  (3.7)

with Cr = (N? — 1)/2N, and where, in order to have more
compact expressions in the following sections, we have
conveniently defined the dimensionless scalar quantity

(D(B) — 89(3)1;2;_(238g(3) (3.8)
In the above equations
S,(B) = [S(B)N/“r, (3.9)

valid in the Gaussian approximation, is the average dipole S
matrix for the scattering of a gluon-gluon (or adjoint)
dipole, which is further assumed to depend only on the
magnitude of B. Still, one notices that there is angular
correlation between r and B, and thus there will also be one
between P and A. Clearly, Eq. (3.7) reduces to Eq. (3.6) as
it should when B <« 1/Q, and the two equations share a
similar form. Notice that Eq. (3.7) exhibits a “tensorial”
factorization: the power-law dependence on the small
fundamental dipoles r and 7 has been factored out from
the (more complicated) dependence on the large adjoint
dipole B. We shall shortly see that such a property remains
valid for the respective conjugate momenta P and A.
Finally, we would like to point out that, although the
appearance of the adjoint dipole should not come as a
surprise (cf. Fig. 3), the particular dependence on S,(B) is
nontrivial.
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B~1/AL~1/Q,
T
DAVAVAV

FIG. 3. The typical dipole configuration that determines the
incoherent diffractive dijet cross section in Eq. (2.15) in the most
interesting kinematic regime P, > A | ~ Q, known as the “cor-
relation” limit. The ¢g dipole in the DA is separated from the one in
the CCA by a large distance B ~ 1/A | ~ 1/Q, when compared to
the dipole sizes themselves that satisfy r, 7~ 1/P; < 1/Q,.

IV. THE CROSS SECTION FOR INCOHERENT
DIFFRACTIVE DIJET PRODUCTION

Due to the form of the correlator YWy in Eq. (3.7), the
integrals over r and 7 in Eq. (2.15) factorize from the one
over B. Thus, we are allowed to write

dayD;A_’qu S| AemN 5
— 2L%m e S(1—9, -9
49,d9,2P2A  4n° (Z ‘s ) (1=81-98)
Cr
< (87 + 99) 1 LD (@)

where, in order to get rid of simple multiplicative factors,
we have defined the “reduced” cross section |AT|? as
A2 = HF(P.O)H} (P.O)GEM(A).  (42)
This is one of the central results of the current work: at
leading twist the incoherent diffractive dijet cross section
can be decomposed into the calculation of a factor that
depends only on the hard momentum P (and Q) and a factor
which depends only on the momentum transfer A, similarly
to what happens in the inclusive dijet cross section [22,24].
Notice that such a factorization does not hold at the level of

the amplitude.' '
The hard factor Hi¥ HJ'** in Eq. (4.2) involves

d’r rirkrs
e

HpP.0) = [ ST e 0K (@),

(4.3)

which is symmetric in all indices and therefore the result
can be expressed in terms of P'P¥PS, §*PS and the

'On the contrary, factorization at the amplitude level occurs at
the case of coherent diffractive dijet production [54,55,57], where
no momentum is transferred from the target to the projectile, but
the imbalance in the dijet transverse momentum is generated by
the emission (from the quark or the antiquark) of a gluon.

permutations of the latter with equal weight. It can be
calculated in terms of two independent scalar integrals and
eventually we obtain

2i

(PL+0%)?
8iP' P P*

(PL+0%)"

Hélfs(P’ Q) — _ (5isz + 5ist + 5ksPi)

(4.4)

The semihard factor g;'-)"’“ in Eq. (4.2) which incorporates
the QCD dynamics via the nonlinear scattering of the

adjoint dipole off the nuclear target reads

G (A) _/dzz_fe—iA-Bq)(B)[aiaj]nsg(B)][dkallnsg(B)],

(4.5)

where we recall that ®(B) has been defined in Eq. (3.8).
Given that S, depends only on the magnitude of B, one
can write the decomposition into a diagonal and a traceless
part

5 <BiBf 5

diWInSg(B):7F+(B)+ ?—T)F_(B), (4.6)

where two more scalar functions F,(B) and F_(B) have
been introduced according to

_621n8gj:101n89
~ 0B® T B 0B

F.(B) (4.7)

It is rather useful to notice and remember that these two
functions have dimension of mass squared. The structure in
Eq. (4.6) appears also in the Weizsicker-Williams gluon
transverse momentum distribution (TMD), cf. Eq. (B2) in
Appendix B. The difference here is that it is already present
at the amplitude level, hence it has to be squared when
evaluating the diffractive cross section as evident in

Eq. (4.5). It is clear that the 4-rank tensor gg*k’(A) can
be decomposed into a few terms, each of which is propor-
tional to 8 or 6"/ A¥A! or A’AJ A¥ A or the permutations
of the first two structures. The coefficients in this decom-
position, whose precise form is given in Appendix C, are
given by five different scalar quantities which depend on
the momentum transfer A ;. Eventually the process under
consideration probes only four of them [cf. Egs. (4.13) and
(4.16) below], which are expressed in terms of the Fourier
transforms

G500 = [SEemramir,mr. @9
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G50 = [S2emromiE B, (49

2w

2
Gy (8.) = [ 7 e BOB)F, (B)F-(B)cos s,

(4.10)
and

o

Gy (1) = [ 5

e ABD(B)[F_(B)]? cosdpag, (4.11)
|

/ CB isv (B cos nay = (~1)" [ asBram)E®)
0

2w

with ¢, 5 the angle between the vectors A and B. Following
our discussion below Eq. (4.7), we see that in coordinate
space (B space) these functions are bilinears in the
corresponding unpolarized and linearly polarized gluon
distributions [22-24] (which determine the inclusive dijet
production), given in Eqs. (B4) and (BS5) for our conven-
ience. Although we shall not attempt to provide for a
precise identification in terms of number operators in the
nucleus, we shall (perhaps abusively) refer to them as
distributions for the ease of presentation. Notice that it is
straightforward to further integrate over the angle between
B and A by making use of

(4.12)

with F(B) an arbitrary function of B, and thus express all the distributions in terms of one-dimensional integrals involving
the first three even Bessel functions of the first kind, i.e., J,(A, B) with n = 0,2, 4.

Having both the hard and semihard tensors at our disposal, we can perform the contractions of the indices in Eq. (4.2) (as
detailed in Appendix C), to arrive at the transverse reduced cross section

rp_ 4PIBOY+PY) 80'PL
[ Ap|® = (P2 1 0%)° 9p (AL)—F_(PZL—FQQ)
8Q%P{ cosdg o)
GET O

=G5 (AL) +

160°P3 (Q* — P% ) cos 2¢
(PL+0%)°

Gy'(a))

(4.13)

where now ¢ is the angle between the hard jet momentum P and the momentum transfer A.

Concerning the longitudinal cross section, as we already mentioned one merely makes the replacements 97 + 93 —
49,9, and (r/r)K,(Qr) — Ky(Qr) and similarly for the respective factor in the CCA in Eq. (2.15). This leads just to a
modification of the hard tensorial factor, while the semihard one remains the same as it should, more precisely we have

(ABP = HE(P.Q)HL(P.Q)G5 " (A). (4.14)
with
o dr ., .- 40(Q% - P%) 5 8QP? Pipk sk
ik _ - iPr..i .k — 17 L -
nte.0) = [ e rran@n =G TS - (- 3) 1)
Performing the contractions (again cf. Appendix C) we get
Lo 20%(0* —20°P +5P%) ) 20%(0* - P o, 160°P3(0> - P})cos2¢ )
| Ap|* = (P2 + 0?)° Gp (AL + (P2 +0?)° G (A1) (P2 + 0%)° G (A1)
8Q*P4 cos4

Thus, we have been able to express both the transverse
and longitudinal components of the incoherent diffractive
dijet production as a linear combination of four distribu-
tions Q](D” )(A 1). All the corresponding coefficients are
determined analytically and depend on the two hard

momenta P, and Q, but also on the angle between P
and A. If we assume that P, ~ Q, which is indeed the
typical value of the magnitude of the jet momenta as
dictated by the photon decay vertex, we immediately see
that the all hard coefficients fall like 1/PS. This was to be
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expected since H¥(P, Q) in Eq. (4.4) and H¥(P, Q) in
Eq. (4.15) fall like 1/P3.

Regarding the angular dependence, there is a one-to-one
correspondence between the angle ¢,z and the angle ¢: for

example, Q](DI )(A 1) which involves cos2¢,p leads to the
cos 2¢p dependence in the cross section. Finally, we notice
that the coefficients of cos2¢ in the transverse and longi-
tudinal sectors differ only in their sign. We recall that this is
also a property of the inclusive dijet cross section [24].
The same feature holds for the cos4¢ coefficients.

V. MOMENTUM DEPENDENCE OF THE
DIFFRACTIVE DISTRIBUTIONS

In this section we w111 try to get an insight to the four
diffractive distributions QD (A ). First, we shall do simple
analytic calculations and considerations in the regime
where the momentum transfer A, is either much larger
than or, more interestingly, of the order of the saturation
momentum Q. Then we will proceed to a direct numerical
evaluation for any value of A .

For definiteness we shall first assume that the dipole-
nucleus scattering is described by the MV model [63,64],
ie.,

B2Q% 4
2 lnBzAz), (5.1)

where the scale Q7 is expressed in terms of the saturation
momentum via the relation

Sg(B) =1- Tg(B) = exp (—

2 s 2

2In=5 = Q2. (5.2)

Notice that the above refers to the gluon saturation
momentum which is enhanced by a factor of N./Cp
with respect to the quark one. Then for the dimensionful
B-dependent factors in Eq. (4.7) one finds

F(B)=

while for the dimensionless @ (B) defined in Eq. (3.8) we
find in the two regimes of interest

1/2
8= { o(1)

~Q3In(4/BAY) 1203, F_(B)=Q3. (5.3)

for B« 1/Q,

(5.4)
for B~ 1/0Q;.
Even though ®(B) is of the same order in the whole regime
covered in the above, we have distinguished between the
two cases in order to point out that the normalization is
under control when B < 1/Q,. When A > Q,, small
dipoles such that B < 1/Q, naturally give the dominant

contribution to all the distributions Q]g” )(A 1). After rather
simple integrations we obtain to logarithmic accuracy

() 204, A1 ) o 2
Op = " In A2’ o 3&‘ ’
g o QAI F’ G2 g% for A, > Q. (5.5)
L 1

Notice that Q](;’) zZQS) are the dominant distributions,

while gfg) is power suppressed.’

In the regime that we are mostly interested in, that is
when A ~ Q;, dipoles of size B~ 1/Q, determine the
bulk of the four distributions and we easily find that

2 2
G~ gy M= gy~
° S
2
g]()2> Q for AL ~ Qs’ (56)
PA

where recall that one can rewrite Eq. (5.2) as Q3 = 03/pa,
where p, =InQ2/A? is a sizable number for typical
numbers of the gluon saturation momentum. As a conse-

quence, Q](;) (Qy) is still the largest of the four distributions
to logarithmically accuracy, at least parametrically. One can
further verify that such a property remains valid also for

small momenta such that A < A| <« Q,, therefore Q](;) is
eventually the largest in the whole kinematic regime.

Mostly for the completeness of presentation, we would
like to comment on whether BK evolution [12,13] brings
any kind of modifications to these estimates and in
particular to the hierarchy among the distributions. This
evolution leads to a softening in the perturbative tail of the
amplitude and at asymptotically high energy the solution to
the BK equation exhibits scaling, i.e., the amplitude
becomes a function of the single variable BQ(Y), in a
wide kinematic regime which extends to momenta well
above Q, [69-71]. When B <« 1/Q, such a solution (up to
logarithmic factors) reads 7 ,(B)  (B*Q?)?, where at
leading order y ~0.63. With NLO corrections [72-74]
and the necessary collinear resummations [75-77]
included, the above remains a good solution with y a
number satisfying 1/2 <y < 1. It is possible to give
analytic estimates of the distributions in the presence of
BK evolution at very high energy. We will avoid doing so
for the economy of the presentation, since the rapidity
scale, at which the dipole-nucleus scattering amplitude
should be evaluated, is not very large for phenomenological
purposes, and thus we expect the gg’ ) to obey the hierarchy
of the MV model expressions in Eqs. (5.5) and (5.6).

In Fig. 4 we show the numerical evaluation of the four
distributions as functions of A,. When 7 ,(B) is

’One must keep the first subleading term -7,/6 in the
expansion of ®, where the amplitude 7, contains’ exchanges
of only two gluons.
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FIG. 4. The four diffractive distributions as functions of the transverse momentum A | . Left panel: the input amplitude 7 ,(B) is given
by the MV model with Q2 = 2 GeV?. Right panel: the input amplitude T ,(B) is obtained by evolving the MV model initial condition to

AY = 3 with the collinearly improved BK equation [77].

determined by the MV model, we do see in the left panel
that the two hierarchies for A;| > Q, and A| ~Q, in
Egs. (5.5) and (5.6) are confirmed. We further notice that

G5 (A ) and G (A | ) bend down at small A | . This is due
to the particular dependence on the angle between A and B
which upon integration leads to a J,(A | B) and J4(A | B)
for the corresponding distributions [cf. Egs. (4.10), (4.11),
and (4.12)]. The two Bessel functions vanish quadratically
and quartically, respectively, at small argument and lead to
the suppression of the distributions in the region where A is
smaller than Q,. Regarding the other two distributions,

Ql(;) (A} ) keeps growing logarithmically (more precisely as
the square of the logarithm of A? ), while g{;> (A)) grows
more slowly. As expected, BK evolution® in a short interval

does not bring strong changes, except in Q](; ) for A >0,
since it is not any more power suppressed as in the MV

model. However, it is worthwhile to mention that Q](;) can
be neglected for all practical purposes. Indeed, it is always

much smaller than Q]<3+>, while they both give the same type
of contribution: the one that is independent of the angle ¢
(for both transverse and longitudinal sectors).

VI. ANALYTICAL ESTIMATES AND NUMERICAL
RESULTS FOR THE CROSS SECTIONS AND THE
AZIMUTHAL ANISOTROPIES

Using the general expressions in Sec. IV and the
behavior of the distributions in Sec. V we shall now study
the incoherent diffractive dijet cross section. To this end, let
us be more specific about the quantities to be calculated.
First, we shall consider the cross section obtained after

*Here we solve the collinearly improved BK evolution with
running coupling as developed in [77]. The precise details and
conventions are given in Appendix D of [78].

averaging over the relative angle ¢ between the momenta A
and P, namely,
dO_yDIA—ﬂZIX _ /2:: % do
dIl 0 2 d191d192d2Pd2A ’

yIA—>qu

(6.1)

with dIl = (27)?P dP A dA d9,d9,. It is clear from
Eqgs. (4.13) and (4.16), that the coefficients of g,g‘) (A}) and
g](f >(A 1) vanish due to the angle averaging and therefore
the above quantity probes a combination of Qgr) (A}) and
Q](;)(A 1). As already pointed out at the end of Sec. V, in
practice only g]<3+)(A 1) contributes to the cross section.
Thus, for simplicity, g}; )(A 1) will not be shown in the
following analytical expressions, although it will be kept in
all numerical calculations. In order to facilitate our nota-
tion, let us note that the dependence of the reduced cross

sections in Egs. (4.13) and (4.16) on the momenta P and A
may be written as

AP = NE(PL AL +2> NH(PLAL)cosng, (6.2)

n=1

where it is clear that the only nonvanishing terms
at the leading twist level in which we have been
working so far, are N/ with n = 0,2, 4. Then the depend-
ence on P, and A, (and Q) of the average cross section is
encoded in

NT ~4P2L(3Q4 +PY)
P+
AL 20°(0F —20°P + 5P

’ (PL+0%)°

G (A ),

gl (A, (63)
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while all the remaining prefactors can be readily restored
making use of Eq. (4.1). In order to get a better feeling for
the magnitude of the incoherent diffractive cross section, let
us make a direct comparison with the respective inclusive
cross section defined analogously to Eq. (6.1). The latter is
analytically known in the correlation limit [22,24] and is
reviewed in Appendix B. It is a trivial exercise to obtain the
ratio

do VTA*qi’X/dH _ 1 4P 30+ P
d VTA—MCIX/dH ZN% (Péi + Q4)(P2l T Qz)z

G (a))
(4%a,/Cr)xG(A,)

for the transverse polarizations and the ratio

ol jam
do/ 79X

mnc

1 0*—20°P} + 5P}
TN PP+ 07

gy (a))
(47°a,/Cr)xG(A))

(6.5)

for the longitudinal one. Here xG(A ) is the unpolarized
unintegrated gluon distribution in the target, cf. Eq. (B4),
and it is dimensionless. The last fraction, which encodes the

|

2zd
(cosngb)l:A 23;)005 np———m=-—————

with n an (even) integer. By straightforward inspection of
Egs. (4.13) and (4.16) we immediately see that for both
transverse and longitudinal virtual photons, the nonvanish-
ing anisotropies are the elliptic (cos2¢), and the quad-
rangular (cos4¢), ones, for which we obtain

20%(0* - P2) Gy (A))
2 ~ = ,
(cos2¢) 3Q4+Pi gl()H(AJ_)
AP (PR -0Y) g%>< Ay)
<cos2¢>L—Q Q2P2+5PLQ ™ (6.8)
and
0P} g,(?< Ay)
(cosdep) =~ 3Q4+P g ( )
4 2)
(cos 4d), = 2P Gy (A1) (6.9)

o* 2Q2P2+5Plg (A)

A few useful observations are in order:

do ylA—>qu

ds d192d2Pd2

semihard dynamics, is of the order of Q2 when A, ~ Q,,
and generally it is a slowly varying function of A | . Hence,
when P, ~ Q, one sees that both ratios scale as

A—> gX

do W‘*qq" /dnn NePL

1nc

(6.6)

and exhibit a double suppression: in addition to the 1/N?
factor discussed earlier in Sec. III, the 1/PS fall-off in the
diffractive case is much stronger than the 1/P* one in the
inclusive case. Still, the precise P | dependence of the ratio is
quite different for the two polarizations and it has to do with
the value of P, with respect to Q. In the transverse case the
ratio vanishes quadratically at small P, while it falls like
1/P3 atlarge P, thus showing a clear maximum at a value
P’ which is proportional to O (the numerical solution to a
simple algebraic equation gives P* ~0.75Q). On the con-
trary, in the longitudinal case the ratio scales like 1/P3 at
both small and large P (but with a different coefficient in
each regime). Such detailed features have already been
observed in the numerical solution in [1] (cf. the right panel
in Fig. 3 there) and what we point out here is that they can be
analytically understood in the correlation limit.

Next, we define the azimuthal anisotropies, which are
sensitive to the relative angle between A and P, as the
dimensionless ratios

/271 dp dofy" """ N
27 dd d&zddezA TN

(i) As already implied in the discussion at the end of
Sec. IV, (cos2¢), is proportlonal to QD (A} ) while
(cos4¢), is proportional to QD (A)).

(ii) The sign of (cos2¢), is opposite to the one of
(cos2¢),; and similarly for the (cos4¢), anisotro-
pies, that is

(cos2¢p) (cos2¢);, <0 and
(cosdgp)p(cosdp), <0

(6.7)

(6.10)

(iii) As we have indicated above, {cos2¢), can vanish.
Indeed, as readily observed in Egs. (6.8) and (6.9),
we have

(cos2¢); = (cos2¢p);, =0 when

P, =Q foranyA,. (6.11)
Similar zeros have been observed in coherent
diffractive dijet production [53]. We shall elaborate
on this in Sec. VII: we will see that such a property is
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The averaged over angle reduced incoherent diffractive dijet cross section at leading twist. Left panel: as a function of the

momentum transfer A | for fixed relative momentum P . Right panel: as a function of P, for fixed A .

still valid when we include the first higher twist
correction in the longitudinal sector, but it is violated
in the transverse one.
(iv) The (cos4¢), anisotropies seem to be parametri-
cally of the same order of the (cos2¢), ones, since
all the hard coefficients are of the same order in P
(they fall like 1/PS assuming that P, and Q are of
the same order). This is in sharp contrast to the case
of inclusive dijet production, where in the correla-
tion limit only (cos2¢), are nonzero at leading
twist. In that process, (cos 4¢), anisotropies can be
generated when higher twists are taken into account
[79], but naturally they are suppressed by powers of
either Q2/P% or A% /P3.
In Fig. 5 we show the results for the averaged over angle
reduced cross sections. As expected, both the transverse
and longitudinal cross sections exhibit a much harder tail in

0.3

L[| (cos2¢)r: ——AY =0--- AY =3 ]

[| (cos2¢)p: - AY =0----AY =3 ]
0.2
= I
g 0.1}
[79) |
] I
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0 0.5 1 1.5 2 2.5 3
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P, than in A at high momenta. With decreasing A the
cross section shows a logarithmic increase, as it inherits the

properties of the dominant distribution Q](;).

The (cos2¢), azimuthal anisotropies are illustrated in
Fig. 6. One sees that the onset of saturation, i.e., a
decreasing momentum transfer A, brings about a smaller
anisotropy. As a function of the relative momentum P the
two anisotropies trivially vanish at P, = Q due to the form
of the hard factor, while the transverse one displays a
maximum in its absolute value and then vanishes for very
large P . These features, except the zero at P, = Q, are
also shared by the (cos4¢), anisotropies shown in Fig. 7.
In the MV model, and to some extent in the BK solution,

the semihard factors satisfy Qg ) < Ql(jl ) for all the momenta
of interest due to the presence of large logarithmic factors,
cf. Egs. (5.5) and (5.6). Thus, we eventually see that
(cos4¢p), is small (although it is far from being zero) when

L S S S S S S S S

[l (cos2¢)r: — AY =0--- AY =3

| (cos2@)p: e AY =0---AY =3

(cos 26)x

& Q? =4 GeV?
—0.2 A% =2 GeV? ]
15 2 25 3 35 4 45 5
Pl [GGV]

FIG. 6. Diffractive (cos 2¢), azimuthal anisotropies at leading twist. Left panel: as a function of the momentum transfer A, for fixed
relative momentum P, . Right panel: as a function of P, for fixed A .
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compared to (cos2¢),, even though they are both of the
same twist.

VII. HIGHER TWIST KINEMATIC CORRECTIONS

The problem we are dealing with involves three scales,
therefore we can form the two dimensionless ratios Q,/P |
and A /P, which in our approach are taken to be small.
Indeed, what we have developed so far is valid only in the
limit where the jet momentum P is much larger than both
the saturation scale Q, and the momentum transfer A. One
way to improve the description is to calculate higher twists,
either of the form (Q?/P%)", with n a positive integer,
which are “genuine saturation” effects, or of the form
(A3 /P%)" which are “kinematic corrections” [80-82] (see
also [83]). In order to fully address the saturation twists one
must resort to a numerical approach [1], but since we are
interested in hard jets, we shall not be concerned with them
in what follows. Regarding the kinematic twists, one can
rely on the improved TMD framework and in principle
one could resum them to all orders by following the
procedure developed in [81]. For example, such a task
has already been performed for the case of inclusive dijet
production [36]. The implementation of this resummation
to the diffractive problem under consideration is not
straightforward, thus our goal will be more modest. We
will calculate only the first higher order kinematic twist, but
we will see that this is enough to capture the main features
of the anisotropies in the relevant kinematic regime.4

“We would like to comment that we have used this approach to
calculate the cross section for inclusive dijets as a test. It turns out
that the first kinematic correction describes correctly the main
features also for this process in the relevant kinematic regime, like
capturing in the (cos2¢); anisotropy a global minimum with a
value ~ — 0.2 around P, ~A | ~2 GeV [1].

Our starting point is again the general expression in
Eq. (2.15) for the transverse cross section and similarly for
the longitudinal one. At next to leading twist one discovers
that there is explicit dependence of the reduced cross
section on the fractions d; and &5, and for simplicity we
shall take 8 =9, = 1/2 in what follows.” Now one
expands the correlator Wy (r,7, B) defined in Eq. (2.16)
to the 6th order in the sizes r and/or 7 and this is to be
compared with the 4th order expansion in Eq. (3.7). These
two extra powers in the small dipoles lead to an additional
1/P3 factor after taking the Fourier transform. At the same
time, it is clear that there will be two more derivatives
which eventually lead to a factor proportional to either A2
or @2, and only the former classifies as kinematic correc-
tion. Since InS,(B) scales like Q%, we want to keep only
the terms which have the smallest number of such factors,
that is two, like in the leading twist term in Eq. (3.7). In fact
straightforward algebra shows there is only one such term
at next to leading twist, more precisely one finds that the
first order kinematic corrections to be added to the reduced
cross sections in Egs. (4.2) and (4.14) read

1 1 ¢ - jls+ - ij,klmn
5IAEI2=5H¥"””“(P,Q)H’TZ (P, )G "™ (A), (7.1)

1 i ~ jlx P ij.klmn
O Ap|* = c H™ (P, Q)H]"(P,0)Gg """ (8), (72)

for the transverse and longitudinal sectors, respectively.
The hard factors H¥""S(P, Q) and H*(P, Q) are the
obvious extensions of Egs. (4.3) and (4.15) to tensors with

At leading twist the only dependence turned out to be
implicit, i.e., it came only via Q. In general, a simple inspection
of Eq. (2.15) shows that any explicit dependence may arise only
due to the changes of variables from (x, y) and (k;, k,) to (b, r)
and (A, P) which involve the two fractions.
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FIG. 8. Diffractive (cos2¢), azimuthal anisotropies including the first higher kinematic twist. Left panel: as a function of the
momentum transfer A | for fixed relative momentum P . Right panel: as a function of P for fixed A .

five and four indices and they can be calculated analyti-
cally, while the semihard tensor reads

2w
X [akafama" In S!,(B)].

i’)j.klmn(A) _ /dz_Be—iA‘B(I)(B)[aiaj hng(B)}

(7.3)

One can perform the tensor decomposition of the above and
subsequently the contraction with the hard factors. We shall
not present any more details on this, rather we will only
give the final expressions for the MV model in
Appendix D. Here it suffices to observe that the tensor

in Eq. (7.3) has mass dimensions four, contrary to gg’kl(A)
defined in Eq. (4.5) which has mass dimension two. The
two extra powers come from the two extra derivatives with
respect to the large dipole B in the last square bracket. This
leads to an additional factor ~1/B? in the integrand and
eventually to a factor A% after the Fourier transform is
taken. For example, in the MV model and up to logarithms,
the integrand scales likes Q% / B and hence the integral like
Q4. to be compared with the Q% and Q% /A? scaling of the
respective leading twist quantities. Thus, as anticipated, we
confirm that the corrections Eqs. (7.1) and (7.2) are
suppressed by a A% /P2 when compared to the leading
twist result.

In Fig. 8 we show (cos 2¢), in the MV model when the

first higher kinematic twist is included.

(i) Regarding the longitudinal elliptic anisotropy, the
higher twist induces a reduction when A | gets larger
than Q,, but there are no significant qualitative
changes. It still exhibits a sign change as a function
of P, at the point P, = Q [cf. Egs. (6.8) and (D4)],
which is independent of A .

(ii) However for the transverse sector the situation
is now somewhat different, since the kinematic

correction [cf. Eq. (D3)], contrary to the leading
twist piece, does not vanish when P, = Q. By
inspection of the analytical expressions in Appen-
dix D, one can show that the value of P, at which
the sign change of (cos2¢); happens, increases
with A 1
(iii) Furthermore, we observe that (cos 2¢), develops a

minimum as a function of A, when P, > Q.
Indeed, while under this condition the leading twist
contribution is negative [cf. Eq. (6.8)], one can verify
that the kinematic correction (cf. Appendix D) is
positive and increasing with A | .

We would like to emphasize that all these features, obtained

when P? is (much) larger than Q?, are in very good

qualitative and quantitative agreement with the all-twists

numerical solution and the related discussion presented in

[1] (cf. Fig. 3 there).

VIII. CONCLUSION AND PERSPECTIVES

In this work we have studied the process of incoherent
diffractive dijet production introduced in [1] in eA colli-
sions, for which we have provided an analytical insight in
the correlation limit, i.e., in the regime where the momenta
ki, and k,, of the two jets are much larger than both the
saturation scale Q, and the dijet imbalance A |, the latter
being equal to the transverse momentum transferred from
the nucleus. Although the cross section is suppressed by
1/N? (when, for example, compared to the one for
inclusive dijets [22] or for exclusive dijets with the nucleus
remaining intact [53]), as realized in [1] it provides for a
mechanism which leads to a significant dijet imbalance: it
can be much larger than the inverse inhomogeneity of the
nucleus, for example, of the order of Q.

At leading twist, we have managed to separate the
hard dynamics, i.e., the dependence on the relative momen-

tum P, and Q, from the semihard one, i.e., from the
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dependence on the imbalance A | . Then, we have computed
the first higher kinematic twist, that is the correction of
relative order A3 /P3. This led to a rather good analytical
description of the azimuthal anisotropies in the extended
regime where A, may start to be comparable to P;.
Needless to say, it would be desirable to perform a
complete resummation of all the (A% /P3 )" terms by using
more elegant techniques, like the improved TMD
approach [81].

We have also seen that at the leading twist level the
differential diffractive dijet cross section follows a 1/ P6l
power law (assuming that P, ~ Q). This falloff is much
faster than the 1/P% of the inclusive dijet cross section.
While here we have calculated only the gg contribution,
when going to the next to leading order in the strong
coupling, we should consider an additional parton, more
precisely a gluon, in the wave function of the virtual
photon. When this gluon is emitted far from the gg pair a
large gluon-gluon dipole emerges (with one leg being the
small gg pair which remains in a color-octet state after the
gluon emission and the other leg being the emitted gluon
itself). Such gluon-gluon dipole scatters strongly with the
target nucleus and the resulting ¢ggg contribution to the
cross section falls like 1/ P‘i. This has been thoroughly
studied and computed in coherent diffractive dijet produc-
tion [54,55,57] and the same idea should be applicable also
to the incoherent process we considered in the present
work.

Finally, we are aware of the fact that there are mechanisms,
other than those studied here (and in [1]), which have an
impact to the azimuthal anisotropies. For example, soft gluon
final state radiation induces a sizable elliptic anisotropy in
dijet events [35,84] and thus should be calculated and
combined with the one we have presented here.
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APPENDIX A: THE DOUBLE DIPOLE
CORRELATOR IN THE CORRELATION LIMIT

In this Appendix we will compute Eq. (2.16), i.e., the
“connected” part of the average of a product of two dipole §
matrices in the fundamental representation, to lowest order
in r and 7 and for an arbitrary number of colors N,.. That is,
we assume that r,7 < B, 1/Q,, or in momentum space
P, > A, Q,. The momentum transfer A, (or 1/B) is
generally considered to be of the order of Q. We will work
in the Gaussian approximation, which is valid to excellent
accuracy even after including JIMWLK evolution [65-68],
and we shall further assume that the average dipole S
matrix depends only on the magnitude of the dipole
separation, that is, S(x,y) = S(|x —y|). Then, in a con-
venient to our purposes notation, we have [85]

o S HE[(VDHF f )Q (\/B—F f )_ﬂ
(S(x,y)S3.%)) = S(x,y)Sy.%)e [( 2D NvD e 2D +N%\/l_) e 2|, (Al)
where we have defined
_ 4 _ N Sx.y)5(F.%) _ N S(xy)Sb.%)
D=F? _N_%f(F_f)’ F= 2CF1HS(x,J_c)S(y,37) and f= 2CF1nS <9505 (A2)

Let us start by studying the limit of the various above quantities to lowest order in r and 7. First, recalling that
x —y =B + 8r + 9,7, we have

iy 1 . o
InS(x,y) ~InS(B) + (9r + 8,7)'0' InS(B) + > (Qor +97) (9r + 817)/0'0' InS(B), (A3)

and similarly for the other three dipole correlators appearing in the argument of the logarithm in f. Since
they all involve one position in the DA and one in the CCA, it is obvious that the leading terms cancel.
One easily checks that the terms linear in the dipole size cancel too, and combining the second order terms
we get

fzﬁr’?fd’al InS(B) zirlwa’d’ lnSg(B), (A4)

2Cr
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which can be viewed as the generalization of Eq. (3.5). We
have expressed the above in terms of the gluon-gluon
dipole correlator S,(B) already introduced in Eq. (3.9) in
the Gaussian approximation. On the contrary, in the same
regime F' becomes independent of r and 7, namely,

Foo N ns2(B) = —nS,(B).

e (AS)

and we shall see in a moment that it is not necessary to take
into account the higher order terms that vanish when
r,7 = 0. Given the limiting behavior in Eqs. (A4) and
(A5), we expand v/D to second order in f to obtain

(A6)

_Cr S,(B)=1-1nS,(B)

Wo(r.7, B) = N3 In%S,(B)

Then we return to Eq. (A1) and expand for small f to find
that the linear terms cancel, while the quadratic ones give

(S(x.y)S(. %))
2Cr f?

~Sx,y)SF.x) (1 +—

N3 ﬁ(e_F—]‘FF) .

(A7)
We see that the correction is already quartic in the small
dipole sizes r and 7 as expected and therefore we can safely
let r =7 =0 when calculating F, that is, we can use
Eq. (AS5). We also notice that the expansion is safe for any
B; even when F is small (i.e., for B < 1/Q,), the term in
the parenthesis upon expansion becomes of the order of F2,
thus cancelling the denominator in the prefactor there.
Furthermore, to the order of accuracy, S(x,y)S(¥,¥) can be
set equal to unity when multiplying the second term in the
square bracket. Using Egs. (A4) and (AS5) (in terms of S,)
we arrive at the final expression for the correlator defined in
Eq. (2.16)

P ki o 1n$g(B)][6k61 lnSg(B)]. (A8)

We further point out that, after the trivial replacement 2Cr /N3 ~ 1/N?2, Eq. (A7) is the exact large-N . limit of Eq. (A1), i.e.,

it is valid for generic dipoles sizes.

APPENDIX B: INCLUSIVE DIJET PRODUCTION

To assist the discussion in Sec. VI we wish to review here the cross section for inclusive dijet production [22,24]. Our
starting expression is Eq. (2.15), but we must replace WWp with [cf. the discussion after Eq. (2.9)]

1

Winc(r7f7B) :N_

(T[VE)VImVE)VIE)] - alVE)ViE) - elVE)ViE)]+1).

(B1)

As usual we calculate the above using the Gaussian approximation. In the correlation limit we single out the semihard
dynamics into the gluon TMD which is defined as (using the notation of the present work)

y Cr [d*B ., ,1-S8,/(B) .. 5
GY(A) = — e B9V 259/ InS,(B) = —xG(A AYxh(A ). B2
WGIA) = i [ S s ) PP INSAB) = TG, + Alh(A) (82)
For our convenience we have defined the traceless tensor
N AIAT 8l
AV = (B3)

-5

while the unpolarized and polarized unintegrated gluon distribution of the nucleus are given by [see also Eq. (4.6)]

C
G =g |

and

/ " dBBJ,(A, B)

1 _SG(B)

InS,(B) (B4)

F.(B)
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wh(Ay) = —-SF / ” dBBJz(AlB) —5B) - p). (BS)
mag Jo nS,(B)
Contracting with the corresponding hard factors one arrives at
7TA—>qu -
d&dd‘gzw= S 1 m (Z e}) 5(1=8;—8,) (91 +93) [LQ:(I xG(Ay) - %asxh(AL) cos2¢|  (B6)
and
do/ A 99X ) 202P?
d{)digzw = 51 m <Z ef) 5(1 =9, —9,)(49,9,) 100 2 laxG(A ) + agxh(A ) cos24].  (B7)
|
We would like to add that in the standard approach [86] ~ under the additional assumption of the Gaussian
the gluon TMD is defined through gauge invariant field  approximation.

correlators, which in general are nonperturbative quantities.
In the small-x limit they reduce to correlators of Wilson
lines as in here and the two approaches agree with each
other [22-24]. In the presence of gluon saturation, a
dynamical scale Q; > A is generated and therefore the
problem can be addressed with weak coupling methods.
Thus the CGC approach adopted in this work provides for a
way to calculate such correlators from “first principles.”
This is what has been done in writing the above expressions

51]5/(1 1 5ik5jl
t/kl (=)
- A -z
g 8) =55 o -ya o) + (55 + 55
2
fiiag 1878 18RS
A’/Akl_,ii A’kAll_,ii A
+< 22 222 "

The traceless tensor A” has already been defined in Eq. (B3), while the four functions gf)”, g};ﬂ g,g‘)

511 5]k

iAK _

APPENDIX C: THE SEMIHARD
FACTOR AND CONTRACTIONS

Starting from Eq. (4.5) [together with Eq. (4.6)], we find
that the semihard factor admits a tensor decomposition, in
which the coefficients are given by five different scalar
quantities which depend only on the magnitude A,
namely,

) g5 (a))

8 Sk 2 ok st SN

166"\ 1
355 ) 3980 (1

and gl()2 ) have been

written in the Sec. IV. For completeness we also give gg ) (which cancels when computing the cross section) which reads

gy (aL) = / B a5 (B)[F_(B) cos 2pas,

2w

(C2)

with ¢ 5 the angle between the vectors A and B. Now we wish to bring the hard factors in a similar form. Defining again the

traceless tensor

L PP

PV =

5 (€3)

and “squaring” the transverse hard factor in Eq. (4.4) we arrive after some algebra at
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HF (P, O)H}™ (P, Q) =

(P + 0%)° 22

2 (N4 4 ik il
16P1 (O — PY) (6% ;i , &
(PL+0%)° \2 2
320°P4 (s, 1606¢

~ 2 o \ LIPS
(P31 + 0%)° 22 2

16P>(30* +20°P] — P})5* &/

16P*(0* — Q*P + PY) (5"1' M

Sil ski
2 2+22>

(P3+0%)°

2 (02 2\2 ij kl il kj
}")ik) _,'_SPL(Q _PL) (ﬂ}")k!+5_i)ij+if)kj+ﬂi)il>

(P2 +0%° \2 2 2 2

ﬁilpkj 15" 84

357 ) (c4)

The longitudinal hard factor is much more straightforward to obtain since there is no index to contract. Starting from

Eq. (4.15) we find

160%(0* - 20%P} + 3P4) 5* &'

H¥(P,Q)H](P.Q) =

(PL+0)°
P (i)
(P1+0%)°
Using the formulas
..... P | I
0PV =0, PYPY = > and PYP" = 15’ (Co6)

(and similarly for Al ) and

2ﬁlell — 2COSZ¢ — 1 = cos 2¢, <C7)

8PUAKPHAL — 8costp — 8cos2p + 1 = cos4p,  (C8)

where ¢ is the angle between P and A, we can contract

4 in Eq. (C1) with either H¥HI™* as expressed in
Eq. (C4) or H¥*HI' as expressed in Eq. (C5) to get
Egs. (4.13) and (4.16).

APPENDIX D: NEXT TO LEADING TWIST

Here we would like to refer to a few technical details
regarding the calculation of the next to leading kinematic
twist. Taking 8, = 9, for simplicity, we expand f, which is
defined in Eq. (A2), to 4th order in the small dipole size.
Inserting it into Eq. (A7) we arrive at Egs. (7.1) and (7.2).
|

oMol 320°PI(Q7—P1) (6% 4y & b
22 (P3 + 0%)° 2 2
5ik 5jl
23"5)' (C5)
|
The hard tensors H¥™s(P, Q) and H*™(P, Q) are the

obvious extensions of H**(P,Q) and H*(P, Q) respec-
tively: they just contain an additional " r" factor in the
integrand. These rank-5 and rank-3 tensors are easily
calculated, for example, by simply taking the two partial
derivatives with respect to P”* and P" (and multiplying with
i?) of the corresponding rank-3 and rank-2 tensors which
are already given in Egs. (4.3) and (4.15). The tensor
decomposition of the semihard factor in Eq. (7.3) can also
be achieved, although it is cumbersome and requires careful
bookkeeping since the S matrix S,(B) appearing in the
integrand is generally not specified. Finally one performs
the contractions of all the indices in Eqgs. (7.1) and (7.2).

In the following we shall give the results of the
calculation for the situation that the scattering is described
by the MV model. In such a case the integration in the
semihard sector reduces to elementary integrations over the
adjoint dipole size B. Having in mind the expression in
Eq. (6.2), we first present the corrections to the averaged
over angle reduced cross sections. For the transverse sector
we have

16P2 Q*(70* — 102P% + 2P* dB
SNT ~ — L ((Pi+Q2)8L L)Qi/

while for the longitudinal one

S Io(8,B)D(B) (D1)

SAE 160%(0% — 50*P% +80%*P% —2PY) o / dB

(P31 +0%)°

Jo(A, B)D(B). (D2)

B

We immediately see that the above integrations diverge logarithmically at small B. However, we recall that our expansion
scheme requires r < B, and therefore a UV cutoff equal to ¢/ P is assumed in Egs. (D1) and (D2). The constant ¢ is of
the order of one and we have checked that our results are not sensitive to its precise choice.
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Regarding the corrections to the numerator of the (cos 2¢), anisotropies we find for the transverse sector

8P3
SNT = ——
TP+ 0Y)

—(70°-200*P% +30%P% —2P%) /?JZ(ALB)CD(B)I

and for the longitudinal one

8P10°(0° - P1) d

L
RN

0i|aset - 1307 [ raumen) 5@ -2 [Framen)

0! [(12@6 -0 +60°Pt —4p) [ L (amio)

dB 4
"R (b3)
dB

The above integrations are UV finite since the Bessel function J,(A | B) vanishes quadratically for small argument. We
notice that now only the longitudinal anisotropy vanishes when P = Q. Similar expressions can be given for the remaining
non-vanishing quantities SN and A2 which contribute to the corresponding (cos4¢), and (cos 6¢), anisotropies.
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