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Abstract

In 2011 Chien et al. introduced a method to calculate the cusp anomalous dimension for eikonal
Wilson Lines at one- and two-loop order by viewing the Wilson lines as static charges in AdS
space [1]. In this masterthesis this method is reviewed and a step by step guide is given. Moreover,
an attempt is made to apply this method to next to eikonal Wilson lines. Even though this
appeared to be only partly possible, some calculations could be done in position space, confirming
other findings in momentum space. Besides this a start is made with the application of this method
to three loop calculations. This looks promising, but poses significant challenges.
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Chapter 1

Introduction

Our best understanding of the interactions between the fundamental particles is combined into the
Standard Model. This model describes the weak and strong interactions between particles, as well as
the electromagnetic interactions. The Higgs mechanism gives mass to the particles. The only force
that is not incorporated yet is gravitation. To test the standard model, the Large Hadron Collider
(LHC) was build. In 2009 the first proton-proton collisions took place in this particle accelerator.
Because the energy of the collisions at the LHC is higher than anywhere before, physicists are
able to study the standard model with even higher precision. The high statistics already enabled
physicists to find a ‘Higgs-like’ boson. Attemps are made to find particles from theories beyond
the standard model as well, but so far none have been seen.

To be able to fully appreciate high precision measurements, high precision predictions are needed as
well. This is the task of the theorists. Predictions are made by calculating cross sections for different
interactions, thus predicting the statistical importance of such a specific interaction. Unfortunately
it is not possible to do this in an exact way. Therefore perturbation theory is used. To obtain
higher precision, higher orders in the perturbed parameter have to be included. These typically
involve more complicated calculations.

When looking at a typical interaction at the LHC, there are outgoing quarks with high energy,
called hard quarks. These emit low energy radiation in the form of gluons. Since the coupling
constant for Quantum Chromo Dynamics, the theory describing interactions between quarks and
gluons, blows up for low energies, these soft interactions will disturb the pertubation series. To
avoid this problem, the Wilson line is introduced. Using a Wilson line the perturbation series can
be re-exponentiated, so that a large coupling constant does not invaluate the perturbation series
anymore. This will be explained in greater detail below. Wilson lines are an important tool when
calculating the contribution of the outgoing quarks to the cross section. To relate the exponent of
the Wilson lines at different energy scales, an object called the cusp anomalous dimension is used.
The paper by Chien et al. |[1] provides a new method to calculate this cusp anomalous dimension,
making use of the conformal symmetry of the theory.



CHAPTER 1. INTRODUCTION

In the next chapter I will introduce concepts such as Wilson lines, the cusp anomalous dimension
and the renormalization group equations, that are needed for the rest of this thesis. From there
on I will carry out some calculations and introduce the method from [1]. Besides explaining this
method step by step, I will apply it to some higher order calculations, namely at next to eikonal
and three-loop level.



Chapter 2

Introduction to QCD and Wilson
Lines

2.1 QCD and Asymptotic Freedom

Quantum Chromo Dynamics (QCD) is the theory describing the strong interactions between quarks
and gluons. Quarks and gluons are the constituents of hadrons and mesons. QCD describes their
dynamics by the following Lagrangian:

I 1 a v
Lacp = $i(i(v" Dy)ij — mdij)v; — 1 Gl Ga (2.1)

where D), is the covariant derivative (D, = 9, — igG},), ¢ is the quark field and GY, the gluon
stress-energy tensor or gluon field strength tensor Gy, = 0,G}, — 9,G}, + fchzG,ﬁ.

2.1.1 Nonabelian Gauge Theories

QCD is an example of a nonabelian gauge theory. This a gauge theory whose symmetry group
(SU(3) in the case of QCD) is nonabelian. In other words, the gauge fields of the theory do not
commute:

[Gh. G #0 (2.2)

This commutator also appears in the definition of the stress-energy tensor of the gauge fields
(gluons) stated above. The fact that it does not vanish accounts for a G® and a G* interaction
term, so that the gluons interact with eachother. This fact is key for the difference between QED
and QCD. When a charge is put into a QED vacuum, it will polarise the medium. In this way it
will be screened by the medium, thus becoming weaker on bigger distances. When putting a colour
charge in a QCD vacuum, ¢q pairs will screen it, but now there are also virtual gluon pairs. These
gluon pairs will overrule the screening by the ¢ pairs and reinforce the charge. Now the charge
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electron >

quark

proton

Figure 2.1: Deep Inelastic Scattering

becomes stronger on bigger distances. On the other hand, it stays weak at small distances. This
feature is called asymptotic freedom and will be elaborated on more below.

The increasing size of the strong force at long distances is a problem for our ability to make
predictions because it invalidates the perturbation series of Feynman diagrams, rendering every
next order term larger than the previous one. Only for short distances (high momenta) can the
theory be treated perturbatively. Another feature of the theory is confinement: inside a hadron the
quarks are moving freely, but they can not be extracted from the hadron: the amount of energy
needed to overcome the strong coupling (at distance larger than the size of the hadron) is higher
than the energy needed to create a quark-antiquark pair. The result of this is that until now we
have not been able to observe free quarks.

Nevertheless the inside of the hadron can be studied experimentally by scattering: firing a beam
of, for example, electrons and measuring the final state particles. By scattering a 20 GeV electron
beam from a hydrogen target, in the SLAC-MIT experiment it was found that the largest part of
the reaction rate came from deep inelastic scattering of the electrons on pointlike constituents [2].

2.2 Deep Inelastic Scattering and Factorization

The process of deep inelastic scattering (DIS) occurs when an electron scatters from a quark inside
a hadron, for example a proton (see figure . When the struck quark acquires a large momentum,
it will be ejected from the hadron. Soft processes will create gluons and quark-antiquark pairs to
neutralize the color. The quark will end up as a jet of hadrons. In order to compute cross sections
for electron-hadron scattering, the parton model is used. In this model the hadron is assumed to

4



2.2. DEEP INELASTIC SCATTERING AND FACTORIZATION

consist of pointlike particles, the partons (quarks, antiquarks and gluons). This is allowed because
of the asymptotic freedom of QCD. In the short time (high energy) scale of the electron-quark
scattering the QCD-coupling will be very small. Using this view, we can calculate the cross section
for electron-hadron scattering as a sum over electron-quark cross sections. This splitting of the
total cross section in two energy-regions, the hard electron-quark scattering and the soft QCD
processes inside the hadron, is called factorization. In order to calculate the total cross section,
we need to know the probability that a quark with a specific flavor and momentum will occur in
the specific hadron. This probability is given by the so called parton distribution functions. The
calculation of these functions is problematic, since they depends on soft QCD processes that cannot
be computed with QCD perturbation theory. Luckily these functions are universal. So once the
parton distribution functions of a specific hadron are found experimentally, they can be used for
predictions in other experiments.

To higher order these functions are modified and will also depend on the momentum transfer @2, due
to the exchange or emission of high-momentum gluons. The dependence on Q? is called evolution
and leads to a differential equation for the parton distribution functions. This equation is obtained
as follows. When computing corrections of first order in ayg, the QCD coupling constant, we obtain
divergences from collinear configurations. These can be combined with the parton distribution
functions, viewing them as constituents of the parton. The higher the momentum transfer @),
the more the hadron is probed, revealing its structure as a constituent parton (quark) with smaller
momentum plus a number of gluons and quark-antiquark pairs. In this way, the parton distribution
functions become dependent on Q.

When zooming in on the quark (by increasing Q), at lowest order there are no corrections. The first
correction will be the collinear emission of a gluon that will carry part of the momentum. Zooming
in further, the gluon can split into a quark-antiquark or gluon pair, and the quark can emit another
gluon. To calculate the parton distribution function, we compute the splitting functions that give
the probability that a splitting occurs. The difference between the parton distribution function of
say parton A at energy Q and Q + AQ is given by the integral over the probability that a parton
of another type B will split into our parton A. The differential equations for the gluon, quark
and antiquark distribution functions are known as the Altarelli-Parisi equations and can be found
below in equation . The functions P,. p are called splitting functions. To calculate the parton
distribution functions we need an initial value of the distribution as a function of Q, which can be
determined experimentally. In this way predictive power for other experiments is obtained. [2]

d Qg Q2 1 dz T T
mfg(%@) = 7(T2 ) /z ;{Pqu(z) ;[ff(Z,Q) + f?(;,Q)] (2.3)

Py (). Q)

d QY [1d
gl @ =2 [ E @+ Pt @)
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d Qg 2 ldz €T T
Tlog Q7" = - / TP (D75, Q) + Pay (2)£4(5,Q))

2.3 Evolution

The concept of the Altarelli-Parisi equations for gluon and quark distributions can also be applied
to Greens functions. It works as follows: one defines a theory at some energy scale M, and imposes
renormalization conditions at spacelike momentum p?> = —M?, instead of the usual p?> = m?. In
this way we avoid singularities from the m? — 0 limit. Now instead of this arbitrary M, we could
also have chosen M’ = M + M. When we have a shift in M, we will have a corresponding shift in
the coupling constant A — A+ 0\, and in the field strength ¢ — (14 dn)¢. The shift in the Greens
functions G will be induced by the shift in the field strength: G — (1+ n577)G("). The next

step is to think of G(™ as a function of M and X, and write:

oG (™) oG ™)
(n) — — (n)

aGa B oM + B\ 0N = nonG (2.4)

We define
M M
so that (2.4) can be written:
[Mi—s—ﬂg—i—n]G(”)(x e Ty MOA) =0 (2.6)
aM 8)\ PY 1 Rl 13 9 - . .

This equation is called the Callan-Szymanzik equation. The two functions § and  are universal
and relate the shift in respectively the coupling constant A and the field strength ¢ to the change
in momentum scale M. The functions 8 and - can be calculated using Greens functions, which
makes it possible to related them to counterterms. To solve equation , one can write for \,

the running coupling constant:

d _ _
dlog(p/an) "N = A (2.7)

which is called the renormalization group equation, relating the coupling constant A to the renor-
malization scale. Using this equation, we can have field theories showing three kinds of behavior:

1. B(A) >0
2. B(\) =0

3. B(\) <0



2.3. EVOLUTION

In the first case, A — 0 for low momenta. Perturbation theory can be used for low momenta,
i.e. large distance calculations. An example of such a theory is QED. Theories of the second type
are called finite quantum field theories. The running coupling is independent of the momentum
scale, and hence equal to the bare coupling. This implies that the coupling does not blow up for
large or small momenta. The only possible (ultraviolet) divergences come from the field rescaling,
but these cancel in the computation of the S-matrix elements. The third case applies to QCD:
B(A\) < 0. Now A — 0 for high momenta, so that perturbation theory can be used for high
momenta (short distances). These theories are called asymptotically free and correspond to the
behavior described above in For these theories the short distance behavior can be computed.
There will be ultraviolet divergences from the fields, but since the coupling constant tends to zero
for high momenta they are harmless.

The Callan-Szymanzik equation in momentum space (writing p instead of M) for the two-point
function G?) becomes:

0 0
— = BN =~ +2—2 2 = 2.
5~ B35 + 2= 29GP =0 (28)
which has general solution
2 3 P'=p / N/
G (p.2) = GO -exp (= [ dlog(s' /1) 201 =1 (G A)] ) (29)
p'=
To gain some more insight this equation can be written in a different way:
i - p'=p B
GE(p.3) = 56N - expl2 [ dlo(p'/M) -2 (NG ) (210)
p'=

A fixed point of the renormalization group flow is a point A, where 5(A.) = 0. Take for example
the case where S(A) > 0 for A < A.. Then around the fixed point we can write 8 ~ —B(A — \.),
with B a positive constant. For A\ near A\, we thus have ﬁ'lgp/\ ~ —B(A — A«), which solution is

- B
given by A(p) = A\ + C (%) . So we see we that in this case we have a fixed point for p — oo as

A — A, At this fixed point the integral in (2.10) will be dominated by high values of p, so it can
be approximated:

G(p)

Q

ng(k(p; A)) - exp(2log(p'/M) - 29.) (2.11)

)1—“/(/\*)
(2.12)

At this fixed point the theory is scale-invariant (because (3 equals zero, A doesn’t change with an
infinitesimal scale change). For obvious reasons, 7 is called the anomalous dimension. It is the
correction to the dimension caused by the (quantum) interactions of the theory. Note that even
when there’s no fixed point in the theory, ~ is still called the anomalous dimension [2].

2

Q
N

w‘ =
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Figure 2.2: Gluon Emission Vertex

k+q+q k+q k
Q — — — |

L@ L@

a,u b.v

Figure 2.3: Emission of two Gluons

2.4 Wilson Lines

When a quark or electron is emitted with high energy, as in figure it will radiate soft (low
energy) gluons or photons. When the momentum carried by a gluon is very small relative to
the momentum of the quark this will lead to infrared divergences in our calculation. These will
contribute a large logarithm to the expansion, thus disabling perturbation theory. Moreover, there
can be an infinite number of gluons. This problem can be overcome using the method of Wilson
lines. With this method we can treat the diagram perturbatively and then re-exponentiate it to an
exact expression. A Wilson line along a path C' is given by:

W(C) = Pexp(ig/CA#dx“). (2.13)

Looking at a quark emerging from a reaction (the grey blob in figure , the expansion over
number of gluons that are emitted can be calculated as follows. The first order diagram (2.2)) is
given by:
) : (F+¢)
My gluon = U(k)(—ZQﬂQ)Ta)ZWMa (2.14)
where M refers to the blob on the left side. Since we're looking at massless particles, k? = ¢> = 0,
the denominator of the quark propagator can be written as 2¢q - k. Besides, we use the eikonal

8



2.4. WILSON LINES

approximation and approximate f + ¢ ~ k to write (2.14)) as:

TR @5 (2.15)

Now we use the fact that u(k)f = 0 for massless fermions to write {¢(q), ¥} for ¢(q)¥:

ngu(k){ég?}f}Al (2.16)
:gwmmwﬁfgwM (2.17)
N (O
= 4T u(k)WM, (2.18)

where I used {y#,7”} = 2n*" in the second line. Similarly for a diagram with an extra soft gluon:
Y n

M tans = 50 i) T ighla) T BBy (aa)
:ngbTaa(k)ﬁ(qz))qu, k;é(ql)(ql J;) — (2.20)
— TG E(QZ)'k '%
= PTTa) " 2 ) o (2.21)
_ prrea(n SRk da) k. (2.22)

@k (@1 +q) k

where I first used the soft gluon approximation, and then applied the Dirac equation for massless
fermions twice. Equation almost looks like the square of , the only difference being
the (¢1 + ¢2) - k in the second denominator. So we actually obtain the power series of a path
ordered exponential, as promised in . This path ordering reflects the fact that 7% and T®
do not commute and so can not be interchanged without consequences. To show that we have
indeed found the first two terms of the power series of let us expand it. I will do this for a
Wilson line in the direction n,,, starting at the origin and travelling to infinity, so C' = [0, cc] and
Au(z) = A (nh).

W(C) = Pexp(ig/cAudx“)
= Pexp(ig/ d\ n - A(n)\)
0
~ igT“/ d\ n - A(n\)
0

9
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+ —g2TbT“/ d)\l/ dha - A(ni) n- A(nAg).
0 A1

Because I computed the first two diagrams in momentum space, I insert the Fourier transform for

A(x):
igTa/ d)\ n,u/d4un(q)ei(q-n+ie))\
0
—gZTbT“/ d)\l/ dXs n“n”/d4q1/d4qQAM(ql)Au(qg)ei(ql'">‘1ei(qQ'"HG)A2 (2.23)
0 A1

Now I first evaluate the integrals over the A:
—i

9T n* | d*qAu(q)————

2mbra > v 4 4 i(q1-mA1) —1i —i(g2-n+ie) 1
—qg“T°T dA\int d d g A A _
g /0 nfn / q1/ @A (q1)Au(g)e P
—iaTn* | d*aA (o)——"
gl n / q M(Q)q T+ e

0 .
2mbra v 4 4 i(q1-n+qa-ntie) —1
—qg°T°T d\n* d d g A A _—
g /0 1nfn / q1/ 2 Au(q1)Au(g2)e p—

—1 —1
q-n+q-n+ieqy-n+ie

T / dig: / B an A, (q1) A (g2)
:gTa/d4qz‘1((])'Tl

q-n
A . A .
+g2TbTan/d4q1/d4q2 (q1)-n (q2) -
(1 +¢q) n q-n

Now recognizing that the Fourier transform of A, is given by its polarization vector €,, we obtain
the factors between @ (k) and M from ([2.18]) and ([2.22)), integrated over the external gluon momenta.

2.5 Renormalization Group Equation for Wilson Lines

To find the behaviour of the exponential of the Wilson line at different scales, we can use the
concept of the Altarelli-Parisi equations explained above in paragraph To do so, we require
the Wilson line to be independent of the renormalization scale p (denoted M in paragraph [2.3)):

d d
M@W(C)

= Jiog V(@) =0 (2.24)

10



2.6. OUTLINE OF THIS THESIS

In the case of a Wilson line, renormalization is used to remove cusp singularities caused by a cusp
in the line. These singularities can be renormalized multiplicatively [3]. We thus write

W(Cv 9R, :U’)

Wien(C =
ren( IR M) Zcusp(wa 9R, /J)

(2.25)

Note that W (C,gr, ) also depends on gr and p and that gr again depends on p, so that
%W(C’,gR,,u) = (% + ﬁ(g))W(C, JR, 1), where ((g) = g—z. To obtain the renormalization
group equation, we apply (2.24) to W(C).

d
d WTen(Cv IR, :U’)
(=== I P 2.2
Y <Zcusp(wng7 1) ! (227)
d Wien(C, gr, d
ZM @Wren(ca 9R, N) - (Zz d M)Mduzcusp(wa IR, N) =0 (228)
cusp cusp
W d wod
Wren gy a7 (O I00) = 7 g B 19 220
d d
,U,@ log Wien (07 IR, /14) = H@ log Zcusp(wa 9R, /~L) = Fcusp(w> gR) (230)
0 0
Hou t 5(9)((79 log Wren(C, gr, 1) = Teusp(w, gr) (2.31)

where we define I'¢y5p = ,u% log Zcusp-

We see from this equation that we need I'c,q, to calculate the factor in the exponent of a Wilson
line. It is possible to calculate I'cysp from Z.ys, order by order, but the calculations get very
complicated.

2.6 Outline of this Thesis

In my thesis I will calculate several contributions to I'cysp. First I will perform the one-loop order
calculation to show the general procedure. Then I will show a different approach, proposed in
ref. [1]. In this approach the conformal symmetry of the theory is used, which leads to a map
to R x AdS. Working in R x AdS simplifies the one loop calculation a lot. I will also look more
closely at the procedure to see if some of the features can be applied to calculate the next-to-eikonal
contributions to the cusp anomalous dimension, and the actual calculations are done.
Subsequently I wil describe how the two loop contribution to I'c,s, can be calculated using again
the conformal symmetry of the theory, this time in the form of the conformal propagator. This
conformal propagator makes use of the gauge freedom by gauging away terms that mix radial and
angular parts. The two loop calculation is simplified a lot by applying this method.

11
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Finally, the first steps to use the conformal propagator to do a three loop computation are pointed
out.

12



Chapter 3

Anomalous Cusp Dimension at One
Loop Order

In this chapter we will calculate the cusp anomalous dimension at one-loop order. To regulate IR
singularities, we introduce an exponential regulator in the exponent of the Wilson line, that cuts
off long-distance (A — oc) contributions [4]:

ig/ dA A(An)-n  — ig/ dX\ e ™V A(Nn) - n. (3.1)
0 0

Expanding two Wilson lines, immediately inserting the IR-regulator we obtain the following;:

[e.o]

exp(ig/ dhi A(Ning) - ng e ™Y _”%)exp(ig/ d\j A(\jnj) -nj e
0 0

—mA; 7nj2. )

o[ —) . [° —mAis/—n2
=1+ ing/ d); A(Amz) © Ny e—m)\,; —n} + igTV / d)\] A()\j’l’bj) ‘nj e & J
0 0
. o0 v s/ —n2
—gQTZTj/ d)\z/ d)\j A,u(/\znz) e_m)"' _”?nf AV(AJTLJ)TLJV e & J
0 0

There are two different diagrams to consider, see fig. and The first one will depend on the
cusp angle, the second one will not.

3.1 One Loop Diagram

Now we concentrate on the case with one emission from both lines, order o,y ~ g2. We Wick contract
the two emitted gluons, so that A(A\in;),A(Njn;)y, — Dy (Aing — A\jnj), the gluon propagator. In
coordinate space this propagator is given by [4]:

F(l B 6) Guv

Dz —y) = — Ar2—< (—(z — y)2)i (3.2)

13



CHAPTER 3. ANOMALOUS CUSP DIMENSION AT ONE LOOP ORDER

Figure 3.1: One Loop Diagram in Coordinate Space

Putting this together we obtain:

) 0o —m(Xsy/—n24X;,/—n?)
r(1— , ViAo
L-¢ / A\ / d\; niny I ©

0 0

M = ¢T'T 3.3
g 4r2—e (—()\mz — /\jnj)2)1—f (3.3)
— o/ —m2 ./ _n2
_ ppptd-o n./oodx/oodx A (3.4)
-7 Y "Jo 7 (=(\ing — Ajng)?)t-e '
Now we do a coordinate transformation to get rid of one of the A integrals:
A A1 —
PP (1-2) (3.5)
—n? —n?
which has Jacobian )‘2 — and where we let  run from 0 to 1 (and A from 0 tot oo). This gives us

the following integral:

00 . e—m(Ai —n24X; —n?) e
d)\i/ d\; L (3.6)
/0 o (=(ini = Any))tee n2n?
1 o e—m)\(:v-l—(l—a:)) T - M
_ dx/ X A . _ LNy (3.7)
/0 0 (_AQ(SU\/:TH - (1-2) \/_37122)2)1—5 n?n?
i J
1 [eS) —mA e
0 0 nznjz(—($ TnZ -(1-2) an )2)1-e



3.2. SELF ENERGY

. 00 —m)\

/ da mony / - (3.9)

Joen (1 -y do
J

Now first integrating over A, using again a coordinate transformation A — y = Am we obtain the
Gamma function:

0 efm)\ Ly o) e Y Ly
0 0 Y
Puting this back in our equation and writing out the denominator, we find:
I'(l1—e ! cosh v,
2 % ()
= T Tjif‘ 2 d 3.11
M= 42— (2e)m /0 x(xQ +(1—x)?2 +z(1 — x)2cosh;)1—¢ (3.11)

n; N

,/anLJ

term, the remaining integral can be evaluated:

where coshy;; = — . Now taking the limit ¢ — 0, only keeping the ¢ dependence in the I'(2¢)

/1 dx cosh 7;;
o 22+ (1—-x)?>+x(1—x)2coshy

Putting in this result and using that for small €, I'(2¢) = 5= + O(®) we obtain:

= 7ij coth; (3.12)

11
M = —g*TiTi — 133 coth ;; (3.13)
Now 7;; is real when one of the particles is incoming and one is outgoing. We can define an angle
cosh f3;; = \7;% = — cosh;j, so that ~;; = (;; — im. Plugging this in we finally find:
M= —g*T'T7 — T (ﬁ” i) coth B;; (3.14)

3.2 Self Energy

In this diagram we look at the self energy of a Wilson line. We start with the order g? term of
the Wilson line expansion from (2.23)), but for simplicity in the calculation we take 0 < Ay < A\;
instead of A1 < Ay < co. Also we impose the exponential regulator again:
0 Ai
Mp = —g>T"T / d\; / AN A (An)e NV T b AL (A )Y e AV T (3.15)
0 0
Now again using Wick’s theorem A, A, — D,,:

oo Ai —
Mp = —g2T’TJ/ d)\i/ d)\jDW()\m—)\jn)e_m(’\i'W — Y (3.16)
0 0
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CHAPTER 3. ANOMALOUS CUSP DIMENSION AT ONE LOOP ORDER

Figure 3.2: Self Energy in Coordinate Space

2 m(Ai+A;)V—n?
= TiT Ll =¢) dX; d/\ 3.17
R O Ve e 47
Taking the n outside the denominator, making a variable substitution )\;- = )\j — A; and rescaling
m — v —n?m:
] F(l o 6) n2 %) B . 0 e—m)\;
2 2mA /
=g T —————— dX; i AN — 1
MB g 471'2_6 n2—26 /0 € /)\i ( )\/2)1 €’ (3 8)

Using another variable substitution \; — y = m\ we do the first integration:

0 mA’ 0 - 2\e
d y M\

x T EADIE S m(=y?) :
where I'(z,y) is the incomplete Gamma function I'(a,z) = [ dtt* ' e'. Because later on we
are again going to take the limit ¢ — 0, we can now already throw away the e dependence of the
constant factors. Putting our result back in and integrating again:

M PTTI L /OO e (=AH)T(—1 + 2¢, —m\;)
= i e (A ) (= €, —MA;
B 472 (—mN\;)2e
L(—14 2¢,—mM\;)e 2™ T(=1+ 2¢,m)\;)
2 2 ) 7 ) )
= T — A
472 [ (=X (—mA;)% + (mA;)2e ) 0

Now we see that indeed our infrared regulator makes sure that the \; = co term does not contribute.
For the UV divergence, I first expand around ¢ — 0, only keeping the ¢ dependence in the T'.

Mp = 2T“_rfg ['(2¢ — 1) (3.20)
.1 T(2€)
2 i
= A 3.21
8122 — 1 (3.21)
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3.3. ANOMALOUS CUSP DIMENSION

11
872 2¢
Since we can have this configuration both on the left and on the right Wilson line, we have to count
it twice in the calculation of the anomalous cusp dimension.

= ¢*T'TV — (3.22)

3.3 Anomalous Cusp Dimension

Now we are ready to calculate the anomalous cusp dimension I" up to first loop order. I' is obtained
from the renormalization factor Z as follows:

d
LCewsp = ,u@ log Zeysp (3.23)

Now Z.ysp is used to pull out the divergent factor from the Wilson line. This divergent factor is
given by the ~ 2% terms calculated above:

11

_ 2 2
Z = 1—g ZTZTJ4 5 2 (Bi — im) coth B + 2¢° > T'TT — ST (3.24)
i<j 1<j
_ 2 L
= 1-g ;TZTJ 712 3¢ (B = im) coth B — 1) (3.25)

where we take the sum over all possible color configurations ,j. We can make the u dependence

apparent by writing g?(u) = g?u2¢. Then we can calculate T':

d 7
r = —log (1—g QZJ:T T — ﬂz 26 (ﬁ” im) coth B — 1)) (3.26)
= — 2; '4772 5 ((ﬂ” im) coth 3;; — 1)) (3.27)
- —gQZTzTJ ((Bij — im) coth Bi; — 1) (3.28)
1<J

So we have found here the cusp anomalous dimension at one-loop order. We can see that as
expected it only depends on the cusp angle.

3.4 The Limit v — 0

When we go from (;; to «;; and take the limit v — 0, we see that the cusp anomalous dimension
vanishes:

imj L -
I =—¢* ZT ij((ﬂij — i) coth B;; — 1)

i<j

17



CHAPTER 3. ANOMALOUS CUSP DIMENSION AT ONE LOOP ORDER

=—g* ZTZTJ (745 cothy;; — 1)

1<J
_ 2 0 ]
EL%F g ZT 17— (vij cothi; — 1)
1<J
—g2ZTZT7 (1—1)
1<J

=0

This could have been expected, because of the following: if we interpret the two quarks fields as
operators, we find for the diagrams in ﬁguresomething like Qp,7uQn,. When 7 goes to zero, we
align ny and ne, so we find infyMQm, which we recognize as a conserved current. This conserved
current corresponds to flavour conservation. Conserved currents are not renormalized and hence
there is no cusp anomalous dimension involved, so we expected it to be zero [5].

18



Chapter 4

Conformal Symmetry and the
Conformal group

Conformal transformations are coordinate transformations that leave the metric invariant up to a
scale factor: g,, — g;uj = w(x)gu. Field theories that are invariant under such transformations
are called Conformal Field Theories (CFTs). Many theories that exhibit conformal invariance at
the classical level do not retain this invariance once quantum corrections are added. This also turns
out to be the case for QCD. But when using the free field theory limit oy — 0 one can use the
conformal symmetry, since quantum corrections are suppressed. Additionally, conformal invariance
is also found at the critical point of a statistical system, or equivalently at the fixed point in the
before mentioned renormalization group of a theory. In paragraph we saw that for A = Ax, the
theory is scale independent because of the vanishing § function. This allows us to use some of the
features of CFT to compute the anomalous dimension [2], [6].

4.1 The Conformal Group

The conformal group is defined as the group of coordinate transformations changing only the scale
of the metric, thus preserving angles and leaving the lightcone invariant:

x —

guu(-%') — gLV(;l:'/):w(x)guy(x) (41)

with w(x) the scale factor. We can distinguish four types of transformations obeying conformality,
together with their generators:
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CHAPTER 4. CONFORMAL SYMMETRY AND THE CONFORMAL GROUP

't =zt 4 at P, =—id, (Translation)

't = AjzY M,, = i(z,0, — 2,0,) (Rotation)

't = aqxt D = —iz*0, (Dilation)

't = % K, = —i(2r,2"9, — 2%9,) (Special Conformal Transformation)

These four types generate together fifteen transformations (in four-dimensional spacetime): four
translations, six Lorentz transformations (rotations), one dilatation and four special conformal
transformations. The first two together form the Lie algebra of the Poincaré group. We can write
the commutation relations in a simple form after redefining the generators:

Jow = My
Jflo = D

’ - 4.2
R -

Thus obtaining the following commutator:

[Jaln ch] = i(nad']bc + nchad - nac']bd - nbd']ac) (43)

where a,b,c,d € —1,0,1, ..,d and n,, = diag(—1,1, ..., 1) in Euclidean spacetime. From this we can
see that the conformal group in d dimensions is isomorphic to the group SO(d + 1,1) which has
dimension % (d +2)(d+ 1), agreeing with d = 4 which would lead to the previously found %3 = 15
transformations [6).

4.2 The Dilatation Operator in Minkowski Space

The Dilatation operator generates the following transformation:

ot — =\t (4.4)

d — P)=1"20(x) (4.5)

were A is called the scaling dimension. We can compute the infinitisimal generator D of this
transformation, writing A = 1 4+ «, where 0 < a << 1:

iP(x) = ®'(x)— P(x) = —iwDP(x) (4.6)
= (@) — () + B X) — D(x) (4.7)

= —(az"d, — (1+a)™ +1)d(x) (4.8)
—(azt0, + al)P(x) (4.9)
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4.3. CONFORMAL COORDINATE TRANSFORMATION

where I used that 0,®(z) = W. The factor A that we did not find in the definition of
the dilatation operator above is caused by the fact that ® is not scale invariant. I will elaborate a
bit more on this below.

One can see that the Jacobian of this transformation is |%—’:] = A% where d is the dimension. To
obtain a scale invariant action one therefore needs to consider the power of A that each term of
the Lagrangian obtains; for every ® this is A2, for every 0,® this is A~8~1 This restrains the
possible powers of ® and 0, ® in the Lagrangian when requiring conformal invariance.

Depending on the exact definition, the dilatation operator can measure the dimension. To achieve
this we define DR’ = x#0,. We have seen from the discussion above how ® changes; when we
let our D work on @, in a conformally invariant theory (such that the 6®(x) from is equal
to zero), we obtain the scaling dimesion A which is equal to the canonical dimension of the field
[®]. Moreover, in a theory were this conformal symmetry is broken by quantum effects, ® will not
scale exactly with A2, but will obtain a anomalous dimension 7 so that it scales with A*~7. So D
measures the difference between A and +:

DR P (x) = 29, Px = (A — 7)B(x) (4.10)

Physically this can be understood from the definition of the anomalous dimension; it gives a measure
for the renormalization group flow. When -~ is zero, there is no flow, making the theory the same
at all scales, hence conformally invariant.

4.3 Conformal Coordinate Transformation

A Wilson line starting at the origin in direction n* contains the points z# = sn* for s > 0. A
conformal transformation then simplifies to putting s — s’ = ¢s. Now define 7 = In|z|, with
|z| = V2 — #2. A scale change in s now leads to a translation in 7:

/
S§— 8§ = CS

ot — ' = cxt
7 — 71 =In|2'| =In|y/A(t2 — 72)| = In|cz| = In|c| + In |z|

So if we originally had a conformal symmetry, with this new ‘time’ coordinate 7 we will have
translational symmetry. A scale transformation as generated by the dilatation operator will after
this coordinate transformation become a time translation, whose generator is the Hamiltonian in
these new coordinates.

To exploit the conformal symmetry, it is convenient to work in a radial coordinate system. Consider
a Wilson line in the directon n,, = (cosh(3),sinh(8)f), where @i is a unit vector in R3. Then we
can describe the path of the Wilson line by

t=¢"coshf3, r=¢€"sinhf (4.11)
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CHAPTER 4. CONFORMAL SYMMETRY AND THE CONFORMAL GROUP

Figure 4.1: Figure adapted from [1]. In this figure one can see at the left side the dynamic situation
in Minkowski space. After the coordinate change the situation on the right side is obtained: the
origin is mapped to —oo and the charges are static. The constant cusp angle between two lines at
the left figure has become the distance of two static objects in AdS in the right figure.

where 3, § and ¢ are fixed and 7 runs form —oo to co. Now we can take 7 and 3 as our coordinates
instead of ¢ and r. The fact that § has a constant value for every Wilson line is a key point of
this transformation. We have changed the moving Wilson lines into static objects, that can be
treated as charges. Moreover, when looking at a spatial slide, we see that it is no longer R3, but
has changed to 3-dimensional Euclidean Anti-deSitter space (from now on abbreviated as AdS):

ds* = dt? —dr? — r’dQ3 (4.12)
= €*[dr? — (dB* + sinh? 3dQ3)] (4.13)

AdS is the maximally symmetric solution to the Einstein equation with negative cosmological
constant, and has constant negative curvature (as opposed to deSitter space, wich has constant
positive curvature). Let us take a closer look at the new coordinates. How are they related
to our well-known Minkowski coordinates ¢t and r? 7 actually is the natural logarithm of the

proper time s = V12 — 22 = \/32(cosh2 B — sinh? B). 3 is related to the fourvelocity U* := % =
(cosh 3, sinh 3,0, 0), that is of the form (1, 0,0, 0) in a particles restframe. Actually Uy = v = cosh j3,
with v = Since the Wilson lines move with constant speed, we can appreciate the fact

1
(1-v2)’
that 3 is constant. See also figure
The factor €2 in the metric (4.13)) is just a conformal factor like w(z) in (4.1)), so as long as we

stick to calculating quantities that are conformally invariant we might as well just drop it.

4.4 The Dilatation Operator in AdS

Using the coordinate transformation (4.11)) from Minkowski space to R x AdS the operator x#d,
is changed into 0,:

0 0 or or
o T SR T e
ho, =1 5 r 7 e cosh 5 Or —e" sinh 8 9 O
. dlny/(t? —r2) | dln/(t? — r?)
=e <cosh ﬂT — sinh ﬂT O (4.14)
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4.4. THE DILATATION OPERATOR IN ADS

t . —r

= 67 <COShIBt2_r2 - Slnh ﬁt2_742> 87—
e cosh 3

€27 (cosh? 8 — sinh? j3)

_ sinh 3 —e" sinh 3 > 0.

— T h
° <COS p €27 (cosh? 3 — sinh? 3)

:87_

This operator we recognize immediately as a Hamiltonian, the generator of time translations. So
we obtain the important equality:

DR1,3 _ ,j[,'uau _ 67- _ iHRXAdS (415)

As a consequence, we can calculate energies in R x AdS to obtain the anomalous dimensions in
RY3. The fact that Wilson lines turn from dynamic objects into static charges in AdS simplifies
the calculation; the situation is now similar to electrostatics in the new space.
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Chapter 5

Calculating in AdS

5.1 The Energy of two Static Charges

In order to calculate the energy of two static charges we need to solve Laplace’s equation for the
scalar potential A;: V2A, = JTF_-], where J is the charge current. So when looking at a point( c)harge
T

Jr = 63(x) we have V?A, = §%(z). In AdS, using that in spherical coordinates §%(z) = gﬂz and
we put r = (e7) cosh (3, this becomes:

d(sinh )

VA, = - 19,
27 sinh“ 3

(5.1)
(5.2)

Now we need the Laplacian for Anti de Sitter space. In a general spacetime the Laplacian is given
byV,VH = %QL(\/‘EgW&,), where g = |det(g,.)|. We are working with

g = diag(1, —1, —sinh(B)?, — sinh(B)*sin(6)?).

Leaving out the 0y and Jy4 terms because of spherical symmetry we obtain for the Laplacian:

1 3 LV
vV, V¥ = o5 (9, (sinh? 3¢ 9,)
1 , . .
= m((%(SHﬂP ﬁg 67—) + 8ﬁ(slnh2 ﬂgﬁﬁag))

= .12ﬂ(sinh2 BO? + —0s(sinh? BIg))

S

= 92— 12585(sinh2 B03) (5.3)

T .
S1n

!Note that the other components of J, Jg, Js and Jy, are zero because there is only a static charge.
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CHAPTER 5. CALCULATING IN ADS

Since we are looking at static charges, there will be no time dependence, so 04, = 0. So we only
need the dg term from the Laplacian:

1 i _ O(sinhB) _ 4(B)
sinh? ﬁaﬂ(smh B Op4r) = 2 sinh? 3 27 sinh? 8 (5.4)

Now multiplying both sides with sinh? 3 we obtain Og(sinhQ BOgA;) = % Integrating over 3
gives us

sinh? 3 0sA, = % +C =0 (5.5)

Dividing by sinh? 8 and integrating again we obtain:
A7—<ﬁ) = Cycoth 5+ Cy (5.6)

This first attempt does not satisfy the right boundary conditions. One can see that coth 8 has
a pole not only for 3 = 0 but also for § = im. An easier way to describe this is by analytical
continuation to Euclidean space, putting 8 = ia. The metric then changes into

ds* = dr? + da? + sin®(a)dQ3 (5.7)

so that we have the Euclidean cylinder R x S3. The solution to Laplace’s equation is then A, (o) =
C1 cot a + (5. cot o has a pole at @ = 0 and o = 7, describing a plus charge at the northpole and
an unphysical minus charge at the southpole (since the scalar potential of a charge ¢ is proportional
to ~ % we expect a pole at the position of each charge and the other way around).

Looking at the different spaces we are working with in a little more detail, we see that the Euclidean
cylinder can be seen to connect the two copies of AdS that are obtained from Minkowski space.
The transformation we did took only positive time ¢ > 0 into account. There is another copy of
AdS for t < 0. When we put § = ia, we can go to our positive time AdS setting Re(a) = 0,
and to negative time AdS setting Re(a) = m. Now we want to know where this second pole at
the southpole of the Euclidean sphere comes from. We see now that since it appears at o = m, it
lives in the negative time copy of AdS. So the phantom charges corresponds to forward scattering.
Since we are not considering that here we want to remove this contribution. To get rid of the
incoming Wilson charges it is easier to work in R x S3, since there both the charges corresponding
to incoming and to outgoing Wilson lines can be found, enabling us to remove the incoming ones.
We can do that by subtracting an overal charge density # from the source current Jﬂ Then we
still have a point charge at = 0 but now the the overall charge is zero. This effect is explained in

2Note that at 8 = 0 the § function blows up. Still we can do the integration and obtain a finite potential, except
for at 8 = 0, which simply corresponds to being on top of the charge.

3note that the surface area of S® with radius put to 1 is ﬁ
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5.1. THE ENERGY OF TWO STATIC CHARGES

more detail in the Appendix |Al Now we simply add the constant ﬁ to the right side of 1) For
later convenience we immediately calculate in R x AdS:

Sin}llQﬁaB(Sth BasAL) = m _ #
A
sinh? B 0gA, = ﬁ — 25_;17:12}1(2@
e = Am Shl“hz p " 472 siﬂnh2 8 C(Zlir};ﬂ
A, = Coﬁﬁ—ﬁzﬁﬁzﬁ(W—ﬂ)comﬁ

where we left out the integration constants. We are ready to calculate the energy of two point
charges, using £ = V(gA;) and that Ep.(812) = %fQB(El + Ep)%:

1 - - q1q - =

3 / (Ey + By)? = % VAry VA, (5.8)
Qg QB

where the infinite self-energies where thrown away. Now if we put ¢; at the origin and g2 at distance

B2, Ar1 = A (B) and A, 5 = A (B—[12). Integrating by parts and applying the equation of motion

VZA;2 = 6(8 — Bi2):

Epair(f12) = %72(12 6147,1 : 6147,2 (5.9)

Q3
- a5, (5.10)

2 Ja,
= BB 41805 Bio) (5.11)

2 Jo,
= TEA(Bo). (5.12)

Putting in our expression for A, we obtain:

Epair (B12) = 5 [( + 1) coth Bz + C (5.13)

We still need to fix the constant C. Unfortunately we can not use the limit 3 — 0 to do this
since this point is singular. Luckily we can use 8 — im = 715 — 0, since this corresponds to an
incoming charge continuing without a cusp. When there is no cusp, the corresponding divergence
is absent and I'cys, has to be zero. Hence the corresponding energy has to be zero as well. So
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Epair(712 = 0) = 0 which fixes C' at —i. Restoring color factors and the coupling constant for
QCD, we obtain:

tQ

Eifpp = — ZTZ‘ . Tj[(,Bij — 4m) coth Bij — 1] (5.14)

1<j

s

Going back to the cusp anomalous dimension in R%? by multiplying with i we obtain for I':

I = —% ;Tz . Tg[(,@zg — i7T) COth ﬁz‘j — 1] (5'15)
1<J

which agrees with equation ([3.28)).

5.2 Calculating Energies in AdS using the AdS propagator

In this section we will repeat the calculation done above using field theory. Besides using the Laplace
equation, the potential A, can also be calculated using the gluon propagator. The potential induced
by the charge density J”(y) is then found as follows:

Aule) = =i [ d'yDufw.0)7 () (5.16)
Just as before we use J7(y) = 63(y) and J(y) = 0:
A (z) = —i/d4yDTT(x,y)53(y) = —i/ dt' D, (x;t,0). (5.17)
0

Where we used that the gluon propagator is diagonal (i.e. is zero for p # v. The position space

gluon propagator in minkowski space is given by D, (z,y) = ﬁ (zgf;)g (for now we use the exact

propagator, without regulators). Going to AdS coordinates, projecting on the 7 coordinate:

oz* Oy” 1 2"y’ gu 1 z-y
Dy () = Dy, y) SOV L 20 12y 5.18
(.y) o (2:9) or Ot An? (v —y)? 4An2 (z —y)? (5.18)

Now using x = €7 (— coshy, —sinh~, 0, 0) and Y= eT/(l7 0,0,0) we can calculateD,,(7,7;7',0):

1 e™ . —cosh~y
Do (1,v;7,0) = —
rr(m ) 472 (—e7 coshy — e™')2 — 27 sinh?

1 cosh y

42 e (r+T) (€27 cosh? y + €27 — 2e7+7' coshy — €27 sinh?

“Note that we are doing the calculation for the DIS case, where v (and not 3 = v +47) is real, since this simplifies
the calculations
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B 1 cosh vy
_m 6,(7-+‘r’)(62‘r + e2m’ _ 9T+’ COSh’)/
B 1 cosh ~y
C4m2 e 4 e~ (=7) — 2coshy
1 cosh ~y

872 cosh(T — 7/) + coshy

Putting this together and integrating we obtain for A.:

i &0 cosh ~y i
A, dr’ = — th 1
(7,7) = 82 /Oo T cosh(t — 7/) 4+ coshy 472 (y cothy + C), (5.19)

which agrees with . We see now that A;(y) does not depend on 7, even though in principle
there could have been some 7 dependence left after the integration. This confirms again that the
cusp anomalous dimension only depends on 7. The constant C' can again be determined by setting
the energy of a conserved current (v = 0) to zero, so that C' = —1.

We are now also able to make the connection with the one-loop calculation from paragraph (see
figure , but now with one outgoing and one incoming Wilson line in respectively the directions
ny = (1,0,0,0) and ng = (— cosh~y, —sinh~, 0,0), as we just did in order to calculate the potential.
Without dimensional regularization and infrared regulator the integral for this diagram in position

space is
/ ds / a2 (5.20)
(sn1 —tng)?’

To solve this integral we put the components of n1 and ngy in. The next step is to do the coordinate
transformation t = se” to make use of the AdS coordinates, and at the same time pulling the overall
scale to the ds integral:

/ ds / dt—2"2
(sn1 — tng)?
(s + tcoshv)? — t2sinh“ vy

o ds /°° gt cosh ~y
0 52 + 12 cosh? y 4 2st coshy — t2sinh?

—/Oods/oodt cosh ~y
0 0 s2 + t2 — 2st coshy
_ /°° s /°° ir se” cosh
0 s2 4 s2e?T 4 2527 coshy
:/Oods/ ir e’ cosh~y
0 S J_oo 146> +2e7 coshy
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/°° ds /OO coshy
= — dr
0 S J_oo 2(coshT+ coshwy)
:/ ﬁvco‘chv.
0 S

The integral over ds can be regulated to log(/j\\%). Putting this altogether:

Arr
= log( IR
(4)? Og(AUV

)y cothy (5.21)

So again we find the same dependence on +.
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Chapter 6

Beyond the Eikonal Approximation

All the calculations done so far made use of the eikonal approximation, in which only the lowest
order in the gluon momentum ¢ was taken into account. In position space this leads to the simple
expression for a Wilson line from equation , which is conformally invariant. This conformal
invariance no longer holds for the next to eikonal cases. In the following section I will give an
overview of the steps done to calculate the cusp anomalous dimension, starting from the one loop
diagram. I will do the same steps for the next to eikonal diagram, showing the difference between
the two.

6.1 Eikonal vs. Next-to-Eikonal
Eikonal: Step 1 As shown above, the one gluon vertex in the eikonal approximation is

n - A(g)
n-q

Next to Eikonal: Step 1 Expanding the propagator around small ¢, the first term appearing
after the eikonal approximation is given by:

®: q-Aq)

2p-q

And the second term is given by:
@ . P Ag) ¢

2(p - q)?

For a detailed derivation of these terms, see appendix
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CHAPTER 6. BEYOND THE EIKONAL APPROXIMATION

Eikonal: Step 2 As I showed in section 3, using eikonal exponentiation the Wilson line is given
by

W(C) = Pexp(ig /000 dX n - A(n))).

Next to Eikonal: Step 2 Using the same method (see appendix , the next to eikonal correc-
tions can also be exponentiated, obtaining a derivative of A, in position space:

Wivea(C) = Pexp(~ - /OOO d\ & - A(n)))

Wi (C) = 73<—:'Xp(2i /00 dAXN=0%)n - A(n)\))

K Jo

where we put p = kn.

Eikonal: Step 3 This expression is invariant under conformal transformations over the line:

A — N=¢c)
Ay(An) — A:L()\'n):c_lAH(/\n)

where the transformation of A,(An) is calculated as: Aj (\N'n) = dr’ A, (An) = %:AV()\TL) =

dz'F
¢ 1A, (An). Now the conformal invariance of the expression can be shown:

ig /OO d\ n - A(n\)
/ d\' n' - A(n\')
= g / d\ cnc! - A(n))
/ d\ n - A(n\)
where n — n' =n

Next to Eikonal: Step 3 Imposing the same transformation, looking again at first order in g,
we see that the next to eikonal expressions do not exhibit conformal symmetry:

(1): 2 /Oood)\a-A(n)\)
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6.1. EIKONAL VS. NEXT-TO-EIKONAL

— g / dN 9 - A(nN)
0

= I / d\ ¢ 9. ¢ TA(nN)
0 c

= 34 c—l/ d\ 9 - A(n))
0

2: £ /Ooo AAN=0P)n - A(n))

- / AN N (=0?)n - A'(n)\)
0

o) —82 .
= L dAc )\C(CT)H -¢ T A(nA)
0

= £ c_l/ dAXN(=0n - A(n))
0

These expressions are clearly not invariant under a conformal transformation A — ¢\, instead the
symmetry is broken by %

Eikonal: Step 4 When we do a coordinate transformation to 7 = In|z|, scale invariance is
turned into translation invariance. Putting at the same time n* = (cosh 3, sinh 1) we end up in
R x AdS. In this space, the Wilson lines can be represented by static charges; they can be fully
described by a constant (3, independent of 7. In the new coordinates (7, ), the Wilson line can
be described by a charge located at some constant §;. The current density four vector J* is thus
reduced to J7 = §(3 — ;) (up to some constant normalization factor). J# is zero, because there is
no charge flowing in the [ direction. This can be shown explicitly (see [7]):

ig / d\ n - A(n))

0

= g / dre™nt A, (n\)
0

= g / drit A, (n)
0

= g / dr A (n\)
0

= g / dr [ dxr/—g® 63 (2)As(neT)
0
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CHAPTER 6. BEYOND THE EIKONAL APPROXIMATION

where ¢® is the spatial (AdS) part of the metric. Now we recognize the general form of a source
term in curved space i [ d*x —gj"A,. Equating the two:

ig/ dT/ Bay/—g®6C) (2) A (ne™)
0 AdS

= i/d4:c\/7—gj“AM

96 (@) = j" (x)
where I used that for our metric \/—g = \/—g®.

Next to Eikonal: Step 4 When performing the coordinate transformation, the next-to-eikonal
correction can not be mapped to a static charge anymore. Of course changing A into ¢ - A is still
the same as changing 7 into 7 + ¢. But this translation in 7 does not leave the next to eikonal
correction invariant, so we do not obtain static charges. Furthermore, because we lost conformal
invariance, we are no longer allowed to discard the conformal factor e?” that we had in front of
the metric in equation . Still we can try to apply the method used to find the eikonal charge
density to these next to eikonal cases.

(1): 2 /Oood)\ﬁ-A(n)\)

= 32 /0 dre” 0 - A(n))

Now it is not so clear how to project this onto the 7 coordinate. J,, does not consist of J, only,
since also the A; can participate. The solution to the Maxwell equations in R x AdS then becomes
considerably more complicated. Presumably it requires solving an electrodynamics problem in
R x AdS. Even though it is not immediately clear how, one can see that when J; # 0 one also
obtains a nonzero magnetic field B, on top of the E field obtained in the eikonal case. So even
if the current describing this situation could be found, it would make the calculation a lot more
complicated than the eikonal one.

2): & /OOO AAN(=0*)n - A(n))
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6.2. NEXT TO EIKONAL ONE LOOP CALCULATION I

= /0 dr e*(—0*)n - A(n))
= /0 dTezTn“(—ag)A“(n)\)

-4 /0 dr et (—0%) A (n))

As long as we do not know how to write 82A# as a function times A,, we do not know how to
extract j7 from this. But we can calculate the whole integral, and will find that is is equal to zero.
So since this next to eikonal correction does not contribute to the cusp anomalous dimension, we
could say that the charge density is equal to zero as well.

Eikonal: Step 5 The dilatation operator z*0,, that is used to calculate I'c,5, becomes the energy
operator ¢0,. This implies that the cusp anomalous dimension can be calculated as an energy. The
constancy in time allows us to calculate the energy doing classical electrostatics, the only possible
issue being the AdS space in which we’re working. Indeed, analytical continuation shows us the
appearance of a phantom charge. This issue was addressed and the right anomalous dimension

found (see section and appendix .

Next to Eikonal: Step 5 Even though we can not use the classical electrostatics approach that
worked so well in the eikonal case, the coordinate transformation to AdS space still helps to solve
the position space integral for the next to eikonal contribution to the cusp anomalous dimension.
This is worked out below.

6.2 Next to Eikonal One Loop Calculation I

Even though we can’t make use of conformal invariance as with the eikonal approximation, we can
at least use the AdS coordinates to simplify the calculation. The first correction to the one loop
diagram is given by the next to eikonal correction of one of the two vertices, combined with the
eikonal approximation of the other vertex:

MNE = —ngTiTj/ d/\mf AM()\ZNZ)emAZ\/n?/ d/\j(?”Ay()\jnj)e_m/\j\/;? (61)
0 0

Putting n? = 1 and contracting A(\in;),A(\jn;), we write this as:
MnNE = —ig TZTJ/0 d)w;/o d)\jnfg”pa—yp D, (x— y)e At (6.2)
3
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CHAPTER 6. BEYOND THE EIKONAL APPROXIMATION

Figure 6.1: Diagram to be computed to obtain one loop cusp anomalous dimension at next to
eikonal order. The next to eikonal vertex is denoted by a black dot.

where we put back zH = )xmf and y* = )\jn? . Performing the derivative we obtain

Mnyg = iQQTiTJ/ d\; / d\jnl'g ”"— Dy (z — y)e mPith)

F(l - 6) g l/efm()wﬂ*)\j)
QTZT] / / PL Vpi _ L

~ig Dy P o e g

o I'(1—e)e™NH M) g, —(z, — y,)(2 — 2€)
= _i?T'TV : nfghP(— ; 5

1g°T"T" / dAz/ dAan 9 ( Am2—e (_(1' - y)2)2_5 )

(1 —ee m(Ai+Aj) (N — A\jni-nj)(2 — 2¢)

— _ QTlT]/ d}\ / d)\ 1 7' ] .

ig 42—e (—(Nini — Ajnj)?)2e

Now we make use of the AdS description and take out the scale dependence by putting n; =
(= cosh~y, —sinhyn), n; = (1,0,0,0) and A\; = \e™:

ra- Ai(1 4 e coshy)emAill+eT)
2 T

= T'T7 dA; dr Aie

Mup = —ig 47r2 ¢ / / ! (=A2e7(e” + e + 2cosh )2~

Now interchanging the integrals, to first integrate over \;:

Myg = —ig*T'T?

I'(1—¢€)(2— 2e) /°° e"(1+ e cosh~)
dr
42—e oo (—€T(eT+ e T +2coshy))?e

AZ —m;(14€7))
x/ d; —)\4 e
0 i
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6.2. NEXT TO EIKONAL ONE LOOP CALCULATION I

evaluating the integral over A;:

d
42—e oo T (—eT(e™ + e ™ 4 2coshy))2—¢€

x(m(1 + €)1 720 (=1 + 2¢).

Myg = —ig*T'T?

I'(1—¢€)(2— 2e) /OO e (1 + e” coshvy)

Now we take the limit ¢ — 0, keeping the e dependence only in the divergent I'(2¢ — 1):

Y

o 2m T(=142€) [ (1+€7)(e” ™ + cosh~)
2

NE = 7T d

Mne "9 472 /_OO T 4(cosh T + cosh)?

where we extracted e?” from the denominator and the denumerator. Evaluating the integral:

- amirmi 2m T(—=1 4+ 2¢€) 2 2
2

e Al i S 3

M 9 42 (3 Tsony)
I'(2¢)

2¢e—1

m
472

~
1

(1+ sinh*y)
L)i
sinh~y” 2¢

= —ig*T'T’

- iy T
= gT'T7—(1+
Extracting the e dependence from g? as before we can add the term to the anomalous dimension
calculated in (3.28)), so that we obtain for the next to eikonal correction to the anomalous cusp
dimension:

Cyg = ig? ZTZTJH(l + Sirlh,Y) (6.4)
1<j

Having found this, we should also take into account the next to eikonal contribution from the other

side:

MNE’ = —ingiTj/O d)\laf AM()\an)emAl\/n?/O d)\jn]”-Al,()\jnj)e_m/\j\/n? (65)

Applying the same steps as before:
Mpypg = ig*T"T? / d)\i/ d/\jngg“p@ Dy (x — y)e mAiTA)
0 0

X s 00 o P(l _ 6) g Ve—m()\iJr)\j)
2 v "

= —ig°T*T d\; d\inX P —— (—

ig /0 z/o 9" e s (T (_($_y)2)1_6)

i [ > D(1—e)e NN g, - (2, = yp) (2 — 2¢)

=— QT’TJ/ d/\i/ d\jn’ gh? (— e :
R S S e ) ©9
arirmi [0 0 (1 — e)e ™M) (\ing - nj — \j)(2 — 2€)

= —i QT’TJ/ dAi/ d\; — L
/ 0 o A2 (—=(Aini = Ajnj)?)? ¢
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CHAPTER 6. BEYOND THE EIKONAL APPROXIMATION

Again using the AdS fourvectors n; = (— cosh~, —sinhyn), n; = (1,0,0,0) and A\; = A\e™:

oig (L — Ai(coshy + e7)e~mAill+eT)

2t T

r = —ig“T"T dA; dr \ie 6.7
Mxe "9 47r2 € / / T (—A\2e7(e™ + e~ 7 + 2coshy))2—¢ (6.7)

Integrating over \;:

o D(1 — €)(2 — 2¢) €"(coshy +€7)
Myp = —ig*T' T’ / dr
NE " 47?2 € —eT(e™ + e 7 4 2coshy))?¢

) 2 ,—mA;(1+e™))
X / dAi/\leX;ze
0 i

zngZTJF(l €)(2 — 2¢) /°° dr e (coshy +e€”)
42— oo (—eT(eT 4+ e T +2coshy))2€

x(m(1+ ")) 72T (=1 + 2¢)

Taking the limit e — 0 and integrating over 7:

Myp = —ig*T'T?

2m I'(—1 + 2¢) /Ood (I14+e7)(e” + coshy)

472 oo g 4(cosh T + cosh)?
- g2TZTJ2mr(47T:;+2E) % ZSiZh'y) (6.8)
—zg2TZTJ 472 (1+ sin’ily)Zre(ie)l
zg2T’T] 472 (1+ sin’L'y)Qle B
So the two contributions add:
MNE combined = 2ig° ; T'T 47r2( + sinﬂiw)Qle (6.9)
s0 that Tewsp,NE = 209 20, T'T7 425 (1 + k=)

6.3 Next to Eikonal Self Energy I

The next calculation I will do is the first next-to-eikonal self energy. Analogous to (3.15)) the integral
to be solved is:

. Ai
Mygsp = —ig*T'T’ / dX; / dAjn A,L(Ami)e—mM\/rT%a”Ay(Ajni)e—mxj\/77%
0 0
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6.3. NEXT TO EIKONAL SELF ENERGY I

Figure 6.2: Diagram to be computed to obtain self energy at next to eikonal order. The next to
eikonal vertex is denoted by a black dot.

= —ig?T'T’ / d\ / d\jnk g”"

2 7m()\i+)\')
g i vk _g,uu(2 — 26) ) _(ajfﬁ - yn) !
_z—QT 77 / dA; / d)\jngg (=927 (6.10)

—26)(Ni — XNy on i
TZT] d\; d)\ M v 277 —m(Ni+A;)
/ / =2 = AR

W()\mi — )\jni)e_m(’\"+>‘f)

To solve this integral we do not even need the AdS coordinates, since everything ‘lives on one line’
and n!'n;, = 1. First we rescale the integral over t: t — t' = st

2 1
_ 2a ok} 1—2¢ / 4\ —342€ N\1—2¢
= 7r2TT( —2¢)I'(—1+ 2¢)m /0 dt'(1 -1t (1+1¢)

2e)(s —t) _
- _ i \& ™ af)\2 = Y —m(s+t)
MnNESE = 42TT/ ds/ dt_ —t)) e
26 (1 - t/) _ /
—iZL_TiTIi / ms(1+t")
147[_2TT / ds/ dt's 82 — ) _€
1 2
— aar] /(2 — 26)(1 —1 ) / S —ms(1+¢")
Z747r T /0 dt a2 J, d834—2€€ (6.11)
— g’ TiTi /1 dt/(2 —2e)(1 1) T(=1+2¢)
4m? o (=1 —=t)2)2 e (m(1+1))" 1+
)

'

Now we recognize the hypergeometric function: B(b,c—b)oFy(a,b;c;2z) = fol 21— z)e (1 -
zx)~*dz, with
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CHAPTER 6. BEYOND THE EIKONAL APPROXIMATION

b—1=0 — b=1
c—b—1=-3+2 — c=-1+2¢
—a=1-—2¢ — a=-—1+42¢
z=-—1

Plugging this in we obtain:

2

A@wﬁE:_4ffTﬁﬁ@—2@P@4+aam#4%xL—2+2ozFﬂ—1+2gn—1+2q—n

g 19 D(1)T(—2 + 2¢)
= = _T'TI(2 r'—1+42 € Fi(1,—1+2¢;—1+ 2¢;,—1
4 2 ( ) ( + e)m F(—1+2€) 2 1(7 =+ 2¢; + Ze; )
2
= 42va@ 26)m! 2T (—2 + 2¢)(1 — —1)7!
g 2 —2e 1
TZT] -
a2 ( 2+ 2€)(—1 4 2¢) 4e
2
——%frwﬂl
472 2 2e¢

Now we can have both the eikonal and the next to eikonal vertex ’first’, and on both lines, so that
the whole thing has to multiplied by 4. Extracting the anomalous dimension gives us

2

—i 5T 2m

Combining this with the cusp anomalous dimension we found from this first next to eikonal cor-
rection, we obtain:

2

m y
Tng = 2ig?y T'T7 1 ~_TiTi9 6.12
*9 ; 47r2( + sinh’y) - 471'2 m (6.12)

mo oy
=2ig>?y T'TI — 6.13
" ; 472 sinh ~y (6.13)

Note that in this result m did not drop out. The linear dependence on m was expected from the
linear divergence, but makes it difficult to compare this result to massless literature.

6.4 Next to Eikonal One Loop Calculation II

In the same way as the first next to eikonal correction, the second next to eikonal correction can
be calculated using the coordinate transformation inspired by AdS. The next to eikonal correction
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6.5. NEXT TO EIKONAL SELF ENERGY II

. 2 . . . . . . .
is given by 5" (’2 {g))f in momentum space. As is derived in the appendix |B| this can be written

in position space as 3 JoT dAX(=0*)n - A(nX). The correction to the cusp anomalous dimension,
taking into account only UV regulators, can thus be calculated through the following integral:

Mypz = —ig*T'T’ / d\ing’ Au(ing) / dM A 0% Ay (Njny)
0 0
= —ngTiTj/ d)\l/ d/\j)\jnan AM()\mi)(’?QAl,()\jnj)

zg2T’T]/ d)\/ d\jAntnY 0Dy (Ning, Ajn;)

Now in principle 92D, (z — y) = guw6%(z — y). But to make sure that the ‘+im’ description
(where m is a small mass) that is usually omitted in the denominator of D,, is right, I use the

momentum space description: 92D, (z — y)e‘m(‘/ﬁﬂ/?) = %szime_ik(m_y)_m(er\/ﬁ).

Using n; = (— cosh~y, —sinh+~,0,0) and n; = (1,0,0,0), we can compute the integral as follows:

Mg = —ig?T*T? / d\; / dXj Ajnknl 9% D ., (Nini, A\jn;j)
0 0

oo 9] d 2
= —ig2T7’TJ/ d)\i/ dX\j \jn; - n; /dk k o~ ih(a—y)=m(VaZ+1/y?)
0 0 (2m)? k2 +im

= —ig?T"T7 cosh

> ddk k? —i(ko(—As coshy—X;)—kiA; sinhy)—m(Xi+X;
dAZ A\ N e~ (ko i coshy—X;)—k1\; sinhy)—m(X;+X;)

0 0 (27T>dk2+2m
/ dAi/

- d—2
= —ig*T"T cosh~y dA; )\j/ "k 50(Ai coshy 4+ A;)d(A; sinh y)e ™R tA)

(2m)4-
h di- 2k
= QTZTJCOS 7/ d\; / —A\; coshyd(\; sinhv)e ZmA"')

=0

We see that the integral vanishes due to the delta function.

6.5 Next to Eikonal Self Energy II

The self energy of the second next to eikonal correction can also be calculated, analogous to the
previous section:

. . m A’L
MnNESE2 = —iQQTZTj/ d\nt! Au(/\inz’)/ dX\jAnf 0 Ay (Ajns)
0 0
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00 i
= —ig*T'TI /0 d\; /O A ntn? A, (Ning) 0% A, (An;)

= ig2TZTj/ d)\l/ d)\]AJTLfTL,lL/ (")2DW()\mi,)\jni)

d 2
Zg2Tsz/ d)\/ d)\ / dk e—ik~(>\i—)\j)n)\je—m()\i—l-)\j)

2m)4 k2 +im
One important difference is that now the vertices are on the same line, so that that we will get
only one delta function:

dkoy _; e
/271'6 ko(Ni—Xj) :5()\2 _)\]) (614)
Plugging this back in the whole integral:
di— 1k
MnNESE2 = —ZQQTZTJ/ dX; / d)\; / — M)A e )

d—1
ngTlT]/ d/\/ d k e 2mAi

S 1
- 2
— _igri [ 2P T
" /(27r)d1 4m?

Another approach would be to really use the spacetime propagator and actually calculate the
derivative:

) 1
? [(z —y)? +im|t—
_ 0? 1
=9 o o =y

_ 0 —(2—-2€¢)(z, — )

Ozt [(x — y)? +im]?>—

—(2—2¢)gm (2 = 2¢)(zy — yo) (4 — 26) (@ — yu)
= g ( 1 B = Yu >
[(

T Y)? Himf (& — y)2 + imP
_ —(2-29d  (2-29(4 -20)(x —y)®
[(z — y)2 + im]2¢ [(z — y)2 + im]3—<

CENET O

Now since z and y lie on the same line, (z — y)? = (\; — Aj)%. We now rescale \; = AN}

(o) i :
= —ig°T"T’ d\; dX;i\; J
MNESE? ig /0 /0 NG — A2 + im]Bfee
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6.6. THE LIMIT v — 0

2 1 y\24/ im —mA; (1+X))
17 AN AN
9 / / IR = N2 P ’

= i T / /1 dAjA e~ N HN) m
=Y Ai AO-2 3 (1= )2+ impP—

2pi im Oo A7 e~ (1A
—ig TTJ/ AN >2+Z_m]3_€/0 dA; e (1+2;)
2rmirng im . 3—2¢
ig?T'T / DN T3+ 20l + 1)
J

. D rmirmi m -11 3
— —ig®T'TI [ AN e (m(A; + 1
‘9 /O NI = N2+ impP 6 5c (M +1)

Vm((20 + 3im)m — 164) + 3+v/—1(1 4 im)(m — 2i)(m — 4i) tan™* (“\%

_ 2y 4
1g”T" T im 82 (m — 1)

m?/? (W(@o + 3im)m — 16i) + 3v/=1(1 + im)(m — 2i)(m — 4i) tan~! ((7%/

2rpirpj
= g“T"1”
g 8(m — 1)

=04 O(m*?)
where in the last time the O(m) term is zero, so that the whole expression vanishes when putting
terms of higher order than linear in m to zero.
6.6 The Limit v — 0
An interesting limit to examine is when v — 0. This is the same as stretchting the cusp to a
straight line, so that one expects the cusp anomalous dimension to reduce to the self energy, so

that the total anomalous dimension is zero. As we have seen, this is straightforward for the eikonal
situation:

= —g¢? ZT’TJ ((Bij — im) coth B — 1)

1<J
= —¢* Z T’TJ 5 (745 coth i — 1)
1<J
lim T = —¢? TZTJ (1-1
i<y

For the first next to eikonal correction, this is not so obvious. Taking the limit v — 0 for the cusp
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anomalous dimension gives the following self energy:
m

m
42 2

Y ) irpg M ) ij
1 =2 TT7—(14+1)=4 17—
(1+ sinh7) v ; 47T2( +1) = dig ; 47

i ) i
71£%2zg ZTT
1<J

This is a factor two bigger than the self energy we found, so the self energy does not immediately
cancel the stretched out cusp anomalous dimension. This make sense if we think about the conserved
current we found for the eikonal case; for the next to eikonal case, the operator ), associated with
the next to eikonal line will change. Since the next to eikonal vertex obtaines a term ~ the gluon
momentum, we will probably find a derivativelike term. Allthough it would be interesting to find
an exact expression in terms of an operator, this goes beyond the scope of this thesis.

6.7 Summary

The most important ingredient of the calculations above is the use of conformal symmetry to map
the Wilson lines to AdS. This allows us to calculate the cusp anomalous dimension as a static
electric charge, using Laplace’s equation. Amnother possibility is to calculate it using the usual
integral approach, but now exploiting the AdS coordinates to simplify the integral. For next to
eikonal calculations, the main computation advantage of the symmetry is lost. Though it might
be possible to write down equations for the next to eikonal charges in AdS or something similar
to AdS, this is not as clear as with the eikonal case. Also the re-introduction of the conformal
factor e?” that could be neglected in the eikonal case complicates the calculation. Still the next
to eikonal integrals can be written down, and the coordinate transformation used to map to AdS
can be applied. This somewhat simplifies the integrals. The first next to eikonal correction gives
a contribution dependent on the infrared regulator m. This agrees with the linear divergence
expected, but makes it hard to compare with the massless literature otherwise. The second next
to eikonal correction vanishes, which agrees with the ‘Glasgow prescription’ in momentum space.
A better way to exploit the conformal symmetry is by applying the procedure described above to
eikonal two-loop calculations. This will be worked out below, but first it is necessary to define a
conformal gauge.
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Chapter 7

Conformal Gauge

If one wants to fully use the AdS description given above for higher loop computations, it is no
longer convenient to use the Feynman Gauge propagator. To be able to describe the particles as
static charges one needs to decouple the time and spatial coordinates. In other words, one would
like to have a gauge that satisfies D,;(z,y) = 0, where Dri(x,y) = 2*D,,(x,y). One can impose
this as follows: given that A, = z"A,(x), it is required that z#D,,(z,y)A”(y) = 0 whenever
y*A,(y) = 0. This garantuees that D,; = 0:

a Dy (2, y) A (y) = 0 (7.1)
D’T‘l/(w7 y)AV(y) =0 (72)
Drr(2,y) A7 (y) + Dri(,y)A'(y) = 0 (7.3)
Dyr(2,y) - 0+ Dri(z,y)A'(y) = 0 (7.4)
hence

Now instead of fixing a gauge using a gauge fixing term in the Lagrangian and from there on
deriving the propagators, the gauge freedom is used to find a suitable propagator immediately. In
order to do so, a class of propagators is considered:

Dy = Dhul) + M) + 5 Aulr) (7.)
7.1 Fixing the Gauge
Now the following Ansatz is done:
Bl ) = rapsi50(0, ), (7.7)
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. _ zy — |yl . .. . .
with a = Tl and g = ] Plugging this into equation 1)

x‘“ij(SL‘, y)Ay(y) =0 (78)
0 0
"Dy A" . A — A, A" (y) =0. :
DL A ) + 3 (5 M) + o Aulann) ) A7) =0 (7.9
I will first calculate %Au(y, x) + %Ay(aj, y) separately:
d 0 d x 0 Y _
83/” H(ywx) + Ot ($,y) K‘d| ’d_gg(aaﬁ) + axﬂﬁd]y\d—Qg(a’ﬂ )
B r, O Y, 0 1
(|.’E|d 28y g(Oé B)+ ‘ | 8 ,u ( 7ﬂ )

_ z, 0g9(a,B) O 9g(a, B) OB
_””d<yx|dﬁi2( do oy T o5 oy

v 0gla, 7Y 0o Og(a, 1) 051
+y(g(ﬁ)+g(ﬁ)ﬁ))

|ly|d—2 da Ozt op~—t Oz
Ty 89(0" ﬂ) Ty Yo - Y 89(0‘7 5) Yv
= K — —|—
(s o Gl e T 08 Ryl
vy O0g(a, 7Y,y  muz-y,  Og(a,B7Y) my,
+ _ 7.10
7 e Gl T L e T i) (7.10)

Now remembering the condition 2D, (x,y)A"(y) = 0 whenever y*A,(y) = 0, we see that all
terms containing y,, will vanish upon contraction with A”(y). So we can simplify:

D)+ - D P e
e G e T s ) )
= 2Dy, (x,y) A" (y )+:c“md|;|“qu2 89(80;,8) |j‘”m|A”(y)
= 2DE (@, ) A (y) + ﬁdaggzﬁ ) ,;j?mfl”(y)
=t —guy[_(w:{?‘j)z]g_lA”(y) + mdag(;; P) ’x|i”3|y|A”(y)
= g (2 L 99@P)) iy =0

—(x—y)23~" |2yl 9a
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where I put in the Feynman propagator ny(fv, y). we obtain a differential equation for g(«, 3):

1 B 1 9g(a,B) _0
[—(z—y)22~t  [2l"Byl Oda
og9(a,B) =[Pyl 2| ly]
o[- —yPliT (a2t 2wey)i
Now we can use that z -y = «a|z||y| and |y| = [|z| to write:
o ol
(~22—y2+20-y)570 (a2 — F22 + 20fa]ly)) s
2|8
#2208 -1 @)
_ p
(208 -1- )i
so we find
395;%@ _ s _ (7.11)
¢ Qap-1-p)
This can be integrated easily to
o0 8) = = (20—~ 127 — f(3)>°) (712)

where f(3) is an arbitrary function of 3 and the power 2 — % garantuees the right behavior in the
limit d — 4. Plugging this into our Ansatz (7.7)) for A,(y,x) we obtain:

d

(208 - 12— (P )

|z|d=24 —d
2

Kd Ty ((2 -y ’y| y 1)2*% _ f(/@)2*%>

T 4= d Pl \ ey 2]

Au(y7 .73‘) = Rd

2
_ Kd Tul, ovo-d T Y Y 24 4—d 24
= S (@S - L -2 — o i (9)2E)
Rd Ty d

= g (=R = el (B

In principle we now are ready to find the conformal gauge propagator. First I work out the derivative
—1 —1
terms 89(6035), agg)é’ﬁ), 89(%’5 ) and %, because we will need them to calculate (7.10)):

9g(ct.8) _ G _ el
fa  (@ap-1-pr [~y
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dg(a,B) 1 d 2 1-4 _ o d 1—gaf(ﬂ)

o5 = 1=l 5)@es — 5~ 17520 —25) — (2= 5)F(5) E7 )
ey e o wy bl e 000)
=5(0% 0T A ) 1O )
12y —y - ey |y 1-29f(B)

2l e 2y ) 9 o)
1 d 2 . a0
— 5 (e -t - i - sy 420
Og(as57) - el
da (2087 —1- 2" [~(z -y
-1 d d a0 -1
28— (- Deas - 57 e 267 - (2 - s E L
1 d 2 . a0 -1
Gt R R STC S R i A0
Now plugging everything into equation ((7.6)
0 0
D,u,z/ Dﬁy(:ﬁay) + ayVAM(y7$) + @Al/(:nay)
o KRd Ty ag(aw@) Ty Yty 39(0[, B) Yv
=g i o Gl et o5 el
yo 99(a, 7))y wuwey.  9gla, ) w,
5 o Gallgl ~ TPl 01 Tellg)
o . Guv Ty |$|d_3|y| Tv WY
=i~ (=, e el el
L eyt 2y -2 0F(B)y uw
# 3 — Pt (T ) - sy e

Yv

2

= o - g

T

[yl | (Yo Tty
2llyl ~ TaPlyl
d 2 z-y
R

_yr- y) TuYv

.’132y2

(x

)

x#|y‘ Ty
(g
[—(x —y)2)2 ! ( ] Mallyl 2yl
yV|5E|( Yu — Tpl Y
yl Clellyl [=Plyl” y?a?
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7.2. CONFORMAL GAUGE VERSUS RADIAL GAUGE

TplYv 1 1—iaf(5) LpuYv 1 —1\1— daf(ﬁ )
77 2 + _
(i ol O g e/ 0T T )
o Rd . T,Ty . TpYv i TuYv _ _ YuYv
- [—(x—y)2]§—1< v + =2 21:2y2x y+my R y? )
TpYv 1 1—gaf(ﬁ) TulYv 1 ll—iaf(ﬁ )
Rl T ) )
Kd TuTy YUy | 22u(T Y)Yy
e T Y S
s (=P8 = xlal, ly)'~)
where x(|a], [y))*~? = WLz L £(8)1 -3 240 4 BL Lp(s-1)i-s 2

For later purpose it will be convenient to separate the radial part of the propagator from the spatial
(angular) part. This can be done by writing it in the following form:

__Lx orau(EY
D= [~(z —y)?~ 1 “ay(\ ly I)
LTuYy X - 1 3
- deng <[_(x_y?§2]g—1 e + (e, [yly*=). (7.13)

Here the first term is the angular part, since it will vanish when contracted with x* or y*, and the
second term is the radial part that will survive after contraction. There are no mixing terms left.
If we choose x to be d-independent, the last two terms cancel in 4 dimensions. Actually we see now
that D,, equals the feynman propagator from (5.18), the difference being the absence of mixing
terms like Dg. But since for the one loop calculation these mixing terms did not contribute, this
calculation would be completely the same. Only when going to two-loop calculation one needs
the conformal propagator. The mixing terms in Feynman gauge are moved to non-mixing terms
starting at order e.

7.2 Conformal Gauge versus Radial Gauge

At first sight, a simple way to obtain z#D,, (z,y)A"(y) = 0 is to put A, = 0. This is called radial
gauge, and in Minkowski space boiles down to x,A*(x) = 0. When A; = 0, the Wilson lines
are trivial and the loop corrections and anomalous dimension seem to vanish. This can not be
right, and indeed it is not, for the following reason: the Wilson line is not invariant under gauge
transformations that do not vanish at infinity. Going from Feynman to radial gauge is nontrivial at
infinity, so that the Wilson line expectation value changes and D,,,, will carry ultraviolet divergences.
One could solve this by closing the loop at a finite distance, preserving gauge invariance, but the
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procedure is not very transparant. The conformal gauge derived above does not have this problem;
the conformal propagator does not contain ultraviolet divergences, as can be seen from taking the
limit d — 4.
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Chapter 8

Anomalous Cusp Dimension at Two
Loop, Three Lines

The calculation of the contribution of the two-loop diagram involving three Wilson lines has been
studied widely, for example in [§], [9], [10] and [11]. Especially the diagram involving a three gluon
vertex (see figure [8.1(a)) was a hard nut to crack. The final result was surprisingly simple:

FPEZ}),H = —%(%j coth %j)’y?k + antisym., (8.1)
where “antisym.” denotes the sum of all signed permutations of i,j and k. The simplicity of the
answer suggests an underlying structure. Using the conformal propagator, this structure comes in
naturally, as will be explained below.

When using the conformal propagator, the contribution of the diagram involving the three gluon
vertex is zero. This can be understood in two different ways. Firstly, in conformal gauge, the three
gluon vertex involves three 7-polarized gauge fields. Since the three gluon vertex is antisymmetric,
it vanishes. Secondly, using the R x AdS description, one can dimensionally reduce the computation
to AdS because of the 7 independence. The 7-integral will then contribute an overall logarithmic
divergence. Now we are looking at a theory on AdS involving a scalar and a three-dimensional
gauge field. Every Wilson line sources a scalar, resulting in a three-point function of scalars in
AdS. But in the dimensional reduction of Yang-Mills theory there is no three-point interaction,
hence this contribution vanishes (see Appendix |C| for details). The contribution to Fé:}),n should
now come from the planar diagram and the counterterm.

To actually do the computation, we need to compute again the Coulomb potential of a line emitting
one gluon, this time using the conformal gauge propagator. The reason that we need the conformal
gauge propagator is that we need to take into account it’s O(e€) contributions, since we are at two
loop order. First only the scaleless integral is computed (by taking out ¢ one can make the integral
over s scaleless), using the conformal propagator from , from which only the ‘radial’ part
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CHAPTER 8. ANOMALOUS CUSP DIMENSION AT TWO LOOP, THREE LINES

(a) Non-Planar Diagram (b) Planar Diagram (c) Counterterm Diagram

Figure 8.1: Two-loop Contributions

survives:
oo
BV . .
/0 iy % Dy (1, tng)ds

& - T 5,1)%€ — (sn; — tn;)%€
:,<;d(—1)5/O ds((sm_mj)g,_% + x(5 1) it ny) ) (8.2)
(—1)°

= e (B () + eBy () + eB (7))

where we now need to keep the terms up to O(e€) because we want to look at two-loop diagrams.
This because there will be a factor % for every loop, so that we will find a E% pole for a two-loop
diagram.

8.1 The Conformal propagator up to order ¢

Expanding the first term from the propagator (denoted by capital F because it is identical to the

Feynman propagator) % around € = 0, we obtain:
i J

—n; - nj IO R R RLC log((e™n; —n;)?)
(e™ni —nj)?=2¢  (e"n; —nj)? (e™n; —n;)?

€. (8.3)

The first term is simply the scalar potential that we computed before (see .

0
EE,)('y) B oodT —tn; - nj _ ycothy (8.4)
t1726 - t2726(e‘rni _ nj)2726 - $+1-2¢ : :
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8.1. THE CONFORMAL PROPAGATOR UP TO ORDER ¢

To compute the second term, it is easier to go back to s = e”. The integral to solve is then:

% nglos((e7n — ny)?)
E(l) — / d T n nJ J
F (f)/) - TE (67—77/1‘ I n])g
_ /°° ds—ni'nj log((sni; nj)Q)
0 (sni —ny)

/oo d cosh(7) log(1 + s* 4+ 2s cosh )
= s
0 1+ s2 + 2scoshy

To solve this integral, the first step now is to decompose the fraction: writing
5%+ 2scoshy + 1 = (s + coshy + sinhy)(s + coshy — sinh ), (8.5)

one obtains:
1
EY (%)

o 1 1
= [ dscosh(7)log(1 + s* 4 2s cosh —
/0 s cosh(y) log(1 + 5" + 25 cosh ) 2sinh'y(s + coshy —sinhy s+ coshy+ sinhﬂy)

_ coth(vy) /OO ds log(1 + s 4+ 2s cosh ) _ log(1+ 52 + 2scosh )
0

2 5+ coshy — sinh y 5+ coshy + sinh y
_ coth(7) /°° s log(s + coshy — sinh ) n log(s + coshy + sinh )
2 0 5 + coshy — sinh ~ s + coshy — sinh ~
log(s + coshy — sinhy)  log(s + cosh~y + sinh )
B s + cosh~y + sinh vy B 5+ coshy + sinh vy )
_ coth(7y) /°° ds(log(s + coshy —sinhy)  log(s 4 coshy + sinh )
2 0 5 + cosh~y — sinhy 5+ coshy + sinh y

N log(s 4 coshy +sinh~y)  log(s + coshy — sinh 7))

s + coshy — sinhy s + cosh~y + sinh y

Realizing that cosh~y + sinhy = €7 and cosh~v — sinh v = ™7 simplifies this expression. Now the
first two terms integrated together vanish:

_coth(y) /°° ds(log(s +e7)  log(s+e”) N log(s +¢€7) log(s+ e‘”))
2 0 s+e7 s+ e s+e 7 s+ e
h oo
— COt2(7)([log2(s +e ) — logQ(s +e7)e° + / ds(
0
coth(vy) /°° ds(log(s +e€7) log(s+e77)
2 0 s+e7 s+ev

log(s+¢€7) log(s+e™7) )
s+e7 s+ev

=0+ ).
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The second integral can be handled by using the following coordinate transformations: for the first
one s — se” 7 and for the second one s — se”:

coth(vy) /OOO ds(lOg(S +e7)  log(s+ 6_7))

)

E —

r () 2 s+e7 s+ev

coth(7y) (/Oo ds log(se™? +¢7) /°° “ds log(se” +e‘7)))
0 0

2 e’ se YV 4e 7 e seV + eV
th * d
- 2(7) /0 . fs (log(se™ +€7) —log(se” + e~ 7))

Now after combining the logarithms, we use s — v = %ﬂ,, so that the integral now runs from

U(O):ﬁ:1uPtill”(oo):H%=0andds:—vi2;
th g
co 2(7) /0 : —Ss (log(se—V +¢e7) — log(se” + e—y))
:coth(’y) /°° ds log(seiw + e
2 o l+s seY + e

coth(y) /0 dvv 1 Ve 4 ¢
=— 0
2 1 v? & e e
~ coth(y) /0 dvv log <(1 —v)e 7 + ve”)
1

2 v? (1 —wv)er +ve?

_ coth(v) /10 dvv log <e‘7 — (e — eV)>

2 e’ — (e —e™)

2 v
1
:mtgm/o i: (log(e™™ —w(e™ —€7)) —log(e” —w(e? —e™7)))
co 1 dw
:‘5}21(7)/0 % (log(e™) + log(1 — v(1 — €27)) — log(e") — log(1 — v(1 — e~))—)
co L dv
:t}21(’y) |:/0 % (log(B*V) — ]og(@'Y)) + Lig(l _ 6727) . Li2(1 B 627):|

Notice that at v=0 an infrared divergence appears, which we must account for. To regularize this
infrared divergence occuring in the first two terms (remember that v — 0 corresponds to s — 00)

we replace the lower boundary by Ajg:

CO 1 v
E}l)(fy) = coth(y) {/A d—(—’y — ) + Lig(1 — ™) — Lig(1 — 627)}

2 IR
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8.1. THE CONFORMAL PROPAGATOR UP TO ORDER ¢

_ coth(y)
2

[log(Arg)27y + Lis(1 — e727) — Lis(1 — €*)]

For now I focus on the Lis terms, using the identities Lia(z) = —Lia(1 — 2) — log(1 — 2) log(z) + %2
and Lig(2) — Lis (1) = % —log(1 — 2)log(z) + %2, with z = e=27:

coth(7)
2

h 2
= C0t2(7) (—Lig(e™7) —log(1 — e 27) log(e™7) + %
1 2( ,—2v 2
Og(g) —log(1 —e ) log(e™) + %

(Lig(1 — e™27) — Lig(1 — €27))

— Liy (6_27) =+

th ) 2

= o 2(7) (—2Li2(672’y) + 2~ log(l — @*2’7) 4 %
2

= coth(2)(” +2ylog(1 — ") ~ Lin(e ") + )

+ 242

So our total result voor Eg)(%j) is given by

o . o 2
Eg)(%j) = coth(7;j) <%~j log(Arr) + 7%- + 27v;;log(1 —e 2%;) — Lig(e 2%3) + 6) (8.6)

When we take the sum over antisymmetric permutations further on, the ~ log(Asg) term will
vanish, because it is multiplied by exactly the one loop result vcothy. We will see later on that
when taking the antisymmetric part, only the O(¢e) term times the counterterm survive. But the

counterterm is exactly the one loop result v coth~y, so that the we find that the term multiplying
the log(Asg) is symmetric, and vanishes after all.

The third term, Eg )(%-j), is given by the O(e) term in the expansion of the last term of l)

X(s,)% — (sn; — tnj)*

st
~x(s, 1)%€ — (sn; — nj)25 1
- s $2—2e
1 x(s,t)" — (sn; — tnj)o N x(s,1)log(x(s,t)?) — (sn; — tnj)olog((sni - nj)Q)6
~ t272e s s

)?

1 los(gty)
- $2—2¢ s €

The s-integral is now given by

> ds 5,1)?
R R

o S (smi — ”j)2
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/°° ds x(s,1)% 1+ 82
0 S snz—nj)Ql—i-s2
°°ds (5,1)? * ds 1+ s?
7 )T — log 2
0 S 1+s 0 S (sni — ny)
Oods s,1) o0 1+e%
drl
/0 s < 52>+/OO T0g<1+627+267c0sh%j>
ds (5,1)? o0 cosh T
— ik drl
/ s < 52 ) +/OO T8 (cosh7'+cosh’y¢j>

The integral involving the x(s, 1) function will only contribute a constant that will drop out in the
final result. Moreover, when one chooses x(|z|, [y|) = v/#? + y? one finds x(s,1) = v/s? + 1. So one

obtains fo s 1og ( 1(+82 ) fooo ‘fj lo (ﬁj;) = fooo %O = 0. The second integral can be solved

ES () = / dﬂog( cosh T >

oo cosh 7 + cosh ;;

as follows:

2
— 2Liy(—€") + 2Lig(sinh(yi;) — cosh(i)) + %
2

= 2Lig(—€"4) + 2Lig(—e ") + ﬁ

1 2 2
=2(—=log?(e) — — | + —
<2°g(e) 6>+12

71_2

= — 2——
T

8.2 The Anomalous Cusp Dimension

Now that we found all terms, we can put them together to find the two loop cusp anomalous
dimension. We can combine the two graphs (see fig. [8.1(b)| and [8.1(c)| as

> dt
I 41 = /0 t1_12€ (Eg)) (i) + €ES (i) + GE(cl)(%’j)>
1

1 oqt

X {—El(vo)(%‘k) +/ s (E(O)(% )+ eES (v +€Eg)(7jk))}

€ 0 ty
+ antisym.,

where antisym. again denotes the signed permutations of ¢, j and k. The reason to take the
antisymmetric permutations is that the symmetric part turns out to be zero. This can be seen for
example using webs [12]. When taking the antisymmetric part, a factor % needs to be put in as
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well. Due to the antisymmetric nature of this expression most of the terms cancel, except for the
O(e) terms times the counterterm:

1 dt 1
10 4 (o) = /0 L (eEg)(’yij) + eEél) ('yij)) X —EE}O) (vjk) + antisym.

it}—Qe
* dt] € Con. . O w2 w2
= / t1’126 3 {coth(%j)(’ﬁj + 27,5 log(1 — e~ 279 — Lig(e 27 + F) - vfj ) }
0 1

1
X — ik coth v,

o0 dtl 1 2 . . D 7'l'2
= _/ —_—— [%’k coth i, cothyi; | vi; + 2745 log(1 — e™=77) — Lig(e™ =) + o
0 U

— vk coth ’yjk’y?j] + antisym.

Note that the (symmetric) log(A7g) term also vanished because of the antisymmetric sum over
permutations, as predicted above.

8.3 Final Remarks

The two-loop cusp anomalous dimension calculation is simplified a lot by using the conformal gauge
propagator. This propagator makes full use of the conformal symmetry of the theory. Because of
that, only one integral has to be computed to calculate three diagrams. Also, the three-gluon vertex
that used give rise to the hardest diagram to compute, vanishes because of symmetry considerations.
This leads to another advantage: the pairwise structure that seemed to appear accidentally after
the rigorous computation in Minkowski space appears naturally when computing in AdS space.
There is one drawback: the main advantage of this method, integrating once to compute multiple
diagrams, only works when integrating s over the whole line. It is not so straightforward to apply
this method to for example the two-loop diagram with only two lines: since the integral are nested,
they will all have to be done separately.
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Chapter 9

Preparation for Three Loop
Calculations

Given the (relative) simplicity of the two-loop calculation, it is interesting to see if the set up used
for two loop calculations can be applied to three loop computations as well. One of the difficulties
is that now the gluon propagator has to be calculated up to order €2, since a 6% term arises in the
three loop calculation. So before looking at three loop diagrams, the first thing to do is calculate
the O(€?) term in the propagator.

9.1 The Feynman propagator

Looking again at the 'Feynman’ part of the propagator, as in section we now expand up to
order €?:

2

—n; - N o Tnimy N —n; - njlog((e™n; —n;)?) - —n; - njlog((e™n; — nj)?)? €
(e™n; —nj)?=2¢  (e™ny —nj)? (eTn; —ny)? (e™n; — n;)? 2

so that

B® _ /‘” s~ 1 log((smi —ny)?)*
F 0 (sni —nj)?

/OO p cosh ylog?(s% 4 2s coshy + 1)
s
0 s2 4+ 2scoshy + 1

where in the second line again n; = (—cosh~y,—sinh~,0,0) and n; = (1,0,0,0) is used. The
fraction can be split in the same way as before, using s2 + 2scoshy +1 = (s +€7)(s +e7). The

99



CHAPTER 9. PREPARATION FOR THREE LOOP CALCULATIONS

argument of the logarithm can be written in the same way, giving rise to the following:

E? _ /°° dscosh'ylog2(52+23(zosh'y+1)
4 0 s2 +2scoshy + 1
| = | coshylog? (s +€7)(s+ 7))
(s+e)(s+e )
1 1
2 ¥ 2 _

/0 ds cothy (log(s + €7) +log(s + 7)) ((S—i-e—W) (8+67)>

= 1 ? 7) + log? )+ 21 1 -
/ ds coth~( og”(s +¢€7) +log”(s +e77) + 2log(s + €7) log(s + e77)
0

s+e 7
log (s +€7) +log?(s + e 7) + 2log(s + €7) log(s + e77)
s+ev )
_ /OO ds coth log2(s +e7) log?(s + €7) N log?(s + €7) B log?(s +e77)
0 s+e 7 s+ev s+e77 s+ e
2log(s+€”)log(s+e77) 2log(s+e”)log(s+e™7)
* s+e7 B s+ev )

Now for calculational convenience I split the integral in three parts that I will calculate separately:

oo 2 —y 2 ot
11—/ ds(log (s+e7) log (s—i—e))
0

s+e™7 s+ ev
I = /°° dS(IOgQ(s +e) log?(s + e‘”))
0 s+e 7 s+ e
Iy = /Oo ds(QlOg(S +e7)log(s+e77)  2log(s+e7)log(s + e‘”))
0 s+e7 s+el

I start with Iy:

L = /Oo d5(10g2(8+€_7) - 10g2(s+€7))
0 s+e 7 s+ €7

1 B 1 .
= [§ log(s +e77)? — 3 log(s + €7)]5
2 3

Note that a similar term occured in the O(e) calculation, but there two ~ 72 terms exactly cancelled
each other. Iy is a harder nut to crack:

log?(s +¢7) log?(s+e™7)
I, = d - )
s+e7 s+ev
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To tackle this integral, the first step is to do a transformation of variables: s — se™ and s — se”
for the first and second term respectively:

] 7 log? =
I — / ds( og? (s+e€7) logi(s+e ))

s+e77 s+e7
v v 2(ge7 -
_/ ds(e ,Ylog (se™ +¢e7) _e,ylog (se¥ +e77)
0 se” 7T +e™ 7 sev + e
B /OO ds(logQ(e_V(s—i—eQV)) B log2(ey(s+e_27))
- 0 8+1 S—|—1

N / s i - (=7 +log(s + €¥)? = (v + log(s + ¢77))?)
0 S

0
1
:/ds
0 s+1

Now a finite answer is obtained for the two quadratic terms together (the s — oo part cancels after
integration). The integral over the logarithms is not finite, so for now I just leave it:

R R ! I 1 ,
12 =0- <2L13 (]_—62'Y> — 2L13 <1—6_2'Y> - 2L12 (]_—62'Y> log (6 "/) + 2L12 <1—6_2'7) log (e PY)
1 2 (,—2 2 (.2 1
— IOg <1—€_2'7) log (e "/) + log (e ’Y) log 1— 62,7

Awm 2m%@+e»H%$+f%W

+1
. 1 . L -
= -2 <L13 <1 > ( ) + 2vLig <H) + 2vLig (1—6_27) + 272 log ( 1— 2 ))

To solve the third integral we use the same approach as with I5: first we do a variable transformation
to obtain the %—&—s everywhere:

(logQ(s +€*7) — 2ylog(s + €*7) —log?(s + e~ *7) — 2ylog(s + 6727))

I = /Oo ds(210g(s +e7)log(s+e77)  2log(s+e7)log(s+e77)
5T 0 s+e™ s+e?

)

N /OO ds(e” 4 2log(se™ 4+ €7)log(se™ +e77) 6ﬂ72 log(se” + €7) log(se” + e‘”))
se 7 +e se¥ + eV
/ ds( 2log(e™7 (s + €27)) log(e (s + 1)) ~ 2log(e7(s +1))log(e?(s + e 7))
s+1 s+1

)
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=2 /OOO S‘fl (=7 + log(s + €*7)) (=7 + log(s + 1) — (y + log(s + 1)) (v + log(s + e~ 7))

o
d
=2 [y logls + ) — log(s + 1)+ log(s + 1) log(s + )
0 S
~ (y1og(s + 1) + 7log(s + e~27) + log(s + 1) log(s + ¢27))

o
= 2/ sc—iligl [—7 (log(s + e®) +log(s + e~ 27) + 2log(s + 1))
0

+1og(s + 1) (log(s + ¢*7) — log(s + ¢~2))]

The integral over the last term is finite and gives the following result:

*© d
2/ i log(s + 1) (log(s + €*7) — log(s + e~ 7))
0 S + 1

9L, (;(1 - coth(y))) 9T (;(coth(v) 4 1)>

. 1 . 1
:2L13 (1—62'7) — 2L13 (1—62’7>

Again I leave the other terms aside for a second, they will have to be regularized. Combining all
three terms now gives:

B = cothy(I1 + Io + I3)
1 4 . 1 . 1 . 1 . 1
= -9 COth'}’{g’Y + (L13 <]_—62'Y> — L13 (]_—6_2“/) + Q’YLIQ (1—627) + 27]:412 <1 — 6_27)
1—e 2 1 1
2 . .
+ 2’)/ log <1—e27>> — L13 (1—627) + L13 (1 _ 62,\/>

> d
+ /0 . flfy(log(s + 627) + log(s + 6727)))

*® d
+ / S (v (log(s +e*7) 4 log(s + e~ ?7) 4 2log(s + 1))}
0 s + ].

1, . 1 , 1 1—e 2

> d
+ / i (log(s + €*7) + log(s + e™27) + log(s + 1))}
0 S + 1

B 1, oy Loy T 1—e 2
= —4fycothfy{6’y —log(1 —e”)log(l —e ) + 3 + ~vlog T

< d
+ / i (log(s + €%7) +log(s + e~27) + log(s + 1))}
0 S + 1
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9.2. THE CONFORMAL TERM

Now the three terms that still have to be integrated can be regulated by using a cut-off Ajr. We
can see now allready that these terms are analogous to the infrared divergent term log A;p that
we encountered in the two loop computation. In the loop calculation it dropped out of the final
answer after antisymmetrizing, so we might see the same thing happening here.

It is interesting to note that the Lis and Lig functions drop out in the final result. This suggests
that the transcedentality of the function is lower than it seems at first sight. One could expect that
there is a way to combine Iy and I3 together into an easier function.

9.2 The Conformal Term

Now that we found the O(e?) part of the Feynman part, the O(e?) term of the ‘conformal’ part of
the propagator has to be calculated as well:

> ds X($7 1)2 & ds 2 9 9 9 €
Eo~ Slos —( 1)7) -1 i — N — 1
‘ 0+/0 s o8 (niS—nj)2€+/0 s (og (x(s,1)7) — log™((sn ”J) )) 9 (9.1)

[\

So that the integral we need to calculate now is given by:

ES = /0°° % (log?(x(s,1)%) — log®((sn; — n;)?))

*d
— [ (o ({5, ) ~ log?(1 + 52 + 25cosh )
0

where we can use again s, 1 = 1+ s2. To simplify this integral, the first thing to do is again write
1+ 52+ 2scoshy = (1+e)(1+e):

*d *d
BY = [T T4 ) - [T o (54 (s +e)

o S o S

= / %logQ(l + 5%) — / % (log(s + €7) + log(s + 6_7))2
0 0
®ds . 9 * ds 9 2 _ _

= — log*(1 + s*) — — (log®(s +€7) +log®(s + € 7) + 2log(s + ¢”) log(s + ¢ 7))
o S o S

*d > d
= / @ log?(1 + s%) — / & (log®(s + €7) +log?(s + e 7) + 2log(s + €7) log(s + 7))
o S o S

Now we apply a coordinate transformation s — se” and s — se™” to the second and third term,
and pull the factor e” out of the logarithm:

o g
B = /0 ?s (log®(1 + s%) — log®(s + €7) + log®(s + €~7) + 2log(s + €7) log(s + 7))
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(log®(1 4 s*) — log®(e7s + €7) + log*(e 7s + e~ 7) + 2log(s + €7) log(s + e~ 7))
(log®(1 + s%) — log®(e”(s + 1)) + log®(e ™7 (s + 1)) + 2log(s + €7) log(s + 7))

(log*(1+ 5%) — (v +log(s + 1))* + (=7 + log(s + 1))* + 2log(s + ¢7) log(s + ¢ 7))

1
0\8
m‘%m‘%m‘%m‘%

(log2(1 + %) — (42 + 2ylog(s + 1) + log?(s + 1) + 4 — 2ylog(s + 1) + log?(s + 1)
+2log(s + €7)log(s + e~ 7))

= / ds (log2(1 + %) — (292 4+ 21log?(s + 1) 4 2log(s + €7) log(s + e )
0 S

Unfortunately these integrals are not finite, which would be expected from the fact that the scale
has been taken out already. Since we do not expect a divergence higher than 6%, and we will obtain
exactly this from the integrals over ¢, the integral over s should be finite. It is at this phase not yet
clear how these extra divergences will contribute to the final result; when a certain combination of
diagrams is taken, there might be some cancellations. At two-loop order there was no divergence
at the conformal part of the propagator, so we can not draw from that experience here.

9.3 First Steps towards Three Loop Calculation

The three loop diagram that can be computed making full advantage of the conformal properties
of the propagator can be found in figure [9.1

Diagrams of this form satisfy the requirement that for all exchanged gluons, one of the two vertices
are the only vertices on that line. In this configuration we have to integrate the endpoint of the
gluon propagator over the whole line, thus enabling us to use the already calculated integral over
the propagator. Still it is not so easy to extract the right cusp anomalous dimension. Firstly, one
has to combine the six possible diagrams obeying this configuration. A way to find how to combine
these diagrams is the replica trick [12]. For each diagram one has to do the following calculation:

> dt € €
/0 t1_126 [Ej(co) (ig) + €BS (3ij) + B (i) + §E1(w2) (vig) + EEg) (ig)
1

1 o "dty 0 1 € 2 € 2
X { <—6E1(w)(%'k) + /0 T2 [E} Yoy + eBW (vin) + eBS (vin) + §E§w)(%’k) + 5E(c)(7jk)
2

1 L2 qt €2 €2
(~2EP 0+ [ (B0 o+ B ) + BP0 + S B 0) + G800
3
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Figure 9.1: Three Loop Diagram

1
-~ ?Counterterm}
€
where we have
0
Ej(!«“)('}’ij) = 7ij coth;;

., PO . T, VR 7T2
Eg)(%j) = coth(7i5) <%‘j log(Arr) + ;5 + 27ij log(1 — e™274) — Lig(e™ %) 4 6>

ES (i) = =% - ~
1] 4
2 1 . Com 2 1— e 27
El(m)(’yij) = —4~;; coth ’yl-j{éfygj — log(1 — 627”) log(l —e 27”) + 3 + ;5 log <1_62%]>

[ Gog(s + )+ log(s + € 2) +-log(s + 1)}
o S +1
1 2 244 B, Yo 7T2 1-— e—Q’Yij
1
+log (62%‘1 + A) log (—2([\ + 1)<COth(%‘j) — 1))
1
+ log (6—2%3' + A) log (2(A + 1)(coth(vsj) + 1))
Dy 1 s 1 1 9
— log (¢77) log 5(1 — coth(v;)) | — log (e727%) log i(coth('yij) +1)) + 5 log“(A+1)
1 1
+ Lis <2(coth(7¢j)A — A + coth(vys5) + 1)> + Lis (2(—A — (A + 1) coth(vi;) + 1))
. (1 Al
— Lio <2(1 — coth(%j))> — Liy <2(coth(%-j) + 1)) }
2

o
d
E((j)(’Yij) = / ?S (log?(s + €77) + log(s + e 7) + 2log(s + €7) log(s + e 7))
0
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When one has found all this integrals and knows how to add up the different diagrams, one can
calculate the contribution of this type of diagram. It is not so straightforward however to apply
this method to other three loop diagrams with four legs. Since the other diagrams all contain lines
that have multiple gluons attached to it, the scaleless integral over s will have to be adapted so
that it runs from 0 to some finite s’. This will make the calculations much harder and less elegant
than the two loop computation.

9.4 Conclusion

In principle the three-loop calculation for the specific type of diagram mentioned above seems to
be doable using this approach. The calculation is simplified a lot by using this method instead of
the standard approach. There are some technical issues to be overwon though, such as finding the
right combination of the diagrams and the cancelling of the (extra) divergent parts of the integrals.
Once this is achieved, it would be interesting to see if a procedure could be developed to apply this
method to other types of three-loop diagrams as well in a systematic way.
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Chapter 10

General Conclusions

The method introduced by Chien et al. provides a nice method to calculate the cusp anomalous
dimension for eikonal Wilson lines at one- and two-loop order by viewing them as static charges in
AdS space [1]. Even though there are some subtleties such as the appearance of a phantom charge
in AdS and the cancellations of extra divergences for the two-loop calculation, this method still
has large calculational advantages over the traditional method. Besides, we gained new insight in
the origin of some of the qualitative properties of the results, such as the pairwise structure at two
loop.

The limits of this method were found when applying them to higher order calculations. Because the
conformal symmetry is broken at next-to-eikonal order, the step by step procedure does not work as
for the eikonal case. Since at the eikonal level conformal invariance corresponded to static charges
in AdS, one would expect that a breaking of this invariance leads to dynamic charges in AdS. Even
though this sounds as a nice way to extend the ‘charges in AdS picture’ to next-to-eikonal level, it
is not so straightforward to implement. Already the first step, extracting an equation for the charge
in AdS, is not obvious. One can also doubt the calculational advantage of such a picture, since the
main reason for calculational simplicity in the eikonal case is the static state of the charges. Still
it would be interesting to find a description of next-to-eikonal diagrams, mainly to gain insight in
the physical properties.

Even though the aforementioned method did not immediately lead to new results at next-to-eikonal
level, the conformal coordinates were used to calculate the contributions of next-to-eikonal diagrams
to the cusp anomalous dimension in coordinate space. Some progress is made here: firstly, for the
first next-to-eikonal correction the contribution was calculated and shown to be dependent on
the regulator. The second next-to-eikonal contribution appeared to vanish, which agrees with
momentum space calculations.

Moreover, an attempt is made to apply this method to three-loop calculations. To do so, a higher
order term of the gluon propagator in conformal gauge has to be taken into account. This poses
significant challenges: when integrating over this propagator, many extra divergent terms appear.
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‘Extra’ in this context means that they appear on top of the expected divergences. These extra
divergences should cancel when the different diagrams that contribute are added. Since something
similar happens at two-loop level, there is good hope that this will indeed happen. We suggest the
application of webs such as in [12] as an approach to obtain this cancellation. The finite part of the
result has been calculated and appeared to be more simple than the integral suggested: even though
we had to integrate over the square of logarithms, the polylogarithmical terms cancelled in the final
results. It would be very interesting to look at this calculation in greater detail, especially since
this method, if it could be succesfully applied, would offer great simplifications to the three-loop
calculation compared to the ‘traditional’ methods.
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Appendix A

Electrostatics on the 3-sphere

Figure A.1: Field lines emitting from the charge at the northpole come together at the southpole,
creating a minus charge there.

In our first naive calculation of the scalar potential of a single charge in AdS we obtained an extra
phantom charge. The appearance of this charge can be explained when looking at the analytical
continuation to the 3-sphere. Consider a charge placed at the northpole of the sphere. The electric
field lines will be directed away from the pole, pointing to the south along the meridians. It’s
inevitable that they will all come together at the south pole. When looking at the south pole this
way, it works like a sink for electric field lines; hence a minus charge. That this should happen
could already be foreseen from Gauss law faU E-dS =4r fU p(x)dV. If U is a closed manifold it
doesn’t have a bounday, hence OU is empty. Therefore the integral over the charge distribution
vanishes. In other words, the total charge on a 3-dimensional closed manifold must be zero. [13]
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Appendix B

Next to Eikonal Quark Propagator

The eikonal quark propagator in momentum space can be written in position space quite easily, as
I showed in section

N dAn - A(ni) = h dn* [ d*q A,(g)e
/ Sy
= n“/d4qA“@ = —z‘/d‘*qA(Q)'” (B.1)

ig-n q-n
To find the next to eikonal terms, we do a Taylor expansion around g, = 0, up to the term quadratic
in q:

ku + apu
(k+q)?+im
~ kiﬂ 0 M v 0 ku + qu voA
2k -q+im  9q, (k+q)* + im A\0q, (k+q)? + im? 4
_ ky, Opv . 2(ky + qu)(ky + qu)) 7+
2k - q+im (k+q)?+im [(k+q)*>+im]* ) _,
i ( 6/“/ - 2(1{31/ + QV)(k;N + qﬂ)> v A
Ign \(k+q)*+im  [(k+q)? +im]?
_ k. du - Ky <5uu - —2(kx+qn)
2k-q+im 2k-q+im 2k-q+im [(k + q)? 4 im)?
( 6u>\(ku + qM) (ku + qy)du/\ (ku + QV)('ICM + q;;) : _4(kA + QA)>> qu)\
[(k+q)* +im]* ~ [(k+ q)* + im]? [(k + q)* +im]? q=0
qu —25“”]{)\ 2 5 kl,k?“k?)\ v
_ _ ok 4 kS — AN
2k-q+im+<[2k'q+im]2 2k - g+ im]? \ AN T Rvoua =S T ) ) 1
du —2q,k - q 2 2 (k- Q)Qku
= — k,+k-qq, — 4—> "1
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APPENDIX B. NEXT TO EIKONAL QUARK PROPAGATOR

_ ky _ du B 2q2k“
2k-q+im k-q+im [2k-q+im]?

— k. _ . 2 . . .
So we find the next to eikonal terms 2,{’1}% and %. To find the position space integrals,
we can use a Schwinger parametrisation:
1 O tiu(Aie)
= Fi due™"" A B2
Axie T /0 (B.2)

For the first correction this gives us

1 ddq Q'A(Q) _ 1 ddq . > tu(n-g+im)
2% (27r)2n-q+im_2/£/(27r)2 _“"A(q)/o due

1 ddq o0 -
_ AM ixHq,—mu
2&/(27r)2/0 dud, A" (q)e"™

1 o

=—— dud, A" (unt)e”™"
0

2K

And for the second one we need the Schwinter parametrisation for a square:

1 0o ) )
_ iu(A+ie) B
(A 1 ie)? /0 duue (B-3)

— 2 .

1/ddq q’n A.(CJ)

2K (g-n+im)?

= 1/dd q¢*n - A(q) - / duyetatim

/ du/ddqn A 62 1x-g—mu

- 2 —mu
21% duu@ n-A(q)e

so that we get:
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Appendix C

Dimensionally Reduced Yang-Mills
Theory

To see what vertices occur in dimensionally reduced Yang-Mills Theory, one breaks up the G*'G,,,
term, in = 7 and p = 4, where i = 1,2,3. This gives us the following terms:

G" Gy = G Grr + GGy + GGy (C.1)

=0+ GTiGTZ‘ -+ GijGij (C2)

Now since the 7 dimension has decoupled from the spatial AdS dimension, the W7 has become
a scalar. Remembering that Gy, = 0,W7 — 9, W + geachﬁWf, we see now that the G7"G,,

vanishes because it is not antisymmetric. So we can conclude that indeed there is no three scalar
vertex in dimensionally reduced Yang-Mills Theory.
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Appendix D

Eikonal and Next to Eikonal Ward
Identities

The Ward Identity assures gauge invariance at the level of Feynmann diagrams. In this case it
tells us that the sum of these three diagrams should vanish. This can be calculated explicitly,
by summing the three diagrams. I will carry out this calculation first without taking the eikonal
approximation, so using the full momentum space expression:

M = /d kus(q 91 k % k_lvy%—vnﬂvyivu (D.1)

! k] Yrv
ﬁ_l’yg_%—l,y kQ_‘_Z'Ee#(l)us(Q*l)

Now one write €,(l) = [,, and contracts it with v*. In the first term of the equation we can write

lzﬁ—%—(g—k—l),Sothatweobtain:
e e =y is
H(ﬁ—%’ (d—F-1))

K —1 v /{_711/
Uy sy Kty 4

()

gkﬂ

Recognizing that the ﬁ and ﬁ lé term also occur in the other two terms, we can group the

whole expression in two terms:
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q q

q 7k

(b) Self Energy 1

k™

(c) Self Energy 2

Figure D.1: Diagrams contributing to Ward Identity
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N 1. -1 -1 1 1
Z/ddkus(Q) _(1+lg_l)7 g_k_l’m—’y H%(l_ql)}mus(q_l)
I S N R 1 S
= [ @1+ D ﬂ“ g D eta =0

_ o1 . -1 1
= /ddkus(q) _ﬂg_l’)/ g_k_l')’n_ g %’Vn%(g l)] mUs(q—l)

where I used that @g(q)¢ = 0 and (¢ — [)us(q —1) = 0.

Now we are interested in what happens when we apply the eikonal approximation. As we will see,
the Ward identity still holds, so that we indeed have a conserved current. To apply the eikonal
approximation, all terms including a k£ will be modified as follows:

i ig-k i
d—F (¢—Fk)?+ie —2q-k

i ig—-k-0 ig 1)
d—k—1 (g—k—-02+ic —2(q—1)-(k-1)

where I leave out the +ie term for calculational convenience. Note that, different to paragraph
I do not remove the gamma matrices at this point for later calculational convenience. Now
plugging the eikonal terms in the original expression:

= U K Zg Z(g_l) v K Zﬁ vl
M/ddkus(q> [v 20 2g-0-6-0 7 2k Wﬂ
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Now first contracting +* and ~":
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if M i(g—1) 1
/d kiis(q _2q 7 T - l)%k:Q +ie€”(l)u8(q -1,

where the last two terms vanish upon applying Diracs equations @s(q)¢ = 0 and (¢ — Dus(qg—1) =
The next step is to contract v* with l,,, and to write / = f — (F — [):

. i(d 1) g i(g—1) - 91 i(g— 1)
By Ly L) e v L v e

Now I need the following equation: ¢f(¢ — /) = 2q - k(¢ — ) — kg(d — l), and ¢* = ¢*> = 0, so that
gk(d — 1) =2q - k(¢ — ) + Kkgl. Using this we find:

v

. i itg— 1) e itg—7)
7 o k:%—2(q—l) k-0~ 7 2. Fk=h 2q—0)- (k-1 "
. 2q-k(g— 1)+ kgl o 20k =1) (¢ —1) +glk

2k =2 =) =D "7 Sk —20q =D (k=)

where I used in the last line that {? is zero. Plugging this back in the whole expression:

M= / Ak (@)= —2q2.qk. lg_(%(_ql—);k(il— DR —%Qq(%k_—l)z.((qq—_ ll))-+(kgi%1)7“] K2 iie“S(q -
— /ddkus(Q) [—7" 20 ;;(-C]k_(gl; i;{ T o 50 m(q%_%f) Ny
T T B e e
- /ddkas@[z(q i(?)-_(Q— D2 kz(qug;i k=1 2q2gk T2 kz(ﬁlg e iie“S(q -
- /ddkas(Q)[2q : k2(q2igl;§ (k=1 2q- k:2(q2%llg; (k — l)]k2 j—ieus(q -0

where we contracted the « matrices in the third line and applied the Dirac equations in the last
line. Now the only terms surviving are linear in /, so that they will vanish when taking the limit
I —0.

D.1 The Next to Eikonal Ward Identity

In section [D]I calculated the Ward identity in the eikonal approximation. To see if we expect the
next to eikonal current to be conserved, we can calculate the Ward identity at next to eikonal level
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again. The eikonal expression was:

_ _ x i(g—1) i i
M= /ddkus(Q) [v —2q-k7u—2(q—l) =D Sy Wﬂ

i _l Z _l RV
e (Elg— 5)2)7V —2(q Egl) . ()k — 1)7’i k29+ iEEH(l)Us(q —1)

YA

Now since it is the first order correction I replace only half of the propagators with the next to
eikonal one:

Zk m ’L(ﬁ_l) v K Z% yi nw
2k 20D k-0 T gk g

ig—1) , ilg—1) 1 e
=02 D= = e usta

Mye = / ki (q) [v“

+

Different to the eikonal case, this time the two contributions from the self energy diagrams do not
vanish upon contracting v and v”. Moreover, when contracting v* with [, in the first term, there
is no obvious way to write / so that the fraction can be decomposed. This could have been expected
when interpreting the hard quarks as operators: one can write a current QMVMQM, where ng is
spatial direction. When n; = no, which is equivalent to I — 0, one finds a conserved current Q'y“Q.
For the next to eikonal case, one of the operators () will obtain an extra derivative (corresponding to
the gluon momentum in momentum space). With this extra term, it will no longer be a conserved
current, so the above expression is not expected to vanish.
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