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Abstract

Based on the collinear factorization approach, we present a comprehensive perturbative next-to-leading
(NLO) analysis of deeply virtual meson production (DVMP). Our representation in conformal Mellin space
can serve as basis for a global fitting procedure to access generalized parton distributions from experimen-
tal measurements of DVMP and deeply virtual Compton scattering (DVCS). We introduce a rather general
formalism for the evaluation of conformal moments that can be developed further beyond the considered
order. We also confirm previous diagrammatical findings in the pure singlet quark channel. Finally, we use
the analytic properties of the hard scattering amplitudes to estimate qualitatively the size of radiative cor-
rections and illustrate these considerations with some numerical examples. The results suggest that global
NLO GPD fits, including both DVMP and DVCS data, could be more stable than often feared.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

1. Introduction

Besides DVCS [1-3], extensively studied to twist-two [4,5], twist-three [6—11], and twist-four
[12,13] accuracy, exclusive electroproduction of mesons in the deeply virtual regime (DVMP),
belongs to the class of hard exclusive processes that allows us to access GPDs from experimental
measurements [14]. One of the main goals of such fits is to resolve the transverse distribution
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of partons inside the nucleon [15-17]. Triggered by the link of GPDs to the partonic spin de-
composition of the nucleon [18], GPDs have been intensively studied for some time in theory
and a whole framework is now build up around them, see the reviews [19,20]. The heart of
this framework is the phenomenological access to GPDs, based on factorization theorems which
ensure that unobservable transverse degrees of freedom can be integrated out if the exchanged
photon in DVMP (DVCYS) is longitudinally (transversally) polarized. This factorization property
of DVMP amplitudes has been shown by diagrammatical considerations for light (pseudo)scalar
and longitudinal vector mesons [14]. Thereby, it has been stated that in leading order of 1/Q the
DVMP amplitude factorizes into a hard scattering part and two non-perturbative and process-
independent distributions. The formation of the meson is described by the corresponding leading
twist-two meson distribution amplitude (DA) while the transition from the initial nucleon to the
final hadronic state is encoded in twist-two GPDs. Various DVMP channels have been consid-
ered to leading order (LO) accuracy of perturbation theory in numerous papers [21-28], including
channels with a photon and two hadrons in the final state [29,30]. Knowing that the DVMP hard
scattering amplitudes are only classified by a flavor non-singlet or singlet label and a signature
factor, one can easily extend the processes of phenomenological interest to the level of next-to-
leading order (NLO) perturbation theory [31,32] (for DVCS related processes see [33—-37]). Note
that the naive calculation of so-called ‘power-corrections’ [38] is maybe not consistent with the
idea that one integrates out transverse degrees of freedom, yielding both perturbative and power-
suppressed contributions. Thus, such a simple minded treatment cannot be used if one likes
to stay with a systematic field theoretical framework. We add that a calculation of kinematical
power-corrections to DVMP, as it is feasible in DVCS [12,13,39,40], is a challenging task which
has not been studied so far.

Furthermore, much effort has been spend during the last decade to measure the exclusive
processes in question in the collider experiments H1 and ZEUS [41-47], fixed target experiments
HERMES [48-51] and at JLAB [52-58]. Unfortunately, on the phenomenological side — apart
from some earlier model-dependent estimates as well as more recent data descriptions for 7+
[59] and light vector mesons [60] at leading order accuracy — the collinear framework has still
not been confronted to the increasing amount of experimental DVMP data. However, we like to
emphasize here that a GPD inspired hand-bag model approach has been used to link GPD models
to DVMP measurements [61-63]. On the other hand some effort has been spent to analyze DVCS
data with flexible GPD models [64-66], while the idea to describe present DVCS data with
some given class of models might be not considered as an appropriate approach [67], see the
review [68]. Furthermore, it has been shown that utilizing the model for the dominant H GPD,
based on the popular Radyushkin ansatz [4], from the hand-bag approach provides predictions
for DVCS on unpolarized protons that reproduce collider DVCS data and are roughly compatible
with fixed target DVCS data [69,60]. Very similar results are obtained if one utilizes the complete
GPD content of this model for polarized proton DVCS data [70]. This together with the above
mentioned DVMP LO description provides a hint that a global analysis of DVMP and DVCS
data might be possible.

In particular in the small-xp region flexible GPD models are needed and used to control both
the size and the evolution flow of Compton form factors (CFFs). This was realized when GPDs
were directly parameterized in terms of (conformal) Mellin moments [64] rather than in momen-
tum fraction representation. Apart from providing an easy possibility to parameterize GPDs, this
technique allows also to set up robust and fast numerics [64,65]. To apply this technique for a
global DVCS and DVMP analysis, the NLO corrections to DVMP are needed, which we will
provide in this paper. We will also present explicit formulae for the evaluation of the imaginary
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part of DVMP amplitudes to NLO accuracy in the momentum fraction representation. Combined
with dispersion relation technique, this may offer an alternative possibility for an efficient nu-
merical treatment at least for the purpose to confront some given GPD models in momentum
fraction representation with experimental measurements.

Apart from presenting new results for the DVMP hard scattering amplitudes, derived from ex-
isting ones in the momentum fraction representation [31,32], we felt the quest to systematize the
perturbative framework for DVMP at NLO in such a manner that it can be utilized in a straight-
forward manner in existing fitting routines for a global analysis of DVCS and DVMP processes.
To do so, we will first define transition form factors (TFFs), which allow for a clear separation
of observables and the perturbative evaluation procedure on amplitude level. We also complete
the set of observables for a DVMP process from two to four. This allow at least in principle for
an disentanglement of the imaginary and real parts of TFFs in longitudinal photoproduction if
in future the polarization of the final state proton is experimentally measurable, which would
provide an additional handle for the access of twist-two GPDs. We also give for the first time a
generic discussion of radiative corrections for TFFs and compare them with those of CFFs. The
detailed outline of our presentation is as follows.

In Section 2 we introduce our nomenclature for TFFs. We parameterize then the longitudinal
photon helicity amplitudes in terms of intrinsic parity even and odd TFFs and calculate the lon-
gitudinal photon cross section for all possible target polarizations, as well as for the longitudinal
polarization of the outgoing nucleon. Furthermore, we perform the charge and flavor decompo-
sition of these TFFs for some important DVMP channels. This allows us in return to present
the perturbative corrections in the flavor non-singlet and singlet channel in a compact manner.
In Section 3 we recall the collinear framework for DVMP in momentum fraction representa-
tion, point out the general analytic properties of hard scattering amplitudes, and introduce our
conventions. We then explain the evaluation of TFFs from GPDs by means of both the disper-
sion relation integral and the Mellin—Barnes integral, and shortly discuss mixed representations.
Moreover, we develop a method that allows to evaluate the conformal moments by means of
a standard Mellin transform. In Section 4 we introduce first building blocks for the NLO hard
scattering amplitudes in momentum fraction representation, calculate their imaginary parts and
their conformal moments. We confirm the result for the pure singlet part at NLO in momentum
fraction space [32], present the whole NLO corrections in a more economical manner in this
space. From these results we derive compact expressions, so far not listed in the literature, for
the imaginary parts of the hard scattering amplitudes and their conformal moments. In Section 5
we set up GPD models in Mellin space, discuss the size of radiative NLO corrections from the
generic point of view, and provide some numerical examples for the size of radiative corrections.
Finally, we give our conclusions and an outlook for the application of this work. Appendix A
contains our GPD conventions as well as the conventions for evolution kernels and anomalous
dimensions. In Appendix B we list the expressions for the real part of NLO building blocks
and in Appendix C we discuss some properties of the non-separable building block for the hard
scattering amplitude.

2. Preliminaries

Although we are primary interested to use DVMP to access GPDs, we prefer to distinguish
clearly between observables and their partonic description, which are conventionally defined
w.r.t. a light-cone direction (since momentum is transferred in the 7z-channel in DVMP, one has
great liberty to define the light-cone direction in which partons travel). In the following we define
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Table 1

Nomenclature of flavor-dependent TFFs (first column) appearing in the parametrization of the yLN — M N amplitude
for longitudinal vector (V) and pseudoscalar (PS) mesons M with JPC quantum numbers 1~ and 0~ 7, respectively.
The references to the decomposition in which particular TFFs appear are given next. In the third column we refer to
formulae which allow to evaluate TFFs from the corresponding GPD F A in momentum fraction (MF), dispersion relation
(DR), and Mellin—Barnes integral (MB) representations, depending on the signature factor o (F A) that is given next. The
label A € (NS, S =S 4()} encodes information about flavor decomposition (non-singlet, singlet, quark species)
with definite (¢-channel) charge parity C = £1, given by a superscript (C).

TFF 4, TEF Fiy in Eq. (MF, DR, MB) a(FA)
’Hf/o (€5 Hyo €y (2.24) (3.6), (3.33)), (3.62) +1
HNSH) SNS(“ Hy, . Ev, (2.24), (2.26) (3.2), (3.32), (3.61) +1
Hz/(i) 5"( ) Hy: Ey (2.26) (3.2), (3.32), (3.61) -1
H"( : 5"( ) Tips., Eps (2.28), (2.29) (3.2), (3.32), (3.61) +1
Hlljssf) , Elljssf> Tipst» Epgt (2.29) (3.2),(332), 3.61) -1

first a form factor decomposition of the y; N — M N amplitude, where for the goal of accessing
twist-two GPDs it is sufficient to restrict ourselves to longitudinal polarized photons and scalar
components, e.g., longitudinally polarized vector mesons. Note that due to helicity conservation
the contributions of transversally polarized mesons connected to quark transversity GPDs vanish
to all orders in the strong coupling constant [71,72,19]. For the two TFFs of each channel the
same nomenclature will be adopted that is used for twist-two GPDs. Hence, one can immediately
read off from cross section expressions which information can be accessed in an experiment. To
our best knowledge polarization measurements of the recoiled nucleon have not been much
discussed with respect to GPD phenomenology, except for J/¥ electroproduction in [74]. We
will fill this gap and show that in a complete measurement, the number of observables matches
twice the number of complex valued TFFs. If one can measure these transition form factors, one
has the most complete experimental information to access twist-two GPDs. One may, however,
employ other frameworks to facilitate their interpretation. Moreover, we will classify the TFFs
with respect to parity and 7-channel charge conjugation parity and decompose them according to
t-channel flavor flow. Such decomposition can be also used in (GPD) phenomenology as a flavor
filter.

In Section 2.1 we introduce the aforementioned TFFs, e.g., usable for longitudinal photo-
production of (pseudo)scalar and longitudinal polarized (axial)vector mesons. Furthermore, we
calculate the longitudinal photoproduction cross section in terms of these TFFs exactly, includ-
ing the polarization state of the outgoing nucleon. In Section 2.2 we give our conventions for the
flavor decomposition of TFFs including their parity and charge conjugation parity assignments.
This is exemplified for longitudinal vector and pseudoscalar meson production, which are the
phenomenologically most important DVMP processes. The reader, who is only interested in our
conventions and defining equations, can find them in Table 1, which lists our TFF nomenclature,
DVMP processes of interest, and GPD factorization formulae (given in the next section for three
different representations). We add that in the twist-two approximation the name of the quark
TFFs matches the name of the GPDs.

1 Alternatively, (light-cone) helicity amplitudes are adopted to describe the nucleon states in DVCS/DVMP [73].
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2.1. Longitudinal photoproduction cross section

Let us first introduce our reference frame for exclusive electroproduction, which is the same as
in [75]. The incoming electron momentum has a positive x-component, the longitudinal photon
with momentum ¢ travels in the direction of the negative z-axis and the nucleon with momentum
p1 = (My,0,0,0) and polarization vector sy, is at rest. The outgoing nucleon has momentum
p> and may be polarized along the direction s». Finally, the momentum of the produced meson
is called g». The longitudinal polarization vector of the photon can be expressed in terms of the
incoming nucleon p; and photon g; momenta

1 q“ . 2xB pu € — 2xBMN
ovi+e! ovite ! Q

We parameterize the photon helicity amplitude for longitudinal photoproduction of a (pseudo)
scalar meson M in terms of transition form factors. We are left with four TFFs or, alternatively,
nucleon helicity amplitudes, however, by parity conservation these are reduced to two indepen-
dent ones. We adopt the parametrization for helicity dependent Compton form factors from [76].
By means of the free Dirac equation (Gordon identity) it is easy to see that for the case of even
or odd intrinsic parity the form factor basis can be chosen to be:

el (0)=— 2.D

_ . meAB .
i@(p2, s2)hH M + i0ap55p-Enlu(pr, s1)  parity even

B - N . (2.2)
i#(p2, s)lhysHm + vs B Emlu(pr, s1)  parity odd,

€ (O(MN|juIN) = :

where A" = p'; - pi‘ = qu —qg is the momentum transfer in the z-channel (r = A?). The choice
of the vector m*" is not unique. To stay close to the conventions, used by us for DVCS, as well as
to have a s <> u symmetric energy variable, a favored choice for dispersion relation analysis, we
choose the following vector [76]

gt

1
mt = v whereq“zi(q{‘—i-qé‘), Pt =pl'+pl. (2.3)

The photoproduction cross sections in terms of these TFFs (2.2) is straightforwardly calcu-
lated. In fact, if the meson mass is neglected, the formulae for an unpolarized outgoing nucleon
can be read off from the expressions for DVCS [76]. For the conversion of electroproduction to
photoproduction cross section we adopt the Hand convention [77], which fixes the photon flux
and yields

*N—>MN 2
doLV ™ 27T e xg 1

dtde :Q4\/1+621_xB§
+ Acos(p) sin(@) Crp+ (Fu. Fiy|s2)
+ Asin(g) sin(®) Cre— (Fu. Fiy|s2) - (2.4)

{Cunp (Fyr. Frg|s2) + Acos(@)CLe(Fur, Fry|s2)

Here, aey & 1/137 is the electromagnetic fine structure constant, q12 = —Q? is the photon virtu-
ality, xg = Q2/p1 - q1 is the Bjorken variable and ¢ = & — ¢, where & appears in the transverse
part of the polarization vector

s1=(0,cos® cosb, sin® cosb, sinb)

and ¢ is the azimuthal angle between the electron plane and the recoiled proton. Furthermore, the
squared scattering amplitudes C are labeled by the polarization of the incoming nucleon. Note
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that when summed over the final state proton polarization, the conventional factor 1/2 on the
r.h.s. will disappear.

The bilinear C-coefficients depend on the polarization direction of the outgoing nucleon,
which provides the possibility to measure various combinations of TFFs. In experiments where
the outgoing protons are unpolarized one can only access the cross section for a transversally po-
larized nucleon, which contains for scalar or longitudinally polarized vector meson production
the terms

4(1 — xp)(1 — xp 251y —
Canp (F. F*) = e
(Z_XB _.XB Qz )
~ a1+ 2 —’)2+4x rox! 2
4(1 = xp)(1 — x5 — 2e?
1 K2
- €12, (2.5)
(1= xp)(1 — xp55t) — €2 4M?
2 K
Crp— (F, )= - 1 SmHE, (2.6)

2—xB _meQZ

and for pseudoscalar or longitudinal polarized axial-vector meson production the terms

2
4(1 = xp) (1 — xp7) + €22 — iy — 2t

Canp (7 F*) =

(2—xB —XBTZI)Z
2 2
y xp(1+ %)2(2—)@3 —x8"5") _|?
X —
41— xp)(1 — xp"5t) +€2(2 — 2 — 2t
4(1 —)2 1’52 ;
+ — 7 a —— 4M2|5|2’ 2.7)
41— xp) (1 — xp551) +€2(2 — 2 — 2001
- 2048 K~
Crp_ (F.F)= —— & - SmAE. 2.8)

2—xB—xB QZ

Here, the kinematical factor

K= M2:21 (1 E2 %1 _t 1 tl1 @
=, —M-xg — o2 + o2 e — (1 —xB) — XB o?

(2.9)

vanishes at the minimal and maximal allowed value of —¢,
'min / max
20— xp — x5 25 + (1 — B 2T+ 2, /(1 — xp — xp )2 — L
4(1 — XxB)xB + €2

(2.10)
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where the lower and upper sign applies for fmin and fmax, respectively. The unpolarized
C-coefficients (2.5), (2.7) are build from two squared terms while the square of target spin
flip TFFs is naturally accompanied by a K2 /4M? suppression factor. Relying on this kine-
matical suppression, one can essentially extract from unpolarized cross section measurements
at smaller values of xg the modulus of the TFFs # or H. Having a transversally polar-
ized proton at hand, the single target spin asymmetry offers an access to the combinations
(2.6) and (2.8), see, e.g., phenomenologically discussions in [78,63,59]. Note that the quantity

E=xgé& /(2 "g;’) absorbs one additional power of xp, and thus has the same Regge
counting as the other TFFs.

In experiments where the polarization of the outgoing proton can be measured, one can ac-
cess further TFF combinations. However, it turns out that the transverse-to-transverse proton spin
contribution does not contain new information rather it offers access to the unpolarized TFF com-
binations (2.5), (2.7), while the final state transverse single spin asymmetry provides again the
imaginary parts (2.6) and (2.8). The remaining terms will project on the longitudinal component
of the final state polarization vector. Hence, choosing the longitudinal magnetization direction

5= ;(pi,o,oy r3)

VD= (p3)?

provides the most appropriate handle to access two new TFF combinations. We find the following
combinations

J1te? 2K?
CLp(F, F*|s)) = —— {cunp(f, F*) - ; T
[1+e2+ &2 M=(2 —xp — xB"57")
2
—1
g2 — 1+ gl )4 211
x<|H+| 1+62H+2(+Q2) )} @.11)
K
Crps (F, F*|sl) = {cunp (7. )
MV1+€2,/1+e2+
2¢2 t |7 2(1 4+ €2
+ < —— M+ € +#% HE*
2 —xg —xgZ-t Q aM

2 —xg —xpZ Q2

K2 —1(1+€?)
-— S €12y, (2.12)
2M~*(2 — xg — xB op )
for longitudinally polarized vector or scalar meson production and
~ 2
V1+ €2 8xpK? 1—xB+XB%

Cop(F, F*|s)) = {cunp (F, F*) -

Q*(1+€) (2 —xg — xB'";—;f)Z

1/1+62+—2

2 ~ 2 ~
201+ 25)(1 + xp 2L) R e (1+5)* k2 |_|2}

(1+ )2 — xg — xp"50) M? I+e> 2M?

Cre (F. F*lsy) =

2xBM2
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221+ By (1 —xp + 205 o4 Mgt g g L2
+ H* +

2_ 2_
(2—)613—)613%)2 2 —xp —xp"g7

2 1+5 2t — xpM2(1 + '"—2’» _
<1+Q—>‘be’H€* 1€ }

2M?
(2.14)

for longitudinally polarized axial-vector or pseudoscalar meson production.
In particular in the smaller-xp region we have the following combinations, e.g., for longitudi-
nally polarized vector meson production

Canp (F, F*) = [HP = 5 IE,

/ 1 t2H + &
CLP(]:, .7:*|?g) ~ /11— W[Hﬂz + m},

Crp—(F, F*) ~ — A;t SmHE™,
V=i J1=3m 2H + £
Crpy (F, F*|s)) ~ TM[mZ— '1%] 2.15)
e

An analog formula set is also valid for pseudoscalar meson production, obtained by substituting
H — ﬁ, E— (1 —l—mz/Qz)g, and Crpt+ — —5Tpi.

Since in the Ctp4+ expression both kinds of TFFs enter on the same kinematical level, one clearly
realizes that transverse-to-longitudinal target spin flip measurements yield a handle on £ (and &)
for —¢ > 0. One the other hand, longitudinal-to-longitudinal spin flip cross sections are expected
to be dominated for —¢ << 4M? by the modulus |#|. However, since £ may contain a pion pole
contribution, e.g., in 71 production, the 7/4M? suppression factor can be overcompensated.
Hence, such a measurement would be helpful for a complete disentanglement of parity odd TFFs,
where of course one should bear in mind that in contrast to £ the TFF £ does not contain a
‘pomeron’ exchange.

2.2. Flavor decomposition of transition form factors

To perform a flavor decomposition of the TFFs (2.2) we rely on the quark picture and con-
sider the processes of interest from the 7-channel point of view as an exchange of colorless
degrees of freedom that can be associated with a quark—antiquark or gluon pair, see Fig. 1. We
note that #-channel contributions are the dominant ones for both large 02, i.e., when partonic
t-channel exchanges are justified by (diagrammatical) power counting, and high-energy limit,
e.g., in Regge phenomenology where mesonic degrees of freedom are utilized. Based on the
t-channel exchange of quark—antiquark pairs we start by performing a flavor decomposition of
the TFFs (2.2). This more general classification scheme matches with the nomenclature in the
partonic description of DVMP amplitudes in terms of twist-two GPDs and meson DAs.

First, however, we introduce discrete #-channel quantum numbers which are used to label
GPDs and TFFs. It is instructive to see that from a partonic point of view in the #-channel reaction
v*qq(gg) — MO in which the photon scatters on a ¢ (gg) pair, picked up from the proton and



446 D. Miiller et al. / Nuclear Physics B 884 (2014) 438-546

e(ky)
e(k) — M(q,) e
74q1) | |
N(p;)— —N(p) — —

Fig. 1. DVMP process from the ¢-channel view (left) and partonic view (right).

described by GPD, and then forms a meson. Note that corresponding crossed processes where
analyzed on similar basis in [79,80] and [81]. From C,, = —1 and charge parity conservation
follows that the gg (gg) state has to satisfy

C=C,Cho=—Cppo (2.16)

or, in other words, that the #-channel charge parity is given by (—Cy0). The charge parity of
the meson can be read off from the JF¢ nomenclature with angular momentum J, parity P,
and charge parity C, and for vector (V?) mesons of interest is 1=~ while for pseudoscalar (PS?)
mesons 0~ . Due to the fact that C4e = 1 it follows trivially that there is no gg contribution
for PS? production (as well as, there are no gg Fock states in Vo mesons). Furthermore, since
P, = —1, the C P quantum number is given by C P = Cy0 Py,0 and it corresponds to intrinsic
GPD parity” or, to say it in (2.2) nomenclature, the production of vector mesons is described
by TFFs F € {H, £} with even intrinsic parity, while the production of pseudoscalar mesons is
described by odd intrinsic parity TFFs F € {H, £}. The TFFs derived by using GPDs with well
defined charge parity will then be denoted by F(©).

Next we define the flavor content of the considered final meson state in terms of quark—
antiquark degrees of freedom. Normalizing all states to one, we expand the charged meson states
in terms of the leading quark—antiquark Fock states

(M) =3 "¢l olgq) and |MF)= Zc L |a7), 2.17)
q

respectively. For neutral mesons the Clebsch—Gordan coefficients are flavor diagonal, while they
are flavor off-diagonal for charged meson. The interaction of the longitudinal photon with a quark
or an antiquark gives us then a fractional quark charge factor

2 1 2 1 }

e € {euzg, €d=—§, €c=§, eS=—§ (2.18)

which is together with the Clebsch—Gordan coefficients factorized out. This defines us the quark
decomposition of TFFs

Fao=Y eqcl o Fl and  Fye =eg FId 4 ey Fi1. (2.192)
q

Assuming that isospin symmetry holds true, we may express the flavor off-diagonal nucleon
TFFs in terms of flavor diagonal TFFs ones, see, e.g., [25], yielding

2 When considering gq states, this terminology seems quite obvious since Cyg = (— DS and Pyg = —(=1!, and
thus Cy5 Pyg = —(—1)*, so this quantum number depending just on spin, i.., intrinsic angular momentum, is the same
for different gg excitations.
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7(C)

_

MO

eq —eyq (=0 =04 eqtey ©)
Fu= = ) []:;],,o _‘7'—,({,,0 ]+ ) [‘7:7/10

]. (2.19b)
The information about ¢-channel charge parity is encoded in the quark superscript, e.g., '
& “(H) stands for a #-channel exchange of a uu pair with even charge parity and even intrinsic
parity, where loosely spoken proton helicity is (non)conserved.

Finally, in the charge even sector also gluons can be exchanged in the ¢-channel which
may have a flavor quark singlet admixture. Such a contribution will be denoted as FC + FPS,
where subscript pS stands for a pure singlet quark. To separate quark degrees and gluonic ones
in the most clean manner it is necessary to change from a quark/gluon basis to group theo-
retical irreducible SU(n r) multiplets, consisting out of the flavor non-singlet (NS) multiplets

2
(F 3., ]-'"f_l) and the flavor singlet one (.7-"0). Such decomposition solves also the quark—
gluon mixing problem that appears in the perturbatively predicted evolution. Forny =3 (ny =4)
this group theoretical decomposition follows from the multiplets (A.9) and reads

1 + /__.() /—_' 5 T 0
1 3 + 1 F-U T T 0
I + 1 + 1 F‘() ()C
1 +

Obviously, for n y = 4 this decomposition reduces smoothly for F* e 0,ie., F 154 .7-'0(+) to
the well known SU(3) one. We add that one may perform also such decomposition in the charge
odd sector, however, this is not a necessity, since a gluon pair has charge parity even and so no
quark—gluon mixing problem appears.

In the following the flavor decomposition of the longitudinal photoproduction TFFs is listed
for the phenomenologically most important processes as they appear in the exclusive light meson
electroproduction off proton. Namely, of vector mesons extensively measured in both collider
and fixed target kinematics at H1 [41-43], ZEUS [44-47], HERMES [48.,49], E665 [82], NMC
[83], COMPASS [84], CLAS [52-55], and CORNELL [85] as well as pseudoscalar mesons in
fixed target kinematics at HERMES [50,51], CLAS [56,57], and HALL-C [58].

e DV V. P: longitudinal vector meson TFFs ’H@L and 5{‘;‘L fory/p— Vgp and y;'p — VL"'n

For longitudinal vector meson (V = 177) photoproduction, e.g., considered in [14,21,22,24,
25], the TFFs are ‘Hy, &y. For neutral vector mesons we have definite #-channel charge parity
C = +1, see (2.16). The light neutral vector mesons have according to the (constituent) quark
model the Fock state expansion

%) = = (@) — 1dd)). o) = —= (i) +1dd)).  1$) = Is5). @21
V2 V2
As already noted, a two gluon component, which has charge parity even, cannot appear in these
meson states. We decompose the TFFs F € {H, £} with respect to quark and gluonic 7-channel
exchanges according to (2.19a),
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2 e 1 PCe! 1 pS
G R v i L R e
2 - I 1 G pS
Fo=—=F8 — —=F&" + — (FS+ FD). 2.22b)
32 32 3V2 ( ) (
1 1
Fo==3%s —3FHTD). (2220

Since the #-channel exchanges of two gluons or pure singlet quark—antiquark pairs is flavor blind,
the factors in front of (F + a2 yo) are simply given as the sum over all quark coefficients in the

corresponding formulae (2 22). Here, the quark TFFs ./'-‘\1,0 , the pure singlet TFFs ]:v0’ and the
gluon TFFs FS Vo correspond to the underlying partonic subprocesses shown on Figs. 2a, 2b, and
2c, respectlvely
To overcome the quark—gluon mixing, we plug the SU(n r) representation (2.20) for quarks
into (2.22), the TFFs Fy,0 for neutral vector mesons VO e {p°, w, ¢} are then decomposed into
flavor non-singlet multiplets and a singlet (S) one,
(+)

1
FSo=FS +FE, with F3 = Tl + 78 (2.23)

vo*
which is given as sum of gluon and flavor singlet quark (X) contributions. The latter is build
from the group theoretical part (0*)), weighted with the Clebsch—-Gordan coefficient 1/n f»and
the pure singlet piece. Note that .7-'\5,0 and ]-'50 are charge even by definition and so an addi-
tional superscript (4) is omitted. Using (2.20) the TFFs (2.22) assume in their group theoretical
representation the following form

_ NS(H) S
Foo=F 0 '+ ffp , (2.24a)
S S
F. =f}§ = 4 3ﬁfw’ (2.24b)
1
Fp= ]:(1;5(“ _ 5]:5, (2.24¢)
where the flavor non-singlet (NS) combinations for three (four) active quarks read as following
1 1 1
NS(+) 3(+) 8(+) 15
o0 6 ﬁ o0 6 \/i o0 12 «/5 00
1 ) 1 ) 1 )
FNS() _ By b (+_ Fl3 > (2.25b)
“ 2[ CIsv2” 362
NS(+) _ Q) 1 15(+)
T ]: S . 2.25
¢ ( 36 ) (225¢)
Note that using (A.9) these non-singlet combinations could be directly expressed in terms of
]_—3(-1-)'
0

Charged vector meson |p*) = |ud) production in Yip — pZ‘n is given in terms of flavor
off-diagonal TFF F“?. We rely on isospin symmetry, and from (2.19) we find

=) =) (+)
Fpr = Lpuo Lgao dgun 1

( =) (+)
2700 Tt Tl 6]:ZH Efgo ‘f3+ Fef{H, ). (2.26)
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Note that the flavor off-diagonal quark TFFs splits then in a diagonal flavor isotriplet with charge
even (¢)) and charge odd (¢()), resulting the prefactors (e, — eq)/2 =1/2 and (e, +e4)/2 =
1/6.

o DVPSP: pseudoscalar meson TFFs ﬁps and gps foryfp— PS°p and Yip— PS™n

The TFFs (2.2) for pseudoscalar mesons (PS™) longitudinal phg}oprodugtion, e.g., considered
in [24,26-28], are assigned with even parity, i.e., they are called Hps and Eps. The neutral pseu-
doscalar mesons have even charge parity. Hence, we have odd (z-channel) charge parity and,
consequently, a two-gluon exchange in the #-channel cannot occur. The normalized meson states
read

2") = 5w —lad)). n) =
|n®@)= \%(Imﬂ + |dd) + |55)). (2.27)

|uit) + |dd) — 2|s5)),

Note that we here do not discuss the 7/n’ mixing problem and rather provide only the formulae
for the pure octet and singlet states. Furthermore, in the flavor singlet state [7®) a two gluon
component contributes, which is also beyond the scope of our considerations here.’ Reading off
the Clebsch—Gordan coefficients, we find then from (2.19a)

2 © )
£ u FaO (2.28a)
' 3ﬁ & 3[ ”
) 1 ) -
]:71(8) 3[ 71;(3) - 3\/— ,;1(8) 3[ ;(3) s (228b)
=) 1 O )
Fyo =3 ﬁ Fjo = 373700 3 ﬁf;@ (2.28¢)

Analogously to pT case discussed above, for DVz +P the quark content is flavor off-diagonal,
however, employing isospin symmetry, it can be expressed by diagonal flavor non-singlet ones

=)

I o 1 0 1 60 1 _,0 1 30 ~ ~
fﬂ+=§f;0* —Ef;’o* + 2 Fm o F =5]-"30+ J-"30 . FelH. &), 229

e

implying that both charge even (¢‘™) and odd (¢‘™) contributions enter.
e Exclusive longitudinal photoproduction of other mesons

Supposing that the dominant mechanism is a quark—antiquark (or gluon pair) #-channel exchange,
the meson quantum numbers that allow to access the intrinsic parity even or odd TFFs (2.2) in
longitudinal photoproduction of neutral (pseudo)scalar and longitudinal (axial-)vector mesons
are:

q(+) q(+) G G _ q(,} q(,)

Mo oEu b 1| M b " 230
~ . (+ + ~ ~, .

Hi, &L ot | HI &L HSLES 1

3 Strictly speaking the factorization proof from [14] did not encompass mesons with quantum numbers which allow
the decay into two gluons, e.g., 770. We believe that such a proof should be straightforward.
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The quantum number assignments given on the basis of parity and charge parity conservation®*
are in more detail explained in [79,80] where relevant hard processes have been discussed in the
crossed channel, as well as in [81] (see also tables in [19,86]).

The longitudinal vector mesons (1; ~) and pseudoscalar mesons (0~*) we have discussed.
One may also include neutral or charged kaon production, where an initial proton state transforms
to a hyperon. The flavor decomposition is straightforwardly done, however, if one likes to reduce
off-diagonal flavor TFFs to flavor diagonal ones one must rely on SU(3) flavor symmetry. Various
of these DVMP channels have been already considered and were given in terms of LO GPD
factorization formulae, see reviews [19,20] for references therein and explicit expressions.

On the same footing as pseudoscalar and longitudinal vector mesons, one can also consider

y; p — 07 p process for a scalar meson (e.g., 01 = fo) where #47, €47 contribute. Re-
member that under scalar meson one usually understands ¢g state with [ = 1, s = 1 while, of
course, J = 0.5 As in the case of pseudoscalar mesons, there also exists a scalar two-gluon com-
ponent which mixes with the quark flavor singlet component. Note that 0™ carries the same

quantum numbers as ¢-channel ¢g and gg pairs described by H q(+), E"(+), HO, EC in the case

of production of longitudinal vector mesons, and similarly for H A , E1” and 1, . Thisis to
be expected since these two processes are, in a sense, reversed, as well as, production of 0~
and 1'[_ (see [79,80] for crossed channel examples). In the production of axial-vector meson

whose [ 4+ s and [ are odd yp p — 12'_ p (e.g., 17~ = hg) both ﬁq(ﬂ, E1” and HS, ES can,
in principle, be accessed. We add that in the literature there are also suggestions to analyze in
the perturbative DVMP formalism the production of exotic meson states [87,88], for example,
hybrid mesons 1=+,

3. Factorization of transition form factors

Employing power counting, it has been shown that the dominant production mechanism for
longitudinal DVMP is the 7-channel exchange of a quark—antiquark pair or, if it is allowed, a
color singlet gluon pair [14]. Furthermore, it has been perturbatively proved to all orders that
the hard scattering amplitude, describing the interaction of the photon with collinear partons,
can be systematically calculated as an expansion w.r.t. the strong coupling constant 5. Thereby,
the collinear singularities which appear in such a diagrammatical calculation can be factorized
out and dress the bare DAs and GPDs. This procedure provides then also a prediction how the
DVMP amplitude changes w.r.t. the variation of the photon virtuality, which is given in terms of
linear evolution equations. Beyond the leading 1/Q order, i.e., in which only twist-two GPDs
and DAs enters, the authors state that factorization is maybe broken by final state interaction. In
other words it remains questionable if one can utilize for DVMP a factorizable ¢-channel picture
to access GPDs in the twist-three sector.®

Based on this factorization proof, we can say that a flavor decomposed TFF F A’} with F e
{H.E, HE }, introduced in Section 2, factorizes in a elementary scattering amplitude, depicted

4 In a nutshell, since Cy = Py =—1, and for qq states P = (—l)H'1 ,C= (—l)l""", while for gg states P = (—l)l and
C =1, only the transitions corresponding to ' (J odd) ™~ — (J even) Tt and y (J even) ™ — (J odd) T~ and reversed
are allowed in the quark model.

5 Scalar states generally satisty / + s even and / odd so that P = (-t =1and C=(-1)/*S =1 and higher ones,
ie., withl>1are2tt, .. ..

6 Nevertheless, it was shown in [89] that factorization may not be violated for twist-3 helicity-flip amplitudes for the
hard meson electroproduction in the Wandzura—Wilczek approximation on a scalar pion target.
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in Fig. 2, twist-two GPDs FP(x,&,t), F € {H, E, ﬁ, E}, describing the transition of the initial to
the final nucleon state by emitting and reabsorbing a parton p € {u,d, s, ---, G}, and a twist-two
meson distribution amplitude (DA) ¢/ (v), describing the transition of a quark—antiquark pair
qq to the meson state M. Thereby, one sums over the partonic exchanges j and integrates over
the momentum fractions x and v.

Relying on SU(n ¢) symmetry and measurements in various channels, DVMP can serve to
access GPDs with definite partonic content. However, quark and gluon GPDs will mix in the
charge even sector. Thus, it is more appropriate to employ in this sector a group theoretical
SU(n r) decomposition in flavor non-singlet and singlet contributions, which allow to solve the
quark—gluon mixing problem. In the charge odd sector it is just a question of taste if we use
partonic or group theoretical labeling. From this perspective the hard scattering amplitude has for
the considered class of processes some universal features. Namely, we have only one scattering
amplitude in all flavor non-singlet and charge odd channels. However, as we will see in the
following, different parts of this hard scattering amplitude will be projected out in the charge
even and odd sector. In principle we have two charge even sectors in which quark and gluons mix,
namely for GPD H(E) and H (E ). We consider here only the former one since it is relevant for
phenomenology (1~7) and, fortunately, next-to-leading order results were calculated. We should
also mention here that for DVMP of pseudoscalar mesons in the n° case (2.28¢) a mixing of quark
and gluon DAs appears. At LO accuracy the two gluon component in the singlet DA vanishes
in the collinear factorization approach [79,80,90]. So far this amplitude has not be calculated at
NLO, however, the mixing of quark and gluon DA and factorization scale independence indicate
that a contribution from the gluonic meson DA enters the hard scattering amplitude at NLO.
In the following we will not consider this case. Note that charge conjugation conservation tells
us that a charge even meson DA can never appear together with a charge even GPD and so a
quark—gluon mixing cannot simultaneously occur for DAs and GPDs.

In the next section we give our definitions for the hard scattering amplitudes in the common
momentum fraction representation, explain the role of symmetries, show that together with the
conventions from Section 2.2 we recover the known LO results, and predict then the NLO factor-
ization and renormalization logarithms. For the phenomenological application we consider two
other representations as more appropriate. In Section 3.2 we give simple convolution formulae
for the imaginary parts, while the real parts can be obtained from dispersion relations. We also
show how the hard scattering amplitude can be decomposed into two parts which have only dis-
continuities on the negative or positive x-axis in the complex plane. In particular for the purpose
of global fitting, we give in Section 3.3 a short introduction into the Mellin—Barnes integral repre-
sentation, a discussion about the resummation of evolution effects, and spell out our conventions
for conformal partial wave amplitudes. Based on the aforementioned decomposition of the hard
scattering amplitude, we provide also a method for both the analytic and numerical evaluation of
complex valued conformal partial wave amplitudes. Finally, in Section 3.4 we show how mixed
representations are build with our conventions.

3.1. Momentum fraction representation

For the sake of a compact presentation, we employ in the factorization formulae of TFF ]-'IC‘[
only the quark GPDs with definite charge parity

FIO @, n,1) = Fi(x,n,1) — o F4(=x,1,1) (3.1a)

which by construction have definite symmetry (—o’) under x — —x reflection
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Fq(C)(_-xa nat)Z_UFq(C)(-x’ n,t) (31b)

The GPDs F € {HY, EY, H4, E"} are defined in (A.3), and 0 = +1(—1) for C =+1(—1) and
intrinsic parity even GPDs HY, E9 and for C = —1(+1) and intrinsic parity odd GPDs HY, E4.
Hence, from the table in (2.30) it is clear that for both neutral vector meson and pseudoscalar
electroproduction the signature assignment is o = 4-1. We notify that we adopt here PDF ter-
minology, allowing us to solve the quark—gluon and also quark—antiquark mixing problem, see
e.g. [91]. The GPD choice (3.1) will assign a charge parity ]—"é,lc ) or, equivalent, a signature label
Jy to our TFFs. Note that sometimes in the literature such a superscript is used to label the
symmetry of the GPD rather than the signature. Moreover, it allows us to work with an unsym-
metrized elementary hard scattering amplitude 7',” which is perturbatively given as expansion in
the QCD coupling constant .

For charge odd or flavor non-singlet quark GPDs it arises only from the class of Feynman
diagrams, where the flavor content of the initial quark pair cannot be changed, see Fig. 2a. Thus,
stripping off the electrical quark charges, as already done in the preceding section, we have in the
non-singlet channel and/or charge odd sector the same quark amplitude 7. Taking a convenient
prefactor, we write the factorization formula for A € {NS(i) s q(_)} as

wW— C X
Fhlon.1. @) "= LB A w61 i) & T
£E+x—ie Qr Q% Q*\ v 5
Are N ° v T A AT A ) 5 3.2
X ( 2 =i " o5 (UR) A ® om(v, 1) (3.2)

where Cr =4/3 and Nc = 3 are the common color factors, and the convolution symbols

1 1

X dx v
fx)®gx)= / 2% S()gx) and f(v)®gh) = / dv f(v)g(v)
—1 0
stay for the integration over the momentum fraction x € [—1, 1] and v € [0, 1], respectively. To
obtain the imaginary part according to Feynman’s causality prescription, the scaling variable
& is decorated with an imaginary part —ie. This partonic scaling variable & ~ xg/(2 — xB) is
conventionally defined (see also Appendix A.l) and here and in the following we set
XB . 28
&= or inversely xp = ——.
2—xB 1+&
Since the meson decay constants fj is included in the prefactor, we can normalize the meson
DAs,

(3.3)

1
f dv on(v.12) = 1. (3.4)
0

Our TFFs are dimensionless, however, they are proportional to fy/Q, where the meson decay
constants fj; has mass dimension. We notify that this canonical 1/Q scaling originates from the
contraction (py +& P)! e, (A, =0)/ 0? with the photon polarization vector. The hard scattering

7 The full T obtained directly from Feynman diagrams is naturally symmetrized and it mirrors the symmetry properties
of the process at hand.
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amplitude possesses besides a logarithmical Q> dependence also a renormalization (uR), GPD
factorization scale (jtr), DA factorization scale (1) dependence, while the TFFs possess only a
residual renormalization and factorization scale dependence.

The SU(n ) group theoretical decomposition for DVVIE)P from the preceding section, pro-
vided us the form of the flavor singlet TFF (2.23), consisting of charge even quark (3.1) and
gluon (A.3) entries. Therefore, we may generally introduce the vector valued GPDs

FE

with FX(-)= > F97(.)and F e (H,E. H, E). (3.5)
q=u,d,s, -

Note that due to Bose symmetry the charge even gluon GPDs have definite symmetry under
x — —x reflection, which contrarily to quarks is o rather —o . Furthermore, in the DV VBP case,
on which we will us concentrate here, we have F' € {H, E}, 0 = +1 and the gluon GPDs are
symmetric.® In analogy to the factorization formula (3.2), we write a flavor singlet TFF as

—2 CFr fyo v (E+x—ie Q* Q9 Q2

fs 7t1 2TVV=2 ] 2 T e VN S s T AT AT A

VO(xB Q’) N.O pyo(v M<p)® 2E —ie) v; §|as (LR) AR
éF(x,S,t,ul%), (3.62)

where the convolution é) includes now the forming of a scalar product, built from the GPD F in
(3.5) and the vector valued hard scattering amplitude

T(u,vig| )= (T vl (Cr&) 'OT @, vl--), (3.6b)

which contains according to the decomposition (2.23) the charge even quark entry
1
BT, vl ) = —T @, o)) +P5T 0], (3.6¢)
nf

In the gluon entry the color factor 1/Cr compensates Cg from the overall factor in (3.6a), while
the factor 1/& stems from the peculiarity of the common gluon GPD definition, see also the
forward limits (A.4) and (A.5).

We note that TFFs (3.2), (3.6) have definite symmetry properties w.r.t. £ — —£ reflection. For
(3.2) and the quark entry of (3.6) we find under simultaneous § — —& and x — —x reflections:

1T<E+x—i6 o (§+x+ie

: 2(s—ie>"")Fa(x’5’” — ' \2E+io

where we used that GPDs are even functions in £ and have symmetry —o under x-reflection.
Hence, the real part of quark TFFs with definite signature is an even and odd function for o = +1
and o = —1, respectively. Since under simultaneous reflection —ie goes into +ie, see (3.7), the
symmetry of the imaginary part is reversed compared to the real part. The gluonic part in the
singlet flavor TFF (3.6) has the same symmetry as the quark entry, since the sign change of the
additional factor 1/£ in (3.6b) is compensated by the different symmetry behavior of the gluon
GPD under x-reflection. Furthermore, we can restrict the integration region in (3.2), (3.6) to

,-~>F"(x,§,t), 3.7

8 For longitudinally neutral axial-vector meson production, see table in (2.30), 0 = —1 and the corresponding gluon
GPDs HSC and EC are antisymmetric.
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positive x, where now hard scattering amplitudes with definite symmetry properties have to be
taken, i.e., we replace

1 1

-1 0
Tw,vl--) = °Tw,vl--)=Tw,v|--)—ocT@m,v|---), (3.8b)
T, v|--) = ETw,v|--)— T(@@, vl ), (3.8¢)
STw,vl--) = STw,vl--)+5T@,v| ). (3.8d)

Here, in the flavor singlet channel we only refer to the phenomenological important DVVBP
process, i.e., we explicitly use o = +1. We add that the hard scattering amplitudes for M < y,
crossed exclusive (time-like) processes can be obtained from those of the corresponding DVMP
ones [92].

3.1.1. Symmetry properties and leading order result

As said above, we employ in the factorization formulae (3.2), (3.6) only GPDs with definite
charge parity and symmetry behavior under x — —x reflection. The symmetry property is char-
acterized by the signature factor, where quark GPDs and gluon GPD have the same signature,
however, different symmetry”

FiO(—x,..)=—c F1©O(x,..) and FY(—x,--)=0 FS(x, ). (3.9)

The signature o (F*) which can be considered as function of the GPD type [see discussion below
(3.1)] reads explicitly in our nomenclature as

or

-1 HNS(H, ﬁz, ﬁG’ ENSH)’ EE, EG, H‘f(f), E‘f(i) } (3.10)

o(F)= {
If SU(3) breaking effects are ignored, meson DAs for both vector (177) and pseudoscalar (0~)
mesons are symmetric in v — v = 1 — v, except for the antisymmetric two-gluon DA that con-
tributes to the pseudoscalar state n°. One may include SU(3) breaking effects, which induce then
an antisymmetric component in the DA amplitude, e.g., for K mesons where according to [93]
only a small admixture appears (at leading power of 1/Q?).

Let us now discuss the symmetry properties of the hard scattering amplitudes used above,
which we will consider as functions T (u, v). To LO accuracy these amplitudes arise in the fla-
vor non-singlet channel from four Feynman diagrams, where a representative one is depicted in
Fig. 2(a). Here the initial quark and antiquark ¢ (1)g> (i), knocked out from the nucleon, have
momentum fractions

E+x _ £—x

u= , and u=1—-u=
28 28

of light-cone momentum P1+ - P2Jr and the quark and antiquark g1 (v)g2(v), forming the meson,
have momentum fraction v > 0 and v > 0 of the meson light-cone momentum P;,I' . For x > & the

representative LO diagram can be interpreted as a partonic s-channel scattering subprocess

(3.11)

Yi 1) = [q1(0)q2(0)] g2(u — 1),

9 We note that this is analogous to the symmetry properties of meson DAs, i.e., $99 () = —P¢99 (1 —u) and P38 (u) =
Pp88(1 —u), e.g., a qq pair has intrinsic parity (—1) and P = (=D with 1 being its angular momentum.
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LO

NLO

a) b) c)

Fig. 2. Representative partonic subdiagrams that contribute to DVMP of neutral vector mesons. In context of the GPD
part, i.e., partons coming from the proton, (lower “legs”, while the upper ones denote the meson) the contributions are
organized as: (a) quark contribution, (b) pure singlet quark contribution, (c) gluon contribution.

where a quark ¢ is knocked out from the nucleon with momentum fraction (§ + x)/2& and
a quark g> with momentum fraction (x — £)/2£ is reabsorbed. Exploiting the symmetry under
u — v (photon couples to the in/outgoing ¢ quark line) and u — i, v — v (photon couples to the
q> quark lines) symmetries, we can obtain all four LO Feynman diagrams from the representative
one in Fig. 2(a). Generally, according to the coupling of the photon to either the ¢ or g» quark
we divide all Feynman diagrams in the quark channels in two classes:

+eq, T (u,v|---) if photon couples to g1-quark line or [;/Z‘ql (u)]cjz(ﬁ) — q1(v)g2(v),
(3.12a)

—ey, T (u,v|---) if photon couples to g2-quark line or g (u)[yz‘(}g(ﬁ)] — q1(v)q2(v),
(3.12b)

where the (fractional) quark charges e, are not included in the hard scattering amplitude
T (u,v|---). It is obvious that if the quarks g; and ¢> have different flavors, the g <> g» ex-
change, i.e., (u,v) < (4,v), goes hand in hand with an exchange of quark charge factors
€q1 <> €qy-

To obtain the net contribution in a quark channel y; 142 — g142, we obviously have to
add to the hard scattering amplitude (3.12a) the contributions from the second class (3.12b) and
multiply them with the quark charges:

eq, T(u,v]-+) — e, T(it, |-+ -), (3.13a)

where the struck quark ¢ is exchanged with g>. We may decompose the net amplitude (3.13a)
in a charge even and odd part

%[T(u, vl-) = T@@ 0]+ @[T(u, vl )+ T@0]--)].  (3.13b)

For neutral meson production e, = e, . Hence, the second term drops out and the net amplitudes
are antisymmetric under simultaneous # — u (or x — —x) and v — v exchange. Moreover, DAs
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for neutral mesons are even under v — v exchange and so the convolution with a quark GPD
projects out their positive signature, i.e., antisymmetric parts. For charged isotriplet meson pro-
duction the DAs are also symmetric under v — v and both positive and negative signature GPDs
contribute. Employing symmetric meson DAs ¢(v) = ¢(v), we can replace in a convolution for-
mula the hard scattering amplitude (3.13b) by
€q T ¢q,
2
Hence, after decomposition into contributions of definite signature and pulling out of charge
factors in the partonic decomposition of TFFs, as already done in Section 2.2, we can write
down for all these cases the convolution formula (3.2) in terms of quark GPDs with definite
signature. Thus, the definition (3.1) for GPDs with definite charge parity ensures that the u — u
counterparts of 7T (u,v) in (3.13) are taken into account. We add that if one likes to include
SU(3) symmetry breaking effects, an anti-symmetric meson DA appears, too. Hence, the relative
signs in (3.13c) will change which implies that GPDs with reversed signature must be taken into
account.
For DV VSP and DV P S”P processes we have according to the table in (2.30) to take the GPDs

[T v|--)— TG vl -] + Q[T(u, o)+ TG vl--)].  (3.130)

(+)
}

Fq(+) c {Hq(+)’ E4 and Fq(*) c {ﬁq(*)’ Eq(*)},

respectively, which have different charge parity, inherited from the charge parity in the #-channel.
Obviously, only in the flavor singlet channel with even charge parity, i.e., for DV VB P, both a pure
singlet quark and gluon contribution can appear, taken into account by the hard scattering am-
plitudes (3.6b), (3.6c) and depicted in Figs. 2(b) and 2(c). Note that a diagrammatical evaluation
of the graphs in Figs. 2(b), 2(c), and other contributing ones provides scattering amplitudes with
explicit symmetry properties. Namely, the pure singlet quark contribution, which is absent at LO,
is antisymmetric under # — u# and symmetric under v — v,

1

S[PT@ vl ) =P T (@, ] + P @, 3] -) =T (@, 9] -9, (3.14)
The gluon contribution being symmetric in both u — u and v — v,

1

Z[GT(u, o[-+ T @@, vl --)+ T, )+ 5T @, 0]--)]. (3.15)

The averaging factors 1/2 and 1/4 guarantee consistency with our normalization. In defining
(3.6) we have made use of the symmetry properties (3.14), (3.15) of the contributing quark (an-
tisymmetric) and gluon (symmetric) GPDs as well as meson DA (symmetric).

We note that due to symmetry the representation of the building block AT (u, v) in a definite
signature sector is not unique. For instance, we may add to such a building block a function
f (u, v) that is (anti-)symmetrized under u — u reflection,

AT(u,v) 2T @@, v) = [T, )+ fu, )] £[AT@, v)+ (@, v)]
with f(u,v) =F f (u,v),

which cancels in the convolution with a GPD, having the proper signature. As it will become
obvious in Section 3.2, the ambiguity in choosing the building block AT (u, v) can be removed if
we require that it possesses for real v with 0 < v < 1 only a discontinuity on the positive u-axis
[1, oo]. This allows us in the following to deal with functions that are holomorphic in the second
and third quadrant of the complex u-plane.
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Let us add that our diagrammatical calculation yields

T(u,v) = Y(“R)+0( 2) and ST(u,v)= Yb(t“R)+0( 2). (3.16a)

Plugging these results into (3.2) and (3.6), we find the LO approximation of the quark TFFs with
definite charge parity and the gluonic TFF, respectively,

@ 2y & 2
(&) C F1 JE (v, uy)
j__.f\I/I ( B, , QZ) LO FfM A (MR) d (x S MF) dl) (pM - I’L(p

VO s . (3.16b)
“1
Syo as(Ur) G s 2
Fon (x8.1.Q%) O—VO t PO 6 [ v Ho). (3.16¢)

dx v
N:.Q E(E —x— 16) v
-1
By means of the partonic decompositions, given in Section 2.2, we obtain then the well known
LO expressions for the DVMP amplitudes, see reviews [19,20] and references to original work
therein.

3.1.2. Perturbative expansion and scale dependencies

As alluded above, let us first shortly comment on the scale dependencies in the convolution
formulae (3.2), (3.6), where one should bear in mind that the LO hard scattering amplitude starts
with o5 (uRr). Afterwards, we present the renormalization and factorization logarithms at NLO
accuracy.

e Renormalization scale independence

The requirement that the hard scattering amplitude is independent of the renormalization scale is
nothing but the famous renormalization group equation

9 9 Q2 Q2 QZ
[MR—-F,B(%) }T< o5, —,—,— | =0. (3.17)
BMR 8015 1553 M(/) M’R
We remind that the running of o (1) is perturbatively controlled by the equation'’
d () 3 . 2ny
Maas(u)zﬁoa—n+0(as) w1th,30=T~—11 (3.18)

and its solution is given as a function of In(p? /AéCD), where the QCD scale Aqcp 0.2 GeV.
However, the perturbative expansion of the hard scattering amplitude induces a residual renor-
malization scale dependence that is caused by the truncation of the perturbative series. This
dependence appears in the QCD running coupling constant ey (g) and in In(Q2/ MIZ{) terms, and
they partially compensate each other at any given order, see (3.17). At LO the residual depen-
dence is of order af while the appearance of In(Q?/ /LZR)otf (uRr) terms at NLO weakens the ur
dependence, leaving us with an uncertainty of order a3 In general, at order n in perturbation

theory one is left with a renormalization scale uncertainty of order a("+l)

10" Note that the value of Bo is here negative, contrary to common definitions in the literature.
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e Factorization scale dependencies

The hard scattering amplitude explicitly depends on factorization logarithms In(Q?/ /,LI%) and
In(Q? / ,ué) (uf for GPDs and iy, for DAs). In the convolution with the GPD and DA these scale
dependencies of the hard scattering amplitude are partially cancelled by those of GPDs and DAs,
which are perturbatively controlled by evolution equations. The factorization scale dependencies
of TFFs is of order af at LO, entirely arising from the scale dependencies of GPD and DA,
where one power of oy stems from the LO hard scattering amplitude. Going to NLO will push
the residual factorization dependence to order a?. At order n in perturbation theory one is left
with the factorization scale uncertainties which is of order ot§"+l). The independence of TFFs
of the factorization scale can be easily formulated in terms of evolution equations for the hard
scattering amplitudes w.r.t. both the factorization scale of the DA,

(20 2.2 2)
Yapl \ 26 1 ud ud g
2 2 2 ’
:—T(s-'_x,v’ as,%,%,%)év(v’,vyas), (3.192)
2 HE Ky KR
and the factorization scale of the GPD
d E+x Q?
M%—2T<2—5v sy =5 )
dMF § MR
2
y
:—T(—g—i—y,vas,%,u-)®V<—§+y,€+x;‘§Ols>, (3.19b)
28 13 26 2

where the evolution kernels V and V are introduced in Appendix A.2. Analogous equations hold
for the non-singlet hard scattering amplitude.
We add that the factorization scale dependencies are exploited to resum In(Q? /AéCD) /

ln(Q(z) /AéCD) contributions by means of the evolution equations, where one usually equates

all scales with Q2. Note that in the general case the evolution kernels are expanded w.r.t. g (UR)
and their renormalization scale independency implies then that they also logarithmically depend
on the ratio of renormalization and factorization scales.

Depending on the mathematical representation one is using, one may prefer one or the other
method/philosophy to resum renormalization and/or factorization logarithms. Results, which are
obtained in one or the other way, will formally differ by contributions that are beyond the order
one takes into account. Various proposals, e.g., called ‘optimal’ scale setting prescriptions and
scheme-independent evolution, have been suggested to minimize the uncertainties due to the
unknown higher radiative order (or even power) corrections. Let us stress that the absorption of
large radiative corrections may induce very low scales, i.e., one goes beyond the perturbative
framework and, hence, additional assumptions and/or modeling is needed, e.g., by means of
analytic perturbation theory.

e NLO contributions

To apply consistently the perturbative framework for DVMP at NLO accuracy in «g, one needs
the one-loop corrections to the hard scattering amplitudes, entering in the partonic TFFs (3.2),
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(3.6), and the two-loop corrections to the evolution effects. Hence, both the hard scattering am-
plitudes (7') and the evolution kernels (V') are expanded up to a% accuracy, where we use as
expansion parameter o /27,

2 2 2
T( “|os (UR), —5 £ QZ,Q—2>
HE MG MR
2 2 2
— ) TO - 4 SR T“)(~-- %,%,%)+0 ). 3.20
o5 (UR) (G o PR () (3.20)
V(- lag(w) = % vOe)+ (2(‘;; v+ 0(dd). (3.21)

The NLO corrections to both of these quantities are available from the literature. To be sure, that
no confusion is left w.r.t. the underlying conventions, we derive now the explicit renormalization
and factorization scale dependencies of the NLO hard scattering amplitude from the requirement
that the TFFs are scale-independent in the considered order. Let us first shortly recall the form of
the LO expressions, needed for the evaluation of (3.19), where we obviously can work without
loss of generality with the £ = 1 case, i.e., u = (1 4+ x)/2.

The LO expressions of the hard scattering amplitudes > T =T /n r+ PST and ST can be cast
in the form

TOWu,v)=%TO®Ww,v)= and PSTO @, v)=0. (3.22)

=)
':||'_‘

The LO term of the flavor non-singlet evolution kernel (A.11) is well known and is written as'!

(3.23)

©) _ _ Y v 3. u—>u
V® (u,v) = Cpé (v u)v|:1+(v_u)++28(u v)]+{v—>17}’

The matrix valued LO expression of the flavor singlet kernel (A.14), taken with n = 1, reads

Ty 0 EGy(0)
\% v /2
) S —
\%4 (M,U,l)—<zgzv(0) GGy (0) )w v)

AB1,(0) _ _\AB_ (0) u—u A=B
V¥, v)=60w—u)*"v (u,v):l:{v_ﬂ_)} for{AgéB, (3.24a)
where the quark—quark entry is given by the non-singlet kernel (3.23) since, as in the hard scat-
tering amplitude, the pure singlet (pS) addenda is zero at LO. We take the remaining three entries
from Ref. [94],

EGy Oy, v) =nj - (2u —v—1), (3.24b)
GX U(O) (M, U) = CF —(21) — I,{)7 (3240)
v
u? 1 _ _ B
GGyO (4, v) = Ca v_2{7(v s +2[i +v(1 +2u)]} - 705(14 —v). (3.24d)

Further details on evolution equations and kernels are summarized in Appendix A.2.

11" Note that the terms with §-function are understood in the following way §(x — y)[0(y —x) +0(x —y)]=86(x —y)

and the +-prescription as % v (v lu)+ T(v) = ﬁ[ T(v) — t(u)].
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The scale dependencies in the NLO expression for the hard scattering amplitude of the quark
TFF (3.2) follows from the NLO expansion of (3.17) and (3.19) [replace there T — T and
V > V],

2
TOw,v|--) = [m o 7O ® vO 4 n= Qo TO ® 74 ﬂo In Q—ZT(O) +...](u, V).
I “rp MR

(3.25a)
The convolution of the LO evolution kernel with the LO hard scattering amplitudes yields

Cr /(3
[T(O) V(O)](u V) = f(——i—lnﬁ),
uv \ 2

[T© & VO, v) = CF( +In ‘) (3.25b)
uv \ 2

which is known to be consistent with diagrammatical findings. Analogously, the scale dependen-
cies of the NLO corrections in the flavor singlet channel (3.6a) read in matrix notation

T(l)( o & Q_z)
R
2
:[mQ T<0>®V<0>+1nQ T<0>®v<0> @ln%T(o)—l—--}(u,v), (3.26)
MF I’LW Hr

where the T® are row vectors (3.6b) with the quark entry (3.6¢). Since (3.25) can be taken
for granted, in the quark entry a constraint appears only for the pure singlet quark part and, of
course, we have constraints for the gluon entry. To shorten the explicit expressions, we take in
the following advantage of the symmetry properties (3.14), (3.15).

The pure singlet quark contribution appears at NLO due to gluon—quark mixing, which in-
duces a uf factorization scale dependence

2 2 2 ’
PST“)(u, v %) = 1n%[T(O) ® YO, v) +.... (3.27a)
F F

The factor 2/CF follows from (3.26) and the definitions of V in (3.24), and T in (3.6). The
convolution of the gluon—quark entry (3.24c) with the gluonic hard scattering amplitude (3.22)
then gives

2170 Ty O], vy =2
Cr
The additional terms that, due to symmetry properties, cancel in the expression for the full scat-
tering amplitude, are denoted by [...]. In our representation they vanish due to the antisymmetric
properties of F4(H),

The NLO corrections to the hard scattering amplitude of the gluonic entry in (3.6b) read

2 2 2

GT(])( ‘ Q° Q° Q9 )
M’ U 9 2 9 2
Mg Ky HR

L. (3.27b)

2 ’ ’

c

—nZ [T(O) pvO 4 L 10g 2GV“”](u, v)
ME 2nyg

2 ’ 2
+1In %[T(O) ® VO, v) + o Q—2T<°> (u,v)+.... (3.28a)
Ky 2 ug
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Note that, as in the case of the pure singlet quark contribution, the factor Cr/(2n ) can be
derived from (3.26) as a consequence of our definitions (3.6), (3.24), and (3.22). The convolution
with the LO evolution kernels then yields (3.25b) and

[Tw) Loy CF ro & EGV(O)](M, v)
2ny
_2 _
:ﬁ(1+”_2>1nﬁ—@T<°>(u,v)—C—fln—"ﬂ...],, (3.28b)
2 20 u?
where again [...] denotes terms that vanish due to symmetry. We note that the combination of
terms proportional to By in (3.28a) results in a 02 independent (By/2) ln(u% / ,qu) term.

Let us stress that the ln(Qz/M%) terms from Egs. (3.252), (3.27a), and (3.28a) enable us to
check the relative normalization between the separate contributions. The corresponding forms are
determined by demanding cancellation of collinear singularities or, in other words, factorization
scale independence of the full expression for the TFFs (where the use of evolution equations is
made).

3.2. Dispersion relations in the collinear framework

Instead of calculating the TFFs from the convolution formulae (3.2), (3.6) one might equiva-
lently use ‘dispersion relations’ (DRs), where the standard variable, i.e., the energy variable

v4ieox (s —u)+iex1/(E —ie) (£ ishere meant as a physical variable)

is replaced by £ — ie. The quotation marks are meant to stress that the physical fixed ¢ dispersion
relation is taken here in leading power approximation, which also changes the integration region
in the DR integral, see, e.g., the discussion for the DVCS case in Section 2.2 of [64]. That such
a DR is equivalent to the convolution formulae has been shown in [95,64,96]. Here, the polyno-
miality conditions of GPDs, implemented in the spectral or double distribution representation,
are needed to establish the one-to-one correspondences. By means of the DR we can evaluate the
real part of a TFF from its imaginary part. This has some advantages, e.g., one essentially needs
only to discuss the scale setting for the imaginary part'” [97] or one may drastically simplify the
numerical treatment in momentum fraction representation. This DR framework is introduced in
the next section. Further discussion on this subject can be found in [67]. In a second section we
discuss the dispersion relations for the hard scattering amplitudes and define their perturbative
expansion.

3.2.1. Evaluation of TFFs from GPDs by means of dispersion relations

For TFFs with definite signature o we can utilize symmetrized DR and restrict ourselves to
DR integrals over the positive region x > 0. As in (3.7), for 0 = +1 (0 = —1) the real part of
such TFFs is a (anti)symmetric under & — —&. It can be evaluated by means of the principal
value integral

fﬁe}'(xB,t,Qz TW273/$2 { }l\vm}"< T x ,t, Q2>+C}-(,Q2)

for o (F) = { +1 } (3.29a)

12 Although, as we will see below, this is not enough in the presence of a subtraction constant.
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where again xg = 2& /(1 + &) and the upper and lower expression applies for signature even and
odd TFFs, respectively. The signature of a TFF A F is the same as for the associated GPD and it is
explicitly specified in (3.10) (replace F — F). Based on the common Regge arguments one may
expect that for flavor non-singlet and charge odd TFFs, i.e., A € {NS(i), q(_) }, unsubtracted DR
can be used, while subtraction constants C might be needed for the flavor singlet TFFs %5 and
&S, which include both quark and gluon contributions, see (3.6). This constant can be evaluated
in various manners [67], one may simply take the unphysical limit £ — oo in (3.29a),

2

Cr(r. @) ™ tim die f(—é ' QZ) (3.29b)
1+§

Note that for the signature odd case a unsubtracted DR holds true [64]. However, an oversubtrac-

tion can be performed, which yields a new DR with a subtraction constant [59],

.r—<—3——,,92)4- —Cr-(1, 9%).

Ste 2Tw2 /d
eF (xB,t,Q P X T :

x2 E JT
(3.30a)

This subtraction constant can be again calculated from the unphysical limit £ — oo, which pro-
vides the constant in terms of the imaginary part, cf. (3.29a),

1
(1, 0%) hm e g F- (1255’ ,Q2>TW2 /dx%fvm}"(l%:x,t,Qz).
0

(3.30b)

e Convolution integrals for the imaginary parts in the flavor non-singlet channel.

Since GPDs and DAs are real valued functions, the imaginary parts of TFFs entirely arise in the
convolution formulae (3.2), (3.6) from the hard scattering amplitude, e.g., we find from (3.2),

f?smfg“,}(xg,t, Qz)TwchfM ( Etup)éSmT<w—_l€,v‘--->

N:.Q 2(5 —ie)
® omi(v. 12). (3.31)
From the analytic properties of the hard scattering amplitudes, which are real valued for
0<u="1* <y,
28

it follows that only the outer GPD regions § < x <1 and —1 < x < —£ contribute in this convolu-
tion integral (3.31). Note that in the partonic interpretation the GPD can be viewed for £ <x <1
(=1 < x < —£) as probability amplitude that an s-channel exchange of a quark (an antiquark)
occurs, which is the analog of the familiar probability interpretation for a PDF, see (A.4), (A.5).
Thus, as done in (3.8), it is more appropriate to decompose the convolution integral in positive x
and negative x regions. Furthermore, motivated by the PDF convolution formulae, well known
from deep inelastic structure functions, e.g.,
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Fi(xp, Q7 Z/dx (x Qz)p(XM)

xp’ 2
P xg

(sum over all partons p € {u, i, -+, g}),
we will write the imaginary part of TFFs in this fashion, too. However, in our GPD case we
consider it as more appropriate to use on the partonic side the scaling variable & rather than xg.

In contrast to PDF convolution integrals the GPD depends then on the scaling variable &, too.
The convolution integral (3.31) in the non-singlet channel has then the following form'?

%mfﬁ(xg, t, QZ)

w27 Crfm [ dx £ Qz ? Q?\ ., )
B WE/ (v ) © t( vjes(ur). g 2 “é’M_R>F (x, &1, 1u2).

(3.32a)

The new hard scattering amplitude ¢ is calculated from the imaginary part of ° 7T, given in
(3.8b), with a signature o (FA) = +1 that can be read off from (3.10). It is a function of the ratio
r =& /x, obviously, restricted'* to & <r<l,ie., 0<r <1.Itis convenient to decompose ¢ in
a signature-independent and -dependent part,

Ut(r,v|-~-)=t(r,v|~~-)—U(FA)f(r,v|-~-) forO0<r=¢&/x<1,

t&/x,v|--) 2&_ JmT< %,v > for Neu > 1,
—i
i(g/x,v|---)=2§—n3mT<ﬁ=i(?—ji:,v > for Neir <0, (3.32b)

where the condition ie u > 1 (Reu < 0) ensure that only r.h.s. (l.h.s.) discontinuities of 7 (u, v)
are picked up. For instance, for 1/u, appearing in the LO expressions (3.22), we find §(1 —r).
Note that the 7-contribution stems from a quark—antiquark mixing as it appears, e.g., in crossed
ladder diagrams. Hence, it vanishes at LO.

o Subtraction constant in the flavor non-singlet channel

As argued above from analyticity and Regge arguments, the real part of 2 F for A € {(NS®), ¢(-)}
can be calculated from an unsubtracted DR (3.29) with signature o (F A), ie,, Cra =0. On
the other hand, if one derives the DR (3.29) from the convolution formulae (3.2), a subtraction
constant for HNSH) but not for the combination ’HNSH) + ENS™ is allowed. This subtraction
constant, called DA = Cya = —Cga, can be calculated from the convolution formula (3.2) by
means of the limit (3.29b). This procedure yields

D}CI,ISH) (v QZ) Tw-2 Cr /M

. Q (pM(v,ué)é)T(u,v|---)<§)st(u—ﬁ,t,u%), (3.32¢)

13 With the transformation x — & /x of the integration variable, the convolution integral can be equivalently written in
two different forms, namely, [} L5 1(&/x)F(x, ) = [; L 1(x)F(&/x.-

14" The continuation of 7 ¢ (r) to negative r is done by reﬂecnon r— —r, where its symmetry is governed by the signature
o (FN), entirely analogous as for the GPD FA, see (3.9).
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where the function d™° is given by the following limit of the GPD H NSt (or —E NS(Jr))

dNS(x, 1, ud) = Jim HNS (xg, 8,1, ). (3.32d)

This function is antisymmetric in x and vanishes for |x| > 1. Essentially, it is the so-called
D-term, introduced in [98] to complete polynomiality,'” e.g., in the popular Radyushkin’s double
distribution ansatz for GPD HY ) (or E41 o ). Note that alternative GPD representations in terms
of double distributions exist, see [99-102], and that the limit (3.32d) projects onto the D-term,
used in the popular double distribution representation. Rather analogously, one can view the sub-
traction constant of & i(j) in the oversubtracted DR (3.29) as a pion pole contribution. On GPD
level one finds then the parametrization which was suggested in [26,28], further details and an
alternative GPD representation of the pion pole contribution are given in [59].

o Convolution integrals for the imaginary parts in the flavor singlet channel

In analogy to (3.32), we evaluate now the flavor singlet TFF (2.23) for DV VSP, which possess
signature o = +1. Its imaginary part is taken from the convolution (3.6),

ImF (xs. 1, Q%)

: 2 02 O2
Ty%é i—xwvo(v,ué)ét@,v;é o (UR), f—% f—%, %)-F(x,é,t,ul%),
(3.33a)
where the entries of the new vector valued hard scattering amplitude,
tr,v; €l = (Bt (v, R a7 Ge(ryv] ) forO<r=¢g/x <1,
¥r(rv]-) = if Te(r -+ 2500 ] )
with +t(r,v|-q- y=t(r,v|--) —i@r,v]--), (3.33b)
follow from (3.8¢) and (3.8d):
PSrg/x,v]--) = Lgm[PSTG = “3—’76“ v' .. )
2m 2(¢ —ie)
—pST<I/_t= mv‘)} (3.33¢)
2(8 —ie)

15 The term sign(m@(|x| < |n])d4(x/n, ---) gives for odd x-moments of H‘IH) the highest possible order in 7,

1 1
/"”z"ﬂsign(nwuxl < Inl)dq(X/n,---)='72n+2[d”2n+ldq(x,---) forn € {0,1,2, ).
—1 —1

In the gluonic sector |n]6(|x| < Inl)dG(x/n) completes polynomiality for even x-moments (g — G, x2n+l x2”).
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Gt(g/x’w...): LSm[GT<u: m,v'>

2w 20 —ie)
Gpf-_§—ie—x |
+ T(u_ i ,v‘ )} (3.33d)

with the conditions feu > 1 and MReu < 0. Note that the second term in the square brackets
on the r.h.s. of (3.33¢c) and (3.33d) ensures that we can relax on the representation of the hard
scattering amplitude 7', see (3.14), (3.15) and discussion below there.!©

e Subtraction constant in the flavor singlet channel
The real part of the TFF .7-"\510 (xp, f, Q%) is then calculated from the DR (3.29) with signature

o = +1. The subtraction constant in terms of GPDs is analogously calculated as in (3.32c) and
reads

Dyo(r, @)
-2 CF fM Q2 Q> Q? _ 2
= o oyo (v, /L‘p)@T(u v; 1|as(uR), —5 P M%,M—%{)de(u—u,t,up),

(3.33e)
where the limit of the vector valued GPD H (or —E) yields

d¥(x,t, u2) . HE(x£,&,1, 1)
2\ — F/ ) _ F
Aot 1) = (d%mu%)) 0% <§H0(xs,s,z,u%>>' (3330

Note that the gluonic entry is symmetric in x and as the antisymmetric quark entry it vanishes
for |x| > 1, see also footnote 15.

3.2.2. Properties and conventions of hard scattering amplitudes

As advocated in Section 3.1.1 and as the reader has maybe already realized, we can now rep-
resent the hard scattering amplitudes with definite signature in such a manner that they possess
only discontinuities on the positive real u-axis. Thus, their imaginary parts on the [1, oo]-cut are
given for real v, restricted to 0 < v < 1, in (3.32), (3.33). In standard manner we employ Cauchy
theorem to derive an unsubtracted single variable DR that provides the hard scattering ampli-
tudes in the complex u-plane. Adopting the notation of (3.32b), (3.33c), (3.33d) and Feynman’s
causality prescription, the desired DR reads for the hard scattering amplitudes of interest as

1

A 28 (r, v] - )
T, v|--- dr ————— forAe{+,—,pS,G}. (3.34)
1+r—2ur —ie
0
We did not seek for a proof that a subtraction is not needed in this DR to all orders of perturbation
theory. However, it can be verified from the explicit expressions that the unsubtracted DR (3.34)
holds to NLO accuracy.

LN fully (anti)symmetrized hard scattering amplitude provides the same result as its minimal version that only contains

a [1, oo] discontinuity on the real u-axis. For instance, in the convolution with a gluon GPD H G poth of the expressions
(4 +u)/2 and 1/u can be taken, where in both cases (3.33d) provides (1 —r).
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Let us quote the general structure of the perturbative expansion of the new hard coefficients,

(MR) A (1)(

At v, ] = g () A1 (r, v) + Z0ER v+ 0(a)), (3.35)

which is inherited from those of hard scattering amplitudes 7', given in (3.20). The imaginary
parts of the LO coefficients (3.22) are trivially calculated by means of (3.32b), (3.33c¢), (3.33d),

5(1 —
1Oy =GOy = ST g 98,00, ) =0, (3.36)
v

where the 1/ pole in (3.22) yields §(1 — r) for quarks with even and odd signature as well as
for gluons.

Consequently, formulae (3.32a), (3.33a) provide the imaginary parts of quark and gluon TFFs
in agreement with the LO approximations (3.16),

1

SmFy (w1, Qz)w%(;(mﬂm £, O/deM(v ““’ (3.37)
1

N 0 7 fyocts (uR) 1 oyo (v, 117)

3mFS (xp, 1, Q%) £ VON—QRS G(E,E,t,uﬁ)/dv%. (3.38)

0

The corresponding real parts are evaluated from DR (3.29a) with the signature o (F AY. The pos-
sible subtraction constants can be easily evaluated from (3.32c¢), (3.33e), too,

1
2\ L0 CF fmas (1R) d(u—ii, 1, ug) om(v, u2)
Dy(r, Q%) = N.O du - dv———*, (3.39)
0
DS, (1,0%) 2 fvoas(MR) / S —ii,t, uf) / v0<v Ho) (3.40)

where the d-functions follow from the limiting procedures (3.32d), (3.33f). As it is now well
realized, up to these subtraction constants, the TFFs at LO arise only from GPDs on the cross-
over line (antiquarks are included in GPDs with definite charge parity). Neglecting evolution
effects, these facts drastically simplify GPD phenomenology at LO accuracy. Furthermore, if
one likes (or has) to implement evolution in momentum fraction representation, one needs only
to evolve the GPD in the outer region. This may drastically simplify the numerical treatment of
the evolution operator in the momentum fraction representation.

3.3. Mellin—Barnes integral representation

Instead of the momentum fraction representation, presented above, we may employ the con-
formal partial wave expansion (CPWE) for DAs and GPDs. Before we adopt this expansion to
TFFs, let us shortly remind of the well-known case of meson form factors in which the GPD is
replaced by a DA. The reader may find an introduction to conformal symmetry, as it is used here,
in [103].
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The CPWE for (normalized) flavor non-singlet DAs reads as

o0
o(u.p?) = ouaC*w— ) e (u?). go=1.d=1-u, (3.41)

k=0
even

where 6uu C,f/ 2 (u —ut) is a conformal partial wave (CPW), expressed by the Gegenbauer polyno-

mial C,f/ ? with index 3 /2 and order k, and where @ (%) are the CPW amplitudes. Furthermore,
for symmetric DAs we can restrict ourselves to even k. Utilizing the orthogonality relation for
Gegenbauer polynomials, the amplitudes in the CPWE (3.41) are evaluated from the DA by
forming integral conformal moments (k > 0):

22k +3
o (12) = 22K+

1
_ ey 32, - 5
_3(k+1)(k+2)0 W=Dl 10). (3.42)

Plugging the CPWE (3.41) into the factorization formulae for some meson form factor F (9%,
given as convolution of a hard scattering amplitude 7" with two DAs, yields its CPWE

k
Fop(u )@ Tl ) ®p(v.u?) & Fogn(u?) ® Tu(Q% 1?) ® gu(u?).

(3.43)

Here, we find it convenient to write the series over n and k symbolically, such that the transition

from the momentum fraction representation to the CPWE (or reverse) is done by the replacement
1

u k °
A(u) ® B(u) E/duA(u)B(u) & A Q@ Br= Z AxBy.

k=0
0 even

The new hard coefficients T,x (- - -) in the CPWE (3.43) are evaluated from convoluting the mo-
mentum fraction ones with the CPWs, which we write as

Tt () = 3% cure(-+)
. _ 32 _u v 32 _
with ¢ (- --) = 2uuCy'~(u — ) @ T (u, v|---) @ 200C;," " (v — V). (3.44)
For the LO hard scattering amplitude 7@ (u, v) in (3.22) we have the simple correspondence

11
T(O)(u,v)z:: & c,(l(,)c)zl.
T

One advantage of the CPWE is that the evolution operator to LO accuracy is diagonal and so
the conformal moments (3.42) evolve autonomously,

LO Lo [ o) rA1=2ny/3)
S
oe(1?) = Ex(u, oo (15).  Ex(pt, po) = : (3.45)
as (o)
where the anomalous dimensions,
O —cplasik+1y—3- — 2 ). (3.46)
k (k+ 1) (k +2)

are (up to a factor —1/2) the eigenvalues of the LO evolution kernel (3.23), which coincide with
those known from deep inelastic scattering. To LO accuracy the evolution operator (3.45) can
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be directly inserted into the CPWE (3.43) of the form factor. This implies advantages for the
numerical treatment, namely, instead of solving numerically the evolution equation (A.10) and
performing then a two dimensional momentum fraction integral, one needs only to perform two
summations. Practically, models for DAs are specified by a finite number of conformal moments,
which can be also viewed as an effective parameterization of DAs. Consequently, for such popular
models the numerical evaluation of the form factor at LO gets trivial in this representation.
Beyond LO conformal moments will mix under evolution, however, the evolution operator,
given now in terms of a triangular matrix {E,,,} with n < m, can be perturbatively diagonalized
[104,105]. Moreover, instead of evolving the DA conformal moments, as in (3.45), from an input
scale po to the factorization scale w, we can convolute the evolution operator with the hard
coefficients. Consequently, we write here the convolution formula (3.43) in the form

F(Q?) & 9 (Q2) ® Ty (Q2 Q3) éfpk(Q(z)), (3.47)

where the new hard coefficients

I,m
Tuk (9%, Q3) = Thtmi+1(Q% 12) @ Enctmon (12, Qo) Ext1 (e, Qo).

l m o o0

®R= Z Z (3.48)
=0 m=0
even even

are ‘evolved backwards’ from ;2 to the squared scale u% = Q2, which is taken to be of a few
GeV?, justifying our perturbative treatment. Consequently, the new hard coefficients possess only
aresidual ¢ dependence, which is not indicated on the 1.h.s. of (3.48). For a truncated DA model,
given at the input scale Qy, the factorization scale-independent coefficients (3.48) are given as
a finite dimensional matrix. The two infinite sums which remain in (3.48) can be numerically
precalculated for some given experimental Q? values. Hence, the CPWE allows to have fast
fitting procedures with a limited set of conformal DA moments (3.42) as fitting parameters.

Adopting this popular form factor treatment to TFFs will provide a powerful tool, as it does
already for the analysis of DVCS data [65]. To do so, GPDs and CFFs are expanded in terms
of complex CPWs by means of Mellin—Barnes integrals [106,64]. An introduction to this rep-
resentation, where we spell out our conventions, and its adoption to TFFs is given in the next
section. In Section 3.3.2 we introduce an efficient method for the evaluation of complex CPW
amplitudes.

3.3.1. Conformal partial wave expansion of GPDs and TFFs

For a quark GPD we can use the same CPWs as for the DA, however, for integer n €
{0, 1,2, - - -} their support is restricted to the inner GPD region |x| < 1 and, moreover, for conve-
nience the normalization is changed. We define these integral CPWs for a quark GPD as in [106]:

X
pu(x,n) = ﬂ_"_lpn<;),

2'T(n + 3)
Frn+3)

This normalization ensures that conformal moments of a quark GPD (3.1) with definite charge
parity

Pa(x) =6(1—x?) (1-x2)C/*(—x). (3.49)
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1
- IrHIn+1) 1 3 @
Fl 1, 2:27—/01 c/< F47 (x,n,t, 3.50
4 () »ra+d 2J ; (x.m.1.%), (3.50)

coincide for F' = H in forward kinematics (n = 0, t = 0) with the common integral Mellin mo-
ments, taken for positive x, of a unpolarized quark PDF with definite charge parity,
1

(77:0, t=0, ;Lz)=/dxx"[q(x,,u2):|:ci(x,uz)].

0

()
H,!

Thus, it is ensured that signature o = +1 and o = —1 GPDs (3.9) provide odd and even confor-
mal GPD moments, respectively, which are always even polynomials in 7. Note also that com-
pared to the CPWs of a DA, entering in the CPWE (3.41), the normalization of (—1)" p, (x, n)
for n =1 differs by the factor

(=D"pplu—i) 4 2"T(n+ D B 12’14‘11"(” +3)
6ui C; > —@) 6 T(Fm+3) 3TGrw+3)

where the inclusion of the factor (—1)" takes care on the negative argument —x = —(u — i) of
the Gegenbauer polynomials in p, (x).

Since the support of integral CPWs is restricted to the interval u, v € [0, 1], the convolution
of these CPWs with the hard quark amplitude,

E+x
2

(3.51)

Pn(x,6) ® T( ' ) ® viC (v — 1) = (—1)"E" Ty (3.52)

is up to a factor (—1)" £"~1 defined as

2}1+1 I'(n+ %)

Toi(-e) = 3
el FGrm+3)

X Cpp(-++) (3.53a)
with

cuk () =2uuC, 3/2 (u—un) ® T(u,vl-- ® 2vka/ (v — ), (3.53b)

and where the prefactor 2P (n+5 /2)/ T'(3/2)I" (n 4 3) is associated with the Clebsch—Gordan
coefficient in the CPWE of CFFs. The factor 3 results from the normalization of the DA. As in the
form factor coefficients (3.44), these normalization factors are pulled out in the ¢, coefficients
which in LO approximation are normalized to one.

For the vector valued GPD F in the flavor singlet sector we utilize for the CPWs the vector

z
Pux,my=n"" (_5’;(;) <%> p(x)=p, (x.n=1), (3.54)

where p; = p, is already defined in (3.49) and the gluonic CPWs are expressed by Gegenbauer
polynomials with index v =5/2

2"F(n—|—2) 3
rHrn+3 n+3

pSx)=6(1 —x?) (1—x2)> 2 (—x). (3.55)

This implies that the gluonic entries are evaluated from
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2n+21"(n 4 %)
= X

_s Tntr3) Ge (- 3.56
FOrnta) nie(:+) (3-562)

ST
with
Senr () = 120t )2 C u — ) ® OT (u, v] -+ ) ® 208C > (v — D), (3.56b)

and where again the 9¢,; coefficients are in LO approximation normalized to one. Note that the
prefactor for gluons in (3.56a) is 2/(n + 3) times the prefactor for quarks in (3.53a). Passing from
x to u, we also pulled out here, as in the quark case, an overall normalization factor (—1)"& "~
Let us add that the integral conformal GPD moments are calculated as in [64] from

! 32
ra/2rn+1n1 / _1{nCn 0 X )
F tu)=—2 2 | dxy” —|F t, .
n(ﬁ, s ) 2T (n+3/2) 2 xn 0 %Cj/_zl 7 (x,TI, M )
-1
(3.57)

This definition ensures that in the forward limit (n = 0, r = 0) the entries of GPD H,, are given
by the odd Mellin moments of unpolarized quark and gluon PDFs:

1
2 (x, u?)
H,(n=0, zo,zzfd "< )
(n=0.1=0.1 J T e

with (x, ) = [a(x. 1) +q(x. n%)]
q=u,a,- -

QU

for n € {1, 3, - - -}. To complete the description of our conventions, let us note that the evolution
of the conformal GPD moments (3.57) reads

M%F,,(n,z,,ﬂ)z[&:)yg‘)mo(af)].Fn(n,z,;ﬂ) forne({1,3,5,---}. (3.58)

At LO it is governed by the anomalous dimension matrix

zzyn(o) EG%(O)

0 T

vy = (GZ 0 GG (0))' (3.592)
Vn Vn

In accordance with the LO order kernel (3.24), the LO entries coincide with those known from
deep inelastic scattering. The quark—quark entry is given in (3.46) and the three other entries read

443n+n?

5G,0) _ _y , 3.59b

Yn T D+ 2+ 3) (329
4+3n+n?

Gz, 0 _ _orop— """ 17 3.59
n i+ D +2) (3-5%¢)

66 <o>=CA<451(n+1)+ 4 _ 12 >+,30 (3.59d)
" m+Dn+2) nm+3) ’

More information on anomalous dimensions is given in Appendix A.3.
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An integral CPWE for TFFs does not converge in the physical region and, thus, we need for
them a Mellin—Barnes integral representation. To pass from the CPWE (3.47) for form factors to
those of quark TFFs, we can perform a Sommerfeld—Watson transform, intuitively written as'’

DT = Y [ +E—ie)" | F T
n=0

n=0
even

c+ioco
. o —
— diei—1
2i J% sin(7j)

c—ioo

e~ iJ

= F;Tj. (3.60)

Then, the CPW amplitudes (3.48), containing also the evolution operator, must be continued
in such a manner that they are bounded for j — oo, where Carlson’s theorem assures us that
this continuation is unique [107]. Note that our definitions of the hard scattering amplitude,
allow us to find the analytic continuation in a straightforward manner from its imaginary part
(3.32b), avoiding, thereby, the discussion of a separate analytic continuation of even and odd
moments, see, e.g., discussion in [108]. Furthermore, all singularities lie on the Lh.s. of the final
integration contour, which is parallel to the imaginary axis and has an intercept ¢ that is smaller
than one or zero for even and odd signature, respectively. As discussed for the DVCS case [64],
the most r.h.s. singularity in the flavor non-singlet case is usually determined by the ‘Regge’ pole
contained in the GPD moments Fj, i.e., j ~ —1/2, which is located on the r.h.s. of the most
Lh.s. singularity of T j;, found to be at j = —1. Taking into account the overall normalization,
we can write in analogy to the CFF notation from [64] the TFFs (3.2), (3.6) as Mellin—Barnes
integrals.

Flavor non-singlet TFFs (3.2) or charge parity odd quark ones evolve autonomously. Further-
more, restricting us to those with definite signature, i.e., A € {q(_), 3 .. -}, we can represent
them as

c+ioco
A 2y Tw-2 Crfm 1 T tan | (7]
.FM(xB,t, Q ) = N0 / dj§ i+ cot >

. 1
x["T(Q% 95) @ o ()] F} (6.1, Q) for o (F?) = { i }
(3.61a)

where in accordance with the signature definition (3.10) one chooses the tan(sj/2) and
— cot(rj/2) function for o (FA) = +1 and o (F”) = —1, respectively. The CPW amplitudes

“Tir(Q% Q)

o Qr QF Q*\im o
= "Tjtmp+i| s (UR), =5, =5, —5 | ® Eiti,k(tg, Q)7 Ejm,j(ur, Q), (3.61b)
HE Mg MR
having pre-superscript o, are obtained by analytic continuation of those where n = j is odd for
o = +1 and where it is even for o = —1, respectively. Here on the Lh.s. their residual factor-

17 Here we used that Res_izn 1/sin(mj) = (—1)" /7 for n = {0,1,2,---}, which generates the (—1)" factor of
o(—&)~"~1. The factor 1/sin(rrj) compensates the exponential growth of the CPW for j — oo while the continua-

. . . _eTim] . te j 1
tion of £ to —& + i€ yields GsinLTj) =i+ {C‘LT}(”TJ) for o :{tl 1.
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ization and renormalization scale dependencies are again not indicated, and the input scales for
DA and GPD are chosen to be the same. In LO approximation they are trivially given as prod-
ucts of LO evolution operators, valid for both signatures. At NLO the signature must be set in
both the hard coefficients and the flavor non-singlet anomalous dimensions. As mentioned in the
preceding section, the summation in (3.61b) can be numerically precalculated.

In an analogous fashion, we can write down the Mellin—Barnes integral for the flavor singlet
TFF (3.6), which has even signature:

c+ioo
w-2 C 1 i '
fso(xB t, QZ)T - ]gféoz / dj&g~’ 1|:z+tan(n7]):|
k
x [T k(2% Q5) ® oo 1 (Q5)] - Fj (&, 1, 95) (3.62a)
with
T (9%, Q)
Qz Q> Q?
= [T/+m K+ <0l (MR), =5+ =5, —) ® Ertix (Mg, Qo)} ® Ejym,j(ur, Qo) (3.62b)
/’LF @ /‘LR

and the vector

2f+11“(j+§)(2 2

- 2 . ks & . A<
ré&rg+3\ 7 CrG+3)

As in the flavor non-singlet case, our definitions of the hard scattering amplitude allow a straight-
forward application of Carlson’s theorem by utilizing the imaginary parts (3.33b), (3.8d) and the
most r.h.s. lying singularity is contained in the GPD moments F ;. However, now its position is
determined by the effective ‘pomeron’ pole 0 < j < 1, which lies on the r.h.s. of the most left
lying singularity in T j at j = 0, a detailed discussion can be again adopted from the DVCS case
[64].

Finally, for the conformal moments Ac jk» appearing in the hard coefficients (3.53), (3.56),
(3.62), we adopt the analogous perturbative expansion as in Egs. (3.20),

1
k= chk> X 3, Ecjk = EJerk +pSCjk. (3.62¢)

Q2 QZ QZ)
A —
C,k<a (UR), —5 2 M%’uﬁ
2 2
= o (ur) Ae ﬁ‘,’ﬁ+a S(R) o 5‘,3(92, Q ,Q—) +0()). (3.63)
HE “w IR

Furthermore, the perturbative expansion of anomalous dimensions is inherited from those of the
evolution kernel (3.21), i.e., it is the same as in [64]. The conformal moments read to LO as

Q=P =1 and P =o0. (3.64a)
At NLO we have for the quark contribution
2 02 02 2 2 2
1 1
+ 5}3(%,%,%)=——1nQ—2y;O)——an (°)+@1 L i (3.64b)
e Ky IR 2 ug 20 2 MR

in the pure singlet quark channel
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0? 1. Q>1 2
pSCE}() = :__ln_z_._GEy]@)jL..., (3.64¢)
o 2 up Crj+3

and for the gluons

2 2 2 1 2 1 2 C . 3
Gc<1><% Q- Q >:_ nZ o 1,9 (GGy§0)+_FJ+ zeyg0)>

— yk —In —

A\ ud n2’ 2wl 20 wE\ Y ey 2
2
+%1nf—2+-~. (3.64d)
R

Note that due to the change of normalization when going from PS Tji to PS¢ jk and G Tjx to Ge jk in
(3.62c¢) the off-diagonal entries of the anomalous dimensions (3.59) are accompanied in the pure
singlet contribution by a factor 2/Cg x 1/(j + 3) and in the gluonic one by a factor Cg/2n y x
(j + 3). The color factors are changed as in the corresponding momentum fraction expressions
(3.27a) and (3.28a).

3.3.2. Analytic continuation of integral conformal moments

As mentioned in the previous section, these complex valued conformal moments must satisfy
a bound for j — oo, which implies that their continuation from integer values is unique. Most
of the conformal moments, we need in the NLO expressions, have been already evaluated in a
different context and with various methods, see Refs. [109,64]. However, in hard DVMP am-
plitudes, known at NLO accuracy, we encounter a new class of functions that calls for a more
powerful method. It is of crucial importance for us that a method exists which allows to solve
this continuation problem on general grounds. The method we propose to use is based on DR
technique and allows to perform this mapping purely numerically and, moreover, it can be uti-
lized to link conformal moments of certain functions via a standard Mellin transform directly
to harmonic sums. This will be used to evaluate some of our more intricate conformal moments
analytically, which we could not achieve by utilizing other methods. To our best knowledge this
method has not been used so far for the evaluation of CPW amplitudes, however, it is well known
from the SO(3) PWE of scattering amplitudes and carries there the name Froissart—Gribov pro-
jection. In this way it is ensured that Carlson’s theorem can be straightforwardly applied and,
as alluded above, a separate discussion of the continuation of even and odd conformal moments
could be avoided, for a compact presentation on this aspect see [110].

For the sake of a compact presentation let us introduce integral CPWs

3 5
P () =2uiCyP w—i) and P2 () = 12uin)>COY (u — i) (3.65)

in which overall normalization factors are absorbed in the definition of T'j;, see (3.53a), (3.56a),
(3.62c). As already shown implicitly in the preceding section, the map from the momentum
faction representation to conformal moments (3.63) takes then the simple form

u v 3
Ak =P M) @ AT (u,v) ® P (v) with ¢ =1, (3.66)

where for quark—quark (gluon) channels Gegenbauer polynomials with index v =3/2 (v =5/2)
have to be taken. For our purpose it is now more appropriate to generate these polynomials by
differentiation w.r.t. u applied n and n — 1 times to the function (uif)"*!, respectively, i.e., we
utilize the Rodrigues formula [111],

2 an —n+1
((:llJ)rn 31! (ZZ')f } b { v(A)=3/2 for quarks

=v(A) _
Pa ) = (n+2), d" (i)™ ! v(A)=5/2 for gluons, (3.67)

T~ dun—!
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where the Pochhammer symbol, defined as usual as ratio of two Euler I" functions

(m)uzwzm XX (m+a—1) foraef{l,2,.---}and (m)g=1, (3.68)
I'(m)

has the value (n +2), = (n + 2)(n + 3).
For the hard scattering amplitudes in (3.66) with definite signature we now utilize the single
u-variable DR (3.34). In the following we prefer the equivalent form

1 Ay

dy 2%t(z=,v|--)

AT(u,v|--~>=/ Y oy , (3.69)
1 —uy 2—y

0

which is obtained from (3.34) by the variable transformation r = y/(2 — y). Plugging this rep-
resentation and the CPWs (3.67) into the CPW amplitudes (3.66), reshuffling the differential
operators by partial integration to act on the dispersion kernel, and symbolically performing the
u integration, yields the desired representation
281 (2=, v|-+)

~v(A > 2—y’
Aep=p N e ——

where the conformal moments of the dispersion integral kernel are given as integrals over u,

v 3
® p(v), (3.70)

. i rl i)/t
o (A) (J+2)y/ [y du 7(1@:,)”/“ . [v(A)=3/2 for quarks
Py =y i—1 1 5 (uia)it! (A) =5/2 for gluons (371a)
(J +2)2 yj_ f() du (I—uy)/ v o g )

The reader may recognize that these functions are nothing but hypergeometric functions,

s, _TU+ATG+) Jj+1j+2
2(y) = F : , 3.71b
Pi= T(2j +4) 2j+4 (3.71b)
s, _TGHITG+4) Joj+2
/2 (y) = (7 , 371
;W rej+4 N2j+4 ) (371e)

which can also be expressed in terms of associated Legendre functions of the second kind [111].
These functions may be viewed as the ‘dual’ CPWs that generalize the common Mellin moments.
The integral representation (3.71a) obviously tells us that in our case, i.e., 0 <y < 1, the CPWs
are bounded for j — oo and, consequently, also the conformal moments (3.70). Having at hand
a numerical routine for hypergeometric functions, the formula (3.70) can be employed for the
numerical evaluation of conformal moments for complex valued ;.

A more convenient representation, is obtained if we rewrite the conformal moments (3.70) in
terms of a common Mellin transform. To do so, we insert the integral representation (3.71a) into
(3.70) and introduce the new integration variable w = yuu /(1 — uy), which yields

1
ACjk(' )= / dw w’ AmZ(A)(w| -, (3.72a)
0

where the quark and gluon coefficients read

1

3 2(j +2)uu w
A2 A
R d t ,
myc (=) ,/ u2uﬁ+w(u—ﬁ) (2uﬁ+w(u—ﬁ) v

) SPw.  (3.72b)

w
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1
3 1 2(j +2)u’it®
Gm,g(w|---)=—/du Ud2ouwitg,( w
w 2uu + w(u — u) 2uu+w(u—u)

) & pk (). (3.72¢)

w
These formulae can be utilized for the analytical evaluation of conformal moments from the
imaginary part of the hard scattering amplitude in NLO approximation, presented in Sec-
tions 4.2.1-4.2.3. Otherwise, one may simply perform a two-dimensional integration.

3.4. Mixed representations

Although we will only present the NLO results in momentum fraction representation, includ-
ing the explicit expressions for the imaginary part of TFFs, and in the CPWE for complex valued
J and integral k, we should at least mention here that these representations can be combined
in various manners. There is possibly even some need for doing so, e.g., if one is interested to
provide predictions from a GPD model that is given in momentum fraction representation. Also
if the CPWE of a DA converges only slowly one may prefer to switch to the momentum frac-
tion representation. We will present in the next section the NLO results in such a manner that
once one is interested in a mixed representation one can easily recover it from the collection of
formulae, given below.

e Supposing that the integral CPWE for DAs can be truncated, it might be practical to combine
this expansion with the momentum fraction representation of GPDs. The hard coefficients
can be analytically calculated, e.g., for k € {0, 2, 4}, from

~ v 3
ATe(ul--) =3 x AT, v|--) ® B (v). (3.73)

The analogous approach might be used directly for the evaluation of the imaginary part,

3
AG(rl ) =3 x M(rv] ) ® PE (V). (3.74)

which leads to simpler analytical functions.
o CPWE of GPDs and momentum fraction representation for DA,

24 t(z— vl--9)
Al =T/ A, Al )—p,“*)(y>®2+,
(3.75)
i+l p(ig S i+2 p(iaS
where T.3/2 = w and T<5/2 = w
J L(3)T(+3) J L(3)T(j+4)
o CPWE of GPDs and integral CPWE of DA,
ATj( ) =T) ™ x 3 x Aej(--),
y 28%(3%)
~(3/2 ~ -
Aci ="l ® ) =M () ® ® (3.76)

where, alternatively, the Mellin transform (3.72) can be employed.

Let us add that instead of a slowly convergent integral CPWE for rather broad or narrow DAs
one may be interested to have a complex valued expansion, too, which can be alternatively used
to the momentum fraction representation. This is indeed possible, however, we will not present
technical details here.
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4. Anatomy of next-to-leading order corrections

The NLO corrections to the hard DVMP amplitudes are known in momentum fraction repre-
sentation. In the flavor non-singlet channel they were obtained by analytic continuation [31,112]
from diagrammatical result for the pion form factor [113] (see therein the comparison with pre-
vious work [114—118]). This finding in the flavor non-singlet channel can be used for all DVMP
channels since the rwo ys matrices, arising from two intrinsic parity odd operators, are irrelevant.
Furthermore, the hard scattering amplitudes for DV VBP to NLO accuracy in the pure singlet
quark and gluon—quark channel were diagrammatically evaluated in [32]. For the non-singlet
case also the integral conformal moments were evaluated, where the most intricate part was only
given in terms of an integral [119]. The NLO evolution kernel in the non-singlet channel was
also obtained some time ago by means of the extension rule [120] from the diagrammatical re-
sult [121,122,104], while the singlet kernels were constructed from the anomalous dimensions
[123], obtained from the understanding of conformal symmetry breaking in the modified min-
imal subtraction scheme (MS) [105,94]. Thus, the full NLO formalism is available to leading
twist accuracy for all flavor non-singlet and DV Vg P processes.

In the following we present compact expressions for all the hard scattering amplitudes that
are known to NLO accuracy in the momentum fraction representation, cf. Section 3.1, their
imaginary parts, cf. Section 3.2, and their conformal moments, cf. Section 3.3. For the sake of a
compact presentation, we comment in Section 4.1 on the general structure of NLO corrections
and introduce building blocks for all the three representations in a one-to-one correspondence.
In Section 4.2 we present then the NLO corrections in terms of these building blocks.

4.1. Generic structure of NLO corrections

In our presentation of the NLO corrections in the channel A € {o = &, pS, G} we will decom-
pose these channels w.r.t. color structure. In the momentum fraction representation we write the
NLO approximation of the perturbative expansion (3.20) with the LO coefficient (3.22) as

1-35 o?
ST0ARS | T AWy ).+ 0())
uv 2z

with AT® =ZCCAT(1’°), 4.1)

C

AT, v|--) = ay

where color factors (combinations) can take the values
Cc € {Cp, Ca, Cc = Cr — Ca/2, fo}
. 4 1 2ny
withCp=—-, CAo=3, Cg=——, and Bp=—11+ —.
3 6 3

Both the imaginary and real part of the hard scattering amplitude can be easily evaluated. The
relevant terms are listed in Appendix B. In this section we present only the full NLO expressions
for the imaginary parts of the hard scattering amplitudes, written in the form (3.32), (3.33) with

the perturbative expansion (3.35) and the color decomposition of the NLO contribution analogous
to (4.1)

(Do) +0(ef)

1-46 s(1 — 2
A o]y =y S AR ILZT) | o5
2

with 4t =% " C 419, 4.2)
C
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As above we use for shortness the variable r = &£ /x. The conformal moments of (4.1), see the
perturbative expansion (3.63), inherit the color decomposition,
2
o 1 . 1 L,
Acir() =ay (1 —8aps) + - A+ 0(af) withAcl) =3 C A9, @3)
C
At LO these moments are consistently normalized to one for both quarks and gluons.

Additionally, the NLO corrections (4.1) can be decomposed in u# and v separable and non-
separable contributions,

AT, v) =) af; fiw) f3@) + AT, v)
ij
with AAT0O u,v) =3 "af fiu, v), (4.4)

1

where f;(u) are certain single variable functions and AATE) (y, v) denotes the non-separable
part in channel A with color structure c. In the following we call such an additive term ‘adden-
dum’. They arise, e.g., from crossed ladder Feynman diagrams, and their origin is considered
in Appendix C.2. They can be further decomposed into a set of functions f;(u, v), depending
on two variables. In the next two sections we introduce the building blocks for separable and
non-separable functions f; (1) and f;(u, v), respectively, give their imaginary parts, and evaluate
their conformal moments. We group theses building blocks w.r.t. their analytic properties, where
the most singular terms are removed from the non-separable building blocks. Such an ordering
provides insight into the qualitative features of NLO corrections, which is explicitly spelled out
in Section 5.

4.1.1. Building blocks for separable NLO terms

First we introduce the building blocks for separable contributions to the NLO hard scatter-
ing amplitudes. The evaluation of their imaginary parts is straightforward and is together with
the evaluation of their real parts systematized for the general case in Appendix B, listed there
in Table 8. Most of the conformal moments are already known [119,109,64]. We will evalu-
ate the missing ones from the imaginary parts by means the mapping technique, discussed in
Section 3.3.2. We will list the building blocks, their imaginary parts, and the corresponding con-
formal moments in Tables 2—4.

e Most singular building blocks.

We recall that the LO coefficient 47 (u, v), given in (3.22), consist of two factorized poles
1/uv at the cross-over point ¥ = 1 and endpoint v = 1. Surely, the imaginary part of 1/i yields
then a Dirac delta-function in the corresponding coefficient (3.36) for the imaginary part. At
higher orders of the perturbative expansion these poles appear, too, and moreover, they are par-
tially accompanied by logarithmic [1, oo]-cuts along the positive real axis, starting at one and
ending at infinity. Such a logarithmical enhancement implies large perturbative corrections in
the vicinity of the cross-over point and/or the endpoint region. The most singular function that
appears at NLO is a pole that is accompanied by a squared logarithm. Thus, we consider here the
building blocks

1 In(i —ie) In(u —ie)

-_— . 9 —_ . b — .
u—1e u—1e u—1e

(analogous for u — v), 4.5)
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Table 2

Substitution rules for the most singular building blocks (left column), their imaginary parts (middle
column), and conformal moments (right column) for quarks (upper lines) and gluons (lower lines).
The {- - -}4-definitions and first order harmonic sum are specified in (4.6) and (4.8), respectively,
and the Pochhammer symbol (- - -), is defined in (3.68).

& sl-r) o H

==

-251G+ D+ g1,

5
=)

1
= e =+ j —
‘ = L2814 1) 4 14 HHDa2
(4
; 2 4 20+1Dp+1
PRI NN 251G+ - g3 P+ Tee
i T—r I+ 281+ 1) — 1 — 2Fha=2pp 4 2jG+3)49 | 2G+Dy+1

[ [i(+3)12 [G+1)aP?

which we denote as the most singular ones. Their values on the cut is governed by the
i — ie-prescription, inherited from Feynman’s causality prescription, and they are generalized
functions in the mathematical sense [124]. Obviously, the first term appears at LO and was treated
above.

Most singular building blocks are generated for (non-negative integral) p values by differen-
tiation of In?*' (@ — ie) = [In|i| — im0 (—i)]PT! w.rt. u, see Appendix B. In particular their
imaginary parts for the cases of interest p € {1, 2} read as follows

In(z —ie) dO(—u)In(—u)

3 - d
T e du an
In?(@ — i d6(—in) In*(—it
smi @ —ie) 46D o ovsa@).
u—ie du

which can be also expressed in terms of more common -+-prescriptions (B.8). If we switch to
momentum fraction variables, used in the convolution integrals (3.32), (3.33) for the imaginary
part of TFFs, we define the +-prescriptions as in (B.13). They explicitly read as follows

1 1
d d
/—x{f@)} r(x)=f—xf<5>[r(x>—r(é)]+cf(s)r(s), (4.6a)
g X X + s X X

with the £-dependent subtraction terms interest

¢ for f =
2& 1—r
,1—¢ 1;r

d = —1 — —¢(2) f = .
and cr(§) = 2% ¢(2) for f= —
Note that the difference between our {- - -} -prescription and the more common [ - -] -prescrip-
tion, used in inclusive processes, is just the (finite) subtraction term ¢ ¢ (§)6(1 —r).

The conformal moments of the most singular building blocks (4.5) can be easily generated
from i~ # by taking derivatives w.r.t. 8 at 8 = 1. Utilizing Rodrigues formulae (3.67) one arrives
at a closed expression, see, e.g., Appendix B of [119],

1
cr€)=In

(4.6b)
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P(n+3+v)(=1)P ar
F(v—HI(n+3—v)dpr
{ F(v—%—ﬂ)F(n+§—v+ﬂ)”
x expjIn 3 ,
Fra+prin+s+v—-8) Jlig=o
which for v € {3/2,5/2} and p = 0 is normalized to one. The analytic continuation of the
r.h.s. can be done in an obvious manner, simply replace integral n by complex valued j. For
integral p > 1 powers of the logarithmic derivative of Euler’s I" function are generated. We ex-

press them by the first order harmonic sum S;(j 4 1), defined in the standard manner, e.g., for
any order g as

InPiu u _
- ® p, () =

4.7

(=ne!

Sq(2) = G-

[v@ D+ 1) —yp 9 DM)] withy @ D+1)= j—qq InC(z+1).
<
(4.8)

Finally, the most singular building blocks (4.5), their imaginary parts, and the corresponding
conformal moments are collected as substitution rules in Table 2. The logarithmic enhancement
of the pole at u = 1 causes the need for +-prescriptions and is also encoded in the logarithmic
growth of the conformal moments at large j since the harmonic sum behaves for large j as

SiG+D=In(j+1)+vye+ 0(1/(j + 1)), where yg =0.5772---. 4.9)
e Building blocks with logarithmical [1, oo]-cuts.

In the NLO expressions we also encounter terms which possess only logarithmical [1, co]-cuts.
Since the LO pole at u = 1 (or u = 0) is absent, such terms can be in general considered as rather
harmless. They can be expressed by means of the following building blocks (analogously for
u—v)

In(i —ie)  In@i —ie) [mﬁrb_ln(ﬁ—ie)ﬂ In%(ii — i€)

u ’ u 2 2 2 ’

(4.10)

u u u

where terms proportional to 1/u* may occur in the original NLO expressions only in the gluon—
quark channel, see the convolution formula (3.28b). Note that In(# — i€)/(u — ie)? possesses
also a pole at u = 0, whose imaginary part is taken according to Feynman’s causality prescrip-
tion. This pole is removed in [In(it — i€) 4 u]/u® by subtraction. Thus, the imaginary part of all
building blocks (4.10) is simply determined by the logarithmical cut. Hence, from the imaginary
part of In? (it —i€), see (B.5) with a =0 for p € {1, 2}, we find the imaginary parts of subtracted
functions and setting u = (1 + r)/2r as well as taking into account the prefactor 1/2xr, see
(3.32b), the following correspondences emerge

Sm[lnpﬁ]wb - 70(u — 1)M N _ 0 p@2r)° Pt
a

2r (1+r)
for p € {1, 2}, “4.11)

where the superscript **° is superfluous if no poles are present.
The conformal moments of the building blocks (4.10) can be essentially read off for the quark
channel from Appendix C in [109] and for the gluonic one from Appendix C.1 in [64], where

the normalization factors 1/2N; and 1/ 12NJ(.5_/2), explicitly shown there, must be neglected. The
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Table 3

Substitution rules among subtracted log functions (left column), their imaginary parts (middle
column), and conformal moments (right column) for quarks (upper lines) and gluons (lower lines),
presented in terms of Pochhammer‘s symbols (3.68) and harmonic sums (4.8).

—1
Inii 1 G+Ds
I e @ ] 220+1,-2
(D4
451G+D _ 5 (+Do+]
i 2 gler G+D2 [(+D21?
. o 81 (j+3)+318) G+D=6j(j+3)=22 _ 8Lj (j+3)+31[2j(j+3)+3]
(W4 ((al?
G+Do j+l j
Iniitu 2r N S 528 (55) = Sa (51— 1
u? (14r)2 __2
(j+1)o
In% i 4r 1—r 881 (i _
n~u PR In < 881(Jj+1H—6 _ 4
u? (14r)2 7 2r (+D2 [G+1)212

quark conformal moments of (Init 4 u)/u®> were given in [119] only in terms of a hypergeo-
metric function 3 F with unit argument. On the other hand they can be easily evaluated from its
imaginary part by adopting the Mellin moment technique (3.72). Performing the integral (3.72b)
provides the conformal moments (3.66) in terms of Mellin moments (3.72a),'®

1
a1 u 2 1 41
[ﬂ] ® pru)=—1— M/dw 0w et (4.122)

u? 2 14+w

where the remaining integral represents the difference of two second order harmonic sums (4.8),

1
41 1
—fdw 1:“’ W't =Sz("J2r )—Sg(%), (4.12b)
w
0

with half integer argument. Note that it is popular to express such combinations for integer n by
a sign alternating sum S_, i.e.,

AS,,(” ”ZL 1) = s,,(” er 1) - S,,(%) = (=1)"12P[S_,(n+ 1)+ (1 =2"P)z(p)].
(4.13)

Carlson theorem applies to the difference A S, of harmonic sums with half integer arguments,
however, the Lh.s. of (4.13) is expressed by harmonic sums S_, with negative index and are
decorated with a factor (—1)". Consequently, such combinations can be analytically continued
and they are independent on the signature. To avoid confusion, we prefer to present our results in
terms of harmonic sums with half integer arguments, however, for shortness we will denote their
difference (4.13) with the symbol AS),.

Finally, we list the building blocks (4.10), the substitution rules (4.11), and the corresponding
conformal moments in Table 3. Compared to the LO pole 1/u, their mild logarithmical behav-
ior in the vicinity of u = 1 and for their imaginary parts at »r = 1 implies that their conformal
moments vanish in the limit j — oo as 1/j2 or (In j)/j2.

18 Obviously, the v-convolution can be here ignored in all of these equations.
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e Building blocks with dilogs

We also encounter in the NLO hard scattering amplitudes terms that contain the dilog (or Spence)
function Li (4 4 i€), where causality implies the (u 4 i€)-prescription. This function behaves in
the vicinity of u =0 as u + O(uz) and it contains a logarithmical [1, oo]-cut, i.e.,

SmLip(u +ie€) =m0 — 1) Inu. (4.14)
We need the following two building blocks (analogously for u — v)

Lip(u +i€) and Lip(u +i€) or [MTUIDEM (4.15)

2 2 2 ’

u u u u

where the single pole in Lip(u)/u? is subtracted. Furthermore, dilog functions appear also ac-
companied by poles at # = 1. Although u = 1 is a branch point we can nevertheless subtract these
poles. To keep track on the most singular pieces in the hard scattering amplitudes, we introduce
the following subtracted building blocks (analogously for u — v)

[Liz(u)T“bELiz(u)—;(z) ond [Liz(u):ISUbELig(u)—{(Z)—zZlnzZ—i—L_t

, (4.16
u i 2 2 (4.16)

which possess harmless logarithmical singularities in the vicinity of # = 1 and approach a con-
stant at u = 0. For all of our subtracted building blocks we can easily evaluate their imaginary
parts from (4.14), yielding with u = (1 4+ r)/2r and the prefactor 1/27# the substitution rules

Li sub I 0 27) In 1+r
am| B2 | a 0(r) @r)7In 5 (4.17a)
a u¢ 2r  (1+r)e
for (4.15) and
Liz@) 1™ 0(r) 2rIn 13
B el TP

|: i i| = 2r 1—r an

Lip () T3° 6(r) 2r[2rIn 2 — 14 7]
|: 2 i| = 7 a _rr)Z (4.17b)

for (4.16), where in the last rule also the imaginary part of the accompanying In# function is
taken into account, cf. (4.11).

The conformal moments of the first building block in (4.15) and (4.16) for quarks can be
found in Appendix C of [109]. Analogously as for (4.12), for the remaining ones in the quark
sector we obtain from the integral transformation (3.72b) of the corresponding imaginary parts
(4.17) the Mellin moments

Liz(u) sub u 3
[ e ] ®pj ()

1

1 .
PPN l)z/dw[l — 5 Inw+2In(1 + 1;):]_lnw +2Liy(—w) + C(Q)ij,
w
0
(4.18a)
1
Liou) ™ u 3 _ / nw |
) =1— —— — 1 d j+l 4.18b
[ﬁz} ® p; () TN CY K (4.18b)

0
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Table 4

Substitution rules among subtracted dilog functions (left column), their imaginary parts (middle column),
and conformal moments (right column) for quarks (upper line) and gluons (lower line), presented in terms
of Pochhammer*‘s symbol (3.68) and harmonic sums (4.8), (4.20).

1 j+1 j (j+1)o+1
Lir —3505 — 1+

L8, (JELy g,y 4 18203 _ 240G+,
21520570 = 20 2757~ aG,P

L4 G+ Dol 31833 — Ss(D1+ 122 — 854

Lip (u) In 525
u < T 4

g o o XA ol XSG+ D - DS G+ D+ 52
S g (L g dy) 4 280D,
2 [S2( 2 ) 2051+ [(j+1)2]2
. e
Lip(w)—¢(2) o [G+1)21?
i N Y _18-iG) _ 245G+,

2/2(j+3)%  20(+D)a?

Lip 1)—¢(2)—it Inii+it 2rin 147 2+ DalS3G+ D —¢3)1+1—
e < (1-r)? <

1
(+D2

where we utilized integration by parts. The Mellin integrals yield third order harmonic sums
1

In? w 1 .
dw | w/T = -=283(j +1)+2¢(3), seealso (4.8),

0
while the remaining integral in (4.18a) can be read off from [125,126],

dw w/t
14+w

/1‘ [ —%lnw—l—Zln(l+w)]lnw+2Li2(—w)+§(2)
0

=<—1>f'+1{ 30+ 1)+%+[2S1(1 +1) - 1][3 2+ 1)+?}

—2[5—21(J+1)+m“, (4.19)

represented as combination of harmonic sums with negative order. Here, again their uses induce
artificially a (—1)7*! factor which can be avoided for S_ p functions by means of (4.13). Also
the analytic continuation of the following function is signature independent, however, we will
stay with the formal notation

1
- 1>f+1[s 21(1+1)+5§§3)] [aw D e, (420)
0

For gluons the integral transformation (3.72c¢) of the corresponding imaginary parts (4.17) of
(subtracted) dilog building blocks leads after integration by parts to integral representations of
rational functions and/or second order harmonic sums (4.13).

Finally, we list our results for the building blocks (4.15), (4.16), their imaginary parts (4.17),
and conformal moments as substitution rules in Table 4. Again we can consider them as rather
harmless. They have only logarithmical [1, co]-cuts on the u-axis, a vanishing or constant be-
havior of their imaginary parts at » = 1, and vanishing conformal moments in the limit j — oco.
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e Most rh.s. lying singularities and peculiarities at n =0 (or u — 00)

As alluded in Section 3.3.1, the most r.h.s. lying singularities in the flavor non-singlet sector are
located at j = —1. This reflects the 1/u fall-off, modified logarithmically, of the hard-scattering
amplitude for u — oo and so the corresponding imaginary parts, see (3.32b), behave in the limit
r — 0 as a constant, modified by logarithmic corrections. Furthermore, from the map (3.72) we
realize that this corresponds to the w — 0 behavior, which determines the position of the most
r.h.s. lying singularities. Consequently, a 1/u fall-off yields a pole contribution at j = —1. These
relations and the singularity structure can be also clearly read off from the explicit expressions,
given in Tables 2—4, where the harmonic sums S,(z) in (4.8) are meromorphic functions that
posses poles of order p for negative integer z and the function (4.20), related to S_» 1 (z), contains
first order poles. A closer look to the net result is given below in Section 5.3.1.
We emphasize that in the pure singlet quark contribution the functions

In(ii —ie), In%(i —ie), and Lir(u +ie)

appear, which do not vanish in the limit # — oo and so the most r.h.s. lying singularity is located
at j = 0. Their imaginary parts are obtained from (4.11) and (4.17a) with a = 0 and they have
poles at r = 0. Their conformal moments for n > 1 are easily calculated, e.g., using Rodrigues
formula, and their analytic continuation yields the substitution rules

-1 2 —6 45(j+1) -3 1
. AN In“u = Y 2 .. . )
JG+3) G +3) JG+3) (j+D2

2+ 12+2

G +32G+ D2
Note that the integral conformal moments for n = 0 are finite. Nevertheless, the j = 0 poles in
(4.21) are the correct results for the analytic continuation of odd integral conformal moments.
Since the second order pole at j = 0 cancel at the end, we list specific combinations of these
building blocks in Table 6, given below. We add that in the gluon—quark channel such j =0

poles appear, too, see Tables 2—4, where the second order pole will also disappear in the final
NLO result.

Inu

Lio(w) =

4.21)

e Exploiting symmetry

As explained in Section 3.2.1, we can exploit symmetry to express the hard scattering amplitudes
with definite signature in such a manner that they are holomorphic except for discontinuities on
the positive axis. This can be achieved by means of a u — u transformation which maps possible
terms with poles at # = 0 and logarithmical [—oo, O]-cuts along the negative axis, e.g.,

In? u In? u |:lnu ]Sub |:Li2 (i) j|sub |:Li2 (r) i|sub

4.22)

) —

u u ut ué ut

to those in (4.10), having poles at u = 1 and logarithmical [1, co]-cuts along the positive axis.
According to (3.32b) and (3.33d), in such a u — u or r — —r map a signature factor —o and
o has to be included in the resulting quark and gluon building blocks, respectively. Confor-
mal moments are getting decorated with a factor (—1)/, which is replaced in the quark—quark
and gluon—quark channel by —o and o, respectively. For building blocks that depend on v, the

momentum fraction of the meson DA, an additional —1 factor appears only for anti-symmetric



484 D. Miiller et al. / Nuclear Physics B 884 (2014) 438-546

DAs, which we do not consider here. Note that the corresponding factor (—1)¥ in the conformal
moments of (anti-)symmetric DAs can be set to +1 (—1).

Obviously, we can always eliminate functions that have cuts along the positive and negative
real axes. In the NLO hard scattering amplitudes we only encounter the term Inu Inu, decorated
with some rational function. Utilizing the formula

Lio(u +ie)+Lix(i +i€) + In(u —i€)In(u —ie) — Lir(1) =0
2

with Lix (1) =¢(2) = %, (4.23)

getting an identity in the limit € — 0, we can split In(u — i€)In(# — i€) in two terms that are
expressed by dilog functions. Note that for u > 1 (u < 0) the u + i€ (i + i€) prescription in the
dilog is consistent with the # — i€ (u — i€) one in the log. Finally, we employ then a # — & map
and subtract possible poles in an appropriate manner to get rid of Li» (i) and poles at u = 0.

4.1.2. Building blocks for non-separable NLO terms
All non-separable addenda (4.4) in the various channels will be expressed in terms of

1 » Lio(v) — Lig(#) + Invinu —Inulnu
uap? u—v

(4.24)

and its derivatives w.r.t. the v variable, where the poles at # = 0 and v = 1 are of first and/or sec-
ond order. Note that the representation of non-separable terms is not unique, since one might use
another combination of dilog and log functions. Moreover, the accompanying rational function
can be chosen differently, e.g.,

ILip@ = 1Lb@ = L@ =

v u—v u u—v uv

To clarify the analytic properties of the building blocks (4.24) and to simplify their treatment,
yielding the representation that is given below in (4.27), we study the auxiliary function

L(u,v) =Liy(¥) —Lip(i4) + Inviniz — Inulnu (4.25a)
and its derivatives
0 Inu Inv 0 Inu Inv
L,(u,v)=—Lu,v)=—— — —, Lyu,v)=—Lu,v)=—+—,
u u u ov v v
92 1
Lyyu,v)=_——~Lw,v)=——. (4.25b)
’ oudv uv

First we note that the function L (u, v) vanishes in the vicinity of u = v as (¥ — v) and, thus, our
building blocks (4.24) exist also on the line # = v. Furthermore, by means of the dilog identity
(4.23) we can express the L-function (4.25a) also as

L(u,v) = Lir(®) + Lix(u) + Init Inv — ¢(2). (4.25¢)

Hence, this function (4.25a), (4.25¢c) posses due to the Inz and Lip () terms a cut [1, co] on
the real u-axis and due to the Inv and Li;(v) terms a cut [—o0, 0] on the real v-axis, while it is
holomorphic in the vicinity of # = 0 and v = 1. At these points the function has the values

Lu=0,v)=Lix(@®) —¢(2) and L(u,v=1)=Liru) —¢(2), (4.25d)
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respectively. Finally, the identity (4.23) tells us also that the representation
L(u,v) =Lir(u) —Lip(v) + Initlnv — Invinv

holds true. Comparing this formula with the definition (4.25a), we realize that the u <> v ex-
change arises from a simultaneous u — & and v — v exchange, i.e., we have the u <> v symmetry
relation

L(v,u) = L(ii, v). (4.25¢)

More details on the L function are given in Appendix C.

Since the L (u, v)-function is holomorphic in the vicinity of # = 0 and v = 1, we can straight-
forwardly subtract the poles in the building blocks (4.24). We will heavily utilize, e.g., in the
pure singlet quark and gluon—quark channel, the pole subtracted expression

1 L(u,v)]*® _ L(u,v) N Lu,v=1) N Lu=0,v) Lu=0,v=1)
T u(u —v)v uiv uvy uv

, (4.262)

UL U —v
which is symmetric under (u <> v)-reflection. To shorten the notation in the flavor non-singlet
channel we also introduce the associated building blocks

L , sub L(u, L =1
! (u v):| _ (u v)_ L (u, v ) (4.26b)
LU u—v (u —v)v uv
_;L(u,v) SUbE L(u,vz (ﬁ+l7)_L(_u,v=1) B Lu(u,_ii=1)’ 4.260)
| V2 u—v (u —v)v? 1212 v

and their (1 <> v)-reflected analog, see the symmetry relation (4.25e),
(1L, v) 7™ L, L(u=0,
1 L(u v)} _ L . (u v), (4.26d)
Lu u—v u(u —v) uv
[1 L(u,v) SubE Lu,v)  (w+v)Lu=0,v) n Ly(u=0, v). (4.260)
lu? u—v u?(u —v) u2v? uv

These non-separable building blocks can now be considered as rather harmless, where the reshuf-
fled subtraction terms, separable in the u and v variables, contain only one pole in u or v that is
accompanied with a rather harmless function in v or u.

Finding such a representation (4.24), where the poles are now subtracted, and the associated
differential operator, which we generically call D @b labeled by the (negative) powers a and
b of the accompanying u and v factors for the color structure “in a given channel, is now a
straightforward algebraic procedure. It leads us to the following simple form of the addenda
4.4)

sub
AT (u,v) =Y Dy “b[ul L@, ”)] 4.27)

agb y—v
a,b

in a given channel. Note that 73;,’ ~@b can be a second order differential, first order differential, or
simply a multiplication operator.

Since we have removed all poles in the subtracted building blocks (4.26), their imaginary parts
follow simply from the imaginary part of the L function (4.25¢) and the associated subtraction
terms, i.e., we can simply apply the rules (4.11), (4.17a) for log and dilog functions,

1+ 1—
L(u,v) 6(r)In 57 L S S 2600 I3t

u—v 14+r—2rv’ 2 2r
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and set in the remaining rational functions u = (1 + r)/2r. Plugging the explicit expressions
(4.25) into (4.26), we obtain the following substitution rule

1 L(u,v) ™
uipb y—v
o(n@2r)?  InFL TP
(14+r)avb 147 —2rv

_6m@n) [ g _l’i (-9 8l i
T A4t | 14+ —=2rv

. , 4.28
il ov 14r—2rv v_l] (4282)

where in the b = 0 case no subtraction appears and for b € {1, 2} the subtraction terms read

In 5t b 9 Iy _ w14y (4.28b)
L+r—2rv|,_, 1—r v l+r—2rv|,_, (1—r)2 ’

The substitution (4.28) provides then the imaginary part At (r, v) of the addenda AT " (u, v),
where the differential operator in (4.27) remains the same.

We also write the conformal moments of the addenda (4.4) in one-to-one correspondence to
the representation (4.27) as

1 Lu, sub . R
Ac~j~]~( ZZAAC}];ab with AAc»j-]-(,ab =ff;‘(u) & [ (u v)} éDT ab 2(v)

ut vt oy —v

(4.29)

where f)z'“’“b is the adjoint differential (or simply a multiplication) operator. To perform the
analytic continuation in j, we can utilize the representation (3.70) of conformal moments in terms
of associated Legendre functions. Plugging the imaginary parts (4.28) into (3.70) and switching
to the variable y = 2r/(1 4+ r) we obtain the non-separable conformal moments (4.29) of the
addenda,

b—1

ua) In(yv) (=)' 8 In(yv)
A=Y e, [1 +§ -

s —yv il ol —yv|,

v - 3
} ® D) "D} (v).

(4.30)

This formula allows us to evaluate the conformal moments for complex valued j and non-
negative integer k numerically. Furthermore, we will choose the second order differential op-
erator as the defining one for Gegenbauer polynomials with index 3/2

d?
Vi hy () =~k + D25 (), (“.31a)
and take the following set of first order differential operators
d 3,2 (k+1)2 52 (k+1)2 32
— IR - -T2 431b
VP W = S gy Pt @) T 5 gy Pl (), (4.31b)
~3/2
wpp LB k2 32y R _sp 4310
dv v 202k +3)7k! 202k + 3) Pkt '
5 () 3/2 — 3/2
k—1
(v—v)vva —— = 2P} @)+ Y [1+ D@ +3)5, o). (4.31d)

=0
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which allows us to replace the differential operator in (4.30) by two Gegenbauer polynomials or
in the case of (4.31d) by a finite sum over them. We add that k can be analytically continued in
complete analogy to the procedure that we used for j by means of a double dispersion integral.
An example is given in Appendix C.1.

To improve the efficiency of the numerical evaluation, we calculated the non-separable con-
formal moments in terms of harmonic sums, where (4.29), (4.31a) tells us that only those of the
building blocks (4.26) are needed. We denote these moments as

1 L(u,v)}S“bé4/2

LYY = prw) ® [ p?(w) withv e {3/2,5/2} (4.32)

uivb u—
and reduce their evaluation to the a = 1, b = 1 and v = 3/2 case. This task can be done for any
given k by a straightforward calculation, in the following we derive a closed expression for them.

To do so let us first derive a set of algebraic reduction formulae. For the quark case v =3/2
we can exploit the u <> v reflection symmetry which implies the relation

3ab 3p

LY ==k, (4.33a)
The gluonic conformal moments are most easily obtained by decomposing the gluonic CPW in
terms of quark ones,

n+2) 3 (n)a 3

20n 1 3) L1 T 30,5 3) P )
which implies that the gluonic conformal moments of (4.26a) are given as combination of two
shifted quark conformal moments,

Aﬁ
HOES

%,a,b _ n+2) %,a,b _ (n)2 %,a,b
"k T 2@n+3) e 2@n 4 3) LK

Furthermore, to link the a =0, b = 1 case to the a = 1, b = 1 one, we might employ the algebraic
relation among the corresponding building blocks (4.26a), (4.26b),

[l L(u, v)T“b B v[i Lu, v)]sub N Lir(u) — ¢(Qu N Initlnv

L (4.33b)

’

vV u—v o uv u—v uu uv
a recurrence relation among Gegenbauer polynomials, written as
V) = o B () + 2 B ) + e i1 (0)
vpr (V) = ————— V) + =pk (V) + ————pr—1(V),
Dk 2(2k+3)l’k+1 5 Pr 2(2k+3)17k 1
and the moments of the additional subtraction terms, listed in Tables 3 and 4, which yields
300 k10 300 1 300 k+2 311 (=D
it = sor Lk Tyl Yool T o
J 2Q2k+3) © 2 22k +3) (4 Datk+1)2

Note that the k = 0 case deserves special considerations. It is contained in the quoted recurrence
relation, i.e., a Kronecker delta contribution 8o does finally not appear. To evaluate the a = 0,
b =2 case we use the algebraic relation

[ 1 L(u,v)T“b_ I[LL(u,v)]SUb_ |:LL(u,v):|SUb+ Lis (1) — u (2) N Initlnv

(4.33¢c)

2 u—v v luv u—v uv u—v Ui uv?

and the following expansion in terms of a finite sum
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1 3 £ U+ 1)y —(k+1)
~Pr(v) =20C; <1>+l§<2z+3> T pi(v),

2 () = (k+ Dk +2).

3
5,0,2 . .
Consequently, we can evaluate L;k for fixed non-negative integer k as a finite sum over the

3
311 o
conformal moments L]?k and some additional separable terms,

k
3,02 k—Dk+14+3) 311 31,1
Ly = _Z(zz +3)—( ) )L2 - L%

part (+12
G =RUHk+IASRE 1+ (=D
2(j + D2 G+ D2
AS (L

—(k+1)2[253(j+1)—2§(3)— 2

+ (=D

kt1
AS (5 £(2) } (4.33d)

2+D2  A+H2+))

. .. . . 31,
We come now to the remaining non-trivial task, i.e., to the evaluation of L?k in terms of
harmonic sums. First we mapped the symmetric building block (4.26a), i.e.,a =1, b =1, into
the mixed representation'” (3.74) for fixed non-negative integer k, denoted as

1
2 lnli sub 3
L,}l(r):[du[ i 2rv } 205C7 (v — D). (4.34)
0

+rvl+4+r—2rv
In this representation it is given as linear combination of subtracted polylog functions

k k—1 . sub
11, _2—Y (=D*'T'(k +1+3) [Lio(1 —y)
Len==3 gl!(1+l)!f‘(k—l+l)[ Y }

(4.35)

_2r
V=14

As a side remark we note that this new result allows us to present all NLO addenda in the mixed
representation for the imaginary parts of the hard scattering amplitudes in a closed form, while
the real parts might be restored by means of the DR. This offers an alternative method to the
‘step-by-step’ procedure [112]. From (4.35) we calculated then the quark Mellin kernels (3.72b),
which are given in closed form in terms of (integrated) In(w)/(1 + w) functions. Finally, by
means of the Mellin transform (3.72a) we find a rather simple functional form in terms of second
order harmonic sums (4.13), see also the Mellin transform (4.12),

S AR D2AS (D) = (k+ D2a% ()
k= 2 —k)(j +k+3) '

These conformal moments can be used also for complex valued k and they are finite for j = k.

(4.36)

3
Implied by our subtraction procedure they are numerically less important, e.g., L&;l’ ~ —0.10,
and behave in the limit j — oo or k — oo as 1/j2 or as 1/k2.

19 We do not include here the normalization factor 3 that ensures the normalization of the DA.
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Table 5
Substitution rules among subtracted non-separable functions (4.26) [left column], their imaginary parts w.r.t. the
u-variable (middle column), and conformal moments (right column) for quarks (upper lines) and gluons (lower lines),

presented in terms of Pochhdmmer S symbol (3.68) and harmonic sums (4.8), (4.20), where ASz(%) = Sz(%) —
$r(4) and ASy (L K4y = lASz(f ) = AS (D) with ajg =2[(j + 12 — (k + Dol.

(DR + a8 (L3L, k1) 4 G A (441
2r In 1+7+1117L

1 L(u.v)sub —2r T (1>k<k+1>2 ()2 2 ktl G+2)2 J ksl
s as P & Tt < L3 A%07" 50) = o543 A%(3, 5]
_ (_1> AS ﬂ -1 k3(+1)o+2
2( )+( ) [(j+1)2]2
2 1 (= l)k(kH)z —k—3 RSNy ES) itk
(L Lw)gsub i N Loz A2 )+2k+3ASZ( 2)
v u—v 14+r—2rv +AS (j+] k+l)]+ (
(J+1)2(k+1)2
ooty s ajlSs G+ 1) = £ = kg CUEED asy (41 4y
1L Tl 5 —1-"5— ik . ASH(ELY A, (k£L
[= 72 u(ull)))]Wb < 1+r—r2vr - < -&b §k+1)2 [ZASZ(%’ﬂ)_ 22 Ii+2 2

j+1),—1
- U=l as i

_ L)]
(j+1)2 (k+1)o

The associated building blocks for the a =0,b =1 or a = 1, b = 0 cases can be now easily
calculated from the recurrence relations (4.33c) and the symmetry relation (4.33a). Thus, replac-
ing the factor (—1)/T* by a signature factor allows us also to give the results for complex valued
n,i.e., j, and complex valued k. The conformal moments for the a = 0, b = 2 building block
can be straightforwardly obtained from (4.33d) for complex valued j and non-negative integer
k, where the sum over k can be reduced, e.g., to

Z( D'@L+ DIAS () - AS:(§)]

4G -1+DG+14+2) )
Note that this finite sum might be represented as a (double) Mellin transform, which defines the
function for complex valued k. Such an integral can be also expressed in terms of higher order
hypergeometric functions. The integral conformal moments for the a = 2, b = 0 case follow
again from the symmetry relation (4.33a), where we can in addition utilize the identity
(D'l + DIAS () - AS(5)]

4k =1+ 1D(k+1+2)

1=0

=D"[S3k+ D)= 23] = (="
=0
IS5 = PS4 D) = Sik+ DI+ 4(=D"[S—2,1(n + D) + X2
B 2
LS - 8553) Xk: Q2+ DIAS (") = ASy (D]
8 4n—1+1Dn+14+2)

=0
+1)

AS, (KLY — A5, (2L
SZ( 2 ) SZ( 2 (437)

4(n —k)
to transform the finite sum over n in one over k. Finally, the non-separable conformal moments
for gluons follow from the quark ones by means of (4.33b).
We finally summarize our findings for the equivalent representations of non-separable build-
ing blocks, obtained as described and used in the next section to express the non-separable
addenda (4.4), in Table 5. For shortness the conformal moments are given in terms of the function
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ASz<j 1 k+ 1> _AS(F) - as ¢t

27 2 2(j —k)(j+k+3)
Jt+
AS, (]H,]H)_ w (4.38)
2 2 20/ +3)

4.2. Next-to-leading corrections

In Sections 4.2.1, 4.2.2 and 4.2.3 we will list the NLO corrections for the flavor non-singlet,
pure singlet quark—quark, and gluon—quark channel, respectively. We give for each channel first
the color decomposition (4.1) and list the separate terms in momentum fraction representation
using our building blocks, where we will group the leading singularities together with factoriza-
tion and renormalization logarithms. In the momentum fraction representation the factorization
logarithms are proportional to the convolution with the LO evolution kernel, see (3.25), (3.27),
(3.28). The imaginary parts, given in terms r = x /&, and the conformal moments of separable
functions follow then from the substitution rules that are listed in Tables 2—4, where references
to specific functions are given. The non-separable terms are presented in terms of the building
blocks (4.26) and differential operators, where latter are given by the adjoint operators that appear
on the Lh.s. of the differential equations (4.31). Their imaginary parts and conformal moments
are obtained from the substitution rules listed in Table 5, see also (4.28), where for moments
we also utilize the differential equations (4.31). We add that the NLO expressions for the evo-
lution kernels in momentum fraction are derived in Ref. [123] and match our conventions, see
Appendix A. The NLO expressions for the evolution operator in terms of conformal moments
can be simply taken from [64].

4.2.1. Flavor non-singlet channel
The NLO contributions in the flavor non-singlet channel can be read off from [113]. The color
factor decomposition of the corresponding coefficient (3.25) can be chosen to be

2 2 2 2 2 2

00| £, 2. LY <670 (1] &, L 170 (10| )

HE “w MR MF M(p MR
+CTO u, v), (4.39)

and as discussed in Section 3.1.1, they are symmetric under (u, ug) <> (v, ity) exchange. The
T (4, v) and TP (u, v) functions are entirely expressed by separable building blocks that
are most singular, listed in Table 2, and those from Table 3. The 719 (4, v) function has be-
sides such singularities also logarithmical cuts on the negative u- and v-axis and it contains a
non-separable piece. Due to the subtraction procedure, introduced in Section 4.1.2, its explicit
form is rather lengthy

AT G)(u v) = uu w _T (u —v)3Lis(¥) — Lio(@) + Invini — Inulni
v i v (u—v)3
alnv+v2  20lni+2vinv  Inalnv+ Lia(D)
av2(u —v) v(u — v)?2 iiv?

(@ =w)[Liow) = ¢()] +ulni
u*v ’

(4.40)
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This addendum possesses 1/(u — v)" terms with up to n = 3, however, it is finite at u = v. As
desired, AT (u, v) has only logarithmical cuts on the positive u- and negative v-axis. We
write the separate terms in the color decomposition (4.39) as follows.

o Momentum fraction representation

Q2 1 3421 23 Ini
TP, v) = ln%+—ln<aa>+1]%?“—?—“—‘i+{uwu¢,uev},
L ug 2 2uv 6uv uv
(4.41a)
r 2
51 1
TP (U, v) = —1nQ—2+1na——]T_+{u«>v}, (4.41b)
L2 ug 6 | 2uv
(1,G) [ _Inv _ 7 ) .o 1
T (u,v) = lnuT+lnv—g—§(2)+2L12(v)—2L12(v)—lnulnv —
L v

+ [Liz(ﬁ) - Liv_z(v) +4©2) n lnTv

1
— 1] — + AT (4, v) + {u < v).
uv
(4.41¢)

The addendum AT (-6 (u, v), see (4.40), can be expressed by means of a differential operator
that acts on the non-separable building block (4.26b) and the building block (4.26¢),

22 sub 3 sub
AT(I’G)(u,v):[a__i:|v5|:ll'(u’v):| _ 9 17|:1L(u’ v)i|

vz vb Vou—v w | v u—v
1 L , sub

+[_—2 (w ”)} . (4.41d)
92 u—v

Note that to avoid boundary term in a partial integration, we introduced an oversubtraction for
the second order derivative. The u <> v-reflected addendum can be conveniently written in terms
of the variables v and u as

2 2 L@, )™ 9 [1Lw o)™
AT(I’G)(E,E):I:———})E[_ (u v)} n v[_ (u v)]

9v2 v u u—uv % U u—v
1[1 L, ”)T“b _ L@ + i+ [Ind + u]lny (4.41¢)
viu u—v u-v

Here, the last term subtracts the pole contribution at v = 0. Note that the addendum with definite
signature is then obtained from

A°TEO 4 0) = ATV (u,v) — o AT (v, ). (4.411)
e Imaginary parts of (4.41) from quark exchange

(Positive momentum fraction x > &, i.e., poles at u = 1 and u-cuts [1, co])
2
1 3 1 1
t(l’F)(r,v)z[ln%+—lnﬁ+l:||:—8(l—r)+{ } }:
ug 2 2 l—r), v

{§+1n12;;} 1
11— =
1—r L0
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Q* 1. _ (1 3+42Inv
In—= + =1 1)8(1 — —
+|:<HM2+2HU+ ( r)—f-2 =, %

@
23 5. _18(1—r) 11
— =+ =1 —, 4.42
[3 2v “v} 5 T Tirm (4422)
25 s(1— 1 1
t(l’ﬂ)(r,v)=|:ln%——+lnv:| ( _r)+{ } g (4.42b)
UR 3 20 1—r +2U
(1.G) 1 Inv T v—0,. . _ .
£ () = 1—- F‘i‘ 2;(2)_—+T[L12(U)_L12(U)+§(2)]
)4
Inv—5]8(1—r) 24 —1+4r
n ”l_) ”] (v ) _ TR + A9 ). (4.42c)

The imaginary part of the addendum (4.41d) can be written in a compact form as

= l+r _ l+r
At(l,G)(r,v)z—[v_v—i- 0 ”a}[”“n +d r)lnv} 2rin S — 14

2 vov]|l (L—r)(1+r—2rv) (1—r)217
(4.42d)
e Imaginary parts of (4.41) from antiquark exchange
(Negative momentum fraction x < —£, i.e., u-cuts [—oo, 0])
4P 0y =P, v) =0 (4.43a)
2
(1,G) _ (1,G)
t (r, U)——[ +r:|m+At (r, U). (443b)
The addendum, following from ATI1O) (v, u) by means of (4.41e), reads
1+r 14r
At(l G)(}" v) = 9 v 2rvln — |- 4r In 55 2rv + 2r _.
v dv (1+r)(1+r—2rv) A4+r21+r—2rv (147120
(4.43¢)
o Conformal moments of (4.41)
) (0,F)
P Q ) 1 1 Y,
=|—-In—=+S D+Sik+1)—1-— -
an [ nM%+ 1G+DH+Sitk+ 1D 2(j + 12 2(k+1)2} 2
23 3(j+Da2+1 .
——+ o i ok ur > pel (4.44a)
6 20+ D2l Y
2
=-In—-S§ 1 e ra— k}, 4.44b
CiK "2 1G+1) - 2( D, +{j <k} ( )
1 AS (5 7
(1 G) _ k k 2
Cik [251(1 +1)— G+ 1)2][1 + (D" = (=D"k+ 1)2T] +¢(2) - 3



D. Miiller et al. / Nuclear Physics B 884 (2014) 438-546 493

DR ASy (kL
+[(—1>’€Sg<k+1)+M

2(k+1)2
— S3(k+1)+¢(3) — %}%k Ly, 20 (_[(11211[(1];;21)2 +1]
where
=S+ -3 - G+ 1) (4.44d)

is apart from the color factor the anomalous dimension (3.46) and we use here the shorthand

S3(1) — S3(°5)  [52(%) — SH("5H1S1(n)
8 - 2

5¢(@3
—2<—1>"[s 21 (n >+ﬂ}

S3(n) =

. (4.44e)

This auxiliary function is finite at n = 0 and it vanishes like 1/n* for n — oo. The conformal
moments of the addendum (4.41d) are obtained as described above and they read for complex j
and non-negative integer k as following

(=D + DAS (L, B
2

A =ajy |:S3(J' +1)—¢B3)+

QL+ DEEDASER DT (—DF*k+ 1),
2 + 2

|
~
S IIM»
)

(—D)P 2k +3b)[4 +3b(3 — b) + 2kb + 2(k + D2 ]AS (LFL, K£2)
X
. [3+(=DP12k+3)

L EDAG A D - UG+ D2 A(F) -2]  2(=DF
2(j + D2 (+ D2tk +1)2

where aj =2(j — k)(j + k + 3). In the case that the first argument is k we write this addendum
as, see identity (4.37),

Il
S

(4.44f)

. Si(k+1)AS, (L A+ 1DHAS (L)L
AC(]G)—akj(_l)j|:S3(j+l)— 1( )2 25 L) Z( YAS (5=, 5)

2
2\ (2k + 3b)[4+ 3b(3 — b) 4 2kb + 2(k + DX]AS (L, ktb)
,,Z 3+ (—=D?1(2k +3)

) G+ D] DAY DI+ DAS ()
[(k+1) e (k+1)2} 2 2
(=1’
(k+ 1)

(4.44¢g)
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Table 6
Quark building blocks which diverge for u — oo [left column], their imaginary parts (4.10),

(4.17a) [middle column], and conformal moments (4.21) [right column], where Gzy;O‘F) is
defined in (4.48c).

~ 1 Gz, 0P
—Uni J
HIna R e € g on
i Iniz gy Lir Gz, ©. A
U= 1.2~ _ A7 +r _ ; _ J _ (tDo+1
Elin i —2Lip(u) & r(1+r’) T e [SiIG+Dh -1 13 GHoP
The conformal moments ¢\LF, ¢(L-F) d AcL9 ind d he si hile th
cjg >y > and Acy ™ are independent on the signature while the

(—1)/ factors for complex valued j in C;}(’G) and Ac,(c}’G) must be replaced by —o'.

4.2.2. Pure singlet quark channel

The pure singlet contribution arises from six contributing Feynman diagrams, see Fig. 2b).
Only two of them have to be evaluated and the rest is obtained using ¥ — & and v — ¥
symmetries. Our diagrammatical evaluation confirms the result in [32]. In order to obtain a rep-
resentation that contains only a branch cut [1, co] on the real u-axis for 0 < v < 1, we employ the
known symmetry properties of this contribution: the result is antisymmetric under u — u, sym-
metric under v — v and antisymmetric under (#, v) — (&, v). The non-separable contributions
are collected in

APST“)(u v) = ui +uv —vv Lip(u) + Liz(v) + Inulnv —¢(2) vInu+ulnv

uv (u —v)? uv(u — v)
N Lis (u) +_1nu1nv N Liz (v) — C(z). (4.45)
uv uv

As in the preceding section, this function is finite on the line # = v and the pole at u =0 is
subtracted, while a pole at v = 1 remains. It can be expressed by the building block (4.26d),
which makes the analytical properties of the addendum obvious. Our results read as follows.

o Momentum fraction representation

2 —_ .
1 - 2L
ST (. y) = [1n % + —Inii + In(vd) — 1} U—uy g 2@
ug 2 uvv v
1 1 Inv|Inu
— |:__ + 2 + ﬂ]ﬂ + APSTD (1, v), (4.462)
200 v v u
19 1 L(u,v)
APSTD (y, v) = — —v?p [— M] . (4.46b)
VU v U u—v

The first two terms on the r.h.s. of (4.46a) diverge logarithmically in the limit # — oo, but the
terms proportional to In? i and Li, () cancel each other, leaving a constant that vanishes by anti-
symmetrization. The remaining divergent term is contained in (#z — u) In(i) /u, which is nothing
but the convolution of the LO evolution kernel in the gluon—quark channel with the LO hard
scattering amplitude, see (3.27a). The substitution rules for these functions are given in Table 6,
where the j = 0 pole is absorbed in the anomalous dimension of the gluon—quark channel.
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e Imaginary part of (4.46)

2 2 1- 1 In L2
Pst(l)<r, v %) [ln Q +In(vv) +1n - 1:| - —
UE P‘F 1+r r(l+rovo (1 +r)vv
|: 1 Inv Inv

1
20 + 58 + T] m + Apsl‘(l)(}’, V), (4.47a)

1 9 2 In £ 14+r
APV )y = — L 2 T | (4.47b)
Vo v 1+rl14r—2rv
o Conformal moments of (4.46)
Q 0,F)
Pscﬁ.‘,g = [ In = +285(j + 1)+ 281k +1) - 1}7
MF +3
1 1 1 2 1
|5+ =+ ——— + APSCY), (4.48a)
[ (j+ D2 (k+1)2](1+1)2 7
Oa[AS J+1 —AS, i+l k+2
asth _ slASC5 ) Gl (4.45b)
J 2(2k +3)
where we extracted the color factor from the anomalous dimension (3.59¢),
Gz ., 0.F .
Vi 442 1
i 4+2G+ 1 (4.48¢)
J+3 ()4

in the gluon—quark channel. Note that if we express (4.46b) in terms of the building block (4.26a)
the addendum (4.48b) follows straightforwardly from utilizing the differential operator (4.31)
and the corresponding conformal moments, given in Table 5. Thereby, an artificial o term
appears only in intermediate steps.

4.2.3. Gluon—quark channel

For the gluon—quark contribution we take the results from Ref. [32] and rewrite them in a
compact form, using symmetry under u <> & and v <> v, in such a manner that the net results
have the desired analytic properties,”’ where we prefer functions symmetric under v <> o. The
LO contribution ST is defined in (3.22) and the NLO part (3.28) can be decomposed as

GT(1)< o %2 Q2>
QT
2 2 2 2
=CA9T" A><u o2 )+c Gr F><u v %%) +@1n“—§. (4.49)
1F e Ko 2i pg

The term proportional to By, arising from the gluon self-energy insertion, is given by ln(y,% / ,ulzz)
times the LO amplitude, see (3.22), (3.36), (3.64a). Its imaginary part and conformal moments
follow from
2 2 2
(1 —
—'8_0_ ln'u—g & oo = 1) - ) lnﬂ & @ln@.
2uv MR 2v Mﬁ 2 /1%

20 To shorter the expression we will allow for one pole contribution at u = 0.
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We introduce two addenda for the parts proportional to Cp and Cg,

ASTEA (4 v) =

_U—u [Liz(u)+Li2(z7)+lnzilnv—§(2) ulnv+ﬁlnﬁ]

4vv (u —v)? u(u —v)v
B3—-4v)Lip(u) (1 —4v)[Lio(u)—¢(2)] Inulnv+1 Inv
+ 4uvo + 4ivv + u o 2up 2012’
(4.50a)
AGT(I’F)(u, v) = uv — (u_— v)2 Lio(u) + Lip(v) +Inulnv —¢(2) wulnv+ ﬁln_ﬁ
2uv (u —v)3 2u(u — v)20
Inii +u nv+7  Lis@w) —¢(2)  Lia(d) — 5¢(2)
du(u —v)v  du—v)o? 2uitv B 2uvv '
(4.50b)

As before they are finite at u = v, posses only logarithmical cuts on the positive u-axis, and
can be expressed by means of differential operators in terms of the building block (4.26a). Both
addenda posses still poles at v = 0 and/or v = 1. They can be straightforwardly removed, which,
however, would yield more cumbersome expressions.

o Momentum fraction representation

2 lnz 3ln(wy) 3 727 Ini
STUD (y, v) = [ln%+ﬂ+ nlwo) _ —} [1+%} 2t

22 4 2 2iivv
N Inz In(wd) 37l v v Inv+2Ino] 1
2 4 2 {uvv ¢ 200 divv
it —u)Lix(u) +ut(2) + iuln i Init+ul 1
_ ( ) 2( ) _ g-( ) +[2+11’1(l)17)] . —
uin 4y 200
+ ASTUEA ), (4.51a)
2 a1 —DIni 31
GT<1»F>(M,U)=[1HQ_2+H_:_(1_2v1nv—2mnﬁ)i_}( ;'1”— —
Ui 2 u 2u | 4u=vv 16uvv
i Q2+lnﬁ+ln5+l 342Ind
n hw mv 12w emu
,ué 2u 2 4 2uv
v Inv+92Ino (3 —v)[Li2(v) —Lix(@)]14+¢(2)] 1
+ — — —
4ov 2 2ivv
+ ASTEB (4 ). (4.51b)

Note that Inii/u?, appearing in the first term on the r.h.s. of (4.51a), contains a pole at u = 0. The
addenda, explicitly given in (4.50), read in terms of the building block (4.26a) as

AGT(LA)(M’U)=___””(” v) — (u, v) , (4.51c)
Vo Jv 4 uv uU—v
32 o) — 1L i sub

AGTUB gy = [ 22 2 v L LG, w7 (4.51d)
vz v uv U —v
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e Imaginary parts of (4.51)

0? 3In(wd) 3 1 1—r 71
G,(1,A) _ _ = — —
O G v) = [m P +— Z}HI_FL §(1—r)+ (1+r)2] 507

[ ln% (1+3r)ln% 3 n In(vv) 1
1-r ], (147r)2 1+r 2147 |2v0
21nv+z721nv]5(1—r)

+

+[(1+¢2) -

| 2 4vv

"21n 175 _2rln % r RS
| 147 1—r2 2(14+7)2 | 2vv
1+ ASH 1A ), (4.52a)

2 2 S
G.(1.F) _ Q Q- 2 3—2vilnv—20Inv
t V)= |In—46(1 — I
(r,v) |:n,u,12: (I1-r)+In 2(l+r)2+ 5

1 1 35 2rinizt —2r7 1
x — — s -+ —x | —
l—r), 1+r 4 (1+7r)2 4vv
2 1 1 142Inv
+[1n%5(1—r)+—{ } ey
w 2l1-r], 4

¢
1 3+2Inv
204+ 2w
[v2lnv +9%Inv (0 —v)[Lix(v) — Lia(0)] + ;(2)] s(1—r)
+ — —
4vv 2
+ A5 I (). (4.52b)

+

+[2+1In(D)]

85(1—r)

200

Note that we utilized symmetry under r — —r (or u — i1) to reexpress the Dirac function
8(1 4+ r), which stems from the remaining u = 0 pole [see also discussion below (4.10)],

iz, X s+ = 2 s1—r)
— —_— r —_ — —7r).
u? (1+r)? (1+r)?
The imaginary parts of the addenda (4.51c¢) and (4.51d) are
= 1+r ]+r
A Ay = L D 20O Mgy M0 (4.52¢)
4vd dv 1+r 1+r—2rv 1—r
1192 27 rv In 3£ In LEr
AGt(l,F) : - | - — 2rv _ 2r . 452d
) 210v2 wu|l4r|l4+r—2vr 1—r ( )

o Conformal moments of (4.51)

02 1 1 GGy(OA)
G (1LA) _ j
=|-ln=5+SiG+D+5 Sl(k+1)+ + }

ik [ PP G+D2] 2

C3RSiIG+D+Sik+1) —6] N 8+4¢(2) — (k+ 12 AS(KH)
iG+3) 8
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~ AS (L _ 100G+ D244 G

2 [+ DaP A o
) (0.F)
G (1) o) ) 3 1 1 i| Vi
=|-m=+SG+D+S1tk+1)—=— -
Cjk |: M% 1+ 1+ Si( ) 4 2k+1n (+D2] 2
_ . G <
o 1 25(G+D—1 1 ] j+3%%y
+l-In= +3851(GG+1)— =+ - —
2 1+ =5 (k + 1) G+D2] 2 D
: k+1 4 !
—135—|k+ 1), +2[AS - 3
35— [tk D242 2( 2 ) [+ 1>212}8
[[(k+ 1242151+ 1) 1 G (1.F)
1 AYct, 4.53b
T kv TGTm T (433
where "™ is defined in (4.44d),
4420+ DG +2
EGy;o,nf> _ .+ (j + )(J.+ ) (4.53¢)
G+DUG+2D(G+3)
can be read off from (3.59b), and
4 12
GGVJ(O A) =48+ 1+ — (4.53d)

G+DG+2 jG+3)
is the part proportional to Ca of the anomalous dimension (3.59d) in the gluon channel. The
addenda follow from (4.52c), (4.52d) and they can be cast with a little bit of algebra in the form

AGC(I,A)__[ASZ(] D, k=DASUE. S + Kk +HAS ’<+2)]@
o L2k + 1) 2%k +3 4
(k+1281(k+1) =2

(J + D2k + 1) (4.53e)
AGLP = [ASQ(] ) (k= 1DaAS (. E) — (k+3na8 (. "*2)}
L FICEN 22k +3)
X(k+1)2[(k+1)2+2] (k1242 | s
4 2(j + Da(k + 1),

where the finite sum, appearing in AGCE-I,{’A) could be performed, cf. (4.31d).
5. Estimates of radiative NLO corrections

In specific model estimates the size of NLO corrections were reported to be large for DV +P
[31] and DVVIE)P in the small-xg region [32]. A comprehensive study, restricted to GPD mod-
els that are build with Radyushkin’s factorized double distribution ansatz (RDDA) [4,127], was
performed in [112] at a rather large input scale square Q(z) =16 GeV? with three active flavors,
where the authors also reported rather large corrections. Numerical model studies were also
given for the DVCS amplitude, including the consistent treatment of evolution effects [128,129,
64], where NLO corrections are more moderate, see also [130]. After all these studies, mainly
restricted to one class of GPD models that is not entirely favored from GPD phenomenology, we
have the desire to understand radiative corrections on a generic level. The basic idea is to identify
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terms that vanish if the GPD does not evolve, which is presumable the case in the valence re-
gion (xg ~ 0.3). Furthermore, we analytically calculate the TFFs in the large-xg (xg 2 0.5) and
small-xg (xp < 0.1) region. For shortness we will in the following only discuss radiative cor-
rections at the input scale, thereby, we concentrate us on DV V P processes, however, our results
can be easily adopted to DVPSP processes, too.

In Section 5.1 we recall for later use a flexible GPD model, based on the CPWE as it is
outlined in Section 3.3.1. In Section 5.2 we present the technicalities for a generic analysis of
NLO radiative corrections in momentum fraction space. In the remaining Section 5.3 we discuss
the NLO corrections in both the flavor non-singlet and singlet channel, where we illuminate
generic properties and model dependencies with numerical predictions from our GPD model.
Finally, we compare our DV VP results with the NLO corrections in DVCS, providing for the
latter also a generic understanding.

5.1. GPD models and evaluation of TFFs

A flexible GPD model, which is/will be employed for global fitting [65,131,132], can be
easily set up in terms of conformal GPD moments. We adopt the common PDF terminology for
the parton species, see (A.8). For simplicity, we take a universal functional form for the various
antiquarks and specify the flavor content of the sea at the input scale

- 1 ) 2 1
HI(-)= ESqHsea(- =) with S, =8, = §S’ and S, = 5 (5.1
Here, S, are the sea quark asymmetry parameters, which we took from the MRST parameteriza-
tion in [ 133], and we equate the sea quark and antiquark distributions, i.e., ¢*** = g. Furthermore,
the quark distribution g = ¢*¥ + ¢ is the sum of valence and sea quarks. Hence, we have at
the input scale for charge even and odd quark GPDs:

2
HY (x, ) = Ho (x, ) + gHsea(x, -2y forq e {u,d}

m“u,q:éﬂm&,q,am HY7 (x, ) = H™(x, ). (5.2)

To overcome the quark—gluon mixing in the charge even sector, we switch to the group theoretical

basis (A.9) and build with the flavor singlet quark and gluon GPDs the vector valued GPD (3.5).

Our PDF models are formulated in terms of Mellin moments, which we also dress with

t-dependence. For sea quark and gluon PDFs we utilize a simple, however, realistic model that
is described in [64,65]. For both quark and gluon GPDs we use the ansatz

N FrQ—a+j)IrG—a+p)

(1 — 2\ _
i =01040) = G T 1 )@ -l G —at 1B )

where the normalization N = Hj—; (n =0, 1 =0, ,u,%) is the momentum fraction, o (f) = o + 't
is the effective ‘pomeron’ trajectory with & ~ 1.1 and &’ ~ 0.15. The residual 7-dependence is
parameterized by a p-pole ansatz with the cut-off mass M. At t = 0 the Mellin moments (5.3)
are obtained from the sea quark or gluon PDF parameterizations (see (3.57) and below)

TG —oa+p)

g% N RN
{ g }(x”’“’)_Nr(z—a>r(1+ﬂ>x (=% G4
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Fig. 3. A simple GPD model (long dashed), based on the ansatz (5.5), versus Alekhin’s LO PDF parameterization [138]
(grayed area) [left panel] and Kelly’s [139] (dotted) [Sachs (short dashed)] form factor parameterization [right panel].

For valence quarks we take a model which has been discussed in Refs. [59,69]. It is based on
generic arguments and a simple PDF ansatz, where the ¢-dependence is now entirely contained
in the leading ‘Regge’ trajectory o(f) = o + o't:

FTd—a@®) + HI0+p—a+ HTQ2—a+p)
Frd-—-a)l'd+p—a@®+)HI'C—a+j+8)
FQ—a+p+88TQ2—a+j+p)
r(z—a+j+ﬂ+aﬂ)r(2—a+ﬁ)]'

Here, the normalization N9 = 2 (1) gives now the number u (d) valence quarks, p determines
the large —¢ behavior, 8 and 88 the large j behavior, and 4 is a phenomenological parameter.”!
The valence quark PDFs are then given by an inverse Mellin transform,

re—a+p)
1 —o)'(1+p)
FrA+BrR2—a+p+488) éﬁ}
1 —=x)"],
FrQ—oa+p)Ir{+p-+488)

where the 7-dependent PDF analog can be expressed in terms of hypergeometric , Fj-functions.
Note that such a Mellin moment-to-momentum fraction GPD modeling conveniently allows to
implement form factor data or lattice predictions. This is basically the inverse procedure as cho-
sen in [135-137].

We add as side remark that the model“- (5.6) with generic parameter values provides reason-
able results for the isotriplet part of H (also used for E ) in [59]. To adopt here our GPD H to
Alekhin’s LO PDF parameterization [138] we choose the Regge intercept « = 0.43, 8 = 3.2,
8B =2.2, and h = —1. For the ‘Reggeon’ slope parameter we take the typically value o’ = 0.85
and to match with the form factor data we chose p = 2.12. Note that 8, §8, and p only differ
slightly from the canonical values 3, 2, and 2, respectively, and that « () = 0.43 4 0.857 is es-
sentially the p/w trajectory. In Fig. 3 we illustrate that our results (long dashed) for the valence

val

GPD HY =@/9H" +(1/9H av! (left panel) and the electromagnetic form factor F lp (right

Hj{.]Val (n =0,1, /1,(2)) = N4

y [(1 )4k (5.5)

X741 =x)P

qval(x’ M%) — N4

(5.6)

x[(l—h)+h

21 Tn the case that large-x counting rules [134] are not spoiled by non-leading terms in a 1 — x expansion, & x N4 might
be interpreted as the probability for a quark to have opposite helicity to that of the longitudinally polarized proton.
22 A slightly different version is used in [59].
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panel) are consistent with Alekhin‘s PDF (band) and Kelly’s parameterization (dotted) [139],
respectively.

To parameterize the degrees of freedom that can be accessed in hard exclusive reactions, one
might expand the conformal moments in terms of 7-channel SO(3)-PWs [140], expressed by
Wigner rotation matrices. We denote them as c?n (n) and normalize them for n = 0 to one, i.e.,
dy (n =0) = 1. Depending on the GPD type, these SO(3)-PWs are either Gegenbauer polynomi-
als with index v = 1/2, i.e., Legendre polynomials, or with index v =3/2 [19]. Since we will not
discuss in the following the D-term contribution, which might be understood as an integral part
of the SO(3)-PWs that completes polynomiality [64], we can restrict ourselves in the following
to Gegenbauer polynomials with index v = 3/2. An effective GPD model at a given input scale
Qp is provided by taking into account three SO(3)-PWs, e.g., for integral n > 4:

Fu(n, 1) = du) £ @) + nPdna ) £ (0 + ' dua ) 177 (1)
forn e {4,5,6,---}. (5.7a)
In the simplest version of such a next-next-leading (nnl) SO(3)-PW model, one might introduce
just two additional parameters by setting the non-leading SO(3)-PW amplitudes to:
fjf'“‘”(t) =s,Fj(1) forve(2,4} and f].f‘”(n, =0 forve(6,8,--}, (5.7b)

where F;(t) = fjj + (#) are the Mellin moments of a skewless GPD, e.g., specified in (5.3) and
(5.5), and the proper choice of the complex valued SO(3)-PWs is given by representing the
Gegenbauer polynomials with index v = 3/2 by the following hypergeometric function

. P +3) 25/t —j—1,j+2|n—-1
di(n) = SF (7 2] 0.
2HT(+3) 147 2n

(5.7¢)

The TFFs are evaluated by means of Mellin—Barnes integrals (3.61) and (3.62), where the
constraint (5.7a) is taken into account by a shift of the integration variable in the Mellin—Barnes
integral. For technical details see Section 3.2 of [65]. Inserting the ansatz (5.7) into (3.61) yields
our model for the flavor non-singlet TFF (3.61a), which reads at the input scale Q = Qg as
follows

c+ioo
A 2\ Tw-2 3CF fm -2 A tan | [ 7J .

c—ioco
—j—1,j+2|xg—1
X2F1( J 2] )F/A(t)
XB :
4
2"+ 2)1) o {+1}
X ci , foro= 5.8
Z G+2), ]; vk () eMk 1 (5.8)
even even

where F;(t) and ¢nm x (with on0 = 1) are the moments of our skewless GPD and meson DA at
the input scale, respectively, and the conformal moments (3.63) are specified to NLO accuracy
in (4.3), (4.44). We recall that for signature even and odd TFFs ¢ < 1 and ¢ < 0, respectively, is
required while a lower bound for ¢ arises from the requirement that all singularities lie on the
Lh.s. of the integration path. Analogously, one can write down the flavor singlet TFFs (3.62),
cf. the treatment of CFFs in the small-xg region in Section 3.2 of [65].
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In the small-xp region the TFFs can be easily evaluated. Shifting in (5.8) the integration path
to the Lh.s., we pick up the leading ‘Regge’ pole at j = a(¢) — 1:

A v a5=03Crfm [ [cot] (ma@®\](xs) "
Rt 0" g {0 (557))(3)
20T (@(t) + 3) i 2" @(®) + 3y

X Sy
T @) +2) (a(r) +2)y

v=0
even

o
A +1
X ]g 7 ca(t)+v—1.k (- )om.kx Res Fj:a(,)_l (t), foro = { o }

even

(5.9)

where Res F ]A:a -1 (t) is the residue of the skewless GPD. Obviously, the normalization of the
TFF is controlled by both the SO(3)-PW and meson DA parameters. For example, restricting us
to three lowest CPW amplitudes and to LO accuracy the TFF is in the small-xg region propor-
tional to

4 4
22v(a(t)+%)u o)
Z SU (@) +2)y Z o Co(t)+v—1.k Pk
v=0 * Vo k=0
even even

_(1 GRS VNEACIOR S oY
- @ +22 ° (@D +2a

Furthermore, since the two non-leading mesonic CPW amplitudes in [1 + 02(9%) + 04(93)]
evolve with different strength, we can use them to control the evolution of the overall normal-
ization, where their sum at the input scale can be fixed. Rather analogously, the two non-leading
SO(3)-PWs evolve differently, giving us an additional handle to control the evolution flow, too.

S4>(1 + @2+ @4).

5.2. Generic properties of NLO corrections

Having rather simple analytic formulae for the hard scattering amplitudes in terms of our
building blocks at hand, presented in Section 4.2, we can easily understand, even quantify, NLO
corrections in an analytic manner. The leading singularities, listed in Table 2 and grouped to-
gether with factorization and renormalization logarithms, play a key role. In the momentum
fraction representation we count them as the 1/« (and 1/v) poles that are also combined with
a logarithmical [1, oo]-cut (at NLO squared logarithms can appear), i.e., their imaginary parts
are given in terms of +-prescriptions. In the language of CPWs they are identified as the first
order harmonic sum S;(j + 1) [or S7(k + 1)], up to the second power, which grow logarithmi-
cally at large j [or k], see (4.9). Furthermore, the strength of NLO terms proportional to the LO
pole is counted by their residue (times o /27) while all other contributions can be considered as
moderate or small.

Let us remind that the NLO corrections in the flavor non-singlet channel, given in Sec-
tion 4.2.1, have been already intensively discussed for the pion form factor, where the signature
o = —1 applies [114-118,113,141,142]. It was found that the leading singular terms yield a log-
arithmical enhancement in the endpoint region or a logarithmical enhancement of higher CPWs
[119]. Consequently, if the DA has a concave shape, sizeable corrections show up and their size
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is directly related to the endpoint behavior of the DA, i.e., it increases with the flatness of the DA.
Note, however, that contributions from separate singular terms may cancel each other and that
such a generic counting may not hold true if the DA has a more intricate shape.

To allow for a straightforward, compact, and rather generic discussion, we express the first or-
der harmonic sums, appearing in the conformal moments (4.44) of the hard scattering amplitude
(4.41), in terms of anomalous dimensions (4.44d). Hence, in momentum fraction representation
all leading singularities can be expressed as convolution of the LO hard scattering amplitude with

the LO evolution operator,
0.F) _
—Y; 3 1 2lna+3 1 vOW, w
=28(G+H--— & —— T -—_x—— 17 5.10a
2 WD =2~ G+n, S I TAee (5-102)
see, €.g., (3.25b). For the square of anomalous dimensions we obtain the equivalent representa-
tion

(0,F)y2 ” ’
(y] ) - [ 1 Ié@ V(O)(u”,u’) (MX) V(O)(u/’u)}(u)

4 l/_t// CF CF
2Ina+3)2 Ini  Libw) —¢Q
:( nu_+ ) +ﬂ+ lz(u)_ &( )’ (5.10b)
4y u u

where the two last terms on the r.h.s. posses only a logarithmic [1, co]-cut and are considered as
harmless in the endpoint region. However, note that the sum of their conformal moments is given
—[2(j + D)2 + 11/[(j + 1)2]2, see Tables 3 and 4, and yields —5/4 for the asymptotic DA,
while the second Gegenbauer moment is already suppressed by a factor 5/36 ~ 0.15.
To quantify the relative NLO corrections in a mostly model-independent manner, we define
now two numbers in terms of the convolution integrals (5.10), which absorb the leading singu-
larities,

(0,F) +21nu
dv v,
5 g = Jo P, 1) (5.11a)
2 Jo dv—w(v 1)
(7% g Jo ISR 4 0 L0, i) S11b)
4 ‘ Jo dv ko, 1)

The two numbers Zﬁp and E;f characterize the DAs with respect to their behavior under evolution,
which allows us in return to judge the size of radiative corrections in dependence on the behavior
of the DA under evolution. Furthermore, for a given class of DAs we can easily provide some
bounds for 6;) (1) and 6;/, (?). Our reference DA is the asymptotic one ¢* = 6vv for which K;,
and K;’, vanish. If we choose a broader/narrower DA, the value of both —K;) (1?) and Zg(uz) will
become positive/negative. In the following we compare two rather extreme models, which should
provide a good feeling for the possible range of results. The first model DA ¢ = 8/vi /7,
e.g., suggested in an AdS/QCD model [143]. The second model DA assumes equal-momentum
sharing ¢"™°% = §(v — 1/2). These two yield the estimates

—I(narrow) S —¢,,(1?) < 1(broad) and  — I(narrow) < £ (n?) S 4(broad).  (5.12)

Finally, we can express the relative NLO corrections in terms of Z;,, E;ﬁ, the residuum of the
pole at u = 1, counted at LO as one, and more harmless terms. In the latter higher CPWs are
suppressed, see discussion below (5.10b). Thus, we will take into account the contribution of the
lowest CPW,
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Jy dv f @13 fo B
fo] dv %w(v, w?) 14+ a0 @ (1e?)

fo with

> o (1)

k>0

=<

1
=, 5.13
3 (5.13)

and neglect the higher order ones, which is for our purpose sufficient.

Analogously as for DAs, we can study the relative NLO corrections to the imaginary part
of TFFs. Replacing in (5.11) the DA convolution integrals by a quark GPD ones and taking the
imaginary part of both numerator and denominator immediately yields according to Tables 2—4:

©O.F) 1 5
—Y; C o 1| Fagrpd 3
I e ZF(E,t)=S/dx{x_§}+F(§’§’I,M2)+2, (5.142)
1
(J/;O’F))2 , B 21n % +3
S e en= [ {5
&

1 In X8 F 2
25} (x,&,t,u") 9 (5.14b)

Cx+E x—E& |FEE LY 4

These functions characterize the evolution of the quark GPD as function of the two kinematical
variables & and ¢. Analogously, one may define such quantities for gluon GPDs. In doing so, one
should keep in mind that first order harmonic sums appear in the gluonic anomalous dimensions
(3.59d), however, do not appear in the mixed channels. Moreover, a perturbative ‘pomeron’ pole
at j = 0 appears in both the gluon—quark and gluon-gluon anomalous dimensions, see (3.59d),
(3.59c¢), which drives the evolution in the small-£ region. We postpone the discussion of defining
appropriate quantities in the flavor singlet channel to Section 5.3.2.

To derive a quark GPD analog of the DA constraints (5.12) for the quantities £/, and £/, we
consider first the convolution of the GPD in the large- and then in the small-£ region, which
b.t.w. would allow us to solve analytically the LO evolution equation in these both limits.

o GPD convolution integrals in the large xg region

In the convolution integrals (3.32a), (3.33a) for the imaginary part of a TFF,
1
5 dx
Sm]—'(xB, t,Q ) x | —F(x,& --)t(r=£&/x,v),
X
§

the argument & /x of the hard scattering amplitude remains for large £ in the vicinity of 1. The
leading xg — 1 behavior is governed by the most singular terms, see Table 2, where §(1 —
x /&) simply gives the GPD F(&,&, ---) on the cross-over line. Obviously, the regular part of
the hard scattering amplitude 7 (r) tends for r — 1 to a constant and, thus, the integration gives
an additional (1 — &) suppression factor. To evaluate the remaining convolution integrals (4.6),
containing a singular 4--prescription, we suppose that for large £ the GPD behaves in the outer
region as

2 2 1—x B
F(x2§&1,u")xF(56 11 )(1_§> +.en,
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where the ellipses stand for terms that die out faster than (1 — x)#. Guided by RDDA, we might
even consider 8 as the parameter that characterizes the large x-behavior of the corresponding
PDF. The convolution integrals are now straightforward to calculate,

1

dx X F(x, &, ) =1 2k
* o e 5.15
!x {x—s}+F(.§,s,...> ) 5150
jﬂf{hm%g} FQ@""“zlprL+s(@T+&(m—2aa (5.15b)
X x—£ +F(§,§,...) 1—¢ 1 ) ) '

As one realizes, the result is expressible by the GPD F (£, &, - --) on the cross-over line, where
the subtraction procedure (4.6) causes a logarithmical enhancement effect and the regularized
integral a constant, which depends on the large & < x behavior of the GPD, parameterized by the
PDF parameter . We add that this large-xp discussion can be repeated in terms of the Mellin—
Barnes integral along the lines of Section 3.4 in [59].

For the large-xp asymptotics we obtain from the convolution integral (5.15a) that the quantity
', defined in (5.14a), behaves as

2& 2
1-§ 1-§
For a realistic 8 2> 3 value the result is negative and decreases with growing &. Furthermore, we
find from (5.14) and (5.15) that £/, can be practically expressed by the square E/FZ,

E-1 3 3
Up(E,t,p0%) '~ —In —Sl(,B)—l—E%—ln —Sl(ﬂ)+§<0. (5.16a)

E—>1
Cr(E 1, 0%) '~ R (61, 1°) — £ @) ~ E (6,1, 1%). (5.16b)
e GPD convolution integrals in the small-xg region

The ‘Regge’ asymptotics of the TFF (5.9), calculated with a given GPD model in terms of confor-
mal moments, tells us that in contrast to the large-xp region the radiative corrections at small-xg
cannot be read off from the hard scattering amplitude only and that it depends on the skewness
parameters. Of course, these asymptotics can be analytically discussed in momentum fraction
representation, too. Such NLO discussions were given for PDF-like cases in [32] and [112], in
what follows we incorporate the skewness dependence.

Going along the line of [65], we parameterize a realistic GPD, e.g., for a quark GPD as

F(x>¢&6,1,0% Xzox—a(l)r(g/x’ 0O+,

where a(f) > 0 is the leading ‘Regge’ trajectory, r (x, ¢, Q%) is a residue function that factorizes
further, and the ellipsis indicates less singular terms. Note that r(n =0, f, QZ) is the residue of
the skewless GPD and, hence, the normalized ratio

Fxz2&n=£1,2)  rE/x1, Q%)

Fx>§n=010%)  r(n=0.1Q%
quantifies the skewness effect and controls thus the normalization of the TFF in the ‘Regge’
asymptotics. Performing a variable transformation x — £/x in the convolution integral (3.32),
we obtain a more convenient representation for the imaginary part of a quark TFF,
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1

—0
SmF(xg, 1, Qz) go< 790 [im —xx"‘(’)r(x, ¢, Qz)t(x, v) ® o) fora(t) > 0.

£—0

§
(5.17)

If #(x,v)/x is regular at x = 0 we can take the limit £ — 0 and calculate then the integral.
Otherwise, we consider the lower limit in the convolution integral as a regulator, split the integral
by means of a subtractions procedure, calculate the singular part exactly, and finally take in the
regularized integral the limit & — O.

Let us suppose that 7(x, v) behaves in the vicinity of x = 0 as x~P, where the two cases
p €{0, 1} with a(¢) — p > —1 are of interest. Then, we find the following relative contribution

/1 dx F(/x,& ) e01 — DD p(x=0,--")

xPtl FE €  at)—p rx=1,--)
&
dx r(x, o) —=r(0,--)
xe®-p
~|—/ . TS| . (5.18)
0

The subtraction term is proportional to the residue r(x =0, - - -) of a forward GPD, where the
regularized integral, in which we set the lower limit to zero, depends on the skewness ratio
r(x, ).

Terms such as (5.18) with p = 1 and an effective ‘pomeron’ trajectory «(¢) ~ 1 appear in the
pure singlet quark channel and with p =0 and «(#) — 1 in the gluon—quark channel. They have
been viewed as a source of big corrections, e.g., exemplified for the generic ‘pomeron’ intercept
a(t) =1 [32], which implies that the corrections (5.18) are logarithmically enhanced,

1 1
f dx F(S/X’S )E—)O In 1+/d_x{r(x,)_1} r(x=0,---)
xp-i—l F(g’é» ) g X r(ov) r(lev"')
& 0
lr(x_ D)
ér(x—l )’

Surely, in the ‘soft’ regime «(t) — p < 0, the ratio (5.18) diverges in the small-xg asymptotics,
too,

/1 dx F(§/x,&, ) -0 £2O-P r(x=0,--)
xPtl F(EE-) p—a®)r(x=1,--2)
£

Hence, in both scenarios the naive application of the pQCD formalism might be spoiled and
a BFKL inspired framework might be considered as more appropriate. Fortunately, evolution
tells us that the effective ‘pomeron’ trajectory increases with growing Q2. Hence, once we have
reached the ‘hard’ regime «(¢#) — p > 0 the NLO corrections are finite in the small-xg asymptotic,

1 1
/‘ dx F(E/x,&,---) §_>0 1 r(x=0, +/ x La- o7 X, ) —=r(0,--)
xPHl F(EE, ) at)y—prix=1,- r(1, ) :

0
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However, they are maybe enhanced by a factor 1/(x(¢) — p), see also [112]. Obviously, in the
‘hard’ regime the net value depends on the skewness ratio r(x, - - -), too.

We add that the case p =0 and a(r) = « + 't < 0 can also appear for a ‘Reggeon’ tra-
jectory at larger —¢ values in the flavor non-singlet channel. However, since the cross section
(2.4) will vanish in this limit, large or even huge relative radiative corrections are irrelevant for
phenomenology. Note that the approximations are not applicable for «:(¢) > 0.

The small-£ asymptotics of popular (quark) GPD models, based on RDDA, is given by

r¢/x,) o (a(t)/2,oz(t)/2+ 1/2 ﬁ)
70, ---) —27 b+3/2 x?2
with r(l,---) _ reb+2)rb —a(t)+1)
r,--)  22OT(Bb+ DI'Rb—a(t) +2)
This skewness ratio is governed by the positive profile function parameter b and it decreases with
growing b (narrowing the profile function), reaching the value 1 for b — oo. Plugging (5.19) into
(5.17) and performing the integration yields a simple functional form

(5.19)

\ dx FRPPAGE/x, &) gm0 2(0—a() +1)
x2 FRDDAE £ ..y (a(t) — D(2b—a(t) +2)

§ [1 TG+ l)F(Zb—a(f)+3)xa(t>—1}_ (5.20)

Fb+2)T(b—a@)+2) B

This result exemplifies that not necessarily a numerical enhancement occurs in the ‘hard’ sce-
nario. Namely, for small positive b, which, however, is phenomenologically disfavored, the
1/(a(t) — 1) factor is partially neutralized by the prefactor (a () — 1 — b) ~ (x(t) — 1).

. / "
o Constraints for £ and £’

For RDDA based GPD models the ‘Regge’ asymptotics of the convolution integrals (5.14) is
obtained from straightforward calculations,

(0.5

Oy (&]b, a(t)) 520 y“(;‘l + Si(a@) +1) = Si(2b—a@®) +1) + S1(b—a@®),
(5.21a)
" §=0 /2
(&b a) "= L7 (EIb, a(t))
+ %[Sz(Zb —a()+1) = Sy(a@) +1) =285 (b —a())]
1 Asl(Zb—az(t)+1) Asl(a(t%-i-l) 1
_E[ 2 B 2 B _a(t)[1+a(t)]i|
2b—a(1)+1 a()+1
[ASI( 2 z ) Asl(z : )}, (5.21b)

where we used for shortness the notation (4.13). Our quantities (5.21) for a minimalist GPD
model, which is set up in the Mellin-Barnes representation or ‘dual’ parametrization [144,145],
are formally obtained by setting b = «(¢) [127,146,65]. They are then entirely expressed by



508 D. Miiller et al. / Nuclear Physics B 884 (2014) 438-546

the first and second power of —yog(()t’;:ll/Z, i.e., by the anomalous dimension (4.44d) taken at
j=oa()—1:

, £—0 3
Cr(Ela@,a®) =2+ o
§—-0

Cr(Ela(), a) "= 02 (Elar), a ). (5.22b)

For the ‘Reggeon’ case 0 < «(f) < 1 the quantity £ (£, 7) and trivially also £/ are positive, they
vanish for the ‘pomeron’ case «(¢) = 1, while for small j 4+ 1 = «(¢) their sizes are governed
by the j = —1 pole. These results apply for a whole class of specific GPD models [147,148]
in which ‘Regge’ poles are implemented in the complex j-plane rather in the complex angular
momentum plane [149]. Thus, it can be trivially obtained from the Mellin—Barnes integral, see
above (5.9) with s, = s4 = 0. Furthermore, in this model class the skewness ratio (5.19) takes the
value

F(x,n=x,1=0) <a/2,ot/2+l/2' ) 2T (a + 3)
=2F l)=———"—,
F(x,n=0,t=0) a+3/2 F(%)F(a—l—Z)

251 (a(0), (5.22a)

which we consider here us an upper bound for the set of our GPD models.”?

If the parameter b increases, the skewness ratio (5.19) decreases and the quantity £7, will
monotonously grow, reaching for a forward GPD with O < «(¢) the ‘Regge’ asymptotic value
£-03

1
b.a) =2+ a S (@(n) —In(2), (5.23a)

lim ¢/
Jim € (€
where £7.(§|b, (1)) is bounded from above by E?(E |b, (1)),

Sale()+ 1) +¢@)  ASI(H9EH)
2 2

1 a(t)+1

For the ‘pomeron’ case o (t) = 1 both of them do not vanish anymore, however, their values
¢ ~ 1 and €7, ~ —1 can be considered as rather small. With decreasing «(r), both quantities
will grow and 7, will change sign, i.e., for ‘Reggeon’ exchange we have the inequality

ba(0)) “2" £ (E]0o, ()

Jim (¢

0 < (5|b=00,a(t)) < UF(5|b=00,a(t)) forsmall £ and 0 <a(r) $0.8. (5.23¢c)

In conclusion, we can state that the value of —¢'. (£, r) will be positive in the large-£ region
and turns negative for common valence GPDs in the small-£ asymptotics. Obviously, we have at
least one node E% &= § ., ,u2) = 0 and, thus we have analogously as for PDFs also for the class
of popular GPD models one stable point & at which the GPD does not evolve. Note, however,
that the value of £ may depend on 7. We may consider (5.16a) and (5.23a) as an upper and lower
bound, which yields with common 8 2 3 the constraint

23 This ratio has been viewed as a GPD ‘property’ [148] in the small x-region. In [149] it has been clarified that such a
statement arises from an oversimplified mathematical treatment, which can be defended by the assumption that ‘Regge’
poles lie in the complex conformal spin plane than the angular momentum one [150].
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3 1 /
57 m + Sl(a(t)) +In(2) < —Lp(.1) Sln 1—¢

—i—Sl(ﬁ)—% forO <a(t) <1.

(5.24)

Moreover, in both limits we have in addition the bound E’lé(é, 1) < Z’F2 (&,1), specified further
in (5.16b), (5.23c¢). For the ‘pomeron’ case quark evolution plays no crucial role in the small-&§
region and we might roughly set

Ofslin%)ﬂ}(f;‘,t)gl and 05—511%@2(5,;)51 for a(t) ~ 1. (5.25)

5.3. Generic and model-dependent features

As alluded to above, we will now analyze the NLO radiative corrections, stemming from the
hard scattering amplitude, at fixed photon virtuality

Q% = Q2 =4 GeV?, (5.26a)

where at LO and NLO the GPD and DA models are taken the same. Of course, we are aware that
such considerations, which only sketch the qualitative features of radiative NLO corrections, are
not entirely realistic. An appropriate method, which is beyond the scope of this article, would be
the quantification of reparameterization effects that arise from LO and NLO fits to experimental
data. Furthermore, we will quote NLO corrections with the scale setting prescription

MF = Ly = pr = Qo, (5.26b)

where we consistently take at LO and NLO the phenomenological values of the running coupling

a®(09=2GeV) =034 and oM(Qp=2GeV)=0.29 (5.26¢)

with four active quarks. We will also shortly discuss ‘optimal’ scale setting prescriptions.

The size of radiative corrections to the imaginary part of TFFs will be discussed using analytic
expressions. To visualize the relative NLO corrections, we employ as in [64] the ratio of the TFF
at NLO to that at LO

Fa oG, 1, Q)

A (s, 1, Q2)
which we parameterize by the modulus ratio K and the phase difference §¢n. Obviously, both
the deviation of the K ratio from one,

8Km(xp,t, Q%) = Km(xp.1, Q%) — 1, (5.27b)

and the phase difference ¢y quantify the relative size of radiative corrections. For our numerical
illustration we utilize a next-to-next-leading (nnl) SO(3)-PW model, where the parameters for
the various parton species are listed in Table 7 and the DA is chosen to be narrow, specified by
the CPW amplitudes

= Km(xs, 1, Q%) explisom(xs, 1, @)}, (5.27a)

{ 1 1
w==5L =Ty 30°
We will also utilize a minimalist model, i.e., we take only the leading (I) SO(3)-PW, i.e.,
s» = s4 = 0, and the so-called asymptotic DA. For this DA only ¢ = 1 differs from zero and
the explicit factorization scale dependence of the hard scattering amplitudes drops out at NLO,
however, note that this DA evolves at the considered order [104,105].

04 = and ¢r=0 forke{6,8,---}. (5.28)
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Table 7
Model parameters for valence quark, sea quark, and gluon GPDs with nnlo-PWs, where Regge slope and cut-off mass
parameters are given in units of GeV~2 and GeV2, respectively.

Parton Eq. N a(0) o B 5B h P M? 5 54
ne (5.5) 2 0.43 0.85 3.2 2.2 -1 2.12 - —-0.26 0.04
avd (5.5) 1 0.43 0.85 3.2 2.2 —1 2.12 - —0.26 0.04
g5 (5.3) 0.152 1.158 0.15 8 - - 2 0.446 —0.442 0.089
G (5.3) 0.448 1.247 0.15 6 - - 2 0.7 —2.309 0.812

5.3.1. Flavor non-singlet channel

From the associated color factors of the most singular terms one may conjecture that such
terms are related to the factorization/renormalization procedure or a reminiscence of Sudakov
suppression [151], see also the discussion for the pion-to-photon transition form factor in [152].
Utilizing our generic findings of Section 5.2, we first analyze the NLO corrections to the imag-
inary part of the TFF (3.32), where we consider the three different color structures (4.41) to the
NLO corrections (4.39), separately.

e The Cp =4/3 part

We express the conformal moments (4.44a) in terms of anomalous dimensions
0,F) (0,F)

4[ Qv y 1}(—1)7/}0’“
2

ik V2T Ta s 2

_ 46 6(j+1)2+2

3[( + D2)?

where the color factor Cp = 4/3 is now included. From the substitution rules (5.11), (5.14) we
find the ratio for the imaginary part of the corresponding NLO term to that of the LO one,

(1,F) 2 g P
\sm]-' 2|:2] Q = 4 F(E )

+1{j < k. g = e}

+20), — 1] w(E, 1)

ImFO T3 €. 1)
2 Q2 e 163
2In = bo _]p 163 5.29
+3[ +z’ } T (5.29)

in units of a3 (9 ~ 2 GeV) /271 ~ 0.05. The ellipsis stands for rather harmless contributions,
e.g., we neglected (6(j + 1)2 4+ 2)/3[(j + 1)2]%, which corresponds in momentum fraction to

) 1 l+x
6(j +1)2+2 2fd_x[ 2 ! }F(S/xS (5.30)

NG+ §§ =t | Fee

Furthermore, according to the procedure (5.13) we took the expression (6(k + 1)2 + 2)/3[(k +
1)2]? for k = 0 into account, which gives a comparable small positive correction 7/6 from the
lowest CPW of the meson DA. Hence, the large negative constant —2 x 46/9 = —92/9 from the
residue of the pole at v = 1 slightly decreases to —163/18 >~ —9. The constant part, which is
independent on the kinematical variables

as 2[4 , 163 o
{3[@/ -1 Zw—l—g e.g., foruw:Q , (5.31)
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contains also the meson DA in terms of the convolution integrals (5.11) with the LO evolution
kernel. Since they vanish for the asymptotic DA, we have for this specific choice a sizeable
negative contribution of —45%. Furthermore, it will only slightly change if the DA gets narrow
since

(€5/, — 1), ~ (£, = 1)€;, with 0 <€, <1 for anarrow DA.

For a broader DA, both Eg and —Z; are positive, yielding the surprising result that the size of
relative corrections will decrease. For the AdS/QCD model they are, e.g., reduced to —30% or so.

For our class of popular GPD models we can suppose that a stable point xg = Xp exists, at
which the GPD does not evolve, and that it lies in the valence quark region. Setting £, = £/, =0
and taking ,u(p QO in (5.29), we can immediately state from our discussion that relatlve NLO
corrections are negative and are of the order

ay SmFEP (xg, 1, Q2 )
—0.45 (narrow & asymptotic DA) < — 2% SmFO(ig.1.00)

< —0.3 (broad DA).

(5.32)

Clearly, in the large-xp region the ratio (5.29) is dominated by the positive ﬂ’} &, nH~ E}z(é, t)
term (5.16), providing a (squared) logarithmical grow that overcompensates the sizeable negative
constant. Thus, the shape of the DA influences the strength of the linear term (26/ — DL, 1).
Hence, the shape of the DA plays some role in the transition region from the valence to the
large-xp region. Strictly spoken, as in, e.g., deep inelastic scattering or DVCS, the perturbative
expansion breaks down in the xg — 1 limit. Nevertheless, such logarithmical corrections are
absorbed by a slight reparametrization of the B-parameter at the input scale. Note that evolution
leads to a growth of this parameter with increasing QZ, i.e., to a suppression of the large-xp
region.

In the small-xp region the positive Z} and Z} terms, e.g., evaluated from RDDA in (5.21), are
relatively small for a p/w-pole at low —¢ where «(# ~ 0) ~ 0.5. Thus, for such values the large
negative constant in (5.29) dominates and the relative NLO contribution is still be negative, e.g.,
of the order —20% or so. However, for growing —¢ the value of «(¢) decreases. For our class
of GPD models both £, ~ 1/a(t) and £7, ~ Z%z will increase and the relative NLO corrections
(5.29) may become positive and sizeable for 0 < a(#) « 0.5,

iy | LNy S 1+1+ I Y P
w3l T 2 ) 7 NP ‘

As explained in Section 5.2, the full result in the small-xp region also strongly depends on the
remaining terms (5.30) and GPD model details. In particular the case with small «(#) might be
considered to be of academic interest only.

o The By =—11+2ny/3 part
In the term proportional to By (4.44b) [or (4.41b)] the large-j and -k behavior [or end-point
singularities] are logarithmical enhanced, too, and we may write this expression as
0,F
pof. @ v 0P ,3 @, 3420a 3420 14
or — - —.
pi o 2iv 200 i
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Together with the sizeable By (= —25/3 for n y = 4) it provides for ,qu = Q7 rather large positive
corrections in the vicinity of u = 1 or v = 1. Employing our definitions (5.11), (5.14a) we can
immediately write down the relative correction to the associated imaginary part

~x (1.8) 2 /

SmFy? 25 Q? 14 -3¢, }

——==—1—In— — )+ —— 1. 5.33
SIn]_-l\[/lo 6 { MZR F(E ) 3 ( )

Setting MZR = Q2 and taking our class of popular models, we find that in the valence quark region,
i.e., more precisely for xg = X, the NLO corrections are as sizable than the LO contribution,
oy dm Fy P (@p, 1, Q)
27 ImF(Xp, 1, Q%)

for 0% ~ 4 GeV?. (5.34)

0.8 (narrow) < ~ 1 (asymptotic) < 1.2 (broad)

As expected, a narrow (broad) DA provides smaller (larger) NLO corrections than the asymp-
totic one. Outside this region these corrections are determined by the behavior of Z’F(E, 1), ie.,
they will increase further in the large xg-region, cf. (5.16a) and they will decrease in the small
xp-region, cf. (5.21a).

The reader may realize that our estimates are too naive and probably overestimate the true
NLO corrections. If we change from LO to NLO we have also to change the value of al‘o to

oNLO | which means that the (relative) NLO should be defined as

A a0 —ol0(Q) | al'0(Q) al0(Q) Sm Ay
Im ]:1]\710 - a%O(Q) Ol%O(Q) 27 Smfls/(l)) .

Clearly, the change of «; affects the term proportional to Sy and it reduces the naive estimate
(5.34) of about 30%, e.g., to a relative ~ 50% effect for the equal momentum sharing DA.

e ‘Optimal’ scale setting prescriptions

It is very popular to seek for an ‘optimal’ renormalization scale setting prescription [31,153,97,
32]. The Brodsky-Lepage-Mackenzie (BLM) scale setting prescription proposes to eliminate
the By contribution [ 154], which, e.g., yields the momentum fraction dependent scale

5 14 3 7 3 -

phim(E, 5, Q%) = e 3a0Q* = ¢ 3 x e2 Ty extNV g2, (5.35a)

To avoid a complex valued scale in DVMP expressions or two different ones for the imaginary

and real part, see discussion in [97], we use as above a global scale setting prescription, writ-

ten in terms of the functional ¢/, (&, 1). To illustrate the analogy between large xg-behavior and

end-point behavior once more, we may also write the BLM scale as a functional of the meson
DA,

1im(E 1, @) =™ x el x e FEN Q2. (5.35b)

In the valence region and for the asymptotic DA we find a very small value u3; ,, ~ 0.010,
which decreases (increases) for a broader (narrower) DA,

2 2
0.003¢ 76D < %;Q) <0.03¢'FED, (5.35¢)



D. Miiller et al. / Nuclear Physics B 884 (2014) 438-546 513

Clearly, for experimental accessible photon virtualities of a few GeV? the renormalization scale
is pushed deeply into the non-perturbative region. Hence, one has to give a non-perturbative
model prescription for the behavior of os(uprMm) in the infrared region, e.g., one conjectures
that the coupling constant freezes [155] and that the perturbative expansion of the TFF remains
meaningful, e.g., as in [156,142].

o The Cg = —1/6 proportional part

The term proportional to Cg = Cg — Ca/2 = —1/6 (4.41c) is suppressed by l/Né relatively to
the terms proportional to Cg or Sy, which strongly suppresses the logarithmical enhancement
in the endpoint region.”* As before we replace in the conformal moments (4.44c)—(4.44g) the
corresponding harmonic sum S;(j + 1) by the anomalous dimension. However, in contrast to the
two other color structures, the coefficients of these logarithmical terms posses a more intricate
dependence. We quote the result that provides the correct j-asymptotics for the asymptotic DA

(CAY) 0,F)

-1 Y 10
?{[24(2)—2+.~] ’2 +y"2 —?—4(2)+6§(3)+~--},

where the ellipses stand for k-dependent terms, which, however, are of less numerical impor-
tance. Utilizing once more the substitution (5.11), (5.14), this expression translates into small
corrections

Im .FIE,}’G)

/ , 10

For the valence region, where GPD evolution effects are considered as small, we find for the
asymptotic DA a small negative relative correction (o /2n){£fp +10/3 +¢(2) — 6¢(3)}/6 ~
—0.02, which moderately depends on the DA. This small negative correction decreases loga-
rithmically in the large-xp region, see (5.16a). Since singular terms are absent in the antiquark
contribution (4.43b), the difference between the signature even and odd case is in the valence
and large-xp region small, too. However, in the small-xp region the size of NLO corrections may
differ in the two cases. For instance, for our minimalist model we find in the ‘Regge’ asymp-
totics

as SmFy Y 0 oy 2 1 3¢(3)
gw = Zg{[f(z)—I]Sl(a(f))—E—C(Z)—FT
24 3@l +oz(t)](1 o)
da2()[1 + a ()]
+ %[53(05(0/2) — S3(a(r)/2—1/2)] +} (5.37)

where we neglected numerically small contributions. Clearly, for even signature the j — 1 = «/(f)
poles vanish and in the odd signature case they can perhaps cause rather large corrections for
small positive «(¢) values.

24 1t seems to obvious that not all of this enhancement effects can be associated with the factorization or renormalization
logarithms.
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o Total contribution

Summing up the three separate estimates (5.29), (5.33), (5.37),
(1) 2 " ’ 2 ’

Sm Fy Q b4 t ne+4 72 -9 20 1

[ pED ) nitl } (€, 1)

Jm]-'(o) p (1) 2 12 3
Q2 by 26 33-2ny Q° ,
2n=5+ L -1 | ——In— +16(1-¢,/3
|: +£/ 3 6 /‘LR + ( (0/ )
14 42+ 7% -36¢(3
_ nf(1—3£:p/14)+ T 3600 | (5.38)

9 36
allows us to judge the net size of radiative corrections in the flavor non-singlet channel,
SmAY O, 1, Q%) i Our) | o) ur) e O (ur)
SmAPL (g, 1,92 afur)  oP(ur) 27

N 1
om.?-}f,[)(xg, t, Q| 1uR, [AF, [Ly)
~ 0

For xg = xp the large positive Bp-part is partially canceled by both the negative Cg-part and
the reparametrization of the strong coupling, while the Cg-part plays practically no role. This
provides for the settings (5.26) a moderate ~ 25% net correction for the asymptotic DA,

Sm A0 (%8, 1, QF)
Sm Ay (5, 1, Q)

+0(c}). (5.38b)

s

0.1 (narrow DA) < — 1 ~0.25 (asymptotic DA) < 0.5 (broad DA),

(5.38¢c)

which is getting smaller for a narrow DA and larger for a broader DA. Independent of the shape of
the DA, in the large-xp region the relative NLO corrections are dominated by the Z% ~ (7, term,
arising from the Cg-part. Hence, they are positive. However, the increase will be strengthened
by the linear £ term, which only slightly depends on the DA. As before, we observe in the
small-xp region that a ‘pomeron’ behavior provides similar NLO corrections as in the valence
region. A rather flat behavior will strongly increase the relative NLO corrections. For our GPD
model the small-xg asymptotics of the TFF as function of «(¢) can be obtained from (5.9),

SmFy o0 3 §U(I){_ 39 —2n 5 —22(2)

?9m]:15/(1)) v=0 6
even
4 0P QZ
3ty = 3ot 14y T 310 OB
1- 39—2n,-27(2) a(t)—14v
— 6
309 —28n; +302) ~ 1823)
18
18y, 20 40 1n Qz LBy 02
3 3 "
x 300—28n; +3;(2) 18;(3)
B
Z-%5-30Q 1-% 6AS3(%)+ } (5.39)
= = .o s . a
(a() +v)2 [(a(t) +v)2]? 12
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Fig. 4. Relative NLO corrections to the imaginary part of the TFF HMM(_) (solid) broken down to the Cg (dash-dotted),
Bo (dashed), and Cg (dotted) parts at + = 0 GeV? (left panel) and t = —0.5 GeV? (right panel) at the initial scale
Q% =4 GeV? with four active quarks.

where for shortness we introduced relative skewness parameters

2% (a(t) + 3 2)v/Z 22ﬂ(a(r)+2>u
Su

ith so = 1. )
(ae(t) +2)y @) +2), with so (5.39b)

§v(t)_
even

For the minimalist model, i.e., s, = 0 for v > 0, we find small/moderate contributions ~ 17%
[24%] for a(t) =~ 0.5[0.6] for signature even [odd]. As explained they diverge for «(#) — O.

In Fig. 4 we display this generic behavior of relative NLO corrections (solid curves) for the
imaginary part of the signature even TFF ’Hl’(,f), which is build from the valence quark ansatz
(5.5). It is evaluated from our minimalist model (leading (1) SO(3)-PW for valence GPD and
asymptotic DA) at the input scale Q2 =4 GeV? for t = 0 (left panel) and r = —0.5 GeV? (right
panel). Our generic estimates are numerically confirmed. In the valence region we have large
negative, positive, and small corrections for the Cr (dash-dotted curve), By (dashed curve), and
Cg (dotted curve) parts, respectively, which finally yields the net-result of a moderate positive
~ 30% correction. Furthermore, the reader may easily convince himself that the large-xg behav-
ior is consistent with our estimates. The analytical values for the small-xg asymptotics (5.9),

—0.10 (Cp-part), 0.29 (Bo-part) 0.11 (Cg-part) = 0.3 (net part),

are in agreement with the numerical values, which can be read off from the left panel in Fig. 4.
If we lower the value of a(t = —0 GeVz) =043toa(t=-0.5 GeVz) = 0.005, the corrections
are huge in the small-xg asymptotics, see right panel.

We add that the NLO corrections to the real part, obtained from the DR-integral, may also
require to calculate the D-term contribution (3.32c). The discussion for the size of NLO correc-
tions can be adopted from the previous one, e.g., simply by replacing £ (£, 1, ,u%) — (1, ,u%),
where the function d(u — i, t, /’LF) plays the role of another (generalized) DA. Note that the
replacement ¢/ (&, 1, pLF) — ¢ (,u(p) gives the result for the elastic form factor.

e Model dependency

Let us now illustrate the generic features and model dependency of the relative NLO corrections
to both the modulus and the phase of flavor non-singlet TFFs, see (5.27). In Fig. 5 the relative

NLO corrections for the modulus (left panel) and the phase (right panel) of the TFF 7-["( :
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Fig. 5. Relative NLO corrections to the modulus (left panel) and phase (right panel) for charge odd TFF 7-[%;_) for our
minimalist (I-SO(3) PW, asymptotic DA) model (solid curves) and a nnl-SO(3) PW model with a narrow DA (dashed
curves) att =0 GeV? (thick curves) and = —0.5 GeV2 (thin curves) at the initial scale 02 =4 GeV2.

displayed for our minimalist model as solid curves for fixed —f = 0 (thick curves) and —t =
0.5 GeV? (thin curves) as function of xg.>

The DR (3.29) implies that the NLO corrections to the real part are governed by those of the
imaginary part. In the xg — 1 limit the modulus is determined by the real part, i.e., by the net
contributions to the imaginary part over the whole xg-region. Thus, the relative corrections to
the modulus in the large-xp region are smaller in comparison with those for the imaginary part,
shown as solid curves in Fig. 4, and they remain finite in the xg — 1 limit (which is experimen-
tally not reachable). In the small xg-region the relative corrections to the modulus are governed
for a(t) > 0 by those from the imaginary part, since the TFF follows simply from its imaginary
part by multiplication with a well-known factor

2y x>0 i —cot(ra(t)/2)
Flw. 1. Q) 7= { i + tan(ra(r)/2)

This formula is a consequence of the ‘Regge’-behavior we assumed and it can be easily de-
rived from the DR or the Mellin—Barnes integral. Hence, if radiative corrections in the small-xp
asymptotics do not alter the overall sign of the TFF, the phase difference §¢y vanishes and

w0 SMFYO(xp, 1, Q%)
SmFO(xp, t, Q2)

is given by the NLO corrections to the imaginary part. As above the values of TFFs in the
small-xg asymptotics, obtained numerically, are reproduced from analytic expressions.

In the valence region we have rather moderate NLO corrections, which for the moduli are
comparable or even smaller than those of the imaginary parts, see solid curves in Figs. 4 and 5
(left panel). As observed in the DVCS case [128], we also realize from the right panel in Fig. 5
that the NLO corrections to the phase are rather small over the whole xg-region.

For our nnl SO(3)-PW model with an asymptotic DA we find similar corrections (not shown).
As explained above, if we use a narrow DA, e.g., (5.28) with Kfp ~ (.54, the size of radiative
NLO corrections to the imaginary part decreases and thus also the corrections to the modulus,

}Tsm]-'(xg, 1, Q) foro = {J_ri } (5.40)

SKm(xp, 1, Q%) — 1 for 8¢ (xs, 1, Q%) =0

25 This allows for a simple comparison with the NLO corrections to the imaginary part, displayed in Fig. 4. However,
note that the experimental accessible variable t — t1,in (XB, 0?) and the DVMP requirement — < o2 yields an upper
bound on xg.
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while the corrections to the phase are essentially unchanged. These more generic expectations
are illustrated by the dashed lines in Fig. 5, where again we set —¢ = 0 (thick curves) and —¢ =
0.5 GeV? (thin curves).

5.3.2. Flavor singlet channel (even signature and even intrinsic parity)

In the flavor singlet channel the gluon and quark contributions are rather strongly related
in the small-xg region. Thus, and in view of the group theoretical decomposition, cf. TFFs
(2.22)—(2.24), it is appropriate to study both contributions together. We introduce the ratios of
the quark or gluon contribution to the imaginary part of the flavor singlet TFF in LO accuracy
as

&Tsm]—'(o’A)(xB, )
SmFOS (xp, )

RAxg, ) = with A € {Z, G}. (5.41a)

Trivially, their sum R* + RS = 1 is model-independent. The ratios can be directly expressed by
GPDs

A
RA(xp. ) = F*§,8,--) )x{

1 >
n for A = . 5.41b
[F + L FOI(E &, - —’} . {G} 410

Cré

In the small-xg region the sea quarks dominate in the flavor singlet quark GPD. Hence, the
R -ratios in the small-xg region are for our model, set up in Section 5.1, approximately given by

RA(xB, o)

221)(aG+ ) { 1 }
ah v s A
— 1 Res F&*| i a_
x>0 R R b ilima

=~

22"(01G+ Yo cea & —gsed 5 2nfSGS_D‘G G s
2 v=0 gz [V E T RS FY =t + iy RS Flj—a01]

even
for A = {é} (5.41¢)

G_

Note that with our choice o 2 — ().089 the ratio R approaches slowly 1 in the xg — 0

limit, while R slowly vanishes.
e Large-xp region

In the large xg-region we rely on the standard scenario in which sea quark and gluon contri-
butions die out faster than the valence ones and so the large-xg behavior in the flavor singlet
channel is governed by the valence quark content, as defined in (5.2). Furthermore, since the
conformal moments (4.48) in the pure singlet contribution die out at large j, the pure singlet
NLO contribution can be neglected in these kinematics. Consequently, the characteristic size of
NLO corrections in these kinematics arises from the remaining quark part and it can be already
read off from Figs. 4 and 5. Nevertheless, we add that the gluon contribution in the large-xp
region is governed by a Ca[ln = T -J* term, arising from the +-prescription (5.15b) that
enters in (4.52a). Note that such a squared contribution is absent in the term proportional to Cg
(4.52b). Finally, we can conclude that the relative NLO corrections stemming from the gluonic
t-channel exchange must be positive in the (very) large-xg region, too.
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e A specific model estimate for the valence region

In the valence region the generic picture may become more diffuse. As for valence quarks it can
be easily shown that in pure gluo-dynamics the LO evolution suppresses the gluon GPD in the
large-xp region and enhances it in the small-xg region. Hence, a stable point xg = Xp must exist,
which, however, not necessarily lies in the valence region. On the other hand, for a minimalist
sea quark GPD model with «(#) > 1 the quantity E’F(xB, t) can be also negative in the small-xp
region, see (5.21). Thus, we cannot necessarily assume that Z’F(xB, t) vanishes at some given
xp = xp in the quark—quark channel. Moreover, in the small-xp region the evolution of the quark
GPD is driven by the gluonic one while in the large xg-region the driving force is the valence
quark distribution, see discussion above that can be adopted to evolution. In the valence region
we expect that both mixing and model dependence play an important role.

For the sake of simplifying the discussion, let us consider here a model scenario in which we
have a stable point in both, the quark—quark and gluon—quark channel, which is possible for n y >
4. Let us recall that the LO anomalous dimensions are related to each other in a supersymmetric
Yang-Mills theory [157-159], which imply a QCD relation,

GG,,(0.A) @_ﬂ¥ 0,FH =G, ,0.nf) égG 0.nf) 2ny—6
Vi T3 Gz, 0.H ) f e T S (5.42a)
J
. 2G,,0.nf)
3 Vi
with = = 1 (5.42b)
Jj GEV]-(O'F)

that can also be formulated in momentum fraction representation. The first term on the r.h.s. of
(5.42a) can be understood as a projection onto the quark evolution operator and will be set to
zero. Since the quark—gluon anomalous dimension (4.53c¢) is negative and n s — 3 is positive,
the remaining two terms can add to zero. Hence, as required, we can have a vanishing gluon
anomalous dimension, i.e., (another) stable point in the gluon—quark channel. As we will also
exemplify below, this model scenario is not necessarily true for all popular GPD models.

Apart from the pure singlet contribution, we can use in the quark—quark channel the estimate
from our considerations in the flavor non-singlet channel, given in (5.38b) with E/IQ = Z’F =0
of the previous section. These quark corrections are positive and the estimate (5.38c), weighted
with R¥, tells us that they can be roughly quoted as R* x (1 — 2%/3) X 30%. To obtain an
estimate for the pure singlet quark contribution, we follow the procedure of the previous section
and start with the conformal moments (4.48) in terms of anomalous dimensions (4.44d)

0,F) (0,F) __11\Gx.,(0.F)
5,0 _ [, Y w5 1 DT
jk 2 2 2 2 (k+1) j+3
S SN S 5.43
( + D2tk + 1) s G4

The gluon—quark anomalous dimension (4.48c), weighted with (—1)/(j + 3), reads in momen-
tum fraction representation as

DSy OP 2 /1 dx 2 FRE/xE )

i+3 G +3 G+l x x(1+x) FE(EE -

. (5.44)
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see corresponding expressions in Table 6. As already noted this integral is unimportant in the
large-xp region, however, it is sharply peaked due to the 1/x? factor at the lower integral bound-
ary. Thus, we cannot exclude that even for xg ~ 0.3 or so (i.e., £ ~ 0.15 or so) the integral is
of order one and so we take now such model-dependent contributions, stemming from the j =0
pole, into account.”® Setting the quark anomalous dimension to zero, projecting as above onto
the lowest CPW of the DA in terms proportional to 1/(k + 1),, and employing the substitution
rules (5.11), (5.44), we obtain from (5.43) the estimate

) (5.45)

1 _
Smf\(,lo’PS) xsiis/d |:2ln 6+2£ 2xi|FE(§'/x 2 E(—
X

Sm}'\(,%’s) x(1+x) FZ (&

for the valence region. The —2x term in the square brackets stems from the expression —2/(k +
1)2(j + 1)7 in the conformal moments (5.43) and can be as above considered as a less important
contribution. Furthermore, we can safely neglect the non-separable expressions, which vanish
for k =0 and can be considered as small for k > 2. For the scale setting prescription purp = Q
one realizes that we have a negative contribution for our class of models. If the integral (5.44) is
of order one or so, this negative NLO correction is of the order —(1 — E;, /3)R* x 30% or so.
In this scenario they would (partially) cancel those of the remaining quark part, quoted above as
1- 2@20 /3)R* x 30%, or even overwhelm them. Note that the pure singlet quark estimate varies
w.r.t. DA dependence only on the 30% level or so.

Our specific model assumptions allow us to express the harmonic sums S;(j + 1) in the
gluon—quark channel (4.53) by quark anomalous dimensions, which we finally set to zero, see
the anomalous dimension relation (5.42). Analogously as above, we find our specific estimate in
the momentum fraction,

S sy [522 185 —8or, 2 E > +(33-2np)n —g
SmFyo i [ 572
ﬁ‘sm]—'\(,%’s) 18 24 6

) Q2 o
20n = Y _1le
3[ f +£/ ]

262 149 19 , /Idx x  FS@E/x,--)
iy — =
18 12 1279]) x (14+x)? FG(E,- .

1
2 G
dx 1 —+— x F _
+6|:ln Q 2+e’}/ a : E/x.: ) IRSE...). (5.46)
/LF J x (1+x) FG(g,...
§

To quantify this estimate, we use again the settings (5.26). The upper line in the braces on the
r.h.s. provides a positive relative NLO correction,

0.3R® (narrow DA) < 0.52[1 + 0.42¢;, 4 0.06¢;, JR® < 0.9R® (broad DA) (5.47)

26 For the purpose of tracing large NLO corrections it would be still justified to neglect 1/(j 4 1), terms in the valence
region, which we will, however, include.
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for DA dependence see (5.12) and discussion around (5.31). The middle line contains a less
important contribution, having the prefactor

0 (broad DA) < ;‘— 1.8(1+0.9¢,,) 0.2 (narrow DA)
T

in front of a harmless convolution integral, which provides an additional suppression and so this
contribution can be safely ignored in our estimate. The lower line contains the j = 0 pole in the
convolution integral and has a rather large negative prefactor in front

—0.9 (broad DA) < ;—‘YIZ(—I + 2;/2) ~ —0.6 (asymptotic DA) < —0.3 (narrow DA).
b4

As in the quark case, the value of the convolution integral is model dependent and because of
the j = 0 pole it is now much more sensitive to the Xg value. We expect that this negative
contribution cannot compensate the positive one from the upper line and so diminishes the size
of the estimate (5.47).

Let us summarize the situation in the valence region. The NLO correction in the pure singlet
quark channel is negative, however, model-dependent. The assumption that we have a stable point
xp = Xp in both the quark—quark and gluon—quark channel, allows us to give a more detailed
estimate. Namely, the correction in the remaining quark—quark channel are positive and of order
(1 — R%) x 30% (for asymptotic DA) or so, and the gluonic corrections are also positive and of
the order of RO x 50% (for asymptotic DA) or so. Hence, the net result is 30% + RS x 20%
for the asymptotic DA, which will increase, i.e., up to 50% + RC x 40%, and decrease, i.e., up
to 10% + RS x 20%, for a broader (narrower) DA, respectively. Further GPD model-dependent
contributions, which are associated with the j = 0 poles, in both the pure singlet quark and
gluon—quark channel will decrease these estimates, where compared to the asymptotic DA the
cancellation will be more pronounced for a broader and weaker for a narrower DA.

o Small-xg region

For the analysis of the NLO corrections in the small-xp region it is realistic to take an effective
‘pomeron’ trajectory «(¢) ~ 1. Thus, in contrast to the ‘Reggeon’ case, negative poles in the
Jj-plane, i.e., quark convolution integrals such as in (5.30) may contribute to some extent, how-
ever, they are harmless in the group theoretical part of the quark sector. Furthermore, the estimate
(5.25), given in Section 5.2, tells us that evolution effects in the quark—quark channel can be ne-
glected. Hence, if going from the valence region to the small-xg one the estimate (5.38b) will
only slightly change. We recall that this NLO correction, e.g., a ~ 30% effect for the asymptotic
DA, has to be translated to the net contribution in the flavor singlet channel. As we will see now,
it becomes then a rather unimportant correction.

We may adopt the estimates (5.25) also for the pure singlet quark part and the gluon—quark
channel, which immediately yields the conclusion that the j = O integrals (5.18) that appear in
(5.45), (5.46) may give the dominant contribution,

~ 1,3 1
%W;O_é[] Lt ) [ gy e
SmFyY 39 3 ugl) x* F¥E,)

(1,6) !
Sm F, 0 1 1 2 dx FG
—V(())SXB:;) —12|:1—_gﬁp__1n%i|/_x%RG(§,...)+..._ (5.48b)
Sm}'\(lo’ ) 2 2 ug x FU(E,--)
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At our input scale Qg the ‘pomeron’ is hard « () > 1, which is consistent with phenomenological
findings in hard exclusive processes and for r = 0 in inclusive processes. As discussed in Sec-
tion 5.2, the ratios (5.48) will then remain finite in the xg — 0 limit, however they are enhanced
by relative large 1/(a(#) — 1) factors. Since the prefactors in front of the integrals in (5.48) also
depend on the factorization scale one might be attempted to partially remove them by choosing
a low factorization scale [32,112], e.g.,

0.05 (broad DA) < pu2/Q? = ¢%~? ~ 0.14 (asymptotic DA) < 0.36 (narrow DA)

removes the gluon contribution and reduces the pure singlet quark one. However, as the reader
will realize at such low scale, e.g., 0.14Q% ~ 0.5 GeV? for the asymptotic DA, we cannot trust
pQCD evolution. Furthermore, we recall the well-known fact that it is the j = O pole of the
gluon anomalous dimension that causes the strong gluon evolution at small xg and drives so also
the quark singlet, yielding an increase of the effective ‘pomeron’ intercepts with growing Q2.
A compromising factorization scale choice 1 GeV? < M% < Q% will only partially remove the
Jj = 0 poles in the hard scattering amplitudes, however, it also softens the ‘pomeron’ behavior
of the GPDs at ;1,12: Consequently, the value of the convolution integrals will increase again. The
upshot is that whatever we do the (truncated) factorization scale independence tells us that we
cannot avoid this j = 0 pole contribution by ‘optimizing’ the factorization scale.

To understand the transition from the valence to the small-xg region in more detail and its
interplay with the skewness dependence, we approximatively calculate the xg — 0 asymptotics
of relative NLO corrections for our GPD model, specified in Section 5.1, in analogy to the flavor
non-singlet result (5.39). In very good approximation the results for the relative NLO corrections
are
2

1,/ 1,,0F) 1
Sm]:\(/lo’ps) xg—0 Z Asea{ 12 + 6(a™? + v), I =34, 4 gVysa”yq, — 310 g
¥ A = K
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1 Q2
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sea__ | )
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for the pure singlet quark part and
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1 Q
=36 3% rhra+e9) x5 om0

240 + 3) (@0 +2)pq1

— 6310 }RG@,r)
Y oG —1 22497 (3 +aC) Res FP|j_ya_,
(5.49b)
G
for the gluon part, respectively. The relative skewness parameters read with s5° =55’ = 1
sea_ ﬁ 22v (asea 4 7)U(O[sea 4 Z)M nd
v
= szea 22u (gsea %)M(asea +2)
even
G 22 (a0 + a”+2
§1(}; _ Z G ( 2) ( )p.+1 (5.49¢)
n=0

even
The j = 0 pole contribution induce the first and last term in the braces on the r.h.s. of both ratios
(5.49a), (5.49b), apparently only in the leading SO(3)-PW, i.e., v = 0. To proceed, we expand
the ratios in a Laurent series at @ = 1, where the first terms in the braces contain pieces,
0.F) 2

Yaor _ 5 + 2 +0(@—1D)~414+0(—1),

a—1 2 3
which decrease the net result of the constant terms by a factor of two or so. Taking also into
account the remaining quark part (5.39), having no pole contribution, we can quote the relative
NLO corrections for the minimalist GPD model as

Jmf(l %) _ lg/
3% sea__|
Ajm]_-(() ,pS) {_4(xsea ] [1 - xg ] +12.3 — 6.1@:0 + 0,7% 4 O(asea . 1)}

x R* (&, 1), (5.50a)

(1,G) 1y
Sm F, 1—5¢
a1 21— x5 ]+ 10.8 - 9.4¢, +0.7¢) + 0(C — 1)
~m 0.5 oG —1 B ¢ ¢
SmFyg

x RO, 1), (5.50b)

Clearly, in this model, e.g., as specified in Table 7, the corrections are governed by the j =0
poles,

- gﬂ ’ - %aﬂ ’

e —253+8.4(, and —12 preamEai —48.6 +24.3¢,,
however, the positive constants in the Laurent expansion (5.50) already diminish them. Hence,
we can trust in this special case the j = 0 pole approximation”’ (5.48) only on a qualitative level.

Taking further SO(3)-PWs will modify §02 and 500, i.e., the residues of the corresponding j =0

poles, and the constant term in the Laurent expansion. Thus, terms proportional to y(g F)l 4

with v > 2 are getting important. From the given numbers one can easily imagine that with a
special choice of the s, -parameters one can essentially cancel the j = 0 contributions. Hence, one
cannot generally conclude from model-dependent findings, see [32,112], that NLO corrections
are necessarily large in the small-xp region.

27 Of course, (5.48a) gives with (5.20) and b = o5 the same j = 0 contribution as shown in (5.49a). The same holds
true for analogous gluonic expressions.
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Fig. 6. Relative NLO corrections to the imaginary part of the flavor singlet TFF ]—'\S, (solid) broken down to the gluon
(dashed), pure singlet quark (dash-dotted) and ‘non-singlet’ quark (dotted) at# =0 GeV? (left panel) and t = —0.5 GeV?
(right panel) at the initial scale Q2 =4 GeV?Z.

Our discussion of the imaginary part for the flavor singlet TFF, evaluated from the minimalist
GPD model, is visualized in Fig. 6 for r = 0 (left panel) and t = —0.5 GeV? (right panel). Here
we display the relative NLO corrections, evaluated analogously to (5.38b), that arise from the
gluonic NLO coefficients (dashed curves), the pure singlet quark (short dash-dotted curves), the
remaining quark part (dotted curves), and the net contribution (solid curves). Clearly, the large-xp
asymptotic arises from the valence content, compare with Fig. 4, where the contributions from the
‘non-singlet’ hard scattering amplitude dominate the net result. As stated, in the valence region
the non-singlet contribution is moderately positive and the pure singlet is negative, while it turns
out that in our model the gluonic one yields a rather sizeable positive correction. In the small-xg
region the gluons dominate in our model and their contributions are essentially governed by the
Jj =0 pole. These large corrections increase further with growing —¢ since the ‘pomeron’ pole
at j =0.247 4+ 0.15¢ gets slightly softer. Note that the shape of the curves in the small-xp region
is governed by the functional forms as it arises from the j = 0 pole contributions, e.g., shown in
(5.50), and R-ratios (5.41c). For our model the quark content vanishes in the xg — 0 limit while
the gluon ones is as sizable as —144% [—233%] fort = —0 [t = —0.5 GeVz].

o Model dependency

Finally, let us also demonstrate in Fig. 7 for the modulus (left panel) and the phase change (right
panel), defined as in (5.27), that the NLO corrections in the flavor singlet sector are rather model-
dependent. We display again the minimalist model (solid curves) and the nnl-SO(3) PW model as
specified in Table 7 (dashed curves) with the narrow DA (5.28) for r = —0 GeV? (thick curves)
and t = —0.5 GeV? (thin curves). For the minimalist model the corrections to the modulus are
smaller than 100% and they become negative in the small xg region. As we have discussed
the reduction of relative NLO corrections to the modulus in the large-xg region is a naturally
consequence of analyticity, i.e., the validity of the DR. Compared to Fig. 6, the relative NLO
corrections to the modulus in the small-xg region are looking rather mild (solid curves). Note
that this is caused by the negative size of the NLO contribution, dominated by the j = 0 pole,
which overcompensates the positive LO contribution and induces a phase difference of 7 in
the small-xg asymptotic. Entirely different features appear for our nnl-SO(3) PW model. Here
the size of NLO corrections is for + = 0 positive in the small-xg region and gets for a softer
‘pomeron’ behavior at 1 = —0.5 GeV? negative, where the phase difference slightly increases.



524 D. Miiller et al. / Nuclear Physics B 884 (2014) 438-546

—— T IPW =200GeV? | ' ' -s 3.0}
< 800f——  -PW =-05GeV’ | _--=l o]
N nnl-PW (=—0.0 GeV’ NN o = 25}
'T 200F - nnl-PW =—0.5 GeV? /,;f:/ \\ \\. ':E 2.0b
s Pl N 2
RS PPt N 80 1.5}
T 100f ‘18
e e s 1.0
S i NI
5.0 _oo” 1 3,05
- V E° 0.0
-100f . . . . Jd =
1074 0.001 0.01 0.1 1
XB

Fig. 7. Relative NLO corrections to the modulus (left panel) and phase (right panel) for the flavor singlet TFF 7—[% for our
minimalist (1-SO(3) PW, asymptotic DA) model (solid curves) and a nnl-SO(3) PW model with a narrow DA (dashed
curves) att =0 GeV? (thick curves) and t = —0.5 GeV? (thin curves) at the initial scale Q% =4GeV2.

On the other hand we have now huge corrections to the moduli around the valence region, see
dashed curves, which are caused by strong evolution effects in the gluon sector.

5.3.3. Comparison of DVMP and DVCS NLO corrections

We add that an estimate of radiative corrections for DVCS can be generically done in an
analog manner, providing us a deeper understanding of various model-dependent studies [128,
129,64,130]. To adopt it to our notation here, we write the quark conformal moments (127), (128)
from [64] as

7eDVES _ 4 OlséﬂR)C 7P 1 0(a?), (5.51a)

J - 2 8

ng o4 2(j + 12
(11420)(j + D2 +4
AL+ D2l

where signature 0 = +1 and o = —1 applies for the twist-two CFFs F € {#, £} and F € {77[, 3 1,
respectively. Already the similarity of the most singular terms with the TFF estimate (5.38a)
implies that the NLO corrections have similar features. This is not the case in the flavor singlet
channel, where the conformal moments read as follows

(0,F) (0,F)
o (LB _ [an_2 Vi~ 3G+t 1} (=Dy; 27

, (5.51b)

o 2n
o DVCS — (1 0) + S(H’R) <C o (1 F) +f30' ;1 nf)) + 0(&3)’ (5523)
2 <0 F) ; _nzao,,Ong)
Y; 5 3(=D*"y; 1
G o L (5.520)
Wi 2 21 2 2 2(j + 1)2
where we use the notation ZG" y;O’nf) =36 yj(o’nf) and 0~ y;O’nf) =-2j/(+ Da.

e Flavor non-singlet channel

Replacing the anomalous dimensions in (5.51) by (5.14) yields the generic estimate

L AR IS O Q_Z LEED N\ en-T
SmNSFLO- 21 3 U (8,1) F>e 4

(5.53a)
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for the DVCS flavor non-singlet channel. As in the TFF estimate (5.38a), the behavior in the
large-xp region is dictated by a logarithmical growth of —¢;(£, ), where the squared term
K'IQ &, = E/FZ(S ,t) is universal. Furthermore, neglecting evolution effects, we find in the va-
lence region a moderate NLO correction

Im NS ]:')1/\ILO

S A— s ~ 2 _ 2
?SmNS]-')I;O -1 E(—9/2) ~ —25% for Q5 =4 GeV~, (5.53b)

which size is comparable with our findings for flavor non-singlet TFFs, however, it is now
negative. In the small-xg region non-singular terms, which contain a pole at j = —1 yield
large relative NLO corrections, however, are phenomenological unimportant. The exact xg — 0
asymptotics for a minimal GPD model can be trivially found from the conformal moments,

251 (a(1))

RNSI'IlNSJ—'.NLO 2
o Ty w0, W 2 2__eleld))
SmNSFLO T o 3{4[51 @) - on e ~°
@+ o)1 +a()] + 2}
21 +a)]?

Compared to the flavor non-singlet TFFs, given in (5.39), we have rather similar features, which,
however, differ in some details. Again caused by the first and second order pole at «(t) =0,
they become huge and positive for smaller values of «(¢), they vanish for a(¢) ~ 0.5, while for
a(t) ~ 1 we find that they are negative and smaller than in the valence region. The differences of
even and odd signature sector are not essential.

(5.53¢)

e Flavor singlet channel for even signature

In the large-xp region the signature even singlet contribution is as in DVMP entirely determined
by the valence quark content and is positive. Hence, its process-independent features may be read
off from (5.53a). In the valence region both the quark and gluonic component yields a negative
correction, which looks rather harmless. For GPD models that only evolve weakly in the valence
region we can immediately quote the crude approximation

SmS}‘}ED 2

-3 WJF} for Qf =4 GeV>.  (5.54)

The gluonic induced correction is determined by the ratio n ¢ F G, &, --)/F>(&,&,---). This
model dependent ratio may be of order one and so the gluonic component gives a moderate con-
tribution to the quark induced one, which decreases the flavor non-singlet estimate of ~ —25%
further. Since a j = 0 pole is absent in the conformal moments (5.52), also the corrections in the

small-xp region possess now different qualitative features than for DVMP. For the minimalist
GPD model they are roughly given in the presence of a ‘pomeron’ pole by

sea_ G

RNVmeJI,\ILO xB—>0 o { 4nyrRes FjGIjzozG—l (xB>a “ }
~ B B +.ent,

Sms ]:)I/‘O 2 3 Res F']Z |j:asea_1 2

(5.55)

where different coefficients appear in other models. To describe DVCS or deep inelastic scat-
tering data from the H1 and ZEUS Collaboration in LO approximation, one has usually «® >
% > 1 at our input scale and so the NLO corrections are sizeable and negative. In contrast to
DVMP a ‘hard’ gluon yields now sizeable corrections. However, we should emphasize that the
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rather large LO value of 9 arise simply from the fact that the role of the j = 0 pole in the evolu-
tion operator is then less important and so the pQCD QZ?-evolution can be brought in agreement
with the observed one in deep inelastic scattering. At NLO the gluon PDF/GPD is also directly
controlled which leads in general to a smaller value of «®. Taking the PDF reparameterization
consistently into account in building GPD models, one may expect smaller radiative corrections
for DVCS. What matters for phenomenology is not the estimated size of radiative corrections of
some GPD models, rather how pQCD connects the different processes of interest in the small-xg
region. This is a kind of fine tuning problem and only after data are successfully described on
can quantify reparameterization effects.

6. Summary and conclusions

We have systematized the theoretical framework for the perturbative treatment of the DVMP
process. In particular we have expressed the differential cross section in terms of physically mo-
tivated TFFs. We have also considered the case that the polarization of the final nucleon state
is observed, which offers at least in principle the possibility for a complete measurement of the
TFFs. Furthermore, we have recalculated the pure singlet quark part for DV VBP and presented a
set of NLO formulae which allows to easily implement the radiative corrections, which are clas-
sified into flavor non-singlet contributions with defined signature and flavor singlet contributions.
Also, we have considered besides the common momentum fraction representation the dispersive
approach and conformal partial wave expansion in terms of a Mellin—Barnes integral. We have
evaluated the imaginary parts of NLO hard scattering amplitudes and their conformal moments,
which are needed for implementing the radiative corrections into an existing GPD fitting code. In
this way, we represented the conformal moments by common Mellin moments, which allowed us
to calculate them analytically in terms of rational functions and harmonic sums. We also pointed
out that the analytic continuation can be numerically performed by means of single or double
dispersion relations. Our presentation of the NLO corrections to the hard scattering amplitude,
essentially given in terms of building blocks, can be easily adapted to mixed representations.
This is possibly useful for the case that the meson DA is much broader or narrower than the
asymptotic one.

NLO corrections to the hard scattering amplitudes for phenomenologically important DV VP
and DV P SP reactions were presented in such a manner that they match existing conventions,
used in DVCS and for the evolution operator or kernels. Here, only for DVnP, having odd
t-channel charge parity and odd intrinsic parity, the NLO contributions to the hard scattering am-
plitudes for both the singlet quark DA, i.e., its pure singlet part y*(¢7) ™ — (¢g)PS, and gluonic
DA are still missing. These reactions were measured or are planned to be measured in near fu-
ture at COMPASS II and JLAB@12 GeV. Consequently, for the more experimental challenging
DVhP reaction (hg = 177), having even t-channel charge parity and odd intrinsic parity, both
the pure singlet quark—quark [y*(¢7)P> — (¢¢)] and the gluon—quark [y*gg — (¢q) ]
channel remain unknown at NLO. We also add that for DV fyP ( fo = 0*™T), having odd t-channel
charge parity and even intrinsic parity, all NLO ingredients including the corresponding pure
singlet quark and gluon scalar meson DA contributions are obtained from those of DVVIE)P by
an exchange of the in- and out-momentum fraction variables. Whether these reactions can be
accessed in high luminosity experiments at JLAB, remains so far unclear to us. Finally, we em-
phasize that the NLO formulae can be also utilized for crossed processes, e.g., for exclusive
Drell-Yan processes 1N — N’ yZ‘ [92]. So far, however, it remains questionable if such reac-
tions can be observed in planned Drell-Yan measurements at COMPASS II.
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Furthermore, we comprehensively analyzed the role of radiative NLO corrections that arises
from the hard scattering part, where for the first time we also gave an analytical discussion that
is based on generally expected GPD properties. We observed that perturbative corrections in the
large-xp asymptotics appear in the same manner in both DVCS and DVMP. We add that the
resummation of so-called soft and collinear contributions, proposed for DVCS in [160], seems
to be only useful in this region. For GPD models that evolve only weakly in the valence region
we found that the corrections in the valence region in both DVCS and DVMP are more or less
harmless, however, they have different sign. In the presence of ‘pomeron’ behavior the size of ra-
diative corrections in the small-xp region is very model-dependent, since it is crucially governed
by the effective ‘pomeron’ intercepts of both the quark singlet and gluon trajectories and also in
a more moderate manner on the skewness effect. Hence, only a fit to data can tell us how large
reparametrization effects are.

To get a handle on GPDs from present (and future) longitudinal DVMP and transversal DVCS
measurements in a reliable manner, one certainly should in the first place utilize the collinear
framework, where at least factorization was proven. In such analyses evolution must definitely
be consistently included. We add that one usually assumes that the scheme (and framework)
dependent meson DA is known, but even in the case of the pion DA rather different models
were proposed [161-165,143,166,167] which, unfortunately, can be discriminated only partially
by present experimental pion form factor [168—171] and pion-to-photon transition form factor
[172-175] data and lattice results [176]. For light vector meson DAs only QCD sum rule re-
sults [177,178], see also references therein, and AdS/QCD model predictions [143] are known
to us.

Based on present phenomenological experience in the description of DVCS and DV VSP pro-
cesses in the small-xp region [65,60] we are rather optimistic that a global description of these
processes is reachable at NLO [187]. One arrives at the same conclusion if one considers the
results based on the handbag approach [61,62] and their confrontation with DVCS data [60,70].
Analogously, the phenomenological findings in the handbag approach [61,62] and its confronta-
tion with DVCS [60,69,70], which indicates that a description of such processes might be feasible
in the valence region. The description of the DV VLOP data from the CLAS Collaboration in the
large-xp region requires a separate study. In the case of DV TP we have also phenomenological
constraints for the pion DA that arise from the electromagnetic pion and photon-to-pion transi-
tion form factor. A simultaneous description of these form factor and DV tP data in the pQCD
framework remains an interesting problem.
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Appendix A. Conventions

In order to use the results from the literature or to compare them to our results, it is important to
be aware of the different conventions used. The definitions of GPDs and DAs uniquely determine
the hard scattering amplitudes, evolution kernels and their anomalous dimensions. One often
encounters these elements separately in the literature. In this section we spell out our definitions,
adopted from [34,123], and show how ours, those in [19], and in [20] are connected to each other.

A.1. GPD definitions

GPDs are defined as expectation values of renormalized light-ray operators, sandwiched be-
tween a polarized in- and out-proton state [1-3]. The most often encountered definitions for
twist-two GPDs read”® in the notation of [34,123] for unpolarized partons (parity even opera-
tors)

dk . p. _
q(x.n.t.p?) = | —= P (55, palg(—kn)y T qen) pr.s1) 2, (A.la)
2w ®

4 dik . (p.
G(x,n, 1, 1%) = o— / ¢ s, pal G (—em) Gy Gem) prss1) gy, (ALTD)

and for polarized ones (parity odd operators)

dek . p. _
Aq(x.n.t, 1) = | =Py, palg(—km)y Tysq(kn)|pr.si) .2, (A.2a)
2 ®
AG rou?) = 4 d_" ix(P-n)k G el gt
(-x’ n,t, )_ P'n 27_[6 <S27 p2| a (_Kn)leﬂu a (Kn)|p17sl)(u,2)'
(A.2b)
Here
5 A-n
P =p1+ pa, A =pr—pi, r=A", n=-— ,
P-n

1 0123
€ = eumﬁn*“nﬁ, € =1

)

n* and n** are (conventional) light-like vectors with n - n* = 1, where a* = a - n projects on
the +-component. The quark GPD definitions are chosen in such a manner that they coincide
with the PDF definitions in terms of light-ray operators in the forward limit p» — p; = p, i.e.,
P =2p, s) — 51 = s, while for the gluon an additional factor 1/x appears in the PDF definition,
see, e.g., [179]. We note that the momentum fraction 7 is often equated with &, which plays in
DVMP the role of a scaling variable and that this variable depends on the conventional choice of
the light-cone vector. The sign in the 1 definition is not chosen uniformly in the literature. Here,
and in the following 7 is taken to be non-negative. Furthermore, often one denotes with P the
average of p; and p;. The target spin content of unpolarized (A.1) and polarized (A.2) GPDs is
parameterized in terms of form factors

28 Wwe ignore a gauge link along the light-cone in bi-local operators, which is absent in axial gauge At =0, and indicate
the renormalization procedure by a subscript (uz).
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+ igTHA + gt A
__ | g, o i g __ | 10 LG
q_u2|:—P+ + oM E i|u1, G_uzl:—PJr Piom E i|u1, (A.3a)
+ + + +
_ Y75 ATys ~ Y V556, ATV =g
Ag = H EY |uy, AG = HS+ — 2 F ,
1 ”2[ P T pram ]’“ ”2[ pr T

(A.3b)

where Dirac spinors u; = u(p;, s;) are normalized as u(p, s)y*u(p,s) = 2p". Hence, in the
forward limit the form factors of the target helicity flip contributions vanishand g = HY, G = HS
and Ag = H%, AG = HS GPDs reduce as shown in (A.4), (A.5) to unpolarized and polarized
PDFs, respectively. These definitions agree with those in [19] and in [20]. See also remarks in
[19] about some mismatches with other definitions.

Note that GPDs and PDFs from operator definitions have the support x € [—1, 1] and, thus, a
quark GPD/PDF contains both quark and antiquark contributions:

q(x=0, =0, 1 =0, u?) =q(x, 4?),

g(x <0, n=0, =0, u?) =—q(—x, u?), (A.4a)
Aq(x >0, n=0, =0, uz) = Aq(x, //,2),
Aq(x <0, n=0, t =0, u?) = Ag(—x, 1?). (A.4b)

In the forward limit the gluon GPD (A)G as defined in (A.1b), (A.2b) yields the standard unpo-
larized (polarized) gluon PDF g (Ag) in both regions x > 0 and x < 0, where, however, gluon
PDFs have an additional x factor:

G(xzo, n=0,t=0, ,uz)zxg(x,u2),
AG(x >0, n=0, 1 =0, u?) =xAg(x, u?). (A.5)

Because of Bose symmetry gluon GPDs (PDFs) have definite symmetry behavior under x — —x
reflection,

G(—x,--)=G(x,---) and AG(—x,---)=—-AG(x,---). (A.6)

Gluon GPDs have even charge parity, while a quark GPD basis (3.1) with definite charge
parity reads explicitly as

F17(x, )= Fi(x,--) F F4(~x,--) for F € (H, E}, (A.7a)

FI 0, 1) =Fi(x, )+ Fi(—x,-.-) for Fe{H,E}, (A.7b)

where F4 and F4' refer to even and odd charge parity, respectively. A quark GPD F? can

be decomposed in antiquark (—1 < x < —n), meson-like (—n <x <5 ), and quark (n <x < 1)

contributions, which one may write in analogy to PDF terminology (A.4) as
Fi(x,--)=FFi(=x>n,-- )+ Fi(lx| <n,---) + Fl(x>n,--), (A.82)

where — and + applies for unpolarized quark GPDs F € {H, E} and polarized quark GPDs
F € {H, E}, respectively. Hence, charge even (odd) GPDs contain for n < x the sum (difference)
of quark and antiquark GPDs,

FI >, )= Fl(x >, ) £ Fi(x > .. (A.8b)

We note that in PDF terminology a quark PDF is decomposed into valence and sea quark con-
tributions, where the latter is equated with the antiquark ones. In phenomenology it is common
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to adopt this PDF terminology and we, therefore, write the charge even quantities in terms of
valence quarks and antiquarks:

FID x>, ) =F " (e, ) +2F9 (e, -, (A.8¢)
FIOG >, =F1" (., (A.84)

where charge odd GPDs have only valence quark content.
Finally, a group theoretical SU(n r) decomposition of quark GPDs, e.g.,forny =3 (ny =4)

FO=F"+ F? + F* (+F°) (A.9a)
F3=F"—F? (A.9b)
F8=F“4+ F?! _2F* (A.9¢)
(FP = F" + F? + F* —3F°), (A.9d)

is utilized to solve the mixing problem of charge even quark and gluon GPDs. For flavor singlet
0 quark and gluon GPDs we utilize a vector valued GPD, defined in (3.5). Note that the
unpolarized 0" GPD in the charge even sector is labeled by the superscript . Hard scattering
amplitudes and evolution kernel may also contain a pure singlet quark part. In our notation ¥
refers always to the net contribution, containing both the group theoretical part 0" and the pure
singlet quark piece, see the TFF decomposition for a neutral vector meson TFF decomposition
(2.23). The sum of gluon and X contribution is labeled by superscript S.

A.2. Evolution kernels

The scale dependence of flavor non-singlet or charge odd DAs is governed by the well known
Efremov—Radyushkin—-Brodsky—Lepage (ER—BL) evolution equation which has the following
form

1

n d—MzwA(u,uz)= V (1, v]ots () © 02 (v, 1), fégE/dv g (A.10)
0

for A € (NS, ¢}, In this case we have the restriction 0 < v < 1, and the support of the
evolution kernel simplifies to

vV—>0

V(u,vlies) =0 —u) f(u, viag) +60(u — v)f(u, v]ag) + {M —u } (A.11)

Here, the f-part stems from quark—antiquark mixing and appears at NLO [1]. Due to the appear-
ance of f, the evolution kernels for symmetric or antisymmetric DAs differ in higher orders from
each other, i.e., it depends on the signature. The LO approximation of the ER—BL kernel, known
from 1980s (see [94] and references therein), is given in (3.23).

For flavor non-singlet or a charge odd GPD F' the evolution equation can be obtained from
the quoted one by replacing the 0 < v <1 restriction by the support of the kernel [120]:

u
)9 (—)sign(v).
v

0 —u) — @(u,v)=6<l -

[SEIEN
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In the variables we are using, i.e., u = (n + x)/2n and v = (n + y)/2n, the evolution equation
reads

1

d d
2 FA(x,n,t,u2)=/ Yoy fl—i-x’rl-l-y
du? 2n 27 2n

m(u))FA(y,n,t,uz) (A.12)
-1
with the proper signature o (A) for A € (NS&), ()},
In the flavor singlet channel the evolution of our vector valued GPD F, given in (3.5), reads
1

d dy n+x n+y
)= [ S (2
du 2n 2n 2n
—1

as(m) CF(y,m.1,4%), (A.13)

The quark entry of the GPD vector is the sum over all charge even quark GPDs (A.7) and it reads
together with the evolution matrix as

(Zq Fq(+)

FG

EEV ZGV/ZT]

)(...) and V(u,v;nlots)=<2nazv GGy

> (u, vlay), (A.14a)

respectively. Exploiting symmetry of the GPDs the entries can be represented as

AB _ _ ,\AB u— i A=B
V(u,vle) =0 —u)*"v(u, vlag) + { v T } for {A;ﬁB }, (A.14b)
where the quark—quark channel consists of the charge even non-singlet, with definite signature,
and the pure singlet part

+ for Fe{H, E}
for Fe{H,E}"

With the GPD conventions (A.1), (A.2) the LO kernel reads as in [94], shown for unpolarized
parton GPDs in (3.24). Various other authors published these LO kernels, too. Be aware that the
functional form can differ, which only should affect the non-physical sector.”” Those in (3.24)
are the kernels from [181], while the improved ones provide for both kinds of moments (even
and odd) polynomials [182]. These kernels were used as one ingredient to construct the NLO
corrections for the entries in (A.14a) [123].

With these specifications, we have checked that the forward limit of the evolution equation
(A.13) yields for positive x nothing but the flavor singlet DGLAP equation,

E20(u, vlay) = v, vlay) +PSvu, vlay) o :{ (A.14c)

1

Mzi(z(x,u2)>=/d_y<“p(§|as> ;EGp(aas))_(z(y,uZ)) (A15)
dp? \xg(x, p?) Y \x%pEley) £Cp(Elay) /) \yel,uh))"

where the well-known expressions of LO kernels, see, e.g. [183], follows from (3.24), showing
that definitions and diagrammatical results as we use them here are consistent. The same holds
true for the NLO corrections to the entries given in [123] and those for splitting kernels from
Ref. [183]. Be aware that the flavor singlet evolution kernels for H/E and H / E type GPDs are
different.

29 This is certainly true if the evolution equations are used for symmetrized GPDs. If one exploits symmetry to map all
GPDs into the region —n < x <1 [180], it is possibly necessary to symmetrize the GPDs afterwards.
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Other forms of evolution equations are also known, e.g., with non-symmetrized quark GPDs
(A.la), (A.2a). However, as long as one respects the proper symmetry for gluon GPDs, only
charge even quark GPDs have cross talk with gluonic GPDs, while the charge odd quark part
decouples and evolves autonomously. Often the normalization remains confusing, if conventions
are not entirely spelled out. By rescaling of quark and gluon GPDs with constants a and b,
respectively, the off diagonal entries in the evolution kernel change, too,

) )
(Zqu )_)(anF" )im lies:
plies:

FG b FC

2p> G pp> a G
Vv V/2 Vv 2°V/2
AR A TN AT (A.16a)
277 \% \% 277% GX Vv GG \%
and also the coefficient functions gets modified:
(T*,79) — (T*/a, TS/b) (A.16b)

(analogous for singlet DAs, see e.g., Ref. [184]). Apart from checking factorization logarithms
in hard scattering amplitudes by means of evolution kernels, one may take the forward limit of
kernels or use the energy—momentum sum rule for H/E GPDs. The case a = 1,b =1 is taken
in [112], too, while a = 1, b = 1/2 is quoted in [20] and we also use it in conformal space. In all

cases the charge even quark GPDs F g™ (x,n,t) are defined as in (A.7).
A.3. Anomalous dimensions

Local conformal operators in the flavor singlet sector may be defined as in [94]
3 <>
i V23413
2(01)' Ci (55)*O(k1, k2)
Ou=1 2 S , (A.17a)
(0:)71C2 (G901, 2) / |, pmo
<~
where 04 = 9y, + 0x,, 0= 0, — O, and the bare non-local light ray operators read in light-cone
gauge as follows

20(k1, Kz))

SO(k1, k2)

3 (@(Kzn))/+q(1<1n) — g (kin)y4+¥ (k2n)

NifGI“(Kzn)ngﬁ(Kln)

O(k1, k2) E( > (A.17b)
where its entries appear also in the GPD definition (A.1). An analogous definition holds true for
operators with intrinsic odd parity (y ™ — yTys, g — i€ f;v, symmetrized quark operator), see
GPD definition (A.2). The matrix valued anomalous dimensions are defined by the renormaliza-
tion group equation

n

1 [94]
—0, — _ 94 s , Al
n—m even

and read explicitly

oy 2%m 2 Yum
Y um (aS) -\ 0G GG
Vnm ynm

Note that for flavor singlet operators with intrinsic even (odd) parity the non-negative integers n
and m are odd (even) and the signature of the flavor non-singlet anomalous dimensions is o = +1

)“‘“ with €€y, =y + Py, (A.19)
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(0 = —1). To LO accuracy the anomalous dimensions are diagonal while at NLO the off-diagonal
entries are evaluated to NLO accuracy in [94]. The explicit expressions for the complete NLO
result in the minimal subtraction scheme are summarized in [185].

The conformal moments of GPDs or DAs are the (reduced) expectation values of conformal
operators. However, some care is needed here with respect to their overall normalization. Taking
just Gegenbauer polynomials, entering in (A.17), it follows from the GPD definitions (A.1),
(A.2),

{52, P21 Onnlp1. 1) 2
Vi Z / axi G/ la(en i) = g(=xon.1.0?)],
(A.20a)
1
(52, P219 Ounlp1, $1) (2
o 3 [ e i m 6. ), (A.200)

-1
which satisfy the renormalization group Eq. (A.18). Note the factor 1/2 in the quark singlet entry
(A.17a) and the factor 4 in the gluon GPD definitions (A.1b), (A.2b) are explicitly displayed
here. Consequently, one finds from the evolution Eq. (A.13) for quark singlet GPDs that the
Gegenbauer moments of the evolution kernel (A.14) are given by the anomalous dimensions
(A.19)

1
fducﬁgﬂVmgmp—nAvazmhy_——E:ABmg o) Ol 1p_ iy v — 1),
0 m=0
(A21)

where V(X)) =3/2,v(G)=5/2,0=%,and G =G.

As said in Section 3.3.1, our (integral) conformal GPD moments are defined in such a manner
that in the forward limit they coincide with the common Mellin moments of PDFs. This is the
convention of Ref. [64], where also the solution of the evolution equations is written down. Here
we repeat only that the transformation from the reduced matrix elements (A.20) to our conformal
GPD moments (3.57) is given by

__ropwg+n(1o
7T 2T +3/2) \0

or explicitly written as

, - zkr(]+])r(k+3/2) < QQ)/J\.II:i\ %QGV}II:SJ>
Jk T 5j H 6GQ.,,1s51 kGG, s3]
200 (k+1)I'(j +3/2) T OVie T Vik
For the case of interest here, i.e., for vector valued singlet GPDs H/E, assigned with signature
o = +1, they are obtained from the analytic continuation of odd moments. The diagonal entries

) , which implies y ;; = Njy“g"N,;1 (A.22)

~.|n

(A.23)

X,
y,-,-(oes)=(c,2§; Zj)(m) with Zy; (ay) =+ (as) +Py; (@) (A.24)

coincide with the anomalous dimensions as used in unpolarized deeply inelastic scattering and
are to LO given in (3.46) and (3.59).
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Appendix B. Building blocks for separable contributions

In this appendix we study some single variable building blocks, which will appear in the per-
turbative expansion of (exclusive) hard scattering amplitudes. In particular, we consider powers
of logarithms and dilog functions that are accompanied by negative powers of u or i,

n’u _ Lio(u)

1
S wla. by =~ ——. fula, b) = e Wherea.b pe (0.1}, (B.1)

Our notation is adopted from the standard convention Li; (#) = —Inu and we may generalize
these definitions to functions that include higher order polylogarithms, which appear beyond the
NLO approximation. The building blocks possess [1, co]-cuts on the real axis in the complex
u plane and essentially behave at infinity as »~?~”, modified by some logarithmic corrections
(except for p = 0). Moreover, they may possess poles at # = 0, which we remove below by
subtraction.

B.1. Relations among building blocks
Numerous relations among these building blocks (B.1) exist, which can be exploited:

e The algebraic decomposition of the denominator in these functions implies for @ > 1 and
b > 1 the recurrence relation

a
fl(ula,b) = Zfl.p(mm,b— D+ f7|0,b), fora>1andb>1, (B.2a)

m=1
which allows us to reduce immediately these functions to fip (ula =0, b) and by successive
application to f/ (ula, b = 0) ones.

° flp functions, i.e., powers of logarithms, are generated from fi(ula, 8) = lpzo(u|a, B)
functions by means of derivatives w.r.t. the parameter 8 which is now taken as a continu-
ous variable,

ar . _ _
S wla.b) = (=P 225 fi(ula. B) with f1(ula, B) = u™" exp{—pni).
B=b
(B.2b)
e Differentiation (integration) w.r.t. u can be used to reduce (increase) the power of logarithms
in f1 functions and to a simultaneously increase (decrease) of b,

TR |

p+1 du

e Since d Li; 1 (u)/du = Li; (1) /u, we employ for the case p = 1 integration (differentiation)

w¢ad ;P wla, by = — £ (ula, b+ 1). (B.20)

w.r.t. u to increase (reduce) the index i > 1 of fl.p =! functions and simultaneously decrease
(increase) the value of a:

u
fi1+1(u|a,b):u‘“ﬁ_b/dvv“i)bfil(vla+1,b) fori>1 (B.2d)
0
and
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d
d—u“ﬁbfigl(um, by =u®® f'(ula +1,b) fori>1. (B.2e)
u

Let us introduce a generating function for the building blocks (B.1) in which a subtraction of
u = 0 poles is performed in such a manner that the above quoted relations remain true,

ST +h) ; T+ B) La+p
_ g, —al =B _ il _ s
fi+la,B)=u [u ;:0 T B) u]_F(1+a)F(ﬂ)2Fl< I +a u) (B.3)

This function is nothing but a hypergeometric function which for non-integer 8 possess only a
[1, co] cut. Note that the algebraic relation (B.2a) holds true for this subtracted functions, too,
which proofs an identity for a finite sum of hypergeometric functions.

B.2. Values on the cut

We can easily find the value of the building blocks (B.1) on the cut by means off the generating
function (B.3). On the real u-axis it reads for non-integer g

a—1

ra ;
f1,+(uiiela,ﬂ)zu‘“[ﬂﬁ)ﬁ‘ﬂ+6’(—L7)exr>{$iﬂn}(—ﬁ)_ﬂ—Z qy ”}
i=0

(B.4)

where the cut arises for # > 1 and the sign of its imaginary part depends on whether the cut is
approached from above (+i€) or below (—i€).

For the b = 0 case with arbitrary non-negative integer a we find by differentiation w.r.t. 8, see
(B.2b), that powers of logarithms multiplied by # ™ and subtracted u = O poles have the values

—fl (u=Eiela,0) =06()

In” i &P\, WP (=)
- +e(—u)l§<l>(¢m)7

a—1 .
u'~* dP T'(B+1)
D S e T

ﬂ=0'

i=1

Consequently, the real and imaginary parts of these functions, introduced in Section 4.1.1 by the
symbolic shorthand [In? (ii & i€)/u®]*"®, read

P sub Pl a—l i—a )4 i
me[ln ”} _In |”|+(_1)pz_” v G

u? ut — il dpr B=0
P p—m |
_ p . In |ul
+6(—u) E <m>(lﬂ)mT, (B.5a)
m=2
even
and
- [WP@Fieo]™ Ry A NS L 7]
Sm| —2— =TF7h(—ii) E m (im) —Va (B.5b)

m=1
odd
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respectively, where as indicated the sum over m is restricted to even and odd m values. Note that
apart from the additional subtraction term the sums arise also from the well known formula

In?(ii i€) = [Inli| £ino(—i)]".

Employing the integration (B.2d), we can now successively generate from the p = 1 case of
(B.5) the value of fz]+1 4 (ula,0), i.e., subtracted polylog functions. For the dilog we quote the
real part while for the imaginary parts of polylogs a closed formula is quoted:

|:Li2(u) T“b 0(i) Lis() + 6 (=) [2(2) — Inuln |@| — Lis@)] 2 ui=a
e - -y .
u¢ u¢ = i+1
(B.6a)
. . sub i
%m[w} :irr@(—ﬁ)l,r‘l 2 forief0,1,2,-). (B.6b)
u Lu

Utilizing (B.2c), we can now obtain the b > 0 cases. First, we remind that the generating
functions for non-negative integer b are considered as generalized functions in the mathematical
sense, which are defined according to the £i€ prescription [124]. Therefore, in some given space
of test functions 7 (u), the relation (B.2c) reads for the b = 1 case

o]

o0
1
/duflli+(u:ti6,a,l)t(u)=ﬁ/duu“ llfil(u:tie,a,O)
—00

—00

dut@) g
u

Applying the differential operator to the generalized functions u* 1’? il (u £ie,a,0), in the fol-
lowing denoted for simplicity as 6 (i) f (u) + 6 (—it) f (u), yields a new generalized function. We
denote the differentiation in the region u > 1 as a +-prescription,

d
[om fw], = E[G(—ﬁ)f(u)] = Elii%[e(—ﬁ)f’(u +e)+3@) f(1+€)],  (B.8a)

where the (infinite) constant, concentrated in u = 1, is regularized by € and can be represented
as

uj

f(l—}—e):—/du fu4e)+cy) withc(ur) = f(uy). (B.8b)
1

Obviously, it cancels the non-integrable singularity at # = 1 in the integral that contains f’(u)
and so the limit € — 0 can be interchanged with the integration. Certainly, some care is needed
in formal manipulations. However, since one set of generalized functions, defined by the +ie
prescription, is expressed by another one, a potentially ambiguous constant that is concentrated
in the point u = 1 is actually fixed. Still we have the freedom to change the upper integration
limit #; in (B.8b) which alters then also the value of the finite constant c(u1) = f(u1). Fi-
nally, if we include the region u < 1, the differentiation provides us 0 (i) f'(u) + 0(—u) f’ ()
for lime_, o[ f(1 —€) — f(1 + €)] =0, which is nothing but the principal value prescription for
£,

d
E[Q(ﬁ)f(u) +0(=i) f)] =P f'w). (B.9)
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Utilizing (B.7), we are now in the position to express, e.g., the functions flp+ (utie€la,b) by

differentiation of f{? il(u +iela,b — 1) in terms of the +-prescription (B.8) and the principal
value (B.9). Differentiation of (B.5) yields the real and imaginary parts for the b=1and a =0
case:

_ _ p a5 Re(im)PT!
e In” (i) ZPID’;IM n Z (i)™ <rI:Z> HM}L — M(S(ﬁ),

g Z m=2 u p +1
even
(B.10a)
m In? (@ Fie) _ i 2”: <p) iy |[0(—ﬁ) InP—m lmﬂ N Sm(in)P+! s,
uFie o\ u 4 p+1
odd
(B.10b)

where again the sum runs over even and odd m values, respectively. Besides the principal value
Plog” |u|/u additional terms appear in the real part (B.10a). They are the difference to the prin-
cipal value of our original function, which was not defined in terms of the modulus. Analogously,
one may also derive the results for b > 1, which yields then +-definitions that generate a trun-
cated Taylor expansion of the order b — 1. The subtraction constant in this +-prescription [ /'] +
is fixed from the requirement (B.8b). It reads as function of the integral limit

In” @, — 1)
p+1

We can now employ the integral relation (B.2d), to find from the p = 1 case of (B.10) the real
and imaginary values of Liy(# & i€)/(u F i€). Alternatively, we can use the identity (4.23) to
evaluate both parts

In”(u — 1)

cpuy) = for f/ = (B.10c)

. Liz_(u) _ 7);‘)“LeL_iz(u) ’

% (B.11a)
u u
Lip(u %+ i€) _wlhu w3
Im ———— = FH(—it) —— + —8(a), (B.11b)
UFie —u 6

where the imaginary part arises from Inu and the real part of the dilogarithm can be written as

NReLip(u) =6 () Lip(u) + 9(—ﬁ)[§(2) —Inulnl|u| — Liz(ﬁ)]. (B.11c¢)
We also encounter the b = 2 case in flavor non-singlet channel. It can be treated in an analogous
manner, most easily by considering the subtracted function (4.16),
Lix(u) —¢(2) —ulnu+u
2

)

and the known results (B.10) for the subtraction terms (b =1,a =0, p € {0, 1}),

Lio(u) — ¢(2) NeLir(u) —¢(2) | n?
Ne @2 = ) + 78(14), (B.12a)

Lic(u +ie) —¢(2)
m
(L Fie)?

~
A

:i@(—ﬁ)n[lnlf2+ “y He(_?)ﬂ T 78(iD), (B.12b)
u —Uu +
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Table 8

Equivalence of selected general functions, where the explicit expressions for real and imaginary parts arise from (B.5),
(B.6), (B.10), (B.11), (B.12). The [[- - -]]+-prescriptions is defined in (B.8). In the forth column we give the imaginary
part in the notation of the main body of this paper for 0 <r =& /x <1, see for example (3.32), and the o signature factor
(3.10), where the {- - -} -prescriptions are defined in (B.13) and they are explicitly given in (4.6). Note that the principal
value is only needed to treat remaining 1/u or 1/i singularities and that it can be dropped for a € {0, 1} of the b =0
case.

(u—{e(;:’}r;—)ie)” e (u—?;?:’ge—)ieﬂ' 7 3m % 27 O %
ae{0,1,2,b=0

I i) plld L R ) — 20 4 800081 1)
lnz(;i;ie) lnzulﬁ\ B Z_je(_ﬁ) oz B 2(2”(‘;1;2 L

Lo plelbw fCimIne s 5 CEiL if;‘lzi 8400811
a=0,b=1

e Pi (i) 5(1-7)

nti—re) phlil L 2s@) 18y, s

lnzﬁ(i—i_eie) pl 2ﬁm| +r2 2SR, H%zﬁlnmm_%za@ {21111713;; "

Liglutie plelizw L)L %5@ _‘“llgi;r + %25(1 -r)
a=0,b=2

Lip(u+ie)—¢(2) ,PfHeLiz(uz)fg(Z) + %28(12) 9(—17)[12nu+12] + [[9(_12) s — 80 2rln 12#71+r 41 1 by —8(1—1)
u In —u

(ii—i€)? (1-r)2 T-r

where one subtraction is still used to remove the second order pole. Note that in convolution
integrals the pole at u = 1, appearing in the real parts (B.11a) and (B.12a), is treated as Cauchy’s
principal value integral.

In our NLO case, considered in Section 4.1.1, the non-negative integer p of flp (ula, b) is
limited to p < 2 and we can restrict ourselves to the cases a <2 forb=0and b < 1 for a =0.
The same choices we need for le (ula, b) and in addition the case b =2 for a = 0. To be very
explicit, we finally collect the results for the cases of interest in the common nomenclature in
Table 8 for the original building blocks (B.1). Here, we take the —ie prescription according to

the variable u = gg‘_ _IS, see Section 3.2. Consequently, we have ii = i(_%_x_ _IS and set
In?(u —i€) Lip(u +ie€)
however,

(u—ie)i(u —ie)l’ (u—ie)d (it —ie)’
In passing from the considered functions, having only a [1, oo] cuts, to the building blocks (B.1)
we also include poles at u = 0, which appear in the a = 2 case:

In(it —ie€) Init +u

W—ie)?  (u—ie?

Li(u +ie) Lip(u+ie)—u
w—ie)?  (u—ie)?

We also include in Table 8 the expressions for the imaginary part in terms of the variable r = £ /x

as introduced in Section 3.2, i.e., u = (1 +r)/2r, and used in the presentation of NLO corrections
in Section 4. For convenience we use in the main body the +-prescriptions

- 77l —imé(u),
u

1
+ Pt imdw).
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{G(r)} :iﬂe(__ﬁ)ﬂ withclenl_g, (B.13a)

l—r + 2)‘ —U I 25

6 In'F ) _ 1 [lnjalo (i) R T g

{ﬁL_‘Zﬂf]L—C(Z)S(u) w1tth_§1n = -7 (2),
(B.13b)

in which the additional ¢(2) term is absorbed in the subtraction constant ¢ and they are fixed
in such a manner that GPD convolution integrals (4.6) take a simple form. Note that the support
restriction r < 1 of {-- -} is not explicitly indicated.

Appendix C. The non-separable function L(u, v)/(u — v)

As explained in the main text, in momentum fraction representation the non-separable contri-
butions are proportional to 1/(u — v)", which can be expressed in terms of the function

L(u,v)

u—v

with L(u,v) =Lip(v) — Lio(u) + Inulnv — Inulnu,
=Lip(v) + Lip(u) +Inztlnv — £ (2). (C.1)

C.1. Representations and holomorphic properties

To introduce an integral representation of the function (C.1), we may follow [119] and expand
this function as

L(u, v) 1 i 7_, _
= "y, C.2
u—v n;),,z()[(”+m+1)2 "+m+l]u 0 €2

To convert now this sum into an integral, we employ the “kernel” method. Expressing the coeffi-

cients in the expansion by the convenient integrals fol dz 7" and fol dz 7" Inz and noticing
that Y (#z)™ =1/(1 — iz) one gets rid of the sums and we obtain

1
L(u,v) _ —/d In(uuz) (C.3)

“A=an( -2

u-—v
0

Finally, to convert this integral into a double dispersion integral, we plug in the representation
1

1
Inu 1 —1 1
e / / dy—— (C4)
1 —uz y+z—yzl—uy 1—-zy1—uy

0 0

(C.

into the integral

3) and find the desired representation

L(u,v) _

u-—v

o _

1

1

dy | d CS5

y/ZI—uyl—zyl—vz (€3)
0

where we use the shorthand notation y =1 — y and Z = 1 — z. In this representation the u <> v
symmetry is manifest.

We add that from the symmetric integral representation (C.5) one can easily write down a
symmetric sum representation. The expansion of the integral kernel in (C.5) in powers of zy
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yields simple integrals that allow to express the expansion coefficients of the sum representation
in terms of hypergeometric 3 F, functions

L(u,v)_ii e LLT | um " 6
u—v 2 m+2n+2] )it D+ 1) '

m=0n=0

In the class of 3F, functions with unit argument this function can be represented in various
manner, e.g.,

1,1 I'(m+2)'(n+2) m+ln+l,m+n+1
3 = 3 1),
m+2,n+2 Q+m+nTQ+m-+n) m+n+2,m+n+2

which follows from Thomae’s identity. However, it is not given as a ratio of I" functions rather it
can be expanded in terms of subtracted harmonic sums.

Next the unsubtracted double dispersion relation (C.5) can be derived in the common manner
where one may start from

o0 o 1 1 , , 1
L(u, L',
w,v) _ / au / v L smy om, Z¢-) . (k)
u—v W —u\m? w—v Jv—v
—o0 —00

Obviously, (C.5) tells us that the function L(u, v)/(# — v) contains in the complex u and v planes
cuts along on the real axes # > 1 and v < 0, which we may directly evaluate from the InzInv
term of the representation (C.1),

1 L(u,v)> 1 Inilnv O —1)0(-v)

—2Qsm,, Jm,, = —23mu Jm,
T g u—v u—v

u—v

where we used u + i€ (or # Fi€) and v £ i€ prescriptions. Plugging this into the dispersion
relation (C.7) and mapping the integral regions 0 < u’ < oo and —co<v' <0to0 <y <1 and
0 <z <1 by the SL(2, R) transformations

1 , -z

u=-— and vV =-— ,
z

respectively, yields the integral (C.5), where the imaginary part, i.e., 1/(u’ — v’), translates into
the integral kernel 1/(1 — y72).

The double dispersion relation (C.5), used here to represent L(u, v)/(u — v), appears in the
first place as a mathematical construct. We are interested on its physical value on the branch cut
u > 1 (or positive x > &) for 0 < v < 1, which arises from the £ — ie prescription. Hence, the
following term in the double DR (C.5) has to be decorated with a —ie prescription

1 1 1

= — >
_ E—ie+x _ i
1 —uy e = b, 1 —uy—ie

where €’ = €(2 — y)/2£ is a positive quantity in the integration region. Consequently, the imagi-
nary part of the integrand is iw (1 — uy) and we obtain

1
1 L(u, 1 1 Ou—1
L ”)ze(u—l)/dz b =Dy (C.8)
T u—v 1—uzl—vz u—v v

0

According to this finding, the physical value of the L(u, v) function is given by the prescription
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L(u,v) =Lip(v) + Lio(u +i€) + In(u —ie)Inv — £(2),
=Lip(v) —Lio(# +ie) +1In(@z —ie)Inv —Inuln(u —i€). (C.9)
We add that the same exercise can be repeated for the function L (i1, v)/(# — v), which now
possess an imaginary part for negative u < 0 or for negative x < —&. The result for the physical
value of this function arises simply from (C.9) by the replacement u — u and v — v. For the
function Hy(u,v) = L(u,v) — L(iz, V), we have then
Hy(u,v) =Lir(u +i€) —Lip(it +i€) — Lip(v) + Lip(v) — In(u — i€)Inv
+In(it —i€e)Inv, (C.10)
and thus the imaginary part of
1 Hoy(u, O(u—1 0(— u 0(—u 0
Ly How.w) _6w=b, u 6Cw, u_0Cu) u 0w i

T u-—v u-—v v u—v v u—v v u—v U

is symmetric under u — i, v — v exchange. Note that the non-separable terms in the diagram-
matical results®” can be expressed also in terms of the antisymmetric function (C.10) which has
now [—o0, 0] and [1, oo] cuts on both sides of the real axes. If we allow for an analytic extension
in v, the function can be also understood as symmetric under u <> v exchange. This is explicitly
implemented in the DR representation,

1 1
Ho(u,v 1 1 1 1 1
Holee,v) /dyfdz __( et ———— )
U—v 1—zy\l—uy—iel—vz—ie 1—uz—iel—vy—ie
0 0

(C.12)

C.2. Diagrammatical origin

The origin of non-separable terms in the hard scattering amplitude can be traced back to
the appearance of scalar three-point Feynman integrals that occur in several Feynman diagrams
contributing to y;'q — (¢q)q and y;'g — (g9q)g subprocesses.

The scalar three-point integral

d*l 1
Qm)* 1> +ielld — p)? +ielld —k)? +ie]
with p2 £0,k>#0,2p -k #0+# p> + k>, ie., (p —k)> #0is a (UV and IR) finite integral. We
give here the most simple form derived in [186]:

i 1 1 1
I = {2Li2<—> — 2L12(—>
(4m)% v3(x] — x2) X2 X1

- 1
4 In(x;xa + i€ sign v3)|:1n 1 xz“, (C.14a)
—X1 —X2

I(p* k>, 2pk) = (C.13)

where x1 > are solutions of the equation

xvi+ (1 =x)vyy —x(1 —x)v3 =0, (C.14b)

30 The H and R functions from [32] read H(z,y) = L(u,v) — L(u,v) and R(z,y) = vvd(L(u,v) — L(u,v))/dv with
z="v and y = —u, while in [113] the functions H and R have quite different definitions.
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D is its discriminant, while

i, v, 13} =P (P &, (p — %), (C.14c)
is a permutation chosen such that x| » &[0, 1] — in practice, v3 should have the smallest absolute
value or opposite sign. Note, v3(x; — x2) = VD = v12 + v% + v32 — 2vivy — 2v1v3 — 213 18

invariant under v 2 3 permutations, and x;x2 = vz/v3. Alternatively, one can express (C.14b)
as

(g2 +xq3)* =0, (C.152)
where g1 + g2 + g3 =0 and
{q1.92. 43} =P(p. =k, —(p — k)), (C.15b)

while g7 = v;.
In our process of interest one encounters {vi, vz, v3} = ’P(—QZ, —uv QZ, —1217Q2) and one

can take v3 = —iiv Q2 or v3 = —uv Q2. For u € R while 0 < v < 1, the result takes the form
I = L—[Liz(v) —Liao(1 —v) —Lio(u +ie) — Lia(1 —u +ie)
(4m)2u—v
+1In(u —i€)In(l —v) —In(1 —u — ie) In(v)],
i.e.,
i Ho(u,v)
L=— _— C.16
3 4n)2 u—v (€.16)

with Hoy(u, v) given by (C.10) (i.e., the expression is in agreement with the & — i€ prescription).
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