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We discuss transverse momentum dependent (TMD) gluon distributions within high energy factorization
at next-to-leading order in the strong coupling within the framework of Lipatov’s high energy effective
action. We provide a detailed discussion of both rapidity divergences related to the TMD definition and its
soft factor on the one hand, and rapidity divergences due to high energy factorization on the other hand, and
discuss common features and differences between Collins-Soper (CS) and Balitsky-Fadin-Kuarev-Lipatov
(BFKL) evolution. While we confirm earlier results which state that the unpolarized and linearly polarized
gluon TMD agree in the BFKL limit at leading order, we find that both distributions differ, once next-to-
leading order corrections are being included. Unlike previous results, our framework allows us to recover
the complete anomalous dimension associated with the Collins-Soper-Sterman (CSS) evolution of the
TMD distribution, including also single-logarithmic terms in the CSS evolution. As an additional result, we
provide a definition of k; factorization, i.e., matching of off shell coefficients to collinear factorization at
next-to-leading order within high energy factorization and the effective action framework. We furthermore
establish a link between the QCD operator definition of the TMD gluon distribution and a previously
derived off shell TMD gluon-to-gluon splitting function, which is within the present framework obtained as

the real one-loop correction.

DOI: 10.1103/PhysRevD.104.054014

I. INTRODUCTION

Transverse momentum dependent (TMD) parton distri-
bution functions (PDFs) [1-3] are objects of increased
interest, since they allow us to provide a more precise
kinematic description of partonic scattering processes
already at the leading order (LO) of perturbation theory.
This is in particular true, if the observable of interest is not
entirely inclusive. In that case, TMD PDFs provide an
important advantage over a description based on collinear
parton distributions. TMD PDFs arise naturally in processes
that are characterized by a hierarchy of scales. With Q, the
scale of the hard reactions, TMD PDFs are at first defined for
the hierarchy Q> qr > Agcp with g7, the transverse
momentum of the parton, and Agcp, the QCD characteristic
scale of a few hundred MeV. The QCD description of such
events gives then rise to the so-called Collins-Soper-Sterman
(CSS) [4-6] resummation formalism. A different kinematic
hierarchy in which TMD PDFs arise is provided by the

*manin.hentschinski@udlap.mx

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’.

2470-0010/2021/104(5)/054014(23)

054014-1

perturbative Regge or low x limit \/s > M > Aqcp, Where
\/s denotes the center of mass energy of the reaction and
x = M?/s. While the resulting high energy factorization
[7-9] does not primarily address the description of transverse
momenta of final states, the ensuing formalism naturally
factorizes cross sections into transverse momentum depen-
dent coefficients, so-called impact factors, and transverse
momentum dependent Green’s function, which summarize
logarithms in the center of mass energy. In particular,
Balitsky-Fadin-Kuraev-Lipatov (BFKL) evolution [10-15],
as well as its nonlinear extensions, keep track of transverse
momenta along the evolution chain.

Both kinematic limits have a region of overlap, charac-
terized through the hierarchy /s> M > g7 > Aqcp,
which is of particular interest due its sensitivity to the
emergence of a semihard dynamical scale in the low x limit,
the so-called saturation scale [16]. The relation of both
frameworks has been explored in a series of publications
[17-25] and is currently used for a wide set of phenom-
enological studies; see, e.g., [26-31]. A somehow orthogo-
nal approach has been put forward in [32-34]: instead of
studying the region of overlap of both kinematic regimes, the
goal has been to derive TMD evolution kernels, which are
meant to achieve a simultaneous resummation of both
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) and
BFKL logarithms [35,36]. Such an approach seems to be
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of particular interest for Monte Carlo applications such as
[37-41]. While currently only real splitting kernels have
been derived, which reduce in the regarding limits to the
respective real DGLAP and BFKL kernels, the relation to
CSS resummation is at the moment less clear; however, the
gluon-to-gluon splitting kernel could be shown to reduce to
the Ciafaloni-Catani-Fiore-Marchesini kernel [42,43] in the
soft limit.

In the following, we aim at solving various open questions
related to the previously mentioned studies. In particular, we
will give a next-to-leading order (NLO) study with respect to
an expansion in the strong coupling constant a; of the gluon
TMD in the high energy limit. While a related study has been
already presented in [22] within the color-glass-condensate
approach, we will investigate this problem within the context
of Lipatov’s high energy effective action [44,45]. Starting
with [46-50], the systematic determination of perturbative
higher order corrections has been worked out for this
framework, while in [51], equivalence with the color-
glass-condensate formalism has been demonstrated, includ-
ing a rederivation of the Balitsky-JIMWLK evolution, see
also [52,53] for reviews; for further recent studies based on
this framework, see also [54-61]. In [62], a systematic
framework for the determination of next-to-leading order
corrections at the cross section level has been worked out.
For the present study, we will further extend this framework
to include asymmetric factorization scale settings as required
for a matching to collinear factorization, i.e., k; factorization
[8]. While this framework is currently limited to the dilute
regime, i.e., two (reggeized) gluon exchange at the level of
the cross section, it has the great advantage that it allows us
to systematically study different choices of factorization
parameter and schemes, which will be of particular use for
the further exploration of the relation between BFKL and
Collins-Soper (CS) [4,5] evolution initiated in [20]. In
particular, we will determine systematically the NLO coef-
ficients that relate the QCD operator definition of the
unpolarized and linearly polarized gluon TMD PDF with
the unintegrated gluon density of high energy factorization,
which in turn will allow us to recover the complete CSS

|

do
ddesz

where yy = 1/2 In(x,/xp) is the rapidity of the Higgs
boson, while x, p denote the hadron momentum fractions
of gluons stemming from hadron A, B, respectively, and

Can = (pig)e™ = (My +pj)e0n)(2)

where y,. denotes the rapidity, which divides soft gluons
from hadron A and B; u is the renormalization point of the
cross section. To be specific, we consider the scattering of

resummation scheme in combination with BFKL evolution,
following closely related calculations based on collinear
factorization [63,64]. We expect our result to be useful for a
precise description of final states with small transverse
momenta within high energy factorized cross sections, at
a similar level of accuracy as descriptions based on collinear
factorization.

Another aspect of our result relates to the derivation of
TMD splitting kernels in [32,34]. While the original deri-
vation was based on a combined implementation of the
Curci-Furmanski-Petronzio formalism for the calculation of
the collinear splitting functions [65] and the framework of
high energy factorization provided by [44], we find in the
following that the real contribution to the QCD operator
definition of the unpolarized gluon TMD yields precisely the
previously derived off shell TMD splitting kernel. Our
current study provides therefore a possibility to recover
the so far missing virtual corrections to these off shell
splitting kernels.

The outline of this paper is as follows. In Sec. II, we give
a precise definition of the goal of this paper in more
technical terms, in particular the definition of the gluon
TMD PDFs; Sec. III contains a brief review of Lipatov’s
high energy effective action and presents among other
details an extension of the framework of [62] to ky
factorization. In Sec. IV, we present the results of our
NLO calculation, while Sec. V discusses aspects related to
the interplay of CS and BFKL evolution. In Sec. VI, we
summarize our result and provide an outlook on future
research.

II. THE SETUP OF OUR STUDY

The starting point of our study is the TMD factorization
of a suitable perturbative process. To be specific, we will
refer in the following to the transverse momentum dis-
tribution of a Higgs boson, as discussed, for instance, in
[64]; see also [63]. With py and my transverse momentum
and the mass of the Higgs boson, this factorization is valid
for |py| < my and reads

= O-O(Iu)ctz(m%? M)H(m%-]’ lu) / dzqadqu(Zﬂ)ZCs(Z) (pH —qq— qb)z : xAF;j/A<xA’ gA;qa’ /«l) : xBF;j/B(xB’ gB;qbvﬂ)7

(1)

two hadrons with lightlike momenta p, and pp, which
serve to define the light cone directions,

2

(ni)ﬂ \/EPZ.B’

S =2p4- Dp. (3)

which yields the following Sudakov decomposition of a
generic four momentum:
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e
k=Kt kot kr,

kKt =k-nt, (4)
and n* - k; = 0. Here, k; is the embedding of the Euclid-
ean vector k into Minkowski space, so k7 = —k*. For
Eq. (1), the top quark is considered to be integrated out, and
C, is the corresponding Wilson coefficient; H is the square
of the on shell gluon form factor at the timelike momentum
transfer ¢> = m%,, with infrared divergences subtracted; see
[66]. To a leading order in perturbation theory, they equal
one, while the precise NLO expression are not of interest
for the following discussion and can be found, for instance,
in [64]. oy(u) is finally the collinear Born level cross
section for the process gg — H,

%7 gH:_as(ﬂ) (5)

oy =

XF;]}B(JCB,CB;q,ﬂ): lim /2

0,y =0

where S‘(Zyc,a;,u,‘f) denotes the soft factor and
lim,_ . n(6) = n~, with ¢ — oo a suitable regulator whose
precise implementation will be given in Eq. (48) below.

dETdE
n)yp;°

with v ~ 246 GeV the Higgs vacuum expectation value, and
a,(u) denotes finally the strong coupling constant at the
renormalization point . For an unpolarized hadron, the TMD
correlator I', i, j = 1, 2 can be further decomposed [67]

- ij
F;IJ/B('XB’ §B9qvﬂ) = _ng/B(xl% Z.:B;qha/'t)
8 q¢
+ <_+7>hg/B(XB’CB;qb7ﬂ)’

2
(6)

where f,/5(xp.Cp:qp.u) denotes the unpolarized TMD
gluon distriubtion and /.5 (xg, p: ;. 1) the linearly polar-
ized TMD gluon distribution in an unpolarized hadron. In
terms of QCD fields, the TMD PDF is defined as [63,64]

l(prg'f+/2_q'§)S<2y67 U, /'lv E)
(h(pe) eV GH(€) W G (0)]|h(ps)) o (7)
[
- 1
SO1Ly2i8) =1
. <0|(ng(YI))ngz(yz)<wgz(yz))+wgl()H)|O>’

Gauge links are in general given as a combination of a
longitudinal and a transverse gauge link [2], where the
transverse gauge link is placed at light cone infinity.
Working in a covariant gauge, the gauge field at infinity
vanishes, and the transverse gauge link therefore equals
one. We will therefore in the following not consider the
transverse gauge link. The longitudinal gauge link is on
the other hand given by

WI =P exp (—%/_0 d/ln-v(/ln+§)>, (8)

where v, (x) = —it“v§(x) denotes the gluonic field, and

1
G =~ [D#, D]

Dﬂ = all + g/ljﬂ, g

= —itr"GY’. 9)
For the soft factor, there exists various prescriptions in the
literature; see, e.g., [2,63,64,68-70]. To keep the discus-

sion as general as possible, we will consider below the
most general soft factor introduced in [2,69],

) S(2y,. 2{,1;5)
5(6.-2y..:€)8(0.2y,:€)

SQ2y,..0o;p,€) = \/ (10)

with

(11)

where n;,(y;,) are tilted Wilson lines, such that n; is
placed at rapidity[71] y,/2 and n, at rapidity —y,/2. For a
precise definition of the light cone directions, see Eq. (48)
further below. The goal of the following sections is to
study this gluon TMD in the high energy limit at next-to-
leading order. In particular, we will discuss the factori-
zation of this TMD PDF into a perturbative coefficient, the
BFKL gluon Green’s function, and a hadronic impact
factor. The latter two will then form the so-called unin-
tegrated gluon density within high energy factorization.
Our study is limited to the exchange of two reggeized
gluons. It is known from various studies that the gluon
TMD also receives corrections due to the exchange of
multiple reggeized gluons, which are of importance to
take into account corrections due to high gluon densities
and their possible saturation; see, e.g., [17,24,27,29,72].
While these are very interesting questions—in particular
since they can provide modifications of the region of very
small transverse momenta due to the emergence of a
saturation scale—we do not consider these effects in the
following. Instead, great care will be taken to provide a
complete discussion of various factorization scales and
parameters both due to factorization in the soft limit and
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the high energy limit, as well as UV renormalization. The
study of these effects is somehow more straightforward, if
the observable is restricted to two reggeized gluon
exchange, which is the reason why we focus on this limit
in the following. The obtained results may then be
generalized at a later stage to the case of multiple
reggeized gluon exchange.

Another motivation for this study is to link the above
gluon TMD to the TMD splitting kernels derived in
[32,34]. Below, we will demonstrate that the TMD
gluon-to-gluon splitting of [34] arises directly from the
real contributions to the one-loop coefficient. We believe
that this is a very interesting result, since it allows us to
connect the framework of real TMD splitting kernels to the
above operator definitions of TMD PDFs.

III. THE HIGH-ENERGY EFFECTIVE ACTION

Since the current study requires a small but important
generalization in comparison to the framework presented in
[29], we begin our study with a short review of the high
energy effective action and the resulting calculational
framework for NLO calculations. Our treatment of high
energy factorization is based on Lipatov’s high energy
effective action [44]. Within this framework, QCD ampli-
tudes in the high energy limit are decomposed into gauge
invariant subamplitudes, which are localized in rapidity
space and describe the coupling of quarks (y), gluon (v,),
and ghost (¢) fields to a new degree of freedom, the
reggeized gluon field A, (x). The latter is introduced as a
convenient tool to reconstruct the complete QCD ampli-
tudes in the high energy limit out of the subamplitudes
restricted to small rapidity intervals. Lipatov’s effective
action is then obtained by adding an induced term S,4 to
the QCD action Sqcp,

Seir = Soep + Sinds (12)
where the induced term S;,q4 describes the coupling of the
gluonic field v, = —ir*v§(x) to the reggeized gluon field
AL (x) = —it"A%(x). High energy factorized amplitudes
reveal strong ordering in plus and minus components of
momenta, which is reflected in the following kinematic
constraint obeyed by the reggeized gluon field:

k,c,v +2a
— _iq25ac(n:|:)1/, |q — 5abiq/_22
g,a, % ki —0. -Sb
(a) (b)
FIG. 1.
gluons.

0,A_(x) =0=0_A_(x). (13)
Even though the reggeized gluon field is charged under the
QCD gauge group SU(N,.), it is invariant under local gauge
transformation 6A. = 0. Its kinetic term and the gauge
invariant coupling to the QCD gluon field are contained in
the induced term,

S = [ At [(W-[ox)] = A- ()3 A, (3]

+[(Wo [v(x)] = A () A A_(x)]. (14)

Wlv(x)] = D. = 0.+ gv.(x). (15)

1
v:l:(x) D_iai’

For a more in depth discussion of the effective action, we
refer to the reviews [52,53]. Due to the induced term in
Eq. (12), the Feynman rules of the effective action
comprise, apart from the usual QCD Feynman rules, the
propagator of the reggeized gluon and an infinite number of
so-called induced vertices. Vertices and propagators needed
for the current study are collected in Fig. 1. Determination
of NLO corrections using this effective action approach has
been addressed recently in series of publications [46—50].
For a discussion of the analogous high energy effective for
flavor exchange [73] at NLO, see, e.g., [74-76].

A. Determination of NLO coefficients

The framework for the determination of NLO corrections
has been established in [62] within the determination of the
NLO forward Higgs production coefficient in the infinite
top mass limit. We will therefore frequently refer to the
process,

gluon(p,,) + quark(p,) — Higgs(py) + X, (16)
as an example process in the following, where we further
assume that the particles in the fragmentation region of the
scattering particles are widely separated in rapidity. The
partonic impact factor of the quark with momentum p,, will
be later on replaced by the hadronic impact factor, which

ki, c1,11 ko, co, 19
2
+ +
— gfcu:gal;l?(n )V1 (TL )l/z’
1
q,a,*
K+ ky =0
(©

Feynman rules for the lowest-order effective vertices of the effective action. Wavy lines denote reggeized fields and curly lines
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forms together with the BFKL Green’s function, the
unintegrated gluon density. As in [62], we will consider
matrix elements normalized to match corresponding col-
linear matrix elements for vanishing virtuality of the
reggeized gluon state. We therefore have

(k)2
4

Wyl =

ar® —»XEZ”>

2. (17)

where we average over incoming parton color as well as the
color of the reggeized gluon and sum over the color of
produced particles; X" denotes the n-particle system
produced in the regarding fragmentation region. With

4T = (27)dsf (pa k-3 p ,) dol),
Jj=1

o) 711[741% 5, (p? —m?) (18)
- (zﬂ)d—l +\Pj i’
=1

we arrive at the following definition of an off shell partonic
cross section d6,, and the corresponding impact factor

h*r (k):

|‘/4ar+—>X('1> |
d6a+ = 2p;ki (n)’
. dik~
i (k) = / 9 d,.. (19)

Note that this impact factor can in principle be arbitrarily
differential, as far as the formulation of high energy
factorization is concerned; for a corresponding definition
of the other impact factor, we refer to [62]. The above
expression is subject to so-called rapidity divergences,
which are understood to be regulated through lower cutoffs

Pa

Py - Dy

on the rapidity of all particles, n; > —p/2 with p — oo and
i =1,...,n for n the number of particles produced in the
fragmentation region of the initial parton a. For virtual
corrections, the regularization is achieved through tilting
light cone directions of the high energy effective action,

nt—>nt+e’n, p — 0. (20)
Below we will also comment on the possibility to regularize
rapidity divergences through tilting light cone direction
also in the case of real corrections; see Sec. III D.

As shown through explicit results [46,48-50,62],
impact factors contain beyond leading order configura-
tions, which reproduce factorized contributions with
internal reggeized gluon exchange. It is therefore neces-
sary to subtract these contributions; see also Fig. 2. To this
end, one defines the bare one-loop two-reggeized-gluon
Green’s function Gg(ky,k,) as well as the impact factors
through the following perturbative expansion:

GB<k1,k2;p) = 5(2+2€) (kl + kz) + Gg)(kl,kz,p) + o
halk, p) = h (k) + B (ko p) + - - (21)

Using the following convolution convention:

If ® gl(ky.ky) = / &> qf(ky.q)9(q.k>), (22)

we then define the following subtracted bare NLO
coefficient,

Cllyk.p) = n (k) + h (k. p)
- @G k), (23)

and [77]

ky

14
)00000"
ks

Py

FIG. 2. NLO correction to forward Higgs production (left) and the factorized matrix element with internal reggeized gluon exchange
(right). The NLO correction contains the factorized contribution, which need to be subtracted from the former.
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1 o, . + .

NLO __ ky (ugd) The transition functions Z* have a twofold purpose: they

dou” = zlte (Cala(P) ® Gi(p) @ €5 (p) both serve to cancel p-dependent terms between impact
+ terms beyond NLO, (24) factors and Green’s function and allow us to define the

BFKL kernel. In particular,
where we added the superscripts “ky” and “ugd” to

indicate that the impact factor of the particle w.ith i Zt(pik.q) = [Z7(D) @ Kyrxr] (k. q).
momentum p,, refers to the hard event and the unin- dp
tegrated gluon distribution, respectively. While rapidity d__, . - o
divergences cancel for the above expression, its elements d_/')Z (Pik.q) = [Kprx ® Z7(9)](k.q), (28)
still depend on the regulator. As a next step, we therefore
define a renormalized Green’s function Gy through where
K k.q) = KW(k, KO (k, .. (29
Gplky ki p) = {Z* <g_ ﬂa) ® Gl — 1) kL (K, q) (k.q) + K" (k.q) + (29)
_(p
®Z <§+’7b>:|(k1’k2)’ (25)
B. Transition function and finite terms
which yields In the following, we generalize the treatment given in

[62] through including as well the most general finite

doNEO = [Cyr(na) ® Gr(na ) ® Cpr(ny)],  (26) contribution into our discussion. The need to include finite
contribution into this transition factors has been first

where realized in the determination of the two-loop gluon
Regge trajectory in [48-50], where both divergent and

(P finite terms could be simply taken to exponentiate, since

Carlasky) = [Ca ) ®Z (2 - naﬂ (K1), one is dealing with one-reggeized gluon exchange con-
tributions only. A suitable generalization, which both

Cor(piky) = [24— (g+,]b> ® Cb(ﬂ)} (ky). (27) reduces tg the ex.ponential ansatz of [50] and obeys
Eq. (28), is then given by

+ (A (2+2€) A ﬁ2 + A + f+®f+(k’q)
Z(psk.q) =0 (k_q)+/)KBFKL(kvq)+?KBFKL®KBFKL(k»q)+f ® pKprkL(k.q) + f (k,q)+f...,
A2 _ _
PR . . P . _ _ [ (kq
Z=(p;k.q) = 51+2 )<k_‘1)+ﬂKBFKL(k"I)+3KBFKL®KBFKL(k"I)+PKBFKL ®f (k.q)+f (k,q)—i—f()...,

(30)

which is sufficient for a discussion up to NLO accuracy. As we will see in the following, these finite contributions serve a
twofold purpose. At first, they remove a potential finite contribution in the bare Green’s function,

(1 ) a;Cap 1 1 (ki (2+2¢)
Gyl (ki ky;p) = R = ) ki —k
B ( 1, K2 P) 7 (”e(kl —k2)2 c ﬂ2 ( 1 2)
a, k% €(5C4—=2n; 31C, 10n; )
% ([t _ . 5(2+2c) ki —k , 31
o <#2> ( 3 9 T 9 (ky — k) (31)
|
where a,C 1 1 (k?\¢
KW (ke Jy ) =——A — (=) 62129k, —k,)|.
( 1 2) T n_e(kl_kz)z € 2 ( 1 2)
2 2e 33
e . gT(—eu (33)
re=a"tT(1l—e)p,  a;= e (32)

To keep the treatment as general as possible, the finite
contribution is on the other hand then split up into two
which then yields directly the one-loop BFKL kernel, terms,
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Ok k) = FH O ke k) + FE2 U (ky k). (34)
The contribution f* is used to transfer finite terms
contained in the Green’s function to the impact factors.
We take, in the following, this function to be identical for
both plus and minus direction f=") (k. k,) = FV (k. k).
Indeed, since we are essentially dealing with contributions
due to the gluon polarization tensor in the high energy limit,
such a symmetric treatment appears to be the appropriate
one. One finds

a, [ 5Cs—2n; (IF\¢
4r 3e 2

31C, — 10
n Ai"f} 522 (e, — ky) + O(e).

f (k17k2>

9
(35)

The second contribution f* was absent in the discussion of
[62]. It needs to satisfy to one-loop the following require-
ment, to ensure absence of finite terms in the Green’s
function:

J_c+’(1) (kl ’ k2) = _.?_,(1) (kl s k2) = .]_C(l) (kl s k2) (36)
Note that similar constraints can be imposed on higher
order contributions to the functions f* to achieve a Green’s
function without finite contributions at higher orders.
Including all contributions, one finally arrives at following
expression for the NLO coefficient:

CNO (k) = hY (k) + " (k) + hY)
® [(‘% - Si’?i) K+ Sif(l) - JNC(I) (k)
i=a,b, Sap =T, (37)
where K (k,,ky) and fU)(k,,k,) are given in Eq. (33)

and Eq. (35), respectively. The function f(!)(k,, k,) as well
as the evolution parameters 7, , are on the other hand still
undetermined. They are in principle arbitrary, but should be
chosen such that both impact factors are free of large
logarithms.

C. Scale setting for k; factorization

The parameters 7, ;, as well as the function f are at first
arbitrary; the former define through the combination 7, —
n, the evolution parameter of the two reggeized gluon
Green’s function Gg; see also the related discussion in
[53,62]. Usually, it is necessary to chose these parameters
such that the next-to-leading order corrections to impact
factors are under perturbative control and that large
logarithms in the center of mass energy are resumed
through the two reggeized gluon Green’s function. Within

the kp-factorization setup, one of the impact factors, e.g.,
the coefficient Cg,(77,.k;) in our example, is to be
replaced by the hadronic impact factor, which then builds
together with the BEKL Green’s function the unintegrated
gluon density. Even though the hadronic impact factor is
naturally a nonperturbative object, at the very least for
transverse momenta |k,| > 1.5 GeV, it must have an
expansion in terms of collinear parton distribution func-
tions and corresponding collinear coefficients; see e.g.,
[78]. In order to have a complete matching of the resulting
expression for the unintegrated gluon density to the
collinear gluon distribution in the double-logarithmic
limit, it is natural to chose the evolution parameter 7, — 7,
to coincide with the fraction of the hadronic momentum
carried on by the gluon x ~ M2 /s with M, the invariant
mass of the system produced in the fragmentation region
[79]. Note that at NLO, an asymmetric scale choice, i.e.,
choosing the reference scale of the center-of-mass energy
\/s to be of the order of a typical scale of one of the impact
factors, leads to a modification of the NLO BFKL kernel;
see, e.g., [14,80]. To repeat this exercise within the context
of the high energy effective action, we reconsider Eq. (27),
but focus now on the factorization parameters 7, ;, and the
finite terms introduced above,

CNO(ky, M, F) = NLO(kl, ) - [h(M,)

® (1K = F1))(ky)
CNO(y. My, 1y V) = ENL ey M) + [} (M)

® (kW = F)(ky),  (38)

where M, is the invariant mass of the produced final
state corresponding to each of the impact factors and Cr
collects all terms which are independent of both 7,
and f. To equal the evolution parameter of the Green’s
function with the hadron momentum fraction carried on
by the reggeized gluon entering the impact factor Cg,
we set

M, M
Ng = N——, nm =In—,
k )2
Dy M, Xo
SR Y TR P ML 39
Mg =1y = 72+ In—r = In— (39)

g

where M, M, are so far an unspecified reference scale and
xo = My/M is a parameter of order one, which allows us
to estimate the scale uncertainty associated with high
energy factorization. In the following, we chose M to be of
the order of M, i.e., the hard scale. While this is a natural
choice for the hard impact factor, it introduces the same
scale into the hadronic impact factor, characterized in
general by small transverse momenta. We therefore find in
the perturbative region of the hadronic impact factor a
large collinear logarithm, which at first spoils the
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convergence of the perturbative expansion. This logarithm
can however be absorbed into the f function through
setting,

- M
fg(lT)(szlz) Eln@K(l)(szIz), (40)

which eliminates the logarithm in M from the hadronic
impact factor. Note that the choice of |k,| as the relative
scale is somewhat arbitrary, and other choices are equally
possible; see, e.g., [78]. It is interesting to compare this
situation to the case where the parameters 7,, are
identified with the rapidities of the system produced in
the regarding fragmentation region, 7, =InpS/M,,
ny = InM,/p;, with f1) = 0. One finds

M - M
CRLO <k2,Mb,1n—_,f§{1>> = CRy’ <k21Mb»1n—_b ’O>
, D) T ’ Pp
M,

ey

M, .
Lo (kl,Ma,lnk__O,ng)) _ oo (kl,Ma,lnfl—“,o)

d>2g, KD (ky. o)1 (M. ).

M
* / d*q, [h‘(lo)(Ma,qa) -In—=

KW (g, .k ],
Xo|q1| (ql 1)

(41)

which allows us to verify that the presented treatment
agrees—after setting x; = 1—with the one derived in
[80], based on a study of ladder diagrams within the quasi-
multi-Regge-kinematics in the context of the definition of
the NLO inclusive jet vertex. For the NLO BFKL kernel,
one finally obtains the following contribution:

K/(c'z,)(khkz) = K@ (ky, k)
1 Ko 1
——/cﬂk 0 KOy 1)K (k. ),
2 %
(42)

which is independent of the parameter x,, and where K2
denotes the NLO BFKL kernel if 7, is identified with the
rapidities of the external particles with f(!) = 0. The above
expression is in agreement with [80] and [14]. A more
detailed discussion of possible choices of the function f()
will be presented elsewhere.

Summing up we have the general definition of the
unintegrated gluon density,

g(AﬂabWb,k,]_[(l))

:/aaHquR(Aﬂab,kJI)CIE,IZO (‘I,ﬂb,]_c(l)), (43)

where we suppressed the dependence on the invariant mass
M, since the latter can in general be expressed in terms of
the transverse momentum. The kp-factorization scheme
fixes then f(!) through Eq. (40), while An,, =1, — 1, is
set to A;f;’l; =1In 1/x,. The high energy factorized cross
section is then obtained as

1+e€

d2+2€k _
daAB = / dCRNL(:zO(k’ Muv nuvf(l))
T )
X G (Anp, p. K, f), (44)

where “A” might either denote a parton a, a partonic impact
factor convoluted with a parton distribution function of a
hadron A or a colorless initial state which allows for a
perturbative treatment. Concluding, we remark that in [81]
a definition of the unintegrated gluon density has been
proposed in terms of a operator definition with the high
energy gluonic field in light cone gauge, which requires the
inclusion of both so-called two, three, and four body
contributions. While an interpretation of such contributions
in terms of induced vertices Fig. 1 of the high energy
effective action appears to be possible, the precise relation
remains unclear.

D. Regularization of rapidity divergences

As pointed out in the above discussion, high energy
factorized matrix elements are subject to so-called rapidity
divergences. While they cancel at the level of observables
after subtraction of factorizing contribution and use of the
transition function, intermediate results beyond leading order
require a regulator in order to arrive at well-defined matrix
elements. While for real production a cutoff on the rapidity
of produced particles provides a natural way to regulate such
divergences, a consistent regularization is more difficult to
achieve in the case of virtual diagrams. As already pointed
outin Sec. Il A, a suitable way to regulate these divergences
in the case of virtual corrections is to tilt the light cone
directions of the high energy effective action away from the
light cone; see Eq. (20). Note that from a formal point of
view this a very attractive way of regularizing rapidity
divergences, since gauge invariance of the high energy
effective action does not depend on the property n*? = 0;
tilting light cone directions provides therefore a gauge
invariant regulator, similar to dimensional regularization.
Nevertheless, the current treatment, see, e.g., [46,48,62], is
somewhat unsatisfactory, since it treats real (cutoff) and
virtual (tilting) corrections on somewhat different grounds.
At the same time, tilting light cone directions is also a
frequently used regulator for the determination of the one-
loop corrections to TMD PDFs within collinear factoriza-
tion; see, e.g., [2,63] and references therein, which is being
use for both real and virtual corrections. It seems therefore
natural to regulate rapidity divergences through tilting light
cone directions also in the case of real corrections.
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From a technical point, this does not imply any major
complications. However, the real part of the one-loop
Green’s function Eq. (31) would receive a finite correction,
which in covariant Feynman gauge is related to the square
of the induced diagrams (last two diagrams in Fig. 3). As
can be seen already at the level of diagrams, such
contributions arise as well for the corresponding impact
factors, which contain an identical diagram once calculat-
ing the correction due to the emission of an additional real
gluon. As a consequence, it is straightforward to show that
the corresponding contributions cancel, once the subtracted
impact factor and central contribution are combined.
Moreover, such a contribution may be easily absorbed into
a generalized version of the function 7(), Eq. (35). While
including such contributions does not provide any sub-
stantial complication, one deals in that case with an entirely
spurious contribution, which merely arises due to our
choice of our regulator and which has no physical meaning.
It seems therefore natural to employ a regulator which
avoids such a contribution altogether, at least at one-loop.
The modified regulator is essentially identical to the
previously used tilted light cone vectors, while the tilted
elements are taken now to be complex; i.e., we will use in
the following:

+ b.a

nt — nb4 =nt 4 jePn¥, pER. (45)

As a consequence, one has for virtual corrections,

na~b2 — —46_‘0, ne . nb —

2(1 —e7?), (46)
while real corrections yields

ab|2 — (), ne-(nP) +cc.=4(1+e%). (47)

|n
The spurious self-energy like contributions are therefore
absent. The only disadvantage of this method is that terms
of the form In(n“"?) in virtual corrections can give rise to
undesired imaginary parts due to spacelike n?2. While at
the cross section level such imaginary parts cancel

naturally, if one limits oneself to NLO corrections, a
consistent treatment of such a contribution at the amplitude
level would require to absorb this imaginary part into the
parameter p, e.g., through a suitable replacement p — p =
p —ix/2 etc., in the transition functions.

In the following calculation, we will meet rapidity
divergences that originate both from high energy factori-
zation and the QCD operator definition of the TMD gluon
distribution and the corresponding soft factor, which we
will consistently regulate through the tilting as described in
Eq. (45), while we reserve the use of the regulator p — oo
for rapidity divergences due to high energy factorization.
To be specific, we define in the following the tilted Wilson
lines of the TMD definition Eq. (7) and Eq. (11) as

nia(yia) =nT +ie™2n,
n(e) =n-+ien*. (48)

IV. DETERMINATION OF THE GLUON TMD

The goal of the following section is to determine the
gluon TMD Egq. (7) within high energy factorization; i.e.,
we aim at the determination of the following coefficient
Cyq» implicitly defined through

’107 Mps Yes z.:B’q /’t)

/C gB’yc’an’k /’l)g(Anab nb’k)
hg(”a’ Mps Yes CB’ q, ,M)
d’k
= /7%} (€ YerNar 4. K. ) G(Anap, 1y k). (49)

Note that the TMD PDFs at first do not depend on the
proton momentum fraction x, since high energy factoriza-
tion requires to integrate over this longitudinal momentum
fraction. Such a dependence therefore only arises through a
special choice for the parameters 7,,. To allow for a
separate discussion of the different contributions of the
gluon TMD, we further define

oL

FIG. 3.

Real emission contribution to the Lipatov vertex, which yields the one-loop Green’s function (left) and contributing Feynman

diagrams (right). Note current conservation of the Lipatov vertex is given both for tilted and untilted light cone directions.
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g d§+d2+2€§
J(q ,G,q,ﬂ):/m

d2+2€ §

S(yC’O-7 q’:u) = / (271_)2 eiqz.gg(yC’G’ 6’ ,u)’

e h(py) (W G=(E) W G (O)][h(ps)) e —o

(50)

where for the moment, we define the TMD PDF in 2 + 2¢ dimensions, since individual expressions are divergent and

q~ = xpy. We therefore obtain

X(q7,ye g 1) = /d2+2€q11i-"(q‘,a,q1,/4) -S((ve, 0.9 = g1, 1)

(51)

In the following, we evaluate the above gluon TMD for an initial reggeized gluon state with polarization n™ at one-loop. To

be precise, we consider

il oqkop) = | LTE e ] Y ()|t [WVE G (£) Wi G (0)] |7 (k)| 52
(47.0.9.k.4) e S (W)l [(WEDGE) WG (O)]I (k). (52)
2(2x) =k N: =14
|
where the reggeized gluon state r”(k) is defined with the ~ij _ [dk Sij
normalization Eq. (17), appropriate for matching to col- T (xq1k) = k——J (x.q1. k). (54)

linear factorization in the limit of vanishing transverse
momentum, i.e.,

O (0) = etnfe

, 53
T

while high energy factorization requires to integrate over
the minus momentum,

Feynman rules for the determination of perturbative cor-
rections are summarized in Fig. 4. With the following
convention to denote the perturbative expansion in a; for a
generic quantity A(a;),

A(as) :A<0) +A(1)(as)+"'v (55)

_ 51/1jn_ ) e—i(ll+12)'§
va

Cc

> > — .
— gfbacnue—zlf

|

s, a,

a
R G — ]
¢ . . .
% = —iom (np, ] = 8,717 ) e7ihe
gl',yl?a’l
a
R G — ]
6 .
% = gf 100 (5,,7n;,

El:”ha’l 6271/270“2
a b _ b i
- — > - - l-n—i0t

¢

/

FIG. 4. Feynman rules for the perturbative determination of the gluon TMD at amplitude level, i.e., for the evaluation of

WG (0)]1r% (K)).
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where A" ~ o, we have finally at leading order,
Jii0) — M5(2+2€) (q - k)5<1 - k__>
7 q)’
Ny iq/
Ji0) = ‘Iq—‘ga@“@ (q—Fk), (56)
and therefore,

f.(0) _ "0 _ s
ng* (q7k) - ng* (q7k) - 6( )(q _k)’ (57)

and the TMD gluon distributions are up to an overall factor
[82] of 1/x at leading order identical to the unintegrated
gluon density [17],

1 _
f(o) = h(0> = ;G(Arlaba Nps q?f(l))’

g _ 4 -
O =22 G(Anap. np-q. V). (58)
qgn
where the kp-factorization scheme defined in Sec. III C

yields expression which are closest to conventional collin-
|

ear factorization results. Note that the unintegrated gluon
density is therefore directly related to the operator defi-
nition of the gluon TMD. Moreover, in the dilute limit, i.e.,
considering only two reggeized gluon exchange, the un-
integrated gluon density is universal [83]. We further stress
that the distribution of linearly polarized gluons in an
unpolarized hadron is nonzero within high energy factori-
zation already at tree level, in contrast to the result found
within collinear factorization [64]. From a technical point
of view, this is of course easily understood, since the initial
gluon carries within high energy factorization already finite
k and therefore gives rise to such a distribution.

A. One-loop calculation without soft factor

To regularize infrared and ultraviolet divergences, we use
dimensional regularization in d = 4 + 2e. The virtual one-
loop correction is provided by the set of diagrams Fig. 5.
The last diagram in the second line vanish within dimen-
sional regularization, since it is scaleless. Including the
contribution from the complex conjugate amplitude, we
obtain the following result:

—iji(1), _ _ K™\ ~ij(1), _ ~ij (1), _
T2 (g gk k) =5<1—q_>1v’ir§)(q Lq:k). 70 (g q: k)

i ‘ 2Ne q.C4 1

To obtain the projections on the distribution for the
unpolarized TMD PDF f7 and the linearly polarized gluons
hY9 in an unpolarized hadron, we use

fg/B(X,Q) = _gJ_,ijF;j/B(x’ q),
242 ( g7 q'q’
1+2e\2+2 ¢°

hyp(x,q) = )F;’)B(x, q). (60)

which amounts to replace the overall tensor structure
q'q’/q* by one for both the unpolarized and the linearly
polarized TMD. In particular, due to the presence of
nonzero initial transverse momentum, the virtual correction

FIG. 5.

for both TMD distributions are nonzero and agree with
each other. Diagrams for real corrections are depicted in
Fig. 6. Parametrizing k= = ¢~/z and correspondingly,
1= = q (1 -12z)/z, a straightforward calculation yields

=i 1 1 zk™
Jl/v(l) —,q;k—7k :/ dzé <] —>
real (q ) 7T1+€ 0 q_

1 o
meég?r’(z,q,k), (61)

where

N N

Virtual corrections.
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bo

N

FIG. 6. Real corrections. Left: The reggeized gluon (k) is taken as incoming, the real gluon (¢) and the momentum of the TMD PDF
(g) as outgoing, k = g + ¢. Right: Contributing Feynman diagrams.

1 i
POV (z,q.k)

(q-k?" " T 2P T(1—e)

a,Cy {—gﬁ 2(1-2)((q—k)?>—¢*)?
2 (z(g—k)*+ (1 -z2)g*)k?

Kiki

q'q ( 2
¢ \zl(q -k’ +er =g

2
Czlg k) +(1- Z)q2>

kig/ +q'k/ 1

(q—k)* [2(g—k)* + (1 -2)g°]

|+ 0.

2 ~ 2q°
TRq-k? <[(1 —9) e ) [2lg k)7 + (1~ Z)q2}>

(62)

where we kept only track of those contributions of order ¢ and ¢~°, which are needed to regulate integrals over the
momentum fraction z and/or transverse momenta, which are not convergent within dimensional regularization. Real

splitting functions for the unpolarized (13_;";)) and linearly polarized (Péz)) gluon read

1 50 a;,Cy {Z(l -2)(1+e)(P-¢*)? 2 1 1

ok .r(Z,q,k): € 72 2 2 + 2.2

e 2T =) U [+ (=g PR P o (1o 0] (1= 2) - [1+ e b
1 K-3q-k’-¢ } o
Pla(qg—k)* + (1 -2)¢’] )

LR %:Ca 2 : 401+ (- - Pg)

_P r ’ 7k - —

P 4.k 27p*T(1 —¢) {zP 1 +e” (1-2)q ) + (1= [1+e°—Lg ] ( * (1 + 2¢)Pq?k>

ZZ 12

+

(1-z)¢~*
2(1+¢)(k-q)*

[P+ (1-z (1 + 2e¢)

where we used [ = k — ¢. Note that the splitting function
corresponding to f, coincides with the real transverse
momentum splitting function derived in [34] if we set
p = oo = 0. As demonstrated in [34], this splitting function
coincides with the DGLAP splitting function in the limit
k — 0, reduces to the real part of the leading order BFKL
kernel in the limit z — 0, and yields the real leading order
kernel of the CCFM equation in the limit ¢ — k. The
present calculation provides on the other hand an oppor-
tunity to determine the still missing virtual contribution to
this splitting function. We further note—in agreement with
the result presented in [64]—that the coefficient of the
singularity z — 1 vanishes for the polarized splitting,

1 ((1 +2¢)2%k - q+2¢°
)a’]

KPP (1 + 2e) (64)

2}

Eq. (64) in the collinear limit k — 0, after averaging
additionally over the azimuthal angle of the incoming
gluon. For finite k, this singularity is on the other hand
present and requires a treatment similar to the case of the
unpolarized gluon TMD PDF. With the integrated real
corrections—relevant for the current discussion which is
based on high energy factorization—we finally have

real

$(0).ij
’\l“.(l) — . _ ! 1 ng!r (Z’ ‘Lk)
Jréal (q ,q,k) _A dZ (q_k)2 ﬂ1+€ 4 (65)
with
|
1-2)(1+e)P-¢°) 1 K-3(q-k’-¢ ]} (66)
Plzlg—k)P +(1-2)¢]] )

Af, o~ aSCA o+p /1 Z(
J ,q: k) = d
(@™ a:k) 2;:7:6{ R A B P s e
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A(Dh, a,Cy [c+p g\ 2(1+¢)((-q)%-Pg?)
J q: k) = Ini—
real (4 4:K) 2r, { 2 + <6+ N (0t 200K
+ [la ! (1+26)2k g +2¢* 41 +€)(kg)”
o CE (1 -2d] 2(1 1 2¢) 1221 1 2¢)

(67)

2}

where the remaining integrals over z are finite and 7z, is
defined in Eq. (32). If inserted into Eq. (49), the con-
volution integral over the reggeized gluon momentum k
gives still rise to an infrared singularity. A possibility to
extract these singularities is the use of a phase space slicing
parameter; see, e.g., [84—86] for an example within the high
energy effective action. While this is sufficient to demon-
strate finiteness at a formal level, the use of such phase

[

numerical studies at NLO accuracy. For the case of
collinear NLO calculation, the by now conventional tool
to overcome this difficulty are subtraction methods, in
particular dipole subtraction [87]. In [62], this has been
slightly generalized and applied to the case of divergences,
which arise due to convolution integrals of transverse
momenta. In particular, the following decomposition has
been proposed:

space slicing parameters is in general complicated for
|

2+2e¢ K 2 K
[ et = [ ctarr)

k() ¢°G(g)
* / P I P otel, o)
with
3 0 2 2
[ otarom= [T eta o 100 @

The expression in the squared brackets on the right-hand side vanish in the limit |/| — 0, and G(k) is a function which
parametrizes the transverse momentum dependence of the reggeized gluon state. The function x(I) is such that the integral
on the right-hand side of (69) is well-defined, which in practice means that it does not behave worse than In |{| for |I| — 0
and |I| - oco. Furthermore, it should be such that the integral in the second line of (68) can be calculated analytically. Note
that the factor ¢*/[I? + (g + 1)?] is needed to achieve convergence in the ultraviolet. In the current setup, we merely require
the case k(I) = 1 with

/ d:j:l T (lq e Ef};f? +O(e), (70)
and
e ool () )
e | e e PR G g OO O
Tl (q.qik) = aszi" {(p +0) <5<2> (l)é (Zi) + ﬂ% le] +>
(o) e e [ e ) OO )

where the corresponding convolution integral can now be defined in d = 2 dimensions.
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B. Soft factor, counterterms, and renormalization

The above result contains both rapidity divergences due
to high energy factorization (p - oo) and the TMD
definition (6 — o0) as well as single and double poles in
1/e. Rapidity divergences due to high energy factorization
require the subtraction of high energy factorized contribu-
tions to the above correlator as well as the application of the
transition function, as given by Eq. (37). Rapidity diver-
gences due to soft radiation require the soft factor Eq. (10),
which we did not include so far. With the one-loop
expansion,

S(y1.y2:q2) = 8%429(q,)
A CA
2rr,

l+en 1
— + O(a?),

+ 1—e 1™ q%

(1 +y2)
(73)

and taking the limit [88] o,y, — o0, we obtain finally for
the soft function in momentum space at one loop,

aSCA(U B Zyc)

S(2y..0:q,) = 5212 (92)
2nr.q3

+0(a),
(74)
where y, is a finite rapidity and takes a role related to a

factorization scale, similar to the parameter 7, in the case of
|

N ~ a,C 11 q~)?e¥e
CV (g, q:k) = Z_”A {5(2)(1) [6_2 + . <1HL

2 2C,

high energy factorization; in particular, it enters directly the
definition of the scales {4 p defined in Eq. (2). The one-
loop contribution to the TMD gluon densities due to the
soft function is finally given by

_aSCA(O- - Zyc)w

f*ij(l)(x,q,k) — - (q —k)z 2

soft

+0(@2). (75)

Note that the one-loop soft function, which consists of its
real part only within dimensional regularization, agrees
with the real part of the one-loop BFKL kernel. We believe
that this coincidence is limited to the one-loop case and
does not hint at a general universality of the rapidity
dependence of the soft function. In particular, at the
diagrammatic level the soft function does not give rise
to the complete Lipatov vertex, but only to terms related to
the induced contributions; see also the discussion in [89] in
the context of soft-collinear effective theory for high energy
scattering.

As a last step, we need to combine virtual [Eq. (59) and
real (Egs. (66) (67)] corrections, with the soft factor,
making use of the appropriate projections. Note that the
contribution of the soft factor merely amounts to a
replacement of the regulator ¢ by the factorization param-
eter y.. We obtain for the one-loop high energy subtracted
and renormalized one-loop coefficients C")/*" the follow-
ing result:

2 2 —\2 2y,
o) 052 T (o)
u

18 9 3 > 2C,

1 qz] 1 [1} I z(1=2)(P - ¢*)?
~In> 5| +2(y. — 1, =+ / d
2 (e =1 )”1+6 2l Jy 2z 2+ (1-2)¢’ Pk
1 K*-3(q-k)?-¢° } -
- + (g, k) + O(e), 76
Pllg—kp 1 (-agf) f @000 e
> c L 1/ (g7)%e™ B 67 5 = g ( (¢7)e B
COh(g gk = EA sy | 4~ (28" Po )\ (D0 2 T 41 (e Po
(a7.q:k) == Oigren—r—"3,) s o 3z 2,
1 qz] 1|1 q\2(I-q°-Pg)
——In* 5| 4+ 2(y. — 14 —[—] +2<yc—|—ln— —— 5
2 ( )ﬂl+e 2 N |l| ”1+612q2k2
1 1 (> —12)2k -1 -
. M (g,k) + OCe), 77
+ 7[1+€[) Z [le + (1 _ Z)q2]12k2 +f (q ) + (6) ( )
|
where The corresponding renormalization constant is identical for
both unpolarized and linearly polarized gluons and is
11 2n;, obtained as
N

While the above expression no longer carries rapidity
divergences, it still comes with several poles in 1/¢, which
are of ultraviolet origin and which require renormalization.

aCy |1 1 ¢ bo
Zo=1- - (mS -2 (9
G 2 L2+e<nﬂ2 2C, (79)

which gives rise to the following anomalous dimension:
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o (atn) -4

u dlnp
a ¢
== —2C4In= 1, 80
o [ﬁo A ﬂﬂz] (80)

where we used da,/d In u = 2ea,; and ¢ = (g~)*e*<. Note
that the above anomalous dimension agrees with the
corresponding result obtained within a treatment based
on collinear factorization [64]. This is indeed to be
expected since it arises due to the renormalization of
|

~ - a,C ([ g P 1 ,q
B ook 7 = 50 Lo [ (e o) e

2r u

1

2(1-2)(” - ¢*)°

ultraviolet divergences, which are naturally independent
of the nonzero transverse momentum of the initial state
gluon. We however stress that the linearly polarized TMD
gluon distribution does not give rise to the above anoma-
lous dimension within collinear factorization, since the
corresponding distribution vanishes within collinear fac-
torization at tree level; the one-loop result is therefore not
renormalized. We finally obtained for the renormalized
coefficients,

2

~(1)h - a,C g [ ¢
C.Ei.llzk (CvaC’ "Ia’q7k»,u’f(1)) - 2 A {5(2)(1) |:ln/7 |:1n—123 _

™ H

g\ 4((1-q)* - 1q%) 1/‘
4+ — d
+<y‘+“ > SEE Txfy ©

7l

where we made now the dependence on various parameters
v. and 5, explicit. The above expressions for the one-loop
coefficients of unpolarized and linearly polarized gluon
TMD are one of the main results of this work.

V. EVOLUTION

The coefficients Eqs. (81), (82) depend on three factori-
zation scales and/or parameters: u (renormalization scale),
v. (evolution parameter of the soft function), and #,
(evolution parameter of the unintegrated gluon density).
In addition, we still have the dependence on the function
FM, which is also related to the unintegrated gluon density.
The dependence on the renormalization scale and the
factorization parameter y,. gives rise to CSS resummation
framework, [4-6]. In the treatment established for collinear
initial states, see, e.g., [2,64,90], it is customary to consider
to this end the Fourier-transform of the TMD coefficient to
transverse coordinate space,

Col (g yena b k., 1)

- / g (. yeone g kon JU), (83)

where i = f, h and then to evolve the coefficient in
coordinate space,

1
+ﬂA Z[[le+(1—1)q2]2k2 Plz(g -k

1 2
ﬂO :| 11’12q—2—|—

1 k2—3§¢21—k1)2—q2 ]}

2
(@ —1P)2k-1
le + (1 _ z)q2]12k2

T

} L@k, (82)

VSBs

C§§1i<CB,f’ In q- ’n“’b’k’”f’f(l)>
= R(b;Cpy iy, 53,,’7#[)65;);

x (CB,ln qC_B’i Mab K, ﬂi,f“)), (84)

ﬁ

with the evolution operator,

~ 1 dp _ Cp.
R(b;CB,f’”f’CB,ia,ui> = €Xp {/ Eﬂyc <0‘s(/¢)’ n%)}
Hi

@)_kcsgbm) s
: <CB,,» | (5

In the above expression, the CS kernel Kcg(b,pu;) is in
general assumed to have both perturbative and nonpertur-
bative contributions; for a detailed discussion, see
[2,64,90]. The nonperturbative contribution arises due to
the inverse Fourier transform, which requires to integrate
over large values of b, well into the nonperturbative region.
Note that a similar statement applies in principle for the
convolution integral of Eq. (97), if the unintegrated gluon
distribution does not dropoff sufficiently fast for small
values of transverse momentum k. The actual evolution
takes place in two steps: first, one evolves the coefficient at
a certain initial renormalization scale y; from an initial
rapidity y.,—parametrized through g, = (g7)%e>*,
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k =i, f—to a final rapidity y. ;. The second step evolves
then the TMD PDF from the initial to the final renorm-
alization scale. While the value of the final renormalization
scale is of the order of the hard scale, i.e., the Higgs mass
for the current example, the initial renormalization scale y;
must be chosen such that it minimizes the perturbative
correction to the TMD coefficients. In collinear calcula-
tions, it is naturally taken to be of the order of the transverse
momentum ¢ or its inverse conjugate coordinate u;, =
2¢7%¢ /|| with yz ~0.577216 the Euler constant. In the
current setup, the optimal choice is far from apparent, since
the coefficients depend on multiple scales due to nonzero
initial transverse momenta. In particular, the transverse
momenta k and ¢ are at least at first not necessarily of the
same order of magnitude.

A. A comparison of the kernels of CS and BFKL
evolution

Both CS and BFKL evolution describe evolution in
rapidity. It is therefore natural to expect that both evolution
and their respective kernels have a certain overlap. For the
derivation of the CS kernel, we follow closely [2,90], where
the kernel of the Collins-Soper evolution equation is
defined through the y. dependence of the renormalized
soft factor,

kcs(f,ﬂ) =

S SE 200 (60

c

and is itself subject to the following renormalization group

equation:
dKcs o [a)"
m = _F?usp(as(ﬂ))v l—‘éusp: n=1 (ﬁ) Fﬁ—p
67 = 107,
F0—4CA, F?:Fé[<9—3>c/_\— 9 :|,

(87)

where Féusp is the cusp anomalous dimension in the adjoint
representation, see [64,91,92] for higher order terms. At
one loop, one finds

. a,C de=2rE
KdEp) = . 21 (fz—ﬂz> (88)

While the representation in transverse coordinate space is
very useful for a direct solution of the CS equation through
exponentiation of the CS kernel as in Eq. (85), it is also
instructive to formulate the CS equation in momentum
space, which allows for a direct comparison with the BFKL
equation. In particular, defining in complete analogy to the
BFKL treatment a CS Green’s function G;(Ay,k;,k,),
i = BFKL, CS, such that

Gi(o,kl,kz) — (S<2)(k1 —kz),

dGi(Ay, k., k,) /dzk
— e = | —K.(k Gi(Ay, k. k
d,y ju z( lvk) l( Y, K, 2)7 (89)

i = BFKL,CS

one finds at one loop the following simple relation between
both kernels:

Koy Ky ) = Kiiher (k1K)

C 2
~ BT SO) (k) — ky) 1nz—2.

n 1

(90)

The presence of this factor can be explained as follows. As
it is well-known, the virtual correction to the one-loop
BFKL kernel is directly related to the gluon Regge
trajectory (e, k), which in transverse momentum space
can be written as

(e.1?) a,Cy /JMGI K’
(€, - — N N
Amp>*T(1—¢) ) n'*e Pk —1)?
aYCA 1 k2 €
=-—"-(=]). 91
2 €<ﬂ2> oD

The CS equation is on the other hand limited to soft
radiation, which implies restriction to transverse momenta
|l| < |k| and |l — k| < |k|. The integrand in the above
expression therefore reduces to

1

o1,
-k

Pk—1? P

(92)

and the integral vanishes within dimensional regularization
through a cancellation of the infrared and ultraviolet 1/¢
poles. Removing on the other hand, the UV pole through
renormalization, one finally ends up with the virtual
contribution to the CS kernel. The CS evolution can be
therefore understood as the soft approximation to the
complete BFKL kernel. Indeed, such an identification is
natural, since the CS kernel arises from the rapidity
divergence of the soft function, while the BFKL kernel
from the rapidity divergence of partonic cross sections in
the high energy limit /s — oco.

The above discussion clearly suggests that the CS and
BFKL evolution are closely related to each other, with the
CS kernel as the soft limit of the complete BFKL kernel.
When considering CS and BFKL evolution for the same
quantity, it is therefore necessary to remove the overlap of
both evolution equations or alternatively, to restrict them to
distinct regions in phase space, which are then covered by
the regarding evolution equation. In particular, the various
evolution parameters must obey the following ordering:

yE >y =n,> ny (93)
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it is needed to separate the phase space covered by BFKL.  Eq. (49), but with the following choices for the parameters
evolution (rapidity evolution of the entire cross section) and  of the high energy evolution, following the results of
CS evolution (rapidity evolution of soft gluons only).  Sec. IIIC:

Clearly, soft gluons form a subset of the complete cross

section and cannot be evolved separately from the latter in X0 xoM M
rapidity. Afgp =In—=. 1y = ln?, Ny = lnp—
b
B. k; factorization and alternative schemes 71 (g.k) = In <x0M ) 1 { 1 } (94)
In the following, we investigate our result for a specific g (g k)

choice of the evolution parameter of the unintegrated gluon
density, which we fix to coincide with the proton momen-  where M is a still unspecified reference scale. The
tum fraction x; i.e., we consider now the equivalent of coefficients take the following form:

|
oo (x0. (3 g K 1) Iﬁ{ﬁ 0 {1 na <1 %_ﬁ) ‘llnzq_erg_sﬁ_ﬂ_z] +ln<xgz > H

l 1 Z(l _Z)(l2_q2)2 l k2_3(q_k)2_q2

- ﬂ/o & [[Zl2 (- Pllg—kP+(1- Z)qz]} } )

2 2 20,) 2" 218 9c, 3
A(]>h’k a CA q CB q 67 Snf 77.'2 é’B 1 1
ng* T('xo CBvq k,ﬂ) o { (l)|: —2|: F—E] —_— —2 - - +1n 5 ; - .

{p\ 2((-q)* - Pg?) ! (q —12)2k l
+In (lz> ﬂ12 52 + A dz 2+ (1-2)q Vzk2}’ (96)

with I = k — ¢. Even though both 7, and the function (") depend within this scheme on a certain reference scale M, the
dependence on this scale cancels between both contributions, and we remain only with the parameter x,, which is of order one.
The scale M remains therefore unspecified and can be used to satisfy the ordering condition Eq. (93). A possible and suitable
choice is then % = C - ¢, with C another constant of order one, which eliminates a potential large logarithm in the
coefficients and which specifies eventually M = |g|. The complete resummed gluon TMDs take then the following final form:

f!];T(x’CB,f’q’ﬂf) —eXP{/M./%Vc;(a (ﬂ),lnCBf)} /dzq Ges <21H§ 5-4-9 u“z)

/ fkT 'x07M2 q k l’ll) ng (1n%71n__’kv]/(clr)>’

P
- Hy di ¢ Cf
hfﬁ‘(x,ég,q,ﬂf):eXp{/ —”m( s(f),In Bf)} /quGcs( =% .q.q u,)
7 2 M
/ —c’;q"f (x0, M, q' ke, ) G (m- lnp k. fkT> (97)

[
where (i, = M? and y; are yet unspecified scales. Reading  is naturally chosen to be of the order of the transverse
the above expressions from the right to the left, one first ~ momentum ¢’; the same is true for the choice of the
evolves the unintegrated gluon density through BFKL  renormalization point ;. In a next step, it is therefore
evolution up to the hadron momentum fraction x, with a  needed to evolve this gluon TMD both in { (rapidity
corresponding factorization uncertainty parametrized  evolution of soft gluons) and finally, in the renormaliza-
through x,. The unintegrated gluon distribution is then  tion scale to its final values, where rapidity evolution of
convoluted with the NLO TMD coefficient in transverse  solution gives rise to a convolution in transverse momen-
momentum k. The resulting expression defines then the  tum ¢’. The above expressions for CSS evolution (com-
gluon TMD with transverse momentum ¢’ at a scale {, =  bined evolution in { and x) are the conventional expresses
M? and renormalization point ;. While M is an arbitrary found in the literature, while they are expressed in trans-
scale, introduced to define the kp-factorization scheme, it ~ verse momentum instead of transverse coordinate space.
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In particular, the CS Green’s function in transverse
momentum space is obtained from the frequently used
transverse coordinate expression through

&b
(27)?

At one loop, K¢ is given by Eq. (86). For perturbative
higher orders, see, e.g., Sec. Il of [64], where it is needed
to include a relative factor of 2 with respect to the
convention employed in this paper. Apart from perturba-
tive higher order corrections, one might also consider RG
evolution from the scale y; to a suitable renormalization
point of the CS Green’s function; finally, it is also possible
to include a model for nonperturbative effects. If one
restricts oneself on the other hand to the leading order
kernel Eq. (86), the above integral can be easily evaluated,
and one finds

e~ b(@—4') pAy-Kes(bp) (98)

GCS(Ayv q, ql’ /’t) = /

F<1 - asAy)
(41 — ¢2)*T(a,Ay)
% <<ql - q2>2e_2VE>5!:Ay’ (99)

u

G5 (Ay.q1.qo. 1) =

with a, = a,C,/x. Note that convergence of the Fourier
integral requires @,Ay < 1 for the above expression.
While the kernels of CSS and BFKL evolution in
Eq. (97) are well-known, our result provides as a new
element the perturbative coefficient, which connects both
evolution equations up to NLO accuracy. In particular, a
complete next-to-leading logaritmic resummation of both
BFKL and CSS logarithms requires to combine the NLO

|

ke dpi

f;ap()_)H’yc’q’ﬂ) = exp{/
t

5, (w0 2) - [ gt

coefficient Egs. (95), (96) with the unintegrated gluon
distribution evolved with the NLO BFKL kernel [14] as
well as CSS evolution with NLO anomalous dimension
Eq. (80), and the corresponding expression for the CS
kernel; see [64] for a compact summary up to NNLO
accuracy of these elements in the gluonic channel. It
would be very interesting to compare this result to the low
x expansion of exact N°LO results for the gluon TMD
PDFs [93]. From a technical point of view, this would
require to construct a partonic unintegrated gluon distrib-
tion, following Eq. (43), but using NLO quark and gluon
impact factors.

While the identification of the evolution parameter
according to the k; scheme, as used above, provides a
direct generalization of the collinear result and is been often
employed in fits of the unintegrated gluon density, see e.g.,
[94-97], it is not necessarily the most adequate to describe
rapidity evolution of the system. An alternative form would
be to identify 7, with the maximal rapidity of the soft
gluonic system, 7, = y. or with the rapidity of the hard
final state, i.e., the Higgs boson 1, = yy. While , = y,
eliminates entirely the need for CS evolution, it also ignores
the rapidity of the hard event (Higgs boson) in the energy
evolution of the TMD PDF. The choice appears therefore to
be possible, but inadequate. The choice n, = yy evolves
the unintegrated gluon density through BFKL evolution up
to the rapidity of the hard even, while CS evolution
addresses the possible differences y.— yy, where both
y. > yy and y. < yg is possible. Introducing furthermore
the parameter oy, which allows us to address the scale
uncertainty associated with high energy factorization; i.e.,
high energy evolution describes dependence on yy; = yy +
Sy and e is taken to be of order one, one finds

~Vu. 4.9 . 1;)

d2k -
(](} (CB,YL,)’H,Q k ﬂ: ) g(yH_y(),y(),k,O),

rap. /— ﬂfdﬂ g _
hg® (ps Yer qs 1) —eXp{/ 77c;< s(f), In /ff>}-/dzq’Gcs(yc—yH,q,q’,ﬂi)

/ﬁch

where (i = (M3, + ¢%)e ™, ¢ = (M3 + ¢7)e*5n ™) and
Vo 1s a parameter of the order of the hadron rapidity. Note that
within this frame, the TMD PDFs no longer depend on the
hadron momentum fraction, but rather on rapidity. While this
might appear strange at first sight, it is natural from the point
of view of high energy factorization where the momentum
fraction is—in the case of the ky-factorization scheme—
merely an evolution parameter fixed through the kinematics

Z:B’ Ye» S)H,q,k,/l,()) ' g()—}H — Yo yO’k’ 0)’

(100)

of the final state, while the above rapidity scheme uses a
different choice for this evolution parameter.

C. Relation to previous results in the literature

Before we conclude, we briefly discuss the relation of the
above results to results in the literature. In principle, the
TMD gluon distribution has been already study within high
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energy factorization at NLO in [22], previous studies with a
similar scope are [20] and [98,99]. At the level of real
corrections, the contributions seem to be identical at the level
of Feynman diagrams, leaving aside the absence of the
multiple reggeized gluon exchange in the current discussion.
The set of virtual diagrams of [22] is on the other hand
clearly reduced with respect to the ones considered in this
work, Fig. 5. Indeed, the authors of [22] seem to consider
only self-energy corrections to the Wilson line in their
approach. This difference is directly related to the fact that
[22] makes use of the so-called “shock wave picture” for the
calculation of next-to-leading order corrections. While this is
a frequently used frame for the calculations within the CGC-
framework at both LO and NLO, it does not allow us to
recover the term proportional to f; in the anomalous
dimension Eq. (80), as already noted by the authors of
[22]. We believe that this constitutes an important advantage
of the framework of the high energy effective action, since it
does not only allow us to recover the double-logarithmic
contribution to CSS resummation, (i.e., the Sudakov form
factor of [22]) but also its single logarithmic terms.

Another point in which we somehow differ with [22], see
also the discussion in [20], is the statement that BFKL and
CS evolution cover by default distinct regions of phase
space. As outlined above, this problem does strictly speaking
not occur, if the evolution variable of the gluon density is
identified with the hadron momentum fraction. To clarify
this point further and to put this into context with the
discussion in [22], we consider in the following the
combined z — 0 and z — 1 singularities of the real correc-
tions of our one-loop result. Since the treatment is slightly
more involved for the linearly polarized gluon TMD,
Eq. (64), we focus in the following on the unpolarized
case, Eq. (63). Removing regulators through taken the limits
p, o — o0, and keeping only singular terms, we find that the
TMD splitting function reduces to

L 20
/dszfm?f(z,qk)

0
c 1
;g
dz . 101
ST —e) (g - kz/ < > o)
0

At first sight, the poles at z =0 and z =1 are therefore
indeed well separated. With the rapidity of the produced

gluon equal to 7; = ln(‘q )‘Z

the above integral can be

however rewritten as
1

1 5(0)f
dz Pygr (z,qk)
-k "
) (q )

/2
a,Cy 1 /
lim dn;, 102
ﬂ,uzel“(l —¢€)(q—k)?op—o " (102)
-p/2

where we re-inserted the previously removed regulators p, ¢
as cut-offs on the rapidity integral. As for the real part of the
one-loop BFKL kernel within the high energy effective
action, see [46,48,53] for an explicit construction, the above
expression is proportional to an integral which extends over
the entire range of rapidity. In contrast to the derivation of the
BFKL kernel, the above integral is however split up into a
“soft” and a “hard” part,

/2 Na c/2
/ dn; = / d’71+/ dn,
-p/2 -p/2 a

o

= <2—na> + <na +’2’) (103)
where the distinction into “soft” and “hard” is essentially
achieved through the virtual corrections. As a consequence
—while we somehow agree with [22] that both pieces are
well separated—care is needed to avoid overlap between
both contributions. In particular, a gluon with a certain fixed
rapidity may be either counted as soft or hard but never as
both. At the same time, “gaps” in rapidity should be avoided
for a consistent and correct description.

VI. CONCLUSIONS AND OUTLOOK

In this paper, we extended the framework established in
[62] for next-to-leading order corrections within Lipatov’s
high energy effective action to the case where the transition
function contains an additional finite contributions. Using
this extension, we were able to address the special, but
important case of impact factors that possess a strong
hierarchy with respect to their transverse scales, as it is
the case within the kp-factorization setup. The latter is
characterized by a impact factor with a hard scale, i.e., the off
shell partonic coefficient, and a hadronic impact factor,
characterized by transverse momenta in the nonperturbative
domain. The resulting expression have been found to agree
with existing results in the literature, which have been
established through a study of multiparticle production
amplitudes in the (quasi-)multi-Regge kinematics [80].
Establishing this formalism at NLO within the high energy
effective action is the first key result of this paper.

Another key result is the determination of the next-to-
leading order corrections to the gluon TMD PDFs in high
energy factorization, making use of the established formal-
ism for the renormalization of matrix elements of reggeized
gluon fields. While unsubtracted NLO result is subject to
both rapidity divergences due to high energy factorization
and rapidity divergences due to definition of the TMD PDF,
the subtracted and renormalized coefficient is completely
free of such divergencies. In particular, we stress that rapidity
divergences related to the definition of the TMD PDF can be
treated using the soft factor, established within a setup based
on collinear factorization. The same observation applies to
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the treatment of ultraviolet divergences and their renormal-
ization. While this behavior was to be expected and indeed
constitutes a necessary requirement, it provides a nontrivial
check on the correctness of our result. While we confirm
earlier results in the literature, which state that unpolarized
and linearly polarized gluon TMD agree with each other in
the dilute, i.e., BFKL limit, we find that both distributions
differ at NLO, which is directly related to the nontrivial
tensor structure of the real NLO corrections.

As a next step, we clarified further the relation between
BFKL and CS evolution and clarified that they describe
both evolution of the system in rapidity, i.e., BEKL of the
cross section and therefore, directly related to the hard final
state, while CS evolution rapidity evolution of the soft
system. Both evolution equation are therefore not inde-
pendent, and care is needed to avoid overcounting. Unlike
previous calculations based on the CGC framework, our
study further enabled us to recover the finite term propor-
tional to f3, in the anomalous dimension of the TMD PDFs.

As an important side result of our study, we find that the
real NLO contribution of the unpolarized gluon TMD
yield precisely the off shell TMD gluon-to-gluon splitting
function, determined in [34]. While [34] determined this
splitting function from a diagrammatic approach—essen-
tially requiring simultaneous fulfillment of collinear and
high energy limit while imposing gauge invariant pro-
duction vertices—the current study obtains the same result

from the QCD operator definition of gluon TMDs. It
therefore establishes an important link between both
frameworks, which will be of importance to continue
with these efforts. In particular, the current study provides
a possibility to finally determine the still missing virtual
corrections to these splitting kernels and to formulate
corresponding evolution equations.

Apart from these efforts, future studies should inves-
tigate phenomenological consequences of the derived
results, which now allow us to use the complete CSS
resummation formulation to resum double and single
logarithmic contributions with the methods of the renorm-
alization group, extending previous results in the literature,
such as [22,27,98,99]. Another direction of research should
address the inclusion of high density effects, along the lines
of [22], but including the complete treatment of factoriza-
tion scheme dependence established in this paper, and well
as contributions due to quarks.
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