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In this work, we study the nucleon spin structures and derive a new twist-3 partonic sum
rule for the transverse spin of the proton, which involves the well-known quark spin structure
function gr(x), the less-studied but known transverse gluon polarization density AGr(z), and
quark and gluon canonical orbital angular momentum densities associated with transverse polar-
ization. This is the counterpart of the sum rule for the longitudinal spin of the proton derived
by Jaffe and Manohar previously. We discuss in detail an important technicality related to the
transverse polarization in the infinite momentum frame, i.e., separation of intrinsic contributions
from the extrinsic ones. We apply our finding to the transverse-space distributions of partons,
angular momentum, and magnetic moment, respectively, in a transversely polarized proton.

For the experimental access to these structures, we consider the deeply virtual Compton
scattering (DVCS) in twist-two generalized parton distribution (GPD) approximation. We show

that different choices of light-cone vectors and gauges for the final photon polarization will lead



to different higher-order kinematical corrections. The choice of light-cone vectors affects kine-
matic corrections at the twist-three level, accounting for the differences between the cross-section
formulas in the literature. On the other hand, kinematical corrections from higher-twist GPDs
eliminate the light-cone dependence at twist three. Those light-cone dependencies are studied
systematically at JLab 12 GeV and future EIC kinematics. They serve as the intrinsic system-
atic uncertainties in extracting the Compton form factors. More importantly, they are also neces-
sary for understanding cross-section measurements with higher-twist precision and to reconstruct
higher-order Compton form factors.

As DVCS is mostly sensitive to the quark structure, for the gluon, we also consider the
near threshold photoproduction of heavy vector quarkonium off the proton. We show that the
production amplitude can be factorized in terms of gluonic GPDs and the quarkonium distribu-
tion amplitude, similar to the high-energy limit. At the threshold, the threshold kinematics has a
large skewness parameter £, leading to the dominance of the spin-2 contribution over higher-spin
twist-2 operators. Thus, threshold production data are useful to extract the gluonic gravitational
form factors, allowing studying the gluonic contributions to the quantum anomalous energy, mass
radius, spin and mechanical pressure in the proton. We use the recent GlueX data on the .J/1) pho-
toproduction to illustrate the potential physics impact from the high-precision data from future
JLab 12 GeV and EIC physics program.

To put various constraints together and obtain the GPDs, we present the first global analy-
sis of GPDs combing lattice quantum chromodynamics (QCD) calculations and experiment mea-
surements including global parton distribution functions (PDFs), form factors (FFs) and DVCS
measurements. Together with the constraints at zero skewness, we fit GPDs to global DVCS mea-

surements from both the recent JLab and the earlier Hadron-Electron Ring Accelerator (HERA)



experiments with two active quark flavors and leading order QCD evolution. With certain choices
of empirical constraints, both sea and valence quark distributions are extracted with the combined
inputs, and we present the quark distributions in the proton correspondingly. We also discuss how
to extend the framework to accommodate more off-forward constraints beyond the small £ ex-

pansion, especially the lattice calculated GPDs.
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Chapter 1: Introduction

Among the four fundamental forces in nature: gravitational, electromagnetic, weak and
strong forces, the strong force is particularly mysterious. The theory of quantum chromodynam-
ics (QCD) i1s widely accepted to be the mathematical description of the strong force, which states
that strongly interacting particles, the so-called hadrons, are made of fundamental particles called
quarks and the strong force is simply the exchange of the mediators, the gluons, between them.
Nevertheless, a further understanding of how exactly the hadrons are formed of these elementary
particles has not yet be obtained, making it extremely challenging to interpret even the most ba-
sic properties of the hadrons, e.g., how does the mass or spin of hadrons arise. Since the visible
matter is made of mostly hadrons such as the proton and neutron, together with the much lighter
electron, the study of hadron structures with QCD is crucial for the comprehension of the visible
world at the most fundamental level.

A salient property possessed by the strong interaction is the asymptotic freedom [1, 2] that
the strong interaction gets weaker as the length scale decreases (and the energy scale increases
correspondingly), and therefore particles approach complete freedom under strong interaction
as they get infinitely close. Such a property makes it exceedingly complicated to study the
hadron structure, since the hadron typically has a large scale (comparing to the scale required

for asymptotic freedom) where all the constituent particles within are strongly coupled together.



The physics in this case is non-perturbative, compared to the case with small length scale and
weak coupling between particles that can be perturbatively solved. The non-perturbative physics
can not be easily solved theoretically. Consequently, one will have to rely on the experiments or
numerical method like lattice QCD to access them.

Tremendous efforts had been devoted to the exploration of the non-perturbative hadron
structure via high energy scattering processes like deep inelastic scattering (DIS) that dissect the
hadron or nucleon in the direction of the injected high energy particle. By tuning the injected
particle, one can obtain the one-dimensional structure of the nucleon connected to the so-called
parton distributions functions (PDFs) that give the probability densities of finding a high-energy
quark or gluon (collectively denoted as partons) of different momentum fraction in the nucleon.
The PDFs together with perturbative QCD calculations show great success in the description of
the worldwide high energy scattering measurements, providing strong evidence for the justifi-
cation of QCD as the theory of the strong interaction. Meanwhile, these quantities allow the
establishment of a high-quality picture of the longitudinal structure of the nucleon.

Over the last two decades, studies of the non-perturbative structure of the protons and neu-
trons, and thereby nuclei, have undergone several major paradigm shifts. One common feature
of these shifts is the extension of the mathematical description of nucleons and nuclei to higher-
dimensional spaces. Whereas the spatial and momentum structures of the proton used to be
described in terms of distinct, one-dimensional distributions, the elastic form factors (FFs) and
quark and gluon PDFs, respectively, the concept of generalized parton distributions (GPDs) [3-5]
unified these distributions into a single set of three-dimensional functions.

Mapping the 3D images of the nucleon in terms of GPDs has been one of the most im-
portant goals in modern nuclear physics, which will provide, among other insights, an intuitive

2



understanding of how the fundamental properties of the nucleon, such as its mass and spin, arise
from the underlying quark and gluon degrees of freedom. Nevertheless, obtaining high-quality
images from experimental data has remained a dream for more than two decades. First, persisting
efforts are needed for an adequate amount of data of specific processes, namely the deep exclu-
sive processes (DEP), from high-energy electron-nucleon collisions. Second, extraction of the
critical information from experimental data has also been challenging.

However, several recent breakthroughs have made the 3D imaging possible. Large data
sets of DEP are generated at Jefferson Lab (JLab) with the continuous electron beam accelerator
facility (CEBAF), and more will come from the planned Electron-lon Collider (EIC) [6, 7] at
Brookhaven National Lab (BNL). Additionally, novel development in lattice QCD allows the
access to the nucleon structures from first principle calculation [8—10], providing information
almost impossible to get with current and future experiments.

In this dissertation, we will present researches aiming at the nucleon 3D structures from

various perspectives following the above development.

1.1 Deep inelastic scattering, quark model, and QCD

One crucial discovery that lays a solid foundation for the QCD interpretation of the strong
force is the Bjorken scaling in the measurement of the electron-nucleon deep inelastic scatter-
ing (DIS), as illustrated in Figure. 1.1. It was found that the scattering cross-section becomes
independent of the scale, namely the virtuality () of the exchanged virtual photon in a certain
limit [11]. As the virtuality of the photon represents the spatial resolution of the probe where

higher virtuality corresponds to finer spatial resolution, the observation of the scale-independence



indicates that a point-like constituent particle without any internal structures has been knocked
out at high energies free of interaction.

Such a picture is first interpreted by Feynman’s parton model [12], suggesting that in a fast-
moving proton the interaction among the constituent particles, or partons, is suppressed due to
Lorentz time contraction, and therefore the probe detects almost-free constituent particles. Then,
the experimental validation of the Callan-Gross relation stating that the two structure functions
Fi(x) and F5(z) in the DIS process satisfy the relation 22 F (x) = Fy(x) [13] proves that these
partons must have 1/2 spin. These pioneering discoveries in the hadron structures were eventually
justified by the theory of QCDs — the spin-1/2 partons are identified as the fundamental particles
quarks, and the interaction-free behavior in the high energy limit is nothing but the asymptotic
freedom in QCD.

However, it is interesting to note that the original quark model was proposed earlier than

Figure 1.1: The electron-nucleon deep inelastic scattering process. Picture from Wikipedia.



the very first DIS experiment at Stanford linear accelerator center (SLAC) in 1968 [14], and
therefore independently of the above discoveries in DIS. It was invented as the tool to classify
hadrons in terms of their quark components in the flavor space [15, 16], i.e., in terms of their
different combinations of up (u), down (d), and strange (s) quarks as shown in Figure. 1.2.

It was later realized that the existence of the spin-3/2 A**(uuu) baryon that contains three
up quarks with parallel spins and zero orbital angular momentum (OAM) contradicts the Pauli
exclusion principle that requires antisymmetric wave functions [17]. Therefore, a hidden degree
of freedom which is later named as color is proposed to provide the required antisymmetric wave
function in the color space and resolve this problem [18], upon which the modern quark model
with three colors as the charge of strong interaction is developed [19] under the framework of
the SU(3) Yang-Mills gauge theory [20]. This long journey from the rather unrelated discovery
of Bjorken scaling and quark model to the unified theory of QCD with asymptotic freedom, as

Winston Churchill says, “is not the end. It is not even the beginning of the end. But it is, perhaps,

Figure 1.2: Baryon octet with up, down, and strong quark of spin 1/2. Picture from Wikipedia.



the end of the beginning” in the studies of the strong interaction and hadron structures.

1.2 Proton spin crisis

Moving forward from the establishment of the QCD, the spin structure of the proton or
nucleon has been an important topic in hadronic physics for over the past 30 years [21-23].
With the naive quark model, the proton or neutron spin seems rather intuitive. Since each of the
three constituent quarks have 1/2 spin, the lowest possible spin they can make is just 1/2 which
coincides with the spin of the proton or neutron. Therefore, one might expect the quark spin to
contribute a significant part to the proton spin even in the presence of strong interaction.

As natural as such an argument might sound, what the European muon collaboration (EMC)
experiment found triggered the so-called “spin crisis”, as their measured quark spin contribution

to the proton spin is [24]:

AY (Q* = 10.7 GeV?) = 0.060 =+ 0.047 £ 0.069 , (1.1)

which is consistent with zero. This result shocked the whole community, as it forces everyone to
face the cruel fact that the non-perturbative physics can be utterly different from the perturbative
one, and there seems to be no key to that but brutal force.

To fully understand the proton spin structures, one has to invoke the theory of QCD, which
dictates that gluons must be considered to mediate the strong force between quarks (and the strong
force among themselves). Accordingly, the candidates that account for the missing spin in the
proton are intuitively the quark and gluon OAM and the gluon spin. However, the sophistication

of QCD especially in the non-perturbative region seems to defy a simple description, and thus



1980s now

Figure 1.3: Modern understanding of the proton spin structure. Credit to Brookhaven National
Laboratory.

one can not, or at least has not been able to, find proper wave function descriptions of quarks
and gluons that allow one to access various observables including angular momentum (AM)
in a straightforward way. Alternatively, one can only look at each observable individually and
decompose it into pieces with different physical interpretations, from which a so-called sum
rule can be derived. For instance, various sum rules for the nucleon spin are derived in the
literatures [4, 25], as well as for the mass [26]. Therefore, the measurement of the different
components in these sum rules become a crucial part in the understanding of the hadron structure
and strong interaction.

A more careful treatment of the nucleon AM decomposition requires one to look into the
QCD energy momentum tensor (EMT) and AM operators which will be discussed in the follow-
ing chapter, where we will derive a new sum rule for the transverse polarized nucleon as well.
The clear message one can take from here is, on the other hand, fairly straightforward that the
proton spin must be built up in a much more sophisticated way with the necessary involvement

of the gluons as shown in Figure 1.3.



1.3 Nucleon 3D structures, tomography and generalized parton distributions

Emerging from the proton spin crisis, the higher-dimensional structure of the nucleon be-
yond the one-dimensional longitudinal one has received rising attention. Since the complete
proton spin decomposition requires one to consider the orbital motions of quarks and gluons as
mentioned above, one inevitably has to consider the dynamics in the transverse space where the
orbit exists. Correspondingly, the spin structure of the nucleon will be encoded in the higher-
dimensional structure functions.

Indeed, it was shown that the nucleon spin structures can be accessed through the 3-
dimensional parton distributions known as the generalized parton distributions (GPDs) [4]. More-
over, GPDs enabled us to access new quantities, such as the gravitational form factors (GFFs)
parameterizing the partonic EMT [4], fundamental to the distributions of mass, AM, and partonic
forces [4,26,27]. These new perspectives shed a refreshing new light on the problem of proton
structure and confinement within a unified framework.

As indicated by the name, GPDs are the generalization of ordinary PDFs to the off-forward
case, i.e., the nucleon recoils with a non-zero momentum transfer when the partons are probed.
Analogous to the relation between the nucleon charge form factors and its charge distributions,
the Fourier transformation of the non-zero transferred momentum of GPDs also defines certain
parton distributions in the coordinate space. This picture is simplest when the momentum transfer
is completely transverse to the direction of the parton momentum. In this case, the Fourier trans-
formation of GPDs represent the transverse space (also known as the impact parameter space)
distributions of the parton moving in the longitudinal direction, as first pointed out in ref. [28].

Compared to the interpretation of the PDFs which concerns the longitudinal structures



Figure 1.4: The interpretation as impact parameter space distributions of GPDs at zero skewness.
Credits to ref. [29].

only, the transverse space distributions represent the probability densities of finding a parton with
momentum fraction x that is localized in the transverse coordinate space with a displacement r |,
as illustrated in Figure 1.4, providing extra information in the transverse directions.

Such interpretations of GPDs stimulate the concept of the nucleon tomography: by section-
ing the nucleon into partons of different momentum fraction and localizing them in the transverse
space, the nucleon 3D structures can be equivalently represented by the collection of all the two-
dimensional transverse space distributions, which are given by the Fourier transformation of the
GPDs. These transverse space distributions serve as semi-classic pictures of the quarks and glu-
ons in the nucleon despite that we cannot obtain their wave functions. It can also be shown that
these semi-classic pictures can generate the sum rules e.g., the transverse spin sum rule, mani-
festly, as we will discuss more in the next chapter. These 3D distributions are also part of the even
higher-dimensional Wigner distributions, which represent the quantum phase space distributions

of the parton in both momentum and coordinate space.



1.4 Lattice QCD for hadron structures

Another possibility to access the non-perturbative hadron structure is through lattice sim-
ulation. While QCD itself is a quantum field theory living in the continuous four-dimensional
Minkowski spacetime, lattice QCD was proposed for the numerical simulation of QCD on a four-
dimensional but discretized Euclidean spacetime [31], where quarks live on discretized spacetime
points and gluons exist as the gauge links between them as illustrated in Figure 1.5.

Benefiting from decades of theoretical development towards the simulation of field theory
on discretized lattice as well as the rapidly growing computational power, lattice QCD has be-
come a unique tool in the determination of the non-perturbative hadron structures, allowing one
to obtain physical observables ranging from the local nucleon matrix elements that give the nu-
cleon charges and form factors to the non-local ones that lead to the parton structures with the

novel development of the large momentum effective theory (LaMET) [8—10] from first principle.

=
EEEE)

*
gluon quark

Figure 1.5: Lattice QCD discretization illustration with quarks living on the site and gluons living
on the link. Credits to ref. [30].
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Figure 1.6: Proton spin decomposition from lattice QCD simulation by the ETMC collabora-
tion [32].

Lattice QCD not only provides a different perspective to the studies of the non-perturbative
nucleon structures, in some cases it is the only practical approach to certain nucleon properties
that are too hard to extract from experiments. One representative example is the mass and spin
decomposition of the nucleon. Despite the importance of the nucleon mass and spin structure,
acquiring them from experiments has been a major challenge. Since the mass and spin are parts
of the mechanic properties of the nucleon, they are related to the nucleon EMT which naturally
couples to the gravitational interaction. Given the masses of the nucleons as microscopic parti-
cles, experimentally probing the gravitational scattering of them is merely outrageous. Lattice
QCD, on the other hand, does not suffer from such suppression due to the gravitational coupling
— the nucleon matrix elements of the EMT can be directly simulated on the lattice. Thus, the
matrix elements of the EMT can be obtained much more easily with lattice QCD. In Figure 1.6,

an example of the proton spin decomposition with lattice QCD simulation by the ETMC collab-
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oration [32] is shown. The proton mass decomposition can be done similarly with the nucleon

EMT as presented in ref. [33].

1.5 3D global analysis program

In the end, we would like to bring attention to the necessity of a global analysis program for
the higher-dimensional hadron structures. The global analysis of the one-dimensional PDFs has
been a crucial part in the analysis of worldwide high energy scattering measurements [34-36].
As mentioned above, it shows great success and strongly justifies the theory of QCD. For the
higher-dimensional hadron structure functions such as the GPDs for nucleon 3D structures, a
global analysis program is even more demanded as the higher dimension simply means much
more data and much more complicated structure functions to extract.

Not only that, another challenge appears in the extraction of these higher-dimensional struc-
ture functions, known to be the inverse problem. Since each single probe commonly has a lower
dimension, e.g., a two-dimensional probe of three-dimensional structure functions like GPDs,
reconstructing the structure functions from each of these lower-dimensional probe individually
suffers from uncertainties in the missing dimension. Therefore, a global analysis program that
could combine all the lower-dimensional measurements to synthesize the higher-dimensional
structure functions is required to overcome this inverse problem.

With such a motivation, lots of GPD parameterization methods are proposed in the liter-
ature and many efforts have been put into extracting the critical information from various mea-
surements and obtaining GPDs from them [37—47]. However, a general parameterization strategy

that combines various physical constraints on GPDs with the lattice calculations still seems to be
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The isovector GPD H,,_; at —t = 0.69 GeV- tuned with DA terms

Figure 1.7: The isovector GPD H,,_, on the (x, £) plane obtained with combined inputs of lattice
and experiments. More details will be discussed in chapter 5.

lacking. As the lattice QCD provides unique information complimentary to experimental inputs,
the state-of-art higher-dimensional structure functions can only be obtained considering both.
In Figure 1.7, we show an example of the GPD H,_, obtained with combined inputs of lattice
and experiments. More details of the global analysis of GPDs and the GPDs through Universal

Moment Parameterization (GUMP) program will be discussed in chapter 5.

1.6 Outline

The outline of this work is as follows. After this introduction, there are four main chapters
discussing various topics mentioned above. In chapter 2, we start by studying the nucleon spin
structures. We will derive a new twist-3 partonic sum rule for the transverse spin of the proton,

which involves the well-known quark spin structure function gr(z), the less-studied but known
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transverse gluon polarization density AG7(x), and quark and gluon canonical OAM densities
associated with transverse polarization. For the experimental access to GPDs, we will study
the deeply virtual Compton scattering (DVCS) cross-section in twist-two GPD approximation in
chapter 3. We will focus on clarifying the higher-order kinematical effects in the DVCS cross-
section due to different choices of light-cone vectors and gauges for the final photon polarization.
In chapter 4, we will also study the near threshold photo or electroproduction of heavy vector
quarkonium off the proton with QCD factorization. We will show that, similar to the high-energy
limit, the production amplitude can be factorized in terms of gluonic GPDs and the quarkonium
distribution amplitude. We will also show that with the near threshold kinematics, the spin-2
contribution dominates, allowing studying the gluonic contributions to the quantum anomalous
energy, mass radius, spin and mechanical pressure in the proton. In order to eventually obtain the
GPDs from various constraints, in chap 5 we present the first global analysis of GPDs combing
lattice QCD calculations and experiment measurements including global PDFs, FFs, and DVCS
measurements with the GUMP program. In the end, we present the summary and outlook in

chapter 6.
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Chapter 2: A new transverse spin sum rule and transverse space distributions

In the introduction, we discussed the proton spin crisis and argued that the nucleon spin
structure can be identified by decomposing the full AM operator of QCD. However, the decom-
position of the spin into various physical parts, also known as the spin sum rules, is not unique.
For instance, the sum rule for the longitudinal spin can be derived by decomposing the full QCD

AM operator into [48],
3 | pt > : :
Jocp = | dx wqgwq + Py X (—i0)Y, + E, x As+ E,(x x 0)A,| , (2.1)

where 1), are the quark fields, E, and A, are the gluon fields and ¥ = (o, o) with o the Pauli
matrices. The quark flavor (¢) and color (a) indices are always summed over. Taking the matrix
element of the above decomposition of the AM operator, one obtain the Jaffe-Manohar spin sum
rule that reads,

1 h
GASHAG I, + 1= 2.2)

Straightforwardly, the four terms corresponds to the partonic quark helicity, gluon helicity, quark
canonical OAM, and gluon canonical OAM in the infinite momentum frame and light-front

gauge. On the other hand, the AM operator can also be decomposed in a gauge-invariant way
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as [4],
Jmnz/h%{@§%+wkxC%B—m%w@+wxwax3a , 23

where each term on the right-hand side is manifestly gauge-invariant. Again, taking the matrix
element of the above decomposition, one get instead a covariant spin sum rule that reads,

1 ; ., h
SAS+L = (24)

which is valid for any reference frame, and applies to both longitudinal and transverse polariza-
tions. Details of comments and the comparison of the two sum rules can be found in ref. [23].

Both sum rules above provide the desired /2 spin of the proton after summing over all
components and can guide us to find out the missing pieces of proton spin. The quark and
gluon spin contributions are related to the polarized operators of quark t,v"7°1, and gluon
G”aé”a which can be accessed from the first-moment of their polarized PDFs [49]. On the other
hand, recent developments [50-53] have shown that the parton OAM is closely connected to the
quantum phase space Wigner function or distribution [54,55], which are essentially GPDs when
integrating over the momentum space. Therefore, the task of resolving the proton spin structure
is intrinsically related to the higher-dimensional structures of the proton.

In this chapter, we start with a overview of the nucleon spin sum rules, which have been
studied extensively in the literatures in the case of longitudinal polarization. As for the transverse
polarization, much controversy has been generated in the literature [50,56—59] due to the contri-

bution from the center-of-mass motion when the nucleon is transversely polarized. The issue has
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been recently resolved through by an explicit elimination of the center-of-mass contribution [60].
Following this observation, we show that how the extrinsic contributions to transverse AM from
the center-of-mass motion can be removed and derive a new transverse AM sum rule that in-
volves the well-know quark spin structure function gr(x) = g;(z) + g2(x), the less-studied but
known transverse gluon polarization density AGr(x), and quark and gluon canonical transverse
OAM densities, which are expressible in terms of the quark and gluon GPDs [61]. The result
is also crucial for the proper understanding of the transverse-space distributions of partons in a
transversely polarized nucleon.

In order to access the spin sum rules, GPDs of different twist will be involved. Twist is a
quantity invented for the power counting in high energy experiments which also corresponds to
the short distance in the case of e.g., short-distance operator product expansion (OPE). Dynami-
cally, the matrix elements of operators of twist-t will be suppressed by Q*~*, with () the typical
scale of the system, and therefore the leading order quantities that are not suppressed correspond
to t = 2 and will be denoted as twist-two accordingly. Another definition of twist is based on the

operators themselves, which defines

twist(¢) = Dimension of the operator(d) — Lorentz spin(s) . (2.5)

This so-called geometric twist is slightly different from the dynamic twist defined above, but the
two definitions are consistent.
It is well-known that the partonic AM densities in a transversely polarized nucleon are of

leading twist, whereas the longitudinal AM densities are twist-three. This can be understood
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intuitively by their different behaviors under Lorentz boost:

= J =~ (J. —BKL) (2.6)

with 3 the boost velocity 8 = v/c, v = (1 — 4?)71/? and K the boost operator that mixes with
the angular momentum operators J under Lorentz boost. In the high energy limit v — oo, the
transverse AM J/ is clearly enhanced compared to the longitudinal one .J, |’|

Therefore, sum rules for the transverse and longitudinal AM will involve parton distri-
butions of different twist. For instance, the sum rule in eq. (3.1) describes the AM densi-
ties in transversely polarized nucleons [28], and the two GPDs H and E are twist-two GPDs,
whereas for the longitudinal Jaffe-Manohar sum rules, the orbital parts will be given by twist-
three GPDs [50-53]. Consequently, both the leading twist and next-to-leading twist are impor-
tant to complete the understanding of the partonic orbital motions in the nucleon, besides the
practical consideration that the higher-twist effects can be significant in experiments and need to
be considered anyway.

We start with the full QCD AM operator which can be derived from the EMT. The EMT is
a fundamental object which plays an important role in both classical and quantum field theory. It

can be derived from the Lagrangian density:

oL
9(0u9)

T (r) =

"p(r) — g" L(r) . (2.7)

The resulting EMT operator will be conserved: 0,7" = 0, and the corresponding conserved
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charge is the 4-momentum P*:

P = / d>rT%(r) . (2.8)

However, the EMT has two standard definitions. Besides the canonical one in eq. (2.7), there
is also the Belinfante improved one, which is constructed to be both conserved and symmetric,

while still leads to the same conserved charge as the canonical definition
Tga(r) =T (r) + 0,6 (r) (2.9)

where the G*¥ term is sometimes referred to as a super potential. Tts specific form is not
important, as in observables this term gets discarded as a surface term, where some care has been
taken in the past to ensure this is valid in a wave packet analysis [62,63]. The Belinfante one in
eq. (2.9) will be used hereafter for its nice symmetry properties.

From the EMT we can then define the AM density operator as follows
MHP(r) = r*Tgg(r) — Ty (r) | (2.10)

which is again a conserved quantity 9,M*"** = ( and the corresponding conversed charge will

be the relativistic AM operators:
JH = /d3rM0“”(r) . (2.11)

These operators are key ingredients in the so-called Pauli-Lubanski vector, that can be used to
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represent the spin state of a relativistic particle. The Pauli-Lubanski vector is formally defined by

1 P
W = —56“‘”0% : (2.12)

where 0123

= 1 and P, and J,, are the momentum and AM operators above. With the Pauli-
Lubanski vector, one could construct a scalar operator W#WW,, that commutes with all the gen-
erators of Poincaré group, also known as the Casimir operator. Thus, all the particles can be

constructed to be the eigenstate of the Casimir operator, and the eigenvalue corresponds to the

spin of such state:

eigenvalues

WHW, —s(s + 1)R?, (2.13)

which describe the intrinsic AM of the particles. Therefore, the intrinsic AM according to eq.
(2.13) involves not only the 3D AM operators .J¢, but also the 4-momentum P* and the boost

operators K, where J* and K are defined as,

. 1 .
J = ieol’fljkl, (2.14)

Kt = J%. (2.15)
To make this more intuitive, consider a moving particle of mass M and momentum P*,
Pt =~M(1,3), (2.16)

where v = (1 — |8]2)"2, 8 = v/c. For such a particle, the Pauli-Lubanski vector W* can
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alternatively be expressed as
Wt =~(J-B,J-BxK), (2.17)

which clearly involves both J and K. To find out the spin of the particle, we first define the
4-dimensional polarization vector S* which is simply the 4-dimensional polarization vector s in
the rest frame:

St =(0,s) for B=0, (2.18)

and satisfies the condition P - .S = 0 obviously. Then the polarization vector S* in an arbitrary

frame can be obtained by boosting the rest-frame S*, which gives:

St =(ys-B,s+(y—1)(s-B)B) . (2.19)

The spin operator S? of the particle is then the projection of Pauli-Lubanski vector W* to the

polarization vector S*:
Sp=—-WHS, =~rJ-s—(y—1)s-pJ-B—s- (K x ), (2.20)

that satisfies

S,IPS) = 2|P.S) @an)

for a spin % particle with momentum P* and polarization vector S*.
Although the spin operator S, operator provides the desired g spin, it includes both AM

and boost operators as shown in eq. (2.20), which are not easily disentangled. Therefore, we
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> 2z

Figure 2.1: A proton moving along the z-axis with an intrinsic AM that could be in any direction
generally due to the internal dynamics of its quark and gluon constituents (both their motion and
their spin orientation).

will be looking directly at the matrix elements of the AM operator .J¢, which on the other hand
indicates that extra care must be taken to define the intrinsic AM since the AM operator J* is not
a scalar operator like the spin operator S,,.

Without loss of generality, we take the proton to be traveling in the Z direction with P* =
(P°,0,0, P?) as shown in Fig. 2.1. Transverse then refers to any direction in the xy plane, while
longitudinal is in the z direction. Using the definitions above, the expectation value of J*(r° = 0)

is then,
(P,S|J*(1r° = 0)|P, S) = / d*r (P, S|rVTYA(0,7) — r*Te4(0,7)| P, S), (2.22)
which can be re-written as the limit of the off-forward matrix element,

(P,S|J*(r* = 0)|P,S) = lim BPre AP+ A, S [rVTY(0) — T4 (0)| P, S) . (2.23)
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0 —iA-r

With the replacement r/e *A" — g SA7 € , we can then integrate by parts to get [4]

(P, S|J*(1° = )| P, S) = i(2m)%6®(0) lim | =0 (P+A, §'[TE(0)[P,S)— (= <+ )|, (224)
A0 | OAY

up to a total derivative term. The total derivative term was shown to be the AM of the nucleon’s
wave packet about the origin [63] and we will consequently discard it. The divergent prefactor
will be cancelled in a properly normalized expectation value.

The above results show clearly that the matrix element of the AM operator J* is related to
the off-forward matrix elements of the EMT, which can be parameterized in terms of the so-called

GFFs as [4]

(P'|T! 5 |P) = (P')| Agg (A%) AP + By g (A?) PWic")* Ny /2M
+ Cyg (A7) (AAY = g A%) [M + Cy g (A7) g M | u(P) ,
(2.25)

where the A, , (A?), B, , (A?), C,, (A?%), and C, , (A?) are the four GFFs of quarks and gluons.

Accordingly, the AM can be expressed in terms of these GFF with eq. (2.24) as

Jq7g = [Aq,g (O) + Bq,g (0)] ) (2.26)

DO | —

which are quark and gluon contributions to the AM of the the nucleon. These GFFs also contain

other interesting properties such as the mass and mechanical properties of the nucleon [4,26,27].
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2.1 Twist-two and twist-three GPDs

The measurement of these GFFs, however, is quite challenging. Since the EMT naturally
coupled to spin-2 particle, it can be probed by the elastic scattering with such particles like the
graviton, which is not realistic at all. Therefore, we consider another type of off-forward matrix
elements, namely the GPDs to access these GFFs.

GPDs are defined as the matrix elements of non-local light-front correlators. For instance,
the simplest GPDs for involving quark fields can be written as

A s e ([ An A\ (An
| e <P,S|¢( 2)W( 2,2>F¢(2)IP,S>, 2.27)

o

where W (y#, 2#) = Pexp (—ig [’ dz"A, (z)) is the gauge link required to keep the expression
gauge-invariant and I' is a certain Dirac matrix. The hadron states are normalized as (P’, 5’| P, S) =
2Ep(27)%6®) 65 5 (P'— P) and all matrix elements will be normalized with a factor of 1/ (P, S|P, S)
implicitly hereafter.

The light front vectors p* and n* are auxiliary vectors whose spatial parts are in the z
direction and can thus be written as p* = \%(P, 0,0,P) and n* = \%(1/73, 0,0,—1/P) with
‘P an arbitrary scale. Consider the frame in which the average momentum of initial and final
states, P* = %(P“ + P'*), is in the longitudinal direction, so the average momentum P* can be
expressed with light cone vectors p* and n*. Commonly we choose the normalization n - P = 1
and therefore P = P* where we define the light front coordinate z+ = (2° 4+ 23)/v/2. Then
we can express P as P* = pt + IM?n# with M? = M? — A?/4 and A* = P — P*. We

also define the momentum transfer squared ¢ = A? and S* the polarization vector of the particle
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satisfying S - P = 0 and normalized according to S? = —1.

2.1.1 Parameterization of GPDs

Similar to the case of GFFs, it is helpful to parameterize the matrix elements with a set of
scalar functions. Consider the matrix element of bi-local quark operators defined as the following

/ Qei)\m <P/78/| 7; (_)\_n) W_%%Fw (%) ‘Pa S>

oo 2T 2 (2.28)

= u(P', S F,r(x, P,A n)u(P,S),

where F, r(z, P, A, n) indicates a set of independent and complete functions of different Dirac
structures preserving all the symmetries such as the Lorentz and parity symmetry and g represents

the quark flavor. For I" = 4, it is well-known that it can be written as [4]

n 10T,
Fq,’y+ = Hq(l’,f,t)’y —I—Eq(l',f,t)w s (229)
where £ = —A - n/2. More generally for I' = +*, it can be parameterized as
oA,
Foqm :Vin(xa £, t) + ;M Eq(% ¢, t)
Al i i A,
+ﬁGq’l(m,f,t)"—AL%Gq’Q(LC,f,t)—F oM Gq,g(l',f,t)

(2.30)

+ Mic""n,Gga(z,,t)

+ MnﬁFq71($, f, t) + Mini%Fq,Q(xa Sa t) )

where each p comes with a subscript indicating that it is non-zero when p takes the value of the

subscripts only. More details can be found in appendix A.
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The above parameterization indicates that there are two twist-two GDPs for I' = %, four
twist-three GPDs for I' = +* and two twist-4 GPDs for I' = . The counting of the total number
of independent terms in these expansions can be achieved by counting the physical degrees of
freedom as stated in refs. [64—67]. For each operator O the matrix element (P, 5’| O|P, S)
includes 4 different helicity amplitudes. However, a half of them are not independent due to the
parity symmetry. Thus, for each independent operator, or in this case for each free index in the
operator, there will be 2 independent matrix elements.

The arguments also apply to the tri-local correlators. For instance, consider the matrix

element of the tri-local correlator

dA\dp ‘ —( A A
[ et P s (——”) W23 D P ()W 20 <7”> P.S) .

(2m)? 2
(2.31)
— —
where the double arrow covariant derivative is defined as D = % (B — 5) with B = 0 +igA

e
and % = 0 — 1gA. These correspond to the so-called D-type GPDs [68] and we also have

d\dy , - A A
[ et (1 (<) W igG mWoaw () P.5)

(2m)?
(2.32)
which correspond to the F-type GPDs. The D- and F-type GPDs are accompanied by two free

indices «, 3, and thus a more general parameterization is needed. Attempting to parameterize

those matrix elements, they can be expressed as

D/F-type tri-local correlators = @(F’, S’)}"z%/F(x, y, P, A, n)u(P,S) . (2.33)
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It can be shown that the following expression provide a parameterization (See Appendix A for

more details)

Foh ~MgP Ay(z,y,&,t) + Mg As (2, y,€,t) + Mot As(a,y, €, 1)

(2.34)
+MVEQVE + M*VE @ VE+ MVER VY + MVEQ VY
where V' is the linear space expanded by vectors with Dirac scalar
pa A2
Ve == == Mn® 2.35
S { M’ M’ n} ) ( )
V[ is the linear space expanded by vectors with a Dirac tensor
. _af
0" A
Vi = Mio ng, —=—" 2.36

and ® in eq. (2.34) represents the direct product of the two linear spaces. Each base vector will
be associated with an independent function A,,(x, y, £, t). It can be shown that there are 32 inde-
pendent structures and as a result 32 independent functions A, (z,y, &, t). Equivalent structures
are first derived in ref. [69] for the matrix elements of the EMT. One can check its consistency

with other parameterization by taking the antisymmetric part of qu‘g / (T, P, A, n). It turns out

there are 12 independent functions for antisymmetric Fé"g /P

(z,y, P, A, n) which are equivalent
to the results in ref. [70].
Though the parameterization seems to be complicated, the number of independent coeffi-

cients is consistent with the parameter counting method. Since there are 4 x 4 = 16 free indices

for a rank-2 tensor and (4 x 3)/2 = 6 free indices for an antisymmetric rank-2 tensor, there
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should be at most 32 and 12 independent parameters for each of them respectively.
The twist-three part of the tri-local GPDs is essential when the AM is of interest after the

twist-two terms, so consider eq. (2.34) with « = +, 5 =_L which gives

1
P+

At ioctPA
FJE :ﬁGq,D,l(xayygat) + AL’ﬂGq,D,Z(CE7y7€7t) + £

G 7D,i%(xy Y, 57 t)
oMt (2.37)

+ MZ.O_Lpanq,DA((L’) Y, 57 t) .
The parameterization of the F-type GPDs will also be defined as

1 A+

(P—JF)Q.F;# :ﬁGq,F,l(Ia y, &, t) + AlﬁGq,F,z(l‘a y, &, 1)
| (2.38)

10" A

2M

qu,F,?)(xa Y, 57 t) + MZ.O’Lpn,OGq,FA(l’) Y, 57 t) .

If one instead takes 5 = + inside f;g e the GPDs will be much simpler in the light front
gauge. As with AT = 0, D *(un) reduces to 0 * where the i dependence is removed, and it
becomes x P up to an integration by parts. As a result, one has the following general substitution

for f = +:

d)\dﬂ/ 'A( +y)+-‘u(y7 )— /\TL H An
15 (@ 7 T o a N + .
| G J (-5 )i D mre (5

© dN .. _ A A
s aPsy—o) [ e (—7”) Yo (7”) |

where the gauge links reduce to unity in the light front gauge, while the F-type GPDs simply

(2.39)

vanish since Gt = 0. Then the off-forward matrix elements of the relations above would imply

Fib(x,y,6,t) = aPTo(y — 2) Fypn(2,€,1) . (2.40)
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Thus all D-type GPDs with 5 = + can be expressed by the 2-field GPDs in the light front gauge,
while the F-type GPDs simply vanish.
The gluon GPDs can be defined very similarly as the quark ones. For instance, GPDs

defined with a gluon-gluon correlation can be expressed as

/ Qem <P’,S’ 2Tr{G<M' (—&> W2 GY. (A_H>HP S> : (2.41)
2 2 2 2

where () in the indices indicate a symmetrization. This expression can be parameterized in much

o[>

the same way as in eq. (2.34), with the only new constraint being the need to symmetrize the «,

indices. With the expansion of eq. (2.41) as
Gluon correlators = @(P', ') Fo¥ (z, P, A, n)u(P, S) (2.42)

the following parameterization is chosen

FoP =Mgt° Ay (w, &, t) + Mg Ax(x, €, 1)
(2.43)

+ MV VY 4+ MV @ VO + MV @ v

There are 20 independent structures, and the twist-two part with & = § = + can be written as [4]

1 o tOA,,
—F T =qTxH,(2,&,t) + i

in which a Gordon identity was used and a factor of z included so that the parameterization
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matches with the common result. For the twist-three GPDs with « = +, 5 =_L, one has

_TAD io )P A
Fyt =P | =aGoa(e,6,0) + AaGya(e,6,1) + —

prg,S(ma g) t)
(2.45)

+ M'ial)pnprgA(xa 57 t) )

where a factor of = is multiplied again for consistency. The GPDs defined here are symmetric
under exchange of o and f3, so the parameterization of « =1, § = + will be the same.
Besides the GPDs with a gluon-gluon correlation above, three-gluon correlation functions

can also be parameterized. Consider the D-type gluon GPDs defined with

2Tr{GM’ (—%”) iDP(un)G, (%") H P,S> . (2.46)

/ Zi)\d)l;eié(wy)ﬁu(y—w) <P’ S
27 ’

and the F-type GPDs defined with

d\du , , A
/#613(“3‘)““@_@ (P, S| ZQTr {Gm <_7n> igGTP (un) G, <)\7n) } |P,S) ,
(2.47)

where all the gauge links are removed in the light cone gauge. Then with their parameterization
written as
D/F-type gluon tri-local correlators = @(P’, S")F*?  (x,y, P, A, n)u(P,S) , (2.48)

g9,D/F

they will follow analogously to the quark D/F-type GPDs. For instance, the twist-two case of
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a =+, = + gives us

Fob(x,y, P,An) = xPo(y —x)F, " (x, P,A,n), (2.49)

'Fgof}t(xaya P, Aan) = 0, (2.50)

where these relations hold for any «, so one has the same relation for the twist-three GPDs with

a =1,0 = +. As for the twist-three case with « = +, § =_L, the D-type GPDs are

1 AL
= D) ;lj)_ :MGQ,D,1<x7y7£7t) + AL?/LGQ,D,Z(xayaéﬂf)
(P+) 2.51)
ioctP A .
2M pGg,D,?)(:E; Y, g? t) + MZO-Lpang,DA('Ia Y, ga t) )
and the F-type GPDs are
1 +1 A+ 1
ng,p :ﬁGg,F,l(x>y7€7t) +A 7/"Gg,F,2(x7 Y, 6 t)
(P*) (2.52)

iotPA

INM pGg,F,?) (27, Y, 57 t) + MiULpang,FA(xa Y, 57 t) .

These twist-two and twist-three GPDs will be considered in the study of nucleon spin sum

rules, as we will show later.

2.1.2  Discrete symmetry of the GPDs

The matrix elements defined above must also satisfy discrete symmetries such as those of
parity and time reversal invariance. Also, the result should be valid under Hermitian conjuga-
tion. These conditions can relate them into constraints of the expansion coefficient functions

themselves. The derivation is somewhat tedious and only the results are shown here for future
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convenience (see for instance refs. [29, 64]). The Hermiticity condition combined with time re-

versal symmetry require that

Gojgs(@, —E1) =
Gogs(z, =€, 1) =
a/g.4 (T, =& 1) =
Garg(x, —=E,t) =

Q/g,3(x7§vt) )
Q/973<‘T7§7t) )
—Gyg(@,&,1)

q/gy(x £,1),

(2.53)

(2.54)

(2.55)

(2.56)

with j = {1,2,4}. Notice that under both Hermitian conjugation and time reversal, the initial

and final states will be exchanged which means A — —A and ¢ — —¢. The equations above

simply imply that G/, ; for i = {1,2,3,4} are all real. Meanwhile, G/, 5 is an even function

of £, and Gy, ; with j = {1,2,4} are odd functions of &, so in the forward limit: G/, ;(z,t =

0, =0) =0.

The discrete symmetry of D-type and F-type GPDs can be derived as well and those GPDs

are functions of both x and y which makes it more complicated. For the D-type 3-field GPDs

defined in eq. (2.37) and eq. (2.51), the Hermiticity condition combined with the time reversal

symmetry gives

Gy sy, —€t) =G

Gq/g,D,?)(xv Y, _57 t) =G

GZ/g,D,j(l'7ya 5 t)

Ga/g.0,(@, Yy, —E,t) =
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q/gzD’g(y7:C7 £7t) 9
q/gzD’?)(y’x? £7t> 9
—Gy/g,0,i(y, 2§, 1),

q/gDJ(?/afE £, t)

(2.57)

(2.58)

(2.59)

(2.60)



with j = {1,2,4}. Again all the GPDs defined here are real. Also, if one expands those GPDs

into powers of £ via

(,,,1) Zﬂ” (z,y,t)> | (2.61)

then it follows that all the G((;/L; p3(®,y, =, t) are symmetric when n is even and antisymmetric
when n is odd which is the opposite for GE;}; 7 DJ.(x, y, =&, t).
There remains the F-type GPDs for which the constraints can be derived in the same way.

Combining the Hermiticity condition and the time reversal symmetry one has

G (@ y, =6 1) = =Gypgpa(y, 2,6,1) (2.62)
Gosora(®,y, =8, 1) = —=Gy/era(y, v,&,1) (2.63)
Grari (@9, =€) = Gopgp (Y, 2,€,1) | (2.64)
Gororj(®y, =6, t) = Grgr(y, x,8, 1), (2.65)

with j = {1,2,4}. These relations indicate that GE;/L; F73(x, y, —¢,t) are antisymmetric when

n 1s even and symmetric when n is odd and the opposite applies to Gf;}; Fj(x, y, —&,t) with

Jj=1{1,2,4}.

2.2 Revisiting longitudinal spin sum rules

The spin sum rules for a longitudinally polarized nucleon have been thoroughly discussed

in the literature [48, 50, 53, 68]. As discussed above, the AM can be expressed in terms of the
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off-forward matrix elements of the EMT. For example, J7 and J; can be in general written as

z 1 . . a /Oy
iy = P51 1P.9) = g (, tim i P+ A1 T2a0)1P.) »

C im0 (P4 A, ST ()yp,s>>,

A—0,5'—S 8A %,9,Bel

which also one to derive the AM sum rules for the longitudinal spin.

2.2.1 Quark AM decomposition

We start with the quark contributions to the AM, which is related to the quark EMT that

can be written as,

v n ~H1/
Thha = vy i Dy . (2.67)

For longitudinal AM J=, the contributions are from T%el and T}, equivalently. Without loss
of generality, we consider ngel, the leading twist contribution to Ti Y- The matrix element of

T;gel is obviously related to the D-type correlators, which can be written as

d)\d/,[; iz i —z) 7 )\n = )\n
TngF,Bel(xvy) :/We 5 (z4y)+ip(y )¢( 5 ) (+W D (lm)y)W%%w (_) )

(2.68)

The EMT is simply the corresponding local operator: T, %, (0) = [ dxdyT, 7y, (2, y). Sucha

relation immediately indicates the following constraints on the D-type GPDs as,

/dxdy Gops(@,y) + /dx x Gos(x) = Ag(0) + B,(0) , (2.69)

/dxdyG%DJ (x,y) = /dx z Ggi(r) =0, (2.70)
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where j = {1, 2,4} and we define the notation G ;(x) = lima_,0 G,;(z,t,&). However, they do
not have a simple parton picture, since it involves three partons interacting with each other.

With the goal of decomposing the quark AM in order to derive a partonic sum rule, one
could decompose the quark spin contribution [48]. Since the Belinfante EMT for QCD is simply
the symmetrized canonical EMT: T = T*), it can alternatively be written as: Thy = TH —

T'#], Then the AM density M*?(r) can be expressed with the canonical EMT as

MPe(r) =¥ (T (r) — TW(r)) — ¢ (T* — T (r)) |

.71
=rVTHP(r) — rPTH + SHP(r)
where we define
SHP(p) = — (TVT[MP] (r) — TPTUW]) ) 2.72)
With the equations of motion of quark, the following identities can be useful
1/3(7“)[7“35 (r)—~" Ba(r)]wm = e’ ””1/3(7“)%7530—(7“)@/)(7“) : (2.73)
D DA (r) — VD) (r) = =i (r)y,n” Do (r)(r) - (2.74)
With these relations it follows that
SH(r) = — 3R ) + 505 (At ) . RT9)

where the second term is a total derivative term called a super potential whose forward matrix
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element is shown to vanish with proper wave packet treatment in refs. [62,63].

Then the spin contribution can be derived with eq. (2.75) as

5= —%GOW / d*r (P, S| 9(r)1n ¢ (r) | P, S) . (2.76)

The matrix element of the axial current can be expressed as

(P, S %(0)y,~°1(0) | P, S) = 2M S, Aq, (2.77)

where the quantity Agq is the singlet axial charge with all quark flavors summed over. The axial

charge Aq can be related to the PDF defined in ref. [25] with the axial current as

/ X e 1 pS| (0}t (W) [PS)

2m (2.78)
=2 [g1(x)Mpu(S - n) + Mgr(2)S 1, + MPgs(x)n,(S - n)]
where we have slightly rewritten it with our normalization condition S? = —1. Then one has the
relation (see also ref. [71])
Ag = /da:gl(x) = /da:gT(:v) , (2.79)

The relation that [ dzg,(z) = [ dzgr(x) is the well-known Burkhardt-Cottigham sum rule [72].

The spin decomposition and the axial charge also put extra constraints on the GPDs. With eqs.
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(2.73) and (2.74), it can be shown that (see also ref. [59])

/da: rGy3(z) — /dxdqu7D73(x,y) =Aq. (2.80)

Such a relation can be used to reexpress the AM. By eliminating G, p 3(z, y), we have

1
Jg = / dz (qu,a(w) - 591(9:)) : 2.81)

as shown in the literature [50,73,74]. Alternatively, one could eliminate the G, 3(x) to get

1
/ dzdyGopa(e,y) = Jg — 580 = L, (2.82)

which motivates the definition of a gauge-invariant covariant OAM density,

1
L) = 5 [ a0[Gonaless) + Gualy.)] 283

However, the partonic interpretation of such covariant OAM density is not simple.
To further decompose the above covariant OAM density which does not have a simple
partonic interpretation, we consider decomposing the covariant derivative D" (r) which involves

interaction with gluon field. Therefore, the quark EMT can be further written as

T (r) = D(r)y"i D V() = D(r)y"i @ "b(r) — gd(r)y" A(r) (2.84)
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Then with following definitions of AM densities

MY (r) = v T (r) = rPTH (r) (2.85)
M2 (r) = ' (r)yi'D " (r) — (v < p) | (2.86)
MY0(r) = O (r)y gAY (r) — (v < p) (2.87)

as well as their matrix elements in the longitudinally polarized nucleon,

Ly = / &*r (P, S| M) (r)|P,S), (2.88)
lg = / &*r (P, S| M7 () |P, S) (2.89)
o = [ €12 M) |P.S) .90

the canonical OAM can be written as

I2=L:+ 1 2.91)

g,pot *

Unlike the covariant OAM LZ, the canonical OAM l; only involves two quark fields, so it has
a clear partonic interpretation, which can be also be seen through its connection with TMD’s

and Wigner distributions [51-53]. An extra term [?

7 pot 18 Invented to related these two different

OAM, see also refs. [75-78]. Rearranging the [7 ., term from quarks to gluons will transform

,pot

the covariant AM sum rule into the canonical Jaffe-Manohar sum rule.

Then the canonical OAM [ can be expressed with the corresponding light-front canonical
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OAM density /7 () which is defined as [79-81],

a 2

; 1 [dd*rt T UN 4wy wenw n 29
l(x):ﬁ e (P, S|v(0,r)y T (r®idY — rYid* ) (An, ) | P, S) (2.92)

with gauge links implicit between fields. Though the moment of r indicates that this forward
matrix element can only be defined as the limit of an off-forward matrix element, this expression
indeed has a simple partonic interpretation. Since /() is the combination of the OAM operator
(£%i0Y — £Yi0%) and the parton density operator 1/(0)y1/(An), it can be considered as the OAM
density of partons with momentum fraction x.

However, this decomposition breaks the gauge invariance, so neither the expression for

[7 pot MOT I7 1s gauge-invariant. If one defines a new type of GPD as

An

dA\dp : _ A
8 i 16 () o (2

o ) IP,S) , (2.93)

it will not be measurable since it is not gauge-invariant. To obtain measurable OAM densities,

equivalent GPDs with manifest gauge-invariance is needed. Given that the light front gauge

AT = 0 will always be used, we have the following relation derived from A* = %T ,

At(y) = A (x) + /y dzG1(z2) , (2.94)

xT
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where the gauge links reduce to unity in the light front gauge. This leads to the following identity

v (—%n) 7% igA” (un)y (2—”) =1 <—%) Vg / ' dtG o (tn)y (%)

+9 (—%) v igA® (vn)y (A—;> :

On the Left-Hand Side (LHS) we have the potential term [7 . in quark OAM, which is then

(2.95)

expressed as the off-forward matrix element of the Right-Hand Side (RHS) that corresponds to
the F-type GPDs defined before. The extra boundary term in the second line does not depend on
4 and corresponds to a zero-mode contribution [82], and will be omitted for the discussion here.
Thus, the potential term [, can be expressed with the F-type GPDs, and we have the following

result the with the parameterization of the F-type GPDs in eq. (2.38),

1
;,pot = /dxdypy_—qu,F,S(xvy) : (296)

Since the covariant quark OAM L7 is expressible in terms of the D-type GPDs as shown already,

the canonical OAM density /7 () can then be expressed as
; 1
lq (I) = dqu,D,?) (137 y) + dyPy_—qu,F,B(x7 y) ) (2.97)
and the canonical OAM is simply the integral of the canonical OAM density:
I = /dxlj(m) . (2.98)

Though we note that the expression for /7 might be affected by the light front zero mode as in
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ref. [82]. The expression for the canonical OAM density /() was first derived in refs. [50, 68],

which also show that the D-type and F-type twist-three GPDs are related to each other [83, 84].

2.2.2  Gluon AM and longitudinal spin sum rule

The gluon AM decomposition follows similar processes. Consider the gluon EMT:

13(6) = 210 { -GG, + 1 GO0 (0| .99

When the longitudinal AM is concerned, only the + L components are involved, so we can ignore

the g" term. Then, the gluon EMT can be expressed with the following light front correlator

d\ . An An
Trip(z) = —/%eA 2Tr{G+p (—7) W_aaG, (7)} : (2.100)

with T;74(0) = [ dzT,"7;(x). Again, this relation immediately indicates:

/dx x Gys(z) = Ay(0) + B,(0) (2.101)

/dx Gy i(x)=0, (2.102)

with j = {1, 2,4}, similar to the quark case.
Unlike the quark AM, the gluon AM consists only of the 2-field correlation. However, this
does not mean that it has a simple partonic interpretation, since G contains also quadratic terms

in the gluon field A% in non-Abelian gauge theory. To find a partonic interpretation for the gluon
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contribution, further decomposition of the gluon AM is needed and one has [48]

MEAr) = (2T {G**G*, } — (v > X))
= 2Tr{GW (r*0” —r’0Y) A, + G AY + GWAA} (2.103)

+ gyt (r' AN — A

Accordingly, the following quantities are defined

MMMy = 2T {Gr (R — 1Y) AL} (2.104)
M) = 2T {G"A" + G AN (2.105)
ML) = gy (AN =AY (2.106)

Though each of the terms here is not gauge-invariant, the total contribution will be [85]. We note
that the M'[¥, term has exactly the same form as the I, ., term defined before for the quark AM
decomposition except for a minus sign, so they will cancel once we add the quark and gluon AM
together. Thus, the potential term will not be further discussed here.

For the gluon helicity contribution, consider the gluon spin term M£"” which actually does
not correspond to the U(1) axial current K, as discussed in ref. [48]. However, in the light cone

gauge AT = 0 at leading twist where ;1 = +, they are the same. Since the gluon axial current K,

can be written as

K, = 2Tr {GM A" + G AN + GV AP} (2.107)
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its only difference from M/'/% is the third term G*” A" which vanishes at leading twist with

i = + and in the light cone gauge A™ = 0. This relation also allows one to relate the gluon spin

to the polarized gluon distribution AG(x) defined as [86, 87]

AG(z) = M;/SA (P, S|2Tr{G+a (—%”) W_s G, (Z")} |P,S) , (2.108)

where GHof = 3 LB 5. Then we have the following expression for the gluon helicity contri-
bution,

i = /d3r (P,S|M{™(r)|P,S) = AG = /dxAG(x) : (2.109)

These expressions allow a simple parton picture for the gluon helicity contribution, with AG(z)
the contribution from gluon spin of partons with momentum fraction z.

As for the gluon OAM density, consider the gluon OAM given by,

(P, S|/d3rMozy )|P,S) = (P, S|/d3r2Tr{G0a (rY0" — r*d¥) A, }]P S)
(2.110)
which can be expressed with a light front correlation defined as

2.1
IZ(x) = /& PP S2Te {G (0,70 (0¥ — 10" Aa(An,r ) } P, S) , (2.111)

g 2

while /7 is simply the integral of [%(z) over . The expression of [7(x) has a simple partonic
interpretation, since it is just the OAM operator (r*0Y — rY0"), combining the gluon density
operator 2Tr {GT*(0)A,(An)} of partons with momentum fraction x. However, we still need

to find out gauge-invariant quantities equivalent to the gluon OAM density l;(x) for them to be
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measurable. Thus, we consider the following relation in the light front gauge

1 1 1
570+ Ggar G o

GHFi0" A, = GHiD" o pE

Gt (2.112)

and its non-local version

A A A 1 A
ac [ _ 2 Yo _ ) =g [ =2  DP — Gt [ Z
G ( 2n) 10 Aa( 277,) G ( 2n) iD" (un) Ga<2n>

(2.113)
ag _é ety Lot é
+dG ( 2n)g G (un) GU(Qn) .

The operators on the RHS correspond to the D/F-type gluon GPDs again with zero mode con-
tribution omitted, while the operator on the LHS gives us the gluon OAM operator in the local
limit. Therefore, this relation can be used to relate gluon OAM to measurable D-type and F-type

gluon GPDs, for which we define two auxiliary quantities,

M (r) = 2T {G"* (D —r"D*) Ao}, (2.114)
ME0) = ~2igTs {6 (A7~ P4 A} a1

with their matrix element defined as

iéz/d3T <P,S\M§§y(r)lP,S), (2.116)
lg.pot = / d&*r (P, S| Myl (r) | P, S) . 2.117)
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Similar to the quark case, we have the following expression for the E;(:c) and [?

-, 1
Lg(l’) = /dmeGQ,D,3<x7y)a

. 1
15 pot(T) = /dmeGg,F,za(l",y) :

which eventually lead to the following expression of [} (),

. 1 1
lg(aj) = /dny—_i_yGlLD,?)(xay) + /dmeG%Fﬁ(zay) )

with the total gluon OAM /7 as an integral of gluon OAM density [} (x):

I = /dxlg(a:) .

g,pot

(2.118)

(2.119)

(2.120)

(2.121)

Though again, the integral might suffer from the zero mode problem just like the quark case [82].

Equivalent expressions are first derived in refs. [50, 68].

Combining all the terms derived above, we reach the Jaffe-Manohar sum rule that reads:

1 h

(2.122)

where each term has a partonic interpretation as well as the corresponding parton densities Ag(z),

AG(x), IZ(z), and [} () defined above.
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2.3 Transverse spin sum rules

Spin sum rules for a transversely polarized nucleon have received much less attention in
the community, and some of their theoretical results have been hotly debated over the years
[23,28,53,56,57,59,63,88-90]. It turns out that one of the key issues in this case is the sepa-
ration of the intrinsic spin from the center-of-mass contributions when the nucleon is in motion.
For a transversely-polarized nucleon, its overall “center-of-mass motion” will generate a contri-
bution to the AM as well as to any quantity that depends on the polarization. Fortunately, Lorentz
symmetry allows the intrinsic and extrinsic contributions to be distinguished through their depen-
dencies on the different Lorentz structures. As explained in ref. [60], the Pauli-Lubanski vector
was introduced to exclude extrinsic sources of AM automatically. When one works directly with
the Pauli-Lubanski vector, this introduces the boost operator whose matrix elements do not a have
clear physical interpretation [60]. Therefore, we choose to work directly with matrix elements of
the AM operator.

The transverse AM contains both twist-two and twist-three contributions. To see this, one

can write the forward matrix element of transverse AM as

T T o 1 : . 8 ! 0z
Jq,g: <P7S| Jq,g|PJS> _E <A—>101g}—>528Ay <P+A7S|Tq,g,Bel(0>|P7S>

(2.123)

— lim ¢

A—0,5'=S OA, <P +A4, S/| T(?,Z,Bel(o) |P, S)) )

where we assumed the transverse polarization is in the x direction while the other transverse
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direction is y. Then we can split the transverse AM into

Jr, =70 4 gre) (2.124)
where
x(2 1| 0z
J <PS| |P S> 2EpA—>1(JS—>S y<P+A75|quBel< >|P75> ) (2125)
1
JES) = (P, S| 29 |P,S) = ———— (P+ A, 8T 50(0)|P,S) . (2.126)

2Ep A—>0 s'—>s 8A

The twist counting is made clearer in light front coordinates where we have roughly 0z — ++
and Oy — + _L. Then it is obvious that the two terms corresponds to twist-two and twist-three
respectively. While in the rest frame the system has rotational symmetry and the two terms are
related by the exchange of indices, such relation does not hold in an arbitrary frame. Therefore,

a more detailed treatment of the twist-two and twist-three terms in moving frames is needed.

2.3.1 Intrinsic transverse AM

To find out the two transverse AM J; 2,2) and Jg, 2,3) in terms of the GFFs, we need to expand
the Dirac spinors. With the gamma matrices in the Dirac representation, the Dirac spinor can be

written as

u(P,s) =vVP°+ M , (2.127)
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where o represents the Pauli matrices, s is the spin vector in the rest frame and x(*) satisfies
Yoty = gt (2.128)
Two expansions of Dirac bilinears will be used, which are

5 D o a3 iA D 2
a(P+ AJ2,S)u(P—AJ2,8) = 2M + €% msapﬂ +0(A%), (2.129)

(P +A/2,S)0"u(P — AJ2,S) = —2e"PS,Ps+ O(A) . (2.130)

Then the transverse AM can be written with the GFFs as

J;(;) - % (Ay4(0) 4+ B, ,4(0)) — #Z:M)Aw(o) , (2.131)
and for the twist-three term,
P02 _ p=2
Tog) = P (A,4(0) + B, ,(0)) . (2.132)
We note that with the proton on-shell, the four-momenta satisfy P - A = 0, which means

A°PY — A?P?* = (. Therefore, the two components of A* are not independent which should be
considered when taking the derivative. Then the total transverse AM will be the sum of the these
two transverse AM:

PO Pz2

oo =577 (Aq,g(o) + Bq,g(o)) - mAqﬂ(O) :

29 = 377 (2.133)
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This is consistent with the result in ref. [91], where an extra term proportional to P~ is present in
the expression.

However, this contribution actually comes from the center-of-mass motion, and shall be
removed for intrinsic spin sum rules [60] — terms in the combination of P’ or P/ and J¥ do
not contribute to the Pauli-Lubanski vector due to the anti-symmetrization in the indices. Thus,
for transverse AM J* = JY?, terms proportional to P? will not contribute to the Pauli-Lubanski
vector. It is also clear if one writes the matrix element of AM covariantly as [91]

¢iioB PP x 8)) — PI(P x s)t
SaPB (Aq,g(o) + Bq,g(o)) - ( ZM)(PO + ]\(4) )

Jij —

@9 9M Aq’g(O) , (2.134)

where the last term is apparently proportional to P* or P’ and thus non-intrinsic. Removing the

extrinsic contributions, we have

T Y
quf%n 4 (Ag,g(0) + Bgg(0)) (2.135)
T2 = T (A,4(0) + Byy(0)) (2.136)

W

where the subscript “In” indicates taking the intrinsic part of each term respectively and v =

PY/M is the Lorentz boost factor. Then the total transverse AM will be

z =
4.9

(Ag4(0) + By g(0)) - (2.137)

BO =2

The total transverse AM J;  grows with a factor of + as the nucleon gets boosted, which is

consistent with the Lorentz transformation of the AM operator as discussed in ref. [60].
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Also, we find that after removing the extrinsic contribution, each of the twist-two and twist-
three parts contributes to half of the total transverse AM. Therefore, an individual sum rule can be
derived from each of them, respectively. This argument is consistent with the rest-frame picture
where the two terms contribute equally just from rotation symmetry.

On the other hand, the same result will be achieved if one removes the extrinsic contribu-

tions in the total AM only. In this case, the twist-two and twist-three parts are

- 71

‘]q,(;) - (5 - E) (Agg(0) + By g(0)) (2.138)
. 1

Ji5) = 17 Aaa(0) + Bug(0)) - (2.139)

Now the twist-two one will dominate in the infinite momentum limit. But still, by requiring
that the total AM J;, must have an extra factor y in any frame as predicted by its Lorentz
transformation, each of them should still lead to a distinct transverse AM sum rules, which will

be studied in the following subsections.

2.3.2 Twist-two transverse AM sum rule

The twist-two partonic contribution to transverse AM has already been well-established
[53,60,89]. Here we revisit it to emphasize the procedure to isolate the intrinsic contribution.
The covariant sum rule derived in ref. [4] is gauge-invariant and frame independent, but it does
not provide a simple parton picture. The lesson from the Jaffe-Manohar sum rule for longitudinal
polarization is that the canonical AM can be easily related to partons [48]. However, for the
transverse polarization, the covariant sum rule in the infinite momentum frame does provide a
simple parton interpretation [53, 88].
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Consider the twist-two transverse AM Jg (gz) defined in eq. (2.125), in which the EMT

TOz

oo 8e1(0) is involved. In the infinite momentum frame, one can generate this term from a light-

front correlation defined as

dAdp

Tt?,ZLF,Bel(xvy) :/(27r)2

_ A A
5 (a+y)+ip(y—= w < 2n) W_%ﬂu”}/(oi%}d (/’Ln)WPﬂ%w (;) ,

(2.140)

while T, = [ dzdyT,)7 ppa(z,y). Now consider the leading twist contribution to Ty5,, for

which T,/ 5. () will be concerned and one has

T () = /dA e < >7+i<5>+¢ ()\771) : (2.141)

where the light front gauge A™ = 0 is chosen, so the covariant derivative ﬁ*(;m) reduces to a
partial derivative <5>+ and the gauge links reduces to unity. Then the leading twist EMT can be
expressed as T 4Bel = =/ de;“ I e (), Which has a simple parton picture with i0* the momentum
operator combining the parton density operator 1 (—An/2) v (An/2).

The above expression leads to the definition of the parton AM density,

2.1
) = [ B p st (<Gt )i () Ins) @14

with the total transverse AM given by J;® = [ da.J;®(z). Thus, the covariant sum rule has
a simple parton picture without decomposing the AM into spin and orbital components. To find
out the expression of the transverse AM density J; (2)(x), one still need to remove the extrinsic

contributions. The RHS of eq. (2.142) involves the moment of r and it can again be written with
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the corresponding off-forward matrix element, which reads

< dA - A A
| Srersio (<5 ) e () 1)

00 2.143
P+ Opaf Z.AP D .€+1/a6 D ( )
= WHII('I) 2M + € msapg - (Hq(‘f) + Eq(l’)) ZTAVSOKPB .

Then by removing terms proportional to P* or P” in J*”, the intrinsic part of the twist-two

transverse AM density is [4]

x(2 z
Jr@(z) =~

9 (Hq(x) + Eq(x» ) (2.144)

while the gluon one can be derived in the same way [4]. The twist-two transverse AM densities
Jq Ef) (z) represents the AM carried by partons with momentum fraction z, while the extra y factor

corresponds to the boost effect it possesses.

2.3.3 Twist-three transverse AM sum rule

With all the above preparations, the twist-three transverse AM sum rule is rather straight-
forward to derive. In a very similar way to the longitudinal ones, the twist-three sum rule can be
carried out with an extra step of removing the extrinsic contributions. Consider the twist-three

transverse AM of quarks, which can be written as

59 = [@r[<amn (5 D) vl + i) . @149
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This allows for further decomposition into canonical terms. Matrix elements similar to the longi-

tudinal ones can then be defined as

50 =~ [ ErSsIien? (i x T v IPS) (2.146)
9=~ [Er@siowy (7 <iDw) e ps) . @
Lot = — / & (P.S|§(r)y° (¥ x gAY (1)) 4(r) [P, S) . (2.148)

(

And we clearly have [2®¥ = L2 4 z;”fjgt by the definition of the covariant derivative. Then the

twist-three AM J; ®)can be expressed with the quantities defined above as

JE®) = 20 ) L nar. (2.149)

q q,po 2

The z;’jﬁﬁt term will cancel the term that shows up when decomposing the gluon AM as we dis-
cussed in the longitudinal case, whereas the Agy term is nothing but the transverse spin term
which corresponds to the polarized PDF g () defined in eq. (2.78) that represents the transverse
spin contribution from quarks of momentum fraction z.

As for the canonical OAM [ (3), it can be expressed in terms of the parton density defined

as

e 1 [ dad®rt

i (@)=—%% 5 e (PS0(0, )y %o ) (An, m) |PS) (2.150)

similar to eq. (2.92), and we have [ = [ dzlg ) (2). This canonical OAM density has a simple

parton picture with r*i0Y the twist-three part of the transverse AM operator with momentum
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fraction x. Following the same procedure of defining the gauge-invariant equivalence of the

canonical OAM, the following expression can be obtained:

l ®) (ZE) - / dy (Gq,D,S(xJ y) G;,DA(xa y))
( )

FP (Gurale.0) + Cpalen) |

where G27D/F,4<x, y) = lima o %Gq’D/FA(:B, y,t,&). We can also find for the covariant OAM

density L2 and the potential term l;(s’gt respectively

L7 = / dedy (Gops(z,y) + G, pa(z,y)) | (2.152)

. 1
oot = / dxdyl’y_—x (Goralz,y) + Gy palz,y)) - (2.153)

Though the integrals of G; DJF, +(z,y) vanish after integration over both x and y, they reflect the
fact that the transverse and longitudinal AM have different partonic densities. Once integrated
over z, I ® = [7 as required by rotational symmetry.

The gluon parts of the twist-three AM sum rule can be derived as well. The twist-three
gluon transverse AM can be written as

J2®) = / &*r 2r°Tr { G (r)GY, (r)} . (2.154)

g
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Gluonic matrix elements similar to the longitudinal ones are defined as

L:® = 2/d3r (P, S| Tr {G" (r* x DY) A, } |P,S) , (2.155)
lz;(d) = 2/(137‘ <P,S’ TI’{Goa (TZ X ay) Aa} ’P7 S> ) (2156)
Y = —2ig / d*r (P, S| Tr {G™ (r* x AY) A,} |P,S) | (2.157)

with ¥ = [7®) 4 lx’(?’) . Then the twist-three gluon AM can be expressed as

J;(?)) _ l;(?a) + 15 L AGy . (2.158)

q,pot

Again, since the potential term [ 5

cancels the one in the corresponding quark AM, it will
not be discussed here. The last term defined by AGyr = 4 [ d*r (P, S| Tr {G%(r) A¥(r)} | P, S)
is naturally related to the twist-three polarized gluon distribution AGr(z) [90,92,93] through

AGr = [ AGr(z)dx, where

AGr(x) = x; /%ei” (P, S| 2Tr{G+a (—%”) W_x G, (%”)} |P,S) . (2.159)

The AGr(x) is the transversely-polarized gluon density in a transversely-polarized nucleon,
counterpart to the gluon helicity distribution AG(z) in a longitudinally-polarized nucleon.

Then we are left with the gluon canonical OAM l§(3) which is related to the canonical OAM
density,

(3) dAd*rt i\ +a 1 1
) (z) = [ ———e™ (P, S| 2Tt {GT(0, r")r*dY Ao (An, v) } [P, S) | (2.160)

g s
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and we have [ = [ dzli™ (x). The density I;®)(z) has a simple parton interpretation as the
canonical OAM of gluons with momentum fraction x. Again, following the same procedure of
z(3)

defining the gauge-invariant equivalence of the canonical OAM, [, ' (x) can be expressed with

D- and F-type GPDs as

x 1 !
10 (z) = / dy {Px = (Gops(m,y) + Gl pa(z,y))

(2.161)
1
+ Pm (Gg,F,S(:Ea y) + G;,F,4(5Ea Z/)) ] .
And also for the covariant OAM density i§(3) and the potential term l;(s())t respectively:
1 = [ dedyp—— (G G 2.162
g - ray m ( g,D,3(x7y) + g,D,4(x>y)) ’ ( . )
1

z(3

Lot = / dxdyP—yg — (Gy.ps(z,y) + G pulz,y)) (2.163)

which finish the process of decomposing the twist-three transverse AM .J; E;O’).

Combining all the twist-three transverse AM densities discussed so far, we arrive at the
following sum rule

1 z(3 z(3 h
§AqT+AGT+lq()+Zg( ) = 7 (2.164)

with each term resembling the longitudinal ones because of the rotational symmetry, but has dif-
ferent partonic densities: Agr(x)/AGr(x) gives the parton transverse spin densities, and 1) (x)
are the parton transverse canonical OAM densities.

Finally, we mention that all terms in the above equation are renormalization scale depen-
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dent. Furthermore, when evolved from a particular scale, renormalization equations are com-
plicated as they do not form a closed set: twist-three evolution generally involves light-cone

correlations with two momentum fractions.

2.4 Transverse distributions of partons, AM, and magnetic moment

Besides the AM densities, it was pointed out that GPDs with arbitrary ¢ but £ = 0 can be
used to picture the transverse-space distributions of partons [28]. This helps to explore effects
of the transverse polarization on the parton distributions in the transverse plane. However, as we
learned in the previous section, not all effects related to the transverse polarization are intrinsic,
it is critically important to factor out the non-intrinsic contributions which are not related to the
internal structure of the nucleon.

In this section, we study the transverse-space distributions of partons inside the nucleon,
particularly the effects from the transverse polarization. We find some interesting results which
are different from the standard formula in the literature [88,94,95]. Our results help to understand
interesting physical observables, such as OAM and the magnetic moment [96] in terms of 3-

dimensional images of the nucleon, or nuclear femtography.

2.4.1 Transverse distributions of partons

We start with the relation between GPDs and transverse-space distributions proposed in
refs. [28, 88]. In order to define transverse coordinates b for partons, the nucleon state shall be

taken as localized in the transverse plane through superimposing plane waves with all transverse
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momentum, while taking its z-component going to P* = oo,

PR -0y =N [P p
" RY=0)= i p (2.165)

where }Pjo, pL> is a momentum eigenstate and V is a normalization constant. Using such a state,

we can define the quark distribution in the transverse space as,

pqe(z,b) = /dA N (PLL RN =0|v (—A—” b) AR (%”,b) |PL,R"=0), (2.166)

with gauge links between fields omitted. Then the Fourier transform of p,(x, b),

pq(x, A) = / d*be'®p, (7,b) (2.167)
can be expressed as
pq(x, A) =N2(27r)25(2)(0)/(217); iz <P’y¢< > ¢( ) P | (2.168)

which corresponds to the twist-two GPDs defined before with I' = +* up to a normalization con-
stant, except that A is in the transverse direction and hence £ = 0. Then, the quark distribution
can be expressed as

0T,

pq(x,A):N2(27r)2(5(2)(0)u(P’)(H( ~ Ayt + By (z, —A?) 1

)u(P) . (2.169)
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In the infinite momentum frame where P? — oo and for an unpolarized state, it becomes simply

pa(z, A) = Hy(z, —A?) (2.170)

with proper normalization where the E,(x, —A?) term does not contribute to an unpolarized

state. Thus, the quark transverse space distribution and H,(, —A?) will be given by

2
pq(@,b) :/(dQWA)Qe_iA'qu(x,—AQ):'Hq(x,b), (2.171)

where the Fourier transformation of GPD in transverse space #,(z, b) is defined. The distribution
pq(z, b) describes the the transverse-plane distribution of quarks with momentum fraction = in
the localized nucleon state. By summing over all partons: p,(b) = [ dxp(z,b), such a matrix

element becomes
pe(b) = (P, R =0|¢ (b)y"¢ (b) |PL, R-=0) . (2.172)

This is actually the Fourier transformation of the Dirac form factor F} ,(—A?) of the vector

current [97]:

d’A 2A
pqa(b) = / (%)2@—1“ / dzH, (7, —A%) = / We—m'bﬂq(—ﬁ), (2.173)

which can be used to define charge distributions of the nucleon [98, 99] without the relativis-
tic effects affecting the standard interpretation of nucleon electromagnetic form factors in the

textbook [100, 101].
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As for transversely-polarized nucleons, the polarized state | P*, R* =0, S > needs a more
careful consideration. Since the states on the RHS use different p |, it is unclear how to have the
same polarization vector S in a transverse direction while satisfying the constraint S - P = 0 for
all of them. However, in the infinite momentum limit where P?* — oo, all the states ’PZ, pL>
with finite p* can be in a definite helicity state, h = 4. Then the transversely-polarized nucleon

can be defined as [28,96],

1

|P*,X)=—(|P*,R"=0,+) + |P*,R"=0,-)) , (2.174)

Sl

2

where |P*, R+ = 0, —|—(—)> are states localized in the transverse plane with definite helicity. The

transverse-space quark density distribution in polarized nucleon states can be defined as
d\ - A A
¥ (2, b) = /2—6“\’” (P*, X |9 (—g,b) A (7”,17> 1P* X) (2.175)
T

Its Fourier transformation is then

X _12 2¢(2) /%z}m ,/__)\_n + &
py (w0, A) = SN (2m)% (0)% S P (=T )yt () [P L 2.176)

which is related to the twist-two GPDs,

ioTA,
2M

1 AN
pg((x, A) x 5 Zu(P Jh') <Hq(m, —A2)7+ + E,(z, —A2>

)u(P, R, (2177
h',h

where summations over helicity are performed for the initial and final states, separately. Using
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the spinors in the infinite momentum limit P* — oo, one then finds

A
p¥(, A) = Hy(x, —A?) + ;—MyEq(x, ~A?). (2.178)

After inverse Fourier-transformed to the transverse space, this gives the quark distribution in

transversely polarized nucleons

2 .
pied) = [ e s (e -a% + a2y
T (2.179)

1 0

=Hq(z,b) — SN O

E(x,b),

with the Fourier-transformed GPDs H,(x, b)/&,(z, b) in transverse space, as first derived in ref.
[28].

As discussed in the last section, however, the result above also receives contributions from
the center-of-mass motion which needs to be removed to get the intrinsic quark distributions. To

show that, we again expand the Dirac spinor in pf (z, A) to get

pr iA _
X — 2 Opafs 4
P (2, A) == H,(x, ~A?) (1 te fsapo
P 2M (PO + M) (2.180)
, gy GEVOBA,
— (Hq(llf, —A ) + Eq(l', —A )) Wsapﬁ s

where clearly the second term in the first line is proportional to the center-of-mass momentum
P* and does not correspond to the intrinsic contributions. Such a term, if not removed, will
cancel the H,(x, —A?) term in the second line and produce the transverse space distributions
derived above. However, for the intrinsic contributions, it shall be removed to restore the proper

~ factor of the transverse AM indicated by its Lorentz transformation [60]. Therefore, we define
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the intrinsic quark density distribution in transverse-space as,

in,

péfln(xﬂ A) = Hq(x7 _A2> + W

(Hy(z, —A®) + Ey(z, —A?)) . (2.181)

And its Fourier transformation becomes

2 .
Pan(T,b) :/ = e S0 | Hy(w, —A%) + 2y (Hy(z, =A%) + Ey(2, —A%)) |,
@ (2m)? 2M (2.182)
1 0
:,Hq(l” b) — oM Obv (/Hq(a:? b) + 5q($7 b)) .

which differs from eq. (2.179) by the #,(z, b) term in the parentheses.

2.4.2 Transverse AM distribution

With the intrinsic parton distribution pgfln(x, b), the transverse AM density in the trans-
verse plane can be derived straightforwardly. The twist-two quark transverse AM density in the

transverse plane can be defined as

5w = [ e e x)p (< 5he) i@ (Ge) 1P s
s

whose inverse Fourier transformation is

J;@)(I, A) = (by X IP+)p;fIn<x7 A) )

(2.184)
_ %x (Hy(z, —A?) + Ey(z, —A?))
where 0¥ becomes the derivative operator —i% in momentum representation and (b¥ x zP7) is

the twist-two transverse AM operator. In the forward limit, it is equivalent to the transverse AM
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derived in eq. (2.144). The quark transverse AM distribution in the transverse space J; (2)(x, b)
is now

T¥®) (2, b) = %x (Hq(z,b) + &(x,b)) | (2.185)

through Fourier transformation.

The total quark transverse AM distribution in the transverse space defined as
JO)(b) = (P, X |4 (b) 714D 4 (b) |7, X) (2.186)
q ? 9 3 .

can then be shown to be simply the sum over all quarks of different  as J3 (b) = [daJg @ (x,b).

With eq. (2.184), qu@) (b) can be expressed as

d’A
T = 3 [ G S (A A% £ B, (-4%) (2.187)

which relates the gravitational form factors A,(—A?) and B,(—A?) to the AM distribution in
the transverse plane of the nucleon. The gluon AM distribution can be defined similarly and the

total AM density is J*?)(b) = > J/ (2)(b) with i summing over quarks and gluons.

2.4.3 Transverse magnetic moment distribution

Distributions of other quantities in transversely-polarized nucleons can be derived similarly,
such as the magnetic moment whose property resembles that of AM. The magnetic moment can

be written as

m = %/d?’r (Plr x Tpm |P) (2.188)
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with Jg)s the electromagnetic current of the system which simply sums over all the quark cur-

rents of different flavors 7 and charges e; in nucleon as
Tbu = ;@«Zﬂ = Zizei&ﬁ”wi . (2.189)
The magnetic moment of nucleons can be related to their spin s as
m = us, (2.190)

so the scalar p also gives the magnetic moment of nucleons. For a transversely polarized nucleon

in momentum eigenstates, the magnetic moment can be written as

1
mt =5 [ @ (PS| 0T T L) IP.S) (2.191)

The same as AM, in the infinite momentum frame, it can be split into the twist-two Y7 7,,, term
and twist-three —r*J %, term. The twist-two magnetic moment which dominates in the infinite

momentum limit is defined as
u? = <PZ,S|/d3r r T [P S) (2.192)

Just as the AM which can be expressed with the gravitational form factors, the magnetic moment

can be related to the electromagnetic form factor which is defined as,

(P'| Tgar |P) = enu(P') (Fl(AQ)v“ + FZ(AQ)%> u(P), (2.193)
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where ey is the charge of the nucleon and F;(A?) and Fy(A?) are the Dirac and Pauli form
factors of nucleon. Then the magnetic moment x can be expressed as

eNh

Wi —(F1(0) + F»(0)) (2.194)

W=

which can also be expressed with the nuclear magneton iy = eyh/(2M) and the magnetic form
factor G (A?) = F1(A?) + Fy(A?) as = unGar(0).

The magnetic moment distribution in the transverse space follows from

@ (z,b) _by/;lA e (pz X|Zez¢1 <— " )ywi (%”,b) P2, X) . (2.195)

Again, with the intrinsic parton distribution in transverse space pgfin(x, b), one has the simple

relation

Oz, A) =) eipypa(,A) (2.196)

in momentum representation with again b the derivative operator —ia%. Using eq. (2.182), it
Yy

can be written with GPDs in transverse space as

PO b) = 30 S (M, (1,6) + £, (2,)) (2.197)

where —i% takes the term proportional to A, only. The relation connects the magnetic moment

density distribution to GPDs in transverse space, analogous to eq. (2.185) for AM.
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The total magnetic moment distribution in the transverse space defined as

p(b) =0/ (P*, X| > el (b) v e (b) | P*, X) (2.198)

is then a sum over all partons: 1 (b) = [ dzu®(x,b). The following relation between 1(? (b)

and electromagnetic form factors can be derived as

p? () = i [ EA ias (P, (=A%) + Fpq (—A?) (2.199)
2M ) (2m)? 4 0 ’

7

which indicates that the magnetic form factors G';(—A?) describe the magnetic moment distri-
bution, analogous to the relation between Dirac form factor and charge distribution. This result
agrees with the form factor result in eq. (2.194). It confirms the previous result [96] for the

anomalous magnetic momentum distribution in the transverse space.
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Chapter 3: DVCS and the kinematical higher twist effects

Experimental observables are essential to access these structures in the real world. As
mentioned above, while the parton spin contributions can be accessed with their polarized PDFs,
their orbital motions are given by their quantum phase space distributions, or essentially their

GPDs. For instance, the quark and gluon AM densities can be expressed as [4],

Jog(x) = 5 (Hyy(2,0,0) + E,4(7,0,0)) , (3.1)

N8

where H, ,(z,¢,t) and E, ,(z, £, t) are two different types of GPDs. Therefore, experiments that
can access these GPDs are crucial for the measurement of nucleon spin structures. GPDs are
naturally probed by the DEPs, namely the exclusive productions of particles off nucleons with
deeply virtual photon, including deeply virtual Compton scattering (DVCS) [102] and deeply
virtual meson production (DVMP) [103, 104] via the collinear factorization of QCD. DVCS is
considered the golden channel for the measurements of quark GPDs with its clean final state,
whereas DVMP allows more gluon sensitivities as shown in Fig. 3.1.

We focus on the DVCS process [4,102], namely the process of leptoproduction of a photon
off the nucleon with the virtual photon momentum square, or the virtuality, Q* = —¢? much
larger than the momentum transfer square ¢t. GPDs enter the DVCS cross-section in the form of

CFFs, which can be generally expressed in terms of the convolution of GPDs and complex-valued
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P t= (P - P)? P’ p t=(P' - Py P’
Figure 3.1: Leading-order handbag diagrams for the DVCS (left) and DVMP (right).
Wilson coefficients [29, 64, 105]. Therefore, the DVCS measurements that allow us to measure
the CFFs and reconstruct the GPDs play an important role in studying the internal structure of
the nucleon. There have been measurements from HERA (H1 [106-109], ZEUS [110,111] and
HERMES [112,113]) and JLab (CLAS [114,115] and Hall A [116,117]) and more programs are

planned in the future such as the JLab 24 GeV, ElcC [118] and EIC [7].

The theoretical foundation of studying the DVCS process is the collinear factorization
proven in QCD to the leading power accuracy of () [119-121], where twist expansion is in-
troduced. However, the twist expansion depends on the convention one chooses, similar to the
case in which one can do a series expansion for a given function at different points and get dif-
ferent series. Those series converge to the same original function that does not depend on the
expansion points chosen, but their finite sums do. Therefore, intrinsic uncertainties due to differ-
ent conventions will enter the cross-section formulas at higher order, which can be significant. As
a rough estimation, at JLab 12 GeV kinematics where Q*~5 GeV?, the twist-four parameter re-
lated to the target mass M will be around M?/Q?* ~ 20% which is quite substantial for precision
measurements of CFFs, while the twist-three effects are even more considerable. The twist-three

effects in the DVCS process have been studied in details [74,122—-125]. Besides, progresses have
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been made in understanding the kinematical twist-four effects, such as finite ¢ and target mass
correction for both forward and off-forward processes [126—132].

In this chapter, we start with a comprehensive overview of the DVCS cross-section formu-
las in the literatures. We will address another source of higher-twist effects related to the choice
of light-cone vectors and present a more general set-up of the cross-section formulas to study
such effects. We will show that the dependence on the choice of light-cone vectors shows up
at the twist three level, making it a non-negligible effect one must take into account in order to
obtain the cross-section formula to twist-three accuracy. On the other hand, we will also show
that the light-cone dependence gets canceled at twist three by considering kinematical corrections

from twist-three GPDs.

3.1 Notation and twist expansion in DVCS

In this section, we briefly review the general formalism for the DVCS cross-section, see
for instance [29, 102, 105, 133] for more details. Consider the electroproduction of a photon off a
proton as,

e(k,h) + N(P,S) — e(k',n) + N(P',S") +v(¢,\') , (3.2)

where k, k', P, P', q' are the momenta of the particles and h, h’, S, S’, A’ correspond to their he-
licities or polarization. The helicities h and /' take the value of +1/2, A’ takes +1 while the
nucleon polarization vector S satisfies S> = —1 and S - P = 0 and similarly for S’. We also
define the virtual photon momentum ¢ = k — k&’ and its helicity A.

Two sub-processes, Bethe-Heitler (BH) and Deeply Virtual Compton Scattering (DVCS),
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Figure 3.2: The Bethe-Heitler (left) and the DVCS (right) processes that both contribute to the
same photon production. Another Bethe-Heitler process where the photon is emitted from the
proton will be suppressed by the proton mass, and thus not plotted here.

P/

mainly contribute as shown in Fig. 3.2, and the full amplitude will be the sum of them:

T = Teu + Toves - (3.3)

With the coordinate set-up shown in Fig. 3.3, the electroproduction cross-section in the lab frame
can be expressed in terms of the squared amplitude combined with some kinematical prefactors

as [105,133],

, 3.4)

d’c oz%MxByz | |2

drpdQd[tldodds  1672Q1\/T 1 2
where we have the following definitions: fine structure constant agy = €2/(47) , photon virtual-
ity Q% = —¢?, the Bjorken scaling variable 25 = Q?/(2P - q), the electron energy loss variable
y = P-q/(P - k) and momentum transfer square ¢t = (P’ — P)?. ¢ and ¢g describe the az-
imuthal angle between the leptonic plane and the reaction plane and the azimuthal angle between
the leptonic plane and the target polarization vector in the case of transversely polarized target,

respectively. The notation v = 2Mx /(@) is introduced with M the target mass. We also define

the notation P = (P + P")/2,G=(¢+¢)/2and A=P —P=q—¢.
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Figure 3.3: The DVCS process in the lab frame where the proton is at rest initially.

The squared amplitude consists of three parts,

IT” = |Tsul” + |Toves| + TiaToves + Trves TeH - (3.5)

The interference contribution defined by the last term

Z = TguToves + TovesTen = 2Re [TgyToves] (3.6)

is linear in both the BH and DVCS amplitudes, and will be of more interest because of its rich
angular structure, whereas the BH amplitude can be carried out relatively easily and will not
be discussed in details. The notation and convention for the laboratory frame can be found in

Appendix B, which follows from ref. [133].
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Figure 3.4: Examples of twist-two (left) and twist-three (right) handbag diagrams that contribute
to the twist-three Compton tensor. Other diagrams that are related to them by permutation are not
shown here.

3.1.1 Compton tensor and light-cone vectors

The DVCS amplitude can be expressed in terms of the Compton tensor as,

e / / v v _x / /
7TDVCS = Q_;ﬁ'(k 7h )’Y U(k’, h)TM €M(q 7A) ) (37)

with e; the lepton charge in the unit of electron charge that is positive (negative) for electron

(positron), while the Compton tensor 7" is defined as,
T = z'/d4zei(q+q/)z/2 (P, S'|T {J“ (g) I (—g)} P,S) | (3.8)

with J#(z) the electromagnetic current operator and T the time order operator.
The Compton tensor 7" is in general non-perturbative, but with QCD factorization in the
Bjorken limit, it can be expressed in terms of the combination of perturbative coefficients and

CFFs with Feynman diagrams as shown in Fig. 3.4, see also refs. [29, 102]. Then the Compton
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tensor 7" can be expressed in terms of twist expansion as,

T =T

P +TH .. 3.9

®3)

where higher twist contribution will not be considered, and the leading and next-to-leading

Compton tensor can be written as [29],

Tl = / de(%ﬁ”C‘l (2, ) WHA(,,1) + Ty @, new b (. ,0))
! - 1.5

T = / 2y (e @ owbil@ g0 + Thyrei @ owhi @, e n) |
- q

(3.10)

respectively, where W' are GPDs defined as

Wi = [ PP 1 (_A_”) ry ( ) sy . @3.11)

with T certain combination of Dirac matrices: I' = {1,4*, 0,775, 4°} and 0" = % [y*,~"].

The tree-level Wilson coefficient functions C(‘IO[;_L] read [102, 105],

g 1 1 3.12
o Q(x—§+z’0$x+§—i0>’ G12)

where (), is the charge of quarks in the unit of proton charge. The (0) subscript stands for the
tree-level coefficients, whereas in the next order of the strong coupling, much more complicated

coefficients functions will be generated from loop correction. As for the GPDs, we use the
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definition in ref. [102],

nuWhH == E(Pl7 S/) |:¢H(I,£7t> + %E(%,g, t):| U’(P’ S) ) (313)
5 ~ 5 ~
n W = a8 [7/175H($,§,t)+ ”2 Af E(x,g,w} u(P,S), (3.14)

and the corresponding CFFs are defined from the convolution of GPDs and Wilson coefficients

as [105,133],

1
dxC’q[ ] (z,)H(z,&,t), E(&,t) E/ dmCE](g)_](x,f)E(x,fat%

? -1 (3.15)

diL"CqH] 33 5 (3375775)7 g(g’t) = /ldxcgé;r](m,f)f‘j(%gat)a

where summing over all the quarks is implicit here. Note that we focus on the cross-section
formula related to the leading twist CFFs in this paper, so the second line of eq. (3.10) is set to
zero hereafter unless mentioned otherwise.

In the Bjorken limit, both ¢? and P-q go to infinity while their ratio is kept finite. Therefore,
both initial and final photon momenta reach the light-cone and define the light-cone vector n in
the expressions above (mass dimension —1), and the skewness parameter £ is defined as { = —A-
n/(2P - n). With the light-cone vector n and its conjugate light-cone vector p (mass dimension

+1) that satisfies p> = 0 and n - p = 1, we could define the transverse projection operator as,

g =g — prn¥ —nfpY (3.16)

Then the vpL which indicates terms that are non-zero only in the transverse direction can be

expressed with the transverse projection operator as vy, = gjafy". We also define the following
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antisymmetric symbol in the transverse space as,
M = PNy (3.17)

Then the Compton tensor coefficients .7#”s in the Compton tensor can be expressed in terms of
the light-cone vectors as [29],
0 (g + qip”)] :

oV [ v 1 v 1 v
Ty =g e - (et vt
(3.13)

V. 1 1% % vV
Ty’ = 7 [d" g7 + g (¢ +4&p")]

G Z vpo ~ v v
T’ = o [ + (e + 7]

2p-q
with twist-three accuracy, where the leading terms are first derived in ref. [102]. It is worth noting
that 7 #”’s are ambiguous unless the light-cone vectors are clearly defined, and we will leave the
detailed discussion on this for the next section.

We notice that there are other set-ups without explicit light-cone vectors found in the lit-
erature. One of the commonly used is that of Belitsky-Kirchner-Miiller (BKM) [105], while a
similar set-up also is used in the Belitsky-Miiller-Ji (BMJ) results [134]. Instead of the light-cone
vectors n and p, the effective light-cone vectors are expressed in terms of the covariant physical
momenta as,

" 5

pBKM = Pu ’ngKM = P—q_ , (319)

75



which are not light-like: p3;; # 0,nky # 0. Those vectors are not ideal for rigorous twist
expansions, and the GPDs defined with them will mix with higher-order GPDs. But still, one

can calculate the Compton tensor coefficients with those effective light-cone vectors, which

gives [29],
g =Sl o T _pp|pe
BKM,(2) — ~ 9 9po (}5@)2 plo )
Gl v Voo D =
ToKAL(2) = 5P qg“ P Pys
) (3.20)
uv,p (j P D ov oD v
Tadie = ~gp g (P BPT +PUEP]
GV, - ? Voo =
‘23/;(1\5)[,(3) ~9p. CYSM Qo
where the projectors are defined as,
quq/l/ puqla Puqﬁ
W — Ehvpo — po T vB T po (3.21
PE= - (g Pqg)\? T B.g)s :

and we rewrite the original expression in terms of our notations. The BKM Compton tensor
coefficients are equivalent to the Compton tensor coefficients expressed with light-cone vectors
p* in the direction of P and n* in the direction of g up to twist-four corrections. Without loss of
generality, we will still use our light-cone vectors p and n unless otherwise specified. A careful

comparison between those two different set-ups is left to the next section.
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3.1.2 Gauge invariance and helicity amplitudes

Up to now, we have not used the explicit photon polarization vectors. It is simple to sum

over the final photon polarization, for which we replace,

Z et (¢, N (¢, N') — —g", (3.22)
N=+1

and then the cross-sections will be independent of the specific form of polarization vectors of
the photon. However, the substitution of photon polarization vectors needs more care, since the
Compton tensor 7#" only has twist-three accuracy, and it does not satisfy the current conservation

condition exactly as g, T"" = T""q, = 0. Instead, it only conserves up to a higher twist term,
q,T" ~T"q, ~ O (Ai) . (3.23)

Therefore, the exact gauge invariance cannot be maintained, and the gauge dependence of the
polarization sum is non-trivial.

To be more specific, consider an on-shell photon A*(q'), for which one additional gauge
fixing condition is needed besides the physical requirement ¢’*A,(q’) = 0, since there are only
two degrees of freedom. If we choose in general V#A,(¢') = 0 with V# any four-vector, the

photon polarization sum can be written as

qu/u_i_vuq/u V2q/uqlu
— . 3.24
TV (V- q')? 29

Z Eﬂ(q/,A/)E*V(qI,A/) _ _guu
AN==+1

Besides the —g"” term, we also have terms that depend explicitly on the gauge choice V*. Those
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terms are proportional to ¢’* or ¢, so they do not contribute if the Compton tensor conserves
to all orders. However, since the Compton tensor only conserves up to some higher order twist-
four terms, ignoring those extra gauge-dependent terms in the polarization sum will introduce
extra twist-four contributions to the cross-section and is not preferred. It is worth noting that the
necessity of using eq. (3.24) results from the unconserved Compton tensor. Thus, one might
regard the usage of eq. (3.24) as a gauge improving process, since it eliminate the terms in
the Compton tensor that are proportional to ¢’*, which are unphysical. The effect of the gauge
dependence of the cross-section will be discussed more carefully later.

Another way of taking care of the gauge dependence is to use the helicity amplitude
method. Since the Compton tensor is always connected to two photons, one could rewrite eq.

(3.7) in terms of the photon polarization vectors as [133, 135, 136]

1 — 1l 1! * v k(I Al
%VCS = @UU{; ) h )Pypu(ka h) Z €p(Q7 A)€V(q, A>T'u €u<q >A ) 9 (325)
A

where A sums over the three possible polarizations of the virtual photon. If we define the helicity
amplitude as,

Tan = e,(q, )T < (¢', A') (3.26)

the DVCS amplitude can then be expressed in helicity amplitude as,
Tr L u(k', W)y u(k, h)et(q, N)T, 3.27
DVCS = QQZU( WO ulk, he (g, A)Tan - (3.27)
A

The DVCS amplitude expressed this way will be independent of frame, since the helicity is an

invariant scalar. However, the definition of helicity depends on the choice of light-cone vectors, as
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the transverse directions are defined by the light-cone vectors, and thus each helicity amplitude
will depend on the convention for the light-cone vectors. Meanwhile, the DVCS amplitude still
depends on the gauge choice implicitly, because the photon polarization vectors 52‘1((]’ ,\") do.
The helicity amplitude method does not resolve the gauge dependence issue, it only makes it
implicit. Still, we will need to fix the gauge in order to calculate the helicity amplitude, and the
helicity amplitude will be different under different gauge choices, though it will be a higher-twist
effect.

In the literature, the radiation gauge for which we set V* oc (1,0,0,0) in the lab frame is
commonly chosen such that the A° will be eliminated. In an arbitrary frame, we could simply set
Vi = P*H, since eq. (3.24) is invariant under a rescaling of V#. In order to calculate the helicity
amplitude, we set up our coordinates in the lab frame by setting the virtual photon momentum in
the —z direction and the lepton beam momentum in the x — 2 plane. The details of all the physical
momenta are given in Appendix B which follows refs. [105, 133]. Then the photon polarization

vectors can be written as

—iAd

V2
Q

e

(g, A==+1)= (0,1,iA,0)

€<q7 A= O) = <_ I+ 727 07 07 1) ; (328)

vV 2{EBM

1
(¢, N =+1) = 7 (0, — cos B cos ¢ + i\ sin ¢, —iA' cos ¢ — cos O sin ¢, sin6) |

and the completeness relation for the virtual photon reads

v
> e g, M) (g A) — (g, A = 0)e" (g, A =0) = —g" + % : (3.29)
A==%1
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The polarization sum of the virtual photon polarization can be replaced with —g"”, since the
leptonic part always satisfies the relation u(k')y"u(k)q, = 0, and the extra ¢*¢” term will not
contribute.

We calculate the helicity amplitudes using the Compton tensor coefficients in eq. (3.20) for

the BKM set-up as an example, which reads,

1 2%(t(1 — xp) + M?z%)

Tariy = Taon® =37 @ —agpr T 0@,
T = Ay - - ) oG, (3.30)
T = Aty = R o),

where we defined 73" = ev(q,A) (¢, A') and they are consistent with the results in

ref. [135]. We leave the helicity amplitudes with light-cone vectors and the comparison with the

BKM ones to the next section, after we define our light-cone vectors there.

3.2 Cross-section formalism with general light-cone vectors

In the last section, we introduce the light-cone vectors n and p without defining them, since
their definitions are conventional. In this section, we define those light-cone vectors in a general
form such that light-cone vectors under different conventions can be studied systematically. Then
we can use them to work out the cross-section formula explicitly.

Note that the BH process does not involve the Compton tensor, so it does not depend on
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the light-cone vectors defined. With the BH amplitude which can be written as,

EVU

Em=i6@AMQW%ﬂ“E+BMu lﬂ(Pﬁ (3.3D)

where the BH leptonic amplitude is defined as,

FE A+ AR g
(K +¢')? (k—q)?

e = a(k 1)

]Mhh% (3.32)

one can write down the BH cross-section without light-cone vectors, see for instance refs. [102,
105, 133] for more details. With that in mind, we will focus on the pure DVCS and interference

cross-sections and treat and the BH contribution as the background in this paper.

3.2.1 Choice of light-cone vectors

Since each four vector has four degrees of freedom, we will need 8 constraints to determine
the two light-cone vectors n and p. To start with, we have 3 constraints n? = 0, p> = 0 and
p-n = 1 from the definitions of the light-cone vectors. In addition, since the light-cone vectors
should always lie in the space spanned by the four physical momenta P, P’, ¢, ¢’ who only span

a three-dimensional subspace due to momentum conservation, we have two extra constraints that
n, """’ P, P pue’’ P, P'qg =0. (3.33)

Therefore, there remain 3 = 2 x 4 — 5 degrees of freedom unfixed in defining the light-cone

vectors which are totally conventional. First, we could fix the scale of the light-cone vectors by
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asking that P - n = 1, which can always be done by boosting in the n direction. Then we are left
with two extra degrees of freedom that describe the direction of the two light-cone vectors n and
p. Two parameters, o and 3, are introduced to define the directions of two light-cone vectors,

with which we define

q =a¢" + (1 —a) ", Pp=pBP+(1-p)P*". (3.34)

Then our light-cone vectors p and n are defined such that ¢;, and P, are longitudinal:

4190 = Pl = 0. (3.35)

The above two conditions completely fix the light-cone vectors, though implicitly, and thus all
the physical momenta can be expressed in terms of light-cone vectors and their transverse com-

ponents using the general decomposition,

VE=pHV n) 4+ 0V -p)+ V" (3.36)
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The following expansions can be worked out for all the physical momenta,

M2+ (B = 1AL,

P =(1 a — 1)AY
M? + B?|A L ?
P —(1— 1 @ AF
_ 1/ M?>+(B—=12A 2 M?>+B3?%|A 72
Pu:p“é( 2((1+§))| : 2(1—|€)L|)nﬂ+w—1/2mi’
| |2 (3.37)
AP+t
A‘LL = —2€p'u — TTI,H —+ A/i 5
2 C12IA |2
—Q*+ (a—1P2A P AP+
I -9 _ no_ _ wo_ AN .
With all the physical constraints on the momenta such as P? = P? = M? ¢* = —Q%,¢? = 0

and A? = t and the momentum conservation A = P’ — P = q — ¢/, the | A |? and the parameter

n = —q-n/(2P - n) can be solved, for which we have

—4EM? + (&2 — 1)t

AP = .
A T v o
_ V@ 1@+ = aIALP = Q7+ +2(1 = a) | AL
! 2(t+ [ALP)
(3.39)
- 042|AL|2 —4
—¢(1- o +0OQ™.

The last undetermined constant in the above expansions is the skewness parameter £, which can
be solved in terms of the Bjorken scaling parameter xp with 2P - ¢ = Q*/xp, and the solution

reads

¢ = rp  2wp{2aMPay + (vp — 1) [1 = 20+ (B = 1)wp]t}

o —4 3.40
2—1p (w5 — 2)2(L+ (8 — Dap)Q? +0@). (340
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An exact solution of £ is in general inaccessible, so we expand & with twist-four accuracy. How-

ever, in the case where o = 0 we can solve them exactly to get,

na=0=¢.  Ea=0)=_t20+tH) (34D

2—a5(1 —t/Q?)

which corresponds to choosing the light-cone vector n in the direction ¢’. The above definition
of £ with o = 0 agrees with the one in ref. [129]. This simplification can be easily understood
considering that ¢ = 0, and thus the choice n o ¢’ builds a simple connection between the
physical momenta and light-cone vectors.

Other different conventions have been used in the literatures. Besides the Braun-Manashov-
Pirnay (BMP) convention [129], corresponding to v = 0, 5 — oo, in ref. [102] (Ji), a« = 1,5 =
1/2 , in ref. [105] (BKM), o = [ = 1/2 and in ref. [133] (UVa), « = [ = 1 are chosen
respectively. Those different conventions are plotted together in Fig. 3.5.

The above vector expansions on the light-cone also allow us to explicitly express the light-

cone vectors in terms of the physical momenta as

i = “PPu+ Ba
BC - DA (3.42)

nt — CPL—Aq

BC DA’
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Figure 3.5: A plot illustrating that different conventions in the literatures corresponds to different
choice of « and f3.

where we define the constants as

M2+ BPIALP | AL
B: +B ’
2(1-¢) A€ (3.43)
QP+ (a—12ALP AL+t

Therefore, all the variables in the light-cone coordinates can be expressed in terms of physical
momenta and lab frame kinematical variables with twist-four accuracy.

While each set of value of {a, 3} represents a different choice of light-cone vectors, the
value of {«, 5} should not be chosen arbitrarily. The twist expansion assumes that the photon

momenta ¢ and ¢’ are hard and approach the light-cone n direction in the Bjorken limit, so «a
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should satisfy |a?|AL]? < Q% and |1 — af*|AL|*> < Q?. Since |A| |*/Q? is already twist-four

suppressed, we can simply take

0<a<l (3.44)

which has very simple physical meaning that when o = 0 the light-cone vector n is in the
direction of ¢’ and when o = 1, it basically aligns with the g.

As for the choice of 3, while it is not as constrained, the twist expansion has a singularity
at 1 + (28 — 1)§ = 0. At the singularity, we have n - P;, = 0 and thus P, has to be proportional
to n. Then in the Bjorken limit, ¢, ¢’ and P, will all approach the n direction and the p vector
is not well-defined, whereas all physical quantities are regular when 5 — oo and it is safe to
let 3 — oo. With that in mind, we require that |A| |> < Q?, which gives |1 + (28 — 1)¢| >
(—4E2M? + (€2 — 1)t) /Q*. Again, since ¢/Q? and M?/Q? are already twist-four suppressed,

we can simply have |1 + (28 — 1)¢| 2 O(1). In practice, we choose

0<p<2. (3.45)

For 0 < £ < 1, it satisfies |1+ (28 — 1)¢| > 1 —&. Though large 8 will not cause any singularity,
we drop that region from our choice of 3 since it differs too much from the other choices in the
literatures with 3 from 0 to 1. Apparently, the larger range we choose for o and /3, the more
conventions will be covered, but the more uncertainties will appear in the final cross-section
consequently. The above ranges of a and 5 define the confidence bands we used in this paper.

With all the light-cone vectors defined, we can then perform the calculation of the helicity
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amplitudes in the radiation gauge. For comparison, we first calculate the helicity amplitudes

using the Compton tensor coefficients in eq. (3.18) expressed with light-cone vectors, and get

g _ g _ L Th(t1—ap) + MAB)(B -1 o

@ @ T2 2+ (8- DaslQ?
rB(t(1 — xp) + MPa%) (8 - 1)
21+ (8 = 1)apl?Q?

B =1/ =23t — zp) + M)
V2[1+ (8= 1)z5]Q

AN =+— __ AN'=—+ __
7 =7y =

@) +0(Q7?), (3.46)

’— ' —(0— ( _
Z%A 0+:Z%A 0— _ —I—O(Q 3)’

which indeed reduces to the BKM helicity amplitudes in eq. (3.30) when one takes § = 1/2,
consistent with the choice made in the BKM set-up. The helicity amplitudes turn out to be
independent of « at twist four, whereas it depends on [ starting at twist three. The dependence
of the helicity amplitudes on the choice of light-cone vectors is a mixture, originated from two
sources. The obvious one is the Compton tensor coefficients in eq. (3.18) that depends on the
light-cone vectors. Besides that, the polarization vectors also depend on the choice of light-cone
vectors, because the transverse and longitudinal directions are conventional, as one could see in
the definition of ¢/ and ¢/ in Egs. (3.16) and (3.17).

More specifically, in the Bjorken limit all physical momenta reach the light-cone and in-
stead of a three-dimensional subspace, they only span a two-dimensional space expanded by
the light-cone vectors n and p. The remaining two-dimensional space orthogonal to the physi-
cal momenta defines the transverse space, and the helicity can be defined unambiguously in the
two-dimensional transverse space. However, the above picture ceases to work when higher twist
effects are taken into account. The four physical momenta will then span a three-dimensional
subspace, and only one transverse direction, the direction of €"*? P, P q,, is well-defined. Then

the helicity corresponding to a circular polarization that involves two transverse directions in-
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evitably mixes the well-defined transverse direction with another transverse direction that lies
within the P, P’, q, ¢’ plane, which are totally conventional.

In the end, when we sum over all the polarizations, the dependence of polarization vectors
on the light-cone vectors will vanish, since they reduce to the tensor in eq. (3.24), while the
dependence of the Compton tensor on the light-cone vectors will persist in the final cross-section
formula. On the other hand, the gauge dependence is always there, explicit or not, which cannot
be avoided.

With those thoughts in mind, we will not use the helicity amplitude method for the cross-
section formula in this paper. Instead, we simply apply the gauge fixing condition directly when
summing over the final photon polarization, which has the same effect as the helicity ampli-
tude method in terms of the final cross-section but does not involve specific expressions of the

polarization vectors.

3.2.2 Pure DVCS cross-section with polarizations

We start with the pure DVCS cross-section, which is relatively simpler. The DVCS squared

amplitude | Tpvcs |2 in eq. (3.5) can be written into the leptonic and hadronic parts as,

1
2 o
| Toves|” = @L%VCSHS,VCS7 (3.47)
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where we have

Liues = > alk, h)y"u(k' 1 )ya(k k)7 u(k, h) (3.48)
h/
HEfos =Y TT"e, (¢, N)es (g A) . (3.49)
STA

The leptonic tensor L, can always be expressed in terms of the polarized part and the unpo-

larized part as,

Lves = Loyes,u +12hLiyes L 5 (3.50)
where each term can be solved as [102],

Lvesy = 2 (KK + KPk7 — gk - ') | (3.51)

Lvesy = 26" kokj . (3.52)

As for the hadronic part, it can be worked out with eq. (3.49) and the Compton tensor given in eq.
(3.10). It turns out that the hadronic tensor contains four terms that have a different dependence

on the target polarization, which can be written as,

o o 1 o nP o 1 o
Hfes =Hbvesu + MHSVCS,TE PAS MH{Gegn(n - S) + MHSVCS,A(A -8), (333)

where we introduce the notation ¢"7A5 = e*#p,, P,A, S5 when contracting with the ¢ tensor,

which will be used hereafter. The explicit expressions of those Hf,qs of different polarization
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configurations are not of interest for now.

In order to further study the polarization dependence of the cross-section, it is helpful to
write down a basis for the target polarization S and express the cross-section in terms of the
base vectors, as the polarized cross-section is linear in .S. We define the longitudinal polarization
vector to be a spatial vector along the direction of n* such that S’ ~ n*, where ~ indicates
projecting out the temporal component and normalization. As for the transverse polarization, note
that the transverse components of all the physical momenta in eq. (3.37) are in the same direction,
the direction of A’/. Thus, we define the two transverse polarization vectors as Sf.;, ~ A’/ and
Shout ~ €A, where Al is defined as A} = ¢/'"A, and satisfies A7 = —|A | |*. The in and

out subscripts indicate that the two vectors are parallel and perpendicular to the hadronic plane,

respectively. Then we define our polarization vectors as,

M 1
St = —— (—n“+ +€P") ,

14+¢ M?
1 ,
GH = pvPn nPP (354)
T T NM(I+ET ¢
1 ,
Stow = jap¢ | XA

where we introduce the notation

y o VAMEE -1 -8 (3.55)
M

and an overall plus or minus sign is conventional for all the polarization vectors. Note that while
we have the relation S§ o< €A, it does NOT apply to St, as A’ might have a temporal

component depending on the choice of light-cone vectors. Consequently, we use the definition in
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eq. (3.54) such that St ;, - P = 0 is manifest. The three polarization vectors form an orthonormal

basis for the polarization vector. With a specific choice of parameters o = [ = 1, they reduce to

Sf = (0,0,0, 1),
Sff’in = (0, cos ¢,sin ¢, 0) , (3.56)

S!IL‘,out = (0, —sin ¢, cos ¢,0) ,

in the lab frame, whereas higher twist corrections to those expressions are needed if different «

and (3 are chosen. Then, if we write the polarization vector as [133]

St =2A.(0,0,0,1) + 2A7 (0, cos ¢g, sin ¢, 0) , (3.57)

where A, Ar stands for the spin projection in the longitudinal/transverse direction respectively
and ¢ is the azimuthal angle between the transverse polarization vector and the leptonic plane,

it can be decomposed as,

S* = (2AL)SE + 2Ar cos (g5 — ¢) Sty + 2047 sin (ds — @) St oy (3.58)

and thus the hadronic tensor for the pure DVCS cross-section can be written as,

Hfos =Hpvesu + (2AL) Hies 1,
(3.59)

+ 2Ar [H]gle&T,in cos (ps — @) + ng((/cs,T,out sin (¢g — Cb)] )
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where we defined

Hies,u = % :ngzfcs(s) + ngz/cs(_s)] ; (3.60)
HiGesL = % :ngz/cs(SL) - HS@CS(—SL)] ; (3.61)
Hl s min = | Ffvcs(Srin) — Hiios(~5r)] (.62
st = 5 | s (Stam) — Hivos(—Sron)] (.63

Plugging the polarization vectors S into the definition of the hadronic tensor above, we have for

po
HDVCS,U’

13
4M?

Hiosy =4 [(1 — &%) (%W’H*"H + j/iz’”ﬁ*ﬁ) — (%9‘78*5 + 52%/\”/'“‘75*5)
(3.64)

— @ (A £ AHEH + WE) + A (EH+HE)) ] ,

po
and for HDVCS,L

~ ~ ~ 2 t ~
T 82'%1”"Re{ (- @) HH—¢ (HE+EMH) - <1i5 N 4M2) 55*5}

~ ~ ~ 2 ~
+8%”f"1m{ (1-&)HH-E (H*5+5*H) - (1i§ + 4]&2) 55*5} :

(3.65)
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po
and for HDvcs,T,m

_ ~ 2
HiNes mim = — 4Ni,}f_””Re{H*5 —EEH — 1§—+£€*8}

- ~ ~ 52 ~
P *o *qy *
+ 4N Im{%é’ EETH —1+£5€ ,

po
and for Hpyycg 1 out

Y

H]ngCS,T,out =4NIm [%pov}_l*g - fjfi;p”ﬁ*gl

where four tensor structures emerge in the hadronic tensor, and we define them as

e%”pazf"ngfgwj, L =

wp orvo Vo Grip
) (%) Ty + Ty T ) Grav

—1
2
DPo GP GO o __ —l oo vo Grt

H = =TT G K = S (TYTE = T T ) G-

We also define the projection tensor

P,uq/u + qu/u B P2q/uq/y
P-q (P-q)*

GH = Z €M(q/,A/)€*V(q/,A,) _ _g;w +

AN==1

(3.66)

(3.67)

(3.68)

(3.69)

resulting from the sum of final photon polarizations. As discussed in the last section, G,,,, reduces

to —g,,, only when the Compton tensor is exactly conserved.

The last step is to contract our hadronic part in eq. (3.59) with the leptonic part in eq.
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(3.50), and from this we have

|7T)vcs’ 0 {FUU + (2AL)Fyr + (2A7) ( cos (ps — @) Furin + sin (¢s — @) FUT,out)

+(2h) [FLU + (2AL)FrLr 4 (2A7) (cos (¢s — ¢) Frrin + sin (¢s — ¢) FLT,out):| } ;

(3.70)
where we define
Dvcs U DVCS L
Fyu —L HDVCSU’ Fro = L HDVCSUv
_ DVCS U _ DVCS L
Fur, L HDVCSL ) Frp = L HDVCSL>
(3.71)
DVCS U rypo — DVCS L rypo
FUT,in = L HDVCS T,in » FLT,in = L HDVCS T,in >
DVCS ,U _ DVCS L
Furont = L HDVCS ,T,out Frrouw = ZL HDVCS T,out

analogous to those in ref. [133]. The two structure functions F7;; and Fr7 oy vanish with leading
twist CFFs, and we list them here for completeness. Since those hadronic tensor Hf, s only
contain the tensor structures defined in eq. (3.68), it is only those tensor structures contracted
with the leptonic tensor that will enter the cross-section. Thus, we define the following four
scalar coefficients for the pure DVCS cross-section
hU = [DVOSU sppo U = LPD;/CS,Ujﬁpo 7
(3.72)
= LpD;’CS’U,}ffVPU , hol = LOYOSt T
Since the four tensor structures are either symmetric/antisymmetric in their p, o indices, they only
couple to the unpolarized/polarized leptonic tensor respectively, whereas coefficients such as h"

or h" vanish. Therefore, only four independent coefficients can be defined. Then we can express
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the structure functions in terms of them, which are given in Appendix. D.
In the leading twist approximation, it can be easily checked that our Fyy and F7; agrees
with the unpolarized and double spin process result in ref. [102]. Besides, our Fyy, Frr, Frrin

and Fypeu agree with the CoYCOS,COYS, CRYSS, CRFSS in refs. [105, 136]. In addition, they

correspond to the Fypr, Frp, F £?¥_¢S ) F (S]i;f?_‘bs ) terms in ref. [133] respectively. Therefore,

our polarized cross-section reduces to the results in ref. [102, 105, 133, 136] at leading twist.

3.2.3 Interference cross-section with polarizations
The interference cross-section can be carried out similarly. Again, we write the interference

squared amplitude as a product of their leptonic and hadronic parts as

€l ;ppo r7INT

1= _@ INT* ppo

+c.c.. (3.73)

where we have,

Ligr =" alk, by u(k' 1) (3.74)
h/
PO’
HEL =Y T",(¢, N)ej (¢, N)a(P', ) |(Fy + F)y° — B u(PS). (375)
S’ A/

Then we split the leptonic term into a polarized and unpolarized part as,

INT _ pINT,U | . INT,L
Lupa —Lupg +z2hLup0 ,

(3.76)
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whose explicit expressions are given in Appendix E. The hadronic tensor can be written as,

= t
Higr ={4P" (FJH* YYE F25*> + [(tn” 4 26A%) + 2iMe™™5] (Fy + Fy)(H* + €*)

2t ,p 20 =, P . N »
~ e PAS(FL + )& + P PASER(H+ & >}g‘i%f

+ { [Qie‘mpA +2M (n" + %A”) (A - S)} (Fy, + Fy)H*

+4M (S" _ %) E(F) + F) (ﬁ + #5)

_ t ~
— 4MPO(’/L . S) (F1 + WFQ) H*

+ %P"(A 9) [¢RE — 1L+ ORA] }Q“ﬁéf '

(3.77)

Terms proportional to A can be dropped since A"LE\;UT = (, though they are kept in the above

expression such that A”HE;I;F = ( is manifest. Then following the same polarization decompo-

sition in eq. (3.58), we can write the hadronic tensor in terms of four different terms as

Hir =HTu + QAL HT, + 207 [HT 50 08 (65 = 6) + HIYT 1 o S0 (05 — )]

(3.78)
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where we define similarly

e = 5 [HEE(S) + HigE(-5)]
i, = 2 RS — Hig(-50)]
HfGn i = 5 | HESE(Sri0) — HGE(~S1)]
Hf o = 5 [HG(Sr) — HE(~ )]

The four hadronic tensor can be solved by inserting our S, and we have for H{{{7 ;.

t
4M?

Hit v :[4150 (Ffﬂ* - F25*) +tn? (P + Fy)(H* + &%) g‘f/y(lz/f
+ 20 PA(Fy + B)YH'GL, T

ppo
and for HINT’L,

o Do ) /% 62 o t o
me :{ 4P {Fl (H — 1) - Bgpte

—tn”(F + ) (ﬁ + %5) }geﬁ{gf

3
N 0'77/_ * 5 % 14
— 20”3 (Fy + F) (H + m‘f T
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(3.79)

(3.80)

(3.81)

(3.82)

(3.83)

(3.84)



wpo
and for HINT,T,in’

o 1 Do * ? t o ) /% o
H{L§T7T’in :N{ —8P7 |EF, (g% ( § 4M2) E ) + FQ4M2 ((52 — )H* +£%E )]

+
ot (Fy + F) —i Gr G
1 2 1 +€ v (2)
+ ﬁe‘mPA(F + Fy) |EH + ! GhT
N 1+ F) e

(3.85)

upo
and for HINT7T7out,

o 1 - Do * t * t * *
HIMI\KI)T,T,(Jut :N{ — 8P |:F1 (527{ + (52 + 4M2) € ) + A M2 F2 <(§2 - 1)H +§2€ )

. o * t * 14
— 2itn? (F1 + F3) (H + 4M25 ) }Q‘;%f

4 - ~
_ NeanPAg(Fl —|—F2) (H* +

(3.86)

respectively. Again, the last step is to contract the leptonic and hadronic part to get the squared
amplitude. We have the same eight polarization configurations as what we get for the DVCS in

eq. (3.70), which are defined as,

I= QQt {FéU + 20 FLy 4 200 (Bl co8(bs — ) + Flpou sin(és — ¢))

+ 20| Py + 20, Ffy + 27 (Flp g, cos(6s — 6) + Fly o sin(os — 0)) | } ,

(3.87)
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where those eight polarized cross-sections can be expressed as,

I _—_ 7INT,U grupo I _ 7INT,L gyupo
Fou = L,pe Hinry +cc. Fry =L, Hixry + c.c.
I _—_ 7INT,U grupo I _ 7INT,L ryupo
For=1L,,, HyNrp +cc. Fr, =1L, Hyry, +cc.,
(3.88)
I — 7INT,U ryupo I — ;7 INT,L gyupo
Form = Lupo‘ HINT,T,in +c.c., FLT,in = ZL,u,pU HINT,T,in +c.c.,
I — 7INT,U ryupo I — ;7INT,L ryupo
FUT,out = L,upa HINT,T,out +c.c. ) FLT,out - ZL,upo HINT,T,out +c.c..

analogous to those in ref. [133]. In order to express those cross-sections further, we define 6

coefficients A, B!, C!, AT, B and C'! which are defined as

I _ gQpo vp 7 INT 1 _ o: Do o vp 7 INT

A =8P gl:’ZQ)pLHPU s A =& P glll;‘g(.Q)l)LupU s

B' =2tn°Gh TP LT B' = 2itn"G" TP LINT | (3.89)
I _ 4. onPA ovp 7INT NI _ 4 onPA vp 7 INT

C" = die G5 T Lyupo C' = 4e G T Lyupo

where each of them can be written as the sum of their unpolarized and polarized parts,

Al = ADY 4 2p AT (3.90)

with A = {A, B,C, A, B, C'} such that each A"Y/" is given by the same definition in eq. (3.89)
but with L'™N" replaced by LINT'V / LINTL respectively. The ALY, B'Y and C1'Y are the same as
the coefficients defined in ref. [133]. Then the eight polarized cross-sections can be written with
these coefficients, which are given in Appendix E. In the unpolarized case, our expression of F};;
agrees with the FéU in ref. [133] and the CL{np in ref. [105, 136]. More detailed comparisons are

left to the next section.
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3.3 Comparison of different cross-section formulas

In the last section, we expressed the square amplitude in terms of combinations of hadronic
tensors and leptonic ones. Complete analytical expressions of those terms are cumbersome, and
in this section we mainly compare them through twist expansion and numerical evaluation with
the help of FEYNCALC [137-139]. As we discussed before, the BH contribution will be treated

as the background and omitted for the comparison.

3.3.1 Comparisons of unpolarized cross-section

To start with, we compare our pure DVCS cross-section with the BKM10 results [136],
whereas the BKMO1 [105] results lack all the higher-twist kinematics and do not agree with our

formula nor the BKM10 one, so we will not have it for comparison. The four-fold cross-section

949
UDVCS / ¢S UDVCS (3 9 1)
d,dQ2d|t]dé dzdQ2d[t|dddds |

is of interest, since a transverse polarized target will not be involved in this paper.

In the subsection 3.2.2, we worked out the pure DVCS cross-section formulas and argue
that they agree with the BKM10 results to the leading order. Here we compare them beyond the
leading order. The twist expansion of those coefficients 2Y, kY, ht'U and h—" which are needed
for the pure DVCS cross-section are given in Appendix. D, and it can be checked that in the
unpolarized case, our leading term, corresponding to h 71 (2)> agrees with the ¢; chps term in

BKM10 [136] and the subleading term, corresponding to hy3) = EU , agrees with the ¢y (5 term

in BKM10 if we putin 5 = 1/2 which corresponds to the convention chosen there. Therefore, our
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result agrees with the BKM10 result up to twist-four terms. However, we do not have twist-four
agreement due to the approximation made in BKM10, for which they use the light-cone vectors
npxum and ppiy that are not light-like and drop the twist-four term in ZQ)A':** in the helicity
amplitude in eq. (3.30). As a result, we do not have exactly the same hadronic matrix element
as the CEIX)CS, since their twist-four terms are incomplete, and we will focus on the numerical
comparison at higher order.

One comment on the hadronic structures such as CEI}I’)CS in the BKMI1O results is that those
structures by definition must be functions of the parton momentum fraction z (which will be
convoluted with Wilson coefficients and eventually vanish in CFFs), skewness parameter &, mo-
mentum transfer ¢ and proton mass M only, whereas the ()? dependence only comes in through
the evolution of GPD. Therefore, the hadronic part must be expressible in terms of &, ¢ and M.
However, in the BKM 10 results those structures are written with x5 and it can not be completely
converted into £ which make their expression unjustified, as x5 are defined from the virtual pho-
ton momentum ¢ through ¢ - P = Q*/(2x ) which the hadronic part should not depend on. This
results from the effectively light-cone vectors ni, o ¢* used in their paper.

In Fig. 3.6, we compare those coefficients hY and hY with the BKM10 results [136], which
are almost the same with twist-four agreement and numerically very close to each other as we
can see from the plot. To do so, we need to convert the BKM10 results into our form, which are
given in eq. (D.7). It turns out that our twist expansion converges reasonably fast at twist four
for both the JLab 6 GeV and 12 GeV points, where it converges faster for the 12 GeV which has
a larger Q? = 4.55 GeV?. Besides, the all-order results and the twist-four results agree well with
the BKM10 result [136], when o« = 3 = 1/2, corresponding to the choice of light-cone vectors

made there.

101



W at E,=5.75 GeV,0%=1.82 GeV?, t=—0.17 GeV?, x3=0.34 h" at E,=10.59 GeV,0°=4.55 GeV?, t=—0.26 GeV?, x3=0.37
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Figure 3.6: Comparisons of the coefficients AU and hU from light-cone calculation with the
BKMI10 result. The orange line stands for the results with only twist-three kinematical accuracy,
the black line has twist-four kinematical accuracy, while the blue line contains kinematics of all
order. The dashed line is the BKM10 result. The gray band consists of all possible values of
those coefficients with )0 < a < land 0 < 3 < 2.

With those coefficients, we can move on to compare the cross-section. In order to perform
the comparison of the cross-section, we need input for the CFFs. Here we used the UVa CFFs
listed in ref. [140] which are shown in Tab. 3.1. With those CFFs, we can calculate and compare
all the different DVCS cross-section formulas, which are plotted in Fig. 3.7. The light-cone result
with @ = 8 = 1/2 has the same twist-three behavior as the BKM10, while the light-cone result at
a = 3 = 1, corresponding to the UVa [133] formula, will have different twist-three behavior due

to its different /3, since the cross-section depends on [ at twist three as indicated by eq. (D.13).
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CFF | zp; | |t|(GeV?) | Q2(GeV?) | ReH | Ref€ | ReH | Re€ | ImH | ImE | ImH | ImE
UVa | 0.34 0.17 1.82 -0.897 | -0.541 | 2.444 | 2.207 | 2.421 | 0.903 | 1.131 | 5.383
UVa | 0.37 0.26 4.55 -0.884 | -0.424 | 3.118 | 2.900 | 1.851 | 0.649 | 0.911 | 3.915

Table 3.1: CFFs used for numerical comparison of the cross-section calculation, see ref. [140].

d*ocUYpycs at E,=5.75 GeV,07=1.82 GeV?, t=—0.17 GeV?, x3=0.34

d*oYYpycs at £,=10.59 GeV,0*=4.55 GeV2, t=—0.26 GeV?, x3=0.37
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Figure 3.7: Comparison of the unpolarized four-fold pure DVCS cross-section d*o5Y.s. The
dashed line corresponds to our light-cone calculation with « = § = 1/2, the blue line corre-
sponds to our reproduced UVa result with « = [ = 1, and the red line is the BKMI10 result.
Besides, the gray band consists of 0 < o« < 1 and 0 < 8 < 2. The three results shown here are
reasonably close, while their difference are higher twist effects.

One obvious difference is that the UVa results with 3 = 1 actually have no angular dependence,
while the BKM10 results with 3 = 1/2 DO have. Both features are correctly reproduced using
our general set-up. With that said, those results are reasonably close to each other numerically.
In Fig. 3.7, we also show a gray band consists of all cross-section predictions with 0 < o < 1
and 0 < § < 2. this band serves as an estimation of the intrinsic theoretical uncertainties for the
pure DVCS cross-section.

Besides the pure DVCS cross-section, we also compare the four-fold interference cross-
section d*o %, with similar definition as the pure DVCS one with the BKM10 [136] result. Recall
that in eq. (3.89), we define 6 coefficients that are independent of the CFFs, we first compare
those coefficients.

For unpolarized target, the coefficients contain only the unpolarized part AV, BLV and

103



C1V. The coefficients of BKM10 [136] can be expressed into those coefficients as in Egs. (E.9) -
(E.11). Then similarly to the case of the pure DVCS cross-section, we perform a twist expansion
comparison for those coefficients A"V, BI'Y and C7V (see Eqs. (E.35) - (E.37) for the expan-
sion). It can be easily checked that the expansions agree with the BKM10 results when taking
[ = 1/2 at twist-three level, but not at twist-four. In Fig. 3.8, we compare both our complete and
expanded coefficients AV, BY CLYU with BKM10 ones. As we can see from the plot, the all-
order results agree well with the BKM10 result, while the twist-four expansion works fine. It is
also evident that for the JLab 12 GeV point with Q? = 4.55GeV?, the twist-expansion converges
much faster than the JLab 6 GeV with Q> = 1.82GeV?, due to the larger Q)°.

Though the all-order light-cone result at « = 5 = 1/2 agrees well with the BKM10 result
numerically, an exact twist-four agreement is not expected due to the approximation made in
BKM10. Given the effective light-cone vectors npky and ppky used in BKM, our light-cone
vectors n and p will not reduce to those off-light-cone vectors by setting o = 5 = 1/2.

With those coefficients compared, we could move on to the cross-section. In Fig. 3.9, we
show the different cross-section prediction with different conventions (o and () corresponding
to the difference choice illustrated in Fig. 3.5. While the BMP convention with § — oo differs
most from the other conventions, the others are quite close to each other. Again, we vary « from
0 to 1 and /8 from O to 2, and then our predicted cross-sections will form a band as shown in
Fig .3.9. Since the choice of a and [ are conventional, those bands serve as an estimation of the

theoretical intrinsic uncertainties of the cross-section prediction.
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Figure 3.8: Comparison of the coefficients A»Y, B'Y C1Y from light-cone calculation with the
BKMI10 result. The orange line stands for the results with only twist-three kinematical accuracy,
the black line has twist-four kinematical accuracy, while the blue line contains kinematics of all
order. The dashed line is the BKM10 result. The gray band consists of all possible values of

those coefficients with 0 < a < land 0 < 3 < 2.
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d*cV Nt at £,=5.75 GeV,07=1.82 GeV?, t=—0.17 GeV?, x3=0.34 d*oVV Nt at E,=10.59 GeV,0°=4.55 GeV?, t=—0.26 GeV?, x3=0.37
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Figure 3.9: Comparison of the four-fold interference cross-section d*c%. of different choice
of o and 3. Besides the different lines showing different choice of parameters, the gray band
consists of all cross-section results with 0 < o« < 1 and 0 < § < 2. The UVa results shown here
are obtained by taking & = [ = 1 in our set-up and differ from the actual result in ref. [133] with
an overall factor of cos ¢.

3.3.2 Comparisons of cross-sections with longitudinally polarized target

In the last subsection, we compared the cross-section in the unpolarized case, and in this
subsection we show that our formulas apply to the polarized cross-section which also agrees
with the BKM10 results [136]. For simplicity, we consider the cross-section with longitudinally
polarized target and unpolarized beam.

The pure DVCS cross-section does not have leading-twist contribution, as we discussed in
subsection 3.2.2. Therefore, we focus on comparing the interference cross-section. In eq. (E.3),
we show that the cross-section for unpolarized beam and longitudinally polarized target can be
expressed in terms of the other three coefficients AV, B1Y and C*'Y. In ref. [136], the same
hadronic structure shows up, and a comparison of those coefficients would suffice. Again, in
order to compare them, we need to convert the BKM result to the form of ours, which are given
in Egs. (E.12) - (E.14). We perform a twist expansion for those three coefficients in Egs. (E.38) -

(E.40) and compare both the expanded formulas and the all-order formulas numerically, as shown
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in Fig. 3.10. Note that there is an overall minus sign difference between ours and the BKM10
result which we take away, since the polarization vectors can always be redefined with a minus
sign.

As we can see from the plot, our results agree well with the BKM10 result [136] when
taking o = § = 1/2, corresponding to the choice made there. The larger difference in BTU can
be explained for two reasons. For one thing, B’V does not have a leading twist contribution,
so the differences at a lesser-dominant higher twist will be more significant in BTUY. Another
reason is that the effective light-cone vectors ngky; used in ref. [136] is not light-like, while BIU
is defined as the contraction of n with the leptonic part as shown in eq. (3.89), which depends
directly on the light-cone vector. Apart from that, we see similar behavior as the unpolarized case
that the twist expansion converges much faster for the JLab 12 GeV point, due to its larger Q.
Also, our agreements with the BKM10 results improve as (% gets large, since their difference is
a higher twist effect.

With those coefficients and nucleon form factors, the cross-sections can be worked out the
same way as the unpolarized case. We compare the polarized cross-section with different choice
of parameters as shown in Fig. 3.11. Again, we show that they form a band which estimates the

intrinsic theoretical uncertainties of cross-section prediction.

3.3.3 Gauge dependence of the cross-section

In the subsection 3.1.2, we discussed that the cross-section actually depends on the gauge
choice due to the breaking of exact current conservation condition of the Compton tensor: qLTW ~

T q, ~ O (A?). Therefore, the cross-section will not be invariant under the gauge transforma-
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Figure 3.10: Comparisons of the coefficients A7V, BLY C:V from light-cone calculation with
the BKM10 result.The orange line stands for the results with only twist-three kinematical accu-
racy, the black line has twist-four kinematical accuracy, while the blue line contains kinematics
of all order. The dashed line is the BKM10 result. The gray band consists of all possible values
of those coefficients with 0 < o < land 0 < § < 2.

tion e#(¢', ') — *(¢', \’) + A¢"*. In this subsection, we study how the cross-section will vary

under the gauge transformation.
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Figure 3.11: Comparisons of the four-fold interference cross-section d*o %% of different choice
of o and f for longitudinally polarized target and unpolarized beam. The gray band consists of
all cross-section results with ) < o < 1 and 0 < 8 < 2. The UVa results shown here are obtained
by taking = 8 = 1 in our set-up and might differ from the actual result in ref. [133].

Note that the gauge fixing condition V' - £(¢') = 0 actually requires that V' - ¢’ # 0. Oth-
erwise, the condition V' - £(¢') = 0 may never be satisfied under the gauge transformation as
V- (e(d)+ M) =V -e(¢), leaving a pole at V' - ¢ in the polarization sum in eq. (3.24), which
should be avoided when choosing the gauge. For arbitrary gauge choice, the G*” will reduce to

—g"” if the current conservation condition is exactly satisfied. Therefore, we define

qulu + qu/p V2q/p,q/y
= — 3.92
Vg V-q)?’ (392

=" G

such that G = gg‘o”) + gﬁ”) Then the gauge dependence is all contained Qé‘ly) and when the
Compton tensor is exactly conserved, it can be set to zero. Since both the pure DVCS and

interference cross-sections are linear in G, we can use the ratio

N———

dopves/iNT (Qé‘l”) (3.93)

DVCS/INT =

I

dopyes/int (GH)

to estimate the dependence of cross-sections on the gauge choices, and the numerical results with
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Figure 3.12: The ratio 55 JINT defined above in the unpolarized case, calculated at one given
kinematic point and radiation gauge in the lab frame with V' = P. The gauge dependence is in
general not significant, though it is more relevant in the case of interference cross-section.

the radiation gauge in the lab frame, corresponding to V' = P, are shown in Fig. 3.12.

As we can see from the plot, the gauge dependence is indeed a higher order effect. Even
for Q> = 1.82 GeV?, the ratio is already small enough. Therefore, the gauge dependence of the
cross-section will not severely affect the results, though they still add to the intrinsic uncertainties
in the theoretical prediction of the cross-section. Some numerical studies on the gauge depen-
dence of the cross-section by choosing different V' as P, P’ and ¢ respectively show that they
give almost the same cross-section with difference at the order of 0.1%, and thus the gauge de-
pendence is indeed a less relevant effect than the dependence on the choice of light-cone vectors.

It is also worth noting that the gauge dependence will be more significant if the leading

approximation of Compton tensor coefficients 9(5)” ~ —1g"", :772*)” ~ £€” is used. The reason
is simple - if we have the Compton tensor coefficients to all order, it will be exactly conserved,
and the contribution of those gauge-dependent terms vanishes. This also indicates that the gauge

dependence shown in Fig. 3.12 can only be eliminated by calculating the Compton tensor coeffi-

cients to a higher order, rather than choosing a specific gauge.
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3.4 Operator production expansion and covariant coefficients

In previous sections, we show how the cross-section formulas depend on the choice of
light-cone vectors in the leading twist GPD approximation, where all the higher twist GPDs are
set to be zero. However, the light-cone dependence persists at twist three even when the Compton
tensor coefficients are accurate to twist three, indicating the existence of some other kinematical
twist-three correction from higher twist GPDs. These relations between GPDs of different twist
are the results of Lorentz symmetry and the equations of motion, which are generally known as
the Wandzura-Wilczek (WW) relations, stating that the higher-twist GPDs can be split into the
WW parts that are expressible in terms of the lower-twist GPDs and the genuine twist-three parts
that are related to higher-twist quark-gluon-quark operators [29, 123, 141-143]. In this section,
we show that it is necessary to include the kinematical corrections from twist-three GPDs in order

for the dependence on light-cone vectors to cancel at twist three.

3.4.1 Covariant Compton tensor coefficients

The best method to study the twist expansion without light-cone vectors is the Operator
Production Expansion (OPE), which states that a non-local operator in z* can be expanded in

terms of a series of local operators when 2% < 1/Agcp
Ji(2)(0) = Ci(2*)0i(0) (3.94)

where O;(0) are a set of local operators and the corresponding coefficients C;(z?) are their Wilson

coefficients calculable in perturbative QCD in strong coupling o; expansion. As the separation of
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the non-local operator z approaches light-cone as 22 — 0, local operators in the lowest power of z
will dominate, which are defined as the leading twist operators. As we discussed before, the twist
defined in this case differs from the dynamical twist in light-cone power counting, and is known
as the geometric twist, which is defined through ¢ = d — s, with d the mass dimension of the
operator and s the Lorentz spin. For instance, a rank-2 tensor O*” can in general be decomposed

into symmetric traceless, antisymmetric and traceful parts as
v (pv) 1 v ] 1 v
o = OoW — Zg“ Tr(O) | + O¥ + Zg“ Tr(O) (3.95)

and each of them will be of spin 2, 1 and 0. Consequently, if the operator has a mass dimension 4,
the three parts will be twist-two, twist-three and twist-four respectively. Therefore, equations of a
general tensor operator will contain operators of different twist, making it possible to express part
of the higher twist operators in terms of the lower twist operators through equations of motion.
These relations for the twist-three GPDs in DVCS process has been studied and derived in the

literatures [29, 123, 141-143], which can be written as

W[’Y“](x’ £, t) - SA_;&nVWhy](xa ¢, t) +o (3.96)
wh (@, ¢,1) = _A;fnuw[’*””s] (@, & t) + -+, (3.97)

where a general tensor is projected out with the twist-two part, and the ellipsis stands for twist-two
GPDs convoluted with WW kernel and genuine twist-three GPDs. It is worth noting that terms
with twist-two GPDs convoluted with WW kernel are in general comparable to the twist-two

GPDs themselves, but they are dropped here because they lead to a different set of CFFs which do
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not mix with the leading twist CFFs we care about in this paper. Therefore, it is sufficient to study
the terms above for our purpose, and a more thorough study of the twist-three CFFs is left to future
works. While the above relation leads to the trivial identity n,WD"l(x, &, t) = n, WD"(z, £ 1)
if we project out the leading twist contribution, it also involves a twist-three part in the form of
W] (z,6,t) = AL /(=28)n, WD I(z, € t)+ - - . This kinematical twist-three term will modify
our Compton tensor coefficients and cancel the light-cone dependence at twist three, as we will
see.

In order to get the modified Compton tensor coefficients, we need to redo the calculation
with the above substitution of the leading twist GPDs. The result is surprisingly simple and leads

to a modified Compton tensor coefficients as (compared with eq. 3.18),

T = N PP e i
2 A ’
| " (3.98)
- 2
yuy _ urnA )
@ = T3 A)f

The above expressions reduce to —% ¢ and %e’f’ respectively if we choose the light-cone vectors
such that A/ = 0, which corresponds to the BMP choice [132] that § — oo. This indicates the
kinematical correction to the leading twist CFFs vanishes at twist-three if we choose the light-
cone vectors such that A/ = 0. On the other hand, the above Compton tensor coefficients can

also be promoted with the physical vector ¢, ¢’ up to twist-four terms as,

5 1 , quq/y + quqlu q/uqlqu2
‘Zg) c~ 5 9" = / + / )
! 2 q-q (¢-q) (3.99)
.y Z /
g etvad
®€2(q- ¢

which are given in ref. [132] as well. These promoted Compton tensor coefficients are covariant
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and apply to a general choice of light-cone vectors. Besides, they are also manifestly gauge-

invariant, which frees the scattering amplitude from any specific gauge fixing conditions.

3.4.2 Comparison of the cross-section with covariant coefficients

Now we are in a position to go back to the cross-section formulas, and compare different
formulas with the kinematical corrections above. Our results above indicates two ways to calcu-
late the cross-section: either to take 5 — oo with the light-cone Compton tensor coefficients in
eq. (3.18) such that all kinematical twist-three corrections vanish, or to use the covariant Compton
tensor coefficients defined in eq. (3.99). While the former approach provides a simple connection
to our previous results, it is restrained to one specific choice of light-cone vectors and will not
be general enough to study the light-cone dependence of the cross-section formulas. Therefore,
we focus on the latter approach, for which we use the covariant Compton tensor coefficients and
study the remnant light-cone dependence in the cross-section formulas.

Recall that in previous sections, we defined 4 scalar coefficients AV, AU, b= and AtV for
DVCS amplitude and 6 complex (or 12 real) scalar coefficients A’, B!, !, A’ B! and C'. A
comparison of those coefficients would suffice in order to compare different formulas. For the
pure DVCS cross-section, it turns out that with the covariant Compton tensor coefficients, those

coefficients have a compact form that is independent of the light-cone vectors, for which we have

5 . o 2 L A\2
puju 2k Q)(/f ¢) ¢k q2) kg
q-q (¢-q)
_2 ./
hﬂE:J%%#l+k@7 (3.100)

htt=0.
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Figure 3.13: Comparisons of the coefficients 1V and h~' over different formulas. In the plots,
we can see that the covariant coefficients above agrees well with the BKM10 results with WW
relations and also our light-cone calculation with 3 — oo, while they differ a lot from the result
without WW relation. Note that in the 8 — oo limit, the value « is actually degenerate and
irrelevant.

Using those coefficients, we compare different pure DVCS cross-section formulas numerically,
as shown in Fig. 3.13. Apparently, they confirm our observation that the general covariant
coefficients agree with the light-cone results with 5 — oo as well as the BKM10 results with
the WW relation, whereas their differences to BKM10 results without WW relation which are
twist-three effects are shown to be quite significant. Note that in the 3 — oo limit, the value « is
actually degenerate and irrelevant. Therefore, we suppress the choice of « in the limit § — oo
hereafter.

The comparison of the interference cross-section formulas can be done similarly, except

115



AN at E,=5.75 GeV,0%=1.82 GeV?, t=—0.17 GeV?, x3=0.34

60 , ‘ ‘ , ‘ , A at Ep=10.59 GeV,0?=4.55 GeV?, t=—0.26 GeV?, x3=0.37
80 T T T T
or_ . Cov BKMI10(WW) - L Cov BKMIO(WW)
N e 601 “+ R
af N LC(B=100) =----- BKM10 ,* ] X LC(=100) -=---- BKM10 ,
e (B ) ’ — \\ /‘
% s0f 1 > 40+ ) i
[
] ©
% 20 b :;C 20+ B
10 ] ok q
(S ]
1 1 1 I I 1 Il 1 ,20 L 1 L L L 1 L L
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
#(°) #(°)
BV at E,=5.75 GeV,0?=1.82 GeV?, t=—-0.17 GeV?, x5=0.34 BV at £,=10.59 GeV,0%=4.55 GeV2, t=—0.26 GeV?, x3=0.37
0.0 ‘ ‘ ‘ . . 0.0 : ; : : :
—02f Cov(a=p= %) BKMI10(WW)] -02F Cov(a=f= %) BKMI0(WWJ
-04F .
o -04f LC(B=100) =----- BKM10 1 < LC(B=100) =-=-=--- BKMI0
% % -0.6 ]
O -06F . &)
S \ _______________ _% = o8] ]
& _gf-----7 S B aaRhL R Ers & x ____________ %
KIS~ ]
-lor 1 -12f v ]
12h ‘ ‘ ‘ ‘ . ‘ . labs ‘ ‘ ‘ . . . ‘
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
P ¢

CMY at E,=5.75 GeV,0%=1.82 GeV?, t=—0.17 GeV?, x3=0.34
6

Y at Ey=10.59 GeV,0°=4.55 GeV?, t=—0.26 GeV?, x5=0.37

10

1
Cov(a=p= 3 ) BKMI10(WW) _ Covia=p-= i )

BKMI0(WW)]

LC(B=100)

LC(B=100)

& 2f 1 e ]
2 >
e 3
S or 1 = o 1
= =
S ~
2r 4
-5F 4
4+ i
L L L L L 1 1 L —_loL L L L L L L L
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
) )

Figure 3.14: Comparisons of the coefficients AY, BI'Y and C1'V over different formulas. The
coefficients B5Y and C7V depend on the light-cone vectors explicitly, and thus we vary the «
and S from 0 < o < 1and 0 < § < 100 to get the gray band in the plot. The blue lines in the
plot agree well with each other.

that we have more coefficients in the case of interference. The expressions of those scalar coeffi-
cients are collected in Appendix E, and here we focus on comparing them numerically.

As shown in Fig. 3.14, the covariant coefficients agree well with the BKM10 formula with
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Figure 3.15: Comparisons of the unpolarized four-fold pure DVCS cross-section d*oc5g. Our
pure DVCS cross-sections almost have no light-cone dependence, while they differ a bit from the
BKM10 results with WW relations.

WW relation and they both agree well with the previous light-cone result at 5 — oo, confirming
that the kinematical twist-three corrections vanish when we choose the light-cone vectors such
that A, = 0. However, the coefficients B’ and C" still depend on the light-cone vectors, which
is shown in the plot as the gray band for which we vary the o and  from 0 < o < 1 and
0 < f < 100. We emphasize that after using the covariant Compton tensor coefficients, the
remnant light-cone dependence is twist-four suppressed, so it will be less significant at large ()2,
as indicated by the plots on the right of Fig. 3.14 which has Q% = 4.55GeV?, much larger than

the left plots with Q% = 1.82GeV>.

3.4.3 Light-cone dependence of cross-sections

With those scalar coefficients compared, we can now move on to compare the cross-section
formulas with our covariant coefficients and find out how the cross-section depends on the choice
of light-cone vectors. In Fig. 3.15, we compare the pure DVCS cross-section numerically. It
turns out that our covariant results for the pure DVCS cross-sections has almost no light-cone

dependence. We get almost identical results by varying o and 3 in the region 0 < a < 1,0 <
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Figure 3.16: Comparisons of the four-fold interference cross-section d*oi% and d*c£l.. Our
interference cross-sections agree well with the BKM10 results with WW relations. Different
from the case of pure DVCS cross-sections, the interference cross-sections still show dependence
on the choice of light-cone vector, which is indicated by the gray band for which we vary o and
B in the region 0 < a < 1,0 < 5 < 100.

£ < 100. Therefore, we suppress the o and $ when presenting the pure DVCS cross-sections.
On the other hand, our results still differ from the BKM10 results with a twist-four effect. As we
discussed in the previous section, the main reason is that BKM10 used the effective light-cone
vectors that are not on the light-cone, leading to the differences at twist-four level.

Besides, we also compare the interference cross-sections for both unpolarized and lon-
gitudinally polarized beam and unpolarized target as shown in Fig. 3.16. Due to the explicit
light-cone dependence in the coefficients B"Y and C7V (also BV and C"V in the case of a lon-

gitudinally polarized beam), the interference cross-sections still show some dependence on the
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choice of light-cone vectors. Again, we emphasize that after using the covariant Compton ten-
sor coefficients, the light-cone dependence vanishes at twist three, so the light-cone dependence

indicated by the gray bands are twist-four effects.

3.5 Comments on different cross-section formulas

In the end, we comment on the major cross-section formulas in the literature. We de-
note one of the most popular formulas as the Belitsky-Kirchner-Miiller (BKMO1) one [105],
which receives higher-order kinematical corrections [136] (BKM10) and then gets refreshed in
the Belitsky-Miiller-Ji (BMJ) formulas [134] to include the transversely polarized target. The lat-
est version of this series used in the fitting of the recent JLab Hall A DVCS measurement [144]
is the Braun-Manashov-Miiller-Pirnay (BMMP) formulas [132], where kinematical twist-four
effects such as target-mass and finite-¢ corrections are considered. Another recent work in the
literature, denoted UVa, is given in ref. [133] which utilizes helicity amplitudes to separate out
the different contributions to the cross-section at both leading and sub-leading twist.

Several differences between our formulas and the BKM0O1, BKM10, BMJ and BMMP
formulas should be noted here. In both the BKMO1 and BKM10 formulas, the twist-three parts
are given in terms of the so-called effective CFFs which are mixtures of twist-two and twist-
three CFFs. In the later BMJ formulas [134], the mixing of CFFs gets more complicated due
to the introduction of the helicity-dependent CFFs, where each of them might involve CFFs of
different twist. In the BMMP formulas [132], such mixing is resolved by choosing a different set
of photon polarization vectors, which rotates the helicity-dependent CFFs and disentangles the

mixing. This agrees with our argument in ref. [145] that with the BMMP coordinate choice, such
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kinematical twist-three effects vanish.

Another difference worth noting is the choice of definitions of twist-three GPDs. Com-
monly in the literature (as well as here), the definitions in refs. [70, 146] are used, where the
GPDs are defined according to their different Dirac structures that do not mix the Dirac tensor
(without 7°) and pseudo-tensor (with 7* and Levi-Civita symbol). With this choice, the physi-
cal interpretation of GPDs gets clearer. For instance, the GPD FEar(x, &, ) is closely related to
the orbital angular momentum of partons [61, 73,74, 143]. On the other hand, in the BKMOI,
BKM10, BMJ and BMMP formulas, another set of twist-three GPDs H2, 3 H3 | E3 (or ones
with equivalent definitions) are defined, resembling the definition of H, F, H,E. This choice
makes the calculation simpler, as it will be similar to the twist-two one, while they make the
physical interpretation of GPDs, such as the orbital angular momentum for Fsyp, less obvious.

At last, we comment on the quantitative comparison of all the formulas. The BKMOI
formulas lack kinematical higher order effects, while the UVa formulas differ from the others
with an extra cos(¢) phase factor in the interference cross-section. The connections between
the BMMP and BMJ formulas are discussed with details in ref. [132]. Besides the kinematical
twist-four corrections added in the BMMP formula, the major difference between them is the
redefinition of light-cone vectors in the BMMP formulas, while the cross-section formulas are in
essence the same. Both the BMMP and BMJ formulas are closely related to the BKM10 formulas
— the corresponding scalar coefficients are identical to those of the BKM10, which agree well

with the scalar coefficients here.
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Chapter 4: QCD factorization for threshold production of heavy vector meson

with GPDs

In addition to the quark structures that can be probed with DVCS, gluon structures are more
mysterious and can only be probed with strongly-interacting particles like mesons, e.g., through
meson productions like DVMP. The meson productions typically require higher collision energy
compared to that of processes like DVCS. One reason is that the meson produced in the final
state can still interact with the nucleon with soft gluon exchange, thus higher energy is required
to avoid the dominance of the soft contributions. Also, since the meson could also be produced
by the constituent quarks in the nucleon through processes shown in Fig. 4.1, the heavier meson
production for which such contributions shall be suppressed will be of more interest for probing
the gluon structures, requiring higher energy as well.

Therefore, DVMP measurements are mostly accessible with collider experiments which al-
low more center-of-mass energy compared to the fixed-target ones, and the future EIC [6] will be
crucial for such task. On the other hand, at lower energy near the threshold, the exclusive meson
productions, especially for heavy mesons like .J /1), also contain rich gluonic physics and can be
measured currently at JLab [147], which has raised lots of interest in the communities [ 148—154].
An intuitive picture for the gluonic sensitivity of such processes is that when a heavy meson is

produced in the nucleon, it can be treated as a color dipole in the non-relativistic limit. Near the
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Figure 4.1: An example of meson production from quark GPDs.

threshold where the dipole has almost zero kinetic energy in the center-of-mass frame, it will be
coupled to the local color electric field £, [155, 156], as illustrated in Fig. 4.2.

Of course, we can not use a static heavy meson that decays very shortly to probe the local
gluon distributions of the proton in reality. Instead, one could consider the photo- or lepto-
production of such heavy meson off the nucleon near the threshold. In this chapter, we will
consider such a threshold photoproduction process. We will show that the QCD factorization
formula in terms of gluon GPD for the photo- or lepto- production of heavy vector meson remains
to be valid in the near threshold region. At a large vector meson mass, the amplitude is dominated
by the leading moment of the gluon GPD, the gluon GFFs of the proton, allowing them to be
extracted from experiments [147, 157]. We apply the formalism to the case of unpolarized J /1
production from recent GlueX measurements [147], which shows encouraging results.

In the literature, different methods have been adopted to analyze the process. In the vec-
tor dominance model [156, 158, 159], the vector meson photoproduction is related to the for-
ward meson-nucleon scattering where a direct OPE in terms of gluonic matrix elements is ap-
plicable [160-163]. Recently, this process has also been approached using dispersive analy-
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Figure 4.2: An illustration of using heavy meson as the probe of local color field.

sis [164, 165] and holographic QCD [148—151]. However, a comprehensive understanding of
the process in perturbative QCD in the threshold region is still lacking except a few early at-
tempts [166, 167]. This is in sharp contrary to the large Q% and large W diffractive region where
the process has attracted attentions since mid-1990s [168—172] with well-established all order
factorization [104] in terms of GPDs [3, 4, 103], and the Q? = 0, large W and small ¢ region
where the factorization has been explicitly shown at next to leading order [173].

In this chapter, we study the near-threshold photoproduction of heavy vector meson with
mass My in the heavy-meson mass limit My — oo. In this limit, the process is dominated
by the direct photon coupling with the heavy quarks, and the heavy quark production through
gluonic subprocesses including possible intrinsic heavy flavor is suppressed by a(My) — 0.
We show that the QCD factorization in terms of gluon GPDs in ref. [173] remains valid in the
threshold region as well. Different from the proposals in refs. [156, 158] and recent calculations

in a different limit [174, 175], the leading contribution comes from the tensor part of gluonic
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/
Figure 4.3: The heavy vector-meson photoproduction kinematics in the center-of-mass frame.

EMT and high-dimensional twist-two gluonic operators, due to the emergent light-cone structure
in the large My limit. The near-threshold region is characterized by large skewness parameter
¢ ~ 1regardless of the )? [175], and the gluon EMT dominates over high dimensional operators
as well as three gluon exchanges [166, 174]. Therefore, the process can be used to probe the
gluonic GFFs of the proton, which provide important information about the gluon contributions

to the proton’s mass and spin as well as pressure structures [23,26,27,176,177].

4.1 Threshold production of heavy vector meson

In this section, we show how the near-threshold photoproduction of heavy vector meson
can be used to access the gluonic structures through a QCD factorization in terms of the gluon

GPDs in the heavy-meson mass limit My — oo.

4.1.1 Near-threshold kinematics of exclusive production

We first consider the near-threshold kinematics of the process. Without loss of generality,
we work in the center-of-mass frame though the final result is frame-independent. The four
momenta of the incoming photon, outgoing vector meson, incoming proton, outgoing proton are

denoted by ¢, K, P, and P’, respectively as shown in Fig. 4.3. We restrict ourselves to the real
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photon and near-threshold region, although similar analysis can be extended to a finite virtual
photon mass Q2. We choose the incoming proton to move in the +z direction, as in the lab
frame. In the center-of-mass frame, the magnitudes of the three momenta can be expressed in

Lorentz scalars as

4.1)

1[0 ) O 07
ATV? ’

= —, 4.2)

where we label the nucleon mass My, the center-of-mass energy squared W? = (P + ¢)* >
(My + My )?, the average proton four momentum P = (P’ + P)/2, four momentum transfer
A = P’ — P and associated invariant t = A2, In the heavy-quark limit, the vector-boson mass
My > Mpy. As aresult W > My and the incoming proton travels almost along the + light-
cone direction in terms of the light-front coordinate z* = (2° 4 z%) /+/2, where z* is a four

coordinate. One has

P — 2pH (4.3)

with p = P*/4/2(1,1,0,) and n = 1/(v/2P7)(1,—1,0,) being the two opposite light-cone

unit vectors. The four momenta of the final-state proton and vector meson are

K = (K% K@), (4.4)

P = (P° —|K|e), (4.5)
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where the unit vector € can be in any spatial direction.

Here we focus on the threshold region defined by the condition that the heavy meson pro-
duced in the final state will be non-relativistic, whose velocity will be suppressed by the heavy
meson mass By = |K|/K° ~ O (My/My) while the final proton can still have a velocity
B = |K|/P" of order 1. Right at the threshold, the invariant momentum transfer ¢ equals to

My M2

- 4.6
My 3 M (4.6)

—tn =

which is of order My My in the heavy-quark limit. As the center-of-mass energy squared W
increases, the allowed region of —t forms a band [|¢|in (W), |t|max (V)] between the backward
case with —t = |t| i, and forward case with —t = |¢|;,ax. Near the threshold, both of them are of
order O(My My ), much larger than M%. In the standard notation of GPDs [4], this implies that

the skewness

A-n  P+—pr My
R — = =14+0(—7 4.7
T R Ty (MV> ! “.7)

is close to 1, which has also been observed for the large () region [175]. In Fig. 4.4, we show
the ¢ value on the (W, —t) plane for .J/¢ and T production in the kinematically allowed region.
This condition £ — 1 near the threshold allows us to study the form factors of the gluon EMT as

we discuss later.
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Figure 4.4: Kinematically allowed region on the (W, —t) plane for J/1¢ (left) and T (right).
The masses of the vector mesons are My, = 3.097 GeV and My = 9.46 GeV. Dashed lines
with equal £ are shown on the (W, —t) plane in the kinematically allowed region for each meson
respectively.

4.1.2 Leading-order QCD factorization

We now proceed to consider the amplitude of the process written as
M(q) = / d*ze"* (P! K (ev)] e, J"(2) |P) 4.8)

where J# is the electromagnetic current operator, ¢/ is the polarization vector of the photon
normalized as ¢ = —1 and | K (¢y)) denotes the vector meson state with momentum K and po-
larization vector £y normalized as €2, = —1 and satisfying K - ey = 0. All states are normalized
covariantly. In the heavy-quark limit, the leading-order contribution to M is given by two-gluon
exchange diagrams as illustrated in Fig. 4.5.
The following amplitude can be read from the Feynman diagrams as,
o) = 10 [ LS P (1= 3) (13 1p)

2
(2m) 4.9)

x Tr {Z IN (K kLA e) Uy (K, k)} :
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Figure 4.5: Four leading-order Feynman diagrams that contribute to the photoproduction of a
heavy vector meson (V' = .J/v and K = k, here).

where the index n sums over the four diagrams in Fig. 4.5 and the Wy (K, k) stands for the DA

of the vector meson defined as

Uy (K, k) = (K (ev)| T{(—K — k)v(k)} |0) , (4.10)
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The perturbative hard part I}, can be read from the four diagrams as well, which are

v

S S ey sy ey e AL
w%qﬁK+%+l+iﬂ—nm+ujuf+k+g—n@+uf (4.12)
e ZVMK+k+l+42/2—mQ+z‘e¢%+l— A/;—mQﬂ‘eV“’ 1)
Iy:¢%—Aij+k¢k—l—Aé—n@+n¢k (@.14)

To simplify these contributions, we perform the following approximations which are justi-
fied in leading order in O (My /My ) and O («s). First, since the momentum transfer is mostly
in the light-cone direction p, only the + components of the loop momenta [ and —A — [ for the

gluons are kept in the heavy-quark loop and can be expressed as

—% +l=(E+2)p+.., @15
_%_l:(g—x)p+..., (4.16)

where —1 < x < 1 is the momentum fraction for /. In the threshold region, £ approaches 1 in the
heavy-quark limit, though we will keep the ¢ dependence in general.
Second, at the large My, limit, we perform the non-relativistic approximation to the heavy-

meson wave function which amounts to the substitution

(K el = K)ajo) =~ 5 200 g, @17)

Here vy is the four velocity of the vector meson, and the scalar function &(kf) corresponds to
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the distribution amplitude of the vector meson. The relative momentum between the quark and
anti-quark is of order O(as My ) for hydrogen-like systems, and to the leading order in oy we can

further approximate the wave function as

o) = st (k= 2w ) | %é(k’) ,

My

= (27)%6* (k - Tvv) (0) , -

where the velocity vy of the final state heavy-meson can be approximated as the static one v =
(1,0,0,) to the leading order in jz\v% The ¢(0) = \/2My /31xr(0) is proportional to the non-
relativistic hydrogen-like wave function 1)y at the origin. The above meson wave function can be
studied more systematically with Non-Relativistic QCD (NRQCD), which shows that the leading
correction to the wave function is indeed suppressed by order a,s( My ) [178-180].

Finally, we note that for collinear gluons in light-cone gauge A*™ = 0, the A~ component is
suppressed by the large boost factor. Therefore, to the leading order approximation, it is sufficient
to keep the transverse components of the gluon gauge potential only.

Given these approximations, we can evaluate the Feynman diagrams in light-cone gauge

n

straightforwardly. The perturbative hard part /!, will be simplified into

I

I =TI =0, (4.19)

1
" =1 = (9" (e - ey) + ¥l —etey) (4.20)

- 2
\/ﬁmQ

where the | subscript indicates that only the transverse components are non-zero. Then the
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leading amplitude M (e, €) reads:

Miev,2) M%]f;—ﬂ%*(om@,a(e*v ). @21)

Here the function G(¢,¢) implicitly depends on the polarization of the initial and final proton

which is suppressed and can be expressed in terms of the gluon GPDs as

1 !
G(t, &) = 2—5 /_ldxA(m,f)Fg(x,f,t) ) (4.22)

where the hard kernel A(x, §) reads

1 1
A(x, &) = — — — . 4.23
(z,€) r+&—i0 x—E+4140 (4.23)
The standard gluon GPD £, is defined as [5]

1 d\ | , n n
F, t) = — M (PP (= | F (= )|P 4.24
(w6 = g [ e e () ()i e
where the states are normalized as (P|P) = 2FEp(27)36®)(0) and the renormalization scale

has been omitted. Similar results have been derived in the literature both in the high-energy
limit [181, 182] and in the heavy-quark limit [173], and here we show equivalent ones in the
near-threshold region that we are interested in.

While the hadronic matrix element G(¢, £) can be evaluated at a generic £, near the thresh-
old and in the heavy-quark limit, we will have ¢ approaching infinity and £ approaching 1.

However, there are two reasons to keep the generic ¢ dependency. First, the expression with
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generic & agrees with the leading order result in the kinematic region at large 1/ and small
|t| [173, 181, 182]. What we have shown is that in the heavy-quark limit, the validity region
of the leading order factorization formula in terms of GPDs can be smoothly extended to the
threshold region along the ||, line. It turns out that the large My, is sufficient to generate light-
cone structure in the threshold region. Therefore, our result can be viewed as a generalization of
ref. [173]. Second, although & approaches 1 in the heavy meson limit near the threshold, in real-
ity, especially the production of .J/v, the kinematic finite meson mass corrections are important.
By using the physical £, one can expect to take part of these kinematic corrections into account.
Given the amplitude above, the cross-section can then be calculated accordingly, which

reads

do e’ed) 1 )
— = = M(ey,e)|”,
dt 167 (W2 B MJ%f)2 2 ola%;tion | ( " )l
P (4.25)
apmey  (16mag)?

= T s e OGO

with e the charge of the quark in the unit of proton charge, and the photon and meson polariza-
tion are summed over. The kinematic pre-factor is the same as that in refs. [148, 149] and in the
second line it is shown that the cross-section of near-threshold meson production is related to the
non-relativistic wave function at origin and the gluon GPDs. Again, the renormalization scales

in GPDs and wave function have been omitted and shall be on the order of M, .

4.1.3 Expansion in moments of GPDs

As shown in the previous subsection, the entire gluon GPD enters the amplitude for the

threshold region heavy quarkonium production because of the light-cone dominance. However,
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in the heavy vector meson limit where £ approaches one, one can Taylor-expand the A(z, £) and

express the G/(t, £) in terms of the even moments of the GPD

o] 1 1
Gt =) o / 1dmx2"Fg(x,f,t). (4.26)
n=0 -

The moments can be related to the matrix element of the gluonic twist-two operator OF#-#n=2" [5]

<P,|O‘/;.u‘l-~,u‘n72l’|P>

= Su(P )y u(P) Y | A% () A" AM Pl PY
i,even (427)
— / o H o g9 H1  AMi DHi+1 DV
+ Su(P) = —*u(P) > BIL(HAM. y

i,even

+S—u(P")u(P) mod(n,2) C,(t)A* A" .
By parametrizing the gluon GPDs as

1 PN oA,
Fy(z,&,t) = —=— [Hg(:c,f,t)u(P YV u(P) + Ey(z, &, t)u(P’) - u(P)| ,  (4.28)

2P

the moments of the scalar functions H and £ can then be written as [5]

1 n
/ dra™ Hy(z, & 1) = Z(Qf)QlAgnm,% + (26205, (4.29)
0 i=0
1 n
/ drz® By(z,,t) = Z(ZS)QZB%HZ% - (25)2n+2029n+2 . (4.30)
0 =0
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where C-terms represent the highest power in . In particular, for n = 0 we have

1
Adﬁm@w=@a>@@m Ha(1,6). (431)

1
| oo 6.0 = B0 - (26701 = Ba(r©). 432)

for the leading moments of the GPDs.
As we will argue, the higher moment contributions shall be suppressed in the threshold

region. If one only keep the leading moment corresponding to n = 0, the G(¢, £) becomes

G(t,§) = P/IZF‘L“ ) F*(0)|P)
(4.33)
1 1|+
- g2(p+)? <P }Tg }P> ,
in terms of the matrix elements of gluon EMT. Then with the gluon GFFs defined as [4]
_ Plug ”)O‘Aa
(P'|T!| P) = @ (P') | Agg(t)7"P") + By y(t) —aa 2
’ 2My
, (4.34)
AFAY — gt A -
+ Coy(t) MNg + Cog(t) Mng"” | u(P) .

where A = Ay, B = By and C' = (s corresponding to the moments of gluon GPDs defined

before, the hadronic matrix element squared |G (¢, £)|? can then be written as

IG(t,€))2 = %{ (1 4]\22 ) E3 —2Ey(Hy + Ey) + (1 —€%) (Hy + EQ)Z} , (435)

after summing/averaging over the final and initial proton spin, where Hy = Hs(t,&), E

Es(t, &) are defined before. Combining with eq. (4.25), the cross-section of heavy vector meson
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photoproduction can be expressed in terms of those GFFs. This result agrees with the holographic
QCD predictions [150, 151] that the leading contribution to the cross-section is due to exchange
of 27+ excitations, or the spin-2 twist-two operators, instead of the 0™+ F'? operators suggested
in refs. [156, 159]. However, in the holographic approach the twist-two part of the GFFs is dual
to the graviton exchange and is free from the C, contribution. This differs from the generic QCD
parametrization in eq. (4.33). Because of the EMT conservation, the quantum anomalous energy
F? form factor can be related to the twist-two ones here. If the further limit £ — 0 is taken
in eq. (4.35), only the A form factors are leading and all the results agrees. However, this is
inconsistent with our approximation here.

Here we return to the validity of the moment expansion and the leading moment approxi-

mation. Note that for generic £ < 1, the G(¢) has imaginary part
Im G(t75> X Fg(£7£>t) +Fg(_€7$7t) ) (436)

which implies that the moment expansion in eq. (4.26) has some limitations. However, as £ gets
closer to 1 in the heavy-quark limit, the above imaginary part vanishes in power of 1 — £. The
renormalization group evolution will also help to improve the convergence of the expansion at
large renormalization scale . ~ My,. Indeed, it has been shown that the asymptomatic form of

gluon GPD reads [64, 183]

2
Fo™ (2,€,1) o (1 - g) 0 (1 - g) , (4.37)

which vanishes quadratically at z = £. With this form of asymptotic behavior, one can show that
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the expansion in eq. (4.26) is convergent. To summarize, eq. (4.26) should be a good approxima-
tion for G(¢, £) in the threshold region where £ is close to 1.

Regarding the validity of the leading moment approximation in eq. (4.33), one can read
from eq. (4.26) that due to the £2" in the denominator, eq. (4.26) is simultaneously a moment
expansion and a £ ! expansion. The closer the € to 1, the larger the contribution from the leading
term n = (0. Using the asymptotic form in eq. (4.37), in the exact 1 ~ My — oo limit the ratio

between the contribution from higher (n > 1) moments and the leading moment is

D ons1 fj1 dm%Fgasym(@ £, t)

1
-, (4.38)
[t de 3™ (x, €, t) 4

the total higher-moment contribution is 25 percent. Notice that in the large (Q* region, a similar
estimation in favor of the leading moment dominance has first been performed in ref. [175].

Realistically, when p ~ My, is not very large and £ is not exactly at 1, we can use the ratio
between the second and the leading terms to estimate the effect of the high-order terms. Using
the explicit expressions for GPD moments in eq.(4.29), the ration between second and leading
moments can be calculated as

Al + 487 AL, +16£°CY

(A7, 1 4€2CY) (+39)

for the moments of A and

Bi,+4&°BY, — 16£'CY
§(Byy —4€2Cy)

(4.40)

for the moments of £. For a quick estimation, one can keep only the A, form factors which equal
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to moments of gluon-PDFs at ¢ = 0. Away from ¢ = 0, one can use the following dipole model
t N\t

Af = <1 - —2> / dexfy(x) , (4.41)

’ My 0

t N[t
AS, = (1 - — / dra® f, () . (4.42)

’ Mgy 0

Here f, is the gluon PDF at zero momentum transfer and 1m 4, m 44 are unknown dipole masses.
Neglecting the difference in dipole masses and using the recent CTEQ global analysis [34], at

renormalization scale ;1 = 1.3 GeV one has

fol dza® f,(x) _ 0.038 '

4.43
£ fol drx f,(z) &2 ( )

For J /1) production, one has £ = 0.6 right at the threshold, and the ratio is around 0.1, consistent
with the dominance of the leading moment. Away from the threshold, the ratio increases as &
drops, and the dominance of leading moment become less pronounced. As one increases the
renormalization scale, more momentum fraction will be carried by small x gluons and the ratio
becomes smaller. However, since the form factor C' is also important for the amplitude, a more

realistic estimation needs inputs from lattice calculations.

4.2 Gravitational form factors from threshold production

As we have discussed in the previous section, threshold quarkonium photoproduction in
the heavy-quark limit is dominated by the gluonic GFFs in the leading moment approximation.
In this section, we study the phenomenology of determining these GFFs from realistic heavy

quarkonium production data, neglecting various higher-order corrections which we will take into
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account in the future. We consider the .J/v) photoproduction where more data are available near
the threshold, and predict the near-threshold T photoproduction cross-section where the heavy-

quark expansion works better.

4.2.1 Threshold J/v photoproduction

To start with, we consider the J/1) photoproduction total cross-sections from Stanford
Linear Accelerator Center (SLAC) [184], Cornell [185] and the most recent GlueX experi-
ments [147]. Given that the GlueX data seem to deviate from the SLAC and Cornell data, we will
focus on comparing with the GlueX result which includes more data as well as measurements of
differential cross-section. Besides the physical constants such as the proton mass My = 0.938

GeV, the J /1) mass My = 3.097 GeV etc., we use the same g as in ref. [149]

as(u=2GeV)=0.3. (4.44)

For the non-relativistic wave function |¢)xg (0)|?, it can be measured from the leptonic decay rate

of J/v [180,186,187]

16magy e vnr (0)]? 16,
r ) = 1— . 4.4
(V> ete) o ( o ) (445)
Then one has [187, 188]
lhnr(0)2 = 1.0952/(47) (GeV)?® . (4.46)

As for the hadronic matrix element G (¢, &), inputs of GFFs are required. At large momentum

transfer it has been argued that the form factors decays polynomially [189—191] based on power-
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Figure 4.6: Comparison of the cross-section with GFFs given by lattice [192] with experiments
data from SLAC [185], Cornell [184] and GlueX [147].

counting methods. Here we use the GFFs from lattice QCD calculations, which model those

form factors with dipole expansion

Ay(t) = —< Ag(o))2 , (4.47)
Cy(t) = G(0) (4.48)

In a recent lattice calculation of gluon GFFs [192], those parameters are found approximately,
ma = 1.13 GeV, m¢ = 0.48 GeV, A,(0) = 0.58 and C;(0) = —1.0, while the B,(¢) form factor
is numerically small. These inputs without any fitting parameters yield the curve shown in Fig.
4.6.

On the other hand, our theoretical formulas allow us to extract the GFFs from the .J/1
photoproduction data. Since the data are quite limited at this stage, We choose to fit the GlueX
total cross-section and differential cross-section combined. If we have both A,(0) and m fixed
to be the lattice values in order to avoid overfitting, we get m, = 1.18 £ 0.07 GeV,C (0) =
—2.4£0.7. In Fig. 4.7, we compare the fit results with the data from GlueX. The uncertainties
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Figure 4.7: Fitted total cross-section (left) and differential cross-section (right) of .J/1) production
compared with the total cross-section measured at GlueX [147]. The 95% confidence band is
shown as the shaded region hereafter.

of my and Cy(0) indicate that the data are more sensitive to m 4 rather than C'y(0) in the region

of GlueX data. One can of course explore other fitting scenarios as well.

4.2.2 Threshold T photoproduction

The above result can be used to predict the T photoproduction rate near-threshold with

M~y = 9.46 GeV and the wave function at origin for Y [187, 188]

lnr(0)]? = 5.8588/(4) (GeV)? . (4.49)

Considering the effect of running coupling constant, cvg = 0.2 is used for the T production. Then
we have the predicted total cross-section and differential cross-section in Fig. 4.8. The large
mass of T implies that our calculation in the heavy meson limit works better for T production,
as there are less theoretical uncertainties from higher order correction. However, the production

rate is suppressed by the heavy meson mass and thus the cross-section is much lower than .J/.
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Figure 4.8: Solid line shows the predicted total cross-section (left) and differential cross-section
(right) of T photoproduction near the threshold. W = 11.5 GeV is chosen for the differential
cross-section.

4.2.3 Quantum anomalous energy and mass radius

The GFFs measured from .J/v photoproduction can be used to study mass, spin, and pres-
sure properties of the nucleon [4,26,27,159, 177]. There are two methods to access the quantum
anomalous energy through the matrix elements of the EMT. The first is through the matrix el-
ement of % suggested in ref. [158]. In our factorization, this is a sub-leading contribution.

Alternatively, one can also access the same quantity by considering the trace of the full EMT,

H, = (P|T"|P) (4.50)

= J(AL0) + A,(0) My, @451)

where A4,(0) and A,(0) are traditionally interpreted as the momentum fractions carried by quarks
and gluons, respectively. The above relation comes from the conservation of the EMT. Thus
fitting A,(0) through heavy quarkonium production data, one obtains the gluonic contribution
to the quantum anomalous energy, and the result can be compared with the vector-dominance

model analysis [158, 193]. Of course, it also provides an alternative determination of the gluonic
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momentum fraction in the nucleon. It shall be clear that our formula for the cross-section works
for the large ¢. To extrapolate to ¢ = 0, one has to learn the ¢ dependence through lattice QCD
calculations.

The scalar and mass radii of the proton are defined as [177],

dA(t
(), =620 ~1850)
A® ol ;V (4.52)
dA(t 0
2 — J—
<7“ >m =6 i 6 M
The two different mass radii are related with the C'(0) term as
C(0)
(r), —(r*) =-12 TP (4.53)

The GFFs here are for the total EMT, so one has A(t) = A,(t)+A,(t) and C(t) = C,(t) + Cy(t).
For the quark contribution we use the lattice data C\,4(0) = —0.267 or Cy,4(0) = —0.421
depending on the extrapolation method [194]. As for A, 4(t), one could also fit the form factor

with above dipole expansion as

Au+d (0)

2
( P 1 )
mD‘ ,2u+d

for which one has the dipole mass mp; ,+q ~ 1.8 GeV and A, 4(0) ~ 0.5 [195]. Then the quark

Auralt) = (4.54)
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form factors combined with above gluon form factors from fitting gives

(r?) 4 = 6—7= ~ (052 fm)*, (4.55)
(r), = —6%2) ~ (0.84 fm)? . (4.56)
N
and then we have
(r*)_ ~ (1.55 fm)? 4.57)
(r*) ~(0.98 fm)?. (4.58)

One should be aware that those results are associated with large uncertainties resulting from the
lack of precision for the fitted value C,;(0) = —2.4 +0.7.

The above results serve as an example of measuring the GFFs from the threshold photopro-
duction of heavy vector mesons. Although the results rely on the input from lattice calculations
as well as the models for the form factors, it can be a useful tool when more data are available and
higher-order corrections are taken into account. One can also make a full GPD-based analysis

directly using the unexpanded formula.

4.3 Cross-section with polarization

Up to now we have only considered the unpolarized cross-section. In this section we study
the polarization effect. By measuring the polarization of the photon and the vector meson, we are
able to verify the specific structure €7, -€ of the factorization formula eq. (4.21) which will serve as

a crucial test of the factorization formula itself. Since eq. (4.21) also predicts that the dependence
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on the proton polarization is included in the matrix element G(t, £), therefore by measuring the
polarization of the proton also allow us to obtain more information to extract the GFFs. Notice
that the measurement of the polarization of the final state proton can be non-trivial [196, 197]. In
this section we shall study the polarized cross-section from two different point of view, the vector
meson polarization and the proton polarization.

Polarization observables allow us to separate out the contributions from different form fac-
tors. In particular, even though the B, ,(¢) is small, the polarized cross-sections can be sensitive
to the By(t) form factor which is related to the gluon angular momentum [4]. If given sufficient
data with high precision, it might be possible to shed some light on the gluon angular momentum

contribution to the proton spin.

4.3.1 Vector meson polarization

The total cross-section is proportional to | M ey, £)|* and thus one has from eq. (4.21),

d
d—ct’ o £%(g, New (g, Nert (K, N)eb (K, N) . (4.59)

In general one could define the photon polarization tensor and meson polarization as p,,, (¢) and

pvu(K) 30 % o p,,(q)py (K). For physical photon or meson, the polarization tensor is simply

pu (@) = €,(¢; Neu (g, A) (4.60)

pVMV(K) = 5»‘},#([(7 )‘,)gv,u(Kv )‘,) ) (4.61)
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while in the case there are virtual particles coupled with leptonic current, the polarization tensor

can be written with those leptonic current as

pu (@) = u(ly, S1)vuu(ly, So)u(ly, So)vou(ly, Sh), (4.62)

with /; and S; the momenta and the polarization vectors of the lepton and anti-lepton pair. They
satisfy S;-I; = 0, S? = —1 and similarly for the vector meson. If we consider the photoproduction

process when the photon is on-shell and unpolarized, the polarization tensor can be written as
puV(Q) = 5 9ui9vj ((5” - qw(j]) ) (463)

where ¢’ is the unit vector in the direction of photon three momentum. As for the vector meson,

assuming the final leptons are unpolarized and averaging over the lepton polarization we have
prun(K) = =5 K2+ bl ol (4.64
with /1, 5 the momenta of the two leptons satisfying [; + [; = K, and thus we have
do K? - -

S X b =g b (4.65)

The last term ¢ - flcj . l; indicates that the cross-section depends on the angle between the momen-

tum of outgoing lepton and the momentum of initial photon and can be examined by experiments.
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4.3.2 Proton polarization

Here we consider the polarization of the initial and final proton. For a demonstration, let

us consider the asymmetric-difference 6|G (¢, ¢, S, S)|? as

8|G(t, €8, 9 = |Gt 8, S — |Gt €S, =S|, (4.66)

which measures the difference in the cross-section when the spin S* of the initial proton has been
flipped. Notice the polarization vector satisfies S- P = 0 and S* = —1 and similarly for S’. Then

one has

§|G(t, &9, 9)) = i{ -5 S’{ (1 ! > EY —2(Ey+ Hy)Ey + (1 — €2)(Ey + H2)2]

¢ T
+(pr .
#[sztl?g] (4o, em)+ L i})\g ) 4o
N
S+ PS5 S+S/+
% [Hy + Eo] [(1 — §)Hy — EE5] + Q(P—‘*‘;(HQ + E2)2} ’
(4.67)

where Fy = Es(t,£) and Hy = Hs(t,&) are leading moments of GPDs defined in eq. (4.31).

When the initial proton is transversely polarized, one can show that

1-5-9
|G<t7§7 Sl? S)‘2 :T Z |G(t7§7 S; S/>|2
. 7 (4.68)
ST(p'. S P-SYP -S
+2—€(4p+ Vit + Bo) (14 ) Hy + €Ba) + ¢ 5432]% )g2.

In particular, if both S and S’ are perpendicular to the scattering plane, then only the first
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term in eq. (4.68) survives and the cross-section is non-zero only when S, S’ are parallel. For
generic transverse spin S, S’ the second term is also non-zero. By measuring the cross-section at

different S, S/, one is allowed to extract all the three form factors.

4.4 Comments

Before ending this chapter, we would like to make several comments. First, our calculation
is performed only at leading order in O (My /My ) and O(«ag). For application to J/1) produc-
tion, since the .J/1) mass is not heavy enough, one expects large mass correction and high-twist
effect. A comprehensive study of the mass correction is definitely very important but is beyond
the current scope. Beyond leading order in O («s), there are quantum corrections both from the
emission of virtual gluon and from the internal motion of the vector meson [173]. For production
of J/1, the order O(a) corrections can be significant [173].

Second, we should emphasize again that our result should be viewed as a generalization of
the leading order factorization in ref. [173]. The kinematic region considered therein is large W
and small momentum transfer ¢, corresponding to the large W part of the ?,,;, line. The heavy-
quark limit is performed after taking the large 1/ limit. Here we have extended the factorization
along the t,,;, line into the entire threshold region where W is of the same order of My and
is a single ultraviolet scale. While the factorization seems to work in leading and next leading
order, the validity of the factorization theorem to all orders in perturbation theory remains to be
established.

Third, although we considered only the small Q? ~ 0 region, at large Q)? the factorization

formula in terms of GPD should remain valid. In fact, as ? increase, the incoming proton
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becomes faster and the momentum transfer becomes larger. The light-cone structure shall be
more relevant. This picture differs qualitatively from the Euclidean OPE approach in ref. [174].

Forth, we comment on the scalar contributions. In eq. (4.21), only the F'+*F'+* component
has been kept due to the standard power-counting rule of collinear gluon. If one keep all the
terms, then the £~ F™~ contribution, corresponding to the ™ contribution is proportional to
1 — &2 and is suppressed in the heavy-quark limit.

Finally, one should also notice that although in the current work only two-gluon exchange
has been considered. It has been argued in ref. [166] that in the near-threshold region the three-
gluon contributions might be important. However, as pointed out in ref. [153], the three-gluon

exchange contribution is forbidden by the C-parity for such an exclusive production process.
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Chapter 5: GUMP program for GPD Global analysis

In the previous chapters, we discussed various experimental efforts in accessing the nu-
cleon 3D structures with GPDs. In addition, lattice QCD provides another opportunity to study
the parton physics in the nucleon from first-principles calculations. The moments of GPDs are
calculated on the lattice for the quark [194, 195] and the gluon [198]. In recent years, the large
momentum effective theory (LaMET) [8—10] was proposed, which expands lattice technology
further to allow the direct calculations of the z-dependence of the parton distributions including
GPDs [199-202].

Despite the efforts put into investigating GPDs, limited knowledge of them has been ob-
tained at this point due to their higher-dimension nature. Due to the lack of knowledge, we are
faced with the so-called inverse problem when reconstructing GPDs, which states that GPDs can
not be uniquely determined with, for instance, the combination of PDFs and the CFFs [203].
Therefore, we are in need of a global analysis program that can combine different constraints
on GPDs to solve the inverse problem. One possible way is to parameterize the GPDs with fi-
nite (and extendable) numbers of free parameters, such that one can match the number of free
parameters to the number of constraints on the GPDs till they are completely determined with
controlled uncertainties. This is in the same spirit of determining proton collinear PDFs from

various experimental data [34,204].
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With the above motivation, lots of GPD parameterization methods are proposed in the liter-
ature [37—47]. They generally fall into three categories: the double distribution representations,
the moment space representations and other dynamic GPD models. The Radyushkin double dis-
tribution ansatz (DDA) is one of the earliest GPD parameterization method [37,38]. Under the
double distribution framework, the Vanderhaeghen-Guichon-Guidal (VGG) model [40, 183,205]
and the Goloskokov-Kroll (GK) model [41,206] were developed for phenomenological applica-
tions. In general, the DDA expresses the GPD in terms of an integral expression of the double
distribution. Then by constructing proper double distributions, the GPD will be reduced to the
corresponding PDF in the forward limit and satisfies the polynomiality conditions. However,
since the original double distributions have only one free parameter to control the overall £ de-
pendence, such GPDs parameterization methods lack the flexibility when fitting to measurements
with different £ [207].

The limitation of DDA leads to explorations of other possibilities. Another approach to
constructing GPDs is to consider the polynomial expansion of GPDs. Two major GPD parame-
terization methods involving the polynomial expansion are the dual parameterization based on the
Shuvaev-Noritzsch transform [39,208,209] and the Kumericki-Miiller (KM) model [43,44,210,
211] based on conformal moment approach [42] commonly used in DVCS analysis, which are
shown to be mathematically equivalent in ref. [212]. The basic idea of the polynomial expansion
or the moment expansion is to expand the GPD in terms of a complete set of polynomials where
the expansion coefficients are the corresponding moments. Then the GPD can be expressed as
the sum of these polynomials without loss of generality. The polynomial expansion requires
the polynomials to properly imitate the behavior of the GPD and extra care will be needed for

practical uses.
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In addition, there are various dynamic models of GPDs [45-47,213,214]. These models
generally approximate the hadron states as expansions in the Fock space of quarks and gluons,
usually with the help of light front wave functions. Since the parton distributions are the matrix
elements of certain light-cone operators between hadrons, they are calculable when the hadron
states are replaced with the bound states of quarks and gluons with some effective interactions. In
this sense, the parameterization of GPDs is turned into the task of determining the free parameters
in the wave functions and the effective interactions.

However, a general parameterization strategy that combines various physical constraints on
GPDs with the lattice calculations still seems to be lacking in the literature. Therefore, in this
chapter we present a program to parameterize GPDs through Universal Moment Parameterization
(GUMP), which can be fitted to lattice calculations, PDFs and experimental measurements of
CFFs altogether and help solve the inverse problem. We will continue exploring the moment

expansion, especially the conformal moment expansion, for reasons to be explained.

5.1 Conformal moment expansion of GPDs

In this section, we will introduce the general technique and review salient features of con-
formal moment expansion for GPDs [42], which will be our basis for the GUMP program. We
start with the physical constraints on GPDs which are important guides to finding proper param-

eterization strategies.
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5.1.1 Physical constraints on GPDs

GPDs are simply functions F' with three arguments (x, £, t), which can be defined as the
off-forward matrix element of light-cone operators as,

d\ |
Pt = [ S (P1oom 1P | 6.0

with n the light-cone vector (n? = 0), O(\n) the light-cone operators of the quark/gluon and
P/P' the initial/final nucleon momenta. We define the average nucleon momentum P = (P +
P’)/2, the momentum transfer A = P’ — P and the momentum transfer square ¢ = AZ. Besides,
the skewness parameter ¢ is defined as € = —n - A/(2n - P). In the forward limit, GPDs are
reduced to the corresponding PDF f(x), so we have

lim F(x,&t) = f(z), (5.2)

&£,t—0

which is the most important and stringent constraint on GPDs.

The two arguments = and £ of GPDs have support x,{ € [—1, 1], whereas the momentum
transfer squared ¢ could take any negative value ¢ < 0. Since GPDs are typically defined sym-
metric in £, we will consider only positive £ > 0 without loss of generality. GPDs do not exist
everywhere in the above 3D subspace. For instance, since the skewness parameter £ corresponds
to the longitudinal projection of the momentum transfer, there exists a minimum |¢|,,,;,, for each &

as
4€2 M2

1——52 , (5.3)

W > |t‘min =
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Kinematically allowed region of (£,¢) for proton
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Figure 5.1: A plot showing the kinematically allowed region on the (£, ¢) plane for proton scat-
tering with proton mass M = 0.938 GeV. Typically, larger momentum transfer |¢| is needed to
reach the region with larger skewness &.

with M the nucleon mass such that it takes infinite momentum transfer |¢| — oo to reach |{| — 1,
as shown in Fig. 5.1. Accordingly, we restrain ourselves to the kinematically allowed region.
Furthermore, there exists non-analyticity on the (z, £) plane, specifically on the crossover
line |z| = £. Since GPDs are essentially parton distributions with non-zero momentum transfer
A, their physical interpretation varies accordingly [5]: with small momentum transfer in the
near forward region £ < |z|, GPDs can still be interpreted as the amplitudes of emitting and
reabsorbing a parton in the nucleon and behave like the PDFs, whereas with large momentum
transfer in the region £ > |z|, they are interpreted as the amplitudes of emitting/absorbing a
pair of partons and behave like the DAs. The two regions will be referred to as the PDF-like
region (§ < |z|) and the DA-like region (£ > |z|) respectively, and they are joined together at

the crossover line £ = |z| where one of the partons has zero momentum fraction. The collinear
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Figure 5.2: Graphical representation of the kinematical regions of GPDs on the (z, £) plane. The
GPDs need to be continuous at the crossover line || = £ in order for factorization to work, while
their derivatives might not exist there.

factorization requires the GPDs to be continuous at the crossover lines, but their derivatives might
not be. Consequently, these crossover lines can be extremely subtle for the parameterization of
GPDs on the (z, ) plane.

In addition, GPDs are also constrained by the polynomiality condition, which states that

the Mellin moments of GPDs

1
Fuet) = / dea™ . £,1), (5.4)

1

must be finite order polynomials of £ such that [5],

k=0,even

The polynomiality condition is the result of Lorentz invariance, and it holds even though the
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integral in eq. (5.4) involves both the PDF-like region (|| > £) and the DA-like region (|z| < &)

in spite of the non-analyticity at the crossover lines.

5.1.2 Conformal moment expansion and scale evolution of GPDs

With the physical constraints discussed above, we now introduce the conformal moment
expansion and show how the constraints can be imposed with such expansion. Consider if we

expand the GPD in terms of a complete set of polynomials, denoted as C;(x), such that

F(x,&,1) ch (@) FE(& 1), (5.6)

with FI (€, t) the corresponding coefficient for fixed ¢ and ¢. Since C;(x) form a complete set of

basis, we have the completeness condition

> Cilx)Cily) = pet(x)d(x —y) | (5.7)

i

and the orthonormal condition

/ dzpe(x)Ci(x)Cj(x) = 6;; (5.8)

1

with pc(z) the weight function of the polynomials C;(z). Then the FC (£, t) is simply the moment
of F(z,&,t):

FO(e 1) = /_ ' deC () F a6 1) (5.9)

1
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The above is generally true for any complete set of polynomials C;(z) and there are infinite
possible choices. Therefore, one naturally would ask: which choice is the most suitable one
for GPDs? An answer is motivated by the renormalization group equations of GPDs. But be-
fore getting into that, we start with a simpler case — the scale evolution of PDFs, or the Dok-
shitzer—Gribov—Lipatov—Altarelli—Parisi (DGLAP) equations [215-217].

The leading-order DGLAP equations for non-singlet quark distributions reads,

d 0O 1 aly. N 2
T 2(7?)/95 dyq(ny) .P<§) + 0(0(Q)%) (5.10)

with P(z) the splitting function. Generally, one needs to solve the integro-differential equation
in order to perform the scale evolution of PDFs. However, if one performs the Mellin transform

of the DGLAP equation according to

1
fa= / dz 2" f(z) | (5.11)
1
the DGLAP equation will read,
a S
(@ = 250 @) - P+ 0P, 6.1

in Mellin space, where ¢,,(Q) and P, are the Mellin transformations of ¢(z, ) and P(x) accord-
ing to eq. (5.11) and the DGLAP equation becomes multiplicative in the Mellin moment space
which holds true to all order in perturbation theory. Therefore, if one parameterizes the PDFs in
the Mellin moment space, the scale evolution equations can be easily solved.

The above moment representation also applies to the construction of GPDs. Consider the
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scale evolution equations of non-singlet quark GPDs in the form of [3,102,212,218-225],

d L a(Q) o x 7 ,
maf e =2 [ g (37)] reene) e

/

with [V (%, m—)] the evolution kernel. It can be shown that in the forward limit, the evolution
+

kernel is reduced to the splitting function of DGLAP equation:

1 xr 1
Iim— (V[ == =P 5.14
slf?wa[ <€’€)L (@) G149

while for |z|, |2'| < 1 it is related to the Efremov-Radyushkin-Brodsky-Lepage (ERBL) kernel

[226-229] for the DA scale evolution:

V(QIU — 1,2y — 1)0<x,y<1 = VERBL(%y) . (5.15)

For this reason, the PDF- and DA-like regions of GPDs have also been called DGLAP and ERBL
regions respectively.

Analogous to the analysis of PDFs and their Mellin moments, the GPD moments that diag-
onalize the right-hand side (RHS) of eq. (5.13) will renormalize multiplicatively. To the leading

order, such a solution is found to be the Gegenbauer polynomials C’J(’\) (x), which satisfy [219]

Tl = = c2(Z)=~0C2 .
/1 €| [V ee)], 7 \e 1\ e ) (5.16)

with V(© the leading-order evolution kernel and 7y, the corresponding anomalous dimension

(eigenvalue) of each Gegenbauer polynomial. For the quark we have A\ = 3/2, and for the
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gluon A = 5/2 should be used. Accordingly, the conformal moments defined as

TETG+1) [, s (x
Fi(&t) = J?—/ dzC'? (—)Fx 1), (5.17)
](é ) f 2]F(%—|—j) . 7 € ( f )
are multiplicatively renormalizable, which will not hold if the higher order evolution effects are
taken into account and more care will be needed then [43]. Here an extra normalization constant

is multiplied to ensure that in the forward limit, the conformal moments are reduced to the Mellin

moments,
1

?L%ij(g,t) = /ldm P F(x,€,t), (5.18)
which shall be expected as the evolution equation itself will be reduced to the DGLAP equation.
Also note that there exists a mismatch of conventions in the literature that the jth conformal
moment F}(&,t) actually corresponds to the nth Mellin moment with n = j + 1 instead of
7, according to eq. (5.11). Here the two will be distinguished by having j for the conformal
moments and n or s for the Mellin moments respectively, and they are related by n = s = 5 + 1.

Inspired by the leading-order evolution and with eq. (5.6), in general GPDs can be written
in terms of a formal summation as [212],
< 2T (3+))

Fle6) =2 & vy g

J=0

2 3
1- (%) ] C:? (g) Fi(e,t) forlz| <&, (5.19)

3
where we have the weight function of Gegenbauer polynomials p2(z) = 1 — z* and some extra

normalization constants to match normalization of the conformal moments F; (¢, t) in eq. (5.17).
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The whole prefactors of the conformal moments can be collected to define

- (5)

where an extra (—1)” factor is extracted for future convenience. Analogous to the partial wave ex-

2T (3 +)

(—=1)p(x,€) = 5jlm

C’j% (g) for |z| < &, (5.20)

pansion, the p;(x, {)s are called the conformal wave functions and F; (&, t) the conformal partial
wave amplitude respectively [42].

Also note that with the above conformal partial wave expansion, the non-analyticity at
|z| = & can be taken care of — GPDs might not have well-defined derivatives there, but the

moments still exist such that the polynomiality condition can be imposed.

5.1.3 Resummation of conformal partial wave expansion

In moment expansion, the reconstruction of PDFs or GPDs requires summing over the
contributions of all moments. Such summation does not always converge, and analytic methods
shall be developed to perform the formal summation.

Consider the Mellin moment representation of the PDF f(x) for example. In order to ex-
press the PDF in terms of its Mellin moments, one can write f(x) in terms of a formal summation

as

flz)=" <_n1,>n6‘"> () fai1 » (5.21)
n=0 '

which is obviously not summable, since the d(x) function and its nth derivatives (™ (z) are
singular. Even though the RHS of eq. (5.21) can be shown to be equivalent to the PDF f(x)

formally, the expression is of no practical use. Therefore, the concept of formal summation has to
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be introduced, which implies that we consider the RHS of eq. (5.21) as an abstract mathematical
entity regardless of the convergence of the series.
To actually reconstruct the PDF f(z), the inverse Mellin transformation can be employed:

1 c+1i00
f(x) == / z7° fods (5.22)

270 J eioo

where the Mellin moments f; are analytically continued in the sense that s can take complex
values rather than just positive integers n. This method has been adopted for the numerical
analysis of PDFs in the literatures [230, 231]. Note that the two equations (5.21) and (5.22)
define the same PDF f(x), though they look totally different.

To resum eq. (5.19) for GPDs, one obstacle is that the Gegenbauer polynomials are only
complete on the interval [—1, 1], while the argument of the Gegenbauer polynomials z /¢ in the
above expansion can take any real value. For this reason, we restrict the expression eq. (5.19)
to the region |z| < &, while extension to the PDF-like region |z| > £ has to be defined through

analytic continuation. This can be done with the Schléfli integral, as discussed in ref. [42,212],

r(5/2+5) 1 ]fld (u2 — 1)’

pj<1',£) = _F<1/2)F(2 +])% ) UW , (5.23)

where the integration contour encircles the line segment u € [—1,1]. The analytic continued

wave functions can then be derived with this integral representation and one gets [212],

VHID(5/2 + 5)E71
['(1/2)1(1 + j)

(te
2¢

py(le] < €,6) = <1+x/5>2m<—1—j,j+2,2| ) (5.24)
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and

G+D/20G+2/2 |

sin(rlj +1))

™

pi(xz>§,&) = LR (5.25)

5/2+7

These wave functions are equivalent to the Gegenbauer polynomials definition of conformal wave
functions when j is integer, and they can be used for more general propose, for instance, the
resummation of moments. Note that the above conformal wave functions are continuous at |z| =
& but their derivatives are not, which is consistent with the behavior of GPDs at the crossover
lines.

Two techniques, the Mellin-Barnes integral [43,44] and the Shuvaev-Noritzsch transform
[208,209] have been used in the literature to reconstruct the GPDs with moments. Both methods
are shown equivalent mathematically [212], and we will focus on the former one here. The

Mellin-Barnes integral is based on the Sommerfeld-Watson transformation,

i(—l)”fn L IO (5.26)

2t JosinTz

assuming f(z) is analytic. The proof is straightforward, as the sin(7z) in the denominator of
RHS leads to poles at all integers z with the residue of 7(—1)" f(z) and the equation is simply
the residual theorem applied to the RHS. Then, the formal summation in eq. (5.19) can be written

in terms of the following Mellin-Barnes integral in the same manner [43,44]

e p(a,€)
F(z,&t) = 2_i/0_ioo djmﬂ(f,t), (5.27)

where the constant ¢ should be carefully chosen, see for instance ref. [44,212].
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Figure 5.3: A comparison of the inverse Mellin transformation expression of the PDFs and the
Mellin-Barnes integral expression of GPDs together with the corresponding formal summation
expressions.

The comparison of the different methods used for PDFs and GPDs are shown in Fig. 5.3.
In principle, the Mellin-Barnes integral should reproduce the PDFs in the forward limit £ = 0.

Indeed, since the conformal wave functions p;(x, £)s have the limit behavior

Jim pj(,€) = ;60 (), (5.28)
the formal summation in eq. (5.19) will be reduced to eq. (5.21). However, due to the singular
behavior of 4 functions, the Mellin-Barnes integral will not converge in the £ — 0 limit. Instead,
one can use a finite but small £ as the regulator for the ¢ function, and the Mellin-Barnes integral
will reproduce the PDF when z >> ¢, as shown in Fig. 5.4.

Note that while the GPDs calculated above are ready for all kinds of applications, there
exist some shortcuts, such as the evaluation of CFFs and scale evolution, as these calculations are
easier to perform in moment space. The detailed discussion of this topic is in ref. [43].

Following the above framework, for any given set of (well-behaved) moments F; (&, t), the
corresponding GPDs can be calculated and vice versa. Practically, a finite set of parameters must

be chosen to parameterize the infinite set of moments. Therefore, all the moments have to be
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Figure 5.4: A plot showing that the Mellin-Barnes (MB) integral can indeed reproduce the
reference PDF f(x) = 18.627°%(1 — x)>5 when x >> £, where ¢ serves as the regulator. On the
other hand, in the = < £ region, the PDFs calculated this way are strong affected by the none-zero
skewness ¢ and deviate from the reference value.

parameterized universally, whereas the flexibility of such parameterization can be maintained by
the extensive parameter set. The GUMP program for global analysis follows this approach by
parametrizing the general forms of all the moments or universal moment parametrization. More
care will surely be needed concerning the actual parameterization of moments, which will be

discussed in the next section.

5.2 Universal parameterization of GPD moments

In the last section, we show that the GPDs F'(z, £, t) can be equivalently expressed in terms
of their moments F;(,¢). While the equivalence results from the nature of the moment space
representation and requires no model assumption, practically one has to choose a set of parame-

ters to construct the GPDs. In this section, we will discuss the parameterization of moments.
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5.2.1 Convention and decomposition of GPDs

We start by considering the four leading-twist GPDs H, F/, H and E, where each of them
has different flavors u, d and g corresponding to the up and down quarks as well as the gluon. Al-
though the strange quark might have sizable effects that should be considered for a more careful
treatment, the flavor separation of GPDs is typically challenging due to the lack of flavor-sensitive
probe [232]. Strange quark distributions will not be well constrained with just DVCS measure-
ments, and thus we will leave this for the future work with more flavor-sensitive measurements.

For simplicity, the four different species of GPDs will be treated almost equally here. Ex-
cept that the vector GPDs H and F satisfy slightly different scale evolution equations from the
axial-vector ones H and E [43], the same parameterization will be used for all four GPDs. Al-
though GPDs or combinations of GPDs of different species H, F, Hand E correspond to differ-
ent helicity amplitudes and might have different behaviors accordingly, knowledge of different
GPDs species is limited and thus implementing different parameterization for them individu-
ally may not lead to any significant difference. Therefore, we collectively denote all GPDs as
F,,(x, & t) where F = {H, E, H, E} and ¢ = {u, d}, with = the parton momentum fraction, £
the skewness parameter and ¢ the total momentum transfer squared and parameterize them in the
same manner. We note that the skewness parameter £ generally takes the value from —1 to 1, but
it will be considered to be positive hereafter, as GPDs are commonly defined to be symmetric in
&, subject to their parity symmetry.

An intriguing feature of the GPDs is that they consist of two regions with totally differ-
ent physically interpretation. In the PDF-like region where x > £ or x < —&, GPDs resemble

the PDFs which are interpreted as the amplitudes of emitting and reabsorbing a parton (quark,
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antiquark or gluon). On the other hand, in the distribution amplitude (DA)-like region where
—£ < z < ¢, they resemble the DAs instead and are interpreted as the amplitudes of emit-
ting/absorbing a parton-antiparton pair. Therefore, GPDs do not naturally have distinguishable
quark and antiquark components, especially in the DA-like region. This feature indicates that the
parameterization of GPDs should be flexible in both the PDF and DA-like regions, since different
physics are involved.

Motivated by such property of GPDs, one can write them as,

FQ(I7£at) = Fq<$’§7t> + Fq(—.l’,f,t) + qu(l%’,é,t) ) (529)

where the F depends on the parity of the GPDs which takes — for vector GPDs H and E and +
for axial vector GPDs H and E. Here the subscript ¢ stands for the quark distributions excluding
antiquark, to be distinguished from the subscript ¢ for the quark flavor. The three terms above
describe the amplitudes corresponding to the quark, antiquark, and quark-antiquark pair respec-
tively. Accordingly, Fy(x,&,t) and Fy(x,&,t) have support > —&, while the Fi;(x,&,t) has
support > = > —¢. In the semi-forward limit where { = 0 and ¢ generally non-zero, Fj(x,&,t)
and F(x,&,t) reduce to the quark and antiquark ¢-dependent PDFs with support = > 0, whereas
F,;(x, &, t) vanishes with its vanishing support. We note that GPDs can always be decomposed
into such three parts that each term represents the behavior of GPDs in different regions respec-
tively. The extra DA terms Fi;(x, &, t) allow extra flexibility for the parameterization of GPDs
particularly in the DA-like region, as we will discuss with more details in the following section.
While the quark and antiquark GPDs Fj(z,&,t) and Fj(x,&,t) are the natural generaliza-

tion of the quark and antiquark PDFs, the DA terms F;(z, &, t), also known as the D-terms in
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some other contexts [233], only exists in the off-forward case. Such terms live in the DA-like re-
gion only, and they will be the dominant effects in the large £ limit ¢ — 1 or the asymptotic limit
where renormalization scale ;1 — oo [64, 183]. Since the DA terms vanish at the crossover line
xr = *£&, they can always be expressed with a set of complete polynomials like Gegenbauer poly-
nomials, which is exactly the conformal moment expansion. Therefore, each of the three terms
can be expressed in terms of their conformal moments and satisfies the polynomiality condition.

Here we will focus on the quark and antiquark GPDs Fj(x,&,t) and Fy(x,&,t), whereas
the extra DA terms F,;(x, £, t) will not be put into the global analysis for two reasons. First, as
discussed in the previous work, we will consider the high energy limit where £ — 0 ideally and
the DA-like region disappears in such limit. Second, since the DA terms vanish at the crossover
line x = +£¢, they are hard to extract with measurements of DVCS or similar processes which
provide effectively just CFFs — the DA terms contribute to the real part of the CFFs only, cor-
responding to the subtraction terms in the dispersion relations of CFFs [44]. Consequently, the
behaviors of GPDs in the DA-like region given by the quark and antiquark GPDs Fj(z, ¢, t) and
Fy(—z, &, t) will be ambiguous, since one can add extra DA terms without affecting the CFFs too
much in the small £ limit. This will be discussed with more details in the next section.

We note that another notation of quark and antiquark GPDs has been used in the literatures,
see for instance ref. [212]

in(x > 576775) = Fq(x7§7t) )
(5.30)

Fﬁ(‘r > gvgat) = :|:F(I<_‘T7€7t) ’

with the same convention for the F sign. Since the quark and antiquark GPDs are defined with
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the same function F,(z, &, t) partitioned into two part, the full quark GPD F,(z, £, t) can not be
written as the sum of them F(z,{,t) # Fy(z,&,t) F Fz(—z,¢,t). Due to the lost of linearity
in such GPD decomposition which will also break the polynomiality condition for quark and
antiquark GPDs respectively, this definition will not be used here.

To summary, we will consider quark and antiquark GPDs Fj(z,&,t), Fy(x,&,t) as well
as the gluon GPDs Fy(z,&,t) here with four twist-two GPDs H, E, H and E, forming a ba-
sis with 20 GPDs. Conventionally, we also rewrite the basis by defining the valence combina-
tion: Fy, (z,€,t) = Fy(z,€,t) — Fy(z, €, t), and thus the basis can be written with F, (x,&, 1),
Fy(z,&,t) and F,(x, &, t) equivalently, analogous to the basis commonly chosen for PDFs global

analysis in the literatures [34,35,234].

5.2.2  Polynomiality condition and small £ expansion of GPD moments

To impose the physical constraints on GPDs, we start by noting that the polynomiality
condition, originally proved for the Mellin moments of the GPDs, can be equivalently applied to
the conformal moments. Since each Gegenbauer polynomial CJ("\) (x) can be expressed in terms

of linear combination of z*,

J
Cj(/\)(a:) = Z CE?[Ek : (5.31)
k=0
and vice versa:
J
=Y Mo, (5.32)
k=0
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(M)

Tk and c (’\)

where c; are some constant coefficients, according to eq. (5.17) we have

Fet) /d e (5) Fle,6.1).,

:/ de VR (2 1) (5.33)

J 1

Z LETTE / dea®F(z, €, t) .

Thus the polynomiality condition of Mellin moments immediately leads to the polynomiality
condition of conformal moments. The reverse can be proved in the same way using eq (5.32), so
the two polynomiality conditions are equivalent. Therefore, we can write the conformal moments
of GPDs as

Jj+1

> EFR, (5.34)

k=0,even
where the form factors F;;(¢) with double subscripts do not depend on {. While the GPDs
F(z,¢,t) are completely determined by F; ;(t), limited information on them is known. Two
limit behaviors, the PDF limit & = 0 and the DA limit £ = 1, can be considered separately. In the

semi-forward limit £ = 0, the conformal moments F; (&, t) are given by F; () with k& = 0:
Fi(€=0,t) = Fio(t) , (5.35)

where we know that the GPD will be reduced to the PDF and the conformal moments correspond
to the Mellin moments of the PDF if we further take ¢ = 0. Thus, the F;((¢) at zero momentum

transfer ¢ = 0 is entirely determined by the forward PDF f(z), which can always be determined
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well from global fitting, and we have the following requirements

Faalt=0)= [ drafa). (530

Commonly in the PDF analysis, for instance in the CTEQ global analysis [34], the ansatz of the
PDF f(x)

Z Nz~ (1 — x)? (5.37)
is chosen, whereas further improvements can be done based on this. This ansatz can be immedi-

ately transformed to the moment space, and we have the following ansatz for the Mellin moments

of the PDF

.7-*j7o(t:O):/dxfo ZNBjJrl a1+ 5) . (5.38)

=1
which will be our building blocks for the GPD at ¢ = 0 or small £.

On the other hand, in the DA limit £ = 1, we have

Fie=1Lt)= Y Fult), (5.39)

which could have completely different behavior than the forward case. Actually, they must be-
have differently. The reason is that the formal summation in eq. (5.19) with the moments in eq.
(5.38) does not converge, and thus it can only be resummed by the Mellin-Barnes integral method
or other equivalent methods. Consequently, GPDs corresponding to such moments do not gener-
ally vanish at |z| = . While it is expected as GPDs do not generally vanish at the crossover line,

for large &, especially for & close to 1, such moments lead to GPDs that do not vanish at the end
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point |x| = 1. Therefore, the moments at large £ must converge faster than the moments in eq.
(5.38) in order to have proper end-point behavior.

Due to the lack of constraints from physically observable to the large ¢ behavior of GPDs,
we will restrain ourselves to the region with small £ to avoid such complexity, whereas the large &
behavior (which also corresponds to the large ¢ behavior as shown in Fig. 5.1) of GPDs requires
separate studies. Then, though the moments of the GPDs are generally unknown, in the small &

region, the first few terms will dominate:

Fi(&,t) = Fiolt) + EF;a(t) + O£ . (5.40)

In the region with small &, it is assumed that the ansatz used for the PDF in eq. (5.38) applies not
only to the leading moment with & = 0, but also the first few moments with £ = 2, 4... which can
certainly break down as £ gets large.

Note that the small £ expansion does not apply to the GPDs themselves, since GPDs are not
analytic at the crossover line |z| = £. However, the moments of GPDs are always polynomials
of &, and they are always regular and expandable in the small £ region, which, on the other hand,

need proper resummation in order to recover the GPDs.

5.2.3 Regge trajectory and t-dependence of GPDs

The last piece to complete the universal moment parameterization is the ¢-dependence of
GPDs. In the framework of moment expansion, the ¢-dependence is encoded in all the form
factors F; ;(¢) and thus the ¢-dependence of the form factors F; () are crucial. While each

term can be in principle fitted to the experimental measurements or lattice calculations, it is not
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Figure 5.5: Crossing symmetry shown in terms of Feynman diagrams. The two processes are
related to the same set of Feynman diagrams by simply exchanging the initial and final particles.
The right plot corresponds to the ¢-channel process of the left one.

practical to do so, because the resummation procedure requires a set of F; ;(¢) with j goes to
infinity. Neither experimental measurements nor lattice calculations allow us to access all the
moments, especially the higher order ones, and thus some extrapolation methods that take the
known moments into account and allow us to extrapolate the higher moments will be necessary.
Motivated by that, we introduce the Regge trajectory in this subsection and discuss how it can
help build the ¢-dependence of GPDs.

The starting point is the crossing symmetry, with which processes of different channels
but with the same Feynman diagrams can be connected, as shown in Fig. 5.5. The scat-
tering amplitude 7 can be written with these Feynman diagrams regardless of which channel
one chooses as a function of the Mandelstam variables s,t, u, ignoring the spin degrees of
freedom for simplicity. The Mandelstam variables s,¢,u for 2 — 2 processes are defined as
s=(P+q)?t= (P —P)?and u = (P — ¢)% The 3 Mandelstam variables s, ¢, u satisfy
the condition s + ¢t + u = P? + P + ¢* + ¢'?, with which we can eliminate the variable u for

simplicity.
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One key hypothetical property in Regge theory is the duality [235], which states that the
scattering amplitude is given by the sum of all ¢-channel resonances and also equals to the sum
of all s-channel resonances. Therefore, the ¢-dependence of the scattering amplitude can be

tentatively written as

T(s,t,u) = alsw) (5.41)

— m?2
res. t Mies

with ¢;(s,u) the residuals of the resonance poles and the RHS sums over all the ¢-channel res-
onances. In principle, the scattering amplitude can then be written directly with all the reso-
nances. However, there are potentially infinite resonances and summing over their contributions
are highly non-trivial. Thus, one will need to collect the poles together in order to sum over them,
which leads to the Regge theory [236,237].

Regge theory is, in short, a theory about complex angular momentum J (different from the
conformal spin j). The key observation is that the mass of the resonances increases with increas-
ing angular momentum ./ on the hadron spectrum. Thus, a linear Regge trajectory usually written
as a(t) = a + o/t with a(t) the angular momentum and ¢ the mass squared, also known as the
Reggeon. The major assumption in Regge theory is that the resonances and their analytic contin-
uation to complex .J are the only singularities in the scattering amplitudes. Then the scattering
amplitude can be expressed in terms of all the Regge trajectories or Reggeons.

Note that the scattering amplitude 7 (s, t,u) is not explicitly a function of J. To separate
the contributions of different J, it can be written in terms of the partial wave expansion of a

t-channel scattering as

T(s,t,u) =167 Y (2] + 1)T;(t, u)Ps(cosb;) . (5.42)
J=0
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Then the partial wave amplitudes 7 (¢, u) will have poles at J = «(t) for each Regge trajectory

according to the assumption made for Regge theory, and they can be written with these poles as

Ti(tu) = —Jrit’oi)t) : (5.43)
Reg.

which sums over all the Regge trajectory and r(¢,u) is the corresponding residual. Note that
eq. (5.41) and eq. (5.43) are equivalent descriptions of those resonance poles. Their relation is
intuitive — eq. (5.41) approaches those poles with a fixed integer .J in the M? direction, whereas
eq. (5.43) approaches those poles with fixed M2 in the J direction.

Then, we can discuss the ¢-dependence of the GPDs or equivalently the form factors F; 5 ().
Since they are essentially the nucleon matrix elements of certain quark (gluon) operators which
are closely related to the quark (gluon)-nucleon scattering amplitude, the above arguments also
apply to them, at least qualitatively. Consider the partial wave expansion in eq. (5.42). In the

higher energy limit s — oo and £ — 0, the cos(6;) can be expressed in terms of £ as

cos(f;) o —% — 00 . (5.44)

Then with the asymptotic behavior of the Legendre polynomials,
lim Py(z) o< 27, (5.45)

Z—00

one finds that the partial wave amplitude with angular momentum J has the asymptotic behavior

of £~ in the high energy limit. Then it can be quickly identified that the term F; ;,(¢) corresponds
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to the angular momentum J = j 4+ 1 — k, which leads to

o 75 (t)
f]’k(t>—§]+1—k—a(t> ) (546)

with r(t) the corresponding residuals of the Regge poles. Again, if we stay in the region where
momentum transfer |¢| is small, the leading lightest Regge trajectory is sufficiently good to de-
scribe the ¢-dependence of the GPDs, while more terms can always be added to make it more

flexible. Therefore, we reach the finial proposed ansatz for the moments of GPDs as

tmax . ]—f—l—k—alk(o)
Fir) =S NixBG +1— s+ Big)” ’
() =Y NigB(j +1— g +B’k)]+1_k_04z‘,kz(t)

=1

Bijk(t) (5.47)

with & = 0, 2 which breaks down at large k. Note that the residuals 3; ; (¢) are smooth functions
of ¢ which satisfies f; ;x(t = 0) = 1 to restore the corresponding forward limit in eq. (5.38).
For the valence quark distributions we simply set the residual function ; ; ,(¢) = 1, since their
algebraic decaying behaviors in |¢| can be parameterized well by the Regge trajectory. However,
for the sea distributions, it has been observed that in high energy processes, the different cross-
sections drop exponentially as the momentum transfer |¢| increase e.g., for DVCS [108, 109],
which differs from the power-law behavior indicated by the Regge theory. Therefore, we incor-
porate the extra exponential behavior into the §(t) to set §; ; () = exp(bt) with b a constant
slope parameter.

In the end, note that the proposed form in eq. (5.47) is equivalent to the ansatz in KM model
[44] and the similar proposed forward-like function in the dual parameterization [212] except for

the SO(3) partial wave expansion that we dropped for simplicity. However, the main goal of this
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work is to focus on both sea and valence distributions and the corresponding constraints from
lattice calculation in for instance [194, 195, 198-202] besides the experimental measurements

which only partially constrain the GPDs.

5.3 A demonstrative example: ¢-dependent PDF and proton tomography

Following the above global analysis strategy for GPDs, in this section we show an example
to apply it to the £ = 0, t-dependent PDF and proton tomography from various constraints. Note
that once the parameterization is specified, in principle one just needs to put all the constraints
together, and try fitting to them with for instance, x? minimization. However, the amount of
parameters needed for a global fitting is huge — we needed at least 4 parameters for each different
GPDs (H, F, H and E) and each flavors (u, d, g and even more) at ¢ = 0 and even more for non-
zero skewness . Therefore, as a proof of principle we start by considering the H and £ GPDs
of v and d quarks at £ = 0, which are the so-called ¢-dependent PDF H,, /4(x,t) and E, /4(x,t).
These two quantities are necessary to understand the angular momentum densities of « and d
quarks [4]

1
Juja(x, t) = % (Hu/d(a:, t)+ Eu/d(x,t)) , (5.48)

which will be our main focus in this section.

We note that in the zero skewness limit the evolution of GPDs will be reduced to that of
PDFs, which is easy to perform. All the observables used are either calculated at the factoriza-
tion scale 1y = 2 GeV or evolved to the same scale in order to be consistent. Therefore, we
suppress all the factorization scale when presenting the results. Leading order evolution of GPDs

in moment space can be done within our program, which is, however, not used for this analysis,
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Figure 5.6: A simultaneous fit to the forward PDF H,,_,(z) (corresponding to the PDF ¢, 4(x))
[34,204], lattice calculated PDF H, 4(z,t = —0.39 GeV2) [201] and generalized form factors
ALTA(t), AuTe(t) and A4 () [194]. The solid lines are the central value of H,_4(x,t), the
gray bands are the regions within 1 ¢ uncertainty and the dots are measurements that are fitted

to. The x? per d.o.f. is 3.0 for our 4 parameters fitting. The parameters from the fitting read
Nirvee = 4.518 (327), agyec = —0.027 (26), Brvec = 3.269 (76) and oy . = 1.286 (51).

as those results are taken at the same scale already.

5.3.1 Fitting the valence t-dependent PDF

In this subsection, we use the proposed form in eq. (5.47) for the t-dependent PDF H,, /4(x, )
and £, /d(a:7 t). We take k£ = 0 in the semi-forward £ = 0 limit, and set i,,,, = 1 for the simplest
ansatz. Since in lattice QCD the flavor singlet u + d and non-singlet © — d combinations are
commonly separately calculated, we apply such ansatz for the H/E, 4(z,t) and H/E,_4(z,1)

respectively.
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We will neglect the sea contributions in the fitting to lattice results here since the sea contri-
butions to GFFs are suppressed compared to the valence contributions. According to the CTEQ18
PDFs [34], the moments of sea distributions are about one order of magnitude smaller than the va-
lence ones, where similar suppression is expected for the GFFs. Therefore, one should not expect
strong constraints to the sea distributions from lattice results, and the experimental measurements
are crucial to get the sea distributions.

For the ¢-dependent PDF H Z?ld(x, t), we can simultaneously fit to the forward PDF ¢(x),
for which we choose the recommended CTEQ18qed results [34,204], the quark GFFs [194] and
lattice calculated isovector ¢-dependent PDF H;’ild(x, t) [201]. We used the ManeParse [238]
Mathematica package to read the CTEQ18ged PDF and the MINUIT2 minimizer [239] for x>
analysis, and the results are given in Fig. 5.6, where the generalized form factors are defined

by [4,5]

+1 n—1
/ dmx”_IH(x,g,t): Z (_2§>i"4ni (t) + (=2)"Chro (D)1 even >

1 1=0,even

/_ dea" 'E (z,€,t) = i (—28)'Bui (t) — (—28)"Cho (t)],) even >

1

(5.49)

1=0,even

thus only A,o(t) and B,o(t) survive in the semi-forward limit ¢ = 0. Note that the x> per
degree of freedom (d.o.f.) is 3.0 for our 4 parameters fitting. The major source of x? is the
discrepancy between lattice calculated form factors and the global fitted PDFs — the moments
of PDF from global fitting are significantly lower than the lattice calculations. Therefore, the x>
per d.o.f. indicates the systematic uncertainties including the effects of unphysical pion mass of
m, = 496 MeV, omitted disconnected diagrams and other effects in lattice calculation that are

not taken into account. Also, it will be helpful to consider fitting to the experiment measurements

177



PDF H,,, ;(x,t=0) Generalized form factor 4“*¥ (1)

8 ,
3.0
6 : 2.5¢
2.0F
4r ' 1.5¢
5 1.0}
05¢F
0 . ‘ ‘ 0.0b
0.0 0.2 04 0.6 0.8 1.0 00 02 04 06 0.8 1.0 12 1.4
x 11(GeV?)
Generalized form factor 4%*%,,(¢) Generalized form factor 4479 ;,(7)
0.6 w . - . - . 020 w - . . -
0.5¢
0.15 f
o I
03F 0.10 |
0.2F I
0.05 |
0.1
0.0 b 0,00 b
00 02 04 06 08 1.0 12 14 00 02 04 06 08 1.0 12 14
1(GeV?) 1(GeV?)

Figure 5.7: A simultaneous fit to the forward PDF H, ,4(z) (corresponding to the PDF ¢, 4())
[34,204] and generalized form factors AY(t), A4 ®(t) and A% (t) [194]. The solid lines are
the central value of H,4(x,t), the gray bands are the regions within 1 ¢ uncertainty and the dots
are measurements that are fitted to. The x? per d.o.f. is 8.47 for our 4 parameters fitting. The
parameters from the fitting read Npgca = 8.340 (263), agscar = 0.210 (10), Brscar = 3.584 (43)
and oy, = 1.338 (27).

of elastic form factors as described in ref. [240].

Similar fitting can be done for the isoscalar valence distributions H2',(z,¢) as shown in
Fig. 5.7. However, since the isoscalar ¢-dependent PDF H ;’iﬂd(x, t) is not calculated in ref. [201],
we fit to the forward PDF H"2! (x, ¢ = 0) and the lattice isoscalar form factors A% (t), A5 (t)

u+d
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Figure 5.8: A simultaneous fit to the ¢-dependent PDF FE, ,;(z) [201] and generalized form
factors Biy (), Biy(t) and By “(t) [194]. The solid lines are the central value of E,_4(z,1),
the gray bands are the regions within 1 o uncertainty and the dots are measurements that are
fitted to. The y? per d.o.f. is 0.8 for our 4 parameters fitting. The parameters from the fitting read
Nivee = 6.770 (1.354), (pyee = 0.437 (62), Bpvec = 4.527 (240) and oy, = 1.864 (222).

and A%y (1) [194]. Again, the major source of y? is the discrepancy between lattice calculated
form factors and the global fitted PDFs which do not indicate the failure of the parameterization
form used and can be mitigated if the systematical uncertainties are under control.

For the t-dependent PDF EZ%(QU, t), the forward constraints from PDFs no longer exist, and

we have to rely on the lattice calculated ¢-dependent GPDs EZ‘/ﬂd(x, t) [201]. Though the isoscalar
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GPD E,4(z,t) is not calculated there, there is strong evidence showing that the isoscalar form
factors B, 4(t)s are consistent with zero [194, 198]. Therefore, we will assume Eﬁld(aj, t) =10
with which the flavor separation becomes trivial. The results for the E¥?! (x,t) are shown in Fig.
5.8. The x? per d.o.f. is about 0.8, which is really due to the lack of precision in the lattice results,
since there are no constraints from better determined forward PDFs. Therefore, the uncertainties

of the GPD E¥? (x,t) are significantly larger.

5.3.2 The angular momentum sum rule and proton tomography

With the fitted ¢-dependent PDFs H,, /4(x, t) and E,, /q(x,t), interesting information of the
nucleon 3D structure can be revealed. On the one hand, as mentioned at the beginning of the sec-
tion, these GPDs carry information about the transverse angular momentum densities of quarks.
On the other hand, as first pointed out by M. Burkhardt in refs. [28,241], the GPDs in the £ — 0
limit can be Fourier transformed in the transverse space to get the impact parameter space parton
distribution which describe the 3D structure of the nucleon. In this section, we will explore the
proton 3D structure with the above fitted GPDs.

In Fig. 5.9, we plot the transverse angular momentum densities of quark with eq. (5.48).
Note again that, this plot needs to be further improved with the sea distributions, whose contri-
butions to the angular momentum are, however, mostly in the small x region and one order of
magnitude smaller than the valence ones. The contributions from the d quark are always neg-
ative according to the fitted results, which are essentially the consequence of the assumption
E.+4(0) = 0 supported by the lattice calculations of quark and gluon generalized form factors.

In addition to the parton transverse angular momentum densities which only make use of
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Figure 5.9: A plot of the quark transverse angular momentum densities J,,/q(x) with the fitted
GPDs H,4(x,t) and E, 4(x,t). Most of the uncertainties are from the GPDs E,/4(z,t) which
are less constrained without corresponding forward PDFs.

the GPD in the forward limit £ = ¢ = 0, we can also take advantage of the ¢-dependent of the
GPDs and study the impact parameter space distribution of the quarks. For instance, the quark
densities in unpolarized protons are given by the Fourier transform of the GPDs H,, /4(x, t):

d?A .
pq(7,b) = / W@"A'qu(x,—A2) = H(z,b), (5.50)

where 7, (z,b) is defined as the 2-dimensional Fourier transformation of H,(z, —A?). Then
we plot the quark distribution with the above expression and the fitted GPDs in Fig. 5.10. The
quark densities typically get more concentrated but suppressed for increasing x, since the number
densities should decrease for quarks with larger momentum due to momentum conservation, and
the less deflected they will be.

Another set of densities that is of interest is the quark densities in a polarized proton. As
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Figure 5.10: Plots of quark densities p,(z, b) for both u (the upper row) and d (the lower row)

quarks in unpolarized proton with increasing momentum fraction x. The densities typically get
more concentrated but suppressed for increasing x.

we discussed before, it is crucial to introduce the intrinsic transverse distributions to remove the

contributions from center-of-mass motion, for which we define the intrinsic quark densities as

*A A iA
péﬂn(ﬂf,b)Z/(%)ze A”[Hq(m,—A2)+2—My(Hq(x,—A2)+Eq(x,—A2)) ,
1 9
=Hq(,b) = Grr o (Ho(w,) + E(2,b)) (5.51)
1 b, 8
=Hy(,b) — o0 o] 9B (A (2, b) + &(z,b)) |
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Figure 5.11: Plots of the intrinsic quark densities pgfln(x, b) for both w (the upper row) and
d (the lower row) quarks in transversely polarized proton (in the X direction) with increasing
momentum fraction x. Both the u and d quark densities are shifted in the y direction which

contribute to the transverse angular momentum J%, while the u contributions are positive (+y
direction) and the d contributions are negative (—y direction).

with which one has

q

JX(z) = / Fb x 2P )y (.b) (5.52)

With the above fitted GPDs H,, /4(x, t) and E, /q(x, t), the intrinsic quark densities in transversely
polarized nucleon and be studied as well as shown in Fig. 5.11. While the quark densities in a

polarized proton get more concentrated but suppressed for increasing x just like in the unpolarized
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case, we find that clearly the quarks have non-zero transverse displacement, which contributes to

the transverse angular momentum of the nucleon along with their large longitudinal momenta.

5.3.3 Sea distributions and experimental observables

Here we discuss the effects of the sea distributions, which are important sources of sys-
tematic uncertainties in the above analysis, since in principle both sea and valence distributions
contribute to the generalized form factors. As mentioned above, the sea distributions can be
dropped because they are mostly in the small x regions and their contributions to the form factors
are suppressed compared to that of the valence distributions. On the other hand, this indicates
that even if we consider the sea distributions in the above analysis, they will not be constrained
as much. Therefore, it is crucial to also include the experimental observables, especially the
ones with small £ (since it can not be zero) in order to constrain the sea distributions. Then,
we are inevitably faced with the effects of both none-zero skewness ¢ and the sea distributions
simultaneously.

Fortunately, in the KM model [44], they show that the sea distributions with such param-
eterization method can successfully fit to the experimental data which proves the flexibility of
this parameterization when extending to non-zero &. In this sense, our results here with the va-
lence distributions are complementary to the sea distributions obtained in the KM models. On the
other hand, GPDs at none-zero £ are faced with the inverse problem [203], as the experimental
measurements of CFFs alone cannot determine the x-dependence at non-zero . The solution
(compromise) in the KM model is to model the z-dependence of the GPDs at non-zero £ with

the same parameters as the PDFs, except for a different overall normalization constant, which
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might be too constraining. However, there have been results of lattice calculated z-dependence
of GPDs with LaMET [199] at none-zero £. These results, even just qualitatively, can be very
helpful in mitigating or resolving the inverse problem at non-zero &.

Therefore, to obtain the GPDs at non-zero & reliably, we need to extend our present results
with sea distributions and fit to both experimental observables and lattice results at none-zero &
as well. A global fitting program is then necessary for this purpose, which will be studied in the

next section.

5.4 Global analysis with DVCS and extracted GPDs

In the previous sections, we discussed how GPDs can be parameterized in terms of their
moments based on the technique that has been systematically developed in ref. [42] and used in
for instance ref. [44]. In this section, we will discuss how we apply such framework to the GPDs
at non-zero skewness, including GPDs of various different species and flavors. To find the set of
parameters that fit to the measurements best, we employ the iminuit interface of Minuit2 [242,

243] as the minimizer.

5.4.1 Empirical constraints and inputs of the global analysis

The challenge in the global analysis is due to the lack of off-forward constraints. Therefore,
extra empirical constraints are still needed for the extraction of GPDs. For the £-dependent terms,
the simplest choice is to set them to be proportional to the leading terms, as has been done in
ref. [44]:

Fik(t) = RpFi—po(t) , (5.53)
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with R}, the ratio between them. Here we have just one parameter R for the £2 terms for each
GPD F(z,&,t) that accounts for its extra £-dependence. As for the residual function 3(t), two
B(t)s of different b slope are embedded in the parameterization of the vector GPDs H; , and the
axial vector GPDs H, 7.0 Tespectively, with ¢ = {u, d} for sea quarks. We note that due to the lack
of flavor-sensitive probe, we assume the same b slope for the gluon and sea quarks of different
flavor and also the same Regge slope o for them which is fixed to be a7 , = 0.15 from the
pomeron trajectory [244].

Another difficulty in GPD parameterization is about the flavors and species of GPDs. While
the extraction of one 3D function is already challenging, the simultaneous extraction of GPDs
with multiple flavors and species is just harder. Two of the four different species of GPDs, £
and E, do not have corresponding forward PDFs, unlike / and H which reduce to the PDF f(z)
and helicity PDF A f(x) respectively, adding extra difficulties to their extraction. Consequently,
we have to reduce the number of parameters associated to these two GPDs due to the lack of
constraints. To do so, we set the two valence quark distributions to be proportional (£, o< Eq,
and Euv X Edv) and the sea quark as well as the gluon distributions to be proportional to the
corresponding H and H GPDs.

We note that these extra empirical constraints, both for the £-dependent terms and for the
E/ E GPDs, are added for pure practical purposes. As mentioned above, they simply represent the
lack of information of GPDs in the off-forward region, which can and should be improved in the
future with more inputs from both lattice calculations and experiment measurements. In table 5.1,
we collect whether GPDs of different species and flavors are either parameterized independently
with eq. (5.47) or linked to the other GPDs with some empirical assumptions here.

Finally, we comment on the comparison of the GUMP program to the other GPD global
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GPDs species and flavors | Fully parameterized | GPDs linked to Pf;i:igggal
H,, and ﬁuv 4 - .
E,, and Euv v - -
Hg, and f[dv 4 - -
By, and By, X E,, and E,, RE/P

H; and H @ 4 - -
E; and Eﬂ X H; and ﬁa SE;QE
Hjand H 7 v - -
Ejand EJ X Hgjand H q SE;QE
H, and H g v - -
E, and Eg X H, and H 9 RsEeé,E

Table 5.1: A summary of how each GPDs with different species and flavors are parameterized
respectively. Fully parameterized GPDs are expressed in terms of eq. (5.47), whereas the other
GPDs are linked to the fully parameterized GPDs with proportional constants.

analysis programs with conform moments framework, specifically the Kumeric¢ki-Miiller (KM)
model and its extensions [43,44,210,211]. As clearly stated before, the GUMP program follows
the general conformal moment parameterization of GPDs, and adopts many useful observations
there to make the GUMP parameterization practical. On the other hand, this program focuses
more on the extraction of all four leading-twist GPDs including both valence and sea quarks
of different flavors with the combined inputs from both lattice calculations and experiments.
Therefore, though in a similar spirit, GUMP program allows a more comprehensive study of the
GPDs, especially the valence parts which are effectively constrained by lattice calculations while
less accessible from experiments.

With the above parameterization, the global analysis can be performed with adequate inputs
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to pin down all the parameters. Therefore, we continue discussing how we select inputs from all
the available results for the global analysis.

We start with the forward inputs where GPDs reduce to simply PDFs. While we could have
various inclusive measurements as the inputs rather than the global PDFs extracted from a specific
work to avoid the bias, there are several reasons we choose the extracted PDFs for the GPD
global analysis. First, the extraction of the PDFs itself is considerably involving which requires
dedicated works, especially for the simultaneous extraction of both unpolarized and polarized
PDFs [245,246]. Second, much less is known for the off-forward behaviors of GPDs compared
to the forward ones. Consequently, a fine forward analysis can not be matched with an equivalent
off-forward analysis, making it less urgent to improve the forward part of the analysis. Therefore,
we avoid repeating the forward fitting that have been studied extensively by the PDF global
analysis community and take their globally extracted PDFs as the inputs. More specially, we
consider one of the recent analysis by the JAM collaboration [245], where both the unpolarized
and polarized proton PDFs are extracted simultaneously.

The off-forward inputs, on the other hand, consist of various constraints including globally
extracted FFs [247], lattice calculations [199, 248] and exclusive measurements, or the DVCS
measurements [109, 144,249-251] more specifically for this work. For the form factors, we take
the globally extracted charge FFs [247] rather than fit to the elastic scattering data directly [240]
for the same reasons as for the PDFs. Since the charge form factors are averaged over all flavors,
we combine the charge form factors of both proton and neutron to obtain the charge form factors
of up and down quarks respectively, assuming isospin symmetry and ignoring the contributions
of strange and other heavy flavors.

The lattice inputs include both calculation of generalized form factors and z-dependence of
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GPDs [199,248]. Putting the lattice QCD results together with other experiment measurements
can be quite subtle, due to the systematic uncertainties of the lattice results that are hard to fully
understand. Progresses have been made in getting the systematic uncertainties under control
and calculations from different group are converging for certain quantities like the (axial) charge
form factors, see for instance the review in ref. [200], but more efforts are still in demand to get
the other results consistent. Therefore, here we consider the lattice results from a single group
only [199,248] ! to avoid the potential tension among lattice results from different groups. On the
other hand, we adjust their weights in the global analysis by increasing the uncertainties of the
results to account for the unknown systematic uncertainties. We note that the calculation of the
z-dependence of GPDs at non-zero skewness has been done in the literature [199], although the
reliable regions with controlled systematic uncertainties get even more subtle due to the irregular
behavior of GPDs at x = £. Thus, the inclusion of the xz-dependence of GPDs at non-zero
skewness in the global analysis will be left to the future work.

Last but not the least, we have the experimental exclusive measurements. In principle,
the exclusive measurements can and should include as many processes as possible to get better
constraints on the GPDs as well as to test the universality of GPDs. However, the main challenge
for putting different processes together is the mismatch in the amount of data available. Two
types of Compton scattering processes, DVCS and Time-like Compton Scattering (TCS) [252],
have been measured at JLab. Much more DVCS data have been obtained than that of TCS, of
which the first measurement was made just recently [253]. On the other hand, DVMP typically

requires much larger virtuality than DVCS to suppress the unwanted contributions of transverse

"Here the choice is made by considering only the variety of GPD related calculations and does not reflect a
preference over the other lattice calculations.
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polarization, which are mostly accessible with colliders such as HERA [244,254] and the future
EIC [6,7]. Therefore, we start by considering the DVCS measurements only, which has the
broadest global kinematical coverage among these process that includes both the low x5 region
covered by H1 [109] at HERA and the medium xp region covered by various experiments at
JLab [144,249-251]. It is worth noting that DVCS process is mostly sensitive to the quark
distributions whereas as the gluon distributions must be obtained from meson productions or
other gluon-sensitive processes. Obtaining the gluonic distributions from them is indeed of high
interest and importance, which will be carried out in a separate work.

With all the inputs above, it seems straightforward to simply put them together and per-
form the global analysis with the parameterization described before. However, it will not be
quite practical with the large number of free parameters, which typically means extremely slow
convergence in the search of best-fit parameters. Besides, the evaluation of GPDs, especially
with scale evolution, is much more computationally intensive, compared to that of the PDFs for
instance, making the global analysis even less handleable. Therefore, we split the global anal-
ysis into two steps by first performing the semi-forward fit at zero skewness & = 0 (while the
momentum transfer squared ¢ can still be non-zero) and then fit to the off-forward inputs with
non-zero skewness ¢ # 0. Apparently, the two-step fitting introduces bias that favors the semi-
forward constraints over the off-forward constraints. However, given the fact that much more
semi-forward constraints can be obtained from lattice and experiments than the off-forwards

ones, it is a reasonable and practical assumption for such large system of parameters.

190



Semi-forward

>E Y Ep ) E

Figure 5.12: A plot showing the fitting procedure of the GUMP program. The semi-forward
(& = 0) fit that consists of four individual fits for each ¢-dependent PDFs is performed before the
off-forward (¢ # 0) fit. The results of the semi-forward fit are then passed to the off-forward fit
as fixed parameters, whereas the off-forward parameters will be determined with the off-forward
constraints.

5.4.2 Basics of the fit

As discussed before, the whole fit will be split into the semi-forward (¢ = 0) part and
the off-forward (¢ # 0) part to avoiding dealing with the huge parameter set in a single fit.
Furthermore, in the semi-forward case constraints on different species H, E, H , and E decouple,
unlike the off-forward case where all four of them are involved. This allows one to further
decompose the semi-forward fit into four separate fits that do not interfere for each of the four
t-dependent PDFs. Therefore, the whole fitting procedure eventually consists of five individual

fits as shown in Fig. 5.12. Correspondingly, the total y? can be decomposed into five parts:

Xt = Xowa + Xotitwd = Xir + XE + X5 + X5 + Xotetwa » (5.54)

where each term x% with F' = {H, E, H, E’} stands for the x? for the semi-forward fits of the
corresponding ¢-dependent PDFs. Then one just need to minimize these x2s separately in order to
perform the fit and the results are summarized in table 5.2. More details of the fitted parameters
are presented in Appendix F.

Several comments are as follows: first, we take the globally fitted unpolarized and polar-
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Sub-fits 2 Niata Xo =X /v

Semi-forward

tPDF H 281.7 217 1.41
tPDF E 59.7 50 1.36
tPDF H 159.3 206 0.84
tPDF E 63.8 58 1.23
Off-forward

JLab DVCS 1413.7 926 ~ 153
H1 DVCS 19.7 24 ~0.82
Off-forward total 1433 950 1.53
Total 2042 1481 1.40

Table 5.2: A table summarizing the total y? versus the number of data points Ny, as well as the
x? per degree of freedom x?2. Since the JLab and HI DVCS measurements are fitted simultane-
ously in the off-forward fit, the x? /v is replaced with 2 /Nuaa instead to estimate their separate
contributions.

ized PDFs [245] with 31 points sampled in the region = € [0.005, 0.6] for each flavor, indicating
155 points for the ¢t-dependent PDFs H and H respectively. Note that since the parameteriza-
tion we used has only 3 parameters in the forward limit for each PDF, much less than the PDF
global analysis [34], the sample size can not be too large correspondingly. The extra constraints
from PDFs on H and H account for their larger Ngata as shown in table 5.2, while the other
around 50 data for each ¢-dependent PDF are taken from the globally fitted FFs [247] and lattice
calculations [199, 248].

Second, in the interest of this work, we select the JLab DVCS data with larger Q? (Q > 1.8
GeV) and smaller 25 (zp < 0.5). The larger ()? is required by the factorization theorem and
also to suppress the higher twist effects, while the low zp region is selected in accord with
the small £(zp) expansion such that we have the expansion parameter £ < 0.1. Even with

such selection, it still leaves much more JLab DVCS data than the H1 data (which do not need
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Figure 5.13: The top left panel shows the kinematical coverage of the DVCS measurements
including both JLab and H1. The top-right panel shows the fit to the DVCS measurements at
H1 with the azimuthal angel ¢ integrated, whereas the lower two figures show examples of the
fit to the JLab DVCS cross-section measurements at Q> = 3.65 GeV? in the azimuthal angel ¢
for both polarized and unpolarized beam. Contributions of Bethe-Heitler process are calculated
with the electromagnetic form factors in ref. [247]. The DVCS and interference cross-sections
are calculated with the formulas in ref. [145] including the contributions of twist-two CFFs only.

selection as they are already in the large Q? and small zp region), since both the azimuthal ¢
dependence and beam-polarized cross-sections are measured at JLab. Therefore, the JLab data
will be the dominant effects in the off-forward fit even though they cover about the same amount
of kinematical points on the (g, t) space. In figures 5.13, we show the kinematical coverage of

the DVCS measurements at both JLab and H1 and present some typical examples of the fit to the
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DVCS measurements.

To summary, the reduced x?s are all around 1 which indicates generally good fits. For the
forward fit, the main issue is that the 3 forward parameters for the H PDF cannot perfect describe
the z-shape ranging from x € [0.005, 0.6]. Although this could be improved with more sets of
ansatz, it would also require more off-forward inputs accordingly. As for the off-forward fit, the
main challenge seems to be the potential higher-twist effects in the JLab DVCS measurements
given that the typical Q% of them is around 4 GeV?, which still allow sizable twist-three contri-
butions or even twist-four contributions especially at large momentum transfer [132, 144, 255].
For instance, the LU cross-section plot at the lower-right of Fig. 5.13 still deviates from a perfect

sine shape as predicted in the Q> — oo limit, which could be due to the higher-twist effects.

5.4.3 The extracted CFFs and GPDs

As discussed before, since the off-forward inputs contain DVCS measurements only which
are effectively combinations of CFFs, they do not constrain the x shape nor the flavor structures of
GPDs well. Thus, the flavor-dependent = shape of GPDs extracted under the empirical constraints
in subsection 5.4.1 will be obviously model-dependent. Therefore, before moving on to the
extracted GPDs which relies on the choice of ansatz, we first discuss the extracted CFFs of
which the comparison is less model-dependent. More specifically, we will compare the CFFs
extracted here with the locally extracted CFFs in ref. [144] and the CFFs predicted by the KM15
model [256] based on the global analysis of CFFs. The comparison of the CFFs are shown in
Fig. 5.14.

Before commenting on the comparison of the extracted CFFs, we first note that even the
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Figure 5.14: A comparison of the CFFs extracted here with the locally extracted CFFs in
ref. [144] as well as the CFFs predicted by the KM15 model [256]. The three different kine-
matical points with zp = 0.36, 0.48, 0.60 have momentum transfer t = —0.345, —0.702, —1.050

GeV? respectively. The CFFs in ref. [144] are extracted from data with various different Q?,
whereas the theoretical values are calculated at the reference scale Q? = 4 GeV?2.

local extraction of CFFs suffers from the degeneracy issue. The total DVCS cross-sections are

generally quadratic equations of all the 8 CFFs:
o =do +do + do = b FI PuPe pi | v .
do™P = dophyds + dopert + dopy AP BiPP F 4 T (5.55)
irj i

with F; = {ReH,ImH,Re&, Imé, Reﬁ, Imﬁ, Reé. , Imé } which are the real or imaginary parts
of the CFFs corresponding to the GPDs H, E, H and E. For each combination of beam polariza-
tion P, and target polarization F;, the pure DVCS (DVCS), interference (INT) and Bethe-Heitler
(BH) contributions are quadratic, linear, and constant in the CFFs respectively. Ideally, one would
need all 8 possible combinations of P, and F; in order to disentangle the 8 CFFs, see for instance

ref. [257], but there could still be degeneracy in the solutions as the nature of quadratic equations.
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Here the degeneracy will be more severe, since only two polarization configurations, un-
polarized or polarized beam with unpolarized target (UU and LU), are considered. For instance,
one can show that with UU and LU cross-section, the CFF & only shows in the quadratic terms,
multiplied to either itself or H, implying that the quadratic terms are invariant under the transfor-
mation

ReH — —ReH ,ReE — —Re€, (5.56)

and the same for the imaginary part. This degeneracy of CFFs in the DVCS cross-sections leads
to the ambiguity in the sign of the extracted ReH and ReH as well as the Im& and Im& shown on
the right of Fig. 5.14, where the extracted CFFs here seem to take opposite sign compared to that
of the local extraction.” Besides this explicit example, there might be other implicit degeneracy
in the extracted CFFs which could affect the reliability of such extraction.

Although such degeneracy makes the comparison of the extracted CFFs more subtle and
less intuitive, it can certainly be improved in the future with more polarization configurations
taken into consideration. On the other hand, many of the CFFs extracted here agree well with the
local extraction as shown in Fig. 5.14, adding more confidence to the extraction of those CFFs.

Compared to the CFFs extraction discussed in the previous subsection, the extraction of
GPDs will involve more model dependence. The lack of off-forward constraints except the CFFs
is the main challenge in the GPD extraction, and the extracted z-shape of GPDs will depend on
the ansatz chosen correspondingly. In addition, as the CFFs are averaged over different flavors,
the extracted flavor structures could be ambiguous as well. Though suffering from these ambigu-

ities, we still present the extracted GPDs here as an illustration of how GPDs are constrained by

2We note that when testing the fitting program with slightly different set-up, the extracted CFFs indeed turn out
to have different signs.
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the inputs, with the caveat that the GPDs, especially their off-forward behaviors, are not uniquely
determined at this point. These results can certainly be improved with more lattice calculation at

non-zero skewness as well as more flavor-sensitive data in the future.
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Figure 5.15: Plots present some examples of the extracted quark PDFs at the reference scale
po = 2 GeV. The H and H are obtained from the polarized and unpolarized PDFs whereas the £/
and I are constrained by the form factors and lattice calculation of form factors as well as GPDs.
The gluon PDFs are also implemented here, and they enter the scale evolutions and mix with the
quark GPDs. However, since they are not as constrained by the DVCS measurements, they are
not presented here.

In Fig. 5.15, we present the extracted PDFs H, F and H , and E at the reference scale
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o = 2 GeV. The two PDFs H and H are fully parameterized and fitted to the globally extracted
unpolarized and polarized PDFs in ref. [245], and therefore they agree well with the reference
values there, which are not shown in the plots though. On the other hand, due to the lack of
the information, the PDFs £ and E are extracted with the empirical constraints summarized in
table 5.1 with globally extracted FFs and lattice calculation of form factors as well as GPDs.
The E PDFs turn out to be quite significant due to the contributions of pion pole, according to
the lattice calculated form factors of £ [248] that we fit the E PDF to. As for the E PDFs, the
shape of the 2 PDFs are obtained combing the lattice calculation of £ GPDs and other relevant
form factors from both experiments and lattice results. The u and d quark £ GPDs are almost
the opposite of each other, in accord with the observation that the flavor isoscalar form factors
B, +4 and gluonic gravitational form factors B, are consistent with zero according to the lattice
results [195,248,258]. We note that the valence part of the above PDFs are obtained in the semi-
forward fit in the last section as well. However, they are quantitatively slightly different because
of the different constraints used here as well as the effects of the sea quark distributions that were
not considered in the last section.

In Fig. 5.16, we present quark GPDs at ¢ = 1/3 and t = —0.69 GeV? and reference
scale ;1o = 2 GeV. In general, the extracted GPDs oscillate in the DA-like region (—¢§ < x < &)
with a damping tail in the PDF-like region (x > £ or x < —§), as the result of the conformal
partial wave expansion which expand the GPDs in the DA-like region in terms of Gegenbauer
polynomials that oscillate. We note that due to the DA terms of GPDs, namely the F; terms in
eq. (5.29), the behavior of GPDs in the DA-like region could look very different from here. With
off-forward inputs mainly just CFFs, only the GPDs at the crossover line x = 3¢ are effectively

constrained, which are then extrapolated with decaying tails to the PDF-like region, whereas the

198



GPDs Hy at & = ]/3 and -1 = 0.69 GeV~ GPDs E, at;“ = 1/3 and —t = 0.69 GeV~

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

X X
GPDs H, at & =1/3 and —t = 0.69 GeV” GPDs E, at & = 1/3 and —t = 0.69 GeV~
1.5 * ~ * 150 f ~
E — Hu r — FEu
1.op _ 1 100f o
i — Ha i — Ea
05F 1 sof
0.0 f—r ] i
z i
-0t 1
: 1 -S0f
-1.0F . I
¥ 1 -100F
-15F . [
E 1 -150}
“20F P RS R I (1 1 1 I I I | !
-0.6 -04 -02 00 0.2 0.4 0.6 0.8 -06 -04 02 00 0.2 0.4 0.6 0.8
X X

Figure 5.16: Plots of quark GPDs at £ = 1/3, ¢ = —0.69 GeV? and reference scale 11 = 2 GeV.
The DA-like regions of the GPDs (—¢ < z < &) are shaded, and the curves there are plotted in
lighter color for distinction. The oscillating behaviors of the GPDs in the DA-like region are the
results of the conformal partial wave expansion, since the GPDs here are expanded in terms of
the Gegenbauer polynomials there. We note that the shape of GPDs are determined by the model
choice of the moments and the CFFs effectively constrain the GPDs at the crossover line x = ££
only to the leading order.

DA-like regions are not uniquely determined.
The above extracted PDFs and GPDs are generated with the open-source codes of this
program [259] which could be used to generate other observables including DVCS cross-section

measurements as well, although we should note that only the central values of them are available
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at present. While the error propagation is a crucial part of a global analysis, the process is
extremely computationally intensive. With 20 functions of three variables where each point must
be calculated through a numerical contour integral, sampling them over more than 50 parameters
for the statistical uncertainties would be very challenging though not as useful since the main
uncertainties are still from the systematics. Therefore, we will leave the error estimation to the

future works once the task will be more practical.

5.4.4 GPDs in the DA-like region and DA terms

In the end of this section, we discuss more about the GPDs in the DA-like region. Recall
that in the previous section, we discussed that in the small x5 expansion the DA-like region gets
less relevant, and so we did not consider the DA-terms F; in the global analysis. However, the
behavior of GPDs in this region is of genuine interest as well, which is less known compared to
our knowledge of GPDs in the PDF-like region e.g., from PDFs. This region of GPDs is equally
important and can be accessed directly from lattice calculations at non-zero skewness [199].
We note that these constraints on GPDs in the DA-like regions were not imposed in the global
analysis since only very few of them are available at present. However, in this subsection, we will
discuss how the current framework under small x5 expansion can be extended to accommodate
these constraints with the extra DA-terms F; and produce smoother GPDs in the DA-like region.

In eq. (5.19), we showed that GPDs can be expressed as the sum of their conformal partial

wave, where each term is given by a rescaled Gegenbauer polynomial [42]:

- (5)
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GPD H,,_y4 at & = 1/3 and —t = 0.69 GeV~ tuned in DA-like region
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Figure 5.17: The isovector GPD H,,_, tuned to fit the reference value calculated on lattice [199] at
reference scale ;o = 2 GeV. The dashed line is the original extracted shape of GPDs. By adding
extra terms in the DA-like region, we obtain the tuned GPDs as the red curve which approach the
reference value shown as blue blocks.

that is non-zero only the in DA-like region. Therefore, one can always add finite terms like this
to the GPDs freely without changing the GPDs in the PDF-like region. Such terms are called
the DA terms here. Since the Wilson coefficients are antisymmetric in x for the CFFs # and &,
adding terms with even j which are symmetric in = will keep both the CFFs H and £ invariant,
which correspond to the so-called shadow GPDs [203]. On the other hand, adding terms with odd
J which are antisymmetric in « will modify the real part of the CFFs H and £ while keeping their
imaginary parts the same, which are also known as the subtraction terms [44]. Similar arguments
apply to the H and & CFFs too, except that their Wilson coefficients are symmetric in x.

These terms are in principle hard to extract from experiments, which, however, do affect
the generalized form factors and can be constrained by the FFs as well as lattice calculations.

Therefore, one should parameterize these extra DA terms, at least part of them, and fit them to
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The isovector GPD H,,_; at -t = 0.69 GeV~ tuned with DA terms

Figure 5.18: The isovector GPD H,,_,; on the (z, &) plane tuned to fit the reference value calcu-
lated on lattice [199] at t = —0.69 GeV? and reference scale jio = 2 GeV. The blue (z = £) and
yellow (x = —¢&) curves correspond to GPDs on the two crossover lines respectively. A cut at
¢ = 0.1 is made since GPDs in the DA-like region —¢ < x < £ get singular when & approaches
0.

these constraints in order to obtain the shape of GPDs in the DA-like region. There have been
lattice calculation of the GPD shape [199], which could be used to constrain such terms and
determine the shape of GPDs in the DA-regions. However, since the results contain only the
isovector u — d combination of H and H GPDs and such calculation will break down at z = +¢,
they do not pose enough constraints on the GPDs for global analysis. Therefore, we will leave
the extra fitting of the DA terms to those constraints in the future work with more information in
the DA-like region. In Fig. 5.17, we show an example of how GPDs can be tuned with the extra
DA terms to fit to the constraints in the DA-like regions, where we take the isovector GPDs H,, 4
calculated on lattice [199] as the reference value.

In Fig. 5.18, we also show the tuned isovector GPD H,,_, on the (z,¢) plane at t = —0.69
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GeV? and reference scale 119 = 2 GeV. We again note that such results are obtained under the

ansatz and empirical constraints used here.
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Chapter 6: Summary and outlook

In this dissertation, we studied various topics on the nucleon 3D structures. We discussed
how the nucleon 3D structures, especially the spin structures, can be accessed with the so-called
GPDs, encoded in which are the coordinate space distributions of the nucleon. We reviewed the
longitudinal spin sum rule which is derived by carefully decomposing the QCD AM operator,
and then apply to the transverse spin sum rules, noting that extra care must be taken to remove
the extrinsic contributions from the center-of-mass motion. With such treatment, we show that a
novel twist-three sum rule can be derived for a transversely polarized nucleon, in addition to the
well-known twist-two one.

Then we considered several processes that can probe the GPDs, including DVCS and near-
threshold heavy meson production that have sensitivities to the quark and gluon structures, re-
spectively. We studied the high order kinematical effects in DVCS related to the choice of light
cone vectors and gauge fixing conditions, and showed that the light cone dependence gets can-
celed at twist three with the kinematical corrections of twist-three GPDs. We also studied the
heavy vector meson production near the threshold in the heavy meson limit, and showed that
such processes can be factorized in terms of the gluon GPDs, which can be further expanded to
get the gluon GFFs. These processes are crucial in accessing the nucleon 3D structures from

experiments.
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In the end, we discussed the GUMP program for the global analysis of GPDs that employs
the moment expansion and can fit to the combination of forward PDFs, the lattice calculation and
the experimental measurements. We showed an illustrative example at zero skewness to extract
the t-dependent PDFs with various constraints and then moved forward to the global analysis at
non-zero skewness considering the global DVCS measurements together with other inputs. With
certain empirical constraints that could be removed with more inputs, we extracted PDFs, CFFs
and GPDs with the combined inputs from both experiments and lattice calculation for the first
time, with the caveat that more inputs, including more polarization configurations for the DVCS
measurements and more lattice results of GPDs at non-zero skewness, are still needed to improve
the reliability of such an extraction.

The above researches show exciting results, while more still need to be done to improve
our knowledge of the nucleon 3D structures. For the near-threshold heavy meson production,
important questions have not been answered concerning the high-order corrections in the QCD
coupling constant g as well as the heavy mass parameter My /M. In addition, more justifica-
tions are in need for the large £ expansion that expressed the hadronic matrix elements with the

gluon GFFs. As for the global analysis program, we consider:

* Including more lattice input, especially more constraints at non-zero skewness.

* Other processes in addition to the DVCS measurements.

* The higher-order correction as well as more quark flavors.

These are essential to improve the reliability and quality of the obtained GPDs.
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Appendix A: Parameterization for GPDs

In this appendix, we discuss how to find a complete basis of the Dirac structures to param-
eterize the GPDs, see also ref. [70]. The general strategy is to eliminate as many Dirac structures

as possible, for which the following Gordon identities

2Mu (P, S') v u(P,S) = u (P8 [2P* + i’ Ag] u(P, S), (A.1)
2Mu (P, S") v vsu(P, S), = w (P, ') [v:A% + 2i0°y5 Ps] u(P, S) (A.2)
and
u (P, S") [A% + 2i0*’ P3| u(P, S) =0, (A.3)
u (P, S") [2P%ys + i0™PysA5] u(P, S) =0, (A.4)

are helpful. Egs. (A.1) and (A.2) indicate that all the Dirac vectors v* and Dirac pseudo-vectors
/%5 can be replaced with a Dirac scalar and a Dirac tensor o term. Moreover, another identity
for the Dirac pseudo-tensor

0% = — e, | (A.5)
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and the projection of eq. (A.4) to n, which gives

1
u(P',S") |vs + Zeo‘ﬁ“l’naABUW u(P,S) =0, (A.6)

will be helpful as well. These identities indicate that all Dirac pseudo-scalars and pseudo-tensors
can be expressed with Dirac scalars and Dirac tensors, while Dirac tensors in the form of io8 ]55
will reduce to Dirac scalars. With this in mind, parameterization for different Dirac structures
can be done.

We start by considering the vectors without Dirac matrices, which includes
VI = {P" A* nt} (A.7)

where the S (scalar) subscript indicates Dirac scalars. Then, more complicated Dirac structure

can be constructed by combining V' with Dirac matrices. The decomposition must satisfy all the

symmetries the origin structure has, including both Lorentz symmetry and the discrete symmetry.

An important constraint from the parity is that since all the Dirac pseudo-scalars, pseudo-vectors

and pseudo-tensors are expressed with the other Dirac structures, there should be no €##? terms.
Then for the structures that have only one Lorentz index which can be denoted as

u (P, S")T"u(P,S), the possible terms with Dirac scalars will be

I'* with Dirac scalar ~ V& = {P* A" n*} . (A.8)
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In addition, there could be terms with Dirac tensor which include,

I'* with Dirac tensor ~ {o""Vs,,, VLoV Vi . (A.9)

For future convenience, it is helpful to define VX' = {o"*A,,, 0#*n,, } which stands for all possible
vector combination with Dirac tensors, and S; = ¢ noAg for all possible scalar combinations
with Dirac tensors, where the 0** P; terms are neglected as they reduce to scalars as discussed
above. Then all possible vector structures can be expressed as

T ~AVE VI VESE)
(A.10)

= {pﬂ’ AN, nu, O'NVAIM O'wjnl/a PuaaﬁnaA/j? A#aaﬁnaAﬁ’ nugaﬁno‘Aﬁ} ’

where each term will be associated with an independent scalar function coefficient when we use
this basis to parameterize GPDs.
Though more complicated, the tensor structure @ (P, S")['*u (P, S) can be parameterized

similarly. For the Dirac scalar terms, one has

' with Dirac scalar ~ {V{'VZ, g"'} (A.11)

and the Dirac tensor terms are

I'*" with Dirac tensor ~ {¢g"" Sy, o, VIV S, VEVE VIV . (A.12)
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Consequently, ['* can in general be expressed in the basis

DR~ {gh, g™ Sy, o™, VEVE  VEVE Sy, VEVE  VEVE ) (A.13)

It can be checked that there are 33 independent combinations above and one of them needs to be
eliminated in order to be consistent with the form factors counting. This can be shown explicitly

with a rearrangement of the basis. Since one has in general the expansion

VE=p"(V -n)+n* (V- -p) + V], (A.14)

where V" is non-zero only for y in transverse direction, one can always choose a new basis with
Vi = {P! AN nt} and VI = {0)"A,,0""n,} where again | means they are non-zero only
for p in transverse direction. Another useful relation is the Gordon identity eq. (A.1) projected to

nq which gives

2Mu (P, S") phu(P,S) = u (P, S) [2+i0* naAs] w(P, S) | (A.15)

and this indicates that one could use {I, 11} to replace {I,**n,Agz}. Then the following param-

eterization for I'* as

it A,
' =+ H(x) + ;M E(x)
N . _po
+ L6 () i (a) + D0 Gy
(A.16)

+ 0'"n, G4 ()
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can be shown to be equivalent, where x here is short for all possible scalars in the system. It
should be clear that the first line can be expressed by P{ and P/'7t with the help of the Gordon
identities, but it is rewritten to be consistent with the other parameterization. Similarly, for the

tensor combination u(P")['*u(P), one has

I =Ay(z)g"" + As(x) g1k + As(z)ol” + Au(x) PLPY 4+ As(x)ntn”
By counting the independent combinations in eq. (A.13), there should be 33 = 3+ 3 x 3 + 3 X
3+ 2 x 34 3 x 2 independent parameters with 3 elements in Vs and 2 elements in V. However,

it can also be shown that

altola, e ot Altoon,} (A.18)

where [pv] in the indices means totally anti-symmetrization, so one of the three terms above can

be eliminated and only 32 independent parameters left.
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Appendix B: Lab frame kinematics of DVCS

Here we define all the physical four momenta in the lab frame, which can be written in

terms of their components V* = (VO V* V¥ V#) as

P =(M,0,0,0) ,

q:%UJLQ—Vq:Z%v

k =kq (1,sin6;,0,cosb;) ,

k' =kg (1,sin6;,0,cos6;) ,
t

P = (M Ve |P'|sin @ cos ¢, | P'| sin 6 sin ¢, | P'| cos 0’) :

q =q} (1,sin 6 cos ¢, sin § sin ¢, cos 6) .

The relevant constants can be solved with the kinematical invariants such as Q,t, zg, - -

give [133]
- t 2+ apt Q Q(l —vy
uﬂ:¢4<L%MJ’q“JZWB’ I TS
Tp 7Y VY
14 2@t 2(Q% — t) — 2apt
cos — — 2Q+§Bt7 cosf — — 7°(Q ) TB ’
v1ity AxpM/14 72/ —t(1 — )
1+y% 1—y—~%y/2
cosf) = — Y 0sf, = — y=y/

1—yV/1+92
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which

(B.2)



Note that those angles are not complete fixed by their cosines, and we have the extra conventional
requirements that sin 6, > 0, sin# > 0 and consequently sin §; < 0, sin#’ < 0 from momentum

conservation.
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Appendix C: Bether-Heitler cross-section

The BH squared amplitude can be written into the leptonic and hadronic part as,

| Tsul* = —Lp“ WHE (C.1)
where we define
Li = ihtse (d N)es(d A (C2)

WA
o pr o
Hgg Ezﬂ(ﬂ S) |:(F1 + Fy)y — MF2:| uw(P', S
g . (C.3)
PO'
ﬂ(P/>S/) |:(F1 + FQ)'YU — MF2:| U(P, S) ,

Then we can write the hadronic part Hj; as,

g t ag g ag
HE =4 <F12 SV ) PPP? + (Fy + Fy)? (A% — APA?) o

+ 20 (F? + Fy) Me”*P S, Ap + Pl p S, A,

4i(F\F, + F3)
M

with [- - -] in the indices indicating antisymmetrizing the indices inside, for instance A*BYl =
1/2(A*B” — A” B"), and similarly we use (- - - ) for symmetrizing the indices inside. The first line

corresponds to the unpolarized hadronic part, while the second line corresponds to the polarized
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case, which are symmetric/ antisymmetric in the p, o indices respectively. Then, as in Ref. [133],

we can define

4Prpe APA°
BH _ BH BH _ o BH
AT = A2 L(pa) ’ B = <9p A2 > L(po) ’
y o (C.5)
TBH _ * 5p olura B BH SBH _ o oo BH
A = Mp[pE Iz PNSVAOZL[pU] s B = 2ZT€p SOCABL[;)O'] s
such that the amplitude square can be written as,
e _ 1l t o BH 2
‘EH’ :g A Fl _4M2F2 —|—B (F1+F2)
(C.6)

+ ABN(R By 4+ F2) + BPY (Fy 4+ F)?

Those coefficients ABH, BBH ABH and BBH can be solved with spinor algebra, and we get

BH _ —8 52 A2 I AN2 D)2 I D)2

A = gy P G A (R AP e [k PP (KPP )
BH _ —4 CA)2 rOA)2

B = ey A7+ A (C8)
~BH_ 16h =9 /‘ /‘ _ ‘ )

A = ) (k,_q,){tp (K - A)K - S) — (k- A) (k- S)]

FH(S - P) (k- A)(k- P) = (K- D) - P)] + PAS - 8) [(h- A = (k- )] }
(C.9

EBH

16h M A2 (L A2
“tk-q) (k;'-q’){(S'A) (- A% = (k- )] (C.10)

[k A) k- S) = (K- A)K - 9)] }.

which agrees the result in [133]. Then the cross-section can be expressed in terms of the combi-

nation of inner products of physical four momenta and kinematical scalars.
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Appendix D:  Pure DVCS structure functions

Here we express all the pure DVCS structure functions explicitly. With their definition in
Eq. (3.71), we can perform the contraction and express them in terms of the scalar amplitude

defined in Eq. (3.72) as,

_ 2 Uqgy* TU*27\ t U o 27U gx g

FUU_4[(1 &) (RUHH + RUHA) 4M2<h £'E + ENVEE)
(D.1)

_ g (hUS*S FRY(EH +HE) + WV (EH + ﬁ*é“)) ] ,

Fut.on = N4Im [hUH*E - i}Ugﬁ*?] , (D.2)
Fyp = 8htVIm{ (1 — &) HH — & (HE E*H) (£ +- L Ve (D.3)
UL = m (—f) —§< + 1+¢ e § ) .
Frp =8h "Re{ (1— ) H'H — & (HE E:'*%) (£ + L g (D.4)
LL = e (—f) —f( + T+¢ e § ) .

~ ~ §2 ~

Fypin = ANh™VIm{ H*E — EE°H — T+ 55*5 , (D.5)
~ ~ 52 ~

From =4Nh " "Re{ H*E — E€"H — 1—+§5%’ , (D.6)

Therefore, it will be sufficient to understand those four coefficients hV, AU, h*V and h— in

order to get the pure DVCS cross-section besides the CFFs. Similar structures show up in the
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BKM10 [136] and the conversion relation can be written as

pU o _jU Q* 22 — 2y +y* +7%y%/2 16K —26pi0m \
BKM = BKM = 2 1++2 (2 — 22)(1+12) \1 + &
(D.7)
8K(2 — y) _2£BKM
5 cos | ,
(2—2p)(1+7%) 1+ srum
where the &gk differs from our & and is defined as
EBKM = - (D.8)
2—xp+ SEB@
and K are defined from
to —t) 1 Y2 (t —to)
K2 — ( 1— 1—y—= 2,2 2 1 _
(D.9)
with ¢y the minimum momentum transfer defined as,
2(1 — 1—+/1 2 2
P e RV E U R D.10)

4]33(1 — ZL’B) + ’YQ

Note that there are contribution from those so-called effective twist three Compton form factors

in BKM which are defined as [105]

Fer = —2&BKM ( F+ ]‘-_?; — fi) , (D.11)

1+ &ekm
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and they reduce to the —2&gxn /(1 + gk )F terms in the coefficients when setting the twist-
three CFFs F2 and 2 to zero. We also need to mention that when the WW relations are taken
into account, one have F f’r = —1/&gxmF + - - -, where ellipsis stands for twist-two GPDs with
WW kernel and genuine twist-three GPDs. Then we have Fog — 2/ (1 + &gxm) F with WW
relations.

While our covariant scalar coefficients are already presented in Eq. (3.100), of which the
code is available in [260] as well, we also present our scalar coefficients calculated from light

cone vectors with twist expansion, for which we define

A= QT Ay, (D.12)
t=2

with 7 = {hV, AV, = hTU}. A twist expansion will then yield the following result

his = hiz = ,
@ =t T+ (5~ Dasly?
~ 1
U _ 31U
hiay = N

x |8(8 —1)%a%(y — 1) cos® ¢ (M?z}h — twp + t)

—ah(y —2)? (M? (28— Dap + 1 + 1) —2(8 — 1)*t(z5 — 1)) | ,

(D.13)
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and for h—",

L y—2
WJZ%EW

1 _ 2zp/[t(ep — 1) — M*a](1 —y)(B —1)cos ¢

il 1+ (5 - Dasly ’ (D1
b _ Ty —2) (M? (2(8 — 1)°%rp +2(8 = Do + 1) — (8= 1)*(wp — 1))

W yl(B—1Dap + 1) )

and for h ™Y,

hY

b =hi =ni =0, (D.15)

Note that with twist-four accuracy, we have the relation hV ~ h' and h*V = 0, which can lead

to some simplification to the pure DVCS cross-section formula.
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Appendix E: Interference structure functions

In the Subsection 3.2.3, we write down the interference cross-section for eight different
polarization configurations. Here we put down their expressions explicitly. By simply contracting

according to the definitions in Eq. (3.88), we have the following expression for all the F''s

t
Fl, =Re|AlY (F{H* — WFQS*) + BYY(F 4+ By)(H* + &)
(E.1)
+ CIY(F + B)H|
t
Fl, = —Im| A" (F{H* — WFgg*) + BYY(Fy + By) (H* + &%)
(E.2)
+ CIM(F + B)H*|
FL = —Im{ AU | By (H — 5—25* —F f e
vL 1+¢ 40?2 X
(E.3)

oI, 1% g ox ~I * L*
+B[U(F1+F2) (7'[ +1—+§5)—CIU(F1+F2) (H +1+€5)}a
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~ ~ 2 ~ ~
Fl = —Re{AI’L {Fl (H — nga’) ~ B 55*]

2 ~
Flj}T,in = _Nlm{AI’U

9 ~
FiT,in = - NRe { AL

t

(E.4)
nI,L ) /% 5 cx\ AL * g *
+B (F1+F2)(H +—1+€5) C (F1+F2)('H +—1+§€>},

fFl(fﬁ*—F( & bt )5’*)+F2 t

1+¢&  4M?2 AM? <(52 — DR 525*) ]

+ BYY(F + Fy) [ﬁ + (# - i) 55’*]

14+¢
+ V(R + ) {f%* + ( & 4t )5] }
1+&  4M? ’

(E.5)

CF | EH + & FISNLENN - B o B
! 14+¢&  4M? 2402

<(£2 _ 1)3{[’* I 525*> ]

~ * §2 t *
+CI,L(F1+F2) |:£H +<1+§+4M2>8:|}7

(E.6)

2 t t
FéT,out = Nlm{ALU |:F1 (527{* + (52 + 4M2) 5*) + AM?2 F2 ((52 - 1)H* + 528*):|

1,0 * t * 1,U )% t o
+B (F1+F2)(’H + ) - OMEE ) (R4 55E ) b

(E.7)
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FI{T,out = NRC{AI’L |:F1 (52?—[* + (52 + 4M2> € ) + A M2 F2 ((52 - 1)H + 525 ):|

; * t * I, e t ox
+ B"M(F + F) (’H +4M2€ ) — CVE(Fy + Fy) (H + 4M28 ) } )

(E.8)

In [136], similar structures show up, and the BKM10 results can be re-expressed in terms of those

coefficients the conversion relations for A>Y, BV and CTV are

_0? E - 2K -2 un
i | 55 [+ 2 e ] )
(E.9)
B _ —Q*¢BKm {i[c«unp‘/
BKM
2py*P1(¢)P2(9) <1+ﬁ> n=0 (E.10)

\/_f{v _2€BKM Cunp V
(2—25)Q1+&sxm T

()] cos <n¢>} ,

CéII(JM _ —Q*BrM { ZS: [ unpA )+ CU™ ()
zpY*P1(6)P2(9) (1 + ﬁ)

r
T e (G0 052) o

n=0

(E.11)
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while for AV, B1Y and CTV, the conversion relations are

) 2 3 2K =2
Agitn = xBy3731Q { ) [551 \_/;B)Q 1 f;% Sk )] o W)} ’
n=1
(E.12)
Bllg’gM _ —Q%¢pruM { i [SLPA
raY3P1()P2(0) < + 2Q2> ”j/_N (E.13)
2K =2
2—ap)01 f&iﬁi 2 (m)] sin (mb)} |
~ _Q2§BKM :
Crik = = { D[S0 + S )
zpY*P1(0)Pa(0) (1 + 2@2) n=1 (E.14)

I R () 4 54 ) | i )

P1(¢) and Py(¢) are defined from the scalar products in the denominators of the BH lepton

amplitude as,

k — /\2 k’—i— N2
Pi(¢) = ( Q2q> . Pae) = %, (E.15)
and K are defined from
~ Q2K2
K? = E.16
L—y+72y2/4° (510)
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with K given in Eq. (D.9) and égk given in Eq. (D.8). Again, there are contributions from those
so-called effective twist three Compton form factors corresponding to the —2&gxn /(1 + Epkm ) F
terms in the coefficients, or 2/(1 + &g ) F with WW relations taken into account.

In our case, we can derive those 6 coefficients right from their definitions in Eq. (3.89), for
which the expression of the leptonic tensor L1 is needed. We have split the leptonic tensor into
the polarized and unpolarized part, and it will be helpful to further split them into the symmetric

and antisymmetric parts such that
o _ r(ee)o [1ple o _ r(ep)o [plo
Lty = Linvw + Livrv s Lifte = LiNer, + LiNrr, - (E.17)

Those tensors can be written as [102]

LERT, RO = NE [ [R(2K =AY+ KP(2k — A = gk - (2K — A)] K7

— (K"K + K'Pk — g™k - KA + (KP g7 + KPgh — g" k') (k - A)}
(E.18)
o 100+ A+ (2 + A — g (2 + D) K

+ (KMEP + KPEF — g*k - KAT — (K*gP7 + kP g — g" k) (K - A)} ,
the antisymmetric unpolarized tensor

2[=(k- k) (Arg"” — APg"7) + (K- A) (K'g"” — kPg"7) — (K*AP — kP AM)E”]

L%@?U - (k—A)2
L 2k K) (Arg?” — APg"7) — (k- A) (K7 — KPgh7) + (KMAP — KPAM)K]
(K + A)? ’
(E.19)
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the symmetric polarized tensor

o 2 okk’' o o
LR =G s (97767 — et = rens
) (E.20)
okk'A ok’ A ok’ A
+ CEY [_ g"Pe _ kP Pl ] :
and the antisymmetric polarized tensor
2 ! / /
e TN [P (2 = A)7 o AR e () A
(E21)
2 /
RN [P (R A)7 o AT k(g A
Then all the scalar coefficients can be worked out by contracting all the indices with L}V and

L3> and written as scalar products. Here we write down all 12 real scalar coefficients:
AI’U — 8

k- )a )k~ ) q'{w'q)(’f-qv
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(E.22)
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on APk q) = (k- 9)(q- )]
(k-¢)aq-a)k—q) ¢

{(k‘ -PY[(n-¢)(P-q)—(n-q)(P-q)]
+(k-P)[(n-q)(P-q)—(n-¢) P q) (E.33)

+ (k) [(P-q)(P"q) = (P-q)(P )] } :

Those coefficients are all we need for the interference cross-section formula for any polarization
configurations, of which the code is also available in [260]. Note that all the B’ coefficients are
related to the A’ coefficients by 4P* — tn*. We also mention that for a given kinematics where
twist-four effects are negligible, one can use the substitution n* — ¢’*/(P-q') for an approximate
light-cone-independent expression, corresponding to the limit S — oo.

Besides, we also present our scalar coefficients calculated from light cone vectors with

twist expansion, for which we define

o0

1
LU/L _ 3—t 4I,U/L E.34
A = e 259 A0 (B39

with the twist ¢ from 2 to oo for each coefficient. Then we have the following results

—8(2 — 2y + 1
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-8
ALY = - (M3 - 2P+t [2 42— + a5 (3-3y+40)]} (EB39)
(3) TRY

| 2o [t(ep — 1) = M) (y — 2)(1 — y)(5 — 1) cos 2¢}
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and for BHY,

By =0.
phvu _ 8trp(2 — 3y + y?)
@ (wp-2)y®
(E.36)
B _ —8th\/[t(xB — 1) — M2z%)(1 —y)
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and for C1Y,
_ 2
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(rp —2)y (E.37)
cr S =lean =) =MV, 20p(1 = 0)(B = Deos2o
®) (xp — 2)y3 Y 1+ (B—1)zp

In the case of longitudinally polarized cross-section, the other three coefficients A"V, B':Y and

C1'U are needed and their expansions read

- —8(2 — 2y + ¢? .
Aty = 2B, fiay — 1) = 31— g s,
. (E.38)
g 16li(es — 1) = M23] (1= )2 — 9)(5 ~ 1) sin29
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and for B,
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BLYU =0, (E39)
pru _ Sesty/[t(es —1) — MPap](1 —y) [A(L —y) + (2= 2y + y*)a]sin
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and for C1'Y,

- 8(2 — 2y + _

Ciy =~ ((xB —yztyg )\/ [t(zp — 1) = M2aE)(1 - y)sing 0

v _ 16wp[H(as — 1) = M2r3) (1 —y)(2 —y)(8 — 1)sin 29 '
G (@5 —2)9°[L+ (8 — Vag] )

where some twist-four terms are not shown as the expressions get complicated. According to the

previous comparison, those expansions converge to the all-order results at large Q2.
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Appendix F:  GUMP parameters and their best-fit values

In this appendix we present more details of the fit, especially the best-fit parameters ob-
tained from the global analysis. In table F.1, we show all the independent parameters with their
statistic uncertainties estimated by the Hessian matrix with the Minuit2 package.

We note that the N, o, 3, o, b are the parameters in the moments of GPDs according to eq.
(5.47) where «a(t) = o+ 't corresponds to the linear Regge trajectory and 3(t) = exp(bt) corre-

sponds to the extra exponential term. Each of these parameters have a superscript representing its

E
sea

GPD species (H, F, H or E) and a subscript representing its flavor (uy, u, dy, dor g). The R

and Ria are the ratio of the E(F) GPDs to the H(H) for the sea quarks. Besides them, there
are also parameters like Rﬁ{ , that are the ratio of the &2 terms to the forward terms as defined in
eq. (5.53) for GPDs with different species and flavors. We again note that more details of them

and the GUMP program that generate the GUMP GPDs, CFFs and cross-sections are available

online [259].
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Vector GPDs H and F Axial-vector GPDs H and E
Parameter | Value (uncertainty) | Parameter | Value (uncertainty)
N 4.923 (89) NI 4.833 (429)
ozfj: 0.216 (7) ozuH: -0.264 (34)
Bl 3.229 (23) Bl 3.186 (122)
a;f/ 2.347 (51) a;{{/ 2.182 (175)
NI 0.163 (8) NI 0.070 (33)
ol 1.136 (10) ol 0.538 (112)

H 6.894 (207) H 4.229 (1320)
Néf/ 3.359 (170) Néf/ -0.664 (170)
aé{v 0.184 (18) aéf/ 0.248 (76)
561% 4.418 (77) %i 3.572 (477)
aé{i 3.482 (171) ag‘f 0.542 (103)
Nf 0.249 (12) Nf -0.086 (42)
@flj 1.052 (10) @flj 0.495 (137)

é—{ 6.554 (216) é—{ 2.554 (897)
Nf 2.864 (108) Nf 0.243 (304)
ozf 1.052 (8) ozf 0.631 (330)

f 7.413 (165) f 2.717 (2865)
va 0.181 (38) va 7.993 (3480)
ozfv 0.907 (17) ozfv 0.800 (116)
ﬁfv 1.102 (245) va 6.415 (1577)
a;EV 0.461 (86) a;EV 2.076 (933)
Ndb; -0.223 (47) Ndb; -2.407 (1239)
RE. 0.768 (169) RE. 38 (8)
RH, 0.229 (0.032) RH, 0.246 (81)
ng -2.639 (202) RfQ 1.656 (375)
RE, 0.799 (285) RE, 2.684 (171)
RY, 3.404 (1157) RdE,2 38 (2)
bl 3.448 (133) bl 9.852 (1330)

Table F.1: A summary of the obtained independent GUMP parameters.
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