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And lost he wandered under leaves,
And where the Elven-river rolled

He walked alone and sorrowing.

He peered between the hemlock-leaves
And saw in wonder flowers of gold
Upon her mantle and her sleeves,
And her hair like shadow following.

The Road goes ever on and on
Out from the door where it began.
Now far ahead the Road has gone,
Let others follow it who can!

Let them a journey new begin,
But I at last with weary feet

Will turn towards the lighted inn,
My evening-rest and sleep to meet.

J.R.R. Tolkien, The lord of the Rings

1



This thesis is partially based on the following works:
e Published papers:

A. Metz, B. Pasquini and S. Rodini, “Revisiting the proton mass decompos-
ition”, Phys. Rev. D102 (2020) 114042 [2006.11171]

S. Rodini, A. Metz and B. Pasquini, “Mass sum rules of the electron in quantum
electrodynamics”, J. High Energy Phys. 9 (2020), 067 [2004.03704]

B. Pasquini, S. Rodini, A. Bacchetta, “Revisiting model relations between T-
odd transverse-momentum dependent parton distributions and generalized par-

ton distributions”, Phys. Rev. D100 (2019) 054039 [1907.06960]

B. Pasquini and S. Rodini, “The twist-three distribution e(z, k) in a light-
front model”, Phys. Lett. B788 (2019) 414 [1806.10932]

e Conference proceedings:

S. Rodini, B. Pasquini and A. Bacchetta, “Lensing function relation in had-
rons”, PoS LC2019 (2020) 076; contribution to LC2019

S. Rodini, B. Pasquini and A. Bacchetta, “Lensing function relation in had-
rons”, PoS DIS2019 (2019) 200; contribution to DIS 2019

S. Rodini and B. Pasquini, “Quark-gluon correlations in the twist-3 TMD using
light-front wave functions”, PoS SPIN2018 (2019) 061; contribution to SPIN
2018

S. Rodini and B. Pasquini, “Twist-3 TMDs within a light-front model”, Nuovo
Cim. C42 (2019) no.2-3-3, 112; contribution to EuNPC2018

iii



v



Contents

Contents v
Notations and conventions ix
1 Introduction 1
2 Foundations of Light-Cone Quantization 5
2.1 Forms of quantization . . . . . . ... ... .. ... .. .... 5
2.2 Light-Front quantization . . . . . . . .. .. .. ... ... ... 12
2.2.1 Free fields: quarks and gluons . . . . ... .. ... ... 14
2.3 Fock-state decomposition . . . . . . . ... ... 17
2.4 Light-cone gauge . . . . . . . .. . ... 20
3 Parton Distributions Landscape 23
3.1 Introduction . . . . . . . . ... ... 23
3.1.1 Processes in the deep inelastic regime . . . . . . . . . .. 24
3.2 Parton Correlator . . . . . . . ... ... ... ... 25
3.2.1 The quark-quark correlator . . . .. .. ... ... ... 27
3.3 Parton Distributions . . . . . ... ... ... 0L 29
3.3.1 GTMDs and Wigner distributions . . . . . . .. .. ... 30
3.3.2 Transverse-Momentum dependent parton Distributions . 34
3.3.3  Generalized Parton Distributions and Impact Parameter

Distributions . . . . . ... ... Lo L 36
3.4 Light-Front Wave Functions and Distribution Amplitudes . . . . 38
3.4.1 Distribution Amplitudes . . . . . .. ... ... ... .. 39
3.4.2 Link with the Light-Front Wave Amplitudes . . . . . . . 45
3.4.3 Inversion of the Equations of Motion . . . . . . .. ... 47

3.4.4 Higher-twist Distribution Amplitudes and Light-Front Wave
Amplitudes . . . . . .. .. 50
4 A study of the exclusive dijet cross section 55
4.1 Introduction . . . . . . . . . . ... 55
4.1.1 Conventions . . . . . . . . ... ... .. 56



CONTENTS

4.2 Reference frame . . . . . . . ..o
4.3 Hadronic tensor . . . . . . . ... Lo
4.3.1 Unpolarized symmetric part . . . . . .. . ... .. ...
4.3.2 Antisymmetric unpolarized part . . . . . . ... ... ..
4.3.3 Polarized symmetric part . . . . .. ...
4.4 Polarized antisymmetric part . . . .. .. ...
4.5 Conclusions . . . . . . ...

Lensing relation

5.1 Introduction . . . . . . .. ...

5.2 The lensing-function relation . . . . . . . .. ... ...

5.3 Lensing relation for the pion . . . . . . . ... ... ... ...

5.4 Lensing relation for the proton . . . . . . . . . ... ... ...
5.4.1 Diquark spectator models for the proton . . . . . . . ..

5.5 Conclusions . . . . . . . ...

A model for the Light-Front Wave Amplitudes

6.1 The construction of the model . . . . . . . .. ... ... ....

6.2 Light-Front Wave Amplitude overlap representation of TMDs .

6.3 Light-Front Wave Amplitude overlap representation of GPDs . .

6.4 Fit of the parameters . . . . . . . . .. ...
6.4.1 Fit methodology . . . . .. .. .. ... ... ... ...
6.4.2 Fitresults . . . . . ... ...

6.5 Conclusions . . . . . . ... ...

Twist-3 distributions

7.1 Imtroduction . . . . . . . . . ... ...

7.2 Twist-3 decomposition . . . . .. .. ..o

7.3 Derivation of the singular terms . . . . . . . . .. ... ... ..

74 Modelresults . . . . . ...
7.4.1 Light-Front Wave Amplitude overlap representation . . .
7.4.2 Pure twist-3 distribution . . . ... ..o 000
7.4.3 Transverse momentum dependence . . . ... ... ...

7.5 Conclusions . . . . .. ...

The Energy-Momentum Tensor
8.1 Introduction . . . . . . . . .. ... ..
8.2 Definitions . . . . . .. ..
8.3 Renormalization . . . . . . . . . . ... ... ... ... ...,
8.4 Form Factors . . . . . . . .. ... ... ...
8.4.1 Feynman-parameter integrals . . . . . .. .. ... ...
8.5 Forward limit . . . . . . . .. . .. ... ...
8.5.1 Two-term decompositions . . . . . .. .. ... ... ..
8.5.2 Four-term decompositions . . . ... .. ... ... ...
8.5.3 Energy decompositions in a moving frame . . . . . . ..
8.6 Proton mass decompositions . . . . . ... ..o

vi

71
71
73
30
84
87
89

91
91
94
98
104
105
107
112

119
119
120
123
125
125
126
129
130



CONTENTS

8.6.1 Numerical results . . . . . . . . . .. ... 164

8.7 Conclusions . . . . . . . .. 169

9 Conclusions 171
Appendices 177

A Explicit results for the contraction of the leptonic and hadronic tensors179
B Counterterms in different renormalization schemes 183

Bibliography 187

vii



CONTENTS

viii



Notations and conventions

We are going to use the following representation for the Dirac matrices:

I 0 , 0 ot 0 1
0 __ T 0.1 2 3
Y _(0 _”)7 Y _<_O_i 0)7 Vs =YY _([l 0)7

where the 2-dimensional Pauli matrices are

() (D) () e

In light-front coordinates we have the definition of the v* as:

—~
—_
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1 1 I +o3
+ _ 04 ~3) —
and the light-cone projectors turns out to be:
,YZF,Y:E [ +g3

We will adopt the standard convention for the Gell-Mann matrices (the *
indexes run in the adjoint representation):

(010 (0 =0 o {r 00
le5 1 00}, T2_5 i 0 0}, T?’:5 0 -1 0}, (5
000 0 0 0 0 0
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with the normalization )
Tr (TdTb) = 0% (8)
and the commutation relations
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X



0. Notations and conventions

where the structure constants are:

2_q f458 _ f678 =,

14? — _f156- _ f246 _ f25% — ']5'345 — _f367 _ 5 (10)



Chapter

Introduction

The current description of fundamental particle physics is performed in terms of
Quantum Field Theories (QFTs). This class of theories combines the quantum
description of the Nature with the Special Relativity, providing a tool to study
microscopic and energetic phenomena. The Standard Model of particle physics
is the current theory that describes the known fundamental particles and their
interactions, using the language of the QFTs. We are interested in particular
in the Quantum ChromoDynamics (QCD) sector of the Standard Model, which
is the QFT of the strong force, i.e. the force acting between quarks and gluons.
QCD is a non-abelian gauge theory, meaning that the force is mediated by
gauge particles, i.e. the gluons, and that the gluons auto-interact. The auto-
interaction of the gluons, combined with with the fact that they are massless,
causes an increase of the strong coupling constant in the low-energy domain.
This increase of the coupling constant prevents a perturbative approach to QCD
at low-energy scales and leads to the phenomenon known as confinement: no
free quarks or free gluons are observed in Nature, they only exist in bound,
colorless states, which are known as hadrons. Quarks and gluons inside had-
rons are collectively known as partons. Since a perturbative description of the
partonic structure of the hadrons is not possible, one has to resort to other
approaches. This motivates the thesis: using different tools of modern hadron
physics, we try to improve the current understanding of the partonic structure
of the proton, assumed as a prototype of hadron. To have a better descrip-
tion of the partonic structure of the proton has several consequences. First,
we would have a much better interpretation of the experimental data, which in
turns may open new possibility for searching evidences of physics beyond the
Standard Model. Second, we would have a testing ground to validate theories
that try to explain the emergence of the confinement from the internal parton
dynamics.

The two main tools that we use in the thesis to investigate the partonic
structure of the proton are the parton distribution functions and the Energy-
Momentum Tensor (EMT). They offer different and, therefore, complementary
descriptions of the partonic structure of the proton. The parton distribution
functions encode information about the momentum distributions of the partons
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inside the proton. A variety of parton distributions exists: the most general type
encodes a six-dimensional momentum information (three-dimensional partonic
momentum and three-dimensional proton-momentum transfer). From these
mother distributions it is possible, via suitable limits and integrations, to access
distributions that depend only on a sub-set of the six momentum variables. It
is also possible to perform a Fourier transform from the proton-momentum
transfer space to the impact-parameter space, in order to access the transverse
position of the partons along with their three-dimensional momentum. The
parton distributions enter in a variety of high-energy processes in which an
hadron is involved, hence they are among the fundamental tools for precision
experimental physics. The proton matrix elements of the QCD EMT carry
information about global properties of the proton. A detailed study of the
possible decompositions of the EMT in the separate contributions from quarks
and gluons leads to important clues on how the global properties of the proton
emerge from the properties of its elementary constituents.

1.1 OQOutline

In this thesis, we approach the study of the partonic structure of the proton
from different perspectives. We propose a new model to describe the proton
state in terms of its elementary constituents and discuss global properties of the
proton, such as its mass, from the underlying dynamics of quarks and gluons.

Chapter 2 is devoted to a review of different ways to quantize a theory. For
the most part, we are going to focus our attention on the light-front quantiz-
ation, in which the (anti-)commutation relations among fields are imposed on
a hyperplane tangent to the light-cone. Light-front quantization has many ad-
vantages compared to the standard, instant-form quantization, in the context
of studying the proton structure. The most important one for our purposes
is the possibility of having a well-defined Fock-space expansion of the proton
state. This allows us to introduce the Light-Front Wave Functions (LFWFs).
Moreover, it is the most natural language to formulate the theory of parton
distributions.

In Chapter 3, we give an overview of the possible types of parton distribu-
tions, each of which provides complementary information on the parton com-
position of the proton. We also review the general link that exists between
the LFWFs and the vacuum-to-proton matrix elements of quarks and gluons
operators. Such transition matrix elements can be parametrized in terms of
distributions amplitudes, and the connection between them and the LEFWFs
is at the core of our discussion on model calculations of parton distributions.
In particular, we present how the QCD equations of motion can be used to
obtain a link between sub-leading distribution amplitudes and LEWF's with
non-vanishing parton orbital angular momentum for the three-quark state.

In Chapter 4, we lay out the foundations for a possible extraction of the
Generalized Transverse Momentum Dependent parton distributions (GTMDs)
from experiments. In particular, we study the cross-section for exclusive dijet
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production in electron-proton collisions. We provide a parametrization of the
full cross section in terms of form factors and angular modulations. The next
step, which is left for future work, will be to link this parametrization to GTMDs
and then to perform a sensitivity study to find the best kinematical conditions
to extract the GTMDs from experimental measurements. This kind of study
has been already performed in the contest of low-z physics to study the gluon
contribution to GTMDs. Our aim is to go beyond the low-x approximation and
to extend these works also to the intermediate x region, where one can probe
other degrees of freedom than the gluons.

Chapter 5 is devoted to the study of model-induced relations between dif-
ferent types of parton distributions. In particular, we eviscerate the so-called
lensing relation, that establishes a link between Transverse Momentum depend-
ent parton Distributions (TMDs) and Impact Parameter Distributions. We
show which are the conditions that must be fulfilled by models to obtain such
a relation, and how, in the full QCD, it is unlikely to match these conditions.

Chapter 6 is devoted to the illustration of our model for the LEFWFs, that
is obtained exploiting the link between the LFWF's and the distribution amp-
litudes. In particular, our model includes a three-quark plus one gluon state
in the proton Fock-space decomposition, which is fundamental to obtain a
consistent model based on the distribution amplitudes for the LEWFs with
non-vanishing orbital angular momentum for the three-quark state. With the
explicit model, we show how it is possible to obtain leading-twist TMDs and
generalized parton distributions as appropriate overlaps of LEWFs, showing the
fundamental role played by the LFWF's in the study of parton distributions.

In Chapter 7, the attention is posed on the exploration, both theoretical
and through our model, of one particular higher-twist TMD called e(z, k).
Higher-twist TMDs are of particular interest, since they allow us to extract
information of the quark-gluon correlations inside the proton. We review a
general, model-independent, decomposition of e?(x, k, ), addressing also some
of the most recent works on it.

In Chapter 8, we deviate from the study of parton distributions to enter
the realm of local operators and proton global properties. In particular, we
study the EMT, both for an electron in Quantum ElectroDynamics (QED)
and for a proton in QCD. The QED study allows us to explore the theoretical
tools needed to approach the more complex QCD case. For the QED case, we
explore the EMT electron matrix elements in both the off-forward and forward
limit. The latter leads to the study of different electron mass decompositions in
terms of electron and photon contributions. We then extend the discussion to
study the proton mass decompositions. We explore the renormalization-scheme
dependence of each decomposition and perform a study of the dependence of
each term on the loop order.

Finally, in Chapter 9 we summarize our results and give some outlooks for
future perspectives of this work.
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Chapter

Foundations of Light-Cone Quantization

In this thesis, we will use both the standard formalism of instant-form quant-
ization and light-front quantization. The latter has become more and more
popular in the study of deeply inelastic processes, since it provides the most
natural framework to investigate them. Since deeply inelastic processes are
used, mainly, to study the internal structure of hadrons in Quantum Chro-
moDynamics (QCD), light-front quantization is also largely employed in the
theoretical studies of hadron internal structure. It turns out that, in light-
front quantization, theoretical calculations on the proton structure drastically
simplify and the underlying physical picture emerges more clearly.

A general review of the basics of light-front quantization can be found in
Ref. [1], from which this chapter is inspired.

2.1 Forms of quantization

We are interested in the study of field theories where the physical systems are
described in terms of fields ¢;(x;t). The field theories can be either classical
or quantum and either non-relativistic or relativistic. Since our main focus
in the thesis will be the study of QED and QCD, we shall briefly review the
basic concepts of all the four types of field theory, then focusing only on the
relativistic quantum ones. In this brief illustration we shall consider a single
field ¢ in order to keep the notation as simple as possible, also because the
generalization to a collection of fields is relatively simple.

For a non-relativistic and classical field theory, once the density of Lag-
rangian L [¢, 0;¢] is assigned as a functional of the field, we can solve the equa-
tion of motions (EOM)*

oL oL
0p(x) 0 (0d())

'We shall not distinguish the notation for the functional derivative and the standard
partial derivative, since no confusion should arise.

—0, (2.1)
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to obtain the field configuration ¢(x;t) at any given time ¢ once the initial
configuration ¢g(x) = ¢(x,t = 0) is specified. This way to tackle the theory is
usually called Lagrangian approach, but it is not the only one. In fact, in non-
relativistic theories the Hamiltonian approach is often preferred. In order to
obtain the Hamiltonian density from the Lagrangian, the canonical conjugate
momentum 7[¢] is introduced as:

o] = 5o (2.2)

(Op(z))

The Hamiltonian is then constructed as the Legendre transformation of the
Lagrangian with respect to 0;¢:

Hp, 7] = w[¢]Op — L], O[] (2.3)

With the Hamiltonian one can compute the evolution equation for the field
configuration via the Hamilton equations
0 oH 0 oH
09 _O# om _ _0# (2.4)
Jat  Om ot 0¢
The interesting aspect of the Hamiltonian approach is that it gives a natural
way to compute the time evolution of any functional of the fields in terms of
the Poisson brackets of the functional of the fields and the Hamiltonian:

dAlp, 7] OA OA QA OH  OH DA
i o W =t e T g o

(2.5)

In a non-relativistic quantum theory the Poisson brackets are simply re-
placed with quantum commutators (or anti-commutators in case of fermionic
degrees of freedom) and the time evolution is given by the Heisenberg equation.
Gauge theories pose some issues when going from classical to quantum theor-
ies, because of the redundant gauge degrees of freedom and the fact that not
all the fields have associated a canonical momentum, i.e. not all the fields are
independent. We shall comment further on these issues in Sec. 2.2.1.

In a relativistic field theory (quantum or not) we cannot any longer treat
the time as an independent parameter. In fact, the concepts of time and space
are, to some extent, not uniquely defined in the context of a covariant theory:
one can obtain a new parametrization of spacetime simply by transforming the
coordinate from

ot = (2%, 2t 2% 2?) (2.6)

to
7= (") (2.7)

under the only condition that the transformation must possess an inverse. In
the “tilde” coordinate system we have a different metric, given by:

_ OxP 0x°
Guv = %@gpd' (28)

6
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The Lagrangian must be invariant under the change in the spacetime paramet-
rization described above in order to have a well-defined relativistic theory. The
Hamiltonian, however, is not invariant under a change of parametrization, since
it is constructed as the Legendre transform with respect to the time derivative
of the field. This is the reason why, in most of the standard presentations of
relativistic field theories, the Lagrangian approach is preferred in contrast to
the Hamiltonian one. Moreover, in a relativistic theory, the concept of initial
field configuration, i.e. the configuration of a field at fixed initial time, becomes
somewhat problematic. First, for convenience, one defines the null hypersur-
face corresponding to the initial time to be the locus in Minkowski space with
the same value of the “time-like” coordinate Z°. On the null hypersurface one
imposes the initial conditions for the fields, or one imposes the commutation
relations among fields in a quantum theory. The first subtlety is that £y = const
could identify a different hypersurface with respect to 2° = const. This because
the metric g"” can be non trivial and can change the interpretation of the co-
ordinate when the index is lowered or raised. The second issue is that, in the
standard instant-form approach where the initial conditions are fixed on the
hyperplane 2° = 0, as well as in any other spacetime parametrization that can
be reached from the standard one via a Lorentz transformation, we have the
conceptual problem of knowing precisely the state of the system on a spacetime
surface simultaneously. The only spacetime parametrization that avoids these
issues altogether is the light-front parametrization, as we shall see later.

There are, in principle, infinite possibilities for the choice of the paramet-
rization. One must exclude, however, all those which are connected to each
other through a Lorentz transformation, since they are equivalent in a covari-
ant formalism. Only five independent parameterizations survive; each of them
is in one-to-one correspondence with a unique null hypersurface. They are
referred as forms of relativistic dynamics and correspond to the:

1. Instant Form. It is the textbook standard form in which we have z# =
(20, 2!, 22 23).

2. Light-Front Form. It replaces the time coordinate and one spatial co-
ordinate (it is conventionally used x3) with the combinations:

0 3
ot =2 j; . (2.9)

It is custom to group the remaining spatial coordinates into a | vector,
leading to ## = (z7,27,2,), ¢, = (z',2?). The metric in this new
parametrization reads:

01 0 0

10 0 o0

g = 00 -1 0 (2.10)
00 0 -1
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The time variable is 2" and the corresponding time variable in the covari-
ant representation is z_ and not x,, as it should be clear from the metric.
This entails that the equal-time surfaces are identified by ™ = const.
This parametrization is well suited to study problems in which one can
identify a preferential spatial direction. Moreover, since the null hyper-
surface is a plane tangent to the light cone, the state of the system for
fixed 1 can be in principle determined via the interaction with a massless
field that has a negative momentum along the 43 axis. In this case, there-
fore, no conceptual problem is posed by the requirement of knowing the
complete field configuration for fixed z™. It will be the parametrization
mainly used in this thesis.

3. Point Form. The spacetime parametrization is

a# = 7(cosh(w), sinh(w) sin(#) cos(¢), sinh(w) sin(#) sin(¢), sinh(w) cos()),

(2.11)
with ## = (T, w, 0, ¢) and
1 0 0 0
0 —72 0 0
o
9710 0 —r2sinh®(w) 0 (2.12)
0 0 0 —72sinh?(w) sin®(w)

The equal-time surface is the hyperboloid identified by 22 = const, with
20 > 0.

4. Point Form-2. It is similar to the point form, with the exception that the
equal-time surface condition is 22 + (z')? = const, with 2° > 0.

5. Point Form-3. It is similar to the point form, with the exception that the
equal-time surface condition is 2% + (2')? + (2?)? = const, with z° > 0.

The equal-time surfaces of each parametrization are shown in Fig. 2.1. Of
course we cannot draw a three-dimensional hypersurface, hence all the plots
are in 1 + 2 dimensions, the time 2" being the vertical axis in the pictures.

To gain a little more insight on the difference between the various paramet-
rizations, we recall that the Poicaré group (semi-direct product of the proper
and ortochronus Lorentz group and translations) has ten generators, each one
characterizing a specific transformation that can be applied to the system:
three boosts, three rotations, three space translations and one time transla-
tion. Lorentz transformations, i.e. rotations and boosts, are obtained from the
Lorentz group generators M* = —M"" and the translation from the four-
momentum? P*. They obey the following commutation relations:

[P*,P"] =0, [P*,M*"] =iP*g"" —iPPg", (2.13)

2The identification between the translation generator and the four-momentum follows by
the fact that P? = (PO)2 -2 (Pi)2 = al is a Casimir operator, i.e. it commutes with all
the generators of the group.
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X X

Figure 2.1: Equal-time surfaces (in yellow) for each spacetime parametrization
presented in the text, in arbitrary units. In the top left: the instant-form; in
the top right: the light-front form, in which we clearly see that the equal-time
surface is tangent to the light cone. In the bottom left: the point form, in
which the equal-time surface is an hyperboloid and finally in the bottom right
we have the equal-time surface for the Point Form-2. The Point Form-3 in 142
dimensions coincide with the instant-form parametrization.
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[M#, MOF] = i ("2 M¥P 4 gB Mo — o pg#8 — gufppe) | (2.14)

The boost and the rotation operators are obtained from M* as:
K'= MY J' ="Mk, (2.15)
Different spacetime parametrizations mix the Poincaré generators in different

combinations. In instant form, we have:

K', K? K3 generate boosts along the directions 2!, #2, 2

2 ~3

, respectively;

J', J?, J3, generate rotations around the &', 2% &% axis, respectively;

P, P%, P3 generate translations along 2!, #?, 2% direction, respectively;

PP, generates a time translation.

In the instant form, the time is 2°, and the Hamiltonian of the system, i.e.
the operator that generates time translations, is the zeroth component of P* =
(P°, P!, P?, P3). From the definition of the finite translation operator

e~ (2.16)

where z# is the parameter of the translation, one can infer which component of
P* is the Hamiltonian. Since, by definition, the Hamiltonian is the generator
of the time translation, and we have that P*z, = 2°P° — x - P, being 2° the
time in instant form, one concludes that P° is the Hamiltonian. Analogously,
in the light-front form we have P#z, = 2™ P~ + 2~ P" —x, - P, and since 2™
is the time variable, we conclude that P~ is the Hamiltonian of the system. In

coordinate representation for a free theory, we have P* = —i0® and:
0 0
0 =—=——, 2.17
Jr_ Ozt (217)

i.e. P~ involves the time derivative. Conversely, P* is proportional to a deriv-
ative with respect to the variable x—, that is a space variable.

One way to classify the Poincaré generators is to divide them in two classes,
based on their action on the null hypersurface: the first class is formed by the
so-called kinematic operators, which leave invariant the null hypersuperface.
The remaining operators are called dynamical operators, and evolve equal-time
hypersurfaces.

The different forms of dynamics have different classes of kinematic and dy-
namical operators. In the instant form, the kinematic operators are P!, P?, P3
and J1, J?, J3, i.e. the hyperplane t = 0 is left invariant under space translations
and rotations.

In the light-front form, the kinematic operators are P+, P!, P2 i.e. transla-
tions along 27, &', 22, respectively, J3, i.e. rotations around the #3 axis, K3, i.e.
boosts along the 22 direction, and B, B?, defined as the following combinations
of rotations and boosts:

Blzi(KlJrJQ), B? =

7 (K*—J"). (2.18)

Sl

10
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For example, in the first case, we have a boost (K') along the #! direction
that mixes the z° and 2! components, and a rotation (J?) around the % axis
that mixes the 2% and 2! components. The sum of the two operations leaves
invariant z° + z* = /2. The second generator B? corresponds to the same
transformations with 1 <+ 2. It turns out, from a careful examination of the
commutation relations among the Poincaré generators in light-front parametriz-
ation (see Tab. 2.1), that P*, B and J? form a sub-group of the Poincaré group
that is isomorphic to the two-dimensional subgroup of non-relativistic Galilean
transformations. This provides another explanation for the identification of P~
with the Hamiltonian in light-front parametrization. It also provides a more
intuitive interpretation for the B, operators: they are the two-dimensional
Galilean transverse boosts.

The dynamical operators in the light-front parametrization are P~ and the
following combinations of rotations and boosts:

1 1 2 2 1 2 1
S \/é(K J?), S \/i(K +J'). (2.19)

In the point form, the kinematic generators are J', J?, J? and K', K?, K3,
and therefore all the four translational operators P* are dynamical operators.
This form proves useful to connect the description of a system between a moving
frame and its rest-frame. This because of the kinematical nature of boosts, that
avoid the introduction of dynamical effects when changing frame via a Lorentz
transformation.

In the case of the point form-2, the kinematic generators are .J3, K2, K and
Pt

In the case of the point form-3, the kinematic generators are K3, J? and
P, P2

In the following, we will work mainly with the light-front parametrization,
and, to help the interested reader to reconstruct all the results that rely on the
commutation relations among the operators in light-front parametrization, we
summarized them in Tab. 2.1.

Before moving to the next section, which contains the basics of QCD on the
light front, we would like to comment on the interesting feature of P+ being
a semi-positive definite operator. This can be seen by analyzing the Lorentz
boost along the #3 axis in light-front parametrization. The boosted version of
a generic operator © can be obtained as:

e’ QeI (2.20)

where w is the rapidity

1 14+ 4 1 c+v . v
w 20g(1—5) 20g<c—v)’ with 5 c ( )

In the case of P, the following commutation relation holds as can be verified
using the commutation relations in Tab. 2.1:

liwK?® PT] =wP™. (2.22)
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2. Foundations of Light-Cone Quantization

Pt P Pi Bi Si K3 7

Pt 0 0 0 0 iPt iPT 0

P~ 0 0 0 iP 0 —iP~ 0
P, 0 0 0 Pt igiipt 0 dePt

| - _iKd
B 0 —iP! 69 Pt 0 g 1BP —iglB!

—ie"J

, L .y — i K? L o

ST —iP| 0 —i0" Pt i s 0 —iS7 —jeltS!
—ae?"J
K* —iPt —iP~ 0 —iB’ iS5’ 0 0
J3 0 0 —igpt gl B igiS! 0 0

Table 2.1: Summary of the light-front commutation relations. The table entries
are intended as the result of Oy, Ocoll-

Hence, from the well known relation for two generic operators X, Y
XYe X =Y +[X,Y]+ %[X, (X, Y]]+ ..., (2.23)
we obtain immediately that
I pemiwK? — qw pt (2.24)

Now, being w > 0 if the boost is performed along the positive direction of 22,
we have that the eigenstate of P* with the lowest eigenvalue is associated with
a particle at rest, for which p* = m/+/2. For a massless particle we arrive at
the same conclusion taking the four-momentum of the particle in the instant
form as p* = (E,0,0, E) with the energy E > 0. Hence, the condition kT =0
can be realized for a massive particle only in the limit of 5 — —1, whereas we
can have k™ = 0 for a massless particle only for 8 # 1.

Because of the transformation (2.24), the light-front parametrization is usu-
ally adopted to study ultra-relativistic systems, in which one component of the
three-momentum is dominant, that translates into a + component dominance
in light-front parametrization.

2.2 Light-Front quantization

In the previous section, we did not distinguish between quantum or classical
relativistic field theories. The main difference is that for a quantum theory we
must impose (anti-)commutation relations between fields at fixed time, whereas
in the classical case the initial conditions are sufficient for solving the dynamics.
To quantizing a theory in a parametrization different from the instant-form one

12



2.2. Light-Front quantization

means to impose the (anti-)commutation relations at equal ° instead of x°. We
will use only the instant-form and the light-front parametrizations, out of the
five possible ones. Hence, we shall specify all the necessary details for the light-
front form, keeping in mind that, mutatis mutandis, one could follow the exact
same logic for all the other parametrizations. To quantize a theory on the light
front we impose the (anti-)commutation relations between fields at equal x*.
Since we are mainly interested in the study of the electron in QED and quarks
in QCD, i.e. spin-1/2 matter field, we restrict ourself to discuss Dirac fields
and gauge fields only. In QCD the fermionic fields are known as quarks and
the gauge fields as gluons, whereas in QED the fermionic fields are leptons and
the gauge field is the photon. The light-front parametrization is rather special,
since it allows us to separate, in a natural way, the two independent components
out of the four possible ones for a spin-1/2 field. The independent components
are known as the “good” components and the dependent components as “bad”,
where the naming would intend to express the fact that the bad components are
completely determined by the good ones for fixed value of . The projectors
Pt and P~ that realize the separation between good and bad components are

defined, respectively, as:

1
P = EVJFWi, (2.25)

and the good and bad components of a field ¢ are:
e = PHP. (2.26)

To explicitly see that the bad components are not independent, we need to ex-
ploit the Lagrangian EOM. First, the QCD is a quantum gauge-field theory with
gauge symmetry SU(3). The quarks belong to the fundamental representation
of the symmetry group, whereas the gluons belong to the adjoint representation.
The QCD Lagrangian reads:

- 1 .
Loco = 3 YO (B —mbw) 0} = D" SFLEY,  (220)
ab f a

where the sum with respect to a,b is over the color index in the fundamental
representation (i.e. the quarks form a color triplet), and the sum over a is
instead performed in the adjoint representation (the gluons form a color octet),
1 is the fermionic field and D, is the covariant derivative, defined as

Db, = 0"0a — > ig ALTS,, (2.28)

with g, the strong coupling constant. The superscript f upon the quark fields
in the QCD Lagrangian labels the different possible flavors for the quarks: up,
down, charm, strange, top, bottom. To distinguish between the fundamental
and the adjoint representation we adopted, just for this section, the convention
that the * indexes run in the adjoint representation. F:" is the gluon strength
field tensor, defined as

Féuj _ 8“AZ _ 8”Ag + gsf&(;éAgAga (229)
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2. Foundations of Light-Cone Quantization

where f&i’é are the SU(3) structure constants. We will suppress the color in-
dexes in the following, unless they are necessary for the comprehension of the
equations. Moreover, we will use the standard notation

A=) AT (2.30)

The equation of motion for the quark fields reads:

oL oL

L

()

=0. (2.31)
After a little algebra and using the light-front parametrization, one obtains:

iD*0_(2) = L (s - Dy m) v (2). (232)

The partial derivative 07 that appears in Eq. (2.32) inside the covariant deriv-
ative DT is a spatial derivative:

0
Ot=g"o_=g""—. 2.33
g - (2.33)
Since we established that the bad components are constrained fields, for the
remaining of this chapter we assume to work only with good fermion fields.

2.2.1 Free fields: quarks and gluons

The essential ingredient to define a quantum field theory is having the (anti-)
commutation relations for fields, i.e. quarks and gluons in the case of QCD.
However, in order to properly write the anti-commutation relations for the
quark fields, we need to establish the concept of helicity within the light-front
quantization formalism, see Ref. [2]. Let |p, \) be a generic eigenstate of the
momentum operator P*

Pt p, Ay =p"p, A). (2.34)

The light-cone helicity A is introduced as the eigenvalue of the operator

B, xP
4y L

s __ 73
Jz = P

= J. P, A) = Xp, A) (2.35)

where J? is the total angular momentum operator and B, is the operator
defined in Eq. (2.18). It can be shown (see Refs. [2, 3]) that, in the limit of
large p*, j, reduces to the ordinary helicity operator p - S/p. If the state is
such as p* = (m/v/2,m/v/2,0.), then we have

jz |(m/\/§7 m/\/§7 OL)v )‘> = J3 |(m/\/§7 m/\/§7 OL)v )‘>
= \|(m/V2,m/V2,01), ), (2.36)
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2.2. Light-Front quantization

from which we obtain, using the commutation relations in Tab. 2.1, that
Jolps X) = e BT R (m/V/2,m/V2,0.0),0) = Ap, ), (2.37)

i.e. the light-cone helicity is invariant under light-front boosts.
This definition of light-cone helicity can be rewritten as the difference of
total angular momentum minus the orbital part

j,=J>—R, x P, (2.38)
by introducing the following operator

B,
It turns out that this operator can be interpreted as the center of transverse
momentum for a composite state and as the transverse position for a single-

particle state. The operator (2.39) satisfy the following commutation relations:
[R.,B.]=[R.,K?| =0. (2.40)

This ensures that j, commutes both with B, and K | , hence light-front boosts
leave invariant the light-cone helicity.

Equipped with the above definition of light-cone helicity, the anti-commutation
relations for the good component of the fermion fields in position space read:

{¢§f£<w>, ( é?3<y>)f} lormyt = 08 00—y )0 (@ —y L) (241)

We can transform the quark field in momentum representation, isolating the
quark and antiquark component as:

) dktdky [ .. ) ik- (Ht
Vi) _/W [6 Fran (R (k) + e o (R R) |,

(2.42)
where the light-cone spinors for quark and anti-quark states with light-cone
helicity 1 and | are:

V2kt +m —\/2kp,

1 V2kg 1 V2Et +m

I \/_ + ) Q¢(k) = T \/_ )

\/2\/§k+ 2k m . /2\/§k’+ 2k;,

\/ﬁkR —V2kT +m

\/§kL \/§k+ —m
s pmp——— LA RS P S L
T 2/2k+ —\/2kp, ’ v W2+ V2T +m |’
V2kt +m V2kg
(2.43)

qr(k) =
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2. Foundations of Light-Cone Quantization

with !
kr/r = E (ky £iky), (2.44)
and m the mass of the free quark. The light-cone spinors are equal to the Dirac
spinors when k = 0. In Eq. (2.42) the on-shell condition for the quark field
reads:
- mP+ k]
-2kt
The operators b,d in Eq. (2.42) are the annihilation operators of quark and
antiquark states, respectively. These operators annihilate only good quark field.
If the bad components are considered, the operators must be written using the
equation of motion, see Sec. 3.4.3. The anti-commutation relations in Eq. (2.41)
lead to the following relation in momentum space:

{00068 )} = {aP 1), )}
= 2]{7+(27T)3667€/5f7f/5 (k’+ - p+) ) (kL — pJ_> s (246)

= (2.45)

{bﬁf (k), df '”(p)} —~ {bgﬂ(k;),bfj ’)(p)}
_ {dgﬂ(k),dgf’)(p)} _ {bgn(k)’di{')(p)} o (2.47)

In the case of the gluon field the problem of gauge fixing arises. In fact, it is
well known that in a gauge theory not all the four components of the gauge field
A* are independent and one has to choose a gauge to remove the redundant
components. For this section we shall assume the light-cone gauge [4, 5], i.e.

At =0. (2.48)

The light-cone gauge is classified as an axial gauge. The above condition is not
enough to completely fix the gauge. However, the residual gauge freedom is
confined to the boundary conditions for A, at light-cone infinity 00~ (as we
shall discuss in Sect. 2.4). Within the light-cone gauge, the A~ component is
no longer independent, since it is fully determined by A at any given value of
xT. This can be seen via the EOM:

OO AT — OTOIAT = —g,J 7, (2.49)

where the current J* is independent from the gluon field A*. The inversion
of the EOM for both the quark and gluon fields is not a trivial task, because
of the presence of the so-called zero modes, i.e. the fields at kT = 0. We will
illustrate in detail the problem in Chapter 7. For this reason, we shall consider
only the transverse components A* = A7 .

The commutation relations read:

A (), _aJrAzz;o(y) [ty = 0766, 0(x” —y T )0(xL —yy),  (2.50)
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2.3. Fock-state decomposition

where a, b are color indexes and A, o are the light-cone helicities.
The momentum-space representation is:

k+dk¢ —_ i ;
AZH/%# 2m)3 Ak ga(k) + e (k)g\(k)| . (2.51)

with the gluon operator g, defined as:
g =Y T} (2.52)
The polarization vectors are:

ek -1 , 1 ,
6)\(]{?): (0,%,6L)\> s ELT:E(LZ), 6L¢:E<1,—2). (253)

In Eq. (2.51) the on-shell condition

k2
km =t 2.54
2k+ ( )
is understood. The commutation relations in Eq. (2.50) translate into the fol-
lowing commutation relations in momentum space:

[gf(k), (QE)T (P)} = 2k™ (27°)62a0000 (KT —pT) 0 (k1 — K1), (2.55)

[gi‘(k),gﬁ(p)} = 0. (2.56)

2.3 Fock-state decomposition

Equipped with the basic notions of light-front quantization, we can now start
looking into eigenstates of QCD, namely hadrons. Hadrons are multi-particle
states, i.e. they are composite systems constructed with the fundamental de-
grees of freedom of QCD: quarks and gluons. We will focus on the proton
as a working example, but the concepts that we shall illustrate are, mutatis
mutandis, applicable also to all the other types of hadrons®. A complete de-
scription of the proton starting from the QCD Lagrangian is still missing, since
the perturbative methods fail at energies scales comparable with the proton
mass due to the large strong coupling constant. The broad problem of solving
QCD at low-energy scale is sometimes referred to as the confinement problem:
we do not observe free fundamental QCD degrees of freedom.

The first historical attempt to organize the hadrons as multiplets of some
sort led Gell-Mann to propose his famous “Eightfold way” [6], which allows one
to classify all the hadrons on the basis of the quantum numbers of the quarks.

3We will not investigate states that are not stable in QCD, because this is beyond the
scope of this thesis.
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2. Foundations of Light-Cone Quantization

In this model, the proton is viewed as composite of two up quarks and one
down quark. However, a number of problems emerges from this picture: an
intrinsic gluon contribution to the proton was shown to be significant and not
negligible; the helicity of quarks seems to add up to about one-third of the
spin of the proton; other types of quarks are present, to different extent, inside
the proton. An elegant way to encapsulate all these features in a theoretical
description of the proton is to build the proton state as an element of the Fock
space of QCD. The Fock space is constructed as the direct sum of the tensorial
product of Hilbert spaces of free quarks (Hy), free gluons (H,4) and of the
vacuum (Hy = {|0)}):

F = Hy + é <(§) H¢> + é (é) HA) . (2.57)

The individual Hilbert spaces are the ones associated with the momentum of the
free particles k*, k (k~ is fixed by the on-shell condition for the free particles),
and with the light-cone helicity A. We can introduce a basis for the Fock state
as

{lon(k)) Fnzo,r.... (2.58)

Special attention deserves the vacuum state n = 0, upon which all the other
states can be constructed via the creation operators of the free particles. One
can indeed postulate the vacuum to be the lowest-energy state (assuming the
vacuum energy to be zero) and to be invariant under Lorentz transformations
[1]. This means, in particular, that the vacuum must be an eigenstate of the
generators of space translations, namely*

PH|0y=0, P.|0)=0,. (2.59)

If no gluons were present, these conditions, along with the fact that ™ must
be strictly positive for massive quarks, would have forced the vacuum to have
a trivial structure. However, because the gluons can have k™ = 0, the vacuum
is populated by an infinite number of gluons, each of them having vanishing
plus momentum [7, 8]. We shall not investigate further the vacuum structure,
we only wish to remark that, although the light-front vacuum is simpler with
respect to the instant-form vacuum, it is not trivial. We can now construct

lon(k)) for all n as:

n

o)) = [[ ol (k5 pLa M) 10), p* =D pf, pL=> priy  (260)
i=1 =1

=1

where aj is a shorthand notation that includes gluon, quark, or antiquark cre-

ation operators in momentum space with light-cone helicity .

4For this Chapter only, we reserve P* as a notation to indicate the momentum operator
and p* to indicate the momentum eigenvalue.
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2.3. Fock-state decomposition

Since {|o,)}n forms a basis for the Fock space, we have the completeness

relation:
> Y low ol =1 261)

where the ¥ symbol is a shorthand notation to indicate the sum over all the
discrete variables (like color, light-cone helicity, flavor) and the integration over
all the continuous variables. For the momentum integral, the measure is the
Lorentz invariant measure on the light cone, since we must have

Y wlon(@) =2 50"~ a0y ) (262
A proton state is identified as the solution |¥) of the eigenvalue problem
M2 —|—P2 M2 +p2
P W)= ——"2 W)= —"=|F 2.
W) = St ) = TP ) (2.63)

with mass M, momentum P*, P, and helicity A, and it can be decomposed in
the Fock basis as:

) = Zgﬁ (0ul0) |o) = ZI% o) (2.64)

The coefficient in front of each basis state is called Light-Front Wave Func-
tion (LFWF). It depends upon the intrinsic variables of the partons inside the
proton, i.e.

Lpn == Lpn ({*Tza kJ_,’L'a >\1}7 A) ) (265)

where x; = k" /pTi and
Z kii=01. (2.66)
i=1

The fact that the LEFWFs do not depend on the total momentum p, is a con-
sequence of the kinematical nature of transverse boosts in light-front paramet-
rization, see Eq. (2.18). The dependence of the state |¥) on p, is completely
carried by the states |0, ), where the individual parton states have transverse
momentum

pri=kiit+txp,. (2.67)

In the following, the proton state |¥) will be indicated with |p, A), where p
indicates the total proton momentum

_ [t 1
pM - <p 7T7PJ_ ) (268)
and A its light-cone helicity. The normalization of the hadron state reads:

(o, Ap, A) = 2p*8(p* — p")d(pL — P )dan, (2.69)

with

> )P =1 (2.70)

n
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2. Foundations of Light-Cone Quantization

This leads to the interpretation of the LEFWFs as the probability amplitudes of
finding their corresponding Fock state in the proton state.

The light-cone helicity of the proton state A is the eigenvalue of the light-
cone helicity operator introduced in Eq. (2.35). The operator R is determined
by the transverse positions of the partons, weighted by their plus-momentum
fractions with respect to the total plus-momentum of the hadron:

Ry =) ab, (2.71)
i=1
The total transverse momentum is
P, = ZPJ_,i- (2'72)
i=1

Combining Eqs. (2.71)-(2.72), one is easily convinced that the sum of light-cone
helicity of the individual partons is not enough to obtain the light-cone helicity
of the proton in Eq. (2.38). Instead, the parton orbital angular momentum
must be included.

2.4 Light-cone gauge

We devote this section to give a brief overview of the light-cone gauge [4, 5]. We
will use light-cone gauge all throughout this thesis, with the only exception of
Chapter 8 where we will use the Feynman gauge. In order to fix the gauge, we
add an extra term to the Lagrangian in Eq. (2.27) as a Lagrangian multiplier.
For the light-cone gauge this reads:

1
Lrc = lim ——(n,A")?, (2.73)
a—00 [0}
where n* = (0,1,0,) and « is a parameter necessary to obtain the correct

dimension of the gauge-fixing term. For the Feynman gauge instead we have:
Lr = —(0,A")?. (2.74)

We can now derive the propagator in the light-cone gauge for a free gluon
Refs. ]9, 10]

q{unv} , ninY

—iq* D" (q) = —iq” A:Zl’z(é’i)*((z)sK(Q) =g+ ‘ n-q?

(2.75)

As previously noted, since the gluon is a massless particle, the “+” component
of its momentum ¢+ = n - ¢ can vanish. Hence, Eq. (2.75) is intrinsically
ill defined, and this is a direct consequence of the fact that n- A = 0 does
not fix completely the gauge. The residual gauge freedom can be fixed by
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2.4. Light-cone gauge

using additional boundary conditions on the gauge potential. There are three
common choices:

AJ_(OOi) = 0, AJ_(—oo*) = 0, AJ_(OOi) + AJ_<—007) = 0, (276)

known, respectively, as retarded, advanced and principal value prescription.
These choices map directly to the following prescriptions [11]:

1 1
Retarded: — —, (2.77)
n-q n-q-+:1
1 1
Advanced: — —, (2.78)
n-q n-q—ic
1 1 1 1
Principal Value: —— — — < — + : ) ; (2.79)
n-q 2\n-q+ic n-q—i1ic

with € > 0.
For comparison, and for later convenience, the propagator in Feynman gauge
reads:

4
—ig’ D" (q) = —ig> > _(e4)* (@) = —¢™ (2.80)
A=0

and the gauge condition d, A" is not imposed directly at the operator level but
at the level of the physical states:

) (2.81)

The choice of a particular gauge is mainly a matter of convenience, in order
to simplify certain problems and/or calculations, since all the physical observ-
ables must be gauge independent.
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Chapter

Parton Distributions Landscape

3.1 Introduction

In the previous chapter, we introduced the notion of light-front quantization
and we used it to formally construct the proton state as a superposition of
states of the QCD Fock space. The LEWFs are the coefficients of each state
in the expansion. Direct access to the LEWF's is, however, not possible from
an experimental point of view. Available information on the proton partonic
structure relies largely on the possibility of extracting particular functions from
experiments, called parton distributions functions, see Refs. [12-18] and the
Habil. Thesis [19]. These distributions provide a multi-dimensional description
of the proton in terms of its elementary constituents both in momentum and
position space.

For illustration purposes, let us consider a process in which a proton of mass
M, with initial momentum p and light-cone helicity A, interacts with a probe
particle. After the interaction, the proton is in a state with momentum p’ and
light-cone helicity A’. Convenient variables for studying this type of processes
are the unbalance in momentum between the final and initial proton and the
average momentum of the two states (see Refs. [20, 21]):

p+p

A=p —p, P= 5 (3.1)
The on-shell condition for the initial and final proton states leads to
A2

In order to obtain a physical picture of the scattering process, it is essential
to identify all the energy scales at stake. Let us assume that p is the largest
energy scale of the process (typically, it can be identified as the four-momentum
squared of a virtual photon exchanged between the probe and the proton target,
but other cases are possible). If p is “large” enough, i.e. if we have

% > 1, (3.3)
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3. Parton Distributions Landscape

the resolution power of the probe is enough to distinguish the individual partons
inside the proton. In other words, we can reasonably assume that the inter-
action between the probe and the proton can be written as the convolution of
a hard-scattering kernel between the probe and one parton inside the proton
and a parton distribution function. This interpretation was proven true for
some particular processes, like deeply virtual Compton scattering (DVCS) (see
Ref. [22]), semi-inclusive deep inelastic scattering (SIDIS), Drell-Yan produc-
tion (see Ref. [12]). In the other limit, in which the scale u is small compared to
the proton mass, the resolution power of the probe is not enough to access the
parton distributions and the process can be described in terms of the resonant
and non-resonant excitation spectrum of the proton. In the intermediate region
a clear physical picture is still lacking.

We are going to focus only on the limit of large u, and, generally, we are
going to assume that the parton interacting with the probe is a quark and we
will call it the “active parton”.

3.1.1 Processes in the deep inelastic regime

SIDIS The semi-inclusive deep inelastic scattering is the process:
((l) + P(p) = '+ hiprn) + X(Px), (3.4)

where ( is a lepton, typically an electron or a muon, P a proton, h a detected
final hadron and X indicates an inclusive system of particles [23]. The four-
momentum of each particle is indicated in brackets. The cross section in the
one-photon exchange approximation is proportional to the product of a leptonic
tensor, that encapsulates the information on the probe, and an hadronic tensor,
that contains all the relevant information on the proton structure. In the SIDIS
process the hard scale p is provided by the four-momentum squared of the
virtual photon.

DVCS The deeply virtual Compton scattering is an exclusive process:
(() + P(p) — "+ ~(py) + P(p'), (3.5)

where (' is a lepton, typically an electron or a muon, P a proton with initial
and final four-momentum p and p’, respectively, and ~ a detected real photon
[23]. The four-momentum of each particle is indicated in brackets. Also in this
case the cross section in the one-photon exchange approximation is proportional
to the product of a leptonic tensor, that encapsulates the information on the
probe, and an hadronic tensor, that contains all the relevant information on
the proton structure. However, coherent interaction between the proton and
the probe, i.e. the exchange of a single virtual photon and the emission of
the final real photon via the Bremsstrahlung mechanism, exists alongside the
partonic subprocess. In practice, the interference between the two processes
is used to enhance the hadronic contribution and extract information on the
proton structure. In DVCS the hard scale p is provided by the four-momentum
squared of the virtual photon.
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3.2. Parton Correlator

Figure 3.1: Diagram for the fully unintegrated parton correlator. The dots
on top of the quark lines indicate that the quark line is attached to an hard-
scattering kernel.

Drell-Yan Drell-Yan (DY) is hadronic lepton production, i.e.
A(pa) + B(ps) — L)) + X (Px), (3.6)

where A and B indicate two initial-state hadrons (e.g. protons) and (' { a pair
of lepton-antilepton detected in the final state. At variance with DVCS and
SIDIS, the DY process does not require a leptonic probe, but rather an hadronic
one, hence it is suitable for investigations at hadron-hadron colliders, such as
LHC. In DY the hard scale p is provided by the invariant mass squared of the
final lepton sub-system.

3.2 Parton Correlator

The structure of the hadronic tensor for the above-mentioned processes can be
exploited further to arrive at the fundamental object that describes the partonic
structure of the proton: the parton correlator. All parton distributions are the
fundamental building blocks of the parton correlator. The definition of the fully
unintegrated quark-quark correlator reads [13]:

di¢
(2m)4

and it is diagrammatically represented in Fig. 3.1.

However, the simple picture of Fig. 3.1 is only an approximation, because it
does neglect the interaction, mediated by the exchange of soft gluons, between
the remnant and the active quark. A more realistic picture is shown in Fig. 3.2.
For SIDIS, DVCS, DY processes, it was proven that the soft gluons can be
factorized from the hard-scattering kernel, leading to the diagrammatic rep-
resentation of the parton correlator given in Fig. 3.2. Therefore, appropriate
definition of the parton distribution functions must be given in terms of the
correlator of Fig. 3.2. Processes that break factorization cannot be described
in terms of parton distribution functions, and we shall not consider them. The

(@an),, (. A, P) = / W A1 B5(0)6:(€) [p, A) (3.7)
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3. Parton Distributions Landscape

Figure 3.2: Diagram for the fully unintegrated parton correlator. The dots
on top of the quark lines indicates that the quark line is attached to an hard-
scattering kernel. The double line to which the gluon are attached represents
the gauge-link insertion.

gluon contribution in Fig. 3.2 can be encapsulated in the so-called gauge link
or Wilson line, as shown in Refs. [24-33]. The gauge link is defined as

W(a,b) = Pe i fran 1AQ (3.8)

where v(a, b) is a path, connecting the four-dimensional spacetime points a and
b, determined by the specific process under investigation, and % indicates the
path-ordering of the exponentiall:

1 1 s
W(a,b) = 1—ig, / dsy(5)- A(s)+ (—iga)? / ds / 0t (5)- A(s) (1) A(t) ..
0 0 0
(3.9)
With the inclusion of the gauge link, Eq. (3.7) is modified into:

A d*z
where we made explicit the dependence of the correlator on the path along
which the gauge link runs. The Eq. (3.10) explicitly states that the quark
correlator is defined in a process-dependent way, hence also the parton distri-
butions are process-dependent quantities. This dependence is, however, under
control, being related to the gauge-link path. The gauge link also ensures the
gauge invariance of the quark correlator. In fact, the bi-local operator of the
naive version of the quark-quark correlator (Eq. (3.7))

R (! N (0)W (0, 2)(2) |p, A),  (3.10)

¥(0)¥(z) (3.11)
is not invariant under local gauge transformation:
Y(0)¢(2) = P00y (2) = PO)UT(0)U(2)9(2) # 9 (0)¥(2), (3.12)

where U is the unitary matrix that implements the gauge transformation in the
fundamental representation of the gauge group.

!The path ordering is inessential in the case of an abelian theory, such as QED.
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3.2. Parton Correlator

It can be shown that under a gauge transformation the gauge link transforms
as

W (a,b) = Ula)W(a,b)UT(b). (3.13)

In this case, the transformation is performed via unitary matrices in the fun-
damental representation, since the gauge link connects two quark fields. For
gluon correlation functions the Wilson line transforms in the adjoint represent-
ation and it can be shown that two Wilson lines are necessary to ensure the
gauge invariance of a gluon-gluon correlator. It is now immediate to see that
the operator in Eq. (3.10) is gauge invariant.

3.2.1 The quark-quark correlator

The correlator in Eq. (3.10) has a Dirac structure that is inherited from the
uncontracted Dirac indexes of the two quarks fields. The parton correlator can
be parametrized in terms of parton distribution functions by taking the trace
in Dirac space with appropriate Dirac matrices I

4
Hh(k APy = [ S5 W AHOWO. T ), (314

where we have that I" belongs to the basis of Dirac structures, i.e.:
I e {1,4",v5, 9" 75, 10" }. (3.15)

Each Dirac matrix projects on different light-cone helicity configurations of
both the proton and the active parton, encapsulating all the possible helicity
changing combinations. If one or two bad components of the quark field are
involved, they can be removed using the EOM. As a result, the parton dis-
tributions are expressed as the sum of different contributions given in terms
of the good quark fields with different helicities. For each matrices in the set
(3.15), Eq. (3.14) can be easily expressed in terms of parton distributions and
momentum-dependent coefficients, as shown in Ref. [13].

Parton distributions cannot be calculated solely from the QCD Lagrangian
with the current knowledge, since their nature is inherently non-perturbative.
We can, however, extract a number of them from carefully designed experi-
ments. However, to the present day, no process is yet being identified to gain
access to the unintegrated correlator of Eq. (3.14). All the known processes
give access only to the parton distributions that appear in the decomposition
of the k™ integrated correlator:

o) (2. ky, A Py) = / k=@, (k, A, P,)

dz"dz1 izp+..-

B / ST W A EOWO, TN I A

b
zt=0

(3.16)
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3. Parton Distributions Landscape

where T = k* /P is the average longitudinal-momentum fraction of the proton
carried by the active parton. In the correlator of Eq. (3.16) is contained a six-
dimensional information about the parton inside the proton. In fact the on-shell
conditions for the initial and final proton reduce the number of independent
component of A from four to three and the component that is eliminated is
usually A~. The other three-dimensional information is given in terms of the
parton momentum.

From the six-dimensional momentum picture (three components of the par-
ton momentum and the three components of A); we can extract a three dimen-
sional map of the quark in the momentum space (x, k) plus a two-dimensional
picture in transvserse-position space (b, ). This is done by taking the Fourier
transform with respect to A, in the limit AT — 0, in order to ensure a proper
partonic interpretation (see Refs. [34-37)):

dA ,
45[/{?]/1,(5, ki,bi,p7y) = / ﬁe‘lbLAL@[/f]A,(i, ki, AT"=0,A1,p7)

dz7dz1 oot ik s - )
:/ 2(2m)3 e e L<p+aTJ_:0_L,A/‘¢<O+,0 ,bl1)
x W((0F,07,b1), (07,27, by +21)) (07, 27,b1 +21) ’er, r, =0, /1> )

(3.17)

In Eq. (3.17), the proton is assumed to be in an eigenstate of the operator
R, , see Eq. (2.39). This state can be obtained from the standard momentum
eigenstate [p*,p,, A) via the Fourier transform:

d2 —ir -
R = sy ) (318

where 71 is a normalization constant to ensure that:
<q+, S, A/|p+, ry, A) = 5(SJ_ — ’I"J_)(S(q—"_ — p+)5/1/1’- (319)

The normalization constant in Eq. (3.18) turns out to be proportional to a
Dirac delta function. To avoid an infinite normalization constant a momentum
wave packet can be included in the Fourier transform. It is however shown in
Ref. [38] that all the conclusions remain the same if the wave packet is ignored.
Therefore, for simplicity, we shall never include it [37].

Finally, the state |p™, 7, A) is a simultaneous eigenstate of the plus mo-
mentum and the transverse center of momentum because B, and therefore
R, , commute with Pt as reported in Tab. 2.1.

Before moving on and classifying all various types of parton distributions,
a final remark is in order. Depending on which Dirac matrix is chosen in
Eq. (3.16) different powers of M/P* appears. If one identifies the hard scale
p with PT a natural ordering in the smallness parameter M/P* arises. We
can classify all the objects in terms of the power in M/P™ they carry in the
parametrization of the correlator. This is called kinematical-twist expansion
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3.3. Parton Distributions

GTMD(z, k. ,A) FT.and At =0
> W(x; k.L) bJ—)

GPD(z, A)
TMD(z, k1 ) — > IPD(s,b.)

— - FF(by)
FF(A)

—— A=0
—»—/d:r

/dkL

Figure 3.3: Links among different distribution functions at leading twist. The
red, green, blu and black lines indicate the limits in which we take A = 0,
integrate over x, integrate over k_ , take the Fourier transform at AT = 0 with
respect to A, respectively. The figure is inspired from Ref. [16].

“Charges”

[39], and for a given kinematical twist ¢ the corresponding power of M/P¥ is:

(%) - (3.20)

It happens that t can be 2,3 or 4 for the quark-quark correlator in Eq. (3.14).
This classification is inherently different with respect to the geometric-twist
expansion, that is related to the Lorentz-index structure of the operator [40].

3.3 Parton Distributions

In Fig. 3.3 is given a pictorial representation of all the possible (single) parton
distributions at leading twist and form factors associated with the fully unin-
tegrated parton correlator and its projections. It is clear from the figure that all
the parton distributions can be obtained by performing suitable limits and/or
integrations of the general k™ -integrated correlator of Eq. (3.16). On the top
of the figure there are the Generalized Transverse Momentum dependent par-
ton Distributions (GTMDs), that are obtained directly from the correlator of
Eq. (3.16) [13]. Via a Fourier transform of the GTMDs from A, to b, and
in the limit of vanishing A", we obtain the Wigner distributions, that are the
QCD analogues of the classical phase-space distributions [34-36, 41].
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3. Parton Distributions Landscape

From the GTMDs, in the limit of vanishing momentum transfer, one ob-
tains the Transverse Momentum Dependent parton distributions (TMDs). The
TMDs encode the three-dimensional momentum picture of the proton partonic
structure. We will focus extensively on the TMDs in Chapters 5, 6 and 7.
DY and SIDIS are the two most commonly known processes that allow one to
extract information on TMDs. From the GTMDs, via integration over the par-
ton transverse momentum, one obtains the Generalized Parton Distributions
(GPDs) [19], that are related via a Fourier transform to the Impact Parameter
Dependent parton distributions (IPDs) [37]. Special attention to these distribu-
tions and possible connections between IPDs and TMDs are posed in Chapter
5. Deeply Virtual Compton scattering as well as deeply virtual exclusive meson
production represent the golden channels to access the GPDs. By integration
over the parton transverse momentum?, the TMDs reduce to the collinear Par-
ton Distribution Functions (PDFs) that can be recovered also from the GPDs in
the limit A — 0. Extensively studied are also the Form Factors (FFs), that can
be obtained from the GPDs via the integration over the light-cone fraction of
momentum x, as shown in Fig. 3.3. By taking the Fourier transform of the FF's,
one obtains the charge and magnetization densities in impact-parameter space.
Fully integrated quantities (at the bottom of the figure) are called charges, and
encode global properties of the proton. Trying to access the global properties
of the proton via parton distributions can be challenging, especially from the
experimental point of view, since the reconstruction of the full range in the
integration variables is necessary. An alternative way to obtain the charges is
to look at local operators, like the Energy Momentum Tensor, to which the
Chapter 8 is entirely devoted.

We notice here that, if one cuts the diagram in Fig. 3.3 perpendicularly to
the red line (A — 0 line), the remaining top right portion is entirely populated
of parton distributions that can be accessed only in exclusive experiments, since
the reconstruction of the final proton is necessary. These distributions show up
at the amplitude level. On the contrary, the remaining bottom left portion of
the diagram contains only parton distributions that can be accessed in
(semi-)inclusive processes and which are defined at the cross section level.

3.3.1 GTMDs and Wigner distributions

In order to properly decompose Eq. (3.16) in terms of GTMDs, we need to fix
the gauge-link path upon which the correlator depends. We choose to work
with the most common paths shown in Fig. 3.5.

They are composed of three different pieces: two straight lines that run along
the minus direction from either 0 or z to 00~ and a straight line that runs
along the transverse direction at £00~. The two gauge links associated to oo™
and —oo~ are characteristic of SIDIS and DY, respectively. We will give a brief

2The integral over the transverse momentum requires a suitable regularization of the
ultraviolet region, which leads to modifications of this simple picture. More details can be
found in the literature, see, e.g., Ref. [15].
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3.3. Parton Distributions

A A
k-2 k+ 2

P—2A P+2,N
: :

Figure 3.4: Diagrammatic representation of the GTMDs correlator @. The full
dots on the quark lines indicate that the quark is extracted from the proton
and enters the hard-scattering part (left dot), or it exits the hard-scattering
part and is re-inserted in the proton (right dot). The diagram enters at the
amplitude level.

4
(-5.-4)
27 2

Figure 3.5: Schematic representation of two possible gauge links. The red one

A
Y

runs from the starting point (—%_, —%) to 400~ along the light-cone direction,
then it has a transverse piece at light-cone infinity, and it runs to the end point
& &L

5 ,7> along the light-cone direction. The blue path is very similar, the

only difference being that it runs to —oo~ instead of +o0o0~. The red path
is characteristic of SIDIS processes and it encodes the final-state interactions.
The blue one is proper of Drell-Yan-like events and encodes the initial-state
interactions.
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3. Parton Distributions Landscape

description of these processes in Sec. 3.3.2. Following Ref. [13], we parametrize
the choice with noo™, where n = £1. Here we note that the gauge link encodes
the initial-state interactions (n = —1) or the final-state interactions (n = +1),
see Sec. 3.3.2. The leading-twist sector (twist-2) is obtained with

=777y, i0" s, (3.21)
and corresponds to
+1 1 3 ia.i+ki
@[AA/,/l}’<x’kJ_7A7P7 77) = mu(p',/l’) Fl,l + P+LFI?2
ioit A lead SWAY
+ o L 1,3 + WFIA u(p, /1)7 (322)
el 1 A ioT sk
(P[X’A’;/"](m, kJ_v A) P’ 77) = mu(p', Al) #Gl,l + %GLQ
ZO-Z+PY5A1 P
—pr G13 + 107 G| ulp, ), (3.23)
ioits]— 1 _ ek ie Al
45[/1’/1, 'YS](J,',kJ_, A Pn)= Wu(p/’/l/) ]\f[ L, — ?\4 LH,
M K iott sk
+ EZUH%HL:& + LMPZE) LH174
AleO'H_’)%kJZL AJLZO'H—’}/E;AZL
kj joT T Aj jot—
+ L7 7 75 H1,7 + LT%HLS] u(p, A), (324)

where €7/ = e7%. The letter and subscript convention is as follows: F, G, H
indicate, respectively, an unpolarized, longitudinally- or transversely-polarized
proton target, the first subscript indicates the twist minus 1, the second sub-
script serves the only purpose of enumerating the different functions. The twist-
3 GTMDs are obtained with the matrices I" = 1, 5,77, Y5, i0“ s, i0 T~ v5. We
will not list all the twist-3 GTMDs, since it is beyond the scope of this work,
and the interested reader can find all of them in Ref. [13]. We shall, however,
give the explicit expressions for I = 1, since we are going to study one of the
corresponding TMDs in Chapter 7:

_ 1 _
@/ﬂl,/l’ (l’, kJ.a A7 P7 77) = zpﬁu(plv A,)

it A
o' AY
p+

C i 14 AT
o kLALE
M2

E2’3 + u(p, /1) (325)
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3.3. Parton Distributions

The twist-4 GTMDs are obtained with I" = v~y 75,907 v5. Each GTMD
depends on the set of variables (z,&, k%, A%, kL - Ay;n), where ¢ is called
skewness and measures the relative size of the transferred plus-momentum with
respect to the average plus-momentum:

-2 (3.26)

All the GTMDs are complex-valued functions and they must satisfy constraints
imposed by hermiticity and time reversal (parity is ensured since it is imple-
mented at the level of the Lorentz structures). With X denoting a generic
GTMD, the hermiticity constraint imposes that:

X(f7£7kia Ai_a kJ_ : AJ_;n) = iX*(Ev _57’{:3_7 Ai_a _kJ_ . AJ_;n)v (327)

where the —+ Sign holds for F1,1/3/4 G1’1/2/4 H1,2/3/4/6/7 and E271/3/4, and the
minus sign for all the others. Time-reversal invariance imposes that:

X*(f‘?f, k’i? A2L7 kJ_ : AL:U) - X(:fu€7kia Aing_ : AJ_, _77) (328)

To gain more insights into the constraint imposed by the time-reversal invari-
ance, we can express all the GTMDs as a sum of a real and an imaginary
part:

X = Xz,6,k%,A% k- A)) +iX(z,6, k%, A% k- Al:n).  (3.29)

In Eq. (3.29) only the imaginary part depends on the direction of the gauge
link, as can be deduced from Eq. (3.28):

Xo('fukaiu Ai?’cl ' AL;U) = _X0<i7£7 ki? Aiv kl ' AJ_; _7]>7 (330)
Xe(jafakia Aivkl : AJ_aT/) = Xe(j*’é” ki7 Ai7 kJ_ : AJ.) _77) (331)

The real and imaginary part X“° are known, respectively, as naive T-even and
naive T-odd, because of their behavior under time reversal. The sign change in
Eq. (3.30) was the reason why some of the TMDs, originally defined without
the inclusion of the gauge link, were believed to vanish due to time-reversal
invariance. This also warns us that the GTMDs are, in fact, process-dependent
distributions, since they depend on the gauge-link path in a non-trivial way.
We are able, however, to predict such dependence to some extent, and this
can be used as a powerful testing tool for the theory when compared to the
experiments.

The Wigner distributions can be calculated as Fourier transforms of the
GTMDs at £ = 0:

A .
‘r(jvakia biakJ_ : bJ.)ﬁ) = /d—J_e_ZbJ_.AJ_X(xa57 kia AiakJ_ : AJ.aU)

(2m)?
(3.32)
One of the main interesting points about Wigner distributions is the pos-
sibility to gain direct access to information about the parton OAM. As shown
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3. Parton Distributions Landscape

Figure 3.6: Diagrammatic representation of the TMDs correlator. The dashed
line that cuts the diagrams, not present in the case of the GTMDs, indicates
that the diagram is representing a cross section, not an amplitude. TMDs exist
only at the cross-section level.

in Refs. [34-36, 41, 42|, we can express the Z component of the quark angular
momentum as:

Li(y) = / dfddebLsfk;ijiL@er(f, ki,bi,p7)

_ K’ _
= —/dxdkLMéFM(:p,O,ki,o,o,y). (3.33)

Interestingly, the differences between all the possible definitions of the OAM are
encoded in the dependence on the gauge-link path v of Eq. (3.33), see Ref. [43]
for the analysis of two of the most popular definitions of OAM.

3.3.2 Transverse-Momentum dependent parton Distributions

From the general expression of the GTMD correlator, by setting A = 0, we
recover the general TMD correlator [24, 44-48]:

ol (v by, ptp, =00.m) =0 (3, k, A=0,P", P, =0.,n), (3.34)

where x = k*/pt™ = T since A = 0. TMDs are given as real-value functions,
therefore they correspond to either the real or to the imaginary part of appro-
priate GTMDs. Moreover, the TMDs are usually defined from the quark-quark
correlator given in the proton spin basis, rather than in the light-cone helicity
base. To connect the two expressions for the correlator, we need the proton-spin
vector, defined as:

pr M
— (A a2 . .
S ( TRt SL) (3.35)
The correlator in the spin basis then reads (see Refs. [49, 50]):
1+ 4 —

@[F](xa kJ_7p7 Su 77) = T¢E—]F(x7 kJ_ap7 T]) + —¢[—F}—(I7 kJ_7p7 7])
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3.3. Parton Distributions

S S
+ QLQS[F] (z,kL,p, )+7R¢ﬂ(x,h,pm)- (3.36)

From the comparison with Egs. (3.22)-(3.25) we have:

ki STt
@[’yﬂ(CL’,kJ_,p, 87 77) = fl(xv ki) — J_flT( vki)’ (337)
k,-S
O (ke p. S.m) = Agi(w. kL) = = i (w KL, (3:38)
- , ki
@l 5 (2 Ky p, S, ) = S (x, k) + AS i (v, k)
Kk, S, +1K0S] i
- T b (0 ) + S (kD).
(3.39)
M ki S7 e
Pz ker,p Sim) = (e(x,k?L) S er(a K )) (3.40)

With these expressions, the connection between GTMDs and TMDs is easily
obtained:

Egl(gj O k 0,0),
- _E272(l‘7 Oij_707 O,TI)-

fi(z, kL) = Ff1(2,0,k%,0,0), (3.41)

fip(x, k) = —Fﬁz(x,(),ki,o,(),n), (3.42)
g1z, k%) = GS 4(2,0,Kk%,0,0), (3.43)

gir(z, k1) = Gf 5(2,0,k7.,0,0), (3.44)
hi(z, k%) = —H},(2,0,k%,0,0,7), (3.45)
hip(z, k%) = Hy;(z,0,k%,0,0), (3.46)
hip(z, k%) = H 4(2,0,k%,0,0), (3.47)
(r,k%) = (3.48)

) (3.49)

The notation used for labelling the TMDs is related to the polarizations of the
parent hadron and the active quark. Here we adopt the convention proposed in
Ref. [47]: the letters L and T refer to the situation where the spin of the hadron
is along the longitudinal direction and in the transverse plane, respectively.
Similarly, the letters f, g and h refer to unpolarized, longitudinally-polarized
and transversely-polarized active quark, respectively. The L symbol indicates
that the TMD enters the decomposition of the correlator with a weighting factor
that depends on k| with an open index. The classification of the TMDs in terms
of the proton and active-quark polarization is correct only for the leading-twist
TMDs. For the twist-3 and twist-4 TMDs, the interpretation in terms of states
with well defined polarization of the good quark-field components is lost. A
schematic summary of the twist-2 TMDs is given in Tab. 3.1.

It is also interesting to note that the naive T-odd TMDs (at twist-2 the
Sivers function fi and the Boer-Mulders function hi) are not directly related
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quark pol.
U | L T
é fi hi
é L g1 hlLL
21Ty ir | gir | b, Pip

Twist-2 TMDs

Table 3.1: Tables of the leading-twist TMDs with their relation to nucleon and
quark polarization states.

to the quark OAM, as it is evident from Eq. (3.33). In fact, the OAM is
expressed in terms of ;4 that does not appear in the TMD limit.

3.3.3 Generalized Parton Distributions and Impact Parameter
Distributions

Generalized Parton Distributions can be obtained from the GTMDs by integ-
rating over the parton transverse momentum:

WA P) = [ dhidf) (o ks A, P)

_ / %ewv (!, A D(0)10(0, ) (C) [p, A)

¢t=0,§, =01

(3.50)

We note that the gauge-link path for a GPD runs along the light-cone direction
(~, without any contribution from the transverse direction. This entails that
all the dependence on 7 that could derive from the GTMDs disappears. This
immediately leads to the conclusion that all the GPDs are T-even distributions.
We also note that, with a clever choice of the gauge, the gauge link in the
definition of the GPDs can be reduced to unity. In light-cone gauge (see Sec. 2.4)
we immediately have

W(0,(7) = Ppeiosls AT (3.51)

This argument strongly favors to using the light-cone gauge when dealing with
the GPDs.

As we have done for the TMDs, we are going to give here the explicit
expression for the traced GPDs correlator. We restrict ourself to the twist-2
GPDs, since our interest will never go beyond the leading twist:

ictHA,

2M

1
Qs[/a](l} Aa P) = _ﬂ(p,a A/) (PYJFH(ma 57 t) +

T B(w,&.1) )u(p, ).

(3.52)
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(YT 5] o I Y L f . 575P+ r~
QSAA’ (:U7A7P) - 2P+U(p,/1)(")/ 75H(:E7€7t) M E(.ﬁlﬁ,g,t))lb(p, A)a
(3.53)
s ij . [+ Adl
[ic7 T 5] _ el N +i Y
@AA/ ’ (I,A,P) - _2P+u(p 7/1)(10- HT(xvgat) + IM ET(J:7€7t)
Pl Al AP
S (e, 6 ) + T Br(e, €0 )ulp, 4), (3.54)

where we introduced the shorthand notation al#b”! := a#b” — a*b*. The GPDs
depend on the average momentum fraction z, the skewness ¢ (introduced in the
GTMD section) and the Mandelstam variable t = — A2,

The connection between GPDs and GTMDs is a little more involved com-
pared to the TMD case. Since we will never make use of these relations in the
present work, we refer the interested reader to Ref. [13].

The GPDs allow us to access the quark contribution to the total proton
angular momentum via the relation (see Ref. [51]):

(7 = % /0 dox (Hy(x,€,0) + E,(x,€,0)). (3.55)

A similar relation holds for the gluon contribution to the total proton angular
momentum. These relations require to integrate the GPDs over the full range
in x to access the total proton angular momentum. Another way to obtain
the same information is to use an appropriate local operator evaluated between
proton states. We will analyze this topic in greater detail in Chapter 8. The
integral in Eq. (3.55) are independent on the skewness . This is a consequence
of Lorentz invariance: the integration over x removes all reference to the par-
ticular light-cone direction with respect to which £ is defined, so that the result
must be -independent.

From the GPDs, via Fourier transform, we can obtain the IPDs. At first,
one could think of considering the three-dimensional Fourier transform

dATdA, - ,

/ @T)?’Lelb at-ibrarglll (A P) (3.56)
that would encapsulate three-dimensional space information on the distribution
of the partons. However, as shown in Ref. [52], this definition is plagued with
relativistic corrections, that spoil any probabilistic interpretation. Since the
relativistic corrections are proportional to the energy transferred between the
initial and final state, i.e. A* in light-front coordinates, one way to avoid this
problem is to replace Eq. (3.56) with the following

/ dA*dA |
(27)?

Hence, we obtain the following definition for the one plus two-dimensional IPD
correlator

216(A)e b1 Argll (2 A P). (3.57)

dA -
@[/Ql,(x’ bJ—7P) :/ﬁele“AJ‘djEﬂ]‘,(l}f = OaAJ_ap)' (358)
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Formally, the correlator on the left-hand side of Eq. (3.58) has the same struc-
ture as the TMDs correlator, with the role of k taken by b, . For this reason,
there have been attempts to connect IPDs and TMDs, at least in model calcu-
lations. In particular naive T-odd TMDs were found to be connected to some
IPDs in simple models for the proton, see Refs. [37, 52-59]. The connection
between the naive T-odd TMDs and the T-even IPDs was established via a
naive T-odd function, known as ’lensing function’, see Chapter 5. In Chapter 5
we are going to present an argument, that we consider both strong and convin-
cing, to show that model-independent relations between TMDs and IPDs can
not in general hold.

3.4 Light-Front Wave Functions and Distribution Amp-
litudes

In view of the variety of parton distributions that give access to different pic-
tures of the parton content of the proton, a unified framework to describe the
proton structure is desirable. To this aim, the LEFWFs introduced in Sec. 2.3
are good candidates, both because of their interpretation and their versatility
in model calculations. A complete description of the proton in terms of LEFWF's
is right now unrealistic, mainly because the Fock expansion is an infinite series.
Even if we were able to exactly solve the QCD hamiltonian, that would reas-
onably happen only for the first few Fock states. Despite these limitations,
we believe that the LFWFs offer the best tool at our disposal to describe the
parton distributions, since each parton distribution can be seen as a particular
combination of overlaps of LFWFs. We can exploit the LFWF framework to
connect fits of (the valence part of ) different types of parton distributions. This
will eventually lead to a unified description of the parton distributions of the
proton, that incorporates all available experimental measurements. If a model
is being used, in which the Fock-state expansion is truncated up to some num-
ber of partons n, we can parametrize the error associated with this assumption
by computing the norm deficiency in the proton state. For illustration pur-
poses, let us assume that we truncate the Fock decomposition at the state with
n partons:

. A), = Z j_, U |oi) - (3.59)

Then we have:
(0 Alp, A), = 2p76(p " = p)o(pL —pL)oaa Y P (3.60)
i=1

where {P;}_, are the probabilities associated with the Fock state with i partons,
and can be expressed as the squared module of LEFWFs for the corresponding
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state. They satisfy:
> Pi<1Vn, ) Pi=L (3.61)
i=1 i=1

Therefore, since each Fock state ultimately contributes to any parton distribu-
tion proportionally to its probability P;, we have an indication of how close is
the approximation to the full result. From a practical point of view, besides
the truncation of the Fock-space expansion, we need to introduce a model for
the LFWFs. We are going to choose a specific model, outlined in Chapter 6.
We shall fit the model parameters to available phenomenological extractions of
the PDFs and then use these fit results to give predictions for the TMDs and
GPDs. We believe that this approach provides a useful and practical tool for
the extraction of the parton distribution functions in a unified framework: in-
stead of creating an ad hoc model for each distribution, we rely on the substrate
of LFWFs to provide the general model for all of them, and use the information
extracted from one fit to obtain predictions for different distributions.

3.4.1 Distribution Amplitudes

A complementary information on the proton structure with respect to the par-
ton distributions is given by the Distribution Amplitudes (DAs). These are
proton-to-vacuum matrix elements of non-local gauge-invariant operators built
of quark and gluon fields at light-like separations. The DAs can be directly
linked to the LEWF's, unlike parton distributions that are given in terms of
overlaps of the LEWFs. The DAs therefore provide a window to look directly
into the physics of the LFWFs. In this section, we shall illustrate how such a
connection is carried out. For illustration purposes, and to establish the basis
for future chapters, we are going to truncate the Fock-space expansion of the
proton state to the three-quark plus one-gluon state. All the arguments that we
are going to present can be applied also to higher-Fock components, with the
obvious increase in complexity due to the increasing number of partons. For
our discussion we need the proton-to-vacuum matrix element of three-quark
field operators:

(0] €7 uny i (a1) Wi i(ar, ao)un, o (a2) Wi, (az, ao)dag i (a3) Wi x(as, ao) [p, A)
(3.62)
and the proton-to-vacuum matrix element of three-quark and one gluon oper-
ators:

(0l igse™*uy o (ar) Wy s (a1, ao)ur, j (az2) Wy ;(az, ao)
X [8+/_1‘z(a4)T,$l,Wl/7l(a4, ao)du(ag)] Wk/7k(a3, ao) |p, A> s (363)

(0] igse ur i (ar) Wy i (a1, ao) [07AG (as) T W 1(as, ao)uy i (az)]
x Wi j(as, ag)d i (az) Wi k(as, ao) |p, A4) , (3.64)
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<O’ igsfijk [8+AC£(@4)T¢%/WZI,Z(G4, @0>u¢,l(al)} Wi’,i(ala ao)uw/(aQ)
x Wy j(az, ao)dy (az)We k(as, ao) |p, A) - (3.65)

All the points a; are of the form
aff = (0,a;,01), (3.66)

hence, all the gauge links run along the minus light-cone direction. We are going
to adopt the light-cone gauge, therefore all the gauge links in Egs. (3.62)-(3.65)
reduce to unity.

We also need the truncated Fock expansion for the proton state:

) =3 [l (o) loa 81+ 3 [doisy o) o, (52)), (367)

{83} {Ba}

where we explicitly have indicated the sum over the discrete quantum numbers
(light-cone helicities and color indexes) and the integral over the momenta, i.e.
we used the definition of the symbol ¥ in Eq. (2.64). The three-quark Fock
state basis, by explicitly writing Eq. (2.60), reads:

3
8010203
’037 {53}> = \/6 Z H ’)\h qi, Ci, xi>pJ_,i> ) (3-68)
{ai}={u,u,d} i=1
with: T
’)‘iv qi, Ci, xi7pJ_,i> = (q;l)\(xmpl_,z)) |0> ) (369)

where ¢; are the color indices, \; denote the quark light-cone helicities and

Pri=kii+zp, (3.70)

are the total transverse momenta®. The next-to-leading Fock state has a similar
expression:

3
04, {B4}) = Z gl (H |/\i,Qi,Ci,$z‘,PL,i>> A1, 9,0, 04,1 4) -

{Qi}:{uvuvd} i=1
(3.71)

In Eq. (3.71), via the following identity:
Z e’ (T*)y, + e'* (Ta)lj + €V (Ta)lz’ =0, (3.72)

=1

we can shift the coupling of the gluon from the down quark to the up quarks.
As we already noticed, since the transverse light-cone boosts are kinematic,
the LFWF's do not depend on p |, i.e. the transverse motion of the transverse

3As already outlined in Sec. 2.3, the dependence of the state on the total transverse
momentum is completely contained in the single-parton states.

40



3.4. Light-Front Wave Functions and Distribution Amplitudes

center of momentum decouples from the intrinsic transverse motion of the par-
tons inside the proton. For this reason, we can assume p, = 0,, without
affecting any of the following considerations. For the proton state we therefore
have from Eq. (2.38) that

=N "= "G+ L= jeit L (3.73)
i=1 i=1 =1 =1

where j., J3, and L. are, respectively, the light-cone helicity, the total angular
momentum and the total OAM of the proton, while j,;, J? and [,; are the
corresponding contributions from the individual i-th parton. The total angular
momentum and the OAM are intended as the components along the Z direction.
For the general Fock state the integration measure can be written in terms of
the intrinsic coordinates (i.e. the integration variables are changed from {p, ;}

to {k,;}) as

(], [d/u]

ldo,] — [Da], = (3.74)

[dk ], = (ﬁ) Hdkué (Z ku> . (3.76)

For all the Fock states we can make explicit the sum over the light-cone
helicity and the parton OAM. This allows us to isolate the so-called Light-Front
Wave Amplitudes (LFWAs). They depend only on the parton momentum and
are eigenstate of the parton OAM operator. Following Ref. [60], one can classify
the number of independent LFWASs in a model-independent way. First, we make
explicitly the sum over the parton light-cone helicities and OAM, noticing that
each unit of OAM for the i-th parton contributes with a factor kg/r;, where
R/L are for the case [,; > 0 or [,; < 0, respectively and

krjn = koo £ ik, . (3.77)

We have:

NAENICAEDS TLHt B o, OO ). (379
{lz,ih{A} =1

Second, assuming that L, > 0 (the argument is very similar for the case L, < 0),
we isolate all the pairs kﬁ;k;lj” for which [, ; < 0 and [,; > |l.;|. Note that,
being L, > 0, it is always possible to pair the parton momenta in this way.
Then we make use of the identity:

Z ’L+lz

Rtk s = kgt (ks ke + 2™ ko i )
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lZ 'L+lZ
= ]{j 7 ((bo + ¢1Z€ km,ikn,j) y
where, from the first to the second line, we used

6ij6mn = 5lm(5]n — (5m(5jm, Z'&Tmnk?kan’ij’i = kL,i . k?Lﬂ']{ZRJ — kL,i . kL,ij,i
(3.79)
to recast Eq. (3.78) into

I%“W: / [doa] > H’f?ﬁt( ({wi, k1i})

{m.,:}.{\} =1

+ Y igmnkm,z’kn,j%,(ij)({%kuﬂ‘)) lon, {Ni}),  (3.80)

1<j|ls,i+12,;=0

with m,; = 1,; +1.; > 0.

This expression can be made explicit for each parton number n. We therefore
need the explicit expressions for the three-quark state and the three-quark plus
one-gluon state. The first one reads:

P +)3 = /[daz’)]{@/}Lz:O({f’% k1Y) los, {010 + o5 {mi, ko)) los, {1}

P2 (i, ) los, (U + 05 (s b)) o, {110)) }
(3.81)

where we labelled the coefficient of each state with the corresponding value for
L. More explicitly, from Eq. (3.80), the component L, = 0 reads:

Z]k

e [Dx]193 (lbg)s - iﬁlmkl,zkzmﬂ%)
X (Uh(l)%]( 2)dL,,(3) — ul,(1)d] ,(2)ul (3 )) 0), (3.82)

where we used the shorthand notations

p,+)5 " =

u(i) = u(zi, py ), Yoz = V(w1 ki, 20, k1 2,73,k 3). (3.83)

We notice here that ¢?, corresponding to Vi) of Eq. (3.80), encapsulates
the information on the state with two quarks having the same absolute value
of OAM along the 2 axis, but with opposite sign. Hence, the total L. for ¢®
is zero, while the OAM of the individual quarks is not vanishing. The other
eigenstates of the total OAM along z read:

p, ) = \/jf [Da]123 [krat™ (123) + krat™ (123)]
x <U$,Z-(1)u1,j(2)d$,k(3) Li(dl (2l (3 )) 0) . (3.84)
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p.+)s " = ; [Dx]i93 [—kr20® (123)]
x (ul ()l @)l ,(3)) 10), (3.85)
5= =~ [ (Dl [k (123)]

-7
< ul,(1ul (2)d!,(3)10) . (3.86)

The functions ¢® in Eqs. (3.82)-(3.86) are the LFWAs. We can clearly see
that they depend only on the parton momenta, and, since we have factored
out the kg/r; associated with the OAM, the LEF'WAs can only depend on the
products k, ; - k, ;, see Eq. (3.80).

From Ref. [61], one can read also the full expressions for the three-quarks
plus one gluon state. However, due to the very large number (126) of LEFWAs,
we are going to explicitly report only the case L, = 0, that is the only one of
interest for our purposes:

D, +)agy = €7 / [Dac]iasa*(1234) Trig) ()l , (V)] (2)d} . (3) 0), (3.87)

i = € [ (Do | 923007 (A1, (1)

x (uf ;2 ((3) = dl,(2)u] ,(3))

+ 0T (1234) T2 g7 ()] (1)(%( 2)d! . (3) —dla(z)u;k(g))] 0) .
(3.88)

It can be noticed that all the expressions for the proton state given so
far refer to the state with positive light-cone helicity. The corresponding ex-
pressions for a state with negative light-cone helicity can be obtained via the
application of the light-cone parity operator ¥ (see Refs. [61, 62]), i.e

P A) — Y [p, A) = (1) |p, =N) (3.89)

where s is the total angular momentum of the hadron (i.e. s = % for the proton),
A is the light-cone helicity of the state and 7 is the intrinsic parity of the hadron.
For a quark, the intrinsic parity is n = 41, and for a gluon is n = —1.

Before discussing the connection between the LEWAs and the DAs, we must
point out the difference in our Egs. (3.85) and (3.87), and the corresponding
expressions in Ref. [61]. A careful examination of the symmetry relations of the
LFWASs will bring clarity in the problem. As an example, we are going to work
with the case of ¥+, but the same reasoning applies, mutatis mutandis, to the
case of 19, In Ref. [61] the state is given as

ul (1) (ul, (2)d},(3) — ], (2)ul 4(3) ) 10}, (3.90)
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instead of
ul ,(Vul ;(2)dl ,(3)]0) . (3.91)

The underlying assumption of Eq. (3.90) is the anti-symmetric behavior of
w+(1234) under the exchange 2 <+ 3. The key point, even if trivial, is that the
proton as well as the up and down quarks have isospin one-half. Since we are
not interested in any other type of quarks, we restrict our argument to state of
isospin 1/2. The inclusion of different types of quarks would put the quarks in
an higher isospin state, leaving nevertheless the proton in an isospin 1/2 state.
The isospin-1/2 operators share the same algebra as the spin-1/2, i.e. SU(2).
In the isospin notation, the generators of the group, i.e. the basis of the algebra,
can be called I; with i =1,2,3:

1[0 1 1 ({0 —1¢ 1({1 O
L = - , Iy =-— , I3=-— , (3.92)
2\1 0 2\i o0 2\o0 -1
with the commutation relations:

The up quark is defined as the isospin eigenstate with eigenvalue I3 = +% and
the down quark as the state with I3 = —%:

Iy = s}, Tld) =~ |d). (3.94)
We can also introduce the ladder operators:
I =1, £il, (3.95)
which act on the up- and down-quark state state as:
Iijuy=0, I |uy=]|d)y, I.|d)=lu)y, I_|d)y=0. (3.96)
The action of I, is to “replace” the down quark with an up quark, and viceversa
for I_. Now we are ready to come back to the flavor symmetry of ¥*+. The third

component of the isospin of the proton state, i.e. I3, is given by the sum of the
I3-components of the quarks and gluon, which has I3 = 0:

1
[3 ‘p’ +>3qg¢ = 5 ‘p’ +>3qg¢ ’ (397)

If we impose I, |P, 4—)3%i = 0, we are able to find a constraint on the LFWA.
We have:

L p, )4 = Eijk/[D$]1234W(1234) Teg! (4l (Dul ,(2)ul ,(3)|0),
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and after projecting into the following state of three-quarks and a gluon:
(0] 6} (8) 11,0 (7) 11, (6111 (5), (3.99)
we obtain the equation:
WH(1234) + WH(1324) — ¥H(3124) — wH(3214) = 0. (3.100)

Of course, if ¥t is anti-symmetric in the third and the fourth arguments, the
condition is fulfilled. However, the most general solution to this equation can
be written as a sum of three terms:

PH(1234) = w4 (1234) — v (1324) + wHO(1234), (3.101)

where the superscripts indicate a well-defined behavior under a cyclic permuta-
tion of the quark arguments:

W(D)(1234) _ W(O)(2314)’ lpi(+)(1234) = e%iw¢(+)(23l4). (3.102)

The Eq. (3.102) implies that the function ¥+ does not have a definite behavior
under the exchange of two quarks. This entails that the state in Eq. (3.90) is
not correct, since it relies on the assumption of the anti-symmetric behavior
under the exchange of the second and third argument of ¥+.

3.4.2 Link with the Light-Front Wave Amplitudes

The DAs introduced in Eqs. (3.62)-(3.65) will be now studied in more detail.
Most of our knowledge of the DAs relies on model calculations (see Ref. [63])
and few information from lattice QCD (see Refs. [64-66]. Since, as we are
going to show, DAs and LFWAs are deeply connected, a good understanding of
the proton DAs has repercussions on the understanding of the various parton
distributions that, we recall, can be written as overlapping integrals of LEWAs.

We shall start the discussion about the link between DAs and LEWAs with
the simplest case: the three-quark state with L, = 0. To isolate this contribu-
tion, Eq. (3.62) must be projected in the Dirac space with the appropriate Dirac
structures. We refer to Ref. [67] for the general decomposition of Eq. (3.62). It
happens that the three-quark L, = 0 state is also the leading-twist contribution
in Eq. (3.62), and reads*:

(01 (uit(20) Cy Py (22)) v it |p, 1)

1 , .
= —§p+fy+NT(p) /[d:v]ge_”ﬁzzl iPg(xq, 2, T3), (3.103)

where N (p) represents the proton spinor in momentum space, @3 is the leading-
twist three-quark distribution amplitude and C' = 17?4 is the charge conjug-
ation matrix, essential to give rise to the correct quark annihilation operator.

4No gauge links appear, since we are working in the light-cone gauge.
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In this case, the leading twist is twist-3, from which the subscript of @3 comes.
By the insertion of Eq. (3.82) into Eq. (3.103) we obtain:

@3([L‘1,[E2,$3 = 4\/_/ dku_ 123 (3104)

As it should be clear by its definition, the DA cannot provide information on
the actual k shape of the LFWASs, but only on the dependence on the fractions
of longitudinal quark momentum.

For the four-parton DA we limit ourself to the leading-twist components,
which correspond to twist-4:

(Oligae™ i (20)u (22) (0 AL ()T, ) dfy (z9)| P, 1)
_ ﬂ / (delse P SEE B (2, 29, 25, 24), (3.105)
(Olige™ ujy(z1) (05 AT (20)T3 ) i, () (25) P, 1)
= ﬂ /[dx]geiP+Z“Z@f(a:1,x2,x3,:c4), (3.106)
(Oligae™ (07 AT (20)T ) wf (1), () (25) P, )

— (Pt 5/2 A
= #/[dd]]ge_lPJr meE’f(xl,xg,mg,m), (3.107)

where the 4+ on the spinors identifies the good components.

The same approach used for the three-quark state can be applied here to
compute the connection between the DAs and the LEFWFs for the three-quark
and one gluon (3qg) Fock state:

M _ —
2\/:74/[(1@]4 P = o~ CZHonma,a,00) + Faa . aaca0), (3109

M
2vw4/[dk¢14 Wit = " 96g. (20 (w2, 1, w3, T4) + DY (21, T2, T3, T4))
(3.109)

M
2\/@/[dku_]4 ![/122724 = @ (2@&(1’1, T2, $3,$4) + ![/f(l'g,ml,l'g, 1'4)) . (3110)

The Eq. (3.110) differs by a sign from the corresponding relation in Ref. [68].
The opposite sign comes from correctly implementing the light-front parity
transformation to change the light-cone helicity of the proton, see Eq. (3.89).
In the case of vanishing parton OAM, we showed that the connection between
DAs and LEWFs is very simple. This is because in the definition of the DAs only
the good components of the quark fields and the transverse components of the
gluon field appear. The sub-leading twist DAs, i.e. twist-4 for the three-quark
state and twist-5 for the three-quark plus one-gluon state, involve bad compon-
ents of the quark fields. Although the calculation becomes more cumbersome,

46



3.4. Light-Front Wave Functions and Distribution Amplitudes

in this case one can access the LFWAs with L, # 0. The bad components
in the DA operators cannot be straightforwardly annihilated with the quark
operators in the Fock state, since the Fock state is constructed only using the
good components. Therefore, our general strategy is to use the quark EOM
given in Eq. (2.32) to rewrite the bad components in terms of the good ones.

3.4.3 Inversion of the Equations of Motion

The differential form of the EOM given in Eq. (2.32) must be cast into an integ-
ral form in order to remove the bad quark-field components from the definition
of the DAs. The first step is to remove the covariant + derivative in Eq. (2.32)
in favor of the partial 4+ derivative. To achieve this, we can make use of the
following property

W((z*,¢,z1),2) D =i0f W ((27,(", 2z1),2) . (3.111)

Hence, Eq. (2.32) takes the form:

n
5 W ((54,¢,20),2) 6 (2) = D0 ((5,¢7, 20),2) (v, D+ 1) 4 (2),

(3.112)
Note that this expression for the EOM can be trivially deduced in light-cone
gauge AT = 0 since the Wilson line runs along the light-cone direction. The
general solution in position space for Eq. (2.32) can be obtained using the Green
function that satisfies

LG —z7)=060( —27), (3.113)
and using the relation between gauge links
Wia=™,b7) =W (b ,a). (3.114)
From Ref. [69] we have:

bo(z7) = / dEW (= € (€)

+/d§_%G(§_ —2 )W, )DL -y +m)ve(E7).  (3.115)

In the first term of the equation we recognize the zero-modes for the bad quark
field. The boundary conditions for the bad quark field are reflected in the expli-
cit structure for the Green function. As in the case of the boundary conditions
for the transverse gluon field in light-cone gauge, three common choices exist:

$(007) =0, P (-007)=0, ¢ (07)+¢(-007)=0,  (3.116)

known as retarded, advanced and principal-value boundary conditions, respect-
ively. Each choice determines the explicit structure for the Green function.
They are, respectively:

0(x) —0(—x)), (3.117)
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where we shortened the notation using x = £~ — z7. Note that, trivially, we
cannot have a Green function that ensures the boundary conditions

b (007) = (—007) =0, (3.118)
since it should be proportional to
G(z) x 0(x) +0(—x) = 1. (3.119)

Specifying Eq. (3.115) for the light-cone gauge, that essentially allows us to
neglect the gauge links, we have in momentum space:

00 = [ Ao (€ LI + Iy ) 8
ooy (AL () 1 BC, (3.120)
where we defined
by (k) = / d'z ey (2), (3.121)
[ALYy](2) = AL(2)Y4(2), (3.122)
v = [ at e (AL0](), (3.123)

The boundary-condition (B.C.) term in Eq. (3.120) depends on the specific
choice of the Green function :

L L K (CRETRYINENEN Y
gy [ALB(E k) )

where the plus sign refers to the retarded boundary conditions and the minus
sign to the advanced boundary conditions. In the principal-value prescription
we have instead

B.C.=0. (3.124)

Note that all the boundary-conditions terms are proportional to 0(k*). We
shall come back to the boundary conditions of the EOM in Chapter 7, when
we are going to investigate the higher-twist TMDs. For the remaining of this
Chapter, we are going to ignore the boundary-condition terms, and this allows
us to express Eq. (3.120) as follows:

(LK) + V() = ”7 m+ e - y.) (8 + L. (h)
/ dp+dm krp*
220 (5 =) (5 +p7)
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>< [u-Al (540) (vt (5-0) + ot (-5+0))
fy, AL (—g—p> (wi (g—p> oyl (—§+p)>], (3.125)

where we separated the quark and antiquark components, labelled with ¢ and
q respectively. For the good components of the quark field, we have the explicit
representation

YI(k) = u(k)b(k), (k) = v(k)d'(k), (3.126)
where the light-cone helicity and color indexes are understood. Using Eq. (2.51)
in Eq. (3.125) we have that

AT = 3 A7 09 () (3.127)
A=1/4
In the first line of Eq. (3.125), the on-shell condition
m? + k2
k= 12
2K+ (3-128)

is understood, whereas, in the second line, the on-shell conditions read (from a
careful evaluation of the on-shell deltas in the field expansion):

p:

—ktm? — kA pt —2m?pT +2kTky -p, —4pTp
2(k* —2p*)(k+ + 2p*) ’
ApT(m? — 2k, -p,) + k(K3 +2m? + 4p?)
A(kT = 2p*)(k* + 2p™)
For future use, we now specify Eq. (3.125) in the case of a quark, ignoring

the antiquark part, and ignoring the gluon creation operator Al. Moreover,
we project Eq. (3.125) into states of definite chirality via the projectors

(3.129)

kiz

. (3.130)

1
G:I: = 5 (]]_ :|: ’}/5) 5 Giwgzi = :l:i/]gz:t, (3131)

where ¢ is the field chirality. We then obtain:
KTy o g(k) = ko -y vy (k) +miby ¢ (k)

dpTdp | k k ktp*
o o= AL (=) - - .
v [t (347) e (3 0) m o
(3.132)

Since we are assuming vanishing zero modes, this entails that k™ > 0, and
inverting the previous equation is straightforward. Note that all the results of
the following section are still valid if the zero modes would have been present,
with the caveat of redefining the generic DA @ as:

D = @full - @ZQI‘O modes- (3133)

As we are going to show in Chapter 6, our model for the DAs will have vanishing
values for k™ = 0, hence we are, for all practical purposes, using @ as a DA
instead of Dgy.
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3.4.4 Higher-twist Distribution Amplitudes and Light-Front Wave
Amplitudes
In this section, we are going to use Eq. (3.132) to construct a system of equations

that will allow us to express the twist-4 DAs in terms of the LEWAs. The
general definition of twist-4 three-quark DAs in light-cone gauge is as follows:

(01" (w1 (21)Cy iy (22)) ¥t D)
+

= —%NT/[dx]geip+zxizi@4(x1,x2,x3), (3134)

(O™ (w1 (21) CY vyt (22)) ¥y dny )
= —M7+N¢/[dm]ge_ip+zziziw4(x1,xg,xg), (3.135)
(O] ™ (uf+(21)CY ™yt (22)) Yt |p)

M~+ : e
= ; NT/[d$]36_1p+zxﬂ1.:4($1,ZL’Q,1‘3). (3136)

By direct inspection of these equations, one can see that they involve one bad
component and two good ones: in Eq. (3.134) the bad component is from the
down quark, in Egs. (3.135) and (3.136) the bad component is from u(z2) and
u(z1), respectively. Equipped with Eqgs. (3.134)-(3.136), we can clearly see that
each twist-4 DA can be written in terms of LFWAs as a sum of three distinct
pieces: a mass term connected to the three-quark L, = 0 LFWA, a gluon term,
connected with the three-quark plus one-gluon L, = 0 LEFWA, and a k term,
connected to the L, = £1 LFWAs for the three-quark state. We can invert
these relations to express the L, = +1 LFWASs in terms of twist-4 DAs and the
L, =0 LFWA. Twist-5 and twist-6 DAs, defined in Ref. [68], involve two and
three quark bad components, respectively:

(0| glmm (UZT(zl)CW’um,¢(22)) Y dy 1 |p)

M2 + . o
- _ 4pz NT/[d:v]ge_lp+zx’z’@5($1,5172,IE3)7 (3.137)
(01 ™™™ (i1 (20)Cy 97ty (22)) ¥ dy )

= —MfyNT/[dx]geip+z""”iz@5($1,x2,x3), (3.138)
(O™ (uf3(21)CY Y wm(22)) 7t Ip)

M~ .
= _’7 T/[d$]36_1p+zzizi55(l‘1,ZL’Q,Ig), (3139)

2
(0| glmn (uZT(zl)CV_UmM@)) Y dn1 |p)
M?~y~ ; 2
_ 4P’i NT/[diC]gelW— szzz@(;(xl’ x2’$3)_ (3.140)

Therefore, from the inversion of the EOM in Eq. (3.132), they can be written
as combinations of a mass term, an OAM term and a gluon term. However, the
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3.4. Light-Front Wave Functions and Distribution Amplitudes

gluon term involves both the L, # 0 LEWAs for the three-quark plus one-gluon
state as well as the LEFWAs for the two- and three-gluon state with L, = 0.
For these reasons, the complexity associated with the inversion of the LFWA-
DA system increases rapidly. We notice that the LFWA ) is linked to the
twist-b DAs even if it has L, = 0 because the OAM of the individual quarks
is not vanishing for ¥(®. We shall illustrate in this section only the case of
twist-4 DAs, because we will restrict our model to include only the L, = +1
LFWAs (see Chapter 6). We stress that the techniques that we are going to
show can be generalized to incorporate any N parton Fock state, meaning that
a complete knowledge of the proton DAs generates a complete knowledge of the
(k. integrated) LFWAs and vice versa. We think that this construction gives
also a really clear indication of how to build a consistent model for the Fock
expansion of the proton state: when considering contribution of states with
L. # 0, one should take into account also the contribution from the higher-
order Fock states which come into play from the relation between DAs and
LFWAs.

In the last part of this section, we are going to explore in detail the connec-
tion between the three twist-4 DAs and the LEWAs 4345 Let us start with
defining the decomposition:

By =" 4 o) 4 ) (3.141)
vy =w™ w4l (3.142)
Ey=E" + 5 1 29 (3.143)

The mass terms is the simplest term to compute for all the DAs, and the results
are:

m m
@51 )<I1,SL’2,$3) = _M{L’ @3(1’2,271,1’3), (3144)
3
m m
Wi )<CL’1, lL‘Q,[Eg) = Mz (@3(1’2, 1'3,1‘1) + @3(1’1, Ig,xg)) s (3145)
2
—(m) m
2y (2, w0, 3) = Mx1@3($2,331,1’3), (3.146)

where the leading-twist DA can be expressed in terms of ¥(?) by means of
Eq. (3.104).

The k, terms are the one of interest for us, since they connect the twist-4
DAs to the L, = £1 LFWASs through the following relations

R
Ml‘g

[dk )3 (kS,RkQ,L@/)(?’)(Qa 1,3) + ks rk1 1™ (2,1, 3) .
(3.147)

Qsz(lku_)(xla T, 1:3) -

v
MJ]Q

O (21, 9, 15) = [dke1]5 (kyrke, 0™ (1,2,3) + ko gka 0™ (1,2,3))

(3.148)
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- 4v/6
E @,z ) = T [ [dheL)s (ko™ (2.1,3) + ko0t ®(1,2,3)
1
(3.149)
Last, the gluon contributions read:
@Z(Lg)(xhx%x?)) - _1 /xs dy ! éi(xh‘r%yux?) - y)7 (3150)
2 Jo r3(73 — Y)
Wig)(ﬂﬁl,l’m%) = —1 /””2 dy;!f/f(xl,y,xg,xg —Y), (3.151)
2 Jo T (22 —¥)
=(9) _ 1 /ml 1 =9
=7 (21, 19, 13) = —= dy——— =5 (y, xo, x3, 21 — V). 3.152
i (21,22, 23) 2/, y$1($1—y) 1y, v2, 73,21 — Y) ( )

These results and the link between the gluon DAs and the three-quark plus one-
gluon L, = 0 LFWAs in Eqgs. (3.108)-(3.110) highlight the connection between
the three-quark LFWAs with L, # 0 and the LEWAs for a state with an extra
gluon. To make this connection explicit, we invert the systems of equations
(3.141)-(3.143), with the result:

o) _ V6
4 M!L’g
= —A(213) == @4($1,I2,Z’3) - @im)(l'l,ZEQ,.Tg) — @Elg)(l’l,.f%x:;)

m

= 4wy, 9, 73) + i

[dk 15 (ks,rk2,00™ (2,1, 3) + ks phr ™ (2,1, 3))

@3(132, L1, $3)

Z3
+1/de 1 ) (3.153)
- - Pxy,x T3 — )
9 . y$3($3—y) 4\ T1,T2,Y,T3 Y),
46
o) - - / (k] (o 16O (1,2,3) + ko ks (1,2, 3))
= —B(123) = Uy(a1, w2, 3) — U™ (21, 09, 23) — W (21, 03, 73)
m
= WUy(x1, 29, 73) — Vo (P3(w2, 3, 71) + P3(71, 73, 72))
2
+1/x2d S— ) (3.154)
- - WI(xy.y, x3,T0 — )
92 o ny(J:Q_y) 4 1,Y,23,T2 Y),
_ 46
2 = T [k ls (kupky st ® (2,1,3) + kpke ¥ (1,2,3))
1
= 0(123> == E4((L’1,.I‘2,ZE3) - Eﬁm)(xl, T, Ig) — Eig)(flfl,l‘g,xg)
_ m
= 54(5617332,373) - " @3@2,56’17133)
1
Y
- S To, T3, L1 — Y). )
92 o y$1($1—y) 2\Y,T2,T3, 21 )

To proceed further, we need to perform the integrals over the transverse mo-
menta. We can compute these integrals only in a particular model for the
LFWAs, as it will be described in Chapter 6.
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3.4. Light-Front Wave Functions and Distribution Amplitudes

To conclude this chapter, we notice that one could generalize the matrix
elements defining the DAs by assuming a dependence of the fields on the trans-
verse position, along with the light-cone minus position. However, in this case,
it would appear a transverse gauge-link that does not reduce to unity in the
light-cone gauge. Therefore the connection with the LEWAs would become
more involved and less transparent.
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Chapter

A study of the exclusive dijet cross
section

4.1 Introduction

In recent years, an increasing amount of effort and resources were devoted to
investigate different approaches that could allow us to access information on
the quark and gluon OAM inside the proton. As we introduced in Chapter 3, a
clear and direct information on the OAM can only be obtained via the Wigner
distributions (or their momentum-space counterpart, the GTMDs). For this
reason, every process that allows one to gain insight on GTMDs is of great
interest. Unfortunately, at present, only very few processes are known to give
access to GTMDs, at least in principle [70-80]. Practical difficulties make the
candidate processes very hard to analyze with a precision sufficient to extract
information on the GTMDs. A promising example among the possible processes
is given by the diffractive dijet production in the quasi-real photon limit [72-
79]. The process can be described in the partonic picture by a gluon exchange
between a pair created by the photon and the proton. The final-jet invariant
mass provides the hard scale necessary for the partonic interpretation of the
process. The characteristics of the process make it suitable to study the gluon
Wigner distributions in the small-z approximation [80-82]. Extensive work
was done in this direction, with particular focus on specific cross-section angular
modulations, which allow one to specifically access the gluon OAM contribution
in the small-z region [79]. However, at the best of our knowledge, no explicit and
complete cross-section decomposition was presented in literature so far. We aim
to provide such a decomposition in this chapter. We believe that this will open
the possibility for future works to explore the structure functions associated
with different angular modulations. Moreover, with the fully differential cross
section at our disposal, it might be possible to extend the study of this process
beyond the small-z approximation, eventually leading to a full description in
terms of Wigner functions for moderate values of z.
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4. A study of the exclusive dijet cross section

P target initial momentum

P’ target final momentum

S target spin vector

q quasi-real photon momentum

J momentum of the first jet

l momentum of the second jet

k | momentum of the incoming lepton
k' | momentum of the scattered lepton

Table 4.1: Summary of the momenta of the particles/jets involved in the dijet
diffractive production process.

4.1.1 Conventions

Since we aim to study diffractive dijet production in the quasi-real photon limit,
we assume that the photon is generated by a leptonic probe. This is inessential,
since the photon source can also be of different nature, like an heavy ion in ion-
proton collisions at large impact parameters (in this case we refer to the process
as ultra-peripheral pA collisions). The last ones can be explored at the Large
Hadron Collider (LHC) at CERN (Geneva, Switzerland), whereas the lepton-
proton version of the process is useful in perspective of studies at the future
Electron-Ion Collider (EIC) at the Brookahven National Lab (BNL) in the US.
We also assume the one-photon exchange approximation. We then focus on the
process:

((k)+p(P) = p(P")+ J(5) + J(I) + ((K), (4.1)

where e, p, J stand, respectively, for an electron, a proton and a jet with the
momentum of each particle/jet in brackets. To help the reader, a summary of
the notation for the momenta is shown in Tab. 4.1.

We will adopt the following shorthand notations

1
atp = B (a"b” — a”b) (4.2)
1
attvp’t = 5 (ab” + V"), (4.3)
gl =g %g, (4.4)

For a partonic description of the process, we need to identify a hard scale.
Since we are working under the assumption of quasi-real photon, the hard scale
is provided by the invariant mass of one of the two jets: u = /52 or p = VI2

oru:\/j_zz\/l_?.
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4.2. Reference frame

4.2 Reference frame

It is useful to introduce the following Lorentz scalars to parametrize the process:

@ Pq P P
Taopg VTP R T TP TPy

The cross section will be differential in the above variables. Having in mind
to utilize the cross section to extract information on the partonic structure,
and in particular on the Wigner functions, we need to make the cross section
differential in more variables. In particular, we would like to introduce as
variables the azimuthal angles of the produced jets and the polarization angle
of the target proton. To specify such angles, it is useful to choose a reference
frame, although it is possible to define the angles in a frame-invariant way
as shown in Ref. [83]. For simplicity, we choose to work in the Target Rest
Frame (TRF) with the photon three-momentum defining the 73 axis. Hence,
the additional variables that we choose to describe the process are:

ngv jia l2L7 ¢j7 ¢l>

where the L stands for the components of the vector orthogonal to the direction
of motion of the photon. The angle ¢g is the proton polarization angle, ¢;,; are
the angles of the 1. components of the jets with respect to the plane identified
by the lepton and photon momentum. A representation of the reference frame
is shown in Fig. 4.1. It is also useful to introduce a parameter that controls the
size of the target-mass correction as:

'2Mx

0 (4.5)
Finally, the invariant masses of the two jets, i.e.
jP=WE P =W, (4.6)

are considered fixed quantities, in analogy to the mass of an hadron. To simplify
the calculations, we shall assume massless electrons, i.e.:

k* = (k) =0. (4.7)

In this frame and with these assumptions, we have the explicit expression in
instant-form representation for the relevant four-vectors:

M 0 q°

P _ 0 or S| cos ¢g = 0 |
0 SJ_SiIngﬁS 0
0 -Sr ¢
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4. A study of the exclusive dijet cross section

k() jO lO
b k sin 6, = JL COS @, o [, cos ¢y |
0 jJ_SiH¢j lJ_Sind)l
k cos 6, 53 I3
where a, = |a, | for any transverse vector a,; and k is the magnitude of the

three-momentum of the electron. We can express all the components in terms

of the invariants of the process (for the expression of the angle of the lepton see
Ref. [23]):

¢ = 201,00, VI 9),
Y
kt = Q(l,sinﬁe,o,cos 0.) with
yy
1422 22
cosf, = sinf, = _Y ’y

m \/1+7 7
2
I Q( 8? ¢J7Q]sm¢j,\/ szg (jJ2_+VVj2))7
J

I 2
l“:zl% ( C37(3 sgbl,Q smgbl,\/ Q2 s (13 +W2)>

For any four-vector v it is useful to introduce the auxiliary vector

wVdq

v =1l — gt —= (4.8)

q*

that satisfies the property:
vg-q=0. (4.9)
The general expression for the cross section is

M |2dw
do = 4.10
g 90 Y ( )

where & is the flux factor, dw is the differential phase space of the final particles
and |111]? is the amplitude square of the process. The phase space is simply:

A A

4 / / .
dw = @m) (PR H k=P s s 3Pt (am)s 20 (2 )3 200 (2 )

. (4.11)

In the following, we eliminate the delta function for the overall momentum
conservation by simply integrating over P’. We can manipulate the remain-
ing phase-space factors to express all the differentials in terms of the chosen
variables and invariants:

Q%

2,-}/2 73

d J ]J_Q Z]
250

djLdeidz; = L d2 d¢;dz;, (4.12)
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4.2. Reference frame

Figure 4.1: Pictorial representation of the reference frame for the diffractive
dijet production in the one-photon exchange approximation. For a summary of
the momenta involved see Tab. 4.1.

Figure 4.2: Schematic representation of the dijet process.

59



4. A study of the exclusive dijet cross section

¢l 1LQ% Q*z
2l = P dl dgydz = 2l3d12 déydz, (4.13)
e3E oy Q? Q? cos (6,)
— = —drdQ*dy = ~“—drdydy = ~—dxdyd . (4.14
2K0 Az vdQdy dx vydy Az xy¢sl—sin2( 0.) sin” (¢s) (4.14)
The flux factor can be computed as:
AMQ
F =4/(P-k)* — P22 = —=, 4.15
VPR - (415)

Finally, the amplitude square for the process can be written as the product of
the leptonic-probe tensor and an (unknown) hadronic tensor

et 167202

@ - L#VW'LW Q4 3

where « is the electromagnetic coupling constant and 1/Q* comes from the
photon propagator. The leptonic tensor is summed over the final lepton polar-
ization, but we keep the possibility to have a polarized incoming lepton beam
with polarization \.:

Z Uo ’71/“)\ (k)’yuua(k/)

= 4k{uku} — 2(1{3 . k) )gl“/ -+ QiAeguykk’ = 4k{ﬂkl//} + 2(]€ . q)gluy + 2@)\66“1,;“].
(4.17)

M = LW

(4.16)

Combining all together, we can express Eq. (4.10) as

0?1672 d31 dSJ BE
= L2
do 70 — W 7T2l0(27r)3 2j0(2m)% 2k0(2r)?
_ W L,uz/ 7Y Q2 QQZ_] szl a?167? 1
AMQ 4z 2925324213 Q4 (27m)8

42 d;dz;dI% depydzdadydip.
(4.18)

4.3 Hadronic tensor

All the proton-structure information is encoded in the hadronic tensor of Eq.
(4.18). The standard approach in this kind of problems is to decompose the had-
ronic tensor on a basis of independent Lorentz tensors. Each Lorentz structure
appears with an unknown coefficient, called structure function, that depends on
the whole set of possible Lorentz scalars. In a partonic picture of the process,
each structure function could then be written in terms of appropriate combin-
ations of parton correlators, Dirac matrixes and particle propagators. We shall
analyze the process only at the level of structure functions. The main goal of
the decomposition of the hadronic tensor in a Lorentz basis is to factorize all
the angular dependences, in such a way that each structure function can be
extracted as the amplitude of a given angular modulation of the cross section
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4.3. Hadronic tensor

(or a given combination of them). Therefore, by construction, the structure
functions can depend only on scalar products that are independent from the
azimuthal angles ¢g ;. Such products are:

The only scalar product of momenta that brings a dependence on the angles is:

. 2, 4 — 313
j-l:%—jlllcos(@—@). (4.20)
In general, we obtain:
G- 0" =F"+ YR cos (k(é; — &), (4.21)
k=1
where
F = F" (i, 2,205 Q%) Yk eN, k<n (4.22)

can be computed from Eq. (4.20).

We would like to stress the difference between our approach and the one
presented in Ref. [84] for SIDIS di-hadron production. The conceptual basis
is very similar, since the structure of the cross section is the same and only
the description at the partonic level changes. However, we chose to decompose
the cross section using different variables, in particular we are working with
the individual azimuthal angles of the two jets instead of the average angle
or the difference. This choice was made because it is a more straightforward
generalization of single-hadron SIDIS process.

We impose constraints on the hadronic tensor that derive from parity, her-
miticity and gauge invariance [85, 86]:

parity: W* (P, q,7,1,5) = A“aA”ﬂWO‘B <P, g, 7.1, —5) . (4.23)
hermiticity: W* (P, q,5,1,5) = [W"*(P,q,7,1,9)]", (4.24)
gauge invariance: ¢, W*"" (P, q,j,1,5) = ¢, W" (P,q,j,1,5) = 0. (4.25)

The parity matrix A and the “tilde” vectors are defined as follow:

1 0 0 0
0 -1 0 i

A = = AR (4.26)
0 0 -1 0
00 0 -1

A direct consequence of the parity invariance is the fact that S can appear only
linearly in the hadronic tensor and only in combination with the antisymmetric
symbol ¢#**?. The hermiticity constraint imposes the symmetric part of the
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4. A study of the exclusive dijet cross section

hadronic tensor to be real and the antisymmetric part to be imaginary. The
gauge invariance gives constraints on the possible Lorentz structures, in par-
ticular, if an open index is carried by a vector, then the vector must be in the
form of Eq. (4.8). In the following we shall analyze all the terms in the had-
ronic tensor, organizing the discussion in sections. Each section treats either
the unpolarized or the polarized hadronic tensor and either the symmetric or
antisymmetric part.

4.3.1 Unpolarized symmetric part

The, by far, most intuitive and simple part of the hadronic tensor is the sym-
metric and unpolarized one. We will analyze this part with care, because it
introduces us to the techniques and the caveats that must be carefully con-
sidered also when dealing with the other parts of the hadronic tensor. In the
unpolarized and symmetric sector of the hadronic tensor, the following inde-
pendent and gauge invariant Lorentz structures are present:

v v q#ql/ v v 14 yv
UL = g = S WS = PR U = B,
U = PR, Wy = i ugt = G, w =1 (4.27)

The structures with two antisymmetric symbols that involve a single-jet mo-

mentum like
cdPilngviaPj (4.28)

can be written in terms of the scalar products in Eq. (4.19) and the existing
structures in Eq. (4.27) by means of Eq. (A.4). Instead, the structures that
involve the momenta of both jets, like the following one

ngj{#gv}qu (4_29)

can be written in terms of the product j - [ and the existing structures in
Eq. (4.27). Finally, the fully-contracted term

(9P (4.30)

involves the product j -1 and the scalar products Eq. (4.19). These considera-
tions imply that, using Eq. (4.21) to write the scalar product (j - [)" in terms
of cos (k(¢; — ¢1)), we have for an arbitrary k € N:
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4.3. Hadronic tensor

(U™ = cos (k(¢; — o)) 52, (4.36)
(U™ = cos (k(o; — ¢n) 117, (4.37)

Therefore, we arrived at the following decomposition for the unpolarized
and symmetric hadronic tensor:

o) 7
=3 (wm® B®, (4.38)

k=0 =1

where BZ-(k) are unknown coefficients that depend on all the invariants of the
process but not on j - [.

To match the standard convention adopted in the description of the SIDIS
and DVCS processes, we introduce the auxiliary variables:

1 Y>> 11
1/ Y 4.39
v= v V2 27 y) (4.39)

that can be expressed in terms of ratio between longitudinal and transverse
photon flux €, defined as (see Ref. [83])':

SO i
em_ TV 7 (4.40)
=yt 2@+ )
2 1+ 92
e J S 4.41
‘T N TF (4.41)

By inverting the above relations, we obtain:

VIR o TR ol
—1_6 Ve, —1_6 ——V1 (1_6)\/ (I1+¢). (4.42)

As noticed above, the symmetric part of the hadronic tensor must be real
due to the hermiticity constraint in Eq. (4.24). Therefore, the contraction with
the imaginary part of the leptonic tensor must vanish (the check of this property
is straightforward). Explicit results can be found in the App. A and, since they
are quite lenghty, they are given for the unpolarized and symmetric case only.
Here we isolate only the relevant polarization coefficients of Eqs. (4.42), leaving
all the invariants inside the coefficients A;. For the basic structures of Eq. (4.27)
we have:

(7~ ) e 10 a3

PHPARe (L) = Ap

(4.44)

€

!The symbol € is reserved for the antisymmetric symbol and ¢ for the photon polarization
factor. Confusion should not arise.
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4. A study of the exclusive dijet cross section

W e(l+€
P Re (L) = Ar U2 cos (o), (1.45)
Pq{“l;’}ﬂe (L) = 6(11 o) cos (¢y) , (4.46)
€(l+e€
jé“]”}me (L ) A71 + Ag + Ag (1 — 6) COS (¢])
+ AlO 1 . COS (2¢]) s (447)
1
% Re (L) = Auig ! -+ A+ Aig 6(1 j ) cos (¢1)
+ A14 COS (2@51) (448)
1
{“l”}me( ) A15 + A16 6(1 j_:) COS ((bj)
1+ 1
+ A7 6( 6) cos (¢r) + Ais [ s (¢j — d1)
+ Alg COS (QZ% + (bl) (449)

The contraction between the unpolarized hadronic tensor in Eq. (4.38) and
the leptonic tensor in Eq. (4.17), using Eqs. (4.43)-(4.49), leads to:

md%ﬂﬂmeww>=I%QEZan@—wmo{G¥*+Gﬁe
k=0
+ Gék)\/e(l +€) cos (¢;) + Gflk) €(1 4 ¢€)cos(¢y)

+ Gék)e cos (2¢;) + Gék)e cos (2¢y) + G;k)e cos (¢; + ¢1) }
5

(4.50)

4.3.2 Antisymmetric unpolarized part

The antisymmetric and unpolarized part of the hadronic tensor gives non van-
ishing contribution only when contracted with the imaginary part of the leptonic
tensor (we recall that the antisymmetric part of the hadronic tensor must be
purely imaginary from the hermiticity constraint). We have only three inde-
pendent structures:

(P1") ") = cos (k(¢; — ¢r) P52,
(@)Y = cos (k(¢; — ¢1) Pz,
(@)™ = cos (k(¢; — &) jL12.
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4.3. Hadronic tensor

Therefore, the unpolarized and antisymmetric part of the hadronic tensor reads:
W =3 3 @GP, (1.51)

where C’i(k) are unknown coefficients that depend on all the invariant of the
process, but not on j - [.
Using the definitions (4.40)-(4.41), we have:

PLI (L) = Buy [ 7 sin (6)).
PLIM (L) = Boy [ 7 sin (61).
P (L) = By [ sin (6))
+ By [ sin (@) + BsVIFesin(é,—d).  (452)

Combining these results, we finally obtain the contraction between the
leptonic part and the hadronic part as:

3 (V) 30 (L) = Ao D cos (K6, — 1) {H{’f%/eu oy sin (&)

+ HP /(1 =€) sin (¢n) + HPVI = Esin (¢; — 1) .
(4.53)

4.3.3 Polarized symmetric part

We can now start the study of the hadronic tensor for a polarized target. The
complexity increases due to the larger number of possible combinations of vec-
tors that lead to allowed Lorentz structures. For simplicity and to keep the
notation clear, here we confine ourself to (j - [)°, and the generalization to
(7 - )™ for all n is straightforward (see Sec. 4.3.1). In this section, we also in-
clude the results of Sec. 4.3.1 for the unpolarized case, to obtain the final result
for the contraction between the real parts of the hadronic and leptonic tensor.
The hadronic tensor reads:

Re (W;w) :u;lw + (g + QQ% ) (€SquQ)1 + €Squ¢2 + Equl@g)
+UL” + PP (591, + 575 + 597 )
_|_u§1/ + Pju]qu} (ESqugp7 + 8S'qungS 4 ESqﬂ@g)
HUY + PP (597 4 51 4 5971 )
+UL” + j{” V} (e SPip s + 5Py, + €qu1¢15)
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U +j,§“lg} (5qujd516 4 eSPlg 4 Esqjl@m)

FUL” A+ 13 (e5TPIDy g + 5P Doy + 5V Dy, )

+ePI Sl (P Doy + it Doy + 11 Dyy)

+Pq{“ (€V}SqPQ§25 + e Py 4 €V}Sql¢27)

+ji (159 Doy + 159U oy + 1Ty

I (£159P Py 4 IS0 Py + 19U Py;) (4.54)

However, not all the 40 Lorentz structures lead to independent contributions
when contracted with the leptonic tensor. This is a direct consequence of the
following relation:

Re <LMV) P{N v}SqP Re (ij) P{M v}Sqj Re (L;w) P{u v}Sql
det | Re (L/W> ]{“ vISeP R, (L;w> ]{HEV}ng Re (L/W> ]{H viSql | = ().

Re (L) 1859 Re (L,,) 184759 Re (L,,,) 17154
(4.55)
This implies that we have 30 independent polarized structures (at order (j-1)°)
when we contract the hadronic tensor in Eq. (4.54) and the leptonic tensor.
From this observation we conclude that the lepton-hadron scattering in the one
photon-exchange approximation is not able to distinguish all the, in principle,
independent Lorentz structures present in the hadronic tensor. Different pro-
cesses, that can be described via the same hadronic tensor, are, in general,
necessary to fully reconstruct it. The discussion of such processes is beyond the
scope of this work.
The contraction between the leptonic and the hadronic tensors leads to the
following result at order (j - 1)°:

Re (WH) Re (L)

=[S, sin(¢pg) G1 + el S sin (¢s — 2¢;) G2

+ 208y sin (gs — 2¢y) G3 + ((* — %) S1sin (¢pg — 2¢; + ¢y) Ga

+ (02 = 2%) Sysin(¢s — 261 + ¢;) G5 +¢>Sysin (¢s + 2¢; — ¢1) G

+ 228 sin (¢s + 2¢; — ¢;) Gr + > sin (g5 — 2¢; — @) Gs

+ %S sin(¢s — 2¢1 — ¢;) Gy + (Aie” + By ((* — %) + C1) Sisin (¢s — ¢5) Gro

+ (A® 4 By (17 —2%) + Cy) Sy sin (¢s — ¢r) G + 2251 sin (¢s + ¢;) Gia

+ 28] sin (¢ps + @) Giz + 25 sin (¢s — 3¢;) G4

+ 28] sin (¢ps — 3¢y) Gi5 + 0S| sin (s — &) cos (¢;) Gig

+ ¢S sin (¢ps — @) cos (¢1) Gir + el Sy sin (¢;) Gis

+ ¢Sy sin (¢y) Gig + ¢Sy sin (2¢;) Gao

+ ¢%Sp sin (2¢y) Go1 + (AgZ + By (f = z2) + Cg) Spsin (¢ — @) Gao

+ 28 sin (¢; + @) Gog + LS sin (¢p; — 2¢) Gog + ¢l Sy sin (¢ — 2¢;) Gos
+ (02 = 2%) Spsin (2¢; — 2¢y) Gag + ¢>Spsin (¢; — 3¢y) Gor
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+ %S sin (@ — 3¢;) Gag + ¢l cos (¢;) Gag

+ 2l cos (@) Gzo + ¢ cos (2¢;) Gz

+ 22 cos (2¢1) G3o + (52 — 22) cos (¢; — ¢1) Giss

+ % cos (¢ + &) Gaa + (Ar® + By ((7 = %) + Cy) .

We note that some spurious angular structures appear, like sin (2¢; — 2¢;),
since it can be written as:

sin (2¢; — 2¢;) = 2sin (¢; — ¢;) cos (¢; — ¢1) (4.56)

meaning that it belongs to (j - [)! order, or like cos (¢; — ¢;) that appears in

front of G33 and is clearly a constant contribution at order (j - [)*.
Using the definitions in Eq. (4.42) and eliminating all the spurious contri-
butions, we obtain the following result:

oo

Z cos (kp; — key)

k=0

X {ng) +GPe+ G \/e(1+ €) cos (¢j) + G \/e(1 + €) cos (&)

+ Gék)e cos (2¢;) + Gék)e cos (2¢;) + G;k)e cos (¢; + &)
+Ve(1+ )L sin (¢5) GY + V/e(1+ )SLsin (65 — 26;) G
+Ve(1+ e)SLsin (¢s — 261) G + Sy sin (65 — 26, + é1) G
+ S1sin (¢s — 21+ &) G5 + €Sy sin (ps +20; — ¢1) G5

+ eSLsin (6 + 200 — 6;) G1) + eSusin (95 — 26; — 1) G

+ €Sy sin (g5 — 200 — 6) G + (G + GRe) Susin (65 - 0))
+ <G§];) + Gé?e) Sy sin (¢s — @) + €S sin (gbg + gzﬁj) G

+ €S, sin (g5 + &) G + €S, sin (¢5 — 3¢;) G

+ €S sin (¢ — 3¢;) Ggf1 + \/TSL sin <bg — ¢y) cos (¢;) G
+Ve(l +€)S, sin (¢pg — ¢;) cos (1) G 26 ) 4+ \/17—1—65Lsm qu
+ v/ e(1+ €)Sy sin () Ggg + €Sy sin (2¢,) G

+ €Sy sin (261) G + (Gg’? + Gg’;>e> Sy sin (¢; — &)

+ Sy sin (¢ + ¢n) Gy + m Sy sin (¢; — 261) G
+/e(1+ €) Sy sin (¢ — 2¢;) G5 + €Sy sin (¢ — 3¢z)

+ ESL sin (¢l - 3¢J) Gg];) } . (457)

Re (W) Re (L)

:1—6

We note that 37 independent structures appear in Eq. (4.57), consistently with
what one would expects from the hadronic tensor in Eq. (4.54) taking into
account the three constraints from Eq. (4.55).
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4.4 Polarized antisymmetric part

Following the same procedure of the previous section, we have in total 24 inde-
pendent structures at order (j-1)° when including the polarization of the target,

1.e.

Im (W) =Y + Plgel (5977 1 4 59711y 4 5991 T)
+ P+ Pq“zgl (5979 1y + 5971 Iy + 5991 )
L 4 ) (597 4 5P 4 59T
+p[u (81/]5'qu10 +eMSu, + gu}Squm)
+j[u ( ASaP oy M50y, + EV}Squw)
H([Iu (e vISeP P 4 MSa o 4 gu]squlg)

+etPI S (P g + 1 oo + 1Ty .

(4.58)

Also in this case, not all the polarized structures lead to independent struc-

ture functions once contracted with the leptonic tensor.

following identities:
SqP
EVqugy 7

det gl/jkngSqP

SqP
5ulkq5V e
SqPj
Epjkee” "

SqPj
EjlkgE” T

Sai
Eququ qg

Sai
5ujkq€lj q]

Sai
51/lk:q€V q]

SqPl
EpjkgE’?

SqPl
EpikgE?

SqPl
5jlkq5 q

This is due to the

Sql
EquqEV 1

Euirge”? | =0, (4.59)

Sql
5ulkq5’/ 1

Sajl
Epjkge” Y

€ pikge” V! (4.60)

Saqj
Ejtkg€” Y

Moreover, after contraction with the leptonic tensor, the structures in front of
I’y 9091 become no longer independent (see Eq. (A.5)). We hence have just 17

independent angular structures at order (

Im (W) Im (L)
= A\etS| cos (pg) F1

J-1)°

+ ALS| cos (s — ¢;) Fo + Al Sy cos (ps — ¢y) Fs
+ At S| cos (ps — 2¢;) Fy + AetS1 cos (ps — 2¢y) F
+ At Sy sin (¢;) sin (s — ¢y) Fs + A\er Sy sin (¢y) sin (s — ¢;) I
+ ALS| cos (s —2¢; + 1) Fs + AelS1 cos (ps — 201 + ¢;) Foy
+ AetSpcos (¢;) Fio + AetSt cos (¢1) Fia
+ At Spcos (¢; — 2¢y) Fia + AevSp cos (¢ — 2¢5) Fig

(

+ Al St cos (¢ —

+ )\e[SLF16 + )\ez sin (qb]) F17
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+ )\EZ Sin (¢l> F18 + )\e[ sin (Qb] — ¢l) F19-

The angular structures associated with 1415 are actually spurious, correspond-
ing to the contributions at order (j-1)! and (j - )? to the “constant” term F.¢’
and ng’, respectively.

We then have, to all orders in (j - ):

JIm (W) Im (L), = Aei i cos (ko; — key) {\/6(1 — ¢) sin (¢;) HP
k=0

+ Vel =€) sin (¢y) HF + V1T = Zsin (p; — ) Hék)

+/e(1 —€)S, cos (¢g) Hﬁk) + V1 — €28, cos (pg — ¢;) Hék)

+V/1— €28, cos (s — ) Hék) +1/e(1 —€)S, cos (g — 2¢;) Hék)
+V/e(1=€)S, cos (65 — 261) HY" + \/e(1 = €)S L sin (¢;) sin (65 — 1) Hy
+\/e(1—€)Sysin (¢) sin (65 — ¢;) Hig + V1 — €25 cos (ps — 26, + ¢) Hyy
+ V1= @51 cos (gg — 201+ ¢;) Hys + /e(1— €)Sy cos (¢;) H{3
+/e(1 = €)Sy, cos (&n) Hyy + v/e(1 = €)Sp cos (¢ — 2¢1) Hyy)

+ v/ €(1 —€)SL cos (¢ — 2¢,) Hl(lg) +v1-— eQSLHf];)}.

4.5 Conclusions

The derivation of the general expression for the cross section of the exclusive
dijet process is the necessary first step to set the basis for future works. The
ultimate goal is to derive the explicit expression of the structure functions in
terms of Wigner distributions and to identify a set of promising observables
that eventually will allow one to extract information on these functions. A
diagrammatic representation for the dijet amplitude in the partonic picture is
shown in Fig. 4.3. The explicit link between the structure functions and the
Wigner functions is far from being trivial, since we have an infinite number of
structure functions associated with all the possible values for the total angular
momentum of the two jets. This is a demanding task and is left for future
work. However, the dijet process holds the promise of being a key measurement
to access information on the Wigner distributions and therefore to give new
insights into our understanding of the partonic structure of the proton.
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4. A study of the exclusive dijet cross section

P P

— Qe I

Figure 4.3: Diagrammatic representation of the amplitude for the dijet process
in the partonic picture. The two jets are originated from the fragmentation of
the two quark lines labelled with j and [ in the diagram.
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Chapter

Lensing relation

5.1 Introduction

Model-induced relations among different TMDs or among TMDs and GPDs
have been studied for a long time, since they can provide intuition about the
complex QCD phenomena. Some example of such model-induced relations and
corresponding studies can be found in Refs. [53, 56, 87-91].

We reviewed in Chapter 3 that two different ways to access a “three -
dimensional” parton picture of the proton are possible. The first one is given
by the GPDs from which one can define IPDs as the Fourier transforms from
the momentum space to the impact-parameter space at zero longitudinal mo-
mentum transfer, see Sec. 3.3.3. The IPDs give access to a 2 4+ 1 picture of
the proton, meaning that they contain a bi-dimensional spatial information
(the distance in transverse space of the active parton from the center of trans-
verse momentum) and a mono-dimensional momentum information (the parton
fraction of longitudinal momentum with respect to the parent proton). An in-
dependent way to access a three-dimensional picture of the proton is given
by the TMDs. In this case the description of the proton is given in terms of
the parton transverse-momentum and longitudinal fraction of momentum with
respect to the parent proton. In Secs. 3.3.2-3.3.3 we briefly summarized the ba-
sics of TMDs and GPDs classification at leading twist when the active parton
is a quark. We recall that eight TMDs and eight GPDs exist at leading twist,
each one being related to a specific proton and quark polarization state, see
Egs. (3.52)-(3.54) and Eqgs. (3.37)-(3.39). In Secs. 3.3.2 and 3.3.3 we showed
how the GPDs and TMDs can be derived from a more general type of distribu-
tions, known as Generalized Transverse Momentum Parton Distributions, see
Refs. [13, 14, 16, 35, 59] and Sec. 3.3.1. In a variety of different model calcu-
lations, relations between distinct parton distributions were found. Inspecting
the models’” details to understand which specific features allow the emerging
of such relations was the main focus of a part of the literature of the past
few years, see, e.g., Refs. [49, 89, 90]. One of the non-trivial relation between
parton distributions establishes a connection between TMDs and IPDs. The
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5. Lensing relation

formal similarities between the structure of the TMD correlator and the IPD
correlator, when the role of the transverse momentum k, is taken by the im-
pact parameter b , offer a justification for the emerging of the relation. This
expectation was indeed realized by a non-trivial lensing relation proven in a
particular model calculation, see Refs. [53, 56]. This relation describes how
the naive T-odd effects in single spin asymmetries (SSAs) can be factorized in
a so-called “chromodynamics lensing function”, that encapsulates the effects of
final state interactions (FSIs), and the spatial distortion described by the IPDs,
see Refs. [53, 56] and Ref. [87] for a review. Being the SSAs described in terms
of TMDs, the lensing relation automatically implies a well-defined connection
between TMDs and IPDs. The first TMD, in historical order, for which the
relation was established is the Sivers function fi. This is connected to the IPD
for unpolarized partons in a transversely polarized nucleon target. The rela-
tion was verified using spectator models [55, 92] and a quark target model [49],
and was also used in a phenomenological extraction of the Sivers function [93].
Later, the lensing relation has been discussed for the Boer-Mulders effect and a
certain combination of chiral-odd IPDs describing transversely polarized quark
in an unpolarized target, such as the nucleon [57] or the pion [14, 58, 94]. How-
ever, both these relations have been found to be violated within three-quark
model calculations for the nucleon [95-99]. More in general, it has been argued
that even in the context of spectator models these relations are far from being
obvious if one considers Fock-state contributions beyond the leading terms [49].

In this Chapter, we discuss in detail the lensing relation, with particular
emphasis on the specific conditions that have to be imposed on the FSIs in
order to express T-odd TMDs in terms of an impact-parameter distortion and
a lensing function. These conditions are typically fulfilled only in models where
the target is described as two-body bound system and the FSI modifies only the
spectator transverse momentum, leaving unchanged any of the other spectator
quantum numbers, see Ref. [87].

In Sec. 5.2, after a brief recall of the expressions for the relevant TMDs and
IPDs, we discuss how a link between them can be realized. We put particu-
lar emphasis on the assumptions behind the derivation, clarifying were these
assumptions begin to be crucial for the derivation. After discussed the gener-
ally theory, we proceed in Sec. 5.3 to derive the lensing relation for the Boer-
Mulders effect in the case of the pion target, described in terms of the lowest
qq Fock-state component. We stress how the two-body nature of the system is
an essential ingredient for the validity of the lensing relation. Beside that, we
clarify how the assumption of a perturbative coupling between the spectator
parton and the Wilson gluon, responsible for the FSIs in a SIDIS process, is
another key assumption for the lensing relation. We briefly discuss how an
effective interaction vertex between the Wilson gluon and the spectator may
spoil the lensing relation, and we find that an helicity-conserving vertex that
depends only on the transverse momentum of the exchanged gluon is the only
coupling that allows the lensing relation. We then proceed to study the pos-
sible factorization of the FSIs in a proton target. First, in Sec. 5.4 the proton
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5.2. The lensing-function relation

is modeled as a three-quark bound state and we provide a general argument for
the non-validity of the lensing relation, assuming a perturbative coupling for
the Wilson gluon, a general argument for the non-validity of the lensing rela-
tion. Since a three-body model for the proton fails in reproducing the lensing
relation, in Sec. 5.4.1 we study models that describe the nucleon as a two-body
system. In particular great attention is paid to models in which the spectator
system is assumed to be a diquark. We then elucidate under which conditions
one can restore the lensing relations within this class of models.

5.2 The lensing-function relation

In this section, we summarize the arguments that lead to infer a possible non-
trivial relation between naive T-odd TMDs and IPDs. We recall that the TMD
definition is given in terms of the following correlator (see Eq. (5.1))

ol (1, ky, 5) = / d;(;iz); e (p, 5[5 (-2) Tw (—2.2) 0 (3) In. S)

z+t=0

(5.1)

The Wilson line ¥/ is of fundamental importance to ensure the color gauge
invariance of the correlator and is defined in Eq. (3.8) and it will play the central
role in deriving the lensing relation. We are going to work with the Wilson line
shown in Fig. 3.5 (i.e., we are assuming a SIDIS-like process described in terms
of TMDs) and, if necessary, we will show also the results by assuming a future
pointing Wilson line (i.e., by considering a Drell-Yan-like process described in
terms of TMDs). As we already discussed in Chapter 3, the Wilson line in
Eq. (5.1) breaks the naive time-reversal invariance of the correlator and, as a
consequence, naive T-odd TMDs do not vanish. In Chapter 3 we discussed
how this gives rise to the naive T-odd TMDs for a spin-1/2 hadron: the Sivers
function fi(x, k%) [45, 100] and the Boer-Mulders function hi(z, k3 ) [48]. In
the case of spin-0 hadron, only the contribution of the Boer-Mulders function
is non-vanishing.

The IPDs were briefly introduced in Sec. 3.3.3. Integrating Eq. (3.17) over
k. , we obtain from Eq. (3.58) the following expression for the IPDs correlator:

g”[ﬂ(x’ bJ_a S)

1 [dz . _ _
=3 / gemﬁz (pT,r1 =05, S|Y(z1) W (21, 22) ¥ (22) [pT, 71 =04,9),
(5.2)

where the quark fields are evaluated at 2,5 = (07, F%-,b,) and the hadron
state is expressed as an eigenstate of the plus-momentum operator P and the
center of transverse momentum operator R, (see Eq. (2.39)) with eigenvalues
pt and r, = 0, respectively, see Refs. [37, 52, 101] and Sec. 3.2.1

In the following we will also need the GPD definition given in Egs. (3.52)-
(3.54). For & = 0, the GPD correlator (3.50) is related to the IPD correlator
by a Fourier transform from the coordinates A, to b, , see Eq. (3.58).
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quark pol.
UL T
Slul# & + 29tr
é L %
=T ¢ Hor For

Twist-2 IPDs

Table 5.1: Impact-parameter distributions (IPDs) with their relation to nucleon
and quark polarization states. For the complete definition, we refer to Refs. [49,

50].

The full list of leading-twist IPDs is shown in a schematic way in Tab. 5.1.
At leading twist and for spin-1/2 targets, the correlator (3.58) with I" = " and
transversely polarized targets can be parametrized in terms of the derivative
of the IPD &, while with I' = i0j+;y5 and unpolarized target we access the
derivative of the combination & + 2#{r of chiral-odd IPDs. In the case of spin-
zero targets, the contributions from the IPDs € and &7 are absent. Because the
GPDs and, as a consequence, the IPDs, are defined in terms of a Wilson line
that runs only along the light cone, no naive T-odd GPDs or IPDs can exist.

The analogy between the tensor structure of the parametrizations of the
quark TMD and IPD correlators suggests the following correspondences for the
distributions of spin-1/2 targets [49, 50]

fir (2, k%) & & (2,6%), i (z,k%) & —& (2,0%) — 28, (2,6%), (5.3)

where we used the following notation for the derivative of a generic IPD X

0

X' (2.b]) = 7 X (,61) - (5:4)
I
Similarly, the correspondence for spin-zero targets reads
hi (v.k1) ¢~ (2,b%). (5.5)

In order to exemplify the derivation of the explicit form of the link in
Egs. (5.3) and (5.5), we take the average quark transverse momentum of an
unpolarized quark in a transversely polarized target given by

(L @r = [ dlski 0" ke, 1), (5.6)

where the first subscript outside the bra-ket refers to the polarization of the
quark and the second one to the polarization of the hadron.
Following the derivation in Ref. [49], Eq. (5.6) can be rewritten as

7 1 dz™ ixptz—
(K (2)yr = §/§€ P
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5.2. The lensing-function relation

5 ()0 (599 ()7 ()b

1 dz= . + -
— o impTz
5 / db 1 / o e

X (pTire =00, 81[(2)W(z1, 22)9 (22)7 () p re =01, 81) . (5.7)

In Eq. (5.7), the operator J*(z) encodes the contribution of the FSIs, and is
defined as

7 =4 / W (5 2. 0 5
x GT (y~, 2" ZJ_)W((y_,z+,ZJ_),(Z_,Z+,ZJ_)), (5.8)

with G the gluon-field strength tensor.

Eq. (5.8) has a more intuitive interpretation in the light-cone gauge, intro-
duced and discussed in Sec. 2.4. In this case, the Wilson lines in the definition
of 9(2) run along the light cone, and reduce to unity. As a result, one has

gi(z) = %(Ag (00™, 2%, 21 ) — AL (_oof,zazl)). (5.9)

In a similar fashion as in the derivation of the quark EOM given in Sec. 3.4.3,
it does not exist a choice of boundary conditions that allow ones to set to zero
the difference in Eq. (5.9). This ensures that we always obtain a non-vanishing
9% (2) no matter the choice of boundary conditions for the A field at light-cone
infinity.

We choose to work with the advanced boundary condition A, (—oo™) = 0,
but analogous results hold for the other two prescriptions (as it should be,
since all the results must be gauge invariant). Our choice leads to the following
results

Wor =% [ e usulp (-5 ) 4t ) e (5 ) In52).
(5.10)

Ky =& [ Eems ol (-5 ) a1 (o) iom s (5 ) 1)
(5.11)

One notices from Eq. (5.11) that the FSIs in the light-cone gauge with advanced
boundary conditions (and, similarly, with the retarded or principal value pre-
scriptions) reduce to the exchange of a transverse gluon at light-cone infinity
between the active quark and the spectator partons.

Up to this point no-limiting assumptions were made (the light-cone gauge
has been assumed just to obtain the clean physical picture in Eq. (5.9), but it
is unessential since all the results are gauge independent). To further proceed
towards an expression that involves the IPDs we must impose some very specific
conditions on the operator 9(z), see Ref. [87]. Using the completeness relation,
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we can rewrite the first line of Eq. (5.7) as

@y =5 [ dbr [ e Y (1ol

X, X!

x (pt, L =00, 81P(z1)W (21, 22) | X) v (X [W(20) [pT, 7L = 01,81) .
(5.12)

Since we are working with leading-twist distributions, only the good compon-
ents of the quark fields are involved. Therefore, we can Fourier transform the
quark operators ¢(z/2) and ¢ (%) = ) (—g) (1% (—g; g) using Eq. (2.42), and
use the light-front Fock expansion for the intermediate states. As a result,

Eq. (5.12) becomes [87]
i 1 T S P E RS
(KL (@))gr = 5 [Adkii{dke}{dl} [ e = emmaim e
dgdq. i 1 dwdw, ;
<22 / H (2m)P2q7 L1 (2m)20]

nm 8,5
< yP) = 0J.7 SL|¢(1€1)’Y+|{CIZ+, qL,i}n> <{q1+7 ql,i}na B/|]Z(l)|{wz+7wL,z}m>
X <{wz+7 wJ—yi}m7ﬁI’w<k2)|p+7pL = OJ_7 SJ_> 9 (513)

where {dk} is a shorthand notation to indicate the Lorentz invariant integration
measure. In Eq. (5.13), the index  and §’ are collective indexes to label the
flavor, the color and the helicity of the intermediate states. As we are going to
show, the factorization of the lensing function and the IPD in Eq. (5.13) can
be achieved by requiring that the matrix element of the operator I*(l) satisfies
the following relation

: A
(0 sl PO ) =202 (1) b d()

x [[@m)%2q (¢ — w))o (CIJ_,i_wJ_,i—l'i = > (5.14)

, 1—2z
=1

where z; is the light-cone momentum fraction of the i-th constituent with re-
spect to the hadron target light-cone momentum, i.e. x; = w; /p*, with the
constraint . x; = 1 — 2. In the matrix element of the operator I*(l) in
Eq. (5.14) are encoded all the interactions between the active parton and the
spectator system that result in the FSIs of a SIDIS process (similar conclusion
can be reached for a Drell-Yan process, with the caveat of a different explicit
expression for the operator I*(l), in which the initial-state interactions must be
considered). The relation (5.14) imposes several different conditions, some of
them more stringent than others, that can be summarized as follows [87]:

1) the FSIs should connect Fock states with the same number of constituents
and the same parton, helicity and color content;
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5.2. The lensing-function relation

2) the FSIs should transfer the total transverse momentum 7, /(1 —x) to the
whole spectator system;

3) the FSIs can not transfer momentum in the light-cone direction to the
spectator system,;

4) the FSIs should transfer a fraction of the total transverse momentum,
corresponding to x; = w;r / pT, to each constituent of the spectator system.

The last condition is the most stringent. It is crucial to obtain the correct
transverse light-front boost that gives the off-diagonal matrix element defining
the GPD and, as a direct consequence, the transverse distortion in impact-
parameter space that is proper of the IPD.

Before discussing the implication of condition 4), we are going to derive the
four conditions in Eq. (5.14). Condition 1) follows from the requirement that
the IPD we want to factorize in Eq. (5.13) is diagonal in the parton Fock space.
Analogously, condition 2) is necessary to recover the correct Fourier transform
of the quark fields that enters the definition of the IPD correlator. Conditions
3) and 4) are consequences of momentum conservation. The matrix element of
the function I*(l) in Eq. (5.14) connects states with total momenta given by

n n
7, - 2 : Wt = +
1= w4, = E w; ,

=1
QL—ZqM Q= Z% (5.15)

By imposing total momentum conservation in each matrix elements of Eq. (5.13),
we have

QJ_:WJ_+lJ_, Q+:W+:(1—x)p+. (516)
Egs. (5.15) and (5.16) are equivalent to

n

n n n +
ST SUTRUIND U ol
i=1 i=1 1 P — P

Combining the two relations in Eq. (5.17), we find

:inzl—x. (5.17)
i=1

T;
=w, ,;+ l,. 5.18
q,; 1, 11— 2 L ( )

As final result, we obtain the expression in Eq. (5.14) for the matrix element

of the lensing function from which the conditions 1)-4) follow. By inserting
Eq. (5.14) in Eq. (5.13), we have

(K () g = / (k) {dky) (dl L / aéz—ezwp+z6_iz;<kl++k;)
2m ™

X [ G (12:)
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il |

PR ) G w01,
(5.19)

000,860k {wf,wl,z- i

We now use the invariance of the matrix elements in Eq. (5.19) under transverse
light-front boosts to obtain

(K (@) pp = / (k) {dhy) (dl L / aéz—ewp+ze_iz;<kl++k;)
T

dwfdw.; o L
XZZ/H 2)32w;" (1—x>
x (p*, =11, S1|o(z)y T H{w  wiitm) ({w, wibmlY(22)[p7, 00, S 1)

. 1 le_ dz~ ixpta T lJ_ v n 4
—5 [ e [ e (1) 0t Saloh)r k)l 01,8,
(5.20)

Eq. (5.20) can be finally Fourier transformed in the impact-parameter space,
with the result

. L[l e N
X _ - ixptz db ibilygi
(kL (@))pr 2/(2%)2/ or € / L€ (1—x>
X (p", R =01,8|¢(z1)7"¢Y(22)[p", RL =01,51)

1 dz= . 4+ _ B bJ_
— o7 jixpTz )
—2/27Te /dbb’c (1—:1@)

X <P+7RJ_ = OJ_7 SL|¢(21)7+w(ZZ)|P+7RJ_ = 0L7 SJ_> ) (521)

where the convolution of the lensing function «£'(b, /(1 —x)) and the correlator
for unpolarized quark in a transversely polarized target, related to the IPD
&'(x,b%), can be easily recognized, i.e.

s = [ (2) S o). (52

1—2z

For convenience, we are going to discuss the implications of the condition
4) in light-cone gauge with advanced boundary conditions, where the FSIs re-
duce to the exchange of a transverse gluon at light-cone infinity between the
active parton and the spectator system, see Eq. (5.9). One way to obtain a
non-vanishing contribution from the FSIs in a model calculation is to assume a
perturbative coupling between the Wilson gluon and the spectator system. In
this very common scenario the condition 4) can be realized only if the spectator
system is modeled as a single constituent, i.e. the hadron target is a two-body
bound system. In this peculiar case, through momentum conservation, the
light-cone momentum fraction of the spectator is equal to 1 — z and the con-
straint on the transverse-momentum transferred by the Wilson gluon to the
spectator system follows simply from the conservation of the total momentum
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5.2. The lensing-function relation

of the hadron target. Otherwise, the condition 4) imposes to share the trans-
verse momentum carried by the Wilson gluon with each spectator parton in a
proportion equal to the longitudinal momentum fraction z;. This can not be
realized in systems composed by more than two constituents, under the assump-
tion of an interaction vertex between the gauge boson and a single constituent,
i.e. a perturbative interaction at the leading non-vanishing order, We conclude
that if, and only if, the above conditions are fulfilled, we can write

Jk1.J qk
. ek S
(g = [k S

_ / db, L (by /(1 — 2))F )z, b,, S))

fir(z, k1)

, Ry gk
= /dbLIZ(bL/(l — x))#g’(x, b)), (5.23)

where ef = ¢"~% . In the next sections, we will consider explicitly a few model
calculations and we will discuss to which extent the conditions 1) — 4) can be
satisfied.

In an analogous fashion, we can analyze the average quark transverse mo-
mentum of a transversely-polarized quark in an unpolarized target given by

(K (2)))y, = / dk k' P ) (1 k| S). (5.24)

With similar steps as before, under the conditions of applicability of the lensing
hypothesis, we obtain
kjpk

, ; ce’k
(0 = — [ bk, S b )

_ /dbleﬂ (b, /(1 —2))Fi 5z b))

kjpk
e’by

_ / Ay L1(by /(1 — ) S (80, 2) + 27 (2, B2)) . (5.25)

Alternatively, by contracting Egs. (5.23) and (5.25) with —€! S’ /(2M) and
—€7/(2M), respectively, we can write

i (z) = / dm%ﬂ(bL J(1—))EW(z,b2), (5.26)

m O = [ b, (b, /(1 — ) (6000 + 20 . 8)) . (5.27)

where we used the following notations
2

k
f(1)<l’, ki) = 2—]\}2f(1‘, ki), (528)

79



5. Lensing relation

x(l) b2 _ __x b2 _ dAJ— —1A b Ai X =0 —A2
(LU, J_)_ M2 ( Z, J_)_ (27’(’)26 M2 (%,5— ) J_)'

(5.29)

For spin-zero targets, only Eqs. (5.25) and (5.27) with & (z, b% ) = 0 and 2%, —
Hr survive.

5.3 Lensing relation for the pion

This section will be devoted to the study of how the relation between the Boer-
Mulders function and the chiral-odd GPD # is realized for a spin-zero target
described as a quark-antiquark (¢gq) bound state. For illustration purposes, we
are going to assume that the target hadron is a pion, described in terms of
the leading-order Fock-state component. Hence, in the framework of light-front
quantization and working in the gauge A™ = 0, the pion state with momentum
p is given by

ZZ/ Woq(B,7) [ A1, a1, 1, p1) [A2s @2, €2, p2) - (5.30)
A} {ai}

In Eq. (5.30), A; are the quark light-front helicities (see Sec. 2.2.1), ¢; = ¢,q
denotes the quark and antiquark flavor, ¢; is a color index, and p; is the parton
momentum. The function ¥,; is LFWF of the ¢g state and its arguments are
indicated with the collective notation 5 = ({\;},{c:}. {¢:}) and r = {z;, k. ;}
with the intrinsic transverse momentum k ; of Eq. (2.67). We can make explicit
the flavor and helicity structure of the parton composition in Eq. (5.30) in the
same way as we did for the proton in Eq. (3.81), to obtain [61]:

dxidzs dk | 1dk Ocre
|7T(p)> = \/;1—1,22 2?;@3}725 (1 — T — xz) ) (ku_,z + ku,l) —

< {u(1,2) g (e @) - 7 (1 (2) 10)]
+0(1,2) [krag? (a7 @) + krag? (7 @ 0)] ), 631)

B

where kg = ko, £ iky,, qi” and cjf\ﬁ are the creation operators of quark
and antiquark with helicity A and color ¢;, respectively, and the arguments i
of the LFWAs stand for (z;,k; ;). . In Eq. (5.31), T} is the isospin factor
which projects on the different members of the isotriplet of the pion, and is
defined as T = °_  (1/27,1/274|177) with 7,4 the isospin of the quark
antiquark and pion state, respectively. We can recognize the LFWAs ¢ and
¢® that correspond to quark states with OAM L, = 0 and |L,| = 1, re-
spectively. We recall that they are scalar functions, and depend on the parton
momenta only through scalar products k ; -k, ;. In the light-cone gauge with
advanced boundary conditions for the transverse components of the gauge field,
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5.3. Lensing relation for the pion

the LFWAs are complex functions [29, 102, 103]. This will not impact our con-
clusions. Using the pion state (5.31), we can represent the pion GPD and TMD
in terms of overlap of LFWAs in a model-independent way.

The pion chiral-odd GPD is defined as

kI Ak
ie)) A
M,

FE7 )@, AT AL) = — Hr (.6, —A7). (5.32)
We can introduce the following overlap of LEFWAs for the gG component of the
pion
GM(1,1) = F*(w1, ka1 — oy, —koa| |2, K1 —2f, -k ), (5.33)
FR(1L2011,2) = Ky 9@ (1,2)p (1, 2) = KF 9 M (1,2)pP7(1,2'), (5.34)
where the arguments on the right-hand side of || refer to the momentum de-
pendence of the complex conjugate LEWA of the pion in the final state, and the

arguments on the left-hand side give the momentum dependence of the LEWA
of the pion in the initial state. Using the definition in Eq. (5.34) one finds at

£=0

Al T2
MZFHTJ(I,O, —A%) = m/dlek (ki ||z, kL +(1—2)AL).

(5.35)

We can Fourier transform the integral in Eq. (5.35), with the result
/dkLG’“ (ko || 2,k +(1—2)AL)
= / dk, / dA dB e ArkitiBLkit(=2)AL) ok (2 A | ||z, B,) (5.36)
= / dB e 0=9BLALek (1 B ||z,B.). (5.37)

Using this expression, Eq. (5.35) can easily be transformed into the impact
parameter space to obtain the pion chiral-odd IPD

ok~ dA, . Ak
Z—L%éﬂﬂr(ﬂf, bi) _ / J—e—’LbJ_'AJ_ ( L HTJ(ZE,O, _AQL))

M, (2m)? 2M .
Tg dA —ib - i(l—x :
~202n) / (27r)J56 - A¢/dB*e A @ By |le, Bu)
72 [ by b,
= e =Y <x o lm =) (5:38)

The same Dirac structure giving the GPD fITﬂT in Eq. (5.35) enters the
correlator that defines the Boer-Mulders TMD, i.e.

o Ekj]{:k
P = = (k). (5.39)

™
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k q k—q

+h.c.

e —) N
- ~
- i N

Figure 5.1: Cut diagram contributing to the average transverse momentum of
T-odd effects in single-spin asymmetries of a SIDIS process for a pion target.
The light-cone gauge is assumed and the target is modeled as a gg bound state.

As we already stressed, the tensor structures in Eqs. (5.32) and (5.39) have
opposite behavior under time reversal, which reveals the naive T-even and naive
T-odd nature of HT7r and hlm respectively. As outlined in Sec. 5.2, in the
calculation of the average transverse momentum of the Boer-Mulders effect the
Wilson line reduces to the exchange of one Wilson gluon between the active
quark and the spectator system (see Eq. (5.11)). If we describe the pion as a
bound qq system, the corresponding cut diagram can be represented as in Fig.
5.1, where the blob indicates an effective coupling between the antiquark and
the Wilson gluon. We will assume that the coupling is perturbative and consider
only the tree-level graph. In this framework, the LFWA overlap representation
of the pion Boer-Mulders function has been derived in Ref. [104] and reads

20, d
K, (o k3) = 22 Aoy / YLk (o by || ks —q1),  (5.40)

(2m)13°"

where g, is the transverse momentum of the Wilson gluon (we recall that
gt = 0 in the eikonal approximation in the light-cone gauge). We note that
Eq. (5.40) involves the same overlap of LFWAs as in Eq. (5.35) for the case of
the GPD Hy .. With the formal identification of

—q, =(1-z)AL, (5.41)

the G* functions in Egs. (5.35) and (5.40) have the same momentum depend-
ence. This is crucial to recover the lensing function relation. Using Eq. (5.40),
we can now calculate the average transverse momentum of the Boer-Mulders
effect

]kL

(0 == [ ok S

2&5 q kj ~k

o W/ = /dk:lk: MG (2 ke || ks —q,)
20, 4

< da, / dk Lk €t / dA, dB,

= —T?

(27T)43 " Qi
! dq, B |
- —@g4was(1—x)3/dBJ_/q—2:‘ ?wﬂqu
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5.3. Lensing relation for the pion

x e"Braigy (v, BY(1-x)?), (5.42)

where we used the following relation
/ dk k! / dA dB e " ArkreiBrki-a )0k (1 A ||z, B.)

:% dB, e Briich(y B ||z, B.)

, 27)° - 4
=iy / By BY #yp(v, BY (1 - 2)?))e P2

Introducing the change of variable B, — b, /(1 —z) in Eq. (5.42), we find [87]
N

(0 = [ AL (0s) (1= 0)) Ty B), (503

™

where we introduced the lensing function [55]

. 4 dq, ;, _;tia 8 v
L(by/(1—x) = —izadr | ZEg e T = _Cadr2l(1—1). (5.44)

Before moving on and discussing the proton case, a few comments are in or-
der. The result for the pion relies on the assumption that the coupling between
the Wilson gluon and the spectator parton is of perturbative nature, i.e., it
is described by the tree-level QCD vertex. The coupling, at leading power of
1/p*, conserves the helicity of the spectator parton. Therefore, the helicity flip
of the active quark must be compensated by a change of the OAM carried by
the partons in the initial and final states. This behavior in the TMD sector
is equivalent to the GPD case, where the active and spectator quarks do not
experience any helicity flip and the change in the helicity of the target must
be compensated by a transfer of OAM between the partons in the initial and
final states. In this case, the transfer of parton OAM to the hadron helicity is
mediated by the external virtual (or real) photon.

Due to the two-body nature of the problem (gG system) the role of the
transverse momentum of the gluon g, is the same as the external transverse
momentum A in the GPD case. This can be traced back to the fact that the
parton distributions should be invariant by light-front transverse boosts and
depend on the intrinsic transverse-momentum coordinates of the partons. In
the case of the average transverse-momentum of the Boer-Mulders effect, there
is no change of the transverse momentum of the pion between the initial and
final state. However, the quark and antiquark have a different intrinsic trans-
verse momentum in the initial and final states due to the gluon exchange. In
the GPD case, the momentum transferred to the pion is absorbed by the active
quark, while the transverse momentum of the spectator quark does not change
in the initial and final states. In terms of the intrinsic transverse-momentum
coordinates in the hadron-in and hadron-out frame of the initial and final had-
rons, respectively, both the active and spectator quarks experience a transfer
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5. Lensing relation

of transverse momentum (see Chapter 6 for a more in-depth discussion about
hadron frames in the GPD context). Therefore, one can make the formal iden-
tification of Eq. (5.41) in the momentum dependence of the LEWAs describing
the contribution of the internal parton dynamics and the effect of the FSIs can
be factorized in the lensing function. In the next section, we will see that in the
case of a three-body system this correspondence can not be established, and,
as a consequence, the lensing-function relation breaks down.

If we do not assume a perturbative coupling between the Wilson gluon
and the antiquark spectator, we may model the interaction via an effective
vertex that depends on the momenta of the gluon and anti-quark. The coupling
with the Wilson gluon may occur with or without flip of the helicity of the
antiquark. In the first case, the lensing relation can not hold, as it will be
discussed in Sec. 5.4.1. If the helicity flip is not allowed, the lensing relation
can still be spoiled by the dependence of the vertex on the momentum of the
antiquark. By introducing the general parametrization for the effective vertex
A (k’i, q’,ki-q J_) ~T, the average transverse momentum of the Boer-Mulders
effect in Eq. (5.42) becomes

(K )70
20, 4 . ki [ dg

= —(27_‘_)4§T7?\/dk_1_kj_€]f/ q—{_Gk (LIZ"kJ_ H‘TakL — qJ_)A (k;i,qi’kl . qJ_)
200, 4 dq . ‘ qi

= T B, dA 241 —iB,-q, 1L
(27m)% 3 w{/d 1d J_/ qie 5

» ~ i
><GIj_ij(I‘,BJ_—AJ_H.I',BJ_)A(Ai,qi,AJ_'qJ_)+§/dBJ_dAJ_

dq, - B.+A

2

a3

2
X/T<<BJ_;AJ_> ,qi,BL‘qL;AL.qJ—>]}' (5.45)

It is not possible to manipulate Eq. (5.45) in order to extract a term like
G (xz,B, || x,B) and, therefore, recognize the definition of the IPD, as done
in Eq. (5.42). However, if the effective vertex is assumed as a function of only
q |, then the lensing relation (5.43) holds, with the following modified definition
of the lensing function

) 4 d . LR
L1 (br/(1—x)) = —’igas”/%qi/l(qi)e = (5.46)
€1

5.4 Lensing relation for the proton

In this section, we discuss the validity of the lensing relations in Eq. (5.3)
for the proton system, assumed as the preferential prototype of hadrons with
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5.4. Lensing relation for the proton

multiple partons in the remnant. For illustration purposes, we will consider in
detail the relation between the Sivers TMD and the IPD &. However, the same
arguments can be applied for the relation involving the Boer-Mulders TMD and
the combination & + 2dr of chiral-odd IPDs.

We limit ourselves to analyze the general structure of the LFWA overlap
representation of the GPDs and the Sivers function, since the explicit depend-
ence on the LFWAs is not relevant for our discussion. We refer to [95, 97| for
the full calculation of the LEWA overlap. We introduce the LEWA overlap

Fr ($1, ’ﬂ,1; Ta, kL,Q; I3, ku,3 || xlly kl,ﬁ $,27 kl,g; xé, kls) (5-47)
and define the function Gr as

. / rL /
GT(xh kiiixa, ko || Ty, kJ_,la Ta, k¢,2)
= FT(QH, k:J_,1§ T2, kJ_,Q; 1 — 21 — @9, _kJ_,l - kJ_,2

Hxlla k/J_,l; $/27 k’/J_,QE I- xll - 17/27 _k/J_,l - kﬁ_z) (5.48)

The GPD FE in the limit of £ = 0 is obtained from the quark-quark correl-
ator (3.50) with I = 4t and transversely polarized proton, as it is illustrated by
Eq. (3.52). The incoming and outgoing quark momenta are related by p; = p;
(4 # j) for the spectator quarks and p; = p; + A for the active quark that takes
the momentum transferred to the proton. The intrinsic momenta are then ob-
tained via the transverse boost and are related as (see also the £ — 0 limit of
Egs. (6.49)-(6.50))

T = x, K\, =ki;,—xAL, spectator quarks, (5.49)

T, =z, K, j=ki;+(1—-z;)AL, active quark. (5.50)

/
J
Using momentum conservation for the intrinsic variables, ie., > z; = 1 and
>.kii =01 =3 K\, one finds the following LFWA overlap representa-
tion [97]

i A Sk, IS
M E(Z)’J,f - 07 AL) - 4(271’)6
X /dm/ dy/dtJ_GT (v, k;y,to|lz, kL +(1—2)ALy,ts —yAL).
0

(5.51)

The results for the IPD distribution are then obtained taking the Fourier trans-
form of Eq. (5.51) with respect to b, and expressing Gr in terms of its Fourier
integral. One finds

¢l S 11
S S0 =g
v B, —-b B, —-b
x/ dy/dBLQT (m,yll—xJ';y,BJ_Hx,le‘—xl;y,BL). (5.52)
: _ _
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5. Lensing relation

The LFWA overlap representation of the Sivers function has been derived
in Ref. [95], using the three-quark component of the nucleon state and the one-
gluon exchange approximation, with a perturbative quark-gluon coupling. It is
given by the same function G'r as for the GPD E, but with different arguments,
ie.,

i1 g
eLkS

g
Lfip (z, k%) = “302n)7
/ / /dtJ_GT (. kisy,til|e,kr —qsy.te+q,).  (5.53)

From this expression, one clearly sees that the formal identification in Eq. (5.41)
does not apply in the case of Eqgs. (5.51) and (5.53), since (1 — z) and y are
independent variables. As we will see, this is sufficient to break the lensing-
function relation in the case of the proton, see Ref. [87].

From Eq. (5.53), one can calculate the average transverse momentum of the
Sivers effect as

i ¢} S M
(K'Dyr = —/dkﬂﬁ LT = m

- [d
X/ko_kﬂ_/%/ dy/dthT (. kiyto || ke —qiy.te+q,)

d
/ dy/dAJ_dBJ_ qJ_

x %eiqLALQT (z,BL —Ay;y,Bi||z,BL —AL;y,B,)

M x
= iy [ dy [ db. dB
“ 6(1—1;)(276/ y/ LEBL

b B, -b B —-b

Comparing this equation with Eq. (5.52), we immediately notice that the
different dependence of the function Gy on B, prevents us to factorize the
contribution of the IPD from a lensing function. This can be traced back to
the fact that in the LEWF overlap representation of the GPD the transverse
momentum A appears multiplied by both (1 — z) and y, since both the two
spectator quarks have different intrinsic transverse momentum in the initial
and final states. In other words, the transverse boost from a given frame to
the hadron frames transforms the transverse-momentum coordinates of the two
spectator quarks in a different way, depending on their fraction z; of longitudinal
momentum. Vice versa, in the TMD case the hadron does not change the
transverse momentum in the initial and final states, and the gluon interaction
occurs between the active quark and a single spectator quark, leaving unchanged
the intrinsic momentum of the other spectator quark.

The non-validity of the lensing relation is ultimately related to the, at least,
three-body nature of the nucleon together with the assumption of the interac-
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5.4. Lensing relation for the proton

tion of the Wilson gluon with a single constituent in the remnant. A multi-
particle, non-perturbative coupling between the Wilson gluon and the remnant
can be used to restore the lensing relation. The coupling should be construc-
ted in such a way to satisfy the conditions 1) — 4) illustrated in Sec. 5.2. If
the perturbative vertex is chosen, then the lensing relation is spoiled also for
the pion when considering Fock-state components beyond the leading-order qq
state. For the nucleon, one way in which it might be possible to recover the
lensing relation is to consider models in which the nucleon is described as a
two-body system. Examples of such models are the quark diquark models, in
which the spectator system is described as an on-shell, point-like particle with
quantum numbers of a diquark. However, one has to distinguish between dif-
ferent variants of diquark spectator models, depending on the spin structure of
the diquark and its coupling with the Wilson gluon, as we will discuss in the
following section.

5.4.1 Diquark spectator models for the proton

The basic idea of spectator models is to evaluate the quark-quark correlators
entering the definition of the TMDs and of the GPDs by inserting a complete
set of intermediate states, assigning an effective vertex for the transition p —
q+{X;}. The spectator models which we are going to consider, are collectively
known as diquark models, in which the remnant complexity is hidden inside
a single particle, the diquark, which is assumed to be on-shell and with the
quantum numbers that can be obtained from the combination of the quantum
numbers of two quarks. The way in which the diquark is constructed forces it
to be either an isospin singlet with spin 0 (scalar diquark) or an isospin triplet
with spin 1 (axial-vector diquark). In the last case, the axial nature of the
diquark is due to the axial coupling between the proton and the quark-diquark
state which ensures the angular momentum conservation. The target is then
seen as made of an off-shell quark that participates in the hard reaction of the
process and an on-shell diquark. Different spectator diquark models can be
obtained by varying the form of the effective vertex with the proton and the
vertex form factor that effectively parametrizes the composite nature of the
target and by choosing different polarization four-vectors for the axial-vector
diquark. The approximation of a diquark spectator spoils part of the richness
of the non-perturbative structure of the proton, that is impossible to capture
via the vertex form factor alone.

The very first hint on the validity of the lensing relation came from the scalar
diquark calculation performed in Ref. [53]. The general arguments which lead
to the lensing relations are the same as discussed in Sec. 5.3 for the pion, i.e., the
hadron described as a two-body system and the assumption of a perturbative
helicity-conserving coupling between the gauge boson and the spectator system.
For the axial-vector diquark model (AVDQ), the validity of the lensing-function
relations depends entirely on the helicity structure of the diquark. One way
to classify AVD(Q models is to distinguish between models that allow for the
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5. Lensing relation

presence of a longitudinal polarization and models that admit only transverse
polarizations for the axial-vector diquark. The latter presents similarities to the
quark-target model, in which the diquark is substituted by an on-shell gluon and
the proton is assumed to be a single quark. The former AVDQ models do not
satisfy the lensing relation, and to illustrate why, we introduce the polarization

vectors of the AVDQ (see, e.g., Ref. [92]):
g
6+1<l) = (0, W7 €+1,L> s (555)
£ (l)—(O_—lLs ) (5.56)
—1 - ) \/§l+ ye—1,1 | » .

1 2 — M?
_ + L a
60([) = Ma (l ,—2l+ ,lJ_) s (557)

where M, is the AVDQ mass, [ = p — k, and:

el = —(e11) = —% (1,4). (5.58)

Here we do not consider the (unphysical) time-like polarization that is discussed
in Ref. [92]. The polarization vectors in Eqs. (5.55)-(5.57) satisfy the following
relations: €44(l)-€*,(I') = 0 for any value of I, ', whereas €1(l) - £5(I) = 0 and
eq1(l) -e5(l") # 0 for I # I'. The interaction between the diquark and the gluon
is given by the following coupling tensor

ei[’yﬂa =2l +9)gvo — (I + (1 + Ka)q)odt — (I — KGQ)Véga (5.59)

where e. and k, are, respectively, the diquark color charge and the diquark an-
omalous chromomagnetic moment, which takes into account that the diquark
is not a point-like massive axial particle, but is an effective constituent degree
of freedom. In the calculation of the T-odd TMDs, the indices of the coupling
tensor (5.59) are saturated with the gluon propagator and the AVDQ polar-
ization vector (see Fig. 5.2). The contraction of the coupling tensor with the
polarization vectors of the axial-vector diquark gives the following interaction
vertex

®e= Y DS+ I (5.60)

A1 Ae=%1,0

This expression can be compared with the corresponding ggq interaction vertex,
which enters the calculation of the Boer-Mulders function of the pion, i.e.

Re= " o+ )7 o). (5.61)

A do=+1/2
In both cases, the vertex function has the following scaling behavior [87]

RT ~ O(p*), R ~O(1), R™~O(1/p"). (5.62)
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+h.c.

Figure 5.2: Cut diagram contributing to the average transverse-momentum of
T-odd effects in single spin asymmetries of a SIDIS process, in the AT = 0
gauge and for a proton target described in a quark-diquark model.

However, in the case of the pion, the leading-order term R* in Eq. (5.61) is
helicity conserving, whereas the leading contribution R* in Eq. (5.60) for the
axial-vector diquark contains terms that flip the helicity of the diquark. As a
result, the following transitions are allowed for the AVDQ interacting with the
Wilson gluon

Ao =1 > A, =0, £1. (5.63)

On the contrary, in the calculations of the GPDs, since the Wilson line in
the light-cone gauge reduces to unity, the spectator can not flip the helicity
between the initial and final states. We conclude that the LEFWA overlap must
be different for the average transverse momentum of the T-odd TMD functions
and for the GPDs, hence the lensing relation cannot hold. Only if one assumes
that the longitudinal polarization for the AVDQ is absent in the proton, the
lensing relation can be restored. This situation occurs within the quark target
model, where the non-abelian three-gluon vertex enters the computation of the
T-odd TMDs and allows only for helicity-conserving transitions.

5.5 Conclusions

Models are a useful resource in theoretical calculations to investigate problems
and, by consequence, to learn more about the fundamental theories. However,
models rely on simplifying assumptions and may lead to approximate results
that do not hold in general. In this Chapter, based on Ref. [87], we stressed
this point by investigating the origin of non-trivial relations between transverse
distortions in the distribution of quarks in impact-parameter space and ana-
logous distortions in transverse-momentum space. The former can be encoded
in non-perturbative objects called impact-parameter distributions (IPDs) and
contribute to observable asymmetries in exclusive processes involving hadrons.
The latter are expressed in terms of the naive T-odd Sivers and Boer-Mulders
transverse-momentum distributions (TMDs), and give rise to observable asym-
metries in semi-inclusive processes involving hadrons.

We identified the conditions under which it is possible to express the Sivers
and Boer-Mulders functions as convolutions of an IPD and a lensing function,
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incorporating the effects of the FSIs between the active parton and the rest of
the hadron. These conditions, listed in Sec. 5.2, appear to be very specific and
hold in a restricted class of models.

To better illustrate the nature of these conditions, we investigated the emer-
ging of the lensing relation in three distinct cases: (1) the pion, taken as a pro-
totype of hadrons with a two-body valence structure; (2) the proton, described
as a bound state of three quarks; (3) the proton described as bound state of
a quark and a spectator, using the framework of a particular class of models
where the lensing relations have been originally established. The conditions of
validity of the lensing relations can be fulfilled in models where the hadron is
described as a two-body bound system, as in the model classes (1) and (3).
However, they can be violated even in these simple models, as happens in cer-
tain versions of (3), e.g., with axial-vector spectator that admits longitudinal
polarization. Finally, the conditions are violated in models that belong to class
(2) and, in general, the conditions cannot be obtained if the hadron is described
by more than two constituents and the interaction vertex of the gauge boson
occurs with a single constituent.

In conclusion, it seems that the lensing relation is unlikely to survive in the
full complexity of non-perturbative QCD, even approximately. Phenomenolo-
gical studies of the Sivers and Boer-Mulders function, as well as possible lattice
QCD studies, should be able to confirm the violation of the lensing hypothesis.
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Chapter

A model for the Light-Front Wave
Amplitudes

In Secs. 3.4.1 and 3.4.4, we introduced the concept of proton Distribution Amp-
litudes (DAs) and how they can be linked to the light-front wave amplitudes
(LFWAS) of the proton. We claimed that an explicit model for the transverse
momentum dependence of the LEFWAs is necessary for a full inversion of the
relations between DAs and LEWAs. In this Chapter, we are going to illustrate
the model that we chose to work with. The model consists in two parts: the
first one concerns the transverse-momentum dependence of the LEFWAs, which
is also necessary to link them to the DAs. The second one concerns the DAs, for
which we are going to assume a model inspired from Ref. [105]. The model will
be used to obtain explicit predictions for a variety of PDFs, TMDs and GPDs.
To obtain results that are as close as possible to the current available know-
ledge of the partonic structure of the proton, we are going to fit our model to a
phenomenoligical parametrization for the up, down and gluon unpolarized PDF
fi(z). Although the model is unable to reproduce the full phenomenological
extraction, it proves satisfactory in its simplicity.

6.1 The construction of the model

A rather standard approach to model the transverse-momentum dependence of
the LEWASs is to assume a product of N gaussian functions in the transverse-
momentum space, where N corresponds to the number of partons of the cor-
responding Fock state. The transverse momentum of each parton is weighted
with the inverse of the corresponding fraction of longitudinal momentum. This
construction assumes that eventual hard gluon contributions have been already
subtracted from the DAs, leaving the intrinsic soft contributions only. This ar-
gument is valid if the scale at which the model is constructed is low enough (< 1
GeV). This construction is shown in Ref. [105] and is known as the Brodsky-
Huang-Lepage prescription [106]. We are going to modify the model of Ref. [105]
by including the masses of the constituent partons. The masses are treated as
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6. A model for the Light-Front Wave Amplitudes

effective masses and are assumed to be generated by non-perturbative dynam-
ical processes that bind the partons inside the nucleon. For the three-quark
state we are going to consider only LEWAs with L, = 0,+1, i.e. only LFWAs
that can be linked to DAs of twist-3 and twist-4. Since the LFWAs ¢ is
linked to a twist-5 DA we are not going to consider it. For consistency, the only
LEFWASs for the three-quark plus one-gluon state that we include are the ones
with L, = 0, since they are linked to the four-parton twist-4 DAs. The model
for the LEWASs reads (in the first line we have [ = 0,3,4,5):

0 g
¢(l)({$i, ku}) = W(JI’—\/?I?))QS({%, kJ_,i}yal) €< >7 (6-1)

¢¢($17 Z2,T3, $4)

\/2.%‘4

. (bLQT(:Ul; X2, T3, x4)

W172T({$i,kj_7i}) - \/2—:[:4

(‘ai Sio1 xj)
Q4({zi, k1 :},a)) e , (6.2

Wt ({ai, k1)) =

94({331'7’ﬂ,i},a1,2¢)6< ‘ - )

where

k .
4rra)>N-1) (-aQ PO if)
On({as ke d ) = ST , (6.4)
i=1Li
and m; are the effective parton masses. The normalization of the Gaussian in

Eq. (6.4) is chosen in such a way that the following identity holds:

/ (ko1 Ix 2w (T sha) = 1. (6.5)

We introduce only two parton masses: one for the gluon and one for the
quarks, independently from their flavor. The explicit representation of the
transverse-momentum dependent part of the LEWAs in Eqs. (6.1)-(6.4) is
enough to explicitly compute the integrals in Eqs. (3.153)-(3.155) and then
invert the relations between the DAs and the LEFWAs. As it is clear from
Egs. (3.153)-(3.155), once the system of equations is inverted, one last piece
of information is needed in order to obtain explicit results for the LEWAs
with L, # 0: the integrals of the four-parton DAs, see Eqgs. (3.150)-(3.152).
Therefore, an analytical expression for the DAs must be fixed. To do so, we
follow Ref. [105] and expand the DAs onto a basis of orthogonal polynomials.
Each element of the basis is an eigenfunction of the one-loop evolution kernel.
We truncate the expansion for the three-parton DAs to the second non-trivial
term and the four-parton DAs to the first term (see Refs. [65, 66, 68, 105, 107]):

D3(x1, 22, x3) = 120 fn 212273 (1 + fo (z1 — x3) + [ (21 4+ 23 — 2962)) ;
(6.6)
Py(x1, T2, 13) = 242122(0] + 7 (T1 — 22) + ¢ (1 — bw3)), (6.7)
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Wy(xq, o, x3) = 24x1x3(w2 + by (z1 — x3) + ¥ (1 — 5x9)), (6.8)
E4(ZE1, T, l’g) = 24$2I3(£2 —f- 54_ (ZL‘Q — .173) —f- fz_(]_ — 51’1», (69)
8! 2\
DY (21, 19, 13, 14) = —leargxgxi (/\g - §3> : (6.10)
8! ) A
Ui (21, 29, 03, 24) = Zx1x2m3m4 g+ 3 ) (6.11)
—g 8! 219
Zi(xy, k9, w3, 24) = €x1$2x3x4)\1. (6.12)

Via Eq. (3.104), we have the following identification:

2
253 My

~ 40 24j=1z;
(1, 9, 13) = D3(21, 29, 5173)6( > = D3(x1, 22, 73), (6.13)

where we assumed that the total twist-3 DA q:)3($1,372,l'3) can be written as
the product of Eq. (6.6) and the mass exponential. From Eqgs. (3.108)-(3.110)
we obtain the similar results for the three-quark plus one-gluon LEFWAs:

2
4 ™My
(aﬁZj_l I;) M
(&

9695 (2.:;'49($17 Lo, X3, :L‘4) + ézi]($2a X1,T3, ZE4)>

¢¢($1,x2,$37ﬂ74) —
M -9 =9
= 96g (2:4 (l‘l,l'z,I‘g, 1'4) + iyt (QTQ,[L'l, 1‘3,1'4)) s (614)
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J

(a%TEf 1 m)
’ =1 x;
¢1’T<xlax27‘r37gj4) = —¢€ !

X

9695 (2@219(1,27 T1,T3, l'4> + éi(qjlv Lo, T3, I’4)>

M
9695

(20 (9, 1, 23, 24) + P (21, T2, X3, 74)) , (6.15)

.00

<a§TE? 1 m->
; =1z,
¢2’T<I’1,[1}'2,$37I4) =€ !

X (2@3(551,372,1‘3,[134) +!p4g(l‘27x17x37w4)>

9695
M

96y,

(204 (x1, 22, w3, x4) + W (22, 21, 73, 74)) , (6.16)

where we assumed that the total twist-4 DAs :;4, 934 and @4 can be written as
the product of the corresponding expression in Egs. (6.10)-(6.12) and the mass
exponential.

All the parameters in Eqs. (6.6)-(6.12) encapsulate the scale dependence of
the DAs. However, since we shall not deal with the problem of evolving the
DAs to different scales, we are going to ignore such dependence. A numerical
estimate for the parameters can be obtained using both QCD sum-rule tech-
niques [108, 109] and lattice-QCD results [66, 107, 110, 111] for the DA moment
at the low-energy scale of u =1 GeV.
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The inversion of Egs. (3.153)-(3.155) leads to the following results:

o3 (21, 19, 23) = —Ma? (
¢ (1, 9, 23) = —Ma? (A2, 29, 73) — B(x1, 29, 23)) , (6.18)

¢(5)<I1,$2,$3) - Mag (

1—
x2A(I’1, .732,1'3) + ﬁB(ﬁi’l, .1’2,1'3)) , (617)
T T

]_—ZL‘l

C(l’g,l‘l,xg) + EC(JH,JTQ,ZL’:;)) 3 (619)

€3 xs3

where we introduced the functions’

N, N 5 My
A(951,9C2,333) = —¢4($2,l’1,l’3) + E )\2 - E T1X2X3 — nggps(ﬂfl,l’mflfs),
(6.20)
(/AU AN
B(xy, 9, x3) = —Wy(21, 22, 73) — 5 Ay + 3 ) T1als
m
+ qu (P3(xo, 3, 21) + P3(21, 23, 2)) | (6.21)
2
= A Mg
C(Il,ZEQ,.Tg,) = .:4(ZE1, T, .%'3) + —I1ZE2(L’3 — @3(1‘27.1'1, Ig). (622)
9 Ml'l

The values of the parameters, obtained from the QCD sum rules and lattice
results, are given in the second column of Tab. 6.1. The other columns of the
table contain the fit results that are going to be discussed in Sec. 6.4. Notice
that no information about the transverse-momentum parameters is available.
In order to fix the values of these parameters, we chose to perform a fit of the
collinear unpolarized parton distribution f;(x) for the up and down quark, as
well as for the gluon. Before presenting the results of the fit, we are going
to show in Sec. 6.2 the explicit LEFWA overlap representations for the twist-2
T-even TMDs and in Sec. 6.3 the LEFWA overlap representation for the twist-
2 chiral-even GPDs. The overlap representations depend only on the chosen
truncation of the Fock-state expansion, not on the specific Anséitze for the
LFWAs. To obtain the PDF f;(x) is enough to perform an integration over k_
of the unpolarized TMD f;(z,k, ). In Sec. 6.4, we are going to illustrate the
results of the fit and in Sec. 6.4.2 a discussion on the numerical results for the
twist-2 T-even TMDs and chiral-even GPDs is given.

6.2 Light-Front Wave Amplitude overlap represent-
ation of TMDs

The twist-2 TMD definitions were given in Sec. 3.3.2 in terms of the trace of
the quark-quark correlator contracted with specific Dirac structures. We are
going to obtain the LEWA overlap representation for the TMDs, by expanding

We neglect the mass exponentials of Eqs. (6.13)-(6.16), and use the DAs of Eqgs. (6.6)-
(6.12).
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the proton state in terms of the LEWAs defined above. The results of this
section depend only on the truncation imposed to the Fock-state expansion (see
Eq. (3.59)), but not on the specific model for the LFWAs. In this section, we are
going to introduce and present the results for the LEFWA overlap representation
of the unpolarized and longitudinally polarized gluon TMDs. This is possible
since in our model we have an intrinsic gluon contribution to the proton. To
lighten the notation, we adopt the following conventions:

wijl = ¢($Z’ kJ.,i? Zy, kJ.,j) Xy, kJ.J)? for ZZJ = ?/’(O)a @D(S): ?/’(4)’ ¢(5)7 (624)
wijlm = w(ﬂjz, kJ.,’i? :Cja kJ_,jv Xy, kj.,l? T, kJ_,m)v for w = gjiv 'I/LTa 4727T7 (625)

N N 1 N
dun =6 (1 — Z:;x) 5 (; kL> 2@ ]1 (desdk, ;) . (6.26)

In the light-cone gauge with advanced boundary conditions for the transverse
components of the gauge field, the gauge-link becomes unity. However, the
LFWASs acquire a complex phase that encodes the effects of the final state
interactions [29, 102, 103]. For this reason we are going to present the results
assuming complex LFWAs, even if we are going to discard the effect of the
complex phase in our model.

ey du3{251 (
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+ 3 (kR,ﬂ/J% + kR,WS)s) </<?L,11/1§?5):J,* + kL,2¢%?s*>
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Incidentally, we note that we have a different sign for the gluon part of h;
compared to the results for the collinear version hy(z) given in Ref. [68]. This
is due to a sign mistake in Ref. [68] for the three-quark plus one-gluon state
P,1).

The TMDs so far presented are the only ones that survive the collinear
limit, leading to the PDFs fi, g1 and hq, respectively. The other TMDs, albeit
they can have non-vanishing k| integrals, appear in the quark-quark correlator
expansion with pre-factors that contain odd powers of k. This leads to the
vanishing contribution of the following TMDs to the collinear parton correlator:

gir(z, k1) = Z kj/d,ug{(ﬂz/}ig?;( 2 213 ¢213>

J—] 1,2
0 i 1 (3)* *
— i (khully + Kludty)
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T (81 + 83) oy <k§1/1213 + Kyl + k) + ki) } (6.31)
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To conclude this section, we are going to give the results for the unpolarized
and longitudinally polarized gluon TMDs. They are defined in terms of the
gluon-gluon correlator as follows:

1 dé—dg, o
f1<x kJ_)__gJ_z]@ ka_ ZZQ;P-{-/ 27T ik-€

« (P, S| (5 g) - (‘%) W (—g g) i (5) IP,S) Lw, (6.37)
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x (P, S|W (5 g) i (‘%) W ( g g) FHi <§> P, S) L+:o’ (6.38)
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where g7 = —§167! — §2672 being 6% the Kronecker symbol.

We notice that the gluon TMDs (and all the gluon distributions in general)
are defined with two gauge links in the adjoint representation. Usually three
distinct type of gluon distributions are identified, each one associated with
a specific combination of paths for the gauge links: both links being SIDIS-
like, both links being Drell-Yan-like and one link being Drell-Yan-like and the
other one being SIDIS-like (see Fig. 6.1). Which specific gauge link to use is
determined by the process in which the gluon TMDs enter. We are going to
ignore the gauge-link part, as we did for the quark TMDs. We obtain the
following LEWA overlap representation:

* 1, 1,1 ,7,1,
flg/gi’(x, ki)= 4/dﬂ454 { + 2@%234‘2 + @2¢134gp1¢234 + 4@1224‘2 - %214@1224
2, 2,0 7,2, 1,1T%,7,2, 2% 7,1,
+ 4|W1QKT54|2 - %1%4‘*”12?34 + 2%324%2@4 + 2“71324&”1224
1,1 ,7,2, 2, 71,1,
—2%334%;4—2%314%;4}. (6:39)

All the results shown in this section can prove useful for combined phe-
nomenological analysis of TMDs and PDFs, since all these distributions are
obtained by the overlap of the same LFWAs in different kinematical domains.
We will give an idea of how this process might work in Sec. 6.4.2, by using the
simple polynomial model for the LEWAs illustrated in Sec. 6.1.

6.3 Light-Front Wave Amplitude overlap represent-
ation of GPDs

As we did for the TMDs in the previous section, we are going to give explicit
results for the LEFWA overlap representation of the twist-2 chiral-even GPDs.
It will be clear how the GPDs E and E connect LEWAs for Fock states with
different values of L,. The GPD FE can be used to extract information on the
total angular momentum carried by the quarks [51], see Eq. (3.55). We recall
the GPD definitions given in Sec. 3.3.3:

1 T oA T

Fuale,&0) =5 [ o™ 0 A1501 60 oy ) oo asmo

= L) (v HE )+ T B et A), (6.40

= el ) () + S B ) A), (640
. 1 fde opr ) o -
Fuale&it) =5 [ Goe " (41500 1500 19 A) s,

1 N Aty -
- 2P+ﬂ(p/:/1/) <’)/+"}/5H(l',f,t) + QJ\/V[BE(%f,t)) u(p7 A)

(6.41)
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Z | Z1
(5.%) B (%)
z~ z
5.-%) R i)
Z|
(%) ]
. oo
.
- L
T )

Figure 6.1: Possible gauge-link paths for the gluon TMDs. The double SIDIS-
like link is in top left, the double DY-like link is in the top right and the mixed
one is at the bottom.

In the following, we will give the LFWA overlap representation of the helicity
amplitudes, that appears more simple than in the GPD case. The GPDs can
then be obtained from the following combination of helicity amplitudes, see,
e.g., Ref. [21]:

H(x,f,t):;<F++(x,§,t) e iMf/gfe xft)), (6.42)

E(I,g,t) = WF,Jr(Z,g,t), (643)

A et) = —— (F++(x £,1) + o —2M51—752 (z, €, t)> . (6.44)

o (x,6,1), (6.45)

where we defined:

462 M2 Agr
—tgp = min(—t) = ——, = —. 6.46
0 AJ_ ( ) 1 _ 52 77 \/A_i ( )
We notice how each GPD is in one-to-one correspondence with a specific
helicity amplitude in the limit of vanishing skewness (¢ = 0).

99



6. A model for the Light-Front Wave Amplitudes

(b)

Figure 6.2: Different possible diagrams for the quark GPDs with & > 0. The
diagrams (a) represent the GPDs in the DGLAP region, in which a quark
(x > & > 0) or an antiquark (z < —¢ < 0) is emitted from the proton and
reabsorbed after the hard scattering (represented with the black dots). The
diagram (b) represents the GPDs in the ERBL region, in which a quark-anti-
quark pair is extracted from the proton (—§ < z < £). We refer to the main
text for a broader discussion about the two regions.

The helicity amplitudes satisfy the following constraints:

F++(.I',£,Zf) = F,,(x,f,t), F+,((’L’,f,t) = —Fj+<l‘,£,t), (647)

F++($,£,t):—ﬁ__($,§,t), F+_($,§,t) :Fj+<x7§7t>‘ (648)

Therefore, out of the eight possible helicity amplitudes, only four are independ-
ent, consistently with the number of independent GPDs.

General results for the overlap representation of the GPDs in terms of
LFWFs are known for a very long time now, see Refs. [21, 97, 98, 112]. It
is also a commonly known fact that the skewness variable? ¢ identifies two dis-
tinct regions in x, namely Rpgrap = {z € (—1,1) : |z| > &} and RgrpL =
{r € (-1,1) : |z| < &}. The LFWF representation of the GPDs allows us
to investigate the differences between the two regions. In the first one, i.e.
Rpagrap, the GPDs are obtained from the diagrams in Fig. 6.2a. In the region
& < x < 1, the process is described as the emission of a quark with momentum
fraction x + £ from the proton and the absorption of a quark with momentum
fraction x — &. In the region —1 < x < —¢, the process is described as the
emission of an antiquark with momentum fraction —x — £ from the proton and

2In all known processes where GPDs may be measured one has ¢ > 0, which we will tacitly
assume unless otherwise specified.

100



6.3. Light-Front Wave Amplitude overlap representation of GPDs

the absorption of an antiquark with momentum fraction —x + &. These regions
are named DGLAP, since here the GPDs evolve to different scales through the
DGLAP evolution equations. As clear from the description above, in the Fock-
state decompositions of the initial and final proton states, we have only terms
that have the same parton content, i.e. the GPDs in the DGLAP region are
diagonal in the Fock space. In the second region, Rgrgpr,, we extract from the
proton a quark-antiquark pair and we annihilate it in the hard-scattering part
of the process. The diagram that corresponds to the ERBL region is shown in
Fig. 6.2b. In the Fock-state decompositions of the initial and final proton states,
we have only terms where the parton content of the initial and final state differs
for a quark-antiquark pair. Therefore, the GPDs in the ERBL region are not
diagonal in the Fock space. Also for the ERBL region the name derives from
the evolution equation that are used to evolve the GPDs to different scales, see
Refs. [113, 114]. Some information on the GPDs in the ERBL region can be
extracted from the DGLAP region by exploiting the connection between GPDs
and double parton distributions, see Refs. [115-117]. We will restrict ourself to
the DGLAP region in the remaining of this Chapter, because in our model we
do not consider the three-quark plus the quark-antiquark pair state, hence we
cannot explicitly compute the ERBL region contribution.

Finally, before being able to obtain explicit results, we must fix a reference
frame, i.e. we must fix the convention of how to split the transferred momentum
A between the initial and final proton states. Two common choices exist: the
photon-proton center of mass frame and the symmetric frame, see Ref. [20]. We
choose to work with the symmetric frame, in which the initial-state partonic
variables read:

x,:ji—i_g k .=k o l-may active k
7 1 +£7 1. 1. 1 +§ 2 ) quark,
T; = i . kili=K;+ i =L spectator quark, (6.49)
1+¢ ’ 14 E 2

and the final-state partonic variables are

T; — ~ 1—z; A .
F = ‘ﬁ — é ki,=K;+ 1__$€T¢7 active quark,
Ti - 7; A
;= 1‘? 3 kii=Kk;,— 13i 5TJ', spectator quark, (6.50)

where Z; and K, ; are the average fraction of longitudinal momentum and the
average transverse momentum of the partons, respectively?.
To facilitate the reading, we use the shorthand notations:

3The average fraction longitudinal of momentum is defined as the the average plus mo-
mentum of the partons divided by the average plus momentum PV of the proton.
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and

wgé = kl,ng)?, + kz,nggav
4
wgg = kl,ngé + k2,L1/f§zéa ¢123 = kz,ngg

The results for the quark helicity-conserving amplitudes read:
u Fu djiz (0) ()0 | 1 (0)
FYy =0 (F++,L:0> - \/1—_752{51%23 <2wiéé + wé@i )
0 0)* 0)x* 0 0)x*
Pl (6 o) s | o

- dpi3 0) ,(0)« 0 (0)+
FJCf+ L=0 (FﬁJr,L:O) = \/1—_7é_2{531/1§2é¢§g% + 621#%2)3 <’l/}123 + w32)1 ) ’

(6.53)
Fiiia (FﬁJr,L:l) - \/%{ (01 £ 02) 1/’1?5 ¢12§)*
= (02 + 8) vl (w5 + w3y )}, (6.54)
Flyim (Flim) = ﬁ’%{ (81 £ 85) a3 4 5,959 30" }
(6.55)
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558 (%3 + %13> } (6.57)

g
(61 + 52) 1234 (2%234 - %134) }’

(6.58)
dﬁ * *
: _45 ~ {53u71234 (2&/73234 LD;M) } (6.59)
" " dpy
Fi v <F++ m) 4/1_—52{

2 2, 1,1 ,7,2 2% 1,1
=+ 4%2?34%2;4 £ 2Re (%324%2?34 + %3;4[*/712?54)

d d
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6.3. Light-Front Wave Amplitude overlap representation of GPDs
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The results for the quark helicity-flip amplitudes read:

U ru dﬂ ~ N
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o 5982 (5 %) |

; dfis ~(34) ()
Fi— L=0,L=—1 (Fﬁ— L=0 L——1) = - —{ (03 £ 01) V19355
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The pre-factors
1
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(6.61)
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(34)*
231 (-

(6.65)

(6.66)

that appear in front of the integrals in the previous equations are derived from
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6. A model for the Light-Front Wave Amplitudes

the following change of variables:

[da Hp [dx]N[C{f]NA T 760 — &)

\/1'1 I'NZL‘l ZEN \/ZEl...ZL'NJ}l...l'N i—o

- / (1+' 2 (1 - g L
(6.67)

From the GPDs, by taking the integral over x, we can compute the electro-
magnetic form factors of the proton, see Fig. 3.3. The integral over x remove
the ¢ dependence: this follows from the Lorentz invariance, see Eq. (3.55). We
have:

1 A 1
PO =eo [ doPeo &t B0 =2Me, 5 [ doP (w0, (0.8
-1 TJa

where e, is the quark electric charge.
The GPDs at non-vanishing ¢ give also an immediate generalization of

Eq. (3.55):
J(t) = %/_ do @ (H(z, €,1) + Bz, €,1)) (6.69)

1

At vanishing momentum transfer ¢ = 0 and if we sum over all the quark flavors,
we must have:

d o JUt=0)= % — JI(t =0), (6.70)

q=u,d,...

where the gluon total angular momentum is defined in a similar fashion as the
quark contribution:

1
o — %/ do (H(2,€,1) + E%(x, &,1)) (6.71)
-1

In our model, it is possible to compute only partially the gluon GPDs, since to
compute Y and EY it is necessary to incorporate the four-parton state with
non-vanishing parton OAM. In Chapter 8, we are going to see that the total
angular momentum introduced in Eq. (6.69) can be obtained directly from a
local matrix element of a suitable operator.

6.4 Fit of the parameters

In this section, we are going to illustrate our fitting strategy. Despite its simpli-
city, our model (Egs. (6.6)-(6.12)) is able to reproduce the main features of the
parton distributions in the valence region. The model can be further refined
to improve the agreement with the phenomenological extractions of the parton
distributions. A refined version of the model can be used as a starting point
for future combined fits of TMDs and GPDs. As anticipated, our focus will be
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6.4. Fit of the parameters

on the collinear and unpolarized PDF f;. We fit the parameters of the model
to the phenomenological parametrizations of the collinear parton distributions
extracted from available experimental data. The fit of the model to the para-
metrization allows us to find the best set of parameters that are compatible
with the QCD sum rules and lattice estimation. It also provides a way to fix
the effective quark and gluon masses (see Egs. (6.1)-(6.3)) and the widths of the
transverse-momentum Gaussians. We chose to not compute the evolution of f;
with the scale, because a consistent procedure would require to have a non-
vanishing sea-quark contribution that is not included in our model. Among
the available phenomenological parametrizations, we use the MMHT2014 [118]
that provides results at the same scale of our model, i.e. u =1 GeV. We chose
to use the results of MMHT2014 at NLO. We will perform a simultaneous fit
of both the quark and gluon contribution to f;, using the results of Sec. 6.2.

In historical order, we first included in our model only the contributions that
come from the L, = 0 LEFWAs (see Ref. [119]). The more recent development
of the model allows us to include in the analysis also the LFWAs for the states
with |L,| = 1. The new results including the non-vanishing OAM components
of the LFWF's will be presented also in a forthcoming manuscript [120].

6.4.1 Fit methodology

A variety of minimization algorithms can be applied to fit the model paramet-
ers to the experimental data. One of the most used is the gradient-descendent
method. In this approach, the parameter space is explored in the opposite dir-
ection with respect to the gradient of a loss function that defines the goodness
of the current set of parameters (usually a y*-like function). Gradient methods
rely on analytical or numerical evaluations of the gradient of the loss function.
In general, these types of methods work well enough, however they might fail
in some situations. For example, the loss function can be almost flat or, on
the opposite, it can have a large number of local minima that differ not very
much from the global one (pathological situations, in which the global minima
is reached for a divergent value of some parameters, are also possible). Also,
gradient methods are not very suited for a problem with a high-dimensional
parameter space?. Alternatives to the gradient methods are geometrical meth-
ods that do not require to compute the derivative of the loss function. The
gold standard for geometrical minimization methods is the simplex algorithm.
The simplex is a geometrical construction that is the generalization of the tri-
angle to any dimension d > 2. The simplex minimization algorithm consists in
a set of rules that construct the simplex in the parameter space and collapse
it into the global minimum of the loss function. The simplex algorithm has
the advantage of avoiding the evaluation of the derivative of the loss function.
However, it is quite slow, especially for a high-dimensional parameter space.
Last, a large class of Monte-Carlo based methods exists. Monte-Carlo meth-
ods are, in general, best suited for problems with high-dimensional parameter

4A good gradient method suited for large parameter sets is ADAM, see Ref. [121].
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6. A model for the Light-Front Wave Amplitudes

space. For this reason, we chose a simple version of Monte-Carlo methods, in
which n parameter-configurations are sampled and the best one is selected. The
best parameter configuration is defined as the one that minimizes the following
x2-like function:

o i (w11 (2:) — P(w;, valence up))?

2

i=1 iU
(xi d(x;) — P(x;, valence down))2
T 2
0id
f{(x;) — P(;, gluon))?
T O(a; — 0.4) 1) ﬂ(%guon)), (6.72)
1,9

where P(z,parton) is the value of the MMHT2014 parametrization at NLO for

zfP" () and o; is the associated error. For the points z; we assumed an
equally spaced grid:
1+ 1
il 6.73
HTNT (6:73)

with N = 100. In Eq. (6.72), the gluon PDF appears only for values of x >
0.4, since in the mid-to-low z range our model is not able to reproduce the
phenomenological behavior of the gluon distribution.

To obtain a set for one Monte-Carlo iteration, all the parameters of the DAs
in Egs. (6.6)-(6.12) are assumed to follow a gaussian distribution with mean
and standard deviation equal, respectively, to the central value and the error of
the QCD sum-rule or lattice evaluations (see the second column of Tab. 6.1).
For the widths of the transverse-momentum gaussian functions we chose central
values that are consistent with the values in Ref. [105]. The standard deviations
were fixed in such a way to ensure a good variability of the parameters. A close
inspection reveals that the gaussian-width parameters a; participate in the total
PDF normalization, hence it is possible a relatively narrow range of variation.
The masses are sampled uniformly in the whole possible range, i.e. the quark
mass is sampled in the interval

M
my € l(), ?] , (6.74)
and the gluon mass is sampled in the interval
my € [0, M — 3m,], (6.75)

in such a way that we always ensure that 0 < 3m, + my < M. Finally, the
gaussian widths az and a4 for the L, = 1 state are assumed to be equal, and
the same is assumed for the widths of the three-quark plus one-gluon state, i.e.
we have that:

as =ay, a; = a. (6.76)
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6.4. Fit of the parameters

We performed two separate fits. First, we ignored the LEFWAs for the states
|L.| = 1 and performed the fit only with the LFWAs for L, = 0, following the
analysis of Ref. [119]. The results are shown in the column labeled “Old Fit” in
Tab. 6.1. Instead, in the new fit configuration, we considered also the LEFWAs
for the three-quark state with |L,| = 1, and the results are given in the last
column of Tab. 6.1. From the table, one can appreciate how the parameters that
were present in both versions of the fit do not change value drastically: all the
parameters in the two configurations are separated by less than one standard
deviation, beside A\§ which varies about two standard deviations. Overall this
indicates that the values of the parameters of the LFWA expansion are quite
robust under different truncation of the Fock-space expansion.

Finally, in Figs. 6.3-6.4 we show the results for the fitted PDFs z fi(x) in
both the old and new configuration. In Fig. 6.3 the total results for the PDF's
z fi(x) are compared with the MMHT2014 parametrization. The results for the
quark PDF's reproduce fairly the MMHT2014 parametrization at large = (z 2
0.3), while they have a much faster fall-off for x — 0 than the Regge-motivated
behavior of the parametrization. We notice how the inclusion of L, # 0 LFWAs
slightly improves the behavior for medium-to-low-z, while it makes slightly
worse the comparison at large z between the MMHT2014 parametrization and
the model results. In Fig. 6.4 the different OAM contributions to z fi(x) are
compared. One can notice how the LEWAs for L, # 0 produce a relatively
small contribution per se, but have a large impact on the L, = 0 contributions.

6.4.2 Fit results

Using the parameters that are obtained from the fit, we can now compute all
the parton distributions given in Secs. 6.2 and 6.3. First, let us start with the
analysis of the norm of the proton in our model. The results are shown in
Tab. 6.2. The total norm, including the states with |L,| =1, is

N ~ 0.645. (6.77)

The norm gives an indication of the goodness of the approximation introduced
by the truncation in the Fock expansion. For comparison, our older results,
that did not include the states with non-vanishing OAM, give a norm equal to
0.56. The norm in Eq. (6.77) can be separated into the contributions from the
various Fock states, with the results:

Paggr + P3gep = 0.502,

HD?)q,Lz:O == 01207 Hng?Lzzl = 00047 |P3quZ:_1 = 0019 (678)

Comparing these results with the old ones from Ref. [119]:
Paggr + Paggr = 0.384,  P3y1.-0 = 0.176, (6.79)

we observe that even a relatively small variation in the parameters can produce
a sizable effect on the norm of the different Fock-state components. Another
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6. A model for the Light-Front Wave Amplitudes

Parameter ‘ Lattice/QCD sum rules | Old Fit New Fit
fv (GeV?) 5.0+0.51073 4681073 | 4921073
fo 1£0.3 1.14 1.04
1o 44+1.5 0.5 1.87
9 (GeV?) —1.11 4 0.45 1072 NA —1.52 1072
o5 (GeV?) 3.50 £2.73 102 NA 1.64 1072
T (GeV?) 2.11 +1.51 1072 NA 1.98 1072
9 (GeV?) 1.58 +0.45 1072 NA 1.18 1072
Uy (GeV?) —6.10 +5.25 1072 NA —6.88 1072
T (GeV?) 1.07+0.97 1072 NA —0.70 102
Y (GeV?) 0.85 +0.32 102 NA 1.08 1072
& (GeV?) 2.79 +£1.77 1072 NA 4.11 1072
T (GeV?) 0.56 £ 0.35 1072 NA —0.48 1072
M (GeV?) 26+121073 2791073 | 3.11 1073
A (GeV?) 2.3+0.71073 1.33107% | 1.63 1073
A (GeV?) 0.54+0.2 1073 0.36 1073 | 0.76 1073
Parameter Initial values Old Fit New Fit
ap (GeV™) 0.73£0.2 0.85 0.61
az (GeV™1) 0.5£0.1 NA 0.31
ay (GeV™) 0.54+0.1 NA as
as (GeV™1) 0.5£0.1 NA 0.47
aor (GeV™) 0.8£0.1 0.782 0.76
a; (GeV™1) 0.8+0.1 ai o a2
my (GeV) 0, %] 0.161 0.149
my (GeV) [0, M — 3m,] 0.05 0.030

Table 6.1: Parameters of the model illustrated in Egs. (6.6)-(6.11). The theor-
etical central values are shown in the top part with the associated errors and
the fit results in the old configuration from Ref. [119] (only L, = 0 LEWAs)
and in the new configuration of this work (three-quark LEWAs with L, = +1
included). The bottom part of the table contains the initial guess for the para-
meters, the standard deviation and the fit results in the two configurations.
For the masses, the uniform range of sampling is shown. In Ref. [119], f were

given as A, B.

interesting aspect to investigate are the momentum fractions carried by quarks
and gluons. The average fraction of longitudinal momentum is defined via the
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6.4. Fit of the parameters

State Old Fit | New Fit
P(|3¢,L. =0)) | 0176 | 0.120
P(3¢,L, =+1)) | 0 0.002
P(|3¢, L. = —1)) | 0 0.019
P (13g9,9 1)) 0.103 0.168
P (139g9,9 ) 0.281 0.334

Table 6.2: Norm of the various Fock components in the old fit configuration
from Ref. [119] and in the new fit configuration of the present work.

second Mellin moment of the unpolarized distribution:

1
(z), = / de 22 (), (6.80)
0

where a distinguishes between the up quark, the down quark and the gluon. The
results for the average longitudinal-momentum fractions are shown in Tab. 6.3
in both fit configurations and for the MMHT2014 parametrization as well. We
notice that the results of the new fit are in better agreement with the phenomen-
ological parametrization than the results from the old fit. The prediction for
the gluon is still not able to correctly reproduce the phenomenological value:
this is due to the fact that the model is not able to capture correctly the gluon
dynamic below x ~ 0.4.

Old Fit | New Fit | valence MMHT2014 (NLO)
<x>up 0.305 0.339 0.346 £ 0.008
(@) qon | 0.136 | 0.148 0.143 £ 0.007
() guon | 0119 | 0158 0.350 4 0.033

Table 6.3: Results for the average longitudinal-momentum fraction for the up
and down quarks and for the gluon, corresponding to the configuration from
Ref. [119] (second column), the new fit configuration of this work (third column)
and the MMHT2014 parametrization (last column).

So far we explored mainly the z-dependence of the parton distributions. To
gain information on the transverse-momentum part, it is useful to introduce the
average transverse-momentum fractions. These quantities allow us to compare
the spread in the transverse-momentum space of the different distributions. At
variance with Ref. [119], we adopt the following convention, that has the merit
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6. A model for the Light-Front Wave Amplitudes

of producing dimensionless numbers:

1
<]<,’J_> :/ d%’/ ko_ k—lTMD(ﬂj,kL), (681)
0 R2 M
> 1 K
(k%) :/0 da:/[RQ dky o5 TMD (k). (6.82)

The results for the different distributions are given in Tab. 6.4. We notice
how the values for the TMDs that have no collinear counterpart are smaller
compared to the ones that have a PDF counterpart. This is due to the fact
that g;r and hi; are given as superposition of LEFWAs with different L. (see
Sec. 6.2), and, as can be seen from Fig. 6.3, the contributions of the LEWAs
with |L,| = 1 are rather small compared to the contributions of L, = 0.

We can also study the x-dependence of the average transverse momentum
for different distributions (see Ref. [16]). We define

) (2) = / ik, %TMD(x,kl), (6.83)
() (x) = /[R dk QE'ZTMD(x,kL). (6.84)

In Fig. 6.5 are shown the results for the PDFs fi(x), g1(z) and h;(z) and for
(k1) (x) for the TMDs g7 and hi;. We notice that, due to a factor k¥ — k3
at the denominator (see Egs. (6.35)-(6.36)), hiy presents numerical instabilities
and is not shown. Our model, at variance with other models, like the one of
Ref. [96], does not assume SU(6) symmetry for the LWFAs. This implies that
our model does not comply with the TMD relations discussed in Ref. [89].
Finally, the results for the GPDs at different values of £ and ¢ as function of x
are shown in Figs. 6.6-6.8. In Fig. 6.6, we present the results for H"(x, &, t) and
H “(xz,&,t) as function of x for three selected values of ¢ and ¢. In particular
we choose € = 0, t = 0 GeV2, € = 0,t = —02 GeV? and £ = 0.2, t =
—0.34 GeV2 The results for the three-quark and the three-quark plus one-
gluon states are shown separately as well as the total results. In Fig. 6.7, the
same configuration as in Fig. 6.6 is used to show the results for H%(x, ¢, t) and
H d(z,&,t) as function of x. For both the up and down quark we observe how
the three-quark plus one-gluon contribution tends to dominate in the mid-to-
low = region, whereas the three-quark contribution dominates at high values of
x. We also note how increasing the value of £ tends to decrease the magnitude
of the GPDs. We can notice how the three-quark contribution to H? is the
only negative contribution among the GPDs H*? and H*?. In Fig. 6.8 we
present the results for E“4(z, &, t) and E%%(x, €, t) as function of x for three
selected values of € and t. In particular we choose ¢ = 0.1, t = —0.1 GeV?,
£€=01,t=—-0.2GeV? and £ = 0.2, t = —0.34 GeV?. The limit £ — 0 and
t — 0 GeV?, although being finite in the model, presents numerical instabilities
and, therefore, it is not shown. The two GPDs H(z,¢,t) and E(z,&,t) have
a clear different behavior for the up and down quark. For H (x,&,t) this is
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6.4. Fit of the parameters

especially evident in the three-quark contribution. Comparing our results with
the one presented in Ref. [16], we can notice profound differences in H? and
in F“9 These discrepancies are probably due to the very different modeling
of the L, = +1 LFWAs in the two models. Within our model we find very
poor results for the electromagnetic proton form factors. This can be due to
different reasons. We believe that the model can be significantly improved
either by increasing the number of polynomials in the expansion of the DAs,
since it is known that the convergence in the polynomial expansion is slow.
Another approach could be to abandon the polynomial expansion for the DAs,
replacing it with a more comprehensive and sophisticated model, like a neural
network approach. Work in this direction has been planned and will be pursued
in the future. The work presented so far served to provide model-independent
relations between the LFWAs and DAs and a unified framework to calculate a
variety of parton distributions. This gives us an essential playground for future
more refined phenomenological analysis.

TMD | (ki) | (k1)

v 10493 | 0.130
d 1 0.240 | 0.061
9 | 0193 | 0.048
gv | 0322 | 0.086
g | 0.071 | 0.018
¢! | —0.064 | —0.016
he | 0192 | 0.050
h{ | —0.059 | —0.014
g | —0.006 | —0.002
g% | 0.001 | 0.001
hi* | —0.008 | —0.003
hi* | —0.049 | —0.012
hit | 0.005 | 0.002
hit | 0.003 | 0.001

Table 6.4: Average transverse-momentum (second column) and average squared
transverse-momentum (third column) for the leading-twist T-even TMDs as
defined in Egs. (6.81)-(6.82). The hi7 is not showed because it present problems
of numerical nature during the integration due to the k% — k3 factor at the
denominator, see Egs. (6.35)-(6.36).
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6.5 Conclusions

In this Chapter, we presented our model for the LEWASs of the three-quark and
three-quark plus one-gluon states. The model discussed in Sec. 6.1 was con-
structed in three steps: first, we assumed a gaussian Ansatz for the transverse-
momentum dependence of the LFWAs. Second, we inverted the relations
between the DAs and the LFWAs (see Sec. 3.4.4) to obtain the LFWAs in
terms of the DAs. Third, we assumed a specific polynomial expansion for
the DAs based on the conformal expansion of Ref. [66]. This procedure gives
the complete model for the LFWAs. In Secs. 6.2 and 6.3, we illustrated the
LFWA overlap representation for the leading-twist T-even TMDs and chiral-
even GPDs. These expressions are independent from the explicit model for the
LFWASs and, therefore, have an importance that transcends the specific of our
model. The parametrization we adopted for the DAs has already been discussed
in similar form in the literature, see Refs. [65, 66, 68, 105, 107]. These studies
provided the values for the parameters of the DAs via QCD sum-rule techniques
and lattice-QCD estimation, at the scale y = 1 GeV. However, we modified the
model including the quark and gluon effective masses. The values of the masses
along with the parameters of the DAs have been fitted to a phenomenological
parametrization of the unpolarized PDF f;(z). Specifically, we chose the phe-
nomenological extraction MMHT2014 [118], since it provides results at the same
scale (1 = 1 GeV) of the QCD sum rules and lattice calculations of the DAs,
which represent a benchmark for our model results.

The fit procedure and the fit results have been illustrated in Sec. 6.4 along
with a selection of results for the GPDs and TMDs. The possibility of fit-
ting the LEFWAS to a sub-set of parton distributions and using the information
acquired in such a way to obtain predictions for other parton distributions is
one of the main advantages of using LFWAs for phenomenological analysis.
Moreover, since the LEFWAs can provide a parametrization of different parton
distributions, they can be used to fit simultaneously experimental data for dif-
ferent distributions. These features prove valuable in view of the future EIC

and upcoming new data from JLab and COMPASS.
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Figure 6.3: Fit results both in the old configuration from Ref. [119] (only
L, = 0 states) and in the new configuration of this work (also |L.| = 1 three-
quark states included). In (a), (b) and (c) are shown the comparison between
MMHT2014 and the total results for the up, down and gluon contributions,
respectively.
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Figure 6.4: Fit results both in the old configuration from Ref. [119] (only L, =0
states) and in the new configuration of this work (also |L.| = 1 three-quark

states included). In (a) and (b) are shown the comparison of the old and new
fit results for the different LEFWA contributions to the up and down quark
unpolarized PDF.
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for the up and down quark and for the gluon. Panel (c¢) shows the PDF hy(z)
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Figure 6.6: Results for the up quark contribution to the GPDs H*(z,¢,t) and
H*(x,&,t) as function of z at different values of € and t: € = 0 and t = 0 in
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and I:Id(x, ¢,t) as function of z at different values of £ and t: { =0 and t =0
in the panels (a) and (b); £ = 0,¢ = —0.2 GeV? in the panels (c) and (d) and
£=0.2,t = —0.34 GeV? in the panels (e) and (f).

117



6. A model for the Light-Front Wave Amplitudes

0.03 0.00 — e -
0-02—/‘\ 0101 -
0.01} ol -
\ e -0. O\/ :
0.00} . JUUTTET TR =] R
-0.30
-0.01} ,

, £=0.1, -0.404 &=0.1,
-0.02p t=—0.1 Gev’ . t=—0.1 Gev?
-0.031% EY ----- -0.50 | AT

. P d ~d

ES —-- —_--
—0.0al ‘ 1 —0.60L__. ‘ By 2

0. 4 0.6 0.8 0.2 0.4 6 0.8

X
(a) (b)
0.03 0.00 — —
0.021], s
I\ -0.10L .-

0.01} /

\ I ~0.20/l S ;
0.00} . e ] 205/
—0.01; eo -0.30} eo

. -0.1, : -0.1,
-0.023 t=-0.2 GeV* o a0l t=-0.2 Gev*
~0.03 " Ep -ce TR E," -ee-

. d = d

I R .
-0.04 s ‘ : -0.50 ‘ ‘ By 7
0. 4 0.6 0.8 0.2 0.4 6 0.8
X
(c) (d)
0.02 0.00 —
~0.02| R
0.01 I R
— -0.04 ~
I - .._.\'\ ' B ’
0.00} ‘\ ----------- —— —0.06,\ -
-0.011 -0.08f [

: £=0.2, (- £=0.2,

: t=-0.34 Gev’ -0.10L t=—0.34 Gev’
-0.02}} w . v ~u

\ Ep -0.12} ! Ey

d L = od
Ef —-- v —--
-0.03 ! —0.141" ‘ B o
0.2 0.6 0.8 0.2 4 0.8

Figure 6.8: Results for the up and down quark contribution to the GPDs
E(x,&,t) and E(z,€,t) as function of z at different values of & and t: & =
0.1, = —0.1 GeV? in the panels (a) and (b); £ = 0.1, = —0.2 GeV? in the
panels (c) and (d) and £ = 0.2,t = —0.34 GeV? in the panels (e) and (f).

118



Chapter

Twist-3 distributions

7.1 Introduction

In the previous Chapters, we focused our attention on the leading-twist parton
distributions (mainly GPDs and TMDs). These distributions have a probabil-
istic interpretation as parton densities, at variance with the sub-leading twist
parton distributions that are going to be the focus of this Chapter. Twist-3
parton distributions, especially when the dependence on the parton transverse
momenta is taken into account, give access to a wealth of information about the
proton parton structure [17, 47, 122]. They describe multiparton correlations
inside the proton, corresponding to the interference between scattering from a
coherent quark-gluon pair and from a single quark [123-126]. As such, they
help understanding the quark-gluon dynamics inside the hadrons.

Twist-3 TMDs contribute to various observables in SIDIS. Although be-
ing suppressed with respect to twist-2 observables, twist-3 structure functions
are not negligible in the kinematics of fixed-target experiments. As an ex-
ample of the importance of twist-3 distributions, one of the priority tasks of
the experimental program at JLabl2 is the measurement of different twist-3
spin-azimuthal asymmetries in SIDIS [127-129]. The future electron ion col-
lider planned in USA will extend such experimental investigation by accessing
different kinematical regions [130, 131].

Historically, model studies have been shown to have important impact for
the understanding of sub-leading twist TMDs and the theoretical interpret-
ation of related observables (see, e.g., Ref. [132]). Twist-3 quark PDFs and
TMDs can, in general, be decomposed into contributions from leading-twist
mass terms, singular terms and pure interaction-dependent (“tilde”) terms. The
procedure to obtain such decomposition is similar to the case of the distribu-
tion amplitudes discussed in Sec. 3.4.1. The approximation of vanishing tilde
and singular terms is sometimes referred to as Wandzura-Wilczek approxim-
ation [133] and has been often used both as starting point to simplify the
description of twist-3 SIDIS observables [134-136], and as a useful numerical
approximation [91]. However, there is no real experimental evidence of its valid-
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7. Twist-3 distributions

ity, and it misses one of the main motivation to study sub-leading twist, i.e.
the intrinsic, non-perturbative physics of quark-gluon correlations encoded in
the tilde terms. We note that twist-3 effects can be introduced also by the per-
turbative exchange of gluons between the active parton and the remnant. This
procedure, that must be taken into account for a full twist-3 description of an
observable, is spurious, since it does not encapsulate any real non-perturbative
information about quark-gluon correlations inside the proton [137, 138].

Twist-3 TMDs have been calculated in various models: the MIT bag model
[123, 137, 139, 140], diquark spectator models [141-144], instanton models of
QCD vacuum [145, 146], chiral quark soliton models [147-151] and perturb-
ative light-front Hamiltonian approaches with a quark target [152-155]. More
recently, in Ref. [69] twist-3 and twist-4 distributions have been computed em-
ploying perturbative methods. Moreover, the work in Ref. [156] discusses the
possibility of a vanishing singular contribution to e?(x,k ). We will not treat
the twist-3 distributions thoroughly as we did with the leading-twist ones, since
a very limited amount of information is available about them and, moreover,
most of the twist-3 distributions involve gluon states with non-vanishing OAM,
that are not included in our model. We will not discuss GTMDs of higher twist,
since for now an extraction of them is unrealistic in the near-to-mid future.

The twist-3, unpolarized, chiral-odd quark TMD e?(x,k ) [125] is going
to be the focus of this Chapter. This distribution can be constructed as the
overlap of LEWAs for states with the same L., but different parton content.
More specifically, the states must differ by one gluon. For this reason, the model
presented in Chapter 6 is particularly well suited to study e?(z, k).

In Sec. 7.2, we are going to derive the general decomposition of e?(x, k] ) in
tilde, mass and singular terms using the EOM. The overall complexity of the
calculation is increased compared to the similar procedure utilized in Sec. 3.4.1,
due to the presence of a non-unity transverse gauge-link. In Sec. 7.3 we are going
to discuss in detail the derivation of the singular contribution to e?(x, k),
commenting on the results presented in Refs. [69, 156]. Finally, in Sec. 7.4, we
are going to use the truncated Fock-state expansion of Eq. (3.67) to derive the
LFWA overlap representation for e?(x, k). We are going to utilize the explicit
model presented in Chapter 6 to obtain predictions for both the TMD e?(z, k)
and the PDF e?(x). Conclusions are drawn in Sec. 7.5.

7.2 Twist-3 decomposition

In Sec. 3.3.2, we reviewed the definition of the quark TMDs in terms of the
trace of the quark-quark correlator with an appropriate Dirac structure, see
Eq. (5.1) and Refs. [17, 39].

For the sake of clearness, we recall here the definition of e(z, k, ):

M 4 _ [derdzy ., '
(k) = / S EOWE DL o ()
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7.2. Twist-3 decomposition

To fully specify the TMD, we need to fix the Wilson line #(0;z). In this
case, we choose to work with a SIDIS-like Wilson line [25] (see Fig. 3.5). The
generalization to a Drell-Yan-like Wilson line is straightforward, whereas more
complicated Wilson line structures would demand a dedicated study.

The bilocal quark operator in Eq. (7.1) can be rewritten as

O (0;27,21) = V(O)W (05 2)¥(2)]-+=o
= Y (0)W(0; 2)y—(2)[o+=0 + Y_(0)W(0; 2)¢p (2)[o+-  (72)

If we assume that the plus component k™ of the quark momentum is strictly
positive, we can invert the EOM (3.132) in a straightforward way. Instead,
problems arise when we include the contribution from zero modes corresponding
to k™ = 0. In this case, as can be easily seen from Eq. (3.120), there appear
singularities in the bad components of the field, and one needs a regularization
prescription [69, 157, 158]. For this reason, we use the EOM (2.32) to derive
the following operator identity

W(0;2)Y_(2)]+—0 = W1(07,0,;0, 21 ) (07,07, 2,)

—i [ w0700 =) T (70 Dt m) 0 (07,¢ 20, (1

where we defined W;(a",a,;b7,b) = W0, a",a,;0",b7,b,). Note that
this approach, that we used in Ref. [119], is different with respect to using the
Green function to solve the EOM as presented in Eq. (3.120). With the present
approach, we will be able to give a more clear interpretation of the singular term
after the integration over k. The derivation using Eq. (3.120) would lead to
different-looking, but equivalent, results. Using the expression in Eq. (7.3) for
the bad components, Eq. (7.2) can be rewritten as

O (0; z7, ZJ_) = O, + O,, + Opys, (7.4)
with
:E(O)Wl(o_’OJ-;O_7'ZJ-)¢(0+’0_7ZJ_)’ (75)

o,
O = —im / AT (O (07,005 2 ) s (0T ¢y 2), (7.6)
0
Ous =3 [ dCT 00 010,04 ¢ 20)Duylc2)
0

1
+ D (0)WA(07,015¢7,21) [0 (07,¢, 20), (7.7)

where the index j = 1,2 labels the transverse components.

The bad components 1_ contribute only to Oy in Eq. (7.5). This operator,
when inserted in the matrix element of Eq. (7.1) and integrated over z~, gives
a singular contribution proportional to §(z):

d(z)

el (k) = W/(CZ;T;@"’“"“L (P (0)21(07,0,;07, 2, )0(07,07, 2,)|P).
(7.8)
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7. Twist-3 distributions

This contribution is well known for the PDF e?(x), being related to the pion-
nucleon sigma term (see, e.g., Ref. [125]).

The contribution to e? from the operator ©,, can be worked out using the
Fourier expansion of the matrix element of the operator (7.6) and the definition
of f{ in (3.37), as explained in Sec. 7.3, with the result

1 q ,k
et = o filo k) = o) [ ayHEEL),

-1

(7.9)

where the singular term is a natural consequence of the divergences associated
with the zero modes (z = 0).

Limiting ourselves to the T-even sector and to the target-spin averaged
matrix element, the contribution from the operator O3 can be rewritten as

E%/dZdzLeik+2_—kJ_'zJ_
M 2 2(2m)3

Ctw3 = —

z~ ¢~ o
x < [dc [ i PIEOW 0 00 2060005
X 0’j+W1(777 zJ_;Ci zJ_)w(OJra Ciazl) |P>

/ dC / P|¢ )Wl(oiaol;77770J_)G+j(0+777770J_>
X o7 Wi (7, 005¢, 210 )P(07, ¢, 21 |P>>, (7.10)

where G* is the gluon-field strength tensor. Using the results in Sec. 7.3,
Eq. (7.10) can be rewritten in the form

1

edos(z, k) =¢el(r, kL) — 5(95)/ dyél(y, k), (7.11)

-1

where

- 7 =
&z, k) = —mqs;j](x, k) (7.12)

is a pure twist-3 contribution defined in terms of the quark-gluon-quark correl-
ation function [33]
07+

1 ; s [dz7dzy gt g
(ﬁA,j}(”’kl):éTr [@Ad(mvkﬂaﬁ]:%/ 2(277);6’6+ e

o0

¢ _
X (/ dn= (Pl (0)81(07,0.;m7, 20 )G (07,07, 21)
X ol Wi(n, 205, 20001, (7, 21)|P)

4 / dn (P(0)9, (070,557, 0., )G (0%, 57, 0.,)
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7.3. Derivation of the singular terms

x ot W (n™,0,;¢, 20007, ¢, zL)|P>>. (7.13)

Collecting the results in Egs. (7.8)-(7.11), we end up with the following
decomposition:

', ku) = e (e, k1) + € (2, ko) + — ff (o kes)

o) [y (T filoks + k) (1)

1

The singular term beyond the contribution of e, was usually not discussed in
literature before Ref. [119]. Using the Green function approach for the inversion
of the EOM, the singular terms of Eq. (7.14) would have been originated from
the boundary condition terms of Eq. (3.115).

The decomposition (7.14) is independent on the choice of the gauge. In the
light-cone gauge A™ = 0, with advanced boundary conditions for the transverse
components of the gauge field, the gauge links in the correlators can be ignored!
and @4 ; in Eq. (7.13) becomes [33, 83]:

=09 ] _Gs dz"dz | ikez
Pay (@ ki) = ?/ 2021y ©

x (P, S[P(0) [ALi(2) = AL (O)] 0" (2)|P.S) oy (7-15)

Integrating Eq. (7.14) over k , one obtains the corresponding decomposition
for the PDF e(z)

1

€1(o) = e ) + 2 (2) + 001 2) = 0(a) [

-1

iy (=1t + 1))
(7.16)

from which one can easily infer well-known relations for the first Mellin moments
of e9(x) [125]. The singular contribution ey(x) reads:

o()

erle) = 2 P 0)P) = 2o, (7.17)

- 2M

where o,y is the pion-nucleon sigma term.

7.3 Derivation of the singular terms

In this section, we show the derivation of the contributions e, in Eq. (7.9) and
edys iIn Eq. (7.11).

IThis argument is strictly related to the choice of a SIDIS-like Wilson line. Different
choices of the Wilson line would require different boundary conditions in order to reproduce
a similar-looking equation.
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7. Twist-3 distributions

We start by considering the matrix elements of the operators ©,, and O3
in Eqgs. (7.6) and (7.7), respectively, which enter the definition (7.1) of the TMD
el(x, ki) (I =m,tw3):

dZ_dZJ_ iz xPT—iz | -k, : — -
/ 2 ¢ F k / d¢™ Ny (¢, z1), (7.18)
with
MG 20) = = PR W4 (07,005¢, 20) (¢, 2)|P), (7.19)
¢
mtw3<c ZL d77 P|¢ Wl (0_;0J_;T]_7zJ_) G—Z(n_wzJ_)

o/ Wy (n” ZLC ,Z21) (¢, z1)|P)
n / " (PIEO)W, (07,0,07,0.4) G (.0,
.

O-j+wl (T]_7OJ_;<_7ZJ_) ¢(<_7ZJ_)|P>>7 (720)

1\3|Q
I/'\/—\ [\

where z* = 0 is understood in the argument of the fields. By integrating
over z  and introducing the Fourier-transform in the variable (~ of the matrix
element 177;, Eq. (7.18) can be rewritten as

/dz o / dc” /‘W S (R k). (7.21)

The integral over (~ in Eq. (7.21) can be easily performed, giving
i / A2 izmapr / an = k) (7.22)
o o W' k). .

Finally, integrating Eq. (7.22) over z~ and changing the integration variable as
pt = yPT, we obtain

O Y ), (7.23)

1:17 My(xp™, k1) —
The Eq. (7.23), for [ = m and with the definition (3.37) for f{, corresponds to
the contribution e? in Eq. (7.9). Analogously, Eq. (7.23), for the matrix element
with | = tw3 and with the definition (7.12) for é?, gives the contribution e
in Eq. (7.11).

Two works appeared recently in literature, discussing the singular behaviour
of the e?(x) distributions [69, 156]. In Ref. [156], it is claimed that the decom-
position in Eq. (7.14) is actually wrong and no singular term should appear.
The authors of Ref. [69] argued that, using Eq. (3.120), the claim of Ref. [156]
is valid only in the limit of vanishing zero-mode contributions. We discuss here
an alternative argument, with respect to the one provided by Ref. [69], that
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explains why the singular terms are not vanishing. In Eq. (7.3), we could have
chosen the subtraction point at oo™ instead of 07, as it is done in Ref. [156].
This would have given the following expression instead of Eq. (7.22):

) dz— P N efiz—p+ N ' e*iz_;rﬁ' N
i ——e dp pe my(p*,ky)— lim my(p*, k) |-

2w zT—00~ p+
(7.24)

The second term is proportional to
ml(er = O+, kJ_) (725)

Since M(p™, k) is written exclusively in terms of dynamical field components
(good components for the quark fields and transverse components for the gluon
field), we have that

ml(er = O+, kJ_) =0. (726)

This entails that the total singular contribution to e?(x, k) (see Eq. (7.14))

1

ct(o. k) - o) |

-1

dy (Mﬂyff (0, k2) + (s, zm) (7.27)

can be equivalently written as:

% / (Zﬁze‘m'“ (P (0)W1(0; 007, 21 )0- (07,007, 1) | P)

(Pl (0,007, —21 )W (0™, —21:0)1, (0)| P) ) (7.28)

From this it is rather simple seeing how no singular part arises, under the
assumption of Ref. [156] of vanishing 1_(c0™) (see Eq. (17) of Ref. [156], in
which 1_(0c0™) is clearly assumed to vanish). However, as we stressed, while
it is safe to assume that 14 (co™) = 0 because it is a dynamical field, it is not
guaranteed that the same holds for the bad component.

From Eq. (7.8), one can also see why we chose 0~ instead of co™ as a
subtraction point. Integrating Eq. (7.8) over k_, instead of recovering the
pion-nucleon sigma term of Eq. (7.17) and the integrals of the PDF's in the last
term of Eq. (7.16), one would have obtained:

o()

SN (Pl (0)¢— (0%, 007,0.1) +¥_(07,007,01)9(0)|P). (7.29)

The meaning of the singular part, when expressed in this form, is more obscure.

7.4 Model results

7.4.1 Light-Front Wave Amplitude overlap representation

We can use the truncated Fock-space expansion for the proton state in Eq. (3.67)
to derive the LFWA overlap representation of é%(z, k). Since we are not con-
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sidering three-quark plus one-gluon states with L, # 0, the overlap represent-
ation is given in terms of only L, = 0 LEFWAs:

. 4q, d
eu(xyk:L):Mj\/g \//;_44{—5($—I4—I’1)5(kL—kL4—kL1)

[(4¢ 3)32 T 2¢23 —-2— 3)) Lpllﬁgzl

(0)x (0)x 2,1 (0) 1
+ (2@/1(23)23 + ¢32(23)> Vig34 — 205 "5 53¥1234

+6(x —xq —29)0(kL —kia—Kki2) [2@11 1234 ¢1 —1-3)3 W%234

+ 5([[5 — Ty — $3)(5(k1_ — kJ_4 — kJ_3) w 1 2)12%1554}, (730)

495 d/~L4
- Mzv3) vm
+0(r —xy—x3)0(k. —kiy—ki3)

éd<x7 kl)

{ ( — T4 — 332)5(@ —ki4s— ku)Q%l L1712254

}, (7.31)

where we used the notation of Eqs. (6.23)-(6.26) and we defined

0)* 1, * 0)*
X [ él)(*lﬁ)wl?g4 - (770(0) (1’ -1-2, 2) + Qﬂé()12)1> W1¢234

wff()_i_j) = O (z, kixjkij,1—a,—xj,—ki ;—ki;). (7.32)
By integrating Eqgs. (7.30) and (7.31) over k_ , the corresponding results for the
PDF é4(x) can be obtained.

7.4.2 Pure twist-3 distribution

By inserting the explicit parametrization for the LEWAs given in Sec. 6.1 into
the LFWA overlap representations (7.30)-(7.31), we obtain the results shown
in Figs. 7.1. The results are obtained using the parameters in the new fit con-
figuration corresponding to the last column of Tab. 6.1. The dot-dashed curves
represent the pure twist-3 contributions, whereas the leading-twist ones are rep-
resented by the dashed-double-dot curves. The sum of the two contributions
is given by the solid curve. We can appreciate how the pure twist-3 contribu-
tions to the total ze?(x) become sizable for moderate-to-high values of x. This
can be intuitively understood because the longitudinal-momentum fraction x
is given by the sum of the quark and gluon longitudinal-momentum fractions,
hence, low values of = entail low values for both the momentum fraction of
the quark and gluon and, in our model, the LFWAs vanish for small values
of any longitudinal-momentum fraction. The relative size of twist-2 and pure
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twist-3 contributions depends critically on the quark-mass parameter, which
enters as proportionality constant that weights the twist-2 term in Eq. (7.16).
In our model calculation, the partons masses also appear in the functions {2y in
Eq. (6.4) and have a direct effect on the shape of the x dependence. In Figs. 7.2
we compare our results with the two sets of parameters given in Tab. 6.1. The
oldest set corresponds to the parameters that we used in Ref. [119]. The two
sets of parameters have been obtained from the fit of the unpolarized PDF's
fis®9 Tt is evident how the inclusion of LEWAs with non-vanishing OAM does
not alter in a significant way the dominant contribution of the L, = 0 LFWAs
to the unpolarized distributions. The strong dependence on the mass for the
relative size of the leading-twist and twist-3 contributions is always understood.

Figure 7.1: Results for the PDFs ze%(x) (panel (a)) and ze?(x) (panel (b)) with
the new set of parameters of Tab. 6.1. The dot-dashed light-blue curves are the
twist-2 contributions, the dashed-double-dot purple curves are the pure twist-3
contributions and the sum of the two terms, corresponding to the total PDF's
ze?(x), is given by the solid black curves.

The CLAS collaboration has reported preliminary results of a measurement
of the beam asymmetry in di-hadron SIDIS, using a longitudinally polarized 6
GeV electron beam off an unpolarized proton target [129, 159]. These data have
been analyzed to extract the following flavor combination of the valence-quark

contribution to ef(z):
eV (x) = Z—le“(az:) — 1ed(x). (7.33)
9 9
In Fig. 7.3, the preliminary CLAS data points at the scale p? = 1.5 GeV? are
compared with our model predictions at the scale ;? = 1 GeV? for both the old
set of parameters from Ref. [119] and the new set of parameters of the present
work. We can appreciate how the new set of parameters goes into the direction
of a slightly better agreement with the experimental data. The model results
for the separate twist-2 and pure twist 3-terms are also shown.
Our results are in quite good agreement with the experimental extraction
at the two higher-z bins, but they are not able to reproduce the observed fast
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Figure 7.2: Comparison between the results for the PDFs ze®?(z) in the old
and new fit configuration of Tab. 6.1. In panel (a) and (b) are shown the results
for the twist-2 and twist-3 contributions for the up quark (panel (a)) and for
the down quark (panel (b)). The short-dashed blue curves and the solid green
curves represent the twist-2 contributions and the pure twist-3 contributions, re-
spectively, in the old configuration. The dot-dashed purple blue curves and the
long-dashed red curves represent the twist-2 contributions and the pure twist-3
contributions, respectively, in the new configuration. In panel (c) and (d) are
shown the results for the total PDF ze“(z) (panel (c)) and zed(x) (panel (d)).
The solid green curves represent the results in the old configuration, whereas
the long-dashed red curves represent the results in the new configuration.

rising at lower . This is due to a lack of our model, that, according to the
fit results for the unpolarized PDF f; shown in Fig. 6.3, is unreliable in the
mid-to-low x region. We also notice that the pure twist-3 contribution in the
considered z-range is very small, supporting the results within the light-front
constituent-quark picture that was used in Ref. [137] and shown to be able to
reproduce the results of the CLAS data at higher x. However, one should bear
in mind that these data are still preliminary and have unestimated systematic
uncertainties.
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Figure 7.3: Predictions for the combination eV = fe“(z) — ge?(z) at the scale
pu? = 1 GeV?, in comparison with the extraction of Ref. [159] at the scale
pu? = 1.5 GeV2. We can clearly see how the new set of parameters slightly

improves the agreement with the extraction.

7.4.3 Transverse momentum dependence

To study the transverse-momentum dependence of e?(x, k), we use the defini-
tions given in Egs. (6.81) and (6.84). These equations allow for a direct compar-
ison between the different contributions to the total distribution e?(x, k). The
average transverse-momentum densities as function of x are shown in Fig. 7.4.
It can be appreciated how, also for the transverse momentum, the twist-2 con-
tributions dominate compared to the pure twist-3 ones. Moreover, the peaks
of (k?) (x) for the pure twist-3 contributions are shifted to larger values of =
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g | e
(k1) | 0.037 | 0.019
(k?) | 0.011 | 0.005

Table 7.1: Average transverse momentum for the pure twist-3 contributions.
The second and third columns show the results for the up and down quark,
respectively.

compared to the twist-2 contributions. It is also interesting to compare the
results for the up and down quark distributions, especially for the pure twist-3
terms. The results are shown in Fig. 7.5 for both é¥(x,k ) and e?(z, k). We
notice how the pure twist-3 distributions are considerably different, whereas the
shape, but not the magnitude, of the total distributions is rather similar. This
last feature can be traced back to the dominance of the twist-2 contributions
to e“? and to the very similar shape and different magnitude of f* and f¢. In
Tab. 7.1 are given the results for the total average transverse momentum for
the pure twist-3 distribution é%.
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Figure 7.4: Average transverse momentum of Eq. (6.84) for " in panel (a) and
for e in panel (b) as function of x. The dashed-dot purple curves are the results
for the pure twist-3 distribution, the dashed-double-dot light blue curves are
the results for the twist-2 contributions and the solid black curves are the total
results.

7.5 Conclusions

In this Chapter, the twist-3 distribution e?(x, k) ) has been studied. Sub-
leading-twist distributions are interesting since they encode the physics of quark-
gluon correlations inside the proton. A model-independent decomposition of
e4(x, k) has been presented using the QCD EOM. In particular, the decom-
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Figure 7.5: Comparison between the up and down average transverse mo-
mentum of Eq. (6.83) for é (panel (a)) and e (panel (b)) as function of x.

position produces a pure twist-3 part, i.e. the “tilde” term encoding the quark-
gluon correlations, a pure twist-2 contribution and a singular (d-like) term. The
singular term is in turn given by a well-know contribution that can be related
to the pion-nucleon sigma term, and an additional term that is, instead, poorly
discussed in literature. We discussed some of the most recent arguments that
either point in the direction of a vanishing singular contribution or in the dir-
ection of a non-vanishing d-like term. We tried to clarify how the claim of a
vanishing singular contribution derives from incorrect boundary conditions for
the bad components of the quark field at light-cone infinity.

The second part of the Chapter has been devoted to study the twist-3 dis-
tribution using the LEWA overlap approach. To this aim, we used the model
presented in Chapter 6. We constructed the é distribution as an overlap of
L, = 0 LFWAs for the three-quark and three-quark plus one-gluon states. The
L, = +1 LFWAs for the three-quark state would appear in combination with
the L, = +1 LFWAs for the three-quark plus one-gluon state. However, the
latter are not present in our model. Using the parameters of the model fitted to
the phenomenological parametrization of the leading-twist unpolarized PDF as
explained in Sec. 6.4 (see Tab. 6.1), we provided predictions for both é?(x) and
é4(x,k, ), in comparison with the corresponding twist-2 contribution given in
terms of f{. We also considered preliminary results from a phenomenological
extraction of a particular flavor combination of the valence-quark contribution
to e?(x) [159]. For this quark-flavor combination, our model predictions are
almost saturated by the twist-2 contribution to e?(z), and showed a quite good
agreement with the extracted results in the large x-region.
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Chapter

The Energy-Momentum Tensor

In this final Chapter, we part ourselves from the study of parton distributions
and light-front wave functions to approach a different problem. We want to
investigate the physics of the Energy-Momentum Tensor, a local operator that
encodes the information about the global properties of a particle, such as the
mass and the spin. A detailed study of the possible decompositions of the
Energy-Momentum tensor in separate contributions (like the quark and gluon
contribution to the proton matrix elements of the QCD Energy-Momentum
Tensor) could lead to important clues on how the global properties of a particle
emerge from the dynamics of its elementary constituents. We will first discuss
the electron matrix elements of the QED Energy-Momentum Tensor using per-
turbation theory. Using this benchmark calculation, we will then tackle the
more challenging case in QCD, where a full perturbative treatment is not prac-
ticable. We follow the discussion of Refs. [160, 161] for the electron and proton
mass decompositions, while the results for the form factors of the electron EMT
will be presented in a forthcoming work [162]. Throughout this Chapter, the
instant-form quantization is used. This is a non-limiting choice, since the fun-
damental objects of interest are the EMT form-factors, which are identical in
both quantization forms. We chose the instant form over the light-front form to
make more direct contact with the pre-existing literature on the proton mass.

8.1 Introduction

Let us suppose to study a generic field theory (quantum or classical) described
in terms of the Lagrangian:

L(ds(x), 0"9s(x)), (8.1)

where ¢, is a generic field and x the space-time position. The index s has
different meaning for different types of fields. For example, it is inessential for
a scalar field, it is a Dirac index for a spin 1/2 field, and it plays the role of a
Lorentz index for a vector field. Of course spin-1/2 fields are not present in a
classical field theory. We aim to specify the Lagrangian to a relativistic field
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theory. This can be done by requiring the invariance of the Lagrangian under
Poincaré transformations. In the Poincaré group are contained the translations
and the (proper and orthochronous) Lorentz transformations, see Chapter 2 for
more details on the Poincaré group. From the Noether theorem, it follows that
there exists a conserved current for each symmetry in the Lagrangian. The
conserved current associated with the translations is the Energy-Momentum
Tensor (EMT), and the “canonical” Noether construction leads to the following
definition for the EMT:

Uy 0L v o pv

T RN (8#9258(%))8 os(x) — g" L. (8.2)
If the Lagrangian describes a gauge invariant theory, such as Electrodynamics
(ED), the EMT defined as in Eq. (8.2) can be gauge non-invariant. Because a
gauge non-invariant object poses problems when one wants to extract it from
experimental data, it is often stated that additional manipulations are needed to
construct a gauge-invariant (and therefore physically meaningful) EMT. How-
ever, it was shown that also a canonical construction of the Noether current
can lead to a gauge invariant EMT. The procedure is quite involuted and it is
discussed in detail in Refs. [163-166].

The conserved current associated with the Lorentz transformations is the
generalized angular momentum tensor. We are going to focus only on the
EMT in the remaining of the Chapter. Some study of the generalized angu-
lar momentum tensor could be found in [167]. The continuity equation that
characterizes the EMT as a Noether current reads:

0,T" = 0. (8.3)

The spatial components of the EMT must decrease fast enough at spatial in-
finity, in order to have well defined conserved charges:

PY = /d?’x T%(z). (8.4)

These can be identified with the four-momentum carried by the field (in a
quantum theory PY obviously become operators, see Chapter 2). Since the
charges represent the physical information contained in the EMT, all the re-
definitions of the EMT that leave the charges unmodified are equivalent. One
example of such redefinitions is the addition of a superpotential ¢°*”

T = TH 4 9, (8.5)

where ¢P* = —@HP” . Furthermore, to preserve Eq. (8.4) we must require that
0,97 decrease fast enough at spatial infinity. This redefinition of the EMT
is known as the Belinfante-Rosenfeld procedure [168, 169], and it allows one to
incorporate specific properties in the EMT, such as the gauge invariance and
the symmetry in the Lorentz indexes. In the following section, we are going to
specify this procedure to the particular case of QED.
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The Chapter is organized as follows: in Sec. 8.2 we are going to review
the basic definitions and concepts about the EMT, specifically for the QED
case. In Sec. 8.3, we are going to address the problem of renormalizing the
individual operators that enter in the EMT definition. Some of the procedures
are illustrated, as an example, in the QED case. However, most of the results are
general and can be applied also to other gauge theories, like the non-abelian
case of QCD. In Sec. 8.4, we are going to extensively study the EMT form
factors for an electron in QED both in the off-forward and forward case. In
Sec. 8.5, we are going to use the results of the form factors in the forward limit
to study a variety of mass decompositions proposed in the literature. We are
going to use this section as the foundation for the study of the proton mass
decompositions, that is discussed in Sec. 8.6. Finally, in Sec. 8.7 we are going
to summarize our results.

8.2 Definitions

Let us start with the definition of the QED Lagrangian:
- (i 1 5
QCQED = w §w —m w — ZFMVFM . (86)

Via the canonical construction in Eq. (8.2), we obtain:

- A 1
T = Yo O — FYOFY, — FP0, A + 26" F* o, (87)

N |

This is an example in which the standard canonical construction fails to provide
a gauge-invariant EMT. We can use now the Belinfante-Rosenfeld procedure to
obtain a gauge invariant and, incidentally, symmetric EMT in the photon sector.
Note that the superpotential is determined by the gauge sector only. Let us
define the superpotential as the following combination

1
PP — 5 (Splw + SHP 4 SVW’) (88)

with the spin tensor defined as:

oL oL
Sy U T ALy e ) 8.9
50,40 504 (8.9

A straightforward calculation leads to:
QPIY = FHP AV (8.10)
which, with the addition of the equation of motion for the gauge field

Y S ¥

OA) =51 = e (8.11)
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leads to the following redefinition of the EMT:

s <~ 1
TH = ¢§7M3V¢ _ FWFVp _ F“pﬁpA” + Zguvpocﬂpaﬁ + 5p (FH° AY)
iy ~ 1 B
= ¢§7ﬂ8V¢ — PR 4 Zg“”FaﬂFag — eyt AV
s = 1
= D5 DY — FYF, 4 gt F o, (8.12)

Note that, whereas this procedure leads to a symmetric tensor in the photon
case, the leptonic sector contains both the symmetric and antisymmetric part.
The antisymmetrtic part is related to the spin density of the leptonic field. In a
classical theory, where the notion of non-integer spin is absent, it should be elim-
inated by an additional Belinfante-Rosenfeld superpotential. The Belinfante-
Rosenfeld procedure allows one to shuffle some of (or all) the spin contributions
into the orbital angular momentum contributions of the EMT. Being the spin
of the electron a natural notion in QED, we are not going to modify further
the EMT. A challenging problem in quantum field theory is the presence of
divergences associated with quantum fluctuations of the fields. These fluctu-
ations in a quantum field theory framework and in the language of Feynman
diagrams are commonly known as loops. Each loop can come with a divergent
integral. In order to produce predictions from the theory, a regularization and
renormalization procedure is needed. The first one deals with the problem of
parametrizing the divergences in terms of a suitable parameter called regulator.
The divergences appear when an appropriate limit of the regulator is taken. A
variety of different regularization procedures exist. We are going to adopt one
of the most used, which is dimensional regularization. The idea is to work in
a space-time with dimension d different than 4, to ensure the convergence of
the problematic integrals. The dimensional regularization has the advantage of
preserving the Poincaré invariance (in d dimension) and the gauge invariance
of the theory. In dimensional regularization it is also introduced a scale u to
ensure that the coupling constant is dimensionless, see, e.g., Ref. [40]. Once the
divergences have been regularized, a renormalization procedure must be imple-
mented in order to consistently eliminate the divergences. The modern way
to renormalize a Lagrangian quantum-field theory is to rewrite the fields and
the parameters of the Lagrangian as the product of the renormalized quantities
(fields and parameters) and constants called counterterms. The counterterms
contain a divergent part that exactly cancels, order by order in perturbation
theory, the divergent part that comes from the quantum loops. The finite parts
of the counterterms are unconstrained and different prescriptions to fix them
exist. Later in the Chapter, we will see some examples. We can now write the
QED Lagrangian in terms of renormalized quantities and counterterms, using
dimensional regularization:

;<

Lorp = Zotp (%@) U — Zoep** Y A — %FWFW — Zs Zym), (8.13)
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where € is defined in terms of the space-time dimension d as e = 2—d/2. All the
divergences in the theory are parametrized as poles in €. Note that in Eq. (8.13)
we introduced the scale p to an appropriate power to ensure that the electric
charge e remains dimensionless. We also point out that the time dimension
is not affected by the dimensional regularization, hence a more precise way to
define € is via the equation d = 1+ (3 —2¢). The time dimension is not changed
in order to avoid issues with the definition of the equal-time hypersurfaces
used to quantize the fields. At variance with the previous part of the thesis,
we are going to use only instant-form quantization throughout this Chapter.
For completeness, we notice that in light-front quantization the dimensional
regularization is chosen usually in such a way to ensure that the plus and
minus dimensions are unmodified. Hence in light-front quantization we have
d =141+ (2—2¢). This is because the metric in light-front parametrization is
anti-diagonal in the plus-minus components, and then it is useful to have both
with integer dimensions.

In Eq. (8.13), we ignored the presence of a gauge-fixing contribution. How-
ever, in the end, we will be interested only in matrix elements of the EMT and
the gauge-fixing contribution vanishes on physical states. Whenever is needed
for explicit calculations, we are going to use the Feynman gauge [40]. The
renormalized EMT reads:

TH = TF + T + T, (8.14)
i Y N -
Tl = Zo o 710 — Zop™ ey ANy, (8.15)
N <~
v 7t v e .7 v
TP% = Z» 1/);17[“3 lp — Zop® epy A"p, (8.16)
g

TH = —Zy FFFY, + 7y

0 FYF,3, (8.17)

where alb"} = a#b” + a¥b*, a*b") = a#b” — a¥b*, and the indexes e and v refer
to the electron and photon contributions, respectively.
The general parametrization of the electron and photon EMT matrix ele-

ment between electron states is (i = e,7):
A
el|P——=),s
(r=3))

(e (), 5| T | (p), 5) = < (p+ g) o]

iPlrgvie A
J(AH)— ¢
m + (A% 2m
ARAY — guVAQ
4m

+ Dy(A?) +mC;(A?) g™ + CZ-(AQ)P[M”]> u, (8.18)

where, for the electron spinors, we used the shorthand notation

= Uy <P+§), U= uy <P—§), (8.19)

137



8. The Energy-Momentum Tensor

with s and s’ being the initial and final electron helicities, respectively. The
Dirac spinors are normalized as us(p)us(p) = 2m, with m the electron mass.
In Eq. (8.18), A;, J;, D;, C; and C; (i = e,v) are the EMT form factors
(sometimes called gravitational form factors). They depend on the momentum
transfer and, even if it is not shown for brevity, on the scale . We adopt the
covariant normalization for the states, i.e.

(e(p'), s |e(p), s) = 2p°(27)3,.46(P' — D), (8.20)

where a* = (a°,a) for any four-vector a*. In the forward limit A — 0, the
EMT matrix element simplifies into:

0

(e(P)|T}"[e(P)) = (e|T}"|e) = 2P" P A;(0) + 2m*¢" C;(0)
- (QP“P” — %WMQ) A;(0) + %WMQ (A4;(0) +4C;(0)) .
(8.21)

Note that only diagonal matrix elements in the spin space survive in the for-
ward limit, hence the spin dependence in Eq. (8.21) has been suppressed. The
electron and photon form factors are not completely independent, since the
conservation of the total EMT imposes the following sum rule:

C.(0) + C,(0) = 0. (8.22)
We also have the constraint:
A.(0)+ A,(0) =1, (8.23)

that follows from the momentum conservation. In addition to these equations,

we have also: .
Je(0) + J,(0) = 7 (8.24)

This sum rule encodes the total angular momentum conservation and is equi-
valent to the sum rule for the A; form factors when the generalized angular-
momentum tensor is considered instead of the EMT, see [167].

We are now interested in the explicit expression of the form factors in
Eq. (8.18) in perturbation theory. To obtain such expression, we can compute
the Green function with the insertion of the EMT operator, i.e.

(I (10 exp (i [ ot )| ety with £y = —eihv, (829

where the space-time point at which the EMT is evaluated is fixed to 0. If it
was evaluated at an arbitrary point y, translational invariance would have led
to a simple overall phase factor e=%4 .

In Fig. 8.1 are illustrated the diagrams associated with the expansion of
Eq. (8.25) up to order a. We use the common notation of a crossed dot for
the counterterm diagrams and a black solid dot to indicate the EMT insertion
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Figure 8.1: Relevant diagrams for the calculation of the electron EMT at O(«
The solid black dot represents the insertion of the EMT into the Green funct10n.

into the Green function. Lg is the diagram corresponding to the tree-level con-
tribution and d,Lg is the overall vertex counterterm. Since the total EMT is
renormalized with the standard Lagrangian renormalization and we are consid-
ering only the matrix elements on the electron state, the vertex counterterm
coincides with the electron field counterterm. L;o are the diagrams with the
leg-loop corrections, while L§% give the leg counterterms. V5 are the diagrams
associated with the mteractlon term present in T*”, while V3 is the one-loop
electron vertex correction that arises from the the derivative term in 7. V, is
the one-loop vertex correction with the photon coupled to the external operator.

In this section, we are going to present the results for the electron matrix
elements of the EMT, as it turns out from a direct computation of Eq. (8.25).
In the calculation of the diagrams in Fig. 8.1, one finds ultraviolet (UV) diver-
gences in the separate electron and photon contributions. Moreover, infrared
divergences emerge in the electron contribution. Only V; + V5 is infrared safe
because of the four-particle vertex where the photon couples directly with the
external operator. The infrared divergences are canceled only in the forward
limit for the total electron contribution. It is also useful to introduce the fol-
lowing total leg contribution:

Liot = (14 02) Lo + Ly + Ly + L* + LS, (8.26)

since L,y is independent on the Lagrangian renormalization scheme. We em-
ploy the dimensional regularization for both the UV and infrared divergences,
indicating with € > 0 and €; > 0 the corresponding dimension parameters.
To obtain the intermediate expressions for the leg contributions, we adopt the
on-shell scheme to fix the Lagrangian counterterms. We obtain the following
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results:
(1+6)LY" = (1 + % (;j — 1> —P(1+ 25)) Ly, (8.27)
where prpr iothApry 1
L = ( - w'u+ Q'Tu - éu'P[’W”}u) , (8.28)
and

_al(e) (Amp*\°T  « u?
7= 4 ( m? T 4r Auy +log m?
o

1 2
= I (g — g + log (47) + log (W)) ) (8.29)
The combination of the leg diagrams evaluates to 0, i.e.
Loy = Ly + Lo+ L§" + L§* = 0, (8.30)

consistently with the on-shell renormalization condition. In fact, one can see
that the general expression for L, ;. is as follows:

Loy = ph—{%@ QH/VHPVW (—iZR(p)) u, (8.31)
where
Zr(p) = p (Zv(p) + 02) —m (= Zs(p) + 62+ 0m) - (8.32)

The on-shell renormalization condition prescribes that:

i(p+m)

lim
2 _ 2

Jim (—iXr(p)) =0, (8.33)

to ensure that the pole of the propagator is at the renormalized electron mass,
and the residual is equal to 1.
Therefore we have:

2
Liot = (1 +62) Lg” + Lot = (1 + % (6— — 1> - P(1+ 25)) Ly, (8.34)
I

As we stated above, this result is scheme independent, and this feature can
easily be checked by computing it in other schemes, e.g. the MS scheme!.
For the sum of the four-particle vertexes, we have:

Vi4 Vo= =20(1 4 3¢)LE" — mP(1 + &) g™ d'u. (8.35)

To obtain the explicit expression for the one-loop electron vertex V3 and the
one-loop photon vertex Vj, we have to introduce the Feynman parameters and

LOf course, L, ;. is no longer zero in MS and, accordingly, the expression for (1 + §2)LE"
is different.
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perform the corresponding integrals. First, it is useful to isolate the antisym-
metric part of L by defining:

. 1
L = L+ A, A = i P, (8.36)
with Lf)“’ = L('j“, see Eq. (8.28). For the electron vertex, we have:
1—x
having defined
N = Ig [273”6 (2(1 = &* = 22) —ad}, (1 = 2)(1 — p))

+U2e(1 - 2¢) (14 g) g au(4 - 22 — 20+ 22) (14 g) U,

prpY A+ AY
+— ﬂ/uwfner(—l o)+ uuwfn (y —2)%(z — 2)
% o 2 _ 2 _ _
+ A SR (z(1—2® — 2z) —ad,(1 — 2)(1 — y))
£
U (20(1 - 26) +4(1 =€) (1 +2)) (1+ 5) (8.38)
where
m.=0-z?+y(l—x—y)d2, d =—-A*/m*>>0, (8.39)
and .
U =9 (1 — 5 —<log [me]) . (8.40)
For the photon coupling to the external operator we have:
1 1—x
V= / dx/ dyN!", (8.41)
0 0
with
N = I | +A—2y(1 —r—y)| FA0+2)(1—e) (1+5) Uy )
7 O \rm, 2) 7
prp ArAY
+— H’uﬁ;;zvxz(l —x)+ . H’uﬁ;;,lv(l —z—(1+2)(1 -2 —2y)?)
A2
+ mg‘“’ﬂ’u{ ST {2x3 — Qﬁ@ +2)y(l — o — y)]
U1+ x — 26 — 5ae) (1+§) 3 (8.42)
where
m, =z*+y(l—x—y)d,. (8.43)

Since we are using a symmetric definition for the photon EMT, the anti-
symmetric Lorentz structure is not present in Eq. (8.42).
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8.3 Renormalization

The renormalization of the UV divergences is a rather tricky subject, discussed
in detail in Refs. [170, 171] for QCD. We retraced the steps of [170, 171] in our
works for the QED (see Ref. [160]) and QCD cases (see Ref. [161]). One can

introduce the following operators?

. x4 . s
Ons = 707D, Oa= DM, Oi= g miby,  (8.44)
O, = —FrF" Oy = g" F*PF g, (8.45)

where we suppressed the Lagrangian counterterms to lighten the notation. The
full electron operator reads:

O3 = O35+ Os 4, (8.46)

from which we have the full EMT as:

©
T = O + f + Os. (8.47)

To carry out the renormalization program, we choose to use the MS scheme in-
stead of the MS, that was adopted in Refs. [170, 171]. The transition between
the two schemes can be performed via the following substitution (see App. B

and Egs. (B.4)-(B.5) for a more detailed explanation of how to relate the coun-
terterms in the two schemes):

1 1
tols, 8.48
- = (8.48)
with
(4m)°
Se MS, == F(]_ —6) = 1+6<10g(4’ﬂ') —’)/E)
i 672 — 12 — 12y log (47) + 61og? (47) o)
12
— 2 0wv® T 3
=1+4+edyy +€ e —+0(€), (8.49)
2 12
or \
o
Selys, = (me ) =1+ edov + € ==+ 0(€), (8.50)

where dyy = log (47) —vg. The definition in Eq. (8.49) is used in Ref. [12] and
related works, whereas the definition in Eq. (8.50) seems to be more popular in
literature. For the QED case, since we work at O(a), the two definitions of MS
coincide. Their difference will be important in Sec. 8.6. Therefore, the trans-
ition between MS and either version of MS at O(a) can be simply performed
with the replacement 1/ — Ayy. We will carry out the renormalization for the

2To simplify the notation, we omit the tensor indexes in the operator ©; if not necessary.
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8.3. Renormalization

operators evaluated between electron states, therefore some of the counterterms
associated with the photon contributions are vanishing. Additional work would
be required to renormalize the EMT evaluated between photon states. In the
following, the Lagrangian renormalization for all the fields is understood (the
charge renormalization is not present at order «), and we will deal explicitly
with the renormalization of the composite operators ©O;, 1 = 1, ..., 4.

We have the following system of equations:

OFf = ZrOy + ZyOy + Z1O3 5 + ZsOy, (8.51)
Oy = ZrOs + ZcOy, (8.52)
@?Ijs = ZyOs5+ ZxkOy + ZoO, + Zp Oy, (8.53)
Of' ) = Z505 4, (8.54)
Of = O (8.55)

The counterterms for the trace of the photon EMT (in the MS scheme) are
well known in literature from the trace anomaly [172-175]:

5e)

e

3a

a
Zp =1+ ov = 1+ %AUV7 Zo = 2'7mAUV = ?AUV7 (8-56)

where we used the definitions of the QED [-function and electron anomalous
dimension at order «:
Be) afo 4 3a

e we Ty T ap

To ensure the invariance of the total EMT under renormalization, we have the
following constraints on the counterterms:

(8.57)

Zp+ Zg =1, (8.58)

Zr+ Zy =1, (859)
Zp 1

I+ Zp+ 2L == .

M2+ =1 (8.60)

Z

Zs + Zi + TC — 0, (8.61)

Zs = 1. (8.62)

From Eq. (8.62), we can see that the antisymmetric part does not need any
additional renormalization. This happens because there are no gauge-invariant
antisymmetric operators with the correct correct dimension to mix with it. The
fact that the antisymmetric part is free of divergences can also be checked from
the explicit results given in the previous section. From now on in this section
we are going to drop the subscript S in the symmetric part of O3 to lighten the
notation. _

We can introduce the traceless operators ©; for the electron and the photon
as:

- 1 — Y
@f:@ﬁ+—(1—@+x>@§+y Jm R, (8.63)

4 2e 4
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8. The Energy-Momentum Tensor

x
d
where x,y are finite a-dependent parameters, starting at O(«). We recall from
Eq. (8.21) that the traceless operators are directly related to the A;(0) form
factors. Contrary to what is stated in Ref. [170], Egs. (8.58)-(8.62) do not
add new constraints on the values of x,y. For the MS scheme, the correct
procedure was described in [171] and it consists in requiring a vanishing finite
part for all the counterterms. Depending on the scheme, the procedure to fix
x and y is different. Accordingly, the choice of the values for = and y implies
to using a specific scheme for the counterterms. We will review the different
procedures to fix x and y in MS-like schemes in Sec. 8.6. However, MS-like
schemes are not, perhaps, the most physically intuitive because the trace of
the renormalized photon operator is written in terms of the combination of the

renormalized traces of the photon and electron, as it can be clearly see from
Eq. (9) of Ref. [176]:

_ 1
OF = oF — “oF — %@f, (8.64)

(e @l le) = (14 9) (o] (mi0) o) + el (P2 E)gle). (869
(el (T 1 = =) el (m50) e+ (522 = ) (el (Pl
(8.66)

To diagonalize this system of equations, we need to choose a different scheme
with respect to MS-like choices. We introduce two schemes, that we call “diag-
onal” schemes, as follows:

e D; scheme (see Ref. [160]): x = 0, y = 7. In this scheme, Eqgs. (8.65)-
(8.66) become diagonal, in the sense that the trace of the renormalized
electron EMT is given solely in terms of electron operators.

e D, scheme (see Ref. [161]): x = y = 0. In this scheme, the entire trace
anomaly is attributed to the trace of the renormalized photon part T} g
of the EMT.

The D, scheme reflects the fact that, in dimensional regularization, the trace
anomaly entirely emerges from the photon sector. Through all the sections
dedicated to the QED case, we are going to consider only the D; scheme, the
D, scheme will be used only in Sec. 8.6 when dealing with the proton case.

For the purposes of the one-loop calculation in this section, the value of x
is not relevant, since for an electron state the product

x (e|Fhle) (8.67)

is of O(a?). In MS we obtain the same value for z as in the D; scheme since
we are considering only electron states, but this is a coincidence, not a general
feature. We have, therefore:

& MS
r=0, y= {3” S. (8.68)
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The counterterms that involve the parameters  and y are Zp y. ix,s. They read:

ZM:%—%O—%’)H), (8.69)
ZS:—%—%(l—%S)%—x)—%, (8.70)
Zy = % + EZF, (8.71)
Zy = —% + EZC + 1%@’. (8.72)

The counterterms Zy g 11 are fixed from the evolution equations of the form
factors A;(0). Note that A;(0) is already Lagrangian renormalized, therefore it
has a scale dependence that is not acquired during the renormalization proced-
ure of this section. For this reason, the scale dependence of A;(0) and AZ(0) is
the same. From our previous results, we can derive immediately:
0 0 4o
mnﬂAe(O) = 81—11;/47(0) = 3—7TAe(0)~ (8.73)

The full evolution equations would require A, and A, also for a photon state.
We will not consider them, since we are dealing with an electron state only.
However, it is known that the evolution equations of A; are the second moment
of the DGLAP kernel, see Ref. [170] for the explicit expression, with ny = 1,
Cr =1and C4 = 0 for the QED case. Following the procedure illustrated in
detail in Ref. [171], we obtain in the two schemes:

9

Zp =1, Zo =0, Zy =1+ S—jAUV, (8.74)
2

7 = -2 A Tt = ——~ Ay, Zp =0, (8.75)
3 127
—Ta A MS — QA MS

Zg = 12r UV;a , Zg =13 .0 Uav’ . (8.76)
_m - mAU\M Dl m - GAUV7 Dl

The difference between the two schemes is a finite part of O(«).
Using the values for the counterterms in Eqgs. (8.56) and (8.74)-(8.76), along-
side with the tree-level results®

T pv v 1 — v v—
<@3>tree = Lg - L/S + §U/P['u’}/ ]U, <@4>t7“€€ = mg:“ ulu’ <(9172>tree = 07

L (8.77)
we obtain from Egs. (8.51)-(8.55) in the MS scheme
MS 200 o' L
(OFy™ = (O3) + gﬂuv Ly — aAUv (mg"d'u), (8.78)

3We recall that we are considering only the symmetric part of O3, since the antisymmetric
part does not need any additional renormalization, see Eq. (8.62).
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8. The Energy-Momentum Tensor

MS 2a ~ To o

<@fb> = (Oy) — gﬂuv Ly — EAUV (mg"d'u), (8.79)
MS 3

<@§>MS = <©2> + ;AUV (mg‘wﬂlu), (8.80)

where we introduced the notation

(©) = (e(p)[Ole(p)) - (8.81)

The corresponding results with the counterterms in the D; scheme are

D 2a = T o} o
(O™ = (03) + 3_7TAUV Ly" + <E - 6—7TAUV> (mg"u'u), (8.82)
D, 2 = Ta T o
3
(OF)™ = () + ?QAUV (mg"u'u). (8.84)

As a result, the renormalised contributions read:

Vs vyt = | (Far 5 ) L7 — A = (5 50) €
(=52 = 9F) Lt" — 524" — (=55 + 9F) (mg™ '), D,
(8.86)
NNVR:LNVL A1 — 2_2 1A -
(NEY) 0 [8wme(x( 2® = 2m) + da— (1 — 2 y))
ax
+ oo (L —log (M) = 2) |
+ mg/wa'u; (x—1—(2—=xz)(log (M) — L))
T
P,upu AuAV
+ - ”IUWTOCHE‘WQ(_l + x) T u’uﬂfne (y — Z)Q(x —9)
T
+4 [ 5 (1432 +xlog (M)
o e o B
+ SR (z(1 — 2® = 22) — ad}, (z + y)(1 y))], (8.87)
2
w\R _ ) @ | 2 A_ o
(V)" = Lo {me{ 2yl y):|
@ PEPY o,
+;(1+x)(£—1—10g(m7))}+ - uuwmwg;- (1—x)
AFAY L« ,
T e (o) = 2g)
” «
Fmg i (5 [ & 2y -]

146



8.4. Form Factors

4 gty { —H (D)L —log (1)) 2= 52), NS
g _ﬁ ((1+I>(e€—10g(m7))+%_5x)’ D,

(8.88)

where we assigned the finite part of the counterterm of ¢ to Vi + V5, and
defined £ —log (25
Note that we used the following relation

To «Q

R YPialy dx/ dyf(x,y) (8.89)

to include the finite part of the counterterm in the photon sector. Imposing
f(z,y) = ¢, with ¢ a costant, we find that ¢ = —7/3. Of course, one can choose
a different function, but it does not matter since we are ultimately interested
in the integrated values.

8.4 Form Factors

The integrals over the Feynman parameters can be manipulated to reproduce
the total results shown in Ref. [177]. However, they cannot be completely solved
using analytic techniques to produce a close form for the results. Only in the
forward limit the integrals simplify and lead to the following expressions:

o a ald
LE (A=0)=2P'P" [1+ — — = — :
tot ( 0) < + P 47T> (8.90)
92 pH pv _a___a —9 w aef+17 MS
(Vi4+Va)B(A=0)= V( 2 §Z> mgy(;t} 42) 7
2PIPY (=50 = 52) —2m?g™ (57 — %) Ds
(8.91)
o lda  al Sal' Ta
VEA=0)=2P'P" [ - — 4+ = 4 = ) g om2gm [ 2 4
s (4=0) (7r81+97r+12>+mg (12 +367r>
(8.92)
RoA_ 2prpy (Zk 4 1Ta) 4 om2gnv (—2L 4 e ) - NS
‘/4 ( _0) wpv (2aL 17« 2 uv al 17« ’
2PPY (35 4 552) +2mPg" (=57 — 72), Da
(8.93)

To obtain the form factors in terms of the Feynman-parameter integrals for a
generic value of A, we can compare Eqs. (8.85)-(8.88) with the general para-
metrization of the EMT given in Eq. (8.18). We obtain:

Af(AQ):l_{_g(i_g——) /dflf/
7\ 4 o
3 4 2 _
(x z® +x—dypx(l —y)(z+y) +x(o£’—2—10gme)>>

me
(8.94)

X
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2 32 _
y (:z:(l x? — 2) nfzimx(l Y +y) fa(L —2— logme))> )
(8.95)
1 5 a ! e
R AQ =1 g _ _ _ N d d
Cch(a?) +7r(61 2>+2W0 v ) dy
—_ 2 — —_— 2
y (x(l z? — 2x) ncllmw(l y)(x+y) _1_3x—mlogme),
(8.96)
1 11—z _ —r — 2
ity =2 [las [ ayt =g = o
Ropoy L ace o [ e =d(x = 2)(1 -z = 2y)°
Co(a) = dr 4m 27 ) dx/o dy( 2m.
+2—-1-(2—x)(logM —of)) (8.98)
where
1 MS
Ce:{ M (8.99)
]
. —r?—dAy(l—z—y)
AR(A%) / dx/ dy( m,
+ (14 z)(L —1—log m7>, (8.100)
a [ /H —a? —dyy(l -z —y)
- dx dy
7T/0 0 m7
+ (14 2)(L —1-1log m7>7 (8.101)
ora?) = (8.102)
o o 9N\2
io1-2 [ U
mW

1—z
A2 o / dw/ dy( (1+z)(L —logM,) + 5z + 2c.
0

N x3+d$n((2+x)y(1—x—y)—1+x+(1+x)(1—m—2y)2)>
m, '
(8.104)
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8.4.1 Feynman-parameter integrals

Although a closed form for the integrals in the previous section is impossible
to obtain, we are going to manipulate the integrals to isolate the infrared di-
vergences and then show their cancelation in the forward limit, as well as to
obtain a more suitable expression for the numerical implementation. The integ-
rals that we need to analyze can be divided in infrared-safe and infrared-unsafe
integrals. The fundamental difference between the electron integrals and the
photon integrals (see Eqs. (8.94)-(8.104)) lies in the “mass” function that ap-
pears at the denominator and inside the logarithm (see Egs. (8.39) and (8.43)).
We start by introducing the following general integrals:

fe(n,m)(x’y) — xnymmgl = g"y™ ((1 _ LL‘)Z + y(l —r - y)d?n)_l , (8106)
1 1-x
0 0

We can make use of the following relation:

1 - 1 1
é””ZAcmA cwﬁmm@w%iédfédwﬂ—xwﬂmmwm—xn

(8.108)
-1 [ ! -1
=— [ do (1 —a2)™ 2" / dw w™ (w* —w — ¢)
d%n 0 0
-1 [t
- / de (1= 2™ e T (e,), (8.109)
m JO0
where
22
= Ao C=@r Ge20¥el) (8-110)

The integrals J™ over w are simple to perform, and here we give some ex-
amples:

2 2¢;
JO(¢;) = 1 ! , 8.111
@ = g () (8:111)
1 2¢;
JW(¢;) = 1 : , 8.112
@ = g () (8112
1+ 2¢; 1+ V144
TP () = 1 — =28 g (V20 (8.113)
vitic BT
(5.114)

With these results in hand, we can classify the infrared behaviour of the integrals
easily. We have that:

I = 0o, the integrand diverges for z — 1, (8.115)

e

149



8. The Energy-Momentum Tensor

Iéo’m) = —00, the integrand diverges for z — 0. (8.116)

However, sometimes, the infrared divergent integrals appear in particular com-
binations, in which the divergences cancel exactly. It is therefore useful to
define the following infrared-safe combinations:

1 1—x
) = / dz / dy (50 (2, ) — FOF (2, )
1 1

m J0
1 1—x
s = [ [y (10 - £
1 ! — n m m
N _@ 0 dr (1 - $)m 'z (J( )(Cw) - (1 - x)J( H)(Cv)) : (8'118)

The IR-pole in 189 i simple to isolate in dimensional regularization. The key
equation is:

' ¢(0) '
[ dvarote) = 22 4 [Cdoaole) <o), (8119
0 14+o0 0
where ¢(z) is some regular function for x — 1. Being ¢, = 1/d?,, we have that:
I 1
gm0 _ 1 (). 12
. z dxl_xJe 7 (8.120)

Since J, is constant in x, we have:
1 n 1 1_ n 1 1_ n
/d:z: A TN /dx(Z—?
o 11—z 0 x ) Jo x2-
a 1 n
2 1 (1—a)"—1 1 1
— dp—— 2 ) [ = _ z
F(g)(1+d—2+/o T ) (e; Zk)

where d = 1 4 ¢; > 1. Therefore we have

1 1 1 "1
o) — o () [ N2 122
e d?n Je dgn 6[ - k_ (8 )

k=

The angular-measure prefactor in d dimensions is

d
272

r(s)

2

(8.123)

However, in Eq. (8.121), the angular measure is half of the total one, since the
integral in x is between 0 and 1, i.e. we are integrating over the half-ball in 1D.
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With these definitions in hand, we can rewrite the form factors in a more
compact form:

1 2L 8 ! e
Af(Az):l—l—g —— == —g/ dx dy xlog 1,
T \ € 3 3 0
(H(l 0) _ H@(ZO) _ 2[6(2,0) —d? (](270) + gy _ [(172))) . (8.124)

(6%
T or
gy =t o (L 28 o‘/ld /Hd log M
=—4+—|—-———-=-)-— x xlog M,
e 2" on 3 3) an ), ) WS
(6%
e

(H(2 0) 4 H(l 0) _o520) _ g4

2
e m

1 1 1—x
CE(AQ)zl—}—g(——B)—g/ daj/ dy xlog 1M1,
T\ €r 2m Jo 0

5o (PO + HEO =210 — 2 (189 + B — 109)) | (8.126)
m
DE(A?) Q( 200 _ {20 4 30 _ gr(02)
e
+ 8100 — 127D 4 4712 44721 (8.127)
_ L
CeR(AQ):a——g( ) /dx/ y(2 — x)log M,
6r  4mw
2
_ Im® (900 L ggON 4 300 402 _4f D _ 4102)
47 N ’
(8.128)
20 2a.L e
AR(22) = 30‘ O‘———/ dx/ y(1 + z)log M,
m
— 2189 4 @2 5OV — @2 1)), (8.129)
m
RoA2y @
JV(A)——37r g—— dx/ y(1+ x)log M,
-5 © (129 4 @2 g Iy (8.130)
CH(A%) =0, (8.131)
DE(A%) = £ (4HOD — 130 4 120 _ 4702 _ 41@1)) (8.132)
m
R/ A2 a (5
CHA?) = =+ 2¢, d:r y(1+ z)log M,
87 \ 3 47T
_|_4_( (3,0) _l_d2 ( 2H(01 (11 +[(30 [(20)+3I(12)+3[(21))>
e
(8.133)

where ¢, is defined in Eq. (8.99).

In Fig. 8.2, the form factors are plotted against the adimensional variable
d?,, at the scale > = m? and, if present, the infrared divergences are ignored.
The red short-dashed curves represent the photon form factors, the blue long-
dashed curves show the electron form factors. We can clearly see the different
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behavior of the electron and photon, especially for the D; form factor. We
notice that, in the limit of d?, — 0, D; saturates at very small values in the
electron case, whereas it diverges for the photon. We can also investigate the
low-A behavior of the form factors and compare it to the one given in Ref. [177].
In our notation, the form factors F; of Ref. [177] are:

Fy(dy,) = 2J(dy,) = 2(J.(dy,) + T3 (dy,)), (8.134)
Fy(dy,) = A(dy,) — 2J(dy,) = Af(dy,) + AJ(dy,) — 2(J7(dy,) + J3(dy,)),
(8.135)
2 DE(d2) + DE(d?
By = — 2w _ e () Dy () (8.136)
2 2
From Ref. [177], we have that:
d? am VA2 am am
2 _1_ V' 'm—™" 2 - m 2 —
Fd,<1)=1 g Fy(d;, < 1) 6 F3(d;, < 1) S/
(8.137)

As it can be appreciated from Fig. 8.3, there is a perfect agreement between
the two calculations. We can also see that the divergent behavior of Fs(d) is
entirely due to the photon D-term, as can be see from the panels (c¢) and (d)
of Fig. 8.2. Furthermore, one can notice from the panels (a) and (b) of Fig. 8.2
that the electron form factors A, and J, tend to have a more flat behavior near
d ~ 0 compared to their photon counterparts.

We can now easily compute the form factors in the forward limit A — 0:

20l 17 o
ARy =1—-="S2 - 2 8.138
¢ (0) 5 187 ( )
2L 17«
ARy = —= 4 —— 1
7 (0) =4+ 15 (8.139)
_ ol o \[g
CH0) = bm  Lsm : (8.140)
G T aa Di
~R _%_’f—i_lélﬂ’ M_S
Clo)y=4q & 3 b (8.141)
67 PR 1

We notice that these results are consistent with the ones derived in Ref. [178]
for the dimensional-regularization case.

We can also compute the limit A — 0 for the other form factors, although
they do not appear in the decomposition of the forward matrix element (see
Eq. (8.18)), since they appear with coefficients that vanish in the limit* A — 0.

We have:
" a (11 2L
=— =+ — 142

JV (0) 21 (18 + 3r )’ (8 )

4We note from Eq. (8.137) that that the photon D-term 1/A and the prefactor in Eq. (8.18)
vanishes as A2,
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Figure 8.2: The photon and electron contribution to the EMT form factors

as function of d?, = —A?/m? at the scale u> = m?. The D form factors are

shown in two separate panels ((c¢) and (d)) because of the huge difference in the
absolute values between the photon and the electron contribution. The panel
(e) contains the results in MS scheme for the C; form factors. The panel (f)
shows the C, form factor, that is associated with the antisymmetric part of the
EMT and it vanishes for the photon, see Eq. (8.131).
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Figure 8.3: Comparison of the low-d?, behavior of the form factors Fj o3 as
defined in Egs. (8.134)-(8.136) between our results (red short-dashed curves)
and the calculation of Ref. [177] (blue long-dashed curves).
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1 o (11 2L
Bo)y=-—- — [ =+== 14
Je(0) 2 27 (18+ 37r)7 (8.143)
Ha 71 «
R _ R _ R R
DW (0) = 400, D.(0) = 187 C(0) . (8.144)

8.5 Forward limit

Different mass sum rules derived from the EMT exist in the literature: a four-
term decomposition proposed by Ji in Ref. [179], a two-term and a four-term
decomposition by Lorcé [180], as well as a two-term decomposition of the mass
squared by Hatta, Rajan, Tanaka [170]. In the following, we are going to
explore the different sum rules for the electron in QED (see Ref. [160]) and for
the proton in QCD (see Ref. [161]). All the results at the operator level look
identical in QED and QCD (with the obvious difference in the definition of the
gauge strength field tensor and an implicit sum over the quark flavors in QCD).
For this reason, we are going to discuss in detail the operators in the QED part
of the section, whereas in the QCD part we shall focus mainly on the numerics.

8.5.1 Two-term decompositions

We start with the two-term decomposition of m? proposed in Ref. [170], which
reads

Sl (@) H(TaO)) | -
"o (e(P)[e(P)) L et (8:145)
From Egs. (8.65)-(8.66), we find:
%_AE(O)+4CY£(O)_1+Z/_%71_{1_%’ T, (8.146)
T = AT(0) +4C(0) = — y = {0‘ . (8.147)

where we used ((myv)g) = 2m?(1 — 7,,) and neglected O(a?) terms. We
observe that, at O(«) and in the Dy scheme, the electron mass is exclusively
related to the trace of the renormalized electron operator, while the photon
contribution vanishes. Once higher-order terms are taken into account, one
would find m, # 0 in the Dy scheme. However, to any order in perturbation
theory, the D; scheme ensures that m,. is exclusively given by the renormalized
fermion operator and m, by the renormalized photon operator. Therefore, the
D, scheme is perhaps the most natural scheme for the two-term decomposition
of m? proposed in Ref. [170]. We also point out that one can hardly assign a
physical interpretation to both the size and the sign of the O(«) corrections,
which may both depend on the scheme.
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8. The Energy-Momentum Tensor

The two-term sum rule for m of Ref. [170] has the advantage of being a
frame-independent decomposition, in the sense that, in a generic frame one
has:

Me M, g ~R m, m
E_E(Ae(o)—{—élce(()))? E_E
where F is the electron energy in the moving frame. We can clearly see that the
ratio of the two terms remains equal, although they are individually modified.

All the other decompositions that we consider in the following depend on the
reference frame, in the sense that the relative contributions change in different
frames. We therefore discuss them first in the rest frame of the electron and
afterwards comment on the required modifications in a moving frame.

In the two-term decomposition of Ref. [180], the mass of a particle is written
as the sum of the energies carried by the constituents and gauge degrees of
freedom (electron and photon in our case),

(AZ(0) +4CT(0)), (8.148)

m = U, +U,. (8.149)

The definition of the (partial) energies U;, in terms of renormalized operat-
ors (please note that in Ref. [180] the renormalization was assumed but not
discussed in any detail), is

[ (T0)
(e(P)[e(P))

We can therefore use the results in Eqgs. (8.138)—(8.141) to compute the partial
energies in the two renormalization schemes,

_aZ _ a MS oz 4 o MS
Ue — {m (1 2w TI') ’ MS U’y — {m ( 27 T 7r> ’ MS . (8151)

m(1-52—57), Di m (55 +35) . Di

Ui

=m (Af(0) + C(0)) . (8.150)

P=0

We repeat that the scheme dependence prevents a clean interpretation of the
results. Yet, we find positive values for U, in either scheme (unless the renormal-
ization scale p is extremely low), in agreement with what one would intuitively
expect for the contribution due to the photon energy.

We anticipate that the renormalized operators associated with the U; are®%:

1%, = %90 (piD"y"p) , = (mih) g + (W1 iD - a)g, (8.152)
| |
TR = —gugy (F*F%) o+ 7 (F?) = 5 (B + B, (8.153)

where the first term on the r.h.s. of Eq. (8.152) is the electron-mass contri-
bution to m. The second term in that equation is typically referred to as

®We are going to discuss these results in more detail in the next section.

6The second equalities in Eqs. (8.152)-(8.153) are valid by assuming that the time di-
mension is left untouched in the dimensional-regularization procedure. All the results in the
present Chapter can be generalized to d = 4 — 2¢ dimension by using the first equality in
Egs. (8.152)-(8.153) instead of the second one.
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8.5. Forward limit

kinetic plus potential energy of the electron [179, 181], while the operator in
Eq. (8.153) represents the (total) energy stored in the photon field. Compar-
ing both two-term decompositions in Eqs. (8.145)-(8.149) and the underlying
operators (see Eqs. (8.152)-(8.153) and Egs. (8.65)-(8.66)) we find the relation

<9293 (ViD" ), = (M) g — gugy (FFS)  + }1 (F 2)>
B

— <(¢T iD- )+ 1(E2 + BZ)R> = <7m(m1/7¢)1«z + —e)(FaﬁFaﬁ)R> :

2 2e
(8.154)

that is, the sum of the electron energy and the photon-field energy coincides
with the anomaly contribution to the electron mass.

Note that the same exact results hold for the QCD case and the proton
mass.

8.5.2 Four-term decompositions

We now turn to the study of the four-term sum rule proposed in Ref. [179] and
studied for the electron for the first time in Ref. [182]. In the latter paper, the
individual contributions to the mass decomposition are defined in terms of the
bare operators instead of the renormalized composite operators introduced in
the previous section. Following Ref. [179], we can decompose the EMT into a
trace part and a traceless part according to

THY = TH 4 TH, (8.155)

with the trace term given by T* = ig“” T¢. As discussed in the initial part
of the Chapter, the separation of the two operators in terms of electron and
photon contributions depends on the renormalization scheme and, in general,
involves mixing of the two contributions under renormalization. Therefore, the
procedure of Ref. [179], where the traceless partial operators are obtained by
subtracting the trace term from the full EMT separately for the electron and
photon, deserves a fresh look. In accordance with Ref. [179], we introduce the
QED Hamiltonian H and the Hamiltonian density # as

H= [ @zT0,2) = | d®z#(0,x). (8.156)
/ /

In Ref. [179], the separate electron and photon contributions to the traceless
and trace operators were then defined as”

()79 = [(T°)R] yrg = (W' (iD - @) ¥) , + %mzﬁw, (8.157)

"The label indicates that here we are using the definitions of Ref. [179], which will be
revised below. Note also the in Ref. [179] the covariant derivative is assumed to be Dji79) =
V —igsA=-8—igsA=—D.
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8. The Energy-Momentum Tensor

1—i—fym

gg/ — TOD
( m)[179] |:< e )R:| [179]

. 1
(7€) uro) = (1) g = 5 (E2 +B?),, (8.159)

Ble)
4e

map, (8.158)

(@ = |(T)r) == (B = B) . (8.160)
In the first and third line we note that the traceless part is erroneously con-
structed by subtracting the classical trace, and not the full trace. Following
Ref. [179], we can define

(f%e)[m] = [( ~600)1%][180] = (%2)[179} +Ce (%%)[179] ’ (8.161)
(#Hon)ure) = [(12°)Rlnsoy = (1 = ce) (#,)nr, (8.162)
(@) o) = [( ~$O)R] [180] = (%7)[179] + e (#,) 9] (8.163)
(%a)[lm] = [( VWOO)R][lSO] =(1- Cq)(%,;)[ng], (8.164)

where we give the reference to the corresponding nomenclature from Ref. [180]
in terms of the T and T° components of the EMT. Choosing for the constants
¢; the values

-3
= = 1
Ce T cy =0, (8.165)
we then obtain the definitions of Ref. [179], i.e
(# ) = (V7 (iD - ) V) s (8.166)
4+,
(Fn)rg) = 7 mynp, (8.167)
(#y) 7o) = (H# )[179} (8.168)
(#a)pro) = (#,) 79) (8.169)

where #, represents the electron kinetic and potential energy, #,, is the elec-
tron mass contribution, #, is the photon kinetic and potential energy, and
#t, is the anomaly contribution. We can also introduce the two parameters a
and b of Ref. [179] as the matrix elements of the traceless and trace electron
contributions, respectively,

3 5 ((H)n7op)

3 2 ((Hy,)p79))
27 T T e(P)le(P) |,

PP | (8.170)

) 27"’5217[179] =

Using the constraints in Egs. (8.22) and (8.23), we also obtain the relations

3 ((HY)pre)) ((Hy)pirg))

§m (1 —apm) = ( )e(P ) o 2m(1= b)) = e(P)le(P) P—0

. (8.171)

So far we have reviewed the main points of the mass sum rule of Ref. [179]. In
the following we suggest a modification of the sum rule in order to take into ac-
count the correct procedure of the trace subtraction. In Ref. [179], the results for
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8.5. Forward limit

the traceless photon and electron contributions have been obtained by subtract-
ing from the full EMT the trace part calculated in the classical case, i.e. without
the inclusion of the trace anomaly. However, as already discussed in Ref. [171],
this manipulation can not be applied when dealing with the renormalized oper-
ators Of since the trace operation and the renormalization do not commute,

< <
Lo, gu(FPFY) R # (FPF)p and g, (i7" D M)p £ (070D yi)p. 1
instead we use the correct renormalized traceless electron and photon operat-
ors OF and OF in Egs. (8.63)-(8.64), we find that the 00-component of the
traceless electron and photon parts are given by

He=(I.°)r = (V' (D - ) ¥) , +mipp — ——=mip — = (F’“'FW)
(8.172)
7, = (1)) = % (B*+ B2, + 2 4%"mz/?¢+ % (%? = x) (E* - B?),,.
(8.173)

The matrix element of the revised expression in Eq. (8.172) for the 00-component
of the traceless electron operator allows us to identify the parameter a with the
renormalized form factor A%(0).

The 00-components of the trace parts also change because of additional
mixing, as can be seen from Eqs. (8.65)(8.66). We find

gt = (T°)r = ! + — I+ = (F“”FW)R, (8.174)
/ i m T n 1
#, = (T™) 5 = %mw -5 <% - g;> (E* - B?),. (8.175)

If we take the sum of Eq. (8.172) and (8.174), we obtain the result anticipated
in Eq. (8.152), and by taking the sum of Eq. (8.173) and (8.175) we obtain
Eq. (8.153). Note that we would have found a non-vanishing (and incorrect)
contribution of the trace anomaly to the total 00 EMT component if we would
have used Egs. (8.157)-(8.160). In dimensional regularization, the time di-
mension, however, is left untouched, which implies that 7% is rather special
compared to the spatial components of the EMT trace, see, e.g., Refs. [40, 183].
In fact, a careful analysis reveals that the anomaly is entirely contained in the
spatial part of the EMT.

To recover the intuitive picture in terms of kinetic and potential energy of
the electron and photon, we need to take different combinations of the operators
according to

He = [(T27)r] = 7. + cemdly, + ceadly, (8.176)
Hon = [(T°)R] = (1 = Ceom — Cyn)Hy, + Crals, (8.177)
I, = [(TO)p) = I, + o), + cradCL, (8.178)
Ho = [(T) ] = (1 = Cea = Cra — Cma) ), (8.179)
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8. The Energy-Momentum Tensor

with the constants

3— )29 _ 13—, 4

com = B V)2 2 —TB ) R . (8.180)
(1+y> +$(1+7m> (1+y) 2% _x(l—f_’)/m)

Cym =0, Cyq = 1, Crma = —Ceaq.- (8.181)

This leads to the definitions
= (@/}T (z’D-a)w)R, #,, :m@hﬁ, H., = (E2+BQ)R, #, = 0.

(8.182)

1
2

We argue that the results in Eq. (8.182) are the appropriate operators for the
mass sum rule if one follows the overall logic of Ji’s original work, but uses
the properly renormalized 00-components of the traceless parts of the EMT for
the fermion and the gauge field. It is also noteworthy that the expressions in
Eq. (8.182) coincide formally with the classical results, i.e. the results one would
obtain from the classical electromagnetic Lagrangian without the inclusion of
the trace anomaly. We have arrived at a decomposition with three nontrivial
terms only.

We can also work out the revised expressions of the constants a, b, defined
as the (correct) traceless and trace electron contributions,

3, [ (@)

2" PP | (5159

m fdg 1+7m)m1/_}¢>

2m?h = <€(P>|6(P)> n (8.184)
2" )= ey | (15
2m*(1 — b) = 52(2) fd<i(gﬁ:(yg‘>”)3> (8.186)

We stress that b is not directly the trace of the renormalized quark operator.
Using the above definitions and Eqs. (8.176)-(8.179), we have the following mass
decomposition:

Me = zma + % (x(l —b) 52(2) + b1y+_fyi) , (8.187)

m, = zm(l —a)+ w (1 . x;(;> + mbﬁ, (8.188)

M = - Tl;m My =0, (8.189)
where

"= TP o (5490



8.5. Forward limit

In the two renormalization schemes, the results at O(«) read

a < ATQ 3 ATQ
ZE:{%_%D MS @m:{_ﬁ’MS (8.191)
19a o ? 3 ) :
2~ e D1 m — 50 D1
o a? ANTQ
@ oz MS
LERES S , (8.192)
m 2z T 5 Di

Equipped with the proper one-loop results for the renormalized operators that
appear in Eq. (8.182), one can readily show that at one loop the terms in
Egs. (8.166)—(8.169) do not add up to the mass of the electron. This is just a
consequence of the aforementioned issue with the sum rule in Ref. [179].

Before moving on to the second four-term sum rule, we make a brief compar-
ison with the two-term decomposition of Ref. [180]. By means of Egs. (8.150),
(8.172)-(8.175), and (8.182), we find

Ue = mg + my,, U, =m,. (8.193)

Our three-term sum rule above could therefore be considered a refinement of
the two-term decomposition of Ref. [180]. The relations in (8.193) also allow
one to readily identify the properly renormalized operators for U, and U,, see
Eqs. (8.152) and (8.153).

In Ref. [180], another type of four-term decomposition has been discussed,
which makes use of the concept of the energy introduced in Eq. (8.150) and of
the partial pressure-volume work VVZ»j in the directions j = x, v, z,

i da TER(0)
Wi =949y <€(P)’6<P)>

While we follow here the general logic of Ref. [180], we (again) pay close atten-
tion to the operator renormalization. The partial energies and pressure-volume
works can be related to the matrix elements of the operators (7°0) and (7%)
according to

(8.194)

P=0

~ L s, (s.105)

K (T)x)
= Z(Ui‘i‘Wi)’ 1

(e(P)[e(P))

where 3W; = W + WY +W7. The four-term decomposition of Ref. [180] reads
as

‘P:O

m=U,+U,+U.+U,, (8.196)

where the individual terms correspond to the contributions of the internal en-

ergy to the matrix elements of the 7°° and T%° operators defined in Eqs. (8.161)-

(8.164). Using the properly renormalized operators in Eqs. (8.176)—(8.179), we

obtain:

~ U,
4

U. . e U
Uo=— 34 Cem) + fcea, Ue=—(1—Cem — Cym) + fcma, (8.197)
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.U U. .U
U'y - I’Y (3 + C’ya) + ZC’W% U7 - Z’y (1 — Cea = Cya — Cma) ) (8'198)

with the constants ¢; defined in Eqs. (8.180) and (8.181). The main differ-
ence with respect to Ref. [180] is that we need to mix (7% with (7%°)z and
(TSO)R, (T2) g with (TgO)R and (7% with (TgO)R. Using the coefficients in
Egs. (8.180) and (8.181), we find for the photon sector

u,=0, U,=0. (8.199)

This means that, once working with properly renormalized operators, the four-
term sum rule of Ref. [180] in fact reduces only to three nontrivial contributions.

Finally, in the two renormalization schemes we have the following explicit results
at O(«)

U, o MS U. 1 —da_aoZ \[S

— = {32‘; : —= { S nz ,(8.200)
m o Dl m 1— 24r ~ on> 1

U ayaoZ  \MS

=2 = 7;7; o : (8.201)
m Gy + on Dl

8.5.3 Energy decompositions in a moving frame

Except for the two-term decomposition of Ref. [170], all other mass sum rules
only hold in the rest frame. However, one may expect that in a moving frame
they still provide meaningful results. In fact they become energy decomposi-
tions as we discuss in the following (see Ref. [184] for a more general discussion
on the frame dependence of the matrix elements of the EMT). For a moving
electron with energy F, the partial energies become

m2

—CF(0). (8.202)

U, = EAR(0
i (0)+ 7 C

If the electron momentum points along the 2 axis, i.e. P* = (FE,0,0,p), we find
for the partial pressure-volume works

2 2 2 2
e _ v — AR :_ETmmT Ry ™ AR
and therefore 2 ) )
BT ARy " AR
W, Vo A (0) z C(0). (8.204)

The values of the a, b coefficients are not modified in a moving frame since they
are related to the form factors and not to the energy. Recalling the identification
a = AL(0), we obtain the following modification of the expectation values of
the traceless operators:
f d*x <©?(>],OR>

(e(P)[e(P)) ‘P:o B Z“m o (E - T—E> > (8.205)
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8.6. Proton mass decompositions

= Z(l—a)m% (1—a) (E—ZL—E) : (8.206)

P=0

[ &z <©?S’%>‘
(e(P)le(P))

The trace parts are affected too because of the normalization of the states. We
have

2

J&r (At y)mie) P
(e(P)l|e(P)) ‘P:o =mb—b T (8.207)
M@ffx«FWﬂ»ﬁ’
2e (e(P)le(P)) P—0

2

—m(l—b) — %(1 —b). (8.208)

These results allow us to obtain the counterparts of Eqgs. (8.191) and (8.192)
for a moving frame:

me_ [Eas (g oagy) W
B\ FEt (g -y m) D
me i (1-52), NS
7_{’5—3( —%) Di
my [e(B+mr ), VS a0
Eole(-8p+%-%8) D
while for the decomposition in Eq. (8.196) we obtain
U |2 MS
= = {g_?’ D, (8.211)
6, _[1+2(-B-gh-2+8), W
Eolive(-Bram-ya) n
0, [s(F+wmry-dE) S 5212
Eols(B-8m+5-4) p |

One can readily verify that the terms in Eq. (8.210) and in Eq. (8.212) add up
to E. On the other hand, the individual terms of the energy decompositions
cannot be obtained by multiplying the corresponding expressions in the rest
frame by a common overall kinematic factor.

8.6 Proton mass decompositions

In this section, we are going to use the general results at the operator level
obtained in the QED sector and specify them to the proton in QCD. We are
not going to perform a perturbative calculation of the matrix elements, but

163



8. The Energy-Momentum Tensor

rather we are going to make use of the currently available phenomenological and
lattice-QCD information to obtain numerical values for the matrix elements.
This procedure will also provide us with the opportunity of studying the scheme
dependence of the various sum rules.

8.6.1 Numerical results

From the results presented in the previous part of the Chapter, it is evident
that two independent numerical inputs suffice to fix all the terms of the different
sum rules®. One input/constraint comes from the parton momentum fractions
a; in the proton through [179, 181]

§M2a [ Pa(F) §M2a [ Pa()

2 i (P|P) ’P:07 2 9 (P|P) ‘p:o’
where a, is a shorthand notation for the sum of the momentum fractions of
all active quark flavors. Note that now the (...) symbol denotes the expecta-
tion value between proton states and that #¢; , are the QCD counterparts to
Eqs. (8.172) and (8.173). The sum rule a,+a, = 1 is satisfied, which is equival-
ent to the constraint for the form factors A4;(0) in (8.23), and therefore leave us
with just one independent input. We take the quark mass term as the second
independent input. Specifically, we define a parameter b according to

) J Pa((mp VD))
(P|P) ’

(8.213)

2MPb= Y (L+m
f=ud,...
that is the QCD counterpart to Eq. (8.184). Please note that the sum over the
flavors will be understood in the remaining of the section.

We make use of Eq. (8.186) to fix the gluon contribution to the trace anomaly
from b. We also refer to [185] for a recent attempt to directly compute the
gluon contribution to the EMT trace in lattice QCD. With these ingredients,
the matrix elements of the QCD counterparts to Egs. (8.172)-(8.175) can be
written as

(8.214)

3
My == Ma,, (8.215)
1 (14+y)b 29
M =-M|—=" 1-0)— 8.216
3
My =5 Ma,, (8.217)
1 (1+y)b 2g
M =-M(1-STI2 a0 p)Y 21
= (1= -0 %). (8219
which lead to the expressions equivalent to Eqs. (8.187)-(8.189):
3 1 (y—3)b 2g
M,=-M - M —— 1—-b)— 21

80nly two independent form factors survive in the forward limit of the matrix element of
the EMT and they encapsulate all the information on the EMT.
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b
M, = M , 8.220
14+ v ( )
3 1 (Ym —y) b 29
M, =-M - M| — 1—a2— (1 — . 221
y= Mg g | (M (s.221)

Now we have collected all the equations that allow us to evaluate numerically
the various sum rules discussed in the Chapter.

Our numerical results are given at the scale u = 2 GeV. We take the parton
momentum fractions from the CT18NNLO parameterization [186], which, in
the case of four active quark flavors, gives

aq = 0.586 = 0.013, ag=1—a,=0.414+0.013. (8.222)

Other phenomenological fits of parton distributions provide very similar results
(see, for instance, Refs. [118, 187-190]). In order to fix the parameter b in
Eq. (8.214), we use input for the quark mass term (sigma term), up to and
including charm quarks,

(P|m (@u+ dd) |P)
2M ’
(P|mg3s|P) (P|m,cc|P)

USIT, UCIT, (8223)

Oy +04=0xN=

with m = (m,+my)/2, and q=u,d,s, ¢ stands for the field of quark with different
flavor. For b we actually consider two cases. In the first one, we take the sigma
terms from an analysis in chiral perturbation theory (ChPT) in Refs. [191, 192]
for the three lightest quark flavors,

Oan| gy = (B9 £ 7) MeV, 16 £ 80) MeV . (8.224)

US‘ChPT = (

The independent phenomenological determination in Ref. [193] gives a very
similar value for o,y. In the second scenario, we use results from lattice QCD
(LQCD) which also include a sigma term for charm quarks [194],

4.6 £3.8)MeV,  0yf o = (39.8 £ 5.5) MeV,

107 + 22) MeV . (8.225)

OnN ’LQCD = (

UC‘LQCD = (

Other LQCD calculations, performed at (nearly) physical quark masses, mostly
provide similar results for the sigma terms of the light quarks [195-198]. To
the best of our knowledge, Ref. [194] is the only LQCD study which reports a
value for the charm sigma term. The numerical values for o, and o, are quite
different for ChPT and LQCD. However, the difference for the sum o,y + oy
is small and irrelevant for our purpose. On the other hand, including or not
o. has a clear impact on our numerics for the mass sum rules. Moreover, the
error on the strange contribution in the phenomenological analysis is very large,
leading to large errors in the mass sum rules. To summarize this discussion, we
consider numbers for the mass decompositions for the following two scenarios:
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O(a3) O(a3) O(af)
b ppp | 0-094 £ 0.100 | 0.101 £ 0.108 | 0.103 = 0.110
bl qon | 0:235+0.029 | 0.253 +0.031 | 0.258 + 0.031

Table 8.1: Parameter b for different orders in ay, obtained from input for the

sigma terms from ChPT and LQCD.

MS MS;, MS, D1 D2
M, |0.309=0.044 | 0.194 £ 0.033 | 0.178 £ 0.032 | 0.362 4+ 0.045 | 0.357 & 0.051
Scenario A | M, | 0.07540.080 | 0.075 4 0.080 | 0.075 4 0.080 | 0.075 4= 0.080 | 0.075 4= 0.080
M, | 0.55540.036 | 0.669 & 0.047 | 0.686 £ 0.048 | 0.502 +0.035 | 0.507 & 0.029
M, |0.23440.006 | 0.135 %+ 0.003 | 0.120 £ 0.003 | 0.286 + 0.006 | 0.272 4 0.008
Scenario B | M, | 0.18740.023 | 0.187 £ 0.023 | 0.187 & 0.023 | 0.187 & 0.023 | 0.187 & 0.023
M, | 0.517+0.017 | 0.617 £ 0.020 | 0.631 £ 0.020 | 0.465 + 0.017 | 0.479 4 0.015

Table 8.2: Scheme dependence of the (nonzero) terms of the mass sum rule in
Egs. (8.219)-(8.221). All the results are in units of GeV, and for O(a?) accuracy.
The definition of the MS; and MS, schemes is given in Egs. (8.49) and (8.50).

e Scenario A: a; from (8.222); b from ChPT sigma terms in (8.224).

e Scenario B: a; from (8.222); b from LQCD sigma terms in (8.225) including
charm.

We will show results at 1-loop, 2-loop and 3-loop accuracies. For this we
need the QCD beta function and the anomalous dimension of the quark mass
through O(a?):

T 1 RO
Tn(9) = Yo T+ Tt (Z—;)Q + Yon2 (%)3 I (8.227)

where the explicit expressions for the coefficients 3; and 7,,; are given in Refs. [199,
200]. For the flavor number n; = 3, we find the following values for «, by using
the Mathematica package of Ref. [201]:

Qsttoop = 0.269,  (yotoop = 0.209,  (ys100p = 0.302. (8.228)
In Tab. 8.1, we show the results for the parameter b, based on the sigma terms
from ChPT and LQCD. The numbers differ by about 10% between the 1-loop
and the 3-loop analysis. The significant difference between the ChPT and

LQCD results is caused by the (large) charm sigma term from LQCD.
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O(ay) O(a3) O(as)
] Mq —0.113 £0.102 | -0.120 £0.105 | —0.115 £ 0.107
Scenario A |
M, | 1.051£0.102 | 1.057£0.105 | 1.053 4+ 0.107
. M, | 0.032£0.030 | 0.030£0.031 | 0.035£0.030
Scenario B |
M, | 0.906 +0.030 | 0.908 £0.030 | 0.903 £ 0.030

Table 8.3: Numerics for the QCD counterpart to the sum rule in Eq. (8.145)
for 1-loop, 2-loop and 3-loop analyses with the change of notation m; — M; for
the proton case. All the results are in units of GeV. The errors are obtained by
computing the terms for a; + Aa; and b+ Ab and then subtracting the results
obtained for a; and b.

The numerical input for the parameters a; and b is in the MS scheme.’
However, as we saw in the previous sections, the numerics for the mass sum
rules also depends on the choice (scheme) used for the parameters x and y which,
according to Eqs. (8.65) and (8.66), fix the individual contributions to the trace
of the EMT. As an example, the scheme dependence of the terms of the mass
decomposition in Eqgs.(8.219)-(8.221) is shown in Tab. 8.2. The contribution
M., does not depend on = and y, but the quark and gluon energies M, and
M, do so. In fact, their numerical values change significantly when switching
schemes, with the largest discrepancies between the MS scheme(s) and the
other three schemes. (As discussed in App. B and in Egs. (8.48)-(8.50), two
commonly used MS subtractions prescription exist. They lead to somewhat
different numbers for the proton mass decomposition.)

There is a conceptual difference between the MS scheme and the D-type
schemes in the context of our study. In principal, a fully consistent calculation
in the MS scheme could be done, since all the numerical input that we use could
be obtained in the MS scheme. (Comparing the numerics for the MS scheme
and, in particular, the MS scheme(s) should therefore be done with care.) In
contrast, the D-type schemes have no meaning beyond fixing  and y, which
means that the numbers in these two schemes cannot be “improved.” However,
according to Tab. 8.2, the numerical values obtained in the MS scheme and the
D-type schemes are not very different. All the following results in Tabs. 8.3-8.6
are in the MS scheme, which was used in the previous studies in Refs. [170, 171].
We also point out that obtaining results in the MS scheme(s) is somewhat
cumbersome, see App. B for more details.

In Tabs. 8.3-8.6, we present the numerical results for the sum rules for the
1-loop, 2-loop and 3-loop analyses. Generally, the dependence of the numbers
on the loop order is very mild. Strictly speaking, our results do not reflect
the full dependence on the loop order since in each case we have taken the
parton momentum fractions a; from the 2-loop analysis of Ref. [186]. On the

9This statement does not hold for the sigma terms from ChPT though [191, 192].
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O(a}) O(a?) O(a?)
) U, | 0.384 £0.035 | 0.383 £0.036 | 0.384 £ 0.036
Scenario A
Ug | 0.554 £0.035 | 0.556 £ 0.036 | 0.555 £ 0.036
] Uq 0.420 £ 0.016 | 0.420 £ 0.017 | 0.421 £ 0.017
Scenario B
Uy, | 0.518 £0.016 | 0.518 £0.017 | 0.517 £ 0.017

Table 8.4: Numerics for the sum rule in Eq. (8.149) for 1-loop, 2-loop and 3-
loop analyses. All the results are in units of GeV. (See caption of Tab. 8.3 for

more details.)

O(al) 0(a?) O(a?)
M, |0.311+=0.043 | 0.310 £ 0.043 | 0.309 4 0.044
Scenario A | M, | 0.073 £ 0.080 | 0.073 & 0.079 | 0.074 4 0.080
M, 10.554£0.035 | 0.556 £ 0.036 | 0.555 £ 0.036
M, |0.237+0.006 | 0.235 £ 0.006 | 0.234 £ 0.006
Scenario B | M,, | 0.183 4+ 0.023 | 0.184 +0.022 | 0.187 + 0.023
M, 10.518£0.016 | 0.518 £0.017 | 0.517 +0.017

Table 8.5: Numerics for the sum rule in Eqgs. (8.219)-(8.221) (with the change of
notation m; — M; for the proton case). for 1-loop, 2-loop and 3-loop analyses.
All the results are in units of GeV. (See caption of Tab. 8.3 for more details.)

O(ay) O(a3) O(ay)
T, | —0.070 4 0.008 | —0.067 £ 0.009 | —0.064 + 0.009
Scenario A | U, | 0.45540.027 | 0.449+0.026 | 0.448 +0.027
T, | 0.55440.035 | 0.556+0.036 | 0.555+0.036
T, | —0.062 +0.004 | —0.057 4 0.004 | —0.055 + 0.004
Scenario B | U, | 0.482+0.013 | 0.47740.012 | 0.476+0.013
U, | 051840.016 | 0.51840.017 | 0.517+0.017

Table 8.6: Numerics for the sum rule in Eq. (8.196) for 1-loop, 2-loop and 3-loop
analyses. All the results are in units of GeV. Recall that U, = U, according to
the QCD equivalent of Eq. (8.199). (See caption of Tab. 8.3 for more details.)

other hand, we do not expect this point to have a significant impact on the
qualitative outcome of a mild sensitivity to the loop order.
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The impact of including a sigma term for charm quarks, that is, going from
Scenario A to Scenario B, is clearly visible for all the sum rules. In the first
place, by definition this switch affects the quark mass term M, of the sum
rule in Eq. (8.220) — see Tab. 8.5 for the corresponding numbers. It is often
asked how much of the proton mass can be attributed to the Higgs mechanism.
What seems clear is that M, is entirely due to the Higgs mechanism, as this
contribution would vanish if the quark masses were zero. In that case the entire
mass of the proton could be associated with either the gluon contribution to
the trace anomaly, or the sum of what we have called the quark and gluon
energies. In Scenario A, less than 10% of the proton mass are due to the
Higgs mechanism, while in Scenario B this number is close to 20%. In view
of this discussion, it is important to obtain further independent information
about the contribution of heavier quarks to the quark mass term M,,. A direct
calculation of, for instance, the expectation value ( (F*’F,5)r ) could therefore
help to clarify the role played by the Higgs mechanism for the numerics of the
proton mass decomposition.

The contribution of the gluon energy M, to the proton mass is at least 50%.
However, we repeat that the precise number depends on the renormalization
scheme. We also find some negative contributions to mass sum rules, namely
the quark term Mq in Tab. 8.3 and Ug in Tab. 8.6. But these terms can become
positive when changing the scenario and/or the scheme. We repeat that the
quark mass term M, does not depend on the choice of x and y. It is the only
term from the various sum rules showing that feature and, since the operator
(ma1h) does not get an additional renormalization (respect to the Lagrangian
one), this contribution has no renormalization scheme dependence at all.

8.7 Conclusions

In this Chapter, we studied the EMT for both the QED and the QCD case. We
reviewed the decomposition of the EMT matrix elements in form factors and
we explicitly derived them at O(«) for an electron in QED. We then turned our
attention to the forward limit of the EMT matrix elements, studying different
mass decompositions proposed in the literature. We reviewed the key ingredi-
ent to obtain consistent results, namely the renormalization of multiple local
operators. This procedure enlightens the additional dependence on a renormal-
ization scheme [170, 171]. We analyzed in detail both the operator definitions
of the different sum rules and their explicit expressions in terms of the forward
EMT form factors. We then obtained explicit results at 1-loop order in QED
as a proof-of-concept of the renormalization procedure and its application to
the different sum rules. In the last section, we applied the same concepts to
the proton in QCD, in order to obtain its mass decomposition. We studied dif-
ferent renormalization schemes, and enlightened the strong dependence of the
results on the choice of the renormalization scheme. This scheme dependence
prevents us to assign a unique physical meaning to the individual terms of the
sum rules. Nevertheless, we presented the numerics for the different sum rules,
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and we compared the results at different loop orders, finding a very mild de-
pendence on the truncation order of the a; series. Incidentally, we also found a
very strong dependence of the various sum rules on the charm sigma term. It
would be interesting to study the effects of even heavier quarks, like the bottom.
We also stress that any sum rule for the proton mass one could think of has
at most two independent contributions since, for forward kinematics, the EMT
has only two form factors.
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Chapter

Conclusions

The Standard Model of particle physics has proven to be a very accurate model
in classifying and describing elementary particles. However, despite the impress-
ive list of achievements, it is still unable to explain some fundamental properties
of subatomic particles. This is true, in particular, for what concerns the QCD
sector, which describes the strong interactions: the non-Abelian nature of the
theory, that results in the auto-interaction of the force mediators and the in-
creasing of the coupling constant at low energies, makes it impossible to apply
the ordinary perturbative approaches. This leads to a phenomenon known as
confinement. In nature, we never observe free QCD degrees of freedom, that
are quarks and gluons, collectively named partons. They always appear in col-
orless bound states, known as hadrons. One of the unsolved problems in QCD
is the explanation of the exact mechanisms that lead to the realization of con-
finement. The understanding of the confinement has a twofold repercussion on
our picture of hadrons. We would be able to resolve the internal dynamics of
the hadrons and then to obtain the distributions, along with all the possible
correlations, of the partons inside the hadrons at different scales. We tackle the
problem in the reverse order: we look for a better description of the structure
properties of the hadrons in terms of its constituents to gain insights for an
explanation of the dynamics of the confinement.

In this thesis, we investigated different aspects of the partonic structure of
the hadrons, with particular emphasis on the proton, as the preferential pro-
totype of hadron. The two main tools that we used to fulfill this study are
the parton distribution functions and the Energy-Momentum Tensor (EMT).
They offer different and, therefore, complementary descriptions of the partonic
structure of the proton. The proton matrix elements of the QCD EMT carry
information about global properties of the proton. A detailed study of the
possible decompositions of the EMT in the separate contributions from quarks
and gluons leads to important clues on how the global properties of the proton
emerge from the properties of its elementary constituents. The study of parton
distributions has been done within the framework of light-front quantization.
Light-front quantization presents many advantages compared to the standard
instant-form quantization in the study of parton distributions. It provides the
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natural framework to describe processes that give access to the parton distribu-
tions, leading to a great simplification of the practical calculation. Furthermore,
it provides a relativistic description of bound systems such as the hadrons in
terms of quantum-mechanical wave functions and then it allows one to gain
a more intuitive physical interpretation of the physical content of the parton
distributions. Within light-front quantization it is possible to introduce a well-
defined expansion of the proton state in terms of the basis of the Fock space
constructed with free quarks and gluon states. This is due to the different va-
cuum structure between the instant-form and the light-front quantization: in
the latter, the vacuum contains only gluons in a very specific kinematic domain,
whereas in the former the vacuum is populated by gluons and a quark-antiquark
pairs. Each state of the Fock-space basis in light-front quantization enters the
expansion of the proton state with a coefficient that represents the probability
amplitude of the corresponding state. These coefficients are called Light-Front
Wave Functions (LFWFs). Due to the different vacuum structure, the probab-
ilistic interpretation is lost in instant-form quantization, hence the advantage
of using the light-front approach. The LEWF's offer one of the most suitable
tools for a unified description of the known parton distributions. Moreover,
going beyond the leading-twist parton distributions, the LEWFs provide a very
intuitive picture of the genuine higher-twist parton distributions in terms of
quark-gluon correlations.

Two Chapters deviate from the use of light-front quantization: Chapter
4 and Chapter 8. In Chapter 4, we laid the foundations for the extraction
of the Generalized Transverse-Momentum Dependent parton distributions via
the study of the cross section for a specific dijet process. In Chapter 8, we
investigated the proton mass as emerging property from the underlying parton
structure in terms of the EMT, and we used the more natural language, for this
context, of instant-form quantization.

9.1 Results

In Chapter 2, we reviewed the basics of different types of quantization, with par-
ticular emphasis posed on the light-front quantization. The concepts presented
in the Chapter represent the theoretical background on which all the arguments
of the thesis are developed.

In Chapter 3, we showed how one can link the LFWFs to the vacuum-to-
proton matrix elements of particular combinations of quark and gluon oper-
ators. Such matrix elements are parametrizable in terms of distribution amp-
litudes. We derived the general expressions that allow one to link the LEWF's
and the distributions amplitudes when a proton state with non-vanishing parton
Orbital Angular Momentum (OAM) is considered. We reviewed how the sys-
tem of equations for the three-quark LEWF's with non-vanishing OAM involves
also the LFWFs for the three-quark plus one gluon state.

We reserved two chapters for studying two general arguments, that are un-
related to the specific model for the LFWFs that we built in this work. In
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Chapter 4, we studied the cross-section for exclusive dijet production in lepton-
proton collisions. We presented the results for the cross section parametrized in
terms of all the possible angular modulations of the detected jets. These results
represent the foundations for a possible sensitivity study of the different coeffi-
cients of the angular modulations to different types of Generalized Transverse
Momentum dependent parton Distributions (GTMDs), extending the studies
existing in the literature beyond the small-x approximation.

An application of the language of LFWFs is the investigation of model-
induced relations between different types parton distributions. An example of
such relation, i.e. the lensing relation, is reviewed in Chapter 5. The lensing
relation allows one to write the average transverse momentum of naive T-odd
Transverse Momentum dependent parton Distributions (TMDs) as a convolu-
tion of T-even Impact Parameter Distributions and a T-odd lensing function.
Using the light-front formalism, we analyzed which features of the models allow
the validity of the lensing relation and how, in general, such features are far too
restrictive to make them plausible in a full QCD calculation.

In Chapter 6, we exploited the link between distribution amplitudes and
LFEWFs derived in Chapter 3 to construct a model for the LEWF's based on
a parametrization of the distribution amplitudes. We showed the interplay
between the three-quark plus one gluon LFWFs and the distribution amp-
litudes connected to the non-vanishing OAM three-quark states. Estimates for
the model parameters have been obtained from QCD sum-rule techniques and
lattice QCD. We used these results as starting point for a fit to the unpolar-
ized collinear parton distribution functions fi(z) for the up and down quark
and for the gluon, extracted from a phenomenological analysis. We presented
the results for the LFWF overlap representation of the T-even, twist-2 TMDs
and of the chiral-even Generalized Parton Distributions. We then discussed the
numerical predictions for these distributions, using the parameter set obtained
from the fit of the unpolarized collinear parton distribution functions.

We used the LFWF's also to study subleading-twist TMDs. In particular,
Chapter 7, is devoted to the study of one particular higher-twist distribution,
the e9(z, k). Higher-twist distributions are very interesting, since they provide
a privileged window to study the quark-gluon correlations inside the proton.
We reviewed the general decomposition of higher-twist distributions using the
equations of motion for the quark field and discussed some of the recent works
on these types of decompositions. Higher-twist parton distributions can be
written as spurious lower-twist terms plus a pure higher-twist contribution.
The latter can be represented as the overlap of LEWF's for states that differs
by one gluon. We exploit our model, in which both the three-quark state and
the three-quark plus one gluon state are present, to perform a model-dependent
study of the pure higher-twist contribution. We showed within our model that
the pure twist-three contribution is indeed small compared to the lower-twist
contribution.

Chapter 8 is devoted to a different topic, i.e. the EMT. The EMT offers
a different perspective on the partonic structure of hadrons compared to the
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parton distributions. In particular, the EMT matrix elements encode inform-
ation on the global properties of particles, like their mass and their spin. The
decomposition of the EMT of a composite system in the individual contribu-
tions from its constituents (e.g., quarks and gluons in the the case of hadrons
or leptons and photons in the case of leptons) can give insights on how the
global properties of the system emerge from the internal dynamics. However,
a number of issues must be faced. We first revisited the renormalization of the
separate contributions to the EMT from electrons and photons in QED, which
is equivalent to the renormalization of the separate contributions of quarks and
gluons in QCD. With the correct renormalization procedure at our disposal, we
presented the results for the EMT form factors in a one-loop QED calculation
for an electron state. The results are then specified to the forward limit, and
are used to study the different EMT-based mass decompositions available in
the literature. Again, the QED case served as testing ground for the QCD case.
For the QCD case, we used the perturbative results for the counterterms and
for the QCD beta function at three-loop accuracy. We then used the inputs
from phenomenological analysis and lattice QCD to obtain results for the EMT
form factors. With these results, we studied the proton-mass decompositions
in different renormalization schemes, finding a quite strong scheme dependence
of the various terms. Overall, the revised renormalization procedure for the
separate lepton and gauge-boson operators allowed us to provide a different
interpretation of the renormalized operators and to find a new link between
these operators and the trace anomaly at the level of matrix elements.

9.2 Outlooks

Two main perspectives for future works emerge from the thesis.

The first one is related the application of the LFWF formalism to con-
struct models for different types of partonic distributions. Using LFWFs as
the underlying theoretical tools, it is possible to fit simultaneously different
types of parton distributions. In this way, we can easily transfer the informa-
tion acquired from the fit of specific parton distributions to others, providing
predictions and sensitivity studies that would be valuable for the planning of
future phenomenological studies and/or experiments. On a more concrete note,
we will work in the direction of improving our model. The link between LEWF's
and distribution amplitudes is a powerful tool. However, the resulting model for
the LFWFs is as good as the underlying model for the distribution amplitudes.
Different proposals to modify the model for the distribution amplitudes are
being considered, like a neural-network induced model, and are left for future
investigations.

The second point is the detailed analysis of the dijet cross section in terms
of GTMDs. A deep study of the cross section in terms of parton distributions
could lead to the identification of specific combinations of angular modulations
of the cross section suited for the extraction of different GTMDs from experi-
mental data. Moreover, a detailed view in terms of parton distributions could
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allow the planning of specific fits and phenomenological analysis. The work in
this direction has already been started by a number of authors, which presented
studies on an handful of angular modulations of the dijet cross section in the
small-x regime. The work that has been pursued in this thesis and its future
developments are of great importance in view of the construction of new ex-
perimental facilities, such as the Electron-Ion Collider, whose realization at the
Brookhaven National Laboratory in the US is under consideration.

The solution of such complicated problems demand an effort that goes bey-
ond the contributions that a single individual or a single group can give. A
consistent, prolonged community effort is needed. However, even the tinier
contributions are important in order to construct a road that brings us even so
little closer to the final goal of understanding the complex world of QCD.
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Appendix A

Explicit results for the contraction of
the leptonic and hadronic tensors

In this appendix, we are going to illustrate a relation that involves the product
of two antisymmetric symbols ¢#?? and the explicit contraction between the
unpolarized and symmetric hadronic tensor and the leptonic tensor, see Chapter
4.

The parity matrix introduced in Eq. (4.26), when applied to the totally
antisymmetric symbol e#77? satisfies the following identities:

L¥ LYy LP, L7501 = —chve, (A1)
Lip” = . (A.2)

Others useful identities that have being used to identify the independent
Lorentz structures of the hadronic tensor are the following ones:

gaﬂgul/pa — ga,u,gﬂl/pa + gaug,uﬂpa +gap6;tuﬁa + gocaguupﬂ' (A?))

5i17k1 5i17k2 51'1,193 5i1,k4

5%'2 k1 5%'2 k2 5%'2 k3 5i2 Ky
€i1,i0,i3,i4C k1 ko, ks ks = det
51'3 k1 5i3 k2 5i3 k3 5i3 Jka

(A.4)

51'471?1 51'47’62 61'47’63 5147’64

Assuming A, B,C, D, j,l,m,n to be generic vectors, Eq. (A.4) explicitly
reads:

EABCDE jlmn = EppoCaprs A BYCP D7 j*1Pm7n’

= (A7) (BI)(Cm)(Dn) — (Aj)(BL)(Cn)(Dm)
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Dj), (A.5)

where we used the notation (AB) = A - B for any four-vector A and B. From
Eq. (A.5), one could derive the analogous relations when one index is uncon-
tracted. If we assume that the p index of the first é#*?? is an open index, i.e. is
not contracted with A*, in the previous equation we just need to perform the
substitution:

A-v=(Av) = v, (A.6)

with v being any four-vector of the set {j,1,m,n}.

Finally, we would like to give an example of explicit contraction between
the leptonic and hadronic tensor. We will show it only for the symmetric and
unpolarized sector, since it is illustrative and not too much complicated:

Hv quqy m L _ 2 A
g _7 €( uu)__Q7 ( 7)
y M2Q? (—4+ 4y + )
PP Re (L) = — e , (A.8)
PO Re (1) = —4°MQ*y + 4°MQ?yy + j° MQ*y*y’
1y Re (L) = W
N 4M(Q2)3/22j /1 + 72 _ 4M(Q2)3/2y2j 1+ ,}/2 _ M(Q2)3/2y22j72 /1 + 72
y2,-)/3 1 _i_,-)/Z
N —2j1 MQ*v*\/4 — 4y — y>y? cos (¢1) + L MQ*y~* /4 — 4y — y>4? cos (1)
y273 1+ 72 !
(A.9)
PUMRe (L) = —4PPMQ*y + APMQ?yy + PMQ%y*~*
N AM(Q?)322\/1 + 2 — 4AM(Q?)3Pyz\/1 + 72 — M(Q?*)3 %92 27%\ /1 + 72
y2,y3 1 + 72
L 2 M Q*? /4 — 4y — y*72 cos (do) + 1L MQ*yy* /4 — 4y — y*y* cos (¢2)
y2’y3 1+ 72 !

(A.10)

o ]iQ2 ([2 — inQ

52 ¢ cos (2¢;)



L@ (49 Qu T+ 77 = 202 - 20%22)

— T

(492
2V21Q* (Qzv/ 1+ 77 = 1*7)
+ cos (¢;) 1577 ! (A.11)
l2 Q2 12 QZ
1 Re (L) = 11 e (02 —2*) + 11 e 2 cos (2¢;)
Q@ (4PQary T+ — 2(8)7 — 20227
o 7
2v/21, Q? (Qzl V31+92— lg’y)
+ cos (¢1) T ! (A.12)
(2 — 2 2

G Re (L) = cos (65 — &) [ +cos (¢; + ¢ 1+72
Qa1+ (5% = Quy/T+77) + 87 (Q5v/1+77 - %)
71+
V2j.Q? (szm—f’ﬂ
7 (1+7%)
V20, Q? (QZJ 1472 — j37)
7 (L+7?%) '

In the last expression, we used the following identity:

_ zQQ

+ cos (¢;) el

+ cos (¢y) el

(A.13)

(2 — 2 72
cos (¢ — i) 7 2 T (05 +01) 7 + 2
. 2 ] 2
= cos (¢;) cos (¢1) [2]1%:222 + sin (¢;) sin (¢y) ]LZ;Q :

All the complexity of Eqgs. (A.7)-(A.13) is hidden inside the coefficients A;
(see Egs. (4.43)-(4.49)) for the unpolarized and symmetric hadronic tensor.
Similar expressions can be obtained for the other contributions to the hadronic
tensor.
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Appendix B

Counterterms in different
renormalization schemes

In this appendix, we discuss the decomposition of the trace of the EMT into
individual contributions from quarks and gluons (for the QED case analogous
results hold for the electron and photon fields), which requires to fix = and y
in Egs. (8.65) and (8.66). The focus of this appendix is to find z and y in the
MS and in the MS schemes. For the MS scheme we just outline the essential
steps, since the full procedure can be found in Refs. [170, 171], while we give
more details in the case of the MS scheme.

We repeat that, according to Egs. (8.51)-(8.55), the complete renormaliza-
tion of the EMT requires to determine ten renormalization constants Zx, with
X=T M, L S, F, C, vy, K, Q and B. While Zr and Zs are associated
with the renormalization of the EMT trace, Zr 4. are needed for the renor-
malization of the traceless part of the EMT. The remaining constants Z s g x
are then constrained through the Eqgs. (8.69)—(8.72), which contain = and y. In
other words, to fix the finite contributions to Zys s g x requires to fix x and y.

In the MS scheme, the renormalization constants take the form

ZX:5X7T+(SX’¢+5X7F+G—X—|—b—);—l—c—)s(—l—..., (Bl)
€ € €

where dx x+ denotes the Kronecker symbol, and ax,bx,cx are constants de-
pending on «y, the number of quark flavors and color factors. In order to fix
the values of x and y by means of Egs. (8.69) and (8.70), we need the results
of the four renormalization constants Zr g1 ¢ which can be found in Ref. [171]
through O(a?). By taking the Laurent expansion of both sides of Eqs. (8.69)
and (8.70) about € = 0 and collecting the O(e") terms, we find the relations

1
§|:(8+4GT+2bT—|—CT—|—)

—<1—|—x—%)(8—1—4@1:4—217}:—1—01:—1—...) =0, (B.2)
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1
§|:—(4CLL+2[)L+CL+...)

—(1+x—%)(4ac+2bc+cc+...)—|—8(’ym—y) =0, (B.3)

from which follow = and y in the MS scheme. Note that using Eqgs. (8.71) and
(8.72) (instead of Egs. (8.69) and (8.70)) provides the same results.

Now we proceed to discuss the process of finding the renormalization con-
stants in the MS scheme when taking results in the MS scheme as starting
point. For this purpose, we first write the generic structure of a renormaliza-
tion constant in the MS scheme as

_ ax af b2 | b1 3(C3  C2 (1
Z‘MS_(170)+QS?+OZS(€—2+?>+C¥s 6_3+€_2+? . (B4)
The corresponding formula in the MS scheme reads
Zlss = (1.0) + 0,5, + o ERUR PET R T B A P (B.5)
S ’ S € € K] 62 € € S 63 62 € € :

where different conventions for the quantity S¢ can be found in the literature.
The most popular ones are given in Eqgs. (8.49) and (8.50). The comparison
between Egs. (8.49) and (8.50) shows that the two schemes differ at O(€?) (and
higher), which causes numerical differences for the present study of the proton
mass decomposition, see the results for the MS; and MS, schemes in Tab. 8.2,
but leads to the same result for our QED study. In the following, we present
the main steps that are needed to get x and y in a MS scheme, by showing the
relevant equations for just the MS; scheme. In general, using as starting point
the results for the renormalization constants in the MS scheme from Ref. [171],
it is easier to find z and y in the MS scheme than in a MS scheme.

We first note that the divergent terms on the r.h.s. of Egs. (B.4) and (B.5)
must be identical, which implies

ap = ay, by = by — 250,y by = by,
Ci =1C — 3025UV + %(185[;\/2 + 7T2), Co = Cy — 3C35UV, 53 = C3. (BG)

The parameters x and y appear in the constant term of renormalization con-
stants, which in the MS; scheme take the general form

_ B a2
C‘ml = O[saI(SUV -+ Oéi (2b16UV + 2b26Uv2 4 €62>

2 RV &

9 9 1
(B.7)

with the polygamma function ™ (z) = j:TTllog I'(z). Using the relations
in (B.6), we can express the constant term in Eq. (B.7) through the coefficients
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of the renormalization constants in the MS scheme, i.e.

2
Clys, = astidoy + a (leaw — 2by6y? — %bg)

9 9 2 32

+ Of 3015UV - _025UV2 + _CgéUvg - 02 + _635UV + ng
2 2 4 4

(B.

8)

The renormalization constants Zy, s g x in Eqgs. (8.69)—(8.72) do not right away
appear in the form of Eq. (B.8) if they are computed by combining the finite
terms on the r.h.s. of these equations. Here we pick one example to illustrate
this point. For the parameter x we use the perturbative expansion

T = a,r) + o2x + ades, (B.9)

and consider the constant Zz. We find

1
O(Oés> . g (C_Ll’Q -+ 2C_LLQ(5UV -+ 21’1),

1
0(2): 1 <6b1 o1+ 48u¢) + Do, (3 + 1264y + 24602 — 272)
+ 6(&1,F5U\/$1(1 + 25UV) + 2$2)>7
1
O(O./g) 32 <C3 Q + 663 Q6UV + 1803 Q5UV + 3603 Q5UV + 401 Q(l + 65UV)

- C3’Q7T - 6537Q(5UV7T + QEQ’Q(l + 6(5UV + 18(SUV — T ) + 4b1’F$1

B B B B 4.
+ 20y px1 + 16b1 pOyy a1 + 8bo, pouv T + 1652,F5uv2$1 — §b2,F7T2$1

+ 4@17[4&%’2 + 8&17}75[}\/1'2 + 81’3 + 46376277/1(2)(1)), (BIO)
instead of
1_
O(Oés) : z_Lal’Q(SUV’
2 1 2 _
1
O(a?) S (2401 QOuv + 683.00uy + 1823 00" + 3683 00y — C3 o
— 6037Q5UV7T + 252@2(6(5[}\, + 185U\/ — T ) + 24b1,F(5va1 + 12b27F(5UV331
+ 12627[4‘51}\;2231 — 2627F7T2[E1 + 24&1,F5Uv$2 + 4637Q¢(2)(1)> . (Bll)

By equating the terms for a given order in oy for the expressions in Eqgs. (B.10)-
(B.11), we obtain a system of equations that fix the z; in Eq. (B.9). Applying
the same procedure for Zx, we obtain the values for the corresponding expan-
sion coefficients for y. Using the same method, one can compute x and y from
Zu,s instead of Zp g, obtaining identical results.
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B. Counterterms in different renormalization schemes
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