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Abstract

This thesis presents a comparison between a holographic model of the Pomeron in the
Witten-Sakai-Sugimoto (WSS) framework and experimental data from the HERA exper-
iment on deep inelastic scattering (DIS). The WSS model, a top-down holographic QCD
dual, is utilized to describe the soft Pomeron as an exchange of glueball states. The pri-
mary focus of this work is the application of this holographic description to predict the
structure functions F} and F», which characterize the DIS process at small Bjorken x. The
theoretical framework builds on Regge theory and the concept of Reggeon exchange, using
the Pomeron trajectory to explain the energy dependence of the cross sections. In this
context, we derive the Pomeron-proton vertex, Pomeron propagator, and their coupling to
photons, utilizing the tensor glueball as the leading state on the Pomeron trajectory. A
key result is the derivation of the structure functions in terms of holographic parameters,
which are then compared to experimental data from HERA, demonstrating a good qualita-
tive agreement in the regime of small = and low virtuality Q2. This work provides further
insight into the use of holographic models for describing high-energy QCD processes.
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Chapter 1

Introduction

The strong interaction, one of the four fundamental forces of nature, governs the behav-
ior of quarks and gluons, the elementary particles that form protons, neutrons, and other
hadrons. The widely accepted framework to describe this interaction is quantum chromo-
dynamics (QCD). QCD, as a gauge theory based on SU(3) symmetry, describes how quarks
interact by exchanging gluons. While QCD has been remarkably successful in explaining
high-energy processes through perturbation theory, it presents significant challenges in its
non-perturbative regime, particularly in describing phenomena such as confinement. Con-
finement is the property that quarks and gluons cannot be isolated and are always confined
within hadrons at low energies. Despite extensive efforts, calculating QCD in this confining
region remains one of the most significant unsolved problems in theoretical physics.

One promising approach to gain insights into this regime of QCD is holography, also
known as the AdS/CFT correspondence. Holography provides a dual description of cer-
tain strongly coupled gauge theories in terms of weakly coupled gravitational theories in
higher-dimensional spaces. Specifically, it allows the study of non-perturbative aspects of
QCD using techniques from string theory and gravity. In this context, the exchange of a
Pomeron, a concept originating from Regge theory, plays a pivotal role. The Pomeron is
a trajectory that dominates high-energy scattering processes in QCD and is believed to
represent the exchange of multiple gluons in the strong interaction. In holographic models,
the Pomeron can be identified with a reggeized tensor glueball, a bound state of gluons that
effectively captures the non-perturbative dynamics of QCD. This identification provides a
deeper understanding of high-energy scattering processes, particularly by linking Pomeron
exchange with the exchange of glueball states in the confining regime of QCD.

A key experimental process to probe the structure of hadrons is deep inelastic scattering
(DIS). In this thesis, we focus on the application of holography to understand DIS in the
context of Pomeron exchange. While Regge theory has been extensively used to describe
the energy dependence of scattering amplitudes in the high-energy limit, holography offers
a framework that unifies the soft and hard Pomeron, giving a deeper understanding of
QCD in both the perturbative and non-perturbative regimes.
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The aim of this work is to apply the holographic duality to study Pomeron exchange in DIS
and investigate how it can provide insights into the behavior of scattering amplitudes in
QCD. The central question we address is whether the holographic approach can successfully
model the dynamics of QCD in the confining region, particularly through the lens of the

Pomeron.

In the subsequent chapters, chapter 2 explores the principles of Regge theory. Chapter 3
investigates the theoretical framework of the soft, hard, and holographic Pomeron, eluci-
dating their roles and interconnections within QCD. Chapter 4 focuses on the kinematics
of deep inelastic scattering, establishing the foundational concepts necessary for the ex-
perimental analysis. Chapter 5 introduces the Witten-Sakai-Sugimoto (WSS) model, a
pivotal holographic dual to large-N. QCD, and discusses its application to the analysis of
Pomeron exchange. Chapter 6 explores glueball states and their couplings within the holo-
graphic framework, essential for understanding the Pomeron-proton interactions. Chapter
7 presents the results of the study, including data analysis, fitting procedures, and a dis-
cussion of the implications. Finally, the appendices provide additional technical details on

kinematics and scattering processes as well as supergravity.
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Chapter 2

Regge Calculus

Before the development of QCD,
nobody dared to apply quantum field
theory to the strong interactions

J.R. Forshaw, [1]

As of today, the widely accepted theory for studying the features of the strong interaction
is QCD. As is expressed in the quote above, though, physicists at first tried different
ways of explaining this somewhat elusive force. The most promising way was to study the
postulated properties of the S-matrix: Lorentz invariance, unitarity and analyticity, along
with the singularities required by unitarity, see appendix A and [1-5].

This framework yields a set of self-consistency conditions for scattering amplitudes. Unitar-
ity leads to the optical theorem (see A.2), which relates the imaginary part of the forward
elastic scattering amplitude to the total cross section. The requirement of analyticity leads
to a dispersion relation connecting the corresponding real parts. Such a self-consistent con-
struction is called a bootstrap, as it does not rely on any inputs from an underlying theory,
such as quantum field theory (QFT). In order to make this bootstrap usable, though, one
also needs to examine the asymptotic behavior of amplitudes, which is the goal of Regge
theory.

2.1 Regge Theory

In this section, we will examine the basic principles of Regge theory following [1, 2, 6].
This theory has its origins in studying the features of the strong force. First attempts at
describing this interaction led to the postulation of a massive particle [7], which we now
know as the pion. Additionally, a plethora of particles was discovered, when examining
higher-energy reactions of particles that interact through the strong force, such as neutrons
and protons. Tullio Regge, therefore, established a framework in which all these seemingly
different contributions of the particles involved can be described in a unified way [8].
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This theoretical approach is based on the analytic properties of scattering amplitudes and
the symmetries of the processes considered. The starting point is to extend the discrete in-
teger angular momentum to continuous complex values in the radial Schrodinger equation,

which can be written as

2

W' () + (1 A = 4_ U(x)) Y(z) =0, (2.1.1)

where x = kr and ) is the generalized complex angular momentum. Physical states then
correspond to half-integer values of A with A = j + % This leads to the so-called Regge
trajectories «, which are curves in the complex angular momentum plane relating the
angular momentum of a particle to its mass squared. Since the angular momentum of
the initial and final state in a scattering event must be conserved, equation (2.1.1) can be
solved for each individual value of angular momentum separately in terms of the partial
wave amplitudes. If U(r) is a superposition of Yukawa potentials, the singularities of
those partial wave amplitudes in the complex angular momentum plane are called Regge
poles, which correspond to physical particles. This is an important feature, as it allows
for the classification of seemingly different particles, where the relation between angular
momentum and mass of the particles follows a distinct proportionality, as part of one and
the same Regge trajectory.

Regge theory is valid in the so-called Regge limit, which refers to the regime of high center
of mass energies and fixed momentum transfer with s > |t| and s — co. In this limit, the
scattering amplitudes are dominated by the exchange of Reggeons, which are a collective
name for families of particles corresponding to a specific Regge trajectory. Physical particles
then coincide to integer values of angular momentum. The energy dependence of the
scattering amplitude in this limit is determined by those trajectories. It can therefore be
described by an exchange of a single object embodying the properties of an entire family
of particles along a trajectory. Those trajectories are denoted by «a(¢), which for most
purposes and standard Regge theory are assumed to be linear in ¢ and therefore can be
characterized by the slope o’ and the intercept g of the given trajectory. Reggeon exchange
results in a characteristic energy dependence of the amplitude of the form

<;>a(t)_ (2.1.2)

There exist various Regge trajectories and the first ones considered were the meson tra-
jectories. In this work, though, we are interested in a special form of Regge exchange
called the Pomeron. This trajectory was theoretically proposed in order to explain the
rise of the total pp cross-section with energy. The Pomeron has quantum numbers of the
vacuum, with isospin 0 and charge conjugation parity C' = +1 and is therefore considered
to behave like a photon, except that the photon has C' = —1. It is up to debate whether
there exist two different Pomeron trajectories with different slope and intercept, which are
called soft and hard Pomeron. The soft Pomeron is associated with non-perturbative QCD
effects and describes the behavior of total cross-sections at lower energies, while the hard
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Pomeron is linked to perturbative QCD processes and becomes significant at higher ener-
gies or in processes involving large momentum transfers. Details about the Pomeron model
of Donnachie and Landshoff can be found in [9-12]. The Pomeron can also be understood
as the reggeized exchange of a pair of gluons [13, 14]. In the holographic model used in the
following sections, there exists only a single soft Pomeron trajectory consisting of glueball
states. The lowest mass state contributing to this trajectory is a 27T glueball, while the
lighter 0T state is only subleading [15]. For further information about the hard Pomeron
and a holographic prescription by Brower et al., unifying both Pomeron trajectories, see
chapter 3.

2.2 Regge Pole Formalism

2.2.1 Crossing Symmetry

The amplitude can be defined as a quantity only depending on the Mandelstam variables
s and t, see appendix A.1 and (A.1.2). Crossing symmetry then states that A(s,t) can be
analytically continued to the three physical regions in the Mandelstam plane. An example
of this kind of symmetry is the correspondence of the amplitudes of Bhabha and Coulomb

scattering, see e.g. [6].

In order to analytically continue the amplitude A(s,t) some assumptions about the an-
alytic structure have to be made. One such assumption is, as was already hinted at in
the introduction of this chapter, that bound states correspond to poles in the amplitude.
Thresholds are connected to branch cuts and any singularity has dynamical origin (i.e.
particles). A pole at s = sp with branch points and cuts corresponds to a s-plane bound
state of mass mp = /sp with a certain physical threshold. This correspondence stems
from (A.2.4) and the optical theorem. For n particles the thresholds for production of
states with masses M, My, ... isat s = (M) + My + - -- )2, thus for equal masses they are
at s = 4m?,9m?, ... corresponding to the branch points of the amplitude.

With the knowledge of the analytic structure of A(s, t), a dispersion relation can be derived.
Fixing ¢ and integrating over a contour with a pole at s’ = s and v’ = u, we get for the
amplitude [4]

2 0 / /
g5 1 ,Ds(s',t,u')
t) = — ds ———"—~ R 2.2.1
A(s,t) S—SB+27T’i/SO S + (s <> u), ( )

where sg and ug are the lower thresholds for the lowest accessible states in the respective
channel and D(s',t,u’) refers to the s-channel discontinuity, defined as

Dy(s,t,u) = —2mig26(s — sp) for s < 4m?. (2.2.2)

With this (2.2.1) can be rewritten more compactly as

1 [, Dy t,u) 1 [, Du(s t,u)
) = — de! =22 > 72/ 4 = dg’ =22 7/ 223
Als, 1) 27m'/0 ST —s 27m'/0 § ’ ( )

where the discontinuities now include any bound-state contributions.
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2.2.2 Partial-Wave Series Expansion

For spinless particles, the amplitude for a two-particle to two-particle scattering process at
a center of mass energy of /s much larger than the masses of the particles involved can
be expanded in terms of the Legendre polynomials Fj(cos ) as

Als,t) =167 > (20 +1) A () P (21) (2.2.4)
=0
with 5
zp =costy =1+ TS, (2.2.5)

where 60, is the scattering angle with respect to t and A; are called the partial wave am-
plitudes. For s — oo the argument of the Legendre polynomials z; becomes proportional
to s. Through crossing symmetry this statement also holds for the exchange of the two
variables s and ¢ in (2.2.4). For large z the Legendre polynomials are then proportional to

2t and we get
Py (z) ~ & (2.2.6)

and (2.2.4) diverges. Therefore one has to start in a region where the series converges and
then analytically continue to the regions of interest. The divergence of the sum can be
ignored by only considering one resonance with a given spin ¢ and thus only one partial
wave contributes. For large s the amplitude then becomes

A(s,t) = 16w (2] + 1) A;(t) Py <1 + 2:) ~ f(t)s” (2.2.7)

The optical theorem then gives
oot ~ 771 (2.2.8)

Taking a look at particles with different spins we see the proportionality of the cross sections
of particles with corresponding spins:

e spin-0 ~ s7!

e spin-1 ~ const.

e spin-2 ~ s!

This behavior is not observed though. For low values of 1/s the cross section is proportional

~0-5 and for higher energies it increases more slowly than expected. In order to explain

to s
the energy dependence all the resonance contributions of different spins have to combine
in an appropriate way. This means that all the mesons, e.g. fo, are members of a family of
resonances with increasing spin and mass. For the right center of mass energy dependence
one has to consider the family as a whole, which can be done in the Regge formalism

described above.

The underlying idea of this formalism is to allow a continuous complex valued orbital
angular momentum [ and that the Schrédinger equation can be solved for complex [ and
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a spherically-symmetric potential. The partial wave amplitudes can then be considered as
functions of complex [:

Al t) = Ay(t) (2.2.9)

If the potential is a superposition of Yukawa potentials then A (I,¢) has poles (i.e. Regge
poles) in the complex [-plane which vary with ¢ via [ = «a(t). The a(t) are linear trajectories
in the M? versus spin plane and are called Regge trajectories. Different particles may lie on
the same Regge trajectory, thus families of particles can be identified by the different slopes
and intercept of those trajectories. There also exist so-called daughter trajectories, which
have the same slope, but different intercept. Although one could also consider non-linear
trajectories, in our case only linear «(t) are of interest and thus it is sufficient to consider

trajectories with
a(t) = a(0) + ot (2.2.10)

The masses of resonances with a certain spin correspond to the values of ¢, where «/(t) is a

non-negative integer.

2.2.3 Sommerfeld-Watson Transform

Since the interpolation from non-negative integer values to the complex [-plane is not
unique, one has to introduce even- and odd-signature amplitudes:

A, t) = {ZEZ j :16; (2.2.11)
Then we can write (2.2.4) as
A(s,t) = AT (s,t) + A (s,1) (2.2.12)
with
f; 20+ 1) A (t) (P () £ P (—2)) (2.2.13)

Considering that W has poles at non-negative integer values of [ the series can be
rewritten as a Cauchy integral over the [-plane, where the amplitudes are analytic on the
right-hand half with only isolated singularities:

Py (z) & P (—2)
sin(7l)

AE(s,t) = 87r/ dl (21 + 1) A* (1,1) (2.2.14)
C

Moving the contour of this integral from +o0o to the left means that we have to integrate

around all the poles o (t) and pick up their residues 5 (¢) until Rel = —3. The result is
then
2 +1) B (1)
AT (I,t) =— 167 Z sm ( ) (Pa?:(t) (—z) £ Paii(t) (Zt))

. e (2.2.15)

—gtieo (20 + 1) A=(¢)

8 dl ——F———= (P (—2z) £ P,
von [ @B s = A
7
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where the integral is the so called background integral and is not of interest for our discus-
sion. With the identity P;(z) = e "™ Pj(—z) for large negative z we can rewrite the factor
outside the fraction as (1 + e—imai (t)) P(—z) where the factors in parentheses are the sig-
nature factors £& which determine the phase of the high-energy behavior of Regge-pole
contributions to the amplitude.

Using the asymptotic behavior of the Legendre polynomials

I'(a+3)
Po(2) ~ ——22 (22)" 2.2.1
()~ Far s 29°, (22.16)
the properties of the I'-function
L)y =T(+1) (2.2.17)
and
T(l+ 1) (—l) = —— (2.2.18)

~ sin(wl)

and the redefinition of the residues Bz-i (t) by absorption of unwanted factors, the amplitudes
have the leading behavior

A (s,1) ~ 3 BEWNT (—af (1)) (1 + e*i”aii(t)) 0l (2.2.19)

Most of the time it is beneficial to get rid of the mass dimension of s via relating it to some

scale sg and make the replacement s — (%), since dimensionful quantites are not to be

potentiated.

The odd- and even-signatured amplitudes then depend on the values where the I’ (af(t))

have poles and we can identify these poles with the exchanges of particles with even or odd

+

spin o=, whose squared mass is the corresponding value of ¢.
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Chapter 3

Soft, Hard, and Holographic
Pomeron

For general remarks on holographic QCD and the connection to Regge theory, see [16]
and [17, 18], where the latter also includes a general discussion of deeply virtual Compton
scattering (DVCS) in a holographic dual of 5d string theory. In this section, though, we
will follow the discussion as presented in [19, 20]. For further information about bottom-up
models of holographic QCD, see e.g. [21].

3.1 The Pomeron and the Duality

Applying Regge theory to DIS was necessary in order to describe the behavior of cross
sections as presented in (2.2.8). The trajectory of the Pomeron has an intercept of around
1.08, which was found to depend on the virtuality of the off-shell photon Q2. For higher
values of Q2 the observed intercept rises to 1.4, suggesting another trajectory, leading to
the distinction between the non-perturbative soft and the perturbative hard or Balitsky-
Fadin-Kuraev-Lipatov (BFKL) Pomeron, where the former was already introduced in the
first section. Both objects share the same quantum numbers, but refer to different entities
as they most notably differ in their value of the intercept. In the following sections we
will introduce the BFKL Pomeron, explain the conceptual differences to the soft Pomeron
presented before, discuss a holographic approach, aiming to unify the descriptions, as well
as compare it to the way the Pomeron is used in our discussion.

3.2 Perturbative Pomeron

In QCD it is not straightforward to construct an object such as the Pomeron from scratch.
As was pointed out before, the Pomeron has the quantum numbers of the vacuum and
therefore also needs to be a color-singlet object. Candidates for the fundamental particles
making up the Pomeron are therefore gluons and in the approach of BFKL, an infinite
set of gluon ladder diagrams are summed. In the following sections we will present the



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

initial considerations for constructing this elusive trajectory and will focus on the concepts
and ideas behind this construction, rather than the mathematical rigor behind it. The full
description of this approach can be found in [1, 5].

3.2.1 The Reggeized Gluon

The first process to consider is the scattering of two massless quarks of different flavors due
to colour octet exchange within the Regge limit. Using the eikonal approximation (i.e. all
¢" components are small compared to the components of p!' for s >> |t]), the upper quark
line of this Feynman diagram can be written as

with the generators of the colour group in the fundamental representation 7j%. Also note
that we dropped the factors of § A A;» Which ensures helicity conservation. Approximating
the lower vertex similarly, the lowest order amplitude for this type of scattering is then
given by

A0 = sms%;;.f,gl, (3.2.2)

2
where o = ;%T is the strong coupling constant.

In next to leading order O(as) the Feynman diagrams of interest are the box and crossed
box two-gluon exchange diagrams. Diagrams with self-energy insertions on the other hand
are only subleading in In s and therefore can be ignored. Since these diagrams determine
the renormalization of the coupling constant, this also means that from this point on, we
are fixing as to be constant, which has to be remedied later in the discussion. Scattering
amplitudes are most efficiently calculated using the so-called Cutkosky rules, from which
the imaginary part of the amplitudes can be obtained via cutting the quark lines as

Im AWY = ;/dHQ AQ (5, K2) AT (s, (k — q)?), (3.2.3)

with the two-body phase space given by

/dH2 /d%& ((p1 — k)?)5((p2 + k*)) = ! /d2k. (3.2.4)

8m2s

With (3.2.2) we therefore get

a a S
A0 (5, k2) = —8TaT] T (3.2.5)
A (s (k= ¢)?) = —8ma (72,7 g — 3.2.6

Using the leading logarithmic expansion [22] yields for the amplitude

1 167ra S

Abox - Nc t

() () In (3 ) e(d), (3.2.7)

10
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with

Nc S —q?
e(t) = =2 / S E— (3.2.8)
4 k2(k — q)

where €(t) is related to the trajectory of the reggeized gluon as
ag(t) =14 €(t). (3.2.9)

The integral in (3.2.8) is infrared divergent, because the external quarks are on mass-shell.
Therefore an infrared cutoff has to be introduced, taking into account the off-shellness of
the confined quarks.

The contribution of the crossed box diagram is simply given by replacing s with u, using
u ~ —s and acknowledging the change of the color factors

16ma? s s
'A((:llr())ssed = N . %(TaTb)ij (TbTa)kl 1n(¥>€(t) (3210)
&
Contracting the color factors then yields
AW = 8ms%;;f,gl ln<§>e(t) = A© ln<§)e(t). (3.2.11)

For higher order terms, diagrams with an additional gluon have to be taken into account,
ie. qq — qq + g. To do so, a gauge invariant non-local effective vertex qu(kl,kz) is
introduced. The amplitude in leading logarithmic approximation up to order a? is then

given by
S

A(0><1 Fe(t) ln(ﬁ> + %e%) In? (%) n ) (3.2.12)

)E(t)

where the term in parenthesis simply resembles a Taylor expansion of the expression (% ,

implying the ansatz

()
A=AO (;) , (3.2.13)
which introduces the reggeized gluon propagator
e(a?)
2y 9w S
DMV(Saq ) = —Z? <30) 5 (3214)

cp. (2.1.2). Extending the ideas presented above to even higher orders, i.e. gq¢ — qq+n
gluons, leads to the so-called BFKL ladder, where all the vertical lines are reggeized gluons.

3.2.2 BFKL Equation

Calculating the amplitude for this type of multi-Regge exchange then yields the BFKL
equation [1, 5], which is used to describe the leading logarithmic evolution in Ins of the
gluon ladder. In the case of t = 0, this integral equation can be solved by finding the
eigenfunctions and corresponding eigenvalues of the so-called BFKL kernel Ky. By taking
a closer look at the gluon ladders themselves, one finds that the scale of typical transverse
momenta involved is entirely set by the impact factors, which determine the coupling of
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the Pomeron to hadrons, at the top and the bottom of the ladder. Since the BFKL
equation is infrared safe, the integrations over transverse momenta must be dominated by
the horizontal momenta k. But when going further away from the ends of the ladder,
where kj, is set, more and more momenta become significant and in this way the running
of the coupling is introduced into the BFKL framework. This behavior of the broadening
of the momentum range can be understood as a diffusion effect. This type of diffusion can
also be found from a holographic point of view, see section 3.4.1.

3.3 Soft versus Hard Pomeron

The description of the perturbative Pomeron presented in this section is quite different
from the soft Pomeron. They most notably differ in their value of the intercept. The hard
intercept is found by solving the BFKL equation and the soft intercept via experimental

observations to be

41n2
hard(0) = 1 4+ ozchin ~ 1.5 and g (0) >~ 1.08. (3.3.1)

T las=0.2

There exists two different points of view in treating this discrepancy. On the one hand, the
soft and hard Pomeron are considered to be two distinct objects. The soft Pomeron then
would inherently describe the non-perturbative region and the hard Pomeron the large |¢|
region, becoming irrelevant as Q? goes to zero. On the other hand, it could be the case that
there exists only one Pomeron and the intercept is actually Q? dependent, interpolating
between the soft and the hard case. One specific way of treating the Pomeron in this
manner will be presented in the following section.

As a concluding remark for the BFKL Pomeron it has to be noted that this description
failed to satisfy its original purpose, namely to calculate perturbatively the rapid rise of
o7'P with W2 at small x, parameterized as an effective power

0P~ F(Q2)(W2)M@), (3.3.2)

However, the calculations of BFKL are considered to be almost certainly invalid. The
approximations used to derive the BFKL equation do not take into account energy con-
servation in a suitable manner and also fail to incorporate non-perturbative effects such
as confinement [1, 5]. Nonetheless, there are ongoing efforts to include confinement in the
BFKL framework, such as introducing modifications to the BFKL kernel [23].

3.4 Holographic Pomeron

Following [19], this section aims to present yet another formulation of the Pomeron and
its properties. The motivation behind this new description has already been mentioned
before: How are the soft and hard Pomeron related? What is the connection between the
tensor glueball exchange on one hand and the exchange of a ladder of reggeized gluons
on the other? Brower et al. try to solve this problem in a holographic manner. They

12
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do so by using concepts of string theory in curved-space and are able to find a single j-
plane Schrédinger operator, interpolating between the two descriptions, unifying the BEFKL
Pomeron at negative t and the soft Pomeron at positive t.

In the Regge regime (s — oo, t fixed) the Regge behavior of QCD amplitudes is in good
correspondence with the scattering in string theory on flat spaces. In other regimes, this
statement does not hold. For elastic scattering at large angles, for example, the amplitudes
in string theory are suppressed exponentially, whereas in QCD, they are suppressed by
powers of s. In order to tackle this problem, one can take a look at the limit of N — oo and
s — 00, where the scattering amplitudes are dominated by the single Pomeron exchange.
As was already pointed out before, the Pomeron is a color-singlet state built from gluons.
In string theory the Pomeron is identified as the Regge trajectory of the higher-dimensional
graviton.

Approaching QCD in a holographic manner also has its caveats. For example, only large- IV
gauge theories have a small or zero beta-function and are therefore conformally invariant,
which is not the case for real QCD. Also, as is the case for the BFKL framework, confine-
ment effects are generally neglected. In holography, though, this problem can be remedied
by considering different background geometries.

3.4.1 Conformally-invariant Scattering

Following the methods as presented in the previous section in the large-N limit one can

write down the single-Pomeron-exchange amplitude for quarkonium states as

dkh dk:h

<1>A (kn)K (kn, k. s)®(k},), (3.4.1)

with the impact factors ®;, the magnitude of the transverse momenta k; and the BFKL
kernel IC. The kernel can be approximated by a diffusion kernel times a power of s as

gJo —(lnk;l—lnkh>2
K(kn, k), 8) ~ ————e iDIns , 3.4.2
( ot ) V4rDln s ( )

with jo = 1+ ach“;rl?, cf. 3.3.1, and D = a;,N, L(B), where the diffusion occurs in the

¢ 27
variable In kj, over the diffusion time 7 ~ Ins. From the string theoretical point of view,

this diffusion can be interpreted as a time-dilation of the boosted string, making the string
appear longer and larger. This growth corresponds to a random walk in the transverse
dimensions to the motion of the string.

Assuming that the holographic principle holds, the scattering of states in A/ = 4 super-
symmetric Yang-Mills theory is equivalent to string scattering on a curved background of
the form AdSs x S;. The AdSs5 coordinates are x* and the holographic coordinate r of
the Poincaré patch, running from r = 0 to r = co at the boundary. Since the holographic
coordinate can be interpreted as the energy scale of the system, r = 0 corresponds to the
infrared and r — oo to the ultraviolet. For ¢ = 0 the scattering of two strings in such a

13
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background can be described via

Sjo —(ln r—In 7‘/)2

IC(T, 7"/, S) = m@w, (343)
with 5 1
jo :2—ﬁ+(’)(>\—1), D=5 +0(7) (3.4.4)

and the ’t Hooft coupling \ = % = g% ,;N, where R is the radius of the AdSs space.
Comparing this to (3.4.2) identifies the transverse momentum of the gauge theory with the
coordinate r from holography. In this sense, holography provides a promising framework
for investigating the duality between gauge theory and string theory, with QCD as a specific

example.

14
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Chapter 4

Deep Inelastic Scattering

4.1 Deep Inelastic Lepton-Proton Scattering

In this section, we introduce the necessary kinematics of the reactions of interest. We will
mostly follow [24-26]. Generally speaking, we are interested in DIS of charged leptons off
fixed targets (protons). Only the direction and energy of the scattered leptons are measured
by the detector, so we do not observe the final hadronic state. The main quantities of
interest are the structure functions, which are given by the absorptive part of the forward
virtual Compton amplitude. Via the optical theorem, this amplitude is related to the total
cross section, see figure 4.1. The structure functions behavior at low Bjorken-x or high
energy has been a research area with extensive experimental and theoretical studies in the
past, e.g. [24, 27-32]. In the scope of this work, we will only be interested in aspects based
on Regge theory, where the region of low-x is dominated by Pomeron exchange, see (4.2.1).

We focus on the first-order amplitude, or in other words, the first Born approximation,
where only a single photon is exchanged, see figure 4.2.

7(q) v ()

P, A) p(p, N)

Figure 4.1. Feynman diagram of virtual Compton forward scattering.
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k/

X(p)
p(p)

Figure 4.2. Feynman diagram for deep inelastic lepton-hadron scattering via the exchange of a
virtual photon with momentum ¢. Since the final state is not directly measured it is denoted by X
with momentum p’.

4.2 Kinematics

The process we are considering is inelastic scattering of electrons and positrons off protons,
see figure 4.1. We will use the standard kinematic variables, see e.g. [25, 26, 33]. They are
defined! as follows:

s=p+k)?,
q:k_kla
W2 =p?=(p+q)°,
QZZ_qZ
2 2 2
yop g oba WA mmy (4.2.1)
my 2my,
s Q?

2my,v - W2 +Q? —m?’
p-q_W2+Q2—mI%

_V_
E p-k 5 —m2

Here, s is the square of the center-of-mass energy of the whole system, whereas W? is
the square of the center-of-mass energy of the hadronic part. The quantities v, y, x are
the energy loss of the lepton, the fractional energy loss of the lepton and the Bjorken-z,
respectively. We also have

20y -y (W2eY)
L (1) 4% (W2,Q?)

(4.2.2)

where oo
2m,Q

(W2 + @2 —m})*

§(W?,Q%) = (4.2.3)

Note: in holography, the mostly-plus convention is usually favored over the mostly-minus convention,
cf. Al
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and the kinematic limits for y and € at given W? > mf, and ¢ < 0:

2
1>e>0 — 0<y< (4.2.4)
1+ /1425 (W2,Q?)

4.3 Deep Inelastic Scattering Amplitude

For the definition of the scattering amplitude, we will follow [25], which gives a slightly
different definition compared to that of Britzger et al. [24]. The Feynman diagram for DIS
is shown in figure 4.2 and the scattering amplitude for this diagram is given by

M = (=0 (T ) (17 Ok ) CELE Ol (43.1)

where —ie, j, and jj, are the vertex factor for both vertices, the leptonic and the hadronic
electromagnetic current, respectively. The spin of the lepton and the helicity of the hadron
are given by sy and )\, respectively. (%) is the photon propagator, where the metric

stems from the sum over the polarization states of the photon? as [35]

Zaﬁgg* = M- (4.3.2)

The differential cross-section is then obtained by squaring M, multiplied with the phase
space factors and summing over the final lepton and hadron polarisation states as

4’k )i / (M
do = Z/ TS ToAU (htp = - )(2E)(2M)

B Bk 2m)iet(k+p—K —px)et (4.3.3)
Z / 27)32E" (2E)(2M) gt
X (p, Al (0)| XWX |5 (0)[p, A) (K, ¢l (0)|K') (K| (0) K, 5¢) -

It is then instructive to define the leptonic tensor £, as

o= (K1GE )]k, se) (k. selif (O)K) (4.3.4)

final spin

as well as the hadronic tensor W, as

1 .
W (p, a)ax = / d'z e (p, N| [j4 (@), 75 (0)]

with the polarisations of the initial and final hadron A and ). The commutator is only

pA), (4.3.5)

needed for analytic continuation and is of no interest for the process given here, as can be
seen in the following. Inserting a complete set and exploiting translation invariance yields
1 . .
W (p,q)ax = 1= > |2m)*54(q + p = px) (b, N7 (O)1X) (X177 (0) p, A
X

Am (4.3.6)

=26 (g + p — px) (. N1 O X)X O)lp, V) |
2 At this stage of the discussion, we are only considering the leptonic current. Due to the gauge freedom

of QED [3, 34], it is sufficient to consider the polarization sum as in (4.3.2). In general, for a massive
off-shell photon, one needs to consider the polarizations as presented in (4.7.1) and (7.1.1).
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Since the only allowed states are those with pg( > p°, only the first term survives and the
commutator in (4.3.5) can be dropped.

4.4 Double Virtual Forward Compton Scattering

In DIS, one effectively studies the absorption of the virtual photon on the proton as depicted
in figure 4.1. Since the total v*p absorption cross section is related to the absorptive part of
the virtual forward Compton scattering amplitude, we will focus on this scattering process
given by

(@) +p(p, A) — 7" (@) +p(p, X) (4.4.1)

and figure 4.1. Using a different notation from Britzger et al., the amplitude is given by

TH = i/d4x e <p, N|T(j*(x)5"(0))

P, )\> , (4.4.2)

where T' denotes the covariantised time-order product and j#(x) the hadronic part of the
electromagnetic current. Comparing this quantity to (4.3.5) we see that TH” and WH
share the same structure and therefore can be decomposed in an equivalent way. Using the
optical theorem mentioned before we have

3 / ALIPS [Tpsx|? = 2ImTop sy (5.t = 0) (4.4.3)
X

and one therefore gets the relations
2Im TH = 4gWH¥ (4.4.4)

and we therefore define the hadronic tensor in an equivalent way as

Wi, = % / A4z el <p, N T(jﬂ(x)f(c))))p, >\>. (4.4.5)

4.5 Form Factors

For any particle that interacts with quarks confined within a hadron, so-called form factors
have to be introduced. They aim to capture our ignorance of certain properties about the
scattered particles. Since the Pomeron can be seen as a C' = 1 photon, it is reasonable to
introduce two form factors, the Dirac and Pauli form factors Fy(t) and Fy(t), respectively
and it is assumed that they are equal for C = 1 and C = —1. F, takes into account
that quarks are not free when scattered, but bound within hadrons. Since the Pomeron
is an isosinglet exchange, the Pauli form factor includes the elastic electromagnetic form
factor of the proton and the neutron. At ¢t = 0, F5 can be omitted, as the value of this
form factor is merely the sum of the anomalous magnetic moments of the proton and the
neutron, which is small and also remains small for ¢ > 0. F}, on the other hand, is only
determined by the proton form factor, since the one for the neutron is negligibly small.
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4.6 Hadronic Tensor and Structure Functions

As mentioned in the section 4.4, the hadronic tensor is defined as the absorptive part
of T}, averaged over the proton helicities. For reference, we will start with giving the
definitions as presented in [24]:

W™ (p,q Z Y A* p,q) — (YA (0:0)"] - (4.6.1)

Focusing on the unpolarized case, this tensor can also be expressed using the structure
functions of DIS, W7 and Ws:

ooV
WH (p,q) = W1 (v, —q )( 77"”+qqq >

1 2 p-q pP-q
g i) (o= Tt (5 - ).

p

(4.6.2)

We will also need the transverse and longitudinal cross sections for the total v*p absorption
process defined as

2
o1 (W2 =) = Gy~ 2 Wi (1. Q)
p
(4.6.3)
2tm V2 4+ Q?
7 (V2 =) = et W (. @%) = WA (1. @)

where e > 0 is the proton charge. In the following though, we will make use of the dimen-
sionless structure functions F} = Wy and Fy = ——Wg, with the definitions presented in
the section above and rewrite (4.6.1) as

1 y 1 v U
W (p,g) = 5> ow T (p,q) = 5> [T (a) =T (. 0)],  (464)

AN PBY

(4.6.2) as

) ” » (4.6.5)
2 med) (v £) (- L)
and (4.6.3) as
or () = 0 (g2,0)
, ) (4.6.6)
ou () = 20 () + 2 (g 2 Pl

2
, cf. [36], which

where €2 = 41, and the flux factor in Hand’s convention Koy =V — 2m

normalizes the flux of incoming particles.
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The quantity that is directly measured at HERA is the reduced cross section defined as
L+ (1-y*+y26(W2¢%) ¢ (1)

(1 +(1- y)2> (14 26(W2, g2)) 4> em (4.6.7)

x [or(W?,¢%) —eor,(W?,¢%)]

Ored (q27 W27 y) =

and the total photoproduction cross section is given by

0y (W?) = op(W?2,0). (4.6.8)

4.7 Matrix Element for Pomeron Scattering

For large W2, small x, the virtual Compton amplitude is deemed to be dominated by
the exchange of soft and hard Pomerons, as well as the fop reggeon, in the case of the
tensor-Pomeron approach of Britzger et al. In our approach, we are only considering the
contribution of one Pomeron and no other reggeons, therefore restricting to low Q? as
well as low-x. Our expression for the matrix element will look similar to that presented
there, but our definitions of the quantities used, such as the Pomeron propagator and the
Pomeron-proton-proton vertex, will be different. Also, since we are dealing with off-shell
photons, we need to take into account the polarization terms. For the matrix element we
find

1 q"q” q"q°% . . .
b= (e ) (- Vs API9T 4.7.1
T i27rmpe2< T q2 >< U e LY aBrA? 1l s, ( )
with
P, P,
ngyap = A\p <ﬂ(p’, s/)wu(ﬂ s)> (4.7.2)

oa
Vaﬁﬁ)\ _ 62 TI"(QQ) |:]\42;] <nomnﬁ)\ + n,@nna)\>
KK
+t3(nPa " + 12050 + ™ + g (4.7.3)
o 277aﬁq/<q)\ o q2 (nomnﬁ)\ + nﬁnna)\>>:|

1 1 .
Algw,'yt? = ?S <7704’Y7755 + NgyNas — 2770657775> (_ZQIQS)€Q’ (4'7'4)

see (6.5.4), (6.6.9) and (6.6.23). From these expressions, the matrix element can be calcu-

lated, allowing the structure functions W; and W5 to be determined by comparison with
equation (4.6.2).
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Chapter 5

Witten-Sakai-Sugimoto Model

In this section, the model of Sakai and Sugimoto [37, 38], which is a holographic dual
to large N. QCD with massless flavors in four dimensions, will be presented. It is often
also called the WSS model, acknowledging the important work of Edward Witten [39]
regarding the AdS-structure, thermal phase transition and confinement in holographic
theories. Following [37, 38|, this model is constructed by placing Ny probe flavor D8-
branes into a D4-brane background consisting of V. color branes. We demand Ny < N,
and therefore the high N, limit ensures that the flavor branes can be introduced as a probe,
so that the back-reaction of those branes on the color brane background is negligible. In
principle, these could be considered as well, but it can be rather challenging and for the
scope of this discussion, no deeper insight is to be expected by doing so. The background
of the WSS model satisfies the supergravity equations of motion in ten dimensions, see
appendix B.

Other top-down models, e.g. [40], using D6-branes in a D4 background, fail to contain
the spontaneous breaking of chiral symmetry in QCD and therefore do not produce the
massless pions as Nambu-Goldstone bosons of this symmetry. In order to implement the
breaking of supersymmetry and the spontaneous breaking of the U(Ny)r, x U(Ny)g chiral
symmetry into this model, the configuration of the branes is crucial. SUSY is broken by
compactifying the N, D4-branes on a S' of radius M I_{}{ as well as imposing antiperiodic
boundary conditions for the fermions on those branes. The chiral symmetry is broken by
placing Ny D8 — D8 pairs transversely to this S

01 2 3 4 5 6 7 8 9
e o o o o

D4
DS—D8 o o o o e o o o o

The chiral symmetry in QCD is therefore realized as the gauge symmetry of the D8 — D8

pairs. The radial coordinate U transverse to the D4-branes is bounded from below, due to
an existing horizon in the supergravity background for U > Uk . In the limit of U — Ug g
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the radius of the S' shrinks to zero. At some point! U = Uy, the D8 brane-pairs merge into
a single component, resulting in the reduction to just one U(NNy) gauge symmetry. Thus,
this brane configuration yields an intuitive picture for holographically breaking the chiral

symmetry.

Although it is to be expected that this model is in the same universality class as the four-
dimensional massless large N, QCD, those theories are not equivalent in the high energy
regime. As is generally the case when compactifying branes to a circle, an infinite tower
of Kaluza-Klein modes of mass scale Mg arises. These modes are not observed in QCD
and therefore have to be much heavier than the states which appear in QCD. Also, since
our brane configuration is invariant under rotations of the z% plane, there also exists an
SO (5) symmetry. Therefore, only singlet states with respect to this symmetry are used,
as QCD does not have such a symmetry.

5.1 Properties of the Brane System

The compactified direction of this brane system is z* with a radius of M I}}( Mgk is
the Kaluza-Klein mass defining the energy scale of this brane system, i.e. at energies
lower than Mg we obtain a four-dimensional U(N,) gauge theory in the D4-brane world
volume. Therefore for the different types of strings we have:

e 4—4 strings are open strings with both ends attached to the D4-brane, representing
fermions in the adjoint representation of U (N.) and gauge field bosons. By the
imposition of the boundary conditions, the former acquire masses of order Mgy .
The massless modes of those strings are:

— the gauge field ALY with (1 =0,1,2,3)
— the scalar fields A§D4) and ®' with (i = 5,6,7,8,9)

o 4—8 strings are open strings attached on one end to the D4 brane and on the other
to D8. At high energies, they represent N flavors of massless fermions in the funda-
mental representation of U(N,) and are interpreted as quarks. The 4—8 strings, on
the other hand, then have opposite chirality. The low-energy modes correspond to

mesons and are represented as:

. ALDS)

— AgDS), see section 5.3

« 88 strings create a tachyon field that becomes massive by separating the D8 — D8
pair along the z* direction, which is essential for the chiral interpretation of the
geometry. The mass of the tachyon mode is then given as

m? = <A‘T4>Q ! (5.1.1)

ora’ ) 2a/

'In the original WSS model one has Uy = Uk, which corresponds to an antipodal embedding of the

flavour branes
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and for Az* > V/o/, the tachyon becomes massive and can be neglected in the massless
spectrum. Since no 8—8 strings are involved, the massless spectrum on the D4-brane and
the minimal couplings among them are not affected by the separation Az?.

5.2 D4 Background

The D8 — D8 brane system is then described in terms of supergravity. The solution for the
D4-brane reads

3
U\:?2 R\ 2 / dU?
2 _ [ =2 ..V 2 st 2 2
ds <R> (nudatdz” + f (U)dr?) + (U) (f(U) +U dﬂ4> (5.2.1)
with X
U\ 4 27N, U3
e? — Js <R) , Fy=dCs= 7 €4, f(U) =1- ggK (522)

where dQZ, €4 and Vy = % are the line element, volume form and volume of a unit Sy,
respectively and e? is the dilaton. The D4-branes are extended in the z# (u = 0,1,2,3)
and 7 directions. R is the AdS radius of the D4 background and related to the string
coupling and string length via

R3 = mg,N.I3. (5.2.3)

The coordinate U is bounded from below via U > Uk and in order to avoid a singularity
at U = Uk g, T must be periodic with

41 R
T~TA+0T, 57‘5117/2. (5.2.4)

3 Ukk

The Kaluza-Klein mass is defined as
1/2
2r 33U

Mgy = — = = KK 5.2.5
BT T 2 R (5:25)

and specifies the energy scale below which the dual theory reduces to four-dimensional
Yang-Mills theory. The Yang-Mills coupling at the cutoff scale Mgk is related to the

string coupling via
(27)% g3l

2
= 5.2.6
9y m 5T ( )
The supergravity description relates the parameters R, Ux i and gs
1 g%, N.I? 2 1 g
RP = 2 U = S8 Ne Mgkl = —=YM 5.2.7
5 Mg UK = g9vuNeMickls, g5 = 5o = (5.2.7)

In order to show the stability of the embedding of the D8-brane into the D4 background,
the induced metric on the D8-brane has to be introduced and the resulting equation of
motion needs to be checked. This procedure shows that the probe configuration is stable
with respect to small fluctuations, cf. [38].
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5.3 Gauge Field on the D8-brane

Going back to the initial definition of the geometry of this model, it is clear that the gauge
field on the D8-brane has nine components:

e« A, with pn=0,1,2,3
. A,
e A, =0 where a = 5,6,7,8 are the coordinates on the S*.

All the o components are set to zero, since we are only considering SO(5) singlet states.
With these considerations, we can define the action of the brane via the so-called DBI
action. It is a general result for the action on branes and can be defined and used for all
different dimensionalities of the branes concerned. Essentially it is just a generalisation
of the Nambu-Goto action for higher dimensions and gauge fields living on the brane.
Therefore, it only depends on the induced metric, also called pullback, on the brane with
respect to the background, the gauge fields and the dilaton. In general terms it reads for

a D8-brane in the mostly plus convention:

Spg = —Tg/dgm e~?\/—det(gmn + 2/ Fary) + Scs, (5.3.1)

where Ty = (2m) %177 is the tension of the brane, gisn is the induced metric and Fysy the
field strength tensor. Scg is the Chern-Simons contribution to the action, given by

Scs=p | CyTrF3 (5.3.2)
D8

= U F4(,U5(A), (533)
D8

with the normalization constant p = 1/487% and the RR 4-form field strength Fy = dCs
and the Chern-Simons 5-form

1 1
ws(A) = Tr <AF2 - 5A3F + 10A5>, (5.3.4)

satisfying dws = Tr F3. The Chern-Simons term is crucial for studying the chiral anomaly
[37], but will be omitted in the following, since for our study this term is not of any interest.
Using the assumptions on the gauge fields and plugging everything into (5.3.1), one gets

3

~ 2 4 R v, po 9
SD8=—T(27ro/) /d rdz [4U n"n? FupFVU"'gU

’“’FMFI,Z] +O(F%), (5.3.5)

1 ~ 1
where U, = (U?(K + zZUKK)§ and T = %R%UIQ(KT8V49;1. In order to define the field
strengths, the gauge fields are expanded in terms of complete sets {zbn(z)}nZ , and {gpn(z)}nzoz

A, (zh 2) = Z B (2" (2), (5.3.6)
Ax(a,2) = so( (a")o(2) + Zso (@) (2), (5.3.7)
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where B,Sn) are the vector meson fields and ¢(™ are scalar fields. In terms of those fields,
the field strengths of (5.3.5) are then given by

Fuwla.) =3 (0,85 @) = 9, B () ) u(2) (5.3.8)
Z ) (@) (2 (5.3.9)
Fua(at,2) = Z (0,6 (@) 6n(2) = B (@)ibn(2) ). (5.3.10)

n

Dropping the terms with ¢(™, the action is then rewritten as

Sps = ~T'(27a/)°R /d‘*xdzz[ K3 FIM My, i,

%M%{KKB;"@)BW)@Z%@Z%] , (5.3.11)
where the dimensionless coordinate Z is defined by
3
Z = U;Z(K’ K(Z)=1+272= (UUKK) . (5.3.12)
The functions v, must satisfy the eigenvalue equation
—K3507(Kdz00) = Athn (5.3.13)
with the normalization condition
T(2ra’)R? / AZ K= 54%nthm = Spm.- (5.3.14)
This leads to
T(2ma’)*R? / AZ KOzmd7n = A6 (5.3.15)
and
Spg = / d :UZ [ Frvn) 4 2m 2B B |, (5.3.16)

where the mass of the vector mesons is given by m?2 = )\nMIQ( x > 1. On the other hand,
the functions ¢, (z) are chosen to satisfy ¢,(Z) x dz¢,(Z) and the pseudoscalar-mode,
representing the Goldstone bosons of chiral symmetry breaking, is defined as

1
= 5.3.17
with AN
=_—° 5.3.18
21673’ ( )
where A is the 't Hooft coupling. The null-mode satisfies the orthonormal condition
(s b)) = ZT(QW@’)2U}3{K/dZ K ¢npm = Snm. (5.3.19)
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The field strength (5.3.10) can then be rewritten as

Fue = 0,00 + 3 (m' 0,0 = B ), (5.3.20)

n>1

and by absorbing the first term in the parenthesis via the gauge transformation
B — BV +m, ' 0,0", (5.3.21)

the action (5.3.5) can be rewritten as

SDS:—/d4x [2( o ) +Z< (n)Fuvn)+2m B )Bu(n))

, (5.3.22)

n)

where () is the massless pion field and B,g represents a tower of vector fields of mass

squared A,, which are interpreted as vector mesons.

Going back to the U(Ny), xU(Ny)  chiral symmetry, we now take a look at the interaction
of the mesons with the external gauge fields Az, and Ag,. Since photons couple in the
same way to the left and right parts, the couplings of the mesons to the photon field can

be found via
App = Apy = eQA™, (5.3.23)

where e is the electromagnetic coupling constant and Q is the electric charge matrix, in
our case given by

Q= é ~1 : (5.3.24)

where in principle more quark flavors could be considered as well, but so far we will stick

to this definition of Q in the case of Ny = 3. In the next step the external gauge fields are

introduced by imposing the asymptotic values of the A, field on the D8-brane as
zEI—POOA (at,2) = Ap,u(2")  and ZEmOOA (at,z) = Agp(ah), (5.3.25)

reflecting the fact that the D8-branes of different chirality lie on antipodal points of the
background geometry. One therefore gets a modified mode expansion (5.3.6):

A", 2) = Ap ()b (2) + Apu (@) (2) + 2 Bz (5.3.26)
with 1 5
Pi(z) = 2(1 +Yp(2)), wo(z) = - arctanz, 0,94 (2) o ¢o(2), (5.3.27)

where 14 (z) are the non-renormalizable zero modes of (5.3.13).

Using this expansion of A, in the integration of action (5.3.5) yields divergent coefficients
of the kinetic terms of the left and right gauge fields. This reflects the vanishing gauge
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coupling corresponding to the U(Ny), x U(Ny), symmetry. Although this divergences
could be circumvented by a suitable cut-off, in the following we will simply ignore those
divergent terms as they are of no interest in the study conducted here.

In the following we make a distinction between vector and axial-vector fields, using the

notation
1
V=5 AL+ Ara)s A= (ALN —Agy), vi=B@Y, at=B@,  (5.3.28)

where V is the photon field.

Rewriting the gauge field (5.3.6) in terms of these fields yields
Az 2) = V() + Au(a#)bo (2 Z P ahgn 1 ( aZ Vo, (2),  (5.3.29)
where in the following we will drop the terms with axial fields A, and a,, as they do

not contribute to the discussion conducted here. With this definition and also using the

completeness relation

K Z K~ n(2)1n (2') = 6(2 — 2'), (5.3.30)
we can rewrite the first term of the action (5.3.5) as

pv

S(g = /i/d4xdzTr[;K_§(z)F2 (x”,z)}

D ;/d4x Tr |:avv (8MVV — 81,1)“)2 + (Qﬂ)ﬁ — 81,1)2)2 (5.3.31)
+ayen (Ve — 0V, (9,07 — ayv;;)}
where the couplings are given by
ayy = /@/dz K_%, Ayypn = /{/dz K_%@Z)gn,l. (5.3.32)

Since (5.3.31) mixes the photon field with the vector fields, the Sakai-Sugimoto model
reproduces vector meson dominance (VMD).

27



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 6

Glueballs and their Couplings

In this chapter, we discuss the glueball spectrum as derived from metric fluctuations in
the stringy background. Inserting these fluctuations into the background, provided by
the Sakai-Sugimoto model, yields the effective interaction Lagrangian for glueballs and
vector mesons. However, since these calculations are rather involved, we will only sketch
the derivations and only present the key formulas and results. For further information,
please refer to [41-46]. The coupling of the Pomeron to the proton, as well as the Pomeron
propagator are then found by means of comparing results from Regge theory and String
theory. The exchange of a trajectory of glueball states, which we identify as the Pomeron,
corresponds to closed string scattering, justifying the procedure. For the full discussion we
refer to [15, 47-49] and references therein.

6.1 Metric Fluctuations

Gravitons arise as spin-two excitations for the effective p-dimensional theory. Those ex-
citations are associated with the stress-energy tensor 7}, of the conformal field theory as
this is the dual to the AdS-metric perturbations which are identified with gravitons. In
general the AdS soliton metric is written as

2 L2
ds2::%g(fOﬂ(hj—%nuydx“dx”)+»;5f_10ﬂdr2, (6.1.1)
with .

This geometry is only locally asymptotically AdS though, since in order to avoid a conical
singularity at r = R the coordinate 7 is chosen to be periodic 7 = 7 + 27 with

A2
(p+ 1R’

Imposing anti-periodic boundary conditions for fermions on this circle, i.e. fermions pick

B = (6.1.3)

up a minus sign when moving around the circle, also breaks supersymmetry without the
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explicit inclusion of additional Supersymmetry (SUSY)-breaking terms in the action. In
order to find the spectrum of gravitons on the background (6.1.1) one solves the equations
of motion and writes the perturbed metric as

Gab = Gab + hab7 (614)

where hgp, describes the fluctuations of the background metric g4. Linearizing the equations
of motion of the Einstein equation, see e.g. [50],

p+1
Rap + =73 gab =0 (6.1.5)

leads (i.e. in the transverse traceless gauge, for easier computation) to the condition for
hab

1 1 +1
5VaVihe + 5 Vhay = VOV ahiye = Pmomhay = 0, (6.1.6)
where in the following the ansatz for the gravitons
hab - Hab(r>eik‘x (617)
is used, where H;(r) is the radial profile of the tensor and k* is a p-dimensional momentum
vector with k? = —M?. One can further define
2
Hab = EabﬁH(T)a (618)

where €4, is a constant traceless polarization tensor.

Given this preliminaries, we will now take a look at what solutions one gets for the ITA
stringy background.

6.2 Stringy Background

In the model presented in [51] one works in terms of type ITA string theory and arrives at a
dual of QCDy, but in order to find the graviton modes corresponding to the glueball states
of interest, i.e. the tensor 27" state, we will start with the overall geometrical construction
of 11 dimensional M-theory (Sugra) on AdS;7 x S4. The AdS part has Euclidean space-time
coordinates x1, T2, T3, x4, 5 and z1; as well as a radial coordinate r. Coordinates on S* are
denoted by z,, with a = 7,8,9, 10. Now one compactifies 11 like it is presented in appendix
B.1 resulting in type ITA string theory. The D4 background considered in the model of

Sakai and Sugimoto yields a five-dimensional Yang-Mills CFT, which upon compactifying

21
Mg’

x5 = 7 on a pseudo thermal circle, where g = is dimensionally reduced to QCDy.

In order to find the glueball modes of interest one is only interested in excitations which are
compatible with QCD,4 and therefore all Kaluza-Klein modes arising from compactification
are ignored and only SO(5) singlet states are considered. These restrictions reduce the
problem to six independent wave equations from which we are only interested in T}.

29



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

6.3 Glueball Spectrum

In the strong coupling limit at large N, where string theory becomes classical gravity in
the AdS7 black hole metric defined as

1 1\ 1
2_(,2 2 22 2 2 _ L 2+ 2
o= <r _7‘4> o +¢:1234d1? ! <T 7”4> & +4d94 , 031

where the radius of curvature Raqg is related to the radius of the S4 L via

L
Rpgs = 5 (6.3.2)

In generic M-theory the supergraviton spectrum consists of the graviton G sy and a 3-form
field Aprnr, where in our case we are only considering the former. After the procedure
presented above, one is therefore left with a graviton G, a dilaton ¢ and a NS-NS tensor
field By, with y,v = {1,...,10}. We are only interested in the J©¢ = 2++ state, which is
given by G;; and the quadratic fluctuations in the AdS7 background that survive for QCD4
in the weak coupling limit. In order to count the number of independent fluctuations for
a field of given spin one considers harmonic plane waves propagating in the AdS radial
direction, r, with euclidean time, x4, without any dependence on the spatial coordinates
x1, T2, 3,11 and the compactified direction 7.

As established in (6.1.8), gravitons have two polarization indices. Since the polarization
tensor has to be traceless, one is left with % — 1 = 14 independent components. In the
case of a flat background this holds generally, but for AdS this form of polarization only
will occur for r — oo.

The background metric is flat in the first four directions, i.e. g11 = g22 = ¢33 = 11,11 = r2

and warped in the 7 direction, with g,, = r2 —r~%. In other words, the system has SO(4)
symmetry which breaks up into 9,4 and 1 dimensional irreducible representations under
SO(4) leading to three distinct equations, where we are only interested in the one denoted
by Ty. The 9-dimensional representation leads to a degenerate spectrum of spins under the
physical SO(3) symmetry and breaks into 5@ 3 @ 1, yielding for the 27 *-state G;:

1
hij = 30l # 0, (6.3.3)

with 4,7,k = 1,2,3. A full list of metric perturbations can be found in [43]. Analyzing the
linearized Einstein equations (6.1.6) for the AdS background presented above then leads
to the three independent equations mentioned earlier, Ty, V4 and Sy, where the equation

for T} is given as
d d
L 07— 1@+ () Ta(r) = 0 (6:3.4)

Considering the following metric perturbations (cf. (6.1.7))

Py = € (r)ekims, (6.3.5)
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with k4 = 4m and fixing the gauge to h4, = 0, the tensor h;; of (6.3.3) can be written as
hij = qijr*Tu(r)e” ™™, (6.3.6)

where ¢;; is an arbitrary constant traceless and symmetric 3 x 3 matrix.

6.4 Interactions with Mesons

The effective interaction Lagrangian for glueballs and mesons in the Sakai Sugimoto model
are then found by inserting the respective metric fluctuation in the D8 brane action and
then integrating over the bulk coordinates. Following [46], the interactions for the tensor
glueball are described via

|
Lo = 5Tr [th?{Kv#ung +t3F,,F,PG" ] (6.4.1)

where there also exist many other interactions with baryons, pseudoscalar-, vector- and
axial vector-fields, hence the indexing. The couplings to and t3 are again given by the
expressions

= / Az Ky, 1 (01 (2)Ta(2), (6.4.2)
i = [ dz K o (W (IT(2), (6.4.3)

where Ty(z) is the radial profile of the glueball, see (6.3.4). Replacing the vector mesons
with photons by using VMD twice in (6.4.1) yields

- Q2Q2
@wzﬂwvwwmﬁﬂwmw
KK (6.4.4)
+ t3 v (Ql? Q2)gl“/ T&'(FKV*FI/'DV*)] )
with
- M}
ty ¥V (Q1,Qa) = QKgﬁ/dz KJ'(Q1,2)T"(Q2,2)Tu(2), (6.4.5)
QTQ3
V(Q1,Q0) = 1 / dz K~37(Q1, 2) 7 (Qa, 2)Ta(2), (6.4.6)
where the off-shell bulk-to-boundary propagator 7, cf. (5.3.13), was introduced with
1 Q?
(14+22)30.[(1+2%)0.T] = —5—JT (6.4.7)
M

6.5 Glueball Coupling to Photons

We will now use the interaction Lagrangian (6.4.4) in order to determine the vertex factors
for the glueball-photon-photon vertex. We will do this by means of functional derivation.
The diagram for the process is shown in figure 6.1.
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I gn)\

Figure 6.1. Feynman diagram for (6.4.4).

Dropping the prefactors and the couplings we calculate the vertex factor of the first term
in the interaction Lagrangian £q as

1 0L

- WK VA
i3 0Va V3G

" (5VO¢V@
_ Z‘<77an776)\ + nﬁnna)\>

The second term L is not as straightforward as one has to express the field strengths in

— in V.V, = intrn (5355 + 5355)

(6.5.1)

terms of the photon field V. Here we also ignore the prefactors, couplings and the trace

for now and get

1 0L,

- UK, VA
i3 0Va V3G

" 5VQV5

= in 0V, = 0V)(0V° = 0V,) (6.5.2)

with

ouV,0, VP — i2217°‘5quq,'/

~OVp 0V — —i2qud” (3507 + 5567

-0V, 0,V — 7i2qpq; (5;“775” + 55770"’)

OV > a,” (055] + 053],
Since in forward scattering we have ¢ = —¢’ we get

0Lo

AT —inten [qqu (5365 + 5%5) + 4oy (5,3‘775” + 80mP )

_ 2naﬁququ - q2 (5355 + 5355)} ( )
6.5.3

R (nﬁ)\qnqa + na)\ql-sqﬂ + nanqﬁq)\ + nﬁnqquA

o 2na,8q/-eq/\ o q2 (nomnﬁ)\ + nﬁnna)\)>
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Restoring the dropped prefactors and also the ones we have from VMD, see (5.3.23), as
well as the trace we get as a final result for the vertex

. tag?
Véﬁ? — je? Tr(Q2) [MQ;] < ann,@A+n6nnaA>
KK

—t3 <776Aq“qCy +10°2¢"¢® + "¢’ + g% (6.5.4)

o 2,’7aﬁqnq)\ - q2 (namnﬁx\ + n,Bm,,,f:vA))]

6.6 Glueball-Proton Coupling and Pomeron Propagator

Since there is no known way of calculating the full tree-level string amplitudes in curved
backgrounds, certain approximations need to be put into place:

o Approximate the scattering amplitude with the Virasoro-Shapiro amplitude for the
scattering of four closed string tachyons in flat space.

e Calculate the coupling of the Pomeron to the proton as the vertex of a proton and a
2+ _glueball (i.e. the lowest state on the Pomeron trajectory).

e Convert this amplitude into the Regge limit of a full tree-level string amplitude via
"Reggeization”.
6.6.1 Proton Coupling

As already stated in (6.3.3), the glueball field can be treated as a rank-2 symmetric traceless
tensor h,, and should therefore couple predominantly to the QCD stress-energy tensor T#”
in the following way [15]

Sint = Ap / d*a by, T . (6.6.1)
Under this assumption the glueball-proton-proton vertex is given by
Fgfip = <p',s"TW(O)‘p, s>. (6.6.2)

This matrix element can be written in terms of form factors, using the symmetry and
conservation of 1},,, as

Py VP ) P v PV kp
9 = Apa(p, ') | A v Tl + (o) Fuovo + Pooy)
' 2 4m,
(kpky — 1 k?) (6.6.3)
+C(t) U(p, 8),
mp

where k =p—p/, t =k*and P = %pl. This general form of the matrix element reduces to
only the first term, as for the proton with spin % and mass m,, the coefficients are implied
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to be constrained to A(0) = 1, B(0) = 0 and the contribution from C(t) is suppressed in
the Regge limit. We therefore simply get for the vertex

'YMPI/ +'YVPM

5 u(p, s)|. (6.6.4)

= e a(s, )

We can now further simplify this expression by calculating the sums over the spins of the
initial- and final-state spinor via the completeness relation

Z Uslls = Yo P& + M. (6.6.5)
s=1,2

Using Casimir’s trick, c.f. [52], we rewrite expression (6.6.4) as

P, vP, P, P,
Z USWUS =Tr [(fyapo‘ + m)W (6.6.6)
s=1,2

Tr[YaYu PPy + Yo P* Py + m(v, Py + v Py)],  (6.6.7)

N | —

where we can use the trace properties of the gamma matrices
Tr[v,vs] = 41pe  and  Tr[(y)"] =0 for n odd (6.6.8)
and (6.6.4) therefore simplifies to

TP = A\p P, P, (6.6.9)

6.6.2 Reggeization of the Propagator

In order to reggeize the propagator one must now also include the higher spin states on
the trajectory. In terms of string theory those states correspond to excitations of strings
on the curved background. To do so one uses the so-called Virasoro-Shapiro amplitude,
which describes scattering of closed strings and is dual to the exchange of the Pomeron
trajectory. It also incorporates crossing symmetry (i.e. symmetry under exchanges of s,t
and u) and in flat space this amplitude reads for four closed string tachyons

Ac(p1,p2,p3.04) =
K L[=ac(s)T[=ac(t)]T[~ac(u)] (6.6.10)
CF[—CLC(t) — ac(s)]F[—aC(t) — ac(u)]r[_ac(u) _ ac<8>]7

where K. is a kinematic prefactor, reflecting the scattering of strings with higher spin and

ac(x) is defined as a linear function
ac(z) = a.(0) + a.x. (6.6.11)

Writing the u dependence in terms of s and ¢ one has for 2 — 2 scattering of particles with

equal mass m:
X = ae(s) + ac(t) + ac(u) = 4alm? + 3a.(0) (6.6.12)
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and therefore the Virasoro-Shapiro amplitude reads with this redefinition

F[_ac(s)]r[_ac(t)]r[ac(s) + ac(t) — X]

) (6.6.13)
F[_ac(t) - ac(3>]r[ac(t) - X]F[ac(s) - X]
Using Stirling’s formula for the asymptotics of the gamma functions
[[s+t] = T[s]s’ (6.6.14)
and
. o
Slggo a(s) =a's (6.6.15)
one gets the Regge limit of the Virasoro-Shapiro amplitude
i a - c
e—zwac(t) (a/,CS)Q c(t) [ a (t)] (6616)

F[_ac(t) - X] '

The general propagator which one wants to reggeize here is given by the massive spin-2

propagator
docﬁ, 5(k)
Agﬂ,w(k) = k:Q—Wimé (6.6.17)
with . ,
daﬁf}’(; = 5 <770¢’Y7765 + NByNas — 277a677'y6) (6618)

The next step is to compare this stringy result with the traditional parameters of Regge
theory, where we have

a.(0) + alm? = J (6.6.19)
and from this one gets for the glueball with J = 2

B ac(0)

/ )
aC

mg =mj = 2ac(0) + 2 =ag(0) and 2a, = og. (6.6.20)

The Regge limit of the Virasoro-Shapiro amplitude is then given by the replacement

—iTa ag(t _
1 age g(t)F[—X]F{l — ol )} alys) 2002
t — 2 ag(t) 2 ’ (6'6‘21)
— mg F|: 92 1= Xi|
with ag(t) = 1+ eg + agt.
With the values [53]
Ap = 8.88 GeV™!
ag = 0.25 GeV 2 (6.6.22)
eg = 0.086
the propagator for DIS (i.e. ¢ = 0) is then given by
1.02(—ias)“ 1
A7 5(k) = (289) (nawga + 1By Nas — 2%,8%5) (6.6.23)
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Chapter 7

Results

7.1 Matrix Element and Structure Functions

With the vertices and the propagator defined in the previous sections, we find the hadronic

tensor as

(—iagW?)e g"q" q"q° ty q"
T (p,q) = l# -+ 2 —n"P + 2 Tr(Q%)4Mp J\Z—T(TIOLK]T]BA + MkTanr)
KK

—t¥Y <nﬁ)\(b¢qa + Nar@uB + Tandsar + Maxdadr — 20slxdr — 4 (Narlsx + nwm))]

1 1
X = (n'”n” + M — n“An'*‘;)pvpa-

2 2
(7.1.1)
Contracting this expression yields for the to-term
4 v v v v
q Lo  24"4 q"p” +p"q 2¢"q
2ptpY — —p*n*" +p*— —2(p-q)——————+2(p-q 7.1.2
(2 =5 L2 T a2 L)
and for the t3-term
2(p- Q) (P"q" + ¢"p”) = 2¢°p"p” — p*¢"q" — (- a)*n"". (7.1.3)
We can now plug this result into (4.6.4) and use
(—ia)® + (ia)’ = a® [(—i)b + (z)b} =ab [eibg + e‘ibg] = 2a’ cos bg (7.1.4)

36



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

and from this we calculate the hadronic tensor as

_ M
272

t
WH (o/gW2)Eg COS(E€g> Tr(Q2) [7]‘“’ 4t3(p - q)* — 22 p2q* — 2t3p ¢
2 M
l2
M

ta
+q"q” <4 (p-q)?+

2.2 2
2 b q +2t3p>
Mg

to
—(p"q” +¢"p")4(p - q) <M2 q + t3>
KK

to
+pMp” (4¢%) < VE 7 + tg)} :
KK

(7.1.5)

Matching the factors of (4.6.2) we find for the structure functions

Ap 2\ € ™ 9 9 9 9 to 49
Wy = W(O/QW ) cos<§eg> Tr(Q ) At3(p - q)* — 2t3p°q® — M?(Kq D
/\’F’ 2\ € T 2 9 o2 9 9 4 to e
= W(O/QW ) gcos(§€g> Tr(Q%) t3((W +q¢°)" —2W mp—}—mp) + M?{Kq ms
(7.1.6)
and
)\pm}% 2\ 4 2 2 ta 4 )
Wy = DY) (O/QW ) COS<§€g> Tr(Q )(—4q )<M;2<Kq +13q > (7.1.7)
and with
my m2

we get for the dimensionless structure functions

>‘ € ™ 2 t
= g ) on(3s) @) (1 047" 20 ) )
(7.1.8)
and
)‘77 € s t
Iy = W(o/gW?) g Cos<§6g> Tr(Q2) (2q2) (W2 + q2 _ mg) <M122(K qz +t3> (7.1.9)
7.2 Data

We acquire our data from [54], also see [55] for an in-depth review of the detectors and
the definitions of the cross-sections, kinematics and errors. At the Hadron-Elektron-Ring-
Anlage (HERA), the deep inelastic scattering of electrons on protons is studied at center-
of-mass energies of up to /s ~ 320 GeV. The two collaborations H1 and ZEUS explored
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a large phase space in Bjorken 2 and negative four-momentum-transfer squared Q?, where
the range of these variables for neutral current interactions was:

0.045 <Q? < 50000 GeV? (7.2.1)
6 x 1077 <z < 0.65, (7.2.2)

where we are only interested in the region of low z and low Q% < 1 GeV2. Therefore
we are also only considering proton beam energies of F, = 920 GeV and E, = 820 GeV,
corresponding to a /s of 318 GeV and 300 GeV, respectively. The electron beam energy,
on the other hand, was FE, ~ 27.5 GeV and the beam was longitudinally polarized.

The two detectors H1 and ZEUS both had an almost 47 hermetic coverage, but used differ-
ent technical solutions and also kinematic reconstructions in order to significantly reduce
systematic uncertainties. Both detectors had calorimeters with an inner part to measure
electromagnetic energy and identify electrons and an outer part to measure hadronic en-
ergy and determine the missing energy. H1 used a liquid-argon calorimeter, whilst ZEUS
used a uranium-scintillator. Therefore, H1 was better suited for fine segmentation and was
able to identify electrons down to lower energies, whereas the uranium-scintillator made
jet studies easier. The backward region of H1 consisted of a lead-scintillating fibre (a.k.a.
"spaghetti” calorimeter) and ZEUS used a uranium-scintillator there as well. The field
strength of the solenoidal magnetic field used in both detectors was 1.16T and 1.43T and
the tracking devices were cylindrical drift chambers in both cases. H1 used two concentric
drift chambers, while ZEUS only featured one large chamber. Later on, both detectors also
employed a silicon microvertex detector in order to identify electrons in low-Q? events.

The DIS cross section depends on /s, Q? and x, where

2
o= (7.2.3)
Y
and y is the inelasticity of the reaction. For neutral current scattering, the so-called electron
method was applied, for which the quantities y and Q2 were calculated using the variables
measured for the scattered electron as

Ye
2F,’

2
QQ_ PTze I:Qiz

= 7.2.4
e = (7.2.4)

y=1
where X, = E/(1 — cosf,), E! is the energy of the scattered electron, 6, is the angle with

respect to the proton beam and Pr. is its transverse momentum.

Overall, the data consists of 41 data sets, which were then combined into 8 tables, where
only the first two cover the region of interest in our low-Q? study. This region is covered
by data from both experiments, whereas the lowest (Q? > 0.045 GeV2) only come from
ZEUS, where a special tagging device was used. The uncertainties listed in the tables of
[54] consist of:

e procedural uncertainties from the choices made in the combination of the results from
both experiments.
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e experimental uncertainties.
e model and parameterisation uncertainties for the parton distribution functions.

The data provided from HERA contains the variables Q?, z and ocq.

7.3 Fitting and Calculation of the Couplings

The scripts for calculating the couplings and for fitting the data were coded in Python and
the following libraries were used:

e NumPy

o Imfit

e SciPy

e pandas

e iminuit
7.3.1 Couplings

The couplings were calculated using (5.3.13), (6.4.5), (6.4.6),(6.4.7) and (6.3.4). We sub-
stitute for the vector meson mode equation

Z = tan(x) = dZ = cos %(x) (7.3.1)
and get for (5.3.13)
é/n($) = M, COSig(CC)I/JQn(:C), (732)

where we introduced the eigenvalue M and are only interested in the even modes of the
vector meson fields v as they correspond to the non-normalizable modes of the photon.
We also get for (6.4.7)

4 Q?
J" =cosTs(x)—5—T. (7.3.3)
M g
For the tensor glueball mode equation we use the substitution
1 s
r= cosfé(m‘) — dr = = s1n4(a:) , (7.3.4)
3 coss ()
6
which is equivalent, since 1 + Z2 = (ﬁ) , cp. (5.3.12), and (6.3.4) then reads
i(@)
_a coss (x
Ty (z) = cos™3(x) < Sin(2) Ty (z) — )\TT4(:U)). (7.3.5)

We also introduce the IR boundary at U = Uk as well as the UV boundary at U = oo
for the new coordinates

e=10"8 (7.3.6)

bir = € (7.3.7)

boy = g —e, (7.3.8)
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where € is the chosen cutoff value.

Since we can solve (7.3.2) and (7.3.5) as initial value problems, we need to introduce the
boundary conditions at Ug g as

Yon(bir) =1 (7.3.9)
Vo, (bir) = 0 (7.3.10)
Ty(br) = 1 (7.3.11)
Ty (bir) = 0. (7.3.12)
On the other hand, we solve (7.3.3) as a boundary value problem and set
J'(bir) =0 (7.3.13)
J(buv) = 1. (7.3.14)

In order to find the eigenfunctions we now use scipy.integrate.solve_ivp for T and
scipy.integrate.solve_bvp for J. Since we are not interested in excited glueball states,
it is sufficient to only consider the first eigenvalue at A\pr = 2.455. We now also rewrite
(6.4.5) and (6.4.6) as

2N /d 1+ta‘n ))7§ j/(Qlyx) jI(Q?yx)T4($)’ (7315)

*P*
f2 7 (QnQ2) = cos?(x) dz dz

Q2Q2

[

an?(x)) 3
YV (Q1,Q2) = 2Nk / ar +§OSQ(EC))) T(Q1,2)T(Qa, ) Tu(x), (7.3.16)

where N is the factor we obtain from canonical normalization [46]' and is given by
N =103.1365217V AN M fc. (7.3.17)

The factor of 2 stems from the fact that we only integrated the half interval. We then use
scipy.integrate.quad for numerically integrating those expressions for different values
of @, but with ()1 = ()2 and store the interpolated result via splines, see figure 7.1.

7.3.2 Fitting

In order to fit the data to the model presented above, first of all we need to translate
the given quantities into the quantities used in the model via the relations established in
section 4.2, i.e.

QQ

W? = i Q*+m) (7.3.18)
@
y= m- (7.3.19)

!Note that in this paper they defined the numerical value as AN’ rather than N as given here.
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Figure 7.1. (left) The calculated couplings to and t5 at Mg = 0.949 GeV, plotted as functions
of Q2. The scaled versions s - t5_ and t3 - t3_, obtained from the fit, are also displayed along with
the associated error bands, representing the uncertainty in the fitted parameters. (right) The ratio
of the two couplings, ta2/ts, is shown, as well as the scaled ratio (¢ - to,)/(t3 - t3.), including the
uncertainties.

Since our model is only valid for values of Q% — 0, we are rather restricted in the amount
of data points we can use in the fit, as HERA only provided few data points in the region
of very small Q2. The data in the low Q? and low z region fitted at HERA show poor y?
values, see [54] p. 27f and the best fits of the HERAPDF2.0 analysis were achieved for
15 GeV? < Q% < 150 GeV2. Therefore we need to compromise between few data points at
low @2 and many data points further away from the actual region of interest. In order to
do so we compared at different Q?-cutoff value of the results with respect to their reduced
x2 values and found the best fit for Q% < 0.5 GeV?, resulting in X?‘ed = 0.909. As is
suggested by the plots, deviations to our model predominantly arise for higher values of
Q?, but on the other hand the fitting results turn out to be worse when only considering
smaller values of Q?, as there are too few data points to be included in the fit. The results
of the corrections to the parameters to and t3 can be found in (7.3.20). The plots of the
fit for the different /s values are presented in figure 7.2 and 7.3.

The values we get for the correction parameters are further off as initially expected. Whilst
t3 seems to behave rather nicely, the corrective factor for ¢ is off by almost one order of
magnitude. Albeit being discouraging for the validity of the model, there are at least some
ways of making this result plausible. When one reduces the limit on Q? and compares
the fit as Q% — 0 we notice that the corrective parameter for ¢, also diminishes. But as
already mentioned before, the goodness-of-fit analysis shows that the fits also get worse
in this region. We therefore conclude that especially ¢o is not easily checked with the
model and data presented above, since the fits are always skewed in direction of higher Q?,
instead of lower %, where we assume the model to be valid. In this sense the model and
the fitting procedure is not suitable to describe the given data points. Whether this fact
can be improved by new and plenty data at Q% — 0 is yet to be determined.
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Figure 7.2. Fit for \/s = 318 GeV. The bands show the error of the parameters as determined by
the fit.

The values for the correction parameters and their errors are

1o, = 9.18180 £ 0.378

(7.3.20)
ts, = 1.49477 £ 0.043
and for the fit we get for 68 datapoints
x> = 61.81745 (7.3.21)
X2eq = 0.90908 (7.3.22)

Overall, the fits are in good correspondence with the data. Especially for the parameter
ta,, though, the discrepancy between the calculated value and the needed correction is vast,
as can be seen in figure 7.1. From this fact it can be concluded that our calculations yields
a sensible form factor behavior, but both couplings fall of too quickly in the WSS model
and apparently this effect is more prominent for ¢o as compared to t3.
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Figure 7.3. Fit for /s = 300 GeV. The bands show the error of the parameters as determined by
the fit.

7.3.3 Summary

From our study, we conclude that the available data in the region of interest is insufficient

to yield meaningful results, particularly in the region where Q? — 0, which is the primary

focus of our model but remains very sparse in data. The falloff of the couplings in the WSS

model is known to be too rapid, and as of the time this study was conducted, there is no

clear method to address this issue. To make more sense of the analysis presented above,

it is imperative to obtain more data points that can be used for fitting; new experiments

capable of probing the required range of virtualities are discussed in the next section. On

the other hand, the behavior of the quantities themselves, as calculated in section 7.1,
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shows good correspondence with the existing data.

7.4 Future experiments

In this section we will give reference to experiments suitable for further examining the
region of low Q?, see [33, 56, 57].

7.4.1 EIC

The Electron Ion Collider (EIC) is an upcomming accelerator facility situated at Brookhaven
National Laboratory on Long Island, New York, and is currently under construction. It
will facilitate the most powerful electron microscope in terms of resolving power, intensity
and versatility in order to study the structure of atomic nuclei, protons and neutrons. The
EIC will be capable of colliding high-energy electron beams with high-energy proton beams
or beams of light ions and it features:

o Highly polarized (~ 70%) electron and proton beams
o Ion beams from deuterons to heavy nuclei (e.g. Au, Pb, U)

o Variable e + p center-of-mass energies /s from 20-140 GeV

« High collision electron-nucleon luminosity of 1033 — 103*cm 25!

e More than one interaction region

In addition to neutral-current inclusive DIS processes, such as e + p/A — € + X, the EIC
will enable measurements in various other scattering processes. These include charged-
current inclusive DIS (e + p/A — v + X) at high Q?, where the electron-quark interaction
is mediated by the exchange of a W+ boson rather than a virtual photon. Another type
of process is semi-inclusive DIS (e + p/A — ¢ + h + X), in which at least one hadron is
detected alongside the scattered electron. Furthermore, the EIC will facilitate exclusive
DIS (e + p/A — € + ...), where all particles involved in the process are measured with
high precision. Additional key measurements will include DVCS and deeply virtual meson
production, both crucial for probing generalized parton distributions (GPDs).

7.4.2 LHeC

The first ideas of realising an ep collider at CERN date back as early as 1984, but only
in 2007 it was found to be feasible to also include this type of reaction to the Large
Hadron Collider (LHC) operation besides pp-collisions and hence this setup was called the
Large Hadron Electron Collider (LHeC). It is estimated that the earliest possible start of
operation of this new collider is in 2032, during the LHC Run 5 period. The achievable
center-of-mass energy of about /s ~ 1.5 TeV is expected to allow an insightful study of
DIS, especially at low-x. Therefore, the LHeC would be able to vastly extend the kinematic
range for DIS experiments. And since it is combined with the hadron beams of the LHC,
this new setup would also yield the highest resolutions microscope for examining the actual
structure and dynamics inside matter. At low-z it is also capable of investigating the parton
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interaction dynamics in a regime, where HERA’s energy range was too limited. It will also
be able to determine o very accurately.

The energy of the electron beam is chosen to be E. ~ 50 GeV, which is almost double
of HERA. The range of virtualities important for the study presented here, Q% — 0, can
be achieved by reducing E, to about 10 GeV. With the extension of the Q? and x range
by more than an order of magnitude and an increased luminosity by a factor of about a
thousand, as compared to HERA, the LHeC provides an invaluable tool for studying QCD
in a domain, where new phenomena are to be expected. It will also be able to examine the
validity of the BFKL evolution.

The LHeC will provide new insight into the one-dimensional structure of nuclei and the
proton, as well as multidimensional aspects of the structure of hadrons. This can be
achieved by measuring processes with more exclusive final states like the production of jets,
semi-inclusive production of hadrons and exclusive processes like DVCS. High precission
DIS colliders like LHeC and also EIC therefore allow for investigating the 3D structure of
hadrons in great detail. Compared to the EIC, the LHeC will be capable of achieving even
smaller values of z, as well as higher values of Q2, yielding a wider range of about 2 orders
of magnitude in both variables. It should also be noted here, that the upgraded version
of the LHC, the Future Circular Collider (FCC), will be able to increase the range by yet
again roughly one order of magnitude. Another difference between the two colliders is that
the EIC will be able to use polarized beams, as was mentioned before, whilst the LHeC
will not. For the study conducted here, it is to be expected that the EIC will offer more
insights, as it will be capable of achieving lower values of Q? than LHeC.

7.4.3 Other Colliders

There are also other colliders targeting a similar kinematic region. Below, we provide a list
of upcoming experiments, which is by no means complete. For more detailed information
about these experiments, please refer to the references cited.

o Electron-ion collider in China (EicC) [58]

o Electron-Nucleon Collider (ENC) [59]
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Appendix A

Kinematics and Scattering

A.1 Mandelstam Variables and S-matrix

The Lorentz-invariant Mandelstam variables for the two-body scattering process are defined

in the mostly minus convention' via

s = (p1 + p2)? (A.1.1a)
t=(p1 — ps)’ (A.1.1b)
uw=(p — ps)* (A.l.1c)
and they satisfy the relation
s+t+uzz4:m§, (A.1.2)
i=1

with s and ¢ the square of the total energy and the four-momentum transfer between 1
and 3 in the center-of-mass frame, respectively. Since u is not an independent variable, the
scattering amplitude can be expressed as A(s,t).

Lin the mostly plus convention, which will be used in the main text, those quantities obtain an additional
minus sign, see e.g. [60]

Figure A.1. Scattering of two particles from state 1 + 2 to state 3 + 4.
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The propability of the transition from initial state 14 2 or |i) to the final state 344 or | f)
is defined such that

Py = [(f1S1i))* = (IS (IS i) (A.1.3)
With >~ | f)(f| being a complete set of orthonormal states. Since the propability of starting
with one state and ending up in another state has to be 1 one can write

L= (ilS"1){f1S]i) = (ilSSTi) (A.1.4)

and therefore it follows that the S-matrix has to be unitary.

A.2 Optical Theorem

Unitarity of S is an important feature as it can be used to relate the total cross section
and the forward elastic scattering amplitude. The part of the scattering matrix that is
not proportional to the identity, thus including all nontrivial interactions, is the transition
matrix 7 which is defined via

(FIS1i) = (P{Py... PLISIPLPy) = 85 +i(2m)'s* (P! — P') (f|T i) (A:2.1)
The orthonormality condition
8= (j18STiy =D (ISINHfIST) (A.2.2)
f
reads for the 7 -matrix
([T1E) = (ITT]3) 254 — P GITH AT ) (A.2.3)

and for the same initial state as the final state, i.e. j =i, we get

21m (i|T|i) 254 NCFIT ]8> (A.2.4)

The cross section for the reaction 1+ 2 — n is
1 4. 4 ; £ 12
o = g 2m) 514 E s pf - p T\i A25

Since (i|T'|i) is the scattering amplitude for the reaction where the direction of motion of the
particles is unchanged (in other words 6; = 0) we get with the assumption of equal masses
on the upper and lower halfs of the diagram the variable ¢t to be zero. The relationship
between the elastic scattering amplitude A(s,?) and the total cross section is called the
optical theorem and can be expressed as

1
ol = ImA(s,t=0), A.2.6
012 2’p1|\/§ ( ) ( )

where the total cross section is defined via
/ —dQ (A.2.7)

and can be described as the ratio of the number of interactions per unit time per target
particle and the incident flux, see for example [35].
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Appendix B
Supergravity

This section will briefly present some concepts of M-theory and Type IIA supergravity,
where the latter is proposed as the low-energy limit of the former. Through dualities and
compactifications, supergravity is related to string theory and acts as a classical limit in
11 dimensions. The discussion will not delve too deeply into the theory as a whole, but
rather aims to explain important concepts used, for example in establishing some concepts
used in the Sakai-Sugimoto model of section 5. For further details refer to [61-65]. The
calculations for the actual glueball modes, etc., are rather involved and beyond the scope
of this discussion. The reader is referred to the papers by, for example, Rebhan et al. and
references therein for these calculations in the Sakai-Sugimoto model [41, 43, 46, 51, 66, 67].

B.1 Kaluza-Klein Compactification

The concept of extra dimensions, which are imperceptible to us due to their minuteness,
dates back as early as 1914, well before the first considerations of String Theory. The first
attempt was a gravitational theory in five dimensions unifying gravity and electromag-
netism. This extra dimension, x4, was compactified on a torus of radius R with

at = 2" + 27 R, (B.1.1)

resulting in a metric that seperates into G, G4 and G4, which correspond to a tensor
(the metric), a vector and a scalar field, respectively. In the general case of D = d + 1, the

metric is parameterized as
2
ds? = Gy o™ do™ = Gy da de” + Gag (A2 + A, o), (B.1.2)

where u, v run over all the noncompact dimensions 0, ...,d — 1. In d-dimensional actions
the indices are raised and lowered via G, rather than ny. Since the metric (B.1.2) is
invariant under translations of 2%, it allows reparameterizations

2/ = 2?4+ \(zH) (B.1.3)
Al = A, — 9\ (B.1.4)
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and therefore gauge transformations arise as part of the higher-dimensional coordinate
group, which is known as the Kaluza-Klein mechanism. In the case of a massless scalar ®
in D-dimensions, the z?-dependence can be expanded into a complete set,

() = i%(x“) eXp<m£d> : (B.1.5)

with Ggq = 1 and where the momentum in the periodic dimension is quantized to pg = 3.

Thus the D-dimensional wave equation 03,0 ® = 0 becomes

2

00", () = %@n(x“) (B.1.6)

and the modes ®,, become an infinite tower of d-dimensional fields of mass
2
n
P = (B.1.7)

which is non-zero for all fields where p? # 0. This so-called Kaluza-Klein tower of states
can only be seen for energies above %, otherwise only the z%independent fields survive
and one retains d-dimensional physics. The compact momentum py acts as the charge
corresponding to the gauge invariance (B.1.4), relating momentum conservation in the
fifth dimension with conservation of electric charge. In this example, all the Kaluza-Klein
states are massive, but in general and, for example, in curved backgrounds, those fields can
also be massless while still carrying a Kaluza-Klein charge. The metric component in the
compact direction can be redefined as

Gdd = 620 (B.1.8)

and is also called the dilaton. Geometrically speaking, it defines the volume of the com-
pactified dimension. Typically, one works with constant dilatons. In this sense, the dilaton
itself is a remnant of compactification and therefore M-theory has none in its spectrum.

B.2 Supergravity to Type IIA Superstring

The expression supergravity is shorthand for supersymmetric gravity, which is a field theory
combining two very important symmetries, i.e. Poincaré and spacetime supersymmetry in-
variance. Poincaré invariance combines the properties of the Lorentz group with invariance
with respect to translations. SUSY extends the concept of conserved quantities, which are
typically scalars, vectors or tensors representing, for example, charge, momentum or stress-
energy, by introducing conserved quantities that transform as spinors. As the amount of
supercharges does not depend on the representation of the spinor, i.e. Weyl or Majorana,
a general supersymmetry algebra has 4N supercharges in four dimensions and likewise in
any other number of dimensions. In the four-dimensional case, one is also limited to 32
supercharges. This limit of N = 8 also holds in higher dimensions, but d = 11 is the
maximum for which SUSY is possible, since beyond that, the representations become too
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large and would allow for unphysical higher-spin particles (spin greater than 2) and multi-
ple gravitons. The bosonic part of the unique supersymmetric action in eleven dimensions
reads

SSugra _ 1
11 T oR2
11

1 1
/dllx vV —g(R— 2|F4’2) — W /A3 AN Fy N Fy, (B21)
11

with the field strength Fy with its 3-form potential A3 and the 11-dimensional gravitational

constant, defined via

1
2K3, = %(27%)9, (B.2.2)
where /), is the 11-dimensional Planck length. The action for a p-form field is proportional

to

/ddx \/_79“'717‘2 = /ddx T_‘gGMlNl ... GMPNPFMl_“MpFNl_“Np. (B.2.3)

Compactifying this theory in d = 11 on a torus to d = 10, as in section B.1, and keeping
only the massless fields, one is left with a KK-scalar from gi1,11, a vector from g,11, a
2-form potential from A,,11 and 3-form potential from A,,,. This is exactly the massless
content of the ITA superstring, where the scalar is interpreted as the dilaton. Similar to
section B.1, one writes the metric as

ds® = Gty (z#) de™ da™

10 (.1t “w v o 10 I V12 (B24)
= G (x") dat da” + exp(20(2h)) [dz'” + Ay (a!) dz”]7,

Following the procedure presented in section B.1, the action in type IIA string theory
therefore reads, after dropping the Chern-Simons term and introducing the kinematics of
the dilaton field, as

1 1
SIA — YN /dlox V—ge 2® <R - §€2¢|F4’2 + 48M<I>8M<I>> , (B.2.5)
10

where %, is defined as 2%, where R is the radius of the compactified dimension.

o1
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