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1 Introduction

One of the most intriguing phenomena of strong interaction is the existence of diffrac-
tive processes, which have been revealed experimentally by H1 and ZEUS experiments
at HERA, for the first time in the semi-hard regime in which a hard scale allows one to
describe such processes from first principles, relying on QCD. Besides, due to the para-
metrically large center-of-mass energy, these processes provide an access to the regime of
very high gluon densities [1, 2]. Indeed, HERA showed that almost 10 % of the v*p — X
deep inelastic scattering (DIS) events present a rapidity gap between the proton remnants
and the hadrons coming from the fragmentation region of the initial virtual photon. These
events are called diffractive deep inelastic scattering (DDIS), and look like v*p — XY [3—
10], where Y is either the outgoing proton or one of its low-mass excited states, and X is
the diffractive final state. Besides inclusive DDIS, one can select specific diffractive states,
like jet(s) production, exclusive meson production, or hadrons.

The existence of a rapidity gap between X and Y leads naturally to describe diffraction
through a Pomeron exchange in the {—channel between these X and Y states.

A QCD factorization theorem was derived [11] in the collinear framework, justified by
the existence of a hard scale, the photon virtuality Q? of DIS, involving a convolution of
a coefficient function with diffractive parton distributions, describing the partonic content
of the Pomeron.

Besides this collinear treatment, at high energies, it is natural to model the diffractive
events by a direct Pomeron contribution involving the coupling of a Pomeron with the
diffractive state X of invariant mass M. For low values of M2, X can be modeled by a ¢q
pair, while for larger values of M?, the cross section with an additional produced gluon,
i.e. X = qqg, is enhanced.

In the present article, we extend the series of works by some of us, devoted to a complete
Next-to-Leading Order (NLO) description of the direct coupling of the Pomeron to several
kinds of diffractive X states, namely exclusive diffractive dijet production [12-14] and exclu-
sive meson production [15], here for the case of double hadron production at large pr. Such



a study is strongly motivated by present and future possibilities of accessing gluonic satura-
tion through large-pr dihadron production. In photoproduction and leptoproduction, this
could be studied at the future EIC, in particular on a nucleus target in order to have a satu-
ration scale Qs large enough to be clearly in the perturbative regime, since Q2 ~ (A/ :1:)1/ 3,
Here, the hard scale is provided by the large virtuality Q2 of the virtual photon and/or the
large pr of the produced hadron. In photoproduction, this could be achieved already now at
the LHC in pA and AA scattering, using Ultra Peripheral Collisions (UPC). Indeed, heavy
ions produce very high (real) photon fluxes, and when scattered off a nucleon or a nucleus
far away in impact parameter, the Coulomb peak dominates over any hadronic exchange,
so that these photons can be used as rather clean probes of the nucleon/nucleus. This
could be studied at the LHC in experiments equipped with detectors for identifying and
reconstructing both large-pr hadrons (when saying large pr, we mean here large enough so
that it provides the required hard scale) and the outgoing proton (ion). Therefore, in view
of future possible phenomenological applications, we will keep in the present work very
general kinematics, meaning both Q? and pr in principle arbitrary, but such that DGLAP
effects do not dominate, i.e parametrically In(Q?/u%),In(p2/u%) < In(1/x), where pup is
the fragmentation-function factorization scale.

The “Pomeron” is presently a color singlet QCD shockwave, either built from Balitsky’s
high energy operator expansion [16-19], or from the color glass condensate formulation [20—-
28], which satisfies the Balitsky-Jalilian Marian-Tancu-McLerran-Weigert-Leonidov-Kovner
(B-JIMWLK) evolution equation. The results we derive are obtained in the QCD shock-
wave approach and depend on the total available center-of-mass energy. This framework is
rather general and can have many applications. Restricting to the non saturated regime,
one might describe the t—channel exchanged state in the linear Balitsky-Fadin-Kuraev-
Lipatov (BFKL) regime [29-32], with next-to-leading logarithmic (NLL) precision [33-36]
to be consistent with our computation of impact factor at NLO. At higher energies, i.e.
when the gluonic saturation settles in, the Wilson-line operators, describing the t—channel
exchanged state, evolve with respect to rapidity according to the Balitsky hierarchy. Re-
stricting to the case of a dipole operator, it reduces to the Balitsky-Kovchegov (BK) equa-
tion [16-19, 37, 38] in the large N, limit.

In the present paper, we calculate the matrix element for the ’y(*) — hq ho X transition
(h1 and hg being two identified hadrons) in the shockwave background of the target. It
depends on the target via the matrix elements of two Wilson line operators tr(U; U2T ) and
tr(UlU?:r) tr(UgU;r) - thr(UlU;r) between the in and out target states. The Wilson lines
are functions of the rapidity that separates the quantum gluons belonging to the impact
factor and the classical gluons from the Wilson lines. For hadron targets, these matrix
elements are to be described by some models, or can be calculated as solutions of the NLO
BK and the LO double-dipole evolution equations, using initial conditions at the rapidity
of the target. In the linear limit (BFKL) for forward scattering, these solutions are known
analytically with a running coupling [39, 40]. In the low-density regime, the second Wilson
line operator, namely the double-dipole operator, can always be linearized so that the
cross-section can be written in terms of matrix elements of color dipoles only.
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Figure 1. Left: amplitude of the process (2.1) at LO. Right: an example of amplitude contributing
to the process (2.1) at NLO. The grey blob symbolizes the QCD shockwave. The double line
symbolizes the target, which remains intact in the figure, but could just as well break. The quark
and antiquark fragment into the systems (h1X7) and (h2X2). The two tagged hadrons h; and hsy
are drawn in red and blue.
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We will particularly focus on the way the various kinds of divergences will compensate
each other since one of the technical difficulties in this framework is to prove explicitly that
the various infrared (IR) and ultraviolet (UV) singularities cancel properly.

First, we will very briefly present the two kinds of factorization we will be dealing
with. Then, we will present the Leading Order (LO) results. Next, we will compute
explicitly the various real and virtual contributions at NLO, and will show how different
types of divergences cancel properly. Finally, we will give our main results, i.e. the finite
cross-sections at NLO for any kind of initial photon polarization.

2 Theoretical framework

2.1 Hybrid collinear/high-energy factorization

The aim of this paper is to perform a full NLO computation of the semi-inclusive diffractive
di-hadron production in the high energy limit:

Y (py) + P(po) = h1(pn,) + ha(pn,) + X + P'(pf) (2.1)

where P is a nucleon or a nucleus target, generically called proton in the following. The
initial photon plays the role of a probe (also named projectile). Our computation ap-
plies both to the photoproduction case (including ultraperipheral collisions) and to the
electroproduction case (e.g. at EIC). A gap in rapidity is assumed between the outgoing
nucleon/nucleus and the diffractive system (Xhiho). This is illustrated by figure 1.

We will be working in a combination of collinear factorization and small-x factorization,
more precisely in the shockwave formalism for the latter.

Kinematics. We introduce a light-cone basis composed of n; and ng, with ny - ng =1
defining the +/— direction. We write the Sudakov decomposition for any vector as

P =pnf +pTnh +ph (2:2)



and the scalar product of two vectors as

pa=p"q +p g +pi-q
L T (2.3)
=pq +tp q —p-q.
We work in a reference frame such that the target moves ultra-relativistically and such
that s = (py + po)? ~ 2pjpa > A(QQCD, s also being larger than any other scale. Particles
on the projectile side are moving in the n; (i.e. 4+) direction while particles on the target
side have a large component along ny (i.e. — direction).
We will use kinematics such that the photon with virtuality @ is forward, and thus it

does not carry any transverse momentum:"

2

. p
py=0, ph= p;"n’f + ﬁn’g, —pgy =Q%*>0. (2.4)
v

We will denote its transverse polarization e7. Its longitudinal polarization vector reads

1 v Py Q
— +, AP’ + _ by - _
€7 = J —n2> € =—, € =—. (2.5)
—p2 ( K 2py ’ Q’ 2p
We write the momentum of the produced hadrons as
2 =2
M, +p hi
P, = Py, by +p, . (i=1,2) (2.6)
7 7 2phz 1
The momenta of the fragmenting quark of virtuality pg reads
2 2
Pg+D
= p;n‘f + 11 - Lnl —l—p’qﬁ_ (2.7)
2pq
and similarly for an antiquark of virtuality pg
2 =2
p; +7;
p'g = p;nlf + 4 4 ng —i—p'gj_ . (2.8)

2])27Ir
From now, we will use the notation p;; = p; — p;.

Collinear factorization. The kinematical region considered here is such that ]5’,31 ~
]5}%2 > A?QCD. The hadron momenta are the hard scale, making the use of perturbative
QCD and collinear factorization possible. The constraint g2 > ﬁ}%m, with 7, the relative
transverse momentum of the two hadrons has also been considered. This means that
the two produced hadrons have a large enough separation angle (or in other words a
large enough invariant mass) so that it will not be necessary to consider the di-hadron
unpolarized fragmentation functions: each hadron, typically pion, can be produced by two
well-separated fragmentation cascades. The quark and antiquark in the hard part after

! Any transverse momentum in Euclidean space will be denoted with an arrow, while a L index will be
used in Minkowski space.



collinear factorization will be treated as on-shell particles. For further use, we introduce
the longitudinal momentum fraction x, and x; as

p;' = mqpi and p;—r = xqu . (2.9)

Similarly, we denote
= TPy - (2.10)

i

Shockwave approach. Shockwave formalism is an effective approach to deal with glu-
onic saturation. We briefly give here a survey of the required technicalities to be used in
the present paper.

When considering the photon impact factor, the gluonic field A is separated into exter-
nal background fields b (resp. internal fields A) depending on whether their +-momentum
is below (resp. above) the arbitrary rapidity cut-off e”pfyr , with 7 < 0. The light-cone gauge
no - A = is used. The external fields, after being highly boosted from the target rest frame
to this frame, take the form

b(x) = b (z1)s(zT)nk . (2.11)

The resummation of all order interactions with those fields leads to a high-energy
Wilson line, that represents the shockwave and is located exactly at 2™ = 0:

Uz = Pexp (ig/dzﬂf(z)) , (2.12)

where P is the usual path ordering operator.

The small-z factorization applies here and the scattering amplitude is the convolution
of the projectile impact factor and the non-perturbative matrix element of operators from
the Wilson lines operators on the target states. One of such operators is the dipole operator,
which in the fundamental representation of SU(N,) takes the form:

Te (0007) - N (51, 72) = / d'5d"% TP A2 (T (U5 UL) — N, (213)

where 79 are the transverse positions of the ¢,¢ coming from the photon and pi» their
respective transverse momentums kicks from the shockwave.

The proton matrix element should be parameterized. This can be done through a
generic function F', following the definition of ref. [13]

T (Tr (UZLUT Zl> - NC>
2 2

and its Fourier Transform (FT) is

<P’ (o)

P (p0)> = 270 <p50’> Fpoupy, (71)

= 276 (pgy ) F (21) (2.14)

/ 4l fFLPOF (2 )= F (p)). (2.15)



Similar definitions exist for the double-dipole operator and its action on proton states,
as can be seen with egs. (5.3) and (5.6) in [13], with

<P’ (ph) (Tr (=i, )™ (UMU};) ~ N.Tr (U%Uiz;)>’P(po)>

=210 (piy ) Fyoy, (21,21) = 270 (g ) F (21,1 (2.16)

and its F'T is
/ddzldde_ei(pL'“)H(zL"“)F (z1,21)=F(q1,p1). (2.17)

Here one remark is in order. We assume that the final state is the proton, i.e. coherent
production. However it can substituted by an excited state in the fragmentation region of
the proton, i.e dissociative contribution. Substitution will change only the hadron matrix
elements (2.14), (2.16), leaving the impact factors intact.

In this paper, dimensional regularization will be used with D = 2+ d, where d = 2+ 2¢
is the transverse dimension.

2.2 LO order

QCD collinear factorization stipulates that the total cross-section, at leading-twist and LO,
reads, see ref [41] (chap. 12) and ref. [42]

dag}}}Q dxq qu he [ Th ho [ Th dé g
Dyt | —, D»? | =2 h h
dep dzn, / /% Pl R Sl el R OR

(2.18)
where ¢ specifies the quark flavor types (¢ = u,d, s, ¢,b), and J, I = L, T specify the photon

polarization since we deal here with a modulus square amplitude (J labels the photon
polarization in the complex conjugated amplitude and I in the amplitude). Here z, and x4
are the longitudinal fractions of the photon momentum carried by the fragmenting partons,
Th, hy are the longitudinal fraction of the photon momentum carried by the produced
hadrons, up is the factorization scale, D" 2(3) denotes the quark (antiquark) Fragmentation
Function (FF) and dé is the partonic cross-section, i.e. the cross-section for the subprocess

¥ (py) + P(po) — a(pg) + @(pg) + P' (b)) - (2.19)

The graphical convention used in the present article for any fragmentation function is given
in figure 2.

All detailed computations will be done considering only the first term in (2.18), re-
membering the second term is just simply obtained by doing hy <> ho.

The partonic cross-section (2.19) has been computed in the shockwave framework. The
structure of the result for the whole process 2.1 at LO is illustrated in figure 3.

Collinear factorization means that the produced hadrons should fly collinearly to the
fragmenting partons. This means here that the following constraints should be fulfilled

+_ Ta > _ Tq o

pd="Lpl, Dg = —Dhy » 2.20
q xhl h1 q 'rhl 1 ( )
+_ Yq > Tq o

pf="Lpf, ;= —Dh 2.21
q Th, ho q Th, 2 ( )
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Figure 2. Graphical convention for the fragmentation function of a parton (here a quark for
illustration) to a hadron h plus spectators. In the rest of this article, we will use the left-hand side
of this drawing.
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Figure 3. Diagram of the LO process at cross-section level. The blob is the shockwave (we do not
draw the coupling with the target for clarity) and the squares the FFs, see figure 2. The dashed
line is to represent the integration over phase space.

Since the photon in the initial state can appear with different polarizations, we con-
struct the density matrix

dojr = dopr dorr , dorr = dop. (2.22)
dory dorr

Each element of this matrix has a LO contribution dog. This Born order result, see
eq. (5.14) of ref. [13], has the following structure:

N2
aein (pO )
(277)4(‘1—1) N, 224245

dogyr = 5 dachxqfddpqdepqﬂ; (1—x4—xq) (5]5530

X /ddpuddpuddpydepzm(S (Pg1L +Pg21)d (P11 + D22 1)

P121 « (P12 L
X > B (1o, par) By (o, pri) F (122> F ( 122 ) (2.23)
)‘qz)‘q

Using the explicit expressions of the product q)'g ®J*, see eq. (5.18-20) of ref. [13], as well
as eq. (2.18) the LO cross-sections are obtained and read for LL:

dogt? 40rem Q? /1 ! 2o\ 2\
= dx / dzrg vqrg <q) (q> 2.24
dzp, dzp,dipp, 1 d%phy 1 (27T)4(d_1)chq: oy oy T N, Thy (2.24)

x6(1 — zg — 24)Q2DM (90}“) Dl (gg}m) Frr + (b1 < ha),
Lq Lq




where
2

F (z%lphg + %pth - Pu)

_ 2
(xxszhQ - p2) + 242402

FrL = /ddpu (2.25)

This LO cross-section can be written differently, using transverse momentum conser-
vation, see eq. (2.23)

dagi}iz Adavem Q? / / ( 2o \? [ x5 \¢
= e dx dr; roxg | —2 ) (q ) 2.26
dxp, dzp,dop, Ldopp, 1 (2m)1EDN, zq: ! T, )\, (2:26)

x6(1 — x4 xq)QQDhl ( ) Dh2 ( > JELL + (h1 < ha),
Lq Tq

where
2

F (_ (Q;Z;phlL + %phﬂ_ - pu))

2
x — —
(ﬁphl - Pl) + 2424Q°

Frr = /ddpu (2.27)

Both forms can be used interchangeably in NLO cross-sections that are proportional to
the LO cross-sections, i.e when dealing with the soft, virtual, and counter-term contribution
to the NLO cross-sections. For the collinear quark-gluon contribution, eq. (2.24) will be
used while for the collinear anti-quark-gluon contribution, eq. (2.26) will be used.

Similarly, the non-diagonal interference term 7L can be written in the two equivalent

forms
doph 2aemQ / 2o\ 4
= dx / dxg ( ) <‘7) 2.28
dap, dap,dpp, 1 dpp, 1 Ad-1 N, Z ¢ T\ 2, Th, (2.28)
X (w5 — 1q)0(1 — 24 — 2g) Q2DI | 1) DJ Fro + (b1 < hy),
g Iq g — Tq)qly T . TL 1 2
q q
where
Tq xg
F (mphm + %y Phal —pu)
Frr = /d P2l — 5
(ﬁphz —p2> + 2q04Q°
. (2:29)
d gxh 5. Phil T+ th 55, Phal —pu) g . .
/ d pu (xphz, p2'> €1
ip]12 —p2/> +xq$(jQ2 ho
and
doph 20emQ / 22\ 4
d / d ( ) (‘1> 2.30
dwhldxhgddphldepth (2m)4d-D N, Z Lq Lq Th, Thy (2.30)
X(xg—xq)0(1—2¢— a:q)QQD}”( )D’”( )fTL+(h1<—>h2)
Lq Lg



where
F (‘ (2iz;ph1L + %phzl - pu))

Tq = S\ 2 2
(ﬁphl *p1> + zqx5Q

Frr = / dopy 1

. (231)

QI phlj_“‘gx Dhyl — p1/¢)) T
/dd D11 i "2 ( ¢ pl’) - ET

T phl -
ﬁphl - P1') + 2425Q° h

1

The most complicated contribution 77" reads

hih
oy Clom / da, / d%( ) (%)" (2.32)
dp, dzp,dpr, 1dopp, 1 (2m)HEDN, zg \an, ) \an,

x3(1 — xg — 2g)Qa D} (2’”) Dl ( . > Frr+ (h1 < ha),
q q

where

Lk k li l ik
Frr = |(z5— )QQTgl — gl + glgt]

4 Qxh 52, Phyl T 2% 952, Phal — pu) T
d pu —Dhy, — D2 | ETi
Lho r

#phz - P2) + l‘ql‘lez

gxh 52 Phi L T 2% 52, Phol — pzu) T
/ d pu — = Phe = P2 ) €Tk
qu 2 _pQ’) +aq1qQ? "2 l

(2.33)

or equivalently

doyiy? Qem / day / dag <xq) ( 2z )d (234)
dxh1d$h2ddph11_ddphgj_ 277' 4d-1) N, Tg \Thy Thy

Th
x5(1 — zg — 35) QD) ( - ) Dl ( - ) Frr + (hi < hy),
q q

where

lk k li l ik
Frr = |(zg - )291’& g1t +gigi]

233 phlL + 21 pth —P1L €T
/ddpl " e )> (qphl —p1> ETi
(ﬁphl - pl) + quéQQ r

.%'hl

(2.35)

/ddplu gxhlphm + 2:6, 52, Pha L —plu)) ( T,

xipfu _p1’> ETk
( Ty P —py) + 2gwqQ? I !

Compared to the LL cross-section, the T'L cross-section has the same form up to a

1xg—xq (x5
7~ %q ( *q > =
= Phs — ) -5
Q 2xgry \p,

factor of



or

1zg— x4 < Zq ) *
S —_— — / cEm.
Q 2zxqzqy \xp, Pha = D1 T

The T'T cross-section differs from the LL cross-section by a factor of

1 1 { 2 ri lk k Ui 1 ik Lq Lq
—~ 53 |(Tg—Tg)°9V 9" — 99t +gigi} —Phy —P1) €ri | —DPn — P ) €Ty
Q2 41’3.%% a a Thy ! r ' Th, L I

or

1 { 2 ri lk k li 1 ik] [ Tq Tg
3723 (@ —2g)"91 9T — g9 +gigi] Phy = D2) ETi Phy — D2 ) ET%-
Q? 41‘330% v Thy . \apy !

The factors of 1/Q and 1/Q? come from the photon polarization while the other modifi-
cations come from the expression of the squared of the impact factors. Those modifications
and additional factors between T'L and 1T cross-section w.r.t. LL will remain true when
going to NLO, for what concerns the extraction of divergences. This means that no addi-
tional detailed calculations are needed for those cases.

2.3 NLO computations in a nutshell

Different types of contributions in the dipole picture. At NLO, since we rely on
the shockwave approach, it is convenient to separate the various contributions from the
dipole point of view, as illustrated in figure 4. In this figure, we exhibit a few examples of
diagrams, either virtual or real, as a representative of each 5 classes of diagrams. There are
indeed 5 classes of contributions from the dipole point of view, namely do;j; (i = 1,---5),
so that the NLO density matrix can be written as

dojr =doojr +dovjr + doagr + dosjr + dogyr + dosgr. (2.36)

Now, we will shortly discuss each of these 5 NLO corrections.

For the virtual diagrams, there are two classes of diagrams: the diagrams in which
the virtual gluon does not cross the shockwave, thus contributing to doy, purely made of
dipole x dipole terms; the diagrams in which the virtual gluon does cross the shockwave,
contributing both to doir;, made of dipole x dipole terms as well as to dosyy, made of
double-dipole x dipole (and dipole x double-dipole) terms.

For the real diagrams, there are three classes of diagrams: the diagrams in which the
real gluon does not cross the shockwave, thus contributing to dosr s, purely made of dipole
x dipole terms; the diagrams in which the real gluon crosses exactly once the shockwave,
contributing both to dos;y, made of dipole x dipole terms as well as to doyry, made of
double-dipole x dipole (and dipole x double-dipole) terms; the diagrams in which the real
gluon crosses exactly twice the shockwave, contributing to dosry, made of dipole x dipole
terms, to dosry, made of double-dipole x dipole (and dipole x double-dipole) terms, and
to dosry, made of double-dipole x double-dipole terms.

~10 -



virtual contributions

—_ doiry dipole x dipole
— doary double-dipole x dipole
real contributions
— dosry dipole x dipole
ing 59% :
tasassr” ZZ doary double-dipole x dipole
“aseacanpesesst? e dosry double-dipole x double-dipole

Figure 4. Illustration of the 5 kinds of contributions to the NLO cross-section from the dipole point

of view. Arrows show to which combination of dipole structures each type of diagrams contributes.

Overview of cancellation of divergences.

Before providing technical details, let us

sketch the way the computation will be done, putting emphasis on the infrared (IR) sector.

When generically decomposing any on-shell parton momentum in the Sudakov basis

2
—2

Ry P uop
pt = 2zp n1+2zp+n2 +D,

2Here p* is a large fixed momentum, eg pllL in our present case.
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in the IR sector, we face three kinds of divergences:
o Rapidity: z goes to 0 and p, arbitrary.

o Soft: any component of the gluon momentum goes linearly to 0 (obtained with both
zand p; = zp, ~ z going to 0).

e Collinear: parton’s p| goes to zero, z being arbitrary.

Technically, since the z integration is regulated through a lower cut-off (named «), one
should be careful with the fact that the appearance of In @ may have originated from both
rapidity or soft divergences.

The calculation goes as follows. First, the rapidity divergences, appearing only in the
virtual corrections in the present computation, are taken care of at the amplitude level by
absorbing them in the shockwave through one step of B-JIMWLK evolution. This removes
part of terms with In « related to pure rapidity divergences.

Next, at the level of cross-section, we separate the soft divergent contribution from the
non-soft divergent terms. Combining real and virtual contributions, these soft divergent
terms will disappear as guaranteed by the Kinoshita-Lee-Nauenberg theorem.

Finally, the remaining type of divergences, which are of purely collinear nature, will
be absorbed into the fragmentation functions through one step of the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) evolution equation [43-46].

Different fragmentation contributions to the NLO cross-section. At NLO, we
have to deal with 5 kinds of contributions to the cross-section, illustrated in figure 5:

(a) v+ P — hy + ha + X + P cross-section at one-loop (i.e. virtual contributions),
(b) v* 4+ P — hi + ha + g+ X + P cross-section at Born level (i.e. real contributions),
(¢) v+ P — h1 4+ ha+ g+ X + P cross-section at Born level (i.e. real contributions),
(d) v+ P — hi + ha + g+ X + P cross-section at Born level (i.e. real contributions),
(e) FFs counterterms,

where X denotes the remnants of the fragmentation.

Contributions (a) and (e) are easy to treat since (a) is simply the convolution of a
known one-loop result with fragmentation functions, while (e) is obtained from the Born
result when one renormalizes the fragmentation functions. We just split them into finite
and divergent parts.

For the real contributions (b), (c), (d), the treatment is less straightforward even if
the partonic real corrections are also already known.

Contribution (b) is the most complicated one, it contains both soft and collinear diver-
gences. When we square the amplitude contributing to (b), see figure 6, there is a series of
finite contributions plus one, represented by the sum of contributions (1), (2), (3), (4) of fig-
ure 6, that contains all divergences, and that belongs only to the dipole-dipole contribution.
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1-loop

NLO
M = M + c.c

(a)

(b) (c)

+ B — + taeg

Figure 5. The 5 kinds of contributions to the NLO cross-section.

We add and subtract to the latter its soft limit to obtain the following structure

O (b)div = Z | Aggsing—dipoleldiv = G (b)div,1 + F(b)div,2 + O (b)div,3 + O (b)diva
)\q:)\ga)\é
~ soff ~ ~ SOff - ~ soff _ ~ sof
= 3D + (F(b)div,t = Fiiydivt) T (F@)dive = Tdiv2) + (T(b)div.s = Fi)dins)
+(6 (v)divs — T(5)div.a) (2.38)

with the meaning that each of these four contributions is in one-to-one correspondence
to the four diagrams (1), (2), (3), (4) in figure 6. Among these various terms, the
terms (G b)div,1 — &?g)fgiv 1) and (G ) div,3 — 6?1‘)’;21.” ;) are collinearly divergent while the terms
(G (v)div,2 — &fl?)fgivz) and (6 (p)div,a — 6?,‘)’;31.”,4) are finite.

In figure 7, the contribution with fragmentation from quark and gluon is considered.
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+ finite contributions

Figure 6. NLO cross-section in the case of fragmentation from the quark and the antiquark.
We explicitly isolate the diagrams which contain divergences. Diagram (1) contains a collinear
divergence between the fragmenting quark and the gluon as well as a soft gluon divergence. Diagram
(2) contains a soft gluon divergence. Diagram (3) contains a collinear divergence between the
fragmenting antiquark and the gluon as well as a soft gluon divergence. Diagram (4) contains a
soft gluon divergence. By “finite terms”, here, we mean all diagrams in which the gluon crosses the
shockwave at least once.
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= =P
(c) (3)

+ finite contributions.

Figure 7. NLO cross-section in the case of fragmentation from the gluon and the quark. We
explicitly isolate the diagram which contains divergences, namely a collinear divergence between
the fragmenting gluon and the antiquark.

4= =)

(d) (1)

+ finite contributions.

Figure 8. NLO cross-section in the case of fragmentation from the gluon and the antiquark. We
explicitly isolate the diagram which contains divergences, namely a collinear divergence between
the fragmenting gluon and the quark.

Again, we have
gan = Y |Asgsing—dipote s = (0 (2.39)
O (c)div qg,sing—dipole|div O (c)div,3 + .
Ag:Ag,Ag
Here, one does not encounter any soft divergence. The only divergence comes from the
contribution & .)gi,,3 Which has a collinear divergence when the fragmenting gluon and the
antiquark are collinear.

The discussion for the fourth case, see figure 8, involving the fragmentation from anti-
quark and gluon goes along the same line: the only divergence comes from the contribution
0 (d)div,1 Which has a collinear divergence when the fragmenting gluon and the quark are
collinear.

3 Counterterms from FFs renormalization and evolution

The renormalization and evolution equations of FFs express the bare FFs in terms of dressed
ones. In MS scheme, at factorization scale pup, they take the form, following notations of
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Dg(a:):Df;(a:,uF)—;i@Hn/%) :i[m( W)p (z)—l—D;L(j,uF)qu(z)], (3.1)

ZDh< aMF) (Z)+Dg(j/‘F>ng(2) )

where % = I;Ei;)i) ~ % + vg — In(47) and p is an arbitrary parameter introduced by

dimensional regularization. The LO splitting functions are given by

252
Po(z) = Cr (11jz)+ + %5(1 _ z)] , (3.2)
Pyq(z) = CFH(lz_Z)z, (3.3)
Poglz) = Tr [+ (1= 2)?] with Tp = % (3.4)
B 1 1 1, oy
Pyylz) = 2Ca (l_z)++z—2+z(1_z)]+(60A— 3)5(1—2) (3.5)

where the + prescription is defined as

/dﬁ 1_ /dﬁ /dﬁl_ (3.6)

The collinear counterterms due to the renormalization of the bare FFs are calculated by
inserting eq. (3.1) in the contributions (2.24), (2.28), (2.32) to the LO cross-section. This
corresponds to the contribution (e) in figure 5.

For LL cross-section, this counterterm takes the form

qq—h1h2
dojr

dap, dpydépp, 1 dppy 1 |y,

Gy, £ e [ Lo (7' (52)'
= dx drs ToTa — ) (1 —x, — x5
( Z q q Tqxq Th Thy ( q )
Qs 1 2 ! dpy h Thy he [ Tha
X FLL (—2W>< —Hn >Q { ZAK [qu(ﬂl)Dql BT:anF Dz EvﬂF
Tq
x T

+qu(ﬁ1)D3’1 (ﬁli;l‘an’F) D(?Q <£I)}L;,MF>‘|

L dp, n [ Th hy [ Th

—=|P DM =L D2 | —

+ ZL; ﬁQ [ QQ(BQ) q (xq s HF q ﬁQ.Tq?/JF

Th h fl:h2
+P, D | 20 g | D2 [ 2 +(h < h
QQ(IB2) q (xq NF) g (/Bqu MF)]} ( 1 2)

hiho
do;y

dagth2
 dwp, dp,dipy, | A,

(3.7)

+ .
d d
ct div dwhlthd phlld Phal lct fin
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We stress here that, for any separate term in the curly bracket, one can indifferently use
Frr or Frr. In particular, for the first two terms we can use Fr; and for the last two
Frr. This simple observation is useful when observing the cancellation of divergences at
the level of integrands. The same remark applies also for other transitions.

For cross-sections involving other combinations of polarizations, we have

qq—hi1h2
dory

dxp, dpyd?ph, 1 Ay 1 |,

- ol 2aemQ /I dz, /,jxq <5Uh1) <;}i)d(xq —xq) 6(1 — 24 — 73)

hq1
as\ (1 e\ A2 ) (1 db b [ Thy hy [ The
- —+1In—= — | P, Dt D22 | —=
X ]:TL ( 27‘{‘) <€ + In ,UJ2> q Th 61 qq(ﬁl) q leqqu q g y UF
zq
xT T
+qu(ﬁ1)D31 <61}$q7ﬂF> Dé—” (;:JJ«F)]
L dBy m [ ho [ Th
D20 p (B DM [T | Dh2 [ Lha
+ Thy 52 qu(ﬁ?) q (xqqu> q ﬁQl’q“uF

hy [ Th hy [ Zh
TFa(52)Dy! (@W) Dy? <ﬁ2;q,up> } + (h1 ¢ ho)

h1 h2 hl h2
dogy dogy

= +
dp, dpydipp, 1dhy 1 e giv AT Aryd®ppy 1 ARy 1

)
ct fin

and

qq—hi1h2
dopr

dxp, dpyd@ph, 1 d%py 1 |,

- gty S [ () () s

x Frr <(;;) (1 + I FE > Q; { z;ql d;ll [qu(ﬁl)Dgl (;};;I,MF> D} (3:;2,MF>
i ()t ()

R N

hi [ TR h Th
+Pyq(82) Dy (qu/LF) Dy (BQ;,MF> }+ (h1 <> h2)

hiho hihg
dogry doprp

dxn, dpydipp, 1 Ay o | i dxhl dnyd?pp, 1 dppy 1

(3.9)

ct ﬁn

The divergent parts are the ones containing 1/¢ and the finite terms are the ones with
In(u%/u?). The dependence on the arbitrary parameter u disappears at the end when all
finite terms are put together.
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4 NLO cross-section: virtual corrections

Here, we compute 1-loop virtual corrections to the leading order cross-section. For sake of
comprehension, we report the dipole-dipole virtual corrections to the v* — ¢ cross-section,
as presented in (5.24) of [13], which we refer to as our partonic cross section. Adapting to
our notation, we have

as T(1—¢) (SV+S‘*,
F

déinL = — dé
OILL = 5 (4r)¢ 5 )UOLL

aSQ2 Nc2 —1 aeng
47 N. ) (27)4N,

+ drydagd*p,) d*pg (1 — x4 —x7)

d(p1171L+p21) P12l P12 L
% d2 d2 d2 / d2 / 5 _ < > F* ( >
/ p11d pe1d py d Py 6 (P11 +pg21) ﬁq21/ +2,24Q2 2 2

2.2 2..2,,40)2
i 6xyws n T Q i
D ~()2 - 12 [

pq1+$q$qQ (l‘qpq—l“qpq) (pq21+$q$sz2)

N2
+<§;3;tr((c4+C15II+C?||)ﬁq’Y+ﬁq) +hc. (4.1)

in which the divergences are inside the contribution

Sy+85 1 z2a2)?
svtoy 1 l_4€1n(a)1n <jqu +41n(a) +4eln?(a) —2In(zz5) +3 (4.2)
2 € (qPg — 24Py

_12 2 2
+2¢ln <W> In(z474) +eln®(z474) — 3eln (W) T ct6e
(4Pg — 2qPy) (4Pg — 2qPy) 3

)

where « is an infra-red cut-off imposed on the longitudinal fraction of gluon momenta in
order to regularize rapidity divergences.
In eq. (4.1) the C functions have been parametrized using (5.25) and (5.26) in ref. [13]

as
i )
((f;(;; tr(Ciipay " by) = /0 dz[(¢a)rLl, + (¢4 @), (4.3)
and
0o L ooyt = [ d(60n)sal, g + (a0 D (14)
S2pryr 1)[Pg7 Pq) = 0 n)LLI+ |5,=0 q<>4), .

where n = 5 or 6, and (¢ <> ¢) stands for p, <+ pg, pgl) > pg), x4 <+ xg. The expressions

for (¢,) 11 are given in appendix B.
By using a factorization formula analogous to eq. (2.18) and the expression (4.1),
as well as the collinear constraints (2.20) and (2.21), we obtain the dipole-dipole virtual

~ 18 —



corrections to the full cross-section. We split it into divergent part,

qq—h1ho
doipr,

dxp, dp,d phlj_ddph2J- div

i 4aemQ B [ %q ¢ ] a _
~ 2mi@DN, Z/ d:cq/deq tata (%) (%) o1 =g = aq)

T Zh
X QIDM [ =My | D2 222 up ) Fir
Lq Lq

2

Qg 1 7
ar e m

l‘h2 :Ehl

+4In(a)

+ deln?(a) — 2In(z,2q) + 3} + (h1 < ha)

and finite part,
qq—hih
doj, '™
dp, dp,dipp, 1 d%py 1 g,

4aemQ ¢ Lq a
_ ERNC= Z/ dxq/ drg Tqxg <$Uh1> (gc;;) (1 — x4 — z4)

X QZD‘]ZH (mhlqu> D(};Q <thqu> FLrL
Tq Tq

1
X %ij 2¢ln —— | In(z473)
2w € Phy Py
$q q % - xhl)
2 2
+eln?(z425) — 3€ln q,u — — L+ 6e
ad Phoy Phy 2 3
wova (52— 50
n OésQ2 Nc2 -1 Qem / d$q / dxq(S — x’)
A N, ) @n)iN. & Ja,, !

d
X (l‘q) (xq> QQDhI < 7MF> D(Il}Q <%7MF>
xhl l’h2 l’q

y F (ﬁizlphg + ﬁthL —Pu gxh Sy Pl t Qxh %2y, Pha L — P2’L)
X [ d%poy d? pQ’J_

- 2
(%phz - p2> + zqrqQ?

42 Tq
« |6a2e?1n s o+ ([ as oo,

— —

2 2
Pn Pn Tg = = _QQ
(achz N l‘hi) ((whq Phe — p2> Tatq )

2
— Tg — —
+ (¢« q)) <(q Dhy — pz) + quqQ2>
Fae( .fCh2
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2ph2 - P2') + zq24Q?

—‘y-(hl <—>h2).
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For the dopy, element of the matrix (2.22), we get from (5.28) of [13]
ol
dxhldhzd ph1J_d thJ_ div

= N A G NE RS

X 6(1 — 2q — 24) Q4 Dy <$hl ) Dy? ( - 7MF) FrL

1
X —CF 3 —4eln(a)In +4In(a
27 ph2 phl

xh2 :phl
+4eln?(a) — 21n(zgzg) + 3] + (b1 > ha) |
and
do qq—h1h2

lTL
dxh1dh2d phlLd Phyl lfin

it S (2 ()

X(S(l T )Q2Dh1 < 7:U'F> Dh2 <xh27/J'F> ‘FTL
q
« 1 u?
i(}’pg 2eln R In(zqzg) + eln®(zqxq)
Tatq \ z,, — E)
2 2
—3eln #M —— | — ¢+ 6e
_(Phy  Phy 3
Tatq (@ B a)

asQ (N? -1 e dxg dJ:q
c 1— — =
+ 47 ( N, > 27) 1N, / / J q :Uq)

d
X <%> < ) Qthl <%’MF> D;‘LQ (xhlnu’F)
Thy Thy Lq X

q

1 .’E
/d p11d%py, F (p122 ) J <$ph1L —p1L+ TPhQL _pQJ_>

h1 h2
P12y
/d p1r1 d%pyr | F* ( 5 ) o (PhlJ_ —pri+ 7Ph2J_ - pQu) ET
Th Tho
1 0
X 5 / [ ¢4 TL + E / <]5 TL
$q — _ — _ 2 — :O
(—xhl Dhy pl) + z425Q n=>5,6 p3

%
3aqrq(rg — x4) (;quphm - p1'¢>

2 2
(G =) mamae2) (G 7))

_l’_
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2,8 (Pry _ Phy\~

In on (IhQ whl)

TqTg (( D p1) +quqQ2) ((;;qlﬁhl plx) + z425Q >
_ 2qqQ° In r427Q° i 1
(ﬁphl —py) (ﬁphl —Py) + 24250 27475 ((xh p —pll) + quqQ2>
(g @) ||+ (h < h). (4.8)
173=0
(5.35) and the

+Z/ QZ)ZLT

x / [ Ga)L
0 n=>56
In the case of the TT transition, the result was obtained in ref. [13]

divergent part is

g—hih
do-(ll%T o
dxp, dp,dipp, 1 dpy 1 gy
B aem dfﬁq axg [ Tq ! La ‘ —
e 1)N Z/ / : <$h1 o (1 —zq — zg)
xp Zh
X Q2D(};1 (17MF> Dé?n (27MF> fTT
Tq Lq
os 1 &
X =2 Cp> |—4eln(e)1 +4In
Fe ¢ln(a) Phy _ Phy . @
Thy Thy

2T

+ 4eln ( ) — 21I1({Bq$q) + 3| + (hl — hg)

while the finite part reads

O
dp, dpydipp, 1 d%py 1 g,
em / oy dwq( BNE R E—
(2m) (2m)4d-1) N, g \Tp, Th, ¢
XQngLl (7 )Dé@ <%7MF>-FTT
Lq Tq
«a 1 w2 9
xiCFE 2¢eln o e In(zqzq) +€ln®(zq24)
%% (o ~ o
2 2
—3¢€ln H,u —— | ——€+6¢
Phy  Phy 3
quq(I’Q E)
Qs NZ-1 Qem Z/l qu/ld%(s(l Tqg—Tg)
A7 N, (2m)4N, 7 Jan, Tq Jny g -
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d
() (Y ()t (3
Lhy Lho xq Lg

P121
/d prid’py, F ( 5 )5 (phlj_ pu-i-ipth pu)
h1 th

P12 L Tg
/d P11 dpy ) F* ( ) d (phlJ_ PUL+ —Phyt — pzm)
2 .%'hl th

G N G

. 3 xhlph1¢ pP1L . xhlph1¢ Plul

S 9 2 - 2
((Z:Phl —pl) +$q$qQ2> (<gchq1ph1 —pl') +CUqCUqQ2>

x| (g —wq)2g gl — g7l + gl g
4
x [In —— a 5
p p — —
g (B2~ B (B —72)" 20w
_ 2q2qQ° 0 r424Q .
() (s > | M (B e
zhlphl p1 xhlphl D1 qLq (mphl —pll) —i—a:qa:qQ TqZg
X / [¢4 TT + Z / ¢n ﬂ+(qH(j) +h.c. }
0 n=5,6 =0 L1 ik
+ (h1 ¢ ha). (4.10)

5 NLO cross-section: real corrections

In this section, we will discuss the real corrections. Since, as explained above, the calcula-
tion is almost completely identical in the LL, TL, and TT cases (apart from factors that
do not affect the general strategy), we will show the details of the LL case only. For the
others, we will just report the final results.

The dipole-dipole partonic cross-section is given by eq. (6.6) of ref. [13]:

dos r = Qs NZ -1 oem@  (pg)°
MQe N, (27T) (d— 1)N 24! :]

/

Ejaemdx dz’- (5( T, — x% — a:g)ddqu_ddp@_

dx,dp
x ——— g /ddpud p2 F < ) d(pg1L + Pg2L +pg1)
asg 271'

P1rar L

X /d P11 d%py ) F* ( ) d(pq171 + pgr 1 +pg1)

X ®F (P11, p2s )®F (prry,pary ) - (5.1)

where we introduce shorthand notation by suppressing summation over helicities of partons

(P11, p2) @5 (P11, po1) = Y g (P11, P21) 85 (pr 1, por1) - (5.2)
Ao g Ag
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The impact factor has the form ®§ = ®F|z-o + @% Only the square of ég provides
divergences in the cross-section and it is given by (B.3) in ref. [13]. The LL contribution
reads

&F (71, 52) 23 (B )
8:521 (p$)4 (dmg + 4xf1(x'q + xg))
ﬁ Py N 5
(Q2 1iq2x A <Q2 + 42:%(1(137’6) (4P — wgDq)?

8xx —(p;r)‘l (2379 —dz? + 4x

81‘:11‘ ( ) (dx dwf(z; —i—:vg))
2 ﬁ21 2 3721'
q q
<Q + m{l(l—mfl)) (Q + xfl(l—xg))
8:E’ ’—( +)4 (ng — d:ng + 4! l‘%) (mf]ﬁg — :Bgﬁq) . (m%ﬁg — a:gﬁq)

o) (@

The T'L contribution is

Q)

+

(2P — 2gP7)?

2 2"
(%pg - ngQ) (xfjpg - xgpr?)

o5 (51, p2) D5 (P, pr)

41‘:] (p,Jyr)g (xﬁ,ng - xgpqL)‘u (x:jng - $gpqL>V
(4 70) (Q T (p1 )) (Q = )) (7 = ) (w7 — ).
X [l'g (4$fj + zgd — 2) (ng,LgL - pcpigl) - (Q:nfj - 1) (4:U;:E% +24(2— xgd)) glf/pfﬁm}
B 4z, (p¢)3 (233%— 1) (22d + 4z () + 24) ) Plor. e, 5.4)

() + ) @t T (g T (45 — 2oy
(A s{1-77) sp(1-ap) ) \Mabe ~ Foba

and finally, the TT" contribution reads

DL (51, p2) 5 (P, D)
2
-2(p})

(i) () (@ ey ) (@ i)

q

(x;ng- - xgqu_) " (wfjpgj_ - xgqu_) y

(m’ﬁ o 13»)2 (x/ﬁ . ﬁ)2 {xg((d—4))$g_2) [pZu (pgglgf—i-pqungf)
a9 9rq qPg —TgPq

+0 (B Pa2) 9 + Pl Pho 1 ) — 0P 1P| — 9191 (B Pi2) | — 01
X [(295; - 1) (295/(; - 1) p';”up’ﬁm (4332133%"'959(2 - xgd)) +45U Ty ((pql’ pq2)g¢ +pq1’J_pq2J_):|

ik k i i k k — -
(Pl 1Pl g — Dl o 6 = Dl Pl 61 — 0 (B - Pi2) )
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X g (d— 4y +2) + g (20— 1) (wgd+ 42, —2) (¢ phrr s — gk, ) o
(22— D)pfyr s (A + 2od —2) (g7ply, — gwqu)}
22 (p)* (a2 d + 4 (2, + x4) (pqz Pg2) g’ — (1 —227) pijLp]qEQ’J_ +pfyup§u)
wi () +xg)? (Q + Faf x,)> (Q2+x;(fﬁ;;)) (xgﬁg—xgﬁq>2
+(q¢ ). (5.5)

The divergent part of the LL partonic cross-section from real emission is given by

~ 4aemQ 2 / d d asCp dl’g ddng_
da3LL|div = m@ dl‘ da; (5( —.Tq—l’g)d qu_d PgL ,U,2€ ;1;‘79 (27‘(‘)d
X/ddpuddpu5(?qu +pg21 +pg1)F (]?12u>

« [ D172/ L
X/ddmmddpzfﬂs(pmu +pgr 1 +pg1)F <2>

dx? 44z (x’ +xg)
2
<Q + '(1(12:[: )(Q + /(1 o )) (24Pg — TgPy)?
(21:9 —dz? +4$’$—) (xqﬁg —mgﬁq) . (xfjﬁg —J:gﬁq)

, B \2 B 2\2
<Q2+ T q2 )(Q + ,(1 ) )) (xgpg—xgpq) (x%pg—xgpq)
dw + 4zl (x +xg)

(Q2+ )(Q + i >)<%ﬁg—wgﬁq>2

(2xg — dxg + 4x;xf§> (acflﬁg - :Ugﬁq> . (:rgﬁg — xgﬁzj)

X

+

_ pe = 5 5 (5.6)
1/ g2 — — / = —
<Q2 + mg(f—xg)) <Q2 - x;(lqg;gl)) (%Pg - xgpq) (xqu - f’fgpq)
When two partons labeled ¢ and j become collinear, the variable
A'ij = 1'1]5‘] — xjﬁi (57)

vanishes. In the present case, the first term in the bracket of eq. (5.6) gives the collinear
divergences (ffgg — 0, i.e. quark-gluon channel) and the third (A%Q — 0, i.e. antiquark-
gluon channel).

For LT, the relevant divergent squared impact factor is (5.4) and for T'T, it is (5.5).

5.1 Fragmentation from quark and anti-quark

As explained above, there are several contributions to the final cross-section that contain
divergences. In this section, we deal with extracting the soft and collinear divergences
associated with the contribution (b) in figure 5. This contribution corresponds to the
situation in which the quark and the anti-quark fragment and there is an additional emission
of a gluon with respect to the LO case. Below,

— 24 —
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%QQQQ/ zg = (1—P1)xq, Py

Lg, Pq

Figure 9. Kinematics for the ¢ — g splitting contribution. We indicate the longitudinal fraction of
momentum carried by the partons as well as their transverse momenta.

o We compute the collinear divergence of the diagram (1) of figure 6 and show that it
is removed by the + prescription part of the first term of eq. (3.7).

o Similarly, we calculate the collinear divergence of the diagram (3) of figure 6 and
show that it is removed by the + prescription part of the third term of eq. (3.7).

o We extract the soft divergences of diagrams (1), (2), (3), (4) of figure 6 and discuss
the complete cancellation of divergences of this contribution.

The calculations of the collinear divergences is done by Fourier transforming the F(22L),
as defined in (2.15), and by using the identity (see eg ref. [48]):

1 L eTiT 4 \©
ﬁ /d2+25q ? =T () F(ﬁ) . (58)

ﬂ27:‘2

We also have to change variables from the usual fraction of longitudinal photon momentum
of the partons (2}, x4) with i = ¢, ¢, in the spirit of the definition (2.9), as used in eq. (5.6),
to the variable of the fraction of longitudinal photon momentum of the parent parton x;
and longitudinal fraction 8 with respect to the parent parton and not with respect to the
photon anymore:

(2}, 2g) — (z4, 8) with 7, = Ba;. (5.9)

Changing variables is necessary to be able to compare with (3.7), (3.8), and (3.9). Note

that to make notations lighter, we will remove the
figures 9 and 10.

The Fourier transform of F (pl%) is necessary in order to be able to integrate over the

when one particle is a spectator, see

transverse momentum of the spectator parton, as it allows for the complete factorization
of this momentum from this non-perturbative function.
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5.1.1 Collinear contributions: g-g splitting

We use the kinematics illustrated in figure 9. The term in (5.3) considered for this collinear

contribution is the first one in the bracket.

qq—hi1h2
do O3LL ‘coll qg

4 Aaem@” 1 d dzg 1d

d
T hy [ Th o dpg1
x QaD) <x,1 MF) Dg? (x; ; MF) ddpqdep(jL M; F (2736[

q
L
X /ddpuddpufs(l?qu +pgel +pgL) F (19122)

. /ddpllddmlé(l’qlu +pgrL +pgL) F* (]91/221)
dz? + 42! (x! + 201 _ 2-)2
X ( $g_ﬂ2 l’q(qu ﬂfg))JUq( _Qajq) ; ; N (h1 . hz)
<xq(1 ) +p‘?2) (xé(l —2g)Q% + pq2’) (hPy — x4Py)?
4a m 1 da: 1 g d
= dwhld.’L‘thdphlJ_ddpth (2 e Q / / (] / qé_ L x
Thy

2\ zz \¢ x x @ dp
() (2 cap () o () s
Th, Th, y, Tg (277)

/
P21
/d Pp11d'paLd (wphlL Pl + E%L — P21 +ng> F (2>

h1

/
bt
/d pl/J-d pQIJ_(S < Phil — P11 + 7ph2L Do 1 +ng> F* <>
Thy Thy 2

(da? + 4l (x), + x4))x2(1 — 24)°

— g — Tg)

2

X
_ . 2 _ . 2 N '
(l‘q(l — 2g)Q%+ (x%pm ~ ) ) (wq(l — 2g)Q%+ (%phg ~ p) > (75 — fcgﬁpm)

+ (hl > hg)
Adavem @Q? Lode! Vdx, 1 dzg

= dxhld%ddph@ddphﬂwz/ o / o / St
C q X 1 q « X 9

Qg ddpgl

$/ d €T
x [+ Q2D I e | DR (22 F
<$h1 ) (xh2> xq a Lg M2E (271—)6[

/
d Lyq Lq Pyl
X /d P21 F (290 Phil + o0 DPhyl — P21 + N )

h1 ha

Lq L
d ;1 F* q , PgL
/ P21 ( 1ph1J_ 2, o Phyl — P21+ 9 )

(dxg + 4x;(xi1 + .%’g))xg—(l — a:q)Q

— g

— &g)

2

X
_ 2 _ 2 /
(xq(l — 2g)Q? +(%’2ph2 =) )(iﬁq(l — 2g)Q*+ (;quphz ~ ) )(xgpg = :vgffpm)

+ (h1 <> ha) .
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After performing the change of variable

/
r, = Py

zg = (1 —p1)zq (5.10)

and using the Jacobian dx;da;g = x4 dxydfB1 we can rewrite the longitudinal integration in

the symbolic form

/1 day, / d%/ld%é(l—x’—mq—xg)
q
Thy «
1 do! 1 00 Jo
_/ xq/ dxg/ dxqﬁ(acq—th)G(l—wq)&(l—x;—xq—xg)

acfl o T
1 dx! 1 dz 1
g g9
= / $$] /a 0 1-— LU — g — xh2)0($; + xg)m
. /1 Thy dm 1 /lzc:-, dp (5.11)
:L‘q 1—.1‘q Th 61(1—51) ' '

After this manipulation, we obtain

qq—h1ho
dosrr

dzxp,dxp,d%pp, 1 d%pp, |

coll qg

4orem Q? /1—% < o \? /1 —xy\?
_ __foemG” dayrg(l — ) ( )
(27r)4(d_1)Nc ; hy q Q( q) Th, Th,

zq df Th Th
a 2 h1 1 Dh2 2
X/;;l ,6 Q <leqaﬂF q 1_xq7MF

thL sz) F(Zu_)

lZu
/ddpu/d 2y S - 5
)Q2 <ﬁph2 *P2)
_ loaq
d 4 € e +F 2z, Pt P2 L)F*(zu)
/dPQ’J_/dZ2L - 5
)Q2 ( qphz 52’)
2(1 4 B7) +2¢(1 - 51) +4e(1+ 7)) In By
1—-p
2 - ZQJ_ (1*31)Tq dd_‘ 77:(31;52>'ﬁ9
<ol ) Pt S F/ Po &~ (h1 < h). (5.12)
H (27r) (pg)
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The integral over p, | gives, using eq. (5.8),

L —i( 2525 FEEA
'u—25/ ddpg € ( ’ ) ’ _ 1 7T,U_26 (Z1222> F(e)
@em*  (F,)? (2m)d 47
1 (1 c?
= g—i—ln - #0 5 + O(e)
(21522> /1«2
€
11 2
=3 — 9 | +0( (5.13)

where ¢y = 2e77E. This leads to

qq—h1h2
do O3LL

dap, dxp, dpp, L dphy

(5.14)

coll qg.

4aemQ / / (xq)d<a:q>d
= dx dTsToxs —x,—x5) | — —
Z q GLqTqd q 7) Th, Th,

Wu_ szlphlL+ﬁph2L*p2L>
/ddpu/d "
F* (ZQJ_)

/d pzu/d Zu 5
o(1 = 2)Q* + (524 Ph, — )

=26 dB1 o ny [ Th he [T
D 1 1 D*Z 2
>< /;hl ﬁl Qq q leq“uF q 1 _ .:Uq”uF

Tq

F(z11)
o= 2) Q2+ (20, — )

1—x
_Tq q
—iz21 - 2%1 PhyLl+ %y thL—pgu)

ct 1+5%+ (1—-p51)2+2(1+ ) Inp
(@)zuz 1 -5 (1-751)

aSCF
X
2

™| =

+ (hl > hg).

Here in eq. (5.14) we have put back the integral in x4 using

1 1 +oo
/ dxz, dxgé(1 — / dxq/ deg6(1 —xg — x5)0(1 — z4)0(x5 — xp,)
Thy Tho Thy —0o0
1-2zp,
= / dxzg (5.15)
(Ehl

in order to have the same form as in the LO cross-section (2.24).

Now, to separate the collinear and soft contribution we introduce the plus prescription,
€

2
as defined in eq. (3.6), and after, we expand the factor % — % | within accuracy

S -\ 2
(21_22) MQ
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of order €°, only in those terms whose integrand is safe in the limit £; — 1

it
dap, dxp,d?py, 1 dopp, |
coll qg.
4aemQ Tq d Tg d
= (2m)Ad-D N, Z/ dfffq/ . dzg Tqxg0(1 — 24 — 25) <$hl s

_Tq + Tq _
dd dd . 121 “h1 Phq L %y Pho L sz) F(Zu_)
P21 211 o 3
TaxgQ? + (ipfm —Pz)
—t29 - (%phlJﬂr%pth*qu) %
e "1 2 F*(z9,
X /ddpzm/ddzu — 5 (z21)
rata@ + (251, — )
1 df T Th asCr 1l 1—{—[32
x T 7Q2D¢}]Ll - ) LF D(I;Q 727,U/F - = L
L B By Tg 2 €(1—PB1)+

- x x asCp 1 c2 2
+ / " dpQ DM (;up) Dh (huF) S 0

—2ph (I hy [ Tha
(1_51) ‘| Qqu <$q7MF>Dq <$7HF>

2
RSP T Y R RN [ VN A
2 Lq (51522> ,U2

q q 2r € <q15*2)2u2 1-p1
Th Th OéCFl Th
il (e ) e () S (1 %2
q q q
bodb o h1 Lhy ho [ Zh asCr & 1+ ¢
D22 —n2 1 0 1
+ zhl 5 —— QD leq,uF q xq,uF 5 | (2153)2% =5,
(- B1)? +2(1+ ) In B

qq—h1h qg—h1h
_ dospp + dosrp (5.16)
dwn, dxhydpny 1d%Phy1 leon. gg aiv  @Thy AThy APhy 1d7phy 1

coll. qg fin
where the term denoted by the label “coll. qg div” corresponds to the sum of the first three

terms in the curly bracket, whereas the remaining terms in the curly bracket contribute to
the term denoted “coll. qg fin”.

This gives the following expression for the divergent part

it
Az, dThydpn, 1A Phy 1 leon. gg div
S / () ()
= dx dTs; ToTs — ) 1 —x, — z;
( Z q q Lqlq T, Thy ( q 7)

’LZu Qxh phlLJ"Qxh Phol pQL)
/ddpu/d 21 s ol

— N2
Tqx5Q? + (%phz —pz)

Zu)
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; *q *q
—122] - (thl 1 +%ph2l _pQ/L)

F* Z921
X /ddpQIJ_/ddZQJ_ - 3 ( )
Tq2gQ% + (iphz - p2/>

2 dﬁl 1+/Bl L ha [ Tha
27T6Q [/ 1—ﬂ1) A p), e (leq”uF) Pa (:C‘I’MF>

€

-2 2 c? T T,
+ [, " dBiCr —0 DI (=2 pup | DI =2 up
C N 1-0 1—%2 2 Zq Zg

~2CpIn ( ) D (“nF> D (“pw)
Lq Lq Lg

The first term in the bracket cancels part of the first term in the bracket in eq. (3.7), i.e
the part involving the + prescription in the spitting function F,4, and the remaining part
of the Py, term is cancelled by an analogous contribution in the virtual part. The second
term in eq. (5.17) has to be removed to avoid double counting as it corresponds to the soft
contribution and will be taken into account later in the paper. The third and last term, in
eq. (5.17), will compensate an analogous term in the soft contribution.

+ (h1 <> ha). (5.17)

The finite part for the LL contribution takes the form

do qq—hiha
I3LL

dzp, 2, dPhy 1A Phy 1ol qg fin

_ 4aemQ : %)d (%)d
= @i @)@ N, Z/xhl d:rq/ drg vqrgd(l — xg — x4) <37h1 o

lZu 212 PhyL+ ﬁphz L *pu)
1 2

(5.18)

F(ZlL)

/ddpu/d 2y S 5
2qgQ? + (ﬁp*h =)
qq T 2

—iz ] - (2$ phlL-l-Q Dhy L — qu_)
P F(201)
21

e
X /ddpu/ddzu — d
TqrgQ? + (iphg - pz/)

asCr ) [t dBi ph [ Zh ha [ Thy
X o' {[Dhql ﬁlQ <6lxq>/’LF>Dq (thuF)
c 1+p82 (1-B)?+2(1+ )
(@)2/3 (1=PB1)+ (1-p1)

2
_m( _%>m & | (ﬂ> Dl (u) b ).
Tq (z1522> ,U,Q Zq Lq
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Similarly, one gets for the T'L case

qq—h1h2
do O37L

dmhld‘rhzdphlld Pha 1 1ol qg

20temQ 1 1 N R
. deg [ deg (g — 24)5(1 — 2 — 24 q><q>
(2m)4d=1 N, Z/xhl Tq /a:h2 zg (2 — 2¢)0(1 — zg — xg) ($h1 Thy

q

/ d’pay / diz

e F*(z1) (@ L\ L

X /ddpz/L/ddZu . 3 <:quh2 P2’> =
N 3

¢ dAB1 o h1 Thy ho [ Th
D | =2
X /qul ,81 Q ,Bll'q,luF q g s HF

€

ZZu 2% ph1¢+ PhQL pu)

F(Zu_)
. 2\2
2q2gQ? + (;quphg —pz)

. x Ty
—izo] - (ﬁphlL-Fﬁpth—qu_)

% asCr 1 C(Q) 1+B% (1_B1)2+2(1+ﬁ%) In 5 +(h1 (—)hg)

21 | e (zlgza)?Mz 1—p (1—p1)
do qq—h1ha do qG—h1ha
_ I3TL i I3TL , (5.19)
dzn, AT, dpny 1 dPho 1 lcon. qg div 9Th1 dThydPhy LdPho 1 con. gg fin
where
i
dwhldxhzdphllddp@l- coll. qg div

20tem @) 2o \¢ [/ x5 \ ¢
em d d rq q) 5(1 — e
(2) (2m)Ad=1) N . Z/ xq/ zq (zq — x4) ($h1> <3th (1 —2q— )
/ddpu/ddzue
F*(z T . .
(221) (mqph2 p2,> L&

e
X /ddpzlL/ddZQJ_ . 3
2q2gQ% + (iphg - p2/> h

2 1 h 1 ha 2
Q Djl sy UEF D—; — s HUE
2“ 6 / 1 Cl) ( 1 q Iu ) ( q Iu )

€

_®q *gq
121" thl Phy L+ %phg 1 *p21_>

F(z11)
_ 2
-Z'qqu2 (;Tq;phg - p2>

. x Tg
—izo] - (ﬁphlL‘f‘ﬁp@i—PWL)

- 2 c2 x z
q 0 h h1 h ha
* /fhl dﬂlCFl — b1\ (2=2)\? 2 by’ ( x ’MF> b’ ( zg M

—2C’F1n< _ xhl) D(f]u (‘rhl’,uF) Dg—” (‘rh?“uF)
Lq Lq Lg

+(h1 > hg),
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and
do qq—hi1h2
(5.20)

O3TL
dxp, dxp,dpp, 1 d%p, 1

— 2aemQ Z/achl qu/ dxg (v — 24)0(1 — 24 — 24) (gf,i)d<aiq2>d

coll. qg fin

iy
zz - P +7qp —p )
. 1L° 2%1 hiL+¥ 2z, Pho L ~P2L F(z11)
d'pyy [ d21, S s ()
.Z'ql'qQ (th Phy — p2)
—izz1 (270 ph1i+2;(7 ph2i_p2’L) *
h1 ha F*(z01) ((xg o ok
D2 | - €T

e
X /ddp2’1_/ddz2j_ o 3 7ph2
2q25Q% + (iphg - pQ')

l’h2
aCr | [t dfi i Th, ho [ Th
pha [ Zha
X o {‘/xhl Bl Q /leq7/'LF q l‘(j y UF

c 1+6f | (1=B)°+2(1+5]) Inp

M =y ) T8 -5
( 15 2) Iu2 1)+ 1
2

—21In _% In LQ D(};l %711’1’}7‘ D(;Lq @7/‘}7 +(h1 <_>h2)7

Lq (51—52> 112 Lq Lq

2
and finally, one obtains for the TT case
ol

dxhldxhgdpfuJ_d Phol ol qg
d d
B aem / dl‘q / dSUq(S 1— Ty — xq) (ﬂfq> (l‘q)
Thy x l‘hl xhz

(27r .
x [(9«“@ - xq)Qgi’gT - gi’“gli + g’fgﬂ

ey

. zz1L 2% 5z, Phyl th Phol —P21 F(Zu_) g
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e 2L (chhlphlL 2:ch2ph2L P/ 1 F*(ZQJ_) <.,L.q .
——DPhy — D2 | 7%
l
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do qq—h1ho do qq—h1h2
I3rT 93T , (5.21)
Az, dxp, dphy 1A Phy 1 ol qg fin

Az, dzp, dphy 1A™Phy 1 ol qg div
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where

I
dxhldxhzdphﬂ-d PhaLlcoll. qg div
d d
aem / qu/ dzq ( > <$q) 6(1 — g — xq)
(27T Th, Lhy Thy

x [(ﬂcq - xq)zgi’gﬂf“ gigl + g’i’gﬁ“]

e
/ddpu/ddzu
F*(z91) ( xg

e
X /ddpz/J_/ddZQJ_ . 5 x—phz pQ/) ETk
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(23U QZZI Phy J_+%ph21_*1721_)
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+(h1 R hg),

and

qq—h1h2
dosrp

dxp, dxn, dpp, 1 d%phy 1

(5.22)

coll. qg fin

aem / dzq / d.’Eq5 1— Ty — x(j) <$q>d (l.(])d
Thy Lho
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ZZu_ 2”’31 Phlj_Jrﬁpth_*pu)

F(z11) [ x4
. L 2 72%2 P2 ) €T
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Figure 10. Kinematics for the ¢ — g splitting contribution. We indicate the longitudinal fraction
of momentum carried by the partons as well as their transverse momenta.

< 1+87 | (1= +2(0+67)Inp
(”1§ﬂ2)2u2 (1—51)+ (1= p51)

2
_21n< —xhl>ln g | pm (%LLF)DZ;Q (%,W) (o ha).
Zq (zlgzz) ,U2 Zq Lg

5.1.2 Collinear contributions: g-g splitting

Here the term in (5.3) to consider is the third one. The calculation proceeds in the same
way as for the quark-gluon collinear contribution but this time the integration is performed
over po| and por. To observe the cancellation of these collinear divergences, one has to
use the different representations we gave for the LO cross-section, as explained before, see
egs. (2.26), (2.27) with respect to egs. (2.24), (2.25).

This time, the change of variable to be done is

xfj = B2$§7
zg = (1— B2)xg. (5.23)

This kinematics is illustrated in figure 10. The boundaries of integration for (zg, 52) are
calculated in the same spirit as in eq (5.11).
Thus, after changes of variable and integrations, the third term in (5.3) takes the form

qq—h1h2
dosyp.

dxp, dzp,d?pp, | d¥ph, 1

coll. qg
4aemQ2 /1 /1 ( 7, )d ( Tg )d
= dx drs Toxad(l —xy — x5) | — —
(27r)4(d71)NC§q: hy q oy q “qq ( q q) Ih, Th,

izu'(—%phlL—%phZL-l—pu)
d d e 1 2 F(Zu_)
X [ d'pr1 [ dzi1

2
rata @+ (22— 72)
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: _®q
—iz2] - Phyl— DPho L +P1/ )
(Catrmszigmasn) o,

e
X/ddpllJ_/ddZQJ_ o 2
2q2Q% + (ﬁphl - p1/>
1=2- dps T x
q 2 h hy h ho
< ot (e ) i ()
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€
aCr |1 & 14+82  (1—B2)2+2(1+52)Inps (s hy)
2r | é (21522)2M2 1—f (1—-p52)
_ o dogpp™® P (5.24)
dxn, AT, dpny 1 dPho1 Lot gg div  ATh1 ATy PRy 1AM Pho1 o, gg fin

Adding the + prescription and expanding up to €, just like for the collinear gg con-

tribution, one gets the finite and divergent part of (5.24)

The divergent part is

g—hih
dogiy
dp, dznydphy 1A Pho 1 leon. gg div
4a m@? 2 \* [ 75 \*
= - Q Z/ dxq/ dquqxq< q) (q) (1 —xg — zq)
( Lhy Lha

_®q zq
1211\ =55, —PhyLl— 5, —Ph J_+Pu_)
Tha T PRy T F(211)
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q !

T, P2t T l) F*(z9.)

—izg ( 2% 3z, Phil—
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Tq25Q% + (ﬁphl _pl’)

L dp, 1+ 33 (s he [ Zh
D 1 on1 D_2 2
[ C X y UF q ,BQQJQ s R
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)

<50 s By P )
1= 2 c? x x
oo amer g | | o (2 ) 0l (22,0
2 ( 15 2) M2 q q
—20F In ( - ‘%> Dl <%MF> Dhe <‘% F)] (hy ¢ ho) (5.25)
Lg Lq Lg

. We

The first term cancels with the + prescription term in the second Py, in (3.7)
have to remove the second term to avoid double counting with the soft contribution. The

third term is to be removed by the soft contribution
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The finite part is

do qq—hi1ha
I3LL

dxp, dxp,dpp, 1 d%py 1

(5.26)

coll. qg fin
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For the T'L transition,
I
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X/th 62 Qqu (xq 7MF> Dq <62$§’MF>

. T Ta
—1Z2J-'(_72zz phlj__?zz pth_'Q‘PﬂL)
1 2

Tq
€
Cr |1 2 1482  (1—=09)%2+2(1+63)1
y AsCF - 002 +5 B2)” +2(1 + B3)In 5y + (h1 <> ho)
27 € <2152’2) 12 1 -5 (1— )
dogy ;" doff ™" (5.27)
dl’hl d$h2dph1Ld Phal leoll. gg div dxhldxhzdphﬂ-d Phal lcoll. gg fin
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where

qq—h1h2
do I37L

dzxp,dxp,dpp, 1 dp, 1

coll. gg div

- et 2 [, / >(%)d(%)%u_%_m

xhl xhg
i211 - Zap, Ph1L ™ 3y, Ph L+pu)
dd d € 2 h ! ? F(Zu_)
P11 | d211 . -
_()2 a7 =
TqrqQ” + (aphl pl)
,izzl.(,;ﬁq phli_*gipth_+P1/L>
d d (& Thy Zho F*(ZQL) g .
X [ drry | d¥%o1 - 5 Py — v ) €
TqxqQ” + (ﬁphl - pl/) h

o 100 Udgy 148 (m o { an,
x 9w & 70 D ! ) D_2 )

1_7 2 02 T -
* J RO | Ty DQI<QT7“F>[%2<J?7“F
e 2 (%) 12 g .

+ (h1 < ha), (5.28)

and

do qq—hi1ha
O37L

dap, dzp, dph, 1d? Pho L

coll. gg fin

- G, Z/gchld$q/ g (g~ 2)0(1 ) (22) (22

xhl f[fh2
_Zq_ _ %3
; 1Z1J_ 2%1 52, PhiLl EZT9N ph2l+pu_) F(ZlL)
I 1t d ZlJ_ 2 Tq — S\ 2
TqTqQ® + (thl —pl)
—i29] ( Qxh 32, Phqil— thL-i-pl/J_)

€ F*(z9,) [z
- /ddp”/dd'zZL v 2 ) (qpm —py) e
rqrgQ? + (ﬁphl —pll)

asCr 1 dBo 2kt [ Tha he [ Thy
% 2 { ﬁQQD (xq’MF>Dq (521'@7”}?)
« | c 1482 (1—-PB)?+2(1+52)Inp,
(352) 72 ) U= Rl (=)
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For the TT case, we get

qq—hiha
dogrr

dxp,dxp,dpp, 1 d%p, 1

coll. qg

d d d _\d
~me 2 [, L, e (G ()
(2 Thy Lhy Lhy

x [(wq - qu)QQTQT gikglj + gfgf]

e
/ddpu/ddzu

iz11 - Qxh 5%, PhiLl— Ph2L+P1L)

F(z11) ( Zq

- 2 — DPhy — pl) ETi
TrgQ? + (ﬁphl —p1) r

.%'hl
,iZzJ_'( 21} 5o, Phyl— PhQJ_JrPl/L)

F*(z0,) [ x
o N2 (qpm pl’) ETk
r25Q? + (ﬁphl —pl/) !

-2 dﬁg Tp Th
% q 2Dh1 1 D@g 2
/zﬂ 62 Qq q ( 4 7;U'F> q (BquauF

%
€
o sCr |1 & 1+5§+ (1= B2)* +2(1+53)In B + (hy 5 ho)
27 € (51—52>2N2 1— 05 (1_/82)
2
do qq—hihg do qq—h1h2
9311 O3rT , (529)
 dwp, danydph 1 d%pp, | coll. Gg div d$h1d$h2dphlj_d Pha L leoll. Gg fin
where
ot
dzp, A, dpny 1Ahy 1 lcon. g4 div
d d

= g S L, ) () s

(2 Thy Lg \Thy Lhy
x [(wq )QQTQT - gi’“g’i + gﬂgﬁ“]

lzu th 55, PhiLl— p;LQJ_ﬂ?u_)F
Z11 x
/ddpu/d - - 5 (z11) (qphl p1> ETi
quQQQ + (ﬁpm - pl) T
—izo] - ( QTh 52 Phil— ph2l+p1/l)

e F*(z9, x
X /ddplm/ddzu " 3 (z2L) (qpiu Pl’) ETk
TqrqQ% + (ﬁphl —pl') !

Ty,
asl o | (1 dBa 1+ 85 n 2w ha [ Thy
x Qs 2 2 q pi (T ) Dl [ P
@ my By (1= Ba)y 1\ g e ) Baxg o

1
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o 1— B2 (51—22) 112 Tq zg
—2Cy1In (1 - if) D (i’“up> e (i"?, F) + (h1 4 ha), (5.30)
q q
and
i (5.31)
dp, dwp,dpp, 1 d? pth

coll. qg fin

 Qem dzy [V dag 4w\
CEhl hl th

lk k li 1 ik
x [(wq - $q>29T9L g1 gi + gigi]

lzu Q:q phlL_%thL"FplL)
d Thy Tho F(le) xq
d'pyy [ d%2, C . 3 —Pm —P1) e

x qu2 + (ﬁphl _pl) ha T

—i29 - ( S Dhy L~ ph2L+pl/L>

d d, © " F*(221) ( 24 *
X [ dnry [ d%zo xfphl P1 | €7
hi1 l

2
re @+ (;fphl )
asCr /1 B2 2 i [ T ho [ Tho
x ) Th e | D | Zhe
o { g BQQ 2 pr | Dg Bozg HF
q

2 1+ 33 N (1 —32)% +2(1+ 3)1In B
(ﬁ1§*2>2ﬂ2 (1 - 52)—&— (1 - 52)4—

2
—21n< — ‘%> n|—0 | ph <%MF> D} (x’”;w) + (h1 ¢ ha).
T (21522> ,U2 Lq Lq

5.1.3 Soft contribution

To calculate the soft contribution of the divergent part of the real emission cross-section,
the soft limit of (5.6) is taken by setting py = z4u, where |@| ~ [py|, which extracts the
divergence on z,.

qq—hih2
do O3LL

dzp,dxp,d%pp, | dpp, |

soft
404emQ dﬂ:‘ dxq 2 h h h Th
(2m) (27)A(d=1) \ . Z/ / Q St Dq2 ?faMF

q q

A% L d ddii
TEANEAN %aa—x;—xg—m*%? / —
xhl ‘rhg (67 $g lue (27T)

!

P12L Ty 93-

/d Up11d'py) F ( > S| —LpntL —prL + —Lphyt — pot + TguL
2 Th, Thy
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)

/
d d « [ P12/ L Lgq q
X /d pr1dipy F* (== )0 —Dpn 1L —Pri+ —Dhyl — Dol +Tguy
2 Th, Thy
2 o
y dz; + dxy (v, + 7g)
’ 2 B 2
x $q R
DPho —D2 z; _Pho P2/ N
Q2 + <wh2 2 ) Q2+ (% ’ ) /2 (t_[— Prq )2
(1—al)z! (1—ay)zy q Th,y
2 / /
N dzy + 4daj(zg + xg)
/ 2 B 2
Izj N . N zq N . ~
<ph2 —Potxgl (ph2 — iy +zgu) 5\ 2
2 2 12 (7 _ Pho
Q° + (1—z})l, Q° + (1—af)x], Lq (u th)
.2 101 (7 Pr\ (= DPhy
274 — dry + dwgwy] (u ) ) (u ) )
1 2
ot -\ o\
2 th —Por ) - Dhy —p2+xgu Fr\2 7
1ot (= 31 = _ Phy
AR (EAT A (EAT iy ( xhl) ( %)
— dr2 ! ol Phy = Phy
- 224 — dx} + dwga] ( whl) (u %)
( ol )2 ( ol 2
i~ = L #
ho —P2 DPho —Por +Z gl N 2 - 2
Q2+—1h2 Q% + at’at’—(q—pﬂ) (_’—pﬂ)
(1—=zf)z (1—zf)xy q~q Thy Thy

/
q

(hl — hg) .
The limit x;, — 0 in the F' function and impact factor can be taken safely in the non-
-section, and z7 are limited from below by z,,zp, and
so cannot be arbitrary small (ie of order z4). The cross-section in the soft limit becomes:

divergent terms of the cross-section, as x

)

do qq—hiho
O3LL
dxp, dzp,d? PhlLdPth
4o Q 1 d:E dxl; T xp
@ / / quDf’z” —tour | Dyt | =2 e
(27r Th, Ty Ty
o\ [ U g a,Cr [ d%d
x | —L —4 / 95(1_:6;_%_%)5721’/7%
Lhy Lhy e 339 pee (271')
!/
P121 T 55—
/d p11dpe) F ( 5 ) d (mg PiL+ —Phyt — P21
Th, Thy
:1:’ :1:—
7phlj_ —prry + fpth —poL
fEh2

h1

X /ddpluddmm F* <p1l22/L> 5 (
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4
ot 2 " 2
L Phy—D2 —L Py —Py L9
2 ( h2 2 ( ) ~ _ Ph
e e (AT Q* + = | (- 5
4
CL‘, 2 fl)’ 2
L B, —P2 <quh —p /) .
Q2+ ( h 2 Q2+ Cho, 2 2 (—»_@)2
(1—2)xy (1—z)xy Thy
— ﬁh — ﬁh
afi-gr)-(a-52)
.’L‘/ 2 IIJI 2
a phg p2/> <z 1 ﬁhg —p2 N 2 N 2
2 ( 2 "2 - Phy ~ _ DPhy
Q + (1790%)1% Q + (1—3:{1)1’{1 ( xhl) ( xh2)
4 (i — Phy i — Phy.
- : 2 ( - ?, ( 2 + (h1 <> ho)
th—p2 th —Do N 2 o )
G L Gmn) ) e
Q 1 a:fz)arq Q 1 x)xy, ( xhl) (u x;LQ)
4a Q 1 df]: 1 dx h Th
o ( em Z/ / QQZ Dh 1 L D(’]}Q ?/_Zy,ulF
Ty q
d
x! T L dx aC da
(=) (= / g0 (1 fﬁfz—l‘%—ffg)sizf/ﬁ
Lhy Lhy a ‘Tg 1% ( 7T)
/
P12L Z 95*
X /ddpuddpu F (2) d (phlJ_ il + —Lphy1 — pu)
.’L‘hl 1‘h2
/
Prror1 Lq 37*
/ddpl’lddPQ’J_ F* <2> o <xhph11_ —prL+ Ephgj_ —p2'L>
1 2
" 4 1 n 1
/ 2 ’ 2 — 2 N 2
x xl — Ph — Ph
) ( Phy —P2 ) th ﬁ}LQ —Por (U - Thl) (u - Ihz)
Q* + ~—=anyw Q*+
2 (i — Phy. i— Phy
- ( f””z ( f’”g) + (hy 4 ha)
(@' — A) (g_ Lhy
Thy The
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Then, the cross-section is divided into two parts in order to do two different changes
of variables, which are the same changes as in egs. (5.10), (5.23), in each part:

g = Prag, zg=(1-P1)zg, (5.32)
g = Paq, g = (1 f2)zq, (5.33)

where the integration boundaries are calculated following the steps in eq. (5.11). This
division and changes of variable respect the symmetry between diagrams (1) + (2) on one
side, and (3) + (4) on the other side in figure 6. The limits 82 — 1, corresponding to
xg — 0 are then taken. The choice of splitting the cross-section in this way, comes from
the will to observe the cancellation of divergences at integrand level. The first term, after
the transformation (5.32) and after taking the limit, gives

qG—h1h2
do O3LL

5.34
dp, dzp,dpp, 1 dpp, 1 (5-34)

soft 81
L 20em@? Z/l 2hy dixg (a;q)d<1—xq>d
(2m)4d-1)N, T4 1—xq Th, Thy
2nht [ Tha h Tha
x Q=D [ — Dz?
Qq q <$q 7MF> q <1—I'q7luF>

X
/ddpu F (2% DhyL + S Lyt — pu)
2

1—z
/d par L F* ( 5 L phy 1 —p2'L>
T

2
y /l_wq dﬁl .
Thy (1 _ 61)1—2%5—26 q

Tq

41 — zq)?a2
((1 — Tq)2qQ? +( T Phy — ﬁ2>2> ((1 — Tq)7qQ? +( T Phy — ﬁ2')2>
a,Cp [ d% 1 1 (- Z’;i) (i - %)
X,u2€ /(27T)d —  Dh 2+—» Ph 2_2—» Py \? ([~ Py )2
(=) ) (@ m) (@ 5)

In a similar fashion, the transformation (5.33) leads to second contribution, which reads

X

8
>

+ (h1 > hQ)

do qq—h1h2
O3LL

5.35
dxp, dxn, dpp, 1 dphy 1 (5.35)

soft B
20tem Q* Z/l 2 dirg (a;q>d<1—xq>d
(2m)4d-D N, xg 1— x5 \xp, Th,

Th ha [ Th
x QeDM <1 _;qy,LLF> Dy (gE:uF>

e
/d p21 F ( phlJ_ + qu Dho L —pu)

ha
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1—2z; T5
X /ddpzu F* ( qphu + 4 Phol — p2/¢>
2xh1 2£Uh2

-2z d,BQ
X[Ch ! 1—2¢ 1—25xq
T; (1 — ﬂg) Tg
4(1 — xg)%a?
X
(1 — z25)25Q2% + ( =Lp},, — P ? (1 — 25)25Q% + ( =Lp,, — Par 2
q)Tq Tpy Ph2 — P2 q)Tq Tp, Ph2 — P2
L, 7o P\ (g P
oG [ 4 L —z(u ) (7 5) + (I 4 hy)
2¢ d 5N 2 5 N2 =\ 2 = N2 1 2)-
,LL (277) — Ph1 — Ph2 — Ph1 — ho
U4 — == ( —=2 U4 — == (u — 2
Zhy Zhy Zhy Zhy
Next, we integrate over i, which gives
- 7 — ﬁﬂ (7 Pha
I — aCr dti 1 1 2 (u h1) ( zhz)
B GO i =) - (- ) (- 22)
u Th u The u ZThy Thy
_ O (% _ %)2/ d’i
P2 \an,  Tn (2m) = ﬁh1)2 = @)2
xhl th
_ascF<*hl_*hQ)2/ di 1
o2 \z T 2m)d " Ph Ph
A el DB (- (B - 52)
-1
asCp (Ph,  Dhy )~ 1 P P \2|
=% (o= 5) e ra - aseo | (G - 0
1 2 1 2
(B - @)2
— 200 [14eln | 22T (5.36)
I

Finally, the integral over g leads to

-2 dg =% dp
[Eh (1_/6)3_61_/? (1 21 - 6)]

=—1In <a> +In (1—$h> —eln? (a) + eln? <1—xh>
T T T T
_ Th 2 2
=—Ina+Inz+1In (1—) —e{ln a—2Inalnz +1In x}
x

(5.37)

+ €eln? (1—“).
T

Combining both integrals over 3 (5.37) and over @ (5.36) and keeping only the divergent
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terms, egs. (5.34) and (5.35) become respectively

)

o
dpy den, d'ppy Ldph,1 | 5
20tem Q? Zq d Tg d
(27T 4(d DN Z/ qu/ drg vqxg (whl x—hQ (1 —zy — zg)
C
w2pi (T phe (T2 N E OSCE Y e, i (1
T\ g - o2r € 1 z
q g q
(ﬁﬂ _ )?
—eln?a —elnaln | 2 2%2 +elnzy| Inzg +2In Lhy
H Lq
(@ _ @)2 (@ _ @)2
tln Thy 2%2 +eln _ Thy 1 Zhq 21h2 +1 _Thy
H Lq K Lq
+ (hl > hg) ,
and
g—hih
dot
dpy dep,d?pp, 1 dphy 1 woft
2OéemQ d Tg d
o) (2T N, Z/ qu/ drg vqxg ($h1> <$h2) (1 —zy — zg)
2 (P e ) ot (22 ) 7 SO o g 1 ha
X QyDy - K —oMF | Frr——7 |—Inat+nzz+in{l--=
q Lg q
(ﬁﬂ _ %)2
—eln?a —elnaln | -2 2%2 +elnzg| Inag+2In _ Zhe
Il g
(@ _ @)2 (@ _ @)2
ER Y = teln (1) {2 Tl )y (g - T
H Lg H Lgq
+ (hl & hg) .
As said above, the total soft contribution expression is found by summing the two
above equations. As usual, we split the final result into divergent and finite part. In the
LL case, we obtain
d qGq—h1h2 4 d \d
O3LL OzemQ Z/ dl‘q/ d$q$q$q < ) (xq>
. (27r Thy Th,
soft div
Lh Lh
st (2) o ()
q Lg

dxp, dzp,d?pp, 1 dpp, 1
x 0(1
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a;Cp 1
X
T €

[ 4lna+21na;q+21n< h1>—4eln2a
Lq

(&_@)
—4eln aln % +2Inzz+2In <1_xh2>
M Jiq

+ (b1 ¢ hy). (5.38)

and

d qq—h1h2 Aovr d \Nd
I3LL = ae Q@ Z/ dxq/ dquqxq( ) (azq)
dap, dap, dpy, 1 dpp, 1 ot fin ~ (2m)4d-DN, Th, Thy

x x
x 6(1 — zq — 24) Q2D <;17/1«F> D} ( t 7,U«F> Frr

q q
(ﬁhl _ Phy )2
Th, T,

anCF Inz, lnxq+2ln<1—xh1>+ln 3
T Zq 7
. (ﬁhl _ ﬁh2)2 .
+In(1-2 In % +ln(1-2n
Lyq H Lq
(52
+Inzz( Inzg+2In 1—% +1n %
LTg 1%
x (ﬁﬂ_@f x
+lnf{1-22) (1 % +n (1= 2k
g I Tg
+ (hy ¢ hy) . (5.39)

For the TL and TT case, the calculation leads respectively to

2 om d \Nd
—( a Q Z/d:cq/da:q (xg — xq) (xq> (;&;)
soft div h ha

T Lh
X 5(1 — Zg — xq)Qngl <:1:17:U’F> D(I;Q (ZEQHMF) FrL
q q

OLSCF 1
X
2 €

do qq—hi1h2
O37L

dp, dzp,dpp, 1 dpp, 1

[ 4lna+21nxq+21n< h1>4eln2a
Lq

(5 -2
—4elnaln % +2Inzg;+2In (1—%>
f Tq

+ (hy < hy), (5.40)

45 —



do.qq%/hhz

2a Q / 2o \* [/ 25 \¢
3TL = on dac/da: Tg—x ( q) < q)
dwh1d$h2d phlj_dphzj_ soft fin ( d 1)N Z a 1 a :chl $h2
T T
x 6(1 —zg — 25)Q2DI <17NF> D} (27,U«F> Frr
Lq Lg
- N
Phy Phoy
C Prhy
X s F Inzg | Inzg+2In (1—$h1>+1 (xhl 2%)
T Tq W
N (@ _ @)2 N
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Tq 7 Tq

—|—lnm(;<lnxq—|—2ln (1— “ha

zg 12
(52— 52)
- N P R R
Lq H Zg
+ (h1 <> h2). (5.41)
and
dag%;hlfm B aem / dxq/ d.’Bq < )d (.’Bq)d
dzp, dzpydopp, L dph, 1 . zg \Tn, Th,
soft div

X0l —zq— a:q—)Qngl (3;:1

q
CYSCF 1
X

X
a“F) ng (hzmuF‘) ]:TT
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[ 4lna+21nxq+2ln< h1>—4eln2a
T € Tq
(B1 -2y’
—4elnaln i 2%2 +2lnzg+2In <1 — th)
o
1% q
+ (h1 > ha), (5.42)
dodfr"" _ G /1 dzg / ! dag <1‘q)d (%)d
dn,dep,dphy vdpro1 | 2m)YIIN G Sy xg Jay, xq \Thy )\

X0l —zq— xq)QgD;” (?

q

a,Cr
X

Inz, | Inz,+2In (1

)m<

Phy

Thy
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(%_@)2
+Inzg| Inzg+2In 1 — Lha +1n | 2Eh Tha/
x 112

(@_@)2
—|—ln< _mh2> In % +ln< _xh2>
,u

Tq

+ (h1 ¢ hy) . (5.43)

At this level, we are already able to observe the full cancellation of soft divergences
(and hence the disappearance of Ina-terms). Consider, for instance, the longitudinal
cross-section. Combining the divergent soft contribution, coming from the real part, see
eq. (5.38), with the virtual contribution (4.5) we see the complete cancellation of these
In a-terms and also of 1 In(zqzg)-term. Moreover, surviving 1 divergent terms cancel in
combination with:

o Terms proportional to %5 (1 — B;) appearing inside the splitting functions in (3.7)
e Term proportional to In (1 — %) in eq. (5.17)

o Term proportional to In (1 — %) in (5.25)

Now, we are only left with collinearly divergent contributions related to the case of frag-
mentation from quark and gluon or from anti-quark and gluon. These should cancel the
only two divergent contributions left in eq. (3.7), i.e., the ones proportional to Pyq(/;).

5.2 Fragmentation from anti-quark and gluon

In this section, we deal with extracting the collinear divergences associated with the con-
tribution (d) in figure 5. This contribution corresponds to the situation in which the
anti-quark and the gluon fragment, while the quark plays the role of “spectator” emitted
particle. This case is much simpler than before. We do not have to deal with any soft di-
vergence and the only IR divergence that appears is when the fragmenting gluon is emitted
by the quark line after the shockwave and the emitted quark and gluon become collinear.
Hence, we can directly compute the contribution due to the first term of eq. (5.6).

We emphasize the difference with the contribution calculated in section 5.1.2. Although
at the level of hard computation the term that generates the present divergence is the same
as the one that generates the collinear divergence in section 5.1.2, the situation is completely
different. In the present case, we integrate out the quark kinematic variables and remain dif-
ferential in the variable of the emitted gluon, while, in section 5.1.2 it is exactly the opposite.
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5.2.1 Collinear contribution: g-g splitting

According to the above discussion, we should focus on the first term of eq. (5.3), which
exhibits a collinear pole, namely

9G—h1ha
dosyp.

dp, dxn, dpp, 1 d%phy 1

collqg

4aemQ dxg dxq
- o S [ e e ey

d d
Lg Lg 2kt [ Tha ha Qg /d PqL
— — D" Dy
. <Cﬂh1> (l“h > oy <xg ) < g ’MF> e 2 CF (2m)d

b J_ x
dd F q g )
/ b2l ( 2 2(L‘hl =
PqL Tg T
X dd , F* q q _ , g )
/ P21 ( 9 2, Pl + 2, DPhyL

1
x—(l—x—)Q2+(ﬂ_’ — _’>2 :U—(l—:n—)Q?—i—(ﬂ"’ — "/>2
q q Tpy Ph2 — P2 q q Zn, Pha — P2
y (da? + 4a (z), + 24))22(1 — 24)?

X

P 2 =+ (hl — hg) .
(w3 = )

Using a change of variable similar to (5.10), here

Tg = /leq

= (1= B1)zq

with the Jacobian dx;da;g = dx4dB124 and treating the integration over longitudinal frac-
tions as follows

/ dz, / dxq/ dm 501 )
Ihz
I dx +oo dgg
Thy $29/ /OO J}qqe ‘—thz)e(l—wq)&(l—x;—xq—xg)

/1 The p /1 dﬁl
= X xT )
Thy qxq(l — Tq) IL; ﬁ%
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we get

gq—hiha
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dxp, dxp, dphlj_d PhyL

coll. qg

R e () ()
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1
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+ (hy <> ho). (5.44)
Using eq. (5.8) in eq. (5.44) to perform the integration over quark transverse momenta, we
obtain
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1 — X )Q2 (ﬁphg —pz)

—izg) - (2% Pho L pg/LJrgzh phlj_)
/ddQIL/dZQL I 2
zq(1 —24)Q% + ( qphz 52')
2((1 = p1)* + 1) + 267 +4e((1 - B1)* + 1) In By
6]

1L aCp |1 N ¢
41 € 2-%\2 o
()

4 emQ2 1=ny ! dﬁ d
=Y [, 51 (1= ) (%)
q

h1

F*(ZQL)

X

(Zu_ 221_) (1-B1)zq
X e *hy

— 49 —



1— x4 d 9 h Th L Th
x | ——2 D L D22 2
( Thy ) at’yg 61xq’uF g \ 7= HF

q

lZu ;z;;zphgj__lhl'i‘gziglphlj_)
/ddpu/d Zu ; 5
r)Q* + (iqﬁh *152)

th 2
—i22] (%PhQL—PglJ_-FMiPhlL)

d d e ha hy
dpyy [ d Zu - 5
)QQ ( qphz pZ’)
11+ 2 2(1+ (1 — In
CF[ A=B)? 5 20+ (1=B")np

F(Zu_)

F*(ZQL)

B B
1— 2 2
“L(B IV B + (h1 ¢ hy)
1 (21522> ,U2
hih hih
_ dofi "™ doff ™" , (5.45)
dl‘hldxhadphlld PhaL lcoll. qg div dmhl dxhzdphlid DhaL lcoll.qg fin
where the term labeled with “div” contains the first term of the square bracket
Putting back =4 using eq. (5.15), this divergent term takes the form:
hih
g
dzp, dzp, dphy 1 dPhy 1 |y a div
A0remQ? / / (xq)d(xq)d
dxy [, drgzrers | —- —
271' (9 \A(d—1) N HN Z q [zp, q 99 Th, Th,
Qg 1 dﬁl
X (5(1 — xq — .’L'q)fLL%é\ ﬁhl ﬁ
Tq
1+ (1-p3p)?
x Q2DM (2t | Dl (22 ol )V ST Y (5.46)
ﬁl%] Tq B1

This is the term needed to cancel the divergent term proportional to Pyq(f1) in (3.7)
Instead, the finite part in eq. (5.45) reads

o
d:chldxhzdmed Dha L coll. qg fin
4a ZANESE
N emQ Z/ dxq/ d.fL'q quq ( q > <q>
( Thy Lhy

Yodpy o n [ xh h Tp
X 6(1 — x4 — zg) IAK aDg 51xlanF Dg* 1_7;anF

Zzu ;Th Phy L p2L+21h phlL)
/ddpu/d Zu -
g(1 —24)Q? + ( oy Pha p2)

2 F(z11)
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—izg (2% DPho L Pg/i-ﬁ-%h Ph1L>
/d leL/d 1~

2y (1o - 2 £ (z21)
xq 1 - mq)Q ( DPhy — D2/

a2
X;%h+m+aﬁnmi

p
Sl GtV Y R ] + (hy > ha). (5.47)
B (¥) 12

In a similar way, in the TL case, we get

gq—rhihs
do O37L
d{[‘hldCUthphlld ph?l coll. qg
20éemQ / / ( ) ( Tg )d
_ dx dzg z, ) AT ®
Z Thy ! 1 Lhy Lhy ( ! q)

dﬂl xp, xp
x o(1 / Loup | DI (=2 e
Piag Lq
Zzu ;ThQ pth—sz-&-Q;ﬂiZl’Phl L)
/ddpu/d Zu
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,2221_- (ﬁphy_*pgu+ﬁphli_)
/ddpwl/d Zu
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2 2 Er
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2
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) K
do gq—hiha do gg—h1h2
O37L O37L . (548)
 dwp, dan,dpny 1 d%pp, | coll. qg div 9Th1 AThydPhy 1Py |eon. g fin
Finally, in the TT case, we have
doglh
dap, depydpp, 1dpha 1|y
Qlem dxq/ qu<a}q )d(xq>d
ad'l 29 51— 20 — -
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1
Z11- 29”h T Phy L sz-i-Mh ph1i> g
2F(Zu_) (.CC

ho

Z
/ddpu/d Zu Dhs —pz) ET;
o(1—2g)Q* + (quhg - 172) r

. l—zq Tq
_ZZ2L‘(7ph 1—Por | +5——Ph L)
e 21h2 2 2zh1 1 T

X /ddmm/ddzu - 5" (221) (mqphz P2’> €Tk
wq(l - xq)Qz + ( qph2 p2’) ha !

114 (1—pp)? 2(1+ (1 — 1
« Yonll +(1-75) B+ (1+(1-p8)*)Inp
2 € 051 B1
1 1— 2 2
+ (,B ﬂl) In - fO + (hl <~ hg)
1 (21522) ,u2
Aol Aol
_ 5.49
d‘/ljhl dwhzdphll-d DhaL lcoll. qg div dxhl dwhzdphll-d DhaL lcoll. qg ﬁn ( )

These results conclude the discussion of divergences in the case of fragmentation from

antiquark and gluon.

5.3 Fragmentation from quark and gluon

In this section, we deal with extracting the collinear divergences associated with the contri-
bution (c¢) in figure 5. This contribution corresponds to the situation in which the quark and
the gluon fragment, while the anti-quark plays the role of the “spectator” emitted particle.

5.3.1 Collinear contribution: g-g splitting

The term in eq. (5.3) to consider is the third one. The calculation proceeds in the same
way as for the anti-quark and gluon fragmentation, but this time the integration is over

p2,2/1 in the F' function.

For the LL case, we get

qg—h1ha
dosyr.

dzxp,dxn,dpp, 1 dp, |

coll. qg

4aemQ 2o\ [ x5 \¢
— BN, Z/ qu/ drg xqx56(1 — xq — x4) (a::l) (9611)

L dps Ty, Ty
Dh2 ni Dh2 2
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x
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« %o % ( —52)2+ﬁ2+2(1+(1—52)2)1ﬂﬂ2
s € 5o B2
1+ (1 - B2)? n| — f% + (hy > hy)
B2 (212;@> 12
o ot 0
dzxp, A2, dpy 1APhy 1 | eo. gg div 9Thy AThy PRy 1Py |eon. ag fin '

This term cancels the divergent term proportional to Py,(f2) in (3.7). This is the last
remaining cancellation of divergences, the rest of the cross-section is now completely finite.
For the TL case, we get

qg—hihz
dosrp,

dxp, dzp,dpp, 1 d%phy |

coll. qg
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1 dﬁ
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2 (21522) /1«2
ot ot
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 dap, dep,dpp, 1 dippy | coll. Gg div dxh1d$h2dph1Ld Pha L leoll. gg fin (5:51)

Finally, for the TT case, we get
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114 (1— 2In Ba(1 + (1 — B2)?
NCCME (1-B2)° Bt nfy(1+ (1 —52)7)
27 € B2 B2
1+ (1—f)? 3
+ (B 52) In - fO 5 + (hl — hg)
2 <Z1522> 12
dot"" dot""
= . 5.52
dxh1d$h2dph1J-d PhaL lcol. qg div dxhldxfwdphﬂ-d PhaL lcoll. dg fin ( )

6 Additional finite terms

Some of the finite terms of our calculation are presented in previous sections. They come
as a result of the extraction of divergences. There are many other terms, completely
disconnected from divergences, which however contribute to the final result. We proceed
to list them, also emphasizing again what their nature is.

6.1 Virtual corrections: dipole X double-dipole contribution

The 1-loop correction to the v* — ¢g contains a dipole and double-dipole terms. The first
one receives a contribution from all diagrams, while the second one gets contributions only
from diagrams where the virtual gluon crosses the shockwave. At the cross-section level
there will therefore be two contributions:

e The one due to the interference between the dipole correction and the Born amplitude.
This contains divergences and it is the one that we have completely computed in
section 4.

e The one due to the interference between the double-dipole correction and the Born
amplitude. Any rapidity divergence present in this term is completely reabsorbed
into the renormalized Wilson operator, at the amplitude level, with the help of the
B-JIMWLK evolution. After this operation, this contribution is finite and can be
taken in convolution with FFs without any additional manipulation.
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Starting from eq. (5.34) of [13], we get

do qq—hihz
OoLL

dzxp, d?*pp, 1 dxh,d?ph, 1

Clom 5@ Q3 / / h (wh h (0
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3 2
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Concerning other transitions, we have
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L ) _9 T P
(g e - et + o) () ()
Q*xqxg + (ﬁphl _pl)

2
1 Tqlq (qulpm - p1) + 2477Q°
+ In In
zg ~ S\ 2 e2n TqxgQ?
(mphl - pl)
) 2
6271 I . 2 . N 2
((f}lphg - p2) + qu(iQ2> <(£quph1 - Pl) + $q$qQ2> — 2425Q%P3
2 L2
<(f,j2ph2 —P2) + wqquZ) ((;thl —P1) + ququ>
x 1 < q
*a ij ij -
+ Tqlyg [~/0 dz [( 5 + ¢6 )TTLr dz+ (q <_> q) th C|(P1:p3<—>p1/vp3/)v(i<—>j)
+ (h1 <> hs) (6.3)

The ¢ function are defined in appendix B.

6.2 Real corrections: fragmentation from quark and anti-quark

In this case, we refer to the finite terms related to the contribution (b) of figure 5. In order
to better understand what these contributions are, referring to ref. [12], we recall that the

impact factor for the transition v* — ¢gg has a double-dipole contribution (<I>EL+’i)) and a

single dipole (q)g;r’i)) contribution. The finite contributions which we obtain are

e Finite terms related to the dipole x dipole contribution.
e Dipole x double-dipole contribution.

e double-dipole x double-dipole contribution.

6.2.1 Finite part of dipole X dipole contribution

When we square the dipole contribution, using shorthand notation introduced in (5.2), we
obtain the following structure:

S (71, 2) 3" (B1r, o) = B (51, 72) 85" (B, i)

CHENALAGN AR HERANE S8 79)

S (71, 72, 0) 4 (v, 7, 0) (6.4)
The first term in the r.h.s. is the one containing divergences that we have considered in pre-

vious sections. After isolating soft and collinear divergences, finite terms remain. The finite
contributions for &)4;y,1 and (a3 have been computed respectively in sections 5.1.1
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and 5.1.2, see egs. (5.18), (5.20), (5 22) and (5.26) (5.29) (5.31). Besides, the terms
) b .4) Ineq. (2.38) are finite. Their contribution read
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(7-5) (7-52)

in the LL case. The same contribution in the TL and TT cases is, respectively,

qq—hi1h2
dosrp,
dxy,, dxy,, d? dd
h1QThyQ%Phy 1 A%Pho L finite, (b
L dz
g d—1
(wqrq)™ 0(1 — 24

aSOF 2Oéernc2 dz
- Z/ o =
12

Iu26 (27T)4(d 1Nl’ xh

— TG — Tg)

Ty, Ty, a P121
X Q2D <33;7MF> Dl <x:7MF> /)d /ddpuddqu (122 >

« [ P12/ L
/ddpl/lddeJ_F (2) O (P11 +pori) ery

— H8 —



( Phil —D1L + 3 thL—Pu-HCgUL) (l_
> N
(7- %) (@-52)

X (s27ar)’ (55 7)’
= Phy —Pa - Phy —D1 -
Q2 T ;q(l —zg) Q2 - xlq(l —Zq) "
: [ 0 "y g Y
X ———— |rg(dwg + dry — 2 ((qph il —P2u) g — (qph 1 —pzu) g u)
25(Tq + zg) o(4g s=2) Th, = xp, L
T (A
—(225 — 1)(4zgmq + 24(2 — xgd))gﬁu (33: Phol — p2’¢> ]
2
Pho L PhqiL
5( Phil — D1l + 3 PhQL — P21+ :EQUL) (“L ~ >u ( ~ )V
+ 2 2 = 2 = 2
zq N g — phl — ho
G o)\ (o Gors| (5 22) (5 22)
Q2 + mlq(l zq) Q2 zg(1—zq) " "
1 €T ®o T v
X 4 d -2 4 — pr v =L — P ) )
P [a:g( Tq+dxg ) ((ﬁhlphlL P1 L) g1 (JUhlphu_ pr1) 9]
pv [ Tq ‘
—(2z4 — 1)(daqrq + 74(2 — 4d))g) o Phyl —DP1/L
2
_ 2 Phy\ | (= DPhy
80 ( Phal = P1L+ 5 Phol — pu) (u xhl) ( xh2>
2 2 = 2 = 2
G s _ 7 _ Pha 7 — Pha
(zhz ie) | (o, (Gonon) | (7= 52) (7= 52)
zq(1—xq)

2
Q°+ zg(1—zq)

€T i
X <qph2L - p2’J_) (g — a:q)} + (h1 <> ha) ,
xhz

and

qq—hiho
dogrr

dp, dzp,dipp, 1 d¥pp, o

finite,
d—1

Qem

~ aCp dzg dzg (! dxg
T2 (2m)id-Dy, l,h xh /:vhl / / d5(1 — g — Tq — Tg)(TqTq)
Lhy ha [ The dd_’ Pi21

e | Dg | = b / /d p11d qu< 5 )

x Qg Dy’ (m ;

q

X /ddmuddmuF* <p1/22/¢) 6(p11/ 1 + P21 )ETiETy,
_ Pgl _ PgL
% _ 8 (pg1L + Pg2L + flfguJ_) ( UL, )u (uL zg )1/
” ; o2 o2
(02 (0 ) (681 (5 5)
1
{xg«d — 4))a,

X
(Tq + xg)(xg + Tg)Tqg
+91 ((pqll Pg2) 91 ""pf]l’J_p(jQJ_) — 91"l 1Pl — 91t (B pqz)] -9

-2) [pZI’L (pgugf +P§2LQT)

— 59 —
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In the above expression, the following replacement needs to be done
x TG
Pl = —=Dhl, PgL = ——Phyi - (6.6)
Q?hl .%'hQ

The remaining term in eq. (6.4), for arbitrary polarization, is

O
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+ (h1 <> ha) .
6.2.2 Dipole X double-dipole contribution and double-dipole X double-dipole

contribution
The dipole x double-dipole contribution, for arbitrary polarization, is given by
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—|—(h1 th) .
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The double-dipole x double-dipole contribution, for arbitrary polarization, is given by

qq—hi1h2
dog;

dxp, dxp,d%pp, d%pp,
_ Oésaem(51a5j}5) 2 dch dxq d—1p1hy [ Thy
©op2e(2m)Ad-1 (N2 — 1) 52 ZQ / /a:h (wqg)™ Dy o

l‘hl th q l‘q

x Ldx dp
x DI ( ha >/ g/ gl Tq— Tq— ﬂcg)/ddpuddpuddphddp/u

" / d¥ps, diply |

= (P12l Pro1
X (D4a(pll_7pQJ_7p3J_)q)£*(pllj_7p/2J_7p/3J_)F (27 3J_> F* (27192),1_>

+ (h1 > hg) . (6.9)

Lg
o 710}1@ P+ T Phol — P21l +Pg3L | (P11 + Doz +p331)
2

Expression for the squared impact factors can be found in appendix C. They are written
in terms of py, pg, py, 2 and the following identification should be done:
x Tg
Pgl = —“Phil s Dgl = —Dhyl, Z=7Tg. (6.10)
a;hl (L‘h2
6.3 Real corrections: fragmentation from anti-quark and gluon

6.3.1 Finite part of dipole X dipole contribution

When squaring the dipole contribution, we have also finite terms. This time we write
separately for each polarization transition. In the LL case, we have

T
dl‘hldm’thdphlddphz
200506 CF 2/ dxg/ dxq Ji=1 ph Th h
= (g D H—=
p2e(2m)4d-D N, 82$h xh2 %:Q , (@)
1
Th dx d D J_
% Dgz ( 2 )/ q/ g Ty — xq—xg)/ddpuddpuddpydepu
P121 11271 Tg z Q°
XF( )F*( )5(17 L+qphL—pL+gphL>5p'¢+p 1)
2 2 T gy, e R gy P (pu * )(pi)Z
.\ » 8xq1q(pF)* (dx?] +dzg(xg + :Ug)>
X | @5 (P11, p20) @5 (pr1,pr1) — - 2 — 2
2y ( Phy pz) ) (iﬁhg_ﬁQ’)
@t | | @
1
X + (hl — h2) . (6.11)

Ty — 2\2
(xqaphl - xgpq)
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For TL case, we have

do gq—hihs
I37L

d$h1d$h2d phld Pho

20050em CF 2 dxg dxq -1k Th
,u26(27r) d-1) N, sth a:h ZQ / / - (@gma)" Dyt 71

q

T Ldx dip L
x Dh < ha )/ q/ g Ty — mq——wg)/ddpuddpuddpydeme

P12l 17271 q T Q
><F< >F*( )5(pu+qphl—pu-i-gphL>5p11/L+p22'L€*-
9 9 q Th, 2 Th, 1 ( ) sz:;

4z, (p;rf’ (225 —1) (azgd +dxg (xqg + acg))

2 2
Tg — —
Phoy —D2 ) (711 Pho—D ,)
Q2 + (th 2 Q2 Tpy 202

zg(1—2q) zq(l—xq)

x | ®F (p11,p21)®5 (P71, pary) +

.Z’lj i
ﬁpth_ —Ppal
X 2

P 2 + (h1 — hg) . (6.12)
(zg + zg) (xqﬁpiu - xgpq)

Finally, for TT case, we obtain

9G—h1ha
dogpr

d]:hl dl’h2 d phl ddph2

20050t em CF /1 dxg /1 dzg de1he [ X
— — (zyxs D" | = up
u2€(27r)4(d DN, s2 a:h mh ;Qq o, Tg Jan, Tg (2gq) 9\ x4 a

x Ldx de
% Dé}2 < hs )/ q/ pql T, —wq—xg)/ddpuddPu/ddpluddm'L

Pi2L * 172/ 1L q € %
X F ( ) F < ) 0 (pqu + 2 Phy — P21 + —& phg) d(p1171L + P2z 1 )eTi €T
2 2 Thy Thy

2$q(Pjy_)2(5U§d + 4xg(zq + 34))

Q2 + (%%_ﬁ)i Q2 + <”h2ph2_p2')2

zg(1—zq) zg(l—zg)

X | 4(p11,p21 ) @5 (prri,poy) —

2 ri Uk _ i rk 1 ik (g g
) ((1 —2x4)%g7 g — g g —i—gigi) (ﬁphz —pz)r (ﬁphg —p2')l

2
24(Tq + x4)? (zqz%phl - xgpq)
+ (h1 > ho) . (6.13)
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6.3.2 Dipole X double-dipole contribution and double-dipole X double-dipole
contribution

The dipole x double-dipole contribution, for arbitrary polarization, is given by

gq—hihao
dogjr

dxp, dzp,dipp, dethL

1 1
@sQem 2 dry drg d—1pyhy [ Tha
Qg / / (zgzq)" Dy’ HF
~ p2(2m)AdD N, 82$h1$h2 ; xg Jup, xg 07 I\ x4

x Ldx dvp i
X Dgl? ( ha )/ q/ 4 T4 —:Uq—fvg)/ddpuddpuddp,uddplu

" d¥ps; d? ngé
(2m)?

x (€1a€)5) [@g(l?u,pu)@f*(ﬂu,Plzmpél)F (p12u> F* (p1221 ,P3L> d(psL)  (6.14)

<pqu + . L ppyt — Pl + xfph@ - pu) S(p11r1L +pazr1 +p331)

h1

172/ 1

S(p51)| + (h1 > ha) .

* = (P12l
+ ‘I’f(l?uppumsﬂq’g (pr1,p21)F <1227P3L) (

The double-dipole x double-dipole contribution, for arbitrary polarization, is given by

gq—hiha
do 0571

dzxp, dxp,d%pp, dpp,

QsQem 2 d.’IJg % d 1 yh1 71
2¢(27)4d-1 (N2 — 1) 52 :Uh :ch ZQ / / (#920)" Dy
17 h2

q

Ldx d D, J_
x D ( ) / q/ . Tq— 95@—Jfg)/ddpuddpuddphddpﬁ
d’ps d?p! g x
X /72(1&5 (pqu + L phy — P21+ —Lpny1 — p:u) 6(p11/L + pazi + p331)
(2m) Thy Thy
* = [ P12L =x [(Pr2 L
X (€1a€Jg)q>Zy(pu,pu,pu)q’f*(p/u,p’u,péi)F ( 5 P 3L> F* <2 ,P@)
4 (hy 5 ha) . (6.15)

Expression for the squared impact factors can be found in appendix C. They are written
in terms of py, pg, pg, z and the following identification should be done:

Dol = Dl s DL = —rppyi . 2Z=2u4. (6.16)
l’hl xhz
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6.4 Real corrections: fragmentation from quark and gluon
6.4.1 Finite part of dipole X dipole contribution

When squaring the dipole contribution, one also gets finite terms. This time we write

separately for each polarization transition. In the LL case, we have
qg—h1h
dogp "
dzp, dzp,d*pp, ddph2

2OZSOJemC’F 2 dxq d.%'g d 1h
22 ZQ / / (wqwg)* Dy 71

Nsxhxh 7 Zq

Vdgg [ de
x D)2 ( )/ q/ pqL Tqg = 955—%)/ddpuddpu/ddpylddmm

2
P12l bro1
x F ( > F* <> d (ph L =1L+ Pas L pn L) d(p1rL +p22r1 )
2 2 Lhy ! ! Lhy ’ ( ) (p:Yi_)Q
. . 8wyg(p?)" (da? + dag(ag + o) )
X | @5 (P11, p21) 5" (pr1,pr1) — > 5
) (;quﬁhlfﬁi) ) (%ﬁhl *251/)
CF =y ||
1
X — |+ (1 o). (6.17)
(s hy — 4Py
For TL case, we have
hih
ot
dzp, dxp,d phlddp;12
2asaemCF 2/ d.CL‘q / dIL‘g d 1nh
D 1
T p2e(2r)A @1 N, 52 zd :ch zq:Q (®4)
Ld d?
h T Ls
x Dl < : )/ "/ P x, —xqf:cg)/ddpuddpuddpuddpu
p 1 * p 201 * Q
x F ( 12 ) F (12> 0 (phlj_ — D1l +pgeL + ph2L> d(pr1ry +p22’L)5TiT
2 2 xhl h2 p'Y
3
A dxg pj (2z4 — 1) xf]d +dxg (g + z4)
X | ®F (p11,p2L) @5 (P11, i) + ( ) 3 ( )2
o, Gamn) | (o, i)
Q*+ iy | | QP+
i
(;quhl - pl’)
X ! + (hl > hQ) . (6.18)

2
(x5 + ) (wéngng — 24
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Finally, for TT case, we obtain

do qg—hiha
0371

dxhl dth ddph1 ddph2

20050em CF 2/ dZL‘q/ d.’Eg d 1nh Lhy
] ph [ Zh
,LL2€(27T) d-1)N, sza:h xh %:Q (%qg) T\ x4 pr

Vdzg [ d?
x D} ( )/ q/ pqL Tq —xq—iﬂg)/ddpuddpu/ddpydepQu

b121 « [ P12/ L *
x F ( 5 > F <2> d (hphlL pP1L + PgeL + o Ph2L> (P11 + P22 1 )eTi T4,
1 2

qu(pfy“)z(xgd +dzg(xg + xg))

s G ) \ [ oy o)

Tq(l—zq) zq(l—xq)

x | ®%(p11, ot )®5* (prry,prr1) —

(0= 20)2g7 gt — glgr + ga") (2 p =) (5pm —pv),
X
2
zq(2q + 2g)? (ﬂftiz%phz - xgpq’)

6.4.2 Dipole X double-dipole contribution and double-dipole X double-dipole
contribution

The dipole x double-dipole contribution is given, for arbitrary polarization, by

qq—hi1h2
do 4]]

dxp, dxp,d Phgddphﬂ

1 1
Qs Cem 2/ dwq/ dzy d=1pyh1 [ Tha
E Tyl D ,
26(27T)4(d DN, 52 xh xh Q in Tq Jon, T4 (zq2g) q g HE

q 2

Ldz d?
Dh2 ( )/ q/ qu_ Zq —xé—mg)/ddpuddpuddp/uddpfu

" d¥ps, d? ngé
(2r)

* p 1 % 12/ 1
x (e1a€5) [‘Dg(pu,pu)qh*(p/uap/uapél)F( 122 )F ( 5 7p§u> d(psL)  (6.20)

( —Ph, L — P11 +Dg2L 42 . L ppy1 — p:«u) d(p117L + P2z +p331)

2

= (D121 17271
+ Y (11, pas,p3L )Py (pry,pay) F (2,]03 ) ( ) (p31)

hl — hg)
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The double-dipole x double-dipole contribution is given, for arbitrary polarization, by

qq—hi1ha
do 0571

dzxp, dxp,d%pp, d%pp,

A sOem 2 dwq / dl'g d—1nh h1
— -9 Dl | =
p2€(2m)4d-1) (N2 — 1) 52 xhlth ZQ / (zqg) q »HF

q
Ldx d?
x Dy ( 2 ) / q/ pqL Tq— wq—Jfg)/ddpuddpuddphddpﬁ

y / dps 1 dply |
(27T)2d

* = [ P12L =s [ PU2/ L
><(€1a€Jg)q>Z¥(pu,pu,pu)‘bf*(p/u,p’u,péL)F( 5 P 3L>F <2,pfﬂ>

+ (h1 4> ha) . (6.21)

o (phlj_ —Pp1L + PpgL + 2 - L pp, 1 — p:u) d(prvL + D21 +p3zrL)

ha

Expression for the squared impact factors can be found in appendix C. They are written
in terms of py, pg, pg, # and the following identification should be done:
T T

qu_ = iphll_ ) ng_ = 7gph2J_ 9 Z = xg . (622)
Lhy Tho

7 Summary and conclusion

In this work, we have considered, for the first time at NLO, the diffractive production
of a pair of hadrons at large pr, in v nucleon/nucleus scattering, in the most general
kinematics in the eikonal approximation.

This new class of processes provides an access to precision physics of gluon saturation
dynamics, with very promising future phenomenological studies both at the LHC in UPC
(in photoproduction) and at the future EIC (both in photoproduction and leptoproduc-
tion). Our main result is the explicit finite result for the cross-section at NLO, obtained
after showing explicitly the cancellation of rapidity divergences (through the B-JIMWLK
equation), soft divergences and collinear divergences between real, virtual contributions,
and DGLAP evolution equation governing fragmentation functions. Finite contributions
and purely divergent contributions have been separated and the sum of the latter has been
shown to be zero. Hence, the collection of all terms labeled with “fin” in sections 3, 4, 5,
plus all the formulas in section 6 give the final and main result of this paper.

This NLO result adds a new piece in the list of processes which are very promising
to probe gluonic saturation in nucleons and nuclei at NLO, including inclusive DIS [49],
photon-dijet production in DIS [50], dijets in DIS [51, 52], single hadron [53] and dihadrons
production in DIS [54, 55|, diffractive exclusive dijets [12-14] and exclusive light meson
production [15, 56], exclusive quarkonium production [57, 58], and inclusive DDIS [59].
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A LO impact factor squared

The impact factors in the LL, TL and TT cases are respectively given by

32(pH) a3l
F (o S NBTE (B, ) — v) %qTq
> O (F1.52) R * (P, ) P E——e (A.1)
AgAg Pg1 T LgTq Dg1r T XTqTq

16t (1-2n,)
Z O (D1, p2) P4 (D1, Pay) = - gl q2q q_Q <.
AaAd (pql—i_'xqqu ) (pqll +.’L'q.’IJqQ )

Z (I)i(—» —»)(I)k*(—» ) 8(11#)2%556 {(1_2$q)291i951_€—Qikglf—nglgilgﬂ Dq11rPql’ 11
o\P1,P2)®q \P1/,P2") = .

AgsAg (1521 +%de2) (1531/ +mq$(jQ2>

(A.2)

(A.3)

The LT case is immediately obtained from TL by complex conjugation and 1,2 < 1/,2’
substitution.

B Finite parts of virtual corrections

B.1 Building blocks integrals

di’( 1k
1 a0 (1
If((zb (,?’27 Ala AQ) = 7/ r — J >(_J,_) Y (Bl)
T A= @)+ A [ = G2)2 + As|l?
e
L(q1, &, A1, Ag) = l/ — a1 = : (B.2)
TS (= @)+ Ar] (1= 3@)* + Az
di’( 1k
1 a7 (1
(G, @, A1, Do) = —/ — (i) - (B.3)
T =q)? + A1) (= 3@2)* + A
. A4 (17 1k
PR, @, A1, Ag) = 1/ — .<,Lf) —. (B.4)
TSl = @)+ A (1= @)+ Ag| 1

The arguments of these integrals will be different for each diagram so we will write them
explicitly before giving the expression of each diagram, but we will omit them in the

equations for the reader’s convenience.
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Explicit results for the first 3 integrals in (B.1)—(B.4) are obtained by a straightforward
Feynman parameter integration. We will express them using the following variables:

(@3 + A1z) — /(@3 + A1z)® + 4630

pP1 = B.5
24,5 (B5)
(@13 + A12) + \/ (@3 + Ar2)” + 4330,
P2 = ) <B6)
24,5
where Az’j = Az - Aj .
One gets:
k

Ik = 9. (B.7)

2 [q13 (07 + A1) (@ + A2) — (G — @ + Ar2) (G742 — G5° A1)
{ G + Do) @5 + 37 (A1 + Ag) + Ay (A9 — 27,) n [( —p1 ) (1 - PQ)}

(Pl - P2) (.7122 1—p1 —pP2
Ag ((h + Al)
g ) [Al(qz +A2)]+(1H2)}’
_ N —p1 1—p2
b= @3 (p1 —m)l {<1—p1> < —p2 ﬂ ’ (B8)

and

g (@3 + Do) af + (3 + Ban)a | K —n ) (1 —pg)]
’ (51%)2 1—pm —pP2

2(p1 — p2)
Q12 <A1>
In B.9

Please note that in some cases the real part of A; or Ay will be negative so the previous
results can acquire an imaginary part from the imaginary part +:0 of the arguments.

The last integral in (B.4) can be expressed in terms of the other ones by writing
PF =1, (Q{L(ﬁl) + L2 (qhqﬁ + q%ﬂl’ﬂ) + Ino (Q%LQSL) ; (B.10)
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1 e o
I — - a1k — (T & )Z%k] (B.11)
[Q1QQQ2_(Q1 Q2) }
q1- 2 7PHALY 4 o ok (220 o -2 > o\ 7k
X 72 In AL qiL +(@-g21) I3 +{(I2 (q1-q12) + D15 — Aa (C]1'Q2)}—71
i

_ —1 qf+4
he= o )2} n ( Ay
)

4[‘]1 4o — ( 1°492
3 [(6712+A1) (Qukff) + (quklé“)}

+ 2
2(q2at - (@ @)
—9 59 — —\2
+ (G- ,
(ql 22 ) (:]1 ?2)2 3 [<q22 +A2) (qu_k[f) + (quklg)} + (14 2), (B.12)
4]a2a - (@ &)
Ipo=I1l1e52- (B.13)
In what follows, for the ¢ function, z = x4, T = z3.
B.2 ¢4
The arguments in the integrals of B.1 are
I, x—2z\ . x—z L,
G =p1— < >pq, b= ( (zpg — Py) (B.14)
x x
_ zr+z)
Ay = (z — 2 N ) B.15
1=(x—2)(x+2)Q%, 9 j(a:—z)q ) ( )

Let us write the impact factors in terms of these variables.
They read: (longitudinal NLO) X (longitudinal LO) contribution:
4(r —2)(T + = _
(Pa)pp = — ( ;( )[—x(x—z)(z+1)12+quk(2x2 — (2 — 2)(z + 1))IF], (B.16)

(longitudinal NLO) x (transverse LO) contribution:

(¢4)LT = (1- 293)]%1’ (¢4)pr,—4(x—2)(Z+2)(1—22+2) (TP )ng+Qleql’Lk]IIa (B.17)

(transverse NLO) X (longitudinal LO) contribution:

(6a)p = 2{[(x — T — 2)gb, qu ik + (—82% — 622 + 22% + 32 + 1)q] | o1 1] I}
—2[42% — 232 +5) + (2 + V)l 4+ (x -2 —2) (G- @) I

+ Dl(x — 2 — 2)gh, + 2z — 2)> —5x + 32+ 1)) ]

~

2
—z[2(x — 2)* — bz + 3z + 1)1}

E% |

zx(l — 2z . . )
+ (Z)[zqmﬂk + I — ¢ QeI + D))}, (B.18)
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(transverse NLO) x (transverse LO) contribution:
(60)ir = [(2—7—22)(

—2=2) (@ Pp)gi L+ G+ DT - @) Py — (@ -ﬁqmqéu} I
+22(go 11 — (2 — 2)quix) (Pl 1 1* — g pgrr 1 I™)

)

L

+2("L‘*Z)[( ((j pql’) (q_i ﬁql’)]pj

Bz
+H(1=2) (@ P )y — (@)l ) — (1= 22)(E =2+ 2) (G- G2) Py )1
[( 2)(@q] | — (22+2)a  )pav 1
27) (4a” — 3z+5x+(z+1> ?) gakpgrr, | T
z(T— 33)( 5x+3z—|—1)p§11[§
+7(T+2) (1%1113 97pqr Lk I})
+1 [gl (1=2)(G2-Pg1r) — (142 —2)(q1 - Pg17))

(( )Q§L—x(1+x 2)a g’
—x) ((x r+2)gh, —7 (2(m—z)2—5aj—|—3z+1> qh)pqllﬂ

+IY { (x—Z4+2)(q1 Py )aein+ (1 —2) (@2 Py )1 ik — (2+1) (¢1- G2) P17 L&)
+q1¢(($ —T+ Z)Qukpfﬂu — (24 1)g51 P 1k)
+q), (z—2—22)(x—Z—2)q1 1 pgr 1k + (1 —2)q1 LkPq1 "))
— (1=22)((1—27+2)¢5, 11k — (22° + 32— (8T +62) + 1)Qi¢Q2Lk)pq1/ﬂ

T B , , . )
+— [(x — 2l Cqokl ™+ 15— g1y (Ta 42211 17))

+Pf]1'¢ (Q{J_ (I +2g01 £ IF) — 2g0 1 7% — 1)

+97 (@ ‘ﬁql’)(IQ"‘ZQQLkI{C)+pq1’Lk(2‘Z2LlIkl+I§))} : (B.19)
B.3 ¢5
Here the integrals from B.1 will have the following arguments:
T —2z z z
T — Ny — — 1) 7o = 1, — —p B2O
Q1 ( - )p3 pr a2 = Pq1 qu, ( )
z2(x —2), _ _
A= 22  y ig?), Ao = (a—2)(F + Q. (B.21)

With such variables, it is easy to see that the argument in the square roots in (B.6) are
full squares. In terms of the variables in (B.20), the impact factors read:

(longitudinal NLO) x (longitudinal LO):
4z — 2)(—22(T + 2) + 22 + 2)

(¢5) 1 = = [f@ —2)lr — (2q11k — T (T + 2) q21k) If] ;
(B.22)
(longitudinal NLO) x (transverse LO):
(¢5>JLT =(z— 95)19211 (95) L1 (B.23)
+ Az Z)(i —Z-%) (qufi —x(Z + Z)qlﬁ) Pq1/ 1 (gikli + If) ;
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(transverse NLO) x (longitudinal LO):
i - o o - 212 z -2 ri
O, =2[(0 =52 @ &)~ ate - %@+ (C - 02| 1
2 - 2 2 2] i Tk
+ ~ {xQQLk(—le‘ —6xz4+22°+32+1)+2¢1 1 (222 — 22" + 2 — 2 )} qi. 17
+2¢5 quig(z — T — 2)IF + 2£(x(8x —3) — 6xz+ 222 + )11
x

21 . .
+ - {:L‘qél(x —Z—2)+q (82° — 622 (2 +2) +x(2+3) (22 + 1) — 2z2)} I

4 .
- {(m — )&+ 2)qiip +x(42® —2(32+5)+ (2 + 1)2)Q2J_k} Ik
4 B . o
— ;xw(:c — ) {qglkﬂk +1I5—qi ) (qglklf -+ Ig)} , (B.24)

(transverse NLO) X (transverse LO):

.. z . . _ . . ..

@iy = 2w = 2) | 2@ Fr) = (25 + 2)(@ )| I

+ |22 = 2)2Q%hys + (3 — 2+ 22)(7 — 2+ 2)(G - P )ai L
. N . z .

— (G ) (= + Dby — 2220 — 2)a])

O 2\ S i i
+ ((z+1)(q1-3@) — (33 + x) 7 )l |

— 2;($Q2Lk +(x — 2)q11k) (ijpqyufkl - pqyipk)
+ |3 (@ = 2) (2= 22Q%, — (= = V(@ - Fr)ab,

2 I{

N - _ S
(2= D@ Pl + (@ = 2@ + 2@ -2+ 2@ - @) Pl

rT— B .
+2 [ (2(42? = (32 + 5)z + (2 + 1)D)gaik + (v = 2)(F + 2)q11x) Pyt
x—z ; ; -
S (x(zﬂf —z=2)qy + ZQ{L) Pk I
z(r—x) 9 , -
e (22— Ge 2 (8 - 3)) by I

+ [(w — ) ((az — @+ 2)gb, + (6(2 +2)z — 827 — (2 +3)(22 + 1) + 2f> thi) o
+ (1= 2)(g7 (@ ) + @1 Pl ) + (e + 2 = 3)(gF (G - Par) + CIﬁpéyﬁ} I
+ <33: + 2z — ;) pZ,l'J_I:’f - %(356 - z)gj{pqw_kfg
+ {(w — E)pél,L {(a‘: —z+ z)qéLquk — (222 —6xz + 32z — 8zx + 1)q2quh
2

— Z 3 ~ iJ
—2(Z -+ 22— x)qukqh} +2(z — 2)2Q*g T pqur 1k

(1= 2)q11k(97 (@ - Ppr) + @4 Py )
+ ((x = T+ 2)qark — 2q11) (97 (81 - ) + @i P11 )

_l’_
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g 2\ . o
+ gf ((:U + x) q12 —(z+ 1) (q1 'Q2)> Pq1/ 1k

+ ((w —T—22)(x—T—2)q1.1q5, — (¢ +1)ga1q7, +2(27 - Z)thqﬁ> povik| I
2xx 3 . ) ) . ) -
+t— [(l’ — 2l (@i d ™ + 15) = Pl g (qouu 7" + I5) + g7 g Lk (qeni I + 1)
+ (I + qoundt) (67 (@ - ) + al s — (1= 2000w, )] - (B.25)
B4 &
We will use the variable
L (x—2z\. oz,
q= ( )p3 — —D1- (B.26)
x x
(longitudinal NLO) x (longitudinal NLO):
(¢6)LL = —4az*Jo (B.27)
(longitudinal NLO) x (transverse NLO):
(¢6)7r = (1 —22)p)y, ) (b6)LL (B.28)
(transverse NLO) x (longitudinal NLO):
(¢6)rs = 22 |(1 — 20)phy. Jo — J1] (B.29)
(transverse NLO) x (transverse NLO):
(P6)fr =12 [(x - j)zpfjﬂ_pfll’l_ — g7 (P2 - D) — pél’J_pfpi} Jo
+7 (@ = D)y 9k — pav kg + vl gl T (B.30)
We introduced
2k 52 1 27502
b, = E= 2 2’") e a QM — (B.31)
* 4 Pg2 +2zQ* + z(a:—z)q
and
2 — 2 25,2
L ) R T ). (B32)
(P +22Q%)  w2(Pp +wzQ?)  \ 2(v — 2)(Pp + 27Q%) + 2°%q

79 -



C Finite part of the squared impact factors for real corrections

C.1 LL transition

The double-dipole x double-dipole contribution is

8prr 4

O (p11,p21,p3) Py (P, Phy D) = ey 7
2 2 2 1/ g2’ 3/
o ( preE= mq)+Q ) (Q —i—;q—i—;q—%i)
2 (d2? 4+ dag (2q + 2)) (2qPys — 2Dg1) (TqPyz — 2Dg17)
=2 =2
Tq (:Eq + 2)2 ((pg3+Pq1 + Q2) <p93+fql) + p%3 + % + Q2)

zg(xq+2)

X

dx,xs + 22 — d2%) (xap,s — 2P ) (XgPus) — 2Da1 B
- rgty 22020 3))( = ol b tgea). (1)
(zg+ 2) (xg + 2) (7;](%12 Q2> (q i +Q2>

The interference term in the dipole x dipole contribution reads

(@3 (1, 52) @ (B, B 0) + @ (1, 2, 0) 85 (5, 5 )

8p+4
2
2 (g +2) ( (f;z +Q2> ( g P = +Q2)

(4qu§ +2(2 - dz)) (_'g - x%ﬁq’) (xqﬁg - Zﬁql’)

Lg (dZQ + 4xg (Tq + Z)) (pg — fqﬁq)(ﬁg - éﬁql’) ~
- =92 + (q — Q)

- 2P, pPg
- 0 (e + @)

+ (11,2 2). (C.2)

The double-dipole x dipole contribution has the form

O (1, o, P3) B3 (Pr, Do) = @ (1, P, P3) 4 (P17, Por, 0) + B (P, P, 3) @3 (Prr, Py ),
(C.3)
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where

8p+4
z2(xq+ 2) ( pqg y + Qz) <pq1 I;q; + ng + Q2)

O (1, o, P3) @3 (1, Por) =

(4zgrg + 2(2 — d2)) (py — éﬁq)(xqﬁgfi — 2Dg1)
*2
= 2Pg p
(dz + 4z (24 + 2)) (P Pg — qﬁq)(ﬁgii - fqﬁql)

- + (g <
(7, _ oy < 2 +Q2> (¢ ¢ q)
Py Tq zq(2q+2)

X

(C.4)

For the dipole x double-dipole contribution, one just has to complex conjugate (C.4) and
also invert the name of the momenta i.e. 17,2 <+ 1, 2.

C.2 LT/TL transition

The double-dipole x double-dipole contribution is

(P11, patsp3l )T (Ph L, P51, Ph0)
+3

2 ~ 9 =2 =2 =2
2 pg3 pq1 ) 2 ’ng/ qu/ P(p/
o T (e T T T

2 (P GL~(Gpp) PL) (dz + dzg — 4) = (G - PYpiy 1 (20, — 1) (4 (g — 1) 7g — d=?)

=2

p P
g+ (@4 o ) (@2 + o)
2 ((Bpn)HL— (7 ) PL) (dz + 4y — 2) — (7 - Phpiy s (20 — 1) (22 — d2) + da9)

2 =2
g (= ) o) (@ i ) (@4 50

+

+ Hi (2(2d +d —2) + 24 (2 — 4q)) 2q
z2(z+xq)2 (2 +xg) (Q + (Z+q2,) )

+ (g4 Q). (C.5)

Here,

i i i _ i i i i
G = xgpgzy — 2Pgor1, H) =xqpgz 1 — 2pgir1, Pl =qbg31 — 2Pga. - (C.6)
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The interference term in the dipole x dipole contribution reads

(@4(51,72.0) 85 (71,52 )+ 84 (51.52) @ * (v 7))
gyt A wawg(dz?+dz—22+2x,—4x,77)
Y
Ag(z—kxq)?(z—kxq) <Q2+pg+ =4 q2) <Q2+ Zﬂ:q )
(J-B)p 1 (d22 +4xq(z+xq))(1—2xq)+z((J-ﬁq2)A — (- Bg) 1) (dzt425-4)

2(ztag)3A2 (Q2+pj+%+i§j’> (Q2+ Eeare ) (Q2+(zqu'm>
xq(z((l? _’QQ)AZL_(T?@?'& VK )(dz+4a:q 2)+( I? A )pq2l(1 224)(2 (dz—2)—4quq))
z(z+xq)2xq(z+xg)&§ (Q2+ig+ a4 qu <Q2+(z+ )(QQ—FM?:%))
(BB X (X pip) AL )(dz+4ajq—2)+(X

2R2(zag) (2+ag)? <Q2+”q+”q1 +”q?) (
X

—

)P L (1-224) (2(d2—2) —4aqzq)
7~ P
z+;i ) (Q +z zﬁa&;))

(X p) AY L~ (P -Bg) X1 ) (de+dag—4) — (X-Bg)py 1 (224—1) (A(wg—1)g—d2?)
elotagPR2( Qe iy P P ) (g P ) (Qay Tav T
a q 2 Tq  Tq ( zq(z+zq)

+
+(g¢q), (C.7)
where
Aq _ TqPy — TPy Aq _ TgPy — ZgPg (C.8)
Tq+ T4 Tq+ T4

i i i _ pi i i i gy
X = LgPg1 — ZPg21 = Pilps=0, J1 = LgPg1 — ZPq171L = HL|pg=07

Ki:l’q‘p;L quQ’L GL|p3—0 (C.9)

The TL transition is obtained from above by complex conjugation and inverting the naming
of the different momenta in (C.7) and (C.5).

The double-dipole x dipole have, respectively, the form

O (1, P, 3) B3 * (P, o) = By (51, P2, 03 ) @1 (P, ar,0) + B (1, 2, 03) @3 * (17, P ), (C.10)
O (p1,72,73) O (P, Par ) = F (1,02, 03) @5 (P1/,Pr,0) + @5 (1,72, 73) @5 (P, P ),  (C.11)
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where

(bi(ﬁlaﬁévﬁ?))(i?f*(ﬁl’vﬁ?/) =

A2 P 2\ (P | P Pos 2
(g +2) 8 |z ) (5 T2 775 +€

Tqrgll (dz(z +1) — 2(1 - 2z,) (zg + 2))  (dz+4dzg —2) (Aiﬁ -ﬁq1 — PPy - &q)

AT e
(2xq — l)pfﬂﬁ-& (2(dz — 2) — dxqxg) B ((d—4)z — 4z) (Wiﬁtﬁ'Aq —AéW-ﬁ(p)
=2
Z(xq+z)2(z xq+z)+Q> ($q+z)2<%&;+z)+Q2>
2xg — 1) (d2% + dxy (xq + = WA
(224 )( q (74 ))pq2 q Y (geq), (C.12)

72
2 (g +2)? (xq(];f-‘rz) + QQ)
and

4p+3
2A2 (xg+2)2 Q%+ p"’3 pq21 + P Q2 + o
a3 zq | g (zFmg)zg

O (p1, P2, P3) O (P, Par) =

22 ((d = 4)z = 4z +2) (P (B - A) = A% (P 5 ))
g (2g + 2) %(p%iz) + QQ)
1 (Tq — g+ 2) Dy (15 A ) (2(dz — 2) — dxqz4)
g (1q + 2) ( S T @ )
(g —wg+2) (dz? + daq (wq + 2)) ply (VT/ : &q)
(2q + 2) (x(”ﬂ + Q2>
2 ((d = 4)z — dag) (A (W gy ) = W (- &, ))
(g + 2) (%&iz) + Q2>

(g ). (C.13)

Here, we introduced

Wi = xquu - Zpéu- (C.14)
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C.3 TT transition

The double-dipole x double-dipole contribution is

12
Dy
2 ﬁ23 ﬁ21 13?2 2 523/ 521/ ﬁ%/
—9° —4q1 44 _9o L _9<4
(Q+z+xq+zq-)<@+z+wq+xq)

@Y (p11,p2r,p30 )5 (D) Dhy,Ph) ) =

_gfacqxq(zd+d—2+2xq) B QPEPqu(l—qu) (d—2)2_25’5q+d2+237q>
2 ,
(z+z9)* (24 135) 2 (2 +2)? (Q2+:p Zﬂq)) z+xg z+ x4
B 2( F(P-pp) +Pqu1J_k) ( (d—4) z—2xq+(d—2)z—2xq>
zt+z z+xg
Z+$q ( Tq z—i—xq ) ! !
— . ; = {H P) pqleqQ’L(l 214)
2,
2 (4 ) g (2 ) (Q2+z+;q>xq.)( i)
x (1=2a4) (2(2 —dz) +dwgrq) + (9 (T - Ba) + Py 1 P 1) (2(2— (d—4)= )4‘4%%)}

+((d=4)2=2) [2(H Py ) (gF(P-pi) + PLpfy )+ 2HE ((P-5n)piy L — (B -5 ) PL) |
+((d=4)2+2) [eH ((P-Fip)pk L — BBy ) PY) +2(H - 5ip) (0 (P i) + Py )|

4)z—

4)z+
+ 2z ((ﬁ o) P — (P- pqgl)HJ_)pqu_ (1—-2z,) (dz+4z5—2) }
1

P
Pagag (o) Q2+ 7
x |6 (G- ) (P-pi) = (G5 (P-5ipr) ) + (B -Br) (GLPE — G PL)
+2(Gpy) (PLpkys + Prphy (1= 22)) = 2(G-pip) (PEpy L+ PLpbi . (1-22,)) ]

+ (G-P) {pgleél’L_prlegl/J_(1_2xQ)2+gT (ﬁql'ﬁql')} (d22+4x’5('z+x‘7)) H

— z((d—4)z—4zg)
=)

zq(z+xq)

4 (1<—>1/,2<—>2/,3H3/,i<—>k)>—l—(q<—>(j). (C.15)
The interference term in the dipole x dipole contribution reads
(@451, 72) @5 (v, 7, 0) + @4 (51, 72, 0) 8" (v, 7))
2p+2
(e T B ) (o )

((d—2)z —2x4) 24
- [ (2 4+ 2¢)3

7q (((d =402 = 220) (9 (Fpor - Rg) + Pl AL ) +Phy Al (d2 +220) (1 = 227))
(2 +24) (= + 79)

<QT (Pa - Ag) + pa L AL + phy 1 Al (1= 227))

+
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1
- - {a@- 02 +2)
z2(z +xq)%ag (2 + 2q) 2 <Q2 Z I;‘ixq)>
xpan’s (B - Bg) X = (X - i) Ak L) (2 = 1) = (X - 5gor) (9 (B - B) + w11 A1)
X (B APy 1= (Bar- P ) Ag'L ) | +4gz (1=2a4) Pl (B - Bg) XE—(X - ) Y )
+zﬂ—2@)@%+@h—%pﬁi(@m.ﬁﬁXi—(f-@QA@)—z«d—Qz—@

[( ) + X1pk L ) (B - Bg) + (XP)par's — (Fapigr) X1 ) AL

—

AQ)pqlJ_qu/J_ (1= 2z4) (1 = 2z4) (2(dz — 2) — dz474)
Ag) (9 B - Paar) + Pl aph 1 ) (2(2 = (d = 4)2) + dagzg) }

1
. 7 {z (dz + 4zg — 4) {(1 — 2z4)
Z(Z+$q) (Q + (Z+Cl?q).’lq> .Tq
k S RNV (T A A i
X (qum ((Pq? AV = (V 'pl?Q)AqJ_) + Pg21 ((qu?)A — (Pgor - A )VJ_))
+ VE (a2 - APl L — Bz B ) ) + (P B )VE — (V- Bip)plr ) AL

(7 B0) = (75 B 80) o (7 P = G- BV

+ (V- B)) (Phasphy s (1= 229) = g (e ) — P 1) (22 = A (w5 — 1)) } }

(X
- (X

+(Nﬁﬂ2%?ﬂ%@>+@%@. (C.16)

Here,
VI =xgpgi — 241, - (C.17)
The double-dipole x dipole contribution has the form
(pi(ﬁlvpéaﬁ.g) q)lg*(ﬁl’aﬁ?) = (pi(ﬁlaﬁ27ﬁ3)®i*(ﬁl’7ﬁ?7 6) + (I)i(ﬁl7ﬁ27ﬁ3)é]§*(ﬁl’uﬁ?’)a
(C.18)

where
&% (P, pa, P3) BE* (P, )
2p+2
2 52 ﬂ2 572/
AQ <Q2 + :cqql > <Q2 Z+;i)xlj>
y ((d—2)z —2x4) 24
(z+zq)3

7q (((d—4)z = 220) (1 (Fpor Bg) + Pl L AL ) + Py AL (d2 +2,) (1 = 22))
(z+24)2 (2 + 7g)

(9?(5@2’Aq) +pti2’ﬂ_AqJ-k + ptﬁlkAqJ-i (1- 2%))

+
. ! —— {sa-1:+2)
Zz (z + Iq) QZEQ (Z + l‘q) (Q2 zq zﬁ:)&;))

% s ((Far Bg) PE = (PP ) Ak ) (22 = 1) = (Phizr) (9 (Bn o) + pin A1)
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— P (B Bo)pa's = (BB )AL )| + 422 (1= 220) prs (g B0) PE = (Phi) A
(

+ 2 (1 = 21) (d2 + 42 — 2) p ((FnBg) PL = (Pip) A1) — 2((d = 4)z - 2)

< [(gF (Ppp) + PLogh) G Bg) + (Php)pa's — (Babi) PL) At

+ (PAYpgt' par’ (1= 224) (1 = 224) (2(dz — 2) — Azgzy)

— (PA) (gT (Pq1pgz) + qu’ipfp'ﬂ) (2(2=(d—4)z) + 4%55(7)} : (C.19)

As above, the dipole x double-dipole contribution is obtained by complex conjugation and

changing the momenta.

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. SCOAP? supports

the goals of the International Year of Basic Sciences for Sustainable Development.

References

[1] M. Wiisthoff and A.D. Martin, The QCD description of diffractive processes, J. Phys. G 25
(1999) R309-R344 [hep-ph/9909362] [INSPIRE].

[2] G. Wolf, Review of high energy diffraction in real and virtual photon proton scattering at
HERA, Rept. Prog. Phys. 73 (2010) 116202 [arXiv:0907.1217] [INSPIRE].

[3] H1 collaboration, Diffractive deep-inelastic scattering with a leading proton at HERA, Fur.
Phys. J. C 48 (2006) 749 [hep-ex/0606003] [INSPIRE].

[4] H1 collaboration, Measurement and QCD analysis of the diffractive deep-inelastic scattering
cross-section at HERA, Eur. Phys. J. C' 48 (2006) 715 [hep-ex/0606004] InSPIRE].

[5] ZEUS collaboration, Dissociation of virtual photons in events with a leading proton at
HERA, Eur. Phys. J. C 38 (2004) 43 [hep-ex/0408009] [INSPIRE].

[6] ZEUS collaboration, Study of deep inelastic inclusive and diffractive scattering with the
ZEUS forward plug calorimeter, Nucl. Phys. B 713 (2005) 3 [hep-ex/0501060] [INSPIRE].

[7] F.D. Aaron et al., Measurement of the cross section for diffractive deep-inelastic scattering
with a leading proton at HERA, Fur. Phys. J. C 71 (2011) 1578 [arXiv:1010.1476]
[INSPIRE].

[8] H1 collaboration, Inclusive measurement of diffractive deep-inelastic scattering at HERA,
Eur. Phys. J. C' 72 (2012) 2074 [arXiv:1203.4495] [INSPIRE].

[9] ZEUS collaboration, Deep inelastic scattering with leading protons or large rapidity gaps at
HERA, Nucl. Phys. B 816 (2009) 1 [arXiv:0812.2003] [INSPIRE].

[10] H1 and ZEUS collaborations, Combined inclusive diffractive cross sections measured with
forward proton spectrometers in deep inelastic ep scattering at HERA, Eur. Phys. J. C T2
(2012) 2175 [arXiv:1207.4864] [INSPIRE].

[11] J.C. Collins, Proof of factorization for diffractive hard scattering, Phys. Rev. D 57 (1998)
3051 [Er'r‘atum 1bid. 61 (2000) 019902} [hep-ph/9709499} [INSPIRE}.

[12] R. Boussarie, A.V. Grabovsky, L. Szymanowski and S. Wallon, Impact factor for high-energy

two and three jets diffractive production, JHEP 09 (2014) 026 [arXiv:1405.7676] [INSPIRE].

- 79 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/0954-3899/25/12/201
https://doi.org/10.1088/0954-3899/25/12/201
https://arxiv.org/abs/hep-ph/9909362
https://inspirehep.net/literature/507156
https://doi.org/10.1088/0034-4885/73/11/116202
https://arxiv.org/abs/0907.1217
https://inspirehep.net/literature/825130
https://doi.org/10.1140/epjc/s10052-006-0046-0
https://doi.org/10.1140/epjc/s10052-006-0046-0
https://arxiv.org/abs/hep-ex/0606003
https://inspirehep.net/literature/718189
https://doi.org/10.1140/epjc/s10052-006-0035-3
https://arxiv.org/abs/hep-ex/0606004
https://inspirehep.net/literature/718190
https://doi.org/10.1140/epjc/s2004-02047-4
https://arxiv.org/abs/hep-ex/0408009
https://inspirehep.net/literature/655798
https://doi.org/10.1016/j.nuclphysb.2005.02.001
https://arxiv.org/abs/hep-ex/0501060
https://inspirehep.net/literature/675372
https://doi.org/10.1140/epjc/s10052-011-1578-5
https://arxiv.org/abs/1010.1476
https://inspirehep.net/literature/872187
https://doi.org/10.1140/epjc/s10052-012-2074-2
https://arxiv.org/abs/1203.4495
https://inspirehep.net/literature/1094384
https://doi.org/10.1016/j.nuclphysb.2009.03.003
https://arxiv.org/abs/0812.2003
https://inspirehep.net/literature/804915
https://doi.org/10.1140/epjc/s10052-012-2175-y
https://doi.org/10.1140/epjc/s10052-012-2175-y
https://arxiv.org/abs/1207.4864
https://inspirehep.net/literature/1123363
https://doi.org/10.1103/PhysRevD.57.3051
https://doi.org/10.1103/PhysRevD.57.3051
https://arxiv.org/abs/hep-ph/9709499
https://inspirehep.net/literature/449041
https://doi.org/10.1007/JHEP09(2014)026
https://arxiv.org/abs/1405.7676
https://inspirehep.net/literature/1298529

[13]

[14]

[15]

[16]

R. Boussarie, A.V. Grabovsky, L. Szymanowski and S. Wallon, On the one loop v*) — ¢g
impact factor and the exclusive diffractive cross sections for the production of two or three
jets, JHEP 11 (2016) 149 [arXiv:1606.00419] [INSPIRE].

R. Boussarie, A.V. Grabovsky, L. Szymanowski and S. Wallon, Towards a complete
next-to-logarithmic description of forward exclusive diffractive dijet electroproduction at
HERA: real corrections, Phys. Rev. D 100 (2019) 074020 [arXiv:1905.07371] INSPIRE].

R. Boussarie et al., Next-to-leading order computation of exclusive diffractive light vector
meson production in a saturation framework, Phys. Rev. Lett. 119 (2017) 072002
[arXiv:1612.08026] [INSPIRE].

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

I. Balitsky, Factorization for high-energy scattering, Phys. Rev. Lett. 81 (1998) 2024
[hep-ph/9807434] [INSPIRE].

L. Balitsky, Factorization and high-energy effective action, Phys. Rev. D 60 (1999) 014020
[hep-ph/9812311] [INSPIRE].

L. Balitsky, Effective field theory for the small x evolution, Phys. Lett. B 518 (2001) 235
[hep-ph/0105334] [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] [INSPIRE].

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].

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].

J. Jalilian-Marian, A. Kovner, A. Leonidov and H. Weigert, Unitarization of gluon
distribution in the doubly logarithmic regime at high density, Phys. Rev. D 59 (1999) 034007
[Erratum ibid. 59 (1999) 099903] [hep-ph/9807462] [INSPIRE].

A. Kovner, J.G. Milhano and H. Weigert, Relating different approaches to nonlinear QCD
evolution at finite gluon density, Phys. Rev. D 62 (2000) 114005 [hep-ph/0004014] [INSPIRE].

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

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

V.S. Fadin, E.A. Kuraev and L.N. Lipatov, On the Pomeranchuk singularity in
asymptotically free theories, Phys. Lett. B 60 (1975) 50 [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 [INSPIRE].

— 80 —


https://doi.org/10.1007/JHEP11(2016)149
https://arxiv.org/abs/1606.00419
https://inspirehep.net/literature/1466638
https://doi.org/10.1103/PhysRevD.100.074020
https://arxiv.org/abs/1905.07371
https://inspirehep.net/literature/1735382
https://doi.org/10.1103/PhysRevLett.119.072002
https://arxiv.org/abs/1612.08026
https://inspirehep.net/literature/1505749
https://doi.org/10.1016/0550-3213(95)00638-9
https://arxiv.org/abs/hep-ph/9509348
https://inspirehep.net/literature/399690
https://doi.org/10.1103/PhysRevLett.81.2024
https://arxiv.org/abs/hep-ph/9807434
https://inspirehep.net/literature/471768
https://doi.org/10.1103/PhysRevD.60.014020
https://arxiv.org/abs/hep-ph/9812311
https://inspirehep.net/literature/480739
https://doi.org/10.1016/S0370-2693(01)01041-3
https://arxiv.org/abs/hep-ph/0105334
https://inspirehep.net/literature/557606
https://doi.org/10.1016/S0550-3213(97)00440-9
https://arxiv.org/abs/hep-ph/9701284
https://inspirehep.net/literature/439551
https://doi.org/10.1103/PhysRevD.59.014014
https://arxiv.org/abs/hep-ph/9706377
https://inspirehep.net/literature/444380
https://doi.org/10.1103/PhysRevD.59.014015
https://arxiv.org/abs/hep-ph/9709432
https://inspirehep.net/literature/448750
https://doi.org/10.1103/PhysRevD.59.034007
https://arxiv.org/abs/hep-ph/9807462
https://inspirehep.net/literature/473653
https://doi.org/10.1103/PhysRevD.62.114005
https://arxiv.org/abs/hep-ph/0004014
https://inspirehep.net/literature/525718
https://doi.org/10.1016/S0375-9474(01)01668-2
https://arxiv.org/abs/hep-ph/0004044
https://inspirehep.net/literature/525852
https://doi.org/10.1016/S0375-9474(01)00642-X
https://arxiv.org/abs/hep-ph/0011241
https://inspirehep.net/literature/537171
https://doi.org/10.1016/S0370-2693(01)00524-X
https://arxiv.org/abs/hep-ph/0102009
https://inspirehep.net/literature/552704
https://doi.org/10.1016/S0375-9474(01)01329-X
https://arxiv.org/abs/hep-ph/0109115
https://inspirehep.net/literature/562706
https://doi.org/10.1016/0370-2693(75)90524-9
https://inspirehep.net/literature/103744
https://inspirehep.net/literature/116034

0 A. Kuraev, L.N. ipatov an .S. Fadin, e Pomeranchuk singularity in non-Abelian
31] E.A. K LN. L d V.S. Fadin, The P huk l Abel
gauge theories, Sov. Phys. JETP 45 (1977) 199.

[32] LI. Balitsky and L.N. Lipatov, The Pomeranchuk singularity in quantum chromodynamics,
Sov. J. Nucl. Phys. 28 (1978) 822 [INSPIRE].

[33] V.S. Fadin and L.N. Lipatov, BFKL pomeron in the next-to-leading approzimation, Phys.
Lett. B 429 (1998) 127 [hep-ph/9802290] [INSPIRE].

[34] M. Ciafaloni and G. Camici, Energy scale(s) and next-to-leading BFKL equation, Phys. Lett.
B 430 (1998) 349 [hep-ph/9803389] [INSPIRE].

[35] V.S. Fadin and R. Fiore, Non-forward BFKL pomeron at next-to-leading order, Phys. Lett. B
610 (2005) 61 [Erratum ibid. 621 (2005) 320] [hep-ph/0412386] [INSPIRE].

[36] V.S. Fadin and R. Fiore, Non-forward NLO BFKL kernel, Phys. Rev. D 72 (2005) 014018
[hep-ph/0502045] [INSPIRE].

[37] Y.V. Kovchegov, Small x Fy structure function of a nucleus including multiple pomeron
exchanges, Phys. Rev. D 60 (1999) 034008 [hep-ph/9901281] [INSPIRE].

[38] Y.V. Kovchegov, Unitarization of the BEKL pomeron on a nucleus, Phys. Rev. D 61 (2000)
074018 [hep-ph/9905214] [INSPIRE].

[39] G.A. Chirilli and Y.V. Kovchegov, Solution of the NLO BFKL equation and a strategy for
solving the all-order BFKL equation, JHEP 06 (2013) 055 [arXiv:1305.1924] InSPIRE].

[40] A.V. Grabovsky, On the solution to the NLO forward BFKL equation, JHEP 09 (2013) 098
[arXiv:1307.3152] [iNSPIRE].

[41] J. Collins, Foundations of perturbative QCD, Cambridge University Press, Cambridge, U.K.
(2013) [INSPIRE].

[42] G. Altarelli, R.K. Ellis, G. Martinelli and S.-Y. Pi, Processes involving fragmentation
functions beyond the leading order in QCD, Nucl. Phys. B 160 (1979) 301 [INSPIRE].

[43] V.N. Gribov and L.N. Lipatov, Deep inelastic ep scattering in perturbation theory, Sov. J.
Nucl. Phys. 15 (1972) 438 [INSPIRE].

[44] L.N. Lipatov, The parton model and perturbation theory, Yad. Fiz. 20 (1974) 181 [INSPIRE].

[45] G. Altarelli and G. Parisi, Asymptotic freedom in parton language, Nucl. Phys. B 126 (1977)
298 [INSPIRE].

[46] Y.L. Dokshitzer, Calculation of the structure functions for deep inelastic scattering and ete™
annihilation by perturbation theory in quantum chromodynamics, Sov. Phys. JETP 46 (1977)
641 [INSPIRE].

[47] D.Y. Ivanov and A. Papa, Inclusive production of a pair of hadrons separated by a large
interval of rapidity in proton collisions, JHEP 07 (2012) 045 [arXiv:1205.6068] [INSPIRE].

[48] G.A. Chirilli, B.-W. Xiao and F. Yuan, Inclusive hadron productions in pA collisions, Phys.
Rev. D 86 (2012) 054005 [arXiv:1203.6139] [INSPIRE].

[49] G. Beuf, T. Lappi and R. Paatelainen, Massive quarks in NLO dipole factorization for DIS:
transverse photon, Phys. Rev. D 106 (2022) 034013 [arXiv:2204.02486] InSPIRE].

[50] K. Roy and R. Venugopalan, NLO impact factor for inclusive photon + dijet production in
e+ A DIS at small x, Phys. Rev. D 101 (2020) 034028 [arXiv:1911.04530] [INSPIRE].

~ 81 —


https://inspirehep.net/literature/137229
https://doi.org/10.1016/S0370-2693(98)00473-0
https://doi.org/10.1016/S0370-2693(98)00473-0
https://arxiv.org/abs/hep-ph/9802290
https://inspirehep.net/literature/467035
https://doi.org/10.1016/S0370-2693(98)00551-6
https://doi.org/10.1016/S0370-2693(98)00551-6
https://arxiv.org/abs/hep-ph/9803389
https://inspirehep.net/literature/468345
https://doi.org/10.1016/j.physletb.2005.01.062
https://doi.org/10.1016/j.physletb.2005.01.062
https://arxiv.org/abs/hep-ph/0412386
https://inspirehep.net/literature/668044
https://doi.org/10.1103/PhysRevD.72.014018
https://arxiv.org/abs/hep-ph/0502045
https://inspirehep.net/literature/676173
https://doi.org/10.1103/PhysRevD.60.034008
https://arxiv.org/abs/hep-ph/9901281
https://inspirehep.net/literature/493965
https://doi.org/10.1103/PhysRevD.61.074018
https://doi.org/10.1103/PhysRevD.61.074018
https://arxiv.org/abs/hep-ph/9905214
https://inspirehep.net/literature/499236
https://doi.org/10.1007/JHEP06(2013)055
https://arxiv.org/abs/1305.1924
https://inspirehep.net/literature/1232410
https://doi.org/10.1007/JHEP09(2013)098
https://arxiv.org/abs/1307.3152
https://inspirehep.net/literature/1242312
https://inspirehep.net/literature/922696
https://doi.org/10.1016/0550-3213(79)90062-2
https://inspirehep.net/literature/141404
https://inspirehep.net/literature/73449
https://inspirehep.net/literature/91556
https://doi.org/10.1016/0550-3213(77)90384-4
https://doi.org/10.1016/0550-3213(77)90384-4
https://inspirehep.net/literature/119585
https://inspirehep.net/literature/126153
https://doi.org/10.1007/JHEP07(2012)045
https://arxiv.org/abs/1205.6068
https://inspirehep.net/literature/1116274
https://doi.org/10.1103/PhysRevD.86.054005
https://doi.org/10.1103/PhysRevD.86.054005
https://arxiv.org/abs/1203.6139
https://inspirehep.net/literature/1095250
https://doi.org/10.1103/PhysRevD.106.034013
https://arxiv.org/abs/2204.02486
https://inspirehep.net/literature/2064126
https://doi.org/10.1103/PhysRevD.101.034028
https://arxiv.org/abs/1911.04530
https://inspirehep.net/literature/1764338

[61] P. Caucal, F. Salazar and R. Venugopalan, Dijet impact factor in DIS at next-to-leading
order in the color glass condensate, JHEP 11 (2021) 222 [arXiv:2108.06347| InSPIRE].

[62] P. Caucal, F. Salazar, B. Schenke and R. Venugopalan, Back-to-back inclusive dijets in DIS
at small x: Sudakov suppression and gluon saturation at NLO, JHEP 11 (2022) 169
[arXiv:2208.13872] [INSPIRE].

[63] F. Bergabo and J. Jalilian-Marian, Single inclusive hadron production in DIS at small x:
next to leading order corrections, JHEP 01 (2023) 095 [arXiv:2210.03208] [INSPIRE].

[54] F. Bergabo and J. Jalilian-Marian, One-loop corrections to dihadron production in DIS at
small x, Phys. Rev. D 106 (2022) 054035 [arXiv:2207.03606] InSPIRE].

[65] E. Iancu and Y. Mulian, Dihadron production in DIS at NLO: the real corrections,
arXiv:2211.04837 [INSPIRE].

[66] H. Méntysaari and J. Penttala, Fzclusive production of light vector mesons at next-to-leading
order in the dipole picture, Phys. Rev. D 105 (2022) 114038 [arXiv:2203.16911] [INSPIRE].

[67] H. Méntysaari and J. Penttala, Exclusive heavy vector meson production at next-to-leading
order in the dipole picture, Phys. Lett. B 823 (2021) 136723 [arXiv:2104.02349] [INSPIRE].

[68] H. Méntysaari and J. Penttala, Complete calculation of exclusive heavy vector meson
production at next-to-leading order in the dipole picture, JHEP 08 (2022) 247
[arXiv:2204.14031] [INSPIRE].

[59] G. Beuf et al., Diffractive deep inelastic scattering at NLO in the dipole picture: the qqdg
contribution, Phys. Rev. D 106 (2022) 094014 [arXiv:2206.13161] [INSPIRE].

~ 82 —


https://doi.org/10.1007/JHEP11(2021)222
https://arxiv.org/abs/2108.06347
https://inspirehep.net/literature/1905652
https://doi.org/10.1007/JHEP11(2022)169
https://arxiv.org/abs/2208.13872
https://inspirehep.net/literature/2143702
https://doi.org/10.1007/JHEP01(2023)095
https://arxiv.org/abs/2210.03208
https://inspirehep.net/literature/2162520
https://doi.org/10.1103/PhysRevD.106.054035
https://arxiv.org/abs/2207.03606
https://inspirehep.net/literature/2107831
https://arxiv.org/abs/2211.04837
https://inspirehep.net/literature/2178425
https://doi.org/10.1103/PhysRevD.105.114038
https://arxiv.org/abs/2203.16911
https://inspirehep.net/literature/2061073
https://doi.org/10.1016/j.physletb.2021.136723
https://arxiv.org/abs/2104.02349
https://inspirehep.net/literature/1856339
https://doi.org/10.1007/JHEP08(2022)247
https://arxiv.org/abs/2204.14031
https://inspirehep.net/literature/2074711
https://doi.org/10.1103/PhysRevD.106.094014
https://arxiv.org/abs/2206.13161
https://inspirehep.net/literature/2101774

	Introduction
	Theoretical framework
	Hybrid collinear/high-energy factorization
	LO order
	NLO computations in a nutshell

	Counterterms from FFs renormalization and evolution
	NLO cross-section: virtual corrections
	NLO cross-section: real corrections
	Fragmentation from quark and anti-quark
	Collinear contributions: q-g splitting
	Collinear contributions: barq-g splitting
	Soft contribution

	Fragmentation from anti-quark and gluon
	Collinear contribution: q-g splitting

	Fragmentation from quark and gluon
	Collinear contribution: barq-g splitting


	Additional finite terms
	Virtual corrections: dipole  x  double-dipole contribution
	Real corrections: fragmentation from quark and anti-quark
	Finite part of dipole  x  dipole contribution
	Dipole  x  double-dipole contribution and double-dipole  x  double-dipole contribution

	Real corrections: fragmentation from anti-quark and gluon
	Finite part of dipole  x  dipole contribution
	Dipole  x  double-dipole contribution and double-dipole  x  double-dipole contribution

	Real corrections: fragmentation from quark and gluon
	Finite part of dipole  x  dipole contribution
	Dipole  x  double-dipole contribution and double-dipole  x  double-dipole contribution


	Summary and conclusion
	LO impact factor squared 
	Finite parts of virtual corrections
	Building blocks integrals
	phi(4)
	phi(5)
	phi(6)

	Finite part of the squared impact factors for real corrections 
	LL transition
	LT/TL transition
	TT transition


