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by Mr Robert William MOERMAN

The colour glass condensate captures quantum chromodynamics in its application to high-energy
collider experiments in the spirit of an effective field theory. In deeply inelastic lepton-hadron
scattering experiments, as well as in hadron-hadron collisions, the internal degrees of freedom
of in-state hadrons are dominated by a dense medium of gluonic matter called the colour glass
condensate. Interactions with this medium by some (dilute) probe are most naturally described
in terms of Wilson-lines and their correlators. The energy-dependence of these correlators is
given by the JIMWLK (Jalilian-Marian+Iancu+McLerran+Weigert+Leonidov+Kovner) equa-
tion which, when applied to a correlator, generates an infinite tower of coupled Dyson-Schwinger-

like equations referred to as a Balitsky Hierarchy.

In this thesis, I present a novel method for truncating, in a gauge-invariant and symmetry-
preserving manner, the Balitsky hierarchy associated with matrices of Wilson-line correlators.
This truncation is realized by parameterizing the energy-dependence of the symmetric and anti-
symmetric parts of these matrices independently via energy-evolution operators which evolve ini-
tial conditions in a manner akin to the time-evolution of Hermitian operators in the Heisenberg
picture of quantum mechanics. These energy-evolution operators are path-ordered exponentials
whose exponents are expanded in terms of energy-dependent “colour structure functions” 1
show how the properties of contributions to the expansion of these exponents (at each order in

the expansion) are constrained by the group theory of SU(N,).
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Chapter 1

Introduction

1.1 QCD at high energies and the CGC

Protons and neutrons, the particles which form the nuclei of the atoms in your physical body,
are examples of hadrons. In fact, it is claimed in [4] that 99% of all visible matter is composed of
hadrons. Hadrons are bound configurations of quarks and/or anti-quarks. These bound states
are held together by the strong nuclear force. The strong nuclear force/interaction is mediated
by gluons and the mathematical description underpinning this interaction is a quantum field
theory (QFT) called quantum chromodynamics (QCD). QCD is a sector of the standard model
(SM) of particle physics and was first penned in 1973 [5]. It is a non-Abelian gauge theory with
a local SU(3) gauge symmetry. Quarks, anti-quarks and gluons, collectively called partons, all
carry colour charge which means that they transform under non-trivial representations of SU(3);
quarks transform under the fundamental, anti-quarks under the anti-fundamental, and gluons
under the adjoint representation. Although QCD has been known now for over 40 years, there

is still much to be understood about the theory.

In particular, there is still much to learn about the high-energy asymptotic behaviour of QCD.
Since the completion of the Tevatron in 1983, and with the subsequent construction of HERA,
RHIC and LHC, and the proposed construction of EIC, understanding the high-energy asymp-
totic behaviour of QCD has become a hot topic of research. In these colliders all experiments
involve at least one hadronic in-state (a QCD bound state) and are conducted at enormous
centre-of-mass energies /s: the Tevatron conducted proton—anti-proton collisions at 1 TeV; at
HERA, electrons/positrons and protons were collided at 318 GeV; collisions of gold nuclei are
conducted at RHIC at 200 GeV /nucleon-pair; LHC collides lead ions at 2.76 TeV /nucleon-pair

and protons with a centre-of-mass energy of 13 TeV.
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Chief among the goals of high-energy QCD phenomenology is to calculate accurate predictions
for observables associated with these high-energy collider experiments. These predictions are
often calculated using perturbative QCD (pQCD). In pQCD, the observable of interest is ex-
panded as a power series in the QCD coupling as. When this coupling is small, it is often
sufficient to compute the contributions from only the first few terms in the expansion since
(one anticipates that) higher-order terms are suppressed by powers of the small coupling. How-
ever, at energies as high as those quoted above, the emission of a single soft gluon leads to an
enhancement of observables like the cross-section by a logarithm which increases with s; this
diverging contribution is called a single Sudakov logarithm (SSL) and it is discussed in Sec. A.1.
For such a process, the smallness of «g is compensated for by the largeness of In(s) such that
the combination o In(s) ~ O(1). Consequently, the contribution to the cross-section from the
emission of a single soft gluon cannot be neglected. But what about corrections due to multiple
soft gluon emissions? The emission of multiple soft gluons again produces logarithmic enhance-
ments which compensate the smallness of the coupling constant at each order in perturbation

theory and, thus, one needs to sum over all these contributions.

One encounters a similar situation already in quantum electrodynamics (QED) — the sector of
the SM governing the electromagnetic force — where large logarithms arise from the emission
of multiple soft photons, the mediators of the electro-magnetic interaction. In this case, the
large logarithms can be easily resummed (to all orders in perturbation theory) through Abelian
exponentiation (see [6,7] for reviews) which produces a damped exponential factor known as
a Sudakov form factor. This damped exponential renders the observable of interest finite and
restores the predictive power of the theory. For QCD, however, the situation is more compli-
cated because gluons carry colour charge, which means that they can act as sources for further
soft gluon emission. This provides an additional growth mechanism for observables, like the
cross-section, that is not present in QED where photons cannot (directly) radiate addition soft
photons. This growing cascade of multiple soft gluon emissions does not continue ad infini-
tum. Indeed it cannot since one of the consequences of unitarity in QCD, known as Froissart’s
theorem [8], is that the rate at which a cross-section may rise as a function of s is bounded
asymptotically by (Ins)?. The physical mechanism responsible for ensuring that this unitar-
ity bound is respected is the effect of recombination; after a sufficient number of soft gluon
emissions into a given region of phase space, the gluons in that region begin to recombine.
Eventually the rate of emission is balanced by the rate of recombination and a dynamic equilib-
rium is achieved. In this state of dynamic equilibrium, gluon numbers remain (approximately)
fixed and this is known as gluon saturation. This phenomenon describes the dominant internal
make-up of hadrons involved in the aforementioned high-energy collider experiments. In short,
when hadrons are accelerated to ultra-relativistic speeds, they become densely populated by

gluons.
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In addition to becoming gluon saturated, these hadrons also experience severe relativistic effects.
It is a simple back-of-the-envelope calculation in relativistic kinematics to show that given two
colliding participants of equal mass!, if in the center-of-mass frame they collide with energy /s,

then in the rest frame of one of the participants the other has energy

S mé. (1.1)

© 2me?

Using Einstein’s mass-energy equivalence formula
E = ymc?, (1.2)

the boost factor ~ is given in terms of s via

__ 5 o>me s BE~L s
= 2(mc?)? 2(mc?)? 2 GeV?’

(1.3)

where in the last equality we took the mass of a nucleon? to be approximately 1 GeV/c?. Using
the energies /s quoted for each of the colliders above, Eq. 1.3 implies that hadrons encounter
boost factors of between ~ 10* and ~ 10%. Consequently, in the rest-frame of one of the
participants, the other participant appears hugely Lorentz contracted (in the direction of the

collision axis) by 1/ and its internal degrees of freedom are massively time dilated by ~.

These effects of Lorentz contraction and time dilation together with the phenomenon of gluon
saturation lead to a description of in-state hadrons as pancake-thin sheets of a highly-dense,
highly-correlated medium of gluons [9] referred to as the Colour Glass Condensate® (CGC).
“Colour” obviously refers to the fact that the medium is composed predominantly of gluons
which, as discussed previously, are colour sources. Although these colour sources fluctuate
stochastically due to emission and recombination effects, given the humongous boost factors
involved, the dynamics of the colour field associated with the medium are essentially frozen in by
time dilation on the natural time scales of the strong interaction. This property of a disordered
system being solid-like on short timescales, but behaving as a liquid on long timescales is a
property of silica, hence the moniker “glass”. Lastly, the word “Condensate” highlights the

saturation of gluon numbers.

This discussion of CGC provides context for this thesis. The purpose of this thesis is to sum-
marize some recent results that I have developed alone as well as together with my supervisor
which extend the existing mathematical formalism used to describe interactions with the CGC.

This determines the structure of the thesis as given in the following section.

! Although this calculation excludes the electron/positron—proton collisions that were performed at HERA
(since the colliding participants were not of equal masses), the sentiment expressed in the conclusion of this
calculation is general and includes HERA collisions.

2The mass of a proton is ~ 0.938 GeV/c® while the neutron weighs ~ 0.940 GeV /c?.

3The term CGC was originally coined in [10].
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1.2 How to read this thesis

In Chap. 2, I motivate the CGC in the context of deep inelastic scattering (DIS). In particular,
I present the evidence for enhanced gluon production at small Bjorken zy,; obtained from HERA
data for DIS. In order to explain the data I introduce a number of concepts. I begin by writing
the cross-section for DIS (which to leading order in the electromagnetic coupling aep, is given
by Fig. 2.2) in terms of a leptonic and a hadronic tensor following the treatments of [1,11-13].
The leptonic tensor is easily and exactly calculated while the hadronic tensor given in Fig. 2.3 is
non-perturbative and incalculable. However, the allowed form of the hadronic tensor is strictly
constrained by symmetry considerations® and this allows us to parameterize the hadronic tensor
in terms of structure functions. The concept of structure functions plays an important role
later in Chap. 6 where I present a parameterization for the JIMWLK evolution of Wilson-line
correlators in the CGC in terms of “colour structure functions”. Another important idea which
I purposefully highlight in this chapter is the idea that depending on how inclusive or exclusive
the cross-section is, fewer or more structure functions in the hadronic tensor are probed: more or
fewer degrees of freedom in the hadronic tensor are filtered out. I shall later comment on the the
extent to which this idea also applies to colour structure functions. I then present an alternative
expression for the cross-section, as presented in [1,6], in terms of parton distribution functions
(PDFs) which is valid only in the Bjorken limit of QCD. This parton model description for the
cross-section leads to two concrete predictions: the Callan-Gross relation and Bjorken scaling.
Comparing to data, one sees that Bjorken scaling is only approximately true. Corrections to
Bjorken scaling come from considering collinear emissions and these considerations inevitably
lead to the DGLAP (Dokshitzer+Gribov+Lipatov+Altarelli+Parisi) equations. The DGLAP
equations are the renormalization group (RG) equations for the PDFs and they serve as an
instructive example of renormalization in the context of factorization. Using these two different
expressions for the cross-section, one in terms of structure functions and one in terms of PDFs,
I outline a derivation of the DGLAP equations which closely follows [1]. From the DGLAP

equations, it is important to note that

(i) PDFs mix under RG flow, and
(ii) the splitting functions for a parton to a parton plus a gluon become singular at small

Bjorken wy;.

The first observation is emphasized because in Chap. 5 I show that Wilson-line correlators mix
under JIMWLK evolution. The second observation suggests that gluon production is enhanced
at small Bjorken xp;. This is confirmed by fits of DGLAP evolution of PDFs to HERA data

4Our discussion is taken from [14]. We suspect that this is not the first reference to consider contributions to
the Hadronic tensor beyond those that are probed by the total (inclusive) cross-section for DIS. However, this is
the first such reference that we came across.
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plotted in Fig. 2.14 and it is from these fits that one infers enhanced gluon production at small

Bjorken xy;.

In Chap. 3, I review perturbation theory in the presence of a large external field. As shall
become evident later, this subject will become important when we want to do perturbation
theory in the presence of the CGC. At the end of Chap. 2, I argue that in the regime of small
Bjorken xyj, known as the Regge-Gribov limit of QCD, it is natural to model the proton as a
large background colour field b* with Dirac delta-function support in the direction of the collision
axis (due to Lorentz contraction) and no “time” dependence (due to time dilation). By “large”
I mean that b ~ O(a;!). In the presence of such a large external field one needs to rewrite
the perturbation theory for the gauge field A* which describes gluons in terms of fluctuations
0A* on top of b*. In Sec. 3.1, I illustrate the consequences of performing perturbation theory
about the vacuum in the presence of a large external field. Working explicitly in ¢*-theory,
I re-derive a diagrammatic version of the Dyson-Schwinger (DS) equations for the connected
1- and 2-point Green’s functions in the presence of a large external field J, inspired largely
by [15-17]. These DS equations lead to an infinite tower of coupled integro-differential equations
with characteristics similar to the Balitsky hierarchy to be encountered in Chap. 5. Like the
Balitsky hierarchy, the DS equations need to be truncated in order to be solved. In the semi-
classical limit — a truncation in which one ignores all loop diagrams and considers only tree-level
diagrams — the tree-level connected Green’s functions can be solved iteratively. I show that
the tree-level connected 1-point function, which I label ¢.[J] (adopting the notation of [15]), is
a non-perturbative object, but more importantly I show that in the iterative solution to the DS
equation for the tree-level connected 2-point function (or propagator), each diagram contributes
the same order in the coupling which means that all contributions must be resummed since each
contribution is equally large. This resummation can be performed using the geometric series.
The same resummed propagator can, however, be obtained directly from the Lagrangian density
provided one re-expresses the scalar field ¢ as a fluctuation d¢ on top of ¢.[J] and expand the
Lagrangian density in dp. This chapter is largely a compilation of (known) results which are
seldom shown in standard QFT textbooks and which I learned from [17]. In the context of the
CGQC, since b* is large, the propagators for fermions and gluons needs to be re-derived to account
of the presence of b*. They immediately encode all contributions from multiple interactions with
the large external field — an insight gained from the toy ¢*-theory example. These re-derived
propagators are explicitly and exactly calculated following [18] in App. B and presented in
Sec. 3.2. From them we see that the natural degrees of freedom for describing interactions with
the CGC are Wilson-lines — path ordered colour rotations — which enter cross-sections like
that of DIS through energy-dependent correlators. In fact, all cross-sections in the CGC context
“factorize” into the convolution of some perturbatively calculable probability density and some
linear combination of Wilson-line correlators. These Wilson-line correlators are the objects

which capture interactions with the CGC and carry the energy-dependence of the cross-section.
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In Chap. 4, I explain how to construct general Wilson-line amplitudes and correlators. 1
begin in Sec. 4.1 by introducing the birdtracks formalism, which is the group theory equivalent
of Feynman diagrams for QFT. I introduce colour singlet states and use them to construct
amplitudes and amplitude matrices. In Sec. 4.2.4, I prove an important and original lemma,
Lemma 4.1, which I use throughout this thesis. In Sec. 4.3, I discuss a specific class of bases
for colour singlet states called Fierz bases. In Sec. 4.3.1, I provide a canonical definition for any
Fierz basis in terms of colour structures. This is an original definition which, to my knowledge,
and the knowledge of my supervisor, has not appeared in the literature to date. Fierz bases are
relevant for constructing amplitude/correlator matrices, specifically in the context of the CGC,

because

(i) they allow for lower dimensional amplitude/correlator matrices to be naturally embedded
into high-dimensional ones which I demonstrate in Sec. 4.4, and
(ii) this embedding is the natural language for writing down the JIMWLK evolution for cor-

relator matrices which I show in Chap. 5.

I then observe, at least for the examples considered, that elements of a particular the Fierz basis
possess the interesting property that they are either even or odd under the pair-wise interchange
of quark and anti-quark labels. This is a new observation. This has a particular consequence
for the behaviour of the real and imaginary parts of amplitude matrices constructed in the
Fierz basis. I conclude the chapter by explicitly constructing the ¢3@® amplitude matrix in
the Fierz Young basis which describes the colour transition probabilities between the different
colour singlet channels for 3 quarks and 3 anti-quarks in the CGC formalism. This amplitude
matrix contains lower dimensional amplitude matrices in particular coincidence limits and these

amplitude matrices are used in Chap. 5 and Chap. 7.

In Chap. 5, I discuss the energy-dependence of correlators in the CGC formalism as determined
by the JIMWLK functional RG equation. I re-derive the JIMWLK Hamiltonian at leading-
logarithmic accuracy in Sec. 5.1. The derivation closely follows yet greatly expands on the
one presented in [9]. In Sec. 5.2, I introduce the Balitsky hierarchy in the context of the ¢qq
correlator. The Balitsky hierarchy is the infinite tower of coupled integro-differential equations
for a given correlator generated by the JIMWLK equation. The pattern of equations is similar
to that of the DS equations encountered earlier. I derive the first two equations in the Balitsky
hierarchy for the ¢g correlator. These two equations are in fact contained in the first equation
in the Balitsky hierarchy for the ¢?¢> correlator matrix. I show that the JIMWLK equation
for any higher-dimensional correlator matrix captures multiple nested equations in the Balitsky
hierarchy of lower-dimensional correlator matrices. To this end, I write down a novel expression
for the JIMWLK equation for any correlator matrix constructed in a Fierz basis. This version of

the equation is enormously useful as it highlights an important and overlooked property of the
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equation: symmetric parts remain symmetric and anti-symmetric parts remain anti-symmetric
under evolution. This (original) insight informs the truncation I present in Chap. 6. Solving
the JIMWLK equation for a given correlator matrix is equivalent to simultaneously solving the

associated Balitsky hierarchy which is only possible if one implements a truncation.

In Chap. 6, I motivate and present a gauge-invariant, symmetry-preserving truncation for any
Balitsky hierarchy. The latter “symmetry-preserving” property is inspired by the discussion in
the previous paragraph and is a novel contribution to an existing truncation that A /Prof. Herib-
ert Weigert has been championing for some years now. This truncation extends the BK (Balit-
sky+Kovchegov) mean-field approximation and is necessary, specifically for situations where the
latter truncation sets some correlators immediately to zero. Our truncation follows naturally
from a particular parameterization for the energy-evolution of correlator matrices which shares
a striking resemblance to the time-evolution of Hermitian operators in the Heisenberg picture
of quantum mechanics. The form of the parameterization which I write down in this thesis gen-
eralizes the parameterizations given in [9,19,20] and reduces to the same thing for the examples
considered in [9,20]. The energy-evolution is given by two path-ordered exponentials which are
parameterized in terms of colour structures and colour structure functions. The colour struc-
tures can be chosen to have well-defined symmetry properties and I show how the symmetry
properties of colour structures can be imprinted onto their associated colour structure functions.
This result was obtained in collaboration with my supervisor and is written down for the first
time here. I also present two original results, one of which determines whether a contribution
to the truncation is symmetric or anti-symmetric. The proof for this result depends only on
the symmetry properties of the colour structures and colour structure functions and not on any

specific correlator matrix.

In Chap. 7, I specifically examine properties of the 3-point truncation. I express the ¢%¢>
correlator matrix in the 3-point truncation since it is the smallest correlator matrix which is
able to access all available 3-point colour structure functions. I show that the 3-point truncation
is not sufficient to consistently parameterize the evolution of ¢?¢* correlator matrix by showing
the JIMWLK equations for the ¢g correlator and the g? correlator expressed in the 3-point
truncation are inconsistent. This is also an original result. The problem stems from the fact that
there are too few degrees of freedom available; the correlators describe less inclusive observables
and hence probe more colour structure functions. This inconsistency can be remedied by using

a higher order truncation.

Finally, in Chap. 8, I summarize the aspects of the exponential parameterization which are
not yet fully understood and the mathematical machinery which is being and still needs to be
developed. I conclude with a brief outlook on possible links between the work presented in this
thesis and recent work that has been done in the context of jet physics. Exploring the details

of these links will be the topic of future research.






Chapter 2

Evidence of the CGC from DIS at

small Bjorken zp;

The simplest setting for extracting evidence of enhanced gluon production at small Bjorken xy;
(which is the theoretical point of departure for motivating the Colour Glass Condensate as a
“dense medium of gluonic matter” [9]) is deep inelastic scattering (DIS). It is the “cleanest”
means of experimentally accessing information about the multiplicity as well as the distribution
of quarks and gluons, collectively called partons, inside hadrons (i.e. mesons, baryons, nuclei,
etc.) [11]. In a deeply inelastic scattering experiment, a leptonic probe is impinged on a hadronic
target. The incoming lepton ¢ scatters off one of the target nucleons N, producing an outgoing
lepton ¢/ and any number of (hadronized) products labelled collectively by the symbol X. To
lowest order in the electroweak interaction, but to all orders in the strong interaction, this
interaction, denoted /N — ¢’ X | is mediated via the exchange of a single, (deeply) virtual gauge
boson [21].

For the aforementioned purpose, it is sufficient to consider only the neural current case where
¢ = (. To ground the subsequent discussion, suppose that the leptonic probe is an electron

(¢ = e~ ) with incoming momentum k, outgoing momentum k', and spin vector r; the target

k

e (&

o

x—{=r
< -
px p

FIGURE 2.1: Amplitude for deeply inelastic electron-proton scattering. Time runs from right
to left.
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nucleon is a proton (N = p™) with momentum p and spin vector s; and the mediator is an off-
mass-shell photon 7* with momentum ¢ := k — k’. The amplitude for this process is depicted in
Fig. 2.1. For pedagogical reasons (to be justified later), the spin vectors associated with in-state
participants are initially not averaged over; this is known as polarized DIS since the incoming

electron and proton are polarized [13].

The reaction e "pt — e~ X can be described in terms of the following Lorentz invariants':

2

s
S

s=(HR? == -QY oy

Y= (2.1)

S
]

C 2pq’

where s is the centre-of-mass energy, @ is the virtuality of the exchanged gauge boson, Th;
is the Bjorken scaling variable (whose interpretation shall be given soon) and y is the in-
elasticity variable which measures the fraction of the incoming electron’s energy carried away
by the exchanged virtual photon. Another useful Lorentz invariant is the invariant mass of the

hadronic final state X, defined through
m% = (p+9)*. (2.2)

Since mx has the interpretation of the centre-of-mass energy of the v*p* system, m3 > m% [13]
which implies that

Q2

= 2 2 2
Q* +m5 —m;

Thj €[0,1). (2.3)
The phrase “deeply virtual” reflects the fact that the momentum of the exchanged gauge boson
is large and space-like with Q2 > mIZ). Consequently, Q2 sets the resolution or “hard” scale for
the scattering experiment [9,12]. In addition, we restrict our attention to the high-energy limit
where the centre-of-mass energy s > mzz7 and one may ignore the electron and proton masses
as being effectively zero. A corollary of this zero mass limit is that the momenta of the in-state
participants is approximately light-like [6]. In the high-energy limit, the Lorentz invariants of
Eq. 2.1 satisfy [4]

Thjys = Q2. (2.4)
The invariant matrix element for DIS [1]

iM(e pt — e X) =" (K)(—iey")u’ (k) q;zi“;i/\/ly(’y*f — X), (2.5)

!'Note that these Lorentz invariants are not independent.
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F1GURE 2.2: Cross-section for deeply inelastic electron-proton scattering. The dashed line
through the middle of diagram denotes a Cutkosky cut. Time runs from right to left.

is written in terms of the invariant matrix element for the process v*p™ — X which can be

expressed formally in terms of hadronic in- and out-states as
MY pT = X) = ien (M (v pT = X) = eun(@)(X] —ie"(0)|p; s). (2.6)

Here J¥(0) is the flavour neutral electro-magnetic current to which the virtual photon couples [1].
Since the virtual photon carries no hadronic quantum numbers, X may be regarded as a virtual

state of the proton realized by the absorption of a virtual photon [21].

The corresponding inclusive cross-section for polarized DIS, drawn in Fig. 2.2, is given in terms
of Eq. 2.5 by [13]

dBopoi(e pt — e X) (2.7)
S I . ) Z/dﬂx(%)45(4)(q +p— Px)M(ept = e X)P
4h.p (2m)32K"0 S 4 ’
where dllx = @;ﬁ% is the Lorentz invariant phase space measure. Note the explicit sum
X

over the outgoing electron’s spin in Eq. 2.7, but there is no average over the initial electron’s

spin nor the spin of the proton.

Eq. 2.7 naturally separates into contributions from the leptonic vertex e~ — e~v* and the
hadronic vertex v*pt — X. It is instructive to distinguish these contributions by introducing

two tensors: a leptonic tensor

Ly = S (@ ()0 (0@ ()30 (0))” = T (4 m) 31+ ¥+ e, )

T,/

(2.8)

where the electron mass has been kept explicit for the time being and $(r) := (14 v5§) is the

spin projection operator associated with the spin vector r of the incoming electron [22]; and a
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F1GURE 2.3: Hadronic tensor for deeply inelastic electron-proton scattering. The dashed line
through the middle of diagram denotes a Cutkosky cut. Time runs from right to left.

hadronic tensor [1]
em@a @ =3 [[de(en) s+ p = PGP X
= Pe@eia(0) X [ dily [ det I g sl O PO O)p )
= ea@ea(0) X [ dily [ Bt psfem I EPX) (X1 O)p )
= Cen@ala) [ A p. sl O O)lp. ) (29)

where, in going to the second line the integral representation of the Dirac delta function and
Eq. 2.6 were used, in the third line the translation operator J*(0) = e‘“s'éJ“({)eiﬁ"5 was used,
and the last line follows from the completeness relation Yy [dllx|X)(X| = 1. The hadronic
tensor is depicted visually in Fig. 2.3.

In terms of these two tensors, Eq. 2.7 can be written as

5 - _ 1 Bk et v
d Upol(e p —e X) = %W@Luyw . (210)

The leptonic tensor can be decomposed into its symmetric and anti-symmetric components [13]

(demarcated by the round and square braces around the Lorentz indices, respectively)
L= L(W,) + L[wj], (2.11)
where, evaluating the trace in Eq. 2.8, these components are given by

L) = 2[kuk,, + kyk], — g (kK — m2)], (2.12a)
L['u,/] = 21 M, €w,pg7“p(k‘ — k‘l)a. (2.12b)

If the incoming electron is longitudinally polarized with

kM
=X~  Ae=+1, =1 (2.13)

Me
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then Eq. 2.12b becomes?

Ly = —2i €pupok”K'° . (2.14)

2.1 Structure Functions

Unlike the leptonic tensor, the hadronic tensor in Eq. 2.9 cannot be evaluated directly in per-
turbation theory because it is defined in terms of the proton wave-function which necessarily
contains information about the non-perturbative physics responsible for the structure of the
proton as a QCD bound state [6]. Its tensorial structure can, however, be completely con-
strained up to a finite set of coeflicients called structure functions; these structure functions are
parametrically independent degrees of freedom which track the hadronic tensor’s dependence
on the Lorentz invariants of Eq. 2.1. The tensorial structure can only come from the Lorentz
structures available in the v*p™ — X process (excluding those associated directly with the
hadronic final state X which is inclusively summed over in Eq. 2.1): namely p*, s#, ¢*, the

metric ¢g"”, and the Levi-Civita symbol ¢*” _ with two of its indices contracted. In addition,

po
only particular combinations of these Lorentz structures may enter the parameterization of the

hadronic tensor as determined by [14]

Ward-Takahashi identity: ¢, W""(p,s,q) =0=W"(p,s,q)q, (2.15a)
Hermiticity: Wi (D, 5,0) = Wou(p, s,9), (2.15b)
Parity-reversal invariance: A "A,"W s (p, s,q) = Wy (P, —5,4), (2.15¢)
Time-reversal invariance: AupAVUWp*U(p, 5,q) = W (p,5,q), (2.15d)

where A, = diag(1, —1,—1,—1)* and V* = A* V¥ = §*0V0 — 51V for any four vector V.
From these considerations, one concludes the following general parameterization of the polarized

hadronic tensor
wh = W) L el (2.16)

where?

W) = Wy (24, Q%) [ - g"+ q;;gu} + Wa (w1, Q%) [Pu - %qu} {py - %qy]v (2.17a)

. v o 1 o o
Wl = i2m, e g [mps G1(zn;, Q%) + —(pgs” —s.qp )Gz(ﬂfbjaQ2)]7 (2.17b)
P

and Wi 2 and G2 are called structure functions.

2 The electron mass drops automatically.
3There exist many different conventions for the normalization of the structure functions Wi » and G2 in the
literature. Our convention for W 5 is taken from [1] while our convention for G2 is taken from [13].
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In terms of Eq. 2.11 and Eq. 2.16, Eq. 2.10 becomes

1 Bk et

3 —F e X —
d°opoi(ep" w e X) = %5 2n)Pak0 O

Ly W) 4 Ly W] (2.18)
where separately the symmetric and anti-symmetric parts of the leptonic and hadronic tensors
couple and, consequently, Eq. 2.18 is real. The cross-section for unpolarized DIS can be obtained

from the polarized one by averaging Eq. 2.18 over the spin vectors of the incoming electron and

proton:
1
Bo(ept e X) = 1 ZZd3ap01(e_N —e X) (2.19)
1 Bk et
S — (nv)
25 (2m)32k0 Q4 ()W
1 &K et

= ZW@ |:2$be8 Wl(l’, QQ) + 52(1 — y) WQ({Ebj, Q2)] .

Eq. 2.19 is regarded as more inclusive than Eq. 2.18, because the initial-spin average includes
more events. The net effect of the initial-spin average in Eq. 2.19 is the dropping of contributions
from the anti-symmetric parts of the leptonic and hadronic tensors. As a consequence of this,
Eq. 2.19 no longer depends on the structure functions Gi 2, only Wis. In general, for an
observable describing a process with at least one hadronic vertex, the less inclusive the observable
is, the greater the number of structure functions required to parameterize contributions from

each hadronic vertex, and vice versa.

After an appropriate change of variables [6], Eq. 2.19 can be written solely in terms of the
Lorentz invariants in Eq. 2.1
d*o a2,y

(e*pJr —e X)= 5 0 {2xbjys Wi (x, QQ) + 32(1 — y) Wa(y;, Qz)} , (2.20)

dxy;dy

where ey = % is the fine-structure constant. In the remainder of this section we shall restrict

our discussion to unpolarized DIS.

2.2 The Bjorken limit: the parton model, PDFs and sum rules

In order to further probe the QCD content of the proton wave function (in the high-energy
limit) or, equivalently, to say something more about the structure functions W o in Eq. 2.20, it
is instructive, for fixed y, to consider two asymptotic limits of Eq. 2.4: the Bjorken limit, where
xp; is fixed while Q?,s — 00, and the Regge-Gribov limit, where Q? is fixed while xp; — 0 and
s — oo [4]. Although the Colour Glass Condensate exists as a state of QCD matter in the latter

limit, first evidence for its existence came from results of the former limit at small Bjorken xy;.
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In the Bjorken limit, the proton can be viewed in the infinite momentum frame as a dilute
system of valence quarks and “wee” (to borrow terminology from Feynman) partons [4]. In
addition, the strong coupling as(Q?) at large Q? is small [6]. Consequently, to leading order
(LO) in a4(Q?), the reaction e"p* — e~ X can be expressed as the scattering of the incoming
electron with an individual quark (valence or wee) inside the proton known as the impulse
approximation [4]. The possibility of scattering with a wee gluon is excluded at LO in a,(Q?),
because the exchanged virtual photon can only couple to a gluon via a quark propagator. This
picture of the proton wave-function was originally postulated by Feynman [23,24] and is called

the parton model.

Consider a quark of flavour f, labelled gy, inside the proton with some momentum p;. As men-
tioned previously, in the high-energy limit where masses can be ignored, the proton’s momentum
is approximately light-like and so are the momenta of its constituents (since their masses are
smaller then the mass of the proton). In addition to being light-like, py is approzimately colinear
with the proton’s momentum because the only mechanism available for acquiring a significant
transverse momentum is through the emission or absorption of a hard gluon which is (naively)
suppressed by the smallness of the QCD coupling as(Q?). Therefore, to lowest order in pQCD,

one may write

vy = &, (2.21)
where £ € [0, 1] is the (longitudinal) momentum fraction of the struck quark.

In the parton model, the cross-section for deep inelastic electron-proton scattering, is given
as the cross-section for electron-quark scattering at a specific momentum fraction &, denoted
G(e~qf — e~ X), convolved with the classical probability fr(£)d¢ of finding a quark with such

a momentum fraction inside the proton:
1
oleTpt — e X) = Z/dfff(f)c}(e_q]v — e X), (2.22)
o

where the sum over f incorporates both quark and anti-quark flavours®, but not gluon contri-
butions as explained earlier. The function ff(€) is called a parton distribution function (PDF)
for quarks of flavour f. These parton distribution functions cannot be computed using pQCD
since they are non-perturbative objects [6]. Their physical justification is that the character-

~1 is much slower that the characteristic

istic timescales over which the proton is probed ~ @
timescales over which momentum sloshes amongst the partons ~ m,, U'> Q7! [1]. It is con-
ventional to denote partonic quantities by a circumflex (hat). The leading order contribution

to the partonic process e~ gy — e~ X is the tree-level scattering process e”qy — e qy whose

4 Anti-quark flavours are typically denoted by a bar: e.g. @, d and 5 for anti-up, anti-down and anti-strange,
respectively.
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FIGURE 2.4: Amplitude for e~gy — e~ X at tree-level, namely for e~qy — e~ q¢. Time runs
from right to left.

amplitude is drawn in Fig. 2.4 and whose differential cross-section is computed as [6]

~2

dé , _ _ 2mal, o U
E(e q —e qp) = peme 1+§7

; (2.23)

where Q5 (not to be confused with Q? = —¢?, the virtuality of the photon) is the elementary
charge fraction of the struck quark. The hatted Mandelstam variables ¢, §, 4 of the partonic
process need to be written in terms of the Lorentz invariants of Eq. 2.1 which are experimentally

accessible. In the massless limit,
f:=t, §=(ps+k)?=2ppk=E2pk = Es, 0=—1—3. (2.24)

Since the out-going quark mass is approximately zero, one has that

Q2

- _ 2.25
0 (2.25)

0=(pf+9q)?=2prq+q"=E2pq— Q> = ¢
which implies that x; may be interpreted, to leading order in as(Q?), as the (longitudinal)

momentum fraction of the struck constituent.

It follows that the cross-section for deep inelastic electron-proton scattering at fixed Q2 is given
by [6]

1
do . B 227r04§
dfy(e pt e X)—O/dﬁzf:ff@)@f 02

=+ (-] o - @) (2.26)

up to order a,(Q?) corrections. The Heaviside function in Eq. 2.26 enforces the kinematic
constraint § > |f|. Since 0 < k"0 < k¥ (the probe electron cannot gain energy through scattering),

in the proton’s rest frame

2.q ¢° 0
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which means that the Heaviside function in Eq. 2.26 is trivially satisfied and can be omitted.

Using the change of variables [6]

d 2
dédQ? = day,;dQ? = da;bjCZdy = wpsdrnidy, (2.28)

Eq. 2.26 becomes

do
dxy;dy

7TO(2 S
(ept = e X)= (Z a:bjff(a:bj)ch) 2 Q‘;m [1 +(1— y)ﬂ . (2.29)
f

Comparing Eq. 2.29 with Eq. 2.20, one may read off

2
Wby, @) =21 Y QF frlany),  Walwny, Q%) = 877% > Q% fr(wny). (2.30)
f f

FEq. 2.30 provides two concrete predictions. Firstly,

2

4z bj2

Wi (2, Q%) = W (35, Q%), (2.31)
known as the Callan-Gross relation. Secondly, at fizved xv;, W1 (x4, Q?) is a constant func-
tion in Q2: this is known as Bjorken scaling. In Fig. 2.5 one observes approximate Bjorken
scaling; there exists a weak (and we shall show) logarithmic dependence of the structure
functions and, consequently, the PDFs on Q2. To account for this violation of the Bjorken
scaling prediction, one needs to consider processes that are (naively) next-to-leading order
(NLO) in as(Q?). Doing so inevitably leads to the DGLAP equations: a set of coupled
renormalization group (RG) equations which govern the Q* dependence of PDFs. The

derivation of the DGLAP equations is briefly discussed in the next section.

In order for the PDFs to have an interpretation as classical probabilities, they need to satisfy
a set of constraints called sum rules. For example, a proton is composed of two valence up
quarks and one valence down quark. In addition to these valence quarks, there are also virtual
quark—anti-quark pairs which fluctuate into and out of existence within the proton. However,

in QED and QCD there is a number conservation law for each quark flavour which means that

1 1

[dtr© - sl =2 [ delsa© - g€ = 1. (232

0 0
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FIGURE 2.5: (Colour online) (Approximate) Bjorken scaling of the proton structure function
2
Fy(zv5,Q%) = 87?%. Wo(xpj, Q%) [1] measured in deeply inelastic electron-proton and positron-
J

proton scattering (at the collider experiments H1 and ZEUS for Q% > 2 GeV?), and in the
scattering of electrons (SLAC) and muons (BCDMS, E665, NMC) on a fixed target. The
data are plotted as a function of @? in bins of fixed zp; where Q? and m,; take on values in
the kinematic domain of the HERA data. For ease of plotting, the vertical axis Fy(zp;, Q?)
is multiplied by 2°» where izy; labels the number of the zy,; bin beginning at i,,, = 1 for
xp; = 8.5 x 107! and ending at i,,, = 24 for z,; =5 x 107°. This plot is taken from [2].
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and for f = s,c,b,t

1

JEGGRE G (2.33)

0

Since there is no number conservation law for gluons, there is no associated sum rule for the gluon
distribution function fy(§). There is also a sum rule associated with momentum conservation

which reads

1

3 / dEEFi() =1, (2.34)

i
where ¢ sum over all quark and anti-quark flavours as well as gluons.

Since the sum over f, appearing in the parton model description and predictions of deeply
inelastic electron-proton scattering, does not include contributions from gluons, the gluon dis-
tribution function f,(§) cannot be measured directly in a DIS experiment. However, since it
enters the DGLAP evolution for the quark distributions, it can be extracted® from fits of the
DGLAP evolution of the quark distributions to DIS data [6].

2.3 The DGLAP equations

In this section, we consider corrections to our parton model prediction of the cross section for
DIS; we consider partonic processes which are (naively) next-to-leading order (NLO) in as(Q?).
Our analysis inevitably leads to the derivation of a set of coupled renormalization group (RG)
equations, called the DGLAP equations. These equations govern the Q* dependence of PDFs

and correctly account for the violation of Bjorken scaling encountered earlier.

2.3.1 Motivation: colinear singularities

Hitherto, we have only considered the leading order (LO) partonic contribution to the parton
model prediction of the cross-section for DIS, namely the contribution from e™ ¢y — e~ ¢y where
qr is the struck quark of flavour f inside the proton. This contribution corresponds to the

so-called handbag diagram which is drawn in Fig. 2.6.

Let us now suppose that this struck quark emits a gluon into the final state. This contribution
to the parton model prediction of the cross section for DIS is depicted in Fig. 2.7. Previously,
we argued that such a process is “(naively) suppressed by the smallness of the QCD coupling

as(Q?).” In order to understand in what sense this argument is naive, let us examine the

® A more direct process for extracting f,(€) is direct-photon production [25].
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FIGURE 2.6: The handbag diagram: the leading order contribution to the parton model predic-
tion of the cross section for deeply inelastic electron-proton scattering coming from the partonic
sub-process e~ gy — e~ ¢y. The dashed line through the middle of diagram denotes a Cutkosky
cut. Time runs from right to left.

FIGURE 2.7: (Colour online) One of several (naively) next-to-leading order contributions to par-
ton model prediction of the cross-section for deeply inelastic electron-proton scattering coming
from the partonic sub-process e”qy — ¢~ qrg. When the final state gluon is emitted colinearly
to the initial state quark, the momentum of the intermediate (red-coloured) quark goes on-
shell and the corresponding propagator produces a logarithm in Q2 under the Lorentz-invariant
phase space integral for the emitted final state gluon. The dashed line through the middle of
diagram denotes a Cutkosky cut. Time runs from right to left.

FIGURE 2.8: (Colour online) The ¢; — ¢rg vertex in Fig. 2.7. The outgoing (red-coloured)
quark line corresponds to the intermediate (red-coloured) quark line in Fig. 2.7. Time runs
from right to left.

qr — qrg vertex in Fig. 2.7 which is redrawn in Fig. 2.8. Without loss of generality, suppose that

the struck quark, before emitting the gluon, is moving only in the 3-direction with momentum®

plft = (p707p)u7 (235&)

and that after emitting the gluon, the struck quark recoils, acquiring a transverse momentum

SRemember that in the high-energy limit, all masses are taken to be approximately zero.
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pr and retaining a fraction 1 — z (where z € [0,1]) of its original energy. In this case, the

momenta of the emitted gluon and recoiling struck quark are given by

o

plgl‘ = (Zp7 —Pr, \/ 22p2 _p’_%“> ) (235b)
o

Pl = ((1 — 2)p,pr,p — \/ 22p? — p%) : (2.35¢)

respectively, where the components of pj and p/f” were fixed by requiring p? = p/f“ + 1y (energy-
momentum conservation) and pg = 0 (on-shellness of the final-state gluon). Now, notice that

for p2 = |pr|* < p?

b = -2’ [1 - \1- pi] L Y] (230
which means that the momentum of the outgoing quark in Fig. 2.8 (which is the intermediate
quark in Fig. 2.7) goes on-shell and the corresponding propagator is said to have a colinear
singularity. Following the analysis of [6,26] (which I shall not repeat here for the sake of
brevity), one can show that in the regime where p% < p?, the colinear singularity of the
intermediate (red-coloured) quark leads to a logarithmically divergent integral contribution to

the cross section depicted in Fig. 2.7 of the form

as(Q%) ﬁ' (2.37)
br

This integral comes from the Lorentz-invariant phase space integral over the momentum of
the final state gluon. Furthermore, this integral is regularized by physical cut-offs: the lower
integration bound is given by the mass of the proton m, (the momentum scale at which the
effects of non-perturbative QCD become important [6]) while the hard scale of the partonic
interaction Q? is taken to be the upper limit of integration [26]. Therefore, the colinear emission
of a gluon by the struck quark into the final state contributes (in addition to the single factor

of as(Q?) already present at LO) a factor of

as(Q%) In(Q*/m3). (2.38)

Using the one-loop expression for the running coupling, given by [1]

A7
(@) = @Aty (2.39)

where By =11 — %n 1 is the coefficient of the one-loop contribution to the QCD f-function, ny
is the number of quark flavours and Agcp ~ 217 MeV, for Q%> mg one finds that Eq. 2.38 is
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FIGURE 2.9: (Colour online) An example of a ladder diagram contribution to the parton model
prediction of the cross section for DIS where multiple, strongly-ordered, colinear gluons are
emitted into the final state. The red-coloured quark lines represent almost singular propagators
which, under the product of Lorentz-invariant phase space integrals for each previously emitted
final state gluon, generate logarithms in Q2. The dashed line through the middle of diagram
denotes a Cutkosky cut. Time runs from right to left.

an order one contribution; i.e.

2 9, oy 4w In(Q?/m2) Q*>m? 1
Ocs(Q )1n(Q /mp) - EIH(QQ/m%,) + ln(;;z%/A%QCD) I 4&[_’24-0 71H(Q2/m22,) )
~O(1)

where 47/ is numerically between 1 and 2 for ny € NN [1,6]. Since Eq. 2.38 is O(1), one
needs to include the contribution of Eq. 2.7 from the colinear region to the LO parton model

prediction of the cross section for DIS since its size is comparable to the contribution of Eq. 2.6.

What about multiple colinear gluon emissions? The emission of n € Nt > 2 gluons into the
final state produces a so-called ladder diagram of the form displayed in Eq. 2.9. It can be
shown [6,26] (but I shall not show this here for the sake of brevity) that the most singular
contribution to Eq. 2.9 is obtained when the emitted gluons are strongly-ordered: when their
transverse momenta satisfy mf, < piT <K pin < @Q? (where the labels 1,---,n on the

transverse momenta denote the order of emission). In this case, one obtains

Q@ dp2 ;. (Piodp?_ | o vor dplp 1
an(QQ)/ . / , ”7*/ TOLT 2 () Q2 m2). (2.40)
’ m2 Phr Jmi o Ph_igp mg Plp -

Q2>>m12,

Since Eq. 2.40 is also of order one (for all n € N* > 2), it too needs to be included to the LO

parton model prediction of the cross section for DIS.

In addition to the emission of colinear gluons into the final state, one also needs to take into

account the colinear emission of real quarks and anti-quarks. For example, in Fig. 2.10 a gluon
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FIGURE 2.10: (Colour online) One of several (naively) next-to-leading order contributions
to parton model prediction of the cross-section for deeply inelastic electron-proton scattering
coming from the partonic sub-process e”g — e gqrqr. When the final state anti-quark is
emitted colinearly to the initial state gluon, the momentum of the intermediate (red-coloured)
quark goes on-shell and the corresponding propagator produces a logarithm in @2 under the
Lorentz-invariant phase space integral for the emitted final state anti-quark. The dashed line
through the middle of diagram denotes a Cutkosky cut. Time runs from right to left.

from the proton splits into a quark—anti-quark pair where the quark then scatters with the
electron via the exchange of a deeply virtual photon and the anti-quark is simply emitted into
the final state. If the anti-quark is emitted colinearly to the quark, the quark propagator
develops a colinear singularity as before. Through this mechanism, one can produce an infinite
number of ladder diagrams with gluons, quarks and anti-quarks being emitted with infinitely

many combinations and ratios into the final state.

Consequently, resumming all possible ladder diagrams, although necessary, is a non-trivial task.
The most efficient manner of encoding this resummation is in a set of coupled integro-differential
equations known as the DGLAP equations. I briefly outline the systematic derivation of the

DGLAP equations in the following subsection.

2.3.2 An outline of the systematic derivation of the DGLAP equations

The parton model enables hadronic quantities to be expressed in terms of partonic quantities
where the latter can be computed directly in perturbation theory. For example, the hadronic
tensor WH (xy;, Q?), defined in Eq. 2.9, can be expressed in terms of a partonic version of the
hadronic tensor, denoted W (z, Q?). W (z,Q?) is defined as in Eq. 2.9, but with |M(y*q; —
X)|? instead of M (v*pT — X)|?, where ¢y is a quark of flavour f with momentum p; and z is
the partonic version of the Bjorken scaling variable xy;

Q2

2= . 2.41
2 (2.41)

Writing (as has been done previously) p; = £p, one obtains from Eq. 2.41 the constraint equation
2§ = wp;. This constraint can be enforced with a Dirac delta-function §(z§ — ;) which must

be integrated over z € [0,1]. The resultant formula for expressing W (z1;, @?) in terms of
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af

af

FIGURE 2.11: Processes of the form v*¢; — X contributing to Wo(z, Q%) at O(a?). Time runs
from right to left.
W“”(z, Q?) is given by

€ 3
(2.42)

1 1 1
W (o, Q) = X [dess@) [ iz, @Mty — €)= ¥ [ N (”“”bjm) ,
f o 0 f

x

Let us define the (scalar) form factor

WO(JEbp Q2) = _guuwuy(xbja Q2)7 (243)

the quantity of interest in our derivation of the DGLAP equations. Since a sum over polariza-

tions A in Eq. 2.9 is equivalent to the replacement’ [6]
> e @esa (@) = —gu (2.45)
A

Eq. 2.43 is proportional to the inclusive, unpolarized cross-section for yv*p™ — X [1]. Wy (xp;, Q?)

can be evaluated either using Eq. 2.17a and Eq. 2.30 which yields
Wo(znj, Q%) =4m > Q?ff(xbj)7 (2.46)
f

or using Eq. 2.42, yielding

1
WO(beQZ) = Z/ dé-gff(g)wo <x?7 QZ) ’ W0(27Q2) = _guVWNV(Z7Q2)' (247)
Iz

The only process contributing to WO(Z,Q2) of the form v*qy — X at 0O(a?) is Yqr — qp as
displayed in Fig. 2.11. Here, one may (correctly) guess that

"Technically speaking, the sum over polarizations is given by [1,27]

* Quqv + ¢ q,
ZEH;X(Q)gu;A(q) = —guw + 1, (2.44)
q.9
A
where ¢* = 2(n.¢)n* — ¢" and n* is some fixed timelike four-vector. However, due to the Ward-Takahashi

identity, the terms in Eq. 2.44 proportional to ¢* do not contribute to physical quantities which allows one to
drop these terms from the right-hand-side of Eq. 2.44 and use Eq. 2.45 instead.
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Wi© (2, Q%) = 4rQ36(z — 1). (2.48)

By comparing with Eq. 2.46, this ansatz follows from the fact that the probability of the quark
carrying a momentum fraction z of its original momentum at lowest order in ay  is 1 if z =
1 and zero otherwise, and this information is captured mathematically by the distribution
§(z — 1). Substituting Eq. 2.48 into Eq. 2.47 reproduces® Eq. 2.46 as expected. In order to

confirm Eq. 2.48, consider the invariant matrix element for the process v*qy — q;

iIM(v a5 — a5) = £ (@)% (0)) (1eQ " )u* (py), (2.49)

where s; and s’f are the spins of the incoming and outgoing quark, respectively, and Wy (2,Q%)

is given by
i Qf/ T (4,78 ) (20D (o + 4 — )
32,0 VP pft+a—py

_QF v
/ Sy a5 = oy ) 20 oy 4= )

§(|pfl +va? — Q? — |py +q|

pr+q|

= 2mQ} (1 (0} + ¢") + (0 + ¢*) — 9" ps (s + @)

(2.50)

Eq. 2.50 can be further simplified by rewriting Eq. 2.41 as

Q2
2pf-q=2|pf|\/q2—Q2—7, (2.51)

from which one can show that

S(lpfl+vVa® — Q% — |pr +4ql) 5(

lpy + q| T Q2

1). (2.52)
Substituting Eq. 2.52 into Eq. 2.50 yields

W (z,Q%) = 27Q5 (;pfpf + o Wq” + pfa") — 9“”) 6(2—1)

¢'q"\ | 42° Psq Prq
= 27‘(@?0 [( Y4+ > + @ ( l— ; q“) <pf ; q”)] (5(1 — Z), (253)
where the constraint enforced by the Dirac delta-function has been used. Comparing Eq. 2.53

with Eq. 2.17a, one can read off the partonic structure functions

2

Yo Wa(z, Q?), (2.54)

Wi(z,Q%) = 2rQ}6(z — 1) =

8Here we assume the right-continuous definition of the Heaviside step function such that 6(0) = 1.
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q 57 q 7 ! q s f q gl
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f pf : f P Py
ar a gc U5 g ar
(A) Vertex correction graphs: single virtual (B) Real emission graphs: s-channel (left) and

gluon correction (left) and counter-term (right) t-channel (right) diagrams for v*¢; — ¢yg.
for v*q¢ — qy.

FIGURE 2.12: Processes of the form v*¢; — X contributing to Wo(z, Q%) at O(al). Time runs
from right to left.

which is the partonic version of the Callan-Gross relation. Finally, contracting —g,, with
Eq. 2.53, one obtains Eq. 2.48.

Given that we are able to reproduce the leading order in «; prediction of the parton model
for Wo(z;, Q?) as expressed in Eq. 2.46, we wish to compute the next-to-leading order in aj
corrections to this prediction. In order to determine these corrections, consider the following

formal expansion for iM(y*qs — X) in powers of the strong coupling g

iM(vqr = X) = iMo(v'qr — X) +iMi(vqr = X) + iMa(v*qr — X) + O(g?),
(2.55)

where the subscript labels the power of g. The first term in Eq. 2.55 is precisely Eq. 2.49 while

the next two terms in Eq. 2.55 are the invariant matrix elements

iMi(v gy = X) =1 iMO g = qr9) = epn(@)erin (pg) (ig) (ieQy)

WDt ma o w W me ] s s
2 _ . N2 — i \Pf)s .
(pf +q)? —mg, +ic (P — @)? —myg, +ic

53‘ l)a v

x ;' (py)ts;

describing the process depicted in Fig. 2.12b and
iMa(v"qy = X) =0 iM(Y ay = ar(+9)) = eun(@)a™ () (ieQsTh (0))u™ (py),  (2.57)

describing the process depicted in Fig. 2.12a where the first graph is the O(al) virtual (loop)
correction to the v*qs — ¢y vertex while the second graph is the counter-term responsible for

cancelling the ultraviolet (UV) divergence associated with the loop in the first graph.
The square of the modulus of Eq. 2.55 is given by

(M(*g5 = X)2 = [Mo(v'qs — X)[2 + 2Re [Mo(v"as = X)Ms(v"qs — X)]

+ [Mi(y'qr = X)I? + O0(a?), (2.58)
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where the latter two terms are O(al). For the sake of parameterizing the infrared (IR) singu-

larities in these O(al) corrections, we shall work in d = 4 — ¢ dimensions and use dimensional

S

regularization.

The contribution to Wo(z, @Q?) from the second term in Eq. 2.58, the interference between the
leading-order graph in Eq. 2.49 and the vertex correction graphs in Eq. 2.57, is given in [1] as

W (2, @) = 4@} 5=C (47”‘2>2 1;(1 _E) l— 5 g 8- Tl —1). (2.59)

up to terms in O(e). The result of the calculation for the contribution to Wo(z, Q2) from the
third term in Eq. 2.58 which comes from the real emission graphs in Eq. 2.56, is also given in [1]

up to terms in O(¢) as

o 2045 4 %I’(l—é)
WO(ZQ) ArQy <Q2> F(l—;)

. s 21+ 27 1
3z+z2(1—z)2<— te +3—z—§ _ T >1 (2.60)

€el—=z 21—z 41—z

€

In order to make explicit the 8% pole in Eq. 2.60, one needs to expand ﬁ(l — z)”2 around

£ = 0 which yields a distribution over the interval [0, 1]. To this end, consider’
1 ; 1
[t f Q) = 5O [ e a6 ) - )
= e i In"(1— 2)
DR / a2 () - 1)

1/151—,2 +an/ [lnll_—zzl fa),
0

+

m

1 Lo . 1-—2)
= A s o(1 +§: []ﬁ (2.61)

where the plus distribution is defined through the identity

/dzrnli;zl /dgnli;z (f(2) — f(1)). (2.62)

9Here we assume the right-continuous definition of the Heaviside step function such that (0) = 1.
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Analytically continuing Eq. 2.61 to negative values of ¢, replacing ¢ with —5 and inserting

Eq. 2.61 into Eq. 2.60 we obtain

Wot(z,Q%) _47TQ2 e¥e; (47W2> Li-3) l3+2z— 11+ Z Inz+ (1+2°) [ln(l—z)

Q* ) T'l-¢) - L=z 14
(B3 T sy (20D 3 [ ! (2.63)
e2 e 2 £ 2/ [1—z]4 | '
where O(¢) terms have been dropped. Adding Eq. 2.59 and Eq. 2.63 to Eq. 2.48 we obtain
Wo0(2,Q%) = Wy (2, Q%) + Wy' (2, Q%) + W5'(2, Q)
la A2 V'T(1-5) 1+ 22
=47Q3|6(1 — P, 2.4 = 27 — 1
7TQf ( Z) - q—)q(Z)( Q2 ) F(l—E) +27_[_Cf 3+ 2z 1_2 nz
In(1l —2) 9 7 37 1
1+28) | ——Z2| —(=4+=]6(1—2)—= 2.64
s | (2+3>< 2) 2[1_Z+}, (2.64)
where
9 3
+

is known as a DGLAP splitting function. Notice that the addition of Eq. 2.63 to Eq. 2.48
cancels the }2 pole, but not the % pole. The latter infrared singularity is already present in
the high-energy limit of Compton scattering which is precisely the process shown in Fig. 2.12b.

One can expand the terms multiplying the splitting function around € = 0 which yields

1%<4ﬂu2>2F(1 -5 a2

47142
Q7 | Tl—2) 2re 145 (Q/;)Jr@(e?)] [1—;7E+0(52)

2 47 i
€+IH<Q2>—’}/E €+IH<Q2

where vg is the Euler-Mascheroni constant and fi? = 4nu?e~72. Substituting Eq. 2.64 into
Eq. 2.47 and using Eq. 2.66 we obtain

aS
2

+O() = +O(e), (2.66)

W (wbj7 QQ)

= dm ZQf/ ffoZ[ ( ?)_;Pq%q(?) (i—l—ln(g;))—i---'

(2.67)

Although the precise physical origin of the logarithm in Q? is obscured in dimensional regular-

ization, the logarithm in Q? is due to the colinear emission of a real gluon into the final state as
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FIGURE 2.13: Processes of the form v*g — X contributing to Wy (z, Q?) at O(al). Time runs
from right to left.

discussed in the previous subsection. Taking the difference in Eq. 2.67 at fixed xp; but different

hard scales Q% and Q(% leads to the finite difference equation

T 2
Wo (@), Q%) — Wo(anj, Q) 47TZQf/ fr(&,Q )l Pysq <§J>1 (goﬂ (2.68)

which is infrared finite. Substituting Eq. 2.46 into the left hand side, moving In(Q?/Q3) to the
left hand side and taking the limit |Q? — Q3| — 0 leads to an integro-differential equation for

the quark distribution functions

[ de

ff(xbj7Q2) 2 é—

QP (7). (2.69)

0
d1n(Q?) §

However, Eq. 2.69 is only one component of the DGLAP equation for the quark distribution
functions. At O(al), there is also a contribution to Wo(z, Q?) from the process v*g — qg which
is displayed in Fig. 2.13. Consequently, there is an additional contribution to the DGLAP
evolution for the quark distribution functions from the gluon distribution function. One says
that the parton distribution functions mix under RG evolution. In fact, the DGLAP equations

for the parton distribution functions are a set of coupled integro-differential equations.

In order to write the DGLAP equations compactly, us introduce the following notation: we
define the vectors q(xzy;, Q?) and q(xv;, Q?) whose components consist of all the different flavour

quark and anti-quark distribution functions, respectively, given by

[a(25, Q)5 = fr (v, Q7), [@(2n5, Q)7 = f7(xny, Q7). (2.70)

It is also conventional to write the gluon distribution function f,(zp;, @?) as g(xnj, @?). In this

notation, the DGLAP equations are given (to all-orders) by [2§]

q(zp, Q - Pyq(v;/€)  Pag(an;/€)  Paglan/€)| |a(€, Q%)
EHESW% =5 [ | Paen/e) Paatos/®) Paytany/©)| |a(6.@%)|
g(be;Q) xbj Pyq(ani/€)  Pagl(ani/§)  Pagln;/) 9(57@2)

(2.71)

l\’)‘g
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where
° qu(xbj/g) qq(wbj/f) qq(be/f) and qu(l’bj/f) are ny-by-ny matrices,
d qu(ffbj/f) and qu($bJ/£) are ns-by-1 column vectors,
o Pyy(wn;/€) and Pyg(ap;i/€) are 1-by-n; row vectors,
d ~gg(xbj/f) s a 1-by-1 matrix,

and ny is the number of quark flavours inside the proton. At leading-logarithmic (LL) accuracy,

these matrices are given by

[Paq(@3/€))ij = [Paa(n; /&) —5ngq—>q(IbJ/§) (2.72a)
[Pag(av;/€))ij = [Pag(v;/€))ij (2.72D)
[Pag(21/€)]i = [Pag(a; /)]s = g—)q(xbj/§>7 (2.72¢)
[Pyq(/6)]i = [ Pyg(an/)]i = Pyosglan; /£), (2.72d)
Pyg(nj/€) = Pyosg(an; /). (2.72¢)

Beyond LL, the ns-by-ny matrices Pgq(zpi/€) and Pyg(wh;/€) are no longer zero [28]. The
splitting function Py_,4(zni/€) in Eq. 2.72a is given in Eq. 2.65 while the remaining splitting

functions are given below [1]

Pyq(2) := ;(z +(1-2)%), (2.73a)
Pyoy(2) = C; (W) , (2.73b)
Pyyg(2) :==2Cx <z [1 s s ! ; "1 z)) @5(1 - z), (2.73¢)

where, Cy = A;EN— Land Oy = N, are the quadratic Casimirs in the fundamental and adjoint
representations, respectively, and Sy = %C A— %n 7 is the coefficient of the one-loop contribution
to the QCD p-function with n; being the number of quark flavours. A similar analysis to that
presented in this subsection allows one to compute the remaining DGLAP splitting functions,

given in Eq. 2.73.

With the gluon distribution function being a flavour singlet density, and by defining the flavour
singlet quark density [28]

nf

S(2nj, Q%) =Y _[ai(w;, Q%) + Gi(wn5, Q%)) (2.74)

i=1
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(A) (Colour online) PDFs from HERAPDF1.7 (B) (Colour online) PDFs from HERAPDF1.5
at Q2 = 10'GeV?. at Q% = 10*GeV?.

FIGURE 2.14: (Colour online) PDFs from HERAPDF1.7 and HERAPDF1.5 at Q% = 10! GeV?
and Q* = 10°GeV?, respectively [3]. The gluon zp;g(p;, @) and sea (or wee) quark
TpiS (xbj,Qz) distribution functions have been reduced by a scale factor of 20. Both plots
show enhanced gluon production at small Bjorken z;.

one can immediately write down the LL DGLAP equations for the flavour singlet densities

0 S, Q%) o lﬁ Pysq(ani/€) 2npPyq(zni/E)| [2(€, Q%)

- = 2.75
On(Q?) 9(5Ubj,Q2) 27Txbj £ Py g(@03/6) Pysg(ni/8) g(&aQQ) ( :

Returning to Eq. 2.71, notice that in Eq. 2.71 the £ integral which convolves the PDFs with
the DGLAP splitting functions is over the interval [zp;, 1] which means that only partons with
(longitudinal) momentum fractions larger than xy,; “feed” the DGLAP evolution of the PDFs.

In the limit that x,; — 0, the DGLAP splitting functions Py_.4(xp;/§) and Py_4(xn;/§) con-
tributing to the DGLAP evolution of the gluon distribution function in Eq. 2.71 become singular
with a pole in :v%j' Consequently, we expect that for small Bjorken xy;, the Q? evolution of
gluon distribution function is significantly enhanced. This expectation is confirmed in Fig. 2.14.
Moreover, Fig. 2.14 shows that at small Bjorken xy; the gluon distribution function, plotted
Tvjg (), Q%) = Tvjfy(zni, Q?), dominates all other PDFs. From this behaviour of the PDFs at
small Bjorken 1, one motivates the existence of the Colour Glass Condensate in the Regge-

Gribov limit of QCD.

2.4 The Regge-Gribov limit and the CGC formalism

Recall that the Regge-Gribov limit of QCD is the limit in which s — oo and z1,; — 0 while y and

Q? remain fixed. In the preceding section we presented the evidence for large gluon occupation
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FIGURE 2.15: (Colour online) Kinematics for high-energy DIS. The world-lines of the electron
(the projectile) and the proton (the target) lie almost along the light-cone directions and are
separated by a large rapidity Y.

numbers in this limit. In order for these gluons to be probed by the virtual photon exchanged
between the electron (the projectile) and the proton (the target), the colourless virtual photon
needs to fluctuate into colour singlet degrees of freedom which to lowest order in pQCD is a
qg-pair. Since the target consists mostly of gluons in this limit, one can describe interaction of
this gg-pair with the target as the propagation of quarks and anti-quarks in the presence of a
large background gauge field b* where b* represents the gluonic field of the target. By large we
mean that b* ~ O(1/as) [4]. Consequently, we split A* up into

Al = b4 AR, (2.76)

where d A* describes perturbative or kinematically suppressed gluons on top of b*.

Since b* captures the kinematically enhanced contributions to A¥, its form is constrained by
relativistic effects. In order to see this, let us again consider the experimental setup of DIS and,
without loss of generality, let us orient our coordinate system such that both the projectile (the

electron) and the target are traveling along the z-axis. Their momenta are given by

>0, p’>0, (2.77a)
>0, k<0 (2.77D)

p=(%0,p°),  pP=m
= (K03, k*=m?

NN

Since these momenta are both time-like, their directions are related (as depicted in Fig. 2.15)
through a Lorentz boost
1 0 cosh(Y) sinh(Y)| 1 [K°
RN (Y) )| 1 7 (2.78)
my | p3 sinh(Y) cosh(Y)| Me | k3
where Y is called the rapidity separation or Minkowski boost angle between the two directions.

Note that we have omitted the zero transverse components of the momenta in Eq. 2.78 for
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simplicity. In order to compute Y it is convenient to choose a particular frame like the rest
frame of the projectile (the electron) where k% = m, and k% = 0. With this choice, from Eq. 2.78

one obtains

0

% = cosh(Y). (2.79)

p° can be written in terms of some of the Lorentz invariants defined in Eq. 2.1 as follows

2 2 2 2
2p.q  2(pk)y  2p"mey 2T Mey

l‘bj

Substituting Eq. 2.80 into Eq. 2.79 and solving for Y yields

2 2
Y = cosh™? <2wbjfgbempy> o 220 In(1/zp;) + In <2nfﬂw> + O(a1;?), (2.81)
where in the last equality we took the limit of small Bjorken ;. Since y and Q? are kept
constant in this Regge-Gribov limit of QCD, Eq. 2.81 tells us that decreasing wxy; is directly
related to increasing the rapidity separation between the projectile and the target'’. Note
that at leading order in xy;, a change in Y is given solely by a change in xy; where the latter
variable is defined in terms of the momenta of the target and the exchanged virtual photon
and not projectile. Many textbooks and papers often give the impression that the rapidity
separation is between the target and the exchange virtual photon because only those momenta
are needed to define xy,; and correspondingly Y, but such an impression is nonsensical because
g" is a space-like momentum which cannot be related to a time-like momentum p* via a Lorentz

boost.

Writing Eq. 2.78 in light-cone coordinates

1 (pt| |&¥ 0] 1 [kF (2.82)
Mp |p~ 0 e Y| me k|’ .
where
1 1
p= (0" £ P, p= (K £ K, (2.83)

V2 V2

one sees that in the rest frame of the projectile, the plus-component of the target’s momentum
is enhanced by a factor of e¥ while its minus-component is suppressed by a factor of e~Y.
Consequently, the target effectively lies along the z-axis (at = = 0). In this frame, T takes
on the role of time and ™ becomes the longitudinal coordinate. Since it lies effectively along the

xT-axis, the target is effectively Lorentz contracted to a Dirac delta function in the longitudinal

"The relation in Eq. 2.81 is written in many textbooks and papers as Y = In(1/xp;) without any or much
justification, and without mention of the constant logarithm.
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direction and the stochastic dynamics (due to emission and recombination effects) of the gluons
in the target are effectively frozen-in due to time dilation. From these considerations, the

background field strength tensor can be written as
Fr)(zt, 27, ) = 6(x7 ) FH[b] (). (2.84)

We consider the associated field strength tensor of the background field and not the background
field directly because the field strength tensor is gauge covariant. Using Eq. 2.82, one finds that
for large Y only

FY)(zt, 2, 2) = 6(x) 0" FH[b)(x) =: §(z7)d"B(x), (2.85)

is boost enhanced [9] by €' where 5(x) = 8%(x)t® is an as-yet-unspecified su(N,.)-valued function
describing the distribution of gluons in the transverse plane and t* are the generators of su(V,).

Since Eq. 2.85 caries the dominant contribution, one may choose the background field to be [9]
b(at, 2, @) = g, 8(57)B(x). (2.86)

As mentioned earlier, this background field is large being of the order of o !. In the presence of
a large background field, one needs to rewrite the perturbation theory as an expansion around

b* instead of the vacuum; this is the topic of the next chapter.



Chapter 3

Eikonalization at high energies

3.1 Perturbation theory in the presence of a large external field

In this section, we shall demonstrate the downfall of using vacuum perturbation theory for an
interacting theory in the presence of a large external source with the aid of a toy example'. In
particular, we shall show that in the iterative solution to the tree-level Dyson-Schwinger equation
for the connected 1-point Green’s function in the presence of a large external source, each term
contributes the same order. Since each diagram contributes equally, one needs to sum every
term in the perturbative expansion which renders the expansion meaningless and calculationally
intractable. This problem can side stepped by expanding the interacting theory not around the

vacuum but around the tree-level connected 1-point Green’s function.

3.1.1 Example: an interacting real-valued scalar field

To this end, consider a theory for an interacting real-valued scalar field on Minkowski space

¢ : RY3 — R of mass m coupled to an external source J : R — R described by the Lagrangian

Lo, J|(z) = L[¢](x) + J(2)d(x) = Lo[d](x) + Ling[d](x) + J(x) (), (3.1)

where the “free” Lagrangian Lo[¢], which governs the dynamics of the scalar field in the absence

of self-interactions, is the Klein-Gordan Lagrangian

Lold](@) = —56(x) (O + m?)(a), (32)

'For a review of the path integral formulation of QFT which we shall use below, read chapters 2 through 4
of [16].

35
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and Lint[¢] describes the interaction of the scalar field with itself. Unlike in most textbooks,
we shall regard the external source to be a physical entity. Here the dynamics of the external
source are assumed to be known and unmodified by the presence of the scalar field. The converse,
however, is not true and we are interested in understanding the dynamics of the scalar field in

reaction to the external source.

The following definitions are necessary for our derivation and discussion of the Dyson-Schwinger
(DS) equations in the next subsection. The n-point Green’s functions in the presence of the

external source J (or n-point functions for short) are defined by
G (w1, @) = (QUT{d(x1) - d(2a) }D) s, (3.3)
where

QIT{6la1) ()} = [ Dldloten) -+ o) exp [i [ datio, @] G4

is the expectation value of the time-ordered product of n scalar field insertions at n space-time
positions computed in the vacuum |2) of interacting theory in the presence of the external

source J. Let us introduce the generating functional for the n-point functions

217 = % / Dig)exp i / Lo, J)(x), (3.5)

where N is an overall normalization constant defined such that Z[0] = 1. Then the n-point

function in Eq. 3.3 can be obtained from Z[J] via

5" Z1J]

(n) e —
justifying the name “generating functional”. Z[.J] can be rewritten as
Z[J] = exp i / d*2 Ling [L] ()| ZolJ] (3.7)
5(iJ) ’

where

T = [ Dldlesp i [ dta(toll(e) + I (@)o())], (3.8)

is the generating functional in the free theory. In fact, Zy[J] is a functional Gaussian integral
which can be computed by completing the square in the argument of the exponential (see

Chapter 1 of [16]). The result of this functional Gaussian integral is

Zy|J] = exp [ - ;/d4xd4x/<](x)AF(x - x/)J(x/)}, (3.9)
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where
iAp(z — ') =1 ——s | (3.10)

is the Feynman propagator in the free theory; the propagator is the functional inverse of the
differential operator ((J + m?) appearing in the term quadratic in ¢ in Lo[¢] in Eq. 3.1. The

free Feynman propagator satisfies the differential equation
(O, +m?)iAp(z — 2') = —i6W (z — 2/). (3.11)

Z[J] can also be written in terms of the generating functional W[J] for the connected n-point

functions via
Z[J]) = eI, (3.12)

where the interpretation of W[J] can be shown using the replica trick from statistical physics

[29]. The connected n-point functions are defined by

n; I Iy
Gggr)l[‘]](xh T ,Jin) = 52:](1’61) W[(;]J(xn) =: 12 . (313)

3.1.1.1 The Dyson-Schwinger equations

The Dyson-Schwinger equations are the quantum equations of motion for the n-point functions.
These equations can be derived using the Symanzik construction (see Chapter 1.3 of [15]) which
does not rely on the path integral formulation of QFT, but we shall not take this route. Instead,

consider the following one-parameter family of local variations

$(2) = ps(@;20) = p(x) + 56 (2 — o), (3.14)

which leaves the functional measure in Eq. 3.5 invariant. Substituting Eq. 3.14 into Z[J] in
Eq. 3.5 yields

ZlJ) = ;/D[qb] exp /d4 Llos)(z;20) + J(z )¢s($;$o))]
= L [ Dlgjesy / d4ysa [ exp i / d*o(L]6)(x) + I (x)¢(x))]
=+ [ Dldlesp [~ e / d4 )+ T(@)é(2))]. (3.15)
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where in the second line we introduced the translation operator?. Differentiating both sides of

Eq. 3.15 with respect to s at s = 0 we obtain

1 5 »
0=+ / Dlg) 55705 &P i / dia(Lle)() + J(@)(2))] (3.16)

which leads to first Dyson-Schwinger equation

(on—l—m2) 5Z[J] _[ /

J
Sid (o) Ling {m} (w0) + J(xo)] Z[J]. (3.17)

For concreteness, let us restrict our attention to ¢* theory where the interaction Lagrangian is

given by

2
Lint[8](z) = —%&(x). (3.18)

Then using Eq. 3.12 to write Z[J] = ¢/l Eq. 3.17 becomes

SIW L] g2l<&wm> 552iW[J] SIW[J]  S3WI[J] + I(z0).

2 — _Z
oo T 5 0) = 31 |\Gid o)) 26T (w02 61 wo) © 50 wo))?

(3.19)

Multiplying both sides of Eq. 3.19 by iAp(z — x) and integrating over zg € R\3 we obtain

SW[J g , SiW[J] ’ S2iWI[J] &W[J] . §3iWJ]
5id(z) _25/ d4x0ZAF($_“”°)K5U(xO)> 3 ST (0))? i (z0) Ha(u(gxo)p]

+i / d*20iAp( — 0) T (o). (3.20)

Using the Feynman rules defined in Eq. 3.10 and Eq. 3.13 as well as those defined below

Z'/d4$0iAF(ﬂf—JU(J)J(QSO) =: :f—@, igz/d4:c0 =: x0+, (3.21a)

Eq. 3.19 can be expressed diagrammatically as

)= :f—@—% . ()+3°+ D+ ] (3.22)

Notice that the Dyson-Swinger equation for the connected 1-point function depends on itself as

well as the connected 2- and 3-point functions. Taking a functional derivative of Eq. 3.19 with

Petds f(a) = Yooy 4/ (@) = f(x + a).
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respect to iJ(y), we obtain the Dyson-Swinger equation for the connected 2-point function

(3.23)

which depends on itself and the connected 1-pt function as well as the connected 3- and 4-point
functions. This process continues ad infinitum, generating an infinite hierarchy of equations
where the Dyson-Schwinger equation for the connected n-point function depends on itself and
all preceding lower order connected functions as well as the connected (n+1)- and (n+ 2)-point

functions.

3.1.1.2 A semi-classical truncation

In order to solve the infinite hierarchy of Dyson-Schwinger equations, we need to introduce
a truncation that renders the system in some sense “finite”. Clearly if we were to a first-
approximation ignore the loop diagrams (cf. Eq. 3.22 and Eq. 3.23), then the hierarchy would
close; the Dyson-Schwinger equation for the connected n-point function would depend only on
itself and all preceding lower-order connected functions. It turns out that such a loop expansion
(zero loops, 1 loop, 2-loops, etc.) is equivalent to an expansion in A; the number of loops in a

Feynman diagram counts the power of h.

Before proving this equivalence, it is useful to derive a formula for the number of loops ny, in a
Feynman diagram in terms of the the number of vertices ny and the number of internal prop-
agators ny (excluding those connected to the external source). Consider an arbitrary Feynman
diagram in ¢* theory with ny vertices. Each vertex has four legs which need to be saturated.
Each internal propagator saturate two legs, each external propagator saturates one leg, and

each external source term saturates one leg. Consequently,
dny =2ny +ng +ny, (3.24)

where np counts the number of external legs and njy counts the number of external source
terms. The maximum number of loops that can be contained in a connected Feynman diagram

in ¢* theory with ny vertices is

N[ max = NV + 1, (325)
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where each vertex contains a single loop constructed by saturating two of the four legs with an
internal propagator, and then the remaining two legs on each vertex are used to connect the
vertex to other vertices such that the diagram is connected. For every internal propagator that
is cut, there are the two newly created free legs that can be saturated either by two external
propagators, two external source terms or one of each. From this consideration, one can also

write down

1
N max = NL + i(nE + nJ)- (326)

Equating Eq. 3.25 and Eq. 3.26, one obtains
1
nV—|—1:nL—}—§(nE—}—nJ). (3.27)
Using Eq. 3.24, one can eliminate ng and ny from Eq. 3.27 to produce
ny =nr—ny + 1. (3.28)

In order to count the power of i associated with a connected Feynman diagram, one needs to
reintroduce a factor of & into the exponent of Z[J] in 3.5 since we had been working in natural
units where /& = 1. The factor of & is reintroduced by multiplying the Lagrangian by A~'. The
net result of reintroducing & is that each vertex carries a factor of A~! while each propagator
(both internal and external) carries a factor of i. Vertex legs which are connected to an external
source term via a propagator do not contribute to the counting of the power of i because the i
from the propagator is compensated by the A~! from the external source term. Consequently,

the power of i associated with a connected Feynman diagram is
pow(h) =n; —ny +ng=nr +ng — 1, (3.29)

where the second equality follows from Eq. 3.28. The implication of Eq. 3.29 is that for a
fixed number of external propagators, the number of loops in a connected Feynman diagram
determines the associated power of A, and vice versa. One refers to leading order in A as
“classical” and higher orders as “quantum”. The fact that loops are a quantum effect is not
surprising since loops represent the interaction of the scalar field with itself and self-interaction

is an inherently quantum phenomenon.
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Having established this link between a loop expansion and an expansion in %, consider the DS

equation for the connected 1-point function given in Eq. 3.22 to lowest order in A

@ €
x x 1z
—@, = -3 G, (3.30)

where the subscript “T” refers to the fact that we are only considering “tree-level” (zero loop)
contributions. One may solve Eq. 3.30 iteratively by reinserting the right-hand side of the
equation into itself wherever one sees a tree-level connected 1-point function. The first three

terms (with the fewest number of vertices) of the iterative solution are given below

T .T:x C_éx \/ >@)+1125” \V N ()4 (3.31)

Suppose that the external source is large with J ~ O(g~!). Then each diagram in Eq. 3.31 goes

like O(g~'). Since each diagram contributes the same order of the coupling, one needs to sum
all diagrams in Eq. 3.30 which renders our perturbative calculation intractable. Consequently,
the tree-level connected 1-point function is a non-perturbative object. Assuming the tree-level
connected 1-point function was known, the problem of needing to sum an infinite number of
tree-level contributions persists even for the connected 2-point function, the propagator in the
presence of the external source J. The DS equation for the connected 2-point function given in

Eq. 3.23 to lowest order in A is given by

(3.32)

Eq. 3.32 can be solved iteratively in terms of the connected 1-point function; the first three

terms (with the fewest number of vertices) of the iterative solution are given below

x

(3.33)

Since the connected 1-point function is O(g~!), each term in Eq. 3.33 is O(g%). Since each
diagram contributes the same order of the coupling, again one needs to sum all diagrams in order

to iteratively solve Eq. 3.32. Eq. 3.33 can, however, be formally summed using the operator
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version of the geometric series. To this end, we define the following additional Feynman rules

ia
] 2
[ ]: i d4z<w )5(4)(9”‘2)’“(2—9% (3.34a)

/]
diJ ()

Y

@,
0

[ ] = [Uay = 6V(x — ) (3.34b)

Wy (A

Gr 0 @ )

e

where in analogy to the summation over repeated indices in matrix multiplication, we defined

(3.34c)

the product of two Feynman diagram nodes by the integral over a dummy space-time variable

z
—e X e :/d4z —— (3.35)

Using Eq. 3.34, we write down a formal solution for the tree-level connected 2-point function as

G, @,
ot g

ﬂT T

-1

1+922 ] ] . (3.36)

= |e—o X

Our above analysis of the tree-level connected 1-point function shows that standard (vacuum)
perturbation theory in the presence of a large external source is no longer a useful calculational
tool, because the relevant dynamical degrees of freedom are not fluctuations around the vacuum,
but fluctuations around the tree-level connected 1-point function. The correct approach in such
a situation is to expand the Lagrangian around the tree-level connected 1-point function which

we shall do shortly. For notational brevity, we introduce the following mathematical symbol for
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the tree-level connected 1-point function (also called the “classical field” [16])

pelJ)(z) = ?E/(E;I)] = T, (3.37)

which satisfies the classical equations of motion (cf. Eq. 3.19 and Eq. 3.30)

2
(O +m®)pelJ](z) + %s@?[ﬂ(fv) = J(x). (3.38)

Consider the following expansion of L[p.[J] + dp, J] around the classical field ¢.[J]

oS L e ol (a0 L0 (@)
Llpeld)+ ¢ () = 3 1) J e dtadg(e) bl s ST .
2 2 2
= Llpel ), 1) — 500() O+ m? + L G2I1() | bp(a) — L 50H @)l @) — 400" (a).
(3.39)

The term linear in dp in Eq. 3.39 vanishes due to the equations of motion for classical field given
in Eq. 3.38. The inverse of the differential operator in the term quadratic in d¢ is precisely the
propagator in the presence of the external source J given in Eq. 3.36; the tree-level connected

2-point function is the propagator for ¢* theory expanded about the classical field.

3.2 Observables at small Bjorken zp;, Wilson-lines and their

correlators

One of the goals of the previous section was to show that in the presence of a large external
source, vacuum perturbation theory breaks down because the smallness of the coupling constant
is compensated for by the largeness of the external source. This breakdown was shown in the
iterative solution to the DS equation for the tree-level propagator where each diagram in the
series contributed the same order in the coupling. Consequently, the entire series needed to
be resummed. The resummed propagator, which encoded the multiple interactions with the
external source, was also shown to be precisely the propagator for fluctuations dp on top of the

large tree-level 1-point function ¢.[J] ~ O(g™1).

An analogous resummation occurs in the CGC formalism. Recall that the gauge field A* can
be split into fluctuations d A* on top of the large background field b* where the latter describes
the kinematically enhanced gluonic contributions in the target at small Bjorken zy,;. This split
is given in Eq. 2.76. One can think of b, whose most constrained form is given in Eq. 2.86,
as analogous to the large tree-level 1-point function of the previous section. In this case, since

b ~ O(a;!) one needs to expand the QCD Lagrangian density around b* and derive modified
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propagators for quarks and gluons in the presence of b* in analogy with the previous paragraph.

These modified propagators are derived in Chap. B and given below:

e Gluons: Only the plus-plus component of the gluon propagator is needed in this thesis

(see Chap. 5) and it is given by

Z—’— IR 0 Jo000 Z+ = <5A“+(x)5Ab+(y)>[b]

=0 | i e = [t tion) | =] @260 | = | )
< (i01)(10}) | - Di[b]Qrb (2,w), (3.400)
where
[_(al_)g] (,y) = —%5(96‘ —y )8 (@ —y)lat —y7, (3.40b)
] @) = [ e 0 T 007) ~ 0™ o)
y / P2p | d2q e i) / %e—i<P—Q>'Z[UZ;w,y]“b, (3.40c)
and p~ = ¢~ = k~, pt = £=, pt = L. The propagator in Eq. 3.40c, and hence

Eq. 3.40a, is given in terms of a light-like Wilson-line in the adjoint representation

-
Uzia—y~ = Pexp lig / dz5(2)BC(Z)fC]7 (3.40d)

where [£°]% = if%® are generators of the adjoint representation.

e Quarks: The quark propagator needed to compute the total cross-section for DIS is given

by
- dk~
$A—@+y = (Y(z)¥(y))[b] = / W
[0~y )O0) 0y —a )0k [ PpidPae P )
dZZJ_ ; 1
—i(p—q)-z L A e — ) 8D (e — w)si + _ .t

X / (2@26 Upo— gy + 47 o(x y )0 (x — y)sign(z y"), (3.41a)

where p~ =q =k, pt =2 ZZTQ, pT = qZQZTQ. The fermion propagator also contains a

light-like Wilson-line but in the fundamental representation

-
Uz~ o~ = Pexp lig / dz5(Z)BC(Z)tC]7 (3.41b)
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where t¢ are the generators of the fundamental representation.

For a propagator corresponding to a given parton, the Wilson-lines encode multiple eikonal
interactions of the parton with b* along the (approximately) light-like trajectory of the parton
[14]. In this sense the propagator is analogous to the resummed propagator derived in the
previous section, encoding multiple interactions with the external source through the tree-level
connected 1-point function. In the absence of the background field, one would expect the above
propagators to reduce to the standard propagators for quarks and gluons and indeed this is the
case. However, since the background field has Dirac delta function support in the z~-direction,
the Wilson-lines are only “triggered” when the parton passes through the background field which
means that in general the parton propagates freely and upon passing the background field picks

up a colour rotation before propagating freely again.

Although the expressions for the Wilson-lines given in Eq. 3.40d and Eq. 3.41b are mathemat-
ically correct, they become cumbersome when computing integrals where these Wilson-lines
appear in the integrand. For the moment let me write down a light-like Wilson-line in a general

representation R as

R v R
Usy— - = Pexp lig / dz5(2)ﬁc(2)tcl, (3.42)

T

R
where t¢ are generators of the R representation. Provided Eq. 3.42 is not being differentiated, if
it appears under an integral over the longitudinal coordinates =~ and y~, then given the Dirac
delta function support of the background field one can replace the right-hand-side of Eq. 3.42

by the expression

R R R
Usia— - = 0(=27)0(y Uz + 0(z7)0(—y UL+ [0(27)0(y ™) + 0(—)0(—y)]L, (3.43)

where

R R R R

U, = UZ;—OO,007 U;f = Uz;oo,—oo: (344)
are infinite light-like Wilson-lines in the representation R. Clearly Eq. 3.43 can be applied to the
Wilson-lines in Eq. 3.40d and Eq. 3.41b. Consequently, we expect that observables calculated
using the propagators for quarks and gluons should contain infinite light-like Wilson-lines in

the fundamental and the adjoint representations, respectively.

These Wilson-lines always enter observables through Y dependent averages called correlators.
To see why, recall that the background field although constrained by kinematics is still undeter-

mined; it is expressed in terms of an as-yet-unspecified su(N,)-valued function f(x) = f(x)t®



46 Chapter 3 Eikonalization at high energies

(see Eq. 2.86). Consequently, when computing any observable, one needs to average over all
possible background field configurations. But the separation of the gauge field into fluctuations
on top of the background field (see Eq. 2.76) is a resolution dependent one: as Bjorken axy; is
lowered or, correspondingly, the rapidity separation Y is increased, additional modes which were
previously contained in § A* will begin to take on the features of b* through Lorentz contraction
and time dilation. Accordingly, one writes the averaging procedure over the background field

as Y dependent
() (V) = [ D) Wy b, (3.45)

where Wy [b"] is a Y dependent functional distribution. However, since the only place where the
background field can enter an observable is through Wilson-lines, we can just as easily perform

the average over Wilson-lines instead of the backgorund field, in which case Eq. 3.45 becomes
()= [ DIl Zyiu, (3.46)

where D[U] is the unimodular Haar measure on SU(N,;). The functional distributions are such

that the averaging procedure is normalized to 1; i.e. (1) (V) = 1.

Putting the above discussion into action, one can compute the total cross-section for DIS at
small Bjorken xy,; using the optical theorem and standard perturbation theory except with the

quark propagator given by Eq. 3.41a [9] and the result is

opis(Y, Q%) 2 TL/CF /daw)\ a,r?, Q> |2/d2b2 <1—Re<]\1chr (UwUJ)>(Y)).

(3.47)

The sum over \ is a sum over both the transverse (1) and the longitudinal (L) polarizations of
the virtual photon. The squared absolute value of the gqg component of the virtual photon wave
function, |1y (a, 2, Q?)|?, describes the probability for a virtual photon of polarization A and
virtuality Q? to split into a gg-pair of size r where the quark carries a fraction « of the incoming
momentum ¢ and the anti-quark caries the remaining (1 —«) fraction. This contribution is given
by

a® + (1 - )’ |Q*K{(Qr) + m3K3(Qr), ifA=T
4Q%*(1 — a)?K3(Qr), if \=L
(3.48)

)

[Ya(e, 7%, Q%) = 320:;1 ZQf{

where there is a sum over quark flavors f, @y is the elementary charge fraction of the quark

flavor (in units of e), my is the quark flavor’s mass and Q? = a(1 — a)Q? + mf
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The Y dependence of the total cross-section for DIS is given by the real part of a Wilson line

correlator, the so-called dipole correlator or gqg correlator

<A§,2> Y) = <J\176Tr (UEUJ)> (Y). (3.49)

But this is by no means the only observable for which this is true. In general, observables
computed within the CGC formalism are written in terms of Wilson-line correlators and these
Wilson-line correlators carry the Y dependence of the observable. Other examples include inclu-
sive vector-meson production [19], dijet production [30], medium-induced soft gluon radiation

in hard forward parton scattering [31], and Single Transverse Spin Asymmetry (STSA) [32].






Chapter 4

Wilson-line correlators

In the previous chapter, it was argued that Wilson-line correlators appear ubiquitously in the
saturation formalism description of observables. This chapter is dedicated to the construction
and properties of Wilson-line correlators. In this chapter, I also introduce (relevant aspects
of) the birdtrack formalism — a diagrammatic notation that is to group theory what Feynman
diagrams are to perturbation theory — which I shall use extensively throughout the remainder

of this thesis.

4.1 Birdtracks, colour singlet states, and Wilson-line amplitude

matrices

This section collects a number of important definitions and establishes the notation that is used

throughout the remainder of this thesis.

Let V be a complex vector space carrying the fundamental representation of SU(N.), the group

of special unitary N, x N, matrices. Since the dimension of V' is
dim(V) = N, =: dy, (4.1)

V is isomorphic to CMe and, without loss of generality, we can take V = CNe. We endow V

with the scalar product
(-, VxV = C;(v1,v2) = (v1,v2) = vivg, (4.2)

which is inherited from the canonical scalar product on C. Here the dagger symbol T means the

transposed conjugate.

49
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The identity map on V, denoted iy : V — V, is a linear transformation on V whose matrix
representation always has components [iv]ij = 5ij (regardless of the choice of basis for V') where
5"]- is the Kronecker delta symbol and the indices 4, j run over 1, --,dim(V). One can represent
the identity map iy and its matrix components [iv]ij in birdtrack notation [33] as

iy = ——, [iv]j o= i——j = 0"}, (4.3)
respectively. Let V be the dual space of V (the space of all linear functionals on V') which carries
the anti-fundamental representation of SU(NV.). In general, we shall use left-pointing lines, as
in Eq. 4.3, to denote lineal maps of the form V' — V while right-pointing lines represent linear

maps of the form V — V.

Fundamental and anti-fundamental Wilson-lines are represented graphically by

Uz = —¢, (Ual'j =t 1=
S ’ " (1

respectively, where the right-hand column denotes the matrix components (in some basis) of

the Wilson-lines.

In birdtrack notation, contracting indices is depicted simply by connecting two birdtrack lines.
For example, the dimension of the (anti-)fundamental representation may be depicted diagram-

matically as
df,d;=Tr (1) =6 =Cd=0. (4.5)

As another example, the dipole operator (which I shall write as ASL) can be depicted in

birdtrack notation as

1 1 , ; 1 . . 1
1 - - T} — I i rrhk s9 — =iy
Al = T (vaUf) = dfdz[UT,] PALEN 4, C=ED dfcgg. (4.6)
In the limit that the transverse coordinates x and y become coincident (i.e. y — x), then

Eq. 4.6 reduces to

1 1
m _ ) = L _
AL, = e (v.U]) = dfTr(]l) ~ 1, (4.7)
or in birdtrack notation
W 1 1
Al =—Ggb=—0=1, (4.8)

dy df

where we have distinguished the Wilson-lines with identified coordinates by a black-coloured

arrow. As a matter of convention, whenever there is only one coincidence limit being taken
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Wilson-lines with identified coordinates will be denoted by black-coloured arrows.

The tensor product space with m copies of V followed by m copies of V' (for m, m € N) is given
by V™ @ V&, Any element of V¥ @ VE™ can be regarded as a (complex) multi-linear map
of the form V®™ @ V®™ — C. The tensor product of m fundamental and m anti-fundamental
Wilson-lines, written

Um1®"'®Umm®Ugl®"'®UT

Ym (49)

is an element in the tensor-product representation of SU(N,) on V™ @ V™ A Wilson-line
amplitude' (of which Eq. 4.6 is the simplest example) is a complex-valued function of transverse
coordinates formed by “sandwiching” a tensor product of Wilson-lines of the form given in

Eq. 4.9 between two colour singlet states. A colour singlet state |s) € VO™ @ V™ is a tensor

|S> — Sil'“im-. .Zﬁleil R R® €irn ® egl R R® eiﬁl’ (410)

i1

(where s'"""™- - are the coefficients of [s) in some basis ¢;; ® --- ® €, ® " @ - @ '™ for
L

VO™ @ VO™) which, for all U € SU(N.,), satisfies

R im 1L rrtdm JJidm  iqeim
O, O], O, U s 5, =8 i (4.11)
or more compactly,
Ug -aUelU e - gUls) =|s) (4.12)
m copies m copies

In other words, |s) is an invariant under global SU(N,) transformations. It is important to note
that the group elements U appearing in Eq. 4.11 and Eq. 4.12 are all the same group element.
One may replace these group elements with Wilson-lines U, provided that every Wilson-line is

evaluated at the same transverse coordinate .

We shall refer to the linear space of colour singlet states in V¥ @ V®™ as the colour space
of VO™ @ VO™ and we shall denote this space by €(SU(N,); V™ @ V&™) or more simply
(VO™ @ VO™ If it is clear which tensor-product (base) space we are working with, we shall
simply write colour space without explicit reference to the base space. For m # m, there exists
an [s) € VO™ ® V™ satisfying Eq. 4.12 if and only if there exist positive integers a,b € NT
such that m —a N, = n —b N, =: k, in which case |s) can be mapped onto an equivalent colour
singlet state on the base space V®* @ V®* which has the same number of quark and anti-quark
legs [34]. Therefore, it is sufficient to only study colour space for m = m. We shall restrict our

attention to this case for the the remainder of this thesis.

"We shall distinguish Wilson-line amplitudes from Wilson-line correlators with the latter being the target
average of the former.
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Having argued that it is sufficient to consider only the case when the number of quarks equals
the number of anti-quarks (m = m), for ease of adding quark—anti-quark pairs (which we shall

want to do a little later) it is more natural to work with the following tensor-product space
wem, W=VaV, (4.13)

as opposed to V™RV ®™ even though the two tensor-product spaces are canonically isomorphic.
The tensor-product representation of SU(N.) on W®™ (which is canonically isomorphic to

Eq. 4.9 for m = m) can be depicted in birdtrack notation as

»
(Ug, ® U;jl) @ @ (Ug,, ® U;m) =: ! }m pairs, (4.14)

——

where the Wilson-line symbols are labeled from top to bottom @1, y1, - - ©m, Ym. The advantage
of using W®™ instead of V¥™ @ V®™ is that one can easily add a quark-anti-quark pair
(represented by the tensor product of a fundamental with an anti-fundamental Wilson-line) to

Eq. 4.14 by appending the pair to the bottom of the diagram

— ——

: m pairs M} (m + 1) pairs . (4.15)
—>— ——
+]

In birdtrack notation, |s) € €(W®™) is written

|s) =1 m pairs ; (4.16)
and the analogue of Eq. 4.11 is represented by
iy —— j1 i1 i1
i1 —Pp— 1 i1 i1
g : = : = , (4.17)
im —<—zm im im

im Jm im im
where the black-coloured Wilson-line symbols all share the same transverse coordinate.

Let Bon(SU(N,); W&™) or more simply Bon(W®™) denote an orthonormal (ON) basis for
colour space, where the i basis element is labeled |m;i). For |m;i),|m;j) € Bon(WE™),
the probability for the colour singlet state |m; j) representing a colour component of the wave
function for m quarks and m anti-quarks in the asymptotic “past” (with respect to the minus

light-cone direction) to transition into the colour singlet state |m;i) in the asymptotic “future”
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in the presence of the shock-wave background field of the target is given by the square of the

amplitude
N
<m77J‘Um1®®Umm®UJI®®U1J;m‘m7j>: u ) (418)
N

where the “time” evolution operator sandwiched between the in and out basis states is precisely

the tensor-product given in Eq. 4.14. We shall label the amplitude in Eq. 4.18 by

(4.18) = AL sy, -+, Ugps U -+, U ] = [A&T)..xm;yl...ym}ij = [A(@Lj, (4.19)

1) Yy’

where & and ¢ (seen in the last equality above) are compact notation for

1 Y1
(4.20)

8.
I
<
I

Tm Ym

Eq. 4.18 may be regarded as the i*" row and j* column of the ¢™q™ Wilson-line amplitude
matriz. For m < N, the dimension of colour space is m! [34] which means that the ¢™¢™
amplitude matrix is a matrix in Mat,,)(C). With Eq. 4.18 computed as an expectation value
in a basis of colour singlet states, any amplitude consisting of m fundamental and m anti-
fundamental Wilson-lines can be expressed as a linear combination of elements from this ¢™¢™
amplitude matrix. In the limit that all transverse coordinates become coincident (i.e. the same)

Eq. 4.18 reduces to

N
[AS(BT)“wl;wr"wle = u =i |J)=0i- (4.21)
N

The second equality in Eq. 4.21 follows from Eq. 4.17 and the third one from the orthonormality
of the basis colour singlet states. As mentioned previously in this section, the dipole operator
or g¢ amplitude matrix given in Eq. 4.6 is the simplest example of an amplitude matrix which

is computed by sandwiching the Wilson-line tensor product
U ® Uy = 3, (4.22)
between the only normalized element in €(WW'), namely

1) =1;1) = D. (4.23)

Vs

Let us pause briefly to discuss two specific (types of) bases for colour space.
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e Young basis: The Young basis [34] is an ON basis for colour space constructed by
taking the Hermitian Young projection operators and transition operators on V®™ and
“bending” them to form colour singlet states. This basis is well suited for taking quark—
quark and/or anti-quark—anti-quark coincidence limits in amplitude matrices constructed
in this basis. In addition, the states make manifest dimensional zeros: as m becomes
greater than N, individual basis elements “switch oft” (become zero) because they contain
anti-symmetrizers over more than N, legs. This sensitivity to V. ensures that the Young
basis remains a basis for all N, € NT.

e Fierz bases: A natural ON basis in the context of the JIMWLK equation is one that
possesses the Fierz property; 1 shall call these bases Fierz bases. Fierz bases are well
suited for taking quark—anti-quark coincidence limits in amplitude matrices constructed
in these bases. We shall discuss the Fierz property, Fierz bases and their “naturalness” in

detail later.

Let A be a real vector space carrying the adjoint representation of SU(N,.). In the birdtrack

formalism, generators are written

NG T V2 = i, (4.24)

a a

where we have included a factor of the square-root of the “normalization” constant /2 in the

pictorial definition of the generators such that
aOys = 2Ty ((t“)Ttb) = 2Tr (t“tb) L — (4.25)

Having introduced the birdtracks representation for generators, we can now diagrammati-
cally write down the infinitesimal version of Eq. 4.17: replacing each fundamental and anti-

fundamental Wilson-line on the left hand side of

U(s) := explist?], Ut (s) := exp[—ist?], (4.26)
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respectively, (where t* is some generator) and differentiating both sides with respect to s at

s = 0 produces

e —0. (4.27)

This relation will be useful later. It can also be used to prove the infrared finiteness of the

JIMWLK equation for colour singlet channels [17].

We shall find it useful to think of generators as Clebsches (Clebsch-Gordan coefficients): states
which take a pair of (anti-)fundamental indices into an adjoint index, or vice versa, which we

write as

V2ItY) =: >, V2(t9 =: e (4.28)

An adjoint Wilson-line U, can be expressed in terms of (anti-)fundamental Wilson-lines ;T)

through
(020 = 2Tr (+°U.£U] ) = 2(°|U- ® US|t), (4.29)

which in birdtracks reads

PRVENSES a(::D,b . (430)

4.1.1 The Fierz Identity

We can always decompose W =V ® V into a direct sum over irreducible representations (also
known as irreps or multiplets). This decomposition is performed with the aid of the following

two projection operators P,, P4 : W — W defined as

1
Po=MIl= 13 € (4.31a)

Py =2t (t?| = 2. (4.31b)
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Clearly these projection operators are orthonormal and their ranks? (which can be computed

by taking the trace of each projection operator) are given by

rank(Py) = (1[1) = dlfTr(]l) 1, (4.32a)

rank(Py) = 2(t°[t7) = 2Tt (t%%) = 69 = N2 — 1. (4.32D)

Notice that the sum of their ranks is N2 which is precisely the dimension of W. P, projects onto
the singlet representation of W, denoted e, while P4 projects onto the adjoint representation

A. This allows us to write
W=edA, (4.33)

which is precisely the decomposition of W into multiplets. The above projection operators sum

to the identity map on W:
tw = Pe + Py, (4.34a)
or in birdtrack notation

—=-2 C+>C. (4.34D)

> ="—_—3 c. (4.35)

4.1.2 Complex Conjugation

It is necessary for subsequent discussions to derive the birdtrack rules associated with complex
conjugation. Firstly, the complex conjugate of the identity map is (iy)* = ¢y which is the

identity map on V; the action of complex conjugation can be depicted diagrammatically by

Note that as linear maps, iy # i, because each linear map operates on a different linear space,
but the components of their respective matrix representations are equal. We shall denote this

equality of matrix components by the symbol = where

iy Zip = ([zv]zj is equal to [iv]ij for any pair of indices 1, j), (4.37)

2The rank of a linear map is the dimension of its image.
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or in birdtracks
—— ¥ —— <= (i——j is equal to i——; for any pair of indices i, j). (4.38)

One can easily check that = is an equivalence relation. Comparing Eq. 4.36 with Eq. 4.3,
specifically the columns on the right-hand side, one can conclude that the action of complex
conjugation on a birdtracks diagram representing a linear transformation is to reverse the direc-
tion of each arrow while leaving the position of each index label unchanged. This diagrammatic
rule is true in general: it holds for Wilson-lines, colour singlet states and generators. In order
to clarify this birdtrack rule for complex conjugation, we shall examine two examples. The first

example is

T (U, UJ, Ua, U, ) = @ (4.39)

The complex conjugate of the left-hand side of the equality in Eq. 4.39 is computed as

[Tr (Uml U} Us, ng)} o ([UMU; Us, U@H T) — Tr (UglUm U;2Uy1) = @ (4.40)

The diagrammatic manipulations required to map Eq. 4.40 into Eq. 4.39 are

* i1 * '_i1<'21 * 213 * i1 3'1'{>Z1 {13
1@ = B -le] g 1B -6 an
[@] [<12‘| |j2§7é 323 iz 52%52 323

which implies the following:

e For fundamental and anti-fundamental Wilson-lines

(i—g=3)" = [(U)"]; = [UL)} =2 imps, i)
‘ - - ‘ 4.42
(i—p—i)" = [(U;)*]J; = [Uy]g] =iy
Yy Yy
The operation of complex conjugation for Wilson-lines may seem somewhat “unnatural”,
since the complex conjugate of a unitary linear map is equal to the transpose of its
adjoint which is not necessarily anything useful. However, later we shall find that these
diagrammatic rules for complex conjugating Wilson-lines become immensely useful when

we consider real and imaginary parts of Wilson-line amplitudes/correlators.

e For tensor-product representations of Wilson-lines acting on W&™

3'1-(-;'1 * }’1*{1

I S i1~ i1
im < im im P im

tm Im im Im
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e For colour singlet states on W®™

J1 J1 i1 i1

J1 J1 i1 i1
: = ; : = D (4.44)
im im im im

Jm im im im

where the labels ¢* and j* are a shorthand reminder that, when writing the colour singlet
states as complex linear combinations of Kronecker delta symbols, the complex coefficients

need to be complex conjugated. For real colour singlet states

J1 J1 J1 i i1 i1
J1 J1 J1 i1 i1 i1
: = = ; D= = S, (4.45)
im im im im im im
Jim Jm im im im im

where we again note that although the complex conjugate of colour singlet states are
tensors living in different tensor-product spaces, their tensor components are real linear

combinations of Kronecker delta symbols and, consequently, are equal.

The second example is the adjoint Wilson-line U, seen earlier:

[[NJz]ab — 9Ty (taUzthi) — a""'C:D("'b = a-eb. (446)

z

The complex conjugate of Eq. 4.46 is

(03] = [O5] = 2Tr (#"ULU ) = oo = e = [T, (4.47)
from which we have that

[;)a]* — \/i[(ta)*]ij — \/i[ta] i ;)a,
' - : | (4.48)
[ €] = V2[(tY)]; = V2[tY)) = .

4.2 Colour structures

Before introducing the Fierz property (as promised earlier), in this section I introduce the notion
of colour structures. Colour structures are colour singlets states of A¥™ (where A is a real vector
space carrying the adjoint representation of SU(N.) and m € Nt > 2). They are important

because:

(i) they are used to canonically construct Fierz bases for the colour space of W®™;
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(7i) they are used in exponential parameterization of Wilson-line correlators (see Sec. 6.1) and

ensure that colour singlet channels remain colour singlet channels.

The notion of colour structures naturally arises in the context of pure adjoint colour singlet

states of W™ which is the topic of the following subsection.

4.2.1 Pure adjoint colour singlet states and colour structures

A colour singlet state |m; s) 4 of W®™ is said to be of the purely adjoint type if it is an eigenstate

of the projection operator
PA®m = m pairs (449)

with eigenvalue 1. The linear space of all pure adjoint colour singlet states forms a subspace of
the colour space of W®™ which we denote by C(A)(W®m). Clearly one can always write a pure

adjoint colour singlet state |m;s)4 € €A (WE™) as?
Im;s)a = V2t) @ - - @ |t )CHaram, (4.50)

where C(9)@10m is the coefficient tensor of |m;s)4 in the basis v/27[t%) @ --- ® [t%). We
refer to these coefficient tensors as colour structures. Since Eq. 4.50 is a colour singlet state in
W®™_ one immediately sees that C(®)21@m ig a colour singlet state in A®™. The linear space
of colour singlet states of A®™ is denoted by €(A®™). Clearly €@ (W®™) and ¢(A®™) are
isomorphic; if we can construct an ON basis for colour structures, we immediately have an
ON basis for pure adjoint colour singlet states via Eq. 4.50. Drawing the tensor product of
Clebsches v/2M[t") @ - -+ ® [t?™) as

oo
V2R @ - @ [ty = 1 (4.51)
D am
and the colour structure C($)a1am aq
C(s)a1~~-am — } — , (4.52)

3Because Eq. 4.50 is automatically a eigenstate of P4®™ with eigenvalue 1.
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Eq. 4.50 can be depicted in birdtrack notation as
|m;s)a = - : = . (4.53)
In the remainder of this section I present two construction algorithms for bases for €(A®™).

4.2.2 The trace basis for colour structures

The trace basis, denote by Bt (A®™), is a spanning set for €(A®™) which is over-complete
when N, < m and linearly independent when N. > m [35]; only in the latter case is the trace
basis really a basis for €(A®™). The trace basis is characterized as the set of all unique and
non-zero products of traces of products of (fundamental) generators where the total number of

generators is m. As examples:

e For m = 2, the only unique and non-zero product of traces of products of generators that

can be formed is?

Tr (1914%2) = %5 -

J

(4.54)

N =
e 2
S

A reordering of the generators in Eq. 4.54 is undone by the cyclicity of the trace and
taking the product of traces of individual generators vanishes because the generators are

traceless.

e For m = 3, one can form two trace basis elements:

1 aq 1 ay ay 1
Tr (t“1%2t%) = ——= a2 =—| a2 ¢+ a ] = — [d19298 4 g fara29s] 4.55a
(eme) = = B =7 [ B3+ B3] =g Foseses], (4.550)

1 ay ay 1
Tr (t"1t%3t"2) = —— = — | a2 — ap = — [d™M19203 _ ; £010203 4.55b
' ( =575 B0 =7|53- 53] =11 ifue2e] | (4.55b)

where d®1%2%3 and 7999 are the totally symmetric and anti-symmetric structure con-

stant of su(N,), respectively.

“In this subsection as well as in the following one, we shall denote adjoint lines by a solid thin line as opposed
to a dotted thin line in the hopes of making the birdtrack diagrams more clear.
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e For m = 4, one can form nine trace basis elements: three of the nine elements consist of

products of two traces of pairs of generators

1 1o
TI. (talt(ZQ) ’I\I. (ta3ta4) — 75@1@25@3@4 — ZQ D’ (456&)
4 425
T (841493 Tr (£, t™) = L gmasgaras — 1w 5 (4.56b)
2 4 4 377
1 1
Tr (ta1ta4) Tr (taztas) — Z5&1(146112&3 — Z Zi 97 (4.56C)
while the remaiming rour e ements consist of a sigle trace of four generators
hile th ining f 1 ist of a singl f f
1=
Tr (¢*1¢92¢93¢%) = 1% 3) (4.56d)
1"
Tr (7149249449 = 1% 3) (4.56€)
1 @
Tr (191493492494 = 1 .2 8:)’ (4.56f)
1 ay
Tr (£*1¢%3¢%4¢%2) = 10 %) (4.56g)
aq
1
Tr (¢*1¢%4¢92¢%) = 1% g) (4.56h)
1
Tr (471494493492 = i .2 %:) (4.561)

Consider the function f : By (A®™) — S, which (for a given trace basis element consisting of
a product of traces) maps each trace over say n € NT > 2 generators with free adjoint indices

ai,---,ay into a cycle in n symbols 1, -, n:
FOTr (o 12)) = (1, m). (457)

Then f maps each trace basis element in B, (A®™) into a distinct product of disjoint cycles.
This product of disjoint cycles represents a permutation on the symbols 1, - - -, m, but since all m
symbols are present and there are no disjoint 1-cycles® the permutation does not have any fixed
points and, hence, is a derangement® on the symbols 1, ---,m. One can easily convince oneself
that f is 1-to-1 and, hence, a bijection between B, (A®™) and the set of all derangements in
S

5A disjoint 1-cycle would correspond to a trace over a single generator which is zero since the generators are
traceless.

SA derangement on m symbols is any permutation in the permutation group S,, on m symbols without a
fixed point.
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For example, the trace basis elements in Eq. 4.55 are mapped onto the derangements

Tr (t4¢92¢93) L5 (1,2, 3), (4.58a)

ER
Tr (tp92) Ly (1,3,9), (4.58b)
in S3. These are the only derangements in S3; the other 3! — 2 = 4 elements in S5 are given by

(1,2), (1,3), (2,3) and the identity map, all of which have at least one fixed point.

Thus, the total number of derangements in m letters counts the total number of trace basis
elements in B, (A®™). The former is given by !m — the sub-factorial of m — which can be

calculated using’ [36,37]

! ! - ("
'm = m! Z o (4.59)
k=0
For N, > m, Eq. 4.59 counts the dimension of the linear space of colour structures [35]
di @m Ne>m ®@my| _|
im (C(A%™)) == |B1.(A°™)| =Im. (4.60)

4.2.3 The Young basis for colour structures

The trace basis is problematic for two reasons:

(i) Firstly, the trace basis is, in general, not orthogonal. This problem can be rectified using
Gram-Schmidt orthogonalization since there exists a natural inner-product for the colour
space of colour structures. However, the Gram-Schmidt algorithm leaves something to be
desired in that the output of the algorithm is dependent on the order in which one chooses
to label the basis elements before applying the algorithm. Independent of this problem,

Gram-Schmidt orthogonalization does not help to address the second problem.

(ii) For N. < m € NT, the trace basis for the colour space of A®™ becomes over-complete; its
elements are no longer linearly-independent which means that the trace basis is no longer

a basis, only a spanning set.

This second problem is already seen in the trace basis given in Eq. 4.55 for the colour space of
A®3, For N. = 2, the generators of SU(NN,) are proportional to the Pauli-spin matrices which

satisfy the anti-commutation relation

Ne=2 1

T 92
fror,po 222 2

519205 o) (4.61)

"For all m € N, !m € N as can be seen from Eq. 4.59 since for all k € N < m, 2 € N*.
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from which one can easily derive the well know result
d919203 — 9Ty ({11, 192 }199) D=2, gueay (493) = 0, (4.62)

Eq. 4.62 implies that two trace basis elements in Eq. 4.55 are linearly dependent when N, = 2,

related to one another through

o1 o N—
(4.550) X=2 R Ne=2 _ (4.55b). (4.63)

ag

Clearly a better choice of basis for the colour space of A®3 are the normalized states d® @293

and 7 f%1929 gince they are orthogonal and they are sensitive to dimensional zeros.

A basis for the colour space of A®™ is said to be semsitive to dimensional zeros, if

for N. < 'm certain basis elements automatically drop/become zero such that the remaining

basis elements are still linearly independent and they still span the colour space of A®™.

In summary, we do not like the trace basis because we want a basis for the colour space of
A®™ which is orthonormal and which remains linearly independent (and, hence, a basis) for all
N, € Nt > 2. Furthermore, we want a construction which produces a unique basis. There exists
an algorithm in the literature [35] which can be used to construct such a basis. However, this
algorithm is inefficient, listing possibilities that need to be systematically checked. Recently, an
alternative construction for an orthonormal basis for the colour space of A®™ has been proposed
in [38]. This construction is also not quite fully developed, but for the examples considered (for
m = 2,3,4) it fulfills both the requirements of orthogonality and sensitivity to dimensional
zeros. In addition, this construction produces basis colour structures with definite symmetry
properties; they are simultaneous eigenstates (in the trace basis) of Hermitian Young projection

operators on A®™.

By Hermitian Young projection operators on A®™ I am referring to the natural action of
the standard Hermitian Young projection operators on A®™ where the standard Hermitian

Young projection operators are formally elements of the permutation algebra

R[S,,] :== { Z QO ‘ ar €ER,0 € S’m}. (4.64)

oESH

When viewed as projection operators on VO™ they are mutually orthogonal and they project
onto irreducible representations of VE™. However, as projection operators on A®, they do
not project onto irreducible representations of AS™. A review of standard Hermitian Young
projection operators and transition operators is outside the scope of this thesis. Instead I

shall introduce only the definitions necessary for our purposes and refer the interested reader
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to [38-40] for the rest of the details.

I shall call the basis of colour structures produced by the following construction as the Young

colour structures, and I shall denote this basis by %Young(A®m).

An outline of the construction for Young colour structures

Let us use the symbol Y,, to denote the set of all Young diagrams with m boxes where each
Young diagram is labeled @gm) for I =1,---,|Y,,|. For a given Young diagram (:)gm) €Y,
let us denote the set of all Young tableau corresponding to the Young diagram (:)gm) by y{”).

We shall label elements of y}m) by @%) where ¢ runs from 1 to |y§m)|. For example:

e For m = 2, there are only 2 Young diagrams

6@
A (2 2
6

Yo={] 1, H} (4.65)

with corresponding Young tableaux

2
©) of)
1;1

o = {lz o - {H} (4.6

e For m = 3, there are 3 Young diagrams

5(3)
A(3) 63
A (3) O,

91

Y; = {[[D | } (4.67)

with corresponding Young tableaux

o®

o = {0la) 9 =

(4.68)

Take any Young diagram (:)(Im) € Y,,. Then one can define a D)Im)] X yy/”)| matrix smgm) whose

components are elements of the permutation algebra R[S,,] and are defined through

m PO} if i = j
[EJﬁg )]ij = (Ir’n) (m) . ) (4.69)
T[©},;",0;;’] otherwise
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where P [@gnz)] is the Hermitian Young projection operator associated with the Young tableau
@%) as defined in [39] and T [@%) , @g”;)] is the transition operator from image of P[@Zr;)] to the
image of P [@%)] as defined in [40]. These matrices mf,m) for I =1,---,|Yy| can be embedded
in a larger block diagonal matrix

DJIY") 012 -+ Opy,

02,1 gﬁém) 02,\\{,,,\
me) = : (4.70)

Ov,,1 Oy2 - im\(;n),l

where 07,7 denotes a Dﬂ}m)| X \yf,m)| matrix of zeros. Below are examples of 9™ for m = 2, 3:

e For m = 2,

: (4.71a)

m? =[], mP=[}] (4.71b)

gﬁ(3): 0271 mg‘)) 02’3 , (472&)

where

%
2

zm(f’)_HE, m — | ng3>_[1]. (4.72b)

For future convenience we shall write

Y] V7]
HYPO, = | U {07} S R[S, (4.73)
I=1 =1

to denote the set of all Hermitian Young projection operators.
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To re-iterate, [Z)ﬁgm)]u = P[G%)] (see Eq. 4.69) is the Hermitian Young projection opera-
(m) (m)

tor associated with the Young tableau ©7.;” where ©}.;” is the i™" Young tableau correspond-

ing to the I Young diagram with m bozes; this is summarized in Fig. 4.1.

Hermitian Young projection operator

™) = PlOf]
N——"

|

i*™ Young tableau corresponding to the
I*" Young diagram in
m boxes

FIGURE 4.1: (Colour online) Explaining the notation of [90™];;.

At this stage, the notation [9Jt<,m)]” feels unnecessarily cumbersome. Unfortunately, the notation

is necessary, but this only becomes apparent Sec. 6.2.

In order to act with these projectors on the colour space of A®™, one needs to define an action

of the permutation algebra R[S,,] on the base space A®™. We define our action

ot R[Sy] x A®™ — A®™ (4.74a)
such that Vo € S, and VT am ¢ A®™

O Oy TH 7M1= T (1) " o(m) (4.74b)
and then we extend by linearity; i.e. Vaq, a0 € R, Voi,09 € Sy, and VT4 0m ¢ A®™

(101 + @202) 0, T4 := vy (01 0y, T + ag(09 0y T4, (4.74¢)

In what follows, we shall simply write o instead of o,, for the sake of brevity.

Let By, (A®™) = {Clmk)ar-am}im  denote the trace basis for the colour space of A®™. Consider

an arbitrary vector in C% % € €(A®™) expanded in the trace basis

Im
caram = 3" g Clmiklaram, (4.75)
k=1
where o € R for all kK = 1,---,!m. Now, C*% in Eq. 4.75 is a simultaneous eigenstate

of the projection operators in HYPO,,, if C% % is non-zero and for all I = 1,--- | |Y,,|, i =
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1,--- |y§m)| there exists A\(™1%9) € R such that
[gﬁgm)]u o Coram — \(milii)par-am (4.76)

where the composition o is the action defined in Eq. 4.74. Since HYPO,, forms a complete
set of mutually orthogonal projection operators [39], for all I = 1,---,|Y,,| and for all i =

1, ]ylm)| the following is true for Eq. 4.76:

(i) A™59 can only be 0 or 1, since [fmgm)]“ is idempotent;
(ii) A759) can be 1 for at most one pair (I,4) since the projection operators are mutually
orthogonal;
(iii) AL must be 1 for at least one pair (I,1) since the projection operators decompose

unity, otherwise C* %" = (.

Consequently, in order to find all simultaneous eigenstates of HYPO,, in €(A®™), it is
sufficient to find the eigenstates of each projection operator with eigenvalue 1. We shall
use the notation CMliimiar=am o denote the m;™ eigenstate of the projection operator
[Dﬁgm)]u with eigenvalue 1 in €(A®™). Here m; is a degeneracy label; i.e. for all m; =
1+ ,d(m; ;1)

[m(lm)]iiC(mJ?i?mi)al"'am — cmilimi)ayam (4.77)

The above notation is summarized below in Fig. 4.2.

clmiliimi)ar-=am jq ) th eigenstate of [Dﬁy”)]ii with eigenvalue 1

l

colour singlet state in A®™

FIGURE 4.2: (Colour online) Explaining the notation of C(m/i#mi)ar--am

In the case where d(m;I;i) > 1 one needs additional criteria in order to uniquely orthogonalize
{ctmilsizmi)ar-am }fé:’i{;i) in such a way that dimensional zeros are made manifest. This is a

topic of ongoing investigation [41].
Let us consider, as examples, the Young colour structures of A®™ for m = 2, 3:
e For m = 2, since there is only one trace basis element (c.f. Eq. 4.54), namely

Tr (t91492) = %5611&2 - % et
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which spans €(A®2), it must be the case that Tr (t*1¢%2) is automatically a simultaneous
eigenstate of the projection operators in Eq. 4.71. Indeed this is the case. It is easy to

show that

P 0 2Tx (t9802) = 2 [0 = 10 = 2T (1914%2) (4.78a)
I 0 2T (t91492) = 2 o =0 (4.78b)

Consequently, the only Young color structure in A%? is

C(Q;l;l;l)amz :N2(~1;1~)1~15a1a2 :_/\/’2(;;1;)1;1 Z; , (4.79)

y byt

where the normalization constant is given by

A 1
N2(;1;)1;1 = \/77147 (480)

with d4 = dim(A4) = N2 — 1 such that the inner-product of Eq. 4.79 with itself is unity

<C(2;1;1;1)‘C(2;1;1;1)> — (C(Q;l;l;l)alag)*C(Q;l;l;l)a1a2 - 1. (481)
For m = 3, there are two trace basis elements (see Eq. 4.55)

1
Tr (t"11%2%) = —— w §)),
( =55 20

1 o
Tr (£%1¢93¢%2) = w40,
( ) ok O

which span €(A%3). Let us compute explicitly compute the eigenstate of

RARIITES j} (4.82)

with eigenvalue 1 in €(A®3). To this end, we write
C(3;1;1;1)(z1a2a3 — 041T1" (ta1ta2t03) + OQTI‘ (taltGSt@) (483)
where a1, a2 € R are as yet undetermined, and we require that

[WI§3)]11 o C(3;1;1;1)a1a2a3 — C(3;1;1;1)a1a2a3 (4.84&)

a1 + Qg

[Tr (£714%2498) 4 Tr (£714%3192)] = oy Tr (£ 492493 + g Tr (£21£99¢92)

— a1 = Q9. (4.84b)



Chapter 4 Wilson-line correlators 69

Consequently, we have that

COmIMeeans — gy Ty (171 {172, 1%5)) = UL gmeass, (4.85)

The overall normalization constant o is then fixed by requiring that

<C(3;1;1;1)|C(3;1;1;1)> — (6(3;1;1;1)a1a2a3)*6(3;1;1;1)a1a2a3 -1 (4.86)

Repeating this process for the other elements of HYPOj3, we find that the Young colour

structures in A®? are unique® and are given by

C(B;l;l;l)amzas - N:S(;I?;)l;ldalaz% = N?S;?;)l;l g% }, (4'873)
o 8 g = A (87

a

where d192% and i f*1%2% are the structures constants of su(N.) and the normalizations

in Eq. 4.87 are given by

A 1

N?E;l;)l;l = JiCy (4.88a)
A 1

Nygha = . (4.88b)

The quadratic Casimir d®1¢2d*1¢2 = Cy6® is given by Cy = N]Ci,:4.

4.2.4 Complex conjugating pure adjoint colour singlet states

We now turn our attention to a simple but important result, Lemma 4.1, which pertains to

the complex conjugation of pure adjoint colour singlet states: a result which follows from the

(>C)* = D€ = DkC. (4.89)

As we shall see, we shall need to use Lemma 4.1 on more than one occasion.

Recall from Eq. 4.35, that the Fierz identity is given by

Py =iy — P, (4.90a)

8Up to an overall sign.
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or in birdtrack notation

> ="--"-> ¢, (4.90b)

Eq. 4.48

Now, using the equivalence relation = defined in Eq. 4.38, namely
—— ¥ —— <= (i——j is equal to i——; for any pair of indices i, j). (4.92)

we have that

Eq

1 4.
_d7f> C = _(__CTfB C >, (4.93)

P (4_‘_

which proves Eq. 4.89. It must be emphasized that Eq. 4.93 is not an equivalence of linear maps
since the left-hand-side of the = symbol is a linear map on V @ V and the right-hand-side is a

linear map on V ® V. Instead, Eq. 4.93 is an equivalence of their tensor components.

Having established Eq. 4.89, we now consider a natural generalization of Eq. 4.89, given in the

following original lemma.

Lemma 4.1. Given a colour structure C($)%1-¢m ¢ ¢(A®™) (where m € Nt > 2)

|(tal)*> R R |(tam)*>c(s)a1~-~am o |ta’1> R ® |tam> (CEZSB“-am)* ’ (4.94&)

or in birdtrack notation

: @ o~ %7 (4.94b)

where = is the equivalence relation defined in Eq. /.37 which expresses equality of the tensor

components of the left- and right-hand-sides of Eq. 4.94: i.e.

L R e () I C
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or diagrammatically

n> e
He) = s, (4.95D)

Proof. Recall that a colour structure C(*)41@m ¢ €(A®™) (where m € Nt > 2) can always

be expanded in the trace basis as a real linear combination of products of traces containing

products of generators t%,---,t%. Therefore, it is sufficient to show that for all m € N* > 2
(")) @« @ |(4™)*)Te (2% - -+ t9) Z [t @ - @ [t* ) Tr (¢ - - - ¢9m)" (4.96)

where ’I‘I'(tal st tam)* = ’I‘I‘((tal tee tam)*) = Tr ((tal ce tam)T) = Ty ((tal)T e (tam)T) =
Tr (¢% - -+ t*); i.e. complex conjugation of a trace of generators reverses the order of the trace.

In birdtrack notation, Eq. 4.96 reads

where the second diagram is related to the first one by flipping the directions of the generator
arrows on both the external and the internal lines. But Eq. 4.97 follows immediately from
Eq. 4.93. This concludes the proof of Lemma 4.1. |

4.3 Fierz bases for colour space

Having introduced colour structures in the previous section, we are now in a position to properly
define the Fierz property and write down the set of all bases for colour space that posses this

property. This is the topic of the following section.

4.3.1 The Fierz property: simultaneous eigenstates of the Fierz projection

operators

Recall that we can decompose W into multiplets

W=ea A, (4.98)
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where the projection operators onto each multiplet are given by

P P4

1
—> €, >C. (4.99)
dy

These projection operators are mutually orthogonal and they are complete: they sum to the

identity map on W (see Eq. 4.34). Using Eq. 4.98 one obtains the following decompositions

WO2=WeedAd) =23 (ARe)d® (e A)d A2 (4.100)
WE W@ (e A)=eP @ (Ae®?) 0 (e A e)d (A% @)
O (0 RA) D (AR e A) D (e @ A%?) @ A3, (4.101)

and so on, with the projection operators onto each factor in the direct sum after the last equality
in Eq. 4.100 and Eq. 4.101 given by

P,®2 PA®P, Po®Py Py®?

1>5€C 1>€ 13¢C >

2> C dfd € dp>-C >

Pe®3  PA@Pe®2 Py®@PA®RPs PA®2R0P, Poe®2®P4 PAQPe@Ps Po@Pp®2 P,%®3
/2€C [ >C [ 3€ [ 3€C 2€ [>C 2C3C
de) <, dﬁ) <, dj} """" L df) """" €, dﬁ) <, df) <, df) """" <, €. (4.103)
'ye "y c 3y ¢ f)( fy-€ f} ....... € f) ........ € Y€

(4.102)

These projection operators are also mutually orthogonal and complete.

In general, one can always choose to decompose W®™ according to the above procedure, pro-

ducing
wem — EB?;O @UESm—i,i (.0(1) ®--® ®5(m—i) ® Aa(m—i-l—l) ®--® Aa(m))7 (4104)

where for each i = 0,---,m in the direct sum, S,,;; is the set of (m — i,i) shuffles’, and the
subscript on the multiplets @ and A labels their positions in the m-long tensor product. It is
understood that the contributions to the direct sum over i from ¢ = 0 and i = m are ™

and A®™ respectively. The projection operators onto each term in the double direct sum in

9A (k,1) shuffle, where k,I € N and k41 > 1, is a permutation o € Si1; in the permutation group on k 4+ [
symbols which satisfies [14]

o(l) < -+ <o(k), and olk+1)<--<olk+1). (4.105)

The set of (k,l) shuffles is denoted as Sk,;. The size of Sk, is given by

k+1
|Skt| = ( Z ) (4.106)

For k =0 or [ =0, Sk, contains only the identity element of Si; which is in agreement with the formula for the
size of Sk, which is 1 in this case.
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Eq. 4.104 is given by the set

FPO(WW):G U {(P)o)y @+ @ (Po)otm—i) ® (Pa)om—i+1) @ -+ @ (Pa)o(m) }»

1=0 0€Sm_i;
(4.107)

which we shall refer as the set of Fierz projection operators. The number of Fierz projection

operators can be counted as

m m

number of Fierz projection operators = E |Sr—ii| = E <m> =(1+1)"=2", (4.108)
; ; i
1=0 =0

as expected.

Finally, we are able to provide a definition for the Fierz property: a definition which, to my
knowledge, and the knowledge of my supervisor, has not appeared in the literature to date.
A basis for the colour space of W®™ is said to be a Fierz basis or, equivalently, possess the
Fierz property if it simultaneously diagonalizes the Fierz projection operators given in Eq. 4.107.
Having already introduced pure adjoint colour singlet states and colour structures in the previous
section, we can immediately write down a canonical definition for all Fierz bases. Any Fierz

basis for the colour space of W®™ is given by

U U U {\/?H)U(l) Q- ® ‘1>U(m—i) @ ’ta1>0(m—i+l) X |tai>a(m)c(i;k)almai}’

=0 O'ESi,m—i k
(4.109)

where for each i € NN [2,m], B(A®") = {CBFa1~e}, is some basis for the colour space of
A% and the state [t%) is defined in Eq. 4.28 as v/2[t%) =: >-«. The definition in Eq. 4.109 is

canonical in the sense that it is independent of the choice of basis colour structures.

For m =1, there is only one basis element, namely

11;1)=[1)
N1 (4.110)
where
1
N (4.111)

v
4.3.2 The Fierz-permutation basis

The Fierz-permutation basis is a spanning set for €(W®™) possessing the Fierz property which

is uniquely constructed from the set of permutations on m symbols S,,. The “basis” elements
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are written as m-long tensor-products as in Eq. 4.109 according to the following procedure:

(i) Label each element by a permutation ¢ € S,, where we choose to decompose o as a
product of disjoint cycles, keeping disjoint 1-cycles explicit.
(ii) For each disjoint 1-cycle (j) (where j € NN [1,m]) in o, assign the colour singlet state |1)
to the j*™ position of the m-long tensor-product.
(iii) For each disjoint n-cycle (j1,---,Jn) (where n € NN [2,m] and {j1,---,jn} C NN [1,m])

include

1

VI)), @ o @ [0, T (19 - ),

—1/2 _ -
= |:] -

in the m-factor tensor-product where [t*); means assign the state |t*) (defined in Eq. 4.28

as v/2[t%) =:-«) to the j*" position in the m-long tensor-product.

The m! “basis” elements produced by the above procedure are already normalized but not
necessarily orthogonal and they are only linearly independent for m < N.. The result of the
above procedure is identical to the spanning set given by Eq. 4.109 where the colour structures
are given by the normalized trace basis. The Fierz-permutation basis for m = 2,3 are given

below.

e For m = 2, the Fierz-permutation basis is given by

(ME)  1(12)

s W
. . 4.112
o3, Noad), (4112
where
Mot = ) Ny = —=— (4.113)
2;1_ dfy 2;2_ \/di .

Eq. 4.112 is an ON basis for all N..

e For m = 3, the Fierz-permutation basis is given by

[(D2)3))  112)(3))  1(13)(2))  [(1)(23)) [(123)) [(132))
= T S - T SR S
N31d , Nsod, Nasd H Naad, Nas -0, Nae >, (4.114)
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where
~ 1 ~ ~ ~ Nog o ~ 4N,
= — 5 = 5 = g = —== 5= =4 ——. 4.115
N3 \/@, N3zo = N33 = N3y Jd; N5 = N dA(NZ —5) ( )

Eq. 4.114 is linearly independent for N, > 3 but is over-complete for N, < 3. Eq. 4.114
is not orthogonal because the last two elements have a non-zero inner-product with each

other.

4.3.3 The Fierz-Young basis
The Fierz-Young basis is the Fierz basis given by Eq. 4.109 where the colour structures are
given by the Young colour structures. For the Young colour structures listed in Eq. 4.79 and

Eq. 4.87, the Fierz-Young basis for m = 2 and m = 3 are given below.

e For m = 2, the Fierz-Young basis is given by

12;1) 12;2)
Najt ; N ;f_}, (4.116)
where
Noy = dlf, Nayo = Ng(;i)l;l- (4.117)

e For m = 3, the Fierz-Young basis is given by

3;1) 13;2) [3;3) 3;4) [3;5) [3;6)
P ) } P } }
NB;l); N3;2 >, ./\[3;33 7 N3;4 ), N3;5 }0, N3;6}~-~§>, (4.118)
where
_ 1 VRV A _ A
Nap = —=, Naz =Nzz=Ngu=—"=, Ng5=Nz31,, Nge=N;yip,- (4119)

’ \/@’ \/@

4.3.4 The Fierz-Young basis and the swap operator

In this subsection, I generalize the discussion presented in [32] regarding the real and imaginary
parts of the dipole operator being even and odd, respectively, under the interchange of quark
and anti-quark coordinate labels. To this end, I introduce an operator I dub the swap operator

and observe an interesting transformation property of the Fierz-Young basis under the action
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of it. This transformation property has important implications for the real and imaginary parts
of amplitude/correlator matrices (constructed in the Fierz-Young basis) under a simultaneous
pairwise interchange of quark and anti-quark coordinate labels. The content of this section is

entirely original.

Consider the swap operator defined as S : W — W; (v,?) — (9, v) which in birdtracks is given
by

S=X, (4.120)
where W =V @ V and W = V ® V. Notice that
SI)y=>0=>~3=]|1), (4.121)

where the equivalence relation = in the second last step follows from Eq. 4.38. We say that |1)
is an eigenstate of S with respect to = with eigenvalue 1. Raising the swap operator to some

tensor power @m where m € N defines the swap operator S® : W&™ — W™ where

X
S¥m = Lm pairs. (4.122)

X

Consider the application of S¥ on some pure adjoint colour singlet state |m; s)4 € €A (W &™)

as given in Eq. 4.50,

3O - >3
S¥™M mysha = = S = |m;s*) 4. (4.123)
3O - >

The equivalence relation = in the second last step follows from Lemma 4.1. Eq. 4.123 says that
the action of S®™ on |m;s)4 is equivalent to complex conjugating the colour structure (the
coefficient tensor of |m;s)4 in the basis v2™[t*) ® --- ® [t*")) used to construct |m;s)4. For

the Young colour structures given in Eq. 4.79 and Eq. 4.87 we see that

* Bq. 4.79 1 * 1 Eq. 4.79
C(ZLililaraz\* Ea 4.7 ( 5a1a2) _ gmar ZLos pLli)araz 4.124
( ) \/dA g/dA ( a)
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(i.e. CZLLiNaez js purely real) and

(C(3;1;1;1)a1a2a3>* Eq. 4.87a ( 1 da1a2a3>* = 1 19293
VdaCq VdaCy
Eqg. 4.87a C(S;l;l;l)a1a2a3’ (4125)
*
(C(3;3;1;1)a1a2a3)* Eq. 4.87b 1 i farazas = — 1 jfarazas
NCITR NCIn
Eq. 4.87b _C(?,;g;l;l)alazag7 (4.126)

(i.e. CcBLililarazas jg purely real while C3i3i1i1a102as g pyrely imaginary) which means that the

corresponding pure adjoint colour singlets states constructed from these Young colour structures

satisfy

SEM23 1515 1)a = (21315 1) 4, (4.127)
and

SEM 313 151) 4 22 (31515 1) 4, SB35 1 1)a = —[3:3; 1 1) 4 (4.128)

Consequently, the Fierz-Young basis elements given in Eq. 4.110, Eq. 4.116 and Eq. 4.118 are
eigenstates of S, S¥? and S®3 with respect to = with either eigenvalue 1 or —1. It has been
shown that this is also true of the Fierz-Young basis for €(W®%) [41]. However, we do not yet
have a general construction algorithm for the Fierz Young basis for €(W®™) and, consequently,
we are not able to show that the Fierz Young basis elements are eigenstates of S® in general.

Nevertheless, for the examples considered, the Fierz-Young basis elements satisfy
S®™|m; i) 2 s;lm; i), (4.129a)

or in birdtracks

® = 53 (4.129D)

where s; = £1.

Before proceeding to the next paragraph, let us recall a few of the diagrammatic rules for

complex conjugation (derived in Sec. 4.1.2) which will become important soon:
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e For fundamental and anti-fundamental Wilson-lines

(i—g)" = [(Ua)'T; = W] = o,

. o ; (4.130)
G——3)" = [(Uy)"]; = Uyl = 7——7.
Yy Yy
e For tensor-product representations of Wilson-lines acting on W™
e Y
: = o (4.131)
inz "'znz iwn "']Jn
e For colour singlet states on W&™
= , : = S (4.132)

Jm Jm im im
Jm Jm im im

where the labels ¢* and j* are a shorthand reminder that, when writing the colour singlet
states as complex linear combinations of Kronecker delta symbols, the complex coefficients

need to be complex conjugated. For real colour singlet states

J1 J1 J1 i i i
J1 J1 J1 i1 i1 i1
=T 2T, Y H P (4.133)
Jm Jm Jm im im im
Jim Jm Jm im im im

where we again note that although the complex conjugate of colour singlet states are
tensors living in different tensor-product spaces, their tensor components are real linear

combinations of Kronecker delta symbols and, consequently, are equal.

With the above diagrammatic rules for complex conjugation at hand, consider the operator S
whose action on a general amplitude matrix A is given by

So A:(IZL‘)“wm§y1“'ym = Az(/@'ym;wr-a:m? (4.134)
i.e. S implements a pair-wise swap of all quark and anti-quarks coordinate labels on the Wilson-
lines in the amplitude matrix. Suppose this amplitude matrix is constructed from an orthonor-
mal basis of colour singlet states for €(W®™) which satisfy Eq. 4.129a. Then, in birdtracks, the

ith row and j* column of Eq. 4.134 becomes

N
g “ Eq. 4.129b
(0] e
N

EnEANEE
Eq. 4.131 “
S;S;
Eq. 4.133 ' 7 ’

(4.135)
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or

ES

So [A&T.?.mm;yl‘..ymhj = sisj [AL ey | (4.136)

ij’
where for each diagram in Eq. 4.135 the Wilson-lines are drawn such that they are labelled
from top to bottom by the coordinates ®1, Y1, , T, Ym- Eq. 4.136 implies that the real and

imaginary parts of such an amplitude matrix satisfy

S oRe [A&T)..mm;yl...ym]ij = s;s;Re [A&T)..mm;yl...ym]ij , (4.137a)
Solm [Ag’;??.wm;yl...ym]ij = —s;5;lm [Aﬁc’;?)..xm;yl...ymhj : (4.137b)

This operator S provides a natural generalization of the parity operator implicit in [32] which

implements the exchange of the quark and anti-quark coordinate labels in the gq amplitude.

4.4 Embedding Wilson-line amplitude/correlator matrices

In this section, I show how a general Wilson-line amplitude/correlator matrixz can be embedded
into a larger one. Following a single pairwise quark—anti-quark coincidence limit, the larger
matriz block diagonalizes into two blocks with one of them being the original matriz. An explicit
example of this embedding is given in Eq. 4.151, where the ¢>¢* amplitude matriz is contained
as one of two blocks in the ¢>q® amplitude matriz following the coincidence limit that y3 — x3.
The motivation for considering the embedding of Wilson-line correlator/amplitude matrices into
larger ones is given by JIMWLK evolution; in Eq. 5.94 I show how JIMWLK evolution couples
the aforementioned disjoint blocks, from which one learns that this embedding framework is the
most appropriate language for expressing the JIMWLK equation of general Wilson-line correla-
tor matrices. The general discussion regarding how one embeds a general amplitude/correlator

matriz into a larger one is new.

4.4.1 Fierz bases as embedding bases

Fierz bases, by virtue of the Fierz property, are examples of embedding bases. Notice that the
basis element in Eq. 4.110, the only normalized colour singlet state in W, is embedded in the
top half of the first basis element of Eq. 4.112 (the first element of the Fierz-permutation basis)
as well as Eq. 4.116 (the first element of the Fierz-Young basis). Similarly, the basis elements
of Eq. 4.112 are embedded in the top half of the first two elements of Eq. 4.114 and the basis
elements of Eq. 4.116 are embedded in the top half of the first two elements of Eq. 4.118. This
embedding of a given Fierz basis for €(W®™) into the associated Fierz basis for €(W®m+1) is

a feature for all m € Nt by construction.



80 Chapter 4 Wilson-line correlators

The advantage of this embedding property is that for amplitude matrices constructed in a Fierz
basis, the ¢¢™ amplitude matrix can be naturally embedded in the amplitude matrix describ-
ing (m 4 1) quarks and anti-quarks. This is possible because any Fierz basis for ¢(W®(m+1)

simultaneously diagonalizes the following complete pair of mutually orthogonal projection op-

erators
. 1= , . ” ,
Zw®m ® P. = df : twem , ZW@m ® PA = : twem , (4138&)
f—— ——
> ¢ >C

where iy em is the identity map on W®™ and P,, P4 are given in Eq. 4.31. Let Bpjer, (WS +1)
be some Fierz basis for (WD) Then Bpjer, (W) partitions into the union of two
bases: one for €(W®™ @ e) and one for €(WE™ @ A)

%Ficrz(W®(m+1)) = %Ficrz(W(gm ® .) U %Ficrz(W®m ® A), (4139)
where the former partition is given by
%FierZ(W@)m ®e) = sB1*“ierZ<W/®m) @ {1}, (4.140)

where Brie, (WE™) is the associated Fierz basis for €(W®™) which can be used to construct
the ¢"@™ amplitude matrix and |1) is given in Eq. 4.23. We may draw the ith basis state in
Eq. 4.140 as

|m + 1;4) = |m;i) @ |1) = (4.141)

17
df )
B

where |m;i) is the i'" element in Bpie, (WE™). Diagrammatically, it is immediately obvious
that Eq. 4.141 is an eigenstate of iyyem ® P,. The i'" basis state in the latter partition of
Eq. 4.139 may be drawn as

, (4.142)

which is clearly an eigenstate of iyyem ® Py.

The amplitude matrix for (m+ 1) quarks and anti-quarks constructed Bpjer, (W) is given
by
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+1
|:AZ(ZZZ'"$)nzmm+l§y1"'ymym+1:| = (4.143)

)

In the limit that x,,4+1 and y,,+1 become coincident (i.e. Y41 — Tm41 = 2), Eq. 4.143 block
diagonalizes because the overlap between basis states from different partitions in Eq. 4.139

vanishes;

=0, (4.144)

because
GO = 24, (1T, @ U|t") = V2Tx (U.1°Uf) = V2Tx () = 0. (4.145)

Consequently, in this coincidence limit, the amplitude matrix in Eq. 4.143 expanded in this

basis becomes block diagonal

(m)
1 Az 2y ym Omiscmem!
A A , (4.146)
Orm-m!xm! A:E1---mm;y1-~-ym;z

where the upper left block is the original ¢"¢™ amplitude matrix

N
[-A:(v??) Ty ym} b - ) (4.147)
N

and the lower right block is the ¢¢™g amplitude matrix which we define to be

(A gz = (4.148)

4.4.2 Example: the ¢®¢® amplitude matrix

An important example (specifically for this thesis) which demonstrates the embedding of Wilson-
line amplitude matrices in higher dimensional ones is the ¢3¢® amplitude matrix, constructed

using the Fierz-Young basis given in Eq. 4.118 for €(W®3). The full ¢>¢> amplitude matrix is
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given by

3 3) NG L3 3
A A3 l A A AR

-
s
X
5

A(21> 14(22> Ag4)

L
R
8=

Ag1> Ag2) A§4)

L 3
&=
g

, (4.149)
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where the normalization constants Az(?) (for i,j =1,---,6) are given in terms of the normaliza-

tion constants of the Fierz basis elements from Eq. 4.119 as
3
AY = NN, (4.150)

The entries of Eq. 4.149 without a shaded background are those whose real parts are even and
whose imaginary parts are odd under the action of S. The entries with shaded backgrounds

have the opposite behaviour; the real parts are odd while the imaginary parts are even.
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In the limit that the last quark-anti-quark pair becomes coincident (i.e. y3 + @3) the ¢3¢

amplitude matrix block diagonalizes as follows

AY b A b 0 0 0 0
(D) ()

Aéi’l') C§> Ag) <§> 0 0 0 0
(D) (G

[an)
o
b
E
=
=C)
=
EC)
£ 2
b
=
O

(4.151)

o
(an]
b
5@
b
£5

A <§3. AD) ngo

48 vch | Ay .qg; AY .ng. 4 s6h

_<} ....... Saagrat e - i i

[en)
[en)

The top left block in Eq. 4.151 is precisely the ¢?¢? amplitude matrix constructed using the
Fierz-Young basis given in Eq. 4.116 for ¢(W®2). Notice that the entire ¢°¢> amplitude matrix
possesses the property that its real part is even and its imaginary part is odd under the action
of S. Just as the ¢23? amplitude matrix was embedded in the ¢*g® amplitude matrix, if we take
a further coincidence limit with yo — a2, the top left ¢>¢> block in Eq. 4.151 itself will block
diagonalize producing the g¢g amplitude in upper left corner and the gqg amplitude matrix in

the lower right corner. This coincidence limit is demonstrated below:



84 Chapter 4 Wilson-line correlators

AY 0 0 0 0 0

(4.152)

q3®(9q9) 92 Dqqg?

For completeness as well as for later use, we also give a further coincidence limit where y; — 1

(-
AY 0 0 0 0 0
()

0 A L g/ 0 0 0 !

(4.153)




Chapter 5

The JIMWLK equation and the
Balitsky hierarchy

5.1 A systematic derivation of the leading-log (LL) JIMWLK

Hamiltonian

In the preceding chapters, its was argued that the appropriate objects for describing scattering
in the Regge-Gribov limit of QCD are Wilson-lines and their correlators. Wilson-line corre-
lators latter are defined through a (functional) target average with respect to b or, equiva-
lently, U (since b™ only features in observables through U). However, the definition of b as
the kinematically-enhanced, dominant contribution to the background field of the target is a
resolution- dependent definition: as the rapidity separation Y between the projectile and the
target increases, modes which were previously considered fluctuations AT on top of b become
Lorentz contracted into a redefinition of b™ (see Fig. 5.1). Consequently, the target average

becomes Y dependent and one writes
(- (Y /D [bF] - Wy [bT], or, equivalently, ( /D [U], (5.1)

where Wy [bt] and Zy[U] are Y dependent distributions which encode information about the
QCD action and the target wave-function relevant at large Y [9]. The evolution of Eq. 5.1
'Y is governed by a functional renormalization group equation called the JIMWLK equation
named after its authors Jalilian-Marian+Iancu+McLerran+ Weigert+Leonidov+Kovner'. In
this section, we re-derive of the JIMWLK equation (at leading logarithmic accuracy) at the level

of the generating functional for Wilson-line correlators following [42].

!The order of names was chosen by Al Mueller to give rise to the acronym JIMWLK, pronounced “gym walk”.

85
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FIGURE 5.1: (Colour online) Fluctuations on top of the background field of the target which
are subsumed into a redefinition of the target background field through Lorentz contraction as
Y = In(1/zy;) increases. The shaded regions denote perturbative corrections from fluctuations
to the target average which are included via renormalization group flow.

This generating functional is defined as

Zy[Jt, J] = <63§ft[b»JT7J]>b(y)7 (5.2)

where

SUA, I ) = /

ext
x

{Te ((TD'0a[A)) + T () UI[AT) } (5.3)

is the action which couples Wilson-lines in the fundamental and anti-fundamental representa-
tions to external sources J' and J, respectively. Since one can always express adjoint Wilson-
lines (which describe gluons) in terms of the fundamental and anti-fundamental ones (which
describe quarks and anti-quarks, respectively), Eq. 5.3 is sufficient for generating all Wilson-
lines correlators of interest in QCD. In Eq. 5.3 we have chosen to subscript the coordinate
dependence of functions as well as the integration measure, a convention which we shall adopt

throughout this section.

The correlator of the tensor product of m fundamental and m anti-fundamental Wilson-lines

(where m,m € NT) is obtained from Eq. 5.2 via

0 U 0 Zy[JT,J]. (5.4)

U ®'”®Um®UT Q- @UI YWY) =
<2131 T Y1 ym>( ) 5!];1 (Sjim 6Jy1 5Jy,ﬁl J(T):O
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The logarithmically enhanced perturbative corrections to the target average which arise from
Lorentz contracted (and time dilated) modes previously contained in § A" are most easily com-
puted as perturbative corrections to the Wilson-lines describing the interaction of the projectile
with the target. Once computed, these perturbative corrections can be subsumed into the
target average via a functional integration by parts. In order to uncover these perturbative
corrections, consider the generating functional in Eq. 5.2 where the average is performed with
respect to AT = bT 4+ JAT and and let us expand around b, isolating contributions of order
asIn(1/xp;) = a,Y. To this end, it is sufficient to expand Eq. 5.2 to quadratic order in §A™ [9]:

SaalrsA I vy = (1 / L B YT
<e t >b,6A( ) < * f T xy(; v 0y A
+ O(5A3)] esgft [b,JT,J] >b 5A(YO)
= @Sﬁf&bvﬁﬂ)%) 41 ((BATHOAL 5[] O su gt ) (= sw gt )
b 2 Juy N Y A AN A
0 0 g ot S99 16,71 ] 3
+w@$ext[bﬂ] 7‘”]6 ¢ >b(Yv0)+O(6A )7 (55)

where we have assumed the vacuum expectation value of the fluctuations (§ A%T)s54[b] to be zero.
In order to evaluate the O(3JA?) contribution in Eq. 5.5, we need to know what the functional
derivative of fundamental and anti-fundamental Wilson-lines with respect to the background

field is. This is computed as

o

U = 190540082 U 0.0 D1t Usia oo [0, (5.6a)
b , .
T Ul = —igb,+od QUL _ [b1tUL o], (5.6b)

respectively. The partial Wilson-lines on the right-hand-side expression of Eq. 5.6, although
correct, are calculationally cumbersome. Given the specific form of the background field b™,
as long as we are not interested in taking derivatives of Eq. 5.6 with respect to = and for
the purpose of evaluating their contributions to the integral in Eq. 5.5, we can represent the

right-hand-side expressions of Eq. 5.6 by

4]

5ba+ U. = igéﬂﬁ*,ﬂégl (ex*,otaUz + 90,3:* Uzta) 3 (5.7&)
5
o Uf = —igd,+ 002 (0o oUIt" + 090~ t°UY) . (5.7b)
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The second term in Eq. 5.5, the calculable perturbative correction to the generating functional,

consists of two contributions: one quadratic in the external sources

(S8 1.1) ST 1) = 60

x (0o 0 (12isltUalis = [a)ig [U547)i5) + O0,0- (17805 [Ut)is = [aligltUL)i5) |

% 0y~ 0 (3T U s — [Tl U§8055) + 0o~ (1751068055 — ) B0y ) | (5.8)
and the other linear in them

5 5 . \2 2
S nggt[b JT,J) = (i9)% 6,0+ 00,+ 0052

% [[8i5{ 00 4 (0a- 00y 0t U + O 000, ~t"Ust® + 000, Unt®t"

+ Qy* z= \My~ 7091*,0tbtaUac + 9y7,090,m*thth + 90,1!7 007‘”7 Umtbta> }7,

(0
+ [a)ig {0a- - (0o 00y QUL + 0 B0, UL + g b, t"1°U]
(

0y o (0,00, UL + 6, ob0., t°UL + 6,6 ,xft“th:Z) }] (5.9)
ij

Eq. 5.8 represents contributions due to a gluon-exchange between two quarks, two anti-quarks,

or a quark and an anti-quark. Eq. 5.9 represents pure self-energy corrections dressing quark

and anti-quark lines. Since Eq. 5.8 and Eq. 5.9 are quadratic and linear, respectively, in the

external sources, it is sufficient to compute

g 1 5 5
st Lo (st (hotins), o
I 5750 2 AW OAT s lb] | S [b T ] SO AP (5.10)

and

0 1 )

o LR s st .9).
502 | OATOAT Al { e 5bb+86><t[b gt 7] (5.11)

in order to reconstruct Eq. 5.8 and Eq. 5.9, and therefore Eq. 5.5. To keep track of different
contributions to Eq. 5.8 and Eq. 5.9, it is useful to define a few objects which admit a definite

physical interpretation. Consider

5 o o 1
In(zp;n/on;) (X ik = ————— / SAT ALY s ATb
( bJO/ bJ) [X ,y] 5kl 5[J£] 5[Jy]kl < >6A[ ]

4] 0
< (Sl ) (=St 7))
1, .
= —5(09)* [ (AT 5AT ) 5abur 00 o

X [6:592,1)1.53(/2,1))[Wm,y;u*,v ]1] kl + 5:(521))5(2u[Wm,y;v*,u*]%kl} ) (5'12)

Y,
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where

[Wm,y;u*,v*]%}kl = 5ac2,2157(;2,v (eu*,o[tan]ij + HO,M* [tha]ij) (Hv*,O[Uth]kl + HO,U* [thgJ”kl)7
(5.13)

and we have already factored out the anticipated logarithmic enhancement In(z; 0 JThi) =Y =Yy
which we shall see is the regulated result of a semi-infinite, logarithmically-divergent momentum
integral. KEq. 5.12 describes the exchange of a gluon, represented by the gluon propagator
(§ A2 5 AbT) 5 4[b] in the presence of the background field b, between a quark and an anti-quark,
represented by the fundamental and anti-fundamental Wilson-lines U, and U?I, respectively,
where the gluon propagator attaches to the quark and anti-quark lines through the gauge

generators. Eq. 5.12 can be represented diagrammatically by

(5.14)

where the diagrams after the second equality correspond to the four unique Heaviside function
combinations present in Eq. 5.12. Similarly one defines %%, x%%, and x2%,2. Calculationally,
these diagrams differ only in the order of the product of Wilson-lines and gauge generators
which are independent of the internal space-time coordinates u,v. The self-energy correction

dressing the quark line is defined as

6 1 6 6
. N . [59]. . — - a+ g Ab+ qq t

ln(xbjo/xbj) [Um]z] : 5[J£]U 9 Lv<5Au 5Au >5A[b] <5ba+ 5bb+Sext[ba J 7J]>

1. a a
= 5(29)2/ <5Au+5AZ+>5A[b](sw%gtég(l%q);éuﬂo(svﬂO[Ww;u*ﬂf]i]b (515)

where

[Ww;u U ]z] . [eu_ v <9u_,09v—,0tathm + eu_,OQO,U—tQUiEtb + 90,u—90,v— Ul'tatb>

O = (0= 0 0t"t"Us + 0, 00,0~ Ut + 00 g~ Uat't? )|, (5.16)

)

with an analogous definition for ol Diagrammatically, Eq. 5.15 reads

DA

?Diagrammatically, these are drawn by reversing (anti-)quark lines in Eq. 5.14 accordingly.

In(2b;o/b5)[03]ij ==
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while the Feynman diagram describing 52 is obtained by reversing the direction of the arrows
in Eq. 5.17 which represents the replacement of the fundamental Wilson-line U, in Eq. 5.15
with the anti-fundamental Wilson-line U:,T;. The propagator for the gluon in the presence of the

background field of the target, computed in Sec. B.3, is given by

(A8 ALY 54 [b] = 6 {Z}

_(87)2
1 1 . ab
- — ? . 0— ? .0 . i 1
—_ // /(Zau) |:—(6_)2:| /(Zav) |:_(a_)2:| ) (z@u/)(zﬁv/) |:—D[b]2:| ) /, (518&)
where
‘ dk~ i —ik~ (ut—ovt
L(a—ﬁhv:%"“ o) S EeE (5.18b)
i ] dk~ o o .
— - I R R _ —i(p.u—q.v)
[—D[b]z]m, / Gry(ah) e o = b ]/ Tridae
d2ZJ_ . ~
Y~ Ll —i(p—q)=z __1ab
« | Gt (AL (5.18¢)

and the partial Wilson-line from v~ to u™ in the adjoint representation is defined as

_ ab
[Uz;ufﬂr]“b = Pexp [zg/ dzé(z),@’c(z)fcl , (5.18d)
where [£°]% = i f%, Borrowing the discussion below Eq. 5.6, we shall represent Eq. 5.18d by
[Uz;u*,zﬁ]ab = [Hu*,oev*,o + 00,u*00,v*]5ab + 9u*,000,v* [ﬁz]ab + GO,u* ev*,O[UzT]ab' (5'19)

The contributions® to Eq. 5.8 coming from the second term in Eq. 5.18a which are present in

each gluon-exchange diagram are given by

1,. 2 2 dk~
5(i9)” /u { /u R R N / @@ PO 0 = OO0

dky 1 _ kT (ut—u) / dky 1 ik (vt — /+)/ 9 o i
ik (ut—u ik, (v —wv d d i(p.u'—q')
X /727_[_ ‘kl o k2 b1 QLp q ‘e”

dZZJ_ —i(D—@)-2 17 a
X / (27’(‘)2 € iP-9) [Uz;u—,v—] b}5u+,060+,0
X [6m2,2L51(;2,1)1[Ww,y;u*,v*]%bkl + 5§:21);6@(/ L[Ww,y;v*,u*]%’lkl}

L dk~
du~dv dZUJ_dZUJ_/W[eum O 0 — Op— =00 1 /d pLdq p'qt

>~ =
~.
S
SN—
no
\

3The contributions to Eq. 5.8 coming from the first term in Eq. 5.18a are finite and do not produce a logarithm
in In(zyj,/xb;). Consequently, these contributions drop out of the finite difference equation which leads to the
JIMWLK equation.
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9 _ 2 _ 2
_;(Pv PV i(p-ufq-v)/ d°z1 —i(p—q)z[f7 _ _jab
X exp[ z( T T )]e (27T)26 Uz -]

X [6%1);5(21))[Wm,y;u*,v*]?]bkl + 5:(52,1))51(4?1;[Wm,y;v*,u*]é}?kl} . (5'20)

The integrals in v~ and v~ can be easily evaluated. Since there are four different combinations
of products of Heaviside functions in v~ and v~ in Eq. 5.19, there are four different integrals

in v~ and v~ contributing to Eq. 5.20; the results of these four different integrals are

— 0= dk™ . p2u— pQU_
/du dv /W[Gu—m—ek—,o_av—,u—gﬂ,k—]exp [—Z< o= op-

4 1 Tdk
Crppig? | ke

X asuu*,Ogsvv*,O = —SuSv (5.21)

where sy, s, = 1. The result of the k£~ integral in Eq. 5.21 is logarithmically divergent in the
ultraviolet and the infrared. Regulating this k™ integral, Eq. 5.21 becomes

4 1
375 5 ln(ivbjo/$bj). (522)

(5.21) = —susvmp 7

The integrals over the transverse coordinates w and v sets u,v to either @,y or y, x while the

transverse momentum integrals in p and g produce the JIMWLK kernel (up to a minus sign)

2 2
o dp1 6ip-(u—z)> (az d°q. eiq~(z—v)>

_ d*pL d®q1 p'q’ oiPr(u—2) yig-(z—v) _ _
21 21 p3q? z 27 =) 2m

~ (u— 2)(z — v)

- (u—2)*(z—v)?

=: Kuzo- (5.23)
Substituting Eq. 5.22 and Eq. 5.23 back into Eq. 5.20 yields

Qs T 1abrpa rrt1a a
(5.20) = o In(anjo /71y) / 0221 Koy | { [0 Uiy (U i + [O5][UatYi5 [U )10
— zlij w — [Uzt®]ij kl TP [t Uy )i [P U ka + [U11%0 [Uy )i [U L) 0
[tUai Ut Vet — [Uat N [t*Uflia | + {1021 [Uyis (ULl + (O] [Uy 135 [USH]
— U5 (U5t = [UytTis [t U i } ] (5.24)
After applying the Fierz identity one finally obtains

—qd A
Xl =55 / 21 Ky |[UUSNalULUs iy + [UUalUSU- 11y

— [UaUJak; = 0a[UfUslis (5.25a)

The remaining three gluon-exchange diagrams differ from Eq. 5.24 only in the order of the

product of the Wilson-lines and gauge generators, and sometimes by an overall sign; they are



92 Chapter 5 The JIMWLK equation and the Balitsky hierarchy

given by

. o
[XEJijk := 23 /dQZJ_’szyUU!Uy]il[Ungkj + [USU)a[Uy Ul

— 6ulUy ULl — [UUladiy ). (5.25b)

X i =~ 5 ozy | [U)alUyULUs i + [UsULU Ja (U]
—[U][ ol = [OylalUlis), (5.25¢)

(X2, Jijra == 21 Koy [[USalUSUUSlk; + [USU-US]a[UT ]k
[UM ik = [U1alUS]ks . (5.25d)

In order to compute the quark self-energy diagram, examine the contributions to Eq. 5.9 from
the second term in the gluon propagator which involves the scalar propagator in the adjoint

representation:

I,U/

1 . 2 2 dk—
N 5(Zg)fz /u v{ OB 6,68, / W(%_)[eu,_,v,_ek_,0 — Oy o001 ]

dkl_ 1 —iky 4 /+)/dk2 1 _ iy 4 +)/ 2 2
=tk (ut—u = =ik, (vT—v d d i(pu'—qv')
2 ky 2m ky pidaup''e

d? ‘ .
X / L 6Z(pQ)'Z[Uz;u/,u']ab}5u+,05u+,059(622151(12,2; [Wm;u*,v*]%}

(2m)?
1,. o dk~ i i
= 1(29)2/@ dv m[euawekao - va,meo,k*]/dQPLd%Lp q
< exp | —i pru” _ q’zv” Z'(p—q)-ﬂa/dzzl ~i(p=a)=[f] 91, Jab
p 1 2%~ 2%~ € (27T)26 ZuT v Tu— v Iy

(5.26)

Evaluating the contributions to the integrals in ©u~ and v~ produces Eq. 5.22, and from Eq. 5.26

one obtains

_ Qs
(02 1= = 5y [ 221Ky [Us)igtr(UaUY) = NelUal) (5.27a)

Similarly the anti-quark self-energy diagram can be calculated and yields

_q «
03] === 53 /szLIszy[[Ul],-jtr(U;Uz) — N[Ufis]- (5.27b)
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With the results shown in Eq. 5.25 and Eq. 5.27, one can finally write down the finite difference

equation

< e Set b+8ATT ] >

1 gt
bM(y) _ <65§§c[b,J 7J]> (Yo)

b

1 a 0 g ) _
=3 ;py<<5AI+6AZ+>M[b]<<5b%+$ggt[b’ JT’J]> (nggt[b, JT’J]>

0 g qaq T 83y gt J 3
5b%+ @Sext [b7 J', J]) € el ]>b(l‘bj0) + O((SA )

1 « —afB 17 a—aly? aq 1y J
:1D($bj0/xbj)<{/xy J$‘]5Xw§/[U]+/xJ$U$[U]}QSCX“[b’J]>b(Y)+O(5A3)

_|_

2
= LT oregpsen [2 Jo5e [ L]V (eS0T (v) 4 0(54%). (5.28
= Wn(anio/an) {5 [ TN |57+ [ 08 |57 (€T 00+ 064%). (5.29)

In the second last line of Eq. 5.28 we introduced the vectors J := (JT, J)! and U := (U, UT)! as

well as the dummy summation indices «, 8 which run from 1 to 2 and in the last line we used

0 qq
ﬁ Sext

- =

b, J] = U*SZ,[b, J], (5.29)

to pull the evolution operator (in the curly braces) outside of the target average. The finite
difference equation in Eq. 5.28 becomes a differential equation in the limit that | In(xy;,/2p;)| =
Y — Yp| — O:

d = = 1 1) 0 = =

—Z[J|(Y —{/ JeJBxes [4] +/Jg6§; [ﬁ}}ZJ Y). 5.30

2N = {5 [ |+ [ e | ]} 20w (530)
As a functional renormalization group (RG) equation — an RG equation for the generating

functional — Eq. 5.30 represents an infinite set of RG equations for all possible Wilson-line

correlators. This infinite set is known as the Balitsky hierarchy.

Eq. 5.30 being at most quadratic in derivatives ¢/ 6J admits a statistical interpretation as a
Fokker-Plank equation. In order to expose its Fokker-Planck nature on needs to perform func-
tional Fourier transformation from J to U , but this in turn requires that U be taken to be
independent variables (elements of Mat(/V,; C) as opposed to SU(N,)). (Eventually we shall find
that the particular form of the evolution operator constrains U to the manifold of SU(N,)
almost auto-magically.) From Eq. 5.3 we have that S [bt, J] = 8% [U, J] is really a functional
of UM (with b1 present through the definition of the Wilson-lines). Since we are regarding U ()

as independent variables, let us write the target average in Eq. 5.1 as

(+)g(¥) = [ DIO)- 2y (01 (5.31)
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for some statistical weight functional Zy[U] which we shall later relate to the original Zy[U]

written in Eq. 5.1. Writing the generating functional as

Z[T)(Y) = (50T 5(v), (5.32)

=il

Eq. 5.30 may be cast as an equation for Zy [U]

d Y LA T A o= =[] - . 7
o [ POZ OO = [ Dz @) {; [ ez 01+ [ g2ason) eSEO),
Ty x

(5.33)

where we have used Eq. 5.29 to turn Yay[6/6.J] and 62[6/8.J] into xab[U] and a2[U], re-
spectively. We now use the the fact that U() are independent variables in order to write the

conjugate version of Eq. 5.29

0 SILI0,J] _ o St,[0,7] (5.34)

e ext

U«

Using Eq. 5.34 in Eq. 5.33 and performing a functional integration by parts one obtains

d 5 = 1 5 - o
_ag
dYZ [U] { oy OU 5Uﬂ ;z:,y U 5UO‘ :E }ZY[U] (5.35)

As a final step towards writing Eq. 5.35 in the canonical form of a Fokker-Planck equation,

observe that

1[ 6 _ q —»} 1/ () ) _ = 1) T

hl aq ([} | Gim0ind 2 & ———— x99 (U] 1t + ———— X2 [U]];;

5U£‘X ,y[ ] o2 j 5[Vl [X ,y[ ijl 5[U;]mn [X ,y[ ijl
Qs

=33/ KazyOim0jndi

% {62 Gim1n[Uy UL Ul + 6328k [U=]al U Uslps + 62 8pmin [ Uzla[Uy Ul iy
+ 02 8km 0 [UaUSUylit + 852, 0pm 00 [UnUd)ip U + 082, 8im0pn (U Ui [U1i;

B 59(027?)Jéim5ln[Uy]kj - 51(;2,1)16km5jn[Uw]il - 5;5/2,2L6im5ln[Ua:]kj — 5£2,L5km6jn[Uy}il

+ 59(c2,1)¢5pm5jn5il [Uy]k‘p - 59(c2,7)¢5pm5jn[U;Uy]il [Uz}kp - 5&?%5im5pn[Uy]pl [UzUJ:]k:j

+ 5(2) 5im5pn5kj [Uy]pl - 59(c2,215im5pn[Uz]pl [UyUzT]kj - 52?&5pm5jn[U:le]il[Uy]kp}

T,

2oy { 20021 T (UUT) = 262N [Us]i

+ 0P, Ne[Uy Ul Uit + 0EL Ne[UpULUy 1 — 6CL N [UUS Uyt — 5§?LNc[UyU£Uz]kz}

= _%/zlcyzy [Vt (U,U]) = NolUylua| = (5] (5.36a)



Chapter 5 The JIMWLK equation and the Balitsky hierarchy 95

Similarly, one can show that

116 an i :
- —ag _ (54
5 | s 0] = (o (5.36b)

Together, Eq. 5.36 gives that

XA U] - ah[U] =o. (5.37)

and, consequently, Eq. 5.35 takes the canonical form of a Fokker-Planck equation in a non-trivial

geometry
d - = 1 ) U N
— 7 == 8 [U]— . .
ay 1Y) 2/$y 5UgX“”’y[U]5U5 V1] (5:38)

We now need to re-impose the group constraint. This amounts to showing that for physical

distributions
ZPW() = s(UUT - 1)5(det(U) — 1) Zy [U], (5.39)

the evolution operator in Eq. 5.38 leaves the constraint factor §(UUT —1)d(det(U) —1) invariant.
If this can be shown, then the constraint factor can be absorbed into the measure D[U] and

produce the unimodular Haar measure

A

D[U] = D[U)S(UUT — 1)6(det(U) — 1). (5.40)

To this end, it will prove invaluable to replace the functional derivatives present in Eq. 5.38 by

the following set of 2N?2 functional derivatives

5 [Uat?)ijsrr—, ifa=1,
o [iV3]" = el (5.41)
Here the index a runs over 0,1,---,ds = N2> —1. Fora=a=1,---,da, t* are the (Hermitian)
generators of SU(N,) while t° = 1/y/2N,. The set {2 }gio is orthonormalized with
1
a\f4b) __ ~cab
Tr (2)f°) = 75 (5.42)

and forms a basis for Mat(N,; C). Since Uil e Mat(N,; C), the sets {Umta}gio and {—tan}gio
are also bases for Mat(V.; C). Consequently, the new functional derivatives given in Eq. 5.41

still probe all the component of U as was probed by the old functional derivatives 6/ 5U.
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But why are these new functional derivatives better that the old ones? We shall show that the

evolution operator

)Zm,y[ﬁ]iv (543)

on the right-hand-side of the equality in Eq. 5.38 can be rewritten as

L[ o aab s
3 Ve [Uivh, (5.44)
Ty

where X%?y[U | will be given shortly and

2
d 0
iV =Y [iVe]* = [Ustsj——— — [t"Ull; , 5.45)
x a:1[ x] [ ] Jé[Uw}ij [ :c] Jé[UJ;]ZJ (

with a running over 1,---,d4. The upshot is that Eq. 5.45 immediately preserves the group
constraints of SU(N,):

e Unitarity: Firstly, iV26(UUT — 1) = 0. This follows immediately from

iVe(UyU)) = (iVaU,) U + Uy (iVLU})
2 (Ut U — Uyt*UY)
= 60N (Ut U}, — Ugt*Uf) = 0 = iV21. (5.46)

e Determinant equals 1: Secondly, iV3d(det(U) — 1) = 0. To show this, we use the
Leibniz formula for det(U,) which is given by

det(Uy) = 7™ ™V [Uylisgy -+~ [Uylini, (5.47)

where I have written N as shorthand for N, and €N is the Levi-Civita symbol in N

indices. Applying iV4% to Eq. 5.47 yields

N

iV§ det(Uy) = 5;,; e e Z [Uytir s H i
k=1 =1
1#k

— 5o(cy) N' ghizIN g2 N [Uyt®lirji [Uylizjo - - [Uylinin

- 55(614) ]\NEJU2 N gt [UyliriUylizjs -+ [Uylinjn [ta]j]i

=€jjo-in det(Uy)

N .. i
= 65y det(Uy) N1 N e g [T,

=671 (from [33])

= 02) det(Uy)d”, [t ;, = —052) det(Uy)Tr (%) = 0 = iV41. (5.48)
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I shall now show how to write Eq. 5.43 as Eq. 5.44. As an intermediary step, we try to write

—aB o . b .
—— (X3 [U)ij 57— = | [iVa]* (X2, [U*°[iVE]7; (5.49)
ij 1) [Uy ]kl Ty

i.e. we try to determine [;z;?y[ﬁ]]aﬂ. In order to determine this transformed kernel, one needs
to analyze each contribution to the sum over «, 8 in Eq. 5.49 separately. Let us examine the

contribution to the sum from o« =1 =7

/my 6[(;1]U X&) 5[02 o /m y[iVi] (%35, [N [iv]!
5

kl
a cab 1771199 g
-/ 0l e S O 0 Pl gy
_ /my 5[Uihw 211 [T, & 5[(}5 - e /my5;?35&22[1711%[%#1@ 5[[2]1,3,
(5.50)

where, in the last line, we produced a product rule term with 5[U T [Uzt?)ij = 5& ;),;(530\/ N./2.

If we were allowed to ignore this product rule term, then immediately we would have that

[R3%, [U1]99 = [262(Uz) ™52, (0155 0 [2t° (Uy) i (5.51)

Repeating the calculations of Eq. 5.50 and Eq. 5.51 for each pair of values of «, 3, one obtains

(%32 01147 = [262(Ua) ' ]ja [0 ] 5 [ 20U "tk
_ _zg/zlcmy (r (2 (U) ' UatPULUL ) + T (PULUS) U U)
=T (£4°) = Tr (£ (U) " (Uf) " PUU ) ), (5.52a)
(%32, [0N% = [=2(U0) 7 %05 (X8, ) 1026 (Uy) e
_ _2%/z/cmzy (Tr (PULU, (W) '02 ) + T (U P ULUU)
=T (£4°) - T (UD) RULULUy)7) ), (5.52b)
(%32 (0N = [26%(Ua) ™ s [X8 ). 00 [26°(Uy) ™ ik
= 2% //cmy Tr (£ (Ux) " UtPULUL ) + To (PULU0(0,) 71U
~ Ty (tatb) =T (£2(Ua) T U (Uy) ') ), (5.52¢)
(%30 [ON% = [2(UD) 156 (X8 102U ™ ¢k
_ _zf/lcmy (T (UL Ui, ) + T (U eUiUAtUY)

—Tr () - T ((Uf) " eUl ) THeu) ). (5.52d)

For U € SU(N.,), the transformed kernels in Eq. 5.52 vanish for a = 0 or b = 0 which justifies
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our ignoring of the product rule terms like the one in Eq. 5.50. In addition, the above four

transformed kernels are identical. Consequently, the right-hand-side of Eq. 5.49 becomes

L VRO G = [ [V Iy + (V) R 0

+ [IV512Re, [UIEVAT + VIR, U] V5]

-/ (Vs + [Val?)xe, [0 (V4] + GV51?) = /x ) ivega [V, (5.53)

which is precisely Eq. 5.44 (as promised) with iV defined in Eq. 5.45 and )Z“wlfy[U | computed
from Eq. 5.52 as

U =2 / Kaey |07 + 2Tr (12U U, U3 UL

= 2T (1USU UL ) — 2T (tUf UL UL U, ) |
:%//cmy[aab 010

z

= 28 [ Kamy [0 = 010210 - 015,)] " (550

W) — [O10, ] - [040.]"|

Finally, we arrive at the JIMWLK equation in its canonical form:

d LL A
S 2y (U = ~Hniwexc Zv U], (5.55)

where the JIMWLK Hamiltonian at leading logarithmic accuracy is given by

LL)
Hipvix = 2/ iV Xy [UTiVy,. (5.56)

The functional derivatives appearing in Eq. 5.56, defined in Eq. 5.45, are in fact the left-invariant
vector fields on SU(N.) [42] which satisfy the (localized) SU(V.) commutation relations

[iV3,iVh] = +(iVa[Uyt! u) A (Wi[thJ]ﬁ)Jim
— (VU] ”)6 (Nb [taUT]w)[UZ]U
), (),
_ 5o [[U ol 6[055] . ;T ]J _ 5, (5.57)
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where terms that cancel were already dropped in the first line. The right-invariant vector fields
on SU(NV,) are similarly defined through [42]
0

iVe = —[tUylii ——— + [Ult);; , 5.58)
x [ ]J [Uw]z] [ T ]jé[Uw]m (

which also satisfy the (localized) SU(NN.) commutation relations as demonstrated by

_ _ - ) - )
iVe,iVe] = —(iVe[PU, ]y, + (iVe[UT by,
[ y] ( m[ y] J) 5[Uy]z’j ( [ Yy ] ]) 5[U;]z]
_ ) _ )
b r.a b a
+ (V31U s = (ValVde ) S
x]1 x|ij
) )
= 5@ | (¢4, U, + (Ulipee,¢4)) ——
Y ([ ] )ij 5[Um]ij ( m[ DZ] 5[U£]ij
) ) _
= 5@ fabe | ey, ), + (U9 = §2); fabejge. 5.59
Ty f [ ]J(S[Um]” [ x ]]6[U£]U Y f x ( )

The left- and right-invariant vector fields commute amongst each other since

[iV5.1Vy)]
= —(iva[tUy)iy) 5[ny]ij +(IValU) 0 [Uiﬁ]ij
~(9501) g + (98U
=5 [ — [PU;; 5[(}1 T [t UL 5[U5£hj ’ [thmta]ijé[é]” o itb]ijé[é]ij
B (5.60)

Furthermore, using the Fierz identity we have that

[Ta) [ Uat")sy = 2T (£*Uat"UY) [Uat"]sj = 2USE Unlia[Ulim 11 ]

a m 1 m a
LUk Ui <5k 5~ o j> — Ui, (5.61a)
(0] [ US)sy = 2T (£Uat"UF) [US)s5 = 2US Uslia[ U] (1 )
. 1 .
= (ULt U [UL ] m; (5’“55” - N(s’fl&m) = [UIt,, (5.61b)

as well as the complex conjugate relations from which we see that the left- and right-invariant

vector fields of SU(NN,) are inter-related through [42]

Vg = —[Uf]*iV5, Ve = —[T,]%ive. (5.62)
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Eq. 5.62 enables us to rewrite the JIMWLK Hamiltonian as

Hiiwik = = | Kuzo [iV8iV8 +iV5iV8 + 202 Vi V)] (5.63)

214 Juvz

which is the form that we shall use throughout the remainder of this thesis.

5.2 The JIMWLK equation and the Balitsky hierarchy

In this section, I examine the Balitsky hierarchy for the qq correlator. I show that its first two
equations are contained in the first equation in the Balitsky hierarchy for the ¢*>q® correlator
matriz. This is not a surprising result, but rather, it is a natural consequence of the embedding
of Wilson-line correlator matrices into higher-dimensional ones discussed in Sec. 4.4. This then
motivates us to consider the JIMWLK evolution of a general correlator matriz from which we
observed a previously overlooked property of the JIMWLK equation: it evolves symmetric and
anti-symmetric components of correlator matrices separately. Knowing this property informs

the parameterization ansatz we write down in the next chapter.

5.2.1 The JIMWLK evolution of the dipole operator and its associated Bal-
itsky hierarchy

The JIMWLK evolution for the qg correlator is given by

e s e
av <C§)> (Y) = <a Kuzv [ZVZZVf, + szlvg + 2U§“%VZ@VZ}

;c§>><y>,

dY df 2772 uvz f
(5.64)
where
1
- 1 UyUl 5.65
y 7 v (UU5) (5.65)

is the birdtracks representation of the gg correlator. Let us explicitly compute the result of the
right-hand-side of Eq. 5.64 coming from each of the three terms in the JIMWLK Hamiltonian

separately. The first term produces

/ KuziVEiVIGH = é / [/cm# mzy” yn# +lcyzy5§3}

e} / Koy GD, (5.66)
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which consists of is the original correlator convolved with the Balitsky-Kovchegov (BK) kernel

which is given in terms of the JIMWLK kernel by

(x —y)?

T —2)%(z—-y)*

Iaa:zy ::K:a:zy + ICyzm — Kaza — ICyzy = ( (567)
The net effect of the generator insertions in Eq. 5.66 by the Lie derivatives ¢ViV% was to
produce a factor of the quadratic Casimir in the fundamental representation t%t* = C't1 where
Cr =

_ ‘w' #a. #ﬂ' (:Eb
/ lCuzviVZiV$c§3 - % / {’C“’Zw 7~ Kazy 77— Kyze 10 A Kyzy T }
uvz z
_ _cf//amzycgg_ (5.68)

The third term in Eq. 5.64 inserts an additional adjoint Wilson-line or gluon into the gg corre-

lator, producing the ¢gg correlator convoluted with the BK kernel

Kuzo2UiV5iV GH (5.69)

:/z[—lcxzx*—le “HC ‘ yzycé]D]Z/Z Kazyl <

YZT

Finally, Eq. 5.64 evaluates to

diy <dlfC§3> (¥) = O‘jff /z Kazy < 0 Céb i C§3> (5.70)

This equation says that the energy evolution of the gq correlator, a 2-point correlator, depends

both on itself as well as the qgg correlator, a 3-point correlator. To know the latter for all Y
one must determine its energy evolution via JIMWLK in turn. The JIMWLK evolution of the

normalized qgg correlator can be similarly calculated and the result is given by

aS i i
T o2 /z2 <N2dA - j """"" Kazay + 5 VoNada | O b . * . ...... <} (Kz1z2y - ’Cm22z1)

......... R —g . Kez gy + —&le — ICJTZQ?J + ICZlZQy + szQZ1
\/§ch A : dA 2
....... < — ——
+ % PSS I &+ o ......... o . (]Czlz2y wzQZI) + EO ......... e c ]szzy
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1 €5 (Ka. . .
+ — C§3 (M — NeKzyzoy — Nchmzzl> >(Y), (5.71)

d A ......... < ........ Nc

and we see that its energy evolution depends both on itself as well as a number of 4-point
correlators. This pattern continues ad infinitum: the energy evolution of an m-point correlator
is driven by (m + 1)-correlators. Consequently, the JIMWLK equation generates an infinite
tower of coupled integro-differential equations known as the Balitsky hierarchy. Later we shall
discuss in quite some detail a truncation for solving any Balitsky hierarchy which preserves
both gauge invariance as well as symmetries of the underlying correlator structure. However,
let us pause here for a moment and notice that we have already encountered the correlators used
in Eq. 5.70 and Eq. 5.71 earlier in this thesis. For instance, the 4-point correlators appearing
in Eq. 5.71 are precisely those coming from the lower-right 3-by-3 sub-block of the correlator
matrix <A;(,3321 zeyz120)(Y) whose associated amplitude matrix was given in Eq. 4.151. In fact, if

we adopt the shorthand

(3 _
‘A |:A(mz)122 yZ1z2:| j (572)
then Eq. 5.71 can be written solely in terms of the entries in ASE;)I 203yz120 as follows:
d_, (3 Qs L 3k c
d7Y<~’422 >(Y) = o2 / FAAM zz0y T 7= \/’ ("445 + "454) ( z122y — Icmzzz1>
z9 c
VNZ -4 3)\ ¢ 3 ( 1: - -
+ fN (,A + ’A((S4)) chzQy + NCAé5) (_21sz2y + Iczlzgy + ’C1:2221>
_ N2
3N (AR + AR (R — Kamin) + e AR
3 Tz ” 9
+ A5 (Ny ~ NeRozyz — chczlzzy> >(y>. (5.73)

Using the same shorthand we can also write Eq. 5.70 solely in terms of the entries in A:Sv?)z)lzz;ym,m

d asC -
AN = A5 [ Ry (A — AR ). (5.74)

But remember: the ¢¢ and ¢gg correlators are contained on the diagonal of the ¢?¢? correlator
matrix (constructed in the Fierz basis) with a single quark—anti-quark coincidence limit having
been taken. This diagonal 2-by-2 matrix is precisely the diagonal top-left block of the correlator
matrix whose associated amplitude matrix was given in Eq. 4.152, the ¢3¢> amplitude matrix
(also constructed in the Fierz basis) with two quark—anti-quark coincidence limit having been
taken. This means that both Eq. 5.70 and Eq. 5.71 are contained in the JIMWLK equation for
the ¢?¢? correlator matrix; two iterations of the JIMWLK Hamiltonian on the qq correlator

are contained in a single iteration of the JIMWLK Hamiltonian on the ¢°q* correlator matriz.
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Therefore, considering “deeper” JIMWLK evolution of a correlator matriz, that is, multiple
iterations of the JIMWLK Hamiltonian on a correlator matriz, is equivalent to considering
the JIMWLK evolution of a “wider” or higher-dimensional correlator matriz. In fact, it is
natural to think about the JIMWLK evolution of correlator matrices as opposed to individual
correlators because elements of a correlator matrix mix under JIMWLK evolution. This is
somewhat analogous to how PDFs mix under DGLAP. But before we prove this to be the case,
we want to highlight for future use that Eq. 5.71 contains the JIMWLK evolution of the two

gluon correlator following the coincidence limit y — @x; namely,
d | R v) Qs / ¢ 2 j '''' 2N, s, (Y) (5 75)
— (= = — —— e . — . .
dY \ dy =<t 272 /., TZZ1\ g s dy g

Eq. 5.75 can be written in terms of entries in A&?’lez;mm (see Eq. 4.153) as

d asC -
AR = S [ Ry (A8 - A ). (5.76)

5.2.2 The JIMWLK equation for correlator matrices: coupling blocks in

higher dimensional correlator matrices

Thus far in this thesis, we have only considered the JIMWLK evolution of individual correlators
(c.f- Eq. 5.70, Eq. 5.71 and Eq. 5.75) or diagonal correlator matrices, but we have not yet
considered the JIMWLK evolution of non-trivial (i.e. non-diagonal) correlator matrices. In
fact, to my knowledge, and the knowledge of my supervisor, the JIMWLK evolution of non-
trivial correlator matrices has not yet been considered in the literature to date. In this section,
we seek to understand the structure of the JIMWLK equation for non-trivial correlator matrices:

for correlator matrices larger than the qq correlator matriz which is simply a complex number.

Consider the JIMWLK equation for the ¢"¢™ amplitude matrix given below

d N
dY< H ><Y>

N
L Kuso <[ivgz’vg +iVEiVE + 202V " > (Y). (5.77)

272 uvz

In order to begin understanding the structure of this equation, recall that the action of the

right- and left-invariant vector fields on SU(V;) on a tensor-product of Wilson-lines of the form
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given in Eq. 4.14, is given by

> 3|, 7 = T
V2ive o= 6Q) +e+8l) =0l -
> F| = =  F
—<4 - — —
_ > - — n
V2iVy == [0 400, —55321§ =02

where —— = /2t (see Eq. 4.24) and the gray shadow behind the dotted black line in the
last equz;lity of each line represents the sum over all generator insertions. As we did when
we examined the action of the JIMWLK Hamiltonian on the dipole operator in the previous
subsection, let us analyze each term on the left-hand-side of Eq. 5.77 separately. The first term

is calculated as

N
/ Kusoi ViV - -
uvz

N

N

/icm 2Rk
uvz

) 4 ) —
=S [k GU DG =3 [ G| Lee G
k — k —
) —
= Z 5/ u [’Cf;ﬁ;z]kj ) (5.79)
k = NS

where in the second line we inserted a complete sum over colour singlet projection operators®
>k |m; k)(m; k|, and in the last line we defined the matrix the kernel matriz Kz, whose Eth

row and j* column is given by

4The reason why it is sufficient for us to insert a complete sum over colour singlet projection operators (which
do not sum to idyem) is that

1), (5.80)

is a colour singlet state. We shall postpone the proof of this until the next chapter.
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[’Ci;ﬂ;z}kj ::/ ’Cuzv k J) s (5.81)
uv
with
L1 Y1
i 7 g = (5.82)
T Y
and
L _ gab
_ s ' (5.83)
U a,u a,v a,ub,v

Before proceeding to analyze the contributions from the second and third terms in Eq. 5.77, let

us pause to comment on two properties of the kernel matrix given in Eq. 5.81:

e The kernel matrix is real: Since the JIMWLK kernel is real, all that needs to be shown
is that

k j) =6%(k i, (5.84)

e a,ub,v

is real. Eq. 5.84 is real since

Eq. 4.45

(5.84)* = léab Kl ] L4 24 geb (k) ) 22 sab 1

a,ub,v a,ub,v a,ub,v

= (5.84), (5.85)

where the second equality follows from the diagrammatic rules for complex conjuga-

tion given in Sec. 4.1 (specifically Eq. 4.44 and Eq. 4.45), the third equality follows from

Eq. 4.89) and the forth equality follows from (§2°)* = 6.
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e The kernel matrix is symmetric: In order to prove that the kernel matrix is symmetric,

examine

= / Kuzv J k 5ab
uv

:/ Kzo Ok §)0%  (flipping the diagram)

:/ Kuzo Ok §)0%  (using Lemma 4.1 and (6%)* = §%)

= / Kozu Ck j)abe (relabelling dummy indices a, b and variables u, v)
vu

= / Kuzv k g 5ab (]Cvzu = ]Cuzv and 6ba = 6ab)

a,ub,v

= [Kagialy, (5.86)

which proves [’Cj;g;z}zj = []Cfﬂ%z]kj'

The second term coming from the left-hand-side of Eq. 5.77 is similar to that of the first except

with the kernel matrix acting to the left of the amplitude matrix as opposed to the right

1
/ Kuzi ViV “ -2 / Kuso (i
uvz “ uvz
1 1
:Zi/ K:'uzu 7 k u 222/[/ K:uzv 7 k ‘| u
k vuz —& k zLowe —&



Chapter 5 The JIMWLK equation and the Balitsky hierarchy 107

where we used the symmetry of the JIMWLK kernel under simultaneous exchange of v and v
to relabel dummy variables w, v in order to identify the term inside the square parentheses as

the i*" row and k' column of the kernel matrix. The third term in Eq. 5.77 is calculated as

(5.88)

where in the third line we inserted two complete sums over colour singlet projection operators
on W®m+1) " (Refer to Sec. 4.4.1 for more information about the birdtrack notation used here.)
Using the fact that the LO JIMWLK kernel factorizes
2 2 _ .
Kuvz = Z ,C’ZZICZ’U = - Z ICZzK:gw Kﬁz = —7Z (589)
h=1 h=1

Eq. 5.88 can be written as
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(5.90)

(5.91)

u v

which are m! x m-m! and m - m! x m!, respectively. We shall refer to these non-square matrices

as the left and right factors of the kernel matriz. They are hermitian pairs, related through

= [’Q%ZLZ . (5.92)

However, since these matrices are real, they are simply related by transposition. They are called
the left and right factors of the kernel matrix and suggestively labelled similarly to the kernel

matrix because their matrix product summed over h is equal to minus the kernel matrix:
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- _/ Kuzo (1 4) =- [’Ci;ﬁ;z}ij : (5.93)
uv

Putting all the pieces together, Eq. 5.77, which I quote again here for convenience

d —— Qs A Ta Ta a rrabx7a x7b ——
e ! V)=55 | Kus (iVeiV +iVeiVy + 202iV5iVh] ! (Y),

becomes

where the sums over indices k and [ associated with matrix multiplication are now made implicit.

Recalling the notation

, (5.95)

h=1
— 230 [l DR R () )+ 2 (A ) L]
2
= 2 [ [ () (A i f 2l (Al o0 - (i) .
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If we define the following non-square m! x (m + 1)! matrices

Wh . _ L)h L)h \¢ L)h @h . _ L
Pz CHUC [_K%n};z ' (K:(?;z)Y;Z) Kf(ﬁ;z)ﬁz} ’ & Bz []lm!xm! ]C:(E;z} J (5.97)
then Eq. 5.96 can be written in the compact form
- ) -
d / 4m) pn [N Azg 0 )\
dy <A‘E§g> 47r2 Z / ( gz 0 Agmig) () (P*;ﬁ;Z)
L Z9;2
F ) :
(2)h Az 0 (1)h \*
+PLR < o > (v)- (PLLE) ) (5.98)
L Z9;2

Eq. 5.98, being an original result, contains important information which I discuss below:

o From Eq. 5.98, we see that the evolution of the ¢q™ correlator matriz is driven by
itself as well as by the ¢"*'q™g correlator matriz: the JIMWLK equation cou-

ples the disjoint blocks of ¢ 1qm+!

correlator matrix, given in Eq. 4.146,
through evolution.

e Another important observation from FEq. 5.98 is that the JIMWLK equation auto-
matically preserves the symmetry of the underlying amplitude matriz in the sense
that the JIMWLK evolution of the symmetric part of a correlator matriz
remains symmetric while the JIMWLK evolution of the anti-symmetric
part remains anti-symmetric. To see this, note that the integrand in Eq. 5.98

is symmetric for a symmetric ¢" g™ correlator matriz and anti-symmetric if the

g™t g™t correlator matriz anti-symmetric. But even more generally, we can decom-

pose the ¢ TG correlator matriz into a sum of its symmetric and anti-symmetric
parts and show that only the symmetric parts feed the evolution of the symmetric part
of the ¢"q@™ correlator matriz while, conversely, only the anti-symmetric parts of the
g™ @™t correlator matriz feed the evolution of the anti-symmetric part of the ¢"q™
correlator matriz.

e Lastly, from the above analysis one sees that in order to write down the JIMWLK

equation for a general correlator matrixz, one only needs to compute the

left factor of the kernel matriz.

In the hopes of clarifying some of the above discussion, we conclude this chapter by computing
the left factors of the kernel matrices for evolving the gq and ggg correlators and use them to

reconstruct the kernel matrices. The left factor of the kernel matrix associated with the ¢q
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correlator is calculated as

K= [k D = [ (2 - D)

_ ho_xhy_ [y h ok .
\/dfTA(’sz ICyz) Cf (’sz ’Cyz)v (5 99)

from which we can calculate the kernel matrix using Eq. 5.93 as

SRS (KER) = 3 (205 (K k)

h=1 h=1
2
= _QCf Z ((K:];z)z - ,CZZICZZ - ICZZ’CZZ - (K:ZZ)Q)
h=1
= 20} (Kazy + Kyza — Kazaw — Kyzy) = —20 1Ky (5.100)

Eq. 5.100 is precisely as expected (see Eq. 5.70). Similarly one can show that the left factor of

the kernel matrix associated with the qq correlator is given by

L)h
’Cgcz)l;yzuzz -
V20 (Kh,, — Kb) 0 0 0
0 ﬁ(’cgzz - ’C:ZZZ) \/ %(2’CZ122 - ’CZZQ - IC:ZZQ) \/ %(K:gzg - ICZZQ)
(5.101)
from which one can compute the kernel matrix to be
9 _
t —2C¢K 0
- Z Kgé)l};lyzuzz (IC:SCI;)ll?yzuzz) = [z /azzQy % ” (5-102)
h=1 0 N, NCIC$2221 - Nclcz1z2y

The top-left entry in Eq. 5.102 is simply the kernel matrix given in Eq. 5.100 except with z
replaced by zs. The bottom-right entry is precisely the term in parentheses multiplying the
qqg correlator in Eq. 5.73. In fact, it is easy to show that using Eq. 5.101 in Eq. 5.96 one can
reproduce Eq. 5.73.






Chapter 6

The exponential parameterization

6.1 A systematic derivation of the exponential parameteriza-

tion

Let (A)(Y') be a general Wilson-line correlator matriz (with coordinate dependence suppressed
in order to simplify notation). In this section, we present a novel parameterization for the
Y -dependence of (A)(Y') which naturally admits a gauge-invariant and symmetry-preserving

truncation of the Balitsky hierarchy associated with (A)(Y).

Recall that the JIMWLK equation for (A)(Y") is given by

d LL
a7 AY) = —(HinivcA) (V). (6.1)
where
g =~ o / Kuso [IV40V5 + iV3iVE + 202iV5iV5] (6.2)

is the JIMWLK Hamiltonian derived in Sec. 5.1 to leading logarithmic (LL) accuracy, and the
integration kernel (which was also derived in Sec. 5.1) is given by
(u—2) - (z—v)

Kuzo = (u — 2)2(,2 — ’U)2 . (63)

From the discussion of the previous chapter, we know that Eq. 6.1 is not closed, but rather it is
the first equation in an infinite tower of coupled equations; this infinite tower is known as the
Balitsky hierarchy associated with (A)(Y). It is the third term in the JIMWLK Hamiltonian,
the operator 2U02%iV%iV?%, which is responsible for generating the Balitsky hierarchy. If this

third term was not present (and the JIMWLK kernel remained finite as the integration variable

113
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z became coincident with either of the transverse coordinates u or v), then Eq. 6.1 would be

closed and the following formal solution would be exact
(LL)
(A)(Y) = {exp [ ~(Y — Yo) Hypiwek | A)(Yo). (6.4)

in terms of an initial condition specified at some Yj. Note that Eq. 6.4 is different from the

formal solution for the distribution Zy[U], given by

A LL A
Zy[U] = exp [~ (Y = Yo) Hiniiic] 23 (U], (6.5)
since the former is contained in the latter; Eq. 6.5 summarizes information about every Balitsky

hierarchy, not just the Balitsky hierarchy associated with our (A)(Y").

At leading logarithm, one can sidestep the problem of the Balitsky hierarchy altogether since
the LL JIMWLK Hamiltonian is a Fokker-Planck Hamiltonian which means that Eq. 6.1 can be
recast as a Langevin equation for an ensemble of Wilson-lines [9]. The Langevin equation can be
solved numerically in order to determine the Y-evolution of the ensemble and this ensemble can
be used to compute any Wilson-line correlator numerically. But at next-to-leading logarithmic
(NLL) accuracy this is no longer the case [43-45]; the NLL JIMWLK Hamiltonian is no longer
just quadratic in Lie derivatives, but also contains cubic products of Lie derivatives and, hence,
cannot be formulated as a Langevin equation. In this case there are no other known ways
of sidestepping the Balitsky hierarchy and one really needs a truncation in order to obtain
a solution, even if only an approximate one. It makes sense, however, to first develop the
machinery for truncating the Balitsky hierarchy in the context of the LL JIMWLK equation
because it is a manifestly simpler setting than that of NLL order. Also one can check the
validity and quality of the approximation by comparing it with the Langevin implementation
of JIMWLK which is only available at LL order.

It is important to briefly mention the BK (Balitsky+Kovchegov) mean-field approximation, a
well-known truncation, which produces the BK equation from the JIMWLK equation for the
qq correlator. To this end, the JIMWLK equation for the ¢q correlator, given in Eq. 5.70, reads

d 1 O[SCf ~ 2 ~rab a b

1

dfTr (Ung)xY). (6.6)

Using the Fierz identity, the term in Eq. 6.6 containing the adjoint Wilson-line can be rewritten

as

20T (U U ) = Tx (U,U]) T (U.U) - dlfTr (U03) .- (6.7)
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Consequently, Eq. 6.6 can be re-expressed as

d

Qg ~
A = 35 [ Rasy (ALAL, - AL ), (6.8)

where AS}L is defined in Eq. 4.6 as

1
AL = T (v.Uf). (6.9)
The BK mean-field approximation assumes that the non-linearity on the right-hand-side of

Eq. 6.8 factorizes [9] such that one may replace
(AZLAU (V) = (AGL) (V) (AL (Y). (6.10)

Employing Eq. 6.10 in Eq. 6.8, one obtains a closed equation for the gq correlator

d o _

A = 355 [ Rasy [(AD @) ALY = (AL )] (6.11)
know as the BK equation. The BK equation is used extensively in high-energy QCD phe-
nomenology. However, the BK mean-field approximation certainly has its limitations. For

example, there exist a set of diffractive observables in DIS which depend on the difference [19]
1 1
(Ao AT (V) = (ADL) (V) (AG) (V). (6.12)

Applying Eq. 6.10 to Eq. 6.12 immediately sets the difference in Eq. 6.12 to zero. Since the BK
mean-field approximation is insensitive to the differences of the form given in Eq. 6.12, there is

clearly a need for a more sophisticated truncation.

The focus for the remainder of this chapter will be to systematically derive a particular trun-
cation of the Balitsky hierarchy, which is more sophisticated than the BK mean-field approxi-
mation. We shall require that this truncation maintain as many of the known features of the
exact solution as possible. One such feature is gauge-invariance. Gauge-invariance is a strong
group-theoretic constraint on (A)(Y") enforced as a consequence of constructing the underlying
Wilson-line amplitude matrix A in terms of overlaps between colour singlet states (invariants of
SU(N;)). A particular manifestation of gauge-invariance is coincidence-limits: as certain trans-
verse coordinates on the Wilson-lines in A become coincident, so certain entries in A vanish
which means that certain entries in (A)(Y) vanish too. In the limit that all transverse coordi-
nates become coincident, A reduces to the overlap of basis colour singlet states. If these basis
colour singlet states are orthonormal, then A reduces to the identity matrix 1, and so does
(A)(Y) since the target average is normalized such that (1)(Y) = 1. Thus, we require that

our truncation at least preserve the coincidence limit properties of the underlying amplitude
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matrix, and in this sense maintain gauge-invariance. This requirement is summarized in the

commutative diagram in Fig. 6.1.

<A> (Y) coincidence \ <A/>(Y)

limit

truncatel ltruncate

<A> (Y)trunc. M) <A/> (Y)trunc.

limit

FIGURE 6.1: The gauge-invariance property of a truncation.

Another feature of the exact solution that we wish to capture is the “symmetry” of (4)(Y"). In
order to clarify what we mean by “symmetry”, let us decompose A into a sum of its symmetric

and anti-symmetric components
_ 1
A= 2 Awy Ay = 5(A+ A, (6.13)

where A4y is the symmetric component of A and A(_) is the anti-symmetric component of A.
Since the target average is linear in its arguments and acts component-wise, the symmetric and
anti-symmetric components of (A)(Y’) are given precisely by (A))(Y) and (A_)(Y), respec-
tively. Note that this is true for all Y. This decoupling of the (anti-)symmetric components of
(A)(Y) for all Y means that the JIMWLK equation must evolve (anti-)symmetric components
of (A)(Y) separately. Indeed this is the case. In the previous chapter we showed that Eq. 6.1

can be schematically rewritten as

L aw) =25y [ [pon. A (v)- (PO
dy e A 0 ALY 2

A 0 t
+P§2>h.< G >(Y).(P§1>h) ] (6.14)

where <A,(z+g))(Y) denotes the correlator matrix obtained by inserting an adjoint Wilson-line
with transverse coordinate z into (A)(Y') in all possible ways, and P and P" are real
m! x (m+1)! matrices. Note that we have omitted all dependence on the transverse coordinates
of (A)(Y) in <.A,(z+g)>(Y), P and P" for the sake of brevity. Eq. 6.14 says that only the
symmetric part of the larger correlator matrix contributes to the Y-evolution of the symmetric
part of the original correlator matrix, and the same is true for the anti-symmetric parts. In
this sense, the JIMWLK equation is said to preserve the “symmetry” of (A)(Y') because its

symmetric and anti-symmetric parts evolve independently under JIMWLK evolution.

Knowing the desired properties of our truncation, let us now systematically derive it. Suppose,

in addition to being differentiable with respect to Y (which is already assumed in writing down
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Eq. 6.1), that (A)(Y) is invertible. The latter condition is automatically satisfied if the initial
condition (A)(Yp) is invertible, because for colour singlet channels the JIMWLK Hamiltonian
is infrared finite [17] which implies that the Y-evolution operator exp [—(Y -Yo)H J(ﬁ\]/vf%VLK} in
Eq. 6.4 is never vanishing. In this case, we may write

=3 2 M)A} () + (A () My (V)] (6.15)

where in the first equality we explicitly distinguished symmetric from anti-symmetric contribu-
tions to the derivative of (A)(Y), in the second equality we split each of the derivative terms
into a sum of two half contributions each multiplied by a clever “one”, and in the last line we
defined the matrices
d -1
M) == (5 AV ) () (1), (6.16)

for v = . In the last line of Eq. 6.15, we also anticipated that (A))~H(Y) (%(A@@)(Y)) is

indeed the transpose of M,)(Y') as can be easily seen from

—— () ) (3 i), (617)

A Y) = 0 (A (), (6.15)
and
(A )] = [l )] = [l (V)] = el (7). (6.19)

In what follows we shall refer to the matrix M,)(Y") defined in Eq. 6.16 as the ezponentiating
matriz associated with (A,))(Y). Given some initial condition (A)(Yp), Eq. 6.15 admits the
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following formal solution

(AY) = ;<A(a)>(y) = 25(@(1@Y())(J‘l(a)ﬂyo)g(ta)(yyY0)7 (6.20)

where the evolution operators E(Q)(Y, Yy) for a = +£ are given by

1 Y
E)(Y,Yy) = Pexp | — dY' My (Y')]|, (6.21a)
2 Jyy
t D 1 Y / t !

with P being the path-ordering symbol in Y and P the anti-path-ordering symbol. It is easy
to see that Eq. 6.21b is the transpose of 6.21a by examining each term in the Dyson series

expansions of both.

The first term in Eq. 6.20 is automatically symmetric, for all Y and regardless of the precise
properties of &) (Y,Yp), and, similarly, the second term in Eq. 6.20 is automatically anti-
symmetric. Therefore our parameterizing of the symmetric and anti-symmetric contributions of
(A)(Y) separately in Eq. 6.20 means that the formal solution manifestly shares the “symmetry”
of the exact solution. Notice that among other differences between Eq. 6.4 and Eq. 6.20, the
former writes (A)(Y') as the evolution of (A)(Yy) with the evolution operator inside the target

average while the latter has the evolution operators operating from outside the target average.

Certainly, if one knew the Y-dependence of the exponentiating matrices, then one would know
the Y-dependence of (A)(Y) through Eq. 6.20, but knowing the full Y-dependence of the expo-
nentiating matrices is equivalent to solving the entire Balitsky hierarchy generated by Eq. 6.1.
Instead, our aim will be to parameterize the Y-dependence of the exponentiating matrices in a
manner that naturally permits a gauge-invariant truncation of the Balitsky hierarchy, a trunca-
tion which preserves the coincidence limits of the underlying amplitude matrix as imposed by

the group theory of SU(N,).

In order for M) (Y) for a = =+ to correctly capture coincidence limit properties of (A)(Y),
Mq) (Y') needs to be a function of the transverse coordinates on the Wilson-lines present in
(A)(Y) in a manner that is “conscious” of these coincidence limits. Thus, it is natural to consider
Mo)(Y') as being extracted from (A)(Y") via some operator. Let us define the operators ﬁ(a) (Y)
and R(a) (Y) through their actions on (A)(Y") which are given by

(Liay(V)ANY) 1= Moy (Y)(A)(Y), (6.22a)
(Ria) (V) ANY) = (A) (V)M (V). (6.22b)
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The actions of these operators on (A% (Y) are easily calculated from 6.22 (or the component

version thereof) and are given by

(L) (V)ANY) = (A) (V)M (Y), (6.23a)
(R(o) (V) AN (Y) 1= M) (V) (A)(Y). (6.23b)

From Eq. 6.22 and Eq. 6.23 we have that

32 [@(a)(Y)AXY) + Ly (Y)AYY) + (R (Y)AN(Y) + a<R(a)(Y)At>(Y)}
= 5 2 M0 + alA) )Ml ()
+ (A (V)M (V) + aM ) (V) (A (Y)]
- Mo (V)5 (A + 0 (V) S (A + ad) (V)M (V)
=) M) (V) (A) (V) + (A (V)M (Y)]. (6.24)

Comparing Eq. 6.24 with Eq. 6.15, we see that we can rewrite Eq. 6.15 in terms of the above

operators through
A A) = =5 3 ([Ey (V) + Riay (V) A@)(Y). (6.25)

It is worthwhile noting that although M,)(Y’) is the exponentiating matrix associated with
(A(a))(Y), it is extracted from the full correlator matrix (A)(Y’) through Eq. 6.22a.

We now seek to write down the most general ansatz for ﬁ(a) (Y) and R(a) (Y'). We shall focus
on f/(a) (Y), and then return briefly to R(a) (Y) at the end. The following parameterization
of ﬁ(a)(Y) was originally conceived by [17], but the details have been explicitly work through
here for the first time ever. The only operators available for extracting information about the
transverse coordinates of Wilson-lines present in A are the right- and left-invariant vector fields
iV and V¢, respectively. Recall that the action of iV% and V% on a tensor product of (anti-

)fundamental Wilson-lines of the form given by Eq. 4.14 is represented in birdtrack notation by

_ 1 = — - —| > 1~
Ve T o= —— @ 4 453 — 5@ 5(2) Do :

u - \/i u:cl_L UL m uY1 uym_ . \/5 L N

o5 - + - g~ ——

—~
(@)Y
DO
(@)
2

~—
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6 44062 55”31% — =8 | = NG

—_— —
a

-1

—_
a

a,u

26b)

a

Cb

(

Notice, in particular, that in Eq. 6.26a the generators are inserted to the left of the diagram
representing the tensor product of (anti-)fundamental Wilson-lines, while in Eq. 6.26b they are
inserted to the right. As we shall show, in order to parameterize ﬁ(a) (Y') such that its action
on A produces a matrix multiplying A from the left, the most general ansatz is an expansion
in “powers” of the right-invariant vector fields. But before we show this, we need to introduce

a few more ingredients.

Take' n € Nt > 2. Let C(m%)a1an ¢ €(A®") be some colour structure and Gime) (Y) be

()ur-un
some yet-to-be determined function of n transverse coordinates as well as a function of Y which
we shall refer to as the colour structure function associated with the colour structure C(™s)a1-an
This colour structure function is a Y-dependent n-point function. Using these objects, consider

the following operator?

0 = [ G, (1) €0 (1) i (6.27)
which is only a function of Y. Let us examine the action of Eq. 6.27 on the ¢™¢™ amplitude

th

matrix A:(E.n%) (where m € N*) whose i row and ;' column (in some orthonormal basis of

colour singlet states) is given by

N
[A(m)]" — “ (6.28)
#4711 : :
N

The action of n right-invariant vector fields (as in Eq. 6.27) on [A(in;)]l] is easily calculated using

Eq. 6.26a to be

1
(—1)PiVe ... v “ - (6.29)
N 2" ; :
In order to further simplify Eq. 6.29, note that
bt i e rani
Ua [U]Zlig [t ]12j2 [U ] 2j1 - [ta]“jl? (630)

'We exclude the case where n = 1 since ¢(A®"=V) = €(A) = {0} is trivial.
2The factor of (—1)™ is included explicitly so as to cancel the factor of (—1)" produced by the n-fold product

of right-invariant vector fields acting on [A(i g]z7 in Eq. 6.29.
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which follows from the Fierz identity and which is equivalent to

rTa i i ali j r7ab < —
u b[U] Y [tb] h = %] Yo [U]]2j17 U T j <+, (6.31a)
76 ] i i ae rrab _
O, (UM, = (U1, [, U e = (6.31b)

From Eq. 6.31 one has that

= Ui ... [janbn — pab . [janbn , (6.32)
Ap,Un  a1,U1 bp,un  bi,uy
where in the last equality we used Eq. 4.17. Eq. 6.32 proves that
’ ) (6.33)

an,Un a1,U]

is not a colour singlet state. However, if one contracted the adjoint indices of the generators in
Eq. 6.33 into a colour structure C(")%10n ¢ ¢(A®") (which is a colour singlet state of A®"),
then

C(n;s)a1---an

, (6.34)

An,Un al,ul

is a colour singlet state since

B 5 5
C(n;s)al...an — C(n;s)al..-an Ualbl . Uanbn _ C(n;S)a1~-an
i - =
Ap,Up Q1,1 bp,un b1 ui
where in going to the last line we used
C(n;s)al---an 0@11)1 . Uanbn — C(n;s)bl---bn‘ (636)

Since Eq. 6.34 is a colour singlet state, we can write it in terms of the same basis of colour

singlet states used to construct the amplitude matrix as follows

C(n;s)al---an (637)

_ Z C(n;s)al---an
l

An,Un al,ul
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Finally, we can write the action of Eq. 6.27 on A;; as

N
LI 0AGy = [ G () etmmeen 1 iy (1]
UL Uy

/ G(n s) (V) c(ns)ar—an

()ur--un

Z
Zl: V)AL, (6.38)

where in the second line we used Eq. 6.29 and Eq. 6.37 and in the last line we defined the matrix

MEZ;)S) (Y') which has components

;8 1 n;s n;s)ai-an
MG 0= o [ Gl L, (6.39)
As a matrix equation, Eq. 6.38 reads
(B (00 AL (1) = MU (VAL (), (6.40)

which is precisely of the form given in Eq. 6.22a. Since Eq. 6.40 is true for any n € Nt > 2
and any colour structure C(5)91an ¢ ¢(A®") the most general ansatz for L;(Y) is the linear

combination
L) =S L) =SS L (v, (6.41)
k

where lA}EZ)k)(Y) is given by Eq. 6.27, the sum over k is over all colour structures in some
orthonormal basis Bon(A®") = {C"F)}, for the colour space of A®™ where C("F)a10n i the
Eth basis colour structure, and the sum over n starts at 2 because for n = 0,1 the colour
space of A®™ is trivial (contains only the zero vector). Correspondingly, the most general

parameterization for M;(Y) (which is strictly defined through Eq. 6.16) is given by

=Y MU =Y S MEP ), (6.42)
n=2

n=2 k

where MEZ’)k) (Y) is given by Eq. 6.38. We call Mgz;)k) (Y) the n™ order contribution to the
exponentiating matriz associated with (A,))(Y) from the k™ colour structure c(mk)ar—an ¢
Bon(A®™). Although the sum only starts at n = 2, we shall refer to this as the second order

(even though, strictly speaking, it is the lowest order).
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Eq. 6.41 contains, amongst other things, a sum over colour structure functions. These colour
structure functions are analogous to the structure functions introduced in Sec. 2.1 in the sense
that in that context, the less inclusive an observable was, the greater the number of structure
functions was needed in order to parameterize the dependence of the hadronic tensor on the
Lorentz invariants xy,; and Q?. Likewise here, the understanding is that the greater the number
of fundamental and anti-fundamental Wilson-lines entering a correlator matrix, the greater the
number of colour structures required to parameterize its Y-dependence. This analogy certainly

holds for the dipole operator [32] as we shall elaborate on shortly.

Truncating the sum over n in Eq. 6.41 and in Eq. 6.42 after p € N* > 2 terms produces
the so-called p-point truncation. To date, only the properties of the 2-point truncation (also
known as the Gaussian truncation) as well as a particular anti-symmetric coincidence limit
contribution (the so-called parity-odd Odderon contribution) from the 3-point truncation have
been explored in the literature [19,32]. However, to our knowledge there has been no progress
made in understanding any of the all-orders structure of this exponential parameterization. One

of the major results of this thesis is an understanding of some of this all-orders structure.

Returning to our earlier discussion of the ¢q correlator, note that it can be viewed as a complex
function of the form .,4(.1;). : R2x R? — C;(x,y) — A(mlg, It was found that both the real
and the imaginary parts of the qq correlator could be parameterized at third order in the
truncation [32]. However, to parameterize the real part of the dipole operator it is sufficient
to consider only the Gaussian truncation. This is the motivation behind the analogy between
structure functions and colour structure functions mentioned earlier: for a cross-section such
as that of deep inelastic scattering which depends only on the real part of the dipole operator,
one can make do with the (lowest-order) Gaussian truncation, but for observables such as
Single Transverse Spin Asymmetry which triggers both real and imaginary parts of the dipole
operator, one needs to go beyond the Gaussian to the (next-lowest) 3-point truncation in order

to faithfully parameterize evolution.

Having systematically constructed i(a)(Y), we now give ﬁ(a)(Y) and show that it satisfies
Eq. 6.22b. The most general ansatz for R(a) is given by

[e.9]

g _ N Ay NN A)
R(a)(Y) = Z2R(a) (Y) = ZQZR(Q) (Y), (6.43)
n= n= k

R (v = / G (V) (Clmma) e v, (6.44)
Uy Un

(@)ur-un
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The action of }AE(Q)(Y) of [A(mg]ij is calculated as

Yy

where
(M) =S MBI =3 S ME ), (6.46)
n=2 n=2 k
and

(6.47)

aj,u1 Qan,Un

(nsk)
(@)

(n;k)

To see that (M ;2" (Y))! as defined in Eq. 6.47 really is the transpose of M () (Y) examine

(6.48)

An,Un al,ul

where in the second line we flipped the entire birdtracks diagram (which does not change any-

thing), in the third line we used Lemma 4.1 to reverse the arrows on each sum-over-generators
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insertion at the cost of complex conjugating the already complex conjugated colour structure,
and in the last line we identified the expression with Eq. 6.42. Thus, we have confirmed that
the operator R;(Y)) given in Eq. 6.43 satisfies Eq. 6.22b.

Let us conclude this section by introducing the following notation for the p-point truncation of

(A)(Y') given some initial condition (A)(Yp). We write the p-truncation as

t
(Ap(Y) 1= 3 (A)p(¥) = Y €8 (Y, Y0) (A)) (Yo) (Y, Yo) (6.49)
a=+ a=+
where
1 Y
EPL(Y,Yy) = Pexp |—= [ dav'MP (v, (6.50)
() > Jy, ()
and
i) ~ ()
MENY) = M(Y). (6.51)
n=2

6.2 Imprinting symmetries of Young colour structures onto Young

colour structure functions

The appeal of the Young colour structures introduced in Sec. 4.2.3 is that they possess def-
inite symmetry properties; they are simultaneous eigenstates of Hermitian Young projection
operators. In this section I discuss how the symmetry properties of the Young colour struc-
tures imprint themselves onto the associated Young colour structure functions; that is I discuss
how, for a given Young colour structure Cliimi)ai—an B young(A®™), the symmetry fea-
tures of C\ilitmi)ar-an jmprint themselves onto the associated Young colour structure function
Gmliimi) (Y) in

(@)ur-un

Iy = [ G (V) Qi COMEmI 0 (1 iV (6.52)
UL Unp

The constant ou.ri:m; € R # 0 in Eq. 6.52 is introduced for convenience. The idea for this
discussion was originally conceived by [17], but the details have been explicitly work through

here for the first time ever.

Throughout this section we shall adopt the notation of Sec. 4.2.3.
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Let us warm up by considering the simplest possible example, the case when n = 2. The only

normalized colour structure in A®? is

c(ZLLatas _ 1 garaz

NG , (6.53)

which is a simultaneous eigenstate of the total symmetrizer in R[Ss]

P =) = Zo—%[:+><}, (6.54a)

0652

and the total anti-symmetrizer in R[Ss]

9ﬁ2 11 = 1 Z sign(o =3 {: — X} , (6.54b)

UESQ

with eigenvalues 1 and 0, respectively; i.e.
[93?52)]11 o C2iLiLiaras _ C(2;1;1;1)a1a2’ [9)?52)]11 o c@ZliLilataz _ (6.55)

Taking aw.1.1.1 = v/d 4 for convenience, our task is to examine in detail how the total symmetry
of 192 in its adjoint indices imprints itself onto Gi)lullii (Y) in

2 (215151 2;1;1;1 Say =
LD (v) = - Gt (v) amer (<1)%iveivez. (6.56)
We shall perform our analysis in four steps. Although these steps (or certain aspects thereof)
may seem unnecessarily complicated for the simple example being considered, we shall later see

that for the general case these steps help to clarify what is being done.

e Step 1: Symmetrize over all integration variables/transverse coordinates.
Since the integration measure d?ujd?us in Eq. 6.56 is totally symmetric (i.e. the order
of integration is irrelevant) we may symmetrize over all integration variables/transverse
coordinates without affecting the result of the integral. Performing this symmetrization
yields

1 2,1,1,1) -
(6.56) / 5 (@) Ug(1)Uo(2) (Y) 542 (=1) va VZQ ()" (6.57)

Notice that the integration measure is left invariant by the symmetrization.

e Step 2: Re-arrange the derivatives such that the transverse coordinates on the derivatives

appear in the original ascending order.



Chapter 6 The exponential parameterization 127

Using the commutation relation

[ vzll7 v?,ﬁ] = 6“1”2 falaszqu? (658)

we may write
@m ~@a2 Va1 zvau%, if o = _, 6.50
UU(l)Z Ug(2) vaz Zval + 5u1u Zfalagbzvzl. ifo = 5, . ( . )

Having foreknowledge of the general case which we shall analyze next, we shall choose to

write Eq. 6.59 as

VU VR =V, ViV 16 (ord(0) — 1) 6,1 f1020i VY (6.60)

Us(1)" " Uo(2) K

where ord(o) is the order® of the permutation o (ord(—) = 1 and ord(>C) = 2) and

©_(z) denotes the right-continuous definition for the Heaviside function

0 ifz<1,
O_(z) := e (6.61)
1 if0o<a,
Substituting Eq. 6.60 into Eq. 6.57 one obtains
2,1,1,1 % —1(1) .5 le—1
(6.57) /’U,IUQ Z JUo (1) Us (2) () 6a1a2(_1)22v“1 (I)ZV”Q <1) (6.62)

'UE

+ commutator terms,

where

commutator terms :/ —G(z’l’l’l) (Y)82), = guazjparazb zVZl =0. (6.63)
—_————

s 21 (a)usur U U2
=0

Lastly, by relabeling dummy adjoint indices in Eq. 6.62, we can write

U(l)uv(Q)

657 = [ o1 5 Gt (V)00 (15497, (6.64)
ujU2 So

! o€
having already observed that the commutator terms in Eq. 6.62 vanish.

e Step 3: Ignore commutator terms and re-express the Young colour structure whose adjoint
indices are not (necessarily) in the original ascending order in terms of all available Young

colour structures whose adjoint indices are in the original ascending order.

3The smallest n € N such that o™ = id.
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Note that the Young colour structure 612 is totally symmetric with respect to the order

of its adjoint indices. Consequently §%c®) %@ = §%192 for any o € S5 and Eq. 6.64 becomes

2,171,1 ataz ([ 1\2:9701 ;yaz
664 /uluz Z 0(1)“0(2>( )5 ( 1) Nulsz

'UE

= [ (1P 0 GEEED (v)) g2 (— 1)V iV

()ujus u2’
uiu

(6.65)

where the composition o used in Eq. 6.65 is defined in Eq. 6.67.

Step 4: With the Young colour structure(s) and the derivatives as they were originally,
compare the result of the above procedure with the original expression and read off the
symmetry features of the associated Young colour structure function(s).

Notice that only the totally symmetric part of G&LLD (Y) is probed in Eq. 6.65 which

(2;1;1;1) (@)uz

means that we can just as well take G(a)ulu2 (Y) to be totally symmetric in its transverse

coordinates.

Having illustrated the above procedure with through a concrete example, we can now turn our

attention to the general case.

e Step 1: Symmetrize over all integration variables/transverse coordinates.

Since the integration measure in Eq. 6.52 is totally symmetric, we may symmetrize the
transverse coordinate dependence of the integrand without changing the value of the

integral, producing

(6.52) = /ur. ] Z (0— e Ziﬂlvm;) (Y)) an;l;i;miC(NJﬂ;mi)al-‘.an(_1)71

x iV oy iV Uo(n)? (6:60)

where
oo G(n;[;i;mi) (Y) _ G(”§I§i;mi) (Y) (6 67)
()uy-un (@o(1)Uon) " 7 .

Step 2: Re-arrange the derivatives such that the transverse coordinates on the derivatives

appear in the ortginal ascending order.

Re-arranging the derivative in Eq. 6.66 such that the transverse coordinates on the deriva-

tives appear in original ascending order comes at the cost of introducing commutator terms
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and it leads to a permutation of the order of the adjoint indices on the Young colour struc-

ture:

_ 1 ” Ialvml) (n;I;i;m;)a1--an n
(666) = /ul...un 77 §S ( (@)uy-un (Y)) an;];i;mic 1 (_1)
=% — =% — 1(n)
X 1V, iV, + commutator terms

= f > (70 GEERE™) (V) nsrigm, (o 0 CvTiEmar=an) (1)

up -, T
x Ve -+ iVen + commutator terms, (6.68)

where
o o c(mliimiar—an _ o(nlimi)ag 1y ag(n) (6.69)

e Step 3: Ignore commutator terms and re-express the Young colour structure whose adjoint
indices are not (necessarily) in the original ascending order in terms of all available Young

colour structures whose adjoint indices are in the original ascending order.

Let us ignore the commutator terms in Eq. 6.68 for now. We know that the Hermitian
Young projectors and transition operators in R[S,], given by (see Sec. 4.2.3 for a recap of

the notation used)

blocks rows cols

U U U {25 - (6.70)

J1€J je€J

form a basis for the permutation algebra [40]. Consequently, we may express each o € S,

as

blocks rows cols

7= Z Z Z ]1]2 m(n)]h]z (6.71)

J1€J ja€J

where [[350) lj1jo is the real coefficient tensor of ¢ in the basis of the Hermitian Young

projectors and transition operators.

One should read Zf}l"c}“ as the sum over all blocks in M™ where J = 1,---,|Y,|, and
ey and Z;ggj as the sum over all rows and columns, respectively, in the J* block of

M™) where j1,jo =1, D}(n)|
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Using Eq. 6.71, Eq. 6.69 becomes

blocks rows cols

n;li;mg)ay-an __ (U) . n;li;mg)ar-a
o o Clmlimar=an _ 5N SN SN gl (o gniliima)ar--an
J g1€d j1ed

rows cols

- Z Z 3132 ?JJTI )]]1]2 criliimi)ar--an (6.72)

J1el j1el

where in the last equality we used the fact that the sub-blocks of 9™ are orthogonal in

order to eliminate the sum over blocks J; i.e.

()5, 0 ClmTitmar=an — g 51|, ) o clrliiimiaran, (6.73)

The reason why we did not use a compound label to iterate over all Hermitian Young
projection operators and transition operators and instead iterated over blocks and then

rows and columns in each block was so that the orthogonality of blocks may be exploited

as was done in Eq. 6.72.

Re-expanding Eq. 6.72 in terms of all available Young colour structures in A®" with
adjoint indices in ascending order yields
o o C(mliimi)ar--an

blocks dlag d K; k)

Z Z Z C n; Kkymyg)ar-an [C(n;K;k;mk)by--bn (0_ o C(n§1§i§mi)b1--'bn):|

K keK mp=1

coefficient

blocks diag. d(K;k)
SRS e

keK mgp=1

rows cols

n; K;k;my)bi--+b (n) n;l;i;m;)by---b

X C( k 1°0n Z Z ]1]2 ]jle o C( ) 1 n
J1€l jo€l
blocks diag. d(K;k) rows cols
n; K kymyg)ar-an

= > Z c! > Y 18 e
K keK mp=1 1€l j1el

n; K;kymp )by b, (n)y n;L555mg )by by
x |Cmitskmib=bn ([, o culimbi-te ) |
diag. d(I;k) rows cols

n;Liksmy)ar--an o)
- Z Z C Z Z /BI Jj1j2

kel mp=1 J1€l j1el

niL:k;ymy)bi by (n)y . n;liismg )by by
4 b (190§, 0 €L ) . (6.74)

One should read deg' as the sum over all diagonal entries in the K™ block of M™ where

ke K
kzl,...,‘yég)y
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It is easy to check that Eq. 6.74 reduces to §%M)% @) = §9192,

e Step 4: With the Young colour structure(s) and the derivatives as they were originally,
compare the result of the above procedure with the original expression and read off the

symmetry features of the associated Young colour structure function(s).

Similarly, we can use Eq. 6.71 to re-express Eq. 6.67 as

blocks rows cols

n;l;i,m; n;I5i5m;
go GE Jui- u)n Z Z Z lll2 93?L )]lllz © Gga)ul u)n<Y) (6.75)

L l1€L ZQEL
Reinserting Eq. 6.75 and Eq. 6.74 into Eq. 6.68, we finally obtain

(6.68) = /uln-un m >

[blocks rows cols

n;lii3mg
Z Z Z l1l2 9)’tL )]lllz % Gga)uy-'u)n(y)] an;l§i§mi

ocESH L L€eL el
diag. d(I;k) rows cols
{Z Z clmlikmiaran %7 %~ 51 Jije
kel my=1 siel el

% |:C(n§l§k§mk)b1"'bn ([Wgn)bm OC(n;I§i§mi)b1"'bn):| }(_1)%@%11 ) Z@ZZ

blocks rows cols diag. d(K;k)

Z Z Z Z Z Sm( )l1l2 GEZSZML) (Y)) Qn; Ligm

li€L loeL kel my=1 “H¥1"Un

rows cols
{ S 18 It 20 3 181 g [CHETI b ([R5, 0 BT ) }

! geS, J1€l jo€l
x Cmlikimy)ar--an (_1yn iV“l ...Z'@an

blocks rows cols diag. d(K;k)

XYY S Y [ (o G () G,

L el lael kel mp=1 “¥1"Un

(n) n;Lkymg)alr-an n -va T an
XL byt Gmap O (1) iV (6.76)

where
o) = (6.77)
{Ll1 L2} L (komg),(3,me) } .
) rows cols -
nl Z Juute Z Z 51 Jije [C(nlkmk)bl oo ([ml iz o ¢(milsimi)br- b"” .
o€Sn J1€l jo€el

e Commutator terms: What happens to the commutator terms?

Recall that the commutator of two right-invariant vector fields is given by

(Ve iVe2] = 60, if 12V, . (6.78)

u1u
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For the case when n = 2 (as we have already seen) there is only one commutator term

and it is proportional to
6a1a2ifa1azb — 0, (6.79)

where the above vanishes due to the antisymmetry of 7 f41%2%. For n > 3, consider a general
commutator term which involves some number, say* n’ € N* < [ 2], of factors of the form
given in Eq. 6.78. The resulting expression will contain n — n’ < n — 1 right invariant
vector fields contracted into a colour structure with the same number of adjoint indices. In
addition, the commutator term will involve a convolution with an n-point colour structure
function multiplying n’ Dirac delta functions which reduces the n-point function to an
(n — n/)-point function. Since the resulting colour structure in the commutator terms
is an element of €(A®(™")) it can be expressed as a linear combination of elements of
%Young(A@’(”_”,)) in which case the above procedure can be recycled. Consequently, we
can ignore the commutator terms since they either trickle down — can be subsumed into

lower order contributions — or they are zero.

Returning to the example given at the beginning of this section, let us check that for n = 2

Eq. 6.76 reproduces Eq. 6.65. It is easy but tedious to show that for n = 2 Eq. 6.77 becomes

(2) _

which means that

£ (2;153,m; Q2;1;1; HHE ala a a
L) = 81850 g [ (9P 0 G ) 6 (<1299
1u2

(a) /Nc2 _ (v)uruz uz’

where the factor multiplying the Kronecker deltas and constant factors corresponds to Eq. 6.65.

Since only the totally symmetric part of Ggi)lullii(Y) is ever accessed, let us define
2;0 2 2;1:1;1
and let us redefine Eq. 6.65 to be
2(2;6 2;6 aia a1 Ia
LE )= [ G (v)sme(—1)%ivmives. (6.82)

uiu2

Taking ag.1.1,1 = /N2 — 1 as before, we obtain

blocks diag. d(I;i)

Leyw Z > Z L (v) = LED (), (6.83)

€l m;=1

*| 2 denotes the floor of 2.
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Similarly, for n = 3 one finds that

3
Q) bt imey = G107+ 023073)01, 10131041 Oy 1 611011 (6.84)

which means that

2 (3;1i;my
Lga) )(Y) = 5i16mi1/
uju2uU3

X {511 ([93153)]11 ° Gﬁi;)l;llﬁi%(Y)) 03,11, CO il arazas

+ 073 ([gﬁg )]11 o GE?’ )31;11;2“3 (Y)> 3.1, C LD arazas }( 1%V iveive

a3:1;1;1
V(NZ —1)(Ng — 4)/N.

<[ (e GENLL () e (1Y ViV
uiU2U3

=0; (Smil [511

+6p (3:3;1;1 / ([fmi(% )]11 o BB (Y)) if“1“2“3(—1)32'62112'@%222'622}.
U uU2U3

N.(N2-1) (a)uiuzus
Defining
3;d 3 3;1;1;1
GE )’3,1’(1,211,3( ) = [mg )] Gg )Ul’u;u;g (Y)7 (685&)
(3:5) — o3 (3;3;1;1)
G (ouruzus (Y) = 571110 G s (V) (6.85b)
and

LEO(v) = / Gl gy (V)92 (— )3V iV 2V, (6.86a)
UIUU3
iw= [ G (TR, (6.86b)
and taking as.1.1.1 = VdaCg, a3.3.1.1 = \/dady, Eq. 6.85a becomes
EEF Y)Y = 6318, [0 L3 (V) + 65 L0 (7). (6.87)
Consequently
bloc d(Iyt
L) Z Z LI vy = LEV () + L2 (v), (6.88)
I i€l m;=1
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6.3 Properties of the exponentiating matrix

Let us return to the notation of Sec. 6.1 where in Eq. 6.42 we wrote

M) =Y Mggg V)= MEZ;)’“)(Y), (6.89)
n=2

n=2 k

where the components of Mgz)k)(Y) are defined with respect to some orthonormal basis of

colour singlet states through

M) = [ G, et (6.90)
Uy Un

ij \2n ()u1-un

An,Un a1,U1

Remember that Mgz)k)(Y) is referred to as the n'" order contribution to the exponentiating

matrix associated with (A(q))(Y) from the k'™ colour structure C(Wk)ar—an ¢ 9B (A®™),

In section, we consider the following two questions:

k)
k)
)

o When is MEZ
o When is M(Z

(Y) a purely symmetric or a purely anti-symmetric matriz?

(Y) purely even or purely odd under S?

In answering these two questions, I derive two original results; these are recorded in Thm 6.1

and Thm 6.2.

Theorem 6.1. The n'* order contribution to the exponentiating matriz associated with
(A@) (YY) from the k™ colour structure Cik) € B on(A®"), denoted Mgz)k) (Y), is purely

symmetric if

GEn) L, (V) chaan oo G (v)] [or o clmbienan] T <, (6.91a)

()ur--un (@)ur-un

or purely anti-symmetric if

G(n;k) (v) cmkar-an | [U o G(n;k) (Y)} [U ° C(n;k’)mman} L 0, (6.91Db)

()ur-un (@)ug-upn

where o € Sy, is the permutation on n symbols which reverses the order of the n symbols

o) =n+1—1i, (6.92)
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and

oo GMD vy = gk (Y),  ooCmbm=an _ iR tam  (6.93)

(@)ur-upn T (@)U (1) U (n)

Proof. In order to prove Thm 6.1, simply consider the matrix components of the transpose of

(n;k)
Ma)

((MER], = M) =

2

An,Un al,ul

1 (ns;k) nik)as
N /ul'--u,n G(O‘)ul'--un (Y) C( Jai

3

al,u1] Gnp,Un

1 n;k n;k)aq--an *
\/27/u1---un GEO‘)U)l---un(Y) [C( ik)ai }

al,u] Qn,Un

= 1 / [a o G(”?k) (Y)] [cr o C(mk)al”'“"} : , (6.94)
Up-Un

(@)ug-up

An,Un a1,U]

where in the first line I used Eq. 6.90, in the second line I flipped the diagram, in the third line
I used Lemma 4.1 to reverse the directions of the lines in the diagrams representing sum-over-
generators insertions, and in the last line I relabeled dummy integration variables and dummy
adjoint indices. Comparing Eq. 6.94 with Eq. 6.90, one obtains the sufficient conditions specified
in Thm 6.1. This concludes the proof of Thm 6.1. |

For the Young colour structures and the Young colour structure functions explored in the
previous section, Thm 6.1 implies the following:
(2;9) . . .
o M) (Y) is a symmetric matrix,
MED(y) tric matrix, and
o M) (Y) is a symmetric matrix, an

. Mgz)f )(Y) is an anti-symmetric matrix.

These results essentially follow from the fact that the colour structures §**%2 and d**®2%3
are purely real while if*1%2% 4s purely imaginary. The fact that Mgi;{) (Y) is an anti-

symmetric matriz is the reason why the qq correlator does not receive any contributions to
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its exponentiating matrices from the 1 f*1%293 colour structure; the qq correlator is a 1 x 1
matriz which means that its exponentiating matrices are also 1 x 1 and, hence, cannot be

anti-symmetric.

(n

Having given a sufficient condition for when M ( a;)k) (Y) is a purely symmetric or a purely anti-
symmetric matrix, let us now turn our attention to the second question posed at the beginning

of this section: When is MEZ’)k) (Y) purely even or purely odd under S?

Theorem 6.2. Suppose the orthonormal basis of colour singlet states Bon(WE™) =
{|m;i)}; used to construct the ¢™q™ amplitude matmx.A 2 in Bq. 6.28 satisfies Eq. 4.129a,

namely for all i
S®™|m; i) = s;lm; i), s; = +1, (6.95)

where SE™ : WO — WE (11,01, Vm, U ) > (V1,01,°**  Um, Um) 18 the swap operator

with birdtracks representation

X
S®™ = I Lm pairs, (6.96)
X

If the k' colour structure in C"F) ¢ Bon(A®™) is either purely real or purely imaginary
with

[C(”;k)“l”'“”r — k) (mk)aran cik) = 41, (6.97)

then the n'™ order contribution to the exponentiating matriz associated with (Agzl))f W(Y)
(n3k)

th
from the k" colour structure, denoted M(a)f;ﬂ,

has the following property

So MY T = M5 Ji; = " Psis; (—1)" M 5, (6.98)

(a)&;g1Y

where S simply swaps all quark transverse coordinate labels for anti-quark transverse coor-

dinate labels.

Proof. Consider the application of S on a single sum-over-generators insertion

So =5o 553315 5;2:,3m 553)1 - 5§y>m

a,u a a a a
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— —
——

— —_—

:5&2l_§_+...+5%)m -5 —"'—5&292,”_
=—[0@ | +ee+d@, -G —-ad
x> T
=— | =-5¥m sEm (6.99)
XX T
where S®™ 1 WO — W™ (51,01, , U, Um) + (V1,01,+ ,Vm, V) is represented in bird-
tracks by
B X
S®™M = 1 Lm pairs, (6.100)
X

and S®MS®M = i em and SEMSEM = 1., Having computed Eq. 6.99, examine

an,Un al,ul

Qn,Un a1,U]

An,Un a1,U1

(6.101)

where in the second line I used Eq. 6.99, in the third line I used Lemma 4.1 to reverse the
directions of the lines in the diagrams representing sum-over-generators insertions, and in the
fourth line I used Eq. 6.95 and Eq. 6.97. This concludes the proof of Thm 6.2. |






Chapter 7

The 3-point truncation

7.1 JIMWLK evolution of the ¢g correlator: needing the 3-point

truncation
In this section, I argue that the 3-point truncation is necessary in order to provide a non-trivial
parameterization for the JIMWLK evolution of the argument of the qq correlator.

The JIMWLK equation for the ¢g correlator (the first DS equation of the ¢g correlator) derived
in Eq. 5.70 is given by

DAy (v) = 2 [ R [(AGE) () = (Al )] (7.1)

™

where Cy = NZ-1

5y~ is the quadratic Casimir in the fundamental representation and

1 1 .
1 _ /= (1+9) — [ ¢
(D) = <df c§>> ), (AL (Y) = <d,4 o > ™, 12
are the qq and gqg correlators, respectively. The dimensions of the fundamental and the adjoint
representations of SU(N,) appearing in Eq. 7.2 are given by df = N, and d4 = N2 — 1, respec-
tively. Since these correlators are complex numbers (as opposed to complex matrices) they can
be expressed in modulus-argument form through

(AW (Y) = 1) (y) e (), (ALY (y) = p(149) () iy 2 (V) (7.3)

TY =z Y,z

Recasting Eq. 7.1 in terms of Eq. 7.3, the real and imaginary parts of the equation correspond

to equations for the modulus rgy) (Y) and the argument H&Q(Y) of the qq dipole which are given

139
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by
d asC
) = S5 [ Ry [0 cos [02(r) = 090)] =) (7.4a)
d asC r 1+g (Y)
K 2 zy:: (1+0) (y) — gV
) = 5L [ R T oy [0 (v) — o) (v)] (7.4b)

respectively. The 3-point truncation of the gg and qgg correlators are easily computed as

(AGD3(Y) = exp | = CrGay (Y, Yo) | (AL (Y0), (750)

C'A

(A3 (V) = exp [ = = (Goz + Gay = Gay) (V,Y0) = CpGay (Y, Yo) | (AL (Y0),

(7.5b)

where Cy = N, is the quadratic Casimir in the adjoint representation and for convenience (and

following the notation of [32]) we have defined

gwy(}/a YVO) = P:l:y(Y7 YO) =+ iowy(Yy %)7 (76)
with
(2;9) y’
Pay (Y, Y0) - / vy’ G(l)wy ), (7.7a)

Y
. ;d id . d
Ouy (Y, Y0) := ~iCy | Tyl (Ggf)gjwy(y’) — G J(Y)) = —iCq /Y dY'GE (V).
0 0

(7.7b)

The constant Cy is defined such that d®ci2dere2b — ;59 where C; =

change of transverse coordinates & and y, the so-called “Pomeron” contrlbumon Py is symmet-

(2;9)

(Day
by construction. Despite the suggestive notation used in Eq. 7.6, at this stage both the Pomeron

. Under an inter-

ric since G is symmetric while the so-called “Odderon” contribution Oy, is anti-symmetric
and the Odderon are complex-valued functions. However, we can easily show that both are real
which we do below. To this end, notice that the qq correlator has the following symmetry under
complex conjugation’

(A (V) = (AG)(Y) = (ARD(Y) = S o (AT (Y). (7.8)

xy

'Notice that we are assuming that the complex conjugate of the target average is equal to the target average
of the complex conjugate. This is certainly true in the Langevin picture of JIMWLK evolution [17], but this
picture is only available at leading logarithmic order in 1/xyp;.
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Requiring that any truncation of the ¢g correlator (in particular the 3-point truncation recorded

in Eq. 7.5a) preserves this same symmetry, we have that for non-trivial initial conditions

exp [ — Cy(Ph, —iO%)(Y, Yo)] = exp [ — Cf(Pay — 102 (Y, YO)]

= exp [20(ilm [Pay (Y, Y0)] + Im [Ony (Y, Yo))] = 1, (7.9)

which implies that

Im [Py (Y, Y0)] = gfnmy(Y,Yb), (7.10a)

Im [Ogy (Y, Yp)] = 0, (7.10Db)

where ngy (Y, Yp) is an integer-valued function. Eq. 7.10b says that O, is purely real. In order
to draw a concrete conclusion from Eq. 7.10a, we note that it is reasonable to assume that
JIMWLK evolution is continuous. This assumption requires ngy(Y,Yp) to be continuous, but
since it is an integer-valued function it must then be constant. Consequently, 1., (Y,Yy) =
Nay (Y0, Yo) = 0 since Pry(Yp,Yo) = 0. Therefore Eq. 7.10a says that Py is purely real too.
Furthermore, differentiating Eq. 7.10 with respect to Y yields

;0
Im [G, ()] =0, (7.11a)
(3;d) _
Re |G(Ti,, (V)] = 0. (7.11b)

Since both the Pomeron and the Odderon are real, we that the JIMWLK evolution of the

modulus and the argument of the ¢g correlator is parameterized as

riy (Y) = exp [ — CPay(Y, Yo)] riy (Y0), (7.12a)

and that of the ¢gg correlator is parameterized as

C
P (V) = exp | = 1 (Pas + Pay = Pay) (V. Y0) = CPay (V. Y0) Py 2 (%), (7.130)

TY;2
Ca
9%29) (Y) = e(mlg/—g_,zg)(%) -5 (Ozz + Ozy — Oxy) (Y, Yy) — CrOzy (Y, Y0). (7.13b)

If we were working only in the 2-point truncation of the gg correlator then Eq. 7.12b would

reduce to 9;(51?/) (V) = ¢9§cly) (Yp) which provides only a trivial parameterization for Eq. 7.4b with

%H(mly)(Y) = 0. Therefore, in order to provide a non-trivial parameterization for Eq. 7.4b one
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clearly needs the 3-point truncation. Writing Eq. 7.4 in terms of Eq. 7.12 and Eq. 7.13 yields

d as s CA
W,Pwy(yv YO) = ﬁ /z Icwzy {1 — exXp [ - 7 (sz + sz - 7)a:y) (Y7 YO)}

C
X COS [; (Ozz + Oy — Ogy) (Y, V) — eg(nlJQ) (Yo) + 9(1)()/0)]

32 Ty
-1
xrly P (%) (r) () |, (7.14a)
d Qg = Cy
ay Omy(Ya Yb) = ﬁ /z Icmzy €Xp [_ 7 (sz + sz - Pmy) (Y7 %)]
. [C
< 5in | S (Os + Oy = Omy) (¥ Y0) = 0572 (Y5) + 04 (%5)|
-1
< iy (¥0) () (Y0)) (7.14b)

where I assumed that rély)(Yo) # 0. Eq. 7.14 differs slightly from Eq. (34) of [32] in that we
have not assumed that the initial conditions for the ¢g and ¢gg correlators coincide; such an

assumption is unmotivated and unnecessary.

7.2 The 3-point truncation of the full ¢?¢* correlator matrix

Having motivated the need for the 3-point truncation in the context of the qq correlator, in this

section we examine the 3-point truncation of the smallest correlator matrix capable of accessing

all available colour structure functions in the 3-point truncation — namely Ggi;)&ilm, Ggi;)dgluwg
and Ggi;){l)luwg (where we have dropped the Y -dependence of these colour structure functions

or 01revt y . e smalittest sucn corretator matrix 1S € q=q- corre.artor matrixr gzven y
brevity). Th llest such lat triz is the ¢%q> lat triz given b

<Ac(1:21)x2;y1y2>(y) = < (7.15)
where the normalizations are
1 1 1
AR = = AZ) — AR = 7.16
11 d? ’ 12 df\/@’ 22 dA ( )

Ezxamples of observable within the CGC formalism that is expressed either entirely or partly in
terms of the entries of Eq. 7.15 include the cross-section for dijet production in DIS [30], the
cross-section for dijet production in pA collisions [30] and the cross-section for medium-induced

gluon radiation in hard forward parton scattering [31].
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The 3-point truncation of Eq. 7.15, denoted <A§621)w2;y1y2) 3(Y), is given in terms of some initial
condition (A, y1y)(Yo) by

2
_ (3] (2) (3¢
<A§’21)w2?y1y2>3 (Y) = Z g(a)931w2;y1y2 (¥, Yo) <A(a)w1fv2;y1y2> (Yo)g(a)mlm;ylm (¥ Yo), (7.17)

a=1

where for o = 1,2

gl (Y, Ye) = Pexp | —— v (Y') (7.18)
()z1T2;39192 V" 0 p 2 Yo ()T1T2;Y1Y2 ’ '
and
(3] _a4(259) (35d) (3:f)
M(a)ﬂflwz;ylw( ) - ()z122;Y1Y2 (Y) + M(a)mlmz;ylyz (Y) + M(Of)mlwz;ylw (Y) (7'19)

In what follows we will drop the Y-dependence of exponentiating matrices as well as their
dependence on transverse coordinates for brevity. Before explicitly computing each of the three
contributions to Eq. 7.19, one already knows some of their properties. Firstly, using Thm 6.1
one knows that M&)(; ) and /\/lgi;)d ) are symmetric matrices while Mgz’)f ) is an anti-symmetric
matrix. This result essentially follows from the fact that the colour structures 61?2 and ¢*1%2%3
are purely real while ¢ f*192% is purely imaginary. Secondly, since Eq. 7.15 is constructed in
terms of colour singlet states which are eigenstates of S®2 with eigenvalue 1 (with respect to
), one knows that MEZ;)(S ) and Mgi)f ) are even under S while Méi’j)d ) is odd under 5. These

properties are confirmed in the explicit calculation of each of the three contributions to Eq. 7.19

performed below.

The matrix components of Mgi;)é ) are computed to be

;6 ;0 ;0
[MEZ) )]11 - Cf [Ggi)w)lyl + Gi)ﬂ)ﬂﬂn}’ (7'20a)
@0 _ _ O [0 (2:9) (2:) (20) | _ 1 aq(20)
[M(Q) ]12 - /7dA [G(a)$1m2 - G(a)$1y2 - G(a)m2y1 "I_ G(a)y1y2:| — [M(a) ]21) (720b)

. Ca+C, : : Cy—C, : :
[M(2’5)]22: A+ d(G(2,5) e )+ A d(G(Q,zS) e )

(o) 4 () z1y2 (@)z2y1 4 (@)z12 (@)y1y2
Ca\ (A(2:0) (2:6)
+ (C T > (Gl * Clamans) (7.20c)

Eq. 7.20 was first recorded in [19] (see Eq. (44) therein). However there are typographical errors
in the numerical factors in Eq. (44b) and Eq. (44c) of [19] which we correct in Eq. 7.20c and
Eq. 7.20b, respectively. Clearly, Mgi;)é )is a symmetric matrix and one can easily check that it

is invariant under S.
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The matrix components of Mgz;)d ) are given by

[Mgi;)d)hl = CrCqy {Ggﬁ)ﬂclyl) + Ggi;;i()wzyz)}’ (7:21a)
[Mg)d)}u - ?};%d [Ggi;;l()mlw) + Ggi;;l()mwl) - Ggi;)d[zﬂlmﬂ - Ggi;;l[ghyﬂ - Ggiﬂfmt;l_yﬂ
(7.21b)
= [Mgz;;j)]m,

MG = Cu[ A (G0, e )

T (O~ Ol + O )

# (0= ) (60 + ) | (1219

where

L ram
S C N I ram

are anti-symmetric and symmetric 2-point functions (as suggested by the round and square
braces enclosing the transverse coordinates) and

Bdlt+—=) _ Gd) 4G (3:d) G3d (7.23)

(@)uiugusug ° - -

(@)uiuzus (a)uiuzug (@)uiusug (a)uguzug’

is a 4-point function. Eq. 7.23 is separately symmetric in the first two and the last two transverse
coordinates, and is anti-symmetric under the interchange of the first two with the last two

transverse coordinates; i.e.

Bidl++——) _ ~Bid|++——)

G(a)wzﬂmylyz - T(a)ziT2y1Y2’ (7.24&)
Bidl++——) _ ~Bidl++——)

G(a)mlwﬂﬂyl - G(a)m1:r2y1y27 (7.24b)
Bid|++——) _ & Bid++——) _ (3;d|++——)

G(O‘)y192$1$2 =So G(a)wlwgylyg - _G(a)w1w2y1y2' (724C)

Clearly Mgi;)d ) is an anti-symmetric matrix and it picks up a minus sign under the action of S.

Finally, M) i an anti-symmetric matrix with non-zero (off-diagonal) components

(@)
G _ VAA 3 fl+—+-) _ (3:/)
[M(a) Ji2 = 9 G(a)mmywz - 7[M(a) Jo1, (7.25)
where
Gsfl+=+=) ._ ~Bf) (3:£) (3;£) (3;£)
(@)uruguzug " G(a)U1u2u3 o G(Oé)u1u2’lL4 + G(a)u1u3u4 B G(o¢)u2u;>,u47 (7'26)
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is a totally anti-symmetric 4-point function. Since this 4-point function is totally anti-symmetric,
it vanishes under any single coincidence limit which makes the full ¢2¢? correlator matrix really
the smallest correlator matrix capable of accessing all colour structure functions available to

the 3-point truncation. Clearly, Mgz)f ) is invariant under S.

In the limit that ys — a9 := 29, Eq. 7.15 becomes

4@ S 0

11
(AD, y(v) = < e

T122;Y122

(7.27)

where the top-left entry is the ¢q correlator (Ac(,gll)w)(Y) and the bottom-right entry is the ¢qg
correlator <A;(El$f;)22>(Y), both of whom we already encountered in Eq. 7.2. Since Eq. 7.27 is
diagonal, it has no anti-symmetric part. Consequently, in order to write down Eq. 7.17 we
need only consider the exponentiating matrix corresponding to its symmetric part which in the

3-point truncation has non-zero components

[Mﬁ})hl = CrGz1y, (7.28a)
C
[ME?)]ZQ = 714 (gxlzg + gz2y1 - gxlyl) + Cfgwlyl, (728b)

where G is as defined in Eq. 7.6. The resultant 3-point truncation of Eq. 7.27 is then given by

2) _
<A(1)$1z2;y1z2>3(y) - (7.29)
exP [~ C1Gay (V. Yo)] (ASy,) (Vo) 0
0 exp [~ G (Grrza + Goas = Geuyn) (Y2 Y0) = CGany (V. Yo)| (AG31) (¥o) |

(7.30)

which coincides (up to a relabeling of transverse coordinates) precisely with Eq. 7.5. Given that

the full ¢?¢? correlator matrix contains the ¢¢ correlator in a coincidence limit and that for the

g;i)y is purely real and GE?;)C&y) is purely imaginary, it must also be that case

G%i)y is purely real and GE‘I’%L@/) is purely imaginary in the 3-point truncation of the full ¢%¢>

correlator matrix.

qq correlator G

7.3 Inconsistent JIMWLK evolution of the 3-point truncation:

needing still higher order truncations

The 3-point truncation of the full ¢>q* correlator matriz is not sufficient to consistently param-

eterize the JIMWLK evolution of the full ¢>q® correlator matriz. This inconsistency becomes
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manifest when comparing the evolution equations of correlators contained inside the ¢>q> correla-
tor matrixz in certain coincidence limits. In particular, we shall compare the evolution equations
of the qq correlator and the g correlator both expressed in the 3-point truncation and show
that the two equations cannot be simultaneously satisfied. The JIMWLK equation for the qq
correlator expressed in the 3-point truncation is already given by Eq. 7.1/. Consequently, the
magjority of the section will be devoted to expressing the JIMWLK equation for the g* correlator

in the 3-point truncation.

In the limit that y; — @1 =: 21, Eq. 7.27 further reduces to

Aﬁ) (G 0
(AD, ) (Y) = < (7.31)
0 A(g) - <
22 % E
..Q. ....... -

where the top-left entry is equal to 1 and the bottom-right entry is the g? correlator. Recall
that in Sec. 4.4.2, specifically in Eq. 4.153, we saw that Eq. 7.31 was contained in the top-left

corner of

<A231)ZQ Z3,212223 > (Y) =

O
WS 0 ° ’ 0
(S
= o
0 AD g 0 0 0 !
(G
- -
0 0 AE{? (- 0 0 ’
,<} .......
(V). (7.32)
0 0 ‘
0 0
0 0
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In this section we shall write

_
PN

-

w

B
~
—
~
N~—

I

[<A,(Z§)ZQZ3;z1z2z3>(Y)]ija (733)

for the sake of notational brevity, remembering that three coincidence limits have been taken.

In terms of Wilson-lines, the g? correlator given by
3 1 rrabrra
A = (F-020) (), (731
is manifestly real since [Ugf’ﬁgfr = ﬁg?UgS = Ugff]gf Using the shorthand of Eq. 7.33, the

JIMWLK equation of the g? correlator can be compactly written as

° = B [ Rrmn [ ) = (A )] (7:35)

The 3-point truncation of (Ag‘?)(Y) is easily computed by setting y; and @1 to z1 in Eq. 7.30,
the result of which is given by

(AS)Y5(V) = exp [~ CaPuy 2, (Y, Yo)] (ASD) (Vo). (7.36)

where P is defined in Eq. 7.7a. Given a real initial condition <Ag?§))(Y0), Eq. 7.36 remains real

for all Y since P is real.

The 3-point truncation of (Aé?)(Y) requires a little more work to compute since it is part of

the bottom-right 2 x 2, ¢ block inside Eq. 7.32. Let us denote this 2 x 2, g3 block by

AN :< DR ><y>, (r.37)

Aé? o ...... _<}. Aé%)@ ....... 40
R -

such that <Aé35)>(Y) = <A§£{3))(Y). It is easy to check that the diagonal elements of (A¢"))(Y)
are purely real while its off-diagonal elements are purely imaginary. For simplicity let us write

the symmetric and anti-symmetric components of (A¢))(Y) as

0 iaf3(Y)
—ial(Y) 0

V() ial) (v)

| . (739)
ialy (V) ab)(¥)




148 Chapter 7 The 3-point truncation

where agll), a%),a%) and a%) are all real-valued functions. The 3-point truncation of Eq. 7.37

has as its exponentiating matrices

(@) Y (@) Y
ME () = m&)( : Zm%i)( i (7.39)
imyy’ (V) myy (V)
for « = 1,2 where
(o) Ca [ (20) (2:0) (2:6)
m{P(Y) = [G(a)zm G+ G(a)z1z2] (Y), (7.40a)
() CA (35d) (3:d) (3:d)
i3 (V) = i N2 = 4G ) + Gl gy — Gl ) (7.40b)
From Sec. 7.1, we know that the entries of Eq. 7.40 are real-valued functions only for o = 1; for
« = 2 these entries are a priori complex-valued. Eq. 7.39 is diagonalizable with
3 1 -1 1] [P —inlP ) 0 1 |-1 1
M) =75 ' @ 4 im@ | 73 )
2111 0 my; (V) +imyy (V) 2111
(7.41)
from which one can write down the evolution operators as
3] _ LY 8]y
ECNY,Yy) =Pexp |—= aY' M (Y7)
(o) 2 Jy, (o)
_ 3P (o) cos (%mgg) (Y, Yb)) —isin (%mﬁg)(y, YO)) (7.42)
—isin (3w (Y, ¥0))  cos (43 (V%)) |
where
_(a) Yoo (@) Ca
mi (Y7Yb) - v ay mi (Y ) - 7 [PZ123 + PZ3Z2 + PZ122] (Y7 Y0)7 (7'433)
0
_(a) Yoo (@ Ca
i, (Y, Yo) = v dY'miy (Y7) = 9 Cd [02123 + Ozz — Oz (Y, Y0). (7.43Db)
0

Again, for a = 1 the entries of Eq. 7.43 are real-valued functions, following the discussion from

Sec. 7.1. Finally, the 3-point truncation of <A§)35)>(Y) is given by

1 (1)
(AG)3(Y) = e ) [2sin(my (V. Yo) iy (Yo) -
+ (cos(imi3 (¥, Y0)) + 1)aly (o) + (cos(m{y (Y, o)) — 1)aby (¥o)].

Notice that the left-hand-side of Eq. 7.44 is purely real as required.
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Having calculated Eq. 7.44 and Eq. 7.36, we are now able to express Eq. 7.35 in terms of the

3-point truncation which reads

dY
—isin [?@ [OZ1z3+OZ3ZQ—omMY,Yo)] ((AS) (Y0) + (A (Y0))

C
+ | cos bt} [Oz1z3 + OZJZQ - OZ1Z2} (K YO)
2 Cd

+ ( [C;ﬂ/g [Oz124 + Ozyzy — O] (Y, Y@] - 1) (AR (Yo) A5 1 (v0)]
d
(7.45)

d
PZ1Z2 Y }/0 / ,CZ1Z3ZQ a eXp |: 9

Ca
5 [sz1Z3 + 7323—22 - Pzwz] (Y’YO)} {

+ 1) (A (Vo)

where we recall that <A(3)>(Y) is defined through Eq. 7.33. For convenience of reference, let me

quote the result of Eq. 7.14a replacing x, y, z with z1, 2o, 23:

d

Qs - Ca
d?PZLZz (K }/0) = ﬁ/ ICZ123Z2 |:1 — €xXp [_ o [lezs + stzz - PZ1Z2] (Yv }/0)}
z3

C
008 | S [On12y + Or = O] (Y, Ya) - 6L, (¥0) + 010, ()

2122323

< (L, 00) ). (7.46)

r, (%)

2122323

Certainly in the 2-point truncation (in the absence of Odderon terms), Eq. 7.45 and Eq. 7.46

can be made to coincide if the initial conditions are chosen such that

(A AR (Y) = 112, (%) (r1,(%0)) (7.47)

However, in the 3-point truncation where the Odderon terms are kept, Eq. 7.45 cannot be
made to coincide with Eq. 7.46 without setting all initial conditions to zero. Notice that the
pre-factors in front of the Odderon terms inside the sine and cosine functions differ between
Eq. 7.45 and Eq. 7.46; the pre-factors in the latter equation differ with those of the former

equation by a factor of

IN, | N2

Interestingly, in the large N, limit Eq. 7.48 tends to 1. In this limit, Eq. 7.45 can be recon-
ciled with Eq. 7.46 by enforcing Eq. 7.47 and setting the other initial conditions of Eq. 7.45
((A(3))(Y) <A(3)>(Y) and <Aé?é)>(Y)) to zero. However, in order to reconcile these equations at

finite N, (i.e. N, = 3), one clearly needs a higher order truncation of the ¢?¢* correlator matrix.
That we need a higher order truncation is not wholly unreasonable, because we are trying to

satisfy three equations — the real and imaginary parts of Eq. 7.1 as well as Eq. 7.35 (which is
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purely real) — with only two degrees of freedom, the Pomeron and Odderon 2-point functions.



Chapter 8

Conclusion

I begin this chapter by summarizing the main results derived in this thesis in Sec. 8.1. Then, in
Sec. 8.2 I provide an outlook for promising future cross-pollination between the work presented

in this thesis and other closely related branches of theoretical high-energy physics research.

8.1 Thesis summary

In high-energy hadronic scattering experiments — experiments which involve a high-energy
dilute projectile (a lepton or a hadron) scattering off some hadronic target — the gluon density
of the hadronic wave-function rises steeply with decreasing Bjorken z1,; and eventually saturates.
In this saturation regime, the parton model no longer provides a valid description for the process
since the quondam assumption that partons in the hadronic wave-function scatter independently
is bygone. Instead, these partons scatter coherently which precipitates important non-linear

effects.

The CGC is an effective description of QCD in the Regge-Gribov limit which accounts for these
non-linearities. In the CGC formalism, the gluon-saturated hadron is represented by a large
(background) classical colour field. This background field is Lorentz contracted, with delta-
function-like support in the direction of the collision axis and time dilated such that it appears
static on the natural timescales of the strong interaction. Interactions with this background field
are then mediated by virtual, coloured probes. Being highly energetic, they pierce the (almost)
infinitely Lorentz contracted target without being displaced from their original trajectories: this
is known as the eikonal approximation. Despite not being displaced, the coloured probes un-
dergo multiple soft gluon interactions with the background field which when resummed generate

Wilson-lines.

151
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These Wilson-lines are the appropriate collective degrees of freedom for describing scattering
in the saturation formalism. They enter the description of observables, like the cross-section,
through rapidity-dependent averages called Wilson-line correlators. The averaging procedure
(see Eq. 5.1) is rapidity-dependent because the isolation of the background field is a rapidity-
dependent (factorization) definition: as the rapidity separation between the projectile and the
target increases, soft gluonic modes which were previously regarded as quantum fluctuations
atop the background field become subsumed into a redefinition of the background field through

the aforementioned special relativistic effects of Lorentz contraction and time dilation.

The JIMWLK equation is a functional renormalization group (RG) equation for the rapid-
ity evolution of Wilson-line correlators in the CGC formalism. Although written as a single
(functional) equation, the JIMWLK equation generates an infinite tower of coupled integro-
differential equations known as the Balitsky hierarchy'. At leading-logarithm, the JIMWLK
equation is also a functional Fokker-Planck equation which means that it can be recast as a
Langevin problem and solved numerically. However, at next-to-leading logarithm this ceases
to be so, in which case one requires a scheme for truncating the Balitsky hierarchy in order to

obtain a solution (if only an approximate one).

One of the chief outputs of this thesis is a gauge-invariant and symmetry-preserving truncation
of the Balitsky hierarchy. In particular, the latter “symmetry-preserving” property is an original
contribution of mine. The truncation follows from a peculiar parameterization for the rapidity
evolution of Wilson-line correlator matrices. The parameterization, which I methodically formu-
lated in Sec. 6.1, is expressed in terms of rapidity evolution operators which evolve the symmetric
and anti-symmetric parts of Wilson-line correlator matrices separately in a manner akin to the
time evolution of Hermitian operators in the Heisenberg picture of quantum mechanics. More-
over, the independent parameterization of symmetric and anti-symmetric parts is manifestly
symmetric and anti-symmetric, respectively, and in this sense is “symmetry-preserving”. The
rapidity evolution operators are expressed as path-ordered exponentials where the exponent is
an integral of a rapidity-dependent matrix (which we called the exponentiating matrix) which
can be decomposed into a complete sum over contributions from linearly independent colour

structures and colour structure functions.

In addition to establishing the “symmetry-preserving” property of the above truncation, I was
also able to disentangle (some of) its systematic features. In Sec. 6.2 I explained in general how
for colour structures constructed as eigenstates of special symmetry projection operators (see
Sec. 4.2.3) the symmetry features of these colour structures are imprinted onto their associated
colour structure functions. This idea, although originally my supervisor’s, was one whose de-
tails he and I ironed out together. Then, in Sec. 6.3 I scrutinized (some of) the properties of

contributions to the exponentiating matrix emanating from each term in the complete sum.

"Historically, this hierarchy is independent from the JIMWLK equation.
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There I proved two original results. The first result gave a sufficient condition for when a con-
tribution to the exponentiating matrix will be purely symmetric or anti-symmetric (Thm 6.1).
This result was proved independent of the Wilson-line correlator matrix being parameterized.
The second result (Thm 6.2) pertained to the behaviour of exponentiating matrix contributions

under a simultaneous pairwise swap of quark—anti-quark pair transverse coordinate labels.

The requirement that our parameterization/truncation be “symmetry-preserving” followed from
an observation I made in Sec. 5.2.2 where I calculated the JIMWLK equation for a general
Wilson-line correlator matrix; this is recorded in Eq. 5.98. From Eq. 5.98 I noticed that the
evolution of the symmetric part of the Wilson-line correlator matrix was driven only by the
symmetric parts of a slightly larger Wilson-line correlator matrix of which the original Wilson-
line correlator matrix is a sub-block. Similarly, the evolution of the anti-symmetric part was
driven only by the anti-symmetric parts of this slightly larger matrix. In particular, symmetric
and anti-symmetric parts evolve separately. This is not wholly surprising since the target
average is linear and operates component-wise for Wilson-line correlator matrices and these

matrices can always be decomposed into a sum of their symmetric and anti-symmetric pieces.

Another advantage of the form of the JIMWLK equation given in Eq. 5.98 is that it shows
precisely how the JIMWLK equation couples the distinct sub-blocks within the slightly larger

Wilson-line correlator matrix mentioned above. In Sec. 4.4, I showed, in general, how the ¢ ¢

(m-+1) g(m+1)

when the latter is constructed in an embedding basis. The Fierz bases are all examples of

correlator matrix (for m € NT) can be embedded inside the q correlator matrix

embedding bases. In the limit that the transverse coordinates on the last quark—anti-quark

(m+1)

pair of Wilson-lines become coincident, the ¢ g+ correlator matrix block-diagonalizes

into two sub-blocks. The top-left sub-block is the original ¢™¢™ correlator matrix while the
bottom-right sub-block is the ¢™¢™¢g correlator matrix and it is precisely these two sub-blocks

that are coupled by the JIMWLK equation which I highlighted in Eq. 5.98.

Finally, in Sec. 7.2 I computed the (full) 3-point truncation of the ¢2¢? correlator matrix — an
original calculation — which I showed was the smallest correlator matrix capable of accessing
all colour structure functions available at the third order. The 3-point truncation is necessary
in order to parameterize, for instance, the JIMWLK evolution of the argument of the ¢g corre-
lator where the the ¢g correlator is embedded inside the ¢2¢* correlator matrix in the manner
described in the previous paragraph. Another new result appears in Sec. 7.3; here I demon-
strated that the 3-point truncation of the ¢?¢? correlator matrix, and consequently the 2-point
truncation given in [19], cannot consistently parameterize the JIMWLK evolution of the ¢?¢?
correlator. Consequently a higher order truncation is required; this will be the topic of future

research.
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8.2 Outlook

It is now well established that in gauge theories like QED and QCD (as well as in perturbative
quantum gravity) the infrared (IR) divergent contributions to scattering amplitudes factorize.
For a scattering amplitude ¢M producing L outgoing hard particles, this factorization has the

following schematic structure (see [7,46-53])

L g
iMNH-S-lel, (8.1)
i1 Ji
where it is assumed that the renormalization of ultraviolet (UV) divergences has already been
performed. The hard function H can be thought of as the “tree-level” (no loops) amplitude for
the scattering process which is finite in four space-time dimensions with no IR singularities. The
soft function S contains all soft singularities associated with the exchange of virtual particles
(photons in QED and gluons in QCD) which are soft in the sense that their four-momenta tend
to zero. For each i = 1,---, L, the factor J; is called a jet function which contains all collinear
singularities associated with the i®" outgoing hard particle. Since particles emitted co-linearly
can also be soft, the associated singularities are doubly accounted for in the soft function as well
as in the jet functions. This double counting is then corrected by dividing each jet function J;
by a corresponding eikonal jet function J; which may be regarded as the soft limit evaluation

of the jet function J;.

Eq. 8.1 follows from a systematic analysis of all possible IR (both soft and collinear) singularities
that can arise in loop diagrams (in Minkowski space) with a fixed number of incoming and
outgoing hard particles. IR singularities may materialize in loop integrals when poles in the
integrand coalesce; in this case the contour is said to be pinched since it cannot be deformed away
from the poles. These pinches or pinch surfaces are given by solutions to the Landau equations
[54], but they only provide a necessary condition for when IR singularities may materialize.
However, from the Landau equations and infrared power counting [54] one is able to write down
Eq. 8.1.

Of particular interest to us is the soft function and we now restrict our discussion to QCD
dominated processes. Having an infinite Compton wavelength, the soft gluons which constitute
the soft function cannot resolve the internal structure of the jets; all they can see is the overall
colour charge of each jet [53]. Conveniently, this means that the soft function has a Feynman
diagram interpretation of its own in terms of eikonal Feynman rules. One builds up the soft
function perturbatively by considering the exchange of multiple soft gluons between hard particle
lines. For example, consider the one-loop diagram given in Fig. 8.1 which consists of a single
soft gluon being exchanged between an outgoing quark and anti-quark, both emanating from a

common vertex. This diagram represents the following integral
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FIGURE 8.1: A single gluon exchanged between an outgoing quark and anti-quark emanating
from a common vertex. Time runs from right to left.

dk —ingz6®
A HC _ af
ZMg%qé(ﬂ;) o / (2m)d k2 —ie
Btk
(p2 + k)2 —m? +ic

—k
x u(p1)(igy™t® i gy g7t 8.2
u(p1)(igy )(p1 By e (ig7"t%) (ig7°t")v(p2),  (8.2)
which, in d = 4 space-time dimensions, is logarithmically divergent in the IR as well as in the
UV. The latter divergence can be removed by renormalizing the QCD coupling g such that
Eq. 8.2 is UV finite in d = 4 space-time dimensions. In the soft- or eikonal-limit (k — 0),

Eq. 8.2 becomes

2 d B a :
e k=0, (=0 N e g d | py | [ P ] [~Map
My sgatrg) — [1PIgY Ev(p2)] 2Nc/(27r)d ok || prk) | K2
:iMZ:qé
ig? dk .
9 qq2NC (27T) k2p1.kp2.k

(8.3)

where we ignored factors of ¥ in the numerator and linearized the denominators of the fermion
propagators, dropping O(k?) terms. Eq. 8.3 is still logarithmically IR divergent in d = 4 space-
time dimensions (the same logarithmic IR divergence that was present in Eq. 8.2). However, in
taking the eikonal-limit we have introduced an additional, artificial UV singularity that is not
accounted for in renormalized perturbation theory. Explicitly evaluating the integral in Eq. 8.3,
one finds that the IR and UV singular contributions precisely cancel each other, producing
zero. This cancellation or one-to-one correspondence between IR and UV singularities is true
in general for the eikonal-limit. For a fixed number of fermion legs, resumming all eikonal
diagrams (diagrams involving only the exchange of multiple soft gluons) produces Wilson-line
operators which dress each fermion leg. Given the above discussion, it is not difficult to see
that the UV singularities of these Wilson-line operators are in one-to-one correspondence with

the IR singularities of scattering amplitudes.
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For this reason we seek to isolate the UV singularities of Wilson-line operators which we do by

replacing the usual QCD Wilson-line operators [7]

Un,[A] := Pexp

ig/dtné‘Au(tni)] . (8.4)
0

UM[A] := Pexp

ng

z’g,ug/dtanu(tni)eimtV"?ie] . (8.5)
0

where m is an IR regulator (additional to the one already present in dimensional regularization)
which smoothly cuts off the IR singularity of Eq. 8.4 such that only UV poles in € are left. In
the limit that m — 0, Eq. 8.5 reduces to Eq. 8.4. Eq. 8.5 denotes the Wilson-line operator
lj/ .

dressing the i*" outgoing hard particle whose trajectory is given by z! (t) = tnl' where nf' is a

constant four-vector proportional to the particle’s four-momentum p'.

The soft function in Eq. 8.1 can be written as a vacuum expectation value (VEV) of L Wilson-

lines operators (of the form given in Eq. 8.5)

Sp (gr0u).2. ) o= QUL A} - @ ULA), (36)
where 7;; is proportional to the normalized inner-product between n! and né‘

Yij = 200, (8.7)

and p is the dimensional regularization scale. With this definition, the soft function is finite
in d = 4 — 2¢ space-time dimensions for ¢ > 0. Eq. 8.6 can be multiplicatively renormalized

(see [55-59]) where the renormalized soft function is defined by
m m
Sn (r0n)ve. ) = S5 (). 22) Z (5 0002).). (8.5)

and is finite in the limit that e — 0. The multiplicative factor? Z collects all UV counter-terms

and satisfies the following RG equation

dlrjl(,u,)Z (’Yijﬁ O‘S(:uz)7 6) =—-Z (’Y@'j, Oés(,uz), 6) r (’yij, Oés(,LLQ), 6) , (8.9)

where I' is the soft anomalous dimension and is finite in d = 4 space-time dimensions. Like Z,

I" is a matrix in colour space.

2This is a matrix in colour space.
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Eq. 8.9 is intriguing to us because it bears some resemblance to our novel parameterization for
the JIMWLK evolution of Wilson-line correlator matrices in the CGC context. In fact, if we
had not required our parameterization to be symmetry-preserving (only gauge-invariant) then

we could easily have written

1
ey ) = ) ) s A ) = =)o o) 610
=:—N(@bj)

where In(z;) = Y. Note that Eq. 8.10 can be mapped onto our original parameterization
given in Eq. 6.15 if My(Y) = My (Y).? Comparing Eq. 8.10 with Eq. 8.9 one is tempted
to interpret N '(zp;) as the anomalous dimension for the Wilson-line correlator matrix (A)(zp;).
Both equations Eq. 8.9 and Eq. 8.10 admit a path-order exponential solution; the solution to

the former equation is given by

Z (01 05(4%),6) = Z (315 251, ) P [_ Lo

dln(,u/)f‘ (%j? as(ﬂ/2)7 6)] ) (8'11)
n(uo)

while the latter equation’s solution is given by

ln(xbj)

<A> (xbj) = <A> (mbjO)P exp l_/l

n(mbj 0)

dln(xbj’)/\/(:cbj’)] : (8.12)

P denotes the anti-path-ordering symbol with respect to the variable of integration. The path-
ordered exponential in Eq. 8.11 can be written as an ordinary (matrix) exponential (see Eq.
(2.5) of [55] as well as Eq. (2.11) of [60]) using the Magnus expansion [61] where the exponent
of the ordinary matrix exponential is written in terms of matrices I'™) which are the coefficients
of I' in an expansion in as. These coefficient matrices T can be computed directly in terms
of webs (see Eq. (2.15) of [60]).

Why is this useful to us? Given the striking similarity between Eq. 8.10 (which can be mapped
onto Eq. 6.15) and Eq. 8.9, it seems natural to ask to what extent the formalisms around
these two equations can be linked and contrasted. Can the machinery of webs be employed
in the context of the CGC to compute and give physical interpretation to contributions to the
exponentiating matrix? Correspondingly, can the results that we prove in this thesis about
contributions to the exponentiating matrix be applied in the context of webs and the mizing

matriz formalism? (see [7] for a review.)

These tantalizing questions, although outside the scope of this thesis, suggest that the original
work presented herein may have application beyond the JIMWLK context, and may eventually

lead to a (more) unified formalism for the evolution of Wilson-line correlators.

3This mapping can be easily derived by expressing the Wilson-line correlator matrix (A)(Y = In(z)) as a
column vector and then rewriting both Eq. 8.10 and Eq. 6.15 as linear matrix equations for this vector.






Appendix A

Standard pQFT results

A.1 Radiating a soft and co-linear, on-shell gluon from a hard

quark
)\, a 5000y ,
i
p p p+k
(A) No gluon radiated. (B) One gluon radiated.

FIGURE A.1: The factorized production (represented by the blob) of an outgoing hard quark
with momentum p, spin s and colour ¢ accompanied (right) and un-accompanied (left) by
the emission of an on-shell gluon with momentum k, adjoint colour index a, and transverse
polarization A. Time runs from right to left.

In this section, we demonstrate the claim made in the introduction to this thesis that the emission

of a single soft gluon produces Sudakov logarithm in energy.

Consider the process depicted in Fig. A.la. Let us define its matrix element to be
Fig. A.la =iMy(p, s, i) = u; (p)[iMy(p)]s, (A.1)

where [iM(p)]; represents the factorized production of a hard quark with momentum p and
colour 7. In this section, repeated colour indices such as those in Eq. A.1 are not to be assumed
implicitly summed over; any sum over colour indices shall be made explicit. In order to compute

the cross-section for this process, one needs to take the square of the modulus of Eq. A.1 and

159
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sum over final spins s and colours i [6] which yields

2 3

Z N [iM(0))us ()@ (p) [iMa(p)]; = S [iMa ()il (p + my),

,j=1 s i=1

>

s

3
Z iMgy(p,s,i)
i=1

where in going to the last equality we used the spinor identity
Z uj = 3y (p + my)- (A.3)

Since the outgoing quark is “hard”, its momentum is approximately light-like and one may

ignore its mass m, in Eq. A.3 and therefore in Eq. A.2 too.

Now suppose the outgoing hard quark emits a soft and co-linear, on-shell gluon as in Fig. A.1b.

Then the invariant matrix element is modified from Eq. A.1 as follows

i(p+ k +myg)
p+k)2—m3+ie

Fig. A.1b = iMy44(p, s,i;k,a, A)

HMw

[iMq()]jen(k)",

(A.4)

Working in the limit that the outgoing quark effectively has zero mass, the magnitude of the
quark’s 3-momentum |p| is equal to the quark’s energy E,. Consequently, the denominator of

the propagator in Eq. A.4 becomes
2.k = 2E,Ey — P k) = 2E,Ex(1 — cos 0,,1,), (A.5)

where 6, is defined to be the angle between the 3-momenta p and k. Eq. A.5 vanishes when
the gluon is radiated either softly (£, — 0) or co-linearly to the quark (f,, — 0). In the soft
limit one may neglect the } term in the numerator of the propagator in Eq. A.4. Using the

defining anti-commutator relation for Dirac matrices
{777} = 29" 1axa, (A.6)

and the Dirac equation for u(p)

0 =a(p)(p+my) = ulp)p + O(my), (A7)

Eq. A.4 becomes

iMgig(p, 8,5k, a, A) = u;(p) [Jq-i-g(pé k,a, /\)]ij [iMq(p)]j7 (A.8)
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where

A *
. o P-€(F)
[Jq+g(p7 k,a, )‘)]l] = _gtz] pk+ i (Ag)

is called the eikonal current. Taking the square of the modulus of Eq. A.8 and summing over

final spins s, fundamental colours i, adjoint colours @ and transverse polarizations A, one obtains

ZZZ ZBZM(HQ D, S, ik, a,\)

s a=1MX=1li=1

=g [iM( P+ my),

(A.10)

where we again used Eq. A.3 and the definition of the quadratic Casimir in the fundamental

representation
8
Zt“t“ =Crl where Cr=. (A.11)

Comparing Eq. A.10 and Eq. A.2, one sees that the net effect of radiating a soft on-shell gluon
is to multiply Eq. A.2 by the factor

(A.12)

This means that for any cross-section associated with Eq. A.2, the emission of a single soft
gluon leads to a modification by a factor Eq. A.12 integrated over the Lorentz invariant phase

space (LIPS) measure of the radiated gluon.

In order to compute this modification explicitly, let us introduce explicit 4-vectors for the
momenta p and k as well as the polarization vector e. Suppose that the intermediate (off-mass-

shell) quark had a light-cone energy E and no transverse momentum, i.e.

pt+ kM =[ET,p” + k7,0, (A.13)

where the square brackets [---] represent a 4-vector in light-cone coordinates’.

Suppose also
that the radiated gluon carries a small fraction xp; < 1 (since it is soft) of the light-cone energy
away. Using energy-momentum conservation and the (effective) massless of the outgoing quark

and gluon, one obtains

k2
k2
F=11—-2)ET, ———— —k " A.l14
P ==Y g k] (A.14b)

'Given a 4-vector v* = (’UO ¥)* in standard coordinates, its light-cone representation is defined as v* =

[v*, v, v, ]* where v := ( + %) and vy = (v',0?).
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The polarization vector must satisfy g””eﬁ(k)ex(k) = —6™ and k.e*(k) =0 for all \, N =1,2

v

[1]. Choosing the axial gauge ¢*~ (k) = ¢} (k) = 0, the polarization vector is given by

A o\ —
A € ki ) A A (L,0) ifA=1
e (k) =10, €T M, where € =¢é = A.l4c
Ak = [0, &) Y=e {(071) I (A14c)
Using Eq. A.14, Eq. A.12 evaluates to
«|? 4g%C <1 4¢%C
- L1-2)"R e L (A.15)
Finally, the integrating Eq. A.15 over the LIPS measure of the radiated gluon yields
d*k 4g%C
S m)s(k) oK) 2L
| Gy om0 2y
dkTdk=d%k | 1 1
= 44° /7(5 2kt k™ — ki 9( kTt k>
90 | T 00 (5 +4)
dk™ dk? [k k?
_ 0 v 1+ 1
Wl (f( 20k >>>
s dk™ de
_ %G / / L (A.16)

where in going to the third line we used the integral over £~ to eliminate the Dirac delta function
and we recast [ d?ky in polar coordinates as [° dk ky [Z™dp = 27 [° dk k) = 7 [7° dk3, and
in going to the last line we used the fact that the argument of the theta function is always positive
provided k% is always positive in order to restrict the lower bound on the k™ integral to zero.
Ignoring the co-linear singularity associated with the integral over ki for a moment, one sees
that there is a soft singularity associated with the kT integral. By restricting the range of the
k™ integral to be between physical limits such as the minimum energy that the detector can
resolve k.t

4 and the factorization scale p of the processes depicted in Fig. A.1, one obtains a
SSL

.
[ = W/, (A.17)

res

as promised which is large for u > /k,

res’



Appendix B

Propagators in the presence of a

large background field

In this chapter, I compute the propagators for fermions and gluons in the presence of the target
background field via the spectral method. The fermion propagator is used to compute the total
cross-section for DIS given in Sec. 3.2. The gluon propagator is used extensively in Sec. 5.1 to
derive the JIMWLK Hamiltonian at leading logarithmic accuracy. Since the gluon propagator is
written in terms of the propagator for a scalar, I shall begin by deriving the scalar propagator in
the presence of the target background field. For convenience I recall that the target background

field is given by
Vet am @) = g"o(a7)B(z) = g"0(27) B (=)t (B.1)

+

where x 7 s assumed to be zero unless otherwise stated.

B.1 The Scalar Propagator

Consider a massless complex-valued scalar field ¢ : RY3 — CNesz s ¢(z) = ¢i(7)é; whose

dynamics are governed by the Lagrangian
1 1
£scalar[¢7 b} (i‘) = —§¢T($)Dz[b]2(b(]}) = _§¢I(x)Dﬁ[b]Z]Dg[b]]kQSk(x)’ (B2)
where the covariant derivative in the fundamental representation is defined as

Dy[blij == (0 —igbu(x))ij = 0,,0i5 — igb, " (x)t3;. (B.3)
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The square' of Eq. B.3
(—iDg[b])> = =D, [b]* = 2070 + 07 + 2igh* (x)0~, (B.4)

can be inverted using the spectral method: if there exists a complete set of eigenfunctions
{¢(x; k) =}rerrs such that

4
~Dlpolask) = o b, [ Gl =60 =y, (5.5

then the inverse of Eq. B.4 can be computed as

|:_1)[b]2:| (z,y) 1:<$|m|y>

i d*k
=Gl —pr TR ( / (%)kaw) )

4 i
- [ Gl el b, (8.6

where we have specified the Feynman pole prescription. This inverse is the propagator for the

scalar field in the presence of Eq. B.1 which we shall sometimes write as

] (=) = @t = (B.7)

Consider the following ansatz for the eigenfunctions

, d?z .
AN 2, P L —ilp—k)=z _ B.8
¢($,k) * /d pJ_e / (27_(_)26 Uz;a: ,— 00 ( )
where
2 2
- - 4+ pL + ]{3
p - k I - 2k7 9 (Bg)
and
Usw— —oo :=Pexp |ig / dz"b"(2)| = expligh(z~)B(2))]. (B.10)

Notice that for z= < 0 or f(x) = 0, Eq. B.8 can regarded as a free particle, because Eq. B.10

reduces to the identity matrix, Eq. B.8 reduces to the plane-wave ansatz

(j)(gc;k):exp[—i((k%;kQ)x+kx+—k-m>], (B.11)

T include the factor of (—i)? in the definition of the differential operator in Eq. B.4 to connect with square
of the covariant momentum operator.
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which, for all £ € R"3, forms a complete set of eigenfunctions for the Klein-Gordon operator
—D,[0]? = —2070~ + 02. However, one needs to confirm that Eq. B.8 satisfies Eq. B.5. To
this end, using the fact that p? = k2, which follows from Eq. B.9, one easily obtains

— D, [b*¢p(z) = kK*¢(a; k)

+2gk0() [ dPprere | éﬂ; PR (B(a) — B(2)) s oo (B.12)

The latter term involving §(z~) vanishes because

4 d? 4
z7) / d’pre= P / ﬁe’z(””@'z(ﬂ(az) — BNz o0

—3(a7) [apremitt e [ gj;e“f’k"Z(ﬂ(w)—ﬁ(z))Um oo

= 8(a7) [ deLem TR (@ - 2)(B(a) — B2V, 0 = 0. (B.13)

Consequently, Eq. B.8 is indeed an eigenfunction of the differential operator —D,[b]?. To con-

firm the completeness relation, one uses

2 2 2
+ 2 _ AT W s i P
/dk: dk~d*p,d QLQXP[ z(( = )a: ( = )y

=2m0(x” —y ) /dk‘_d2pj_d2qj_

+k+(w‘—y‘)+k_(w+—y+)—p-w+q-y>

i —di
X exp [—z(( J—2k— l)m_ +Ek (zt —yT) —p~a:+q-y> , (B.14)
to show that
d*k
/ . )4¢<x K)o (i k)
A%z | d? . A
%, d%q e (p.x—q.y)/ (2';1; (;2; iR TR Ry, gt
- dk™ _—
=@ —y )6 (z —y) / o XD ik~ (@ —y")] =D (@~ ). (B.15)
Substituting Eq. B.8 into Eq. B.6, one obtains
{i ](a: )—/d4k o /d d2q e i P2 qy)/d oy )
D] T ) erprr e ) O AT 2 (2m)2
X e —i(p—k)-z1 Z(q k)- Z2Uz1,x 7ooUzT2y oo (B16)
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where

_ 1
o P 2 (B.17)

p =q¢ =k, pt=

To simplify Eq. B.16, one evaluates the k™ integral according to the Feynman prescription.

With a pole located at k™ = Tﬁ”, e~k (="~v7) has a vanishing contribution from the integral

along the contour at infinity if and only if 5~ > 0 and = >y, or k= < 0 and z~ < y~ which

yields
| @) = [ e Pl — 8 6ty — )0k )
=D T ) empeR) T Y v
/ d’p d*q e (Pm0) / s Loy, (B.18)
where
2 2
g =k +o P +- 4
pr=a =k, piEgom P =g (B.19)

One can repeat the above derivation for a massless scalar field. Adding a mass term of the
form %mz\qﬁ(aj)\Q to the Lagrangian in Eq. B.2 simply results in a modification of p™ and p~ in
Eq. B.19 to

p2+m2 p+_q2+m2

2%k— 2k (B-20)

p =q¢ =k, pt=

B.2 The Quark Propagator

Consider a spinor ¢ : RM — CL,, ® @ CNe x s P(x) = Y(2)aiba ® & whose dynamics is

governed by the Lagrangian
Loivaclth, ,0)(x) := () (iP5 [b] — m)v(x) = ¥()a (ivy, D [blij — m Sapdi)1h (), (B.21)

where

Dﬁ[b]” = (8;5 — igb“(x))ij = aﬁdu — igba'u(l')t?j. (B.22)
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In order to compute the fermion propagator, examine

D, [b]* = v*v" Di[b] Dy [b]
— %({w,fy”} + [fy“,'y”])Dﬁ[b]Di‘"[b]
= (¢"" —io"") D};[b] D [0]
_ DufB — i D2, D2 (:23)
= D, [b)* — g F,, [b](z),

which means that

(i1, 6] = m) (i, [8] + m) = =Dl + go™ Eyu [b)(x) — m?. (B.24)
The fermion propagator is defined as

(@) b] = (D, [6) + m){alil-Du[b + go™ Fu[bl(x) — m® +ic] My).  (B.25)

The difference between Eq. B.6 and Eq. B.25, in terms of the content sandwiched between
(x]---]y) is the inclusion of the additional term go*”F),,[b](x). After some thought, one can

immediately write down the fermion propagator as

(Dap)IE) = D10+ m) [ s bla™ =y )00) = 0™ —a )6k

d? K E L 1b
/d2pldQQJ_€ i(pa— qy)/ ZJ‘ e~ iP=a) ZPexp zg/dz <b++02k“_[]> (2)|,

(B.26)

which can be constructed via the spectral method using the eigenfunctions in Eq. B.8 and
suitably modifying the path-ordered exponentials. Note that the momenta are interrelated as
in the previous section. Given the particular form of Eq. B.1, the field strength tensor has the

form
Fr[b](z) = M7 T0'bT (z), (B.27)

which means that o F),, [b](z) = 0 ' F*[b](z) where 0% = 1[y~,~"]. Using the defining anti-
commutator relation for the Dirac matrices given in Eq. A.6, one can easily show that (y7)? = 0

and thus 0?07 = 0. This last observation allows one to simplify? the path-ordered exponential

2Using the identity fab dx fxb dyf(z,y) = f; dy fay dz f(x,y) it is relatively straightforward to prove Eq. B.28.
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in Eq. B.26

v M E,[b
Pexp ig/dz* <b+ + 021{;‘1”) (2)

e
. x
g _ . .
= Uy + 5 / dz Uy o0 FHB)(2)U, (B.28)
e
One can show that the second term in Eq. B.28 does not contribute to the total cross-section

for DIS. Consequently, the second term in Eq. B.28 can be omitted and the fermion propagator

written as

D) = (] +m) [ (f’“(;k_)[e(x IO — Oy — )k

/dQPLquLe ip-z— qy)/ d’ ZL emitparzy,
= [ Gt = 00) = 0 — 2 )0k [ e P )

A2z, . 1
—i(p—q)-z .4z
< (2n)2° Vsemw- *7

Y7 o(a —y7)8 (@ — y)sign(at — ), (B.29)
where in going to the last line we used Eq. B.13 as well as the identity

[k etk (@t =y ™)
k_

—0o0

= —imsign(z™ —yT). (B.30)
We shall represent the fermion propagator given in Eq. B.29 pictorially by

r——(b)—<—y = (D) (y)) ] (B.31)

B.3 The Gluon Propagator

Following the procedure of Faddeev and Popov, the quantized QCD Lagrangian is given by

Locplw, v, ¢, Al(x) == Lym[A](2) + Lbiraclt), ¥, Al(x) + Lanost e, & A () + Lix[A](x)

= L FL A F [A) + 9() (D [A] — m)o(a)
+ 050 2) 08 () + 9 £ ) AV (@) — 5 (eu A (2) e, A (). (B.32)

In order to obtain the gluon propagator in the presence of the shock-wave background b, one

needs to expand Locp(v, ¥, ¢, ¢ b+ 0A] around b to quadratic order in the fluctuations 6 A. To
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this end, recall
a _ QT Aa T qa abc A b c
FMV[A] (1’) *auAy(x) - al/Au(x) + gf A,u(x)Au(x) (B33)
which means that

Fi [b+ 8A)(x) = Fj, [0)(z) + (6% + gy, (2) )0 A7 () — (958 + gbl () f*) Ay, ()
+ g Ay ()0 A ()
= Fp, [0)(z) + (Dy[0)0 A, (2))* — (DE[b)dAu(2))* + gf S AL ()5 A7 (), (B.34)

where the covariant derivative in the adjoint representation is defined as
D[] = 056° — ighl, (x)[T") = 056° + gbl, (x) f2*°. (B.35)

Using Eq. B.34, the term in Locp[v, v, ¢, & b+ 6 A] quadratic §A is

LGl D, 0,6+ 64](2) = —%{gFﬁu[b] () fPeOA ()5 A% () — ;(euA““(x))(eVAa”(:c))
+ (DL[bI0 A, ()" (D [bloA” ()" — (Dﬁ[b]Mu(x))“(DZ[b]5A“(ﬂf))a}- (B.36)
Examine

(D};b]6A, () (DR [IOAY (2)) = (976° + gby,(x) )5 A5 () Dy [D] 6 A™ ()
= §A5(x)(8;;0° — gby, () f*) DL D] 6 A™ ()
— GAS(x)(926° + gbl () ") DEBS AP () = S AL () (D b)) 5 AP (), (B.37)

where in the second line we dropped a total derivative term, and similarly®

(Dy[0]0A, (2))*(Dy [0 A" (2))* = —6 A5 (2) (D4 [b] D [b) 0 A}, ()
= —0A; (2)(DY[B] DY b)) S Ay () — gd A () F*[b] () f6 A (), (B.38)

where in the first line we dropped a total derivative term. Inserting Eq. B.37 and Eq. B.38 into
Eq. B.36 yields

‘Cg%‘D [’QZJ, TZJ, c, G, b+ 5A] ({E) = ;5142(55){2_6”6”5@ + (Dx [b]Q)abg/w _ (Dg[b]D; [b])ab

— 2gF b)) £ bo AL (x). (B.39)

*Remember [D[b], Di:[b]] = —igF.[b](x).



170 Appendix B Propagators in the presence of a large background field

Choosing the axial gauge 0 = e, A% (x) = A% (x), Eq. B.39 further simplifies as

£ [0, ¢, 6, b+ 5A)(z) = %{6A“i(x)(Dm B2)%5 AP () + §A (2)(— (92 )2)6A™* (2)

— 2(0,6AF (2))(95 0A™ () + (950 A" () ) (950 AV (ﬂf))}, (B.40)
where total derivative terms have been dropped. Define

Aa L a 1 — i ai
5 A (z) =0 A (z) — /y [_(8_)2] (,) (0 0 )5 A% (y), (B.41a)

SAY () =0 A" (x), (B.41b)

where it is understood that —(9;)%[—1/(07)?(x,y) = 6 (z — y). Consequently, Eq. B.40 can

(up to total derivative terms) be diagonalized

LELp[, D, c,6,b+ 0A](z) = %{MW@(DQ [B2)°P6 A% () + 6 A () (—(9;) ) A () }.
(B.42)

Using the diagonalised form of Eq. B.42, one can derive the ++ component® of the gluon

propagator as

& (b yown = (0A™ (2)0A4% (y)) [B] = (A (2)6 A () [b)

[ 1 -9 1 - a7 Aai Abj
+/ﬁ%fw:_&%y}®wﬂ—@89[_@jJ(%wM—%ﬁwwA ()35 (w))

—(67)2
_ /d4zd4w 1 } (2, 2) (=07 ") [ ! } (g, w)(—0 39 )57 { ! ]ab (2, w)
=@ TR S T e DR ]
__ gab i ]
_6 |:_(6_)2_ (xvy)
—/d4zd4w(i8_) [ ! } (2, 2)(i07) [ ! ] (y, ) (i01)(i0.) [ i rb (2, 0)
S R R B CEE) R B IITE)
(B.43)
which is clearly constructed from the propagator for a free scalar in the “—”"-direction as well as

the propagator for a scalar field charged in the adjoint representation of the background field.

“Only the ++ component of the gluon propagator features in the derivation of the JIMWLK Hamiltonian.



Appendix C

The size of the Fierz-permutation

basis

In this chapter, I show that the size of the Fierz-permutation basis for the colour space of W™
(for m € N1 ) is equal to m!. I proved this result together with Dr Stefan Keppeler from the
University of Tibingen one evening during my attending the QCD Master Class 2017.

Recall that the Fierz-permutation basis for the colour space of W®™ (for m € N*1), introduced

in Sec. 4.3.2, is given by
%Fierz—perm.(W@)m) = (Cl)

m 14
U U U {\/?’1%(1) ® - ® [Do(mei) ® [t Vo(meirn) ® - @ |tai>0(m)c(’b§k)al'--ai}7

=0 UESiﬂm_i k=1

where, for i =2,---,m
i isk)ai-—a; %
By (A¥) = {CBHm Frers (C.2)

is the normalized trace basis for the colour space of A®!, introduced in Sec. 4.2.2. The sub-

factorial of 4, denoted !4, which we use in Eq. C.1 and Eq. C.2, is given in Eq. 4.59 by

i!

li = il ZZ: 1" (C.3)
k=0

We want to calculate the number of elements in %Fierz_perm.(WQ@m) and show that it is equal to
m!. This must be the case since, for m < N., we know that there the colour space of W™ is

m!-dimensional [34].
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The size of Bpiers-perm. (WE™) is calculated as

I

N——

~.

SZ m— m
’%Fierz-perm_(W®m)| Eq C.1 Z ’S’Lm 1“2 | 1= ( ) Z <m
=0

1
Eq. C.:
_MZZ' ) IZ k' m!'

1=0 7

NE

1 < (—1)k
(m—z’)!kzz‘;( k!) (G4

Il
o

where the first equality follows from Eq. C.1, in the second equality ( ) gives the size of the set

of (i,m — i) shuffles, in the third equality we expressed (1) as as well as used Eq. C.3,

m!
il(m—1i)!
and in the last equality we canceled the factors of !¢ and factored m! out front. To show that

Eq. C.4 is equal to m!, we need to show that

i

Z _Z|Z ku =1, (C.5)

z:O

which we shall do by induction. For m =1,

LHS(C.5)pey = 11!(_01!)0 + % <(_01!>0 + (_11!)1> — 1 = RHS(C.5)p1. (C.6)

Suppose Eq. C.5 is true for some m =n € N*. Form=n+1

n+1 1 n L (—1)k
LHS(C’.S)m:n+1=§(n+1 ,Z k, :i; |Z ku
n 1)i+! n ‘
o n—l—l +ZZ (n—1) Z+1 +§ n—z'z k'

=1(induction hypothesis)

— 14 - Zn:( i
N (n+1! " (n+1)I= i+1
P ’il n+1
B (n+1) n+1'

B "i;l n—|—1

B n+1'

(1= 1" =1 =RHS(C.5)m=n-t1- (C.7)

Therefore, by induction, Eq. C.5 is true for all m € Nt and

|%Ficrz—porm‘(W®m)| =ml. (CS)
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