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Regge trajectory for isospin             even parity mesons. 

Chapter 1. Introduction

Figure 1.2: The Chew–Frautschi plot. Spin J of the isospin I = 1 even parity mesons against
their mass squared. (From reference [4])

String Theory was discovered forty years ago as an attempt to understand hadronic physics.

By that time, QCD and String Theory competed as models of the strong force. Of course, this

QCD/String dispute was decided long ago in favor of QCD. However, the modern viewpoint

replaces dispute by duality, and rephrases the main question: Is QCD a String Theory?

1.1 Hadronic Spectrum & Strings

Although the fundamental particles of QCD are quarks and gluons, the confinement mechanism

disallows their direct observation. Instead, the observed spectrum is characterized by a long

list of colorless bound states of the fundamental particles. Most of these bound states are

unstable and are found as resonances in scattering experiments. At the present day, we are still

unable to accurately predict the observed hadronic spectrum directly from the QCD dynamics1.

Nevertheless, from a phenomenological perspective, the hadronic spectrum has several inspiring

features.

In figure 1.2 we plot the spin J of the lighter mesons against their mass squared m2. The

result is well modeled by a linear Regge trajectory

J = α
(

m2
)

= α(0) + α′m2 ,

where α(0) and α′ are known as the intercept and the Regge slope, respectively. In fact, most

1See [2] and [3] and references therein for attempts using the lattice formulation of QCD and the AdS/CFT
correspondence.
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Motivation

• Regge theory gives important physical information in QCD 1.1. Hadronic Spectrum & Strings

Figure 1.3: Regge trajectory determined from the large energy (20–200 GeV ) behavior of the
differential cross section of the process π− + p → π0 + n. The straight line is obtained by
extrapolating the trajectory in figure 1.2. (From reference [4])

of the hadronic resonances fall on approximately linear Regge trajectories with slopes around

1(GeV )−2 and different intercepts. A linear relation between spin and mass squared suggests a

description of the bound states as string like objects rotating at relativistic speeds. Indeed, the

spin of a classical open string with tension T rotating as a straight line segment, with endpoints

traveling at the speed of light, is given by α′ = (2πT )−1 times its energy squared2.

A related stringy feature of QCD is the high energy behavior of scattering amplitudes.

Experimentally, at large center–of–mass energy
√

s, the hadronic scattering amplitudes show

Regge behavior

A(s, t) ∼ β(t)sα(t) ,

where t is the square of the momentum transferred. The appropriate Regge trajectory α(t)

that dominates a given scattering process is selected by the exchanged quantum numbers. For

example, the process

π− + p → π0 + n

is dominated by the exchange of isospin I = 1 even parity mesons, i. e. the Regge trajectory

in figure 1.2. In figure 1.3 we plot the Regge trajectory obtained from the behavior of the

differential cross section at large s. Elastic scattering is characterized by the exchange of the

vacuum quantum numbers. In this case the scattering amplitude is dominated by the Pomeron

2See section 2.1.3 of [5] for details.

3

�� + p� �0 + nThese mesons dominate exchange in

Total cross section

� � s j(0)�1

A(s, t) � �(t) s j(t)

s⇥ �t

Regge trajectory for isospin             even parity mesons. 

Chapter 1. Introduction

Figure 1.2: The Chew–Frautschi plot. Spin J of the isospin I = 1 even parity mesons against
their mass squared. (From reference [4])

String Theory was discovered forty years ago as an attempt to understand hadronic physics.

By that time, QCD and String Theory competed as models of the strong force. Of course, this

QCD/String dispute was decided long ago in favor of QCD. However, the modern viewpoint

replaces dispute by duality, and rephrases the main question: Is QCD a String Theory?

1.1 Hadronic Spectrum & Strings

Although the fundamental particles of QCD are quarks and gluons, the confinement mechanism

disallows their direct observation. Instead, the observed spectrum is characterized by a long

list of colorless bound states of the fundamental particles. Most of these bound states are

unstable and are found as resonances in scattering experiments. At the present day, we are still

unable to accurately predict the observed hadronic spectrum directly from the QCD dynamics1.

Nevertheless, from a phenomenological perspective, the hadronic spectrum has several inspiring

features.

In figure 1.2 we plot the spin J of the lighter mesons against their mass squared m2. The

result is well modeled by a linear Regge trajectory

J = α
(

m2
)

= α(0) + α′m2 ,

where α(0) and α′ are known as the intercept and the Regge slope, respectively. In fact, most

1See [2] and [3] and references therein for attempts using the lattice formulation of QCD and the AdS/CFT
correspondence.

2

t =

I = 1



• Explore Regge theory in the context of AdS/CFT 

Goal



Strings exhibit Regge behaviour

• Explore Regge theory in the context of AdS/CFT 

Goal



Regge theory in CFT’s?
[Cornalba 07; 
Cornalba, MSC, Penedones 08]
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String fields Single trace operators

Tree level Planar level

Finite string length Finite ‘t Hooft coupling

N �⇥

ls =
�

�� ⇥ = g2
Y MN =

R4

��2

⇥O1(x1)O2(x2)O3(x3)O4(x4)⇤

�1

�2

�3

�4

� O

gs ! 0



Applications of conformal Regge theory



• Phenomenology of low x physics in QCD (not today)
After connection with pomeron made by Brower, Polchinski, Strassler and Tan in 2006
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• Extract non-trivial and new information about anomalous dimensions
[Kotikov, Lipatov, Staudacher,Velizhanin 07], graviton Regge trajectory in AdS and some 
OPE coefficients in N=4 Super Yang-Mills (today)

• Phenomenology of low x physics in QCD (not today)
After connection with pomeron made by Brower, Polchinski, Strassler and Tan in 2006
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Regge theory in String Theory

• Virasoro-Shapiro S-matrix element
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• t-channel partial wave expansion T (s, t) =
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Resume & what’s next
Strings in flat spacetime CFTd or Strings in AdSd+1

Scattering amplitude Correlation function or Mellin amplitude
T (s, t) M(s, t)

Partial wave expansion Conformal partial wave expansion
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• Correlators can be thought as S-matrix elements for AdS scattering. 
Mellin amplitudes make analogy more explicit (can write Feynman rules) 

Mellin amplitude - definition

A(xi) = ⇥O1(x1) . . .O4(x4)⇤c =
⇥

[d�]M(�ij)
�

1⇥i<j⇥4

�(�ij)(x2
ij)
��ij

[Mack 09; Penedones 10]
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Conformal symmetry 
constrains variables

Introduce fictitious 
momenta such that 

4�

j=1

�ij = 0 (�ii = ��i) “Maldelstam” variables

t = �(p1 + p2)2 = �1 + �2 � 2�12
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i=1

pi = 0 , �ij = pi · pj

s = �(p1 + p3)2 ��1 ��4 = �3 ��4 � 2�13
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Mellin amplitude - OPE [Mack 09; Penedones 10]
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• In Mellin space must have poles in t variable

M(s, t) ⇥ C12kC34kQJ,m(s)
t�� + J � 2m

, m = 0, 1, 2, . . .



• In Mellin space write partial wave expansion

Mellin amplitude - conformal partial wave expansion

M(s, t) =
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N=4 Super Yang Mills

• Correlation functions that exchange vacuum quantum numbers are dominated 
in Regge limit by exchange of pomeron/graviton Regge trajectory (twist 2)
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• Anomalous dimension (integrability)

N=4 Super Yang Mills - anomalous dimension at weak coupling
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• From known form of 4pt correlation function at two loop obtain prediction for 
behaviour of OPE coefficients between external operators and operators in 
the leading Regge trajectory around          to arbitrary high order in coupling
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• Next to leading order correlation function also known [Balitsky, Chirilli 08]
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• Anomalous dimension of string states in leading Regge trajectory know up to 
next to next leading order [Gromov et al 11]

N=4 Super Yang Mills - Reggeon spin at strong coupling
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• Can invert,                         , to learn about behaviour of graviton Regge 
trajectory around           to arbitrary high order in strong coupling expansionJ = 2
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• New prediction for the strong 
coupling expansion of intercept

N=4 Super Yang Mills - Reggeon spin at strong coupling

0.0 0.2 0.4 0.6 0.8 1.0
0.8

1.0

1.2

1.4

1.6

1.8

LO

LO

NLO

NLONNLO

j(0)

g

j(0) = 2� 2p
�

✓
1 +

1

2
p
�
� 1

8�

◆



• New prediction for the strong 
coupling expansion of intercept

N=4 Super Yang Mills - Reggeon spin at strong coupling

0.0 0.2 0.4 0.6 0.8 1.0
0.8

1.0

1.2

1.4

1.6

1.8

LO

LO

NLO

NLONNLO

j(0)

g

j(0) = 2� 2p
�

✓
1 +

1

2
p
�
� 1

8�

◆

[Kotikov and Lipatov 13]

+2(1� ⇣3)
1

�2



• Flat space limit of Witten diagram

N=4 Super Yang Mills - OPE coefficients at strong coupling
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• Equating to Virasoro-Shapiro in Regge limit make prediction for strong coupling 
OPE coefficients involving Lagrangian and operators in leading Regge trajectory

N=4 Super Yang Mills - OPE coefficients at strong coupling
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• Equating to Virasoro-Shapiro in Regge limit make prediction for strong coupling 
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• Extended Mellin technology for CFT’s to define Regge theory rigorously and 
in full analogy with flat space

Concluding remarks & future directions

• Explored consequences of Conformal Regge theory in N=4 SYM and gave 
many new predictions - useful data for program of solving theory exactly using 
integrability
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Ȳ Z̄

⇥
(x2)

�
ZDJZ

⇥
(x3)

⌅



• Some future work/directions:

- One can interpolate between a CFT in UV and a confined gauge theory in IR where standard Regge 
theory applies. Can we understand better how conformal and standard Regge theories interpolate? 
(single Regge trajectory becomes infinite sequence of trajectories) 
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would give information about OPE coefficient
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 - In N=4 SYM can we derive spin of pomeron/graviton 
Regge trajectory using integrability for any value of the 
coupling (like Y-system for anomalous dimensions)?
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