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Abstract

Next-to-eikonal corrections in the
Color Glass Condensate

Arantxa TYMOWSKA

The high energy limit of Quantum Chromodynamics (QCD), in particular the
Color Glass Condensate (CGC) effective theory is the framework used throughout
this thesis. In CGC one of the most commonly used approximations is the eikonal
approximation. This approximation amounts to taking into account only the con-
tributions that are leading in energy, while systematically disregarding the energy
suppressed corrections. The eikonal approximation is based on three assumptions.
The first one takes the target as an infinitely thin 'shockwave’, the second one is tak-
ing into consideration only the leading component of the background field, and, the
third assumption is to disregard the dynamics of the target. The eikonal approxi-
mation is a very reliable one, specially in the high energy limits such as the energies
reached at the Large Hadron Collider (LHC). However, when considering other ex-
periments such as Relativistic Heavy Ion Collider (RHIC) or the future Electron Ion
Collider (EIC), the scattering energies are lower compared to LHC.

The main goal of this work is, therefore, to provide the basis needed to compute
the corrections to the eikonal approximation. These corrections are suppressed in
energy with respect to the eikonal limit. This is the main motivation for the com-
putation of such corrections, since the results obtained at this level of accuracy are
expected to provide better precision for the phenomenology at the RHIC and EIC ex-
periments. In order to obtain these corrections we relax the aforementioned eikonal
assumptions.

After laying the basis of CGC and computing the Wilson line at the eikonal ac-
curacy, the quark propagator at next-to-eikonal (NEik) accuracy in the gluon back-
ground field is computed. With the use of this propagator we compute different
observables. The first observable computed is the forward quark-nucleus scattering
at NEik accuracy, relaxing two out of the three assumptions in the eikonal approxi-
mation while the dynamics of the target is still neglected.

Finally, we relax the third assumption and take into account the dynamics of the
target, thus obtaining the quark propagator at the full NEik accuracy in the gluon
background field. With this propagator we compute two more observables, the DIS
dijet production and the photon + jet production at NEik accuracy.
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Streszczenie

Next-to-eikonal corrections in the
Color Glass Condensate

Arantxa TYMOWSKA

Wysokoenergetyczny limit chromodynamiki kwantowej (QCD), a w szczegdlnosci
efektywna teoria "Color Glass Condensate" (CGC), stanowia ramy teoretyczne wyko-
rzystane w tej pracy. W CGC jednym z najczesciej stosowanych przyblizen jest
przyblizenie eikonalne. Polega ono na uwzglednieniu tylko tych skladnikéw, ktére
sa wiodace wzgledem energii, podczas gdy wyrazy wyzszego rzedu sa systematy-
cznie pomijane. Przyblizenie eikonalne opiera sie na trzech zatozeniach. Pierwsze
zatozenie zaklada, Ze tarcza jest nieskoriczenie cienka "fala uderzeniowa", drugie za-
ozenie polega na uwzglednieniu tylko wiodacej skfadowej pola gluonowego tla, a
trzecie zatozenie polega na zignorowaniu dynamiki jadra. Przyblizenie eikonalne
jest bardzo dobrym przyblizeniem do opisu proceséw rozproszeniowych, szczegol-
nie w przypadku wysokich energii, takich jak te osiagane w Large Hadron Collider
(LHC). Jednak, biorac pod uwage inne eksperymenty, takie jak prowadzone w Rel-
ativistic Heavy Ion Collider (RHIC) czy przyszly Electron Ion Collider (EIC), en-
ergie rozpraszania sa nizsze w poréwnaniu z LHC i efekty subeikonalne moga by¢
znaczace.

Glownym celem tej pracy jest przedstawianie formalizmu stuzacego do oblicza-
nia poprawek przyblizenia eikonalnego, oraz analiza proceséw rozproszeniowych
z ich uwzglednieniem. Te poprawki sa ttumione energia w poréwnaniu z przy-
blizeniem eikonalnym. Przedstawienie wynikéw na tym poziomie doktadnosci jest
gléwna motywacja tej pracy, poniewaz poprawiaja one precyzje analiz fenomeno-
logicznych do eksperymentéw prowadzonych na RHIC i EIC. Aby uzyska¢ te
poprawki, relaksujemy wczeéniej wspomniane zalozZenia przyblizenia eikonalnego.

Po przedstawieniu podstaw CGC i obliczeniu linii Wilsona z doktadno$cia eikon-
alna, obliczony zostaje propagator kwarkéw z doktadnoécia do nastepnego poziomu
po eikonalnym (NEik) w tle pola gluonowego. Z wykorzystaniem tego propagatora
obliczane sa r6zne obserwowalne wielkosSci. Pierwsza obserwalna, ktéra obliczamy,
jest przekr6j czynny na rozpraszanie kwark-jadro na poziomie subeikonalnym, re-
laksujac jednoczesnie dwa z trzech zalozen przyblizenia eikonalnego, podczas gdy
dynamika tarczy wciaz jest pomijana.

Nastepnie, relaksujemy trzecie zalozenie i bierzemy pod uwage dynamike ja-
dra, co pozwala na uzyskanie propagatora kwarkowego o pelnej doktadnosci NEik
w polu tla gluonéw. Z wykorzystaniem tego propagatora obliczamy jeszcze dwie
obserwable, produkcje dwoch strumieni jetéw w procesie gleboko nieelastycznego
rozpraszania (DIS dijet) oraz produkcje fotonu i jetu z dokladnoscia NEik.
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Introduction to QCD

Before the introduction of the core of this thesis let us start with some important
notions of quantum chromodynamics (QCD). This theory was first developed in the
1970s when the world of physics was trying to generalize the quantum theory of
electrodynamics (QED) so we will see some characteristics of those theories being
compared in this chapter. QCD is the theory that describes the behavior of strongly
interacting particles that compose the hadrons. This chapter will lay the basics we
need in order to study high energy collisions in the small-x regime, which will be
the main focus of this thesis.

1.1 The QCD Lagrangian

Quantum chromodynamics is a non-Abelian gauge theory based on the symmetry
transformation group SU(N;) with N. = 3, as opposed to QED where we have an
abelian gauge theory with the U(1) symmetry group. What these theories do have
in common is that their fundamental degrees of freedom are spin-1/2 particles and
both have massless vector bosons with spin 1, photons for QED and gluons for QCD.
In the case of QCD, the elementary massive particles are called quarks with their
corresponding anti-particles called antiquarks. The fundamental representation of
the SU(3) group is the set of three dimentional matrices U that satisfy the conditions
of unitarity, and where
det(U) = 1.

In order to have a physical theory emerging from this symmetry group, one acts on
some quantum fields which are the quark fields. The Lagrangian that remains un-
changed while performing the SU(3) transformations on these fields is the classical
QCD Lagrangian and it is given by

. 1
Lacp = Fi(y" Dy —m)q — 7 (F,)* (1.1)

The first term with the quark and antiquark fields (g, 7) is the kinetic term. These
quarks have six different flavors q=u,d,s,c,b,t. Each of these different quarks has a
different quark mass associated to it. The kinetic term contains the covariant deriva-
tive

Dy = 8, + igsT* Ay (1.2)
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The first term is the partial derivative and the second term is the needed addition
in order to make the Lagrangian SU(3) invariant (alongside with i(Pﬁv)z). In this
second term, there appears the new gauge field A,, representing the gluons, where
the index a is the color index that takes values from 1 to N?> — 1 = 8. Furthermore, g,
is the QCD coupling constant and T* is the SU(3) generator. Finally, the gluon field
strength tensor is given by

i, = 0, A} — 0y Al + gs 7 AL AS (1.3)

where f%¢ are the structure constants that determine the Lie algebra of the group
and they are the generators of the adjoint representation of SU(3), the one defining
gluons. When comparing QCD to QED one finds a crucial difference, since the me-
diating particle in QCD carries a color charge, as opposed to the electrically neutral
photon. This property allows a shift in the color of a quark when it emits or absorbs
a gluon (Fig.(1.1))

FIGURE 1.1: Representation of the color charge flow in a vertex
through the emission/absorption of a gluon

This feature arises from the fact that QCD is a non-abelian theory, which is also
responsible for the fact that gluons are allowed to self-interact with each other, un-

like photons in QED. This self-interactions give rise to 3-gluon and 4-gluon vertices
described by

g:(8, AL — 3, AL) fibe A Act (1.4)
ggfahcAbyACVfab’c’Al;l’As” (1.5)

where Eq.(1.4) corresponds to the 3-gluon vertex as represented in Fig.1.2 and Eq.(1.5)
to the 4-gluon vertex, as represented in Fig.1.3.

FIGURE 1.2: Representation of the self-interaction of three gluons
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FIGURE 1.3: Representation of the self-interaction of four gluons

1.2 Running coupling

In the previous section gs; was introduced as a constant, but this statement is not
complete and one can go beyond that to improve it. In this section the importance
of g5, or as = ¢2/47 is discussed. In particular, we discuss how it changes with
increasing energy. This is due to QCD being a renormalizable theory which makes
the coupling constant, dependent on the momentum scale Q, or energy scale, of the
interaction. The renormalization of the theory is determined by the renormalization
scale p,, which helps in separating the high energy from the low energy regime,
allowing one to treat these two regimes differently. However, this renormalization
scale is artificial and as such one needs the physical observables to be independent of
it, which is why one has to impose that the coupling constant depends on it, gs ().
In order to have a theory that leaves the physical observables invariant, it has to
be described by a set of differential equations that depend on y, and are known as
renormalization group equations (RGE) that encode the behavior of the B-function.
The solution of the RGE at first order is

2 as(p17)
) S TG b @) o
One of the main differences between Abelian and non-Abelian theories lies precisely
in the B-function.
In QED, for example, ﬁOQED = —4/3 setting the behavior of the coupling in such
a way that it goes towards zero when y, — 0 and towards infinity when y, — co.
This implies that at high energies, or smaller distances, the attraction is stronger.
However, for non-Abelian theories, such as QCD, one has

1IN — 2Ny

Tom (1.7)

Bo
and in the case of QCD, where N, = 3 and N r=6, the coefficient is positive. This
leads to a behavior of the coupling with p, such that it goes toward 0 at infinity and
rises when y, — 0 (see figure Fig.1.4). This implies that when particles get closer
and closer, the color attraction between them diminishes, that can be described as
asymptotic freedom [1, 2]. To show an intuitive picture of this property one may con-
sider two particles connected by a rubber band so that when you pull the particles
apart, the band counteracts on this by increasing its tension. This is a simplified de-
scription of what is called in QCD confinement, which is the property that maintains
the quarks bound to each other forming hadrons so that there are no "free” quarks.
Bringing back the previous example this would mean that the harder you pull the
particles away, the harder gets the resistance to this action. Furthermore, if one pulls
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too far away the quarks, this band would break in two pieces but the quarks do not
appear free, instead, the gluon binding energy would break in two so we end up
with two pairs of quarks coming from the original single pair.

0.35 - e —
F T decay (N°LO) =
low Q2 cont. (N’LO) e~
03 L DIS jets (NLO) F+i ]
Tt Heavy Quarkonia (NLO)
e"e” jets/shapes (NNLO+res) i ]
- pp/pp (jets NLO) =+ 4
025 EW precision fit (N>LO}e— 7]
pp (top, NNLO) v 1
2 o2t
% [
0.15 |-
0.1 E
=0 (Mz%)=0.1179+0.0010
005- I il I i sl n i aaaal
1 10 100 1000
Q[GeV]

FIGURE 1.4: Measurements of a5 as a function of the energy scale Q.
This figure has been taken from the Particle Data Group collaboration
in [3]

A consequence of this renormalization mechanism at an energy scale that re-
ferred to as Agcp ~ 200 MeV, the coupling constant a5 becomes larger than one
and perturbation theory techniques can no longer be applied. This raises a problem
since the energies at which perturbative techniques are not valid are energies very
common in experiments. However the previously mentioned asymptotic freedom
allows us to divide QCD in two frameworks, the first satisfying yu, > Agcp where
one is still in the pertubative regime of QCD (pQCD) effectively, and a part that is not
possible to apply these methods, relying then on experiments in order to extract the
information. This plants the basis for factorization schemes, that are mainly applied
in DIS processes.

1.3 Deep Inelastic Scattering

QCD is a theory that can be studied in two regimes: a perturbative one (pQCD)
where we can use standard field theory methods, and a non-perturbative regime
where these methods cannot be used to compute processes. However, as previously
mentioned in section 1.2, real experiments are not restricted to hard processes, there-
fore, we need a reasonable combination of both regimes. This is how factorization is
introduced and a scale is used to separate the regimes by energy. This scale is arbi-
trary so one must demand that the computation of observables does not depend on
this scale.
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However, in order to constrain the models that calculate the non-perturbative
regime, we need experimental information from the structure of the hadron. For this
reason, Deep inelastic scattering (DIS) is such an important process since experimental
studies at the Hadron-Electron Ring Accelerator (HERA) have led to successfully
probe the content of a hadron. In this process, a lepton with four momenta k¥, mainly
an electron, collides with a hadron with four-momentum P* and this interaction can
be described as an exchange of a virtual vector boson, mainly photon, that carries a
four-momentum g#, as illustrated in Fig.1.5. The result of this collision is a lepton
with a four-momentum k" and several partons.

FIGURE 1.5: Representation of Deep Inelastic Scattering with a virtual
photon probing the nucleus in the interaction with one parton

This process can be described by the following quantities that are Lorentz invari-
ant

Q*=—¢>>0 (1.8)
_ @

X = 2P-q (1.9)
_P-q

Y= Pk (1.10)

where Q7 is called the virtuality and in DIS this quantity exceeds the mass of the
collided hadron. This is important because this virtuality also determines the spatial
resolution scale of the probe, so for the energy range where deep inelastic scatterings
occur, this allows us to resolve the partonic constituents of the hadron. Here x is also
called the Bjorken-x variable, and it measures the inelasticity of the process. On the
other hand y is the fractional energy loss of the incoming lepton.

Using the independent set of variables Q? and x, the DIS differential cross section
can be written as

d?c 4ma?
dxdQ?> Q4

(14 (1 —y)?F(x, Q%) + %[Fz(x, Q%) —2xFi(x,Q%)]| (1.11)

where Fy(x,Q?), F2(x, Q?) are structure functions that are dimensionless and scalar,
and they contain all the information about the initial hadron’s structure. These struc-
ture functions were proposed to be Q? invariant at large energies by Bjorken [4] and
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this was then experimentally confirmed by DIS experiments at SLAC-MIT [5].

lim F(x, Q%) = Fa(x) (1.12)
Q%—00

This is what is called Bjorken scaling and is one of the motivations that led to the
formulation of the parton model [6] by Feynman, where the hadrons are seen in terms
of point-like constituents. This means that the scattering in the DIS process does not
occur with the proton or hadron as a whole, but with a parton inside of this hadron,
as long as we restrict to the reference frame known as Infinite Momentum Frame (IMF)
where we assume a very fast moving proton.

In this scenario, because of Lorentz time dilation, the interactions of the partons
have large time scales compared to the interaction of the parton with the virtual pho-
ton, so that the partons look ‘frozen” to the photon. For example, inside a hadron, a
gluon cloud can fluctuate into a quark-antiquark pair, but the virtual photon would
interact with one of these partons much faster than this recombination would hap-
pen. As a result, our "probe’ (the photon) sees the parton that it interacts with as if it
was static. It is worth defining now the main differences among the constituents of a
hadron, meaning the different types of partons we have: first we have valence quarks
which are the quarks that usually compose the parent parton (3 valence quarks for
the proton); secondly we have gluons that we already introduced in previous sec-
tions and they can be neglected at large values of x as valence quarks dominate that
region, but they become more and more relevant as we approach the small-x region;
finally we have sea quarks that form quark-antiquark pairs coming from a gluon.

Taking all of the above in consideration, we take the DIS process as the absorp-
tion of the virtual photon by one of the partons, where this parton carries just a
fraction of the momentum of the hadron which is denoted by p = ¢P, with ¢ the
Bjorken-x assuming that the parton is on mass-shell. Now one can interpret the
Bjorken-x as the momentum fraction that the struck quark carries from the initial
parent hadron, so we work in the quark parton model (QPM) [7] where one also as-
sumes the interactions among the partons are negligible when we consider short
distances. The latter occurs when the time scales of the interactions among partons
are much larger than the time scale of the scattering, as we previously explained for
the struck parton to appear temporarily "free’.

In the QPM we can use the factorisation in order to separate a process that con-
tains hadrons, the hard interaction from the hadron content. This allows us to sep-
arate the perturbative interaction part (that we are able to compute) from the non-
perturbative part, that is the hadron content. Since the last part is non computable,
we need a parton density function in order to describe it, this gives us the probabil-
ity to find the parton with a given momentum fraction ¢ in the initial parent hadron,
this probability is also known as the parton distribution function (PDF) represented
by fi(&, Q%) and it should be extracted from experiment. The number of quarks of
a given flavour i and momentum fraction from ¢ to ¢ + d¢ that one finds at a res-
olution Qz, is then f;(¢, Qz)d(f. With these ingredients the DIS cross section can be
described as:

d20¢ P—e X
dxdg?

where at first non-trivial order we have

1
= /0 dEfi(E, QV)ai(E, Q) (1.13)

4l é?

6= 5t 5 (s = 1+ (1~ v (1.14)
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This is the cross section of the photon-parton scattering and is computable in pertur-
bation theory and where x is the Bjorken-x, ¢ is our momentum fraction and e; the
electric charge of the quark i. Notice that we only take into account the coupling of
the quarks since gluons have no electric charge. Now if we compare 1.11 and 1.13
we obtain the following relation between the structure functions

F, =2xF =) _efxf(x,Q%) (1.15)

which is referred to as the Callan-Gross relation [8]. Results at the SLAC-MIT exper-
iment pushed to identify Feynman’s partons as the previously postulated by Gell-
Mann quarks, a big accomplishment for the parton model.

Finally, we have seen that this parton model although successful for a description
of the DIS process, lacks of theoretical description of the insight of the hadron, which
stems from the factorization phenomena as one cannot provide analytical informa-
tion for the non-perturbative region. Now, another issue arrives when one moves
towards the small-x regime (high energies) where a violation of the of the Bjorken
scaling that we previously described, can be seen. In this regime the structure func-
tion F, increases and one can expect an increase in the partonic density of the proton.
This behavior can be seen in Fig.1.6

F,(x,Q7%)

Q*=6.5 GeV?
€ Q*=90 GeV?

— HERAPDF2.0

0.8 _—
0.6 -
0.4 _—
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FIGURE 1.6: The proton structure function F, measured in DIS exper-

iments with Bjorken scaling violation for vallues of Bjorken-x under

10~1. This figure has been taken from the Particle Data Group collab-
oration in [9]
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1.4 The DGLAP evolution equation

In the previous section we explained the QPM and the idea of separating the hard
from soft parts by factorization, however this separation was not described rigor-
ously. Due to the fact that we lack from taking all possible information into account,
the parton model we described is only an approximation and we already saw in the
previous section few of the problems we encounter within this model. One of these
problems was the breakdown of Bjorken scaling for the structure functions which
we face when going to larger energies, either when we go to small x and keep Q2
fixed (Regge-Gribov limit) or to higher Q? and keep x fixed (Bjorken limit). The rea-
son for this issue is precisely the lack of information we account for, since as for now
we have only taken the interacting quarks into account and ignored corrections that
come from the possible QCD interactions. Therefore, one can say that it is only the
zeroth order of a perturbation expansion in ;.

Introducing QCD corrections that come from the interaction among the partons
gives us higher order computations, this is called next-to-leading order (NLO) in
perturbation theory of QCD. It includes additional quantum fluctuations such as
gluon emission before the interaction, interpreted as real corrections, and gluon fluc-
tuation into itself as an emission-absorption, which is a virtual correction. These
corrections can be seen in the figure below Fig.1.7. The data obtained from DIS pro-
cesses becomes more and more sensitive to these corrections as one moves towards
smaller x values where one no longer sees only the valence quarks but, as mentoined
in the previous section, the sea quarks’ presence is more and more noticeable.

> e DK
One

FIGURE 1.7: First order corrections to the Deep Inelastic Scattering
process, with real correction on the upper line and virtual corrections
in the lower line

Let us provide a simple picture on what happens in the nucleon at high ener-
gies to understand from a qualitative point of view why these corrections appear.
Take first the nucleon as a bound state of valence quarks with gluon exchange be-
tween them and fluctuations that turn a quark into a gluon and a quark temporar-
ily. However when probing this nucleon with the photon (for the case of DIS), one
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needs to take into account the time and length scale of this photon, so it can resolve
only the fluctuations that are larger and longer lived than the probe scales. Thus,
for the Regge-Gribov limit, we can roughly interpret the x as the time resolution of
the probe. Therefore, if one decreases its value, this photon is able to see shorter
and shorter lived fluctuations that one needs to take into account as compared to
lower energy values. On the other hand, for the Bjorken limit one has a higher space
resolution of the probe (higher Q?) allowing the photon to see a higher number of
partons.

The corrections mentioned introduce, as discussed before, an artificial scale that
needs to be taken care of in order to make our observables independent of this scale.
This is done through RGEs that describe the evolution of the scale, and in our case
we want to know the evolution of the PDFs as functions of the photon virtuality Q2.
The RGEs that encode this behaviour are called the DGLAP evolution equations.
They were proposed by Dokshitzer-Gribov-Lipatov-Altarelli-Parisi in [10-13]. The
DGLAP evolution equation when perturbative schemes are valid (Q? > Aqgcp) can
be written as

0 Z‘(erz) _“S(QZ) 1% P (Z) P, (Z) Z(x/leZ)
W<G<X/Q2)> - 2: /x z <PZ,Z(Z) PZ§(2)> X <G(X/Z,Q2)> (1.16)

where the sea quarks PDF are given by %(x, Q%) = f,(x, Q*) + f5(x, Q%) and the
gluon PDF by G(x,Q?). The P;(z) are called the splitting functions and are repre-
sented diagramatically in Fig.1.8 at leading order (LO). They represent the probabil-
ity functions for a parton i to emit a parton j carrying a z fraction of the longitudinal
momentum from the parent parton. One needs to provide initial conditions in order
to solve the DGLAP equation, meaning one needs an initial Q3 that typically comes
from experimental data and we can use in order to make predictions. Moving to-
wards small-x values, an enhancement in the integrand of Eq.(1.16) by Py, Pee ~ 1/2
appears. This translates as an enhancement of the evolution of the gluon PDFs with
respect to the sea quark PDFs. This suggests that the small-x (or high energy) regime
is dominated by gluons.

‘ Pyq : Pyq 5 Pyg § Pyq

FIGURE 1.8: Representation for the diagrams of the four Leading Or-
der splitting functions appearing in the DGLAP evolution equation

Let us now consider the probability of a gluon emitting another gluon with trans-

verse! momentum k| in the small-x and collinear (|k, | — 0) regimes.

1Here, we introduce the light-coordinate notation that is explained in the Appendix A and will be
used through the whole thesis.
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~asNe dxdkL
P = —— k2 , (1.17)

we see that in this situation an additional logarithm of 1/x appears, and therefore
this regime is referred to as the double logarithm approximation (DLA). One can in-
terpret the solution to the DLA DGLAP [14] equation as a ladder diagram as shown
in Fig.1.9. In this diagram one has on and on gluon emission that comes from an-
other parent gluon. The transverse momentum of the gluons is ordered in such a
way that it is lower as we go up in the ladder, while the longitudinal momentum
goes in the opposite direction, with the highest value at the top of the ladder.

Q*>> kG >> K >> . >> K >> QF >> Ajep (1.18)
Pt >>kff >> kz+ >> L >>kF >> kt (1.19)
" M -
ks ko
ki ks

FIGURE 1.9: representation of the gluonic ladder-like diagram of one
cascade

Taking into account everything that has been reviewed so far, one can write the
probability of an ordered emission of a gluon in transverse and longitudinal mo-
mentum:

b ¥ /92 dsdk, /P* dk; /kzl dk;; (1.20)
n Qé k2 - k% i k;r i kYT .
1 o "
= [ocsln Qz x} (1.21)

With DZS - ach/T[.
Summing up the gluon emission probability for all orders of the cascade, one
gets an estimation for the gluon distribution function

(x,Q%) ~ Z Py, (1.22)

where one would get a prediction of the higher gluon distribution on lower x, mak-
ing that region gluon dominated.
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1.5 Gluon saturation

In the previous section we have seen the DGLAP evolution equations, which de-
scribe the dynamics of the hadrons for increasing value of Q? and keeping x fixed.
However, in this section we are interested in the domain of small-x for fixed Q2
the Regge-Grobov limit, so we need a different picture from DGLAP. In this small-
x limit, we resum powers of ln% instead of powers of [ nQ?, which is the essential
difference compared to DGLAP. The equation that is introduced in this section is
therefore, an evolution in x instead of in Q2.

In this limit of small x and fixed Q?, the main mechanism for evolution is gluon
radiation, and the gluonic content in a hadron evolve in this limit via cascades. Since
we are only interested in resumming powers of [n1, one only needs to impose strong
ordering in the energy fractions of the radiated gluons. This ordering in the energy
fraction is opposite when compared to the case of DGLAP, where the ordering is
in transverse momenta. The transverse momenta in this limit is taken as a random
walk in k | -space. The ordering in energy fractions is

X1 >> X >2> Xy, (1.23)

x1 being the energy fraction of the first emitted gluon, that then emits more gluons
making the subsequent ‘daughter” gluons have smaller energy fractions than the
‘parent” gluon. This radiation process is described by the Balitsky-Fadin-Kuraev-
Lipatov (BFKL) evolution equation *:

op(x, k?)  asNc / d*q
oln(1/x) 2 J (k—q
that resums large logarithms of the type asln(1/x) ~ 1. Here, ¢(x,k?) is the un-
integrated gluon distribution (UGD) that defines the number of gluons per unit phase
space in a hadron with transverse momentum k and longitudinal momentum fraction-

x. The relation between the UGD and standard gluon PDF is

2 k2 2
] [(P(x,q ) — z—qch(x,k )| - (1.24)

xG(x, Q%) = /0 © Prp(x, k). (1.25)

However in this equation, both PDFs and UGDs are non-perturbative quantities that
can be extracted from data. Nevertheless, the solution of the BFKL equation (1.24),
yields a gluon distribution that leads to a singular behavior in the small-x limit. The
solution of Eq.(1.24) behaves as

o(x, K2) ~ x~ TE, (1.26)
which, violates unitarity. This is because the BFKL equation leads to an uninter-
rupted rise of the gluon distribution in the small-x limit and this violates unitarity.
This is a fundamental requirement of any quantum field theory. The origin of this
behavior is the fact that BFKL is a linear evolution equation.

Another problem the BFKL encounters is that in particle collisions experiments
where the Froissart bound [18] is introduced, this bound is violated. The Froissart
bound is given by

1
1t (s) < m—zlnzs. (1.27)

7T

2This evolution equation was first derived in [15, 16] and for a modern review of the derivation of
the BFKL equations we refer to [17].
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Here m is the pion mass and s the squared center of mass energy of the collision.
The Froissart bound is a strong condition and it was derived in [17]. However, one
can also derive this using the optical theorem and the black disk limit [14]. Using
the BFKL solution, the small-x cross-section is roughly

oBEKL  s%5as (1.28)
which violates the Froissart bound. This problem still remains to be solved in this
saturated regime of QCD.

However, one can still restore unitarity by taking into account other evolution
mechanisms beyond the gluon radiation. Consider a hadron with three valence
quarks, each of these quarks yields the gluon cascade that was described previously.
At one point, the gluon radiation from each of these cascades makes the nucleon
to be densely packed, and the possible interactions between the gluons should be
accounted for, as illustrated in Fig.1.10. The merging of the gluons from different
cascades slows down the increase of the gluon distribution, it adds a term with neg-
ative coefficient and quadratic in gluon density to the BFKL equation. This effect is
known as gluon saturation.

FIGURE 1.10: Interaction of the gluons coming from two different
cascades, which ultimately gives rise to non-linear effects.

From the previous discussion one can see that at small-x BFKL cannot be used
when non-linear effects become important. In DIS processes the virtual photon re-
solves only one parton at a time which makes the system dilute. The dilute scheme
is not valid anymore at small-x and changes into a saturated system, where the
recombination processes have to be taken into account, finally obtaining the non-
linear terms. This description now agrees with the unitarity bound. This was first
discussed in [19] , where Gribov, Levin and Ryskin derived a non-linear evolution
equation that is also an evolution in Q?. However, for our discussion it is sufficient
to work with a schematic equation that contains the BFKL-like equation and looks
like

op(x, k) 9%

_— L = ——

aln(1/x) k2
where 4, b and c are coefficients of order of unity and where we note that the new ex-
tra quadratic term has an extra power of a5 , thus the merging of two gluon cascades
has two extra powers of the strong coupling g. Therefore, when the gluon density is
of order 1/a;, the non-linear terms should be taken into account.

bp — casd?, (1.29)
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In this regime, a boost in the longitudinal direction turns the nucleon into a "thin
pancake’ due to Lorentz contraction. The probe, which is a virtual photon, does not
resolve the gluon distribution in the longitudinal direction since it is larger than the
‘pancake’ nucleon. The probe sees only the number of gluons integrated over the z
axis. Take then a nucleon of radius ry, the surface density would be approximately

xG(x, k?)

2 7
7'(7’h

Pg (1.30)
which one should compare to the cross section for the recombination of two gluons.
Since the probability of having two gluons recombine can be expressed as

xG(x, k) o

where the cross section for the recombination of two gluons is roughly oge ~ a5/k?.
In order to decide if it is large enough to account for that merging we apply the
following condition p,0e, > 1, and if this condition is met, recombination effects
should be taken into account.

Let us now introduce a new quantity, the saturation momentum Qs. This is defined
in terms of the gluon distribution as

asxG(x, Q%)

5 .
7T1’h

Qi () (1.32)
and with this, the condition for taking into account the recombination effects can be
rewritten as

I < Qu(x). (1.33)

With this new quantity, Qs, one can now separate the dilute regime from the
saturated one. One can see in Fig.1.11 that [nQ? separates the saturated regime from
the dilute one.

Taking into account Egs. (1.25) and (1.26), one can see that because xG(x, Q?) ~
x~*, in Eq. (1.32) the saturation momentum depends on x as Q%> ~ x~* approxi-
mately, where A ~ 0.3 [20, 21]. The discussion above can be also applied to a nucleus
that contains A nucleons. Therefore, the UGD should be multiplied by A and taking
into account that 772 ~ A?/3_1f one replaces in Qs the factor xG(x, Q2) ~ x~*. The
saturation momentum would be proportional to

1
Q5 a(x) ~ A3 (1.34)
The saturation momentum grows for larger nuclei because of the A'/? dependence.
With all of the above in mind, we conclude this section with some numerical values.
For RHIC kinematics (Gold nuclei at x  102) the saturation momentum is roughly
Qs ~ 1.2GeV [22] while at LHC the value reaches Qs ~ 2GeV with x ~ 10~4, where
saturation effects would be even more present.

1.6 The McLerran-Venugopalan model

The main focus of this section is to introduce a model that sheds some light on the
theoretical description of gluon saturation, the McLerran-Venugopalan (MV) model
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In(1/x) InQ3
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InAgep InQ?

FIGURE 1.11: Evolution of the domains depending on x and Q? val-

ues. In the Bjorken limit with high Q?, we get the dilute regime, and

in the Regge-Gribov limit with low-x, we get the saturated regime
Those regimes are separated by the saturation scale, Qs.

[23-25]. As seen in previous sections, there are two main regions separated by their
x values, the region of small-x where the saturation momentum is large and Q2 >>
AéCD . In this regime weak coupling methods can be used since as(Qs) << 1. The
other region is a large-x region where weak coupling methods cannot be applied.
The latter is also the region where the valence quarks dominate.

The MV model describes the parton content of a nucleus in the IMF, where the
nucleus moves in the positive x3 direction with a very large light-cone momentum
Pt >> Agcp. In the IMF the partons are separated as either fast or slow ones, based
on their momentum fraction. The fast ones have a larger momentum fraction p™ =
xPT and are sharply localized around the light cone, roughly within the distance
Ax~ ~ 1/p*. The fast partons are also long-lived, with a mean lifetime Ax™ o p*. In
the MV model these fast partons are quasi-static over the timescales relevant for the
interaction and are identified with the valence quarks that act as radiative sources of
the small-x gluons. Thus, we just need to specify the color current of the fast partons
in order to compute the radiation of the slower gluons from the fast ones.

One needs to introduce a cutoff A in the longitudinal momentum of the partons
p™T so that the fast partons with p* > A™ can be replaced by a color current like

Ji (x) = 6"6(x7 ) pa(x), (1.35)
with p, the color charge density per unit of transverse area. The current, that sits
at x~ = 0, has vanishing transverse component and only the + component in the

light-cone coordinates is nonzero. As the current does not depend on x*, these new
degrees of freedom are seen as static.

The slow partons, or gluons, that have p* < A™ are described, as discussed in
section 1.1, by the gauge fields A} and their action is the standard Yang-Mills action.
The coupling between the fast and slow degrees of freedom is Eikonal and of the
form

/ ]! (x) Ay, (1.36)
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The action that encodes the dynamics of the gluon fields is

S = / dix <—;F;;VFF‘V'“ + ];A?*'“> , (1.37)

where the second term in Eq. (1.37) is identified as the interaction term and is the
standard coupling between fields and sources defined in Eq. (1.36). The first term in
Eq. (1.37) is the classical Yang-Mills action. Minimizing this action, the Yang-Mills
equations of motion is obtained:

[D,,, F*'] = J"t% = 6FFpf (x 7, x)t7, (1.38)

with p? acting as the source of the classical gauge fields. In order to complete the
theory, we have to find a model precisely for p“, that describe the distribution of the
fast partons. This distribution varies in time and so we can refer to the moment of
the collision as just a snapshot of that distribution. Therefore, p* should be seen as a
stochastic variable that follows a statistical distribution WW|[p?].

The MV model proposes a model for WW|[p?] for the case of large nucleus. First,
two color charges belonging to different nucleons are uncorrelated. In the MV model
one assumes at two distinct points in the transverse plane, the values of the color
charge densities are also uncorrelated. Secondly, take a tube in the longitudinal di-
rection with cross section d?x so that at one point x, the amount p,(x)d?x is made up
of all the color charges in that tube. These charges are also uncorrelated and random,
and in a large nucleus one would have a large number of them ( A1/3) 50 that Oq is
an incoherent sum of many random variables. The statistical distribution for p,(x)
is a Gaussian distribution and is characterized by a 2-point correlator as

(pa(x)pp(y)) = p?(x7)0ud(x —y) (1.39)
and the distribution is
Wipa] = exp [— /dsz] . (1.40)

One is now able to compute the expectation value of an observable O in the
MV model by following the next steps. First one needs to obtain O|p,], that is, the
observable with an arbitrary p, configuration of the color sources, assuming in the
saturated regime p, ~ ¢~ !. At Leading Order this model can describe gluon satu-
ration, as the non-linearities in p, have to be taken into account. Then one solves
the classical Yang-Mills equation (1.38), and finally, average the observable over the
distribution functional via

(©) = [DpWipi]Olpu] (141)

This final expectation value is gauge invariant as the distribution WV is invariant
under gauge transformations, as well as the functional measure [Dp,].

1.7 The Color Glass Condensate

The MV model presents a singular problem when going beyond the tree level calcu-
lations. Although it is sufficient for phenomenological calculations for processes like
DIS, the factor 6(x~) in the color current gives us singularities when going beyond
tree level. One needs to assume then that the dependence on x~ comes as
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O(x7)pa(x) = pa(x,x) (1.42)

so this dependence is absorbed into p,, yet still sitting at x~ = 0.

In the previous section we started out from imposing a momentum scale A" that
separated the fast partons from the slow ones. This dependence of the artificial scale
is taken into the functional weight W[p,] = Wa[p.), and gives the probability of
observing a specific configuration of the color charge sources at this scale. However,
the observables do not depend on this scale AT, so a new set of renormalization
group equations are introduced. This RGE was derived by Jalilian-Marian, Iancu,
McLerran, Weigert, Leonidov and Kovner (JIMWLK) in [26-30]. It describes the
evolution of W+ with changing momentum scale A™:

1504Y
W+ lpl = HymmwrkWa+ o], (1.43)

dlnA+
where Hjmwik is the operator containing first and second derivatives with respect
to p. We start at some initial scale A that gives the initial condition W AL for which
we would use (1.40) to model it. Thus, the JIMWLK evolution equation describes
the evolution of this distribution as the cutoff decreases.

The Color Glass Condensate (CGC) is an effective theory that that includes both,
the separation of fast and slow partons according to the MV model, and the JIMWLK
evolution equation. Breaking down the name of the theory, the Color stands for the
fact that the gluons that govern the small-x regime, have color degrees of freedom.
The word Glass comes from the time evolution of the degrees of freedom described
by ps. Due to Lorentz dilation this evolution is slow in comparison to the interaction
time, like it is in glass systems. Finally the word Condensate stems from the saturated
nature of the system in the small-x limit. The CGC may be also found in literature
to stand for Color Gluon Cloud, but this is less common. A more complete review
of theoretical and phenomenological aspects of CGC can be found in [31-33].
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Eikonal approximation and power
counting beyond eikonal accuracy

DISCLAIMER: The material presented in this chapter was originally published
in Phys. Rev.D 104 (2021) 1, 014019 [34] and in Phys. Rev. D 107 (2023) 7, 074016
[35] of which I am a coauthor. More precisely, Section 2.2 and 2.3 was originally
published in Phys. Rev.D 104 (2021) 1, 014019 and Section 2.4 was published in in
Phys. Rev. D 107 (2023) 7, 074016. This chapter only constitutes partial discussions
of the original publications to give an introduction to eikonal approximation and
the power counting beyond eikonal accuracy. The main results of these two pub-
lications will be presented in Chapters 3 and 4. At the beginning of each of these
chapters I summarize my contributions to these publications as a disclaimer.

This chapter is dedicated to the Eikonal approximation since the bulk of the work
throughout the Ph.D. was focused on computing the corrections to this approxima-
tion. In Section 2.1 one can find a brief introduction to the Eikonal approximation
in different fields of physics. In Section 2.2 the Eikonal approximation in CGC is de-
fined. In Section 2.3 we can find the derivation for the quark propagator at Eikonal
accuracy and finally in section 2.4 there is a discussion about the power counting for
eikonal and beyond eikonal approximation.

2.1 The Eikonal approximation in physics

In physics we find many areas where the Eikonal approximation is used like optics,
seismology, quantum mechanics, QED or partial wave expansion. The word eikon
( from Greek eikenai) means "to resemble” or 'image” and this evolved ever since to
what today is “icon’. In physics, when one encounters a problem that is not possible
to solve in an exact manner, one makes use of approximations. For the vast majority
of the time, these approximations make good and reliable predictions.

In the mid XX-century, when high energy physics was being tested in experi-
ments, it was soon realized the need for a new approximation that would give pre-
diction in agreement with data. This is how the eikonal approximation came to life
in quantum mechanics and quantum field theories. QCD was the main theory that
benefited from this approximation, but we leave this discussion for the next section.
However, the eikonal approximation was born many years before QFT or QM, and
it was within the field of optics.

Optics, as we know today, is described in terms of waves that obey wave equa-
tions, and consequently behave according to Maxwell’s equations. However, this set
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of equations was not postulated until the XIX century, but we know that optics was
able to describe a lot of phenomena many years before that, and to this day we can
still admit the validity of some of these primitive explanations. This is due to taking
the eikonal approximation, which allows us to treat the light as a "ray light” in a way
that we can approximate it by a straight line. With this approximation it was pos-
sible to describe how light works when it meets objects that are big enough, that is,
large when compared with the wavelength of light. One example of a phenomena
that was understood centuries ago precisely thanks to the eikonal approximation is
reflection. However, when physicist tried to describe diffraction, they were forced
to switch to the previously mentioned wave point of view for light, and with this
they concluded that light, when treated in small scales, obeys Maxwell equations as
every other type of wave.

Once one acknowledges that the light is a wave where the eikonal approximation
works at a given scale, one realizes that this approximation may be valid for other
fields in physics with a wave nature or where we find a diffusion equation.

Due to this, another domain of physics we should mention where the eikonal
approximation has proven to be very useful is quantum mechanics. In QM this ap-
proximation works for scattering processes where incoming particles have a large
momentum and the scattering angle is very small. When using the eikonal approxi-
mation in quantum mechanics, one ends up with a simplified set of differential equa-
tions that depend on only one variable, as a result of the straight line approximation.
This is a big difference when comparing this approximation in quantum mechanics
with the WKB approximation. The latter one, has as its objective to find approx-
imate solutions to linear differential equations with coefficients that vary through
space, however, this description with the trajectory is in general complicated when
compared to the classical trajectory used in the eikonal approximation.

2.2 Eikonal approximation in Color Glass Condensate

Let us now focus on the Eikonal approximation within CGC. The CGC effective
theory is used to describe processes at very high energies that are probed at the
Relativistic Heavy Ion Collider (RHIC), Large Hadron Collider (LHC) or the future
Electron Ion Collider (EIC). The validity of the eikonal approximation is then secured
as it is an approximation for high energies. In this section the formulation for the
eikonal approximation is shown within CGC, and we also discuss how it allows us
to perform the calculations simpler in this saturated region.

Let us start with a reminder of what happens during a high energy collision,
where relativistic kinematics are involved. The nucleon that appears at high energies
is Lorentz contracted, therefore its geometry is modified to a two dimensional one
in the laboratory frame. At the same time the internal timescales are also modified
by the same Lorentz factor. While in the lower energy nucleon one has fluctuations
among the partons that were short lived making very few of them probed by the
photon, in a high energy nucleon the lifetimes of these fluctuations are dilated and
more of them can be now probed. In these collisions several interactions among the
constituents appear as well. When the duration of these interactions is boosted, the
constituents appear as free in the collision and are rather unlikely to interact. These
consequences are the reason for the increase of gluons probed during the process,
and also the fact that now these gluons outnumber significantly other parton species
such as valence and sea quarks.
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In CGC there is another approximation apart from the eikonal one that need to
be taken into account, that is the semi-classical approximation. As a consequence
of this approximation the dense target is treated as a classical background field A¥,
while the ptrojectile is assumed to be dilute. This is why CGC is used for high energy
dilute-dense systems, which can be achieved by boosting the dense target from their
rest frames to the scattering energies. Boosting the target along the x~ direction
leads to the following scaling of the background field .A*

T AL (%Xﬂ%x*,X)
Al (x) — %A{j (wxﬂ%x—,x)
Al (yex ™, %x*, X)

the above shows two hierarchies that appear after the boost, one among the com-
ponents of the background field, and one among the coordinates of this field. In
the case of the components of the background field, the "-" component is power
enhanced compared to the perpendicular and "+" component, which are left un-
changed and suppressed, respectively. On the other hand, in the case of the coordi-
nates, the opposite situation arises, being the "+" component enhanced and the "-"
one suppressed, while the perpendicular component is still left unchanged.

The eikonal approximation in this configuration amounts to applying the follow-
ing three assumptions. The first one states that the highly boosted background field
that describes the target, is localized in the longitudinal direction around x* = 0 due
to Lorentz contraction. This is also referred to as the shockwave approximation. The
second assumption is to take into account only the leading component of the back-
ground field A, , neglecting then the subleading ones due to the hierarchy shown
before. Finally the third assumption is to neglect the x~ dependence of the back-
ground field due to its slow dependence. In fact, this amounts to neglecting the
dynamics of the target. Taking in all of the assumptions, one can describe the back-
ground field of the target as

Al (x7,xt,x) = 6" 5(xT) A, (x). (2.1)

Within the eikonal approximation, the projectile partons undergo multiple scat-
terings while propagating through the dense target and this information is encoded
via Wilson lines. These Wilson lines are defined as path ordered exponentials of
the leading component of the background field of the target. Finally, the eikonal
approximation in CGC amounts to taking the contributions leading in energy and
neglecting the power-suppressed ones in order to describe the scattering processes.

2.3 Derivation of the quark propagator at eikonal accuracy

Let us now derive the quark propagator at the pure eikonal level taking into consid-
eration all the ingredients and assumptions that were discussed in section 2.2. The
setup for this calculation includes the following definition for the quark propagator:

SE(%,Y)pa = So,e(%,Y)pa + OSF(X, ¥) pa s (2.2)

where 8 and « are the fundamental color indices, Sor(x,V)p, is the vacuum con-
tribution to the propagator and dSr(x, ¥)g, is the medium correction. The vacuum
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propagator is

d4k —zk x— (k + m)
S0, (X, Y)pa = (1) / o) (2.3)

the Fourier transform is

d* Ak g tigk &
S(x, ) = | B / Gt & S (g R (24)

The quark propagator that is computed in this section is in a background field
taking only the pure A, (x*,x) component. The medium correction to the quark

propagator in momentum space is obtained by summing multiple interaction dia-
grams of the type shown in Fig.2.1.

21 2] ZN
k pog D1 % P2 p\l% q = DN
A~ (z1) A (22) A~ (2n)

FIGURE 2.1: Multiple scattering of a quark on a pure A~ background
field.

This sum can be written as

+o00 N
BT [ [femeso iz -
pure A~ =
N y (g+m N p,+m)
{ H gt A ]}ﬁ (g2 —m? + i€] { H[ —m2+ze]}}'

(2.5)

(Sgp(q, k)ﬁa

where pg = k and py = g. The symbol P, shows the ordering of the matrix factors
with increasing the value of n from right to left, for color matrices in the first bracket
and Dirac matrices in the second one. From the equation Eq. (2.5) on, the notation
A;(x+,x) = Aj(x) is used for the leading coordinates. Noting that YTyt =0,
which comes from the fact that g™ = 0 in the light-cone coordinates. Using this
one can get

Y m)yt ={v"p " =) r", (2.6)

which simplifies the numerator in Eq. (2.5). One can perform the integration over
p,, for each internal free fermion propagator as

dpn _an( n+1_2;) (zp—;fl‘r)l
21 [pn?—m? + i€

_{0 p‘ﬂ n+1 1—11—) 0(— pn) (Z _Zn+1 } e~ P (E =2 (2.7)
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where is on-shell, p~ = (p? + m?)/(2p™). Plugging in this result into Eq. (2.5), one
gets

5 _ by igm) L i(km) (= S
(SSF(q’ k)ﬂ"‘ pure A~ N 27{5(‘7 : ) [qz—mz + le] 7 [ —m? + l€ sz:l 1;‘[ d Zn

N-1 N-1
X {9(1«*) (]‘[ a(zjﬂ—z;)) + (=1)N"tg(— <]‘[ AR )}
n=1 n=1

N
X 2N p~izik { H[ igt- A~ ( ]}
ik fa

N-1 dZ +
/ an Zn+1*1n) an( n+1 " Zn ) , (28)

n=1 (

Where the terms g~ and k™ are only present in the denominator and phase factor,
while in the numerator ¢ and K have been replaced by their on-shell counterparts
and ¥. Note also that in Eq. (2.8), p; = k* for n from 1 to N—1.

Here, we consider the background field with a finite support along the xt di-
rection [—L*/2,L" /2]. In the eikonal limit, L* — 0. This finite width L™ is of
order O(1/7) due to Lorentz contraction. Each vertex of interaction of the quark
with the background field comes with an integration in x™ over [-L* /2, L™ /2], thus
bringing a suppression factor 1/ 7. In Eq. (2.8) one has |z, —z}| < LT — 0, thus
the phase factors exp [—ip, (z, ., —z, )] can be replaced by 1 in first approximation.
This approximation is possible only after taking the integral over p,;, otherwise one
would not be able to recover the correct ordering in z* unambiguously. With this,
one reduces the integrals in p, to & (2) (241 — zn) factors, leading then to the expres-
sion

5§F<q/k)ﬁac = 27T(5<q+—k+) (ﬂ+m) + Ié+m /dZ fzz (q—k)

pure A, Eik. [q?—m? + 1€] —m? + ie|

+o00 N N
x Y / [Hdz;] eI gmizk { H —igt- A ( )]}
N=17 [n=1 n=1 Bu

N-1 N-1
X {9(k+) (H 9(Z,T+1—27{)> + (DN o(—k") (I_I 9(ZI—Z,T+1)> }
n=1 n=1

(2.9)

Note that in Eq. (2.9) the N = 1 term has not been affected by the eikonal approxi-
mation therefore is still exact. Taking now the Fourier transform following the previ-
ously established convention, and perfmorming the integrals over g~ and k™~ thanks
to Eq. (2.7), one gets
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(SSp(x,y)ﬁa

Pq Pk ivarik 1+ m)yt (K +m)
pure A-, Eik :/(27-[)3/(27-[) 2n5(q+_k+)e " (2k+)2

) +o0 N L oty N
X /dzze_lz'(q_k) ) / [Hdz:] N gzl {PHH[—igt-A_(z;,z)]}
N=17 |n=1 pu

n=1

N
X {9(k+) (I:%G(Z;Ll—zz)) +(=1)NFe( <H9 Zoi1 )} /

where z5 = y* and zjj,, = x*. Since the integrals over 4~ and k= have already
been performed one can neglect the phase factors dependent on z; and zy;, in the
eikonal approximation. Using P, and P to indicate the ordering and anti-ordering
of the color matrices along z* from right to left, one can recognize in Eq. (2.10) the
series of expansion of the gauge link

(2.10)

T q xt N
Up(x*/er;z) =1+ Z NI Py [ ig /+ dz* t'A(Z+/Z):|
N=1 : Y

+o0 N N N
=1+ Z/[Hdz;] (He(z,;l—z;)) {P [ [-igt-A (=) >]}

N=17 |n=1 n=0 n=1
(2.11)

and of the conjugate gauge link
+o0 1 ]/+ N +
tyt vteog) = o R, A (o
Ur(yT,x";z) :1+N;1m {P+ [—zg/x+ dz"t- A (z ,z)} }
+o00 N N
:1+Z/[Hdz,‘f] (HG n+l) { H +igt- A~ ( )]},
N=1 n=1 n=1

(2.12)

Thus, in the eikonal approximation, the complete A~ medium correction to the
quark propagator looks like

Pq Pk o ek @ Em) Y (R +m)
pure A, Eik :/ ”)3/(2 ) 270l k) e (2k+)?

(SSp(x,y)/g,x

% /dZZe—iz-(q—k) {0(k+)6(x+—y+) [Z/{p(x+,y+;z) _ 1} N

—0(—kN)O(yt —x) [uF(y xt;z) — 1]ﬁ } (2.13)
o
which is valid for all values of x™ and y™. In order to get the full propagator,

one needs to combine the vacuum propagator Eq.(2.3) and the medium correction
Eq.(2.13). This can be achieved by splitting the momentum space expression of the



2.4. Power counting beyond the eikonal approximation 23

vacuum propagator into a simple pole contribution in k= and a non-pole contribu-
tion as follows

iem)  HEEmEE ey iy o1
—m? +ie] 2 —m? & ie] “e—mrtig T2 @

The simple pole contribution cancels identically the color identity matrix terms from
Eq.(2.13) and one can use the identity
dkt i ey 1 -
U — -
7 E C 1 sgn(x~—y) (2.15)

where the sign function is sgn(x) = 6(x) — 6(—x), thus we obtain

d3k
SE(/Y)pn =1L 8% (x—y) sgn(x~ —y~ —+/ ) /

pure A-, Eik.

% 27T5(C]+—k+) e—ix~q“+iy~12 (q + n/E)zk+)(f )

” /d2z e—iz:(a-k) {9(k+)9(x+—y+)Z/lp(x+,y+;z)ﬁa

—0(—=kM)O(y T —x ") UL (YT, xT; 2) pa } (2.16)

for the quark propagator in a pure A~ background field, in the eikonal approxima-
tion valid for any x* and y ™.

2.4 Power counting beyond the eikonal approximation

In this section we discuss the power counting beyond eikonal approximation since
the actual purpose of this thesis is to show how one can get corrections beyond the
eikonal order by relaxing the eikonal approximation described in section 2.2. These
corrections are also called next-to-eikonal (NEik). In section 2.2 we discussed that
the high-energy limit of a collision process can be understood in terms of the in-
finite Lorentz boost of the target, which introduced a hierarchy among both, the
components of the background field and its coordinates. Thus, one can classify con-
tributions according to their scaling with the Lorentz boost factor ; of the target.

2.4.1 Scaling of the background field

Under a large active boost of the target along the x~ direction, the components of the
background field strength are transformed following the standard Lorentz transfor-
mation rules for tensors. In light-cone coordinates, the tensor components are en-
hanced by a factor ; for each upper “—" or lower “+" index under such a boost,
and are suppressed by a factor 1/+; for each lower “—" or upper “+" index. The
background field strength is defined as

Fiz) = 95AN(z) — 9, A0 (z) — gf" Al(z) AS(2) 2.17)
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Hence, the components of the background field strength scale under a large boost of
the target along x~ direction as

FI o« q>1 (2.18)

Floe (1) =1 (2.19)

Fhoe (m)=1 (2.20)

FY l<<1 (2.21)
Tt

One can extend these rules to the background field of the target, thus obtaining
the following scaling

A7 (x) oy > 1 (2.22)

Al (x) o< (11)” =1 (2.23)

A ) L < 1. (2.24)
Tt

from this scaling one can see that the NEik correction corresponds to taking into ac-
count the perpendicular component of the background field, while including A" (x)
would give us corrections of order next-to-next-to-eikonal, which is out of the scope
of this thesis.

2.4.2 Scaling of derivatives

Let us now look at the scaling of the derivatives of the background field. These
derivatives acting on the background field will appear when computing corrections
to the eikonal approximation. The derivatives are with respect to any of the coordi-
nates that the background field depends on. The scaling rules that these derivatives
follow are the same ones based on the counting of “+" and “—" indices. A partial
derivative on a tensor leads to a higher rank tensor, thus the following scaling rules

apply

I i]—“”"<<}"?” (2.25)
t

0L FM oy FHV > FHY (2.26)

QM o ()" FH (2.27)

in the case of partial derivatives acting on the background gauge field similar rules
apply. Moreover, due to the scaling rules of the components of the background
gauge field given in Egs. (2.22), (2.23) and (2.24), background covariant derivatives
follow the scaling rules as partial derivatives when acting on the background field.

2.4.3 Scaling of the width of the target

As we have seen in section 2.2, the eikonal approximation takes the width of the
target as a infinitely thin shockwave, therefore in order to compute corrections that
stem from relaxing this approximation one needs to introduce a finite width of the
target.
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Since the background field strength F"¥(x) represents a hadronic or nuclear tar-
get subject to confinement, it should decay faster than a power for x™ — +oco. Hence,
the profile of F"”(x) along x™ has a finite width, that we note L*. Due to Lorentz
contraction under a large boost of the target along x~ direction, that width scales as

LT =0 <1> (2.28)
Tt

In particular, in the limit of infinite boost, "' (x) becomes a shockwave of van-
ishing width along the x* direction. For the purpose of power counting, the finite
width L™ of F"(x) can be assimilated as a finite support for 7*"(x) along the x*.
In a generic gauge where A~ (x) # 0 (for example the light-cone gauge A™ (x) = 0),
the background gauge field A" (x) has a finite width of O(L™) along the x™ direc-
tion, which becomes a shockwave in the infinite boost limit. Therefore, each inte-
gration over the position x of a background field strength or gauge field insertion is
effectively restricted to the small width L™ along the x™ direction, and can thus be
counted as a suppression by a factor of L™ or equivalently of 1/, at large ;.

2.4.4 Eikonal and NEik contributions in propagators

As discussed in the previous sections, for the case of eikonal approximation, one
takes only the leading contributions, or equivalently, the high-energy limit. There-
fore only the leading component A~ (x) of the gauge field is kept and due to its
enhancement with -y, each power of A~ (x) compensates the suppression due to the
integration over its x coordinate. Hence, multiple insertions of A~ (x) have to be
resummed in the eikonal approximation, which as we have seen in section 2.3, lead
to the Wilson lines describing the interaction of each parton in the projectile with the
target in the CGC formalism in the eikonal approximation. Each A~ (x) insertion in
a Wilson line has the same transverse position x in the eikonal approximation, due
to the parametrically small L™ width of the target. As for scaling of the derivatives,
they appear when one expands A~ (x) as a series in x~, and each further term comes
with an extra d_ acting on the background field. This term is suppressed by an extra
1/ factor under large boosts. In the case of eikonal approximation, one needs to
account only for the zeroth order term in this expansion, hence the x~ dependence
of A~ (x) is neglected.

In order to compute a propagator at NEik accuracy, one needs to include contri-
butions that are suppressed by one power of 1/ at large v+ compared to the eikonal
contribution. These terms arise as follows:

* by replacing an enhanced A~ (x) insertion with a non-enhanced .A/(x) inser-
tion,

¢ or by accounting for the transverse motion of the projectile parton over the
duration L™ of the interaction with the target,

e or by including terms with one 0,- derivative acting on the background field
in the gradient expansion of A~ (x) in x~.

At the level of the cross-section, one has to square the amplitudes that contain
these corrections, hence new technical difficulties may appear if the gradient expan-
sion of all A~ (x) insertions is performed around a fixed value of x~ like x~ = 0.
In order to bypass this issue, one can instead perform the gradient expansion of
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all A~ (x) insertions around a common value of x~ and write the amplitude (or
S-matrix) as integral over that variable. This amounts to resumming a subset of non-
eikonal corrections together with the eikonal term and one obtains what we refer to
as generalized eikonal approximation. In the second chapter, this generalized eikonal
term does not appear but it is introduced in chapters 4 and 5. There, one can see
which terms are kept and which ones are neglected in order to get both eikonal and
NEik terms at the level of the cross-section.

Finally, we can find that there has been a lot of effort in the recent years to com-
pute these NEik corrections. Initially, in Refs. [36, 37] subeikonal corrections that
stem from considering a finite width target are computed for the gluon propagator
and its application to single inclusive gluon production and various spin asymme-
tries in central pA collisions were studied at next-to-next-to-eikonal accuracy. In
Refs. [38, 39], it was shown that these corrections can be attributed to the modifica-
tions of the Lipatov vertex in pp collisions. The effects of subeikonal corrections on
the azimuthal harmonics for pp [40] and for pA [41, 42] collisions were also inves-
tigated. Recently, next-to-eikonal (NEik) corrections that are related with the trans-
verse component of the background field [34] and the dynamics of the target [43]
have been computed for scalar and quark propagators. Apart from the aforemen-
tioned works that focus on the derivation of the subeikonal corrections to the parton
propagators and their applications to observables, in [44-55] quark and gluon helic-
ity evolutions have been computed at next-to-eikonal accuracy. In [56, 57] helicity
dependent extensions of the CGC at next-to-eikonal accuracy have been studied. In
[58, 59] subeikonal corrections to both quark and gluon propagators have been calcu-
lated in the high-energy operator product expansion (OPE) formalism, and applied
to study the polarized structure function g; at low x. Moreover, rapidity evolution
of transverse momentum dependent parton distributions (TMDs) that interpolates
between the low and moderate energies are studied in [60-64]. A similar idea is
pursued in [65, 66] to study the interpolation between the low and moderate values
of x for the unintegrated gluon distributions. Finally, an approach based on longi-
tudinal momentum exchange between the projectile and the target during the inter-
action have been followed in [67-69] to study the subeikonal effects. The effects of
subeikonal corrections are also studied in the context of orbital angular momentum
in [70, 71].
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NEik corrections: effects of finite

width and transverse background
field

DISCLAIMER: The material presented in this Chapter was originally published
in Phys. Rev. D 104 (2021) 1, 014019 (which can be found as a the reference in
this thesis [34]) of which I am a coauthor. My contributions to this publication
can be summarized as follows. I have contributed to the derivation of the quark
propagator at next-to-eikonal accuracy and also to the computation of the partonic
cross section for the forward quark-nucleus scattering. I have also derived the an-
tiquark propagator and computed the forward antiquark-nucleus cross section at
NEik accuracy. I have presented these results in an invited (online) seminar in
Centro de Investigation y de Estudios Avanzados del Instituto Politecnico Na-
cional de Mejico, Mexico in December 2021.

The eikonal approximation that was reviewed in the previous chapter is a very
successful and powerful tool when used to describe scatterings that are encountered
in the asymptotically high energy regime. However, the energies that are reached in
reality in scattering experiments are limited. Although for scattering energies that
are achieved at the LHC, the eikonal approximation is still valid and gives reliable
results when compared with the experimental data; subeikonal corrections are ex-
pected to be sizeable for RHIC and future EIC colliders phenomenology. One finds
that it is of key importance to understand the applicability regions of the eikonal ap-
proximation and computing the corrections to this approximation in order to obtain
a precise comparison of the experimental data with with the theoretical calculations.

In the previous section, the basis for computations at NEik order was laid down.
In this chapter we calculate the quark propagator at NEik, which is then used to
study an observable, the forward quark-nucleus scattering. In order to get correc-
tions beyond the eikonal approximation one needs to relax the assumptions that
were discussed in section 2.2. The idea of computing subeikonal correction for a bet-
ter understanding of the lower energy regions in the experiments, triggered a lot of
work in CGC to get these corrections, as we at the end of the previous chapter.

In this chapter, we focus on the quark propagator in a gluon background field
and we compute the NEik corrections to it. These corrections originate from relaxing
two of the assumptions stated in section 2.2. On one hand, in section 3.1, we consider
a finite width of the target instead of the infinitely thin shockwave, obtaining thus
NEik corrections due to finite longitudinal width that lead to the transverse motion
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of the projectile parton during its interaction with the target. On the other hand, in
section 3.2, we relax the fact that the target background field is defined only by its
leading component, A~. We include the transverse component of the background
field in the computations, since it is the next in order of the hierarchy among the
components of the background field. Finally, in section 3.3 we combine both these
results and obtain the quark propagator at NEik accuracy that will be used in section
3.4 in order to compute the forward quark-nucleus scattering cross-section.

3.1 Finite width effects

The first step in order to go beyond the eikonal approximation as we have said, is
to relax the shockwave approximation. By doing so one gets a target with a finite
longitudinal width that the projectile parton traverses. We adopt the same set up as
in section 2.3, where we computed the quark propagator in the pure A~ background
at the eikonal level.

The support of the background field along the x* directionis [-L*/2,L"/2]. In
order to derive the quark propagator in a at NEik in a pure A~ background field,
we start from Eq.(2.8). One can Fourier transform this into the position space using
Eq.(2.4), and then integrate over p, (with n from 1to N — 1), and over 4~ and k™ to
arrive at

dsq d3k —ix-d iy-k + + ]vé‘i‘
6Sr(x,y) et =/(27T>3/<27T)32 S(qt—kt) e ixd vk (4 m()z“]zﬂ(2 m)
+o N L N
N=1 n=1 n=1

N[ (ke el
> €7ZT€ 2<Z,,+1_Zn)

n=1 27-[(21_1‘—-&-1 _Z'—l—)

X {0(k+) (IN—[ G(Z,J{H—z;{)) + (=1)N*TLo(—k™) (ﬁ 9(2;—2;;_1))} , (3.1)
n=0

where we use the notation zj” = y* and zJj,; = x™, and keeping fundamental color
indices implicit. Applying the change of variables z, — u,, defined as

B 1/q kY _, zy (q+k)
Zn:u”+2<q++k+>zn:un+nzk+- (32)

one can simplify the phase factor. The interpretation for the change of variables is
as follows. In the 2 + 1 dimensional Galilean subgroup of the Poincaré group in
light-cone coordinates, p/p™ plays the role of a transverse Galilean velocity, and
z" the role of time. Hence, the change of variables Eq.(3.2) amounts to express the
successive transverse positions of the quark in a transversely moving frame, with a
Galilean velocity which is the average between the initial velocity of the quark k/k™
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and the final one q/4". Eq.(3.1) then becomes

5Sp(xy —/ /(d3k 27T 5(q+ k+> fzx-qeiy-lvc (ﬁ—km)'f“(lvé—i—m)

2m)3 (2k+)?

pure A~

S e (fe )

N
e (He )}

n=0

N N-1 At K (g —un)?
[Hdzun] e luN—&-ul) q—k) { [ ( Z)k — el z(z:{H—z;)

n=1 n=1 27T< Zn+1 Z")

X {Pnlﬁ[[ igt- A~ <n, n+z+(2c]1{i—k)>]} (3.3)

n=1

v ez(zlf, —z])

At this point one can perform the change of variables from u,, (with 7 from 1 to N)
to wy, (with n from 1 to N — 1) and z defined as

Wy = Uyl — Uy
z= <uN2+ul> (3.4
finding thus,
“q 4’k Civi ik (4 Fm) T (K +
A [ G | G 2ol k) e U "?ZL)(Z )
+o N
X Z/[Hdz ] {9 (HO(ZLl—z;))
n=0
+ (=1)NFLg(—kT) (]ﬂ[e(z;_zjﬂ)) } (25 —21) ze =@ R g (35

N-1 —i)k*t i Ifw%+
£ = dzwn ( l) e 2z, 1720 )
{H [ 271(2,y 41 —2n)
N 1 n—1 1 N-1
X < Py H —igt- A~ Zn , 20+ 5 Z W, — 5 Z W,y , (3.6)
n=1 n'=1 n'=n

and using the notation 2, = z + z;/(q + k)/(2k™) for the analog of the classical
trajectory used in Refs. [36, 37]. The Taylor expansion of each background field in-
sertion around its classical position z, allows us to go systematically beyond the
Eikonal approximation. The integrations over w;, can be performed analytically
thanks to
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. k+w%

_ +
[ #w Z((l)k) € =1 (3.7)
(z z
ikt AT
/ d*w, L e Cus) wi =0 (3.8)
27-[( n+1 Z")
A+ K wh o (>t )
/dzwn Z k ) elZ(ZL'rZ:D W;/, W]n _ Z(Zn-i-k1+ Zn) Su . (39)
n+1_Z”

In order to account for the subeikonal corrections, one has to take into account all
contributions quadratic in w, in the Taylor expansion, for each n separately. How-
ever, the two powers of w,, do not necesarily come from the Taylor expansion of the
same A~ insertion. We thus find,

£ = {1 + (Zzgkjﬁazjazj} {Pn [1[-igt-A" (Zilin)}}
5 L, L

nm=1 np= I’ll+1

N
{Pn [_th aA ( nzrznz)} [_th aA ( ”1’ nl)] H
n=1
n # ni, Ny
X [—l'gt'Ai (Z;,in)] }
+ NNEik. (3.10)

Then we obtain
. N
szz] 8k+ /dZZ e iz(a-k) ¢ _ /dZZ e—iz:(a-Kk) {'Pn H [_igt.A_ (Z;l‘—/inﬂ}
L s

n=1 np=ny+1

N
{Pn [—igt-0;A” (z Zh 2] [—igt-0;A~ (zf{l,inl)] H
n=1
n # ny,ny
x [—igt-A™ (2, 2n)] }
+ NNEik, 3.11)

where the correction obtained from the double integration by parts in z cancels ex-
actly the NEik correction that comes from expanding the phase factor.

Up to this point, we have performed the analog of what was called the expansion
around the classical trajectory in Refs. [36, 37]. Now one has to perform the so called
small angle expansion, in which the small parameters are z, — z. In order to reach
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Next-to-Eikonal accuracy, it is sufficient to expand the leading term in Eq. (3.11) to
first order in any Z, — z, and make the replacement 2, — z in the subleading term
in Eq. (3.11). One thus gets

el(z}\",le

N
ze izl k) g /dzze z:(q-k) {Pnn [—igt- A~ (z;f,z)]}

n=1

q]+k] /dZ —iz-(q—k) Z+

2k+ 1:1

X Q Py [—igt-0;A” (z;1,2)] IN_I [—igt-A™ (z,},2)]

n=1

n# m
2, ,—iz- k)
2k+/dzel (a- Z Z nz n1

nm=1 ny=n1+1

N
X Pu[—igt-0jA” (2, 2)] [—igt-0,A” (zh,2)] [ [~igt-A” (2, 2)]
n=1
n # ny,ny
+ NNEik. (3.12)

Now one needs to insert this result into Eq. (3.5), and using the definitions we
obtained for the Wilson lines in Eq.(2.11) and Eq.(2.12), we have

ssten)| = [k [ B stk e (e
pure A~
(92(;12 /dzz p—iz(4-K) { [Z/Ip(x+,y+;z) _ 1}
(q;;kf / dv*l)*Up( Tt z) [—igt 9, AT (vT,z) [ Up(vT, YT 2)

x Up(w™,v";2) [—igt-0,A” (vT,z)] Up(v+,y+;z)} + NNEik (3.13)
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for x* >y, and

a Pk o V
= [ g S @y (R 4m)
pure A~ .
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X Up(v",wt;z) [+igt-d; A~ (v',z)] UE(y*,v*;z)} + NNEik (3.14)

foryt > xt.
From the following property of the Wilson line

az,up / dz* Up ) [ —igt-d,, A (z",z)] Ur (z*,y*;z) .
(3.15)

and taking (w™ —v™) = ;T dz" one can rewrite the bilocal term in Eq. (3.13)

/x do™ /x dw® (w*—o" ) Up(x", w";2) [—igt-0;A” (w",2z)]
y+
X Up(w",v";z) [—igt-0jA” (vh,2z) | Ur(vh,y";2)

- [t un( ) 5 U (). (3.16)

+

Here only for the overlap of the [y, x"] interval with the support [-L"/2,L" /2]
of the background field one gets nontrivial contributions in the integration over z .
The bilocal term in Eq. (3.14), can be written as

/ do™ / dw® (v —w) Uf (w*, x¥;2) [+igt-0,A” (w,z)]
Ut (v, wt;z) [+igt-0; A~ (vf, z) | UL (yT,0T;2)

_/ dz+uF<+ + )é_a TR (3.17)

Lastly, one can also rewrite the third line in both Eq. (3.13) and Eq. (3.14) using
the previous discussion and also

1 ot Z;;ax ( —|—Z+ )
+ + + Zmax T Zmin
=5 { N dz /v+ dz ] + — 5 (3.18)

min
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for the case x* >y, and we get

"
/d2Z e_’z (q-k) /jmﬂx dot ot Z/{F( Zmax’ U+;Z) [_ igt-asz_(v )] UF( " r—;m’.z)
Zmln

1 /dzzefiz-(q*k) /Zj;axd [UF< Zmax 2 52 )quCZ Zrmin 2 )}

min

—+ —( max;_me) ( ]—k] /dzze z:(q-k) Z/{F( Zmax’ Zr—;in; Z) : (319)

In the particular case of the quark propagation through the whole medium, mean-
ingx" > L*/2andy" < —L"/2, wehavez},, =L"/2and z}. = —L"/2,so that
Zhax + 2z = 0, which implies that the extra term proportional to the eikonal con-
tribution in Eq. (3.19) vanishes. All in all, we obtain the result for the case of the

quark

a3 3 + B
sioy)| = [ [ et k) SR ek (g gy

e A- 2n)3 ] @)
2, piz(ak) Lt LT

Ié—i—m /dze - {L[p(z 2,z>

(q+K) Lv Lt
TS /L;d {MF<2 z ’Z> @up(zﬂ—z,zﬂ

i y L™ .
7/_L+d [up( 2t ) 3, ( —2;z>] + NNEik. (3.20)

2

2kt

For x* < y¥, the situation is analog. In particular, for y* > L*/2 and x* <
—L" /2, one finds the result for the antiquark:

‘/ L [ amotg -k S ek g myy

Sk ( (2k+)2

pure A~

‘ + -
x (F+m) /dzz e~z (@) { —Uj (L?, —%;z)

(qf+kf)/ It [u;(Z+I_L* )ﬁ%(ﬁ +;Z>]

4kt

+

[T Lt — Lt
: /_ ;dz+ [u; (Z+/—7;Z)$321UE (2,z+;z)} }+NNEik. (3.21)

2kt

Thus, we have the final result for a quark propagator with a finite width of the
target in Eq (3.20), and Eq(3.21) for the antiquark propagator.

3.2 Including the interactions with the transverse component
of the background field
Let us now concentrate on the corrections beyond the eikonal approximation that

stem from relaxing the assumption that neglects all components of the background
field except A~. We include the interaction with the perpendicular component, A | .
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We use the results of the previous section 3.1 and we compute the interactions with
the perpendicular component via perturbation theory in position space. Thus, for a
single insertion of A;, the contribution is computed via

0Se(x,y)

= /d4z Sr(x,z)

[—ig 7/ "] A%(z) Sk(zy) :
pure A~ pure A~

(3.22)

single A |

In Eq. (3.22), the integration in z* gives a L™ factor for L* — 0, whereas Af is in-

dependent of L™ in that limit. One may think that this contribution would then start
already at NEik order, however this naive power counting fails due to the instan-
taneous contribution to the quark propagator, see Eq. (2.16). The delta distribution
gives a trivial contribution when integrating over z*. In that case, the transverse
field A7(z) is taken at z© = x* or at z© = y*, which is possible only if x* or y*
belong to the support [-L*/2,L"/2].

In order to avoid these complications, we focus on the case in which neither
xT nor y* belong to the support [—L*/2,L" /2] of the background field and the
naive power counting in L applies. Then, Eq. (3.22) starts at NEik accuracy, with a
term obtained by using the eikonal expression Eq.(2.16) for both propagators in A~
background.

Forx™ > L*/2and y* < —L" /2, one obtains

_ d3 p2 iz UMY
=[] e | g e e R

OSk(x,y)

single A |
—iv-(q— L* : i 1a a
X (P +m) /dzve (@=P2) 9 (™) Uy (2,Z+}V) [—igy' ] Aj(2)

Py Pk ey m F+m
/(271—)13/ (27_[) 27.[5(p k—l—) pr+iy-k (ﬂl + (2)k+)( )
+

X /dzue—f“'@l—k)e(kﬂup <z+,—L;u> + NNEik, (3.23)

2

due to the ordering xT > zt > yT, only the terms with positive light-cone mo-
mentum gt or k™ from Eq. (2.16) survive. Then, the integration over z~ yields
py = ps =k' = q". The Dirac algebra in Eq. (3.23) can then be performed as

(f +m)y " (py +m)o (py +m)y ™ (K +m)
=(2k%) (g +m) |71 i+ paa v ] (F+m). (3.24)

where we can write p} and p), in the numerator (3.24) as derivatives with respect to
u’ or v’ acting on the phase factor in Eq. (3.23), then one finally gets the expression

e SR e

dSe(x,y)

single A |
+

x (d+m)ylyy (F+m) [ dz [zzun<Z+z)]

X [Z [gt-Ai(z)] — [gt-Aj(z)]a_zf} [up <z+,—L2+;z) eiZ'k] + NNEik (3.25)
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Note that the transverse derivatives here act on both the Wilson lines and the phase
factors.

The result for the case of the antiquark propagating through a shockwave, that
is,y™ > L*/2and xT < —L" /2, can be computed in a similar manner only keeping
terms with negative g+ or k™ from Eq. (2.16) this time. This result is

a3 Bk O(—kt) . . .
:/Q7j)3/(2n) 2m3(q" k") ((2k+)3) e et

OSk(x,y)

single A |
<y k) [ @z (e aug(z -1 z)|
X [Z [gt-Ai(z)] — [gt-Aj(z)]9 ] [Z/{F <+ zt; )eiz'k] + NNEik. (3.26)

At this point, in order to compute the full NEik corrections that stem from in-
cluding the transverse field insertions, one needs to include the insertions of two
such fields. In this case, the contribution looks like

= /d4z /d4z’ Sr(x,2)
double A |

x [—igy't°] Al(z) Sr(zy)

5Sr(x,y) [—igy '] AV(Z) Sk(Z,2)

pure A~

pure A~

(3.27)

pure A~

Following the previous discussion at the beginning of this section about power
counting, one realises that due to the extra integration, each extra insertion would
bring an extra power of LT for LT — 0 naively. However, due to the instantaneous
contribution to the quark propagator, see Eq. (2.16), this naive power counting fails
as discussed previously. Let us focus on the cases in which neither x™ nor y* belong
to the support [—L1/2,L" /2] of the background field and the instantaneous term
in Eq. (2.16) does not contribute to the external legs in Eq. (3.27). By contrast, the in-
stantaneous term contributes to the internal line, giving the dominant contribution
to Eq. (3.27), which is at NEik accuracy.
For x* > L*/2and y© < —L7" /2, one obtains

d3q d3p2 R
= [ / d*z// B
/ @y | G 7P

|

0Se(x,y)

c ] dp* i —ipT (=" F AL pa] pa
x [-igV '] AY(Z) 60 —z) zpnz,ﬁe PEED gy 1] Al(2)
/d3p1/ d3k 271,5(;9 k+) —zzp1+1yk(ﬂ1+m) (%—f-ﬂ’l)
(270)* ) (27) (2k*)?
+
/ P e~ (1 9(k+)up< ,—Lz;u> + NNEik, (3.28)

using Eq.(2.15) for the sign function. Finally for the case of the quark going through
the whole shockwave is given by:
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0Sr(x,y)

g @k N
= — = 276 (at =kt e X ezy-k
double A | / 3 / (27-() (q ) (2k+)3

x (f +m)yy Ty (F+m) /d3ze z(q7k)
L+ +

x (—i) uF(f z* )[gtA( )] [gt-Ai(;)]Z/{p(er,—%;z) + NNEik
(3.29)

A similar computation corresponding to the case of an antiquark going through
the whole shockwave, where y™ > LT /2 and x* < —L" /2, leads to the final result:

a3 3 L
551:(x,y) i/ (d k (q _k+) 9( —k )e—zxqely-k

double A N / (27T)3 27T) (2k+)3
x (f +m)y oyt (F+m) /d3ze z(q-k)

x (—i) u;(z+,_L2+;z) [gt-Ai(2)] [gt-Ai(2)]U (; ;z) +NN](E311;(.))

Finally, one could naively generalize such results to the case of higher number of
insertions of the transverse components of the background field. Keeping only the
instantaneous term in the internal quark lines, only one integration in z* would sur-
vive, thus giving a Next-to-Eikonal contribution. However, that contribution van-
ishes, because the instantaneous term is proportional to ", which anticommutes
with the transverse /. Hence, there is no non-vanishing contribution with two suc-
cessive instantaneous quark lines separated only by an .4 insertion.

3.3 Quark propagator at next-to-eikonal accuracy

In sections 3.1 and 3.2, we have computed up to next-to-eikonal accuracy the quark
(and antiquark) propagator considering both the finite width of the target and the
interaction with the perpendicular component of the background field. For the case
of the quark, our final expressions is given in Eq.(3.20) for the propagator through
a pure A~ field at NEik, and Egs. (3.25) and (3.29) provide the corrections due to
single and double A, insertions, respectively. One finds a difference in these ex-
pressions in the spinor structure since, the one in the pure A~ background at eikonal
and NEik accuracy differ from the spinor structure resulting from single and double
A insertions. Therefore one can separate the spinor structure into symmetric and
antisymmetric terms in , j as

. j i j i g i
now the pure A~ contributions, (§ + m)y*+ (K + m), can be combined with the sym-
metric part in Eq.(3.31). We propose to split the propagator contributions at NEik
as



3.3. Quark propagator at next-to-eikonal accuracy 37

Se(x,y) =Sr(x,y) + Sk(x,y)

unpol.

(3.32)

h. dep.

where the first term corresponds to an unpolarized piece and the second one to an
helicity-dependent piece, since [y!,7/] is proportional to the quark helicity when
acting on a u or v spinor.

Combining the contributions from Egs. (3.20), (3.25) and (3.29), we get the ex-
pressions for the quark propagator through the medium, for x™ > L*/2and y™ <
— Lt / 2/

3 + y
Sevy)| = <dq / (dskszmsw—k*) O eix vk (f 4y (B -+ m)

2m)3 ) (2m)

unpol.

/dzz e~z (ak) {Z/{F<L2+ L;;Z)
. ; Lt
- 1% o () (-5
i /_Li; dzt [UF(Ler,er;z) E@UF <Z+'_L2+;Zﬂ } FNNERC - G39)

2kt
and
Bg B 0(*) s i
Sr(x, :/ = / 5 2710 Tkt e~ plyk
j
(4 +m) [747 (kK +m /dzze (qKk)
Lt N L+ .
/_ dz uF(7 2*;2) gt-Fy(z)Us (2, ——-i2) + NNEik, (3.34)

where we used the following notation for the covariant derivatives and field strength
tensor:

D = o+ igh Ay (2) (3.35)
Do = —igh Au(2) (3.36)
D = Do — Do = 001 + 2igt- A, (2) (3.37)
Fii(z) =0,A%(z) — 9,41 (z) — gf™° Al (2) A5 (2). (3.38)

Note that in Eq.(3.33) the transverse covariant derivatives act only on the Wilson
lines, not on the phase factors. Since no explicit gauge condition has been imposed
on the background field, the results Eq.(3.33) and Eq.(3.34) are written in terms of
gauge-covariant building blocks as expected. In Eq.(3.33), the first term corresponds
to the typical eikonal contribution, whereas the remaining two terms and the helic-
ity dependent contribution given in Eq.(3.34) are the NEik corrections to the quark
propagator passing through medium.

Similar arguments hold for the antiquark propagator given in Egs. (3.21), (3.26)
and (3.30), leading to the following two separate contributions for the case of y™ >
Lt/2and xT < —L1/2:
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d 3 o o V
:/(27;;3/ dk?’ 2n5(q+_k+)9((2kf)2) e Wk (g 4 )y (F + m)

4kt L 2’
¢ % + t(+ L* ﬁ_> t L* + .
o Zk‘f‘/L;rdZ UF (Z ’_7;Z> zJ sz Z/{P (7/2 /Z) +NNE1k (339)
and
&g Ak 0(—k*) .
— — = + + —ix-4 Liy-k
Sk(x,y) e /(2n)3/(2n)3 2r8(q T —kT) ey ¢ e
i~fl
% (ﬁ+m),y+[7;17] (k+m) /dZZE iz-(qk)
% Lt I+ .
X [ U (25 —2) et- Fy(@) Ui (5 ="32) + NNEik.  (3.40)

These final expressions summarize the result for the quark and antiquark prop-
agators at NEik accuracy going through the whole medium, where we take into
account corrections that stem from both, considering a finite width of the target and
the interactions with the transverse component of the background field . The final
results are are written in a gauge-covariant form.

3.4 Forward quark-nucleus scattering

In this final section, we apply the obtained results to study the inclusive forward
quark-nucleus scattering in pA collisions. Although forward quark production oc-
curs at high energies and therefore one may suggest that these NEik corrections, that
are energy suppressed, can be neglected in this case, for moderate energies these
corrections can improve the description of experimental data. This is the case for
experiments such as at RHIC and at the future EIC, where the NEik corrections are
expected to give more precise information.

In the rest of this section, first we compute the quark-nucleus scattering ampli-
tude by using the LSZ reduction formula and then use the computed amplitude
to calculate the unpolarized forward quark production cross section as well as the
quark helicity asymmetry at NEik accuracy.

3.4.1 Quark-target scattering amplitude from the LSZ reduction

Let us start from the definition of the free fermion fields:



3.4. Forward quark-nucleus scattering 39

FIGURE 3.1: Elastic scattering of a quark on a strong background
field.

¥o(x) = [ % [ 52 sz:[pr1a><nhﬁrW*
h

+d"(p, b, @)o(p, h)e'P| (3.41)
Fa(x) = [ % [ G5 zpe o (A5 ha)o(p, e
+bt(p, h,a)a(p, h) sz] (3.42)

where pi is the on-shell momentum defined in section 2.3 and h = 41/2 is helicity. b
and b' (d and d") are the annihilation and creation operators, respectively, of a quark
(antiquark). Using the following property of the spinors

a(p, )y ulk,n') = \/2p+V2k+ by, (3.43)

Egs. (3.41) and (3.42) can be inverted in order to express the annihilation and creation
operators for a quark in terms of the free quark field as

b(k,h,a) = /dzx/dx’eix'lzﬂ(lvc,h)'y“}’“(x), (3.44)
bH(k ha) = / Px / dx—e R (x)y T u(k h). (3.45)

Our process is a quark that undergoes multiple scatterings while it propagates
through the target, that is, the strong background field. The quark is considered free
in the asymptotic past and future. Thus, one can build the corresponding "in" and
"out" Fock space. The annihilation operator of a quark in the "out" Fock space and
creation operator of a quark in the "in" Fock space with the interacting quark field
¥g(x) can be written as

bout(4,H,B) = lim d2x/dx’ei""7ﬂ((7, W)y ¥s(x), (3.46)
xt—+oo

bt (kha) = Jim dzy/dy*e*iy'k‘?a(y)'ﬁu(lvc,h) (3.47)
YyT——00
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The S-matrix element for quark scattering on the background field (see Fig. 3.1)
is defined as

Sq(ﬁ/h’/ﬁ)(—q(lvc,h,a) = <O|EOUt(6\i’ h’ ﬂ)gj‘n(iél hl (x) |O> (348)

with the vacuum states (0| = (0|in = (0|out- Using Egs. (3.46) and (3.47), the S-matrix
element can be rewritten as

] ; - — ix-g—iy-k
Soan pyqliha) = x+lirr+1my+limm dzx/dx /dzy/dy it
<a1(, ')y Se(x,y) pay Tu(k ) (3.49)

with the following definition for the Feynman propagator
SE(xy)pn = (OT[¥p(x)Fu(®)]|0) (3.50)

where T is the time ordering operator. Finally, the quark Feynman propagator in
background field, Sr(x, y)aﬁ, is written in Eq. (3.32) with the explicit expressions of
the unpolarized piece given in Eq. (3.33) and the helicity dependent piece given in
Eq. (3.34) at NEik accuracy. Let us first define the scattering amplitude:

My ) atina) = Mag (k) (3.51)
which appears in the S-matrix as
Soa B —qkna) (2kT)276(q" — kT )iMyg (k q) (3.52)

In order to extract this amplitude, one needs to compare the expressions Eq. (3.49)
and Eq. (3.52), where the first one can be computed inserting into the definition the
Egs. (3.32), (3.33) and (3.34). After performing these calculations one obtains the
following scattering amplitude at NEik accuracy:

, 1 . Lt Lt
] hh = — 2 —ZZ'(q—k) (5 h + - .
iMyg (k, q) T /d ze (g, h')y {L{p( 7T ,z)

A L () (i)
g [ () B (= M
) [ e () Bl (e, )H (i)

We would like to emphasize that the second term in Eq. (3.53) which is pro-
portional to [/, 7/] introduces the helicity dependence on the scattering amplitude
at NEik order and it governs the polarization effects during the scattering process.
This helicity dependent term can be further simplified by using the helicity operator
S3, which acts on spinors as

(3.53)

) = hu(k,h), (3.54)
) = —ho(k,h). (3.55)
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Since [7,7/] = —4ie'iS3, the spinor structure of the helicity dependent term in the
scattering amplitude given in Eq. (3.53) can be simplified to

L_l(vh/ +[')’ir/)’j] ¥ i (s 1 \NA (T
g,h")y 1 u(k,h) = —ie"h a(q4,h" )y u(k, h) (3.56)

where €'/ is the antisymmetric tensor with €2 = +1. By using this simplification for
the helicity dependent term and the relation in Eq. (3.43), the scattering amplitude
can be written at NEik accuracy as

. / Lt Lt
IMZg (k,q) = (5hh//d2ze z-(q k) {UF< 5 7;2)

3.4.2 Unpolarized partonic cross section

According to the hybrid factorization ansatz [72], in order to compute the hadronic
cross section one first computes the partonic cross section. In our case this corre-
sponds to the projectile quark (or antiquark) scattering on the dense target. Then,
the partonic cross section is convoluted with the quark distribution function in the
proton and with the fragmentation function. Nevertheless, our goal is simply to
understand qualitatively the effects of the quark propagator computed at NEik ac-
curacy. Therefore, we restrict ourselves to the computation of the partonic cross
section.

At the partonic level, the differential cross section of the quark traversing the
target and undergoing multiple scatterings with the strong background field is given
as

0(¢q") d*q dq*
k) sty = (247127008 = KDM5 (k@) Mg (b @) % = 75555 {8.58)
After performing the trivial integration over the outgoing quark longitudinal
momentum g7, the partonic cross section can be cast into

d209A—=9+X

qu ( 2 ZNC %g q ( ) gr=k+

Here, the factor 2 in the denominator originates from averaging over the initial state
quark helicity and the factor N, from averaging over the color, while summing over
the final state helicity and color. Using the explicit expression for the forward quark
scattering amplitude given in Eq. (3.57), the partonic level production cross section
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at NEik accuracy yields
dZO.qA—>q+X 1 1 . R ’ /
= — —i(q—k)(z2') tio !
d?q N, (2m)2 /d z /d ze tr Up (z')Ur(z) (3.60)
1 i Lt n ) _> (q]_|_k]) . N L+‘
2k+/ 4zt Ul r (7, 2452) [‘@Dﬂ =D e (21, - iz
L+

1/ dz+UF< ,—z){ﬁ,p” q]“‘])ﬁ]

tor 2 z!
z/)UF(z)}

where we used Ur(z) = L{p( , —% ;z) for the Wilson lines. Thus Eq. (3.60) rep-

LT
xUL (7,2+

resents the case of unpolarized target and projectile, where the trace arises from the
summation over the initial and final color indices « and '

Let us now discuss the symmetry properties for the unpolarized cross-section.
After introducing the target averaging, the unpolarized cross section reads

A2o1A—q+X _ 1 Pp o-ita-kef 4 (r) 1 (qJ + k])
2q /), (@n)? F 2kt 2
i

x [o{l)(r) + (9(*{)(—@} -5 [O(z)(r) - ogz)(—r)] } (3.61)

where we introduced the new variables (z — z') = rand (z + z') = 2b. In Eq. (3.61)
we introduced the following dipole and decorated dipole operators:

1, L/ LT Lt Lt Lt x
dp(r) = Nc/db<tr[uF(2,—2b )up( 7,b+§) (362

Ol (1) = 1\1]/ b [ Lidﬁ <tr[l/{;5<b—;> (3.63)
qu( LY b+ )W ( — b+;>]>A,

oum = [ [ " (wlu(o-]) (.69
qu(—z b+ )T +r]up( ,—L+;b+r)}> .
A

2 bi+2 2 2

The operator (’){1) (r) behaves as a vector quantity under rotations in the trans-
verse plane, thus satisfying

(—1) = —0);(r) (3.65)

O*J)(—r) = —(’)H)(r) (3.66)

INote that helicity dependent term in the forward quark scattering amplitude given in Eq. (3.57)
vanishes at the level of the cross section after summing over incoming and outgoing quark helicities.
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On the contrary, the operator O(,)(r) behaves as a scalar quantity under rotations in
the transverse plane, so that

O)(—1) = Op)(r) (3.67)
Ol (—1) = O (r) (3.68)

Using the above symmetry properties, target-averaged unpolarized cross section can
be written as

d209A—q+X e -
(Fog—), =l ereiarlan -

x[0], (1) = O} (1)] = 5= [0z (x) = O (1)] } (3.69)

Let us rewrite now the NEik corrections to the unpolarized cross-section in terms
of the known operators Pomeron and Odderon. These operators are defined in terms
of the fundamental dipole and its hermitian conjugate:

Pooy) = 3|2 drixy) - ahxy)] (370)

Otxy) = |drixy)—dfixy)] 671

with the fundamental dipole operator defined in Eq. (3.62). In order to preserve the
consistency, we introduce the same change of variables (r and b) in Egs. (3.70) and
(3.71), and define the following new operators which are integrated expressions of
the Pomeron and Odderon operators over b:

Py = [@bP(b+3b-3)= % 2~ de(r) — d () (3.72)
0w = [@bo(b+1b-1)= %[dp(r) ~db(r)]. (3.73)

Using these definitions, the target-averaged unpolarized partonic cross section for a
quark can be written as

(Fei) = b S

+ (0 = - 952 [0} (1) - O 0] = 2= [0 (1) - Oy 0] ] }

= ﬁ [ d*x {cos [(q —k)-1] [1 - P(r)} (3.74)

+sin [(q — k) 1] [ImO(r) - (q;;;kj) ImO{l)(r)] + cos[(q — k)-1] & Im(’)(z)(r)} .

The analogous expression for antiquark-nucleus scattering reads
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(2 = gl e tan1 - p(o

- [O(r> — 2t 50, (6) = OF (1)) = ok | Oy (1) = Oy (1) ] }

= ok [ { cos[(q —k)-1] [1—P(r)] (3.75)

—sin[(q — k)- 1] {ImO(r) - (q;;gkj) ImO{l)(r)] —cos[(q—k) 1] & Im(’)(z)(r)} .

The Pomeron is even under both signature transformation (U4 (x) — U (x)) and
charge conjugation (quark — antiquark) while the Odderon is odd under both trans-
formations. If one compares Eqs.(3.74) and (3.75), one realises that NEik corrections
in the unpolarized partonic cross section couple to the Odderon, since they are also
odd under these transformations. However, for the unpolarized cross section, a
Pomeron type contribution is seen at the strict eikonal order. Moreover, we also ex-
pect to see such contributions at NNEik (next-to-next-to-eikonal) accuracy just like
the analogue contributions for gluon propagator computed in [37]. Finally, Odderon
type contributions are seen both at eikonal and NEik orders.

3.4.3 Quark helicity asymmetry

The other application considered here for our background quark propagator at NEik
accuracy concerns the quark helicity asymmetry. Here, we again restrict ourselves
to the partonic level.

We consider the difference between the cross sections for a quark of positive and
negative helicity scattering on the nucleus target

B2AFIA—I+X dZO.q(+>A—>q+X dZU.q(‘)A%q—i-X
d?q a d?q d%q

(3.76)

that we call the quark helicity asymmetry.> This asymmetry, when written in terms
of the forward quark scattering amplitude Mgg (k, q) (keeping the conventions from
Fig. 3.1), reads

d>AgtA—=0+X 1 1 / /
= 2h) MM (k, q)t MM (K, (3.77)
dzq (27_[)2 ZNC P;[; ;ﬁ:( ) B ( q) B ( q) ok

since h = £1/2. Now we insert the definition of the forward quark scattering am-
plitude Eq. (3.57) into the definition of the quark helicity asymmetry Eq.(3.77) and

%In principle an asymmetry is defined as the ratio of difference over the sum of positive and negative
helicity contributions. Here, we focus on the numerator for simplicity and still call it as asymmetry
with a small abuse of language.
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get

PAAHX 1 o [ o i no1
_ —i(q—k)-(z—2')
e N [ &2 [z " (378)
Lt
2 L+ ii . L+
X tr { /_Q dzt Ut (z") Ur (7,z+;z> (€' (—igt-Fij(2)) |Ur (z*, —7;z>
2

e + .. +
+l; dzt Ut <Z+,—L7;z’) [l (igt-E]-(z+,z/))]u; (IJZ,ZJF;Z/)LIF(Z)}.
2

Note that in this case, only the helicity dependent piece of the quark scattering
amplitude contributes to the quark helicity asymmetry. Moreover, the quark helic-
ity asymmetry starts already at NEik order, unlike the unpolarized partonic cross-
section, which contained an eikonal part as well.

As in the previous case, let us now look at the symmetry properties of the quark
helicity asymmetry. Following the same logic as before, we introduce the variables
b and r, and we average over the target. The quark helicity asymmetry thus can be
written as

At 1 —i(q—k)x (=) +
< 7q >A — ) /dzre (9-k) P [0(3)(1') —0(3)(—r)} (3.79)

where we define the new decorated dipole operator O3 (r) as

Opay(x) = 1\1] /d2b /_L;//zz dz+<n~ [uj_f (b- ;)MF(L;,.Z*;b + %)
Aeifgr-7y (=70 5) (=7, -0+ 5) ) (3:80)

Since in O(3)(r), the antisymmetric tensor €'l is already contracted with the ij
component of the field strength tensor, this operator O3)(r) behaves as a scalar
quantity under rotations within the transverse plane, and therefore

O3)(—1) = O3 (1) (3.81)
Ol (—1) = Of;) (1) (3.82)

and the target-averaged quark helicity asymmetry reads

B2AIA—9+HX 1 ila—k 'r(_i) 4
(Faq ) = @/ Fre g (0w -0ty o)

= (2171)2 2}% /er cos[(q — k)-1] ImOz)(r).  (3.83)

Following the similar path in order to compute the antiquark helicity asymmetry,
one gets

D2 ATA—T+HX 1 ila—k -r(_i)
< P2q >A = (zﬂ)z/dzre (4= 4+ {0(3)(1‘) _033)(1')}

1 1
= G / r cos[(q — k)-1] TmO(3)(r).  (3.84)
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The form of the target-averaged helicity asymmetries given in Egs.(3.83) and
(3.84) suggests that it is odd under signature transformation but even under charge
conjugation which is compatible with neither Pomeron nor Odderon type of behav-
ior. These quantum numbers are instead observed in higher order Reggeons [73,
74].

3.5 Conclusions

Thus, in this chapter we have computed the quark and antiquark propagator at NEik
accuracy by relaxing two assumptions from the eikonal approximation. Therefore,
we have taken into account both, a finite width of the target and the interaction
with the transverse component of the background field. It is also worth mentioning
that we have taken into account the cases of not only one insertion of the transverse
component of the background field, but also two such insertions in order to get the
full result at NEik accuracy that stems from this correction. The quark propagator as
well as the antiquark propagator have been divided into two different contributions,
the unpolarized and the helicity dependent one.

With these propagators at NEik accuracy, we have computed the quark-nucleus
scattering and the antiquark-nucleus scattering. The results of these observables
are divided into unpolarized partonic cross-section and quark-helicity asymmetry.
Finally, the target-averaged unpolarized partonic cross-section is expressed in terms
of Pomeron and Odderon operators, while the quark helicity asymmetry behaviour
is instead observed in higher order Reggeons.
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DIS dijet production at NEik
accuracy: including dynamics of
the target

DISCLAIMER: The material presented in this Chapter was originally published
in Phys. Rev. D 107 (2023) 7, 074016 (which corresponds to the reference [35] in
this thesis) of which I am a coauthor. My contributions to this publication can be
summarized as follows. I have contributed to the derivation of the quark propa-
gators from before to after the medium and the propagator from inside to after the
medium. I have also contributed to the computation of the NEik DIS dijet produc-
tion cross section both via longitudinal and via transverse photon. I have given
talks presenting these results in the “DIS2022: XXIX International Workshop on
Deep-Inelastic Scattering and Related Subjects” (Santiago de Compostela, Spain
in May 2022), in the summer school “GDR-QCD HIC in the QCD phase diagram”
(Nantes, France in July 2022) and in the “XXIX Cracow Epiphany Meeting: on
Physics at the Electron-Ion Collider and in Future Facilities” (Cracow, Poland in
January 2023).

In this chapter we introduce a new type of NEik correction to the quark prop-
agator in addition to the two types of corrections studied in sections 3.1, 3.2. This
new contribution stems from relaxing the third assumption presented in section 2.2,
that is, including the dependence of the gluon background field on the coordinate
x~. This new effect takes into account the dynamics of the gluon background field.

In this chapter we present the full quark (and antiquark) propagator at next-to-
eikonal accuracy in the gluon background field, where we include all the possible
corrections that stem from relaxing the eikonal approximation. We use this propa-
gator to compute the DIS dijet production at NEik accuracy. In fact, within the CGC
effective theory, gluon saturation effects in DIS on a dense target is one of the most
frequently used observables. This is due to the fact that it provides a clean environ-
ment to probe gluon saturation. Furthermore, computing this observable at NEik
accuracy is of great importance since it is one of the focus for the future EIC, where
the energies are lower compared to LHC. Since NEik corrections are suppressed in
power of energy, computing these corrections for an observable that planned to be
studied at lower energies, was the main motivation behind this work.

This chapter is organized as follows, in section 4.1 we lay out the reduction for-
mula for the S-matrix element. In section 4.2 we compute the propagators that will
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then contribute to the cross section for DIS dijet production and the production cross-
section is presented in section 4.3.

4.1 Reduction formula for the S-matrix and integrated prop-
agators

Let us consider the process in which a virtual photon of momentum g4 and polariza-
tion A splits into a quark of momentum k; and an antiquark of momentum k», in the
presence of a gluon background field A*(x) representing the target. The S-matrix
element for that process can be obtained following the LSZ approach. Due to the
photon splitting vertex, the first non-zero contribution to the S-matrix is at order e
in QED. We are interested in the lowest order contribution in perturbation theory in
a possibly strong background field, which is then of order e ¢° at the S-matrix level,
with g A*(x) resummed to all orders. At this order, the S-matrix can be written as'

Sqper = /d4zeﬁ(q)6’l”'z (0|dout(2)bout (1) : ¥ (z) (—ieepy") ¥(2):(0).  (4.1)

In Eq. (4.1), bout(1) and dout(2) are the annihilation operators for the outgoing
quark and antiquark in the asymptotic free Fock space, whereas eﬁ (q) e7'7% accounts
for the incoming virtual photon, and the normal-ordered current operator comes
from the photon splitting vertex. The quark field ¥(z) in Eq. (4.1) is a quantum
field in a modified interaction picture, in such a way that the evolution of ¥(z) is
generated by a Hamiltonian quadratic in the quantum fields, but with terms of any
order in the background field. Hence, not only the free limit of the theory but also
the interactions of quantum particles with the background field contributes to the
evolution of ¥(z). Only the interactions between quantum particles are removed
from the evolution of ¥(z) in this picture with respect to the Heisenberg picture.
Moreover, we assume that the background field alone cannot lead to pair creation or
pair annihilation of quantum particles. Then, the only possible contribution to the
expectation value in Eq. (4.1) factorizes as

(0] dout (2)bout (1) ¥ (2) (—ieepy™) ¥ (2):|0)
= (01bout(1)¥ (2)|0) (—iees1™) (Oldout(2)¥ (2)[0) - (4.2)

the annihilation operators bout(1) and dout(2) can be expressed as in the previous
chapter

bout(1) zlimx+ﬂ+m/d2x/dx’ eﬂzl"‘ﬁ(l)'y“}’(x) (4.3)
dou(2) =limy: 1o [ dPy [y~ V()1 0(2). (4.4)

The Feynman quark propagator in the gluon background field is defined as

ISee Appendix A for the notation on the light-cone coordinates and on-shell momenta. We also use
the condensed notations u(1) = u(kq, h1) and v(2) = v(ky, hy) for the Dirac spinors, where hy or hy is
the light-front helicity.
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Se(x,y) = (OIT (¥(x) ¥(y)) [0)
= =0(x"—°) (O[¥ (x) ¥ (1)10) —0(°—2°) (O[F(y) ¥(x)[0).  (45)

Here the implicit spinor and color indices of the fields are not contracted. The minus
sign in the second term is because of the Fermi-Dirac statistics for fermions (quarks).
We thus have

(0] (x)¥(2)|0) =Sr(x,z) forx™ — +oo0
(0|¥(y) ¥(z)|0) = — Sp(z,y) fory™ — +oo. (4.6)

With these ingredients, the S-matrix element at lowest order e ¢ but with the inter-
actions with the background field resummed to all orders, can be written as

Sy = limyer y*—>+°°/d2x/dX7 /dZY/dyfeﬂv‘l'x elk2y
/d4ze iq-z )Y SE(x,2) (—ieefr),ﬂ) <_SF(Z,]/))’)’+U(2). 4.7)

Defining the integrated quark and antiquark propagators as

Sl(z) = hmx+_>+oo/d x/dx M X 7(1)y TSk (x, 2) (4.8)

S1(z) = timy oo [ @y [dy=e™Y (1) Si(zy)770(2). (4.9)

=

the S-matrix can be once again, rewritten as

Sqigrns = zeefe /d‘lze’lqZ Sl(z)y" Sq( z). (4.10)

Let us now consider the process of DIS dijet production. We assume that the
background field strength has a finite support of length L™ along z*. Then the range
[—oo, —L* /2] is before the target, and [LT /2, +o0] is after the target. The region
[-L*/2,L" /2] is inside the target. We also choose the light-cone gauge At = 0,
where not only the field strength but also the gauge field vanishes outside the target.
The S-matrix element can be split into the three contributions corresponding to each
region as

L*/2 o .

Sqigrrr = zeefe /d2 /dz / dzte 175 (2) a5 S (2) o8
L*/2 o N_

—zeefe /d2 /dz /L+/2 dzte 1%5%(2) 05" S (2) 68

oo . -
—ieey eﬁ(q) /dzz/dz_ /L+/2 dz e 2 S) L (2) 07" S) p(2)sp (4.11)

The third term corresponds to the photon crossing the medium and splitting af-
ter, however, the photon does not interact with the gluon field at LO in QED. Thus,
the third term corresponds to the vacuum contribution, which vanishes in our con-
figuration. This vacuum contribution vanishes because the condition in a DIS pro-
cess (> < 0) is not compatible with the 4-momentum conservation Ivcil + Ivcg =g" and
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other requirements that one obtains in this configuration. The first two terms con-
tain medium-induced contributions as well as the vacuum contribution, however,
since the latter is zero, we can rewrite it as

Sppey = 531852(*7* + Sziarllqzey* (4.12)
where
/ _ p=L*/2 i
Shety e = —leesen(q) [d?z [dz= [Z T dzte"1*
x| SH@)"8}(z) — b2 (1) 0 (2) (@.13)
i ) . _ rLt/2 ) e
Sy = —ieey eﬁ(q) [z [dz= [5 15, dzte o=
X g?g(Z)’Yﬂgz(z) _ ei(lv(1+lv<z).z 17!(1)’)/”?)(2) (4.14)

that are the medium-induced contributions corresponding to the photon splitting
before (see Fig. 4.1 left panel) or inside (see Fig. 4.1 right panel) the target, respec-
tively.

. k1, hy
' A . [
VVWVW———

Y ko, hy

- y; ko, ho

FIGURE 4.1: Contributions to dijet production in DIS at next-to-
eikonal accuracy: photon splitting into a g4 pair before reaching the
target (left panel) and photon splitting inside the target (right panel).

4.2 Propagators at full NEik accuracy

In this chapter, our goal is to compute the cross-section for DIS dijet production at
Neik accuracy. In order to compute this, one needs the expressions for the quark
propagators contributing to this process at full NEik order in the gluon background
tield. There are two such kinds of propagators, one where the splitting of the photon
into a quark-antiquark pair occurs before the medium, and one when this splitting
happens inside of it. The propagators derived in this section are at full NEik ac-
curacy because they contain not only the corrections to the eikonal approximation
computed in the previous chapter, but also take into account the dynamics of the
target by considering the dependence of the Wilson line on the z~ coordinate.

In the contribution Eq.(4.13) to the S-matrix element, the photon splits at light-
cone time z" before the medium. The integration over z* does not bring a suppres-
sion at large 7; in that case. In order to calculate both the eikonal and NEik terms
in the contribution Eq.(4.13) to the S-matrix element, one should thus include both

eikonal and NFEik terms in the reduced propagators S7(z) and S@(z).
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By contrast, in the contribution Eq.(4.14) to the S-matrix element, the photon
splits at light-cone time z* inside the medium, so that the integration over z* brings
a suppression by a factor L, and thus is of order 1/7;. Hence, the expression
Eq.(4.14) does not contribute at eikonal accuracy, and starts contributing only at
NEik accuracy. One should thus restrict to the eikonal expression for the reduced
propagators 5%(z) and S1(z).

Let us first show the quark propagator in a background field with only the lead-
ing A~ component

dkt i g
— (B) (4 + [ 0 ikt (e -y)
SF(x’y)ﬁ“ pure A-, Eik. 1ﬁ’x g (E y) 7 27 2k+e
A g - 2 ptg (P m)
L = —ix-ptiy-k — iz (pT—kT) 2., ,—iz-(p—k) +
+/(27‘[)3/(27r)3e /dz e /d ze e 0%
>< {e<x+—y+>e<p+>e<k+>up<x+,y+;z,zm
0l =) 0P Ok UL 2 . (415)

This propagator is at eikonal order up to the z~ dependence on the Wilson lines.
This is what we call generalized eikonal since it recovers the strict eikonal form upon
setting z~ = 0. The first term on the right hand side of Eq. (4.15) corresponds to an
instantaneous quark exchange. By contrast, the two terms in the bracket correspond
respectively to the propagation of a quark or of an antiquark in the background field.
The Wilson line appearing in the expression above is defined as

Ur(xT,yT;2,27) = Prexp {—ig /x dz+A_(z)} (4.16)
y+

with P denoting the ordering of color matrices along z* direction. This Wilson line
goes back to its standard eikonal definition if one sets z~— = 0.

4.2.1 Propagators from before to after the medium at NEik accuracy

In order to compute the contribution of the photon splitting into a quark-antiquark
pair before the medium, one needs the expression for the quark propagator that
traverser the whole medium. In this case, y is before and x after the support of the
background field, the transverse components .A; only matter at NEik accuracy, and
the first term in the bracket in Eq. (4.15) gives the entire result at Eikonal accuracy.
For this configuration, the NEik corrections were computed in chapter 3 where the
z~ dependence was neglected. The quark propagator including all NEik effects in a
gluon background field in the region x* > L*/2 and y© < —L" /2, can be written
as?

%In the case of Wilson lines traversing the whole medium, in order to avoid unnecessary clutter-

ing, we adopt the compact notation Ur(z,z~) = Ur (%, —%; z,z*> , and similarly we will use the

notation Ur(z) = Ur <%, f%;z)
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3
S (x ) _ d P d3k 9( +)0(k+)eﬂ'x-f1 eiy-lvc dzfeiz*(;ﬁfk*) A2z e~z (P k)
AT ] ey ) @t

X (7 —};m)'y {L{ (z,z7)

(p+I) ' .
_2(p++k+)/_L;d {MF<Z )ﬁ> ( 2 Ez )}
i 5 N Lt . 5P . Lt
_(P++k+)/” dz [UF<2,Z ;2,2 ) Z;Dz/up<z ,—7;2,2 >]
7
i i Lt + + v
-I-ih”yj] /; dz*Z/Ip<L—,z+;z,z‘) gtu/rij(Z)UF<Z+,—L,'Z,Z_>}(k +m)
T2

4(p* + k) 2 2kt
+ O(NNEik), (4.17)

and for the case of antiquark propagating through the whole medium, meaning
yT™ >L"/2and x* < —L*/2, one has

3
Sr(x,y) = A ﬁ()(— )0(—kT)e =P ek [ gzei= (WK [ g2,
) e ) et

% e —iz-(pk) (Ibz—; m)r),+{ —Z/{;(Z,Zi)

M/[( >%>—> ]
e L [ ) B <%, =)

[r),,,-)/]] + 941 _ - + L+ n B (%—}—m)
+W /_Ldz Ur ( Z,Z )gt-]i,(z)L{F<7,z 07,2 ) o
+ O(NNEik) . @19

where we used the same notation as in Eqgs. (3.35), (3.36), (3.37) and (3.38) for the
covariant derivatives and field strength.

4.2.2 Propagators from inside to after the medium at Eik accuracy

In this subsection we compute the propagator for the case when the splitting of the
photon occurs inside the medium, which corresponds to the outgoing quark kine-
matics x* > LT/2and —L*/2 < y* < L*/2 as well as to the outgoing antiquark
kinematics y* > L*/2and —L*/2 < x* < L*/2. The diagrammatical represen-
tation for this case corresponds to the right panel in Fig.4.1. First, we compute the
quark propagator. From Eq. (4.15), one can read off the quark propagator in pure
A~ background at Eikonal accuracy in the inside-after quark kinematics and find
1A &p Bk _ Kt —ivk (p+m) 1 (F+m)
Se(X,9)pa = [ p(ph)(k) et K vk (B oo (b
pure A-, Eik.

X fdz‘eiz_(”+_k+) [d’z e~ iz(p=Kk) Ur(xT,y"52,27 )pa - 4.19)




4.2. Propagators at full NEik accuracy 53

where the phase eV was dropped, since it contributes only at beyond eikonal
accuracy as |y*| < L*/2. The Dirac structure can be expressed as

(B +m)y " (Rm) = (p+m) [{7*, B} = (R=m)7* |
= (p+m) |2k = (p—m)y* — (F=p)r*]
= (p+m)[ 26" = (K —p" )17 7" + (K—p)r*].  (420)
We plug this in the propagator and obtain

1A, q

Bk O(p - —
Sp(x,y)ﬁ,x f 27r3 f gﬁk?, 2]0* k+) ix- pely kT —iy-k fdz de
pure A~, Eik.

i~ - - i =
xelz (PT =K"=tz (p=K) (4 m) [1+A’2k—1+iaf — %iazz} Ur(xT,ytz,27)pe . (421)

The z~ dependence of the background field and of Ur(x™,y™; z,z7) is parametrically
slow for a highly boosted target due to Lorentz time dilation. For that reason, the
term in azfl/{p(x*,y+ ;z,z7) is a NEik correction. In order to evaluate Eq.(4.14) at
NEik accuracy, we need the propagator Eq.(4.21) only at strict Eikonal accuracy. In
Eq.(4.21), it is thus safe to neglect the term in d,-Ur(x™,y";z,27). Moreover, the
whole dependence of Ur(x",y";z,z7) on z~ can be neglected as well. The integral
over z~ is then straightforward to perform and we also integrate over k and then
k*. One finds
A dBP 9(p+) —ix-p iy pt —iyp
SF(X,Y)pa e A Bk / @) 2p7 e e e

< (B +m) [1 sz id ]up( YY) e (422)

We also need to compute the contribution coming from the interaction with the
transverse component of the background field. We compute this using the expres-
sion

0Se(x,y)

= /d4w Se(x, w)

[—ig 7/ 7] Af(w) Sk(w,y)
pure A~

single A | pure A~

(4.23)

By naive counting, one may think that due to the integration over w™ in this region,
where A}‘ (w) is non-trivial, the contribution Eq.(4.23) seems to be a NEik correction.
However, due to the instantaneous term present in the propagator in pure A~ field
Eq.(4.15), this integration can be removed, and an Eikonal contribution can indeed
be obtained ® with the transverse gauge field inserted either at w* = x* or at w* =
yT. In the inside-after kinematics x* > L*/2 and —L"/2 < y* < L*/2 under
consideration, the gauge field vanishes at x* but notat y ™, so that Eq. (4.23) provides

3Because the Dirac structure of the instantaneous contribution to the propagator is simply 7+, we
would get 779/9* = 0 in the case of two instantaneous propagators separated by a transverse field
insertion. Because of this observation, there is no Eikonal contribution to the quark propagator in
inside-after kinematics with more than one transverse gauge field insertion.
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an Eikonal contribution

1A, q 1A, q

3Sr(x,y) [—ig 7/ ] Af(w) Sr(w,y)

= /d4w Se(x,w)
Eik

single A,

d? o .
_ /d4 / P3 92(Z+) o X P piw p* e~ WP (ﬁ _|_m)

(2
{7 ] )
dq i

< [ig ] A Oy 7" [ e,
(4.24)

where we have neglected the dependence on the w™~ coordinate of A?. In the above
expression the term with the derivative 9, vanishes, since it comes with the Dirac
structure y*y/y/y T = 4ty Tqiq) = 0. Performing the integration over w, and then
over g, we get

e PP 60" iep iy i
OSfk(x, :/ — e WPl P oTIYP +m
F( y) single A , Eik. (27-[)3 2p+ (ﬁ )
J
x (= )sz Ur(x*,y5y) |3t Ai()] - (4.25)

One can obtain the full quark propagator at NEik order for the case of the photon
splitting inside the medium by summing the expressions Eq.(4.22) and Eq.(4.25).
One then finds

1A, q

3
— d P 8 —ix-f)
3 2p+

Se(x,y)
Eik.

+ i - ,
< (p+m) Ue(xt,ytsy) [1 - 72;;1 zpi} eV P e TIVP | (4.26)
In a similar manner, one can compute the propagator for the antiquark at Eiknoal

accuracy in the inside-after kinematics, that is, y*© > L*/2 and —L"/2 < x* <
L* /2. One finds

1A, g _/ d3k B k+) eiy-lvc
2k+

Se(x,y)

Eik.

o ) + Al —
we X k* ezx-k |:1 _ ’ékz ZDXi:| UF(]/ xt x) (]é +m) (4.27)

4.3 DIS-dijet production at NEik accuracy

In this section we compute the S-matrix elements and then the cross-section for the
DIS dijet production. We can split this computation into two contributions according
to the two types of diagrams for this process, as in Fig. 4.1.

pure A-, Eik. pure A-, instant.
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4.3.1 Photon splitting inside the medium

Let us first discuss the contributions coming from the diagram with splitting inside.
We need the expressions for the reduced propagators S1(z) and S}(z) at Eikonal
accuracy when the vertex location z* is inside the target, meaning —L* /2 < z* <
L* /2. In the case of the reduced quark propagator S!.(z), it simply amounts to insert
the expression Eq.(4.26) into the definition Eq.(4.8), as

In . 1A, g
St(z) zlimx+_>+oo/dzx/dx_elkl'xﬁ(l)fﬁSF(x,z)
Eik. Elk
(ki .
= ( }F> i(1)y* (K +m) Up(4o00,27; 2) [1 — = 1g} —iz-k
2k 2k

— L+ +. 71Z'k1
— U <2,z ,z) (1) [1— o zﬁ] , (4.28)

where it does not matter if the end point of the Wilson line is taken at +co or at
+L* /2, since the gauge field vanishes outside the target.

Similarly, inserting the expression Eq.(4.27) into the definition Eq.(4.9), one finds
the reduced antiquark propagator at Eikonal accuracy from z# inside the target as

B In N IA, g
SHa)|  =timyeie [y [ay et (1) Sezy)| o)
Eik. Eik.
o ) ] +
iz K ik [1+ sz iD, ] 0(2) U} (Lz,z+;z) . (4.29)

Inserting the expressions Eq.(4.28) and Eq.(4.29) into the S-matrix expression,
Eq. (4.14), and dropping the z* dependent phase factors, since they would con-
tribute only at NNEik accuracy in the S-matrix and cross section, one gets

. s L L+
S};l‘ngy —iees €, (q) 276 (ky +k; /d z/ dzta(1) Ue (Z’Z ;z)

Lt/2
Yt D e-illati iktla—q)z YT =2
X{— 2k+1 ellzq) _|_€l(1 zq)WZﬂ
iyt vfg il tko—q) 2 (LY,
: D) =zt 2).
+ 2k (2k7) e . (UF 52z v(2)
(4.30)

The color structure in the first term can be simplified as

(S i) Dt (G we) | = =5 (B tia) Bl (G 2i2) | s

and similarly the second one

[UF(L+ )D Z/IF< L +,'Z)] I;[UF<L;_,Z+,‘Z>E?U;<L2+,Z+;Z):| (4.32)
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Using these expressions the "in" contribution to the S-matrix reads:

Sln

. L*/2
Py = —lees eﬁ(q)ZmS(kijk;—qﬂ/dzze_l(k1+kz—q)-z / dz*t

—L*/2

«{ [%ﬁauwwyv(z) ¥ ,ﬁ;au)wwva(z)}

[up< =2)bur (S )]

+25;(2+ (1)1 v9/0(2) {UF( )ﬁp ( z)]} (4.33)

where now the covariant derivatives act only on the Wilson lines and not on the
phases.

At this point, before computing the cross-section, one can evaluate the S-matrix
for the two possible polarization of the photon in this process. We have both trans-
verse and longitudinal polarization, but the last term in Eq.(4.33) does not contribute
to the scattering processes, since in the light-cone gauge €} (7) = 0.

Longitudinal photon case :
In light-cone gauge, the longitudinal polarization vector can be chosen as

eMq) = eb(q) = qQ o (4.34)

Upon inserting this in Eq. (4.33), the first two Dirac structures vanish as well due
to y"y" = 0and {y",9'} = 0. Therefore, in the case of longitudinally polarized
photon, the inside contribution to the S-matrix element vanishes at NEik order:

Sin e e = 04 O(NNEik). (4.35)

Transverse photon case :
For a transverse photon, the two possible polarization vectors in light-cone gauge
can be written as

ef(q) = 0
ex(q) = ¢,
isi
erlq) = qqf (4.36)

inserting these polarization vectors in Eq. (4.33), one gets

. . ) . 1 . .
S pscyy = e € 278K +kf —q) [—4kl+u<1>v+ww< ) g 10 >wwv<z>]

X /dzze’i(kl“‘z"l)'Z /_L;//zzd [Up( ,zt z)g> ( )]

(4.37)
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It is convenient to separate the parts of the Dirac structures into symmetric and an-
tisymmetric under the exchange of i and j. Then, one finds

in + + q+ " (k+ k+) ij 1 ]
qup(—’y* —EEfS/\ZT((S(k +k —q )4k;rk+ ”(U’Y Tfs + = ['Y ’Y] ( )

[ewesens [0 (g ()]

(4.38)

4.3.2 Photon splitting before the medium

We now focus on the contribution Eq.(4.13) to the S-matrix, in which the photon
splits before the target, at NEik accuracy. The first step is then to calculate the re-
duced quark and antiquark propagators S%(z) and S}(z) at NEik accuracy.When
the photon splits before the target, we use, for the quark propagator in the formula
Eq.(4.8), the expression Eq.(4.17). Then we get

. 3
51 b b s | B [ £ o

71x lZ +m lV 2z
X O(KH)8(p+)e— P ek (’Zp+ /d2ve Wk){up(v v p++k+/_g dot

+ [ J K/
() (et e - 5] - i)

4

(F+m)
} = (4.39)

X U <v+, —L;;V,v_)

using v ¥ (p +m)y" = 2pT 9" and integrating first over x and x~ and then over p
we obtain

3 oy .
Sl(z) = ﬁ(1)7+/ il 9(k+)elz'k/dv_e”’ - /dzve iv-(lk {UF(V v)

(2m)?
1 Lt . iyl I, +1) S
+W/j+dv+ [up<2,0+;v,v ) <[’Y4’Y]gt]:1]('0) (Eﬁv;—lﬁpvj
2
L+ _ (F4+-m)
+ _ = .
xup(v, v, )” Pl (4.40)

where we used e (ki =77) —y pix(ky k) — 1,
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For the anti-quark propagator in the formula Eq.(4.9) we use the expression
Eq.(4.18). We have

7 . 3 Lo
SN?_«(Z) :limy+ﬁ+w/d2y/dy_elk2'y /( / 4’k /dw— iw™ (pt—k™T)

% 9(_p+)9(_k+)e—iz~ﬁ eiy-l? W;;_T)'y*/dzwe_iw'(l’—k) {u;r(w’w—)

1 ) L+
‘W/L;W [uF<w+’_2 w)
(s o~ P B ()|
¥
« { 2;’”)7 0(2) (4.41)

Since v commutes with [y/,7/] we can use v (F + m)y*T = 2k*9t. We also inte-
grate first over y and y~ and then over k and obtain

- d3p m)
Gq — L + iw™ (pJ%LkJr —iz-p ﬂ / 2w e~ W (ptka)
Sp(z) —/<2 )39( pt)ok; /dw e 2 a w

+

X {Z/{E(w,w_) [Z/I}L (w+,—L7;w,w_>
X (W;’Yj]gt.}'ij(w) — (pj_k] F ﬁw >L{F (L; wh;w,w )] }’y+v(2)

2
(4.42)
where we used eV (K +k) _ oiv" (- +K) — 1,
Inserting now the propagators Eq.(4.40) and Eq.(4.42) to Eq.(4.13) we get
, d’k L*/2
e =i [ e[ oo o fu [ e

> e*iz-((]*l‘éﬁ’ﬁ) /d’()f eiv’ T- /dw’ ¢! k2 +pt /d2ve71v- ki—k)

+

X /dzwe_iw'(f’*k”ﬁ(l)’f’{up(v,v )+ L / dv*Z/{p(L? vt v, )

i o + B ¥
% <[’Y4’Y]]gt Fii(0) ) ( L?;v,v )}(2;:’1)

u(Pm) |y - 1 /T A -
X ¥ T Ur(w,w )—i—k;_er _%dw Z/{F(w ST W, W )

i ol ) s L+
X (Mgt : -E/]/(ZU) — Mbwj’ — ibwj’ ij/> Z/{I:( w* W, w )}

4 2

—L*t/2 ) P
X v 0(2) + iees € (q) #(1) "0 (2 /dz /dz / dzt e =h=k) (4.43)
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The integrals over the location z/ of the photon splitting vertex before the target
can be performed explicitly: the unrestricted integrations over z and z~ enforce the
conservation of the transverse and + components of the momentum at the vertex,
whereas the integrations over z* are of the form

_L+/2d b itE i ‘o s
_— 2
with E- = (g~ —k~+p), except in the vacuum subtraction term, in which E~ =

(g~ —121_ —IV<2_). We thus obtain

3 a3
S]‘;lel;zFW leef GA(q) / (;17.[k)3 9(k+) / (27.[};3 9(_P+) (27‘()35(3) (ﬂ - k‘f‘E)

-k
X ie Bl ) /dv P 1*k+)/dw’ e"wf(k;”*)/dzve*iv'(krk)
(q*—k +p~+ie)

: 1 L L+
2 —iw-(ptka) + - + +. -
X/dwe Sa)y {UF(V’U )+k1++k+ /_qu uF( p 0 Ve )

y ([’Yir’Yj]gt,fi],(U) _ (kjlz—kk])ﬁ‘; —15‘,,17‘,?) Z/{F(U+,—H'V v‘)}

4 2 7 4

X

(]vé+m),)/y (IZ_H’”) u'l'(w w—)+ 1 /L+ dw+u+< EW ZU_>
2k+ 2pt | EM ki —pt )1 27

i _ ]
><<h£]]gt-}-ij() g ﬁp) (2+fw+;wfw‘)}

ioils (g —ky —ky)
(q*—lvcl_—lvcz_qtie) ’
(4.45)

X 1T 0(2) + dees e (q) 1(1)7"0(2) (271)°6% (g — ki — k2)

In Eq.(4.45) one can find contributions at both generalized eikonal and subeikonal
order. The latter can be split into different types of contributions that are at NEik or-
der: decorations on the Wilson line associated with the quark or with the antiquark
and phase factor dependent on the target width L*. The generalized eikonal term
is represented by the dependence on v~ or w™ of the background field and Wilson
lines. However, we only account for one of these NEik terms at a time, since taking
two such corrections together would yield terms that are at NNeik accuracy at the
level of the S-matrix and cross-section.

Let us consider the contribution to the expression Eq.(4.45) with decorations in-
serted on the quark Wilson line. This contribution only starts at NEik accuracy due
to the integration over the v™ at which the decorations are inserted. We can thus ne-
glect in that contribution any further non-Eikonal effect: the phase factor dependent
on LT, and the dependence on v~ and w™ of the background field and Wilson lines.
The latter allows us to perform the integrations over v~ and w™ analytically, and to
obtain*

*Note that in this case (k™) = 6(k{") = 1and 6(—p™) = 6(kj ) = 1, since k > 0and kj > 0 by
definition for the produced particles.
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=276 (ki +ki —q™) (—i)eefeA(q)/d3k27‘((5(k+—k+)/ dSE
dec. ong ! 2 : (27T)3 ! (27-[)3

x (2m)3608 )(q k—i—p)zi+ (k- -ZH? i) /d2ve’i"'(k1’k) /dzwe’iw'(P*kZ) (1)

x /w [MF(Lz,vt-v) (h'”gf-fz’f(v) - (k]i;kj)b—v: JTDH)

4

bef
SWIZFV

. V
x U (v*,—Lz;v)uE(w)]w+ (KZZTW(@TH 0(2). (4.46)

Similarly, one can extract from Eq. (4.45) the NEik contribution associated with dec-
orations inserted on the antiquark Wilson line, and simplify it into

3 d°
=276 (K +ky —q7") (—i)ees €;,(q) / (fn]} (ktklﬂ/ (2733

1 i i} (F+m)
1 +
2 o 1ptie) "W

(P+m) 2o —iv(k 2 w-(prko) ' n if + LT
2P+ /dve 1 /dwe P /_ngw L{p(v)Z/{F<w ,—T,W)

([’Y ')’]gt Fii(w)— (p];k]z)ﬁw;_iﬁp—wv u}(L;,uﬁ;w)]v(Z). (4.47)

bef
Sqlqze'y

dec. on g

M

x (2)%%) (g — k+ p)

After extracting from Eq. (4.45) the contributions Eq.(4.46) and Eq.(4.47) of decora-
tions on the quark or antiquark Wilson lines, the leftover is

Bk dp

e =S|~ b = TR0 ] 00 [ s
<B(p") (200 g~k p) - ip e o5 ) (1)
y (%;:T)'Y (7”2'7;”)7 0(2 /dzvefzv (ki—k /dzwe’"’" (ptk2)
/dv el =k /dw_ w51 Y (v, 07 UL (W, w™)
+ iees e (q) a(1)7*0(2) (276 (q — ks — k) ———— Fa k) |

(g~ =k —k; +ie)
(4.48)
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Noting that

Bk d3B i
/ (27)3 6(k™) / (27)3 6(=p") (2n)35(3) (9 —k+p) (g~ —k—4p—+ie)

% ol (a7 —k+p7) ﬂ(l)’YJr(kszi)’Y (12’2;;11)7 o )/dzve—iv~(k1—k)/d2we—iw-(p+kz)

y /dv‘ ol (kf —k*+) /dw_ i (5 +p%)

[ Bk e [ P Y (27353 i R )
= | op o) [ o @~k p) e = LA
;
a0y G By o) (2o k-ky) (2o (o)
= 21)%8®) (g —ky —kp) ———— ek k) (1) (2) (4.49)

(g~ —ky —ky +ie)

it is possible to rewrite Eq. (4.48) as

Ak
bef bef bef ; A3
Spizer ~ Spppen ~ Sy = —leey eﬁ(q)/ 2m)3 0(k™)
dec. ong dec. on g T
x/dSp"( p*) (276 (g —k + p)——— o (KT 1)t
(27)3 - = (g =k +p+ie)
X (Kz-]tf)'Y ﬁH_Jtn vto(2 /dzveﬂ" (koK /d2we iw-(ptkz) /dv o (kK —k)
X / dw= @ (+p )[Z/lp(v,v_)b{F(w,w_) - 1} . (4.50)

Expanding the L™ dependent phase factor at small target width L™, one finds the
contribution linear in L™ to be °

3 a3
zzné(kf+k§—q+)(—i)eefeﬁ(q)/(5’; 275(k" — k+>/<z£3

% m m
sy G o)

bef
5‘11‘12“7

L+ phase

< rPe (g~ k+p) (<) 5

X /dzve_i"'(kl_k) /d2we_iw'(p+k2) [UF(V)U;(W) - 1} . (4.51)

Shere we neglect the dependence of the Wilson lines on v~ or w™ since due to the overall LT factor,
this contribution already starts at NEik order
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Subtracting the contribution Eq.(4.51) as well from Eq. (4.50), one has, at NEik
accuracy

Sbef . Sbef

_ Sbef
Ng—=r* fg2=7*

bef
J1d24=7* =5

- A
fga=7* = Tleerey (f/])
L+ phase

dec. on g dec. on g

d3k + daB + (3) I
[ s ¥ | e P @)

X L_l(l),)ﬂr (’éz“ltf”l) ,YV (72)2';;71) ”Y+U(2) /dzv efiv-(krk) /dzw e*iW'(PJrkz)

X /dv_ e (k") /dw_ el ki +pT) [UF(V,U_)U;(W,ZU_) - 1} : (4.52)

In Eq. (4.52), the only leftover effect beyond the Eikonal approximation is the de-
pendence on v~ or w™ of the Wilson lines. Using the change of variables (v, w™) —
(b=, r7) defined as

b:(v_—;w_)/ rm=(w —v") (4.53)
so that
_ _r _ o
w =b+ v =b -, (4.54)

By Taylor-expanding the Wilson lines around b~, one finds that two separate
NEik contributions come out. The first one is the generalized eikonal contribution
that contains the the dependence of the Wilson lines on a common b~ as the only
leftover effect beyond the strict Eikonal approximation

= —ieese)(q) / dzv/dzw/db_ eib™ (K +k3 —q™)
Gen. Eik
a3k 1
x [MF(v,b)M{.f(w,b) —1] / ey 0K 270 <k+—2(k1+_k2++q+)>

A3
< [ s 0" @m0 g~k +p)

k) i i . F+m +m
x o~ iv-(kak) ,—iw-(ptky) (qi_ir-i_ﬁi-l-ie) (1) 4+ o )'YV(IZZ;?J“ )'y+v(2), (4.55)
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Second, we have an explicit NEik correction®

bef
Sqwz<—7

= 276(kf k5 —q7) (—i)ees€)( /dz /d2

dyn. target

X [UF <v, b’) gfl/{;f (w, b)} -
: 3
s bty | L gk

—iV~(k1—k) —iW~(p+k2) l — 1 +(%+m) }l(ﬂ—*—m) . 4.56
e (q_—]\é_—{—fj_—‘—le) u( )’)/ 2k+ 2p+ ,)/ U( ) ( )

X e

The — axis in light-cone coordinates can be interpreted as the longitudinal direc-
tion for the right-moving projectile and as the time direction for the left-moving tar-
get. If the target background field is dynamical, meaning z~ dependent, the quark
and antiquark from the projectile will probe a different value of the field not only
because of their transverse separation w—v but also because of their longitudinal
separation r~ = w~ —v~. The contribution Eq.(4.56) is then the NEik correction in-
duced by the tidal-like force exerted by the dynamical background field on the quark
and antiquark due to their longitudinal separation r~.

All in all, we have written the S-matrix element for the before diagram at NEik
accuracy as

bef __ cbef bef bef bef
th‘h“? SWZ“”V + Sﬂh‘iz%’Y SWIZFW + S‘h%“W
Gen. Eik dec. on g dec. on g L+ phase
bef ;
+obet . + O(NNEik), (4.57)
dyn. target

Most of these contributions contain the same energy denominator:

(@-Q)  (Etm?) | (pP+m?)
2q* 2k* 2p*

(g~ —k +p~ +ie) = +ie, (4.58)

Introducing the photon virtuality Q* = —g#q,, and using the momentum conserva-
tion constraint p = k — g at the photon splitting vertex, one finds

I Q> gt SR
(g~ =k +p~ +ie) = _2q+_2k+(q+—k+)[(k_q+q) —l—m]—i—te. (4.59)

Since the real part of this energy denominator cannot change sign, the +ie has no
effect and can be always dropped. Using the expression Eq.(4.59) in the Generalized

®Note that due to the choice of the light cone gauge AT = 0, the ordinary derivative @f can
equivalently be written as a covariant derivative D,
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Eikonal contribution Eq.(4.55) , one has

= ee e v | BPw [ db— et (ki tk—a")
Gen. Eik ! ‘/ / /
—\7/t -\ 4] 27 d’k + +_ gt I N R
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e BTG g iy 0] w0
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bef
SHMZF’Y

—iv-(k;—k)

X e e

Similarly, one obtains

S = 276(k{ k3 —q*) eesen(q /d2 /d2
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- + - (—i)/ &’k ya(at et e+
x [up(v,b )?bfup(w,b )] v b LR LU U
« o= (ki—K) efz'w~(k2+qu)ﬁ(l)’fr(k‘FmW”(’é—ﬂ+m)7+v(2> (4.61)

(a2t

from Eq. (4.56) and

shef . — 273k +kf —q" ) eepepla) [ v [ dPw [Up(v)tdt (w) 1]
L+ phase
(_i)L+/ d3k +_ 1+ ,—iv-(k;—k) ,—iw-(ko+k—q)
X ST (27_[)32715(k ki )e e
x d(1)y " (B+m)y# (F—gq+m)yTo(2) (4.62)

from Eq. (4.51). Then, from Eq. (4.46) and choosing to trade k for a derivative in w
for the extra contribution of k as compared to the rest of the S-matrix contributions,
one finds

bef
SWMZF’Y

L 43k
=276 (k{ +k3 —q ") ee e /dz /d2 / ot / =
dec. ong ( f +k+ —LTE (27‘[)3
+
x 2o (kt —k})a(1) { [uF (%,zﬁ;v)

o i1 4q
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4 2
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v (R+m)yt (k= g+m)yto(2) o iv(ki—k) ,—iw-(kptk—q) (4.63)
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In order to obtain more compact expressions, let us introduce the notations

Ul (v) = / . dzﬁup(f ot v)b_> (o L - v) (4.64)

U? (v) = /_ L+dv+up< ot v)ﬁ Dt (v, L;,'v> (4.65)

Lt L+
Z/lg(v) = /z dzﬁLlp(— vt v)gt ]-'l]( )Z/{F( 7;‘7) (4.66)

2

for the decorated Wilson lines appearing at NEik accuracy. Their Hermitian conju-
gate is

Lt
uptv) = - / ; dzﬁu;(zﬁ, )1<>_> (L? ) (4.67)
2
L+
= Lt — L
UPt(y) = L L;dwu;(w,—z,-v)ﬁp U (- 0%v) (4.68)
Lt

+ +
Z/{g?(v) = /_: do™ UJr( L2 ;v)gt-]-"ij(g)b{;f %,U+;V) . (4.69)
2

With these notations, the expression Eq.(4.63) becomes

bef
Sq1112<—7

1 d°k
_ + gt ot MNg)—— | & ? o)

dec. ong

‘ ‘ i
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(k—Erq)” +m2 4 KIS Qz}
(4.70)

+ uﬁ}}(v)<— W+Zam>iz/f£(w) [

Following the same steps, one can rewrite the contribution with decoration on
the antiquark Wilson line Eq.(4.47) as

bef
S‘i1‘12<—7

1
A
dec. on g B Zné(ki‘—+k;_q+) eey ey (Q) 4q+k;_ /dZV/dzw
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2 + +_kt
(27) [(k_f%‘ﬁ 4 )Qz]

x [L{p(v) ( 7', 7] Ut (w)—itd? (w)+ (i 9 W)u}}}*(w)> ]

4 THi 27 2
x p(2) e Vv ki—k) (4.71)

Let us now consider specific polarizations of the photon in the S-matrix expres-
sions.
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Longitudinal photon case :
Introducing the longitudinal polarization vector in LC gauge given in Eq.(4.34),
one finds

el (q) 7 (Bm)yh (—g+m)y* = ﬁ o (Btm)y+ (=g +m)y ™

_4k+(q+—k+)

e Qv™". (4.72)

- ﬁ (ot Byyt {k—g, 7} =

Inserting this result into Eq.(4.62)

] iLt
Moot =m0k =g e Qa1 02) 5 [y [dPw
L* phase
x [L{F(v)u;_f(v)_l}5(2)(v_w)efiv-(k1+k2*q) _0. (4.73)

In order to calculate the cross section, it is sufficient to know the S-matrix element
for q = 0. Hence, we will assume q = 0 from now on, for simplicity. Then, inserting
the expression Eq.(4.72) into Eq.(4.60) and taking q = 0, one obtains

€€f _

++k+_k+ +_|_k+_k+
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where we used the relation

de —ik-r 1
/(27r)2(k62+A) = 5-Ko(VAlr)), (4.75)

where K, (z) is the modified Bessel function of the second kind. In Eq. (4.74), we
have introduced the notation

+ 3+ gt
Q:\/m2+(‘7++k1 Zz(;iq)z k| +k2)Q2‘ 476)

Similarly, in the longitudinal photon case, Eq. (4.70) becomes
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and Eq. (4.71)

eef
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where Q is defined as’
_ kiks
Q=/m>+Q? (;ﬂzz : (4.79)

Finally, integrating by part in k¥, Eq. (4.61) leads to

. eef (ki —k3) i
Wiert] = 200 ) Qg )Y e2) S [dverivh
. B N2 _ 2 )
></dzwe_"’"'k2 KO(Q\W—V|)—(Q2Q)|w—V|K1(Q|w—v|)]
w \tte (v, 0 )0y 1t (w, b~ ] , (4.80)
(o Yo ]|

where we have discarded zero mode contributions at kf = 0 or k;“ = 0, which
would not contribute to the cross section of dijet production in the experimentally
meaningful range. We also have used both the relation Eq.(4.75) and

K (VAlx]). (4.81)

/ dzk e—z’k-r _iﬂ
2m)2 (K2+A)? 47 /A

Collecting all the results for the longitudinal polarization of the photon in the
S-matrix element, at NEik accuracy this is given by

bef

_ bef bef
Smﬁz%fi - Sqlqﬂ—vi +5 +5

Nna241 Nnq2471
dec. ong dec. on g dyn. target

(4.82)

bef
+ Sﬁllqﬂ—ﬁ
Gen. Eik

where explicit expressions for each contribution are given in Eqs. (4.74), (4.77), (4.78)
and (4.80). We would like to remind that the contribution Eq.(4.73) vanishes, as well
as the the contribution from photon splitting inside the target Eq.(4.35).

By contrast, the strict Eikonal approximation for the S-matrix element can be
obtained from the Generalized Eikonal contribution Eq.(4.74) by setting the b~ = 0

"Note that Q, as defined in Eq. (4.76), collapses to Q if k{’ —kkiF = g+, which is the case in most terms,
apart from the generalized eikonal contribution (4.74). Still, we keep a separate notation for Q, since
that quantity is the one commonly used in the literature about dipole factorization for DIS processes
in the eikonal limit.
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dependence of the Wilson lines. In such a way, one recovers the standard result

bef
qq247]

2okt 4k =) (<200 L 1)y o(2) KR [ gy v
—2ms(kf k) (-2Q 3L a(1)y0(2) {1 [ e

Strict Eik

/dzwe”szKo(Q]w v|) [tr(v)ta (w) 1] (4.83)

Transverse photon case :

Let us now consider the case of transverse photon polarization, with polarization
vectors as given in Eq.(4.36). The part of the Dirac structure associated with the
photon splitting before the target, is then

7 (Rtm) g (q) (k=g+m)y* |
[ty =Kyl [—SW +€3;+17+] (=)™ =K =gy +m| 7
=" [ = Wyl+m] [—ei] (=g )"+t e [ - =gy m] o
+o Tk [ek;if] (k=" )y "
= EM*{Z(W—k*) [ - kfvf+m} 7t 2kt [(kf—qf)7f+m] - W ql}

‘ +_okt) . i ol -kt j

Inserting this into the expression Eq. (4.60) for the generalized eikonal contribution,
taking q = 0, and using the identities Eq.(4.75) and

/dzk e i ( i) x fK(f|r|) (4.85)
(2m)% (k2 + A) Tt ! '
one finds
ee . . .
Wi = 9n 0T KD 0k ) [ dverth [ e
en. i

(W) s ] (ks —k1) 4 [
«{ =i 0K (O wvl) a1y [q o+ T o)

+ Ko (Qlw—v]) ma(1)y70(2 } [ vt [up(v,b)u;(w,b)_q,
(4.86)
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In the same way, in the transverse photon case and for q = 0, the contribution
Eq.(4.70) becomes

1 . .

bef i — 205 (kF+kt —gt ﬁ i 7/d2 flv-kl/dz —iw-ky 5 1)yt

Qg7 dec‘onq T ( 1+ 2 q )27.[ 8/\ Zki‘r ve we u( )()/

I Am kl_kl .
x [” ) ) -l ) +ull ) <( 2-1a) +;awl>}u;(w>
wi k+ k+ i’ j _ ;

=) g @il [EED 514 D] iy @ wv) mo for2)
(4.87)

and the contribution Eq.(4.71) becomes

bef _ bt e 1 2 —ivki [ 2 —iwk

[ 276 (ky +ky —q )5332]7/01 ve'! 1/‘1 we

(Wi —=vl) - - ky —ki) . - ;
<y { 1= o @pw-v) [B D 504 ] i @pwvl) mo)
q*
, i K, K

<[ (“ Uit w53 - %”)%&?*(w)) o).

(4.88)

Using the expression Eq.(4.84), the contribution Eq.(4.62) can be simplified for trans-
verse photon and q = 0, as

bef
NJ277

C(— + 4+ ki —kt . i AJ
— 2716 (kF +kf —q") eeg % a(1)y+ [(2+1) 5 + M] 0(2)
L+ phase k k q 2

/ Pve o) iy (v) Yool )], (4.89)

where, in all the final expressions, the derivatives act only within the square bracket,
on the Wilson lines.

Using Eq. (4.84) and taking q = 0, the contribution Eq.(4.61) associated with the
dynamics of the target can be evaluated as

eef . v .
Sfﬂfize'y% = 27d(k{ +ky —q ™) ﬁ €) /dZ"e l kl/dzwe e
dyn. target
e (v0 )3t (w )] | ar
b—=0

Ky (Q[w—v|) my'

i i\ D 4 _ 2 _
X{—(‘N_V)QKl(Q_‘w—VD_Z(k; k;r)Q |w—v]|

lw—v|g* 4(q7)*Q
ki —k)Q*> . . - ky —ki i
—(24<[1+1))2Q(wf—vf)KO (Q|lw—v|) [( = )(51]+[%27]] }0(2), (4.90)
where we used the identities Eqs.(4.81), (4.85) and
Pk e7ikr C (=)
/(27‘()2 erar® = o P Ke(VAl). (4.91)
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All in all, at NEik accuracy, the S-matrix element for g7 production from a trans-
verse photon is given by

bef

_ bef
Sqlq’ﬁ—v’f - Sq1172<—’7? +5

DG24T

bef
+ th D77
Gen. Eik

dec. ong dec. on g

+ Sbef

bef
+5 Nnq77
L+ phase

N7

+ gin (4.92)

NJ24—7T

dyn. target

where explicit expressions for each contribution coming from the photon splitting
before reaching the target are given in Eqs. (4.86), (4.87), (4.88), (4.89), and (4.90). The
expression for the contribution coming from the photon splitting inside the target is
given in Eq. (4.38).

Again, the strict Eikonal approximation for the S-matrix element is obtained from
the Generalized Eikonal contribution Eq.(4.86) by neglecting the b~ dependence of
the Wilson lines. In such a way, one recovers the standard result

ee . . —iw-
gle;zev; o = 278 (kf +kf —q") ﬁsﬁ /d2vefzv-k1/d2we iw-k;
Strict Eik o
Frooy (W) oo e [ U =KD G Y]
< et ow) - 1] { =1 S22 ox (@ wvly miayot | B iy 1
x 0(2) +Ko (Q|w—v|) mia(1)y"y'v(2) } (4.93)

4.3.3 NEik DIS dijet production cross-section

In this subsection we compute the cross-section for the DIS dijet production at NEik
from the expressions for the S-matrix elements computed previously in this section
for both the longitudinal and the transverse polarization of the photon.

In the standard CGC framework, where the eikonal limit is adopted, the back-

ground field is independent of x~. Therefore, the light-cone "+" momentum cannot
be exchanged with the target. The scattering amplitude in this case is defined as

S‘h’?z%ﬁ = (25]+) 27T5(kii_+k2_ _q+) iMqlqze'yz ’ (4.94)
x~ indep.
and the cross-section yields
Ao oz
—ER =@ 2mslkk —a") L Mgy P, (395)
= x~ indep. hel., col.

with

Pk, dki Pk, dkf

(4.96)

and the summation in Eq. (4.95) is over the colors and light-front helicities of the
produced quark and anti-quark.

When performing a strict expansion of the S-matrix element into Eikonal contri-
bution, NEik contribution and so on, the gradient expansion of the background field
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with respect to x~ would be performed entirely. In that case, not all the terms would
be of the form Eq.(4.94): some NEik corrections would include &' (k{ +k5 —q ") in-
stead. It is not possible to calculate the contribution of such terms to the cross section
without introducing wave-packets, which is a major inconvenience. This is the mo-
tivation which has led us to introduce the Generalized Eikonal approximation, in
which the dependence of the Wilson lines on a common x~ is kept at the S-matrix
level.

We would like to mention that, at the accuracy considered in the present study,
this modified procedure is necessary only to compute the contribution of the squared
Generalized Eikonal amplitude to the cross section. For the rest of the contributions
that are explicitly NEik order, the x~ dependence of the background field can be ne-
glected, and one can go back to the standard procedure from eikonal CGC to obtain
the cross section.

Following this argument, the cross section at NEik accuracy for DIS dijet for lon-
gitudinal photon can be written as

doy: g.q, _ Aoy g,
dPsS. dPS.

daﬁ—”llﬁz

e + O(NNEik) . (4.97)

NEik corr.

Gen. Eik

The Generalized Eikonal contribution to the cross section that depends on a common
Ab~ is then given by

dU’Yzthfh

— 9,4t —\ iAb™ (K +ky —q™)
DS, 2g /d(Ab Je 17K

Gen. Eik

- hel.Z,c:ol. < <Mqu€;;;£2/(L ( B ATb_> ) +MqG1qu;FEir$z <A2£> > (4.98)

where we average over the background field of the target. The relation between the
S-matrix and the scattering amplitude b~ -dependent is

— 2q+ /db—eib*(kf—&-k;—q*)iMGen.Eik (b_) ) (4.99)

Snper NG}

Gen. Eik

The NEik correction terms in the cross-section Eq. (4.97), are computed by multi-
plying the amplitudes for generalized eikonal and explicit NEik ones. This is due to
the fact that squaring two NEik amplitudes would yield a cross-section at NNEik or-
der instead of NEik. Thus, the revised Generalized Eikonal contribution is Eq.(4.74)
and the NEik corrections Eqgs.((4.77), (4.78) and (4.80) in the longitudinal photon
case). In that case, and at the NEik accuracy, the Generalized Eikonal contribution
Eq.(4.74) can be replaced by the strict Eikonal contribution Eq.(4.83) in order to ob-
tain a final result at NEik accuracy. Then, the x~-dependence of the background
field can be dropped, and relations of the type Eqgs. (4.94) and (4.95) can be used,
leading to

Aoy 0.z ¢ .
ik = (20")278(kf +kf —q") Y 2Re( (MELER) qNEikeon),
o NEik corr. hel., col.

(4.100)
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Generalized eikonal cross-section via longitudinal photon :
By comparing Egs. (4.74) and (4.99), one can read off the b~ -dependent amplitude

eef (g7 +kf —k3) (g7 +ky —k)

a(1)7+0(2) T

x 0(qg"+ky —k)") / d*ve Vi / d*we ™R K, (Qw—v|) [up(v,b—)u;(w,b—)—q.
(4.101)

MGen Eik (b ) — _Q

12477

7 0" +kf —k)

Inserting Eq. (4.101) into Eq. (4.98), one arrives at®

2
A0y, i1, + idb-(kf +kf —q+) [ €67 Q
it/ 1S _ - ") [ Zf = Tkt
dPS. 24 /d(Ab Jer rr ) 0(a" K k)
Gen. Eik
+_ 1t gt Kk + V24t T2 ek (V=)
x6(q k+k>(q)(q+k k(g —kE kD) / |t

x e (W WK () |w—v\)1<O(Q\w—vy)< [(up(w —ﬂ)uF( %)—1)

><<Z/{F( Ab” )up( A127_>—1>1>. (4.102)

where we used for the Dirac numerator:

M= Y (a()yte2) a(1)y 0(2)

hyhp==%1

= (2k]) Trp [{7*2%2}] = (2k7) (ZIf)TrD [1] = 8k ks (4.103)

Splitting the color operators, one can define the following dipole and quadrupole
operators

d(v,w) = <I\1]CTr [UF(V)Z/[;(W)]> (4.104)
oo 2) = (o, S .25
qu(v,—Azl)u;(w,—Azl)D, (4.105)

and we rewrite the expression Eq. (4.102) as

40 4132 Xem 2 20(at 2kt —kF b g\ R e ey

e - 0(q"+kf k5 )0 (a7 K +k2)(q+)5 (7" +kf k)
Gen. Eik

x (q-i-_kii-_'_kz—)Z/VV/ww, eikl.(v/_v) eikz.(w/_w)KO(Q"|w/_V/|)KO(Q|W_V|)

X /d(Ab*)eiAbf(kPrk;*‘f) {Q(w’, v,v,w, &> - d(w’, v') - d(v, w) + l}
(4.106)

8Here we introduce a compact notation for the transverse coordinate integrals [, --- = [d*x---
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with aem = €2/ (47).

Explicit NEik cross-section via longitudinal photon :

The strict eikonal and full NEik correction amplitudes are related to their corre-
sponding S-matrix elements as in Eq. (4.94). From Eq. (4.83). The strict Eikonal
amplitude is

Eik eef —ivk
M = - Q5L n()y* v
x / dzwe*iW'kz Ko (Q [w—v|) [Ur(v)td} (w) 1] . (4.107)
The NEik correction to the amplitude can be written as
NEik corr. __ dec. on g dec. on g dyn. target
iMpgsy =My HIM G s H M (4.108)

with the three terms obtained from Egs. (4.77), (4.78) and (4.80) as

ees  ky
21 2(q+)3

i J_ 1] :
<1yt [”4” U - i )+ ) () ] aw])]

iMde_c. ong _ —Q- 1

Q2471

/dzve "’kl/d2we wla K, (Q|lw—vl|)

x Ut (w)v(2), (4.109)
n ee k iv- iw-
zM?le,;ivz -Q 27/; 2 q+ /d2ve ki /d2we Ky (Qw—v])
, . i K, —K|
x (1) [uF<v> (”4” U (w) =it (w)+ (2 00 - %”)Lé?}*(w)) ]
x 0(2), (4.110)
and
n. targe kJr—]@L . .
z/\/ljlyqziyg = lQﬂu( 1)y 0(2) <21(q+)23) /dzve‘“"k1 /dzwe‘lw'k2
- )2 —m? -
< [Ko@wv) - L vk @w v|>]

(4.111)

ot (07 )35 24t ()|

In these NEik amplitudes, we encounter that the terms with a ;; decoration lead
at the cross-section level to a Dirac structure that ends up vanishing, therefore they

b—=0
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do not contribute at the cross-section level. This vanishing Dirac structure is

Nop= Y (a(D)yte2) 2()y* [y, 20 (2)

hihy=%5

= Y o@tu@)a)yt [y, 9]0(2) = Trp [7*(761 +m)y [y, o] (K — m)}
Iy hy==1

=Trp [y { ki, 77} [ ] = 2KF) Tro [ * [0, 1]
+
2

kel ﬂ] k) 24

= (2k{) Tr Trp [[7', 7] =0 (4.112)

2

where Trp [/, 7/]] = 0.

The rest of the terms at NEik have the same Dirac algebra as the one performed
in Eq. (4.103) and contribute to the cross-section as follows. From Eq. (4.109) we
encounter, after multiplying with the eikonal amplitude

dec. ong

ik kg
+)\3 +)3

NEik corr. (q ) Z(q )

X 2Re/ el (V) gl (WWIK (Q[w—v'[) Ko (Q [w—v])

e et tw () 1] | - it w) + ) ) (“‘];“]) + 30w ) [uiow).

d‘T’Yiﬁfhﬁz
dPsS.

2
ee
— (g 2m0(k + —q") Sk{kEQ (52 )

Similarly, the contribution from Eq. (4.110) at cross section level is

dec. on g 5 kfk; k;r
3 2(g+)3
NEik corr. (q ) Z(q )
x 2Re/ e (V) gl (WWIK (Q W —v']) Ko (Q [w—v])
: W1
Tr< [up(w')ug(v') - 1] [uF(v) (—iuﬁz”(wn (; o - (2’21)>u;}}*(w)>] > .

(4.114)

dafiﬁthﬁz
dP.sS.

ee
— (2q") 2m8(k} +hf —q7) 8Kk Q2 (27{>

Finally, the contribution from Eq. (4.111) at cross section level is

dyn. target
d”ﬁ—qu
dPS.
NEik corr.
kfk; (kf_k;) ; iky-(vV/—v) Liky (W' —w)
S L
(=)

Ko (Q‘W_V’) - 20

<Ko (QIw' ) Tr< et ) 1] e (507"t ()|

= (29%) 278 (ki +k5 —q™) 8k ks Q ( Z)

lw—v|K; (Q |w—v|)]

o)

(4.115)
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As in the previous case for generalized eikonal cross-section, we introduce the
different types of decorated dipole and quadrupole operators.

AV (v, w) = <1Tr u (v)u;(w)]> (4.116)
j N. L7Fi
A9 (v,,w) = <Z\1]Tr u® (v)u;(w)]> (4.117)
Q) (W, v, v.,w) = <§T Us (WHUE UL (U (w) | > (4.118)
QW v, v.,w) = <A1,Tr Ur (WU (v U () (w)| > (4.119)
d(v.,w.) = <Z\1]CTr (uF(v,b—)ﬁu;(w,b—))] _0] > (4.120)
QW v, v, w,) = <1Tr L{p(w')lx{;(v’)<L{p(v,b_)$>ug(w,b_))‘ ]>
NC b—=0
(4.121)
where the star indicates the position of the decoration.
dU—’Yfﬁ’W?z e = kF+kf—gt Xem 2 ~2 (k;r)z(k;)s
— s _27(c5(1+2—q)8NcnefQ(qT
NEik corr.
X 2Re/ el V) gl WK, (Q[w!—v/[) Ko (Q [w—v])
(ké_k]i) Lo oW w v 1)
X {[2 +§aw,} [Qj (W, v, v, w) — d (v*,w)]
- i[Q<2> (W' v, v.,w) —d? (v*,w)} } (4.122)
dec. on g
A0 012 _ + gt gt Rem 2 2 (kf)Lk;)z
S, - =216 (k] +k; —q ") 8N, - er Q ()
1K COrT.

x ZRe/ et (V) gk (WEWIK (Q [w'—v/[) Ko (Q [w—v])
v,v,w,w

{55

+ 1
— dj(l) (W*, V) ] — 1 |:Q(2) (V,/ W/, Wy, V)+ - d(Z) (w*’ V)+i| }

(4.123)

[Q}l)( W, w.,v)
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and
dyn. target
da’yzﬁfhfiz u (k+)2(k+)2(k+_k+)
i =276 (ki +ki —q") 8N = e} Q* 22
aPS. NEik corr. (1 2 ) T ! (EI+)5
x 2Re (—i)/ ek (V=) pika (Ww) | 5w/ Vv, W) — cf(v*,w*)}
(@)

x Ko (Qw'—v']) |Ko(Q|w—v])—

BTN |lw—v|K; (Q |w—v|)] . (4124)
Allin all, the NEik correction to the cross section for longitudinal photon beyond the

generalized Eikonal contribution Eq. (4.106) is given by the sum of the contributions
Egs. (4.122), (4.123) and (4.124).

Generalized eikonal cross-section via transverse photon :
For the case of the transverse polarization of the photon, we proceed in the same
manner as in the last two cases. The generalized eikonal contribution is obtained as

da-’yfp—ﬂhfiz iAb— (KF Lkt gt
0viona 20" [ a(apm)et it )
dPsS. 7 ) dAb)e
Gen. Eik
1 Gen. Eik Ab~ i Gen. Eik Ab~
><2;hel.zc01‘<(Mql‘72H7’%(_ 2 >> Mqlngly}( 2 )>’
(4.125)

which includes an averaging over the polarization A of the incoming transverse pho-
ton. The b~ dependent amplitude involved in Eq. (4.125) is defined in the same way
asin Eq. (4.99), and can be read off from the generalized eikonal expression from the
S-matrix Eq. (4.86) in the transverse photon case. In such a way, one finds

iMGen ik (5—) ees ;1

T2 2 A gt 0(q" +kf —k3) 0(q" +k3 —ky) /dzve—iV'kl /dzw

| i) o K kD) o [y
x ek { —i<|‘:v_:|) QK (Qlw—v]) 7(1)y* [( e ) gi 4 7] o ]] 0(2)

+Ko (Q|w—v|) mia(1)yt'o(2) } [Z/{F (v, w)u; (w,b—) - 1] . (4.126)

This yields the following generalized eikonal cross-section
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A0y i1z :2+/d(Ab*)eiAb’(kT+kz+fq*> eep)* 1 0(q" +k —k3)
dPS. = a) (aghr T TR
Gen. Eik
O +kf —k{) [ ekl gl ow)
v,v,w,w

X {Sk;“kzr m*Ko (Q |w'—v'|) Ko (Q |w—v|) +4kj k)

(5]
% O (W =v')-(w—v)

K4 (Q \w/—v’\) K; (Q ]w—v]) }
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(e e =5 (v =25) 1) (05 e (0 25) <) ).
(4.127)

simplifying as in the case of the longitudinal polarization of the photon, we finally
obtain

Xem o 2ki ks

do.: 5
e w0k k) 0(q Tk k)

APS. = Ne

Gen. Eik

X / etk (v'=v) eikz'(w/‘w){z m* Ko (Q |w' —v'|) Ko (Q |w—v][)
v,v,ww

=KV e WV Wov)
1+< = )]Q o K; (QIw —v']) K1 (Q D}

v'[[w—v]|

X /d(Ab*)eiAbf(kTH(;*qﬂ {Q(w', v,v,w, &> — d(w’, V/) - d(v, w) + l} .

(4.128)

Explicit NEik cross-section via transverse photon :

The NEik correction to the transverse photon cross-section, up to the averaging
over A, as

Aoy 10
51137.8.]2 = (2q7) 276 (ki +ky —q™)
NEik corr.
trict Eik NEik corr.
Z ) 12 1 2Re( <M31q;_%) Moy (4.129)
el.,co

It amounts to calculating the interference between the strict Eikonal amplitude
and the NEik correction to the amplitude, normalized as in Eq. (4.94). From Eq. (4.93),
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the strict eikonal amplitude for transverse photon is found to be

ee
MG, = S gy [ Pve ™ [ Ewe Ut w) -1

_(W=v)) Wy (ks =k g 1]
| i @K @l aty [ B 574 T o

x +Ko (Q|lw—v|) mii(1)yTy'0(2) } . (4.130)

By contrast, the NEik correction to the amplitude is the sum of five contributions

NEik corr. __ in dec. ong dec. on g L* phase dyn. target
IMy g = iMgy g +IM o coqp T iMg o N Mqlqzev} +1i Mqlqzev ,

(4.131)

corresponding to the contributions Eqgs. (4.38), (4.87), (4.88), (4.89) and (4.90) to the
S-matrix element respectively. We thus have

in i 1 7 (k+ k+) ij i ~J
iMpigeny = eef%w“(l)v 7(5 + = [7,7] (2)
) Lt/2
X/dzze—z(k1+kz).z/ ot [UF<Z z)F ( o+ >]
J—Lt/2
(4.132)
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(4.134)

Lt phase_ ( 1)L+
nperh — ef sAW (1)

iM >

-
/ P ir ) (g ()0, Ut ()] (4.135)

q
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and

.y ¢dyn. target eer 1 2. —ivky 2 —iw-k
ntarset v dw 2
ZMqlqzevT = €y g P d°ve e

x [uP (v,b—)?bfu; (w,b‘)}

b==0
(e —kH) O lw—
il k) QP w—v]

x a(lw{ SOk (Qfwev) L @) mo
_ @Z;?QZ (W= v YKo (O [w—v]) [(k{;"f) 5 4 ”Z“*”] }0(2). (4.136)

After computing the cross-sections and introducing the following notation for
the remaining decorated dipole and quadrupole

4 (v., w) = <;[CTr [ugf;;(v)u;(w)} > (4.137)
QZ(]TO’)(W// v, V., W) = <I\1[CT1' [Z/lp (W)U (v’)uP(sz;(v)L{;(w)] > . (4.138)

At the cross-section level one finds the following Dirac structures

1 L
NlTEEZ Y, e (L_‘(l)'Y+

Ay p==£1
(ks =ky) s, [7' ] iy [ KD G )
x[ e o'+ 5 v(2)> i(1)y {qu(Sf—i— 5 }0(2)
(4.139)
1 - . ) t .
Nor=2Y ¥ e (a7 0(2)) 1)1t a'e(2) (4.140)
A hyhy=+1
1 " RN KE—kD) o [y
Nr=1E T e (are) sy [BS e DT o)
25 hyhy=+1 q 2
(4.141)
1 T ki —k) i o ¥ ‘
Na=3T L & (nap [(Zqﬂ(sw”z”] o)) (1) 7o),
Ay p==+3
(4.142)

and in the case of the Fj,, decoration inserted on the antiquark line, at w, we
have



8thapter 4. DIS dijet production at NEik accuracy: including dynamics of the target

1 e K=k o A '
Mr=53 Y &' e <u(1)7+ [( A D g 4 2] o ]]v(2>)
Ay p==£1 q
k+_k+ - i, j .
<y B g1 gt o
1 i'x i _ il t _ ;
Nor=3Y Y e (30779 0@) @)y iy 2" o(2)
A hyhy=+1
_1 E Y + A0 T +
Nor=zY X ere (a(D)y r"0(2)) ()
Ay p=£1
k+_k+ B i/ j -
« [( 2q+ 1)5z]+ [727]] [’)’l,’)’ ]0(2)

Rl % o N i A t
Ner=3T L e (st [("2 4 iy 0] ;”]]]vm)

+
X =t q
x (1) [y, y"o(2).

The transverse polarization vectors obey the completeness relation
s i _ il
Z et ey =0"".
A

and after computing all this Dirac algebra we arrive at

Nir =4kiky o/ |1+

(k3 —ky)?
e ]
Nor =8k ky .

Nar =0

Nyt =0

and also

Ninp = 16ksz+q(f1+_k§r) [5]"1 sim _gil si'm
Nowg =0
Ny =0
Nyt =0.

(4.143)

(4.144)

(4.145)

(4.146)

(4.147)

(4.148)

(4.149)
(4.150)
(4.151)

(4.152)

(4.153)
(4.154)
(4.155)

In the calculation of the contribution of Eq. (4.134) at cross section level, the Dirac
algebra can be performed using the relations Eqs. (4.148), (4.149), (4.150) and (4.151),
apart from the terms involving the longitudinal chromomagnetic background field
Fim, which lead to the Dirac structures calculated in Eqs. (4.153), (4.154), (4.155),

(4.152).
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in

A0 15 2
51137.5.12 - 27T5(k{L—|—k2“—q+) Ncaemejz‘ 1+ ( 2q+ : >
NEik corr.
% 2Re (i) / k1 (V'~2) ik (w'—2)
z,v' W
1
W)

—Lt/2 c

[up( )1<>_> ( )] > , (4.156)

K-k’
H( q* )

Lt/2 N 1 , ,
WQKl (Qw' V|)/ dz <NT1’[UF(W)U1J—E(V)_1}

L* phase

= 2706 (kf +k3 —q") Ne tem €
NEik corr.

+
X 2Re (—l) % / eikl'(vl_z) eik2~(w/—z)
z,v' W

daﬁ—’thz
dPS.

(W/j_vlj) S S ! o 1
< QK (QIW V) T (WOt (v) 1] e (z) it )] ),
(4.157)
dU"y’fH‘th feeond —27T(5(k++k+ q+)N Xem 2 2k2 Re / eik1-(v’7v)
- 1 2 c f , ,
dPS. NEik corr. & q MR

i _1J ;
i (Q(Z)(w/, v, v, w)—d® (v*,w)) ]
1 k¥ —k+ 2 ! '. _ _ _ _
<3 (e (555) ) ) 0 @ w v @)

o (6 —k) (W' v (wi—v)

q* W' —v'||w—v]|

2Ky (O W —v]) Ko (O |w—v])

x Q*K; (Q|w'—v|) Ky (Q|w—v]) ( Q¥ (w', v V*,w)—dl(]?’)(v*,w)> }, (4.158)
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dec. on g

A0y i + tem o 2k}
7{11’8 . = 27T(5(k1 +k2 _q )NC - ef qT 2Re /,V,/w,w,
NEik corr.
e (v ) il (! 1 K=k \ ] (W =v')-(w—v) -
iky- (v =v) Liky- (W —w) - 2 1 2
o { [2 (S | v @

< Ki (Q[w'—v'|) Ki (Q|w—v]) +m?*Ko (Q|w'—v']) KO(Q]w—vD]

K-k i t t
x { {— (221) +5 3‘,/} [Q}l)(v/, w,w,v) — d]O)(W*/V) }

(ki —k3) (W' —v'") (W —v])

g W=vlw—v|

— i[Q(Z)(v’, w, w*,v)+ — d(z)(w*,v)w } +

x Q*K; (Q|wW'—v|) Ky (Q|w—v]) [Ql(]?’) (v, w’,w*,v)Jr - d}f’)(w*,v)w } .

(4.159)
and finally
dyn. target
A0 oz Mem o kKT (KF—k+
s — 2mo(i + ) N, e g B )
e NEik corr. q
X 2Re (—i)/ ek (Vi=v) pika-(W'=w) {Q(w/, v, v, w,) — J(v*,w*)]
UL (B kY] ) (wey
2 7 W]
i} _ . - w—v
< QK (Q[w V1) QK (Qwv]) + 12 QKo (@ [w—v'])
. (W) (W=V) o (Ao .
><Kl (Q’W V|) +2 |W’—V/||W—V| Q Kl (Q|W V|) Kl (Q|W V|) s
(4.160)

4.4 Conclusions

To sum up, in this chapter we computed the DIS dijet production cross section at full
next-to-eikonal accuracy in a dynamical gluon background field in the Color Glass
Condensate framework. In order to achieve this level of accuracy we have relaxed
all the eikonal assumptions and computed first the quark and antiquark propagators
at full NEik accuracy in the gluon background field, and taking these results we
computed the cross-section. This cross-section is computed for both polarizations of
the photon, longitudinal and transverse.

The cross sections for both transverse and longitudinal photon are written as
a generalized eikonal contribution and explicit NEik corrections. The generalized
eikonal contribution includes the average z~ dependence of the background gluon
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field at the amplitude level. Therefore, it goes beyond the strict eikonal approxima-
tion by including “+” - momentum exchange with the target. On the other hand, ex-
plicit NEik contributions are independent of this effect since it brings further power
suppression at high energy.

Beyond the generalized eikonal approximation, the z~ dependence of the back-
ground field provides a new type of explicit NEik correction (Eq. (4.124) for longitu-
dinal and Eq. (4.160) for transverse photon polarization) that encodes the relative z~
dependence of the quark and antiquark at amplitude level. This correction gives a
new type of decorated dipole Eq. (4.120) and quadrupole Eq. (4.121) operators that
include a derivative of the Wilson lines along the “—" light-cone direction.
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Photon + jet production at
next-to-eikonal accuracy

DISCLAMER: The material presented in this Chapter is a work in-progress (Ref.
[75] of this thesis) in collaboration with Tolga Altinoluk, Nestor Armesto and
Guillaume Beuf. My contribution to this material can be summarized as fol-
lows. I have contributed to computation of the quark propagator from before
to inside the medium at NEik accuracy. I have also contributed in the computa-
tion of the production cross section of photon+(quark jet) at partonic level. I have
presented these results in the “DIS2023: XXX International Workshop on Deep-
Inelastic Scattering and Related Subjects” (Michigan, USA in March-April 2023).

In this final chapter, we study photon + jet production in forward pA collisions
at full next-to-eikonal accuracy in the gluon background field. We first compute the
quark propagators that contribute to this process at NEik order.

5.1 Quark propagators at NEik accuracy

In order to compute the photon + jet production at NEik accuracy we need to con-
sider all types of quark propagators contributing to this process and compute them
at full NEik accuracy in the gluon background field. The first type of propagator that
contributes to this process is the one where the quark traverses through the whole
medium. This propagator was computed in the previous chapter (see Eq. (4.17)). In
this process, we also need the quark propagator in vacuum as opposed to the previ-
ously discussed observables in chapters 3 and 4. Finally, in this process, we also get
contribution from the quark propagator with one point inside and one part outside
of the targer. For this contribution we have two cases: one when the quark propa-
gator starts before the medium and ends inside of it, and the other case where the
quark propagator starts inside of the medium and ends after it.!
The integrated quark propagator in vacuum is

IThroughout this Chapter we take the following momenta configuration for all possible diagrams:
po is the incoming momenta of the quark and p; is the final momenta of the quark. The photon
emitted has momentum p; and, ko and k{, are the momenta just before and just outside the medium,
respectively. For the case of the quark propagating in the vacuum we keep a generic k; that we change
accordingly to our diagrams later.
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S (2)pe = (1) (k7 e =1 <1>v+w 51)

Let us now show the propagator for the case when the quark starts inside the
medium and ends after it. This kind of contribution has been derived already in
Chapter 4. We can rewrite this propagator inserting our kinematics for this process,
where x™ > Lt /2and £1/2 <z < L* /2, thus from Eq.(4.26) one can write

1A, q

/ &’k Q(kf)e—z‘xk}

Se(%2) (@) 2k

Eik.

. + o -
« (k/l—i—m) Z/{p(x+ Z+ Z) [1_72]{3_’1-@] ezz —iz-kq (5.2)
1

The second case we consider, is when the quark starts before the medium and
ends inside of it.We refer to this contribution as 'before-in’. This corresponds to
yT < —L%/2 and z" belongs to the support [—-L*/2,L"/2]. Therefore, we use
Eq. (2.16), where the instantaneous term vanishes and we neglect the phase factor
—iz Tk~

e . The result is given by

BI,
q :/ d3k’ / d3k /d’(’) i~ (kK'+ 7k+) zyk ikt iz K
pure A-, Eik. (27-[)3 (

><(IZ”+m (F+m) /d2 (K —K)
2k'+ 2k+
xO(K )OOy —z") Up(zT, =L /2;v,07 ) oy (5.3)

SF(Z/ y)ﬁlxo

simplifying and re-expressing the Dirac structure, one obtains

BLa d3k’ Pk 0(kK) o (kK —k+
SF(Z,]/) / (y+_z+) /dv*e”’ (K'+—k*)
pro pure A-, Eik. 27-[ 32kt
E ottt [ v (K 7*7’1'3 - 7*7ii3_i
Xely-ke—zz k' +iz-k /d2ve—zv-(k -k) 1+ T v ST v
. —L*
x (K +m)Up(z* Y, 07) g (5.4)

Here the v~ dependence of the Wilson line can be dropped and the derivative
d,-Up(zt, ’Tﬁ ;v,v~ ) vanishes. It is now possible to perform the integral over v~
in addition to the integral over k’. We thus get

SF(2,) pag =/ (27)3 2kF

o % ok i yiia;
; ot i ;
k 6( )9(y+_z+) el kp—iz Tkt pizk [1 T 2’@ z’:|
pure A-, Eik.

X (B +m)Ur(z*, =555 2) g (5.5)

In addition to this pure A~ contribution, the quark propagator in the before-after
kinematics also receives a next-to-eikonal contribution from a single interaction with
the transverse component of the background field. This contribution takes the fol-
lowing final form:
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BI

= [k G0yt —2t) e T (gt Aj(2)

OSk(z, y)ﬁﬂo 27)
single A |

x el etk (4 m)Ur(z+, =L=; 2) (5.6)

Thus, we get for the quark propagator in the before-inside kinematics

Bl,q

SF(ZI y)ﬁao

=
Pk okt ik ikt i Yr9'iD ;
— f (27{)3 §k+)9(y+_z+)ezy ke iz"k ezzk [1 — P

Eik.
x (+m)Up(z*, =555 2) g (5.7)

5.2 S-matrix element

In the previous section we computed the missing propagator corresponding to the
before-inside kinematics, as well as we re-derived the quark propagator for inside-
after in order to have all propagators with the same notation. We now have all
propagators that are needed in order to compute the photon-jet production at NEik
order. The next step is computing the S-matrix elements and amplitude for each
case. We use the general expression for the S-matrix element in this process

Squypeqp = lim lsz/dy_e‘iy'ﬁo lim .dZX/dx‘leix'ﬁl

yt——o0 xt—+oo

< (~iees [d'ze = 1)yt [Se(x,2)], £ (p2)" (S5, 7HU(0)  (59)

5.2.1 Photon emission after the medium

In this case, the propagator [Sf(x,z)],, p Is the free propagator of the quark with
no interaction with the medium, and [Sr(z,y)]g,, is the full NEik quark propagator
traversing through the whole medium ( see Fig .5.1). Introducing both expressions
into Eq.(5.8) we get:

—Lt/2 Lt/2
b2
y > > > > I
Po 0 ko, z P

FIGURE 5.1: Diagrammatical representation of the photon emission
after the medium
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. Pk K
S = lim_(<i)eesel(p2) [y [ay /d4/ s (Weap ()

X 0k )oK ez e <o o= [[p-ei K7k [ dzve—lv(ko—kwe—w-@&—k&)el‘y(m—kw

iR g1yt G Botm) L f LT L
e BT =,y 1 U (=)
.

_M/_L;d [UF<LZU ;V, 0 )Z<)—> ( 2,v,v)]
i /?d [Z/{F(L;v SV, 0 )ﬁD ( L;;V,v_ﬂ

(k) o

Lt

7' 7] 7 dot Lr : . Lt
+4(k6++ko+)/—g+dv Z/lp(?,v ;V,0 )gt.ﬂ(v)up(v , 7,V,v ) ﬁ
X0
. +m
(021<+)7+”(0) (5.9)
0

Simplifying the Dirac algebra with
a(1)y*(ph +m) = a(1)2pf
v (K +m)yt =2kgyt (5.10)

and integrating over y~ and y first, then over k, and finally performing the integrals
over z,z~, we arrive to

) 3
i = (heesel ()’ [ a2t [ SR g0t 00 000

x (27)28%(p1 + p2 — ko) 2)d(pf +p;5 — ko) / do~e 0" ri) / dPv e kpo)

izt (4P Ky ) g 14(%+m) Ly Lt 1
X e 0 u(l)")/ k/+ ,)/ Z/{ ( 2 7 2 ,V,U )+ (pa,_"_k/+>

Lt i

L* [V, 7] (po ko)
x/_;dzﬁup(Z ot v, v ) ! 1 gt-Fij(v) —O#ﬁ‘; zﬁD
L+
+ = . -
XZ/{F<U Al )}ﬁ u(0) (5.11)
X0

Upon integration over kj, using the delta functions and we can perform the z* inte-
gral

e dot iZ*'<ﬁ1_+ﬁ2_—7(p2](;£ﬁi:lz) o~ (p1tp2)?+m? ot
z'e 172 =1|p1 + P2 — - . -

L+ /2 2(py +p7) 2
(5.12)
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which leads to
ot e qo = (—i)eesen(p2)* (1)a,p0(p1)0(pT + p3)0(pg)
AV (P1+P2)2+m2>_1 Lt
X|t\pr +p2 — -5
[ < P 2(pf +p3) 2 }
/dv—eiv*(pﬁpz*—po*)/d2ve—iV~(p1+pz—po)g( )y w,ﬁ
2(pf +py)
Lt LT 1
Ur —— Vv, 0" ) +
{ <2 2 ) (po +pi +7p3)
Ea SN (20 (Po+P} +P) b b, D,
x/_L;dv Z/{p(i,v iV, 0 ) 4 qt- .E](v) - 5 v — 1Dy Dy
L+
A ——
XUF<U AL )}ﬁ u(0) (5.13)
X0

The Dirac algebra can be performed in two different manners where we can
choose for our convenience that each of the resulting forms multiplies different con-

tributions. First, let us perform the Dirac algebra that will multiply the first term in
Eq.(5.12):

=

() A(p2) (h + o +m)y™

(D Er(p2), 1} +{¢a(p2), 12} — (h — m)¢r(p2) — aéa(p2))r ™
2(;91 ex(p2))a()y" —a()paér(p2))r"

. - + g . _ﬁ g +
2p1 - ex(p2) ALy + (1) (y P n m>>7 é(p2)

— 2(p1 - ex(p2))a(1)y" + (1) (— (pé Zi pl) o Z ) Y (p2))

1 1

=€h(p)a(1)y* (<P2 51 m) < Zl 67 — vf'vi) Zz mv) (5.14)
1 2 1

The second form we can find from the Dirac algebra corresponds to the second

term in Eq.(5.12). At NEik accuracy, this term L* /2, multiplies only the generalized
eikonal term. The corresponding Dirac structure is

Ap)pf + 03 —pd)r T = (PL+Ph— po)Y T+ 2pg Ju(0)
— =
(1) ¢ (p2)2pg +i0p- v 7T +idyy'y T ]u(0) (5.15)

Plugging now both Dirac structures multiplying their corresponding terms that
come from the z* integration inside Eq. (5.13) and further simplify ignoring the v~
dependence on the NEik terms. When integrating over v~ we get 27é(p; + p; —
py ) and we can separate the expression in generalized eikonal and NEik terms as
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St = (= i)eefe’xpz)(l)alﬁe(pr)e(pm [ dveivierrg)

I P1 K oLk Py x 1
o (= Bh) (2o ) = Bt ) s
*pl i 2(pi +p3)
Lt LY N 21d(py +p; —po)
“(p+pi—pi Lt L 1 tPs —po
/dv e 1 2 Z/lF( ’ 2 ,V,0 ) (Zpa»)z

2
2

Lt

X /? dv*Z/{F U+,V) [
-2

Lt Yt LT Lt LT
+ L. _ _ L L L.
xUF(v , ,v)}/3 27((5(;71 +p2 Po )’y [1+ 10y Zpar] > L[p( 5T ,v) u(0)
X0

v/

2
(5.16)

1
Simplifying the notation we introduced A = (]51_ +p2 — %)

1 2
5.2.2 Photon emission before the medium

The diagram corresponding to this case is shown in Fig. 5.2 In this case, the prop-
agator [Sr(z,y)] gu, i the free propagator of the quark with no interaction with the

medium and [Sg(x,z)],, g corresponds to the full NEik expression for a quark going
through the whole medium. Introducing both expressions into Eq.(5.8)

—L*)2 L*/2

D2

Do z ko A D1

FIGURE 5.2: Diagrammatical representation of the photon emission
before the medium
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L/2 Bk, A3k
bef _ . 2 2 O 20
St = dm (CDeerei(pe)’ [ #x [ax [ Tzt [ o [,

X (1) pay0(pg )0 (k)0 (ko™ )™ P2 e~k el’”l'xe’zz'poezz'ko/dv’e (k") /dzve’“"(ko’kf))

- +(k%—|—ﬂi) + Lt L
a(1)y ) {UF<2, 2,v,v>

(Kyj+ho) ' -
_2(k6++k§)/_qd [”F(z 0w ) Dtk (o7, - 2 Ve )}
i 5o L+ 5 Lt
BRI [“F(z Vo) Dy Dyt (o7, o )]
+

o .
oy : + LT v o y + _L+, _
—l—w/_qdv UF<7,U ;V,0 )gt fz](v)l/{p(v =5V )

(Ko +m) (o +m)
P T

v u(0) (5.17)

We integrate over x~ and x and then over kj and k{;". Integrating also over z~
and z we arrive at

) . [Tl d°k
ot = (—Deeseh(pe)” [ Tazt [ s Wl (70107

x (271)26%(p2 — po + ko)276 (pF — pi +k§ e o =) /dvieivi(ﬁikm

, v+
X/dzvezv-(Plko)a(l),),Jr{uP(LZ/_L.v ,07)_}_ 1

v ) G

L+ . . ;

b Lt _ oyl k)
X/L;dzﬁl/{p(z,zﬁ;v,v ) [747]gt-}"ij(v) —(plzﬁ‘; —zﬁD

Lt (Ko +m) _,, (o + m)
+ L u +
XZ/[P(U '~ ;V,0 >} (2k5r) v 2P8r v u(0) (5.18)
Bao

Simplifying the Dirac algebra as

(Ho +m)y"u(0) = 2py u(0) (5.19)
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performing now the integrals over k, we get

—L/2
oot = <—z‘>eefek<pz>* [zt )60 — v}

—o00
i+ [ (Po—P2)"+m” pp)%Hm? | _ :
xe ( 25 1) P2 o do= e ( p°++p2+)/dzveilv.(PrPHPZ)ﬁ(l)

Lt L+ 1 b Lt o,
{Z/{p(z 2IV,U)+(P1++PSF—P2+)/”dU Z/{p(T,v ,V,U)

y [ij]gt-fij(v) B (p§+p26—p£)sD—v§ & 5}]

L+ o — 1
% Up (vF, v, 07) } =BT o) (5.20)
Bu
now the z" integral becomes

—L*/2 o ((po—pp)PHm® o o 2 2\ 1 +
/ dzte ( R ) — (ﬁo_ o (Po — p2) p+)m ) _ LT

[ee]

(5.21)

We proceed in the same manner as in the previous section, and we rewrite the
Dirac structure in two different manners depending on which term they multiply
from Eq.(5.21). The Dirac structure that multiplies the first term can be rewritten as:

v (o — 1 +m) ¢ (p2)u(0)
=7 " ({€r(p2), o} — {¢a(p2), 2} — ¢a(p2) (th — m) + ¢, (p2)i2)u(0)
=2(ex(p2) - o)y u(0) + 7" ¢, (p2) Pou(0)

"
:z<eA<pz>-po>v+u<o>+¢A<pz>v+< et P - >) u(0)

€ ) +y + ji_P2 ' Pz y
= 2(ex(p2) - po)7 " u(0) + (p2) 7y <(p parpo)’Y] 2 ) 0

=ée\(p2)r" <<Pz Zi Po> ( i 957 — 71'7’) Z 2 mv) u(0) (5.22)
0 2 0

The second term in Eq.(5.21) will be multiplied by the Dirac structure rewritten
in a different, more convenient way for this term. The generalized eikonal term is
the only one that gives contribution at NEik accuracy multiplying the L™ /2 term.
The Dirac structure in this case is written as follows

. ) = = .
a()y " (go — o +m)¢r(p2)u(0) = a(1)(2py —id vy —i 9 vy ") ¢r(p2)u(0)
(5.23)
Ignoring the v~ dependence in all the NEik terms and also simplifying notation

Hh A — (o — o — (Ro=paPm?) 7 ;
with A Po P2 2 —7) we rewrite
0 2
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oot gy = (—D)eeséh (p2) Vg0 (10T [ e Prmpili()

j 1 — piv” Lt L* N\ L 278(py — pd +rg)
X [lA/{Jr_p;)/dv P P0+P2)UF( LB )+ 1 —Po +P2

22 @ri)?

(L e [ PR - Ph) s DD

X/_L; ? F(?’v ’V) g stFile) = f vi !
Lt 23 P kI 2

X Up(v", ——v ’Y+<<pl—2p)( 0(5 'y'y) 2 fy)

( 2 )} ? Po ¢ 24 Py
_ v o[ Y] kL, LY L
216(py — po +Pz)[1 zavzp1+ 0 zup(z, 2,v> u(0) (5.24)

where we used the delta functions to express the common denominator

5.2.3 Photon emission inside the medium

The remaining case is the photon emission inside the medium. This corresponds to
the diagram in Fig. 5.3

—L*t/2 Lt)/2
i;*:ﬁ‘\
Y > > > > T
Do ko z k) D1

FIGURE 5.3: Diagrammatical representation of the photon emission
inside the medium

The case of the integrated propagator coming from before and ending inside the
medium reads

’gB ( Buo - llm /dzy/dy —iy-po / (d k)3€ly-7ceik-ze—ik+z— 9<k+>9(Z+ _y+)

—Lt (F +m)
x [ 2k+17 D, Lﬁ/up(ztz,z)ﬁ% 5 v u(0).  (5.25)

Computing the integrals over y and y~ and then over k, we get

- ‘ e 1 .
52 (@) gy = €M7 0(py) [1 - Miwﬁzf]
BB’

0
L (Ho +m)
xup<z+, : ,z)ﬁ% T v u(0). (5.26)
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The Dirac algebra gives (go +m)yTu(0) = (2pg — v+ (o — m))u(0) = 2pju(0),
which leads to
_L+
+ :
ﬁﬁ,L{P (z ' ,z) ﬁ%u(O)

- , S 1 .
SE (@) gy = P77 0(py) [1 ~ 5,71 Da
0

(5.27)

Following the same procedure, the inside-after propagator can be written

~ i i _ Lt 1 . .
SfrA(Z)Mﬂ =i(l)e ™ z,ipyz 9(pT)UF<7,z+;z>a y (1 — 2P+17+7152i>a/5 (5.28)
1% 1 1

Plugging Eqs.(5.27) and (5.28) in the expression of the S-matrix given in Eq.(5.8), we
get

S gy = (—eeser(pa) [ @2 0(p))0(p} )eti=P e g = eipnze iz
(1)U (H,z+;z> (1 - L1"y+'yj§zj> 0 (1 - Li’f"yiﬁzz)
2 ) Zpr aip 2]98_ Bp
Lt
x Up <z+, : ;Z)W 1(0) (5.29)
0
First, we perform the Dirac algebra:
(1 - %if'ﬂ(ﬁﬂ)'ﬂ‘ (1 - %i'ﬁ'y"ﬁz’)
2py 2pg
L = L =
v i iy D, LMY Dy v yivtyivt D, D, (5.30)
2p{ 2p5 4po pY
to rewrite the S-matrix given in Eq.(5.29) as
St gy = (=Deeren,(p2)" [ 'z 0(p)0(p} )e =0 e g elpvae s
_ Lt |
X u(l)Z/{p<7,z ,z)wéq
o ity D, N iv'y'* D, + 2 Yrty'D, D,
2pf 2pg 4pg i g
Lt
x Up <z+, T;z) o 1(0) (5.31)
0

Upon trivial z~ integration, and using the polarization of the photon as in Eq.(4.36)
and setting the phase ¢*" 72 = 1 to one at NEik accuracy, we finally obtain

S e = (—1)eeserr(p2)” / dz* / 42z 276 (p + p3 — pg)0(pg )0 (py e = P2 P1—P0)

. . —
_ L* + k i’Y+’Yl’Yk%zi i7k717+ D, + —L*
X u<1)Z/{F(71Z /Z> (7 - zpr + Zpg Z/{F (Z ’ > ,Z)u(()).
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5.2.4 Final expressions for the S-matrix

In Appendix.B we computed the final version for the S-matrix elements. There we
show that one can get rid of the explicit L /2 terms that appeared so far in our
S-matrix expressions by combining the terms from the different contributions. We
have used the notation S’ for the final S-matrix, and they read as follows:

St gy = (—i)eesel (p2) (D g0(p )0 [ dve v Prpepla(n)ifa

% ! Pz ><25kl PZ’YW)—(r)Z) ok
<<p2 ! Py Py

+ + +
X {/dveiv(Pf+Pz+P§)uF<L+ _LJ’;V/U) n 218(p +py —pg)

27 2 (2103)
g Lt [, (Po+P1 +P))
+ +. ’ - _ 0 1 2
x/_L;dv L{F<7,v ,V) 1 gt-Fij(v) 5 ﬁt 1?2)
LT
+ _ = .
qu(v — ,v)}ﬁ 1(0) (5.33)
%)

ety = (e (Vg 0)0(7) [ dPve ™ Prpa(n)(—id)

+ o+ + ot ot
{/dv e (Y ”0+”2)UF(L L;V,U_)+2n(5(pl Pyt P2)

27 2 2;7{r
(L e [ (Ph+P) — Ph) 57 B D0

X/L; v F(?’v ’V> 4 gt-Fij(v) - f vi !

L+
><Llp(7)+,— 5 ;v) }e’}\(pz)'y+

1P+l ki p+kl P+2k

x (pz—ipo) (25 —iw)+(i> ") u(0) (5.34)

Po Po Po

S g = (—i)eeserc(p2)” / 42z 218 (py + p3 — pg)0(pg )0 (py e = (P1TP2P0)

a [F L ity ity , —L*
xu(l)/_ﬁ/zd L{p(—z )[ 2p7F 29 ] Z<)—> (z ' z)u(O)

Where in Appendix B we have introduced also:

1

((p2piti)

=A (5.36)

)
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and

1 _ &
<<P2 - Po%)Z +m? ( )2)

5.3 Photon + jet partonic cross-section

(5.37)

S5

In this section we compute the cross-section for the photon+jet production using the
S-matrix elements that are computed for the three types of diagrams contributing to
this process. We separate the cross section into two parts. A generalized eikonal con-
tribution and a part with the explicit NEik corrections. The general form to compute
the cross-section reads

A0y, yyq0 ' , +
- dpPS. = S ey (Sql “meqo) : (5.38)

where S’ is the effective S-matrix computed in Appendix B after getting rid of the
explicit L terms.

5.3.1 Generalized eikonal contribution to the cross-section

The first contribution to the cross-section is the generalized eikonal cross-section
where the v, w™ dependence are kept in the Wilson lines. If one sets these coordi-
nates to be zero, one can perform the trivial integration over v~ and w™~ and obtain
the "+" momentum conservation, recovering the standard eikonal result. The explicit
expression for this contribution reads
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dUQ1 Y2590
dPS.

+ t
_ | daft 'aft 'bef "bef
B [541 Y2440 (Sql 72%110) + Sql Y2540 <Sq1 vzeqo)
Gen.Eik

t t
!/ f /b f /b f !/ f
+ Sfial Ey2eq0 <SI11e’YzFQO) + the’YzFQO (Sqal Erz“%) ]
G—Eik
— (eef)zelj(m)eg(pz)/dzv /dzw /dv_ /dw—e—i(v—W)~(p1+pz—po)ei(v’—W’)(PFFPI—PJ)

2 I P+l ki P+1k P+2 k
xwwwwmmnkwf+ﬁxwvﬁ<05—;pQ(m —;vv)—(;)nw>
1 1 1

Py Ps i\
< u(0)a(0) @;—im)@W—ivwﬁ—(i)mv 7t
Pq P1 P1
p

T2 1Py i Pa > ’ k
+0(pg —py) (A)*" (Pz‘pﬂ%) (25 —p+’Y’7>+<+> m?)
0

0 0

ps Py P\’
< 1(0)a(0) <ﬁ—3p®<%”—ifﬁ>+<i>mv .
Po Po Po

TR | Py W P k) P+2 k
—20(p + p3)0(py — p3 )NAy" ((pz—pipo) (25 —p%v 7) +< i) mv)
0 0

ps Py P\’
<u)a0) (- 2pi) (27 = By = () )
P1 P1 P1
LT LT + +
x up(f —Z v v’)ug(%,—%;w,w’)u(l) (5.39)

One can now sum over the polarization taking into account _ €% (p2 )€’y (p2) = 6™
and after performing the Dirac algebra on all possible y-structures and setting pg =
0, we get the following generalized eikonal contribution

d%l Y2440
dPS.

Gen.Eik
= (eef)z/dzv /d2w /dv, /dwfefi(vfw)-(pﬁpz)ei(v*fw’)(nﬁpztpo*)g(pf)g(pg)

CURY P\’
10 (pe- Bp) i (205 w208+ (%) ot )
1

x{e@r+pgxm2 a

2R
+16 <i> m?pi py
P1

+0(pg —p3) (A)?

+ 2
16 (p2)° py <2P3+2P§+ <£i> PJ)
0

1\ 4
+M<$>rﬁﬁﬁ]—%WT+ﬁwwﬁﬁﬁmN
0

i\ (5
x (2pipd +pips +pips) —16 <pi) <2+> mzpf-vé”
1 0
L+ L+ L+ L+
><UF<7,—7;V,U_>U;(7,—T;W,w_> (5.40)



98 Chapter 5. Photon + jet production at next-to-eikonal accuracy

5.3.2 Explicit NEik contribution to the cross-section

For the NEik terms we take the generalized eikonal terms but we ignore the v~ -
dependence so that we recover the "+" momentum conservation. As in the general-
ized eikonal contribution, we set pyp = 0.

The explicit NEik corrections to the cross-section is the sum of the following con-

tributions:

A%, 12440 _ 404, 1549 A%, 12440 40, 12440
dPS. dP.S.
Eik aft— aft. bef— bef aft—bef Hel.Dep.

do, do,
q1 72440 g1 72440 .

_— —_— O(NNEik) . 5.41
dPS. dPS. + O(NNEik) (64D

aft—bef Hel.Ind. in— (aft+bef))

in order to simplify notation here we have used Ur ( L' ,— L; ;v ) = UF <v) . Then,

each of the above contributions to the cross-section can be computed leading to the
following results:

daﬂl V25490
dPS.

Saft Saft t
q1 72540 q1 72490
aft— aft. NEik

= (ees PO(p1 0P} +p)0(py) [ v [ dPw
x e vw) (Plﬂ’2>(5) s(pf +p3 —po)

1
X[16<P2— <2P1+2P2+(ZZ+) P1>+16<Z2> mm’o]p
1 1

X [/_L; dw™t Ur (v)z/ﬁE (w*, —;;w) <W§)wn +iDw Dw”)

xZ/l;(L;,er;w) +/Li dv+l/{p(L2+,v+;v)
2

X <—("j2+p250—> —ib, D, ) ¢ (o, L;,-v)u;(w)], (5.42)

v/
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A0, y2qo ghef gbef f
APS. q1 Y2590 q1 725490
bef— bef NEik

= (eef)2 0(py )0(py)0(py —Py) /dz /dZ

x e fvw) (PI+P2)(A/>227T5(? —po +p)) 2

X [16 (p2)* Py <2p3 +2p; + + ) mZPfP(T ]

' [up (5) [ttt o, )(< Pl >1>w,, 4B pw,l)

x UL (LJr,er;w) + /Li dot Ur (f,v*;v)
-2

2
i j +
- P L
« (PP B> 55 g, (o, =)t (w) (5.43)
2 2
A0g, 1244 ft bef bef ft ¥
leZS : Sgl Y2540 (the’nqu) + the’nqu <Sgl ’Yz%%)
aft—bef Hel.Dep. NEik-Hel.Dep

= (eesPO(p1O(P 0 — p1)O(pT +pi) [ dPvdPweilv-w)(pred

o p3pg PP
x (8AA")(27) 5(p1++Pz+—P(T)[— o7 +2p3 — = ]
1 0

% n LT . . p LT
X /_qu L{p<7,v+;v) (p12> (p] p? p1> gtFij(v)Ur (v —7,v)
U (w) 1 cC. (5.44)

and
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Aoy, 7yq0 gaft ghef + ghef gaft t
dPs. q1 724490 \ 791 2¢ 190 g1 72490 \ “ 91 12¢ 90
aft—bef Hel.Ind. NEik-Hel.Ind
+
P1

= (eep)*0(p!)0(py)0(pg — p3)0

(pi +p2)
x /d2v d>w e (VW) (Pt (_ AAT) (2

m)2*5(pf +p3 —py)
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1
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< Us (v+,_’§;v)u; (w)

for the interferences with the inside terms

+CC. (5.45)

dafh Y2440
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— (aft+bef))
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—i(v—w)- L+
x e~ Iv=W) (b2 +81) (27025 (pF + pF — PJ)UF(T'

x [9%* - A (p3) (Zl (po +p2)+ P+>

+
—0(py +p3)A <P2 zipl> (zO (py +Pz)+P1+)]

1 1

v+;v>

X %;V’up (o, _2L+;v)u; (w) +cc. (5.46)

Let us now simplify the expressions above by introducing the decorated Wilson
lines, defined in Eqs. (4.64) (4.65), (4.66), (4.67), (4.68) and (4.69)
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d
FmECI ] (eerPO(p)0(pT + p3)0(p)
. aft— aft.
/d2 /dzwe i(v—w) 1’1“’2)(5)227'((5(;91 +ps —pg)
1 P i\
X 16 <p2—p1 i +2p5 + 2) pi | +16 <2> m?ppd
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. [upw)( BLPE) L0 )+ a2 (w >> <(‘° By + S >)u;f<w>]
(5.47)
Wincw| (e, 0000 0P — p3)
APS. e f 0 1 0 2

x / 42y / d?w e VWPt (AN22715 (p — pif + p3)

1 i\ i\
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(5.48)
The Eq. (5.44) can be rewritten as

do,
—oe = (ees)?0(p)0(p)0(py — p3)0(pY +13)

o aft—bef Hel.Dep.
X /dzv d*w e VW) (PP (8AAY) (271)28 (i + pi — 1)

=Dy ) [ ( i P ) 3)

X ——=—ps) | po — =P UZ()U( w) + CC. (5.49)

Popi (#2) (#2 prtt) TR

and
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dmh Y2590

DS, = (eer)*0(p)0(pd)0(pg — p3)0(pT +p3)

aft—bef Hel.Ind.
X / dPv dPw e~V (Prtpd (AR (27)20 (pf + p5 — pg)

Py N (PN
x |16 (pz—+pl> -(p2) (2pi Py +pips +pops) —16 <+> <+> m?pl - py
P1 Pq Po
1 n_ pl .
X | s UE(v) (—(Pl pz)uﬁn)*(w)ﬂuﬁ,ﬁ*(w))
2py 2 ' '
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_2pg< SERUR) () + U (v) | Ut (w) | +CC. (5.50)
and finally
da—’h“rzefio

dpPs.
in— (aft+bef))

= 8(ees)?0(pg)0(py) / d*v / 2w e~ (VW) (p2tp1)
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< Canoto} 4 ) (0005 -0 1) (B4 01040
0

A i P; j Po+ uzgi) (v) +
—onf + o)A (v 2204 ) (Bt + )+t ) )25t o)+ cC
1 1
(5.51)
Then we can write the final cross-section as follows:
dU‘h Y2590 __ dU‘h V25490 daq1 Y2440
dPS.  dPS. , (5.52)
Gen.Eik NEik

where the first term corresponds to Eq.(5.40) and the second term is the sum of Egs.
(5.47), (5.48), (5.49), (5.50) and (5.51).

5.4 Conclusions

Thus in this chapter we have derived the photon + jet production at full NEik accu-
racy in the gluon background field, expressing our final cross-section as two main
contributions. One is the generalized eikonal contribution and a sum of explicit
NEik corrections. The generalized eikonal contribution does not contain the con-
servation of the "+" momentum since the Wilson lines are still dependent on the "-"
coordinates.

We have expressed the explicit NEik corrections to the cross-section in terms of
decorated Wilson lines and we can see from our result that we get contributions that
are helicity dependent as well as helicity independent. The helicity dependent terms
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vanish for all cross-section terms except for the interference of the quark emission
before with the quark emission after the medium.

Finally, we would like to mention that this is an ongoing work. As the next
step, we are planning to rewrite our cross-section in terms of total momenta and the
momentum imbalance of the produced photon and quark jet which are defined as:

k, =p1+p2 (5.53)
Py P1— P P2
p, =12 L2 (5.54)
Py t P2

This will allow us to establish the connection between the standard TDM fac-
torisation and the CGC computation for this observable beyond eikonal accuracy.
We expect to see the interplay between the NEik corrections and the higher-twist
corrections for the dipole TMD.
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Conclusions

The high energy limit of QCD, corresponding to the Regge-Gribov limit which is
also referred to as small-x limit, is conveniently described by the Color Glass Con-
densate effective theory. The basics of CGC is decribed in Chapter 1, and all the work
presented afterwards in this thesis is performed within this effective theory. In the
CGC one of the key approximations that is adopted is the eikonal approximation.
As discussed in Chapter 2, this approximation amounts to taking three assumptions
that keep contributions only leading in energy, neglecting all energy suppressed cor-
rections. The three assumptions can be expressed as:

Al (x) < 5(xT) (6.1)
Al (x) ~ 6" A, (x) (6.2)
Al (x) ~ AL (xT,x) (6.3)

The three assumptions are, to take an infinitely thin "shockwave" as the target medium
(shockwave approximation)Eq. (6.1), to account only for the leading component of
the background field, A~ Eq. (6.2), and to neglect the dynamics of the target Eq.
(6.3). Therefore, the eikonal approximation amounts to A} (x~, x*,x) ~ ¥~ 5(x+) A7 (x).
This eikonal approximation has been proven to be very reliable, specially in the
range of very high energies, such as the ones reached at the LHC experiment. The
phenomenological studies performed at the LHC are in very good agreement with
the computations performed within the eikonal limit. However, experiments such
as RHIC or the future EIC have lower scattering energies compared to the LHC.
Therefore, one should take into account power suppressed corrections in order to
increase the precision in the calculation of observables that are the focus of these
experiments. Computing these corrections was the main focus of this thesis.

In particular, we focus on a quark propagator in a gluon background field. In
Chapter 2, we provide the derivation of a quark propagator at Eikonal accuracy and
discuss the power counting for eikonal and next-to-eikonal contributions. As a first
step towards providing the derivation of a quark propagator at NEik accuracy in a
gluon background field, in Chapter 3, we relaxed the first two assumptions of the
eikonal approximation to calculate the quark propagator. This amounts to taking a
finite width of the target instead of a infinitely thin ‘shockwave’, thus allowing us
to have transverse motion in the medium. Relaxing the second assumption we now
take into account the interaction with the transverse component of the background
field, and not only with A~. With this quark propagator, we studied quark target
scattering and computed the production cross-section.
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The remaining NEik effect that should be accounted for is the dynamics of the
target which amounts to relaxing Eq.(6.3). This effect was first considered in [43]
at the level of quark and scalar propagators at NEik accuracy. In Chapter 4, we in-
clude the effects of dynamical target in the derivation of the quark propagator. With
this effect accounted for, we provide the quark propagator at full NEik accuracy
in the gluon background field. In the rest of Chapter 4, we used this propagator
to compute DIS dijet production cross-section at NEik accuracy both for transverse
and longitudinal polarization of the incoming photon. Since this observable will
be studied at the future EIC, and therefore at moderate energies, we hope that the
NEik corrections computed in this work will provide a better precision in the future
phenomenology studies. The result for the DIS dijet cross-section is shown as two
separate contributions. the first one is what we call generalized eikonal contribu-
tion, which contains the z~ dependence on the Wilson lines and therefore, does not
include the "+" momentum conservation, however we recover the standard eikonal
result upon taking z~ = 0. The second contribution to the cross-section is the explicit
NEik contribution and it is described in terms of decorated Wilson lines.

In Chapter 5, we used the full NEik quark propagator in a gluon background
field to study photon+jet production in forward pA collisions. This is still an on-
going work, but the main results for the partonic cross-section at NEik accuracy is
provided in Chapter 5. This cross-section is divided into a generalized eikonal con-
tribution and an explicit NEik contribution.

In conclusion, in this thesis, we focused on deriving the next-to-eikonal correc-
tions to the quark propagator in a gluon background field. This was achieved by
relaxing all the three assumptions that are taken in the eikonal approximation. The
resulting quark propagator at NEik accuracy was used to compute different observ-
ables. The cross-sections for these observables are given at NEik accuracy, thus,
include first order correction to the high energy limit. These corrections are hoped
to provide better precision in the phenomenological studies of future EIC. The main
feature of NEik corrections is the appearance of decorated Wilson lines at the am-
plitude level and decorated dipole/quadrupole operators at the cross-section level.
Even though there are no models that can that can define these decorated operators,
as opposed to eikonal limit (like GBW or MV models), we expect to obtain these
models in the near future.
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Light-Cone coordinates

In this appendix we introduce the so-called light-cone coordinates. These coordinates
are introduced by Dirac and simplify greatly the dynamics in high energy collisions.
Throughout this whole thesis we use these coordinates, hence we dedicate this ap-
pendix to define them more carefully. Let x* = (x,x!, 22, x%) = (1%, x, x®) be the 4-
vector in Cartesian a representation of the Minkowski metric g, = dia g(1,-1,-1,-1).

The light-cone coordinates are thus defined as follows:

0 3

== \2" (A1)
0_ ,3

== ﬂx (A2)

where the transverse coordinates are left unchanged, x = (x!,x?). This change is
equivalent to rotate the Cartesian system by 45°, placing the axis x’, x> on top of the
light-cone. the four-momentum k¥ follows the same convention for its components.
The product of two 4-vectors in this notatios is

xty, =xtyT +xyt —x-y. (A.3)

The complete metric in this light-cone frame is

01 0 O
10 0 O
=100 -1 o0 (Ad)
00 0 -1
this implies that
xT=x_ (A.5)
X =xy (A.6)

The derivatives are given by
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9 1 (a3 2
ST » <8x0 * 8x3> (A7)
3 1 (a3 9
t=_- - - (= _ _~
I = Ix— 2 <8x0 8x3> (A8)

Furthermore, throughout the calculations in this thesis from section 2.3 on, we
have used the following notation

x=(x",x) (A9)
and
k= (k*,k, k) (A.10)
where k~ is on-shell,
2 2
- = Kk +m? (A.11)

2k*
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Derivation of final expressions for
the S-matrix in Photon+jet
production

In this appendix we derive the final expressions for the S-matrix element that con-
tribute to the photon + jet production at NEik accuracy presented in chapter 5.

Let us focus first on the terms that contain the L™ explicitly in Egs. (5.16), (5.24)
and the contribution from the inside term with *.

‘ +
(—i)e efeé(pz)* (1)5,,(0 /dzve_lv'(Plerz_pO)ﬂ(l) [(2m5(p{r — pa“ + p;)(— %)
Lt Lt LT
+ + _ o+ = - _ - .
+ 2o+ vt — ) (— & ))w( A
L*/2 L+ Lt
+ ot ot (B - : k
+215(py + py po)/_ﬁ/zdv Z/{p< 50 ,V)L{p(v ' ,v)]'y u(0)
= (—i)eesel(p)" (Do, [ dPve ™ PrPPams(pf + pf — pi)u(1)
LY LY oy LY LT N & _
[—2—2+L UF(71_7/V>7 M(O)—O
(B.1)

We also rewrite
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1 (ﬁ‘ +p2 — (P1+pz)2+m2)‘1 _ 1
Tt 1 7 - 2
21 +77) 2(pf +p3) (Z(zﬁﬁvz*)(}’gf +%)*(P1+P2)2*m2>
1
_ 1
(2 (112 272
<P2<F+1*1>*2P1P2+P1<1+T*1>+m +>
2 Pq P1
_ 1
- A
P\ TP ) T
+
. e
= 2 ~ =AL (B.2)
24 Py 272 1
4\ PPy tme|
2 P1
and
1 (ﬁ_ _ﬁzf—A(Po—pz)2+m2> v 1
2 +_ ,+ 0 2 +__,+ - 2 2 2
(g =2) (po =2) (20 (L - ) (a2
0 2

_ 1
o o 1o 2 P 2P
py| —r+1-1)+2pop2+py| 1--5 -1 | —m? =
Py P, Py

- 1 — AP (B.3)
ne 7( B 5)2%2 i\’ ro '
PP "o

Now taking into account the vanishing of the L terms discussed before and

the new expressions for A and A’ we get the new S-matrix elements for the cases of
splitting before and after the medium

=

St o = (~Deerel (p2) (Vusgb(p)0(p) [ dPve ™ rrpeml(a) [iw

+ + + 2
(0t pot) (o i) (52 o)
1 1 1

+ + +
. { /dv_eiv(pfﬂ;_pg)ulf(ﬁ, —LJF;V,U_) + 21t6(py +p; —Po)

27 2 (2pg)
Lt P i i i ]
= Lt [, V] (po+p) +p5) 557
X /L;dzf’up(z,v*;v) [ 4 gt-Fij(v) —fﬁ —1@ D,
Lt k-_>’)’i’)’+ Lt LT Lt
X Z/{p(v+,—7;v) }ﬁ —218(pf + py — pg )7 ioy 2 TUF<7,—7;V) u(0)
%)

and
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S;kl’eﬁfzeqo = (—i)eef(l)ﬁa(ﬁ(par)e(pf) /dzve*i"'(PrPﬁPz)ﬂ(l) (—iA)

+ + + gt gt
{/dv o po+p2>uF(L _L;v,v>+2m5(m Py +p3)

27 2 2pf

L+ i A j i
/ +clzz+l/lF< 5 +;v) [[7'7]]gt-ﬂj(v) _(p1+p20 P2) ﬁ‘; ﬁD ]
2

4
Lt Py p ZAN
« Up (0%, — 205 0) Lk (pa)t (z 2 )(2(5kl 2,),,Y> (2) oy
( 2 )} AP P rho ¢ P
TR ALY LTI S
H2mo(p} = p5 P v U (S, =) [ u(0) (B.5)

At this point we try to put together the terms that still contain the L™ /2 explicitly
with the inside terms. One can thus change the inside terms as

Lt/2 -
/ / dz+/d2zeiz~(p1+P2PO)up(L,Z+;Z)
—Lt/2 2
—_ Lt
« l’)’ ’Y ')’ 511 + l’)’ 'Y 'Y Dzz uF (Z+/ ,'Z)
2pt 2pg 2
Lt/2 ’
_/ / Azt d2ze—iz-(p1+P2—P0)Z/{F(L—,Z+;Z>
L+/2 2
AN S SRS p]
_ — i — D i " i D i
x { 2pf 2(Pz = Dy)+5(Dy+ Dy)
ik ndnt .
QAN > SIS U b, ! _L
—(D i — 5 i ’
- 2pg [2( g 2 Dat uF(Z >
L*/2
_/ / dz+/dzzeiz.(P1+p2po){uF % |:; ,)/ ,Y,Y ﬁ =+ 21’)/2’)/3 ZI:|
L+/2
Lt liytyly* = Lt LY likyyt = (L5 LY
+ . R T2
XZ/Ip(Z = ,z) 2 a7 azUF( > 2/Z>+2 2p¢ UP( 27 2'Z>
' L*/2 Lt L 1i
= 2, ,—iz:(P1+p2—Po) + ry IY ’Y’Y 2 ’y 77
/dze {/L+/2dz UF 5 [2 2+ g)—i-z 2+ zi
—Lt LT iy Tyl = Lt L* Lt ivfy'y* = Lr L
+ z) - = T 2 22
><UF<Z ' 'Z) 2 2p7 azuP(Z' 2'Z>+ 2 2pg azuF<2' 2,2)

so that in the full inside contribution is
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Sieqo = (—)eeserr(pa)” / &z 278(pi + p3 — pg)0(py )0 (py e ™ PPl (1)

L*/2 L Ligto'y* B Liny'y* 5 v (4, L
+ +. 2 - .
X {/ dz L{p< 5 ,Z ,z) [2 2p+ +2 2 + ] ( , ,z)

—L+/2 2

Lt i,),+,)/i,)/k — Lt LT LT i')/k’)’l’)’+ — LT L+
A =)+ o T e (S, - 2) pu(o
2 2p) auP(z 2’Z> 2 2p uP(z 2Z> u(0)

(B.7)

now we can compare the last line of this inside contribution with the contributions
with splitting before and after the medium, the explicit L* /2 terms in the last lines
of both Egs.(B.4) and (B.5) and we see that they cancel exactly so we are left with the
following three final contributions

St g0 = (—i)eerel (p2) (Vayp(p oG [ dPve ™ PPmin()idy*

% | s )(25k1 Pz,y,y>_<l’2> ok
<<p2 i Py Py

+ o + 4t ot
{/d’() ezv (Pl erz —Po )UF<L2 L?,'V,’Z)i) _{_27{5(;71(2_:)‘{2) pO)
0

Lt + i A JRTIN |
[ dqu(%,w;v) [[m]gtﬁj(v) _<Po+Pz+P>;3—>_b—17

4

2

x Up <v+, —L;,-v) } 1(0) (B.8)
Bo

St g = (—1)ees(1)p,0(pg )0(p]) / A2y eV (PrPotR2) (1) (—iAY)

. + + 278(pt — pt +
X {/dv‘e"’ PGP )Z/{F(Lz —L?;v,v‘) + T (1 zpfo +p;)
1

Lt + i ~j
[ () [[v,v]gt,ﬂj<v> (PitPo =PI 5> 55 ]

4 2 v/

I+ + + +1 2
< (0, -2 ) }e’xpm* ((pé - Zeph) (200 - Bty )+ (22) w) u(0)
0 0 0

(B.9)

and
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Sieqy = (~Deesen(pe)” [ 2 2m8(p7 + pf = pi)o(pg)6(p] e P p

Lt/2 LT 1‘,),+,),i,),k i,),k,yi,),Jr 1 —Lt

, v (B . p’ + :
xu(l)/U/ZdZ Up( 5z ,z) [ 27 + 2pt ] ZETUF(Z , ,z>u(0)
(B.10)

the corresponding conjugate amplitudes read

1— . —_
(SEOatt ) = eesel (p2) (Va0 O(pY) / dPw o™ (PrPrR) (0 (—i) A

o +_pt L™ L* _ 27t5(py +p; — py) e3
{/dw iw™ Pl +p; Po)u;<7,_7;w/w >+ 1 zpaLZ 0 /L;dw+
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L Py Py P\
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H(3 >}M< 2o Py Py

(B.11)

1. . -
(Squoyi’qu) = ieeseh (p2)(1)pa,0(pg )0(p7) /dzw ™ (P1P0+P2) 17(0)i A/

Py Py AW N
Py — 5P > < 26" — 7%’) + <> my" |y
<< 2ot Py Py

0
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x/dw e 1 Fo (2 >+ 2p7
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and

"LO-in ¥ : iv —po) 7
(S59n,,) = ieeserr(pa) / dv 2ms(py +p3 — pg )8(pg )8 (pi )e™ PP (0)
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(B.13)



