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Abstract

We study integrations over light-cone momenta in the high energy effective action of QCD. After
a brief review of the effective action, we arrive on a regularization mechanism from matching of
effective action diagrams with QCD diagrams, which we apply to a re-derivation of the reggeized
gluon and of the BFKL-equation. We study consequences of the proposed regularization on the
analytic structure of 2 — 3 and 2 — 4 production amplitudes in the Multi-Regge-Kinematics.
We derive a certain part of the 1-loop corrections to the production vertex and demonstrate that
they yield the on-set of corrections demanded by the Steinmann-relations. The Reggeon-Particle-
2-Reggeon vertex is determined and applied to the construction of various signature configurations
of the production amplitudes. We extend the proposed regularization method to states of three
and four reggeized gluons and propose a supplement to the effective Lagrangian. We derive ver-
tices for the 1 — 3 and 2 — 4 reggeized-gluon-transition inside the elastic amplitude and verify
that signature conservation is obeyed. Integral equations for the state of three and four reggeized
gluons are formulated and shown to be in accordance with a result by Bartels and Wiisthoff. In
a second part we investigate the high-energy behavior of QCD for different surface topologies of
color graphs. After a brief review of the planar limit (bootstrap and gluon reggeization) and of
the cylinder topology (BFKL) we investigate the 3 — 3 scattering in the triple Regge limit which
belongs to the pair-of-pants topology. We re-derive the triple Pomeron vertex function and show
that it belongs to a specific set of graphs in color space which we identify as the analog of the
Mandelstam diagram. We then extend the study to the high-energy behavior of N’ = 4 SYM where
we find a new class of color graphs not present in QCD.

Zusammenfassung

Wir untersuchen Integrationen iiber Lichtkegelimpulse in der effektiven Wirkung der Hochenergie-
QCD. Nach einem kurzem Uberblick iiber die effektive Wirkung erhalten wir durch Abgleich von
Diagrammen der effektiven Wirkung und der QCD einen Regularisierungsmechanismus, den wir
zu einer erneuten Ableitung des reggesierten Gluons und der BFKL-Gleichung benutzen. Wir
untersuchen die Auswirkungen des vorgeschlagenen Regularisierungsmechanismus’ auf die ana-
lytische Struktur von 2 — 3 und 2 — 4 Produktionsamplituden in der Multi-Regge-Kinematik.
Wir bestimmen einen Teil der 1-Schleifen-Korrekturen zur Produktionsvertex und zeigen, dass
sie Anzeichen fiir die aufgrund der Steinmann-Beziehungen benétigten Korrekturen liefern. Die
Reggeon-Teilchen-2 Reggeon-Vertex wird bestimmt und zur Konstruktion verschiedener Signatur-
Konfigurationen von Produktionsamplituden benutzt. Wir erweitern den vorgeschlagenen Reg-
ularisierungsmechanismus zur Beschreibung von Zustdnden bestehend aus drei bzw. vier regge-
sierten Gluonen und schlagen eine Ergénzung zum effektiven Lagrangian vor. Vertizes die den
Ubergang von 1 — 3 und 2 — 4 reggesierten Gluonen beschreiben werden fiir die elastische Streuam-
plitude abgeleitet und wir zeigen, dass Signaturerhaltung in der effektive Wirkung erfiillt ist. Wir
formulieren Integralgleichungen fiir den Zustand aus drei bzw. vier reggesierten Gluonen und
zeigen, dass diese im Farbsinglet in Ubereinstimmung mit einem fritherem Ergebnis von Bartels
und Wiisthoff sind. In einem zweiten Teil untersuchen wir das Hochenergieverhalten der QCD
fiir verschiedene Oberflichentopologien von Farbgraphen. Nach einem kurzem Uberblick iiber den
planaren Limes (Boostrap und Reggesierung des Gluons) und der Zylindertopologie (BFKL) un-
tersuchen wir die Hosentopologie. Wir reproduzieren die Triple-Pomeron-Vertex-Funktion und
zeigen, dass sie zu einer bestimmten Gruppe von Farbgraphen gehohrt, die wir als das Analog
zum Mandelstam-Diagramm identifizieren. Wir erweitern die Untersuchung auf A/ = 4 SYM und
finden eine neue Klasse von Farbgraphen, die in der QCD nicht vorhanden ist.
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Chapter 1

Introduction

Quantum Chromodynamics (QCD) is nowadays well established as the microscopic theory of strong
interactions. It is stated in terms of a non-abelian gauge theory with the gauge group SU(N,) with
N, = 3 the number of colors and with quarks and gluons as its elementary degrees of freedom.
Due to its complicated mathematical structure, an exact analytic determination of its correlation
functions is currently out of reach and one needs to apply approximative methods to arrive on
predictions from the theory. Generally, the strong coupling constant «y is large and cannot be
used as a small parameter to expand correlation functions in a perturbative series. In that case one
mainly relies on lattice models, using simulations on a computer, and QCD sum rules. Fortunately,
there exists a class of processes where the strong coupling is small and a perturbative treatment
can be given meaning: Due to asymptotic freedom [1,2], the strong-coupling constant « turns
out to be small in presence of a hard scale and consequently hard scattering processes allow for a
perturbative description.

Before the advent of QCD, Regge-theory [3] was used to describe the high-energy limit of scattering
amplitudes of strong interactions. The analysis was mainly based on fundamental principles such
as analyticity, unitarity and Lorentz-invariance of scattering amplitudes. In the high-energy- or
Regge-limit, where the squared center-of-mass energy s is considerably larger than the momentum
transfer ¢ and all other mass scales, scattering amplitudes were shown to be determined by the
position of singularities of their partial wave amplitude in the complex angular momentum plane.
Starting from the assumption that the leading singularities in the complex angular momentum
plane were pole-singularities only, so-called Regge-poles, phenomenological successful models could
be constructed, which were used to describe scattering processes at high energies. In particular,
apart from Regge-poles with the quantum numbers of physical particles, the Pomeron, a Regge-
pole with the quantum numbers of the vacuum and even parity, was introduced to explain the
experimentally observed asymptotic rise of the total cross-section with center of mass energy. By
analytical continuation, Regge-poles could be furthermore related to the spectrum of hadronic
states in the crossed channel: All strongly interacting particles turned out to lie on remarkably
straight Regge-trajectories, passing for the mass of particles through their physical spin and it was
one of the triumphs of Regge-theory, to relate experimental results in different physical channels
by crossing [4].

However it was soon realized that in a relativistic theory Regge-poles require the simultaneous
presence of branch-cuts, so-called Regge-cuts, in the complex angular momentum plane, which
could be understood to arise from the exchange of two or more Regge-poles. Starting with the
pioneering work of Gribov [5], a Reggeon-field-theory was developed [4-6], which describes the in-
teractions between the various Reggeons and physical particles. Reggeon-field-theory is formulated
in two space dimensions, transverse to the scattering axis, and one time-like dimension, given by
the rapidity variable.

As soon as QCD was identified as the correct description of strong interactions, it was natural to
ask, whether the findings of Regge-theory could be derived directly from the new, fundamental
theory of the strong interactions. Unfortunately, physics described by Regge-theory is typically soft



and there is not a hard scale which would justify a perturbative treatment. There exists, however,
a class of processes, like scattering of two highly virtual photons at high center-of-mass energies,
where the virtually of the photon provides a hard scale Q% which allows for a perturbative study of
the Regge-limit. Nevertheless, large logarithms in the center-of-mass-energy /s can compensate
for the smallness of the coupling and therefore spoil the validity of any finite order correction; a
resummation of terms enhanced by large logarithms becomes necessary. The resulting Leading
Logarithmic Approximation (LLA) resums maximally enhanced perturbative terms of the order
(asIns)™ to all orders in the strong coupling constant, which is achieved by the Balitsky-Fadin-
Kuraev-Lipatov (BFKL)-equation [7-11]. For the scattering of colored objects one finds as a result
of the LLA-resummation reggeization of QCD-scattering amplitudes: The interaction between
scattering particles is mediated through the exchange of a single Regge-pole. This Regge-pole
carries the quantum numbers of the gluon and its trajectory j(t) passes for ¢ = 0 (corresponding
to the vanishing mass of the gluon) through one (corresponding to the gluon’s physical spin).
Consequently this Regge pole is naturally identified as the reggeized gluon. With the BFKL-
equation nowadays also known within the Next-to-Leading-Logarithmic-Approximation (NLLA)
[12,13], reggeization of QCD-amplitudes is now confirmed also if sub-leading corrections are taken
into account [14] . For scattering of colorless objects the interaction is mediated at LLA and NLLA
by the famous BFKL-Pomeron. It is given as a state of two reggeized gluons and yields a cut rather
than a pole in the complex angular momentum plane.

The BFKL-Pomeron predicts for the total cross-section a power-like rise with s, which ultimately
would violate unitarity. It is therefore believed that at some value of s so-called unitarity cor-
rections will become sizable that will restore unitarity. In the last 15 years a number of al-
ternative approaches have been developed, which are meant to supplement the BFKL-equation.
Among the most popular ones are the dipole model [15-18], the BK-equation [19-21], the Balitsky-
hierachy [19,22,23] and the JIMWLK-equation [24-32]. They are all based on the idea of saturation
of gluon densities at high energies. While the power-like rise of the total-cross-section predicted
by the BFKL-equation can be attributed to an infinite rise of gluon densities, these are believed
to saturate at a certain value of s, which tames the growth of cross-sections.

Seen from the point of view of Regge-theory, the existence of moving Regge-poles allows to conclude
that the high energy behavior of QCD can be reformulated in terms of a 241 dimensional Reggeon
field theory. Such a reformulation seems to be the most comprehensive description of the high-
energy behavior of QCD, in particular to address the issue of unitarity corrections. Both ¢-channel
and s-channel unitarity can be regarded to be fulfilled automatically in such a reformulation.
Elements of this field theory are at first given by generalizations of the BFKL-equation to the
exchange of n > 2 reggeized gluons, which is described by the BKP-equation [33,34]. Furthermore
vertices describing transitions from two to four [35-37] and two to six reggeized gluons [38] have
been derived so far.

A number of remarkable properties have been found at LLA for the known elements of Reggeon-
field-theory: They are invariant under Mobius transformation in two-dimensional transverse coordi-
nate space and states of arbitrary many reggeized gluons are integrable in the large N, limit [39-41].
These properties are generally believed for QCD to be inherited from its maximal supersymmetric
extension, N = 4 Super-Yang-Mills-Theorie (SYM): Both theories coincide with each other within
the LLA. A/ =4 SYM is on the other hand known to be conformal invariant in 3 + 1 dimensions
and believed to be integrable with an enormous amount of activity in this direction in recent
years [42-51]. The above mentioned properties of Reggeon-field-theory gained further interest
with the advance of the AdS/CFT correspondence, which relates N' = 4 SYM, to supergravity
on five-dimensional AdS space [52-54]. In particular the question arises whether a gravity dual of
Reggeon-field theory in string theory exists.

In spite of all these progresses and impressive results, understanding of Reggeon-field-theory is still
limited and a complete description of the high energy behavior for QCD and its supersymmetric
extensions is not yet achieved. A systematic approach to derive for non-abelian gauge theories the
elements of Reggeon field theory promises to be the effective action proposed by Lipatov in [55,56].
The reformulation of quantum-field-theories such as QCD as effective field theories has nowadays
become a popular and powerful method for the analysis of multi-scale problems. In particular
the use of effective field theories generally simplifies practical calculations and allows to derive



results which are only very hard or even impossible to be obtained directly from QCD, due to
the sheer complexity of the underlying expressions'. Popular examples of such effective theories
range nowadays from Chiral-Perturbation-Theory [59], over Soft-Collinear-Effective Field [60-65]
and Heavy-Quark-Effective-Theory [66] up to Non-Relativistic QCD [67,68] .

A first proposal for an effective field theory for QCD in the Regge-limit has then been given in [69]
which later could be explicitly re-derived directly from the QCD-action [70,71]. A more general
effective action, which implicitly includes the first effective action, was then proposed in [55,56].
It is thought to provide a systematic approach to the unitarization of the BFKL-Pomeron and for
the determination of sub-leading corrections beyond the LLA.

In the high-energy limit, scattering particles are close to opposite parts of the light-cone and
therefore separated by a large relative difference in rapidity. The interaction between individual
parts of the amplitude is highly non-local in rapidity, which complicates the analysis in terms
of Feynman-diagrams considerably. The effective action then aims on a local description, where
the interaction between QCD-particles, quarks, gluons and ghosts is restricted to a small interval
in rapidity. Interaction between regions significantly separated in rapidity is on the other hand
mediated by reggeized gluons. To arrive at such a description, it is needed to integrate out the
modes of highly virtual particles, which spoil for usual QCD such a factorization. In the case of the
effective action this is not done in a literal sense within the QCD-path-integral, but the effective
description is obtained from the study of QCD tree-amplitudes in the high energy limit. As a
result of such an analysis one obtains apart from the reggeized gluon fields an infinite number of
new, induced vertices, which supplement the QCD-Lagrangian.

In contrast to 2+ 1 dimensional Reggeon-field-theory, the effective action [55,56] is stated in usual
3 4+ 1 dimensional space-time. For real production processes at three-level, the conversion into
a 2 + 1 dimensional description takes place automatically: The kinematics of produced particles
is fixed and the mass-shall condition of produced particles reduces amplitudes of the effective
action immediately into the required 2 + 1 dimensional form. However for the determination
of virtual corrections, an integration over longitudinal momenta is needed. While corresponding
integrations over transverse momenta can be performed by using standard techniques, longitudinal
integrations take a special role in the effective action. They contain an implicit integration over
rapidity and are therefore in potential conflict with the desired locality in rapidity. Attempting
a naive unrestricted integration, one makes the unpleasant observation that some integrals turn
out to be divergent and even worse some contributions seem to be counted twice. The emergence
of new divergences in effective theories, which have not been present in the underlying theory is
natural and occurs also for other effective field theories: Effective theories provide simplifications
in the description of amplitudes compared to the underlying full theory, which sometimes spoils
convergences of integrals due neglecting certain parts. For the effective action [55,56] this requires
to find a regularization that ensures locality in rapidity and absence of over-counting. Apart from
that, another point requires clarification, if one attempts to carry out integrals over longitudinal
momenta within the effective action: The induced vertices that supplement for the effective action
the QCD-Lagrangian yield poles in the longitudinal momenta. Whenever those induced vertices
appear as a part of an integral, a suitable prescription how to circumvent these singularities needs
to be given.

The first part of this thesis is dedicated to the study of the following points: We propose a
regularization mechanism that ensure locality of effective amplitudes in rapidity in accordance
with the underlying principles of the effective action. To arrive on such a prescription we match
the elastic scattering amplitude of the effective action at low orders in the strong coupling with the
corresponding QCD- expression, which further allows to find the correct pole prescription for the
relevant induced vertex. The obtained prescription is then used for a re-derivation of the reggeized
gluon and of the BFKL-equation from the effective action within leading logarithmic accuracy.

A suitable testing ground for the found prescription and the LLA-resummations within the effective
action is given by the determination of loop-corrections to production amplitudes: Due to the
Steinmann-relations [72], these amplitudes have a non-trivial structure with respect to their energy
discontinuities. The latter arise from logarithms and resumming them within the LLA in the

IFor a pedagogical introduction to effective field theories in particle physics see [57, 58]



effective action, the question arises in which sense production amplitudes from the effective action
are in agreement with the Steinmann-relations [72].

To arrive from the effective action on a description in terms of a field theory of reggeized gluons, a
description for states of n > 2 reggeized gluons is further needed. In particular the regularization
method needs to be extended and the pole structure of higher induced vertices is to be determined.
As a reference process we consider elastic quark-quark scattering with exchange of up to four
reggeized gluons. The description of the state of three and four reggeized gluons requires apart
from pairwise interaction between reggeized gluons, also vertices that describe transitions from
one-to-three and two-to-four reggeized gluons. For the state of four reggeized gluons the obtained
result is then shown to agree with the two-to-four Reggeon transition vertex derived in [35].

Another route for a deeper understanding of Reggeon-field-theory is given by a systematic study
of its large N, limit: In the classical paper by 't Hooft [73] it has been shown that an expansion
in the rank of the gauge group N, organizes the color structure of Feynman diagrams in terms of
topologies of two-dimensional surfaces which resemble the loop expansion of a closed string theory.
In particular with the advance of the AdS/CFT correspondence where the string coupling on the
gravity side could be shown to be proportional to N ! | this observation has gained new attention.

From the point of view of Reggeon-field-theory, it is at first the integrability of states of n > 2 of
reggeized gluons which trigger the interest in the large V. expansion. They belong, like the BFKL-
Pomeron, to the class of color factors with the topology of a cylinder. The leading term of the
large N, expansion is on the other hand given by color factors that have the topology of a plane,
and one usually refers to these leading contributions as 'planar’ diagrams. As it is the leading
term in the expansion, the ’large N, limit’ and the ’planar’ limit are often used interchangeable
for each other. Planar diagrams contribute, for example, to gluon-gluon scattering amplitudes or
to multi-gluon production amplitudes.

The integrable BKP-states belong then together with the BFKL-Pomeron to the class of processes
in which the N, leading color factors do not fit onto the plane, and the whole expansion starts
with a formally sub-leading term. An example of such a physical process is given by the scattering
of two electromagnetic currents or virtual photons in the Regge-limit, where the N.-leading color
factor has the topology of a cylinder.

In the second part of this thesis we go then one step further and consider color factors with the
topology of a pair-of-pants, Figll.Th. As a suitable process for its study we consider scattering of
a highly virtual photon on two virtual photons in the so-called triple Regge limit, Fig[[.Ib. This
process has been considered before in [35] for N, = 3 and has been shown to yield the transition
from two to four reggeized gluons.

(a) (b)

Figure 1.1: (a) The ’pair of pants’ topology. (b) Typical contributions to the triple energy discontinuity
for scattering of three virtual photons. For A" =4 SYM, the virtual photons are replace by R-currents.

In principal it is straight forward to determine the large N, limit of the yet existing result [74-76],
but the connection with the expansion in terms of topologies is not apparent: Instead of the 'pants’



it rather seems to belong to three disconnected cylinders. We therefore re-derive the result of the
large- N limit of [35] by summing only those diagrams which belong to the topology of Figl6.l and
demonstrate that reggeizing’ and ’irreducible’ terms of [35] can be attributed to distinct classes of
diagrams on the surface of the pair-of-pants. The study of these color diagrams allows especially for
a new view on the reggeization of the gluon and on the triple-Pomeron-vertex: whereas reggeization
can be understood as a feature of planar QCD, the triple-Pomeron-vertex requires a non-planar
structure, which reminds of the non-planar Mandelstam cross diagram [77].

Especially due to the advance of the AdS/CFT correspondence with string coupling ¢gs; ~ 1/N, on
the gravity side, it seems natural to use this topological approach for studying the Regge-limit of
N =4 SYM. A program to study the high-energy limit on both sides of the correspondence has
been initiated in [78]. It was found that it is convenient to use R-currents which result from the
global SUR(4) symmetry of N =4 SYM to formulate correlators which are well-defined both on
the gauge theory side and on the string side of the correspondence. For the elastic scattering of
two R-currents, both sides of the correspondence have been investigated: On the string side, the
leading contribution in the zero slope limit is given by Witten diagrams with graviton exchange.
For the gauge theory side, the impact factor of the R-current consists of the sum of a fermion and
a scalar loop in the adjoint representation of the gauge group, while the interaction is mediated in
the high energy limit by the BFKL-Pomeron.

The study has then been extended on the gauge theory side to the six-point function of R-currents
in the triple-Regge-limit in [79]. For finite N, one finds apart from the triple-Pomeron-vertex and
the reggeizing terms, a new contribution which appears due to the adjoint representation of all
particles in N’ = 4 SYM and has no counterpart in QCD. We then consider also this process with
the topological expansion of color factors and suggest a possible interpretation of the result on the
gravity side of the AdS/CFT-correspondence.

This thesis is organized as follows: Chapter 2 gives an introduction to the effective action. We
summarize the ideas that underlie its derivation, discuss the building blocks of the effective and
outline the points that need clarification for a determination of virtual corrections from the effective
action. Chapter 3 is dedicated to the discussion of the elastic quark-quark scattering amplitude. We
match effective theory amplitudes at low orders in the coupling with QCD amplitudes and propose
a regularization method for longitudinal integrations. The proposed method is then applied to
the derivation of the reggeized gluon for the negative signatured part of the elastic scattering
amplitude. Rules for longitudinal integrations of loops with 2 reggeized gluons are derived and
applied to a derivation of the BFKL-equation. In Chapter 4 we extend our study to the 2 — 3
and 2 — 4 production amplitude. We derive a certain part of the one-loop corrections to the
production vertex and show that they provide the onset of corrections needed for a fulfillmentin
of the Steinmann-relations. Furthermore we derive the Reggeon-Particle-2 Reggeons vertex from
the effective and apply it the the various parts of the 2 — 3 and 2 — 4 production amplitude
with positive and mixed signature. In Chapter 5 we extend our results to exchanges with n > 2
reggeized gluons. As a reference process we use again elastic scattering of two quarks. We present a
recipe for the derivation of the pole-prescription of higher induced vertices and explicitly determine
the pole structure up to the third order in the Yang-Mills-coupling. We formulate a scheme that
allows to carry out longitudinal loop integrals for loops containing n > 2 reggeized gluons and
determine the quark-impact factors for coupling of three and four reggeized gluons. We further
derive vertices that describe in the elastic amplitude transitions from one-to-three and two-to-four
reggeized gluons. We demonstrate that these vertices are for the state of four reggeized gluons,
together with pairwise interactions of reggeized gluons, in accordance with the 2 — 4 Reggeon
transition vertex of [35]. In Chapter 6 we discuss the 2 — 4 Reggeon transition vertex or triple-
Pomeron-vertex from the point of view of the large N, expansion. After a brief review of the planar
limit (bootstrap and reggeization) and of the cylinder topology (BFKL) we investigate the 6-point
amplitude in the triple-Regge-limit, which belongs to the pair of pants topology. We identify the
triple-Pomeron-vertex function and show that it belongs to a specific set of graphs in color space
which we identify as the analogue of the Mandelstam diagram. In Chapter 7 we extend this study
to the high energy behavior of a six-point correlator of R-currents in N'= 4 SYM. We find three
distinct classes, where one of them yields the triple-Pomeron-vertex. The final Chapter 8 contains
our conclusions. In Appendix A we present an alternative regularization scheme for the effective



action. Appendix B contains details about the evaluation of integrals.



Chapter 2

The gauge invariant effective
action of high energy QCD

In this chapter we give a short but comprehensive introduction to the principles that underlie the
effective action. In SecZIlwe recall general facts about QCD scattering amplitudes at high energies
and we motivate the formulation of an effective action. In Sec[Z:2] we consider tree-amplitudes in
the so-called Quasi-Multi-Regge-Kinematics which lay the basis for the derivation of the effective
action. In Sec[Z3] we present the effective action and its field content and give the (unregularized)
Feynman-rules. In SecZ4] we formulate the points which require clarification and which will be
studied in the following chapters.

2.1 High-energy-QCD amplitudes within the LLA

The formulation of the effective action is based on the fact that scattering amplitudes reggeize in
the high-energy-limit of QCD. In particular, the reggeized gluon is to be understood as the effective
degree-of-freedom in the ¢-channel of high-energy-QCD amplitudes.

This observation arises at first from the analysis of the elastic scattering amplitude within the
Leading Logarithmic Approximation (LLA). There, perturbative terms of the order ~ (aIns)™
are resummed to all orders, as the smallness of the strong coupling constant a; is compensated by
the large logarithm Ins. As a result of such an analysis it has been found [7-11] that the elastic
scattering amplitude, Figl2Th, factorizes within the LLA into the exchange of a single reggeized
gluon and its couplings to external particles. The elastic scattering amplitude of particles with
color indices A, B and helicities A4, Ap, takes the following Regge-form,
SLTA®)
Ma—2(s,8) =29030, Taar =905 Thpr, (2.1)

with j(t) = 1+ 3(t) the gluon Regge trajectory. As usually, the Mandelstam variable s = (pa+pp)?
yields the squared center-of-mass energy of the elastic amplitude while ¢ = (pa — p/y)? gives
the squared momentum transfer. The T ,, are generators of the SU(N.) gauge group in the
representation corresponding to the scattering particles and g is the Yang-Mills coupling constant.
Remarkably, the complete elastic scattering amplitude, Eq. 21I), is within the LLA given by
the Born-amplitude times the Reggeon-factor s°(!)| which gathers all higher order corrections.
Moreover, reggeization of the gluon occurs not only for the elastic scattering amplitude, but also
for the high energy limit of a general QCD-amplitude, where additionally n gluons are produced,
FiglZTbh. Within the LLA, production of the 2 4+ n real particles takes place in the Multi-Regge-
Kinematics (MRK) where the squared pair-energy of two neighboring produced gluons, s, =
(k. + ky_1)?, is significantly larger than the momentum transfers in the various t-channels, which
are all of the same order of magnitude:

s=(pa +p3)2 > s = (ky + kr,l)2 > qf = —t,, kr = @41 — Gry (2.2)
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Figure 2.1: The elastic (a) and the n-particle production amplitude (b) in the Regge-limit and in the
Multi-Regge-Kinematics respectively.

and we refer to Figl2Ib for the nomenclature. As the elastic scattering amplitude, Eq.([21]), the
amplitude for the production of n gluons takes within the LLA the following factorizing Regge-form:

Sﬁ(tﬁ) . Sﬁ(qg) Sﬁfliﬂ)

1 * 2 Cn,

Mo oyn =25g0340,, T & (9T oL, C* (qu, g2)e (k)] 5 7;71“ 90xprg TEp" s (2.3)
with T = —ifap. are SU(N.) generators in the adjoint representation. Similar to the elastic
amplitude, the n-particle production amplitude has the remarkable feature that the all order re-

summed expression is within the LLA given by the Born-amplitude, times a Reggeon-factor s? (-a; ),
for every squared sub-center-of-mass energy s,. One therefore observes that within the LLA the
complete interaction between s-channel produced particles in the (Multi-) Regge-Kinematics can
be reduced to the exchange of a single reggeized gluon. It is then this observation which leads to
the statement that the reggeized gluon is the relevant degree of freedom in the ¢-channel of any
QCD-amplitudes at high energies. In Eq.(23]), C,,(¢1, ¢2) is the effective Reggeon-Reggeon-Particle
vertex, which describes the production of a gluon by a reggeized gluon, and €, (k,), the polarization
vector of the produced gluon. This production vertex is an effective vertex, which contains apart
from the three-gluon-vertex also so-called induced parts:

2 2
20" (g1, q2) = 7" — 2L () — 222 (4 (2.4)
qs q1
where
Y = g () 4 gy () — 2q + @), (2.5)

is the light-cone projection of the three-gluon-vertex. The above light-cone basis is defined as

nT= n ok E =/s/2, nt.n 2. (2.6)

Light-cone vectors are therefore proportional to momenta p4 and pp of the scattering particles’.
With

kE = (n®), k", (2.7)

n case of massive scattering particles, one should first construct a suitable Sudakov-basis of light-like momenta
and then use those for the above definition.



the Sudakov-decomposition of an arbitrary four-momentum is given by

- +
n n
k=kt—+kk — + k. (2.8)
2 2
For the description of high-energy-QCD amplitudes it is further useful to introduce rapidity, which
is defined as
1.kt
Yi=-In—. 2.9
T (2:9)
In terms of rapidity, the MRK, Eq. (2:2), translates for instance into strong ordering of the produced
particles in rapidity i.e. produced particles are separated significantly in their relative rapidity.
The projections of the three-gluon-vertex in Eq.([Z4) on light-cone directions results from the
polarization tensor of ¢-channel gluons in the high-energy limit: Connecting s-channel particles
widely separated in rapidity, its polarization tensor reduces in a covariant gauge to its longitudinal
part n:[n; /2, while all other polarizations are suppressed by powers of s.

To illustrate the origin of the induced terms in Eq. (Z4]), we recall that scattering of two quarks
in the Regge-limit with production of one additional gluon at central rapidities is obtained by the
following set of Feynman diagrams:

o N R P =

In the above sum, the vertex to the right is then to be associated with the production vertex,
Eq. (24), which gathers all contributions to the production of a particle at central rapidities. The
induced terms of Eq.([24) arise from the diagrams in Eq.(6I8]), where the produced gluon couples
directly to the upper and lower quark respectively. Supplementing the three-gluon vertex with
these induced contributions, the production vertex turns out to be gauge invariant,

Culqr, g2)k" =0, kE=aq —q, (2.11)

which makes it possible to chose an arbitrary gauge for each of the produced gluons. Similarly to
the production vertex, effective vertices can be formulated for the coupling of scattering particles
to reggeized gluons. In the case where the particle A in Figl2T]is given by a gluon, we have for
the coupling of the reggeized gluon in the ¢-channel to the s-channel gluons

2ph 905 an, = €xa(pa) e, (04) Thgr(Pas ), (2.12)

where I'.7. , is the effective Gluon-Gluon-Reggeon (GGR) vertex. Similar to the production vertex
it is given as the sum of the three-gluon-vertex and an induced contribution [69-71]:

2
v v q v
FécR(pA,LI) =" t— —+(n+)u(”+) ) (2.13)
Py
with
YT = g 2ph — (W) (pa + q)” — (pa — 29)" (nT)". (2.14)

To illustrate the different contributions to the effective vertices, it proves useful to introduce a dia-
grammatic language which describes the various interactions between the reggeized gluon (denoted
by wavy lines) and the standard QCD-gluon (curly lines). The effective GGR~vertex appears then
as the following sum

= i9T5aTGoR(PA Q) = + : (2.15)
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Figure 2.2: a: The Quasi-Multi-Regge-Kinematics b: Quasi-elastic scattering of the quark B on the gluon
A, where the gluon fragments into a cluster of gluons, nearby in rapidity.

where the first diagram on the right hand side denotes coupling of the reggeized gluon to the
three-gluon-vertex, and the second diagram denotes the new induced contribution,

v : T;a/ v
§ = AL (h) = —igg" £ (n*) (n "), (2.16)
A

The vertex has the property
Thea(pa @) - v = phply —pa(n )" (2.17)

If the initial gluon A is on the mass-shell (p% = 0) and its polarization vector satisfies the Lorentz-
condition €y, (pa) - pa = 0, this vertex is gauge invariant. It is therefore possible to use arbitrary
gauges also for this vertex. The following picture arises: In the Regge-limit, interaction between
s-channel particles that are significantly separated in rapidity is mediated by a reggeized gluon,
which couples to the s-channel particles by gauge invariant Reggeon-particle vertices. This implies
that the reggeized gluon itself is invariant under local gauge transformations, apart from the fact
that it carries color indices and transforms globally in the adjoint representation of SU(N,).

2.2  Gluon production within the (Quasi-) Multi-Regge-
Kinematics

The above results suggest to reformulate QCD at high energies as an effective field theory, that
describes the interaction of QCD particles with the reggeized gluon. The idea to formulate a
calculus that describes the interaction of Reggeons and usual particles goes back to the work
of Gribov [5]. For QCD, a first effective action for the Multi-Regge-Kinematics has been derived
in [69-71]. In the following we consider the more general effective action [55,56], which allows to go
beyond the LLA and permits to derive loop corrections to the above presented LLA-amplitudes.
In following we shortly sketch the derivation of this action in presented in [55]: To this end
one uses that an action and its Lagrangian are classical objects and therefore all information
it contains about the interaction of its fields is already present in tree-amplitudes. To obtain the
relevant tree-amplitudes of high-energy QCD beyond the LLA, it is needed to extend the previously
discussed MRK to the Quasi-Multi-Regge-Kinematics (QMRK) [80], where the final state particles
are separated into several groups of an arbitrary number of particles with fixed invariant mass.
Each of these groups of particles is produced in the Multi-Regge-Kinematics with respect to each
other and Eq.(Z2]) holds now for groups rather than single particles. In particular (see FiglZZh
for the nomenclature).

kr=Zp£j) k? = fixed, r=0,...n+1, (2.18)
J
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with
s = (pA +pB)2 > Sp = (kr + kr—l)z > qg = —t,, ky = dr+1 — qr- (219)

In terms of rapidity, produced particles are grouped into rapidity clusters where particles inside
of each cluster are close in rapidity with respect to each other, whereas each cluster is separated
significantly in rapidity from the other clusters.

Similar to the amplitudes of the LLA, we attempt to arrive in the following at a description, where
the interaction between the different clusters is mediated by the exchange of a single reggeized
gluons, which couples to the produced particles by means of gauge invariant effective vertices.

For simplicity, one starts with the quasi-elastic process where the gluon A fragments into a number
of gluons, FiglZZb. Omitting polarization vectors of external gluons, we start with the following
ansatz for the quasi-elastic amplitude (following closely [55]) with production of n gluons in the
fragmentation region of the gluon A:

1
Un U _
Meaat i = Tad e aPB9ThnOrmrm - (2.20)

In the above formula, v; and d;, with ¢ = 1, ..., n, denote Lorentz and color indices of the produced
gluons, whereas 1 and a belongs to the initial gluon A. We begin with the case where two gluons
are produced in the fragmentation region and attempt to construct the effective 3-Gluon-Reggeon
vertex building all possible combinations of the usual three- and four gluon vertices and the induced
vertex Eq. (ZI6]). However it turns out that the set of these diagrams is not sufficient to build a
gauge invariant vertex and it is necessary to introduce a further induced vertex,

kyv,dy

Pa.ja

d c d c
ANV1V2+( + ot ]€+) _ - 2 2 szdl ad + szaTd1d
adidae \ParF1 5 Ro ) = w094 PR T T
2P 2 vy

) (") ()" (n7)"2,

(2.21)

which we call in the following the induced vertex of the second order, in contrast to the induced
vertex of the first order Eq. (2I6). The vertex Eq. (Z21]) can be shown to be Bose-symmetric
making use of the Jacobi-identity

d d d
szaTdCld - Td2d1 L‘fd = leangdﬂ (2'22)
and conservation of 'plus’- momenta in the quasi-elastic regime:
P+ kT +k5=0. (2.23)

The complete 3-Gluon-Reggeon vertex arises as the sum of the following contributions

rHt Wéﬁg . WE@ N m?”ii . W? + m”?& (2.24)

where we used the vertex Eq. (2I8]) to keep the expression compact. This 3-Gluon-Reggeon vertex
can be verified to be gauge invariant [55,81]

(pa)uTh 2t = (kq), TH 2T =0, i=1,2. (2.25)

For the general case n > 2 it can be shown that gauge invariance requires to introduce an infinite
set of induced vertices which satisfy the following recurrence relation

Vovt..vpt (4 4 +y _
Adgdl...dnc (kO 7I€l ?n k’r ) -

(nt)"

n

_ a  AVOVI-Vro1t + + 4 ot At +

= ZTaraiAdodl...di_ldi+1...dnc(k0 seen ki kTR R R ). (2.26)
i=0

kit
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These vertices can be shown to be invariant under simultaneous exchange of color, momenta and
polarization of the gluons making use of the Jacobi-identity Eq.(Z22) and the constraint

> k=0 (2.27)
i=0

We therefore arrive at a set of diagrammatic rules that allow to construct production amplitudes
in the quasi-elastic region, corresponding to Fig. 22b. As far as the origin of the newly intro-
duced induced vertices is concerned, one should think of them, similar to Eq. (GI])), as radiative
corrections that originate from particles close in rapidity to the particle B.

Furthermore, using symmetry arguments, fragmentation in the region of the particle B, is de-
scribed by a similar set of diagrams, with 'plus’-indices interchanged by the corresponding 'minus’-
indices. To describe then production of gluons at central rapidities within the Quasi-Multi-Regge-
Kinematics, Fig. 2.2l the usual QCD-vertices need to be combined with induced vertices with both
'plus’ and 'minus’ indices. That these combinations lead indeed to gauge invariant production ver-
tices has been verified explicitly for up to three produced gluons in [55,81]. We therefore arrived
at a set of diagrammatic rules which allows to build all tree-amplitudes within the QRMK. In
particular, these rules yield gauge invariant vertices, which describe the production of s-channel
gluons, whereas the interaction between clusters of these gluons is mediated by the (bare) reggeized
gluon, which is invariant under local gauge transformations.

2.3 The effective action of high energy QCD

It is then possible to derive an effective action which reproduces the above set of rules. It has been
formulated in [55] and is given by

Seff = /d4l’(£QCD (Ul“ w) + ﬁind(via Ai)) (228)

It contains apart from the fields v, (z) and ¥(x) corresponding to gluons and quarks respectively
the reggeized gluon field Ay (z). As reggeized gluons connect clusters with significantly different
rapidities, these fields obey the constraint

0+A+ =0. (2.29)
Furthermore they are invariant, § AL = 0, under infinitesimal, local gauge transformations
ovy = [DWX]v oV = —xU, (2.30)

where D,, denotes the covariant derivative and x the parameter of the gauge transformations which
decreases at © — 0o. On the other hand, the fields A4 belong globally to the adjoint representation
of SU(N.) and transform for constant y as

dAL = g[As, x] (2.31)

The Lagrangian of the effective action consists besides of the usual QCD -Lagrangian of an addi-
tional induced term which contains the kinetic term for the reggeized gluon field and its coupling
to gluons.

Lina(ve, Ax) =tr [(A_(v) — A) 2A4] +tr [(A_(v) — A_) 92 A,] (2.32)

where the induced Reggeon-gluon vertices take the following form

wi
Asr(v) =— é&iU(vi) = —tré@iP exp (— %g/ da:'ivi(x/))

=vs+ — gus(1/0+) v+ + g°v+ (1/0+) v+ (1/02) v — ... (2.33)
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In the above expression, v,(z) and A (x) are anti-Hermitian matrices in the fundamental repre-
sentation of SU(N.)-Lie algebra:

vp(x) = —it*vl(x), Ay(x) = —it" A% (x), [t 7] = ifebete,  tr(tt®) = % (2.34)
The above effective action describes the interaction of reggeized gluons with quarks and gluons,
local in rapidity. In terms of the amplitudes Fig. locality in rapidity means that the interactions
between particles and reggeized gluons is always restricted to a single rapidity cluster, whereas the
interaction between clusters is mediated by reggeized gluons alone. To make this statement more
quantitative, one further introduces a parameter n which can be numerically big, but which is
always significantly smaller than the rapidity-interval over which the complete amplitude extends
AY = Ins > n. Interactions between particles and reggeized gluons are then restricted to a
rapidity interval (Yy — 7, Yo + n). Reggeized gluon fields mediate the interaction over rapidity
intervals larger than n and never occur within any rapidity cluster; their propagator connects only
parts of the amplitude which differ in their relative rapidity more than the parameter n. For the
interaction of particles inside of a cluster, n takes therefore the role of an ultra-violet cut-off in the
relative longitudinal momenta, while it occurs as an infra-red cut-off for the interaction between
neighboring clusters. For physical observables, the dependence on 7 has to cancel in analogy to
the dependence on a factorization scale in hard processes.

Due to the presence of a term linear in vy, the Euler-Lagrange equations for the effective action
have even in perturbation theory a non-trivial classical solution v+ = Ay + O(g). The complete
classical solution is so far only known as a perturbative series in g [56]. In the following take the
perspective of [81] and include into the Feynman-rules a vertex that describes the direct transition
between reggeized gluons and gluons. We therefore do not subtract the gluon field vy from the
reggeized gluon A, but solve the equations of motions perturbatively.

Feynman rules of the effective action

The Feynman rules of the effective action were initially given in [81]. However as there occurred
a mixing of different conventions, we find it useful to state the relevant expressions her explicitly
another time. Our Feynman-rules have been derived from the Lagrangian according to the con-
ventions of [82] and all momenta are taken to be in-going. The Feynman-rules of the QCD-part of
the effective Lagrangian can be obtained for instance from [82]. There are an infinite number of
induced vertices. In the following we state them explicitly up to O(g?), which covers all induced
vertices that will be needed in this thesis. With g = —¢2 denoting the Euclidean, two-dimensional
squared momentum of the reggeized gluon, the induced vertex of the zeroth order, which describes
the direct transition of a QCD-gluon into a reggeized gluon, is given by:

¢ q

— = ARt =—ig? 5™ (n")", ko =0, (2.35)

apc

ao, k

where 1 is the polarization of the gluon. For the induced vertex of the first order we obtain:

]' —\ VA —\V1 - -
o — Avovit :gq2faoa1c_(n ) o(n ) , kO + ki =0, (236)

apaic k_
0

ap, ko ar, ki
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and for the induced vertex of the second order,

c.q

_ — AYovivat _ ig2q2 (fazmllfaoac N fazaoafmac) (nf)uo (nf)ul (ni)yz
ag, ko, as, ko a0a1G2C kQ_kO_ kQ_kl_ ’

ay, ky

ky + ki +ky =0. (2.37)

For the induced vertex of the third order one finds

"k = Aomievsd (2.38)

ag, ko
apaiazasc’?

ay, ky o, ko
with
B fa3a202 fczaoC1 falclc fczalcl faoC1C
Aagallaiag;cr = 93q2 |: — — [N — N7 —
kB (kO + kl )kl (kO + kl )kO
fagagcz (fczalq fagclc fczagcl fa1c1c>
+——= - ——— 1+ = —
kB (kZ + kl )kQ (kZ + kl )kl
fagalcz (f62a061 fazclc fczalcl faoC1C
ks \(ky +ko)ky  (ky + ko )ky

; )]y ey, @)

and
ko +ki +ky +k5 =0. (2.40)

Note that in [81] a general formula for the induced vertex of the n-th order has been given. Above
we stated only the induced vertices for the Reggeon-field A_(z). There exists also the same type
of vertices for the field A, (x). They are obtained by replacing all minus- by plus-labels. Besides
the induced vertices, we also obtain from the effective action as a new element the propagator of
the bare reggeized gluon

_y2 (2.41)

where the longitudinal part ¢*¢~ vanishes due to the constraint 4 Az = 0. As mentioned before,
the propagator of the reggeized gluon connects only parts of the amplitude which are significantly
separated in rapidity. With the factorization parameter 7 this constraint can be formulated by
supplementing the propagator of the reggeized gluon with 6(Y; —Y2—n) where Y 2 are the rapidities
of the clusters which are connected by the reggeized gluon.

2.4 Virtual corrections from the effective action

The above effective action can be used to determine tree amplitudes with Quasi-Multi-Regge-
Kinematics to arbitrary accuracy. In particular the production vertices needed for the derivation
of the BFKL-equation at NNLA have been derived in [81] and they have been used for the construc-
tion of real corrections in [83]. However the potential region of applicability of the effective action
should be clearly beyond the derivation of tree-amplitudes. Indeed it promises to be a powerful
tool that allows for the determination of the Regge-limit of complete amplitudes, including virtual
corrections. In particular the effective action should enable us to determine loop corrections to the
Regge-trajectory and to the vertices describing coupling of the reggeized gluons to QCD-particles,
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which are required for the determination of higher order corrections to the BFKL-equation. Fur-
thermore it should be possible to determine directly from the effective action amplitudes where
two and more reggeized gluons are exchanged in the ¢-channel. In particular, the effective action
seems to provide a self-consistent approach for unitarization of the BFKL-Pomeron.

Attempting such calculations starting from the Feynman rules of the effective action one soon
encounters a number of complications which allow not for a straight forward determination of the
desired quantities. All these complications are connected with the determination of loop-corrections
and therefore do not occur for tree-amplitudes. The following points require clarification, in order
to be able to use the effective action for the determination of virtual corrections:

e First, one needs an adequate regularization that ensures locality in rapidity of the amplitudes
of the effective action: For real particle production, the QMRK fixes the rapidity of the
produced particles, which allows to organize produced particles into local rapidity clusters.
Loop integrals extend on the other hand over the full range of rapidities, which can lead to
a violation of the locality constraint.

e Second, the operators that yield the induced vertices are singular and a suitable prescription
for the occuring poles is needed: As far as the production of real particles in the QMRK
is concerned, these poles are fixed to non-zero values by the QMRK, while integrating over
longitudinal momenta, one enters naturally also the region, where the operators become
singular.

e Third, amplitudes in the Regge-limit are known to have a certain analytical structure. This
particularly concerns the occurrence of discontinuities in Mandelstam-variables. This point
is closely connected to the ones mentioned above. Starting from a too simple prescription it
turns out that certain discontinuities are misses and one obtains incorrect results for more
complicated quantities [84].

e Fourth, attempting to determine integrations of loops that contain reggeized gluons, one finds
integrals over light-cone momenta which are not convergent. It turns out that at one-loop a
simple cut-off can be applied, corresponding to a principal values description [84], while for
the exchange of more than two reggeized gluons this procedure fails.

e Fifth, the determination of NLLA-corrections requires to consider renormalization of the
effective theory. This implies to supplement the effective action by suitable counter-terms.

In the following we address all of these points besides the last one, which is left for future studies.
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Chapter 3

The elastic amplitude

As a start of our studies of longitudinal integrations within the effective action, we discuss the
Regge limit s > —t of the elastic scattering amplitude, Fig[3l In QCD, within the Leading and

t
PN
pa bar
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Figure 3.1: The elastic quark-quark scattering amplitude.

Next-to-Leading Logarithmic Approximation (LLA) and (NLLA), the elastic amplitude or 4-point
amplitude is known to reggeize in the Regge-limit i.e. the interaction between the scattering quarks
A and B (and similarly for gluons) is mediated by a single reggeized gluon. For elastic-scattering
amplitudes with quantum numbers that due not allow for the exchange of a single reggeized gluon,
the interactions is mediated by two or more reggeized gluons. In all these processes, the reggeized
gluon is always associated with the 'Regge-limit’ of a certain sub-4-point-amplitude. The elastic
scattering amplitude is therefore not only an interesting object to be studied within the effective
theory, but it constitutes also one of the basic building blocks of the effective theory, as only the
associated 4-point amplitude allows a proper definition of the reggeized gluon.

The outline of this chapter is the following: In SecB1l we study reggeization of the gluon within
the effective action. We will derive a prescription for (longitudinal) loop integrals of gluon-loops,
to which at least one reggeized gluon couples and demonstrate reggeization of the gluon in the
effective theory by resumming a certain class of diagrams. In Sec[3:2] we consider the state of two
reggeized gluons as a first example for interactions between reggeized gluons, which will lead us to
the BFKL-equation.

The kinematics of the process that is studied here is the following:

As depicted in FigBIl we consider scattering of two highly energetic quarks, with almost light-
like momenta pa and pp which are close to the minus and the plus light-cone. In particular
p;{ > p, and pp > pg. The two quarks have therefore mass m?% = pjgp;‘ and m% = pgpg, which
within the LLA can be taken to be of similar size of the absolute value of the momentum transfer
\/m . In particular, to a good approximation we have s = (pa + pp)? ~ pjpg. The error of this
approximation is of the order m?/s and as the general accuracy of the effective action is not higher
than 1/s, those corrections will be frequently neglected, whenever it facilitates the calculations.
The difference in rapidity of quark A, Y4 = 1/2In(p}/py), and quark B, Y5 = —1/2In(pg/pk),
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is given by

Jr —
Yip = Lo (pfpf> :1n< i ) (3.1)
2 PaPB mamp

where the last identity holds with power accuracy and is therefore exact within the effective action.
In the Regge-limit s > —t,m%, m% the two quarks are therefore separated by a large difference
in rapidity. Furthermore we introduce a four-momentum ¢ = ps — p/y = p/y — pp with ¢t = ¢*
which yields the momentum transfer. In the Regge-limit, ¢> = ¢ = —¢?, where we indicate with
bold letters two-dimensional, Euclidean momenta. If not indicated otherwise, we always use the
Feynman-gauge in our calculations.

3.1 The reggeized gluon in the effective action

In QCD, the scattering quarks interact at tree-level by exchange of a single gluon, Fig[3.2h. As the
Lagrangian of the effective action contains the complete QCD-Lagrangian, this graph exists also
in the effective theory. However in the effective theory, this graph comes with the restriction that
the scattering quarks are close in rapidity. More accurate, introducing a factorization parameter
1 which separates interactions local in rapidity from non-local ones, this graph describes only
the scattering process, if the difference of the scattering quarks’ rapidities, Yap, is smaller than
7. In the Regge-limit, however, Yap > 7 (for any meaningful value of n): The quarks are non-
local in rapidity and they interact within the effective action not by a QCD-gluon, but by a
reggeized gluon, Figl3.2b. This case is of course highly trivial, but it illustrates in a simple way the

(a) (b)
Figure 3.2: Tree-level diagrams in QCD and in the effective theory. For the effective theory we will take
from now on the convention that the reggeized gluon couples directly to the quark in an apparent way.
underlying principle of the effective theory: Interactions local in rapidity are described by standard
QCD-degree-of-freedoms, whereas non-local interactions by reggeized gluons alone.

For later reference, and as the coupling of one gluon to one reggeized gluon has no kinematical
meaning, it is useful to define the effective quark-reggeized gluon-quark vertex:

pz‘§+1p7 _rB I igt?jMa k= =0. (3.2)
k,a k,a

For on-shell quarks, the Quark-Quark-Reggeon vertex is in the Regge-limit given by

+.aAN o . ,
TooR = p:I:FaQ)\QAR = ux (p')igtl;n” ua(p) ~ tfj192pi5/\x- (3.3)

which yields for the tree-level amplitude in the Regge-limit

ME<S, (s,t) = —itiarigt™y -ntua uprigty -n"upg

1

_ 1
=20 pEgtaa ?gtcBB" (3.4)

In the following we shall discuss corrections to the tree-level-diagram Eq.(34]). In doing so, we
focus on corrections that yield large logarithms in the center of mass energy s and make use of
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simplifications due to the LLA. In principle this allows to neglect any dependence on a transverse
scale and similarly on the factorization parameter 7. On the other hand a consistent formulation
of the effective theory requires cancellation of any arbitrarily introduced scale and we will therefore
also demonstrated how such a cancellation can be achieved.

3.1.1 Central rapidity diagrams and the gluon trajectory function

In this paragraph we focus on the central rapidity diagram CR in Figl33l where both reggeized
gluons couple to the gluon loop by an induced vertex. As we will see, this diagram yields the
gluon-trajectory-function, together with a large logarithm in s. That this type of diagram yields

y
y

> ppk™

CR QCD1 QCD2

Figure 3.3: The central rapidity diagram of the effective action, where both reggeized gluons couple to
gluon by an induced vertex. It arises for a particular kinematical limit out of the two QCD-diagrams to
the right

the gluon-trajectory and that their resummation leads to reggeization of the gluon, has been already
noted in [55]. Apart from the diagram CR, Fig.[3:3] there are also central rapidity diagrams, where
the reggeized gluons couples to the gluon-loop by a three- or four-gluon vertex, see Fig[3.6l Their
loop integral does not contribute within the LLA. They will be shortly addressed at the end of this
paragraph. Using the unregulated Feynman rules of the effective action, see Sec.[Z3] the diagram
CR of Figl33 yields the following expression:

dk*dl i/2 [gg* [ —i —i 9@ 2
CR ¢
t) = sTg '
M (S =9 / / 2 < —k— k2 + i€ (C] - k)Q + i€ k+ q2 Qon

(3.5)

The term within the big bracket represents together with the integral the gluon loop, to which the
reggeized gluons couple. Note that the loop-integral in Eq.(33]) contains implicitly an integration
over the rapidity Y; = In(k™/k™)/2 of the gluons inside the loop, which extends from minus to plus
infinity. Furthermore, any rapidity-dependence inside of the integrand of Eq.([3.3]) cancels and the
expression is not restricted to central rapidities, but highly non-local in rapidity. The derivation of
the effective action on the other hand requires that interactions of usual QCD-degrees-of-freedom,
quarks and gluons, are restricted to rapidity intervals AY < 7, while any interactions, that extends
over rapidity intervals AY > 7 is mediated by reggeized gluons alone. For real particle production,
from which the effective action has been originally derived, the rapidities of the produced particles
are fixed and they are either close or not. For the loop integrals of virtual corrections on the
other hand, we integrate at first over all rapidities which requires to implement a restriction to
central rapidity values. In principle this can be done by applying straight forward cut-offs to
the rapidity /light-cone-momenta of the longitudinal loop integral. However this method has some
drawbacks as it does not allow to include correctly phases: The imaginary part of the reggeized
gluon is lost and therefore also its signature.

To provide an appropriate prescription and regularization of the integrals over longitudinal mo-
menta k* and k7, it is instructive to compare the above effective action diagram with the under-
lying QCD-amplitude, from which the effective action diagram arises. In the Regge-limit, at one
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loop, the relevant QCD-diagrams are given by diagrams QCD1 and QCD2, Fig. 3.3 with exchange
of two t-channel gluons. Their sum is given by

iMqep =
Lo fd'% (gt yMi(pa — K)igteateigtea2i(pa — 4+ K)igtt
= —4uA/(pA) 5 - R UA(pA)
2 J(27) (pa — k)2 +ie (pa —q+ k) +ie
% _igNIVl _igquz
k2 +ie (¢ — k)% +ie
. igtI i (ph + K)igtey?  igtey2i(ps) 4 — K)igt A
uB/(pjg)(g 77 2}6)9 1" gty ips) 2%)‘9 gl )uB(pB).
(pB + k)2 + ie (pB +q— k)% +ie

(3.6)

Making use of simplifications that apply due to the Regge-limit such as neglecting small longitudinal
components of external particles and restricting to longitudinal polarization of the ¢-channel gluons,
which amounts to replace the polarization tenser g,, by its longitudinal components n:[n; /2, we
arrive at

dktdk~ d?k (tcl tcz)AA/ (thtcl)AA/
. 4
iMacp =g (pApB)/ o / em? \ - _ k2 +m?, fie e _ (q—k)2+m2 +ic
T T
pA*k+ PA+7€+
1 1 (trt) g (tt“) ppr (3.7)
ktk— — k2 +icktk — (q - k:)2 + i€ kt+ — (g—k)2+m%—ic —kt — k2 4+m% —ie '
pgt+k— pp—Fk~

To re-obtain the effective theory diagram CR, Eq.([33), we further need to expand the terms inside
the big brackets in Eq.(3), in pk~ and pgzk™, which correspond to the squared center-of-mass-
energies of the quark-gluon-sub-amplitudes. We obtain

$C14C2 tc2c1 + + 1
k2 2 - ( k)2 ) 3 — = tcl t02 —+pA R + tcztcl + pA . + ( + )7
_k—_%k:“ k——% —phk— +ie phk— +ie phk—
Pa— Pa
te1gc2 tez¢ct _ erjen s a1 g 1 )
kt — % _kt — ’“2#%“6 Pkt +ie —ppkt +ie Pkt
pB - pB_ -

(3.8)

Building symmetric combinations of the SU(N,.) generators, t“1¢t®2 — {t°,t°2}/2 the poles in
k= and kT cancel and we obtain no logarithm in s from Eq.B1). In the effective action, this
contribution is contained in a different diagram (see Sec[3:2)) and appears as a state of two reggeized
gluons. For the antisymmetric color combination ¢°1¢°2 — [t“1¢2]/2 = jf<12¢¢/2, the QCD
diagram coincides with Eq. (83), as long as we take into account only the most leading term of
the expansion Eq.([3:8)). This is however only meaningful, if the squared center of mass energies
of the quark-gluon-sub-amplitudes pjk_ and ppk™, are larger than all other scales inside the
denominators on the left hand side of Eq.(38). To give meaning to Eq.([33), it is therefore necessary
to implement a certain lower cut-off on pjk’ and ppk™. This can be achieved by making use of
a property of the following Mellin-integral:

lim
v—0

00 —\ ¥ 1 +k/‘7 Aa
OFico g 1 (ip2k> _ lpak™| > 59)

0—ico 2TIW+V Aa 0 otherwise ,

where the contour of integration runs along the imaginary axis, to the right of the pole at —v. The
above method has compared to the the cut-off regularization the advantage, that it allows to give
already the bare reggeized gluon the analytical properties of the reggeized gluon. In particular, the
parameter —v acquires in the above the interpretation of an infinitesimal small Regge-trajectory
and Eq.(33) allows to specify the phase of pjk’. This allows to introduce signature also for the

bare reggeized gluon. Depending on the choice of sign inside the bracket, Eq.([33), has a branch
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cut along the negative (+) or positive (—) pfik~ axis. These branch cuts should be associated with
production thresholds of the underlying QCD-amplitude and they should therefore coincide with
imaginary parts of the QCD-amplitude, Eq.([38). Restricting to antisymmetric color exchange
and neglecting terms of the order kT / pjg, the combination of quark-propagators in the first line of
Eq.[B33) takes the following form:

1 —ph _ —Ph
2| phk~+k24+m% —ie —phk— +(q—k)2+m? —ic]

(3.10)

The first term acquires an imaginary part or rather a discontinuity only for negative values of pjk’,
while for the second term, the discontinuity is present for positive values of p}ik~. In Eq.(3I0)
only pole-discontinuities occur. However including higher order corrections to the quark-gluon
sub-amplitudes, these poles turn into branch cuts. It is therefore natural to identify the imaginary
parts of Eq.([BI0) with the branch-cuts of Eq.([33) which yields

Jr _ . w—1 Jr _ . w—1
Pk~ —ie B —pak™ —ie
( - ) (7&1 ) ] . (3.11)

Note that the above prescription found for the branch cuts coincides with the Feynman rules for
bypassing singularities [85]: singularities on the real axis are circumvented by leading the contour
below the negative real axis and above the positive real axis. Together with the requirement
that reggeized gluons carry negative signature, this rule allows to derive the right ie-prescription
without referring to the underlying QCD-Feynman diagram. We shall make use of this during later
parts of this thesis. From a diagrammatic point of view, the regularization Eq.([33) belongs to the
propagator of the reggeized gluon as this is the only non-local part of the effective theory. In this
sense, Eq.([39) gives a particular realization of the constraint that all interaction that is non-local
in rapidity, is mediated by a reggeized gluon.

To evaluate the loop integral in Eq.(33]), we replace the pole 1/k~ by Eq.(BI1) and further perform
a similar replacement for the pole 1/k*. As Eq.(3I1) yields a Reggeon with negative signature and
trajectory —v and as signature is generally conserved for the elastic amplitude [5,86], we expect
that also the complete reggeized gluon has negative signature. This is indeed the case. Performing
the afore-mentioned replacements, we start with the following expression for the central-rapidity
diagram CR:

p} . dw 1
1m -—
Agv—0) dmiw+v

‘ . dk+dk~
lMCR(S,t) :SPQQR/T

i/2 [dw 1
q? 4mi wy + v

ph (—pjgk_ — ie)wl N ph (pjgk_ — ie)wl
p:‘gk7 + /L.E Aa pjk7 — ie Aa

(—g2AQ)t/‘ch i i o
2 2m)3 k2 +ie (q— k)2 +ie

i/2 [dwy 1 Ps <ﬂ%ﬁ—k)m+ Ps <@k“4ﬁw Fe
q* ) Amiwy +v | pgkt +ie Ay ppkt —ie Ay Qe
. dwq dwy 1 s 1 Py “2

_ tree ) e FA A B 12
iMye(sit) [ 5 [ G2 B Ao ) ——|BE| (3.12)

with
A@)w)_(m%%f)/dek/ Lk 1 1

N 2 27 (2m)3 k2 + i€ (¢ — k)2 + ie

1 1

5Kk*—i@ﬂf1—(—k*—wawrﬂ]§Kk*—i@W*l—(—k+—i@W*ﬂ. (3.13)

In our notation we suppressed the dependence of A(wy,ws) on t = q2. To evaluate the longitudinal
integrals we start with the integration in £~ and restrict ourselves first to the case k™ < 0. Then
only the cut (—k~)“* along the positive axis contributes, while for the cut along the negative axis
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kY <0 k™ k<0 k=

X X

Figure 3.4: The complex k™ -plane for k™ < 0 for the left and the right hand cut respectively. The crosses
indicate the position of the poles from the gluon-propagators 1/(k? + i€) and 1/((q — k)* + i€).

the contour of integration can be enclosed without encircling any pole or branch-cut. For k* > 0,
on the other hand, it is the branch cut along the negative axis that contributes. In both cases
the k£~ -integral can be evaluated by taking residues of the poles of the gluon-propagators and we
obtain

_ (-9*Neg®) [ &k (k2) ((g—F)*)*
o) = S0 5 o i~ v ow
e*’iTrLUQ + 0 +
. +1 (A CZZ (k+)w2 w1 +/w%(_k+)w2m)' (3'14)

Within the LLA, we further replace! (k:z)“’l and (q — k)?)“! by (g?)*!, and we find:

PN, [ Pk —q® ™41, Lara
Aoron) = 100 [ 2@ T gy [T 2 ) (3.15)

To evaluate the integral over kT, we first need to specify, which of the two w;-contours, i = 1,2 is
to the right of the other. As there is no singularity to the left of the w; and ws contours, we are
free to chose Rews > Rew;. With such a choice, we obtain for the integral over kT

/ B iy =— L i (g (3.16)
0 kT Wy — wy p—co r ' '

To give sense to this result, we need to move the ws contour to left of the singularity at wo = w1,
i.e. we pick up the residue at wy, = w; while the remaining part vanishes as now ws < w;. Of
course we could have been equally well started with Jews < Rew;, and one can verify that this
leads to the identical result. In short, the above kT-integral yields nothing but a delta-function
27id(w1 — w2) and we obtain

—q? — ie)¥2 2 je)w2
A(wr,w2) :5((12) [( 1 il ) }

5 27Ti(5(¢d2 — wl), (317)
with
g>N, A’k —q°
2
1
/ 271)3 k2(q — k)2’ (3.18)

the gluon trajectory function. For the complete diagram we obtain

dw 1 o AN
. CR _ A qtree i 3 - pAqu PaPpq
MO s, 0) M55, 0800) [ b | (AR (2arat) ]
 \ rbree 1 PP PAPRa’
=iME5 (s, t)B(a); {1 ( 4 ) ( j‘\ ib . (3.19)
One can define now parameters
Aa b
)\a,b = ’ s (320)
ma,Bv q?
which allow to write the above result as
, 1 PAPB PAPB
_ tree - _rAFB AFB _
CR = iM5°5 (s, t)ﬂ(q)2 [1D ( —mAmb> +1n (mAmB In (AgAp) | - (3.21)
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Figure 3.5: Diagrams in the quasi-elastic regions of quark A and B resp., that cancel the cut-off dependence
of the central rapidity diagram CR.

Within the LLA, all transverse scale are of the same order of magnitude and we can set A\, = 1.
In general, the parameters A, are supposed to cancel with quasi-elastic diagrams, Fig[30l How
this can occur in detail, will be addressed in Sec[3.1.3]

In the above calculation, a certain regularization scheme has been used, that imposed certain
lower cut-offs, A, and Aj, on the squared center-of-mass energies of the corresponding quark-
gluon sub-amplitudes. This regularization scheme is very plausible, as it exactly imposes the
requirements that are needed to obtain the effective theory diagram from the underlying QCD-
diagram. Furthermore, taking residues of the gluon propagators during the above calculation,
we explicitly set kTk~ = (g — k)% and kTk~ = k2. Together with the bounds p{k~ > A, and
ppk™ > A, and with k? ~ (g—k)? ~ ¢* in the LLA, the rapidity of the gluon Y}, = In(k™/k™)/2 is
then restricted to central values , Vi € [~ In(Aa/\/@2p}), In(Ay//q%pp)] as expected and required
for the central rapidity diagram. Also the imaginary part and therefore negative signature of the
reggeized gluon are mapped obtained correctly. Nevertheless the method has some drawbacks:
To obtain the correct gluon trajectory function, it has been necessary to neglect a dependence of
the Reggeon-factors on transverse scales. This dependence is irrelevant within the LLA, but has
to be included if one goes beyond the LLA. At the present stage it is not clear, whether such a
contribution is meaningful or not within the NLLA. In the recent literature [87] it has been reported
that difficulties arise with certain LLA-regularization schemes if used for NLLA-calculations. The
whole setup of [87] differs from the present one. Particularly our method of regularization is at
first not related to the one to which [87] refers. Nevertheless we want to note that it is also possible
to introduce a scheme which imposes the lower bound directly on the rapidity of the gluon loop,
rather than on (sub)-center-of-mass-energies. Some details about this scheme are presented in
Appl[Al and we refer there for details. Within the LLA, both schemes yield identical results and
none of the schemes can be ruled out.

T
o

Figure 3.6: Further diagrams that occur from the effective action for the central rapidities. Their sum
yields zero result.

CR1 CR2 CR3 CR4

Besides the diagram CR, which we discussed so far, there are also diagrams, in which one or both
reggeized gluons couple to the gluon-loop by a three or a four-gluon vertex and there is furthermore
a diagram that contains a ghost-loop. These diagrams are shown in Fig[3.6l In their sum, these

INote that this only applies within the LLA, where all transverse scales are of the same order of magnitude. For
higher accuracy, a further non-zero contribution is obtained from the above calculation.
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diagrams yield the following expression

5 N, [dkTdk= [ d’k i/2 1 1
1 2 4 = 1—\0 2+4%¢ A
CRL+CR2 +CR3 + CRA = sligors™ 3 / 27 /(277)3 @ k2 +ic (q— k)2 + ie
/2=,
(2k* +2(q — k)* — 8¢°) —/2 Hor- (3.22)

q

Unlike the diagram CR, Eq. (3:222)), contains no pole in a light-cone momentum. It is therefore
possible to evaluate the integrals over k™ and k= without introducing any regularization: The
integrals are convergent, all singularities lie on the same side of the integration contour and the
integral gives zero result.

On the other hand, the momentum structure of the above denominators is simplified due to the
coupling of the reggeized gluons. This is only justified, if the the squared sub-center-of mass
energies pjk* and pzk™ are large. Furthermore, introducing a regularization allows also to take
explicitly into account negative signature of the reggeized gluon. It seems therefore plausible to
introduce an analogous regularization by a Mellin-integral also for these contributions.

Within the LLA, the question cannot be answered whether one should include a regularization for
these diagrams or not: In any case the integral does not contribute within the LLA. The answer
to this question lies at the NLLA: In that case, the integral still vanishes if no regularization
is included, while it is non-zero with regularization. For the following discussion we take the
convention that the Mellin-integral should be also used for those diagram that do not come with
an explicit pole in kT and k~. The definite answer however can be only given if corrections beyond
the LLA are considered.

3.1.2 Reggeization of the gluon

(a) (b)

Figure 3.7: (a): Type of diagram that need to be resummed to obtain reggeization of the gluon. (b):
The two-loop example

With the leading non-trivial order of the reggeized gluon derived, we demonstrate in the follow-
ing that reggeization of the gluon arises within the effective action by resumming diagrams like
Fig. B h, which contain an arbitrary number of gluon loops. We start with the diagram containing
two gluon loops, Figl3Th: Every reggeized gluon couples to the gluon loops by an induced ver-
tex of the first order which yield poles in the light cone momenta [™,1~ and k™, k™ respectively.
While at one-loop, both poles could be identified with the most leading term of the expansion of
the regarding quark-propagators, in the two-loop case the poles in [t and k£~ arise due to a gluon
propagator inside a QCD-ladder graph, as illustrated in Figl3.8h. Without going into details about
the structure of the underlying QCD-graph, it is clear that these poles arise from an expansion
of a QCD 4-point amplitude, similar to the one-loop case. This requires to impose again a lower
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bound A, on the squared sub-center-of-mass energy [Tk~. We therefore insert for the combination
‘induced vertex’ times 'reggeized gluon propagator’ times 'induced vertex’ the following expression
into the diagram

@y, fly 2, f2

byb iq’
N R R O e S

(3.23)
iy dws A% _ _
k q—k 3 c |: _l+k+_‘ w3 1_ l+]€+—. w3 1:|
x 41 w3 + v ( 26) ( i) '

by, bo, 1y

Again the cut-off A, needs to be canceled by a similar contribution in a different diagram. While
the cut-offs A, and A, are canceled by diagrams in the quasi-elastic region of the scattering quarks
(see SecBT3), we expect ’intermediate’ cut-offs like A. to cancel with the corresponding part in
higher order corrections to the trajectory function, see Figl3:8b. Making repeatedly use of our

(a) (b)
Figure 3.8: (a): QCD-ladder graph where the vertical gluon propagator leads to the poles in I* and
k™. (b):Summing NLLA-diagrams, like the one to the left one expects to obtain a contribution that

is proportional to the product of two gluon trajectories functions. The cut-off A. separates this local
(rapidity) contributions from the non-local contribution at the rhs.

result for the function A(wi,ws), Eq. (B17), we obtain at two-loop the following result

dw $(¢®) 1|( phrpa'\”  (phrpa')”

27 (w4 v)3 2 Ao ApAc Ao ApAc
Within the LLA we replace the cut-offs by a typical transverse scale of the process, AgApA. =
mampq?, for instance, and with this choice, one obtains similarly for the diagram with n-loops

n (2 +,.— w +,,— w
SMEA Moop () e (o )X/d_w_ B8 (q?) 1[(_ pApB> +<pApB) |

M —M5s.0) % [ (3.24)

27t (w + v)n Tl 2 mampg MAMEB

(3.25)

Summing over the number n of gluon loops, we obtain with

nz_% w+V n+1 _CU"‘V_ﬁ(q) (326)

reggeization of the gluon:
dw 1 1 pirg \* phos \”
LLA tree AFB AB
= )t — || —=—= . 3.27
MEES (s,0) =M o.0) ¢ [ 52— [( Libp )y (Labp (3.27)
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Inserting Eq. (84) for the tree-level amplitude, the result can be written in a form that makes
negative signature of the reggeized gluon apparent

£ (w)

dw 1
MEE (5,0) = 2°2 [ 22 =

2miw — B(q ‘mAmB

(W) =™ 4 1. (3.28)

From the point of view of the effective action, the following representation is however more ade-
quate:

w

+ —_
2L Lppr(pB, q)- (3.29)
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i/2 €7 (w)
2

ZM%E:% /_FPPR PA,q ) 2 W — 5((1)

Here I'ppr(pa, q) are the Particle-Particle-Reggeon vertices which describe the coupling of a par-
ticle, a quark (P=Q) or a gluon (P=G), to the reggeized gluon in the ¢-channel. Corrections due
to resummation of central rapidity-diagrams as illustrated above, are then taken into account, by
replacing every bare by the resummed reggeized gluon. Due to the non-local nature of the reggeized
gluon, it is needed to consider a reggeized gluon always as an object embedded into a minimal
elastic amplitude which yields a well-defined dependence of the reggeized gluon on the squared
center-of-mass energy of the sub-amplitude, s = pjgpg, and its momentum transfer, t = —g%. We
note that for the reggeized gluons s should be always defined as the product of pjg and pjp, also if
transverse components and other light-cone momenta of the particles A and B are non-zero. For
the description of reggeized gluons it is furthermore advisable to keep explicitly the Mellin-integral.
Due to Eq. (33, it provides a natural implementation of the non-locality constraint in rapidity of
the reggeized gluon.

3.1.3 Quasi-elastic corrections

Before finishing the discussion of the singe reggeized-gluon-exchange, we demonstrate how a cancel-
lation of the previously introduced cut-offs can occur if one goes beyond the strict LLA. The quasi-
elastic diagrams QEA and QEB, Figl3d do not contribute within the LLA, but only at NLLA.
Also we do not attempt to determine the full quasi-elastic-corrections to the quark-reggeized-gluon
coupling, but are merely interested in the logarithmic part that should allow a cancellation of the
above introduced parameter A\, and A,. It is further natural to expect, that this contribution oc-

Y 2 &

QEA QEB QEACR

Figure 3.9: Diagrams in the quasi-elastic regions of quark A and B resp., where the reggeized gluon
couples to the loop by an induced vertex. To the left a higher order example

curs inside the diagrams QEA and QEB which contain an induced vertex. Like the central rapidity
diagram CR, these diagrams arise from the QCD-diagrams QCD1 and QCD2, Figl33l in a certain
kinematical limit. Diagrams where the reggeized gluon couple to the gluon-loop by a three-gluon
vertex, are expected to lead to usual QCD-vertex corrections and are not of interest to us in the
present context. Also for the diagram QEA we attempt in the following to extract only its leading
logarithmic part, needed for the cancellation, while we discard all other contributions. For the
diagram QEA in Figl33 un-regularized Feynman-rules of the effective action lead to the following
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expression

MO t) = [ it — gt LAt u(pa)
—i —i fabe 2/2 ~ e
u(pp + q)igtn u(pp). (3.30)

k2 4 ie (g — k)2 +ie kT q22

Due to on-shellness of the quark A and A’, ¢= = (g + m%)/p} and p, = m?/p} are small
and neglected in the following. For quasi-elastic corrections, the requirements imposed by locality
in rapidity are more involved than in the previously discussed case of central-rapidity diagrams:
Namely it is needed to combine two constraints in that case: From the point of view of the loop
build from the quark and the gluons in Fig[3.9, diagram QEA, rapidity of the gluon-loop Y}, is
restricted to the [Ya — n,Ya + 7], with Y4 the rapidity of the quark. While Y}, is bounded from
above by the sheer structure of the integrand in Eq.([330), a regularization for the lower end is
required that ensures that this bound is fulfilled. Anticipating that integral over longitudinal
momenta will be performed by taking residues of the gluon-propagator, the gluon can at least
with LLA accuracy be regarded as being close to the mass-shell also in the present case. Imposing
therefore a lower bound pgk"’ > pjgpg /A will result in a constraint Yx > Y4 — In A\, which sets
the rapidity of the gluon inside the loop close to the one of the quark A. From the point of view
of the reggeized gluon, on the other hand, the requirement arises that the rapidities of the gluon
loop and the quark B respectively are significantly separated. For the leading order diagram QEA,
FiglB9 this is fulfilled automatically as long as scattering of the two quarks takes place in the
Regge-limit. Including however higher order corrections in the central-rapidity region as diagram
QEACR, Figl39 it is needed to make this constraint explicit.

Making use of Eq.([39) and Eq.(3II)) we propose to use the following regulated expression:

MI s, 1) /_FQQR(w /\a7pA7q)Z/2 L | Zirs wFQQR(pB,q% (3.31)
q? w+v | mamp
with
Loor(w, Aa;pa, q) = Toor(pa, Q) v+ (W, Aa), (3.32)
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(o, 3) = —g2N,q? / dk*dk/ &2k ph -kt 1 1
N Aa) = 2 27 (27)3 (pa — k)2 —m? +ie k? +ie (¢ — k)% + ie

dw'  pg A W w1 _ w1
mw’p—Bw (p:;é) [(kaJr — ze) — (—ka+ — ze) ] . (3.33)
In the above expression we therefore use a combination of two Mellin-integrals to impose the
required bounds. Furthermore they allow to write the complete expression in a factorized form,
which allows to include in a simple and straight forward way corrections from the central rapidities
or the quasi-elastic region of the quark B. The Mellin-integral in ' in Eq.([3.33)) ensures then that
the gluon loop is close in rapidity to the quark A. Carrying out this integral one picks up to pole at
w’ = w and the w'-factors in Eq.[333) combine with the w-factors in Eq.[33). Together the lead
to the constraint pzk™ > mg—TB i.e. the product pgk™ is required to be bigger than the typical
transverse scale, which seems to be a reasonable constraint, taking into account the discussion of
the previous paragraphs.

In Eq. (333) the integral over k~ is only non-zero if p}; > k™ > 0, and taking residues of the gluon
propagators we obtain

2 2 / ph + w’
—9°N.q dw' 1 / A dk w o1 [ Aa
Aa) = — k ED)Y | —
A/Jr (wa ) 2 47_” W/ —w 0 k+ [( ) ( ) ] p:l,4-
d’k 1 1
/ 27)3 2 k+ 2 2 .2 k+ 2 2\’ (3-34)
(2m)* (q — k)2 = = (k2 + ) k2 = 5= (k2 4 m3)
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We are only interested in the leading logarithmic part of the integral, which is proportional to 1/w.
It arises from the region of integration with strong ordering of momenta, pj > kT. We obtain

_ [ 1 W' w18@ _ B(@) [(=Aa)” + (Aa)”
1) = [ T (2 + ()1 2D = 2 maGO S NN CES
where we set Rew’ > 0. We obtain for Eq.(331])
+,— _ w w
iMQEA(S,t) _ three(&t) / d_w 1 PaPp 6((]) ( )\a) + ()\a) -1 , (336)
2Miw+ v |mamp w 2
and with v — 0 we find
ree In(—=MXg) + In(A,
MO e s, 1)3(g) 2L T 10O (3.37)
and similarly for the diagram QEB
In(—A In(A
MOEB _gizee (s 1)3(q) 220) () (3.38)

2

As a consequence, in the sum of central rapidity and quasi-elastic diagrams, the dependence on
the the parameters A\, and A, cancels as required

QEA CR QEB __ ) tree 1 PAPE PAPE
M + M7+ M = M55 (s,0)8(q)= |In | ——- ) +In | ——=- ]| . (3.39)
2 mampg mampg
It is also straight-forward, to verify with Eq.[330) cancellation of the parameter )\,, if correc-
tions that lead to reggeization of the gluon like diagram QEACR in Figl30 are additionally
included. With central-rapidity diagrams resummed to all orders (and treating those within the
LLA) Eq.(334) turns into

. . do 1 PAPE
QEA t) = tree t /_ AB
iM (s,t) = iM™(s,1) i B@) |mams
. do 1 pars | oy, Bl@) 1
_ tree ¢ 4 /_ AFB (=) Aal® — . 3.40
IMEE(s,t) | 5= (@) |mams E7(wW) == | Al W) (3.40)
In the second line of Eq. (B40), all corrections that formally belong to the Quark-Quark-Reggeon
vertex at NLLA are contained in the squared bracket to the left. As all of parameters inside
the bracket are small in comparison with the difference in rapidity Yap, we therefore expand
this bracket up to order g2, which corresponds to the order of the additional correction of the
additionally included quasi-elastic diagram. We expand up to order w and arrive at

iMQEA(S,t) _ three(&t)/ dw 1 pjgpg 6(7)(&]) ﬁ(Q) ln(_)\a) + ln()\a).

2w — B(q) |mamp w 2
The above expression has now to cancel the corresponding factor )\, in the diagrams of Sec3.1.2
where this dependence is kept explicitly. From Eq.([324)) and Eq.([327) we find, converting A 4 into
Ao according to Eq.(320) and dropping all other cut-off factors, the following expression:

, do 1 —phrg \* virs \
tree t /_ AB AVB
IME(s, ) Amiw — ((q) [(mAmB/\a + MAMBAa

:three(s,t)/d_w [(M): < PAPp )wl [ 1w In(=A) +1n(N)

w

) (o) £ Du)” |

w

(3.41)

471 mamp mamp w—PBq) w-—p(q) 2
(3.42)

In the second line corrections beyond the LLA have been expanded up to order w. Adding Eq.([3:42)
and Eq. (340) , the pole 1/(w — (q)) cancels for the part proportional to In(}),), in accordance
with the present accuracy of our calculations, and the integral over w yields zero result for the
Aq-dependent part.

We therefore conclude this section on the exchange of a single reggeized gluon with the observation
that a cancellation of the factorization parameter can be achieved, if corrections beyond the LLA
are included.
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3.2 Exchange of two reggeized gluons

In the following we consider the first example of an amplitude in the effective theory, with interac-
tion of reggeized gluons. From a technical view-point this means, that we turn to loop-integrations
with at least two reggeized gluons inside the loop. As a particular process we consider the elastic
amplitude with exchange of two reggeized gluons. In the Reggeon-calculus [5,6], this kind of di-
agrams are known as Regge-cuts as they lead to branch cuts in the complex angular momentum.
In the present study they are of two-fold interest: At first they allow to determine the Regge-limit
of elastic amplitudes, where external quantum numbers do not allow for the exchange of a sin-
gle reggeized gluon. This is for instance the case if we project the external quark-states on the
color singlet or if we explicitly require the amplitude to have positive signature. Furthermore it is
principally possible that those diagrams provide sub-leading corrections to the reggeized gluon.

3.2.1 The Born-diagrams

To leading order in g2, the relevant diagrams are given by 2R1 and 2R2, as depicted in Fig[3.10
Another set of diagrams that occurs in principal as well is given by the graphs in Figl3TIl These

2R1 2R2

Figure 3.10: Diagrams with exchange of two reggeized gluons. Coupling of the reggeized gluon to the
quark is described by the effective vertex Eq.(3.2).

Oy Q

(a) (b) ()

Figure 3.11: Feynman diagrams of the effective action provide besides diagrams 2R1 and 2R1 also the
following set of diagrams, where one reggeized gluon splits up into two by an induced vertex. Diagrams
where the induced vertex is replaced by a three-gluon-vertex exist as well, but there immediate zero due
to the general properties of the reggeized gluon fields A+ (z).

diagrams take a special role in the discussion of the two-Reggeon exchange and will be addressed
further down in this paragraph. For the sum of the diagrams 2R1 and 2R2 un-regularized Feynman
rules of the effective action yield the following expression:

M55 (s, 1)
dMA (t*1¢%2) a0 (L%22") aar
_7’|pA||pB|/ { (—2mi) (HA_k;?—m‘jﬂ'eJr—uA—(q—k)Q—miJriﬁ

t"t%2) pp (t*2t") pp
)2

3.43
><k(q k)2 [ /27r <u3—k:2—mB+ze+—MB—(q—k)2—mQB+ie , (3.43)
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where we defined py = —pjk_ and up = pgkt. The longitudinal loop integral factorizes and
the integration can be carried out separately for each of the quark impact factors, which are given
by the big squared brackets in the first and second line of Eq.([343)). This kind of factorization is
typical for loop-integrations of reggeized gluons. We therefore obtain

d kJ— 1 ala ala
M35 = 2milplpis| / 5 g R A (kg - KA (kg —k), (344)

with the quark-impact factor for two reggeized gluons given by

d/LA (tal 12 )AA’ (t’” ta )AA’
A%2(k g — k) = —g° , (345
aar (kg —k) g/(—Zm') <,u,4—k:2—m124—|—ie+—uA—(q—k)Q—mi—Fie (345)
dup (taltGQ)BB/ (ta2ta1)BB/
A% (kg —k) = —g° . (3.46
Bo (k,q— k) g/(_%i) <MB_k2_m2B+i€+_MB_(q_k)2_m2B+i€ (3.46)

As the impact factors do neither depend on pjg nor on pg, it is immediately clear, that the two
reggeized gluon exchange amplitude, Eq.([344), is symmetric under s — —s and therefore allows
only for positive signature exchange in the ¢-channel. From now on we restrict to the impact factor
of the upper quark A, while the result for the quark B follows by symmetry. We then decompose
color into a symmetric and an anti-symmetric part and obtain

aya 1 a a 1 a a
A%Ge2(k,q — k) = i{t 1t Q}AA/AE;Z))(k,q —k)+ i[t it 2]AA’AE2 Z))(k q-k), (3.47)
with
dpa 1 1
AD (kg — k) = — 2/ 3.48
20)(k:a — k) g (—2mi) uA—k:Q—mi—i—ie—'——MA—(q—k)Q—m?4+i€ B
and

dpra 1 !
A (kg — k) — — 2/ — . A4
ok a =k == [ =5 pa—k?—mi +ie  —pa—(q—k)>—m} +ie 249

We start with the symmetric case: In the sum of the two denominators, the singularity in pa
cancels and the integral over p4 is convergent. Enclosing therefore for the sum of the two terms
the contour of integration at infinity, we obtain

AT (kg — k) =— g2, (3.50)

and
A’k 1
2m)3 k2(q — k)%’

e N S N P ST (351)
The discussion in the anti-symmetric case requires more care. The logarithmic singularity in p4
does not cancel and the integral over the two terms appears to be ill-defined. To understand the
origin of this singularity, we return once again to the QCD-diagrams QCD1 and QCD2 in FigZ3l
Taking into account simplifications due to the Regge-limit, their sum is given by Eq.([), which
we state here once again:

dktdk— [ d%k (tert2) g ns (t°2t) aar
MQCD =g (pApB)/ 27mi / (27T)3 e — k:2+m?4+ie - (q—k)2+mi+i€
Tkt pat+kt
1 1 (t1t) g (t=2t) B
ktk= —k*+iektk™ — (g —k)? +ie | p+ _ (akRdmp—ic © gy k2w —ie
pptk pp—k

For the symmetric color combination, ¥~ and k™ are in the integral fixed by the poles of the quark-
propagators, inside the big brackets. Consequently k*k~ < k2, (q—k)? and we find the expressions
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corresponding to the symmetric projection of the diagrams 2R1 and 2R2. For antisymmetric ¢-
channel color on the other hand, the leading pole in the expansion of the big brackets in pua =
—p}k* and pp = —pgk™ does not cancel. It was shown in Sec[3ITl that it rather leads to the
induced vertex which enters for pa, up > Ag, Ap the central rapidity and quasi-elastic diagrams.
In particular, integrating in Eq.([349) this pole-part over the full range of pa and pp, we would
count this contribution twice, due to its presence in quasi-elastic and central-rapidity diagrams.
To avoid this unjustified double-counting, this pole needs to be subtracted from Eq.([349) for large
values of p4 and pp respectively and doing so, integrals over p4 and pp turn out to be convergent.

The particular form of the term we should subtract is given by the graphs in Figl3.11] or for the
impact alone by Fig[3:12, which describes the splitting of a single reggeized gluon into two reggeized
gluons by an induced vertex. Applying the same factorization as for the impact factor, the diagram

Figure 3.12: Coupling of a reggeized gluon to two reggeized gluons by an induced vertices. These diagrams
do not contribute to physical amplitudes, however they provide the diagrammatic form of the subtraction
terms in the antisymmetric color sector.

FiglBB. 12 yields, including a lower bound on x4 due to the presence of the reggeized gluon,

-9’ d 00 dw NG
ASGI,U«Q _ g 101 a2 // A / a w1l w1 . 59
e = el [ A [T R it = (i (w2

Making use of

/OHOOd_w : M_szl—/OHOOd_w () (3.53)
o 2miw + v\ Ag 0 2miw — v\ Ag '

—100 —100
where on the right-hand-side, the pole in w is now to the left of the contour, we find, subtracting

Eq.@52) from Eq.(349)

A% ) (kg — k) — A5 (kg — k) =

ig? d 0 du —AY e e
:%[tal,taz]AA’/ﬁ{/ a |:(/14A_26) 1_(_//4.4_7/5) 1:|
0

2 oo 2w —V

1 1 1 1
+ _ _ ) - - — )b, (3.54
<uA—k2—m,24+16 #A+Z€> (—#A—(q—k)z—miﬂﬁ #A+16>} (354

In the last line all integrals are now convergent. Taking residues, the result of the two brackets
cancels. In the first line, there is no singularity in the the w-plane to the left of the w-contour which
allows to move the w-contour to the left until w acquires a negative real part and the integral over
1ta gets convergent. As there is no further singularity in the p-plane, we close the pa-contour
without encircling any singularity at infinity and Eq.(354]) vanishes.

This is the expected result as at high center of mass energies s, the QCD amplitude with anti-
symmetric color exchange reggeizes and is described by the exchange of a single reggeized gluon.
In particular the amplitude with antisymmetric color in the t-channel is given by the sum of
quasi-elastic and central-rapidity diagrams alone.

The method developed here for longitudinal integrations in the context of loops containing two or
more reggeized gluons, turns out to be a rather general one: The part of the amplitudes that can
be constructed from direct coupling the reggeized gluons by induced vertices is already contained
in the corresponding central-rapidity diagrams.

A comment is in order concerning diagrams like Fig BTTt With our subtraction-mechanism, those
diagrams are subtracted by themselves and do not contribute. This subtraction mechanism can
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be further automatized by adding a subtraction term to the Lagrangian, that subtracts these
contributions automatically. Details about the subtraction term will be presented in Sec[5.2

Another comment is in order concerning the decoupling of the anti-symmetric two Reggeon state
of the quark: To study reggeization of the gluon, one usually makes use of s-channel disper-
sion relations (see for instance [88] for a pedagogical introduction). This requires to determine
the s-discontinuity of the elastic amplitude (i.e. its imaginary part). Applying a bootstrap, the
discontinuity is expressed as a bound state of two reggeized gluons. However, after resumming cor-
rections within the LLA by the BFKL-equation to all orders, the two Reggeon state drops out and
one is left with the exchange of a single reggeized gluon, for details see [88-90]. As a consequence,
also in the dispersion-relation based approach, the anti-symmetric two Reggeon state decouples
from the quark. In the effective action the reggeized gluon comes explicitly with negative signature
and therefore contains also the s-discontinuity of the elastic amplitude.

3.2.2 Higher order corrections: the BFKL-equation

Higher order corrections to the diagrams in FiglBI0 are two-fold: On the one hand they involve cor-
rections due to reggeization of the gluon, which are taken into account by replacing bare reggeized
gluons by their resummed counterparts Eq.[321). On the other hand there are corrections due
to interactions between reggeized gluons. In particular, every interaction between two reggeized
gluons yields a logarithm in s and must be taken into account with the LLA. Interactions between
the two reggeized gluons are then resummed by the BFKL-equation, which we will derive in the
following. Furthermore, there exist also corrections due to exchange of more than two reggeized
gluons. For the elastic amplitude, these corrections are formally sub-leading within in the LLA.
They are addressed in Chalil Within the LLA interactions between two reggeized gluons is given
by the diagrams in Figl3.I3l There we use the gauge invariant production or Lipatov vertex

§w§+§%+}{

K22A K22B K22C

Figure 3.13: Interaction of two reggeized gluons which yields to 2-to-2 reggeized gluons transition kernel.

é’n‘ =2gf*C, (1, k), (3.55)

which is an effective vertex. Within the effective action it arises as a combination of the diagrams
in Fig3T4 which yields

%----s = é---.u. + é.--.u. + ?.--.u.
Figure 3.14: The effective particle production or Lipatov vertex in the effective action formalism.

Co(l, ) = (% + f) () + (%_ + ;"—f) () — (1 + k)" (3.56)
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The production vertex is gauge invariant; especially the relation
C.(lk)-(I—-k)} =0, (3.57)

holds also if the gluon is off-shell. For the individual diagrams in Fig[3.13 one obtains the following
expressions

) 1 (1—q)*k* (k- q)%1? 1
K22A = —i8g°T T2 | = + ( —¢? :
By Lo Teds |3\ T+ D T m ) T —a ke ©0Y
1 K (k—q)*(l—gq) 1
K22B = —i8¢*Tb2 1% | = + | —¢° .
8971 el ca, {2 +< THme T e Fh—U—qikziic] &%
K22C = idg? (T T2, + T 1T ), (3.60)

where T?, = i ¢ are generators in the adjoint representation of SU(N.). In the sum of the three
diagrams, K22C cancels the constant term in K22A and K22B and we obtain

) ) b1 b2 Tb2 b
K22A + K22B + K22C = — i8¢%| — aic_caz oz
b I { e <—z+k—(l—k)2+ie+l+k—(l—q+k)2+i€)
4 b b2 (1 —q)%k? + (k — q)*I? 1
aretear \ 4= =tk ) =k — (Il - k)% +ie
4+ b2 b k? + (k—q)*(l—q)® 1 )
aretear \ 4= 1+k— Itk=— (I — q+k)? +ice
(3.61)

Similar to the two-gluon quark-impact-factor in Secl3.2] if we project on the antisymmetric color

K228

Figure 3.15: Subtraction term for the interaction of two-reggeized gluons. It takes into account the con-
tributions of the two-Reggeon-interaction with anti-symmetric ¢-channel color that are already contained
in the reggeized gluon.

channel, we find in the first line, once we integrate over light-cone momenta, a logarithmic singular-
ity in [Tk~. For values of [Tk~ larger than A., this pole is already included in the 2-loop reggeized

gluon, SecBT2 and particularly Eq.(323)). The corresponding contribution needs therefore to
be subtracted, and the precise form of the subtraction term is obtained from the graph K22S in

Fig[BT8 which yields the following expression:
k= —ie\“"" =1tk —ie\“!
- — . .62

Making use of Eq.([353), we obtain altogether for the interaction kernel

dw 1
driw+ v

K228 = —i8¢%q> [Tbl,Tb2]a1a2/

—q3(l — k)2 + (- q)2k:2 + (k- q)gl2
K22A + K22B + K22C — K228 — —igg? |70 702 ~9(
B0 K228 = g { metens () (<1 h — (- ) + i€)

b T —q°(l—q+ k) +1’k* + (k—q)*(1—q)*
meten (TR 1Tk — (L — g+ k) + ie)

+q2[Tb1,Tb2]a1a2/ do _Ae_ [(zﬂc——z‘e)“‘l—(—z+k——z‘e)“‘1]] (3.63)

driw — v
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where in the last line the w-contour is to the left of the pole at w = v and the ie-prescription of
the poles is given by

1 1/2 1/2 1 o = + +
+_:(+f .++f .>:—<_p3_+_p3_)(+pj‘ _yLa ) (3.64)
Itk ITk=+ie [Tk——ie 4 \pglt+ie pplt—ie pak~+ie pik— —ie

To obtain the one-loop correction to the quark-quark-scattering amplitude with exchange of two
reggeized gluons within the LLA, we insert the reggeized gluon interaction vertex Figl313 into the
Born diagram Fig3.16h, which leads to the graph of Fig[3I6b. To evaluate the integration over

pA pA
PBEE PB
(a) (b)

Figure 3.16: Quark-quark-scattering at Born-level and with insertion of one interaction kernel between
the reggeized gluons.

longitudinal loop momenta [ and k, the following peculiarity of a theory of reggeized gluons has
to be taken into account: Every single reggeized gluon belongs to a certain 4-point sub-amplitude
inside the complete amplitude and presence of the reggeized gluons requires, that the center of
mass energy of the sub-amplitude is significantly larger than all other scales that occur for this
particular sub-amplitude. Example of such sub-amplitudes are shown in Figl3.T7 Imposing these

s1=pak~

(a) (b)

Figure 3.17: 4-point sub-amplitudes with a Regge-pole i.e. the interaction is mediated by the reggeized
gluon, involving an induced vertex of the first order (a) and the three-gluon vertex (b).

lower bounds is not only demanded due to the presence of the reggeized gluons, but they also
appear naturally if one attempts to derive the graphs of the effective theory from the underlying
QCD-graphs, similar to SecBl For graphs that contain combinations of induced vertices, as
Figl3I8h, this occurs in the same way as for the reggeized gluon in Secl3.I1l There, the induced
vertices could be shown to arise as the leading term of the expansion of the corresponding quark-
propagators, Eq.(311). To give meaning to the expansion, we need to introduce lower bounds on
the center-of-mass energies of the sub-amplitudes.

Apart from diagrams with induced vertices, the interaction kernel Figl3.13| contains also contribu-
tions due to the three-gluon-vertices, of which the QCD counter-part is shown in Figl3I8b. Also
in that case, the effective action graphs imply simplification that only apply if the the sub-energies
$1 = pjk_ and sy = pplt are large. In the effective theory diagram at the right hand side of
Figl3I8b, the propagator of the gluon with momentum [ — k is considerably simplified compared
to the corresponding gluon propagator in full QCD to the left: Within the effective theory, 'small’
longitudinal momenta [~ and k' are neglected against the corresponding ’large’ momenta &k~
and [T respectively. From Sec32.1] we know, that products pjl* and ppk™ are of the order of
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the transverse scale and consequently neglecting [~ and kT in the propagator is only justified if
s$1 = pjk* and sy = pglT are considerably larger than the transverse scale.

pa—1

patk

el

pp+1

Figure 3.18: Emergence of effective action graphs out of usual QCD-diagrams. (a): Combination of two
induced vertices, which arise out of the quark-propagators (pa —4#) " and (pg +4)~". (b): Combination
of two three-gluon vertices. In both cases the gluon propagator in the effective theory is simplified due to
the particular kinematics, compared to the full QCD diagram.

In the case of the 2-2 reggeized gluon transition we are now in the comfortable situation that
the constraint due to both reggeized gluons can be gathered into one single constraint for the
sub-amplitudes depicted in FiglBT9 As in SecBIl the (inverse) Mellin-integrals, Eq.([39), can
be used to impose the lower cut-offs. As explained in Sec3I.T] this factors lead to branch cuts
in the complex plane along the real axis, and both their phase and a prescription how to lead
the contour of integration around these branch-cuts has to be given. For the diagrams containing

PA
2 2 l
k
PB
Figure 3.19: Sub-amplitudes of the second diagram of Figl3IGt For each of the two sub-amplitudes,

presence of the two reggeized gluons requires that the corresponding squared sub-center-of-mass energies,
s1 = (pa — k)? and s2 = (pp + 1)? are significantly larger than a lower cut-off A.

induced vertices, the result of Sec[3I.1] applies immediately. They contain a pole with a certain
te-prescription, and poles slightly below the real axis are associated with a branch-cut along the
positive semi-axis, while poles slightly above the real axis come with a branch cut along the negative
semi-axis. At first the interaction vertex that come at first with no pole. However, such a pole
appears after the subtraction of the diagram K22S in Eq.([363). Furthermore, this pole comes with
the same pole-prescription as the poles of the induced vertices. We will treat these poles in the
following like poles arising from induced vertices and particularly require that their ie -prescription
coincides with the ie-prescription of the branch-cuts of the Mellin integral, Eq.([33). Poles coming
with a +ie will be associated with a branch cut along the positive semi-axis. Poles with a —ie
with a branch cut along the negative semi-axis, in accordance with the Feynman-prescription for
bypassing singularities on the real-axis. For every sub-amplitude of Fig[3.19, the poles in [T and
k~ are therefore replaced by the following expressions

1 _ dwo AZ& . . yw2—1 4 . \w2—1
oo s Gy B 9% = (i)™
1 dwy A L wi—1 N wi—1
SRR+ el L Lot M o Ll B R 0

This result can be also obtained by simply inserting the resummed reggeized gluon from Eq(B:ZSZI)
into our expression. From Eq.([329), every reggeized gluon carries a phase factor ~ (e™"™ + 1),
with w the Mellin variable/the trajectory function of the regarding reggeized gluon. The overall

34



phase is therefore given by the product of the two phase factors which can be rewritten (following
closely [5,6]) as

e imw 1 efiTrw/ 1 B e*iﬂ'(UJ‘FUJ/) 1 (—m)
2 2 2 e

(3.66)

with
(——) _ cos(mw/2) cos(mw’/2)
Tww = cos(m(w + w')/2)

(3.67)

To low orders in g2, and within the LLA, ’yﬁ;’w_z) = 1 and our above choice for the phases, Eq. (3.60)
is indeed in accordance with the phase structure of the reggeized gluons. Only starting from the
NNLLA, corrections due the real factor 755;52) need to be included. In the following, it will be
convenient for us to introduce the abbreviations

l1:l7 l2:(q_l)7
ki — k, ks — (q — k). (3.68)

The one-loop correction to the elastic quark-quark-scattering amplitude with exchange of two
reggeized gluons is then given by:

1L(+) dwl d(.UQ 1 s
+ S — aijas A
prm— 2 —_— —_— —_—
Mams “'pA”pB'/ 2mi J 2w TGO 0 = B(W) — B(Ea) | A
. 1 Py 2
Ba1a2-,b1b2 B Ab1b2 ) .
(w1, w2) ®k o B B | Ay | e (3.69)

In analogy to the function A(w;,ws) in the case of the reggeized gluon, Eq. [BI3), we define
a function B(wi,w2). As for the reggeized gluon, this function can be defined within different
schemes. Generally it can be written as the sum of the following three terms

B@23b1b2 (4 o) =T T2 BO2) (0, wy) + T02, T8 B (wy, ws)

aijc— caz aijc— ca

[Tblvag]lIl(ZQB(R) (wlan); (370)

where we suppressed in our notation the dependence on momenta and cut-offs. A convolution
symbol which includes the propagators of the reggeized gluons is defined as follows:

d’k 1
_ 71
o | (2m)® k7R3 T

with k1 + ko = q. We obtain

y - ditk~ (I — ki)®
Bl = Kool o, ki, / -
(wl,wg) 4’C2 2( 1,02, ’ J) o —Z+I€7—(l1—ki)2+7;€
(k7 —ie)r™ = (=™ i) [ —ie)* = (=1 =i '], (3.72)
with
2 21.2 2712
g 2 I3k k3ly >
Kama(ly, b, ki, ko) = - * - + ~ 578
2 2( 1, b2, K1 2) D) <q (ll —k1)2 (ll _kl)Q ( )

B®) contains the contribution due to the last line of Eq.(363) and can be shown to vanish. The
longitudinal integrals of Eq.([372) are evaluated similar to Sec[3I.T] and yield:

[—(L — k)] + [ — K)?2 ™

B (w1, wa) = —27id(w1 — wy) 2

IC2—>2(l1;l27k’ivkj)' (374)

Making use of simplifications due to the LLA, we set AqAy/(ly — k;)?> = mamp. Introducing
further

B(i) (w17w27p—£7p§) = B(12)(w17w27pj4_7pg) =+ B(21)(w17w27p—£7pg)7 (375)
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we find

Balaz;blbz (w17w2apzapg) = {Tb17sz}alazB(Jr)(wlaw27pzvpg)
+ [Tb27Tb2]a1(ZQB(7)(w1)wQ)ij_)pé)' (376)

From the previous paragraph we know, that the quark impact factor for two reggeized gluons
couples only to the symmetric color configuration in the ¢-channel. However there exists also
the case of a non-zero coupling of a two reggeized gluon-state with antisymmetric color (we will
encounter an example in SecZ7). Generalizing our results in analogy to the reggeized gluon
Sec. to the elastic quark-quark-scattering amplitude with exchange of two reggeized gluons,
with n interactions we obtain for the every inserted interaction between two reggeized gluons, a
factor

{a}—{b} 1
e T B — Bty 1)

with
KA = paabie pebaazic, (1) Lyiky ko) 4 fO02 f0192 Koo (1, Ly Ko, Ky ). (3.78)

The all order amplitude is therefore within the LLA given by

+ — w
MLELARR PaAPp PaPB

——= ,1), 3.79
MES = il | [ 22 Kmmg) - (L) ]qs(w ) (3.79)

where the partial wave ¢(w,t) is a convolution of the upper and the lower quark-impact factors
and the BFKL-Green’s function:

Bw,t) =Af (1, 1o) @1 Gz ™ (L, Las ko k) @k A (Rt Ke2), (3.80)

where the BFKL-Green’s function G%ﬁléflb is given as the solution of the BFKL-equation
(w =B — BU)GEERL (b, ok, ko) = 6016%2 (2m)*6 ) (1 — k)
+ (K89 @ Gt ) (hdoskn k). (3.81)
As can be easily verified, MLLA\?R is invariant under substitutions pa,pp — —pa, —pp and has
therefore positive signature, as expected. Furthermore, with

) e—imu -1
MY 41 = 2j——— cos® 2 3.82
e + I cos (wm/2), (3.82)
and using that cos?(wm/2) — 1 for the LLA the amplitude can brought into the form, usually
stated for the Sommerfeld-Watson representation, of an amplitude with positive signature:

D~ [ )
2=2 274 sin Tw

d(w, 1) £(+)(w) | (3.83)

with £€(F) the signature factor for positive signature exchange. The negative signature part of the
quark-quark scattering amplitude is completely contained in the reggeized gluon: Decomposing
the quark-impact factor A‘““z) into a color singlet part A(2 loy and a color octet part A(2 oy and
convoluting them with the BFKL-Green’s function, one obtains in the octet-case from the BFKL-
equation a pole-solution, which inserted into Eq. (383) exhibits the reggeized gluon. Within the
effective action the antisymmetric octet 8 o state of two reggeized gluons decouples from the quark,
while the antisymmetric resummed reggeized gluon arises due to resummation of corrections to the
bare reggeized gluon, as illustrated in Sec3l Tt is in the effective theory a elementary degree of
freedom. In particular its derivation does not make use of the bootstrap relations [7-10], [89,90].
The state of two reggeized gluons in the symmetric octet 8 on the other hand couples to the quark
and correspondingly there exists a pole solution to the BFKL-equation, the so-called 'd’-Reggeon.
Unlike the antisymmetric 'f-Reggeon, it is not a fundamental degree of freedom in the effective
theory, but arises as a state of two reggeized gluons.
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3.3 Conclusion

In the present chapter, the elastic scattering amplitude has been studied from the point of view
of the effective action and rules for the occurring longitudinal integrations have been given. In
short, interaction between two particles is only described by a reggeized gluon if the center-of-mass
energy of the minimal elastic (sub-)amplitude that can be associated with its exchange is larger
than a certain lower bound; otherwise the interaction is mediated by a usual QCD-gluon. The
propagator of the reggeized gluon depends therefore not only on the momenta of the reggeized
gluon (as usual), but furthermore also on the momenta of the particle it couples to. In order to
incorporate that lower bound, it turned out that the Mellin-integral Eq. (39) provides a suitable
regularization method. It has the nice properties that it both allows to include negative signature
of the reggeized gluon and higher order loop correction in an easy and straight-forward way. In
particular, imposing this bound turned out to be sufficient to keep the interactions of QCD-particles
in the effective action local in rapidity. Using this rules, we showed within the LLA that the leading
part of the elastic amplitude is within the effective action completely summarized in the exchange
of a single (resummed) reggeized gluon with negative signature. Due to the introduced cut-off,
the reggeized gluon carries a dependence on an arbitrary mass-scale. Within the LLA, this mass-
scale can be chosen to be of the size of the typical transverse scale and this dependence is not of
interest. Beyond the LLA however, it is essential that this scale cancels for physical amplitudes.
It was demonstrated that such a cancellation can be achieved for the elastic amplitude by taking
into account quasi-elastic corrections to the quark-reggeized gluon couplings, which are formally
beyond the LLA.

For the part of the elastic amplitude with positive signatured, on the other hand, interaction
between the scattering quarks is mediated by the state of two reggeized gluon and interaction
between the two reggeized gluons is resummed by the famous BFKL-equation. For the longitudinal
integrals occurring due to loops containing reggeized gluons, two points are worth to be noted:

At first, integrals over longitudinal components show generally a logarithmic divergence which at
first does not allow for an evaluation of the integrals. The occurrence of this divergence can be
traced back to a part in these integrals which is already contained in the induced vertices. This part
therefore needs to be subtracted in order to avoid to count this contribution twice. This subtraction
term can be obtained from graphs which contain induced vertices to which only reggeized gluons
couple.

For loop-corrections to the exchange of reggeized gluons one further has to take into account the
following: Defining for every single reggeized gluon a 4-point-sub-amplitude inside the complete
amplitude, presence of the reggeized gluon requires that the center-of-mass energy of the sub-
amplitude is significantly larger than all other scales. To implement this lower bound we used
again the Mellin-integral. It is allows to include signature of the reggeized gluon and to include
corrections due to reggeization of the gluon. In particular the position of the resulting branch-cut
is determined by the signature factor of the reggeized gluon. For loop integrations as in the above
it is convenient to combine the two signature factors into a single one, making use of Eq.([3.60). If
additional poles in light-cone momenta occur, either from induced vertices or due to a subtraction
by a subtraction-diagram, it turns out to be mandatory that the ie prescription of the branch-cut
coincides with the one of the poles.

37



Chapter 4

Loop corrections to production
processes from the effective action

In the foregoing chapter, from the study of the elastic amplitude within the LLA, a set of rules has
been derived, that can be used to determine the interaction of reggeized gluons within the effective
action. A non-trivial testing-ground for these rules is given by loop-corrections to production
amplitudes in the Multi-Regge-Kinematics. As for the elastic amplitudes, loop corrections lead
within the LLA to logarithms in the various center-of-mass-energies of the initial and final state
particles. These logarithms yield in the physical region discontinuities, which can be associated
with production thresholds of produced particles. There exists a non-trivial constraint on the
occurrence of these discontinuities, the Steinmann-relations [72]. The proposed regularization by
the Mellin-integral on the other hand introduces automatically discontinuities and it is a priori not
clear, to which extend this is in accordance with the Steinmann-relations or not.

The outline of this chapter is the following: In Sec. [I1] we explain the constraints due to the
Steinmann-relations and introduce the analytic representations of the 2 — 3 and 2 — 4 amplitude.
In Sec. we discuss corrections to the production amplitude with negative signature in all ¢-
channels, while in the Sec.[f3lthe various production amplitudes with positive and mixed signature
are presented.

4.1 Analytical representation of production amplitudes

PB pp

Figure 4.1: The Multi-Regge-Kinematics of the n + 2-particle production amplitude.

In the following section we give a summary of the analytical representations of the 2 — 3 and the

38



2 — 4 production amplitude in the high energy limit, which generalizes the representation of the
elastic amplitude. In general, we consider in the following the n-particle production amplitude in
the Multi-Regge-Kinematics (see also Figldl) which is defined as

8, 8p — 00, sr/s — 0, (4.1)
tr ki = kTkT = k2 = fixed, 4.2)
with
s = (pA +pB>27 Sr = (kr + kr—l)Qa
k. = qr — d4r—1- t, = qf (43)

A key element in the study of production amplitudes are the Steinmann-relations [72] which forbid
the existence of simultaneous energy discontinuities in overlapping channels. As an example, we

t=qln

ty=q3,7
Figure 4.2: The 2 — 3production amplitude

consider the 2 — 3 production amplitude in Fig. The produced particle C' can either build a
resonance or bound state with the particle A’ or the particle B’, but never with both of them. In
more technical terms this means, that in the physical region, the production amplitude can either
have a discontinuity in s; - corresponding to a bound state of particles A’ and C - or in sy, which
corresponds to a bound state of particles C' and B’, but never in both of them at a time. On the
other hand the particles A’, B’ and C can form a single resonance state, which corresponds to the
discontinuity in s. The discontinuity structure of the 2 — 3 amplitude in the high energy limit is
further illustrated in Fig. In the double-Regge-kinematics an analytic representation can be

Figure 4.3: Analytic structure of the 2 — 3 production amplitude. It is given as a sum of two terms
which have either allow for cuts in s and s; or in s and s2

formulated, which respects the Steinmann-rules. In the case of the elastic scattering amplitude,
such a representation is given by

(1) _ d_w we(T) F(w;t)
Mz=z S/27ri|s|5 (w)sin(mu)’ (4.4)
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with
(D (w)=e"™ 1, 7=+l (4.5)

with 7 the signature of the amplitude. As there is just one direct channel, the Steinmann rela-
tions provide no further constraint on the discontinuities in s. For 2 — 3 production amplitude,
an analogous analytic representation is given as the sum of two terms, which allow either for a
discontinuity in s and s; or in s and so,

Mog = S/dtdl/dw2< |wz| |w1 w2£((:22)§((71’7-2) Vl(CUl;CU%tl,tQ,/il)

21 211 w1,w2) sin Twio

T T2, T % ) ;t 7t )
+ |S|w1|82|w27w1§( 1)5( 2,T1) 2(601 w23 11,12 Hl))’ (46)

(@1)>(wz,w1) sin w1

where we defined

wij = Ww; — Wj, (47)
and 72 = £1 is the signature of the ¢; and ¢y-channel respectively. Furthermore a generalized
signature factor is defined as

5(7'1,7'2) — e imlwi—w2) 4 o (4.8)

(w1,w2)

while the partial waves V7 and Vs are real. Representations like Eq. (#0) have been first derived
from models which contain only Regge-poles like massive ¢3-theory [91,92], the dual Veneziano
6-point amplitude [93] and from generalized Froissart-Gribov partial wave representations [94]. As
for the elastic amplitude, the above representation can be used to determine the 2 — 3 production
amplitude within the LLA by taking discontinuities in s, s; and/or so. This allows for the deter-
mination of Vi and V5 from on-shell, tree-level production amplitudes, making use of unitarity in
all sub-channels. Such a program has been carried out in [89] and [33] and also recently in [83],
where the analytical properties of Bern-Dixon-Smirnov (BDS)-amplitudes [95] in the high-energy
limit have been examined.

In the case of the 2 — 4 amplitude, the analytic representation in the triple-Regge-limit requires
already five terms. It is given by

- dwl d(.UQ dw;),
Mo _S/ 271 / omi | 2mi

<|81 |u.)1—u.)2 |8012|w2—w3 |S|w3£(7'1,7'2 6("’2,73) f((

(w1,w2)5(w2,w3)

) Wi(wi, wa, w3ty 2, t3, K1, Ka)

ws) Sin w19 Sin Twag

(r) Wa(wi,wa,wsit1, ta, 13, K1, K2)

+ [sal*s 721z ]2 s €T € ) €

(w3,w2)>(w2, (w1) Sin mwso Sin Twaq

75) Wa(wi,wa, wssty, o, 13, k1, K2, K123)

w2 —w wi]—w wa ¢(12,71) #(T1,73) ¢(
+ 12l 012 T I € 0 ) S o)) Sin Tway Si w3

+ |52|w2—w3|8123|w3—w1|S|w1§((222,7133))§((:33:21) € (1) W4(wlaw25w3; l1,t2,t3, K1, K, 5123)

(w1) Sin mwog Sin Twsq

_ _ . . Wy (w1, wa, ws; t1, ta, t3, K1, K2)
+ [s]#52 sy [1 wz|s|w5(<;;Z>)g(<;;;23)§§;z’) P . (4.9

where we defined

so12 = (pa + k2)? = —play s123 = (pp + k1)? = ppq;
K123 = (k1 + k2)? = (@1 — q3)° (4.10)

Taking discontinuities in sy, s2, 3 Sg12 and S123, the partial waves W; can be determined from
unitarity as outlined in [33,83,89]. In the following we attempt a derivation of the LLA 2 — 3
and 2 — 4 production amplitude from the effective action. Particular focus will be given on the
analytic structure of the results and too which extend the Steinmann-relations can be regarded to
be fulfilled, if logarithms are resummed within the effective action, employing the LLA.
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pB P

Figure 4.4: Production amplitude in the MRK to leading order. All ¢-channel exchanges are reggeized
and contain the maximal number of possible logarithms

4.2 The production amplitude with negative signature in all
t-channels

We start with the case where the signature in all ¢-channels is negative. From the discussion in the
previous chapter and from general reasoning we know, that this includes the part that is leading
in the Leading Logarithmic Approximation.

4.2.1 The production amplitude at Leading Logarithmic Accuracy

With the produced particles in the Multi-Regge-Kinematics separated by a large difference in
rapidity, it is immediately clear that the interaction between s-channel produced particles is me-
diated by reggeized gluons alone, while the leading contribution is given by the exchange of a
single reggeized gluon with negative signature. Production of the real particles is on the other
hand described by the production vertex, which has been introduced already in the context of the

BFKL-equation in Eq.(3353):
é’lm\ = 29T, Culq1, ¢2), (4.11)

4 | q | 4
Cular, @) = <71 - —) (n™)" + (% + —+) ()" = (1 + @), (4.12)
qs a1

with

where we take ¢; incoming and ¢» outgoing from the vertex. We note here, that if contracted with a
physical polarization vector, the production amplitude can be shown to depend only on transverse
momenta, and the dependence on ¢ and ¢, can be eliminated. The production amplitude in the
Multi-Regge-Kinematics, Figlddl is therefore at Leading-Logarithmic-Accuracy given by diagrams
like FiglZ4l Using our result from SecBIl we would at first insert in FiglZ4l for every reggeized
gluon that connects two s-channel gluons with momentum k,_; and momentum k,., the following

expression:
i/2 [ dw, 1 1 -5\ Sr o
7= Z L — 4.13
i | o () (o) | (419

The above expression however has a non-zero discontinuity in s,. Correspondingly, Fig. 4] has
for every squared sub-energy s,, r = 1,...,n a non-zero discontinuity in contradiction to the
Steinmann-relations which forbid simultaneous singularities in over-lapping channels. At first it
seems that the effective action is in conflict with the Steinmann-relations. This problem can only be
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solved if the complete all order production vertex has an internal phase structure, which balances
the phase structure of the reggeized gluon. Within the LLA only the leading part of the complete
production vertex is taken into account, which is completely real. We therefore conclude that as
long we take into account only the leading part of the production vertex, we should simultaneously
only include the most leading, real part of Eq.[I3]). This requires to suppress for the production
amplitude at LLA the imaginary parts of the reggeized gluons, which is of the same order as higher
order correction to the production vertex. As a consequence, within the LLA, we should in Fig[Z4]
Sr

insert instead of Eq.([@13)
i2 / dop 1
q; 2mi wr — B(ar) | (K, r) /2

which means to take into account for every single reggeized gluon only the leading real part.

W

: (4.14)

4.2.2 The Reggeon-Reggeon-particle vertex at 1-loop

In this paragraph we attempt to determine the one-loop corrections to the production vertex and
verify, whether it shows the on-set of corrections needed for the complete production amplitude to
satisfy the Steinmann-relations.

From a technical point of view, the 1-loop-correction to the production vertex shares many features
with the 1-loop correction to the quark-reggeized gluon coupling of SecBI3l As there, the 1-loop
correction to the production-vertex belongs formally to the NLLA, while all large logarithms in
s1 and so are already resummed by central-rapidity diagrams of the adjacent reggeized gluons.
Furthermore, in analogy to SecB.I1.3] we are in the following only interested in a certain part
of the complete 1-loop corrections. Whereas in Sec[3.1.3] we mainly focused on the cancellation
of the factorization parameter that separates the central-rapidity diagrams from the quasi-elastic
diagrams, we are in the following especially interested in the part that carries the internal phase
structure of the vertex.

It turns out that this phase structure is particularly connected with a certain set of diagrams, to
which we will restrict in the following. In particular, presence of the non-trivial phase structure
is immediately connected to the presence of discontinuities of the complete production amplitude:
In the physical region of the different s-channels (for the 2 — 3 amplitude these are s, s; and
s2), these discontinuities occur only in diagrams which can be ’cut’ in the corresponding s-channel
energy variables, which requires in the underlying QCD-diagram the presence of at least two ¢-
channel gluons. In the effective theory those states are for negative signature gathered in induced
vertices! and we therefore restrict in the following to diagrams that involve at least one induced
vertex of the first or higher order.

> e

dlagram (B1) diagram (B2) diagram (B3) diagram (B4)

Figure 4.5: Feynman-diagrams contributing to the 1-loop corrections to the Reggeon-Reggeon-Particle
vertex, which contain one induced vertex, occurring in the coupling to the lower reggeized gluon. The
corresponding diagrams where the upper, minus reggeon couples by a induced vertex to the gluon loop,
are not shown explicitly and can be obtained from the former ones by corresponding replacements

Relevant examples of diagrams are listed in Figlfhl and Figlf@l In all these diagrams, a reggeized
gluon couples from above and below to a gluon-loop. In the following we concentrate on the 2 — 3

IThis is certainly true at this level of accuracy. We however note that also the exchange of three, five, etc
reggeized gluons turns out to carry negative signature, which however constitutes in this case a higher order effect.
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diagram (AB1) diagram (AB2) diagram (AB3)

Figure 4.6: Feynman-diagrams contributing to the 1-loop corrections to the Reggeon-Reggeon-Particle
vertex where the reggeized gluons couple from below and from above by induced vertices to the gluon loop.

production amplitude. The corrections obtained for the production vertex can similarly be used
for amplitudes with more produced particles, like the 2 — 4 production amplitude, and we will
return to this particular case at the end of this paragraph.

As in Sec.[BI3] loop-corrections to Particle-Reggeon vertices require to impose certain restrictions
on the center-of-mass energy of the quark-gluon sub-amplitude. In order to do so, we factorize the
production amplitude, similar to the treatment of the quasi-elastic corrections in Sec. B3] in the
following way:

. dw1 d(UQ Z/2 1
Moy = L) X L2
W23 S/ o / omi | QQR(W13 13 A1) X q; w1 — B(q?)

51

SR A11A12

ach,p Z/2 1 52 - a e
X , W23 1, q2; A2, A21) X — x T 123 A22). 4.15
rrG (W1, w251, G2; A2, A21) @ s — (a2 | 5 har s 0or(W2; q2; A22) ( )

sr, and sg, are the regarding transverse scales of the reggeized gluons, which can be set to be

1/2 1/2 . . . . . .
sr, = mak,~ and sg, = mpk;’ " in accordance with our previous conventions. The precise choice
does indeed not matter here and we only require a certain fixed scale, of the order of the transverse
scales of the process. A;; 7,7 = 1,2 are factorization parameters of the reggeized gluon and of the

particle-reggeized gluon vertices respectively.

From Sec. B 1.3l we have the following expression for the sum of Born and one-loop contributions of
the quark-reggeized gluon vertex (while as far one-loop corrections are concerned, only the leading
logarithmic part of diagrams like Fig. is included)

— B(q?) N B(q?)

w1 w1

(=A1)*t + (An)““D , (4.16)

w
Foor(wisqis A1) = Thor(ar) ( !

where the first term leads to a vanishing expression, once inserted into the final result. For the
diagrams like Fig. and Fig. that yield the one-loop correction to the production vertex we
make an ansatz in analogy to Eq. (832) of Sec. The situation is most straight forward for
diagrams which involve only couplings of a reggeized gluon to two QCD-gluons, like diagram B1
in Fig. In that case we start with the following expression

e d4k _eiae —t
PEPH (w1, w23 q1, g2; M2, Ao) = / W%é,uﬁ—ug(“l? —k, a1,k - ql)m
eobe - ejae —_i
73ébl/31Ml/Q( G —k,q2—qi,k— QQ)WA-‘: Vﬁ’z (w2; %2~k —aq, k) k2’ (4'17)

where 7y3q is the usual three-gluon-vertex, while the three-gluon-vertex Jsa(w1) and the induced
vertex Ay (wo) are modified due to their coupling to the reggeized gluons. They require negative
signature and a lower bound in their corresponding squared center-of-mass energy. For the modified
three-gluon-vertex, the sub—amplitude that belongs to the reggeized gluon is depicted in Fig. B 7h,
which has a center-of-mass energy p ~. As for the quasi-elastic region in Sec. B3 we impose for
vertex corrections the lower bound p Ak > s1/A12, which we implement as usual by the Mellin-
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Figure 4.7: Quark-gluon sub-amplitudes of the various couplings of reggeized gluons to the gluon loop in
Figl5l and Figld6l

integral:
dw'’ 1 _p+k7 — e w) p+k7 e w)
~e1aez ck k— _ 1 A A
73G7V1*V2 (le » 41, Q1) / Ari w/l — [( 81/)\12 ) + (781/)\12
IV;E}lfiifuz(_k»Qhk - Q1) (418)

Similarly one has the following expression for the induced vertex of the first order, Fig. A 7b

7 dw' 1 —phk™ —ie “ phk™ —ie “
Acrae: K k— _ 1 A A
+,v1v2 (w17 »q1,s Q1) / Ari wll — w1 [( Sl/)\12 > + < 81/A12

el ae: 1 — —
9ai 2_—k,”ul”u2a (4.19)

where the ie-prescription of the pole in £~ has to coincide as usually with the ie-prescription of
the branch-cuts due to the Mellin-integral. For the sub-amplitudes Fig. [£7k and Fig. [£7d which
contain more than three gluons on their lower end, the definition of the center-of-mass energy on
which the lower bound is to be imposed is less apparent: Choosing at random one of the three
external gluon momenta to define the center-of-mass energy of the reggeized gluon, breaks Bose-
symmetry of both the induced vertex of the second order and the four-gluon-vertex. While the
momentum of the produced gluon is special, as it is fixed already by the Multi-/Double-Regge-
Kinematics and as it only indirectly contributes to the loop integral, keeping such a symmetry is
particularly desirable for the two gluons that enter the gluon-loop. For the induced vertex of the
second order, the right choice can be deduced from the pole-structure, which can be always stated
in a form, that it contains only one pole, with the loop-momentum £~: With the unregularized
vertex given by

) fcelefEQea fcelefegea :| o
Acere2t — _jg? + n,n, n, 4.20
pave — [q;(—k—) gz (h= = q3)] 20

we shall use in the following

Ac1oes (1) :—z‘q%n_ / dof 1 feerefezea [/ ptk— —ie\ ™! N phk —ie\™!
Sl qo . i wll — W (_k_) 31//\12 51/)\12

fc€1€f€2€a _pj(k_(b)_iﬁ)u/l (pj(k —q2)—i€)w1 -
" (k= —q3) (( s1/ 12 * 51/ M2 T
(4.21)

for our calculations. We note here, that in general it is non-trivial that the ie prescription of the
pole due to the second induced vertex coincides with the ie prescription of the pole of the first
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induced vertex. We will address the ie-prescription of the higher induced vertices in Sec. B.1] and
anticipating the result obtained there, it can be confirmed that this is indeed true, if one of the
three gluons that couple to the induced vertex is real.

For the reggeized gluon coupling to the four-gluon-vertex, Fig. [I7H, we propose a similar mod-
ification. As for the induced vertex of the second order, we propose for every occurring color
structure a different regularization, such that the complete vertex has the desired symmetry. With
the (unmodified) four-gluon vertex in Fig. L7d given by

VE2, L, = 10 [ (1 Qe — Ty Gy ) + L2 (0, G — T )
+ FOR N (g Gy — My Gunwa) | (4.22)

we use the following modified version in our calculations

Tt (0) = —ig? [
+ — . u.)ll + — . wi
_ _ —Paldy — 1€ Pady — €
ace rereze () -n + ta
f f ( ulgul/2 l/ggMIJl) <( 81/A12 > < Sl/A12 ) )
+7.— . UJ; +7.— . wi
_ _ —pak, — i€ phky —ie
+ [ fee (ng, g _”u9”11’2) << ;1/1)\12 ) " ( }}91})\12 ) )

+7.— . “"1 +7.— ) wi
aese rcere - — _pAkQ — e pAkQ -
2 1 vy — Vs B s/ Ny ;42
+ feecf (n2, Gura "l ) << 51/A12 ) - ( s1/A12 ) )1 2

with k1 = k and ko = g2 — k. The above expression is symmetric under simultaneous exchange of
momenta, polarization and color of the three gluons as needed. In the evaluation of the longitudinal
integrations we then restrict to the leading logarithmic part of the integrals, similar to Sec.
We note that in principle also the sub-leading part can show some sort of divergence, which however
only occurs if the different transverse momenta are not of the same order of magnitude. Those
kind of divergences is thus related to transverse logarithms which are not taken into account within
the LLA.

For the evaluation of the leading part, knowledge of two integrals I; and I is sufficient. Integral
I; can be found in slightly different form already in the analysis of massive ¢3-theory of [91]. Tt is
given by
7 1 / dktk~ / d’k i —1 —i 1

D) 27 (2m)3 k2 +ie (g — k)? +ie (@ — k)% +ie ktk~

(—pik— - z-e)““'l . (p:k— - ie>“'1 (—p§k+ - ie)wé . <p§k+ - ie)“z
51/)\12 81//\12 82/)\21 82//\21
W] | wh — - —— F /7 /7 ) )

=A12 Aot [“1 wlff,i)fié;,i) e, 1, o 1) :| , (4.24)

(—,-) Fl(wé,w’l, t17t27 Hl)
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with signature factors defined as in Eqs. (@3] and ([@8)) and

) o 3 3
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(4.25)

where M (a|b|z) = 1 Fi(alb|z) is a confluent hypergeometric function (Kummer’s function [96]). The
LLA corresponds to the limit w},w), — 0 which can be taken safely as M (a|b|z)/T'(b) is an entire
function of all its variables. We find

, , B __ﬂ_ d2k (kQ)wl
Fi(w],wy, t1,t2,k) = 5 / (2m)3 k2 (qn — k?)(q2 — k)%’ (4.26)
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where (k2)“! represents a typical transverse scale of the production amplitude such as g%, g3 or
k1 which is not specified in the LLA. The second integral is very similar to Eq. (B:31)), but has a
slightly simpler structure

P dk+k"j/ P2k —i —i 1
* (27)% k2 + ie (q2 — k)? + ie kT k—

2 21
<—pjgk_ - z'e)w1 N (pjgk_ - ie)w/l (—ka+ - z'e)wé N (ka+ - ie)wé
81//\12 51/)\12 82//\21 82//\21
§Rewé>§Rewil

,—) FQ(L‘)27W17t27 Hl)
1wh

—)‘Ule)\ 1"1 w2€ fz

sin m(w) — wh) (427)

Note that the evaluation of I requires the w)-contour to be to the right of the wj contour. F is
given by

/ / _—7'(' d2k > 1—w! —imwh/2 W] —ws
Fy(wy,ws, to, k) _T/W/o AN "“1e 2/ Hdwl 1—29@ 1

1

—’LA(Ilk2+I2(q2—k2) 4 28
‘ T(wh — o) + DI(L — wh)’ (4.28)
which reduces in the limit w},w — 0 to
d2k (kQ)wl

Fo(w), whyt1, ta, k) = = / . 4.29
2(w15w27 1 Qaﬁj) 92 (27'(')3 k2(q2 — k)2 ( )

We then write the production vertex as the sum of its Born and 1-loop corrections 6T p

ach, ac T (w (w
Fngg(wlawg;(J1,q2;)\12,)\21) =2gf bC”(Qh%)g (2 1§ (2 2)

+ 0T (w1, w25 01, 023 M2, Ao ), (4.30)

where signature factors of the adjacent reggeized gluons are absorbed in the production vertex,
in accordance with our decomposition Eq. [@I5). For the 1-loop corrections we find within our
accuracy

dw) [ dw} 1
i | 4w w] — wy wh — wa

’ ’
Wi yWa
)\12 A21

5F(IZ%CRG (w1, w23 q1,q2; A2, A1) =

UJ —_—, Vll 9
—|—/§ 1&- )é- ) (QQ ql)

whw! L
Rew >RNew) 2T Wy w1

[ w2£( )5(——)V(QL(]2)

UJl UJ2 wl _ wQ

Rew, >RNew]

—w _ 1 ,w2 _ 1

( e ——— e e e — ,>%@h@ﬂ, (4.31)

291 wh — W) 192 Wi — w)
where

Valgi,¢2) = Bla1) 29°"C*(q1, ¢2) (4.32)

Neg® [ d*k aqi b
= 29 f*°CH*(q1 — — 4.
‘/ZJ(QDQQ) 2 / (27_[_)3 k2(q1 — k2)(QQ — k)2 gf C (Q1 kqu kl) ( 33)

and we approximated
us 1

~

sinm(w] —wh) — wi —wh’

in accordance with the LLA. Note that Eq. ([£31)) resembles closely the analytic representation of
the 2 — 3 production amplitude Eq. (£38)). However, whereas Eq. (£3]) represents the analytic
structure of the 2 — 3 production amplitude, Eq.[@31) constitutes merely the 1-loop correction
to the production verter (with the Born-term not yet included) and is only exact up to O(g?).

46



Eq. (I38) can only be obtained from the effective action, if corrections concerning the phase
structure of the production vertex are resummed to all orders in perturbation theory. Nevertheless
the strong coincidence in the structure of Eq. (£38) and Eq.[3) is encouraging as it suggests
that the effective action indeed yields the correct analytic structure of the production amplitude.
Evaluating the integrals over w}, w} in Eq.(31]) and expanding in 'small’ logarithms In A; » and
In k1, we obtain

Va (C]h QQ)

. ~(w1) € (w2) [0 —Ayz + In A
STrb (Wi, wa; g1, go; M2, Ao1) = G (wQ)[n 12 T2 A2

2 2 2
In —k1 +1Inky

In—XA2; +1In A
e Bt -

5 Valqz,q1) +

%(q27q1)7:|7 (434)
where we extracted the complete signature factors of the reggeized gluons that couple to the
production vertex, whereas all other factors have been expanded up to O(w;). Together with the
Born term we obtain

b,
FaRCRCl:L(WhLUQ,ql,q2,)\127)\21) — 2gfacbx

£ (2w1) £ (2w2) { (1 i wﬁ(ql) i wﬁ((h)) C*(q1, o)

In —k1 + In k1 Neg? / d’*k 43497
CHqy — k. qo — k). 4.35
* 2 2 (27)3 k%(q1 — k?)(q2 — k)? (@ =k (439

Inserting the result into Eq. (T3] and expanding there the Regge-factors and the quark-reggeized
gluon vertex, Eq. (£I0), in A1, A2, A21 and Ago we find that to the desired accuracy the depen-
dence on these parameters vanishes for the complete amplitude:

duw dwg 1 1 s1 |71 & (w)
— —2 (l T 57 o\
Maz—s S/ omi ) 2mid ty w1 — B(q?) | sgr, 2
- 1 1 so |72 € (w2) b
x gTE T ,q2) X ———————= x gt’, 4.36
9Tl rre (a1, 42) o~ B |5, 5 %9 (4.36)
with
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r =C* : 4.37
RRG(QDQQ) (QDQQ) + 2 2 (27'(')3 kg(ql — kg)(q2 — k)2 ’ ( )
and 12 = —qi,. We shall confront this result at first with the analytic representation of the

2 — 3 amplitude Eq. [@6]), which we rewrite as

dw dw
Moy — / 1 / syl

(:‘il_w2§(7-2)§(ﬁ ,T2) i (wla wa;t1, to, Hl) + ﬁ—wlg(n)g(m,ﬂ) Vv?(“’la waity, ta, ﬁl)) ) (438)

(w2)>(w1,w2) sin Tw9 (w1)>(w2,w1) sin mwa

Following closely [97], we introduce for Eq. (£38) factors

w 1 - w 1 -

wiwz = 65):)55_; €w1 “’2W1) and wfug = mfuu wlwg) (439)
and rewrite them as

, 1 . ,
iiw — MWy — — ( —ITW; _elﬂ'wi)' (4'40)
" €€l
Eq. (£38) takes then the form
dw1 dws wr L(ul) ws S;;)
Mo—s = / 271 / 271'2 sl =5 lsl 2
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Assuming from now on to have to this accuracy for negative signature only exchange of Regge-poles
in both t-channels, we define functions V;(¢1,t2, k1) by

1 1 1 1,
7_ ﬂ( ) X Tbaﬂ'v (tl,tg,m) X 7&]2 — ﬁ(qg)) tggt . (442)

The functions V; can be determined within the LLA [83,89] from taking discontinuities in Eq. (8]
and making use of unitarity?:

Vi(wi,wasty, ta, k1) =gt

B N, g2 A’k q2q2
Vi(ty,t = B(g?)C* ¢ 271 Plg —k,qgo— k) (4.4
(.t 0) = B()C )+ 5 [ e e O~k k) (443
B Nc92 ko q2q2

= B(g2)C* 2°1 tgy — — k). (4.44
‘/Q(tlvt27’%1) 6(q2)0 (Q1aq2) + 2 / (2,”.)3 k?(ql _ k2)(q2 _ k)Q C (ql k;QQ k) ( )

Taking into account that x; =fixed in the Double-Regge-Kinematics, we expand

In —k1 +1Inky

5 (4.45)

T 00, = L+ wi
where the dots indicate terms of higher order in wy, ws which is equivalent to terms of higher order
in g2. With sin7wa ~ mwis due to the LLA, one can then verify that Eq. (4] and Eq. [@30)
agree with each other at the desired accuracy. Eq. (£30]) also satisfies the Steinmann-relations in
this sense. Whereas Eq. (£41]) /Eq. (4.0]) satisfy the Steinmann-relations by construction, Eq. (£30))
does so only within the achieved accuracy. The complete inner analytic structure of the production
vertex that is needed in a field theory of Reggeons in order to satisfy the Steinmann-relations, is
only obtained to the level of accuracy the phase structure of the production vertex has been
determined. This should not be understood as a failure of the effective theory or its prescription of
longitudinal integrations, but is natural for an analysis bases on the LLA, as the logarithms inside
the production vertex which yield the analytic structure are small and not included at LLA. On
the other hand this tells us that care is needed when dealing with the phase structure of reggeized
gluons within the effective action: It can be only trusted up to the level of accuracy one goes beyond
the LLA, in particular when reggeized gluon - particle vertices have a inner phase structure, as it
is the case for the production amplitude.

Similar observations hold for the 2 — 4 production amplitude. This case is generally more involved
than the 2 — 3 production amplitude: Apart from the Regge-pole exchange in all three ¢-channels,
the further exchange of a state of two or more reggeized gluons in the ¢s-channel is required by
unitarity. For negative signature, on the other hand, this contribution can be shown to be of higher
order in g2 from the analysis of the analytic representation Eq. (Z3), which is confirmed by the
results from the effective action. For the present level of accuracy, the interaction is for negative
signature mediated by Regge-pole-exchange alone. Recent interest in the analytical structure of
LLA-production amplitudes in the planar limit is triggered by the study of BDS-amplitudes. In
that case the Regge-cut contribution is already relevant at the present level of accuracy [83].

For the effective action, we start with the following expression, which generalizes Eq. ([EI3):

ZM _ S/% / dUJQ / dwg w A ) % Z/_2 1 S1 w1
2—d omi ) 2mi | 2mi Qor(@ii ¢ A @ w1 —B(q1) | Sr A1 12
i/2 1 S2 “2 0\t
Facle7u1 , : , ;)\ ’)\ X - X ( ( ))
rrc (Wi,w25q1,q2; A2, A21) & v~ B(@) |smhehes €
Feczbuz(w w3 q Q'/\ hY )XZ/_2 1 S3 Uﬂxf‘b (W'Q')\ ) (446)
RRG 2, W3, 42,43, N\23, N\32 q% w3 — ﬁ(qg,) SRS)\32)\33 QQR 2542, N33)- .

According to our conventions, the signature factors of the reggeized gluons are absorbed into the
production vertices which requires introduction of the factor({é,;))*l. We further note, that within
our achieved accuracy the above obtained loop-correction to the production amplitude can only be

2The following choice coincides with the one of [83] for the functions V4 and Va2 up to a factor m which has been
extracted in the present case
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inserted for one of the production amplitudes, while for the other one should simple use the Born
result. Making use of the results Eq. (£16]) and Eq. ([{30) we obtain

M :28/dw1/dw2 dws o1 x 1 1 51 e (W)
2 omi | 2mi ) 2mi? t1wy — B(q?) | sr, 2
. 1 sy |7 6 (w .
[X 915, C*" (q1,q2) % Erﬂ(q) SR2 = (2 2)X 97,2 C** (a2, q3)
2 2
+ xgTa 0T e (a1, q2) % LN S N )>< 97,2C"* (g2, q3)
RRGAED taws — 3(a3) | R, 2 be 7
. 1 so |2 € (w oy o
T () X s || S T )|
2 2
1 1 e (ws)
L1 1 £ ws) 4.47
tyws — B(g3) | sp, 2 I (40
where
_ In —x1 + In ki Nog? / d’k % q;
oT# = C*(q1 — k,g2 — k 4.48
RRG(Q15 QQ) ) 92 (271_)3 k2((h — kg)(qg — k)2 (Q1 y 42 ) ( )

is the one-loop contribution of Eq. ([£37). This results needs then to be confronted with the
analytical representation of the 2 — 4 production amplitude, Eq. (£9). As for the 2 — 3 amplitude,
the partial waves W;, i = 1,...,5 can be determined at LLA by taking discontinuities of Eq. (€3]
and making use of unitarity in the (sub-)channels (see [83,89]). Extracting furthermore in Eq. (£9)
signature factors for each ¢-channel and expanding the remainder up to the above level of accuracy,
we find agreement of both expressions. In particular, Regge-cut contribution cancel for negative
signature at this level of accuracy and Eq. (£47) yields the correct result.

4.3 Positive and mixed signatured production amplitudes

So far we concentrated our analysis on production amplitudes in which all t-channels carry negative
signature. From a technical point of view, the analysis of production amplitudes with positive and
mixed signature is slightly simpler: We don’t need to extract the analytic structure from NLLA-
calculations. It is sufficient to consider the interaction of reggeized gluons instead, which is similar
to the derivation of the BFKL-equation in Sec3.2

(a) (b) (c)

Figure 4.8: 2 — 3 production amplitude with positive (71 = 72 = +1) and mixed (11 = —1, 72 = +1).
The grey blobs on on the top on the bottom of the diagram denote the quark-impact factors, whereas
interaction between reggeized gluons is described by the BFKL-Kernel. In (¢) a new vertex appears: The
Reggeon-Particle-Reggeon-Reggeon (RP2R) vertex.

The different contributions that can occur for the 2 — 3 production amplitude are summarized in

FiglLg In the case where both t-channels carry positive signature, (71 = 72 = +1 ), Figlf8h and
Figl8b, interaction in both t-channels is mediated by a state of two reggeized gluons, which is
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described by the BFKL-equation. The production of the gluon at central rapidities is described
on the other hand by the leading order production vertex Eq.(@II)). The third graph in FiglL8c
corresponds to mixed signature, where the ¢; channel carries negative signature (17 = —1) and
the to-channel positive signature (72 = +1). The case where 74 = +1 and 7o = —1 exists as
well and follows from the above case by symmetry. For mixed symmetry, a new element occurs,
the Reggeon-Particle-2 Reggeon vertex ((RP2R)-vertex), which we will derive from the effective
action in Sec[£3 Il Knowledge of this vertex is then also sufficient to build all positive and mixed

(a) (b) (c)

Figure 4.9: Contributions to the 2 — 4 production amplitude with positive (a) and mixed (b,c,d) signature.
Explicitly we have the following signature configurations a: (+,+,+), b: (—,+,+), ¢: (—,+,—)

signatured 2 — 4 production amplitudes, Figlf0 apart from the combination (4, —,4), which
explicitly requires the exchange of three reggeized gluons, which has not been addressed so far.
Apart from that it is sub-leading compared to the other signature configurations and we will not
include it in our present analysis.

4.3.1 The Reggeon-Particle-2Reggeon (RP2R)-vertex

In the following we will discuss the derivation of the Reggeon-Particle-2Reggeon (RP2R)-vertex
from the effective action. To do so, we will apply the rules for the interactions of reggeized gluons

of Sec[3.2

We further that the derivation of the RP2R-vertex from the effective action was also addressed in
[98]. During their derivation, the authors of [98] find a certain ambiguity concerning the evaluation
of longitudinal integrals. In the following we demonstrate that such an ambiguity does not occur,
if one applies the rules derived in Sec[3:2] In contrast to our general analysis, which is based on
covariant Feynman gauge, the authors of [98] use in their analysis the light-cone gauge, V. = 0,
which makes it difficult to compare directly between the two calculations. Nevertheless we believe
that the problem of [98] arises due to a misinterpretation of the Feynman-rules of the effective
action and due to the absence of subtraction terms, as introduced in Sec[3:2 and not due to a
peculiarity of the light-cone gauge.

As for the correction to the production amplitude in Sec22 we will use in the following the
2 — 3 production amplitude, Figl8k, as a reference process. There all corrections above the
RP2R-vertex are resummed within the LLA by the upper reggeized gluon, whereas below such
resummation is performed by the BFKL-Green’s function. We factorize this amplitude in the
following way

. (_7+): - dwl dLUg]. w2 F 1 2/2
iMs s 19,4|19B|/2m/2m2 +55° | THorlar) x -8 &

P’k . 1
X / (277)2]:‘1%1212%7“((‘01;]9;7(]?;kaq2_k) X m X Able(WQ;k,qg _ k), (449)
with

b1 basb, b,
AS (wask, g2 — k) = Ghpry 2 (w2 k, @2 — kL g2 — 1) @ A(z 0)(l 9 — k) (4.50)
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where Gprxki, is the BFKL-Green’s function Eq. (3:381)).

As usually for loops containing two or more reggeized gluons, the longitudinal integration factorizes
and it is sufficient to consider the diagrams of Fig[ZJ0 Apart from the diagrams that are depicted

pa pa pa PA PA
Q= q Q= q Q= q2 Q= q2 Q= q
k @k k ko @k K @—k I3 k

(a) (b) () (d) (e)

Figure 4.10: Different kinds of effective Feynman-graphs, that contribute to the RP2R~vertex. The last
graph is a subtraction graph, that subtracts the logarithmic singularity of the first graph.

in FiglZT0, there occurs also the combination where in FiglI0Oh and FiglZI0b the lower two
reggeized gluons are interchanged. Fig{fI0k is a subtraction graph and comes with a relative
minus sign. The necessity of including such a subtraction graph is motivated similar to Sec3.2t
There, for both the quark-impact factor and the BFKL-interaction-kernel a subtraction graph has
been introduced to resolve a counting problem with the reggeized gluon and to make the integral
over light-cone momenta finite. For exactly the same reason, one also requires a subtraction graph
for the RP2R-vertex.

To evaluate the integration over longitudinal momenta it turns out to be advisable not to consider
individual diagrams, but to group the sum of all diagrams first according to their color- and then
according to their transverse momentum structure. In this way, already some of the singularities
cancel by themselves. Furthermore the transverse momentum structure can be classified according
to their dependence on transverse reggeized gluon momenta. Generally one finds that terms that
depend only on the sum of the two momenta are less convergent. This is to be expected, as it is
this class of contributions that initially gave rise to the induced vertices. As a consequence, we
expect these divergences to be removed by a subtraction term, like Fig. ZI0k.

In the present case, we also drop all terms that vanish for production of a real particle i.e. that
are either proportional to (g1 — ¢2)®> = 0 or to (¢1 — g2)* and therefore orthogonal to physical
polarizations. The transverse momentum structure reduces for the unintegrated RP2R-vertex to
two classes of terms: For the first class the numerator depends only on the sum of the transverse
momenta of both reggeized gluons,

+
4
C ,q2)- 4.51
ey s oy

(T T%) Gy = ig> (TP T g

For the second class, the numerator explicitly depends on the momenta of the individual reggeized
gluons, k and g5 — k,

qi Culqn —k,q2 — k)

TP T") oGl = ig* (T T%) e , 4.52
( JoeGin) =197 Jee T —qi k™ — (@1 — k) +ic (4.52)
with
+ —k 2 — —k 2
Culan = ko =) = (4 BBy (e BBy (g0 =200,
2 1

(4.53)
not dependent on k7. For each of the above terms there exists also a corresponding ’crossed’

term which is obtained by simultaneously interchanging momenta and color labels of the two lower
reggeized gluons.
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Attempting to integrate both classes over k~, we find that the second class, Eq. ([{52), yields a
convergent integrand, where the first class does not. Concentrating at first on the second class, one
realizes that it comes with an additional pole in £~ , compared to the first class. Even though by
grouping sums of diagrams, the relation to individual diagrams is less pronounced, it is nevertheless
clear, that this pole is due to an induced vertex and needs to be treated with the corresponding
prescription.

To evaluate the k™ -integral over Eq. [52]) , we further add the Reggeon factor of the upper
reggeized gluon and obtain the following integral
phk—ie o L —phk —ie o
Aq Aq

dk~ [1
qa; Culqn —k,q2 — k)

b1 b wo s 2(mbib
(T 2)acF(B) =ig"(T"T 2)zw/ o |2
—k~ —q k™ — (q1 — k)2 +i€’

(4.54)

where the ie-prescription of the pole in £~ is meant to coincide with the ie-prescription of the
branch-cut it is multiplied with. The integral is easily evaluated and we find

by b by b p,JX B (¢ —F)\"  4qf
ToT02) I, = 2= (T T7?) o —— | =4 C —k,q2—k), 4.55

( Joelte) =5 <lof |t ( Aa > (@ —fp 0=k, (159)
with A, ~ (g1 — k)? due to the LLA. Next we turn to the symmetric term, Eq.(@51). Unlike
Eq.[@52) it provides at first not a convergent integrand. On the other hand, this term has the
same numerator as the subtraction term and we can expect that after subtraction of Fig. .10k we
will obtain a convergent integrand. To this end we add and subtract a term with the same pole
structure as the subtraction graph and obtain for Eq. (Z51])

g g

. Cu(q1,q2) 4 a
Tbl sz a,po‘ — 2 Tbl sz a,c|: M ? 1 _ 1
( ) (4 =Y ( ) 2 —qfk_ + i€ qfk_ + i€
(@1 —k)*Culqq2) 1 ( o  qf ) ] (4.56)
—qk— —(q — k)2 +ie2 \—gTk—+ie gk +ie) | '

Apart from the above contribution, we also have the contribution, where the two lower reggeized
gluons are interchanged and which takes the following form:

‘ Coular, q2) 4 4
TOT")0 Gl ) = ig” (T T ac[ - ' - :
( ) ax) =Y ( ) 2 qf (k= —qy) +ie ¢ (g — k) +ie
(¢1 = k)*Cua1. ) 1 ( af . ar ) } (4.57)
(k™ =) — (@ —q@)2+k)2+ie2 \gf (k= —qy)+ie qf (g5 — k™) +ie

The two terms in the first line of Eq. (£56]) and Eq. (Z57)) agree with each other in their momentum
part, up to the factor g5 in the denominator. For the integral over £~ this factor can be removed
by a corresponding shift in the integration variable or, alternatively, by adding and subtracting a
corresponding term which does not contain this factor g, . One can then verify that the difference
between the terms with and without ¢, is convergent and vanishes, once it is integrated over k™.
After those manipulations, the momentum factors in the first lines of Eq. (£50) and Eq. [@X1)
agree exactly, while they come with a relative minus sign and different ordering of color factors.
For their sum, the color factor reduces to the commutator and the sum agrees in both color- and
in momentum- structure with the subtraction graph, Fig. .I0k. As a consequence, the sum of the
first lines of the rhs of Eq. ([£50) and Eq. [@5T) is canceled by the subtraction graph and we are
left with the contributions in the second line of Eq. ([@580) and Eq. (£57) respectively,

For their integral over k—, we then restrict to Eq. (£50) alone. Together with the Reggeon-factor
of the upper reggeized gluon we find:
pjgk*—ie “r n —pjk’—ie o
Ag Ag

qfr (g1 — k’)QOu(CIl, q2)
¢ k™ —q k™ — (q1 — k)% +ie

i1

b b w2 b b
(1T = T T [ ]

(4.58)
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Note that the ie-prescription of the above 'w’-factors and of the poles in Eq. ([@50]) coincides, as for
the sum of the poles the dependence on qf is absent. The integral is easily evaluated and yields

w1

+
PAl Cular, @), (4.59)

2 +
(T TP, %, = —L (7 Ty, T
ac I qik

“ 2 o |
where we already approximated A, ~ (q; —k)? in accordance with the LLA. To obtain the complete
RP2R-vertex, we add up our results Eq. ([E59) and Eq. (£359) and complete them by supplementing

their counterparts, obtained from exchanging color and momenta of the two lower reggeized gluons.
Altogether we obtain
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macibiba,

Facblbz,u FRP2R (Q17 q2, k:) (460)

Rpon(wiph,af k. q2—k) =

From the point of view of Reggeon-field theory, [ rpor constitutes the proper RP2R-vertex, as it
does not contain any dependence on s-channel energy-variables. [ rpor can then be written as
the sum of two terms, symmetric (I'Y) and antisymmetric (I'*) under the exchange of the lower
reggeized gluons,

Db (a1, a2, k) = [{T", T )0l (a1, 40, K) + [T, T oo, T4 (1,0, )|, (461)
where
S, 1 q2
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A 1 4 1 ai
Fg}lﬁm(ql,qz, k) = -9 [§mcu(91—k;@—k) - §m@(m—qz+k,k) . (4.63)

Note that the latter term gives a first example of a coupling of a QCD-particle to a state of two
reggeized gluons, which is antisymmetric under the combined exchange of color and momenta.

4.3.2 Mixed and positive signature for the 2 — 3 amplitude

With the results of the previous paragraph, we have now all ingredients to construct the various
2 — 3 production amplitudes with mixed and positive signature of Figl8 We start with the
mixed signature case (11 = —, 72 = +) whereas the case (1 = +, 72 = —) follows by symmetry.
Inserting Eq. [@60) into Eq. (£49) we obtain for the 2 — 3 production amplitude the following
expression:

o S dw dws | & wa—wr L [ —imw
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w1 — Bqi) t1
bibaibi bl . by by
@ Ggpgr ~(wosl, g2 =Lk, q2 — k) @k A 6 (K, q2 — k) (4.65)

For the partial wave® V(_ ) we note that it can be obtained directly from Fig LITb, by applying a
simple set of diagrammatic rules, which we present in the following. It should be noted that these

3Note that the partial waves appearing in the following all carry a signature dependence unlike the partial waves
in the analytical representations. It is due to the fact that within the effective action sometimes two or more partial
waves of the analytical representations are combined, which makes the final result different for every signature
configuration
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are not Feynman-rules of the effective action, but serve only to construct partial waves given the
factorization Eq.([@64) in energy-factors and partial wave. In the diagrammatic language, we have
for the coupling of the external quarks to the single and the state of reggeized gluons respectively:

A 1

A A Y
qg = gtiA’ k é %r/fﬂ = A((lzl’%Q) (k, q— k) (466)

Propagation of the single reggeized gluon and the state of two reggeized gluon corresponds to

1

1 aijaz;b1b
_ = Gprnr (wil,g—1lk,q— k). 4.67
w— B(q?) —¢? BFKL ( ) (4.67)

qw =

’
c

Further the RP2R-vertex is given by

Co= f%ﬁ?}?’“@h a2, )€ (q1 — q2) (4.68)

and every loop of two reggeized gluons requires the following convolution symbol (already implicitly
contained inside the BFKL-Green’s function)

Pk, 1
_ A
o= [ G ST (4.69)

which contains both transverse loop integration and transverse reggeized gluon propagators. As
usually, transverse momenta obey the constraint q; = k1 + ko with ¢; = g2 the momentum transfer
of the corresponding t-channel. Using these rules, construction of the partial wave Eq.([£G5) from
diagram Fig TTb is straight-forward.

(a) (b)

Figure 4.11: Diagrams corresponding to the 2 — 3 production amplitude with mixed (71 = —1, 72 = +1)
and positive (11 = 72 = +1) signature. Making use of the diagrammatic rules described in the text, these
diagrams allow for the derivation of the corresponding partial waves.

For V(_ 4 we then only note that, due to the symmetry of the quark-impact factor Aglb2 (w2) under
exchange of transverse momenta and color of the reggeized gluons, the RP2R-vertex is projected
on its symmetric part Eq.[@62), whereas the anti-symmetric part Eq.[@G3) decouples in that
case. Taking a closer look at the energy-dependence of the production amplitude Eq. ([@G4), we
observe at first the absence of singularities in overlapping production channels and conclude that
the Steinmann-relations are fulfilled for Eq. ([Z64). In a next step we confront Eq.([@64]) with the
analytic representation of the 2 — 3 production amplitude, Eq. (8.

At first we note that Eq. ([£6) does not contain the partial wave Vi: As outlined in [33], for
the signature configuration (71 = —, 70 = +), the energy-factors in front of V5 are sub-leading in
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comparison to those appearing in front of V5 and consequently the partial wave V7 is absent in our
LLA-analysis.

For the second term we first observe that the behavior of Eq. ([64) under substitutions s — —s
and s; — —s3 is in full agreement with the signature structure of Eq. ([{6]). As far the explicit form
of the signature factors is concerned, we apply Eq. (8:82)) to rewrite Eq. (£G4) into the following
form

(=) dwr [ dws | oy ws—w €792 =1
= ops | 2 [ Q2 el T2y (wn,we . 4,
Moz 7T8/271'2'/2771' |5 [s2] sin(mws) (Wi w23 d1,42) (4.70)

Nevertheless, the signature factors of Eq. ([{70) coincides with those in Eq. (£6]) only in the limit
w1 — 0. This means that within our accuracy, the upper reggeized gluon is completely real and

pa

pa
=@

Q=@
\
[
[
[
ky : ky  @2—ki—ks k:: @ —k

(a) (b)

Figure 4.12: Higher contributions which yield a non-zero s-discontinuity for symmetric (a) and anti-
symmetric (b) color in the ¢2-channel. While diagram (a) involves a coupling of the two lower reggeized
gluons to the upper reggeized gluons, diagram (b) contains the production vertex at next-to-leading order,
which allows for a s-channel cut.

contains no imaginary part. We note that also this observation coincides with the analysis of the
mixed signature production amplitude by taking discontinuities: As outlined in [33], the signature
configuration (11 = —, 75 = +) is determined within the LLA by the ss-discontinuity, whereas the
discontinuity in s is of higher order and does not occur at leading order and the LLA. We expect
first corrections to the signature factor to occur from diagrams like Fig T2 which contain elements
that allow for 'cutting’ of the upper reggeized gluon.

The 2 — 3 production amplitude with positive signature, Fig. ITb is obtained within the LLA,
by inserting the RPR~production vertex Eq. [@TII) either on the first Fig. L8k or on the second
Fig. reggeized gluon. Construction of the phase structure requires some care and we shall
shortly outline the basic steps of the underlying analysis. To this end we start with the Born dia-
gram, where only reggeized gluons are exchanged and no interaction kernel between the reggeized
gluons is included. Leaving for simplicity all details about the transverse momentum structure
of the diagram aside, we obtain, restricting only to the part dependent on Mellin-variables the
following expression

/ do $°€(@) [ oy s7E) (@) [ s s57€0) (@) (4.71)
211 (:J—ﬂ 211 (:Jl—ﬁl 21 (Ijg—ﬂg ’ '
where we further abbreviated the trajectory functions as
B = B(k), pr = B(qr — k), B2 = B(qz2 — k). (4.72)
Using
53 = = (4.73)
S1
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and k%2 ~ 1 within the LLA and further introducing new Mellin-variables @ — ws = @ + WJa, We
arrive at

/@/d@ disy 5“25 oy = @2)¢ ) (@) 571726 (@) (4.74)

omi ) 2mi ) 2mi (wo — @2 — B) (@2 — Fa2) W — A

The Double-Regge-Kinematics allows now for the wy contour to be closed only to the right-hand-
side, which corresponds to the Residue at wy = w; — #. Substituting furthermore ©; — wy + 3 we
finally arrive at

/ dwy [ duwn 526 (B (w2 = ) s (wr — ) (4.75)

omi | 2mi (wo — B2 — ) (w1 —B1—P)

With Eq. 566) and Eq. 82 the product £(7)(8)(-) (wy — ) converts within the LLA into ~
€ (wy)/ sin mws. In particular allowing furthermore for interactions between the reggeized gluons,
this allows then for a derivation of the BFKL-Green’s function along the lines of Sec. for the to-
channel. As far as the t;-channel is concerned we note that within the LLA s¥2g¥17%2 = gw1gw2—w1,
making use of Eq. @T3). With Eq. (866) and Eq. 82) the product £(-)(3)6(-) (wy — f) can
be converted into ~ &) (w;)/ sin 7wy, which then allows for the derivation of the BFKL-Green’s
function in the t;-channel.

For the formulation of the corresponding partial wave, we further require a new ingredient in our
diagrammatic language, namely the RRPRR-vertex, which at this level of accuracy is built up of
two disconnected contributions, mainly given by insertions of the production vertex Eq. (ZI).
We have

oot =En)?6P (k) §MN 00" (a1 — gz — Deular — a2)
by by

= 122m)20P A~k —qu+q2) Tf,.,0""gC"(1,1 — g1 + @2)en(q — q2)  (4.76)

Note that the production vertices do not depend on the longitudinal momenta, in particular not
on (% and [~. The 2 — 3 production amplitude with positive signature in both ¢-channels is within
the LLA given by

dw dwa | ., o, €T 1
Méig” 2—27T8/ 1/ 25|91 52| P Vi (w1, w2501, 42)

2wy ) 2w sin mw
dwl de e—’iﬂwg _ 1
~—2 e PN T R T R N ) 477
e / 271 / 27TZ| | |S | Sin’]T(UQ (+7+)(w17w27Q1aQZ)7 ( )

where the identity holds with LLA accuracy and the partial wave V(. 1) can be obtained making
use of our diagrammatic rules. Further we note that the above expression is in accordance with
the Steinmann-relations and within the considered accuracy also with the analytic representation
of the 2 — 3 production amplitude, Eq. (£f). As explained in detail in [33], the 2 — 3 production
amplitude with positive signature in both ¢-channels is proportional to the s-discontinuity, whereas
the discontinuity in s; and so contributes only at higher orders, in accordance with the above
findings. As a consequence the above partial wave cannot be associated with any of the partial
waves in Eq. (&0), but has to be understood as their combined sum.

4.3.3 Mixed and positive signature for the 2 — 4 amplitude

Next we turn to the various 2 — 4 production amplitudes with positive and mixed signature. As
before, the individual partial waves can be obtained applying the diagrammatic rules given above
to the graphs in Fig. We start with the case, (+, 4, +) where signature in all three ¢-channels
is positive, Fig. ET3h. Within the LLA, this amplitude is found [33] to be proportional to the
discontinuity in s. For the analytic representation this means that the amplitude is within the
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(a) (b) (c)

Figure 4.13: Contributions to the 2 — 4 production amplitude with positive (a) and mixed (b,c,d)
signature. Explicitly we have the following signature configurations a: (+,+,+), b: (—, +,+), ¢: (—, 4+, —),
d: (+7 ) +)

LLA proportional to the sum of all five partial waves in Eq. (£3]). From the effective action we
find within the LLA the following result

d d d —iTWws3 __ 1
Mgti’ﬂ:_%s/ wl/ u'}2/ﬂ|5|w$|8012|W2—w3|51|w1—w267

ori ) 2mi 21 sin Tws
X Wiy 4 (w1, w2, w3541, g2, G3) (4.78)
where to leading accuracy the following identity can be shown to hold
e*iﬂ'wg -1 —imTwy 1
|s]% [s012 [ 7 51 [T ———— o [s[*2[s1 |1 T2 5o [0 T2 —
sin mws sin mwy
_ B efiﬂwl -1
= |s]* [s125]2 7 [s5[2 T2 e (4.79)
and using further identities like
[s128|72 7 [ 55|02 2 [5193] 0T 5o 2T, (4.80)

that equally hold with the LLA, it is easily shown that the energy dependence of Eq. [@T8) is in
agreement with the leading terms of Eq. @9). The partial wave W , .y on the other hand can
be obtained from Fig. T3] making use of the diagrammatic rules.

Next we turn to the signature configuration (—, +,+), Fig. E13b. Within the LLA this amplitude
is proportional to its discontinuity in s123. For the analytic representation Eq. ([€3), it is hence to
leading accuracy proportional to the sum of partial waves W5 and W,. From the effective action
we obtain

- dw dw dw 6*7;71'0.)2 -1
Mg_ﬁi’” =— 2#8/—1/—2 —3|S|w1|8123|w27w1|83|“’3*“’17

211 211 21 sin wwo
X Wie 4 ,4) (w1, w2, w33 q1, 2, G3), (4.81)
where within the LLA
—iTws _ e*iﬂ'w:), -1

|s123]“2]s3|*2 71 >~ |s123]“% |59 |¥2 T2

(4.82)

sin mws sin Tws

To the given level of accuracy, the energy dependence of the effective action is therefore found to
be in accordance with the one of the analytic representation Eq. ([@3).

The signature configuration (—, 4+, —), Fig. I3k, is proportional to its discontinuity in s» and
therefore proportional to the sum of the partial waves W3 and W,. From the effective action
analysis we obtain

—iTw
M) o dwi [ dws [ dws 5|91 | 5125|8791 59|02 € =1
24 271 271 271 sin mwo

s
X Wi_ 4 y(wi,w2,w3; 41, G2,q3), (4.83)
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while the LLA allows for the following manipulation

—iTwy 1 —iTwy 1

e
|8t [s123] 7% [s9]*2 7 s |52 s012| " T s2] 2T

(4.84)

sin wwsy

The partial wave W(_ ;. _y is obtained with the help of the diagrammatic rules.

(a) (b)

Figure 4.14: Graphs that contribute to the production amplitude with the signature configuration (+,-,4+)

The production amplitude with the signature configuration (+, —, +) on the other hand is of higher
order. This appears from the analysis of both the effective action and the analytic representation.
From latter we find that to leading accuracy the partial waves W3, Wy and Wj5 contribute, which
can be obtained by taking the double-discontinuity in s; and ss (W5) and in s and so (W3, Wy ).
For the effective action, these contributions correspond to the diagrams in Fig. .14k and Fig. [Z.14b
respectively. Whereas Fig. .14k contains only states of two reggeized gluons and can in principle
be constructed, Fig. ET4b requires the exchange of a state of three reggeized gluons, which has not
been addressed so far from the effective action. The description of these states within the effective
will be addressed in the following chapter, where we however refer to the elastic amplitude as a
reference process.

The same applies to the Regge-cut contributions for the signature configuration (—, —, —), found
in the analysis of [89], which has not been discovered in Sec. 2] as it is of higher order: Also this
contribution requires within the effective action the state of three reggeized gluons.

4.4 Conclusion

In the present chapter the results of ChaBlhave been applied to the study of production amplitudes.
The analysis of production amplitudes with negative signature revealed that the phase structure
of the reggeized gluon, Eq.([29), must be taken with some care: The Reggeon-Particle-Reggeon
vertex, which describes the production of a gluon, carries itself a inner phase structure. The phase
structure of the complete amplitude is therefore only obtained correctly if simultaneously with
the phase structure of the reggeized gluons, the inner phase structure of the production vertex is
included. Within the LLA, only the leading part of the production vertex is included, which is
real. Including then nevertheless the complete signature factor of the reggeized gluon, one finds
simultaneous discontinuities in over-lapping channels which violate Steinmann-relations. For the
final result, phases of the reggeized gluons should be therefore only trusted with the same amount
of accuracy as the corresponding inner phases of production vertices are taken into account.

We then demonstrated by an explicit calculation that the 1-loop corrections to the production
vertex yield the onset of the required corrections. In particular they could be shown to be in accor-
dance with the analytic representation of the production amplitudes, which satisfy the Steinmann-
relations by construction.

For the construction of production amplitudes with positive and mixed signature, the Reggeon-
Particle-2Reggeon (RP2R) vertex has been determined. Together with the production vertex,
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Eq.#I2), the RP2R-vertex allowed for the construction of all signature configurations of the
2 — 3 and 2 — 4 production amplitude, apart form the configuration (4, —,+) which requires
information about the state of three-reggeized gluons. The basis for constructing amplitudes with
states of more than two reggeized gluons will be laid in following chapter. There we will consider
states of three and four reggeized gluons within the elastic scattering amplitude. The results can
then be applied also to the construction of production amplitudes.
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Chapter 5

Exchanges of n > 2 reggeized
gluons in the elastic amplitude

In this chapter we aim to arrive on a description of states of n > 2 within the effective action. At
the end of the previous chapter it turned out that in order to describe all signature configuration
of n-particle production amplitudes within the effective action, knowledge about the states with
more than two reggeized gluons is inevitable. Apart from the(+, —, +) configuration of the 2 — 4
production amplitude, which requires the state of three reggeized gluons already at leading order,
unitarity requires also the presence of the three-Reggeon-cut for the (—, —, —) configuration. States
with many reggeized gluons are generally connected with unitarity corrections and it is generally
argued that inclusion of the exchange of an arbitrary high number of reggeized gluons yields
unitarization of the BFKL-Pomeron.

The main goal of this chapter is to provide the necessary tools for the study of exchanges of more
than two reggeized gluons within the effective action. As in the previous chapters, we will be mainly
concerned with the issue of longitudinal integrations. In particular the subtraction mechanism for
reggeized gluon loops, introduced in Cha. Blis needed to be generalized and we determine the pole
prescription for the higher induced vertices.

As a reference process we consider as in Cha. B elastic scattering of two quarks at high center of
mass energies with exchange of three and four reggeized gluons. We then determine the coupling
of three an four reggeized gluons to the quark. Apart from the interaction between the reggeized
gluons themselves, the complete description of the state of three and four reggeized gluons requires
vertices that describe transitions from one-to-three and two-to-four reggeized gluons respectively
are included. Combining them with pairwise interactions between reggeized gluons, they can be
shown to yield for the four reggeized gluon state in the overall color singlet the 2-4 reggeized gluon
transition vertex of [35].

The outline of this chapter is the following: In Sec. 5.l we determine the pole structure of induced
vertices up to the third order. In Sec. we discuss the quark-impact factor and propose a all
order generalization of the subtraction scheme for the two reggeized gluon exchange in Sec. In
Sec. we discuss the properties of transitions that change the number of reggeized gluons while
in Sec[5. 4l we compare our findings with the analysis of [35].

5.1 The pole prescription of induced vertices

In the following section we investigate more closely the pole structure of the induced vertices. In
particular we will explicitly determine the pole structure for induced vertices up to the third
order, while the formalism that is presented allows in principle also for the determination of
the pole structure of induced vertices of arbitrary high order. For the exchange of up to four
reggeized gluons, this pole structure is of two-fold need: It is needed for the proper definition of
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the longitudinal integrations and for the higher induced vertices that occur as a building block of
the reggeized gluon transition vertices.

5.1.1 The induced vertex of the first order

As preparation for the discussion of the pole structure of higher induced vertices, we briefly review
the derivation of the pole structure of the induced vertex of the first order in SecBIl There,
the following pole prescription has been found by comparing the effective theory diagram with
the underlying QCD-diagram and expanding the quark-propagators of the QCD-amplitude in the
center of mass energy of the quark-2 gluon sub-amplitude p}k~:

(t01 tC2)AA' (tCQ tcl)AA'
—k~ +ie/ph k™ +ie/ph

(5.1)

To arrive at the color structure of the induced vertex, Eq. (Z30), we further decomposed the
products of SU(N,) generators, t°1¢2 and t°2¢t! into two terms, symmetric and anti-symmetric
under exchange of the gluon color labels ¢; and ¢z, and identified the antisymmetric part with
the induced vertex of the first order, Eq. (236]). Note, that equally well we could have decided to
decompose the color structure in a different way, as long as one of the elements would yield the
commutator. It would have been this term that would have had determined the pole-prescription
of the induced vertex instead. An alternative possible choice would have been for instance, to
keep the combination t“¢°2, while the second term would have been rewritten as the first term
plus the commutator. Such a choice has been used for instance in the analysis of QCD-amplitudes
of [99,100]. Since the pole structure of the subtraction terms changes simultaneously with the
pole structure of the induced vertices, the overall result for the sum of all different contributions
remains unchanged, while individual results alter. Taking a different choice for the decomposition
of the color structure in Eq. (5J) than the originally chosen symmetric/anti-symmetric decomposi-
tion, leads to a reggeized gluon without signature. The symmetric/anti-symmetric decomposition
corresponds therefore at least at this level to the decomposition of the quark-2 gluon amplitude
into positive and negative signature, where the part with negative signature is associated with the
reggeized gluon.

For the effective action a different choice than the symmetric/anti-symmetric decomposition, has
the further disadvantage that it leads to a dependence of the pole structure on the value of! pj,
whereas with the symmetric/antisymmetric choice

11 faec 1 feicee el < 1 1 >
5 -3 = ferecs — + — |, 5.2
k= 72—k~ +ie/pl 2k~ +ie/ph ! 2\k™ —ie k™ +ie (52)

fclcgc

the dependence on p} cancels. Such a dependence is unsatisfactory from a point of view of Regge-
factorization. From a technical point of view, it would at least complicate the regularization
proposed for the two reggeized gluon state in Sec. Furthermore, with the ie prescription of
the pole independent of the particle to which the associated reggeized gluon couples, it is possible
to determine the pole-prescription directly from the effective action.

To this end we recall that, in the effective action, induced vertices arise from the term

1 1 1
ESIR = Ay (v)ﬁgAjF with A+ (W) =vs — gue—nvs + g2 s —vi—vy + ... (5.3)
Ox Oy ~O0x
where vy (z) = —it"v% (z) and Ay(x) = —it* A% (r) are matrices in color space. To give meaning

to the operators 1/0+ at zero, it is necessary to introduce a prescription for these poles in the
effective action. A possible choice is given by? 0+ — 01 — €, which agrees especially with Eq. (5.))

1The dependence of the individual terms in Eq. (5] corresponds to a special kind of a Mandelstam-Leibbrandt
prescription [101-103], where the conjugated momentum is not as usually the plus-momentum of the gluon, k¥, |
but the plus-momentum of the quark, pjg. Restricting to the planar part of scattering amplitudes, only the first
term in Eq. (5 is present and a prescription of this kind is needed.

2Such choices can be also found in the literature, for instance in the context of soft-effective theories, see [64]
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for pjg > (. In general, path-ordered exponents with such a pole-prescription are used to describe to
leading accuracy the propagation of a highly energetic particle interacting in a soft-gluon field [104].

With the proposed prescription, we obtain from the effective action the following term for the first
induced vertex

, tr(tegaz¢e) tr(ta2ta1tC)> o

2

1q°2 + n,n, . 5.4
1 < ky +ie ki +ie e (54)
with k5 = —k; . In the above and also in the following we restrict for simplicity to A_(v). All

results apply equally to A (v) with the corresponding substitutions. As for Eq.(1l), the color
structure does not reduce to the commutator as long € # 0. It is therefore necessary to rewrite the
color structure in a symmetric/anti-symmetric color basis and we find

q’ { o < ! + ! ) + alazcsgn( )27 (k )] n, n (5.5)
€ . .
2 ki +ie  ky —ie 2 ! e

Due to the regularization of the pole, we therefore obtain a second color structure proportional
to the symmetric structure constant d***2¢ for the induced vertex of the first order, which is
not present in the original formulation, Eq. ([230]). At first it might seem plausible to include
also the second, symmetric term into the definition of the induced vertices. It would describe a
reggeized gluon with positive signature in addition to the reggeized gluon with negative signature.
Furthermore, this term does not contribute for real-production amplitudes, as it is proportional
to the delta-function. It therefore leads not to a contradiction with the derivation of the effective
action. We shall nevertheless reject the possibility to include this term for the following four
reasons:

(i) Inclusion of such terms is physically not motivated: Starting from the quark-gluon amplitude
as given for instance by Eq. (B)), the physical idea behind induced vertices is to gather the
most divergent part of the sub-amplitude that does not vanish for large values of the product
pjk_. This does not include contributions proportional to a delta-function.

(ii) While the term proportional to the commutator is independent (up to normalization) of the
precise representation of the gluon-fields, the symmetric part differs for different representa-
tions of the gluon-field. For the adjoint representation for instance, the symmetric term in
Eq. (53) vanishes. Unlike the commutator it is therefore not always possible to extract such
a term from an underlying QCD-amplitude?.

(iii) The symmetric term depends on the sign of € or, in terms of the underlying QCD amplitude
Eq. (B0, on the sign of the light-cone-momentum p}.

(iv) Including symmetric terms, the effective action is no longer hermitian [105], while an hermi-
tian action is required for a unitary S-matrix.

We therefore conclude that it is preferable to keep only terms with antisymmetric color structure
while terms with symmetric color structure should be dropped for the effective action. With
the substitution d+ — d+ — €, the correct ie-prescription arises therefore not immediately from
the effective action, but it is necessary to add some further, external information. In particular,
to obtain the correct pole prescription for the induced vertices, one should first use the pole
prescription d; — 04 — e for the poles in Eq. (B3]), then derive the induced vertices in momentum
space, decompose the traces of generators in a suitable symmetric/anti-symmetric basis, drop all
symmetric terms and identify the terms containing only commutators with the induced vertex.

It would be desirable to have a better prescription of the operators Eq. (53)), that allows to obtain
the correct pole-prescription directly from the effective action, without the need to drop any terms
by hand. This can be obtained at least perturbatively by using the above recipe and then inserting

3That there exists indeed a dependence on the representation of the scattering particles has also been observed
in [79]. There an additional contribution for scattering particles in the adjoint representation has been found, which
is not present for the fundamental representation.
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in the action the term that yields the obtained result. As far as the first induced vertex is concerned,
it is straight-forward to give such a pole-prescription,

1/ 1 1 5
U3 (a—— + ﬁ) v-07 45, (56)

which yields immediately the correct induced vertex, without the need to drop any term. For
future reference we then further introduce a function

1 1 1 1
ki, ky)== + = — ith ki +ky =0, 5.7
g1(ky  ky) 2<I€1_+ie kf—ie) ] wi 1 5 (5.7)
where,
1 1 1
— 5.8
(k] 2<k—ie+/€+ie)’ (58)

is the Cauchy principal value, such that the induced vertex of the first order with pole-prescription
is given by

AP = gPgf**2Cqy (ky )ny,m,,. (5.9)
5.1.2 The induced vertex of the second order

From the effective action without pole prescription the second induced vertex is given by

azaza faipac azala fasac
—_ Al/lllgug—‘r = 2 2 f f + f f n= vy n= Vo n- v3
it =i’ (i i) 7))

ag, k3

ky +ky + k5 =0. (5.10)

As far the prescription of the poles is concerned, a first guess might be, that it is suitable to
describe every single pole of the second induced vertex by a Cauchy principal value. However, such
a choice needs to be rejected as it violates Bose-symmetry of the vertex. This is due to the fact
the eikonal identity that applies for Cauchy principal values holds not in a purely algebraic sense,
but yields an extra term proportional to two delta-functions (see also [103])

1 1

— 1 280V (ke
by kT + k5] + krllks +ky ) [k [ks] + w76 (ky )0 (ks ). (5.11)

It is therefore not possible to simple ’guess’ the correct pole structure of the second induced vertex,
but it needs to be derived explicitly, along the lines stated above. In particular, to derive the pole-
prescription, we need to find an appropriate symmetry basis that generalizes the decomposition in
commutator and anti-commutator of the previous paragraph. This basis needs to contain elements
with a double-commutator, which then yield the color structure of the induced vertex Eq. (GI0).
Furthermore to obtain a reggeized gluon with negative signature, it is desirable to find a prescription
that is invariant under substitutions e — —e. In the following we use a short-cut notation, which
makes the underlying structure of the above expressions more apparent.

[1,2) = [t 1] (5.12)
represents the commutator of two generators with color indices a; and as and

1
Sn(l...n) = — Dt g (5.13)

11y.0:ln
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with the sum over all permutations of the numbers 1, ..., n, yields symmetrization of n generators.
In this notation, a suitable 'basis’ is given by

[[351]52]5 [[372]71]7 So ([1a2]3)7 So ([1a3]2)7 So ([2a3]1)7 SB (123)' (5'14)

Here terms that do not contain commutators are maximally symmetrized. Note that Eq. (512
yields again a generator and therefore expressions like S5 ([1,3]2) which contain symmetrization of
commutators are well defined. In particular, in such a expressions, a commutator should be always
dealt with like a single generator, for instance

1
So([1,8]2) = 5 (47492472 — 4204472 4 g224 4% — 47249247 (5.15)

The set Eq. (14)) contains then two double-anti-symmetric, three mixed-symmetric and one totally
symmetric element. There exists also a third double-antisymmetric element [[1,2], 3], which can
be expressed in terms of the other two by means of the Jacobi-identity. The above decomposition
shares some properties with the usual Young-tableau decomposition, while the definition of anti-
symmetrization differs in the present case.

To derive the pole prescription of the induced vertex of the second order, we start from the effective
action with the following expression

2y ;v !
g TO0_—€ 0_—¢€

v_02A, (5.16)

which yields

—igg2q2n;1n;2n;3
tr(te1te2teste) tr(te2to1t93tc) tr(te1testo2c)
<(l€2_ + ks +ie)(ky +ie)  (ky + kg +ie)(ks +ie)  (ky + kg +i€)(ky + ie)
tr(tstorto2tc) tr(testo2to11°) tr(te2testote)
(ky +ky +ie)(ky +ie) (kg +ky +ie)(ky +ie) (k] +ky +ie)(k] + ze))

(5.17)

with ki 4+ k3 + k3 = 0. Leaving aside for the moment the factor —ig?2q®n;, n,, n,. and also the

projection on the color octet, tr(-¢¢), where the dot represents any product of SU(N,) generators,
we obtain for the basis Eq.(514) from Eq.(&17)

2 n 2 n 1
(k5 —ie)(ki +ie) (k3 +ie)(ki —ie) (K +ie)(k; — ic)

1
-5l .21

1 1
s —i0ls 10 b 10k, —ie) | O —i0k, + ie))

1
5102 (e * o=t T =)

1
+(k1—idﬁg—+k)+(@-+kxkl—iq4_@2—ig@l+wa>

1 1 1 1
—p% (11213) <(k3 T 1ie)  (h ik 0 | (6 —io(k i)

- 1 . 1 B 1 )
(ky +ie)(ky —ie) (kg +ie)(ky —ie)  (ky —ie)(ky +i€)
1 1 1

1
—35%2 ([132) <(k2 —ie)(ky +ie)  (ky +ie)(ky — ie) ’ (kg —i€)(ky +i€)

- 1 . 1 - 1 >
(ks +ie)(ky —ie) (kg +ie)(ks —ie) (kg —ie)(ksy +i€)
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1 1 1 !
—3%(2:3]) <(k3_ —ie)(ky +ie) (k3 +i€e)(ky —ie) " (ky +ie) (ks — ie)

- 1 . 1 - 1 >
Uy —ie)(s +i0) T U —ie)(ky +ie)  (r +ie)(ky —ie)
1 1 1
Uy —i) k1 i0) (ks +ie)(h, —ie) (kg —ie)(ky +ie)

S5 (123) <

+ ! + ! + ! >
(ky +ie)(ky —ie) (kg +ie)(ky —ie) (kg —ie)(ky + i€)
(5.18)

To obtain the induced vertices with pole-prescription, we drop all symmetric terms that come with
an So or an S3 symbol and keep only the terms coming with double anti-symmetric structure,
which yield the color structure of Eq.(51I0). Making use of the Jacobi-Identity, Bose-symmetry of
the induced vertex is easily verified. The pole structure can further be simplified by means of the
eikonal identity

1 1 Lt 1 1 1
ki +ieky +ky +ie ky +iek] +ky +ie  ky +ieky +ie

(5.19)

which holds not only in a purely algebraic sense, but is with the above pole prescription also
true in the sense of the theory of distributions [103], unlike the eikonal identity for poles with
principal value prescription, Eq.(51I1). Evaluating commutators and adding the color-octet pro-
jection together with the common factor of Eq.(&I1), which altogether corresponds to the following
substitution

[[3’ 1]’ 2] N _Z-g2q2n;lnl;n;gJca:»,azafmac7

[[3’2]7 1] N —ngan;ln;zn;gfasamf‘”ac, (520)
we obtain for the second induced vertex from Eq. (5I])

At = —ig* @’ ngnyny, [f02020 [ ga(ky kg k) + o0 f2ga (ks by kg )] (5.21)

aijasazc v3

where

1 1 2 1 1 2 1
ky ki ky)=—=|—— — — — — —— ) |. (5.22
galks, ko) G{kg —ze(k2 +ze+k2—ze>+k3 —|—ze(k2—ze+k2 —|—ze>} ( )

It is then easily verified that Eq.([22I) reduces to Eq. (Z37) in the limit ¢ = 0. Eq.(52I) can be
further rewritten in a more symmetric way, making use of the identity,

1 1

= 2nid( ), (5.23)
which leads to
ol k) = [ Ty )30k ) (524)
G

With Eq. (&I1)), Bose-symmetry of Eq.([524) is easily proven. In particular, taking into account
ki +ky +k; =0, we find

gQ(kZ’T’k;?k";) = _92(k;7k§7k;) - 92(k3?7k;7k;) (525)

It is therefore possible to replace Eq.(510) in the effective action by

l 1 2 n 1
va_ 5,—61]_ 0_—€¢ O_+¢

+ ! v_< 2 + ! )}v_agm. (5.26)
€

o_ + O_+e O0_—c¢
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Every term proportional to a trace of four SU(N.) generators (as on the right hand side of
Eq.(&I7)), will have the pole prescription of Eq.([@ZI). This prescription on the other hand is
equivalent to Eq.(524) and satisfies Eq.([525). Therefore, any symmetric term drops out, similar
to the case, where the ie-prescription is absent and we obtain Eq.([@21]) directly from the effective
action.

5.1.3 The induced vertex of the third order

The derivation of the pole-prescription of the induced vertex of the third order follows the same
lines: Again we will chose a symmetry basis built up of multiple commutators and symmetrization
in the remaining color indices. However the number of terms increases rapidly with the number of
gluons involved, and therefore the resulting expression become large. We therefore present in the
following only the main results. In particular, the color basis now consists 24 terms and is given
by

[[[45 1]) 2] a3] Sz ([17 2]7 [37 4]) So ([[la 2]5 3]4) Ss ([L 2]34) Sy (1234)
[[[47 1]73] 72] 52 ([173]7 [274]) 52 ([[372]71]4) SB ([173]24)
[[[47 2]71]73] Sy ([174]7[273]) So ([[172]74]3) S3 ([174]23)
[[[45 2]5 3] ) 1] So ([[4a 2]5 1]3) Ss ([2a 3]14)
[[[4a3]a1]52] S2 ([[1a3]54]2) S3 ([2a4]13)
[[[4a3]52] al] S2 ([[4a3]51]2) S3 ([3a4]12)

52 ([[27 3]7 4]1)

52 ([[47 3]7 2]1)

(5.27)

As for the first and second induced vertex,
expression

we start from the effective action with the following

1 1 1

—q3 2
R L sl e 6v,6UA+.

(5.28)

We obtain from this expression 24 terms that each come with four SU(N,) generators projected
on the color octet by the projector tr(.t) where every term corresponds to a specific ordering of
the four generators. These products of generators can then be expressed in terms of the color
basis Eq.([2.21), which similarly to Eq.(5I8]), leads to certain combination of poles for every basis-
element. In general, each of the 24 basis elements comes with 24 pole-terms. For the induced
vertex of the third order, we then drop all symmetric terms, and keep only those proportional to a
triple commutator, of the first column of Eq.([527). Making use of the eikonal identity, Eq.(E19),
we arrive at the following pole-prescription

viveva+ _ 3 2 — =
A g9°q°n,, n,,n,n, x

aiazaszc

fa4a1d2 fd2a3d1 fdlaQCQB(kZ7 k;, k;, k;) + fa4a1d2 fd2a2d1 fdlascg:i(k27 k;, k;, k;)
+fa4a2d2fd2a1d1fdlascg:i(k4_7 kg_, k1—7 kg—) 4 fa4a2d2fd2a3d1fd1a1093(k4—7 —|—k’2_, k3_, kl_)

+fa4a3d2 fd2a1d1 fdlazcg:i(k477 k;, k;7 k;) + fll4ll3d2 fd2a2d1 fdlalcg:i(k477 k;, k;, k; ):|
(5.29)
where the function gs(k, , k1, k5 , k5 ) is defined as

93(k4_7 kl_vk?)_ﬂk;) =

B 1{ 1 [ 1 < 1 L 1 >+ 1 < 3 . 1 >}
T 12 | katie [k tie \ky+hyHie | kyt+hy—ie)  ky—ie \ky+hy—ie kg +k;tie
i (e o) v (e * s )}
—|— — |+ —— —— t
ky—ie | kg —ie \ ky+hkg—ie ko +ky +ie ky +ie \ kg +kg+ie  ky+ks —ie
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Similarly to Eq.(@.I1), the function gs(ky , k3 + k5, k5 ) can be written as combination of Cauchy-
principal values and delta-functions:

(ki ky kg ky) = < - — 77—25(1()5(15)_—1
N VT I R Ty
7'('2 7'('2
- Sl 3l ) g = Ak kDD ) 6

With Eq.(GI0) it can then be shown that identities like
93(k477k'175 ki;vk;) = 93(k55 ki;a kkal) + 93(k;7k?jvkia k;) +g3(k;a k;a kgvki) (532)

hold, which allow to prove Bose-symmetry of the induced vertex with the above pole-prescription.
Furthermore, due to those identities, we can state the pole-prescription for the induced vertex
of the third order already at the action level, similar to the case of first and the second induced
vertex; Eq.(2]) is to replace by:

1 1 [ 1 1 1
E[gv<8_—ev _8_—607 <8_—e+8_—|—e>

1 3 1 ]
+3_—|—607 (3_—|—e+8_—e)_

1 1 1 n 1
_te |o_+e \O0_te O_—c

1 3 1\ .
o (a — 5 6) _v_80A+. (5.33)

Obviously Eq.(530) and Eq.([@31) follow a certain symmetry pattern and taking further into
account Eq. Eq.[@2I) and Eq.(&.8) it seems plausible that there exists a general formula that fixes
the poles of all induced vertices. This suggests that the poles of the induced vertex of the nth
order with n 4+ 1 gluons are described by the following function g

(koo ke k—)—i{( 1,1 ) 1 N 1
IWntto B0 B2 S =0\ B atie  kmpr—ie ) \ kgt ke tie | ko t.. k. e

1 1 n
x - +
</€2—H'e k2+ie> (kns1—ie) (kg +. . .4k, _+Hie)(ky+. . .4k, _oti€) - - - (kg +i€)
n }
(kpy1+ie)(ky+. ..k, —ie)(ky+. ..+, _o—i€) - (ky+ie) |

(5.34)

where

cn=2"4+2(n—-1) with c1=2,c0=06,c3 =12. (5.35)
The above formula is in accordance with the induced vertices of the first, second and third order.
Whether this function really yields the correct pole structure for the induced vertex of the fifth

order, for instance, and whether it yields for a general induced vertex Bose-symmetry remains
however to be verified.

5.2 Quark-impact factors and subtraction terms

In the present section we begin our study of the elastic quark-quark scattering amplitude where the
interaction of the quarks involves the exchange of three and four reggeized gluons in the ¢-channel.
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(a) (b)

Figure 5.1: Typical diagrams for the exchange of three (a) and four (b) reggeized gluons. In both cases,
longitudinal integrations factorize, in analogy to the exchange of two reggeized gluons

5.2.1 The quark-impact factor with three gluons

To leading order in g, the state of three reggeized gluons appears for the first time with diagrams
like Fig. BIh. Similar to the exchange of two reggeized gluons, the longitudinal integrals can
be factorized between the two scattering quarks and it is therefore sufficient to consider for the
longitudinal integral the impact factor of the quark alone. The Born-amplitudes with exchange of
three reggeized gluons is therefore given by the following convolution

2(2m)?
=3 Pa

pgAl(lg;%z)a?’ (kl, kQ, kg)Al(lg;%z)a?’ (kl, kg, kg) (536)
The convolution symbol is defined to contain both transverse integrals and the transverse propa-
gators of the reggeized gluons,

Ak A’k 1
®k{123} _/(QW)B/(QW)B k%k%k%’ (537)

with the constraint ki 4+ ko + k3 = g implied. The factor 1/3! is a symmetry factor, while the
dependence of the impact factor on the external color labels of the quarks has been suppressed in
our notation. As the impact factors can be shown not to depend on pj and py and are therefore
independent of s, we note that the amplitude Eq. (552]) is real and carries negative signature. This
is expected, as we consider the exchange of a state of three reggeized gluons, which has negative
signature itself. Signature of a Regge-cut is given by the product of signature of contributing
Regge-poles. The 3-gluon quark impact factors is then obtained from the following integral:

- , dpy iz
Az o (K1, ko, ks) = (ig)® t49249%) g or s ks ko K
LAY G0y (k1 2, k3) = (ig) /(_2m.)/(_2m.) [( JaarFs(pa,pai ki, k2, ks)

+ (t*2 ") aar F3(pa, Plas ko, Ky ks) + (69 8%38%%) aar F3(pa, pla; k1, ks, k2)
+ (3t 92) g q F3(pa, plas ks, ki, ko) + (E926%3 %) anr F3(pa, p'y; k2, k3, k1)

+ (t*3 92" ) g ar F5(pa, Pa; ks, ko, kl)] ; (5.38)
with

Fs(pa,plys k1, ko, ks) =
1

(p1 +phpy — (Pa — k1)? —m? +ie) (1 + po + phps — (Pa — k1 — k2)? — m? +ie)

(5.39)

In Eq. (539) we defined, similar to SecB2 p; = —pik; with i = 1,2,3 with the constraint
11+ pe + p3 = 0. We want to note here that the statement concerning signature of the state
of three reggeized gluons, can be immediately connected to the variable change u; = —pzk[ .
Whereas for the state of two reggeized gluons, with only one integral over k™, the variable change
yields a Jacobian factor 1/|p’|, for three reggeized gluons, the Jacobian is 1/(p)? instead. While
corresponding factors in the numerator lead always to an amplitude proportional to s, the precise
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structure of the Jacobian factors in the denominator determines the behavior of the amplitude
under the substitution s — —s and hence its signature. We further note that the above function
F3 is more general than needed for the determination of the quark-impact factor. For instance for
the quark-impact factor the transverse quark-momentum is zero, py = 0, and pjp;1 = m% due
to on-shellness of the quarks and cancels with the corresponding term. Later we shall encounter
examples which require the general form of Fj, while the integral over the p; can be treated in
complete analogy to the present case. Actually, as far as the evaluation of the integral over pu; is
concerned, we are mainly interested in the p;-dependence and it is therefore convenient to define
quantities

m? = —phps + (pa — ki)> —m3
m?; = —phpa + (pa—ki — k;)> —m%
miy, = —phpa + (P4 — ki —k; —kp)? —m% ete. (5.40)

that gather the (for the moment) redundant information such that

1
(n1 = mi +i€)(p1 + pa — mi, + i)

F3(pa,plas ks ko, ks) = (5.41)

We further note that F3 contains only contributions due to the direct coupling of the reggeized
gluons to the quark and no contributions due to subtraction terms are included at this stage.
Attempting a straight forward integration of F3 over p; and ps one realizes soon that this integrals
are not well-defined: Starting with the integration over u;, the integral is convergent and yields
zero result, as all singularities lie on same side of the integration contour. Starting with ue the
integral turns out to be divergent and cannot be evaluated. Changing furthermore integrations
variables from po to ps = —p1 — pe, also the first integral turns out to be divergent and can no
longer be calculated. It is however well known that integrals like Eq. (B38]) can give nevertheless a
meaningful result from the QED-limit, where all SU (N, )-generators are replaced by a unit matrix.
This allows for cancellation of all singularities between individual terms. In QED, this is known
as the ’eikonal formula’(see for instance [106] and references therein) and it can be demonstrated
that the integral over the sum of all terms leads to a finite result.

In QCD, on the other hand, such a cancellation of divergences between individual terms is pro-
hibited by the color structure of the individual terms. It is therefore necessary to find a different
solution to the problem. An analogous problem was already present for the state of two reggeized
gluons in Sec32 In that case, the expression corresponding to the above F3 is given by

1

ok, ky) = ————. 5.42
2(k1, k2) g (5.42)
with m? defined by Eq. (540). It is then possible to decompose this function further,
Fy(k1, ko) = Fy' (kv k2) + g1, p2), (5.43)
where
1 1 1 m?
Fft(ky ko) = = — + , LS 5.44
2 (k1 ko) 2(u1—|—ze ul—ze>u1—m%—|—ze ( )

yields a convergent integrand in uq, while the divergent part is contained in the function g1 (p1),
which is the pole part of the first induced vertex, Eq.(51). Making use of a subtraction graph, the
function gy (1, p2) in Eq. (543) is canceled and one is left with the convergent integral over Fi*.

So far the subtraction terms have been obtained from the diagram, where the state of two reggeized
gluons arises from a direct decay of a single reggeized gluon into two gluons, by means of an
induced vertex (compare Fig. and Fig. EI0e). This term was then subtracted from the
original expression. As we will see in short, also the for F3 the divergent parts of the integrand
can be isolated and removed by means of corresponding subtraction terms. However in that case
it becomes rather uncomfortable to first determine all possible direct couplings of reggeized gluons
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to each other and then to subtract them in the appropriate way. It seems therefore advisable to
supplement the effective Lagrangian by a subtraction term. It generates these subtraction diagrams
automatically and the correct choice of sign is implemented automatically. Furthermore, this term
also allows to remove the direct couplings of the reggeized gluons to each other by induced vertices,
as they are now meaningless*. The term to be added to the Lagrangian is given by

Esubtract(A-‘ra A_) = —2tr(A+ (A+) - A+)(9§A_ - 2tI'(A_ (A_) - A_)83A+, (545)
with

+
1 1 1 r
AL(AL) =— gaiU(Ai) = —tr;@iP exp (— 59/ da:’iAi(x’)). (5.46)
The complete effective action then reads

Seff = /d4$[£QCD (U#, 1/)) + Ling (U:I:; A:i:) + Lsubtract (A+, A—)]' (5'47)

As this term only depends on the reggeized gluon fields, it does not contribute to the tree-diagrams
of the production amplitudes in the Quasi-Multi-Regge-Kinematics and it is therefore not in conflict
with the original formulation of the effective action. The resulting subtraction diagrams then

Figure 5.2: The two reggeized gluon impact factor is given as the sum of the direct couplings of the two
reggeized gluons to the quark, minus the subtraction graph, integrated over p; = —pzkf .

remove the direct couplings of reggeized gluons by induced vertices and parts of the particle-n-
reggeized gluons amplitudes, that are already contained in the induced vertices and which would
lead otherwise to a double-counting of parts of the underlying QCD-diagrams. We therefore remove
with this term two different contribution which explains the overall factor of two in Eq.(&45).

For the two-reggeized gluon impact factor, all contributing diagrams are then given in Fig[5.2
Note that Eq. (548 already contains the minus sign needed for the subtraction and therefore the
subtraction graphs appear in Fig[5.2 with a relative plus. The diagram with direct coupling of
three reggeized gluons denotes the subtraction term. Direct coupling of a reggeized gluon by an
induced vertex on the other hand are from now understood to be removed from the effective action
by the subtraction terms and appear no longer.

For the three-reggeized-gluon impact-factor, the relevant graphs, including subtraction diagrams
are depicted in Fig. B3] where we used the two-reggeized gluon impact factor, Fig. 5.2, to com-
pactify the representation.

To evaluate the integrations in Eq. (538) one can use for the function F5 the following decompo-
sition
Fy(k1, ko, ks) = F3¥(k1, k2, ks) + g2(p1, po, p13)
Fyt(ku, ko + k3) g1 (pn + pio, ) + Fyt (k1 + ko, ka)ga (pn, o + p3), (5.48)
with the regularized F3-function
mimi,
(11 —mi +ie) (1 + p2 — mi, + de)

Ff (k1 ko, k3) =

1 1 2 1 2 1
X = : _ 4 _ )+ —— _ 4 )], (5.49)
6 | p1tie \ u1+po—ie  pr1+pa+ie p1—1€ \ p1+potie  p1+po—ie

41t has been thought that those terms might be needed for more complicated processes, like the six-point-
amplitude for instance. So far however we could not encounter any need for those transitions in any amplitude
studied by us so far and we therefore suggest to remove these terms from the Lagrangian. Indeed we believe that
those terms would instead lead to an over-counting which could be only cured by introducing another cut-off, which
to our understanding is not necessary.
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RN

Figure 5.3: Diagrams that contribute to the three reggeized gluon quark-impact-factor. For the sum of
the subtraction graphs, we used the two-reggeized gluon to compactify the presentation.

where we suppressed in our notation the dependence of F3 on pa,p’y. For all terms in Eq. (0.43))
that come with a function g or g3, it can be demonstrated that the integral over p; and uo yields
zero result if these terms are combined with the subtraction diagrams. The integral over F¥* on
the other hand is convergent,

dp dpz 1

F5*(k1, ko, k 5.50
| o | ot =5 >0

We obtain hence for the quark-impact-factor

ajaza 1 a;g a; a;g
1A ) (R K2, ) = (ig)° 30 D gt (5.51)
’L ...’i3

where the sum is over all permutations of numbers 1,...,3. An important check on the correctness

of this result is given by the QED-limit, where all SU ( . )-generators are replaced by 1, which can
easily be verified to be fulfilled.

5.2.2 The quark-impact factor with four gluons

The determination of the quark-impact factor follows a similar scheme: Starting from

2 271— 3 — ajazasza. aijazaza.
MIS = —i (4,) AP 5 ATLR 3 (K, oo, K, Koa) @k, ATER" (B, Koo, Ky, Ka),  (5.52)
where the convolution symbol is defined as
d’k d’k d*k 1
Dherogs = / = / 2 / S (5.53)
(2m) (2m) (2m)3 kik3ksky

with the constraint ky + ...+ k4 = q. As appropriate for the state of four reggeized gluons we
observe that the above amplitude carries positive signature. The four gluon impact factor results
from the following integral,

. dpn dpz dp3
aijazas — 4
AAA’ ,(3:0) (kla k27k3) - (Zg) / (_27.”) / (_271-2) / (_271-2)

Z (tllu iz @iz iy )AA’ [F4(k1'1 s k¢2, k¢3, ku) + Ff(k“ s k‘iQ s k‘zg s k‘i4 )} s (554)
i1,..0a
where the sum is over all permutations of the numbers 1,...,4. The function F} is defined as
1 1 1
Fy(pa,plas ks ko, ks, ks) = . . —,  (5.55)

pa — mi-Fie 1+ po — miyFie p1 + po + p3 — miggtie

and contains all contributions due to the direct coupling of the reggeized gluon to the quark. F} on
the other hand contains all contributions that arise due to the presence of the subtraction diagrams
and we defined as previously p; = —pjki_ with i =1,...4 and Z?Zl i = 0.
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Similarly to F3, the function Fj can be decomposed into a convergent part F{* and parts in which
the divergent contributions are gathered:

Fy(ky, ko, ks, ka) = Fi'(1,2,3,3) 4 94(1,2,3,4)
+ Ff{(1,2,34)01(123,4) + F{(1,23,4)g1(12,34) + F3(12,3,4)g1 (1, 234)
+ Ff1(123,4)g2(1,2,3) + Fi1(1,234)92(2, 3,4) + Ff(12,34) g1 (1,234) 91 (123, 4). (5.56)

where we introduced the following short-cut notation
F1(12,3,4) = F{ (k1 + ko, k3, ka) 9(1,234) =g1(p1, p2 + pr3 + pa) (5.57)

where a string of numbers corresponds to the sum of the momenta with the corresponding indices.
The convergent contribution is given by

1
Ff(k17k27k3)k4) = ﬂ

K 4 1 3 )( 1 1 )
ul—m%—i—ie H1 — 1€y +ie ul—l—,ug—mfz—kie W1+ po — i€

1 1
( I )
—[4 — Migg + 1€ 4 + 1€

4 1 3 1 1
p1—m3+ie  py+ie g —ie) \p1+ pe —miy +ie  py + po + i€

1 1
5 — + -
—[4 — Mg + 1€ 4 — 1€

+( 8 5 3 )( 1 B 1 >
p1—m?24ie g —ie  py+ie ) \p1 + po — mi, +ie i+ po + e

1 1
— + -
<_N4 —miys +ie gt 26)

. s 5 3 1 o
p1—m3+ie  py+ie  pyp—ie ) \p1+ pe —miy +ie  py+ pg — i€

1 1
3 — + - . (5.58)
—H4 — Mig3 1€ g — L€

The integral over divergent parts of Eq.(550]), which is contained in the functions g¢;, i = 1,2,3,
vanishes, when combined with the contributions from subtraction diagrams F’. The integral over
Ff yields on the other hand the following result

d,ul d,u2 d,ug R B i
/(—2m') / (—2mi) / (_2M)F4 (K1, k2, ks, ka) = 51’ (5.59)

and the four gluon quark-impact factor is given by

1 e a a
AR Gy (e Fea Bg) = g5 i tagtiogti, (5.60)
Ciyia
where the sum is over all permutations of numbers 1,...,4. Again, taking he QED-limit, t% — 1,

we find coincidence of the above result with the QED-’eikonal-formula’.

5.3 Number changing Reggeon transition kernels

Compared to the exchange of a single reggeized gluon, with negative signature, and the state of two-
reggeized gluons, with positive signature, states of three and four reggeized gluons are suppressed
by a relative factor of g2 compared to the corresponding leading part. Resumming therefore loop
corrections to the exchange of three and four reggeized gluons that are maximally enhanced by

72



logarithms in the center of mass energy /s, we are therefore strictly speaking working within
Generalized LLA (GLLA) as defined in [33,38], where all loop-corrections are resummed that are
enhanced by a maximal power of logarithms in s. One part of the corrections is given by the
pairwise interaction of the reggeized gluons by a two-to-two kernel, as derived in Sec[3:2] which are
known as BKP-corrections [33,34]. Apart from them, a complete description of the state of n > 2
reggeized gluons within the GLLA requires to include transition vertices. In the present case these
are transitions from one-to-three and two-to-four reggeized gluons. Transitions from one-to-two
and two-to-three are on the other hand not allowed by singature conservation [5]. In the following
we will see that signature conservation is for the elastic amplitude satisfied automatically and is
not needed to be imposed as an external constraint.

5.3.1 The transition of 1-2 and 1-3 reggeized gluons

As far as the description of the relevant longitudinal integrations is concerned, transitions from
one to two and one to three reggeized gluons share many features. In the following we restrict
then to the case where a single reggeized gluons, coming form the quark A, couples to two and
three reggeized gluons respectively, which connected to the quark B, see also Figls. 4l and Fig[5hl
All other cases can then be easily obtained from this expression.

Both for the one-to-two and the one-to-three transitions, the reggeized gluons couple to each other
by a gluon loop, similar to the central rapidity diagram of Sec. Bl that yields the gluon trajectory
function. Apart from the coupling of the "upper’ to the 'lower’ reggeized gluons by a gluon-loop,
there occur also various subtraction diagrams. As far as integrations over longitudinal momenta

Figure 5.4: Diagrams with an induced vertex of the first (a) and the second (b) order that contribute to
the 1-2 transition. While the 1-2 transition has to vanish within the elastic amplitude, it might contribute
to the triple-Regge-limit of the 6-point amplitude (c).

pa pA

PB bB

(a) (b) ()

Figure 5.5: Diagrams with an induced vertex of the first (a), the second (b) and the third order (c) that
contribute to the 1-3 transition.

are concerned, we have as usual the constraint, that every 4-point sub-amplitude, where the in-
teraction is mediated by a reggeized gluon, requires a large center of mass energy. This constraint
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is imposed by the usual Mellin integrals. They further allow to include due to reggeization of
the gluon and corrections to the state of two and three reggeized gluon respectively in an easy
and straight-forward way LLA-corrections. As far as the upper reggeized gluon is concerned, the
description is identical to the case of the gluon trajectory function in Sec. Bl The case, where
the reggeized gluon couples to the gluon loop by an induced vertex of higher order, as in Fig. 5.4b
and Fig. B.8b-c, requires however special care. There, the reggeized gluon is seemingly part of a
5- or a 6-point sub-amplitude and not of a 4-point amplitude. We follow also in the following the
solution proposed in Sec[L2], where a similar problem occurred. The natural choice to define the
relevant 4-point-amplitude is given by imposing the constraint on the gluon momenta that enter
the gluon-loop: In the essential region of integration of the gluon-loop, loop momenta are close to
the mass-shell and in this sense, the constraint on the center-of-mass energy can be related to a
corresponding constraint on the rapidity-variable. The gluons that do not enter the gluon loop,
on the other hand, couple directly to reggeized gluons and are therefore generally off-shell and
do not impose any constraint on rapidity. As far as the correct choice of the momenta inside the
loop is concerned, we recall from Sec[L2] that it is always possible to state higher induced vertices
in a form, that there is always only one pole that contains the loop momenta and it is then this
pole-momentum that should be used to construct the corresponding center-of-mass energy.

For the lower reggeized gluons, one has to distinguish between the case where only one reggeized
gluon couples to the gluon-loop from below, as in Fig. 5.4b and Fig. 5.5k, and the case where a
state of two or three reggeized gluons couples to the gluon-loop as in Fig. 6.4k and Fig. B.5h-b.
While in the former case we proceed in the same way as for the gluon trajectory, Sec. Bl in the
latter case we combine the phases of the individual reggeized gluons, making repeatedly use of

Eq. (364).

For the general evaluation of the diagrams we note that there occurs a large amount of cancellations
between individual diagrams, which we partly trace back to identities between the induced vertices
like Eq. (Z20). In particular it seems to be possible to find a general argument related to gauge
invariance, that allows to exclude certain contributions from the very beginning which would
facilitate the calculations considerably. Unfortunately, such a general rule has not been found yet.
Nevertheless it seems advisable to achieve as many cancellations as possible between the individual
diagrams, which in particular cancels certain divergent parts and to start only after-wards the
evaluation of the integrals.

As a next step we evaluate the longitudinal part of the reggeized-gluon-loop-integral, which can
be attributed to the transition vertex: With the loop momenta of the gluon loop denoted by [ and
the loop momenta of the reggeized gluon loop by k; where i = 1 for the one-to-two transition and
i = 1,2 for the one-to-two transition (see Fig. B4l and Fig. [5.5]), we substitute the minus momenta
of the reggeized gluon loops, k; , by k; — p; = —I*k; . This yields Jacobian factors 1/|I*| and
1/(I*)? for the one-to-two and the one-to-three transition respectively. As we will see in short,
these Jacobian factors connect again directly to the signature of the states of reggeized gluons. The
integrals over the p; are then easily evaluated, taking into account contributions due to subtraction
diagrams and following closely the procedure described in Sec. for the evaluation of the impact
factors. For the the one-to-two transition we then arrive typically at integrals of the following form

/ d*l | (—phlT —ie “1+ phl™ —ie\| | [ —pHlt — e “2+ PRIt —ie\ ™
(2r)* Aq Aq Ay Ay

11 1 1
1= 1H —12+ie 1t — (1 — Ky + k2)? + ie

(5.61)

where the precise structure of transverse momenta differs for different diagrams. Furthermore there
exists a contribution that comes with an additional factor [7!~ in the numerator. In any case the
integrals over [t and [~ are convergent and substituting simultaneously (¥ — —{* and [~ — —I—,
the above integral changes sign and therefore yields zero and as a consequence, the transition from
one to two reggeized gluons inside the elastic amplitude vanishes. We however note, that the reason
for vanishing of this integral is given by the Jacobian factor || that occurs as a consequence of
the longitudinal loop integral of the reggeized gluon loop. Note that the above result allows for the
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one-to-two transition to occur inside a 6-point amplitude, Fig. 5.4k, for instance, where a integral
over the relative momenta of the reggeized gluons is not present.

For the transition of one to three reggeized gluons we arrive after evaluating integrals over p; and

1o at integrals of the following form
/ d*l —phl™ —ie\ " N phl= —ie\™ —pplt —ie\™ N pplt —ie\™
(2m)4 A, Aq Ay Ay
1= 1H —12+ie I — (I —ky + ko)? + ie

11 1 1
Due to the different Jacobian factors, the integral does not vanish but can be evaluated in analogy
to the central rapidity diagram of Sec. Bl Taking into account simplifications due to the LLA, we
arrive at the following result for elastic quark-quark scattering amplitude with a transition from
one to three reggeized gluons:

om)? , _ [ dw |(—phr\" v\
Moo = %pjpg/f [( +A B) + (#) 11\I—C>3(w7t) (5.63)

2mi | \mymp mymp

(5.62)

where

al 1 Pk, [ ks,
Al = Fw—ﬁ(cﬂ)/(%)a/(%) U™ (q; ky o, ko)
1
k2k2k2 Al():lsb(?)b?’ (wlk1, k2, k3) (5.64)

with Uj_3 to 1-to-3 reggeized gluon transition vertex. To display the transverse momentum struc-
ture of the vertex, we make use of so-called Reggeon-momentum diagrams (for an detailed intro-
duction to these diagrams see for instance [38]), which allow to illustrate the transverse momentum
structure in a diagrammatic way. In every diagram there is a lowest vertex, which determines the
resulting expression. While the sum of momenta that leaves the vertex below determines the
numerator, the two lines that enter this vertex from above determine the two denominators. Fur-
ther, closed loop imply an integration over the transverse loop momentum. For the 1-to-3 reggeized
gluon transition vertex, the following diagrams occur, which correspond to the following expression

in momentum space:
d?l (k k k3)?
/ 1+ ko + k3) (5.65)

27‘( 3l2 k1+k2+k3—l)
d?l (k1 + k2)2

A / 27‘( 3 l2 kl + kQ — l) (566)
d?l

A\ / 2m)3 12 k:1 - l) (5.67)

The complete transition vertex is then given by
U2 (q; ke ko, kes) =
tr (TT" T%T%) U(g; k1, ko, ks) + tr (TTP2T" T%) U(q; ko, k1, ks)
+tr (7T T%T) U(g; k1, ks, ko), (5.68)

where the sum is over all permutations of numbers 1,...,3 with the trace and generators in the
adjoint representation of SU(N.) and

2
123 1 2 3 1 2 3
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5.3.2 The transition of 2-3 and 2-4 reggeized gluons

In accordance with the discussion of the two-to-two transition in Sec[3.2] and the Reggeon-Particle-
2-Reggeon vertex in Secl3] it is also in the present case advisable to consider for the discussion
of longitudinal integrations not individual diagrams, but to group the sum of all diagrams first
according to their color- and then according to their transverse momentum structure. In this way
cancellation of certain divergent parts between individual diagrams is achieved, which is otherwise
difficult to be obtained. Diagrams that contribute to the two-to-three reggeized gluons transitions
are shown in Figl5.0h-b, while a typical contribution to the two-to-four reggeized gluon transition
can be found in Fig[5.6k.

ki1, by

(a) (b) (c)

Figure 5.6: Diagrams that contribute to the transition form two-to-three (a,b) and two-to-four reggeized
gluons.

In the case of the 2 — 3 transition, the obtained unintegrated transition vertex is for one ordering
of color and momenta indices given by

AT16(T TP T%) g, 0, [(‘JQ —13(q —k1)?g1 (1, —p2 — p3) — 13(q — k3)?g1 (1 + pi2, —p3)
+ k31591 (1, —p2 — p3)g1(pa + pa, —M3)> Fs(l, 15 k1, ko, k3)
+ 13k3 g2 (s, pay 1) Fo (b, lo; k1 + ko, k) + B3k3go (11, 2, p3) Fo (U1, lo; o,y ko + k3) (5.70)

where pu; = =Tk, i =1,2,3 with p3 + p2 + u3 = 0. Further ky + ks + ks = ¢ = 11 + 12, while
If =~ =1* and If = 0 = 1;. The appearance of the functions g; i = 1,2 in Eq.(570) is
directly associated with the occurrence of induced vertices in the underlying Feynman-diagrams.
For instance the first term in the first line of Eq.(570) comes from a combination with no induced
vertex, while the term in the second line of Eq.([@70) comes due to a combination of two induced
vertices of the first order. Terms in third line on the other hand come from a combination of an
induced vertex of the second order with a reggeized gluon that couples without an induced vertex
to the gluon. In the case of the two-to-four transition a very similar expression can be derived,
which contains as a new element also the function g3, corresponding to an induced vertex of the

third order.

Also in the present case, every 4-point amplitude where the interaction is mediated by a reggeized
gluon, requires a large center of mass energy, and a corresponding lower bound is imposed making
use of the Mellin-integral. For the graphs Figlh.Th-b, where the reggeized gluon couples to the
gluon by a three-gluon-vertex or an induced vertex of the first order, the situation is similar to the
2-2 transition and the squared center-of-mass energy is given by pjkl_ . However, unlike the case of
the 2-2 transition, it is generally no longer possible to combine the two Mellin-integrals that belong
to the two upper reggeized gluons into a single one for the whole sub-amplitude. Instead, every
reggeized gluon is treated separately and are only combined into a single Mellin-integral, after the
longitudinal integrations have been carried out. For graphs like Figlh.7k-d , which contain induced
vertices of higher order, a problem similar to the one in Sec. [(31] arises: The reggeized gluon is
seemingly part of a 5- or a 6-point sub-amplitude and not a 4-point amplitude. In analogy with the
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Figure 5.7: Different kind of center of mass energies that need to be large, in order for the interaction to
be correctly described by a reggeized gluon.

procedure in Sec. [1.3.1] we will use in the following the momentum of the 'produced’” QCD gluon
to construct the center-of-mass energy, on which the lower bound is imposed and which enters
the Mellin integral. In particular for Fig. BTk and Fig. 5.7d, this results into the center-of-mass
energies sff) = ph(ky + k) and sff) = ph(ki + ky + k3 ) respectively. Anticipating that all
longitudinal integrals are convergent, once subtraction graphs are included, this then implies that
the transition is fixed at central rapidities, as required.

Taking into account further subtraction diagrams, longitudinal integrals turn out to be convergent
and can be evaluated similarly to the two-to-two transition in Sec. 32l with the methods described
in Sec. Especially, using the methods of Sec. [5.2] we arrive in the course of the analysis on the
‘regularized’ integrands F{*, Ff* and F® which all come with certain poles in light-cone momenta,
and for a correct evaluation of the integral it is mandatory that the ie prescription of these poles
coincides with the one of the branch-cuts appearing due to the Mellin-integral. In the case of the
2-3 transition, after including subtraction diagrams, the first term in the first line of Eq.(@.70) will
be proportional to the function Fi* of Eq. (54J), plus terms with vanishing integral. The integral
is then given by

di+ duq dpo m2m?
— [(=pRlt —ie)? + (prlT —ie)*? / - / - 112 -
i Lopelt =107+ 0al" =10 [ 55 | Comy G vl v i) + iy 00

N wlfl . W271 _+ wz*l
() (e )T (e )

-+ wlfl -+ UJQ*]. -+ wzfl
—Pak1 . palp +p2) —palp +p2) .
_ ( l,: 1 ze) lQ (% _ ze) _ (% — e . (5.71)

where we note that the factor 1/I" arises due to a Jacobian factor from the transition k; — p; =
—IYk;,i=1,2and m} = (I—k;)? and m?, = (I — k1 —k2)?. With the substitutions [T — —I* the
integral changes sign and correspondingly the integral vanishes. A similar observation can be made
for all integrals connected with the transition from two to three reggeized gluons. The two-to-three
transition vanishes therefore, if inserted into the elastic amplitude. On the other hand, if it would
occur inside in a 6-point amplitude for instance, it is generally possible to obtain a non-zero result
for this transition.

Integrals occurring for the two-to-four transition are very similar to Eq. (571]), the main difference
being that they contain three integrations over u;, ¢ = 1,...4 and that the corresponding Jacobian
yields therefore a factor of 1/[I7], instead. As a consequence, the integrals do not vanish in that
case, in accordance with signature conservation.

For the elastic scattering amplitude with one transition from two to four reggeized gluons we then
find the following expression:

Ma_p = (2”)35/ dw (i>w£ NC(w, 1), (5.72)

4! 278 \ Sp sin Tw
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with

1
NG a1a a1az;b1babsby .
g (W, 1) =A] 2102)(l1al2)m @1, Uply (L, los k1, ko, k3, Ky)
1 aijaza3a.
®k{1234} A(i 02) 3 4(k17 k?a k37 k4) (573)

7
w=32; Bk?)
The transition is given as the sum of a connected and a disconnected part

Ush ez 00200 (1) iy ko, ks, key) =Ugeint®%5% (1) Ly ko, ko, ks, ka)

connect

Ua1a2,b1b2b3b4(l17l2;k17k27k37k4) (574)

disconnect

where the latter arises as all possible combinations of the 1-3 transition Eq.(568) of the previous
section:

Uavlaz;b1b2b3b4 (l17 l2; k17 k2, k37 k4) =

disconnect
1 .
=5 > |0°0(2m)%0 P (b, — ka)UL2 20110208 ke ke, Kes)
01,12
5% (27)36@) (1, — ka) U202 (1, Koy, Ko, o)
459102 (2m)35@) (1, — o) U2 (1 Ky e, Key)
45010 (2m)35@ (1, — ) U2 (1 Ko, e, Key) (5.75)

where the sum is over permutations of the numbers 1,2. To state the connected part, we again
make use of a diagrammatic notation in terms of Reggeon momentum diagrams. For the connected
part, the following types of expressions are needed:

k1+k2+k3+k4) k1+k2+k3)
1212 21y — ky)?

(ko + k3)? (k1 + ko)
Tl k)2(l2 — ka)? 2(ly — k3 — ka)?

k3
T (1 — k1 — k2)2(ly — ka)?

(5.76)

The transition vertex is then given by

Ulamet 2 (1 Ui ke gy, ka) = (TP TP TP Thm)

J1s-a

UC(lilalz27kJ1akj27kJ37 k )

al1a
(5.77)

where the sum is over all permutations of numbers 1,...,4 and generators are in the adjoint
representation of SU(N,). The function U¢ is given by

Uc(li,la; ki, ko, ks, k) =

1 g 1 1 | 1 |
4l2l2 i o o -
94%2 |9y 12 12 *3



5.4 The state of three and four reggeized gluons

For a description of the complete state of three and four reggeized gluons, the above derived
transition vertices need to be combined with the pairwise interactions by two-to-two transition
kernels between the individual reggeized gluons.

5.4.1 Integral equations

For three reggeized gluons, the relevant contributions within the GLLA are depicted in Figlh8]
with all other corrections suppressed at least by an additional factor of ¢2.

=== =

(a) (b) () (d)

Figure 5.8: Different types of loop corrections to the state of three reggeized gluons (a) three reggeized
gluons coupling to both quarks and diagrams containing one (b)(c) and two (d) transition(s) between the
one and three reggeized gluon state.

For every diagram it is possible to identify at a certain stage a state of three reggeized gluons.
We then factorize the amplitude at this point into two quark-three reggeized gluon amplitudes.
Expressing the complete amplitude within the GLLA as the following Mellin-transform

AR (2w)28/ dw (i)wg()(w)%(w,t)’ (5.79)

3! 27 \ Sp

we write the partial wave ¢3(w,t) the following convolution:
3
¢3 (wv t) = Agla2a3 (w|k17 k27 k3)(w - Z 6(k12)) Bko1as AglaQag (k17 k27 k3) (580)

where A5'?“*(w) denote the corresponding quark-3reggeized gluon amplitudes which is defined to
contain a factor 1/(w — E? B(k?)) for the external reggeized gluons. The state of three reggeized
gluons can both arise from a direct coupling to the quark and by a transition from a 1—3 transition.
It is therefore within the GLLA resummed by the following integral equation

3

(= D BU)AT " @ik, o, s) = AQG " + UL A () + DK @ Agrees,
- (5.81)
where the sum on the right-hand-side contains all possible insertions of the 2-2 kernel and
Af(wlg) = glt‘léi (5.82)
w—p(q?) ¢

is the amplitude describing coupling of a single reggeized gluon to the quark.

The partial wave that describes the exchange of four reggeized gluons can be factorized in an
analogous way. The different contributions are depicted in Figl5. 0t The state of four reggeized
gluons may either arise from a direct coupling of the four reggeized gluon to the upper quark (in
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(a) (b)

Figure 5.9: Different contributions to the state of four reggeized gluons: (a) : direct coupling of the four
reggeized gluons to the quark (b): transition from the two to the four reggeized gluon state

the case of Figl5d) or by a transition between the state of two and four reggeized gluons. The
elastic scattering amplitude with exchange of four reggeized gluons within the GLLA given by

woe)
MELARR _ (27T)3S/d_w <i> §+ b1 (w, b). (5.83)

4! 2mi \ SR

The partial wave ¢4(w,t) is then factorized into two quark-four-reggeized gluons amplitudes in the
following way:

4
a(w, 1) = AJ 299 (wlky, ko, kg, Ka) (w — Y B(K7)) @hyngy AT 2904 (wlkor, ko, kg, k). (5.84)
i=1

As for the state of three reggeized gluons, also the quark-four-reggeized gluons amplitude is non-
amputated and contains a factor 1/(w — Z?:l B(k?)) for its external reggeized gluons. It satisfies
the following integral equation

4
(w— Z ﬂ(kg))Aglbzbsbz; (w|ky, ko, k3, kq) :Al&foz)bgm + U;ilz;blbgb:sm ® Ag1a2 (w)
i=1
+ 3okl M g apen ). (5.85)

Compared to existing results in the literature (to which we compare in the following paragraph)
the above integral equations have the special feature that they are not restricted to the overall
color singlet. In particular they allow for a search of further Regge-poles in the color-octet channel.
In the following we shall however not do so, but compare instead our results with the yet existing
results for the color singlet channel.

5.4.2 The four reggeized gluon state in the color singlet

In the following section, we compare the above obtained result with existing results in the literature.
In particular the question arises in which sense the integral equations describing the state of four
reggeized gluons are related to the analysis of [35-37]. While the analysis presented there was
carried out for N, = 3, the result was reproduced for arbitrary, finite N, in [38] and we will refer
if we compare the exact form of results.

To compare with [35] we consider quark-reggeized gluons amplitudes, as shown in Fig[50 In [35]
the analysis has been carried out for state of four reggeized gluons coupling to a virtual photon,
and not to a quark. In particular this restricts the four reggeized gluon state to the overall color
singlet. In turn, we shall therefore only take the color-singlet part of the scattering quark A into
account.
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5.4.3 The Born-result

To lowest order in the coupling constant, the contribution due to the transition of two-to-four
reggeized gluons is absent and we encounter only the contribution due to the quark impact factor
with four reggeized gluons, Eq. (B60). To compare with the presentation in [35,38] we project
the scattering quark onto the color singlet and write the four gluon impact-factor Eq.(5.60) as
a superposition of the two-reggeized gluon quark-impact factor Eq. [B41), in analogy with the
analysis of [35,38]. Projected onto the color-singlet, the two-gluon impact factor reads

2

B3 (ki ko) = 872 o (ki o) = 0172, (5.86)

where we denote here impact factors and partial waves by a letter B’ in order stress that in the
following case the quarks are explicitly projected on their color singlet. The transverse momenta
dependence of the above function is of course trivial. We however attempt to stay as close as
possible to the analysis of [35] and that is why it is convenient for us to introduce formally such a
function. Furthermore, let us define color tensors,

o120 (1119200 (L1902, (5.87)

following [35,38]. In the present case, it is then furthermore useful to introduce analogous color
tensors, one which is symmetric under the exchange of the first two and the last two pairs of indices

1
da1a2a3a4 — da1a2a3a4 da2a1a3a4 588
2 2 [ =+ ] ) ( )
and one which is symmetric under exchange of any pair of color indices
dg1a2a3a4 :% [da1a2a3ll4 + d42@1a3a4 + da1a3a2a4] (589)

The impact factor for four reggeized gluons coupling to the quark, as derived from the effective
action, can then be expressed, for the overall color singlet, in terms of the two reggeized gluon
impact factor in the following way:

B?i;g§a3a4 (k17 ko, ks, k4) =
—gPd g 2% [B(,0)(123,4) 4 B(2;0)(124,3) + B(2,0)(134,2) + B(2,0y(234,1)]

+97d31 2994 By ) (12, 34) + g2d3H 27294 By (13, 24) + ¢2d3 %29 By (14,23),  (5.90)
where we introduced the following short-hand notation
B(2;0)(127 34) = B(g;o)(kl + ko, ks + k4), (591)

where a string of numbers represent a sum of transverse momenta with the corresponding indices.
In [35], the corresponding result was obtained from taking the triple discontinuity of the six-point
amplitude, as outlined in the first part of this thesis. With D(5.9) and D4,y denoting the virtual
photon impact factor with two and four reggeized gluons, the result for the four gluon impact
factor is given by
Doy (ks ko, ks, ka) =
_dea1a2a3a4 [D(2;O) (1237 4) + D(2;0) (2347 1) + _D(2;O) (147 23)]

—g?d*>*193% [ D 5.0)(134,2) + Dy2,0)(124,3) — D(2,0)(12,34) + D(2,0y(13,24)] . (5.92)

Comparing the two results, one observes, apart from the different impact factors, the following
difference compared to Eq.[1592): Eq.([500) lacks a certain antisymmetric color structure. While,
for example, the term D(2,0)(12,34) comes with a color tensor

de2arasas dgla2a3a4 + %fa1a2kfa3a4k, (593)
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Figure 5.10: A contribution of the effective action that can yield a contribution to the triple discontinuity
with antisymmetric color.

the analogous term B(,0)(12,34) in Eq.(2.90) lacks the second color antisymmetric structure on
the left hand side of Eq.(5:33). The reason lies in the different definitions of the two quantities:
Whereas Eq.(5092) arises from the triple-discontinuity of a six-point amplitude, which naturally
includes both symmetric and anti-symmetric color structure, Eq.([2.90) constitutes an impact fac-
tor of the effective theory. In Sec[3:2] and Sec[5.2] it has been shown that for the effective action
the configurations with antisymmetric color are completely contained in the reggeized gluons, due,
in particular, to the presence of the induced vertices. The state of two and four reggeized gluons
coupling to the quark is on the other hand restricted to completely symmetric color configura-
tions. In particular, reggeized gluons in the effective action carry phase factors and therefore
have a non-zero discontinuity themselves. The triple energy discontinuity for the antisymmetric
color configuration should therefore arise in the effective action form graphs like Fig[5.9k. Indeed,
obtaining in Eq.([@30) also the antisymmetric color states, would have been a strong hint for a
possible over-counting in the effective action.

5.4.4 The four reggeized gluons and the triple Pomeron vertex

To resum the state of four reggeized gluons, Figl[5.0] we then use the integral equation Eq.(5.85)

4
(W=D BB (wlky, ko, ks, ka) =B " + Ug 3™ 20 @ By (w)
i=1
F K e Bpeetw). (504)

In the following analysis we then follow closely the approach taken in [35] and split up the four-
reggeized-gluon amplitude into a reggeizing part B and into an irreducible part B},

B, = Bff + Bj. (5.95)
The reggeizing part is then given as the superposition of two-reggeized gluon amplitudes Bo(w)

Bf;ala2a3a4 (U)|k1, kQ; k3) k4) -
—g?d% 3% [By(w[123,4) + Ba(w|124, 3) + B2 (w|134,2) + Ba(w[234,1)]
+g2d31"293% By(w[12, 34) + ¢2d5 *3%2% By(w|13, 24) + g?d3*“+%2% By(w[14,23)  (5.96)

where the particular form is obtained by replacing all two-reggeized gluon impact-factors Ba,p) in
the four-reggeized gluon impact factor Eq.[590) by their corresponding quark-2 reggeized gluon
amplitudes, following [35]. We then insert the ansatz Eq.([@95]) into the integral equation Eq.(594)
and obtain as such a new integral equation for BI. Using the BFKL-equation for By (w),

2
(w =" BkD) Ba(wlkr, ko) =By + (—N)KI, " @ B2 (w) (5.97)
=1
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and employing various color identities (see for instance [38] for a suitable collection), we finally
arrive at the following integral equation for B,

4
(w = 3 BRE) BN (ke Ko, K, k) =V @ B2 ()

i=1

+y_ K e Bt eetiw) (5.98)

where the kernel V5_,4 agrees with the arbitrary N, version [38] of the two-to-four reggeized gluon
vertex of [35].

5.5 Conclusion

In the present chapter we extended our study of the effective action to the exchange of states
of n > 2 reggeized gluons in the t-channel of the elastic scattering amplitude. As a particular
example, the state of three and four reggeized gluons has been considered. While the former has
negative signature and provides a correction to the exchange of a single reggeized gluon, the latter
can be shown to have positive signature and gives a correction to the state of two reggeized gluons.

A first step to arrive at these results requires to determine the pole prescription of higher induced
vertices. They can be obtained by the following recipe: Starting from a simple pole prescription
1/0 — 1/0—e¢ in the effective action, one decomposes the color structure into a basis of color tensors,
which is constructed from multiple entangled commutators of generators and symmetrization in the
remaining parts. The most antisymmetric terms, given in terms of multiple entangled commutators
alone, coincide in their color structure with induced vertices without pole-prescription. We then
identified the momentum structure proportional to these maximal antisymmetric color structure
as the induced vertex with pole-prescription, while we drop all other terms. The resulting vertices
turns out to be Bose-symmetric.

For the longitudinal loop integrals of loops containing more than two reggeized gluons we found
that, also in that case bad convergence properties of the occurring integrals ask for suitable subtrac-
tion diagrams. We proposed to add a subtraction term to the effective Lagrangian that generates
the subtraction diagrams. Including these diagrams, a derivation of quark impact-factors with
three and four reggeized gluons and of vertices which describe the transition from one to three
and two to four reggeized gluons becomes possible. Transition vertices from one-to-two and two-
to-three reggeized gluons on the other hand, are not allowed due to signature conservation: Their
vanishing is obtained as a result from the effective action and is not needed to be imposed as an
external constraint.

In a next step we presented integral equations for the state of three and four reggeized gluons,
which resum corrections within the generalized LLA. Apart from the derived non-zero transition
vertices, they resum pairwise interactions between reggeized gluons by two-to-two transition ker-
nels. We then investigate more closely the integral equation for the quark-four-reggeized-gluons
amplitude with the quark projected onto the color singlet. Following a similar analysis by Bartels
and Wiisthoff in [35], the four-reggeized gluon amplitude was split up into a reggeizing and an
irreducible part. While the former takes the form of a state of two reggeized gluons that finally
decays with various symmetric color tensors, the latter arises from the two-to-four Reggeon transi-
tion vertex derived by Bartels and Wiisthoff in [35]. The symmetric color tensors of the reggeizing
contributions reflect the choice of the color basis of the induced vertices in Sec[5Il Contributions
with antisymmetric color tensors are contained inside higher order corrections to the reggeized
gluon and occur therefore not as a part of the state of four reggeized gluons.

With the above discussion of the state of three and four reggeized gluons we finish our discussion of
longitudinal integrations within the effective action. Let us therefore shortly summarize our central
results: The effective action [55,56] factorizes high-energy-QCD amplitudes into sub-amplitudes
which are local in rapidity. Non-local interaction between these sub-amplitudes is mediated by the
exchange of reggeized gluons. This statement implies a non-trivial constraint on the longitudinal
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momenta of QCD-particles inside the local sub-amplitudes. In practice, this can be achieved by
imposing a lower bound on the ’center-of-mass’ energy of the reggeized gluons that connects the
local sub-amplitudes. To give a proper definition of the center-of-mass energy of a reggeized gluon,
it is necessary to consider the latter always as an object embedded into a minimal sub-amplitude
that can be associated with its exchange. The prime example is the case where the reggeized gluon
couples on both ends to a Particle-Particle-Reggeon vertex, which allows for a straight-forward
definition of the center-of-mass energy of the reggeized gluon. The lower bound on the center of
mass energy can be then imposed through an (inverse) Mellin-integral. It has the advantage that it
allows to include easily both higher order corrections due to reggeization of the gluon and signature
of the reggeized gluon. In the following we state the example where the reggeized gluon couples
on both ends to a gluon by a Gluon-Gluon-Reggeon vertices I'ggr:

Pa Yy

d 1 /2 1 P w o w

PB by

(5.99)

The squared center-of-mass energy s is always defined as the product of the large light-cone-
momenta of the scattering particles, in the present case s = pjpg, also if transverse or other
light-cone momenta of the scattering particles are non-zero. This is particularly suitable as it
preserves Bose-symmetry of the external gluons: Due to the general property of the reggeized
gluon fields

DAL =0=0,A_, (5.100)

we have pj = —pj, and pp = —ppg,. sg is the lower bound that is imposed on s: With the contour
of integration of the w-integral parallel to the imaginary axis, to the right of the singularity at
w = B(q?), the integral yields zero, unless s > sp. [(q?) is the gluon trajectory function, which
for the bare reggeized gluon needs to be replaced by a parameter —v, v > 0, which is taken in
the limit v — 0. Other couplings of the reggeized gluon to particles and further reggeized gluons
involve the four-gluon-vertex and higher induced vertices. In these cases s is no longer uniquely
determined. Implementations for these cases can be found in Sec. and Sec.

For states of two or more reggeized gluons the above regularization applies equally. Sometimes it
is however useful to combine phases of individual reggeized gluons to a single phase, see Sec.
for instance. For the evaluation of longitudinal integrals of loops containing reggeized gluons we
propose to introduce so-called subtraction-diagrams. They remove an over-counting inside the
diagrams of the effective action and provide well-defined convergent integrals for states of n > 2
reggeized gluons. They can be derived directly from the Lagrangian of the effective theory, by
supplementing it by a subtraction term,

Esubtract (A+, A,) = —2t]f'(A+ (A+) - A+)83.A, - 21]]:'(14, (Af) - A7)83A+, (5101)
with
1 1 1
AL(AL) =— gaiU(Ai) = —tr;@ip exp ( — 59/ dx'iAi(x’)). (5.102)
The complete effective action then reads
Seft = /d4x[£QCD(Uu7 ¥) + Lind(v+, Ax) + Loubtract (A4, A)]. (5.103)

A last point concerns the pole-prescription of the induced vertices of L;,q, which also enters the
subtraction terms: A suitable pole-prescription has been determined in Sec. 5] and explicit ex-
pressions can be found there , see Egs. (£0), (B2I) and (29). The presented choice of the
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pole prescription yields induced vertices that coincide in their color structure with the originally
proposed induced vertices without pole-prescription. Apart from that, they can be shown to obey
Bose-symmetry and to agree with negative signature of the reggeized gluon. As a final rule we want
to emphasis that, whenever a pole-momenta coincides with a momenta inside the Reggeon-factor
in Eq. (99), it is mandatory that the ie-prescription of the pole and the branch-cut coincide with
each other.

With this short summary of results concerning longitudinal integrals, we conclude the discussion
of the effective action. In the following chapter we turn to the study high-energy amplitudes in
the context of the large IV, expansion in terms of topologies. In particular we will consider color
factors with the topology of the pair-of-pants for the six-point-amplitude in the triple-Regge-limit.

85



Chapter 6

The triple Pomeron vertex and
the pair-of-pants topology

6.1 Introduction

Starting from the classical paper by 't Hooft [73] the large N, limit of gauge theories has remained
in the center of attention for more than 25 years. In high energy QCD-phenomenology for instance,
the large- N, expansion proves its usefulness as a simplifying tool, if one attempts to resum higher
order contributions, enhanced by large logarithms. With the general structure of the color factors
being often too complex, the large N, limit allows for resummation with an acceptable reduction
of accuracy.

A new attraction of the large N, expansion results nowadays from the fact that it organizes the color
structure of Feynman diagrams in terms of topologies of two-dimensional surfaces which resemble
the loop expansion of a closed string theory. With the advance of the AdS/CFT correspondence
[52-54] which, in the limit of large N., connects N = 4 Super-Yang-Mills theory with a closed
string theory in Anti-de-Sitter space and with string coupling proportional to N ! this idea is
more prevailing than ever.

The leading term of the large N, expansion is given by color factors that have the topology of the
sphere or equivalently the plane, and one usually refers to these leading contributions as ’'planar’
diagrams. Planar diagrams contribute, for example, to gluon-gluon scattering amplitudes or to
multi-gluon production amplitudes. On the other hand, there exist also processes where the N,
leading color factor has not the topology of the plane. This is, for instance, the case for the
scattering of two electromagnetic currents or virtual photons at high energies where the center of
mass energy squared s is far bigger than the momentum transfer squared and the virtualities of the
photons. In this case, the interaction between the scattering currents is mediated by the exchange
of gluons between two quark loops, and, with quarks in QCD in the fundamental representation of
the gauge group SU(N.), the leading color factor has the topology of a sphere with two boundaries,
a cylinder. Within perturbative QCD such processes, at leading [7-11] and next-to-leading order
accuracy [12,13], are described by the BFKL-Pomeron, which is a bound state of two reggeized
gluons. Higher order unitarity corrections are expected to involve bound states of more than 2
reggeized gluons, so called BKP-states [33,34], which for the cylinder topology have been found to
be integrable [39-41].

In the present study we go one step further and consider the class of process whose leading color
factor has the topology of a sphere with three boundaries. Such a surface is depicted in Figlgdl
and it is usually referred to as the topology of a 'pair of pants’. As a suitable example we consider
the three-to-three process which describes the scattering of a highly virtual photon on two virtual
photons in the triple Regge limit. Similar to the BFKL-Pomeron on the cylinder, we resum all
contributions which are maximally enhanced by logarithms of energies. The class of diagrams
selected in this way is illustrated in Figlc:2} the three photon impact factors introduce three
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Figure 6.1: The ’pair of pants’ Figure 6.2: Typical contributions to the triple energy dis-
topology continuity for scattering of three virtual photons

boundaries, and thus belong to the topology depicted in Figlg.dl Compared to the simple BFKL
cylinder, the new feature is the splitting of one cylinder into two cylinders which is related to the
‘triple Pomeron vertex’ [35]. Within the AdS/CFT correspondence, the electromagnetic current
corresponds to the R-current, and the high energy behavior of the 6-point amplitude, on the string
side, is expected to exhibit the triple graviton vertex.

In QCD this 3 — 3 process has been investigated before for N. = 3 in [35], the triple Pomeron
vertex has been derived, and it has been shown to be invariant under two-dimensional Mdbius
transformations [107]. It is straightforward to repeat the analysis for arbitrary N, and to take the
large- N, limit of these calculations. The system of four reggeized gluons and the triple Pomeron
vertex have been further investigated particularly for the limit N, — oo in [74,108,109]. However
the connection of these results with the expansion in terms of topologies of two-dimensional surfaces
is not apparent. Instead of the pair-of-pants, the color factor rather seems to correspond to three
disconnected cylinders. In the present chapter, we therefore demonstrate that by summing only
diagrams with the topology of the pair-of-pants, Figl6.Il one obtains the result of the large- N, limit
of [35]. In particular we find that the 'reggeizing’ and ’irreducible’ terms of [35] can be attributed
to distinct classes of diagrams on the surface of the pair-of-pants.

This chapter is organized as follows. In section we briefly review the planar and cylinder
topologies. In the high energy limit, the planar diagrams satisfy the bootstrap condition of the
reggeizing gluon, whereas the cylinder diagrams lead to the famous BFKL amplitude. In section
3 we turn to the analytic form of the 3 — 3 scattering amplitude and give a general description
of the diagrams which need to be summed. In Section 4 we study the color lines on the surface
of the pants, arriving at the definition of two distinct classes of diagrams in color space (named
‘planar’ and 'non-planar’). We also review the different momentum space kernels which describe
the interactions of reggeized gluons. In section 5 we sum the 'planar’ diagrams and arrive at the
reggeized’ amplitudes introduced in [35], whereas in the section 6 we investigate the non-planar’
diagrams and re-derive the triple Pomeron vertex of [35]. In section 7 we briefly summarize our
results, and the final section 8 contains a few conclusions.

6.2 Elastic amplitudes

In this section we begin by recalling the definition of the large N, expansion, following the classical
paper by 't Hooft [73]. As a preparation for the study of the pair-of-pants topology, we then
reconsider the simplest examples of diagrams, whose color factor have the topology of the plane
and of the cylinder. In the Regge-limit they yield the reggeized gluon and the BFKL-Pomeron,
respectively.
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6.2.1 The large N, expansion

To study the large N, limit as an expansion of topologies of the color factor, one is asked to
translate the color factors of a scattering amplitude into the so-called double line notation. To this
end we use the SU(N,) generators in the fundamental representation, (g%)?%, in the normalization'
tr(g?g®) = 9%°, and we make use of the identity

fee = % [tr(9%g°g) — tr(g°9°9")]- (6.1)

For all inner gluon lines in the adjoint representation, the indices can then be expressed in terms

of (anti-)fundamental indices by means of the Fierz identity

a\i( a i 1 7
(9)5(g )= 5l5§€ - ﬁisjlslk- (6.2)

Making use of a diagrammatic notation, where a Kronecker-delta is represented by a single line
with an arrow, indicating the flow from the upper to the lower index,

5 =i i (6.3)

the structure constants f abe are expressed as

i1
. . . 1 .
a1a2a: a K3 a K3 a K2 _ 1
feres(g 1)j11(g 2)3‘2(9 3)]; = —Z\/i Jz_

i g1
jz‘J
il;A—‘

J2 12 J2 12

(6.4)

In order to arrive at the large N, expansion, one drops, in the Fierz-identity Eq.([Z)), the second
term. As a consequence, the gluon is represented by a double line

5oy ="

J

. (6.5)

The neglect of second term of the Fierz-identity Eq.(ZI]) which serves to subtract the trace of
the SU(N.) gluon implies that we consider an U(N.) gluon rather than an SU(N,) gluon. While
this term is suppressed for large N., dropping this term is only correct as long as we stay within
the leading term of the expansion. Tracelessness of the SU(N,) gluon can be taken into account
by introducing an additional U(1) ghost field [110-112], which subtracts the trace of the U(N,)-
gluon. Since the U(1) ghost-field commutes with the U(N.) gluon-field, it couples only to quarks,
but not to gluons. Within the Leading Logarithmic Approximation, which we will use in the
following, the interaction between scattering objects is mediated only by gluons, while quarks
occur in the coupling of the gluons to the scattering objects. Corrections due to the U(1) ghost in
this approximation therefore appear only in low orders of the strong coupling and are taken into
account easily.

Using the double line representation for gluons, Eq.([4]), and representing quarks in the funda-
mental representation by single lines, the color factor of a vacuum Feynman diagram turns into a
network of double and single lines, which can be drawn on a two-dimensional surface with Euler
number y = 2 — 2h — b, where h is the number of handles of the surface, and b the number of
boundaries or holes. A closed color-loop always delivers a factor N.. With quarks being represented
by single lines, a closed quark-loop, compared to a corresponding gluon-loop, is 1/N, suppressed
and leads always to a boundary. For an arbitrary vacuum graph T one arrives at the following
expansion in N,

T = NZ"'T 4 (N). (6.6)
h,b

INote that this deviates by a factor 2 from the standard normalization tr(t%t%) = §2b /2.
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where
)\ = gQNc (6.7)

is the 't Hooft-coupling which is held fixed, while N, is taken to infinity. The expansion Eq.(Z.)
matches the loop expansion of a closed string theory with the string coupling 1/N.. For N. — oo,
the leading diagrams are those that have the topology of a sphere: zero handles and zero boundaries,
h = b = 0. If quarks are included, the leading diagrams have the topology of a disk, i.e. the surface
with zero handle and one boundary, h = 0,b = 1. The disk fits on the plane, with the boundary as
the outermost edge. Diagrams with two boundaries and zero handles can be drawn on the surface
of a cylinder, those with three boundaries on the surface of a pair-of-pants. Boundaries are also
be obtained by removing, from the sphere, one or more points: removing one point, one obtains
the disk, which can be drawn on the plane, and by identifying the removed point with infinity, the
graphs can be drawn on the (infinite) plane. Removing two points we obtain the cylinder and so
on. By definition, the expansion Eq.(Z0) is defined for vacuum graphs. However, from the earliest
days on [113], the large N-limit has been also applied to the scattering of colored objects. In
order to consider the topological expansion of an amplitude with colored external legs, one needs
to embed it into a vacuum graph which then defines the topological expansion of an amplitude
with colored external legs.

In the following it will be convenient to define modified couplings

2

__ 9 Y _ 2 g~ N

= —, )\ = NC = N

=7 5

which absorb the factor 1/+/2. Due to our normalization of SU(N..) generators which differs from

the more standard one, tr(t*t?) = §%°/2, such a factor 1/v/2 arises for each quark-gluon coupling
and, because of Eq.([G4]), also for each gluon-gluon coupling.

(6.8)

6.2.2 Planar amplitudes: Reggeization of the gluon

In the present paragraph, we shall discuss the Regge-limit of planar amplitudes (first addressed
n [75]) which satisfy the bootstrap condition of the reggeized gluon, the basic ingredient for
the further studies. In order to study reggeization of the gluon, one considers the scattering of
colored objects. To be definite, we consider the scattering of a quark on an anti-quark. The disk-
topology of the color factors becomes apparent, if we connect color lines of the incoming quark and
antiquark with each other and of the outgoing quark and antiquark (note that, if instead we would
connect the color lines of the ingoing and outgoing quark with each other and of the incoming and
outgoing antiquark, we would discover the cylinder topology). As far as the momentum part of
the diagrams is concerned, our method is the following: We consider the Regge limit s > —t of
the elastic amplitude and make use of the Leading Logarithmic Approximation (LLA), where we
select all diagrams that are maximally enhanced by a logarithm in s, i.e. that are proportional to

()\ In )™, and sum them up to all orders in A. Furthermore, in this approximation, all ¢-channel
partlcles are gluons (quark exchanges are power suppressed).

We start by considering tree- and one-loop-level diagrams within the LLA, and convince ourselves
that these leading order result, for planar color graphs, satisfy the bootstrap condition and are
thus in agreement with the reggeization of the gluon. At tree level, the (anti-)quarks interact by
exchange of a single gluon. In the standard adjoint notation, the color factor of the diagram is
given by (g%)} (g%)%, which in the double-line notation turns into &}, 6l while the U(1)-ghost can
be disregarded for the plane. We therefore have

% ] [ X 05, 1), Tiee (s, 1) = 2g‘ng. (6.9)

From now on we adopt the following notation: in a Feynman diagram gluons are usually denoted
by curly lines, and in this notation the diagram is understood to represent both the color factors
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and the momentum part. Alternatively, when drawing a diagram with the double line notation for
each gluon, this diagram represents only the color part, and the momentum part has to be written
separately.

Turning to higher order graphs, we have the restriction that, with every insertion of an additional
internal loop coming with a factor ¢2, we have to produce a closed color loop, yielding a factor
N, which then combines to the 't Hooft coupling A = g?N.. Only such higher order term will be
included into the planar approximation discussed in this section. This restriction holds also for
other topologies in the expansion Eq.([Z6): every insertion of an additional gluon into the Born
diagram provides automatically a factor g2 and must be compensated by a closed color loop in
order to stay within the considered coefficient 7}, ;, of the expansion. For our planar loop, for
each higher order graph the tensorial structure of the color factor will be proportional to the one
of the Born term. As far as the momentum part is concerned, the 1-loop diagrams for quark-
antiquark scattering that contribute within the LLA are shown in Figl6:3l For both diagrams,

00 XX

Figure 6.3: One-loop corrections to quark-antiquark scattering. On the left hand side, the color factor of
the planar Feynman diagram is N. times the Born color factor. On the right hand side, the non-planar
diagram does not fit onto the plane and is N. suppressed.

the momentum part is of the same order of magnitude, i.e. it is proportional to gsln(—s) and
g?uln(—u), respectively, with u ~ —s in the Regge limit. However, when counting closed color
loops, one sees that only the first diagram is leading in N.. Also, when closing the color lines of the
incoming quark and antiquark and of the outgoing particles, we observe that for the first diagram
the ’closed’ color factor, indeed, fits on the disk with A = 0,b = 1, while the second ’closed’ color
factor has an additional handle A = 1,b = 1. We therefore find for the quark-antiquark scattering
amplitude at 1-loop:

-loop tree . Y dzk —q?
TP (5 t) = In(—s)B(OTI(s,t)  with  f(—q?) = A / S (610

where the color factor N, has already been included into the gluon trajectory function, and bold
letters denote Euclidean momenta perpendicular to the light-like momenta p; and py of the scat-
tering quark and antiquark; in particular t = —q2. Eq.(@I0) can be understood as the order O(g*)
term of the expansion of the exchange of a planar reggeized gluon:

1
Tya(s,t) = 2g(_s)1+ﬁ<t>¥g. (6.11)
For our further analysis we use the following analytic representation of the planar elastic amplitude
in the Regge limit:

o+1i00 dw

To_o(s,t) = s/ —sYE{(w)d(w, t). (6.12)

o—1i00 27

The partial wave amplitude ¢(w,t) is a real-valued function, and phases are contained in the
signature factor &(w):

—iTw

e

(W)= -7 (6.13)

sin(mw)
Note the difference from the "usual’ signature factor ¢ ~ e~ 4 1 which contains both right

and left hand energy cuts: at one loop we have shown that only the Feynman diagram with
the s-channel discontinuity belongs to the planar approximation whereas the u discontinuity is

90



absent. For quark-antiquark-scattering, this also holds for higher order terms. We then take the
discontinuity in s

d
STy (s, 1) = discs Ty o (s, 1) = 75 / 5ol (6.14)
e
which, by unitarity
29m, Ty a(s, 1) = / TonTs ., (6.15)

relates the Mellin transform of the partial wave amplitude ¢(w,t) to the sum of production pro-
cesses. To leading order in g, the partial wave has the form

=2

2 2
¢ (w,t) = Zﬁb(z;o) ® P(2,0) = %5(15) (6.16)

where ¢ 2,0y = g2Ncl /% denotes the non-singlet two gluon impact factor for quark and antiquark,
and the convolution symbol is defined as

d?k
9= / (2K o0

with q = k; + ky and t = —q?. Higher order corrections involve diagrams where additionally
real gluons are produced. To leading logarithmic accuracy, real particle production takes place
within the Multi-Regge-Kinematics (MRK), where the produced particles are widely separated in
rapidity. The leading order diagram, with one additional s-channel gluon, is illustrated in FiglG.4t
Here the particle production vertex (depicted by a dot) is an effective vertex for the production of

Figure 6.4: s-channel discontinuity with three real particles. To the right the corresponding planar color
factor.

one real gluon. This production vertex is build by the following Feynman diagrams:

i L G R P B
U= 3 D aly P

In the second line we show, for each of the five different Feynman-diagrams, the corresponding color
factor in the double-line notation. For the last four diagrams on the right hand side, where the real
gluon is emitted from the quark and the antiquark respectively, we have shifted factors ¢ and (—1)
from the momentum part to the color factor. With such a shift, the (remaining) momentum parts
of the second and the third diagram and the momentum parts of the fourth and the fifth diagram
coincide in the considered kinematical regime with each other. Color factors and momentum parts
of the production vertex can therefore be written in a factorized form, and we obtain

=Y ]l: — 2_[ x C(l, k) - €ns (6.19)
L JC

k

<. Qi
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where A\ denotes the helicity of the produced gluon. With the light-like momenta of the quark and
the antiquark given by p; and po respectively we have with s >~ 2p; - po,

2 2
CH(l, ) = <al + 21—> ot (ﬁk T 2k—> (IR, (6.20)
Brs aps
where oys = 2py - 1 and fis = 2p; - k. When squaring the production amplitude, we find for
the color part that only one of the four possible combinations fits on the plane, namely the one
shown on the right hand side of Fig[6.4l From the point of view of Feynman-diagrams, the planar
approximation includes only a sub-set of the diagrams in Eq.([GI8]), namely those with the color

=Y, -

However due to the factorization of momentum and color parts in the MRK, Eq.([@I9), we still
recover the complete production vertex C, and therefore the BFKL kernel. Making use of our
re-defined couplings g and A, and including the factors 1/i of Eq.(619), we find, for the plane, the
2 — 2 Reggeon transition kernel Ky .5 as:

— _ 12k2 12k2
= AKo_o(ly,1a: ki, ko) = =M [(k; + ko)? — %2 2*
AR5 o (i, 1ok ko) Aller +12) (ki —1)? (ki —11)2]

(6.22)

with the constraint 1; +1, = k; + ko = q.

Higher order terms with the production of n-gluons within the MRK are taken into account in
a similar way. Making use of Regge-factorization of the production amplitudes, it can be shown
that each emission of an additional real gluon is taken into account by insertion of the effective
production vertex Eq.(619), as illustrated in Figlg.hl for the squared production amplitude. Similar
to the production of one-gluon, for each of the inserted production vertices only one of the four
possible combinations of color factors fits onto the plane, and the resulting color factor can be
found on the right-hand-side of Fig[G.0l

OO0

Figure 6.5: The s-channel discontinuity of the elastic quark-antiquark scattering amplitude for three gluon
production. On the right, the color structure of the planar diagrams.

In order to obtain the complete expression of order A™ of the partial wave ¢, we need to include the
reggeization of the gluon. This is done in the same way as in the finite- N, case, except that at each
step we have to restrict ourselves to the planar approximation. In lowest order we return, on the
rhs of the unitarity equation (6IH), to the elastic intermediate state and include, in one of the two
factors To_,2, the one loop result (GI0). Together with the real one-gluon production discussed
above, this provides, in ([GI)), the complete imaginary part to order g% (or A\?). Compared to the
tree diagram expression ([G.9), (611 replaces the exchange of an elementary ¢-channel gluon by a
reggeized gluon. In higher order g, the analogous replacement has to be done, on the rhs of ([G1H),
for all ¢t-channel exchanges in the production amplitudes T5_.,,.
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In order to prove the self-consistency of this procedure , one has to show that the BFKL bootstrap
condition is satisfied in the planar approximation. For the partial wave in Mellin-space, reggeization
of the t-channel gluons within the LLA requires to introduce, for every t-channel state of two
gluons, a Reggeon-propagator 1/(w — B(k) — 8(q — k)). In order to perform the resummation of
all production processes in Fig[6.5] it is most convenient to formulate the BFKL integral-equation
in the planar approximation. To this end we first factorize off, at the lower end of the ladder, the
antiquark-impact factor ¢(2,0y. We then define, for the scattering of a quark on a reggeized gluon,
the amplitude ¢2(w|ky, ko), which contains the Reggeon propagator 1/(w — B(ki) — S(ks)) of the
two reggeized gluons at the lower end. The BFKL-equation for this amplitude reads:

2
(w— Zﬂ(ki))¢2(w|k1,k2) = ¢r2.0)(k1 + k2) + AKz—.2 ® ¢2(wlki, ko), (6.23)

where the kernel coincides with the finite V. case. With our impact factor ¢s,0) which depends
only on the sum of the transverse momenta of the ¢-channel gluons we find for Eq. (623) the
familiar pole solution

b (2:0)
ki +ko) = ’ . 6.24
Pa(le ko) w— B(—(ki +k2)?) (6:24)
The partial wave for quark-antiquark scattering becomes
d’1 1 ¢@00@0 12326
t = 2 - . . - — . 625
o) =2 | o T~ (62

Inserting this into Eq.(612) and using that in LLA sin7w ~ mw, we find the reggeized gluon, as
proposed in Eq.(@IT)). This proves that, in the planar approximation, the bootstrap property is
satisfied.

6.2.3 Cylinder topology: The BFKL-Pomeron

Next we turn to the cylinder topology which, in the Regge-limit, leads to the BFKL-Pomeron.
In the expansion Eq.([ZH), this corresponds to the term with two boundaries and zero handles,
b= 2,h = 0. Even though it would be possible to carry out this analysis for quark-antiquark
scattering, it is more natural to do so for scattering of two highly virtual photons, which provides an
IR-finite and gauge-invariant amplitude. Reggeization of the gluon will be an important ingredient
in this analysis, as we will see in short. As a physical process with such a topology we consider

,y*
Figure 6.6: To the left, a typical leading order diagram with its double-line color line factor in the middle.
The color factor fits on the cylinder surface, depicted to the right.

the scattering of two highly virtual photons in the Regge limit s > |¢|, and again we use the LLA
to sum to all orders those diagrams which have one power of In s for each loop. In particular, the
interaction between the two photons is mediated by gluons in the ¢t-channel, and to lowest order
in the electromagnetic coupling, each photon couples to a quark-loop. The quark-loops provide
the two boundaries of the cylinder. To leading order, the two photons interact by the exchange of
two t-channel gluons. A typical leading order diagram is shown in Figl6.6] together with its color
factor. Unlike the planar case, color factors of diagrams with both discontinuities in the s- and
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in the u-channel fit on the cylinder. The ¢-channel-interaction has therefore positive signature,
similar to the N, finite case,

To resum higher order terms we use again the analytic representation Eq.([GI2) of the elastic
amplitude in the Regge limit. Now the signature factor includes both right and left hand cuts:

e~ iTw _ 1

fw)=-m () (6.26)

and belongs to positive signature in the t-channel. As in the previous paragraph, we take the
discontinuity in s which allows to determine the partial wave amplitude by considering real particle
production processes. Coupling of the two gluon state to the virtual photon is described by the two
gluon impact factor of the virtual photon which is given by the sum of the following four Feynman
diagrams:

Dis (s, k) — vﬁw N wﬁ«A N wﬁ«A N vﬁw

(6.27)

with the constraint k; 4+ ko = q. It has the important properties to be symmetric under exchange
of its transverse momenta arguments, and to vanish whenever one of the transverse momenta goes
to zero?. For the large N, treatment it is convenient to absorb a factor IV, into the impact factor
by defining D 2,0)(ki1, k2) := NcD 2,0y (k1, k2) which is proportional to the 't Hooft coupling A. To
leading order in A, the partial wave is given by

2
(]5(0) (w, t) = ;D(z;o) ® D(Q;O)' (628)
Higher order corrections to the s-discontinuity are taken into account by considering real gluon
production in the Multi-Regge-kinematics. Production of real gluons is described, in the same way
as in the previous section, by the particle production vertex in Eq.([GI9). To study the color factor

on the cylinder, we start with the Born term, Figl6.6] and insert one additional s-channel gluon
which leads us to the diagram FiglG.7l For the color factors on the cylinder we find, compared to

< | =

Figure 6.7: s-discontinuity for the scattering of two virtual photons with one additional real s-channel
gluon. Wavy lines for t-channel gluons denote reggeized gluons.

the plane an important difference: in addition to the combinations that fits on the plane,

LJ E [j (6.29)

3

2An analytic form of D30y for the forward case can be found in [35]. In particular, the above D(z,0) is 1/v8
times Eq.(2.4) of [35], where the factor /8 originates from /N2 — 1 with N. = 3.
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on the cylinder also the following combination contributes:

AL it
For the two-to-two Reggeon transition on the cylinder we therefore obtain a factor two compared
to the plane. This counting generalizes to diagrams with more than one real gluon: For each

produced real gluon the two combinations of color factors Eq.[629) and Eq.(630) need to be
added. An example with three produced gluons is shown in Figlg.8 For each rung, we have two

(6.30)

'
—_—

C

(a) (b) ()

Figure 6.8: Multi-gluon emission within the MRK. (a) The cut Feynman diagram (b) Combination of
relevant color diagrams of the production vertex. (¢) The combination of (b) on the cylinder.

possibilities of connecting the ¢-channel lines of the ladder, either on the forefront and or on the
backside of the cylinder 3 Similar to the planar case discussed before, the summation over all
production processes is done by formulating the BFKL equation on the cylinder. This integral
equation coincides with Eq.([@23]), except for the factor 2 in front of Ks_ ., which results from
the cylinder topology. Technically, we again split off the impact factor of the lower virtual photon
and consider the partial wave amplitude Do (w|ki, ko) for the scattering of a virtual photon on
two reggeized gluons, which as before we define to contain the Reggeon propagator of the external
reggeized gluons. We find

2
(w— > B(ki))Da(wlki, ko) = Dao(ki, k2) + 2AK3 .2 ® Dy(wlky, ko). (6.31)

The kernel coincides with the BFKL kernel. Unlike the planar BFKL-equation Eq.([623), Eq.(G.31])
has no pole solution, but the solution is known to have a cut in the complex w-plane. The solution
is known both for the forward (¢ = 0) [7-11] and the non-forward (¢ # 0) case [116]. Furthermore,
the BFKL-Green’s function, which is obtained from Ds(w) by splitting up the impact factor of the
above virtual photon, is invariant under M&bius transformations.

6.3 Six-point amplitudes and the pair-of-pants -topology

Returning to the expansion Eq.([Z0]), we finally address the term with three boundaries and zero
handles b = 3,h = 0. It is proportional to 1/N. and leads to color factors that fit on the pair-
of-pants, as illustrated in Figl5.dl As we did for scattering amplitudes on the plane and on the

3The fact that, on the cylinder, each emission has two possibilities, one on the forefront and another one on the
backside of the cylinder, has been realized also in [114,115]. However, the approach pursued in this paper is quite
different form ours: it starts from Park-Taylor amplitudes.

95



cylinder, also for the pair-of-pants we identify a QCD-amplitude which, using the LLA, will be
determined in a certain kinematical high energy limit. As it was the case for the elastic amplitude,

Figure 6.9: The sphere with three boundaries b = 3 and no handles h = 0 which yields the pair-of-pants.

within the LLA, quark loops occur only inside the coupling to external states. In order to arrive
at a surface with three boundaries, we are thus lead to a six-point amplitude, which we will study
in the triple-Regge limit, to be specified in the following.

Within QCD, scattering amplitudes with more than 4 external particles arise naturally in the
context of deep inelastic scattering on a weakly bound nucleus, see Figli.I0h. To be definite, let us
consider deep inelastic electron scattering on deuterium. The total cross section of this scattering
process is obtained from the elastic scattering amplitude , 7'+ (pn)—+(pn), Which describes a 3 — 3
process,

. ;Sm T (pn) =~ (pn)» (6.32)

where s denotes the square of the total center of mass energy of the scattering process. To study
the pair-of-pants topology, we replace the two nucleons by virtual photons which furthermore
provides us with a clean perturbative environment for the study of the six-point amplitude. The
kinematics is illustrated in Figl&I0 Large energy variables are s1 = (¢+p1)?, s2 = (¢’ +ph)?, and
M? = (q + p1 — p})? which gives the squared mass of the diffractive system in which the upper
virtual photon dissociates. The total energy square is given by s = (¢ + p; +p2)?. Furthermore, we
have the momentum transfer variables t = (¢—q’)?, t; = (p1 —p})?, and t2 = (p2 —ph)?. The triple
Regge-limit is given by s; = s3 > M? >> t,t1,t5. The investigation of such a process, for finite
N,, has been started in [35], in the context of diffractive dissociation in deep inelastic scattering,
and in the following we will stay close to the methods used there.

Let us begin with finite N.. The 3 — 3 amplitude in the triple Regge limit has the following
analytic representation

s{1822 (MP)¥ ™12 € (w1) € (wa) € (w, wi, wa)

Ts—3(s1, 52, MP?|t1, t2,t)

slsg/dwldwgdw ws

M (27i)3
~F(w,w1,w2|t,t1,t2). (633)
t
q q
81 59
-

2 / /
p1 i p1 p2 12 P2

Figure 6.10: Scattering of a virtual photon on a weakly bound nucleus and the corresponding process
where the lower nuclei are replaced by two highly virtual photons to the right.
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All three t-channels carry positive signature, and the signature factors are given by

e—imw _ 1 e—iﬂ(w—wl—wg) -1
E(W) = —WW and 5(&],&]1,&]2) = —

(6.34)

7Tsinﬂ'(w — w1 —wy)

The partial wave F (w1, ws,w|t1,t2,t) has no phases and is real valued. In analogy to the treatment
of Th_.o, we take the triple energy discontinuity in si, M?, and so,

35152/dw1dw2dw8w1
M2 (2mi)3 !

diSCsldiSCS2diSCM2 Tg_,g =T SQwQ (Mz)w_wl w2 F(wl, w2, w|t1, tg, t), (635)

which via a triple Mellin transform relates the partial wave F'(w1,ws,wlt1,t2,t) to the real valued
triple energy discontinuity.

Within the LLA, each of the three virtual photons couples to the ¢t-channel gluons by a quark-loop
(which in the topological expansion provides the three boundaries of the pair-of-pants). To leading
order in g2, four ¢ channel gluons couple to the upper quark-loop, and two gluons to each of the
two lower quark-loops, which yields diagrams like the one shown in Figl6I1l When taking the

Figure 6.11: An example of a leading order diagram for the six-point amplitude with its color factor
depicted to the right. The diagram is proportional to g8 N3 = A*N_ ! as required for the pair-of-pants.

triple energy discontinuity, all intermediate states between the ¢ channel gluons are on mass-shell.
For higher order corrections to these diagrams, we make extensive use of unitarity and compute
sums over products of production processes. Some examples are shown in Figlc.T2l Due to the

'
§1,@1 82, W2

Figure 6.12: A few contributions to the triple energy discontinuity of Eq.(633])

triple discontinuity, t-channel gluons do not intersect, and it is therefore useful to enumerate them
from the left to right, with the most left gluon carrying the index 1. In order to form, within
the LLA, color singlet states which at the top couple to the virtual photon and at the bottom to
two virtual photons, we are lead to QCD diagrams with four ¢-channel gluons at the lower and
two, three or four ¢-channel gluons at the upper end. In contrast to our previous discussion of
scattering processes on the plane and on the cylinder, the number of ¢-channel gluons can change,
i.e. at channel gluon can emerge also from a s channel produced gluon. However, in LLA there
is the restriction that, when moving downwards, the number of reggeized ¢ channel gluons never
decreases.
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A special role in our analysis is taken by the diffractive mass M? as it defines the size of the
upper ‘cylinder’ of the pair-of-pants. In particular, the lowest intermediate state inside the M?2-
discontinuity (descending from the top to the bottom of the diagram) defines the last interaction
between the two ’legs’ of the pants, i.e. the branching point of the upper into the two lower
cylinders. We use this branching point to factorize the partial wave F(w,w1,ws) into a convolution
of three different amplitudes. With s1,s0 > M? > t,t,,t, the diagrams below the branching
point, within the LLA, do not depend on the details of the dissociation of the upper virtual
photon, and are therefore described by two independent amplitudes Ds(wq) and Da(wq) which
describe scattering of two t-channel gluons and their coupling to the lower photons. The functions
Ds(w1) and Dy(wq) are given by BFKL-Pomeron Green’s functions, convoluted with the impact
factors of the corresponding lower virtual photon. In the following we will confirm that, in our
topological approach, on the pair-of-pants the required color factors work out correctly. The part
above the the branching point is resummed by the amplitude D4 (w), which describes the scattering
of the upper virtual photon on the four ¢-channel gluons. In the following, our interest will mainly
concentrate on this part of our scattering amplitude.

6.4 Color factors with pair-of-pants topology

After our general outline of which QCD diagrams contribute to the leading log approximation of
the 3 — 3 process we have to select now the contributions which belong to the large-N. limit on
the pair-of-pants. This will be done by attributing to each QCD diagram a ’color diagram’ on the
pair-of pants surface, where each gluon is drawn by a pair of color lines with opposite directions,
as done for the plane and the cylinder in Sec[G.2

6.4.1 Color factors at Born-level

All diagrams that contribute to the Born approximation of the triple-discontinuity have the form
of Fig[6.TTl with ¢t-channel gluons coupling to the the quark-loop in all possible ways. Overall, one
finds sixteen different diagrams. Because of the triple energy discontinuity ¢-channel gluons never
intersect and hence can be labeled from the left to the right. A closer look then shows that, inside
the quark loop, we have the four different orderings of color matrices: (1234), (2134), (1243), and
(2143) (not distinguishing between cyclic permutations ). These four structures are illustrated in
FiglZ Al and are all of the order

(1234) (2134) (1243) (2143)

Figure 6.13: The four different orderings of color factors of the Born-term.

N3 = NI\ (6.36)

6.4.2 Gluon production on the pair-of-pants surface

In order to study corrections to these Born-amplitudes, we consider real gluon production processes
on the pair-of-pants surface (t-channel gluons are always reggeized). As to the selection of diagrams,
we are searching the maximal power of color factors N.. With ([G30) the diagrams we are going
to collect will come with the weight

GEN3(g2N)F = N7IxHE, (6.37)
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with k being some positive integer number. This leads to the requirement that, for each gluon,
the pair of color lines has to be planar, i.e. it never intersects.

Figure 6.14: (a) A typical color factor of the planar class (A). (b) A typical color factor of the non-planar
class (B) which has the interpretation of the Mandelstam diagram.

As a result we find two classes of color diagrams. The first class (A) consists of all diagrams which,
by contracting closed color loops, coincide with one of the lowest order diagrams in FigllOl An
example for such a diagram is given in Figl6.T4la. In the following we will refer to these diagrams as
"planar’ diagrams. The second class (B) consists of those diagrams where the "last’ vertex before the
separation into the two lower cylinders is of the form illustrated in Figl6.I4lb: one easily verifies
that the power of color factors is g8N3(g?N.) = N A1 as required by condition Eq.([637).
Also, there is no intersection of color lines on the pair-of-pants surface. These diagrams cannot be
redrawn, by contracting closed color loops in a straightforward way, such that they coincide with
one of the lowest order diagrams of FiglZhl The structure shown in Figle.I4lb is reminiscent of
the Mandelstam diagram ("Mandelstam cross’) which, when integrated over the diffractive mass
M, couples to the two Pomeron cut; we will therefore call it 'non-planar’ (although it fits onto the
surface of the pair-of-pants). Note that this non-planar structure appears only once, namely at the
point where the upper cylinder splits into the two lower ones.

In the remainder of this section, we describe these two sets of diagrams in more detail. In particular,
we list the momentum space expressions which belong to the gluon transition kernels. In the
following section, we derive integral equations which sum all diagrams of set (A). For set (B) we
re-derive the triple Pomeron vertex.

6.4.3 Two-to-two Reggeon transitions

We start with the case, where all four ¢-channel gluons couple to the upper quark-loop. We
therefore consider only insertions of the two-to-two transition kernel,

4

into the Born diagrams of Figllh with Ko .o given by Eq.[@22). To be definite, we consider
corrections to the first diagram of Figl[Zhl the other Born diagrams are treated in the same way.
We start with the case where the interaction is between gluons which end up in the same lower
quark-loop, i.e. the interaction is inside the gluon pairs (12) or (34). In the case of the gluon
pair (12), the two combinations of color factors of Figl6.I5] fit on the pair-of-pants, similar to the
cylinder discussed before. An analogous result holds for the gluon pair (34). If the interacting ¢-
channel gluons end up in different quark-loops we need to distinguish between two different cases.
In the first case, shown in Figl6.16] the interaction is between gluons 2’ and ’3’; on the surface of

) Ko (11,12 ke, ko), (6.38)

2 JE
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Figure 6.15: Two combination of color-factors for the interaction between gluons '1’ and 2’.

Figure 6.16: Color-factors of an interacting between two neighboring t-channel gluons.

the upper cylinder the two gluons are neighboring. We call this interaction planar: by contracting
the color loop above the rung between gluon 2’ and ’3’, we are back to the first Born diagram
in Fig[lBl In the second case, shown in Figl6.I7, the interaction is between gluon 2’ and 4’
These two gluons are not neighboring, and although the color diagram fits onto the surface of the
pair-of-pants without any intersection of color lines, it will be referred to as 'non-planar’. It cannot
be reduced to the Born diagram in Fig[Z.5l Counting closed color loops, it is of the same order as
that of Figlg.I6l Note, however, that compared to the planar one it has a relative minus sign. The

GG

Figure 6.17: Color factors of an interaction between two non-neighboring ¢-channel gluons.

same discussion applies if the interaction is between gluon 1’ and ’3’.

We summarize the four possibilities in Figl6.I8 Apart form the last diagram, all diagrams belong
to the class of ’planar’ graphs. Note, however, that while in the first graph we can contract the
closed color loop either above or below, in the second graph we can contract only the lower loop
on the lower cylinder: it is planar w.r.t. the lower left cylinder.

When inserting more two-to-two interactions, it is useful to descend from the top to the bottom of
the diagram: we start by inserting s-channel gluons between ¢-channel gluons which, on the upper
cylinder, are neighboring (Figs[6. I8k and ¢). This generates planar graphs. Moving further down,
these planar insertions come to a stop as soon as one of the following interactions is included:

(i) either an interaction of the type FigleI8b which is still planar but belongs to the lower left
cylinder. Below such an interactions, further interactions lie on the surface of one of the two lower
cylinders, i.e. they are inside the pairs (12) or (34). An interaction between the two cylinders, e.g.,
between gluon '1” and ’3’, loses a color factor N, and does not contribute on the pair-of-pants.
(ii) alternatively, a non-planar interaction of the type Figle.I8 This interaction occurs at most
once, and any further interaction below, again, lies on the surface of one of the two lower cylinders
and hence is inside the pairs (12) or (34).
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Figure 6.18: Different structures due to insertion of a two-to-two kernel on the pair-of-pants.

6.4.4 Two-to-four Reggeon transition

Apart from the above examples we have further the possibility that some of the ¢-channel gluons
do not start at the upper quark loop but emerge from produced s-channel gluons. We start with
the transition from two to four t-channel gluons. In this case we start, at the upper quark loop,
with two t-channel gluons which end at a two-to-four transition. Leaving for the moment details
on the momentum structure of the transition kernel Ks_.4 aside, the transition from two to four
reggeized gluons is given by

D(ﬂ T h)(ﬂ I f)(%HHK?%

(6.39)

Of the 16 possible combinations of color factors, only a subset fits on the pair-of-pants, of which
two examples are shown in Figsl6.19 and [6.200 Again, we have two distinct structures: Figl5.19,

Figure 6.20: The non-planar two-to-four Reggeon transition.

by contracting the closed color loop on the upper cylinder, can be reduced to one of the Born
diagrams, and thus belongs to class of planar diagrams. In contrast, Figl6.20 cannot be contracted
and is non-planar.

Further rungs above the 2 — 4 transition vertex can always be contracted to either Figs[6.19]
or [6.201 As to the interactions below the 2 — 4 transition, we have to distinguish between the
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two classes. For the planar class in Figs[6.I9] we can continue by inserting 2 — 2 interactions
as described in the previous subsection. For the non-planar class in Figl6.20 any further 2 — 2
interaction is either inside the pair (12) or (34) and can always be reduced to Fig[6.20

For the momentum structure of the 2 — 4 transition vertex we need, apart from the real gluon
production vertex in Eq.(GI9), the vertex which describes coupling of a ¢t-channel gluon to a real
s-channel gluon, which is known as the Reggeon-Particle-Particle (RPP)-vertex. Similar to the
production vertex, the RPP-vertex is an effective vertex. To lowest order, for the scattering of
a gluon on an antiquark at high center of mass energies, this RPP-vertex is built up from the

following diagrams:
T ew

Similar to the production vertex, at high center of mass energies the last two diagrams coincide
with each other up to a sign, and color factor and momentum part of the RPP-vertex can be
written in the factorized form

—~ig [———l - |—-—] ety D). (6.41)

Sandwiching one or two RPP vertices between two production vertices then leads to two-to-three
and two-to-four Reggeon transition kernels. They have been constructed in [33] and for details we
refer to this reference. The momentum part of the the 2 — 4 transition is then given by

B(a—ki)® Bk +ko +ky)? 3(q —k1)’13
(11 — k)2 (12 — kyq)? (I — k1)?(ly — ky)?

K2—>4 = q2 -

(6.42)

6.4.5 Two-to-three Reggeon transition

Last we need to consider diagrams that contain, at least, one transition from two to three gluons.
Beginning with the momentum structure, we remind that the coupling of an additional 'new’
t-channel to an s-channel gluon takes place by the RPP-vertex in Eq.(641). The result for two-
to-three Reggeon transition is described by

TG o

KQ({_{?’H{M?)}) _ (kl + ko + k3)2 _

with
Bk +ks)* Bk +ko)? n k313

(I — k)2 (I — k3)? (I3 —k1)%2(1y — k3)2’
where the superscripts on the kernel refer to the ingoing and outgoing ¢-channel gluons respectively.
As to the general structure of diagrams with 2 — 3 transitions, we have two possibilities: either we
start, at the upper quark loop, with three gluons. In this case we need, somewhere further below,

only one 2 — 3 transition. Alternatively, we could start with two gluons and then need two 2 — 3
transition vertices.

(6.44)

For the discussion of the color diagrams we start with the former case. As before we encounter
planar and non-planar graphs. An example of a planar graph is shown in Figl6.21] a non-planar
graph in Figl6.22] In both cases, the planar class, Figl6.2Il and the non-planar class, Figl5.22]
above the vertex any further 2 — 2 interaction is between lines which are neighbored on the surface
of the upper cylinder. Below the 2 — 3 vertex we have the same situation as for the 2 — 4 vertex:
for the planar graph in Figlg.2I]l we proceed as described in Sec[6.4.3] whereas for the non-planar
graph there is no further communication between the two lower cylinders.

For the graphs which, at the top, start with two t-channel gluons the two classes arise in the
following way. Beginning at the top, the first 2 — 3 transition always lies on the surface of the
upper cylinder. Below this vertex we have the same situation which we have described a moment
ago, i.e. the same as for the case where at the fermion quark loop we start with three gluons: the
second 2 — 3 transition decides whether the graph is planar or non-planar. Planar examples are
shown in Figl6.23l
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Figure 6.21: Planar graph with one two-to-three transition.

Figure 6.22: Non-planar graph with one two-to-three transition.

:

Figure 6.23: Combination of two transitions of two to three t-channel gluons. From Eq.(643]) one finds a
relative minus sign for the second combination.

103



6.4.6 Planar and non-planar partial waves

In this final subsection we collect the results and prepare the summation of all diagrams on the
pair-of-pants surface. At the end of Sec[6.3] we proposed to factorize at the branching point, i.e. at
the last interaction between the two ’legs’ of the pair-of-pants, the partial wave F'(w,w1,w2) into
a convolution of three amplitudes Dy(w), Da(w1), and Da(ws), depending on w, wy, or wa, resp..
In order to find closed expressions for these amplitudes we shall, similar to our treatment of the
diagrams in the plane and on the surface of the cylinder, formulate integral equations which sum
up the different classes of diagrams.

The situation is easiest for the two amplitudes that start from the two lower virtual photons,
Dy(w1), and Ds(we). For these amplitudes we need to resum, for both legs, contributions like
those in Figl@I8l Their resummation yields the BFKL-equation on the cylinder Eq.(63T]).

The upper amplitude, Dy(w) is defined to include the branching vertex, which by definition is the
lowest interaction that connects the gluon pair (12) with the pair (34). Below this vertex, there
are only interactions inside the pair (12) or (34). The branching vertex can be either a 2 — 2
a2 — 3, or a2 — 4 transition vertex. From this definition it follows that the upper amplitude
always has four reggeized gluons at its lower end.

From now on it becomes important to distinguish between ’planar’ and 'non-planar’ graphs. For

A

()

Figure 6.24: ’Planar’ color factors on the pair-of-pants which reduce in an apparent way to the color
structure of the Born-term by extracting a closed color loop with the upper quark-loop.

IR

(a) (b) (c)

Figure 6.25: 'Non-planar’ color factors that cannot be reduced trivially to the color structure of the
Born-term by extracting a closed color loop with the upper quark-loop.

convenience we list, once more, three examples of planar and non-planar graphs: Fig[6.24] contains
the planar example, and Fig[6.28] the non-planar ones. They are of the order g8 N2(g?N..).

Beginning with the planar diagrams in Fig[6.24] one easily verifies that we always can contract one
closed color loop to arrive at the first diagram of Fig[l.hl For the other diagrams in Fig[T.h] we
have analogous sets of graphs. Next, the figures Figl6.24h-c differ from each other in that, at the
fermion loop at the top, in (a) we start with four gluons, in (b) with only three gluons, and in (c)
with two gluons. Correspondingly, in (a) the branching vertex consists of a two-to-to kernel, in (b)
a two-to-three kernel, and in (c) a two-to-four kernel. At the branching vertex, all diagrams have
four ¢-channel gluon lines. Higher order diagrams are obtained by inserting, above the branching
vertex, pairwise interactions between neighboring t-channel gluons. Also, in Figl6.24b and d we
could insert a 2 — 2 interaction between gluons "2’ and ’3” or ’1” and ’4’: in this case, the branching
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vertex consists of a two-to-to kernel. In all cases, by drawing a horizontal cutting line just below

the branching vertex, we arrive at amplitudes with four ¢-channel gluons. We will denote the sum
of all graphs by Dil234) (w), Di2134) (w), Di2143) (w), and Di2134) (w) where the upper label refers to
the four terms in Fig[lH i.e. it indicates to which of the four Born terms the diagrams can be

contracted (a more precise definition will be given further below in section [6.3]).

For the task of summing of all diagrams it will be convenient to define also auxiliary amplitudes
with two and three gluons in the t-channel. In Figl6.24k one sees that, starting at the upper quark
loop, we begin with two gluons which, when higher order corrections are included, interact through
two-to-two kernels. The sum of these diagrams leads to the BFKL cylinder and therefore coincides
with Ds(w) of Secl62:3l For the three gluon amplitude above the branching vertex in Fig6.24b

(123) (321)

Figure 6.26: The two possible orderings of three gluons along the quark-loop which leads to the definition
(123) (321)
of Dy 7 (w) and D3 (w).

we have two inequivalent couplings to the quark loops, as illustrated in Figl6.2600 We denote them
(123) (132)
by D3 *”(w) and Dy ™ (w).

When writing down integral equations for the amplitudes D3 and Dy, we observe that they will be
coupled. The three gluon state at the lower end of D3 can start as a two gluons at the quark loop,
then undergo a two-to-three transition. Similarly, the four gluon state can start from two or three
gluons and then make transitions to the final four gluon state. The formulation of these coupled
integral equations will be carried out in the subsequent section.

Next we turn to the non-planar diagrams of Fig[6.251 They cannot be reduced to the color structure
of the Born diagrams, and we therefore define an additional partial wave that sums up these terms.
They all have in common that the non-planar structure at the lower end of the upper cylinder is
always the branching vertex: below this vertex, there is no further communication between the two
lower cylinders. As an example, an interaction between gluon 2’ and '3’ would be subleading in
powers N.. Similar to the planar diagrams in Figl5.24] we see three different structures: above the
branching vertex we have four (Figlo.24h), three (Figl6:24b), or two (Figle24k) t-channel gluons.
This suggests that above the branching vertex the structure is the same as for the planar graphs,
and we simply have to convolute the non-planar branching vertex with the planar amplitudes D5,
Ds, and Dy. The resulting expression will be denoted by DELNP)(w). Its derivation will be the
content of Sec[6.6

6.5 Integral equations: gluon amplitudes with planar color
structure

In the following we will formulate integral equations for amplitudes of the planar class with two,
three and four t-channel gluons. The amplitude with four ¢-channel gluons that belongs to the
non-planar class will be addressed in SeclG.6l
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6.5.1 Integral equations for the three gluon amplitude

The evolution of the three gluon state is described by the sum of pairwise interactions, i.e. the
two-to-two transition kernels acting on the three gluon state

+ , + = ?N. Y Ko o®D{*P(w).  (6.45)
Tﬁ r’|’f (12),(23)
L 3 L 3 Ly (31)

3

The transition from the two gluon state to the three gluon state is mediated by the two-to-three
transition kernels acting on the two-gluon state,

EE YESUP U @ Dy (w). (6.46)
T

Similar to Dy(w), also the amplitude Dg is defined to contain the Reggeon propagator of the
external reggeized gluons, 1/(w — Z@ Bk 1)) With these ingredients, the integral equation for

D§123)(w) is given by
3
(w0 = D B0k) D§ ) (wllkr b bes) =Di3) +8°(~No) K02 @ Dy ()

+ 32N Y Ko @ DY (w). (6.47)

In complete analogy the equation for D§321)(w) contains the two-to-three transition kernel

m — PN EHDUB) ¢ D, (). (6.48)
71 2 3(

The integral equation is given by:

3
(w =" B0k)) DS (wlky ko, ks) =Dl + g*NK {12 @ Dy (w)
+3?N. Y Ko @ DEV (). (6.49)

(13),(32)
(21)

6.5.2 Reggeization of the three-gluon amplitude

To study the integral equations Eq.(641) and Eq.([@49) we need the impact factors Dgzos)) and

Dg?ol)). Both impact factors have the same properties as in the N, finite case [35], and they can

be written as a superposition of two-gluon impact factors D(g,0):

D) (k1 ko, ks) = +g [D(2:0)(12,3) — D20 (13, 2) + Diauoy (1, 23)] (6.50)
D) (k1 ka,ks) = 5 [D(2:0)(12:3) = D2i0)(13,2) + Dz (1,23)]. (6.51)
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On the right hand side we introduced a short-hand notation: a string of numbers stands for the
sum of the corresponding transverse momenta, for instance

D2,0)(12,3) = D20y (k1 + ka2, k3). (6.52)

We will make use of this notation in the following, whenever it proves useful to clarify the underlying
structure of complex expressions. It can be now demonstrated that the structure on the rhs
of Egs.(@50 and Egs.(6X]] also holds for the solutions of the integral equations Eq.(641) and

Eq.([649):
DS (w|ky, ky, ks) = +g [Da(w]12,3) — Da(w]13,2) + Da(w|1,23)] (6.53)
DS (wlky, ko, k) = -g[z>zau|1z,3)-232@u|13,2)4-132@u|1,23)]. (6.54)

Obviously this solution shares important properties with the reggeization of the planar gluon
discussed in Secl6. 2.2 in each term on the rhs, two gluons ’collapse’ into a single gluon which, at
the end, decays into two gluons. This allows also to deform the color factor as shown in Fig[G.27

Figure 6.27: The color factor associated with ngs) (w) can be deformed such that the form of the color
factor( co%ncides with the momentum structure of the solution in terms of Dz. A similar observation holds
for D3321 (w).

6.5.3 The integral equations for the four gluon amplitude with planar
color structure

For the four gluon amplitude, D£1234) (w), the evolution of the four gluon state is describes by the

sum of pairwise interactions between neighboring gluons. For the amplitude D4(11234) (w) the sum of

the two-to-two transition is given by

+ SN Y Kaa 0 D)
W (12).(23)
IR 5 . ) N 4 5 (34),(41)

(6.55)
The corresponding expressions for Dfl2134) (w), DfMS) (w) and DSMS) (w) are easily obtained by
simply exchanging the corresponding labels on the ¢-channel gluons. For D511234) (w), the two-to-

three transitions are

g3NCK§{H1§}ﬁ{123}) ® D§123) (@)
— (6.56)
n g3NCK2(f§}_>{234}) ® Démg)(w),

while the two-to-four transition is

— N KU o D (), (6.57)
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Also DSQM) (w) is defined to contain the Reggeon-propagator of the external reggeized gluons. In-

cluding this contribution together with the four gluon impact factor, Dgi,203)4), the integral equation

for D4(11234) (w) is given by

4

1234 1234 _ 12} —{123 123 231 —{234 123
(w =" Bk))DS*™ () = DAY + g N | KEUE 12 D29 () 4 K {2 4De D29 ()

i

+ §4NC2K2(EZ}—>{1234}) ® Da(w) + gch Z Koo ® D511234) (w).

(12),(23)
(34),(41)
(6.58)
(2143) - .
For D, " (w) the two-to-three transition arises from
3 ({12} —{123}) (321)
+ PNEETEW o DY (),
and the two-to-four transition comes from
— N KB o D (). (6.60)
We obtain the integral equation
4
(w =Y B)DF (W) = Doy + FPNe) | KEEF VoD () + K{E e DE ()

+ g NP TP @Dy w) + g7 Y Kao @ DEM (W) (6.61)

(21),(14)
(43),(32)

Finally, for Dfl‘%) (w) and D£1243) (w) the two-to-three transition are

_ 13} —{124 123
7P (~N) KSUP 12 @ Dt (o))

. (6.62)
+ gSNCKz(Eg}H{]-BLL}) ® D§321) (UJ)

and

g3NCK2(E§}_>{124}) ® Dggzl) (@)
(6.63)
+ PN 2(Eg}_>{134}) ®D§123)(w)
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respectively, while two-to-four transition are absent in that case. The integral equations are given
by

4
2134 2134 — 13} —{124 123
(=Y BE))DE () = DY + g (—No) K5I e D ()
+ g NGUY TP ) + PN YD Ko @ PP (W)
(21),(13)
(34),(42)
(6.64)
4
1243 1243 —_ 13} —{134 123
(=Y BE))D () = DAY + g2 (—No) K§UH 1 e DI ()

n ggNCKQ({_1>§}—>{124})®,D§321)(w) 1 32N, Z Koo ® D4(11243) (W).

(12),(24)
(43),(31)

(6.65)

6.5.4 Reggeization of four-gluon-amplitudes with planar color structure

Similar to the three-gluon amplitude, the four independent integral equations for the four-gluon-
amplitudes with planar color structure are solved by a reggeization ansatz. Again the starting
point is given by the virtual photon impact factors which, similar to the three-gluon case, can be
expressed in terms of the two-gluon impact factor:

>l

Diyioy (ks kea, ks k) = =57 [Dizi0) (123,4) + Digo) (1,234) — Dizyo) (14, 23)] (6.66)
DCI) (1) ey, kg ka) = —— [D 4)+D 4)—D
(x0) (K1,k2, ks, 4)__2Nc[ (2:0)(123,4) + D(2,0) (1, 234) — D20 (14,23)] (6.67)
A
Doy (ki ko, ks, k) = — 55 (D20 (134,2) + Di20) (124, 3) — Dizi0(12,34) = Dz0) (13, 24)]
(6.68)
A
Diaiy (ke kea, ks, k) = — 57 [Di20)(134,2) + Dioy0)(124,3) = Dz (12, 34) — Do (13,24)]

(6.69)

This decomposition also holds for the solutions of the integral equations, Eq.([@58), Eq.(G61),
Eq.([@64) and Eq.([665):

>

DI (wlky, ko, ks, ky) = “3v [Ds(w]123,4) + Dy (w|1, 234) — Dy (w|14,23)] (6.70)
(2143) A

Dy (wlki, ko, k3, ky) = 5N [Da(w|123,4) + D2 (w|1,234) — Dy (w14, 23)] (6.71)
A

D (wlky, ko, ks, ky) = [Da(w]134, 2) + D (w]124, 3) — Do(w|12,34) — Do (w13, 24)]

(6.72)

2N,

by
DU (1K, ko, ks, ky) = —
4 (U)| 1,82, K3, 4) 2N

C

[Da(w|134,2) + Da(w|124,3) — Dy (w]12,34) — Dy (w13, 24)].
(6.73)
Similar to the the three gluon case, each term on the rhs consists of a two gluon state where at the

end one (or both) gluons decay: this again generalizes the reggeization discussed in the context of
planar amplitudes. It allows to redraw the color factors as shown in Figl6.28

109



W 1/*-7;\3 vAg‘\4
2 3 : -

Figure 6.28: Color factors associated with the four gluon amplitude with planar color structure can be
deformed to coincide with the momentum structure of the solution in terms of D2. Above we show the
ordering (1234).

For the sum of these planar four gluon amplitudes, it is convenient to define, following [35], an
effective 2 — 4 vertex VR, which sums the various decay-channels of the two reggeized gluons,

VR, To ki ko, kg, k) = =713 16 (I — oy — ko — kg) + 6@ (L1 — ki — ko — ka)
+6@(1 —k; — ks —ky) + 0D (1 —ky — k3 — ky)
—0@ (1 —ky —ko) — 6P (1 — kg —ks) — 6P (1 — ki —ky)|,

(6.74)

such that

; A
S DI (ki ko, ks ka) = FV(R) ® Ds(w). (6.75)

N 1234),(2143), ¢
(‘Jkl):((2134)),((1243))

It is instructive to compare the results of this section with the finite N, results of [35]. For finite
N, it was found that the four gluon amplitude Dy can be written as a sum of two terms, the
reggeizing term and the triple Pomeron vertex:

Dy =D} + D! (6.76)

This decomposition was motivated by t-channel requirements: the reggeizing pieces contained in
DZE are antisymmetric under the exchange of the pair of gluons which forms the reggeized gluon,
whereas the remainder D} (which contains the triple Pomeron vertex), is completely symmetric.
In the present approach which is based upon the expansion in topologies, this decomposition into
reggeizing and non-reggeizing pieces comes automatically, as a consequence of different classes of
color structures. This suggests that the reggeization is deeply linked to the planar structure of
scattering amplitudes.

6.6 The triple Pomeron vertex on the pair-of-pants

In this section we turn now to the partial wave amplitude associated with the non-planar class,

DELNP)(w). As we have outlined at the end of Sec[6.4.6, we have to convolute, in Figl6.25h - ¢, the
branching vertices with Dy, D3, and Dy. Let us go through these convolutions in more detail.

We begin with those contributions where the branching vertex consists of a two-to-two transition
(Figl6:25h). They are to be combined with of one of the four planar amplitudes discussed before.

Contributions involving D£1234) (w) are

—@#N. Y Kyp @D (w),

(12),(13),
(24),(34)

(6.77)
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where, on the rhs, the subscripts under the sum indicate which pairings of gluons should be
included. A comment on the first and the last terms is in place. These interactions are inside the
gluon pairs (12) or (34) and thus do not belong to the production of an s-channel gluon inside the
M? discontinuity. Hence, these interactions are not part of the branching vertex. It is only for our
convenience that we, nevertheless, include them into our definition of DleP) (w) (later on, when
defining the partial waves, we will have to subtract them again). In (G77), the second and third
term (the interactions (13) and (24)) carry an additional minus sign, due to the color structure
(see Seclt.43)). Similarly one has

2N, Z Ko n® Dflw(w),

(12),(23),
(14),(34)
(6.78)
while the contributions containing DEMB) (w) and D511243) (w) are
PNe Y Ko ®DP W)+ 8N, Y Kap @D (w), (6.79)
(12),(13), (12),(23),
(24),(34) (14),(34)

In all three sums, the second and third terms carry minus signs, and the first and last terms are
kept for convenience and will have to be removed later on.

For the two to-three transition (Figl6.20b) we have two contributions: terms that originate from

D(123) ) are given by

j i? = 3Ny Ko @ DY (w),

(6.80)

where, on the rhs, the sum is over the four possible two-to-three transitions, allowed by the triple
discontinuity. Again, in the second and the third terms a minus sign originating from the color
factor has to be included. Contributions with D§321)(w) are

TR

where the sum is again over all four possible two-to-three transitions and for the second and third
term a relative minus sign has to be included. Finally, from the two-to-four transition (Figl6.25k)
we have two contributions. They are given by

W]W ﬂg FLN/L m/—>294NCK2H4®D2(w). (6.82)

Combining these three groups and including the Reggeon-propagators we obtain for the amplitude

=g (=Ne) Y Koy © D (w),

AT

(6.81)
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NP.
DNP.

W - Zﬂ DEL\IP W|k1,k2,k3,k4) — g N ZK2—>3 ® D(123)( ) + gg(_Nc) ZK2—>3 ® D§321)(W)

+2g*N.K3 .4 ® Da(w) + §°Ne { S K@D+ Y Ky @ DI (W)
(12),(13), (12),(13),
(24),(34) (24),(34)
+ Y Kra® DRI, + Y Kaw DL, )} .
(12),(23), (12),(23),
(14),(34) (14),(34)
(6.83)

In the next step we make use of the fact that, according to the results of Sec[6.5.2] and Secl6.5.4]
all planar three and four gluon partial amplitudes on the rhs, D3 and D4, can be written as
superpositions of two gluon amplitudes Dao(w). As a result, the right hand side of Eq.(G83)
depends only on Ds(w), convoluted with the sum of transition kernels:

32
(w— Zﬂ NDYF (w]ki, ks, ks, k4) :FVTPV ® Da(w). (6.84)

The right hand side of Eq.([6.84]) defines the Triple-Pomeron-Vertex Vrpy on the pairs-of-pants. It
describes the coupling of the upper BFKL Pomeron, Ds(w), to the lower ones, Da(w;) and Da(wz).

The function Vrpy coincides with the V' function found in [35]. In this paper, a finite N, calculation
with N. = 3 has been carried out, and the following result for the 2 — 4 gluon vertex has been
obtained:

Vo234 (1, 1ok, ko, ks, ka)) = 6719204V (1;, Lo |kq, ko; k3, ka))
+ 5a1a35a2a4v(117 12|k1, kg; kz, k4)) —|— 5(11(145(12(13‘/(117 12|k1, k4; kz, kg) (685)

Here a;, 1 = 1,...4 denote color indices in the adjoint representation of the ¢-channel gluons. To
compare with our result, we use the finite N, version of Eq.(G.85)) in [38] which has been obtained
for arbitrary N, and we find

22

EVTPV(lla lolkyi, ko; k3, ky)) = NV (11, 1o|ky, ko; k3, kg ). (6.86)
It is easy to verify that this result is in complete agreement with the large large- N, limit of [35,38].
Namely, if we project, in Eq.([68H]), on the color single state of the gluon-pairs (12)and (34) and then
consider the limit of large N, only the first term on the right hand side of Eq.([685) contributes,
and we indeed obtain agreement of the two results as required. In [107] it has been shown that the
vertex V' is invariant under Mobius transformations. Furthermore, V' can be expressed in terms of
another function G(ky, ko, ks):

V(ki, ko, ks, ka) =A[G(1,23,4) + G(2,13,4) + G(1,24,3) + G(2,14,3) — G(12,3,4)
—G(12,4,3) — G(1,2,34) — G(2,1,34) + G(12, —, 34)], (6.87)

where we suppressed the dependence on the momenta 1; and 1. This function G has been first
introduced for the forward case and N. = 3 in [35], whereas the above version was introduced
in [74]. Tt has the nice property that it is not only infra-red finite but also by itself invariant under
Mébius transformations [74].

6.7 The six-point amplitude on the pair-of-pants surface

With the results of the previous sections, we have almost all constituents that are needed to build
the triple Regge limit of the six-point amplitude with the pair-of-pants topology. However before
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we add together the amplitudes of the foregoing sections, we need to take care of a peculiarity inside
the planar piece of the upper amplitude. To leading order in A, the two lower Pomerons couple
directly to the upper quark-loop, as depicted in Figl5.29 and the branching vertex is not given
by a real gluon, but by the quark-loop itself. As long as we have, in addition to the ¢g pair, one
(or more) s-channel gluons that contribute to the M? discontinuity, the mass of the gg-system is
integrated over, and this integration enters into the definition of the impact factors Dfl”kl) Without
such gluons, the mass of the ¢¢ pair coincides with the diffractive mass M which is a fixed external
parameter. In this case, the coupling of the ¢-channel four gluon system to the quark-loop is hence
given by the triple discontinuity of the quark loop without the integration over the diffractive mass
of the gg-system, and defines an 'unintegrated’ four gluon impact factor, @(4 o) (M 2). Its precise
analytic form can be obtained from Eq.(2.8) of [35]. Correspondingly, its Mellin transform, which
enters the partial wave F(w,wr,ws) will be denoted by D(4,0)(w). When D(4;0)(M?) is integrated

over the squared diffractive mass M?, it coincides with sum over the impact factors D(”kl).

Figure 6.29: Diagrams where the two Pomerons couple directly to the upper quark-loop. They contain
the lowest order diagram in Figle.TTl The color factors can be reduced to the color factor to the right and
therefore belong to the planar class.

After this remark we write the final result as the sum of two terms:
Fw,wi,ws) = F(P)(w,wl,wg) + F(NP)(w,wl,wg), (6.88)

where the first term sums the planar diagrams (including the ’unintegrated’ impact factors), the
second term the non-planar ones. When doing the convolution of the three amplitudes, special
care has to be taken of the counting of interactions inside the gluon pairs (12) and (34) just below
the branching point where the upper cylinder splits into two cylinders (c.f. the discussion given in
Secl6Z.0)). This issue has been addressed, for the "N-finite’ case, in Sec.4 of [35] (see, in particular
Eqgs.(4.14) and Eq.(4.15)), and in the following we shall apply the same line of arguments. We
identify, for the M? discontinuity, the lowest s-channel intermediate state which leads to the ’last’
interaction between the two gluon pairs (12) and (34): below this interaction, the upper cylinder
has split into two separate cylinders. In particular, this last interaction cannot consist of a two-
to-two kernel acting on the gluon pairs (12) or (34). Since, in Secs[6.5.3 and [6.6] we have defined
the functions fojkl) and D;NP) in such a way that the last interaction includes these contributions,
we first have to remove them. Furthermore, as explained above, the coupling of the Dém)(wl)

and D§34) (wa) directly to the upper quark-loop is described by Du,(w), and we write this term
separately. We therefore arrive at the full partial wave in the following form:

Flw,wi,wy) = 473(12) (w1) ®12 9(34) (w2)®34

X
(D(4 0) UJ — Z ﬂ Z 'Di ikl) (w) + FVTPV ® Do (w)
ey (1234),(2143), ¢
(kD="9134) (1243)

B 12 34 ijkl

K+ K e Y D )> o
. 1234),(2143),
(1.1k1):((2134))’,((1243))’
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In the first line, the indices of the convolution symbols indicate that Délz) (w1) and Dg‘%) (we) are
to be contracted with the gluons (12) and (34), resp. The last line subtracts the two-to-two kernels
acting on gluon pairs (12) and (34). Using the BFKL-equation

KDY (1) = (w1 — Blka) — Bka)) DS (1) — DA,

(and a similar expression for the gluon pair (34)), and making further use of Eq.(G.7H), we arrive
at

F(w7w17w2) =

_ 32
4{D§12)(w1) ®129§34) (w2) ®34 (D(4;0) (W) + [w—w1—w2 | VE@Ds(w) + VVTPV®D2(W))

C

+ D5 (w1) @12 Dl @31 VI @ Da(w) + Digg) @12 DE? (wa) @34 VI @ Dy (w)}. (6.90)

The terms in the last line are either independent of ws or wy and the integrals over wy or wy vanish
in Eq.([633). We therefore drop these terms and obtain for the two partial waves F®)(w, w1, ws)
and F(NP)(w, w1, wy) the following results:

_ A
F® (w,w1,wz) = 4D (w1) @12 DS (w2) @34 (D(4;0) (W) + [w — w1 — ws] FVR ® D?(W))

and

/\2
F(NP)(w, wi,we) = 4D§12)(w1) ®12 D§34) (w2) ®34 F‘/(TPV) ® Da(w). (6.92)

C

Both terms are illustrated in Figs[6.30h and [6.30b.

Figure 6.30: (a) Planar color graphs associated with the decay of two reggeized gluons and (b) non-planar
color graphs which lead to the Triple-Pomeron-Vertex. In both cases a two gluon state decays into a four
gluon state.

6.8 Conclusion

In the present analysis we have considered, in the large-N. limit, the triple Regge-limit of the
scattering of three virtual photons. Our emphasis has been on the topology of color factors: we
have summed, in the generalized leading-log approximation, only those diagrams which fit onto
the pair-of-pants surfaces. These diagrams group themselves naturally into two classes (Fig[G30]).
The first class consists of all diagrams which, by contracting closed color loops, coincide with one
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of the lowest order graphs (of order g®N3) illustrated in Fig.13. Making use of the bootstrap
conditions, the sum of these graphs is shown to reduce to reggeized gluons with a simple splitting
vertex. In addition, starting at the order g® N3(g%N,), a second class of diagrams appears which, by
contracting closed color loops, cannot be drawn as one of the lowest order graphs shown in Fig.13.
The sum of these graphs can be written as a convolution of three BFKL amplitudes, connected by
the triple Pomeron vertex found in earlier papers. This triple Pomeron vertex has been shown to
be invariant under Mébius transformation [107].

The analytic expression for the six-point amplitude derived in this chapter coincides with the large-
N, limit of the QCD result in [35]. However, the analysis of the present chapter provides another
interpretation of gluon reggeization and the appearance of the Mdbius invariant triple Pomeron
vertex: on the pair-of-pant surface, the reggeizing pieces are completely planar, whereas the the
triple Pomeron vertex belongs to a distinct class of color diagrams which reflect the non-planar
Mandelstam cross.

We believe that the topological approach pursued in this chapter is well-suited for studying the
Regge limit of N=4 Super Yang Mills Theory within the AdS/CFT correspondence. On the string
side, amplitudes are naturally expanded in terms of topologies. In particular, the pair-of-pants
topology studied in this chapter is the same as that of the vertex which describes the coupling of
three closed strings.

For a systematic study of the AdS/CFT correspondence it is convenient to make use of R-currents:
they allow to formulate current correlators which are well-defined both on the gauge theory side
and on the string side. As a first step of investigating, in the Regge limit, the duality between N=4
Super Yang Mills Theory and AdSs string theory, the 4-point function for such currents has been
studied on the gauge theory side in [78]. This study confirms that the interaction between two
R-currents in the Regge-limit is, indeed, mediated by a BFKL-Pomeron, and it contains the two
gluon impact factors in N=4 SYM. On the string side, the scattering of two R-currents has been
shown to involve, in lowest order, the one-graviton exchange [117]. In the present chapter we have
addressed, on the gauge theory side, the next term in the topological expansion. As a start, we have
restricted ourselves to nonsupersymmetric QCD(N,). The generalization to the supersymmetric
case where, inside the impact factors, fermions and scalar particles in the adjoint representation
have to be considered, will be presented elsewhere [79]. On the string side, the analogous 6-point
R-current correlator is expected to contain the triple graviton vertex. This project is currently
being studied.
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Chapter 7

The topology of the triple
Pomeron vertex in NV =4 SYM

Within the AdS/CFT correspondence which relates ' = 4 supersymmetric Yang Mills quantum
field theory (SYM) in four dimensions to a string theory in a AdSs ® S5 space correlators of R-
currents provide a useful tool for investigating the Regge limit, in particular the correspondence
between the BFKL Pomeron in ' =4 SYM and the graviton on the string side.

In the simplest case, the elastic scattering of two R-currents, both ends of the correspondence have
been investigated in leading order. On the gauge theory side, the supersymmetric impact factors
consisting of the sum of a fermion and of a scalar loop in the adjoint representation of the gauge
group have been computed, and it has been verified that the high energy behavior is described
by the BFKL Pomeron [78]. On the string side, the leading contribution in the zero slope limit
is given by the Witten diagram with graviton exchange [117]. Beyond the zero slope limit, the
graviton is believed to reggeize.

A next step along this line is the six point function of R-currents in the triple Regge limit. In this
kinematic limit one expects to see the triple Pomeron vertex which represents, besides the BFKL
kernel, another fundamental element of high energy QCD: it describes the splitting of a BFKL
Pomeron into two BFKL Pomerons. On the string side, one expects the graviton self interaction
to play the analogous role. For QCD - with fermions in the fundamental representation and with
the electromagnetic current in place of the R-current - the six point function at finite N, has first
been studied in [35]. As the main result, the triple Pomeron vertex has been calculated, which
by now has been derived in several other approaches. In [79] the case of the six point function
of R-currents in N' = 4 SYM has been studied for finite N.: whereas the triple Pomeron vertex
remains the same as in the nonsupersymmetric case, a new contribution to the six point correlator
appears which results from the adjoint color representation of the particles and has no counterpart
in QCD.

Another line of interest is the integrability of the BKP equation: since in the leading logarithmic
approximation there is no difference between QCD and its supersymmetric generalization, ' = 4
SYM, one expects that the integrability which has been discovered for the large- N, limit of QCD
in fact is ’inherited’ from A" = 4 SYM. The environment where the large- N, limit of BKP states
can be studied are higher order current correlators, e.g. the eight point function in a suitable
Multi-Regge limit. Within the AdS/CFT correspondence, the counterpart of the BKP states has
not been addressed at all.

Recently, an attempt has been started to investigate these high energy limits within a topological
approach: in the large- N, limit, the color structure of scattering amplitudes can be attributed to
surfaces: spheres, planes, cylinders, pairs-of-pants, etc. The simplest examples include, in QCD
with fermions in the fundamental representation, multigluon scattering amplitudes in the plane and
the BFKL Pomeron on the cylinder. Recently [118] also the six point correlator of electromagnetic
currents has been studied in the large-N, limit by summing diagrams whose color structure lies
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on the surface of a pair-of-pants. The study of these color diagrams provides a new view on
the reggeization of the gluon and on the triple Pomeron vertex: whereas the reggeization can be
understood as a feature of planar QCD, the triple Pomeron vertex requires a non-planar structure,
reminiscent of the non-planar Mandelstam cross diagram.

When turning, from QCD with fundamental fermions, to A/ = 4 SYM with fermions and scalars
in the adjoint representation, one encounters changes in the topology of the surfaces and in the
structure of color graphs.The first example is the BFKL Pomeron which lies on the surface of a
sphere with zero boundaries. Apart from this the form of the impact factor stays the same. In the
present paper we address in the large- N, limit a six point correlator of R-currents in A/ = 4 SYM in
the topological approach. We sum graphs whose color structure belongs to a specific deformation
of a sphere, corresponding to the pair-of-pants investigated in [118].

We first review the color structure of Feynman diagrams in the large- N, limit and define the classes
of graphs which we are going to sum. We then formulate integral equations which sum these graphs
and discuss their solutions. Our final result for the large-NN. limit consists of three terms which
represent three distinct classes of color diagrams on the surface of the deformed sphere.

7.1 Topology of graphs in A/ =4 SYM

It may be useful to recapitulate the large-IN, limit of QCD with fermions in the fundamental
representation, and to recall a few features of the classical paper of 't Hooft [73]. Starting from
the Fierz identity

a\i ( a 7 1 1
(9)3(9°) = 6105 — 70501 (7.1)

where (g“)é- denoted the SU(N.) generators in the fundamental representation (with the normal-
ization tr(g?g®) = 6°°), and from the identity

1

abe a b _c c b a

= ——|tr —tr , 7.2
f Z.\/5[ (9°9°9°) — tr(9°9"9")] (7:2)
one is lead to draw, in the large- N, limit, color diagrams with the following elements:

(i) for each quark in the fundamental representation, a single line with an arrow, indicating the
flow from the upper to the lower index,

8 = i————; (7.3)
(ii) for each inner gluon a double line
SOy = T (7.4)
(iii) for each triple gluon vertex
aobc 1 a C c a
fore = —=[tr(g"g"g%) — tr(g°g"g")]- (7.5)

iv?2
As a result, each graph turns into a network of double and single lines. The resulting diagrams

represent only the color factors. A usual Feynman diagram represents both the color factors and
the momentum part. In the double line notation the momentum part has to be written separately.

The double line diagrams can be drawn on a two-dimensional surface with Euler number x =
2 — 2h — b, where h is the number of handles of the surface, and b the number of boundaries or
holes. A closed color-loop always delivers a factor ., and a closed quark-loop, compared to a
corresponding gluon-loop, is 1/N, suppressed and leads to a boundary. For an arbitrary vacuum
graph T one arrives at the following expansion in N,

T =Y NZ'T,4(N) (7.6)
h,b
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Figure 7.1: Cylinder topology for the 2 — 2 scattering in QCD (left) and in A/ =4 SYM (right)

where
A= g¢°N, (7.7)
is the 't Hooft-coupling which is held fixed, while N, is taken to infinity.

In the expansion Eq.([Z6) which matches the loop expansion of a closed string theory with the
string coupling 1/N,, the leading- N, diagrams are those that have the topology of a sphere: zero
handles and zero boundaries, h = b = 0. If quarks are included, the leading diagrams have the
topology of a disk, i.e. the surface with zero handle and one boundary, h = 0,b = 1, fits on
the plane, with the boundary as the outermost edge. Diagrams with two boundaries and zero
handles can be drawn on the surface of a cylinder, those with three boundaries on the surface of a
pair-of-pants. Boundaries are also be obtained by removing, from the sphere, one or more points.
Removing one point, one obtains the disk, which can be drawn on the plane, and by identifying the
removed point with infinity, the graphs can be drawn on the (infinite) plane. Removing two points
we obtain the cylinder and so on. By definition, the expansion Eq.(Z8]) is defined for vacuum
graphs. However, from the earliest days on [113], the large-N, limit has been also applied to the
scattering of colored objects. In order to consider the topological expansion of an amplitude with
colored external legs, one needs to embed it into a vacuum graph which then defines the topological
expansion of an amplitude with colored external legs.

In the large-N, limit of high energy QCD, quark scattering amplitudes are drawn on a plane; in
particular, one can show that the BFKL bootstrap condition is satisfied on the plane (zero handles,
one boundary). Next, for the BFKL Pomeron the color diagrams lie on the surface of a cylinder
(zero handles, two boundaries), (Fig[lI], left), and the triple Pomeron vertex is obtained from
diagrams which fit on the pair-of-pants surface (zero handles, three boundaries), (Fig[T2]).

Let us now turn to A/ = 4 SYM where fermions and scalars belong to the adjoint representation and
therefore are represented by double lines, in the same way as the gauge bosons. Now fermion loops
no longer define sections and therefore cannot be used define separate topologies. As an example,
in QCD with fundamental quarks the diagrams of the BFKL Pomeron fit onto the surface of
a cylinder (FigllTl left): the closed quark loops at the top and at the bottom define the two
sections. In N = 4 SYM with adjoint fermions and scalars, the top and the bottom obtain double
lines (Fig[l] right) and turn into caps, as a results of which the cylinder turns into a (stretched)
sphere (zero handles, zero boundaries).

An analogous result holds for the six point function of external currents in the triple Regge limit.
For QCD with fundamental quarks the sphere has three sections (for each impact factor, the closed
fermion loop defines a section), (Fig[T3] left) and it has been shown in [118] that the color diagrams
fit on the surface of a pair-of-pants (FiglZ.2). When switching to N' = 4 SYM where fermions and
scalars belong to the adjoint representation, the closed lines of the upper and lower impact factors
turn into double lines, and the sections of the pair-of-pants are replaced by caps, (Figll3] right).

As a result, we again arrive at a sphere, shaped as a pair of pants , and we are asked to sum, for the
triple Regge limit, diagrams which lie on the surface of this body. As we shall see in the following,
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A
Figure 7.2: Pair-of-pants topology for the 3 — 3 amplitude in the triple Regge limit

Figure 7.3: Pair-of-pants topology for the 3 — 3 amplitude in QCD (left) and in A/ = 4 SYM
(right)

there are three distinct classes of diagrams: two of them are the same as in (nonsuperymmetric)
QCD, whereas the third one is new and has no analogue in QCD.

7.2 Selection of diagrams

Six point amplitudes depend on three energy variables, s1 = (¢ + p1)?, s2 = (¢’ + ph)? and
M? = (¢ + p1 — p})?. The momentum transfer variables are t = (¢ — ¢')?, t1 = (p1 — p})? and
ty = (p2 — phy)?. The kinematics of a six point amplitude with external R-currents are illustrated
in Fig[l 4l Then the triple Regge limit is given by

51 =83 >> M? > t,t1,ts. (7.8)

In the Regge limit there is an easy way of computing six point amplitudes of R-currents, namely
we take the triple energy discontinuity in si, so and M?2. In lowest order the main ingredients

Figure 7.4: Kinematics of a six point amplitude
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of a diagram are three impact factors and four ¢-channel gluons. The impact factors consisting
of a fermion and a scalar loop represent the coupling of the t-channel gluons to the external R-
currents. The insertion of the R-currents is symbolized by the small black dots in Fig[Z4l Higher
order corrections are taken into account by the production of real gluons in the Regge kinematics.

We now discuss in the double line notation the relevant diagrams which contribute to the triple
Regge limit of the six point correlators of R-currents. We will closely follow the discussion of
[118], and we will use the same notation. In the following double line diagrams we do not show
the attached R-currents, we only consider the gluons and adjoint particle loops.

We begin with a comment on the cylinder in QCD, (FiglZT] left). When replacing, at the top
of the cylinder, the fermion in the fundamental representation by an adjoint fermion, we simply
draw, above the already existing color line of the fermion, an additional closed color loop which
generates an additional factor N.. The double line notation now also includes scalar loops. The
two t-channel gluons are attached to the same color line of the closed loop, either to the lower
line or to the upper one as shown in Fig[Z.I] right. Diagrams where the two ¢-channel lines are
attached to different lines lose this additional factor N, and are suppressed. As a result of this
simple observation, the contribution of the adjoint fermions to the impact factors is proportional
to N, times that of a fundamental one'. In A" = 4 SYM, the four point correlator is of the form
N2As_,5()\), whereas in nonsupersymmetric QCD it is of the form NJAs_5(\).

Let us now turn to the six point function. In QCD in lowest order the four ¢-channel gluons couple
to the upper loop in all possible ways, all together there a 16 different diagrams. A closer look
shows that we have inside the 16 diagrams four different orderings of color matrices. For the lowest
order diagrams in the nonsupersymmtric QCD case, the four different structures are illustrated in
FigllHl Switching to A/ = 4 SYM, we simply perform, for each of the three impact factors, the

m 1

(1234) (2134) (1243)

(2143)

Figure 7.5: The four different orderings of color factors of the Born-term

substitution we have just described for the BFKL cylinder, and we obtain the additional factor
N2, leading to a result of the order N2\*. Whereas in QCD the analogous lowest order graphs fit
on the surface of a pair-of-pants in Fig[(.2] the diagrams now have the shape of a deformed sphere
as shown once again in Fig Here both gluons cylinders are coupled to the same line of the
upper loop.

A closer inspection shows that, in addition to Fig another configuration is possible: without
losing a factor V., we can attach one of the cylinders to the outer loop, the other one to the inner
loop (Fig[7.6(b)). This additional piece in the four gluon impact factor which has no counterpart
in the fundamental representation, has first been found in [79]. An alternative way of drawing
this graph is shown in Fig[Z.7

Moving on to the next order, we first note that for the diagram in Fig one can only start
to ’dress’ the two cylinders: an example is shown in Fig[l.8 In particular, any rung connecting
the two cylinders loses a power of N.. As a result, this class of diagrams simply consists of two
BFKL Pomerons coupled to the four gluon impact factor, and the resulting amplitude is of the
form N2Az_.3()\). This class of diagrams will be named ’direct’: the two BFKL Pomerons couple
directly to the impact factor. As discussed in [118], on the cylinder each gluon rung comes in two

IThis is nothing else but the consequence of the different normalizations of generators. In the fundamental
representation we use tr(t®t?) = 8,5, whereas in the adjoint representation we have tr(T®T?) = N¢64. Note
that our normalization of the fundamental generators deviates by a factor 2 from the standard normalization
tr(re7P) = §2b /2.
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Figure 7.6: Pair-of-pants topology for the 3 — 3 amplitude in A" = 4 SYM: (a) a color configuration
already present in QCD, and (b) a new one which exists only for adjoint particles
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Figure 7.7: An alternative way of drawing Fig{7.6(b)
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Figure 7.8: Example of a next-to-leading order diagram of Figl7.6(b)
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Figure 7.9: Two classes of diagrams: planar graphs (left) and non-planar graphs (right)

different ways, one in front of the cylinder, the other one on the backside. This observation also
applies to our N’ =4 SYM case.

Returning to the other diagrams in Fig[l.@] that are already present in nonsupersymmetric QCD,
insertion of one more rung opens two distinct classes of graphs: examples are given in Fig[l.9]
and it is suggestive to name them as ’planar’ and 'nonplanar’, respectively. By definition, planar
graphs have the property that, by contracting closed color loops, they can be reduced to the N = 4
SYM version of the graphs in Fig[Z.5l For the non-planar ones, this is not possible, beginning with
the graph shown in Fig[.9] right, there is a new class of diagrams which cannot be deformed into
planar graphs.

In higher order A, several possibilities arise. We briefly summarize the discussion given in [79].
The general structure of the diagrams is the following: At the upper impact factor we start with a
t-channel state with two, three or four gluons. The propagation of the ¢-channel gluons is described
by the BKP equations and transition between different states by vertices. We can have 2 — 2,
2 — 3, or 2 — 4 vertices. There is always a lowest interaction between the gluons defined by
the M?2-discontinuity below which the upper cylinder breaks up into two disconnected ones. After
this branching vertex the gluons interact only pairwise according to the BFKL equation and are
coupled to the two impact factors of the R-currents at the bottom.

We have to distinguish three different types of diagrams: the direct, the planar, and the nonplanar
diagrams. In the first case, the direct diagrams, the lowest interaction between the two cylinders is
the upper impact factor itself. The four gluons couple directly the upper loop without interaction
between the two disconnected BFKL Pomerons.

Planar diagrams, the second type of diagrams, are reggeizing pieces. At the upper loop they start
with two, three, or four t-channel gluons. These gluons undergo transitions by 2 — 2, 2 — 3,
or 2 — 4 vertices, respectively. One of these transitions is the branching vertex below which we
always have four gluons but each two gluons only interact pairwise after the branching vertex.
They form once again the two noninteracting BFKL Pomerons.

The last possibility are nonplanar diagrams. At the upper loop they can also start with two,
three, or four ¢-channel gluons and the structure above the branching vertex is the same as for
planar diagrams. But the branching vertex itself now provides a nonplanar structure. Below this
nonplanar vertex the known disconnected BFKL cylinders show up.

7.3 Analytic expressions

Let us now turn to analytic expressions. It is convenient to use the analytic representations of
multiparticle amplitudes. A detailed discussion can be found in [93]. We restrict ourselves to those
contributions which have a nonvanishing discontinuity in M?2. In the triple Regge limit, Eq.(T8),

122



Il

Dia0)aie (M?)

=
Deus Dand

(a) F(P) (b) F(NP) (C) F(DIR)

IR N

[
o

Figure 7.10: The three different parts of the six point function T5_.,3

we have for the 3 — 3 amplitude:

5182
T3~>3(817827M2|t17t27t): MQ/

dwrdwadw ot o
o 0 (M) ()€ 0.

-F(w,wl,w2|t,t1,t2) +... (79)

The dots represent three further terms that appear in the triple Regge limit: they do not contribute
to the M?2-discontinuity. The signature factors are given by

—iTw __ 1 —im(w—wi1—wa2) _ 1
o) =t =t ad e =
SIm(7Tw

. 7.1
sinm(w — wy — wa) (7.10)

As discussed in the previous section, for the computation we have taken the triple energy discon-
tinuity of the amplitude in s;, o, and M?:

5158 dwrdwadw . o1 —w
’ ]\1422 / (127Ti)23 81182 Q(JWQ) T 'F(w7w17w2|t17t27t)7 (7'11)

discs, discg,discp2 T35 =7

which, via a triple Mellin transform, is related to the partial wave F(w,wi,wslt1,t2,t). For the
calculation of the triple discontinuity we have used unitarity integrals, and the summation of the
diagrams has been performed by means of integral equations. Details can be found in [118], and
we only describe the results.

Our result for the sum of the diagrams which fit on the surface of the deformed sphere (Fig[Z.6))
is given by the sum of three terms which sum different classes of diagrams: planar diagrams,
non-planar diagrams, and direct diagrams:
P NP DIR

Tyog = Ty0h + T4 + T35 (7.12)
The three different parts are illustrated in Fig[ZI0l In the triple Regge limit, Eq.(Z8), the partial
waves factorize and consist of several building blocks. In our case we encounter two-gluon impact
factors, BFKL Green’s functions, and a triple vertex which connects them. The two-gluon impact
factors, Ds.o, describe the coupling to the external R-currents. For N” =4 SYM they have been
computed in [78]. They contain both fermions and scalar in the adjoint representation.

Let us go into some detail. For the sum of the first two terms we use the representation (Z9) and
write
Fw,wi,ws) = FP) (w,wi,ws) + FNP) (W, wy, wy). (7.13)

As seen in Fig[Z.T0] the impact factors appear at the three different ends of the diagrams, and
they are connected by BFKL Green’s functions and a triple vertex in the center. The two terms
differ from each other by the form of the triple vertex: in the second term, the vertex is due to the
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non-planar diagrams and coincides with the triple Pomeron vertex found in QCD. The first term
which results from the planar diagrams is a direct consequence of the reggeization of the gauge
boson. The partial wave has the form:

A
P (W, wy,wa) = 4'D;12) (w1) @12 'DéM) (wa2) ®34 [w — w1 — CUQ] VVR ® Da(w) (7.14)

with

< g>N,

= —2Nc — 5 (715)

The convolution symbol is defined as

d2k1
1
®12—/(2 )3] %]%a (7 6)

where k; and ko are the transverse momenta of the gluons 1 and 2. In ([.I4]) we have introduced
the three functions Dy (w), D2(w1 ), D2(w2) which combine the three impact factors Da.o with their
adjacent BFKL Green’s functions. The subscript 12 at the convolution symbol indicates that the
two gluon amplitude Dém) (w1) has to be contracted with the ¢-channel gluons 1 and 2. Similarly,
®34 belongs to the gluons 3 and 4. Analytic expressions for the triple vertex V can be found in
[118].

The second part of the partial wave takes the form

/\2
F(NP)(Wa wi,wse) = 4D§12)(W1) ®12 D§34) (w2) ®34 FV(TP\/) ® Da(w). (7.17)

The new ingredient here is the triple Pomeron vertex V(rpy), described in [118], Eq.(87).

Interesting enough, the first term, F(®), is present only in the triple Regge limit with fixed M?2.
As explained in [79,118], after integration over M? and ¢; and ¢, our six-point function can be
viewed as a part of the scattering of the upper R current on a losely bound state of the two lower R
currents: in this case this part of the triple vertex disappears and turns into a special contribution
to the initial conditions of the evolution of a BFKL Green’s function, and only the triple Pomeron
vertex remains (for a detailed discussion see [35]).

Finally, we have the third part in Fig[ZI0, 75! ,, where the two BFKL Green’s functions couple
directly to the upper "unintegrated’ impact factor, D(4,0)pir (M?). Here the dependence upon M?
is contained inside D (4,0ypir, and instead of (Z9) we use

dw1dws ( S1 )WI ( So

wa
T3S (51, 52, M|ty ta, 1) 28182/ @mi \a2 W) E(wr)é(wz) FO(M?, wy,wolt, 1, t2).

(7.18)

The partial wave is given by
FOWR (V2 01 wo) =4 Délz)(wl) ®12 D§34) (w2) ®34 Dys0yprr (M?). (7.19)

The direct coupling of the amplitudes Dém) (w1) and D§34) (w2) to the upper loop is described by
the 'unintegrated’ impact factor @(470)D1R(M 2) which has both right hand and left hand cuts in
M?. In contrast to the 'normal’ impact factors which are integrated over the mass M2, in this
case the coupling to the upper R-current is with fixed M?2. Restricting ourselves to the case of
zero momentum transfers ¢ = t; = to = 0, we have the expressions (see also [79]):

4 1
Shh' 2 302 2oy 9 1 2 22 2 3
D(4;0)DIR(k ,k ,M )— ﬁmdhh//o dO[IU(Oé,k ,M )Iv(a,kz ,M) (720)
and
4 1
Do (K K, M?) = %@2/ dova(l — a)I,(a, k2, M) I, K2, M?), (7.21)
0
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Here the dependence on M? is explicit. L and h denote the different polarizations of the incoming
and outgoing R-currents. After integration over the angle ¢ of the vector k, the use of §-functions
to set the upper loop momentum I = a(l — a)@Q?, we have defined

l

2

I (0 K2 M) = (@ -M E* + a1 —a)(Q* — M?) (7.22)

P\ Q@+ VO a1 - a)(@2 — M2))? +402(1 - 0)2M2Q?

and

1 1
VO a1 - a)(Q? - M2)2 +402(1 — a2z (1= )@ M)

I(o, k* M%) =2 (7.23)

Compared to the first two terms, this term is sub-leading for large M?2. Also, this term is present
only in supersymmetric theories where the fermions are in the adjoint representation.

The expressions listed in this section can directly be compared with results obtained from the
analysis of Witten diagrams in the strong coupling regime [119].

7.4 Conclusions

In this chapter we have presented results for the six point R-current correlator in N =4 SYM in
the triple Regge limit. In view of the AdS/CFT correspondence, which relates the large- N, limit
of ' = 4 SYM to a string theory in AdSs, we have concentrated on those diagrams which fit on
the surface of a sphere. This generalizes an earlier calculation in nonsupersymmetric QCD, where
the leading diagrams fit on the surface of a pair-of-pants.

Our result consists of three terms which correspond to different classes of color diagrams. Each
term is composed of several buildings blocks: impact factors, triple vertex, and BFKL Green’s
functions. They should be compared with corresponding parts of the Witten diagrams in the
strong coupling region. Further work along these lines is in progress [119].
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Chapter 8

Summary and outlook

In this last chapter we summarize our results and present possible lines which future research may
follow. Our goal has been the study of the high energy behavior of QCD. In this attempt we
followed two different lines:

The object of the first part was given by the gauge invariant effective action of high-energy QCD.
The reformulation of QCD at high energies in terms of an effective field theory provides a systematic
approach for the determination of high-energy QCD amplitudes. It factorizes high-energy QCD
amplitudes into sub-amplitudes that are local in rapidity, while non-local interaction between them
is mediated by the exchange of reggeized gluons. To separate local from non-local interactions, a
factorization parameter 1 was furthermore introduced. However, even though the need for such
a regularizing parameter is outlined in the original formulation of the effective action, a precise
implementation that can be used by a practitioner is missing. In the first part of this thesis a
proposal has been given for such a regularization that implements the requirements posed by the
effective action. It is stated in form of a Mellin-integral and resembles in its precise formulation
commonly used expressions in the analysis of high-energy QCD. However its role is special in the
present context: We make use of its property to implicitly impose a lower bound on the squared
center-of-mass energy that can be associated with the exchange of a single reggeized gluon. At
least within the Leading-Logarithmic-Approximation (LLA) this constraint provides the required
locality in rapidity of the interaction of usual gluons and quarks. An extension of the method to
calculations within the Next-to-Leading-Logarithmic-Approximation (NLLA) has been proposed
as well, and it could be successfully applied to extract particularly needed parts of these corrections.
However no complete NLLA-result has been derived so far and at present it is not clear whether
the proposed regularization is in that case adequate or not. In particular, at NLLA the necessity
to consider renormalization of the effective action arises which has not been addressed at all so far.

Apart from above regularization, the study of states of n > 2 reggeized gluon revealed the need to
introduce so-called subtraction diagrams. At first a certain term, which is contained both in the
induced vertex and in the coupling of two reggeized gluons to a particle, needs to be removed from
the latter to avoid an over-counting, which is achieved by the subtraction terms. From a practical
point of view, subtraction terms make the integral over the longitudinal loop momenta of loops
containing reggeized gluons finite, and allow for their evaluation. The subtraction diagrams can be
systematically obtained by supplementing the Lagrangian of the effective action by a subtraction
term, which yields the required subtraction diagrams. This method is particularly suitable, if
entangled loops with n > 2 reggeized gluons are considered.

The proposed regularization methods allows to reproduce a number of various well-known results,
ranging from reggeization of the gluon and the BFKL-equation, over production amplitudes to
the analysis of the states of the three and four reggeized gluons state. The most non-trivial one
is certainly the transition vertex from two-to-four reggeized gluons, originally derived by Bartels
and Wiisthoff. In that case, the obtained result further allows for the study of the two-to-four
transition in the color octet, which has not been determined so far. The results are however not
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yet in a suitable form for an analysis of the properties of such a transition in the color octet, and
doing so remains as a task for the future.

In a second part, an element of Reggeon-field-theory has been studied from the perspective of the
large N, expansion in terms of topologies of the color factor. Within the AdS/CFT-correspondence,
the string coupling on the gravity side is proportional to 1/N, and such analysis seems to provide
a suitable basis for the search of a gravity dual of Reggeon-field-theory on the string side of
the correspondence. Starting from a QCD-analysis of the scattering of three virtual photons in
the triple-Regge-limit, only diagrams with the topology of the pair-of-pants surface have been
resummed. Color graphs have then be found to group themselves naturally into two classes. While
planar graphs reggeize, non-planar graphs yield the triple-Pomeron-vertex, where the non-planar
structure, which reminds of the non-planar Mandelstam cross-diagram. Extending the study to the
triple-Regge-limit of the six-point-correlator of R-currents in ' = 4 SYM, the color graphs have
at first no longer the topology of a pair-of-pants, but of a sphere, as all particles are now in the
adjoint representation of SU(N,). Nevertheless it is possible to group color factors into planar and
non-planar graphs, which appear as pair-of-pants-like deformations of the sphere. Apart from these
two contributions, a new group of color factors arises, which is not present in QCD. In contrast
to the pair-of-pants-like structures, reggeizing contributions and triple-Pomeron-vertex, the new
piece particularly contributes for low diffractive masses.

For future work it seems suggestive to combine the results obtained from the the two parts: The
expansion of color factors in terms of two-dimensional surfaces provides a new view on reggeization.
For the pair-of-pants, color graphs group diagrams into planar and non-planar sets, which yield
reggeization and the triple-Pomeron-vertex, respectively. The question arises if this classification
can be extended to the general case at finite N,.. If so, it would be natural to use such a classification
in the formulation of the effective action to separate reggeizing and not-reggeizing parts.
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Appendix A

The Rapidity scheme

In most of the calculations of the effective action in this thesis, a certain regularization scheme has
been used, that imposed a certain lower cut-offs A, and A, on the squared center-of-mass energies
of the corresponding quark-gluon or gluon-gluon sub-amplitudes.

This regularization scheme seems very plausible, as it exactly imposes the requirements that are
needed to obtain the effective theory diagram out of the underlying QCD-diagram. Furthermore,
also imaginary parts, leading to negative signature of the reggeized gluon are mapped one-to-one
from the QCD-diagram to the effective theory amplitude. Nevertheless the method has some back-
draws: To obtain the correct gluon trajectory function for instance, it has been necessary to drop a
certain part (see the discussion after Eq. (3.I4])). The dropped part does not contribute within the
LLA and therefore everything is consistent within the desired accuracy. However at the present
stage it is not clear, whether this dropped term can be combined in a meaningful way with the
other corrections at NLLA or not. There exist also an alternative possibility to regularize the
above expression, which imposes the lower bound on the rapidity of the gluon loop, rather than
the (sub)-center-of-mass-energies.

Also this 'rapidity scheme’ relies on the Mellin transform, but instead of Eq. (39) we use

1 Yak:%migw >n,=1In)\,

¢ Yar e — (A1)

0 otherwise

) 0+4ioco dw 1
lim e

v—=0 Jo_ise 2w+ v

and the central-rapidity diagram CR takes the following form

. dw1 de 1 1
CR(Y) _ Mtree /
M52 Ari ) Amiw +vws +u

l(mﬁa) + (miAAa)wl AV (w1, ws) Kn:gi)w + (mpBJEAb)W] (A.2)

with
dktdk— 1 (k= + ie)(w17w2)/2 (k= — ie)(wl—wz)m
A _ / 1
(1,02) 2mi 2 mtie | ke —ic
L[ iglermet | (0 —igfern )l (g [k ¢ (A3)
2 kT + e kt — e 2 (27)3 (k% +i€)((q — k)% +ie) '

Substituting k= — p = kTk~ we obtain
dk* (k )m—wl/d_/{ [(uﬂ'e)(wl_—m)/? N (1 —ie)(““’_“&)ﬂ}
|k*| 2mi W+ i€ p— i€
(—g®N.) 2k >
2 / (2m)? (1 — k? +ie)(n — (q — k)* + i€)
= 27mid (w1 — w2)B(q). (A.4)

A( )(wl, LUQ)
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without the need to dropping any sub-leading term. Also for the calculation of reggeized gluon
transition vertices, this kind of regularization can be used and prevents any dependence on trans-
verse logarithms, which are then disregarded at LLA. On the other hand it is at the present stage
not clear how to apply this method to loop-corrections to reggeized gluon-particle vertices. The
proposed alternative scheme used throughout this thesis allows for such a treatment, while to verify
whether it leads also to correct results at NLLA, it is necessary to carry out a full NLLA analysis,
which remains as a task for the future.
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Appendix B

Integrals

In the following appendix we present the explicit evaluation of two integrals that occored in Sec 4.2
in the discussion of one-loop corrections to the production vertex.

B.1 The integral [,

‘We consider
) dktdk— 1 1 1

I =— | ——
Y2 kT ke K2 tie (g — k)2 + i€ (g2 — k)2 + de

<—pjgk — ie)wl N (pjgk — ie)wl (—kaJr — ie)wg N (kaJr — ie)wg
81//\12 81/)\12 82//\21 82//\21
Sy ——— ! !
2] kT ok ktkT —k24de (bt — g )k — (q1 — k)2 +ie kT (k— —qy) — (g2 — k2) + i€

(—pﬁk —ie)wl N (pXk —z’e>°“ (—ka+ —z'e)m N (ka+ —ie)“ | B1)
s1/A12 s1/A12 s2/A21 s2/ 21

The evaluation of the integral

The following calculation follows closely [91]. Using a Schwinger parametrisation of the propagators

1
A +ie

- —z’/d)\exp(i)\(A+ie), (B.2)

extracting phase factors, substituting k= — —k~ and defining rescaled integration variables z =
k™qi /pk and y = —kTq; /pp, we arrive at

L = %/(“’1*‘”2)\‘{’21 A7 (—1) /000 dA\1dAad)s exp[—iXik? + ie] exp[—ida(q1 — k)? + i€]
exp[—i3(qo — k)? + i€]
/da:dy [e7™ (2 4+ ie) ! + (z —ie) ] [e T2 (y +i€)* ! + (y —ie)* ]
expli(—Azy/k + Aoz + A3y)]
. _715*‘“1*‘“2)\3”21 e /0 " i dhadAg expl—idik? + id] expl—ida(qs — k)? + id]
exp[—idz(qo — k)* + i€
[e7 e TR (1, ) + €T (= ) e T (=) (= )] (B:3)
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where A = \; + Ao + A3 and k = —¢; ¢; . To carry out the integration over longitudinal variables,
it is therefore needed to determine

Ji(£,+) = /da:dy(a: +ie) Hy £ ie)2 L expli(— Ay /K + Xz + A3y)]. (B.4)

Let us start with the case, where one of the ie comes with a plus sign, for definitness we chose the
one associated with the z-variable. We begin the evaluation by a rescaling x — x A2 and y — yAs.
Furthermore we introduce o; = w; — 1 ¢ = 1,2 and define G := kAaA3/A > 0. The integral is then
given by

Ji(, ) = A I 22 expliG] / drdy(x + i)t (y £ ie)*? exp[—i(z/G — 1)(y — G)]
=\ Iy expliG] / drdy(z +i€)* (y + G + ie) 2@/ Ceiy, (B.5)

— 00

The contour of the z-integration lies above the cut on the negative x-axis. For y < 0, the expo-
nential function guarentees convergence in the upper semi-plane and the x-integral leads to a zero
result. For y > 0 convergence is given for the lower semi-plane and we can enclose the contour
around the cut. We obtain

Ji(4,£) = Oy et / dz[(z —ie)* — (z +ie)*] / dy(y + G + ie)2e@y/G iy,
0 0
(B.6)

We are therefore lead to evaluate the discontinuity of the function (z)** over the cut on the negative
real axis. We find:

(v —ie)™ — (z + i) = (e7™* — ™) (—a)™

= —2isin(may)(—z)™ = (=), (B.7)

We then further substitute x — —2 and obtain

—2m
P(—a)T(1—

Ji(4,£) = efGa iyt )/ dy(y—i—G:I:ie)a?eiy/O drz®1ei®v/C. (B.8)

We rotate now the x-integral to the positive imaginary axis and substitute  — is. We perform
the integral which yields (toghether with the Jacobian factor from changing from x to s) T'(1 +
a1)(iG/y)** 1. The complete expression then reads:

, i1 Gltaataz o0 gy Yy as
Ji(+,£) = elG/\_al_l)\_oQ_l—/ Ly (Z 4 1), B.9
1( ) 2 3 I\(_al) 0 y Y (G ) ( )

Note that we are allowed to drop the ie prescription for the y integral as the integrad is in the

considered region single valued. Next we rotate the y-contour to the positive, imaginary axis and
substitute y = *™/2u which leads us to

: 2rGitartaz o0 gy u o

Ji(+,+) = elG)\_o‘l_l)\_o‘rli/ — UM (e + 1) e, B.10

1( ) 2 3 F(—Oél) o u (efwr/2G ) ( )

with [120,121]

o0 U S —a, D1 — a2)
1 Phao ar—1 u_ (= a M(— — 1
/0 du( +2) U e ( oq)[z T(—on) (—ai|as —ag + 1|2)
oo (a2 —aq)
+ 27— M (—as|ay — g + 1|2)], B.11
(o) (—azlar —ag +1]2)] (B.11)
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where M (alb|z) = 1F1(a|b|z) is a confluent hypergeometric function (Kummer’s function [96]). We
obtain

oy Do — )

['(—az2)

o —aq)
['(—a1)

i, %) = 2nGertes g -l aa G (oin/2G) M(~anlog — an + 1e=7/2G)

+ (e7i"/2G) T2 M(—as]ay — ag + 1|e™™2@).

(B.12)

Reinserting G = kA2 A3/\ and o; = w; — 1 we have for (B4) in the case where at least one of the
ie comes with a plus sign [91]

J1(+, :l:) — 27TZ'AL;271AL§}171)\17“;17w2/€w1+w2716i>\2>\3n/>\

wi;—1
. L ) IR —
[(ewr A > e—wru.)l/Q (wl UJQ)

M(l — w1|w2 — w1 + 1| — ilﬁ/\g)\g/)\) + (w1 > UJQ)},
(B.13)

Ao A3 K P(l _w2)

which, applying a Kummer transformation M (a|b|z) = exp(z)M (b — a|b| — z), can be rewritten as
Ji(+,£) = 2miXg2 I I e ez g tea ]

[ ot A wl—le,mwl/g [(w1 —wo)
A3k P(l - W?)

= eiwlﬂ-ﬁu&‘/(wl, wa, Ky A1, Mg, )\3) + elw2T e V(LUQ, w1, Ky A1, Ag, )\2), (B14)

M(L«)Q|L«)2 — w1 + 1|il€/\2/\3//\) + (w1 < wg)]

where we introduced the function V (w1, ws, k, A1, A2, A3) in order to compactify our expressions

)\ngwlefiﬂwl/Z F(wl _ CUQ)
Ag) 1= —2mi =2
V(w1 wa, Ky A1, A2, Az) e oz T(1— ws)

M(wQ|WQ — w1 + 1|il€/\2)\3/)\). (B15)

We come now to the case where both ie occur with a minus sign. After a rescaling and a shift
y — y — G, the integral is given by

Ji(—, =) =GN [ da [ dy(z —ie)™ (y + G — ie)2e Y/ G, B.16
2 3

In contrast to the above case, the contour of the z-integration is now enclosed round the cut for
negative y:
Ji(—,—) =GNy INg2! / dz[(z —ie)™ — (z +ie)™] / dy(y + G — i€e)ge@v/Ce,
0 0
(B.17)
We make now use again of Eq.(BJ) and substitute x to — 2 and y — —y, which gives us
24T
P(—al)I‘(l —+ aq

Ji(= =) =g age ! ) / dy(—y + G — z’e)"‘Qe_iy/ dea®re™@v/C,
0 0

(B.18)
We rotate now the z-integral to the negative imaginary axis and substitute x = —is and we obtain

the for the integral over x a factor I'(1 + a1)(—iG/y)**®1. The complete expression reads:

. _ _2m(—i)Giter 10 dy . w
Ji(—, =) =Gyt L 1 / —y M (—y+ G —ie)*2e . (B.19)
( ) 2 3 F(—Oq) 0 Y
We use now
(—y+ G —ie)™ = G“Z(%y +1—ie) = Gaz(% 10
e—iﬂy y

= GO (=2 +1)% = G (== + 1), B.20
(L) (L +1) (5.20)
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—im/2

and rotate the y—contour to the negative, imaginary axis and substitute y = e u which leads

to
1277—611—’_0‘1-"_OL2 / d_uu—al( u + 1)a2e—u
M(—a1) Jo wu eim3/2@G

(a1 — ag) in3/2
P M (o |as — ag + 1]e32G
T(—a) (—aifaz — a1 +1| )

Jl(_; _) :eiGqufl/\gz*

:27_(_Gl+o¢1+o¢2 eiG)\gtl—l)\gt2—1 [(6“73/2(;)7&1

F(Ozg — 011)

im3/2 ry\—a2
+ (e G) T—ay)

M(—as|ay — az + 1e™/2G)]. (B.21)
In the case where both ie come with a minus sign, (B:4)) is then given by
Jl(_, _) :27ri)\52*1)\t§1171)\17w1 7W2/€w1+w271
D VR e T(w; — w2)
—i —imwy /2 M o 1likdoNa /A
[(e /\gAgn) ‘ T =) M lenler —wr - 1imdada/A) + (w1 < ws)]
= e TRV (W1 wa, Ky AL, Az, As) + €72 RNV (W, wi, Ky AL, A, Az), (B.22)

where we used that M (a|b|z) is an entire function of z. We obtain therefore for the last two lines

of (B3)
/dxdy [e*”““ (z + i)™ + (z — ie)“’rl] [e*”“” (y +ie)*2 1+ (y — ie)“’rl]

expli(—Azy/k + dox + A3y)]

= g&:)é‘ﬁ;) [qf)wl Iiw2V(UJ1, wWa, Ky A1, Ao, )\3) + ¢“2 Iiwl‘/(UJz, W1, Ky A1, Ag, )\3), (B23)
where we introduced, following closely [97], factors
w; ITW; 1 ( —iTWw; imuv) (B 24)
rws = By e ey e '
- el
with
Brws = ) e Sy TN S = o 6 6 (B.25)
6‘*)2 €UJ1 UJ2

and signature factors
) =em 41 €5 ) = emimlermwa) 4 (B.26)
which results for (B:23)) into
B23) = [€5, €50 5V (@i, wa, 5 M1, Ao, As) + €560 5KV (w1, 5, A1, A5, Aa). (B.27)
The complete integral (B3] is then given by
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1UJ2

In a next step we switch from Schwinger to Feynman-parameters A\; = x; A with ¢ = 1,2,3 and
€ [0,1] and obtain

(Wlawgatl,tz,fil) ) Fr(wy, wi,tr,ta, k1)

*“’2 (=) ¢(
sinm(w) — w}) Sy St
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sinm(w] — wh)
with signature factors defined as in Eqs. (@3] and ([@8)) and

» TS ‘ 3 3
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B.2 The integral [,

We consider

a1

2) kt k™ k%24ie(qa— k)% +ie
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Using Schwinger parametrisation we arrive at
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We then obtain
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For the the last integral to be convergent it is necessary that wy > w1, according to the definition
of the Gamma-function [96]. Similar

oS 0
Jo(—, %) = —e ™\, @? / d;v/ dy(—2sin(mwy )z~ (y £ ie)w2 el (TATy/RHA2y)
0 —00

0

- r(wl)?g— Sy T A TN ) /_ dyly ity e (B3)
We have to distinguish now different signs of the ie. We find
Jal,4) = —imeimen g ygr-wny o L2 T ) gy (B.36)
I'(1—w)
and with
(y —ie)** = (y +ie)*?e 22, (B.37)
one has
Jo(=, =) = e P2 Iy (+, +). (B.38)
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‘We therefore find

I, =

and F; is given by
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