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Abstract

Quantum Chromodynamics (QCD) is the widely accepted theory governing the dynamics
of quarks and gluons, the force carriers of the strong interaction. While many properties of
hadrons, composite states of quarks bound by gluons, may be understood in terms of their
quark content, gluons play a prominent role in mass generation, high-energy scattering
processes, and the very nature of confinement itself. One of the most striking predictions of
QCD is the existence of bound states comprised solely of valence gluons, known as glueballs.
While their existence is supported by computer simulations, experimental evidence remains

elusive, with theoretical computations often yielding conflicting results.

The development of high-energy colliders, culminating in the Large Hadron Collider (LHC)
at CERN, has revealed a rich landscape of gluon-dominated phenomena. The Pomeron,
initially postulated to explain rising total scattering cross sections in high-energy data, is
now recognized as a fundamental prediction of QCD, reflecting collective gluon dynamics
at high energies. Furthermore, the recent claim of the Odderon discovery at the LHC
and Tevatron, the Pomeron’s C-odd partner, has the potential to significantly deepen our
understanding of the strong interaction by studying fundamental processes associated

with it, though this claim is not without controversy.

Over the last three decades, a novel approach to understanding the fundamental nature of
strongly coupled systems has emerged, known as the AdS/CFT correspondence. This dual-
ity, initially formulated between highly symmetric superstring and field theories, has found
successful applications in less symmetric systems, which eventually led to the construction
of holographic QCD. In this thesis, we explore the extent to which QCD in the confining
phase may be described by a weakly coupled, higher-dimensional gravitational theory.
We investigate glueball properties using holographic hadron spectroscopy within a type
ITA superstring theory brane construction. This approach allows for the determination of
glueball masses, decay channels, and mixing. We further apply holographic Regge physics
through bottom-up models to analyze high-energy collider data, with a particular focus on
the physics of the Pomeron and Odderon. By deepening our theoretical understanding and
providing testable predictions for collider experiments, this research aims to contribute to
our understanding of the strong interaction and rich gluon dynamics in the high-energy

regime.
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I

Kurzfassung

Quantenchromodynamik (QCD) ist die weithin akzeptierte Theorie, die die Dynamik von
Quarks und Gluonen, den Austauschteilchen der starken Wechselwirkung, beschreibt.
Wihrend viele Eigenschaften von Hadronen, Bindungszustanden aus Quarks und Gluonen,
durch die konstituierenden Quarks erklart werden kénnen, spielen Gluonen eine promi-
nente Rolle bei der Erzeugung von Masse, hochenergetischen Streuprozessen und dem
zugrundeliegenden Confinement. Eine der bemerkenswertesten Vorhersagen der QCD
ist die Existenz von Glueballs, Bindungszustianden, die nur aus Valenzgluonen bestehen.
Wiéhrend ihre Existenz von Computersimulationen bestétigt wird, sind eindeutige exper-
imentelle Nachweise ausstehend und theoretische Vorhersagen oft nicht untereinander

kompatibel.

Die Entwicklung von Hochenergiebeschleunigern, die in dem Bau des Large Hadron
Colliders (LHC) am CERN gipfelte, hat eine breite Landschaft an gluonendominierten
Phénomenen offenbart. Das Pomeron, welches urspriinglich postuliert wurde, um den
Anstieg totaler Wirkungsquerschnitte in Hochenergiedaten zu erklaren, wird heute als
eine fundamentale Vorhersage der QCD in Form von kollektiven Wechselwirkungen
von Gluonen verstanden. Obwohl nicht unumstritten, hat die jiingste Entdeckung des
Odderons am LHC und Tevatron, der Partner des Pomerons mit ungerader Ladungsparitat,
das Potenzial, unser Verstandnis der starken Wechselwirkung durch die Untersuchung

grundlegender Prozesse, die mit ihm verbunden sind, erheblich zu vertiefen.

In den letzten drei Jahrzehnten hat sich ein neuer Ansatz zum Verstandnis der grundlegen-
den Natur stark gekoppelter Systeme entwickelt, der als AdS/CFT-Korrespondenz bekannt
ist. Diese Dualitat, die urspriinglich zwischen hochsymmetrischen Superstring- und
Feldtheorien formuliert wurde, hat erfolgreiche Anwendungen in weniger symmetrischen
Systemen gefunden, was zur Konstruktion der holographischen QCD fiihrte. In dieser
Arbeit untersuchen wir, inwieweit die stark gekoppelte Phase der QCD durch eine schwach
gekoppelte, hoherdimensionale Gravitationstheorie beschrieben werden kann. Wir unter-
suchen die Eigenschaften von Glueballs durch holographische Hadronenspektroskopie mit-
tels einer Branenkonstruktion in Typ ITA Superstringtheorie. Dieser Ansatz ermoglicht die
Bestimmung von Massen, Zerfallskanélen und Mischungen von Glueballs. Dariiber hinaus
konstruieren wir holographische Bottom-up-Modelle, um Daten von Hochenergiebeschle-
unigern im Regge-Regime zu analysieren, wobei besonderes Augenmerk auf die Physik
des Pomerons und Odderons gelegt wird. Durch die Vertiefung unseres theoretischen
Verstandnisses und die Bereitstellung tiberpriifbarer Vorhersagen fiir Beschleuingerexperi-
mente soll diese Forschung zu unserem Verstindnis der starken Wechselwirkung und der

Dynamik der Gluonen im Hochenergiebereich beitragen.
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The Unexpected Journey of
Hadron Physics:

Quarks, Strings and the
Holographic Principle

Alles ist Wechselwirkung.”

— Alexander von Humboldt

Scientist

Hadron physics is the study of particles composed of quarks and gluons. The latter are
the force carriers of the strong interaction whose dynamics and interactions with quarks
are governed by QCD. The most well-known hadrons are mesons and baryons. Mesons,
such as pions and kaons, are composed of a quark-antiquark pair. Their discovery by
Powell! et al. [1] in 1947 confirmed Yukawa’s? prediction of a particle mediating the
strong force [2]. Like the familiar proton and neutron, baryons consist of three valence
quarks. The quark model, independently proposed by Gell-Mann [3] and Zweig [4] in 1964,
successfully explained the observed patterns in hadron properties and their classification
into these two main categories based on valence quarks. While a hadron is a complicated
bound state of a myriad of quarks and gluons, many of their properties, and in particular
their quantum numbers, may be understood in terms of their valence quark content. A
unique characteristic of the strong interaction is its varying strength depending on the
distance between quarks. At short distances, it becomes weaker, a phenomenon known
as asymptotic freedom that was demonstrated by Gross, Wilczek, and Politzer in 1973°.
Conversely, at large distances, it strengthens, leading to confinement. This intriguing
behavior underpins the formation of hadrons and their complex dynamics. Beyond mesons
and baryons, QCD also predicts the existence of more exotic hadrons, such as tetraquarks
(composed of two quarks and two antiquarks) and pentaquarks (composed of four quarks

and one antiquark), which can not be described within the framework of the standard

! Powell received the 1950 Nobel Prize in Physics for developing the experimental method that led to the
discovery of the pion.

? Yukawa received the 1949 Nobel Prize in Physics for his theoretical work on mesons and the strong force.

? They jointly received the 2004 Nobel Prize in Physics for their work on asymptotic freedom.
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quark model. While theoretically possible, these states are more difficult to form and detect
due to their complex internal structure and potential instability. However, significant
experimental advances have also been made on that front. Among the most elusive hadrons
are glueballs, hypothetical particles whose valence constituents are solely gluons. Despite
their solid theoretical foundation already at an early stage during the formulation of QCD
[5-8], experimental confirmation of glueballs remains a challenge due to their complex
nature and mixing with conventional mesons. Thus, experimental searches at high-energy
colliders and dedicated glueball experiments have yielded no undisputed signals so far.
While the number of experimentally identified hadrons was once manageable, the Particle
Data Group (PDG) [9] currently lists a whole zoo of hadrons with 149 established mesons*
and 125 established baryons®, with many additional states appearing and disappearing
over time. Lattice QCD calculations have provided strong evidence for the existence
of glueballs, predicting their masses [10-14] and decay properties. While lattice QCD
has made significant advances due to improved algorithms and increased computational
power, glueball observables are still plagued by large uncertainties. Analytical approaches
like Schwinger-Dyson equations are similarly advancing [15-18] (see Ref. [19] for a
review), but involve uncontrollable approximations. Therefore, complementary methods

for determining decay and mixing patterns remain highly sought after.

Already conceived in 1959, Regge theory [20] provided a framework to describe the
scattering of hadrons and their mass spectra. Regge trajectories, relating the mass and
spin of hadrons in a linear fashion, were first observed experimentally in the 1960s [21,22].
These trajectories found a natural explanation within the framework of string theory,
where hadrons are viewed as vibrating strings. Although initially developed to describe
hadronic interactions, it was later discovered to provide a candidate for a consistent theory
of quantum gravity. In light of this connection, the holographic principle, first conjectured
within string theory [23], has opened up a new avenue to study hadrons. This principle
asserts that the properties of strongly interacting field theories may be understood by

studying a higher-dimensional gravitational theory.

The search for glueballs and other exotic hadrons, alongside the study of conventional
mesons and baryons, continues to be an active area of research. It is driven by the desire
to understand the complex dynamics of quarks and gluons and to test the predictive power
of QCD in its non-perturbative regime. The exploration of hadron physics promises to
reveal deeper insights into the fundamental forces of nature and drives our understanding

of the very "glue” that binds us all.

* Non ¢q states, such as potential glueballs, tetra-, and pentaquarks, are also listed in this category.
® Only counting states categorized as “Existence is certain” and “Existence varies from very likely to certain”.

Chapter 1 The Unexpected Journey of Hadron Physics
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The Status of Glueballs

LUEBALLS, hypothetical particles composed solely of gluons, have been a subject
of intense theoretical and experimental interest since the inception of QCD [5-8].
While QCD predicts their existence, the definitive identification of glueballs

within the hadron spectrum remains an open challenge [24-28].

The discovery of glueballs would confirm the existence of a new class of particles beyond
the conventional mesons and baryons. Dedicated experiments such as WA102, GAMS,
Crystal Barrel and BES III have been conducted to search for glueballs, with potential
scalar fy candidates identified in central production processes in proton-proton collisions,
antiproton-proton annihilations, and radiative .J/v decays [29-31]. Beyond the scalar
states, other potential glueball candidates include the pseudoscalar 7(1405), (1475), and
1(1440)!, and the tensor f2(1950), all observed in various production mechanisms and

exhibiting properties suggestive of a glueball nature [34].

Lattice QCD has been instrumental in providing predictions for the glueball spectrum
[10-14,35]. These calculations, mostly performed in the quenched approximation, suggest
the existence of a scalar glueball as the lightest state, followed by a tensor glueball playing
a crucial role as the lightest state associated with the Pomeron [36]. Additionally, a
pseudoscalar glueball is predicted to participate in the manifestation of the U (1) 4 anomaly,
which is responsible for the large mass of the 7’ meson [37]. Furthermore, lattice QCD

anticipates towers of glueball states with arbitrary integer spin and parity.

However, differentiating glueball states from quark-antiquark bound states (mesons)
with the same quantum numbers has proven difficult due to the potential for mixing
between these states. The various phenomenological models available offer divergent
interpretations, particularly for the lightest glueballs. The identification of the ground-state
scalar glueball has been a subject of ongoing debate. Initially, the f;(1500) meson was
favored as the primary glueball candidate, albeit with significant mixing with quarkonia
[38-40]. However, alternative models propose the f;(1710) meson as the dominant
glueball state, with a higher glue content [41-43]. This interpretation is supported by the
enhanced production rate of f(1710) in radiative .J/v decays, which are believed to be
! Historically ¢(1440) and E(1420), which stands for Europe, were both considered to be pseudoscalar

glueball states. This view was challenged with the discovery of the 7 meson. Later on it turned out that
E(1420) is an axial vector meson state consisting primarily of s5 and was renamed f1(1420) [32,33].
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gluon-rich environments [44]. Nevertheless, recent analyses suggest that the glue content
may be distributed across multiple scalar mesons, including a newly identified f(1770)
meson previously lumped together with the established f((1710) [27,45,46].

For reviews, see Refs. [25,26,47].

Chapter 2 The Status of Glueballs
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Chiral Effective Theory

HE accurate holographic description of the rich hadron spectrum, together with its
effective low-energy interactions, necessitates the inclusion of quarks of various
flavors. In this chapter, we will review some key features that are seen to follow
from this in the chiral limit. The global U(Ny)r, x U(Ny¢)g = SU(N¢)r, x SU(Ny)gr X
U(1)y x U(1)4 flavor symmetry of massless QCD permits the formulation of chiral
effective theories (see [48] for a review). In nature, the SU(Ny)r, x SU(Ny)g symmetry

is only partly realized since the formation of a chiral condensate

(Wivh) = 036, (3.1)

dynamically breaks this symmetry down to its diagonal subgroup SU(Ny)y. This is
reflected in the wildly different masses of the 0~ and 1=~ meson spectrum when com-
pared to their parity partners. Thus, the magnitude of chiral symmetry breaking v may
be used as an order parameter to formulate effective theories. The U(1) 4 symmetry is
anomalous and, in turn, gives rise to a pseudoscalar meson that is much heavier than the
rest: the ' meson. As was shown by ’t Hooft, the breaking of U (1) 4 and the mass of the
7’ meson can be understood in terms of instantons [49,50] or, in the large N limit, as the
Witten-Veneziano mechanism [51,52]. It is thus driven by gluons, which signals a possibly

large gluonic component in the wavefunction of the 7’ meson.

In QCD with massive fermions, chiral symmetry is also explicitly broken by the quark

masses, which are given by [9]

My = 2.167059 MeV,  mg = 4.677018 MeV, m, = 93.475% MeV

(3.2)
me = 1.277002 GeV,  mp = 4.187003 GeV,  my = 172.69703 GeV.

Taken at face value, the explicit breaking of SU(3) 1, x SU (3) g for the three lightest flavors
is fairly strong, though a comparison of results from chiral effective theory with experiment
suggests that this approximation is still justified [48]. The following computations will

also utilize the approximate three-flavor symmetry.
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In chiral perturbation theory one expands the interactions in powers of the pion decay

constant over momenta through interactions of the form
L2 0,0 (@)Ut
Lypr D *Efn tr 0,U (2)0"U"(x), (3.3)

where
Ulz) = M@/ T(2) = T1%(2) A%, (3.4)

and \* = 2T are the Gell-Mann matrices including \° = ,/2/Ny1. For the pseudoscalar

sector, one thus has

0 8_1 0 /2
. 70+ %—i—n\/g Vort V2Kt
) =5 Var G VEKY | 69)

Volle V2K —2n* & +1%\/3
for Ny = 3. To justify a perturbative (derivative) expansion, the experimental value of
fr = 130.2(1.2)/v/2 = 92.07(0.85)MeV (3.6)

quoted by the PDG [9] does not seem high enough compared to the actual mass of the
pion m, = 134.98 MeV. However, a systematic loop expansion of interactions resulting
from (3.3) sets the effective expansion parameter to 47 f; ~ 1 GeV. The chiral Lagrangian
in (3.3) is supplemented by the anomalous Wess-Zumino-Witten (WZW) [53, 54] term
coupled to photons

Lwazw D — ;TN;QGMNOPQH(UTaMU)(UTaNU)(UTaoU)(UTapU)(UTaQU)

ie? N,
4872

eMNOP A Fryotr <Q2(apU)UT + Q*UT(9pU) (3.7)
+QUQUT (apU)UT>

where e is the electromagnetic coupling constant and () is the electric charge matrix, given

as

Q = % -1 (3.8)
—1

for the Ny = 3 case. The WZW term successfully captures the physics responsible for the

decays of pseudoscalars, most prominently 7, into two photons!. The WZW Lagrangian

! This process is used to fix the prefactor of N, in (3.7).

Chapter 3 Chiral Effective Theory
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gives a topological interpretation of the chiral anomaly in terms of a 5-dimensional theory,

making holographic models particularly suited to describe the physics of this action.

One can further include mass terms for the pseudoscalars via
Ly = v3tr (MU(z) 4+ h.c), M = diag(my, mg, ms) (3.9)
which results in the Gell-Mann-Oakes-Renner relation [55]

2m?2 = 2(my, + mg)v>. (3.10)

™

Note that the quark masses, as well as v, are renormalization scheme dependent. However,
their product on the right-hand side of (3.10) is not. Further, (3.10) displays the intimate

relation between f, and the order parameter of chiral symmetry breaking v in (3.1).

Since chiral effective theory has stood the test of time, holographic models of QCD
necessarily need to capture at least some of its features. In the next chapter, we shall turn

to the formulation of the holographic principle.
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The Holographic Principle

HE AdS/CFT correspondence, also known as the holographic principle or, in a
somewhat more general form, as gauge/gravity duality, is a conjecture that pro-
poses a connection between two seemingly disparate theories: quantum gravity
in Anti de-Sitter (AdS) space and a Conformal Field Theory (CFT) on its boundary. The
correspondence states that these two theories are equivalent, meaning one can completely
describe a quantum gravitational system in the bulk AdS space by studying a CFT living

on its boundary and vice versa.

It arose from studying low-energy string theory, specifically from the study of D-branes
in the 1990s. D-branes are extended objects in string theory on which open strings can
end. Originally proposed as a means to impose boundary conditions for the open string
sector [56,57], their dynamical importance was only later realized by Polchinski [58],
which triggered the second superstring revolution and marked the advent of M-theory [59].
In 1997, Maldacena made the remarkable observation that the low-energy dynamics of
the open string states of a stack of D3 branes in type IIB superstring theory, which are
described by a four-dimensional (maximal) supersymmetric Yang-Mills theory!, are in
one-to-one correspondence with the closed string excitations of the AdSs x S5 geometry
generated by the same branes. At low energies, these excitations are described by type
IIB supergravity, a theory of quantum gravity. Maldacena thus conjectured that these
two descriptions are equivalent, as depicted in Fig. 4.1, marking the birth of the AdS/CFT
correspondence. Shortly after this proposal, Gubser, Klebanov, and Polyakov [61] as well
as Witten [62], put the AdS/CFT correspondence on a strong theoretical foundation by

demonstrating how correlation and partition functions may be computed.

Since the literature on this topic is vast, with numerous important contributions over
the last few decades, we refrain from giving a complete historical account of this topic
but restrict ourselves to recapitulating key ingredients and insights necessary for the
computations presented in this thesis. For a comprehensive review of the AdS/CFT
correspondence, we refer the reader to Refs. [63, 64] for formal developments and to

Refs. [60, 65] for phenomenological applications, respectively

! Due to this highly symmetric setup, the theory is conformal

11
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Fig. 4.1.: A sketch of the AdS/CFT correspondence. Taken from Ref. [60].

Chapter 4 The Holographic Principle


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

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

thele

(]
blio
nowledge

(]
I
rk

4.1

M 0 1 2 3 4 5 6 7 8 9
N D3 e ° ° °
Table 4.1.: Brane configuration of the AdS;/CFT}, correspondence.

Formal Developments

Some identifications are necessary to relate the two sides of the gauge/gravity duality.
As first proposed by Maldacena [23], the correspondence relates N’ = 4 super Yang-
Mills theory with gauge group SU () and coupling gy in flat spacetime to type IIB
superstring theory on AdSs x S with curvature radius Rps, string length /5 and non-
trivial 5-form flux F5. This is seen to arise from studying the low-energy limit of a stack of
N D3 branes, as depicted in Table 4.1. There are two ways to view the physics described
by the brane background. On the one hand, we have the open string perspective, which is
valid at small coupling gs; V. Neglecting massive excitations, the theory is described by
a supersymmetric gauge theory with gauge field A, corresponding to string excitations
longitudinal to the brane, and scalar fields encoding the transverse excitations, as well as
the closed string action in the supergravity limit. In the Maldacena limit of &/ — 0 but
with field theory quantities fixed, the low-energy effective actions are seen to reduce to
that of flat V' = 4 super Yang-Mills theory and type IIB supergravity on R(%-1)2,

On the other hand, we have the closed string perspective that treats D-branes as solitonic
solutions to type IIB supergravity for large Rps or, equivalently, g.N > 1. For low
energies and at strong coupling, the metric sourced by the D3 branes is seen to asymptote
to flat 10-dimensional Minkowski spacetime for distances far away from the horizon and
to AdSs x S5 in the so-called near-horizon limit. As shown below, this limit corresponds

to the large N limit on the field theory side.

To summarize, at weak coupling one obtains the conformal N' = 4 SU(N) super Yang-
Mills theory as well as type IIB supergravity on RO, At strong coupling, one finds the
same flat supergravity theory and additionally type IIB supergravity on AdS; x Ss. Since
the flat supergravity theories match and describe the same physics, irrespective of the limit,
one might conjecture that the same holds true for AdSs and CFT4. It is straightforward

to check that the symmetries on both sides agree.

Considering the low-energy effective actions of this theory allows us to identify the
Yang-Mills coupling
g = 27gs (4.1)

? Note that in the naive limit of o’ — 0, the Yang-Mills and supergravity fields do not interact.

4.1 Formal Developments

13
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in terms of the string coupling ¢,. The 5-form flux

4
F;=4dCy, C4= (H(T)_l _ 1) dzO A - A dx3’ H(r)y=1+ <R:%> ,  (4.2)

where 72 = 22 + - - - + 22, stabilizes the AdS5 geometry and is quantized as

N 1
= Fr. 4.3
(2m)3gsll — (2m)7g2I8 /s g (43)

This enables us to determine the AdS radius Rp3 in terms of field theory quantities
2% N = 2\ = Rize/a?, (4.4)

where we defined the ’t Hooft coupling A = g3, N and the Regge slope o/ = I2. Note
that this identification involves taking the limits described above. In particular, we took
N — oo and ) large or, equivalently, g, — 0 and o’/ R2D3 — 0. In other words, we
are considering weakly coupled string theory in a classical gravitational background
that does not resolve the string scale. This is known as the weak form of the AdS/CFT
correspondence, but it is believed that the strong form, for any N and ), is also valid.
The latter form would involve the daunting task of carrying out quantized string theory

computations in a curved background, a problem that is, to date, unsolved.

To establish a formal relation between the two theories, one needs what is commonly
referred to as holographic dictionary. This one-to-one map is provided by matching
the symmetries on both sides of the correspondence and allows us to relate field theory

operators to certain string states. Following Ref. [64], consider for example the operator

Oa(x) = STr (¢, (z) -~ ¢in (@) (4.5)

where, for the sake of simplicity, we only consider the scalar fields ¢;(z) of N' = 4 super
Yang-Mills theory and STr denotes the symmetrized trace over color indices. Equivalently,
on the gravity side, we consider supergravity fields in the same representation as Ox ()
and perform a Kaluza-Klein decomposition according to the symmetries of the underlying
AdSs x S5 geometry

[e.9]

90('%'72795) = Z‘Pl(x7z)yl(95)a (4.6)

I1=0
where (z#, ) are the coordinates on AdS5 and Y/ (£25) denotes the spherical harmonics
on S5 which satisfy

Os. Y1 (Qs5) = —R%l(l +4)Y1(Q5). (4.7)
D3
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For the sake of explicitness, consider the trace of the graviton and the Ramond-Ramond

4-form

ho(x,z,Q5) = Z hé(w, z)YI(Qg,), Capys = Z bl(x, z)eangVEYI(QQ. (4.8)
=0 =0

The relevant equation of motion in type IIB supergravity

1
Ryn = gFMOPQRF NOPQR (4.9)

reduces to a Klein-Gordon equation

1
DAdsssI(x, z) = RTZ(Z —4)s!(z, 2) (4.10)
D3
for the field .
=~ _(pl-1 AR 4.11
) (hs =100+ 4)p") (4.11)

The mass of the scalar field s’ is related to the AdS radius Rps and the mode number of
Y1(Q5) as m?R3; = I(I — 4). Upon the identification A = [, (4.5) and (4.11) are in the
same representation, and thus we have established a field-operator map. Of particular
importance for the present work is the energy-momentum tensor 73y, which naturally
couples to metric fluctuations

d"N & Ty (4.12)

Analogously, one can establish the map by considering the boundary asymptotics of a
bulk field. For a field in AdS, they are given by

D(, 2)| a0 ~ do(2)292 + ¢y ()22, (4.13)

where ¢o(z) is referred to as non-normalizable mode and ¢ as normalizable mode,
respectively. On dimensional grounds, the latter mode may be identified with the vacuum
expectation value of a field theory operator Oa. On the other hand, the non-normalizable
mode is identified with the source of this operator. This can be shown explicitly by
evaluating the on-shell gravity action at the boundary and leads to the Gubser-Klebanov-
Polyakov-Witten (GKPW) formula® [61,62]

Z[®g] = e WPl = <exp ( / ddx¢00(x)>> : (4.14)

CFT

where ®y denotes the boundary value of an arbitrary 5-dimensional supergravity field in

AdSs, W[®o] = SsucRra| s, () is the generating functional of connected Green’s functions

’ Here we give the formula in Euclidean signature, as in its original form.

4.1 Formal Developments

15
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Fig. 4.2.: Exemplary Witten diagram contributing to the scalar 4-point correlator. The dashed
lines connecting to the boundary (outer circle) denote bulk-to-boundary propagators,
while the dashed line connecting the vertices in the interior corresponds to a bulk-to-bulk
propagator.

pertinent to the dimensionally reduced type IIB supergravity action on AdSs x S5, and O
is a composite operator matching the representation of ®¢. Specifically, (4.14) equates the
generating functional of the CFT correlators to the action of the dual gravitational theory,
evaluated on a particular classical solution that satisfies boundary conditions determined
by the sources in the CFT. The connected Green’s function for some composite operators

O; are now following from

_O"W (Rf(21), ..., P (wn))

(4.15)

Further, (4.14) allows for a diagrammatical way to compute the field theory correlators
on the gravity side in a similar fashion to Feynman diagrams. These diagrams are known
as Witten diagrams, with vertices representing interactions in the bulk AdS space and
lines representing the propagation of bulk fields. The boundary is represented by a circle,
while the interior corresponds to AdS spacetime. An exemplary Witten diagram is given
in Fig. 4.2. In the following chapters, some of these identifications will be made explicit

for particular backgrounds that are suitable to describe QCD in the confining phase.

Chapter 4 The Holographic Principle
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Introduction

It’s a dangerous business, Frodo, going out your door.
You step onto the road, and if you don’t keep your

feet, there’s no knowing where you might be swept

off to.”

—J. R.R. Tolkien
The Fellowship of the Ring

HORTLY after its conception in 1997 [23], the holographic principle was applied to

study numerous aspects of strongly coupled field theories [62,63,66,67]. While in

its original form, it has yielded valuable insights that lead to a better understanding
of strongly coupled systems, such as deconfined quark-gluon plasma, the absence of
confinement and chiral symmetry breaking in superconformal gauge theories necessitates
a more refined holographic model to connect to real-world QCD. Already soon after
Maldacena’s seminal paper, Witten formulated a brane construction that is dual to pure-
glue QCD in the large N limit [68] which successfully incorporates a mass gap. We will
recapitulate this model in Chapter 6. A few years later, Sakai and Sugimoto [69] included
chiral quarks by open strings stretching between color and flavor branes. As we will revisit
in Chapter 7, it successfully reproduces chiral symmetry breaking in a geometrical fashion
and leads to an effective chiral hadronic model (see Chapter 3) that semiquantitatively

captures numerous features of hadron spectroscopy together with decay patterns.

In Chapter 6 we briefly recapitulate the Witten model. Next, we will turn to the construction
of the Witten-Sakai-Sugimoto (WSS) model and present important results for the following

glueball computations of II.

19
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No Strings Attached:
Witten's Model of Large-N
Yang-Mills Theory

HE to date most successful top-down construction dual to large N Yang-Mills theory
is due to Witten [68]. It is based on an M-theory construction in AdS7 x Sy, which
is dual to a 6-dimensional superconformal theory on M5-branes. The superfluous
dimensions are compactified in a way that breaks supersymmetry and, at low energies,
is dual to a 4-dimensional large N Yang-Mills theory. In the following, we shall briefly

review its construction.

The near horizon limit of a stack of N M5-branes compactified on a supersymmetry

breaking “thermal” circle of radius MK_K1 in the fourth spatial coordinate x4 = 7,

2
727'—1-5727'—1—77r , Myx = 3rgx /L2, (6.1)
My

is given by the geometry of a doubly Wick-rotated black hole [70]

2 L2 d 2 L2
5 [F)da + ndar'de” + dad, | + 25— + —-d0, (6.2)

ds? = =
iy L r2 f(r)

where L is the AdS radius. The metric in (6.2) is stabilized by the 4-form flux

6
Fopys = T Vsi€apys, (6.3)

which is sourced by the N M5-branes. Asymptotically, this space reduces to AdS7 x Sy
with a radius half that of the AdS space. Freund and Rubin previously encountered this
configuration in [71] when they were searching for Kaluza-Klein reductions of unified
theories to 4D. The background in (6.2) is a solution to the equations of motion following

from the unique 11D IIA supergravity action whose bosonic part reads
1 | BN 1
S11 = 5 /dx\/ -G | R— *|F4| — f/Ag AN Fy N Fy. (6.4)
2K 2 3!

with 2k%; = (27)819 the 11-dimensional Newton constant. The Witten model was shown

to reproduce numerous features of low-energy Yang-Mills theory like a mass gap [68], a

21
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gluon condensate [72] and a spectrum of glueballs [73,74] in qualitative agreement with
lattice QCD [11, 12]. In holographic models, glueballs arise as fluctuations of the fields
in the closed string sector of the theory. However, QCD is not only a theory of glue, but
a theory of quarks bound by gluons. To understand, and therefore be able to search for
glueballs, one must study their interactions with mesons, bound states of quarks of various
flavors. Before turning to the glueball spectrum in Chapter 9, we will thus introduce quark

flavors via open strings.

Chapter 6 No Strings Attached: Witten’s Model of Large-IN Yang-Mills Theory
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Strings Attached: The
Witten-Sakai-Sugimoto
Model

N Refs. [69,75] Sakai and Sugimoto have extended Witten’s D4-brane model to include
Ny chiral quarks by a D-brane construction in the so-called probe limit N. > Ny,
where the flavor branes do not backreact on the original geometry. The daunting issue
of going beyond the probe limit has been tackled in [76,77]. The WSS model, sometimes
also referred to as the D4-D8-brane system, not only reproduces qualitatively numerous
aspects of low-energy QCD and chiral effective theory but frequently achieves semi-
quantitative agreement, all with a minimal number of free parameters. In this chapter, we
briefly recapitulate the WSS model, carry out computations of masses and decay rates,

and compare them to experiment. For a review, see Ref. [78].

After reduction of the 11-dimensional background of (6.2) to 10D by compactifying x11 =
2mgsls and employing the coordinate transformation U = 2 /2L, Rpy = L/2 we arrive

at the metric

3/2 3/2 2
a5 = () [wdetas” + p0)ar?] + (24) [dU +U2dszi],

D4 U fU)
U \3/4 27l5)3 N, Ug
=g () R=ace =TT gy T g

with dilaton ¢ and Ramond-Ramond three-form field! C3. Later on, the dimensionless
variable u = U/Uxk will also be frequently used. Here z#, = 0,1, 2, 3, are the coordi-
nates in the flat four-dimensional directions, U is the radial holographic direction, where
regularity at U = Uxg fixes

_ 33Uk

_2R]3)/42.

Mxk (7.2)

! Using standard string-theory conventions [79] for the normalization of Ramond-Ramond fields rather than
the rescaled version of Ref. [69].

23
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The AdS radius Rp, is related to the string coupling gs and the string length [ via the

quantized charge of the 4-form flux

1
——5= | Fi=27N, 7.3
(27_(_)2[2 S4 4 0 Cy ( )
which gives R}, = mgs NI

Through the Kaluza-Klein reductions of S, x S;,,, the D4-brane system of (7.1) can be
viewed as M5-branes wrapped on 7. The dimensionally reduced action of (6.4) now
reads [79]

Srra = Sns + Sr + Scs,

1 1
SNS = W /dlol'\/ _9672¢ <R+ 4VM¢VM¢ - 2‘H3’2) ?
10

Seg = _%l%o/dlox;Bz N Fy N\ Fy,
where
Fy=dCy, F,=dCs,
(7.5)

F4 =F,—-CyNH;, Hs3=dB>,

and 2x2, = (27)"I%. The actions Sy g and Sg refer to the Neveu-Schwarz (NS) and Ra-
mond (R) sectors of the theory, respectively. They arise from the Gliozzi-Scherk-Olive
(GSO) projection in the Ramond-Neveu-Schwarz (RNS) formulation of superstring theory;
a consistency condition imposed that removes the tachyon from the spectrum and simul-
taneously ensures spacetime supersymmetry. The GSO projection acts on the fermionic
states in the closed string sector, where fermions with anti-periodic boundary conditions
live in the NS sector and those with periodic boundary conditions in the R sector. The
NS-NS strings give rise to the graviton, dilaton, and Kalb-Ramond fields, while the R-R
strings bring about various p-form fields. For details on the RNS formalism and the GSO
projection, see Ref. [70]. Some calculations of the dimensional reduction that are relevant

for this thesis have been relegated to Appendix A.

The probe (Ny < N.) D8 and D8-branes extend along z#, U, 5S4, as indicated in Table 7.1,
and are located in an antipodal configuration on the 7-circle. Since the geometry is cut off
at a finite value of U, the branes join smoothly at Uxi? as depicted in Fig. 7.1a and thereby
implement spontaneous chiral symmetry breaking U(Ny¢)r, x U(Nf)gr — U(Nyf)y ina

2 If one were to choose a non-antipodal embedding, the branes would join at Uy > Ukk (see e.g. Ref. [80])
and thus introduce an additional mass scale.

Chapter 7 Strings Attached: The Witten-Sakai-Sugimoto Model
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(@) (b)

Fig. 7.1.: (a) The near-horizon geometry in (7.1) forces the D8-branes to join smoothly at Uxk. (b)
Brane configuration of the D4/D8 system, including N, — Ny open strings. The coordinate
x4 = 7 is understood as periodic. Courtesy of Andreas Schmitt.

geometrical way. Aslow energy modes, the N. — N strings involve chiral quarks, as

M 0 1 2 3 4 5 6 7 8 9
N, D4 ° ° ° ° °
Nf DS —D8 o ° ° ° ° °

Table 7.1.: Brane configuration of the D4-D8 system.

depicted in Fig. 7.1b. At strong coupling and low energies, they are described by their
bound states in terms of fields living on a stack of Ny coincident Dp-branes, where p = 8
for the WSS model. Their interactions are characterized by the sum of the Dirac-Born-Infeld
(DBI) and Chern-Simons (CS) action [79]

Sggl = —Tp/dp+laze_¢Tr \/— det (9N + 27/ Fyyn + Byun)s

SCDé) =T, /Dp VA(R)Tr exp (2nd’F + B) A Cy,
q

(7.6)

where T}, = (27r)*pl5_(p +1) is the brane tension, F' = dA — ¢A A A the non-abelian field
strength of the brane gauge fields and A(R) the A-roof genus arising through anomaly

inflow [81]. The latter is given by a sum over Pontryagin classes

N | 1 )
AR) =1 = 51 (R) + g (TP1(R)? = 4pa(R)) + ... (77)
where
1
P(R)=—-5Tr RAR
81” (7.8)
_ 2 _
P2(R) = 5o ((Tr RAR)? —2Tr RARARAR),
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and Riemann curvature 2-form R is related to the Riemann tensor via
1 c D
Rap = §RABCDdJ} Adx™. (7.9)

The (symmetrized) trace in (7.6) runs over the U (V) as well as Minkowski indices, and the
sum over Ramond-Ramond g-form gauge fields in the Chern-Simons term is understood
in a formal sense where the integral picks out the (p+1)-form contributions. Note that
the appearance of the Kalb-Ramond field together with F' is attributed to the underlying
(broken) supersymmetry of the theory [70].

By dimensionally reducing the action of a probe D4-brane on S

(27Ta )2

Spsa D — T4 ’FYM|

Tr /d4xe ¢\/

(7.10)
+ T4(27TO/) /Cl A Fyv A Fyw,

the boundary theory at U — oo is identified with a 3+1-dimensional Yang-Mills theory,

including a f-term

1 , 1 0
Lpy = ——5—Tr |F )
P g S e 7
The ’t Hooft coupling A and Yang-Mills coupling gyt are hence given by
A = g2 Ne = 21gsls Mgk N,. (7.12)

The Ramond-Ramond field C'; is vanishing for the Witten background, leading to § = 0.
However, when the action of 8-branes is considered, an additional term arises through
Hodge duality of F3 = dC7 = xF; that modifies the equation of motion for C'y, eventually

giving rise to the Witten-Veneziano mechanism [51,52].

As QCD lacks a quantum number associated with SO(5), we restrict the spectrum to
trivial fluctuations on the Sy. The terms quadratic in the field strength of the DBI action for
p = 8 in (7.6) can be reduced to a 5-dimensional Yang-Mills theory with action [69,75]3

SEPI o —k / dizdztr ( K™'3F2, +M§KKF3Z> , (7.13)
where N
— c — 2 _ 7173 3
K= e K(z) =14 2° = U”/Ug, (7.14)

* In (7.13) the Minkowski metric 7,,,, in the mostly plus convention is used to contract the four-dimensional
spacetime indices. Unless stated otherwise, this convention will be used throughout.

Chapter 7 Strings Attached: The Witten-Sakai-Sugimoto Model
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and the remaining trace over the U(Ny) indices. To arrive at (7.13), we performed a

Kaluza-Klein decomposition of the flavor gauge fields

[e.e]

Z (@) (2), Zcp (") (2), (7.15)

using the complete sets {1, (2)},,>1 and {¢n(2)},,>(- The holographic wavefunctions are

normalized as
K / K YB3ty = Smns K / dzK dmon = Smn. (7.16)
and satisfy the completeness relations
RS K () () = 0z — ), kY Kou(2)en(2) =0z = ). (717)
The eigenvalue equation following from (7.13)
K730, (K0.40,) = Atbn,  An =m2 /Mgy (7.18)

can be used to relate the two complete sets via ¢, (z) x 0,9, (z) for (n > 1) and the

remaining massless mode is given by

1

= . 7.19
¢0 (Z) \/ﬁMKKK(Z) ( )
Inserting the separation ansatz (7.15) into the DBI action (7.13) and integrating over z, we
obtain
GDBI o () Oup™ ’
SEE o —tr [ d*x ugo —|—Z ( ) +m;, | B} - ,
n

(7.20)
with the abelian field strength f,(ﬁ) = @LB,(,n) — 8VB£n). Absorbing the remaining pseu-
doscalar fields ¢(™) with (n > 1) by the fields B,Sn), we obtain a quadratic Lagrangian of

massless pseudoscalar fields and (axial) vector meson fields with masses m,, = v/ A\, MKk

determined by the eigenvalue equation (7.18). Since (7.13) is invariant under (x1, x2, 3, 2) —

(—x1, —x2, —x3, —2), we can utilize the z-parity of solutions to (7.18) to determine their
transformation property in the 4-dimensional theory, to wit

o) = gn=1)  (n) — p@n)

I 2 ) L wo (7.21)

where v,(f) and a,(f) refer to vector and axial vector mesons, respectively. The lightest

vector meson is identified with the rho meson of mass m, = m; = v/0.669314Mxx,
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with the traditional value [69,75] of Mk = 949 MeV corresponding to m, = 776.4 MeV.
The remaining field (%) is identified as the multiplet of massless pion fields produced
by chiral symmetry breaking. The U(/Ny) 4-valued Goldstone boson field is given by the
holonomy

U(z) = M @A/fn — p expz/ dz A, (z,z), (7.22)

with II(x) already given in (3.5) and A, = II(z*)K 1 /\/ k7 M.
The pion decay constant is determined by matching to an expansion of the kinetic part of

the Chiral acti0n4
km / -1 5 (7) 2 ( )
chlral " ) 7.23

and given by
f2 - )\NC
T 4t TRE

Conventionally fixing fr ~ 92.4 MeV one obtains A ~ 16.63. Matching instead the string

(7.24)

tension )

2
_ Y = 2 M2 7.25
Os 27_(_[‘% gtt9zx _— 9 KK ( )

to the large- N, lattice result of /o &~ 440 MeV [83], gives a smaller "t Hooft coupling
A =~ 12.55 and thus also pion decay constant f; ~ 80.3 MeV. Studies of the spectrum
of higher-spin mesons in the WSS model [84] also seem to favor a smaller value. In the
following, the variation of A ~ 16.63...12.55 shall serve as an error estimate of the

predictions of the model.

Massive Pseudoscalar Mesons

In holographic models, the anomalous breaking of U (1) 4 is tied to the lowest Ramond-
Ramond p-form C), [85-87] in the Chern-Simons action in (7.6). °. In QCD, the U(1)4
transformation of the quark fields may be compensated by a shift of the 6 parameter.
As was shown in (7.11), the 6 parameter is identified with Ramond-Ramond 1-form C}.
This gives rise to a Witten-Veneziano [51,52] mass term for the singlet pseudoscalar 7.
In particular, anomaly cancellation [81] requires a gauge invariant redefinition of the
Ramond-Ramond field strength F5

5 3 M, V2N7
Fy =31, % erK (e + 7 ! ?70> dU A da?. (7.26)

* In Ref. [69] it was shown that (7.13) also reproduce the full Skyrme action [82].
* This action is of order 1/N, and thus U(1) 4 is restored in the strict large- N, limit.
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Correspondingly, the correct kinetic term in the bulk action is now given by

1
T T,

[ dav=glBal, (7.27)

from which one obtains the Witten-Venziano mass® [69]

2N; A2 Ny,

?Xg = 972 N, KK (7.28)
s

3 =
where X, is the topological susceptibility. Using Ny = N, = 3, and A = 16.63...12.55
we obtain

mo = 967 ...730 MeV. (7.29)

A deformation resulting in mass terms for the other pseudoscalar mesons may be generated
through either worldsheet instantons [88,89] or non-normalizable modes of bifundamental
fields corresponding to open-string tachyons [80,90-92]. The resulting Lagrangian can be
shown to be of the form in (3.9) and hence reproduces the Gell-Mann-Oakes-Renner rela-
tion. Without a precise understanding of how this deformation is achieved, we tentatively

propose an isospin symmetric Lagrangian of the form

LM = yTr (MU (z) + h.c.),
wTr ( (z) + h.c.) (730)
M = diag(my, mg, ms),

where m,, = mg = m and an unfixed overall scale ;.. The resulting masses in the

pseudoscalar meson sector are given by [93]

m2 =2, mi = (M4 mp,
2 1 4 1 (7.31)
2 2 2 2 2 2
mi = ng—i—gmﬂ, mg = ng—gmw,
and
2 L 2 mé Lo o 2 2 2)2
mnm/ = §m0 + my F 1 — gmo(mK — mﬂ) + (mK — mﬂ) s (732)

for the mass eigenstates

n = ngcosfp — nosinOp,
(7.33)

n' = ngsinfp + ngy cos Op,

® We see that the limit N. — oo indeed restores the broken U (1) 4 symmetry by yielding a massless Nambu-
Goldstone boson.

7.1 Massive Pseudoscalar Mesons
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7.2

30

with mixing angle

2v2

0 L t (7.34)
p = —arctan . .
2 L — §mf/(my —m3)
Using the isospin symmetric parameters
mZ =m? ~ (135 MeV)?, (7.35)

and ) )

m%( = §(m%(i + m%(O) - i(mii - m?ro) ~~ (495 MeV)2, (7.36)
as well as the pseudoscalar singlet mass in (7.29), we obtain 0p ~ —14.31° - - - — 24.15°

and m, ~ 520...470, m,, ~ 1080...890 MeV. In the following, we shall vary 0p in
(7.34) together with A, but fix m,, and m,, to their experimental values in the evaluation
of phase space integrals. Further, the explicit quark masses will not modify the results for

the chiral couplings, but only appear in phase space factors.

Vector Meson Dominance

The holographic principle relates non-normalizable modes to external sources. By utilizing
the local U(1)y bulk symmetry, electromagnetic interactions are obtained by asymptotic

values of the corresponding gauge field on the D8-brane [75]

hm Au(z,2) = AL pu(z) = QA" (2). (7.37)

z—+o00

The ansatz in (7.15) is thus now given by

[e.e]

Ap(at, 2) =Ap, (2")1(2) + Aru(z)y Z (@) (2), (7.38)
with the non-normalizable zero modes ¥+ (2), 0,9+ (2) x ¢o(2) defined as

(1 £4o(2)), Yo(z) = — arctan z. (7.39)

DN |

Yi(z) =

To distinguish between the different fields we introduce the notation

1 1
VM = i(AL,u—i-ARM), ‘AME i(ALN_ARN)7 (7.40)
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https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

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

thele

(]
lio
nowledge

b

i
r

7.3

for photons and would-be axial photons, such that

Au(@,2) = V(@) + Au(a)o(z) + D vl (@) a1 ( +Z () (@) 4pan (2).
n=1

n=1
(7.41)
The first term in (7.13) can thus be expanded as
B aek=V302, 5% 9,0, — 0,V,)% + 2244 (9,4, — 9,4,,)°
5 % 2 v Ovbp 9 uAy — OvAy
(n) (n) " g am)?
+ tr (8 vV — 0, v, ) + 2‘[r (3 &,au ) (7.42)
+ avuntr ((9V0 = 0,V) (905" — 0
+ aantr (DA — 0, A,) (Gpal — 0 a(”)>)
with coupling constants
Aypn = Ii/dZK_l/3¢2n_1, ayy = H/dZK_1/3,
(7.43)

aawn = [ A=K oo, ann=r [ dKV0R,

Due to the non-diagonal terms in (7.42), the photon field is mixed with the diagonal states
of the vector meson nonet, p', w and ¢. Higher order terms omitted in (7.42) correspond
to interactions. They do, however, not include the photon, which only couples through

the mixing terms in (7.42), thereby realizing Vector Meson Dominance (VMD) [94-97].

Hadronic and Radiative Meson Decays

In this section, some exemplary decay rates previously studied in Ref. [98], to which the
interested reader is referred for details, are presented. On the one hand, they serve as a
prelude for the following glueball computations and, on the other hand, to gauge to what
extent the results of the WSS model are credible. Some shortcomings will be addressed,
together with modifications that may be used to account for them. If not stated otherwise,
masses of particles are taken from the averages listed in the PDG [9] as well as the JZ¢
naming convention’ of pseudoscalar 07~ and vector 17~ for ¢g states with vanishing
angular momentum (I = 0) and scalar 0™, axial vector 17" and pseudovector 17~ for
their orbital excitations (I = 1). The same naming convention will be used for the glueball

states later on.

7 See Chapter 15 of [9] for details.

7.3 Hadronic and Radiative Meson Decays
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7.31

32

Hadronic Vector and Axial Vector Meson Decays

We obtain vertices between vector, axial vector, and pseudoscalar mesons through the
commutator terms in the DBI action (7.13). Restricting to two flavors, the p meson couples

to two pions via

b
Epﬂ'ﬂ' = —gpﬂ'ﬂ'gabc(auﬂ—a)p Hre,
1

1 1
T — dz— =33.98 X 2N, 2.
9p / Z7TK¢1 2 Ne

Using the kinematic relations and formulas given in Appendix D, we readily obtain the

spin averaged, squared amplitude

2 1 * v
|Mp—>7rﬂ" = Z geftp)el(/p) MgrrﬂMpﬂﬂ
Ap

(7.44)
_ 9;277r7r 2 4m2
=73 2
M
and the partial decay rate
L p
11p—>7r7'r = 8 |m7;| |Mp—>7'r7r| (7-45)

yielding I'y 7 = 98.0...130 MeV for A = 16.63...12.55. This somewhat underesti-

mates the experimental result of about 150 MeV.

Analogously, we obtain interactions involving an axial vector meson

a by, _c
£a1p7r = Yarpr€abcly P s s

K [ (746)
Jaipr = 2MKKU* /dzwéwl = —34.43)\" 2N, 2 Mgxk.
s

Note that these interactions can also be obtained via the substitution 9,4, — —a;;azwzn

in (7.44). The decay rate of isotriplet axial vector mesons into p7 is obtained from

1 |px|
Fal—>P7T =2x {7 mﬂ ’Mp—ﬁm‘ (7~47)

with a factor of 2 to account for the two differently charged combinations p* 7T and

2mg,mp

2
2
(Mayospel® = <galpﬂ> (mg1 —2m2, (mfr - 5m§> + (mfr - m?)) ) (7.48)

The WSS model predicts the mass of the a; meson relatively close to its experimental value
of 1186.5 MeV. However, the partial decay rate of 425...563 MeV resulting from (7.46)

Chapter 7 Strings Attached: The Witten-Sakai-Sugimoto Model
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already saturates the experimental total width of 420(35) MeV® [9] . Whereas, according
to [99], only roughly 60% of its width is due to S-wave pm decays with subsequent decays
into three pions®. Due to its large width, we shall treat the a; meson as a resonant

contribution to the three-body decays computed in Chapter 10.

From the discussion above, we can conclude that the WSS model reproduces hadronic
decays quite well when restricted to the light quark flavors with N; = 2. With the strange
quark included, several shortcomings arise. While the p and w meson are nearly degenerate
in mass, the ¢ meson is significantly heavier. Nevertheless, we shall consider the case Ny =
3, giving rise to the K, 7, and 1)’ pseudoscalar, K*, w, and ¢ vector, and f1, fi, K1(1270),
and K1 (1400) axial vector mesons with their masses raised accordingly when evaluating
phase space integrals, but assuming the same coupling gx+xr = gox Kk = Jprr> and so on.
For example, this gives T'(K* — K7) =28...37 MeV and I'(¢ — KK) = 2.12...2.82
MeV, which are about 40% and 20% smaller than the results quoted by the PDG [9] ,
respectively. Besides extrapolating to their experimental masses, we consider mixing in
the pseudoscalar (see Section 7.1) and axial vector meson sector. In particular the f; and

/1 mesons mix according to

| f1(1285)) = cos O¢|nin) — sin O¢|5s)
|f1(1420)) = sin Of|nn) + cos O¢|5s), (7.49)

so that ideal mixing corresponds to #y = 0. Later on, in Section 7.3.3, we will fix the

mixing angle from its equivalent photon rate to 6y = 20.4/|26.4°.

The physical strange axial vector mesons K;(1270) and K (1400) are mixtures of K4
(171) and the excited axial vector meson K1 (177) [100]. Because in the WSS model,
there is no 17~ nonet of ordinary mesons, only K4 is present, which couples to the

physical K7 mesons according to their mixing defined by
|K14) = cos 0| K1(1400)) + sin O | K1 (1270)). (7.50)

Due to this shortcoming, we will not attempt to compute the hadronic and radiative decays
of K1(1270) and K1 (1400). However, they will be considered as physical states appearing
via (7.50) when computing decays of glueballs in Chapter 10. In Refs. [100,101] the favored

mixing angle is quoted as |0 x| ~ 33°, which we will adopt in the following.

The w and ¢ meson are almost ideally mixed, which will be assumed in all decay rates
collected in tables. We shall, however, sometimes comment in the continuous text on the

effects of a small mixing. For easier reference, we have collected the mixing angles in

8 Albeit with experimental results varying from 250 to 600 MeV.
® The p meson almost exclusively decays into a charged pion pair [9] .

7.3 Hadronic and Radiative Meson Decays
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9]0 013 9\/ 0K
20.4]26.4° —14.31...—24.15° 35.26° 33°

Table 7.2.: Parameter table of mixing angles used. The dots correspond to the variation in A =
16.63 . ..12.55, while the vertical line separates the two values obtained from fitting to
the equivalent photon rate (see Section 7.3.3). The vector meson sector is assumed to
mix ideally.

Table 7.2. Unless stated otherwise, we shall exclusively use those values. The pseudoscalar
mesons of the Ny = 3 nonet are too light to decay into pairs of vector mesons. However,
through VMD, these interactions will give rise to the anomalous m — 2+ decays. The

corresponding Lagrangian including vector mesons is obtained from the CS-term

Scs D Tg/tr (eXp (27TO/F2 + BQ) N 03)

N,
5 e / tr (34, F Foy — 4A,0,4,F,y) | (7.51)
and given by
Ne o (Mg p(m)
Litymon =g Comom e (Hﬁuvy 9,0 ) : (7.52)
™
with coupling constants
1 _ 1350.83
Cynym = ; /dZK 1¢2n71¢2m71 = {Wa . '}7 (7-53)
C

as originally studied in [75]. Only the decay ¢ — 7p would be above the mass threshold
but is forbidden due to the assumed ideal mixing. We shall return to this particular decay
channel later on when also discussing the decay ¢ — 7, which is inherited from this

reaction.

As was the case for the pseudoscalars, the axial vector mesons for Ny = 3 are below
the mass threshold for decays into two vector mesons. However, the CS-term in (7.51)

contains interactions between two vector mesons and one axial vector meson

N,

Lymyngp = — rédvmmape“”p”tr (vflm)al(,p)apv((,”)) , (7.54)
with
dv’"v”ap :/d2¢2m—lwén—lw2pn (7~55)

that will, through VMD, give rise to radiative decays.
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7.3.2

7.3.3

Radiative Pseudoscalar Meson Decays

The heaviest pseudoscalar meson described by the WSS model with Ny = 3 is the 7/
meson. With a mass of about 1 GeV, it lies below the mass threshold for the production of
two vector mesons. However, through VMD, one can obtain from (7.52) decays into two

photons realized through the interaction

NC vV po
Ly = — Mcweu P (T10,V,0,Vs) (7.56)

where the sum over the entire tower of vector mesons yields
1 -1
vy =Y cypgmapem = — [ dzK 7' = 1. (7.57)
p T

The decay rate is obtained as

11 |p,|1

r Sty | 01 Yo 2 7.58
197 = 38 2 2 My (7.58)
with
Anr2
2 € N; 2\\2 4
|IMioyyl =onip (tr (THQ )) mr, (7.59)

where the additional factor of 1/2 is due to identical outgoing states. In Table 7.3 we
collect various radiative decays rates of pseudoscalar mesons for A = 16.63...12.55
and compare them to the experimental values quoted by the PDG [9] . Since the choice
A = 16.63 corresponds to the correct pion decay constant, only the first value matches
the experimental decay rate for 7° — 27. Due to the mixing angle §p given in (7.34),
the variation in A = 16.63 ... 12.55 is non-monotonic for decays involving 7 or 1/’. The

extremal value is also given for intermediate values of A exceeding the bound.

Radiative Vector and Axial Vector Meson Decays

Using VMD, the interaction between a photon, a vector meson, and a pseudoscalar meson

is obtained from (7.52) as
Ne jwpo (n) (n)
ﬁHV’U” = mcyvnﬁ tr (H@ny apVJ + Ha,uVyapUU ) s (760)

with coupling constant

1
Cyon = — / dzK 4,1 = {33.9839,... }(N.A)~V/2, (7.61)
Qo

7.3 Hadronic and Radiative Meson Decays
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[P [keV] WSS [keV]
70 — 2y 0.00780(12) 0.00773...0.0102
n— 2y 0.515(18) 0.480...0.978
n — 2y 4.34(14) 5.72...5.87...5.75
pV — mly 70(12) 56.2...98.6
pt — wEy 63(7) 56.2...98.6
0 =y 45(3) 40.3...90.5
w — 10y 725(34) 521...915
W — Yy 3.9(4) 4.87...10.9
n — pOy 55.4(1.9)fit 68(7)2"" 54.1...59.2...58.5
7 — wy 4.74(20)8t 5.8(7)2"" 5.37...5.89...5.81
¢ — 70y 5.6(2) 0
b — ny 55.3(1.2) 84.7..92.8..91.6
o —n'y 0.264(10) 0.525...1.18
K*0 — KO~ 116(10) 124...218
K*F o K*ny 50(5) 31.0...54.5

Table 7.3.: Radiative decay widths of pseudoscalar and vector mesons with ’t Hooft coupling
A =16.63...12.55. For nonmonotonic dependence on A intermediate extremal values
are also given. Ideal mixing is assumed for w and ¢. Except for the 7% width [106], all
experimental results are taken from the PDG [9] .

Note that one may use again the completeness relation (7.17) to eliminate the summed-over

modes. The partial width following from (7.60) is obtained as

1
8

V|

| Myn iy | g (7.62)
v

Fv"%l‘['y =

with the spin-averaged squared amplitude

2 2772
CV n€ N 9 9 9 2
i (tr (0T Q)+ tr (ThQT,0)) (mb—m2.) . (763

|Mv"—>HV|2 =
In Table 7.3 we list the radiative decays involving a pseudoscalar meson, a vector meson, and
one photon. As stated above, the mixing angle 6y is assumed to be ideal §}, = arctan 1/+/2.
Fitting it, for example, through the ratio of their decay widths into 7T0’)/ [9],5.6/725, one
obtains an (almost ideal) mixing angle of 8y = Hi‘}ieal + 3.32°, as in [102]. This would
give T'WSS(¢p — 719) = 4...7keV and TWSS(w — 7y) = 3.94...9.46, consistent with
experiment, but at the cost of overestimating TW5(/ — wy) = 6.92...8.29. For the
hadronic decay ¢ — pm, which is the dominant decay channel in ¢ — 37 [103-105], we
obtain Iy, ,r = 189 ... 440 keV. Currently, the PDG lists no average for either process. A
common feature shared by many holographic models [75,107-109], and also the hidden

local symmetry approach [110], is the vanishing of the coupling of an axial vector meson
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to a pseudoscalar meson and one photon. In the WSS model, this interaction arises from

K
Jarmy = 2MKK\/; / dzephy = 0, (7.64)

which integrates to zero due to the negative z-parity of the integrand. This is in agreement

(7.46) with coupling

with the rather small ali — mty width observed in experiment that cannot be explained
by naive VMD models [111].

Employing VMD on (7.54), the interaction Lagrangian between one axial vector meson,

one vector meson, and one photon is readily obtained

N,
Lyyngr = — ﬁdwnape“”p"tr (v&")a(yp)ﬁpvg) , (7.65)
with
dyunar — / Azt oy = (249714, .. }NZIAL, (7.66)

Carrying out the spin-averaging and the polarization sums gives

d%v"al’ (mc%p — m%")2 (mgf’ + m%}") ]\Tc2

M pny|? = (tr (eQTuwTyn))?.  (7.67)

96m4m2, m2,

The numerical results for the decay width

Tar—somy =817r‘:1’;" [Mapony|” (7.68)
are listed in Table 7.4. Again, ideal mixing between w and ¢ is assumed. Non-ideal mixing
with 0y ~ 38.6° would marginally increase ¢y over w+y for f1(1285), at the cost of
decreasing it for f1(1420). In accordance with the Landau-Yang theorem [114,115], the
would-be two-photon interactions resulting from (7.54) vanish, since the radial derivative
would act on the constant bulk-to-boundary propagator of one of the on-shell photons.

If either of the photons is off-shell, we may use the equation of motion of the bulk-to-

boundary propagator
1/3 Q?
1+2%) 0. |(1+2%)0.7Q,2)| = =5 T(Q, 2), 7.69
(1+22) 7. |(1+2%) :7(@.2)] = 777 (@:2) (7.69)
and expand (7.69) for small momenta @)
2
J(Q,z) =1+ M—zﬁ(z) +0(QY). (7.70)
KK

7.3 Hadronic and Radiative Meson Decays
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P [keV] I'WSS[keV]

a1(1260) — py 28.9...50.8
a1(1260) — wy 247...434
f1(1285) — pvy 1380(300)...640(240) 295...518(270...473
f1(1285) — wry 31.3...54.9|28.6...50.2
11(1285) — ¢y 17(7) 2.44...4.29|3.97...6.98
f1(1420) — py 73.0...128/119...209
£1(1420) — wy 7.80...13.7|12.7...22.3
f1(1420) — ¢y 164(55) 52.9...92.9|48.3...84.8

Table 7.4.: Radiative axial vector meson decay with A = 16.63...12.55 and two values of the f;
mixing angle 65 = 20.4°|26.4°. Experimental values are from the PDG [9] except the
lower values for f1(1285) — py, which are from VES [112]; Zanke et al. [113] propose
here as experimental average 950(280) keV.

The function 3(z) is now seen to follow from

z 113
Y Jp— 1 (S 7.71
86 (1+22)2 1<372727 Z>7 ( )

and we obtain a non-vanishing coupling

Q2
dyv*ap :MT /dz@zﬂ(z)¢ap + O(Q4)
£x (7.72)
= Cvprar,  Cyprar = 101.309N, /2N 712,
MKK

The corresponding partial decay widths for a longitudinal 77 or transversal v} virtual

photon are given by

. 2 [ cypram? N, o Ip| [ 5€ cos 0 ¢’ <in O 2Q2
L 2 DvralllgVe ) L P [9€7 — in
f1(1285)=yiyr T3 8m2 M2y 8rm?2 \ 18 ! 9v/2 d 7 (7.73)
6
Lt (1285) sy =0 (Q ) )

and

2 2
2 [ cypramN, 1 |p| [5e? . e? 9
Ff1(1420)_>'YZ’YT :g (871_2]\4;%( gmig E sin 0f =+ 97\/5 COS ef Q R (774)

up to O(Q?). The so-called equivalent photon rate is given by

I'(a— i), (7.75)
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5P [keV] WSS [keV]

ay (1260) - 1.60...2.121.39...1.85
f1(1285) 3.5(8) 3.84...5.09]2.39...3.17
f1(1420) 3.2(9) 3.50...4.64|2.19...2.90

Table 7.5.: Equivalent photon rates of axial vector mesons for two values of the f; mixing angle
05 = 20.4°|26.4° (in the latter case with My rescaled such that m, is raised to
the experimental value which reduces ¢ in (7.76) to zero); the range denoted by dots
corresponds again to A = 16.63...12.55, where only the first value is matching the
axial anomaly exactly. Experimental values from L3 [116,117], see also [113].

and listed in Table 7.5. Using (7.73) and (7.74) we can determine the mixing angle via

1+€ ~ flexp
2 It
tan? | 07 — arctan £ — (B S (7.76)
5/ \mg)  THT

where we introduced an additional parameter £ to account for the additional powers of
]\4K_K2 in the coupling dy,+4». The traditional form of (7.76) with § = 0 leads to 6y = 26.4°
[113], while § = 4, as in the WSS model, leads to 6y = 20.4°. Both in Table 7.4 and
Table 7.5 6 is thus varied as 0y = 20.4°|26.4° to account for the extrapolation of masses
of f1(1285) and f1(1420) to their realistic values, in conjunction with a rescaling of Mxx
by m&P /mWVSS therefore setting ¢ = 0 in (7.76). For both choices of A = 16.63 . ..12.55,
the WSS model shows quite good agreement with experiment, somewhat favoring a higher
value of A for f1(1285) and a lower value for f1(1285). No experimental data is available

for the equivalent photon rate of the isotriplet axial vector mesons.
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Introduction

People assume that time is a strict progression of
cause to effect, but actually, from a non-linear,
non-subjective viewpoint, it’s more like a big ball of

wibbly-wobbly, timey-wimey stuff.”

— The Doctor
Doctor Who

N this part we continue the analytical explorations made using gauge/gravity duality,

which has been employed for studying glueball spectra in strongly coupled nonabelian

theories shortly after the discovery of the AdS/CFT correspondence [73,74,118-122].

After setting up the holographic model due to Witten, Sakai, and Sugimoto and testing
its validity in Part I, we will now turn to holographic glueball physics. In Chapter 9 we
compute the holographic glueball spectrum as originally obtained in [74]. For the glueball
sector with even C parity, we will utilize the 11-dimensional formulation of the theory
presented in Chapter 6. For the C-odd sector, the computations are carried out in the
10-dimensional formulation of Chapter 7. After determining the mass spectrum, we will
study mixing with mesons and mass corrections arising from the DBI action. Next, we will
turn to interactions arising from the DBI and CS action of the D8-branes, compute various

hadronic and radiative decay rates, and compare them to the available experimental data.

This part is based on the results in Refs. [123,124] and structured as follows. In Chapter 9
we compute the holographic glueball spectrum and in Chapter 10 we consider hadronic

and radiative glueball decays.
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The Holographic Glueball
Spectrum

RIGGERED by the seminal works of Refs. [118,119], the computation of the glueball
spectrum based on the AdS/CFT correspondence has been an active area of research
[73,74,120-122]. While this initial top-down approach lead to valuable insights,
they miss the connection to QCD at high energies. This inspired bottom-up model building
for glueball physics [125-131], with either AdSs geometries using a cut-off ("hard wall”) or

by introducing a non-constant background dilaton field (*soft wall”) to model confinement.

Soft wall models introduce a crucial ingredient of QCD: a running coupling. While for
now, we shall restrict ourselves to top-down holographic QCD, in Part III we will explore
soft wall models in more detail and show that the resulting mass spectra reproduce the
Regge behavior observed in the hadron spectrum. The results presented in this chapter are
based on the computations from Ref. [74] and, in the case of the form fields, rederived in
the string frame. The states are grouped in sections according to their spin and arranged
in order of increasing mass for easier reference. This organizing scheme will be used

throughout this part of the thesis.

From the string theory perspective, the color singlet states of the pure Yang-Mills theory are
comprised of states pertaining to the closed string sector. As such, and in the supergravity
limit, they arise as fluctuations of the metric G 4p and 3-form potential A g in the
11-dimensional M-theory lift. In the 10-dimensional string frame, they are identified
with fluctuations of the metric gy, dilaton ¢, Kalb-Ramond By, and Ramond-Ramond
Chr, Carno fields. Especially for the metric fluctuations, the computation in 11 dimensions
is more tractable since the numerous scalar fluctuations are easier to disentangle. The
equation of motion following from the variation of the action (6.4) with respect to the

metric is given by

1 1 1
Rap — §RGAB =5 <FAA1A2A3FBA1A2A3 - 2FA1A2A3A4FA1A2A3A4GAB)
(9.1)
It is readily checked that the background (6.2) together with the 4-form flux F); induced by

the M5-branes solves the equations of motion. The latter serves as a cosmological constant

that stabilizes the AdS space, realizing the venerable idea of Freund-Rubin compactifications
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[71]. To proceed with the computation of the spectrum, (9.1) is linearized in fluctuations
of Gap — Gap + G 4p, where 0G 4p corresponds to the graviton. In particular, one

obtains

1 1 1
—§v25GAB — 5VaVpiG + 5vC (VadGpe + VpéGac)

) (9.2)
- (R — 4FA1A2A3A4FA1A2A3A4> 6Gap =0

where §G = GAP§G 4p is the trace. Note that (6.2) represents an Einstein space, being
the product space of AdS7 x S4. Using RQ%SD = —(D —1)/L*Gap and Ri”B = (n—
1)/(L/2)*G ap one readily obtains R = 6/L?. Further FA1 424344y 4 4 4, = 36/L2
and hence, for the particular background (6.2), the linearized equations of motion governing

the dynamics of the metric fluctuations are given by

1 1 1 6
—=V20Gap — =V aVBIG + VY (VAdGpc + VBoGac) + —50Gap =0
2 2 2 L? (9.3)

Note that in the above equation, as well as for the following equations, the transverse-
traceless gauge for 6Gsn was employed. This drastically simplifies the computations.
In particular, it enforces vanishing fluctuations of the Ricci scalar, which would be given
by

R = vAVE§G A — V26G — 6GABRAp. (9.4)

For the form fields, working in the 10D string frame is more convenient. The equations of

motion follow by variation of (7.4) with respect to the various form fields and are given

by

~ 1 ~
VMFMN . 5Fw]\folOgOgI_IOIOQOS _ O,

- 1
—2¢ 77OMN opunYy L "ynoi.o _
Vo (6 H + CpF ) or. (4!)2\/_—g€ ! 8F01-..O4F05-~~08 =0
~ 1 ~
VPFPMNO _ MNOPl.“P7HP1P2P3FP4...P7 =0.

30 4l/—g"

(9.5)

The complete set of equations of motion, including the ones for the dilaton and metric,

can be found in Appendix B. Linearizing these equations with respect to the fluctuations

Chapter 9 The Holographic Glueball Spectrum
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of C'1, By and (3, and taking into account that neither C'j nor By are sourced by the
D4-branes, one obtains
Vo FMYN =0,

3R},\/3s

~26 roMnNY _ 3Ebav3ss _mno,..04 _

Vo (e H ) o1 41\ /—ggs Fo,.0, =0,
3 ~

v ppPMNo _ 3B0aVOs: juNor gy, L)

3! vV —99s

It will further prove useful to transform the components of the various dynamical fields of

(9.6)

the preceding actions to an orthonormal basis. After this transformation, the covariant
derivatives can be replaced by ordinary derivatives. This can be achieved by utilizing
tetrads e4 and 4, which are defined through the relation

gMN:nMNe%e%, GaB ZUABE'%EB, (9.7)

where the hatted indices pertain to the “flat” coordinates, as opposed to the “curved”

indices without hat.

Witten’s construction, which has been briefly summarized in Chapter 6, involves a su-
persymmetry breaking compactification that leads to gauginos and, at the one-loop level,
adjoint scalars with masses above the compactification scale Mxx. However, most of
the glueball states lie above this scale as well. On the other hand, as originally found in
Refs. [73,74], the dimensionless ratio of masses between various glueball states is in quali-
tative agreement with lattice QCD [11,12]. The compactified, supersymmetry breaking
coordinate 7 introduces an additional parity transformation, which has no interpretation
for the closed string states and also no analog in QCD. Hence, and since there are various
superfluous states which do not seem to be reproduced on the lattice, the glueball states

with odd 7 parity will be discarded.

Due to the supergravity limit, the spectrum truncates at states with spin-2. Their quantum
numbers, and in particular their charge and parity assignments, can be deduced from their
couplings to the 4D boundary gauge theory and are summarized in Table 9.1. We shall not
make these computations explicit since they are already thoroughly documented in the
existing literature [73,74,119].
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] GagB Aapc \
Gun Gt G111 Vi = 1\]/\14“ Aunit Amno Vi = ]\]}/[KK
Guv Cu ¢ B Cluvp
2+t 1?_) 0t 1.567 1+= ozf_‘) 2.435
G,LLT C17' B,uT C/J,ZIT
1(‘_+) 0+ 1.886 15 1=~ 3.037
Grr G,
ot 0.901 ot 3.575

Table 9.1.: The holographic glueball spectrum as obtained in [74] but with eigenvalues \; given in
units of M. The — subscript denotes states with odd 7-parity that will be discarded in
the following.

9.1 Spin-0

9.1.1 The "Exotic" Scalar Glueball

The lightest glueball state, which is dubbed “exotic” [73] due to having one polarization

along the compactified 7 direction, is obtained from

2

.

0Grr = —mf(r)&;(r)GE(xU),

2 1 1 3rix 0,0, "
5GW - WS4(T) l477;w B (4 * 5r6 — 21”%( ]\/22 Gr(a?),
2
G111 = wSAx(T)GE(fCU),
L? 37’16<K o
OCr = = N2 () 56 — 2,8, 1M GE(E),
7..6

Gy = 6G = 90r Tk 5 S4(r)9,G g (2°), (9.8)

Ng M2L? (576 — 2r8y)
where Sy (r) obeys the eigenvalue equation

d d
T (r7 — ’I“T%K> 554(7“) + <L4M%r3 +

4327“57“11&

(57'6 - 2T?(K>2

The boundary conditions S} (r = rxx) = 0, Si(r = c0) = 0 give a mass of Mg = 855

) Sa(r) = 0. (9.9)

MeV for the lowest mode, significantly lighter than the roughly 1700 MeV obtained using
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9.1.2

quenched lattice QCD [11,12].

The normalization constant N is inferred through the kinetic term

354 )
Lils _C/d SN “Gp (0-ME) G, (9.10)

where the constant C arising from the dimensional reduction is given by

C <L)4Q ! (27)2 RyR (9.11)
= — T . .
5 42/111 4dt11
Requiring a canonical normalization
1
Lilgy = 3G (D - Mg) Gr (9.12)
the normalization is obtained as
Ng = 0.008751A2 N, Mg, (9.13)
where we used
3 4
/d 5T 54 - 0.0918315%. (9.14)

The Dilaton Scalar Gluebal

The (predominantly) dilatonic 0™ glueball is obtained from

r2 8 0y
0Guw = WT4(7”) <mw -0 ) Gp(z7),
2
5G11.11 = 4@:&(7«)@1}@0),

with an undetermined normalization parameter Np. The mode equation is found to be

d d
— (1" = o) 3 La(r) + L' MBrTy(r) = 0, (9.15)

with a mass of Mp = 1487 MeV, after imposing the boundary conditions 7} (r = rxx) =
0, Ty(r = oo) = 0. This is to be compared to the lattices result of about 1700 MeV [11,12]

and in the right ballpark for the usually quoted glueball candidates fp(1500) and fo(1710).

The mass of the former seems almost to match exactly, which makes an identification

! In Ref. [13] it was found that unquenching effects are mostly negligible, especially for the 0" glueball.

We comment on unquenching effects in Appendix C by utilizing a geometry that includes the first-order
backreaction of the flavor branes on the original background in (7.1).

9.1 Spin-0
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9.1.3

50

with fp(1500) quite tempting. However, as we shall see later in Section 10.2.1, the decay
pattern instead matches that of f,(1710) rather well.

The kinetic and mass term for G p reads

67“3T4(7°)2 9
Lilga = C/ergNJ%GD (D - MD) Gp (9.16)

The radial integration for the lightest mode yields the constant
673Ty(r)? T

which fixes the normalization to

Np = 0.0335879\2 N, M. (9.18)

The Pseudoscalar Glueball

For the form fields, it is more convenient to work in the 10D string frame with the equations
of motion following from the action (7.4). The pseudoscalar 0~ glueball is obtained from
the Ramond-Ramond sector of the theory. In particular, it is given by the 7 component
of C1 = Crdr or from 0G1; of the 11-dimensional theory, sometimes referred to as
graviphoton. Note that C; is the only Ramond-Ramond form field that does not result
from a compactification of As. The linearized equations of motion are solved by the

ansatz

Cy = e e Vy(u)G(a) = ch () v () G, (9.19)

provided that Vj(u) obeys
9

Ol — Vi) + S [(MEs 4 1
v 4 4\ MZe  u?—ub

) Vi(u) =0, (9.20)

Note that the appearance of the dilaton in (9.19) is purely conventional and was introduced
to match the mode equation of [74] after transforming v = 72 /r2y. This is due to the
conventional form of the Ramond-Ramond action of (7.4), which does not contain explicit
powers of g; and hence the dilaton. As a leading order expansion in terms of the string
coupling, one would expect a spherical string worldsheet with genus £ = 0 and hence
Euler characteristic of y = 2, leading to a prefactor of e ™X?. A simple field redefinition
of C1 = e*¢C~'1, Fy=e¢¢%F, = e %dC, — do A C}, and analogously for ('3, leads to the
same prefactor of e 2% for all actions [70]. The normalizable modes Cﬁz) corresponding to
glueball fluctuations obey the boundary conditions Cg)(U =00) = C’g)(U = Ukk) =

Chapter 9 The Holographic Glueball Spectrum
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9.2

9.2.1

0, oy (U = Ugx) # 0, with the mass of the lowest lying state given by Mpg = 1789
MeV. This is about 800 MeV below the mass obtained using quenched lattice QCD [11,12].
However, as discussed in Section 9.4, the pseudoscalar glueball receives a small mass
correction through its mixing with the 1’ meson due to the Witten-Veneziano mechanism.

To quadratic order, the Lagrangian is given by

27 ~
£ = - / dugUR R Vi (w)*Clat) (O~ M) Gl
716 = SN e GeRbyuVa(u)*Ge) (O = Mps) G(a”)
1~ -
— — I
= ;G (O - Mps) ")
(9.21)
where )
AMZ N’
2g=—XK ¢ 9.22
Nbs = ~1Ren2 / duVi(u)” ©.22)
and thus
Nps = 0.00642887 Mgk NoV/A. (9.23)
Spin-1
The Pseudovector Glueball
The 17~ pseudovector glueball is obtained from the fluctuations
C( ) ~ 3 26(”) VPoK 9 I
uvll = B;w = gSNPVB ( ) Aurr = C;m‘r = m w Nuv€ ’ apBaﬁ(x#)a
(9.24)
where c(u) = u%/%/g;Ny(u) obeys the mode equation
4 ) 9. M3, 1-3u?
Ou(u™ — u)Ny(u) +1 Y + 2 Ny(u) = 0. (9.25)
KK

The appearance of both C),;- and B,,,, is tied to the topological mass term in the CS action
of (7.4). A consistent solution to the linearized equations of motion and a canonical kinetic
term in the action of (7.4) is only obtained when both fluctuations are included. The
quadratic Lagrangian in (7.4) reduces to

@ |, A2 1 1Ry — u 27 2\ A
L+ LNy = o 1 T 45y a(w)* B, (M D) By, (9.26)

By imposing the boundary conditions N} (Uxx) = 0 and Ny (oc0) = 0, the lightest mode has
mass Mpy = 2311 MeV, which is about 600 MeV below the quenched lattice result [11,12]

9.2 Spin-1
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9.2.2

52

and about 1 GeV below the unquenched result [13]. Further, the normalization is found to
be

3 AN? U
2
duuNy( = — 9.27
Nev T 16 (27)2 M RS D4/ uelNa(w)®”, Ukk ©27)
with
AN,
Npy = 0.0332045 VA (9.28)

2 P3
MKKRD4

differing from [132] by a factor of 73y through the dimensionless ansatz in (9.24).

The Vector Gluebal

The 17~ vector glueball is obtained from the fluctuations

2

~ 3 U
C,U,V’T' = 70}“/(1‘#)) Buu Js

. = 2NV|:| ma(u)nu,.iE,{upgayOpg(m#), (929)

A\2 .
where a(u) = e~ (e“fﬂ) e” My(u) = vVud — 1/gsMy(u). As was the case for the pseu-
dovector glueball, the appearance of both C},,,- and B, is tied to the topological mass
term in the CS action of (7.4). M4(u) obeys the mode equation

M2 (2 —3u®)u
MZ uw—1

9
au(u4 - u)Mi(u) < > M4(T) =0, (9.30)
which slightly differs from the one obtained in [74] after transforming to u = r?/rZ;
but a matching mass spectrum, hinting at a typo. By imposing the boundary conditions
M} (Uxx) = 1 and My(oo) = 0, the lightest mode has mass My = 2882 MeV, which is
about 1 GeV below the (quenched) lattice result [11,12]. The quadratic Lagrangian reduces

to

11R U

(2) (2) _ 24 2 ~
(‘CNS + LR )|GV = —25%0 493 U 9547_10;(%) C/U/ (MV — D) Cl“" (931)
leading to the normalization condition
3 AN? U
2
duuMy( = — 9.32
Ny = 16 (27)2 MRS, / uuba(w)”, Ukk’ 32)

with
VAN,

Ny = 0.0142218 "¢
MRy,

(9.33)

for the ground state vector glueball. Recall that the holographic coordinate z of the joined

D8-brane system covers the radial coordinate U twice, therefore the parity under z — —2

Chapter 9 The Holographic Glueball Spectrum
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9.3

reflects the 7 parity. The glueball modes under consideration in this thesis all have even 7
parity. However, the transformation to an orthonormal frame employed above corresponds

to a(z) = zMy(z), and therefore, M,(z) has odd parity on the joint flavor branes.

Spin-2
Tensor Glueball

The 27 tensor glueball fluctuation reads

2

,
PG =G 2y

T4(T)GT(xU), (9.34)
where ¢, is a symmetric, transverse, and traceless polarization tensor, which is normalized
such that g,,,¢"” = 1, differing from [133] .

T),(r) satisfies the same eigenvalue equation and boundary conditions as in the case of
the dilatonic scalar glueball, (9.15), but it acquires a different normalization. To second

order in fluctuations, the Lagrangian reads

3Ty (r)? 2
£4|G%:C/dr4[/3jv:%GT (D—M )GT
1 2
_5@(D_M)G% (9.35)
with
3Ty (r)? TRK

fixing the normalization to

Mo
23

The degeneracy in mass of some glueball states is a feature shared by many holographic

Np = 0.00969598)\%NCMKK = (9.37)

models due to the high symmetry of the considered backgrounds. In the WSS model,
the dilaton scalar and tensor glueball are around 1500 MeV, while quenched lattice QCD
[11,134] finds 1700 and 2400 MeV, respectively. The unquenched result of [13] points to
an even higher value of 2600 MeV.

9.3 Spin-2
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92.4.1

94.2

54

Glueball-Meson Mixing and Mass corrections

The DBI action in (7.6) leads to mass corrections for fluctuations involving the Kalb-Ramond
field By. Additionally, this field leads to mixing with the flavor gauge fields. Within the
WSS model, the pseudoscalar and vector glueball are the only states with even 7 parity that
mix with ordinary mesons. In the following section, we shall compute these corrections

and gauge their importance for the evaluation of decay rates in Chapter 10.

Pseudoscalar glueball

In Ref. [135] it was shown that the Witten-Veneziano mechanism (see Section 7.1) gives

rise to a kinetic mixing term

3 IN
Sk D / d*2¢20,m00,G, G = 0.0112) Ff (9.38)

between the pseudoscalar glueball and the abelian part of the pseudoscalar meson nonet.
To order Ny /N, the Lagrangian of this system can be diagonalized via a non-unitary field

redefinition
o — M06G, G — G, (9.39)

therefore raising the mass of the pseudoscalar glueball to
Mpg(14¢3) = (1819.7...1806.5 MeV)?, (9.40)

and passing on the interactions of 7 to the pseudoscalar glueball. Since the dominant
decay modes of the pseudoscalar glueball arise through this mixing, we shall also consider

the mass correction of the pseudoscalar glueball when computing decay rates.

Pseudovector Glueball

The terms bilinear in the Kalb-Ramond field By of the DBI action in (7.6) generate a mass
correction for the pseudovector glueball of orderO(N¢/N.)

1 o
SpBI = _/d4$§6)\PVMI%K"7uVVqu

NNyN,
54(27)° M RS,

9.41
dz(1+ 223Ny (2)? = Ny O

. 1(2)% = 0.003510% L.
4MV

oApy = N,

Chapter 9 The Holographic Glueball Spectrum
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94.3

This amounts to an increase in mass of about 8%, which will not be considered when
evaluating decay rates. As opposed to the previous case, there is no mixing since the
1+ spin-1 nonet, which would include the b1, h; and K p mesons, is absent in the WSS

model.

Vector Glueball

Mass Correction

As for the pseudovector glueball, the DBI action gives rise to a term quadratic in the
Kalb-Ramond field Bs. Since we are working in the probe approximation, this term will be
treated as a perturbation, with the holographic wave function M, (z) unchanged. Explicitly,

it is given by

Sper = —Titr /dgwe_(b\/_gMN + (2no/)Fyn + Bun

82 1
D) —Tng <7T> /d4£L'dZ\/—nge_(bigMngzB“szz

2A3N¢ N,
_ 7f/d4:cdz (14 22) My (2)?

vV, 9.42
27(27) 5Rg4 a (G42)

o0
- / d4:v§5)\VMKKn"”VuVZ,,

2X3 NN,

oy =
T 27(2m) MR, M

N
/dz(l + 22 My(2)? = 0.00233A2Ff,

C

where we projected out the spin-1 part of C,,(z#) with C,,, (z/) = \} o0 A0, Va(zh).

For Ny = 3, N, = 3,A = 16.63...12.55 this amounts to an increase of the mass of the
vector glueball of 100...57 MeV, i.e., only 3.4 ...2%. However, these mass corrections

would need to be considered in conjunction with the mass mixing of the next section.

9.4 Glueball-Meson Mixing and Mass corrections
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Mixing With Vector Mesons

Additionally, there is a parametrically more important term of order /N /N, mixing the
vector glueball and the singlet flavor gauge field & = v®=Y. It is given by

Sppr = —Tgtr /dgme_(ﬁ\/*gMN + (271'0[/)FMN + Bun

D — /d xfnn“” (x)V,(2h),

= — tr' T dz(1 M
&n oMy R?I))4 r z( +z ) 4(Z)¢2n—1(2)
N
= {—0.0180, —0.0165, 0.005, . . . }JAMZ, Ff
c

for the first three vector meson modes. To fully decouple the singlet vector mesons from
the vector glueball, one would need to solve the eigenvalue problem for the whole tower
of vector mesons and also the higher vector glueball modes. To gauge the importance of
this term, we shall restrict ourselves to the ground state wave functions. The combined

Lagrangian of the singlet vector meson-vector glueball system reads to quadratic order

1
%,22) = /d4 ( L+ m M 00, + 00,V + 4F3,/ + 2M‘?ﬂy"”VMV,,) ,

(9.44)
with degenerate vector meson masses. The Lagrangian is readily diagonalized by a unitary
field redefinition

V, — V,cosf — 7, sin b,
e a (9.45)
0y — Vyusin® + v, cos 0,
with mixing angle
1 26,
0= 5 arctan m, (946)
and masses
M2 2
m? = m? (cos 6 + sin? @ — % sin 6 cos 9)
m
(9.47)
MZ = M (cos 0+ m* sin? @ + 21 sm@cos@)
vV =MV
M M
For example, for Ny = 2, where p and w are approximately degenerate, we obtain
0=—(1.52...1.18)° (9.48)
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with My = Vv + oAy Mgk = (2949...2921) MeV. After the diagonalization, the
masses are only slightly changed and given by

m="773...774 MeV

) (9.49)
My = 2950...2921 MeV,

which would make the w meson 2-3 MeV lighter than the p, while in reality it is roughly
12 MeV heavier. The mass corrections (9.42) and (9.47) as well as the mixing (9.45) are
rather small; we shall, therefore, stick to the leading order results when computing decay

rates.

The effects may be more significant when the corresponding meson modes are similar in
mass to the vector glueball, as is the case for charmonia. However, in reality, the latter
owe much of their mass to their quarks, which are massless in the WSS model. Despite
this limitation, it is still possible to explore the extra decay modes of vector charmonia that
could result from a mixing with vector glueballs. After determining the decay channels
in Chapter 10, we can assess whether certain mesons could owe some decay modes to a

mixing with the vector glueball.

9.4 Glueball-Meson Mixing and Mass corrections
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Glueball Decays

HE interactions between glueballs and ordinary mesons are obtained by expanding
(7.6) in perturbations of the metric hysy, dilaton ¢, and form fields C, C3, Bs.
Three- and four-point vertices containing only a single glueball field solely arise
from the DBI action and the CS action for metric and form field fluctuations, respectively.

Besides possible mixing terms, the latter thus only contain anomalous interactions.

The fluctuations of G and Az of the 11-dimensional theory can be translated according to
the M-theory lift discussed in Appendix A. For the particular metric of (6.2) and linearized

in perturbations, one obtains the perturbed string frame metric

v =£33 <1 + ;;5G11,11> Nuw + ij(SGW]
Grr =TL3?],C 1+ 2[;225G11,11 + Z5G44]
Grr =— |1+ £5G11,11 + W5Grr1
rf 2r2 L? (10.1)
9o = 0Gry
900 :% <§>2 <1 + 2L;5G11,11>
/3 2222 <1 + 71:225011,11> )
and the form fields
Cyv =0Gm11, Bun =auni, Cs = Ayno +amuno, (10.2)

up to conventional factors of e~%.

Decays of the lightest, “exotic” scalar glueball, as described by the WSS model, have
first been considered in Ref. [136] and revisited and extended in Ref. [133]. There, it
was found to have rather large partial decay widths, neither permitting an identification
with the fy(1500) or fp(1710) meson, which are alternatingly quoted as the lightest
glueball state. However, it might fit the proposed “fragmented” glueball of Refs. [27,45,46],

which corresponds to a broad scalar glueball state that is distributed over the resonances
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fo(1710), the recently discovered fo(1770), fo(2020), and f,(2100). This lead Ref. [133]
to the conclusion that the lowest scalar glueball, be it either f,(1500) or f(1710), should
instead be identified with the predominantly dilatonic metric fluctuation. From these
holographic computations and the ones in Refs. [93,137], it appears that f,(1710) is the
favored scalar glueball candidate. The computations of Ref. [133] were revisited and
extended to radiative decays in Ref. [98] , where they were found to have surprisingly

large radiative decay widths in the keV range instead of the often quoted eV range.

Decays of the pseudoscalar glueball, which was historically thought to be the lightest
glueball!, were considered in the holographic computations of Ref. [139] and in Ref. [135]
together with a small kinetic mixing with the g meson from the Witten-Veneziano
mechanism. The latter work found that it predominantly decays into pairs of vector mesons,
with decays into pseudoscalars strongly suppressed. Conventionally, the pseudoscalar
glueball is considered to have a mass mixing [37, 140], which is absent in the WSS model.
On the lattice, one usually finds values around 2600 MeV [11,12], which is also gaining
support by other theoretical computations [141] as well as experiment [142]. Though,
based on the lattice computations of Ref. [143], a recent study carried out by the BES III
collaboration [144] claims a resonance around 2395 MeV to be the long-sought pseudoscalar

glueball®. In the following, we shall thus consider extrapolations to both values.

In Ref. [132] decays of the pseudovector glueball arising from fluctuations of By were
considered, which found it to be a rather broad resonance. However, there are additional
couplings to axial vector and vector mesons as well as a contribution that arises from the
dualization of C5 in the CS term, which has been overlooked and was considered only later
in Ref. [124] together with decays of the vector glueball. These additional contributions
somewhat reduce the total width of the pseudovector glueball, though it is probably still
too broad to be identified in experiment. Nevertheless, the spin-1 fluctuations play a

prominent role in the physics of the Odderon, which will be discussed in Part IIL

Tensor glueball decays within the WSS were also first considered in [133] , together with

extrapolations of the glueball mass to 2000 MeV, motivated by Pomeron physics [36] (see

Part I1I) and 2400 MeV, as suggested from (quenched) lattice computations [11,12]%. Indeed,

with a mass of 1936 MeV, f2(1950) is close to the value motivated by Pomeron physics

and has also been argued for in Ref. [145].

' Prominent candidates include 7(1405) and +(1440), which was later split into 1(1405) and 7(1475) [138].

* In their partial wave analysis they quote the significance of the resonance X(2600) initially observed in
Ref. [142] as 4.20, but do not include it in the optimal solution.

? The partial results on the unquenched glueball spectrum in [13] suggest an even heavier state with mass of
2620(50) MeV. Since backreaction effects are neglected in the following computations of decay rates, we

shall instead stick to the result of quenched lattice QCD when performing extrapolations. Some preliminary
results on backreaction effects of the flavor branes on the mass spectrum are given in Appendix C.

Chapter 10 Glueball Decays
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10.1

10.2

Except for the scalar glueball candidates f(1500), fo(1710) and the tensor glueball, when
identified with the leading state on the pomeron trajectory with a mass of 2000 MeV [36],
there are only predictions for masses from lattice QCD and functional methods [17]
available. Since both methods seem to agree qualitatively, we shall, therefore, give results
for decay rates not only using the pristine WSS model masses but also extrapolate to the

aforementioned values or altogether restrict to dimensionless ratios instead.

This chapter is a comprehensive review and, in some cases, also an extension of the decay
rates obtained in Refs. [93,98, 124, 132,133, 135, 137]. The three-body decays originally
neglected in Ref. [98] will be discussed, as well as results from Refs. [93,133,137] extended
to the case of massive pseudoscalars. Additionally, the minor differences in the notation

of the aforementioned publications have been standardized.

Extrapolations to Realistic Glueball Masses

As was shown in the preceding chapter, the glueball spectrum is unambiguously determined
by dimensionless eigenvalue equations. As such, their physical masses are given by
eigenvalues in units of M. The latter is fixed by the mass of the p meson, as is required
from the pole in the time-like photon propagator in VMD theories. While the ratio
of mass eigenvalues qualitatively agrees with lattice QCD results, the overall scale is
mismatched when Mky is fixed by the mass of the p meson. The eigenvalues of the wave
equations are a measure of how deep the holographic wave functions penetrate into the
bulk. Correspondingly, the results of overlap integrals between states with a large mass
difference are probably overestimated. To account for this shortcoming, the factors of
Mfky in the normalization factors of the holographic glueball wave functions are rescaled
as Mxx — MxxM¢g/ Mgv SS_ All other explicit factors of Mk, in particular those in the

DBI action, are considered to be fixed.

Hadronic Glueball Decays

We shall restrict ourselves to the leading interactions arising through expansion of the
D8-brane action in (7.6). Higher order contributions have, for example, been studied in
Refs. [132,133] and found not only to be parametrically suppressed in /N, and A but are

also accompanied by numerically small values of the corresponding overlap integrals.

10.1 Extrapolations to Realistic Glueball Masses
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Exotic Scalar Glueball

By inducing the fluctuations of (9.8) in the DBI action of (7.6), one obtains the couplings

of pseudoscalars to G’ given by

0,0, 0
La i — { [B 110, H GE + = (8 H) ( M%) GE‘| + 513MH8NHGE
(10.3)
with coupling constants (Hg = Sy /NEg)
_62.6554 Hp 16.3904
d ¢ = / . 10.4

Through the Witten-Veneziano mass term (7.27), one obtains an additional coupling be-

tween the scalar glueballs and 7)9. For the exotic scalar glueball, it is given by
5 9 9,
Lo > —5miiooGE, (10.5)

with

15.829
fUKK T AUH U = 2282
Ukx fN MKK

Assuming that this coupling of the exotic scalar glueball to the pseudoscalar singlet carries

(10.6)

over to quark masses
Lapqq = 5émGrLy! (10.7)

with ¢, being of the same order as ¢y, i.e.
ém = xéo, x=0(1), (10.8)

we get

5 o .
LG = 5(1 — )¢ 81n(29p)m3GE77n/. (10.9)

As discussed in Ref. [93], this correlates the flavor asymmetries in the decay pattern in
two pseudoscalars with the 17’ partial width. Note that this term with x # 0 reflects the
flavor asymmetries originally absent in the chiral WSS model.

All together we obtain the coupling of the exotic scalar glueball to nn as

Ly = g (z —1)sin 023G gnn — gcomeGEnn
_a orov ¢
—0,m0,n < ( ) ) Gg— —0,no*"nGg. (10.10)
27" ME) T ME 2 #

Chapter 10 Glueball Decays
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For pions and kaons, we have

Lons y
IMep—pp| = 1 ‘QOcom%$ + 261 (ME — 2m%) + ¢ M3

: (10.11)
and for 7
1 g2 .92 5 2 2 2 2
M g—m| = 1 ‘—QOComO(a? — 1)sin 0% + 20¢ompx + 2¢1 (Mg — 2mp) + a1l Mg,

(10.12)
from which the n’ amplitude is obtained by the replacement sin fp — cos@p. In both

cases, the decay width is given by

2 PPl
M,

np 1
Lg,—pp = 5 & Mg, pP| (10.13)
where P refers to pions (np = 3), kaons (np = 4) or 77(/) (np = 1) mesons.

The interaction Lagrangian of the exotic scalar glueball with two vector mesons is given

by

0,,0, 1 O
zQWU_-wr{gm éKkﬂm@@j&2GE+wfﬂmMm“<l—)GE]
E

+c?"P%?UﬂmQﬁ%GE—]JﬂmU%?<1+[]>GE]

- " M 4 M (10.14)
3 SR B0, M G
4 ;é?”F;T>F;Z>GE} ,
with coupling constants
_ {7.116,...

5" = [ dKh, b, Hp = W
g = ﬁ/dZK_l/3¢2m—1w2n—lﬁE - {\(;2;17\51%1(1\75
™t = m/dz (5§(()Z_K2)2¢2m—1¢§n—1HE = {_\1/.%?\:[23\[0 : }7 (10.15)
5?=Z/MK%%m%ﬂh=§%2;€
" = g/dZK_l/‘g%meszlHE = W’

10.2 Hadronic Glueball Decays
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where we have defined

_ 1 3
HE_[4+5K—2

Hg. (10.16)

The numerical results for the coupling constants in (10.15) are for m = n, a convention that

will be used throughout. From (10.14) we obtain the spin-averaged squared amplitude

tr T, T3 400074 2 | o 2 y 2
2my, (2Mygg (4(3¢5 + 2¢2¢2 + ¢3) + 12¢4(¢2 — ¢2) + 27¢))

2
‘MGE—M)’U’ = 4m%

+ 4M%M1%K(65253 — 2C9cg + coC3 + 6C3cy — 30304) + Mfé(cz; — 253)2)
— 16mg(MI%K(65253 — 4égcg + 2c9¢3 + 3¢3cy — 6c304)

+ ME(23% — 3¢3c3 4 ¢3)) — AME Mg (289 + c2)m?2(2(é9 4 ¢2) — 3cy)
+ M Mg (282 + c2)* + 16(365 — 4é3cs + 2c§)m§),

(10.17)

where we restricted to the case vy = vy and suppressed the superscripts mn on the
couplings for better readability. T, denotes the generators of the vector meson nonet (c.f.
(3.5)). In the following, we shall also use T}, and T for the axial vector? and pseudoscalar

mesons, respectively. When evaluating the decay rate

11 |py|
287 M2

FGE—>’U’U -

IMe gl (10.18)

and also for all the following decay rates, we restrict to couplings only involving the
ground state (axial) vector mesons, i.e, m = n = 1. For decay rates involving non-
chiral interactions, as in (10.13), we will give explicit formulas. Otherwise, we refer to

Appendix D for the suitable formulas.

The coupling of the exotic scalar glueball to one axial vector meson and one pseudoscalar

meson is given by

orov

Lépart = 260 Mygtr (aﬂﬂa(ﬁ) 2 O (10.19)
E

with

. = S 3 ] {57.659,...}
=2 [d - Hp = 202951
“ - / 2 Yam {4 ter 2| e M Now/ X

4 Recall that only K1 4 is present in the WSS model.

Chapter 10 Glueball Decays
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The spin-averaged squared amplitude following from (10.19) is given by

m2 + m? 2 M2 4+ m? —m? 2
IMapan|® = (ceMyxtr T.T,)? <1 — e ) M2 — (Mg g ) ,
a

(10.20)
As we will discuss shortly, the decay into a7 should be considered with subsequent decay
into p7rm, since the latter also appears as a direct decay channel.
The four-point vertices coupling the exotic scalar glueball to two pseudoscalars and one

vector meson are obtained from

0,0, 1 O
£Gmhzmﬁwaﬂmmﬁﬂ“GE+8HmmWHQ—>G4
F L Mg 27 " Mg (10.21)
+ 2ie0 9, 1[I, v (™) G
with
1 _ — 2856.25, ...
g = [ Ky Hy = OB
" AMiNe (10.22)
. 1 _ 718.659, . .. '
&= /dZK Yom 1 Hp = (T18.659, .} 372 }
Am AMygNe
The spin-averaged, squared amplitude is given by
tr Ty, [Ts,, T2
M |* = 1[+2] ( — 2Mp(mj, + s12) + M + (m — 512)2)
M, (10.23)

2
X <C5(3M% — mz + 812) + 255M%> R

where s19 is the squared center of mass energy of the pseudoscalar meson subsystem, and

we neglected the resonant contribution from G — all — vIIII.

Discussion

Restricting ourselves to two- and three-body decays, the resulting hadronic partial decay
widths are collected in Table 10.1. Even when the mass is raised above the mass threshold
of two p mesons, the dominant decay channel is that into two pseudoscalar mesons, with
the strongest decay into pairs of Kaons for z = 1. In the phenomenological analysis of
Ref. [146], the reaction G — a7 is the dominant decay channel of the scalar glueball.
Explicitly, we obtain I'g, 4, = 0.61...0.81 MeV for a glueball of mass 1600 MeV,
which was used there. This is much lower than their quoted result of 177 MeV. The other
decay channels of the scalar glueball in [146] also do not match the decay pattern of
the exotic scalar glueball in the WSS model. Albeit sharing the significantly suppressed

decays into a7 of the exotic scalar glueball, the dilaton glueball, whose decay rates are

10.2 Hadronic Glueball Decays
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Fig. 10.1.: Feynman diagrams contributing to the hadronic three-body decay of the exotic, diltaon,

and tensor glueball into prm
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computed in the following section, seems to fit the decay patterns of their analysis better.
We also note that the corresponding decay rates in Ref. [98] are too small by a factor
of 1/3 since the charged contributions were not summed over. This does, however, not
change the conclusion. Recall that the a; meson is a rather broad resonance, whose
width and mass are well captured by the WSS model (see Section 7.3). It is therefore
summed as a resonant contribution for the decays Gg p 1 — pmm with a width given by
(7.47). The corresponding Feynman diagrams are depicted in Fig. 10.1. The interference
effects in these processes are rather mild, leading to an increase of the partial width of
about 15%. However, in Section 10.2.2, we shall see an example where the interference
effects resulting from the a; meson are relatively strong and might help in experimental
identification. The decay of the exotic scalar glueball into 47, including the resonant decay
into prm, worked out in Ref. [133] , have been found to be negligible even in the case of
massless pseudoscalars. However, with the glueball mass adjusted to higher values, as
suggested by lattice QCD and in Ref. [45], the partial decay widths into two pseudoscalar
and one vector meson are again in the MeV range. This decay channel will become even
more important when considering radiative decays in Section 10.3, which were omitted
in Ref. [98] . Overall, the exotic scalar glueball, even though being the lightest glueball
of the WSS model, has a relatively large hadronic decay width, neither fitting the decay
patterns of the usually quoted glueball candidates f(1500) and f(1710) for either value
of z = 0 or x = 1. In Refs. [133,137] it was thus concluded to be dismissed as a glueball
candidate. It might, however, play a role in the scenario of a fragmented scalar glueball,
which will be discussed in Section 10.2.1. At this point, we refrain from giving a thorough
comparison with recent measurements involving the resonances fy(1500) and f,(1710)
since they do not match the decay patterns of the exotic scalar glueball well. We shall,
however, make a more detailed comparison with experimental data for the dilaton scalar

glueball in the next section.

Dilaton Scalar Glueball

By inducing the fluctuations of (9.15) in the D8-brane action (7.6), the coupling of two

pseudoscalar mesons to G'p is obtained as

I ato
Laymm = ditr 8uH6yH <’I7“ — ) Gp, (10.24)
where 17.2261
dy = ———. (10.25)
VAMx N,

10.2 Hadronic Glueball Decays
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L'a 506 [MeV] Lapanz)[MeV]

Ggp —nm 135...179|142...189 154...205|161...213

Gg - KK 120...158(229...304 152...202|255...338

Gg —nnm 31.3...45.4|57.7...76.4 40.0...56.9/65.1...86.3
Gg — 0.21...0.22[0 3.12...3.26[0

Gg — pp - 0.77...1.02

Gg — ww - 0.19...0.26

Gg — aym, prm 28.2...48.6 86.8...149

Gg — K*Kn - 3.29...5.77

Gg — Hadrons 314...432[458...619 424..598 | 556...769

Table 10.1.: Hadronic decays of the exotic scalar glueball G alternatively identified with
fo(1500) and fp(1710) with masses 1506 MeV and 1712 MeV, respectively, for
A = 16.63...12.55. In decays into two pseudoscalar mesons, the two sets of val-
ues correspond to x = 0 and = = 1 in the coupling to the quark mass term (10.7).
Four-body decays have been found to be strongly suppressed [133] and are hence not
listed. Partial decay widths much smaller than 1 MeV are left out.

As was the case for the exotic scalar glueball in the previous section, through the 1y mass
term of (7.27), one obtains additional couplings between the dilaton scalar glueball and
no [93,137]

3
Ly, O §m377§doGD, (10.26)

with (HD = T4/./\/D)

o0 17.915
do =3Ug | dUHp(U)U* =

=" (10.27)
Uk \/XNCMKK

As in Refs. [93,137], a scalar glueball coupling to the quark mass terms of the form
Lépaq = —3dmGpLy! (10.28)
is assumed, with d,,, being of the same order as dy, i.e.
dm = xdy, == O(1). (10.29)
This leads to a Gpnn' interaction given by

3 .
Lepmy = —5(1 — x)do sin(20p)m3Gpny. (10.30)

Chapter 10 Glueball Decays
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With these modifications, we get the coupling of the dilaton glueball to 77 as

3 : 3
Lapm =5domi (1 — z) sin 0pG pim + SdowmyGpi

. o (10.31)
+ 51(9#77@77 (UW -0 ) Gp.

The coupling to the 7’ meson is obtained by the substitution cos #% — sin §%. The partial

decay width for Gp decaying into two identical pseudoscalar mesons is obtained as

1/2 9\ 2
np di M3, m% mp
r =P 1—4-F 1+a—t 10.32
Go=PP = 5 on6n M3 Tz ) o (1032)
where J
a=4 (3093 - 1) , (10.33)
dy

for pions and kaons, and

d 2
a=4 [30 (ac + m—g sin? p(1 — a:)> - 1] : (10.34)
for nm, and again with the replacement sin §p — cos 0p for n'n’.

The trilinear coupling of a dilatonic scalar glueball to one axial vector and one pseudoscalar

meson is given by

oY
Lapn = — 2d7 Mygtr (QLH(L(VW)) <77"” - GDG ) Gp, (10.35)

with

K {11.768, ...}
m =, /= [dzoph Hp=-+—"7T""2 10.36
¢ =5 [ bt = R (1036)

The pertinent squared amplitude is given by

2
dg Mgxtr T T, 2
2 64VIKK
‘MG’D—mH‘ = <2]\427nsa> (M% -+ mg — m12_I)

D" (10.37)

% (M;g o0 (m2 4 m3) + (m? - m%)2> .

In a similar fashion, we obtain the interaction terms of the dilatonic scalar glueball with

two vector mesons as

oo
Le o =tr / dha (d5™ 0" EfpD S + " Mo of) (UW O )GD’

(10.38)
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where the coupling constants are given by

43714, ...
agn = [ e Kl Hp = UL
A2 NeMxgx
(18875} (10.39)
dg'™ = ’Q/dz K30, 1hom 1Hp = +—2 2L,
A2 N Mgk

For the case of identical outgoing states, the spin-averaged, squared amplitude following

from (10.38) is given by

tr T, T,
2m?

2
Mool = (Tt ) (dB0R(Mh + 32m1)
+ 8dods MEmE(TM? — 16m2) (10.40)
+ 6d2ml(3Mp}, — 16 MAm?2 + 24m3))
Interactions between the dilaton scalar glueball, two pseudoscalars, and one vector meson

are given by

‘CGDHHU = 2itr d?@HH[H,Ul(,m)] (77“,, — 8]\42 > Gp, (10.41)

with coupling
{724.367,... }
MM NP2

The squared amplitude for the three-body decay into a pair of pseudoscalars and a vector

1
== / dzK Y9 1Hp = (10.42)
™

meson is given by

d5tr TS TS ,T ] 2 2 2
M p—orml® ( QMI%sz (mm + mi, — 513 — 523)

10.43)
2MDmU + mnl + mH2 S13 — 823) (
X <2MDmv — ml‘h — mH2 + 513 + 523) ,
where s;; is the squared center of mass energy of the subsystem of vector meson and

pseudoscalar, and we neglected the resonant contribution from Gp — all — vIIII

Discussion
In Table 10.2 the hadronic two- and three-body decays are collected for ideal mixing in the

vector meson sector”. Above the threshold of two p mesons, when the mass is extrapolated

* See the discussion in Section 10.2.1 for non-ideal mixing
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to that of fp(1710)®, the decay channel G, — pp is dominant, even exceeding the decays
into kaon pairs. Coming back to the comparison with [146], where the decays G — a7 are
quoted as the dominant decay channels of a scalar glueball, we find a remarkable agreement
with their results into two vector mesons. However, for a scalar glueball with mass of 1600
MeV, as in [146], one obtains ', 4~ = 1.11...1.48 MeV, which is well below their
result of 177 MeV. On the experimental side stand measurements made by Crystal Barrel
[149] that quote a branching ratio I, (1500)—a, = /T f, (1500)—s4r Of 12(5)%, which amounts
to 6.34(38) MeV. This is about an order of magnitude above the WSS model result of
I'cp—a;x = 0.51...0.68 MeV. We also note that the corresponding decay rates in Ref. [98]
are too small by a factor of 1/3 since the charged contributions were not summed over. This
does, however, not change the conclusion therein. Our results for decays into two vector
mesons are compatible with those of Ref. [150], but as we shall see later in Section 10.3.1,
the radiative decay rates obtained therein differ from ours by an order of magnitude. The
PDG [9] lists an average for the partial decay width f,(1500) — 77 with a central value
of 37 MeV, which is underestimated by the WSS model for this particular glueball mass.
On the other hand, for vanishing 77’ decay rates (x ~ 1), the decay patterns of f,(1710)
(or fo(1770)) seem to match the branching ratio of B(fy(1710) — nn’)/B(fo(1710) —
7w) < 1.61 x 1073 obtained by BES III [151]. The latter also contradicts the results of
the phenomenological analysis found in Refs. [45,46]. Additionally, the PDG [9] lists
an average for the branching ratio I'(fy(1710) — 77)/T'(fo(1710) — KK) = 0.23(5)
and [148] found I'(fp(1710) — nn)/T'(fo(1710) — KK ) = 0.48(15), both of which are
only 5% below the WSS model result with  ~ 1. The decay rates into two vector mesons
obtained in Ref. [150] (44.4 MeV for pp and 34.6 MeV for ww) are close to our findings.
The WSS model prediction for fy(1710) — ww aligns well with the measured branching
ratios of radiative .J /1 decays in v fo(1710) — YK K and f5(1710) — ~yww [9]. The
PDG [9] lists the measurement B(KK) = 0.387009 [152] and 0.36(12) obtained in
the phenomenological analysis of Ref. [153] for the same branching ratio. Both values
are consistent with the WSS model result from Ref. [137] of approximately 0.35. With
B(KK) = 0.36(12) and the total decay width of fo(1710) [9] of 123(18) MeV, the partial
decay width for fo(1710) — ww is about 15(8) MeV. On the other hand, the holographic
prediction for Gp is between 16.6 and 22.0 MeV. We thus identify fy(1710) with the
(dilaton) scalar glueball with quark mass coupling of x ~ 1. As was the case for the exotic
scalar glueball, decays into one vector meson and two pseudoscalars with subsequent
decays into four pions are strongly suppressed [133] 7. For the decays Gp — mmp, the
resonant contribution of a; with width given by (7.47) was coherently summed, as depicted
in the Feynman diagrams of Fig. 10.1. The interference is more strongly pronounced as in
¢ This is assumed to be 1712 MeV based on the average of the T-matrix pole results of [147] and [148].

7 For massive pseudoscalars the results for Gp — 4, which is dominated by the resonant decay Gp —
prm — 4w, would be smaller by a factor of about 2.
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Fig. 10.2.: Dalitz plots for the three-body decay Gp — pmw including a charged (a) and neutral (b)
@ resonance.

the corresponding decay of the exotic scalar glueball, reducing the partial decay width
by almost 50%. However, since this decay channel is subleading, it might prove difficult
to discern from the background in an experiment. Nevertheless, in Fig. 10.2 we show the

Dalitz plot for the decay channel Gp — pr.

A Fragmented Scalar Glueball?

In Refs. [27,45,46] it was proposed that the scalar glueball is an even broader resonance
than the WSS model suggests and is instead distributed over numerous other resonances,
including f(1500) and fo(1710). This so-called fragmented glueball is supposed to have a
mass of 1865 MeV and a width of 370(50) MeV. In the following section, we shall entertain
this idea by extrapolating the decay widths of the dilaton and exotic scalar glueball to
the proposed fragmented scalar glueball. Especially the exotic scalar glueball is too broad
to be identified with either f,(1500) or fo(1710), making its interpretation in terms of a
fragmented glueball particularly suited.

In Table 10.3 and Table 10.4 the partial decay rates for the model masses as well as an ex-
trapolation to 1865 MeV are collected for the exotic and dilaton scalar glueball, respectively.
Depending on the magnitude of the coupling to quark mass terms, parametrized by =z,
both fluctuations seem to match this scenario, when their masses are adjusted accordingly.
The exotic scalar glueball even exceeds the width of 370(50) MeV by over a factor 2, while
the dilaton scalar glueball is only for = = 1 slightly above the lower bound. Considering
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L'ap (1506) [MeV] I'apari2)[MeV]

Gp —» 7m 12.6...16.7|15.4...20.4 14.6...19.3|17.0...22.5
Gp - KK 4.43...5.87|50.4...66.8 7.49...9.93]49.4...65.4
Gp —mm 1.93...3.82|14.1...18.7 2.77...4.96|13.9...18.4
Gp — 0.29...0.30(0 4.35...4.54/0

Gp — pp - 53.5...71.0

Gp = ww - 16.6...22.0

Gp — a1m, pnmw 0.96...1.67 2.92...4.81

Gp — Hadrons 20.2...28.3| 80.8...107 102...137|153...204

Table 10.2.: Hadronic decays of the dilatonic scalar glueball Gp alternatively identified with
fo(1500) and fp(1710) with masses 1506 MeV and 1712 MeV, respectively, for
A = 16.63...12.55. In decays into two pseudoscalar mesons, the two sets of val-
ues correspond to = 0 and « = 1 in the coupling to the quark mass term (10.28).
Four-body decays have been found to be strongly suppressed [133] and are hence not

listed. Partial decay widths much smaller than 1 MeV are left out.

the previously neglected mixing of the scalar glueball sector induced by the DBI action,

might remedy this slight mismatch. This is, however, beyond the scope of this work.

Pseudoscalar Glueball

The pseudoscalar glueball arises as fluctuation of the Ramond-Ramond 1-form field C

and obtains a kinetic mixing with the singlet 79 (see Section 9.4.1)

Mo~ 1o+ G2 Gps = o + 0.01118, /Ny /Ne A Gps.

(10.44)

In Ref. [135], it was shown that the pseudoscalar glueball’s primary decay mode, the decay

into two vector mesons, is inherited from the singlet pseudoscalar meson through mixing.

The relevant interaction Lagrangian originating from (7.52) reads
‘CGPSUU _ Gpseuupatr kﬂl}(m)u(n) auvgm)apvt(rn) ’

with
BV = 19.6184N A2 Mgk

and thus

1,1 4m2
Mgl = 267V Migtr T,T,)? (1 - ) :

for vector mesons with equal masses.

(10.45)

(10.46)

(10.47)
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Iy 55[MeV]

LGy (1865) [MeV]

Gp — 7 72.2..95.7|84.9...113 169...224[175...231

G —- KK - 176...233|273...362

Gr — 1 - 45.9...64.6/69.8...92.5
Gg — - 3.01...3.140

Gr — pp - 2.91..3.86

Gg — ww - 0.84...1.12

Gg - K*K* - 0.15...0.20

Gg — aym, Tp - 161...274

Gg — K*Knr - 19.3...33.9

Gg — Hadrons 72.2...95.7|84.9...113 558...803[680...964

Table 10.3.: Hadronic two-body decays of the exotic scalar glueball G with model mass of 855
MeV and extrapolated to M = 1865 MeV for the proposed fragmented scalar glueball
in [45]. A = 16.63...12.55. In decays into two pseudoscalar mesons, the two sets of
values correspond to z = 0 and # = 1 in the coupling to the quark mass term (10.7).
Four-body decays have been found to be strongly suppressed [133] and are hence not
listed. Partial decay widths much smaller than 1 MeV are left out but considered in the
total hadronic decay rate.

I 55 [MeV] L'cpases) [MeV]
Gp — o 12.4...16.5]15.2...20.1 16.1...21.3]18.3...24.2
Gp - KK 4.16...5.51|50.5...67.0 9.87...13.1]48.8...64.7
Gp —nm 1.85...3.71|14.1...18.7 3.38...5.75/13.7...18.1
Gp — - 4.19...4.380
Gp — pp - 90.1...119
Gp — ww - 28.7...38.1
Gp —» K*K* - 42.6...56.4
Gp = a1m, Tmp 0.84...1.48 5.32...8.55
Gp — K*Kw - 0.64...1.13
Gp — Hadrons 19.3...27.2[80.6...107 200...267]247...329

Table 10.4.: Hadronic two-body decays of the dilatonic scalar glueball G p with WSS model mass
and extrapolated to M = 1865 MeV for the proposed fragmented scalar glueball
n [45]. A = 16.63...12.55. In decays into two pseudoscalar mesons, the two sets of
values correspond to x = 0 and « = 1 in the coupling to the quark mass term (10.28).
Four-body decays have been found to be strongly suppressed [133] and are hence not
listed. Partial decay widths much smaller than 1 MeV are left out but considered in the

total hadronic decay rate.
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Lgwss [MeV] Lapg(2359) [MeV] ' 2600 [MeV]

Gps — pp 36.8...45.0 150...195 190...248
Gps — ww 11.3...13.8 48.8...63.8 62.2...81.3
Gps — K*K* 2.69...1.81 83.3...195 188...246
Gps — ¢ - 16.3...21.2 29.2...38.2
Gps — Hadrons  50.6...60.6 349...455 470...613

Table 10.5.: Decays of the pseudoscalar glueball into two vector mesons A = 16.63...12.55.
Besides the WSS model result for the pseudoscalar mass, Mg = 1813 + TMeV, an
extrapolation to 2600 MeV (motivated by lattice results) is considered. Partial decay
widths much smaller than 1 MeV have been left out and can be found in [135].

Discussion

In Table 10.5 we show the hadronic decay rates into two vector mesons, which in Ref. [135]
were found to be dominant compared to other decay channels, such as that into three
pseudoscalars. This is in stark contrast to the analysis of Refs. [154, 155], where the three-
body decay into K K7 is dominant and decays into (axial) vector mesons were assumed
to be negligible. More recently, Ref. [141] carried out computations of decay rates of the
pseudoscalar glueball using a Dilute Gas of Instantons (DGI). Comparing their results on
I'(G — KKn) ~ 0.24 GeV and T'(G — n/m) = 0.05 GeV to the WSS model predictions
of (G — KK7) ~ 0.5 MeéV and I'(G' — n/7r) ~ 0.002...0.001 MeV [135], the results
disagree by three orders of magnitude. However, to some extent, a disagreement is to be
expected since the 't Hooft instanton mechanism is different from the Witten-Veneziano
mechanism. In a recent partial wave analysis of J/¥ — K2 K2 decays [144], the BES
III collaboration identified the state X (2370) to be a pseudoscalar with mass and width
of about 2395 MeV and 188 MeV, respectively. They found their results to be consistent
with a lattice computation of the production of a pseudoscalar glueball in radiative .J/¥
decays [143]. Besides the model mass prediction of 1813+ 7 MeV, with corrections through
mixing included, we thus extrapolate to 2395 MeV and 2600 MeV, motivated by the recent
analysis of Ref. [144] and lattice QCD [11, 12], respectively. The width of 188 MeV found
by [144] is already saturated by decays into two p mesons. The extrapolation of Mgy for
higher mass glueballs works quite well for the dilaton scalar and tensor glueball but seems
insufficient for the pseudoscalar glueball. However, one needs to keep in mind that in
the WSS model, the interactions with two vector mesons arise from a formal expansion
in /Ny /N, which is not a small parameter in real QCD. Extrapolations of the results
of Ref. [141] to 2395 MeV would be welcome and could offer valuable insights into the
nature of the mixing between the pseudoscalar glueball and the 7’ meson. Due to the stark
contrast between the DGI and WSS model results, experimental data could give a clue on

which mechanism is more relevant
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To leading order, the interactions of the pseudovector glueball with ordinary mesons arise
from the CS term of the D8-brane since those originating from the DBI action vanish due
to taking the trace of commutator terms. As the CS term involves a formal sum over all
the form fields in the Ramond-Ramond sector of the theory, a subtlety arises due to the
duality relations between their field strengths. For the field strengths with p > 4 we have
the non-dynamical twisted field strengths [156,157]

Fpi1=dC, —HAC, o= (—1)PP D245y 0 p>4 (10.48)

of the Ramond-Ramond form fields appearing in the CS term. Expanding (7.6) in Ba, C3

and C5, we obtain the contributions

SE8 = Ty Z/ VA(R)Tr exp (21’ F + B) A C,

raly? — (10.49)
T e’
DTy Tr FAFANCs;+Tr FANFANByACs,
D8 2! 2!
which can be rearranged via partial integration
FAFANC;=ANFANdC; =ANF A*xdCs (10.50)
FAFAByAC3=ANFA By A Fy. (10.51)

The D8-brane action extends over the Sy, which greatly restricts the index structure for
non-vanishing results. In (10.50) the Hodge dual is used to fill the indices on the Sj4. In
(10.51), the Fy field strength from the background (7.1) ensures a non-trivial result.

Pseudovector Glueball
For the pseudovector glueball, we obtain from (10.50)

1
ANF AxdC5 = ﬂﬁ— Ay FyoFTMNO ¢t 1d2dQy

22¢(z)d*zdzdQy,

3
V9979 (A F,, + 214#F,,Z)F“"2

3'M vV 2gs

(10.52)
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where we projected onto the physical spin-1 polarizations via BW =3 fguﬁa FV nd

used

1
(Oux By + 0y % By + 0, % FY,) = o100 % F,

1
A
= —Ze“,,pge‘mmaaem)\,{ﬂ/“ = —€upe0aFV° = —€upe V7.

(10.53)

Additionally we obtain from (10.51)

3
ANFANByANFy = — _clz) —(A.F +2A,F,.)F), 34 dzdzdQy.  (10.54)
2]\4PV s
Collecting all contributions, we have
1y 1 (m) m)) @V
Lopyono == (1= ) 37t (v“ O,11 + T19,,0{ ) F, (10.55)

with (Hpv(z) = N4(Z)/NPV)

21a/)? 3R}, [ 82 _
m— 2,) b (3 / d2K Y21 (2) Hpy (2)

{112.054, ...} (10.36)

27 [k z
— /= m—1(2)H
A4V MRy, J V1422 Vam-1(2)Hpy(2) = VAN,

The first term in (10.55) was already obtained in Ref. [132], but the second term involving
—1/3!, arising through the dualization of C3, was only considered later in Ref. [124] .

Interactions between the pseudovector glueball, one axial vector, and one vector meson

are given by

5 1 %
_ (m) () FV
Lapy—va=—¢ Vo mngy ( al )FW (10.57)
with
mn 27
b [ VT 2 W1 (2)h(2) = s (ban (D) Na(2)
4 MKKR (10.58)

~ {118.66, .. .} KK
VAN, '

From (10.57) we obtain

batr T, T, \? 2
Myl = (i) (M2 (=) (i )
viTtallto (10.59)

— M2y (3mg + 10m2m? + 3m}) )
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Note that since Mpy o< Mk, (10.57) does not depend on the compactification scale. A
similar argument holds for the vector glueball. When extrapolating their masses, we shall,
therefore, restrict ourselves to giving ratios of decay rates instead of their absolute values.
Three-body decays result from the interactions arising through the commutator terms of

Fyn = 0y AN — OnAn — i [Ay, An] and are governed by

5 1 5
_ Y ¥ gmn (m) ,,(n) \%
EGPVH’U’U - 6 MV b2 tr (H [’U“ , Uy ]) FNV’ (1060)
where®
mn _ 81 [k 1 ~ {7257.92,...}
by =3 \/;MI%KR& /d21/12m—1(2)1/12n—1(z)HPv(Z) = TR (10.61)

from which we obtain

bo tr Ts [Ty, , T, ] ) 2
MPva1 My,

‘MGPV_“}lUQH’Q = (
X (M163V + Mpy (mf; + 2(m2, +m2, — s12 — s23))

+ Mz%v(m%](mgl + mf,z — 512 — 523)
— mzl (1177112)2 + 4512 + S23)

2 2 2 2
—my, 12 — 4my, 523 + 575 + 3512523 + 533)

+ s93(s12(m +m2, +m2) — (m2,(mf; + 3m2))) — s1,)
+ m1211 (m12)2 (mf; + m12)1 + m?&) — s12(mf + 3m12]2) + 2575)

+ s33(2m3, — 812)>7

(10.62)

where s;; is the squared center of mass energy of the vector meson-pseudoscalar meson

subsystem.

To leading order, there would also be interactions of the pseudovector glueball with one
axial vector and two vector mesons. They are, however, above the mass threshold obtained

by using model masses and are thus not considered here.

Discussion

In Table 10.6, we have collected the results for the various hadronic decay rates of the pseu-
dovector glueball. Table 10.7 shows the decay patterns when the mass of the pseudovector
glueball is raised to 2980 MeV, the value obtained from quenched lattice QCD [12]. The

8 Our results for b7" and b5'" for m = n = 1 differ from the ones in [132] by factors of 2 and 2%/2, respectively,
due to the different normalization of the SU(Ny) generators.
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FG\}/DVSS [MeV]

Gpy — pm 585...775

Gpy - K*K 259...338

Gpy — nw 83.2...141

Gpy — no 13.8...11.3
Gpy —» nw 31.9...26.0
Gpy = ' 5.21...8.83
Gpyv — a1p, ppm 433...751

Gpy — K1(1270)K* 26.9...35.6
Gpy — K1(1400)K* 1.72...2.82
Gpy — fiw 40.9...54.2
Gpy — flw 1.32...1.75
Gpy — K*K*n 37.6...66.0
Gpy — K*pK 5.85...10.3
Gpy - K*wK 1.66...2.91
G py — Hadrons 1476...2162

Table 10.6.: Hadronic decays of the pseudovector glueball with WSS model mass of Mpy = 2311
MeV.

three-body decay rates I'G ., — ypr again include the a; resonance contribution shown in
the Feynman diagrams of Fig. 10.3 with width given by (7.47) and the pertinent Dalitz plots
are displayed in Fig. 10.4. The interference effects amount to a reduction of the decay rate
of about 30%. Decays into mesons involving strangeness, like the physical K;(1270) and
K1(1400) as well as f1 and f], which are all rather sharp resonances in real QCD, are not
summed resonantly but displayed separately. Despite the negative interference with the
a1 meson as well as the reduced coupling constant due to the contribution of the dualized
field strength in (10.50), the pseudovector glueball turns out to be the broadest resonance
of the WSS model, making its experimental identification difficult. However, in Chapter 14
we explore its role as a soft exchange in the threshold region of photoproduction of heavy
pseudoscalar mesons using a bottom-up holographic construction. This process has been

argued to be sensitive to pseudovector glueball exchange [158-160].

Vector Glueball

As was the case for the pseudovector glueball, the interactions of the vector glueball are
purely anomalous and originate from the CS term in (7.6). The expansion of the latter
is again given by (10.49) since the pseudovector and vector glueball only differ by their
polarizations of the respective fields By and C’.
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T wss
GPV —...

' wss

FGPV(2980—>~~

FGPV(2980)—’/”T

py__PT

P 1 1
K*K 0.55 0.75
wn 0.14...0.18 0.17...0.21
on 0.02...0.01 0.04...0.03
wn’ 0.05...0.03 0.09...0.06
on 0.009...0.01 0.04...0.05
aip, ppm 0.74...0.97 2.64...3.35
K1(1270)K* 0.05 0.16
K;(1400)K* 0.003 0.24
fiw 0.07 0.16
flw 0.002 0.015
fio - 0.01
fig - 0.04
K*K*m 0.06...0.09 0.43...0.57
K*pK 0.010...0.013 0.52...0.69
K*wK 0.003...0.004 0.17...0.22
K*K*n - 0.11...0.12
oK*K - 0.04...0.06

Chapter 10 Glueball Decays

Table 10.7.: Hadronic decays of the pseudovector glueball with WSS model mass M py = 2311 MeV
and the quenched lattice value of 2980 MeV.
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Fig. 10.3.: Feynman diagrams contributing to the hadronic three-body decay of the pseudovector
and vector glueball into ppm.
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Fig. 10.4.: Dalitz plots for the three-body decay G py — ppm including a charged (a) and neutral
(b) ay resonance.
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From (10.50) we obtain

d*zdzdQ
ANF AxdC3 = %\/ —ggTT (a(;)g““gl’)‘gp‘sAuFupemaa\/Eﬁmva
zZz K U 3Z a(z)

—gPEgHt gV (AzaMAV + A0, A, — AL A, — 2AZ[AM,A,,]> azﬁ * FY, )

(10.63)
and from (10.51)

ANFANByANFy = @e/‘”f"’A PV, 3R, d*zdzdQ (10.64)

2 4 > L Vp\/i o s 4, .

where *F/K/ = \/ECN'W.

The interaction Lagrangian coupling the vector glueball to pseudoscalar and vector mesons

is thus given by

1, o L
Lovmo = _mgl tr (Ha“v‘(’ ) + U,EL )8,,H> *Fuw (10.65)
where (Hy (2) = My(2)/Nv)
9 [k 1 1 {15.04,...}
m_ < [h L 1 - I _ {15.04,...} |
g1 16\/;MI%KR?]))4 /dzzdum 1(2)0:(zHy (2)) N, (10.66)

with the mass dependence explicitly given in the Lagrangian. The spin-averaged, squared

amplitude is given by

2

2 m¥ +m2 [ mf —m?

|Mey—omn|? = 3 (g7 Mytr T, T,)* (1 -2 HM2 vt HM2 v (10.67)
Vv Vv

Similarly, interactions with vector and axial vector mesons are governed by

1 1
L&y —av = mfrneuupotr (vZ‘@,,aZ + ay, l,vZ”) V, + M—Vfgmtr (U,Ta’;) * Epy,

(10.68)
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where

M,
e /@( lﬁw-mgwmaw%@mw>

 {177.83,.. .} Mgk
NV

3 31+2 (10.69)
g = 8MKKR /dz< . ) (Y2m—1h, — Vo _1%2n) 0= (2Hy (2))
_{16.60,.. .} My

NeVA

Note again that My oc Mgk and hence (10.68) does not depend explicitly on the compact-

ification scale. Carrying out the polarization sums and spin averaging, we obtain

1 tr 1,1,
‘MG’V—>av| ( —

2
= ) i (4202 + 28211 - )?)

M‘%mamv
2
mZ(fi + f2)? ( — Mymg )
-m (MVm ( 15f1 + 18f1fa + f2)
+ 8fFmy + 2My(f1 — f2)?)

+ my, <4Mvm (2f2 *3f1) +Mvm (15f1 + 18f1 /2 *f2)

(10.70)

T+ af2mS 4 ME(f - f2>2)],

We obtain the leading order quartic coupling to two vector mesons and one pseudoscalar

meson from the commutator terms of the meson field strengths. Explicitly we have

i mn m 14
LGy T = M—Vgl tr (H {vfl ),v( )D *xFy, (10.71)
with
_ | K {1061 }
M}%}(R /2(125 Vom— 1( )¢2n 1( ) (ZHV( )) )\NC3/2 )
(10.72)
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and the resulting spin-averaged squared amplitude, with resonance contributions neglected,

is given by

2
g1 2
IMay —vv H|2 = ————= (trT§[Ty,, To,)) [
vt mglm%&M‘Q/ 1o

by (2, (2,4 D s12) o+ M (2, — M+ 512)

+ So3 (M‘Z/ — ng + 812) ) + mg2M\2/ (2M‘2/ — 512>

1 893 <m32 (312 - 4M‘2/) + 51 (ME/ - 312) ) (10.73)
+mg, (m§2 (17M5; — 3(s12 + $23)) + my,

+ (M‘2/ — 812)(2M‘2/ — 2519 — 523))

— mﬁ — M‘Q/ + 333 (mej2 — 312) + mﬁlm?&},

where s;; is the center of mass energy of the vector meson and pseudoscalar subsystem.
The interactions of the vector glueball with one axial vector and two vector mesons
are close to the mass threshold when model masses are used. Hence, they will not be

considered in the following.

Discussion

The resulting decay rates are collected in Table 10.8. Again, the a; meson is summed
as a resonant contribution with width given by the WSS model prediction in (7.47). For
the case of the vector glueball, we find almost maximal negative interference between
the direct process and the resonant contribution. The decay Gy — ajp would have
a partial width of 822...1089 MeV, making it the dominant decay channel of the vector
glueball. However, as a resonant contribution together with the direct interaction (see
Fig. 10.3), the partial width of Gy — ppm is only about 60% of that. In the corresponding
Dalitz plot of Fig. 10.5, the resonance is clearly visible and might help in experimental
identification. We hope that the obtained Dalitz plots for decays into ppm prove useful
to experimentalists, although isolating the channel Gy, — ppm — 57 in, for example,
J/¥ decays, seems like a formidable task. When computing decays into axial vector
mesons involving strangeness, the latter are again treated non-resonantly due to their
small widths. When instead considered as resonant contributions using their experimental
widths, the interference effects indeed turn out to be negligible. In Ref. [161], ratios of
partial decay widths of the vector glueball were considered in the Extended Linear Sigma
Model (eLSM) [42,154,155,162]. The couplings obtained therein do not directly compare to
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FG\‘zfvss [MeV]

Gy — pr 34.3..45.4
Gy - K*K 37.8...50.1
Gy — wn 5.78...9.80
Gy — ¢n 3.45...2.81
Gy — wn/ 3.06...2.50
Gy — onf 3.22...5.46
Gy — a1p, ppm 339...417

Gy — K1(1270)K* 185...246

Gy — K;(1400)K* 320...424

Gy — fiw 212...281

Gy — flw 22.4...29.7
Gy — f1¢ 9.51...12.6
Gy — fio 47.8...63.3
Gy - K*K*rn 22.7...39.9
Gy — K*pK 30.3...53.2
Gy — K*wK 9.85...17.3
Gy — K*K*n 7.77..12.1
Gy — oK*K 3.87...6.80
Gy — Hadrons 1301...1725

Table 10.8.: Hadronic decays of the vector glueball with WSS model mass My = 2882 MeV (mixing
between vector glueball and singlet vector mesons neglected). Because of the large
width of a; — pm, the strongly interfering direct and resonant decays into ppm have
been combined.

s(p*p) [GeV?]

7
6
5
4
3

1.0 15 20
s(p

1.0

0
25 3.0 35 40 45
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s(0°p%) [GeV?]

1.0

15 20 25 3.0

s(r*p") [GeV?]

(b)
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4.0

4.5
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0

Fig. 10.5.: Dalitz plots for the three-body decay Gy — ppm including a charged (a) and neutral (b)
@1 resonance.
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I wss
GV —>...

FGV(3830)—’~~

Towss,, R —— Ref. [161]
pT 1 1 1
K*K 1.1 1.21 13
wn 0.17...0.22 0.18...0.23 0.16
on 0.10...0.062 0.12...0.07 0.21
wn' 0.089...0.055 0.11...0.07 0.13
on 0.094...0.12 0.14...0.18 0.18
aip, ppm 9.88...9.18 17.0...15.3 1.8
K1 (1270)K* 5.40 12.0
K1(1400)K* 9.32 23.8
fiw 6.2 11.8 0.55
flw 0.65 1.41 0.82
fio 0.28 0.83
fio 1.4 4.92
K*K*m 0.66...0.88 1.92...2.54
K*pK 0.88...1.17 3.48...4.62
K*wK 0.29...0.38 1.14...4.62
K*K*n 0.23...0.27 1.19...1.40
oK*K 0.11...0.15 0.70...0.93

Table 10.9.: Relative branching ratios of the hadronic decays of the vector glueball with WSS model
mass My = 2882 MeV and with quenched lattice QCD result [12] 3830 MeV, the latter
for the sake of comparison with Ref. [161].

those obtained in the WSS model. In particular, there are two dimension-4 operators that
are absent in our computations, which we thus interpret as subleading decay channels. On
the other hand, there are terms in (10.68) that do not involve the dualized field strength,
which are not reproduced by the eLSM computation. For comparison, we give in Table 10.9
the ratios obtained in [161] together with the results of the WSS model. While they agree
on the dominant decay channel being Gy — a7, the WSS model predicts a much more

pronounced strength of these decays, differing even by an order of magnitude’.

Implications for the pr puzzle

The vector glueball is often quoted as a possible resolution to the long-standing pm puzzle
[163-168]. The latter is the experimental fact of a relative suppression of decays of
Y = 1(2S) = 1(3686) into pr and K*K, compared to the same decays of its radial
ground state J/WU. Considering them as non-relativistic bound states of ¢ and ¢, one would
instead expect a ratio that is roughly compatible with the ”12%” rule [134, 169]. A certain

small mixing of J /W with the vector glueball could explain this suppression by a resonant

° Again we take into account the negative interference with non-resonant Gy — ppm decays in the WSS
model, whereas Ref. [161] considered only two-body decays.
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enhancement (cf. (9.46)) but requires a rather narrow vector glueball that is close in mass
to that of J/W. Unfortunately, the WSS model is unable to capture the behavior of c¢
states since they acquire most of their mass through their quark content, while the latter
are massless in the WSS model. Our predictions also indicate a rather broad resonance,
which is incompatible with the assumptions made in Ref. [165]. Another problem is the
mass of the vector glueball, which in the WSS model is rather close to that of J/ ¥, but
lattice computations predict a mass difference of about 700 MeV. On the other hand, in
Section 9.4.3, we found a strong dependence of the mixing parameter on the mode number,
so the situation for charmonia might be quite different from the computations presented
above. Taking the decay patterns of Table 10.8 at face value, the vector glueball appears to
be rather unsuitable for an explanation of the pm puzzle due to the strong decays into a7
and K(1400) K*, which have not been observed in the hadronic decays of .J /1 [9] .

Spin-2
Tensor Glueball
Except for the couplings from the pseudoscalar mass terms that vanish for traceless

polarizations, the tensor glueball has the same interactions as the dilaton scalar glueball of

Section 10.2.1. In particular, the coupling to two pseudoscalar mesons is given by

L, = titr (9,110,11) G4, (10.74)
with (Hp = T4/NT)
1 59.6729
t = — /de—lHT = T —2/3d;. (10.75)
™ VAMix N,

Averaging over the spin and carrying out the polarization sums, we obtain the partial

decay width
|pn| 2
Fgronn = ——= [Map—mml*, (10.76)
T 8w M2 T
where
o 1 #] 4 2, 2 2 2 2)2
|MGT—>HH| = 56M4 (MT — QMT(mnl + mHQ) + (mHl — mHQ) ) . (1077)
T

Note that the factor of 1/5 in (10.76) is due to averaging over the spin-2 polarization.
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The coupling to two vector mesons is again obtained from the DBI part of (7.6)
Lépow =tr [tzMgKv;%gmG;” + tgFlE’;”‘)F;WG;”} : (10.78)
with
57" = [ deKh, 0, Hr = 2V3d5",
(10.79)

t5" = /dZK_l/:SmeflqanleT = 2V/3dy"",

and d3'3" given in (10.39). The spin-averaged squared amplitude is readily obtained as

r . éMf(lK(zw”‘Hz o M7 + 56m,)
Gr—vv — S 120 m% T My M m,
2
- gtgthI%K(M% —m?2)
+ ﬁ(Mz; — 3m2 M2 —|—6m4)} Pyl
10" v v f8mMR’

where S is again the symmetry factor for identical particles.

There is also a coupling of the tensor glueball to one axial vector and one pseudoscalar

meson,
Lepta = — 260 Mgt (O“Ha,(jm)) G (10.80)
with 40.764
o= \/E/dw;mHT _ {40.764,.. .} ""}, (10.81)
T MKKNC\&

and pertinent spin-averaged squared amplitude

11 [ M2 t2tr T, T,
!MGT—>aH\2 _ <KK65‘1

2
=6 M%ma ) (Mp — mg — mp)(Mp + mg — miy)

(10.82)
X (MT — Mg + ’I’I’LH)(MT +mg + mH)

x (Mg — 2mg (M7 + m2) + 8MFm? + my + miy).
Three-body decays result from the Lagrangian
LGy = 2itr t79, T[T, o™ GAY | (10.83)

with coupling

{724.367,...}

NYRIS L = 2V/3d2". (10.84)
KK+{Ve

1
tg' = ;/dZK_I%mAHT =
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10.3

From (10.83) we obtain

2

1 t
2
|MGT—>'UH1H2| :56M7§im12,tr Ty, [Tsz ) U]Q

X <M§£ + M2 <8m3 — 2812) + (mg — 512)2) (10.85)

X ((MT — mU)Q — 812) ((MT + mv)Q - 512) )

where we neglected resonant contributions and s;2 is the center of mass energy of the

pseudoscalar meson subsystem

Discussion

Restricting ourselves to two- and three-body decays, the resulting partial decay widths
are collected in Table 10.10 with ideal mixing in the w¢ system assumed!’. Again, we
note that the corresponding decay rates into a7 in Ref. [98] are smaller by a factor of 1/3
since the charged contributions were not summed over. However, the conclusion therein
is left unchanged. The eLSM computations of Ref. [145] do not give absolute values for the
decay rates but similarly found dominating decays into pairs of vector mesons, although
much more pronounced. For example, in the WSS model for a tensor glueball of mass
2000 and 2400 MeV, respectively, we obtain pp : mm ~ 10 — 11 whereas in Ref. [145] it
varies between 60 and 50. Similarly, pp : a;m ~ 17 — 16 whereas Ref. [145] quotes a
result between 325 and 200. As was the case for the scalar glueballs, the decay G — a7
is considered as a resonant contribution to decays into G — pmm, as shown in the
Feynman diagrams of Fig. 10.1. In Ref. [145], it was argued that the resonance f2(1950) is
predominantly gluonic. For this resonance, the PDG quotes a width of about 464 MeV [9] ,
which is indeed in the right ballpark when compared to the WSS prediction for an unmixed
tensor glueball of 2000 MeV.

Radiative Glueball Decays

Due to the absence of valence quarks, it is widely believed that radiative decay widths of
glueballs are extremely small. Correspondingly, a sizeable radiative decay width of a given
hadron is usually taken as evidence against its glueball nature!!. As previously discussed
in Section 7.2, and when confronted with experimental data in Section 7.3, the WSS model
quite successfully reproduces numerous radiative decay widths of mesons. Through the
1%See the discussion in Section 10.2.1 for non-ideal mixing.

See for example the study by the BELLE collaboration [170] where it was argued that fo(1710) is not a
glueball because of its sizeable two-photon width.
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FngSS [MeV] FGT (2000) [MeV] FGT (2400) [MCV]

Gr — 7r 19.9..26.3 27.7..36.8 33.8..44.7
Gr — KK 6.66...8.83 19.2..25.4 29.2..38.6
Gr — 1.02...1.35 3.97..5.26 6.48...8.58
Gr — pp - 270...358 382...507
Gr — ww - 88.2...117 127...169
Gr — K*K* - 240...318 417...552
Gr — fin - 0.98...1.71 3.97...6.89
Gr — ' - - 0.92...1.22
Gr — ¢¢ - - 76.7...102
Gr — am, prm 2.34..3.79 14.2...18.6 25.1..32.8
Gr — K*Kn - 3.01...5.28 13.4...23.6
Gr — KKp - - 3.26...5.72
G7 — Hadrons 29.9...40.1 666...883 1109...1474

Table 10.10.: Hadronic decays of the tensor glueball G with WSS model 1487 MeV mass and
extrapolated to masses of 2000 and 2400 MeV, for A = 16.63...12.55. In decays
involving f; we additionally vary 6y = 20.4°...26.4°. Partial decay widths much
smaller than 1 MeV are left out.

couplings of glueballs to the (abelian) vector meson fields in Section 10.2, the relevant
couplings to photons are obtained via VMD by substituting the vector fields with photon
fields and their holographic wave functions by unity'?. We shall now continue with our
analysis of glueball decay patterns in order to make quantitative predictions for radiative

decays.

is available in print at TU Wien Bibliothek.

IS

10.3.1 Spin-0
Exotic Scalar Glueball

Decays into one vector meson and one photon are inherited from (10.14) and thus governed

by
oHo” 1 O
La,wy = —tr {Cgﬂ} lanaF(m)Fy G — *F(T)FV“V <1 + ) GE‘|
EV Hp o M% 9 I M%
M2
+ 3CX"M—K§U,3")FVW6VGE +ég"VF,§’;l>FVWGE} , (10.86)
E

For off-shell photons, one instead uses the bulk-to-boundary propagator in (7.69) to obtain transition form
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factors that encode the internal structure of bound states.
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with

_ — 1.551,...
Vi [ aek g Hp = TP,
Mg NZ
204K —0.262, ...
—ff/d (5K —2) ———— Yy, Hp = % (10.87)
- Myxx N2
425, ...
5mV /de 1/3¢2m_ Hp = M
Myx N

The corresponding spin-averaged amplitude is given by

2
2 ( Mé) Vg2 Va2 | omV (2 2112 2
’MGE—)UV‘ e |:3C4 MKK + 263 ME + 03 (mv — ME):| tr (6QTvm) .

2
(10.88)
The two-photon decay rate is obtained from interactions governed by
oro” O
LGy =— tr{ [F;prp M2 Gg — Z].'*“Lf,]!ﬂiw (1 + e ) GE}
+ 2&}{"FV FY"@Gp } (10.89)

with couplings
V= m/de—l/?*ﬁE = 0.0355£,
M (10.90)
VA

oy R -1/3 _
P K B H = 0.0106-2 .
“ 4/ ‘ B Mk

From (10.89) we obtain
M 2
2 _ E S VYV 212
(Mapw|” = =F ( — 28 ) (e Q) . (10.91)

As mentioned in Section 10.2.1, the hadronic three-body decays are rather strongly sup-
pressed. However, through VMD, the would-be suppression in A and N, is traded for
an electric charge, and simultaneously, the phase space is enlarged. The corresponding
Lagrangian describing interactions between the exotic scalar glueball, two pseudoscalars,

and a photon follows from (10.23) and is given by

0,0,
M2

+2i} 9,11[I1, V)G }

Loy =2icy {tr@uH[H,V | GE + a LTI, V) (
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with couplings

& = /dZHE _ 6265 & = /dz He 1639 (10.93)
7K V/AMgxN. K /AMggNe.
Carrying out the polarization sums, we obtain
. 2
Moy mml? = (4";*11(1; i fif_[f;??]) (i, 15) (s, - o)
- (7n%h74—7n%b — 513 —-523> (nz%lrn%b —-813523) >,
(10.94)

with s;; the center of mass energies of the pseudoscalar-photon subsystem. Note that due
to the vanishing coupling of an axial vector meson to a pseudoscalar meson and a photon

(cf. Section 7.3.3), there are no resonant axial vector contributions.

Discussion

In Table 10.11 the results for the partial widths for the radiative decays of the exotic scalar
glueball are given. Again, these are evaluated for the mass of fp(1500) and f((1710) with
ideal mixing assumed for the w¢ system!®. With this assumption, we approach the ratios
9 : 1 for py and w~y decays, but the w~y and ¢ ratio deviates strongly from 2:1 due to
the heavy mass of the ¢ meson. As was the case for the hadronic decays in Section 10.2,
using a more realistic value for the w¢ mixing angle 6y ~ 28°, the partial width for w~y
increases by about 17% while simultaneously decreasing ¢y by about 8.5%. This is also true
for the corresponding computations in the following sections. As we will see shortly, the
radiative widths of G are much smaller than those of Gp at equal mass; see Table 10.12.
On the other hand, the three-body decays into 77y and K K, originally neglected in

Ref. [98] , are the dominant radiative decay channels.

Dilaton Scalar Glueball

Using the interaction Lagrangian in (10.38), we obtain the coupling to one vector meson

and one photon
oo
Lapve =245V 0"t (EGVE) <n“” - D) Gp, (10.95)

See the discussion in Section 10.2.1 for non-ideal mixing
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L' g 1506) [keV] L'apanz[keV]

Gr — py 134 20.7
Gg — wy 14 2.23
Gr — ¢y 0.30 0.98
Gg — mmy 114...151 134...177
Gg — KK~ 14.5...19.2 29.8...39.5
Gg — vy 0.076...0.058 0.087...0.066
G g — Radiative 128...170 163...216

Table 10.11.: Radiative decays of the exotic scalar glueball Gg extrapolated to the masses of
fo(1500), fo(1710) .

with

{0.46895, ...}
M/ N,

gy =k / dz K~ Y39, 1Hp = (10.96)
The would-be coupling d*Y vanishes at zero virtuality due to the derivative acting on a
constant bulk-to-boundary propagator. Nevertheless, it becomes important when comput-
ing transition form factors that may be used to estimate the contributions of the dilaton
scalar glueball to hadronic light-by-light scattering [98] .

The spin-averaged squared amplitude is given by

dgY (md — 4m2 M3 + 3M3},
2M$,

2
(M p—ov]? = - (eQT,)”. (10.97)

Replacing both vector mesons in (10.38) with photons by means of VMD, we obtain the

2~ interactions

Layyy =¥ ntr (Fijjﬁ,) <n“” - aﬂma”) Gp, (10.98)
with
d¥Y =k / dz K~Y3Hp = 0.01301950Y/2 M, (10.99)
and the amplitude
(Map—wv]? = g (d?iVM%tr@QQ?))Z : (10.100)
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Radiative three-body decays are seen to follow from

. 0,0
EGDHHV = 2itr d})}aﬂH[H, V,,] (77“1, — A‘};) Gp, (10.101)
D
with coupling
1 17.2261
d¥y = = /de‘lHD = =, (10.102)
m VAMgg Ne
and pertinent spin-averaged squared amplitude
) dd¥etr 51(55,Q)
’MGD—JIHV‘ = 5 )
mip, + My, — $13 — 523
Y (Mg (m?, - s13) (md, — s23) (10.103)

2 2 2 .2
— (mnl +mi, — S13 — 823) (mnlmn2 - 813823) ),

with s;; the squared center of mass energy of the pseudoscalar-photon subsystem and

again no contributions from resonant axial vector mesons.

Discussion

The results for the partial widths are displayed in Table 10.12, where the dilaton scalar
glueball is alternatingly identified with fp(1500) and f(1710) and again with assumed
ideal mixing for w and ¢!, For both extrapolations, we find two-photon widths in the
keV range, with dominating decays into py. Our predictions are somewhat in between
the results of a few hundred eV to roughly up to 15 keV found in the literature [171,
172]. Interestingly, the decay rates into two-vector mesons obtained in Section 10.2.1 are
comparable with the results of Ref. [150]. Unfortunately, no data for decays of f,(1710)
involving a single photon appear to be available. The BELLE collaboration, however,
reports a measurement for two-photon decays: FWB(KI_() = 12f§f§27 eV [170]. The
conclusion therein is that due to its large two-photon width, f,(1710) is unlikely to be a
glueball. On the contrary, the holographic prediction of the WSS model suggests an even
larger branching fraction of I',, B(K K) ~ 690 . ..520 eV that is about 2-3 sigma above
the measurements quoted by BELLE. Another upper limit for this branching fraction is
480 eV from ARGUS [173]. BELLE obtains a central value for I'f, (1710)—+~ of a few tens
of V. This discrepancy with the WSS model prediction could be explained by f,(1710)
containing a possibly large s5 admixture, as, for example, found in the study of Ref. [174].
On the other hand, since the dilaton scalar glueball matches the hadronic decay patterns of
fo(1710) remarkably well for = ~ 1, the BELLE result would seem to indicate that VMD

"See the discussion in Section 10.2.1 for non-ideal mixing.
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L'ap (1506) [keV] I'apariz)(keV]

Gp — py 184 276

Gp — wy 19.9 30.1

Gp — ¢y 14.1 29.4

Gp — wry 8.17...10.8 9.59...12.7
Gp — KK~ 1.04...1.38 2.14...2.83 5.67
Gp — 77 1.74..1.32 1.98...1.50
Gp — Radiative 231...233 352...355

Table 10.12.: Radiative scalar glueball decay with G p identified alternatively with f;(1500) and
fo(1710) with masses 1506 MeV and 1712 MeV, respectively, for A = 16.63...12.55.

Fg\évss [keV] FGE(1865) [keV]

Gg — py 0.047 26.4

Ggp — wy 0.003 2.86

GE — ¢y - 1.72

Gg — mmy 47.9...63.5 148...196
Grp — KK~ - 43.3...57.3
Gg — vy 0.043...0.033 0.095...0.071
G g — Radiative 47.9...63.5 191...253

Table 10.13.: Radiative decays of the exotic scalar glueball G with WSS model mass 855 MeV and
extrapolated to the scalar glueball at 1865 MeV proposed in Ref. [45].

does not apply for radiative decays of fy(1710). A further complication not captured by
the WSS is mixing with the novel f;(1770) resonance.

Fragmented Scalar Glueball

In Table 10.13, we show the resulting partial widths for the exotic scalar glueball with
model mass as well as an extrapolation to the proposed fragmented scalar glueball of [45]
with a mass of 1865 MeV. The radiative decay rates turn out to be negligible compared to the
hadronic decays obtained in Section 10.2.1. For completeness, we also list the corresponding
results for the dilaton scalar glueball in Table 10.14. They are again negligible compared to
the hadronic decays computed in Section 10.2.1 with the conclusion that the exotics scalar

glueball is a good fit for the fragmented scalar glueball, left unchanged.
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FG\gSS [keV] FGD(1865) [keV]

Gp — py 175 346
Gp — wy 19.0 37.9
Gp — ¢y 12.9 42.8
Gp — mry 8.03...10.6 10.6...14.1
Gp — KK~ 0.96...1.27 3.11...4.12
Gp — 17 1.72..1.30 2.16...1.63
G p — Radiative 218...221 443...447

Table 10.14.: Radiative decays of the dilaton scalar glueball G p with WSS model mass of 1487 MeV
and extrapolated to the scalar glueball at 1865 MeV proposed in Ref. [45].

Pseudoscalar Glueball

From (10.45) one obtains couplings to one or two photons, respectively. They are given

by

Lépawy = Gpgetr [2l~c’f"auv,,apvg : (10.104)
where
KUY = 0.493557N Y2 Ml (10.105)
and
Lapsvy = Gpse™tr |kYY0,V,0,V, (10.106)
where
kY = 0.01452322\Y2 Mt (10.107)

The spin-averaged squared amplitudes following from (10.104) and (10.106) are given by

2
2 2
Mooy =2 (kf”’etr TvQMz%s) (1 - ) (10.108)
Mpg
and
2
[(Mapgvvl* = 2 (kY e?tr Q2 M) (10.109)
respectively.
Discussion

In Table 10.15 we show the resulting partial decay widths for the WSS model mass of
1813MeV £ 7 MeV together with two extrapolations to 2395 MeV, motivated by the study
of [144], and the (quenched) lattice result of 2600 MeV. There appear to be no results for

radiative decays of pseudoscalar glueball (candidates) with which we could compare.
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10.3.2

Fgwss [keV] Laps(2305)[keV] L'aps(2600)[keV]

Gps — py 272...263 468...461 536...528
Gps — wy 29.8...28.9 51.7...50.9 59.2...58.3
Gps — ¢y 35.6...34.1 79.6...78.4 95.4...94.0
Gps — vy 1.75...1.30 2.30...1.71 2.49...1.86
Gps — Radiative 339...328 602...592 693...682

Table 10.15.: Radiative pseudoscalar glueball decays for A = 16.63...12.55. Besides the WSS
model result for the pseudoscalar mass, Mg = 1813 £ 7MeV, extrapolations to
X(2370) with mass 2395 MeV and 2600 MeV motivated by the analysis in [144] and
lattice results, respectively, are considered.

Spin-1
Pseudovector Glueball

From (10.55) we obtain the couplings between the pseudovector glueball, a pseudoscalar

meson, and a photon

o 1

Lty = _gmb}’u (VD A1+ T0,V,) FY, (10.110)

where

bV_Q?\/E 1 / 42 nio) = 210
VTN MERS, ) Vit 2 YT UM

Since the form field interactions originate from the non-gauge invariant CS term, care

(10.111)

must be taken when evaluating photon polarization sums. Explicitly, we obtain

2
bV
Mgy —mvl? =2 (M;VetrTstIQ—I> , (10.112)

where we employed the photon polarization sum in axial gauge

) y N e
Y eulk)es(k) = =g —n? Gt (10.113)
A

to sum over the physical degrees of freedom. Note that n in (10.113) is an arbitrary auxiliary

vector that is seen to drop out of the final result.

Equation (10.57) implies, via VMD, an interaction involving one axial vector meson and a

photon
5

6 Mpy

LGpy—va = bV tr (vuagm) F, (10.114)
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with

1.75,.. .} M,
bgw_ 4 MKKR /dzm¢2m 1(2)¥, (2) Na(2) = {\/F}KK, (10.115)
leading to
Mepy—avl” =2 <Mpvm etrT, Q> (1 - n;‘”) : (10.116)

Analogously, from (10.60), we derive the relevant interaction involving a photon, a pseu-

doscalar, and a vector meson

5
LG pyTioy = 6M—V2bmvtr ( [ (m) y) D v (10.117)
where
168.081, ...
bEﬂV — M (10.118)

VAN,

Disregarding resonance effects, the spin-averaged squared amplitude is expressed as

2

bWVetr T,[T,, Q 2

|MGPV—>HUV|2 =2 ( 2 MPVST[nU ]) <<_m12—[ + S12 + 823> — 4M123Vm12]) .
v

(10.119)

Due to the appearance of a trace together with a commutator in the meson field strengths,

there are no couplings to two photons.

Discussion

In Table 10.16 we collect the resulting radiative partial decay widths of the pseudovector
glueball. For the three-body decays, we consider once more the a! meson as a resonant
contribution as shown in Fig. 10.6, and its width is provided by (7.47). Similar to the
hadronic decays discussed in Section 10.2.2, the radiative decays are found to be fairly
significant. The primary radiative decay channels are into 7p~, exhibiting nearly maximal

constructive interference between the resonant a;+y decay and the direct process.

Vector Glueball
The couplings to one photon and one pseudoscalar meson follow via VMD from (10.65)

1
Laymy = i ——gVtr (19, V), + V,0,10) *FV (10.120)
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Fg\}zavgs [keV]

Gpy — 0.01
Gpy — ny 1.11...0.98
Gpy — 1 0.59...1.62
Gpy — ary, pmy 1395...1848
Gpy — f1y 5.16
Gpy — f1v 1.40
Gpy — K"K 266...353
Gpy - X +7 1669...2209

Table 10.16.: Radiative decays of the pseudovector glueball with WSS model mass of Mpy = 2311

Gv/pv

Fig. 10.6.: Feynman diagrams contributing to the radiative three-body decay of the (pseudo)vector

MeV.

glueball into 7py.

pF

Gv/pv
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where

0.31
d M 10.121
9 16\/ MI%KRm/ 25 0:(2Ma(2)) = JN. (10.121)

and the spin-averaged, squared amplitude is given by

2
2 2
(eg}’trTsQ) M2 (1 - m“) . (10.122)

|MG\/—>HV|2 =

W N

Analogously, from (10.68) we obtain couplings of the vector glueball to an axial vector

meson and one photon as

1 1
Layay = 3"t (Vudvaj + a0, v,) Vot 3re (Vudvay = azd,v, ) Ve,

(10.123)
where
2
V= S ] ( AT+ 36) () (z) = 1 I
3 31 0.36, ...} M,
%’”=gMKIfR /dz( — )m( )0 (zM4(z)>:{’¢ﬁ}KK
(10.124)

and the pertinent spin-averaged squared amplitude

May—avl = T3-2 \ mgM2

+ (A7) (9ma M — 6m2M) + 4mf + M)

2
1 (T,Q?
( =9 ) ( = 2ME PV fY (—2m2ME — T + M)

+ ME(f5V)? (6m2ME + mj + M) ) .
(10.125)
Note that the Lagrangian in (10.123) is again independent of the compactification scale.

Additionally, from (10.71) we get the quartic coupling including one photon

Lay Ty = M—g Votr (H [Vu,v,@]) «EY, (10.126)
where
v = {22.55,. ..}
dz =1 My(z)) = Y2222 -8 10.127
o i, [ i) = PR o)
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Ignoring resonant contributions, the squared amplitude for the three-body decays resulting

from (10.126) is given by

2(g7Vetr T,[Q, Ty))?
my M (M — 512)?

IMay Stony|® =

x [ 2m2 M2 |(s12 — M2)(m? — 3MZ + 2s15) — so3(M2Z + s
( v V[( 12 v)(mi v 12) — s23(My 12)} (10.128)

+ (m¥ — 512)? (M2 — 512)? + 2519503(m¥ — 512)(ME — 519)

+2ml + sy + )

To leading order, there are no three-body decays involving two photons due to the com-

mutator terms in (10.126).

Decays into one pseudoscalar and two vector mesons are above the mass threshold.
However, by replacing one of the external vector mesons with a photon, the phase space
enlarges and allows for decays into one photon together with a vector and pseudoscalar
meson 5

LGy —savy = i fi et PV vyt aplV (10.129)

and f]"" given in (10.69). Interestingly enough, this coupling is absent for the pseudovector
glueball of the previous section. Carrying out the polarization sums and spin-averaging,
we obtain from (10.129)

fletr Q[Tv7 Ta]
QQOva (M‘Q/ — 5192

2
2 ~ 2 ~ 2
{MGvﬁavV| =3 ( )) (2|Mgv—>anV| + |Mév—>av\)| ) s

(10.130)
with the transverse
~ 2
’Mgv—va| = mﬁ (M\Q/ - 812) (M\Q/ + 4m12) — 812 — 4513)
- 2””3 (M\% (3’”%2; + 512> - 2Mx2/812 (mf, + s12 + 2313>
+ S19 <2m3 — m?)(812 + 4s13) + 8%2 + 4819813 + 25%3) )
(10.131)

— (m?) — 512) <M{4/ (3m12, + 512)
+ M <4mﬁ —2m(s12 + 2s13) — 2s12(s12 + 2813))

+ s12 ((512 + 2s13)% — m2(s12 + 4813)) >7
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and longitudinal
‘Mévaav\}ﬁ = 2m2 (M\2/ — 812) (M‘% + 2m3 — S12 — 2813)

— 2m} {M(ﬁ (m2 + 2(s12 + s15) ) + 2ME (m + mZ(s12 + 515) — 2(s12 + 513)°)
+ S12 (2 (5%2 + 3512513 + 38%3) — Sm%)(slg + 2313)) ]

—m?2 [Mf} (Hmz + 313) + My (4mﬁ — m2(25s12 + 4513)

— (512 + 2813) (2512 + 3513))

+ M2 <m3 (1353, + 4s3) — 8mi(s12 + 513) + 45

+ 15899513 + 20512575 + 43:1)’3)

+ 512 (m% (s%z + 12519513 + 128%3) — 253y — 9575513 — 183123%3 — 123%) ]
+ M‘B/mg + Mg (3m§ + mg(slg — 812) + 812813)

+ Mé (4mg — 2m3812 — mﬁ(sm + 2513)(512 + 3513) — 812513(3812 + 5813))

+ M (mz(slg + 2513) (3%2 + 512813 + 23%3) - (mﬁ (sfz + 8512813 + 43%3))

+ s12813(812 + 2513) (3812 + 4813))

+ 512513 (m% (S%Q + 6512513 + 48%) — (812 + 513)(512 + 2813)2)
(10.132)

contributions of the vector glueball polarizations, respectively. The squared center of mass
energy Si2 is that of the axial and vector meson subsystem and s;3 that of the vector

meson-photon subsystem, respectively.

Discussion

Restricting ourselves to two- and three-body decays, we display the results for the partial
widths in Table 10.17. As depicted in Fig. 10.6, the a{ meson is summed resonantly together
with the direct process into p7y, although in this case, the interference is less significant
than in the hadronic decay. Due to the large mass of the vector glueball, we find quite
sizeable radiative widths, but still smaller than those of the pseudovector glueball, despite
being about 500 MeV heavier in the WSS model. Again, the radiative widths are negligible

compared to the hadronic decays obtained in Section 10.2.2.
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10.3.3

FGy/vss [keV]

Gy — 10y 27.8

Gy — 1y 7.85...6.96
Gy = n'y 0.40...1.10
Gy — ayy, pmy 358...361
Gy — fiv 415

Gy — f1v 114

Gy — K"K~ 78.2...104
Gy — a1py 338...447
Gy — K1(1270)K*y 47.2...62.6
Gy — K1(1400)K*y 47.3...62.7
Gy > X+~ 958...1126

Table 10.17.: Radiative decays of the vector glueball with WSS model mass My = 2882 MeV.

Spin-2
Tensor Glueball

Couplings of the tensor glueball to photons are of particular importance in high-energy
scattering processes like lepto- and photoproduction, where the tensor glueball may
be identified with the leading state on the Pomeron trajectory (see III). Restricting the
discussion, for now, to just the tensor glueball, we obtain its coupling to one photon and

one vector meson from (10.78) as

Lapomy =28 GH P tr (Fl}foFlﬁg)) : (10.133)
with
"= / dz K349, Hp = 2v/3dY", (10.134)

d¥™ as given in (10.96) and the spin-averaged, squared amplitude follows as

Marosnl® = gy (e @ (M3 = m?))” (6)ah 4 3MsFmE + 2m) . (10139

In a similar fashion, we obtain from (10.78)

Lopm =57 Gt (FLEY). (10.136)
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[ gywss [keV] L' ¢ (2000) [keV] L' (2400 [keV]

Gr — pvy 260 522 716
Gr — wy 283 57.5 79.1
Gr — ¢y 247 81.1 127
Gr — mny 8.31...11.0 12.4..16.4 15.49...20.5
Gr — KK~ 0.57...0.75 3.03...4.02 5.77...7.65
Gr — vy 1.84...1.39 2.47..1.86 2.97..2.24
Gr — Radiative 324...327 681...685 949...955

Table 10.18.: Radiative tensor glueball decays for A = 16.63 . ..12.55. Besides the pristine results
for the WSS model mass of 1487 MeV, their extrapolations to glueball masses of 2000
and 2400 MeV are given.

with
d :/de—l/?’HT = 2v/3d}Y (10.137)

d¥V as given in (10.99). Carrying out the polarization sums and averaging over the spin,
(10.136) leads to
2

My spy|? = é [t}f"Métr (eQQQ)} (10.138)

Discussion

In Table 10.18 we list the resulting partial decay widths for a tensor glueball of the WSS
model mass 1487 MeV together with extrapolations to 2000 MeV, motivated by Pomeron
physics [36], as well as 2400 MeV motivated by lattice QCD [12]. The vector meson sector is
again assumed to be ideally mixed!. The radiative decay widths of the tensor glueball are
comparable with those of the dilaton scalar glueball in Table 10.12. Surprisingly, Ref. [172]
obtained single photon decay widths that agree with ours, despite the large discrepancy in
decays into two vector mesons pointed out previously in Section 10.2.3. The two-photon
width of 2-3 keV is about an order of magnitude larger than the one obtained in Ref. [171]
but comparable to those obtained in Refs. [172,175] (1.72-0.96 keV).

13See the discussion in Section 10.2.1 for a more realistic mixing angle.
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Introduction

Getretener Quark wird breit, nicht stark”

— Johann Wolfgang von Goethe
Westostlicher Divan

HE calculations in Part IT have indicated that, according to the WSS model, glue-

balls are broad resonances, making their experimental identification challenging.

Although we have narrowed down the search area, it is prudent to explore different
areas, such as high-energy scattering. Regge theory is a sophisticated framework that
provides crucial insights into high-energy scattering processes and the fundamental nature
of the scattered particles. Developed in the late 1950s by Tullio Regge [20], this theory
has deepened our understanding of scattering amplitudes and their connections to bound
states and resonances. Central to Regge theory is the concept of complex angular momen-
tum. Normally, angular momentum is treated as a discrete quantum number. However,
Regge demonstrated that allowing angular momentum to take complex values unveils
profound structures and relationships within scattering amplitudes. In particular, the
theory identifies specific complex values of angular momentum, known as Regge poles,
where the scattering amplitude exhibits pole-like behavior. These poles correspond to
families of particles with the same quantum numbers but different spins. Later, Chew and
Frautschi [21,22] indeed found that squared masses of baryons and mesons, when plotted
against their spin, fall on trajectories that can be linearly approximated. The connections
between these poles are traced by Regge trajectories, which are curves in the complex

angular momentum plane and, in good approximation, parametrized by
J(t) = a(0) + |t| (11.1)

where «(0) is the intercept, ' is the slope parameter, and ¢ is the Mandelstam variable
parametrizing the momentum transfer between the scattered particles, respectively. The
poles are located at discrete values of spin, thus relating it to its mass

Jn = a(0) + o'm? (11.2)

ns
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Fig. 11.1.: High-energy total cross sections from various experiments. Displayed is the combined
data set of the PDG [9] .

where J,,, m,, are the spin and mass of the n-th bound state, respectively. The properties
of these trajectories, such as their slopes and intercepts, encode valuable information about
the underlying dynamics of particle interactions and the exchanged trajectory is referred to
as Reggeon. Regge theory provides a systematic way to analyze the high-energy behavior

of scattering amplitudes. In particular, one finds for sufficiently high energies
Tiot(s) ~ (0/5)* O, (11.3)

At very high center of mass energies /s, the experimental total cross sections o for pp
and pp scattering shown in Fig. 11.1, can no longer be described by exchanges of ordinary
meson trajectories with intercept below or at 1. These observations led to the proposal
of the Pomeron, the Regge trajectory with the highest intercept and vacuum quantum
numbers [176]. Experimentally, one finds ap(0) =~ 1.08, a value seemingly incompatible
with unitarity constraints. However, as will also be shown in the holographic computations
below, the strong shadowing brought about by multiple Pomeron exchanges leads to a
depletion of oyt (s) for s — co. The Pomeron Glueball Hypothesis (PGH) asserts that at low
momentum transfers, the Pomeron is a glueball trajectory, with the lowest state identified
with the tensor glueball. In Perturbative QCD (pQCD), it is obtained by resumming the
rapidity ordered collinear gluon emissions, also known as Balitskii-Fadin-Kuraev-Lipatov
(BFKL) ladder [177-180]. A more subtle contribution to high-energy pp and pp scattering is
due to the Odderon. In pQCD it is parametrized by a C-odd exchange with intercept at, or
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slightly below, 1, corresponding to the Janik-Wosiek (JW) [181] and Bartels-Lipatov-Vacca
(BLV) [182] solutions of the Bartels-Kwiecinski-Praszalowicz (BKP) equation [183, 184],
respectively. The Odderon arises as the C-odd resummation of two (Lipatov rung) and three
gluon ladder diagrams in perturbative QCD. For completeness, we note that the Pomeron
and Odderon are also established concepts in the framework of the Color Glass Condensate
(CGC) [185-187] (see Ref. [188] for a review). Reggeons with positive signature add in pp
and pp scattering, while odd signature Reggeons subtract in the latter. At high energies,
differences in observables of pp and pp scattering are thus attributed to the presence of
Odderon exchanges. Indeed, a recent publication by the TOTEM and D@ collaboration
claims to have discovered the Odderon [189], though it is not fully undisputed [190]. In this
part, we will address this claim by using a holographic bottom-up construction. Further,
we will consider the 17~ pseudovector glueball exchange, which has been argued to play
a central role in diffractive photoproduction of heavy pseudoscalar mesons and at the
high center of mass energies transmutes into one of the two branches of the holographic
Odderon [191].

For reviews on the physics of the Pomeron and Odderon, see Refs. [36,192-194].
The computations and discussion laid out in this part are based on Refs. [123,195].

This part is structured as follows. In Chapter 12 we will formally introduce the concept
of the Pomeron and Odderon in Gauge/Gravity duality. Next, we will consider general
bottom-up model building in holographic QCD in Chapter 12.1. In Chapter 13, we will
construct such a model to address the recently claimed Odderon observation at the LHC
and Tevatron within a holographic framework. Lastly, we will turn to threshold production
of heavy pseudoscalar mesons, a process that is argued to be sensitive to the exchange of

a pseudovector glueball, in Chapter 14.
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Pomeron and Odderon in
Gauge/Gravity Duality

N the context of gauge/gravity duality, initial investigations into the Pomeron and
IOdderon were conducted in a series of seminal works focusing on the conformal

limit in Refs. [191, 196-198]. Therein, the leading state on the Pomeron trajectory
was identified with a 2" graviton in the dual gravitational theory, while the leading
state on the Odderon trajectory is associated with a 1¥~ Kalb-Ramond field exchange.
According to the holographic principle, the bulk fields thus couple to the corresponding
QCD boundary operators [191]

W] L g ge
BMITT]  d®eGHPGY G (12.1)
C,ul/[l——] :dachaaﬁGgﬁéc,uu,

with all traces subtracted. Consequently, the Pomeron and Odderon are sourced by the

analytically continued spin-j boundary operators

v N\++1 . Yapo av
hEV[(2+4)TF) : G D, ... Do, G
BY[(144)77] : d™G**P Dy, ... Do; Gl g G (12.2)
C™[(144)7] : d***G**’ Do, ... Do, G4 G,

with the proper symmetrization assumed. The conformal dimensions and twist thus follow
as A, =4+ jand 1, =24 jfor hj,and Ay, = 6 + jand 7, = 5 + j for B; and C},

respectively.

Using type IIB supergravity on AdSs x Ss, the strong coupling expansions of the Pomeron
(+) and Odderon (-) intercept for a conformal theory were to leading order in A found to
be [191,196]

(=) 1 mids,(i)

(+ 2
J(() f=2- ﬁa Jo,(i) = ﬁ, (12.3)
where
m2AdS,(1) = (k+4)?%, mids,(z) = k?, k € Ny (12.4)
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is the squared AdS mass of the two possible solutions for the equations of motion of the
Kalb-Ramond field, and the integer % corresponds to the mode number of the spherical
harmonics on the S5. For A — 00, the intercepts correspond to that of a pure spin-2 and
spin-1 exchange, respectively. As demonstrated in Ref. [196], this shift in the intercept
away from integer values can be understood in the bulk theory in terms of diffusion in the
transverse space with diffusion constant D = 1/(2v/)). Consider for example the product
space AdS5 x S5 with metric

0= (7N 0 derder + (B23) a2 4 a2 (12.5)
=\ &ps Nudatdx " r 555> )

and r identified with some energy scale. The curved background in (12.5) leads to an

effective slope parameter since the Mandelstam variables are red-shifted

Rp3\? - (Rp3\?
§= (D3> s, t= (D?’) t (12.6)
T T
and we may thus identify
RD3>2
! =(—) . 12.7
e pr(rT) < . a (12.7)

Hence, the higher-dimensional nature of the Pomeron and Odderon gives rise to a contin-
uum of their four-dimensional counterparts for each value of . At high center of mass

energies s and for ¢ > 0, the dominant trajectory in a scattering amplitude of the form

s ji+a;%t
A(s,t) ~ () (12.8)

S0
is the one with minimal value of 7 and thus determined by the confinement scale r,
highlighting the connection to glueballs. The situation is reversed for ¢ < 0, where
large values of  dominate and the effective slope in (12.7) vanishes. We further note
that for & = 0, the strong coupling results in (12.3) already bear a striking resemblance
to the pQCD picture, where, to leading order, the weak coupling expansion is found to
be [181,182,199]

i =1+ % In2, j&}) =1 %0.247, jéﬂ) =1 (12.9)
Interestingly enough, the Odderon solutions with intercept at j = 1 persist even for
higher order expansions in A, both at strong and weak coupling [182,198]. This connection
between the “hard” and ”soft” Pomeron, dominating above or below the confinement
scale, respectively, is not accidental. Using Gauge/String duality, Ref. [196] found the

remarkable result that a running coupling leads to a transition between the soft and

hard Pomeron in certain kinematical ranges of s and ¢t and demonstrated that the curved

Chapter 12 Pomeron and Odderon in Gauge/Gravity Duality
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geometry leads to the expected power law behavior of amplitudes expected in gauge
theories, instead of the exponential suppression found from string scattering in flat space
[200]. In Refs. [201, 202] this formalism was used to compute structure functions of Deep
Inelastic Scattering (DIS) and confronted with measurements from HERA in the range
of 0.1 GeV? < Q2 < 650 GeV2. Upon identifying the virtuality Q? with the holographic
coordinate 72 ~ (92, they were able to show that the observed running of the Pomeron
intercept in ZEUS data [203] can be attributed to diffusion effects in AdS for large Q? and

confinement effects at low virtualities.

Even though it has been heuristically demonstrated in Refs. [191,196] that the Reggeon

<5>alt/2 (12.10)

S0

“form factors”

arise from string scattering in AdS, the confining hard-wall model based on type IIB
supergravity on AdSs x S5 considered therein does not display this behavior. This is
because the appearance of (12.10) in a scattering amplitude crucially depends on the
detailed nature of the confinement. In Chapter 13 we shall thus construct a holographic
model that successfully reproduces this behavior while simultaneously incorporating all

the features described above.

For additional important developments relevant for this part, see Refs. [200-202, 204—
207].

Top-Down vs. Bottom-Up

Top-down holographic constructions, like the WSS model, which has been extensively
discussed in Part II in the context of glueball physics, only partly lend themselves to Regge
phenomenology. This is mostly due to the mass spectra not scaling linearly width mode
number (c.f. (11.2)), but also due to their complexity. Nevertheless, they were with partial
success applied to pp scattering [208,209] and central production of 7, 7' [210,211] as
well as f1 [212] and J/¥ production near threshold [213]. For an attempt to describe
DIS in the Regge regime within the WSS model, see Appendix E. In contrast, bottom-up
models are simplified versions of top-down constructions, retaining only the essential
ingredients to describe specific phenomena. This simplification facilitates calculations and
allows for a more realistic Ultraviolet (UV) behavior of certain observables, albeit at the
expense of theoretical rigor. Early attempts related to glueball physics within bottom-up
models can be found in Refs. [125-131]. For bottom-up holographic Regge phenomenology
see Refs. [214,215]. In the following chapters, we will employ the soft-wall model [216]

12.1 Top-Down vs. Bottom-Up
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together with a slight variation thereof, referred to as the repulsive-wall model, to address

Pomeron and Odderon physics within a holographic framework.
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Holographic Odderon at
TOTEM?

N this chapter, we investigate the potential role of the Odderon in diffractive pp and

pp elastic scattering, building upon the recently claimed observation of the Odderon

reported by the D() and TOTEM collaborations [189] in the data shown in Fig. 13.1.
The plot shows a distinctive diffractive pattern with a bump-to-dip ratio that appears to
decrease with /s for the pp data and about constant for the pp data. A feature usually
attributed to the presence of an Odderon exchange. Our approach utilizes a dual gravity
formulation of QCD, incorporating a repulsive wall to account for confinement, which
turned out to be a crucial ingredient in achieving Reggeization together with Gribov
diffusion. Previous work has partially examined the Odderon’s contribution in pp and pp
scattering using effective string theory and AdS/CFT in the conformal limit, as discussed
in Refs. [218,219].

In Fig. 13.2 we show the pertinent Reggeized glueball exchanges for diffractive pp and
pp scattering. As stated above, the C-even and -odd contributions add in the elastic pp

scattering amplitude and subtract in the crossed pp amplitude

P (0]
App = Ay, + Ay

(13.1)
A = A — AD .

To analyze (13.1), we set up a holographic bottom-up model.

The Repulsive-Wall Model

As shown in Appendix F, the soft-wall model fails to capture Gribov diffusion, which is
necessary to describe the data in the off-forward region. In a sense, the soft-wall model

with metric

ds? = ¢2A() (dz2 + nuydw“dx”),
2 (13.2)
€2A(z) _ (R) ea/inQ’
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Fig. 13.1.: Differential cross sections at different center of mass energies for pp scattering from the
TOTEM collaboration (a) and for pp scattering from the D) collaboration (b) [189,217]

p > > p

(@)

p

> >

(b)

p

Fig. 13.2.: Feynman diagrams for diffractive pp scattering through (a) Pomeron and (b) Odderon

exchange
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13.2

13.2.1

is too confining to capture the diffusive behavior in AdS. We will thus linearize the bulk
equations of motion in the dilaton, which has been absorbed into the metric. The constant
prefactor a serves to discriminate between open |a| = 12 and closed |a| = 22 string
fluctuations as well as attractive a < 0 and repulsive a > 0 dilaton. The parameter R will
be matched using the duality between type IIB supergravity on AdSs x S5 and N = 4
super Yang-Mills theory

R? =R}, = V), (13.3)

with R = 1 in the following.

Reggeization of the Even and Odd Spin-j
Exchanges

Even Spin-j

The even spin-j exchanges arise through the Reggeization of the transverse-traceless spin-2
graviton egg hj—2 with equations of motions following by linearizing the Einstein-Hilbert

action and anomalous dimension of

Ay(j=2)=2+/4+m2R? (13.4)

where mZR? = 0. To resum the even spin-j exchanges, we deform the anomalous

dimension

Ag(j) =2+ /4 +m2R? + m?R? (13.5)

by using the quantized mass spectrum of the closed string

, 1
j=2+ io/m?. (13.6)
The anomalous dimension (13.5) is thus given by
Ag(j) = 2+ V2V — je) (13.7)
with A
(13.8)

For completeness, we note that in Ref. [198] higher order corrections in 1/4/) to the
Pomeron intercept have been computed. Based on the original BFKL analysis, we assume

that j is the Mellin inverse of the squared center of mass energy s. The holographic

13.2 Reggeization of the Even and Odd Spin-j Exchanges
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13.2.2

118

Pomeron Kernel G2(j, t, z, 2’) will be computed using the bulk equations of motion for a
scalar field analytically continued to spin-j by (13.5). To obtain the bulk-to-bulk propa-
gator Go(s, t, 2, 2'), we resum the entire tower of even signature spin-j contributions by

performing a Mellin transform together with a Sommerfeld-Watson transform

dj (a's)7 72 4+ (—a's)i 2

Ga(s,t,z,2') =
2(s,1,2,2) 479 sinm(j — 2)

Ga(j,t, 2, 2"). (13.9)

In (13.9) we have performed a shift in j such that the leading state on the Pomeron
trajectory corresponds to a spin-2 exchange. The distinction between G2 (7, t, 2, 2’) and
its even signature Mellin transform Ga(s,t, 2, 2’) is made through its argument. The
rightmost part of the contour in (13.9) is determined by the branch point of G5(j, ¢, z, 2').
In order to resum the trajectory, we will close the contour to the left. The poles to the

right of the branch point, at non-negative integers, correspond to glueball modes.

Odd Spin-j

Similarly to the even signature contributions, the anomalous dimension for C-odd vector

exchange is given by [215]

AgG=1)=2+ \/m (13.10)

with m2 R? = —4+m3 and where we identified the physical polarizations of the Cy ~ *dC
Ramond-Ramond field with the gauge field C'!. Note that we added m2 = k?, (4 + k)*
with k& € Ny, corresponding to the two branches of the holographic Odderon [191]. The
branch with m? = k? has been argued to be unphysical since it does not correspond
to propagating degrees of freedom. However, as was already argued in Ref. [191], upon
analytically continuing to spin-j, they become physical, as can be seen by explicitly
computing the bare type IIB By propagator (see (3.23) in [218]). On the other hand, this
branch sources the boundary operator 0196) ~ tr F, X*+1 and is thus more sensitive
to the adjoint scalars of the supersymmetry theory. In contrast, the mi = (4 + k)?
branch sources (’),(:6) ~ tr Fy F2 X" in accordance with (12.1-12)?. The C-odd closed
string exchange of C; gauge fields is thus again resummed by shifting its anomalous

dimension

Ag(j) =2+ /4 +m2R? + 2 R? (13.11)

" The B> and C- fields of type IIB supergravity mix, similarly to the case of B2 and Cj in the type IIA
computations of Part IT
? See for example Table 7 of Ref. [220].
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13.2.3

by the quantized mass spectrum of the closed string

1
j=1+ 5o/m?. (13.12)

Ay(G) =24+ V2V — jo) (13.13)
with )
jo=1— 2k (13.14)

The higher-order corrections considered in Ref. [198] showed that, in accordance with the
JW and BLV solutions of pQCD and (13.14), the Odderon has one solution with intercept
precisely at 1 and another solution with intercept slightly below 1. We proceed in a similar
fashion as for the Pomeron. Reggeizing the Kalb-Ramond field via Mellin transform and
pertinent projection onto odd-signature exchanges via Sommerfeld-Watson transform, we

have , .
dj (/s)7 1 + (—a's)I™ !
4mi sinm(j — 1)

Gi(s,t,2,2') = Gi(j,t, 2,2"). (13.15)

We shifted the trajectory so that the leading state on the Odderon trajectory corresponds

to a spin-1 exchange.
To summarize, the even and odd signature exchanges can be Reggeized by

ﬂ (O/S)j—ji + (_als)j—ji

G; 7t7 ) ") =
(862 2) = P e )

G, (j,t,2,2"), (13.16)

with j;, =2and j_ = 1.

Resummed Bulk-to-Bulk Propagator

In a holographic scattering amplitude, states with four-dimensional spin o contribute
an extra factor of p? compared to four-dimensional scalars, where p ~ eA(2) is the red-
shifted four-dimensional energy [200]. Thus, the analytically continued spin-2 and spin-0
bulk-to-bulk propagator are related by

Go(j,t,2,7) = e U=DAEHAED) Gy (4, ¢, 2, ') (13.17)

where the scalar propagator obeys the Sturm-Liouville equation

5(z—2")

L.Go(z,7) = w(®)

(13.18)

13.2 Reggeization of the Even and Odd Spin-j Exchanges
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with )

L,= mdz(w(m)PO(z) d) + p2(2). (13.19)
The two linearly independent solutions, one regular and one singular, of the homogeneous
equation (13.18)

L, ng(z) =0 (13.20)

can be utilized to obtain the Green’s function as

G(z,7) = !

= wpowy1(2<)yz(2>), (13.21)

with the Wronskian given by W = (y}y2 — y4y1). Note that the combination wpoW is a
constant independent of z, 2/, and that (13.21) is symmetric in z, 2’. This becomes more
evident when we employ the solutions derived from the eigenvalue problem L.y, = Anyn,
with

Ny — N 2y (2)
G(z,2) = En: SV (13.22)
and the normalizations
/dzw(z)y;(z)ym(z) = Onm, (13.23)

following from the hermiticity of L, = L! in R.

For the particular background in (13.2), the weights are given by

w(z) = /g
po(2) = =97 (2) (13.24)
p2(2) = S; — t2%,

where S; = mZR? + mJ2~R2. To solve (13.19), we employ a rescaling of the form
Goli,t,2,2) = (22)2ed™ D Gy 1, v,0) (13.25)

with v = 3/2k222. Upon expansion of the dilaton to linear order ¢2%*/3 = 1 + 2av/3, this
leads to the Whittaker equation

(13.26)

j 20)  w(2-w) - a v—2
K{(v) + (S](14j};3 ) + (2 4@2) 5 + t2/v> Ky(v) = 6(\/&1% )

Chapter 13 Holographic Odderon at TOTEM?
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The homogeneous solutions of (13.26) are readily obtained

v 1
Ki(v) = e2v§+°‘M<2 +a—08,1+ 2a,v>
) (13.27)
Ky(v) = e—”évé+am<2 +a—pB,1+ 2a,v)
with the Kummer function M, regular at the origin, and the Tricomi function U, irregular
and with a branch cut at the origin, and where
Ay) -2

=Ty 0

_3—Sj—m§+3f/a

c (13.28)

To obtain the inhomogeneous solution to (13.26), we glue together the regular and irregular

solution

Ko(v,v') = 1.,4 Ko (v)K;(v') v >
% (13.29)
Ko(v,v') = iAKl(v)Kg(v/) v <,

and fix the normalization by the Wronskian
V6axD (1 + 2a)
r <§ +o— B)

By linearizing the dilaton, the conformal intercept resulting from the gamma function is

shifted

A7l = —V6arW(Ko, K1) = — (13.30)

al

Je(t) = jt+ — 3 + -t (13.31)

2V 2
where we identified 5ax? R? = 2. The intercept is shifted slightly below what one would
obtain for the soft-wall model or pure AdS (see Appendix F). The positive root of the

argument of the gamma function gives a pole with higher intercept

. ) 6 o
Je(t) = j+ + 7 + 5t (13.32)

that is outside the contour of the Sommerfeld-Watson transform in Fig. 13.3. Reverting
to the original coordinates and functions, we obtain the analytically continued scalar
bulk-to-bulk propagator

3A4(4)+S,;—6+3t/a
LN C— )

I'(Ag(7) —1)

(22')?
2

Go(j,t,2,2') = — (3an2zz//2)A9(j)72 M(2)U(2"), (13.33)

13.2 Reggeization of the Even and Odd Spin-j Exchanges
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Fig. 13.3.: Complex j-plane structure for the odd spin-j bulk-to-bulk propagator. The poles give
rise to the vector glueball spectrum, and the cut gives rise to the Odderon.

where the shorthand

M(z) = M(Sj —|—3Ag(j€)3 —6—3t/a

A (5) — 1,a/<;2z2> (13.34)
and similarly for U(z), was introduced. The branch cut of

1 .
r (2 +a— ﬁ) =T(iy) =~ e "5 [iy (13.35)
is chosen to the left of the integration contour, along the negative real axis as shown
in Fig. 13.3. In the Regge limit of large s and small ¢, the integral is dominated by the
saddle point. Recalling that m2 = 0 for the Pomeron, we evaluate (13.16) by a saddle point

approximation with the fully symmetric result

| 3D (22)? _a(; : :
Go(s,t,2,2') = 7%]“"'()\) 5371_—7_ (zz) e~ 5 Up(t)—2)K? (2% +2 2)(3aﬁ2zz//2)e(JP(t)_2)T,
(13.36)
with 7 = In(a/s22") = x + In 22’ and x = In(/s) the rapidity. For the evaluation we

used M(0,0, z) = U(0,0, z) = 1 and defined the signature factor

TN — M_L
FrN =it TGS (13.37)

For the Odderon, we continue analogously. By relating the analytically continued spin-1
and spin-0 by
Ci(j b, 2,2') = e~ U DAGHAE) G (.4, 2, ') (13.38)

with the rescaled scalar field
Go(dit,2,2") = (22)) ' Go(j, t, 2, 2), (13.39)

and

Ag(j) =2+ /4 + S =2+ my, (13.40)

Chapter 13 Holographic Odderon at TOTEM?
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13.24

we obtain ) .
mi; —1 «
io(t) =j_ — —k _—— 4+ —¢. 13.41

The JW and BLV solutions of perturbative QCD are also reflected in the two branches
of the holographic Odderon with m? = k? and m? = (k + 4)? obtained from type IIB

supergravity. For k = 0, the intercept in (13.41) is either greater than 1, and hence outside
the contour of Fig. 13.3, or subleading. The solution with £ = 1 has an intercept precisely
at 1 and is thus the leading branch cut that will be picked up when evaluating (13.16) via
saddle-point approximation. Note that the top-down construction of Ref. [218] found a
similar intercept, though their solution only captures the forward behavior. Carrying out
the integration of (13.16) along the contour in Fig. 13.3 in the saddle-point approximation
and by using (13.38) and (13.41), the Odderon bulk-to-bulk propagator is given by

/
Gi(s,t,2,2') = _gf—(/\)1 /;’D(222)6—‘2‘(j@(t)—l)r-cQ(z2+z'2)(3%222//2)6(]'@(1:)—1)77
T
(13.42)

with the odd signature factor

4\ (m2 — 1)77'

f_()\):i_’_(mi—l)ﬂ_ 12\/X

(13.43)
Note that there is a pole at £ = 1, which is apparent from the form of (13.16). This pole is
in the literature referred to as maximal Odderon and may be regulated by constructing
an amplitude whose numerator has a 0 at j = 1. Unfortunately, in our case it is not
regulated. A different geometry might be able to cure the problem and allow for a study
of the maximal holographic Odderon. Interestingly enough, the £ = 2 branch of (13.37)
and (13.43) coincide for large A.

Conformal Limit

The conformal limit of (13.18) is obtained by taking x — 0

2 S, 4 15
—% Go + ( ]:2 4 t) Go(z) =6(z — 7)) (13.44)

where we rescaled the bulk-to-bulk propagator as

Go(jit,2,2") — (22)**Go (4, t. 2, 7). (13.45)

13.2 Reggeization of the Even and Odd Spin-j Exchanges
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The two independent homogeneous solutions to (13.44) are given by the regular and

singular Bessel functions J and Y, respectively. Explicitly we have

Gi(z) = \/EJ_\/@(\/%Z)

(13.46)
Ga(z) = \/ZY,\/@(\/%Z),
and hence
Go(jrt, 2,2') = A(22)* T (Vize), Yoo (VEzs) (15.47)
v= Ag(ﬂ) -2,
with the normalization fixed by the Wronskian
-1 2
A = W(Gl(z), GQ(Z)) = = (13.48)
Reverting the rescaling, we obtain the scalar AdS bulk-to-bulk propagator
. T i
Go(j,t,2,2') = 5(%')]i Joon, () (Vize) Ya_p, () (VE2s). (13.49)
In the Regge limit z = v/t 2 < 1 the Bessel functions simplify
1 z\ "
Jo(@)x —— 5]
@)~ sa=0 <2)
) - (13.50)
Y_,(z) = ——cos(vm) I'(v) (x) .
T 2
The Sommerfeld-Watson transform (13.16) thus reduces to
dj 14 e70-7%) cosm(Ay(5) — 2) ,
Gi (s, t,z,2)=— [ == — IVl T2 - A
g ) dmi sinm(j —j+) T3 —Ay(7)) ( 9(7) (13.51)

1N 2—84(F)
X (%f) ’ (o/s522)7 77+

We proceed to evaluate (13.51) in the saddle point approximation. The branch cut of
(2 — Ay(4) = T(iy) ~ e 8Y /iy at Ay(j) — 2 = —iy = is chosen to the left of
the integration contour, along the negative real axis. In the Regge limit, the integral is

dominated by the saddle point located at

/ 2
Ag(j) —2= (hl(;;)':')) -0, (13.52)
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which we can use to approximate

| D AVES ) . In(z2'|e)2
ij: (j,t,z,z') — fi()\) r (222) (alszzl)j]p/@*Jie 1Dx (13.53)
X

for fixed but large rapidity x, and with jp,g given by (13.8-13.14). The signature factors

are now given by

VA ooor

Ny g VAT
Fro) =i+ = ™ (13.54)
and J )
_ AV o mm
f~(\) =i+ o T T (13.55)

Once more, the signature factor for the k£ = 2 branch coincides with that of the Pomeron.
As with the repulsive-wall scenario, the presence of the pole prevents fixing the intercept at
1 with m} = 0. In the AdS limit, diffusion becomes logarithmic in z, where the latter may
be identified with the size of the transverse dipoles or strings composing the exchanged

Pomeron/Odderon.

Forward Region

Restricting to the forward region, the solution to (13.44) is given by a superposition of

conformal plane waves

dV eiy(pfpl)

Go(j,0,2,4) = [~~~
0(]7 ,Z,Z) 27T4I/2+4+mi

(13.56)

14
2

with z = ¢72 and mi = m§R2, m? = miR2 + m?RQ. Inserting (13.56) into (13.16)

yields
D . . S (p=p)?
Gj.(5,0,2,2) = \/ m(zz’)]i (a'szz")orr—ix ¢ ‘DX , (13.57)

with the shifted Pomeron jp and Odderon jg intercepts. The shift of the intercept is seen
to follow from the diffusion in rapidity in AdS space

7 =1In(a'sz2') ~ x = In(ds) (13.58)

with diffusion constant )
D= _—_ (13.59)

2v/\

in agreement with the original analysis in [191,196].

13.2 Reggeization of the Even and Odd Spin-j Exchanges
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Finite Impact Parameter

The bulk-to-bulk propagator for forward scattering may alternatively be derived from
its representation in impact parameter space. To demonstrate this, consider the Fourier
inverse of (13.44)

1 - dz—2")

———0,¢%*\/—g 0, — 2%0* —|—S-> Go(j,b,2,b,2") = =———226%(b, —V,) (13.60)
( \/jg 1 J ( ) \/jg ( L)

For the sake of simplicity, our discussion will focus on the Odderon propagator; the

Pomeron propagator can be derived in a similar manner. The solution to (13.60) is given

by
1 eVt
S 13.61
Gold,b,2,¥,2) = 4mzz sinhé (13.61)

with £ fixed by the chordal distance in AdS

(z—2")2+ (b—V)?

!/

coshé =1+ (13.62)

2zz

Recall that S; = 2v/A(j — jo) develops a branch point at j = jg as displayed in Fig. 13.3.
The Sommerfeld-Watson transform (13.16) of the solution (13.61) is given by

dj (5L 4 (—s)1 A
t, dzb quu_/<> /NG —1 b Y
G S zZ, Z / e Ami S]n(ﬂ'(]—l)) (CY ZZ) GO(]7 1,2, J_?Z)a
(13.63)

and integrated along the contour in Fig. 13.3. In the forward limit, we may transform from

b, to £ using (13.62) and

d?b, = 2mwzz'sinh€ de, (13.64)
to obtain
00 dj /1 — e im(G=1) L e27Ag())E
G1(s,0,2,2') = 2mzz'dE —‘7 <e) (os22')7 71 L,
¢ ¢, 4mi\sin(m(j — 1)) 4
(13.65)

with §y = |In z/2’|. In the double limit of large rapidities 7 = In(a/szz") > 1, and strong
coupling v/A > 1, the j-integration can be evaluated to leading order in vA/7 < 1 by

following the original arguments presented in Ref. [197]. The resulting expression is

22!

G1(s,0,2,2") ~ o (o/szz’)j@flf ( ) / dg ¢ j (13.66)
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The remaining Gaussian integral is readily carried out with the result

o / D g2
G1(5,0,2,2) ~ f~(\) (o/s22')"° V22 | 2 omabs (13.67)
2 \drr

Following the analogous steps for the Pomeron, we obtain

Jp—=2 (ZZ/)2 2 _5
2 4T

Ga(s,0,2,2") = fH(N\) (o/s27)) e D7 (13.68)

in agreement with (13.57).

Bulk Dirac Fields

We identify the proton and its antiparticle with bulk Dirac fermions. The nucleon is
described by the chiral spinor pair ¥; o, where the index 1, 2 refers to the boundary
chirality 1,2 = + = R, L. The bulk fields source the QCD boundary operators O+ with
anomalous dimension £ M = £(A —2) = £(7 — 3/2) and where 7 is the twist. The bulk

fermion action is given by
1 5 = MpPNS —
Sp = gz/d 2/ 520 T D ar W1 — (M) TiW1z) (13.69)
5

with  Ing(z) = 24(z) = 2In % + ak?z? and covariant derivative
Dy =0y + %wﬁB [T4,T4]. (13.70)
Index contractions involving the (flat) gamma matrix algebra
M — (v*, —i®), {FM,FN} = 277MN (13.71)
are performed by using the tetrads
el = e AN (13.72)

Using the above relations, (13.69) reduces to

1 ) — —
Sp == [ d*zdze*A® {—;\11172 [(? — 2iv5A'(2) — i750;) V12 + GA(Z)M\I’LQ\I]LQ} .

g?
(13.73)

13.3 Bulk Dirac Fields
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We eliminate the metric factors in the kinetic term by redefining the field
U — gre 24y (13.74)
and arrive at

Sp = / d*zdz {—;\1/1,2 (@ — i750.] U120+ eAOMT; 50y 5 + h.c.} . (13.75)

The equations of motion following from (13.75) are given by

[—z’@ — 50, + MeAV)} T =0. (13.76)

By performing a chiral Kaluza-Klein decomposition

Uy (p, 2:n) = YRz 1) Oh(p) + r (1) 0 (p) 1377
Ua(p, z;m) = Yr(z;n) 0 (p) + vr(2;n) T (p), ’
with )
W p = 30 e = P (k) fu(2), (13.78)

their respective chiral projections, they reduce to a coupled differential equation for the

mode functions

(az + MeA(Z)> fr/r = £mafayL (13.79)

which is decoupled by iteration

(83 + MA'(2)eA) — M262A(2)) fr/r(z) = mifL/R(z). (13.80)

2
As in Section 13.2, we linearize the dilaton ¢24(2) ~ (g) (1+ aﬁ%\,z2) , in (13.80) to
get

M(M=£1
(—83 + (22) + a2kt 22 —mi> fr/r(z) =0, (13.81)

where M2 = m2 + M (M + 1)ax3. Note that we did not expand e4(*) since this would
result in a chirally antisymmetric mass spectrum. Further, we introduced a new mass scale
kN to account for the different Regge trajectories of the baryon and the glueball spectrum.
Transforming coordinates

U= am?vz2, (13.82)

and performing one final field redefinition

144/1+4M(M+1)

fop(u) =€ 2u= 5 frp(u), (13.83)
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we obtain the Sturm-Liouville normal form for the associated Laguerre polynomials
L (u)
uff () + (a+1—u)f p(u) +nfr/r(u) =0, (13.84)

where

1
a= 5\/1+4M(Mi1)

m2 2+ T+ AM(M E1) (13.85)
n= - .
4ar?; 4
The mass eigenvalues are thus given by
1 M(M=+1/2 1+4M(M £1
m2 = dar? <n+2— ( / )+>1/ + 4M( )>. (13.86)

Choosing the positive parity solution with M = A — %, T=3and A =71+ %, we
obtain
241

3
m2 = dar’ (n + 4) , o= (13.87)

Reverting the rescalings and coordinate transformations, the holographic chiral baryon

wave functions are given by

Yr(n,z) = nLam%VzZle_%a”?sz L3/?(ar32?)

2 4, —3arx%2271/2/ .2 2 (13.38)
VYr(n, 2) = npard zte 29" L2 (k3 22),
with the normalization fixed by
/dan/RnL/R*fE/R(z)fBR(z) = Omn, (13.89)

and thus

| 2y/akn! N

Positivity of the squared mass eigenvalues restricts the background to the repulsive-wall
with a > 0. The squared mass eigenvalues display the anticipated Regge behavior, scaling
linearly with the mode number. The non-normalizable solutions of (13.81) are given in

terms of Kummer functions

Yr(n,z) = Ng U( —n,3/2, CLH,?VZQ),
(13.91)

Ur(n, z) = NLU< - n, 1/2,a/<:?\,22),
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13.4.1

130

which can be recast as a sum over Regge poles

w Z fnpr 2 )

—m

f Fa(n.2) (13.92)

nMn n,z
Z R

CpP-m?

n=0
with f,, = kny/ng. Performing the Lehmann-Symanzik-Zimmermann (LSZ) reduction of
the amplitude will project out the pertinent external states, thus effectively reducing the

bulk-to-boundary propagator to

Ur/r(p,2) = fo mpvr /R0, 2) (13.93)

Diffractive pp and pp Scattering

Fig. 13.2 illustrates the Feynman graphs for elastic pp and pp scattering. In the Regge
limit, they involve an exchange of a Pomeron P and Odderon Q. In the framework
of dual gravity, these Feynman graphs are replaced by the Witten diagrams depicted
in Fig. 13.4, where the Pomeron and Odderon propagators are replaced by the bulk-to-
bulk propagators Ga(s, t, 2, 2') and G1 (s, t, z, 2’), respectively. Building on our previous
analysis in Section 13.2, the Pomeron is associated with a summation of massive even-spin
glueballs, while the Odderon corresponds to a sum of massive odd-spin glueballs. The
solid lines denote the bulk-to-boundary Dirac fermion propagator originating from the

chiral Kaluza-Klein modes of the bulk Dirac fermions discussed earlier in Section 13.3.

The even and odd spin-j contributions to Fig. 13.2 are

App—spp(s,t) = Z Apj,st )+ Z .A@],st)

J=2,4,. j=1,3,.
(13.94)
Appospp(s,t) = > A]p (Grsit)— > A@ (4,s,1),
Jj=24,. j=1,3,.

which we will now set up.

Even Spin-j

The even spin-j contribution to diffractive pp scattering in Fig. 13.4a may be factorized

into

Z'AP(ja S, t) = (—l)vf&//q}(%a q2, ka mn)éuu,aﬁ(k;)(_l)vjag\l/ (p17p27 ka mn) (1395)
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with the bulk Pomeron-nucleon vertex for the repulsive-wall given by

Voo (p1,p2.kmy) = —3@ / dz\/ge ) W(ps, 2)y°p U (p1, 2) Jn(mn, 2)).
(13.96)
The coupling is dictated by the holographic principle, where the graviton couples to the
QCD energy momentum tensor. The functions J;(m,,, z) follow from a decomposition of

the Pomeron bulk-to-bulk propagator Ga(s,t, z, 2’) into pieces depending on z using

3 .
In(mp, 2) =1/ Za/ﬁz3e_(]ﬂ”(t)_2)““222/2, (13.97)

and a Pomeron propagator

- 3 3D ioty—2)r, -
Guvap(mnk) = =2 [T )| e —eFOT(—i) Py ag(k),  (13.98)

where the relevant flat 4-dimensional spin-2 propagator is

Pu,ap(k) = % (PWPVB +PusPoo— gPuyPa[g) k), Pu(k)=—nu+ k;;; . (13.99)
The 5-dimensional Pomeron exchange is given by
Guvap(mn, k,z,2") = Ga(s, t, 2, zN')PW,ag(k:) (15.100)
= Jn(mn, 2)Gpuvap (mn(§), k) Jn (mn, 2').
In the Regge limit, we may utilize the high-energy relation for spinor products
u(p2)y*u(p1) = (p1 + p2)"dss, (13.101)

and after reducing the chiral bulk spinors to 4D, the amplitude reduces to

3, 3D K%, 9 t—4m3 (e (t)—2)T
Ap(s,t) = = f (/\)\/;29[@@@43 =) P20 (13 109)

= N fH(N)ePO=2myp(s, 1),
where

729 fompkyk(ng 4+ n%) N = 3 3D K*

- -_— . 13.103
g 4(3r3 + 8(jr(0) — 2)K2)5’ 5\ 577 2 ( )

Note that we used a = 4 for the closed string exchange and a = 1 for the baryon, which

originates from the open string sector.

13.4 Diffractive pp and pp Scattering
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132

(b)

Fig. 13.4.: Witten diagrams for diffractive pp elastic scattering through (a) Pomeron and (b) Odderon
exchange

Odd Spin-j

For the odd spin-j contributions, we proceed similarly. We decompose the Odderon bulk-
to-bulk propagator into functions depending on z and a Regge propagator with pertinent

4-dimensional Lorentz structure. The amplitude for diffractive pp scattering is thus given

by

iAo(s,t) = S (—i)Viih (a1, 2. k) By (o, k) () VS50 (01, p2, k)
m<n

(13.104)

where

1 _
V(S\I),%(pl,pg, k,my) = +V 2K2§/d2\/§6_2A(Z) U(p2, z)0a6’y5\ll(p1, 2)ka Jp(mnp, 2))

1 _
Vé)?\l)l%(plap?v ka mn) = —V 2"125 / dz\/§(372A(2) \I/(p27 Z)7ﬁ75\11(p17 Z) Jh(mna Z))?
(13.105)

with
Ip(mn, 2) =1/ Zanzze_(j@(t)_l)“'izZQ/z, (13.106)

are now the bulk Odderon-nucleon vertices. They follow from an assumed minimal
coupling of the boundary sources Bjsy and Cjysy in (12.1) to the chiral Dirac fermion

current )
ToABYy, A8 = % [FA,FB] . (13.107)

The reduced Odderon exchange is given by

Hyp(mn, k, z,2") = Jp(my, z)ﬁwj(k, 2,2 ) I (my, '), (13.108)
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where
3D

5T

Hy(kyz, 2" = —g =\ eUe®=D7(_4y P, (). (13.109)

As was the case for the spin-1 glueballs in Part II, the equations of motion of the Kalb-
Ramond B3 and Ramond-Ramond fields C'5, Cj3 are tied through a topological mass term
that originates from a Chern-Simons type interaction (c.f. (7.4) for type IIA supergravity).
In particular, the fluctuations C),,, and B,,, form the 1™~ vector glueball, which transmutes
into the Odderon upon Reggeization. To project onto the physical degrees of freedom for
a vector exchange, we utilize C,,, ~ €077, up to factors depending on the particular
string theoretic origin of this coupling. In the forward limit, only the 5-dimensional axial
Dirac coupling will survive and thus encodes contributions to the total cross sections,
as well as their difference Aoy, = 0%, — 7% Recall that in pQCD, the BKP Odderon
is a Reggeized 17~ exchange arising from the resummation of the soft, collinear, and
rapidity ordered gluon emissions. As such, it corresponds to the (%, %) representation of
the complexified Lorentz group SO(3, 1). This coupling of the Kalb-Ramond and Ramond-
Ramond fields is absent in type II supergravity actions®, which makes a direct comparison
between pQCD and top-down holography difficult. Of course, if the assumed holographic
principle holds, there should be a clear relation between them. Ref. [218] first encountered
this problem and obtained a baryon coupling on the light-cone through the polarization
B, . on AdS5 x S5, which furnishes a (0, 1) representation of the complex SO(3,1). One
way to determine a vector-like coupling in top-down holographic QCD would be to use
the WSS model of Part I where baryons are represented by instanton configurations of
the flavor gauge fields [222], which naturally couple to the vector glueball through the CS

term.

We again reduce the chiral bulk Dirac spinors to 4D and utilize the LSZ formula to obtain

7776 4 2 2
g(é)%\y - /dz\/‘ae—M(Z) (UJL(Z)Q * wR(Zy) Tn(mn, 2) = (9%@3%%&52%)4

4
@2 _ —24(2) o _ 15552 fomy,V 3Tk NI R
g = [ 4B ) o) = 1o g ST

(13.110)

? See for example Ref. [220] or the Appendix of Ref. [221]

13.4 Diffractive pp and pp Scattering

133


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

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

In the Regge limit, the amplitude is given by

3, 3D (ip1)r K2
Ao(s,t) =2 f7(3) %6(‘7@(” Y >

(W2 gt kot (p2) o u(py) Pys (k)(g2) 0P u(qy)

X Yovw

(2)2 w v
+ 959 (P1 +P2)" P (k) (q1 4 g2)" 05,075, (13.111)

. (1 2 — « v
4190 9 (Ra02)7 () P 1+ 9B

+ kyti(p2)o™ u(p1) Py (k) (a1 + Q2)ﬂ5s;s;>]
=Nf~(N)elo®=Dmyg (s, 1),

where we once more used @(p2)y*u(p1) = (p1 + p2)*ds, s, for s — oo. In particular, the

forward limit of the amplitude is given by

- @ )2 Gol)-1)7 dm,
Ao(s,0) =N f~(N) (gto@qf) e 25 (1 — s ] (13.112)

13.4.3 Total Cross Sections

Recall that, after evaluating the Sommerfeld-Watson transform via saddle point approxi-

mation, the signature factors are given by

T 2 _ 7T
ffN) =i+ 43:? Wt TN =i+ (mg\?‘l)ﬂ — (ml’fz\/;) . (13.113)

For the following analytical computations, we will work strictly in the limit of large ’t

Hooft coupling A and drop everything subleading. We will, however, keep the subleading
piece in the numerical analysis. By utilizing the optical theorem, we obtain the total cross

sections for pp and pp scattering

o (s) = %Im(.Ap(s,O) + Ao (s,0)). (13.114)
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Explicitly, using (13.102) and (13.112) for large s and at ¢ = 0, we obtain

6 2D K2 9 in(0)—1)7 4m12) (1)2 i0o(0)—1)7 4m127
gi(s):ylwz(%ﬁbwe(m() ) 1- £ g2 (lio-D7 (1 _ - )

) 4m? ) ) 4m?
_ 0)—1)7 2 (1)2 0)—i»(0)) T
— 9N elr(0)~1) <gP\Ml (1 — 81’> + 9oy e(i0(0)—jr(0)) ( _ 2810)) .

(13.115)
The rho-parameters are given by
ReAi(s, )
4m2 j -7 -7
B A - ) gy, IO (még)ﬂ(l — 595y V0O
(1 Mo)g2_ clrO)-Dr & (1 - )2 clio@-Dr
(13.116)
which approaches the constant
ZEVON
VA (13.117)

3m
in the large rapidity limit. This constant is incompatible with data from high-energy
scattering [9] , which instead suggests p(s) ~ 0.1 for /s > 100 GeV [223] (and references
therein). In Section 13.5 we will show that, by resumming multi Reggeon exchange in
the eikonal limit, the strong shadowing brought about by the Reggeons decreases the rho

parameter to 0, in accordance with expectations from experiment.

13.4.4 Elastic Differential Cross sections

Carrying out the spin and polarization sums, we obtain the squared amplitude for elastic

scattering of pp and pp as

2 2 2
n 2 i 2jp(t)r A 2t — 8m; 21 (t\* 10mt
"AE(S’t)‘ - 4g? ¢ Jpgu | 1T s + 16 \'s 52

(g<2> )4 A 4 (1\2
o Yogu (@) \2,Ge()+i ()
+4¢%0®) Tig(gpwg@m)%(mt”’@( T4 646007 (@@m) <s>

(13.118)

13.4 Diffractive pp and pp Scattering
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The interference between the Pomeron and Odderon exchange is highly suppressed in the
strict Regge limit but is still parametrically more important than the Odderon exchange

on its own. The elastic differential cross sections are given by

do+ 1

= 167T82\Ai(s,t)|2. (13.119)

This allows us to determine the elastic slope parameter at large rapidity

Ba(s,t—0) =2 (1 e

d
= —| In——(s,t 21 (| —Jp(t =d 13.120
G( ) o (Gin) =orn s
and matches the logarithmic value usually found in the literature [223]

B(s,t =0) =1GeV 21 (S) 13.121
(5,8 =0) =16V | 15 (13121

for both the Pomeron and the Odderon with o/ = 1 GeV~2.

Eikonal Elastic Scattering

It is well known that single Pomeron exchange leads to a violation of the Froissart-Martin
bound [224, 225]

s 2
oot S In <) (13.122)
0

and thus unitarity. A simple way to address this issue in the Regge limit is through
the resummation of all t-channel exchanges, a process known as eikonalization [192].
Following Ref. [205], we rewrite the respective total cross sections for Pomeron and

Odderon exchange as

_ 1 2 e/ . / / . / . /
U]R<3> - s /d bJ_dZdZ ( 9(2>¢12(3R, Z))( g(z )1/}34<.]]R7 z )) 2s ImX(]R: S, bJ_y Z, 2 )
(13.123)
The vertex and metric factors e 34(2) and e=24(*) ¢=A(%) for the Pomeron and Odderon,
respectively, are left implicit. The eikonal phase x(jr, s,b_, 2, 2) for the Reggeon R =

P, Q, follows from the truncated Born amplitude

xR, 8,b1,2,2') = i1 G(jr,8,b1,2,2) (13.124)
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with j4+ = 2,1 for the Pomeron and Odderon, respectively. To ease up on notation, we
introduce the shorthand xg = x(jr, s, b1, 2, 2’). After Fourier transforming to impact

parameter space with coordinates b, , we obtain from (13.36) and (13.42)

3 3D (22/)? _a 20,24 2 1. YL 4w
Lo, — 2 ¢t el (7p(0)—2)K2(22+2"%) 2,0 19)elr(0) =17 ,— 575
s Gy 5f (N P € (Bar“zz'[2)e e
3 3D (ZZ/) ays NL2(.2.0 2 . _ _ B A
0 _ 2 el ol (Jo(0)—1)K*(z*+2"7) 2,1 /9)eli0(0)—1)T E
s’ Gy 5f (N P g € (3ar“zz'[2)e e W s,
(13.125)
with .
1
%27(1_ 572 ;; > (13.126)

and Gy = G(jp, s,b1,2,2"), G1 = G(jo,s,b1, 2, 2'). Notably, the exponent in (13.125)
displays the celebrated Gribov diffusion in impact parameter. After carrying out the

eikonalization, the pp and pp scattering amplitudes are given by

App(sa bi,z, 2’/) = —2is (ei(Xﬂ"+X®) _ 1)

(13.127)
App(s,b1,2,2') = —2is (e«xw«w _ 1).
The transformation back to momentum space yields the eikonalized amplitudes
App(s,t) = —2is /d2bL e taLbL (ei(XPJrX@) _ 1>
(13.128)

App(s,t) = —2is /dzbJ_ etaLbL (ei(XPX@) — 1)

To further ease up on notation, we introduce

b2
L
XR(Sa bJJ Z, Z/) = aRre 20’7

(]]P‘(D) ) 2(z2+zl2)€(jp(0)_1)7-8_j+ VP(‘S? t7 Zv Z/)

w\m

ap = NfT(M\)3a 2@e

(A)3a

ai:ap

( ) . %(j@(O)—l)RQ(224-2/2)6(]‘@(0)_1)78_]‘*V@(S,t,Z,Z/)

=,
Il

ot
‘cn

(13.129)

13.5 Eikonal Elastic Scattering
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withR =P, Q and Vp(s,t, 2, 2’), Vo(s,t, 2, 2') givenin (13.102) and (13.111), respectively.

After carrying out the angular integration, we can proceed to integrate over b to get

n

’
_a 42
e on 4 T'

no_ . - (iai)n ,&/2_ _ . I~ - (ia+)
Ay (s, t,2,2") = —4zsw/bde0(qb) Z e = —dimsa'T n;l g

n=1

(13.130)

However, for the numerical evaluation later on, it proved better to work with (13.128)

instead and carry out the integration numerically, rather than the sum in (13.130).

Eikonalized Cross Sections

For forward scattering, the sum in (13.130) may be carried out analytically

> (;afri: = — (In(—iat) +vg + (0, —ia+)) , (13.131)

where I'(a, b) is the incomplete Gamma function. Working at fixed z, 2/, we obtain the

forward amplitude
As(s,0,2,2") = 41’770/37*( In(—ia+) +vE + (’)(eiai)), (13.132)

with the incomplete Gamma function strongly suppressed at large rapidities. From (13.132)

and (13.123) we readily obtain the eikonalized total cross sections

oi(s) = <i Im<.,4]p(s,0,z,z’) + Aop(s,0, z, z')>.> (13.133)

The averaging over the external states in (13.133) for each exchanged Reggeon R = P, O

is carried out via

/dZdZ/(\/g(ZWm(jRaZ))(\/g(z’)%zl(jﬂ%vz/))a (13.134)

which amounts to
(as) =N (eUP(O)*l)T FEN) s+ Vp(s,t) £ Vo@D 1= (X)s77- Vg (s, t)) . (13.135)

The eikonalized total cross sections are thus given by

04(s) = 4ma’F Re <ln(—i (ax)) +vE + (’)(ei<ai>)>, (13.136)
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or, more explicitly
o+(s) =4dna'r ((jp(O) - 1)7'—; InT+ In|hy £h_ e(j@’(o)*jp(o))ﬂ —i—'yE—i—(’)), (13.137)
with
hy = s 7% Vg(s,0) fE(\) = hae fE(N) (13.138)

At large rapidities (13.136) asymptotes to the Froissart-Martin bound (13.122)
o+(s) — 4md (jp(0) — 1) 72, (13.139)

and thus, unitarity is restored. Note that the proportionality constant in (13.136) is solely
fixed by the Pomeron intercept.

The difference between the pp and pp cross sections, becomes exponentially small at large

rapidities

14+ Zie(jﬂ)_jﬂ’)"'

Ao =0 —o_ =4mad'T |
0 =04 o TOT In 1_2;6(j@—j]1))7
+ (13.140)
e i
> 8/t —2E DT B o (io(0)=7e(O)7
14+482 h,

Ao is negative for the Odderon branch m? = k* — 0, corresponding to an intercept of
jo(0) =1+ ﬁ However, this branch is not picked up by the contour Cy, in Fig. 13.3.
The leading contribution without a pole in the signature factor (13.43) is from k£ = 2, which
gives Ao > 0. The same holds true for higher values of k, as well as for all values of k for
the m} = (4 + k)? branch. This is in qualitative agreement with Ref. [218]%, who traced
this result back to the geometry and polarization B,,., which we also used. Unfortunately,
no pp and pp measurements or extrapolations at the same center of mass energy exist to

check the above results.

rho and B Parameters

The rho parameters for pp and pp scattering are readily obtained by using (13.132)

_ ReAs(s,0)  —iImn(—i{ay) [+ as))

= = 13.141
Im A4 (s,0) Reln|(a+) | +ve+ O ( )

p+(s)

* Note that they defined Ao with an opposite sign.
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ggl o (GeV—2) Ippy No N,

Va4
0 1.098(2) 2.1856(40) 4.6-1073 (07) 0.787(190)
15 1.098(2) 2.1856(40) 4.6-1073(07) 0.787(190)
25 1.098(2) 2.1857(40) 4.6-1073(07) 0.787(190)
Table 13.1.: Best-fit parameters for forward quantitites in pp and pp scattering for different input
values of gg%ql.

At large rapidities, this reduces to

11+ 0(%)
TG0 - )7
o(k)
(jp(0) = 1) 7"

(13.142)

p—(s) —

The strong shadowing caused by the eikonalization of the Born amplitude for a single
Pomeron exchange depletes both quantities to zero, in accordance with expectations from

experiment. Note that the eikonalization does not change the B parameter in (13.120).

For the numerical evaluation, we fix the 't Hooft coupling to the Liischer contribution
obtained by using the (time-like) Nambu-Goto string estimate in Ref. [226]
3 1
2——=1+-. 13.143
5 5 ( )
The value for the Pomeron intercept is thus close to the phenomenological Donnachie-
Landshoff intercept of 1.08 [227]. The pole of the signature factor f~ () in (13.43) prevents

us from exploring the physics of the maximal Odderon. Thus, there is only a subtle
(2)

ovw
input in the following fits to obtain an upper bound on this coupling. We perform a global

dependence on g and we refrain from fitting it to the data. Instead, we will use it as

fit to the total cross sections in (13.136), rho parameters in (13.141) and slope parameter
B(s,t = 0) in (13.120) for the available pp and pp scattering data with /s > 1 TeV
[228-235]. The results are collected in Table 13.1. Besides fitting o, gpgy, We introduced
overall scale factors for the total cross section N, and rho parameter V,. The results

)

confirm the very subtle dependence on g which are almost independent in the range of

oy’
0< gé%\l} < 25. In Fig. 13.5, Fig. 13.6a and Fig. 13.6b, we show plots of the fitted quantities
for g(2) = 15, which showed the fastest convergence, together with the empirical data.

ovv
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Fig. 13.5.: Total cross sections for pp and pp scattering, with the parameters given in Table 13.1 for

(2)
~ _=15.
g@\IJ\II
P B(s)
0.20 241 .-
2l ot
® pp r e
0.15 _ [ P
—\ ® pp 20l PR e TOTEM
[ R o ATLAS
o10F ° 13} et
: R
16 et
0.05H S
1ab.e”
0.00 L L L y ‘E 127 L L L L ‘/g
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Fig. 13.6.: Results for the rho (a) and slope (b) parameters versus /s with the parameters given in

Table 13.1 for g((@%\p = 15.
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Using the eikonalized amplitudes (13.130), the spin-averaged elastic differential cross
sections are given by
do + (S, t) 1

dt ~ 167s2 ([Ax(s,t, 2, z')|2>, (13.144)

where averaging is performed using (13.134). In particular, at large rapidities we have

dos(s,t)  (2ma/7)? i (gf o) otz(ii1

dt 167s2 < mnm!n!
mn=1 (13.145)
(2ma/7)? o oftr
1672 (lasl) e

The diffractive nature of the differential cross section (13.144) is best understood in impact

parameter space

1 . .
dO'i(S,t) _ <’ /deL e*lql'bl (1 _ GZ(X]P:EX@))(S,bL,Z7Z,)

2
13.146
dt T > ( )

with ¢t = —qi. At large rapidities, the Froissart-Martin (13.139) is saturated, and the
T-matrix in (13.146) approaches the black disc limit to wit

(ReTi(s,b1)) =(Re(1 — !X#EX0)) (5 1))

(13.147)
— 0(b(s) — [bL]),

with radius proportional to rapidity 7

b(s) = 1/2 (j2(0) — )7, (13.148)

for both pp and pp. Fig. 13.7a illustrates the behavior of the T-matrix as a function of b
for fixed /s, and with vertex factors set to unity. Notably, the black-disc limit is reached
at \/s ~ 1 PeV. The parameters employed in this analysis are those listed in Table 13.2,
with g, = 15. These values were obtained by a global fit to the empirical differential
cross sections provided by TOTEM [236-240] and D@ [217]. The ratio T/\/X, which we
previously argued to be large for the validity of the saddle point approximation, ranges
between 4.2 and 5.3 for the datasets used in the fits. To further test the validity of this

approximation, data at higher center of mass energies would be welcome.
Similarly, in Fig. 13.7b we illustrate the behavior of the differential cross section

d0'+
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— 1 Tev b,=0.8 [fm]
—— 1PeV 15 by =1 [fm]
— 1EeV by =1.2 [fm]
—_12 LSS T sat.
101
05f
. . L b[fm ! \ \ \ \ Lo
6 8 10 tfml 10 20 30 40 50 60
(b)

Fig. 13.7.: (a) The real part of the pp T-matrix approaches a step function at large rapidities and
large A. (b) The differential pp cross section in (13.149) crosses the saturation (dashed)
line at large rapidities and fixed b for pp.

for different impact parameters values b; = 0.8,1,1.2 fm and over x = Ins. The (dashed)

saturation line follows from the condition

d0'+

| =20 e"2) = 0.79. (13.150)
1ls

Forb; = 0.8, 1, and 1.2fm, the crossing occurs within the rapidity range xg = 14 — 20,
aligning with a recent estimate derived using the standard Nambu-Goto string model (see
Figure 2 in Ref. [241]).

Asymptotically, we obtain from (13.147) and (13.146)

daid(jt) s wb2(s) Jf(\/"t?"b(s)) (13.151)

with the expected diffractive patterns. In the black-disc limit, the first diffractive minimum
is located at
t min($) ~ %_ (13.152)
b*(s)
For increasing /s it decreases, in accordance with the measurements shown in Fig. 13.1.
Again, (13.151) saturates the Froissart-Martin bound (13.139), in accordance with unitarity.

The total cross sections o4 (s) are directly related to the elastic differential cross section

B 167 doi(s,t) 2 9
o1(s) = (1 20 < o )>t=0 — 27h=(s). (13.153)

The rightmost result is only valid in the large rapidity limit, where the rho parameter
(13.142) depletes to zero.
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=1.96 TeV (extrap.)
=276 TeV

=7Tev

=8TeV

R

=13TeV

doldt [mb/GeV?]
doldt [mb/GeV?]

t[GeV?] t[GeV?]

(@) (b)

Fig. 13.8.: (a) Results for the differential pp cross section (13.146), together with a weighted linear
extrapolation of the results to /s = 1.96 TeV and a comparison to the corresponding
TOTEM data and extrapolation [236—240]. (b) Results for the differential pp cross section
(13.146) compared to the data from D) [217].

Vs o [GeV~?] Ip5y Nis
1.96 TeV 0.640(21) 1.071(15) 0.003
2.76 TeV 0.715(27) 1.009(3) 0.007
7 TeV 0.607(5) 1.089(3) 0.002
8 Tev 0.626(15) 1.046(9) 0.003
13 Tev 0.587(5) 1.0782(3) 0.002

Table 13.2.: Best fit parameters for the differential cross section data from TOTEM [236-240] and

D@ [217] with a fixed Odderon coupling of gga) v 15. The standard error on Ny, is
negligible.

Fig. 13.8a displays the fit results for the holographic eikonalized elastic differential pp
cross-section at center-of-mass energies of \/s = 2.76, 7, 8, and 13 TeV, using data
from [236-240]. Additionally, a linear extrapolation of the fit parameters from Table 13.2
with weighted errors is shown for /s = 1.96 TeV, in qualitative agreement with Fig. 13.1.
The diffractive tail is accurately reproduced for scattering data with /s > 7 TeV. Above
this center of mass energy, the model parameters appear to converge. The bump-dip region
is less pronounced and exhibits relatively large errors in the TOTEM data at /s = 2.76
TeV. Varying the input values for gg% - the fit reveals that, due to the low intercept, the
dependence on this coupling is even less pronounced than for the forward quantities in

Table 13.1.

Our results for the holographic eikonalized elastic differential pp cross section at /s = 1.96
TeV, shown in Fig. 13.8b, are compared to those reported by the D) collaboration. The
diffractive peak is nearly absent in this channel and at this energy. Fig. 13.9 presents
extrapolations of the pp differential cross section to /s = 2.76, 7, 8, and 13 TeV, with
the diffractive pattern still evident. Further data to test our predictions at these higher

energies would be desirable.
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Fig. 13.9.: Extrapolated differential pp cross section

Conclusions

We have constructed the elastic pp and pp scattering amplitudes in a Gauge/Gravity dual
approach and confronted them with experimental data. Our construction is based on
Reggeized exchanges of a graviton and Kalb-Ramond field coupled to Dirac fermions
in the bulk using a repulsive-wall background. The graviton is coupled to the baryon
through its energy momentum tensor, while the Kalb-Ramond field couples through a

five-dimensional Pauli coupling.

Upon eikonalization of the leading Witten diagrams, we successfully reproduced the
forward quantities p, B and oy, as well as the differential cross sections measurements and
extrapolations reported by TOTEM and D). Instead of fitting the gravity dual parameters
o/, X and g5 to the glueball mass spectrum, we have instead fitted the couplings to
experimental data and obtained an upper bound for the Dirac coupling of a non-maximal
Odderon. However, the first diffractive oscillation in the differential cross section is very
well reproduced by solely using an eikonalized Pomeron exchange. At /s = 1.96 TeV,
the diffractive pattern is absent for both pp and pp scattering.

Based on our model, we extracted the proton saturation rapidity and found it to be in the
range 14 < x5 < 20. This suggests a parton-x saturation of zg < 1075, which poses a

challenging task for future colliders.

Although our holographic results for pp and pp elastic cross sections at high energies
align with the reported TOTEM data, they do not definitively support the contributions of
both a Pomeron and an Odderon exchange. This is primarily due to the inability to fix the
Odderon intercept at 1, which prevents us from studying the strongest contribution the
Odderon might make.
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Threshold Photoproduction
of Heavy Pseudoscalar
Mesons

HE holographic computations on pp and pp scattering in the previous chapter

showed that there is no significant contribution from Odderon exchange with

intercept below 1 in the data from TOTEM and D@. Another process that has
been argued to be sensitive to Odderon exchange is threshold photoproduction of heavy
pseudoscalar mesons like 7. and 7,. In this chapter, we examine this process via the
exchange of a pseudovector glueball in the reaction yp — 7, ;p, as depicted in Fig. 13.2b.
At threshold and for intermediate energies, the amplitude is thought to be dominated
by a gluon rich 17~ exchange with a subleading contribution from a nearly on-shell
photon, called the Primakoff effect (see Fig. 14.1b). Whether the pseudovector exchange
is discernable from the Primakoff exchange is an open question that we now try to
address using holographic QCD. Additionally, previous studies usually found that the
differential and total cross sections are in the picobarn range [159, 160, 242-244], posing
a challenging task for experimentalists. To shed light on this issue, we will set up a

holographic framework to compute the corresponding Witten diagrams in Fig. 14.2.

Asin the previous chapter, we follow Ref. [191] and identify the gluonic boundary operators

with dimension A = 6

BM _>dachaaB GZ/B G

~ . (14.1)
B _>dachaaﬁ Ggﬁ G .

They are interpreted as C-odd twist-5 operators on the light front. In pQCD, on the other
hand, factorization arguments show that the leading contribution to this process stems

from a C-odd local twist-3 operator [245]
degaat bt gety, (14.2)
We will work with the standard soft-wall model with metric

1 2
ds? = (z) (nudatde” — dz?) = e?A) (nudrtds” — d2?), (14.3)
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P > > p P > > P
(a) (b)

Fig. 14.1.: Threshold photoproduction of 1., through (a) s-wave pseudovector glueball exchange
and (b) p-wave photon exchange.

G?(Sa tv 2, Z/)

(a) (b)

Fig. 14.2.: Witten diagrams for threshold production of 7. ; through (a) Odderon and (b) photon
exchange.

and dilaton ¢(z) = k222, Consequently, we obtain from (14.3) the tetrads e% = 25]\]\;[[ . To
proceed with the computation of the holographic amplitudes, we need to define the field

content, determine the mass spectrum, and specify interaction terms.

14.1 Bulk Action and Fields

14.1.1 Bulk Pseudoscalar Fields

In the original soft-wall model [216], the massive tower of physical pseudoscalar mesons
arises through chiral symmetry breaking induced by a bifundamental scalar field together

with a mixing of the longitudinal components of the axial vector meson fields. Focusing
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the fluctuations of the singlet part of A, = ﬁn, with! Ny = 1+ 2 of the 5-dimensional
s

gauge field Aj; with quadratic action given by
1
Sa=— / &z \/§€_¢72FMNFMN
4gz
and ensuing equations of motion

o (vge *FMY) = 0.

(14.4)

(14.5)

After performing a Kaluza-Klein decomposition with respect to the 4-dimensional and

holographic coordinate, the bulk wave function is seen to solve
69, (=01
OA" + ze®0, | e EOZAH =0,

OA, — 9, (0,A") =0,

subject to the gauge condition
9. AH ¢ —1
AR 4 2e%0, e ;Az =0.

The normalizable modes are readily obtained

bn(2) = cnrizLy(K22%),
and their normalization is fixed by

/\/§€7¢674A(Z)¢m(2)¢n(2) = 5mn7
giving ¢, = % The mass spectrum displays the anticipated Regge behavior
m? = 4r*(n 4 1).

Note that we obtain a divergent decay constant at z’ = 0 given by

1 1
F,=—(e?=d, !
n e <e z,az ¢n(z ))

2'=0

! The notation 1+2 refers to one heavy and two light flavor branes.

(14.6)

(14.7)

(14.8)

(14.9)

(14.10)

(14.11)

14.1 Bulk Action and Fields
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Assuming that the UV boundary condition is set at 2z’ ~ %’ where m,. is the charm quark

mass?, the result is finite. The bulk wavefunction is thus given by

On(z) = _n X 4gs(n + 1)kz L, (k22%), (14.12)

n

with f,, = —F),,/m,, fixed by experiment later on.

Bulk Dirac Fields

We obtain similar formulas for the bulk Dirac fields as in Section 13.3. In particular, the
dynamics of the bulk Dirac fields follow from the action in Section 13.69 but with the

dilaton now explicit

1 —o(x i — T
Sp =5 [ 2OV (2\111,265FA (DR~ DY) w1 — (M + V(Z))‘Ifl,z‘l’l,2> :
5
(14.13)
with V(z) = K;?VZQ, Wpvz = —1/znu and

1
BJLV’R = 3]\7 + gWNAB {FA,FB} — AT
- 1 (14.14)
DLE_ G+ cwnap [[4 17 +iag T
The equations of motion following from (14.13) are given by

<ie%FAD]%R - %(aNgz))eerA — (M + V(z)> Uy =0, (14.15)

and their normalizable solutions are

U1 (p, z;n) = Yr(2;n)¥R(p) + ¢z n) ¥ (p) (14.16)
\IJQ(pa Z3 n) = ¢R(Z7 n)\:[/%(p) + ¢L(Z§ n)\I/OR(p)’
where
Ur(zin) =2 x dalzsm) = 2 x (nn €y *LE 26w )
(14.17)

br(zin) = 28 x Pp(zin) = 2 x (n éfv—le—%N)),

? Note that in the case of a bifundamental scalar field, m. should be properly introduced via its non-
normalizable mode.
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with L (f ~) the generalized Laguerre polynomials and we introduced the shorthand

¢y = k322, The free boundary spinors are normalized such that
U(p)u(p) = 2Mny, (14.18)

whereas the bulk fields 17, p satisfy

1 - _
[ e b mLn(z) = S, (14.19)
giving

ng=n,vVT—1+n,

1 /20(n+1)\? (14.20)
2) < (7 +n) > '

n =
L HN(T_

The fermionic mass spectrum Reggeizes, and we obtain

m2 = 4% (n+1—1). (14.21)

n

The bulk-to-boundary propagator is obtained from the non-normalizable solutions to

(14.15) in terms of Kummer functions

2
wR(paz):NRU _%73_T7£N 9
( ARy ) (14.22)

2
p
Q;[)L(pvz) :NLU< %a2Ta£N>7

with N /Ny, = p/2ky and

p2
F(T—l— 4”?\1)

Ne=—"37"1

(14.23)

The bulk-to-boundary propagator in (14.22) can be rewritten as a sum over Regge poles

1/’; Z fnp ¢Rm2 )
Fomn (s 2) (14.24)
nMp n;z
Z L

CpP-mi

with decay constant f,, = 2kn/(ngl'(T — 1)) = —F,/m,,.
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Soft-Wall

The pseudovector glueball previously considered in Section 9.2.1 arises as fluctuation of
the Kalb-Ramond B; field with an admixture of the Ramond-Ramond field C'3 through

the topological mass term. For simplicity, we consider only the part of the action

1
Sp=— /d% \/§12§2e‘2¢HMN0HMNO, (14.25)
5

which is seen to reduce to that of a massive spin-1 field in 5d as given in (14.4). Note
that the axial gauge field Vy; = (0,V,) is obtained through the projection B, =
1/ \/—7626,“4)06” V7 onto the three physical degrees of freedom of a massive spin-1 field
and also gives a correct kinetic term in (14.25). As in 7.2, the photon field follows via VMD
from the polarizations along the 4-dimensional subspace A, with open-string coupling
k~ fixed by the rho meson pole in the time-like bulk-to-boundary propagator. Thus, the
following formulas hold equally for the pseudovector glueball and the photon field and
only differ by the respective string couplings. In the following, quantities associated with
a pseudovector glueball will be denoted by an index b. Following [246], we obtain the

normalizable solutions
bn(2) = enr?22LE (K22%) = J(mn, 2), (14.26)
with the coupling of the closed string sector given by twice that of the open string sector.

The dilaton is thus given by ¢ = k2% = (2k,)%2? = (2r)?2? for the corresponding

pseudovector glueball quantities. The normalization is fixed by
/dz\/§6_¢e_4A(z)¢m(z)¢n(z) = Omn, (14.27)

giving ¢, = v/2/(n + 1) and the resulting decay constant is

1 1 2
F,=— (e‘gs,azlqﬁn(z’)) = — "¢ (n+ 1)K (14.28)
gs z 2'—0 gs
The fermionic mass spectrum Reggeizes, and we obtain
2 _ 4,2
m; = 4k*(n + 1). (14.29)
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We now proceed to fix the mass scale of the spin-1 sector through the rho meson mass of
m, = 0.775 GeV [9] giving

K = 0.3875 GeV ™, Kp = 2k, = 0.775 GeV 1. (14.30)

The bulk wave function may thus be rewritten as

On(z) = Jn x 2g5k22° L (k227), (14.31)

n

where f, = —F,,/m,. The bulk-to-bulk propagator in Fig. 14.2a can be simplified for

threshold production. In particular, the mode sum representation
On(2)Pn(2)
Gi(z,7)=)_ ﬁ (14.32)
n n

reduces to
N ¢n(z — 0) _95Fn¢n(zl)
Grz = 0.2) = —gskn 4 K2 —mg

2

:%xv@w.

(14.33)

For spacelike momenta k? = — K2, the bulk-to-bulk pseudovector propagator in Fig. 14.2a
with one leg at the boundary is thus given by

2 / 2
Z GEnbalZ) 2 e, (14.34)

Gi(z = 0,2) =~
].(Z )Z) 2 — K2+m% 2

with

Vo(K, 2) = k22°T(1 + ax)U(1 + ak, 2, k32%)

= kiz? /1 dixx‘”{ exp [— v /{222] W(0,2) = WVo(K,0) =1,
0o (1—x)? 1 ’ ’

(14.35)

where ax = K?/4x} andU(a, b, c) is the confluent hypergeometric function of the second

kind. Analogous formulas hold for the Primakoff exchange.

Hard-Wall

The expansion in (14.34) will lead to divergent z integrals in some couplings. Additionally,

the dilaton, which acts as a regulator in the soft-wall model, is absent in interactions arising

14.1 Bulk Action and Fields
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from the Chern-Simons term. We will thus utilize a hard-wall® cut-off for said quantities
to only integrate up to a physically reasonable value of z. In the bulk, the normalizable
solutions following from (14.6) with ¢» = 0 are given in terms of Bessel functions of the
first kind

On(z) = cpzdi(mpz), (14.36)

where ¢, = v/2/20.J1(mn20). The position of the hard-wall 2, and thus the mass spectrum,
is fixed by the roots of the Bessel function

Jo(mn2'0> =0. (14.37)

Again, we fix it by rho meson mass and obtain zy = 3.103 GeV~!. This will serve as a

hard-wall cut-off for divergent integrals in the Chern-Simons term.

Interactions

The Kalb-Ramond field couples to the flavor branes through the Chern-Simons term in

(7.6). In particular, when reduced to a 5-dimensional theory, we have
Scg = Tg/ Tr (6‘7: A Z ng+1) — Tg / 4Pz MNOPQ Tr(AMFNoBPQ), (14.38)
J

where we absorbed constant factors arising from the integration in Tg and with F =
2w/ F 4+ B. We will assume that a similar coupling holds for heavy pseudoscalar mesons
like 7.1, as well as assume a coupling to fermions through their magnetic moment. The
interaction terms of the Kalb-Ramond field with bulk pseudoscalars and Dirac fermions

are thus given by

1
S = /d5x \/§(2g05 TreMNOPAZFMNBOp
B - (14.39)
+ 67(1)931)[, Z(i)\llljge%e%UMNlPLg BMN> .
1,2

? The formulas for the hard-wall model are equivalent to those of the soft-wall model but with a vanishing
dilaton (k — 0). Though this limit must sometimes be taken with care.
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Similarly, we obtain for the U(1) gauge fields

_ pp— o
A= /d5.1‘ \/§(€ ¢Z 72\111’2€AA§[[FM\I/172AM
2 295
1
+ 5905 Tre N OP A Py Fop (14.40)

+e T]PZ ‘1’126 N\I’1,2FMN),

which, through VMD, will lead to photon couplings. The couplings gcs and the 5D Newton
constant are given by gcs = 22% and 52 = 2k? = 167Gy = 872 /N2, respectively. The
Pauli parameter np will be fixed by matching the Pauli form factor to its experimental
value. The trace runs over the flavors and selects the pertinent charges for charmonia

€. = 2/3 e or bottomonia e, = —1/3 e production, respectively.

14.2 Holographic Photoproduction of 5. and 7,

The amplitude displayed in Fig. 14.2 following from the interactions given in (14.39-14.40)
for the production of 7, is given by

$A(S, ) ypormp = > 1A posyp(min, 5, 1) (14.41)

n

Z‘A'ypﬁnp(mna S, t) = (—Z')Véfw((h, q2, k: mn) Puu(mga A) (_Z)Vé@,l, (PI,P% k: mn)

(_i)Vy!f)/*n(QI7 q2, ka mn) p,u,l/(m:rym A) (_l)v,yy*

_l’_

E\Ij(plap% k? mn))
where we defined the bulk vertices

M, 2)€"P7ky Flg

V(@102 ) = gos [ azo()0(
2\ NpK?

o €uvprk? 77
Ve (1,02, k) = HQPF /dzfe d); W1 2(p2, 2)0" W1 2(p1, 2) Jp (M, 2).

(14.42)

The field strength F,, = igy€;(q) — i9s€,(q) is now to be understood in terms of the
polarizations €,(q) of the external photon with momentum ¢ and the reduced spin-1 bulk

propagator following from (14.32) is
Gl (mn7 t,z, Z,),ul/ = Jb(mn7 Z)p,ulﬂ]b(mrw Z,)v
- —q L kR (14.43)
By (mn, k) = mPuV<k)a P (k) =n" — 2

n
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The photon vertices follow in a similar fashion as
VA (g1, 00, K) / dz0(2) x fe““p"F o
(1 - =
V*(q,)q,(phm, K) = Qg’Q/dz\/ﬁe ¢Zqjj:(p%Z)'YV\I/j:(PlaZ)J(mmz)

Vi(;)w(pl’pZ’K) npy /dz[e ¢Z VWi (p2, 2)0" Wi (pr, 2) Ky d (i, 2)

1,2
Vvi(%)\p(pl)p%K) nps /dzfe ¢Z\Iji p2a )7 Z/}/ \I]i(ph )8 '](mna )
1,2

The bulk couplings to 7). in (14.42) and (14.44) originate from the Chern-Simons term in
(14.38) and neither include metric nor dilaton factors to regulate the integrals over the
radial coordinate. On the other hand, the couplings to baryons arise from the DBI part of
the action since they are identified with instanton configurations of the flavor gauge fields

and are thus finite*.

With the holographic pseudoscalar wave functions localized at the boundary, we may take

2’ — 0 and for spacelike momenta ¢t = —K? we can use (14.34) in (14.41) to obtain

PA(, ) ypsmp =iAypomp(s, )
iAypsnp(s,t) = (=0)VE,, (01,42, k) X Pun (D) X (=) Vg, (01,02,k)  (14.44)

+ (=)VL (@1, 42, k) X Py (A) x (=i)VY

W*E\I/(pl’p% k)

The normalizable modes in (14.42) are now to be substituted with their non-normalizable

counterparts V(@, z). For spacelike momenta, we thus get

42
ngn(‘h’%’K) QCSQ\/—/dzgo ewfpak oo,

o _ QB\IJ " . o
Vigy (1,02, K) = /dz\fe 201, (2)YR(2)Vo(K, 2)i(p2)y o pau(p1) KPn

(14.45)

* Though they receive 1/N, corrections from the Chern-Simons term that stabilize them at finite size [222].
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Analogous vertices follow for the Primakoff exchange

V’lYL*’Yﬁ(QD q2, K) = ere nFMVFPU7

VG ) = 5 / dzy/ge "2 (sz(z) +93.(2)) VK. 2J(p)y ulp).
VA (p1pe ) = s / dzy/Ge® (20 (2)n(2)) VIE, 2)a(pa)o™ u(p) K .,

VVE\I,)\I,(Pl p2, K) = Tlpg /dz\/§6_¢z (wi(z) — w%(z)) V(K, z)u(p2)y" u(p1).
(14.46)

14.2.1 Form Factors

As in Section 10.3, for an off-shell photon we obtain transition form factors that describe
the internal structure of composite particles. After projecting the chiral bulk spinors
to 4D and performing the relevant LSZ reduction of the 3-point functions, we obtain,
for example, the Dirac form factor that arises through the current associated with the

covariant derivative

1 5SDzrac
Fn(p2)Fn(p1)  dey

wt (K2)Dz7’ac = U(p2)7uu(p1) X en X Cl(K) = ,  (14.47)

with e the electric charge of the nucleon, Fiy(p) = (0] On(0) | N(p)) the nucleon source

constant and

K) =3 [ 25 @ + Rv(@,2)

_(ax +27)(ax + 1)I'(7)
 2(ag +T+1)

(14.48)

From
ot
2M N

(N2)| T p (0N (p1)) = (ps) <F1(K)v“+Fz(K) k) up)  (14.49)

we obtain the electromagnetic Dirac and Pauli form factors

F1(Q) = C1(K) +npCs(K)

(14.50)
Fy(Q) = npC3(K)

14.2 Holographic Photoproduction of 7. and
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where

Col) = 5 [ 25} — )20 (K, 2

_ag(ax(t—1) = 1)I'(ax + 1)I(7) (14.51)
- T(ag + 7 +2) 7
and
Co(I) = 2My [ 2V (Q. )
(14.52)

B 4t — )1l (ax + 1)I'(7)
N I'ag +7+1) ‘

For details we refer the reader to Ref. [247]. Note that the 5-dimensional Pauli term o#*
in (14.40) leads to an additional contribution to F(Q). Fixing these form factors to their

experimental values in units of the nuclear magneton
Fy(0) =1, F5(0) = (up — 1) = 1.7928, pp = 2.7928 (14.53)

we obtain
np = 1.7928/C5(0) = 1.7928 /4(7 — 1), (14.54)

Analogously, we obtain the C-odd gluonic form factor via the exchange of a Kalb-Ramond
field

Fy(K) = /d22_27+36_¢2MN¢R15LVb(K, z)

=16(r — )I(7 + DI (ax + 1) x 2F1 (7 + Lag + ;7 + ax +1;-3),
(14.55)

with a factor of 2My pulled out in analogy with the electromagnetic Pauli form factor
and qu is the regularized hypergeometric function. We fix Fj,(K) through the nucleon
tensor charge, which is a measure for the net transverse spin of the quark content of the

nucleus at a given energy scale. It is defined through
(P S|pic"~P|P S) = 26q(P*S” — P¥SH), (14.56)

where P and S refer to the momentum and spin of the nucleon, respectively. The nucleon

tensor charge, and thus also its intrinsic spin, is deeply related to the U(1) 4 anomaly

(P S|piyF~P| P S) = 2MN%(0)SH, (14.57)

Chapter 14 Threshold Photoproduction of Heavy Pseudoscalar Mesons


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

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

thele

(]
blio
nowledge

(]
|
rk

where 3(0) is the net quark helicity of the u, d and s quarks®. On the lattice, one
obtains [249]
0q = ou + 0d ~ 0.839 — 0.231 = 0.608, (14.58)

which we use to fix the normalization
F,(0) = 0.608. (14.59)

The C-odd charge radius is obtained from

(r?y = —6<W)K2:0, (14.60)
and explicitly given by
%) =g (v = 4D+ 1)
2k}
x <2F1(0’0’1’0)(1, T+ 1,7 +1,-3) 4 oF00 0 - g, —3))),

(14.61)

where vg = 0.5772... is the Euler-Mascheroni constant, and the superscript indices denote

derivatives with respect to the argument. Using 7 = 3 and s, = 0.3875 GeV we obtain
(r2) = 2.733 GeV ! = 0.540 fm, (14.62)

Comparisons with the existing literature are in order. The 17~ nucleon form factor without
Reggeization in Ref. [242] is assumed to be monopole-like and normalized to unity. The

dipole analysis of Ref. [159] with a Reggeized pseudovector glueball exchange fixes this

form factor to the leading twist quark Generalized PDF (GPD), also normalized to unity.

These analyses, as well as ours, are in stark contrast to the relatively large value obtained

in Ref. [158] that even displays a sign change near the origin.

In Fig. 14.3 we display the various form factors after fixing them as described above. The

2.2 2 _ 2

open string couplings obey the relations ¢(2) = k%2° = K22 22, and for the closed

2
5
string sector, we recall that ¢ = k222 = 4x?22. As mentioned above, the remaining

coupling & is fixed by the rho meson mass, which gives

(Kb, Ky, i) = (0.775,0.3875,0.3875) GeV. (14.63)

* At this point it is worth mentioning the famous result of the EMC which implies (3.5 — 29.5 GeV?) =
0.14(3)(10) [248]. This result is consistent with 0 and led to the proton spin crisis. It might be argued

that this crisis is resolved since current theoretical predictions agree with the most recent measurements.

However, the exact spin decomposition and its energy dependence are still open problems.
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Fig. 14.3.: C-even and C-odd nucleon form factors in the approximation £ = x with the normal-
ization fixed by the charge, magnetic moment and (14.59).

Notably, at intermediate K 2 the dominant form factor is F}, in analogy to the Primakoff
effect. At larger momentum transfer, the C-odd form factor F}(K?) becomes slightly
more dominant. Additionally, the corresponding part of the action in (14.39) leads to a

kinematical enhancement of this contribution, in agreement with pQCD [159,160].

Threshold Vertices

For space-like momentum transfers, the vertex between the pseudovector glueball, 1.

and a photon is given by

2
€c,b z
Yoy (K) = T f/dzgp(z) x5 (14.64)
Amputation of the amplitude effectively leads to a substitution of the bulk-to-boundary
propagator by
©0(q, 2) = On(2) = gscnkzLn(K22%) — nji—n X 4gs5(n + 1)kzL,(k222), (14.65)
and thus (14.64) reduces to
K) ~ €c,b 22 o f77c,b
Vo (K) =~ SNAT dzgn(z) x 5 =eeb M, , Vory- (14.66)

Since we approximated the full bulk-to-bulk propagator for small z, the limit in (14.34)

leads to a divergent integral for the coupling in (14.66). To obtain a rough estimate for
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this coupling, we cut off the integral at a physically reasonable value zy determined by the

hard-wall mass spectrum in (14.37) with which we obtain

g5

Vo, = _7/fo

Analogously, we obtain for the vertex involving a photon instead of a glueball

mzé/él. (14.67)

egb 22
Vi (K) = 5 / dzpn(2) x Ex (14.68)

2/N;

with the same vertex as in (14.66)

e2 2
c,b z
Vi (1) 2 5= [ dz6,(2) x 5

2/N;

; (14.69)
_ 2 Te,b
=€ch Vo
¢ (Mnc,b >
and .
95_ Fr%0 (14.70)

Voyn = —
M JN; 4
To proceed with the numerical analysis, we fix f;,. by the leading value obtained from
pQCD [250]
I

)
M,

Ty = ATQ10? (14.71)

with ). the charm quark charge. The PDG quotes the 7. two-photon decay width as
Iy -4y = 5.376 X 1075 GeV [9] from which one obtains

e = 0.327 GeV, (14.72)

where we used M, = 2.9839 GeV. No experimental result is available for the equivalent

quantity involving 7,. However, we can fix this constant by using heavy quark symmetry

M,
o _ e (14.73)
f'r]c Mnb
which amounts to
fn, = 0.184 GeV, (14.74)

where M,, = 9.3897 GeV was used.

14.2 Holographic Photoproduction of 7. and
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Differential Cross Section

Averaging over the initial state spins and polarizations and summing over those of the

outgoing states, we obtain the differential cross section from

do 1 11 )
T~ 162 > 5 > A, ) ypompl” - (14.75)
N pol spin
and the cross sections from
_tmax do—
o(s) = /t s (14.76)

with the kinematical bounds .y, /maq. fixed as in Appendix D.3. Explicitly we obtain

do 2¢%¢? 9t ( fx

2
it~ 16m(s — MZ)2 " Mx) x (F@(Svt) + Fy(s,t) +F®7(S,t)>, (14.77)

with the C-odd F{p, photon F,, and mixed Fp,, contributions

Fb(K)2g2BwV(%)'yn
K202,

Fo(s,t) =—
X <M]2VK2(M)2( — M%)+ M5 — K?s*
+ K?s(K? 4+ 2M3% + M)%)),

F,(s,t) :e4e§<V37n

_KQ K2 2M2 M2 K2 2
% |:F2(K)2K2( S( + N+ X)+ S

M3, (14.78)

+ (K?*(2K? + M%) + 3K?M% + Mj‘())

+ 4Fy(K)Fy(K)K*(K? + M%)?

+ 2F (K)? <K6 + 2KY(M% — 5) — 2M3% My

+ K?(—2M3 (M% + 2s) + 2Mpy — 2sM% + My + 252)” ,
Fo,(s,t) =0,

respectively.
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14.3.1

14.3.2

Estimate of ¢,

The overall scale of the cross section in (14.76) is dictated by gp,, the strength of the
coupling of the Odderon to the nucleon. As a closed string exchange in AdSs x S5, one
would expect gpy ~ /gs With g5 = A/47N.. In holographic models, one typically
encounters 't Hoof couplings around A ~ 10, yielding gp,, ~ 0.5. Alternatively, one could

estimate this coupling via the boundary operator in (14.1) using instantons [251]

K2 - _
(P'S|d™ G P GhgGH | PS) ~ % f(ap) (P'S|pat )| PS), (14.79)
where f(qp) represents the form factor induced by an instanton of size p. Within the
relevant kinematic range for threshold production of 7. and 7, we have py/[tmin| ~ 1
and f(qminp) ~ 1. Notably, for a dense instanton ensemble as described in Ref. [252], the
packing fraction of instantons is r; , ; ~ 0.7, with a mean instanton size of p ~ % fm. This

leads to an estimate for the dual coupling of gg, ~ k7, 7 ~ 0.5, which aligns with the

2
I+1
string estimate.

Numerical Results

As discussed above, we shall consider the range gpy = {1,0.5} where the first value
corresponds to the pure soft-wall coupling and the second value encodes a possible sup-
pression due to its stringy origin. Additionally, we have fixed & to the rho meson mass,
as is required by VMD, and the closed string couplings to twice that of the open string
sector. Fig. 14.4a displays the various contributions to the differential cross section for
threshold production of 7, at W = 4.3GeV as well as the sum of all contributions. In
Fig. 14.4b we compare our results to Ref. [160] (open-blue-dots), which are comparable in
magnitude. The latter analysis is dominated by the Primakoff photon exchange, which, in
our model, starts to take over only for higher momentum transfers. The integrated cross
section is (W = 4.3 GeV) = {10.3, 2.76} pb, which is in line with previous estimates
found in the literature [159, 160, 242-244]. Fig. 14.5a displays the same quantity but at a
higher center of mass energy of W = 10 GeV. At this energy, the non-Reggeized Odderon
exchange is dominant for the whole kinematically allowed range, and the integrated cross
section is given by (W = 10 GeV) = {202, 50} pb. In Fig. 14.5b, we compare with the
dipole approximation of Ref. [159], which considered Odderon (red-triangle) as well as
photon (green-diamond) exchange and their coherent sum (black-diamond). At ¢ = ¢,,;n,
the magnitude of both models seems to agree but deviates at larger momentum transfers,
with the model of Ref. [159] depleting much sooner. Note that the photon contributions
are of different nature, since the model of Ref. [159] displays the Primakoff effect, which is

14.3 Differential Cross Section
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— Sum

—— Odderon

~— Photon

<2

doldt [pb/GeV?]
3

doldt [pb/GeV?]
3

1074

It=tminl [GeV?] It=trminl [GEV?]

(a) (b)

Fig. 14.4.: (a) Holographic differential cross section for threshold photoproduction of . at W = 4.3
GeV. The solid and dotted green lines correspond to the Dirac and Pauli contributions
of p-wave photon exchange, respectively. The solid red line corresponds to the non-
Reggeized Odderon exchange with gy, = {1, 0.5} and the solid black line to the sum of
all contributions. (b) Holographic differential cross section as in (a) but with the photon
contribution summed. The data points are from the Primakoff photon exchange estimate
(open blue circles) in Ref. [160].

absent in VMD-like models. In Fig. 14.6 we show the differential cross section relevant for
the future Electron-Ion Collider (EIC) [253,254] at W = 50 GeV. At this energy, the cross
section is given by o (W = 50 GeV) = {242, 59} pb. At higher center of mass energies,
say, at W = 300 GeV, the integrated cross section starts to diverge, and one would need
to Reggeize the Odderon exchange. Nevertheless, in Fig. 14.7a we show the holographic
results for the different contributions to 7, productions as well as their sum. In Fig. 14.7b
we compare with the pQCD analysis of Ref. [160], which considered photon exchange
(open blue circles) and the Odderon models of Ref. [244] (green triangles) and Ref. [243]
(orange diamonds). They are comparable in magnitude and UV behavior, though the
model of Ref. [244] displays a cusp due to the sign change in their Odderon-nucleon form
factor. Moving on to the production of 7, we display in Fig. 14.8a the differential cross
section at the kinematical threshold of W = 11 GeV. Again, the p-wave photon exchange
corresponds to the green line (Dirac: solid, Pauli: dotted), a solid red line denotes the
pseudovector glueball exchange, and the solid black line gives their sum. The differential
cross section integrates to o(IWW = 11 GeV) = {0.002, 0.001}. Interestingly, for the
kinematical range allowed for 7, production, the photon contribution crosses the Odderon

contribution twice for gp,, = 0.5.
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Fig. 14.5.: (a) Holographic differential cross section for threshold photoproduction of 7. at W = 10
GeV with the same color coding as in Fig. 14.4a.
(b) Holographic differential cross section as in (a) but with the photon contribution
summed. The data points correspond to the Primakoff photon exchange (green diamonds)
and Odderon exchange (red triangles), as well as their sum (black diamonds) of Ref. [159].
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Fig. 14.6.: (a) Holographic differential cross section for threshold photoproduction of . at W = 50
GeV with the same color coding as in Fig. 14.4a.

(b) Holographic differential cross section as in (a) but with the photon contribution
summed.
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Fig. 14.7.: (a) Holographic differential cross section for threshold photoproduction of 7. at W = 300

GeV with the same color coding as in Fig. 14.4a.

(b) Holographic differential cross section as in (a) but with the photon contribution
summed. The data points correspond to the Primakoff photon exchange (blue open
circles) from Ref. [160] and the Odderon models of Ref. [243] (orange diamonds) and of
Ref. [244] (green-triangles).
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Fig. 14.8.: (a) Holographic differential cross section for threshold photoproduction of 1, at W = 11
GeV with the same color coding as in Fig. 14.4a. (b) Holographic differential cross section
as in (a) but with the photon contribution summed.

A similar process involving Pomeron exchange is the production of vector mesons like
J/W and T, through which one might extract the gravitational form factor of the proton.
We thus compare in Fig. 14.9 our holographic computations for 7. production with the
holographic computations of .J/W¥ production (blue) of Ref. [215] for different center of
mass energies: (a) W = 4.58 GeV, (b) W = 4.30 GeV, (c) W = 10 GeV, (d) W = 50 GeV
and (e) W = 300 GeV. In Fig. 14.9f we show the integrated cross sections for 7). and J/¥
for different center of mass energies IW. The data points correspond to measurements
from SLAC [255] and Cornell [256]. The differential and integrated photoproduction cross
sections for 7). are well below those for J/¥ for the whole kinematical range considered.
While measuring this process poses a challenging task for experimentalists, extracting the
C-o0dd gluonic form factor Fy(K ), which probes the nucleon spin budget, from the data

and comparing it to our prediction would be interesting.
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Fig. 14.9.: Holographic differential and total cross sections for threshold photoproduction of J/¥

(shaded blue) [215], and the present results for 7. (shaded black with gz, = {1,0.5}) at
W = 4.58 GeV (a), W = 4.30 GeV (b), W = 10 GeV (c), W = 50 GeV (d) and W = 300
GeV (e). (f) Integrated holographic cross sections for threshold photoproduction of 7.

(shaded black) and J/ ¥ (shaded blue) [215]. The data points are from GlueX [257] (black),

SLAC [255] (magenta) and Cornell [256] (green), respectively.

14.3 Differential Cross Section

167


https://www.tuwien.at/bibliothek

“Jayloljqig UsIpn NL e uud ul sjgejreAe si sisay) [2Jo1oop Siyl Jo uoisian [eulblio panoidde ay | < any a8pajmoun Jnoa
“regBnyian 3ayloljqig UsIpn NL Jop ue Isi uoirelassiq Jasalp uoisianeulblo apponipab ausiqoidde aig v_ﬂ_-_u.o__n__m


https://www.tuwien.at/bibliothek

Conclusions and Final Remarks

“Jayloljqig UsIpn NL e uud ul sjgejreAe si sisay) [2Jo1oop Siyl Jo uoisian [eulblio panoidde ay | < any a8pajmoun Jnoa
“regBnlian yayloljqig UsIA NL Jop Ue IsI uoirelassiq Jasalp uoisianfeulblO aponipab ausiqoidde aig v_ﬂ_-_u.o__n__m



https://www.tuwien.at/bibliothek

“Jayloljqig UsIpn NL e uud ul sjgejreAe si sisay) [2Jo1oop Siyl Jo uoisian [eulblio panoidde ay | < any a8pajmoun Jnoa
“regBnyian 3ayloljqig UsIpn NL Jop ue Isi uoirelassiq Jasalp uoisianeulblo apponipab ausiqoidde aig v_ﬂ_-_u.o__n__m


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

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

thele

(]
blio
nowledge

(]
I
rk

In the first part of this thesis, we considered the Witten-Sakai-Sugimoto model to compute
hadronic and radiative decay rates of various glueballs. Overall, they turned out to be rather
broad resonances with surprisingly large radiative decay widths in the keV range. The
latter is usually taken as evidence against the glueball nature of a resonance. A comparison
of our model predictions with measurements reported by the PDG [9] showed that the
resonance fo(1710) fits a glueball identification rather well once identified with the dilaton
scalar glueball. Unfortunately, since the scalar meson nonet is absent in the WSS model,
we cannot comment in more detail on the scenario of the fragmented scalar glueball, which
is a resonance mixing strongly with the scalar isoscalar mesons. However, the reported
mass and width computed in Ref. [45] seem to fit rather well when the fragmented scalar
glueball is identified with the lightest, exotic scalar glueball of the WSS model once its mass
is suitably adjusted. The pseudoscalar glueball inherits its interactions through mixing
with the singlet 1y meson and plays a prominent role in the realization of the Witten-
Veneziano mechanism. When compared to the glueball candidate X (2370), we found that
the hadronic decays into two rho mesons already saturate the recently extracted width by
the BES III collaboration [144]. On the other hand, the interactions of the pseudoscalar
glueball with ordinary mesons arise through a formal expansion in N¢/N,, which is not
a small parameter in QCD. Already to this order, there may be significant corrections
through the backreaction of the flavor branes on the original geometry or higher order
effects, which the WSS model may not capture. The pseudovector glueball turned out
to be the broadest resonance within the framework of the WSS model. Identifying it
in experiment may thus prove extremely difficult, to say the least. A more promising
candidate might be the vector glueball, which transpired to possess a rather peculiar
enhancement of decays into a pair of an axial vector and vector meson. Upon adjusting
the mass of the highest-spin state allowed by the supergravity limit, the decay pattern of
the tensor glueball was found to be compatible with that of f2(1950).

To further look for evidence of glueballs, we turned to Regge physics in Part III. Therein,
we identified the C-even Pomeron with a Reggeized tensor glueball trajectory and its
C-odd counterpart, the Odderon, with a Reggeized spin-1 glueball trajectory. In the
framework of holography, these states arise from the Reggeization of the exchange of a
graviton and Kalb-Ramond field, respectively. We developed the repulsive wall model, a
holographic bottom-up model capturing the essential features of Regge phenomenology,
including Gribov diffusion, to formally address the physics of the Pomeron and Odderon.
We assumed a coupling of the graviton to the QCD energy momentum tensor and coupled
the Kalb-Ramond field through a 5-dimensional Pauli coupling to the Baryon. The resulting
pp and pp (differential) cross sections and various forward quantities were confronted
with numerous experimental measurements. While there may be a maximal Odderon

contribution to these processes, we found that the current experimental data is very well
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described by using an eikonalized Pomeron exchange, without significant admixtures of
an Odderon with intercept below 1. This is opposed to the conclusion by TOTEM and
D@ [189], which attributes the diffractive pattern to an underlying Odderon exchange,
but in line with the findings of Ref. [190]. We aim to develop a suitable holographic
model for the maximal Odderon with intercept at 1 to further elucidate this issue in future

research.

Finally, we considered diffractive photoproduction of heavy pseudoscalar mesons, which
is argued to be sensitive to soft gluon exchanges in the threshold region. We have set
up a holographic soft wall model for the Kalb-Ramond field and assumed a minimal 5-
dimensional Pauli coupling to baryons. After fixing the C-odd gluonic form factor at the
optical point to the nucleon tensor charge, we found that at center of mass energies above
10 GeV, the contribution from photon exchange is overtaken by a non-Reggeized Odderon:
the pseudovector glueball. The resulting differential and integrated cross sections were

found to be in the pb range, thus posing a formidable challenge for experimentalists.

While this thesis presents only a small step in the arduous journey to discovering the long
anticipated but still elusive glueballs, it has successfully refined the parameter space for
future investigations. The decay patterns computed in Part II suggest a significant gluonic
content of the resonances fp(1710) and f2(1950). Additionally, the analysis in Part III
suggests that the field of low-x physics at intermediate energies, where the Pomeron
contribution does not obscure that of the Odderon, might be a suitable area for future
investigations. In that regard, studying processes with polarized beams or targets are
particularly promising since one can extract observables insensitive to C-even exchanges
and thus provide a cleaner environment for Odderon physics. The study of these processes
may also shed light on the gluonic contribution to the spin of the proton, as well as the
observed single spin asymmetries, which are encoded in Generalized Parton Distribution
Functions (GPDs) and Transverse Momentum Distributions (TMDs). The future EIC [253],
which is currently under construction at BNL, is poised to be an exceptional tool for

probing these phenomena with unprecedented detail.
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M-Theory Lift and
Dimensional Reduction

The lift of a type IIA string-frame metric to 11-dimensional supergravity is given by the
relation [79]

ds? = GAdeAd:UB
9 (A1)
= e_2¢/SgMNdde:L‘N + e19/3 (dac11 + C’deM) ,

with M, N =0, ...9, omitting the 11th index and A, B = 0, . .. 10. The tetrads following

from the decomposition in (A.1) are related via

pA _ e“b/?’e% 0 (A2)
A 62¢/3CM 020/3 :

By introducing the radial coordinate r related to U by U = %, one obtains the lifted

metric ) 2 42 )
L L
= % [f(r)dxi + Nudatdz” + dx%l] += ZdQZ’ (A.3)

2 =
ds 270

with f(r) = 1 — rl/r% In the limit r — oo, this geometry reduces to the of pure
AdS7 x S4. The 4-form flux of the background (7.1) is now given by

6
F4 = 364. (A4)

Depending on whether the indices pertain to the 10-dimensional subspace or the com-
pactified direction 17 ~ z1; + 27 Ry1 with Ri1; = gsls, the form field decomposes
into

Apno = Cuno, Apni1 = Bun (A.5)
and its field strength into

FJSJI\;OP = Funop, Fynoin = Huno- (A.6)
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Since the metric in (A.1) is non-diagonal, we obtain the twisted field strength
(A.7)

where we used flat indices to simplify the computations. For easier reference, we give (6.4)
again

1 1 1
811:22/d$\/G<R|F4|2>|/A3/\F4/\F47
P 2 3!

where 2r11 = (2m)71%,, lp = g;/ ?l,. Using (A.1) and (A.7), the 11-dimensional supergrav-

ity action (6.4) reduces to

Srra = Sns + Sk + Scs,

1 3 1
Syg = PN A0/ —ge=2¢ <R+4VM¢VM¢ - |H3’2) 5
K10 2
Sn= g [ #0rva (5B IR
2r1q 2 2 7
1 1

S :_7/0110 By ANFy A F,

cS 2/{/%0 f]f2 2 4 4,

as already given in (7.4).

Chapter A M-Theory Lift and Dimensional Reduction


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

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

thele

(]
lio
nowledge

b

i
r

Type IIA Supergravity
Equations of Motion

The equations of motion following from (7.4) are given by

1 e /. . 1
Rarx + 20 V6 — S By Hyvop — - (FN?FNO _ 5@\2)

€2 /4 1
—— (_FMOPQFNOPQ = —gMN!Fz;\Q) =0,

2 \3! 2
R+ 4V VMg — 4V 10V M ¢ — %|Hg,|2 =0,
Vg FMYN %FNOlOQOg’Hologog, =0,
Yo (6—2¢HOMN n CPFOPMN) _ mGMNol”'OsFol...04Fo5...08 _0
v p FPMNO _ 1 MNOPL.Prpr, oo P pr = 0,

30 4l/—g"

(B.1)

Linearizing these equations with respect to the fluctuations of gy/n, ¢, C1, Ba,C3, and

taking into account that neither C} nor By are sourced by the D4-branes, one obtains

20 14 1
e
Ryun +2VMVNG = —- <§FM0PQFN0PQ - §|F4|2> gun =0,

R+4VyVMp —avyoVMe = 0,

MN _
VuF =0, (B.2)
3R%\/3s
Vo (7 HOMY) - 57 y=gg,"  Tomor=0
3R*\/§
v pFPMNO _ ﬁEMNOPI...Pg]rlrplpzp3 =0.
LAV S
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Towards the Unquenched
Glueball Spectrum from
Holographic QCD

Lattice QCD calculations of the glueball spectrum often employ the quenched approxi-
mation, neglecting the dynamic effects of sea quarks [11, 134]. However, going beyond
this approximation poses significant challenges due to computationally costly simulations
and large uncertainties. While some progress on computing the unquenched glueball
spectrum on the lattice has been made, results remain inconclusive, though they suggest
minimal changes to the mass spectrum [13, 14, 35, 258]. In this appendix, we address
this problem using holographic QCD, where only recently the first steps towards the
unquenched glueball spectrum have been made [259].

The WSS model considered in Chapter 7 is formulated in the probe approximation, where
the flavor branes do not backreact on the original geometry induced by the color branes.
To leading order in Ny /N, the backreacted geometry has been worked out for localized
branes in Ref. [76] and for smeared branes, where the branes are homogeneously smeared
out over the compactified 7 direction, in Ref. [77]. Limiting to the 7-odd fluctuation A,
for which the computations are somewhat less complex, Ref. [259] carried out the first
computations of the unquenched glueball spectrum utilizing the smeared approximation.
As a first step towards the full unquenched glueball spectrum for states with even 7 parity,
we will also consider the smeared approximation and partly use the formalism developed
in [259].

The closed string action in (7.4) is no longer sufficient when backreaction effects are taken
into account. This is due to the D8 branes coupling to a 9-form potential C9, whose
dual field strength is a constant. This introduces a term in the equations of motion that

is amenable to a cosmological constant and a mass term for the Kalb-Ramond field B.
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The consistent action that includes this potential is that of Romans massive type IIA

supergravity [260]. Its bosonic part is given by [79]

SM4 = Sns+Sr+ Scs + Su

1
Sws = 5o [ @y ge <R+4VM¢VM¢— 5
10

_ 1 10 2 2
Sn= g & x\/7< LA 1)
1
Scs = /dlocc By A F4 VAN F4
2/110
Sy = /dlox /= MR—|- TR /MRFl(),
2’4310 2K7
where
Fy=F+ MpBy, Fy,=dCy
R 1
Fy=Fy+ SMRBy A B, Fy= dCs (C.2)
- 1
}’_14:F‘4—C'1/\];Ig—l-§A7\4RBQ/\I32.7 Hs = dBs.
and N
Mp=+—1 (C.3)
47l

is the Romans mass. The signs refer to the charge of the D8 and DS branes, respectively.
From (C.2) we see that F5 can be completely reabsorbed into By when My # 0, introducing
a Higgs-like effect where C'; corresponds to the longitudinal mode of Bs.
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The field equations following from (C.1) are given by

1 e2¢
Ryn +2Vu Vg — §HMOPHNOP -

2
e 4 1 1
= (5FFvora = soun|Pi?) + 5 MRgry =0,

1
R+ 4V VMo —aVyoVhe — S| Hsl* =0,

_ 1
(FN?FNO - 2|F2y2)

_ ~ 1
Vo (e 2<i’lT‘IOMN + CPFOPMN) — —EMNol"'OsFol..‘O4FO5...Og

21 (41)2/=g
_ 1 _
_ MpEMN _ EMRBOPFOPMN

—1
Mp~/—g N
v MNO;...0 _
€ 18 Bo,0,Boso,Fos...0s = 0,

22141 (C.4)
~ 1 -~
VMFMN _ QFN0102O3H0102O3 — 07
~ 1 ~
VPFPMNO MNOPIWP7HP1P2P3FP4...P7

BERIVE

Mr  ymnoP,.P
B 4!\/jg€ ' 7BPIPZBP3P41_IP5PGP7 =0,
1 ~ 3 ~
*FIO — §BMNFMN - ZBMNBOPFMNOP
3 /= —1
B ;{(Z?)ZeMl"’MIOBMlMgBM3M4BM5M6FM7-~~M8 — Mg =0,

dM = 0.

Working to first order in Nt /N, we see from (C.4) that Cy does not modify the equations
of motion for the dilaton and metric. Additionally, we need to take the contributions from

the DBI action into account, which, in the smeared approximation, reads
N-Tg M, —
Sppp = — 18K / d0;Y "9 o, (C.5)
™ \/ 944

where the integration region now extends over the full spacetime. For simplicity, we adopt

the notation of Ref. [77] and write the line element as

d 2 Ukx 3/2 2 dzHdx” 2:\d 2 R3/2U1/2 —2(,9d 2 2VdQ2
s = B {e Nudztdz” + e :U4]+ b4 Ukk [e T +e 4}, (C.6)

with all constant factors explicit. The functions

A(r),  A(r),  @(r),  w(r) (C.7)
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only depend on the radial coordinate, which is related to the standard WSS coordinate

.’:1S1

3
e =1 — % (C.8)

They are given in terms of a series expansion in Ny /N, as
U(u) = Wo(u) + eptr (u) + O(e), (€9)

with the effective expansion parameter given by

_ N Ny
1273 N,

€F (C.10)

The backreacted solutions ¥ (u) are given in terms of hypergeometric functions, and their
complete expressions can be found in Ref. [77]. Before turning to the glueball modes, we

will set up the formalism using the meson spectrum.

Spin-1 Mesons

The (axial) vector mesons again arise as fluctuations of the gauge fields living on the D8

brane. Pulling out the constant parts we have

B 1
Sppr O — 13 /dgﬂfe *\/~gs {1 + Z(QWO!Q)QMNQOPFMOFNP

1 eF(—pr+dvi—¢1) 9 U B
—— / dladz [ F2, + - Sgeer(ortdnt2a=o)q 4 2 p2 ||

2 (1+22)18 "M AR},
(C.11)
where we performed the substitutions
1 22 2 1
=—C-log——, dr=—--—5—-5dZ C.12
TTTR T T T3z (€.12)

This reduces to the familiar DBI action of the WSS model when evaluated at ez = 0

1
Sppr = —k / dtzdz [2K—1/3F3V + KM Fs,|, K=1+2% (C.13)

! And not to be confused with the radial coordinate of the Witten model 72 = 2U L.

Chapter C Towards the Unquenched Glueball Spectrum from Holographic QCD
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Following Ref. [259] we define

efF(*<P1+4V1*¢1)

a(z) = (1+ 22)1/3 (C.149)
b(Z) — 6€F(€01+4V1+2>\1_¢1)(1 + 22)

to write

1 9 Uy
4 2 KK
il{,/d xdz l2a(z)F + ZRTmb( z)F2 x| s (C.15)
and expand the vector meson fields as
Yn(2)
(zt, 2) = E B, (z"). (C.16)
' w Valz)

This leads to the trivial normalization condition of the vector meson fields

H/dz%(z)wm(?«“) = Onm- (C.17)

Plugging this ansatz into the action and partially integrating the potential term gives

/ d4xdz2[—<F(”) + )\ W M2 (13(”)) } (C.18)

where the eigenvalue ), is obtained from the Hamiltonian

Hyin(z) =~ 0 [b(z)az (w’;((?)ﬂ _ Athn(2) C.19)

Expanding all functions as
X(2) = x9(2) + epxV(2) (C.20)

we obtain the correction to the mass by numerically solving

AOYO(z) = - =0 [b()(z)az ( enl?) )] = \Ve0(2), (€21)

ag ao(2)

and then perturbatively calculating
A= A0 +epdd, = A0 + e (] A n), (C.22)

We can easily compute the overlap integral by implementing a shooting method for the

first five vector meson modes. In Table C.1 we show the results for the first five modes.

The ratio of masses between vector and axial vector mesons is decreasing compared to

C.1 Spin-1 Mesons
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n At ox ! AL SN
1 0.669 +0.181 1.569 -0.197
2 2.874 -0.333 4.546 -0.825
3 6.581 -1.080 9.008 -1.786
4 11.797 -4.443 14.958 -3.627
5 18.491 -5.878 22.397 -5.279

Table C.1.: Numerical results for vector meson masses.

the quenched approximation. For ex = 0.02, the ratio of masses between mgl / mf, =
(2.346,2.327) is further away from its experimental value of 2.519. However, the mass
ratio m?)(1450)/m% = (4.302,4.268) is closer to its experimental value of 3.573. The bold
extrapolation to Ny = 2 would match this, though it needs to be taken with a grain of
salt. However, one must be cautious when comparing with experimental data since the
smearing approximation breaks U(Nf) — U(1)"7. Thus, it can only be considered the
first mode in a Kaluza-Klein expansion of the backreaction of the localized brane solution
of Ref. [76].

Dilaton Scalar Glueball

The equation of motion for the dilaton following from (C.4) and (C.5) is given by
R44V VM — 4V 3o VMp — 7 A 0. (C.23)

Linearizing this expression, we obtain the dilaton equation of motion

i - ANyl o, 5
4VMVM¢—8VM¢VM¢—8?FJCZ—2€¢ A=, (C.24)
cls

where ¢ denotes the fluctuation and ¢ the background value. Decomposing the dilaton

fluctuation into a holographic and 4-dimensional mode, we obtain

R} 1 N
—Dj(r) - UT?EQ_%%M 2Dy(r) + §€F€¢_>\_2@D4(T) — 0. (C.25)

Treating ey as a parameter, we expand (C.61) to first order in er and solve it using a

shooting method. To compactify the interval, we transform using?

2
r=-3 log sin(z) (C.26)

? This is equivalent to z = tan(z) used in the main text.

Chapter C Towards the Unquenched Glueball Spectrum from Holographic QCD
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After checking that the solutions scale linear in €, we can extract the mass correction

as
ME = pMZ,  Ap =20+ eV (C.27)
where
A — 92455165, AP = —50.1073-107C. (C.28)

The mass correction is negative, which does not fit the change in mass of either scalar
glueball in [13]. The reason for this could be that the dilaton and exotic scalar glueball,
which are already difficult to disentangle when the closed string sector alone is considered,
are no longer diagonal when flavor-brane effects are taken into account. Unfortunately, we
have not yet succeeded in diagonalizing the scalar sector of the backreacted Lagrangian.

We leave this topic for future work.

Pseudovector Glueball

Since the 17~ nonet of ordinary mesons is absent in the WSS model, it is sufficient to
consider the linearized equations of motion for the pseudovector glueball. Taking into
account that even with the backreaction included, only Cj is sourced by the background,

the relevant equations in (C.4) reduce to

1
_ o) 01...0
Vo (M)~ g Mo oo om0
1 .
V _gVPFPMNO - 30 4'EMNOPl.“P7HP1P2P3FP4...P7 =0.

They are solved by using the ansatz

B, = a(r)fj’#,,(:v”),

3a(r) j (C.30)

Corr = o ga® 7L 0By ),

where B, denotes the polarization and the 2# dependence is implicitly understood in

the following. From the bulk Lagrangian, we obtain

R} 5
a"(r) - 4)\/61/(?“) + U7D4M26_2¢_2>‘a(7“) _ 9€8>\+2/\—2¢a(7,) =0, (C.31)
KK

and the contribution from the DBI action is given by

Sps D —Tng/dgl'e_dj%gggMNgopBMoBNp. (C.32)

C.3 Pseudovector Glueball
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The full mode equation is thus

R} . .
a”('r)—4A/G,(T)+U7D4M2€_2¢_2)‘CL(T)—9€8>\+2/\_2¢a(7")—€F€¢_>\_2¢a(7“) =0. (C.33)
KK

For the numerical solution, it is prudent to rescale a(r) using

eSr/2
a(r) = ————=Ny(r). (C.34)
esr —1

To obtain the mass correction, we again expand in terms of

M2y =ApyMZ,  Apy = A0 + el (C.35)
where
A0 =s5.930777,  A4) = —138.1076. (C.36)

The mass correction is again negative, in disagreement with Ref. [13].

Vector Glueball

Employing the same procedure as was used for the spin-1 mesons to the bulk Lagrangian

for the vector glueball, we obtain

2
Liur = ?M]\I%K%/d%dz) [—ic(z) (F;X/f M ()2 .
_%anVMVVMI?K (—zaz (e(2)0,(2My(2))) My(2) + d(Z)M4(z)2>}
where
e(z) = 1+2° o€F (p1=A1+4v1)
d(z) :4Z;F(2¢1—5‘1—%01—4V1) (C38)
c(z) :mefF(_Q)\l—j\l—wl—‘rllyl)

Expanding the DBI action to second order in Bj, the correction to the mass from the

D8-branes is given by

26NN 9 1 )
B (27r)2R6/d4xd29(Z)2M4(z)277“ ViV, (C.39)

Chapter C Towards the Unquenched Glueball Spectrum from Holographic QCD
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where )
(Z) _ 1576 (1 EZ )GEF(2/\_2:\_4V+3¢_<'D). (C.40)

Similarly, as in Section 9.4, the mixing contribution is now given by

KA MKK

_ * 4 § uv 1
o7 B3, tf/o A zdz g h(z) Ma(2)n™" 0: Ay (2)Ve (), (C.41)

with ( )
2 1+ 2 3
h eF(2)\+¢—)\) C.42

Note that both corrections are already present in the original WSS model, as discussed in

Section 9.4.3. Rescaling the wave function via

4 2 p3 M4(Z)

My(2) = WMKK DITG) (C.43)
the vector glueball mode has a trivial normalization condition, and we obtain
Lyuik ZH/dA‘xdz{ - 177’“’VMV;MI%K { — 20, (6(2)8Z , Ma(2) )M4(z)
? ) ) ) Vetz)
2
+d(z) e ] ; (B ) Ma(2)

1 2 - 1 -
:/d4$d2 |:4 (F,LYI;) M4(Z)2 _ 2)\(n)VMI%KM4(Z)2T]‘U'VV/LVV:| .
The mass eigenvalues are obtained from the Hamiltonian

CZ(Z)(% le(z)az (ZMiEz;>] + Cclézi M4(2’) = /\(n)VM4(Z) (C.45)

Pulling out the factors of Mxx contained in OV (2#), we can further simplify the DBI

Ifvaz;(Z) = —

contributions to

1 ~
Shhr = — ep M2k / d4xdz‘ZE22M4(z)2n“”VuVy, (C.46)

and

SW . — _ Jer M2k / dipds (Z))a (wf;((z)))m(z), (C.47)

C.4 Vector Glueball
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where we used tr 7" = /N ¢/2. The quadratic action is now given by

‘(/2) —/-s/d4:ndz {— ( (")> 2mi (BF(L”))2

L (BU) - LV A (Awn) +6F()>}

nv
41 ) 1 , =) /1 (cas)
4 n 2 n
= [t [ ()’ - g (24)
1 Vi(n 2 1 v n n 2 DBI
Z (F,LLV( )) — 577“ V,u( )VV( )MKK ()\V(n) +€F5>\V(n)> 5
and the mixing term
szxmg — H/d4a}dzz\/aMKK ( ) 9, ¢m( ) M4n)(z)nuuvgm)vy(n)
Ve(z) a(z)
(C.49)
— [ @t S erer e,
where we defined
DBI _ 9(2) > mn — h(z) 1
=(n|2= =M ,
5)\‘/(71) <n C(Z nj, 1 KK< C(Z) 82\/@ ¢m ; (C 50)

and generalized the action to include the higher radial modes as well. Note that it is
sufficient to take the original background for the corrections arising from the DBI action
on the D8-branes.

As in Section 9.4.3, the action is diagonalized by

V, — V,costl —v,sinb,

(C.51)
vy — Vysin€ + v, cos 0,
with the squared masses now given by
M3 2
m? = m? <00802 + —gsin92 — % sin@cos@) ,
m m
) % (C.52)
~ m= . 1
Mg = ME (cos 0% + — sin 0% + sin 0 cos 0)
M2 M, M2
Using
My = M (AP + erdr + erorP?!)
(C.53)
m = My (A + epoaV)
188 Chapter C Towards the Unquenched Glueball Spectrum from Holographic QCD


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

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

thele

(]
lio
nowledge

b

i
r

n At ox A SN N0
1 0.669 +0.181 9.227 -2.533 +0.867
2 2.874 -0.333 15.954 -4.837 +1.234
3 6.581 -1.064 24.155 -7.429 +1.737
4 11.797 -4.316 33.837 -9.288 +2.353
5 18.491 -5.644 45.001 -10.79 +3.072

Table C.2.: Numerical results for vector meson and vector glueball masses.

and (9.46), as well as the the mixing contribution from (C.50) for n = 1, we obtain the
mixing angle

|| =2.76...2.55° (C.54)
and the corrected masses

m? =0.798...0.7422M2% = (845 .. .818)* MeV?

3 ) (C.55)
M2 =7.995...8.526M% = (2684 ...2771)% MeV?

where we expanded to linear order in €f.

The results for the mass corrections are collected in Table C.2. They are consistent with the
observations in Ref. [259] that glueball masses are corrected downwards. The correction
from the DBI action, however, is positive. The general statement that the total mass
correction is always negative is thus not true (see Section C.5) The mixing term in (C.50)

forand 1 < m,n < 5is given by

—0.346849 —0.242167 0.0611645 —0.00716388 0.00148879
0.403661 —0.427151 —0.669275  0.0811266  —0.018741
&1 =Mz | —0.517088 0.779097 —0.019303 —0.00195332  0.147257
0.563727  —1.21228  0.584095 —1.63627 —0.126371

~0.638369  1.46602  —1.36052 149765  —1.85748
(C.56)

The overlap integrals involving the mode m = 5 are relatively large, signaling that this

mode is already beyond a perturbative approach. In principle, one would need to carry

out a full diagonalization of this system, including the higher modes in n and up to m = 4.

We leave this for future work. While there exists no result from unquenched lattice QCD
for the vector glueball, the corrections for states where they have been computed are
of the order of 10% for almost all states [13]. We view the numerical smallness of the
perturbations in Table C.2 as a further indication that unquenching effects on the glueball
mass spectrum remain small. Furthermore, the overlap integral that generates mixing
between the vector glueball and singlet vector mesons is small, signaling a mostly unmixed

vector glueball.

C.4 Vector Glueball
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C.5

190

Tensor Glueball

Linearizing the bulk equations of motion (C.4) with the DBI contribution in (C.5) in terms

of metric fluctuations, we obtain

1 1 1
5 (vothON i vaNhMo) _ 5v2hMN - 3VuVnh

- (thNO + Vnh, — VOhMN) Voo (C.57)
9 3\ Y2 95 s A Ny 45 B
+ |:4 (UKKRD4) (& + mﬁce hMN =0.

The ansatz for the tensor mode is given by

Urr \ 3/2 ,
hw = (RI;IZ) ATy (r)Tpe™™,  k? = —MZ T, T" =1wrtn,  (C58)

and seen to solve the mode equation

R} 9 9 5
Ty (r) + (UEI? M%e*”‘*?“o - 562(]578”72@ + 2)\”> Ty(r) = geFT4(r)e¢’*/\*2“’.

(C.59)

We can simplify this further by utilizing the equation of motion for A, which, in our

convention with all constant factors explicit, reads

N'(r) = %ew_gl’_mp + GZFe¢_S‘_2“", (C.60)
to get
R} 2 —2X\—2 5 A—2
Ty (r) + KDIjM e T Ty(r) = §€F€¢_ TEPTu(r). (C.61)

We solve (C.61) by using a shooting method for various values of ep. After checking that

the results scale linear in €, we can extract the mass correction as

M% = )\TMI%Kv Ar = )\gg) + EF)\%) (C.62)
where
A = 2455165, AL =15.0609 - 1076 (C.63)

Chapter C Towards the Unquenched Glueball Spectrum from Holographic QCD
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The mass correction for the tensor glueball is positive, in agreement with expectations from
lattice QCD [13]. Comparing (C.57) and (C.25), we see that they obey a Schrodinger-type
equation with slightly different potentials

R3 Lepe® =22 Dilaton
—H"(r)+V(r)H(r)=0, V(r)= ——e_2>‘_2¢M%/T +¢8 r -
Uxx Sepe?™* 2% Tensor,

o]

(C.64)
The degeneracy, which originally arose through the isometries of the background, is seen to
be lifted in the backreacted case, even in the smeared approximation. We further note that
the potentials in (C.64) become strictly positive for M? < 0, which excludes a tachyonic

glueball state. The backreaction reinforces this behavior even further.

C.5 Tensor Glueball
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D.1

Kinematics

Two-Body Decay

Consider the reaction
A—1+42 (D.1)

which is depicted in Fig. D.1. The scattering direction is chosen to be in the z-direction

Fig. D.1.: Kinematics of the two-body decay.

such that the momenta are given by p; = (m4,0,0,0), p} = (k1,0,0,p) and p§ =
(k2,0,0, —p) with

k1o = :
2ma
2 2 2 (D.2)
= (14 ma)2)(m? — (1 — ma)?)
p= 2m 4
satisfying p; + p2 = p4 and p? = —m?. The corresponding polarization vectors read
=1 . =1 . =0
q1(477nl,2 u = _% (07 17 2, 0), q1(4771,2 Iz — % (O) ]-, -1, O): qgg u = #’2 (p7 07 07 k1,2)
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and q1(4’m:0)u = (0,0,0,1). For massless particles, we drop the (m = 0) polarization. For

spin-2 particles, we define the polarization tensors by

qZ(mZZ);UJ _ qi(mzl)uqi(mzl)y
(m=Dpv _ L (m=1)u_(m=0 | (m=0)u (m=1)v
q; = /2 (qi q; +q; q; )

m= 174 1 m= m=—1)v m= m=uU)v m=— m=1)v
Z( 0)p \[ (z( Dp Z( 1) 9 Z( 0)u Z( 0) Z( Dp Z( 1) )
m=— 17 1 m=— m=u)v m= m=—1)v
( Duv _ ( ( Dp (m=0) q( O)Hq( 1) )

4; = ﬁ 4; 4q; i i
ql(mzf v _ qi(mzf )/,qu(mzf )u’

which amounts to replacing the spin-2 polarization sums by

2
Z ql(m)“y (qi(m)pa) — % (P“p(k‘i)PW(ki) + PH (ki) P"P (k;) — ;(P“V(ki)PPU(k‘i))

m=—2

(D.3)
where P* (k;) = —nt + k%;# Note the different normalization from [133] by a factor
2 1
of 2: (ngm)) =1.
To obtain the decay rate, one needs to integrate over the two-body phase space
(2m)4 / d*py dpy 9
r = D.4
A1z =50 | Gn)ioks @n)92k (Masi2l%, (D.4)
which can be carried out analytically, with the result
_ ol 2
Pasi2 = 3 IMasi2|7, (D.5)
T
since the on-shell relations fix all angles.
Three-Body Decay
Following [261] (see also [9] ), we consider the reaction
A—-1+2+3 (D.6)

which is depicted in Fig. D.2. Working in the rest frame of the decaying particle, the

Chapter D Kinematics
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Fig. D.2.: Kinematics of the three-body decay.

three-body decay width is given by

1 d&p d®py dPps IM?

dr = 2m) 6% (pa — p1 — p2 —
Sma (2r)8 (2m)° (2m)F 23BN 2E,20, 07 O (A= PL—p2 = ps) o)
_ 1 MPEp Py’ d\P_é!d008912d¢>125(m B By — By '
(27)5 2ma 2E, 2B, 25 AT m T T
Using p3 = —p) — p2 we can rewrite F3 as
2 2 -2 o2 1155 cos 0
E5 =m3 +pi” + p2° + 2|pi||p3| cos b12 (D.8)
to obtain
E3dE3 = |pi|[p2|d cos b1z, (D.9)

which can be used to integrate over the energy-conserving delta function. Furthermore,

we can also carry out the integration over ¢;2

1 |M? |pild]pi| [p2]d]p3)|
2r)4 2mas 2B, 2B,

dI' = dcosfd¢;. (D.10)

Integrating over the remaining angles, we obtain

1M [pildIpi| |p3]d]p3|

dl' = D.11
(27()3 2mA 2E1 2E2 ( )
Using E;dE; = |p;|d|p;| we are left with
1 [M?
I'= (2r)? |2WLL(1E1(1E2. (D.12)

D.2 Three-Body Decay
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It is now convenient to define the center of mass energies of the subsystems as

mi‘ +m? — Sk
2ma (D.13)

2 2 2 2
my +mij +my + m3 = S12 + S23 + S13

sij=—pi+p;)? Ei=

with which we finally arrive at

1 MmP
T (2m)3 32m3,

dS’L]dS]k:7 (D.14)

where the integration region is bounded by

2

(m1 +ma2)” <s12 < (ma — m3)27

(E3)* — (K3 + k3)” <sa3 < (E3y)* — (k3 — k3)*

y . . (D.15)
L5y =E5 + Es

-

)

(B2 -

Note the dependence of s23 on s12 through the energies of the particles in the s;9 rest

frame ) ) ) )
_512—m1+m2 E*:mA_SH_mS
2,\/512 7 5 2,/512

A plot of (D.14) over s;; and s, with the proper kinematical bounds in (D.15) is known as

(D.16)

Dalitz plot. The kinematics are fixed by the on-shell relations

1
Di-pj = i(m? +m32~ —Sij) pADi= 5(5jk - m2A —m;),

and the momenta

5 )\(mi, m?? Sjk) m124 + m? — 2jk
pi| = ) E; = ;
2ma 2ma
p12 = (E12,p1,2c08012,p1,28i0 01 2,0), q§12) = (0,0,0,1),
CI%) = (0, —sin 61 2, — cos 01 2, 0), (J%) = 1/m12|(p1,2], E1,2 cos 12, By 28in 6 2,0)
1
ps = (E3,p3,0,0), g8 = (0,0,0,1) (D.18)
@ =(0,0,1,0), ¢¥ = 1/ms(|psl, Es, 0,0),
196 Chapter D Kinematics
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Fig. D.3.: Minimal and maximal transverse momentum transfer ¢,,i,, tmas in the physical region
for 7. (a) and n, (b) versus W = /s. The photon momentum is taken to be at the
optical point ¢> = —Q? = 0, and the hadron masses are given by My = 0.938 GeV,
M, = 2.984 GeV and M,,, = 9.399 GeV.

given in the rest frame of the decaying particle with the reaction plane aligned by particle
A and 3 and where \(a, b, c) = a? + b? + ¢ — 2ab — 2ac — 2bc is the Killén function.
Momentum conservation then implies

_ Bl = 1wl — 1psl?

cosf; = - . (D.19)
2[pi|[ps|

Photoproduction at Threshold

The meson photoproduction process is characterized by two Lorentz-invariant quantities,
s and t. The Mandelstam variable s is defined as the square of the total center-of-mass
energy s = (q1 + p1)?% and is related to the center-of-mass energy by W = /s. The
variable t = A? is the square of the four-momentum transfer, where A# = (py —p; ). For
photoproduction, the virtuality of the photon is zero Q? = 0, while leptoproduction, which
involves a virtual photon, can also be studied with slight modifications of the following

formulas. The external states are fixed by the on-shell conditions!

Pt =p3 =My, q; =0, @ = M.

! This time with the metric in mostly minus convention.

D.3 Photoproduction at Threshold
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With these conditions, one may parametrize the four-momenta in the center of mass frame

as

s — M, s — M%
D.20
n ( os T ags (b:20)

M2 — M?
go = (54'2)(\/51\7’ —|px|sin, —|ﬁX|cos0>

s+ MJQV s — MJQV
P1 = y 07
2/s 2./s

— M3 + M?
Po = (52)\(/2'1\7’ |D’x | sin 6, |ﬁx|0030>

where My is the nucleon mass, Mx is the mass of the produced meson, and 6 is the
scattering angle in the center of mass frame. The magnitude of the outgoing three-

momentum reads

~ (Mx + My)?][s — (Mx — My)2]\ "
x| = ([8 = ]> , (D21)
s
and the scattering angle is fixed by
2st + (s — M%)% — M%(s + M%)
cosf = — 5
2V/slpx |(s — M)
(D.22)

with pH = %(pl + p2)H. At threshold /s — My + Mx and the momentum transfer ¢ is

near the threshold value ¢,
My M)Z(

- D.23
My + Mx ( )

tih =

In Fig. D.3 we display the kinematically allowed region in (W, \/—t) for threshold pro-
duction of 7. and 7;, respectively. Near threshold s > (My + Mx)? and the proton
factorizes into parton degrees of freedom, provided the produced meson is heavy enough.
In this limit, the incoming and outgoing nucleons are on the light cone, up to M3, /M%
corrections. In this kinematical region, the outgoing meson has a skewness of order 1,

leading to the suppression of higher-twist contributions [245,262-264].

Chapter D Kinematics
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Deep Inelastic Scattering in
the Witten-Sakai-Sugimoto
Model

DIS is a cornerstone of high-energy physics, providing crucial insights into the fundamental
structure of matter. In a DIS experiment, a target particle (typically a proton or neutron)
is bombarded with a lepton beam (electrons, muons, or neutrinos), and the resulting
scattering patterns are analyzed. This process is inelastic, meaning that the internal state
of the target particle is altered, allowing for the investigation of its constituents. The term
“deep” refers to the high energies involved, which enable probing the target at very small

distance scales.

The parton model, a fundamental theoretical framework for understanding DIS, posits
that the target particle is composed of point-like constituents called partons (quarks and
gluons) [265]. DIS experiments have provided compelling evidence for the existence of

these partons and their interactions [266].

The low-z regime, where the parton struck by the lepton carries a small fraction of the
target’s momentum, is of particular interest [267]. It is theorized that as = decreases, the
density of gluons within the proton increases significantly. Understanding this high gluon
density regime is essential for testing the limits of QCD. In the extreme low-x limit, gluon
density saturation may occur [267, 268], potentially leading to novel phenomena that
could offer insights into the fundamental nature of matter. Moreover, the low-z regime is
relevant for interpreting the interactions of high-energy cosmic rays with atmospheric

nuclei.

The HERA collider at DESY (Germany) was pivotal for investigating low-x DIS, colliding
electrons or positrons with protons [269]. The data collected at HERA have significantly
advanced our understanding of proton structure in this regime. Future experiments, such
as the EIC at BNL (US), are poised to further explore the low-z frontier over a wide
kinematical range [253, 254].

In this appendix, we explore to what extent a soft Pomeron exchange within the WSS
model can describe the data gathered by HERA. To this end, we focus on low virtualities

and thus describe the soft Pomeron as a Reggeized tensor glueball exchange coupled to
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Fig. E.1.: Deep inelastic lepton-proton scattering into a collection of final states X.

baryons. The latter are modelled by a holographic fermion action that arises through

quantization of the instanton moduli space of the flavor gauge fields [209, 222,270-272].

Kinematics

The standard kinematical variables to describe the deep inelastic scattering of Fig. E.1 are

given by! [266]

s =—(p+k)?
q=k—K,
q2EQ2
W?=—p?=—(p+q)7
V:_p-q:W2+Q2—m12; (E.1)
mp 2my, ’
I Q* Q?

2)0-@1_VVQ—FQQ—mIQ,7
p-q:VVQ—l-QQ—mf7

p-k s —m?2

y:

Furthermore, we define the ratio of longitudinal and transverse polarization strengths of
the virtual photon as [273]

2(1 —y) — y*6(W?,Q?)

T 1+ (1-y)? o+ y(WR,Q2) ®2)

3

! Recall that we use the mostly plus convention of the metric

Chapter E Deep Inelastic Scattering in the Witten-Sakai-Sugimoto Model
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E.2

where

2 M2 2myQ°
S(W=,Q%) = W0 2y (E.3)
Differential cross section
Following Ref. [274], the differential cross section is given by
dgk/ , ’M’2
dO'_Z/ 32E’ 2m)to(k +p— K — )2E2M
Bk @2m)e(k+p—k —p) e (E.4)

- Z/ 2m)32E 2E2M Pz

X (p, Al (0) 1X) (X1 55(0) [p, A) (K, 51l i (0) |K') (K[ s (0) [, 1)

where we sum over the collection of final states X. It can be decomposed into a leptonic

tensor [, defined by

ll“’ = Z <k7 Sl‘ ]lu(o) |k',> (k’/| ]lu(o) |k’, 3l> s (E5)

51

and a hadronic tensor W defined by?

Wi .0) = o [ dleei® (o, X] [ (2), 7 O)] Ip, X €6

where A\, \ are the helicities of the in- and outgoing proton, respectively, and j*(x) is

the hadronic current. Inserting a complete set of states gives

4,..1qx / T
W) = o [ atae [0 X0 @ O KO BN
— (p, X[ (" (@) |X) (X] 57(0)) [, )] -
Due to translational invariance, we have
(0, X1 ()[X) = (p, X #(0) ) €000 s

(X|j*(@) p, X) = {p, N[ j"(0) | X) PP},

Energy conservation implies p{, > po and since gy > 0 we obtain

Wik (p,q) = ﬁ ; |@m)*3(q +p =) (p, X1 5(0) 1X) (X|5(0) [p, V)| . (E9)

? There are different conventions including a factor of 1/m,, in the amplitude where the hadronic tensor has
then a dimension of [mass] ™. See e.g. [275]

E.2 Differential cross section

201


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

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

thele

(]
blio
nowledge

(]
|
rk

E.2.1

202

N(p)

Fig. E.2.: Double virtual forward Compton scattering.

which corresponds to the term in (E.4) up to a factor of 1/(4m).

Relation to Forward Compton Scattering

The hadronic tensor is related to the absorptive part of the double virtual forward Compton

process [274] as depicted in Fig. E.2. We thus consider the reaction
7 (@) +p(p, A) = 7" () + p(p, X), (E.10)
with the amplitude given by
T =i [ dlac® (p, X TG ()57 (0) Ip, ). (E.11)

Since T* and WH share the same symmetries, they have an equivalent Lorentz decom-

position. Considering only the symmetric, spin independent part, we can write

Ty = Fi(z,Q%) (77“” - q;‘éy) + z;ﬁz(x,@) <p“ + g:) (p” + gx) . (E12)

By utilizing the optical theorem, the DIS cross section is obtained by integrating over the

Lorentz Invariant Phase Space (LIPS) given by
3 / dLIPS| M., x |2 = 2ImMep (s, = 0), (E.13)
X

from which we obtain the relations

2ImT), = 47W,, = ImFy =21Fy, ImF, =2r1.F (E.14)

Chapter E Deep Inelastic Scattering in the Witten-Sakai-Sugimoto Model
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We therefore find another equivalent definition of the hadronic tensor in terms of the

(virtual) forward Compton scattering amplitude

Wi ) = o= [ dtee™ (o, X T(GH() () I, V). (£19)

Hadronic Tensor

Averaging the absorptive part over the proton helicities gives the unpolarized hadronic
tensor

L p.g) - @Pp.a)]  (E16)

W ( L5 1 T :
p7 Z m ) QZ

Due to Lorentz invariance, the symmetric contributions of the hadronic tensor may be

decomposed as

LoV oV Bat 4 p¥ gt
we =gy, - Py Ly, PL TP (E.17)
P P my

where current conservation implies

m2 . 2
o=zt (B1)

Qp'q Q (E.18)
W5 —@WQ,

and hence

W, 0) = Wi, Q%) (1 T )= Wt @) (v = Tt ) (= T ).

QQ
(E.19)

Equivalently it may be written using the dimensionless structure functions /) and F5

Q? Q21

v v q“q” qM Y qu
W (pa) = Fu(e. Q) (= 05 )+ e @) () (w4 ).
(E.20)
where Fy = Wi and F» = —(v/my,)Wa. ?

? Note that in the other convention for the hadronic tensor this would be F; = m, W1 and F» = vW, which
would also be dimensionless.

E.2 Differential cross section
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The total cross sections for the transversely and longitudinally polarized virtual photons
are given by [266]*
A2 e

or = F(Q%v)
mpKW

E.21
A2 e ( )

2
o [—Fﬂ@ >+f <1+QQ> (Q%v)],

with the flux factor k., given by k., = /12 + @2 (Gilman convention), k., = v—Q?/(2m,,)

(Hand convention).

or, =

HERA measured the reduced cross section, which for a neutral current exchange is given

by
¢tz d%o
2ra?2,, (1 + (1 —y)?) dedQ?

It can be expressed in terms of longitudinal o, and transverse o cross section as [273]

red (Q2 W27 Z/) (6 p—e X) . (E.22)

oo o Ty (W QY) Q?
7 QW) = A+ 7, ) e Y @)

< [or(W?,Q%) + oL (W?,Q%) — (1 - g)or(W?,Q%)]

The total photoproduction cross section can be extracted from

0rp(W?) = op(W?2,0). (E.24)

Low-Energy Couplings and Pomeron propagator

Tensor Glueball 2y-couplings

The bulk-to-boundary propagator for an off-shell photon is obtained by solving (7.69) with
the boundary condition 7 (0, z) = 1. Interactions between the tensor glueball and two

virtual photons following from (10.78) are thus given by

2
Lorm =t |57 Q. Q) DBV VG + 15 (Q1. Q)G s (ngpyﬂ)] ,
KK

(E.25)

* This reference is missing a factor of 47> above Eq.(17).
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with the double-virtual transition form factors

* * M4
tV(Q1,Q2) = 5k [ 2K T (Q1,2)T(Q2, 2)Hr,
Q1Q; (E.26)

YV (Q1, Q2) = H/de_l/?’j(QlaZ)j(Q%Z)HT’

where we pulled out a factor of ng% for convenience.

Tensor Glueball Proton Coupling

As dictated by the holographic principle, the tensor glueball couples predominantly to the

stress-energy tensor of QCD via
Sint = Ap / d*z6G,, T, (E.27)

where the vertex structure is determined by the matrix element of T*” which, by current

conservation, can be written as

! S| T (0 =7 | A(t)y, P L BWP kP Ct(k“k”_”””k2)
<p75| ul/( )\p,s>—u ()7(;1 l/)+% () (u%v)p + ()m— U,
P P
(E.28)
where
P=(p+p)/2, k=p-p, @ =7a@p,s), u=1up,s) (E29)
and
Tlpunon) = ! Z Koy - Hon 3 Ty ] = nl Z Slgn °) ual Mo (E30)
n: oc€ESy n: oc€Sy

denote symmetrization and antisymmetrization with respect to the indices in brackets,
respectively. Following Refs. [209,222, 271] we model baryons as charge one instantons of
the SU(2) gauge fields. Upon quantization of the moduli space, they are identified with

spin 1/2 fermions of mass

22 2
m%l = MKK (87’(’2/{3 + K + 15NC) + O(l/)\) (E.31)

In curved spacetime, however, the mass is to be identified in terms of proper time as

S = /m5d7" (E.32)

E.3 Low-Energy Couplings and Pomeron propagator
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giving a radially dependent mass

cl 3/4
g RD‘*) : (E.33)

ms(U) = v/ =900 = ( U

To simplify the further analysis, we bring the 5d metric into a conformally flat form

ds? = H(w)(dw? + n,da*dz”) (E.34)

wU)= [ == (E.35)

Treating the instanton solution as an effective fermion field living on the D8 world volume,

we can reduce the action to a 5-dimensional Lagrangian

Sy = —iN / Pre*Vols, (U)y/75 [Eeglr@pmqp + mW] , (E.36)

where unhatted indices pertain to the 5d world volume, and hatted indices correspond to
tangent space indices. The radially dependent Sy volume is given by Volg, (U) = R}, UV,
and \V denotes the prefactors that arise from dimensional reduction, which will later be
absorbed into the normalization of the baryon wave function. Note that the covariant
derivative in (E.36) also induces interactions between baryons and the 5-dimensional gauge

fields [271]. Omitting these couplings for simplicity, the covariant derivative is given by

s = (0 ) .
with '
)
Tab = 5 Ta, ;] [Ta, Tyl = 2my. (E.38)
From the tetrads
¢ = H(w)"/?62 dz™ (E.39)

the Cartan connections are readily obtained as
0 o 1
wh =0, W = §8w In H(w)dz*. (E.40)
Identifying 'y = ~y, and I'y; = 75 we obtain
Sy = —i/\f/d4a:dw <V0134(w)e*¢\/g;5H*5/2) H™Y2(w)

(E.41)

x (w [W’% + 778w + &”;175] ¥+ mg(w)HY wa) -

Chapter E Deep Inelastic Scattering in the Witten-Sakai-Sugimoto Model
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The factors depending on w may be reabsorbed into 1 by

1
Y= WB. (E.42)
Without the contribution from the Chern-Simons term, the baryon wave function is
localized at w = 0 (U = Ukk) [222]. We can thus approximate the expression in the first
brackets in (E.41) with its value at w = 0 and absorb all constants into the normalization
of B to obtain
Sy — i/d4xdw [E’ymamB + mg(w)glﬂ , (E.43)

where mpg = m%l (%) For small w the mass gets a correction of mp = mCBl (1 +
We can rewrite this expression by symmetrizing the indices pertaining to Minkowski space

to obtain

Sr o —% / d*wdwBny, (Y0 +4"0")B = —% / d'zdwBH ™ (w) g (V10" ++" ") B.
(E.44)

Identifying .
T = —%B(fwa" 470" B (E.45)

with the 5d fermionic stress-energy tensor and inducing fluctuations of the background

metric, we find the linearized interaction Lagrangian
S = / d'zdwH  (w)h,, T . (E.46)

By performing a chiral Kaluza-Klein decomposition, the equations of motion following
from (E.43) are given by
(£0w + mp(w)) f+ = mpr f~. (E.47)

To get a canonically normalized action, we impose the normalization condition
[ dulpe)? =1, (£.49)

In [271] it was shown that (E.47) can be decoupled and brought into the dimensionless

form

ANe ) =~ ANe = 2 Y 7 m5 )\
—92 — 27W&;,U(w) + (2777 U(w) + \/;Nc> ] f-(w) = (]WKK> f-(w).

E.3 Low-Energy Couplings and Pomeron propagator

2
wMge
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E.3.3

208

For large AN, one encounters a steep potential with a minimum localized at Wi, ~

O(1/AN,.). Therefore, we approximate
[fie(w) = 8(w), (E.50)
and thus
S = \p / d*xq,, T (E.51)
with

1 103.136
Nt MygN~/A

where we used the boundary condition T'(Uxx) = 1. Hence, we find the glueball proton

Ap = -/\}‘T /dwT(w)é(w) = = 8.88GeV L. (E.52)

vertex to be given by

Yl + 7Py
2

i(Puovp + Puoy,) K’ n
4m,, myp

L =Ap [A(t) + B(t)

(E.53)
where, again, k = p' — p, P = (p + p')/2 and A\p = 8.88. This value differs from
Ref. [211] by about 1.5%, which we attribute to numerical uncertainties. However, the
value quoted in Ref. [209] is off by a factor of v/2, which we believe stems from an
inconsistent normalization of the glueball polarization. Matching this to a spin 1/2 particle
gives the constraints A(0) = 1, B(0) = 0. Note that since in the forward limit £ — 0,

B(t) and C(t) will play no role in our analysis.

Reggeized Tensor Glueball Propagator

Following Ref. [208], we use the Pomeron propagator obtained by taking the Regge limit

of the Virasoro-Shapiro amplitude. This amounts to the replacement

g

: (E.54)

B N |
tmme 2 TR 1y

where ay(t) = 14 ¢+ ajjt and x = a(4m2 — 3MZ). For the following numerical
analysis, we shall fix to fit results obtained in Ref. [208] who obtained

g = 0.08, o =0.3GeV2, (E.55)

and use the mass of the tensor glueball obtained in the WSS model. Note that the data
gathered by ZEUS [203] suggests a Pomeron intercept slowly varying with Q? but about

constant below Q2 < 1 GeV?, as is the case for the data used in the following section.
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E.4 Structure Functions from Holographic QCD
Using the vertices (E.26), (E.53) and the Pomeron propagator (E.54) we find
—ial W?2)es , Bt
Trss(ps @) /i Z;fwg) (—77““ +%> (—n qu )trcf

tv*v* ! ! ! ! ’ ! ! !
x 2 [542 TP+ ) — t;f”( — QTP — QP Py T
KK

+ P+ g T = 20P Y+ g P+ q'/qo”“/p)]

1 1
X Y 0 — o) 2Ap A"y

(E.56)
From this, we obtain the structure functions
vy 2 212 4 27772 VEV*E 93 00 2\ 2
= Np [t3 (W2 + Q)2+ my — 2m2W2) + &V m2 M (Q2) ]
- E.57)
N, tyv (
F2 P 4Q2(W2 +Q2 ) (tVV M2 QQ
or, equivalently,
Ve 9
- [ (o) B ]
(E.58)

R )

where we defined Np =

2;\1;2 tr Q2 cos (Feg) (o W?)“s.

E.5 Results

A direct comparison of our theoretical predictions with measurements from H1, ZEUS,
FNAL and astroparticle data [269,276-280] leads to a rather significant mismatch. The
reasons for this are manifold. The predominant contributor is the rapid decrease of the
transition form factors at high virtualities. This could be remedied by increasing Mxx,
a procedure that is indeed favored when addressing glueball physics (see Chapter 10).
However, the scale of the photon bulk-to-boundary propagator is unambiguously fixed

by the rho meson mass, which enforces the standard value of Mxx = 0.949 GeV. We will

E.4 Structure Functions from Holographic QCD
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210

\p 44 e

9.38(9)[GeV 1] 8.40(11) 2.13(4)

Table E.1.: Best fit results for a global fit of the photoproduction cross section, reduced cross
section, and F»(Q?%, W) to the data of [269, 276-280] above /s = 300 GeV and for
Q? < 0.5 GeVZ.

300

250} [ ® Hi e ZEUS e Astro ]

200 |

150

Typ (D]

100 1

L L L L Il L Il
50 100 200
W [GeV]

Fig. E.3.: Photoproduction cross section with the parameters from Table E.1 through exchange of a
Reggeized tensor glueball compared to data from [278-280].

thus refrain from fitting this quantity® and instead only fit Ap, t¥" ¥ and t§ V. The other
quantities are fixed by the top-down Pomeron analysis of [208] using CDF data. Explicitly
they are given by oy, = 0.3 and ¢, = 0.086 with resulting x ~ —0.93.

For the global fit, we use data in the range of /s > 300 GeV and 0 < Q2 < 0.5GeV?2.
The fit results are displayed in Table E.1 where the values for f;*v* and f};*v* correspond
to an increase in the scale of the pristine WSS results in (E.26), but with the Q2 behavior
fixed. In Fig. E.3 we show the photoproduction cross section (E.24) together with data
from [278-280]. We note that the data is very well reproduced even when using the WSS
model predictions but with the scale adjusted accordingly. Fig. E.4 displays the reduced
cross section at /s = 300 GeV together with the corresponding data from [269,276, 277]
for various virtualities. At virtualities above Q2 ~ 0.35 GeV? the predictions start
to deviate, since the scale factors f;’*"* and fg*v* can no longer compensate the UV
behavior of the photon bulk-to-boundary propagator 7 (Q, z). In Fig. E.5 we show the
reduced cross sections for various virtualities Q? at \/s = 318 GeV and compare it to the
data from [269,276,277]. At this slightly higher center of mass energy, the agreement
is better even for virtualities above Q2 ~ 0.5 GeV?2. The hadronic structure function
F»(Q?* W) together with data from [269, 276, 277] is shown in E.6. Unfortunately, no

measurements for virtualities above Q? = 0.25 GeV? are reported. Below this value,

® Fitting Mxx gives a value of about 1.7 GeV and a resulting tensor glueball mass of roughly 2.6 GeV.
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Fig. E.4.: Fit of the reduced cross sections within a 90% confidence interval compared to data from

HERA [269,276,277] at a center of mass energy of \/s = 300 GeV and 0.045 GeV? <
Q% < 0.40 GeV™.
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Fig. E.5.: Fit of the reduced cross sections within a 90% confidence interval compared to data from

HERA [269,276,277] at a center of mass energy of /s = 318 GeV and 0.15 GeV? < Q2 <
0.40 GeV?.
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Fig. E.6.: Fit of the structure function F5(Q?, W) within a 90% confidence interval compared
to data from HERA [269, 276, 277] at a center of mass energy of /s = 300 GeV and
0.11 GeV? < Q2 < 0.25 GeV2.

the fit reproduces the data well. The analysis laid out in this appendix shows that the
WSS model is unfit to describe the low-x data by HERA. This was seen to be primarily
due to the wrong UV behavior, which only to some extent could be compensated by
increasing the couplings. The predictions deviate strongly from the data above virtualities
of 0.5 GeV?. However, a similar behavior was found in the phenomenological Tensor
Pomeron Model (TPM) [273, 281], which attributed this behavior to a transition from
soft to hard Pomeron at these virtualities. The overall scale, effectively governed by the
tensor glueball coupling to the proton, is too small, as seen from the photoproduction
cross section results. Whether a complete computation using instantons could remedy this
shortcoming would be interesting. Especially the Chern-Simons term yields corrections of
O(1/N,) and stabilizes the instanton at a finite size, which would yield a more substantial
overlap with the holographic wave function of the tensor glueball in the corresponding
integrals for the transition form factors. A more suitable avenue to describe the data would
be to improve the UV behavior by constructing a soft-wall model (see [214] for an attempt)
and use the WSS model to determine the Lorentz structure of the interactions as well as

fix the couplings at Q? = 0.
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Bulk-to-Bulk Propagator in
the Soft-Wall Model

To contrast with the findings in the main text using a repulsive wall, we offer a thorough
derivation of the bulk-to-bulk propagator within the soft-wall model. While numerous
characteristics of the analogous computations using a repulsive wall reappear, Gribov

diffusion is absent.

Consider the soft-wall model with dilaton ¢(z) = (2rz)2. The Reggeized scalar propagator

is obtained by solving the Sturm-Liouville problem

Ly(z) = ‘S(fu(_zf) (F.1)
with )
L,= w dz(w(x) po(Z) dz) —f-pQ(Z), (F.2)
and

po(z) = —g**(2) (E.3)
p2(2) = S — t22,

where we recall that S; = m2R? + m? R2. Explicitly, we have
1 S;
( — B, (364“2Z23Z> —t+ ;) Go(j, t,z,2') = 2364“2Z26(z —2')  (F9)
z z

with t = K?. To simplify the differential equation (F.4), we rescale the spin-j propagator
as
Goli.t2,7') = ()i D Gy ) (ES)

with u = kz and k2 — %52, which now solves

/

d? Si+% .9 t
—G0+<Ju2 4 +U2_/€2+3> Go =

e%(“2_“/2) U
du? 4 (

3/2
> S(u—u') (F6)

K U

215


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

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

thele

(]
lio
nowledge

b

i
r

Using the delta function, the right hand side evaluates to a constant, leading to a standard

Green’s function problem. Upon rescaling u — v/3u and ¢ = t/3k2, (F.6) now reads

d? S; + % u? - 1
- —_ 4 — — 1 = — — F.
2 Go + ( o2 + 1 t+ ) Go \/gH(S(u u') (F.7)

Performing one final coordinate transformation v = %uQ and subsequently rescaling the

propagator as

1
Go(j,t,l},vl) = 1 KO(jvt’v’U/) (FS)
(o)

(13.18) reduces to the Whittaker equation

d?Ky 1-a> 3 1 d(v—1")
2 \VKy=->"_"7 F.9
-+ ( Ty 4> 0 o (F.9)

with ) 1
a=5(B0) -2 B=,(i-1) (F.10)

The independent homogeneous solutions to (F.9) are given by the Whittaker functions

v 1
Ki(v) = e_zv;+O‘M<2 +a-p6,1+ 2a,v)
. (F.11)
Ky (v) = e;vé+°‘U<2 +a—p6,1+ 2a,v)

in terms of the regular Kummer M and irregular Tricomi U hypergeometric functions.

The inhomogeneous solution to ((F.9)) is now obtained from

Ko(v,0v') = 1AKQ(U)Kl(v') v >
2 (F.12)
1 .
Ko(v,v') = iAKl(v)Kg(v') v <

with the normalization fixed by the Wronskian

4kT(1 42
AL = oK, Ky) = — T+ 20) (F.13)
F(% +a— ﬁ)
The confining bulk-to-bulk propagator is thus given by
/ "2 2, 1\Ag(j)—2 F(Agg)_g) /
Go(j,t,2,2") = —(22")"(4r"22" )29V 5 ——=——M(2)U(2) (F.14)
I'(Ag(7) = 1)
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where we introduced the shorthand M(z) = M(%H, Ag(5) — 1,4k222%) . Before we
proceed to evaluate the Sommerfeld-Watson formula, we express the Whittaker function

involving U in terms of M by using the identity

. <F(2a)M(§+aﬁ,1+2a,v>
vate

falw = LG —a—p) (F15)
.15
F(2a)M< —a—pF,1- 2a,v> B
+ I’(§ p—Y v ) .

The singular part in v is subleading when the integral is evaluated in the saddle-point
approximation. We will thus drop it in the subsequent analysis. After reverting the

rescalings and transforming to the original z coordinate, the bulk-to-bulk propagator is

symmetric
Ag(j)—t
. (=« rez-A
Go(j,t,2,2) = —(22')2(4K%22")Ra ()2 i_{_QA (A)) ( .g(J)) M(2)M(2"),
D522 (A(j) — 1)
(F.16)
where we introduced the shorthand
Ay() -t
M(z) =M <9<*72>t Ay(j) - 1,4&%2) . (F.17)
F.1 Conformal Limit
In the confining case considered above, the bulk-to-bulk propagator is given by
. 1 D(a)T(1-0)
Go(j,t,2,2') = —(22")?(4K%22")071
btz 2] = G ) ©19)

x M(a, b, 4k%2*)M(a, b, 4k*2 ’2)

where a = 9(]) "andb = A 4(j)—1. Taking k — 0, and simultaneously = ¢/8x2 — oo

we may use the identity

lim M(a,b, —z/a) = F(b)xlT_be,l@\/E), (F.19)

a—00

F.1 Conformal Limit
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F.2

218

where = = |t|22/4. To leading order in , we thus obtain

Gﬂ(j) t, 2, Z/) = _(ZZ/)2(4I€2ZZ/)

Ag(J')—2F(2 — Ay(7)) <|t|22’>2_A9(j)
T(Ag(j)—1) \ 2

(F.20)
X Jr—2 (\/HZ> JIn—2 < |75|Z/>
Resumming the Regge trajectory using a Sommerfeld-Watson transform
dj [1+4 e . N
AN n2 [ % / 13421Ag(])2
Ga(s,t,z,2") (z2") /47?2'[ S (a'szz") (4k*22")
L2 = Aq(4) (\t\zz’)“g‘” ( > ( ”
Ja_ tz) Ja_ t
“TE,0) - D\ s (Vi) Ja-a (Vi
(F.21)
we obtain
+ ! 2
. N JT(\) D N2( T I\ —oazz D™ /
Ga(j,t,2,2") = — 5 m(zz) (a'szz')Pe” aDr \/MZ Jo \/mz .
(F.22)

Upon taking the Regge limit, the Bessel functions become trivial at the saddle point, thus
reproducing the conformal result presented in (13.53). Notably, the Regge limit must be
applied after evaluating the Sommerfeld-Watson transform; otherwise, the dependence on

t would vanish entirely, as evident in equation (13.50).

An ambiguity arises in the sign of « in (F.9) and (13.44), given that a« = (A — 2)/2 =
\/Sj +4/2, and both the Whittaker and Bessel equations are symmetric under o« — —.
However, this ambiguity is resolved in the saddle point approximation and the limit of
small v/)\/7. In this regime, the order of the Bessel function becomes integer, allowing the
use of reflection formulas to establish the correct symmetry in z and 2/, a requirement for
the Green’s function of a self-adjoint operator. The Whittaker function Mg ,, equivalent

to K in our analysis, is symmetric under &« — —a for all values of .

Mode Sum Representation

The spin-j bulk-to-bulk propagator may be decomposed as [282]

Go(j, K, z,2") Zwyé_i_f:zj‘;) ) (F.23)
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The normalizable modes v, (j, z) are given in terms of associated Laguerre polynomials

L% (y). Explicitly, they are given by
Un(j2) = enlj) 220D L 072 (4227), (F.24)

where

Ag(j) =2+ \/2VA( — jp) (F.25)

and the normalization is

L (2(4k2)P40)ID (0 + 1) :
C”(”)_< Flnt8() 1) ) | 29

The squared glueball mass spectrum is given by
2/. 2 1 .
m;(7) = 16k (n+ 2Ag(])). (F.27)

Decomposed in this way, the role of Regge poles is evident. However, the process of
Reggeization necessitates a summation over the entirety of the Regge trajectory. The
Sommerfeld-Watson transform of the bulk-to-bulk propagator in impact parameter space

is given by

di /1= e (-1 .
Gi(s,t,2,2") /de e*’qu/ < (,?)(a’szz’)flGo(j, b,z,2").
Cr

4mi\sin(7(j — 1))
(F.28)
Fourier transforming (F.23) by utilizing
e Ko(ma(5)b)

d? = F.29
/ T P, (F.29)

we obtain the scalar bulk-to-bulk propagator in impact parameter space
Gols b2, ) = Yl (G, ) 20D, (®30)

where Ky(y) is the modified Bessel function of the second kind. The mass spectrum for

the odd-spin glueballs in (F.24) is given by
m:(7) = (4k)*(n + §Ag(])) =mg(n+1+ 3 2VA(j — jo) ). (F.31)

At large impact parameter b, the Bessel function K in (F.28) may be approximated with

™

Ko(mp(j)b) = e ™m0 [ —

(F.32)

F.2 Mode Sum Representation
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The steep potential introduced by the soft-wall leads to a localization of the wavefunctions
¥n (7, 2) at small z. In this case, we may take the limit of the z-dependent piece in (F.24)
to approximate

-2 22
LAY = % /dxe_“”w”Jra/QJA_g(Q\/mz)
ZA

~ T nt+A—=2 F.33
Tln + )0(A = 1) /dwe (F.33)

A I'(n+ A -1)
I'A-1I'(n+1)

As was the case for the conformal limit, the gamma functions are trivial when evaluated

at the saddle point. To leading order, we thus have

iy dj /1—einG-1) .
N 2 igb | w2 - 7 / Nj—1
Gi(s,t,z,2") /de_e X/CL 47ri(sin(7r(j—1))>(aszz)

e—mn(j)b ™ % (F34)
XYl 2)n (G, 2) / < j)b)

2rzz! \ 2mp(

The contour Cy, in (F.28) is defined to the left of the branch point j = jg as illustrated
in Fig. 13.3. Considering the arguments presented above (13.36) in the main text and
for 7/v/X > 1, the j-integration along Cy, is evaluated by a saddle point approximation,

resulting in

1 mob
N 2 —igby — 0
Gi(s,t,2,2)) = —f~(V) / & e 8\/ 3212(n + 1)Dr?

an J(O)v )7%(]@7 ) (Jo—1)T—mobv/n+1 %

2z

(F.35)

We did not succeed in analytically evaluating this expression, though numerically, it agrees

reasonably well with (F.16) when the first few modes are summed over.

Chapter F  Bulk-to-Bulk Propagator in the Soft-Wall Model
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