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Synopsis

The Standard Model (SM) of particle physics is a gauge quantum field theory, containing
the unitary product group SU(3) x SU(2) x U(1). The gauge field particles of the SU(3)
group are the eight massless gluons, whose interactions with each other as well as with
the matter fields are described by Quantum Chromodynamics (QCD). The dynamics of
electroweak theory is described by SU(2) x U(1) gauge group. One of the important
processes in the SM is the Drell-Yan (DY) [1] production of a lepton pair. According
to the parton model picture, this process takes place through the annihilation of a quark-
antiquark pair, giving rise to a photon or a Z boson in the intermediate state, which then
decays to a lepton pair. At the Large Hadron Collider (LHC), the typical scales at which
the interactions take place during particle collisions is of the order of TeV. At such high
energy scales, QCD effects become an important part of the DY process. One of the ways
of computing such contributions is by expanding in a perturbative series of the strong
coupling constant. According to the powers in coupling constant, they are known as the
Leading Order (LO), next-to-leading order (NLO), next-to-next-to-leading order (NNLO)
etc.. Beyond LO such expansions gives rise to divergences which can be categorized
under two types: ultraviolet divergences (UV) and infrared divergences (IR). The UV
singularities arise when the momentum of the particles in the virtual loops go to infinity.
This divergence can be removed by regularizing the theory and then renormalizing the
strong coupling constant. The IR divergences are of two types: soft and collinear. The
soft singularities can be removed by adding the virtual diagrams and the real radiation

processes that yield the same observable final state; the initial state collinear divergences



are removed by mass factorization. As a result, two unphysical scales ug and ur enter into
computations of perturbative QCD. It is thus of utmost importance to calculate higher
orders in perturbative expansion so that the effect of unphysical scales on observable
reduces. This thesis arises exactly in the context of calculating higher order radiative

corrections for different processes in QCD.

Despite the enormous success of the SM, it is still unable to incorporate properly the
fourth force of nature: gravity. There are enormous efforts that are underway to formulate
a concrete theory of all the four forces. One of the ways in which the unification of gauge
fields with general relativity can be achieved is through Kaluza-Klein reduction. This
describes the dynamics of (3+1) dimensional SM fields coupled to (4+n) gravity. Per-
forming a mode expansion, we get a massive spin-2 particle, (n-1) massive vector bosons
and n(n-1)/2 massive scalars. The spin-2 particle has tensorial nature of interactions with
the SM fields. In this thesis, we have considered the production of a spin-2 particle as an
intermediate state in the DY type process and computed the higher order QCD corrections
in a model independent way. The phenomenological impact of these corrections can then
be studied in different extra dimensional models. The contributions of the higher order
radiative corrections with respect to LO can be expressed in terms of K factors, which is
important to constrain the parameters from different extra-dimensional models in a more

precise way.

1.  NNLO QCD corrections in models of TeV scale Gravity with universal coupling

Production of a spin-2 particle at LO takes place through the DY process, with both gluons
and quarks as the initial states. In the effective theory, the couplings of the gluon and quark
to the massive spin-2 particle are assumed to be same. At LO there is no strong coupling
constant dependency; at NLO level the coupling constant first enters into the calculation.
The result at NLO thus becomes sensitive to pg and higher order corrections are needed to
reduce this dependence. It is necessary to perform NNLO corrections in order to stabilize

the cross section against scale variations. Often it is not easy to perform such higher order



corrections; increase in number external particles in real emission processes make phase
space integration too complicated and challenging. In addition, the increase in number
of scales that accompany a NNLO computation makes the problem worse. This makes
it difficult to compute real emission processes. However, in contrast to real emission
process, there have been lots of development in computing the virtual corrections. It
will be less taxing if we can compute the real emission processes similarly like the virtual
diagrams. The goal of this section is to briefly describe the method adopted for calculating
the real processes and also state the phenomenological impact of the NNLO corrections

for the Arkani-Dimopoulos-Dvali (ADD) model.

Using the state-of-the-art method of reverse unitarity [2], the real emission phase space
diagrams were converted to loop integrals; the corresponding loop matrix elements were
computed by standard techniques. At the end of our computations, we have to reinstate
the loop propagators to final state real particles and use the available Master integrals
to compute the partonic cross sections. The real-virtual processes were also handled in
identical manner. The resulting partonic cross sections contains UV and IR divergences.
To eliminate these singularities it is needed to introduce two unphysical renormalization
and factorization scales. It is important to study the dependence of these scales on the
cross section to asses the need for further higher order computations. We find [3] that the
inclusion of NNLO corrections indeed reduce the dependence on these unphysical scales
and provides a more reliable theoretical prediction. In addition, the cross section increases
as we incorporate these radiative corrections; the NLO QCD corrections increase the LO
cross section by 68%; the NNLO corrections increase an additional 12%. These reduced
scale uncertainties and increase in perturbative convergence highlights the importance of
the NNLO corrections. Our predictions of differential distributions will undoubtedly play

very important role at the LHC.

2. Three loop form factors of spin-2 particle with non-universal coupling

In many extra dimensional models the coupling of a spin-2 particle to gluon pairs and
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photon pairs are assumed to be equal. However analysis has shown that this universal
nature of coupling may not be the favorable scenario. A model which incorporates a
RS Graviton with a mass of 125 GeV and universal couplings has been excluded from
experimental measurements at the Tevatron [4]. Drawing conclusions from the above,
it is important to study the effects of setting the couplings of spin-2 with SM fields to
non-equal values. For such a non-universal scenario, we can investigate the stability of
effective field theory with respect to higher order corrections. This is the motivation for
the study of three loop form factors for a massive spin-2 production, where the SM gauge
bosons and fermions couple to the massive particle through different coupling strengths.
Although the EM tensor of the SM is not conserved any more, the gauge symmetries are
not affected. We have considered [5] a minimal effective action that consists of two gauge
invariant operators: one containing pure gauge fields and another operator has gauge and
fermionic fields. To use the form factors for further phenomenological studies, we have
to renormalize the UV divergences that arise from the two composite operators. This
is achieved by multiplying overall operator renormalization constants. Computation of
these renormalization constants is non-trivial: the operators have same quantum numbers
and hence mix under renormalization. However we have computed these anomalous di-
mensions by exploiting the universal IR structure of the on-shell form factors. These bare
form factors satisfy an integro-differential equation, the K+G equation, which follows
from gauge and renormalization group invariances. By using the predictive power of the
solution of form factors, we determine the anomalous dimensions up to third order in the
perturbation theory. This will be important for our phenomenological studies of NNLO

QCD corrections for models with non-universal coupling.

3. NNLO QCD corrections to production of a spin-2 particle with non-universal coupling

In our study of form factors with non-universal coupling, we have seen that the nature
of IR singularities of amplitudes remain unaffected. It is also of interest to investigate
whether the same property holds for real emission processes. This work achieves the

above mentioned goal; the universal nature of IR divergences were found to hold true



for purely real emission as well as real-virtual processes, leading to an extensive and
thorough study of the phenomenology of models with non-universal coupling. In addition
non-universal models have been used to distinguish a spin-0 from a spin-2, to characterize
the 125 GeV boson as the Higgs boson [6]. The ATLAS collaboration have also used
non-universal models to exclude several non SM spin hypothesis. It is thus important to
compute NNLO corrections for such a model and study its phenomenology, which will

be useful at the LHC.

We have computed [7] the higher order QCD contributions from various subprocesses and
presented its impact for a resonance production of a spin-2 particle of mass 500 GeV. At
the energies of LHC we find that the gg subprocess dominates over the rest. However the
total NNLO correction is smaller than gg channel due to the negative contribution from
the gg channel. At the resonance, the K-factor both for NLO as well as NNLO is different
for different choice of coupling strengths. We also find that the uncertainties coming from
factorization and renormalization scale dependencies, for LO, NLO and NNLO are 49%,

52%, 30% respectively.

4. Threshold resummation of rapidity distribution in the DY process at NNLO+NNLL

Any computation of fixed order partonic cross section result in polynomials, plus distri-
butions and other logarithms, all expressed in terms of some dimensionless variable z,
where the latter is the ratio of invariant mass of the final state and the partonic centre
of mass energy. It is to be noted that the plus distributions are the result of soft and/or
collinear gluon emissions from the final state. In the kinematical limit (threshold limit)
z — 1, the contributions to the UV and IR finite cross section can be divided into two
parts : Soft virtual (SV) or threshold and hard part. At any order of, plus distributions
like [WT%L (m < 2k) and delta functions fall under the SV category; while the polyno-
mials and other logarithms like In(1 — z) can be listed under the hard contributions. It is to
be remembered that the plus distributions are integrable. However in the threshold limit

z — 1, these SV terms give dominant contributions as compared to the hard part. The
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(- .. .
#L becomes comparable to similar contributions from & + 1 th order,

product o* [ -

which spoils the reliability of perturbative expansion. In order to obtain a sensible result
for inclusive and differential cross sections, we have to resum to all orders in perturbation

theory. This is called threshold resummation.

It is challenging task to compute the SV cross section that contain the resummed contri-
butions due to soft gluon emissions to all orders in perturbation expansion. There have
been huge amount of works in the past to obtain such all order results. In our recent
work we have followed a completely different methodology to obtain the SV cross sec-
tion in z space. In a work by one of the author of this paper [8], it was shown that the
SV rapidity distribution in z;, 7z, space can be factorized in terms of purely form factor
contributions and soft distribution functions. Here z;, z, are related to the inclusive vari-
able z and rapidity y. Often it is easier to work in Mellin space as compared to z;, 2,
space; such a transformation converts the convolutions into normal products. Perform-
ing a double Mellin (N;, N,) transformation of the soft distribution function, we obtain
a compact form of the all order resummation formula; then return back to z;, z, space to
get the resummation improved rapidity distribution. This is the first time where a com-
pletely general, double variable resummation is performed, taking into account all the
deltas and plus distributions. In addition our method is applicable for production of any
colorless final state particle. In this work, we have studied the phenomenology for DY
production of a lepton pair up to NNLO+NNLL accuracy. Our result shows improved
perturbative convergence as compared to the existing fixed order result. In addition the
scale uncertainties reduce at NNLO+NNLL level. This is the most accurate result for soft
gluon resummation of DY rapidity distribution, which will play an important role in the

upcoming runs at the LHC.
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Introduction

1.1 The Standard Model

The quest for understanding the basic constituents of matter that exists in the world around
us has fascinated human minds for a long time. It goes back to the era when the atomic
theory was developed through the relentless pursuit of Leucippus and Democritus. The
modern theory of atoms started from the nineteenth century with the help of John Dalton
and other scientists. The discovery of the protons, neutrons and other subatomic particles
paved a new way to understand the physics of the universe. Gradually our understanding
of the world became more precise, thanks to the several experimental and theoretical en-
deavor that followed in the mid nineteenth century. All these efforts resulted in a concrete
theory in particle physics : The Standard Model (SM). It is a gauge quantum field theory
containing the unitary product group SU(3). ® SU(2), ® U(1)y. Each of these group in
the SM contain gauge particle/particles which mediate the interaction in different colli-
sion processes. The strong interactions are described by the gauge group SU(3), which
consists of eight gluons. Their interactions with each other as well as with the quarks are
explained in the theory of Quantum chromodynamics (QCD). The weak and the electro-
magnetic interactions are encapsulated together in the electroweak theory, described by
the gauge group SU(2), ® U(1)y. In this section we shall briefly describe the theory of

electroweak interactions; we will elaborate on the strong interactions in the next chapter.



2 Introduction

The simplest gauge theory in nature is quantum electrodynamics(QED), described by the
group U(1). Electromagnetic interactions take place via the exchange of photons, which
are massless spin-1 bosons. There is only one photon (y) which acts as the generator
of the group, it has no charge but can mediate in the interaction between two charged
particles like the electrons. During 1950’s, questions were being raised as to whether
weak interactions can be thought along the similar lines of electromagnetic theory. This
led to the V — A theory [9, 10], where the weak interactions were thought to be taking
place via the exchange of spin-1 W* bosons. In the work [11] Schwinger developed
the theory of weak interactions into a gauge theory, where the mediators were the W=
bosons. He also suggested about the possibility of a combined theory of the weak and
electromagnetic interactions, where the gauge bosons would be W* and y. However the
idea of combining the electromagnetic and weak interactions faced stiff problems: the
W* particles were massive due to the short range nature of weak interactions, whereas the
photons were massless. In addition the symmetry of such a theory needed to be broken
due to the mass difference between these gauge particles. Later on in 1961 Glashow gave a
combined theory of the weak and electromagnetic interactions [ 12] comprising of a bigger
symmetry group SU(2) ® U(1). The generators of the group were three parity violating,
massive W* and Z; particles and one parity conserving particle, the massless photon.
But there were still difficulties in assigning mass to these gauge bosons by breaking the
symmetry, particularly, the theory became unrenormalizable. This problem was solved

by introducing the concept of spontaneous symmetry breaking.

1.1.1 Spontaneous symmetry breaking

The concept of spontaneous symmetry breaking appears in condensed matter physics as-
sociated with phase transitions. It happens when the Hamiltonian of the system has a
symmetry, hence a conserved quantity, but the ground state of the system does not respect

that symmetry. One of the most common example is the ferromagnet. Above the Curie



temperature (7¢), all the electron’s spin in a ferromagnet are randomly oriented resulting
in no overall magnetization. But below T, there happens to be a preferred direction of
magnetization and the rotational invariance property is broken. It cannot be predicted in
advance in which direction the ferromagnet will acquire a magnetization when cooled
below T¢, hence the symmetry broken is spontaneous. This phenomenon can also be
observed in particle physics. We take the example of complex scalar field with a ¢*
interaction term in quantum field theory and illustrate the phenomenon of spontaneous

symmetry breaking. The Lagrangian is

L=(0,0)"(0"p) — 1°¢" ¢ — A" 9)". (1.1)

where A > 0. This Lagrangian has a global U(1) symmetry; under the transformation ¢ —
exp(—if) ¢ the Lagrangian remains invariant. The first piece of the Lagrangian represents
the kinetic term. Here u is the mass term and A is the coupling strength of interacting
scalar fields. The potential term of the Lagrangian, V(¢), consists of the mass and the
interaction term. For u? > 0, there is a unique minimum at ¢ = 0 and no spontaneous
symmetry breaking is observed. In other words, there is a unique vacuum at ¢ = 0.
However if y> < 0 the minimum of the potential in eq. 1.1 is not anymore at ¢ = 0. The
U(1) symmetry is broken by a vacuum expectation value of ¢, which at the classical level
is the minimum of the potential. We write ¢ = % (¢ + i ¢,) and put it in the Lagrangian.
Choosing a value < ¢, >= 0, we get
2

< ¢ >== T ==tV (1.2)

Thus there are two values of ¢; for which the potential acquires a minimum value. This

is shown below in fig. 1.1

Out of these two symmetric ground states we can choose arbitrarily any one of them.

This choice spontaneously breaks the symmetry of the vacuum. Although the ground
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Y

Figure 1.1: Spontaneous symmetry breaking.

state does not respect anymore the symmetry of the theory, the Lagrangian still remains

invariant under the global U(1) symmetry.

Introducing two real scalar fields o~ and 7, we can reparametrize ¢ as

¢(x) = %[VMT(X)HU(X)] (1.3)

and putting them back into eq. 1.1 we get,

L= %(6#0')(6”0') + %(6,,0)(6”0) - % (21%) e

1 1 1
—/lv0'3—/lvcrn2—2/10'4—2/11]4—5/10'2772 (1.4)

In above the particle o acquires a mass = V2 2v2; while n remains massless. This mass-
less particle is called a Goldstone boson. In other words, if a Lagrangian having contin-
uous symmetry is spontaneously broken then there will be massless particles which are
the Goldstone bosons [13]; the number of such particle(s) will be same as the number of

broken generator(s) of the symmetry group.

However these massless particles are not seen in nature. This puzzle was resolved by
Englert, Brout, Higgs, Guralnik, Hagen and Kibble. The mechanism is popularly known

as the Higgs mechanism. In the next section we shall see how this concept plays an



important role in generating the masses of W* and Z bosons.

1.1.2 The Higgs Mechanism

We consider the Abelian example where a complex scalar field couples to itself as well as

to an electromagnetic field :
1 uv 2 2 g% % 4N\2
L= =2 F"Fu+ D] +126°¢ - &) (1.5)

where D, = 0, +ieA,. The Lagrangian has a local U(1) symmetry, ¢ — exp(if(x)) ¢, and
the gauge field transforms as A, — A, — 18,0(x). The sign of the mass term is opposite

to that of the example considered in previous section.

We follow the arguments along the line of the previous section, except that for g* > 0, the
field ¢ will acquire a vacuum expectation value through spontaneous breaking of the local
U(1) symmetry. Considering the minimum as ¢, we can expand the Lagrangian about the
vacuum state with

$(x) = o+ —= [¢1 +ida]. (1.6)

1
V2
On putting the above expression for ¢ in eq. 1.5 we find that the field ¢, acquires a mass
mg, = V2u and the field ¢, turns out to be the Goldstone boson. From the kinetic term of
the Lagrangian we find that the field A, acquires a mass m, = 2 ¢* ¢;. Thus spontaneous
symmetry breaking generates mass for the gauge boson. The Goldstone boson does not
appear as an independent particle of the theory; if we work in unitarity gauge the terms

corresponding to ¢, in the Lagrangian vanishes. This can be physically interpreted by

considering that the vector boson has acquired its mass by eating up the Goldstone boson.

This phenomenon of mass generation for gauge bosons through spontaneous breaking of
local gauge symmetry paved the way for unification of the electromagnetism and weak

interaction [14]. To generate masses for W* and Z bosons, it is necessary to break the
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SU(2); ® U(1)y symmetry. The Lagrangian containing the scalar field reads as
Licatar = (Du)" (D'9) + 42> (@' 9) = (" B)", (1.7)
where D,, is the covariant derivative corresponding to the gauge group SU(2); ® U(1)y
1, W 1,
Dﬂ:6ﬂ+§zglr. u+51g2YB,,. (1.8)

The SU(2) group has three generators, the Pauli matrices, denoted by 7. The three vector
fields are denoted by VT/,,. Y is the hypercharge and B,, is the field corresponding to group
U(1). g1, g» are the couplings of W, and B, to the scalar field ¢ respectively; the latter is

a doublet under SU(2)

¢*(x)
¢ = :
¢’(x)

(1.9)

This is a left handed doublet with weak Isospin = % The upper component has charge +1
while the lower one has charge 0. Each component is a complex scalar field which can be

written as

¢ = %«m +i¢o), ¢’ = %(% +i¢y). (1.10)

There is a O(4) symmetry associated with ¢. The potential in eq. 1.5 has a minimum for

w? >0 at
2

to K _ Y
¢$d= (1.11)

2
2
In order to generate masses we have to choose a vacuum; a gauge transformation with

¢ = ¢, = ¢4 = 0 and ¢35 = v allows us to write the field ¢ in eq. 1.9 as

6= — (1.12)



where v= vacuum expectation value = \/g and A(x) is a scalar field, with (A(x)) = 0. This
results in breaking of three local symmetries which generates the three massless Gold-
stone bosons. These Goldstone bosons are eaten up by the three gauge bosons and thus
they become massive; however the photon still remains massless. From the Lagrangian

the masses of the gauge bosons are found out to be

1%
MW:T MZ:E "g%+g% (113)

The massive vector bosons were experimentally discovered at CERN [15, 16]. Precise
measurement of their mass gives: My = 80.385+0.015 GeV and M, = 91.1876 +£0.0021
GeV. Thus the unification of SU(2); ® U(1), was achieved and it has been one of the

greatest achievement in the history of the particle physics.

The term A(x) in the doublet structure of ¢, is the scalar Higgs field of the SM. The
quanta corresponding to this field is the Higgs particle, whose mass can be derived from

the Abelian example we have considered at the start of this section. It reads as
my = N2 Av. (1.14)

The Higgs particle remained elusive in high energy experiments for quite a long time.
In 2012 [17, 18], a resonance of 125 GeV was discovered at the CERN’s Large Hadron

Collider (LHC) and it was confirmed to be the Higgs particle.

We have seen how the dream of unifying the weak and electromagnetic interactions cul-
minated in the discovery of the electroweak theory. The theory of spontaneous symmetry
breaking was introduced to generate masses for gauge bosons and fermions. The only
scalar particle of the SM, the Higgs boson, was finally found out at the LHC. It is impor-
tant to mention that the energies at which the LHC operates is of the order of TeV, where
protons moving at velocities close to speed of light collide with one another. As we shall

see in the next chapter the proton is made up of large number of gluons and quarks and
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these constituents contribute significantly at such high energies. The gluons and quarks
are held together by strong interactions described by the gauge group SU(3).. In other
words, at such high energies the effect of strong interactions cannot be neglected in ob-
servables like the inclusive and differential cross section. In fact at the LHC the dominant
channel for production of Higgs boson is the gluon fusion channel, which gets radiative
corrections due to the strong interactions. One of the reasons for the precise measurement
of the mass of the Higgs boson was due to the spectacular higher order corrections that
resulted from QCD [2, 8, 19-30]. We shall briefly discuss in the next chapter how this

theory was developed over the years of intense effort from physicists all over the world.



2 Quantum Chromodynamics

2.1 Quarks and gluons

In the previous chapter we have briefly described the theoretical endeavor that went on to
formulate the electroweak theory, described by the gauge group SU(2), ® U(1)y. In ad-
dition the SM also contains the gauge group that describes the strong interactions namely
SU(3).. The strong interaction is the force that binds the protons and neutrons together
inside the nucleus of an atom. At the scale of 107'5 m the strong force dominates over
the other two forces, namely the electromagnetic and weak force. The study of strong
force began with the endeavor to understand the hadrons and its properties, which has
been an area of interest for quite a long time. The most famous example of a hadron is a
proton, a name given to the hydrogen nucleus by Ernest Rutherford in 1920. The subse-
quent discoveries of neutron, kaon, pion etc. increased the list of the hadrons and as more
and more new particles emerged from experiments during 1950’s, it became necessary to
find a way to categorize the particles and also to understand their spectrum. The brilliant
analysis by M.Gell-Mann [31] and Y. Ne’eman [32] helped to categorize the hadrons into
representation of the symmetry group SU(3): the octets of baryons and mesons. While
protons, neutrons, A, 2" and = belonged to baryons, the family of meson comprised of the
pions, k-mesons and  mesons. In 1964 Gell-Mann [33] and Zweig [34] independently

proposed that the hadrons are made up of quarks. The mesons are formed of one quark
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and one anti-quark; on the other hand the baryons were composed of three quarks. Sub-
sequently three flavor of quarks: up, down and strange were discovered but to explain the
quantum numbers of hadrons, quarks were assigned fractional electric charge. The action
of the SU(3)gavor group on the three flavors led to the mass formulas for the hadrons. Later
on Giirsey and Radicati [35] introduced the symmetry group SU(2),pi, and thus the quarks
were identified as spin % particles. The SU(2)pin and SU(3)gayour group were combined
into a larger SU(6)pin-flavor Symmetry. Following this unification and in order to explain
the bound state of baryons, it was necessary that the low-lying baryons were in a symmet-
ric state under permutations. This contradicted the Pauli’s spin-statistics theorem [36],

which requires that the spin % quarks to be in an anti-symmetric state under permutations.

To resolve this tension, Greenberg [37] proposed that the quarks had an additional sym-
metry, the color, along with the the flavor, spin and space degrees of freedom. Now the
quarks could be in an anti-symmetric configuration corresponding to the color degree of
freedom and in a symmetric state in terms of the other three degrees of freedom. The color
symmetry remains unbroken and all the hadrons are color singlets. While measurement of
properties of excited baryons served as evidence for the existence of color, measuring the
ratio of annihilation cross section for e*e~ — hadrons to that of e*e™ — u*u~ established

color as a degree of freedom.

The quarks inside the hadrons are bound together by the strong force. Drawing analogy
from QED, we can imagine that the mediators of the strong force can only be gauge
particles, owing to the SU(3) nature of the quarks. In addition, these mediators should
interact with the color charge analogously as the photon responds to the electric charge. It
was found that the interaction between the quarks are generated by massless gauge bosons
known as gluons. We have seen earlier how the electromagnetic and weak interactions
were unified into the electroweak theory, a non-Abelian gauge theory. To construct a
gauge theory of strong interactions, it was necessary to explain a phenomenon called

Bjorken scaling (we shall discuss about it in the next chapter). This required the theory of
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the quarks and the gluons to be a non-Abelian gauge theory. All these efforts gave rise to
the theory of strong interactions: QCD. There are some fundamental differences between
QED and QCD: in contrast to one photon in QED, there are eight gluons in QCD; gluons
carry color charge while photons have no charge. In the next section, we give a brief

description of the Lagrangian of QCD.

2.2 Basics of QCD

The Lagrangian density of QCD is as follows :

1 S | i
L= —ZGZVG“v,a + Z ;ﬁf (ly"D;i’ —mo;j) W{ - 2_{(3;114;’)2 +af (_apﬂje)we' 2.1)
f=1

In above the field tensor G?

@, the covariant derivative in fundamental representation D/

and the covariant derivative in adjoint representation Z)lfe are given by

Gl, = B,A% — 0,A% + g, f™ ALAS,

D}/ =676, —ig A5 (THY,

DI = 6%, + g, f AL, (2.2)
The other quantities appearing in the Lagrangian are as follows

A = gluon field,

[Uif = quark field,

W’ = ghost field,

a,d, e = color indices in the adjoint representation,

i, j = color indices in the fundamental representation,

f¢ = structure constants of SU(3),



12 Quantum Chromodynamics

(T%)" = Gell-Mann matrices ,
gs = strong coupling constant,
m = mass of the quark,

{ = gauge fixing parameter,

ny = number of fermion species . (2.3)

The first term and second term in eq. 2.1 represents the kinetic term for the gauge field
and the fermionic field respectively. The non-abelian nature of the Lagrangian is reflected
through £ in the kinetic term of gauge field, which is absent in QED. This term is
responsible for three-point and four point vertices in QCD. The third term denotes the
gauge fixing term which is needed to properly define the gluon propagator. The last term
represents the kinetic term for the ghost field. The ghosts are unphysical as they violate the
spin-statistics theorem. The gluons appearing in loops can have four degrees of freedom
but a physical gluon can have only two degrees of freedom. The ghosts cancel the two

extra unphysical degrees of freedom coming from the gluons appearing in the loops.
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Figure 2.1: Higher order QCD correction to the process gg — H

2.3 Asymptotic freedom

The QCD Lagrangian discussed in the previous section describes how the gluons interact
with themselves as well as with the matter fields. The millions and millions of quarks and
gluons in a proton are held together by the strong force. In high energy collision processes
at the LHC, where the centre of mass energy of the colliding protons is of the order of TeV,
the strong force dominates over the electromagnetic and the weak force. QCD corrections
to the signal and the background processes become important; it is necessary to compute
these contributions for precisely predicting observables such as inclusive and differential
cross sections. For example at the LHC the production of Higgs boson is dominated by
the gluon fusion process. The virtual QCD correction at the signal is shown in fig. 2.1
The coupling of fermions to the Higgs boson is proportional to the mass of the fermions;
hence the dominant contribution in the fermion loop in the fig. 2.1 is from the top quark.
Also we observe that there is a gluon loop between the two incoming particles; this is an
example of higher order QCD correction for processes at the LHC. One of the ways to
compute such contributions is to expand in a perturbative series of the strong coupling

constant :

A= Z al 4l (2.4)
J=0

52 A
where a; = l‘gﬁ. The observables, 4/ are computed by writing down the Feynman rules

from the Lagrangian 2.1 and then evaluating the amplitudes by summing over Dirac in-
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dices, color indices and expressing them in terms of dot products of external momentum
of particles. The contribution at &(S) is called Leading order (LO); the a; order is called
next-to-leading order (NLO) ; O(&f) level is called next-to-next-to-leading order (NNLO)
and so on. For example the diagram in fig. 2.1 illustrates NNLO correction to the process
gg — H. Such kind of diagrams are divergent due to high momentum particles moving in
the virtual loops. More precisely while evaluating this diagram there will be integrals with
the four-momentum of the massless virtual particles running form O to co. In the limit of
the momentum — oo, the divergence that arise is called ultraviolet (UV) singularity. To
eliminate the divergence we have to regularize the theory in dimensional regularization,
by going to n = 4 + € dimension and then renormalize the coupling constant of the theory.

This renormalization is done by choosing a scheme; for us we choose MS such that :

d, = (ﬂ) S Zay(ud)) as(id) 2.5)
MR

where u is the scale introduced to keep the unrenormalized strong coupling constant a;
dimensionless in n-dimensions and g is the renormalization scale.
Se=exp|(ye —In4n)e/2], yg = 0.5772. ... The coupling constant renormalization term

Z(ay(uz)) reads as :

2
Zas = 1+as [—,8()
€

v @SB Lh|ra| S8 gxsb h
+a4[E,84+£,32/3 Y. +iﬁ]
s|et 0T 30l T @ Ml T 3 PP o
+a5[¥ﬁ5 b2 B+ Tk Bo + e B+ o By
L0 156 PO T 5@ PP T s T 0P T s e P

13 2
+ gﬁo,& + §,34] : (2.6)

The renormalization group equation (RGE) satisfied by the renormalized coupling a,(u3)

is
zdas(ﬂlze) _ eas(/ﬁzq)

+ Blay(uR)), (2.7)
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with

dinZ
Blasud) = M)pzkn—w —Z a,(13) B (2.8)

Bi 1s the beta function of QCD. The one loop QCD beta function was computed indepen-
dently by Gross and Wilczek [38] and by Politzer [39]. For SU(N) theory it’s value is:
Bo = —( 13—1N - %n 1), where ny are the number of fermion species. This negative value of

beta function in QCD is in contrast to the corresponding value in QED.

The RGE in 2.7 can be solved with the initial scale as * and final scale Q? (can represent

momentum transfer in a particular process)

) as(u1?)
| ) . 2.9
ays(Q7) 1 '%Jr a,(2) In (Q2/u2) (2.9)

The above solution implies that the coupling constants are not truly ‘constants’; their
strength depends on the energy scale at which the interaction takes place. For 8, < O (as
in QCD) the coupling a,(Q?) decreases as Q” increases and in the limit of very high Q?
Le.

a,(0*) -0 as Q> — co. (2.10)

Thus in processes where a large momentum transfer Q? is involved, we can explain the
dynamics of QCD in the light of free behavior of quarks and gluons. This reduction
of strong coupling constant at high energies is called asymptotic freedom, discovered
independently by Gross, Wilczek [38] and Politzer [39]. At low energies the coupling is
not small, which explains the binding of quarks in the hadrons. As the distance decreases,
the ratio a,(Q?)/a.m(Q?) decreases, where a,,,(Q?) is the fine structure constant in QED.
This is the conceptualization of the asymptotic freedom. One of the consequences of the
asymptotic freedom observed in high energy experiments are formation of jets, where the
later is a collection of energetic quarks and gluons moving in a common direction. As the
quarks and gluons evolve to form hadrons, in order to conserve energy and momentum,

they interact weakly with highly virtual particles. Therefore detection of these jets and
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measuring their properties in experiments like CERN and SLAC serves as confirmation

of asymptotic freedom and also solidifies the framework of perturbative QCD (pQCD).

Asymptotic freedom is an important property of non-abelian gauge theories. It allows us
to compute QCD effects at high energies as corrections to the free quark behavior. In the
next chapter we shall see how the pQCD corrections can be computed in the framework

of parton model.



The parton model and its

application to the Drell-Yan process

In the previous chapter we saw how the concept of asymptotic freedom makes QCD ef-
fects an important component of high energy colliders like the LHC. Hence it is of utmost
importance to compute the higher order QCD corrections for making accurate predictions
about observables like the inclusive and differential cross sections. QCD interactions
involve quarks and gluons and they are described by the Lagrangian in eq. 2.1. These
elementary particles are the constituents of hadrons; the former does not exist in free state
whereas in experiments, hadrons are the ones that take part in the collision. Thus from
theoretical side it is important to connect the hadronic picture with that of the elementary
ones to enable us perform calculations in pQCD. In this chapter we shall see how this was

possible after the discovery of the parton model.

While there were great developments in search for a unified theory of QED and weak
interactions, there was also considerable progress to understand the nature of strong in-
teractions. In the previous chapter we have seen how the understanding of quarks and
gluons eventually led to the theory of QCD. Subsequently there were advancements made
by Gell-Mann to derive the current algebras, the commutation relations for the vector
and axial vector currents [40]. These current algebras were used to derive sum rules [41]
which helped to understand the scattering processes of highly energetic neutrino and anti-

neutrino. Bjorken [42] applied these sum rules to high energy electron nucleon scattering

17
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I

P

Figure 3.1: Deep inelastic scattering process

and showed that the cross section of such a scattering process can be thought of as a point
like target. This subsequently led to the concept of Bjorken scaling [43], which was con-
firmed by the experiments at the SLAC. Bjorken scaling was explained by Feynman [44]
as incoherent scattering of point like constituents of nucleon by the incident electron.
These point like constituents were named as partons; this was the advent of the parton
model. In the language of QCD, partons are quarks, antiquarks and gluons. The deep
inelastic lepton-hadron scattering (DIS) process could be explained in terms of parton
model with some corrections, thanks to the asymptotic nature of QCD. The DIS process
is

Li(p) + HP) = L(p2) + X (3.1

where P is the momentum of the hadron H, p;, p, are the momentum of leptons and X
is some hadronic state. Fig 3.1 shows the DIS process as realized through the parton
model. The interaction of a lepton and a parton of momentum [ takes place through an
intermediate vector boson (V), having momentum ¢. The differential cross section is

d’o
dQ?dv

1 1 d2 i
@)=y fo dxy fo dd(r =2 [1(0) 5@ 0 (32)

=q.3.8

where Q> = —¢?, the scaling variable T = —¢?/2P.g and v = £4 where M is the mass
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of the hadron. x; is the fraction of hadron’s momentum carried by the parton i i.e., [ =
x1 P and 0 < x; < 1.The scaling variable at parton level is z = %. fl.H(xl) is the
parton distribution function (PDF), which is the probability of finding a parton i in H with

momentum fraction between x and x + dx. PDF satisfy the following properties :

1 1
fo dx[fu(x) = fa(0] =2, fo dx[fa(x) = fa®)] =1, (3.3)

which says that the integral of the difference between quarks and anti-quarks equals the

number of quarks in proton. Conservation of momenta implies

1
Zf dxxfi(x) = 1. (3.4)
i 0

d*o!
dQ%dv

The parton level cross section in eq. 3.2 is (z, 0%) and it can be expanded in a power

series of the strong coupling constant to compute the higher order QCD corrections.

3.1 The Drell-Yan process

In 1970 hadron-hadron collision was being studied at BNL [45], where the process inves-
tigated was collision of protons of energies 22-29 GeV giving rise to muon pair of mass
1-6.7 GeV. One of the interesting features of the data was the rapid fall-off of the cross
section with muon-pair mass. Drell and Yan [1] explained this fall based on a hadron-
hadron collision process giving rise to massive lepton pairs; this process is now popularly

known as the Drell-Yan (DY) process. It takes place as:
H(Py) + Hy(Py) = I'(L) + I () + X(Py). (3.5

P,, P, are the momentum of the hadrons and /,, /, are the momentum of the leptons. X de-

notes any final inclusive state which is allowed by the conservation of quantum numbers.
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Figure 3.2: The Drell-Yan process

Fig. 3.2 depicts the DY process as realized through parton model picture. According to
the parton model, a quark from one hadron annihilates an antiquark from another hadron,
giving rise to a vector boson (V), which subsequently decays to a lepton pair. The dif-
ferential cross section for the DY process in terms of the parton model can be quantified
in the following way: We consider the hadronic collision process in eq. 3.5 with a virtual
photon (V = ) of momentum ¢ in the intermediate state. The invariant mass squared of
the final state lepton pair is Q? and the centre of mass energy of the colliding protons is

VS These variables are related to one another in the following way

S=(P +P), 1=

2
%, 0> = 4. (3.6)

The DY cross section reads as follows

sz(TQ)_Zfdxlfdxzfdzé(T—lexz)

xi f(x0) 2o f; 2(362)

; QZ ", 0) (3.7)

where we have two PDF’s coming due to two partons taking part in the collision; z =

2 . . .
QT and +/s are the scaling variable and the center of mass energy at the partonic level

respectively. The partonic cross section is represented by %”;(z, Q?). If Q? is large, then
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L

Figure 3.3: Lowest order DY process

by Heisenberg uncertainty principle, the time of interaction of the quark and the anti-
quark is short and the partons participating in the reaction cannot interact with the other
partons present in the proton. The light quarks and the gluons which do not take part in
the reaction come out as final state hadrons. While measuring the cross section of the DY

process, we sum over all these final state hadrons, denoted by X in eq. 3.5.

A number of predictions can be made from the DY formalism, which includes a) scaling
behavior of the differential cross sections w.r.f the Feynman variable xp or rapidity y,
b) dependence of cross section on atomic number, ¢) angular distribution of the decay
products. There have been large number of experimental measurements conducted over

all these years and fair consistency with the predictions have been reported.

In addition to photon, W and Z (V = W, Z) boson can also appear in the intermediate stage

of the DY process. The processes take place as follows

pp—> W -1y +X, pp—>Z—-ff+X. (3.8)

The experimental signatures involve two high pr leptons as a result of the decay of Z
boson or a single high p; lepton and missing transverse energy in the case of W boson.
The W and Z bosons were discovered in the UA1 and UA2 collaborations at the CERN
[15,16]. The DY process is a very important experimental tool due to its high production
rate and clean experimental final state, which lead to the determination the electroweak

model parameters. Measurements of the W boson production at the Tevatron [46] resulted
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in an accurate determination of the W mass and width.

The partonic cross section in eq. 3.7 can be realized through fig. 3.3 with V = y. We
call it as a leading order process (O(a ) as we shall see later that this is lowest order
diagram that appears when the cross section is expanded in a perturbative series of the

strong coupling constant a,. The value of the cross section is [47]

4
b0 =7 G S [ [ s [[avoe -z

(G £ ) + 21 ) 12 () 6(1 = 2) (3.9)

where N is the number of colors in QCD, «,,, is the fine structure constant. The charge
of quark is denoted by e,. The term 1/Q* on the right hand side explains the rapid fall of

cross section with the increase in invariant mass of the lepton pair.

However the leading order computation of the DY process is not a good approximation,
due to the discrepancy reported between the theoretical predictions and the experimental
data; namely the NA3 group [48] found it in 1979 and this was also concluded by other
fixed target experiments. The experimental result for cross section was larger by a factor
of 2.3 £ 0.5 than the theoretical prediction [48]. Around that time the spectacular one loop
QCD (O(ay)) corrections to the DY process were being performed by different groups
[49-53]. The O(ay) corrected cross section of the DY process was then compared against
the data from the CERN and the FERMILAB and it was concluded that the discrepancy
seen before was due to the unavailable one loop QCD corrections. This highlights the
necessity of higher order QCD corrections in process like the DY. Some of the diagrams
contributing to one loop are shown in fig. 3.4. We shall elaborate on these diagrams
and the associated divergences in the next paragraph. However the one loop corrections
turned out to be large, ~ 70% for fixed target energies, which questioned the reliability of
the perturbative series. Therefore to strengthen the one loop corrections it was necessary

to compute the two loop (NNLO) corrections to the DY process [54]. The NNLO cross
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1 g

Figure 3.4: Sample diagrams contributing to O(a,) QCD corrections

section for Z boson production was found to be in good agreement with the existing
UA2 [55] experimental data. For W boson production, the theoretical predictions were
found to lie systematically above the UA2 datas. There have been attempts to go beyond
NNLO; the NNLL resummation was reported in [56]. Using Sudakov resummation of
QCD amplitudes, RG invariance and mass factorization theorem, the N3LO soft virtual
QCD corrections for the DY was finally achieved; for inclusive production see [57, 58]

for rapidity distribution see [30].

Finally we describe the type of divergences that appear beyond the leading order in the DY
process. As we can see from fig. 3.4 there are two classes of diagrams that can appear. One
of them contain a virtual gluon loop, the type we encountered in sec. 2.3. This gives rise
to the UV divergences and to eliminate them we have to renormalize the strong coupling
constant after regulating the theory in dimensional regularization (d = 4+¢€). As aresulta
unphysical renormalization scale, py enters into pQCD calculations. There are two more
singularities that can arise from the loop diagram. The momentum of the massless virtual
particle in the loop runs from O to oo and in the limit when the momentum — 0, there are
divergences which are known as soft singularities. In other words soft singularities arise
due to massless gauge particles. In addition the particle in the loop can become parallel to
one of the external massless partons, which can give rise collinear singularity. As shown
in fig. 3.5 in the center of mass frame of the quark-antiquark system, the gluon is emitted
at an angle 6 with respect to the quark. Collinear singularity arises when 8§ — 0. These

two singularities, the soft and collinear, together are called infrared (IR) divergences.
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0

< >
q q

Figure 3.5: Gluon emitted at an angle € in center of mass frame of the quark-antiquark
system.

The second class of diagram consist of one real emission from the initial state as shown
in fig. 3.4. When multiplied by its own conjugate it will contribute to O(a,). This dia-
gram can give rise to both soft and collinear singularities. According to the KLN theo-
rem [59, 60] the soft and collinear singularities from virtual diagrams cancel against the
soft divergences from the real emission ones, when the two classes of diagram are added
together. To cancel the initial state collinear divergence, we have to perform mass fac-
torization [61]. The process of mass factorization introduces an additional scale into the
computation, yur; hence the UV and IR finite result contains two unphysical scale depen-
dencies: ug and pp. At a particular fixed order in the perturbative expansion, if the cross
section varies considerably w.r.f to these scales, then it indicates the need for higher order
QCD radiative corrections. As we saw before, this was one of the reason that prompted

the NNLO corrections to the DY cross section.

The DY process in the SM is now one of the widely studied and understood areas in parti-
cle physics. It has established itself as one of the benchmark processes to probe physics at
TeV energies at the colliders, namely earlier at the Tevatron and now at the LHC. Because
of its large cross-section and small systematic uncertainties, DY production also serves
as luminosity monitor [62] at the LHC. Its clean electromagnetic probe is best suited for
the search of any new physics beyond the SM (BSM). An excess rate over the SM in this
channel will potentially indicate the signature of BSM physics. Drell-Yan is the potential
background for processes involving Z” or W’ and also for spin-2/graviton searches. In this
thesis using the DY process, we shall study the scenario where a massive spin-2 particle

can appear in the intermediate stages, which then subsequently decays to a lepton pair.
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The SM of particle physics has been very successful in explaining the phenomenon that
take place at the subatomic level. We saw in the previous chapters how the theory was
built over years of perseverance of physicists from all over the world. The final milestone
was achieved in 2012 when the Higgs boson was discovered at the LHC [17, 18]. How-
ever the theory has many limitations: it does not have dark matter candidate to explain the
relic abundance in the early universe; it fails to explain the observed baryon asymmetry in
our universe; it lacks a proper description of the phenomenon of neutrino oscillations. In
addition the theory cannot incorporate properly the fourth force of nature: gravitational
force. These above mentioned evidences served as compelling reasons to construct the-
ories beyond the SM. In the next section we shall concentrate on how extra-dimensional
models incorporate gravity and thereby allow it to interact with the SM fields which can
lead to observable signatures at the colliders. We shall concentrate on the DY production
of a massive spin-2 particle which subsequently decays to a lepton pair. We have seen
earlier that QCD corrections play an important role in the SM DY process; hence we shall
compute second order QCD corrections in models of TeV scale gravity. We describe them

in details in the next two sections.
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4.1 Field theories with extra dimension

Unification of all the four forces that exist in nature has been a dream of physicists for
quite a long time. Although the strong, weak and electromagnetic forces have been com-
bined together and they are explained by the SM, there is still no successful theory in
which gravity can be described at par with the three forces. This inability arises due to the
huge difference between the two fundamental energy scales in nature: electroweak scale
(mw) ~ 10° GeV and the Plank scale (Mp) ~ 10" GeV. In other words at the subatomic
scales, gravitational force is weaker compared to other three forces in the SM. In order
to explain this hierarchy, proposals of extra-dimensional models have been made with the
aim to allow gravity interact with the SM fields. The idea to unify the forces in nature
dates back to early nineteenth century when Kaluza [63] and Klein [64] tried to combine
electromagnetism with general relativity by proposing a 5-d model, where one spatial di-
mension was compactified on a circle. A higher-dimensional field theory can be reduced
to 4-dimension after the extra dimensions are compactified. This is called Kaluza-Klein

reduction. We illustrate this in the next section with an example of a free scalar field.

4.1.1 Kaluza Klein reduction

The action representing a free massless scalar field in 5-d reads as follow [65]

S = f dSX%ﬁM(ﬁ(x“,z)ﬁM(ﬁ(x“,z). 4.1)

In above, z is the extra dimension compactified on a circle of radius R, M = 0,1,2,3,5
and u € [0, 3]. The measure of the integral is d °x = d *xdz. The field ¢ is periodic along

z with ¢(x*, 7+ 2nR) = ¢(x*, 7). We perform a Fourier expansion of the scalar field along
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the extra dimension,

IS idg
Het2) = = IZQ ¢ (xH)e' 7 (4.2)

where the field is subjected to the constraint (¢)" = ¢, Putting the expansion in the

above equation into the action in eq. 4.1 and performing the z integration we get:

1 N 5
S = fd4x(§5#¢(0)6“¢(0) + Z[aﬂ¢<l>Ta“¢<l> —_ F¢W¢(D]J. (4.3)
=1

Thus by compactifying the extra dimension and then performing a Fourier expansion
along it, we notice that a 5-d theory has been reduced to 4 dimensions. The first term rep-
resents the 0’th mode of the Fourier expansion, which remains massless in 4 dimension.
The second term describes an infinite series of states, popularly called the Kaluza-Klein
(KK) tower of states, with each state having a mass m = [/R. For higher dimension com-
pactified on a torus, the generalization is straightforward and the masses of the KK states
are as follows:

B

2
Mg, =—=+—=+—=+. 4.4)
516 R; R. R

with R; is the radius of the i’th compact dimension.

The KK reduction can be similarly carried out for a gauge field in 5-d as well as gravita-
tional field in d = n + 4 dimensions. To describe KK reduction for gravitational scenario,
we consider an action describing coupled gravity + gauge + matter systems ind = 4 + n
dimensions. Since gravity is a non-renormalizable theory, an UV cut-off has to be chosen,
which can be related to the compactification radius of the extra dimensions. On perform-
ing a mode expansion, the / = 0 mode correspond to m massless vectors, m(m + 1)/2
massless scalars and one massless graviton. On the other hand for the mode [ # 0, we
get for each KK level, one massive spin-2 tensor, m — 1 massive vectors and m(m — 1)/2

massive scalars.

In the next section we shall describe how extra-dimensional models try to solve the hier-

archy problem and try to unify SM with gravity.
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4.1.2 The ADD model

One of the extra dimensional models addressing the problem of hierarchy was given by
Arkani-Hamed, Dimopoulos and Dvali (ADD), popularly called the ADD model [66].
Here the authors consider the experimentally determined electroweak scale as the mass
scale of their model and the UV cutoff was set equal to my. In order reduce the huge
energy gap between the scales Mp and my, n extra spatial dimensions were introduced
which were compactified in a torus of radius R. Denoting the Planck scale in the 4 + n

dimensional theory as My, the following relation between Mp and Mg was shown to hold:

M3 ~ MYR" (4.5)

By taking R to be large the scale Mg can be lowered down to a few TeV and the hierarchy

problem can be avoided.

In the ADD model the SM fields are constrained to a 3-brane while the gravitons prop-
agate in the 4 + n dimensional bulk. Then the size of the extra dimensions is only con-
strained by the length scales to which the gravitational inverse square law has been ex-
perimentally tested, which are currently probing the sub-millimeter range. To reduce the
higher dimensional theory to four dimensions, KK reduction is performed which results
in a tower of KK modes. Among these, the zeroth mode gives rise to massless particles,
while the rest of the modes, which are infinite in number gives rise to massive particles.
The KK modes interact with the SM fields through the energy momentum tensor, 7+,
with coupling strength of each interaction being proportional to 1/Mp (we consider this
as ). In the effective theory all the KK modes are summed over and due to high multiplic-
ity of these modes, the effective coupling becomes of the order of 1/M. This enhanced

coupling provides viable signatures of the graviton KK modes at colliders.

Most of the extra-dimensional models assume the coupling of the spin-2 particle to the
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SM fields to be same. In other words the gauge and fermionic fields couple to the spin-2
particle with an universal coupling strength. In the next chapter we shall study the phe-
nomenology of such a scenario in great details. However this is not the most general way
in which the spin-2 can interact to the SM particles. There can be a generic massive spin-2
particle coupling differently to the fermionic and gauge fields. We shall also investigate

such a scenario and present the phenomenological impact up to NNLO level in QCD.

In the next section we describe the general theoretical concepts required for computing
the differential distribution of a lepton pair production from the decay of a massive spin-2
particle, where the latter appears in the intermediate stages in DY type of process. We
describe the universal coupling scenario in the next section; the theory for non-universal

case will be presented later in chapter 6.
4.2 Theoretical Framework

421 The effective action

We assume the massive spin-2 particle interacts universally with the SM fields. Since we
are interested in the QCD regime of the SM we shall consider the coupling of the QCD

energy-momentum tensor to the spin-2 field. The action describing such an interaction is
S =Ssu+Si-5 f d*x TP (x) h* (x) (4.6)

where, Sy and S, represent the actions of the SM and spin-2 fields, respectively. Tl?VCD

is the conserved energy momentum tensor of QCD which is given by

1 1
TP = —g,, Locp — FF¥ - ngap(AgaﬂAg) + E(Aﬁaﬂ((?"A‘;) +ASD,(67AL)
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Ir— g . aia — . aaa - 2 . aa

+ Z[w')/,u(av - lgsT AVW - Ql’(av + lgsT Ay))’u'l’ + w‘)’v(a# - lgsT A,,W
—

— (0, +ig, T Ay | + 0,8 (0,0 — g, f ™ ASw’)

+ 0,0 (8,0 — g f ™ ALw"). 4.7)

In above g; is the strong coupling constant and T, f** are the Gell-Mann matrices and
structure constants of SU(N) gauge theory respectively. € is the gauge fixing parameter
which is set to 1 as we have performed our computation in the Feynman gauge. The

Feynman rules of the theory are presented in Appendix 11.1.

4.2.2 Invariant Lepton Pair Mass Distribution do/dQ?

We consider the DY production of a lepton pair, /" and [~, given by
H (Py) + Hy(P2) = I'(l) + " (L) + X(Px), (4.8)

where H; and H, are the two incoming hadrons and X takes into account all possible
partonic emissions in the initial state. The four momenta of the corresponding particles
are represented inside the parenthesis. In the QCD improved parton model we can express

the hadronic cross section in terms of the partonic one in the following way:

dO'H'H2
sz (r.Q") = Z fdxlf dx, i (x1) f, 2 (x2)
ab=q.3.8

f dz 2sLZ;Q2 (z, 0°)6(T — 2X1X2) . 4.9)

In the above equation S is the square of the hadronic center of mass energy which can be

related to the corresponding partonic one, §, through § = x;x,S. Q? is the invariant mass

of the final state leptonic pair i.e. m?,. = Q*. f, and f; are the parton distribution functions
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of the initial state partons a and b, respectively. The other parameters are defined as

2 2
T %, Q—A and T = x1x2. (4.10)
S

7=
The underlying partonic process corresponding to the hadronic one (4.8) is
a(pr) + b(p2) = jig)+ Z Xilgs) = I'(h) + () + Z Xi(qs)

i=1

where, j can be photon (y*), Z-boson (Z) or spin-2 particle. The DY cross section can be

factorized in terms of partonic (ab — j) and leptonic (j — ['[7) parts as follows:

do-ah d"q; + d'l + nZQ +072
g UH@ y ](f(z y o ))x( 2y 5(12))

m

(Zﬂ)”xé(”)( 1+P2=q- Zq)ZﬂfS*(q 03]

=

(z_ln >, Ml pig). Pig). M

b=y Lh

2] 4.11)

2.
18 the

where in above |M@ =/ +2L 11"| is the partonic cross section while [M; /="
leptonic contribution. j # j’ reflects the interference terms between the channel j and j'.
In the above equation, the sum over Lorentz indices between matrix element squared and

the propagators is implicit through a symbol ‘dot product’. Introducing the identity

dn
f (273” X Q2m)'d"(g-1 —h)=1 (4.12)

and noting that

[ars, f]_[(2 76" (@)

f dPS , X (z'ﬂ‘;n 218" (¢* = %) (2m)" x 6" [pl HCETEDY qi)

i=1

= fdPS,,,H (4.13)
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Thus we arrive at the following formula for partonic cross section

ot 1 2 . o
907 “3n > fdPSmH M= Pig) - Pilg) - L7 (g (4.14)
J

i’ =y Z,h

with L7721 is given by

2
P + 7= d}’ll Pt +1-12
Jj ol — —12 6+ 12 X (2, ndn -, =1 Ji—-rl . 4.15
L7 (g) ];[((zﬂ)nn (,)) @n)'"(q — Iy — ) M (4.15)
In eq. 4.11 the propagators are
i -
Py,,uv(Q) = —@va = npva(Q2)’
i -
P v = - y = VP . ’
z.u/(q) @ M=y S 2(Q7)
P oo (@) = D(O*)Bopr (@) = Buvoo (@) P1(Q%) (4.16)
where
qu49p 99+ quqo 4v9p
Bva(‘]):(n __)(771/0'_ )+(770'__)(77v - )
e " qq q.q ooqq )\ qq
2 4.9y 990
- (n,w - “—) (nw - ”—) : (4.17)
n—1 q-9 q-9

N = diag[l,-1,-1,-1,---] and D(Q?), the summation over the virtual Kaluza-Klein

(KK) modes in the time like propagators [67] in (4 + d)-dimensions, is

Qd—Z M,
D(Q?) = 16”(/<2Mg+2)1(§)' (4.18)

In the UV region the integral I is regulated by a cutoft which is of the order of My [67].

This cutoff sets the limit on the applicability of the effective theory. For the DY process,
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this implies Q < Mj. The summation over the non-resonant KK modes yields

dj2-1

1 1
l(w) = - Z ﬁwzk—zlog(wz—l), d = even, (4.19)
k=1
(d-1)/2
1 1 w+1
I = - — W+ 21 , d =odd, 4.20
) ; %-17 T2 Og(a)—l) 0 (4:20)

where w = My /Q.

In order to compute the hadronic cross section in eq. 4.9 we have to compute the leptonic
part and partonic part separately and then fold the resulting partonic cross section in eq.

4.14 with the appropriate PDF’s. The leptonic part turns out to be

L7 = @iy (@), i = vy Z2.yZ),

LM (@) = Bupo (@ Lin(0P), (4.21)
where
K2 2ar
Lin(@*) = Q' - LAQ) = Q35 () +(ely).
ag! 2
L0 = —Qzﬁ, L, (Q%) = QZ?“,

4.9y
and g,uv(‘]) = qu - (;(] .

(4.22)

In the above equation, « is the fine structure constant, cy = cos 8y, sy = sin 8y and 6,, is
the weak mixing angle. g}’ and g? can be expressed in terms of charge Q of the fermions
(f) i-e. quarks, leptons and weak isospin 77:

1 1
g =t =i 423
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Hence, the hadronic cross section in eq. 4.9 can be rewritten as

dohf: ] N .
2= T D PO P (QIL(@OWi(r, 07) (4.24)
JhJ =y Zh}

where, the hadronic structure function W is

Wi (@ 0% = Z fdxlfdx2ﬁzH1(x1)fbH2(xz)fdzé(T—lexz)

a,b,j,j’
x [ dpS M TP ) (4.25)
with
8 (q), S =yy.vZ,2Z
T, (q) = (4.26)

By (q),  jJ = hh.

To obtain the differential distribution in eq. 4.24 we need to compute the hadronic struc-
ture function W;; in eq. 4.25 which further requires evaluation of the integrals in a suitable
frame over dPS .., and dz after substituting the matrix element squared | M4/ T, (q).

We define the bare partonic coeflicient function A:;,’) (z, 0% 1/ e) as following
A0 (@ 1/€) = Cyy f dPS M 1(q) (4.27)

where

= i =v22,yZ,
Ciy = (4.28)

o= i =hh

There are two different class of processes which contributes to the partonic cross section:
first one happens through a virtual photon (y*) or a Z-boson whereas the second one
contains a spin-2 particle in the intermediate state. Interestingly, on performing the phase

space integration, the interference term between the two classes of diagrams up to NNLO
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identically vanishes, this was earlier noted to NLO [68]. This can be realized as follows:
We consider the partonic processes where 1. a massive spin-2 particle is produced and 2. a
photon/Z boson is produced and take the interference between these two processes. Then
after the phase space integrations, the resulting expression will be a third rank tensor say
P#7. Now the only quantities available from which we can construct such a third rank
tensor are 7, and g, (q.g # 0). There can be no such P¥*? constructed out of 7,, and
q- which satisfies g, P**” = 0. This is also true for Levi-Civita tensor which appears in
the case of the electro-weak vertices. This can also be checked by explicit computation.

Therefore, our result contains no contribution from the interference terms.

In order to compute the matrix elements in eq. 4.25 we have to expand the amplitudes in
a perturbative series of the strong coupling constant. For a spin-2 particle appearing as
an intermediate state, at LO we can have gluon initiated process as well as quark initiated

one. Thus at LO (see fig. 4.1)

q+q—-v'/ZIh, g+g—h. (4.29)

Beyond LO, the contributions arise from virtual as well as real emission diagrams. At

Figure 4.1: Leading order processes for the DY

NLO in QCD, we have
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q+qg— vy /Z/h+ one loop,

q+q—>v/Zh+g,
g+ g — h+oneloop,

+g—>h+g,
Eve g e+ — v /Z/h+3. (4.30)

g+q—v/ZIh+q,

Similarly at NNLO in QCD, the contributions can arise from three different categories:
double-real emissions, real-virtual and double virtual diagrams. The processes which

belong to the double-real emissions are

q+q—->v/Z/h+tq+4q, q+q—->v/Z/h+g+g,
g§+g—->h+g+g, g+8—-Y/Z/h+q+4q,
g+q—-v/ZIh+g+q, g+q—-Y/ZIh+g+q,
4g+q—->v/ZIh+q+q, Qtqp =Y /ZIh+tq+q,

G+ oY /Zh+ g+ 4.31)

The processes which contribute in real-virtual are

q+q— Yy /Z/h+ g+ oneloop, g+g — h+g+oneloop,

g+q— v /Z/h+ g+ oneloop, g+qg— vy /Z/h+ g+ one loop (4.32)

and the pure double virtual diagrams are

q+qg— vy /Z/h+two loop,

g+ g — h+twoloop. (4.33)

As we have discussed earlier in section 2.3 the evaluation of virtual diagrams give rise
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to UV divergences. In addition IR singularities also arises from loop diagrams, when the
virtual particle can become soft or parallel to one of the external particles. Moreover IR
singularities also arise from real emission diagrams which we already discussed in sec-
tion 3.1. We regulate the UV as well as IR divergences using dimensional regularisation
where the space-time dimensions # is chosen to be equal to 4 + €. All the singularities
manifest themselves as the poles in dimensional regularization parameter €: 1/€* with
a € [1,4] up to NNLO. As we have already seen through eq. 2.5 and 2.6 in W, the UV

poles are removed through strong coupling constant renormalisation using

/.12 €/2
a8 = (—2) Z,.aq (4.34)
Hg

where, the renormalization constant Z, up to O(a’) is given by

tas|Ght B ras| S+ 35 BBt B

1 46 3 10 1
4 4 ) )
+ dj [163% + gﬁoﬁl + 2—62,31 + @ﬁoﬁz + 2—6ﬁ3]

2
Zac = 1+as[—,80
’ €

32 652 157 172 34

+a gﬁg + @ﬁéﬁl + @ﬁoﬁ% + Féﬁéﬁz + @&ﬁz

13 2
+ gﬁo,& + §ﬁ4], (4.35)

and
Se=exp|(yr — Indn)e/2] , ve =0.5772...,
g2
as = as(yi) = 1'6;_2 . (4.36)

( is the scale introduced to keep the unrenormalized strong coupling constant a; dimen-
sionless in n-dimensions. The corresponding renormalization scale is denoted by ug. B;’s
are the coefficients of QCD g-function [38,39,69-71]. The spin-2 particles couple to the
SM ones via Tl,QvCD which is conserved, hence « is protected from any UV renormalisation.

The soft divergences arising from virtual diagrams cancel exactly against the same coming
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from real emission ones, thanks to the Kinoshita-Lee-Nauenberg (KLN) theorem [59,60].
The initial state collinear divergences are removed through mass factorization, performed

at the factorization scale pg:

Ao @ 1) = Y Toalatih, 1/ ® L@ 13, 1/€) @ Ay(z, QPpi}) . (437)

¢,d=q,3.8

The symbol ® stands for the convolution:
1 d
X Z
reae= [ Frome(S). (438)
Z

In eq. 4.37, 4 = &/z is the bare partonic coefficient function and the corresponding
one after performing the mass factorization is denoted by 4. Further we have dropped
the double index jj” from the partonic coeflicient function (see eq. 4.27) because of the
vanishing interference terms between the two classes of diagrams and replace it by the

single index i instead. The mass factorization kernel in the MS scheme is given by
Ta(@pp, 1/6) = Y ds @iz i3, 1/€)

k=0

with

Iy =6awi(1-2),

F(l) P(O)( )
o _ 1 1p0 g p0 4 5 po), 10 439
ab 2 ac ch +ﬁ0 ab + € 2 ab | ( . )

sz are the Altarelli-Parisi splitting functions [72-76].

Expanding the unrenormalised coefficient function in eq. 4.27 and the mass factorized
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one in eq. 4.37 in powers of strong coupling constant as

k=0
= d A (4.40)
k=0

and using eq. 4.39, we can get all the contributions to NNLO arising from all the subpro-

CESSES:
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2i,(1) (1) 71,(0) S,(2)
2A8!11 ® F8612 2Aq1(11 ®Fq1q2 ’

Az(2) AI(Z) Az ,(0) ®F(” F(l) + ZA’(O) ®F(1) F(l) 2A’(” ®F(')
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i,(0) S,(2)
ZAM1 T Bt 4.41)

To arrive at the above set of results 4.41, we have made use of

Igg =T, Ioq =T'gg

and A=A, =4 =4 (4.42)

and the presence of the n, in RHS comes from the sum over flavors. The superscript S in
the last two equations of 4.41 denotes the flavour singlet part of the AP kernel. From the
results of the bare coeflicient functions and the known splitting functions, we can obtain
the finite 4, using the above eq. 4.41. This in turn gives us the 0? distribution of the

leptonic pair in the DY process:

H1H2

(1, Q%) =28 — =~ dQ2 (. Q)

1 1
+Z7—’hf dxlf dng dz6(T — zx1%2)
0 0 0
2

k qh,(k) k 4h,(k) k qh,(k)
quz a0 + H, Z A + (Hyy + Hyg) Y ails
k=0 k=1

d H\H»

sz

X

2 2

k qh,(k) k qh.(k)

+ Hy, Z a A, + Hyg, Z adg
k=2 k=2

, (4.43)

where the contribution from SM [54,77-79] reads as follows:

H1H2

d 1 1 I
dQZ (1.0 = ;ﬁM,qL dle dxz‘[o dz 6(t — zx1%2)

2 2
h,(k) k qh,(k
X[Hq ST A 1 (Hy + Hy) S it

k=0 k=1
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2 2 2

k qh,(k) k 4h,(k) k 4h,(k)

tHyy ) @AY + Hygy > aiAb 8 + Hyy )" abl ].(4.44)
k=2 k=2 k=2

In the above expression

4a?, 200 - M)
F. _*%em| 2 _ Z (\3/ 1%
SMe T 300 [ T((@2 - M+ ML) Cuse 8y
+ < (87 + &2)((el ) + (g2>2)] ,
((Q2 - M2y + M2I2)chs},
B K4Q6 -
Tir = 330 D@
A0 = g0 12 (4.45)

and the renormalised partonic distributions are

Hyg(xr, X, 1) = fi o, ) f G, i) + 7 (o, i) S (02, 1)
Hyg (1, X2, 13) = fi o, ) [ o, i) + 7 (e, i) S (2, ) »
Hyygo (51, X0 13) = f20 o ) F12 Co p13) + S22 (020 1))
+ £ G ) (12 G pid) + frR (e p1}))
Heg(x1, X0, p13) = [0 Ory i) (£ oo 1) + 12 (2 13))
Hgo(x1, X0 i) = H,y(xs, X1, U3

Hgo(x1, X0, p7) = [ (1, p13) fE2 (a0 i) (4.46)

The differential distribution of the DY pair produced from a spin-2 particle already exists
up to NLO QCD in the literature [68]; in this thesis we extend it up to NNLO. We discuss
about the methodology to compute the finite partonic cross sections Az’b(z) in the next

chapter.
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4.3 Outline of the thesis

This thesis contains both fixed order computations as well as resummation. It is divided
into four parts : in chapter 5 we shall discuss the NNLO QCD corrections to production
of a lepton pair where the latter is produced from an intermediate spin-2 particle which
couples universally to the SM fields. We discuss the method of reverse unitarity that we
employ to achieve the above computation. In chapter 6 we discuss the theoretical aspects
where the spin-2 particle interacts with the SM fields with non-universal coupling. We
compute the form factors and derive the anomalous dimensions up to three loop order in
the perturbation theory, using the universal IR structure of the QCD amplitudes. Using
the results of the form factor computed in chapter 6 and employing the reverse unitarity
for computing the real emission processes, we compute the NNLO QCD corrections for
such a nonuniversal model in chapter 7. The fixed order partonic cross sections receive
large contributions from some regions of phase space, due to the emission of soft gluons.
When these cross sections are multiplied by the PDF’s, there can be large contributions at
the hadronic level, which spoils the reliability of the perturbation theory. To resolve this
issue we have to perform resummation to all orders in the perturbation theory. In chapter 8
we describe the formalism to obtain the soft-virtual cross section in z; space (i = 1,2),
which we use to compute the resummed exponents in double Mellin space. In chapter 9
we apply the formalism to perform threshold resummation of the rapidity distribution in

two dimensional Mellin space for the DY process. Finally we conclude in chapter 10.



Second order QCD corrections in
models of TeV scale gravity: Universal

coupling

In this chapter we discuss the next-to-next-to-leading order (NNLO) QCD corrections to
production of di-leptons at the hadron colliders in large extra dimensional models with
spin-2 particle produced in the intermediate stages. The spin-2 particle couples to the
energy momentum tensor of the SM with the universal coupling strength x. We present
the numerical impact of the higher order corrections and demonstrate the reduction of

scale uncertainty at NNLO level.

5.1 Introduction

The Run-1 at the LHC culminated in the discovery of the Higgs boson [17, 18], Run-
II is currently in operation and the SM is being scrutinized at unprecedented levels of
accuracy. From the theoretical perspective, precise predictions for both signals of new
physics and the SM background are very essential. Computation of observables in QCD
involve expansion in strong coupling constant and calculating the contributions coming

from LO, NLO etc. The LO predictions are often very crude at the colliders due to miss-
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ing higher order effects and the presence of unphysical scales resulting from ultraviolet
renormalization and mass factorization. The predictions based on LO results are unreli-
able and they cannot constrain the model parameters stringently. At the energies of the
LHC, the dominant corrections to LO DY result come from QCD; hence NLO correc-
tions are large. For the DY process, the NNLO corrections in QCD are available for
inclusive cross section [54], rapidity distributions [80, 81], fully exclusive distributions
including y-Z interference, the leptonic decay of gauge bosons and finite width effects
are also included [82—84]. The current accuracy of the DY process is next-to-next-to-
next-to-leading order (N?LO) corrections to the production cross section near the partonic

threshold [57, 58, 85].

The SM of particle physics explains the dynamics of three forces: electromagnetic, weak
and strong force. However it cannot successfully explain the phenomenon associated with
gravity. Although both electromagnetic and gravitational force have interactions ranging
up to infinity, yet at the subatomic scale, gravity is much weaker compared to electromag-
netic force. There are two different fundemental energy scales in nature: the electroweak
scale (10° GeV) and the Planck scale (10'®) GeV. Gravitational force is comparable to the
gauge interactions at the Planck scale but not at the electroweak scale. In order to explain
this huge difference between two scales in nature, many extra-dimensional models have
been proposed involving a massive spin-2 particle interacting with the Standard Model
fields through the conserved energy-momentum tensor. To achieve this, we have to go
beyond the SM (BSM). In this context, massive spin-2 particle have been phenomenolog-
ically well studied in the context of models with extra spatial dimensions which could be
flat as in the large extra dimension model, namely ADD [66, 86, 87], or warped as in the
RS model [88] or any other new physics scenario with spin-2. They couple to all the SM
particles through the energy-momentum tensor of the SM. A generic spin-2 particle can
also contribute to other production channels, namely di-lepton or di-vector boson produc-
tions at the LHC. In this chapter, we will restrict ourselves to study the invariant mass of

di-lepton pair in the ADD model with spin-2 particle. To match the theoretical accuracy of
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the SM DY process, the di-lepton final states including a spin-2 intermediate state should
also be calculated to the same order of accuracy in QCD. The present accuracy of fixed
order computation for ADD and RS model is NLO QCD corrections, which are available
for most of the di-final state process with a trivial color flow viz.: di-lepton [68, 89, 90],
di-photon [91,92], ZZ [93,94] and W* W~ [95,96]. In addition, these processes have been
extended to NLO+Parton Shower accuracy [97-100]. These corrections are found to be
large i.e K-factors are turned out to be order of 1.6. For most of these processes the renor-
malisation scale (ug) dependence begins at the NLO level, which implies that we have to
compute NNLO corrections. Only at NNLO the renormalisation scale dependence starts
getting compensated. To go from NLO to NNLO it is prudent to take incremental steps.
For large invariant mass systems threshold contributions play an important role as they
capture the dominant part of the cross section. The form factors such as gluon-gluon
— spin-2 and quark-antiquark — spin-2 at two-loop level in QCD [101, 102] were com-
puted to obtain threshold corrections at NNLO in QCD for production of di-leptons at the
hadron colliders in ADD model and resonant production of a spin-2 particle in RS model.
The three loop QCD corrections for these form factors were computed in [103], the two

loop corrections for a massive spin-2 decaying to 3 gluons was achieved in [104].

It is also necessary to go beyond threshold contributions and compute the hard part of
the cross section, which may contribute significantly. In this chapter we shall describe the
methodology to perform a full NNLO computation in a model independent way and study
the impact of these higher order corrections for the ADD model. The theoretical back-
ground required to compute the differential cross section has been elaborated in section

4.2.1. In the next section we describe the methodology to compute the NNLO corrections.
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5.2 Computation

We are interested to compute the partonic cross section AZ;)Q) , which consists of the evalu-
ation of the loop integrals arising from the virtual diagrams and the phase space integrals.
For a spin-2 production, at LO we can have both gluon and quark initiated processes (see

fig. 5.1)

q+q—=Y/Zlh, g+g—h. (5.1)

Figure 5.1: Leading order processes for the DY

Although we have already discussed about the type of processes that can appear up to
NNLO while describing the theory part of spin-2, yet we list the processes again before
moving on to describe the methodology to compute the partonic contributions. Beyond

LO, contributions arise from virtual as well as real emission diagrams. At NLO in QCD,

we have
q+q— Yy /Zlh+g, q+q— v*/Z/h + one loop,
gtg—h+g, g +g — h+oneloop,
g+q—v/Zlh+q, g+qg—-Y/Z/h+q. (5.2)

At the NNLO in QCD, the contributions can come from: double-real emissions, real-
virtual and double virtual diagrams. The processes which belong to the double-real emis-

sions are
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4+q—->v/Z/h+q+4q, q+q—v/Z/h+g+g,
g§+g—->h+g+g, g+g—-Y/Z/h+q+4q,
8§+q9—-Y/ZIh+g+q, g+q—-Y/ZIh+g+q,
q+q—y/Z/h+q+q, Qi +q =Y IZIh+q + q,

G+ @Y /Zh+q+ Q. (5.3)

The processes which contribute in real-virtual are

q+q— 7Y /Z/h+ g+ oneloop, g+g— h+g+oneloop,

g+q—vY/Z/h+ g+ oneloop, g+q— Y /Z/h+ g+ one loop (5.4)

and the pure double virtual diagrams are

q+qg— vy /Z/h+two loop,

g+g — h+twoloop. (5.5)

In this work, we have computed the double real and real virtual contributions, while the
purely virtual form factor contributions were computed in [102]. We describe the method-

ology of our computation by taking the g g initiated process as an example.

e double-virtual: the interference of the two loop and the tree level amplitudes, listed

ineq. (5.5)

------------ + 152 terms.

Figure 5.2: Interference of two loop with Born
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The Feynman diagrams in above were generated by using the package QGRAF [105].
Using in-house code written in FORM [106, 107], the output from QGRAF was converted
to a suitable format. Using our codes in FORM, the born square of the above diagram was
evaluated by summing over colors and spins. The matrix elements contain hundreds of
different loop integrals, which were reduced to only a few number of master integrals
(MIs) by making use of the integration-by-parts (IBP) [108, 109] and Lorentz invariance
(LD [110] identities. The reduction to MIs was achieved using the mathematica based

package LiteRed [111]. The above form factor results can be found in [102].

e double-real: the self-interference of the tree level amplitudes for the processes con-

tributing to pure double-real emissions. For example, for the process g+g — h+g+g

+ 675 terms.

Figure 5.3: self interference of double real emission

To evaluate the above diagrams we have to perform a phase space integration over the final
state gluons, which can be quite non-trivial to calculate. To compute the NNLO QCD
correction to the DY pair production in [54], the phase space integrals were performed
through evaluation of the two parametric and two angular integrations in three different
frames. The phase space integration in inclusive production cross section of the Higgs
boson were done by three different techniques. In [112], the partonic cross section was
obtained by performing an expansion around the soft limit. In the meantime a completely
new and elegant formalism was developed in [2] by Anastasiou and Melnikov to get the
same result. The phase space integrals were converted to loop integrals by using the idea
of reverse unitarity. Thus evaluation of real emission diagrams boils down to computing

virtual diagrams. We describe it in details below.



5.2 Computation 49

The contribution coming from fig. 5.3 when the two parts are multiplied is proportional

to
d'qp d'q )
4% 4
2yt o1

)0.(g5)6(q> — mp)[- -+ ] (5.6)

where, pi, p2, q1, > are the momentas of incoming and outgoing gluons respectively, g is
the momenta of spin-2 particle. In above 8, (¢> — m?) = 6(¢> — m*)0(q°). The ¢, functions
can be replaced by the difference between two propagators with opposite prescriptions for

their imaginary parts, which follows from Cutkosky rules [113]:

1 1

8.(q* —m?) ~ -
+lg ) G -m+ic ¢ -m?—ie

(5.7)

with € — 0. Upon this substitution, the square of the diagram becomes equivalent to the
forward scattering amplitude, presented in fig. 5.4, where, the blue dotted line denotes the

cut propagators which should be replaced by the RHS of eq. 5.7.

Figure 5.4: Effective two loop diagram with three cut propagators

We begin our computation by evaluating the normal Born square of the above diagram
(5-external on-shell legs) where the sum over colors and spins are performed. The color
simplification is done in general SU(N) gauge theory. The Dirac and Lorentz algebra are
carried out in n-dimensions (n = 4 + €). We multiply the phase space factor with the final
answer, which contains the three ¢, functions corresponding to the final state particles.
We convert it into a cut two-loop Feynman diagram through the application of reverse
unitarity as discussed above. As a result the phase space integral can now be handled in
the same way as the multiloop integrals. We make use of the IBP and LI identities to

reduce this two loop diagram into a set of MIs. The sign of the imaginary parts of the
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cut propagators are irrelevant for the above identities; the two terms of those propagators
which are differed by the different prescriptions of the imaginary parts give rise to same
IBP relations. Each of these two terms have the same form of the IBP relations as the
original two-loop integral without the cut. Therefore instead of considering the two terms,
we can take only one term, which is equivalent to substituting the ¢, functions by its first
propagator from the RHS of eq. 5.7. During reduction to MIs, in order to keep intact
the cut propagators in its original form even in the MIs, we make sure not to apply any
transformation on the momenta of the cut propagators. After the reduction, we must put
those MIs to zero which do not contain any of the three cut propagators. Putting the 6.
functions in place of all the cut propagators, we get the final set of phase space MIs. These
integrals are identified with the ones appearing as phase space MIs for the evaluation of
the NNLO QCD correction to the inclusive production cross section of the Higgs boson

which are obtained in the article [114]. Same set of MIs were also evaluated in [115].

e real-virtual: the interference of the one-loop and the tree level amplitudes.

+ 107 terms.

Figure 5.5: Interference of real-virtual with single real emission

The evaluation of the above kind of processes follow exactly the similar method as double
real emission process. The polarization sum of the external gluons is carried out in axial
gauge to ensure the exclusion of the unphysical degrees of freedom. We include the ghost
loops to cancel the unphysical degrees of freedom of the internal gluons present in the

virtual loops.

Up to NNLO we have 2979 number of double real, 948 real-virtual and 207 double vir-

tual Feynman diagrams. The partonic cross sections obtained from all the subprocesses
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contain UV and IR divergences. We eliminate the UV divergences by renormalizing
the strong coupling constant. The IR divergences appearing are of two types: soft and
collinear divergences. By adding all the real emission processes and the virtual diagrams,
the soft divergences and the final state collinear singularities cancel, by KLN theorem.
The initial state collinear singularities are removed by mass factorization. Thus we get
completely finite partonic cross sections or partonic coefficient function at NNLO QCD.
The final results of the partonic coeflicient functions involving spin-2 particle for different

channels are presented in the Appendix 11.4.

In the next section we present the numerical impact of the NNLO corrections on the

dilepton production in the ADD model at the LHC.
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5.3 Phenomenology

The two loop QCD corrections that we computed above was done in a model indepen-
dent framework. To observe its numerical impact at the LHC, we consider lepton pair
production in the ADD model. By convoluting the partonic coefficient functions order-
by-order with the corresponding PDFs (taken from lhapdf [116]), we obtain the LO,
NLO and NNLO corrected hadronic cross sections. We have set the number of flavors
ny =35, fine structure constant a,, = 1/128 and the weak mixing angle sin’fy = 0.227
and use MSTW2008lo/nlo/nnlo with the corresponding values of a; for LO, NLO and
NNLO. Except for studying the scale variations, the factorization and the renormaliza-
tion scales are set equal to the invariant mass of the di-lepton, i.e., ur = ug = Q. We
note that in the past there have been a series of experimental searches for large extra di-
mensions using di-lepton events at both Tevatron and the LHC. Consequently, stringent
bounds have been obtained on the scale M, of the ADD model as a function of the number
of extra dimensions d. For instance, the lower limits on the scale M, obtained from both
ATLAS and CMS collaborations using 7 TeV data are M, = 2.4(3.9) TeV corresponding
tod = 7(3) [117,118]. With the availability of 8 TeV data [119, 120], the lower lim-
its on these parameters are further pushed to about M, = 3.3(4.9) TeV corresponding to
d = 7(3). There have already been some preliminary results on search for narrow reso-
nances in di-lepton final state using 13 TeV data [121]. In addition, the ATLAS and CMS
collaborations have observed di-lepton events with invariant mass as large as 1800 GeV
using 8TeV LHC data corresponding to a luminosity of about 205~ [119, 120]. For
the illustration of the impact of QCD corrections, we choose the model parameters to be

M, =4TeV and d = 3.

At NNLO there are different partonic channels that contribute to the hadronic cross sec-
tion. Although all these channels add up their contribution to give the final physical

hadronic cross section yet the individual contributions are unphysical. These bare par-
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tonic cross sections contain initial state IR divergences which are removed by mass fac-
torization, where the latter is performed in some scheme which for our case is the MS. In
the fig. 5.6, we present the Q distributions for various subprocesses at NNLO in the ADD

model along with the contribution from SM at NNLO [54, 78, 79]. Both in the SM and

0 [, do/dQ (pb/GeV) (NNLO) LHC 13 TeV
MSTW2008
_4: ukzquQ
10 L M,=4TeV
F d=3

ADD Total

0 I SR I RS IR RN R R
400 600 800 1000 1200 1400 1600 1800 2000
Q(GeV)

Figure 5.6: Various sub-process contributions to the di-lepton production computed at
O(a?) QCD in ADD model. The SM background contains the full a2 correction.

ADD model, the quark anti-quark initiated sub-process (¢g) contributes at LO. However,
the gluon fusion sub-process (gg) starts contributing at the L.O in the ADD model unlike
in the SM where its contribution begins at NNLO. Because of the large gluon flux at the
LHC, the contributions arising from the gg sub-process in the ADD model dominates
over the rest, which is same as for the Higgs boson at the LHC. The crucial difference
between these two production channels is the presence of strong coupling constant a,(ug)
at the leading order for the Higgs boson production cross section. It is worthwhile to no-
tice the numerical impact of the contributions coming from quark-gluon (gg) sub-process
beyond LO. The gg sub-process contribution both in the SM and in the ADD model is
found to be negative but significantly large in magnitude. The same trend continues even
at NNLO. Particularly, we notice that the NNLO QCD corrections from gg sub-process

are considerably larger in magnitude than the sum of all the quark initiated sub-processes
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Figure 5.7: Pure graviton contribution to the Drell-Yan production cross section (left
panel) up to NNLO QCD in the ADD model for LHC13 and the corresponding K-factors
(right panel).

(99,949, 9192, 914>)- Although their contribution is less, yet they are important to stabilize
the cross section under renormalization and factorization scale variations through renor-
malization group equations. A generic pattern in all of these sub-processes is that their
contributions increase with O, simply because of the increase in the number of accessible

KK-modes with Q.

In fig 5.7 we present in the left panel do/dQ as a function of invariant mass Q at LO, NLO
and NNLO for ADD model(i.e. setting the SM contributions to zero). It is found that the
contributions from the interference terms between the SM and spin-2 is zero. There is
also a moderate increase in NNLO cross section over the NLO counterpart. In order to
have an estimate of the corrections coming from different orders, we have plotted the K
factors which is defined as

do’

Ki= 5 i = 1(NLO), 2(NNLO) . (5.8)

The NLO QCD corrections here increase the LO cross sections by about 68% for Q = 1.5
TeV, while the NNLO corrections that are still reasonably large contribute an additional

12% (K; = 1.68 and K, = 1.80). The K-factors depend on the invariant mass through
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Figure 5.8: Drell-Yan production cross section (left panel) for SM, GR and the signal in
the ADD model for LHC13 along with the corresponding K-factors (right panel). Here,
M, =4TeVandd = 3.

the logarithm corrections both in partonic cross sections as well as in the evolution of
PDFs. Hence it is not good choice to use the constant K-factor for constraining the model
parameters. We also find that the conservative estimate of the K-factor for the Drell-
Yan production in ADD model resembles closely to that of the Higgs boson production.
However, because of the large negative contribution from the gg sub-process, the exact
values of the K-factors differ in these two cases. It is to be noted that K, in ADD model
alone is bigger than the corresponding one for the SM simply because of the dominance

of gg sub-process over others.

Being an effective theory, the ADD model is valid below the cut-off scale M, and above
M, the formalism ceases to be valid. As the number of accessible KK modes increases
with Q as can be seen from eq. 4.18, the cross sections in the pure ADD model will
increase with Q. This implies that in the kinematic regime Q < M, the spin-2 should
give reliable predictions for the LHC. Due to the increase in the spin-2 contributions with
Q in the ADD model, they can dominate the SM contribution at some invariant mass
Qo(< My), the precise value of which depends on the choice of model parameters. This

is demonstrated in fig. 5.8. In the left panel of the figure, we present the NNLO cross
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Figure 5.9: Drell-Yan production cross section (left panel) for SM as well as the signal
in the ADD model for LHC13 along with the corresponding K-factors (right panel).

sections for the SM, spin-2 (GR) and the signal (SM+GR) together with the corresponding
NNLO K-factor i.e. K in the right panel. From the above discussion we see that the
phenomenologically interesting kinematic regime is Qy < Q < M, where the the spin-2
signals can give significant deviations from the SM predictions. For our default choice of
model parameters, Qy is about 1.4 TeV. Thus the signal is dominated by SM contributions

well below 1.4 TeV and by ADD model contributions well above 1.4 TeV.

Owing to the importance in the experimental searches for extra dimensions, it is impor-
tant to give the signal contributions along with the corresponding SM background. The
differential distributions in SM and ADD model at LO, NLO and NNLO are presented in

the left panel of fig. 5.9 along with the corresponding K factors on the right panel.

Till now we have studied the variation of differential cross section with Q by keeping
the scale of extra dimensions (M) and the number of extra dimensions (d) fixed at some
values that are consistent with the experimental bounds. It is also of interest to investigate
the case when the Q-distribution is a function of M. This is shown in the left panel of
fig. 5.11 where as we decrease M, the value of Q, also goes down. When QO >> Q,
the SM contribution can be neglected and the SM+ADD K-factor becomes equal to the

pure ADD K-factor which is independent of choice of model parameters. This effect



5.3 Phenomenology

57

T T T T T Tt TTTTT 2: L LA L L L I R L L B
LHC 13 TeV o b ]
107k do/dQ (ph/GeV) (NNLO) MSTW2008 | SM+GR K-factors (NNLO)
E M =tp=Q 1 18 F ]
I LHC 13 TeV
! I P MSTW2008
L e
.5_
10 3
L e M, =3.0TeV
-6
L e m M =35TeV b
10 ’ ‘ 12F M=30TeV  _memee M =40TeV
_______ M, =40TeV S |
Lk oo - ME3STV . M,=45TeV ]
........... M, =45TeV 4F
10_...I...I.1.I...I...I...I.‘.I||| 1'...I...I‘..I...I...I...IH.I...
400 600 800 1000 1200 1400 1600 1800 2000 400 600 800 1000 1200 1400 1600 1800 2000

Q(GeV)

Q(GeV)

Figure 5.10: Dependence of the signal production cross sections at NNLO on the the
scale of the ADD model M; (left panel) and the corresponding signal K-factors(right

panel) for d=3.
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Figure 5.11: Dependence of the signal production cross sections at NNLO on the the
scale of the ADD model M, (left panel) and the corresponding signal K-factors(right

panel).

is reflected in the right panel, where far beyond Q,, the SM+ADD K-factors tend to

converge to each other. The dependence on the number of extra dimension is shown in

fig. 5.12.

We shall now study the variation of signal production cross section with the renormaliza-

tion scale p and the factorization scale uy. The LO cross section depends strongly on
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Figure 5.12: Dependence of the signal production cross sections at NNLO on the num-
ber of extra dimensions d (left panel) and the corresponding K-factors (right panel).

the factorization scale py through the PDFs. This dependence on uy starts reducing at

higher orders leaving a residual scale dependence that is proportional to a§,n > 1. For

spin-2 production, dependence on ug starts at NLO and the result up to NLO will now

become sensitive to the choice of ug. Hence at NLO the factorization scale dependence

gets reduced, the renormalisation scale dependence crops up. The cross section becomes

less sensitive to the scales ug and up as we include more and more higher order terms.

This is a consequence of the renormalization group equation. In order to demonstrate the
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Figure 5.13: Uncertainties in the signal production cross section due to the choice of
renormalisation scale uy (left panel) and factorization scale u (right panel).

reduction in the scale dependence, we have plotted the do-/dQ in the fig. 5.13 at a fixed
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value of Q = 1.5 TeV, the choice where the new physics dominates, as function of ug (left
panel), up (right panel) and then u = pup = g (see fig. 5.14.) in the range between Q/10 to
10Q, for wider scale variations. We find according to our expectation that the inclusion of
higher terms in the perturbation theory indeed reduce the dependence on these unphysical

scales.
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Figure 5.14: Uncertainties in the signal production cross section due to the choice of
the scale u = ug = ur.
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Figure 5.15: Dependence of the signal production cross sections at NNLO on the cen-
ter of mass energy at LHC (left panel) and the corresponding K-factors (right panel).

We will now present in fig. 5.15 the predictions for the differential cross section for various

center of mass energies, namely 7,8, 13 and 14 TeV at the LHC. With the increase in
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Figure 5.16: Dependence of the signal production cross sections at NNLO on the
choice of PDFs (left panel). Signal K-factors at NNLO for different PDFs (right panel).

the centre of mass energy, both the NNLO SM+ADD cross sections (left panel) and the
corresponding signal K-factors (right panel) increases. This is because the parton fluxes
particularly the gluon flux will increase with energy and hence the sensitivity to the ADD

model also goes up.

In fig. 5.16 we present the differential cross sections at NNLO for different choice of
PDFs. The precise value of the strong coupling constant consistent with a given PDF
set influences the prediction. We have used PDF sets such as MSTW2008, ABM12,
CT10, NNPDF3.0 to demonstrate our result. The perturbatively computed partonic cross
sections at an order a, is convoluted with the PDFs extracted to the same order in a, for
all the PDF sets except ABMP12 for which we have used only the available NNLO PDFs
for computing all the LO, NLO and NNLO hadron level cross sections. From the left
panel of fig. 5.16 we see that the cross sections for different PDF sets differ from one
another. But the the K factor may not show the similar pattern as cross sections because
PDFs of different orders enter in the ratio of K- factors, as can be seen in the right panel

of fig. 5.16.

Finally, we address the impact of soft-plus corrections on our fixed order predictions.

Note that for ADD, the numerical impact of soft-plus-virtual (SV) were already reported
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Figure 5.17: NLO and NNLO predictions obtained from modified SV approximation for
the signal only with the gg subprocess contribution.

in [101]. Now that we have a complete result at NNLO level, it is important to study the
validity of SV approximation. As mentioned before that the gg initiated sub-process in
the pure spin-2 case is similar to the SM Higgs production in gluon fusion channel. For
the latter case, the SV corrections (or rather with the modified parton fluxes) are found to
be a very good approximate for the fixed order results. This indeed is the case even for
our ADD model predictions provided we just take only the gg initiated subprocesses. In
addition, if we use the modified SV approximation as described in [122], we find that it
is closer to the exact result, resulting from gg subprocesses alone see fig. 5.17. Inclusion
of gg initiated sub processes spoil this approximation as their contribution is negative and
significantly large. Hence, the SV approximation at a*> does not seem to be working very

well unlike in the Higgs production in gluon fusion.
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5.4 Conclusion

For the first time we have performed the NNLO QCD correction for the production of a
lepton pair in the DY type of processes with a massive spin-2 particle appearing in the
intermediate stages. Unlike SM, both gg and ¢g g appear at the LO; there are 14 partonic
subprocesses that contributes at NNLO. We have systematically employed the methodol-
ogy of reverse unitarity to achieve the two loop computation. At the energies of LHC,
the spin-2 mediated process is dominated by the gluon initiated processes due to the large
gluon flux at the collider. We also find that the gg initiated process gives large negative
contribution at NNLO. In order to estimate the corrections coming from each order, we
have reported the K factors in ADD model which is 1.68 at NLO and 1.80 at NNLO.
The K factor in ADD model is larger than the corresponding one in the SM due to the
dominance of gg subprocess over the others. The QCD corrections play an important
role to stabilise the differential cross section with respect to the unphysical renormaliza-
tion and factorization scale. We find that the higher order corrections decrease the scale

uncertainties: from 71% at LO to 29% at NLO which goes down to 8% at NNLO.



6 Form factors with nonuniversal

coupling

In the previous chapter we have computed the NNLO QCD corrections in DY type of
processes where a massive spin-2 particle appearing in the intermediate stage couple uni-
versally to all the SM fields. In this chapter we extend our study of higher order QCD
corrections for a more general case, namely when the spin-2 field couples differently to

gauge and fermionic sector of the SM.

6.1 Introduction

In chapter 4 we discussed about the theoretical aspects of a scenario where a generic spin-
2 particle couples to all the SM fields through the conserved energy momentum tensor of
QCD, with a universal coupling strength k. Most of the popular extra dimensional models
have this universal nature of coupling of spin-2 particle and their phenomenology have
been studied rigorously. These extra dimensional models are described by effective the-
ories and hence non-renormalizable in the conventional sense. In the ADD and the RS,
thanks to conservation of the energy momentum tensor of the SM, the leading interaction
term that describes the coupling of spin-2 with those of the SM does not require any addi-

tional renormalization. For most of the phenomenological studies this order in coupling

63



64 Form factors with nonuniversal coupling

is sufficient, thus the IR structure of the SM is also not affected and hence factorization
properties continue to hold. One of the consequences of the above is that we can compute
successfully various observables beyond leading order in the SM coupling using the per-
turbative methods. Thus we computed the NNLO QCD corrections in DY process where
a generic spin-2 particle appeared in the intermediate stages and then decayed to a lep-
ton pair. All the infrared singularities cancelled and we got finite perturbative results that
could be used to constrain the model parameters unambiguously. We then studied the phe-
nomenological impact of such higher order corrections in the context of the ADD model,

where we saw that the scale uncertainties reduce on inclusion of the NNLO corrections.

However this universal nature of coupling may not be the most general way in which
the spin-2 interacts with the SM fields. There may be a scenario where the spin-2 field
interacts differently with the fermion and gauge fields of the SM. In other words instead
of one coupling strength k we can have two different coupling strengths k,, k,. While
this type of scenarios are not a part of most of the extra dimensional models, they can
provide an opportunity to study the distinct signatures at the colliders which is not pos-
sible with theories containing universal coupling strength. For example in the work [6]
the p¥ distributions of the spin-2 particle for various values of the quark and gluon cou-
plings were analyzed and the signatures of the unitarity violating behavior associated with

nonuniversal coupling strengths were also pointed out.

The discovery of the 125 GeV Higgs boson has been one of the spectacular achievements
in the history of particle physics. To ascertain its nature, it was important to analyze the
models with spin-2 nonuniversal coupling which could act as an imposter to the Higgs
boson [123—125]. In addition for extra dimensional models like the RS, experimental
bounds on RS resonance ( for universal coupling) was much higher [126—133]. From the
above discussion we can see the necessity of studying the scenario where a massive spin-
2 particle interacts with the SM fields with nonuniversal coupling strengths. To NLO

in QCD the UV and IR behavior for the nonuniversal couplings for a spin-2 had been
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studied in the context of Higgs Characterization [6]. Due to the nonuniversal nature of
the coupling, UV renormalisation was needed and the one loop anomalous dimensions
were also computed. The IR structure was studied and the cancellation which results from
adding the virtual and real processes, followed by mass factorization was demonstrated.
Thus the IR factorization to NLO order in QCD for the nonuniversal coupling scenario

was shown in [6].

With the unprecedented level of precision at which the SM is being scrutinized at the
LHC, it is only natural to have the competing BSM scenarios match the same order of
accuracy in QCD as the SM observables. The first step to such a phenomenological study
would be to compute form factors to the production of a singlet on shell state X via the
quark gg — X or gluon gg¢ — X production channels. Presently, form factors are available
to up to three-loop level in the SM [134—138], for some BSM spin-2 that couples to the
energy momentum tensor [102, 103] and for the pseudo-scalar Higgs boson [139]. For
extra dimensional models viz. ADD and RS for most of the di-final state process, NLO
QCD corrections have been computed in [68, 89-93, 95, 96] and extended to NLO+PS

accuracy in [97-99].

In this chapter we describe the computation of form factors for a nonuniversal interac-
tion term up to three loop level in QCD. We restrict ourself to the QCD sector of the SM
because the phenomenology with such operators have immediate application at the LHC
where such interactions are probed. In the previous chapter we saw how spin-2 couples
to the conserved and gauge invariant EM tensor of the QCD [140]. Now we divide the
EM tensor of QCD into two rank 2 operators such that each of them are not conserved but
they are invariant under the gauge group of QCD. Note that spin-2 is gauge singlet. As a
consequence of this, both the operators as well as the couplings get additional UV renor-
malization order by order in the perturbation theory. These additional UV divergences
can be removed by multiplying overall operator renormalization constants. We will find

out these constants by computing the on-shell form factors of the operators between quark
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and gluon states. These form factors are important ingredients of any observable at the
LHC to study such interactions. In the next section we discuss about the theory and then
describe the methodology adopted to compute the anomalous dimensions up to three loop

order in QCD.
6.2 Theoretical Framework

6.2.1 The Effective Action

We consider the minimal effective action that describes the coupling of spin-2 fields de-
noted by A, with those of QCD which consists of two gauge invariant operators OG-

and O+ 1

, 1 5 X
S = f d'x Loco = 5 f d*x Iy (x) (Rg OFH(x) + kg 021 () (6.1)

where k7, I = G, Q are dimensionful couplings. The pure gauge sector is denoted by G
while Q represents the fermionic sector and its gauge interaction. The gauge invariant

operators O%*” and O%*" reads as

A 1 LN N LS LN 1 ~ ~ 1 ~ ~
o, = 7 guFigF " — Fo F — gg,,VaP(Agzmg) - 2—ég,waaA%‘ﬁAaﬁ
1 . . . . — .
+— + N + 0,0%(0,w" — g5 W
f(A‘ja#(a"A‘;) A%,(07AL)) + 0,00%(8,0" — g5 f " ASa")
+0,0%(0,0° = 8, fALL") = 80,0 (0D — g, [ ACG)),
02 = i[@ (8, — 0, TR = 0(8, + 8, TRy, + dyy (8, — 12, T°A%))
wo Ty Yul Oy — 18 W —y(d, + g v)}/ﬂw Uy ( u — 185 #W

Y A a fa 7 S T A a pan,g
_'70((9/1 + lgsT A,,)?’v%”] - lgvay (aa - lgsT Aa)l/’ (62)

IThis is not the unique decomposition of original EM tensor. One can adjust gauge invariant terms
between these two.
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where AZ, ¥, & and h,, are gauge, quark, ghost and spin-2 fields, respectively. g, is the
strong coupling constant and & is the gauge fixing parameter. The bare/unrenormalized
quantities are indicated by a hat. 7% and f*¢ are the Gell-Mann matrices and structure
constants of SU(N) gauge theory, respectively. For the purpose of our analysis we re-
tain terms only up to order k and in the rest of the thesis, we restrict ourselves to this

approximation.

6.2.2 Ultraviolet renormalization

The sum O%# + Q2+ is nothing but the energy momentum tensor of QCD. As can be
seen from eq. 6.2 the operator 0% is free from quark fields which means that in the
theory where spin-2 field couples exclusively to the pure Yang-Mills, the operator o
is conserved. However, in the presence of the quark fields in QCD, this property ceases
to hold true beyond the tree level. These two operators being non conserved, develop
additional UV divergences which need to be factored out in terms of UV renormaliza-
tion constants. These constants then renormalize the bare couplings &;,/ = G, Q. The
resulting interaction terms expressed in terms of renormalized operators with appropriate
renormalized couplings are guaranteed to predict UV finite correlation functions to all
orders in the strong coupling constant. The most commonly used method of obtaining
the renormalization constants in quantum field theory is to compute off-shell amplitudes
and extract the UV divergent contributions order by order in the perturbation theory. For
composite operators there exists the method of operator product expansion. We will not
follow any of these approaches in this thesis. Instead, we apply the method discussed
in [139] to obtain both UV renormalisation constants as well as on-shell form factors of
these operators. In the work [139] it was demonstrated that UV renormalisation constants
of composite operators can be extracted order by order in perturbation theory from their
on-shell form factors by exploiting their universal IR structure. The form factors consist

of UV divergences coming from two sources : the coupling constant and the two compos-
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ite operators. The renormalization of the coupling constant has already been discussed
before (see eq. 2.5, 2.6). In the following we describe the methodology to handle the UV

singularities coming from the two operators.

According to the Joglekar and Lee theorem [141], the two operators O are closed under
renormalization which can be accomplished through the renormalization mixing matrix

Z, as follows

0% |Zoe Zgol||O°
- : (6.3)

0% |Zoc Zyol||O°

The renormalization constants Z;; satisfy following renormalization group equation (RGE)

d
M}ze_ZZIJ = YixZky with I,JLJK=G,Q (6.4)
dug,

where y;x’s are the corresponding anomalous dimensions and the summation over re-

peated index is understood. The general solution to the RGE up to a? is as follows

Ziy =61y + ag

2 |, o] 0 ool 1. @ sl 18 o oy
;711 T a; 2 2By, + 2V Vs +E Y| 19 ) §ﬁ0711

4 1 (4 4 2 4
(1, (1) (H () (D (1 (2) M, 2) 2,
+4B0YixYis + gleyKLyLJ} + g{gﬁn’u + gﬁm’u + 5711(71(1 + 5711(71(1}
112
where, y;, is expanded in powers of a, as
Y= dyyy. (6.6)

n=1

The second term of the action in eq. 6.1 can be written in terms of renormalized quantities:

1,
-5 f d*x by (k6 O° + kg O%) (6.7)
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where the «; are related to the bare ones by

Z66 Zso
[I?(; I?Q] = [K(; KQ] s s . (6.8)
0G 00

6.3 Form factors and its infrared structure

We need to compute the on-shell form factors and then employ its universal IR structure
to extract the UV renormalization constants order by order in perturbation theory. To cal-
culate the form factors we have to find the matrix elements of unrenormalized composite
operators O', I = G, Q between a pair of on-shell partonic states i = ¢, g and the vac-
uum state. In the color space these matrix elements are expanded in the powers of bare

coupling constant a; as

00 ne/2

Iy _ (9 / ny NyL)

My =Y ar|=)  same) (6.9)
n=0 H

where i = ¢,¢q,g. Then we can define the on-shell form factor of o’ by taking the the

overlap of |M!) with its leading order amplitude normalized with respect to the leading

order contribution. With these two operators, there exists four independent form factors:

(G- (0)) A1) 19-(0)) A L(n)
Flem = Mg IM, ) FLag(n) — MM
<Mg,(0)|M§7,(0)> <MqQ»(0)|MqQ,(0)>

1=G,0. (6.10)

While the diagonal elements IMg’(") » and I/\A/(g’(") ) have leading order contributions, the
non-diagonal amplitudes I/\A/(g’(")) and |MqG’(")), start at one-loop level. In other words, the

form factors for diagonal ones start at O(a); the non-diagonal terms starts to contribute

at O(ay).

The form factors are often ill-defined in 4-dimensions even after UV renormalization due

the presence of soft and collinear singularities. The massless gluons and light quarks and
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anti-quarks bring in these divergences beyond the leading order in perturbation theory,
which manifests as poles in the dimensional regularization parameter €. Thanks to factor-
ization properties and universality of the IR divergences, these on-shell form factors sat-
isfy Sudakov differential equation, famously known as K-G equation”. Using the univer-
sal IR di-pole subtraction operators, Catani [ 142] proposed a generalization to multiparton
amplitudes up to two loop level in QCD, see also [143]. The generalization of IR subtrac-
tion operators of Catani beyond two loops were proposed by Becher and Neubert [144]
and by Gardi and Magnea [145]. Following closely the notation used in [146], we find
that the UV finite form factors F1i(a,, 0, u?, €), after performing strong coupling con-
stant and operator renormalizations, satisfy the integro-differential K-G equation, where
the later follows from gauge and renormalization group invariances [ 147-150]. The equa-
tion reads as following

dein InF"(a,, Q% 1%, €) = % [K" (a ’;—12; e) +G" (a f—; ’:l—% e)] (6.11)
where the Q? = —¢* = —(p, + p,)* with p; being the momenta of external on-shell states.
The function K’ contains all poles in € and is independent of the scale Q°. The finite terms

in € — 0 are encapsulated in G*.

The solutions present a universal structure of the singularities, except the single pole in e.

Single poles are controlled by the finite functions G¥. We find

2
G (&s,g ar E)

2
2° .2
My M

2

Gl’i (as(/llz?)a _27 6)
Hg

1

_ Li 2 d_/lzi 22
= GM(ad@). 1.e)+ | A Lui) (6.12)

i

where A’ are cusp anomalous dimension and is operator independent.

It was first observed in [28, 134] that the coeflicient G/ of the single pole in € manifests a

2The name is due to the presence of two functions in Sudakov differential equation which are popularly
denoted by letters K and G.
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universal structure, in terms of the anomalous dimensions. The factorization of the single
pole in quark and gluon form factors in terms of soft and collinear anomalous dimensions
was first revealed up to two loop level in [28], whose validity at three loop was later

established in the article [134]. Expanding G* as

(o)

G (a (@), 1,€) = ) a(QHGr(e) (6.13)
n=1
we find
Gii(e) = 2B} + fi+ Chi + > gl (6.14)
k=1

where, the constants C2' up to three-loop are [151]

Cci'=0,
Cli = ~2pugh,
CY' = =2p1g1" = 280 (g5 +2808}) - (6.15)

In the above expressions, X,ﬂ’i with X = A, B, f are defined through

o)

XM= dixh (6.16)
n=1

The constant G%'(€) in eq. 6.14 depends not only on the universal collinear (B!) and soft
(f}) anomalous dimensions, but also the operator as well as process dependent constants
gkt Since A’ [56,152—156], B [153] and f [28, 134] are known up to three loop level,
we can use the solution to K-G equation to determine the renormalisation constants Z;;.
Hence our next task is to compute the on-shell form factors order by order in perturba-
tion theory and compare them against the predictions of K-G equation to determine the
unknown renormalisation constants y;; in Z;;. Using these renormalisation constants, we

obtain UV finite on-shell form factors of O’ up to three loop level.
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6.4 Computation and results

We briefly describe the methodology used in computing the unrenormalized form factors
F1em and subsequently the anomalous dimension y;; up to three loop level in perturba-
tion theory. We closely follow the steps used in the derivation of three loop unrenormal-
ized form factors of scalar and vector form factors [ 137, 138], see also [103,139,157]. We
have generated the Feynman diagrams using QGRAF [105]. At three loop the number
of diagrams for the amplitude |MJ™) were 1586, 447 for |MZ?), 400 for M5y and
244 for I/\ng’(”). Using an in-house routine in FORM [106], we convert the QGRAF out-
put to a suitable format to perform substitution of Feynman rules, contraction of Lorentz
and color indices and simplification of Dirac and Gell-Mann matrices. We have included
ghost loops in the Feynman gauge. For the external on-shell gluons, we have kept only
transversely polarization states of gluons in n-dimensions. The resulting matrix elements
consist of huge number of scalar Feynman integrals which are reduced to few scalar in-
tegrals, called master integrals (MIs) by employing integration-by-parts (IBP) [108, 109]
and Lorentz invariance (LI) [110] identities. The reduction to MlIs is achieved using La-
porta algorithm, [158] implemented in various symbolic manipulation packages such as
AIR [159], FIRE [160], Reduze2 [161, 162] and LiteRed [111, 163]. For our computa-
tional purposes we have used Reduze2 [161, 162] to shift the loop momenta in Feynman
diagrams in order to belong them to suitable integral classes. Then we make extensive
use of LiteRed [111, 163] to reduce the integrals to MIs. We find that at three loop level,
there are 22 topologically different master integrals (Mls) involving genuine three-loop
integrals with vertex functions (A, ;), three-loop propagator integrals (B, ;) and products of
one- and two-loop integrals (C,;). The integrals, computed analytically as a Laurent series
in € can be found in [164—168]. On substituting these MIs we compute the unrenormal-

ized form factors.

Next we shall determine the operator renormalisation constants Z;;,. We compute them by
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exploiting the universal IR structure of the form factors i.e. by comparing order by order
the results of renormalized form factors expressed in terms of unknown v;, against the
predictions of the K-G equation expressed in terms of A’, B' and f’ anomalous dimensions

that are known up to three loop level. The 7%) are given below:

Yot = —%nf (6.17)
Yoy = —;CAnf - %Can (6.18)
Yoo = Cﬁnf»( - % + 24@) + CACan(lg—g ~ gg) + C%nf( - % + %43)

+ C@(%) - CFn}(%) (6.19)
Yoo = CF(% (6.20)
You = CaCr %) - Ci(%) - Can(%) (6.21)
Yoo = CaCr % + %443) + CAC%,( - %238 - 64{3) + C;( - % + 13243)

22 128 7094 128 284
) (6.22)

+ CAanf( -5 - ng) + cinf( YR Té) - an]%(S—l
where C4 = N and Cy = (N? — 1)/2N are the quadratic Casimir of the S U(N) group.
Tr = 1/2 and ny is the number of light active quark flavors. ; is the Riemann Zeta
function. The remaining entries are yg’é = —yg(); and 7/822 = —yg’é where n = 1,2,3.
These relations are due to the fact that the sum of these operators is conserved. This
serves as a crucial check on the correctness of our computation. Interestingly, all the
yg(); are proportional to n, which is consistent with the expectation that the conservation

property of the operator O%# breaks down beyond tree level due to the presence of quark

loops.

The renormalized form factors can be obtained using eq. 4.34, 4.35, 6.3, 6.5. Setting
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us = Q2 expanding in terms of a,(Q?) as

o]
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where the terms ™ are the unrenormalized form factors, presented in Appendix 11.3.
In the next section we shall discuss about some interesting connections between the form

factor results in QCD with that of N = 4 supersymmetric Yang-Mills theory (SYM).
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6.5 Leading Transcendentality principle

The on-shell form factors in the supersymmetric Yang-Mills theory has helped to under-
stand the intricacies of quantum field theory. N = 4 SYM is UV finite in n = 4 dimensions
and also dual to type IIB string theory on AdS 5 X S with self dual RR field strength. This
makes it possible to relate quantities computed in N' = 4 SYM in the strong coupling limit
with those obtained in the weak coupling limit of the gravity theory. By expanding in a
perturbative series of the strong coupling constant, on-shell amplitudes and form factors
have been computed to very good accuracy in order to make non-perturbative predictions
through systematic resummation procedures. There are works on resummation of pertur-
bative contributions [169, 170] for MHV amplitudes to all orders in ‘t Hooft coupling.
N = 4 SYM being maximally supersymmetric, large cancellations take place between
various contributions which results in elegant and simple looking predictions that have a
lot of resemblance with those in QCD. In this regard it is important to mention about the

principle of the leading transcendentality (LT) [171-173].

By extending the BFKL and DGLAP evolution equations for the supersymmetric case,
Kotikov and Lipatov [171, 174, 175] conjectured maximum transcendentality principle
which implies that the anomalous dimensions of leading twist two operators in N' = 4
SYM contain uniform transcendental terms which are related to those in the correspond-
ing QCD results [152, 153]. This property is seen in scattering amplitudes of certain type
[176,177], FFs of the BPS type operators [178—180], light-like Wilson loops [181, 182]
and correlation functions [180, 182] in N' = 4 SYM. In any perturbative computation of
amplitudes and form factors we get terms such as {(n), € and Harmonic polylogarithms,
that can be assigned certain transcendental weights. The maximum degree of transcen-
dentality depends on the order (/) of perturbation theory eg. at two loops it is 4. Thus the
terms {(n), € " carry weight n; €” is of weight —n. The form factors of half-BPS operators

in N =4 SYM theory have uniform transcendental weight, owing to its protected nature.
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However QCD results contain terms of all transcendental weights (up to 2 /) in addition to
rational terms (zero transcendentality). It was observed that the the QCD quark and gluon
form factors [137] and scalar form factor in N = 4 SYM share an interesting relation. On
putting the color substitution [172] C4 = Cp = N and ny = N in the quark and gluon form
factors, their LT parts not only coincide with each other but also become identical, to the
form factors of half-BPS operator in N = 4 SYM [183]. In the work [139] the diagonal
terms for the pseudo-scalar form factors F ¢ and 7 were found to exhibit similar type
of behavior. The LT terms for the three point form factors, H — ggg in QCD [184] at

two loop level were found to be same as those of half-BPS operator in N =4 SYM [179].

Our computation of form factors also show some interesting behaviors in terms of their LT
parts. We have found that the LT terms of the diagonal form factors , Fos , F 24 with the
above prescribed color replacement, are not only identical to each other but also coincide
with the LT terms of the scalar form factors in N = 4 SYM [183]. This is found to be
true for terms containing positive powers in € available up to transcendentality 8 [185]. In
addition, for the off diagonal terms namely FGa , FOs8 , the LT parts are identical to one

another; however they do not coincide with the diagonal ones.

6.6 Conclusion

Most of the extra dimensional models assume the coupling of the SM fields to that of a
massive spin-2 field to be same. In our current study we have investigated in details the
theoretical issues that arise when the gauge and fermion fields of the SM interact with
unequal coupling strengths with a massive spin-2 field. We have divided the energy mo-
mentum tensor of QCD into two parts in such a way that purely gauge interactions form
one tensor operator, éG’”V, while the fermions and their interaction with the gauge fields
are encapsulated in another operator, 02+ These composite operators are gauge invari-

ant but are not conserved like the usual energy momentum tensor. Hence they require
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additional UV renormalisation. We have exploited the universal IR structure of on-shell
amplitudes for the composite operators to compute these UV renormalization constants.
The form factors are computed up to three loop order in perturbation theory; then using
the K-G equation we obtain the UV anomalous dimensions and thus the renormalisation
constants up to three loop level. We find that all the anomalous dimension yg’é are pro-
portional to ny which implies that the conservation property of the operator 0% breaks
down beyond the tree level due to the presence of fermion loops. The renormalization
constants and the on-shell FFs are important components of observables that can probe
the physics of spin-2 fields. In the next chapter we shall discuss in details, the phenomeno-

logical study of the NNLO QCD corrections involving these two operators.



Second order QCD corrections in
models of gravity with nonuniversal

coupling

In the previous chapter we discussed about a scenario where a massive spin-2 field inter-
acts with the SM ones through different coupling strengths. This introduced additional UV
divergences which were regulated by multiplying overall UV renormalization constants.
We computed the form factors and used the universal IR structure of QCD amplitudes to
extract these anomalous dimensions up to three loop order in perturbative QCD. In this
chapter we shall extend our study with the two operators to compute the NNLO QCD cor-
rections for production of a lepton pair and present its numerical impact at the energies of

LHC.

7.1 Introduction

Currently with the energies at which the LHC is operating, there are no signals of new
physics; thus searches of beyond the SM (BSM) physics depend on the ability to make
very precise theoretical predictions within the SM. This will help to look for possible

deviations between experimental observations and theoretical predictions which can give

79
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hints of the physics beyond the SM. In order to constrain the new physics model parame-
ters, one needs to also compute the BSM signals to the same level of theoretical precision
as the SM and compare with the observations made at the LHC. For many observables,
QCD corrections are large at the LHC and inclusion of higher order terms reduces the the-
oretical uncertainties substantially. Many SM processes have been measured at the LHC
and the cross sections are in excellent agreement with higher order QCD predictions. This
has helped in the discovery of the Higgs boson by ATLAS [17] and CMS [18] collabo-
rations at the LHC which has resulted in the measurement of the important fundamental
parameter of the SM, the Higgs mass my (see [2,24, 112]). In addition to understand
the stability of electroweak vacuum [186] , it is essential to precisely measure the Higgs

mass.

Despite the fact that the SM is in excellent agreement with experimental observations,
there also are compelling reasons to go beyond the SM. For example models with spin-2
were necessary to ascertain the spin and parity of the 125 GeV boson discovered in the
di-photon channel. Most of the popular extra-dimensional models consist of a massive
spin-2 particle coupling universally to the SM fields. For universal coupling, depending
on the geometry of extra dimensions,viz. large extra dimensions or warped extra dimen-
sion models, studies have been extensively carried out up to higher orders in QCD in
various channels that are relevant for the LHC. The NLO QCD corrections in this model
has been studied in [68, 89, 90] for various observables. Di-vector boson final state have
been studied to NLO level in [91-96]. In the framework of aMC @NLO, all the non-color,
di-final states have been studied to NLO+PS accuracy [97-99]. Production of a generic
spin-2 particle in association with colored particles, vector bosons and the Higgs boson
have been studied in [100] to NLO+PS accuracy. The form factor of a spin-2 universally
coupled to quarks and gluons up to two loops was computed in [102]. Subsequently the
NNLO computation in the threshold limit was done in [101] and finally the full NNLO
computation was achieved, as described in the chapter 5. Production of a spin-2 in as-

sociation with a jet to full two-loop QCD corrections has also been completed with the
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evaluation of generic spin-2 decaying to g g g [104] and g g g [187].

Although there are many works on models of spin-2 with universal coupling, there are
stringent bounds on the parameters of these types of models. For example heavy con-
straints have been put on models with universally-coupled spin-2 particle [188, 189].
Hence models with nonuniversal coupling of a spin-2 to SM are a suitable alternative.
Such models consist of a massive spin-2 particle interacting with two gauge invariant SM
tensorial operators with different coupling strengths, although each operator is not indi-
vidually conserved. Models with nonuniversal coupling were incorporated in tools like
Higgs characterization [6] to NLO in QCD. There were additional challenges that accom-
panied such models namely: (a) additional UV renormalization were needed, (b) in the IR
sector, additional double and single pole terms had to be cancelled with the counter parts
from real emission processes and mass factorization counter terms, thus demonstrating
the IR factorization to NLO for nonuniversal coupling [6]. The nonuniversal coupling
of spin-2 to SM has been actively considered by the ATLAS Collaboration [190, 191] to
provide exclusion of several non-SM spin hypotheses. It is thus necessary to compute
NNLO corrections which will help to provide bounds on the parameters for such models.
The three loop form factors have been computed, as described in chapter 6. In this chapter
we compute the real-real and real-virtual processes up to two loop order in perturbative
expansion. The theoretical background necessary to perform the aforementioned com-
putation has already been described in chapter 6; the formula to compute the lepton pair
invariant mass distribution is given in eq. 4.43; the necessary steps to arrive at the formula
has been elaborated in section 4.2.1. In the next section we present the phenomenological

implications of NNLO computation for such a nonuniversal model.
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Figure 7.1: First order QCD corrections from different subprocesses to di-lepton pro-
duction. The choice of the model parameters is as mentioned in the text.

7.2 Phenomenology

The results for the mass factorized partonic cross section are presented in Appendix 11.5.
We present in this section, the detailed phenomenology with our NNLO result on the
production of di-leptons, applicable for the energies at the LHC. We have considered a
minimal scenario of nonuniversal couplings of spin-2 particle with the SM fields, where
the spin-2 particle couples to all the SM fermions with coupling x, = \/Ekq/A and to all
the SM gauge bosons with a coupling strength of kg = \/Ekg /A. Our numerical results
are presented for the default choice of model parameters, namely spin-2 particle of mass
mg = 500 GeV, the scale A = 2 TeV and the couplings (k,, k;) = (0.5, 1.0). We have set
the renormalization and factorization scales equal to the invariant mass of the di-lepton,
ie., ug = pr = Q. Unless otherwise stated we use MSTW2008nnlo parton distribution
functions (PDFs) with the corresponding a, provided from LHAPDF. We choose VS = 13

TeV, the center of mass energy of the incoming hadrons at the LHC.

Throughout our analysis we have restricted ourselves to scenarios where spin-2 particle

decays only to SM fields. The spin-2 particle decay widths for nonuniversal couplings are
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Figure 7.2: Di-lepton invariant mass distributions are presented to NLO QCD for dif-
ferent choice of couplings (k,, k,) in the left panel. The corresponding K-factors are
presented in the right panel.

same as those given in [67]. In our analysis, the coupling of spin-2 to all bosons are taken
to be identical; thus spin-2 decaying to Zy vanishes identically I'(h — Zy) = 0 [192].
In fig. 7.1, we present the NLO corrections (only at order a,) from various subprocess
contributions to the di-lepton production. As per our choice of model parameters, we
find that gg subprocess contribution dominates over the rest. In addition, the total NLO
correction is smaller than the gg contribution because of negative contribution from gg

subprocess.

The impact of higher order QCD corrections can be captured through the K-factors which

are defined as

dO'NLO/dQ dO'NNLO/dQ
Ki=———= d K=——¥—"=, 7.1
' o090 M 2= T4o0/d0 7.1y

In the left panel of fig. 7.2, we present di-lepton invariant mass distributions to NLO for
different choices of nonuniversal couplings (k,, k;) = (1.0,0.5),(1.0,0.1) and (0.5, 0.1).
As per expectation for universal couplings, at the resonance region the cross sections i.e.

the height of the peak will be same simply because the couplings at the matrix element
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Figure 7.3: Percentage of gg subprocess contribution Rﬁfg) as defined in the text for
different choice of nonuniversal couplings.

level will cancel with those from the decay width of the spin-2 particle. However, for
nonuniversal couplings this is not the case thus cross sections at the resonance region
for different choices of nonuniversal couplings will be different. Thus, compared to the
warped extra dimensional models, the precision as well as the phenomenological studies
of the spin-2 particle production in this model will be different. To highlight the impact
of different couplings on higher order corrections, we present the NLO K-factor (K;) in
the right panel of fig. 7.2 for various choices of (k,, k;). We observe that the K-factor
crucially depends on the choice of nonuniversal couplings. In particular we notice that
the K-factors are larger for the choice of couplings (1.0,0.1). To understand this behavior
better, we study the percentage contribution of various subprocesses to the total correction
at NLO level, particularly from gg subprocess due to its large flux at LHC energies. To
quantify we define the percentage of contribution of a given subprocess ab as R;’Z =
(do2D 1302 | (do P H2D |4 0)% 100, where in the numerator we have contribution from

ab

Az;fi) and for the denominator, we include all the partonic channels.

We present in fig. 7.3, R;lg) for different choices of nonuniversal couplings and we observe
that the sign of the gg subprocess crucially depends on the choice of couplings. The

reason for the large K-factor at the resonance region is because of large positive values of
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Figure 7.4: Second order QCD corrections from various subprocess to the di-lepton
invariant mass distribution.

Ré}; for some values of coupling. For example R(qg is about 70% for the coupling (1.0,0.1).
However, the sign of the contribution from other subprocesses gg and gg is found to be

positive for various couplings.

The second order QCD corrections (at (af)) from various subprocesses to the di-lepton
production is presented in fig. 7.4, for the default choice of couplings (k,, k) = (0.5, 1.0).
We observe that the gg subprocess has the dominant contribution over the rest while gg
has a negative contribution which is comparable in magnitude to the dominant channel. In
addition we also study the percentage of the relative contribution, Rﬁfg) to the total second
order correction. In fig. 7.5, we present Rﬁfg) for different choice of couplings. We observe
that for the choice of couplings as considered here, the gg contribution varies from about
—70% to about 35%. For the couplings (1.0,0.1) and (0.5,0.1) the gg contribution is
positive while it is negative for the rest of the choices, as well as in the SM. We can
conclude that the K-factors for the choice of (1.0,0.1) coupling is large for a wide range
of invariant mass distribution. It is worth mentioning here that in general gg subprocess

has a negative contribution both in the SM as well as in the case of universal couplings,

irrespective of the value of the latter.

Now we shall study the di-lepton invariant mass distribution to various orders in QCD for
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Figure 7.5: Percentage of gg contribution Rﬁfg) as defined in the text.
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Figure 7.6: Cross sections at different orders (left panel) and the corresponding K-
factors K; and K, (right panel) are presented for different couplings.

a particular choice of couplings (1.0, 0.5), as shown in fig. 7.6. At the resonance we find
that the NLO QCD corrections for the signal (SM+spin-2) are about 60% while those
at NNLO are about 80%. Similar result for the default choice of model parameters is
presented in fig. 7.7. In this case the corresponding NLO corrections to the signal are

about 45% while those of NNLO are about 55%.

We now present the invariant mass distributions of the di-leptons at NNLO for 9 different

choice of couplings through fig. 7.8, 7.9, 7.10. In the left panel the distributions are shown
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Figure 7.7: Same as fig. 7.6 but for a different set of couplings.
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Figure 7.8: Di-lepton invariant mass distributions to NNLO for different choice of cou-

plings (left panel) and the corresponding K-factors (right panel) are presented.

and the corresponding NNLO K-factors (K;) are given in the right panel. The respective

K-factors for the signal at the resonance region are found to vary from about 1.5 to as

large as 3.0, due to different contributions from gg subprocess to the signal as explained

before.

The dependence of the invariant mass distributions on the center of mass energy E, of the

protons at the LHC will now be presented. We show our results for E., = 7,8, 13 and 14

TeV energies for two different sets of couplings. In fig. 7.11, we present the invariant mass
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Figure 7.9: Same as fig. 7.8 but for a different set of couplings.
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Figure 7.10: Same as fig. 7.8 but for a different set of couplings.

distributions and the corresponding K-factors for the universal couplings of (1.0, 1.0). For
the nonuniversal coupling (0.5, 1.0), similar results are presented in fig. 7.12. In both the
cases, the K-factors at the resonance region are found to be larger for 7 TeV case and are

about 1.6.

The partonic cross section obtained after UV renormalization and mass factorization con-
tains two unphysical scales ug, ur. This scale dependence arises due to truncation of the
perturbative expansion up to a finite order. The LO cross section is pg independent but

contains uy dependence through mass factorization. At NLO the partonic cross section
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Figure 7.11: Dependence of cross sections on the di-lepton invariant mass distribution

for universal couplings (1.0, 1.0).
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Figure 7.12: Same as fig. 7.11 but for the default choice of nonuniversal couplings

(0.5, 1.0).

starts depending on pg; the sensitivity to factorization scale gets reduced at this level. The

cross section becomes less sensitive to the scales g and uy as we include more and more

higher order terms. We study the uncertainties in our predictions due to ug and ur through

fig. 7.13, 7.14. For this, we define the ratios R(ug, ur) of the invariant mass distributions

computed at arbitrary scale to those computed at the fixed scale. These are defined as

R(ug, ur) =

do(ug, 1r)/dQ

do(Qo, 0)/dQ
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For a systematic study of these scale uncertainties, we use LO (NLO and NNLO) PDFs
for LO (NLO and NNLO) cross sections respectively. We shall focus at the resonance
region i.e. O = M = 500 GeV. The fixed scale is set equal to Qp = M. In the left
panel of fig. 7.13, we present R(ug, Qo) by varying ug from 0.1Q to 10Q and keeping
ur = Qp fixed. At LO, there is no scale ug entering the cross section. The corresponding
scale uncertainties at NLO and NNLO are 19% and 5% respectively. In the right panel
of fig. 7.13, we present R(Qy, ur) by varying up from 0.10Q to 100 and keeping uz = Qo

fixed. In this range of factorization scale variation, the uncertainties in the distributions at
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Figure 7.15: Di-lepton invariant mass distributions for different choice parton distribu-
tion functions (PDFs).

LO, NLO and NNLO are respectively about 49%, 31% and 26%.

Finally in fig. 7.14, we present R(u, 1) (where ug = up = p) by varying u from 0.1Q
to 10Q. The corresponding scale uncertainties at LO, NLO and NNLO are respectively

about 49%, 52% and 30%.

We have also studied the uncertainties in our predictions that comes due to different
choices of PDFs. For this we use the PDF groups MSTW2008, CT1®, NNPDF3.0 and
ABM12. The results for the invariant mass distributions for the signal at NNLO are pre-
sented in the left panel of fig. 7.15 and the corresponding K-factors are presented in the
right panel of fig. 7.15. The K-factors here are found to vary from 1.18 at Q = 400 GeV

to about 1.28 at Q = 1000 GeV, while at the resonance they are about 1.54.
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7.3 Conclusion

In this chapter we have computed the NNLO QCD corrections in the DY type of process
with a massive spin-2 particle appearing in the intermediate stages. We consider a mini-
mal scenario where a spin-2 couples differently to the gauge and fermionic sector of the
SM. In the previous chapter we studied a similar scenario for the form factors and saw
how the universal IR structure of the QCD amplitudes remained unaffected in the presence
of nonuniversal couplings. In this chapter we have seen that the IR universality remains
true even for purely real and real-virtual type of processes. By multiplying the additional
UV renormalization constants for the two composite operators, adding all the virtual and
real emission diagrams and then performing mass factorization, we obtained the partonic
cross section free of UV and IR singularities. We then multiply the appropriate PDFs with
these partonic cross sections and obtain the final hadronic cross section that we use for

further phenomenological investigations.

In contrast to the models with universal coupling, the phenomenological study that we
have performed in this chapter is both interesting as well as different. We present the
invariant mass distribution for production of di-leptons at the energies of the LHC. Even
at LO, we can notice that the signal has different cross sections at the resonance region in
contrast to the gravity mediated models where the signal has the same cross section for
different universal couplings. From NLO onwards the spin-2 exploits its freedom of being
produced with different coupling strengths even for a given subprocess, which makes
the QCD radiative corrections crucially dependent on the choice of the spin-2 coupling
strength. Therefore the impact of the QCD corrections here is very much different from

those of di-lepton or Higgs production in the SM.

Our numerical results show that the QCD corrections for (ky, k;) = (1.0, 0.1) are dominant

over the rest of the choice of couplings, making the K-factors as large as 2.5 or more. For
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this choice of couplings, the LO gluon fusion contribution is very small although gluon
fluxes are high for the kinematic region of producing a 500 GeV particle. But at higher
orders where the spin-2 can be emitted off from a quark line with large coupling strength,
the large quark-gluon fluxes at LHC energies can potentially enhance the spin-2 produc-
tion rate, as is evident from the numerical results. For di-lepton production the ‘sign’ of
qg subprocess is usually negative both in the SM as well as in the models of universal
couplings. But here we note that the ‘sign’ of gg subprocess contribution changes with

the nonuniversal couplings and for the above choice it is positive.

We have also presented our predictions for different center of mass energies of the incom-
ing protons at the LHC and found that the K-factors are larger for 7 TeV case. In addition,
the K factors that we have presented for different scenarios of nonuniversal couplings can
help different experimental collaborations by providing an accurate theoretical input for
an in depth analysis of a more general model in order to constrain it more precisely. Such
higher order corrections are used mainly to constrain the model parameters with least

theoretical uncertainty.

The variation of the differential distribution with the renormalization and factorization
scales have been quantified and presented in this thesis. For the variation of the scales
ug and up between 0.1Q and 10Q, the uncertainties are found to get reduced from about
50% at LO to about 30% at NNLO. For completeness, we also present the uncertainty in

our predictions due to different choice of the PDFs.

These NNLO QCD predictions for the hadroproduction of a massive spin-2 with nonuni-
versal couplings will augment the similar results previously computed at NLO level and
compliment the earlier results for NNLO QCD corrections in models with spin-2 univer-

sal couplings.



8 Soft gluon resummation in two

dimensional Mellin space

8.1 Introduction

In the previous chapters we have seen the importance of the DY process in probing physics
beyond the SM. This helped us to obtain the NNLO QCD corrections for a spin-2 particle
decaying to a lepton pair. The UV and IR finite fixed order partonic cross sections that we
obtained (presented in Appendix 11.4) contain polynomials, plus distributions and other
logarithms, all expressed in terms of some dimensionless variable z, where the latter is
the ratio of the invariant mass of the final state and the partonic centre of mass energy.
The plus distributions are the result of soft and/or collinear gluon emissions from the final
state. In spite of the existing state-of-art calculation for cross section of the DY process,
the threshold region of the phase space often lacks a concrete physical description. The
threshold region is defined in the soft limit z — 1. The perturbative evaluation of the
partonic cross section near the boundary of the phase space for a hard scattering process,
exhibits large logarithmic corrections arising from the emission of soft gluons. These
threshold logarithms originate when a generic scale ¢* in a scattering process becomes
equal to the square of the partonic centre-of-mass energy. In such cases the phase space

of the real emission processes become highly constrained. In the threshold limit the UV

94
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and IR finite cross section can be divided into two parts : Soft virtual (SV) or threshold and

lnm_l(l—:)]
]—Z +

hard part. At any order o, the SV category consist of plus distributions like [
(m < 2k) and delta functions; the polynomials and other logarithms like In(1 — z) can
be listed under the hard contributions. In the threshold limit z — 1, the distributions
become singular. However it is to be noted that these functions are integrable. At the level
of hadronic cross sections, they often dominate over the hard part when folded with the
appropriate PDFs, in the above mentioned kinematic regions at every order in perturbation
theory. Hence, they can potentially disturb the reliability of the perturbative predictions.
The resolution is to resum these large terms, often the logarithms, to all orders to obtain
any sensible prediction. This is called threshold resummation. We describe in details the

necessary theoretical framework in the next section.

8.2 Theoretical framework

In this thesis we shall discuss about the threshold resummation of rapidity distribution for
the SM DY process, where the partonic scaling variables z;, z, approach unity i.e. z; — 1
and z; — 1. We discuss about the SV cross section which can be expressed in terms of

these two variables and then layout the derivation of the soft distribution function.

8.2.1 The Soft-virtual cross section

In this section we define our notations and outline the derivation of the soft distribution
function, which is closely related to the standard threshold resummation formula. In the
regime of QCD improved parton model, we consider the interaction of two partons a(k;)
and b(k;) to produce c(q) i.e.

a(ky) + b(k2) — c(q), (8.1)
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where k;’s are the momenta of the incoming partons and g = k; + k,. For the DY process
¢ can be an intermediate vector boson decaying to a di-lepton pair; it is the scalar Higgs
boson for Higgs produced through gluon fusion as well as annihilation of bottom quarks.
The square of the hadronic centre of mass energy is defined by S = (p; + p,)?, where
pi’s denote the initial momenta of the hadrons P; and P,. The incoming partons carry a
fraction x; of the initial state hadron momentum i.e. k; = x;p;. The square of the partonic

centre of mass energy is defined through (k; + k»)* = §.

The differential cross section can be written as

d
Egl (@ %, T) = Ohorn (U2 @ TIW! (U, X, 47, T) (8.2)

where 7 = ¢?/S. For DY production, I = g and o = do(t, ¢*, x)/dq*. The invariant
mass of the di-lepton pair is ¢*> = M12+1—- For Higgs production through bottom quark
annihilation I = b and o/ = 0®(, ¢%, x) while for Higgs production through gluon fusion
I = gand o’ = 08(1, ¢*, x) with ¢ = M7, where My is the mass of the Higgs boson. x
can be the Feynman variable (xz) or rapidity(y), both defined in the centre-of-mass frame

in following way:

2(pr—p2)-q 1. (p2-q
= — | . 8.3
i S "pia (6

Uéom is the lowest order contribution in the perturbative expansion. o’ (¢%, x,7) is the
hadronic cross section, which is related to the partonic cross section through W/ (i3, x, ¢%, 7).
In the parton model the function W/(uz, x, ¢*, 7) can be expressed as convolution of two

functions H’ and 4! in the following way:

| |
W (s, x, ¢ 1) = Z fdxlf dxy HE(x1, x, %)
0 0

ac=q,9.8

1
X f dz6(t — 21 50) A} 4 (X, 2, a5, @, s 17) - (8.4)
0
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In above 4}, (x,z, A, P o 1) = = fdPSHX IMuesmaxl? 8(x — ), where for x =

]
9 Bom

xXp, Q= 2(’”;#)"1 and forx =y, Q = %ln(if—:g). The phase space element for the H + X
system is dPS .x and M. z.+x denotes the scattering amplitude at partonic level where
the latter can be computed order by order in perturbation series. The subscript d denotes
differential part of the cross section. pg and py are the renormalization and factorization
scale respectively. The renormalized strong coupling constant is a, = g2(u%)/1677%; its
relation to the bare one a, = 22/167 has been described in eq. 2.5 and 2.6. The function

H_.(x1, xp, u2) is the product of PDFs f;(x;,u3) and f.(x,, u%) mass factorized at the scale

u2 as expressed in eq. 4.46.

The renormalized PDFs are related to unrenormalized ones through the Altarelli-Parisi

kernel I',; as follows:

1
dz . A (X _
fn) = > f Sl nofi(2)  c=ads 63
S Ja 2 Z
q-9.8
The factorization kernel I'.4(a;, ,uz, ,u%,z, €) cancels the initial state collinear singularity

due to massless partons. It can be expanded in power series in 4,

215
1
Lot 112, 2, €) = 8046(1 — 2) + 4, ¢ (%) ;Pﬁ?}(z) +0(@%) (8.6)

where Pg){)(z) is the leading order DGLAP splitting function. The splitting functions are
known fully up to three loop level [152, 153] and in the large n; limit at four loop level

[193] in perturbative expansion:

o

P(zjp}) = Y di@h)P (). (8.7)

i=1

The diagonal term of the splitting function is as follows,

+ P, 11(2)- (8.8)

¢

P?I)(Zj) = Z[B{+15(1 —zj)+ A{+IDO(Z}')
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The last term in the above equation (PEC)g 1;/(z;)) 1s regular in the kinematical limit z; — 1.

Di(z1), Di(z,) are the plus distributions defined in the following way:

Do [IH(I—ZI)] 51,:[1‘“(1_‘22) i=0,1,--. (89

(I—=zp) (1-2)

The subscript ‘+” denotes the customary ‘plus-distribution’ f.(z) which acts on functions

regular in z — 1 limit as

1 1
fo dzf.(2)g(z) = fo dzf(2)(g(z) — &(1)) (8.10)

The renormalized H is related to the corresponding unrenormalized ones through the

kernels I'.; as follows :

dy d N
ac(xbe,,uF) - f ! f yzraa (as’,u ,UF, Y1, G)Wa ’c! (_9 z)rcc’(as,ﬂ29ﬂ%:, Y2, 6) .
X1 Y1
(8.11)

It is often convenient to work with two scaling variables x(l) and xg instead of x and 7. For

the rapidity distribution, the variables x{ and x) are related to x and 7 as follows,
x:y:%ln(x—?), =200, (8.12)
For xr distribution the relations are,
x=xp = x) —xJ, =02 . (8.13)

We can now express the hadronic as well as the partonic cross section in terms of the new
variables xJ and x). It can be shown that the partonic cross sections can be expressed in

0
terms of z;, which acts as scaling variable at the partonic level, where z; = i—’ Therefore
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in terms of these variables, eq. 8.4 can be rewritten in the following way:

dZ] de x0 X9
Wl(xl,xz,q ,UR)— Z ﬁ f ( 11 Z_j#%
2

ac=b,b,g il

X Af{,gc(zl, 22, as(/*ljze)’ qzs,ui‘sl-llze) ’ (814)

where —— A! ac—mix|? 6(x—

2 2,2 2\ —
X1X2 dac(zl’zz’aS(/JR)’q ’/JF’,UR) =

Q). Thus our task boils down to computlng A b @22, a5(uy), 47, g pg)- The infrared
safe coefficient functions Afim get contributions from both soft gluons as well as from hard
partons. Contributions from soft gluons consist of terms proportional to the distributions
Di(z;) ineq. 8.9 and 6(1 —z;) . The remaining part of the differential cross section is called
hard contribution, which can be obtained by the standard procedure given in [194, 195] .

Thus we rewrite the differential partonic cross section as

1 2 2 2 Lhard 2 2 2 L SV 2 2 2
Ad’ab(aS’ Zl9 Z29q 9I“LF9/-1R) Adab (aS’ Zl’ Z29q 9/JF9/JR) + 6abA d (aS9 Zlv Z29q 9#F9ﬂR)'

(8.15)
We are interested in the SV part of the above cross section. It is to be remembered that
only diagonal terms of I".; contribute to SV part of the cross section. In the threshold limit
(zi = 1) the SV part of the cross section contributes dominantly as compared to the hard
part. To evaluate this, we will follow the approach prescribed in [8, 146]. The SV part of

the finite partonic cross section can be written in a factorized way as follows

n SN 2
A5 21,20, i 1) =(Z @ i 17, O|F (@5, 07427, O (1 = 20081 = 22)
® CeH v 20 @ [ a1 iy 21, 901 = 22)

® Iy} (G, 17, 13, 22, ©)5(1 — 29). (8.16)

The term (4, 0? = —¢2, 112, €) is the bare form factor which we describe in details in

the next section. The symbol C denotes convolution and its operation on the exponential
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of a function f(z;, z») indicates

1 1
Cel @) = 51— z)6c1 —2) + = f@2) + 5 @) @ flan )

1
+§f(Z1,Zz)®f(21,Z2)®f(Z1,Zz)+"'- (8.17)

The functions f(zi,2») are distributions of type 6(1 — z;) or Dj(z;) . The symbol ® in-
dicates the “double"” Mellin convolution, which convolutes with respect to the variables
7) and z, separately. As we are interested in evaluating the SV part of the cross sec-
tions, we neglect all the regular functions that come from different convolutions. The
term ¢4y, ¢*, 4?, 21, 22, €) is the soft distribution function which we shall discuss later. In
eq. 8.16, Z!(a;, ,u?e, w2, €) is the overall operator renormalization constant. For gluon oper-
ator [147] and bottom quark coupling to Higgs, [148] Z/(ay, u%, 1%, €) satisfy the following

renormalization group equations:

o

d R ; .
i 2@ e, > dlu) (i)

R i=1

(69

d 0 i
#iﬁ InZ" @y o’ €) = . a ) ¥y (8.18)

R i=1

where the anomalous dimension y? are given in [195-197]. For the DY process we have

Zay, . 1%, €) = 1.

8.2.2 Solution of the form factor

The function ¥/ (a,, %, 2, €) in eq. 8.16 is the bare form factor. In section 6.3 we dis-
cussed about the renormalized FF’s in the context of the two composite operators and
briefly mentioned about the differential equation that they satisfied. In this section we
shall again revisit the solution of the FFs in great details, as their general solution will be

required in the next section to find the solution of the soft distribution function. The bare
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form factors satisfy the KG equation, which is a consequence of factorization, gauge and

renormalization group (RG) invariances [147-150]

2 d

QdQ

1 | :“Ize 1A o’
' (a5, Q%1 €) = 5K e +G av,#—2—26 ., (8.19)
R

where the K’ contains all the singularities in €, G! involves finite terms in the limit € — 0.
Using the property of RG invariance of Fl(a,, 02, 1%, €) and the finiteness of G! we can
obtain the solution of the above equation. The formal solution, which is a series expansion
in the bare coupling constant is presented in [135, 146] up to four loop level. The solution

for K! reads as

6

© 2\'2
K@, i}, €) = ) @ (“ ’;) SLK"(e), (8.20)

i=1

with

1 1 1
K" D(e) = —{ —~ 2A{}, K"®(e) = —2{2ﬂoA{} + —{ - Aé},
€ € €
1( 8 1(2 8 1 2
K" = E{ - gﬁgA{} + g{gﬁw\{ + gﬁoAé} + ;{ - gAé}' (8.21)

where A/ are the cusp anomalous dimensions [56, 152—155]. For I = g they are given by,

Al = 4Cy
67 5
Ag = SCFCA{— — {2} + 8CFI’lf{ - 5},
245 11 11 55
Al = 16CFC2{ 7 —52 { 5 5%} + 16C§”f{ “5 253}

209 10 7 1
+ 16CFCAI’lf{ 108 + 9 {2 — 543} + 16CFI’lf{ 27} (822)
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A? are same as A?, as they are flavor independent. We can extract A% from A? by making

use of its maximally non-Abelian property,

Af = ﬂAq (8.23)
Cr

The renormalization group equation for the function G’ has the following solution

1

(as(Q ). 1.€) + f —A’ (as(Aup))

Qz/u,%
[Se] % 2 1

=G'(a Q). 1. ¢) +Zs'a’( ) (fz) 1‘[(1’@(6). (8.24)
i=1 R

G (as(Qz), 1, e) can be expanded in power series of a,(Q?) as

(o)

G' (a(Q)). 1,€) = ) di(@))Gl(e), (8.25)

i=1

where G{ (e) consists of process independent terms — collinear (Bf ) and soft ( fl.’ ) anoma-

lous dimensions as well as some vertex dependent terms (gl{ r)- They are expressed as

Gle)=2(Bl = yh) + fl + CT + Z éhglt. (8.26)

k=1

B! [152, 153] are obtained by demanding that physical observables like cross sections
should be finite. They are the coefficients of the 6(1 — z) part of the splitting functions
in eq. 8.8. Since B? are flavour independent they satisfy B! = B’. The soft anomalous

dimension, fl.’ fori = 1,2 can be found in [28] and in [153] for i = 3. We list them below:

808 8 224
f2q = CACF{ - —éz - 28(3 77 } + Cpl’lfTF{ }

32757
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352, 176 12650 1316 136781
(S G IET oMY ity A0 g - - 192
1 A F{ 5 O™+ 3 048G Y & 3 &3+ 19205 + =5
96 , 2828 728 11842
+CACF”/"{_?§2 TRt 8T g }

, (32, 304 1711 (40 112 2080
+ Crny ?Q +4§2+T§3—7 + Cpny —ﬁ§2+7§3—m :

(8.27)

Like B, f! are also flavor independent i.e. f” = f7. The authors in [28] first noticed that

i

the constants ! are maximally non-Abelian obeying the relation

ff= %fﬁ- (8.28)

F

Using the above relation we can predict the single pole in the logarithm of form factor
up to two loop level [28]. In [134] it was validated to hold up to three loop level in

perturbative expansion. From the above solutions of K and G we can now obtain In Fr

=y S (2 pL()
InF'(a,, @*,1i°,€) = ) & (— St 20 (8.29)
where

R/ BEPYVA I Gl(e)
5T a2 1 c 1€y,
. 1 1 1 1
Léém - zIBOA{)+Z(—EAé—,BOG{(e))+2—EG§(e),
N 1({ 8 1(2 8 4
1,3)  _ 241 1 1 2 ~I
‘5? - g _5180‘41)"";(&81‘41+§,30A2+§,30G1(6))

1 2 1 4 I(1
+Z( - §A£ - gﬁlG{(f) - gﬁOGé(e)) + ;(gGé(E)) s

N 1 1 2 3
LY = ;(,3(3)14{) + ;( - 5,30,3114{ - 5,33145 - 2,38G{(6))
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(1 1 3 4
+§(ﬁﬁ2‘4{ + ZﬁlAé + ZﬁoAg + gﬁoﬁlG{(G) + 3ﬁ3G§(6))

1 1 1 1 3 1(1
+—( — gL BGI(O) ~ SBGH(e) - EﬁoGé(e)) + ;(Zer)). (8.30)
The constants gf’k can be extracted from the finite part of the form factors as evident
through eq. 8.26 and 8.30. For Higgs production through bottom quark annihilation
(I = b), the results up to two loop level are available in [146, 151, 198]. The three loop
computation is presented in [138], which was later used to compute gé”l in [156]. For

I = g, g the constants gf’k can be found in [134]. The beta function and the constants gf’k

determine C!. They read as
Cl=0,  Ch=-2Bugl).  Ci=-2Bigy, — 2B (g5} +2Bogi3).  (831)

The solution of the logarithm of the form factor, In F1 (a5, Q%, u?, €) for DY and Higgs
production through gg fusion and bottom quark annihilation can now be obtained from

the universal anomalous dimensions Af , B;, i’ s y{ and the process dependent constants gf 1’2

8.2.3 Solution of the soft distribution function

We now need to find the solution of the soft distribution function ¢ (a;, @, 1% 21, 22, €).
To determine it, we recall that the function AI;]SV(aS,zl,zZ,qz, pe, 1%) on the left hand
side of eq. 8.16 is finite in the limit € — 0. This implies that all the pole structure of
¢ ¢ 12, 21, 20, €) as well as its ¢* dependence should be similar to those of In 7. The

differential equation that the soft function satisfies was first given in [146]. It is as follows

d 1|—1 7% — 7
2 I A R A R
l ) 9 &l K2y G B P 91942 . 8.32
4 ——Pa Z[Kd(as —5 20,22 e)+ d(as = 521,22, € ( )

R
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Following the structure of K’ and G in the logarithm of the form factor, we include all

. . o . .=l .
the singular terms in € of ¢/, in K, and keep the finite terms in G . ¢/, also satisfies the RG

equation
d ;.
pr— @@y ¢ 1P 2120, €) = 0 (8.33)
duy,
which leads to
d —i1 d =
pr— Ky = —up— Gd = ~5(1 = 2)8(1 = 22)A (@, (12)) . (8.34)
dug djiz

The proportionality of the form factor to 6(1 —z;) 6(1 —z,) in eq. 8.16 explains the product
of deltas in the above equation. The poles from ¢(Ii(&s, qz, ,uz, 71, 22, €) have to cancel with

. ~ . —-I .
those coming from £’ and I';;, to make AZ;SV finite. Hence the constants A should satisfy

—I

A =-A". (8.35)

Using the above relation the solution for 5; ineq. 8.34 is

2 2

=1 [ 7
Gd (aS? qz ’ 1233 Z17 ZZ? 6)

Mg M

R

- ( S(/JR) 29Zl9Z29 )

G, (ax(@)s 121,22, €) = 8(1 = 20001 = 2) f (). 536

The above solutions can be used to solve the Sudakov differential eq. 8.32 for soft function

1
¢,

ol = ¢has, (1 = z2)(1 = 22), 1%, €)

N (q (1—zl)<1—Z2>)S( (i ey
] = M=) —2)

)cbd(’)(d (8.37)
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where,

$0(e) = — [Kd (6) + fo”(e)]. (8.38)

The form of z; dependent part in the above solution can be justified through factorization
property of QCD amplitudes. The term [(1 — z;)(1 — z)]* is the contribution from the
phase space while the (1 — z;) term in the denominator comes from the matrix elements.

Expanding K in powers of a;
—1(, Mp O /‘Izei =50
K, as’l?»zl’zbe =5(1—Zl)5(1—Z2)Zas ] St K, (), (8.39)
i=1

and solving the RG equation in eq. 8.34 we can determine the constants Ef,’@(e). They are
identical to K™(€) given in [146, 151]. 5;’(”(6) are related to the finite functions

—I . . <
Gd(as(qz), 1,21, 22, €). In terms of renormalized coupling constant, we find

'M :
2]

~
I
—_

52 (as(qz), l»Zl,Zz,E) ((] (1 _Zl)(l —Zz)) —I,3i)

- LG, (e)

M8

di (421 = 2)(1 = 22)) Gyi(0) (8.40)

~
Il
—_

E(I“(e) are similar to G/(e) of the form factor and is given by,
= PV =
Gaul©) = —f +Chy+ D Gy (841)
k=1

The coefficients of the single poles in (252’(")(6) are controlled by the soft anomalous dimen-
sion, fil , which are also maximally non-Abelian and the constants Cf{’i. We now need to

. . —Lk . . . .. .
determine the z independent constants, G, ;. We achieve this using the following identity:

! N- N—l do’
\f; dx(fj(; dx) (xlxz) (x) +x2)d > f dx) dxg 2 i

:f dr Vot (8.42)
0
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ol for I = g, g is known to NNLO level [2, 19-24,51,52,54,77-79, 112] and the N3LO
for Higgs production is now known [29]. We can relate ¢ d(’)(e) to ¢"?(e) that appears in
inclusive threshold corrections to DY process [57, 146, 151, 156], by taking the large N

limit of above equation i.e. N — oo,

¢"(e). (8.43)

. . _ —Lk —I
Using the above two equations we can determine the constants G,; and hence G, ;(€).

—I
Interestingly it is found that G, ,(€) are also maximally non-Abelian i.e.

_ Cre
Gai = &G (8.44)
Ca
Finally the constants C}; are given by
. —11 —11 —I2
Cd,l =0, d2 = _2180gd 1 Cd% = Zﬁlgzm - zﬁo(gd,z + Zﬁogd,l)- (8.45)

From eq. 8.23 and eq. 8.44 we see that the soft distribution functions for the differential

cross section satisfy

¢dq (&s’ qz’ ﬂz’ <15 225 6) = ¢db (&s, qz’ ”2’ 215225 6) = g_i ¢dg (&S’ q2"u2’ <1522 6) s (846)

up to order a2, similar to the soft distributions that appear in the total cross sections [146].
The reason for this universality is due to its dependence only on the gauge interactions
(SU(N)). In other words the soft part is independent of flavor, color, spin or any other

quantum number, once the Born level cross section is factored out.

We now have all the ingredients to write eq. 8.37 in terms of A; and Edl. The form of soft



108 Soft gluon resummation in two dimensional Mellin space

distribution function is as follows [8]

A 1 1 7*(1-21) 472
¢ (s @ P 21,20, €) = 55(1 - Zz)(l 2 { fu2 7141 (as(/lz))
F

+G, (a, (421 =) € })+

d 1 7*(1-2)(1-2) 432
g — [( { —A(a,(1))
dg*|\4(1 —z)(1 —22) | J,2 2

Gy (as (P01 =201 = 22) ) }) ]

i
2

1 S
+30(1 = 208(1 - 22) ; as(

1 1 o o (Hk 't R
+§6(1—z2)(1_z)+ Za(—2) SLK e

+(z21 © 22). (8.47)

. L . . ISV .
Now we can find out the finite soft-virtual function 4> (ay, 21, 22, ¢*, i3, p13) in eq. 8.16.

Writing it as

(8.48)

A7 (ay, 21,20, 6 Mo 1) = Cexp (%(as’m’ oMb 6))
e=0

the finite distribution ¥/ in dimensional regularization can be written as

1( (7% a2
v = 5 (Z{ f o Ala)
u

F

- {1
+Gy (ay(q” 7)) }) + E(E{AI(‘“(Z””

d(_;l(as(z ) .
et }) + g (i)

+21 © 2o, (8.49)
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wherez; = 1 =z and 2 = 1 — 22 and 212 = ¢°Z1 22

The finite distribution ¥} as obtained above contain plus distributions which can give
large contributions in the limit z; — 1, z — 1. Thus the SV cross section gives large
contributions at every order in perturbation theory which can disturb the reliability of the
perturbative predictions. The resolution is to resum these large terms, often the loga-
rithms, to all orders to obtain any sensible prediction. In the next section we describe how

to obtain an all order resummation formula by computing the integrals in eq. 8.49.

8.3 The resummation formula in double Mellin space

The soft virtual cross section in eq. 8.48 has an all order structure which is depicted
through the exponential nature of the solution. It is written in terms of a convoluted
exponential where the meaning of the later is given in eq. 8.17. Thus solving the integrals
in eq. 8.49 will give us the desired all order resummation formula. However it is easier
to work in the conjugate space of z;, which is the Mellin N; space, to get a compact form
of such an all order formula. Thanks to the convolution structure of the hadronic cross
section in terms of the PDFs f,, and the SV cross section Af,’sv, the two-dimensional
Mellin transformation of the Born normalized hadronic cross section becomes a simple
product of Fu(ND), fb(Nz) and ZQ’SV(NI, N>). The double Mellin transformation is defined

by

1 1
A5V (ag, Ni, Na, ¢, 1, 13) = f dz; 2! f dz 2745V @y, 21, 20, 4 1 113). (8.50)
0 0

The delta functions, plus distributions transform as follows [26] (we show for one variable

21)

1
f dz 27 s(l—-z) =1,
0
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b e (=D .
f dz 2" Di(zy) = 1 In"" Ny + O(In' Ny) ,
0

| .
1o =D |
dzi 27 (1 -z = In'Ny +O|—In""'N,| . 8.51
fo 21 2, n'(l —zp) N, n' N N n" N (8.51)
The threshold limit in Mellin space correspond to N; — oo. In this limit we see that the

In'(NV;) terms give dominant contributions compared to the O(1/N,) terms. From now we

shall write Zj‘; as function of Ny, N, and suppress the arguments aj, ¢°, (%, u for brevity.

In order to derive a compact form of the resummed cross section we follow the method-
ology adopted in the work [26] where the soft virtual cross section in one dimensional
Mellin space was expressed in terms of two quantities: an exponential containing all
In(N) terms and a prefactor multiplying the exponential, independent of In(N) terms. For
N1, N, space the large logarithms are of the form In"(N;), where n = 1,---andi = 1,2
and the resummation in double Mellin space resums terms of the form w = a8 ln(ﬁ|ﬁz)
through a process independent function g(w) and a process dependent but &V; independent
function go. Here B is the leading coefficient of the beta function of the strong coupling

constant g;. Thus we can write

1 1
~1,SV Ni—-1 Nr—1 (I,SV
A7 (w) = deIle dezz22 g
0 0

= ghoas) exp (ghlay, w)), (8.52)
where N; = ¢”*N,,i = 1,2 and ve 1s the Euler-Mascheroni constant. The exponent
gf{(as, w) takes the canonical form:

giasw) = gh (@) In(N W) + ) dighn(w). (8.53)

i=0

Hence to obtain an all order resummation formula for the soft-virtual cross section we
have to compute the integrals in eq. 8.49 after taking a double Mellin transformation.

The result of the integrals are presented in Appendix 11.2. Computing the integrals we
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get the left side of eq. 8.52 and then comparing the exponential terms i.e. exp ¥} and
exp (gg(as, w)) we find g’ (a,, w). Identifying G/, = D, and rescaling the constants by 3

_ _ - - : - .
as 851,1 =8y gfl,i+2 = 8yia/By Ai = AlIBy, Dy; = Dy /B, and B; = Bi/By, we find

—J -1
A 2w+ (1= w)in(l —w),
84,1 lw(w (1 = w)In( w))
_ S — (N S — —I 1 —I—
g, =w (Al/s1 _ Az) +1n(1 - w) (AI,BI +Dy, - Az) +3I(1 - W B,

+ Ly In(1 — w)A, + LywA,

o == 22— s < H @ 0B AL+ (02, off - 207 + 2D
B\D, Bi 1 =l == ), (- w)
i zﬁ‘Dfﬂ) ~ind ‘w>((f‘w)(A§ ~ Dy~ A\Bw) —Aiﬁz) et

—I 1, = 1 —1 = —I—
# Ly Ao = 315, K10 = Ly s ((A2 - Dd’l) w—A'B, (+1In(l - w)))

lp_@ A

Sl oA (8.54)

where Ly, = In(uy./pz), Ly = In(g*/pz). The term g’ (as) contains fixed order contri-
butions and In(&;) independent terms. In eq. 8.47, the finite parts of the last two terms
that remain after the cancellation of singularities, constitutes gfi’o(as). We also include
in gfw(as), the contributions coming from the Mellin transformation of delta functions.
Expanding In(g’ ) as In(g} ) = X7, a"slé’(fi), we find

[0 = 28t} +2Gy, + 4416 — 2Ly B} + 2L, (Bl ).

1 = gl + G+ 2013 + G ) + 20 (240 + B (3B + 211 - 394)) + 24ty

2Ly, By + L2, BiBy + Ly, (2B4 — 2 — Bo(26", + 26, + 4A1%))

+L2 ol — B} + 7). (8.55)

Thus we have all the ingredients to perform threshold resummation of rapidity distribution
for the production of any colorless particle in the final state. To find g’(a,, ) and gfw we

need to know: cusp (A)), collinear (B!), soft (f/), UV (y!) anomalous dimensions and
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. —lLi 1 . .
universal soft terms gdfj and process dependent constants gi.:} of virtual corrections where
I = g,q. In the next chapter we shall apply the above formalism for the production of
lepton pair in the DY process (I = ¢g) and analyze its numerical impact at the energies of

the LHC up to NNLO+NNLL accuracy.



9 Threshold resummation of the

rapidity distribution in the DY process

9.1 Introduction

The DY process has been studied theoretically to a great extent over many dacades [49,
77]. The full inclusive production cross section is known up to NNLO [54,112] for a very
long time. The dominant soft-virtual (SV) contributions are now known at next-to-next-
to-next-to-leading order (N*LO) level [57, 199]; electroweak corrections beyond leading
order are also known and at NLO level [200,201]. Although inclusive production is im-
portant for precise prediction of cross section, differential distributions allow a wider com-
parison with experiments. Rapidity and transverse momentum distributions for the Drell-
Yan are known to up to NNLO level in QCD [80,81,83,84,202]; at N3LO level [8,30,203]
soft plus virtual contributions for the rapidity distribution are now known. Studies where
both QCD and electroweak corrections are combined can be found in [204]. Parton show-
ers matched with NLO QCD results for the DY are also available in MC@NLO [205],
POWHEG [205, 206] and aMC@NLO [207] frameworks. The differential distributions
that has been studied extensively is the transverse momentum (pr) distribution of pair of
leptons or the vector bosons such as Z/W=, see [208-212], often in their large py region.

On the other hand, the rapidity distribution in DY was computed in [208] at NLO level

113
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in QCD and it was later extended to NNLO level in [80, 83]. This stabilized the predic-
tions [81], giving only a few percentage sensitivity to renormalization and factorization
scales, for example at the Z mass region. However it has to be noted that the result does
vary significantly w.x.t. the choices of different parton distribution functions (PDFs). In
particular, at large invariant mass or at large rapidity of the final state, the cross sections
are sensitive to large Bjorken x regions of PDFs, where different PDFs show not only dif-
ferences between them but also exhibit large uncertainties. For a recent review see [213].
This sensitivity of PDFs will in turn help to constraint the PDF sets much better. Hence,

it is important to study these distributions.

In certain regions of phase space, the fixed order predictions are often not reliable due
to presence of large logarithms arising from some kinematic variables. At the partonic
threshold i.e. where the initial partons have just enough energy to produce the final state
such as a pair of leptons or Z/ W= and soft gluons, the phase space available for the gluons
become severely constrained which results in large logarithms. To reliably predict differ-
ent observables, we have to systematically resum these large logarithms to all orders in
perturbation theory. Over the years resummation has become an important topic of in-
vestigation. For the inclusive production, the resummation of soft gluons in the threshold
region was establised [154, 155,214] in the Mellin space and for the transverse momen-
tum distribution, at small pr, the resulting large logarithms were shown to exponentiate
in the impact parameter space [215,216]. Resummation in momentum space based on
soft-collinear effective theory (SCET) have also been studied: for inclusive production
see [217] and for transverse momentum distribution see [218]. For the differential distri-
bution with respect to the Feynman variable xy, resummation was studied in [154] and it
was found that there were two thresholds and both could be resummed to all orders. It is
to be noted that xr describes the longitudinal momentum of the final state. The authors
established that these logarithms could be exponentiated and also obtained the resummed
result at the next-to-leading-logarithmic (NLL) accuracy. For resummation up to NLL

accuracy in MS scheme see [219]. Resummation of rapidity distribution similar to the
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inclusive one with a single scaling variable can be obtained in certain kinematic region,
see [220-224] and an equivalent approach based on SCET can be found in [225,226].
In the former one, called the standard direct QCD (dQCD) approach [154, 155, 214],
since the resummation is performed in Mellin space where the phase space of the soft
gluons factorizes under appropriate Mellin transformation, the threshold limit of the par-
tonic scaling variable z — 1 corresponds to Mellin variable N — oo, where z = Q?/3,
Q* = My,V = Z,W* and § is the partonic center of mass energy. However in SCET
approach [217,225,226], resummation can be performed both in Mellin space as well as
in z-space using the evolution operators of soft and the hard functions of the coefficient

function.

For rapidity distribution resummation of large logarithms has been performed and several
results are already available to very good accuracy. In [222] the authors have studied
rapidity resummation for W* in Mellin-Fourier (M-F) space based on a conjecture (see
[220]) and later on same approach was used for Drell-Yan production in [223]. A more
detailed study in the context of W* productions as well as production of a pair of leptons
was undertaken in [227], where the role of prescriptions were emphasized that take care

of diverging series at a given logarithm accuracy.

Our approach to resum the soft gluon contributions for the rapidity distribution of a pair of
leptons will be same as the dQCD approach [154]. The soft gluon effects show up through
delta functions and plus distributions in the partonic cross section, when the partonic
scaling variables reach the threshold limits, i.e., z; — 1 and z; — 1. These contributions
can be resummed to all orders both in z;,z, space and in N, N, space. By expanding
the resummed results up to desired accuracy the fixed order predictions in the soft plus
virtual approximation in zj, z, space were obtained in [30,203,228]. Using the formalism
developed in [8,203], we [229] have derived a general result that resums the soft gluons
to all orders in perturbation theory in two dimensional Mellin (M-M) space spanned by

Nj, N,. Our result is applicable for production of any colorless final state at the hadron
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colliders; in the work [229] we have investigated the numerical impact of the rapidity
distribution for Higgs boson production at the LHC. This double threshold limit, denoted
by a pair of limits, namely (z; — 1, z — 1) corresponds to (N; — oo, N, — o0) in M-M
space. The corresponding large logarithms are of the form In"(¥;), where n = 1,- - - and
i = 1,2 and the resummation in M-M space resums terms of the form w = a8y In(N|N,)
through a process independent function g(w) and a process dependent but ; independent
function go. Here S, is the leading coefficient of the beta function of strong coupling

constant g, and a, = g2(u3)/16m* with pg being renormalisation scale .

In this thesis we have studied the numerical impact of resummed contributions in the M-
M approach on the fixed order predictions for the rapidity distribution of pair of leptons
in the DY process at the LHC. The fixed order results at NNLO show remarkable stability
against the factorization and renormalization scales. This is a good news for any phe-
nomenological study with DY process but the question remains whether at every order in
perturbative expansion, the fixed order predictions will be plagued by presence of large
kinematic logarithms resulting from soft gluons in the threshold regions. In this thesis we
have made a detailed study by taking into account these threshold effects from all orders
in the perturbative expansion. In addition, owing to various ways by which these loga-
rithms can be resummed, a detailed comparison of different approaches is desirable. This
thesis attempts to address all these issues. We shall present our resummed result up to
NNLO+NNLL accuracy. The resummation formalism based on the M-M approach has
been discussed in the previous chapter. In sec. 9.3 we proceed with a detailed numerical

study which is applicable for the energies at the LHC.

9.2 Theoretical framework

The theoretical framework necessary to perform threshold resummation has been de-

scribed in chapter 8. We shall however write down the main formula that will be needed
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in the next section. In the QCD improved parton model, for the production of a pair of
leptons with invariant mass ¢ and rapidity y, the double differential cross section can be

written as

d*oi(t, g%, ) dz; a'Zz
—ag = ol (21, x5, ¢%) Z f
q-ay ab=q,q 2

XO XO
X f;l (;i?#%?) fb (Z_j9ﬂ%)ﬁg’ah(zla 22, q29ﬂ%‘, /1]22)9 (91)

where o (x), x9, ¢%) is the Born prefactor, 7 = ¢*/S = xJx) with g being the momentum
of the final state lepton pairs and S = (p; + p,)* where p; are the momenta of the in-
coming hadrons. The hadronic rapidity is defined as y = 1 s In(pa.q/p1.q) = 1 ln(x“/xo)'
fa ( M F) and f,, ( M F) are the PDFs having momentum fractions x; = x /zl, X2 = X, 9/
respectively, renormalized at the factorization scale . 4 d’ab(as, 21,2, G% F) on the other
hand is the DY coeflicient function for rapidity distribution mass factorized at up. This
coeflicient function consists of two parts: the hard part and the SV part. We have already
discussed about it in eq. 8.15; the necessary steps to arrive at the differential SV cross

section in M-M space has been described in the previous chapter

It is to be noted that the approach followed here [229] differs from earlier ones (see [220),
221,223,225-227] in the way the threshold limit(s) is(are) taken). In the later approach,
the threshold contributions from soft gluons in the partonic cross section are defined by
considering only those distributions with respect to the scaling variable z = z,z, which
appear in the region when z — 1. The remaining contributions contain not only regular
terms in z but also distributions and regular functions of partonic rapidity variable (y)).
Here, only those distributions in z are resummed to all orders treating the remaining terms
as hard part. Interestingly, if one works in M-F space, it can be easily shown that in
the limit z — 1, the threshold logs resulting from N — oo are identical to those of the
inclusive cross section. Thus the resummation for the rapidity distributions for the DY

has been done using single Mellin variable N corresponding to z keeping the y, dependent
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coeflicients as it is.

We employ the technique developed in [229] namely the M-M space approach to perform
the soft gluon resummation for the DY rapidity distribution. In the next section we shall

investigate the phenomenological impact of our resummation formalism.

9.3 Phenomenology

We consider the production of both leptons, i.e. {*¢~, where £ = e, u through Z and y*
in the collision of two hadrons at the centre of mass energy 14 TeV. Unless otherwise
stated, we will mostly focus on the region containing the Z-pole. We take ny = 5 fla-
vors, MMHT2014(68cl) PDF sets [230] and the corresponding a;(M) through LHAPDF-
6 [231] interface at each order in the perturbation theory. We obtain the fixed order results
from the publicly available code Vrap-0.9 [80, 232]. The resummed contribution is ob-
tained from ZZ’SV(NI,NZ) in eq. 8.52 after performing Mellin inversions which are done
using an in house Fortran based code. The In(#V;) terms in the resummed exponential gg
and the N; independent terms gg,o are already present in the fixed order results; hence
care is needed to avoid double counting. This can be achieved simply by employing a

matching procedure at every order. The matched result is given below :

d*cres _ dzo'q’f" ANy O sz . Nl)(\/;)2—N1—N2
dg*dy dqzdy e1—ico i ey—ico

FaND) foy(N) [ﬂz’“wl, No) = 457 (N, Nz)|mm] SR

q . .
where o, is given by

. 24°(q* — M)ey8gy
q ((qz _ M§)2 i MZFZ) 252

3q*'I';Bf 8 \2
4 172 (1+(1——sfv))]. 9.3)
16aMy ((q? — M2)* + M2I'2) 253 3

w-w




9.3 Phenomenology 119
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Figure 9.1: Cross sections against ug(left), pgr(middle) and u(right) variations at
NNLO+NNLL for 14 TeV LHC. The bands are obtained by using 7 point scale varia-
tion (see text for more details).

with @ = a(Mz) = 1/127.925, e, is the quark charge, My = 91.1876 GeV, I'; = 2.4952
GeV, s, = 0227, ¢}, =1 - 52,80 = —1/4+si, g =1/4-2/3s, g% = —=1/4 + 1/3s},
B? = 0.03363 and B = 0.03366. The first term in eq. 9.2, d*0*"°/dg*dy, correspond to
contributions from a fixed order perturbative computation. On the other hand the second
term contains only threshold logarithms In(/N;) to all orders in perturbation theory. The
subscript “trunc” in the ZZ,‘; indicates that it is truncated at the same order as the fixed
order one after expanding in powers of a,. Thus at O(a?), the non-zero contribution from
the second term starts at O(a?“) and includes terms from all orders. For the fixed n-th
order contribution, namely N"LO, the contribution from the second term is called N"LL.
For the fixed order predictions we use the notations LO, NLO and NNLO and correspond-
ingly LO+LL, NLO+NLL and NNLO+NNLL for the resummed ones. It is well known
that the resummed expression diverges due to the missing non-perturbative contributions.
The origin of this divergence is w — 1 in the functions §Z’L_; they are due to the cou-
pling constant a,(uz) that diverges near the Landau pole. We have adopted the Minimal
Prescription (MP) [233] to resolve the above mentioned problem. For the two Mellin in-
versions, the contours are chosen [234] in such a way that all the poles in the complex

plane spanned by N,, N, remain to the left of the contours except for the Landau pole.

The leading order contribution to the DY process is due to electroweak interactions; the
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dominant theoretical uncertainty comes from the factorization scale ur that enters through
the parton distribution functions while the dependence on the renormalization scale g
starts only from NLO onwards. In contrary to the leading order term, in the resummed
case, the LL contributions do depend on ug through w in §f,’1(w)|1:q given in eq. 8.54.
Hence, pi dependence will show up even at LO+LL level. This will be evident from
fig. 9.4 where one finds larger scale uncertainty from LO+LL contributions compared to

the fixed order one at LO level. Thus it is important to understand the impact of these

o
=)

IS
)

d%/dq/dy [pb/GeV]

MMHT2014

LHC 14

NLO+NLL/LO+LL NLO+NLL/LO+LL

=== NNLO+NNLL/LO+LL NNLO+NNLL/LO+L!

K-factor
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Figure 9.2: Resummed rapidity distribution in Drell-Yan production for the two sets of
central scale choices (Mz, M;) and (Mz/2, Mz) using MMHT PDFs at 14 TeV LHC.
Corresponding bands are obtained using 7-point scale variation around the central scale.
The lower panel represents the corresponding K-factors.

two scales at the fixed order as well as at resummed level and also determine the optimal
choice for the central scale around which the scale uncertainty remains minimal. In the
work [235] the optimal choice has been realized for the fixed order case: it is when
both ug and pp are set to M. In order to find the same for the resummed case, we
have plotted in fig. 9.1, dependence of the rapidity distribution on a) (ug = Mz, ur),
b) (ug,ur = Mz) and finally ¢) (u = pug = pr). The symmetric band is obtained by
performing 7-point scale variation [26,227,235] around a given central scale with the
constraint (ki, kp) ® (Ur, l4F)cenat Where (ky, k) € [1/2,2] with 1/2 < ky/k, < 2 and by
taking maximum absolute deviation from the central scale. From the first and the last

panels of fig. 9.1, it is found that the optimal central scale choice is (M, M;) whereas
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Figure 9.3: Fixed order predictions with the central scale ug = Mz, ur = My and re-
summed prediction with the central scale ug = My/2,ur = My for rapidity y=0 and
y=2.4 using MMHT2014 PDF at each order. The uncertainties are obtained by using 7
point scale variation around the central scale (see text for more details).

the middle panel favors (%, Mz) for the central scale. Comparing all three panels, we
find that the choice (%, MZ) gives minimum uncertainty band. However, to confirm the
above analysis also holds true at each order in the perturbation theory, we have considered
two different central scale choices (Mz, Mz) and (Mz/2, M) in fig 9.2. We find that
while the acceleration of the perturbative convergence are almost same for both cases,
uncertainty band at NLO + NLL and at NNLO + NNLL level are smaller for the central
scale choice (Mz/2, Mz) compared to the case (Mz, Mz). In fig. 9.3 we compare the
predictions of our resummed result using the central scale (%, Mz) against those coming
from fixed order result with the central scale choice (M7, M), for two rapidities y = 0 and
y = 2.4. We find that the scale uncertainties from the resummed case at NNLO+NNLL are
comparable to what one obtains from NNLO. However, the central values at NLO+NLL
and NNLO+NNLL are very close to each other compared to those of fixed order results,

demonstrating better perturbative convergence.

In the introduction we mentioned about the works [222,223,227] where resummation of
threshold logarithms for the rapidity distribution was achieved in the M-F space. The
formalism that we have described in the previous chapter and also used in the work [229]

differs from the other approaches in the way the threshold contributions are resummed.
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Z—RZ, % LO | LLmer | LLym| NLO | NLLyg| NLLyiy| NNLONNLLy g [NNLLym

2,2 72.63| +0.99 | +3.22 | 7345 | +1.64 | +1.80 | 70.89 | +0.63 | +0.65

2,1 63.20| +0.77 | +2.59 | 70.62 | +0.76 | +1.02 | 70.36 | +0.29 | +0.32

1,2 72.63| +1.09 | +3.58 | 73.53 | +1.91 | +1.76 | 70.51 | +0.51 +0.40

1,1 63.20| +0.85 | +2.89 | 71.40 | +0.86 | +0.90 | 70.54 | +0.25 | +0.17

1,3 | 53.24| +0.62 | +2.22 | 67.58 | +0.16 | +0.14 | 69.83 | - 0.001 | -0.09
1,1 ] 63.20] +0.95 | +3.28 | 72.35 | +0.94 | +0.68 | 70.27 | +0.09 | -0.01
1.3 | 53.24| +0.69 | +2.50 | 69.26 | +0.10 | -0.15 | 70.28 | -0.04 | -0.15

Table 9.1: Comparison of resummed results for Mellin-Fourier space (M-F) and double
Mellin space (M-M) approach in the minimal prescription scheme at y = 0O for various
choices of scales.

We resum large logarithms resulting from the regions where scaling variables z; and z,
approach unity simultaneously while in the case of M-F, only large logarithms from the
region where the partonic threshold variable z approaches unity and the partonic rapidity
¥p 18 zero, are resummed. In the following we will make the numerical comparison of our
predictions, namely the M-M formalism against those of M-F reported in [227]. The fixed
order contributions are obtained by using Vrap-0.9 [80,232]; the resummed contributions
up to NNLL for M-F are obtained by using publicly available code ReDY [236] and for
M-M, we use our in house Fortran routine. We have set all the parameters including the
PDF set (NLO set of NNPDF-2.0 [237] at every order) the same as those used in [227].
Both our results and those from ReDY are listed in the Table 9.1 for various scale choices
at the central rapidity. From the table we observe that at LL level, both M-F and M-
M give positive contributions but the contribution from M-M is about three times larger
compared to M-F independent of the scale choice. The additional contribution over LL
at NLL for M-F is negative for some scale choices and positive for the rest while for
M-M, it is always negative. The magnitude of these additional contributions for M-M

is larger than M-F. Interestingly, at NNLL level, the additional contributions over NLL
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Figure 9.4: Drell-Yan rapidity distribution for 14 TeV LHC at ¢ = My using MMHT
PDFs. The fixed order results are plotted in the left panel and the resummed results in
the right panel. Central scale is chosen as pug = ur = My for both and the corresponding
bands are obtained using 7-point scale variation (see text for more details) around the
central scale. The lower panel represents the corresponding K-factors.

for M-F and M-M are both negative in a such a way that the net NNLL contributions
from both the approaches become comparable. In the case of M-F, the NLO+NLL is 2%
larger compared to LO+LL and NNLO+NNLL is -4.7% larger compared NLO+NLL.

For M-M, the corresponding ones are -0.8% and -4.9% respectively at ug = ur = 2Mj.

We now present in fig. 9.4 the differential cross section for production of a lepton pair
as a function of the rapidity y for VS =14 TeV at the LHC. In the left panel we plot
the fixed order result up to NNLO and in the right panel we present the resum result up
to NNLO+NNLL. The respective K factors are also presented below. The K-factor at a
given perturbative order, say at N"LO (N"LO + N"LL), is defined by the cross section at
that order normalized by the same at LO (LO+LL) at the central scale ug = pup = Mjy.
This choice for the scales has been made because the fixed order perturbative prediction
is well behaved around this scale [235]. We obtain the symmetric band at each order by
varying ug and pp between [Mz/2,2M,] around the central scale pug = up = Mz with the
constraint 1/2 < ugr/ur < 2, by adding and subtracting to the central scale the highest
possible uncertainties originating from all the scale combinations. We find that magnitude

and the sign of the resummed contributions are sensitive to the order of perturbation as
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Figure 9.5: Drell-Yan rapidity distribution for 14 TeV LHC at y = 0 using MMHT PDFs.
The variation of fixed order and resummed results as a function of ug are shown separately
for gg channel and also for all the channels added together.
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Figure 9.6: Same as fig. 9.4 but for ¢ = 1 TeV.

well the exact values of y and the scales ug, ur. For example, if we choose pg = Mz/2 and
ur = Mz instead of ug = ur = My as the central scale, we obtain a negative contribution

from NNLL terms for all values of rapidity.

We observe from fig. 9.4 that the inclusion of N"LL contributions increase the cross sec-
tion at every order for wide range of rapidity values. In addition, the overlap among
various orders is larger for resummed case compared to the fixed order ones, because
the uncertainty band at each order in the resummed case is bigger compared to the fixed
order. As far as fixed order results are concerned, in particular at NNLO level, several

partonic channels open up, effectively reducing the scale uncertainty considerably. How-



9.3 Phenomenology 125

ever, resummed contributions come only from quark anti-quark initiated channels to all
orders in the perturbation theory; other channels do not give the threshold logarithms
and hence do not contribute. We confirm this through fig. 9.5, where we have studied
the effects of resummation over the fixed order contributions, by considering a) only gg
channel at NNLO and b) all the channels at NNLO. We perform our analysis for y = 0
and set ur = My while vary ug between M;/2 to 2M;. For the gg channel the resum
contributions arising from the two extreme scales are of opposite sign and their individ-
ual contributions are such that the NNLO+NNLL (¢gg) curve shows a stable behavior as
compared to NNLO (gg). While the fixed order decreases by 2.36% from M/2 to 2M,,
the corresponding decrease for NNLO+NNLL (gg) is 1.53%. This confirms the reduc-
tion of scale dependence upon adding resummed terms to the fixed order contributions.
To estimate the percentage corrections purely coming from the threshold region from this
channel at each order of the perturbation theory, we have considered the case where the
central scale is chosen to be ug = up = M. As expected, at LO both fixed order and the
truncated resummed predictions agree. But, at NLO and at NNLO we find truncated one
is 7%-8% and 12%-13% larger compared to respective fixed order at the central rapidity
region. The largeness of the truncated results gets compensated by the -ve corrections
coming from other channels emerging at respective orders. However the scenario entirely
reverses when we consider all the channels at NNLO. We find that the differential cross
section at NNLO (all) increases by 0.29% in the entire range of ug value; the correspond-
ing increase for NNLO+NNLL (all) is 1.29%. This reduction of the scale dependence at
NNLO is due to cancellation among different partonic channels. However the resumma-
tion effects come only from gg channel which adds to the fixed order in such a way that
the resummed uncertainty increases. This explains the increase of scale uncertainty at
each resummed order depicted in fig. 9.4. In addition the PDF’s do not contain resummed
threshold logarithms, hence there is incomplete cancellation of factorization scale against
the PDF’s, which increases the band. The K-factor at NLO varies between 1.3 and 1.2 and

at NNLO between 1.37 and 1.3 over the entire rapidity region. On the other hand, the K-
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y LO LO+LL NLO NLO+NLL | NNLO NNLO+NNLL| Kyi o Knrosni | Knnto  IKNNLOSNNLL

0.0 58.00+ 64.87+ 76.76+ 78.87+ 79.18+ 79.57+ 1.32 | 1.216 | 1.365 | 1.226
16.36 | 16.89 | 5.28 | 7.56 | 0.98 | 2.02

0.8 57.64+ 64.47+ 75.773+ 77.80+ 77.97+ 78.34+ 1.314| 1.207 | 1.352 | 1.215
16.07 | 16.61 | 5.26 | 7.53 1.04 | 2.03

1.6 56.234 62.93+ 72.30+ 74.274 74.24+ 74.59+ 1.286| 1.180 | 1.320 | 1.185
1529 | 15.82 | 5.17 | 7.45 1.11 | 2.08

2.4 53.184] 59.654 65.954 67.774 67.684 67.99+4 1.240| 1.136 | 1.273 | 1.140
14.19 | 14.71 | 5.04 | 7.33 | 1.21 | 2.11

Table 9.2: Fixed order and the resummed cross sections with % scale uncertainties along
with the K-factors at the central scale ug = ur = M.

factors at both NLO+NLL and NNLO+NNLL significantly overlap with each other over
most of the regions of rapidity and stay around 1.2. Thus we find that the perturbative con-
vergence for resummed case is better compared to fixed order. We present the differential
cross section for benchmark rapidity values along with the percentage scale uncertainties
in Table 9.2. It is to be noted that the differential cross-section at NNLO+NNLL level for
the central scale is well approximated by the same at NLO+NLL. In fact, NNLO+NNLL
increases approximately by 0.8% with respect to NLO+NLL; the corresponding number
for NNLO over NLO is approximately 3%. From the trend that resummed results give,
we anticipate N°LO+N3LL cross-section will fall completely within the NNLO+NNLL
band.

We present in fig. 9.6 both the fixed order and resummed results at various orders for a
larger invariant mass g = 1 TeV. Interestingly, the uncertainty bands at NLO+NLL and

NNLO+NNLL levels are better compared to those from fixed order.

In addition the predictions from the resummed terms at various orders are closer compared
to those from fixed order which implies better perturbative convergence for the resummed
case. In fact the resummed K-factor for the central rapidity at NNLO+NNLL is 1.25
compared to 1.39 at NNLO.
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y | MMHT ABMP NNPDF PDF4LHC
0.0 || 79.568+183% | 79756:043% | 81 959+264% | 78 734+120%
0.8 || 78.340%155% | 78 202:043% | 80.256:207% | 77.390717%
1.6 || 74.5881090% | 73.73g+042% | 75 178+261% | 73 5()5+120%
2.4 || 67.9851072% | 66,653:041% | 67.3541289% | 67.0707)11%

Table 9.3: Cross sections at NNLO+NNLL using different PDF sets along with percent-
age uncertainties for y = 0,0.8, 1.6,2.4.
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Figure 9.7: PDF variation at NNLO+NNLL using various sets. The y-axis represents the
ratio of extremum variation over the central PDF set.

As there are several PDF groups in the literature, each providing sets of PDFs, it is cus-
tomary to estimate the uncertainty resulting from the choice of PDFs within each set of
a given PDF group. We have obtained the cross sections along with the corresponding
PDF uncertainty using PDFs from different groups namely MMHT2014nnlo68cl [230],
ABMP [238], NNPDF3.1 [239] and PDF4LHC [240]. This we present in fig. 9.7, where
we have plotted the uncertainty bands for various PDF sets as function of rapidity in order
to demonstrate the correlation of PDF uncertainty with the rapidity values. This will help
to better constrain the PDF fits using measurements on rapidity in the Drell-Yan process.
In table 9.3, we have also tabulated the cross sections along with % uncertainties resulting

from the choice of different PDFs.

In fig. 9.8 we present the g-integrated rapidity distribution for the LHC with 8 TeV centre
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Figure 9.8: Rapidity distribution at NNLO+NNLL for 8 TeV LHC in the invariant mass
range 60 < g < 120 GeV. The dotted line is the fixed order NNLO contribution, the dashed
line represents NNLO+NNLL result and the solid line includes electro-weak corrections.

of mass energy at NNLO+NNLL. We choose ug = ur = My and integrate the invariant
mass between 60 GeV and 120 GeV. Unlike our earlier analysis, we have included both
e*e” as well as "y~ final states. The electro-weak (EW) corrections at NLO are com-
parable to QCD corrections at NNLO+NNLL; we present our result by combining both
of them. The EW contributions are obtained by using publicly available code Horace-
3.2 [241-244]. We use the G,, scheme and take Gy = 1.16639 x 107, My = 80.395 GeV,
Mz =91.1876 GeV and use MMHT?2014nlo68cl pdf. The electron and muon masses are
taken to be m, = 0.51099 MeV and m,, = 0.10566 GeV respectively. While the NNLL
contribution increases the cross-section by roughly around 0.5% with respect to NNLO,
however the EW corrections at NLO give negative contribution to the cross-section. We
find the corrections are different for e*e™ and u*u~ pairs: for electrons, the EW con-
tributions are twice that of muons. The total contributions from the electron and muon
channels gives rise to an overall 2.3% decrease in the cross section w.r.t. the NNLO in the
central rapidity region. Since the rapidity distribution in fig. 9.8 is inclusive in the trans-
verse momenta of the final state leptons, hence they can not be directly compared with
the results presented in [245] where a minimum transverse momenta cut is applied in the
selection of final state leptons. In order to compare, we need distribution exclusive of

transverse momenta which at the moment beyond the scope of the current thesis. Both at
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Figure 9.9: Comparison of resummed results with the CDF data [246] at v/s = 1.8 TeV
and [247] at /s = 1.96 TeV in the invariant mass range 66 < g < 116 GeV for two
different PDF sets.

Tevatron and at the LHC, there are already precise measurements of rapidity distributions
for different ranges of invariant mass g. For one of the earliest set of measurements see
NuSea [248,249]. Since the data from the LHC depends heavily on the kinematic cuts
of the final states we cannot directly compare against our predictions. On the other hand
CDF [246] has data for the rapidity distributions for wide range of y with invariant mass
range 66 < g < 116 GeV. In fig. 9.9 we have compared our predictions against the data
at \/s = 1.8 TeV and +/s = 1.96 TeV after integrating g between the above mentioned
range for two different choices of PDF sets. The scale uncertainty is obtained as before
by using 7-point scale variations around the central value ug = up = M. We note that at
NNLO+NNLL level, the resummed contributions over the fixed order is very mild, less
than 0.5%. We have also observed that the resummed effects become significant for large

invariant mass regions.
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9.4 Conclusion

In this chapter we have investigated the role of resummed threshold logarithms for the
rapidity distribution of pairs of leptons in the DY process at the LHC. The DY process
has been widely studied at different colliders like Tevatron, LHC; the accurate prediction
of inclusive as well as differential cross section is known up to NNLO in the context of
pQCD. In addition the first order electroweak effects have been computed in the past and
they are found to be of same order of magnitude as the NNLO QCD corrections. Owing
to the dominant QCD interactions, soft gluons play vital role in most of the observables.
They show up in certain kinematic regions through large logarithms in the perturbative
computations, thus spoiling the reliability of the fixed order predictions. We have made a
detail study on the effect of the soft gluons on rapidity distribution within the resumma-
tion framework. There are two approaches that exist in the literature: a) Mellin-Mellin ap-
proach and b) Mellin-Fourier approach. Our approach (a) differs from the one in (b) in the
way the threshold limits are defined. This is the first time the double Mellin moment ap-
proach has been used to derive an all order resummation formula for the DY process. We
present the numerical impact of the rapidity distribution of the DY up to NNLO+NNLL
accuracy and compare with the already known result, obtained up to the same accuracy in
the alternative framework. As these two formalisms resum different type of logarithms to
all orders, they are expected to give different numerical predictions. At LL and NLL level
they differ very much but surprisingly at the NNLL level both the approaches converge to
a few percent correction to the fixed order prediction. This could be accidental, however it
is desirable to understand this coincidence at NNLL level. We have performed numerical
study on the dependence of renormalization and factorization scales and found out that
the optimal central scales for the resummed result are ug = Mz/2 and ur = My. In ad-
dition we have found that, for wide range of rapidity, the scale uncertainties from NNLL

contributions at every order slightly are larger than those from fixed order results. We be-
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lieve that this could be due to an incomplete cancellation scale dependent terms between
resummed result and the PDFs. It is to be noted that the PDFs that we use are extracted
from data using the fixed order perturbative predictions for the observables and also us-
ing evolutions equations controlled by splittings functions computed to desired order in
strong coupling constant. Hence, we expect that there will be a better cancellation of scale
if appropriate resummed PDF sets are available. We have also presented our predictions
for various choices of PDFs from various PDF groups. The result on q integrated rapidity
distribution is also presented in this thesis. Since our resummation formalism cannot take
into the experimental cuts such as the transverse momentum and/or polar angles of the
final state leptons, we cannot make any direct comparison with the existing data on the q
integrated rapidity distribution measured at the LHC which are extracted after employing
cuts on transverse momentum of final state leptons. On the other hand we have compared
our predictions against CDF data at Tevatron for the invariant mass range 66 < g < 116

GeV and found good agreement within both theoretical and experimental uncertainties.



1 O Conclusion

To incorporate the gravitational force within the SM of particle physics, extra dimensional
models have been constructed which allows the interaction of a generic massive spin-2
field with the gauge and fermionic fields of the SM. We have studied such an interaction
term in the most general framework: when the coupling of the spin-2 to the SM fields is
universal as well as non-universal. In order to precisely constrain the parameters of the
models constructed out of such interactions, it is important to compute the higher order
QCD corrections, where the latter plays an important role at the LHC. For the scenario of
universal coupling, we have computed second order QCD corrections in models of TeV
scale gravity. We employed the method of reverse unitarity to achieve the computation.
At NNLO level, we observe reduction of scale uncertainties, where the latter originates
due to the unphysical renormalization and factorization scales. To understand how the
spin-2 particle interacts with the gauge and fermionic fields through different coupling
strengths, we have computed form factors up to three loop orders in perturbation the-
ory. The additional UV divergences that appeared were regulated by multiplying overall
renormalization constants. We then computed the QCD corrections for such an interac-
tion term up to second order. Study of the phenomenology of such a nonuniversal model
revealed interesting aspects, like the dependence of the partonic cross section on different
values of the coupling strengths. Our detailed study on the phenomenological aspects of

the massive spin-2 particle will help to constrain the model parameters in a better way.

However in certain regions of phase space, the fixed order predictions are often not reli-
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able, for example when the initial partons have just enough energy to produce the final
state such as a pair of leptons or Z/W=* and soft gluons. In such cases large logarithms of
some kinematic variables can appear at the partonic level; when multiplied by the PDF’s,
these contributions can dominate over the hard part of the hadronic cross section. These
large contributions can spoil the reliability of the perturbation theory. The resolution to
the problem is to add all these logarithmic contributions at every order in the perturba-
tion theory. This is called threshold resummation of the soft gluon contributions. In this
thesis, we have performed threshold resummation of the rapidity distribution for the DY
production of a lepton pair in the final state. We have performed the resummation in the
most general framework, where we take into account all the plus distributions and delta
functions in the partonic variables z; and z,. We present our results up to NNLO+NNLL
accuracy and they show improved perturbative convergence as compared to the fixed or-
der counterparts. In addition we have also studied the g integrated rapidity distribution
and compared our predictions with the CDF data at /s = 1.8 TeV in the invariant mass
range of 66 < g < 116 GeV for two different PDF sets. We have observed that the re-
summed effects become significant for large invariant mass regions. We believe that the
perturbative results that take into account both the fixed order as well as the resummed
contributions will provide a precise determination of PDFs from the ample data that are

already available at the LHC.
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11.1 Feynman rules for spin-2 particle

We present the Feynman rules for massive spin-2 field (ﬁfw) interacting with the SM fields

via the energy momentum tensor of QCD where the latter is given in eq. 4.7.

The Feynman rules for the three point vertices are:

A (ky) My ) )
Ty AA - =i 5 §°((m3 + k1 k2) Crovopor + Dy pr(ki K2)
Ap(ky)
+ 1€ B k1, )
kz, n hZV B
0+ =i g 8" (e Ckry + ko) + 9, (K + k)
kl’ m
- Znuv(kl + kZ - me))
kz, n \\ hfzv
AV ) PR
kom A By @0+ =15 6™ (115 1y + o K{ K5 )
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The Feynman rules for the four point vertices are:

k29 n \ Z
kl,m,( ZV EZV¢¢A : igszT C/lvw(kla"'kza)
Ag—(kZ) i(k?,) ZZVAAA 85 fabc( v, po’(klﬂ kz/l) + CNV»P/I(kg"T - kla’)
Ak i
ok Hr, + Cppy, oa(kop — k3p)

+ F na povl(kl’ k2, k3))

A¢
k29 p

ka,m i, R A iy 2 T (Conpr = e )7

The Feynman rules for the five point vertices are:

Al (ky) a(k3)

Aa(kl Ad(k4) }_{Zv AAAA - i g% g ( fea(- fedbGyv,po-/l(S + feab fe(:dev,pﬂcré

)
hn + fead fEbCG,uv,pO'M)

kow ¥ A
kl,m {/ A]Z,-
i, 9AA = ~i g2 = oo T T")
N uv : sy Cwnpa( b Lo
i,



136 Appendix

The graviton-ghost-ghost vertex is as follows:

. n . LK 4 foa
kl, a ’o h}tv ww : —l 5 0 b(C,uv,po' kf kz)

kb ¥, A
Re - ~n K a o
kl,a"» h.ZV hﬂywwA 85 Ef be va,pa' k2

E

LV,00

The terms C D Fuypo1s Guvpoas are given below:

uv,pos Yuvpos

Civpe = Mupllve + MuoTlvp = MuvTlpo »
Dpspolkiske) = Mkioksy = [Murkiey + Mupkioks, = ook, + G2 0 )|
E ok ko) = nukipkic + kopkao + kipkao)
[k + gk + o 0.
Fouypoatki ko, k3) = 1omea(ka = k3)y + Nuenipa(ks — ky),
e (ki — k2)y + (U & V),
Guvpors = Mu(MpoTlas = MpsTlor) + (nﬂpnwsma + MuallvoTlps

Ty Nas = Mullvslpo + (U © V))-
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11.2 Computation of the integrals in double Mellin

space

In this section we shall compute the integrals appearing in the soft function in the eq. 8.47
in Mellin space, which will help to obtain the resummation exponents given in eq. 8.54.

We shall compute the Mellin transform

1 1
Lﬁmﬁﬂfdm?UMmm:mmmy

0

The first two terms of eq. 8.47 contain plus distributions and gives In(&;) type of terms
after Mellin transformation. In order to calculate gfi(as, w) we need the above mentioned
terms. On the other hand the last two terms contain singularities which cancel with each
other and leave finite parts. These finite parts will be In(¥;) independent and we shall
absorb them into g",’o(as). We also include in gfm(as), the contributions coming from the
Mellin transformation of delta functions. We take into account the first two terms and
compute the required integrals. We write them as

1 Ni—-1 _ 2 132 2(1-z1) 732

4 I " da 1 dAa

megifﬁﬁ———fﬁjﬁmw»if —5-A(a,(2%))
0 1 — 21 ;1%, ﬂ q2 ﬂ.

+@@mm—mﬂ

+ (21 © 22)(N; © N,)

:IA+IB+IC+(ZI (—)Zz)(Nl HNz) (111)
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To solve the integrals we need the following relations [20]

P Y PR M 1
M= F(l —— @(1 z N)+0 , (11.2)

2
VR
OlnN OlnN/\O0InN
I (x) = —( (Z £ n (11.3)

with N = Nﬂ(, We follow the methodology adopted in [250] where the computation was
performed for only one Mellin variable. In this thesis we show how to perform the inte-

grals for two Mellin variables.

11.21 Iy

. 2
Using the above relations and ') = 1 -1 (ﬁaﬁl) (ﬁm) we can write

_ u%d 2 - s d 2 2 —
Ii=IN, f P Aau) - T { f _ Lz{ln( B )A(as(u2))+Gd(as(,u2))}]
2 M 2N M H2N,y

) 2 2 2
=W, f A A - f q di{ln( e )A(as(u2>>+éd(asw2>>}—lné.
¢ M KN

¢/N; /‘12
(11.4)
Thus we find
5 2 2
InC=-1, [01 N, Gylay,(k?) — A(a,(k
~ 2y d 2 2 2
Gylas(k?) = TN I [ P Galay(k*)) — Ala,(k ))] + Gy(a,(k)) (IL.5)
with k2 = £,

gl
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11.2.2 Iy
3 ¢ a2 2N . (T ar . 2N
Iy =(-T"p)? —In =2 A(ay(4?) T f — In ——A(a,(1%)

¢*/N12 % q >IN, A q

. (T dr . 2N

-, f = In —2A(ay(4Y)
/N, q

=L +L+1 (116)

where (—1'},)> = (=I'))(=I,) and N;, = N, N,. The three integrals are as follows:

3 <42 2N
I =(-T'p) f —In q”A(czsuz»
q

2/ N2 2
7 422 [ e N 3
=- — |In —=—A(a,(1%)) + B(as(/lz))] —InC (11.7)
jq;/lvn 2| BNy
where
InC = {rza—z - 2} I (~A(a, (k)
6(ln N12)2 ’ Nip=1 ’
B(a (kz)) __9 {rz & _ 2} I, (—A(a (kz))). (11.8)
* dIn Ny, | “0(n Nyp)? :
2 2
where k> = 13—12

2

- T dAi> A°N
L =-I f & In > IA(as(/lz))
q2/1\'/l /l q

2

- f ! d_’lz{ln q Alay(1%) + B(a (/12))}+lné (11.9)
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where

InC =1 {A@a, ()}

Ni=1

N 0
Bla, () =1 (A(a,(k) - (11.10)

n_l

with k? = qu—zl The last integral I3 can be obtained from I, with N; < N;.

11.2.3 I,

We observe that the integrals /3 and I are similar to one another except for the derivative
of G, present in I¢. To solve this we note that we can write qzd;‘;zéd = ,B(as(kz))ﬁéd,
where S is the QCD beta function. Both 8 and G, can be expanded in power series of the
strong coupling constant. There will be two values of k? depending on the type of integral

I, or I/ I, similar to what it appears in /5. Thus we have

2
K :fl— for I,
N
2
K> :C{— for I,
N,
2
=L o 1. (11.11)
N,

We now have to solve the following : eq. 11.5 for I,; eq. 11.8 and eq. 11.10 for I3 and
eq. 11.11 for Ic. We solve this by writing an in-house code in Mathematica. The solution

of the integrals will give us eq. 8.49 in Mellin space and hence ZZ{’SV(w).
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Unrenormalized form factors

In this section we present the unrenormalized form factors that appears in eq. 6.24.
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(11.27)

1136 , 1632292 614 247963 , 6152 ,
where C4 = N and Cp = (N? — 1)/2N are the quadratic Casimir of the SU(N) group.
Tr = 1/2 and ny is the number of light active quark flavours. ; is the Riemann Zeta

function.
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11.4 Results of the partonic cross sections: universal

coupling

In this appendix, we present the renormalized and finite partonic coefficient functions
involving spin-2 particles, 42" (z, @, %) in eq. 4.40, up to NNLO QCD (k = 0, 1,2).
We use these results in section 5.3 to investigate the phenomenological impact of higher
order QCD corrections. The results at NLO are in agreement with the existing ones [68].
The soft-virtual corrections i.e. the contributions arising from the soft gluon emissions at
NNLO were computed in [101]. Our results are also consistent with these ones. Below we
present all of our findings after normalising the components of the coeflicient functions

by the leading order results:

Ah(k) T an
2AN2—1) 88
A0 = SNAQ;’“ for ab # gg (11.28)

and all the (log;(#) terms should be understood as distributions, D; with

D, = [log(l—Z) , i=0,1,2,-- . (11.29)

-z |,

The results are obtained as
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11.5 Results of the partonic cross sections: nonuniver-

sal coupling

In the following we present the mass factorised partonic cross section. We use these
results in section 7.2 to investigate the phenomenological impact of higher order QCD

corrections. We set g = ur and present the results. For the gluon initiated processes, we
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Unlike gluon gluon initiated process, the gluon quark initiated processes start at NLO
level. The NLO,NNLO results are found to be

77 71 281 161 19 7
A = [( tRAToE 3ot —z——z)+10g(1—z)(2—4z+4z2)

18 1822 972 3z 18" 2
2 140
+1og(z)(—1+2z—2z)+1og(Q )(1—2z+2z2) +KGKQ[(——
M 9
71 561 381 89)] [(142 71 281 40 1 35)

922 9722 3z 9 9 1823 9z 3z 18

1 1
+log(1 — z)( -16+16-+ 82) + log(z)(8 - 8- - 4z)
Z Z

Q2 1
+log ()| -8+ 82 +4z], (11.34)
122 z
860 71 461 7601 1091 8 81 4
A e ——— 4+ ——+——z|+Liy(I - - =+ ==+
=nkol| =57 T67 32277 gyt mal m3 374 3E
o114 121 1061 340 16\ o (388
BTN " T 2T 9 7 ¢ 3¢ | +logl@| ~ 37
41120 1061 340 165\ oo 8,8,
77 27279 7 27° 3¢ | +log@) log(1 = 2){ - 3 37 3°

crogof L2 1o L)(BO, 4L 1121 761 178
e R T N R U A B P T IR N T

. 2806 71 7961 23691 292\ (o]

nekko|| —= + == - - - - (1 —z)| - —

KGR\ "33 T 7 2T a7 7T g ¢ TRV TR Z
2276 281 2241 7061 1250 (1436

+10g(1—z)(—————3— =5t ot z)+log(z)—

.28 28 1 N 224 1 1421 830
2773 27 2 3 7z 27

1
+log*()|4 —4—]+1 -t ——+
°8 (Z)( ) °8 (uF 27 272 212 3z 2°

2 2
+]0g(Q )]Og(l —Z)(64 — ﬁl — gZ) +]0g(Q )]Og(z)( - 2 + gl
72

z) + log(z) log(1 — z)( -8+ 8%)

Q2)( 1688 281 2241 1721 668)

7 3z 3 - 3 3z
16 0? 2116 71 3821
I DS TP 2 | (e e e | PR | U - S sl
3 Z) °8 (#g)( 3 3z 3 Z) "fKG[( 62 27 2
JI9IBL 121y o (1088 141 1121 4001 646
[ [ O p— — — — — — — 4
AR R Y T R T e R . R R I

1048 141 1121 3201

2 8 81 4
+]0g (]—Z) _§+§E+§Z +10g(Z) _?_E;_EZ_Z-'_TZ



11.5 Results of the partonic cross sections: nonuniversal coupling 177

454 32 321 16 16 161 8
— 1 log(1 — - — 1 -+ ——
+ 7 z)+ 0g(z) log( z)( 3273 z)+ og (z)( 3 + 32 + 32)
(Qz)(1048 141 1121 3201 454 )
+1lo

:“F

27 WA 72 9z 271°

2 2
+ log(Q2 )log(l —z)( — 2 + 21 + Ez) + 10g(Q )log(z)(g _ 21
H 7

- 3 3z 3 - 3z
16 *\( 16 161 8 [ 4201 5953 1
— -+ -2 C I 7R
3 Z)+ o8 (ﬂF)( 37377 32)]+ FKQ[( 20 54007

N 1813 1 N 8528 1 N 497971 _ 41011
405 22 135 ¢ 3240 ©7 2700 ©

1
)+Sl,2(l —z)(— 150 + 64— + 108z
<

1 1
- 68z2) + Lis(1 — z)(62 - 32— -28z+ 3622) + Li3(—z)(144 - 64— — 160z
< <

Z+

583 141 1121 1601 116 184
+32z)+L12(1—z)( t S Et 9 AT 33 3z2)

160 1 1
+ Liy(— z)(40 - g— 48z — %z ) +log(l —2)
<

(256 271 1214 1

1 5347 2968 1
+53— - 7+ = —72| +log(l —z)Lir(1 —z)| — 70 + 32— + 447 — 5277
Z 27 45 z

47 71 561 1161 145 157 35
+10g(1—z)(—+§—+?Z2 3 Z+ 373 )+10g(1—z)(

70 3985 1191 3081 1 17041

70
2 1 _ 2 _ 2P -
A )+ Og(Z)( s 1800 272 07t s ¢

4139 1
- ?z ) + log(z)Lix(1 — z)(2 - 4z) + log(z)Liz(—z)( - 72+ 32— + 80z
z

160 1 136
— 162 ) +log(z) log(1 + Z)(40 - T_ + 48z - TZ )
<

36 141 1121 681 116 224)
- z

+log(x)log(l = )| - — - —= - —= +
0g(z) log( z)( 5 T 9a o9 a2tzIt ot

32 9

383 38 1 914
+ log(z) 10g2(1 — z)( —21+427 - 667 ) + log (z)(

————2+ 31z2)

27 161 49 26,
+log*(2) log(1 - Z)(IZ —24z+40z )+ log (Z)( - t3ot3im3E )
<

1o (QZ)(244 1191 2661 1211 1301 1561 2)

2J\o T80 T 2727 9 ¢ 108 45 ¢

’ 2 88 141 1121
+10g(Q )le(l—z)( 24z)+10g(Q )log(l—z)( +—= ==
Hi 1 92 9z

641 350 74 2
)+log(Q

log®(1 —2)[ 18 - 2
3 9 3 )og( z)(S 36z+36z)

F



178 Appendix

2 2
+ log(Q )log(z)(l - gz + ﬂz ) + log(Q )log(z) log(1 — z)(
M 9 3 M

2
%5 )log (z)(4 87+ 167 )+log (Q )(——1—4Z
K ppJ\6 3

+ 40z — 64z )+log(

2 2
+ 3—z2)+1og (Q )log(l —z)( —12z+ 12z2)+10g (Q )log(z)(

3 Hr 17
758 281 2241

1
+ 62— 1222 + &3] 146 — 48— — 196z + 1002 | + & — == - == - ===
z 97 9 22

1481 1364

+—— + ——7—882%| + L log(l —2)| — 8 + 16z — 162
3 2 9

2
+6 10g(z)(44 - 16% — 567 + 48z2) + 4 log (Q—Z) ( —4+8z— 8z2)]
M

F

e 11522 59531 36261 136511 54091 77482 ,
KGK - - = - - - -
FRGKO\ ™45~ T 570022~ 405 2 135 2z 1620 - 675 ©
1 1 424
+ Liz(1 — z)( 32+ 16 + 32z) + Liz(— z)(64 + 64z) + Liy(1 — z)(

2861 2241 81 1
- 2 _116z)+Lix(-g)| — 64— 16— — 48
57 9 2 33 z) 151 z)( - z)

+ log(1 - o 1040 1040 541 24281 5481 2314 336

glme TS T2 37 27175 ¢

280 141 1121 1 190 1228

+log?(l-g)| - — - == - —==+T72—+ —z| +1

og( Z)( 3 37 37 z 3 ) og(z)(

1191 6161 1 2141 168 , 1
bt o= = 102= + =7 — — 22| + log(2)Lix(1 — 2)[32 — 16—

07 272 54 75 ) og(e)Lial Z)( Z

- 321) + log(z)Liz(—z)( - 32— - 32z) + log(z) log(1 + z)( —64 — 16% - 48Z)

824 281 2241 1721 1576 , (148
+log™ ()| ——

1 log(1 — - -
+ log(2) log( Z)( 9 I 2 3z 9

641 808 32 321 2 652 1191
-+ —z +10g(z)—————162 +10gQ - —
3z 9 3z -
5321 3381 605 784 , ) (Q2 656 281
+ log

_22e _ loo(l — )| = 22 _ 222
2 9z s4TsT g)og( Z)(

2241 1521 548 64, Q2 56 610 32,
- — + -+ 7— —2"| +log| = |log(z) ———z+ =7
u

922 3z 9 3 2 9 3
O*\(_16 32 32, 832 56 1

1 L 48 48 2L 2o
it (#F IR Rl RS S RS e

448 1 2681 1108
9 22 3z 9

Z) +4 log(z)(16% + 16z)]



11.5 Results of the partonic cross sections: nonuniversal coupling 179

Looe|( 6259531 18131 5041 138511 2208
PR\ 715 T 54007 © 405 22 45 z | 3240 - 25 ©
1 1
+ S 1a(1 - z)(32 _ 16z) + Lig(1 — z)( _ 64—) + Li3(—z)( _ 64— — 64z)
Z Z

496 141 1121 2241 308 64
( et —= - z+—z2)+Liz(—z)(64

+Lio(l = 2) 9 7 9 2 3z 3 3

1 2846 271 12141 25271 2324
16— +48z) + log(1 — o) - =2 - 2L 22 -
T Z)+°g( Z)( o 57 2279 7 27°¢

784 _ 1 632 71 561

- FZ )+ log(1 — z)Lix(1 —z)(64 )+ log?(1 —z)( 5; + 32
1 269 104 1041 52 508 1191
=164 = == tlog’(1 = o) = —= + ——+ = =
3 z)+ 0g’( z)( 3 T3 .13 z) (z)( 7 1807

3081 941 9317 352 1
— - log(z)Liy(1 — 2)[ 16 — 32— —
7 2 + 5 2 108 © 7+ — 5° )+ 0g(z)Lix( z)( 6-3 - 8z)

1
+ log(z)Liz(—z)(322 + 32z) + log(z) log(1 + z)(64 + 162 + 482)

+ log(2) log(1 - 2) 1648 141 1121 +3201 N 1748 64,
Sl e 9 07 92" 37 9 F 3Z
1 61 722 32
+ log(z) log (1 —z)(80 48— —40z) + log (z)(—— — TZ_ ?Z )
Z
1 0 161
+10g2(z)10g(1—z)( 48 + 16— +24z)+10g (Z)(—+?_+zz)
Z
(QZ)( 1191 2661 51 2717 392 )
+ log St oot
,UF 3 180z 27 22 9z 108 15
? 2 1288 14 1
+log(Q )L12(1 —Z)(32 )+log(Q )log(l —z)(—+ —=
F /JF 9z

11213041 502 o\ 1
- — 27 +log| = |log?(1 - 2)| — 48 + 48— + 247
st - - e o of - s 220

2 2
+ log(Q )log(z)( - 2 + @z + — 32 ) + log(Q )log(z) log(1 — z)(
,uF 3 9 3 /,zF

2 2
—32l —32z)+10g(Q )log (z)(— 16+8z)+10g (Q )(8—2z)
I I

+ log2 (%)log(l - z)( - 16+ 16l + 8z) + log2 (%)log(z)(S - 4z)
HE < Hg

2000 281 2241 6321 1148

1
- 64+ 16— —-16 —_—— = = -
+§3( + . z)+§2( 3 5 Zz+ 3 Z+ 9 z)

I 1
+ & log(1 — z)(128 ~128- — 64z) +o log(z)( — 96 + 48— + 32z)
Z Z



180 Appendix

0? 1 L[ 32003 118543 1

log =) (64 - 64= — 32z || + Cad|[ - =

e Og(ﬂg 27T\ T s T 16200 2
6683 1 143031 422299 5729 1

+ -+ - - + +512(1 = 2)]228 + 32—
405 2 135 7 3240 ° 150 ) 12 Z)( z

+ 112z + 16z2)+Li3(1

- 1
Z)(8+16z+16z)+L13(——Z)(—8
+z 1+z2

1
— 16z - 16z2) +Lis(1 - z)( - 62+ 16— — 527 — 24z2) + Li3(—z)( —4-8;
Z

110 4221 604 56 31
- 82|+ Lib(1 —2) -+ 7+ =722 | + Liy(—2)[ 20 + =~ + 367
3z 97" 3 2
B0 4 pog1 o 2396 78414301 9101 955 78,
3° TN T T T35 272 9 2 27 5¢

1
+ log(1 — z)Liy(1 — z)(60 - 16— + 24z + 20z2) + log(1 — z)Liz(—z)( -8—16z

100 141 1121 381 398 170 ,
B A Gl e R e R we i T

+ -+ =+
27 2707 27 Z? 3z

13 26 26, 5462 6791 2661 2391
3 3 + log(2)

+log’(1 —z)(— -7+ =7

2 121 1
- 22 - —32 ) + log(z)Liy (1 — z)(64 + 32 + 68z — 87 )

321 80
+ log(z)Liz(—z)(S + 16z + 16z ) + log(z) log(1 + z)(ZO + 32 + 36z + 3¢ )

+ log(z) log(1 — )| —

370 14 1 112 1 1 8 422
9 7 9 22 9 3

—— - 64 + z+—z)

+log(z) log(1 — z) log(1 + z)( —8—16z— 16z2) + log(z) log*(1 — z)(z + 44z

821 441 248 221
— 1222 +1 - = log?(z) log(1 6
z)+ og(z)( 8 3z 9z 3z)+ 0g-(z) log( +z)(
41 161
+ 12z + 1222) +log?(z) log(1 — z)( —-6-28z+ 4z2) + 10g3(z)(—3 + 37
Z

Qz)( 1043 6791 20661 4971 347 21)
- Z

40
+ —=z|+1 - - - -+ - +
3 Z) Og( 27 2102 212 9z s54°7 5

F

0 0

+log (= | Li>(1 - z)(lZ + 247+ 8z2) + log (—2)Li2(—z)( —4-8z- 8z2)
HE F
o 190 141 1121 1 254 142,

+1 log(1 — ——+———16— = - —

°8 ,u% og(l =2} =5 972 9 2 9 "3 &
2 2 190 64 1

+ log Q_2 log*(1 — z)(6 - 12z + 122 )+ log(Q )log(z)( -

Hi I 3z




11.5 Results of the partonic cross sections: nonuniversal coupling 181

104 2
+ ——2+ 56z )+log(Q
9 I

)log(z) log(1 + z)( 4 87— 812)
F

2

+ log(Q )log(z) log(1 — Z)(4 +40z - 8z ) + log ( 0’ )log (z)( - 12z)
F :“F

2 41 1 2

+ log’ (Q )(1+——+8z—3—z)+log (Q )log(l—z)(z 4z+4z)
Uz 3z 3 Uz

2

+ log? (Q—2
7,

F

658 N 14 1
9 73

)log(z)(Z + 82) + {3( -2-8z- 4Z2) + Ol —

112 1 1 952 310
+ ——- 38— - =7+ —=—Z|+&log(l —2)| - 16+ 16z - 327
9 22 9 3

2
+ 4 log(z)( 40z + 16z ) +4O log(Q )( -8+ 8z- 1622)]
HE

e 198053 118543 1 107261 221921 118519
akekeo 8100 22 405 2 45 z @ 1620 -
18836

=T )+S12(1 —z)(256+128 +64——32z)

1 1
+S 1,2(—2)( - 448 — 384—2 - 640— - 1282) + Lis(1 — z)(l 12 + 64—2 - 1282

1 2896
- 321) + Lig(_Z)( 352 — 320— + 576 + 1282) +Lip(1 - Z)( T
3621 1148 1552 1 64
+ == — ——2— 162" | + Liy(-7)[ 544 + ——— + 48z +
3 z 9 3 2 3

1 1 1232
+ log(1 + z)Liz(—z)( 448 — 384— - 640— - 128z) + log(1 - z)(

15681 8601 5061 1510 1064 , )
+ —+ - - -+ + +log(1 — z)Lix(1 — 2)[ 32
1352 272 3z 27 ° 45 Z) og(l = 2)Lix( Z)(

1 632 281 2241 1 410 16
—32——16z)+10g2(1—z)(————————+58—+—z——z2)
Z ‘

oy - 340 6701 511 2087 1064
BN T 1352 27 2 - 27 ¢ yead

1 1
+ log(z)Lix(1 — z)( — 48 + 224— + 482) + log(z)Liz(—z)(384 + 320—2)
<

15521 64
+ log(z) log(1 + z)(544 + TZ + 48z + ?z ) + log(z) 10g2(1 + z)( - 224

184 281 2241 4881
- 192— - 320— — 64z| + log(z) log(1 — 2)| — +—— - —-
22 9 292 3z

1954 32 3952 1 754
Pt T 16—+ 17247
9 ‘T3¢ ) (Z)( 9 6 9 )



182

Append

ix

1 1 64 641 16
+ log (z) log(1 + z)(208 + 160 >+ 288 + 642) + log (z)( 3737 ?z
Z
o [L)(1780 6791 5321 4061 707 832
e\ "TsE T T 3 T st
0 560 281 2241 1521 356
+ log|=|log(1 - 2)| - — — ——= — =+ -+
> 1 R T N N
2 560 1521 712 1 1
+log % log(z)( - z) + 43( — 208 - 192 + 512
M 9 3z 9 Z k4
1122 ¢ 2048 281 2241 8181 302 112,
e 93 92 3z 93¢

1 1 1
+ & log(1 + z)( ~224 - 192~ - 320~ - 64z) +6 10g(z)(16 +288— + 64z)]
Z Z Z

135461 118543 1 40431 572021 111619 12082
K — — — — — —
A%\ 7205 T 16200 22 T 405 2 135 2 3240 ° 675 ©

1 1 - 1
+ 81201 = z)( - 464 - 240— - 280z) + Li3 (1—+Z)( - 64 - 64— - 32z)
<

1 1
+ Lis (—T) (64 64 + 32z) + Liz(1 — z)(672 + 224 + 304z)
Z

2680 8121 1052
9 3z 9
12490 784 1 4301
27 1357 272

+ Li3(—z)(32 + 322 + 162) + Lix(1 - z)( - z— 32Z2)

+ Liz(—z)( —48 - 24l - léz) + log(1 - z)( -

15201 2036 512 1
-— log(1 — 7)Liy(1 — 592 — 176— — 280
+ 3 77 7— 45 )+ og(1 — z)Liy( z)( . z)

1 3868 141 1121
+log(1 = z)Lix(~2) 64+64 +32z) +log’(1 — ) == + —= + —
9 73 9 22
1 548 280 2801 140
— 540— + —z + 6422 | +1og’(1 — 2)| — Pk
z 9 3 3z 3

14444 6791 2661 6971 320 704
27 27073 27 72 3z 27 15°

+ log(z)( + -+ - — - - 7+

1 1
+ log(z)Liy(1 — z)( - 64 — 64— — 48z) + log(z)Liz(—z)( - 64 — 64— — 32z)
< <

! 14 1
+ log(z) log(1 + Z)( —48 — 24— — 162) + log(z) log(1 — z)( _809% 141
Z o

112 1 15041 1798 1
- - - z- 12822) + log(z) log(1 — z) log(1 + z)(64 + 64—

— 4+
9 22 3 2 9

2828 2801
+ 321) + log(z) log?(1 — z)( - 120 - 264— - 228z) + log (Z)(— R

|



11.5 Results of the partonic cross sections: nonuniversal coupling 183

664 112 |
T it 3 ) +log*(z) log(1 + z)( — 48 — 48— — 242)
Z
1 321 52
+log*(z) log(1 — z)(96 +128- + 128z) + 10g3(z)( — 24— 3o ?Z)
< Z
1o 0? 7118 6791 2661 +2581 1 +85 256 ,
s U 27 2102 212 9 z 5S4 45°

2
+ log Q—Z)Liz(l — z)( 288 — 96— — 144z) + log(Q

F F

2
)le( Z)(32 + 32—

Q? 3496 141 1121 14721 770 5
16 1 log(1 - ——+ -+ + 64
)T Og(lip) o2 Z)( R A T I
2 1 2 3752
+ log O )log (1- z)( - 144 + 144 + 72z) + log(Q )log(z)( -5
I

2 1
+ 0561 _ %z - 64z2) + log(Q )log(z) log(1 + z)(32 +32— + 16z)
3 2 9 v Z
Q2 Q
+ log | = |log(z) log(1 — 2)| — 128 — 256— — 224z] + log | =- | log*(z)| 64
' 7

1
48 56 1
+ + z)+og( 3 3237

2\ (2 284 1
Q)(OO 8 80 16z)

F
2

+ log? (Q—2
u

F

1 %
log(1 — 2)| =48 + 48~ + 24z| + log* | 5
< p

F

)log(z)( —48 - 48%

1 1664 141 1121 9321
— 48z + 224+272 +136z|+ |l - —— =+ — =+ ——
Z) 5*( Z) 52( 9 "9 92 3 ;

826

1
- TZ — 64z ) + & log(1 — z)(64) + & log(z)(224 + 128- + 160z)
Z

2

2
+{2log(Q )(—8+8z—16z )+§210g(Q )(32) ,
I HE

The quark anti-quark initiated processes start at LO level and the results up to NNLO

(11.35)

level are found to be

A0 =kg5(1 - z)(l), (11.36)

80 81 81 16 1
Ah(l) =Crk Q[( 9 + 52—3 + gz + ?Z)+10g(1 —Z)( 8+ 161_—Z —8Z)

2
+10g(z)(4—8L+4z)+5(1—z)(—g) 10g(Q )(—4+8L
B 9 ﬂF -z

2
_ 4Z) + log(Q )5(1 - z)( 4) + 561 - z)(8)] + CFKGKQ[(%ﬁ _161
>

3
- 9z



184 Appendix

2
+ %% - %z) +6(1 —z)( 8) + log(/%)é(l —z)( - 13—6)]

F

80 81 40 16
+CFK%;[( 9+§Z—3+?z—?z)] (11.37)

Ah(z) —Cok Q[(39442 1631 50931 49791 27779 703 2)

81 812 81 2 18 z 162 ' 27°¢

1 1 1
+ 81201 - z)(400 +128— +320~ + 1282) e Sl,z(—z)( — 288 - 384~
Z < <

1 1 1
~576— — 48z) +Lis(1 - z)(56 + 64— — 128~ — 52z) + Li3(—z)( — 144
Z e Z

1 1 1112 12801 400 32,
—320—= + 672— +40z] + Lix(1 — )| — + - — 74+ —72
2 Z 9 3z 9 3

1 1
+ Liz(—z)(488 +448— + 40z) + log(1 + z)Liz(—z)( — 288 —384—
< <

1 2488 491 8961 6801 31 176
- 576-— 48z ) +log(1 =) = =+ T+ s+ S + - o
Z)+°g( Z)( 27 "7 2 9 7 gt 9Z)
321 32,
+log(1 = D)Lix(1 - z)(32 N 322) T log?(1 — z)( + -8 )
Z

2174 491 4481 6201 2243 40)
Z

1 oI P
+Og@(m 547 212 3z 479

1 1 1
+ log(z)Liy(1 - z)(96 + 288; + 68z) + log(z)Liz(—z)(192 + 320Z_2 - 962)

1 1
+ log(z) log(1 + z)(488 + 448— + 40z) + log(z) log2(1 + z)( — 144 - 1922—2

760 2561 572
—~ 288— - 24z) +log(z) log(1 — z)( ot ot 3222)
Z

3557 641 817 40)

1 | 1-216 + 16 1 - . ,_ =
+log(z) log*( Z)( + z)+og(z)( 5 32" 93¢

1 1
+log%(2) log(1 + z)(120 +160— +240— + 20z) +log’(z) log(1 — z)( - 16
Z Z

321 Q2 (1244 491 4481
— 16z) + log(2)[6 — == + 14z] +1 — ——

3401 31 88 0%\. .
1 Lir(1 —2)[16 + 16
+ — 9 - +54 9 )+ og(,u%) 1o( z)( + z)

2 21 2 2
+log(Q )log(l—z)( +3———82—3—z )+log(Q )log(z)
v 3z 3 i

(380 1281 286

Q
+ -+ + 1627 | +1
9 "3 9°¢ Z) Og(,uF

2

)log(z) log(1 — z)(16 + 16z)



11.5 Results of the partonic cross sections: nonuniversal coupling 185

2 2
+10g(Q )log (Z)( 8 — 82)+10g (Q )(2+——_2Z_§Z2)
7z

F /“lF

? 1
+ log? (%) 10g(z)(4 n 4z) ¥ 43( ~72-192+ + 576~ + 36z)
Z
F
40 1 2 1 1
¥ 4“2(236 ¥ 63—0- + 282+ %z ) + & log(l + z)( — 144 - 192— — 288 — 24z)
Z Z <

+ 10g(z)(8 + 288% + 4z)]

e 2542 3261 101861 65831 4819 )\ .
rkeko 81 ' 81z 81 2 27 7 81 TrHRuTE

2240 6081 712 3104 981 1792 1
- vlog(l— gt X1 _IP21 56l
x( 9 3z 9 ) og( Z)( 217 272 %

REGEA 1504 491 8961 72414979
27 ¢ 72 2T 3 2 27 ¢
+oa(o)loa(l —pf - 240 6081 _T12\ 832 L1521 356
e U R T R 32 9°¢
0°\[1552 491 896 1 1 2300
1 _E SR jos- 4+ 22
te (#F 27 TuF w2 et
0 1120 3041 356 34753 163 1
‘1 1 b pop|| 222 22
Og(ﬂF R e i i | | B Tail v

5093 1 228371 N 9517
81 22 54 7z 162

1
z) + 81201 = z)( - 256 — 256— - 642)

1 1120 641 140
+ Lig(1 - z)(256 +256- + 642) ¥ Lin(1 - z)( s Tz)
Z
1056 491 8961 .1 3497
log(1 = 2) = —-2 + 2 — +504- - 222!
+ log Z)( 27 e e e 2 Z)

1
+ log(1 — z)Lix(1 - z)( - 256 - 256— - 64z) +log?(1 - z)(128 - 1922 + 64z)
<

8096 491 4481 9561 6491

1 AR log(2)Lix(1 = 2)| —
i Og(z)( 27 547 212 3z 54 Z)+ 0g(e)Lixf Z)(

1 608 9281 724
- 64— — 16z) + log(z) log(1 — Z)( - Z)
b4

+ _——
9 3 2 9

232 2321 146)
Z

1
+log(z) log*(1 — z)( — 128 — 128— — 322) +log (z)( ot
Z
1 32 321 8
+log’(z) log(1 — 2)[64 + 64— +16z|+log’Q)| - =-=--= z
3 3z 3
Q? 5528 491 448 1 1 3497
1 +— +252— - —
+O(,UF 27 "sap T2 . 54 ©



186 Appendix

2 2

+ log(Q )L12(1 - z)( - 128 — 128l - 32z) + log(Q )log(l - z)(128
F I

2 304 4641 362
— 192 + 64z) + log ( 0 )log(z)( + i Z)
iy 9 3z 9

2

+ log(Q )log(z) log(1 — z)( - 128 — 128l - 322) + log(Q )log (Z)(
:“F

F

2
+ 32i + 8Z) + ]()g (Q )(32 - 4-8l + 16Z) + 10g2 (Q_z) log(z)( -
M

1 z

1 1 1
— 32; - 8z) + {2( - 128 + 1922 - 64z) + O log(z)(128 + 1282 + 32z)]

p 7264 17481 641 S61 224 1 328 T4,
n K —— == -
NS T 405 2 272 3z 27 1-z 3 ° 135°

g8 321 8 1 8 64 1 16
Li(l-p(e 222 L 48— 22 30, 2
+ Lis( z)( 32 31—z +3z)+ ir(— z)( 32 3z)
368 321 321 160 1 80 16
log(l— )| 22 ¢ 22 222 1 1 &) o1 — o) - =
+ log( z)( et o 912" 3z)+ og’( z)( 3
L2116 1912 161 _1 40 1 20
22 ST e
T3 3Z)+°g(Z)( 27 97 Sz 312 9Z+Z)
64 1 16 32
+ log(z) log(1 + z)( 48 — 337" 32z - 37 ) + log(z) log(1 — z)(—
64 1 32 2% 1 14 4 8813
B L R 7% B g 42 -
312" 3Z)+°g(Z)( T 3Z+3Z)+5( Z)( 162)

0? 56 161 80 1 232 0? 16
1 S S s g log(1 —2)| — —
+ og('uF)( Y i 1_Z+ 5 2)+ og(ﬂF og(l —z2) 3

L2116 0? 16 32 1 16
- _ = 1 1 = 4=
R 3Z)+ Og(uF) Og(Z)( 3T-2 3Z)

o 286 (O 4 8 1 4
+log(,u )6(1—z)( . )+log (E)(_§+§1_—z_§z)

F

2
+log? (Q )6(1—z)( 0)+§35(1_Z)( )+§2(_§_21_2L
I 3z 31—z

8, 256 6416 3496 1
‘3?‘?)*Qm‘@ﬁ“?ﬂ+ﬁmmwﬁ‘§r+z&7€

321 7841 3512 3632, 640 641 321 224
e rlog(l 0| 7 - =5 + 5o - 5

972 277 27 135 272 9 z 9
2240 321 161 496 2332
) 6(1 - z)( )

'”m4‘37+6?‘?2+9 B

0°\(320 321 321 128 64, % 160
I 222l 22l 2 %) iog[ L een - o -2
+°g(F)(9 ORI SRl I P K e



11.5 Results of the partonic cross sections: nonuniversal coupling

187

2
+ log? (Q )(5(1 —z)(—£)+§26(1 —Z)( 4)
Hr 9

321 2561 604 1072 320 321 160

+ ==+ - - + +logl-g)| ——=+—=5+—
272 27z 9 " 45 ) og( Z)( 27 218 9 ¢

(1120 161 320 128) (QZ)( 160
- ——— Z + log - —

_H + log(z) —z+
g7 | +loste 97 9779 2\ " 7o

+El+@2_¥z)] 2[(56552+751l_9zol+22061
97 3 3 o\ Tg1 8123 2722 27 z
18767

27

1 1
z— 5222) +8 11— z)(696 =256~ 208,— + 696z + 64z2)

1
+ S 1,2(—z)( - 864 — 384; - 576z - 9622) + Lis(1 - z)( 80 + 96 + 481—

1 3112 3041
- 48z) + Li3(—z)( — 14— 64— - 962~ 162 ) + Liy(1 — z)( e

1 344 , 8321 400 ,
— 24—— — 4087 — ——7*| + Liy(—2)| 688 + — — + 5447 + —7°
-z 3 3z 3

4928

128 1 I 3968 1 908

1
+ ——= +160- — + z) +log(1 — z)Liy(1 — z)(56 - 128-
<

9 72 z 9 1-z 9
1216 641 641 320 )
—Z

1
—16— 56z| + log?(1 - )| - — + — -
Tt z)+og( z)( 5 +9Z3 3Z+ 3
1
log’(1 - 64 128——64 1
+ log’( Z)( + 1 Z)"‘ 0g(z) 323 9 2

+2272 1 +2120
9 1-z 9

—Z

1 8321
+ log(z)Liz(—z)(432 +192= + 2887 + 487 ) +log(z) log(1 + z)(688 5
Z Z

400 1
+ 544z + TZZ) +log(z) log”(1 + z)( -432 - 192; — 288z — 48Z2)

2528 641 801 1 608
log(@) log(1 — )| oo — —— — =2— —48—— -
+ log(z) log( z)( 073 T2 3 z)
2168 441
+ log(z) log*(1 — z)(156 248— + 156z) + log (Z)( -5z
—-<Z Z

1-z2

1 1
+30—— — 368z — 124z ) + log?(z) log(1 + z)(360 + 160— + 2407 + 40z2)

1 110 321 40
+ 10g2(z) log(l — Z)( 80 + 1121— — 802) + ]()g (Z)( -
Z

> [(2992 1748 1
tCrKG\ 3T T 205 B

3 7

(6112 81 641 15401

—Z

1 560 1
+ log(1 + Z)LiQ(_Z)( — 864 —384— — 576z — 967 ) + log(1 - Z)(— BEYEE
Z <

9 z

1 1
) + log(z)Liy(1 — z)(344 + 32— - 961— + 312z + 32z )



188

Appendix

8 43093 632 81 641 1601
34z + ~2 |+ 6(1 - et —
’ Z+3Z)+( Z)( ) ( )( 337929 :

1984 1 2
_ 18T s +1log & Lir(1 - 2){32 + 322
9 1-z ,ulzr
0? 2032 641 641 544 1
1 log(l-)| - — 4+ —— + —— + ———— + 16
+0g( F)Og( Z)( 5 +9Z‘+3z+ 3 1_Z+ z)
§ 1 2 872
+ log(Q—z) log2(1 - z)( 96 + 192—— — 96z) + log(Q )log(z)(
Hp I-z M
44 1 2 1
- 3—— —40z| +log| = g log(z) log(1 — 2)| 144 — 224—— + 144z
3 1- ,uF 1-z
1 2
+log(Q )log (z)( 28+32——28z)+10g(Q )5(1_Z)(_85l)
I 1 i 27
2 184 272 1 88 2
+10g (Q )(— + ——z)+10g (Q )log(l—z)(
/,LF 3 31—z 3 ,uF
1 ,(0? 1
+ 64—— —32z| + log™ | = | log(z)[ 24 — 32— + 24z
-z /J%_ 1-z2
1
+ log (Q )6(1 - z)(578) + {;( - 128 + 256— - 1282)
I -z
2 3032 64 1
+ £30(1 —z)(— 124)+§3 log(Q )6(1 —z)(176)+§2( +—==
:uF 9 Z
1 752 200 1
+ 160—- + TZ + — 3 ) + {H log(1 + z)( 432 —192—- — 288z — 48Z2)
z Z

1 1 1
+ & log(1 — z)(64 - 128+ 642) +4 log(z)(48 +64—+ 128 + 162 )
Z

2
+ 5Ho(1 - z)( - ﬁ) + {log (%) (32 - 64% + 32z)
u

3 - -z

2 2
+ 0 log(Q )5(1 - z)(ZOO) + £ log? (%)5(1 - z)( - 32)
It 1

F

L 41824 15021 18401 47601
Kgko|| — - —= -
FEGRQ 81 81 3 27 22 27 g

+30(1 - z)(g)

+ 1723762z) + Li3(—z)( 256— - 256z) + Liy(1 — z)( - % + 83—02 + 53i0z)
+ Li2(—z)( - 128% + 128z) + log(1 — Z)( - 6326 + 1530; 236%2 - 33—25
1088 1 N 352 )+10g R —Z)(@ 1281 . 641 ﬂz)
9 1-z 3 972 3z 3
+log(z)(— 3280 161 N 128 1 N 4401 544 1 352Z)
9 3z22 922 9z 91-z 3



11.5 Results of the partonic cross sections: nonuniversal coupling 189

1 1
+ log(z)Liz(—z)(IZS— + 1282) + log(z) log(1 + z)( —128—- + 128Z)
<

1792 1281 161 832 161
+log(z) log(l = 2)| — ——= + — — + —— + 336z + log*(x)| — + ——
9 9 2 3z 3z

448 641 64 17998 Q%) (304

- —— 4+ —z]+6(1 —g)| - —— ] +log|[= || —

o) rtog'ol 37+ ) ot - - 5+ Og(ué)( 9

16 1 1281 1281 544 1 640 ) (Q2
- + log

log(1 -
T3 T2 9 9T 9 F)Og( 2
1281 641 2% 1 320 (0} o ( 832 128 I
03 3z 31-z 3 ) BN\ T3

160 0> 5960 0 128 1 64
—z|+1 1- | A
i Z)+ Og(uF)(s( Z)( )+ o8 (uF 37 31—z 3°

2
+log’ (Q )6(1 —z)( - @) 53( C1d 192z) +42(1280 _ 181
e 3 b4 9

3
F 9z

(1664

_ 1281 ﬁz) ‘o ]og(z)( 642 - 64z) +56(1 - z)(32)
3z 3 2

0 128\] L L[{ 6952 7511 9201
I - - =2 - _ 22
to Og(#F)‘S( Z)( 3 )]+CFKG 81 8l 27 2

62261 4967 1 512

+ 72 - 72 + 647 ) + L13(—Z)(128 + 1282) + Ll2(1 - Z)( - T
641 512 256 , 1 1280 560 1

2l 2s Liy(—=2)| 64— — 64z) + Tog(1 — ) = — 22
3z 3773 )+ (= Z)( Z)J“ os( Z)( 27 2
1281 1601 464 1 642%] + Tog(1 - 2) 640 N 64 1 N 320
92 3z 9° ‘ 8 ¢ 9 953 3°
128 , 416 81 641 5241 956

22 og() T2 4 S S22 2 0 gy
3Z)+ g(z)(3+3z3 92797 9° Z)

+ log(z)Liz(—z)( — 64% - 64z) + log(z) log(1 + z)(64% - 642)

128 641 641 832 320
+10g(z)10g(1 —Z)( - ?Z_3 —?E—TZ+ 128z )+10g (Z)(_T
281 +400 128 , SO 321 32 +6(l-2 1156
37733 3 . 3¢ N781
o 0> 64 81+641 321+184
N2\ "3 37 972 9779 ¢
0> 640 641 320 128,
+log| =|log(l = )| = — + — = + =—=7; - =2
og - ogll =9\ -+ g5+ 373 z
* 320 160 128 Q2 544
+1 1 + +1 ol =2 — =
og #% 0g(2) 3t 3¢ ogl— 2 (1-2) 77




190

Appendix

2 64 1 640 64 1 1
+ 10g2 (Q2 )5(1 - Z)(—) + 53(96— + 96Z) + {2( -+ —— 4+ 32—
H 9 z 9

2 9 7 z
224 128 1 128
+ - 2|+ Hlogr)| 32— + 32z + H6(1 — )| —
3 3 z 3
11726 591 1301 1616 1 25097
CACrii|| - —— + == — - 267
i AFKQ[( 27 "6 9z 27 1-z 54 °F Z)

1 1 I
+815(1 - z)( =304+ 128— + 64— — 3042 - 3222) + Sl,z(—z)(43z +192—
Z —Z g

)L 1 1 , 1

+ 2882+ 4827 | + Lig(1 - 2){ 24 = 32 = 56— + 24z + Lia(—2)| 72 + 32

V4 —Z Z

1712 321 2801 44 1 500
+48z+ 87| +Liy(l )| - ——+ == - —— + —
¢ Z) 12 Z)( 9 "9 3z 31-z 3°

172 4161 200
+ —=2 |+ Lig(—2)| - 344 - === —272: - ==
3 3 2 3
1 5152 208 1
+log(1 + z)Lia(—2)[432 + 192= + 288z + 4822 | + log(1 — 2)| —= - =———
< 27 27 73

81 9761 1072 1 1732

372 9 7 9 1-z 9

1 1
z) +log(1 — z)Lip(1 - z)(64— + 16—)
H -z
104 161 81 176 1 10960 88 1
log?(1 =) — + ——= — == — ——— + 48z +log(2)| = — + ——
+log™( 2)( 5 + Z+ z)+ og(z)( > +27Z3

321 6041 280 1 358 .
92 o log(z)Lix(1 — 7)| — 168 — 32—
9 2 i z 3 1—z+ 9 Z)"’ 0g(z)Lix( Z)( 68 -3 -

b 1
+ 401 — 168z — 1612) + log(z)Liz(—Z)( — 216 -96= — 1447 — 2422)
4161 200
+ log(z) log(1 + z)( - 344 — =" 2727 — Tzz)
Z

1 320
+ log(z) 10g2(1 + z)(216 + 96— + 1447 + 24z2) + log(z) log(1 — z)( - T
Z

391 161 1 727 )

352 1 248
-~ z) + logz(z)(— -4+ =7+ 627

31—z 3

3 32 1-2 3

1
+log’(z) log(1 + z)( — 180 — 80— — 1207 — 20z2) +log’(z) log(1 — z)( -8
Z

1 . 16 1 4,
+ 161—_Z 82) + log (z)( 10 31 14z 3z )
84773 0*\(1516 881 881 536 1 308
oo - 222 p o[ | (22222 =20 -
+ Z)( 324 )+ © (ug)( 27 277 9z 91-z 3 Z)

Q2 88 176 1 88 Q2 64
log | = |log(1 = )| — — — —— + —z| +1log| =1 -
+ Og(;ﬁ, og(l —z2) 3 3 1—z+ 3¢ *log ) 0g(2) 3



11.5 Results of the partonic cross sections: nonuniversal coupling 191

2
%) 10g2(z)( -4+ 8—1 - 4z)
HE I-z

0’ 1211 % 44 1 22
+ log(E)é(l - Z)(T) + 10g (uF)(? - ?1_—2 + ?Z)

)6(1 - z)( - I;ﬂ) + 4“3( 28 + 56%_2 - 282) + $6(1 — Z)(92)

0? 272 321 1841 176 1
+ 41 (=N -24|+O|l - 5= - -+
&3 Og(,uF (1-2) - ) 3 35 3 2 31—z

2 1 1
- 83—Oz - %z ) + & log(1 + z)(216 +96— + 1447 + 24z2)
Z

1 1
+ { log(1 - z)(16 — 321— + lﬁz) +40 log(z)( 80 — 32 + 161—
-z -z

800 2 1
—56z—8z2)+§26(1—z)( )+§210g(Q )(8—16—+8Z)

9 /JF 1-z2
591 1761 1581 6619

+CuC 324 -2 2
A FKGKQ[( 322 2722 3z 27 Z)

) 12
+ &o(1 - z)( - ?)

! 1
+812(1 = Z)( — 128 + 128— + 64z) + Lis(1 - Z)(64 - 64Z - 32Z)

928 641 81 128 128 1
Liy(1 -2 — - —5+ 3= - —z+327|+L — 128 - =22
+ Li,( Z)( 9 Z3 37 3 7+ 322 )+ (- Z)( 3 2
128 1600 4161 161 8801 256
- 1287 — — log(1 — -
Z 3z)+0( z)(27 A 32 9z+9z)

1 320 321 81
+ log(1 — z)Lix(1 —z)( — 64+ 64— + 32z) log*(1 —z)(— - ==
z

136 32, 184 176 1 641 441 320
_TZ+?Z tlog)| - 55— 5535+t 55 - <o~ ¢

128 1 128
+ log(z) log(1 + z)( - 128 - =" 128z — =2 ) + log(z) log(1 — z)( -
Z

4 21 2
+ 88z — %zz) + logz(z)(% + 3?— — 20z + 487 ) +6(1 - Z)(78 6)
z

Q*\( 1760 1761 881 616 0> 500
1 T e E D s(1-z)| - =
iy S e i M 1 L

2 832 641 1 224
+ log? (Q )(5(1—z)( ) {2(—— ——3—40— 200z——z)
i 3z 3
392 591 1761 12281
—_— ==t —=— =+ —
9 63 272 27 z

+66(1 - z)( -~ %)} + CACFK?;[( -~

L2 1864\ (608 321 32 128,
54 © 27Z MU T Tg T3 TRt



192 Appendix

641 64 568 2081 81
+ Liy(=2)[64 + =—— + 64z + —2* | + log(1 — )| =—= —
3z 3 27

277 32
1361796 2565\ o f 160 161 80 32,
9 z 9 :"3¢% gZ99z33z3Z
o220, 881 _321 1361 850 256,
BN " T 92T 9 ;T 9T 3¢
64 1 64
+log(2) log(1 + z)(64 oo Gh ?5) +log(z) log(1 — z)( _ 30— 64z
Z
64 161 16 0%\(880 881 440
) B 16— =222 410 _Sel
3Z) Og(Z)( 32 3Z) g( )(27 277 9 ¢
176 416 321 321 224
-0 R R N Y Wt 11.38
+9z)+§(3 372732 z+3z)] ( )

The identical quark quark initiated processes start at NNLO level and the result is found

to be

o 2|(30442 1631 50931 49791 27779 703
@ ey 1631 1
¢ TO\TRT T R1 A 81 2 18 7z 162 27 ¢

1 1 1 1
+815(1 - z)(400 +128= +320~ + 1282) + Sl,z(—z)( — 288 - 384~ — 576~
< Z e Z

1 1 1
- 482) + Lis(1 - z)(56 + 04— — 128- - 522) + Lig(—Z)( - 144 - 320
Z < <

1 1112 12801 400 32,
+672— +40z] + Lio(1 = 2)| - + - - 2+ =7
Z 9 3z 9 3

1 1 1
+ Liz(—z)(488 + 448— + 40z) + log(1 + z)Li2(—z)( - 288 — 384—2 - 576—
<

2488 491 8961 6801 31 176 ,
— 48z +10g(1—Z) _7+ﬁ;+7;+TE+EZ_TZ

21 2
+ log(1 — z)Liy(1 — z)(32 + 32z) + log (1- Z)(8 + 3?_ — 87— %Z )
Z

2174 491 4481 6201 2243 40

1 St o Te 2P
+°(Z)(27 547 27 2 3z+54”9z)

1 1 1
+log(z)Lis(1 — z)(96 +288—+ 682) + 1og(z)Li2(-z)(192 +3205 - 962)

1 1
+ log(z) log(1 + z)(488 + 448— + 402) + log(z) log2(1 + z)( — 144 — 192Z—2

760 2561 572
- 288— - 242) + log(z) log(1 — Z)( 3 9
Z

-+ z+ 32z2)



11.5 Results of the partonic cross sections: nonuniversal coupling

193

3557 641 817 40)

+ log(z) log*(1 — z)(16 + 16z) + log (z)( R — 2= 32

1 1
+ log*(z) log(1 + z)(lZO +160— + 240— + 20z) +log?(z) log(1 — z)( - 16
<

321 Q2 1244 491 4481
—16z] +1 6———+14z|+1o —_—t ==+ ==

2 2
L0131 88, )+]0g(Q )le(l—z)(16+ 16z)+log(Q )

9 z 54 9 z ux
321 32, 2 380
x log(1 — z)(8 +——-8z—-—z2 ) + log(Q )log(z)(
3z 3 i
1281 286 2
+ —- + —z + 167 ) + log(Q )log(z) log(1 —z)(16 + 16z)
15

o 8 5

+log log(z) — 8 — 87| + log? 2+———2 =z

ﬂF 3z 3
Q2 1

+ log? = |log(@)|4 +4z|+ G| - 72— 192—2+576—+36z
M b4 Z

640 1 32, 1 1
+ {2(236 +oo 28+ g ) + & log(1 + z)( ~ 144 - 192 - 288~
Z Z

25442 3261

+ CFKGKQ[( -+ —

1
- 242) + Ly log()8 + 288 +4
z)+g2 Og(Z)( e Z) 81 ' 81 2

10186 1 65831 4819 2240 6081 712
+———=+——-———z|+Lib(l - g)| - -——

81 2 27 z 8l 9 "3z 9
3104 981 1792 1 4618 1504
log(1 e R o16m + 2228 ) ogo)| - 22
+logl Z)( 27 2P 27 2 6 "7 Z)+ Og(Z)( 27
LA 8961 7241 4979\ 2290 6081
215 212 3 7 27 o) TR O T T T

712 832 1521 356 0*\[(1552 491 896 1
- —Zz| +10g*(2) -+ —z|+log| S ||l —— == - —=
9 3 z 9 i)\ 27 2773 27 72
1 2309 Q? 1120 3041 356
- 108— + —— 1 1 - -
< 27 Z) s (l«lp) Og(Z)( 9 3z 9 Z)]

ceoe|(34753 1631 s0931 228371 9517
FKG\l781T " 8127 81 2 54 7 1627

1 1
+ 81201 = z)( - 256 - 256— - 642) + Liz(1 — z)(256 + 256— + 64z)

1120 641 140 11056 491 8961

+L12(1—Z)( ?Z-l‘TZ)-I-IOg(I—Z)(—T EZ_3+72_2

1 3497 1
504— - 2—7z) +log(1 — z)Liy(1 - z)( 256 — 256; - 64Z)



194

Appendix

1 8096 491 4481 9561
+log*(1 - 128—192 +64z)+1 —————— - -
og’( z)( Z) Og(z)( 7 272 3z

6491 1 608
+ ?z) + log(z)Liy(1 — z)( 64 — 64— - 16z) + log(z) log(1 — Z)( -5
9281 724 1 232
+ 57 TZ) + log(z) log (1- z)( - 128 — 128— — 32z) + log (z)(
z
2321 14 1 2 21
—i—+—6z + log*(z) log(1 — z) 64+64 +16z] + log*(2) —3——3——
3 2 9 3 3z
8 0? 5528 49 1 448 1 1 3497
- = 1 252— -—
Z)+ Og( g)( 27 "z 2 54 Z)
Q2 ! Q2
+ log Li,(1 —z)| — 128 — 128— —32z] + log log(1 —2)| 128
F :“F
2 304 4641 362
— 192 + 642) + log(Q )log( )( + - - z)
- 9 3 2 9

2
+ log(Q2 )log(z) log(1 - z)( - 128 — 128l - 322) + log(Q

F F
2 1 1

< )(32 — 48— + 16z) + log? (%) log(z)( —-32-32—

My Z My z

)log (z)(32
e
+32 + 82| + log?

1
- 81) + gz( - 128 + 192— — 64z) +40 log(z)(128 + 128—- + 32z)]
z b4

4646 34 1 801 441 4906
S P P P
27 2173 27122 3z 27

1 1 1
+ 81201 = z)( —208 —192— + 28— + 160z — 16z2) + Sl,z(—z)(256—
Z 1+z2 Z

1 1 1 ) 1-z2
—64——|+L 64 + 128 —— + 64z| + Lis [——— || 64
1+ Z)+ 13(1+Z)( T+z Z)+ 13( 1+Z)(

1

1 1
- 128 —— — 64z) + Lis(1 — Z)(208 — 64— - 128—— — 160z + 1622)
1+z Z 1+z

1 1 1
+ Li3(—z)(32 - 128— =32 —— — 32z) + Liy(1 — z)(88 - 96— + 967 — 24z2)
Z 1+z2 Z

1 1 1
+ Liz(—z)( —-112-192—- + 80z) +log(1 + z)Liz(—z)(256— - 64?)
b4 b4 b4

1
+ log(1 — z)(64 - 64z) + log(1 — z)Liz(—z)(64 - 128—Z - 64z)

544 428
+ log(z)( —5 40— TZ) + log(z)Lix(1 - z)( -192 — 64 + 96TZ

+ 1447 - 16z2) + log(Z)Liz(—z)( — 64 + 1287 + 64z)
<



11.5 Results of the partonic cross sections: nonuniversal coupling 195

1 1 1
+ log(z) log(1 + z)( - 112-192- + 802) + log(z) log*(1 + z)(128— - 32?)
Z Z Z

1
+ log(z) log(1 — z)(32 + 32z) + log(z) log(1 — z) log(1 + z)(64 - IZST
Z

1 1
- 64z) + 1og2(z)(44 — 87— 12z2) +log’(z) log(1 + z)( 48 — 64 + 12—
Z

1 32 1
+ 48z) + log?(z) log(1 — z)( —16+32— o 16z) + 10g3(z)( 20- =1 -
8, 2 2 1
+ 12z - =z ) + log(Q )(32 - 32z) + log(Q—z)Liz(—z)(32 - 64——
3 K F I+z

2 2

)10g(z)(16 + 16z) + log(Q )log(z) log(1 + z)(32
72

F

- 322) + log(Q
7

F

1 1 1
- 64—— — 32z) + log(Q )log (z)( 8+ 16— + 8z) +§3(24 - 128-
1+z U l1+z Z

1 1 1 1
- 16— - 24z) + {2( - 56 -96- + 40z) + & log(1 + z)(128— - 32—)
1+z2 Z Z 1+z2

1 1 1
+ & log(1 — z)(32 - 64— - 32z) +0 log(z)( — 16— 64— +48——+ 16z)

2048 681 1601

o’ 1 2
log| = |{16 -32—— -1 C ——t ===
+ { log (/f 6-3 T2 6z ||+ Crkako >7 272 77

F

1641 664 4 1 64
+%— %z)+log(z)(—%+40——%z)+log (z)(SZ)]
(1456 341 801 81 1574 (320 248
27 273 T212 37 a7 )Tl T gt

2323 171 401 221 2453 )
+ 13z

FOACHA| [ e S 2 =
AFKQ[( 27 217 212 3z 27

1 1 1
+8 151 - z)(104 +96— — 64—— — 80z + 8z2) +S 1,2(—z)( - 128-
b I +z b4

1 - 1 1-
+32—— |+ Lis [ —2) 32 = 64—— —327| + Lis [——=|[ = 32
+z 1+z 1+ 1+

1 1 1
+64—— +32z| + Lis(1 = 2)| — 104 + 32= + 64—— + 80z — 87°
1+7 Z 1+7

1 1 1
+ Li3(—z)( - 16+ 64—+ 16— + 16z) + Liy(1 - z)( — 44 + 48— — 48z
2 1+z z

1 1 1
+ 1212) + Liz(—z)(56 +96— — 40z) + log(1 + z)Li2(—z)( - 128— + 32?)
2 2 2

1
+ log(1 — z)( -32+ 32z) + log(1 — z)Liz(—z)( -32+ 647 + 32z)
<



196 Appendix

272 1 214 1 1
+ log(z)(— + 20— — —z) + log(z)Lix(1 - z)(96 +32— —48— - 72z
9 Z 9 Z 1 +7

1 1
+ 8z2) + 1og(z)L12(—z)(32 ~ 64—~ 32z) +log(z) log(1 + z)(56 +96—
Z Z

1 1
- 40z) +log(z) log?(1 + z)( — 64— + 16r) +log(z) log(1 — z)( —16 - 16z)
Z Z

1
+log(z) log(1 — 2) log(1 + z)( ~32+ 64—+ 32z) + logz(z)( —22+4;
Z

1 1
+ 6z2) +log?(z) log(1 + z)(24 +32- - 56— — 24z)
Z I+z

1 16 1 4
+log*(z) log(1 — z)( - 16]— - 82) +log (z)(lO Y 3T 6z + 37 )

o5 o 1
+log|(=|[| — 16 + 16z + log| = | Lia(—2)| — 16 + 32— + 16z
M K +2

2 2

+ log Q—z) log(z)( -8- 8z) + log (Q—z
M

F F

1
)log(z) log(1 + z)( —-16 +32——
1+z2

1 1 1
+ 16z| + log Q log’(2)[4 — 8—— —4z|+ & — 12 + 64— + 8——
1+ 1
Uy +2z Z +z

1
+ 12z + {2(28 + 48— — 20z) + { log(1 + z)( - 64— + 16—)
z F4 l+z

1 1 1
log(1 —2)| -1 2—— + 1 1 2— —24—— —
+ & log( z)( 6+3 1+Z+ 6z)+§2 og(z)(8+3Z T 81)
1024 341 801

% !
1 -8+16—— +38 CaC —— == t=
+ 4 og(,uF + 1+Z+ Z|| + CaCrkgko 77 27Z3+27Z2

821 332 32 32
-3 ﬁz) log(z)(— - 20 + ?z) +log (z)( )]

S[( 728 171 401 41 787
YOl -ty T T3 e
160 124
+ log(z)( il Tz)] (11.39)

The non-identical quark quark initiated processes start at NNLO level and the result is

found to be
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