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nejcitlivěǰśı veličina pro hledáńı projev̊u struktury kvark̊u.
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Introduction

Hadron-hadron interactions with high transverse momentum jets observed at the
laboratory, directly probe the matter at the smallest scales accessible at earth
laboratories. Large Hadron Collider (LHC) is the world’s highest energy col-
lider that produce proton-proton collisions with center of mass energy equal to√
s = 8 TeV. Jets that emerge in such a collisions reach transverse momentum

up to pT = 3 TeV that corresponds to the distance scale of 10−5 fm. These data
are suitable for searches of new physics phenomena.

The thesis is divided into two parts. In the first part, the theoretical un-
certainties of inclusive jet production are analysed at the NLO QCD level. The
main sources of uncertainties like the uncertainty of parton distribution func-
tions, renormalization and factorization scales uncertainties and strong coupling
constant uncertainty are discussed. The precise knowledge of theoretical uncer-
tainties of inclusive jet production is important for LHC data analysis and in-
terpretation of the measurement. Theoretical uncertainties were calculated with
ATLAS collaboration members cooperation for the purpose of comparison ongo-
ing ATLAS measurement with the theory.

As mentioned above, high pT jet events are suitable for new physics search-
es. This is the topic of the second part of the thesis. There are various new
physics models that describe excited quarks q′, excited vector bosons W ′ and
Z ′, quantum black holes or quark compositeness. In this thesis we will concern
quark compositeness that could be effectively described by quark contact inter-
action. Although the signal of such a new physics phenomenon is detectable
in dijet mass spectrum, more suitable angular variables are used for the purpose
of quark compositeness searches. The main goal of the second part of the thesis
is to compare different angular variables used for new physics signals detection
by different collaborations and to set the most convenient of them.
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1. Standard Model of elementary
particles and the concept of
parton distribution function

The Standard Model of elementary particles is a fundamental theory that de-
scribes matter and its interactions on the smallest scales. Standard Model de-
scribes three of four fundamental interactions: electromagnetic interaction, weak
interaction and strong interaction. The fourth fundamental interaction is gravi-
tational force and it is not described by Standard Model. However the relative
strength of the gravitational force on the scale of elementary particles is negligibly
small in comparison to the other forces.

1.1 Fundamental forces

The theory of Standard Model is built as a quantum field theory with three
fundamental forces that are represented by local gauge theories. These gauge
theories predict the existence of both massive and massless boson gauge fields
that mediate these interactions.

In local gauge theory, the Lagrangian has to be invariant under local trans-
formations [1]. The local symmetry of Lagrangian is defined by symmetry group.
In terms of quantum field theory there exist some gauge field for each generator
of symmetry group.

The symmetry of Standard Model is described by the tensor product of three
symmetry groups

SM = SUC(3)⊗ SUL(2)⊗ UY (1) . (1.1)

The SUC(3) symmetry concerns strong interaction and predicts eight massless
gauge bosons that are called gluons. The second symmetry, SUL(2) is respon-
sible for weak interactions and predicts vector bosons W 0, W 1 and W 2. The
last symmetry group describes weak hypercharge Y of interacting particle. The
mediator of weak hypercharge is boson B. In nature it is not possible to observe
B boson and there is no interaction based on hypercharge. However the mixing
of B and W 0 produce the mediator of electromagnetic interaction - photon γ and
neutral mediator of weak interaction Z0.

1.2 Elementary particles

Standard Model include two classes of elementary particles. Bosons with spin 1,
that act as interaction mediators, are described in previous section. The sec-
ond class of elementary particles are fermions with spin 1

2
that are constituents

of ordinary matter. Fermions are grouped in two categories called leptons and
quarks.
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1.2.1 Leptons

According to the Standard Model there are six leptons e−, νe, µ
−, νµ, τ−, ντ

(electron, muon and tau with corresponding neutrinos) and six anti-leptons e+, ν̄e,
µ+, ν̄µ, τ+, ν̄τ . Leptons are divided into three generations according to the three

left-handed weak-isospin doublets

(
νe
e

)
L

,

(
νµ
µ

)
L

and

(
ντ
τ

)
L

. In addition

there are three right-handed weak-isospin singlets eR, µR and τR. In Standard
Model there is no interaction that would deal with right-handed neutrinos.

Charged leptons are involved in both electromagnetic and weak interactions
whereas neutrinos are involved only in weak interaction.

1.2.2 Quarks

In Standard Model we have six quarks u, d, c, s, t, b and six antiquarks ū, d̄,
c̄, s̄, t̄, b̄. Quarks are grouped in three left-handed weak-isospin doublets that

correspond to the quark families

(
u
d

)
L

,

(
c
s

)
L

and

(
t
b

)
L

. Quarks have

fractional charge 2
3

and −1
3
. In addition there are six right-handed weak-isospin

singlets uR, dR, cR, sR, tR, bR.
Quarks are subject of both electromagnetic and weak interactions. Apart

from electric charge and flavour that correspond to family grouping, quarks carry
also color charge and they are involved also in strong interaction. Any quark can
exist in one of the color states: red, green or blue. The strong interaction allows
only the existence of uncolored objects.

1.3 Electroweak unification

Electromagnetic and weak interactions can be unified and described within one
quantum field theory. This theory is called Glashow-Weinberg-Salam model. The
precise and very detailed description and derivation of all its aspects is done in
[2]. We will outline some basic ideas of the model.

In Glashow-Weinberg-Salam model fermions are represented by left-handed
and rigt-handed spinor fields ψL and ψR. The left-handed fermions are grouped
in weak-isospin doublets and right-handed fermions form weak-isospin singlets
(see previous section).

Each fermion is characterised by the third component of weak-isospin T3 and
hypercharge Y = 2(Q− T3) where Q is an electric charge of the fermion.

The free particle Lagrangian is

L = iψ̄γµ∂µψ . (1.2)

and the local invariance under the local transformations (1.3) and (1.4) is de-
manded

ψL → ψLe
ig~α(x)~T+ig′~β(x)Y (1.3)

ψR → ψRe
ig′~β(x)Y . (1.4)
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Such an invariance requires addition of several terms to the Lagrangian. These

terms consist of fields ~Wµ =

 W1µ

W2µ

W3µ


L

and Bµ. The mixing of these gauge fields

give raise to the real electromagnetic and weak force mediators γ, W± and Z0.
The final Lagrangian is

LEW =
∑

fermions

[
iψLγ

µDµψL + iψRγ
µ

(
∂µ − i

1

2
g′Y Bµ

)
ψR

]
−1

4
~Wµν

~W µν−1

4
BµνB

µν ,

(1.5)

where Dµ = ∂µ − ig ~Wµ
~T + i1

2
g′Y Bµ

1.4 Strong interactions

The theory of strong interactions is called quantum chromodynamics (QCD). It
is non-abelian field theory with SUC(3) symmetry. The QCD Lagrangian is

LQCD = −1

4
Ga
µνG

µν
a +

∑
flavors

iψ̄i (γ
µDµ + im)ψi , (1.6)

where Dµ = ∂µ − igS
λa

2
Aaµ and Ga

µν = ∂µA
a
ν − ∂νA

a
µ + gSf

abcAbµA
c
ν . Symbols

ψi and Aaµ are quark and gluon fields. Indices i = 1, 2, 3 and a, b, c = 1, ..., 8
are color indices. Symbol λa represent Gell-Mann matrices and fabc represent
structure functions of SUC(3) group. The value of gS determines the strength of
interaction.

In comparison to electroweak theory coupling constant, strong coupling is
very large. Although the structure of QCD Lagrangian looks very complicated,
it can be explained by dealing with quarks as with objects of three possible color
states. Similarly we can treat gluons as objects with combination of color and
anticolor. There are three colors and three anticolors so if we exclude one neutral
combination we have eight possible states.

1.5 Parton distribution functions

In 1967 first run of 20 GeV linear accelerator in Stanford Linear Accelerator Cen-
ter (SLAC) began. It was designed for the study of e−p scattering and its main
goal was to extend previously performed experiments of e−p elastic scattering.
The secondary aim was to investigate inelastic scattering of e−p.

The first data on elastic scattering confirmed assumptions based on previous
experiments but the data concerning deep inelastic scattering were quite surpris-
ing and they suggested the existence of charged point-like structure of proton.

Richard Feynman built the theoretical basis of the idea of proton constituents.
He called these constituents as partons and therefore the whole theory is usually
called as parton model. The basic theoretical concept of parton model is parton
distribution function (PDF).

Parton distribution function of quark i is commonly denoted as di(x). If we
consider proton, parton distribution function describes the probability distribu-
tion of finding parton i with the fractional momentum x within proton. In the
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rest of this section we will use simplified notation of parton distribution function
q(x) where q = u, d, s, c and q̄(x) for antiquarks. We do not define top and bot-
tom quark distribution functions, because top and bottom quarks are too heavy.

There are two important properties of quark distribution functions q(x) that
deserve some comments.

Both quark and antiquark distribution functions behave approximately as 1
x

for x→ 0 and thus the integral (1.7) diverges

1∫
0

q(x)dx . (1.7)

This divergence implies infinite number of partons inside proton [3]. If one con-
siders valence distribution functions defined as

qval(x) = q(x)− q̄(x) , (1.8)

the problem vanishes. Distribution functions uval(x) and dval(x) are integrable
and one gets

1∫
0

uval(x)dx = 2

1∫
0

dval(x)dx = 1 . (1.9)

Integral (1.10) represents the fraction of proton momentum carried by quark q

1∫
0

xq(x)dx . (1.10)

Distribution functions in proton can be divided into valence parts and sea
parts. Sea parts of quark distribution functions are equal to appropriate antiquark
distribution functions.

q̄(x) = q̄sea(x) = qsea(x) . (1.11)

The basic outline of parton distribution function which is described above
could be extended by adding the scale dependence. This concept is described in
section 4.1 and the scale dependence of parton distribution function is described
by Altarelli-Parisi evolution equations (4.2).
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2. Divergences and
renormalization in perturbative
QCD

In quantum electrodynamics (QED) and also in QCD we commonly use pertur-
bative approach for our calculations. In QCD some observable f can be expanded
in powers of strong coupling constant αS � 1. For the majority of purposes it
is sufficient to use just first (leading-order, LO) term or first two (non-leading-
order, NLO) terms. Feynman diagram technique to calculate matrix elements of
the processes is usually used. In most cases, there are more Feynman diagrams
that correspond to any particular process. Problems could arise when one wants
to determine the contribution of diagrams that contain loops. When integrating
over loop momentum, two types of divergences can emerge. First type of diver-
gence is called ultra violet (UV) divergence. It emerges when integrating over
large value of unconstrained loop momentum. The second type of divergence,
so called infra red (IR) divergence, appears when one integrates over very small
momentum of loop particle, when outgoing partons are parallel to each other or
when momentum of one of the final parton is very low - such a parton is called
soft parton.

2.1 UV divergences

UV divergences can be fixed in the process of renormalization. Note that not
all field theories are renormalizable. The renormalizability of QED and QCD is
one of their crucial features. It is appropriate to mention some basic steps and
consequences of renormalization in QED and then proceed with QCD. Renor-
malization procedure treats divergences by redefining wave functions, masses and
coupling constant. Renormalization process consist of two steps. First step is
called regularization and then comes renormalization itself.

Publications [3] and [6] give a very detailed step by step description of regu-
larization and renormalization. Regularization is basically a cut off at high value
of momentum when integrating over a loop. There are numerous regularization
techniques that lead to this cut off. Pauli - Villars regularization, dimension-
al regularization or analytical method of regularization are the most common
techniques. In current calculations, mostly dimensional regularization is used
because of its simplicity and gauge invariance. In regularization procedure, we
denote quantities like mass and electric charge as bare mass mB and bare electric
charge eB. The divergent part of matrix element is modified and non-physical
regularization scale µ is introduced.

The final step is renormalization itself. Divergent part of the matrix ele-
ment is absorbed in bare quantity and redefined as renormalized quantity. We
get renormalized electric charge eR(µ) and renormalized mass mR(µ). Note that
these quantities depend on non-physical scale µ but there should be no such
dependence. The µ-dependence naturally vanishes when all constituents of per-
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turbation expansion are summed up.
In the process of renormalization procedure, the relation (2.1) between bare

coupling constant αB(M) and renormalized coupling constant αR(µ) arises

αB(M) =
αR(µ)

1− αR(µ)
(
β0 ln

(
M
µ

)
+ δ(x)

) , (2.1)

where β0 = 2π
3

and the value of δ(x) depends on the particular steps performed in
the regularization process. The bare coupling constant depends on the parameter
M . This parameter has a dimension of energy. It is called UV cut-off and it is
introduced by Pauli - Villars regularization. At the end of the renormalization
the limit M →∞ is made.

If one wants to be rigorous it should be remarked that αR(µ) and αB(M)
are dimensionless quantities and therefore they should not depend on quantities
with the dimension of energy. That is the reason why µ and M are divided
by some additional parameter with the dimension of energy. This parameter is
usually denoted as Λ and it is called fundamental scale parameter. This is how
we get (2.2)

αB(M)→ αB

(
M

Λ

)
αR(µ)→ αR

(µ
Λ

)
. (2.2)

In QED and in QCD, coupling constants are one of the crucial quantities.
These two field theories differ radically. In any field theory, beta function which
is defined according to (2.3), express the dependence of coupling parameter α
on energy scale µ

β(α) =
∂α

∂ ln (µ)
. (2.3)

Accurate calculation of QED and QCD beta functions is not the topic of the
thesis but the result should be mentioned. Step by step derivation of QED and
QCD beta functions is carried out in [6]. In terms of fine structure constant, we
can write one-loop QED beta function as (2.4)

β(α) =
2α2

3π
. (2.4)

It means that coupling constant in QED grows with high energies. On the other
hand, QCD beta function is completely different. One-loop QCD beta function
in terms of αS is represented by equation (2.5)

β(αS) = −
(

11Nc − 2nf
3

)
α2
S

2π
, (2.5)

where Nc is the number of colors and nf is the number of flavours. It is obvious
that for ordinary QCD with Nc = 3, beta function is negative for nf < 17. This is
a clear signal that coupling constant αS is a decreasing function of µ. This famous
achievement of QCD is called asymptotic freedom. If we denote b =

11Nc−2nf

6π
and

solve the differential equation (2.5) then we get the running of coupling constant
(2.6)

αs

(µ
Λ

)
=

1

b ln µ
Λ

. (2.6)
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Coupling constant αS approaches to zero for µ → ∞. On the other hand, if µ
approaches the scale Λ then αS grows rapidly.

Scale Λ (∼ 200 MeV) defines the region, where perturbative expansion fails
and non-perturbative effects prevail. According to the Heisenberg uncertainty
relation it corresponds to the distance scale approximately 1 fm.

2.2 IR divergences

The emergence of IR singularities is related to the long scale properties of gauge
theory. IR singularities are treated in different way than UV divergences. Instead
of redefining some quantities the singularity is removed by including all indistin-
guishable physical processes. As was explained at the beginning of this section,
IR singularities arise when one is integrating over small loop momenta, when two
final partons are collinear or when final gluon is soft. As was suggested in [3], it
is very convenient to illustrate removal of IR divergence on the process

e+e− → qq̄G . (2.7)

This process is represented by Feynman diagram at the Figure 2.2.

γ

e+

e−

q

q̄

Figure 2.1: Leading order Feynman diagram for qq̄ production.

γ

e+

e−

q

g

q̄

Figure 2.2: Leading order Feynman diagram for qq̄G production.

Let’s define xi for (i = 1, 2, 3) which is a fraction of outgoing parton energy
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Ei and CMS energy
√
s according to (2.8)

xi =
2Ei√
s
. (2.8)

We can write leading-order cross-section of process (2.7) for unpolarized electron
beams as (2.9)

dσ

dx1dx2

= σ0
2αs
3π

x2
1 + x2

2

(1− x1) (1− x2)
, (2.9)

where σ0 = 3
∑
i

4παe2i
3s

is leading order term of cross-section for qq̄ production

(Figure 2.1) and ei is an electric charge of corresponding quark. For step by step
derivation of (2.9) see [3]. From the definition of xi and from the cross-section
formula (2.9), it is obvious that differential cross-section is divergent whenever
gluon is collinear with outgoing quark or whenever the energy of gluon tends
to zero.

It is not possible to distinguish single quark from collinear pair of quark and
gluon if their quantum numbers and four-momenta are the same. It is convenient
to include higher order Feynman diagrams. These diagrams are at the Figure 2.3
and they represent process of qq̄ production with emission and subsequent re-

γ

e+

e−

q

q̄

γ

e+

e−

q

q̄

Figure 2.3: Feynman diagrams for qq̄ production with one virtual gluon loop.

combination of virtual gluon. The total cross-section contribution of Feynman
diagram presented at the Figure 2.2 is of the order O(αs) but the contribution
of Feynman diagrams at the Figure 2.3 is of the order O(α2

s). Nevertheless, the
crucial point is to take into account also interference term of the tree diagram
(Figure 2.1) and NLO diagrams (Figure 2.3). Interference term is also divergent
but this divergence cancels out with the divergence in qqG production.

To calculate this process rigorously, regularization of the divergent terms is
necessary. It could be done by introducing non-zero gluon mass mG. At the end of
the calculation the limit mG → 0 is carried out and we get the total cross-section
of the process

σ = σ0

(
1 +

αs
π

)
. (2.10)

The cancellation of mass singularity is a consequence of so called Kinoshita-
Lee-Nauenberg theorem. Let us consider process A → B. According to the
theorem there could be singularities in scattering matrix | SAB |. However if we
include all degenerate states of A and B (denote them as D(A) and D(B)) the
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sum as defined in (2.11) is finite.∑
D(A),D(B)

| SD(A)D(B) |2 (2.11)

By degeneration we mean that two states have the same quantum numbers and
four-momenta.

It is not suitable to ask for the exact number of particles in a final state
of the process in case of perturbative QCD. Therefore particles are clustered
in a groups called jets. Focus on the process of quark production mentioned
above. If we consider qq̄ production it is very likely that there will be two parton
jets in final state. In case of real gluon emission (process of qq̄G production), sit-
uation is more complicated. One of the first jet algorithms used cut-off parameter
y to define the jet. The number of final state jets is derived from the comparison
of scaled invariant mass yij of partons i and j and the cut-off parameter.

The description of jet in the paragraph above is very simple. Jet is a very
complex object which can be looked at in a different ways. There are many
ways how to define jet. The procedure of jet definition is called jet algorithm.
Chapter 2 concerns the issue of jets in more detail.
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3. Physics of jets

3.1 Concept of jet

The basic idea of jet come from Field and Feynman paper [5]. The simplest
process of jet production is e+e− annihilation and jets produced in this process
are very similar to jets observed in hadron-hadron collisions. We already know
that due to the asymptotic freedom, partons act as almost free particles on the
scales of the order 10−2 fm. When the distance between two partons is of the order
1 fm, partons start to feel strong force that leads to the phenomenon called color
confinement in the end. This force binds partons in hadrons. As the separation
between partons grows, the process of hadronization begins.

Jet production in hadronic interactions is a several phase process. The first
step of jet production is a hard process of quark scattering. Outgoing hard
parton emits soft gluon which can split in the pair of gluons or quark-antiquark
pair. This is so called parton radiation which leads to the creation of final-state
parton shower. Radiated gluon is either soft or collinear thus the parton shower
direction is the same as the direction of initial parton movement.

The last step is hadronization. It is non-perturbative process and it can only
be described by some empirical model. While two colored objects separating
each other, the gluonic flux between them grows. As the separation is of the
order 1 fm, the gluonic flux accumulate enough energy to break up and create
new quark-antiquark pair which confines the color. As was suggested in [5] we

Figure 3.1: Illustration of hadron production. This picture was first published
in [5]

can describe the evolution of jet by recursive principle. Consider quark of a
type a. It has some momentum W0 and it generates strong color field in the
direction of its movement and new quark-antiquark pairs are created. Quark a
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can combine with some of the antiquarks of generated pairs. Suppose that a
combines with b̄. The remaining quark b combines with other antiquark and so
on. Meson ab̄ is either directly observable or it decays into observed particles.
As shown at the Figure 3.1 ab̄ is primary meson and products of its decay are
secondary mesons. We can establish hierarchy. Meson ab̄ is first in rank, meson
bc̄ is second in rank and so on. Note that first rank meson does not have to be the
one with the highest momentum. Denote ζ1 the momentum carried by primary
meson of first rank then the momentum fraction of this meson is z1 = ζ1

W0
. The

function f (η) is defined as a probability density that primary meson of first rank
leaves the fraction η of momentum to the rest of the cascade. We can define
also the probability density of finding any primary meson with the fraction of
momentum z in the quark jet. We denote this function as F (z). Function F (z)
obeys integral equation (3.1)

F (z) = f (1− z) +

1∫
z

f (η)F (z/η)
dη

η
. (3.1)

Physical interpretation of this equation is not very difficult. Function f (1− z) dz
is the probability that primary meson with the fraction of momentum z is also
first in rank. If not, then first rank meson left η momentum fraction to the
remaining cascade with the probability f (η) dη and the probability that we can
find our meson in the remaining cascade is F (z/η) dz/η. Function f (η) has to
be determined by fitting the experimental data and it is usually parametrized as
polynomial or exponential function.

In the paper [13], two important consequences of (3.1) are stressed. If one
performs limit z → 0 we get pole in equation (3.1) and the probability density
F (z) acts like

F (z)→ const.

z
for z → 0 . (3.2)

This means that the large number of soft hadrons in jet is predicted.
Second achievement of this model states that we can get the charge of first

rank primary quark by summing hadron charges in the jet. The probability of
s-quark generation slightly exceeds the ideal probability of 1

3
so we always get

small discrepancy γ of final charge after summing the charges of all hadrons in
jet.

〈Qq〉 =
∑
h∈jet

eh = eq − γ . (3.3)

3.2 Hadronization models

The basic idea of hadronization lies in the separation of collision in two stages.
For simplicity we will investigate the process of deep inelastic scattering as showed
in [3]. The first stage is characteristic by hard scattering of lepton and individual
quark. The influence of other partons could be neglected. Outgoing accelerated
quark and diquark remnant radiating soft and collinear partons and separating
each other. Second stage is hadronization itself. Outgoing quark and diquark
remnant converts into observable hadrons. This conversion is sometimes called
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fragmentation.
The fact that such a process could be separated into two distinct stages is not

trivial. First stage is calculable using quark parton model. The exact theory of
hadronization does not exist but there are several models. Historically the first
model is called independent fragmentation model and it was presented in [5] by
Field and Feynman. Although many more sophisticated models exist, it is con-
venient to explain the nature of fragmentation function in the perspective of this
model. In the next step we will focus on Lund string model of hadronization that
is implemented in Pythia 8 Monte Carlo generator.

3.2.1 Independent fragmentation model

This model presumes that outgoing quark and diquark hadronize independently.
This presumption is naturally incorrect because the essence of hadronization lies
in mutual interaction of quark-diquark system. However, this model describes
final distribution of hadrons in the language of fragmentation functions (3.4)
quite well

Dh
q (z, pT ) . (3.4)

In this model, hadronization function (3.4) is crucial quantity which describes
the probability that a parton q fragments into hadron h carrying the fraction z
of the energy of the original parton. Quantity pT is the transverse momentum of
hadron with respect to the momentum vector direction of original parton motion.

If one concerns hadron production in the process of deep inelastic scattering
e− + p→ e− + h + anything, it is possible according to [3], calculate differential
cross section of such a process using (3.5)

dσ

dxdydzdpT
=

4πα2s

Q4

(
1 + (1− y)2

2

)∑
i

e2
ixqi(x)Dh

q (z, pT ) , (3.5)

where one sums over all quarks inside protons that are involved in the hard
scattering process.

3.2.2 Lund string model

Lund string model is one of the most widely used string models. It is also im-
plemented in Pythia 8 [12] so it worth to characterize some basic ideas of this
model.

The simplest variant of Lund string model considers quark-antiquark pair with
no additional gluons emerging. Quarks are colored objects, so suppose that q is
red and q̄ is antired. As the distance between quark and antiquark grows, color
confinement becomes more significant and it implies potential (3.6)

V (r) = κr , (3.6)

which describes potential energy of imaginary string between quark-antiquark
pair. The tension of such a string is approximately κ ∼ 1GeV · fm−1 [26].

As the color flux between quark-antiquark pair grows, string can break and
another quark-antiquark pair is created. See the illustration at the Figure 3.2
The creation of new pair q′ and q̄′ is non-perturbative process.

15



Figure 3.2: Illustration of string breaking by quark-antiquark creation. This
picture was taken from [26].

Lund string model can handle also more complicated configurations contain-
ing gluons. According to [26], gluons are treated as transverse kinks and build
transversal structure of simple one dimensional string object. For each string
breaking point, the creation of quark with mass mq and transverse momentum
p⊥ is proportional to Gaussian probability distribution according to (3.7)

P
(
m2
q, p

2
⊥
)
∝ exp

(
−
πm2

q

κ

)
exp

(
−πp

2
⊥
κ

)
. (3.7)

Only mesons could be produced by the mechanism described above. The
production of baryons in Lund string model is also possible by allowing string
breaking into pair of diquarks.

The last step is to determine momentum fraction of fragmenting quark carried
by created hadron. This fraction is denoted z in accordance with previous sub-
section. Fragmentation has to be independent of the string break up sequence.
This requirement is accomplished by introducing so called Lund symmetric frag-
mentation function [26].

D(z) ∝ 1

z
(1− z)a exp

(
−b (m2

h + p2
⊥)

z

)
. (3.8)

Parameter a is dimensionless and b has dimension of GeV−2 and it is related to
the string tension.

3.3 Jet algorithms

Although it is possible to calculate matrix element of parton scattering in pertur-
bative QCD, in real experiment there is no way how to observe quarks or gluons
themselves. After the hard scattering of partons, the process of hadronization
begins almost immediately. As described above, this procedure leads to the colli-
mated shower of hadrons called jet. The concept of jet looks very straightforward,
however many problems emerge when one needs to define jet. Jet algorithm has
to be applicable to both experimental data and theoretical calculations.

Jet algorithm is a set of rules. Particles are grouped in jets on the basis of
these rules. Each jet algorithm contains one or more parameters that determine
the distance of two particles and so called recombination scheme which states
the momentum of combined particles. Some properties that jet algorithm should

16



satisfy were established in 1990 [15]. These basic properties are called Snowmass
accord.

1. Simple to implement in an experimental analysis.

2. Simple to implement to theoretical calculation.

3. Defined at any order of the perturbation theory.

4. Yields finite cross-section at any order of perturbation theory.

5. Yields a cross-section that is relatively insensitive to hadronization.

One can divide jet algorithms into two classes. First class are sequential recombi-
nation algorithms that have been introduced in the process of e+e− annihilation.
The second class are cone algorithms. These are widely used at hadron colliders
and they make use of the idea that events energy flow is unchanged by hadroniza-
tion.

3.3.1 Cone algorithms

The first idea of jet algorithm was developed in 1970’s [18] by Sterman and
Weinberg. This algorithm has been originally developed for e+e− collisions. It
states that the event contains two jets only if more than a fraction 1 − ε of the
total collision energy is included in two cones of half-angle δ.

Since 1970’s, cone algorithms has developed and this concept is still very
effective and widely used for hadron collisions. Most of today’s cone algorithms
are iterative cones (so called IC algorithms). The first step of iteration is to find
seed particle denoted i. This particle defines primary direction of cone. The sum
of four-momenta of all other particles j in the cone with the radius R is set in
consistency with Snowmass accord. The distance in radius ∆Rij between i and
j particle is calculated using azimuthal angle Φ and pseudorapidity y according
to (3.9)

∆Rij =

√
(Φi − Φj)

2 + (yi − yj)2 . (3.9)

Radius R plays a role of δ. Fraction 1 − ε is usually represented by cuts on
minimal transverse momentum of final jets. The main issues of cone algorithms
are the selection of seeds and overlapping of cones created from two different
seeds. Two main direction how to deal with these issues exist. They are called
the progressive removal approach (denoted as IC-PR algorithm) and the split-
merge approach (denoted as IC-SM algorithm). After the fixing of overlapping
cones one finds out that these algorithms are not infrared and collineary safe.

The idea of progressive approach is very simple. As a primary seed we use
the particle with the largest transverse momenta and we find the stable cone.
This cone is considered as the first jet and all particles within this cone are
removed. This procedure is repeated until no particle rests. The problem comes
when the hardest particle with transverse momentum pT,1 splits into the pair of
collinear particles with transverse momenta p aT,1 and p bT,1. It is fairly possible that
another particle with pT,2 exists and the relation p bT,1 < pT,2 < p aT,1 is satisfied.
The choosing of pT,2 as a seed leads to the different set of final jets and algorithm
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is not stable.
Split-merge approach is a little more sophisticated. In the first step, the set

of primary stable jets is established using all particles above some seed threshold.
Then the split-merge algorithm is applied. This procedure merges two jets if
more than a fraction limit f of softer cone transverse momenta is included in
harder cone. If it is not, shared particles are considered as a constituents of a
closer cone. According to [14] IC-SM procedure can be described in four steps:

1. After all primary stable jets are established, label the one with largest pT
as jet a.

2. Consider only jets that share particles with jet a and label the hardest of
them as jet b.

3. Calculate the fraction of transverse momenta of shared particles p sT and
transverse momenta p bT of jet b. If p sT/p

b
T > f we replace jet a and jet b

with new merged jet. If p sT/p
b
T < f we redistribute shared particles to the

closer jet.

4. Repeat all steps again.

According to [19] the parameter f is usually set to 0.75.
Also in case of split-merge procedure, the algorithm depends on the primary

set of stable cones and the radiation of soft collinear particle that is regarded as
a seed causes that the iteration converges to the different set of final jets.

The full solution of IC infra red safety issues bring the seedless cone algorithm
that avoids the use of seeds and iterations [14].

3.3.2 Sequential recombination algorithms

Sequential recombination algorithms have been developed for e+e− collision ex-
periments. These algorithms are widely used and some of them are also modified
for hadron collisions application. Sequential recombination algorithms are much
simpler to define than cone algorithms and also thanks to that, it is possible to
define them as IR and collinear safe algorithms. In first part of this subsection
we will describe JADE algorithm that has historical importance and after that
we will move to the algorithm which we use for jet finding in our Monte Carlo
simulations.

JADE algorithm is named by the collaboration that introduced it for jet find-
ing in e+e− collisions. It was the first simple sequential recombination algorithm
and it was introduced in [16], [17]. The basic idea of this algorithm is described
in three simple steps:

1. Define the distance yij =
2EiEj(1−cosθij)

E2
cm

for any pair of particles i, j in the
event, where Ei and Ej are energies of particles i and j, θij is an angle
between these particles and Ecm is total energy of the event.

2. Find the minimum of all yij and if this value meets condition yij < ycut
combine particles i and j to one new particle - so called pseudojet and
remove old particles i and j. Repeat all steps again.
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3. If the condition yij < ycut is not fulfilled for any pair of remaining particles
we declare them as jets.

The definition of jet depends on one parameter ycut. Naturally we get more jets for
lower value of this parameter. This algorithm is infrared and collinear safe. The
problem that can arise is due to the presence of particle energy Ei in the definition
of distance yij. Two very soft particles that move in an opposite direction could
be recombined as a single particle in an early stage of jet clustering.

The problem of soft back to back particles was solved by introducing kT
algorithm. This algorithm is almost identical to JADE algorithm. The only
difference is the definition of the distance of two particles

yij =
2min

{
E2
i , E

2
j

}
(1− cosθij)

E2
cm

. (3.10)

For collinear limit θij � 1 the nominator of (3.10) is squared transverse momenta
of softer particle relative to hard one. The definition (3.10) also ensures that two
soft back to back particles will never be clustered into one pseudojet because the
distance between these particles, according to (3.10), is always smaller than the
distance of soft particle to the nearest hard particle.

In hadron collision experiments one can not define collision energy very well.
The dimensional distance dij is introduced according to the formula (3.11)

dij = 2min
{
E2
i , E

2
j

}
(1− cosθij) . (3.11)

In [20] the first kT algorithm for hadron collisions was introduced. The additional
distance measure diB (distance of particle i and beam) was defined according to
(3.12)

diB = 2E2
i (1− cosθiB) . (3.12)

Jet algorithm is the same as in the case of e+e− collision. Only if diB is the
smallest distance, the particle is clustered together with the beam and it creates
so called beam jet.

In today’s hadron collision experiments it is common to use distance measure
variables that are invariant under boosts. In [21] variables dij and diB are defined
as follows

dij = min
{
p2n
Ti, p

2n
Tj

} ∆R2
ij

R2
∆R2

ij = (yi − yj)2 + (Φi − Φj)
2 , (3.13)

diB = p2n
Ti . (3.14)

with pT i and pTj denoting transverse momenta of particles i and j respectively
to the beam axis. Parameter n is 1 for kT algorithm. If n = −1 is chosen, then
one gets anti-kT .

Hadron collision is usually characterized by several p p interactions and by
complex energy flow. It has turned out that kT algorithm is not suitable for
hadron collisions because it favours clustering of soft particles and therefore it
clustered big badly-shaped jets. The anti-kT algorithm favours hard particles
clustering and on the contrary to kT algorithm we get smaller well-shaped jets
clustered around hard seeds and it is the reason why anti-kT algorithm is a very
suitable substitution of cone algorithms.
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4. Theoretical uncertainties for
jet production

In this chapter the calculation of cross-section theoretical uncertainties of inclu-
sive jet production was calculated. The work on this task was performed together
with ATLAS collaboration members. Theoretical uncertainties were calculated
using NLOJET++ 4.1.3. The precise knowledge of these theoretical uncertainties
is very important for the purposes of data analysis.

4.1 NLO cross section

Cross-section is a key observable in heigh energy physics. It provides information
about hadron structure and it is an important tool for searching of new physics
processes. An interpretation of data delivered by LHC experiments rely on the
precise knowledge of parton distribution functions (PDFs). The overall uncer-
tainty of measured or simulated cross-section of any process could be dominated
by parton distribution function uncertainty. Therefore the calculation of PDF
uncertainties is very important for precise interpretation of data.

In concept of parton model, jet cross-section is described according to the
schematic formula

σA+B =
∑

a,b,c,d,...

∫
dxaDa|A(xa)

∫
dxbDb|B(xb)σa+b→c+d+... , (4.1)

where parton distribution function Da|A(xa) describes the probability of finding
parton a inside hadron A. Parton a carries the fraction xa of hadron momentum.
The definition of Db|B(xb) is analogous.

As stated in [3], the process of nucleon hard scattering could be described in
three steps.

1. Primary evolution is described by distribution functionsDa|A(xa) andDb|B(xb)
of partons a, b in nucleons A, B. These functions describe long distance
behaviour of partons inside nucleons and it is not possible to calculate them
using perturbative QCD.

2. The hard scattering of partons a+ b→ c+ d+ ... Cross-section σa+b→c+d+...

is calculable using perturbative QCD

3. The hadronization of final partons which is the least understood part of
hadron inelastic scattering process.

As emphasized above, the equation (4.1) is only a schematic formula. PDFs not
only depend on momentum fraction but also on factorization scheme and factor-
ization scale. Partons behave like almost free particles but partons in nucleons
are not absolutely free. As the consequence, these partons can have non-zero
virtuality q2−m2 where q is four-momentum of parton and m is its mass. PDFs
also depend on virtuality of the parton. If we denote maximal virtuality of parton
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as M , then according to [4], the dependence of quark, antiquark and gluon distri-
bution functions qi(x,M), q̄i(x,M) and Gi(x,M) is described by Altarelli-Parisi
evolution equations. Equations (4.2) are derived step-by-step in [3]

dqi(x,M)

d lnM
=
αS(M)

π

 1∫
x

dy

y
P (0)
qq

(
x

y

)
qi(y,M) +

1∫
x

dy

y
P

(0)
qG

(
x

y

)
G(y,M)


dq̄i(x,M)

d lnM
=
αS(M)

π

 1∫
x

dy

y
P (0)
qq

(
x

y

)
q̄i(y,M) +

1∫
x

dy

y
P

(0)
qG

(
x

y

)
G(y,M)


dG(x,M)

d lnM
=
αS(M)

π

 1∫
x

dy

y
P

(0)
Gq

(
x

y

) nf∑
i=1

[qi(y,M) + q̄i(y,M)] +

+

1∫
x

dy

y
P

(0)
GG

(
x

y

)
G(y,M)



.

(4.2)

Parton distribution function qi(x,M) corresponds to the probability of finding
quark with flavour i, fractional momentum x and maximal virtuality M . As
P

(0)
αβ (x), we denote leading order QCD branching function which describes the

probability of finding parton α into parton β carrying fractional momentum x of
β momentum.

Analogously to the expansion of strong coupling constant αS (higher order
terms of αS define renormalization scheme - RS), the leading order terms of
branching functions are unambiguous and the choice of higher order terms P (1)

defines factorization scheme (FS). The maximum possible virtuality M corre-
sponds to the factorization scale. Thus general cross-section formula (4.1) is
modified in this way and we get

σA+B =
∑

a,b,c,d,...

∫
dxaDa|A (xa,M1, FS1)

∫
dxbDb|B (xb,M2, FS2) ·

· σa+b→c+d+... (xa, xb, µR, RS,M1, FS1,M2, FS2)

. (4.3)

4.2 PDF global fits and uncertainties

QCD global analysis has several goals. The most important of them is to calcu-
late PDFs accurately and to determine their theoretical uncertainties with high
precision. The basic idea of global analysis is to use many data sets from different
experiments and develop PDFs that agree with these experiments very well. The
first PDF with complete error band was calculated using deep inelastic scattering
data [8].

Now many collaborations like CTEQ [9], MSTW [10] or HERA [11] are de-
voted to QCD global analysis and provide their PDFs with complete uncertainty
analysis. Techniques of PDF calculation used by these groups differ in detail but
the general idea is the same. PDFs are parametrized by smooth function at low
momentum scale of order 1 GeV and the momentum dependence is determined
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by evolution equations. PDF parameters are fitted using the method of χ2 mini-
mization. For each data set (denoted d) χ2

d is constructed. Finally the global χ2

is calculated as a sum of χ2
d. The sum of χ2

d could be weighted to achieve high
agreement with many experimental data. However this procedure demand very
high level of physics judgement.

The limit example of giving an extra weight to some experimental data is to
use that data alone. For example if some collaboration uses only its own data,
the fitting procedure leads to PDFs that agree with their data much better than
PDFs obtained by global fits. However their own PDFs will not agree with many
other experiments.

The exact opposite is to give zero weight to some experimental data. By this
procedure we could obtain much better global fit but such a PDF will probably
not agree with excluded data set at all.

Unlike CTEQ and MSTW collaborations that perform global fits, HERA
group uses only its own data.

4.2.1 PDF uncertainties in global fits

Parton distribution functions are very important for any scattering experiment
with nucleons in the initial state. High energy hadrons interact through their
constituents - quarks and gluons. The cross-section of hard process could be
calculated according to the perturbative QCD method. QCD perturbative coef-
ficients of hard process are convolved with PDF.

In current studies, all published PDFs have so called central value, which cor-
responds to the best fit, and the set of error PDF parameters that could be used
to calculate uncertainty band of any observable X. Calculation procedure of the
total uncertainty band determining differs for specific PDFs. CTEQ and MSTW
groups use Hessian method. Denote the parameters of PDF as {ai}ni=1. Hessian
of χ2 is defined according to [8] as (4.4)

H =
1

2

∂2χ2

∂ai∂aj

∣∣∣∣
0

, (4.4)

where indices i and j run from 1 to n. Now we can calculate any deviation of
observable X from its central value according to the formula (4.5)

∆X2 = ∆χ2
∑
i,j

∂X

∂ai

(
H−1

)
ij

∂X

∂aj
, (4.5)

where ∆χ2 is tolerated increase of the χ2, so called tolerance. It is very convenient
to calculate orthonormal eigenvectors of Hessian {αi}ni=1. They are not correlated
and thus it is easier to calculate uncertainty of any observable X using these new
parameters. For each eigenvector αi we calculate two error parameters, one in the
positive direction and second in a negative direction (X+

i and X−i respectively).
Using the central value X0 we can define total asymmetric error according to
(4.6) and (4.7)

∆X+ =

√√√√ n∑
i=1

[
max

(
X+
i −X0, X

−
i −X0, 0

)]2
, (4.6)
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∆X− =

√√√√ n∑
i=1

[
min

(
X0 −X+

i , X0 −X−i , 0
)]2

. (4.7)

4.2.2 Renormalization scale and factorization scale uncer-
tainties

Second and very significant source of cross-section uncertainty comes from the
uncertainty of renormalization and factorization scale estimate. These scales are
truncation of perturbative expansion. Renormalization scale µR is a remnant of
renormalization procedure, where UV divergences are absorbed in renormalized
strong coupling constant. To understand what does the factorization scale stand
for we should remark that overall process of hadronic collision can be understood
as a convolution of hard process (short distance) and soft process (long distance).
Factorization scale µF separates hard scale of the process and its soft scale [7].

In inclusive jet studies, both renormalization and factorization scales are set
as the pT of the hardest jet in the event. If one wants to estimate uncertainties
related to the estimate of default scale values, there is a common procedure to
vary both scales separately by factor of two. The total set of scale variations is{

µR

µdef.R

,
µF

µdef.F

}
=

{
(2, 2) , (2, 1) , (1, 2) ,

(
1,

1

2

)
,

(
1

2
, 1

)
,

(
1

2
,
1

2

)}
. (4.8)

4.2.3 Strong coupling constant uncertainty

Finally, the uncertainty of cross-section that arises due to the estimate of strong
coupling constant αS is calculated according to (4.9)

∆σαs =
1

2

√
(dσ (α+

s ))2 + (dσ (α−s ))2 . (4.9)

In case of CTEQ10nlo, strong coupling constant is set to α0
S = 0.118. Shifted

strong coupling constants are α+
S = 0.120 and α−S = 0.116, dσ

(
α+
S

)
and dσ

(
α−S
)

are contributions of these shifts to the total cross-section uncertainty.

4.2.4 PDF theoretical uncertainty calculation

Next-to-leading QCD prediction of jet cross-section was computed for the purpos-
es of this thesis. All calculations were made using NLOJET++ 4.1.3 Monte Carlo
event generator. The center of mass collision energy was set in accordance with
current LHC set-up to

√
s = 8 TeV. The main source of cross-section uncertain-

ties come from the uncertainties of PDF parameters, estimate of renormalization
and factorization scales (µR and µF respectively) and from the uncertainty of
strong coupling constant αS. NLOJET++ together with APPLgrid software are
used to calculate coefficients of perturbation expansion. Afterwards, perturbative
coefficients could be convolved with any PDF function and also the variation of
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αS and both renormalization and factorization scale is carried out.
The total theoretical uncertainties due to PDF, renormalization and factor-

ization scales and αS variations are at the Figures 4.1 - 4.4. In case of these
calculations, perturbative coefficients were convolved with CTEQ10nlo PDF. In-
dividual contributions to the total theoretical uncertainty are also depicted at
these figures. It is obvious that the main contribution to the total theoretical
uncertainty at high values of pT comes from the uncertainty of PDF parameters.
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Figure 4.1: Relative uncertainties of inclusive jet NLO cross-section prediction
for anti-kT jet algorithm with R = 0.6. Jets are in rapidity range 0.0 < |y∗| < 0.5
for (a) and 0.5 < |y∗| < 1.0 for (b).
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Figure 4.2: Relative uncertainties of inclusive jet NLO cross-section prediction
for anti-kT jet algorithm with R = 0.6. Jets are in rapidity range 1.0 < |y∗| < 1.5
for (a) and 1.5 < |y∗| < 2.0 for (b).
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Figure 4.3: Relative uncertainties of inclusive jet NLO cross-section prediction
for anti-kT jet algorithm with R = 0.6. Jets are in rapidity range 2.0 < |y∗| < 2.5
for (a) and 2.5 < |y∗| < 3.0 for (b).
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Figure 4.4: Relative uncertainties of inclusive jet NLO cross-section prediction
for anti-kT jet algorithm with R = 0.6. Jets are in rapidity range 3.0 < |y∗| < 3.5
for (a) and 3.5 < |y∗| < 4.0 for (b).

As mentioned at the PDF global fits section, CTEQ and MSTW groups use
different datasets and slightly different methods for their QCD global analysis and
HERA group use only its own data. It is natural to expect essential differences in
total cross-section uncertainty calculated using different PDFs. The comparisons
of total cross-section uncertainties calculated using different PDFs are at the
Figures 4.5 - 4.8.
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Figure 4.5: Comparison of relative uncertainties of inclusive jet NLO cross-section
prediction for anti-kT jet algorithm with R = 0.6. Jets are in rapidity range
0.0 < |y∗| < 0.5 for (a) and 0.5 < |y∗| < 1.0 for (b).

 [GeV]jet

T
p

50 60 100 200 300 400 1000 2000

0
σ/

σ

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

* < 1.5y1.0 < 

Overall uncertainty CT10nlo

Overall uncertainty MSTW08

   jets. R = 0.6antik

(a)

 [GeV]jet

T
p

50 60 70 100 200 300 400 500 1000

0
σ/

σ

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

* < 2.0y1.5 < 

Overall uncertainty CT10nlo

Overall uncertainty MSTW08

   jets. R = 0.6antik

(b)

Figure 4.6: Comparison of relative uncertainties of inclusive jet NLO cross-section
prediction for anti-kT jet algorithm with R = 0.6. Jets are in rapidity range
1.0 < |y∗| < 1.5 for (a) and 1.5 < |y∗| < 2.0 for (b).
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Figure 4.7: Comparison of relative uncertainties of inclusive jet NLO cross-section
prediction for anti-kT jet algorithm with R = 0.6. Jets are in rapidity range
2.0 < |y∗| < 2.5 for (a) and 2.5 < |y∗| < 3.0 for (b).
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Figure 4.8: Comparison of relative uncertainties of inclusive jet NLO cross-section
prediction for anti-kT jet algorithm with R = 0.6. Jets are in rapidity range
3.0 < |y∗| < 3.5 for (a) and 3.5 < |y∗| < 4.0 for (b).

One can also compare central values of cross-section prediction. Such a com-
parison is done by calculating ratios of central value cross-sections estimated by
different PDFs. Ratios are also compared to the relative theoretical uncertainty
of reference PDF. The results are presented at the Figures 4.9 - 4.11.
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Figure 4.9: Ratios of central value cross-sections compared to the relative un-
certainty of inclusive jet NLO cross-section prediction of CT10nlo for anti-kT jet
algorithm with R = 0.6. Jets are in rapidity range 0.0 < |y∗| < 0.5 for (a) and
1.5 < |y∗| < 2.0 for (b).
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Figure 4.10: Ratios of central value cross-sections compared to relative uncer-
tainty of inclusive jet NLO cross-section prediction of MSTW2008nlo for anti-kT
jet algorithm with R = 0.6. Jets are in rapidity range 0.0 < |y∗| < 0.5 for (a)
and 1.5 < |y∗| < 2.0 for (b).
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Figure 4.11: Ratios of central value cross-sections compared to relative uncertain-
ty of inclusive jet NLO cross-section prediction of HERAPDF15NLO for anti-kT
jet algorithm with R = 0.6. Jets are in rapidity range 0.0 < |y∗| < 0.5 for (a)
and 1.5 < |y∗| < 2.0 for (b).

4.3 Discussion of results

As one can see at the figures above, the theoretical uncertainty grows rapidly for
high pT of jets. By comparing overall uncertainty band and particular compo-
nents of the overall band, it is obvious that the major contribution comes from
the uncertainty of PDF coefficients.

Using PDF coefficients it is possible to calculate contribution to the PDF
uncertainty by single partons. At the Figures 4.12 (a) and 4.12 (b), there are
percentage error bands of up quark and gluon distribution functions. The uncer-
tainty of gluon distribution function is considerably larger than the uncertainty
of up quark distribution function. These uncertainty error bands are calculated
for the momentum transfer equal to Q2 = 106 GeV2. PDF plotter at [28] was
used to calculate these uncertainty bands.
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(a) (b)

Figure 4.12: Theoretical uncertainty of up quark distribution function (a) and
gluon distribution function (b) for CTEQ10nlo pdf set and momentum transfer
equal to Q2 = 106 GeV2.

This comparison points to the fact, that the main contribution to the over-
all cross-section uncertainty calculated by NLOJET++ 4.1.3 comes from gluon
distribution function.
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5. Quark compositeness

There is a natural historical motivation to look for quark compositeness. As
the research of atom and nucleus developed, hadrons and leptons were found
and in recent history also the existence of hadron constituents, partons, was
proved. Besides other things, today research is also focused on looking for possible
candidates of parton structure.

Hypothetical parton constituents are called preons. Theory describing quark
compositeness is not a part of standard model of elementary particles so it is
usually classified as a new physics.

Let us denote Λ as the energy scale of such a new phenomenon. Provided Λ
is above experimental range, one expects pointlike behaviour of interaction (this
interaction is depicted by Feynman diagram at the right side of Figure 5.1) and
we call it contact interaction. In the picture of preons, contact interaction is a
manifestation of exchange of preon bound state with mass of order Λ between two
composite quarks (depicted by Feynman diagram at the left side of Figure 5.1).
Contact interaction of quarks is an analogy to the Fermi theory of beta decay.

Figure 5.1: Interaction of composite quarks. Interaction is depicted in the picture
of quark structure on the left side of the figure and also in the picture of contact
interaction on the right side of the figure.

Many models of quark contact interaction exist, but the most general
SUC(3) ⊗ SUL(2) ⊗ UY (1) quark contact interaction is described by following
Lagrangian [24].

Lqq =
g2

2Λ2

{
η0q̄Lγ

µqLq̄LγµqL + η1q̄Lγ
µ τa

2
qLq̄Lγµ

τa
2
qL+

+ η0uq̄Lγ
µqLūRγµuR + η0dq̄Lγ

µqLd̄RγµdR+

+ η8uq̄Lγ
µλa

2
qLūRγµ

λa
2
uR + η8dq̄Lγ

µλa
2
qLd̄Rγµ

λa
2
dR+

+ ηuuūRγ
µuRūRγµuR + ηddd̄Rγ

µdRd̄RγµdR+

+ ηudūRγ
µuRd̄RγµdR + ηdud̄Rγ

µdRūRγµuR
}

(5.1)

where

qL =

(
uL
dL

)
(5.2)

λa with a = (1, 2, ..., 8) are SU(3)C color matrices, τa where a = (1, 2, 3) are
weak-isospin Pauli matrices. The compositeness scale is chosen in such a way
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that g2

4π
= 1 for the highest |ηij| = 1.

It is possible to inspect just one term of the Lagrangian (5.1). This term de-
scribes quantitatively compositeness of uL and dL that interact by a color singlet.
Therefore Lagrangian (5.1) reduces to the form of (5.3)

Lqq =
η0g

2

2Λ2
q̄Lγ

µqLq̄LγµqL (5.3)

5.1 Search for contact interaction in pT spec-

trum

Contact interaction produce significant increase of cross-section in high pT jet
spectrum. This increase is depicted at the Figure 5.2 for several contact interac-
tion scales Λ compared to pure QCD pT spectrum. Detection of contact inter-
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Figure 5.2: pT spectrum for pure QCD, Λ = 7 TeV and Λ = 4 TeV. Events are
simulated in Pythia 8.

action signal in pT spectrum is very complicated due to uncertainties of parton
distribution functions. These uncertainties are very high in the region of high pT .
Possible signal of new physics phenomena could be absorbed in the uncertainty
band by parton distribution function.

The relative increase of cross-section for several values of Λ together with
total uncertainty band for CTEQ10nlo calculated in previous chapter is at the
Figure 5.3.
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Figure 5.3: The relative increase of cross-section for Λ = 10 TeV, Λ = 9 TeV
and Λ = 8 TeV together with relative uncertainties of inclusive jet NLO cross-
section prediction for CTEQ10nlo in rapidity range 0.0 < |y∗| < 0.5. Anti-kT jet
algorithm with R = 0.6 was used for jet finding.

5.2 Search for contact interaction in angular dis-

tribution

New physics signals, especially contact interaction signal, is supposed to be more
isotropic than QCD background. QCD events are dominated by forward pro-
cesses and according to [25] their angular distribution is roughly proportional to

1
(1−cosθ∗)2

, where θ∗ is scattering angle in center of momentum frame. Angular
distribution of contact interaction events is flat in cosθ∗.

The substantial benefit of searching for contact interaction signal in jet angular
distribution lies in a low negative effect of parton distribution function uncertain-
ties. Some specific variables based on jet angular distribution are defined in the
next chapter.
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6. Dijet angular analysis

The high energy collisions of hadrons with high transverse momentum jets in
the final state probe matter on the smallest possible scales. We can expect that
some of the possible new physics phenomena would manifest themselves in those
events. Two jets in final state of collision can be characterised by their invariant
mass mjj, so called dijet mass.

QCD predicts mostly forward processes. Angular distribution of such a QCD
dijet events peaks in the region of small scattering angles.

In this thesis, we will focus on the search for quark compositeness. The major
purpose is to explore currently used variables and try to find the most suitable
of them. For this purpose the model of quark contact interaction with left chiral
components (equation 5.3) was used.

As was stated in section 5.2, the best method to indicate any new physics
phenomenon using jets is the analysis of dijet angular distribution. For such a
analysis, specific angular variables were used by different collaborations. We use
several of them for our analysis of Monte Carlo data samples and for setting lower
limit on the scale Λ.

6.1 Kinematic quantities

In this section we will define some basic kinematic quantities that are used in
further analysis. If E is the energy of jet, pz is the third component of its
momentum and θ is the angle between the particle momentum vector and beam
axis, we can define rapidity of the jet (6.1) and pseudorapidity (6.2) as

y =
1

2
ln

(
E + pz
E − pz

)
, (6.1)

η = −ln

[
tan

(
θ

2

)]
. (6.2)

If E � m the approximation y ≈ η is valid.
Jet with the highest pT in the event is called leading jet and the jet with

the second highest pT in the event is called next-to-leading jet. These jets are
constituents of dijet event and they have rapidities y1 and y2. Two leading jets
originate from the scattering of two partons. Rapidity boost of dijet center of
mass system in proton collision frame is

yB =
1

2
(y1 + y2) . (6.3)

Therefore the rapidities of jets in center of mass system are y∗ and −y∗ where

y∗ = y1 − yB =
1

2
(y1 − y2) . (6.4)

Instead of y∗ or θ∗ (which is the scattering angle in dijet center of mass
system), the angular measurements are often performed as a function of χ variable
defined as

χ = exp (2 |y∗|) = exp (|y1 − y2|) . (6.5)
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Assume that y ≈ η, then we get the relation

χ =
1

tan2
(
θ∗

2

) =
1 + cosθ∗

1− cosθ∗
. (6.6)

The choice of χ leads to flat distribution dN
dχ

for Rutherford scattering. Dif-
ferential form of Rutherford formula is

dN

dcosθ∗
∼ 1

(1− cosθ∗)2 . (6.7)

Using the equation (6.6) we can get

dN

dχ
=

dN

dcosθ∗
dcosθ∗

dχ
∼ 1

(1− cosθ∗)2

(1− cosθ∗)2

2
= const. . (6.8)

The slope of dijet cross-section distribution in χ is almost flat in the case of pure
QCD and the slope grows for lower values of contact interaction scale Λ. New
physics signals should indicate excess of events for lower values of χ because of the
higher angular isotropy of new physics events. At the Figure 6.1, it is noticeable
that all the distributions with different values of Λ cross at of one point that
could be characterised by the value χX .

Cross-section distribution in χ is binned in 7 mass bins bounded by 800 GeV,
1200 GeV, 1600 GeV, 2000 GeV, 2600 GeV, 3200 GeV and 4000 GeV so the
highest mass bin consist of all dijet events with invariant mass that is greater
than 4000 GeV.

The value of χX was determined by the analysis of Monte Carlo data samples
and it is equal to χX = 7.54.
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 = 8 TeVΛ

Figure 6.1: Highest mass bin of χ distribution in case of pure QCD and also for
CI models with Λ = 4, 5, 6, 7, 8 TeV.

It is relatively easy also to calculate the estimate of the crossing point value
χX by hand. For pure QCD the distribution of cross-section (or number of dijet
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events) in χ is almost flat. It means that we can lay down

dNQCD

dχ
= NQCD . (6.9)

In case of pure contact interaction model we have

dNP
CI

dχ
=

1

χ
β (Λ) , (6.10)

where Λ-dependence comes from Λ-dependence of Lagrangian (5.3) and 1
χ

depen-
dence was guessed from the slope of χ distribution in case of contact interaction
(see Figure 6.1). Note that the measured cross-section is always the sum of QCD
background and new physics signal (if there is any new physics present). It means
that the realistic model that describes the number of dijet events distribution in
χ is the sum of pure QCD (6.9) and pure contact interaction model (6.10)

dNCI

dχ
=

1

χ
β (Λ) +NQCD . (6.11)

To normalize these distributions we integrate (6.9) and (6.11) in terms of χ

from 1 to χmax. Now denote λ = β(Λ)
NQCD

, compare normalized QCD distribution

and normalized contact interaction distribution and we get the equation (6.12)

1 + λ
χ

(χmax − 1) + λlnχmax
=

1

χmax − 1
. (6.12)

After a few simple steps and denoting χ = χX we get the result

χX =
χmax − 1

lnχmax
. (6.13)

Note that χX does not depend on Λ. If we set χmax = 30, we will get χX = 8.5
that is not very far from the result that was obtained by the analysis of Monte
Carlo data samples.

6.2 Kinematic cuts and Monte Carlo data sam-

ples

To ensure high possibility of new physics signal detection, the phase space se-
lection criteria on jets are performed by kinematic cuts. Event selection and
kinematic cuts are carried out according to the latest ATLAS measurement [22].
ATLAS collaboration performed new physics benchmark tests that have opti-
mised the kinematic cuts and set the region of phase space with highest sensitivity
of new physics signal relative to QCD events.
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Figure 6.2: Illustration of selection criteria on dijet events plotted in rapidities
y1 and y2. The figure is taken from [22].

The dijet event yield in y1 versus y2 is illustrated at the Figure 6.2 taken
from [22]. The forward peaking due to QCD events is obvious. Events with large
scattering angle θ∗ occupy the middle of the plot which is indicated by the thin
white line. The rapidity y∗ of such events approaches to zero near this line. Since
new physics phenomena angular distribution is more isotropic than QCD angular
distribution, the best signal is expected near y∗ = 0.

According to [22] all jets with |y| > 4.4 are removed and there must be at least
two jets with |y| < 4.4 in the event. Events must also satisfy y∗ < 1.7, yB < 1.1
and mjj > 800 GeV. Combination of y∗ and yB cuts is depicted at the Figure 6.2
as solid black rectangle.

The examples of reconstructed dijet mass distribution and reconstructed χ
distributions measured by ATLAS are at the Figures 6.3 - 6.4. These examples
are taken from [22].
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Figure 6.3: The reconstructed dijet mass distribution (filled points) fitted with
a smooth functional form (solid line). Mass distribution predictions for three
excited quark masses are shown above the background. The middle part of figure
shows the data minus the background fit, divided by the fit. The bin-by-bin
significance of the data-background difference is shown in the lower panel [22].

All dijet distributions are calculated using Monte Carlo data samples gener-
ated by Pythia 8 Monte Carlo generator. Each sample consist of 20 millions dijet
events. Seven Monte Carlo data samples with contact interaction scale values of
Λ = 4 TeV, 5 TeV, 6 TeV, 7 TeV, 8 TeV, 9 TeV, 10 TeV are generated. Also
Λ→∞ is set to generate pure QCD data sample. As a model of contact interac-
tion, the same Lagrangian as in the equation (5.3) is used in Pythia 8. Jets are
clustered using anti-kT algorithm implemented in Fastjet software package.
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Figure 6.4: The χ distributions for all dijet mass bins. The QCD predictions
are shown with theoretical and total systematic uncertainties (bands), as well as
the data with statistical uncertainties. The dashed line is the prediction for a
quantum black hole signal for MD = 4.0 TeV and n = 6 in the highest mass bin.
The distributions have been offset by the amount shown in the legend to aid in
visually comparing the shapes in each mass bin [22].

6.3 Dijet angular variables

Dijet mass mjj is defined as a norm of vectorial sum of four-momenta of two jets
with the highest transverse momenta in the event (two leadig jets).

For angular analysis of dijet events we use variables Rη and Rχ introduced by
D∅ collaboration [23] and Fχ which was introduced in [22] by ATLAS collabora-
tion.

The variable Rη is defined according to the equation (6.14). It is a fraction
of number of dijet events with both jets satisfying |η|< 0.5 and number of dijet
events with both jets satisfying 0.5 <|η|< 1.0.

Rη =
N|η|<0.5

N0.5<|η|<1.0

. (6.14)

The variable Rχ is defined as follows

Rχ =
N<χ

N>χ

, (6.15)

where N<χ is number of dijet events that satisfy χ < χX and analogously N>χ is
number of dijet events with χ > χX .

The variable Fχ is a fraction of the number of dijet events NC in the central
region of calorimeter and the number of total dijet events NT . Both NC and NT

contain events that passed the exclusion limits. The boundary of central region
is defined by y∗ = 0.6 (black dashed line at the Figure 6.2) that corresponds to
χ = 3.32.

Fχ =
NC

NT

. (6.16)

38



Figure 6.5: The Fχ distribution in mjj. The QCD prediction is shown with
theoretical and total systematic uncertainties (bands), and data (black points)
with statistical uncertainties. The blue vertical line indicates the lower boundary
of the search region for new phenomena. Various expected new physics signals
are shown: a contact interaction with Λ = 7.5 TeV, an excited quark with mass
2.5 TeV and a quantum black hole signal with MD = 4.0 TeV [22].

An example of reconstructed Fχ distribution measured by ATLAS is at the
Figure 6.5. This example is taken from [22]

The nature of Rχ and Fχ variables is very similar. There are only two major
differences. In the definition of Rχ, the numerator and denominator are indepen-
dent numbers, whereas in the definition of Fχ, the number NC is the subset of
the number NT . The second difference is the definition of central region for Fχ
that corresponds to the value χ = 3.32, while D∅ used the crossing point χX as
a boundary of central region.

The motivation for selection χ = 3.32 as a boundary value is not clear at
the first sight but it could be explained by comparing the value of signal and
background and calculating the optimal value of the boundary of central region
χB. We use equations (6.9) and (6.10) and we denote background B

B =

χB∫
1

dNQCD

dχ
= NQCD (χB − 1) , (6.17)
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and signal S

S =

χB∫
1

dNCI

dχ
= αlnχB , (6.18)

where α = β (Λ). Now we are looking for the maximum of s defined according to

s =
S√
B

=
αlnχB√

NQCD (χB − 1)
. (6.19)

To find local extremes of function (6.19) we use standard procedure and we solve

ds

dχB
= 0 (6.20)

in terms of χB. After the derivation and a few modifications we get the equation

1− 1

χB
=

1

2
lnχB , (6.21)

that can be solved numerically and we will get χB = 4.92 which corresponds
to y∗ = 0.8. One can see that this value is not far from the value y∗ = 0.6
that was suggested by ATLAS collaboration. The small discrepancy is caused by
many simplifications that we consider in calculations above. For example the real
cross-section distribution in case of pure QCD is not perfectly flat.

6.4 Bayesian method of setting lower limit of Λ

To set 95% CL lower limit of Λ one needs to establish probability density function
of Λ with given Monte Carlo data. In the terminology of Bayesian probability
theory such a function is called posterior probability density function P (Λ|data)
and one calculates it according to the formula (6.22).

P (Λ|data) =
P (data|Λ)P (Λ)

P (data)
(6.22)

In consistency with [22] we assume that P (data) is constant and prior proba-
bility is constant function of 1

Λ4 because σ ∼ 1
Λ4 if contact interaction dominates

(otherwise the interference of contact interaction and QCD term could affect σ
behaviour). Thus it is sufficient to integrate P (data|Λ) as a function of 1

Λ4 to get
95% CL lower limit of Λ and the problem is reduced to calculate P (data|Λ).

Function P (data|Λ) differs in case of different angular variables. The details
which consider this function are discussed in appropriate sections.

6.5 Rη distribution

Angular variable Rη introduced in section 6.3 is finely binned in mjj so we can
denote it as Rη (mjj).
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Figure 6.6: Rη (mjj) distribution with statistical errors in case of pure QCD and
also for contact interaction model with Λ = 4, 7, 10 TeV.

Each mass bin can be used to establish 95% CL lower limit on contact inter-
action scale. All Monte Carlo samples with Λ ranging from 4 TeV to 10 TeV and
pure QCD sample are used for this purpose. At the Figure 6.6, there is Rη (mjj)
distribution for pure QCD model and also for several values of contact interaction
scale Λ.

6.5.1 Setting lower limit of Λ

Each mass bin mjj of the distribution is treated separately. To set the lower
limit of Λ scale the key step is to calculate probability function P (Rη|Λ) that is
defined in section 6.4.

According to the formula (6.14) the variable Rη is a simple ratio of two in-
dependent Poisson random variables. It is well known that the ratio of two
independent Poisson random variables does not follow any common probability
distribution. There are some studies that attempt to characterize such a distri-
bution [27]. For our purpose it is much more convenient to calculate P (Rη|Λ)
using numbers N|η|<0.5 and N0.5<|η|<1.0 rather than Rη directly. It is suitable to
denote N1 ≡ N|η|<0.5 and N2 ≡ N0.5<|η|<1.0.

For each mjj bin, the dependencies N1 and N2 as a function of 1
Λ4 are con-

structed. One gets continuous functions N1(Λ) and N2(Λ) by fitting these depen-
dencies with four parameter function f(x), where x = 1

Λ4

f(x) =
p4

exp [p1 (p2 − log(x))] + 1
+ p3 (6.23)

Such fits are depicted at the Figure 6.7.
The variable Rη is a ratio of two Poisson random variables. Thus we can get

P (Rη|Λ) as the ratio of two Poisson probability mass functions f1(k1, λ1) and
f2(k2, λ2), where λ1 = N1(Λ) and λ2 = N2(Λ). The values k1 and k2 are random
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(a) (b)

Figure 6.7: Fitted function N1(Λ) in case of (a) and N2(Λ) in case of (b) for mass
bin 3250 GeV < mjj < 3375 GeV.

numbers generated according to the Poisson probability distribution with mean
values NQCD

1 (mjj) and NQCD
2 (mjj) respectively. Generation of k1 and k2 is called

generation of pseudo-experiments. The values NQCD
1 (mjj) and NQCD

2 (mjj) are
numbers of dijet events generated by Pythia 8 in case of QCD model and scaled
to integrated luminosity 4.8 fb−1. We generate many pseudoexperiments for each
mass bin and lower limit of Λ is calculated for each pseudoexperiment. Final
lower limit for each mjj bin is set as a median of all pseudoexperiments.

The example of P (Rη|Λ) is at the Figure 6.8 and the dependence of lower
limit on dijet mass is at the Figure 6.9.

Figure 6.8: Posterior function with 95% CL lower limit relevant to mass bin
3250 GeV < mjj < 3375 GeV.
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Figure 6.9: Mass dependence of expected 95% CL lower limit on contact interac-
tion scale Λ.

6.6 Rχ distribution

The treatment of Rχ distribution is very similar to the techniques used for analysis
of Rη distribution in section 6.5. Rχ is also finely binned in mjj and all Monte
Carlo samples are used to set 95% CL lower limit on the contact interaction scale.
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Figure 6.10: Rχ (mjj) distribution with statistical errors in case of pure QCD and
also for contact interaction model with Λ = 4, 7, 10 TeV.

In section 6.1, χ distribution was presented and the value of χX = 7.54 was
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found. This value is used for the definition of Rχ. At the Figure 6.10 there are
Rχ distributions for several values of Λ and also for pure QCD.

6.6.1 Setting lower limit of Λ

As the definition of Rχ is very similar to Rη, the basic steps of setting lower limit
of Λ scale is an analogy to the procedure introduced at the subsection 6.5.1.

We analyse each mjj bin separately. The crucial step is to calculate P (Rχ|Λ).
The variable Rχ is defined as a ratio of two independent Poisson random variables.
We get continuous function N<χ(Λ) by fitting the dependence of N<χ on 1

Λ4 with
function (6.23). Function N>χ(Λ) is obtained by fitting the dependence N>χ on
1

Λ4 with polynomial of degree three. The course of function of N>χ(Λ) strongly
differs in various mass bins and therefore the polynomial was chosen. Fits are
depicted at the Figure 6.11.

(a) (b)

Figure 6.11: Fitted function N<χ(Λ) in case of (a) and N>χ(Λ) in case of (b) for
mass bin 3250 GeV < mjj < 3375 GeV .

Function P (Rχ|Λ) is calculated as the ratio of two Poisson probability mass
functions with mean values equal to N<χ(Λ) and N>χ(Λ). The generation of
pseudo-experiments and final limit calculation is done in the same way as in the
case of Rη (see subsection 6.5.1).

The example of P (Rχ|Λ) is at the Figure 6.12 and the dependence of lower
limit on dijet mass is at the Figure 6.13.
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Figure 6.12: Posterior function with 95% CL lower limit related to mass bin
3250 GeV < mjj < 3375 GeV.
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Figure 6.13: Mass dependence of expected 95% CL lower limit on contact inter-
action scale Λ.

6.7 Fχ distribution

In this analysis, finely binned Fχ(mjj) distribution is used to establish 95% CL
lower limit on contact interaction scale. Similarly to the previous sections, seven
Monte Carlo samples with Λ ranging from 4 TeV to 10 TeV and pure QCD sample
are used.
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Figure 6.14: Fχ distribution with statistical errors in case of pure QCD and also
for CI model with Λ = 4, 7, 10 TeV.

At the Figure 6.14 there are several Fχ(mjj) distributions for few values of Λ
and pure QCD.

6.7.1 Setting lower limit of Λ

To calculate 95% CL lower limit of contact interaction scale, one needs to find
P (Fχ|Λ). The nature of Fχ distribution differs from previously used variables Rη

and Rχ. According to the definition (6.16), Fχ is a fraction of dijet events in cen-
tral region and total events that passed exclusion limits. The number of central
events is subset of total events so this number follows binomial distribution. The
efficiency of this distribution is equal to Fχ.

The dependencies NC and NT on 1
Λ4 are plotted for each mjj bin and these

dependencies are fitted with function (6.23). This is the way how we get contin-
uous functions NC(Λ) and NT (Λ). The function Fχ(Λ) is obtained as a fraction
of functions NC(Λ) and NT (Λ). An example of such a function for is shown at
the Figure 6.15.

In case of Fχ analysis, each pseudo-experiment is divided into two steps. First
the total number of dijet events NT is generated according to the Poisson distri-
bution with the mean value equal to the total number of events obtained in pure
QCD Monte Carlo data sample (scaled to the integrated luminosity 4.8fb−1). In
the second step the subset of NT is generated according to the binomial distri-
bution with p value that is equal to Fχ obtained in pure QCD Monte Carlo data
sample in relevant mjj bin. This subset is the number of dijet events located in
the central area of calorimeter NC .

Function P (Fχ|Λ) is equal to the binomial probability mass function (6.24)

P (Fχ|Λ) =

(
n

k

)
pk (1− p)n−k , (6.24)
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Figure 6.15: Fitted function Fχ(Λ) for mass bin 3250 GeV < mjj < 3375 GeV.

where p = Fχ(Λ) and numbers n = NT , k = NC are generated in pseudo-
experiment as described above. Final 95% CL lower limit for particular mjj bin
is calculated as a median of limits obtained by all pseudo-experiments in the mjj

bin. An example of posterior probability function is shown at the Figure 6.16.
The mass dependence of expected limit on quark contact interaction together
with 95% and 68% CL bands is at the Figure 6.17.

Figure 6.16: Posterior probability function with integrated 95% CL limit obtained
in Fχ analysis relevant to 3250 GeV < mjj < 3375 GeV mass bin.

If one looks at the Figure 6.15 carefully, the excess of Fχ value for Λ → ∞
is obvious. Such a excess is a little bit disturbing fact, because according to the
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Figure 6.17: Mass dependence of expected 95% CL lower limit on contact inter-
action scale Λ.

contact interaction model the value of Fχ should be lowest in case of QCD. This
excess is noticeable especially in case of lower dijet mass bins (see Figures 6.19 -
6.20).

(a) (b)

Figure 6.18: Fitted function Fχ for 2400 GeV < mjj < 2500 GeV (a) and
2500 GeV < mjj < 2625 GeV (b) mass bins.

Such a behaviour seems to be unphysical. The procedure of generating Monte
Carlo samples and data processing was cross-checked many times and no compu-
tational bug that could cause such an excess was found. It is still possible that
there is any bug in the implementation of contact interaction in Pythia 8 itself.

6.8 Discussion of results

Three angular variables were used to set 95% CL lower limit on contact interac-
tion scale. At the Table 6.1, there is comparison of these limits obtained using dif-
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(a) (b)

Figure 6.19: Fitted function Fχ for 2625 GeV < mjj < 2750 GeV (a) and
2750 GeV < mjj < 2875 GeV (b) mass bins.

ferent angular variables for mass binsm1 = (3000, 3125) GeV,m2 = (3125, 3250) GeV,
m3 = (3250, 3375) GeV and m4 = (3375, 3500) GeV.

m1 m2 m3 m4

Rη 7.5 TeV 7.5 TeV 7.4 TeV 7.4 TeV
Rχ 7.5 TeV 7.6 TeV 7.6 TeV 7.6 TeV
Fχ 7.9 TeV 7.8 TeV 7.8 TeV 7.7 TeV

Table 6.1: Comparison of calculated 95% CL lower limits on contact interaction
scale using Rη, Rχ and Fχ in mass bins m1, m2, m3 and m4.

As one can see, the best result is achieved by using Fχ variable introduced
by ATLAS collaboration. It seems that the definition of the central calorime-
ter region according to the Fχ is more sensitive to new physics signals than the
others.
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Figure 6.20: Mass dependence of expected 95% CL lower limit on contact inter-
action scale Λ for several values of central region boundary definition.

According to the [22] the boundary value of y∗ = 0.6 was set as optimal value.
It suggest itself to carry out some tests which confirm that y∗ = 0.6 is truly an
optimal value.

To perform optimization test, pseudoexperimets as described in section 6.7
were generated for several values of central region boundary values ranging from
y∗ = 0.4 to y∗ = 0.9. The dijet mass dependence of 95% CL lower limit on
contact interaction scale for all values of boundary parameters is depicted at
the Figure 6.20. One can see by eye that the best result is truly obtained using
the central region definition with y∗ = 0.6 which corresponds to the optimal
value chosen by ATLAS experiment and it is also close to the educated guess of
boundary value y∗ = 0.8 performed in the section 6.3.

As one can see, choosing crossing point χX (suggested by D∅ collaboration)
as the boundary of central region is very inefficient.
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Conclusion

Production of high pT jets at LHC was studied in this thesis. In the first part,
theoretical uncertainties of QCD prediction were investigated in case of inclusive
jet production. The method of total uncertainty band calculation by Hessian
method was explained. The total theoretical uncertainty of dijet production
is calculated. Major contributions to the total theoretical uncertainty comes
from parton distribution function uncertainties, renormalization and factorazition
scales (µR and µF respectively) uncertainties and from the uncertainty of strong
coupling constant αS. Calculations were made in NLOJET++ 4.1.3 and they
were performed at

√
s = 8 TeV in rapidity bins that correspond to the ongoing

ATLAS measurement. The goal of this calculation was to provide informations
for analysis and interpretation of the ATLAS measurement.

In the second part of the thesis, high pT jets were studied as a tool to possible
new physics signal detection. Among many models of new physics phenomena,
quark compositeness is examined in more detail. In the agreement with the
earlier studies, it is claimed that the quark compositeness would manifest itself
by quark contact interaction. Such a interaction has an considerable impact on jet
production and their parameters, especially dijet angular distribution. Different
angular variables introduced by D∅ and ATLAS collaborations are discussed and
compared. It was unambiguously determined that Fχ variable introduced by
ATLAS collaboration gives the best estimate of 95% CL lower limit on contact
interaction scale Λ. Monte Carlo data samples simulated using Pythia 8 software
and Fastjet tool were used for our calculations.

The discrepancy between contact interaction theoretical model and simulated
Monte Carlo data samples was revealed. Unfortunately the satisfying explanation
of such an anomalous behaviour was not found and the question is still open.
One of the possible reasons is an erroneous implementation of contact interaction
model in Pythia 8.
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List of Abbreviations

• ATLAS - A toroidal LHC apparatus.

• CI - Contact interaction.

• CL - Confidence level.

• FS - Factorization scheme.

• IC - Iterative cone jet algorithm.

• IC-PR - Iterative cone jet algorithm with progressive removal approach.

• IC-SM - Iterative cone jet algorithm with split-merge approach.

• IR - Infra red.

• LHC - Large Hadron Collider.

• LO - Leading-order.

• NLO - Non-leading-order.

• PDF - Parton distribution function.

• QCD - Quantum chromodynamics.

• QED - Quantum electrodynamics.

• RS - Renormalization scheme.

• UV - Ultra violet.
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