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Abstract

The central exclusive production of the pseudoscalar and axial vector mesons
η′ and f1 is studied in peripheral proton collisions. This process is considered
in the Regge limit, i.e. high energy limit with small transverse momentum
transfer, which is thought to predominantly produce glueball intermediate
states. These intermediate states will be parametrized using Pomeron tra-
jectories. On the one hand vertices and propagators from the Witten-Sakai-
Sugimoto model, which is a top-down holographic approach to low-energy
Quantum Chromodynamics, is used. On the other hand the Tensor-Pomeron
model is used, which is an effective field theory guided by gauge principles
and covariance. A comparision of these models is made based on experimen-
tal results from the WA102 collaboration.
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Introduction

Due to the non-abelian nature of Quantum Chromodynamics (QCD), the
widely accepted theory of the strong interactions, bound states of gauge
bosons, so called glueballs, can form. Due to the mixing with mesonic states
and their theoretically predicted large masses, the detection of these elu-
sive particles remains a challenging task for ongoing experiments such as
BES III [1] as well as future experiments such as PANDA [2] at FAIR. The
strong gluon self coupling adds to the difficulty of detecting these particles,
as sophisticated calculations are needed for theoretical predictions. Among
lattice computations and chiral perturbation theory, a more recent model has
been proposed by Sakai and Sugimoto [3] which is a top-down holographic
approach to QCD based on work by Witten [4]. In the Witten model an
AdS/CFT like correspondence between type-IIA supergravity, which is essen-
tially a low energy limit of string theory, and pure glue superconformal Yang-
Mills (YM) theory is established. Supersymmetry is then broken similar to
finite temperature effects which lead to the different distribution functions of
bosons and fermions. The breaking of conformal invariance is achieved by a
stack of Nc D4-branes in AdS space on the supergravity side. The low energy
limit of this theory is then dual to large Nc YM theory in four dimensions.
Sakai and Sugimoto then added pairs of D8 and D8 branes intersecting with
the D4 brane to account for flavour symmetry and hence introduce chiral
quarks. This model can then be used to calculate effective Lagrangians in-
cluding mesons as well as glueball states and their interactions, from which
one can calculate decay rates and cross sections involving glueballs [5, 6].

1
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2

This work is structured as follows: In chapter 1 theoretical as well as ex-
perimental aspects of glueballs are briefly reviewed and some experiments
dealing with central exclusive production (CEP) are described. In chapter
2 the necessary theoretical models are reviewed. Chapter 3 deals with the
parametrization of the phase space and the calculations of the differential
cross sections used in CEP. Chapter 4 comprises conclusions and an outlook
for future work. The appendices B, C and D contain additional informa-
tion on the axial anomaly, the Tensor-Pomeron model and the Witten-Sakai-
Sugimoto model, respectively.
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Chapter 1

Prerequisites

In the following chapter the concept of Glueballs is introduced and a short
historical overview for the search of these particles is given. Furthermore
the WA102 experiment is described which provided the data for the fitting
procedure in chapter 3.

1.1 Glueballs

For a comprehensive review on glueballs and mesons see [7].
Due to the non-abelian structure of the strong interactions

LQCD = ψ̄i (i(γ
µDµ)ij −mδij)ψj + LYM

LYM = −1

4
Ga

µνG
µνa

Ga
µν = ∂µA

a
ν − ∂νAa

µ + gfabcAb
µA

c
ν ,

(1.1)

gluons too carry color charge and theoretically should be able to form bound
states: Glueballs. However calculating these states proves quite cumber-
some due to the coupling constant of the strong interaction being quite large
(αs(1GeV) ≈ 0.5 in the MS scheme) at low energies where bound states are
prominent.

3

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

CHAPTER 1. PREREQUISITES 4

There are many ways to describe glueballs and other bound states using first
principles on the one hand

• Lattice QCD:
In lattice simulations spacetime is discretized with some lattice constant
and correlation functions are calculated using the partition function, i.e.
path integral [8].

• Bethe-Salpeter Equations:
The pole of the two-particle Green’s function constructed from the
Bethe-Salpeter wave function Ψ = 〈Ω|φ1φ2 |ψ〉, is identified with a
bound state. The wave function parametrizes a transition amplitude
from the constituent states φi to the bound state ψ. Using the Dyson
equation for the two-particle Green’s function, one then calculates the
Bethe-Salpeter wave function [9].

• Holographic QCD:
The AdS/CFT correspondence is used to map QCD to a higher-dimen-
sional AdS space. The strongly coupled regime of QCD thus becomes
weakly coupled in the dual theory [10].

and effective theories on the other

• Linear Sigma Model:
An effective Lagrangian, which incorporates colour, chiral, CPT and
dilatation symmetry for the meson multiplets is constructed. Dilata-
tion symmetry is then explicitly broken and a shift in the dilaton field
around its classical value gives rises to a particle which can be identified
with a scalar glueball [11].

• Chiral Perturbation Theory (χPT ):
An effective Lagrangian, which is consistent with all the symmetries
of QCD, is constructed using the Goldstone bosons of the spontaneous
breaking of the approximate chiral symmetry. Using this Lagrangian a
perturbative expansion in even powers of the momenta O(p2) is then
performed to calculate physical observables [12].

just to name a few.
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CHAPTER 1. PREREQUISITES 5

In Ref.[13] Morningstar and Peardon calculated the glueball spectrum of pure
SU(3) gauge theory using lattice simulations. The results of a more recent
lattice calculation are shown in figure 1.1. This spectrum has also been ob-
tained using the Bethe-Salpeter equations [14].

Figure 1.1: Glueball spectrum from [15] of pure SU(3) gauge theory. r0 is
the hadronic scale assumed to be r−1

0 = 410 MeV. The height of each box
corresponds to the statistical uncertainty in the masses.
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CHAPTER 1. PREREQUISITES 6

1.2 The WA102 experiment

Built in 1995 the WA102 experiment was searching for non qq̄ states pre-
dicted by QCD, those of particular interest for the collaboration are given in
table 1.1.

gg, ggg Glueballs
qq̄g Hybrids
qq̄qq̄ Tetraquarks

Table 1.1: Some non qq̄ states

Due to their short lifetimes and mixing with qq̄ states, searching for glueball
states is not an easy task. Promising approaches:

• Search for Oddballs
States with JPC not allowed for qq̄ states

• Search for extra states
States with quantum numbers of an already completed nonet

• Search for states with unusual branching ratios

• Search for states preferentially produced in gluon rich processes (e.g.
double pomeron exchange, see figure 1.2)

Previous searches in the experiments WA76 (1982), WA91 (1994) and NA12/2
(1986) have studied exclusive final states with a presumed strong gluonic
component in the reactions

pp→ pfps(X
0)

π+p→ π+
f ps(X

0)
(1.2)

where the subindices denote fast and slow states respectively. The reaction
is depicted in figure 1.2.
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CHAPTER 1. PREREQUISITES 7

Figure 1.2: Center of momentum (CM) frame view of the reactions 1.2.
Image taken from [16]

The WA102 experiment aimed to combine the best of WA76, WA91 and
NA12/2 which all found evidence for non qq̄ states. A main goal was the
search for η and η′ mesons which were assumed to be prefered states from
glueball decays.
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CHAPTER 1. PREREQUISITES 8

1.2.1 Setup

The setup of the experiment is depicted in figure 1.3. The experiment uses
beam momenta of 450 GeV/c and center of mass energies of

√
s = 29.1 GeV

and the charged particle reconstruction of the CERN Omega Spectrometer
combined with the multiphoton detection of the GAMS 4000 electromagnetic
calorimeter.

Figure 1.3: Setup of the WA102 experiment in 1995 from [17]

For additional information on the experiments WA76, WA91 and WA102 see
[18].
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Chapter 2

Overview of theoretical models

The following chapter gives a quick introduction to the models and techniques
which where used in the calculations of chapter 3.

2.1 Regge theory

In Regge theory analytical properties of the S-matrix are used to parametrize
amplitudes of elastic processes in terms of total angular momentum. It is
found that the masses of bound state particles lie on so-called Regge trajec-
tories that are usually assumed to be linear and which are in good agreement
with experimental observations. The idea is that in certain processes not only
single particles are exchanged during the scattering event but rather whole
towers of particles with increasing spin that couple like the lowest lying spin
component.

For a detailed discussion see [19] or [20].

2.1.1 Dispersion relations

Recall the optical theorem which states that the total cross section for a
2→ 2 process is given by the imaginary part of the elastic forward scattering
amplitude A(s, t = 0)

σtot
12 =

1

2|p|√sImA(s, t = 0). (2.1)

This result can be derived from unitarity conditions of the S-matrix. In
particular from

δji = 〈j|S†S |i〉 , S = 1 + iT (2.2)

9
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CHAPTER 2. OVERVIEW OF THEORETICAL MODELS 10

follows

〈j|T |i〉 − 〈j|T † |i〉 = (2π)4i
∑

f

δ4(P f − P i) 〈j|T † |f〉 〈f |T |i〉 . (2.3)

Under the assumption that bound states correspond to poles and branch
points with cuts attached correspond to physical thresholds of the ampli-
tude, crossing relations between Mandelstam variables can be formulated.
Using this crossing symmetry one can analytically continue one amplitude
to another. For example

Aa+b→c+d(s, t, u) = Aa+c̄→b̄+d(t, s, u) = Aa+d̄→b̄+c(u, t, s). (2.4)

Using analytic continuation and the Schwarz reflection principle, the complex
conjugate of the physical amplitude can be obtained. This can be used to
calculate the imaginary part of the amplitude

2i ImA(s+ iǫ, t) = A(s+ iǫ, t)− A(s− iǫ, t) = Ds(s, t, u). (2.5)

The quantity Ds(s, t, u) is called the s-channel discontinuity. The disconti-
nuities for t- and u-channel are defined equivalently.
Now, using the analyticity and that the amplitude tends to zero sufficiently
quickly as |s| → ∞, Cauchy’s theorem can be used to write

A(s, t) =
g2s

s− sB
+

g2u
u− uB

+
1

2πi

∫ ∞

s0

ds′
Ds(s

′, t, u′)

s′ − s +
1

2πi

∫ ∞

u0

du′
Du(s

′, t, u′)

u′ − u
(2.6)

where gs and gu are the residues of the corresponding poles at sB and uB
that lie below the thresholds s0 and u0, respectively. Including bound states
below the threshold by defining

Ds(s, t, u) = −2πg2sδ(s− sB), s < s0 (2.7)

further simplifies the amplitude to

A(s, t) =
1

2πi

∫ ∞

0

ds′
Ds(s

′, t, u′)

s′ − s +
1

2πi

∫ ∞

0

du′
Du(s

′, t, u′)

u′ − u (2.8)

If the amplitude does not tend to zero sufficiently fast for large values of s,
one can make subtractions of higher powers of s and write instead

A(s, t)− A(s1, t) =
1

2πi

∮

ds′A(s′, t)

(
1

s′ − s −
1

s′ − s1

)

=
s− s1
2πi

∮

ds′
A(s′, t)

(s′ − s)(s′ − s1)

(2.9)
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CHAPTER 2. OVERVIEW OF THEORETICAL MODELS 11

Equation (2.8) is called a dispersion relation and (2.9) a once subtracted
dispersion relation. It it possible to generealize this procedure to an arbitrary
number of subtractions in order for the integral in (2.8) to converge. See e.g.
[19] or [20] for an in depth discussion of this procedure.

2.1.2 Partial-wave amplitudes

For typical scattering processes in the CM frame the momentum transfer t
varies linearly with zs = cos θs, with θs being the s-channel scattering angle.
Hence t = t(s, zs) and the amplitude where the spin states are ignored can
be expanded in a partial wave series

A(s, t(s, zs)) = 16π
∞∑

l=0

(2l + 1)Al(s)Pl(zs), (2.10)

where the Pl are the Legendre polynomials of the first kind and Al is call the
partial-wave amplitude and given by

Al(s) =
1

16π

1

2

∫ +1

−1

dzs.Pl(zs)A(s, t(s, zs)). (2.11)

Each of these partial-wave amplitudes satisfies its own unitarity equation
(see e.g. [20] for details) and can be written as

Al(s) =
ηl(s)e

2iδl(s) − 1

2iρ(s)
, (2.12)

where 0 < ηl ≤ 1 is the inelasticity, δl a (real) phase shift and the partial
wave phase-space factor ρ = 2|p|√s. Sometimes it is useful to define δl as a
complex variable and write using ηl = e−2 Im(δl)

Al(s) =
e2iδl(s) − 1

2iρ(s)
. (2.13)

The series (2.10) cannot converge for all values of s, t and u. For example
for physical values of s it must diverge at the nearest t or u singularity,
since all of the arguments above are footed on crossing symmetry. The t
and u channel poles lie beyond the physical region of t and u, i.e. |zs| > 1.
However, it can be shown that the series converges within an ellipse [21] in
the complex zs plane where the foci are located at zs = ±1. This and the
Legendre polynomials of the second kind Ql(z), with branch cuts at z = ±1
for physical values of l, can be used to write
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CHAPTER 2. OVERVIEW OF THEORETICAL MODELS 12

Al(s) =
i

32π2

∮

dzsQl(zs)A(s, t(s, zs)). (2.14)

Since Ql(z) ∼ z−l for sufficiently large values of z, the contour can be closed
at infinity and Chauchy’s theorem can be used. Discarding the singularities
at infinity and using the disontinuities Dt and Du (see equation 2.5) gives

Al(s) =
1

32iπ2

(∫ ∞

1

dz′sDt(s, t(s, z
′
s))Ql(z

′
s) +

∫ ∞

−1

dz′sDu(s, u(s, z
′
s))Ql(z

′
s)

)

,

(2.15)
which is known as the Froissart-Gribov projection. This notion of analytic
continuation will later be used to introduce the concept of complex angular
momentum and ultimately Regge theory.

2.1.3 Regge poles and complex angular momentum

Using the parity of the Legendre polynomials Pl(−z) = (−1)lPl(z) one can
rewrite the t-channel partial wave series (2.10) using

Al(s, t) = A+
l (s, t) + A−

l (s, t) (2.16)

where

A±
l (s, t) = 8π

∞∑

l=1

(2l + 1)Al(t) (Pl(zt)± Pl(−zt)) (2.17)

are known as even and odd signature amplitudes. In order to analytically
continue from the region t > 4m2, s < 0 to t < 0 and s > 0 it is assumed
that the even and odd amplitudes are analytic in l throughout the Re(l) > 0
plane with only isolated singularities. Hence

A±(s, t) = 8πi

∫

C
dl(2l + 1)A±(l, t)

Pl(−zt)± Pl(zt)

sin(πl)
, (2.18)

where C encircles all the l poles at l = 0, 1, 2, . . . . Deforming the contour to
a semi circle with infinite radius at Re(l) > −1/2 gives

A±(s, t) = −16π2
∑

i

(2α±
i (t) + 1)β±

i (t)

sin
(
πα±

i (t)
)

(

Pα±

i (t)(−zt)± Pα±

i (t)(zt)
)

+ 8πi

∫ − 1

2
+i∞

− 1

2
−i∞

dl
(2l + 1)A±(l, t) (Pl(−zt)± Pl(zt))

sin(πl)

(2.19)
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CHAPTER 2. OVERVIEW OF THEORETICAL MODELS 13

where the β±
i (t) are the residues and the α±

i (t) are the corresponding loca-
tions in the complex l-plane. The procedure for this analytic continuation is
quite subtle and discussed in appendix A of [19] and references therein. The
second expression can be manipulated to become arbitrarily small (see again
appendix A of [19] for details). Hence it will be dropped in the following.
For large positive values of s, zt is large negative and the asymptotic form of
the Legendre polynomials can be used.

Pα(z) ∼
{√

πΓ(α + 1
2
)/Γ(α + 1)(2z)α Re(α) ≥ 1

2√
πΓ(−α− 1

2
)/Γ(−α)(2z)(−α−1) Re(α) ≤ 1

2

(2.20)

Using some simple Γ function algebra and some redefinitions of the residues
β±
i (t)

32πΓ(α±
i (t))β

±
i → β±

i (t)(2m
2 − 1

2
t)α

±

i (t), (2.21)

this gives the Regge representation of the amplitude, i.e. the high energy
limit for small momentum transfer

A±(s, t) ∼
∑

i

β±
i (t)Γ(−α±

i (t)) (1± e−iπα±

i (t))
︸ ︷︷ ︸

=ξ±αi

(s/s0)
α±

i (t), (2.22)

where ξ±αi
is called the signature factor, which corresponds to the phase δl of

the amplitude discussed above.
For physical and even values of l, i.e. a non-negative even integer σ, the
partial-wave amplitude near the pole behaves as

Al(t) ∼ A+(t) ≈ G(t)

l − α(t) . (2.23)

Expanding the amplitude around a linear Regge trajectory

Reα(t0) = σ + α′(t− t0) (2.24)

gives

Aσ ≈ −
G(t0)/α

′

t− t0 + i Imα(t0)/α′ , (2.25)

which is of the Breit-Wigner form for propagators with Γ = Imα(m2)/(α′m)

∆ =
1

k2 −m2 + imΓ
. (2.26)

Hence the Regge poles can be identified with particles whose masses lie on
an approximately linear Regge trajectory.

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

CHAPTER 2. OVERVIEW OF THEORETICAL MODELS 14

2.1.4 Daughter trajectories

For unequal masses in the t-channel inital or final states one obtains an un-
physical pole in the next-to-leading order term. This pole cancels for equal
masses.

Consider for example the s-channel reaction π−π+ → K−K+ with unequal
masses in the t-channel initial or final states. The partial wave series is
analogous to equation (2.10) with zs replaced by zt

A(s, t) = 16π
∞∑

l=0

(2l + 1)Al(t)Pl(zt), (2.27)

with zt given by

zt =1 +
s

2|pt|2
= 1 +

st

T (t)
,

2T (t) = t2 − 2t(m2
1 +m2

2) + (m2
1 +−m2

2)
2.

(2.28)

The redefinition of β0(t) for the Regge trajectory α0(t) in equation (2.21) is
now

32πΓ

(

α0(t) +
3

2

)

β0(t)→ β0(t)(−T (t)/t)α0(t). (2.29)

Using the asymptotic form of the Legendre polynomial Pα0(t)(zt) from equa-
tion (2.20) in (2.27) one additionally obtains a NLO term

sα0(t) + α0(t)s
α0(t)−1T (t)/t (2.30)

with a pole at t = 0. Cancelling this unphysical pole can be achieved by
introducing a second reggeon α1(t) with a simple pole in β1(t) at t = 0 and
α1(t) = α0(t) − 1. However, this requires a third trajectory with α2(t) =
α0(t)− 2 with a double pole on β2(t) at t0 =. In fact, one needs indefinitely
many of these daughter trajectories to cancel all the singularities. These
daughter trajectories are observed in meson spectroscopy when one considers
the Chew-Frautschi plots of figure 2.1.
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Figure 2.1: Families of daughter trajectories of some mesons where each
parallel trajectories is one unit down in angular momentum. Plots from [19].

2.1.5 Spin

The previous discussion has neglected spin degrees of freedom, which will be
treated in the following section. Again 1+2→ 3+4 scattering is considered
in the CM frame. The helicity operator is given by

S · p
|p| |λ〉 = λ |λ〉 (2.31)

where |λ〉 is a helicity eigenstate. Thus the differential cross section is ob-
tained from

dσλ
dΩ

=
|p3|

64π2|p1|s
|Tλ3,λ4;λ1λ2

|2 (2.32)

with the transition operator now given by

Tλ3,λ4;λ1λ2
(s, t) = 〈P3, λ3;P4, λ4|T |P1, λ1;P2, λ2〉 . (2.33)
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Averaging over initial state helicities and summing over final states yields

dσ

dΩ
=

1

2s1 + 1

1

2s2 + 1

∑

λ

dσλ
dΩ

. (2.34)

Again, one can use a partial wave series as an ansatz for the amplitude, this
time summing over the total angular momentum J

Tλ3,λ4;λ1λ2
(s, t) = 16π

∞∑

J≥µ

(2J + 1)T J
λ3,λ4;λ1λ2

(s)dJλλ′(θs), (2.35)

where λ = λ1−λ2, λ′ = λ3−λ4, µ = max(|λ|, |λ′|) and dJλλ′(θs) is an element
of the rotation matrix. Note that for the spinless case dJ00 = PJ(cos θs) with
J = l.
From parity and time-reversal invariance one finds

T−λ3,−λ4;−λ1−λ2
= η(−1)s3+s4−s1−s2Tλ3,λ4;λ1λ2

,

Tλ1,λ2;λ3λ4
= Tλ3,λ4;λ1λ2

,
(2.36)

where η = η1η2η3η4 and the ηi are the intrinsic parities of the involved par-
ticles. Continuing the approach as in the previous section with Regge poles
having definite parity, it is convenient to switch to t-channel helicity Tλ̃2λ̃4;λ̃1λ̃3

amplitudes with definite parity and their partial wave amplitudes given by

T J±
λ̃2λ̃4;λ̃1λ̃3

(t) = Tλ̃2λ̃4;λ̃1λ̃3
(t)± η1η3̄Tλ̃2λ̃4;−λ̃1−λ̃3

(t). (2.37)

The analysis of chapter 2.1.3 can now be repeated among similar lines.

2.2 The Tensor-Pomeron model

The Tensor-Pomeron model [22] was proposed by C. Ewertz, M. Maniatis
and O. Nachtmann to provide a simple tool for calculating soft high en-
ergy scattering events such as CEP. In this model gauge invariant, effective
Lagrangians are constructed using Regge theory and the Vector-Meson dom-
inance model (VMD) to yield vertices and propagators which are compatible
with the form of observed differential cross sections and which can be used
in the standard QFT fashion. The coupling constants are then fitted to
experimental data to be able to predict a large class of soft high energy pro-
cesses. In this model, the Pomeron is constructed in a way to lie on a Regge
trajectory starting at J = 2 and can be viewed as a coherent sum of even
spin exchanges with vacuum quantum numbers (For a proof see appendix C).
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What distinguishes the model from previous attempts to model pomeron ex-
change, is that it treats the pomeron predominantly as a gluonic object. For
readability, only the necessary propagators and vertices are listed and some
Lagrangians have been omitted. For a complete list see [22] as well as some
extensions e.g. in [23].
The pomeron propagator is given by

∆µνκλ(s, t) =
1

4s

(

gµκgνλ + gµλgνκ −
1

2
gµνgκλ

)

(−isα′
P
)αP(t)−1 (2.38)

and the Regge trajectory is parametrized using

αP(t) = αP(0) + α′
P
t

αP(0) = 1.0808, α′
P
= 0.25GeV−2.

(2.39)

The Ppp vertex reads (see appendix C)

Γµν(p
′, p) = −3βPNNF1

(
(p′ − p)2

)
{
1

2
[γµ(p

′ + p)ν + γν(p
′ + p)µ]−

1

4
gµν(/p

′ + /p)

}

(2.40)
including a form factor

F1(t) =
1− (µp/µn)

t
4m2

p

(1− t
4m2

p
)(1− t

m2

D

)
, (2.41)

where m2
D = 0.84 GeV2 is the dipole mass, µp

µn
= 2.79 is the fraction of

the intrinsic magnetic moment of the proton and the neutron and βPNN =
1.87GeV−1. The factor of 3 in 3βPNN accounts for the coupling to each
valence quark and is pure convention.
The central exclusive production of η and η′ mesons has already been dis-
cussed in [23], where the interaction Lagrangian is given by

L′

PPM̃
=− 2

M0

g′
PPM̃

∂ρPµν∂σPκλg
µκǫνλρσχ̃,

L′′

PPM̃
=−

g′′
PPM̃

M3
0

ǫµ1µ2ν1ν2∂µ1
χ̃ (∂µ3

Pµ4ν1 − ∂µ4
Pµ3ν1)

←→
∂ µ2

× (∂µ3P
µ4

ν2
− ∂µ4P

µ3

ν2
),

(2.42)

with
←→
∂ µ =

−→
∂ µ −

←−
∂ µ and M0 = 1GeV. The effective pomeron field satisfies

the following relations,
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Pκλ = Pλκ,

gκλPκλ = 0.
(2.43)

From this the vertex is readily obtained

Γµνκλ =Γ
′

µνκλ + Γ
′′

µνκλ,

Γ
′

µνκλ =
g

′

PPM̃

2M0

(gµκǫνλρσ + gνκǫµλρσ + gµλǫνκρσ + gνλǫµκρσ

× (q1 − q2)ρ(q1 + q2)
ρF

PPM̃(q21, q
2
2),

Γ
′′

µνκλ =
g

′′

PPM̃

M3
0

ǫνλρσ[k1κk2µ − (q1q2)gµκ]

+ ǫµλρσ[k1κk2ν − (q1q2)gνκ] + ǫνκρσ[k1λk2µ − (q1q2)gµλ]

+ ǫµκρσ[k1λk2ν − (q1q2)gνλ]

× (q1 − q2)ρ(q1 + q2)
σF

PPM̃(q21, q
2
2).

(2.44)

In constructing these vertices in a covariant fashion, it is crucial to think
of the possible combinations of J and P that mesons getting produced in
pomeron fusion can have. Constructing the pomeron states using spherical
harmonics and Clebsh-Gordan coefficients one finds that parity transforma-
tions act like

P̂ |S, Sz; l, lz〉 = (−1)l |S, Sz; l, lz〉 (2.45)

and the two-pomeron state is given by

|l, S; J, Jz〉 =
∑

Sz ,lz

〈S, Sz; l, lz|J, JZ〉 |S, Sz; l, lz〉 . (2.46)

Thinking of pomeron fusion in CEP as containing a subprocess where two
pomerons decay into one meson with total spin |l−S| ≤ J ≤ l+S and parity
P = (−1)l, it is easy to construct possible final meson states with quantum
numbers given in table 2.1. Note that Bose symmetry of the pomeron requires
that |S, Sz; l, lz〉 = 0 for l − S odd.
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l S J P
0 0 0 +

2 2
1 1 0,1,2 −

3 2,3,4
2 0 2 +

2 0,1,2,3,4
3 1 2,3,4 −

3 0,1,. . .,6
4 0 4 +

2 2,3,4,5,6
4 0,1,. . .,8

Table 2.1: Possible quantum numbers JP for mesons produced in pomeron
fusion.

So for pseudoscalar meson production the two lowest lying (l,S) components
are (1,1) and (3,3) corresponding to g

′

PPM̃
and g

′′

PPM̃
, respectively. For (axial)

vector meson production, which is currently being worked out in the Tensor-
Pomeron model by Nachtmann et al., the two lowest lying components are
(2,2) and (4,4).

The numerical values for the couplings are obtained from fits to experimental
data and are given in table 2.2.

g
′

PPM̃
g

′′

PPM̃

η 2 2.25
η

′

2.61 1.5

Table 2.2: Fitted coupling constants for (l,S)={(1, 1), (3, 3)} to WA102 data
from [23].

Note that for η′ meson production due to the high glue component of the
mass eigenstate (see appendix B.3 for details) it is sufficient to only con-
sider pomeron fusion, whereas for the lighter η particle one also should take
reggeon exchange into account. This has been discussed in [23] as well as [24].

In the framework of the Tensor-Pomeron model the (2, 2) and (4, 4) couplings,
g′
PPf1

and g′′
PPf1

, of the f1 meson to two pomerons are given by the following
interaction Lagrangians [25]
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L′
PPf1

=
1

32M2
0

gPPf1(Pκλ(
←→
∂ µ

←→
∂ νPρσ)(∂αUβ − ∂βUα))

× Γ(8)κλρσµναβF ′PPf1(q21, q
2
2),

(2.47)

L′′
PPf1

=
g′′
PPf1

24 · 32M4
0

Pκλ

(←→
∂µ1

←→
∂µ2

←→
∂µ3

←→
∂µ4

)

Pρσ×

(∂αUβ − ∂βUα) Γ
(10)κλ,ρσ,µ1µ2µ3µ4,αβF ′′PPf1(q21, q

2
2),

(2.48)

where M0 = 1GeV and an auxiliary rank 8 tensor

Γ(8)κλρσµναβ = gκρgλµǫσναβ + gκσgλµǫρναβ − gλµgρσǫκναβ

+gκρgλνǫσµαβ + gκσgλνǫρµαβ + gκµgλρǫσναβ

+gκνgλρǫσµαβ + gκµgλσǫρναβ + gκνgλσǫρµαβ

−gκλgµρǫσναβ + gκσgµρǫλναβ + gλσgµρǫκναβ

−gκλgµσǫρναβ + gκρgµσǫλναβ + gλρgµσǫκναβ

−gκλgνρǫσµαβ + gκσgνρǫλµαβ + gλσgνρǫκµαβ

−gκλgνσǫρµαβ + gκρgνσǫλµαβ + gλρgνσǫκµαβ

−gκµgρσǫλναβ − gκνgρσǫλµαβ − gλνgρσǫκµαβ,

(2.49)

rank 10 tensor

Γ
(10)
κλ,ρσ,µ1µ2µ3µ4,αβ

={[(gκµ1
gλµ2
− 1

4
gκλgµ1µ2

× (gρµ3
ǫσµ4αβ −

1

4
gρσǫµ3µ4αβ)

+ (κ↔ λ) + (ρ↔ σ) + (κ↔ λ, ρ↔ σ)]

+ (κ, λ)↔ (ρ, σ)}
+ all permutations of (µ1, µ2, µ3, µ4),

(2.50)

and form factors F ′PPf1(q21, q
2
2),F

′′PPf1(q21, q
2
2) have been introduced. This

yields the vertices

iΓPPf1′
κλρσα(q1, q2) =−

g′
PPf1

8M2
0

(q1 − q2)µ(q1 − q2)ν(q1 + q2)
βΓ

(8)
κλρσµναβF

′PPf1(q21, q
2
2)

=i
g′
PPf1

M2
0

(q1 − q2)µ(q1 − q2)ν(q1 + q2)
β

× (gκρgµσǫλναβ + gκρgµλǫσναβ)F
′PPf1(q21, q

2
2)

(2.51)
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and

iΓPPf1′′
κλρσα(q1, q2) =

g′′
PPf1

8 · 24M04
qµ1

12 q
µ2

12 q
µ3

12 q
µ4

12 (q1 + q2)
βΓ

(10)
κλ,ρσ,µ1µ2µ3µ4,αβ

F ′′PPf1(q21, q
2
2)

g′′
PPf1

2M4
0

q12,κq12,ρq
µ
12(q1 + q2)

β(q12,λǫσαµβ + q12,σǫλαµβ)F
′′PPf1(q21, q

2
2)

(2.52)

where q12 = q1 − q2.

2.3 The Witten-Sakai-Sugimoto model

A full treatment of the Witten-Sakai-Sugimoto model is beyond the scope
of this work and the following section, as well as appendix D, should only
capture the key concepts of the underlying theory. For a review and some
recent results see for example [26].

Already in 1974, through his studies of planar diagrams [27] in large-Nc the-
ories with fixed t’Hooft coupling, λ = g2Nc, Gerard t’Hooft speculated about
large-Nc theories being essentially a limit of string theory. The AdS/CFT
correspondence (see [28] or [29] for reviews), a realisation of this idea formu-
lated by Juan Maldacena in 1997 [30], can be used to relate strongly coupled
large Nc supersymmetric Yang-Mills (SYM) theories to supergravity, which
is essentially a low energy limit of string theory, in anti-de Sitter space. This
correspondence can be generalized to nonconformal supersymmetric theories
by either a manual breaking of conformal invariance (Bottom-up approach)
or by a first-principles construction from superstring theory with nonconfor-
mal D-Branes (Top-down). The latter is used in the Witten model, where
Type-IIA string theory with a large number of Nc D4 branes is used to create
a dual to 4+1 dimensional SYM theory. Supersymmetry is then broken by
a certain compactification to get to a 3+1 dimensional space-time and the
resulting model is dual to pure-glue YM theory below the compactification
scale [4]. From this action the glueball spectrum can be calculated.

In [3] Sakai and Sugimoto extended the model by adding flavour branes to
include fermions. This results in an effective action including hadrons as well
as glueballs.

The Witten background which will generate confinement in the dual theory
is given by
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ds2 = GMNdx
MdxN

=
( u

R

) 3

2
[
ηµνdx

µdxν + f(u)dx24
]
+

(
R

u

) 3

2

[
du2

f(u)
+ u2dΩ2

4

]

eφ = gs

( u

R

)3/4

, F4 = dC3 =
2πNc

V4
ǫ4,

f(u) = 1− u3KK

u3
, MKK =

3

2

u
1/2
KK

R3/2
,

(2.53)

including a dilaton eφ, Ramond-Ramond 3-form C3 with ǫ4 being the volume
form and V4 the volume of a unit S4 and radial coordinate u ≥ uKK , and the
gravity action is

Sgrav =
1

2κ210

∫

d10x
√−g

[

e−2φ

(

R + 4(∇φ)2 − (2π)4l2s
2 · 4! F

2
4

)]

. (2.54)

The spectrum of the spin 2 glueballs, which are dual to modes of the back-
ground graviton field hMN , is obtained from the Einstein-Hilbert action (2.54)
expanded in metric fluctuations gMN = GMN−hMN around the Witten back-
ground (2.53) which gives the equations of motion for the graviton hij

1 [31]

−1

2

(
9f

2
+ 3u∂uf

)

hij + (f + u∂uf)u∂uhij + fu2∂2uhij = −
q2R3

u
hij (2.55)

where q2 is the 4-momentum squared. Choosing boundary conditions such
that the solution is smooth at u = uKK and normalizable as u → ∞ and
making a mode ansatz

hij(x, u) =
∞∑

n=1

h
(n)
ij (x)

( u

R

)3/2

Tn(u) (2.56)

with resonances h
(n)
ij of mass m2

n and wave functions Tn(u) that satisfy

∂u(u
4f∂uTn) = −m2

nR
3uTn. (2.57)

The lightest resonance has mass m2
1 = 1.57M2

KK and corresponds to the
first state on the pomeron trajectory whilst higher resonances correspond
to daughter trajectories. The ansatz (2.56) can now be used in the gravity
action (2.54) which gives

1The gauge chosen is h0µ = 0
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Lgrav ⊃
N3

cM
2
kkg

2
YM

35π2

∫ ∞

1

u

uKK

T 2
1 d

(
u

ukk

)

×

∫

d4xηµνηβδηαγ
[

∂αhδν∂µhβγ −
1

2
∂αhδν∂γhβµ

]

+ · · ·
(2.58)

Requiring a canonical normalization of the kinetic terms
to obtain a canonical normalization of the kinetic terms one requires

2N3
cM

2
kkg

2
YM

35π2

∫ ∞

1

u

uKK

T 2
1 d

(
u

uKK

)

= 1. (2.59)

The propagator for a massive spin-2 field is given as in [32] by

∆µρνσ(k) =
−idµρνσ
k2 −m2

g

dµρνσ =
1

2
(ηµνηρσ + ηµσηρν)

− 1

2m2
g

(kµkσηρν + kµkνηρσ + kρkσηµν + kρkνηµσ)

+
1

24

[(
k2

m2
g

)2

− 3

(
k2

m2
g

)

− 6

]

ηµρηνσ

−
k2 − 3m2

g

6m4
g

(kµkρηνσ + kνkσηµρ) +
kµkρkνkσ

3m4
g

,

(2.60)

where only the first line will end up contributing when contracted with the
vertices for the central exclusive production of pseudoscalar and axial vector
mesons. Assuming that the glueball primarily couples to the stress-energy
tensor of the protons, the proton-proton-glueball vertex can be written as
[33]

Γµρ(p′, p) =λP

[
A(t)

2
(γµP ρ + γρP µ)

+
B(t)

8mp

(P µ[γρ, γν ] + P ρ[γµ, γν ])kν

− C(t)

mp

(ηµρt+ kµkρ)

]

(2.61)

where
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P =
p′ + p

2
,

k = p′ − p,
(2.62)

and

A(t) =
1

(1− t
M2

D

)2
, (2.63)

a form factor with MD = 1.17 GeV from Sakai-Sugimoto model predictions.
Note that the term proportional to C(t) will vanish when contracted with
the propagators and the pseudoscalar or axial vector vertex, respectively. In
Ref.[34] it was shown that B(t) can be neglected in central exclusive pro-
duction when the Regge limit is considered, hence it will be dropped in the
following calculations.

Following the procedure of [33] by reggeizing the scattering amplitude of four
closed strings, the reggeized propagator is given by

1

t−m2
g

→ α′
cΓ[−χ]2Γ[1− αc(t)

2
]

2Γ[αc(t)
2
− 1− χ]

(

− iα
′
cs

s

)αc(t)−2

, (2.64)

with

αc(t) = 2− α′
cm

2
g + α′

ct,

χ =
α′
c

2
(4m2

p − 3m2
g).

(2.65)

The interaction Lagrangian resulting from the Chern-Simons action, which
gives the couplings to the mesons of interest, is given by [35]

LCS ⊃ κaǫ
µνρση0∂νhαµ∂σh

α
ρ + κbǫ

µνρση0∂ν∂
αhµβ

(
∂σ∂

βhαρ − ∂σ∂αhβρ
)

+κca
0
αǫ

αβγδhµβ∂δhγµ + κda
0
αǫ

αβγδ∂νh
µ
β

(
∂δ∂µh

ν
γ − ∂δ∂νhµγ

)
,

(2.66)

where
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κa = −
33.3060

√
Nf

MKK

√

N3
c λ

3

= −0.172503GeV−1,

κb =
64.7935

√
Nf

M3
KK

√

N3
c λ

3

= 0.372643GeV−3

(2.67)

are the pseudoscalar and

κc =
2522.75

√
Nf

√

N3
c λ

3

= 12.3998,

κd = −
708.021

√
Nf

M2
KK

√

N3
c λ

3

= −3.86415GeV−2

(2.68)

are the axial vector couplings, respectively.

The resulting tree level vertices are given by

Vµ1ν1µ2ν2
PPη = −2ǫµ1µ2αβqα1 q

β
2 (g

ν1ν2(κa + κb(q1q2))− κbqν21 qν12 )

Vµ1µ2ν2µ3ν3
PPf = −2gαβǫµ1µ2µ3α(q1 − q2)β (gν2ν3(κd(q1q2) + κc)− κdqν31 qν22 ) .

(2.69)

Note that κa roughly corresponds to g′
PPM̃

in the Tensor-Pomeron model

which is the (l, S) = (1, 1) coupling to mesons with quantum number JP =
0−. Similarly, κb roughly corresponds to g′′

PPM̃
representing the (l, S) = (3, 3)

coupling to mesons with JP = 0−. However, g′
PPf1

, does not correspond to κd
as one would suggest from a simple counting of derivatives. A closer examina-
tion of the index structure of both vertices reveals that in the Tensor-Pomeron
model, the pomeron only couples to the field strength of the f1 meson, sim-
ilarly as in the case of the magnetic moment. Whereas in the holographic
approach one obtains a minimal coupling of the mesons. However, they do
agree on-shell as was shown by Nachtmann [25] with the identification

g′
PPf1

M2
0

k2 = −κc. (2.70)
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So for an on-shell f1 meson k2 = m2
f1

whereas a broad resonance rather
introduces an additional form factor

F (k2) =
k2

m2
f1

. (2.71)

In section 3.3 the difference of these couplings will be studied further and
it will be shown, that there is a leading order contribution from taking the
Regge limit of the κc term that does not arise for the g′

PPf1
coupling.

A similiar identification leads to a one-to-one correspondence between the κd
term and the g′′

PPf1
term [35].

2.4 Further possible couplings

Following the principles of gauge invariance and renormalisation, one can
find further possible interaction terms that couple an axial vector field A to
spin-2 fields h with up to three derivatives [35]

L1
int = Aµhασǫ

µνρσ∂νh
α
ρ (2.72a)

L2
int = Aµǫ

µνρσ∂νh
β
α∂ρ∂

αhβσ (2.72b)

L3
int = Aµǫ

µνρσ∂α∂αhβσ∂νh
β
ρ (2.72c)

L4
int = Aµǫ

µνρσ∂αhβσ∂ν∂
αhβρ (2.72d)

L5
int = Aµhβσǫ

µνρσ∂ν∂
αhβρ (2.72e)

L6
int = Aµǫ

µνρσ∂βhασ∂ν∂
αhβρ (2.72f)

L7
int = Aαǫµνρσ∂µ∂αh

β
ρ∂νhβρ (2.72g)

L8
int = Aαǫµνρσ∂µhβρ∂ν∂

βhασ (2.72h)

It can be shown that (2.72a)-(2.72f) are equal to the κc, κd or g
′
PPf1

(on-shell),
g′′
PPf1

terms, respectively. The seventh and eigth term however do not emerge
naturally in the Sakai-Sugimoto model and will be further studied in section
3.4. The resulting vertices for these interaction Lagrangians are given at tree
level by

V µ1µ2ν2µ3ν3
7 = (q1 + q2)

µ1q1αq2βg
µ2µ3ǫν2ν3αβ,

V µ1µ2ν2µ3ν3
8 = ǫν2ν3αβq1αq2β(q

µ3

1 g
µ1µ2 + qµ2

2 g
µ1µ3).

(2.73)
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2.5 Non-linear Regge trajectories

Linear behaviour of real Regge trajectories for baryons and mesons is a good
approximation to experimental observations [20]. This produces however
infinitely narrow resonances. One approach to cure this problem is to consider
complex non-linear trajectories as was done in [36]. As ansatz they considered

α(t) =
1 + δ + α1t

1 + α2

√
t0 − t−

√
t0
, (2.74)

where t0 = 4m2
π is the threshold. The parameters where then fitted to data

from the TOTEM experiment at LHC and are summarized in table A.4.
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Chapter 3

Central exclusive production of

pseudoscalar and axial vector

mesons

In the following the central exclusive production of pseudoscalar and axial
vector mesons is considered. The high-energy-small-angle or Regge limit is
used where the transverse momenta of the outgoing protons, which are ini-
tially zero, are considered to be small. This corresponds to the class of exper-
iments that were carried out from the WA102 collaboration. The invariant
variables for this process are discussed and the phase space is parametrized
in this limit. Finally the differential cross sections for the production of η′

and f1 mesons are calculated and fitted to experimental data.

3.1 Regge limit and phase space

The Mandelstam variables are chosen in the standard convention (see e.g. [37]
for further relations) and a mostly minus convention is used for the metric.
The momenta pa, pb, p1 and p3 correspond to the ingoing and outgoing
protons, whilst p2 is the momentum of the outgoing meson (see figure 3.1).
Hence

p2a = p2b = p21 = p23 = m2
p, p

2
2 = m2

2,

q1 = (pa − p1), q2 = (pb − p3).
(3.1)
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Figure 3.1: Kinematics for the central exclusive production of a meson M in
peripheral pp collisions.

This gives the standard representation of the Mandelstam variables, which
will be used throughout the whole calculation

s = sab = (pa + pb)
2 = (p1 + p2 + p3)

2,

s1 = s12 = (p1 + p2)
2 = (pa + pb − p3)2,

s2 = s23 = (p2 + p3)
2 = (pa + pb − p1)2,

t1 = ta1 = (pa − p1)2 = (p2 + p3 − pb)2,
t2 = tb3 = (pb − p3)2 = (p1 + p2 − pa)2.

(3.2)

The total cross section is given by

σ =
1

2Ea2Eb|va − vb|

∫

dLIPS3|A|2, (3.3)

where

dLIPS3 =

(
5∏

i=3

∫
d3pi

(2π)32Ei

)

(2π)4δ4(pa + pb − p1 − p2 − p3) (3.4)

is the Lorentz invariant phase space measure and |A|2 is the spin averaged
amplitude squared.

Using equation (3.2) and the on shell conditions in the CM frame and
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va =
pza
Ea

, vb =
pzb
Eb

,

s = 2m2
p + 2(papb),

Ea = Eb =

√
s

2
,

E1,3 =
√

p2
1,3 +m2

p,

E2 =
√

(p1 + p3)2 +m2
2,

|va − vb| =
2√
s

√

(papb)−m2
p,

(3.5)

to integrate out the p2 dependence, one finds

σ =
2π

26
√

(papb)2 −m4
p

∫ |A|2δ(2Ea − E1 − E2 − E3)

E1E2E3

d3p1

(2π)3
d3p3

(2π)3
. (3.6)

The angular integrations can be parametrized in the following way 1

p1 =
(
E1,p1⊥, p1z

)T
p3 =

(
E3,p3⊥, p3z

)T

p1,3⊥ = p1,3⊥
(
cos θ1,3, sin θ1,3

)T

θ1 = φ, θ13 = θ3 − θ1, p1z = x1p, p3z = x3p

p1z + p3z = pxF , p1z − p3z = p−z,

(3.7)

with the corresponding differentials

d3p1d
3p3 =

1

4
d(p1⊥)

2d(p3⊥)
2dθ1dθ3dp1zdp3z

dθ1dθ3 = dφdθ13

dp1zdp3z =
p

2
dxFdp−z.

(3.8)

Plugging everything in and integrating out the p−z and φ dependence gives

σ =
p

28(2π)4
√

(papb)3 −m4
p

∫ |A|2
E2|p3zE1 − p1zE3|

dθ13dxFd(p1⊥)
2d(p3⊥)

2.

(3.9)

1See e.g [33] for details
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To apply the Regge limit, it is useful to express p, p1z, p3z in terms of
Mandelstam variables. One finds

p =
1

2

√

s− 4m2
p,

p1z =
s− s2 + 2t1 − 3m2

p

2
√
s− 4m2

p

,

p3z =
−s+ s1 − 2t2 − 3m2

p

2
√
s− 4m2

p

,

xF =
s1 − s2 − 2t2 − 2t1

s− 4m2
p

.

(3.10)

By taking s, s1, s2 ≫ t1, t2, m
2
p, m

2
2 and keeping µ = s1s2

s
fixed, one finds

sxF ≈ s1 − s2,

s1 ≈
1

2

[

sxF +
√

s2x2F + 4sµ

]

,

s2 ≈
1

2

[

−sxF +
√

s2x2F + 4sµ

]

,

E2 =
s1 + s2 − 2m2

p

2
√
s

≈
√
s

2

√

x2F + 4
µ

s
,

(3.11)

as well as

p1
2
⊥ ≈ −

t1
2

(

2 + xF −
√

x2F + 4
µ

s

)

−
m2

p

4

(

xF −
√

x2F + 4
µ

s

)

, (3.12)

p3
2
⊥ ≈ −

t2
2

(

2− xF −
√

x2F + 4
µ

s

)

−
m2

p

4

(

xF +

√

x2F + 4
µ

s

)

. (3.13)

Hence

d(p1⊥)
2d(p3⊥)

2 ≈ (1− |xF |)dt1dt2, (3.14)

and

|p3zE1 − p1zE3| ≈
s

2
(1− |xF |). (3.15)
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The full cross section in the Regge limit is then given by

σ ≈ 1

26(2π)4s2

∫ |A|2
√

x2F + 4µ
s

dxFdθ13dt1dt2 (3.16)

with

s1 ≈ s2 ≈
√
sµ, p1,3⊥ ≈

√
−t1,3, (3.17)

µ ≈ m2
2 − t1 − t2 + 2

√
t1t2 cos θ12. (3.18)

One can now exploit that the phase space has a sharp peak around xF = 0
in the Regge limit and integrate out the xF dependence. This yields

σ ≈ 1

4(4π)4s2

∫

|A|2ln
(
s

µ

)

dθ13dt1dt2. (3.19)

3.2 Differential cross section for pseudoscalar

meson production

The amplitude for the process given in figure 3.2 is

A = (ū1Γ
µρua)∆µρκλV

κλαβ∆αβνσ(ū3Γ
νσub). (3.20)

Figure 3.2: Feynman amplitude for CEP of a (pseudo-)scalar meson

This can be simplified using the high energy limit for spinors

ūλ′(p′)γµuλ(p)→ (p′ + p)µδλλ′ , (3.21)
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which gives, omitting the scalar parts of the propagators,

A ∼
A(t1)A(t2)λ

2
p

4
(ǫαβγδ(p1 + pa)α(p3 + pb)β(pa − p1)γ(pb − p3))

((p1pb)(κa − 4κb(p3pa)) + (p1p3)(4κb)(papb) + κa) + κa(p3 + pa + papb)) ,

(3.22)

for the Sakai-Sugimoto model.

Let |A|2 be the spin averaged amplitude squared then

|A|2 = 1

4

∑

{s}
|A|2 (3.23)

and in the Regge limit one obtains

|A|2 = s4t1t2 sin
2 θ13(κa − κb cos θ13

√
t1t2)

2A(t1)
2A(t2)

2λ4p × . . . (3.24)

where the dots represent the propagators. This yields the observed sin θ213
dependence.

The normalized differential cross section has then been fitted to the experi-
mental data from WA102 using the reggeized form of the propagators. Ad-
ditionally the process has been calculated using the propagators and the Ppp
vertex from the Tensor-Pomeron model. The results are shown in figure 3.3
and 3.4.
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Figure 3.3: Experimental data and Sakai-Sugimoto model predictions for η′

meson production. Propagators and Ppp vertices from the Sakai-Sugimoto
model as well as from the Tensor-Pomeron model have been used.

Figure 3.4: Different contributions of the fitted coupling constants of eq.
(3.26) using string reggeization. The κ2b contribution has been enhanced by
a factor of 10 for better visibility.
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Due to different normalization conventions for the pomeron propagators, only
the ratio of the coupling constants can be calculated using fitting procedures.
The Sakai-Sugimoto model predicts a fraction of2

κa
κb

= −0.46 (3.25)

whereas from the fit one obtains

κa
κb

= −1.13± 0.12, (3.26)

which is in quite good agreement. Note that the fit suggests a stronger
coupling to the (l, S) = (1, 1) component, leading to the conclusion that
the dominant contributions are due to lower spin excitations on the Regge
trajectory.

3.3 Differential cross section for axial vector

meson production

The amplitude for the process given in figure 3.5 is now

A = (ū1Γ
µρua)∆µρκλV

γκλαβ∆αβνσ(ū3Γ
νσub)εγ(λ2) (3.27)

Figure 3.5: Feynman amplitude for CEP of an axial vector meson

2The exact numerical values are currently being checked, so this result is not final. See
the upcoming publication for the exact values.
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Again using the high energy limit for spinors (3.21) and omitting the scalar
parts of the propagator gives

A ∼3

8
A(t1)A(t2)λ

2
pǫ

αβγδ(p1 + pa)β(p3 + pb)γp2δεα(λ2)

((p1pb)(κc − κd(p3pa)) + (p1p3)(4κd(papb) + κc) + κc(p3pa + papb))

(3.28)

Squaring the amplitude, averaging over initial state spins and summing over
final state spins gives in the Regge limit

|A|2 =A(t1)2A(t2)2λ4ps4
(
κc − κd cos2 θ13

√
t1t2
)2

4t1t2 sin
2 θ13 − 2m2

2 cos
2 θ13
√
t1t2 −m2

2(t1 + t2)

4m2
2

× . . .
(3.29)

where the dots represent the propagators and the polarization sum for mas-
sive vector particles

∑

λ2=0,±
εα(λ2)εα′(λ2) = −gαα′ +

p2αp2α′
m2

2

(3.30)

has been used.

As before, using the reggeized form of the propagators, the differential cross
section has then been fitted to the experimental data from WA102. Addi-
tionally the process has been calculated using the propagators and the Ppp
vertex from the Tensor-Pomeron model. The results are show in figure 3.6
and 3.7.
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Figure 3.6: Experimental data and Sakai-Sugimoto model predictions for f1
meson production. Propagators and vertices from the Sakai-Sugimoto model
as well as from the Tensor-Pomeron model have been used.

Figure 3.7: Different contributions of the fitted coupling constants of eq.
(3.32) using string reggeization. The κ2d contribution has been enhanced by
a factor of 5 for better visibility.
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The ratio of the coupling constants predicted by the Sakai-Sugimoto model
is given by3

κc
κd

= −3.2 (3.31)

whereas from the fit one obtains

κc
κd

= −0.64± 0.06. (3.32)

This suggests that higher lying spins on the pomeron trajectory couple more
strongly.

The g′
PPf1 and κc vertices from the Tensor-Pomeron model and Sakai-Sugimoto

model do not fully agree at the Lagrangian level , which gives a non-vanishing
contribution in the Regge limit. The difference arising through this term is
shown in figure 3.8. Since the mismatch is rather small it will be hard to
detect.

Figure 3.8: Difference between g′
PPf1

and κc coupling terms.

3The exact numerical values are currently being checked, so this result is not final. See
the upcoming publication for the exact values.
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The couplings g′
PPf1 and g′′

PPf1 have also been fitted to experimental data
which gives

g′
PPf1

g′′
PPf1

= −0.156± 0.03. (3.33)

In figure 3.9 the resulting differential cross section is plotted for each cou-
pling separately as well as their coherent sum which leads to destructive
interference.

Figure 3.9: Predictions from the Tensor-Pomeron model with fitted couplings
to WA102 data.
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3.4 Further possible couplings

Now the additional interactions of equations (2.72g)-(2.72h) with no coun-
terparts in the previous models will be studied.

When the amplitude is contracted with the vertices and propagators of figure
3.5 and squared, the V7 vertex gives a vanishing contribution.

The V8 vertex however gives the non vanishing result

|A|2 =κ2es4t1t2 sin θ213(2 cos θ13
√
t1t2 − t1 − t2)

m2
f1 + 2 cos θ13

√
t1t2 − t1 − t2

4m2
f1

× . . .
(3.34)

in the Regge limit, resulting in the differential cross section of figure 3.10,
where TPM propagators and the Ppp vertex as well reggeized string propa-
gators have been used.

Figure 3.10: Contribution of V8 coupling to the differential cross section.
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Chapter 4

Conclusions and outlook

In this thesis it was shown that the Sakai-Sugimoto model as well as the
Tensor-Pomeron model give identical results regarding the tensorial struc-
ture of the vertices for pseudoscalar meson production but with different form
factors. However, the former seems to underestimate the coupling strengths
to Pomerons. Including meson exchange by considering reggeons to improve
the results was done in Ref.[24] by Anderson et al. and produced only a
slightly better agreement. However, due to work from Dickson et al. [38]
and Domokos et al. [39], they came to the conclusion that the Witten-Sakai-
Sugimoto model systematically underestimates coupling constants.

Glueballs are still elusive in experiments but central exclusive production
remains one of the most promising methods of detecting glueball candi-
dates [40]. Hence, calculating further interaction terms coupling glueballs
to mesons is an interesting topic for future work in the Tensor-Pomeron
model as well as the Witten-Sakai-Sugimoto model.
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Appendix A

Tables of numerical values

Table of numerical values used for Sakai-Sugimoto

model calculations

All the values are taken from [33] and [35]. If not stated otherwise, the values
are predictions from Sakai-Sugimoto model calculations

λP 9.02 GeV−1

α′
c 0.290 Gev−2 Fitted value using pp scattering

mg 1.485 GeV
κa -0.172 GeV−1

κb 0.372 GeV−3

κc 12.399
κd -3.864 GeV−2

MD 1.17 GeV

Table A.1: Sakai-Sugimoto model parameters
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Table of numerical values used for Tensor-Pomeron

model calculations

All the values are taken from [22] and [23]. If not stated otherwise, the values
are obtained from fits to experimental data.

βPNN 1.87 GeV−1

α′
P

0.25 GeV−2

ǫP 0.0808
MD 0.84 GeV
µp/µN 2.7928 Theoretical prediction
g′
PPη′ 2.61
g′′
PPη′ 1.5

Table A.2: Tensor-Pomeron model parameters

List of masses

Masses taken from [15].

mp 0.938 GeV
mη′ 0.958 GeV
mf1 1.285 GeV
mπ 0.135 GeV

Table A.3: Masses used for calculations

Non-linear Regge trajectory parameters

δ 0.08009
α1 0.298
α2 0.02467

Table A.4: Fitted parameters for the Regge trajectory in equation (2.74)
from [36].
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Appendix B

Chiral symmetry breaking

and the η′ mass

For a comprehensive treatment of the subject see e.g. [41].

B.1 Chiral symmetry

Consider a SU(Nc) gauge theory coupled to Nf massless fermions

L = − 1

2g2
TrGµνG

µν +

Nf∑

i=1

iψi /Dψi (B.1)

where /Dψ = /∂ψ − i /Aψ. The fermionic Lagrangian can be decomposed
into left and right handed Weyl fermions and thus the theory has a global
Gf = U(Nf )L × U(Nf )R = U(1)V × SU(Nf )L × SU(Nf )R chiral symmetry.
The theory is thought to lead to the formation of a (chiral) quark condensate
which is supported by lattice simulations

〈ψ̄LiψRj〉 = −σUij, (B.2)

where σ is a constant of mass dimension three and Uij ∈ SU(Nf ). The
formation of this condensate leads to the breaking of the global Gf symmetry
with pattern

Gf = U(1)V × SU(Nf )L × SU(Nf )R → U(1)V × SU(Nf )V . (B.3)

The unbroken SU(Nf )V subgroup stems from the fact that (B.2) remains
invariant if L = R. The theory now contains N2

f −1 Goldstone bosons which
can be parametrized by
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APPENDIX B. CHIRAL SYMMETRY BREAKING
AND THE η′ MASS 47

U(x) = exp

(
2i

fπ
π(x)

)

, π(x) = πa(x)T a, (B.4)

with T a being the su(Nf ) generators. For Nf = 2 the theory contains three
of these bosons: π0π±. From this one can obtain a low-energy effective action
with Lagrangian

Lch =
f 2
π

4
Tr
(
∂µU †∂µU

)
(B.5)

which is of the type of the non-linear sigma models of chapter 1.1.

According to Noether’s theorem, there are associated currents to the SU(Nf )L×
SU(Nf )R chiral symmetry which are parametrized by

Ja
V µ = Ja

Lµ + Ja
Rµ = ψiT

a
ijγµψj

Ja
Aµ = Ja

Lµ − Ja
Rµ = ψiT

a
ijγµγ

5ψj.
(B.6)

Considering an infinitesimal expansion of

L = eiα
aTa

= 1 + iαaT a +O(α2) (B.7)

and

αa → αa(x)

δL = ∂µα
a(x)Jaµ

L .
(B.8)

in the chiral Lagrangian (B.5) yields the current as

Ja
Lµ ≈ −

fπ
2
∂µπ

a (B.9)

and analogously

Ja
Rµ ≈ +

fπ
2
∂µπ

a (B.10)

Including masses in the theory

L = − 1

2g2
TrGµνG

µν +

Nf∑

i=1

(iψi /Dψi −miψiψi) (B.11)

explicitly breaks the chiral symmetry. However, the main contribution to the
breaking still comes from the chiral condensate, so eq. (B.2) is now to be
understood in an approximate sense. By introducing the mass matrix
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M = diag(m1, . . . ,mNf
) (B.12)

the chiral Lagrangian (B.5) can now be rewritten as

Lch =
f 2
π

4
Tr
(
∂µU †∂µU

)
+
σ

2
Tr
(
MU + U †M †) (B.13)

and expanding U = e2iπ/fπ in this action yields a mass term for the pions

Lch ≈ Tr(∂µπ∂µπ)−
σ

f 2
π

Tr(M +M †)π2. (B.14)

The observed meson masses are however significantly larger than the masses
of their constituent quarks as what would the simple expansion of the chiral
Lagrangian for Nf = 2 suggest. The main contribution stems from the inter-
action of the sea quarks and gluons, i.e. one should consider the renormalised
masses in the chiral Lagrangian.

B.2 The light pseudoscalar mesons

For the three lightest quarks u, d and s, which are almost of the same
order of magnitude of mass and significantly lighter than the other quarks
and assuming an exact SU(3) flavour symmetry, one would expect eight
pseudoscalar Goldstone bosons

π =
1√
2






π0√
2
+ η√

2
π+ K+

π− − π0√
2
+ η√

2
K0

K− K
0 − 2η√

6
.




 (B.15)

There are however nine pseudoscalar mesons with only u, d and s valence
quark content. This ninth pseudoscalar meson is associated with the breaking
of the so called axial symmetry.

B.3 The U(1)A symmetry and the

Witten-Veneziano formula

The ninth pseudoscalar meson is the η′ = 1√
3
(uu + dd + ss) which is a sin-

glet under SU(3)V and corresponds to the Goldstone boson associated to the
U(1)A symmetry. The U(1)A symmetry is however broken by an anomaly
and the η′ is significantly more massive than the other pseudoscalar mesons
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of the broken chiral symmetry.

Considering the change of the path integral measure and associating it with
the corresponding Noether current one finds

∂µJ
µ
A =

λNf

8π2Nc

TrFµνF̃
µν , (B.16)

where F̃ is the dual field strength, thus the anomaly will be suppressed by
1/Nc in the ’t Hooft limit Nc → ∞ and λ = g2Nc fixed, restoring the full
chiral symmetry of YM theory coupled to massless fermions. Note that the
right hand side of eq. (B.16) is proportional to the CP violating θ term. So
by defining the topological susceptibility

χ(k) =

∫

d4xeikx 〈0|Tr(F̃µνF
µν(x))Tr(F̃ρσF

ρσ(0)) |0〉 , (B.17)

which gives the response to the energy of the system by varying θ since

d2E

dθ2
=

(
1

16π2Nc

)2

lim
k→0

χ(k), (B.18)

one can relate the ground state energy to the mass of the η′ meson. Pertur-
bative calculations at leading order in 1/Nc of χ(k) lead to vanishing results
as k → 0, however summing the infinite series is expected to give a non-
vanishing result [41]. This can schematically be done in the large Nc limit as
follows: Consider an arbitrary glueball operator

G(x) = TrFm(x), (B.19)

with m ≥ 2 and take the connected two-point function

〈0| G̃(k)G̃(−k) |0〉c , (B.20)

By identifying this two-point function with tree-level propagation of single
particle states, it can be expanded in terms of propagating single particle
glueball states |n〉 with amplitude an = 〈0| G(x) |n〉 and mass Mn

〈0| G̃(k)G̃(−k) |0〉c =
∑

n

|an|2
k2 −M2

n

. (B.21)

this identification is diagrammatically shown in figure B.1.
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Figure B.1: Replacement of connected two-point functions in the large Nc

limit. Image from [41].

Analogously for mesons with meson operator

J (x) =
√

NcψF
m(x)ψ, (B.22)

with m arbitrary. The normalisation factor is chosen such that the connected
two-point function 〈0| J J |0〉c ∼ N0

c has the correct amplitude in the large
Nc limit. The connected two-point functions with single particle meson states
|n〉 of mass mn and with amplitudes bn = 〈0| J (x) |n〉 is then given by

〈0| J̃ (k)J̃ (−k) |0〉c =
∑

n

|bn|2
k2 −m2

n

. (B.23)

Continuing this schematic approach, quantities like the energy E(θ) or the
susceptibility χ(k) will receive contributions of the form [42]

〈0|TrF̃F
∣
∣nthglueball

〉
= Ncan, 〈0|TrF̃F

∣
∣nthmeson

〉
=
√

Ncbn. (B.24)

due to planar graphs made from gluons and planar graphs including quark
lines.
In the massless theory, the θ dependence must vanish since the chiral symme-
try is then exact. For this to happen, the contribution to the susceptibility
from the glueball states must cancel the contribution from the meson states
which are however of unequal order of magnitude in Nc. So schematically

χ(k) =
∑

G

N2
c |an|2

k2 −M2
n

+
∑

M

Nc|bn|2
k2 −m2

n

, (B.25)

where G andM denote the glueball and meson states, respectively. For the
vacuum, i.e. the limit k → 0, these terms ought to cancel. But in order to
do so, a meson whose mass scales as m2 ∼ 1/Nc is needed. Assuming the η′

behaves as such, one can conclude that

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

APPENDIX B. CHIRAL SYMMETRY BREAKING
AND THE η′ MASS 51

χ(0)|YM =
Ncb

2
η′

m2
η′

(B.26)

and using eq.(B.16) to write

√

Ncbη′ = 〈0|FF̃ |η′〉 =
8π2Nc

λNf

〈0| ∂µJµ
A |η′〉 = −i

8π2Nc

λNf

pµ 〈0| Jµ
A |η′〉 .

(B.27)
For the chiral Lagrangian (B.5) it was found that 〈0| Jµ

A |η′〉 = −i
√
Nffπpµ

with a factor of
√
Nf to give the correct normalization and make fπ inde-

pendent of Nf . Hence

bη′ =
8π2
√
Nc

√
Nfλ

fπm
2
η′ (B.28)

and using eq.(B.18) one finally obtains

m2
η′ =

4Nf

f 2
π

d2E

dθ2
|θ=0, (B.29)

which is known as the Witten-Veneziano formula. It relates the mass of the
η′ meson to the vacuum energy of large Nc YM theory.
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Appendix C

Additional Information on the

Pomeron

In this section the pomeron is constructed from QFT principles and Regge
theory as in Ref.[22]. Due to the QFT approach it is possible to formulate
a Lagrangian which couples the pomeron to the proton and antiproton, re-
spectively. The Pomeranchuk theorem [43], which states that under certain
assumptions the cross sections for a collision of a particle and the correspond-
ing antiparticle on the same target approach the same value at high energies,
is shown to hold for this construction. Furthermore it is shown how the
pomeron can be interpreted as a Regge trajectory with even spins starting
at J = 2. This derivation is closely following [22].

C.1 The Ppp vertex

Consider pp and pp elastic scattering

p(p1) + p(p2)→ p(p′1) + p(p′2)

p(p1) + p(p2)→ p(p′1) + p(p2)
′ (C.1)

with kinematic variables

s = (p1 + p2)
2, t = (p1 − p′1)2, u = (p1 − p′2)2

ν =
1

4
(s− u) = 1

4
(p1 + p′1)(p2 + p′2).

(C.2)

The spinor structure Γα,α′,β,β′ of the T matrix elements can now be expanded
in the basis {γµ, γ5, I} ⊗ {γµ, γ5, I}. Whilst crossing symmetry requires
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Γpp
α,α′,β,β′(p

′
1, p

′
2, p1, p2) = −Γpp

α,α′,β,β′(−p1, p′2,−p′1, p2), (C.3)

the assumption that only a vector like structure contributes to pomeron
exchange in the high energy limit [44] gives

Γpp
α,α′,β,β′(p

′
1, p

′
2, p1, p2) = T pp(ν, t)(γµ)αα′(γµ)ββ′ ,

Γpp
α,α′,β,β′(p

′
1, p

′
2, p1, p2) = T pp(ν, t)(γµ)αα′(γµ)ββ′ .

(C.4)

For fixed t, T pp and T pp are boundary values of one analytic function in ν,
A(ν, t). This relates to the fact that due to crossing symmetry amplitudes
of different physical processes are equivalent. The amplitude A(ν, t) now has
branch points with cuts attached to them at ν1 and ν2 with ν1 < ν2. In
the interval ν1 < ν < ν2 the amplitude is real and following the analysis of
chapter 2.1 one finds for ν > ν2

T pp(ν, t) = lim
ǫ→0

A(ν + iǫ, t),

T pp(ν, t) = − lim
ǫ→0

A(−ν − iǫ, t).
(C.5)

Assuming a power behaviour for A(ν, t) and making an ansatz with odd
powers for ν →∞ (corresponding to a C = +1 exchange since the pomeron
has vacuum quantum numbers; see eq.C.5) to give the same amplitudes for
pp and pp scattering the ansatz for the pomeron part of the amplitude reads

AP(ν, t) = [3βPNNF1(t)]
2

︸ ︷︷ ︸

f(t)

2α′
P
ν[4α′2

P
(ν2 − ν)(ν − ν1)]

1

2
(αP(t)−2) (C.6)

Using now equation (C.5) one can show that

T ppP(ν, t) = T p̄pP(ν, t) = f(t)2α′
P
ν[4α′2

P
ν2e−iπ]

1

2
(αP(t)−2), (C.7)

as expected from the pomeranchuk theorem. In the high energy limit ν ≈ s
2

and equation (C.6) reduces to the Donnachie-Landshoff pomeron ansatz

AP(ν, t) = [3βPNNF1(t)]
2(−isα′

P
)αP(t)−1. (C.8)

Note that this result is purely obtained from QFT results combined with
regge theory. Due to the γµ × γµ structure of the T matrix element, the
pomeron is sometimes viewed as a C = +1 photon, which is in contradiction
with the total cross sections of pp and pp elastic scattering having the same
sign. However the above construction enables one to view the pomeron as
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an effective J = 2 exchange with the right crossing requirements. Take for
example the high energy limit of the reactions (C.1)

〈p(p′1, λ′1), p(p′2, λ′2)| T |p(p1, λ1), p(p2, λ2)〉 |P
= 〈p(p′1, λ′1), p(p′2, λ′2)| T |p(p1, λ1), p(p2, λ2)〉 |P
= i2s[3βPNNF1(t)]

2(−isα′
P
)αP(t)−1δλ1,λ′

1
δλ2,λ′

2
.

(C.9)

To construct a suitable interaction Lagrangian, consider the following ansatz
which couples a symmetric and traceless rank two tensor object to the proton
and antiproton

LPpp = −3βPNNPµν
i

2
ψp

[

γµ
←→
∂ ν + γν

←→
∂ µ − 1

2
gµνγλ

←→
∂ λ

]

ψp. (C.10)

Using the ansätze from the Tensor-Pomeron model for the propagator (2.38)
and the resulting vertex from the interaction Lagrangian (C.10) yields equa-
tion (C.9) in the high energy limit. Which shows that eq. (C.10) is a suitable
effective Lagrangian.

C.2 The pomeron as coherent sum of spin

2,4,... exchanges

The pomeron is usually viewed as a coherent sum of spin exchanges [45].
In the following section this property is also shown to hold for the Tensor-
Pomeron model.
Considering the amplitude for elastic pp scattering and using (C.7) gives

〈p(p′1), p(p′2)| T |p(p1), p(p2)〉 |P

=f(t) exp

[

−iπ1
2
(αP(t)− 2)

]

(4α′2
P
v2)

1

2
(αP(t)−2)2α′

P
ν

× u(p′1)γµu(p1)u(p′2)γµu(p2) = T P

if .

(C.11)

Recall that

ν =
1

4
(p1 + p′1)(p2 + p′2) (C.12)

and rewrite parts of the expression using
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(4α′2
P
ν2)

1

2
(αP(t)−2) =

1

Γ(1− 1
2
αP(t))

∫ ∞

0

dττ−
1

2
αP(t) exp

(
−4α′2

P
ν2τ
)

(C.13)

gives

T P

if = f̃(t)

∫ ∞

0

dττ−
1

2
αP(t) exp

(
−4α′2

P
ν2τ
)
2α′

P
νu(p′1)γ

µu(p1)u(p
′
2)γµu(p2)

(C.14)
with

f̃(t) = f(t) exp

[

−iπ1
2
(αP(t)− 2)

]

Γ

(

1− 1

2
αP(t)

)−1

. (C.15)

Making a series expansion for the exponential and using the high energy limit
for spinor products with gamma matrices

(p′ + p)µδλλ′ → uλ′(p′)γµuλ(p) (C.16)

to replace ν given by eq. (C.12) yields

T P

if = f̃(t)

∫ ∞

0

dττ−
1

2
αP(t)

∞∑

n=1

(−τ)n−1

(n− 1)!

(
1

2
α′
P

)2n−1

×u(p′1)Rµ1···µ2n(p′1, p1)u(p1)u(p
′
2)Rµ1···µ2n

(p′2, p2)u(p2),

(C.17)

where

Rµ1···µ2n(p′, p) =
1

2n
{γµ1(p′ + p)µ2 · · · (p′ + p)µ2n + (p′ + p)µ1γµ2 · · · (p′ + p)µ2n

+ · · ·+ (p′ + p)µ1 · · · (p′ + p)µ2n−1γµ2n}.
(C.18)

Thus T P

if has been rewritten as a coherent sum of even spin exchanges starting
at spin two. Note that in this procedure an index shift has been performed
to combine the powers of 2α′

P
ν from the exponential and the rest of the

integrand and thus the sum starts at n = 1 rather than n = 0, which would
correspond to a scalar pomeron exchange.
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Appendix D

Heuristic derivation of meson

fields in the

Witten-Sakai-Sugimoto model

As already mentioned in the main text, this appendix should only highlight
some key features which are necessary to reflect intrinsic properties of QCD
such as chiral symmetry breaking. For additional information see [3] and [26].

In Ref.[4] it was shown that the near horizon geometry obtained from cer-
tain compactifications of M-Theory where the fourth spatial coordinate (i.e.
Kaluza-Klein direcetion) is compactified using

x4 + 2πR4 ≡ x4 + 2πM−1
KK ⋍ x4 (D.1)

with supersymmetry breaking boundary conditions is given by

ds2 =
( u

R

)3/2 [
ηµνdx

µdxν + f(u)dx24
]
+

(
R

u

)3/2 [
du2

f(u)
+ u2dΩ2

4

]

(D.2)

with

f(u) = 1− u3KK

u3
, MKK =

3

2

u
1/2
KK

R3/2
(D.3)

and u ≥ uKK being the holographic direction with u = ∞ corresponding to
the conformal boundary, dilaton eφ = gs(u/R)

3/4 and R being the spacetime
curvature radius.

The gravity action can now be written as
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Sgrav =
1

2κ210

∫

d10x
√−g

[

e−2φ

(

R + 4(∇φ)2 − (2π)4l2s
2 · 4! F

2
4

)]

(D.4)

with

F4 = dC3 =
2πNc

V4
ǫ4 (D.5)

and ls being the string tension. C3 is the Ramond-Ramond 3-form, ǫ4 the
volume form and V4 = 8π2/3 the volume of a unit S4. The supersymmetry
breaking boundary conditions are given by a thermal circle in Euclidean time
τ

τ ≡ τ +
2π

MKK

. (D.6)

This now leads to a confined phase

ds2 =
( u

R

)3/2

[dτ 2 + dx2 + f(u)dx24]

+

(
R

u

)3/2 [
du2

f(u)
+ u2dΩ2

4

]

MKK =
3

2

u
1/2
KK

R3/2
, f(u) ≡ 1− u3KK

u3

(D.7)

and a deconfined phase

ds2 =
( u

R

)3/2

[f̃(u)dτ 2 + dx2 + dx24]

+

(
R

u

)3/2 [
du2

f̃(u)
+ u2dΩ2

4

]

T =
3

4π

u
1/2
T

R3/2
, f̃(u) ≡ 1− u3T

u3

(D.8)

with Hawking-Page transition when 2πT = MKK . The topologies in the
(τ, u) and (x4, u) subspaces, respectively, are given in figure D.1.
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Figure D.1: Topologies of the confined (left) and deconfined (right) phase.
The cigar topology in the (x4, u) subspace in the confined phase becomes a
Euclidean black hole in the (τ, u) subspace of the deconfined phase. Image
taken from [46].

In Ref.[3] Sakai and Sugimoto now added D8 and anti-D8 flavor branes filling
all spatial directions except the x4 to the configuration to account for chiral
quarks. Open strings connecting those D-Branes carry a color index and a
second index which can be identified with the flavor quantum number. The
result of intersecting color and flavor branes are chiral quarks. The configura-
tion is shown in figure D.2a. The D8 and anti D8 branes can only join in the
bulk (see figure D.2b) since they have nowhere to end. This spontaneously
breaks the U(Nf )L × U(Nf )R gauge symmetry on the flavour branes.

Figure D.2: (a) Configuration of the D4,D8 and D8 branes including open
strings which can be identified as chiral quarks. (b) Near-horizon geometry
with u being a radial coordinate in the transverse space x5 . . .9. Image taken
from [26].
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The action on the D8 brane is given to leading order in Nc and α
′ by

SD8 = −κ
∫

d4xdZTr

[
1

2
(1 + Z2)−1/3F 2

µν + (1 + Z2)M2
KKF

2
µZ +O(α′2F 4)

]

+ SCS,

κ =
g2N2

c /2

216π3
,

(D.9)

where

(
u

uKK

)3

= 1 + Z2, −∞ < Z <∞ (D.10)

and the Chern-Simons term can be shown to reproduce the correct chiral
anomaly of QCD [3]

SCS = T8

∫

D8

C ∧ Tr

[

exp

(
F

2π

)]√

Â(R). (D.11)

Making an ansatz for normalizable modes in D.9

Aµ(x
µ, Z) =

∞∑

n=1

vnµ(x
µ)ψn(Z), AZ(x

µ, Z) = −iπ(xµ)φ0(Z) (D.12)

and choosing the ψn such that they satistfy

−(1 + Z2)−1/3∂Z
(
(1 + Z2)∂ZψN

)
= λnψn, m2

n = λnM
2
KK , (D.13)

in order to get the correct normalizations in the resulting effective action for
open string excitations in the Witten background, gives

S = SD8 + SCS = −Tr
∫

d4x

[
1

2
(∂µπ)

2 +
1

4
F 2
µν +

1

2
λ1M

2
KKρ

2
µ + · · ·

]

.

(D.14)
This action includes states that can be identified with π and ρ mesons. In
Ref.[31] it was then shown that glueball states can be identified with metric
fluctuations resulting from the linearized Einstein equations about the AdS7×
S4 black hole background, which has been sketched in chapter 2.3.
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