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Abstract

The Colour Glass Condensate is used as an effective theory to study Quantum
Chromodynamics at high energies in various scattering processes. Several evolu-
tion equations are discussed, in particular the JIMWLK (Jalilian-Marian—Iancu—
McLerran—Weigert—Leonidov—Kovner) equation. This is studied in two equivalent
pictures, namely the Fokker—Planck formalism and the Langevin formalism. From
the latter, we show how BFKL (Balitsky—Fadin—Kuraev—Lipatov) dynamics emerge
in the dilute limit. This is discussed further in Paper [II]. From the Fokker-Planck
formalism, we use the Gaussian Approximation scheme to study several different
types of correlators of fundamental Wilson lines. The 6-point correlators that appear
in the next-to-leading order BK (Balitsky—Kovchegov) equation are calculated —
their numerical implementation is covered in Paper [III]. Finally, the Gaussian
Approximation is extended as a means to derive an evolution equation for the
so-called odderon. Simple correlators are also calculated to see how their parametric
equations are modified. The extended approximation scheme and the numerical
implementation of the odderon are studied further in Paper [I].
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Abstract in Finnish

Kvanttivaridynamiikan ilmi6itd eri sirontaprosesseissa kuvataan vérilasikonden-
saatiksi kutsutulla efektiiviselld kenttéteorialla. Tutkimuksen kohteena ovat er-
ilaiset evoluutioyhtélot, erityisesti JIMWLK (Jalilian-Marian-Tancu—McLerran—
Weigert—Leonidov—Kovner) -yhtals. JIMWLK-yhtdloa tutkitaan kahdesta eri lih-
estymistavasta, kirjoittaen se joko Fokker—Planck-muotoon tai Langevin-yht&loksi.
Léhtien yhtédlon Langevin-muodosta osoitetaan, ettd heikon vuorovaikutuksen ra-
jalla siitd voidaan johtaa BFKL (Balitsky—Fadin—Kuraev-Lipatov) -dynamiikka
kuvaava yhtélo. Téta kisitelladn tarkasti artikkelissa [II]. Toisaalta Fokker—Planck-
muotoa kiytetddn laskemaan fundamentaaliesityksen Wilson viivojen korrelaat-
toreita soveltaen Gaussista approksimaatiota. Vaitoskirjassa lasketaan sellaiset
6-pistekorrelaattorit, joita tarvitaan BK (Balitsky—Kovchegov) -evoluutioyhtélon
ratkaisemiseen alinta seuraavassa kertaluvussa. Analyyttiset tulokset ja niiden
numeerinen toteutus on raportoitu artikkelissa [III]. Gaussista approksimaa-
tiota laajentaen johdetaan myos evoluutioyhtald niin kutsutulle odderonmille ja
madritetdan, miten odderon-kontribuutio vaikuttaa Wilsonin viivojen korrelaattorei-
den lausekkeisiin. Nain johdetut korrelaattorit ja niiden numeerinen toteutus on
esitetty artikkelissa [].

— Translated from the English version by Heikki Méantysaari
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Recipe,

Those who want magic
must take precise measurements
as well as dreaming

— haiku from Journal of a New Man (1986)
by Lionel Abrahams, South African poet
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Introduction

The understanding of matter at its most fundamental level has long been a pursuit
of humankind. The current state of particle physics requires modern collider
experiments to access unprecedented energy scales, well beyond those of everyday
human experience. These experiments are able to collide various particles and
nuclei at ultrarelativistic speeds, thereby probing the fundamental constituents of
matter. Some examples of such facilities are the LHC (Large Hadron Collider) at
CERN (European Organisation for Nuclear Research), RHIC (Relativistic Heavy Ion
Collider) at BNL (Brookhaven National Laboratory) and HERA (Hadron-Electron
Ring Accelerator) at DESY (German Electron-Synchrotron). In addition, the newly
commissioned EIC (Electron-Ion Collider) at BNL is set to provide invaluable data
for high energy physics, particularly within the scope of the work discussed in this
thesis.

From the theoretical side, the current state of the field is encapsulated within the
Standard Model of particle physics. Quantum chromodynamics (QCD) is the branch
within this theory that deals with the strong nuclear force and is characterised by a
large coupling. It is applicable to all fundamental particles that carry colour charge,
namely quarks and gluons. QCD is of particular importance in understanding the
structure of hadronic and nuclear matter. Prior to QCD, hadronic interactions at
high energies were studied using Regge theory [4-6]. In this formalism, processes
are dominated by the exchange of a so-called Reggeon. The hard scale (due to a
large momentum transfer) in the problem allows for the application of perturbation
theory. The nonperturbative part of the calculation can be factorised out into the
quark and gluon distribution functions. Although we study QCD in this thesis,
Regge theory is alluded to, particularly in Chapters 3 and 6.

Unlike a simpler Abelian theory such as quantum electrodynamics, the self-



1. Introduction

interacting nature of gluons gives QCD the more complicated structure of a non-
Abelian theory. This is one characteristic that makes QCD calculations far more
complicated than analogous calculations in other branches of the Standard Model.
In certain limiting cases, some technical difficulties may be circumvented by defining
an effective field theory that encapsulates the main facets of QCD relevant to that
specific limit. At the high energies obtained at colliders like the LHC and RHIC, the
quarks and gluons constituting highly boosted hadronic and nuclear matter obtain a
large enough momentum that processes are dominated by so-called small-x physics.
Emission of soft (energetically low) gluons is enhanced, which leads to each nucleus
effectively appearing as a dense medium of gluons from the perspective of the other
nucleus.

An appropriate effective description at small x is the Colour Glass Condensate
(CGC) |7, 8] field theory. This attempts to explain the fundamental interactions
within a nuclear collision, starting from an effective description of the initial colliding
nuclei as this dense gluonic medium. The QCD coupling is small enough in this
context to allow for perturbation theory. Each boosted nucleus is modelled as a
purely classical background colour field with which projectile particles from the other
side of the collision can interact. Beyond understanding the CGC itself, initial-state
effects are important for the study of later stages of a collision, such as the possible
formation of a quark—gluon plasma.

A key tool within the CGC formalism is the renormalisation group equation
(RGE), of which several are discussed in this thesis. In general, one starts by
calculating the quantum corrections to a QCD process, which involve additional
gluon emissions. These corrections contain an integral over the phase space of the
emitted gluons, which generate a large logarithm. By absorbing the large logarithmic
factors in a redefinition of some quantity, one derives an RGE that describes the
evolution of this quantity on some typical scale within the calculation. The solution
of the RGE then involves a resummation of the large logarithms.

One famous example of an RGE is the DGLAP (Dokshitzer—Gribov—Altarelli—
Parisi) equations [9-12|, which resum the large logarithms into quark and gluon
distribution functions, thereby governing their evolution as a function of the energy
Q? of the probe of the distributions. A more relevant type of RGE for the work
discussed in this thesis is the class of equations that govern evolution in rapidity, or
Bjorken-z. Some examples of such equations are the BFKL (Balitsky—Fadin—Kuraev—
Lipatov) equation [13-17], the BK (Balitsky—Kovchegov) equation [18, 19] and the
JIMWLK (Jalilian-Marian—Iancu—McLerran—Weigert—Leonidov—Kovner) equation
[7, 8, 20-23]. The objects being evolved in such RGE equations are Wilson line
correlators. These are expectation values of products of path-ordered exponentials
that correspond to the QCD interaction between a projectile and a highly boosted



nucleus. It is important to study the behaviour of these correlators on different
energy scales in order to understand the behaviour of cross sections of various
processes.

This document is structured as follows. Some theoretical background is provided
in Chapters 2 to 8 to explain the work contained in Papers [I], [II] and [III]| that
follow. In Chapter 2, the key concepts of the CGC are discussed, including the
Colour Dipole model [24-28|, in the context of Deep Inelastic Scattering (DIS). In
Chapter 3, we provide further explanation of the various RGEs mentioned above,
particularly the DGLAP, BFKL and BK equations. The following two chapters are
dedicated to the JIMWLK equation, first formulated as a Fokker—Planck equation
in Chapter 4 and then as a mathematically equivalent Langevin equation in Chapter
5. Chapter 6 explores the the Langevin JIMWLK equation further, by going to
the limiting case of a dilute nucleus — this is related directly to Paper [II]. Then,
a truncation scheme called the Gaussian Approximation (GA) [49, 83, 96-101] is
introduced in Chapter 7. We discuss the calculation of correlators of six Wilson
lines, as studied in Paper [III]. Finally, Chapter 8 covers an extension to this
approximation scheme. We show how this is used to derive an evolution equation for
a parity-odd object called the odderon, as studied in Paper [I|. A brief conclusion
and future prospects are provided in Chapter 9, before Papers [I], [II] and [III] are
presented.






The Colour Glass Condensate

In this chapter, we introduce the Colour Glass Condensate (CGC) effective field
theory that describes a highly boosted nucleus as a dense gluonic medium. The term
colour in the CGC refers to the charge of QCD, which leads to critical non-Abelian
effects. Glass refers to the dynamical behaviour of the medium on different time
scales — this is explained further in Section 2.5. Condensate! refers to the saturation
seen at very high energies, where high gluon occupation numbers dominate the
medium. Several reviews of the CGC are available, which contain more details than
provided here — for example, see [29-34].

We begin with an overview of the basic tools of QCD in Section 2.1 and physics
on the light cone in Section 2.2. In Section 2.3, we introduce the process of deep
inelastic scattering (DIS), which provides a simple concrete context for the ideas that
follow in subsequent sections. Within the DIS framework, we explore the parton
model in Section 2.4 and the transverse structure of the nucleus in Section 2.5.
Section 2.6 deals with how exactly a probe interacts with this nucleus, as described
by Wilson lines. Finally, we conclude the chapter with a discussion of the DIS cross
section in Section 2.7.

2.1 Quantum chromodynamics

QCD is a non-Abelian Yang—Mills gauge theory with symmetry Lie group SU(IV,).
There are N. = 3 colours in nature, but this parameter is left general throughout

Despite the more common use of the term “condensate” in reference to a phase transition, no
such transition exists in the context of the CGC.



2. The Colour Glass Condensate

this thesis. The QCD Lagrangian density is

N

1
Lacp = Y (Wr), (ivuDly — myéi;) (), — 1 Es (2.1)
f=1

with fundamental indices 1 < 4,5 < N, and adjoint indices 1 < a < Nf — 1. The
summation is over all quark flavours f, of which there are Ny = 6 in nature. The
fermionic and antifermionic fields are denoted by ¢; and vy := w}vo, respectively.
They have flavour f, spin 1/2, mass ms and transform under the fundamental
representation of SU(N,). The «’s are the Dirac matrices.

The covariant derivative in Eq. (2.1) is defined as
D, = 0, —igAjl*, (2.2)

where 0, := 0/0z*. The strong coupling in this definition is denoted by ¢ and is
often written as as = ¢?/(4m). The group generators t* are traceless Hermitian
matrices in the Lie algebra su(N.). We use a lower case t* for the fundamental
representation and an upper case T for the adjoint representation. The gauge
fields Aj represent massless gluons with spin 1, which transform under the adjoint
representation. For a fundamental SU(N,) matrix U, we write U® = 2tr (teUttUu 1)
so that any such matrix with a tilde and two colour indices is understood henceforth
to be in the adjoint representation. The field strength tensor in Eq. (2.1) is

F = 0,48 — 0,A% + g f" A0 AC, (2.3)

where fo%¢ = 2itr (t“ [tb, tc}) are the antisymmetric structure constants. The sym-
metric structure constants d®¢ = 2itr (t“ {tb, t“}) are also needed, particularly in
Chapter 7 where colour multiplets are discussed.

Several colour factors appear throughout this thesis, which we define as follows.
For any representation R of dimension dr, we write

tr (t%t%)n =ard® and  COgrdg = tr (tht%) (2.4)
By convention, ap = 1/2 and ay = N, for the fundamental and adjoint rep-

resentations, respectively. Using dp = N, and dy = N2 — 1 leads to the
Casimirs Cp = (N2 — 1)/(2N.) and Cy = N.. We also make use of the factor
Cq = (N? — 4)/N., which follows from a contraction of the symmetric structure
constants: Cydyp 1= d*dbed,



2.2. Light cone coordinates

One defining feature of QCD is asymptotic freedom, which refers to the energy-
dependent behaviour of the strong coupling

2
a (|¢%]) = ; oslir) N T (2.6)
1+ 2 11N, — 27V n | 2]

127

A probe defines the energy ¢ — this is explained in the following section in the
context of DIS. The fixed energy p is a renormalisation scale used to define the
QCD cutoff

9 127

In Agep (p?) = Inp® — 1IN, — 2Ny ou (i) (2.7)

For sufficiently high energies (which correspond to short length scales), ag is small
enough to act as an expansion parameter in perturbation theory. Beyond Aqcp,
however, as becomes large and perturbation theory breaks down. In this case,
quarks and gluons remain confined to colour-neutral bound states, whose internal
structure is not accessible to the probe.

2.2 Light cone coordinates

Since the physics of a process is independent of the coordinate system chosen
for a calculation, there is freedom to choose a convenient system based on the
particular problem at hand. A natural choice for relativistic collisions is the light
cone coordinate system, defined by the transformation

1 1
z 00 5
0 10 0
T := 0 01 o0 ) (2.8)
1 1
vz 00 -3

The light cone metric is found using ¢ = T'"¢T. With the standard Minkowski
metric g = diag(1, —1, —1,—1), this gives

0 0 0 1
s .
1 0 0 O
The light cone components of a Minkowski 4-vector x = (x*, @, 27) are
ot = L(:1:0 + %) and x = (z',2%), (2.10)

V2



2. The Colour Glass Condensate

so that the coordinate z*-axes lie along the light cone, as shown in Fig. 2.2.

In the light cone system, a boost in the z3-direction is given by x — A’z, where
A= diag(e”,1,1,e7Y). (2.11)

This is written in terms of the rapidity Y :=In (1 /V1— UQ), where v is the relative
speed between the two frames. The vectors along the two light cone axes are
cigenvectors of the boost, i.e. ¥ — e 2*. This allows for an interpretation of
a light cone “time”, despite the mixing of components ¢t = 2° and z = 2% in the
transformation. Since the z*-component increases by a factor e¥ when boosted, it
can be interpreted as the light cone time that undergoes a Lorentz dilation. Similarly,
the 2~ -component decreases by a factor e=¥ and is therefore interpreted as a spatial
component that undergoes a Lorentz contraction.

2.3 Deep inelastic scattering

In order to discuss the CGC in a concrete way, we now introduce the process of
DIS. Generically, this is a collision between any leptonic projectile with a nuclear
or hadronic target. In particular, we consider the interaction of an electron e with
a proton p, as shown in Fig. 2.1. The electron projectile emits a virtual photon
~v*. Given sufficiently large momentum, the photon is able to probe the internal
structure of the proton target. As mentioned in Section 2.2, the collision axis is
taken as the boost direction 2. In the full relativistic limit, the photon’s trajectory
is aligned with the r"-axis and the target’s trajectory with the z~-axis, as shown
in Fig. 2.2. The formalism developed here for DIS can be extended to many other
photon-mediated processes in a relativist collision. In the case of a collision between
two of the same nuclei, either may be taken as the projectile. If the colliding nuclei
are different, the lighter of the two is typically considered in place of the leptonic
projectile.

Due to the large boost in the ep collision considered, the target appears to
be highly Lorentz contracted from the viewpoint of the probe. When 1/as > 1,
the target field becomes perturbatively strong in the coupling and may be treated
purely classically. The smallness in the coupling is what leads to the high gluon
occupation numbers that form the “condensate” in the CGC acronym. To lowest
order in perturbation theory, the strong interaction with the target occurs when
the photon splits into a dipole consisting of a quark and an antiquark, as shown
in Fig. 2.3. The typical lifetime of the dipole is much longer than the diameter of
the target. The quark and antiquark may then interact with the target through
an exchange of gluons. At high energies, the transverse separation between the



2.4. The parton model

y

y

Figure 2.1. An example of a DIS process in which an electron e emits a virtual photon
~* that interacts with a proton p.

quark and antiquark remains essentially fixed [35, 36]. This makes the transverse
coordinate plane a convenient space for calculations in the dipole.

An elastic scattering (one in which the incoming and outgoing particles are the
same) between the dipole and the target is shown in Fig. 2.3. In this case, the quark
and the antiquark individually carry colour but together constitute a colour-neutral
object. There is therefore no overall colour transfer between the target and the
dipole. The same is true of other quantum numbers, such as spin and flavour — these
are conserved within the dipole throughout the interaction. This fact is due to the
incoming and outgoing photons being colour-neutral.

2.4 The parton model

The internal structure of the proton consists of an ever-changing number of quarks
and gluons, called partons. This is due to continuous production and annihilation as
the partons interact with each other. The time scales for these interactions, however,
are much larger than the time scales relevant for DIS. This means that the target
effectively appears to the dipole as a collection of noninteracting partons.

The appearance of the target from the viewpoint of the photon depends on two
variables. The virtuality Q? := —¢? is defined in terms of the square of the photon’s
spacelike momentum ¢ < 0. The second variable is the so-called Bjorken-z

(2.12)

_ =
IBj = 2P-q7

where P is the target’s momentum. In doing the full DIS calculation, zg; can be
interpreted as the fraction of the interacting parton’s momentum over the total
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y* target
Figure 2.2. A two-dimensional coordinate plane showing the Minkowski axes 2° and
23 and the light cone axes 1 and 2~. The photon’s trajectory is aligned along the
xT-axis and the target’s trajectory is aligned along the & -axis. In the full relativistic
limit, the two trajectories align exactly with the light cone axes.

target momentum. In processes other than DIS, an analogous z is used with the
same interpretation. The two variables xg; and z are the same to leading order
in the parton model, so we use them interchangeably. The Q? and zp; set the
transverse and longitudinal scales, respectively, in the interaction.

The cross section for the ep collision can be calculated using standard QFT
techniques — see [37-39], for example. The result in the proton’s rest frame is

2
do oy

d3p’ o EE'W4

L WH, (2.13)

where oy is the electromagnetic coupling, E and E’ are the energies of the incoming
and outgoing electrons, respectively, and p’ is the outgoing electron’s 3-momentum.
The contributions to the cross section from the electron and the proton factorise
into the leptonic tensor L,, and hadronic tensor W, respectively. The hadronic
tensor is the part of the cross section that contains the physics of interest to us. It
can be shown that W may be written in terms of two structure functions W, and
Wy as [29]

v v qﬂql’ 4% (l‘, QQ) P q v P- q
WH = —Wl(.fC, Qz) (g,u — q2 ) + 27?’1,2 P — ?q“ P — ?q .
(2.14)

At this stage, W, and W5 are two unknown scalar functions that depend on
both z and ? and have the dimension of mass. They can be written in terms of
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2.5. Transverse structure of the target

Figure 2.3. Elastic scattering between the virtual photon and the target in which the
photon splits into a quark—antiquark pair, called a dipole. The dipole then interacts
through gluon exchange with the target. Light cone time runs from right to left. Due to
Lorentz contraction, the target is effectively localised where it is placed at ™ = 0.

dimensionless functions F; and F5 as

Fi(z, Q%) == mWi(z, Q%), (2.15)
2
F2(x7 Q2) = Q?nl,WQ(xa Q2>7 (216)

where m is the mass of the proton. These dimensionless functions are typically
calculated in the infinite momentum frame for convenience, i.e. a frame in which
the proton is moving ultrarelativistically. For a full exposition using light cone
perturbation theory, see [29]. After the full calculation, F} and F, actually turn
out to be independent of Q2. This means that the hadronic part of the DIS cross
section can be expressed entirely in terms of two dimensionless functions that depend
solely on x — a fact known as Bjorken scaling. A famous experimental plot of this
phenomenon is shown in Fig. 2.4. The function F is plotted against Q? for various
fixed values of x. The other structure function Fj can be obtained from F3 through
the Callan-Gross relation Fy(z) = 2zF;(x) [40].

2.5 'Transverse structure of the target

We now look more closely at the internal structure of the target. In the Glauber
model, a nucleus is described as a large dilute homogeneous collection of A > 1
nucleons. Since correlations between nucleons are suppressed by powers of A, we
assume that the nucleons do not interact with each other. In the setup shown in

11



2. The Colour Glass Condensate
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Figure 2.4. Data from the ZEUS collaboration at HERA for the F5 structure func-
tion for neutral current positron—proton DIS, demonstrating Bjorken scaling [41]. The
structure function F» is plotted against Q? for various fixed . The triangular points
are data from various fixed target experiments: the NMC and BCDMS experiments at
CERN and the E665 experiment at Fermilab. The solid lines are from a ZEUS NLO
QCD fit. The scaling at very small z is not as good as that at large x — this is a sign
that higher-order corrections to the parton model become increasingly important with
decreasing x. Reprinted by permission from Springer Nature Customer Service Centre
GmbH: Springer Nature The European Physical Journal C — Particles and Fields, Mea-
surement of the neutral current cross section and Fy structure function for deep inelastic
etp scattering at HERA, Chekanov, S. et al. © (2001).
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2.5. Transverse structure of the target

Fig. 2.2, the target is highly Lorentz contracted in the z*-direction. In the full
relativistic limit, it becomes entirely independent of 2*. This is the behaviour to
which the term “glass” in the CGC refers: at low z, the target evolves slowly enough
that it is effectively independent of light cone time x+, whereas at high z, the time
dependence cannot be neglected.

The phase diagram for the transverse structure of the target is shown in Fig. 2.5
in the Y-In Q? plane. The partons are point particles in reality, but their measured
size depends on the resolution of the experimental probe. Since a photon with larger
(Q? and smaller wavelength has a better resolution, the apparent partonic size in the
transverse plane is proportional to 1/@Q?. This is seen along the horizontal axis in
Fig. 2.5: as Q2 decreases, the partons appear smaller. Along the vertical axis, larger
rapidities correspond to smaller z and more available energy for gluon emission. For
fixed small to moderate QQ?, increasing Y therefore corresponds to more partons in
the target.

In the top left of the phase diagram, the target becomes densely populated with
apparently large partons. Their overlapping wave functions result in recombination
effects that eventually lead to saturation. This is a direct consequence of QCD
being a non-Abelian theory, since this means that gluons may self-interact. In
this region of phase space, BFKL evolution is no longer able to accurately predict
evolution in rapidity. Instead, evolution becomes nonlinear, as governed by the BK
and JIMWLK equations. The various evolution equations along the Y and Q? axes
in Fig. 2.5 are discussed in the next chapter.

From the experimental perspective, there are several observables that may
provide signs of saturation within a collision. Two recent examples of the many
instances where saturation is believed to be relevant include inclusive production
(where only the produced particles are measured and the rest are summed over in
the final state) of D mesons at forward rapidity [42] and exclusive production (no
other particles produced) of J/¥ and T mesons in ultra-peripheral collisions [43].
In [44], possible signs of saturation have been detected in di-hadron correlations in
proton—lead collisions, after the subtraction of hydrodynamic effects. These are just
a few examples of the many processes that potentially show signatures of saturation.

The effective colour charge density of the target in the transverse plane can
be described by the McLerran—Venugopalan (MV) model [45-47]. In this model,
typical colour charge density fluctuations are characterised by a hard momentum
scale 11 ~ Agop A2, This hard scale corresponds to small values of the coupling
ai, which suppress quantum corrections and allow for the target to be treated as a
purely classical field governed by the Yang—Mills equations of motion.
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2. The Colour Glass Condensate
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Figure 2.5. Phase diagram showing the transverse structure of the target as a function
of rapidity Y and virtuality Q2. Also shown are the directions and regions of applicabil-
ity of the DGLAP, BFKL and BK equations discussed in Chapter 3 and the JIMWLK
equation discussed in Chapters 4 and 5.

2.6 Wilson lines

Now that we have an idea of the target structure, we explore the exact nature of
its interaction with the photon probe. This section is a summary of the discussion
provided in the review [30]. The optical theorem states that the total cross section
is given by the difference between the interacting piece and the noninteracting piece
of the imaginary part of the forward elastic scattering amplitude?. In order to
calculate the nontrivial part of the amplitude, we need to find expressions for the
fermionic propagators (the dipole) in the presence of a background field (the target).
Such propagators have been calculated in detail in [19, 48] and elsewhere. Here, we
quote a result from [30] which encapsulates everything needed for the remainder
of our discussion. The propagator for the simplified case of a massless scalar in a

2This can be deduced from the unitarity of the scattering matrix, which we write as S = 1 — 4T,
so that unitarity implies —i(TT — T) = T1T.
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2.6. Wilson lines

background field A is given by

D;[Z] (z,y) = /OOO ds /yx[dz] exp {— /08 d/<;22iﬁ) } Pexp {—ig /yw dZ“AM(z)} ,

(2.17)

where the path integral is taken over trajectories z (parametrized by k) that connect
z (at k=0) toy (at kK = s).

In Section 2.2, it was noted that a boost in the z3-direction modifies the light
cone vector components by ¥ — e*¥xz*. This means that the corresponding com-
ponents of the target field strength tensor get enhanced and suppressed accordingly.
Additionally, the target is Lorentz contracted in the z*-direction and effectively
independent of = due to time dilation. Working in the light cone gauge AT = 0,
the gauge field is written as A#(z) = ¢, d(27)B(2), where §(z) is a function that
describes the transverse structure of the target. Due to the delta function at 2™ = 0,
any projectile traversing the x*-axis propagates freely, except where it momentarily
encounters the target. The momentum carried by the dipole is large enough that
this localised interaction with the target at x™ = 0 is insufficient to deflect the quark
and the antiquark in the transverse plane. Instead, they propagate straight through
the target field. They do, however, undergo a phase rotation in colour space and
the interaction between the dipole and the target is said to eikonalise.

The eikonal approximation allows us to deform the path integral in Eq. (2.17) as

x xt
Pexp {—ig/ dZ“Au(Z)} — Pexp {—ig/ dztA (2", @, O)} : (2.18)
Y yt

Depending on the integration limits, we get the quark Wilson line

Uy = Pexp {—ig/ dZ+A(2+>%‘,0)} =: , (2.19)

(e 9]

or the corresponding antiquark Wilson line

Ul :=Pexp {Zg/ dz+A_(z+,w,O)} =: : (2.20)

o0
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2. The Colour Glass Condensate

We have introduced a diagrammatic notation in the spirit of [49] that is used
throughout this thesis. The notation for the Wilson lines is a shorthand for multiple
gluon exchange between the projectile and the target:

(2.21)

The thin horizontal lines represent the projectile, the thick horizontal line at the
bottom represents the target and the blue vertical line represents the background
gauge field A~ (2%, x,0). An interaction between the target and the projectile is
denoted by a green arrowhead along the projectile’s line at the point where it meets
the background field at ™ = 0. Since the light cone time axis runs from right to
left, as shown in Fig. 2.3, a Wilson line is represented by an arrowhead pointing left
and the Hermitian conjugate Wilson line is represented by an arrowhead pointing
right (since an antiquark is thought of as a quark propagating backwards in light
cone time).

With this new diagrammatic notation, the interaction shown in Fig. 2.3 may
be recast as Fig. 2.6. The U, and U?j, respectively, replace the propagators of
the eikonal quark and antiquark traversing the z-axis. The quark and antiquark
split from the virtual photon at 2™ — —oo, have transverse positions x and y,
respectively, and then recombine into a photon at 2™ — co. In reality, the dipole
would form from the photon at some finite time before = = 0 and recombine into
a photon at some finite time after xt= = 0. Both U, and U?j are elements of the
SU(N.) Lie group; they transform under the fundamental and antifundamental
representations, respectively. The non-Abelian nature of QCD manifests in the path
ordering in Egs. (2.19) and (2.20), since the order of interactions along the path of
integration must be preserved to ensure that the noncommuting generators are kept
ordered.

In subsequent chapters, we also consider gluon interactions with the target.
The corresponding Wilson line is in the adjoint representation of SU(NV,) and is
denoted by a diamond instead of an arrowhead (since it is just a real number without
direction):

Ut = 2tr (t"U,t'U}) =: (2.22)
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Figure 2.6. The interaction shown in Fig. 2.3 recast in the new diagrammatic notation
for the Wilson lines, introduced in Egs. (2.19) and (2.20). The vertical blue line repre-
sents the target background field. Following the notation of [49], the target’s initial and
final states are denoted by grey endpoints on the target line at the bottom.

Note that [Ul] " = [Uz} b [0_1] "

2.7 DIS cross section

We now return to the subject of the DIS cross section from Section 2.3. One
advantage of the dipole picture as shown in Fig. 2.6 is that the cross section
factorises into two parts [50]:

1
UV*A(%QQ)Z// d04W'Y*%q‘j(&,rz,Q2)|20q‘jA(r,Y). (2.23)
rJO

The photon wave function factor |¢7*%q‘7‘2 corresponds to the first part of the
interaction, in which the photon splits into a dipole. It depends on three variables.
The first of these is the longitudinal momentum fraction « of either the quark or
the antiquark, which is integrated from 0 to 1. The second variable is the transverse
dipole size r := |& — y|; we use the shorthand [ := [* d?r. The third variable is
the virtuality @2 defined in Section 2.4. The wave function contains the entire QED
part of the photon—target interaction, and is not discussed further in this thesis.
Some examples of how it is calculated may be found in [51-53].

Instead, we focus on the second factor 0994 in Eq. (2.23), which contains the QCD
part of the photon—target interaction. This corresponds to the dipole interaction
with the target, which depends on the transverse size r of the dipole and the
rapidity Y. Notice that neither factor in ¢7"“ depends on the exact coordinates
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2. The Colour Glass Condensate

of the quark and the antiquark — only the transverse separation between the two
appears. A pedagogical explanation of the calculation of 0994 may be found in
[29]. Onme calculates the diagram in Fig. 2.6 using the fermionic propagator in a
background field, which is similar to Eq. (2.17). This leads to the factor U, for the
quark and the factor U; for the antiquark, as noted in the diagram. The product of
these two Wilson lines is traced over due to the contraction of colour indices at the
photon—dipole vertex. This ensures that there is a zero net colour exchange between
the dipole and the target. A normalisation N, is included with the factor tr (Uw U;),
which can be calculated by setting both Wilson lines in the trace to 1.

This takes care of the interacting piece of the amplitude. For the noninteracting
piece, we replace all the Wilson lines in the interacting piece by unit matrices
(since there is no interaction with the target field in that case). Then the difference
between the noninteracting and interacting pieces gives N, 1= tr (1 — U, qu) /N
and the dipole cross section becomes [30]

o1 (rY) = /b<Nmy + Nyo) = 2/bRe (Ngy) - (2.24)

The integral is over the impact parameter b := (x + y)/2, which ensures that ¢4
scales with the transverse size of the target and vanishes outside of it. Notice
that Eq. (2.24) contains no information about the intrinsic properties of the quark
and the antiquark. This means that their quantum numbers are indeed preserved
throughout the interaction with the target, as stated in Section 2.3.

The angle brackets in Eq. (2.24) denote an average over all configurations of
the background field, thereby encapsulating all information about the target. An
expectation value of a product of Wilson lines is called a correlator, since it signifies
how well the Wilson lines are correlated with one another. In the ubiquitous
McLerran—Venugopalan (MV) model [45, 46, 54], the target average for a Wilson
line operator F[U] is given by

_ [ DpFlUIW(p]
=D

(2.25)

where p = p(at,x) is the light cone colour charge density in the target. The
functional Wp] is a weight such that

/DpW[p] ::/Dpexp{—/w/_(:dx+tr/(gz)}, (2.26)

where p? = p?(2™, ) is a measure of the colour charge fluctuations. More about
these expectation values are discussed in the next chapter.
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2.7. DIS cross section

The operator N, is the interacting piece of the dipole operator? Sfy) =1— Ngy
and is represented diagrammatically as

1
o (UU}) = (2.27)

1
N, ’

where the trace is denoted by the closed loop. Using the diagrammatic ingredients
introduced up to this point, it is possible to consider more complicated correlators,
such as those found in Chapter 3 onwards. For higher-point correlators, we use the
general notation

1
S = —t1 (Up, U}, ... Us, UL ). (2.28)

T1,22,...,;Ln—1,Tn N Tn—1-"Tn
C
Since the fundamental Wilson lines are elements of SU(/N.), the dipole correlator
<S§c2y)> takes on values from zero to one. In the total absence of a target, there is

no phase rotation in colour space and so U, = UJ = 1. This means <S§;213> =1 =
(Ngy) = 0 and the dipole cross section in Eq. (2.24) vanishes.

Chapter summary

In this chapter, we have discussed the main ingredients of QCD and the light
cone needed in this thesis. The CGC effective field theory was introduced in the
context of DIS. We have studied the structure of a nuclear target using the parton
model and introduced Wilson lines to account for the interaction of a projectile
with the target in the eikonal limit. Finally, we have given an expression for the
DIS cross section in terms of the dipole correlator. The diagrammatic notation for
Wilson lines used in subsequent chapters has also been introduced.

3Note that Ngy and Sﬁ} are sometimes defined to include the expectation value, whereas we
exclude it.

19






Evolution Equations

Now that the main ingredients needed to understand the CGC have been introduced,
we turn to the topic of the evolution equations for Wilson line correlators. The
three equations discussed in this chapter are shown on the phase diagram in Fig. 2.5.
The DGLAP equations govern evolution in ()%, along the horizontal axis. The
BFKL equation is a linear equation that governs evolution in Y, along the vertical
axis. For large Y, BFKL evolution breaks down and the BK equation is needed to
more accurately describe evolution. The JIMWLK equation, which is also shown in
Fig. 2.5, is deferred to Chapters 4 and 5.

We begin this chapter with DGLAP evolution in Section 3.1, including a discus-
sion of parton distribution functions and an overview of how to derive the DGLAP
equations. In section 3.2, we study BFKL evolution and the derivation of the
evolution equation, after introducing the Low—Nussinov model for dipole-dipole
scattering. We also discuss some of the problems with BFKL evolution, which lead
to the consideration of nonlinear effects. This takes us to BK evolution in Section
3.3, where we begin with the Glauber—Gribov—Mueller model and Mueller’s dipole
model. These are needed for the derivation of the BK equation at the end of the
section.

3.1 DGLAP evolution

The DGLAP equations are a type of renormalisation group equation describing the
evolution of the quark and gluon distribution functions in the nucleus as a function
of (large) Q*. Their derivation may be found in several textbooks, for example
[37-39, 55, 56]. Here, we outline the derivation provided in [29].
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3. FEvolution Equations

3.1.1 Parton distribution functions

Recall the structure functions F} and Fj introduced in Section 2.4. With light cone
perturbation theory, these can be used to obtain the quark distribution function

1 1 1 o [ dwy 1 ‘ 2
V0@ =X s, X1 5 e ek ko

x (2m)36? (k + il@) J <1 —r— ixl> (3.1)

and the gluon distribution function

g(x,Q2>:;§/kz(2—1ﬂg)Si > 1I » /k

™ A==%1i=1
x (2m)36? (k +y k:j) b <1 —r— le> . (3.2
j=1 I=1

where A is the measured gluon’s polarisation. The quark distribution function is
related to the structure functions through

2(217T)3 0! (k) s ke )

Fi(z, Q) = %Zz;qf(x,cf), (3.3)
f

Fy(r,Q%) = Z ch:cqf(a:, Q%), (3.4)
f

where Z is the electric charge in units of the electron charge e of a quark of flavour f.
In the function ¢/, the proton is assumed to have n spectator partons, in addition to
the one parton with which the photon interacts. The struck parton has momentum
k (in the infinite momentum frame), longitudinal momentum fraction x and helicity
0. The spectator partons have momenta k; and longitudinal momentum fractions x;.
The light cone wave function for the proton is then written in terms of the partonic
wave functions ¥/, The symmetry factor S, depends on the number of partons n,
where 1 <n < oo.

The dependence of ¢/ on Q? enters through the renormalisation scale, so that all
momentum integrals in Eq. (3.1) are bound from above by ). The Bjorken scaling
of the structure functions that was discussed in Section 2.4 follows from taking
the limit ?> — oo in the upper limit of the integrals when Q? is sufficiently large.
This effectively renders the structure functions independent of @2, as can be seen in
Fig. 2.4 in the previous chapter.
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3.1. DGLAP evolution

3.1.2 How to derive the DGLAP equations

The derivation of the DGLAP equations from the quark and gluon distributions is
now straightforward. In order to obtain the dependence of ¢/ on 2, we first find
the dependence of the proton wave function ¥/ on the transverse momentum k
by calculating the QCD corrections to /. For example, one type of leading-order
correction to the diagram for ¢/ is any diagram with one added gluon line. By
calculating these corrections, we may write U/ in terms of \I/fhl, i.e. the same wave

function but with n — 1 spectator partons (because one gluon has been removed
from W/).

For large %, and assuming the transverse momenta are ordered as
Q*>E >kl > >k ~ Aop, (3.5)

this procedure leads to a contribution to ¢/ that is proportional to o In(Q*/Acp).
For large Q% as < 1 and In(Q*/Adcp) > 1. Then the two factors together
give aIn(Q*/AQcp) ~ 1, which can be used as a resummation parameter. The
resummation of this parameter is called the leading logarithmic approzimation (LLA).
Diagrams that do not contain a factor asIn(Q?*/Acp) — for example, those with
an additional factor ag — may be neglected to LLA accuracy in the calculation. By
including all relevant one-gluon corrections to ¢/ in the LLA, and then differentiating
by Q?, we obtain

Qzaqf(x,QQ) (@) /1 dz

T
ogr = ), e (5@). (36)

z
where P,,(z) is the quark—quark splitting function. The splitting function represents
the probability that a quark splits from another, where the measured quark has a
momentum fraction z of the original quark’s momentum. The calculation for the
antiquark distribution function is similar, and the two results can be combined to
give

ONST 2 (02 1 _

where A/T = ¢/ — ¢/ is the so-called flavour nonsinglet distribution function.

In addition to quark—quark splitting in Eq. (3.7), quarks splitting from gluons
within the gluon distribution given in Eq. (3.2) must be accounted for. Since this
type of splitting also modifies the original gluon distribution, repeating the process
for calculating Eq. (3.6) with all relevant splitting functions leads to a matrix
differential equation

o (i d) = "o [ S (80 RO GERE) - v
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3. FEvolution Equations

Here, ¥ := Zf(qf + qf) is the so-called flavour singlet distribution function. Notice
that the gluon distribution function does not affect Eq. (3.7), since gluon splitting
necessarily results in equal numbers of quarks and antiquarks.

Egs. (3.7) and (3.8) constitute the leading order DGLAP equations in the LLA.
Higher orders may be derived by including the next-to-leading order corrections to
the splitting functions; going past the LLA is possible by including contributions
with additional logarithms in the resummation parameter. At small x, factors of
In(1/z) become important, so that a more appropriate resummation parameter is
asIn(1/2) In(Q?/Q3), where Q) is the virtuality at the initial condition. Resumma-
tion of this parameter is called the double logarithmic approximation (DLA).

In principle, the DGLAP equations are solvable analytically since they are linear
differential equations. In practice, however, they are typically solved numerically.
Although the evolution equations may be derived using standard perturbative meth-
ods, their initial conditions require nonperturbative input. As such, measurements
over a range of Q? are required. DGLAP evolution has been successful in fitting
data from experiments. Fig. 3.1 shows data from the ZEUS detector at HERA
taken for the F5 structure function for neutral current deep inelastic positron—proton
scattering. The structure function is plotted against x for various values of fixed (Q?
in the range 22 — 150 GeV? (plots for other Q? values may be found in [41]).

3.2 BFKL evolution

Now we move on to evolution in rapidity, which is the main subject of this thesis.
At fixed Q?, evolution in rapidity for small to moderate Y can be accounted for by
the BFKL equation. Like the DGLAP equations, this is a type of renormalisation
group equation, but with a different resummation parameter to that of DGLAP.
In the previous section, it was mentioned that factors of agIn(1/z) In(Q?*/Q3) are
resummed in the DLA. If Q2 is now fixed at some (not necessarily large) value, the
factor In(Q?/Q?%) in this can be neglected and we need only worry about factors of
asIn(1/x). Resummation of this parameter is called the LLA in 1/z, as opposed
to the LLA in Q?, which was discussed in reference to the DGLAP equations in
the previous section. A derivation of the BFKL equation can be found in many
textbooks, such as [55, 58, 59]. Here, we outline the calculation provided in [29].
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Figure 3.1. Data from the ZEUS collaboration at HERA for the F, structure function
for neutral current positron—proton DIS [41]|. The solid lines are a ZEUS NLO QCD

fit that uses the DGLAP equations, demonstrating the success of the fit. The dashed
lines are from the parton distribution and structure function program called CTEQ4D
[57]. Reprinted by permission from Springer Nature Customer Service Centre GmbH:
Springer Nature The European Physical Journal C — Particles and Fields, Measurement
of the neutral current cross section and Fy structure function for deep inelastic e™p
scattering at HERA, Chekanov, S. et al. © (2001).
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3.2.1 The Low—Nussinov model

The BFKL equation has its origins in the Low—Nussinov model [60-62|. This is a
theory that was proposed to explain the so-called pomeron in terms of QCD degrees
of freedom. A pomeron is an exchanged Reggeon (see Chapter 1) with vacuum
quantum numbers, that dominates process at high energies. It was introduced
in Regge theory to account for the flatness of total cross sections in hadronic
interactions around 10 - 20 GeV that was seen experimentally [59].

For concreteness, the scattering between two quark—antiquark bound states,
called quarkonia, is considered. These interacting states may be partons within
colliding nuclei or they may come from the splitting of a virtual photon into a
quark—antiquark pair, as shown in Fig. 2.6. The simplest way to reproduce the
vacuum quantum numbers of an exchanged pomeron between the two quarkonia
is to model the exchanged object as two gluons. Then the relevant diagrams to
calculate for the scattering amplitude at leading order in the LLA (for fixed ay) are
of the kind

D1

)

1|2 , (3.9)
— g@

where the transverse positions of the upper and lower quarkonia are x; and -,
respectively. We use the diagrammatic shorthand

—————— - -
L
so that any vertical grey line of this type signifies a sum over all possible gluon

emissions or absorptions. This shorthand applies to both the upper and lower
quarkonia in Eq. (3.9), giving four contributions.

[N 388

— (3.10)

Let us consider the diagram in which a gluon is exchanged between the two
quarks. The quark from the upper quarkonium has momentum p; and the quark
from the bottom quarkonium has momentum p,, as shown in Eq. (3.9). In the
eikonal approximation, the only large momenta in the problem are p; and py. All
other momenta are much smaller, including momentum [ of the exchanged gluon.
The scattering amplitude corresponding to the quark—quark scattering turns out to
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3.2. BFKL evolution

be

a a S
Maysqe(1) = =207 (t")i(t) 1101010204 15 (3.11)

q99—49

where the Kronecker deltas refer to the quark helicities. The cross section obtained
from this is

2(%2(7F 1
Ta9~aa = ~ 7 s (3.12)

which is an energy-independent expression. This is an example of a general rule
that the t-channel exchange of a particle with spin j scales the total cross section
by a factor s/~!, where s is the square of the centre-of-mass energy [4, 63]. Setting
j = 1 for gluons then makes this factor s° for our case of two-gluon exchange.

Taking into account all four diagrams that contribute to Eq. (3.9), the total
cross section for quarkonium—quarkonium scattering is

1
o :/ / dzydz |U(y, 20)) [V (xs, 20)|° 6, (3.13)
x1x2 JO
where
202C" 1 , , A A
5= &]ifc F l 7 (2 — 7w e’l'wl) (2 — e il _ e’l'”) . (3.14)

Here, ¥ is the quarkonium light cone wave function and z; and z, are the interacting
quarks’ momentum fractions relative to their corresponding bound state momenta.
The two-gluon exchange in this context is referred to as the soft pomeron, since
it is governed by nonperturbative effects. Overall, the only differences between
Egs. (3.12) and (3.14) are so-called impact factors of the form 2 — e=#® — eit® Tt is
therefore sufficient to calculate the corrections to quark—quark scattering and then
extend the result to the full quarkonium—quarkonium case.

3.2.2 How to derive the BFKL equation

In order to derive the BFKL equation, we now calculate corrections to the
quarkonium—quarkonium scattering cross section given in Eq. (3.14). A typical
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3. FEvolution Equations

contribution that needs to be calculated is of the kind

A

\

: (3.15)

o~y
N
—

I v

<t
l

>
l

where the red dashed line separates the direct and complex conjugate amplitudes.
The shaded rectangle labelled G represents all corrections to the total cross section
to leading order in In ag. Other kinds of corrections, such as quark loops, are beyond
LLA accuracy and may be neglected. The corrections GG are a function of the gluon
momenta ! and I’ as well as rapidity Y = In(s|z||x2|). The generalisation of
Eq. (3.14) is then

~ Qach 1 —il-x il-x _il'w il
o= NC w 12172 (2—6 1 _ ¢ 1) (2—@ 2 _ ¢ 2) G(l,l/,Y)_ (316)

The initial condition
Go(l,U) =G, I,)Y =0) =61 -1 (3.17)

reproduces Eq. (3.14). Note that an unintegrated gluon distribution ¢(x,1%) can be
defined by including the corrections G in one of the quarkonium wave functions.
Using Egs. (3.13) and (3.16) to achieve this, gives

2 1
oz, 12) :O‘TCF//O dz |U(z, 2)|? l’l%(z—e—i“w—e“’w) GV, In(1/x)),
(3.18)

which is the gluon distribution at a particular transverse momentum I. In the LLA,
this is related to the gluon distribution of Eq. (3.2) by

dxg(z, Q%)

oz, Q) = o0 (3.19)

G is calculated by first considering all corrections to the quark—quark scattering
and then extending the result to the full case. There are two types of contributions
that need to be considered, depending on whether the gluon is present in the final
state (real emissions) or is not (virtual emissions). In the case of real emissions, five
diagrams need to be calculated. These corrections sum to a total contribution

) c s * abc
Mog-sqqg = 2@92<tb)z”i(t )j’jéala’ldazaé 2 R (3.20)

(k= 1)
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3.2. BFKL evolution

to the quark-quark scattering amplitude, where k& and €** are the momentum and
polarisation, respectively, of the added gluon. The factor

b .= 2g fobe {kz —1- (k”;—;)zk} (3.21)

is the so-called Lipatov vertex [15, 64]. It provides a diagrammatic shorthand for
the five gluon diagrams that constitute it. The cross section for real emission is then

QOJSCF 1 Y
Oqq—qag = 2 /kl K22 (k — 1)2 /0 dy, (3.22)

where y is the added gluon’s rapidity, integrated over the whole rapidity range
between the two interacting quarks. This result generalises to the quarkonium-—
quarkonium case, giving the same expression as Eq. (3.16), but with the replacement

rea as N, 1
GUUY) = GLY) = — Y(l_l/)Q. (3.23)

Next, we consider the virtual corrections to the quark—quark scattering, in
which case there are several more diagrams to take into account. After a lengthy
calculation, the total contribution to the scattering amplitude is

M (1) =M . (Dw,(1)Y, (3.24)

99—99q q99—4qq

where

() = — 2D / ! (3.25)

Ar? J, (g —1)?

defines the gluon Regge trajectory. The virtual emission diagrams lead to corrections
that can be summed into an exponential, which effectively means that the gluon
propagator may be replaced by the propagator of a reggeised gluon:

W G
l’; — l—g‘e oY (3.26)

This represents an exchanged gluon with spin j = 1 + wy(l). A reggeised gluon
is therefore a gluon plus all virtual corrections to leading order in In(1/x). The
virtual emissions result in a correction to the quarkonium—quarkonium cross section
in Eq. (3.16) that equates to the replacement

GT,Y) = GY™ L1, Y) := Go(l,1)2w,(1)Y. (3.27)
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3. FEvolution Equations

Summing the real contributions from Eq. (3.23) and the virtual contributions
from Eq. (3.27) gives a total correction factor

2

GUU,Y)=Go(l,1) + [ ql’)—;—qz

Goll, z')] L0(a)
(3.28)

for the quarkonium—quarkonium scattering. To order ag, this expression can be
thought of as the solution to the BFKL equation

HGLL.Y —%N/ [ (q,1,Y) -

for the BFKL Green’s function G. The initial condition is given in Eq. (3.17). A
similar BFKL equation holds for the unintegrated gluon distribution:

0oz, 1?)  axN, 1
Oln(1/z) =2 /q (1—q)?

2

2q?

—_G@,r, Y)} (3.29)

2

oo d) 5o B)|. a0)

At each iteration of Eq. (3.29), the Green’s function gets corrected by one gluon.
Several iterations therefore lead to a BFKL ladder diagram

p i p

| : (3.31)

where the big solid dots represent Lipatov vertices and the two vertical gluons are
reggeised gluons. The horizontal gluons are ordered in increasing rapidity from top
to bottom. This is a consequence of the constraints imposed on the gluons’ plus
and minus light cone momentum components in the derivation of Eq. (3.29). The
BFKL ladder is referred to as the hard pomeron, since it is governed by perturbative
effects.

3.2.3 Problems with BFKL evolution

Since Egs. (3.29) and (3.30) are linear differential equations, they can be solved
analytically — see, for example, [29]. Their solutions imply a cross section growth of
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3.8. BK evolution

the form o ~ s**~! where ap is the so-called pomeron intercept from Regge theory.
In particular, this growth factor violates an important bound. The Froissart-Martin
theorem states that the growth rate of the total cross section as a function of energy
cannot be larger than In®s [65, 66]. This is a direct consequence of the unitarity
and analyticity of the scattering matrix. Since the cross section governed by BFKL
evolution violates the Froissart—Martin bound, the BFKL equation clearly violates
these important properties of the scattering matrix.

A second problem with BFKL evolution concerns its high energy limit. For very
large rapidities, it is possible that the lower bound of the transverse momenta of the
horizontal gluons in the ladder (the ladder “rungs”) approaches Aqep. This calls
into question the validity of perturbation theory in the high energy limit. These two
serious problems with BFKL evolution may be cured by considering nonlinear effects
at small x, as discussed in the next section. The point to which BFKL evolution is
applicable is governed by a saturation scale ()s. This is one of the defining features
of the CGC, as it signals the onset of the nonlinear effects that lead to saturation.
The associated correlation length Ry := 1/Q)s defines the apparent size of the partons
necessary for the overlaps in the partonic wave functions to be included in deriving
the evolution equations.

3.3 BK evolution

The two major problems with BFKL evolution discussed in the previous section
may be cured by introducing nonlinear terms into the evolution equation. This
is the role of the BK equation — a nonlinear renormalisation group equation that
governs the evolution of the dipole correlator with increasing rapidity. A derivation
of the BK equation is provided in [29]; we outline the procedure here.

3.3.1 The Glauber—Gribov—Mueller model

Consider the dipole operator

1
L= Noy = S5y = -t (UsU)) = (3.32)

1
N, ’

31



3. FEvolution Equations

from Section 2.7, where the dipole-target cross section

9aA (e = e .
T (p ) 2/1)3 (Nay) (3.33)

was discussed, as given in Eq. (2.24). In order to calculate N, the target is modelled
using the Glauber model introduced in Section 2.5 and consider dipole—nucleon

scattering in the Glauber—Gribov—Mueller (GGM) model |36, 67-T1].

First, we consider the scattering between the dipole and a single nucleon from
the target. This nucleon can be modelled as a dipole of size ry, so that we may
use Eq. (3.13). Both dipoles are considered small, so that r ~ ry < 1/Aqcp. For a
large target, an angular average is taken to account for all possible orientations of
the transverse vectors r and ry. This gives an approximate dipole—nucleon cross
section

- T 1
1N ~ T’I"2$QN <x, ﬁ) : (3.34)

¢

where the gluon distribution xgn refers to the single nucleon from the target.
Averaging over all positions of the nucleon within the target and summing over a
total of A nucleons gives the differential dipole-target cross section

do-g%A qGN
b =T (b)o 1", (3.35)
where
1) = [ dbapa(bib) (3.36)

is the nuclear profile function and py is the nucleon number density, typically given
by the Woods-Sazon model [72].

Next, this result for a single nucleon scattering is extended to the dipole scattering
with multiple nucleons. For simplicity, each of these nucleons is now modelled as
a single quark instead of a dipole. In the covariant/Feynman gauge and still
considering only two-gluon exchange, the dipole interacts with one nucleon at a
time, ordered along the x"-axis. All other possible interactions are suppressed by a
factor A > 1. By iterating Eq. (3.35) and summing over all the ways that the two
exchanged gluons can attach to the quark and/or antiquark, we obtain

+
U] oAb ) s(r ), (3.37)
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3.8. BK evolution

where s(r, L) corresponds to a dipole S;E;zy) that travels through the target up to
point b € (0, L) [36]. The dipole-nucleon cross section is given by

qQ 1 do il-r —il-r
g1V = /1(27T)2 g’;?qq (2=t —e ), (3.38)

where 0,444 is determined from Eq. (3.12). At the initial condition, this can be
used with the leading-order single-quark gluon distribution

sC 2
mggl(l)ark(a:,Q2) _ sTF In Ag ; (3.39)
QCD
to write the GGM multiple-rescattering formula
Q2 (b) 1 }

N(r,b,)Y =0)) =1 —exp< — 1] : 3.40
(N =1 { - (3.40)

The saturation scale that was discussed in Section 3.2.3 is defined here as

Ao C

Q2(b) = =T (b), (3.41)

in terms of the nuclear profile function 7'(b) given in Eq. (3.36).

3.3.2 Mueller’s dipole model

The task is now to calculate and resum all corrections to Eq. (3.40) in the LLA in
In(1/x). The diagrams that give the appropriate factor agIn(1/x) are those in which
the dipole emits an s-channel gluon that interacts with the target, i.e. contributions
of the form

(3.42)

After the interaction, the emitted gluon is reabsorbed by the dipole. Other types
of corrections, such as additional ¢-channel gluons of the kind shown in Eq. (3.9),
do not contribute the required resummation factor and may be neglected. During
the interaction with the target, scattering occurs off nucleons ordered in % within
the target. Gluon emission from the dipole during this time is suppressed by 1/s
and can be neglected in the eikonal approximation. We assume that the light cone
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3. FEvolution Equations

plus component of the emitted gluon’s momentum is much smaller than that of the
quark or the antiquark. On the other hand, all the other transverse momenta in the
problem remain unconstrained and unordered.

The dipole is written in terms of the quarkonium wave function first introduced
in Eq. (3.13). Using standard techniques to calculate the required diagrams of the
form shown in Eq. (3.42) gives a modification

min{z1,1—21} dZQ 2 min{z1,1—21} dZQ 1Y CF
B s (0)
T -3 o L Y B s B

20 0,07, \,a 0
(3.43)

from the real corrections to the original quarkonium wave function ¥ [27]. The
conformal kernel that appears here is given by

Ry = 2omny — Ko — Koy = —— & _ y)’ . (3.44)
(z —w)" (w—y)
where
Kowy = KKy (3.45)
and
KLy == % (3.46)

is the Weizsicker-Williams emission kernel. The kernel K¢, denotes the quark —
quark + gluon splitting wave function. Notice that the bare wave function \I/gff),
factorises out in Eq. (3.43). The virtual corrections require the calculation of several
more diagrams, which are not included here. The total contribution from the virtual

corrections modifies the bare quarkonium wave function by

QCYSC r min{z1,1—21} dz
), - el g0z @an
O(as) T 22 O(ag)

S

where p is an ultraviolet cutoff that regulates the divergences from the factors & —w
and y — w in the denominator of Eq. (3.43) [27].

Now that we have considered both the real and the virtual corrections to the
dipole, some remarks are in order. Both Egs. (3.43) and (3.47) contain a factor
as and an integral f dzy/ 2y, which confirm that they are LLA contributions. The
resummation procedure to derive a renormalisation group equation in this case
is complicated, but simplifies significantly in the large- N, limit. In this limit, we

34



3.8. BK evolution

set N. — oo while simultaneously keeping asN. constant. Each gluon line in the
diagrams is replaced by a pair of lines denoting a quark—antiquark pair. These are
in a colour octet state, called a daughter dipole.

In the case of a diagram with several gluons emitted from the original parent
dipole, these daughter dipoles need only be considered as noninteracting. Those
diagrams in which they do interact with each other are N.-suppressed, although
they may act as sources of further gluon emission. An additional simplification
is that the gluon emissions need only be considered ordered in momentum as
213> 29 > 23> ... > 29, where the gluon with longitudinal momentum fraction 2o
is emitted before the gluon with z3, etc. Diagrams in which the emitted gluons are
not ordered in this way are beyond the LLA.

The most concise way to write all the corrections to the quarkonium wave
function is through the dipole generating functional

2
Z (b, Yiu)y \\pgg

=1 2
;:Zﬁ/ 0, by, e b)) [Pl by) o ulr, by). (3.48)
n=1 * T‘1b1. T‘nbn

The wave function W™ denotes a quarkonium state with n dipoles, as opposed to a
state ¥ with n gluons. Each dipole i is of size r; and has impact parameter b;.
The dummy functions u(r;, b;) allow us to take derivatives 0Z/0u in Eq. (3.48) to
generate a wave function with any required number of emitted dipoles.

Taking into account the real and virtual corrections given in Egs. (3.43) and
(3.47), respectively, an evolution equation

s Ve 1
O Z (r,b,Y;u) = a /mey[ (y—w,b+§(w—w),Y;u)

272

A —x,b
x(w w,—|—2

Lw - y),Y;u> _Z(y-u=, b,y;u)] . (3.49)

can be obtained, with the initial condition Z(y — «,b,Y = 0;u) = u(y — «, b).
We have defined dy := 0/9Y and taken Cp — N./2 in the large-N. limit. The
transverse coordinate structure of Eq. (3.49) is as follows. The original parent dipole
has size r = & — y and centre-of-mass b = (x + y)/2. The gluon emission kernel
I@wwy on the right side of the equation corresponds to a gluon emitted at transverse
coordinate w. The kernel is proportional to 7, since a dipole of zero size cannot
emit gluons. The first term under the integral corresponds to the emitted gluon
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forming two new daughter dipoles, one with size y — w and centre of mass

1 1 1

Sytw) = yte—atw) =bt (w-a) (3.50)
and the other with size w — x and centre-of-mass

1 1 1

§(w+w):5(w—y+y+w):b+§(w—y). (3.51)

Since both of the new daughter dipoles have to interact with the target, they
appear as a product of generating functionals in the integrand. The second term in
Eq. (3.49) is a virtual term, which accounts for probability conservation; tt therefore
has the same coordinate structure as the original parent dipole. As a consistency
check, it is possible to derive an equation that is equivalent to the BFKL equation
by taking one derivative of Eq. (3.49) with respect to u [26-28, 73-75|.

3.3.3 How to derive the BK equation

Given the dipole generating functional obtained above, it is now straightforward to
derive the BK equation. It has already been noted that the cascade of gluons emitted
from the parent dipole before the interaction with the target can be modelled as
a cascade of daughter dipoles in the large-N. limit. The interaction of the parent
and daughter dipoles with the target is dominated by cases in which each dipole
interacts with a single and different nucleon to the other dipoles. It can be shown
that any other scenarios, such as two dipoles interacting with the same nucleon, are
Ne-suppressed to leading order in A [18]. So we only need to consider independent
dipole—nucleon interactions, instead of all the possible ways in which the dipole
cascade may interact with the target.

The scattering amplitude is therefore a convolution of two parts: the dipole
cascade developed from the parent dipole before the interaction and the multiple
rescattering with the target. For the first part, we take k derivatives of the dipole
generating functional given in Eq. (3.48):

§k
du(ry, by) . ..ou(rg, by)

This gives the probability of finding & daughter dipoles in the wave function of the
parent dipole. For the dipole amplitude, the sum over all k£ values gives

o0 k
<S(2)(r,b,Y)> :Z%/ 0 Z(r,b,Y;u)
k=1 YT

Z(r,b,Y;u)

(3.52)

u=0

1b1..70bn, 5U(’I"1, bl) Ce 5u(rk, bk) u=0

x (S@(ry, b, Y =0))...(S®(r, b, Y =0)), (3.53)
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with the initial condition given in Eq. (3.40) [18]. This summation leads to the
result

(SP(r,b,Y))=Z (r,b,Y;u=(SP(r,bY =0))), (3.54)

from which we can deduce that the dipole correlator <S (2)> and the generating
functional Z obey the same evolution equation. Using Eq. (3.49) to write this
common evolution equation in terms of Ny, we get the BK equation [18, 19]

O (Vo) = 25" [ Ry (Vo) + (Nay) = (Vi) = (Vo) (V)] (359

The initial condition is given by Eq. (3.40) and the saturation scale Q*(b) — Q%(b)
is taken at Y = 0.

In writing Eq. (3.55), it has already been assumed that (Ng,) is independent of
the impact parameter b. This assumption holds for large nuclei, far from its edges.
The nucleus can also be assumed to be isotropic, in which case each factor (Ng,)
simply becomes a function of the transverse length |z — y|. Each iteration of the
BK equation leads to one soft s-channel gluon being emitted by the parent dipole
corresponding to Ny, on the left of Eq. (3.55). The only difference between the
BFKL equation and BK equation is the inclusion of the nonlinear term (Ngw) (Nuwy)
within the integrand on the right side of Eq. (3.55). At large rapidities, this nonlinear
term becomes important, leading to saturation and the slowing down of energy
growth. It is this nonlinearity of the BK equation that allows it to cure the problems
with BFKL evolution discussed in Section 3.2.3.

In Paper [I11], we study the BK equation at next-to-leading order. This may be
derived in the same way as the LO equation but keeping terms of order o? at every
stage of the calculation. The resulting evolution equation is of the form [76]

aSN

2N2
Oy (S2)) = /KBC —— / (K21 (D21) + Koo (Dag) + K; (Dy)) .

1671'4
(3.56)

The full expressions for the kernels are provided in Paper [III]. In this thesis, we
focus on the correlators

(Dy) = (8PS — S&)Y, (3.57)
(Do) =(S2L8L),80, ) ~ <msmy > — (2 = 2), (3.58)
(D) = (SELSE,55, ), (3.59)

(D) = <Ni3tr (t"U£U) [tr (taUzth;) (2= z)} > . (3.60)

37



3. FEvolution Equations

The calculation of these correlators in the Gaussian approximation is discussed in
Chapter 7.

Chapter summary

In this chapter, we have discussed three types of evolution equations. The
DGLAP equations govern the evolution of the parton distribution functions as
functions of virtuality Q2. For evolution in rapidity Y, we first considered the BFKL
equation. This linear equation was shown to have some problems, particularly at
large rapidities. Finally, the BK equation was discussed. Its nonlinear terms are
able to cure the problems with the BFKL equation by taking into account multiple
gluon self-interactions.
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4

JIMWLK i1n the Fokker—Planck
Formalism

In the previous chapter, we discussed three types of evolution equations: DGLAP,
BFKL and BK. These are all labelled on the phase diagram provided in Fig. 2.5. In
this chapter, we discuss the last of the evolution equations labelled there, namely the
JIMWLK equation. This is a nonlinear renormalisation group equation that applies
in the saturation regime at low to moderate Q% and large rapidity Y. JIMWLK
evolution describes the change in the target field as a function of rapidity by
incorporating the soft gluons emitted at small = into the target wave function, as
opposed to incorporating them into the projectile wave function. In this chapter, we
introduce JIMWLK evolution in the form of a Fokker-Planck equation. In Chapter
5, an equivalent formulation is given in terms of a Langevin equation. While we
only discuss the leading-order equations here, much work has been done towards
understanding the next-to-leading order JIMWLK equation [76-78|. The JIMWLK
equation is not solvable analytically, but it has been implemented on the lattice, for
example, in [79]. It also has applications in other areas, such as in the calculation
of nonglobal jet observables [30].

We begin in Section 4.1 with a discussion on the derivation of the JIMWLK
equation. The Hamiltonian that appears in this equation is obtained in Section
4.2. The Lie derivatives contained in the Hamiltonian are studied in Section 4.3. In
Section 4.4, we use the diagrammatic notation introduced in Chapter 2 to further
study the operation of the JIMWLK Hamiltonian on Wilson line operators. Finally,
in Section 4.5, we relate the JIMWLK equation to the BK equation of the previous
chapter.
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4.1 How to derive the JIMWLK equation

In order to derive the JIMWLK equation, we consider quantum corrections to the
MV model that was mentioned in Section 2.5. For more detailed derivations, see
[29, 30, 80], for example. As with the MV model, it is necessary to consider the
small-z and large-x gluons in the target separately. Since larger-z gluons have a
much longer lifetime, they appear as “frozen” sources to the shorter-lived smaller-x
gluons, and constitute a classical background field. As rapidity increases, this
field can act as a source of emission, creating more small-z gluons. At the next
rapidity step, the emitted gluons become large-z gluons and get incorporated into
the classical field, thus continuing the process of emitting more small-z gluons and
SO on.

In the context of the MV model, an expression was introduced for the expectation
value of any functional F'[U] of Wilson lines, as given in Eq. (2.25). In that case,
the correlators did not have a rapidity dependence. Since we are now interested in
evolution in rapidity, these correlators need to be considered as rapidity-dependent
objects. In place of Eq. (2.25), we now have

_ [ DpF[U]Wy|p]
LDy = [ DpWy ]

where the correlator (F[U])y and the weight functional Wy [p] have gained rapidity
labels to denote their rapidity dependence. The weight functional Wy [p] is not
known directly, but its variation can be computed by considering the freezing of
partons within an infinitesimal rapidity interval [81]. Eq. (4.1) can be written more
compactly as

(4.1)

<ﬂmh=/ﬁWWWMHW, (4.2)

where the weight functional is normalised as [ D[U]Wy[U] = 1. The two group
theoretical constraints on the Wilson lines hfwe been absorbed into the definition of
the functional De Haar measure such that D[U] := D[U]§(UUT — 1)6(det U — 1).

The goal is now to find an expression for dy Wy [U]. Differentiating both sides of
Eq. (4.2) gives

o (FIUT), = [ DWIFUI0 Wy U, (43)

Since dy (F[U])y is the energy evolution of a correlator, it can be written in terms
of the governing Hamiltonian of the theory, labelled Hjnwik[U]. Then

Iy (F[U])y = (—Hmawrx[U|F[U])y - (4.4)
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Replacing the expectation value on the right side by the definition given in Eq. (4.2)
gives

Oy (FIUYy = [ DIV Honnw U] FIU) Wy (0] (45)
Assuming Hjnywrk is Hermitian, this can be partially integrated to get
(FIUT)y = [ DIOIFIVN(-Hanwas VW U1). (1.6
Finally, equating this equation with Eq. (4.3) gives
[ PIFwe Wy () = [ DOIFI - Hiwa VWA ), (0.7
from which the JIMWLK equation

ayWy[U] = —HJIMWLK[U]Wy[U] (48)

follows. The Hermiticity of the Hamiltonian is verified in the next section, after an
explicit expression is found.

4.2 The JIMWLK Hamiltonian

In order to find the JIMWLK Hamiltonian Hjnwik that appears in the evolution
equation for the weight functional in Eq. (4.8), we go back to Eq. (4.4) where it is
first introduced. As a simple test operator, we may choose F[U] — (Uw)ij (U;)kl,
with the definitions of the Wilson lines in the fundamental and antifundamental
representations given in Egs. (2.19) and (2.20), respectively. Now we find an
evolution equation for this test function. As with BK evolution in Section 3.3,
one step of IMWLK evolution in the LLA in In(1/z) should generate all possible
diagrams with a single gluon added.

There are eight self-energy contributions, four from each of the diagrams

and : (4.9)
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Recall that the vertical grey lines denote a sum over all possible gluon insertions so
that, for example,

%::Wernthr%. (4.10)

In addition to the self-energy diagrams, there are four real contributions which come
from the diagrams in which the gluon interacts with the target field:

(4.11)

All twelve diagrams can be calculated using standard techniques — see [29] for a
detailed calculation using light cone perturbation theory. The six diagrams in which
the gluon attaches to both the quark and the antiquark sum to

—ad Qg ab ;4
(ngy)ijkl = —F/dY/wlC;wy [(1-02U}) (1= ULUH)]" (t°Us),; @ (U,
(4.12)

where the convolution notation U, ® U; ensures that matrix elements (as opposed
to whole matrices) are multiplied. The gluon emission kernel Ky, has been defined
in Eq. (3.45). The three diagrams in which the gluon attaches only to the quark
line sum to

e

- . ab /.p,a
(quq'y)ijkl T2 dY/wImem [1 - UmUM (t ¢ Um)ij ® (U;)m' (4.13)
The three diagrams in which the gluon attaches only to the antiquark line sum to

(Xiq;/)ijkl = % /dY/ Kywy [1 - UwU;] @ (Uw)ij & (U;tbta)kl. (4.14)

After some manipulations, the sum of all twelve diagrams (namely the sum of
Egs. (4.12), (4.13) and (4.14)) can be written compactly as an evolution equation
for <U:,3 & U;>Y:

1
By (Us @ UL)y = £ (VALLLL (Us @ UY)), + (055 (Ua ©T0)), . (415)
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4.3. Lie derivatives

where
a 1 ab
Xuw = 3 /z Kuzo [(1 = ULU) (1 - UIU,)] (4.16)
and
a_ b ATt
Oy = 87T3 /z’Cvzvtr (T vUz> . (417)

The operator L% that appears in Eq. (4.15) is a “left” Lie derivative, which is
discussed further in the next section.

The procedure to find an evolution equation for the test operator U, ® U?j can
be repeated for any Wilson line operator. By comparing Eqgs. (4.4) and (4.15), an
expression can be read off for the JIMWLK Hamiltonian from Eq. (4.15). After
partial integration, this gives

1
Hymwixk = §LZLZXZbU — Lyog. (4.18)
With this, Eq. (4.8) is now complete and the JIMWLK equation
1
KWy U] = —éLngX;ﬁ,Wy[U] + Lo Wy [U] (4.19)

follows. Since the weight functional Wy represents the probability distribution
within the target, the JIMWLK equation is a partial differential equation for this
object. We can see from Eq. (4.19) that it is a first-order equation in “time”; which in
this context is rapidity. The two Lie derivatives introduce two transverse coordinates
u and v, which makes it a second-order equation in space. Eq. (2.26) may be used
as the initial condition for Eq. (4.19).

4.3 Lie derivatives

The Lie derivatives that appear in the JIMWLK equation are used throughout this
thesis. The “left” and “right” Lie derivatives, respectively, are defined as

LY = —ig[Uyt s and R := —ig[t"Uu)as (4.20)

6[Uulap 0[Un]as’

where a and /3 are matrix indices and §/dU,, acts as an ordinary functional derivative,
le. as

Uzlyy = 0008500 4.21
5[Uu]a6[ ]w vYBp ( )
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4. JIMWLK in the Fokker—Planck Formalism

The shorthand 6, := §®(x — y) is used henceforth for the transverse coordinate
plane. The Lie derivatives operate on Wilson lines according to

LUy = —ig0yuaUgt® = —ig | , (4.22)
r=Uu
RiUy = —1G0yat®Uy = —ig : (4.23)
=u
LeUL = ig0yut°Ul = , (4.24)
r=Uu
RAUT = igduaUlt* = —ig . (4.25)

In this way, they colour-rotate the Wilson lines on the left or right of the target
field. “Left” and “right” are swapped in these diagrams, since the light cone time
axis runs from right to left, as shown in Fig. 2.6, for example. Notice that

(RAUL)T = Ul RY = ig6uaUlt" = RAUS (4.26)

u - x

where R%T acts to the left. In the same way, U, R% = R2U, and similar expressions
hold for the left Lie derivative.

The Lie derivatives obey the commutation relations
(L8, L] = gy f°LS,  [RE,RY) = —gluuf°RS,  [L%, RI]=0. (4.27)
They are related to each other through the adjoint Wilson line according to

UlbeRs = L2 (4.28)
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4.4. Operation of the JIMWLK Hamiltonian

which can be drawn acting on a Wilson line as

a b

allb = . (4.29)

This relation follows from multiplying Eq. (4.24) by (Eb“, and then using the group
identity

Ufbats = U, tUS . (4.30)

4.4 Operation of the JIMWLK Hamiltonian

Now that we have properly defined the Lie derivatives that appear in Eq. (4.15), we
return to our discussion of the JIMWLK Hamiltonian as given in Eq. (4.18). By
noticing the relation

1
b a . ab
=——L 4.31
Oy 29 uXuws ( )
Eq. (4.18) can be recast as
1
Hiynwik = ELZXZILLZ- (4.32)

This is now in the form of a Fokker—Planck equation [50], as proposed at the
beginning of this chapter. The Hamiltonian written in the form of Eq. (4.32) is
helpful in showing its Hermiticity, which was assumed in writing Eq. (5.1). Note
that the Fokker—Planck form applies only to the leading-order JIMWLK equation, as
is the subject of this chapter. At higher orders, the presence of more Lie derivatives
does not allow for the Hamiltonian to take the simple form of Eq. (4.37).

In order to see an explicit diagrammatic interpretation of the JIMWLK Hamil-
tonian, we carry out the following manipulations. The integrand factor from the
definition of y% given in Eq. (4.16) can be combined with the Lie derivatives in
Eq. (4.32) to give

L [(1=UUf) (1= U, UD] ™ L}
— L5 Lh — 1o (ULUD)™ L — L2 (ULUS) ™ LY + L2 (ULUIULUD ™ LY. (4.33)
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4. JIMWLK in the Fokker—Planck Formalism

The unitarity condition for Wilson lines, combined with Eq. (4.28), allows us to
simplify the last term to

L2 (UUIUUD™ LY = R25“RY. (4.34)

Eq. (4.28) can also be used to simplify the second and third terms in Eq. (4.33); the
sum of these then becomes

L2 (U U™ I + L8 (ULUS)™ L = RAUSLY + LEUI™ R, (4.35)
and Eq. (4.33) is simply

L [(1— U UD) (1= ULUD]™ LY = 1818 + U2 (RA LY + LA RY) + RAR?.
(4.36)

Using this result in Eq. (4.32) gives

Hynwik = ——— / Kuzo L“ wLo+ U (Ry Ly + Ly RY) + Rg;Rg] . (437)

The Hamiltonian in this form can be used to find a diagrammatic interpretation
for its operation on any functional of Wilson lines. As a test operator, we once
again consider U, ® UJ. I. Then each of the terms in Eq. (4.37) acts as

LALS | ﬁ (4.38)
R%R® | i@ | (4.39)
U (R4LY + LLRY) | % . (4.40)

46



4.5. The Balitsky hierarchy and BK evolution from JIMWLK

00 T =0 —00
< |
\ T
U

background field

final state target initial state

Figure 4.1. Figure from Chapter 2 showing the interaction of a dipole with the target.

From this, we see that each time the JIMWLK Hamiltonian acts on an operator,
it adds one gluon to the operator in all possible ways. By construction, this is
indeed what it should do: each successive rapidity step adds an s-channel gluon to
the correlator to account for its small-x evolution. The same physics holds for the
evolution of any other Wilson line correlator.

Another feature of JIMWLK evolution is the longitudinal growth of the projectile
with increasing rapidity. In order to illustrate this, let us consider the dipole
interaction with the target as shown in Fig. 2.6. An increase in energy corresponds
to a lengthening of the distance along the z-axis between the photon—dipole vertex
(where the virtual photon probe splits into the quark—antiquark pair) and the target
background field (effectively localised at ™ = 0). This means that there is more
phase space for multiple gluon emissions at higher rapidities, so that the probability
for gluon emission increases.

4.5 The Balitsky hierarchy and BK evolution from
JIMWLK

To conclude our discussion of JIMWLK evolution formulated as a Fokker—Planck
equation, we now relate it back to the BK equation studied in Section 3.3. The
JIMWLK equation is equivalent to an infinite set of coupled differential equations,
called the Balitsky hierarchy. Each equation in the hierarchy governs the evolution
of an n-point correlator. The set of equations is open in the sense that the n-order
equation needs input from n + l-order correlators. In order to demonstrate the
relation between the JIMWLK equation and the Balitsky hierarchy, we derive the
first equation in the hierarchy from the JIMWLK equation. Since all correlators
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4. JIMWLK in the Fokker—Planck Formalism

henceforth are of the form ()., the rapidity label is omitted for clarity.

The first equation in the Balitsky hierarchy is the evolution equation for the
dipole correlator <S;2y)> In order to derive this in the JIMWLK formalism, Eq. (4.4)

is applied (with the JIMWLK Hamiltonian in the form given in Eq. (4.37)) to the
dipole correlator. This results in

1 1
ay <ﬁctr (UmU;)> = <—HJIMWLKFCJCI‘ (UmU;)>
1 arTa rrab aT1hbh a pb a pa 1 t
= o1 J K < Loy + 02 (RALY + LuR) + RoRg| AT (U=U0) ) (441)
Each of the four terms in the integrand on the right side can be simplified individually.
After evaluating the two left Lie derivatives in the first term, it becomes
a a 1 1 apa
ICuvauLvﬁctr (UaU}) = =9*Kuzo(—0uz + duy) (—6a + (5vy)ﬁctr (Ugt“t°U})
(4.42)
~ 1
— —g2C’F/szyﬁctr (UU}), (4.43)

with the conformal kernel as defined in Eq. (3.44). Similarly, the term in Eq. (4.41)
with two right Lie derivatives becomes the same:

/cuzngRgNictr (UU}) = —gZOF/émyNictr (UU}) . (4.44)

The first mixed term in Eq. (4.41) simplifies to

Kuzo UgbRngNitr (UU})

C

N 1
= — I*Kuzo UL (—0uz + Ouy)(—6vz + (5vy)ﬁctr (t"Ut"U)) (4.45)

- r Ta 1 a
S QQIszyUzb—thr (t“Ut"U}) (4.46)
and the second mixed term is the same:
- 1 . ~ 1
abr1a pa ab a b
KuzoU~ LuRv—NCtr (UU}) = —* Kooy U Etr (t“U.t"U}) . (4.47)

Putting the four simplified terms together, Eq. (4.41) becomes

2
o {3 (0a) ) = L5 [ Ramy (~SE0 (00 + 028 (e00}) ).
(4.48)
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4.5. The Balitsky hierarchy and BK evolution from JIMWLK

This is the evolution equation for the dipole correlator in the Balitsky hierarchy.
By considering higher-point correlators in the JIMWLK equation, the higher-order
equations in the hierarchy may be derived in a similar way.

The evolution equation for the dipole correlator as given in Eq. (4.48) can also
be used to show the relation between the leading-order JIMWLK and BK equations.
One way to close Eq. (4.48) is to use the large- N, approximation to write the 3-point
correlator that appears on the right side of the equation in terms of the dipole. First,
the Fierz identity

20Uty (t°ULtU}) = tr (U,UY) tr (ULU)) — Nitr (UU)) (4.49)

is used to write
1 -
ay ﬁctr (Uwa)

a. [ - 1 1 1
o / Ry <2_thr (UaUL) b5 (U20)) = 55t (U7)) = G (UmU;)>
(4.50)
Neag [ = 1 1
ZTPLKW <thr (UxU]) tr (UU]) — A (UmU;)>. (4.51)

In the large- N, limit, the expectation value of a product of two traces factorises into
the product of expectation values:

(e @00 :00) ) 22 (e Oa0) ) { o (U0) ). (452

Cross-talk between dipoles (traces) has been shown to be N.-suppressed |50, 82].
With this approximation, Eq. (4.51) becomes the BK equation

1
Oy <Etr (U$U;)>

_ %%//cmy <<Nictr (UwUl)> <Nictr (UZU;)> - <Nictr (UmU;)>) (4.53)

(cf. Eq. (3.55)). In Section 3.3.3, we saw that the only difference between the BK
equation and the BFKL equation is the nonlinear term present in the former. Since
we have shown how the BK equation arises from the JIMWLK equation, we can
make the statement that linearising the JIMWLK equation results in the BFKL
equation. This is important in Chapter 6, where the dilute limit of the JIMWLK
equation from the Langevin formalism is studied.
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4. JIMWLK in the Fokker—Planck Formalism

Chapter summary

This concludes the chapter on JIMWLK evolution and the JIMWLK equation
written as a Fokker-Planck equation. In this chapter, we have outlined the derivation
of the evolution equation and discussed some important properties of the JIMWLK
Hamiltonian. This required the introduction of Lie derivatives, which we use to
write gluon emissions in a Wilson line operator in a convenient way. We have also
shown the relation between JIMWLK evolution and the Balitsky hierarchy, which
are two equivalent formulations of the same kind of evolution. We have seen that
the BK equation is the JIMWLK equation for the dipole correlator, taken in the
large- N, limit.
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JIMWLK in the Langevin Formalism

We have thus far discussed JIMWLK evolution in the form of a Fokker—Planck
equation. In Chapter 4, the physical picture was of a target field configuration
evolving in rapidity by inclusion of a soft gluon emitted from the projectile at each
evolution step. Generically, any stochastic process governed by a Fokker-Planck
equation can be described by an equivalent Langevin equation. For the JIMWLK
equation, the latter formalism is particularly of interest for two reasons. Firstly, it
allows for a numerical implementation of JIMWLK evolution that is computationally
cost effective. Secondly, it gives an alternative physical picture of evolution as a
random walk in the functional space of Wilson lines. This stochastic interpretation
proves particularly useful in the study of multi-particle correlations for particles
that are separated from each other by rapidity intervals larger than AY > 1/a.

In this chapter, we give a theoretical background of the Langevin JIMWLK
equation that was studied in Paper [II]. In Section 5.1, the evolution equation for
Wilson lines is derived. In Section 5.2, we consider inclusive particle production, first
at equal rapidity and then at unequal rapidity. This leads to the bilocal Langevin
equations, which we discuss in Section 5.3. The equations derived in this chapter
are necessary for Chapter 6, where they are expanded in the dilute limit.

5.1 The Langevin JIMWLK equation

The Langevin picture of JIMWLK evolution was first described formally in [81] and
implemented numerically in [79, 83-85]. In [81], standard methods were used to
derive a Langevin equation from a Fokker—Planck equation by considering changes
in the system under consideration during an infinitesimal time interval. In the case
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5. JIMWLK in the Langevin Formalism

of JIMWLK evolution, the equivalence between the two descriptions follows from
an alternative formulation of the expectation value given in Eq. (4.2),

(FlU)) = / DU FIUIWy U] (5.1)

Now the system is considered to be an ensemble of Wilson lines randomly distributed
at rapidity Y according to the weight functional Wy [U]. The expectation value of
some operator is a sum, taken separately at each Y, over all N configurations in
this ensemble:

(FIU)) ~ %ZF[U]. (5.2)

Rapidity acts as “time” and evolution is considered over some interval AY 2 1/as.
This interval is discretised into N pieces of size €, i.e. AY = Y, — Y, = eN
with Z> N — o00,e — 0. Quantities at each evolution step are labelled by index
0<n<N.

An appropriate degree of freedom to consider in the Langevin picture is the
classical field ay (z*, ) := A~ (z", x,0). Recall that this field appears directly in
the definition of the Wilson line given in Eq. (2.20),

Ul :=Pexp {zg/ det A~ (2, x, 0)} : (5.3)
As already mentioned in Chapter 4, the weight functional Wy [a] that appears in
Eq. (5.1) is not known, but its variation within an infinitesimal rapidity interval
(Y,Y + €) can be calculated. The partons that freeze out in this rapidity interval
have longitudinal momenta e A < k= < A [81]. Random fluctuations oy (x)e over
the field ay (z, ) are induced by the freezing out of these degrees of freedom. The
fluctuations are calculated as

as (x)e = /dx+5ay(x+,w), (5.4)
where |7]
day (2, x) o 0(x+)xi+ lexp {—ie “Azt} —exp {—iAzT}]. (5.5)

The 2% dependence in the field can be shown to be integrated out in Eq. (5.4),
leaving a factor €. Then the field at some intermediate rapidity Y,, and transverse
position x can be written as ag, = ag ,t*, that is, with no x"-dependence. The
components ag, ,, are now treated as a random variable with a Gaussian distribution
and obeying [81]
1
<o<“w’n+1> = Ogn> and <aaw,n+1a;n+1> = Exil;n (5.6)
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5.1. The Langevin JIMWLK equation

The definitions of x4, , and o% , follow from Eqs. (4.16) and (4.17), respectively,
with the Wilson lines from there taken at step n.

An equivalent formulation of the constraints in Eq. (5.6) is the Langevin equation
[81]

a __ _a ab,i by
asc,n—i—l - Um,n + / ea:z,nyz,n—&-la (57)
z
ab __ ~ac cb
where €3, , is the square root of wan = €z nayn SO that
bii b ab
abyi %

e = o KL 1- 050, (5.8)

(The Weizsécker-Williams kernel K7, was defined in Eq. (3.46)). The v 'n1 appear-

ing in Eq. (5.7) is a real-numbered auxiliary Gaussian white noise, satlsfylng

() = [ Dlisiie b, 5.9
for any functional f[v]. In particular,

W)y =0  and (v b :-5%5“*’5”5%, (5.10)

x,m yn

where the factor 1/e comes from the continuous version of the localisation of rapidity
(Y — Y,) = Omn/e. The localisation of the noise in this way is useful in that it
greatly reduces the computational cost involved in numerical simulations.

In terms of Wilson lines, the continuous version of Eq. (5.7) is

aY(]:): - Umita (/ aml;z ZZ + go, ) . (511)
Yy

This expression allows for a direct interpretation of evolution as an infinitesimal
step in SU(N.) space. The factor enclosed in round brackets acts as the “angle”
parametrising a local gauge transformation in transverse space and the o term
represents a deterministic “drift” [30]. Eq. (5.11) can be recast as a discretised
evolution equation for the Wilson lines:

Uens1 = Ugnexp {—iget“ (/ “ml;z Zl + gog ) } (5.12)
Yy

It is this form of the evolution equation that we explore further.
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5. JIMWLK in the Langevin Formalism

5.1.1 Expansion in rapidity step size

Since the rapidity step size € is infinitesimal, it can be used to expand the exponential
in Eq. (5.12). An expansion in € is useful in order to better show the physical meaning
of the evolution equation. It also allows us to use Eq. (5.10) to simplify linear and
quadratic terms in the noise. Terms of order ¢ and higher can be neglected because
these vanish in the limit € — 0. The power counting in € needs to be done carefully,
bearing in mind that Eq. (5.10) effectively makes each v of order ¢~1/2.

The first term in the expansion of Eq. (5.12) is simply U, x 1. The second
term in the series is

. a abz bz _ a,i a rrtab b
Ugn X {—zget </y ey Vy 90 )} = 27r3/2/ICmy Vy Ufm t Uymt)

69

87_[_3 r,n-— z,n xr,n - zmn

[ Kewels atot? (UTbCUC“ _ [Jfecgyeh ) (5.13)

To simplify this expression, the definitions of y and ¢ have been used, as well as
some basic SU(N,) identities. Similarly, the third term in the e expansion is

Vs {_g%%a ( / by | gg) ( / el gag)}
Yy z

2
= Uyt / Ky <2t“t“ tetbulteen — Ul ) + 0 (ve?). (5.14)
Yy

Cc7”47]_3 x.n - yYyn x,n - Yyn

The second and third terms of Eq. (5.14) cancel and double, respectively, when
combined with the last two terms of Eq. (5.13). Altogether, the expansion of
Eq. (5.12) becomes

Uw,nJrl

—U U. % — UTabth _ ZGg ’Cz a7, . i,c 1@ O ( 2)
=Uzn + : x,n zZn x,n \/H xzV2n A3 rzE + ve ).
(5.15)

There is a subtlety that must be mentioned in using Eq. (5.10) to obtain
Eq. (5.15). An expectation value expression is used to simplify an operator expression
that does not contain expectation values. However, this can be justified as follows.
Ultimately, Wilson lines need to be calculated within cross sections, in which they
always appear in pairs. The DIS cross section discussed in Section 2.7, for example,
contains the dipole correlator <tr (UmU;) /NC>. In that case, the expansion of
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5.1. The Langevin JIMWLK equation

Eq. (5.12) leads to terms that go like

1
(70 (thontinr))
N<<Zé.[0(ve)+0<)}>x(le,[O(ue>+c9<>])> (5.16)

k=0 1=0
~(O(1)+ O (ve) + O () + O (V*€*) + O (ve®) + higher orders) . (5.17)

If we wish to work to order e accuracy, we therefore only need to keep terms up to
second order in v in the expansion of each Wilson line. Then the expectation values
from Eq. (5.10) can be used safely for each term in Eq. (5.17). Since this procedure
applies at the end of any cross section calculation, we may use Eq. (5.10) to simplify
factors of v from the start, even in operator expressions that do not contain any
expectation values.

In order to reconcile Eq. (5.15) with the notion of evolution discussed in Chapter
4, it is expressed in terms of Wilson line diagrams. If the Wilson line of a quark
projectile at the initial condition is represented as

Um,O - y (518)

then one step in evolution according to Eq. (5.15) gives

ZEg z az
wz zO

692 z z

- = Kz - afb +0 (VEQ) :

(5.19)

This takes into account all possible diagrams with a single gluon added to the initial
condition U, . The first term is simply the original Wilson line. The second and
third terms contain the gluon emitted either before or after the quark interaction
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5. JIMWLK in the Langevin Formalism

with the target. The gluon remains unabsorbed by the quark, with an open colour
index that contracts with the colour index of the noise factor. The fourth and fifth
terms in Eq. (5.19) contain the gluon emitted either before or after the target line,
but now the gluon is reabsorbed by the quark after the interaction with the target
field. Both kernels that appear in Eq. (5.19) correspond to the vertical separation
in the diagrams between transverse coordinates @ (the quark) and z (the emitted
gluon). We can see from these diagrams that evolution in the Langevin picture
does indeed agree with that of the Fokker-Planck formalism in that a single soft
s-channel gluon gets added to the diagrams at each step in evolution.

As a cross check, it is possible to derive the BK equation from Eq. (5.15). For
each Wilson line in the dipole tr <Ui7n+1Uy,n+1> /N., the expansion is used up to
order ve to write an expression in terms of Wilson lines and noise factors at step n.
Using Eq. (5.10) and the Fierz identity gives

Qg Nc »”
g ) e

1
EN tr (Ul—:yn+1Uy7n+1 - Ua];,nva”> =

z

x {Nigtr (UynUL,) tr (UnlUY,) — Nictr (UJMUy’n)] LOWe). (5.20)

After identifying the left side with dytr (U1U,) /N, and taking the expectation
value on both sides, this expression becomes the BK equation given in Eq. (3.55),
written in terms of Sg(fy) instead of Ng,,.

5.1.2 Alternative form

The expanded form of the Langevin equation for the Wilson lines has another
important use. It allows us to write Eq. (5.12) in a more useful form, as was
first shown in [86]. An alternative form of Eq. (5.12) that would lead to the same
expanded expression up to order ve? is

. L _ R
Uppst = €950, e 9%, (5.21)

where “right” and “left” traceless Hermitian colour fields!

R i a,i ga ) i
g, o= Ko vt =: KerVe s 5.22
’ V 47T3 z ’ V 47T3 2z ’ ( )
1 / . o~ 1 / . )
L . 7 a,l 7rtabyb | 7 7 T
Qg = Ky ven Ul =0 —— | KL, Uy v, UL, 5.23
’ Va3 ). T Va3 ). T (5.23)

!Note that the choice of left and right in the definitions of the colour fields is opposite to that
of Paper [II]. They have been redefined here to remain consistent with the labelling of the Lie
derivatives in Chapter 4.
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5.1. The Langevin JIMWLK equation

have been introduced, respectively. The shorthand l/i = V‘” t* is used and the
group identity U T“btb U, nt“U is used in the deﬁmtlon of ak

In keeping with the stochastic interpretation of evolution in the context of the
Langevin picture, the two matrix exponentials in Eq. (5.21) act as infinitesimal
colour rotations to the left and to the right of the target field. This causes the random
walk of the evolving Wilson line in colour space. To see this diagrammatically, the
colour fields are applied at the initial condition to the Wilson line initial condition
given in Eq. (5.18). This gives

R
Um() g0 = \/— zz zO )

L % a,t
o Ugpo = v, b
z,0Yx,0 xz"2,0 a
Vs J,

The definitions of the right and left fields can be interchanged by defining a
rotated noise

~q __ ~ayioga a,i TrTabyb
Ugn = Vgt fywnant,

(5.24)

as discussed in Paper [II]. It can be shown that 7 satisfies the same constraints as
Eq. (5.10), namely

(72t)=0  and pha ) = —5mn5ab5”5 (5.25)

a:m yn

This means that the definitions of o and o in terms of 7 may just as well be used
in Eq. (5.21), without changing the meaning of the evolution equation. The choice
of v or I is a matter of convention — we consistently use the former. Indeed, the
expansion of Eq (5.21) in € can be shown to give the same expression as Eq. (5.15)
up to order ve?. One advantage of Eq. (5.21) over Eq. (5.12) is that the new form
explicitly shows the left-right symmetry inherent in JIMWLK evolution. A second
advantage is that the numerically costly drift term in Eq. (5.12) has been removed.
This makes Eq. (5.21) a computationally preferable form of the Langevin JIMWLK
equation [86].
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5.2 Inclusive particle production

As mentioned at the beginning of this chapter, an important application of the
Langevin picture of JIMWLK evolution is in the study of particle production at
unequal rapidities. We now show why the Langevin JIMWLK equation is so well
suited for this purpose. As a simple example, we consider inclusive quark—gluon
production in a proton—nucleus collision, as was done in Paper [II|. The formulae
presented here extend naturally to other processes by modification of the relevant
operators and colour factors.

5.2.1 Inclusive particle production at equal rapidities

As a warm-up to the main topic of unequal rapidity correlators, we first consider
inclusive production of a quark and a gluon at parametrically similar rapidities
AY < 1/ag in an ultrarelativistic collision. The cross section contains a Wilson line
Uy for the quark in the direct amplitude (DA). The complex conjugate amplitude
(CCA) has a corresponding Hermitian conjugate Wilson line U], which we write
with bars as (_]}; to make explicit that this is contained in the CCA. It is important
that quantities in the DA and the CCA remain distinct from each other throughout
the calculation.

Mathematically, the produced quark is represented in the cross section by a
fundamental dipole

: (5.26)

where the dashed red line denotes the separation between the DA on the left and
the CCA on the right. The differential cross section at the parton level for inclusive
quark production is simply the Fourier-transformed expectation value of the dipole
multiplied by the quark distribution in the proton [87, 88]:

dog 1 ~ip(a-2) | g(2)
= — PAETE) (S . 0.27
dn,d?p xQ(x)(Qw)Z /me < e U:U>Y (5:27)

The quark has transverse momentum p, pseudo-rapidity 7, and longitudinal mo-
mentum fraction xz. The xzg(z) denotes the quark distribution in the proton and Y’
refers to the relative rapidity between the produced quark and the target.
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5.2.  Inclusive particle production

If we now want to consider quark—gluon production, we can “produce” a gluon with
transverse momentum k by acting on the dipole Sg(f% with the so-called production
Hamiltonian [89-91]

1 . _ . . ~ _ = _
o) = 5 [ 00 [ 1y (18— D) (L - D).

473 v
(5.28)

Barred Lie derivatives only operate on barred Wilson lines and unbarred Lie deriva-
tives only operate on unbarred Wilson lines. Notice that Eq. (5.28) is effectively the
JIMWLK Hamiltonian from Eq. (4.37), which was shown in Section 4.4 to add a
gluon in all possible ways to the operator on which it acts. A key difference between
Hprod and HJIMWLK is that, unlike in HJIMWLK, the two adjoint Wilson lines in Hpmd
are at distinctly different transverse coordinates y and y. This is a consequence of
the separation of the DA and the CCA in the calculation.

The cross section for inclusive quark—gluon production is then [89-91]

dog, 1 / —ip( —->< 2
— K3 r—xT Hro k Swj
dn,d2pdn,d2k 1674 ), © proa(k)

where k and 7, refer to the transverse momentum and pseudo-rapidity, respectively,
of the produced gluon. Eq. (5.29) can be simplified using the definitions of the Lie
derivatives given in Eq. (4.20). After the production Hamiltonian acts on the dipole
operator, it is safe to set U = U. Evaluating the integrals over w and u gives

: (5.29)

U:U>Y

Jous Cr 0 —ip(a—) ik (y-p) i g ([ ] i
= s ip-(x—&)—i KtoKr_( —¢ <UmU9—c>
dnpdzpdndek' 1674 72 EYY € yx' gz NC T
—— (UT +Ui>abtr (th taUT) + L (U Ui)abtr (taU Uit”) (5.30)
N.Cr Y Y xl Ug N.Cp yYy z2Ug Y. .

This is the final expression for the cross section for inclusive quark—gluon production
in the case that the produced quark and gluon are separated by a small rapidity
AY < 1/as. Eq. (5.30) is in agreement with the two-gluon analogue obtained in
[92] in the soft gluon limit.

5.2.2 Extension to unequal rapidities

We now try to calculated the cross section in Eq. (5.30) for the case that the
produced quark and gluon are separated by a large rapidity AY 2> 1/a5. We follow
the formalism developed in [93] for the case of double inclusive two-gluon production
in proton—nucleus collisions. We present the main points of the discussion from
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5. JIMWLK in the Langevin Formalism

N
q e +Y =Yy
g +YA =Y0
target | T YFin

Figure 5.1. A physical picture of the inclusive quark—gluon production cross section
considered, showing the rapidities of the produced quark and gluon and of the target.
In particular, the quark and gluon are now separated by a large rapidity, as opposed to
the case studied in Section 5.2.1.

there for the slightly different case of quark—gluon production. A similar scenario
has also been studied in [94]. The physical picture considered is shown in Fig. 5.1.
A quark is produced at rapidity Y relative to the target’s rapidity Yi,. A gluon is
produced at some earlier rapidity Y, where Y — Y = 1/a;. Following the notation
of [93], the “A” label pertains to all quantities at the intermediate rapidity Y. This
labelling system can then be extended to include additional produced gluons at
other rapidities Yg, Y¢, etc. as needed.

The large rapidity separation between the quark and the gluon means that the
whole rapidity interval from Yj, to Y needs to be considered in two separate parts
— one for the interval Y;, to Y4 and another for the interval Y, to Y. Working
backwards in rapidity, we have the following steps to calculate the cross section:

1. The quark alone evolves from the intermediate rapidity YA up to the final

rapidity Y. This is represented in the cross section by the same fundamental
dipole expectation value as was considered in Section 5.2.1, namely <S§E2%> .

—Ya
The expectation value is traded for an average over the noise v at the end of

the stochastic process, so that now <S;2:E)N> .
v

2. A gluon with transverse momentum k, is produced at Y, from the quark
dipole. We act with the production Hamiltonian given in Eq. (5.28) on the

dipole, i.e. we calculate Hpoa(ka) <S:(c2j) N> . All quantities for Hpoq given
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5.2.  Inclusive particle production

in Eq. (5.28) pertain to rapidity Ya, which corresponds to the rapidity step
index n = 0.

3. Both the quark and the gluon evolve from the target rapidity Y;
up to Ya. This is represented by a second expectation value as

< Hprod(kA) <S;2£),N> UA_UA> :
- Ya

The two expectation values here are not calculated in the same way. The outer
expectation value ()y, is calculated in the standard way using Eq. (4.2). The inner
expectation value <>Y_YA, however, now involves a conditional expression, since it
needs to have knowledge of the partially evolved Wilson lines at the intermediate
rapidity Ya. Instead of Eq. (4.2), the inner expectation value is calculated according
to

14

(s2), | = [ PUDO Wy, [00[Un 0N S (53D
—rA

The weight functional is now a conditional one, obeying the evolution equation |89
KWy _y, [U, U‘ Ua, U] = —HewaWy_y, [U, U‘ Ua, Ua| (5.32)

by analogy with Eq. (4.8). The initial condition at Y, for this differential equation
corresponds to the fundamental dipole evolved up to Yj:

Wy, [U,U|Ux,Up] =6[U = UA]6 [U —Ua]. (5.33)

At any other rapidity Y3y, the condition
Wiy [U,U|Un,Up] =6 [U = U] Wiy, [U|Ua], (5.34)
holds, where Wy, [U| Ux] evolves according to Eq. (4.8), with the initial condition
Wy, [UJUA] =6 [U — Ua]. (5.35)

Instead of the JIMWLK Hamiltonian that appears in Eq. (4.8), the so-called
evolution Hamiltonian in Eq. (5.32) is

Heyol := Hi1 + 2H12 + Hao, (5.36)
where
1 3 )
Hyi= = | Kuso (Lo, — O10RY,) (L6, — USRS, (5.37)
87—‘- uvz ’ ' ' ' ' ’
1 - _ -
Hiyi= = | Kuso (Lin = OL2R,) (T, — U5RS,) . (5:38)
87 Junz ’ T ’ o
1 _ = — _ = —
Hyim = | Kz (L, — OL5RS,) (L5, - OLRS,) (5.39)
87 s n = Pandtan ) \Fon T Ean e,



5. JIMWLK in the Langevin Formalism

Each of these three terms is essentially the JIMWLK Hamiltonian from Eq. (4.37).
The only reason for the added complication of having three distinct terms Hiq,
Hi5 and Hys in this case is the separation of the DA and the CCA in our current
calculation.

Instead of Eq. (5.29), the cross section is now

daqg 1 / —ip-(z—) (2)
_ @2 [ gk <5_ > . (540
dY 2pdYadZks 1671 /. € prod(ka) (Sea ), Oa=Us/ y, (540

which differs from Eq. (5.29) in that it contains two averaging procedures [93]. The
integrand can be recast in a more enlightening form by using the relevant definitions
for the two expectation values. The definition for the inner expectation value given
in Eq. (5.31) gives

= [Doas s -] [ UDD)

X Wy_y, [U,U| Us, Us] Hproa(ka)Sea v, (5.41)

Hyroa(Ka) <5;252,N>V

where a delta function has been introduced that sets Uy = Ua. This can be used in
place of the test operator F[U] in Eq. (4.2) to do the outer averaging, giving

(Hoathn) (32) |, ) = [0 (DTS 04 - 0]

X / [DUDU] Wy_y, [U,U|Us, U] Hyroa(ka)Sea v (5.42)

v

Just as was done for the equal rapidity case in Section 5.2.1, we act with the
production Hamiltonian on the dipole operator. Using Eq. (5.28), this gives

1 . _ A )

2 —ika-(y— ) )

Hyoa(ka)Sga v = 75 [ e ™09 / Ky Kia
yy uu

~ _ = _ 1 _
X <Lz,o - U;%)RZp) (sz,o - U;?OCR%p) Ftr (U%N %N)
5.43)

(
_ 1 ika-m) [ i pi L7 5.44
_4_7T3 y'ye ua v gﬁﬁc o ( ' )

where
— — ~ b — — ~ — —
T = tr (Lo oUsn L oUb o = Of R Ui L U = UNS L, U RS UL

+ OO Rl U R UL,) - (5.45)
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5.83. The Bilocal Langevin Equations

We emphasise that fundamental and antifundamental Wilson lines in Z,, are taken
at step n, since these originate from the dipole. On the other hand, the adjoint
Wilson lines and all the Lie derivatives in Z,, are taken at the initial condition n = 0,
since these originate from the production Hamiltonian.

Substituting Eq. (5.44) into Eq. (5.41) allows us to write the final expression for
the cross section from Eq. (5.40) as

do 1 1 % i —ip-(x—x)—ika-(y—y ™
dede;!ZAdzk:A = 15161 /m—cyguﬂ KyuKyae p-(z—@)—ika-(y—y) /[DUA]WYA [Ua]

X / [DUAJS [Us — Ua] / [DUDU| Wy _y, [U,U|Ua,Uy] NiCIN, (5.46)

or more compactly as

do,, 1 1 / o 1
- K KCye™ P @@ mika =) <<—I > > :
AY PpdYad?hy 478 167 Jomygua P Y N
(5.47)

This is the final expression for the double inclusive quark—gluon cross section studied
in Paper [II]. All that is left to evaluate is the trace Z at the final rapidity step N.
From its definition in Eq. (5.45), we see that each of the four terms in Z contains a
product of two factors, each of which is a Lie differentiated Wilson line. The first
term in Eq. (5.45), for example, consists of a factor LU pertaining to the CCA and
a second factor LUT pertaining to the DA. Terms containing a right Lie derivative
are accompanied by the relevant adjoint Wilson line, since these terms involve a
gluon crossing the target field. In the next section, the Lie differentiated Wilson
lines are studied further, since these hold the physics of interest in Eq. (5.47).

5.3 The Bilocal Langevin Equations

The definition of Z,, in Eq. (5.45) contains four factors that need to be evaluated:
RUT, RU, LU and LU. Each of these quantities is bilocal in the sense that the Lie
derivative and Wilson line of each term are always at different transverse coordinates.
By acting with the Lie derivatives on the Langevin equation for the Wilson line
as given in Eq. (5.21), it is possible to derive a Langevin equation for the bilocal
quantities. This procedure was first outlined in [93], leading to the bilocal Langevin
equation for RUT. From this, the equation for RU follows by taking the Hermitian
conjugate of RUT; the equations for LU and LU follow after using the relation
Lyn = UZ“};RZ” Instead of evolving all four factors from n = 0 to n = N, it is
therefore only necessary to evolve one of them and then obtain the other three
evolved factors from it.
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5. JIMWLK in the Langevin Formalism

5.3.1 The RU' Langevin equation

The bilocal Langevin equation for RUT was derived in [93] by acting with a right
Lie derivative on the Hermitian conjugate of the Langevin equation in Eq. (5.21).
By the product rule, this gives three terms

; R . L . R . L
RZ,OUi,n-H = (RZ’Oelegam,n> UQT:,ne €90z n | ol€9% n (Rz,OUJ:,n) o190,
+ eisga&,nUT R e—iegoﬂim (5 48)
x,n u,0 : .

The first term is zero because there is no Wilson line in o' on which to act with R.
The third term can be calculated by expanding the exponential in €, giving

. 1
Rivoe—uga%c,n =Ry, {1 —iegay,, — 56292((1/27”)2 +0 (1/62):| (5.49)
i€g i pa i 7t 2
= Koz (Uz,an,nUz,n) +0O (1/6 ) . (5.50)

B Va3 ).
The order (aL)2 term has been neglected because

L \2 :L << i aiFrtab b)( i e rted d)>: Cr
<(am,n) > 473 /Zw K:mzl/z,nUz,nt K:mwyz,nUz,nt Am3e zK:a:zm (551)

after using Eq. (5.10). Doing the differentiation in Eq. (5.50) gives two terms which
can be written as

R je 0% = _\/iiiﬁ Key Uzt US4 Uz RS UL+ O (ve?) . (5.52)

We have used the trick

0=Ryo(1) = Ry (Uanll,) = (BioUzn) Ul + Usin (RooUl,) — (5.53)

— Ry Uz = —Usi (R 0UL,) Usn (5.54)
to write the two terms from the differentiation in Eq. (5.50) as a commutator.

Putting all the pieces together, the bilocal Langevin equation that follows from
Eq. (5.48) is

a t _iega a t_—iegal
Ru,OUm,n-i—l =e m’nRu,OUx,ne =

_ Zfl-frs_eiegagynUiﬂ /z K;:z [Uszi’nUl’n, UszZ’OULn] + O (V€2) ) (555)
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5.83. The Bilocal Langevin Equations

For consistency, the remaining three exponentials in this expression can be expanded
in € to give

. 2
g i b €g b bpa 77t
(@szyz,n - 47T3’szwt ) [t Ru,Ome

—Re UL Ul — Ut UL, (tbRZp@m — R ,UY W%C)} +0 (ve). (5.56)

xz,n- zmn zn~ z,n

RZ,OU;F:,n-i-l = RZ7OUJ:,n + /

z

The initial condition
Z,OUJ;,O - ig(sumU;ota (557)
can be read off from Eq. (4.25).

In order to understand the physical meaning of Eq. (5.56), it is useful to express
it in terms of diagrams. If the initial condition is represented as

Uly= : (5.58)

then one step in rapidity gives

a
r=u

RZ,OU;J =19

~ 2
. g i b . €9 2
i [t ) =i [ e 10+ 0 o) 59

where

{1} = -
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5. JIMWLK in the Langevin Formalism

{II} =

When compared to Eq. (5.19), we can see that Eq. (5.59) is just the evolution
equation for the Wilson line, but with an additional gluon added in all possible ways
after the target interaction. The Lie derivative Ry, ; assigns transverse coordinate u
to either @ or z and colour index a to the additional gluon.

The evolution equations for RU, LU and LU’ contain similar diagrams, with
the additional gluon on the relevant side of the target interaction and the relevant
direction arrowhead representing the Wilson line. In particular, notice that the
third diagram in Eq. (5.60) already begins to resemble part of one half of a BFKL
ladder diagram of the kind

(5.62)

L 1

that was discussed in Section 3.2.2. In order to see this more clearly, however, it is
necessary to go to the dilute limit, as is done in Chapter 6.

5.3.2 Alternative form

One addition that Paper [II] makes to the work of [93] is that the bilocal Langevin
equations are written in a way that is more conducive to numerical computations.
We define a new bilocal quantity Ry, := Uzn (RZ70U£7H), which is conveniently

a member of the Lie algebra su(NV,). Its Langevin equation can be obtained from
Eq. (5.55), with Eq. (5.21) multiplied from the left. This results in the cancellation
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of the right-field exponentials o, giving

—iegal 169
a — elegaw nRa’ ZEgam,n — elegaw n /IC z ,no uz n] ? (563)

ux,n+1 uxT n

with the rotated noise 7 defined in Eq. (5.24). The advantage of this expression over
Eq. (5.55) is that it is a linear evolution equation for a single quantity R, that
contains no explicit Wilson lines and only one type of colour field o Expanded in

¢, Eq. (5.63) becomes

R... — R,

Z’I’L7 uxr,n UZTL]

ZEg
a - R% IC@ [~
ux,n+l = “tux,n \/— Tz

NC 692 a a
- 7@ /z Iszm (Rumn Ruz n) + O (V€2) . (564)

Its initial condition follows from Eq. (5.57), namely Ry, ; = igduzt®. Note that it is
not possible to simplify Eq. (5.64) further by pulling out an overall R because of
the commutator in the second term on the right.

Similarly to RS it is possible to define three other quantities

ux,n’

RS G Up — Rey i= (R% Usin) UL ., (5.65)
LY UT w = Lign = Usn (LL UL L) (5.66)
L% Up — Loy, = (L“ oUzn) Ul . (5.67)

Their evolution equations can be derived in a similar manner to Eq. (5.63) or they
can be obtained directly from Eq. (5.63). They are

~ L Zeg ; L
a __iegal a  —iega —iega
wentl — € "Ruw n = /’C Vemo uz,n} e =, (5‘68)
oL @eg
a _ iega a —iegal , iegal
Lu:c n+l € anu:c ne o 6 o / zn? uz n} ) (569)
L ZEg icaal
a iego a  —iega —iega
Lu:t ntl — € anuwn i [ Vyms uz n] . (570)

When expanded in ¢, these reduce to the same form as Eq. (5.64):

~ ZEg
a __ pa a
ux,n+1l Ruw n / IC V. n um no Ruz ni|

N, €g " "
B TR/Z]szm (R’umn Ruz n) T O (V€2) ) (571)
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1€g . -
a . ) ~ a N
ux,nt+l — Lu:z:,n + /’sz [Vz,na Lua:,n Luz,n}
z

473
2
B %%;_3 / IC:cza: (Lflll,ili,n - Lz,z,n) + O (VEQ) s (572)

~ ~ Zgg . . ~ ~
a _Ta 7 ~1 a a
Lu:c,n—H - Luac,n + \/m ICacz [Vz,nv Lumm - Luz,n}
z

N, eg? . .
- 55 / Kazo (L = Liwn) + O (v€) . (5.73)

The initial conditions follow from Eqs. (4.22), (4.23) and (4.24):

Ry = 190uat”, (5.74)
Lz = 190usULp", (5.75)
Lo = i90uaULot:. (5.76)

The trace that enters the cross section in Eq. (5.47) can be rewritten in terms of
the newly defined bilocal quantities. By inserting 1 = U;’nUmﬁnU%nU@,n into each
term in Eq. (5.45), we get

R U — Ry = (R gUsy) UL, (5.77)
LZ,OU;,n — Lzat:z:,n = Um,n (L’laL,OU:IS,n) ) (578)
L% Upn — Lo = (L2 gUsn) UL .. (5.79)

and Z,, becomes

T, = tr (i“ UpnUf Lo — U2 R, U UL L

uT,n x,n-ux,n uT,n x,n-ux,n

~rtacfa & De Frtabrrtac 15 & e

_U;,O Luw,nUw,nU;nRﬁj,n + U';j,() U’;,O RZ%TLUw,nUé,nRﬁi,n) . (580)
From this, we see that two evolution equations need to be solved numerically in
order to completely determine Zy. One is for the Wilson lines Uz ,, and U} ,, and the

other is for the bilocal quantities L% etc. This information is sufficient to obtain

ux,n’

everything else that appears in Zy and therefore the cross section in Eq. (5.47).
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Chapter summary

In this chapter, we have studied the JIMWLK equation in Langevin form.
Inclusive particle production has been considered as a concrete context. We have
seen that it is necessary to keep the DA and the CCA separate up until the end of
evolution. In the specific case of quark—gluon production, Lie derivatives of Wilson
lines enter the cross section. Starting from the Langevin equation for Wilson lines,
we have shown how to derive a bilocal Langevin equation; that is, an evolution
equation for a Lie differentiated Wilson line. We have recast this bilocal evolution
equation in a form that makes it simpler to solve numerically. Both the Langevin
equation for the Wilson line and the bilocal Langevin equation have been expressed
in diagrams, making their physical interpretation easier. This becomes particularly
useful in the dilute limit in the next chapter, when we wish to extract BFKL ladder
diagrams from within the stochastic picture of evolution.
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JIMWLK in the Dilute Limit

In Chapter 4, the JIMWLK equation was discussed in the Fokker—Planck formalism.
In Chapter 5, an alternative formalism was discussed in which evolution was inter-
preted as a stochastic dissipation through colour space. The purpose of this chapter
is to link those two pictures by expanding the Langevin equations from Chapter 5
in the dilute limit. Physically, it is expected that the dilute limit reduces JIMWLK
evolution to BFKL evolution. In a dilute target field, the overlapping partonic
wave functions that lead to saturation are not present. The nonlinearity of the BK
and JIMWLK equations is then removed and what remains is the BFKL equation.
In Section 4.5, we already saw how the BFKL equation arises from the JIMWLK
equation in the Fokker—Planck picture. By rederiving the BFKL equation in the
Langevin picture, we can better understand how the two formalisms are related.

The chapter is divided into two sections. In Section 6.1, the Langevin equation
for the Wilson line from Section 5.1 is studied in the dilute limit. We discuss some
properties of the dilute equation, including a formal solution and its Reggeisation.
The BFKL equation for the unintegrated gluon distribution is also derived. In
Section 6.2, we study the cross section for double inclusive quark—gluon production
at unequal rapidities from Section 5.2.2. We also expand the bilocal Langevin
equations from Section 5.3 in the dilute limit and see how BFKL ladder diagrams
emerge. Paper [II] covers much of the same material, but we provide some additional
explanations here that were omitted there.
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6.1 The Langevin equation in the dilute limit

In the dilute limit, the target is considered as a dilute field, as opposed to the highly
dense gluonic medium of the previous chapters. Instead of the Wilson lines that
have appeared thus far, we use expanded versions in terms of elements of the Lie
algebra su(N.). For the antifundamental Wilson line, we write

Ul, = eten =141k, +0O(N), (6.1)

where \ € su(lNV,) is a real matrix that can be expanded in the group generators as
Mg = Mg ot (Recall from the previous chapter that rapidity has been discretised
into N pieces of size € and that n is the rapidity step index). Physically, A corresponds
to a single t-channel gluon exchanged between the target and projectile:

A, = . (6.2)

(6.3)

L 1

from Section 3.2.2; it is sufficient to work to order A at each step n and for each
distinct transverse coordinate.

By the unitarity of the Wilson lines, the transpose )\;n = Ag.n»> SO that the
Hermitian conjugate of Eq. (6.1) is

Upp =€ e =1 —i,,, + O (N). (6.4)

For the adjoint representation, the expansion of the group identity Uj}“f;tb =
met“U;m leads to

Ulth = 6" + N, + O (X% (6.5)
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after multiplying from the right by ¢t* and taking the trace. Alternatively, we can
expand chanb = 2tr (t“U;nthmm) to get the same expression. Diagrammatically,
the expansion of an adjoint Wilson line at the initial condition looks similar to the
expansion of a fundamental or antifundamental Wilson line:

Uz = | = — g +0 (N, (6.6)
——
L000999999900000098 0000

Ul = | = + % +0(N\?). (6.7)
——

Equipped with Egs. (6.1), (6.4) and (6.5), it is possible to find the dilute limit of
any expression from Chapter 5. The Langevin equation for the Wilson line expanded
in rapidity step size € was given in Eq. (5.15), namely

U:c,n—i—l

Usin + / (Ut — 01200, ) (— L DKt ) + 0 (v?)
— Uazn xznl —Uzn x,n - xzVan = T alNzzx ve ).
) . ) ) ) 47‘(’3 ) 47T3

The expansion to first order in A of each Wilson line in this expression leads to the
Langevin equation for A:

Aw,n+1

Y I / Zﬁg ’Cz Vi’a . i,c 19 Z'fabctc()\b _ )\b ) + O (1/62 /\2)
xz,n i \/R Tz zZ,mn 471'3 TzT x,mn zZ,m ) :
(6.9)
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After one evolution step, the diagrams that appear in this expression are

c c
C C
“9 Kesipi | b§e - bFa
C a C a
C C
€g? 2 42
0 Kopon bSa — bSa + O (ve’, ). (6.10)

In the terms containing v2¢ 0> the three-gluon vertices can also be drawn as separate
gluons by writing

ifNy = [t A (6.11)

FIr -

Similarly, the terms proportional to the kernel IC,., can be written separately as

4 fUNy = CpA g — A ot° (6.13)

FrET -

Eq. (6.9) is the main topic of Section IV in Paper [II], which goes on to discuss its
analytical solution, the so-called Reggeisation of A and how to obtain the BFKL
equation by effectively squaring Eq. (6.9). Each of these points is addressed next.
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6.1.1 Analytical solution

Formally, the evolution equation for A can be solved analytically, since it is a linear
iterative equation. By writing Eq. (6.9) as

)\a n+1ta

2
— 5wmtd5de / ZEQ 7 za . €9 ccza:ta : abctc 5’w:c . 5wz 5be A6
/w|: + z( /—4 ]sz zmn 47T3IC lf ( ) w,n
+ 0O (ve?, ), (6.15)

multiplying from the right by ¢ and taking the trace gives

Aaa:,n—&-l = / Mazl;un w,n + O (VE )\2) (616)

where the evolution matrix
2 N,
M;:lzun = 5ﬂcw5ab +/ (\/4— Tz ;cn abe — :Lg?, 2 ’szméab) (533’117 - 52’“’) (617)

has been defined. By writing the first few terms of Eq. (6.16) explicitly, it is
straightforward to obtain the formal solution

bn+1 J+1b bo
wn+1,n+1 (H ij+1w],] >‘wo,0‘ (618)

The product of evolution matrices can be simplified further if necessary, using the
constraints on the noise given in Eq. (5.25). For example, after two evolution steps
this is

aw72 _ Maln Mblbo Ao (619)

Twi,l wiwo,0 wo,O
w1 wo

This contains a factor v from each M, which leads to something of the form
(Vo) = ghiogacos, . /e after taking the expectation value.

6.1.2 Reggeisation of \

An interesting property of A relates to the old formalism of Regge theory that was
mentioned in Section 3.2.1. After taking the expectation value of the Langevin
equation for A given in Eq. (6.9) and using

% <>\w,n+1 o Aw,n> —= ay)\w, (620)
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6. JIMWLK in the Dilute Limit

we get

(Oy,) = e / Kaza (A, — Ag) + O (€2, 37). (6.21)

2
2 7,

The term linear in v has already been set to zero according to Eq. (5.25). After
Fourier transforming the components using

M (p) = / ePENL (6.22)

this becomes

Oy X (p)) = (ag(P)X(P)) + O (€%, 1%) (6.23)
where
a,(p) == ‘%% / % (eP% — 1) (6.24)

is related to the gluon Regge trajectory w, defined in Section 3.2.2. The significance
of o is that it governs the power-law behaviour of the scattering amplitude in
terms of the centre-of-mass energy s, i.e. the scattering amplitude is proportional
to s*. The gluon corresponding to A is said to have reggeised. This means that
its propagator may be replaced by a gluon propagator dressed with all virtual
corrections to leading order in In(1/z), as discussed in Section 3.2.2. The reader
is referred to [95] for more about reggeised gluons in the context of JIMWLK and
related evolution equations.

6.1.3 The BFKL equation for the unintegrated gluon distri-
bution

One of the goals of studying the Langevin evolution of Wilson lines in the dilute
limit is to relate it to the BFKL physics that emerges from the Fokker—Planck
description of JIMWLK evolution. In Section 3.2.2, we discussed the formation of
BFKL ladder diagrams. Motivated by the dipole operator

T

1 — 1
—tr (UmU%> = —ftr

5@ .=
xrxr NC NC

|
I
| . (6.25)
I
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6.1. The Langevin equation in the dilute limit

from Section 5.2.1, we define the unintegrated gluon distribution

Z:E = <)\i,n5\ai,n> ) (626)
as a step towards recreating a ladder diagram. At the initial condition, this is

(Na0Meo) = (6.27)

The two legs of the ladder are formed by the A in the DA and the X in the CCA.

The evolution equation for ¢ follows directly from that of A. After using Eq. (6.16)
to write one equation for A7 ., and another for A7, ,;, we can multiply the two
expressions to get

a ya
/\m,n+1/\:i:,n+1

= / (5ww5u_)§3 - % s / []C:izzidww (511_,@ - 51IJZ) + ICaczw (5ww - 5wz) 611’)5}

2
2w,

Kt (e — Gu=) (s — 0] )AZMX?M Lo e ). (628)

Terms linear in v have been discarded and terms quadratic in v have been simplified
according to Eq. (5.25). After taking the expectation value, this can be written in
terms of ¢ as

NC S n n n 3
( ;;1_ Z:E) :__&_/[szw( z® zaz)+lcfzoﬁ( Tx a:z)

2 2

2z Qg — s — Dg + O2)] + O (ve?, 6*%) . (6.29)

a |

Eq. (6.29) is the BFKL equation in coordinate space for the unintegrated gluon
distribution. It is more commonly written in momentum space. The gluon distribu-
tion can be Fourier transformed as

oy = / P ) g () (6.30)

/p::/(jjr’; (6.31)

7

with the shorthand




6. JIMWLK in the Dilute Limit

for the transverse momentum integrals. In writing Eq. (6.30), it is not necessary
to transform @ and & separately because ¢,z is a function of the relative length
|& — @|. In order to Fourier transform the kernels present in Eq. (6.29), we first
transform each Weizsdcker-Williams kernel as

i _ ip-(u—v) (U — U)i 92
K'(p) /uv e u— o) (6.32)
(Recall that Kywe := K, K, — cf. Egs. (3.45) and (3.46)). Then
Ki(p) = 27rz'p—2 = KL, = 2mi / e_ip'(”_”)p—Q. (6.33)
p o p

After some algebra, Egs. (6.30) and (6.33) in Eq. (6.29) gives
“ 6" (q) ~ 0"(a)]
= 4Ncozs/ {p—2¢"(p) — wqﬁ"(q}] +0 (vé, ¢*?) . (6.34)
» L(a —Dp)*¢? p*(q — p)? ’

In order to get this into the standard textbook form, the left side is written as
Oy d(q) when € — 0, we define ¢(q) := g*¢(q) and manipulate the second term by

writing
(@-p)-a_ [((@g-p)-(@g-p+q) 1 q
/p p*q—p)® /p p’(q — p)? T2 /p (q—p)p? (6.35)

Eq. (6.34) then becomes

2

&m—l%&m]+owﬁwwy (6.36)

Oy d(q) = 4N / 2

|
p (@ —Pp)°
This is the colour singlet, zero momentum transfer BFKL equation (cf. Eq. (3.30))
as it appears, for example, in [58]. With this, we have shown how the well-known
BFKL equation emerges from the Langevin JIMWLK equation in the dilute limit.

6.1.4 Mueller’s form of the BFKL equation

At the end of Section 3.3.3, it was remarked that the BFKL equation can also be
written in the form of the BK equation given in Eq. (3.55), without the nonlinear
term:

ach %

Oy <Nym> = W ]mey ((Nyw> + <Nwm> - <Nym>)- (6‘37)

w
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6.1. The Langevin equation in the dilute limit

Written in this way, Eq. (6.37) is typically referred to as Mueller’s form of the BFKL
equation. Instead of the unintegrated gluon distribution ¢ defined in Eq. (6.26), the
starting point is now the dipole operator

1 1
S = i (UU}) = i : (6.38)

since this is the object that evolves in Eq. (6.37). Mathematically, both Eq. (6.25)
and Eq. (6.38) are just the dipole operator. Physically, however, they arise in slightly

different contexts. The Sg(f% in Eq. (6.25) corresponds to a single quark interacting
with the target; it appears in the DA with transverse coordinate & and in the
CCA with transverse coordinate €. The Sg(fy) in Eq. (6.38) corresponds to a single,
colour-neutral dipole that appears in the total cross section of processes such as
that shown in Fig. 2.3. By the optical theorem as discussed in Section 2.3, the total
cross section is then the imaginary part of the elastic scattering amplitude. This
means there is no separation of the DA and the CCA, since there is only the former.

Since we wish to reproduce the BFKL equation in the form of Eq. (6.37), we
expand the dipole operator in the form of Eq. (6.38) to get

1 1 a a \2 3
L=t (Ul ) = N (AL, = A2 +O(N). (6.39)
This motivates the definition of the so-called BFKL pomeron

Sogy = <(/\am,n - )‘Z,n)2> ’ (640)

in place of the unintegrated gluon distribution ¢. At the initial condition, this is
just a sum of two-gluon exchange diagrams

<()\i70 _ )\270)2> : % _ % _ % ) % | (641)

with different transverse coordinate assignments in each term. By setting A = X in
Eq. (6.26), the BFKL pomeron can be written in terms of the unintegrated gluon
distribution as

Pay = (Doe = 205y + Oh) 5y (6.42)
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6. JIMWLK in the Dilute Limit

In order to write an evolution equation for ¢, Eq. (6.29) is used for each of the three
terms in this expression, giving

N. o

(Vg — ¥oy) = T2 /ZIC wzy (00 — Phe — 00 )+ O (¥*%) . (6.43)

a |

Eq. (6.43) is exactly Eq. (6.37), written in terms of the operator N, in the dilute
limit. Note that ¢ is typically written in momentum space, since it usually appears
in diagrams that are more easily calculated in momentum space. On the other hand,
v is typically written in coordinate space, since it is usually discussed in the context
of the dipole picture.

6.2 Inclusive particle production in the dilute limit

We now return to the subject of inclusive particle production that was introduced
in Section 5.2. We recap some of the main expressions from there that are expanded
in the dilute limit in this section. The main points of this discussion may be found
in Section VI of Paper [II].

The cross section for double inclusive quark—gluon production was given in
Eq. (5.40):

do 1 —ip-(z—x (2)
deQPdngdgkA = 1674 /wa_:e p-( )<Hprod(kA) <SM’N>V )

1 1 S . L _ 1
- j S o —ip-(x—&)—ika-(Yy—7) — 7 )
47T3 1671-4 /xwyyuu yu yue NC N vl Yp

The production Hamiltonian was defined as

1 —ik-(y—y 7 % a r7tab b Ta rrtac pe
Hyoa () i= 15 | 709 / K Cha (Le - U RL) (L4 — TR
vy u

(6.46)

in Eq. (5.28) and we defined

— — ~ b — — ~ — —
T i= tr (Lo o UL oUb o = Of R Ui L U = UNS L, Ui RS UL

u

+ Ok RZ,oUw,nRg,OU;n) (6.47)
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6.2. Inclusive particle production in the dilute limit

in Eq. (5.45). The evolution equation for RUT was given in Eq. (5.56) as

: 2
g i b €g b b pa
<\/4_7T3]szyz,n - A3 Icmzmt > [t Ru,,OUm,n

—Re UL O — U UL, (tbR:;,OUz,n — RO ,UY UTthC)} +0(ve). (6.48)

xzn- zmn zn~ zn

Re UL = RO, UL+ /

z

6.2.1 The bilocal Langevin equations in the dilute limit

In order to expand Eq. (6.48) in the dilute limit, Eq. (6.1) is used to expand each
of the Wilson lines. This leads to

; 2
a _ pa g i id €g d\ : pdbeye pa b b
Ru,(]/\m,n+1 - Ru,O)‘w,n+/Z (\/chmzyz,n - 47T3 Icmzzt > 1f t Ru,O()‘w,n - )‘z,n)

+ 0 (ve?, ), (6.49)

which is the same as R, ; acting on Eq. (6.9). The initial condition for this evolution
equation follows from the expansion of the initial condition for Eq. (6.48), as given
in Eq. (5.57):

RS UL o = 190U} ot — R% Ao = GOuat® + O (N). (6.50)

Eq. (6.49) is a linear iterative equation for the quantity R\ in the same way that
Eq. (6.16) was an equation for A\. A formal analytical solution can therefore be
written for Eq. (6.49) in a similar way as was done in Section 6.1.1 for Eq. (6.16).
The equation for L\ and its initial condition are the same as Eqs. (6.49) and (6.50),
respectively, with R — L.

In order to make sense of the Lie derivatives operating on elements of the group
algebra, we start with their definitions given in Eq. (4.20),

0
5[Uu]a5

J
L2 = —ig[Uyt®]ap and R = —ig[taUu]agé[— (6.51)

Uu]aﬁ ’

and make a change of variables by expanding each Wilson line in powers of A. This
results in [95]

a ac _1 abc \ b 2 0
Lio=g [5 2f Mo+ O (A )} o (6.52)
R — g |4 2 fN o+ O () o (6.53)
u,0 2 u,0 5)\%’70
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6. JIMWLK in the Dilute Limit

Recall from Eq. (6.46) that the Lie derivatives are only required at the initial
rapidity Yy = Y. This means that the AJ, ; present in Egs. (6.52) and (6.53) remain
unevolved.

The physical significance of Eq. (6.49) is clearer in diagrams. After one evolution
step, and using Eq. (6.50) for the initial condition, Eq. (6.49) gives

a C

C
§ 1€g ib

RZ,O/\:B,I = g(suw + ICZ Vzloig((sum - 5uz) a b

/47]'3 . rz
| |
c b

C

2
€g .
- 47T3 /zlcwzwlg<5uw - 6uz) a b + O (VEQ, )\) . (654)

This is effectively Eq. (6.10), with Ry, ; acting to sever the connection between the
t-channel gluon and the target as it “differentiates away” one factor of A. These
diagrams already start to resemble one half of a BFKL ladder.

6.2.2 The cross section in the dilute limit

Now that the bilocal Langevin equations are known in the dilute limit, it is possible
to use them to find the cross section in Eq. (6.45) in the dilute limit. One way
to proceed would be to use Eq. (6.53) and the corresponding equation for LA to
calculate each of the terms in the Eq. (6.47) in the dilute limit. It is then reasonable
to see how BFKL ladders might arise from the square of Eq. (6.54).

An alternative way to calculate the cross section is to use Eq. (6.44) after
expanding both the dipole operator and the production Hamiltonian in the dilute
limit. The former has already been calculated in Eq. (6.55), from which we can read
off

1
AN,
For the production Hamiltonian, Eq. (6.5) is used to expand the adjoint Wilson
lines and Egs. (6.52) and (6.53) are used to expand the Lie derivatives. This gives

o
O

S8 =1 (A2, =2 )+ 0 (X)), (6.55)

Lio = Upo Rug = 9/ Mo = Ao + O (V)] (6.56)
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6.2. Inclusive particle production in the dilute limit

Acting on the initial condition A ,, this looks like

x,0

(LZ,O - 0;;(,1(?RZ,O> = gfsum cxa - cxza

+0(N). (6.57)

The full operator in Hp,oq is the square of Eq. (6.56):

a rrtab Ta B ac pe
(Loo— O3B, ) (Lo — Ul Re)

_ _ ) )
= QQbeCfade [(Ai,o - )‘;,0) ()‘%,0 - )‘%,0) +0 (/\3)}

YR

(6.58)

Since this contains both a A derivative and a A derivative, the only term from the
expanded dipole operator in Eq. (6.55) that survives the operation of Hy,oq is the
A\ term. Then

C

o 1
(10— 04 (B = D45 i) S50, = T
f

SA, O,

92 abc pade c c ye e
= _f ’ ¢ [(/\u,O - >\y,0> ()\11,0 - )‘g,O) + o (/\3)] 5)\1;70 55\%’0 :

2N,

(6.59)

It is straightforward to keep track of which \’s originate from which factor in the
full dense expression by following the transverse coordinate assignments.

The colour algebra simplifies when the initial condition of the dipole operator is
taken into account. According to Eq. (6.55), A and A have the same colour index at
n = 0. This means that ¢ = e in Eq. (6.59) and

(Lao = UfoRL0) (Lo — Uhis Rio) S92

Y

L oL, NG,
[()‘Z,o - )‘zc/,o) ()‘%70 - )‘107,0) +0 ()‘3)] 5}\—2105;\%70'

s

(6.60)

b
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6. JIMWLK in the Dilute Limit

At the initial condition, this becomes

d,x d,x
S B
g9’ :
|
——
L a,u a,y a,u a,y

(6.61)

Using Eq. (6.60) in Eq. (6.45) gives the final expression for the cross section in the
dilute limit:

dogg as 1 o .
= Gl e (w—®)—ika-(y—17)
dYd?pdYad?ky 272 167* /w:c'yyuu yutgat

- - SN2\ 0N
X <<[<)‘Z,o —X0) (Moo — Aso) + O (A)] 5A6’J:Wf:> > . (6.62)
u, u, vl vy

6.2.3 The BFKL Green’s function

The cross section in Eq. (6.62) can be written in a more concise way by defining the
BFKL Green’s function

a Ya
980N,
T, T,u,U

= _ 6.63
0N 0 0N o (6.63)

which was discussed in Section 3.2.2. Since this is of order MY at the initial condition
and the evolution equations for A and A are linear (cf. Eq. (6.9)), F remains of
order \° throughout the evolution. We can also write

(Voo = A50) (Moo = A50)) = Poa — Doy — B + Py (6.64)
1
= =5 (Fia = ¥ug — Pya + ¥yg) (6.65)
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6.2. Inclusive particle production in the dilute limit

which are more physically intuitive. Together with the BFKL Green’s function, this
makes Eq. (6.60)

1 2
<E1n> - % (0% — Pag — Poa + Pug) Fasua + O (¢*?). (6.66)

This can be equally well written in terms of ¢ instead of ¢ if needed.

In order to calculate the cross section at the end of evolution, the only quantity
that requires evolving in 6.66 is F. Since the derivatives in F are taken at n = 0,
the only evolution that we need to keep track of is that of the dipole term )\“m’nj\%n
in the definition of F. Fortunately, the evolution equation for this quantity has
already been found in Eq. (6.28), which we now differentiate by A?, ; and A} to
write everything in terms of F. The resulting expression is the evolution equation

for the BFKL Green’s function

- _%% / [’sza: (‘F:::L,:i:,u,ﬁ - ‘F:,@,u,ﬁ) + Kaza <‘F£,@»“’ﬁ B Fgﬁz’“’ﬁ)

- 2]Ca:z5: (‘Fg,aﬁ,u,ﬁ - ]:;,z,'u,,ﬂ - ]::,:i,'u,,ﬂ + F:,z,u,ﬂ) ] + O (V627 ]:3/2) ) (667)
which can be read off from Eq. (6.29), with the replacement ¢}, — F7 5., 4. The
initial condition has already been calculated in writing Eq. (6.61):

ON% o 0L
0 = 20 20 (N2 — 1)6uelas. (6.68)

e 5)"?1,,0 0N o

In Paper [II], the BFKL Green’s function is Fourier transformed to write a
momentum space version of Eq. (6.67) and subsequently, the cross section in
momentum space:

dog,
dY d2pdYad2ka
2
_ % [ 4T o 3/2
= - —q)F"(— —ka, — k O . (6.69
NC q(q_kA)2kiSO( q) ( b,p,q A, —q+ A)+ (90 ) ( )
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6. JIMWLK in the Dilute Limit

This does indeed have the BFKL ladder structure

-¢

A

\

(6.70)

l;T S

i

that was seen in Section 3.2.2 in quarkonium—quarkonium scattering. In place of G,
we now have F"; in place of the quarkonia, we have a quark projectile and nuclear
target. The transverse momentum structure of 6.69 is covered in detail in Paper
[IT], so we omit further discussion here.

Chapter summary

In this chapter, we have studied the Langevin formulation of JIMWLK evolution
in the dilute limit. First, the Langevin equation for the Wilson line was expanded.
This was used to derive the BFKL equation for two quantities, the unintegrated
gluon distribution ¢ and the BFKL pomeron ¢. Next, the bilocal Langevin equations
were expanded in the dilute limit. These were used in the cross section for inclusive
quark—gluon production. In expanding the relevant equations from Chapter 5, we
have seen how BFKL ladder diagrams emerge from a stochastic picture of evolution.
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7

The Gaussian Approximation

In Section 2.7, we saw how the dipole correlator enters the cross section for DIS.
More complicated processes may require the calculation of higher-order correlators.
In Chapter 4.5, the evolution for such correlators was discussed in terms of the
Balitsky hierarchy and the JIMWLK equation. In practice, it may not be possible
to use such equations to calculate the evolution of a particular correlator, due to
the required input from even higher-order correlators. For example, the evolution
equation for the dipole correlator

1 a a
Oy <Fctr (UmUJr > = —CF—/Iszy< (U UT) N CFU "tr (t Uzt UT)>
(7.1)

was provided in Eq. (4.48). In Section 4.5, the large N, approximation was used to
write the 3-point correlator that appears on the right side of this equation in terms
of the dipole, thus closing the equation and giving us the BK equation.

In order to go beyond the equation for the dipole correlator in a systematic
way, a self-consistent truncation scheme is needed to close the infinite hierarchy of
evolution equations. One possibility which has proven successful, is the Gaussian
Approximation (GA). In this chapter, we use the GA to calculate the previously
known 2-, 3- and 4-point correlators. With the method established from these, we
move on to the 6-point correlators, which are of particular interest due to their
presence in the NLO BK equation, as shown in Section 3.3.3.

Since the notation for correlators of several Wilson lines becomes tedious, we
extend the definition

S = Nitr (UU}) (7.2)
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7. The Gaussian Approzimation

introduced at the end of Section 2.7 to include any number of Wilson lines:

N 1
S esnn = 3t (U Uy Us, U, ) (7.3)
This is also the notation used in Paper [III]. In the case of 4- and 6-point correlators,
the target line at the bottom of the diagrams is henceforth left out the sake of
clarity.

We begin this chapter with an introduction to the GA in Section 7.1. In Section
7.2, parametric equations are calculated for the 2- and 3-point correlators in order
to demonstrate the use of the GA. In Section 7.3, this method is extended to 4-point
correlators, which prove to be a much more involved calculation due to the matrix
structure of expressions. Finally, we discuss the calculation of the 6-point correlators
in Section 7.4. Since this is covered in detail in Paper [III|, we only give a brief
outline of the main points here.

7.1 Parametrisation definition

In the GA, a correlator is parametrised in terms of a rapidity-dependent two-point
function, which is labelled G,,. The parametrisation allows us to express any
higher-order correlator in terms of the dipole correlator. The GA is so named due
to its equivalence with a nonlocal Gaussian approximation for the weight functional
Wy [p] (see Section 2.7). These weights are written as

i [ A

where p, is a colour source with variance p? and W, [p] is an equivalent weight
to Wy [p] [49]. The rapidity n is specifically a parametrisation rapidity — it is not
necessarily the same as the evolution rapidity Y. The reader is referred to Paper [I]
and to [99] for further discussion about this small distinction.

Generically, the truncation of an infinite hierarchy requires certain constraints to
be imposed to ensure that the approximation remains legitimate. For the Schwinger—
Dyson equations, for example, the Ward identities must be satisfied when the
hierarchy is truncated at some specific order. The group theoretical constraints
in the local limits of transverse coordinates, which are called coincidence limits
following [49], are the appropriate analogue to the Ward identities in the context of
the GA. One crucial advantage of the GA is that it automatically satisfies these
group theoretical constraints, as we show explicitly for some of the correlators
discussed in this chapter.
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7.2. Simple Correlators

The starting point of the GA is the parametrisation of a generic correlator of
any Wilson line operator O[U] as

ol = (e {3 ['1 [ Guriz}owym. @)

A more practical form of this equation is

1

0,0 ) = (=5 [ Gul@LLLLOW]) (1) (7.6)

which is used to calculate various correlators in this chapter by simply operating
with two Lie derivatives on the relevant O[U] and inserting the result on the right
side. The overall operator that acts on O[U] in this expression is denoted by the
shorthand M and is referred to as the transition matriz. Since the Lie derivatives
in Eq. (7.6) are symmetric under exchange of u and v, we have Gy = Goyy.

7.2 Simple Correlators

7.2.1 The 2-point correlator

We begin by demonstrating the use of Eq. (7.6) on the simplest operator, the dipole
tr (UwU;) /N.. Diagrammatically, we need to solve

(G ) 11 | G N S

o (-3~ /waum)Lsz,x (7.7)

>
(Y (7.8)

where the red line in the rightmost diagram represents the parametrisation of a
gluon insertion in the dipole diagram. This is not to be confused with the gluon
diagram

[ [ >
= ” O . (7.9)
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7. The Gaussian Approzimation

Operating with L¢ L2 as described in Section 4.3 on the dipole operator, we get all
the ways that a gluon can be added to the right of the target line:

) a:: %755,, R I N S
L, Ly, ~ + + +
(7.10)
=: % . (7.11)

Eq. (7.7) then gives

By defining

1

Gyl = [ {Gmym) !

3 Gl + G (0] (7.13)

such that Gy = Gy and Gz = 0, and taking the derivative G, () := 0,Gzy(n),
Eq. (7.12) can be written more compactly as

1 1
oy <Fctr (UwU?j)> = <—CFQ;y(77)FCtr (UwU;)> : (7.14)
This has a simple exponential solution

(G )

A = exp {—CrGay(n)}, (7.15)

e

which is the well-known result for the dipole correlator in the GA [49]. The
calculation can be repeated in any representation. In the adjoint representation, for
example, the result is the same with a different colour factor Cr — Cy = N, and a
different normalisation dp = N. — ds = N? — 1. The explicit n-dependence labelled
in G is dropped henceforth for clarity.

90



7.2. Simple Correlators

7.2.2 The 3-point correlator

Another simple correlator to calculate in the GA is <(~]gbtr (t*UtUy) / (NCC’F)>,
which appears, for example, in Eq. (7.1). Using Eq. (7.6), we need to solve

_ GuwL? L
N.Cr 2 N.Cp % /m, utio X

B ~— ——

The operation of the Lie derivatives can be carried out using the product rule, giving

crec ab a brrt
LiaLy [NCFU tr(tUtU)}
— 1 c recrrab a brrt c Frab c “ byt
= For [LaLel2] o (#UT)) + NOF L5022t (1°UaU)]
ey (A02] [ (rvatu)] + No U (L4 Lyt (tULUY)] . (7.17)

In order to act with the Lie derivatives on adjoint Wilson lines, they are written as
Ug® = 2tr (t°U,t*U}). Then

LcUab — faCdUdbduz7 (718)
LELEUL = CAUDS,.0,.. (7.19)

Using these expressions, each of the four terms in Eq. (7.17) can be calculated
separately. After using the delta functions to perform the transverse integrals, the
first term becomes

G ! LALSU2 | tr (1Ut"U}) = CaGaa - Uit (1U2Uf) . (7.20)

w N o [Futes N, C’
The second and third terms simplify after some colour algebra to give
[ G [1802] [ (U0
_ /u Gy N:CF |Le02] [Lotr (tU"U)] (7.21)
- %(Gm Gy=) UL NlCF (tUL"U}) . (7.22)

Similarly, some basic colour algebra reduces the fourth term to

G’U/U

uv

NG U (L Lotr (1°UntU} )]

= (—207Ghy, + CaGay) —Utr (t"U,tU}) . (7.23)

NCF
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Putting all four results together and using Eq. (7.13) to express all G’s as G’s,
Eq. (7.17) simplifies to

1 rTa a
877 <mUzth’ (t thbU;)>

- <_ [% (G + Gye — Gay) + CFQ;y] NcloF 0%ty (tanth;)> . (7.24)
Like the dipole correlator, this has an exponential solution
L =ab, (parr b Ca
<mUz tr (t°Uyt U;)> = exp {—7 (Gaz + Gyz — Gay) — CFgwy} . (7.25)
which is the well-known result for the 3-point correlator in the GA [49].

A self-consistency check can be performed on the parametric equation of any
correlator by taking certain coincidence limits. For the 3-point correlator, we see
that Eq. (7.25) in the particular limit

1
lim ———
voe N.Cp

1
da
results in two adjoint Wilson lines. This is expected, since the quark and antiquark

are placed on top of each other at the same coordinate and become equivalent to a
gluon at that coordinate. In diagrams,

Uhtr (t°U,t'U)) = —U2U2, (7.26)

_y (7.27)

Another scenario to consider is one in which the gluon is placed on top of either
the quark or antiquark. Then

lim Ugtr (t°U,t*U}) = lim ! Ugbtr (taUmth;):itr (U:U}) . (7.28)

z—=Yy NC F zZ—x UF NC

This is also an expected result, since all that remains after taking the limit is the
fundamental dipole. The last limiting case that may be considered is

1

Utr (t°U,t"U}) = 1, (7.29)

y—x cF

which shows that

(7.30)
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7.83. 4-point correlators

is the correct normalisation factor for the 3-point correlator. Coincidence limits of
this kind are trivial when the objects of interest are simple 2- and 3-point correlators.
They become useful when more complicated parametric equations need to be checked,
such as those encountered for the 4- and 6-point correlators.

7.2.3 Evolution equation for G,

The parametric equations for the 2- and 3-point correlators are sufficient to find
an evolution equation for the GA 2-point function itself, starting from the Balitsky
equation. In Eq. (7.1), we use Eq. (7.15) for the 2-point correlators on the left and
right of the equation and Eq. (7.25) for the 3-point correlator. This results in

s C
aﬁg$y = % /]Ca:zy (1 — eXp {_TA (gscz + gyz - gmy)}) ; (731)

which governs the evolution in rapidity Y (from the Balitsky equation) of G,
[49]. Although the quark and antiquark were taken to be in the fundamental
representation in this equation, in [83] it was shown that Eq. (7.31) is the correct
result regardless of representation. In Paper [I], this equation was extended to
include the odderon three-point function G4, ., but this discussion is postponed
until we introduce an extension of the GA in Chapter 8.

7.3 4-point correlators

We now move on to more complicated correlators. Even at the level of the 4-point
correlators, finding the correct parametrisation equations becomes significantly more
complicated than what was done in the previous section. This is because there
is now more than one way to form a multiplet state from four Wilson lines — a
problem that was not encountered with the 2- and 3-point correlators. Consequently,
Eq. (7.6) becomes a matrix differential equation that results in a system of coupled
equations. Fortunately, the matrices involved are symmetric by construction. The
4-point correlators consisting of two fundamental and two antifundamental Wilson
lines were calculated in [49]. We give a brief overview of that calculation, since it is
helpful in understanding the calculation for the 6-point correlators.

In [102], 4-point correlators were used to calculate correlations in azimuthal angle
in DIS. Another motivation for studying higher-point correlators of this kind is that
they provide information about other related correlators. Consider, for example,
the 3-point operator from Section 7.2.2. Mathematically, the same operator can be
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7. The Gaussian Approzimation

obtained by taking the relevant coincidence limits in a particular 4-point operator:

dAl 7 (Uytvb?) o (UatUfit) = ﬁgﬁé% (7.32)

y' —ax’ 1

. 1
ab a brrt)
N U (1UaU)) = 5o R (7.33)

Studying higher-point correlators in local limits therefore allows us to simultaneously
study processes concerning gluons interacting with the target field.

~

7.3.1 Matrix equation

In order to form the space of all 4-point correlators, we start with a product of two
quarks and two antiquarks

<8

U ® U @ U @ UJ, = . (7.34)

S S

< 8

The target line at the bottom of the diagrams is omitted henceforth for clarity in
diagrams with more than two projectiles. The notation ® is used to emphasize that
this is a matrix product with suppressed open indices

J

K : (7.35)

~
~

J
K U

There are two multiplets that can be formed, which are drawn in the notation of
[103]. One choice for an orthonormal basis consists of the normalised singlet-singlet

and octet states
B
N 1
B = N SNCNE , (7.36)

as used in [49]. Each solid line corresponds to a Dirac delta and each vertex
corresponds to a generator such that

B
— 51'171151'27[2, and - t%,ht?z,lz‘ (737)
B
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7.83. 4-point correlators

In order to write the second one of these in terms of Dirac deltas, we can use the
Fierz identity given in Eq. (4.49), which can be written as

1
Ne

QKZQC——C“—. (7.39)

It is also possible to choose a different basis, such as

%@ , m% . (7.40)

This is equivalent to B and results in the same parametric equations for the 4-point
correlators. Any multiplets can be used for the calculation, provided they form an
orthonormal basis.

28 0, = 6i17l15i2712 -

11,01 ig,l2

5i1,l25i2,l1; (738)

The 2 x 1 structure of B means that Eq. (7.6) is now a 2 x 2 matrix equation.
On the left side is a matrix of operators

1 X 1 ng
N, CD Nc\/dA/4 C

o

A(n) = (7.41)
)
ravovt s SEE L =
N%ztr <Uy/Ul,> tr (UmUZ) M;\/mtr (Uy?ﬁ“Ul,) tr (UmtaU;)

t ayrt a
- 1dA/4tr (Uy,Um,tb) tr (UzUJt") it (Uy/t Um/tb) tr (Ugt®Ujt’)
' (7.42)

This is formed by wedging the product of Wilson lines in Eq. (7.34) between the
basis vectors, i.e. by calculating B" <Ucc ® Ug QR Uy ® U;) B, where

C

1
Ne 2 01 o1 O oy

“ |- r.49

_ - . (7.43)

1 da /4 J1ok1752,k2
dA/4§

To read the mathematical expressions from the diagrams, one traces each loop
along the direction of the arrows and denotes it by a trace, then multiplies all loops

B' =
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7. The Gaussian Approzimation

contributing to a particular diagram. For the bottom right element in Eq. (7.41),
for example, we get

1 — — 1
dA/4g§ = =R —% (144)
_ b e (Um QU @ Uy ® UJ) .

\/m Ji,k1"j2,k2

Bf (Ux @U@ Uy @ U},) By =

(7.45)

It is also possible to set up the calculation such that one considers two separate
2 x 1 column vectors, as is done in [96], for example. We choose to keep the matrix
structure following [49] as a matter of convenience for calculating the transition
matrix. Eq. (7.6) is now written as

Oy (An)) = = (MA®m)), (7.46)

where M is the transition matrix that is still to be calculated.

7.3.2 Transition matrix

Before solving Eq. (7.46), the transition matrix must be calculated. The right side
of Eq. (7.46) is given by

A

1 o 1 ng
MO Aq12) Ne o Ney/da/t 3
—MA(n) = — (M(1,2) M(Q,Q)) (7.47)
vyl SEEV LS S
Nen/dp/4 %« XD da/4
C p) C
1 1
AN t o O )
__ (7.48)
p)
1 1
Nc\/dA/zléﬁ \_/ ’ mg —/ i%

These are the diagrams that contain the relevant G content that need to be calculated
in order to extract M.

As an example of how this setup works, consider the top left element of the
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7.83. 4-point correlators

matrix in Eq. (7.48):

1 C D
[MA)],, = NZ C W, ) (7.49)
1 1
_ () L = 750
MO B MO _dAM%D (7.50)
From the right side of Eq. (7.6), it follows that Eq. (7.50) is the same as
1 G LaLaA(l’l) _ 1 G LeLY 1 (G 5 I ’
-5 - uv iy Ly (77)— _u'v uvqu_CQCD_NCZ(u >
(7.51)

The G content of the rightmost diagram can be separated from the target interaction

by inserting a complete set of states:

1 (G I O D

N2 X ’

1 9—/F— —_ X >
_ — .52
7 o (;mxm) == (7.52)

1 1 —_ X
(7.53)
XD 1 C )

p— P — . . 4
N R ) C:::)<+<A?dA/4,( \-jigégik) (7.54)

Then, direct comparison with Eq. (7.50) gives the two transition matrix elements

1 C

D)

M(Ll) - ¢

D)

N2

C

—/

and

(12) 1

=8}

(7.55)

e
Ney/da /4

—/

Similarly, by calculating the other three elements of the matrix in Eq. (7.48), we

get the full transition matrix

) C D N E
MR N O
) an | (7.56)
SIS
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where [49]
MY = Cr (G + Gl (7.57)
da/4
M2 = VI G Gl Gy~ Gy (7.58)
A
C , , Cq+C , /
M2 (Cp _ 7‘*) (Goy + Glry) + % (Grrw + Gopy)

ey (7.59)

d — YA / /

4 (Gary + Gya) -

Now we have a completed differential equation to solve in the form of Eq. (7.46).

7.3.3 Differential equation solution

It is straightforward to solve Eq. (7.46) by exponentiating the right side, giving

(Al = (Pyexn { - / anm A ), (7.60)

where P, denotes path ordering in rapidity n and the normalisation factor A(no)
is set by the initial condition. The part of (A(n)) that is of interest for the study
of the 6-point correlators presented in Paper|III] is the so-called rigid exponential.
This is found by assuming that the transition matrices at different parametrisation
rapidities commute. Consequently, the path ordering in 1 can be neglected and

what remains is
(A (n)) = <eXp {— /77 dn/\/l}> . (7.61)

The explicit rigid exponential solution for the 4-point correlators is provided in [49].

7.3.4 Local limits

The final task regarding the 4-point correlators is the check of coincidence limits to
ensure that the expressions provided in Eqgs. (7.57), (7.58) and (7.59) are consistent
with the 2- and 3-point correlators from Section 7.2. These checks are shown explicitly
here, since the same method is applied in the case of the 6-point correlators in the
next section, where they are lengthy and therefore omitted. First, we consider the
case of putting one of the quarks and one of the antiquarks at the same coordinate.
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7.83. 4-point correlators

Taking the limit  — y for each element of M gives

lim MM = CpGl,,, (7.62)
T—Y

lim M &2 =0, (7.63)
T—Y

. Ca Ca
il{)l}l M(272) — (CF - 7) g:/v/y/ + 7 (g;/y + g,;//y) . (764)

The off-diagonal elements of A(n) are expected to vanish in this limit because of the
unitarity of the Wilson lines — this is consistent with Eq. (7.63). The matrix equation
given in Eq. (7.46) therefore decouples into two separate equations. The equation for
ALY (), together with Eq. (7.62), reproduces the 2-point correlator parametrisation
given in Eq. (7.15). The equation for A%2?) (1), together with Eq. (7.64), reproduces
the 3-point correlator parametrisation given in Eq. (7.25). Any other limit besides
x — y which puts one of the quarks and one of the antiquarks at the same coordinate
gives the same results.

In addition to the first limit, we can also put the remaining quark and antiquark
at the same coordinate. Then

Jim MED =0, (7.65)
' =y’
al}ll}l}/ M(Q,Q) = CAg;/y. (766)
' =y’

The first line vanishes as expected. The second line is consistent with the dipole
parametrisation Eq. (7.15) in the adjoint representation. These limits therefore
show that the parametric equations for the 4-point correlators are consistent with
those of the 2- and 3-point correlators.

The last set of limits that can be considered is « — @’ and y — y’, corresponding
to the two quarks at one coordinate and the two antiquarks at another coordinate.
To make sense of this, it is necessary to change from the basis in Eq. (7.36) to a
third equivalent set

-
1 T S SN (7.67)
\/Ne(Ne+1)/2 "/ Ne(Net1)/2 ) ’

We have used
+ OC ). (7.68)

- T (7.69



7. The Gaussian Approzimation

for symmetry and antisymmetry operators, respectively, following the notation of
[104]. A more detailed discussion of this particular basis is given in [49].

7.4 6-point correlators

Next, we extend the method used to calculate the 4-point correlators to calculate
the 6-point correlator consisting of three fundamental and three antifundamental
Wilson lines. Two of these correlators, namely

<S;2;Sﬁ),5§?;> - <Ni§tr (ULUY) tr (U,,UL) tr (UZ/U;)> (7.70)
and
<5§$zlyzz/> = <Nictr (UmUlefUJUZUL>> : (7.71)

appear in the NLO BK equation discussed in Section 3.3.3 and are therefore of
particular interest. The full calculation of these correlators in the GA is provided in
Paper [I11], where they are also compared numerically to their counterparts in the
large- N, limit.

7.4.1 Matrix equation

In order to form the space of all 6-point correlators, the product of Wilson lines in
Eq. (7.34) is extended to

X
Y
Uz QU @ Uy U, @ Upr @ UL, = @ (7.72)
T Yy €T y/ €T y” y/ Y
ml/
y//
with open indices
J i
k l
y ,
i, - (7.73)
j// 1"
k// l//
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7.4. 6-point correlators

There are now six ways to join the endpoints on either side in a consistent way with
the arrow directions to form multiplets. On the right side, for example, we can use
one of the simple elements of the (not orthogonal) set

Bsim 1§ 1§ 19 1D 1 1D (7.74)
T\ Ve e ) ey e ) | '

The two required operators from Eqs. (7.70) and (7.71) can be formed using B5™
and BE™ and then taking the appropriate coincidence limits, i.e.

o2 o) _ sim\ T . 1 i i sim
Séy)Sym//Sm//yu — (Bl ) w}i];r; (Ua} ® Uy ® Ua;’ ® Uy/ ® U;z;” ® Uy//> Bl
y/_>m//
(7.75)
] _ _ X —_
:mllgr; = X = X = (7.76)
c ) —_
y/_>w// r——
and
(6) o sim\ | . t t sim
Stz = (BT | lim (Vo0 U @ Up @ U}, @ Upn 0 UL ) | BE™ (1.77)
y/_>m//

S — —
= lim —Cx%%x§. (7.78)

/

z'— —
Y, e

Yy —a

The exact transverse coordinate labels are different from those that appear in the
6-point correlators of the NLO BK equation. They have been relabelled here to be
consistent with the labels from Section 7.3.

Natural basis

The natural extension of the orthonormal basis B defined in Eq. (7.36) for the
4-point, correlators is then

Bnat

L 2 L §§ ! s . \V 1
= _/N_i\/W/b\/m%\/miévm% Cdd*““% |

(7.79)
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The black and white dots in the last two elements denote the antisymmetric and
symmetric structure constants, f%¢ = —2itr ([t“, tb} ,tc) and d®¢ = 2tr ({t“, tb} ,tc),
respectively, so that

b b b b
% - fa ctgl,lltimbt?s,ls and % =d" Ct?l,lltimlz fs,ls' (780)

Using the Fierz identity given in Eq. (7.39), it is possible to write any of the
elements in B*® solely in terms of the elements in B*™. Then the appropriate
linear combinations of the elements of B™*" can be used in place of B{™ and Bs™

in Egs. (7.70) and (7.71).

Similarly to the calculation of the 4-point correlators, Eq. (7.6) must now be
used in the form

O Aln) = —MA(n), (7.81)

(cf. Eq. (7.46)) to calculate the parametric equations for each 6-point correlator.
Since the basis is six-dimensional, Eq. (7.81) is a 6 x 6 matrix differential equation.
If we proceed to solve it in the same way as the 4-point correlators in Section 7.3.3,
we would need to exponentiate a 6 x 6 matrix. This is not feasible analytically, so
we proceed in a different way.

Improved basis

The ultimate goal of the 6-point correlator calculation is to study those that appear
in the NLO BK equation. We can therefore choose specific transverse coordinates
that give the desired correlators in the end. From the analysis in Section 7.3.4 of
the 4-point correlators in certain coincidence limits, we know that the parametric
equations for the 6-point correlators must reduce consistently to the equations for the
lower-point correlators already calculated. Since the particular 6-point correlators in
the NLO BK equation already contain some redundancy in the transverse coordinates,
this can be exploited using our knowledge of the lower-point correlators.

We begin with the assumption that, in the limits @’ — y and y’ — «”, a basis
B™P can be found such that one part of Eq. (7.81) reproduces the 2-point correlator
equation and another independent part reproduces the 4-point correlator. This
means that the transition matrix in Eq. (7.81) takes the block-diagonal form

MPD 0
im M=| 0o  MP?P 0 (7.82)
' —
y " 0 0 MY
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7.4. 6-point correlators

in this basis, where the dimensionality of each block is given as the superscript
(n x n). The resulting differential equation splits into three parts,

9, <A;(33X3)(7])> _ <M§,3X3)A§,3X3)(77)>, (7.83)
9, <A52X2)(77)> _ <M52x2)A52x2)(n)>7 (7.84)
0 (ALV()) = = (MDA (@)) (7.85)

where each of the operator matrices can be formed from the basis B™P as

A:(33><3) (77) _ (Bilmp’ Bi2mp7 B;mp)—r :/llm (Um ® U,; ® Um/ ® U,;/ ® Um// ® U;//)
' —y
y' =

x (By™, BY™, Bi™), (7.86)

im imp\ T 3
Aé?x?) (77) — (B4 p’ B5 p) z/hj)r:’ll (Uw & UZ ® Ua:/ &® U,;/ & Ua:// (%9 U,Z//)
y' =z’

x (By™, B¥™), (7.87)

1x1 imp\ ' | 1 im

Ag x )(7]> = (BG p) a}l_l;I?ll (Um ® U,; ® U;z:’ ® U;/ ® Um” ® U,;u) B6 p. (788)
y/_>m//

The claim is that Eq. (7.88) reproduces the 2-point correlator parametrisation

given in Eq. (7.15) and that Eq. (7.87) reproduces one of the 4-point correlator

parametrisations given by Eq. (7.61) (with the transition matrix elements from

Egs. (7.57), (7.58) and (7.59)).

A systematic way to try to find the proposed basis B™P is to calculate each of
the correlators

sim\ T . i T T sim

(B7™)" | Jim (Ve U2 U @ Ul @ U 2 U}, ) | B; (7.89)
y/_>m//

for 1 <14, <6, and see which of these reproduces the required lower-point correlator

equations. Doing so gives

T
y 1
. _ m/ _ -|—
m/lgr; NG y = thr (U0}, (7.90)
y/_>w// m//
y//
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for i = j = 6, which is just the 2-point correlator. So By*™ := Bg™. Next, we find
two basis elements that are linearly independent of B§™ and that reproduce one of
the 4-point correlator equations. These elements are found to be

) 1 ) )
B .= (_psm 4 psim) 7.91
f NI (=B ) (7.91)
- 1 . 9
B .- (_psm_ psim © psim) 7.92
5 2chA < 2 3 + Nc 6 ) ( )

The corresponding expression to Eq. (7.90) is a lengthy combination of various
6-point operators; how the 4-point correlator parametrisations emerge is shown in
the next subsection. Finally, the last three elements of the improved basis can be
chosen in any way such that they are orthonormal to Bi™, Bi™ and B{™. We
choose

i 1 Ne g : : . Ne g 2

B1mp = (_CBsml — pSim __ psim __ psim + _CBsnn + _B51m> ’
1 NgdACd/Q 9 1 2 3 4 9 5 Nc 6

(7.93)

. 1 . .

B .— __—___ (_psimy psim) 7.94
2 m ( 1 5 ) ( )
i 1 . 1 .

By = —— | -B{" 4+ —B§" | . 7.95
3 /—chA ( 4 + Nc 6 ) ( )

The final basis choice is therefore

C C
1 J A (S B Ne 2 [C
A i

(Bimp)T — (7.96)

It is easier to see why this basis choice works to block-diagonalise the transition
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7.4. 6-point correlators

matrix in the appropriate limits if the Fierz identity in Eq. (7.39) is used to write

\/m[ %H\fc - 2<—2é]

(BP) " (7.97)

C ke {c
: , , (7.98)
C

which all reduce to basis elements from the 2- and 4-point correlator calculations
in the limits ' — y,y’ — «”. This is why B™P results in a block-diagonalised
transition matrix in these limits.

7.4.2 Transition matrix

Using B™P as a basis to calculate Eq. (7.81) in the same way as for the 4-point
correlators results in a transition matrix of the form given in Eq. (7.82):

MPD 0
im M= o MmM>? o |, (7.99)
x' —
y/g)?;,// 0 0 MngI)
where
M, = CFgmy (7.100)
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and
N M(lvl) M(lvz)
M, = ¢ 2 2 , 7.101
= (1 (101
with
2
MU = ME =G, G, Gy G+ Gy (102
Mg1,2) _ g;z + g?/%z _ :’B’Z/ — ?/;,Z" (7.103)

These can be shown to agree with the transition matrices for the 2- and 4-point
correlators, respectively. For the 3 x 3 transition sub-matrix in Eq. (7.99), we get

Nepy YRR, 0
4 1 4 2

My = | ey Depy vitiE (7.104)

(S VA ¥

where
1—‘O = C1ngc,y + Ncgz,z’a (7105)
2

Fl = gnz + gy,z - mgw,y + gw,z’ + gy,z’ + 2gz,z/7 (7106)
1_‘2 = gz,z - gy,z - gm,z’ + gy,z’a (7107)

and I'} := 0,I'; for ¢ = 0,1,2. This is needed to find the 6-point correlators for the
NLO BK equation.

7.4.3 Differential equation solutions

With the transition matrix in block-diagonal form, Eq. (7.81) separates into
Egs. (7.83), (7.84) and (7.85). These can can be solved independently from one
another following the procedure from Section 7.3.3.

1 x 1 equation

First, we solve the simple one-dimensional equation by using Eq. (7.100) in Eq. (7.85)
to get

Oy (Ai(n)) = — (CrG , Ar1(n)) - (7.108)
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Using Eq. (7.88) gives

T S i
Al(n)_m;gg N3 C; —Fctr (U0}, (7.109)
y/_>w//

as already seen in Eq. (7.90). This leads to the solution

<Niff (UwU£>> = oxp {~CrGay (1)} (7.110)

which is exactly the 2-point correlator parametrisation in Eq. (7.15).

2 X 2 equation

Next, we solve the 2 x 2 matrix equation by using Eq. (7.101) in Eq. (7.84) to get
N M(lvl) M(172)

o (A =—(—=|" 7 B | A : 7.111

77< 2(1)) < 4 (Mém) M§2,2) 2(n) ( )

The explicit elements of the correlator matrix (As(n)) contain cumbersome linear
combinations of various six-point operators. They are provided in diagrammatic
form in the appendix of Paper [III]. After some simplification, they may be written
as

ASD () = AT ()

A R |
(7.112)

A () = ATV ()

— i [t (U, tr (UU)) = tr (U, )t (UUL,)] - (7.113)

For the single trace term in Eq. (7.112), the parametrisation of the dipole
correlator given in Eq. (7.15) can be used to rewrite the trace as an exponential of
G. Using the rigid exponentiation method, the solution of Eq. (7.111) is found to be

1
As(n) = §eﬁgzy”

e*%(gwwn+gwuy//) _i_e*%(gmergyyu) _67%(gww//+gwuy//) _i_e*%(gzergyy//)
X .
_e—%(gmm//-i-gw//yu) + e—%(gagy-‘rgyyu) e—%(gzm//-‘rgz//yu) + e—%(gwy-f—gyy//)

(7.114)
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In order to reconcile this with the 4-point correlator expressions from Section 7.3,
the particular elements in the operator matrix

LCD 1 C%
NZ (& &) Ncr/da/4 -

chmégg ﬁ%%

given in Eq. (7.41) need to be extracted from A5(n). This can be achieved by taking
the sum of A" () and A2 (1) to get

% = >w: - <—tr (v,f,) tr (U UT)>

20! N, 1
NF {2]\7 Gy } exp {—T(me + nyw)} RE exp {—CpGgzy}. (7.116)

(7.115)

This is the same as the explicit solution for the top left element of Eq. (7.115)
that is provided in [49], which means that our calculation of A, is consistent with

the 4-point correlator parametrisations. The other expression that follows from
Eq. (7.114) comes from the difference of Agl’l)(n) and Aél’z)(n) and leads to the
same expression shown in Eq. (7.116).

3 x 3 equation

Finally, the last matrix differential equation is found by using Eq. (7.103) in Eq. (7.83)
to get

N1V N:.Cq 1
Nepr - SARlapy g

Oy (As(m) = —( | 52Ty ST — 0% [ As(n) ). (7.117)
0 -5 T

Since the solution is the matrix exponentiation of a 3 x 3 matrix, it can be found
analytically. Recall that this is only possible due to our choice of basis B™P, which
allowed us to block-diagonalise the full 6 x 6 transition matrix and separate the full
matrix equation into three independent pieces.

The exponentiation of the 3 x 3 transition matrix Mj is straightforward and the
result is provided in Section III.D of Paper [III]. Despite the lengthy expressions
contained there, notice that there are only simple functions of G. This means that,
even though the parametric equations may be tedious to extract, the procedure is
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7.4. 6-point correlators

straightforward algebraically. In a similar way that Eq. (7.116) was found from the
solution of the 2 x 2 matrix differential equation, the relevant correlators

1 (G &)
<S(2)S(2) 5% > = lim <—3 - > (7.118)

my yw// mlly ; N
A ARERS =
(6) : I
<S:cz:c’yzz’> = m/h_rg; F g% (7'119)
ylﬁw/l

can be extracted from the solution of the 3 x 3 matrix equation. This procedure
is explained in Section III.E of Paper [III]. Once these expressions are found, the
dipole parametrisation may be used to write

Gy = LR <—tr (UmU;)> : (7.120)

Cr
This can be substituted into the parametric equation for any other correlator that
is written in terms of G, thereby relating higher-order correlators to the dipole.

The 6-point correlator calculation has been verified in all possible coincidence
limits, in the same way that the 4-point correlator calculation was checked in
Section 7.3.4. Particular coordinate configurations have also been used to study
the final parametric equations, in order to get an idea of the behaviour of the
6-point correlators in the NLO BK equation. These results, as well as the numerical
implementation of the analytical calculation in the NLO BK equation, are shown in
Section IV of Paper [III].

Chapter summary

In this chapter, we have used the GA to truncate the evolution equations for
Wilson line correlators. We have demonstrated how this is used to calculate simple
correlators, such as the 2- and 3-point correlators. We have also discussed the
calculation of the 4-point correlators from [49], since the same method was used
to study the 6-point correlators. In the latter case, the ability to find a particular
multiplet basis when there are only four distinct transverse coordinates, allowed us
to simplify the calculation substantially. This lead to explicit analytical expressions
for the 6-point correlators, particularly those found in the NLO BK equation.
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Beyond the Gaussian Approximation

In Chapter 7, the GA was used to calculate several Wilson line correlators. In
this chapter, we introduce an extension to the GA and use it to study the 2-, 3-
and 4-point correlators of Chapter 7. Ultimately, the goal is to obtain the odderon
equation studied in Paper [I|. The odderon, as first suggested in [105], is the charge-
parity-odd (C-odd) counterpart to the pomeron. This defining characteristic of the
odderon is necessary, for example, to account for the production of colourless C-even
states such as the neutral pion in exclusive DIS. Since the calculational details of the
odderon evolution equation are not discussed in the paper, we provide them here.
For the numerical implementation, the reader is referred in particular to Sections

VI and VII of Paper [I].

We begin this chapter by introducing the extended Gaussian approximation
(eGA) and then studying its properties in Section 8.1. In Section 8.2, the eGA
is used to calculate 4-point correlators. In Section 8.3, we discuss the emergence

of the odderon as a consequence of the extension of the GA and its effect on the
parametrisations of the 2- and 3-point correlators.

8.1 The extended GA operator
Recall Eq. (7.6),

0,00 () = (3 [ GuinLizzon) ), 5.1



8. Beyond the Gaussian Approrimation

which was used to calculate various correlators in the previous chapter. For the
dipole correlator of Section 7.2.1, for example, we solved the differential equation

o 11 _ X

B ~— ——

[
WA (8.3)

to obtain the dipole parametrisation. The so-called transition matrix was calculated
by operating with the GA operator

Guw(77) Ly, L, ~ - : (8.4)

The simplest extension to this operator would be the inclusion of other products
of two Lie derivatives. The inclusion of an R{ R term is trivial, since the operation
of LY, and R, on the same Wilson line is effectively the same, up to a sign. Instead
of Eq. (8.1), we would have

00N () = (-5 [ Guliy CiLs+ BE)OWI) ) (89
and the physics discussions of the previous chapter do not change significantly. On
the other hand, the inclusion of mixed terms L, RS and R LS is more complicated,
since this introduces a gluon interaction with the target. Since there is little
experimental motivation to consider such an addition to the GA, we do not proceed
in this direction.

Instead, we introduce a 3-point function to the right side of Eq. (8.1). For the
dipole correlator, for example, this would add contributions of the type

@J and \d) (8.6)

to Eq. (8.4). These diagrams contain an antisymmetric structure constant £ at
each three-gluon vertex, denoted by a large black dot. Symmetric contributions

> and = (8.7)
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8.1. The extended GA operator

also need to be considered, where the three-gluon vertex now has a large white dot
for each factor d°*¢. Contributions of these types may be included in the definition
of the parametrisation according to

o, = (|3 | Gwmiary

v UW%W@+WW%MmLuuﬂom>w.@&

The various terms are referred to henceforth as the

o GA operator Gy, ()L LS

u

e antisymmetric eGA operator oGS () LELbLE

uvw u-"vw

e symmetric eGA operator d**°G¢  (7)L% L5 L¢

u"vTwe

As with the 2-point function, the explicit rapidity dependence of the 3-point functions
are suppressed henceforth for clarity.

At this stage, the symmetry properties of the 3-point functions G and G¢ in
Eq. (8.8) are not known. They can be found by first writing G/ and G? as linear
combinations of all possible permutations of the transverse coordinates:

1
Gl L8 LY LS — 2 (Gl LU LY LS, + Gl LE LY LS, 4 Gl L LY LS

uvw - u v w uvw - u v w vwu v wu wuv -w - u v (89)
G L Loy L + Gl Ly Lo, Ly + Gl Ly Ly Ly ]
1
GZUwLiLZqu — 6 [GivaZLszu + GﬁwuLzL?uL’Z + G’lduuvLZ;LZLf) (8 10)
G Lo Loy Ly + Gl Ly Lo Ly + Gy L Ly L ]

The positions of the coordinate indices on the G’s in these expressions should now be
taken literally. In order to make these expressions more manageable, all coordinate

and colour indices are ordered so that an overall LELb LS, can be factored out.

8.1.1 Ordering transverse coordinates

To order the transverse coordinates w, v, w, we make use of the commutator written
as

(L8, L] = i f* 0y, LY = %z f%0y (L + LY), (8.11)
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8. Beyond the Gaussian Approrimation

As an example, the fifth term in Eq. (8.9) becomes

GluwloLuLiy = Gluw (LoLy + (L3, L)) L, (8.12)
= Gluw (LZL?, + %z’f“”déuv (L3 + Liﬁ)) L, (8.13)

ruw U v w urw U w vvw v w

1
= Gl Lo LS + i (Gluwlils + Gl LALS) . (8.14)

Notice that for each use of the commutator, two new terms are introduced, both of
which contain only two coordinate indices. We write

faeGs  parbre (éf2 + éf?’) , (8.15)
where GY2 contains terms with two Lie derivatives and G¥3 contains terms with
three Lie derivatives. Explicitly, the resulting expressions from Eq. (8.9) are

éfZ — %ifabc [facd (Gf LdLb + Gf LdLb )

uwuTT U w WYV wW

+ [N (Clunlg Ly + Glu Ly L) + 1 (Gl DLy + Glouwo L L)
(

+ N (G Laly + ClowwLu L) + 1 (Glow L Ly + Gluww Lo L)
+ [N (Gl L Ly + Gl Ly L) + 17 (Glyu Lty Ly, + Gl Ly L)

[N (Cla Lo Ly + Gl Ly Ly) + N (GLou Ly Ly + Gl Lo Ly,)] - (8:16)

and

uvw U v w rwuTTUTT VT w wuv U v w

+ Gl LALS LY + Gy LY LA LS, + Gl LS LY LS . (8.17)

uwvTTu v w ruwTT U v w wovuTT U v w

A 1
GI 1= S [Clow Lo Ly + Ghun Lu LS Ly + Glun Lu Ly L

For Eq. (8.10), the result is simpler because each time the commutator is used to
reorder coordinates, terms with a factor f®¢ cancel with the overall factor d*t.
Therefore, only terms with three distinct coordinates can survive:

uvw U vTw uvw U vTw wuv T u v w

FGouwu L Ly Ly + Gouu Lo L Ly, + Gy Lo Ly Ly, + G Lo LY Ly, ] - (8.18)

dachd L2 Lb I — éd — édabc [Gd Le Lb L¢ + Gd Lb LE L

8.1.2 Ordering colour indices

The reshuffling of coordinate indices in G/2, G/3 and G¢ results in colour indices
becoming disordered. This can be fixed using the antisymmetry and symmetry of
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8.1. The extended GA operator

the structure constants f%¢ and d®°, respectively. For the operator G2, every term
in Eq. (8.16) has only two coordinates, which can be relabelled as follows. In terms
containing w and w, we replace w — v; in terms containing v and w, we replace
w — u. Then Eq. (8.16) becomes

A 1
GI? = ok fere Lot (2GLy LALY + Gl LELY + 2GY LY LS + G, LELY)

+ 3fb0d (G'cjivaZde; + GguuL%Li) + fabd (3G'{Lu'vLiL% + QGivuLiLi

+GLL LELE)] . (8.19)
Each f® can be written as a difference of traces as [ =
—2i [tr (t“tbtc) —tr (t“tctb)]. Using the Fierz identity from Eq. (7.39) and
simplifying each trace gives

TCRCAL forbrb forbrb forbrb forbrb

G :?[—QG LoLYy — Gl Lo LY — 2GY o Lo LY — G Ly L

uvu" U v uvuT" U v vUVTTUTvU vUVTTUvTU

3G Ly LS + 3G LG LY + 3G L5 LG + 2GY L LG + G, LELS] - (8.20)
Since LS, L2] = 0, the product of Lie derivatives can be written in terms of the
anticommutator %{LZ, L&} = L8 LY in order to highlight the symmetry of the term.
Then

N N,

G = —EGE L. Ly}, (8:21)

where
GA.=ql —GI +G +(uew). (8.22)

In the expressions for G3 and éd, all colour indices are contracted within each
term, so these can be relabelled and the colour indices in the Lie derivatives can be
reordered. This results in

A 1

Gf3 = afabc (G'{ww + Giwu + G{uuv - G't]:w'u - Giuw - Gfu‘vu) L'laLLzLiv’ (823)
A 1

Gd — gdabc (qui'uw + Giwu + G{uuv + G'{[va + Giuw + G{uvu,) LZLZLZ] (824)

8.1.3 Symmetry properties of the final eGA operator

So far, we have simple explicit expressions for G¥2, G/3 and G?, as given by
Egs. (8.21), (8.23) and (8.24), respectively. The next step is to determine the
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8. Beyond the Gaussian Approrimation

symmetry properties of these three objects. Such information is very useful when
lengthy expressions in the calculation of correlators need to be simplified.

Recall the symmetry and antisymmetry operators
1/ —
= -3 (—— o). (5.25)
1/ —
T - (—— o) (3.26)

from Egs. (7.68) and (7.69), respectively. These can be extended to any number of

objects. For example,
E':E and EIE (8.27)

are the symmetric and antisymmetric linear combinations of three objects. With
these, it can be shown [104] that any set of three objects can be written as

— - E B S0 e

(This can be verified by expanding each of the symmetric and antisymmetric
operators in all four terms on the right side).

We now apply Eq. (8.28) to the indices uw,v,w. In Egs. (8.9) and (8.10), we

introduce auxiliary factors m;, where ¢ = 1,--- ,4 corresponding to
E':E — mq, (829)
@[ s m, (8.30)
AN
i D -
_ AN AL
EIE e (8.32)

By wrapping each contribution within these auxiliary factors, it is possible to keep
the G’s corresponding to each of the four terms in Eq. (8.28) distinct from one other.
At the end of the calculation, all m;’s are set to 1 — they are merely a bookkeeping
device.
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8.2. The 4-point correlator beyond the GA

For the operator G2, separating terms in this way results in

G77 = U [y (2l + 20+ Cl) Gl Gl + )
+me (2 (2G{L’UXU - G'I{.'uu - G{)uu + Givu) - Giu'u - G'zfu)'u>

+3m3 (_QG{Lvu + 2G£uu - Giuv + G'{wv)} {L'zau L?)} . (833)

Since the mixed symmetry terms my and msy survive, we can conclude that G2 has
both symmetric and antisymmetric contributions. For the operator GI3, only the
antisymmetric my term survives. Instead of expressing Eq. (8.23) as a sum of six
terms, it can be written as

L (Gl + Gl Ol — Gy~ Gl — Clo) = Gl (834)

so that
GI? =[G La LY L, (8.35)
where G7 ., is understood henceforth to be totally antisymmetric. For the operator

Gd, only the symmetric m; term survives. This means that G4 can be written as

G4 = dwteqd  LALbLe (8.36)

uvw U v w?

where G¢

o 1S understood henceforth to be totally symmetric.

Putting all three operators of the eGA together, the final form of the parametri-
sation equation becomes

9, (O[U]) (n) = <— B /uv (Guw +iN.G2) L2 LY

[ G+ G LZLZL‘;,] 0[U]><n>, (8.37)

with Gf_ ., and G¢_ . understood to be antisymmetric and symmetric, respectively.
The G2 term that contributes to the original GA 2-point function G, contains
both symmetric and antisymmetric contributions. The symmetric part of the original
term foeGY LIPS as introduced in Eq. (8.8) has now been extracted and is

contained wholly in G{7). This is why the G, term in Eq. (8.37) is now totally
antisymmetric.

8.2 The 4-point correlator beyond the GA

Now that we have established the symmetry properties of the eGA operators, we
use them to see how the parametric equations for the 4-point correlators discussed
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8. Beyond the Gaussian Approrimation

in Section 7.3 are modified. Since the terms in Eq. (8.37) are additive, we consider
each to act individually on the correlator matrix (A(7n)). The three contributions
are resummed in the end.

The procedure followed here is similar to that of Section 7. By analogy with the
transition matrix M in Eq. (7.46), the following three new transition matrices are
defined, corresponding to the three terms in Eq. (8.37):

M(lvl) M(172)
Mgy = 2) 2.0, 8.38
(2) (Mé)z) Mé’f) ( )

corresponding to the 2-point operator G, + iNch,),L“ L

M(lvl) M(LZ)
M; = f /. , 8.39
f (M;m) ./\/153’2) ( )

corresponding to the antisymmetric eGA operator f*¢GJ L2LYLS  and

uvw U v w?

M(Ll) M(L?)
My = d d , 8.40
d (M[(il,z) M{(12,2) ( )

corresponding to the symmetric eGA operator d***G¢, . L2 LY LS . Each of these can
be calculated following the method of Section 7.3.2 — their results are given below.
We also discuss the coincidence limits of each case in order to verify that our results

are self-consistent with the expressions from Chapter 7.

8.2.1 Transition matrix from the 2-point eGA operator

In order to calculate the elements of M o) defined in Eq. (8.38), we act with the
second term in Eq. (8.37) on a product of two fundamental and two antifundamental
Wilson lines:

€T €T
y ZNC a a y

a77 P =\~ 2 / G'El,zz)jLuLv z’ (841)
y’ “ y’
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8.2. The 4-point correlator beyond the GA

This gives
min _ (g g L ar L ar Lol e 8.42
(2) — T - Ty - m/y/ + TTT + Yyy + 'z’ + y/y/y/ 3 ( . )
MG = iNeVda (G<2> -G2 -G +62 ) (8.43)
2 8 xx! zy’ yx' yy' ) :
22) _ WNeda (o) | ~(2) @) ®) ) ®)
M(Q) — 3—2 <Gmy + Gw/y/ - 2 |:sz/ + nyl] + (1 - dA) |:G:By’ + Gyw/]

+ G

+dx |G '

12029

+Gl .+ 6! ]) .

v'y'y

(8.44)

Notice the following from these expressions:

e The G'’s in ME;I) do not mix the Wilson lines at « and y with those at o’
and y'. Cross-terms, i.e. terms with both primed and unprimed coordinates,
do not appear because this would mean that colour gets carried between the
two dipoles. Since the dipoles are in singlet states in this case (this is the (1,1)
element of M,y specifically), this is not possible.

e Element Mgf) contains all the terms that Mgsl)(n) does not. The two

corresponding off-diagonal operator matrix elements are %g and gg@

Since colour is now exchanged between the primed and unprimed coordinate
Wilson lines via the octet state on one side, only terms with one-gluon exchange
between the two top and two bottom Wilson lines are allowed.

e Element Mg,)z) contains all possible G/’s with two indices. Cross-terms are
allowed because any colour transfer can be compensated for by the octet states
on either side.

In keeping with the analysis made in Section 7.3.4 for the transition matrix in
various coincidence limits, we consider the effects on M s). In the limit £ — y, in
which upper quark and antiquark are placed at the same coordinate, the elements
of M2y become

lim M5 = . <_G§jL, + G + G ,y,y,) , (8.45)
m—>'y
. (1,2) o
}:13?1! Mg)" =0, (8.46)
iNcdy ( 2 [ ~(2) ) 2) >
R (-nz 6%+ 6| + 68, + oz
hm Mg,?) _ 32 Yy vy Yy yyy (847)
Y +dA [G:J;/mlml + G?'i/y/yl:|> .
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8. Beyond the Gaussian Approrimation

As expected, all traces over the upper two Wilson lines vanish in M(l’l) because there

is no way for them to connect to the bottom dipole that is in a Slnglet state. /\/l (1 2)

becomes zero as all terms cancel pairwise. In fact, by writing G2 in the expansmn
of Eq. (8.33) shows that each auxiliary factor m; goes to zero independently in the
limit * — y.

In addition, we can impose a second limit ' — 3/, giving

lim My =0, (8.48)

w~>y
x’ —>y

iNYd,
;%M T (
=’ -y’

G2 +al,, +Gl

yyy yyy)

(8.49)

Now M(;’l) vanishes by the same logic that all terms with single dipoles vanish in
the first limit * — y.

The other limit that can be studied is @ — y’. This gives

73
wlgg M;I - ch (‘Gg'_G / /+G§yy+0£m/+nyy) (8.50)
N3\/d
mh_{rylM;z _ ¢ 08 A(_GLQ G(Q) +G2) _2G£yy> (8.51)
(22) iNedy ; .
Tim MG = 22 (1= da)Gi + daGlyy + daGhg +2Gy ) - (852

The terms in ./\/lgsl) that vanished in the limit £ — y no longer vanish because
the limit @ — ¥y’ now connects the two dipoles to each other. ME;;Q) also survives
because there is no longer a pairwise cancellation of terms. Taking a second limit
x’ — 3y in these results gives

lim MY = iN? (—G 2 4Gl

z—sy yyy

+ nyy) (8.53)

G2, + G

yyy

@22)  Neda
== ( Gy (8.54)

G+ Gl + Gl ) (8.55)

In this case, all the elements have the same G content but different prefactors.

As in the GA, it is possible to study other limits, such as & — x’ by making a
change of basis as described in Section 7.3. 4 From the limits considered so far, we
can conclude that our transition matrix M'! 2) ) has been calculated correctly.
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8.2. The 4-point correlator beyond the GA

8.2.2 Transition matrix from the antisymmetric 3-point eGA
operator

Next, we calculate the contribution of the second term in Eq. (8.37) by considering

x x
877 ;J/ =\~ fach'{vaLZL'IZ)LiU j/ . (856)
o uvw o

Since the eGA 3-point function G7 . is totally antisymmetric, only G¥’s with three

uvw
different indices can appear in M. This means that ./\/lgcl’l) must be zero, which
works out in practise due to all terms containing tr (¢*) = 0. The final transition
matrix elements are

My =0 (8.57)
(12)  SINZda ( ; ; ;

Mf - T <G;1:yx/ - Gocyy’ + G:cac’y’ - Gy$/yl> s (858)

My =0 (8.59)

The vanishing of M;Q’Q) is somewhat unexpected, but can be explained by expanding
each octet state using the Fierz identity. Then the octet—octet operator becomes
four terms

PH-i(P-xE-vPwd) oo

By the same reasoning that ./\/lgcl’l) is zero, so too are the first and last terms in this
sum. The remaining two terms are traces in opposite directions that cancel each
other. Element ./\/lgfl’z), on the other hand, makes no colour flow transgressions and

so all possible antisymmetric G¥’s are present. The relative signs among the terms

in ./\/lgcl’2)(r]) are due to the sign difference between the differential operator L acting
on a quark or antiquark.

The coincidence limits are straightforward to evaluate for /\/lgf). They are

. (172) . 3ZNC2 dA f f
lim M = SN (G -G ) (8.61)
. (1,2 3iNc2 da f !
Jim M = SR (G - Gy ) (8.62)
lim M = lim M2 =o0. (8.63)
z—y’ oY
' —y =Y

These are consistent with what is expected based on the corresponding physical
scenarios, as already discussed in detail for M ).
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8. Beyond the Gaussian Approrimation

8.2.3 Transition matrix from the symmetric 3-point eGA op-
erator

Finally, we consider the totally symmetric term in Eq. (8.37) by calculating

T 14
d, S)=(- / Gl LALDLE, 5 (864)
ry/ uvw y,

We can expect the transition matrix My to be more complicated in structure than
M because the antisymmetry of G' that lead to several terms cancelling in the
calculation of M is no longer applicable. We get

(1,1) _ 3iCaCr 1) ) L d d d
Mg = 2 <_Gmy — Gy + 3 [Gmm — Gyyy + Gorgrar = Gy’y’y’} ’
(8.65)
(1,2) SZ'NCCd\/ dA o) O d d d d
My = Ty (G:cy’ + Gw’y + Goza — nyy’ + Garare — Gy/y’y
d d d d
_2 [Gwyw/ - Gwyyl + Gwly/w - Gw/yly:|) 9
(8.66)
(2,2) _ 3iCq o o @) @) da [ a d
Md = _4—]\fc (Gwy + Gw’y’ + (1 - dA) [Gmy/ - Gym/} + ? [Gwa:m - nyy
d d d d d d
_'_ Gw/wlw/ - Gy/y/yl] - 2 [waw/ - nyyl + Gw/wlw - Gyly/y]
d d d d
+4 [Gwyw’ - G:l:yy/ + wa/y/ — Gyw/y/}) 5
(8.67)

where G9, = G1,, — G4, .. As in the /\/lgsl) case, M does not contain any
(2,2)

cross-terms between the two dipoles. The 1/3 that appears both here and in M
is a symmetry factor. All possible permutations of coordinate indices are present
n ./\/lflm). In Mg“) , however, only G%’s that link the two dipoles appear. This is
necessary to compensate for the colour transfer by the octet state on one side.

M simplifies significantly in the limit & — y:

. ay  3CCr [ o L e d
:}:IE}:}J 'Md = _T <Gw/y/ + § [Gw’w’m’ — Gy/y/y/] > (868)
lim M =0, (8.69)
T—Y

: (2,2) _ 3iCy 2 [~O ) o da d d

}:Ii}gl; Md = —4—]\[0 (Nc [Gyw’ — ny/] + Ga:’y’ + ? [Gm’w’x’ — Gy’y’y’}) .

(8.70)
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8.83. The odderon contribution to simple correlators

Additionally, imposing a second limit ' — y’ gives

%%M(“()—i%/\/l”():o (8.71)
z' =y’ z' =y’

as it should.

In the limit £ — y’, we get

3iCyC
Jim, MG = % (ngy, -G, - [Ggyy G o }) : (8.72)
IN.Cav/da
mlgg M 1 2 M+A (Gsw/ — Gsy/ + Gg/y/) y (873)
3 da
Jim, MP? — ~IN. <GO — GO, + (da — )G, + [Ggyy+Ggm}>.
(8.74)

Taking a second limit &’ — y gives zero in all cases:

lim M{Y = lim MP? = lim M2 =o0. (8.75)
a:—>y 93—>y z—y’
' —y ' =y ]

With these results, we may conclude that our expression for My is consistent with
all our previously calculated parametric equations.

8.3 The odderon contribution to simple correlators

We have thus far completely calculated the transition matrix M in the extended
GA parametrisation scheme for the 4-point correlators. This can be used to find the
modifications to the 2- and 3-point correlator parametrisations discussed in Section
7.2. For the 2-point correlator, only the singlet—singlet elements in the limit ' — vy’
need to be considered, since this becomes

=, FD (8.76)

The transition elements and the octet—octet terms necessarily vanish because there
is no second dipole to which the octet states can connect. Similarly, the only relevant
matrix elements for the 3-point correlator are the octet—octet terms in the limit

.S, e 8

< 8
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8. Beyond the Gaussian Approrimation

© 8
8
1
<

inN v (8.77)

RN

< 8

Since the singlet-singlet and octet-octet elements of M are zero, the only new
information that can be added to the GA parametrisations for the 2- and 3-point
correlators comes from M, . This addition is called the odderon, a symmetric
three-gluon state in the t-channel.

The contribution from G? to the 2-point correlator is obtained from the transition
matrix element Mf}’”. By translational invariance (equivalent here to conservation

of the identity matrix under rapidity evolution), it can be shown that G¢_, = 0.
Then Eq. (8.65) gives
_ 3 CaC
lim M = 22 GO (8.78)

which is the only new term to be included in the parametrisation of the 2-point
correlator. The new differential equation is

T T
0, <—t]r ((]J\zUy) > = - (CFQ;y SZCdCF Go ) <—tr ((]]\ZU*’) > : (8.79)

which has the solution

<tr(U—wU;5)> = exXp {—CFga:y SZOdOF GO } . (880)

Ne

Once again using G¢__ = 0, the octet—octet element from Eq. (8.67) required
for the 3-point correlator becomes

lim ./\/l (2,2) 3ZCd

Go, + N2Go, + N2GY).) . 8.81
x'—y' =z 4N ( ¢ z:c+ ¢ yz) ( )

The new differential equation is

Ugbtr tanthT C / / / /
! < J(VCCF 2 > = {TA (Goz + Gys — Gay) + CrGy,

3iC, -ty (teURtPUT
- o (ny + N(?Gzow + NEGSZ)] <Ugbu> ) (882)

AN, N.Cp
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8.83. The odderon contribution to simple correlators

which has the solution

< Ut (t*U, U} >

N.Cy

C 3iC.
= €Xp {—TA (ggcz + gyz - gmy) - CFgmy + g (Ggy + NCQGS:B + NCQGSZ)} :

AN,
(8.83)

Egs. (8.80) and (8.83) are our final parametric equations including the odderon
contribution for the 2- and 3-point correlators, respectively. One possible consistency
check to perform is to take the limit z — « in Eq. (8.83). This should reduce the
3-point correlator expression to the 2-point correlator expression, and does indeed
reproduce Eq. (8.80).

8.3.1 Evolution equation for G

In Section 7.2.3, the parametric equations for the 2- and 3-point correlators were
used in the Balitsky equation to derive a rapidity evolution equation for the GA
2-point function G,. The calculation from there can be repeated using the new
expressions, Eqs. (8.80) and (8.83). After some algebra, it follows that

0 (6% = (% [Runy (1-e {- Tt (G2 cg,- ) 1)), s

where égy = Gy + %iC’ngy has been defined to emphasize the fact that the GA
Gzy and the odderon Gf,?y appear in similar ways in this expression. That is, up to
an overall colour factor, the linear combination of terms that appear on the right

side of Eq. (8.84) are the same.

Eq. 8.84 is the final evolution equation for G¢ (contained implicitly in the
definition of G?) that was studied in Paper [I]. The LO BK equation was used
to numerically implement the evolution of the odderon. The ultimate conclusion
from our analysis was that the odderon is difficult to observe experimentally, (due
to its relatively small contribution in comparison to the pomeron) to the dipole
amplitude and its fast decay with increasing rapidity. Details of the numerical work
are provided in Sections VII and VIII of Paper [I].
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8. Beyond the Gaussian Approrimation

Chapter summary

In this chapter, we have extended the GA from Chapter 7 by including two new
3-point functions in the definition of the approximation parametrisation. The first
task was to study the symmetry properties of these new functions. This resulted in a
2-point function G® with mixed symmetry, a totally antisymmetric 3-point function
G/ and a totally symmetric 3-point function G¢. We have used the eGA to study
4-point correlators. These have been checked in various coincidence limits to ensure
their consistency with the results from Section 7.3. Finally, we have investigated
the so-called odderon by using the eGA to calculate the 2- and 3-point correlators.
This gave a final evolution equation for the odderon function, which we have studied
further in Paper [I].
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Conclusion and Outlook

In this thesis, we have discussed the evolution of Wilson line correlators in the
CGC effective field theory. These are important to understand and predict the
cross sections of various processes within an ultrarelativistic collision. In particular,
we have used the BK and JIMWLK equations to study the nonlinear evolution of
correlators as a function of rapidity. The JIMWLK equation, which is typically
formulated as a Fokker—Planck equation, has been studied in detail as a Langevin
equation. We have also discussed how to use the Langevin formalism to study
correlators of Wilson lines separated by a large rapidity. By going to the dilute limit,
we have seen how BFKL dynamics emerge from the stochastic picture of evolution.
Given this new insight into the Langevin framework of JIMWLK, the next step
would be to numerically implement the bilocal Langevin equations studied in Paper
[IT]. There is much phenomenological work to be done in this direction, by applying
such an implementation to various physical processes, particularly those that will
be seen at the future EIC. Some predictions for observing saturation at the EIC
have been made in [106].

A significant fraction of this thesis has been dedicated to the GA and its
extensions. We have discussed the calculational details behind the parametric
equations of the 6-point correlators that appear in the NLO BK equation. The
somewhat surprising results from the numerical implementation of these equations
requires further work. In Paper [III], the comparison of our finite- NV, expressions to
their large- N, counterparts showed an order 1% agreement between the two. It is
not yet understood why exactly this occurs. A useful next step would be to look
more closely at the 6-point correlators in various regions of coordinate space to see
where their dominant contributions lie. By considering our parametric equations for
the 6-point correlators in coincidence limits, it may be possible to understand the
surprising agreement between the large- and finite-/V. versions. Such a study may
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9. Conclusion and Outlook

also be helpful if it can be extended to other correlators or even generalised.

Finally, the last chapter of this thesis discussed a natural extension of the GA by
including a 3-point function to the approximation definition. We have calculated the
4-point correlators using this extension and verified the results by taking coincidence
limits. An important consequence of the eGA is that an evolution equation for the
odderon can be derived. This has been implemented numerically in Paper [I] and is
of great interest at the moment due to the experimental observation of the odderon
at the LHC [107]. It may be interesting to include the contributions from the eGA
to correlators from other physical processes to see if the odderon has a significant
contribution to their cross sections. The work covered in this thesis is only a small
fraction of what needs to be done in order to understand the internal structure of
nuclear matter from the perspective of the CGC formalism. With the increasing
ability of modern collider experiments to access higher energies, saturation physics
becomes increasingly important to understand theoretically.
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We study the effects of a parity-odd “odderon” correlation in Jalilian-Marian—Iancu—McLerran—
Weigert-Leonidov—Kovner renormalization group evolution at high energy. Firstly we show that in the
eikonal picture where the scattering is described by Wilson lines, one obtains a strict mathematical upper
limit for the magnitude of the odderon amplitude compared to the parity-even Pomeron one. This limit
increases with N, approaching infinity in the infinite N, limit. We use a systematic extension of the
Gaussian approximation including both two- and three-point correlations which enables us to close the
system of equations even at finite N.. In the large-N limit we recover an evolution equation derived earlier.
By solving this equation numerically we confirm that the odderon amplitude decreases faster in the
nonlinear case than in the linear Balitsky-Fadin-Kuraev-Lipatov limit. We also point out that, in the three-
point truncation at finite N, the presence of an odderon component introduces azimuthal angular
correlations ~ cos(ng) at all n in the target color field. These correlations could potentially have an effect
on future studies of multiparticle angular correlations.

DOI: 10.1103/PhysRevD.94.054014

I. INTRODUCTION

High energy hadronic collisions at modern collider
energies involve a dense system of gluons. At high enough
energy the typical phase space density becomes nonper-
turbatively large, i.e. of the order of the inverse QCD
coupling constant 1/a. In this limit it is better to describe
these gluonic degrees of freedom as a classical color field
than as a collection of individual particles, in what is known
as the color glass condensate (CGC) picture [1,2]. In
practice, the important degree of freedom here is the
Wilson line, a path-ordered exponential in the color field.
It gives the scattering amplitude of a colored high energy
particle passing through the CGC target. Increasing the
collision energy opens up phase space for the emission of
even more gluons, which in this case are treated as quantum
fluctuations on top of the classical field. These fluctuations
can be systematically integrated out and included in the
classical field. This procedure leads to renormalization
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group equations that describe the evolution of the Wilson
lines as a function of collision energy.

The complete system of evolution equations is known as
the Jalilian-Marian—Iancu—McLerran—Weigert—Leonidov—
Kovner (JIMWLK) equation [3—13] or equivalently as
the Balitsky hierarchy [14—17]. It describes the evolution
of the whole probability distribution of Wilson lines. While
this equation can be solved, at least at leading order,
numerically [18-21], most phenomenological applications
rely on simpler approximations. This is typically done by
an evolution equation for an expectation value of Wilson
lines that can be derived, in some approximation, from the
equation for the full probability distribution. The usual
approximation here is to use the large-N. limit, which
allows one to truncate the Balitsky hierarchy and obtain an
evolution equation for the two-point function of Wilson
lines known as the Balitsky-Kovchegov (BK) [14,22]
equation. A related approximation, which has an identical
dynamical content but can be used to construct the Wilson
line expectation values at finite N, is provided by the
Gaussian approximation.

The Gaussian approximation relates all Wilson line
correlators to a single two-point correlator. The purpose

© 2016 American Physical Society



LAPPI, RAMNATH, RUMMUKAINEN, and WEIGERT

of this paper is to take the first step beyond the Gaussian
approximation and introduce an intrinsic three-point cor-
relation function of color charges using a method that can
be extended to include all n-point functions up to any fixed
finite number of points m in what we refer to as an
(exponential) m-point truncation. When this is used to
evaluate the evolution equation for the two-point function
of Wilson lines (the dipole operator), it turns out that the
new three-point function only appears in a specific coor-
dinate limit. It can, in fact, be rewritten as an imaginary part
of the earlier two-point function. Physically this new degree
of freedom corresponds to the odderon: an interaction by
the exchange of a parity-odd particle. Similar modifications
to the Gaussian average have been considered before in the
context of the McLerran-Venugopalan (MV) [23-25]
model (see e.g. [26-28]). Here, we will go beyond the
work in these papers and derive evolution equations in
rapidity for the odderon amplitude in the exponential three-
point approximation, extending earlier large-N_ results
[29,30] to finite N.. We will then numerically solve these
evolution equations in a truncation in the harmonic number
in the azimuthal direction. To determine the consistency of
truncated JIMWLK evolution we complement our discus-
sion with a numerical simulation of parity-even correlations
using full untruncated IMWLK evolution in the Langevin
framework, reproducing the same qualitative behavior.
This paper is structured in the following way. First, in
Sec. II, we motivate this study by an example of a
phenomenological context in which the odderon amplitude
appears directly. Then, in Sec. III, we point out that the
origin of the dipole amplitude as a correlation function of
Wilson lines that live on the SU(3) group manifold places
stringent mathematical bounds on the size of the odderon.
We then quantify these bounds for specific parametric
forms of the initial conditions in Sec. IV. On the same basis
we argue that, in the IMWLK context, the odderon cannot
affect observables that do not break rotational symmetry in
the transverse plane. Section V presents the derivation of
the evolution equations for the odderon component from an
exponential n-point truncation. We solve these truncated
equations in Sec. VI with a further approximation to the
lowest nontrivial cosnf azimuthal harmonic. Then in
Sec. VII we construct initial conditions for the IMWLK
equation that include an odderon component and study its
evolution in a full (fixed coupling) IMWLK simulation.

II. OBSERVABLES AND CROSS SECTIONS

The simplest application of JIMWLK evolution is
calculating the total cross section in experiments like deep
inelastic scattering (DIS), where a spacelike virtual photon
is scattered on a nuclear target. At small x and leading order
in perturbation theory, the cross section is dominated by the
qq component of the photon wave function, which interacts
eikonally with the target. That is to say that the interaction
is driven by an average of the dipole operator

PHYSICAL REVIEW D 94, 054014 (2016)

o 1
Dx‘y = N tr(UxU;)' (])
c

Using the diagrammatic notation introduced in [31] (see
Fig. 1), the total cross section can be cast as

Ll —][{ J @

=9 - —

and allows access only to the real part of the dipole
correlator contained in the last two terms of Eq. (2), since

(r(UU) (V) + (e(UrU,))(Y) = 2(Retr (U, UY)) ().
(3)

As indicated, the average will depend on Y = (In 1/x) with
the Y dependence governed by JIMWLK evolution.

The dipole operator does give rise to imaginary parts in a
generic average (ﬁx »(Y), ie. over an ensemble not
explicitly tailored to have a vanishing imaginary part,
but one needs more detailed experiments to access this
information. (We will argue in Sec. III that this is in fact an
absolute statement, at least within the JIMWLK context.)
The single transverse spin asymmetry (STSA) is such an

T =00 z= =0 T = —00
~ | U —
| @x
e
— 7, Q% = ¢
Y =In(1/z) o~ U}
= —porA)p
= =0

I U; = UT, gauge equiv. to 1

== . p (or A)

FIG. 1. Diagrammatic representation of the amplitude for y*A
scattering at small x at momentum transfer Q> = —¢ as
introduced in [31]. Light cone “time” x~ runs from right to left.
The interacting “out state” (top diagram) contains nontrivial
interactions between projectile and target. The interaction region
is indicated by a vertical bar at x~ = 0 with superimposed explicit
markers for the Wilson lines picked up by each projectile
constituent. An arrow to the left indicates a U, an arrow to the
right a U™, Arrows on gluon lines stand for Wilson lines in the
adjoint representation. The noninteracting “in state” (bottom
diagram) instead has no interactions and correspondingly con-
stant Wilson line factors at x~ = 0 which are gauge equivalent to
the unit element.
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observable. Kovchegov and Sievert [32] have in fact
suggested a new mechanism to generate a contribution
to STSA at small x that is triggered by this imaginary part.
The contribution suggested by Kovchegov and Sievert
takes the diagrammatic form

=

==
S e s
+ T+ _

where the incoming quark is taken (probabilistically) from
the incoming projectile.

In Eq. (4) the momentum and spin of the quark in the
final state are tagged and the color in the initial state is
summed over. Tagging the quark momentum leads to
different coordinates on the corresponding Wilson lines
in amplitude and complex conjugate amplitude. The gluon
momentum is integrated over so that the gluon Wilson line
in the last term cancels between the two sides of the cut.
The color correlators from the right-hand side of Eq. (4)
result in the following terms:

r(UU) 1 - ;
7@ = <M - — U2t (1 U2 UY)

Nc dA

1 - . tw(U,U;

——U,‘j”ztr(t”Uut”Uy’)+M E))
dA Nc

The STSA is driven by the contributions that are anti-
symmetric under exchange of the quark and antiquark
coordinates z <>y and thus the imaginary part of, for
example, the first term.

III. GROUP THEORY CONSTRAINTS ON
THE REAL AND IMAGINARY PARTS
OF g5 CORRELATORS

Most readers familiar with JIMWLK and BK simula-
tions will be prepared to accept that the gg and ¢gg
correlators in Eq. (5), with normalization factors included,
are real and interpolate between 1 at distances much
smaller than the inverse saturation scale and 0 at pairwise
separations much larger than the inverse saturation
scale. This behavior is indeed respected by JIMWLK
evolution in all its forms, provided it is satisfied by the
initial condition.

This situation changes if one allows imaginary parts to
arise. We will illustrate the situation with a discussion of the
qq dipole correlator and its underlying configurations that
appear explicitly in a Langevin simulation of JIMWLK
evolution. To this end, note that these configurations appear

PHYSICAL REVIEW D 94, 054014 (2016)

as explicit SU(N,) matrices U,." This remains true for the
products entering the g correlators: U,U; € SU(N,) is
unitary and therefore has N. eigenvalues of the form
eixy) j=1,..,N.eN. All of them are functions of
both coordinates and live on the unit circle. The determi-
nant condition det(U,Uyj) =1 then enforces that the
phases of the eigenvalues sum to an integer multiple of
2z. Suppressing the coordinate dependence on the ¢;(x,y)
we have, for each pair of points

N,
1 =det(U,U)) = ¢ 2546 Y ¢, =2am; nez
i=1

(6)

The trace of the dipole operator is therefore fully
determined by N, — 1 phases ¢; € [0, 2x].

Using the constraint (6) to remove ¢y , one finds an
expression for the trace of our group element UxU;,' that
reads

1
ﬁtr(U Uy

(Ze“”'Jre’ ! ¢) (7)

This trace falls into a simply connected closed subset of the
complex plane, bounded by the curve

Iy, (8) =~ (Ne = 1)e?? + e7/(Vem10), (8)

where 6 € [0, 2z[. (See [33] for a recent discussion of these
textbook results.) Equation (8) has a very simple geometric
interpretation: The center of a small circle (represented by
the second term) is traveling along the perimeter of a large
circle (represented by the first term).” While the large circle
is traversed once in a counterclockwise direction, the small
traveling circle is traversed clockwise N, times. The line
traced out by Ay_(6) in this manner is called a hypocycloid.
The curve is fully contained in the unit circle and, for fixed
N¢, has cusps at the N_th roots of unity—these are the only
points where the curve touches the unit circle. These points
correspond to specific group elements that form the center
of the group {e>/Nel|n € Z/N.}. In Fig. 2 both the
geometric origin and the cusp structure are illustrated for a
few values of N.. For N, —» oo, the hypocycloid will
approximate the unit circle. The value N, =2 does not
allow for an imaginary part at all—the underlying reason is

'All arguments here assume that the coupling to the target is
described fully through Wilson lines, i.e. the absence of sub-
eikonal corrections, as is the case for all IMWLK evolution.

This description is adapted from the formula—alternatively,
one might describe the boundary as the curve traced by a point on
a circle of radius 1/N, that rolls on the inside of the unit circle,
starting with both circles touching at 1.
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N, =3 N, =4

-1.0 -0.5 0.0 0.5 1.0 -1.0 -05 0.0 05 1.0

FIG. 2. Geometric origin and shape of the hypocycloids traced
out by /y,_(6). The shaded region corresponds to allowed values

of tr(U,U})/N,, ie. the set of points in the complex plane
reached by Eq. (7).

that the group is pseudoreal, i.e. U = eUe (e = [¢V]) is
isomorphic to U. In this vein, N, = 3 is the first case that
allows an imaginary part and has, at the same time, the
strongest limitations on its size from the group struc-
ture alone.

The dipole correlator appears as an average over such
configurations and can be parametrized in terms of two real
degrees of freedom

Sy (Y) = (r(ULU}))(Y) /N,
= 1= Py (Y) +i0(Y)
= ¢ Cr(Py+iOy)(Y) 9)

i.e. either directly through real and imaginary parts (1 — P,,
and O,,, respectively) or exponentially via a logarithmic
modulus and phase (P, and O,,, respectively). Noting that
complex conjugation simply swaps the coordinates on S,
Syy = Sy, implies that P and P are symmetric, while O and
O are antisymmetric under the exchange of x and y. This
symmetry property links them to the Pomeron and odderon,
respectively.

One striking observation is that nothing inherently
prevents the real part, the Pomeron contribution, from
taking negative values—the hypocycloids allow negative
real parts. In fact the Wilson line dipole correlators of
Eq. (9) are averages of configurations falling into the
interior of the hypocycloid 7y _(#) and thus are even
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FIG. 3. Average group element traces must fall within a

polygon connecting the N th roots of unity. For N, — oo the
polygon will approximate the unit circle.

slightly less constrained: Such an average may fall outside
the hypocycloid but must remain inside a polygon con-
necting the cusps, as illustrated for a few values of N, in
Fig. 3. For N. € Z > 2, where there is a well-defined
interior, the bounding polygon can be parametrized by

O-— 0w o
P ~ cos(mod (6,2) — &)’

again with 6 € [0, 2x[.

Let us emphasize that this is not in contradiction with the
bounds observed for real correlators in earlier simulations.
In fact, consistent, real-valued initial conditions for the gg
and ggg correlators of Eq. (5) during evolution lie between
the fixed points at 1 and 0 and the evolution equation does
not develop an imaginary part starting from a real initial
condition respecting these bounds.

This behavior is in fact a generic requirement on a
consistent evolution equation for Wilson line dipole corre-
lators. To expose the physics content of this statement,
parametrize a point inside the hypocycloid or inside its
bounding polygon by a real factor p € [0, 1] and a point on
the boundary by (6) [with by (6) either given by hy (8) or
pw,(0)], so that the Wilson line correlator (the average)
takes the form

(tr(UU)(Y)/Ne = pay(Y)by (05 (Y)).  (11)

Like for the ingredients of Eq. (9) there are clear symmetry
requirements on p and € in Eq. (11): They must be
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symmetric and antisymmetric, respectively, under
exchange of x and y. If the measurement is both transla-
tionally and rotationally symmetric in the transverse plane
[i.e. in the absence of an additional transverse vector § to
furnish the sign change via a factor §-(x —y)], the
contribution of any antisymmetric function such as 0,
must vanish. In that case Eq. (11) can be reduced to
Syy(Y) = pyy(Y) € [0, 1]; i.e. the solutions are restricted to
the intersection of the hypocycloid with the positive real
axis. (See also Sec. VII where this mechanism is demon-
strated for JIMWLK ensembles.)

The need for additional directional information is a
physics requirement: To be able to see an odderon con-
tribution in an experiment one needs to break rotational
symmetry in the transverse plane such as is done by
measuring a spin asymmetry in STSA. The total cross
section, by contrast, averages over all directions § (in the
average that forms the correlator) and thus forces by — 1.
In this case there is no scope for an average odderon
contribution to couple to the real part visible in Eq. (3); it is
zero throughout.

As a mathematical constraint, one needs an imaginary
part in the initial condition for the average to allow it to
move away from the interval [0, 1] and, in particular, for the
real part to turn negative. (Note that this does not imply that
individual configurations may not fall onto the negative real
axis; see again Sec. VII for explicit examples.)

To conclude this section, we note that the perturbative
limit r — 0 takes (tr(U,Uj))(Y)/Ne — 1 and thus is
associated with strong correlations and the trivial center
element U, U; = 1. The origin on the other hand corre-
sponds to (tr(U,Uy))(Y)/N. = 0 and thus the long dis-
tance limit where the Wilson lines are uncorrelated. The
remaining center elements (at least for N, = 3) correspond
to maximally anticorrelated configurations.

If such configurations are not present with considerable
weight, the averages will not have any chance of being
pulled outside the hypocycloid into the remainder of then
enveloping polygon. The perturbatively motivated initial
conditions discussed in Sec. IV below do not lead to such
behavior despite the presence of noticeable anticorrelation
in one of the examples.

IV. CONSTRAINTS ON THE
INITIAL CONDITIONS

The physics expectations for the total cross section in the
absence of an imaginary part severely restrict the form of
the initial condition. The simplest assumption, based on
exponentiating the 7> behavior of leading-order light
cone perturbation theory, leads to the well-known Golec-
Biernat-Wiisthoff (GBW) [34] ansatz S,, = PRGEIR A
where Q, is the GBW saturation scale. The MV model
modifies this with a logarithmic correction in the exponent,
and evolution at leading order will carry any of these into a
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scaling form entirely imposed by the nonlinear form of the
evolution equation. For our discussion here, all of these
forms are suitable since at leading order (see, however
[35-38]) evolution will quickly readjust these to take on the
features of the scaling form.

If we allow for a nonzero odderon admixture, the choice
of a physically meaningful initial condition for the pair of P
and O needs some thought. At short distance, light cone
perturbation theory leads to Py, o [x —y|* and O, o |x—y|?
[29], but the symmetry properties imposed by complex
conjugation require the presence of an additional transverse
vector § as discussed in Sec. III. We thus expect a short
distance r < 1/Q; behavior of the form

A

Py x 12, Oy & Kr2r - § = kr3F - §, (12)
where r =x —y and 7 = r/r. If we measure both contri-
butions in (12) in the same units, x serves to parametrize the
normalization of the odderon relative to the Pomeron
amplitude. We will see in the following that it is constrained
by the group theory limits on the scattering amplitude in the
dilute limit r — 0.

As discussed in Sec. III, we can impose the group theory
constraints on the amplitude at two levels of rigor.
Physically we would expect that the average amplitude
itself is within the group manifold. In principle, it is also
possible that the average amplitude is within the polygon
region defined by linear combinations of amplitudes in
the group.

In the first, more physical case, this leads in the r — 0
limit to the constraint

Y2 No—2
3

0, <
N.—1

(P2, (13)

Assuming that the Pomeron has the perturbative behavior
P, ~r202/4 (14)

and parametrizing the odderon with a general power law as
O, ~x(rQ,/2)", (15)

this leads to the constraint @ > 3. Thus, the result O, ~ r
of Ref. [29] indeed corresponds to the mildest r depend-

ence allowed by the group theory constraint. Assuming
now the power a = 3 we get the limit

K<ii N. -2
3 {N.—-1N

We want to stress the remarkable nature of this result. With
linear Balitsky-Fadin-Kuraev-Lipatov (BFKL) evolution
the magnitudes of the Pomeron and odderon amplitudes
are only limited by phenomenology. The interpretation of

1
5 (16)
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the scattering amplitude in terms of the Wilson line
immediately places a nonperturbative mathematical upper
limit on the odderon amplitude.

Strictly speaking the averages of SU(N,) matrices need
not be inside the group. Thus, in principle the upper limit
for the odderon follows from restricting the expectation
value of the amplitude to lie inside the N -sided polygon
with corners at the N, roots of unity. This leads in the limit
r—0to

in 2z

N,
<—P,. (17)

r 21 r
1 —cos N

For amplitudes parametrized as in (14) and (15), this leads
to the less stringent limit « > 2. For the limiting power
a=72 the odderon amplitude is constrained to

sin2Z
k(a =2) < —2>. For the value a =3, any value of x
1—‘,051\7C

satisfies this more lax version of the group theory constraint
sufficiently close to » = 0. From larger dipole sizes one
does obtain an upper limit on «, but this limit is universal in
the same way; i.e. it depends on the functional form at
larger r.

As practical initial conditions for evolution including the
odderon, we suggest two possible extensions of the GBW
parametrization:

(tr(UU7))(Yo) /N, = e Q0/4+ikrQy/S85(18)
or
T _ —rr0/4 1303 /% . ¢
X c N
(tr(U,Uy))(Yo)/N. = e "9/ (1 + ixr” Q) /87 -§).  (19)

Exponentiating the real part ensures that both the short- and
long-distance behavior are qualitatively correct: The
x—y — 0 limit produces 1 and the limit x —y — oo
produces 0. We have no similar bias for or against
exponentiating the imaginary contribution, but the two
choices have very different consequences: Ansatz (18)
leads to anticorrelations in the real part while (19) does
not—see Figs. 4 and 5. This is qualitatively different, but
neither option can be excluded on purely theoretical
grounds.

The initial conditions (18) and (19) are visualized in
Fig. 6. As discussed above, in order for the average
amplitude to stay within the group manifold, we must
have k < 1/3. For the functional form of Eq. (19) the
parametrization stays within the triangle allowed for linear
combinations of SU(N, = 3) Wilson lines for

2\/%(6W(—3e‘3/2/2)+3/2)
<
"2 B4 2w(=3e2)2))

~09867,  (20)

where W is the Lambert function, defined as the solution of
7= W(z)e"?). We see that for the other parametrization
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FIG. 4. Perturbatively motivated initial conditions for both real
and imaginary parts (solid blue and red dashed curve, respec-
tively) of (tr(U.U}))(Yo)/Ne = e "t 0fs gt .5 =1
assuming no extreme anticorrelations to drive the correlator
outside the hypocycloid (left) and relaxing this condition (right).
In both cases, real and imaginary parts show modulation only
near Q,(Y).

Re & Im of e 20(1+i3/°Ql) Re & Im of e™" 90(1+i.98:°Q})

.0 0.5 1.0 1.5 2.0 25 3. .0 0.5 1.0 15 2.0 25 3.
rQo rQo

FIG. 5. Perturbatively motivated initial conditions for both real
and imaginary parts (solid blue and red dashed curve, respec-
tively) of (tr(U U§))(Yo)/N, = e " QHixr s at p.§ =1 as-
suming no extreme anticorrelations to drive the correlator outside
the hypocycloid (left) and relaxing this condition (right). In
both cases real and imaginary parts show modulation only

near Q,(¥o).

(18), the amplitude stays within the triangular region for the
same values k.

In both cases, k < 1 so that real and imaginary parts show
modulation only near Q,(Y,) and thus provide perturba-
tively consistent starting points for evolution in a calcu-
lation where Q,(Y) is assumed to be in the perturbative
domain. Note that the size of the odderon peak (the
maximum of imaginary parts shown in red in Figs. 4
and 5) is severely limited by the bounds on «.

V. GAUSSIAN AND HIGHER-ORDER
EXPONENTIAL TRUNCATIONS

The dependence of the Wilson lines on the factorization
rapidity that separates the small- and large-x degrees of
freedom in the CGC formalism is given by the JIMWLK
equation [3-13] or equivalently by the Balitsky hierarchy
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2 3
—r ke
€

—r? 3
e " (1+ikr”)
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FIG. 6. Perturbatively motivated initial conditions for
Pomeron + odderon configuration averages. Lowest-order per-
turbative calculations yield > and r* behavior for small
r = |x —y| in the Pomeron and odderon channel, respectively.
The plots show how different initial conditions seeded with this
behavior at small r traverse the complex plane. In the para-
metrizations shown k parametrizes the ratio of characteristic
scales in the Pomeron and odderon sector. To fall into the allowed
region || must be small (|| < % blue; x < .98, dashed red and
blue lines), which limits the possible size of the Pomeron
contribution in the initial condition; see Figs. 4 and 5.

[14—-17]. The Balitsky hierarchy is a coupled set of integro-

differential equations for operators made from products of
Wilson lines. The first equation of the hierarchy is

d o ~
a3 0UD) =% [ daky

dy
x (Ute(1U P U}) — Cptr(U,LUY)),
(21)
where I~Cm = % It relates the rapidity dependence

of the dipole operator to a combination of dipole and three-
point operators. The equation is derived by considering the
emission of one soft gluon from the dipole; it is therefore
not surprising that the three-point function involved is the
same as in the STSA cross section (5). Using the Fierz
identity, Eq. (21) becomes

d /w(UU)\  aN. .
A S S A W dz C
dY< N, 22 )
[ wUU) w(ULU5) (U, Uy)
N, N, N '

(22)

This form is often used to truncate the hierarchy by
factorizing

<MM> g<tr(UxU;)> <tr<uxU;>>

Ne Ne Ne Ne

(23)

in the spirit of an independent scattering approximation for
dipoles. The resulting closed mean-field equation
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d /w(UU))\  aNe
N, T2

dYX KH%CU;)> <tr([i7cU;)> _ <tr([ﬁ‘cU;)>} o)

is the Balitsky-Kovchegov equation [14,22] and is a crucial
tool in practical phenomenological applications of the CGC
formalism.

To develop a better understanding of the possible physics
content of the correlators in Eq. (5) and their IMWLK
evolution, we now turn to a set of systematically extendable
truncations of the Balitsky hierarchy associated with the
dipole operator, the simplest of which is known as the
Gaussian truncation.

The motivation and prototype of this truncation is a
procedure applied to the calculation of the gluon density in
the MV model already in Ref. [3] and heavily reused since
[31,39-43]. The method relies on the fact that Wilson lines
are given as path-ordered exponentials in the gauge field as

U, = Pexp {ig / dx-A;:;;ta} (25)

42K,

and the assumption—intrinsic to the MV model—that the
correlators of the A field in the exponent obey Gaussian
statistics with only a local correlation in the longitudinal
coordinate

FATEAYE) =80 =y )6"G sy (26)
The MV model further assumes a specific form of the
correlation function

a)%a;Gx’,xy = g2ﬂ2 (x_)(sxy’

(27)

but the latter is not a necessary ingredient for the trunca-
tions and will not be assumed in the following.

One advantage of such a procedure is that all possible
correlators with any number of Wilson lines automatically
obey all group theoretical relations imposed in any possible
coincidence limit, such as the relationships listed in Fig. 7.
More generally, we can achieve this feature by parametriz-
ing Wilson line correlators in a Gaussian manner via

" dn'lk [ Gu(n)iV5iVE]

(o)) = (Pyem T - Yno), (28)

where we have replaced x~ by a general coordinate space
longitudinal (rapidity) variable 7 ~Inx~. Practically,
Eq. (28) allows one to find a parametrization for any set
of correlators with consistent coincidence limits (such as
listed in Fig. 7) by solving the functional differential
equation

1

(FIUD() =~ / (Gu(NEVIFU ) (29)

d
dn 2
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FIG. 7. Correlator relations between ¢gg, qg and gg.
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to parametrize some singlet observable (F[U]) in terms of
the two-point correlator G,,. The simplest example is the
qq correlator with F[U] — tr(U,U})/N, for which this
functional equation indeed turns into a closed differential
equation. For more complicated operators such as ¢>g?, the
functional equation turns into a set of coupled differential
equations that need to be solved simultaneously. The
expectation values of several different Wilson line operators
with a Gaussian weight have been calculated in the
literature, e.g. in Refs. [3,31,40-45].

The simplest generalization of the Gaussian truncation is
what we will call the three-point exponential truncation.
It includes the two-point contribution from the Gaussian
truncation but adds all mathematically independent three-
point functions to the exponential. This can be summa-
rized by

o =(raesed ["ar |3 [ Gulnivaives, [ Ghinaniviiviivs

Mo

1

3' uvw

As indicated there is, in principle, no obstruction to higher
n-point functions to this parametrization functional.

Note that in Eq. (30) both G and G¢ are fully symmet-
rical under exchange of any pair of transverse coordinates,
while G/ has slightly more complicated features but will
not enter any of the correlators in Egs. (3) and (5) so that we
have no need to discuss it in any more detail.

We choose G,, =0 and G, =0 as this simplifies
some of the expressions below from the outset. The
correlators in Eq. (21) then take the form

(U, U}
Sy = M = ¢~ CrGxy (31a)
N,
and
ab a byt
ULt Uet"Uy)) (G, 1G,y-G)~Ciy, (31b)
2N Cg

where

gxy(n) = (P + io)xy (31C)

whose real and imaginary parts are literally the P and O
introduced as parametrization functions of the complex
number (tr(U,U}))(Y)/N,.. The truncation procedure
asserts that they also consistently parametrize the ¢gg
correlator and provides an explicit expression of G in terms

X — Gl (1) f¢iVEIVEIVE, + 4 pts} }(170)> (30)

[
of G and G? and their respective initial conditions
at o

n
Py ) = / 0 Gy + Py (110) = Py 1), (320)
Mo
0,0 =S ["any (Gl - Ge,) +i0
lxy ’7) = ; ’7( yxx yyx)+l xy(’70)
= —iOy(n). (32b)

Strikingly, the observables considered here do not allow
access to Gy, with all three coordinates independent
despite the fact that the ¢gg correlator features three distinct
coordinates. For G,,, to occur with its full coordinate
dependence one needs for example a protonlike state which
remains outside the scope of this paper.

In the literature one often uses the same notation for the
factorization rapidity Y and the longitudinal coordinate in
the path-ordered exponential 7 (or In x™). With the physical
interpretation given above these are, however, not the same
quantity. The coordinate x~ that gives the interpretation of
the Wilson line as a path-ordered exponential in the color
field is a spatial coordinate along the trajectory of the path-
ordered exponential. The local structure of the correlation
function in the longitudinal coordinate essentially imposes
the Gaussian property on the distribution of Wilson lines,
since these are made up of independent infinitesimal
increments. The coordinate x~ is, however, not directly
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related to an experimental observable, but cross sections
always depend on Wilson lines integrated over x~.

The rapidity Y, on the other hand, is a longitudinal
momentum scale separating large- and small-x degrees of
freedom in the CGC formalism. The scale Y is a factori-
zation scale in the renormalization group evolution and
should be chosen according to the typical longitudinal
momentum scale in the studied scattering process. A loose
uncertainty principle argument states that for a momentum
space scale Y, the fields in the target are localized in a
coordinate space interval Ax~ ~ exp{Y}. Thus, identifying
n and Y is indeed justified at the leading logarithmic level
(but not at higher orders in perturbation theory). This
identification is not needed or used anywhere in the present
calculation and we will keep the separate notation for these
two variables.

It is important to realize that Eq. (29) is a parametrization
equation that expresses singlet Wilson line correlators in
terms of a two-point function whose Y dependence needs to
be derived separately or is known a priori. Thus, the
solutions of the parametrization equation, e.g. Eqgs. (31a)
and (31b), have an unknown dependence on the factori-
zation rapidity Y that will need to be derived from the actual
QCD dynamics.

One way to derive an equation for the dependence of the
two-point function G on the factorization rapidity Y is to
take the solutions of Eq. (29) and insert them into the
appropriate equations from the Balitsky hierarchy. Every
equation of the hierarchy leads to a different equation for G.
Choosing this equation to be the equation (21) for the
expectation value of tr(U, U;) /N, dipole leads to a
Gaussian truncation of the JIMWLK hierarchy.

It is also possible to rewrite the parametrization
equation (30) in terms of a more abstract longitudinal
|
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coordinate, which can then be chosen to be equal to the
evolution rapidity. This procedure can be used to simplify
the coupled evolution equations for more complicated
higher-point operators of Wilson lines [31], at the expense
of losing the physical interpretation of the longitudinal
coordinate. Here we will concentrate on the evolution
equation for just the dipole operator and can easily remain
with the physical interpretation of # as being related to x~
and distinct from the momentum rapidity Y.

As indicated in Eq. (32), the effective two-point
functions do show the required symmetry properties of

(tr(U,U}))/N, under complex conjugation; one obtains a
consistent gauge-invariant truncation of the associated
Balitsky hierarchy with the evolution equation

d

130 = [ ek (1 = ety (33
T

which obviously couples real and imaginary parts.
Equation (33) generalizes the large-N_ results of [29,30]
to finite N,.

The solutions to the parametrization equations (31) and
thus the evolution equation (33) differ from their BK
counterpart for the total cross section in the Gaussian
truncation only through a nonvanishing imaginary part
iO # 0 appearing in G. Indeed iO =0 and P € [0, 0] is a
consistent solution to this equation which leads to a
successful phenomenology for HERA data at small x
[46]: If the initial condition for G is real, the equation
never generates an imaginary part. This can be seen from
the coupled equations for the real and imaginary parts
explicitly:

d s Ne N,

pry(y) = %/ dZZszy [1 — e 2 PutPy=Pyl(¥) cos (7 [Oxz + Ozy - OxyKY))] ’ (343)
d O _Ne - . Nc
&oxy(y) = ?/ 42K, [e [Pt Py=Psl(¥) gin (7 Oy + Oy — Oxy}(Y))} . (34b)

VI. EVOLUTION IN THE THREE-POINT
EXPONENTIAL TRUNCATION

There are many different ways to rewrite the equation
before implementing it numerically. The most prominent
among these is the possibility to map (33) into the BK
equation, as noted in [1]. Let us briefly recapitulate how
this is done. Inserting the Gaussian correlator parametriza-
tions of the three-point exponential truncation (31) into the
first equation of the Balitsky hierarchy (21) and canceling
an overall factor of N, we get

d

—CxG,
— e~ CrYxy
dy

Q C, F ~
=

X (e_%[gxz"'gzy_gxy]_Cngy — e_Cngy). (35)

From here it is straightforward to arrive at Eq. (33) after
canceling an overall factor e~“*% common to both sides.

To derive the relation between the BK equation and the
Gaussian truncation one starts by multiplying both sides of
Eq. (33) with —%e‘?chy, leading to the alternative form
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x (e~ F10tGs) — =50 (36)

for this evolution equation. Now, after identifying
SBK i= ¢~ (37)
it is manifest that Eq. (36) is equivalent to the BK equation

ach

d BK _ % Ve
2 2

E Xy dzzlcxzy (SJI?ZKSEVK -

SE). (38
Equations (33), (35), (36), and (38) are all equivalent: They
all determine the evolution for the same function G and will
lead to the same Y dependence provided we set the same
initial condition on G. The difference between the Gaussian
truncation and the large-N. BK equation (in the sense
the term is commonly used) is in the relation between the
physical scattering amplitude and the solution of the evolu-
tion equation. In the large-/N, limit the solution of the BK
equation SPK is assumed to be the physical scattering
amplitude. In the finite-N. Gaussian truncation the physical
scattering amplitude is related to the fundamental two-point
correlator G by (33) and to the solution of the BK equation by
(36). Thus the physical scattering amplitude is obtained from
the solution of the BK equation as

(U, U} 25
Sey = < (Nc y>> = (S50 (39)

Thus the real and imaginary parts of the physical dipole
operator in the Gaussian truncation S, expressed in terms of
the real and imaginary parts of the BK-evolved dipole, read

2Ck ImSEF
ReS,, |SBK\N cos { N, arctan ReSEK [ (40)

BK
xy

BK

ImS,, = |S§yK|% sin {ZTCCF arctan :;gxy } (41)
Note that a purely real solution of the BK equation still gives a
purely real dipole expectation value, but the presence of an
imaginary part in the BK equation affects both the real and
imaginary parts of the physical dipole.

Separating the identity from the BK-equation dipole
operator SPK, one gets the scattering amplitude NE¥ =
1 — SBK, where r =x —y. In line with our earlier con-
ventions in Eq. (9) we denote its real and imaginary parts as
PBK := Re(NBK), the BK Pomeron and OB¥ := Im(NBK),
the BK odderon. In terms of these, the evolution equa-
tion (38) now becomes a set of two real integro-differential
equations

PHYSICAL REVIEW D 94, 054014 (2016)

dP?K a,N,
dY 271, d2 ! /2 //2 (PBK + P
— PPX — PEKPEK + OBKOEK), (42)
dOBK  a.N, r
v = a2 | 9T (0K + OpF - OFF
— PEROBK — OBKpEK), (43)

where " = r —r. These equations are identical to those

derived in Refs. [29,30] in the large-N, limit. As discussed
above, what changes at finite N, in the Gaussian truncation
is the relation between the solution of these equations and
the physical scattering amplitude, which is now given by
Egs. (40) and (41).

Recall that from the definition of S, it follows that
S; = §_,. This in turn imposes separate symmetry proper-
ties on the real and imaginary parts of G = P + iO which
are correctly reproduced by our truncation in Eq. (32). Via
(37) they directly imply that SEX* = SBX. Thus the real and
imaginary parts of the amplitude are odd or even under
reflections:

PEK — PEK, (44)

08K = —OBK, (45)
For the linear BFKL part of the equation it is particularly
convenient to decompose the solution to the evolution
equation in terms of eigenfunctions of the kernel, both in |r|
and in azimuthal angle. For the nonlinear case it is more
convenient to continue working in r space, but we can
still perform a Fourier series expansion in the azimuthal
angle. The symmetry (44) and (45) dictates that the
Pomeron and odderon can only have even or odd harmon-
ics, respectively:

PBK = ZP

) cos(2ne,), (46)

cos((2n + 1)gp,), (47)

Z 02n+l

where ¢, is the angle of the vector r with respect to an
(arbitrary) reaction plane. Based on the known BFKL
dynamics in the linear regime, we expect the small
azimuthal harmonics to dominate in the high energy
regime. Our working hypothesis here is that the same is
true also in the nonlinear case. This allows us to efficiently
study the equations by truncating the series and only
keeping the lowest harmonics. We can control the error
made in this approximation ex post by calculating the
rapidity dependence of the first neglected term in the series
from the ones that are kept.
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A quick examination of Eqgs. (42) and (43) reveals that
the usual azimuthal P5X(r) is a fixed point of the equation.
Including the lowest odderon harmonic OFX(r) will gen-
erate a second Pomeron PSX(r) through the (OBX(r))?
term in (42), which again will generate a higher O5X(r)
harmonic through the nonlinear PPXOBX coupling in (43).
In this way, including an odderon will automatically
generate an infinite tower of higher harmonics in both
the odderon and the Pomeron amplitudes. In principle, it
could thus be possible that, through this coupling, an
odderon component would have an observable signal in

dO%¥¥(r)cos® aN. [ ,, r?
v 22 7"

— PEE(F)OBR(r") cos 0" — OBK (¥ )PEK(r") cos 0'),
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a P-even observable such as dijet correlations at an
electron-ion collider [47].

For this first numerical study we have truncated the series
to the smallest harmonics of both the Pomeron and odderon,
i.e. PEX(r) and OB (r), by dropping the OBX OEX term from
the Pomeron evolution equation (42). With this truncation,
the Pomeron amplitude stays rotationally invariant and the
odderon equation (43) can be solved as such with only the
lowest harmonic O2K (7). To see this explicitly, note that with
only the azimuthally symmetric component in the Pomeron
amplitude, we can write the odderon equation as

x (OBX(¥) cos @ + OBK(+") cos 0" — OBK(r) cos 0

(48)

where 0, 0’ and 0" are the angles of r, ¥’ and ¥’ with respect to the x axis. In practice we can solve Eq. (43) by choosing the vector

rto lie on the x axis, with thus cos ¢, = 1. To show explicitly that this is the case, we use (#)? = r? + (')? = 2rr' cos(6 — &)

and cos @ = (rcos@ — ' cos@')/r" to write this as

dO¥¥(r) cos @ _ asl\ic drdey
dy 27

+ (1= PG 08<(r)

e

1 — PBX(¥"))OPKi(") cos ¢/

rcos — r' cos @

/!

. — O%%(r)cos0]|.

(49)

We then take ¢ = 6’ — 0 as a new integration variable and use the identity cos(6) = cos ¢ cos 0 — sin ¢ sin 6. Now the terms
that are proportional to sin @ are also proportional to sin ¢ times an even function of ¢ and vanish upon integration over ¢,
leaving every term on the right-hand side of Eq. (49) proportional to cos 8. Thus, as discussed earlier, with this approximation of
a f-independent Pomeron amplitude the equation for the cos € harmonic of the odderon closes. We can cancel the cos € from
Eq. (49), and we are left with the truncated set of equations

dPgK(r)_ach/ ,, T

= r
dy 272 22

dOBX(r) N 2

L= / dr’dqﬁr’m[(1—PgK(r”))OBKl(’/>cos¢+(1—PEK(r/))O‘fK(r”)

with ()2 = r> + (r')> = 2rr cos ¢.

We will now proceed to numerically solve Egs. (50)
and (51). We will parametrize the initial condition as in
Eq. (19):

_o2p
P = 1-e{T20L (5

) 3.3
M (r)ly-g = wexp{ XL (A7), (53

with the maximal value x = 1/3. Figure 8 shows the
resulting amplitudes. For the Pomeron part one sees the

(PBK() + PEK()-PEX (1) = PE()PEK(7)). (50
mrest_omn). s

familiar “traveling wave” solution moving towards smaller
dipoles with rapidity. The odderon amplitude, on the other
hand, merely decreases in magnitude but its characteristic
dipole size scale does not decrease. This behavior is
quantified further in Figs. 9 and 10, showing the height of
the odderon amplitude peak as a function of rapidity and the
ratio of the (BK) odderon to the (BK) Pomeron amplitude.

In the calculations presented above, we have neglected the
odderon squared term in the evolution equation. This can be
justified by the fact that, since it has not yet been unambig-
uously observed experimentally, the odderon amplitude can
be expected to be small. Also expectations based on the linear
evolution equation would lead to an odderon amplitude that
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FIG. 8. Evolution of the Pomeron (left) and odderon (right) amplitudes according to Eqs. (50) and (51) with the initial condition (19)
with k = 1/3.
decreases as a function of rapidity [29,30]. Within the
Ofax () truncation of the harmonic series (46) and (47) one can

0.100 -

0.050

0.010 -

0.005

Y

2 4 6 8 10

FIG. 9. Plot of the height of the odderon peak (as shown in
Fig. 8) as a function of rapidity. Three different values x = 1/3,
1/6 and 1/12 are shown.

o)
PEX(r)
0.25F — Y=0
—Y=1
—Y=2
0.20F ~yes
— Y=9
0.15F —Y=10
0.10F
0.05F
. . . . . B
10° 10° 10% 0.001 0.010 0.100 1 10

FIG. 10. Ratio of O(r)/P(r) for k = 1/3 as a function of r at
different rapidities.

estimate the size of this approximation by evaluating the
contribution of the first neglected term on one time step, i.e.
the contribution of the odderon squared term to the evolution
equation of the Pomeron. As discussed previously, the square
of the odderon term OBX(r) cos @ gives both a #-independent
and a cos 26 contribution to the evolution equation of the
Pomeron. We denote the coefficients of these by a; and a,;
ie. we write

dgiK = [BK] + a,(r) + a,(r) cos(26,).

(54)

We can now compare the odderon terms to the rotationally
invariant solution. Figure 11 shows the initial condition for
the fairly large value of xk = 1/3. It can be seen that the
odderon squared terms are negligible in the small-r region
that drives the evolution. The #-independent a; term is
particularly small, while a, is slightly larger. We conclude

APE()
AY
0.06 -
— BK
0.041 )
— ax(n)
0.02+
‘ ! ‘ s p
107 107 0.001 0.100 ‘\/10
FIG. 11. Contribution to AP,/AY in one step in rapidity from:

the BK equation, a;(r) and a,(r), with the maximal odderon
amplitude x = 1/3.

054014-12



JIMWLK EVOLUTION OF THE ODDERON

that the main effect of the nonlinear odderon term is not to
modify the evolution of the rotationally invariant P§¥(r)
amplitude but to introduce a small cos26 term into the
Pomeron.

VII. FULL LEADING-ORDER JIMWLK
EVOLUTION WITH ODDERON ADMIXTURE

Since the evolution equation (33) or (34) is the result of a
truncation of the full functional JIMWLK evolution, one
may legitimately ask if the truncation deviates quantita-
tively or even qualitatively from a full JIMWLK simula-
tion. This can be performed at leading order or at partial
next-to-leading order with running coupling corrections
included. Since in this paper we are only interested in
qualitative behavior we have, for simplicity, chosen the
former option.

What is quite remarkable is that the only thing that needs
to change to perform a simulation run is the initial
condition. The Langevin simulation governing JIMWLK
evolution is carried out on a square transverse grid. A
simulation for the total cross section starts from an initial
condition that treats both of the principal directions of the
transverse plane in the same way. To obtain an odderon
admixture one must break this lattice remnant of rotational
invariance and introduce a bias towards one of the
directions into the initial condition—the code used for
evolution needs no modification at all.

In this work we investigate the properties of the parity-
odd initial states with the following simple setup: We use a
lattice of size L? with periodic boundary conditions. First
we generate an ensemble of standard parity-even initial
states with a probability distribution

P(Retr(UxU;)) ox exp(—(x — y)?/4R?), (55)

using the methods described in [19]. This generates
configurations with saturation scale Qg ~ 1/R. The expect-
ation value of the imaginary part of (tr(U,U}))/N,
vanishes and its real part falls into the interval between
0 and 1. Such an ensemble is a suitable starting point for a
simulation without an odderon admixture.

To introduce an odderon contribution one needs to
generate an imaginary part. A convenient way of doing
so is to consider a “potential”

V[U)(x) = ay_Imtr(U, Uy)f(x - ), (56)

y

where a is a small real parameter and f is an odd function
of r that breaks the symmetry between the two coordinate
directions:

esae (= (L/2)°)(3 = (L/2)°)

= (57)

flx) =xe

PHYSICAL REVIEW D 94, 054014 (2016)

The last part of the expression merely ensures that f(x)
vanishes at the boundaries x; = £L/2 so that no disconti-
nuities arise there.

We use a left derivative to define the force induced by the
“potential” V as

Fa(x) = _aZRetr(;LaUxU;)f(x _y) (58)

and make an update U, — e®"«()4 /. This update is
repeated a few times for all sites x. The magnitude of the
parity-odd contribution can be modified by adjusting the
constant a and the number of update steps.

In Figs. 12-14 we show the behavior of the real and
imaginary parts of tr(U,U;) as measured on L2 = 1282
lattices, using (a) no, (b) mild and (c) very large odderon
contributions, respectively. Let us discuss the three cases
in turn:

1.0 //——qur\uj) /N.€C 10 (tr(UxU,))/N. € T
05
N
0.0 }
v g
-05
-1.0
10 -05 00 05 1.0
1o Re(tr(U,U)) /N, . Im(tr(U,U))/Ne
0.8
0.6
0.4
0.2
0.0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
[z —y|A |z —y|A

FIG. 12. Leading-order Langevin simulations with curves for
different Y values at N, = 3 without an odderon admixture. The
top row shows a density histogram of individual trace values (left)
and averages (right) for configurations pulled from the ensembles
through some Y range. The dipole tr(U, Uy' )/N. becomes 1 in the
short-distance limit. This is why the distribution exhibits a strong
maximum there. Note that the configurations cover much of
the allowed range with only a small fraction falling near the
maximally anticorrelated corners at e®2%/3. The density distri-
bution is symmetric under reflection about the real axis. The
averages fall into the real interval [0, 1], despite the fact that many
individual configurations show negative real parts. The bottom
row shows real and imaginary parts of the correlator averages for
a number of Y values. The real part exhibits the familiar approach
to scaling (curves move “left” with increasing Y) and an
imaginary part that is zero within good accuracy with only small
fluctuations visible.
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FIG. 13. Leading-order Langevin simulations with curves for
different Y values at N, = 3 with a moderate odderon admixture.
The top row shows a density histogram of individual trace values
(left) and averages (right) for configurations pulled from the
ensembles through some Y range. Note that, as in Fig. 12, the
configurations cover much of the allowed range with only a small
fraction falling near the maximally anticorrelated corners at
e™27/3_ The density distribution now shows a small bias towards
positive real parts that leads to a nontrivial imaginary part in the
averages. These move towards the real axis as Y increases. The
bottom row shows real and imaginary parts of the correlator
averages for a number of Y values. The real part now shows a
small amount of anticorrelation which is erased quickly. The
overall trend is an approach to scaling behavior very similar to
that of the odderon-free simulation of Fig. 12. The imaginary part
is small and erased in place as Y increases. The two contributions
behave in a qualitatively different manner: approach to scaling for
the real part (the Pomeron) decay for the imaginary part (the
odderon).

(a) No odderon in the initial state.—The ensemble is
generated to follow Eq. (42) with no distortion applied
so that the average

(tr(UUN)(Y)/N, €[0,1] forall Y.  (59)

The imaginary part vanishes in the initial condition
and none is generated during evolution. This can likely
be traced back to the adjoint nature of the Wilson lines
“dressing” the Gaussian noise in the Langevin version
of the leading-order IMWLK equation. Note that this
holds despite the fact that individual configurations
tr(U,Uy)/N, occur anywhere inside the hypocycloid
allowed by the constraints discussed in Sec. III. Plots
illustrating this simulation are shown in Fig. 12. The
top left displays a density histogram of configurations
tr(U,Uy)/N, which almost fill the whole allowed

PHYSICAL REVIEW D 94, 054014 (2016)

LU/ N. € G 1.0

(tr(ELU})) /N, € C
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0 10 20 30 40 50 60 0 10 20 30 40 50 60
|z —y|A |z —y|A

FIG. 14. Leading-order Langevin simulations with curves for
different Y values at N, = 3 with a maximized odderon admix-
ture. The layout repeats that of Figs. 12 and 13. The density
histogram now shows a second maximum at ¢’>”/3, a strong
anticorrelating distortion of the initial condition. This manifests
itself in averages that (initially) push outside the hypocycloid into
the triangle connecting the 3rd roots of unity, as discussed in the
text. With this come strong anticorrelations in the real parts in the
initial condition. These features that are extreme in the initial
conditions nevertheless are erased during evolution which again
approaches scaling form. The imaginary parts are maximized in
the initial condition beyond what we expect to be physical, but
the overall behavior is the same as for a moderate odderon
admixture: The odderon contribution is erased in place.

region. Note that the density is lowest at the anti-
correlated cusps corresponding to e*%/31 and that the
distribution is symmetric under a reflection along the
real axis. As a consequence, Eq. (59) is satisfied for all
Y, as shown top right. The plots in the second row
show real and imaginary parts as a function of dipole
size.> The real part shows the familiar decay of the
correlation length R (Y) and will develop scaling
behavior if allowed to evolve far enough.

(b) A moderate odderon admixture to the initial state.—
Plots illustrating this simulation are shown in Fig. 13.
The density histogram for individual configurations
tr(U,U})/N, shows a bias towards a positive imagi-
nary part, which is confirmed by the averages
(tr(U,U}))(Y)/N, shown top right. Along with the
appearance of an imaginary part, one observes that the
real part shows negative values—anticorrelations
appear. This simulation is qualitatively close to what
we have discussed in the context of the truncations

*Units can only be assigned after a data fit, which is not the
goal of this publication.
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with a perturbative boundary condition, although no
effort was made to create a literal > behavior for the
initial condition.

The striking feature of this is the qualitatively
different behavior seen in the Y dependence of real
and imaginary parts. While the real part does exhibit a
small anticorrelation for r =2 R, = 1/Q, the evolution
of R and the approach to scaling are affected very
little by the presence of an imaginary part. The
imaginary part is not characterized by a moving Y-
dependent scale; it shows a single, clearly developed
maximum that remains largely at the same distance
scale as Y changes. The dominating feature of evo-
lution is that the height of the maximum shrinks—the
odderon is erased in place.

(¢c) A maximized odderon admixture in the initial state.—
Plots illustrating this simulation are shown in Fig. 14.
The initial condition is maximally distorted and the
distribution of trace values has developed a second
maximum in the maximally anticorrelated region at
€i2”/3]].

This is an extreme case that we have included to
illustrate the features of IMWLK evolution. Due to the
extreme initial condition, the dipole averages start to fall
outside the hypocycloids and the lattice is too small for
the real part to reach zero at large distances. Never-
theless, the behavior of the imaginary part still mirrors
that of the realistic odderon admixture: The odderon
does not move; it decays in place. We conclude that both
the scale shift for the real part and the fixed scale decay
for the imaginary part of the dipole correlator are
genuine features of JIMWLK evolution, irrespective
of the details of the initial condition.

VIII. DISCUSSION

In this paper we have shown how to derive the high
energy evolution equations for the odderon amplitude using
a consistent three-point truncation of the Balitsky hierarchy.
In the large-N, limit our solution recovers that of [29,30].
Decomposing the amplitudes in terms of Fourier harmonics
yields an infinite series of coupled equations. Due to the
nonlinear relation between the real and imaginary parts of
the physical scattering amplitude, and the solutions of the
corresponding BK equation [see Eqgs. (40) and (41)], the
presence of any odderon component introduces an angular
dependence at all harmonics n into the scattering ampli-
tude. This correlation vanishes in the large-N. limit and
would therefore not have been accessible previously. This
coupling between the odderon amplitude and higher
harmonics could allow for a quantitative experimental
access to the odderon component in multiparticle correla-
tions in future precise DIS experiments [48].

By truncating the harmonic series to the first nontrivial
terms for both the Pomeron and odderon parts, one gets a
closed nonlinear equation for the energy dependence of the

PHYSICAL REVIEW D 94, 054014 (2016)

odderon amplitude. We have presented the first numerical
solution to this equation available in the literature. We have
then completely independently confirmed these results with
a numerical lattice solution of the full IMWLK equation
with an initial condition containing an odderon component.
Both of these numerical calculations have confirmed the
earlier analytical conjectures based on the linear BFKL
limit [29,30], showing that the odderon amplitude
decreases with increasing collision energy. This observa-
tion justifies the truncation of the higher harmonic terms
used in the BK-like numerical evaluation (the JIMWLK
simulation needs no such truncation).

The odderon appears in full IMWLK evolution only by
preparing its initial conditions in a way that breaks rotational
invariance in the transverse plane. This mirrors directly what
is happening in a measurement process: The ensemble we
average over needs to break rotation invariance in both cases.
In an experiment this can be achieved by measuring polar-
izations, as is done in an STSA measurement. The total cross
section as an average over a fully symmetric unbiased set of
events will not be able to couple to the odderon at all. (Not
even through mixing of real and imaginary parts during
evolution—there are no average imaginary parts to begin
with and none are generated during evolution.) A targeted
observable on the other hand, like STSA, can give access to
the imaginary parts of Wilson line correlators directly. Once a
preselected ensemble of events generates such imaginary
parts in the average, they also impact the real parts and may
even trigger anticorrelations there. The mechanism for this
mixing in full IMWLK lies in the nonlinear nature of the
evolution equation. Judging from the agreement between full
JIMWLK evolution and the numerical results in the three-
point exponential truncation it would appear that this non-
linear mechanism is well captured in the truncated theory.

The coupling of the odderon component may not have a
strong effect on high energy asymptotical behavior even of
targeted observables—as we have demonstrated, the odd-
eron still decays with energy even beyond the linear BFKL
approximation. At realistic collider energies the question is
still open, but only if we consider tailored experiments of
sufficient accuracy. If the presence of an odderon contri-
bution comes with anticorrelations in the real parts in its
initial condition, this might open new avenues to access
them experimentally.
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We study unequal rapidity correlators in the stochastic Langevin picture of Jalilian-Marian—Iancu—
McLerran—Weigert-Leonidov—Kovner (JIMWLK) evolution in the color glass condensate effective field
theory. We discuss a diagrammatic interpretation of the long-range correlators. By separately evolving the
Wilson lines in the direct and complex conjugate amplitudes, we use the formalism to study two-particle
production at large rapidity separations. We show that the evolution between the rapidities of the two
produced particles can be expressed as a linear equation, even in the full nonlinear limit. We also show how
the Langevin formalism for two-particle correlations reduces to a Balitsky-Fadin-Kuraev-Lipatov (BFKL)
picture in the dilute limit and in momentum space, providing an interpretation of BFKL evolution as a

stochastic process for color charges.
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I. INTRODUCTION

Multiparticle correlations, in both azimuthal angle and
rapidity, are becoming an increasingly important exper-
imental tool to access the properties of QCD in high energy
collision systems. There is an intensive debate (see e.g., [1])
on the origin of the structure of azimuthal correlations in
small (proton-proton and proton-nucleus) collision sys-
tems, where QCD correlations already present in the
colliding objects compete with the effects of particle
reinteractions (such as hydrodynamical flow or escape
bias) in the later stage of the collision. In order to fully
sort out the interpretation of the experimental results, it is
important to fully understand the QCD dynamics leading to
particle correlations. In particular, a characteristic feature of
a hydrodynamical-like azimuthal correlation in a hadronic
collision is that it extends far in rapidity [2]. Whereas
effects at later times, such as resonance decays, have a very
short range in rapidity, effects that extend to large rapidity
separations must originate early in the collision. This is the
case both for hydrodynamical flow, which is sensitive to the
coordinate space geometry that is similar at all rapidities,
and for correlations between the partons in the colliding
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hadrons. Therefore, one needs to understand in QCD how
the production of particles in high energy collisions is
correlated across large rapidity separations.

The color glass condensate (CGC; see e.g., [3-5]) is an
effective theory of QCD for high energy processes. It is
based on a separation of scales between “fast” large-x
degrees of freedom (d.o.f.) that are integrated out into
an effective description and the soft small-x gluons that are
the relevant d.o.f. for high energy scattering. The longi-
tudinal momentum cutoff separating these two scales can
be varied, and the effect of changing it absorbed into a
renormalization of the effective description as a function of
the longitudinal momentum (or rapidity) scale. This pro-
cedure leads to the JIMWLK' evolution equation [6-16],
which can be used to resum leading logarithmic (in energy
or x) corrections to QCD scattering cross sections. In
practical calculations, the convenient d.o.f. for describing
high energy QCD scattering is the Wilson line (see e.g.,
[17]). This is the eikonal scattering amplitude for a partonic
probe passing through the target color field. In the CGC
picture, the Wilson lines at each point in the transverse
plane are stochastic variables drawn from a probability
distribution; it is this probability distribution whose
dependence on the rapidity ¥ =1In1/x is given by the
JIMWLK equation. An equivalent formulation for the
evolution of the probability distribution is provided by
the Langevin formulation [18], where the Wilson lines
themselves depend on rapidity through a stochastic partial

'"The acronym stands for Jalilian-Marian—Iancu—McLerran—
Weigert—Leonidov—Kovner.
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differential equation involving a random noise. In addition
to providing a more direct physical picture of the evolution,
the Langevin formulation is the basis for numerical
solutions of the IMWLK equation [19-21].

The most common phenomenological applications of the
CGC framework involve processes in which one needs only
the Wilson lines at one rapidity. This includes deep inelastic
scattering (DIS) cross sections [22—-30], where the relevant
rapidity depends only on the energy of the incident virtual
photon, and single inclusive particle production [31-40],
where it is determined by the kinematics of the produced
particle. This is also true for multiparticle production
[41,42], if the produced particles are close to each other
in rapidity. The situation becomes more complicated, how-
ever, if one is interested in the correlations between particles
that are separated by a parametrically large rapidity inter-
val AY > 1/a.

For the case of two dense projectiles, there is a
formalism, developed initially in [43], in which one follows
a separate JIMWLK evolution for each of the colliding
nuclei (see also [44] for a discussion). While the theoretical
status of this formulation is still poorly understood (see e.g.,
the calculation reported in [45] suggesting that the decor-
relation speed in rapidity is not an infrared safe quantity in
this framework), it has been used in some phenomeno-
logical applications [46]. It has also led, via a kp-factorized
approximation, to the “glasma graph” or related calcula-
tions of multiparticle correlations in small collision systems
[47-53]. In a perturbative language, the correlation in these
calculations originates from two particles being produced
from different Balitsky-Fadin-Kuraev-Lipatov (BFKL) lad-
ders. This contribution dominates when both the projectile
and the target are parametrically dense, so that there is no
suppression for having additional ladders between them.
In this sense, these are “dense-dense” calculations, even if
done in a kr-factorized approximation. On the other hand,
when both the projectile and the target are dilute, correlated
semihard particle production should be dominated by
production from a single ladder, or the “jet graphs” in the
language of [52,53]. Here, perturbative calculations of
azimuthal decorrelations between these (Mueller-Navelet)
jets have been performed, even at the next-to-leading-order
(NLO) level [54].

For correlations between particles with large rapidity
separations, it turns out that the “dilute-dense” case is
actually in some sense the most complicated one. In the
power counting of [43,55], where the color charge density
in the dense target is parametrically large p ~ 1/g, and in
the dilute projectile parametrically small p ~ g, both the
“single ladder” (or jet graph) and “separate ladder” (or
glasma graph) contributions are parametrically (in «)
equally important. Out of these two kinds of contributions,
there has been a lot of recent work in understanding the
separate ladder contributions beyond the glasma graph
approximation [48,49,56-59].

In the case of a dense target, our understanding of
how to calculate the single ladder contribution is much less
developed. One needs to generalize the fully nonlinear
JIMWLK equation to the evolution of not just operators
made out of Wilson lines at a single rapidity, but corre-
lations of Wilson lines at different rapidities. For this
purpose, a formalism based on the Langevin description
of JIMWLK evolution was developed by lancu and
Triantafyllopoulos (IT) in [60] (see also earlier, very similar
work in [61,62]). Here, one derives a new Langevin
equation for a bilocal quantity that encodes the correlation
between Wilson lines at two different rapidities. This
formalism has not, however, been fully applied to phe-
nomenology, nor has it been analyzed in more detail.

Our intention in this paper is to do the latter, with the
main purpose of elucidating the diagrammatic interpreta-
tion of the IT formalism. We do this by starting from the
bilocal Langevin description and taking the dilute limit. We
show explicitly how this procedure recovers a two-particle
correlation originating in particle production from the same
BFKL ladder. In the process, we show also that the bilocal
Langevin formulation, even in the full nonlinear case, can
actually be transformed into a form in which the evolution
between the rapidities of the two produced particles is
linear. This somewhat surprising, or even counterintuitive,
result seems to confirm what has been found earlier in
[62,63]. This statement does not mean that the two-particle
production process would somehow be fully linear; one
still needs to solve the nonlinear evolution equation for
the Wilson lines themselves. Rather than explore the full
phenomenological consequences of this picture, we will try
to elucidate the physics in this formalism and set the stage for
such a calculation in future work. For concreteness, we will
focus throughout this paper on the two-particle cross section
specifically for the production of a quark and a gluon. The
incoming projectile is consequently a Wilson line in the
fundamental representation; the generalization of this to a
gluon probe should be relatively straightforward.

This paper is structured as follows. First, we review
the basics of JIMWLK evolution in Sec. II, both in the
Fokker-Planck and in the Langevin formulations. We then
discuss in Sec. III two-particle production at parametrically
similar rapidities, i.e., without evolution between the
rapidities of the particles. In Sec. IV, we develop the dilute
limit of JIMWLK evolution in terms of color charges or,
more accurately, Reggeized gluons, leading to the BFKL
equation for the unintegrated gluon distribution. We then
move in Sec. V to the IT formalism of Langevin evolution
between the rapidities of the two produced particles,
slightly rewriting the evolution equation to highlight the
linear structure in the evolution between the two rapidities.
Finally, in Sec. VI we show how the dilute limit of the IT
formalism leads to a factorized structure that one would
expect from BFKL dynamics, with a BFKL Green’s
function separating the two particles.

054003-2



UNEQUAL RAPIDITY CORRELATORS IN THE DILUTE LIMIT ...

PHYS. REV. D 100, 054003 (2019)

II. JIMWLK EVOLUTION

A. The JIMWLK equation in the
Fokker-Planck formalism

We consider a high energy interaction of a dilute colored
probe with the color field of a dense target. In the CGC
theory, the expectation value of an observable O that is
local in rapidity Y is given by

(©)y = / DUIW,[U)0. (1)

Here [DU] is the functional de Haar measure on SU(N,),
and Wy[U] is the CGC weight function describing the
density distribution at Y of the Wilson lines in the target.
These Wilson lines U = U(x) = U, are unitary, path-
ordered exponentials

Ul EPexp{ig/dx+a§(x+)t“}, (2)

represented diagrammatically following the notation of
[20,64,65] as

\projcctilc : 3)

interaction ——

/ target

Here, af is the color field generated by the target with
color index a =1, ..., N, and the ¢’s are the fundamental
generators of SU(N,). The light-cone time axis x™ runs
from right to left in these diagrams. The Hermitian
conjugate Wilson line is then denoted by an arrow facing
the opposite way:

N
U, = . 4)

An example of a simple observable that is relevant in this
context is the quark dipole

€T

T — 3 @
TS (220 S 7
e A 5)

The dependence of the target color field on rapidity is
described by JIMWLK evolution. Here the CGC weight
function evolves from an initial condition Y;, to a final Y
according to the JIMWLK equation

0

oy WrlUl = HWy[U]. (6)

Typically, a Gaussian distribution is used for the initial
condition Wy , as in the McLerran-Venugopalan (MV)
[66—-68] model. The JIMWLK Hamiltonian is

1 s oy
HE@/KMM—WMM%JWW (7)
uvy
where tildes denote the adjoint representation and two-

dimensional coordinate space integrals are denoted with the
shorthand [, = [ @”u. The JIMWLK kernel is

]Cuvz = ICIZIZ,C{’Z’ (8)
where
i (" _Z)i
’Cuz - (u _z)z (9)

is the Weizsicker-Williams soft gluon emission kernel. The
L and R are “left” and “right” Lie derivatives” that act to
color rotate the Wilson lines on the left and right sides of
the target field, respectively. They are defined as

L¢ = —ig(U,t) (10)

o
ap 5 Uu,(z/i ’
1]

Ry = —ig(t“Uu)a/;m ;
u,q

(11)

where a, f are matrix indices and % acts as an ordinary
u

functional derivative:

o

—U
Uy op

x,yp

= 8,,04,0 (U —x) = 6,,85,0.  (12)

We can represent the action of the Lie derivatives on the
Wilson lines as

a

RAU, = —ig0,,t"U, = —ig E (13)

—
LoU, = —igd,,Unt® = —ig E . (14)

The naming of the derivatives may seem counterintuitive, but
they appear on the opposite side to what is expected due to the
light-cone time axis running from right to left in our diagram-
matic notation.
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The Hermitian conjugates of these expressions give

a

l_
RuUL = ig8,,Ult" = ig é : (15)
LoUL = ig t"Ul = ig E . (16)

The left and right Lie derivatives L and R are related to each
other by

Ly =U,"R, (17)

a b

B L (18)

which follows from the identity ;"> = U,*Uj. The Lie
derivatives satisfy the commutation relations

(L&, LY = g8 fLE, (19)
[R4.RY] = =98, f"°RY,. (20)

(L4 RY) = [Lg, UI"]) = [Re. Uf") = 0. (21)

B. The JIMWLK equation in the Langevin formalism

Generically, it can be shown that a Fokker-Planck
description of a system’s dynamics can be recast in a
Langevin description. For the JIMWLK equation, this was
done in [18], with a slight simplification introduced in [21]
using the form of Eq. (7) with left and right derivatives.
Numerical solutions to JIMWLK evolution are more
conveniently expressed using the Langevin formulation
of the equation, as opposed to the Fokker-Planck formu-
lation discussed in the previous section. This is one reason to
explore analytically the Langevin picture. In this formu-
lation, evolution is treated as a random walk in the functional
space of Wilson lines. Rapidity acts as a “time” and is
discretized as Y —Yy,=eN with Z>5 N - o0, € = 0,
where each evolution step is labeled by n € {0, 1,...,N}.
The averaging over the probability distribution of Wilson
lines in Eq. (1) is equivalent to the averaging over a noise
term in the stochastic equation. This term can be taken as a
localized Gaussian white noise

1

<U;c’lin’/_{lyz> = E(Sijéabémn(sxys (22)

where 2%, € R. The noise is introduced within terms we can
call, respectively, “left” and “right” (traceless, Hermitian)
color fields

1 o
L — ()
ax.n - \/4?/1 IC.\‘ZZ/Z.H7 (23)
1 . )
ok, = KLU, vk, U s, (24)

\/4—71'3 z

where %, = 1141 is an element of the SU(N,) algebra.
These definitions of a* and af can be interchanged,
as long as one is rotated by U* with respect to the other;
this merely amounts to a redefinition of the noise in
Eq. (22) [21]. To be explicit, one defines a rotated noise as

é,n = ~é'.?1ta = UzA,nl/é.n UzT.n- (25)

It is then straightforward to show that this rotated noise is
also a Gaussian random variable with

o 1 ..
<~;,am~}]’,b"> = géuéab‘smnaxy' (26)

With this, one can equally well consider the rotated noise ¥
as being independent of the Wilson lines. Thus, the original
noise v and so too o are quantities that depend on them.
However, the choice of whether to consider v or 7 has to be
made globally for the whole calculation at once, and kept
fixed when taking functional derivatives with respect to the
Wilson lines. These properties will be crucial later to see
how the evolution between the two rapidities becomes
independent of the Wilson lines.

The Langevin equation describing the evolution of a
Wilson line from step n to step n + 1 is written as

UT

X+l — eiegaf_,, Ui’ne—iegaﬁ,,. (27)
The two matrix exponentials act as infinitesimal color
rotations to the left and to the right of the target field, hence
the naming of the a’s. If the Wilson line at rapidity step 7 is
represented as

=
[

(28)

z,n —

then we can write
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a

x
L E
am,nU;,n = z zn ) (29)
b
x
l—
R
aw,nUa]L:,n = xrz zn mmr;xz . (30)
Notice that the free color index in these two

diagrams contracts with the color index of the noise factor.
The Hermiticity of the color fields means that the time step
for the complex conjugate Wilson line is simply

P )
Ux,n+l = e'“Y%n Ux.ne 9%, (31)

1. Expansion in the time step €

Since € is infinitesimal, we may choose to keep terms
only up to order e. The color fields each contain a factor
v, which is of order ¢~!/2, and always appear multiplied
by a factor of e. So O(ea"/®) = O(e'/?), and we can
immediately neglect from the expansion powers of /R
larger than two. Also, since in the end we only need to
keep terms of order (a~/%)? multiplied by terms that do
not depend on the noise, we can at any stage in the
calculation take the expectation value over the noise in
such terms.

It is useful to note that Wilson lines appear only in the
cross term a’aF, but not in the squares:

(k) = (et = 35 [ Ko (32)

In terms of diagrams,
relation

this can be expressed as the

W RRES)

Using these, one step of the Wilson line to the order needed
can be written as

+ leg i La €g
U:‘c,n +‘/z <\/47sz Vzn — ’Cxxz >
X (tUbp = UL, UISP1Y) + 0(63/2) (34)

il
Ux n+1 —

a b
T
i€g '_E_ Hl_
/]sz zn - (lz

a a b
_ﬁ/]c h Q ! __axg_z
4 ),

+0O(7?),

(35)

where the relation (33) can be used to draw the virtual
diagram on either side of the target.

By calculating the dipole S,z . in terms of quantities at
the previous step n, we can also derive the first equation of
the Balitsky hierarchy:

d w{UiU,}  Neay [ - (w{Ui.U,,}
= ’nyz RN

dY N, 2 72 N,
1l +
_tr{Uz,,,Uy,,,}tr{UmUz,,,} LOER).
N, N,
(36)
Here, one needs to use the Fierz identity
208 {US1*U 1"} = e { U U, Joe{UJ U, } — tr{UyU }
(37)

to simplify the color structure and get rid of the adjoint
representation matrices. Note that at this order in € (and thus
alsoin the limite — 0), Eq. (36) is exact, even at the level of a
single configuration without expectation values. Additionally,
taking the expectation value on both sides and using
the mean field approximation (tr{U}, Uy, ptr{ Ui U, b~
(tr{U;nUy,,,}Mtr{U;,, U,,}) transform Eq. (36) into the
Balitsky-Kovchegov (BK) [29,69] equation

L T (e
()

(e¥7). (38)
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III. ONE- AND TWO-PARTICLE PRODUCTION
AT EQUAL RAPIDITY

Consider a single quark produced in a proton-nucleus
collision. It is described mathematically by a fundamental
representation dipole

S‘m;;; = tr{(]]\%Uw} = i‘cr

c

(39)

where the dashed line denotes the separation between
the direct amplitude (DA) on the left and the complex
conjugate amplitude (CCA) on the right. The bars on
both the Wilson line and the coordinate in Uz denote
that this Wilson line is in the CCA. Henceforth, this bar
notation will be used to distinguish between quantities in
the DA (unbarred) and the CCA (barred). The cross section
for inclusive quark production in a proton-nucleus collision
is then

do 1 iy () &
iy =) g [ Bl (40)

Here, Y is the relative rapidity of the produced quark with
respect to the target, x is the longitudinal momentum
fraction of the projectile, xg(x) is the quark distribution
in the proton, and p and 7, are the transverse momentum
and rapidity, respectively, of the quark. The dipole expect-
ation value can be obtained by averaging the dipole
operator over the probability distribution of the Wilson
lines according to Eq. (1), except that at this stage, the DA
and CCA should still be regarded as independent:

Sy = [IDVIDOW (0. 0. (41)

For inclusive quark-gluon production (both the quark
and the gluon emitted with rapidity Y with respect to the
target), the cross section can be written compactly in terms
of a “production Hamiltonian” [60-62] operating on the
quark cross section:

dog, 1 - N
= 0D (H (k)| .
dnpdzpdnkaﬂk (277:)4 lie < prod( ) xx|Uzu>y
(42)

Here, the quark has transverse momentum p and
pseudorapidity 77,,, and the gluon has transverse momentum

k and pseudorapidity 7;. The production Hamiltonian is
given by [60]

1 iy [ i i
Hprod(k)zm/yye ”‘“%a’% i
x (L4 — UJRE) (L — USRS),  (43)

which correctly accounts for all possible ways that a second
gluon can be produced. Notice that transverse coordinates y
and y are kept distinct, and the Lie derivatives with respect
to the Wilson lines in the DA and CCA are kept separate. In
spite of the notational similarity, this makes Hp,q a
somewhat more complicated operator than the JIMWLK
Hamiltonian in Eq. (7).

In order to evaluate the cross section, the four terms in

(Lg — Uy RL)(Lg — U} RS (44)

need to be calculated, where the left and right Lie
derivatives can be evaluated using Eqs. (13) and (16).
Only once all the functional derivatives have been evalu-
ated can we set U = U, since there is no more need to
distinguish between Wilson lines in the DA and CCA

separately. Substituting the results into Eq. (42) gives

dO'zg
dn pdzpdnkdzk

1 o i (B ik (y—) vi i

t{UsUL}  —ip v {2 U51°UL}
: <Cf 7 AR

+ (U5 U5)

tr{t“UxU;tb}> (45)
Y

Ne

where the integrals over u and & have been evaluated using
the delta functions 6;;8,, from calculating the Lie deriv-
atives, and the overall constant has been rewritten using
a, = g%/ (4r). This is the analogue of the result (in the soft
gluon limit z — 0) of two-gluon production at equal
rapidity obtained in Ref. [70]. Note that the rapidities of
the quark and gluon are not really equal, because in the
production Hamiltonian one has taken the limit where the
gluon is soft. However, at this point they are also not
parametrically large, so that one would need to consider
high energy evolution between the two. Thus, the rapidity
separation in Eq. (45), AY, satisfies 1 < AY <« 1/a.

IV. DILUTE LIMIT: STOCHASTIC PICTURE OF
BFKL EVOLUTION

In order to understand the connection of the Langevin
picture of JIMWLK evolution to the physics of the BFKL
equation, we must develop the Wilson lines in the limit of a
small color field [28,71-73]. To do this, we start with the
fundamental representation Wilson line
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Ui, = Pexp {ig/ dxtal, (x*)t“}

i2,

= el X1

1
=14 ide, — 5/1,%‘” + 02, (46)

where each real matrix A is an element of the algebra of
SU(N,) and denotes a one-gluon interaction between
projectile and target. We can represent this diagrammati-
cally as

The Hermitian conjugate is simply

+ O()\S) (47)

A 1
Upp = e hn =1 =i, — 3 2.+ 0@, (48)

and an adjoint Wilson line is

Uxiy = 8 + [0 + 20{1 D 1A}
—te{r " 22, + O(). (49)
The part of the Langevin step for Wilson lines in Eq. (34)
involving an adjoint representation Wilson line corresponds

to the interaction of a gluon with the target shock wave. At
step n = 0 in this linearized limit, we have

UL ULt = 19 = el o1 + i ot + O(2%),  (50)

which we can represent as

b a c

T 1

- (51)

Using this, we can write the full Langevin step to linear
order in the gluon field as

€9 i ia eg
/lx,n+1 = j‘x,n +/z (\/47’sz Uzn — ICxxz )

XAfP (A = M) + 0(63/2,/12)- (52)

Diagrammatically, we have

/\ac,n+1 =

%g /’szyzn. - E

x z
c a c a
g s
- 3 /]Cmmz -
477 J 2
[ b
x z

+O(e%)%).
(53)

Note that the three-gluon vertex can also be written as a
commutator:

Ny = (1 A (54)

c

g g;’°“‘*“"‘“”*'“:1" _ 1 - : (55)

R Q

xT xT @T
Equation (52) is simply a linear iterative equation, for

which we can write a formal solution. Separating out a time
evolution matrix M as

a . abc __ eg N (7
Mxn}:r,n = 5xw5 b +/z (\/— xzV f b C’Cxxz‘s b)
X (5xw - 5zw)’ (56)

we can write

2 = / Méh b+ O 22).  (57)
w

This recursive relation has the solution

b b b
xn+1 _/ wan” </ MW;JJWJJ) w?),O' (58)

The product of M’s can be simplified further if necessary,
by using Eq. (22) and keeping terms up to linear order in e.

A. Reggeization

As a side note, we can now easily see (following [71])
how the gluon field A “Reggeizes” in this picture. This is
done by taking the expectation value of the single gluon
field time step Eq. (52), which eliminates terms linear in v
and leads to
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2
_7?/ K:xxz u’x,n _)*z,n> + 0(6'2,).2),
z

(59)

1
; </1x,n+l _Ax,n> =

which we may write as

d _Ncag 2 12
<E’1x> - 7”’_2 /z lesz’z.n j'x,n> + O(E ’A ) (60)

This equation can be Fourier transformed using

) = [ e (61)

and written as

(57°0)) = (@piso)) + 0.2 (62

Here,

N a; 1 in-
aﬂ(ﬁz?? zz—z(e“—l) (63)

is the so-called “Regge trajectory” (see [71]). The gluon is
said to Reggeize, meaning that the amplitude for the gluon
exchange process scales with energy to the power of the
trajectory. In the Langevin picture, Reggeization therefore
simply refers to the power law growth of the expectation
value of the gluon field.

B. The BFKL equation

Let us then obtain the BFKL equation for the uninte-
grated gluon distribution. This can be done by first
expanding the Wilson lines in the dilute limit and looking
at the evolution of a quantity that is quadratic in the
expansion parameter A. For this discussion, it is useful to
still keep track of the A’s in the DA and CCA separately. In
order to derive such a quadratic equation, we square
Eq. (57). Eventually taking the expectation value of the
noise on both sides will remove terms linear in v and
simplify terms quadratic in v according to Eq. (26). As
discussed above, we have expanded to the relevant order in
the rapidity step e. After some straightforward color
algebra, we obtain

- N.eay
A;l,nJrl;Lg.nJrl :/ |:5wx5ﬁ/i _70_2/ (’Ch?z5wx(5ﬁ)' _5%)
ww a

¥4
+ ’Cxxz (5wx - 6wz)6w,?
2K e (B — 802 (B = %))} 2,7,

+0(2,2). (64)

From this basic equation, one can define two different
versions of the BFKL equation. The first one comes
naturally when one considers a particle production process,
in which one wants to keep a nonzero contribution from
both the DA and the CCA. To do this, we define the
unintegrated gluon distribution

Ple = (ALnd ). (65)
Then, Eq. (64) yields the evolution equation

N .eay . . . .
;l;l - ¢x.€ = 2 []Cxxz ((/)xif - ¢zj) + K:fiz (¢x.? - ¢xz)
2 7 J;
= 2K i (e — e — s + )]

+O(3/2,¢3/?). (66)

Note that this does not have the customary form of a
coordinate space BFKL equation. Equation (66) acquires a
more familiar form, however, in momentum space. To see
this, we define the Fourier transform

e = / (;ﬂrgze""""""w(p) = /P P ERp(p).  (67)

¢,z 1s a function of the relative length x — ¥, so we need not
transform each coordinate separately. Using this and the
Fourier transformed kernel

. . K
Ki, = 2zi A e~k () 2 (68)
the BFKL equation (66) becomes
")’ _14"(0)q’
" a)=9"(q +4Nc€as/ ( -
( ) ( ) A (q—p)2 q2 2 p2

+O(2,9). (69)

This is immediately recognized as the (color singlet,
zero momentum transfer) textbook version of the BFKL
equation [74].

The other (Mueller’s) version of the BFKL equation
[75,76] is obtained when we set the Wilson lines to be equal
in the DA and CCA. One then looks at the expansion of the
dipole operator up to order 4° as

tr{Uin}il 1
N. 4N,

(A=A (- x)+0@F).  (70)

The natural definition of the gluon distribution based on the
expansion of the dipole operator is then the so-called
“BFKL pomeron” [71]

(pxyE«’lJ‘cl_l}?)(’l;_ﬂ;’l»’ (7])
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which we can write in terms of ¢ by setting 1 =

=
Pux + ¢yy - 2¢xy = Pxy- (72)

Using Eq. (66) for each of the three terms in Eq. (72), one
arrives at the Mueller version of the BFKL equation:

9"?;1 - ¢;ly = _%6;“25/ nyz[wgy - wgz - (ng}- (73)
" Jz

This is the version of the BFKL equation one usually sees

written in coordinate space. It can also be obtained by

linearizing the BK equation (38).

It is important to emphasize the relatively trivial but
important observation that the two equations, (66) and (73),
are closely related but not the same. Equation (66) is
usually derived and written in momentum space by con-
sidering the BFKL ladder diagrams. It appears naturally for
a particle production process in which we want to have an
explicit product of the DA and the CCA. Such a calculation
would begin with the dipole written diagrammatically as

T T

tr{[]]\[{Uw} _ Nitr i

c

On the other hand, the Mueller version of the BFKL
equation (73) is satisfied by an object associated with the
elastic amplitude for a color neutral dipole. In our notation,
this would be expressed as

tr{Uin} 1 y

= ¢
N, N, 7

c

which is not naturally separated into terms associated with
the DA and the CCA. While Eq. (73) is usually written in
coordinate space, the momentum space version is straight-
forward to obtain; it is not particularly simple or useful in
this context, so we omit it here.

V. UNEQUAL RAPIDITY CORRELATORS
IN JIMWLK

A. Two-particle production

Next, we consider the production of two particles
produced at parametrically different rapidities. The rapidity
Y, is closer to that of the target; i.e., it is “earlier” on the
evolution trajectory of the target. We want to calculate the
double inclusive cross section for the simultaneous pro-
duction of another particle at a later rapidity Y that is much
larger than the first one: a,(Y — Y,) > 1. Unlike the case
considered in Sec. III, we now have genuine high energy
evolution between the two produced particles due to the

rapidity separation. The situation is rendered more com-
plicated than the IMWLK evolution considered in Sec. II
by the fact that the Wilson line trajectories are now
conditional ones. This is because they are now aware of
the fact that a particle with a specific transverse momentum
was produced earlier in the evolution. The IT Langevin
formalism for this scenario was set up in [60]. The purpose
of our discussion here is to elucidate how this formalism in
the dilute limit relates to a conventional BFKL picture.

We begin this discussion as formulated in [60]. After the
first part of evolution from rapidity Y;, to Y, for the quark
dipole, one obtains the Wilson lines U; 4 and U; 4 at the
earlier rapidity Y 4. In order to keep track of the gluon that is
produced at Y4, we consider these Wilson lines to be fixed
for now. They act as the initial condition for the second part
of the evolution from rapidity Y, to Y. In terms of the
discretization Y — Y, = Ne, we have Yy =Y,, Uy = Uy,
and U, = U, at n = 0. The expectation value of the cross
section for producing a quark at some rapidity Y is then
calculated as an average over the noise v at the end of the
stochastic process:

(See)y-r, = (Seen),- (74)

Equation (1) for the expectation value of an operator at the
later rapidity Y is now written as

(O)y_y, = / [DUDUW,_y, [U, T|UL. U0 (75)

We need to have a new conditional weight function
Wy_y,[U.U|Us, U,] [43], which is the probability of
observing Wilson lines U and U at rapidity Y, with the
condition that there are already Wilson lines U, and U, at
the earlier rapidity Y,. This weight function obeys the
differential equation

0 _ _ _ _
ﬁWy—yA[U’ UlUy,Uy] = HoygWy_y,[U, U|U,, Uy

(76)

[cf. Eq. (6)]. The evolution Hamiltonian H., is just the
conventional JIMWLK Hamiltonian, with the exception
that one must now keep track of the Wilson lines and Lie
derivatives for the DA and the CCA separately. Thus, there
are terms operating only on the DA (11), terms operating
only on the CCA (22), and a mixed term (12),

Hewi = Hyy +2H |y + Hy, (77)

where
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1 .y "
Hll = _3/ Kuvz(LZ.n - inbRZ.n)(Lg,n - sz}icRg.nL
87 Juz
(78)

a r7ia Ta Friac pe
. Kuiz@'u,n - U;r.ang n)(Li} n— Uz n Ky )v

= 3 s s s v.n
87 Jurz

(79)

1 = =tac g = = tac g
Hy = W/ Kﬂfli(Lg,n = Uz, Rg,n)(l‘g.n - U;,, Rg,n)
T Juvz
(80)

[cf. Eq. (7) or rather (43)]. Here, the Lie derivatives and the
adjoint Wilson lines carry a subscript n to emphasize that
they pertain to the current (latest) rapidity in the evolution.

The initial condition at Y, for the conditional weight
function sets Wilson lines for both the DA and the CCA:

WyA[U,U|UA,UA]:6[U—UA]5[U—UA} (81)
If one sets the DA and the CCA to be the same at the initial
condition, this property is preserved throughout the evo-
lution; at some other rapidity Yz, we then have

Wy, [U. U|Us, Uy| = 8[U = UIWy, [U|UA].  (82)
where Wy [U|U,] is just the conventional conditional

probability [e.g., Eq. (6)] with initial condition
J

d
dezdeAdzkA

Wy, [UlUs] = 6[U = Uyl (83)

The cross section for inclusive two-particle production,
as provided by Eq. (42), needs to be modified to account for
the fact that the emitted particle has a different rapidity to
the projectile. For a gluon emitted from a quark projectile at
rapidity Y,, we must now operate with the production
Hamiltonian (43) acting on the Wilson lines at Y 4, i.e., on
the initial condition for the conditional evolution [60]:

dog,
dezdeAdzkA

1 . - A
:W/_ e—zp-(x—x) <Hpr0d(kA) <Sxif>Y—YA ‘DA:UA>YA : (84)
XX

Note that there are now two separate averages. The dipole
operator is evolved from Y, to Y with the conditional
JIMWLK evolution; the average over these Langevin
trajectories is denoted by ()y_y . One then operates with
the production Hamiltonian, which is a functional deriva-
tive with respect to the initial conditions U, and U,. Only
then does one set the Wilson lines to be the same in the DA
and the CCA. Finally, one does the average over the earlier
rapidity distribution () , using a weight function that has
been evolved from Y;, to Y,. This double averaging
procedure can be written in a more explicit way with the
help of delta functions and conditional probabilities:

= G L [ DU U] [ D000 = U

X/[DUDD]Wy_YA[U, U|UAaUA]Sx5c' (85)

In order to proceed, we need the result of the production
Hamiltonian operating on the dipole; i.e., we need to
calculate H pmdS’xi. This expression will have several terms,
with left or right Lie derivatives operating on the Wilson
lines. We also have to maintain the distinction between
barred and unbarred contributions. The resulting expres-
sions involve Wilson lines not only at the rapidity Y, = Y,
but also at later rapidities Y,, where the n refers to the
discrete Langevin process description we are using. Putting
everything together, we can write the cross section as

do, 111

_ —ip-(x—%)
dYdPpdY 4d’k,y  (27)*47° N Jizyy ¢

Xe—ikA-(v—ﬁ)/ IC;u/C§v<<IN>u>YA’ (86)

where

[
Ta 7, a Frtac DC T a
7, = tr{La.OUiﬁnLu,oU;,"} - Uy,% tr{Ra,oUi,nLu'oU;n}
- U;gbtr{Zg’OUx'nR,’;nU;,,}
Friab 1ot e T +
+ U3 Uy twr{ RS Uz o RS (Ui} (87)

Before moving forward, let us stress some features of
Egs. (86) and (87). In addition to the Wilson lines at
rapidity Yy, they involve Lie derivatives of Wilson lines at
Yy with respect to Wilson lines at Yy, e.g., L& Uz,
denoted by the subscript O in the Lie derivatives. This is
contrary to the evolution Hamiltonian in Egs. (78), (79),
and (80) that involved Lie derivatives with respect to the
latest rapidity in the evolution. Additionally, the expression
contains adjoint representation Wilson lines at the initial
rapidity Y,, again denoted by the subscript 0. These Lie
derivatives are new d.o.f., in some sense like Reggeized
gluon propagators, that encode information about the
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(de)correlation in rapidity of the Wilson lines. The JIMWLK
equation also gives the evolution equations for the Lie
derivatives themselves. To find the expressions for RU",
RU, LU*, and LU, one starts by acting with the Lie
derivatives on Egs. (27) and (31). However, the four
equations are not independent of each other. For example,
we may start by finding the equation for RU". The Hermitian
conjugate will give the equation for RU, and the relation
Ly,= U‘“bR” o can be used to get the equations for LUY
and LU.

The initial conditions at Y, for these four bilocal
Langevin equations are given by Eqgs. (13) to (16):

Ru ﬂUTO = ig(suxU;()taa (88)
R 0Uxo = =ig8uxt“Ux . (89)
Lz,() ch() = igéuxla Ui,()a (90)

=196, Uy o1, (91)
We emphasize once more that the adjoint Wilson lines
appearing in Z, are from the production Hamiltonian; they
are always at Y, and do not evolve to Yy.

LZ,O Ux,() =

B. Evolution in rapidity
To derive the evolution equations for the Lie
derivatives, we begin by acting on Eq. (27) with a right
|

a

T
Ry UL =g

Lie derivative. After some manipulations described in [60],
we arrive at

ieg
Vard

X/K:Jicz[Uz.nl/é,nUI.n’Uz‘nRZ,OUZJl]' (92)
Z

. . g o
R¢ oU = — plegaz, RE (U pee%n — elevsn Ul

The quantity RY onn describes the evolution from the
initial rapidity Y 4, Initial coordinate u, and color index a to
the final Wilson line at rapidity step n, coordinate z, and a
color that is encoded in the matrix structure of Rﬂ_OU;,n.

In order to understand what Eq. (92) does at each
iteration, we can look at one step in evolution in diagrams.
First, we Taylor expand the exponentials in €. At n = 0, we
can use the initial condition Eq. (88) to write

Ry U 1= G0k Ul ol —Hg/

z

€g IC, i.b
Va0

[ ux(thJOta xotaU‘thc)

=8, (UL Ubcrere — UL 12U 1)) + O(e¥?).

eg IC )
XXZ

“:g /Ic:tz zO

a b b c a b

47

From this, we can see that after one iteration, Eq. (92)
contains all possible diagrams with one gluon inserted on
the right of the target (corresponding to color index a in the
diagrams), and afterwards either none or one more gluon
insertion. The second gluon (corresponding to color indices
b and ¢) can be inserted in four different ways: either to
the right or to the left of the target, and either at coordinate

L e [THO T T T T

(93)
In diagrams, this is
r=u a C z c a "
) — E Z; umumuué:z =u + E b B
z =u
a c b c a
€T xr
+0(%/?)
(94)

x or z. Additionally, it can be either left as a free color index
(contracted by the color of the noise) or reabsorbed by the
quark. This makes the 2° two-gluon diagrams shown
in Eq. (94).

The next iteration of the evolution equation will add
more gluons to the diagrams present in Eq. (94), in the same
way. The number of terms therefore grows very rapidly
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with each step. The same analysis can be done for the LU
evolution. The only difference will be that the gluons
appear on the opposite side of the target.

It is more natural to write Eq. (92) such that the color
structure is more explicit. The propagator should have two
adjoint representation indices at the ends, i.e., R or
equivalently, be an explicitly Hermitian traceless matrix
with one additional index, i.e., R%’#’. This more symmetric
form is achieved by multiplying RUT by U from the left.
Defining Ry, , = Ux_nRZ,OU;.n, which is conveniently a
member of the Lie algebra of SU(N,), we can write the
Langevin step compactly as
~iega,

a _ iegal, pa
Rux n+1 — e x‘"Rux,ne
ieg

e /z K[ R (95)

where we have used 7., = U, ,Us, as introduced in
Eq. (25). Notice that this equation is linear in Ry, ,,
although it resums all orders in the background field,
incorporated into the Wilson line.

As mentioned above, the three other required equations,
RU, LU', and LU, can be obtained directly from Eq. (95).
In terms of explicitly Hermitian quantities, we obtain for
RZx,n = (RZ,() Ux,n)U;.n
—iegar,

Ra

. R o=

iega, a
ux.n+1 — = 'Y X'"Rux.ne
ieq

\/477.'3 z

Defining L§, , = Ux.nL,‘j,OU;,n, we get the corresponding
equations for the left Lie derivative,

ICL [T 0 RE, ]e™€9%n . (96)

La —iegaf,

icaoR
iega, a
ux.n+1 — = e'Y X‘"Lux,ne

i€g iega, i T~ a
_ 4;1-36 90 /Isz[vz_,,,Luw], (97)
v Jz

and for L¢,, = (L& (U, ) Usn,

La e—iegaf,‘

-
— plegay, a
ux.n+1 = € an X1

_ l€g /’C;cz szLzz n] _leg(lﬁ”' (98)

The initial conditions for this set of four evolution equa-
tions follow directly from Egs. (88) to (91):

R% o = g8t (99)
RY. o = —ig,et”, (100)
Lo o = igd ULy, (101)

La

o= —ig8 ULyt (102)

A quick inspection of the equations of motion (95) to
(98) reveals in all of them two crucial features. First, they
only depend on the “rotated noise” o [see Eq. (25)], but not
the original unrotated noise v; note that this is true also for
the “right” color field af ,, Eq. (24). Second, their depend-
ence on the Wilson line also comes through the rotated
noise, but not separately in terms of explicit Wilson lines in
the evolution equations. Thus, if we take the rotated noise
as the independent variable that one averages over, all the
dependence on the Wilson lines disappears. This means
that the quantities R, ,, Rl ,, L&,, and L&, satisfy
evolution equations that are linear and independent of the
Wilson lines, and we can therefore express the evolution
between the two rapidities in terms of linear BFKL-like
dynamics. This can be made even more explicit by
developing the equations in ¢ and, as usual, replacing
the terms that are quadratic in the noise with their expect-
ation values. Doing this one gets

ieg >
RanJrl szn \/— K;z[ émRuxn Rculz n]
N.eg
___/ ’Cxxz ux n— uz n) +O( 3/2)’ (103)
ieg PR -
RZx n+l = sz nt \/4—55/ Isz [Uz,n*RZx,n - Rﬁz,n]
z

NW/@MM Re.)+O(E2),  (104)

€ . .
Ly, RS Luxn+ \/Ii/ Ky [’jé.nvLinn - LZz,n}
473 Jz )
N eq
o [ KoLl Lien) + 0. (105)
2 43
a ja ieg i [ Ta Fa
Lux nt1 = Luxn +\/T?/ Kz [Vz.nvLux¢n _Luz,n}
z
NC egz Ta Ta
_773/ ICxxz (Lux.n _Luz.n) =+ 0(63/2)' (106)
2 4r° J,

The whole cross section, however, is not given by a
“kr-factorized” expression (unlike the dilute case that we
discuss in the next section). This is not true even at equal
rapidity, as we have seen in Eq. (45). This is due to the
appearance of the Wilson lines in two places in the cross
section. First, the initial conditions for R4, ,, Réy,, Liy .
and L¢,, depend on the Wilson lines at Y,. Second, the
final expression for the cross section (87) written in terms
of these quantities is now
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T, = tr{L%, Ug U nLty,} = USS 0 {RS , Us n Ut nLis 0}

5.0 vX.n
[7iaber [ i pb
- Uy,o(l) tr{Llei,n UJ'c.n qunRux,n

+ U U3 e { R, Us Ut R, ). (107)

vX,n

We see that this expression involves explicit Wilson lines
both at the rapidity of the earlier particle (i.e., » = 0) and at
the rapidity of the later one (i.e., n). Because of the latter,
the expression in the full nonlinear case cannot be written in
a kp-factorized form with only an unintegrated gluon
distribution at n = 0 and a BFKL Green’s function between
the rapidities, as we will do in the dilute limit in Sec. VL.

Because the evolution equations (95) to (98) do not
depend on the Wilson lines, the dynamics of the evolution
of the two-particle correlation between these rapidities is
linear. This is a remarkable feature that should significantly
simplify a future numerical analysis of the two-particle
correlation in this framework. This is generically quite
difficult in the original formulation due to the bilocal nature
of the “Reggeized gluon propagators” Ry, ,, R,‘jx,,,, L
and L, , (i.e., the fact that they depend on two separate
coordinate arguments). Note, however, that calculating the
cross section requires additionally the nonlinear evolution
of the Wilson lines themselves according to conventional
JIMWLK. This evolution is correlated with that of the
Reggeized gluon propagators, since the evolution steps of
both quantities are expressed in terms of the same noise at
the same rapidity step. Since the evolution step of the latter
is linear and does not explicitly involve the Wilson lines, it
should be simpler to analyze. However, one cannot
factorize the expectation value of Eq. (107) as a product
of expectation values of a Wilson line operator at rapidity n
on the one hand and a two-point function of the Reggeized
gluon propagators on the other.

Let us make, in passing, a side note concerning the initial
conditions (101) and (102). It would be tempting to get rid of
the Wilson line in these initial conditions by defining, instead
of L, ,= Ux‘nLZ.OU;,,, a new quantity (LZ.OU;,,)UM and
set out to solve its equation of motion. Contrary to Ly s
which has an initial condition that depends on the Wilson line
but an evolution that can be expressed in a way that does not,
this alternative quantity would have a simple initial condition
(only a generator matrix 7“) but an evolution equation that
depends on both the noise v and the rotated noise 2. This
would make the linear dynamics of the evolution much more
difficult to see explicitly.

The statement of linearity in the evolution between the
two rapidities is in fact in agreement with the result for one
quark and one gluon production in [63], where it is argued
that there can be no pomeron mergings between these two
particles. However, the situation becomes more compli-
cated when one considers the production of one quark and
two gluons. In this case, the result of [63] is that evolution
between the produced particles is genuinely nonlinear.

VI. TWO-PARTICLE CORRELATORS IN THE
DILUTE LIMIT

We shall now move on to work out what happens in
the dilute limit and show explicitly how to recover an
expected BFKL result from this formalism. Our aim is to
show that the two-particle cross section in the dilute limit
can be expressed as a convolution of an unintegrated gluon
distribution at the earlier rapidity Y, and a BFKL Green’s
function from Y, to the rapidity of the quark (see e.g., [77]
for calculations of two-particle production from the same
BFKL ladder). Although the following calculation is done
by linearizing the evolution, it is important to note that due
to the linearity of the dynamics in the full case discussed
above, the nature of decorrelations in rapidity could be
expected to be very similar.

The general idea is to see what happens when we start
increasing the rapidity separation between the produced
quark and gluon. The gluon is produced at rapidity Y4; the
quark rapidity increases and the cross section changes
accordingly, via JIMWLK evolution. It is important here to
note that the JIMWLK evolution is that of the Wilson lines
in the dipole operator S‘x,—c at rapidity Y, only. The Wilson
lines and Lie derivatives in the production Hamiltonian
Hoq remain at the initial rapidity Y,. In this sense, the
JIMWLK evolution “commutes” with the production
Hamiltonian and only operates on the dipole operator.
We also know that the evolution must be linear, and thus
in the dilute limit it must correspond to the BFKL
equation (69).

The essential part of the cross section (86) is given by 7,
as defined in Eq. (87): the combination of Wilson lines and
their derivatives. To understand how this works, we have to
understand the operations of the Lie derivatives in the dilute
limit, i.e., how the Lie derivatives as defined in Egs. (10)
and (11) act on A. The result is obtained by changing the
differentiation variable from elements of U to A, and then
performing an expansion in powers of 4. Doing so gives

1
Le = 54 — — abcllb 1) /12
u,0 ( 2~f u,0 + ( )) 5/1;’0 ’

1
R¢ = g| 8% + = fabeqb )+ O(?) (108)
’ 2 ’ Ohy

(see also [71]). As expected, the Lie derivatives reduce the
term they act on by one power of 1; they are after all
derivatives with respect to the Wilson line. Since the
evolution equation for A is linear, this statement will be
true at any step 7.

The most straightforward way to proceed would be
to derive, in the spirit of [60], evolution equations for the
Lie derivatives operating on A. This can be done in two
equivalent ways: either by expanding the evolution equa-
tions of the bilocal quantities, e.g., Eq. (92), or by acting
with the Lie derivative on the time step of A [Eq. (52)].
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In other words, the operations of Lie differentiating and
expanding in 4 are commutative. Either procedure results in

i€g i id 692
(\/ﬁlcxz’/z,n - r]lglcxxztd)
X ifrRE (A%, = 22,) + O(3/2,27).

(109)

RZ_Oﬂx‘rH»l = Rz,oﬁx‘n +/

4

The equation for LU is identical, with R — L. The initial
conditions for the bilocal Langevin equations are given in
Egs. (88) to (91). By expanding them as

1
RS U o = g0, <1 +idyo — 5/1,%,0) 1“4+ 03, (110

1
Ly Uy = iyt <1 +ideo = 5'@.0) +O0(A), (111

one easily obtains the initial conditions for the Lie
derivatives of 4 as
Rz,olx.() = Lz‘oﬂx,o = gty + O(’l) (1 12)

In principle, we could go on to solve these equations, and
indeed it is straightforward to write down a full formal
solution in terms of the time evolution matrix M;’yb, as
defined in Eq. (56). But our main objective is to look at the
cross section directly, as well as to derive an evolution
equation for its dependence on the later rapidity Y. To do
this, we use the expressions (108) to write the Lie
derivatives in Hpq as
(Lo = U3 Reg) (Lisg =~ U, RE )

= FUF (0 = A5.0) g = A0) + OA))]
o o
X 6/_1;-1,0 513,0. (113)
We emphasize here that one must take care to perform the
functional derivatives in the right order. It is essential to
operate first with the Lie derivatives in the DA and the CCA
separately. Only after doing this is one allowed to set 1, =
Ao at the initial rapidity Yy = Y. On the other hand, the
noise v is the same in the DA and the CCA, so we do not
need to keep them separated when averaging over the noise.
For example, we can take the expectation value that
allowed us to write Eq. (64), even if the expression involves
both 4 and 1 separately.

An important feature of the operator (113) is that it has
exactly one derivative operating on the DA and one on the
CCA. Also, since the DA and the CCA evolve separately,
2, depends only on A, and not on ,, and vice versa. Thus,
from the expansion of the dipole in Eq. (85) as

1 _
ML+ O(2)

1 1.
LT

See=1-
a 4N, 4N,

(114)

[cf. Eq. (70)], we need only to retain the cross term ~A1
when operating with the production Hamiltonian.

Using the linearized production Hamiltonian (113) and
the linearized dipole (114), we have

Il‘l = gz

A P r G =T g = 4
C

5 5 -
L+ 003).
XM%.O 5’13,0 waken + O

(115)
Now we can write the explicit A’s from the production
Hamiltonian (113) in terms of the gluon distribution ¢
(65) at the initial rapidity Y ,. Then we can use 6°° from the
initial condition of ¢ to simplify the color algebra. We now
introduce the definition

n _ _ =
xxugn =

b 0 b

= 116
6/130 (3/1;0 xX,n’*x.n ( )

for the BFKL Green’s function. Note that due to the linear
evolution of /, the relation between A2, and Ay o 18 linear
[see e.g., Eq. (58)]. Thus Green’s function 7 ; , ; defined

by Eq. (116) does not depend on A. Using this we get

T = L U = By~ B+ By Pl + O,

(117)

which we can put into the equation for the two-particle
cross section (85) to obtain a kp-factorized expression:

do,,
dezdeAdzkA

—ip-(x=%)=iky-(y-)

1 1 a i i
- (277,')4 ZNC ?Lgyyuﬁ ICyu yﬁe
X (d)gu - ¢2y - ¢;7)u + d)gy)‘}-iv.\‘uﬁ + O(¢3/2) (118)

At this stage all the functional derivatives are already
taken, and we can now finally take the color field to be
equal in the DA and the CCA, i.e., take 1 = 1. We can now,
in fact, also replace the ¢b’s with the other gluon distribution
@ (71), since they appear in the particular combination

1
gu - gy - ¢gu + ¢gy = _E((pgu - (pgy - (pgu + (pfv)y)’

(119)
where the value of the distribution at zero coordinate

separation cancels. This means that the cross section can
be equally well written in terms of the gluon distribution ¢
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satisfying the usual BFKL equation (66) [more familiarly
Eq. (69) in momentum space] or the BFKL pomeron ¢
satisfying the Mueller version of the equation, Eq. (73).
There is a factor of —1/2 difference due to our conventions
here. The fact that we are taking derivatives with respect to
Az o and Au does not in any way interfere with the BFKL
evolution of the gluon density 42,42,,. So it is clear that
F! ¢ uq satisfies the same equation as 42,42, with respect

X, n
to the rapidity index n:

]_"n+1

XX,

N, eay

= Fn c s n Fn

xxup D) 7[2 [ xxz(]:xxuu z,xuu)
z

+’Cxxz( xxuu f;lzuu)
_ZICxxz(}—;clxuu ‘7:Jrclzuu fgxuu +]:Zz,u.12)]
+ O(F3?) (120)
[cf. Eq. (66)].
Now that we have derived the factorized form for the
cross section, Eq. (118), it is easy to write it in momentum

space. We use the Fourier representations of the gluon
emission kernels, given in Eq. (68), to write

do,, 1 1 a / 1-1
de dYAdzkA (27[)2 4NC ﬂz xiyiuﬁwwlll l
X e_il'(y_u)_ii‘@_ﬁ)e_ip( ¥)—iky(y=)
X ((Swu - (Swy)((sﬁui - )(pwwf.}xv.xuu
+ O(¢*?). (121)

Introducing a Fourier representation for the BFKL Green’s
function

f‘n«H (I:i7 —P.m, _m) = F" (P, —P,m, —m) + 4Nc€as /

+ 0(63/2, ]:3/2)

[cf. Eq. (69)]. A diagrammatic interpretation of this as a
typical BFKL ladder is given in Fig. 1. Equation (124) is
the main result of this section. It shows that the IT Langevin
equation formalism reduces, in the dilute limit, to a
conventional correlation between two particles produced
from the same BFKL ladder.

The initial condition for the evolution can be read off
from the definition (116),

fgxuu = (ch - ])5xu5xu’ (126)
or in momentum space,
FOP.P.m,m)=(N>=1)6®(P+m)s? (P+m). (127)

x (P -K)?

T T
Y.n=N
—>
P
d
FN(p,q—ka)
qfqu u o
vy 9
k-_f
IIT w w
SR
Ya,n=0 ©°(~q)

FIG. 1. Coordinate and momentum assignments for the BFKL
ladder diagram corresponding to Eq. (125).

]:'gx i = /7 e—i(P-x+l_’»i+m~u+rh-ﬁ)fn (P,P,m,ﬁl) (122)
PPmin

and

Puy = / e Vg (q), (123)
q
we can write
d

s —p.p.q—ky.

dYdpdy &k, N, / (g -k K2 Flpp.a-ki
—q+ky)g° (—q) +0(¢*?)  (124)

with the (zero momentum transfer) BFKL Green’s function
F in momentum space satisfying the usual BFKL equation

K? 1 P?
(F"(K, -K.m,—m)— —E}""(P, —P,m, —m)—2>

P K
(125)

|

Using this in the general expression (124) reduces the equal
rapidity cross section to a kp-factorized expression for the
two-particle production cross section:

do,, aq (p+kA)

_ %9 _ 0y 1k
dYdpdY yd*ksly_y, TQn? pE @ (p+ky).

(128)

This expression already has the structure of Fig. 1, with an
unintegrated gluon distribution g?¢(q) for the gluon taken
from the target, and propagators 1/k3 and 1/p? correspond-
ing to the produced particles. For this case of no evolution in
rapidity, the Lipatov vertices for producing the gluon and the
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initial condition for the BFKL Green’s function combine to
produce a simple factor 6)(q —k, — p), which naturally
means that in the absence of gluon emission in a ladder, the
transverse momentum of the two final-state particles must
match that coming from the target.

VII. CONCLUSIONS

In conclusion, we have attempted to clarify here the
Langevin formulation [60] of two-particle correlations in
JIMWLK evolution, in the case of a dilute probe scattering
off a dense color field target. Our first important result is the
observation that, although the IMWLK evolution for the
Wilson lines is nonlinear, the evolution of the Lie deriv-
atives encoding the correlation between the two rapidities is
in fact not. It can be expressed instead, with a suitable
transformation, as a linear equation that is independent of
the Wilson lines. This observation seems to confirm the
result obtained earlier (in a rather different language) in
[63]. This conclusion points toward a much simpler way to
calculate the two-particle cross section than a straightfor-
ward numerical solution of the bilocal Langevin equations
in [60]. Exploring the full phenomenological consequences
of this observation is beyond the scope of this paper, but it
would be valuable to pursue this in future work.

We have also calculated explicitly the dilute limit of the
Langevin formulation, where the decorrelations in azimu-
thal angle between the two particles are given by a BFKL
Green’s function between the two rapidities. The physical

picture here is that of color charges, or rather Reggeized
gluon fields 4, that change with rapidity in a stochastic
process [see e.g., Egs. (52) and (109)]. The power counting
for calculating two-particle correlations in this limit is,
however, tricky. This is due to the fact that the two-particle
cross section depends on Reggeized gluon fields from the
expansion of both the adjoint Wilson lines and the Lie
derivatives in the production Hamiltonian. In order to see
this connection, it is easier to continue a bit further with the
more formal definition in terms of the functional deriva-
tives. The essential feature is that IMWLK evolution as a
function of the quark rapidity Y “commutes” with the
production Hamiltonian and only operates on the dipole
operator at Y. The evolution of the double inclusive cross
section with Y is therefore determined by the evolution of
the single inclusive cross section, but with a more com-
plicated initial condition. This feature enabled us to show
that in the linearized limit, the result is in fact what one
would expect from BFKL dynamics.
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We calculate finite-N. corrections to the next-to-leading order (NLO) Balitsky-Kovchegov (BK)
equation. We find analytical expressions for the necessary correlators of six Wilson lines in terms of the
two-point function using the Gaussian approximation. In a suitable basis, the problem reduces from the
diagonalization of a six-by-six matrix to the diagonalization of a three-by-three matrix, which can easily be
done analytically. We study numerically the effects of these finite-N corrections on the NLO BK equation.
In general, we find that the finite-N, corrections are smaller than the expected 1/N2 ~ 10%. The
corrections may be large for individual correlators, but have less of an influence on the shape of the
amplitude as a function of the dipole size. They have an even smaller effect on the evolution speed as a

function of rapidity.
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I. INTRODUCTION

In hadronic collisions at high energies, large gluon den-
sities are created by the emission of soft gluons carrying a
small fraction of the longitudinal momentum of the parent [1].
Nonlinear dynamics of gluons becomes important in such an
environment, where parton densities eventually grow to
become on the order of the inverse of the QCD coupling
a;. To describe QCD in this region, the color glass condensate
(CGC) eftective field theory [2] has been developed.

In the CGC framework, cross sections for various
scattering processes can be expressed in terms of correla-
tors of Wilson lines. A Wilson line describes the eikonal
propagation of a parton in the strong color field of the
target. The energy dependence of the target color fields,
and thus cross sections, is obtained by solving the so-
called Jalilian-Marian—Iancu—McLerran—Weigert-Leonidov—
Kovner JIMWLK) equation [3-6]. This is a perturbative
evolution equation that describes the Bjorken-x dependence
of a Wilson line. In phenomenological applications, it is
usually convenient to work directly in terms of the Wilson
line correlators, and to solve instead the Balitsky-Kovchegov
(BK) equation [7,8] for the dipole operator (correlator of two
Wilson lines), which can be obtained from the JIMWLK
equation in the large-N_ limit.

The CGC framework has been used extensively in
phenomenological applications at leading order (LO) in
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a,, with the evolution equations resumming contributions
~agIn1/x to all orders. Running coupling effects derived
in Refs. [9-12] (see also [13]) can also be taken into
account. The nonperturbative initial condition for the small-
x evolution is obtained by performing fits to the HERA
structure function data [1,14], for example in Refs. [15-18]
(see also [19,20]). The obtained initial condition can then
be used for various calculations, for example particle
production in proton-nucleus collisions [17,21-27]. In
the future, the nuclear deep inelastic scattering (DIS)
experiments at the Electron Ion Collider (EIC) [28,29] in
the US, at the LHeC [30] at CERN and at the EicC in China
[31] will provide a vast amount of precise data from clean
DIS processes. These experiments will be able to probe the
nuclear structure where nonlinearities are enhanced by
roughly A'/3 higher densities compared to the proton.
Before the EIC, similar studies limited to the photopro-
duction region can be performed in ultra-peripheral heavy-
ion collisions [32,33].

In order to quantitatively study nonlinear dynamics in
high-energy scattering processes (and especially at the
future EIC), it is crucial to move beyond LO accuracy.
The next-to-leading order (NLO) evolution equations are
available: the NLO BK equation was derived in Ref. [34] and
the NLO JIMWLK equation was derived in Refs. [35,36].
Similarly, the impact factors are becoming available at NLO
for some processes: inclusive DIS [37—41] (in the case of
massless quarks), exclusive vector meson production
[42,43] (see also [44]) and particle production in proton—
nucleus collisions [45]. However, the phenomenological
applications of these are still developing [46-51].

The BK equation is usually solved in the large-N, limit.
In the LO case, the large-N. limit makes it possible to

Published by the American Physical Society
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express the four-point correlator of fundamental represen-
tation Wilson lines in terms of the two-point function. In
detailed numerical studies, it has been shown that the finite-
N, corrections are smaller than the naive expectation of
O(1/N?) [52,53]. At NLO, the equation involves six-point
functions of fundamental Wilson lines that must similarly
be expressed in terms of the two-point function in order to
close the equation. The purpose of this work is to see if the
finite-N, corrections are similarly small in the case of the
NLO equation, where all corrections of the order a? are
taken into account.

In order to numerically solve the BK equation at finite
N., we use the Gaussian approximation [54-56] to derive
analytical parametric equations for the six-point correlators
in terms of the two-point correlators. We study numerically
the finite-N_ corrections to these correlators, and also their
effect on the NLO BK evolution. In addition to the BK
equation, higher-point correlators are needed in the calcu-
lations of multi-particle correlations in the CGC frame-
work, see eg. Refs. [57-60].

The structure of the paper is as follows. In Sec. II,
we introduce the NLO BK equation and provide both the

|

large-N, and finite-N, expressions for the correlators that
will be studied. In Sec. III, we introduce the Gaussian
approximation, explain the diagrammatic notation used in
the rest of the paper and then explain the analytical
calculation done for finding the parametric equations for
the six-point correlators. Section IV contains the numerical
results obtained from using the analytical expressions for
the six-point correlators to solve the BK equation. Finally,
we end with a few concluding remarks and a summary of
our main results.

II. THE BK EQUATION AT NLO

For any product of /2 pairs of fundamental Wilson lines
UU', we use the notation

n 1
S ey = (U Uk Uy, UL). (1)
C

The NLO BK equation in the case of zero active quark
flavors (ny = 0) reads [34]

aN, azN? aZN?
ay“ﬁv)) = 2—”2[(113(: ® (Dy) +WK2.1 ® (Dy;) +WK2,2 ® (D,3) + O(ny), (2)

where the brackets () refer to the expectation value over target color field configurations. The kernels are

KBC =
Ne Ne

4z

2 N, X2-v? Xx?
. { +5 L(ﬁlnrz,uz—ﬂ—l

67 x> 10 ng X v?
S 2 In— )| 3
nY2+9 3 Y nr)} ®)

4 X2y"? + X2Y? — 4r27? r 1 1
Ko ==t 2 —aayn —yey2 VI x2yE | w2y T yax
VA ZHX*Y'? = X'?Y?) XY =-X"Y" | XY Y°X
21 1 X2y
+ ? |:X2Yl2 - X/2y2:| } x In Xl2y2 ’ (4)
r? 1 1 rt X?y"”?
K2~2 = {? |:X2Y/2 + Y2x/2 - X2yl2x/2y2} In X12y2 . (5)
T
The convolutions ® in Eq. (2) denote integrations over 1
the transverse coordinate z (in K5€) or z and 2’ (in K| and (D) = (s Sizz)rS;zb N2 <S,(2,zgy.z_z/>
K>5). We use the notation 7> = (x —y)?, X* = (x —z)%, ¢
X?=@x-2) Y'=(@-z% Y’=(-Z) and - (@ —=2), (7)
7? = (z—7')*>. We note that the kernel proportional to
. . . . . ) (3 (3
ny is also available [34]. Since the purpose of this work is to (D) = (S;(cz) S;z), Sij,) — (7 > 2). (8)

study the importance of the finite-N, corrections in the
NLO BK equation, we do not include contributions
proportional to n;. The finite-N, effects could be expected
to be similar to the ny = 0 case.

The Wilson line operators appearing in Eq. (2) are

(D)) = (Ss5)) = (s, (6)

Although the original NLO BK equation in the form
presented in Ref. [34] does not contain the subtraction
7 =z in D,,, we have introduced the subtraction to
improve numerical stability. This subtraction term has no
effect on the final evolution because the integral of K, ,
over z' vanishes if the Wilson line operator term does not
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depend on 7z’ (see Ref. [34]). We will refer throughout this
work to two pieces of the right side of Eq. (2) as the
(i) %N KBC @ (D)~ “LO-like” contribution,

2
b4 (lz 2 llz % 13 : 9
(i) EX5K, 1 ®(Dy 1) +%505K, 2 ®(Dy )~ “NLO-like
contribution.

In other words, we separate the terms in the NLO BK
equation by the types of Wilson line correlators, not by the
order in a,. Thus, the LO-like contribution also includes a
significant a? correction.

The interpretation of the NLO BK equation is that one
considers all possible ways to emit either one or two
gluons, at transverse coordinates z and z’, from the boosted
dipole consisting of quarks at transverse coordinates x and
y. The effect of the boost is that instead of the original
dipole projectile, the original quarks and the emitted gluons
scatter off the target color field. As such, the evolution can
be seen to describe the evolution of the projectile probing
the target structure. On the other hand, the emitted gluons
can also be taken to be a part of the target wave function, in
which case the boost corresponds to the evolving target
color field as probed by the original projectile. For a more
detailed discussion on the NLO evolution in the projectile
or target wave function, the reader is referred to Ref. [61].

The NLO BK equation is known to be unstable [62] due
to the large contributions enhanced by the large double
transverse logarithm InX?/r2In¥?/r>. We resum these
contributions to all orders following the procedure devel-
oped in Ref. [63], which was numerically confirmed in
Ref. [64] to result in a stable evolution (see also Ref. [65]
for an equivalent resummation of the same double loga-
rithms). In addition, we include the running of the QCD
coupling by noticing that the terms proportional to the beta
function coefficient f in Eq. (3) should be resummed into
the running coupling. We implement this resummation by
following the Balitsky prescription from Ref. [12]. Both
running coupling and double transverse logarithm resum-
mations are included by modifying the kernel K?C as

aNe ne as(r)N, r? 1 [(a(X)
KBC K — -1
2n2 ! 22 oAyt xr g )

4! (“S(Y) - 1)} 4K, )

72 \a,(X)

The double log corrections to all orders are taken into
account by the factor

11(2 asxz)

=, (10)

Kpra = =
A X

where a, = a,N./z. The double logarithm here is

x=+/InX?*/r*InY?/r2. If InX?/rPInY?*/r* <0, then

an absolute value is used and the Bessel function is changed

from J; — I, (see Ref. [63]). The scale of the coupling in
Kppa is determined by the smallest dipole min{r?, X2, Y2}.

In addition to the double log contributions, one can also
resum a set of higher-order contributions enhanced by
single transverse logarithms, as shown in Ref. [66]. For the
purposes of this paper, this resummation is not necessary
and is excluded for simplicity. In this running coupling
prescription, we keep the order 2 terms in the kernel KB¢
that are not proportional to the beta function. These are
included in the term Kf", which reads

a(rNe r? (67 = 10n; (11)
87> X*Y?\9 3 9N/

The strong coupling constant in the transverse coordinate
space is evaluated as

fin _
K" =

4
1

() + )}

2
AQCD

a(r)

) (12)

where # = (11N, —2n,)/N,.. We take n; to be zero in both
K" and 8. We use' €2 =1 and py/Agcp = 2.5 in our
numerical calculations, which freezes the coupling at
as(r - o) =0.762 in the infrared, and ¢ = 0.2 which
controls the transition to the infrared region.

The initial condition for the BK equation is taken from
the McLerran-Venugopalan (MV) model [67,68]. In the
MYV model, the color charge density is assumed to be a
random Gaussian variable, with a zero expectation value
and a variance proportional to the local saturation scale Q2.
The dipole correlator in the MV model is written as

(8 = oxp [~ 2% (1] 3
YIMV 4 rAQCD

Here, the constant e acts as an infrared regulator. We use
Agcp=0.241GeV and Q% =1GeV? in the numerical ana-
lysis. In analytical studies of the correlators of Wilson lines
in specific “line” coordinate configurations in Sec. IVA, we
use the GBW [69] form for the dipole correlator

@) 0%
(Sxy)Gew = €Xp 71 ) (14)

In principle, the resummation procedure for the double
transverse logs would also change the initial condition, as
discussed in Refs. [63,64]. However, since the initial
condition is a nonperturbative input for the evolution,
we consider Eq. (13) to be the nonperturbative initial
condition for the resummed evolution as well. For the

'A generic estimate [9,13] would be C? = e ~0.32. We
use a larger value C?> =1 which results in slightly slower
evolution, as the C? is usually taken to be a free parameter
controlling the coordinate space scale.
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purposes of this paper, the actual form of the initial
condition is not relevant.

We compare the finite-N,. version of the BK equation
presented above to the equation obtained in the large-N,
limit, which has been studied numerically in Refs. [62,64].
In this limit, one can drop operators suppressed by 1/N,
and the correlators in Eq. (2) become

N.—

(D)) 5Dy )y e = (SED(SS)) = (S5, (15)

(D21)" =5 (D) oo (16)
(D22) (D2 y oo (17)

with

(D) y oo = (ST STNSD) = (SEH(ST). (18)

Zy

III. SIX-POINT FUNCTIONS IN THE GAUSSIAN
APPROXIMATION

A. The Gaussian approximation

Atlarge N, all Wilson line operators present in the NLO
BK equation can be expressed solely in terms of dipole
correlators, as can be seen from Eqgs. (15) and (16). At finite

N, on the other hand, the higher-point functions <S§22 ng) )
<S(2)S(2)S(2) ) and <S(6)

X227y xz2 yzz
for the four-point function in terms of two-point functions
has been derived using the Gaussian approximation (see
e.g., [55]). This makes it possible to obtain a closed form
for the LO BK equation at finite N.. The purpose of this
work is to compute also the six-point functions using the
Gaussian approximation, in order to obtain a closed finite-
N, BK equation at NLO accuracy.

In the Gaussian approximation, all correlators are para-
metrized by a single two-point function, and all higher-
point functions can then be expressed in terms of this
function. The initial condition for the small-x evolution is
usually assumed to be Gaussian (e.g., as in the MV model),
but it is not clear a priori that the Gaussian approximation
is valid after the evolution. However, numerical studies of
the JIMWLK equation [70,71] have not found any indi-
cation of major effects breaking the validity of this
approximation.

We use the diagrammatic notation of Refs. [53,55,72], in
which Wilson lines are denoted as

Up= —¥— (19)

) are needed. An expression

U= —§—. (20)

The projectile transverse coordinate is x, the lightcone time
axis runs from right to left and the blue vertical line
represents the target background field. In the Gaussian
approximation, the correlator for some Wilson line operator
O|U] is approximated as an integral over a parametrization
rapidity n of a single two-point correlator G

upuy:

owh, =ew{-3 ["a1 [ Guuwrs,i, fown
h (21)

The transverse integrals are denoted as fu = f d’u and L
is a Lie derivative that acts on Wilson lines according to

LU, = —igs® (x —u)t*U, (22)

= —ig H? : (23)

The structure as an exponential of a two-point function (as
in the MV model [67]) is what makes this a “Gaussian”
approximation. In practice, for gauge invariant (color
singlet) operators, the two-point function G, ,, always
appears in the linear combination

G 1) = [ |G 1) = (G 1) + G 1)

(24)

For the integrand, we use the notation G’ := 8,79. Physical
observables only depend on the integrated G and not on the
integrand G'. Thus, for the purpose of our calculation,
where we need to relate higher-point functions of Wilson
lines to the two-point function, there is some freedom in
choosing the parametrization rapidity. We use this freedom
in such a way that the # and transverse coordinate depend-
ences of G factorize,” as is usually done when employing
the Gaussian approximation (see e.g., [54,56,58,70,74-76])
in phenomenological applications. We henceforth omit the
explicit 7 dependence of G for brevity.

As an example of the procedure for finding the para-
metric equation for a correlator using Eq. (21), we illustrate

This assumption has the effect that the transition matrices
M(n) [introduced below in Eq. (30)] at different rapidities n
commute with each other. This turns the path ordered exponential
of M(n) into a normal exponential. This, in turn, makes it
possible to relate higher-point functions to the two-point function
without any further assumptions about the 7 dependence of G'. In
the terminology of Ref. [55], we use a “rigid exponentiation”
instead of the “Gaussian truncation.” The “Gaussian truncation”
would imply equating the parametrization rapidity »# with the
evolution rapidity Y. See the related discussion in Refs. [72,73].
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the steps for the dipole operator (S§2y>> A more practical

form of Eq. (21) is to write the integral over the para-
metrization rapidity # in differential form. Then, we have

B,(S5) = —M(n)(S53). (25)

where M is the so-called transition matrix formed by
operating with the argument of the exponential in Eq. (21)
on the operator of interest. In this case, there are four
contributions from acting with the Lie derivatives on a
product of two Wilson lines:

L4, 15, (Vs ®U}) = L, Lt i (26)

R
+IW%+1%§.

From this sum, we need to factorize out the original
operator U, ® Uj, so we use the Fierz identity

L =0C-x D @

(27)

There is only one way to join the endpoints of the Wilson
lines into a singlet operator. This is to trace over them, i.e.,

wedging them between ﬁ ( and ﬁ ) .- Doing so and
performing the remaining operations in the exponent of
Eq. (21), we get

Oy <S:S:2L> = _CFg:/B,y <Sw234>

— b = (s8) =,

(29)

2_
where Cp = A;—Nl
B

normalized, the initial condition at # = O for the differential
equation (25) is given by trivial Wilson lines equal to the
identity matrix in the absence of a color field. This is the
well-known parametric equation for the dipole correlator
[55] in the Gaussian approximation.

In the case of n-point correlators larger than the dipole,
the operator (O[U]) in Eq. (21) is actually an n X n matrix
of correlators, denoted A(y), and Eq. (25) becomes an
n x n matrix differential equation

Since the operators ¢ and ) were

9,A(n) = —M(n).A(n). (30)

By construction, M is a symmetric matrix, so there are at
most » 7, i = n(n+ 1)/2 distinct elements, not n x n.

For example, a product of six Wilson lines is represented
in this notation as

wow

w
—

U.oUL, U, U} @Us @ Uf, = (31)

g 8 w ¢

(the haphazard assignment of coordinate labels is conven-
ient for the NLO BK equation and will become clear when
constructing the transition matrix). The notation here
means that this product is actually a matrix with six open
indices on the left and another six on the right; we denote
them as

J i1
ky L
J2 2
ks Iy
Js 13
k3 I3

Since only singlet states are gauge-invariant, the only
operators of interest here are singlets. There are six pos-
sible ways to join the endpoints of these Wilson lines to
form a singlet. Equation (30) is therefore a six-by-six
matrix differential equation, as opposed to the much
simpler one-dimensional problem illustrated for the dipole
correlator.

In analogy to the procedure for the dipole operator, the
procedure to use Eq. (30) to find parametric equations for
the six-point correlators is as follows:

(1) Choose a multiplet basis, represented as a column
vector B, of n =6 color structures for the space
of all six-point correlators. Each element will have
six open color indices, which can contract with the
open indices on the left of U, ® UI, RNU, ®

U; RQU, ® U‘Tv. For example, one choice for an
element of B could be

Ji
o
1 o1
VR h T Um
J3
C ks

5]'1,/61 612,1626]'37]63 (32)

and the corresponding element for the other end of the
Wilson line is then
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i
I D
1 i

1
N3 b D = \/ngéil,lléiz,lz&&ly
i3

(33)

The prefactor is a normalization constant found by squaring
the basis element.

(2) Construct the correlator matrix A by taking
B(U,® U, ® U, ® Uy ® U, ® Uy,)B". The ele-
ments of B on the left are contracted with the open
color indices on the left of the Wilson lines, and the
elements of BT with the open indices on the right.
For example, using the basis element shown above,
we have for one of the 36 elements in A,

1 Ja iy
N3 =k Iy D

1 .
= (U=01) o (UU}) tr (UaU,)

(34)

(3) Construct the transition matrix M by summing (for
each element in .4) all possible one-gluon diagrams
obtained with the double Lie derivative operator and
rewriting the result in terms of elements of A.

(4) Solve Eq. (30) by exponentiating M to find ex-
pressions for each element in .4, using as an initial
condition the correlator matrix A corresponding to
Wilson lines equal to the identity matrix.

B. Choosing a basis

Starting from a product of six Wilson lines, there are six
ways to form multiplets by joining endpoints in all possible
ways:

CE e

The simplest way to construct an orthonormal basis from
these would be to use color algebra to choose

c
¢
C

S G
C
s

C
\ N §

1 8
) Neda

Cada

The blue lines denote gluons and the last two elements
of B represent the antisymmetric and symmetric structure
constants, respectively, f.,. = —2itr([t,,1,],1.) and
dype = 2tr({t,, 1}, 1.). The color factors are dy = N2 —

land Cy = N ]%,:4. The next step would be to use this basis to
construct the correlator matrix A and the transition matrix
M. However, doing so results in a matrix differential
equation 0, A(n) = —M(n).A(n), whose complicated sol-
ution is the matrix exponential of a six-by-six matrix M.

For our case, a better way to proceed is to exploit the
structure of the six-point correlators that are actually
needed for the NLO BK equation. Since there are only
four distinct coordinates in these particular correlators, we
make the coordinate assignments

z z
z z
v w—z 2’ (37)
Yy v—z/ Yy
T T
w z

It is easy to see from this that there is one way to join the
endpoints such that in the limitv — z/, w — z, four Wilson
lines cancel (due to unitarity). The result simplifies to a
single trace:
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WQ i DW S

(38)

. C .
So choosin L as one of our basis elements allows
g /NE Q

one dimension of our six-dimensional space of operators to
decouple, giving the equation for the dipole correlator.
Similarly, the choice of two more particular basis elements
results in two correlators that reduce to four-point functions;
one due to the limit v — z’ and the other due to the limit
w — z. Thus, we can expect to choose a further two basis
elements such that two more dimensions decouple from
the remaining five, corresponding to the equation for the

Since this basis is orthonormal, the correlator matrix at the
initial condition A( = 0) will just be the identity matrix.

C. Constructing the correlator matrix and the
transition matrix

Due to this choice of basis B, the full matrix differential
equation (30) now decouples into three independent equa-
tions. This allows us to forego exponentiating a six-by-six
matrix; at most we will need to exponentiate a three-by-
three matrix, which can be done analytically.

To form the correlator matrix A, we take the product

B(U, ® UZ/ U, Uy ® U, ® Uy)BT and set w — z

Neda
1 —
2Nc.da
1 <
2Ncda
C
1
N,

/A

four-point operators. These two basis elements can be

chosen as
e
2N.da c
and

| (o G2
\/2NCdA ( Nc (

We will choose the remaining three basis elements such
that they are orthonormal to the three already chosen,
resulting in the final basis vector

D
+
2
/S A

|
and v — 7. To form the transition matrix, we act with
the argument of the exponential in Eq. (21) on the operator

U, ® UI, RU,® UyT RNU, Q® Uy, then wedge the result
between the basis vectors and set w — z and v — z:

_ [ 1 [n
Bl-3 ['ar [ GuutriLit)
u U,

< (U, ® U, ® U, ® Uy ® U, ® Uy)BT|  (40)

w—z
vt

Diagrammatically, this is equivalent to summing all
possible ways of attaching one gluon line on the
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operator _I_, using the Fierz identity to replace the gluon

vertices, and finally closing the Wilson line endpoints on
the left and right using the basis vector. For example, the
element (6, 6) of the correlator matrix A is

AGO) (1)) = B (Uz QUL U, ®U}®Us ® UL) Bs

1
=3

C

(41)

We then sum all the diagrams in which a gluon is attached
to this diagram so that it joins any two of the six Wilson
lines on the right of the target interaction. Using the Fierz
identity in Eq. (28), we may write the resulting expression
in terms of diagrams with no gluons. After making the
substitutions w — z and v — 2/, the result will be a linear
combination of elements of the operator matrix .A(r). From
this linear combination, one can read off the elements of
column 6 of the transition matrix M. The explicit expres-
sions for the elements of .A(y) in terms of the Wilson line
correlators are shown in Appendix.

Performing this procedure for each diagram in A(r), we
get the full transition matrix

M; 0 0
Mms=1{ 0 My 0 (), (42)
0 0 M,

where the subscripts refer to the dimension of the
submatrix.
The first (one-dimensional) transition submatrix is

Mi(n) = Cng/‘y (43)

and upon exponentiation, gives the parametric equation for
the dipole correlator as shown in Eq. (29). When inverted,
this equation can be used to express the two-point function
G, y in terms of the dipole correlator. This will be needed to
evaluate the higher-point functions in terms of the
dipole <S£2;>

The second (two-dimensional) transition submatrix is

M,(LD
(Mz(l‘z)

M,(12)

N,
MZ(I/I) = M2(1‘1>

. ). @)

where

2
1.1
M) 5= Gz + Gy = 33 Gy

M(QI‘Z) (’7) = f\zz + g,/VZ - g;c.z’ - gjl’«z" (46)

+G st G (45)

The matrix differential equation

9, A5 () = =My () Az (n) (47)

then gives a coupled system of 2 x 2 differential equations,
out of which 2 are linearly independent, corresponding to
the fact that the same transition matrix operates separately
on each of the two columns of \A,. The exponential solution
for this system of equations gives the known parametriza-
tion for the four-point correlator with one repeated coor-
dinate [55]

1 2C .
(25D = L 00 1 208 61, 60r16-60)

Ne N,
(48)

The third and final (three-dimensional) transition sub-
matrix is

ETOET 0
Muln) = | 59Ty T - | (49)
0 L Y
where
Ty = CeGry + NG,z (50)

2
Iy = gxz + gy,z - N2 gx.y + Gy + gy,z’ + Zgz,z’s (51)
C

I := gx.z - gy,z - gx,z’ + gy.z’ (52)

and the primes on the I'’s in Eq. (49) denote derivatives in #.
Exponentiating this matrix is the last step required to get
expressions for the remaining six-point correlators in .A45.

D. Exponentiating the transition matrix M

In order to obtain the six-point functions, it is necessary
to solve the differential equation

0, As(n) = =M () As(n). (53)

Solving this equation is equivalent to exponentiating the
matrix M3, as shown above in the cases of the two- and
four-point functions. To exponentiate M5, we consider two
different cases: Iy = 0 and I'} # 0. The reason for this will
become clear shortly.

When I, = 0, M; in Eq. (49) becomes diagonal and we
directly obtain

et 00
A= 0 ¥ 0 | (54)
0 0 e To

When I'; # 0, the matrix elements of A5 are calculated
by matrix-exponentiating the full M3 in Eq. (49), giving
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an(z)
d(z;)

— OGN T, 42k
_2\/chr2 >

()= > et

Here, z; are the roots of the cubic polynomial

—VCaNI, 5 2\ /3CN I} 4
—"j;g;)') 2V, % “ : (55)
2V “22259

p(z) =22 + 220 + N.I'y)22 + [N (8T + NoI'y) = (N2 + 4)I3)z + 4[N I = (N2 = 4)Ty + 2N )3, (56)
They are
1 1 2 2 2
a=z("2a+e +a [(c) = 6I)* + 3(N¢ +4)I3] ). (57)
1 1
n=- (166‘1 +c3(1=iV3) + —(+ iV3)[(c; — 69)? + 3(N2 + 4)r§]>, (58)
3
1
Z :_g(m. +e3(1+iV3) + (1 —iV3)|(e, —6F0)2+3(N§+4)F§]>, (59)
[
where E. Extracting six-point correlators needed for NLO BK
¢y =20+ NIy, (60) Equation (55) gives the analytical expressions for the
correlators formed using basis B, solely in terms of the
¢y = (2¢1[c? —9(N? = 8)[5])? —4[c? + 3(N? + 4)I5°, parameter G [which can be used to relate these expressions
(61) to the dipole via Eq. (29)]. For example,
et (z)
3, 2 /4033(%
A0 m) =3 e =S
Cc3 = \/ —+ C] 9(Nz — 8)1_%} (62) 1=1 ‘

The functions of the roots that appear in Eq. (55) are

ay(z) = 4N, — 813 + (2T + 1)z + 2%,

ap(z) =4y +z,

(

(
ai(z) =1, (
ay(z) = 4N + (2T + 1)z + 22, (66

(
(

ap(z) =N.TI) +z,

as3(z) = N2 — (N2 =42 + 2Nz + 22

d(z) =322 +4c1z+ N (8T + N.Iy) — (N? + 4)I5.

(69)

Notice that ¢; may be complex. However, the final
expressions for each element in A3 are in fact real, as
correlators should be. Notice also that ¢ appears in the
denominator in the roots. Since ¢ = 0 < I, =0 and we
have treated the I', = 0 case separately, we need not worry
about dividing by zero where c3 appears in the denominator
in (57)—(59).

1 - (+L C
 Neda C N\« (70)

are

vz’

<S$l,zl,y,z,zf>—]$c< > SNCe)

'w—>z/
v—Z

These are not explicitly any of the elements of matrix A,
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< ~ TN BN TSN
since € and are not basis elements in B. Instead, they are c c ¢ c (74)
C
- - V2da ~ 1 -
linear combinations of the elements B; contained in B: - N2A Bs + N2 Bs.
C
1 dACd ~ 1 dA ~ vV dA ~
——C = By — —\/—By— B
Ng( oN3 ' ON V2P N2 TR
¢ (73 . o .
N 1 Using these two expressions, it is simple to get the final
— 72A Bs + 5 Bg, equations for the two six-point correlators needed. In terms
Ne Ne of the elements of the correlator matrix A5 given in Eq. (55)
(see Appendix for detailed expressions) they are
|
2) o(2) o2 L da
(S2s2sT)) = N2 (SE) L ee) + N (—/CaN A1 4 N A2 4 /2.4,23)) (75)

and

da

6 2 2 2 2 2
(89, ) = ~(3) + (552 4 (5252 4 9 (f

ZZy NC

Equations (75) and (76) are the final two expressions
needed to solve the NLO BK equation at finite N_; they are
the main analytical results of this work. It is now possible to
express these six-point functions entirely in terms of dipole
correlators using Eq. (29). This makes it possible to write
the NLO BK equation from Eq. (2) solely in terms of dipole
correlators. In such a closed form, it can be solved directly,
as was done in the large-N, case in Refs. [62,64].

To verify the validity of Egs. (75) and (76), we perform
three checks. First, the Gaussian approximation has the
built-in property that it should be consistent in color
algebra. This means that taking any coincidence limit in
which coordinates are made equal in Egs. (75) and (76),
should reduce them to the relevant expressions for the
lower-point functions Eqs. (29) and (48). For example,
setting z — x and z’ —y in Eq. (75), we reproduce the
equation for the dipole (29), as expected.

Secondly, when Eq. (75) is taken in the dilute limit,
where the Wilson lines are expanded as

U, = el (77)

=1-2,&@)+00%), Il@xeR, (78)

Eq. (75) should be the same up to order A? as the parametric
equation for the large-N_ counterpart operator. In the case

() ) @)

of correlator (Sy;S Y J>, the large-N, result is just the

7.7
factorized product of dipole correlators

A0 —

2C, N, 1
(1,3) _ ¢ (2,2) (33) ). 76
N, Ay ) Ay + N, Ay ) ( )

(SS)(s)

2 - /4Gy
Z.z,><SL;> — o Cr(GectG.y+02,) (79)
After some algebra, Eq. (75) can be shown to give the same
result up to order G.

Finally, we have confirmed that Eq. (76) reproduces the
large-N, result in the appendix of Ref. [60] in the particular
line configuration of coordinates discussed below in
Sec. IVA. Since our expression is rather complicated
due to the complex roots z;, we have not been able to
analytically take the limit N, — oo of our expression.
Instead we have evaluated our result numerically at very
large values of N, and checked that the result matches that
obtained using the expression in Ref. [60].

We note that in Ref. [59], correlators of up to eight
Wilson lines have been calculated at finite N.. The differ-
ence between that work and ours is that the authors there
are solving the system for a general configuration of
coordinates, where it is difficult to find a basis such that
the transition matrix would become block diagonal.
Consequently, an analytical approach as presented in this
paper is not possible. Instead, the authors numerically
exponentiate the transition matrix, which is a much more
expensive computational procedure than what is needed
here.

IV. NUMERICAL RESULTS

We now study numerically the obtained six-point corre-
lators, Egs. (75) and (76). In particular, we are interested in
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the effects of the 1/N?2 suppressed contributions included in
these six-point correlators, compared to the large-N,
version in Eq. (16), which was used previously in numeri-
cal studies of the NLO BK equation. We will first study
these operators in a specific coordinate configuration (with
the GBW parametrization for the dipole). We will then
integrate the operators over the gluon coordinates z,z’ and
study the BK evolution starting from an MV model initial
condition.

A. Correlators in a line configuration of coordinates

As a baseline for comparison of the six-point correlators
in the NLO BK integrand, we consider first the four-point

correlator (S,((zg S§2y>) that appears in the LO BK equation.
We compare the full finite-N, result to its large-N, limit
(Sffz) ) (Sézy)) The finite-N,, correlator is evaluated by apply-
ing Eq. (48). For the dipole operator (S(>)), we use the
GBW form given in Eq. (14). We consider the following,
specific but not atypical, configuration of coordinates: x,y
and z in a line along the horizontal axis of transverse
coordinate space, as shown in Fig. 1. The distance between
points y and z is denoted by q, the distance between points x
and z is 2a, and the distance between x and y is 3a.

We have confirmed that the rough relative magnitude of
the finite-N_ effects of the results shown in this subsection
are not specific to the actual chosen geometric configura-
tion. To confirm this, we have tested other coordinate
configurations, for example the four coordinates placed at
the corners of a square. The results of these tests were very
similar to the plots shown here for the line configuration.
We therefore consider this particular geometry to be
representative of the typical magnitude of the finite-N,
corrections.

To show the results as a function of the dimensionless
distance scale aQ,, we define the saturation scale Q, as

2 _
(S5 eypimayr = €2, (80)

In Fig. 2, the four-point correlator is shown both at finite
N, and at large N, as a function of the distance aQ;.
Additionally, the magnitude of the finite-N_ correction is
shown as a difference between the finite-N, and large-N,
results, denoted by (SZS®?) — (§?))(S?)). The finite-N,

FIG. 1. Coordinates in the LO-like operators of the BK
equation placed in a line configuration as a function of some
value a.

1.4 ‘ ‘
_____ (S@y(s@)

120 (5@ 5@y

— (8@) (5@

1.0

0.8f

0.6f

0.4}

0.2}

0.0

0.01 0.05 0.10 050 1 5 10

FIG. 2. Correlators in the LO-like piece of the BK equation (2),
in the line configuration of coordinates as shown in Fig. 1.

correction to the four-point correlator (S S?)) is found to
be negligible. At typical aQ, = 1, the relative finite-N_
correction  ((SZIS?)) — (S@)Y(SC)Y)/((SP)(SP)) s
approximately 5%. The relative correction becomes more
important at large aQy, in the region which gives only a
negligible contribution to the BK evolution. We will return
to the discussion of the finite-N, corrections at aQ, = 1
later, when evaluating the six-point functions. Also shown
in Fig. 2 is the full LO-like operator factor D, (see Eq. (6)
from the BK equation, both at large and finite N.. The
difference between the finite-N, and large-N,. results is the
same as the difference for the four-point correlators. The
fact that the finite-N,, corrections are smaller than ~1/N? is
not surprising, as these corrections to the LO BK equation
are known to be small [53].

Next, we choose for the four coordinates present in the
NLO-like operators in the BK equation a similar line
configuration, shown in Fig. 3. In Fig. 4, the behaviour
of the operator (S?)S(?)S?)) and the large-N, counterpart

FIG. 3. Coordinates in the NLO-like operators of the BK
equation placed in a line configuration as a function of some
value a.
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FIG. 4. Six-point correlators present in the NLO BK equa-
tion (2), in the line configuration of coordinates as shown in
Fig. 3.

(S@))(5?))(S@) are plotted as a function of aQ;. For the
finite-N, correlator (S?)S?)5?)), we use our analytical
result Eq. (75). Although the difference between the large-
N, and finite-N results (also shown in the figure) is larger
here compared to the four-point function shown in Fig. 2, it
is still negligible at aQ; < 1. On the other hand, the finite-
N, corrections clearly dominate in the region aQ; 2 1, the
relative contribution from 1/N? suppressed terms being
approximately 40% at aQ, = 1. A similar, although
numerically smaller, effect was observed in the four-point
function studied above. This can be understood as follows.
When 2a = 1/Q, the color fields at points x and z, as well
as at y and 7z’ are uncorrelated. However, at finite N, the
six-point function is also sensitive to the color field
correlations between points x and z/, as well as between
y and z that belong to different dipoles and are thus not
correlated in the large-N, limit. When |x —Z/| = |y — z|<
1/Q,, these correlations do not vanish and actually domi-
nate the full six-point function.

Also shown in Fig. 4 for comparison is the other 1/N2
suppressed six-point correlator # (8©)) present in the NLO
BK integrand at finite-N (cf. Eq. (7)). This is plotted using
Eq. (76). We can see that the contribution of the six-point
function S /N2 to D, , is similar in magnitude as that of
the finite-N, corrections to the dipole cubed opera-
tor A1 S5,

In Fig. 5, we use all the above mentioned correlators to
plot the NLO-like factors (D, ;) and (D,,), as defined by

0.05
0.00
—0.05¢ 1
-0.10¢ 1
-0.15¢ 1
-0.20¢+ ; 1
'''''' (D) = (Da)y, e
0.01 0.05 0.10 0.50 1 5 10
aQs
FIG. 5. Correlator factors (D, ;) and (D,,) in the NLO-like

part of the BK equation (2), in the line configuration of
coordinates as shown in Fig. 3. Both factors reduce to the same
expression (Dy)y ey, in the large-N, limit, as also shown in the
figure.

Egs. (7) and (8), respectively. Since both quantities reduce
to the same expression in the large-N, limit, only one curve
is shown for the large-N case. The dashed curves show the
differences, i.e., the finite-N. corrections to (D, ;) and
(D,5). As already seen when studying the six-point
correlators, the finite-N_ corrections are negligible at
aQ, <1, but become numerically important when
aQ, 2 1. In comparison to the dashed curves in Fig. 2
for the LO-like case, we see that the finite-N, corrections in
the NLO-like case are larger. At aQ, = 1, the finite-N,
corrections to the operators (D, ) and (D,,) are approx-
imately 20% and 16%, respectively. In comparison, the
LO-like operator (D;) shown in Fig. 2 has a finite-N,
correction of approximately 8%. When considering the full
NLO BK evolution, one should keep in mind that the
evolution is driven by the dipole sizes r < 1/Q;. As such,
even though the finite-N_ corrections can be large at
r=1/Q;, the actual effect of the 1/N? suppressed con-
tributions to the small-x evolution can be smaller. The NLO
BK evolution at finite-N, is studied in the next section.

B. BK evolution at finite NV,

Equipped with the insight gained for the expected
behavior of correlators using the line configuration,
we move on to studying the full BK equation using
the MV model initial condition, shown in Eq. (13), with
07, =1GeV? Since the finite-N, corrections to the
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individual operators have been found to be small (except at
large distances which do not significantly contribute to the
BK evolution), we expect the finite-N_. corrections to
remain small when performing integrations over gluon
coordinates z and z' in Eq. (2).

In Fig. 6, we show the relative evolution speed %OYN R
where the dipole amplitude N = N,, is defined as
Ny =(1- S,(czy)> This is obtained by integrating the full
right side of Eq. (2), first using the large-N expressions for
the correlators, then again using the finite-N, expressions.
These are shown separately for the LO-like contribution
[only the term containing D; in the integrand in Eq. (2)]
and the NLO-like contribution (only the terms containing
D, and D,,). As expected from the line configuration
studies, we see that the finite-N, corrections for the NLO-
like terms are slightly larger, but of the same order of
magnitude as the finite-N. corrections for the LO-like
terms. The finite-N_ corrections vanish when the parent
dipole size r is small, and are most important at rQ, ~ 1, as
expected from the line configuration analysis pre-
sented above.

In Fig. 7, we plot the difference between the large-N, and
finite-N,. cases, separately for the LO-like and NLO-like
terms. This shows more clearly that the difference for the

0.8 " "
_____ (LO-like) . _,
— (LO-like)g e v,

06 ____ (NLO-like) v, _, A
— (NLO-like)g, ;i n.

04l---- (LO-like + NLO-like)y _, 1

—— (LO-like + NLO-like)g, . v

Oy N/N

—0.2¢ i

0.01 0.050.10 050 1 5 10

rQs

FIG. 6. Evolution speed of the dipole amplitude at the initial
condition at large-N, and at finite-N.. We show separately the
contribution from the LO- and NLO-like terms (note that the LO-
like contribution includes the order a? contribution included in
Kim).

o
o
S
a

0.000

(ayN/N)ﬁnite N. — (aYN/N)Nc—M)o

~0.005 ‘ , ]
----- - LO-like
—— NLO-like
—0.010} . AN ]
----- LO-like + NLO-like ...~
0.01 0.050.10 050 1 5 10
rQs

FIG. 7. Difference of the evolution speeds at finite N, and at
large N., shown separately for the LO-like, NLO-like and total
(LO-like + NLO-like) contributions.

NLO-like terms is of the same order of magnitude as for the
LO-like terms. We also note that the difference has the
opposite sign in the LO-like and the NLO-like terms.
Consequently, a part of the difference cancels in the total
evolution speed. At rQ, = 1, the relative finite-N,. correction
is approximately 8% in the LO-like contribution and 13% in
the NLO-like contribution. The relative magnitude of the total

1.06 T T T T T

1.04

1.02}"

Niinite N. /NN, 00

1.00

0o 0.050.10

FIG. 8. Evolution for the ratio of the dipole amplitudes obtained
by performing the finite-N. and large-N. evolutions with the
same initial condition.
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FIG.9. Evolution speed of the saturation scale Q? as a function
of rapidity at large N, and at finite V.

1/N? suppressed contribution is 5%, which is somewhat
smaller than the expected correction of 1/N2 ~ 10%.

Finally, the last thing left to study is to move beyond the
initial condition and determine how the finite-N_ correc-
tions behave under the NLO BK evolution. In Fig. 8, we
show the ratio of the dipole amplitudes N obtained by
solving the full NLO BK equation at finite N, to that at
large N.. At r= 1/Q,, when the details of the initial
condition are lost and one enters the geometric scaling
region, the difference between the large-N, and finite-N,
cases evolves only very slowly. At small dipoles, the ratio
grows approximately linearly in Y. The fact that the total
finite-N, correction is positive at small dipole sizes and
negative at large dipoles, as seen in Fig. 7, is found to hold
also asymptotically after many units of rapidity evolution.

The evolution speed of the saturation scale, Jy In Q2, is
shown in Fig. 9. Similarly to what is seen in the dipole
amplitude plot in Figure 8, we see from this figure that the
finite-N_ corrections are more important at the initial
condition, slowing down the evolution of Q? by approx-
imately 5%. Later in the evolution, where the solution
approaches the asymptotic shape of the BK evolved dipole,
the difference becomes smaller—of the order of 1%.
Consequently, even at the initial condition (and especially
when the details of the initial condition are lost) the finite-
N, corrections to the evolution speed of Q, are found to be
significantly smaller than the naive expectation of 1/N?
at NLO.

V. CONCLUSIONS

In this work, we have studied the six-point correlators in
the NLO BK equation using the Gaussian approximation.

This allowed us to express these higher-point correlators in
terms of the dipole operator. In using our analytical results,
we have seen numerically that the overall finite-N_ cor-
rections to the NLO-like part of the BK equation are
somewhat smaller than what is naively expected. However,
one needs to state the actual quantity being compared in
order to quantify this correction.

When correlators are considered between Wilson lines
separated by large distances relative to 1/Qs, 1/N? sup-
pressed corrections may be considerable. Despite these
potentially large corrections to individual correlators, these
configurations do not contribute much to the right side of
the BK equation. Therefore, we find a somewhat smaller,
although still significant, effect on the shape of the dipole
amplitude as a function of r. The finite-N, corrections are
watered down further when one considers the evolution
speed of Qg as a function of rapidity, especially once the
evolution settles toward its asymptotic form away from the
initial condition. In general, finite-N, corrections need to be
considered carefully when evaluating the NLO BK equa-
tion, since they may have a non-negligible effect at the
required accuracy.
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APPENDIX: CORRELATOR MATRIX A(n)

We give here the explicit expressions for the operators
contained in the correlator matrix A(r). Since the transition
matrix M block-diagonalizes in basis B, as explained in
Sec. Il C, we are only interested in the corresponding
block-diagonalized matrix

A, 0 0
Am|,.=1 0 A 0 [(@). (A1)
T 0 0 A

The one-dimensional submatrix is
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The two-dimensional submatrix is

Ai(n) = <Bs Be>

w%z]
v—z

= (s8)). el

where

. 1 T
¢ C - I woz
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