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ABSTRACT: Transverse-momentum-dependent (TMD) gluon distributions have different
operator definitions, depending on the process under consideration. We study that aspect
of TMD factorization in the small-z limit, for the various unpolarized TMD gluon distri-
butions encountered in the literature. To do this, we consider di-jet production in hadronic
collisions, since this process allows to be exhaustive with respect to the possible operator
definitions, and is suitable to be investigated at small . Indeed, for forward and nearly
back-to-back jets, one can apply both the TMD factorization and Color Glass Condensate
(CGC) approaches to compute the di-jet cross-section, and compare the results. Doing so,
we show that both descriptions coincide, and we show how to express the various TMD
gluon distributions in terms of CGC correlators of Wilson lines, while keeping N, finite. We
then proceed to evaluate them by solving the JIMWLK equation numerically. We obtain
that at large transverse momentum, the process dependence essentially disappears, while at
small transverse momentum, non-linear saturation effects impact the various TMD gluon
distributions in very different ways. We notice the presence of a geometric scaling regime
for all the TMD gluon distributions studied: the “dipole” one, the Weizsacker-Williams
one, and the six others involved in forward di-jet production.
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1 Introduction

In hadronic collisions that feature a large transfer of momentum, the standard perturba-
tive QCD framework of collinear factorization is appropriate to calculate scattering cross
sections, which are measurable in particular at the Large Hadron Collider. However, some
hadronic processes involve, in addition, smaller momentum scales, and for those one needs
to resort to a more involved QCD framework, using the concept of transverse-momentum-
dependent (TMD) parton distributions, or in short, TMDs. This relates to a large number
of observables such as the production of heavy bosons at small transverse momentum [1, 2],
transverse spin asymmetries measured in high-energy collisions with polarized beams [3, 4],
or in general hadronic scattering in the high-energy limit [5, 6].

One of the main theoretical obstacles has been the fact that, even in cases for which
TMD factorization could be established, the precise operator definition of the parton dis-
tributions is dependent on the process under consideration [7, 8], implying a loss of uni-
versality. In this paper, our goal is to study that aspect of TMDs, in the limit of small
longitudinal momentum fraction x, where the parton transverse momentum k; generically
plays a central role. Restricting ourselves to unpolarized gluon TMDs, we investigate what
happens when the large gluon density reaches the saturation regime, and how the different



gluon TMDs are affected by non-linear effects when k; becomes of the order of the satu-
ration scale Qs(x), or below. To do so, we shall use the Color Glass Condensate (CGC)
framework, an effective theory of QCD which encompasses its small-z dynamics, both in
the linear and non-linear regimes [9].

In order to perform our study of the various unpolarized gluon TMDs for protons and
nuclei in the small-z regime, we choose to consider the process of forward di-jet production
in proton-proton (p+p) and proton-nucleus (p+A) collisions, respectively. On the one
hand, di-jets, when produced nearly back-to-back, provide the two necessary transverse
momentum scales, and the strong ordering needed between them, for TMDs to be relevant:
the hard scale is the typical single-jet transverse momentum P, while the softer scale is
the total transverse momentum of the jet pair k;, and TMD factorization applies when
ky < P, [10]. On the other hand, the production at forward rapidities probes small values
of z: for kinematical reasons, only high-momentum partons from the “projectile” hadron
contribute, while on the “target” side, it is mainly small-z gluons that are involved [11].
The forward di-jet process is therefore an ideal playground to apply both the TMD and
CGC frameworks and to compare them.

Note that the asymmetry of the problem, x1 ~ 1 and zo < 1, implies that gluons from
the target have a much bigger average transverse momentum (of the order of Q)5) compared
to that of the partons from the projectile (which is of the order of Agcp). Therefore we
shall always neglect the transverse momentum of the high-z; partons from the projectile
compared to that of the low-xo gluons from the target. As a result, the parton content of
the projectile hadron will be described by regular parton distributions and TMDs will be
involved only on the target side, with the transverse momentum of those small-z2 gluons
being equal to the transverse momentum of jet pair k;. This simplification is actually
needed in order to apply TMD factorization for the di-jet process, since for this final state,
there is no such factorization with TMDs for both incoming hadrons [12, 13].

In order to compare the TMD and CGC approaches in their overlapping domain of
validity, we could have considered a simpler process where this issue does not arise, such as
for instance semi-inclusive deep-inelastic scattering in electron-proton or electron-nucleus
collisions [14, 15]. However, with simpler processes, one encounters only small sub-sets
of all the possible operator definitions for the gluon TMDs. The advantage of the di-jet
process in p+p or p+A collisions is that it involves all the possible gluon TMDs encountered
so far in the literature [16], and therefore it allows us to be comprehensive and study the
specifics of the process dependence of gluon TMDs at small-z in an exhaustive way. All
our findings, such as the geometric scaling of all the gluon TMDs, will naturally carry over
to other processes for which only one or a few of them play a role, like di-jet or heavy-
quark production in deep-inelastic scattering and Drell-Yan or photon-jet in p+p and p+A
collisions, for instance [17].

The TMD description of the forward di-jet process, valid in the k; < P limit but
with no (other than kinematical) constraints on the value of 2, calls for the use of eight
different operator definitions for the gluon TMDs [18]. They all involve a correlator of two
field strength operators, but they differ from each other in their gauge link content. Each
of the gluon TMDs is also associated to a different hard factor, made of a sub-set of the



possible 2 — 2 diagrams. We show that in the small-z limit, all the gluon TMDs can be
simplified and expressed as Fourier transforms of Wilson-line correlators, made either of
two, four, six or eight Wilson lines, but with only two different transverse positions whose
difference is conjugate to the transverse momentum k;.

The CGC description of the forward di-jet process, valid in the small-z limit but with
no (other than kinematical) constraints on the values of the transverse momenta of the
jets, involves correlators of up to eight Wilson lines, all of which sit at different transverse
positions [11, 19]. We show that in the k; < P; limit, the CGC formula coincides with the
small-z limit of the TMD formula. In particular, we show how the various gluon TMDs
emerge from the framework, how their different operator definitions correspond to different
Wilson lines structure of the CGC correlators. We obtain full agreement in the overlapping
domain of validity, hereby extending the results of [19] to the case of finite N..

It is important to note that in the k; < P; limit, saturation effects do not disappear.
Indeed, even though the hard scale P, is much bigger than the saturation scale, the trans-
verse momentum of jet pair k; may be of the order of Q, and formally all powers of Q2 /k?
may still be included in the definition of the gluon TMDs. They are all contained if the
Wilson-line correlators are properly evaluated in the CGC. In particular, the non-linear
QCD evolution of all the gluon TMDs can be obtained from the Jalilian-Marian-lancu-
McLerran-Weigert-Leonidov-Kovner (JIMWLK) [20-26] equation, in the leading In(1/x)
approximation. Using a numerical simulation of the JIMWLK equation on a discretized
lattice, we are able to extract their k; dependence and evolution towards small values of
xo, as well as some important properties: all the gluon TMDs feature geometric scaling
(i.e. they are functions of k;/Qs(x2) only, as opposed to k; and x5 separately) in the sat-
uration region k; < Q4(x2), and they either vanish or coincide for k; > Qs(x2). Finally,
having understood how their process dependence manifests itself in the CGC allows us
to restore universality: potential information extracted from a particular process, for one
gluon TMD, can be consistently fed into the others.

The paper is organized as follows. In section 2, we recall the TMD factorization
formula for forward di-jets as well as the operator definitions of the eight gluon TMDs
involved, and we explain the simplifications obtained in the small-z limit. In section 3,
we recall the CGC formula for forward di-jets, take the k; < P; limit, and show that the
result coincides with the one obtained in the TMD framework, in this overlapping domain
of validity. In section 4, we describe the numerical method used in order to solve the
JIMWLK equation: a lattice implementation of the Langevin formulation of the equation.
In section 5, we present numerical results for the various gluon TMDs and discuss several
properties of their small-z evolution such as geometric scaling. Finally, section 6 is devoted
to conclusions and outlook.

2 Small-x limit of the TMD factorization framework

We consider the process of inclusive di-jet production in the forward region, in collisions
of dilute and dense systems

p(pp) + A(pa) — j1(p1) + jo(p2) + X . (2.1)
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Figure 1. Inclusive forward di-jet production in p+A collision. The blob H represents hard
scattering. The solid lines coming out of H represent partons, which can be either quarks or
gluons.

The process is shown schematically in figure 1. The four-momenta of the projectile and
the target are massless and purely longitudinal. In terms of the light cone variables,
v = (2% £ 2%)/v/2, they take the simple form

S S
po=/50000), pa= /50,000, (22)

where s is the squared center of mass energy of the p+A system. The energy (or longitudinal
momenta) fractions of the incoming parton (either a quark or gluon) from the projectile,
x1, and the gluon from the target, xo, can be expressed in terms of the rapidities and
transverse momenta of the produced jets as
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where pis, poy are transverse Euclidean two-vectors. By looking at jets produced in the
forward direction, we effectively select those fractions to be 1 ~ 1 and zo < 1. Since the
target A is probed at low x2, the dominant contributions come from the subprocesses in
which the incoming parton on the target side is a gluon

q9 — qg, 99 — qq, 99 — 99 - (2.4)

Moreover, the large-x partons of the dilute projectile are described in terms of the
usual parton distribution functions of collinear factorization g(x1,u?) and g(x1,u?), with
a scale dependence given by DGLAP evolution equations, while the small-z gluons of the
dense target are described by several transverse-momentum-dependent (TMD) distribu-
tions, which evolve towards small values of x5 according to non-linear equations. Indeed,
besides its longitudinal component k= = x9 m, the momentum of the incoming gluon

from the target has in general a non-zero transverse component

ki = p1e + pos (2.5)



which leads to imbalance of transverse momentum of the produced jets: |ki? = |p1¢|? +
[pa¢|? + 2|p1¢||p2t| cos A¢. The Mandelstam variables of the 2 — 2 process are:

| P, |?

§ = k)% = 2o 2.
3= (p+R = tm) = (2.6
2 2 2 ’p2t’2
t=(p2—p) =1 —k)7" = 1 (2.7)
o 2 _ 2 _ |101t|2
= (p—p)°={p2-k)"=-""—, (2.8)
with
pi d P=(1-2) (2.9)
2 an t = L = 2)P1t — zP2t - .
pi +p5

They sum up to 5+ + o = —k7.

2.1 The TMD factorization formula for forward di-jets

Just as collinear factorization, the TMD factorization framework is a “leading-twist” frame-
work valid to leading power of the hard scale, but it can only be established for a subset of
hard processes, compared to collinear factorization. In particular, there exists no general
TMD factorization theorem for jet production in hadron-hadron collisions. However, such
a factorization can be established in the asymmetric “dilute-dense” situation considered
here, where only one of the colliding hadrons is described by a transverse momentum de-
pendent (TMD) gluon distribution. Again, selecting di-jet systems produced in the forward
direction implies 1 ~ 1 and z2 < 1, which in turn allows us to make that assumption.
In this context, the validity domain of the TMD factorization formula is

|kel, Qs < |puels [pae|  or  [ke], Qs < | Py (2.10)

This means that the transverse momentum imbalance between the outgoing particles,
eq. (2.5), must be much smaller than their individual transverse momenta, which cor-
responds to the situation of nearly back-to-back di-jets. The jet momenta must also be
much bigger than the other momentum scale in the problem, the saturation scale of the
dense target Qs(z2), and in practice this is always the case.

The TMD factorization formula reads [18, 19]:

deA%dijeterX 1

14 60

(2.11)
where ]-'(glg) denotes several distinct TMD gluon distributions, with different operator defini-
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tions. Each of them is accompanied by its own hard factor H ® These were calculated
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in [19] and expressed in terms of the Mandelstam variables (2.%). Because of the condition

|kt| < |p1t], |pat|, those hard factors are on-shell (i.e. |k:| = 0), and the k; dependence of
the cross-section comes from the gluon distributions féﬁ} (w2, kt) only.

It was shown in [18] that the offshellness of the small-z gluon can be restored in the hard

factors (i.e. H(Z])—wd(Pt) — g (kt, P;)) in order to extend the validity of formula (2.11)

ag*—cd



to a wider kinematical range: Qs < |pi¢|, |p2¢| without any condition on the magnitude of
|k¢|. But in this work, we stick to the strict TMD limit. Explicitly, the three channels read
(in (2.12) p; denotes the momentum of the final-state gluon):

do(pA — qgX)  o? z(1-=2)

S

2
d2Ptd2ktdy1dy2 - 2CF Pt4 le('Tl?/"[’ )PQQ(Z)

<Aoo - S| Ep e + B} (212)
do(pA — qgX) af 2(1-2) 2 2 21 (1)
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1
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g
1
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(2.15)
Several gluon distributions ]-'(52), with different operator definition, are involved here.
Indeed, a generic unintegrated gluon distribution of the form [7]

‘ + 42 e , ,
F(xo, ki) "E°2 / éi)d § cimazet—ikig (A|Tr [F'~ (0) F'~ (£1,€)] |A) , (2.16)

where F'~ are components of the gluon field strength tensor, must be also supplemented
with gauge links, in order to render such a bi-local product of field operators gauge invari-
ant [8]. The gauge links are path-ordered exponentials, with the integration path being fixed
by the hard part of the process under consideration. In the following, we shall encounter
two gauge links U and U], as well as loops Z/{([)D] = YUYt and LI'L_[D] = UMY, The
various gluon distributions needed for the di-jet process are given by [16, 18]:

F (2, k) =2 / (2’57:)6“ iwap € ke <A‘Tr [Fi—(g) U=t Fi(0) u[+1”A>, (2.17)
]—"g)($2,kt)=2/é%d2£ iap€t ik L < T [P ©ut T E ) Ut T u] | 4)
(2.18)
Fig) (w2, k) =2 / éi)dzg iapa8Tike€ < T [P (© U F (0) 6] T[] 4)
(2.19)
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The gauge links are composed of Wilson lines, their simplest expression is obtained in
the AT = 0 gauge (but the expressions above are gauge-invariant):

b
U = U(0F, £00;0)U (00, £1;¢)  with  Ula,b;x) = Pexp [zg/ d:1;+AC(w+,x)tc} ,

(2.25)
where t¢ are the generators of the fundamental representation of SU(N.). The gluon TMDs
are normalized such that [ d*k, fc(bg) (w2, kt) = 2 fg/a(72), except for ]:g(g) which vanishes
when integrated.

2.2 Taking the small-x limit

In (2.16), the matrix element is calculated for a hadronic/nuclear state with a fixed given
momentum p4, normalized such that (p|p’) = (27)3 2p=6(p~ —p'~)6@ (p; — p,). Therefore,
using translational invariance, we may write

2
/ L napiet—ikeg (410(0, )| A)
A

(27)3p
— 2 d3§d35’ iy £+ £+) iky- £ 5)
_<A\A>/ @2y © . (4l0(¢,6)14) . (2.26)

In the small z9 limit, we set explizop, (F —&'T)]=1 and we evaluate the matrix elements
as Color Glass Condensate averages, which now contain the xo dependence:

(Alo€,8)14)
—_— . 2.27
= (0, (2.27)
Then, for instance, we can write for .7-"[5;) (see (2.17)):
Fitea) =4 [ L eh o (w[F@ U E U)o e

and similarly for all the other gluon TMDs (2.18)—(2.24).



More details on their xo dependence are given below, but first let us simplify further
their expressions. From eq. (2.28) we have:

Brdy
1 ikt (x
Fég)(xz,kt)—él/ (2r)? e~k (x=y)

(TP (2)U[z*, —o0; x]U[—o0, y "5 y]F™~ (y)Uly™, +00; y]U[+00, 273 x])

3,73 . .
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™
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Using the formula for the derivative of the Wilson lines
OiUy = ig/ dy* Ul—o0,y*; y|F"™ (y)Uy", +00; y] (2.30)

with F'~(y) = 0"A~ (y) in the AT = 0 gauge (otherwise, the other piece of the field strength
tensor comes additional transverse gauge links in U HE]), we obtain

4 d*xd’y ik (x—
Fipla ) = o [ Sood et (e[ o))

2
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= thex=y) — (T i 2.31
27r2as/ 2n32 © NC< T[UYUXDM’ (2:31)
where
Ux = U(—0o0, +00;x) = Pexp {zg/ d:v*Aa(a:J“,x)t“] : (2.32)

Due to its simple Wilson line structure, ]-'q(;) has been dubbed the “dipole” gluon distribu-
tion.

To give a second example which leads to a more complicated Wilson line structure, let
us also simplify the so-called Weizsacker-Williams gluon distribution .7-"9(2):

dBrxddy -
3 —ikt-(x— i— .
fég)<$2, k) = 4/ o)’ e~ kel y><TrF (x)Ux™, +00; %]
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z2
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Following the same lines, we obtain for the other gluon TMDs:

T (2, k) = _;Q/dZXd2y e_ikt‘(x_y)]\1[C<T1" |:(8iUx)U (8;Uy) UT} Tr { }> (2.34)
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The CGC averages ( - )4, are averages over color field configurations in the dense target.
They may be written

~ [ DajoaT)POLAT]. (2.40)

where |¢,,[A7]|? represents the probability of a given field configuration. The CGC wave-
function ¢,,[A™] effectively describes, in terms of strong classical fields, the dense parton
content of a hadronic/nuclear wave function, at small longitudinal momentum fraction xs.
In the leading-logarithmic approximation, the evolution of |¢,,[A™]|> with decreasing x5 is
obtained from the JIMWLK equation:

Py 2 (xn) - (y5) s
2r 2m 271 (x—2z)%(z—y)? §A; (x)

d s
mkf)mm Il

ST A LA A [ A P CRENTY
X x z 5AJ (y)
= Hyuwirk|de[A7])?, (2.42)

where the functional derivatives 6/dA_ (x) act at the largest value of z7:

— = lim 76 (2.43)
SA7 (x)  at—oo AL (2h,x)’

and where

Vi = Pexp [zg/ dzt A (z+,x)T° (2.44)

with 7% denoting the generators of the adjoint representation of SU(N,). After integrating
by parts, the evolution of any CGC average may be written:

d

dlog(1/22) (0)y, = (Himmwrk O),, - (2.45)
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Figure 2. Amplitude for quark-gluon production in the CGC formalism. Left: the gluon is radiated
before the interaction with the target. Right: the gluon is radiated after the interaction with the
target. The two terms have a relative minus sign.

We note that recently, more general evolution equations have been derived for the
gluon TMDs }"ég) [27, 28] and ]-"9(3) [29]. These equations contain JIMWLK evolution in
the small-z limit (or Balitsky-Fadin-Kuraev-Lipatov (BFKL) evolution [30-32] in the linear
approximation), and in addition for generic values of z, the hard scale dependence, which
at small = boils down to Sudakov factors [33, 34]. Presumably, similar equations could also
be obtained for the other gluon TMDs. It is not known how to solve them however, and
in this work we stick to the small-x JIMWLK evolution.

In section 4 we shall evaluate numerically all the gluon TMDs given above, using a
lattice calculation to solve the JIMWLK equation. But first, we will demonstrate that the
small-z limit of the TMD factorization formula (2.11) with those gluon TMDs can also be
obtained directly in the CGC framework.

3 Leading power of the CGC framework

In this section, our starting point is CGC formalism for double-inclusive particle production
in dilute-dense collisions. We shall extract the leading power in 1/P? and show that the re-
sult coincides with the small-z limit of TMD factorization formula for forward di-jets (2.11),
namely eq. (2.12)—(2.14) with the gluon TMDs given by (2.31), (2.33) and (2.34)—(2.39).
In the large-N, limit, this has already been demonstrated in [19] for all three channels
(see (2.4)), in [35] for the g — ¢ case and in [36] for the g — gg subprocess.

In the present work, we show the equivalence between the CGC and TMD framework,
in their overlapping domain of availability, while keeping NV, finite. We start with the quark
initiated channel, for which we shall explain the derivation in details, and then we deal
with the gluon initiated channels.

3.1 The quark initiated channel ¢ — qg

The amplitude for quark-gluon production is schematically presented in figure 2 as in
ref. [11]. In the CGC formalism, the scattering of the partons from the dilute projectile
with the dense target is described by Wilson lines that resum multi-gluon exchanges; fun-
damental Wilson lines for quarks and adjoint Wilson lines for gluons. As a result, the
cross section involves multipoint correlators of Wilson lines. In particular, the square of
the amplitude from figure 2 contains four terms: a correlator of four Wilson lines, S®,

~10 -



corresponding to interactions happening after the emission of the gluon, both in the ampli-
tude and the complex conjugate, then a correlator of two Wilson lines, S @), representing
the case when interactions with the target take place before the radiation of the gluon in
both amplitude and complex conjugate, and two correlators of three Wilson lines, S, for
the cross terms.

Denoting, as in the previous section, p; the momentum of the outgoing gluon and p-
the momentum of the outgoing quark, the cross-section reads [11]:

do(pA — qgX
(p 99X) = a,Cr(1 — 2)p] 219(x1, %)

d?p1ed®pardyr dys
d2u d2u/ il (U —u A* n A N
. / (2m)2 (2m)2°¢ nl %%B(PJH ) dns(p, pf ;)
Av V' v [ @
/ (2m)2 (2m)2°¢ a ){ngqg (b,x,b',x';2)
75"522? (b,X, V,; x2) B Sigg)q (V, X,’ bl) x2) + Stg? (V’ V,; $2) } ’ (3.1)
where

b=v-zu and b'=v' —2u (3.2)

denote the transverse positions of the final-state quark in the amplitude and the conjugate
amplitude, respectively, and

x=v+(l-2)u and x =v + (1-2)u (3.3)

denote the transverse positions of the final-state gluon in the amplitude and the conjugate
amplitude, respectively. u’ —u is conjugate to P, = (1— 2)p1s — zpat, and v/ —v is conjugate
to the total transverse momentum of the produced particles k; = p1¢ + po:.

The S®) Wilson line correlators are given by:

S (b, x, b/, x;12) = CFlN <Tr (UbUT,tdtc> [vaj,]0d> : (3.4)
c T2
S (b, x,b';25) = CFlN <Tr (UT,tCUbtd) V,fd>m : (3.5)
[ 2
SD (b, b 25) = Ni <Tr (UbUT,)> , (3.6)
c 2

and the functions qﬁg 3 denote the ¢ — qg splitting wave functions. In the limit of massless
quarks, the wave function overlap is simply given by:

872 u-u

Z ¢3*ﬁ(p7pf7 u/)%\{ﬁ(%}?f’ u) = Tm[l + (1 - 2)2] . (3-7)
Sos py |ul*|u

3.2 Extracting the leading power

In the |k, Qs < |P| limit, the integrals in (3.1) are controlled by configurations where
lu| and |u’| are small compared to the other transverse-size variables, and the leading
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1/P? power of this expression can be extracted by expanding around b = x = v and
b’ = x’ = v/. To do this, let us first rewrite all the Wilson line correlators in terms of
fundamental Wilson lines only:

N, 1
Shata(br3, B, X) = 25 <Q(b,b’,x’,x)D(x,x’) - NZD(b,b’)> . (38)
& T2
SO b x.b) = 2 { D(b,x)D(x.b") — —=D(b,b’ 3.9
qgti< ) X, )_2CF (7X) (X7 >_W (, ) ’ ()
C T
Ss2 (b,b') = <D(b,b')>x2, (3.10)
where

1 1

Dix.y) = 3 T (UXU;) and - Q(x,y,v.w) = 3T (UXU;UVUJV) . (3.11)

Then, the combination inside the brackets {} in eq. (3.1) can be rewritten:

QJZC <Q[V—zu,V’—zu',V'—l—(l—z)u’,V+(1—z)u]D[V+(1—z)u,V'—i—(l—z)u’] + D[v, V']
F
— D[v—zu,v+(1—2)u]D[v+(1—2)u,v'] — D[V,v'—i—(l—z)u’]D[v'—i—(l—z)u’,V'—zu’]>
2
_ 1 _ !/ n_ _ n _ /I / /
QCFNC<D[V zu,v'—zu'] — D[v—zu,v'] — D[v,v zu]—i—D[v,V]>m2 (3.12)

This expression vanishes if either u or u’ is set to zero. Therefore, the first non-zero
term in its expansion is the one that contains both one power of u and one power of u':

N utu

ser[(1-2)0, —=0)[(1-2)), — 285 (Q(x ¥, ¥, )D(v,V'))

T2 X:V/
y=v
200
—; 67;‘;](7 81’)6{),<D(V,v')> . (3.13)
C

2

With the help of the identities UxdUy: = —(0Ux)Us: and Tr [Ux(?U,q =0, eq. (3.13) can be

rewritten

Noutu? o 22 i Nutu/d .
1-2)2 - 2 azaf/<D ’> - <D VN, Q(x, y, v > .
e |12 a0 (pv.vy) S (D vI22l @y V) [
(3.14)

Then using

du dW pww wrd 0
el (w'-uw) 2% g YT 3.15
| G PR = T2 (315)

and putting all the pieces together, we finally recover

do(pA — q9X) Neas 2(1 = 2) ) /
= P,
d? Pd?kydy dys Cr P! w1q(21, 17) Pyq(2)

{ [(1 )2 ;22] a;ag,<D(v,v')>w2

—<D(v,v')@fc@f),@(x,y,v',v)> v } . (3.16)

y=v’

€2

which coincides with the small-z limit of the TMD formula (2.12).
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3.3 The gluon initiated channels ¢ — ¢q¢g and g — gg

For the gluon-initiated channels, the derivation is performed along the same lines as in the
previous subsection, and we shall outline the main steps here. Starting with the ¢ — qq
channel, the cross-section reads (denoting p; and py the momenta of the outgoing quark
and antiquark, respectively) [19]:

do(pA — qqX) _ o
d*pudpudyidys 2

d?u &Pu
_ + 2 iP-(u’'—u)
(1 —=2)plz1g9(z1, p )/ (27)? (27r)26

d?v  d*v'

A + 1\ + ike-(V/ —v
Aaf
% { Siga (b, b5 22) = S0 (x, v/, bi o)
—Sézzj (bI,V,X/,m) + S!%) (v,v’; xg) } , (3.17)

where

Shataloe b3 W) = o (T (U UUL U ) )
and S (b, b/sz2) = N21_1 (r(wHl)). (3.18)

and with the product of g — ¢ splitting wave functions in the massless quarks limit
given by:

812 u-u

/’2

T T o1 o 22 —22 . .
Tl () (3.19)

E A* A
Spaﬁ(pa p;r’ u/)@aﬁ(pvpf7 ll) =
Aaf

In terms of fundamental Wilson lines, we have:

(4) _ N 1
Sqqqq(x, b,x',b’) = 5Cr <D(x,x’)D(b’,b) - NCQQ(X’X/?bI?b)>x2 , (3.20)
S@b,b) = 2 { Db, b\ D, b) — —- (3.21)
ag ) 2CF 9 ) NC2 2 )

and therefore the combination inside the brackets {.} in eq. (3.17) can be rewritten:

C

<D[V—i—(1—z)u, v/ +(1=2)0'|D[v' —2u’, v—2zu] + D[v,v'| D[V, v]

2Cp
—D[v+(1—2)u,v|D[v',v—2zu] — D[v’—zu’,V]D[v,v’+(1—z)u’]> (3.22)
T2
_ 1 _ / _ / ! !/ _
2CFNC<1 +Qv+(1—2)u,v+(1—2)u’, v —zu’, v—2zu]
—D[v+(1—2)u,v—zu] — D[v’—zu/,vl+(1—z)u']> . (3.23)
2
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As before, this expression vanishes if either u or u’ is set to zero, and the first non trivial
order in the expansion reads:

Ne ‘ul 7 i j j / 1 !
QZg[ﬂ-@am—d%ml—@%w—dﬁ<DﬁnvﬂX%X)—AHQOGVQGM> —
c To Y=V
(3.24)
_ N;g;‘” {22<D(v7v’)aéai,D(v’,v)>m +(1- 2)2<D(v,v’)a:;ag,p(v’,v)>; (3.25)
—22(1— )Re< [0:D(v,v')] ai/D(V/,V)> +W<816] (v,v’,y,x)>x xzvl (3.26)
2ly=v/

Putting everything back together, the small-z limit of the TMD formula (2.13) is recovered.
Now on to the g — gg channel. The cross-section reads

do(pA — ggX) d*u d*u’ iPy-(u—u)

ach(l - Z)p;r:clg(ajl,,u,z)/ (27[.)2 (27r)26

dy1dy2d®p1ed®pay
X Zwaﬁ p pl , waﬁ(ﬁpfau)
Aaf
R o 5
/(27r)2 (2m)2° a ){S«‘(’gz"g (b,x, b’ x's2) = SGG) (b, x,v/; 22)
~Shgy (VX' bl 22) + SG) (v, Vs 22) } , (3.27)
where
4) [ — __—  fabcrade bfyrcgy/ df v eg
Sions (BB Xi02) = g IS (WIVEVIVE) L (329)
(3) ’. _ =~ rabcrdef ady bey cf
Sjap(bsx.bs22) = s S <Vb ViV >x , (3.29)

and with the product of g — gg splitting wave functions given by:

+ +2(1— z)} . (3.30)

1—2 z

* 1672
> das,pf W) Whs(ppT 1) =

u-u [ z 1—2
+ 2|2
2 P Pl
; sy (4) o of3) ’ (3) n _ o2 ’
Due to the identities Sggg4(b, %, b’, b’) = Sygq(b, x,b’) and Sggg(b,x,b") = Sy4’ (b, b’),
the expression in the brackets < . once again vanishes if either u or u’ is set to zero, and

the leading 1/P? power can be extracted from:

uw'u[(1-2)0! — z@é][(l—z)@ﬂ — z@J]Ség)gg(x,v,y,v) x=v, (3.31)

Writing the S® correlator in terms of fundamental Wilson lines only, we obtain:

S (b,x,b’',x') =

9999 <Q(b b’,x',x)D(b’,b)D(x,x") —

1
Wo(bv blv le X, blv ba X, X/)>

C

4CFp o
+cc. (3.32)
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where )
A A AN 1 i 1 T
O(x,y,v, WXy, V', W) = —Tr (UUSU UL U UL U UL, ) (3.33)

[

and (3.31) turns into:

N;g;/j{ (224 (1—2)?|Re <D(V, v’)@fﬁi,D(v’, V) >m2

—22(1 - 2)Re < [0iD(v,v')] @, D(v', v)>$2 (3.34)
+ <D(v,V’)D(v’,v)&i@f})@(x,y,v’,v)>3€2 ;::\Y'

. ]\lfgagag,O(x,v,v’,x,y,v’,v,y)>m2 ;::vvl}. (3.35)

When all the pieces are put together, we do recover the small-z limit of the TMD
formula (2.14). In particular, the combination of gluon TMDs which is sub-leading in N,
fég) + .7:9(2) - 2.7-";2), does come out of the octupole term.

4 Lattice simulation of the JIMWLK equation

4.1 Algorithmic implementation

The JIMWLK renormalization group equation has been solved on a lattice in trans-
verse space with a Langevin process in the space of Wilson lines by Rummukainen and
Weigert [37]. We use here the efficient left-right factorization algorithm introduced in [38]:

Ul ) = exp (= V3 U (0) (Rx =) C ) U
y

<U(syexp (VB S Rx-y)- ) (4.1)
Yy

where
Zo

s=2y, with y=In () . (4.2)
s T2

This expresses the evolution in xs, or rapidity y, of each Wilson line Ux(s), at fixed coupling,
in terms only of the convolution of the BFKL kernel K (x —y) with a white noise ¢ (x) in
the Lie algebra. Such an algorithm brings about a reduction factor 4/(N2+3) in computing
time for the gauge group SU(N,). Since these update algorithms ignore terms of order 4
and higher in the Langevin step v/ds, it is sufficient to expand the exponentials up to order
3 and project the expansions onto the group.

xo denotes the starting point of the evolution, at y = 0. For the sake of comparison we
choose to construct the initial configurations on the lattice exactly as described in detail
by Lappi in ref. [39]. We generate directly in Fourier space of a periodic square lattice
of size L, a translation-invariant color field distribution in the SU(3) Lie algebra with the
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variance of the discretized McLerran-Venugopalan (MV) model,

~ Ok K’
<AﬁAi:)/(> == g4u2(5ab ok 2 w = f ’ 0 S k17 k2 < L. (43)
<4 >, sin? le¢,>

(We denote integer lattice momentum components by k; and momentum components in
the Brillouin zone by p; = wk;). The zero mode is of course removed. Then the Wilson
lines are approximated by a product of IV, = 100 infinitesimal adjoint fields with variance
o g p® /N,

By construction, in the absence of an infrared regulator m in (4.3), only the dimension-
less parameter g2y (in lattice spacing units a = 1) appears in the numerical calculation of
initial configurations. Therefore lines of constant “physics” of the MV model are obtained
by letting L — oo and ¢g?p — 0 so that g?uL remains constant. Indeed the color fields
of the MV model are classical fields and all correlators of Wilson lines fall on universal
curves at fixed g?uL. Physical lengths are defined by fixed values along these universal
curves. In practice it is most convenient to define correlation lengths from the values of
the dimensionless dipole correlator of two Wilson lines in the fundamental representation,
normalized to unity at x =y,

Clx—yl) = ]\1[ <Tr U,th> . (4.4)

We shall follow the standard convention of defining a Gaussian-like correlation length Ry
by C(R) = e /2,

From a numerical standpoint the optimal value of Ry in lattice spacing units should
minimize both discretization errors and finite-size effects. Discretization errors are best
exhibited by the lattice derivative D; which is defined as a central derivative with dis-
cretization errors of order a?

DiUx =1/2 (U, ; — U, ;) - (4.5)

With this definition, the continuum momentum p; is replaced by the well-nown sine function
on the lattice,

p; — p;=sinp;, (4.6)

which shows that it is unreliable to study lattice momenta beyond 7 in the Brillouin zone.
The same bound L/8 should be appplied in coordinate space to the tails of Wilson line
correlators. Hence a safe upper bound to the initial correlation length R is given by

L
2R, < —. (4.7)
8
On the other hand the initial correlation length should be as large as possible since the
renormalization group evolution in rapidity drives correlation lengths to zero.
The gluon distributions listed in egs. (2.31), (2.33) and (2.34)-(2.39) are two-point

functions defined as products of various traces which must be evaluated component-wise
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in order to express them as scalar convolution products which can be calculated using a

(3)

discrete fast Fourier transform algorithm. For instance the distribution Fgq’ (22, p 1 ), which
is the Weizsdcker-Williams gluon distribution already studied numerically in [40], can be

2
i > . (4.8)

The distribution ]:9(3) can be written similarly as a sum of 2]\702 convolution products, the

evaluated very efficiently as

2 N¢
Fi(we,p1) = —ZZZ <‘/ i _’pi"(UTGU)

b=1

a

distributions .7-'153), fg(;) and .7-"9(3) as a sum of 2Nél convolution products, whereas the dis-
tributions féz) and ]-'ég , more costly, require 2N° convolution products. Most convolution
products necessitate, as (4.8), a single Fourier transform, except for the distributions Fgy (2)
and Fég), where two Fourier transforms are needed because of the reshuffling of indices
between the two factors.

The operator U TﬁﬂU which appears in eq. (4.8) shows up within the expression of
most gluon distributions listed in (2.33)—(2.39), except .7-"9(3), .7-"9(3) and the usual dipole
operator Fg (1 ). Care must be exercised in the lattice discretization of this operator to keep
its anti-hermiticity property of the continuum, namely

(UTa“U)T = -Uta,U . (4.9)

We have already described the lattice discretization (4.5) of the derivative operator. The
anti-hermiticity property (4.9) is enforced on the lattice by the substitution

1 t
Uloru. — k=3 <U,1D“Ux - (U,iD“Ux) ) (4.10)

We have a similar discretization for the operator (9,U) UT which enters ]-"53).

4.2 Data analysis

All numerical measurements of the gluon distributions reported in this work have been
performed on the lattice size L = 1024. A statistical sample of 64 independent initial
configurations has been generated with the smallest rounded parameter value, g% = 0.03,
compatible with the upper bound for the correlation length:

(Ry) = 65.8+0.3. (4.11)

All averages or data points displayed in this work have error bars which have been de-
termined from the JIMWLK evolution of this random sample with a Langevin step ds =
0.0001, which is still adequate for our lattice size.

Before turning to the presentation of results, one must tackle a problem which becomes
manifest when statistical errors are smaller than systematic errors. The phenomenon is
illustrated by figure 3. Whereas the JIMWLK evolution of the dipole correlator at fixed
coupling is very smooth in coordinate space, in qualitative agreement with the results of
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Figure 3. JIMWLK evolution of the gluon distribution ]-',g) in momentum space at selected values
of azy/m?, without any cut (left) and with the near-O(2)-invariant selection (4.13) (right). The
linear vertical scale is rescaled by the factor 273g2L~2. Only raw lattice data points with error bars
are displayed; there is no interpolating line.

refs. [37, 39], the evolution in Fourier space is afflicted at small rapidity by huge discretiza-
tion errors which are negligible in the initial configurations at y = 0. Indeed different
lattice points with the same k? need not have the same correlator value. This peculiarity
produces a characteristic spread in raw lattice data. The scatter of data points in the
initial MV configurations is reduced because of the simple sine-squared momentum depen-
dence (4.3) of gluon propagators. A probable explanation of the increase of the spread by
the JIMWLK evolution is the scale invariance of the BFKL kernel in the continuum,
E(7) = (4.12)

r2’

which is certainly badly broken by a naive discretization on a periodic lattice. We have
taken the periodicity into account by modifying the BFKL kernel as in [37]. The statistical
noise increases with the rapidity evolution and the orbit structure becomes less visible at
high rapidity.

The issue of lattice artifacts in momentum space is well-known in numerical studies
of the gluon propagator in lattice QCD. There, it is due to the breaking of rotational
invariance by the square lattice. The lattice correlators depend not only upon the O(2)
invariant k2 = k? + k3, but also on the other independent invariant k* = kf + k3 of the
symmetry group Dy of the square. The action of the dihedral group D4 on lattice points
generates orbits which are characterized by both invariants and partition the lattice. Since
the invariant k% is not present in the continuum limit, in principle one should extrapolate
the data to k* — 0. There are sophisticated techniques to perform such an extrapolation
in four dimensions [41]. In two dimensions there are not enough orbits to apply the full
machinery.
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Figure 4. (left) Rapidity evolution of the correlation length R; dotted lines mark the boundaries
of the linear regression fit displayed as a solid line. (right) Gluon distribution ]-'(g) in momentum
space as a function of the scaling variable p; /Qs(y) inside the geometric scaling window. The linear
vertical scale is rescaled by the factor 273g? L=2.

But there is a standard recipe which is particularly effective in two dimensions. It
consists of performing a cut to the data which removes momenta with the highest k% at
fixed k2. Since k* is minimized at fixed k? when ki = ko, it is sufficient to remove momenta
when |k; — ka| exceeds a certain threshold. In all the data analyses below, we choose to
keep the momenta k = (ki, ko) with

k1 — ko| < 5. (4.13)

The cut is chosen as an empirical compromise between the requirements of smoothness of
data points at high k% and their paucity at low k2. The near-O(2) invariant subset for the
gluon distribution .7-"(53,) is exhibited in figure 3 (right).

5 Results for the gluon TMDs

5.1 Geometric scaling

From general considerations [42], one expects that various gluon TMDs F(y,p, ), evolved
in rapidity with the JIMWLK equation, should reach an asymptotic regime called “geo-
metric scaling”, which is independent of the lattice size or initial correlation length. This
means that the TMDs are functions of p| Rs(y) only, as opposed to p; and y separately.
Following [37], we display in figure 4 the logarithmic variation of R4(y) with rapidity and
table 1 lists selected values.
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048?//7"'2 Rs(y)
0. 65.79(28)
0.05 41.31(17)
0.10 | 21.58(6)
0.15 | 10.23(3)
0.20 5.07(1)

Table 1. Rapidity evolution of the correlation length R;.

Usually geometric scaling is characterized by looking for a plateau in the instantaneous
evolution speed

. _ 0lnRy(y)
‘ dasy)

But numerical derivatives are rather noisy and we prefer to perform a linear regression on

(5.1)

In R4(y) which gives a better statistical estimation. We can identify clearly in figure 4 (left)
a window of pretty good geometric scaling in the interval 0.10 < o,y /7% < 0.20 around the
inflexion point. A presence of pre-asymptotic terms and residual systematic errors much
larger than the statistical errors can be inferred from the sensitivity of the x2/dof to the
fitting window. In particular it can be seen that the scaling regime is sensitive to lattice
spacing effects as soon as Rs < 4a. Therefore one should avoid matching curves at smaller
Rs. The lattice artifacts entail that the widths Agy of geometric scaling windows depend
logarithmically on the lattice size,

1 1 L
asAgy ~ —In <Rsiys)> < —In <) , (5.2)

Ve Ve 64

where y; is the lower bound of a scaling window (and depends, like v., on the precise
definition of C'(Ry)).

The approximate scaling is confirmed in figure 4 (right) which displays the gluon dis-
tribution ]:é;) at different rapidities inside the geometric scaling window as a function of
the scaling variable p, /Qs(y), where the saturation scale Qs is related to R, according to
the convention

V2
Ry(y)

Figure 5 shows that, for all other gluon TMDs we have measured, effective geometric scaling

Qs(y) = (5.3)

does hold pretty well around the saturation scale over a window in momentum space which

spans roughly one order of magnitude. We have checked that the distributions .7-"!52)

and
]-"9(3) are identical within statistical errors and we display only one of the two. In principle,
the agreement could still be slightly improved since the saturation scale can be adjusted
for every distribution as it may differ from (5.3) by an overall factor in the geometric
scaling window.

Since the saturation scale Qs(y) increases exponentially with the rapidity, there are

two distinct regimes of scaling violations in momentum space. Near the upper bound of
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Figure 5. Transverse momentum dependence of gluon TMDs at selected values of ay/m? within
the geometric scaling window. All linear vertical scales are rescaled by the factor 273¢g?L~2. The
saturation scale Q;(y), extracted from the fundamental dipole amplitude (4.4), is the same in all
subplots.

the geometric scaling window in rapidity space, for asy/7? ~ 0.2, Qs(y) is large and the
violations of scaling at large p; occur at lattice momenta above a few units of the saturation
scale, where lattice spacing effects become sizable. By the same token finite-size effects are
small in this regime and geometric scaling seems to hold down to rather low p; ~ 0.1 Qs(y).

On the other hand, near the lower bound of the geometric scaling window, for sy /7% ~
0.1, the saturation scale Qs(y) becomes small and scaling violations show up at momenta
below the saturation scale, where finite-size effects are important. For the same rea-
sons lattice spacing effects are small in this regime and geometric scaling may hold up
topy ~ 20 Qs(y)

In [43], it was conjectured that the color quadrupole, and subsequently the Weizsécker-
Williams gluon distribution, should obey the same geometrical behavior as the dipole gluon
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distribution. We have shown, for the first time, that this conjecture holds not only for the
Weizsicker-Williams gluon distribution but also for all the other gluon TMDs found in
forward di-jet production.

Geometric scaling has already been investigated qualitatively from the solution of the
JIMWLK equation with a running coupling for the color dipole [44], in coordinate and
momentum spaces, as well as for the color quadrupole [45] in coordinate space. Smoothness
of our near-O(2)-invariant dataset, at fixed coupling, ensures that we should be able to
extract anomalous dimensions quantitatively (a task which is routinely performed in lattice
calculations of the gluon propagator on much smaller lattices) and test theoretical models.

5.2 High-k; behavior

Recently, it was shown that in the initial MV configurations at y = 0, all the gluon TMDs
must have a universal 1/p? behavior at large p, [46, 47], expect for .Fg(g) which should
vanish faster. Figure 6 displays the gluon TMDs in the MV model calculated on the lattice,
and table 2 lists the best parameters of a power-law behavior of each gluon distribution
separately within the asymptotic window in momentum space,

—2\ 7
(20%?) (L) 2F(p) =27, (o) | T o<ap < T (5.4)
i 16 4

The values for the anomalous dimension are pretty close to the theoretical value and
vindicate our claim that our analysis is not only qualitative but also quantitative. The
asymptotic window looks small on a logarithmic scale but each fit has = 300 independent
degrees of freedom for a lattice size L = 1024, after the cut (4.13). As a matter of fact,
statistical errors in table 2 are much smaller than the ~ 3% systematic errors in the
power law. The residual systematic errors are partly due the approximations in the lattice
discretization (4.3) of the MV model and partly to the discretization of gluon TMDs. The
parameter IV, = 100 could be fine-tuned to minimize some of these discretization errors.

A byproduct of this analysis is that it is possible to define a natural saturation scale
Q, in the MV model:

aQ, = 0.015(1) (5.5)

which is to be compared to the Gaussian-like definition from the fundamental dipole am-
plitude (4.4), i.e. eq. (5.3) at y = 0, whose value is a@)s ~ 0.0215.

After some evolution, the high-p | behavior is best elucidated by looking at the top
plot of figure 7, which shows the gluon TMDs for asy/72 = 0.1, after enough evolution to
have reached the scaling regime, but not too much so that the high-p | tails of the gluon
distributions stay within the accessible momentum range on the lattice. We observe that
the initial properties survive, meaning that that all gluon distributions fall onto a universal

curve at high-p), except Re fg(?

which vanishes (}"g(g) is not displayed in the figure but
is identical to J—"é;})). What changes after some evolution, as expected, is the power-law
behavior of that universal tail, which becomes less steep than 1 /102L A detailed study of

that anomalous dimension in the geometric scaling window is left for future work.
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Figure 6. Transverse momentum dependence of gluon TMDs in the initial MV configurations.
The linear vertical scale is rescaled by the factor 2m3g2L~2. The logarithmic momentum scale is in
inverse lattice spacing units. The label }"g(f,) is a shorthand for |Re .Fg(?|, and Fég), not shown, is
identical to fé§)~

TMD aQ, ~ x%/dof
F ol 0.014(1) | 0.99(1) | 1.3
F2 1 0015(1) | 1.041) | 11
F 1 0.015(1) | 1.05(1) | 0.9
F L 0015(1) | 1.03(1) | 1.1

(1) (1)

(1) (1)

F5$ 1 0.015(1) | 1.05(1) | 1.1
F&O 1 0.015(1) | 1.05(1) | 1.1

Table 2. Asymptotic saturation scale a@, in inverse lattice spacing units and power law v in the
MYV model.

For completeness, we also show in the bottom of figure 7, the gluon TMDs after further
evolution at ayy/m% = 0.2, where the high-p, tail has disappeared from the accessible
momentum range of our analysis. However, what is interesting is that conversely, this
gives us better access into the saturation regime at low p, , where the various gluon TMDs
are very different from each other, and where the process dependence of TMDs is the most
relevant. Indeed, while at high-p | the process dependence of gluon TMDs may be safely
ignored (expect for peculiar operator definitions like that of fg(z)), it certainly cannot be

inside the saturation regime.
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Figure 7. Momentum dependence of gluon TMDs near the lower bound (top) and upper bound
(bottom) of the geometric scaling window. The logarithmic momentum scale is in inverse lattice
spacing units. The label ]—'_g) is a shorthand for |Re fé§)|.

Note finally that combining the two plots of figure 7, we have enough information at
small and large transverse momentum to provide parameterizations, for all those unpolar-
ized gluon TMDs, which could be used in phenomenological studies. For instance, in a
future work we plan to extend the work of [46], in which the large- N, limit was assumed,
and the Balitsky-Kovchegov equation [48, 49] used to evolve the gluon TMDs.

— 24 —



6 Conclusions

We have studied the process dependence of unpolarized gluon TMDs at small-z, in the
CGC framework. As a testing ground, we considered forward di-jet production in p+p or
p+A collisions, a process in which kinematics impose a dilute-dense asymmetry, x1 ~ 1
and zo < 1, that in turn allows to employ TMD distributions for the small-zo target
only. We investigated what happens when the large gluon density of the target reaches
the saturation regime, and how the various process-dependent gluon TMDs are affected by
non-linear effects when the transverse momentum becomes of the order of the saturation
scale Qs(x2), or below.

For nearly back-to-back jets, when the total transverse momentum of the jet pair k; is
much smaller than the individual jet transverse momenta ~ P, the process can be described
in the TMD factorization approach, and the cross section is given by formulae (2.12)-
(2.14), which involve eight distinct gluon TMDs, functions of zo and k;, with different
operator definitions: (2.17)—(2.24). We showed that in the small-z limit, these can be
simplified and written in terms of CGC correlators of Wilson lines: (2.31) for the “dipole”
gluon distribution, (2.33) for the Weizsdcker-Williams distribution, and (2.34)—(2.39) for
the six others.

In the small-z limit, forward di-jet production can be described in the CGC frame-
work as well, without imposing any particular ordering of the di-jet transverse momentum
scales. The cross-section is then given by formulae (3.1), (3.17) and (3.27), which involve
correlators of up to eight Wilson lines, all of which sit at different transverse positions.
We showed that in the k; < P; limit, these CGC expressions simplify to coincide with
formulae (2.12)—(2.14), giving complete agreement between the CGC and TMD frame-
works, in their overlapping domain of validity, without resorting to the large-N. limit.
In the CGC the various process-dependent gluon TMDs emerge as different Wilson line
correlators: (2.31), (2.33) and (2.34)—(2.39).

This allows their evaluation from the fixed-coupling JIMWLK equation, including
the full small-z QCD evolution with non-linear corrections. We use the standard two-
dimensional lattice formulation in terms of a Langevin process in the space of Wilson lines.
We obtain that at large transverse momentum, k; > @Qs(z2), the process dependence essen-
tially disappears, in the sense that all the gluon TMDs fall onto a universal curve, except
for Re fg(? which vanishes faster, as shown in figure 7 (top plot). This feature of the MV
model which we used as an initial condition is preserved by the evolution, with the differ-
ence that the power-law fall-off of the gluon TMDs with k; evolves from 1/k? (a theoretical
result which we checked here numerically) to a less steep power: 1/ kf T with 1/2<y<1.

By contrast, the process dependence of the gluon TMDs is most relevant at small
transverse momentum k; < Qs(z2): as shown in figure 7 (bottom plot), the various distri-
butions are very different from each other. However, it is important to point out that at
small-x, in the CGC framework, these differences are fully under control, hereby restoring
universality: potential information extracted from a particular process, for one gluon TMD),
can be consistently fed into the others. Indeed, for phenomenology it will be important for
instance to take into account running-coupling corrections, and the parameters related to
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its unknown behavior in the non-perturbative region will need to be adjusted to fit data.
Some of the gluon TMDs we have considered here also enter in the formulation of other
processes such as di-jet production in deep-inelastic scattering or photon-jet production in
hadronic collisions, and the results we have obtained within this work are also applicable
in those cases.

Most importantly, we have observed that all the TMD gluon distributions reach a
geometric scaling regime after some evolution, i.e. they become functions of k;/Qs(y).
A precise determination of the properties of this regime, such as the y dependence of
the saturation scale and of the anomalous dimension «, whose existence is manifest from
figure 7, is outside the scope of the present study. But such a determination is quite possible,
especially if one considers that reproducing the numerical data generated in this analysis
requires a computing time four orders of magnitude less than typical ab-initio lattice QCD
calculations. Moreover, numerical analyses should be as precise for JIMWLK evolutions
supplemented with running-coupling corrections [38] or collinear resummations [50]. For
genuine higher-order corrections [51, 52], that will depend on whether or not the Langevin
description still holds.

Finally, it would be interesting to extend our analysis to the case of polarized gluon
TMDs, as very little is known on what happens to their process dependence at small x.
First works considering polarized hadrons or nuclei have appeared recently [53-55], for the
“dipolar” gauge link structure of fé;), but to our knowledge none of the other structures
have been looked at in this context. Note that linearly-polarized gluons in unpolarized
hadrons are also of interest, and in our framework at small-x, it is straightforward to
obtain all the corresponding TMDs. This is done by projecting the transverse Lorentz
indices of the field correlators onto a different structure than J;;.

Acknowledgments

We are grateful to Tuomas Lappi and Heribert Weigert for discussions and clarifications on
their JIMWLK lattice implementations. CM would also like to thank Jian Zhou for moti-
vating him to study the CGC/TMD equivalence beyond the large- N, limit. EP acknowl-
edges support from: European Research Council grant HotLHC ERC-2011-StG-279579;
Ministerio de Ciencia e Innovacion of Spain under project FPA2014-58293-C2-1-P; Xunta
de Galicia (Conselleria de Educacion) within the Strategic Unit AGRUP2015/11.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] J.C. Collins, D.E. Soper and G.F. Sterman, Transverse Momentum Distribution in Drell-Yan
Pair and W and Z Boson Production, Nucl. Phys. B 250 (1985) 199 [INSPIRE].

[2] J.-w. Qiu and X.-f. Zhang, QCD prediction for heavy boson transverse momentum
distributions, Phys. Rev. Lett. 86 (2001) 2724 [hep-ph/0012058] [INSPIRE].

— 96 —


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/0550-3213(85)90479-1
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B250,199%22
http://dx.doi.org/10.1103/PhysRevLett.86.2724
https://arxiv.org/abs/hep-ph/0012058
http://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,86,2724%22

3]

[19]

[20]

[21]

J.P. Ralston and D.E. Soper, Production of Dimuons from High-Energy Polarized Proton
Proton Collisions, Nucl. Phys. B 152 (1979) 109 [INSPIRE].

D. Boer, P.J. Mulders and F. Pijlman, Universality of T odd effects in single spin and
azimuthal asymmetries, Nucl. Phys. B 667 (2003) 201 [hep-ph/0303034] [INnSPIRE].

L.N. Lipatov, The Bare Pomeron in Quantum Chromodynamics, Sov. Phys. JETP 63 (1986)
904 [Zh. Eksp. Teor. Fiz. 90 (1986) 1536] [INSPIRE].

S. Catani, M. Ciafaloni and F. Hautmann, High-energy factorization and small x heavy flavor
production, Nucl. Phys. B 366 (1991) 135 [INSPIRE].

P.J. Mulders and J. Rodrigues, Transverse momentum dependence in gluon distribution and
fragmentation functions, Phys. Rev. D 63 (2001) 094021 [hep-ph/0009343] [INSPIRE].

A.V. Belitsky, X. Ji and F. Yuan, Final state interactions and gauge invariant parton
distributions, Nucl. Phys. B 656 (2003) 165 [hep-ph/0208038] [INSPIRE].

F. Gelis, E. Iancu, J. Jalilian-Marian and R. Venugopalan, The Color Glass Condensate,
Ann. Rev. Nucl. Part. Sci. 60 (2010) 463 [arXiv:1002.0333] [InSPIRE].

W. Vogelsang and F. Yuan, Hadronic Dijet Imbalance and Transverse-Momentum Dependent
Parton Distributions, Phys. Rev. D 76 (2007) 094013 [arXiv:0708.4398] [INSPIRE].

C. Marquet, Forward inclusive dijet production and azimuthal correlations in p(A) collisions,
Nucl. Phys. A 796 (2007) 41 [arXiv:0708.0231] [NSPIRE].

J. Collins and J.-W. Qiu, kr factorization is violated in production of
high-transverse-momentum particles in hadron-hadron collisions, Phys. Rev. D 75 (2007)
114014 [arXiv:0705.2141] [INSPIRE].

T.C. Rogers and P.J. Mulders, No Generalized TMD-Factorization in Hadro-Production of
High Transverse Momentum Hadrons, Phys. Rev. D 81 (2010) 094006 [arXiv:1001.2977]
[INSPIRE].

X.-d. Ji, J.-p. Ma and F. Yuan, QCD factorization for semi-inclusive deep-inelastic scattering
at low transverse momentum, Phys. Rev. D 71 (2005) 034005 [hep-ph/0404183] [INSPIRE].

C. Marquet, B.-W. Xiao and F. Yuan, Semi-inclusive Deep Inelastic Scattering at small x,
Phys. Lett. B 682 (2009) 207 [arXiv:0906.1454] [INSPIRE].

C.J. Bomhof, P.J. Mulders and F. Pijlman, The Construction of gauge-links in arbitrary hard
processes, Eur. Phys. J. C 47 (2006) 147 [hep-ph/0601171] [INSPIRE].

F. Dominguez, B.-W. Xiao and F. Yuan, k;-factorization for Hard Processes in Nuclei, Phys.
Rev. Lett. 106 (2011) 022301 [arXiv:1009.2141] [INSPIRE].

P. Kotko, K. Kutak, C. Marquet, E. Petreska, S. Sapeta and A. van Hameren, Improved
TMD factorization for forward dijet production in dilute-dense hadronic collisions, JHEP 09
(2015) 106 [arXiv:1503.03421] [INSPIRE].

F. Dominguez, C. Marquet, B.-W. Xiao and F. Yuan, Universality of Unintegrated Gluon
Distributions at small x, Phys. Rev. D 83 (2011) 105005 [arXiv:1101.0715] [INSPIRE].

J. Jalilian-Marian, A. Kovner, A. Leonidov and H. Weigert, The BFKL equation from the
Wilson renormalization group, Nucl. Phys. B 504 (1997) 415 [hep-ph/9701284] [nSPIRE].

J. Jalilian-Marian, A. Kovner, A. Leonidov and H. Weigert, The Wilson renormalization
group for low x physics: Towards the high density regime, Phys. Rev. D 59 (1998) 014014
[hep-ph/9706377] [INSPIRE].

— 97 -


http://dx.doi.org/10.1016/0550-3213(79)90082-8
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B152,109%22
http://dx.doi.org/10.1016/S0550-3213(03)00527-3
https://arxiv.org/abs/hep-ph/0303034
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B667,201%22
http://inspirehep.net/search?p=find+J+%22Sov.Phys.JETP,63,904%22
http://dx.doi.org/10.1016/0550-3213(91)90055-3
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B366,135%22
http://dx.doi.org/10.1103/PhysRevD.63.094021
https://arxiv.org/abs/hep-ph/0009343
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D63,094021%22
http://dx.doi.org/10.1016/S0550-3213(03)00121-4
https://arxiv.org/abs/hep-ph/0208038
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B656,165%22
http://dx.doi.org/10.1146/annurev.nucl.010909.083629
https://arxiv.org/abs/1002.0333
http://inspirehep.net/search?p=find+EPRINT+arXiv:1002.0333
http://dx.doi.org/10.1103/PhysRevD.76.094013
https://arxiv.org/abs/0708.4398
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D76,094013%22
http://dx.doi.org/10.1016/j.nuclphysa.2007.09.001
https://arxiv.org/abs/0708.0231
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,A796,41%22
http://dx.doi.org/10.1103/PhysRevD.75.114014
http://dx.doi.org/10.1103/PhysRevD.75.114014
https://arxiv.org/abs/0705.2141
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D75,114014%22
http://dx.doi.org/10.1103/PhysRevD.81.094006
https://arxiv.org/abs/1001.2977
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D81,094006%22
http://dx.doi.org/10.1103/PhysRevD.71.034005
https://arxiv.org/abs/hep-ph/0404183
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D71,034005%22
http://dx.doi.org/10.1016/j.physletb.2009.10.099
https://arxiv.org/abs/0906.1454
http://inspirehep.net/search?p=find+J+%22Phys.Lett.,B682,207%22
http://dx.doi.org/10.1140/epjc/s2006-02554-2
https://arxiv.org/abs/hep-ph/0601171
http://inspirehep.net/search?p=find+J+%22Eur.Phys.J.,C47,147%22
http://dx.doi.org/10.1103/PhysRevLett.106.022301
http://dx.doi.org/10.1103/PhysRevLett.106.022301
https://arxiv.org/abs/1009.2141
http://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,106,022301%22
http://dx.doi.org/10.1007/JHEP09(2015)106
http://dx.doi.org/10.1007/JHEP09(2015)106
https://arxiv.org/abs/1503.03421
http://inspirehep.net/search?p=find+J+%22JHEP,1509,106%22
http://dx.doi.org/10.1103/PhysRevD.83.105005
https://arxiv.org/abs/1101.0715
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D83,105005%22
http://dx.doi.org/10.1016/S0550-3213(97)00440-9
https://arxiv.org/abs/hep-ph/9701284
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B504,415%22
http://dx.doi.org/10.1103/PhysRevD.59.014014
https://arxiv.org/abs/hep-ph/9706377
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D59,014014%22

[22]

[25]

[26]

[27]

[31]

[32]

[33]

J. Jalilian-Marian, A. Kovner and H. Weigert, The Wilson renormalization group for low x
physics: Gluon evolution at finite parton density, Phys. Rev. D 59 (1998) 014015
[hep-ph/9709432] [INSPIRE].

E. Iancu, A. Leonidov and L.D. McLerran, Nonlinear gluon evolution in the color glass
condensate. 1., Nucl. Phys. A 692 (2001) 583 [hep-ph/0011241] [INSPIRE].

E. Iancu, A. Leonidov and L.D. McLerran, The Renormalization group equation for the color
glass condensate, Phys. Lett. B 510 (2001) 133 [hep-ph/0102009] [INSPIRE].

E. Ferreiro, E. Tancu, A. Leonidov and L. McLerran, Nonlinear gluon evolution in the color
glass condensate. 2., Nucl. Phys. A 703 (2002) 489 [hep-ph/0109115] INSPIRE].

H. Weigert, Unitarity at small Bjorken x, Nucl. Phys. A 703 (2002) 823 [hep-ph/0004044]
[INSPIRE].

I. Balitsky and A. Tarasov, Rapidity evolution of gluon TMD from low to moderate x, JHEP
10 (2015) 017 [arXiv:1505.02151] [INSPIRE].

J. Zhou, The evolution of the small x gluon TMD, JHEP 06 (2016) 151 [arXiv:1603.07426]
[INSPIRE].

I. Balitsky and A. Tarasov, Gluon TMD in particle production from low to moderate x, JHEP
06 (2016) 164 [arXiv:1603.06548] [INSPIRE].

L.N. Lipatov, Reggeization of the Vector Meson and the Vacuum Singularity in Nonabelian
Gauge Theories, Sov. J. Nucl. Phys. 23 (1976) 338 [Yad. Fiz. 23 (1976) 642] [INSPIRE].

E.A. Kuraev, L.N. Lipatov and V.S. Fadin, Multi-Reggeon Processes in the Yang-Mills
Theory, Sov. Phys. JETP 44 (1976) 443 nSPIRE].

L.I. Balitsky and L.N. Lipatov, The Pomeranchuk Singularity in Quantum Chromodynamics,
Sov. J. Nucl. Phys. 28 (1978) 822 [Yad. Fiz. 28 (1978) 1597] [INSPIRE].

A H. Mueller, B.-W. Xiao and F. Yuan, Sudakov Resummation in Small-x Saturation
Formalism, Phys. Rev. Lett. 110 (2013) 082301 [arXiv:1210.5792] [INSPIRE].

A.H. Mueller, B.-W. Xiao and F. Yuan, Sudakov double logarithms resummation in hard
processes in the small-xz saturation formalism, Phys. Rev. D 88 (2013) 114010
[arXiv:1308.2993] [INSPIRE].

E. Akcakaya, A. Schafer and J. Zhou, Azimuthal asymmetries for quark pair production in
pA collisions, Phys. Rev. D 87 (2013) 054010 [arXiv:1208.4965] InSPIRE].

E. Tancu and J. Laidet, Gluon splitting in a shockwave, Nucl. Phys. A 916 (2013) 48
[arXiv:1305.5926] [INSPIRE].

K. Rummukainen and H. Weigert, Universal features of JIMWLK and BK evolution at small
x, Nucl. Phys. A 739 (2004) 183 [hep-ph/0309306] [INSPIRE].

T. Lappi and H. Méntysaari, On the running coupling in the JIMWLK equation, Eur. Phys.
J. C 73 (2013) 2307 [arXiv:1212.4825] [INSPIRE].

T. Lappi, Wilson line correlator in the MV model: Relating the glasma to deep inelastic
scattering, Eur. Phys. J. C 55 (2008) 285 [arXiv:0711.3039] [INSPIRE].

A. Dumitru, T. Lappi and V. Skokov, Distribution of Linearly Polarized Gluons and FElliptic
Azimuthal Anisotropy in Deep Inelastic Scattering Dijet Production at High Energy, Phys.
Rev. Lett. 115 (2015) 252301 [arXiv:1508.04438] [iNSPIRE].

~ 98 —


http://dx.doi.org/10.1103/PhysRevD.59.014015
https://arxiv.org/abs/hep-ph/9709432
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D59,014015%22
http://dx.doi.org/10.1016/S0375-9474(01)00642-X
https://arxiv.org/abs/hep-ph/0011241
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,A692,583%22
http://dx.doi.org/10.1016/S0370-2693(01)00524-X
https://arxiv.org/abs/hep-ph/0102009
http://inspirehep.net/search?p=find+J+%22Phys.Lett.,B510,133%22
http://dx.doi.org/10.1016/S0375-9474(01)01329-X
https://arxiv.org/abs/hep-ph/0109115
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,A703,489%22
http://dx.doi.org/10.1016/S0375-9474(01)01668-2
https://arxiv.org/abs/hep-ph/0004044
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,A703,823%22
http://dx.doi.org/10.1007/JHEP10(2015)017
http://dx.doi.org/10.1007/JHEP10(2015)017
https://arxiv.org/abs/1505.02151
http://inspirehep.net/search?p=find+J+%22JHEP,1510,017%22
http://dx.doi.org/10.1007/JHEP06(2016)151
https://arxiv.org/abs/1603.07426
http://inspirehep.net/search?p=find+J+%22JHEP,1606,151%22
http://dx.doi.org/10.1007/JHEP06(2016)164
http://dx.doi.org/10.1007/JHEP06(2016)164
https://arxiv.org/abs/1603.06548
http://inspirehep.net/search?p=find+EPRINT+arXiv:1603.06548
http://inspirehep.net/search?p=find+J+%22Sov.J.Nucl.Phys.,23,338%22
http://inspirehep.net/search?p=find+J+%22Sov.Phys.JETP,44,443%22
http://inspirehep.net/search?p=find+J+%22Sov.J.Nucl.Phys.,28,822%22
http://dx.doi.org/10.1103/PhysRevLett.110.082301
https://arxiv.org/abs/1210.5792
http://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,110,082301%22
http://dx.doi.org/10.1103/PhysRevD.88.114010
https://arxiv.org/abs/1308.2993
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D88,114010%22
http://dx.doi.org/10.1103/PhysRevD.87.054010
https://arxiv.org/abs/1208.4965
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D87,054010%22
http://dx.doi.org/10.1016/j.nuclphysa.2013.07.012
https://arxiv.org/abs/1305.5926
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,A916,48%22
http://dx.doi.org/10.1016/j.nuclphysa.2004.03.219
https://arxiv.org/abs/hep-ph/0309306
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,A739,183%22
http://dx.doi.org/10.1140/epjc/s10052-013-2307-z
http://dx.doi.org/10.1140/epjc/s10052-013-2307-z
https://arxiv.org/abs/1212.4825
http://inspirehep.net/search?p=find+J+%22Eur.Phys.J.,C73,2307%22
http://dx.doi.org/10.1140/epjc/s10052-008-0588-4
https://arxiv.org/abs/0711.3039
http://inspirehep.net/search?p=find+J+%22Eur.Phys.J.,C55,285%22
http://dx.doi.org/10.1103/PhysRevLett.115.252301
http://dx.doi.org/10.1103/PhysRevLett.115.252301
https://arxiv.org/abs/1508.04438
http://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,115,252301%22

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

F. de Soto and C. Roiesnel, On the reduction of hypercubic lattice artifacts, JHEP 09 (2007)
007 [arXiv:0705.3523] INSPIRE].

S. Munier and R.B. Peschanski, Geometric scaling as traveling waves, Phys. Rev. Lett. 91
(2003) 232001 [hep-ph/0309177] [INSPIRE].

F. Dominguez, A.H. Mueller, S. Munier and B.-W. Xiao, On the small-x evolution of the
color quadrupole and the Weizsicker- Williams gluon distribution, Phys. Lett. B 705 (2011)
106 [arXiv:1108.1752] [INSPIRE].

T. Lappi, Gluon spectrum in the glasma from JIMWLK evolution, Phys. Lett. B 703 (2011)
325 [arXiv:1105.5511] [INSPIRE].

A. Dumitru, J. Jalilian-Marian, T. Lappi, B. Schenke and R. Venugopalan, Renormalization
group evolution of multi-gluon correlators in high energy QCD, Phys. Lett. B 706 (2011) 219
[arXiv:1108.4764] [INSPIRE].

A. van Hameren, P. Kotko, K. Kutak, C. Marquet, E. Petreska and S. Sapeta, Forward di-jet
production in p+Pb collisions in the small-z improved TMD factorization framework,
arXiv:1607.03121 [INSPIRE].

E. Petreska, Factorization for Forward Dijets in Dilute-Dense Collisions, arXiv:1511.09403
[INSPIRE].

I. Balitsky, Operator expansion for high-energy scattering, Nucl. Phys. B 463 (1996) 99
[hep-ph/9509348] [INSPIRE].

Y. V. Kovchegov, Small z F(2) structure function of a nucleus including multiple Pomeron
exchanges, Phys. Rev. D 60 (1999) 034008 [hep-ph/9901281] [INSPIRE].

Y. Hatta and E. Iancu, Collinearly improved JIMWLK evolution in Langevin form, JHEP
08 (2016) 083 [arXiv:1606.03269] [INSPIRE].

I. Balitsky and G.A. Chirilli, Rapidity evolution of Wilson lines at the next-to-leading order,
Phys. Rev. D 88 (2013) 111501 [arXiv:1309.7644] [INSPIRE].

A. Kovner, M. Lublinsky and Y. Mulian, Jalilian-Marian, lancu, McLerran, Weigert,
Leonidov, Kovner evolution at next to leading order, Phys. Rev. D 89 (2014) 061704
[arXiv:1310.0378] [INSPIRE].

Y.V. Kovchegov and M.D. Sievert, Calculating TMDs of a Large Nucleus: Quasi-Classical
Approzimation and Quantum Evolution, Nucl. Phys. B 903 (2016) 164 [arXiv:1505.01176]
[INSPIRE].

Y.V. Kovchegov, D. Pitonyak and M.D. Sievert, Helicity Fvolution at Small-z, JHEP 01
(2016) 072 [arXiv:1511.06737] [INSPIRE].

D. Boer, S. Cotogno, T. van Daal, P.J. Mulders, A. Signori and Y.-J. Zhou, Gluon and
Wilson loop TMDs for hadrons of spin < 1, arXiv:1607.01654 [INSPIRE].

~ 99 —


http://dx.doi.org/10.1088/1126-6708/2007/09/007
http://dx.doi.org/10.1088/1126-6708/2007/09/007
https://arxiv.org/abs/0705.3523
http://inspirehep.net/search?p=find+J+%22JHEP,0709,007%22
http://dx.doi.org/10.1103/PhysRevLett.91.232001
http://dx.doi.org/10.1103/PhysRevLett.91.232001
https://arxiv.org/abs/hep-ph/0309177
http://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,91,232001%22
http://dx.doi.org/10.1016/j.physletb.2011.09.104
http://dx.doi.org/10.1016/j.physletb.2011.09.104
https://arxiv.org/abs/1108.1752
http://inspirehep.net/search?p=find+J+%22Phys.Lett.,B705,106%22
http://dx.doi.org/10.1016/j.physletb.2011.08.011
http://dx.doi.org/10.1016/j.physletb.2011.08.011
https://arxiv.org/abs/1105.5511
http://inspirehep.net/search?p=find+J+%22Phys.Lett.,B703,325%22
http://dx.doi.org/10.1016/j.physletb.2011.11.002
https://arxiv.org/abs/1108.4764
http://inspirehep.net/search?p=find+J+%22Phys.Lett.,B706,219%22
https://arxiv.org/abs/1607.03121
http://inspirehep.net/search?p=find+EPRINT+arXiv:1607.03121
https://arxiv.org/abs/1511.09403
http://inspirehep.net/search?p=find+EPRINT+arXiv:1511.09403
http://dx.doi.org/10.1016/0550-3213(95)00638-9
https://arxiv.org/abs/hep-ph/9509348
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B463,99%22
http://dx.doi.org/10.1103/PhysRevD.60.034008
https://arxiv.org/abs/hep-ph/9901281
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D60,034008%22
http://dx.doi.org/10.1007/JHEP08(2016)083
http://dx.doi.org/10.1007/JHEP08(2016)083
https://arxiv.org/abs/1606.03269
http://inspirehep.net/search?p=find+EPRINT+arXiv:1606.03269
http://dx.doi.org/10.1103/PhysRevD.88.111501
https://arxiv.org/abs/1309.7644
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D88,111501%22
http://dx.doi.org/10.1103/PhysRevD.89.061704
https://arxiv.org/abs/1310.0378
http://inspirehep.net/search?p=find+J+%22Phys.Rev.,D89,061704%22
http://dx.doi.org/10.1016/j.nuclphysb.2015.12.008
https://arxiv.org/abs/1505.01176
http://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B903,164%22
http://dx.doi.org/10.1007/JHEP01(2016)072
http://dx.doi.org/10.1007/JHEP01(2016)072
https://arxiv.org/abs/1511.06737
http://inspirehep.net/search?p=find+J+%22JHEP,1601,072%22
https://arxiv.org/abs/1607.01654
http://inspirehep.net/search?p=find+EPRINT+arXiv:1607.01654

	Introduction
	Small-x limit of the TMD factorization framework
	The TMD factorization formula for forward di-jets
	Taking the small-x limit

	Leading power of the CGC framework
	The quark initiated channel q-qg
	Extracting the leading power
	The gluon initiated channels g-q bar(q) and g-gg

	Lattice simulation of the JIMWLK equation
	Algorithmic implementation
	Data analysis

	Results for the gluon TMDs
	Geometric scaling
	High-k(t) behavior

	Conclusions

