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Introduction

In the last fifteen years particle physicists have been provided with an enor-
mous amount of data. At CERN, the Large Hadron Collider (LHC) started
in 2008 and subsequent upgrades led the machine to increasingly high center
of mass energies, reaching 7 TeV in 2010 and, then, the peak of 13 TeV in
2015. Data from LHC have permitted for deep and meticulous tests of the
Standard Model, culminating with the observation of the Higgs Boson. It
was the last missing piece for a consistent formulation of the theory. Even
if deviations from Standard Model predictions have never been measured so
far, we know that it does not answer to all our questions. Gravity is not
included and it also fails in explaining the hierarchy of interaction strengths
and particle masses. Moreover, Cosmological observations suggest the pres-
ence of Dark Matter and Dark Energy, that have so far evaded our subatomic
experiments.

Through particle physicists, it is a shared opinion that we miss of a
proper phenomenological input. Consequently, we are particularly inter-
ested in producing high precision theoretical calculations and experimental
measurements within the Standard Model. Cross sections are the quantities
we are mainly interested in. A cross section tells us the expected number
of events of a certain kind in a particle collision experiment. Firstly, efforts
had been mainly directed in total cross sections, which are usually referred
to as completely inclusive cross sections. From a theoretical point of view,
such observables are the easiest we can deal with. Moreover, these are the
situations in which experiments provide the maximum possible statistics.
Subsequently, the focus has shifted on more exclusive observables, namely
differential cross sections. A differential distribution carries more theoret-
ical information than its inclusive counterpart, but it is more difficult to
compute. Experimentally, the price is a poorer statistics. The remedy for
the latter will be provided by other upgrades of LHC, precisely aiming at in-
creasing the number of events observed. After the third run of LHC, whose
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start is scheduled for the next months, another long shutdown will be used
for the installation of the High-Luminosity upgrade, which will increase the
total number of events (Luminosity) by almost a factor of ten.

In this thesis, we are interested in theoretical predictions. We consider
high energy processes in QCD with colourless final states, such as Higgs
production or the Drell-Yan. The case of strongly interacting final states
is more complicated and we will not discuss it. In the Drell-Yan process, a
lepton pair is produced with a gauge boson as intermediate state. In this
thesis we focus on the case of Higgs production, whose cross section is com-
puted in the framework of an effective field theory, in which the top quark
mass is considered much bigger than any other scale.

Cross sections in Quantum Field Theory (QFT) are calculated by means
of perturbation theory. The final result is written as a power expansion with
respect to the coupling constant, truncated at some perturbative order. The
result of such a calculation is usually called a fixed order cross section. If
the expansion parameter is small, then higher orders should give corrections
of steadily decreasing importance. And indeed one way of reducing the the-
oretical uncertainty is compute a new perturbative order. Sometimes this is
not sufficient. In some kinematical regions, the perturbative series is spoiled
by the presence of so called large logarithms. Whenever a process is charac-
terized by two or more different scales, these usually appears through their
ratio in logarithmic contributions. If two, or more, of these scales become
very different from each other, logarithms grows in an uncontrolled way,
spoiling the convergence of the perturbative series. These large logarithms
need to be resummed to all perturbative order.

Resummation Theory is the solution to this problem. We are particu-
larly interested in Threshold Resummation, devoted to the summation of
logarithms arising in the threshold region. The threshold kinematic config-
uration is defined by a partonic centre of mass energy which is just enough
to produce the final state. An emitted gluon is obliged having vanishing
energy, that is it becomes soft. The energy of a soft gluon and the invariant
mass of the final state are very different and it gives rise to large logarithms.
Threshold resummation for inclusive observables has been achieved long
ago. Results are also available for distribution differential in rapidity, Y, or
transverse momentum, pr, of the final state. On the contrary, there are no
available resummation prescriptions for completely differential distributions,
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that is differential in both, the transverse momentum and rapidity:

d?o

dprdy’

The purpose of this thesis is understanding the general structure of soft
large logarithms in completely differential distribution. We organize the
work as follows. Chapter 1 consists of a general overview of QCD. We
present the parton model in its historical formulation and discuss the effect
of QCD corrections to the LO. In Chapter 2 we describe threshold resumma-
tion. We want to highlight the general strategy and present known results.
In particular, we introduce the Mellin and the Mellin-Fourier transform as
tools to factorize the partonic cross section from the PDFs and to single
out the threshold region. These transforms need to be taken with respect
to proper partonic variables. Then, we describe resummation formulae for
inclusive and single differential cross sections. In Chapter 3 we consider
the completely differential distribution for Higgs production at NLO, using
results from ref.[16]. We describe the kinematic of the process and its fac-
torization properties under a Mellin-Fourier transform. Understanding the
kinematic is a fundamental step in order to find the proper soft limit. We
expect soft large logarithms to appear, in Mellin-Fourier reciprocal space, as
logarithms of the conjugated variables (N, M). We then perform a change
of variable of the NLO partonic cross section, expressing it as a function
of the Mellin-Fourier integration variables. In Chapter 4 we consider the
problem of explicitly computing the double transform. We presents three
results. First, we compute a double Mellin transform of the rapidity cross
section at NLO and verify that it agrees with the - already known - general
resummation formula. We note that a double Mellin transform is simply re-
lated to the Mellin-Fourier one by a linear transformation of the reciprocal
space variables. Then, we come back to the fully differential distribution
and compute the double transform by first taking the small-py limit. The
small-pr simplify the kinematic, since it approaches the pr integrated one.
Finally, we deal with the full problem of fixed pr and Y. We perform a
suitable expansion of the integrand and then we compute the double trans-
form on the first relevant order. We formulate a conjecture for the complete
series and make a check of consistency with our first order result.
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Chapter 1

QCD and the Parton Model

This chapter is devoted to a general review of basic Quantum Chromody-
namics. Our intention is to set up the framework for the next chapters,
trying to outline the general structure of a perturbative calculation. Con-
sequently, we do not give proofs of the mentioned theorems and we do not
make explicitly computations either. The interested reader is referred to
literature.

1.1 QCD lagrangian

Quantum ChromoDynamics (QCD) is the quantum field theory that de-
scribes strong interactions in the contest of the Standard Model of elemen-
tary particles. QCD is formulated as a gauge theory, with SU(3) gauge
symmetry group. It introduces spin-1/2 particles, called quarks, as elemen-
tary constituents of hadronic matter. Interactions are mediated by gluons,
gauge bosons described by vector fields. The lagrangian of the theory is
given by

L= Z a (MD - mq)ab ab — ingFﬂVﬂ? (1.1)

flavour

where repeated indexes are supposed to be summed over. We have intro-
duced some operators:

e (, is the Dirac spinor field associated to quark and its antiparticle,
with colour charge index a.

e The sum over flavour has to be understood as a sum over different ¢
fields.



CHAPTER 1. QCD AND THE PARTON MODEL

e Dy, =0, —igs\"Aj, is the covariant derivative, where A%, a =1...8,
are the vector gauge fields representing gluons, {\“} is a basis for
a representation of su(3) Lie algebra and gs is the theory coupling
constant.!

o The field strength tensor is given by Fj, = 9, A7 — 0, Af, +gs f “bCAZAf/.

Any matrix representation of a Lie algebra must satisfy commutation
relations
[te, %) = i fabete. (1.2)

The set of numbers ¢ are called the structure constants of the algebra?
and the t*’s are elements of the algebra.

Importantly, in the field strength tensor there is a term which is bilinear
in fields and proportional to the structure constants. It leads to interaction
vertices with three or four gluons. Such term vanishes in an abelian theory.
As a consequence, whereas gluons may interact with each others, photons
cannot, being electromagnetic interactions built with the U(1) symmetry
group, which is abelian.

We have not said yet what the attribute gauge means. First, we require
that quark fields transform in the fundamental three-dimensional unitary
representation of SU(3), for which the set of matrices {\,} may be chosen
as the well-known Gell-Mann matrices. More in general, a n-dimensional
object is said to transform in the n-dimensional representation of a group
G if it obeys the rule

i — b = [glijv; Vg €G, (1.3)

where g is the abstract group element and [g];; is its matrix representation.
For each quark fields, that is for each flavour, we consider a local version
of this transformation law

Vi) — 1i(x) = exp(if(2)A")j 5 (x). (1.4)

Here 6%(z) is a function which selects an element of the group for any space-
time point. Eq.(1.4) if what we call a (local) gauge transformation. Note

2

Mn the following we will use the more common parameter as = Z—‘;
2In a certain way, these are the most important features of a Lie group. Indeed, given
a representation of the algebra, if the exponential map is surjective, which is the case of

SU(n), then we also have a group representation.
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1.1. QCD lagrangian

that the group elements have been written as the exponential of suitable
algebra counterparts.

The lagrangian in Eq.(1.1) is built as a gauge invariant quantity, namely

its variation vanishes under the local action of SU(3), provided that also
the A%, fields transform accordingly. In particular they must transform in
the eight-dimensional - adjoint - representation.
This is how a gauge theory is built in general: given a unitary representa-
tion of a symmetry group and an array of Dirac fermions which transform
locally as in Eq.(1.4), then the requirement of invariance of the lagrangian
forces the introduction of corrective gauge fields transforming in the adjoint
representation.

The adjoint representation has dimension which is equal to the group
dimension. As a consequence, the number of gauge bosons is fixed by
the dimensionality of the group. For strong interactions dim(Ggcp) =
dim(SU(3)) = 8 and we have eight different gluons g. The other Stan-
dard Model example is given by Electroweak interactions, with Ggy =
SU(2) ® U(1) symmetry group. Since dim(Ggw) = 4 then there are four
gauge bosons: the photon v, the Z° and the charge couple W=.

A basis for the adjoint representation is given by

[Ta]bc - _ifabc- (15)

Its a general result in Lie Group theory that the structure constants give
a full description of the adjoint representation. The last thing to do is giving
a proper dynamic to gauge fields. This is what the field strength tensor term
provide for.
It is not difficult, though not very insightful, to verify the invariance of
Eq.(1.1). This is made particularly simple if one considers infinitesimal
transformations.
The important message here is that this local invariance principle underpins
the construction of each theories in the Standard Model.

The number of flavour is a phenomenological input: there are ny = 6
flavour of quarks, carrying fractional charges and different in masses. We
will consider high energy processes in which all quarks’ masses are negligible,
apart from my,, which is quite large if compared with the others.3

3 Actually, it is also large if compared weak bosons and, importantly, the Higgs Boson.
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CHAPTER 1. QCD AND THE PARTON MODEL

flavour d u S ¢ b t
name down up strange charme bottom top
charge -1/3 2/3 -1/3 2/3 -1/3 2/3

mass | ~5.0Mev =~25Mev =0.1Gev =~13Gev =~4.2Gev = 173Gev

Table 1.1: Quarks in the Standard Model

1.1.1 Gauge theory quantization

It is far from the purposes of this thesis to dwell in a detailed treatment
of gauge theories quantization procedure, which is a rather sophisticated
topic, especially if a non abelian symmetry is involved, as in our case. We
just want to outline the difficulties, outline the general solution and explain
the main consequences. For more details, we refer the Reader to Refs. [13,
22].

Although the gauge principle is a very powerful constructive tool, it leads
to some trouble in the quantization procedure. This becomes completely
manifest when the functional approach is pursued. The naive application
of the Feynman path integral in calculating the gauge boson propagator
does not work. In particular, it is not possible to invert the quadratic form
which defines it. This is due to the fact that we are trying to perform a sum
- functional integration - over each possible field configurations, also gauge
equivalent ones, which we cannot distinguish, in the sense that the weight of
the functional sum is constant over such configurations. In other words, we
are just integrating a constant over an infinite domain, the "volume" of the
gauge group. First, we make the following observation: if the gauge group
is supposed to represent a symmetry, it should be impossible to detect a
gauge-transformed fields configuration. Observable must be gauge invariant
quantities. As a consequence, it is our right to just "fix the gauge"*
expect the result to be independent from our fixing choice.

, and we

There is a very simple and illuminating way of looking at this and it
is represented by the discrete case. Consider the following two dimensional

4The procedure is indeed called gauge fizing
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1.1. QCD lagrangian

integral
. 1 Lpa24j x
I(]):—/ dedye 27
Io

(1.6)
_lpe
Iy = / drdye™ 2
R2
I(j) is clearly ill defined in both the normalization Iy and the numerator.
I(j) could represent the generating function for a statistical theory, with

weight e —352%  The statistical moments would be given by

mn

<z >= CZT.”I(JHJ':O- (1.7)

A translation along the y axis is irrelevant to the physics, in the sense that
it does not change the statistical weight, exactly as gauge transformations
do. We can just get rid of this nonphysical degree of freedom. There are
different ways of proceeding, all giving the same result: we could limit the
y-integration over a compact domain or we could add a convergence factor,
such as e~¥”. The easiest one is probably the following

) = (1) [[ dwdy sty — oye i,
Teg—// de dy d(y — yo)e 3",

which just eliminates the integral over y. Feynman path integral is just the
continuous limit of a the N-dimensional generalization of this last example.
We mentioned above, in the case of the functional integral, about an operator
which we could not invert. We can also give the same interpretation to
Eq.(1.6). It is known that the the n-dimensional purely Gaussian integral
is given by

(1.8)

2 n/2
dx" e —a:A:c _ ( W) (19)
Rn det(A)
where A must a n x n invertible matrix, otherwise det(A) = 0.
Now, the normalization in Eq.(1.6) can be recast in the form
Iy :/ da:dye_%fo, (1.10)
R2

where
b 0
B = (0 0) , (1.11)

13



CHAPTER 1. QCD AND THE PARTON MODEL

which is clearly not invertible.

The case of a functional integral is far more complicated and we are not
going to reproduce here the gauge fixing procedure. A careful computation
leads, [12, 22|, to the following adjustments in the QCD lagrangian

1
[fim'n :_78"452
Eghost = _Ea(aung)cbv

We have introduced two novelties: ¢, fields are called Faddeev-Popov
ghost and they are anticommuting scalar fields. They are not physical,
meaning that we cannot observe ghost particles. Nonetheless, they play an
important role in giving physical gauge invariant results®. This last asser-
tion leads us to the other new parameter, £, which is completely arbitrary
and parametrizes the gauge choice. The final, measurable, result must be
independent from £. It is possible to prove, at any order in perturbation
theory, that this is exactly the case, provided ghosts are taken into account.

1.2 Running of the coupling: asymptotic freedom

Observables in particle physics are computed by means of perturbation the-
ory. The main idea can be summarized as follows: the power expansion
of observable with respect to some small dimensionless parameter, may be
truncated at some fixed order, still giving an accurate prediction. Higher
orders represent corrections to the approximate result.

The coupling constant of the theory is usually chosen to be the expansion
parameter. This is justified in QED, where aey, =~ ﬁ On the contrary, at
first sight QCD seems to preclude any perturbative treatment, at least at
small energy, where the coupling s does not satisfy the above condition. In
order to find the solution to this issue, we first need to investigate deeper
perturbation theory.

Consider an observable, O, computed as power series of the coupling. In
general, O should depend on the coupling itself, o, the kinematic of the pro-
cess and properties of the particles involved, mainly their masses and spins.
In general, we write

O:O(a,{pi,mi,si,...}), (1.13)

5Observe that the covariant derivative, which appears in the ghost term, is in the
adjoint representation. Since structure constants are all zero in abelian theories, ghosts
decouple from gauge fields in that case. They remain as free propagators that can be
ignored. This is the case of electromagnetic interactions.

14



1.2. Running of the coupling: asymptotic freedom

and the formal perturbative series in readily given
A 0 A
0= ZOn({pi,mi,si,...}) a™. (1.14)
n=1

For the sake of discussion, suppose we want to deal with a process in which
all energy scales, apart from one that we call ), are negligible. The general
expression for the observable reduces to O = O(Q; ). If we make the further
hypothesis that O is a dimensionless quantity, then we should write

0 = 0(a), (1.15)

that is O has reduced to a constant to be computed perturbatively.

It is well known that corrections to the tree level® usually give rise to diver-
gent integrals for loop diagrams, due to the UV behaviour of the involved
expressions. The problem has been resolved long ago, first operationally,
by Feynman and others, and then conceptually, by Kenneth Wilson, see
[26]. The procedure through which we deal with these infinities is called
renormalization. One of the main consequences of renormalization is the
introduction of an auxiliary, although completely arbitrary, energy scale pu.
Equipped with a new scale, we can no longer rely on Eq.(1.15). It is possi-
ble to construct the dimensionless ratio Q?/u? on which O, as well as the
coupling, may depend. Instead of Eq.(1.15), we shall write

0 = 0(%: a(u?) (1.16)

The important message here is that in renormalized quantities a new

scale dependence may appear. In this case, 0 depends on Q2. This has
been observed experimentally, for example in the ratio between the rate of
production of hadrons and that of charged leptons, in electron-positron an-
nihilation, [12].
Remarkably, the coupling constant acquire a scale dependence too. It is nec-
essary to proceed carefully: a dimensionless observable may acquire a scale
dependence, but the p dependence should disappear in the final result”. In
fact, being u a completely arbitrary scale, nothing that is observable can
depend on it.

SWe call tree level, or Born level, the first non trivial perturbative order.
"Whenever the series is truncated, a spurious i dependence remains in the last pertur-
bative order added.
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CHAPTER 1. QCD AND THE PARTON MODEL

We express this by requiring the following differential equation to hold be-
yond perturbation theory

2LAQ2,

0 .
i g OC3 o) = [185 5 + Blal) 510 =0, (147)

where we have introduced the beta function

d
2Y) .
Eq.(1.17) is known as Callan-Symanzik equation and it plays an impor-
tant role in Quantum Field Theory. The beta function tells us about the
scale dependence of the coupling and can be computed perturbatively as a
power series in the coupling itself

Bla(p?)) = —foa® = fra® + .. (1.19)

It turns out that g is positive for QED, but it is negative in QCD. The
electromagnetic coupling is an increasing function of the energy, whereas the
strong coupling reduces as energy increases. To be more precise, the first
coefficient, By, is given in QCD by

a(?) (118)

o 110,4 - 4nfTF

Po 127

(1.20)

where Cy and T are group-related constant and ny is the number of flavour
in the theory. For SU(3) and for ny < 17 the beta function is negative.
Solving Eq.(1.18) at lowest order we get

2\ CVS(MQ)
(@) = T3 Boas (42) 108(Q%7) (1.21)

As Q? approaches infinity, o, vanishes. This property is called Asymp-
totic Freedom.

Here is the solution to our dilemma: it may be possible to apply pertur-
bation theory in QCD, provided we only consider processes at sufficiently
high energies. Nonetheless, we cannot avoid to deal with strongly interact-
ing initial and final states, namely hadrons. We will give the solution to this
issue in the next section.

We conclude with an important remark about the running coupling.
There is an energy scale at which Eq.(1.21) becomes bigger than unity and

16



1.3. The parton model

eventually diverges. This energy scale is usually written as Agcep and it
is called the landau pole of the quantum theory. It is not physical, since
perturbation theory has already broken down® at a slight bigger energy (or
smaller energy, in QED), when a;s ~ 1. Below (Above) that threshold, QCD
(QED) phenomena are inevitably non perturbative. That is the region where
confinement takes place and quarks and gluons bound themselves in hadronic
matter. We are now ready to explain how we can describe hadrons.

1.3 The parton model

We are interested in processes involving hadrons in initial and final states.
A first model was proposed by Feynman and it is usually referred to as the
Naive Parton Model. Though this is the old approach to the matter, for ped-
agogical reasons we present it here in its original formulation. The starting
point is the assumption that even if we are not able to describe hadrons in
a non-perturbative way, nonetheless they are made up of elementary par-
tons. Consequently, in order to compute hard scattering process, we can
try to describe this initial state in terms of elementary partons. As first
example, consider a process in which an electron exchange a photon of high
virtuality with a proton and produces hadrons as final states. This process
is schematically depicted in Figure 1.1a and it is called DIS (Deep Inelas-
tic Scattering). It has been studied both, theoretically and experimentally,
since the 1960s. Although it is the simplest process involving hadron in the
initial state, yet its description gives a complete overview of the techniques
used in more intricate situations.

In the parton model we assume that each parton carries a fraction z; of
the total momentum p of the proton, that is

p=Y_zp=>_pi
7 7

0<%z <1 and Zzizl

7

(1.22)

Also, each parton is perfectly collinear to the hadron it comes from.
Moreover, we need to neglect parton masses, otherwise Eq.(1.22) makes no
sense. We define fP(z,1) to be the probability density of extracting a parton
i =qs,9,7, ..., with momentum fraction z;, from the proton. These Parton
Distribution Functions, PDFs, contain all the non-perturbative information.

8Note that also Eq.(1.21) does not hold anymore, because it is a perturbative solution
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CHAPTER 1. QCD AND THE PARTON MODEL

e
o
Y
X
==
(a) DIS representation (b) DIS in the parton model

Figure 1.1: A graphic representation of DIS and the parton model

PDFs cannot be calculated perturbatively and need to be extracted from
data?.

Then, in order to calculate the cross section of the process, we assume
the following decomposition to hold

1
o) =3 [ d=5i(2)6(:0) (1.23)

where o is the cross section for the process we are interested in and &
is the cross section for the partonic process. In our example the process
is e + p — e+ X and the partonic cross section refers to the process
e+ pi— e+ X.
Whereas the former is not calculable in perturbative-QCD, on the contrary
the latter is, provided the energy scale of the partonic process lies in the
perturbative region of the running coupling.
Some considerations are necessary:

o If we want our model to be predictive, PDFs must be process indepen-
dent. Once they have been fitted, it must be possible to use them in
any other process involving the same initial hadron?.

e PDFs obey sum rules. For a proton, we require that

1 1
/ dz [fu(2) — fa(2)] =2 and / dz [fa(z) — f7(2)] =1, (1.24)
0 0

90r computed with other techniques, for example studying QCD on the lattice.
100f course the parton distribution of a proton will be different to that of neutron, for
example.
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1.4. QCD corrections to DIS

which reproduce the description of a proton as p = uud. The conser-
vation of total longitudinal momentum holds as well

1
Z/O dz zfi(z) = 1. (1.25)

We shall address the problem of the survival of the parton model after
QCD corrections have been added. In the next section we will see how QCD
corrections lead to an improved formulation of the parton model (which re-
duces to the original formulation at Leading Order).

1.4 QCD corrections to DIS

In this section we retain DIS as example and look into QCD correction to
the Leading Order calculation. We also have to explain in more detail what
Leading Order means in QCD calculations. DIS is an electromagnetic ini-
tiated process, so it starts with a cross section proportional to o2,,. The
Leading Order (LO) contains no power of as. What we add at Next to
Leading Order (NLO) are not electromagnetic corrections, rather we con-
sider QCD corrections, being o >> aep. In general, it is not obvious a priori
what is a LO calculation in term of powers of the QCD coupling. It depends
on the process considered. For DIS; as well as for Drell-Yan (see next chap-
ter), the LO has no power of az. On the contrary, for Higgs production, the
LO is proportional to af. For a generic process X, wi write

ox = U)L(Oo/g + U)]\([Loa];Jrl + (’)(o/;+2). (1.26)

We are ready to consider QCD corrections for DIS. In the naive parton model
a quark is extracted from a proton and it scatters, via photon exchange, with
the incoming lepton. Usually, however, both the incoming quark and the
outgoing one radiate one or more gluons. Real emission corrections of order
O(a,) are shown in Figures 1.2a, 1.2b.

Moreover, virtual diagram should be taken into account. In particular,
the self energy diagram for both quark lines and the photon vertex correc-
tion, Figure. 1.2¢c, 1.2d.

Once these terms have been included, the calculation gives rise to two
classes of divergences:
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CHAPTER 1. QCD AND THE PARTON MODEL

(a) Emission from the incoming (b) Emission from the outgoing
line line

p

(d) Self energy for the outgoing
(¢) Vertex correction quark.

Figure 1.2: QCD correction to DIS

o Ultraviolet (UV) divergences in loop integrals, as we pointed out in
Section 1.2.

o Infrared and Collinear (IR) divergences in both, loop integrals and
phase space integrals for real emissions.

We have already explained how UV divergences are controlled by renor-
malization. On the contrary, IR divergences are the big novelty. First of all
we should say where they come from. Consider the diagram in Figure 1.2b
and let the four momenta r of the emitted gluon approaching zero. Accord-
ing to Feynman rules, a propagator with momentum £k is associated to the
virtual quark

_iE-m) (1.27)
k2 —m?2 + ie

The denominator Eq.(1.27) vanishes when the on-shellness condition is
satisfied, that is when the particle’s virtuality reduces to zero as it was a
real one. A vanishing momentum r realizes such condition, in fact

l=k+r—Fk as r—0, (1.28)

and [ is on-shell, being the outgoing quark a real particle. The propagator
blows up when the emitted gluon carries a very small energy. We will refer
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1.4. QCD corrections to DIS

to radiated partons with vanishing energy as soft partons. There is more:
we are considering high energy processes in which all masses may be ne-
glected. In a massless theory, the emitted particle may become collinear to
the emitting one, that is it has vanishing transverse momentum®!.

In this case we have
r=zk, l=k—r=(1-2)k, (1.29)

z being the fraction of momenta carried by the gluon. In both cases, Egs.
(1.28,1.29),
k> — m? =0, (1.30)

and the propagator diverges.
An analogous situation can be found in loop diagram integrals.

For some of these divergences, the machinery of perturbation theory fixes
itself. The Kinoshita - Lee - Nauenberg Theorem ensures the soft finiteness
of any theory in the Standard Model, see [18, 19]. It states indeed that soft
singularities always cancel between real and virtual contribution.

On the other hand, for what concerns collinear divergences, only a partial
cancellation takes place and we have to deal with them.

The solution to this problem its very similar to the renormalization proce-
dure. In the Naive Parton Model we consider PDFs in order to take into
account the non-perturbative physics. We can think to those distribution
functions as bare objects, in analogy to the bare parameter in the lagrangian.
Then, we redefine PDFs reabsorbing collinear divergences into them. Just
like renormalization procedure, an arbitrary scale pp, known as the factor-
ization scale, is introduced through the procedure.

We write, instead of Eq.(1.23), the following Improved Parton Model for-
mula:

1
o) =3 [ defile b)) (13D
i
This procedure need to fulfill two important properties:

e In any perturbative calculation, we need collinear divergences to fac-
torize exactly, otherwise we can not absorb them consistently;

1Tf the mass is not zero, collinearity is precluded by the on-shellness condition for the
radiated real particle.
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CHAPTER 1. QCD AND THE PARTON MODEL

e In Section 1.3 we pointed out the necessity for PDFs to be process
independent. In order for this requirement to hold after collinear con-
tribution have been absorbed, it is necessary for such contributions to
be universal.

Theorems known as Collinear Factorization Theorems ensure that this
two facts are true, at least for a large class of processes.

There is one last thing to discuss about improved PDFs, which is their
running with energy. Any observable must be independent from the factor-
ization scale choice. This allows us to find a set of evolution equation for
the distribution functions. We will discuss this in the next section.

1.5 DGLAP evolution equations

It has been briefly anticipated at the end of the previous section, that the
ur dependence of PDFs is fixed imposing invariance of observable against it.
Moreover, the universality of distribution functions implies that also their
evolution should be universal, that is process independent. In close analogy
to Eq.(1.17), we impose
%%O =0, (1.32)
P e
for a generic observable O.
A set of Ny + 1 differential equations satisfies the request. These equations
are universally known as Dokshitzer-Gribov-Lipatov-Altarelli-Parisi equa-
tions (DGLAP), independently found in 1972 by Gribov and Lipatov [17],
and than again in 1977 by Dokshitzer [11], and by Altarelli and Parisi [1]:

(1.33)

§

where P, ;, are known as Altarelli- Parisi(AP) splitting functions, to be under-
stood as the probability of a parton a emitting collinear stuff and resulting
in a parton b. The splitting functions are universal and can be computed
perturbatively as

O
/1df (Pqi,qj(gvas(ﬂ%)) PlIhg(g’O‘S(:U’F))) (qu(faﬂzp)>
z ¢ ) ’
£

Pop(z,a5) = asPY) () + a2 P (2) + a2P3) (@) + .. (1.34)

s* ab
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1.6. Hadron collisions

As an example, we consider the Py, which is given, at lowest order, by

T 1—=z
Pyg(x) =204 [(1 ot e 2)| +Bod(1 —x),  (1.35)
where [y is the first coefficient of the beta function, Eq.(1.18). Apart from
the customary delta distribution, there is a term proportional to a plus pre-
scription. The definition of plus distributions and their properties can be
found in Appendix [A.2]

Finally, splitting functions satisfy numerous constraints due to symme-
tries. For example, charge conjugation invariance and SU(Ny) flavour sym-
metry imply that

PQi:Qj = Pfii,tfj’ quﬁj = Pﬁz‘,q]'v Pg»Qi = Pg@w (1'36)

and they are also flavour independent.

Solution of the DGLAP equations corresponds to the resummation of
collinear logs up to a desired scale Q?>. The DGLAP equations and their
solution are not indispensable topics for this thesis. Nonetheless, there is
one last rehashing we want to show which will appear again in what fol-
lows. First, we note that Equations. (1.33) are written in the form of a
convolution, that is

9

L Xz
dlog 112 (&wz):/m ﬁP(ﬂ/f)f(f,uz)EP®f(a;,u2). (1.37)

§ N\

This integral product factorizes under a particular integral transform, the
Mellin Transform, defined in Appendix. [A.1]. Computing the Mellin trans-
form on both side, we get

_9
9 log(p?)
In this particular case, the Mellin transform has reduced the problem of

solving a integro-differential equation into the simpler task of solving differ-
ential equation of the first order.

F(N, p?) = P(N, as(11®)) f (N, avs (11?)) (1.38)

1.6 Hadron collisions

Although DIS would be sufficient to proceed with general resummation the-
ory, it is however useful to extend the (improved) parton model to a generic
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CHAPTER 1. QCD AND THE PARTON MODEL

process involving two hadrons in the initial state. We have seen how cross
sections are computed in perturbative-QCD (pQCD). We explicitly consid-
ered DIS as an example, giving Eq.(1.31) as main formula. We want to
extend (1.31) to the more difficult case of hadron collisions. The practical
reason is obvious, being LHC a hadron collider. In turn, the phenomenolog-
ical interest arises from the necessity of assessing QCD as the fundamental
theory of strong interactions.

Two processes have been widely studied, both theoretically

o The Drell-Yan process: pp — v*/Z* — Il + X. A lepton pair is
produced in proton-proton pp collision with a gauge boson as interme-
diate state. This is a benchmark for the study of gauge bosons, and
it has been a fundamental step in experimentally assessing QCD as a
whole!2,

e Higgs production: pp — H + X. In this case the object of interest is
the Higgs boson and its coupling to quarks. Reasons for studying this
process are due to the interest in the Higgs boson itself.

Both processes are well suited for the study of resummation but, for sim-
plicity, in this thesis we will only consider Higgs production.

The generalization of Eq.(1.31) is formally straightforward. Instead of a sin-
gle parton distribution function, we consider a pair, one for each incoming
hadron, and we integrate them with a partonic cross section. If we indicate
with S the final state (lepton pairs, Higgs, ...) and with Q2 its invariant
mass, then the master formula for the inclusive cross section is readily given

1 2 2

o5 = Z/ day dzy fol(z1; pF) fo(mo; i) X Gapss (21, 22; (i), QT, QT),
ab 0 Hp KR

(1.39)

where z1 and xo are the momentum fractions carried by parton a and b,
respectively. The dependence on factorization and renormalization scales
is explicitly highlighted. If we wanted to consider less inclusive observable,
such as the single differential distribution or a double differential distribu-
tion, we would have other dependencies: transverse momentum, rapidity, ...
We will consider these cases later in this thesis.

12The first prediction for Drell-Yan was obtained within the naive Parton Model and
discrepancies with data were very large (about a factor two in total cross section).It was
only after QCD was formulated and its effects were included that the prediction drastically
improved.
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1.6. Hadron collisions

The structure of Eq.(1.39) is very similar to Eq.(1.31), namely it is made
of two parts, that we recall here: PDFs embodies the non perturbative in-
formation about particle contents of hadrons'®, whereas the partonic cross
section, &, is given as perturbative series in the coupling.

We note that different sub-processes, that is 64,5 as a, b change, contribute
with the different weights to the final result. For Drell-Yan, the main chan-
nel is quark anti-quark annihilation, q¢ — 1l + X. In the case of Higgs pro-
duction, the gluon-fusion initiated process is the dominant one, gg — H+X.

We now introduce some standard notation and recast Eq.(1.39) in a
different fashion. The following manipulations are strictly suitable for com-
pletely inclusive cross section. In the case of semi-inclusive or completely
differential cross sections, a few adjustments will be necessary.

We define the variable 7 as 0

S

T

(1.40)

where s is the customary Mandelstam invariant for the centre of mass energy
at hadrons level and Q? is the invariant mass of the observed final state:
Q? = MIQ{ in the case of Higgs production. The partonic counterpart z of 7
is defined as

@

= (1.41)

z )
S 12

being § the partonic centre of mass energy. In term of these variables, the
inclusive cross section is given by

%UH(T) B %: /Tl % /;1 ag;yfi(l) (i)fg@)(y) 5 (2)

1y (1.42)
z T
= Z/T ~ Li(£)C4(2),
ij
having defined the Parton Luminosity
Ld x
L) =cy [ LA, (1.3

The Cj; coefficients are usually referred to as coefficient functions. It
is just a matter of convenience to decide on normalizing the perturbative
series in such a way that C’i(]o ) =5 (1 — z), absorbing all numerical prefactors
into the ¢;; coefficients which appear into the luminosity definition. From

13 Assuming the parton model still being true.
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CHAPTER 1. QCD AND THE PARTON MODEL

the definitions of 7 and z follows that the threshold region is identified by
7 — 1 or, at parton level, by z — 1.

We will consider less inclusive observable in the next Chapter. For now,
Eq. (1.42) is the result to keep in mind.
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Chapter 2

Resummation theory

In this chapter we briefly review the general theory of resummation. We
want to explain the motivations and the general approach. We first explain
the origin of soft large logarithms. Then, we build a very simplified argument
for resummation and we give without proof the general results for inclusive
distributions and for single differential cross sections. Finally, we present a
check of validity of one of the resummation formulae given.

2.1 Large Logarithms and Resummation

We consider from a general point of view the problem of large logarithms
and their resummation. We point out the origin of such soft enhanced terms
and explain the big idea behind resummation procedure.

2.1.1 Soft Large Logarithms: the origin

In order to understand where large logarithms come from, it is necessary to
step back and consider again the emission of n gluons by a quark line. The
process is schematically depicted in Figure 2.1.

As we have already mentioned, integration over the phase space gives rise
to divergent contributions which then cancel against loop integrals. When
the emission of n gluons is considered, the result of such a cancellation is a
term that looks like

ko —
a”(lOg(lz)> , 0<k<an-1, (2.1)

s 1—2
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1 21 2 21 . Zn
1—21 1—Z2 1—23 1—Zn

Figure 2.1: Emission of n gluons from a quark parton line. Each gluon
carries away a fraction (1 — z;) of the incoming energy. At the end, the
quark is left with a fraction z; ...z, of its original momentum.

where a = 1 for DIS and a = 2 for Drell-Yan and Higgs.
It is now clear when resummation is needed: roughly, for a value of x such
that

aslog?(1 —z) ~ 1, (2.2)

due to the fact that contributions of the form of Eq. (2.1) arise at any
perturbative order, all terms in the perturbative series become of the same
order and perturbation theory is no more reliable. We need to "resum" these
contributions.

We anticipate here that, very roughly speaking, resummation theory
provides a sort of reorganization of part of the perturbative series in powers
of s logh (as), for values of k from 0 to some process-dependent maximum
value (kmae = 2 for Higgs production and Drell-Yan), followed by their
exponentiation.

2.1.2 Soft Large Logarithms: resummation

Resummation of inclusive cross section has been achieved long ago, see [25,
9], and more recently using renormalization group arguments [15]. We just
want to outline here the procedure and main results.

Resummation relies on two fundamental facts: factorization in the soft
limit of both, the matrix element and the phase space, and exponentiation
of the factorized contributions.

For what concerns the matrix element factorization it can be proved that,
if M,, is the amplitude which includes the emission of n gluons, in the soft
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2.1. Large Logarithms and Resummation

limit it reduces to
1 n
My(21, ..., 20 [7'1—[ (2 ] % My, (2.3)

where z; are the vanishing fraction of energy of the emitted gluons and M,
is the amplitude with no extra gluons. In QED the proof is quite simple,
whereas in QCD complications are due to the non abelian nature of strong
interactions.

On the contrary, in the same kinematic configuration, phase space does not
factorize. It gives instead a constraints of the form

dzidze -+ - dznd(z — 2122+ - 2p), (2.4)

which is clearly not factorized. Nonetheless, we observe that under a Mellin
transform phase space factorizes too. In fact, we have
Ldz
/ N6 (z— 2z zn) = 2N 2N, (2.5)
0 z

Overall, factorization does actually take place, provided we consider it
in the reciprocal Mellin space.

We also observe that Eqgs. (1.42,1.43) are in the form of a double mul-
tiplicative convolution. Then, if we take the N-th moment on both side of
Eq. (1.42), we get

Z Lij(N)Cii(N)

2.6
—Zf N)FP(N)Cij (N) 20

In N-space it is also simple to isolate threshold contributions. In fact, in
the large N limit, only the region z = 1 is picked up. We refer to Appendix
[A.3] for a more quantitative explanation. In N-space with large N, the
tower of logarithms of Eq. (2.1) is converted into the tower of logarithms

alogh(N) 0<k<2n. (2.7)

In general, a plus prescription of the form of Eq. (2.1) in direct space
converts into a complicated function in N-space, which behaves, for large N,
as log’€+1 (N). Regular pieces in the partonic cross section are suppressed in
the large IV limit by some power of N. More details about the the behaviour
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of function and distribution under the Mellin transform are summarized in
Appendix [A.3].

Factorization of both, the matrix element and phase space, results in the
complete factorization of the coefficient function itself:

ColN) = - (CUN)", (23)

where C,, is a shorthand for the coefficient function due to the emission of
n gluons. Retaining only the most divergent (leading) term, we would find

Csoft( ) Nzl /1 dZZN_14A1 (10g(1 — Z))
+

0 1=z (2.9)

1 1
=24, log*(<) + O(N)v

N
where A; = C4/7 for Higgs. Resummation of Leading Logs (LL) is almost
done. If we sum over all possible number of gluons we get the promised
exponentiation

C™ (N, as) Z ay Neoft
o (2.10)
=25 [ N)Jg, = expla C (V).

2.2 General Resummation Theory

The simple discussion above given can be put in a more complete form, also
taking into account effects due to the running of the coupling. We will only
give the general result with no proof.

The right expression to substitute Eq. (2.10) with, is, see [9, 25, 15],

C"™ (N, as) = go(as) expS(ozs log(N),ozs>, (2.11)

where gy is given as a power series in the coupling and it contains all
the constant terms! and the exponent S()\, ) is called Sudakov form factor

'constant in the large N limit
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and it collects all the logarithmically enhanced contributions. Its logarithmic
expansion is given by

SOna3) = 1)+ 42(A) + asgs(N) + (212

where A\ = a;log(N).
Formal expansions of the g coefficients are

go(as) = Z 90]'01?; (2.13)
=0
9N =D N, g =0, (2.14)
i=1

In order to better understand what N*LL accuracy means, we first ex-
pand Eq. (2.11) up to some fixed order, for example O(a?).
Defining L = log(N),

O™ (N, as) =goo + as[g12L? + ga1 L + gou]

9 9
+a§[%L4 + (912921 + g13) L* + (gﬂ + ga2 + g12902) L* + O(L)]

2
+0(a?).
(2.15)

The LL accuracy is given by the function g; and it predicts the complete
series of logarithms? a?L?". If we included the function g, then we would
have a NLL prediction. At NLL accuracy towers of logarithm o?L* with
2n — 2 < k < 2n are included.

We observe that in the exponential expansion, also logarithms of lower or-
der appear. It is important to point out that their coefficient cannot be
correctly predicted at this accuracy. To better understand this fact, con-
sider, for example, Eq. (2.15). It is the correct formal expansion for a NLL
prediction, written as a series up to NNLO. Without the inclusion of the
g3 function, a contribution of order oL is naturally missing. We could -
incorrectly - say that the coefficient of the term 2L is zero. This is true
only at NLL accuracy. Moreover, if we computed the series expansion up to

O(a?), even if we are not considering the g3, would found terms out of the

2Actually, for LL prediction it would be sufficient to determine the gi2 numerical fac-
tors.
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range 2n—2 < k < 2n due to interference of lower order g; functions. Again,
also their numerical coefficients are wrong. All these logarithms belong to
the NNLL accuracy, which need the inclusion of gs.

In general, a NPLL prediction need the inclusion of the g; function up
to i = k + 1, and the correct expansion of the gy to the same perturbative
order. Terms up to the k-th power of In(NV), with 2(n —p) < k < 2n will be
correctly predicted.

A remark about the go: though in a LL prediction gg is completely
harmless, this is not true for a higher logarithmic accuracy. It is clear, from
Eq. (2.15), that the go can interfere with the g;, giving important logarithmic
terms.

The matching procedure

We conclude this section with a brief description of what is called the match-
ing procedure. In fact, the resummed expression need to be matched with
the fixed order prediction. The former, is a valid improvement only near
the threshold, whereas the latter is the correct perturbative approximation
far from the threshold region. We can’t just add together the resummed
expression and the fixed order one, because we would count twice large log-
arithms coming from low perturbative order. The right thing to do is to add
the two pieces but also subtract the fixed order expansion of the resummed
expression. This is more easily understandable in formulae

CNIEO(N fg WICIN) + CI8,, (V) fj [ (o))
20 20 dodl
(2.16)
Eq. (2.16), or rather its inverse Mellin transform, is the final observable re-
sult.
We want now to extend this treatment to less inclusive quantities, in par-

ticular differential distribution.

2.3 Transverse Momentum Distribution

In this section we consider transverse momentum distribution for the pro-
duction of a colour singlet system

hi+hy — S+ X. (2.17)
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2.3. Transverse Momentum Distribution

We indicate with pr the transverse momentum of the target system S and
with @Q? its invariant mass, whereas M)% will be invariant mass of the extra
radiation.

Requiring the invariant mass of extra radiations to be non negative, M)z( >0,
then the integral in Eq.(1.39) is restricted to

dos

1
e, skt =3 [ (

2 day fi(21, 1)
VEp+1+ fp) F

1 dé;; . T
2 ) 2 (] . 2 2
uﬂ(v@ﬁ1+¢§g d$2fﬂaa,uF)(%b(ggggwnnuR,uF%
z1

(2.18)

2
where §, = g—TQ. For later convenience, we define the parameter

a@»:(J@+1+¢§f. (2.19)

We are interested in finding a transformation which recast Eq.(2.18) in the
form of a convolution, as Eq.(1.42) was. That is provided by the following
rescaling of the variable 7, Eq. (1.40), and, consequently, z, Eq. (1.41)

™ =7a() 2= za(&y). (2.20)

After the rescaling, we get

1do, , Vdz' (Y dy .y 7' N @), 4G,
;d?p@) _izj/Tl Z,/Z ;fi (7y>fj (y) d€, (=)
/

Ldy T
=% [ S50
ij

(2.21)

This equation has precisely the same structure of Eq. (1.42).

Before discussing threshold resummation, it is worth to mention that a
different kind of resummation is also needed for pp-differential distribution
in some kinematic region. In fact, when the transverse momentum of the
final state approaches zero, one finds that the fixed order cross section is
actually divergent (beyond the LO). In that region a different kind of re-
summation is needed: transverse momentum or collinear resummation. We
are not going to investigate transverse momentum resummation and we refer
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the interested reader to the literature: see, for example, [10, 8] and many
others. We just mention here that, in order to perform transverse momen-
tum resummation, a two dimensional Fourier transform is the right recipe.
The Fourier transform is taken with respect to the transverse momentum.
In Fourier b-space the region of small pr is converted in the limit b — oco.

We now turn to threshold resummation at fixed py. It was first derived at
NLL in [14, 6]. Using renormalization group arguments, [15, 5], it is possible
to write a formal decomposition for the partonic cross section. Following
the notation of Ref. [21]3,

6y
de,

where the Sudakov-like exponent is now given by

= 50(Co(N, §))ij (90)i5(&) exp [G(N, &), (2:22)

G(N,&p) = Ai(N) + Aj(N) + Jp(N) + S(N, &), (2.23)

where k labels the recoiling partons. The decomposition in Eq.(2.23) shows
the origin of different large logarithms: A;(N) for the incoming partons,
Ji(N) refers to final recoiling partons and S is a sort of interference factor.
Explicitly, the various terms can be written as

1 N-1_1 rQ*(1-2)? 4,2
i) = [Fast [ A asta)), (2.24)
B 1 ,N-1_ 4 Q%(1-=2) dq2 N ) N Yy

Jr(N) —/0 dzﬁ /c,22(1—z)2 ?A}; (as(¢®) + B (as(Q*(1 — 2))),

(Ve +1 ﬁ( ;225)
1 N-1 _ B + 1+

S(N, fp) = _/0 dZ%AZh(aS(QQ(l _ 2)2))111 P ép D ’

(2.26)

_ 2
where Q% = Q2<\/§p + 1+ \/?p) . We observe that, consistently with the

rescaling of the relevant dimensionless variables, namely 7 and its partonic
counterpart z, also the relevant hard scale of the process, namely Q?, has
been rescaled accordingly.

The functions A and B are given as power series in ag. More detail about

3The authors of this paper try to go deeper in resummation theory, suggesting a tech-
nique for dealing consistently with both, threshold and transverse momentum resumma-
tion.
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threshold resummation for transverse momentum distribution can be found
in the references already given. Resummation results up to NNLL and, in
particular, the numerical coefficient of A and B expansions, can be found in
ref. [21].

2.4 Rapidity Distribution

In this section we consider the case of fixed rapidity. Recall that we denote
with @) the four-momentum of the final state,

Q = (Qo, Qr,Qr). (2.27)

Let’s concentrate on Higgs production, so that Q% = M%.

The rapidity along the third axis of a particle with four momentum k,,,
is defined as
1 ko + ks o 1. E+k,

V=21 — 21 .
2 ko —ks 2 E—F

(2.28)

The advantage of choosing rapidity instead of longitudinal momentum comes
from the facts that it transform additively under Lorentz transformations.
This is particularly useful, since we are often interested in switching between
the hadronic frame of reference and the partonic one.

We indicate with y = Yy the Higgs rapidity in the hadronic frame of
reference. The centre of mass of colliding partons is shifted by an amount
which depends on the the values of x1 2, the partonic fractions of momentum.
Obviously, this shift must vanish when z; = x».

Computing the right Lorentz transformation, it turns out that the rapidity
in the partonic frame of reference, ¢, is related to the previous one by
1 I
g=1y— =Iln—. 2.29
g=y-gln~ (2.29)

As promised, the transformation is additive and it vanishes, in this par-

ticular situation, when x1 = xs.

We are ready to give the general formula for the cross section. We skip
again the kinematic of the process: we are going to compute it explicitly for
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the more intricate case of a double differential distribution. We will high-
light there how to recover this result and the one for transverse momentum
distribution. If we define

N =reY  2Y=re Y, (2.30)

then, the master equation of perturbative QCD, (1.39), can be rewritten
with explicit kinematic constraints over x1 2 as

1 dog

Sy o) =2 ey / o, / dra fi(w1) f(2) Gy, g ), (231)

with implicit dependence on the factorization and renormalization scales.
The hadronic rapidity y and the partonic one ¢ are related by Eq. (2.29),
whereas 7 and z are defined as in Eqgs. (1.40,1.41).

We start by observing that y is restricted by the conditions z12 < 1. Re-
quiring m(l)’Q <1, it follows

1 1.1
§1n7'§y§ 5111;, (2.32)

whereas the condition 0 < M)Q( computed in the partonic frame of reference
brings to the condition

1 1.1
which is clearly meaningful if the following is satisfied too
2 < 1. (2.34)
We can recast Eq. (2.31) using Eqs.(2.33,2.34):
1 dU ym az
Orap(T,y) = == (7Y, ) / dxydadz / g fi(z1) fj(w2)
7_ d min
- (2.35)
x C(z,9)0(zx120 — 7)0(5 —y + = In —),
2 xI9
where Jmar = %ln(%) = —{@min and we have suppressed all sub-process
indices, for brevity. We define also the hadron-level rapidity extrema y,q, =
%ln(%) = —Ymin-

It is now clear what we are going to do next. Thanks to the double delta
functions, Eq. (2.35) factorizes exactly under a Mellin-Fourier transform,
taken with respect to 7 and y

Ymazx .
Orap(N, M) / dT/ dy N eMY g0 (T, y) (2.36)
Ymin .

= fi(N +iM/2) fo(N —iM/2) C(N, M),
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where

fi(N £iM/2) = /01 do 2NET 1 (2), (2.37)

and

1 Ymazx n-
C(N,M) = / dz N1 / dye""M2C (2, 9). (2.38)
We will show now that, if we take M fixed, the general resummed ex-
pression near threshold is given by the inclusive one plus power suppressed
(in N) corrections.
The coefficient function is symmetric in §, so we can rewrite Eq. (2.38)

considering only the positive domain of integration
1 ?jmax
C(N,M;as) = 2/ dz zNﬁl/ dy cos(gM) C(z, 7y, as). (2.39)
0 0

One can see that, if M is taken to be finite, in the large N limit only § =0
gives a contribution. In fact, expanding the cosine

M2y2

cos(My) =1 — + O(M*yh), (2.40)

we see that the first term reproduce the rapidity integrated coefficient func-

tion, while the others are power suppressed as N approaches infinity. This

can be seen expanding also the upper integration extremum near threshold
In 1(1 )+ 01 —2)? (2.41)
n—=—-(1-z -z .

N ’

and observing that in the integration over ¢, starting the second term of the

cosine expansion, powers of ¢ end up regularizing the integrand.

We can rewrite Eq. (2.36) as

Orap(N, M ag) = fi(N +iM/2) fo(N — iM/2) C(N; ) x (1+ O(1/N))
= 07ap(N, M; o) (1 + O(1/N))

(2.42)

where o767 (N, M; o) is just the inclusive resummed coefficient function
times the Mellin-Fourier version of PDFs. We have followed here the deriva-
tion given in [5]. More details and phenomenological studies may be found

there.

It was proposed years ago, [9], and recently implemented, [4, 3], a dif-
ferent approach, which take into account the full rapidity dependence. In
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ref. [5] the threshold limit is taken working in the Mellin-Fourier space, with
related variables (M, N), and by taking the limit N — oo while keeping M
fixed. As we have just shown, this is equivalent, in the large-IN limit, to
ignoring rapidity, that is integrate over rapidity. The other possibility is to
take a limit on the variable M too. This is easily done working in a double
Mellin space, (N1, N2), which is related to the previous one by the following
definitions

Ny =N +iM/2

2.43
Ny =N —iM/2, (2.43)

and then considering the two independent limits N2 — oo. Using the
definitions in Eq. (2.43) it is obvious that as Nj 2 approaches infinity inde-
pendently the following situations may occur:

o If N;/Ny — 1, then M is kept finite;
o If Ny/No — p and p # 1, then M — +o0;

In both situation, since N = (N7 + N3)/2, the threshold limit N — oo is
taken. The first case correspond to the threshold limit as it was taken in
ref. [5]: Eq. (2.43) implies that N1 o = N + O(M/N). We are now going to
explore the second one.

We have to consider how the second choice changes the integral transform

in Eq. (2.36). Obviously, a legitimate choice is performing the Mellin-Fourier
transform and only at the end change variables (N, M) — (N1, N3). But, in
this case, it is easier to consider from the beginning the change of variables.
In fact, as we are going to demonstrate now, in this case it coincides to
consider a Mellin-Mellin space instead of a Fourier-Mellin one.
The first observation we make is that in (N1, Na) space the PDFs depend
exactly on those variables separately, Eq. (2.37), and they can be obtained
just as Mellin transform, with Mellin variable N;. It is less obvious what
happens to the coefficient function in (N7, No) space. We consider again
the integral definition in Eq. (2.38) and perform the following change of
variables

{Z - ?1 N — J(21,22) = <Z12 le ) , |detJ| =1, (2.44)
— z1 1 1
Y= Elng 221 229
so that ‘
2N LMY = N1, Nam2) (2.45)
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2.4. Rapidity Distribution

and integration domain {0 < z < 1;0min < ¥ < Umaz} is converted into
{0 < 212 < 1}. Putting all together, we prove the identity

N1+ Ny Ny — Ny ) )
5 ) i ; Qs
:/ dzydzy 21227 O (2, 4 ),
[0,1]

C(N, M;ay) = C( s

where (z,9) = (z,9)(z1,22). We are just left with a double Mellin trans-
formation of the coefficient function. We abuse a little of the notation and
define

C(Ny, No;as) = / o dzy dzg 22 1202 O (2, 95 ), (2.47)

but Eq. (2.46) should clarify what we are doing.
We have proved a property of the Mellin-Fourier factorization of the cross
section, but we have not said yet if this is useful for resummation. This is
indeed the main result of Ref.[4] where it is found that resummation can
be actually performed in (N1, N2) space, retaining full rapidity dependence.
The resummed cross section turns out to depend only of a single variable,
N7 - No. Defining

w = asIn (N1 Na), (2.48)

it can be written as
Cres(w; as) = golas) exp S(w, ay). (2.49)

The Sudakov like exponent can be organized in the customary N¥LL fashion
1

Sw,ap) = —g1(w) + g2(w) + asgs(w) + -+, (2.50)
S

with the ¢ function defined as power series in w.

The result has the same form of that given in Egs.(2.11-2.14), but this one
contain the rapidity information, which will enter explicitly in the direct
space result after the double Mellin inverse transform has been performed.

2.4.1 Rapidity distribution in Mellin-Mellin space

It is far from trivial the fact that the only dependence is on the single variable
w. In this subsection, we verify this prediction.* Following the notation of

4We choose here, for simplicity, the case of Drell-Yan.
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ref. [2], we write

d’o 4o 1 1 doij(z,u)
o7 = 308 Z/ dx1/xo day fi(o) fi(w2) DI @251)
1] 1 2
where 2z = 83; and u = (x1/x2)e”2Y. We define the variable
, U—z
= 2.52
L G S ) (2:52)

and exploiting the relations in Eq. (2.44), one finds the following relations

/ 22(1 - Z%)
= = 2.
2= 2122 Y (1= z120) (21 + 22) (2.53)
Z(l — y(l — Z)) ! /
— <)) = 1—1]. 2.54
21 \/ Py G =zl & 1-y] (2.54)
Moreover, since z; = x¥/2;, the following change of variables holds
dlL‘l d{L‘Q = % le dZQ. (2.55)
D)
The partonic cross section can be decomposed as follows
Wi L[+ (%) + 0(a2)] (2.56)
dY 1—z1zLl"V w /' 50
where the first two coefficients are, [2]:
ny) = Q2[oigdq + i+ 31]0(1 = 2)[6() +6(1 = y)], (2557)
1 8 22
Mg = Qi3 75 100+ =4[50~ 2) (22— 4)
log(1 — 2) 1+ 22
4] —=—>= —=2(1 log(1 — z) — 1 1-—
+ [ - L (14 2)log(1l —2) . ogz + z}
(1-2)?, N 1+22 /1 1
(2.58)
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2.4. Rapidity Distribution

At LO the delta functions forces us to to pick the ¢q channel. At NLO also

other channels contribute. We gave the corrections to the gg channel.

Following [4, 3|, we are interested in computing the large-N; limit of
1 doij(z,u)

Ay (N1, Ng) = /d Ni-1]
i \UV1, LV2 Z];[2 Zi%; 2122 dy

(2.59)

Thanks to delta functions, the LO is easily treated

2o(1 — 23
6(1 = 2)o(y") = o(1 - le?)é((l - 221(;[2)(211:' 22)>

(1 — 2’2)(1 + ZQ)
229

:(5(1—2122)5(1—2’1) :5(1—,22)(5(1—21) (1—2’2),

The case with 3’ <+ 1 — ¢/ is just the same with 2; <+ 2z5. Observe that
we cannot evaluate the last factor giving a null term because of the overall
factor in Eq. (2.56): the two cancel against each other. The full LO is

Mg =2Q26(1 — 21)5(1 — 2) (2.60)

Under double Mellin transform, we get

1
/ dzidzy 20 2521, = 2Qg (2.61)
0

N-dependent contribution can only be found starting from the next order.
Looking at Eq. (2.58), the first addend is just made up of delta function, so
it can be treated as the LO and it gives other constant contributions. Terms
that give N-dependent contributions in Mellin space are

qu —— 400 +6(1—y)] [logl(l__zz)L (2.62)
e Py (1
O () <[y1++[1—y]+>‘ (269

All the other terms in Eq. (2.58) give power suppressed contribution for
large N;. Te Jacobian of transformation Eq. (2.53) is
dzdy’ 21 —y(1—2)]1—-(1-y)(1-2)]
dz1 dzo 1— 22 ’

(2.64)
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using which we can recast the term in Eq. (2.62) as

2 log(1 —
’ L[5(1//) +6(1—19)] [M} +zivl 2 M2z dzy

31—2)1+=2 1—=2
32z N i rlog(1 — 2) (1 — 22)dzdy
R St Rl e W e ) (e T )
_ 1627 N ~yrlog(l —2) dzdy'
e e S R = (=) (= = (=)
(2.65)
Exploiting the delta functions we can perform one integration, getting
16rlog(1 —2)7  n,1, qlog(1—2)7 N1
— || = — 2.66
SH 1—2z er +[ 1—2 er } ( )

where we have also used z1(y = 0) = 22(y = 1) = 1 and 22(y' =0) = 21 (¢ =
1) = 2z, see Eq (2.53). Using integrals Eq. (A.27) from Appendix A.3 of this
thesis, we can compute the final Mellin transform, which is, for large-V;

2[(105;2(]\71) + 2yglog(N1) + 7% + G2) + (N1 — N2)} + O(Ni)- (2.67)

i
The other relevant term is

8 22 (1—2)? 1+2% /1 1 1
st ) e Gt e O

Using the distributional identities of table S2 in Appendix B, [20], the last
expression becomes

g [( _ (m(l_zl))+5(1 —29) — (21 ¢ 22))

1—21

(2.69)

+(25), (725, + o0 - =

1—21/4\1 — 29 o

where dots stand for contributions that would be power suppressed in the
large-V; limit. Again, using integrals Eq. (A.27), expression (2.69) becomes

2

—g [%(logQ(l\ﬁ) + 27k 10g<N1) + 7% + %) 1 (Nl « NQ)

7T2
— (v + 10(N) (1 + log(N2)) = =] + O()

)

(2.70)
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2.4. Rapidity Distribution

The sum of results (2.68) and (2.70) is, at logarithmic level

1
2CF log?(@) + O(~), (2.71)
N;
where we are using the notation of [3], with @ = Ny N2e?7?, and introduced
the group constant Cr = %. At logarithmic level, our result agrees with the
one from ref. [3] °.

We have explicitly verified the announced prediction. What we are go-
ing to do in the following Chapters is consider the even less inclusive case
of a double differential distribution, that is differential both in transverse
momentum and rapidity of the final state. We aim at extending the double
Mellin approach given here to that case.

5The hard scale, the renormalization and the factorization scales need to be set equal.
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Chapter 3

The fully differential
distribution

In this chapter we consider the fully differential distribution for production
of a colorless final state S plus other undetected radiation, X. For the rest
of the thesis we will focus on Higgs production (S = H), computed at NLO.
First, we briefly explain how Higgs production process are computed in the
high m; limit. Then, we give the general kinematics for this process. Since
we are interested in soft large logarithms, understanding the kinematics is
fundamental to identify the threshold limit. After that, we show how the
cross section factorizes under a Mellin-Fourier transform. Finally, due to the
fact that we want to explicitly compute the Mellin-Fourier transform of the
partonic cross section, we perform a change of variables in order to express
the partonic cross section on integration variables. The change of variable
will be performed taking into account the fact that we are interested in the
threshold limit.

3.1 Higgs production in gluon fusion: the effective
interaction

In proton-proton colliders, the Higgs Boson is mainly produced through the
gluon fusion channel. Gluons do not interact directly with the Higgs, so
the intermediate step is a quark loop, Fig. 3.1 on the left. This results in
very difficult calculations, due to the presence of loops already at LO. As
a consequence, the calculation is usually performed using an Effective Field
Theory (EFT) approach, in which the top quark mass is considered large
compared to the Higgs mass, myop, > mpy. This is the same strategy which
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CHAPTER 3. THE FULLY DIFFERENTIAL DISTRIBUTION

Figure 3.1: Higgs Production in gluon fusion in the Standard Model (left)
and in EFT (right).

reduces the electroweak theory to the Fermi theory for the beta decay.
By removing the top quark from the theory, it remains an effective Higgs
gluon coupling, [16],

Lejp= —3(1 ~ CwH) Gy, G, (3.1)

where Cyy is called the Wilson coefficient and it is given, [24], as a series in
Ug,

_ O Qs 2
Cw =5~ (1+ oA 0(a?)), (3.2)
with coefficients
A=5N.—-3Cp=11, N.=3 Cp=4/3. (3.3)

The effective three fields vertex ggH is depicted in Fig. 3.1 on the right.
Vertices with more gluons are characterized by more power of ag. The
partonic cross section that we are going to give has been computed by means
of this EF'T scheme.

3.2 Kinematics and Notations

3.2.1 Notations

We are going to consider the process
hi(Pr) + he(P2) — H(p) + X(Q), (3.4)
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where h; are the colliding hadrons, H is the outgoing Higgs boson and X
labels any extra undetected radiation.
Since we are going to consider only the gluon fusion channel, we are also
able to represent the partonic process

g(p1) +9(p2) — H(p) + X(Q), (3.5)

where p; = x;P; are the partonic momenta, carrying a fraction x; of the
hadron momenta. The four momenta characterizing the process are, in the
hadronic frame of reference,

p1=%a1(1,0,0,1)  po = %ws(1,0,0, 1)
(3.6)

b= (EHaﬁTvpL) Q = (QOvQT}QL)a

where s = (P + P»)? is the squared centre of mass hadronic energy.
By defining the rapidity and the transverse mass of the Higgs as

y = 1 In En+pr
2 Eg-—pL
and after a little algebra, one finds that the Higgs momentum may be rewrit-

ten as

2 2 2
) mp=mg +pT7

p = (mg cosh (y), pr, mr sinh (y)). (3.7)

We recall the definitions given in Sec.2.3:

2 2
fp:% a(fp):<V§p+1+\/§7p)a
mr =mpgy/1 +fp. (3.8)

Just as matter of convenience, we are going to parameterize the transverse
momentum by means of the dimensionless variables £, and a(¢,), instead of
pr. Note that the limit in which the Higgs becomes collinear, pr — 0, is
represented by either {, — 0 or a — 1. In general, from the definition and
the non-negativity of &,, follows that 1 < a(&).

Keeping in mind the total momentum conservation law

p1+p2=p+Q, (3.9)
we can define the customary Mandelstam invariants
§=(p1+p2)’=(p+ Q) = sz,
t=(p1 — Q)2 = (p2 _p)z = m%{ — \/szomye?, (3.10)
@ = (ps— Q) = (p1 — p)? =m¥ — Vszympe ™.

so that
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These invariants satisfy!
Q*+my =8+1t+a (3.11)

It is more convenient to compute the kinematic boundaries in the par-
tonic frame of reference. We know how to shift the rapidity from the
hadronic to the partonic frame, Eq. (2.29). In this frame, the four momenta
in Eq. (3.6) become

b1 = 25(17070) 1) D2 = 28(1,0,0,—1)

<
<

p = (mpcosh g, pr, mpcoshy) Q = (v/5 — mp cosh(y)), —pr, —mr sinh §),

(3.12)
where we made use of Eq. (3.9). A few, maybe obvious, remarks about the
Lorentz boost from the hadronic to the partonic frame:

e pr it is left unchanged. The boost is performed along the third axis;

o From the previous observation and from the rewriting of Eq. (3.7) it is
clear the Higgs momentum just changes in its rapidity variable. This
is why this parametrization proves manageable.

In the partonic frame we also rewrite ¢, 4 as
t=m3 — Vémpe? @ =m% — Vampe™. (3.13)

In order to make the calculation simple, we just need a little more of
notation. We define, as we did in the previous Chapter, the scaling variables

m2 m2
Ti=—4 z=-"—= A
" (3.14)
7= Ta(§) 2= za(&)
3.2.2 Kinematic
The two condition which defines the physical region are
Qo >0 (3.15a)
Q? (3.15b)

! This is absolutely general and follows from the conservation of the total momentum.
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By requiring the condition Eq. (3.15b) on @, Eq. (3.12), one finds the
following condition for ¢

a+ 2

Va(a+1)

Noting that the hyperbolic cosine is always > 1, it follows that

cosh () < (3.16)

<1 v z'ZaQ.

The second solution does not satisfy the positive energy condition Eq. (3.15a).
From this result, the inversion of Eq. (3.16) and the fact that 1 2 have upper
limit 1 by definition, it follows that

< <1
N N R (3.17)
Ymin < U < Ymaz,

where the rapidity extrema are

Umaz = _gmzn =1In [CL +7 4 \/(a2 - Z/)(]. — Z’)
/ VZ'(a+1) (318
=In [w}
V2 (a+1)

with the further definition

R:= \/(az—z’)(l—z’). (3.19)

Boosting back the solution for the rapidity one should find the lower extrema
for the partonic fraction x1 and xo, that is the double differential analogous
condition of Eq. (2.30). This is not algebraically trivial, because it involves
the solution of highly non linear inequalities. On the other hand, as we are
going to show below, we do not really care about those limit for what we
are going to do.

The important result to keep in mind are the extrema in expression (3.17).
We expect the cross section to show enhanced contribution on those bound-
aries. In the following sections we will consider the explicit expression for
the cross section, verifying that this is indeed the case.

In the previous chapter, we promised we would have said how to re-
cover the single differential kinematic. It is sufficient to look at the explicit
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expression of conditions Egs.(3.15a,3.15b) and vary pr (for the rapidity dis-
tribution) or y (for the transverse momentum distribution) to find the widest
range possible for the x; to satisfy those constraint. Not surprisingly, they
correspond to taking pr = 0 and y = 0, respectively.

3.3 Fully differential distribution at NLO and its
Mellin-Fourier transform

The fully differential cross section for the production of a Higgs boson of
transverse momentum pr and rapidity y can be computed in pQCD and
written as

do
dépdy

64

1
2 2
- ' ; 2
Zz]:/o d.’,lfldl?fl/hl(xlaMF)fj/hg(x%MF)dSpdy? (3.20)

where the partonic subprocess is ij — H + X and 7, j = g,qy, Gy, for every
flavour f.

The partonic subprocess is computed perturbatively in the strong cou-
pling, as(ur),

déy; _ oa(éy) [Oés(/Jz«z)G(l)Jr (M)QG@,M...}, (3.21)

dédy 2 21 i 27 i

where oy is the tree level inclusive cross section

oo = &(a;g‘f))Q. (3.22)

Kinematic boundaries in Eq. (3.17) allow us to write

(Y, &) = / dridxadz / dgo(m" — xrxe2')
<55 —y+ o™y 21 5, |
Yy Yy 9 79 dé—pdy »YsSp)s

with implicit dependence on the coupling and on the factorization and renor-
malization scales.

As we did for the case of rapidity distributions, Eq. (2.36), we take a com-
bined Mellin-Fourier transform, with respect to the scaling variable 7/ and
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the rapidity of the Higgs boson, y, and we get

Ymazx .
O WM ) = [N [T et Py )
dfpd Ymin dfp (3 24)
. . dé ‘
= AN +iM/2)fo(N — iM/2) - 5(; (N, M, &),
where
1 .
Fra(N +iM/2) = / da aNEMI2L o (), (3.25)
do‘ Imax RN da'
C(N,M,¢,) = N, M) /dz' IN= 1/ dge™M9 20,6
( gp) dépdy( ?}min y dépdy( y é-p)
(3.26)

The C coefficient, or rather its Mellin-Fourier transform in Eq. (3.26), is
the object of interest of this thesis, in particular its threshold limit. Exploit-
ing the symmetry § <> —¢, it is more convenient to compute C(N, M, ¢&,)
as

ymaz N
C(N, M. &) = / ! [ g 4 M) 0 g)

],

tmazx

iM—1,aM /Nl iM—1 zM/Nl
{ t tmaz +t tma:}c )

x C(2',In(t) + In(tmaz), &p) | »

(3.27)

where we have defined
t = e?/e@maw (3.28)
mazr = eymaz (329)

We now turn to the perturbative expression for the partonic process in the
gluon fusion channel, that is 1 = j = g.

3.3.1 The LO

following the notation of ref. [16], at LO we have
GS) = gi;0(Q%), (3.30)
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where, for i =j =g

m%+§4+£4+a4>
sta ‘

999 = Ne( (3.31)

Eq. (3.30) tells us that at LO there is just one parton recoiling against the
Higgs boson, so @ is actually the four momentum of a real single particle,
and it must satisfy the on-shellness condition.

3.3.2 O(as) corrections

The order O(ay) corrections come from two different sources: the interfer-
ence between one loop diagrams and the Born level and one parton real
emission diagrams.

The final result can be decomposed into a singular function plus a regular
one

G = el + g (3.32)

i )

where "singular" means that it contains all the enhanced logarithms as pr —
0 and all the plus distributions arising from the cancellation of soft and
collinear singularities.

We are interested in the singular part since it gives enhanced threshold
contributions. Following again the notation of [16], we have
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G = 5(Q2){(A + 84 NU)gyg

(Vo= Np) S /9) + (i ) + (/) + m%]}

2 Zt n — Zt
+ {(_1£> [ — Pyg(2) In A(M_wﬂ + Pgg(2t) <1§1_2t)>+ Gga,t(2t) (I)
2

+ (_if) [ — 2n§Pye(2) In g + 2nfC;g(zt)] 9qg.t(2t) (I)

2t n(l —z n Q22 /(—
+ (t)< 1 51_ o ))+_1 gT_ Zigﬁ) (I11)
[l 5% 0 @) sty 84 42" (02" @)

2 sta

t 1 B m; + 5% + + 2z, () 20)* + (@) 20)Y))

7(3 <1—Zt>+20NC< B st > (IV)

[(m% + 8+ Q%+ (i/z)") + (/1)) (Q* + QF)

2
N; 20702 +

2miy (3 = D'+ (my — @) +at + )] 1

$Ta(my — (% — ) 2
(3.33)

where the following variables have been defined
—i,4

Rty = my (3.34)
Qr = Q° + 7. (3.35)

The function g4 is the same of that at LO, whereas g 4/, can be found
in [16].
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The AP splitting function are, [16]

1+24 4+ (1—-2)*

Pyy(z) = N, + Bod(1 — 2),
I 50
Pyy(z) = Cp [f]

Plus distribution are defined in Appendix [A.2]. Finally, the numerator of
the splitting function is given by

1+z4—|—(1—z)4]

- (3.37)

Pgg(2) = (1 — 2) Pyg(2) = Nc{

All the function that we have not explicitly written, namely A,d, U,
give regular contribution near threshold. Their analytical expression can be
found in Ref.[16].

3.4 Fully differential distribution at NLO: thresh-
old behaviour

We are now ready to use our kinematical analysis to show where enhanced
soft contributions come from. Plus distributions arise in cancellation of soft
singularities. As a consequence, the regularized endpoint, namely z;, = 1,
should correspond to the kinematical extrema we found, (3.17):

o if 2/ — 1, then the partonic process is in threshold and all the radiation
become soft;

o if |§| — Umax then radiation on one of the two incoming partons be-
come soft;

Clearly, the first case includes the second, because whenever z/ — 1,
then ¥maz = —Umin — 0 and ¢ is constrained accordingly.

In order to verify this, we rewrite z:, in terms of 2/, § and the fixed
parameter a(&,). We have

1)ed —2v/2" o S
2 = \/?M—aﬂ):_y 2y = 2|7 < —7]. (3.38)
Then, the claim is verified just substituting the boundaries in Eq. (3.17)
into Eq. (3.38).
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A careful analysis of each terms in Eq. (3.33) shows that there are not
other singular contributions.

We know where possible soft enhancement come from, so we can proceed
with the study of the threshold behaviour of the partonic cross section.

3.4.1 Threshold evaluation of regular contribution

Regular contribution are function f = f(2/,¢;§,) that can be evaluated for

2/ =t =1, that is for Q® = 0 with correction of order O(1 —t) or O(1 — 2)

which are of no interest in the search for soft enhanced contribution.
Starting with the LO, the g4¢ of Eq. (3.31) is given by

8 +8at + (a —1)*
_ 2
Ggl—t=1 = Nem; | 2ela—T) ] (3.39)
At NLO we need to consider the following (see (I-II) in Eq. (3.33))
6a4£4
1+a*+ %G(a — 14+ 1a_14”
Gggial==t=1 = Nem;| . =), (3.40)
gpa

Moreover, regular coefficient of lines (III-IV) can be evaluated at thresh-
old. It is not particularly interesting to give them here. They just reduce to
contributions proportional to ggg|./—¢=1.

As final observation, we want point out that the expression in Eq. (3.40)
becomes equal to that of Eq. (3.39) if the small-py limit is taken. In fact,
they both behaves as

2 N.m?
&p

We need to proceed very carefully here, since the small-p; limit is not
trivial. We are considering two limits, the threshold one and the small-pr
limit. It turns out that this two limits do not commute. We postpone this
issue for later. For the moment, we just keep in mind the small-py limit of
Eq. (3.41). In this case, the limit is taken after the threshold one.

as & — 0. (3.41)

3.4.2 Change of variable of singular contribution

We now turn to the change of variable in the singular contribution. We need
to express the plus distribution in terms of the variables 2z’ and t. The full
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derivation can be found in Appendix [B.1] .

Here we give the result:

j&lj%)+=ngﬂlig+—&1—wm@>

(3.42)
1 1—1t)?
+p4+§+065)ﬂ’
2o (In(1 — 24) 2z Inl—t¢ 1
—a( 1— 2, )+ mifRR 1—t /+1-%(1—t)
_ (1 1 t)+ - _12((’;)_ 5t %1112(,))5(1 —1)  (3.43)
1 In(1—4%(1-1)) (1 —1t)?
+<1—t>+ 1—5{14) +O< R ﬂ

where R is defined in Eq. (3.19) and has threshold behaviour given by

R=/(a?~1)(1 - )+ O((VI—2)?) (3.44)

We have also defined the following

1 fa—1 1

_1 4
P=3 a+1+1-2 (8.45)
w=2 (3.46)

2
At LO the main contribution is given by §(Q?):
2 7 (1) ]

= 1— . 4

Q= oy s -0+ 0(55) (3.47)

A validity check One possible way for verifying the validity of this change
of variables is the following one. We consider the inner integral in Eq. (3.27)
and set M = 0. In that case, the integral over the ¢ variable gives nothing
else than the rapidity integrated cross section, computed in the threshold
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limit. As an example, consider the contribution labelled by (IV). We have

(IV) = 7(%) (1 _1 Zt)JrioNC(m% + 8t +thu;§2/2t)4 + (a/zu)4))>

Bo o R 1

B 999|z/:t=1 W 1—¢

+ 1+O((1_t)2)}

t—1+ 1% R

) —6(1—1)In(p)
.

(3.48)

Apart from the delta function, which is trivial, the integral over the plus
distribution and the one over the rational function are given in Appendix B.2
and at the end of Appendix B.1.2. It turns out that

' 1 2 !

1 z
dt (IV) =
/tmm (v) miva? — 11— z’{
2

+2In(2) In(1 - 2) + 21n?(2) — % +O(I— )}

(3.49)

All other contributions may be computed in the same way using results
from Appendix. B.2. all the integrals reproduce the correct threshold be-
haviour of the pp-differential partonic cross section.
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Chapter 4

Fully differential threshold
behaviour in Mellin-Fourier
space

From the previous chapter we know where soft enhanced contribution come
from. Moreover, we have also shown that under a Mellin-Fourier transform
taken with respect to the variable (2, t) the cross section factorizes into the
product between the Mellin transform of the non perturbative PDFs and
the Mellin-Fourier transform of the partonic cross section. We expect soft
large logarithms to appear as logarithm of the Mellin-Fourier conjugated
variables. Given these facts, in this chapter we are going to look into the
master integral in Eq. (3.27).

First, we present the full double transform performed on the small pp-limit
of the cross section. Then, we attempt to generalize for arbitrary, fixed,
transverse momentum. We compute the integration of the first order of a
suitable expansion and formulate a conjecture for the all order result.
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4.1 The small py limit
The integral in Eq. (3.27) is highly non trivial, due to the presence of ¢4z
which enters in two different ways:
e As a factor in the integrand, with exponent iM;
e As lower limit in the integration domain;
We recall here the expression for t,,q::

VZ'(a+1)

B LA 4.1
a+ 7 +R’ (4.1)

t??z}zw('z,? fp) =

where

R=/(a?—2)(1—2). (4.2)
Even when the inner integral of Eq. (3.27) is performed on a delta function
0(1 —t), then we also need to compute

1

[ Nl i, (4.3)
an integral which, given the expressions Eqgs.(4.1, 4.2), we have not been
able to compute exactly. The situation is worse when plus distribution are
involved.

We decide to consider the more manageable situation of the small pr
limit. The reason is that as pr — 0, the kinematic approaches that of the
single differential rapidity distribution, a situation we we know how to deal
with. Moreover, we know that the result near the threshold will be made
up of contributions that are either independent from pr or proportional to

log(pr).
We are going to deal with a double limit:

e The threshold limit, represented by N — oo and, possibly, :M — +o0;
e The small pr limit;

It is really important to keep in mind that this two limit cannot be freely
interchanged. Consider, for example, Eq. (4.1), and its threshold expansion
at fixed a(&,

)
tmax:1_,/23\/ﬁ+0((m)2)

v 1; Z a1+ O(Va=12) + O(VT= 7))

(4.4)
-1-
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On the other hand, if we took the small pr limit first
tmaz = \/; + O((a - 1)2)

1
=1-5(1-2)+0((1-2)")+0((a=1)*)
The kinematical origin of these differences can be easily understood.
The emission of one parton of transverse momentum parameter &, in a
process characterized by the partonic scaling variable z, has phase space
proportional to

(4.5)

2
APy o dzdkr (4.6)

(1—2)2—4z¢,

One must choose one order or the other in the evaluation of the thresh-
old and small pr limit. Until now, we have considered the more intricate
situation in which we consider the threshold limit at fixed py. The hope
is that, after the threshold expansion, the small-py limit could simplify the
final calculation. For the moment, we postpone the problem and step back
for a while: in the next subsection we treat the case in which the first limit
we take is the small-p7 one. This calculation should reproduce the already
known result of transverse momentum resummation.

4.1.1 Threshold evaluation of small-p; distribution

As we have just said, the small-py limit may display new divergences. We
cannot rely on the change of variables Section 3.4.2 anymore, and neither
on the results of Section 3.4.1. For example, consider Eq. (3.31) and, in
particular, its denominator. At fixed pp, the Mandelstam invariants admits
the threshold evaluation

ﬂ['g:ﬁm(maz/:l] = 22}/1 (Z, —a— R)z’:l = m%{(l — CL)

~ m
Ufg=farr=1] = 5y (2 = @t R)zrmy = miy(1 = a).

Consider #, @ in terms of the 21 o variables of Eq. (2.44) and take the small
pr limit

2 2
- 1

lim —¢ = lim @(a—l— - 22) = @(1 — 29)

a—1 a—1 z9 2 29 (48)
2 2 :
my ra+1 m

lim —@ = lim —2& — ) =—21-2).

fim = pim S (T ) =0
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Since the kinematic in this limit is the same as that of the rapidity distri-
bution, the threshold limit is encoded in z12 — 1. Whenever Mandelstam
invariants appear in the denominator, we cannot take the small momentum
limit so easily as we did in the last equation. We need to single out the
divergence in term of a vanishing pr.

The correct change of variables for this particular limit can be found in
Appendix [B.3]. Here we show with an example how it is possible to isolate
the most divergent - in power of pr - term.

Consider the following

1
— X (4.9)
(=)
and a test function f . Under integration
/dzf a+1 —/d a+1 — +f /dz
(4.10)

a+1
_ /0 dz f(2) fz)+ +0(1-2)In (5)] +Ola—1).
The neglected contributions come entirely from the expansion of the denom-
inator of the first term.
In other words, the following identity between distributions holds

(a;ll_z) = (1iz)++5(1—z)ln(a+1)+(’)(a—l). (4.11)

Here the most divergent term is not divergent at all, it is of order (pr)° times
a contribution which is pp finite or proportional to a logarithmic divergence
in pr. We show now, with another example, how a power divergence in pr
could arise. We start squaring Eq. (4.9), and proceed in the same way as
above

—/ dz ga(z +1 +a2—1/0 dz f(2)6(1 — 2),

(4.12)
where we have defined the regular function
flz) = (1)
2

62



4.1. The small py limit

Note that, also in the limit a — 1, g1(2) is regular!. We can exploit
Eq. (4.11) and write

/01 dzf(z); _ /01 dz lgl(z)Kl i z)+ +6(1—2)In (Zi_ 1)}

@_22
2

f(z)6(1 = 2)

+ + (pr - vanishing terms)

2-1

a2 —
! 4 .

= /0 dz f(2) o [5(1 — z) + (pr - vanishing terms)]

(4.14)

Consequently, retaining only the most power divergent contribution, the
result is a delta function. Following analogous procedures, it is possible to
treat each line in Eq. (3.33). Before we give our results, we need to say
something about what happens to the coefficient g4y and g4 /-
The gg44s can be treated as follows. First, we define
ti
Jgg = mi‘}q 999> (4.15)

which can be evaluated at threshold and gives

§99|a:1721:z’2:1 = 2771%—1]\713- (4.16)
Similarly
1
ggg,f|th7“68~ = ggg,ﬁ’thres. = 1 ggg‘thres" (4.17)
Epmy

Importantly, the Yg9.i/0 functions show an extra enhancement in pr, as
Eq. (4.17) shows. When computing the change of variable using the strategy
outlined above, this fact has important consequences in counting powers of
pr in the denominator. The outcome is that only lines in Eq. (3.33) with
AP splitting functions leaves singular (in threshold) contribution also in the
small-pp limit. All other pieces give at most delta function. We can con-
vince ourselves that this is correct. In fact, in the limit of small-py, we
know that all N-dependent logarithmic contributions come from anomalous
dimensions: in this case, the AP splitting functions.

LAt least continuity over [0,1] is ensured because the test function is supposed to be
regular.
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Coming to the kinematics, we have already anticipated that it trivially
reduces to one of the differential rapidity distribution one and, when the
change of variable in Eq. (2.44) is performed, it leads to a double Mellin
transform.

Using results in Appendix. A.3.1, we find that the double Mellin trans-
form of the small-pr limit of Eq. (3.33), is given by

1 1
/0 dz z{vl*l/o dzg 2271 [G%S)} =

1§g2g{ n (@) [ — AN, (v% + vE In(N1Ny) + In(N1) In(N2))

&p My H

+ (27 + In(N1N2))(Bo — NeIn(&p)) + Bo ln(fp)} + 2N { — 315 (M)
2 2

m 2 T
6)+(’7E+ 6

— S (27 + (Vi N)) — 3 In(G) (5 ¥ (Ni Vo) + 7 In(Ny V)|

—2vp(vE + ) In(N1N2) — In(Ny) In(N2)(vE + In(N1NV2))

7T2

6+ ) s

+ %)

(M) In(N2)] + O(&,) + O(];)}.

(2

(4.18)

This result is compatible with the one given in Ref.[7]. In that paper, a
Fourier transform with respect to the transverse momentum and a double
Mellin transform with respect to z1 2, are taken. Reciprocal space variables
are b and (Np, Na), respectively. Taking the limit b — oo, only the contri-
butions from pr — 0 are picked up. In this limit, the cross section is shown
to exponentiate as

C" o H(N1, No; ais) { exp [G (N1, b; ais)] exp [G(N2, b; o)) }- (4.19)

The two exponential carry the full pr (b) dependence. Since they can be
easily put together in a single exponential, it follows that each contribution
proportional to b can depend only through the product NyNs. Our result
in Eq. (4.18) agrees with this.
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4.2 Threshold behaviour for fixed pp

In this section we deal with the case in which we first consider the thresh-
old limit for the cross section and then, possibly, the small-pr limit. We
encounter a difficulty, which can be easily understood if we look at the inte-
grand in Eq.(4.3). Since we would like to take the +oo limit of the variable
1M, we cannot take the small-pr limit, not even on the threshold expanded
expression Eq.(4.4), because of that divergent exponent. It is not a priori
clear how to take this limit before the explicit evaluation of all the trans-
forms and of the large (N,7M) asymptotic expansion. This is exactly what
we would have preferred to avoid in the first place.

We propose another way of proceeding by "brute force'. Coming back to
the general expression for the integral, eq.(3.27), we perform the following
Taylor expansions for 2’ — 1:

e tmax appears as limit of integration. Use the expansion for t,,q,, first
line in Eq.(4.4);

« Expand t*™ around t = 1. This is justified by the fact that the domain
of integration is pushed toward the endpoint t =1 as z — 1;

M
max:*

o Expand also ¢

If the first is supposed to be harmless to our calculation, the second and the
third expansions are quite subtle, due to the presence of increasing powers
of iM besides those of (1 — z) or (1 —¢). In fact, we cannot discard terms
of the form (1 — 2)* if they are multiplied by the same power of iM. Our
aim is to use integrals computed on the first - relevant - order expansion to
formulate a conjecture for the general result.

Define the expansion parameter
b:=iM. (4.20)

It should not be surprising that this calculation turns out to be analytically
long and tedious, due to the numerous series expansions. Accordingly, we
are not going to give the full computation. We just outline the procedure
and give the results. General integrals may be found in Appendix [B.4],
leaving out all the algebra.

We start making the following observation: the result is completely symmet-
ric under the exchange b <+ —b, reflecting the forward-backward symmetry
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in rapidity distribution. Consequently, overall expansions need to be per-
formed at least at order O(b?), because the first order will always cancel.
The order O(bY) corresponds to set b = 0 and it reproduces the rapidity in-
tegrated results, as we have already pointed out at the end of Section 3.4.2.
The following expansions is everything we need

2 _
—l—b a 1

\/f + b )(1 —z)
+ 0% + O \/ )3/2) (4.21)
P =1-b1—1t)+ b;u 12+ 00%) +O((WVI=2)%?).  (4.22)

At this level we need to retain also the order O(b), since we always

encounter the product ¢°(; 1a )M in which two contributions of order O(b)
may give rise to a term of order O(b?).
At a computational level, we are left with integrals that are similar to those
we encountered when we computed the rapidity integrated result as a check.
Differences appears as higher powers of (1 —t) or (1 — z) at the numerator.
Combining Egs.(4.21,4.22) we find

P+ b b]—2+2b2 \/172 1—1t)

max

(4.23)
(1—2)+ 2(1—15) ) + O,

+2(a+1

We just need to substitute this last expansion into Eq.(3.27) and do the
calculation. The result can be decomposed as follows

/ dz' /N1 / Lt [t + b o 0| G
fmas - (4.24)

e !
B g”zﬁ:‘ff% < {CoN.g) + XV;@(N,@) +0(" },

where Cj is the result of the rapidity integrated cross section, whereas Cs
is the order O(b?) correction.
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We have:

2
Co = Bo(2yE + 21n(N)) + 3Nu(v2 — 31n2(2) + In2(N) + 2vp In(N) + %)

+ 2N, In (a2§p1>(2ny +2In(N)) —2In <m%{2(5%—1)> (Bo — 4N.yp — 41n(N)),
(4.25)
O = fol2E +2In(N)) + BN, [56 1n%(2) + % In(2) + % _ ?Wz
+1n (Z — 1)(17111(2) + ?) + (171n(2) + 1—39)(2 — v —21n(2) — 1n(N))]
+2N,.In (ffpl)(?m +2In(N)) —2In (m%{z(/fF—lﬂ (Bo — AN,y — AN, In(N)).

(4.26)

The complete NLO Mellin-Fourier transform would be given by the whole
series in b. Though we have not been able to sum up the whole series, still
we can give the general result as a conjecture and verify that our result agree
with the appropriate expansion of the conjectured result. This is left for the
last section.

4.3 A conjecture for the resummed cross section

We can no more rely on Eq.(4.19) because it is valid only for py — 0. From
a diagrammatic point of view, soft radiation has different sources:

e emissions from external legs of incoming partons;

e emissions from the recoiling parton;

As a consequence, we could expect a resummed structure of the form

C"**(N1, No; as) o exp (S(N1 N2, ag)) X {exp (G(Ny; ) +exp (G(No; as))},

(4.27)
where
S(N1Ng; ag) = In(N1N2) - f(In(N1Na); o), (4.28)
F(In(N1N2s ) = > fulas In(N1N)) o, (4.29)
n>1
G(Ni; as) = In(N;) - g(In(N;); as), (4.30)
()i ) = 3 gn @ () . (4.31)
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Each f, and g, can be written as a series expansion in their argument

fn()\) = Z fnk O‘?a

k>0

gn()\) = Z Ink O/;'

k>0

(4.32)

(4.33)

We need to say how we can map this structure into something that depends
logarithmically on N and on b? in the first order of a series expansion. We

note that

N N—(N+b)(N—b)—N2<1—b2>
e 2 2/~ AN2 )

so that

2 b2

_ 2 _
In(N1N2) = In(N?) + In(1 — m) =2In(N) — e

Expanding Eq.(4.27) we get

O™ 1+ as{ {1n2(N)(4f11 +2g11) + 2In(N)(f20 + 920)]

2

+ % {(4]"11 —2g11) In(N) + fa0 + g20 — an} } +...

AN?
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Consider the following contribution, that are nothing else that the building
blocks of Eq. (4.24)

A = 3Ng; (4.37)
_ 28p 2#% .
B = 2By + 6Ny + 4N, In( ) + 8N, In(—5 L) (4.38)
a—1 mi(a—1)
a—1 19 2
= 289 — 6N.(171n(2) + —) + 4N, In(—2-
0= (20 - o + ) a2
2u%
_ 81 : 4.39
n(M?{(a—l))>’ (4.39)
a—1 103 25 5
D= 2 N.(281n%(2) + —— In(2) + == — —nx? 4.4
\ o (2607 + 6N (2810°(2) + - In(2) + Tg — o (4.40)
1 a—1 19 19
+§ln< +1)(17111(2)+§)+(171n(2)+§)(1
E 26p 2015
~ 2 ()] + 4N (L) — 21n (W)% — 4Ng).
(4.41)
and then we require that
Jin = 7‘4?3'0 g1 = LZC
(4.42)

fQOZB—D—A_TC go=A—-C+2D — B.

The last assignments ensure that our result agrees with this conjecture
Eq.(4.27), with proportionality constant given by

ggg|z’:t:1 \/7?

Va2 -1 /N

In conclusion, the conjecture can be written as

res ﬁ)
C"™ = | ggglzr=t=1—= ] exp (S(IN1 N2, a,
(9 \ 1\/ﬁ P( (N1 N2 )) (4.43)

X [exp (G(Ny; ) + exp (G(Ny; 043))]
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Chapter 5

Conclusion

The object of study of this thesis were soft large logarithms and their re-
summation. Soft resummation prescription are know for inclusive and single
differential distribution. Our purpose was the understanding of the general
structure of soft large logarithms in the case of fully differential cross sec-
tions. Soft large logarithms arise in kinematic regions where the centre of
mass energy is just enough to produce the final state, that is when extra
radiations become soft.

For inclusive cross section, through the variable z = m%{ /38, the threshold
region is identified by z — 1. The cross section is written as a multiplicative
convolution and then factorized under a Mellin transform. Following resum-
mation prescriptions, the large-N limit is taken and soft large logarithms in
direct space are mapped into logarithms of the conjugated variable N.

The transition to pr distribution requires a rescaling of the relevant soft

variable z by a pp-dependent coefficient: 2z’ = z - a(pr). After the rescaling
everything else is quite alike the inclusive case. A Mellin transform is taken
and large logarithms of the conjugated variable N are searched.
More difficult is the case of rapidity distribution. The single variable z is
no more sufficient to describe the soft region. Also the partonic rapidity
need to be considered. The right recipe turns out to be a Mellin-Fourier
(M-F) transform. The M-F transform can be mapped into a double Mellin
M-M transform by a change of variables. Large logarithm are functions of
either one of two Mellin variables: (Ni, N3). Finally, not trivially, resum-
mation theory for rapidity distribution ensures that the dependence on this
two variables is always given by their product w = N1 Ns.
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In this thesis we investigated the transition from single differential to
double differential distributions. We expected that a combination of the
two recipes, that is the z rescaling and the double transform would be the
right one. And it was indeed the case: after the rescaling from z to 2/,
the cross section still factorizes under M-F. Nevertheless, for a fixed value of
both rapidity and transverse momentum, kinematics complicates drastically
and so do the M-F transform. In particular, we are no more able to get a
M-M transform by means of a simple change of variables.

We considered Higgs production, computed at NLO, producing differ-
ent results: we have explicitly verified the non trivial prediction of a single
variable dependence for rapidity distribution. For fully differential distri-
bution, we have shown how to isolate terms which gives rise to threshold
enhanced contributions and we have expressed them on the integration vari-
ables. Then, we considered the small pr limit and computed the Mellin-
Fourier transform in that case. Finally, we gave a conjecture for the result
in the fully differential case. The conjecture is build on the result of the
Mellin-Fourier transform performed on a suitable expansions of the inte-
grand. In particular, we expected soft large logarithm to appear as function
of the Mellin variable N and the Fourier variable b.

Starting from this point, there are mainly two purposes that can be
pursued. One possibility is to further investigate the Mellin-Fourier integral,
with the aim of obtaining the exact NLO expression in conjugate space.
That would give us the exact structure of large logarithms to be resummed.
The other possibility could be consider general threshold resummation for
fully differential distribution, and try to formulate a general argument for
a resummed prediction. The former could be of great help to the latter,
which, in turns, gives the exact resummation recipe.
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In this Appendix we give the definition and general properties of the
Mellin transform. We also define plus distribution and consider their be-
haviour under a Mellin transform.

A.1 Mellin Transform

Whenever we have a function defined over the range 0 < z < 1, we can
consider its Mellin transform, given by

F(N) = M[fI(N) = /01 dr 2N f(z). (A.1)

The inverse transform is
- 1 c+ioco ~
f@) = M7 fl@) = 5 [ aNa ), (A2)
Tl Je—ioco
where ¢ must be greater of rightmost singularity, which exist due to the
presence of a convergence abscissa.
The Mellin transform is strictly related to the Laplace transform, as it

can be seen by the replacing z = e~*.

A.1.1 Convolution and Mellin transform

Throughout this thesis we have often come across with integral convolution
of the form

L dy T
m (y) 9(;)
) ) (A.3)
| v [ dz 1w 9z) 60 = o)
From the second line of Eq. (A.3), it is clear that it is commutative
feg=g®f, (A.4)

and that it can be generalized to an arbitrary number of function

1 1
(f1® @ fn)(x) ¢=/0 dyl---/o dyn f1(y1) -+ fulyn) 6(x=y1---yn). (A.5)

Multiplicative convolution factorizes into an algebraic product under the
Mellin transform

(g = [

T

1 1 ) (A.6)
= ([ vy @) ([ d==" o)) = FN)F0V)
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A.2 The Plus distribution

Given a function f, we define the plus distribution of f with respect to z = 1
the point, as the distribution [f(z)]+ that acts, when integrated with a test
function g, through the prescription

/01 dz [f(z)]-i-g(z) = /01 (g(z) — g(l))f(z) (A7)

We are interested in plus distributions because they usually arise in the
cancellation of soft divergences. Observe that

1
| azis@l =o. (A.8)
Consider a function f which behaves, as z — 1, as
f)~ (-2, a<2, (A.9)

and it is regular elsewhere, or at least in the range [0,1). In general, the
integral with a regular test function g does not exist

[ 5t = (A.10)

But, a degree of divergence such as the one of Eq. (A.9) is properly regular-
ized by the plus prescription. In fact, in the region z ~ 1, we have
o dg
9() —gM]F() ~ (A=) U= 2) (= 1) + -
N(l—Z)l_a+... ,

(A.11)

whose integral is convergent, if a < 2. This means that the following class
of function is properly regularized

logh1 — 2z

- (A.12)

This gives us the class of functions for which a plus prescription with end-
point 1 is well defined: it is the set of all function which diverges at most
as indicated in Eq. (A.9). Obviously, a different plus prescription, that is
a plus prescription with respect to some other end point, can be defined in

75



APPENDIX A. PLUS DISTRIBUTIONS

the same way.

If we consider a regular function, then

1
FE = 1) =00=2) [ d=1(:), (A13)

otherwise, if f is not regular at the end point z = 1, then the following
representation is more suitable

[F()]4 = lim [0(1— 2 — ) f(2) = 3(1 - 2) /JH dzf(z)],  (A14)

e—0t

where the limit is understood to be taken after integration with a test func-
tion.

Actually, Eq. (A.14) is a better definition of a plus prescription than
Eq. (A.7), because it is not restricted to integral over [0, 1].

A.2.1 A useful identity

The following distributional identity holds true

(1—2)" e = %5(1 — )+ (1 i Z)+ + e (lnll__;)+ + O(?).  (A.15)
In fact, given a test function f, we have
1 1
[ azre -7 = [Caxife) - fapa -2
0 ) 0 (A.16)
+ f(1)/0 dz (1 — z)~1Fe

The last term can be evaluated exactly:

' —lte — 1—1 ' z f(z —z
O [z =) s = ¢ s -2, A

The first one can be written as a series in €, exploiting the following expan-
sion

. 1 _ 1 In(1 —2)
o 1+e eln(1-2) 2
(1-2) =1_,¢ —1_Z+e - + O(€?). (A.18)

Putting all together we prove the identity.
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A.3 Large-N behaviour of the Mellin transform

We are interested in the large N behaviour of the Mellin transform. We are
going to show now that the case of a distribution is fundamentally different
from the regular function one. We start with the following theorem

Theorem 1. Let f be a real function and M[f](N) its Mellin transform.
Then |M[f](N)| is bounded by a decreasing function for real N and tends
to 0 as N — oo.

Proof. We start noting that

MANI < [N = MUY, (A9

where we used the fact that z is positive and NV is a real variable.
We just need to show that M[|f|](N) is the search bounding decreasing
function.

SMIAIN) = [ dz gz 7)) <o (4.20)

because log z is negative in the integration range.
By noting that as N — oo the integrand approaches 0 almost everywhere
and by using the dominated convergence theorem, we get the proof. O

Trivial examples of the previous theorem are given by monomial inte-
grand. The Mellin transform of a monomial of degree M, behaves as ~ ﬁ
for large N.

The situation is completely different when distribution are involved. A
very simple example is provided by delta function. The Mellin transform of
a delta §(z—z¢) is exponentially decreasing in N or exactly zeroif 0 < zp < 1
but it is constant if zg = 1.

The more interesting case of a plus distribution can be characterized as
follows

Theorem 2. Let f be a real function which is singular in z = 1 and let
(f)+ be the plus distribution defined from it. Let M[(f)+](N) be its Mellin
transform. Then |M[(f)+](IN)| is bounded by an increasing function which
diverges as N — oo.
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A.3.1 The Mellin transform of Plus distribution

We are going to compute the exact asymptotic expansion and show that the
Mellin transform of plus distributions actually diverge in the limit of large
N, with logarithmic behaviour.
we start considering the identity Eq. (A.15) and defining the generating
integral
1
Gle) = /0 dz N 11— ) e _ L (A.21)

€

From G, the Mellin transform of plus distribution may be computed using

In*(1 - 2) d*
M[(”L (V) = G (e)leo. (A.22)
The generating function can be expressed in term fo the Euler Beta function,
Eq. (C.12), as

1

G(e) = B(N,e) — —. (A.23)

€
The pole is necessary to cancel the analogous one in the € — 0 limit of the
Beta function. Expanding in power of € using Egs.(C.9,C.10), we have

G0 = P~ ¢ - (1—%
) r() X (A.24)
+§(E +’Y?_«j> +>F(]V+6) — E
Using the expansion in Eq. (C.9)
e = L W)+ SN — ) e (A25)

Putting all together, and exploiting Eq. (C.11), we find, in the large-N limit

G(e) =
=—In(N) =g
2 A.26
Cuwp rn Loz 4
+0(e),
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from which one can read the asymptotic expansion of plus distributions. We
are only interested in the first two

Ml(liz)J (N) = —In(N) —7E+0(%) (A.27)
n —Z 72
M [(IF_Z))J (N) = %an(N) + e In(N) + %(’7)%3 +) O(%).
(A.28)

These last two integrals have been used at the end of Ch. 2. In general,
at order €¥, the asymptotic gives a term proportional to In*~' N. This
proves the (leading logarithmic) conversion, valid for N — oo,

(lnk (1—2)

- )+ s In*THN). (A.29)
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In this appendix we compute all change of variables we have used through-
out Ch. 3 and Ch. 4 of this thesis. First we perform the full derivation of
Egs. (3.42,3.43). Then, we show how to perform a integral we used to make
a validity check on our change of variables. Finally, we consider the limit
of small-pr of the partonic cross section Eq. (3.21). This limit should be
pr divergent. Here, we single out the most divergent contributions from the
NLO cross section.

B.1 Changes of variables in plus distributions

B.1.1 Change of variable

Egs. (3.42,3.43) are labelled by the two Mandelstam invariant, £, . We con-
sider the case labelled by the Mandelstam invariant ¢. The other one can be
computed analogously.

We want to express the plus distributions
k
z (In" (1 — 2)
(Y B.1
—t ( 1— 2z )+ ( )

as function of the variables t and 2/, defined in Eq. (3.14,3.28). Since we are
interested in the limit £ — 1 we can expand our expression in this limit. We
define, as in Eq. (3.19),

R=\/(a?—2)(1~2).
First, the prefactor

+ 22'/
—t  m%(a—2 +R) +0( ) (B-2)

Then, we expand the following quantity

. 1 Wt (1 - t)z
(1—zt)_E(l—t)[l—ﬁ(l—t)—i—(?( . ik (B.3)
with
_a—2+R
Pt = ~9oRrR (B.4)
_ 2a%* —2aR —a% + 7
Y= 2a—2"+R) (B-5)
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By using Eq. (A.15), we have

2 _ 2! _ _ wy — 1)\ _
=) = e (- =+ o (B

— . [(1 —eln(py) + %e2 1112(Pt) + 0(62))

X Cé(l — 1)+ (11_t)+ +e<ln§1__tt))+ + (9((1 ;%t>2) + (9(3))

1 eln (1-=%(1—t (1_t)2
X<1_M(1_t)61 (1-2t(1 ))+@( = ))]

R

(B.6)

Then, expanding the exponential and computing all the products we get

2t lte 2 [1
“La- = S5(1—t
_t( %) m%{R{e ( )

1 1
+Himga—g(T=5). ~mlensa -1

In(1—1¢) In(p¢) 1
+€{1—“§(1—t)( 1—¢ )+_1—“§€1—t)(1_t)+
s 01 L
+O(ez)+0((1;)2)}}.

(B.7)

If we directly made use of Eq. (A.15) on the LHS of Eq. (B.6), we would
have obtained

%(1 o)l = % [%5(1 — ) + (1 _1 Zt>+ 1e (1n11__;>+ + (9(62”.

By comparing the two RHS we get equations Eq. (3.42,3.43).
The two parameters of Eq. (B.4) and their counterpart with ¢ — @ have the
same limits as 2’ — 1.

The last change of variable is the one for §(Q?). Using the standard
formula for changing variable in delta function, that is searching for the
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zeros of the argument, one finds

!
1
5(Q2) — %mTé(l — t) + (solution with minimum rapidity). (B.9)
H

Observe that Q2 = 0 has actually two solution, one is given by the ra-
pidity approaching the maximum value, the other is given by the opposite
situation. In Ch.3 we have split the integration domain exploiting the sym-

metry due to rapidity, so we can just give the first solution, since the other
is never picked up.

B.1.2 Some other identities

The change of variables we have just proved, that is Eqs. (3.42,3.43), several
products between plus distributions and real function appear. The following
identities hold

Inf(1 —t) 1 _nF(1 -1 Inf(1 —t)
( 1—t )+ —ﬁﬂl—ﬂ__( 1—t )++t—1+jj (B-10)
Q}¢)1m1—ga—w)_ In(1—%(1-1) (B.11)

+ 1=3(1-1)) (1—-t)(1—%(1-1))

They can be proved by using the representation Eq. (A.14) for plus distri-
bution and the algebraic identity

1 1 1 1
= + : B.12
1—t1-%(1—-t) 1—-t t—1+£ (B.12)

The reason why we kept the order % We are now ready to explain

why the expansion of the previous subsection was given up to the order %.
Terms are the origin of contributions such as the last addend in Eq. (B.10).
At a first sight, since we are interested in the limit ¢ — 1, it seems a regular
contribution to be discarded. But we need to keep in mind that also 2/ — 1,

so that R — 0. Let kK = 0 and consider the following integral

1 1
dt ——— B.13
/tmm t—1+R/w’ ( )

where tin = 1/tmar and tpa, is given by Eq. (3.28). That is the integral
we would compute setting M = 0 in the Fourier transform. The primitive
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is given by a logarithm and the definite integral is given by

Rt R/w
| -1+ — =1 . B.14
n(t-1+2), = 7) (B.14)

The limit 2’ — 1 of this logarithm is just a In(2).

since there are no more power of R at the denominator, higher orders in
1 — ¢ in the expansions of the previous sections can be safely neglected .

B.2 Other Integrals

In order to assess our change of variable, we can integrate over the rapid-
ity and then consider the limit 2z’ — 1. In other words, we set M = 0 in
Eq. (3.24). The result should reproduce the already known threshold be-
haviour for pp-distributions. For this purpose, the following integral have
been used, besides those in App. A.3.1.

Integrals over plus distributions For any plus distribution regularized
with endpoint 1, the following holds

/1 dt(f(t))+:/otmmdtf(t). (B.15)

tmin

Then, for t,,;, = %, where t,,,q, is defined in Eq. (3.28),

tm

/1 gt (lnk(l—t)> :_lnk+1(1—tmm)
tmin 1—-t /+ k+1
S N Y e NG T R
k+1 a+1

(B.16)

where we made the expansion for 2’ ~ 1

1 — tin ~ ,/211\/1—,240((\/1—2)2) (B.17)
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Integrals over rational logarithmic function Using the following in-
definite integral

R R S R

it is easy, although algebraically tedious, to integrate functions of the form
of the regular remnant of Eq. (B.10).

B.3 The pr — 0 limit

The previous changes of variables can be used if the limit 2/ — 1 is taken
before the limit pr — 0. We cannot interchange the two limits, as it is ex-
plained in section 4.1. Here we present the derivation of the small-pp limit of
the cross section. The first observation we make is that in the small pp limit
the kinematics approaches the pr-integrated one, that is the kinematics of
the rapidity distribution.

If we consider the variables Eq. (3.38) and express them in terms of the
21,2 variables of Eq. (2.44), we find

1)—-2
b = (CL-‘r ) 29

_ e — . B.19
1 2a — (a+1)22 2=z [n 2] ( )

Asps — 0, zz = z1 and 2z, — 29.
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In the small-pr limit, retaining only the most pp-divergent part, we find

(122), (03 (59 = g g @00~ 066 |

1— 2z —1U :gm

(B.20)

(ln(l—zt)h(lf( L) -2 l : 1(7T2+1n2(2)+iln2(€p> (B.21)

T g |mb2\3

+10(2) In(&) ) (1 — 21) (1 — 29) + O(fp)] :

() - L),
% [(mil__;’)L - éan(ﬁp) 5(1— 2) (B.22)
+1In (:é) (% In(§) 8(1 = 22) — (5 _122)+) +0(&)],

1 In(1—z)y 1 1 In(1— z)

jipgg(zt) (1 ~ % >+ = m%qu 2N, [(1 — 22)+ ( 1- 2 )+ (B.23)

ln(l — 2’1)
1-— Z1

_ %m(g,,)au — 2)( ), + 0(5,,)] .

and the case with ¢t <> u is found just swapping z; < 2.

B.4 Integrals for the Final Expansions

We need to generalize the results obtained in section [B.2] of this Appendix.
We give results outlining the general strategy. The first integral we need
is that over plus distributions, as in Eq. (B.16), but with more power of
(1 —t). Actually, the calculation is very simple in these cases because plus
prescriptions are simply removed. For example, one finds that, for m > 1

/11 dt (1 —1:)"1(1n§1__tt))+ = /11 dt(1— )" 'In(1—1), (B.24)

tmazx tmazx
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which requires at most an integration by parts. More intricate integrations
come from pieces with rational functions which contains logarithms. The
most general integral is

1 (1—t)PIn™(1 —¢t)In"(t — 14 &)
ZLipmn E/ dt =
(p,m,n) . t—1+%

: (B.25)

with p = 0,1,2 and we have defined ,,,;, =
two other parameters assume value as

ﬁ. For each value of p, the

. m:n:O;
e m=1An=0;
e m=0An=1;

Again, the case p =0,1,2 An = m = 0 can be solved by means of inte-
gration by parts or as a special case of the situation we are going to consider.

We define the generating integral

1 R, 1
Go(p)= [ L=ty -1+ )" (B.20)
from which ok
am
I(p,m,n) = [677’”8,0’“ g(p,m,n) (pv 77)} |77=P:0' (B27)

We write (t—1+ %)n_l as a power series around ¢t = 1. The n-th derivative,
with n > 1 is

d" R -1
Tt =1+ =) o =
—n—1
= (- me-m (-1 ) e (829
= (1t (1= )+ 067 (2)"

where we have used

(L=m)@=n)(n—n) =nl+ (-n)(2 3 n)
+1-(—7])-(3-4--'n)—|—-~
(

+(1-2-3--(n = 1))(=n) + O(n*)

L . ) (B.29)
=nl-(1+ (=m(g + 5+ + ) +00)
=l (1= Hn + 067 (5™
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being H(n) the n-th harmonic number. The integrand is rewritten as

(- t>p*p(w)n_ + 3 (1t +007) ()" o
= (1= Hm)n +00?)) (§>n " et o),
n>0

(B.30)

having defined H(0) = 0, and neglecting! the order O(n?). Integrating the
series term by term, we get

R )p+P+n+1

Gip(n.0) = 3 [(1- Hmm+0() ()

n>0 w

n—n—1 (1 — tmin
p+p+n+1

| B31)

In general, it is not easy to sum this series and, maybe, not even possible
in term of known elementary functions. Now, we are going to show that, at
least in the two cases we are interested in, this is possible.

m=0 and n=1

Lpo) = g(p (p,0)|p=0
n+1 (1 = i )P (L = brnin) (1 — by )P
_7%:0( ) ( p+n+n1 - (p+n+1)2 )
R 1-— min n n R 1- min " n
=m0 —)(5) 5 B (R) - (5) 2 S ()

_ (g)p[lnu - tmm)< In(1 + = 1 (bmin = Ei: bmin)” (2)n>

_ Lig(%(l — tmm)> + zp: w(;)”}

n2
n=1
(B.32)
where, in the last line, we have summed the series for n > 1 and then we

have subtracted redundant pieces from n = 1 up to n = p. Moreover, we
have used the series representation of the logarithm and the less known one

! This is sufficient only for our calculation.
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of the Di-Logarithmic function.
Threshold expansion of the above integral, for p = 0, 1,2, gives

a—1 ; 7 1.,
I(O,O,l) ~ ln(2) In (\/Zﬁ) — E + § In (2), (B33)
1 1 2

Z1,01) ~ 1@ (2 In(2) ln( 1m> -5 + 1n2(2))7
(B.34)
a—1 a — 1

Z200) ~ (a )(1—2 41n )In \/:\/ 1—2) +21 2(2) — 1)‘

(B.35)

m=1 and n=0

0

n+1 (1 —tm, )P+n+1
_7;)[ ( ) p+n+1 (B.36)
Ry (R\n+1(1 — min prntl
+In(Z)(3) o pin)ﬂ J

Performing manipulation similar to those above given, rearranging addends
when appropriate, we find

1 a—1
I(DJ,O) ~ — B ]n2(2) — ln(2) ln(2 ) \/1—73’)7 (B37)
T100) ~] \/ﬁ(—mn )—5ln()—§+%
—(1+2In(2))In Fm (B.38)
a a—1
L2041 N(a+ 1)(1 —2)((~4mn(2) - 2)111( T 1@) —61n2(2)
103

Egs.(B.33-B.35) and (B.37-B.39) are all we need to compute corrections
to the rapidity integrated cross section near the threshold.
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In this Appendix we recall some special functions that arise in integrals
like those we performed in this thesis.

C.1 The Euler Gamma function and its deriva-
tives

The Euler Gamma is defined by the following improper integral
I'(z) = /Ooo dtt*"te R(z) >0 (C.1)

Integrating by parts, it is simple to verify the recursion relation
[(z+1)=2zI(2) (C.2)

If evaluated for z € R, the Gamma function is a real number. Moreover,
since I'(1) = 1 and from Eq.(C.2), it follows that I'(n + 1) = n! for all posi-
tive integers.

Splitting the integration region as [0,1) U (1,00) and evaluating the
proper integral after expansion of the exponential, we get the alternative
form

r(2) i )7 1 +/Oodttz—1 - (C.3)
z) = e .
= nl o z+n 1

Requiring relation in Eq.(C.2) to hold, the Euler Gamma can be analytically
extended as a meromorphic function on the complex plane with simple poles
on negative integers. Eq.(C.3) is a representation of such extension: the in-
tegral converges on the whole complex plane whereas the series explicitly

shows the announced simple poles.

We define the DiGamma function as the derivative of the logarithm of
the Gamma

olz) = d% log T'(2) (C.4)

From Eq.(C.2) it follows the analogous relation

Yoz +1) = S +o(2) (©3)

Evaluating the DiGamma for a positive integer n and iterating the last
relation, we find
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which shows the important link between the DiGamma function and Har-
monic numbers.

The value ¢(1) = —yg = 0.5772... is called Euler-Mascheroni constant.
Higher order derivatives give rise to PolyGamma functions

dn+1
Yn(2) = ] logT'(2) (C.7)

Again, differentiating the recursive relation (C.5), we find the analogous
relation for the the nth-order PolyGamma

V(e +1) = ba(2) + (©9)

We are particularly interested in asymptotic expansions of the above
functions. Let us consider the Laurent expansion of the Gamma function
around a generic point z

[(z+¢)=T(2)+T'(2)e + %F”(z)aQ + O(e%) 9
C.9
= T() (14 do(2)e + 5 ((2) + () +OE)

Evaluating for z = 1 and exploiting relation (C.2) we get the Gamma
expansion near the origin

IS 571'2
ro="1Fl St o) ()

Importantly, as z — oo along the real axis, the DiGamma function
shows a different behaviour from other PolyGamma functions. Indeed, the
following asymptotics hold

vo(z) ~ log(=) + O(2)

Yn(2) = O(=) n>0

(C.11)

The last two results explain why terms with Gamma derivatives of order
higher than the first usually give power suppressed contributions.
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C.2 Gamma Related Functions

The Beta function is defined by the following integral
1
B(z,y) = / dtt"'(1— "' Rex >0, Rey >0 (C.12)
0

The Beta is symmetric in its argument and there exists useful represen-
tation in terms of the Gamma function

B(z,y) = 11:((?‘1;(5)) (C.13)
Its partial derivative is given by
0 _ I(z) Iz +y)
gzl (®Y) = B(““”y)(r(x) T +y>) (C.14)

= B(z,y) (1/10(@ — oz + y))

The following asymptotic immediately follows from Stirling approxima-
tion
B(z,y) = T'(x)x™" as x — oo for fixed y (C.15)

A less straightforward Euler Gamma-related function is represented by
the hypergeometric function. We define the (p,q) order hypergeometric
function as

o~ (a1)k(a2)k - - (ap)y 2*
Fy(ay, as, ... ay: bi, by, ... by: 2) = (16
p ‘I(a’l ag ap 1,02 q Z) kgo (bl)k(bQ)k o (bq)k‘ k' ( )

where (q),, is called Pochhammer symbol ad its value is

1 if n=0
(q)n:{q(q—i-l)---(q—l—n—l) if n>0 (C.17)

which is more commonly rewritten as

@ 1 if n=0 (C.18)
q)n +n—1)! _ T(g+n . :
= it >0
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What it is usually called hypergeometric function is the special case

o0
(@) (b)x 2*
271 (a, b5 ¢ 2) = -
( ) ,g) () K
The hypergeometric function arises in the evaluation of Euler-type inte-
gral. Indeed, the following integral representation holds for R(c) > R(b) > 0

(C.19)

1
B(b,c— b)oFi(a, b c; 2) = / A 1= 12 (C.20)
0

When the upper integration limit is different from one, the related function
is said to be incomplete. Unfortunately, incomplete beta or hypergeometric
functions do not satisfy as many useful relation as the complete counterparts
do. For our purposes, it is sufficient to consider some very recent results,
see [23].

First, we define the incomplete Beta function'

v b1 1
By(b,c) ::/ dex’ (1 —x) (C.21)
0
which satisfies the following representation
yb
By(b,c) = ngl(b,l —cl+by) (C.22)
We now introduce the incomplete Pochhammer Ratio
By(b+mn,c—b)
b, c;ylp = —2 d C.23
[ 7C7y]n B(b,c—b) ( )
The limit [b, ¢;y]n, — (b)n/(c)n as y — 1 immediately follows from identity
(C.13).
We can now define the Incomplete Hypergometric Function
o $n
2Fi(a, b, yla) = () lbyyln —  with0<y<1  (C.24)
n!
n=0
which possesses the following integral representation
SFi(a, [b, ¢ yli 7) = L/y A1 — e (1 —at) " (C.25)
y (Yo &y Iy B(b, o — b) 0 .

The objects introduced above and their properties should be sufficient
for the purposes of this thesis.

'Note that it is no more symmetric in its argument.
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