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Introduction

The Standard Model (SM) is a Quantum Field Theory (QFT) that describes the elementary par-
ticles and the fundamental forces between them (strong, weak and electromagnetic). According
to the SM, the basic constituents of matter are spin 1/2 particles (fermions), that can be divided
into quarks and leptons, considering their interactions; whereas, forces are mediated by gauge
bosons, particles with integer spin. The SM is based on the following group of symmetry:

SU3)c ® SU(2), ® U(1)y, (1)

the first component is linked to the strong interaction, while the second and third ones are
linked to the electro-weak interaction. The electromagnetic interaction is described by Quantum
Electrodynamics (QED), then unified with the weak interaction in the Glashow-Salam-Weinberg
theory: according to this gauge theory, leptons and quarks interact through the weak interaction,
mediated by the Z/W bosons, and the electromagnetic force, mediated by the photon (which is
massless). The introduction of the Higgs boson and the so-called Higgs mechanism explain how
fermions and gauge bosons can acquire mass through the spontaneous symmetry breaking (SSB)
of the gauge group SU(2);, @ U(1)y.

This thesis discusses topics in Quantum Chromodynamics (QCD), which is the theory that
describes the strong interaction: the particles that interact through this force are the quarks
(fermions) and the gluons (gauge bosons); these particles cannot be directly observed alone, but
they only exist in bound states, called hadrons. QCD is a non-abelian gauge theory, based on the
SU(3)¢ symmetry group. An important property of QCD is the so-called asymptotic freedom:
the coupling constant ag of the strong force becomes small for high energy, in other words the
strength of the interaction decreases as the energy of process increases; therefore, in the high-
energy region, the theory can be treated in a perturbative way, and this leads to the so-called
perturbative QCD.

Particle colliders have been and are extremely useful for the development of perturbative
QCD, as they can reach very high energies: nowadays, these machines can accelerate and collide
particle beams with a centre-of-mass energy up to the order of 10 TeV. The electron-positron
annihilation and the deep inelastic scattering between a lepton and an hadron are two interesting
processes from this point of view. In this thesis we consider an electron-positron scattering
process, narrowing the focus to events with QCD final-state radiation. The analysis of hadron
production in this process permits various tests of the validity of perturbative QCD, for example
through the measure of the total cross section or the so-called event shape variables, quantities
which characterizes the “shape” of a final-state event [I]. In 1978, Giorgio Parisi introduced the
idea of a superinclusive variable [3], which is defined accepting any type of particle in the final
state; however, this idea has not been much developed respect to other event shape variables,
which are widely studied.



In this thesis we define and study a superinclusive observable, which allows one to study the
energy flow of an event due to QCD final-state radiation. We give a theoretical prediction of
its behaviour in the collinear limit, that is the limit in which angles between radiated particles
are small: analytical calculations show that this observable follows a multifractal law, with a
multifractal dimension that depends on the so-called anomalous dimensions of the Altarelli-Parisi
splitting functions [4].

In the first chapter we will give a theoretical introduction, explaining basics of QCD, its
quantization and renormalization; in the second chapter, we will analyse QCD in the infrared
region, treating advanced topics like factoriazion, jets and IRC safety; in the third chapter we will
talk about event shape variables and their resummation, with a particular focus on the concept
of superinclusive observables; in the fourth chapter we will present the concept of multifractal.
The first four chapters treat topics already known and present in the literature; the fifth chapter
contains the analytical calculation that proves the multifractal law, while in the sixth chapter we
will comment this result. In treating QCD topics we will mainly follow the book [1].



Chapter 1

Basics of QCD

1.1 Introduction to QCD

The fundamental quanta of QCD are quarks and gluons; hadrons are bound states of these
fundamental quanta. They can be divided into mesons, made up of a quark-antiquark pair (¢q),
and baryons, made up of three quarks (qqq). According to SM, quarks exist in six different
flavours:

’ Flavour ‘ Electric charge ‘ Mass ‘
up (u) +2/3 2MeV
down (d) -1/3 5MeV
charm (c) +2/3 1.3 GeV
strange (s) -1/3 130 MeV
top (1) +2/3 173 GeV
bottom (b) -1/3 4.2 GeV

Table 1.1: Different flavours of quark with relative masses and electric charges (in units of e).

u, d and s are called light quarks, while ¢, t and b heavy quarks. QCD requires the introduction
of a new quantic number, the colour: quarks can exist in three different colours (red, blue
and green). The hadrons observed have no colour charge, leading to the assumption that only
colourless bound states of quarks can exist: this is called colour confinement.

Quantization of QCD

QCD is locally invariant under the colour group SU(3)., so it is a gauge theory. We can
parametrize an element of SU(3). in the following way:

U(zx) = exp {igly(x)t*}, (1.1)

where t* are the generators of the su(3)c algebra, with a = 1, ...,Né — 1 (N¢ is the number of
colours). They follow the commutation rules given by the so-called structure constants f°:

[t“, tb} = i f t°. (1.2)



As SU(3)¢ is a special unitary group, the representation for the generators ¢* have to be provided

by hermitian and traceless matrices. For the SM, No = 3, so a representation for the generators

t® is provided by the eight Gell-Mann matrices. The request of gauge invariance leads to the

introduction of N(Q;, — 1 gauge fields Af;(m), whose quanta are the gluons, massless spin 1 particles.
The Lagrangian of the theory is the following:

Ny
1 P
Loop = = F P + > 0] (i —ms7) v, (1.3)
f=1

where Mc are the quark fields: ¢ is the colour index, while f represent the flavour. Fj, is the
gluon field strength tensor:

Fl, = 0,A% — 0,A% + gf . AL AS. (1.4)

The third term shows the non abelian nature of the theory. In the Lagrangian, D,, is the covariant
derivative:

D = 670, — igAstl. (1.5)

From Eq. it is clear that QCD is diagonal in the flavour space: interactions that mix flavours
are not allowed.

In order to perform quantization, we have to choose a gauge configuration, because we can
allow the propagation of only the physical degrees of freedom of the gluon (transverse polariza-
tions). We can impose a constraint on the gauge field maintaining the Lorentz covariance; this is
the so-called Lorentz condition:

ot Al (z) = 0. (1.6)
And then we must add a gauge-fixing term in the Lagrangian:
Lo = —i(aﬂAa)2 (1.7)
2 weo

where £ is a Lagrange multiplier. Gauge invariance is broken at the level of the Lagrangian, but
the physical results must be independent from both the gauge and the value of £&. The non-abelian
nature of the theory, so the possibility of a self-interaction of the gluon, brakes gauge invariance
and unitarity of the theory; in order to avoid that, we introduce ghosts, fields that appear only
in the intermediate steps of the calculation and not in the final results, cancelling the temporal
and longitudinal degrees of freedom of the gluon:

7 = \2(77% T ing), ()% = () = 0. (1.8)

Their dynamics is described by the Fadeev-Popov Lagrangian:

EFP = 8u77aTDsb17b. (1.9)

From the Lagrangian given by Locp + Lagr + Lrp, we can write down the Feynman rules
and the expressions of the propagators; the form of the gluon propagator depends on the gauge.
Besides the covariant gauge, another choice we could make is the physical gauge, in which we



choose a frame, characterized by a vector n, and we identify the physical degrees of freedom from
the beginning. In this case, the gauge condition is the following:

n*A%(z) = 0. (1.10)

1.2 Asymptotic freedom

1.2.1 Renormalization of QCD and the running coupling constant

In QFT, radiative corrections lead to divergences in calculations. Ultraviolet divergences are
treated with renormalization. The renormalization procedure substitutes the bare (non-physical)
parameters of the Lagrangian with new renormalized quantities, related to the physical observ-
ables; it develops into three steps:

o regularization of the diverging integrals;
e subtraction of the contributes that diverge;

« cancellation of these contributes through the redefinition of the bare parameters.

't Hooft and Veltman showed that every Yang-Mills theory (like QCD) is renormalizable order
by order in perturbation theory: every ultraviolet divergence can be treated with the redefinition
of a finite number of parameters.

This procedure introduces an arbitrary energy scale u, called renormalization scale: it defines
the point at which the subtractions are performed and it is a non-physical parameter. A conse-
quence of renormalization is the introduction of a running coupling constant: we can understand
this considering a dimensionless physical observable R; being () the energy of the process, we
would say that R does not depend on @): in fact, after providing a series expansion, R depends on
powers of @), but, having @ the dimension of an energy and being R dimensionless, it can depend
only on @Y, so it does not depend on Q; however, this is not true in a renormalizable quantum
field theory: if we calculate R as a perturbation series of ag = g?/4m, the renormalization pro-
cedure introduces the energy scale i, so R depends in general on the ratio Q*/u? (since R is
dimensionless) and also the coupling constant ag depends on the choice of p [1]. However, R is a
physical observable, while u is an arbitrary quantity, so R cannot depend on u; mathematically,
the total derivative of R with respect to p must be zero, so we obtain the renormalization group
equation (RGE):

d
2 2 2 2 — -0 7
R(Q*/1?, as(p®)) = |p 02 T 52 Bas

—— R=0. 1.11

In order to solve this equation, we can define the following quantities [1]:

— Q* _ 20as
t =log ek Blas) = p o (1.12)
Then, Eq. (L.11)) becomes
d 0 ;
_ — =0. 1.1
g T Blas) g | e as) =0 (1.13)



We can solve this partial differential equation by implicitly defining the so-called running coupling
constant ag(Q?):

as(@Q®) g
t= —, where ag = ag(u?). 1.14
[ s = as(?) (114)

We obtain the following equations by differentiating Eq. ((1.14):

das (@) 2 das(@Q%) _ Blas(@?))
- = ) 1.15
Now, it should be clear that R(1, as(Q?)) is a solution of Eq. (1.11)); this means that the scale
dependence in a dimensionless quantity like R enters only through the running of the coupling
constant: so, if we calculate the quantity R(1,«ag) in fixed-order perturbation theory, we can

predict the variation of R with @ only by solving Eq. (1.15]) [1].

1.2.2 Asymptotic freedom

We found that, after the renormalization procedure, the coupling constant depends on the energy
scale of the process. This dependence is described by the renormalization group equation (1.15)).
In perturbation theory, the function 8 has an expansion in series:

+o0
Blag) = — Z Bn—20ls = —Boa% — ﬁla% - ﬁgo/ls - .. (1.16)

n=2

The coefficients of ((1.16|) are obtained from the higher-order loop corrections to the bare vertices
of the theory. If we are in a small-coupling region, we can consider only the first term of the
expansion and the RGE becomes

0

W“S(QQ) = —Boa%(Q%) + O(a}), (1.17)

solution of which is given by the following expression:
2
as
as(Q?) = ) . (1.18)

2
1+ Boces(?) log %

In QED, the value of 8y is extracted from the self-energy of the photon, obtaining

1
QED _ —5-<0. (1.19)

A negative value of 8y means that the coupling increases as the energy increases. In QCD, this
value is extracted form the self-energy of the gluon, which is given by two diagrams: one with a
quark loop and the other with a gluon loop; the latter is a consequence of the non-abelian nature
of QCD (in fact, we have not a diagram of this type in QED). We obtain

1
QoD _ 3= (11Ne — 2Np), WP > 0 & Ny < 16. (1.20)
™



As Ny =6, BOQCD is positive: so, contrary to QED, in QCD the coupling is small at high energies.
This behaviour is called asymptotic freedom and it implies that at high energies we can treat
particles as weakly interacting and perform calculations following a perturbative approach.

The one-loop expression of the running coupling constant diverges at a certain energy
scale Aéc p» that satisfies the following relation:

A2 CD
1+ Boas () log iz =0. (1.21)

Agcp is called Landau pole or fundamental scale of the QCD and is given by the following
formula (at one loop):

1
Agcp = pexp {—W} . (1.22)

Substituting this relation in Eq. we obtain the following expression for the running coupling
constant:

1

as(Q®) = ——— (1.23)
Bo log 5+—
QCD
A
GS(QZ)
asymptotic
freedom )

2
AQCD~ 200 MeV Q

Figure 1.1: Running coupling constant of the strong interaction.

1.3 Hard scattering and perturbative QCD

Hard-scattering processes have an energy scale () > m,,, where m,, is the mass of the proton. In
this energy region asymptotic freedom is valid, because ag(Q?) < 1, so we can consider hadrons
as made of weakly-interacting particles, called partons (quarks and gluons), and calculate cross
sections at partonic leve using a perturbative approach. However, due to the confinement, the
states predicted by the theory are the hadrons. At this point, we have two possibilities:

o if we do not have hadrons in the initial state, we can sum over all final states and obtain
the total cross section with a perturbative partonic calculation;

e if we have hadrons in the initial state, we can use a property called factorization and
calculate the total hadronic cross section as a convolution of the partonic cross section and
the so-called PDFs, which will be defined later.



Now, we will briefly present these two possibilities with two scattering processes: the electron-
positron annihilation, which is the process we will consider to define the observable in Chapter
and the deep inelastic scattering, whose study will lead us to introduce the PDFs, the Altarelli-
Parisi splitting functions and the Altarelli-Parisi evolution equation.

1.3.1 Electron-positron annihilation

In this process, an electron and a positron annihilate producing a virtual boson (a photon v or a
Z), which decays (at lowest order) in a fermion-antifermion pair.

In this thesis we are interested in higher-order QCD corrections of this process, given by the
emission of virtual or real partons; we indicate the order of these corrections as Next-to-Leading-
Order (NLO), Next-to-Next-to-Leading-Order (NNLO) and so on; the N"LO contribution is of
order a%(Q?). We can calculate the total cross section in a perturbative way and sum over all
possible final states.

In the perturbative QCD picture, particle masses smaller than Agcp are zero: so light quarks
are massless; however, heavy quarks masses can be neglected in the hard-scattering regime. So,
from now on, we will consider every particle massless. We will made a further assumption: we
will suppose that the energy is far below the Z peak (Agep < Q < Mz, Mz ~ 91.2GeV), so
that we can neglect the Z channel and take into account only the production of a virtual photon.

The Feynman diagram of the process at LO is represented in the following picture:

q1 p1

q2 D2

et q

Figure 1.2: Feynman diagram of the process at LO.

The squared modulus of the amplitude is given by the following formula [2]:

_ 8ete?

(Mol = Q4q [(q1-p1)(g2 - p2) + (q1 - p2) (g2 - p1)] s (1.24)
where e, is the electric charge of the quark in terms of e, the electric charge of the electron.
Summing over all kinematically accessible flavours and colours the differential cross section with
respect to the centre-of-mass scattering angle 6 of the final state quark is given by the following

formula:

do o

q

where « is the fine-structure constant of the QED and the sum over ¢ has to be interpreted as a
sum over the quark flavours. Integrating over 6, we obtain the total cross section at Born level:

10



4o’ 9
00 = 5 gz N Eq: el. (1.26)

At NLO, we have both real and virtual contributions to the total cross section.

e q e q
b1
Qa1 a1 D1
g
v k g
k
g
q2 P2 q2
b2
et q et q
(a) (b)
Figure 1.3: Feynman diagrams of real gluon emissions at NLO.
q q
p1
e” e”
b1
qn 0
2 K v
k
a2 a2
P2
et et
q q
(a) (b)
_ q
€ D1
aq
5
k
q2
b2
et q

(c)

Figure 1.4: Feynman diagrams of virtual gluon emissions at NLO.
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The matrix element for the real gluon emission process is given by the following formula:

1 - (p1-q1)? + (p1- @)+ (p2- 1) + (p2 - 2)?
| Mgo|? = 24Cpee2 g ,
1 Manol” = 24Cr e cags @) (k) (2 )

(1.27)

where Cr = % is a constant related to the su(3) algebra, while g% = 4rasg.

In order to calculate the cross section, it is useful to introduce the following quantities:
2F, 2E5
= 5 €2 = —(
Q Q
where E, and Ej are the energies of the quark and the antiquark, respectively. Introducing the
Euler angles «, 5 and +, the three-body phase space integration can be written as

(1.28)

Z1

1 2
——dad cos fdydxidxs. (1.29)

dfs = (2m)5 32

The total cross section for the real emission is given by the following integral [1]:

2 2
ag T{ + x5
g9 =003y e [ dridrCp—> : 1.30
Ogqdgg g0 Zq:eq/ Tr1axr2 F27T (171‘1)(17$2) ( )
The integration region is 0 < x1,z9 < 1, 1 +x2 > 1. It is clear that the integral is divergent
in the limits x; — 1. It can be shown that the quantities x; are related to the energy of the gluon
(E3) and the angles between the gluon and the quarks (named 613 and 693 respectively):

E

11— = ng 3 (1 — cosfas), (1.31)
E

1—ay = le 3 (1= cosbhs). (1.32)

This means that the integral is divergent in the regions of the phase space where the gluon is
collinear with the quark or the antiquark (6;3 — 0,7 = 1,2) or where the emitted gluon is soft
(E3 — 0). However, it can be proved that these infrared divergences don’t constitute a problem:
in fact, if we regularize the integral and consider the contributions given by the virtual
gluon emissions, the divergences cancel and the final result is finite:

o =00 {1+ +0(a})}. (1.33)

So, it happens that IR loop-integral divergences and IR phase-space divergences cancel. The
cancellation of infrared singularities in perturbative theory is stated by the Bloch-Nordsieck (BN)
theorem for Quantum Electrodynamics alone and by the Kinoshita-Lee-Naunberg (KLN) theorem
for the whole Standard Model.

In the next chapter we will treat soft and collinear emissions in detail, introducing the Altarelli-
Parisi splitting functions, fundamental tools for the purpose of this thesis.

12



1.3.2 Deep inelastic scattering

The deep inelastic scattering is the collision between a lepton and a hadron, so, contrary to the
electron-positron annihilation, it is a scattering process with hadrons in initial state.

l l

h X

Figure 1.5: Feynman diagram of the deep inelastic scattering.

Where [ is a lepton and X is any hadronic final state (inclusivity). In this case, we have
higher-order QCD corrections also to the initial state:

g

Figure 1.6: Higher-order corrections to partons in initial state; p, is the momentum of a parton
inside the hadron.

In the last section we saw that higher-order corrections give rise to infrared divergences, that
cancel if we accept any possible final state; however, we cannot be inclusive on the initial state,
so divergences due to initial-state emissions have to be treated differently.

We begin by defining some variables [1]:

N L (1.34)
Q* = —¢, (1.35)
my = (1.36)
v = p-q=M(E' - E), (1.37)
Q? Q?
= = 1.
v o 2M(E - E')’ (1.38)
q-p £
— =1-= 1.
y D ok (1.39)

where ¢ is the momentum transfer, my is the hadron mass and E, E’ are the energies of [,
respectively, in the proton rest frame.

13



The scattering is said inelastic if m?X > m%, deep inelastic if mg( > m%; we are working in
the hard-scattering regime.

We assume that [ = e. As for the electron-scattering annihilation, we consider only the
exchange of a virtual photon. In order to calculate the cross section, we can divide the problem
into two levels:

e leptonic: interaction between the electron and the virtual photon;

e hadronic: interaction between the virtual photon and the hadron.

The hadronic level is treated by introducing the so-called hadronic structure functions F; (m, Q2)
(i = 1,2), which parametrize the structure of the hadron target as “seen” by the photon [I].
Without neglecting the hadron mass, the total hadronic cross section is given by the following
formula:

d? 8ralmpE [ (14 (1 — )2
dxccify _ TI'OéQTh |:( (2 y) )2$F1($,Q2)
(1 - y) (Fa(z, Q%) — 22F1 (2,Q%)) — L sy Fy(r, Q%) | (1.40)

2K

If we consider also the coupling with the Z and W¥ bosons, the cross section will contain an
additional term with a third structure function F3 (a;, Qz), which violates parity.

In the Bjorken limit, i.e. @,v — 400 with z fixed, the structure functions obey an approxi-
mate scaling law (see Chapter [4)) and are observed to depend only on z:

Fi(z,Q%) — Fy(x). (1.41)

Bjorken scaling means that the photon scatters off point-like constituents of the hadron: in fact,
the dimensionless structure functions can depend only on the ratio @Q/Qo, where 1/Q) is a length
scale characterizing the constituents, which does not exist if they are point-like [1].

If we study the process in a frame where the hadron is moving very fast, we can say that
the photon scatters off a quark constituent of the hadron, moving parallel with it and carrying
a fraction z of its momentum, p, = zp. If we neglect the hadron mass, the total hadronic cross
section becomes

d’o dra 9 9 1—y 9 9
drdQ? ~ Q4 [1+ 0=y B (2,Q )‘i‘ix (B (2,Q%) —22F1 (2,Q7)) |, (1.42)
Starting from the matrix element of the process e e~ — ¢g, we can obtain the matrix element

for the process e”q — e~ ¢ and the partonic cross section for the process:
do 27‘1’0[263 9
= o [1+(1-9)]. (1.43)

The mass-shell constraint for the outgoing quark is

i =g +9)° =042 q=-2p-q(z - 2) =0, (144)

14



which means that x = z. We can write the double differential cross section for the partonic
scattering process:

d?6 4o

dzdQ? Q4

(14 (1 —y)?] %egé(:n —2). (1.45)

A

If we introduce the partonic structure functions F'; (:U,Q2), we can write down the following
relation:

1
Fon(,Q3) = /O Az fon(2) i, Q2), (1.46)

where & = z/z and f, 4(2) is called parton density function (PDF) and indicates the probability
of finding a parton a inside the hadron h carrying a fraction z of its momentum. According to Eq.
, the DIS can be interpreted as the scattering between the virtual photon and the partons,
each with a specific probability.

By comparing Eq. (1.42) and Eq. (1.45)), we can see that at LO

Fo=xeld(x — 2) = 22k, (1.47)

which leads to the following relations:

Fop(z) = 23, € fon() (1.48)
20k p(2) = Fa(z) '

The second result is known as Callan-Gross relation, it is a consequence of the fact that quarks are

spin—% particles, so they cannot absorb a vector boson with longitudinal polarization. Sometimes,

instead of F} and F5 the so-called longitudinal structure function is used:

4miw2
Q2

which is identically zero in the Bjorken limit.

Higher-orders QCD corrections to the initial state introduce infrared divergences, which are
treated through the renormalization of the PDFs. The procedure is equal to the UV renormal-
ization:

Fr(z,Q%) = <1 + > Fo(x, Q%) — 2zFy(x,Q%) — Fy(x) —2zF(x), (1.49)

Q2—+00

o we notice that the introduced PDFs are bare quantities fio,i(z)

e we reabsorb the singularities by redefining the PDFs.
The renormalization procedure introduces an arbitrary scale, called factorization scale u%, which

indicates the point at which the redefinition is performed. This introduces an energy-dependence
of the PDFs:

FON =) = fan (2 0%) . (1.50)

At this point, we can calculate the parton cross section in perturbative theory and convolute it
with the PDFs to obtain the hadronic cross section:

15



1
(@)= Y [ dafuneurib)onz.05(@). 1. Q). (151)

Eq. (1.51) is called factorization formula. The PDFs and the parton cross section depend on the
factorization scale u%, while the hadronic cross section depends only on the energy of the process
Q.

PDFs can’t be theoretically calculated, but they have to be determined in experiments; how-
ever, their scale dependence is given by the Altarelli-Parisi evolution equation, which will be
presented in the next chapter.

16



Chapter 2

QCD in the infrared region

2.1 Soft and collinear splitting

In the previous chapter we saw that matrix elements which involve massless particles may exhibit
infrared divergences in the soft and collinear limits. These divergences appear in the calculations
as large logarithms: these terms will have a crucial role in the study of the superinclusive observ-
able (Chapter . Soft singularities occur in correspondence of the emission or the exchange of
particles with vanishing four-momentum, in the presence of massless vector bosons (such as glu-
ons); these divergences may occur also if the matter particles are massive. Collinear divergences
are due to the splitting of particles at small angles and occur only in the presence of massless
particles [7]. In the presence of massive particles, the large logarithms are still present but not
diverging.

Starting from Eq. , we will see that in the collinear and soft limits the cross section
factorizes and the splitting are represented by universal factors, which do not depend on the
process. We have the following result for the matrix element |M,..q|? of the process eTe™ — qgg:

2 2

T+
Miear|? 1272 2.1
| eal| X (1_$1)(1_$2) ( )

With some trivial algebra, it can be shown that
2 + 23 1—(1—x3)? 1 1
witay  1-(1-a3) + _9. (2.2)
(1*1‘1)(1*1’2) T3 1*1)1 1*332

Hence, the amplitude contains the sum of two independent soft and collinear contributions and
a finite term, which originates from the interference of the two diagrams in Fig.

The total cross section is obtained by integrating the matrix element over the phase space,
with the constraint x1 + zo + x3 = 2:

Oqqg = /d$1d.%’2d1'35(1‘1 + 22+ 23 — 2)‘Mreal’2- (23)

It follows that, in the soft and collinear limits, each diagram give an independent contribution
to the total cross section, which is proportional to the Born cross section. For example, the
contribution given by the emission of a real gluon from the antiquark (diagram (b) in Fig. is

dridrs 1+ (1 — z3)? B d cos Oa3

dzsP, . 2.4
"1—m x3 01 —cos 023 73 P4q (3) (24)
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We introduced the so-called Altarelli-Parisi splitting function:

as 1+ (1—x3)?

Pyq(x3) = CF% (2:5)

3

The contribution given by diagram (a) in Fig. has the same form of Eq. , with 1 < 2.
We have to sum both the contributions to obtain the total cross section; the interference of the
two diagrams is negligible. Hence, we say that a cross section factorizes in the presence of a
splitting if it is equal to the convolution of the lower order cross section and a correction that
states the probability of the splitting.

In Eq. it is clear that the physics factorizes: this happens because the emissions of soft
and collinear gluons occur at a much longer time than the production of the quark-antiquark
pair, so the interference between these processes is negligible in this limit. This is an heuristic
explanation of the factorization.

This can be generalized. Let us assume that the final state of a process contains m+1 particles:

if the i-th is soft or is collinear to the j-th particle, the Born-level matrix element ]Mg:fel)ﬁ is
equal to the matrix element of a process with m particle |./\/l$,tfee)|2, where the particles ¢ and j
are substituted by an unique particle with momentum given by the sum of their momenta p; +p;,

all multiplied by a universal function V;;.

t
|M7(nlfel)(p17 ceey Piy "'7pj7 "‘7pm+1)‘2 ~ ‘Mgzree)(plv -y Di +p]7 7pm)|2 : ‘/’Lj (26)

1+

Figure 2.1: Splitting.

Let 0;; be the splitting angle and z the fraction of momentum carried by the particle i: so
pi = 2(pi +pj) and p; = (1 — z)(p; + p;); if the splitting is collinear, the function V;; is

1

Vij =25
02,

}%j(z), (2.7)

where P;;(z) is the Altarelli-Parisi splitting function.
The infrared factorization is valid also for the emission of a virtual particle; if M%_IOOP)({pi}) is

the 1-loop amplitude, we have the following result:

MG (DL, ooy ) MG (P s i) + B ~ —!M%ree)(pl,.--,pm)IZ/ Vij. (2:8)

loop
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2.1.1 The Altarelli-Parisi splitting functions

We introduced the Altarelli-Parisi (AP) splitting functions: these are universal functions that
state the probability of a collinear splitting with a fraction z of momentum transferred. These
functions can be calculated in perturbative QCD and don’t depend on the process we are studying.

In general, Py (z) indicates the probability of the parton evolution b(p) — a(zp) and it has
the following structure:

Pul) = (S) P + (S) PY G + (35) PO + (32) D) + 0a). (29)

The function in Eq. (2.5 is the LO term of the Altarelli-Parisi function for the emission of a real
gluon carrying a fraction x5 = 1 — z of the initial momentum:

1+ 22
¢ —» q = [Pég)} =Cr

real 1—2z2

Figure 2.2: Real emission of a gluon from a quark and related AP function at lowest order.

It is clear that this function diverges in the limit z — 1, when the emitted gluon is soft. This
happens because we are not considering the emission of a virtual gluon, whose AP function at
LO is the following:

9 virt. e—0 9 real

[P(O) (z)} = —lim§(1 —2) /01 dz’ [P(O)(z’)} O(1—2 >e). (2.10)

The e parameter plays the role of an infrared cut-off. Summing the real and virtual contributions,
we obtain the AP function at LO for the process q(p) — q(zp) + g((1 — 2)p):

1+ 22 3
0) () = 25(1 —
P,/ (2) =CF [(1 . + 25(1 z)] , (2.11)
where the plus distribution is defined as follows:
b |l ez )/l_edfl (2.12)
(1*Z)+_€141’)I[1) 11—z i ¢ “ 0 Z]_*ZI ' '

Acting on a smooth function f(z), the distribution give the following result:

/1 dzf(z)(l = lim o dzM. (2.13)
0

1—2)y —0Jy 11—z
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According to the Feynman rules of QCD, we have four possible splittings:

. (0)(\ _ L+22 31
aavs s PG = Ceqihs+ 0], (2.14)
) (0) _ z 1—2 B
g—g+g : Py (z) = 2C4 {(1_2)++ ; +2(1 z)]
+é5(1 (1104 — 2N)), (2.15)
goq+q PO = T [z2+(1—z)2], (2.16)
14 (1—2)?
q—g+q : Pg(g)(z) = Cp [(Zz)] . (2.17)

2.1.2 The Altarelli-Parisi evolution equations

We already saw that higher-order corrections to initial-state partons in deep inelastic scattering
break the Bjorken scaling and introduce a dependence of the parton densities on the energy scale:
the AP splitting functions govern this dependence through the AP evolution equations [4].

The emission of a gluon gives the following correction to the structure function (for the
complete calculation see [1]):

(:cQ)_ex[au_x)#;‘;(P()1ogQ2+C()>}, (2.18)

where Cy(x) is a calculable function and & is a collinear cut-off. So, beyond leading order, the
Bjorken scaling is broken by logarithms of Q2. The parton density is

a 2
q(x):é(l—x)+27T(P (z )logQ + Oyl )) (2.19)

The cut-off is necessary as the matrix element is divergent in the collinear limit and we can’t be
inclusive on the initial state, because the virtual photon can distinguish a quark from a collinear
quark-gluon pair [I]. The hadron structure function F» is given by the convolution of the quark
structure function F» with a bare distribution ¢, summed over quark flavours:

Fy(x, Q) _wz [(0> r) 4 95 dzq(o)(z){qu(x)logQ2+Cq <Z>}+} (2.20)

As done for the ultraviolet renormalization, we absorb the singularities into the bare distribution,
introducing the so-called factorization scale u% . This procedure redefines the PDF:

a(@, i) = ¢ (e >+2W/ Lo ){qu(”’)log“Fw( )}+... (2.21)

The structure function becomes

—xz /qzu {5(1)+;ﬁpqq(§)1ogfj+...}. (2.22)

F
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Considering all the possible splitting and introducing the gluon density g, Eq. (2.21) becomes

gz, py) = q(o)($)+%[E dzq(){qu (i)lOg%""Cq (Z)}
i 1dzg(o)(2){pqg( )10g +C, ( >}+ (2.23)

The scale dependence of the PDFs is given by the Altarelli-Parisi evolution equations, which
are obtained taking the partial derivative with respect to log u% of Eq. ([2.22):

0 as(pz) [1dz x
2 O 2\ _ as\Wgp) [ oz z 2
MFOM%Q(SC,MF) or ). o lu (Z) q(, pp)- (2.24)

A more complete derivation, based on the operator product expansion and renormalization
group methods [5, [6] extends the result to higher orders, introducing a dependence of the AP
functions on the running coupling constant:

0 as(p?
upa 2q( HE S —=E / *qu s(ﬂ%))Q(x,u%)- (2.25)

However, this result is Vahd only for non-singles distributions, i.e. differences between quark
distributions, gnvs = ¢; — ¢;. In general, the AP evolution equation is a (2Ny 4 1)-dimensional
matrix equation:

2 2
B Ql(xuuF) 2 1 d qz(xnuF)
pp = SV S [ (2 as(3) . )
on 3 2 . 2 \z )
9@, u) ‘ 9(x, nf)
where
I~ ) Pliq; (z7 (MF)) Plig (%-O‘S(M%))
P (;MXSWF)) = ' (2.:27)

quj (z’ (HF)) Pyg ( (HF))

The indices ¢ and j run over quarks and antiquarks of all flavours. The fact that colour and
flavour commute has the following consequences:

nggj = 51»qu<2>, (2.28)
Pl = P, (2.29)
P9 = P, (2.30)

Eq. means that the emission of a gluon does not change the flavour of a quark; Eq. (2.29
indicates that the probability of emission of a gluon is the same for all flavours, while Eq. (2.30
states that the creation of a quark-antiquark pair from a gluon has the same probability for all
flavours; Eq. and Eq. are valid only in the massless limit. These relations clearly
simplify the matrix; however, they are valid only at LO.
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The interpretation of the AP functions as probabilities leads to the following sum rules:

1
/dqu@(x) = 0, (2.31)
0
1

/ dzx {P§§>(x)+Pg<g>(g;)] = 0, (2.32)

0

1
/ dzx [2NfP;g>(z)+Pg(g>] = 0. (2.33)

0

where Eq. (2.31) is the baryonic number conservation, while Eq. (2.32)) and Eq. (2.33]) are the
momentum conservation in the splitting of quarks and gluons respectively.

If we sum all the quark distributions we obtain the singlet distribution:

S up) = Y i@, ph) + 4@, 13)] - (2.34)

i

The matrix for the singlet quark and the gluon is the following;:

Pyg(z) 2NpPye(2)
P(z) = : (2.35)
Pyq(2) Pyg(2)

Using a matrix formalism, we can calculate the evolution probability of a general state, rep-
resented by a unit vector v = (a, b), which represent a singlet quark if « = 1 and b = 0, a gluon
if a =0 and b = 1, or, in general, a superposition of the quark and gluon states if @ # 0,1 and
b #£ 0,1. The state after the splitting is given by the action of the Altarelli-Parisi splitting matrix
Pi;(z) on the initial state vector v;:

} Pyg(z) 2NypPy(2) a aPyq(2) + 20N Pyq(2)
Pii(2)v = . - : (2.36)
Pyqe(2) Pyg(2) b aPyq(z) + bPyq(2)

In Chapter [5| we will use this formalism, summing the terms of the final vector, since we will
not distinguish between quarks and gluons in the final state.

Following a different approach [4], we can provide an alternative formulation of the AP evo-
lution equations in terms of the so-called Mellin moments of the parton distributions:

1
M (ug) = / dex" ! fo(x, pF), (2.37)
0
and the so-called anomalous dimensions of the splitting functions:
1
ialalid) = [ doa™ Pl as(ik). (2.39)
0
For the non-singlet distribution the equation is
9 as(uy)
ph = Mirs(uF) = =20 (as(u3)) Mivs (%), (2.39)
o 27
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For the singlet quark and gluons distributions we have

0 ( Mg(ug) ) a(pf) ( M2 () )
2 S\ME _ F)_n 2 S\MPF
- = a : 2.40
“Fau%<M;<u%> on ) SWED ) (2:40)
where
= (T 2. (241)
Toa  Tag

2.1.3 Soft emission: eikonal factorization

In the caso of a soft emission, which is a particular case of the collinear emission, the matrix
element factorizes. As done in the references [7), 8], we will show this property considering the
matrix element of the diagram (a) in Fig. in the limit where the emitted gluon is soft (kK — 0):

M = gsﬂ(m)’y”é,i(k)( Pt 1M

S 6 NS M
1+ k) +ie !
!

— gsu(p1)y*e (k) ok ietiLM?

k—0

1
= gD (k)ulp )5 Mo, (2.42)
p1-k
where we have used anti-commutation relations of the Dirac matrices and the massless Dirac
equation plu(pl) — 0. M, is the LO amplitude (ete™ — qq) without the Dirac spinor u(p1);
€, (k) is the polarization vector of the emitted gluon; t{ is a generator of SU(3) in the fundamental
representation, it’s the colour charge associated to the emission of a gluon off a quark line. The
factor p4'/(p1 - k) in the last line of Eq. is called eikonal factor.
Now we can calculate the squared amplitude:

2 _ (a) (b) |2 2  hi-p2 _ ~ o~k
|Ms|* = [M3" + M3"|" — g o ) (pn k)Tr [Cuu(pl)MgMQv(pQ)} : (2.43)

where we have introduce the effective colour charge:

Clj = 24248, (2.44)

It can be shown that Cis = 2C'r. Thus, in the end we obtain the following factorization:

M2 — g220p—LL P2 a2 2.45
| 3| 0 Gs F(pl-k)(p2~k)| 2‘ ( )
= G (k)T (k) (=gyw), (2.46)

where, in the last line, we have written the matrix element in term of the eikonal current:

"
JH(k) = Zt;gpp’fk. (2.47)
i=1 "
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2.2 IRC safety

The concepts of IRC safety is crucial to study the sensitivity of theoretical predictions to soft
and collinear high-orders correction.
In perturbative QCD, we can write down the general expression of an observable:

0 =00 +O0ONLO +ONNLO + ... (2.48)

The prediction at LLO has the following structure:

[ Futtpd) (2.49)

710 = [ dom | ME ()

where do,, is the m particles phase space and F),({p;}) is a function that defines the observable.
At NLO we have contribution from real (first integral) and virtual (second integral) emissions:

2
ONLO = /d¢m+1‘M£ﬁ?({Pi})’ Fry1({pi})

+ [ Ao [MED (p DM (i) + e Bul (o)) (250

Recalling Egs. (2.6) and ({2.8]), we obtain the following result:

ree 2
UNLONF.T.+Z/d¢mH‘Mﬁgﬂ)({pi})‘ /l Vi [Frpt (coos Pis oo Do) — Fon(eoes pi + s 0]
i?j oop

(2.51)
where F.T. stands for finite terms in the IR limit.
In order to guarantee the complete cancellation of infrared singularities, the observable satisfy
the property of IRC safety, defined as follows:

collinear safety :  Fip1(..., Pis ooy Py o) — Fon(eoos0i +0j,...) if pi || pj
infrared safety :  Fypi1(eoy Diy o) — Fin(eooy Pic1, Dig1, ) ifpi =0 (2.52)

So, we require that whenever a parton is split into two collinear partons or a soft parton is emitted,
the value of the observable must remain unchanged [8]. It should be clear that quantities made
out of linear sums of momenta will respect this requirement [I]. If a variable does not satisfy
this property, so it is IRC unsafe, we have to consider long-distance physics corrections, which
cannot be treated with a perturbative approach. Although from an experimental point of view
the finite resolution of detectors acts as a cut-off and ensures the absence of infrared singularities,
we require IRC safety because we would like to avoid theoretical predictions from depending on
resolutions parameters of detectors [7].

The concept of IRC safety can be generalized to every observable. An observable is said IRC
safe if its theoretical prediction is insensitive to soft and collinear emissions.
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2.3 Jets

In order to identify and study hadronic final states, we would like to use IRC safe definitions and
observables: for this purpose, the concepts of jet and jet cross section have been introduced.

Final-state partons in high-energy scattering processes will undergo successive branchings at
small angles [8], until they reach a non-perturbative energy scale and so will form hadrons. Hence,
high-energy partons will appear in the final state of a collision as a collimated bunch of hadrons:
these are called jets. As defined in [§], “jets are collimated flows of hadrons and they can be seen
as proxies to the high-energy quarks and gluons produced in a collision”.

Although in our calculation we will not identify jets, in this section we will briefly present
some basic concepts.

2.3.1 Jet algorithms

In order to identify jets, we should be able to say whether two partons belongs or not to the
same jets, i.e. whether two partors are collinear or not. Hence, we introduce a jet definition,
which gives us an objective procedure to do that. A jet definition contains a jet algorithm and
a set of parameters. In addition, a recombination scheme specifies how to obtain the kinematic
properties of the jet from its components.

The so-called Snowmass accord listed five fundamental criteria that should be satisfied by any
jet algorithm [§]. The algorithm should

e be simple to implement in an experimental analysis;

e be simple to implement in the theoretical calculation;

e be defined at any order in perturbation theory;

« yield finite cross sections at any order in perturbation theory;

« yield a cross section which is relatively insensitive to hadronisation.

Historically, the first IRC safe jet definition is the 2-jet rate definition, provided by Sterman
and Weinberg. According to their picture, a final state is classified as a two-jet-like event if all
but a fraction e of the total energy is contained in a pair of cones of half-angle § [1]. It’s clear
that the definition depends on the choice of the parameters € and §: this is a common feature of
all the jet definitions.

Clustering algorithms

A widely-used type of algorithm is the clustering algorithm, which is based on the definition of a
distance d;; between two partons in the final state; starting from d;;, we can define a dimensionless
distance y;; = d;;/ Q? (where Q is the energy scale of the process); after that, we introduce a
dimensionless resolution parameter yeys: if ¥;; < Yeut, We recombine the partons ¢ and j, typically
by summing their momenta p;; = p; +p;. Starting from calculating all the distances between the
final-state partons, the procedure is repeated until y;; > yeys for all 7, j.
The algorithm depend on the choice of definition of the distance d;;. For the Jade algorithm
it is defined in the following way:
d}. = 2E,;F;(1 — cos ;). (2.53)

ij =
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This algorithm is not insensitive to non-perturbative effects (so it does not meet the fifth point
of the Snowmass accord): in fact, if two partons are soft, the algorithm will cluster them even if
they are not collinear.

Most of the widely-used clustering algorithms belong to the family of the generalized-kp
algorithm; this is based on the definition of a inter-particles distance d;; and a beam distance
diBZ

di; = min(k7";, k7, ) ARY, dip = k7, R?, (2.54)
where p is a free parameter, ARfj is the geometrical distance in the rapidity-azimuthal angle
plane and R is a parameter called jet radius. Iteratively we compute all the d;; and d;p: if the
smallest distance is a d;j, we cluster the particles ¢ and j; instead, if the smallest distance is a
d;, object i is identified as a jet and removed from the list [§].

The value of p determines the characteristics of the algorithm. For example, the k7 algorithm
correspond to p = 1 and it tends to cluster soft emitted partons. With p = 0 we obtain the Cam-
bridge/Aachen algorithm: it is insensitive to soft emissions, as the distance is purely geometrical.
The Anti-kp algorithm correspond to p = —1 and has the feature that hard partons are favoured
to cluster.

In the study of the jet substructure, several algorithms are used. Initially, jets are usually
identified using the Anti-k7 algorithm and then the substructure is studied reclustering the com-
ponents of a jet with other algorithms.

Cone algorithms

Another type of algorithm is the cone algorithm, which is based on the concept of stable cone:
for a given cone centre (y., ¢.) in the rapidity-azimuth plane, if we sum the four-momenta of all
the particles within a fixed radius R around the cone centre and the sum has rapidity y. and
azimuth ¢., which means that the total four-momentum points in the direction of the centre of
the cone, the cone is said stable. The cone algorithm starts with a given set of seeds; using them
as candidates for cone centres, we calculate the cone contents and find a new centre based on the
sum of the four-momenta, iteratively until we found a stable cone. It is worthy to specify that
finding cones is different from finding jets, since cone can overlap; commonly, after identifying
the cones, we can identify jets by merging or splitting the cones using an appropriate split-merge
procedure.

2.3.2 Jet cross section

The total cross section calculated in Sect. doesn’t give any information about the distribu-
tion of the hadrons in the final state. After providing a jet definitions, we can calculate the jet
cross section oy, which is the cross section for the production of n jets in the final state, and the
rate R, = op/010t- To be useful, a jet cross section calculated in perturbative QCD should be
free of soft and collinear singularities and relatively insensitive to non-perturbative corrections
[1]. The Sterman-Weinberg cross section at LO coincides with the total cross section, while at
NLO is calculated by integrating the matrix element in Eq. over the phase space region
where E; < ey/s and 6;; < §; alternatively, we can subtract the three-jets cross section from the
total cross section:
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o9 = O[O0+ qug(Ei < 6\/5, 9,']‘ < (5) + ... (255)
= Otot — Oqgg(Ei > €V/5,0;5 > 0). (2.56)

The cross section in Eq. (2.56)) can be calculated integrating the matrix element in the phase-space
region R obtained removing the infrared region from the whole phase space:

d*04z
Oggg(Ei > €V/s,0ij > 0) = /R dxldl?ﬁ. (2.57)
The final result for the rate is the following:
p) 4ag 3 5 w2
= =1--—141 log2e+ - | — =+ —| . 2.
= Ttot 3w [ 0g5<og 6+4) 2+6] (2.58)

In order to avoid infrared singularities, € and ¢ should not be chosen too small.

In general, small values of the resolution parameters facilitate the identification of a large
number of jets in the final states, as it can be seen in the following plot, provided by the OPAL
collaboration:

1M} Ty
I 91.2 GeV
+ OPAL 2 Jet
30 | D-scheme ]
6l = 1
E_i" L oA Dala
—i seeeeeese JEtgEL partons
a:* 40 | Jetset hadrons
-
1}

0.001 0.01 01 1

Figure 2.3: Rates of n-jet events (2 < n < 5) for different values of the resolution parameter ycy:,
as measured at the Z° resonance at LEP [9].
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Chapter 3

Event shape variables and
superinclusive obervables

3.1 Event shape variables

A useful approach to study the characteristics of a hadronic final state is to use the so-called
event shape variables [I]. These quantities characterize the ”shape” of an event, describing the
distribution of hadrons in final states. After defining the variable X, we can give a theoretical
prediction of the distribution do/dX and compare it with experimental measurements.

An example of a broadly-used event shape variable is the thrust 7"

m ..
T, = maxw (3.1)
nl=1 3221 [Pil

where p; are the final-state parton (or hadron) momenta and n is an arbitrary unit vector. The
thrust is a variable that maximizes the longitudinal momentum of an event, it takes values in the
interval (1/2,1); T =1/2 and T =1 are two limit values:

1
e T = —: we have a spherical event, where all the particles are distributed isotropically;

o T =1: we have a pencil-like event, with two back-to-back particles (or jets).

In the previous chapter we introduced the concept of IRC safety; this can be generalized to the
event shape variables: a variable is infrared safe if it is insensitive to soft and collinear emissions.
The thrust is an infrared safe variable. It is clear that it satisfies soft safety: in fact, if p; — 0,
then Ty,41 — T5,. For two collinear partons with momenta p; = zp and p; = (1 — 2)p, in the
numerator of Eq. we have

pi -n|+|pj-n|=(2+1-2)|p-n|=|(p; +pj) nl, (3.2)

whereas in the denominator

|pi| + |pj| = (2 + 1 —2) |p| = |pi + Pjl, (3.3)

so T is collinear safe.
Using Eq. (2.50), with F,,, = §(T — T,,), we can calculate the thrust distribution. At NLO
the result is
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(3.4)

cdl ~ For | T(O=T) 1-7 1-T

1 do ag [2(3T% — 3T +2) os <2T—1> 3(37 —2)(2—T)
The distribution diverges as T — 1; however, IRC safety permits us to integrate it in the interval
1/2 <T <1 in order to obtain the total cross section.

It is interesting to compute the expectation value (1 — T') with respect to the c.o.m. energy
V/s; we note that it decreases as the energy increases, which means that (T') — 1 as /s — 4oc:
in fact, if the energy is large, ag — 0, so the thrust reaches the value it would have in absence of
higher-order correction, which is 1, because in the final state we have only the quark-antiquark
pair. In this way, it should be clear that we can provide a determination of cg by measuring the
distance of T' from 1. According to this result, it can be shown that

1 do

—— —5(1-T) if /s = +o0. (3.5)
odTl

Another example of an event shape is the spherocity, defined in the following way:

4\? O p x|
Sm = <) min (HmZ) . 3.6
™ n > im1 |Pil (36)

A widely-used event shape variable, which is similar to the observable we will define in Chapter
is the energy-energy correlation function (EEC). This quantity is a dimensionless angular
distribution, defined in the following way:

1 d Pi dgpj QEZ'E]' d60'
EiEj———§(cos 0 —
o dcosx Z/ s T Bpid3p; (cos 03 — cosx)

+Z/d3p% <E2> %Czlp 5(1 — cos x), (3.7)

)

where EyEodSc/d®p1d®ps is the two-hadron inclusive cross section and 0;; is the angle between
particles ¢ and j. The first sum is over all distinct pairs of final-state partons (or hadrons), while
the second is a self-correlation, which guarantees the validity of the following sum rule:

1
/dco Xl dx =1 (3.8)

1 o dcosx

The EEC measures the correlation of the energy flow in an event [I]. It is peaked at y = 0 and

x = 7 for a pencil-like event and it becomes flatter for a more isotropic event. It can be shown
that the EEC is IRC safe.

3.1.1 Inclusive and superinclusive observables

We have already mentioned the concept of inclusivity while treating electron-positron annihila-
tion. High-energy scattering processes produce a large multiplicity of particles and we could be
interested in a particular final state, for example we could require the presence of a jet: we are
inclusive if we accept any possible final state which includes the particle we are interested in.
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Thus, an example of an inclusive observable is the 1-jet inclusive cross section, which measures
the cross section for the production of one jet and any other particle.

In Chapter [1| we saw that the total hadronic cross section in electron-positron annihilation is
free of soft and collinear singularities, as we sum over all possible final states. In 1978, before
the introduction of the concept of IRC safety, G. Parisi generalized the idea of the total hadronic
cross section introducing the concept of superinclusivity [3]: a superinclusive observable is defined
accepting any possible final state, with no restrictions; hence, the definition of such a variable is
based on a property of the final state and not on the type of particles. A superinclusive variable
is free of soft and collinear singularities and can be calculated in perturbative theory at partonic
level.

The example proposed by Parisi in [3] is the following 3 x 3 matrix:

PP pk)
o i D
bij =) p® (3.9)
p

where ¢, = 1,2,3 and pgk) are the spatial components of the k-th particle in the centre-of-mass
frame.
From Eq. (3.9) we can define the superinclusive cross section do/df;;, which can be written

also in terms of the normalized eigenvalues A1, Ao, A3 of the matrix:

o B
dhidhadNs

From the eigenvalues of the matrix, we can define the C and D parameters:

F(N)6(A + Ag + Az — 1). (3.10)

C = 3()\1)\2 + Ao3 + )\1)\3), D = 27M1\9)3. (3.11)

This parameters are linked to the geometry of the final state, because the eigenvalues of the
observable have a geometrical meaning: if only one of them is not zero, the final state consist of
two jets and all the momenta are collinear; if only one eigenvalue is equal to zero, there are at
least three jets and all the momenta belong to the same plane; if all the eigenvalues are equal to
1/3, the momenta distribution is completely spherical.

The C-parameter can be rewritten in terms of the final-state momenta:

o3 > [Ipil lps| — (pi - p5)° / |pil Ip;]
2 (> lpil)?

3.1.2 Parton-hadron duality and the observable R

(3.12)

In the hard scattering regime non-perturbative hadronization effects can be neglected, this leads
to the notion of parton-hadron duality: an observable has this property if experimental hadronic
measurements are compatible with theoretical partonic calculations.

An example of a superinclusive observable for which the parton-hadron duality is valid is
the ratio R of the total hadronic cross section to the muon pair production cross section in
electron-positron annihilation [I]:

R— o(ete™ — hadrons) (3.13)
olete” = ptp)
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This is a superinclusive observable because we accept any possible QCD final state. It can be
calculated in perturbative QCD at partonic level; at LO the prediction is obtained computing the
quark-antiquark pair production cross section and summing over quarks flavours and colours:

Y ,o(ete = qq)
Rpo==4 =3 2, 3.14
Lo olete™ = putpu) geq (3.14)

Using Eq. (1.33), we can include higher-order QCD corrections, obtaining the following result:
_ 2 as 2 }
= 1+ — . 1
R 3§q eq{ + - + O(a%) (3.15)

Looking at the plot in Fig. [3.1] we can observe the parton-hadron duality of this observable.
The theoretical prediction is compatible with the experimental data in the region /s > 1, where
the perturbative approach is a valid; the discrepancies are due to the presence of resonances in the
experimental data, which represent excited states of hadrons; for high energies, these resonances
form a continuum, so the compatibility with the theoretical prediction increases.

o and R in e*e” Collisions

10

10

\HTF‘\

10 - ‘
1 10 10°

Vs [GeV]

Figure 3.1: World data on the total cross section ¢ and the ratio R in electron-positron annihila-
tion [10]; the broken lines represent the prediction given by the naive quark model approximation,
while the solid curve represent the 3-loop perturbative QCD prediction.
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3.2 Resummation of event shape variables

In this section we will give a brief introduction on the resummation formalism, following references
[1] and [12].

We can begin by considering the perturbative prediction of the thrust distribution, which has
the following form:

9 = s (1) A1 (T) + 03() Aa(T, Q1) + 03D AS(T, Qi) + . (316)
where A;(T) is given by Eq. (3.4).

The series expansion of a prediction is formally valid if as(u?) < 1; however, if the coefficients
of the expansion are large, the prediction could lack reliability. For the thrust, as T" — 1, i.e.
the final state reaches the 2-jet configuration, the coefficients become large, containing large
logarithms:

log?"~1(1 - 1T)

An(T) 1 1-7T

(3.17)

This means that the prediction is reliable only if cvg(p2?) log?(1—T') < 1. A way to obtain a reliable
prediction is to resum these large logarithms to all orders. For convenience, the resummation is
performed considering the integrated distribution:

1 1do
f(T)z/1 AT~ (3.18)

—T
where 7 = 1 — T. We say that the quantity exponentiates if for small values of 7 it has the
following form

F(7) = Clag) exp {G (ag, log i) } + D(as, ), (3.19)

where, defining L = log(1/7),

+oo n
Clag) = 1+ Cq (%) , (3.20)
n=1
+oo n+1 ag\n
Glas,L) = 3.3 Gum (%> m
n=1m=1
= Lgi(asL) + g2(asl) + asgs(asL) + ... (3.21)
D(ag,7) — 0. (3.22)
7—0

We refer to terms osz"Jrl as Leading Logarithms (LL), terms a$L" as Next-to-Leading Loga-
rithms (NLL), and so on. The function g; resums all LL terms, go all NLL terms, while g3 and
the next functions of the expansion contain the so-called subdominant logarithmic corrections
a'g L™, with 0 <m < n.
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Knowing ¢1(agL) and go(agL) in the region where agL ~ 1, provided that the subdominant
contributions have a good behaviour in this region, permits us to obtain a reliable prediction of
log 7 in the region where agL ~ 1, which is less limiting than the condition agL? < 1.

We can say that every observable which is a solution of a RGE exponentiates. The exponen-
tiation of an event shape is a consequence of the large logarithms arising from a large scale ratio
in the calculation of the matrix elements in the infrared regions; however, the phase space may
spoil this property. For the function f(7) we can write

=% [ don Mo Fullid 7). (3.23)

We have to show that each term of the sum factorize in the limit 7 — 0, eventually after
performing a suitable integral transformation; if the terms of the sum form an exponential series,
we can say that the event shape exponentiates.

It can be shown that the thrust exponentiates; however, not all the event shape have this
property. In general, an integrate distribution R(v)

4 .24
o (3:24)

where v — 0, has the following perturbative expansion:

+oo as 9 2n 1
=1+ (%) > Rumlog™ —+0(v) | . (3.25)
n=1 m=1

In this case, reminding that L = log(1/v), we refer to terms o2 L?" as LL, terms o2 L?"~! as NLL
and so on. The resummation is convergent up to values for which L ~ agl/ 2, beyond this limit,
formally subleading terms can become as important as the leading terms. At this limit, a N"LL
resummation neglects terms of accuracy a(n+1)/ 2

If the observable exponentiates, we can write

+oo
R(v) = exp {Z (§S> <Z Gpm log™ — —|— O(v )) } (3.26)

where the coefficients G,,;,, have the form of Eq. . It should be specified that we can rewrite
every pertubative series in an exponential form: what distinguishes between an observable which
exponentiates from a one which does not is the form of the coeflicients G, .

Finally, it is worth spending some words about the matching between the fixed-order and
resummed predictions. Resummed preditions are valid only in the limit of small v, while fixed-
order calculations are performed in the whole phase space, but fail in a particular limit. Sometimes
it could be useful to consider both these contributions; however, some terms are counted by
both resummed and fixed-order calculations, so it is important to subtract the so-called double-
counting terms. The matched prediction is

Rmatched (U) — Rﬁxed—order (U) + Rresummed (’U) _ Rdouble—counting (U) (3‘27)

In the following plot, taken from [12], it is shown the difference between a fixed-order and a
resummed predictions for the thrust.

33



:
100 £ 30

—
(=]

T T LI I I I I T LT

1/a do/d(1-T)

01k T Resummed el . i
————— LO + NLO )
------ LO
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

1T

Figure 3.2: Comparison between fixed-order (LO, NLO) and resummed (NLL) predictions for
the thrust distribution in electron-positron annihilation at Q = Mz. The resummed prediction
has been matched, so it contains LO and NLO contributions.
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Chapter 4

Multifractals and renormalization in
QFT

In this chapter we will give a brief introduction to the concept of multifractal. We will present
the concept of a scaling law, a fractal system and its generalization to a multifractal system.
Although these are concepts studied mainly in statistical physics, we will see that they have some
application in QFT and QCD. We will see that a renormalizable quantum field theory has a
multifractal behaviour.

4.1 Multifractals

We start by presenting the concept of multifractal: before doing this we will define a scaling law
and a fractal system. The dissertation provided in this section is simple, having only the aim of
introducing some basic concepts. Statistical physics literature is filled with works on these topics,
but this goes beyond the aim of this thesis.

4.1.1 Scaling laws

A fundamental concept which is necessary to understand fractals and multifractals is the concept
of scaling law. In general, a scaling law is a functional relation between two physical variables
that depend on each other. A basic example is a power law:

f(@) = a*, (4.1)

where z is the independent variable, called scaling variable, and a € R. Typically, we take a
length scale as scaling variable: a trivial example of a scaling power law is the dependence of the
Coulomb force on the distance r:

F(r) ocr™2. (4.2)

Physics is filled with scaling laws. In general, scaling laws can be more complicated than
power laws; as we will see, fractals and multifractals are described by scaling laws.
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4.1.2 Fractals

Conceptually, a fractal system is a system that repeats itself at every scale: this property is called
self-similarity and it can be exact, approximate or statistical.

After hundreds of studies about fractals, in 1975 the mathematician Benoit Mandelbrot coined
the word “fractal” and gave a mathematical definition supplied with computer-constructed visu-
alizations, such as the so-called Mandelbrot set.

Figure 4.1: Visualization of a Mandelbrot set.

Mandelbrot describes a fractal as “a rough or fragmented geometric shape that can be split into
parts, each of which is (at least approximately) a reduced size of the whole” [14]. A mathematical
definition is provided introducing the concept of fractal dimension [I5]: this measures how the
detail in the fractal change with a change of the scale at which we are looking the system. The
fractal dimension is greater than the topological dimension of the space. We consider a bounded
set X in a d-dimensional space: X is self-similar if it is the union of N, copies of itself, each of
which is similar to X if scaled down by a factor r; the fractal dimension D is defined as follows:

Dp = log N,

. 4.3
log% (43)

In other words, we can imagine to divide the fractal space into hypercubes of side length r: if

N(r) is the number of hypercubes occupied by the points which form the fractal, we have that

Dy — — Tim 28N ().

4.4
r—0 logr (44)

Hence, fractals are described by a power scaling law, in which the power is minus the fractal
dimension:

N(r) ocr~PrF, (4.5)

Fractals appear in a variety of physical applications. For example, chaotic dynamical systems
may exhibit a fractal behaviour.
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4.1.3 Multifractals

A multifractal is the generalization of a fractal, which have a more than one fractal dimension or
scaling rule. We can say that a fractal with a non-constant fractal dimension is a multifractal. In
order to give a quantitative definition of a multifractal, we consider its application to dynamical
systems following reference [16].
We consider a time series of points X; = X (iAt) of a dynamical system, where At is the time
interval and ¢ = 1,2, ..., N:
axX _ (X), X € R% (4.6)
dt
We define a local density by counting the fraction of points contained in a hypersphere of radius
r and centre X;:

ni(r) = ; o _Npi - XD, (4.7)

where O is the Heaviside function. Through a space average we calculate the moments of this
local density:

N ng(r)e
(ni(r)?) = Jim ST (4.8)
i=1
and define a series of exponents ¢(q) by the scaling law
lim (n;(r)?) o< @, (4.9)

r—0

In a fractal, n(\r) has the same statistical properties of n(r)A\”F, which implies that ¢(q) =
Dprq. We have a multifractal if

¢(q) # Drq. (4.10)

This idea can be generalized to a measure on a general d-dimensional space.
To sum up, while a fractal is a system that repeats itself at every scale, a multifractal is a
system that, if looked at a different scale, repeats itself with some changes in its parameters.

4.2 Multifractal interpretation of the renormalization

In the first chapter we saw that higher-order corrections give rise to ultraviolet divergences, which
are treated with the renormalization procedure. We saw that the renormalization of QCD requires
a redefinition of the coupling constant: the consequence of this procedure is the introduction of
a dependence of the coupling constant on an energy scale, called renormalization scale. This
can be generalized to every renormalizable quantum field theory and to every parameter of the
Lagrangian (masses, coupling constants, fields, etc.). Renormalizing a theory, we redefine the
bare non-physical parameters of the Lagrangian at a certain energy scale. This means that we
are looking at the system at a certain energy scale and we can wonder how the system changes
if we observe it at a different scale.
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Following chapter 12 of the reference [2], we illustrate this idea in the simple example of ¢*
theory, with a massless scalar field ¢ and a coupling constant A\. We start by introducing the
bare Green’s functions, defined as follows:

G (21, ..., wn) = (O[T {o(21)do(x2)...¢00(2) }|0) , (4.11)

where T is the time-ordered product and ¢g is the bare field. The Green’s functions in Eq.
are functions of the bare coupling constant Ay and the UV cut-off A. After performing the
renormalization, we remove the cut-off dependence, we substitute the bare coupling A\g with the
renormalized coupling A and rescale the fields introducing the field strength renormalization Z:

o(x) = Z7V2¢o(x). (4.12)

The renormalized Green’s functions G (x1,...,x5,) depend on the renormalization scale p and
are numerically equal to the bare functions, up to a rescaling by powers of Z:

G (21, .y xn) = Z7"PG (a1, ..., ). (4.13)

We can redefine the renormalized Green’s functions at a different scale u/, with a new renor-
malized coupling constant \' and a new rescaling factor Z’. We consider an infinitesimal shift of
the renormalization scale:

o= o+ ou, (4.14)
A = AN, (4.15)
o — (1+dn)e. (4.16)

This has the following effect on the renormalized Green’s functions:

G — (14 non)G™. (4.17)
Thinking about G(™ as a function of M and X, we can write
oG ™) oG ™)
(n) — — (n)
e EIi OM + I oA = ndnG\"™. (4.18)

It is useful to define the following dimensionless parameters:

M M

Making these substitution in Eq. (4.18) and multiplying by M/dM, we obtain the following
equation:

,uai—i—ﬁ;)\—i—nv G(”)(:Ul,...,:vn;,u,)\) =0. (4.20)
The parameters 8 and ~ are the same for every n and cannot depend on the z;. Being G
renormalized, 5 and - cannot depend on the cut-off, so, by dimensional analysis, we can conclude
that they cannot depend on u; hence, they are functions only of the dimensionless quantity
A. Therefore, we can say that any Green’s function in massless ¢* theory follows the so-called
Callan-Symanzik equation:
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3} 0
9 9 (n) . _
M@u + ﬁ()\)a)\ +ny(N) | GV (21, .oy Tny pp, A) = 0. (4.21)

This result can be generalized to other renormalizable massless theory with dimensionless
couplings. B(\) and () are two universal function: § has already been introduced in Chapter
and it is related to the coupling constant; whereas, v(\) is called anomalous dimension and it
is related to the operator we are rescaling (in this case the field).

We can conclude that, for a renormalizable theory, a shift in the renormalization scale leads
to a shift in the coupling constant and in the other parameters of the Lagrangian. This means
that, if we look at the system at a different energy scale, the system repeats itself with some
changes in its parameters: remembering the definition given in the previous section, we can say
that this is a multifractal behaviour.

4.2.1 Multifractals in QCD

Fractals and multifractals are a large field of interest in physics. Moreover, they have some
applications in particle physics.

Some works about fractal and multifractal structures in multiparticle production are already
available in literature. For example, the authors of [17] studied the multifractal dimensions in
QCD cascades for high-energy particle production in small rapidity or angular intervals. A more
recent work is [18], in which the authors present a series of fractal jet observables. However, in
these and other works the common approach is to identify jets in the final state; our approach will
be different: in the next chapter, we will calculate the multifractal dimension of a superinclusive
observable at partonic level, without identifying jets.
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Chapter 5

A superinclusive observable with a
multifractal dimension

In this chapter we will define a superinclusive observable and we will study its behaviour in
the collinear limit, through an analytical calculation at the Leading Log order. This chapter
constitutes the original work of this thesis.

5.1 Definition of the observable

We consider an electron-positron scattering process ete™, and, as done in Sect. we make
a calculation at LO in QED and consider the decay v — gq with QCD higher-order corrections;
we neglect the Z channel. The observable is defined as the final-state energy deposited in a cone
with angular radius 6:

b
E(9,b) = <Z EZ»(G)) : (5.1)

where F;(0) is the energy of the i-th particle revealed in the cone and b is a real parameter. This
observable is superinclusive, since its definition is based on a property and not on the type of the
final-state particles: we accept any possible final state.

5.1.1 Direction of the cone

Our aim is to find the behaviour of this variable in the limit where § — 0. We should start by
specifying the direction of the axis of the cone; we can explore different possibilities.

Direction of the LO quark-antiquark line

We can define the direction of the cone as the line of the quark-antiquark decay of the process at
LO. This definition is particularly useful for analytical calculations, because the splitting angle of
a parton emitted by the quark (or the antiquark) coincides with the angle between the parton and
the cone axis; however, this has no sense experimentally, as we cannot identify the LO direction
in an experiment.

40



Direction identified by the thrust axis

The thrust is a variable that identifies the direction which maximizes the longitudinal momentum
of the final state. This direction can be determined in an experiment, but the calculations involved
are not trivial.

Arbitrary direction

Another possibility is to choose an arbitrary direction in space as the direction of the cone axis.
This has an experimental significance and the calculations can be simplified by a suitable choice
of the frame of reference and the collinear approximation: in fact, we will see that in this limit
we can approximate the direction of the cone with the direction of the LO quark-antiquark line
in the phase-space regions which give a non-zero contribute to the observable.

Therefore, this is a good choice to study the scaling law of the observable. For convenience,
we choose the frame of reference so that the z axis coincides with the axis of the cone: in this
frame, a particle is inside the cone if and only if its polar angle is less than 6. Moreover, without
loss of generality, we can set the azimuthal angle of the collision axis equal to zero; hence, in this
frame the following four-vectors represents the initial-state four-momenta ¢; and g¢o:

g1 = (E,—FEsinfy,0,—Fcosby), (5.2)
@2 = (FE,FEsinfy,0,FE cosby),

where we defined F = %

= é, /s being the centre-of-mass energy.

5.1.2 Formula of the observable for a n-particle final state

We can express the observable as a weighted cross section. We use the Heaviside function in
order to say if a particle is inside or outside the cone: if it is outside, the function is equal to zero
and it gives no contribution. For a general n-particle final state, we can write down the following
formula:

n b
E.(0,b) = ! /dqbn\/\/ln]2 (Z E;O(cosb; —cos&)) , (5.4)

280’0 1
1=

where de,, is the n-particle phase space and |M,,|? is the squared modulus of the n—particle final
state amplitude (averaged over the polarizations); E; and 6; are the energy and the polar angle of
the i-th particle respectively; 2soq is a normalization factor, with oy being the total cross section
at Born levelﬂ Finally, we define the following quantity, which will be useful in the calculations:

i=1

n b
F,.(E;,0;;0,b) = (Z E;©(cos; — cos 0)) (5.5)

! Actually, a proper normalization would require the total cross section, but we approximate it using the Born-
level one to make the calculations easier.
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5.2 Fixed-order calculations

We will start by performing fixed-order calculations considering only leading logarithmic terms;
then, we will sum the all-order contributions to obtain the LL result.

Fixed-order calculations can be performed by using Eq. ; however, the integral could
not be exactly calculable: in fact, if we consider the complete matrix element, we can compute
the integral only at LO. Calculations are simpler in the soft and collinear limits, thanks to the
factorization. As 6 goes to zero, we are considering the collinear limit; we can also consider the
soft limit, but we will see that the leading contributions to the variables are given by collinear
partons and the collinear approximation is valid also if the emitted parton is soft.

5.2.1 LO calculation

At LO, we have the creations of a ¢g pair, with momenta p; and po respectively:

p1 = (E1, Epsinf cos i, By sinfy sing, Fy cos ), (5.6)
P2 = (Eg, E2 sin 92 COS 2, E2 sin 92 sin Y2, EQ COS 92). (57

The conservation of the total four-momentum implies that

p1 = (E,Esinf;cosy, Esinb sin ey, Ecosby), (5.8)
p2 = (E,—FEsinfcosyy,—FEsinf;sinp;, —F cosfy).

Inserting the expressions (5.2)), (5.3]) (5.8]) and (5.9)) into Eq. (1.24]), we obtain the following result

for the squared modulus of the amplitude at LO:

_ 9 8646(21 4 ) ) 9
Mol = QB)! [E*(1 + sin 6y sin 6y cos 1 + cos 0y cos 6;)
+ E4(1 — sin O sin 67 cos 1 — cos By cos 91)2]
8ete?pt
— ngl [2 + 25in? 0y sin® 6, cos? ¢ + 2 cos? Oy cos? 6,

+4 sin g sin 01 cos 1 cos Oy cos b1]
= 6483 (1 + sin? 0y sin? 0; cos? w1+ cos? 0o cos® 0,
+ 25sin 6y cos Oy sin 61 cos 01 cos ¢1) . (5.10)

We can write down the expressions of the 2-particle phase space and of the quantity Fb:

_ 1 |py _ 1
d(bg = dQl 1671'2 Q = 32’]TZdCOS 91(1801, (5.11)
F5(Ey, Eo,01,09;60,b) = [E10(cosf; — cosf) + E20(cos by — cos 9)]b
[EO(cos 0 — cos ) + EO(— cosfy — cos )]”. (5.12)
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The total cross section at Born level is given by eq. (|1.26)). Now, we can perform the computation
of the observable at leading order, summing over all kinematically accessible flavours and all
colours:

3 Neety e2 1 2
Ero(0,b) = “d@/d1'29'202
ro(6,0) 87Ta2Ncheg 392 g cos 0 ; ©1(1 + sin” 6y sin” 0y cos” 1 +
+ cos? By cos? B + 2sin B cos O sin 0; cos 1 cos 1) Fa(E,01;6,b)
3 167202 1

= —— d cos 01 (2 + sin? 0, sin? 0y + 2 cos? 0 200) [E 0, — 0
Sra? 3272 77/1 cos 01 (2 + sin® 01 sin® 6y + 2 cos” 61 cos” Oy) [EO(cos O — cos )+

+EO(— cos0; — cos0)]”

3 1
= gt </ dcos (2 + sin? 0; sin® Oy + 2 cos? 0; cos® 0o)+
16 cos 6

—cosf
+ / d cos 01 (2 + sin? 6y sin” Oy + 2 cos? ; cos® 90)) (5.13)
-1

We focus on the first integral in Eq. (5.13) and compute it using the mean value theorem for
integrals, considering that 6 < 1:

3 1

L, = —FE / dcos (2 + sin? 0, sin? 0y + 2 cos? 0, cos? o)
16 cos 6
3

6
= EEb / df; sin 6, (2 + sin? 6y sin® 6y + 2 cos? 6, cos? 6o)
0

0 0 0
= %Ebﬂ sin 5(2 + sin? f sin? 3 + 2 cos? f cos® 5) + 0(6%)

_ %Ebem + cos26o) + O(6%). (5.14)

The second integral in Eq. (5.13]) is equal to the first: it can be seen by operating the
substitution § — m — 6; the final result is the following:

3
Ero(6,b) = §Eb02(1 + cos?6y) = C(6y, b, E)6?, (5.15)

where we have introduced the constant C'(6y, b, E'), which does not depend on 6, but only on fixed
parameteres of the system:

C(6p,b,E) = gEb(l + cos? fp). (5.16)

5.2.2 NLO calculation

At NLO we have the emission of a real or virtual gluon. We begin by considering the real emission:
the partonic final state is ¢gg (see Fig. [1.3); using the notation of Section we can write the
expression of the observable at NLO:
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1 _
Enro(0,q) = 2300/ do3| Mo|? (B10(cos 0y — cos 6) + E20(cos By — cos 0)

+E30(cos B3 — cos 0))”, (5.17)

where we have approximated the total cross section at NLO with the Born level total cross section.
In the collinear limit the interference between the two diagrams is suppressed and we can
factorize the amplitude introducing the AP splitting functions:

dk‘
/al¢>3|/\/lz\/L0|2 /d¢2|MLO|2aS/ /dzP 9)(z), (5.18)

where k7 is the transverse momentum of the gluon. From now on, we will refer to Pég)(z) as
P,(z), because we will consider only the LO term of the AP functions. We start by considering
the contribution given by the diagram (a), where the gluon is emitted by the quark; in the
collinear approximation p; and p2 have the same expression they have at LO.

a 1 dk?
E](V%O(H, b) = %‘? 2500 /d(ﬁg\MLo\z/ —r /dquq(z) [2EO(cos by — cos )+
+ EO(—cosf; — cosf) + (1 — 2)EO(cos B3 — cos 0)]”. (5.19)

It’s useful to split the integration domain into two regions, we can do that using the property of
the Heaviside function:

(@) _ag |MLO|2 d9%3 b
Fxio®:0) = 2m 0<91<9 2500 02, dzPyq(2) [z + (1 — 2)O(cos 3 — cos 6)]” +
|ML0| / 63, /

2 dzFyq(2). 5.20
+27T 7r79§91<7r 2500 9%3 2Pyq(2) ( )

If 1—6 < 61 <, only the antiquark is revealed in the cone: considering also the virtual emission,
this term gives no contribution, because of Eq. (2.31)). As # < 1, we can use the approximation
913 ~ 93:

02 2
(a) ag |ML0|2 / d9 /
E 0,b) = — do dzP,
NLO( ’ ) 2 0<6,<0 2 250’0 qq
2 2
+28 dpo Muol® / d9 /d 2P, (2)2", (5.21)
2 0<6,<0 280'0 92

where we have defined the angle 6, > 0 as a superior limit of the collinear approximation. As
before, the term containing the first momentum of Py,(z) vanishes.

44



a ag |./\/lLo|2 8 d9
E](V)LO(Gvb) = / 3 dzPyy(z
2 0<91<9 250’0 92

_ asl O b

= o 2ELO(6 b)2log — 7 /dquq(z)z

= "not log” — 2—SELO(9, b) (/ dquq(z)zb> log 6 (5.22)
™

The contribution given by the diagram (b), E](\?)LO (0,b), is equal to the one just computed:

2
£0 _Cwl-/ y 2/ﬂ%/ Pyol(2)[E -
ENro(0,b) 97 D300 dop2|Mrol 2 dzPyq(2)[EO(cos 61 — cos ) +
+2E0(— cos ) — cos ) + (1 — z) EO(cos B3 — cos §)]°
= EY (6,0). (5.23)
Hence, the result is
mw@mz‘mm@—%mwm%ﬁmmmﬁma
7
— “not log” — Z2.C(6y, b, E)0*12 log 6, (5.24)
7

where “not log” stands for non-logarithmic terms and +y,, is the Mellin moment of the AP function
P,4(2)). Considering also the splitting ¢ — g + ¢ with its AP function P,,(z), the final result at
NLO is the following:

(6]
Ex10(0,5) = =22 C(60, b, E)6? (v + 45" log . (5.25)

which can be written also in a matrix form:

b+1 b+1
as ) 2 Yag 2N§gg 1
Enpo(0,b) = ——=C(6p,b,E)0 logHE .
Q — b+1 b+1 0
=1 Ygq Tgg ;

as b+,

= - 6bE919§: 5
T C( 0,9 Og ’Y 7 (5 6)

where v is the matrix whose elements are the Mellin moments of the AP functions, defined in
Eq. and v; = (1,0) is the vector representing the initial state of the splitting process
which contains one singlet quark and zero gluons. Being superinclusive, we consider the singlet
distribution as we sum over all quarks and antiquarks flavours and sum the component of the
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final-state vector because we do not distinguish between quarks and gluons (the sum over j is
understood).

In the generalization to the splitting ¢ — ¢g + ¢, which leads to Eq. we do not need
the first Mellin moment of Py, to be zero (indeed, it is not): if both the quark and the gluon are
inside the cone, in fact, the splitting ¢ — g+ ¢ can be seen as ¢ — ¢+ g in a different region of the
phase space, as confirmed by the relation Py,(z) = Pyy(1 — 2); hence, this term has already been
taken into consideration, and its contribution to the observable vanishes since the first Mellin
moment of Py, is zero, as previously shown.

The final result at NLO order has a logarithmic dependence on the scale variable 8, which
multiplies the quadratic term obtained at LO. It is worth noticing that the non-vanishing con-
tributions are given by regions of the phase space where the the gluon is emitted outside the
cone.

5.2.3 NNLO calculation

Now we calculate the expression of the variable with two collinear emissions. Firstly, we consider
only the case of two gluon emissions, then we will generalize to all possible splittings. 03 and
04 are the emission angles respect to the quark direction, while z3 and z4 are the fraction of
momentum transferred in the splitting processes. The Feynman diagrams are the following:

b1

(c)

+ (3 4)

Figure 5.1: Real emission Feynman diagrams of the process at NNLO.
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We start by computing the contribution given by diagram (a):

a 1 - dkZ; [ dk3
Ehaol0) = g [ ool [ [0 [t [ asiruteo
[Z3z4E@(cos 01 — cosﬁ ) + EO©(—cos; — cos0)

+ (1 — 23) EO(cos B3 — cos 0) + z3(1 — 24) EO(cos 04 — cos 0)]° . (5.27)

It can be shown that the leading contribution is given by the region where 0 < 04 < f5:

a Muol* o [Om do3 (% db3
EZ(VJ)VLO(G’b) = / d¢2‘ o) b47r52/ / /dZ3qu 23)/dZ4qu(Z4)[ZSZ4

0<6,<0 250
+(1 — 23)O(cos 3 — cos 0) + z3(1 — z4)O(cos 04 — cos 0)]°

Mrol? , «a mde2 %3 42
+/ 9<6,< ¢2| 2SLUOO| b4752/ 3/ 7 /dz3qu 23)/d24qu(Z4)
T—USU1sS7
(5.28)

As before, the region m — 6 < 6; < 7 gives no contribution:

“ oy 1, % 403 % d63
Eynio(0.0) = 1 55F10(0.b) / / e / dz3 Py (23) / dz4Pyq(21)
(232

(1—23 —1—23 1—24

o2 * 462
7327 9 b / d93/ “Yq /d23qu 23)/dZ4qu(Z4)
2 92

[2324 + 23(1 — 24)]

02, 1092
dos 3 do?
4 22ELO 0 b /; /9 —4 /d23qu 23)/d2’4pqq(24)[2324]b.

(5.29)
Only the last integral survives, since
zgzg+ (1 — 23) + z3(1 — 2z4) = 1, 2324 + 23(1 — z4) = z3. (5.30)
The phase-space integral gives the following result:
62, 2 62 62
doz [% do3 m
/ / 4 = / (log 62 — log 02)2
02 02 02
1 2
= 3 (log 62, — log 6?)
1
= §log92 + O(log #) (5.31)
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Therefore, we can notice that the only region of the phase space that gives a non-vanishing

contribution is the one where both the gluons are emitted outside the cone.

The result has

a quadratic dependence on the logarithm of 6, diagram (b) gives the same contribution, while
diagram (c) gives a lower-order logarithmic term. The result is the following:

Ennro(0,b) =

a1 1
24—752§EL0(9,Z))§ (10g9,2n —log92)2/dz;;qu(z?,)zg/dZ4qu(Z4)zﬁ+O(log@)
1 O‘% 2 b1
5 BLo(6,6)410820 (1f1) "+ O(log )
1/ ag\? 272 b1 2
> (- 77> C(6o, b, E)6? log e(yqq ) +O(log 0). (5.32)

Now, we can consider all possible splittings:

g g
(1—23)p 23(1 — 24)p
z 232
q g ip 3=4p = Pyg(z4) Pyq(23),
= qu(z4)qu(Z3)7
= qu(24)qu(z3),
= Pyg(24) Pyq(23)-

Figure 5.2: Possible splittings and related Altarelli-Parisi functions for the process at NLO.

We obtain the following expression:

1 ag 2 2
Exwio(0,) = 5 (-2 C(HO,b,E)921og29[(7g;1) + 2Nt Lyl

v
T q9 99

b b b b
+ Yod ea '+ vgfvgq“] + O(log ),
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which can be written in a matrix form:

2
1 ag 2
Exnio(0.5) = 5 (==2) CB,b,B)0%10g20 Y 1} 4l oe + Olog )
i=1
1 ag)? 2712 2 b1 2
= = <——> C(6p,b, E)6* log HZ (7+) vj+ O(logh) (5.34)
2 g i=1 ij
in fact
b+1 b+1 b+1 b+1 b+1 b+1 b+1
Yag = 2Ny “ag Ygg 2Ny Yag 1 Yog 2Ny Yag YVaq
b+1 b+1 b+1 b+1 b+1 b+1 b+1
Yaq “Vag Yaq “ag 0 Yaq Ygg Yaq
2
(V)™ + 2N !
b1 b+1 b1 b+1
Yog Yag T+ Vgg Vgq
2
2 2
=) [(v*’“) ]ij = () RN A e e (639)
i=1 ij

and we obtain the expression of Eq. ([5.33).

5.2.4 N"LO calculation

We can generalize these results to the case of n emissions. We begin by considering the emission
of n gluons, with angles 03,6y, ...,6,13; the Leading Log term is given by the diagram in which
all the gluons come from the same quark line, multiplied by 2 because at LO we have two quarks
line; the phase-space region which gives a non-vanishing contribute is the one where all the gluons
are outside the cone.

ag\" 1
Exero0.0) =2 (22)" L Bro(0,b)1, / 25 Po(25) / dz4 Py (24)... / s Po (2 3) 252025,
(5.36)

where [, is the following angular integral, whose the result is the generalization of the one obtained
forn = 2:

02 2 02 3p2 02 2

m 0 do n+2 df 1

I, = / 3 / 34.__,./ i 1S = (log 62, — log 67)"
9 0 92 9 n'

2 073 2 92 n+3
= U 02 4 000gm 1 0) = T 9m10gm 0 1 O(1og" 1 6 5.37
= o 1og" 07+ O(log" " 0) = ~——2"log" § + O(log" ™" 0). (5.37)
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So

n -1\ n
Ennpo(0,b) = (%) ELO(Q,b)(n')2”10g”«9(/dzP(z)zb> + O(log" 1 9)
_ 1 asyn 21 n b+1)" n—1
- ( 7) C(6o, b, E)6? log e(fyqq ) + O(log" 1 9). (5.38)

n!

Generalizing to any possible splitting the result is the following:

Ennro(60,b) = % (—%)" C(6o, b, )62 1og" 0 22: [(Wl)"} LU0l 0). (5.39)
=1

We can prove the validity of Eq. by induction. The inductive hypothesis is that the formula
is valid at order n — 1: at this order, the diagrams which give Leading Log contributes are the
ones with n — 1 emissions from the same quark line, which can end with a quark or a gluon; if it
ends with a quark, the n-th emission could be ¢ = qg (Pyq(2)) or ¢ = gq (Pyq(2)); instead, if the
line ends with a gluon, the n-th emission could be g — gg (Pyg(2)) or g = qq (Pye(2)). In order
to calculate the amplitude, we should distinguish these cases and multiply by the related AP
functions, which mathematically means multiplying the splitting matrix by the state vector after

n — 1 emissions, which is equal to [(vbﬂ)n_l} ~ v; for the inductive hypothesis: thus, it is clear
ij

that the state vector after n emissions is equal to [(yb"’l)n] i Vi Calculating the prediction of the
observable, we don’t distinguish between different final states, so we should sum the components
of the vector.

5.3 Resummation of LL terms

After computing fixed-order calculations, we notice that the result can be resummed, obtaining
the Leading-Log prediction:

Eri(0,b) = fi!(—Ojf)”cwo,b,Ew?log”efj[(vb“)"}ijvj
n=0 i=1
_ C(Go,b,E)«92z2; ij)’i' (—%Iogﬂyl (’yb+1)n] K
i=1 Ln= ij

2
b B [eesmonsh ]
( 0 ) 1 Lj J
20 b+1
= C(60,5, E)0* 9*as/w(7+)} vj

i=1 K

C(6,b, E) i [9¢<b>}

=1

Vy. (5.4())

v
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Being 6 the scale variable, the observable follows a scaling law similar to Eq. (4.9). Hence, we
obtain a multifractal law with dimension ¢(b), given by the following expression:

15(b) = 203, — % (fyb“)ij (5.41)

5.4 Running coupling constant

The result is different if we consider the running coupling: in particular, the angular integral
changes, while the factors containing the moments of the AP functions remain the same. For n
emissions we have

n 2
1 1
En0.0) =2 (5 ) 3E0@0n 3 [(4)] (5.42)
=1
where
62, 192 03 192 62 2
~ dos doy n+2 df
In: E2 E2 / n+3 2 E 4
[ Gesien [ Greaswis) - [T Eas@l ). Gy

Using Eq. (1.18) and Eq. (1.23), we can express the running coupling constant at the energy 0 E:

ag(p?) 1

as(0*E?) = (5.44)
1+ Boas(p2) " Bolog B
where p1 is the renormalization scale and A = Agcp. We start by calculating In:
w2 dbls s L [fhedby s 1
as(b 3 E7) = /
/92 0721+3 ( +3 ) 50 9n+3 log n+3 B2
1 62 62 E?
= % [log <10g jé > log (log Az ﬂ ,
(5.45)
HZ-H 07 o d6? 1 n+1 do? 1 92 E?
ag (6%, ,E? / "3 0g (02, ,E?) = / nt2 [lo <lo nt2 >
/92 5(052E7) e 02, 5053 E7) B Jp 02, log 9n+2E2 &\ T2

0% E?
()
_ 11 192 E? . 192E2
= opeelle e og { log —

(5.46)

After n steps we obtain
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2
; 11 1+ Boas(i?) log “27 o (L Boas ()
n = ——— |lo —lo
i Boors (12) & Bocvs (12)

1 (=1)" 1+ 2Bpaus (1) log 22
1 >10gn< oas (1) log %

ers 1+ 28pas(p?) log Ymt
= i' (_;1) log" (1 + 2B0as(11%) log 95) +O(NLL). (5.47)
0

So Eq. (5.42)) becomes

n! 271‘50

En(0,b) = - (- 1 )RC’(HO,b,E)GQIOg” <1+250a5 log) Z [( b+1) } v;. (5.48)

It should be specified that in this case 6 can’t be arbitrary small, but it has to be greater than a
limit value, which depends on the Landau pole of QCD:

oo (o1 \_A
6 > b p< 2ﬁ0045(,u2)> ok (5.49)

Now, we can resum the LL terms:

0F

+o0o n
1 1
Err(0,b) = ] <—27r50> C(bo, b, E)6* log" <1 + 2fpas (1?) log M)

n=0 7

n
[(71’“) } wj
ij
2 [+

_ 0(907b7E)922 Zig<_2wlﬁo log (1+2ﬂoas( )log{f)) (fyb+1)"] v

i=1 Ln=0 ij

2 -
1 )
= C(b0,0, B0 [exp {_27r60 log <1 + 2Bpars (1) log M> <'yb+1) H v
i=1 L Y

= g\ ~1/ B0 (")
= C(60,0,E)0°) <1+250a5(u2)10g'u> v;. (5.50)

ij

-

3 -

With the running coupling constant, the scaling law is different: we have a function of log 8
instead of 6 playing the role of the scaling variable and also the multifractal dimension is different:
it does not contain ag, but the information about the coupling enters through 5.
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Chapter 6

Interpretation of the results and
conclusions

After performing a LL calculation, we proved that the superinclusive observable follows a multi-
fractal law. Now, we present some considerations:

e the scaling law is a direct consequence of the presence of collinear logarithms;

e the non-vanishing contributes to the observable come from particles emitted outside the
cone;

o the multifractal dimension contains the anomalous dimension of the Altarelli-Parisi splitting
functions;

o although with different law, the multifractal behaviour is still present if we consider the
running coupling constant;

e we performed a partonic calculation without identifying jets in the final state.

We can say that this law may represent an expression of the multifractal nature of QCD.

It is important to remember that we verified the multifractal law only with a LL calcu-
lation. This result could be improved generalizing the calculation at N"LL and studying the
parton-hadron duality of this observable, eventually comparing the prediction with Monte-Carlo
simulations.

The authors of [13] made a similar calculation at partonic level for conformal theories, at all
orders. Most recent works focus on correlators inside jets, finding power laws similar to the one
obtained in this thesis. However, as we said before, EEC are widely-used variables: the innovative
approach of the work in this thesis is the fact that we considered a general final state without
identifying jets.

If we demonstrate that the parton-hadron duality is valid for this observable, we could use
it in order to obtain a measure of the running coupling constant: in fact, the observable can
be measured experimentally, measuring the energy of the particles inside the cone, and, if the
parton-hadron duality is valid, we can compare this measurement with the theoretical prediction
and measure the running coupling constant, as the prediction will depend on ag. An advantage
of this method is that this measurement will not require the use of PDFs.
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