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INTRODUCTION

Introduction

Physics research has developed enormously over the last century. Whereas

Isaac Newton was able to deduce the classical laws of gravity from a falling

apple, today’s experiments sometimes involve the collaboration of thousands

of physicists. These physicists are members of many different universities

from a large group of countries. The most recent project is the Large Hadron

Collider (LHC) at CERN in Geneva, Switzerland. In this particle accelera-

tor, protons collide with unprecedented energy. The collisions take place at

four interaction points. At each of these four points a detector is measuring

fragments of collisions. The four detectors are operated by a large number

of physicists, with the smallest collaboration being LHCb (≈ 700 members)

and the largest CMS and ATLAS (≈ 3000 members). The LHC is designed

as a “discovery machine”. The energy at which the protons collide is almost

seven times larger than in the collisions produced by the Tevatron collider at

Fermilab in Chicago. The rate at which collisions occur, the instantaneous lu-

minosity, is also in the order of twenty to thirty times higher. These exclusive

properties give an enormous potential for testing a large range of theories.

Using protons instead of electrons has the disadvantage that protons are

composite particles and their collisions produce significant debris. When two

protons collide inelastically, usually only two constituent partons participate

in the hard interaction. The other partons in the protons give rise to less

energetic interactions called Multiple Parton Interactions (MPI). They create

a large number of low energy particles and this complicates the analysis of
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CHAPTER 1

the events. Solid techniques have been developed to mitigate these effects.

However, in a fraction of the collisions there will be two pairs of partons having

a high energy interaction. These types of events are called Double Parton

Interactions (DPI) and are a potential background to rare physics processes.

After the discovery of the Higgs boson [1–3], the last unmeasured property

of the Standard Model is the shape of the scalar potential. Measuring this

parameter requires the selection of events in which a trilinear Higgs coupling

occurs [4, 5]. The cross section for these events is extremely small. Estimating

all backgrounds, including DPI, with the highest precision becomes crucial.

Processes involving multiple bosons will become increasingly important at the

LHC and DPI forms an important background to these processes.

In first assumption, the two partonic interactions can be modelled as being

independent of each other. However, the theory of Quantum Chromodynam-

ics (QCD) predicts several types of correlations. These correlations can give

significant enhancements of DPI in specific regions of phase space. The calcu-

lations required to determine the size of these correlations cannot be evaluated

computationally. Measuring the size of these correlations experimentally is

therefore indispensable. Experimental research on DPI was already initiated

in 1987 [6] and considerable progress has been made since then [7–10].

With the high energy and luminosity provided by the LHC, several new

DPI processes are within reach for investigation. The subject of this study is

the DPI process in which one of the pair of partons creates a Z boson and the

other pair creates two jets. The Z boson decays into two leptons (electrons or

muons), giving a distinct signal, while the cross section of producing two jets

is large. DPI was never studied before in this channel, but it was measured

in events with a W boson instead of a Z0. Reconstruction of a Z boson has

an advantage over the reconstruction of a W boson, since there is no neutrino

that escapes direct detection.

I will give an overview of the history of particle physics and the cur-

rent knowledge on the Standard Model (SM) of physics in the first chapter.

Chapter 2 introduces DPI and gives a prospect on the analysis approach. In

chapter 3 I will explain how proton-proton interactions can be modelled by

using Monte Carlo (MC) techniques. In chapter 4, the LHC and the ATLAS
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detector are introduced. In chapter 5, I explain my contribution to the Trig-

ger/Data Acquisition (TDAQ) system of the ATLAS experiment. In chapter

6, the experimental prerequisites for the analysis are evaluated. This chap-

ter explains the reconstruction of physics objects in de detector, the event

selections, the background estimation and the evaluation of systematic uncer-

tainties. Chapter 7 gives a summary of the available Monte Carlo datasets

and explains how DPI events can be vetoed from the Z+jets MC dataset to

obtain a clean background estimation for this process. Chapter 8 focuses on

the actual analysis, the measurement of the cross section for Z + 2 jets DPI

events. Finally, a transformation is applied to the distributions that removes

the detector effects and returns the distribution as it should look like in re-

ality (the truth distribution). This transformation is called “unfolding” and

the details are explained in chapter 9.

1.1 Historical Perspective

Since Galileo’s formulation of mechanics, which was extended by Newton,

three centuries full of discoveries in the field of natural sciences have emerged.

At the end of the nineteenth century the idea arose that it would only be

a matter of time before physics would be completely understood. The de-

scription of mechanics, thermodynamics and electrodynamics appeared to be

complete. At the start of the twentieth century several physicists however,

presented new insights on contemporary experiments. An important starting

point was an article by Planck in 1900 [11] in which he defended the idea

that light can be described as small energy “packets”. Max Planck is often

referred to as the founder of quantum theory. He introduced the word “energy

quantum”. In 1905, Einstein published four revolutionary articles:

A paper in which he describes the photoelectric effect [12] and suggests

that light quanta have properties of wave packages.

In another paper he analysed experimental data on Brownian motion.

In his view, the experimental measurements provided definitive evidence
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for the existence of atoms, something that was only a theoretical concept

until then [13].

By proposing the idea that the laws of nature are exactly the same in

each reference frame, he developed the theory of special relativity. By

doing so he concluded a long discussion on how and why the Maxwell

equations should transform when changing reference frames [14].

In the fourth paper he extended his ideas on special relativity and

demonstrated that mass and energy are closely related through the fa-

mous formula: E2 = m2
0c

4 + p2c2 [15].

The four articles demonstrated that physics research was still far from

being complete. Einstein proceeded on generalizing the theory of special rela-

tivity to incorporate and unify the theory with Newton’s description of gravity.

He completed this work in 1916 [16].

The group of physicists that worked on a quantum theory was much larger.

In this group were Ernest Rutherford, Erwin Schrödinger, Werner Heisenberg,

Wolfgang Pauli, Paul Dirac, Enrico Fermi and many more. They developed

a theory that describes the smallest fragments of matter, referred to as ele-

mentary particles. It is not possible to explain the complete theory here, but

below are a number of important concepts:

Each particle has wave properties, its wavelength is inversely related to

its momentum. This wavelength is called the De Broglie wavelength

[17].

Quantum particles behave according to statistical dynamical laws in-

stead of being rigid, deterministic bodies; they can therefore be de-

scribed by using wave mechanics.

Particles have “spin”, representing their intrinsic angular momentum.

Particles can have a spin with a value that is either a half-integer or an

integer multiple of � = h
2π , the reduced planck constant. In the former

case, the particle is called a fermion, while in the latter case it is called

a boson. The wave functions of fermions and bosons are described by

different wave equations.

INTRODUCTION

Quantum theory initially lead to much controversy as the probabilistic

approach of describing nature’s most elementary particles was seen as a flaw

of science. Einstein could not reconcile himself with the idea of a nondeter-

ministic description of nature and continued to question the theory until the

end of his life. Eventually, both the experimental evidence for the premises

and the theoretical consistency of the theory became more and more convinc-

ing. Eventually, quantum theory and the theory of special relativity were

combined in Quantum Field Theory (QFT). Through the use of QFT, more

complex systems such as small atoms can be described.

Experimental progress enabled physicists to discover a wide variety of

particles, each having different properties. The muon, a heavy brother of

the electron, was discovered in 1936 by Anderson and Neddermayer [18, 19].

Pions and kaons were discovered in 1947 by a group of physicists lead by

Powell [20]. While accelerator techniques improved, many universities built a

particle accelerator. Through the use of these accelerators, there were many

resonances discovered such as the Γ, ∆, Ξ and Σ. Murray Gell-Mann was the

first to publish a model (“the eightfold way”) in which he proposed “partons”

as fundamental building blocks [21]. In this model he suggests that many

of those resonances are formed by different combinations of groups of two or

three “quarks”. Quarks are still considered to be elementary particles, and

now we know that there are six types. Another group of elementary particles

to which the electron and muon belong are the leptons. A more comprehensive

model, now including forces, was formulated by Glashow, Weinberg and Salam

[22–24]: The Standard Model (SM) of particle physics.

1.2 The Standard Model

1.2.1 Particles & Interactions

The SM describes the weak and electromagnetic interactions between elemen-

tary building blocks of matter. At a later stage, also the strong interaction

could be integrated. A particle is defined by its quantum numbers and its rest
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mass. In the following section I will explain how these building blocks can be

categorized.

There is a fundamental division in nature between particles with different

spin. Bosons have symmetric wave functions and their states are not restricted

by the Pauli exclusion principle [25]. They are the force carriers in the SM.

Fermions have antisymmetric wave functions and obey the exclusion principle.

The exclusion principle states that fermions with identical quantum numbers

cannot be at the same location in space-time. It is essential that fermions

are restricted by this principle. The structure of atoms would be completely

different otherwise.

Fermions can be divided into two categories, quarks and leptons. Only

quarks carry color. A striking feature of the SM is that both quarks and

leptons have exactly three generations of particle doublets. The difference

between the generations is the mass of the particles. For example, the electron

has a brother called the muon that has the same properties, but is two hundred

times heavier. There is an even heavier charged lepton called the tau, which

is ≈ 17 times more heavy than the muon. In the next section I will explain

how each of the forces can be described by a continuous symmetry.

One may distinguish three elementary forces in the SM, each of which

is mediated by a set of bosons. To which particle each boson couples is

determined by the particle properties and is summarised in figure 1.1 and

explained in more detail below:

The electromagnetic force is carried by the photon and couples to all

charged particles; this is visualised in figure 1.1 by a line between the

photon and the leptons, quarks and W bosons.

The weak nuclear force is mediated by a triplet of massive weak bosons,

the W+, W− and the Z. They couple to all left-handed particles, par-

ticles of which their momentum vector is oppositely aligned to their

spin vector. This property is referred to as “maximum parity viola-

tion”. Figure 1.1 shows that the bosons may decay to both leptons and

quarks.

INTRODUCTION

The strong nuclear force is mediated by an octet of massless gluons.

They couple via a property that is called color, while they carry both a

color and an anti-color themselves.

In addition to the bosons listed above, the Higgs boson is not associated

with a particular force, but is essential to the mathematical formulation of

the model. Higgs couples to all particles with mass and is the only scalar

(spin-0) particle in the model. As figure 1.1 shows, it directly couples to all

other particles except photons and gluons.

Figure 1.1: Standard Model particles and their interactions. Lines be-
tween the particles imply an interaction. Leptons can interact through the
electromagnetic and the weak forces, while quarks also carry color and can
also interact via gluons. Higgs couples to all massive particles.
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1.2.2 Symmetries

Knowledge of symmetries can be used for multiple purposes in physics. A

theorem that was formulated by Emmy Noether [26] predicts that for each

differentiable symmetry, there is a corresponding conserved quantity. For

example, if a system is invariant w.r.t. shifts in time (t → t+ λ), it conserves

energy.

Symmetries are mathematically described by the concept of a group. A

group is defined as a set of elements together with a group operation that

works on any two of the elements of the set and results in a third element

that is also a member of the set. The group may consist of a discrete number of

elements, but may also describe a continuous operation. If the group operation

is also differentiable, the group is called a Lie group [27].

During the development of quantum theory physicists realized that the

wave function is also invariant under certain transformations. The invariance

of a complex phase transition leads for example to charge conservation. At

a later stage, Yang and Mills [28] sought a symmetry that described strong

nuclear interactions, especially the transitions between protons and neutrons.

They found that non-Abelian groups, symmetries that do not commute, can

describe a symmetry between force carriers of elementary interactions. The

mathematical generators of a symmetry group correspond to physical fields

in these Yang-Mills theories. The hypothesis that a certain interaction is de-

scribed by a symmetry group gives the theory a predictive power. For each

mathematical generator of the group, there is a corresponding particle. To

extract a quantitative description of the interactions in a theory, the Euler-

Lagrange equation is used in a very similar way as it is used in the Lagrangian

description of classical mechanics. The Lagrangian is defined as the difference

between the kinetic and the potential energy of a system. According to Hamil-

ton’s principle, the Lagrangian contains all physical information of the system

[29]. With the help of the Euler-Lagrange equation a kinematic description

in terms of space-time coordinates can be formulated:

∂µ

(
∂L

∂ (∂µψ)

)
− ∂L

∂ψ
= 0, (1.1)

INTRODUCTION

where ψ is a vector field. The Lagrangian for a (spin-half) Dirac field can

be derived from the given definition as [30]:

L = i�cψ̄∂/ ψ −mc2ψ̄ψ. (1.2)

One of the simplest symmetries for this Lagrangian is described by the

global U(1) (the group of all complex numbers with absolute value 1) trans-

formation: ψ �→ eiθψ. This is the transformation with which the electromag-

netic interactions (the photon field) are described. Expanding this concept

eventually leads to a global conservation of charge. Since this case describes

the photon, the mass term should be set to zero. If we want this invariance to

hold locally, we should consider the transformation ψ(x) �→ eiθ(x)ψ(x). Dif-

ferentiation of eiθ(x) introduces a factor θ(x) that is not cancelled. To sustain

the invariance of the transformation, the covariant derivative is introduced by

replacing:

I∂µ �→ Dµ = I∂µ − i
e

�
Aµ, (1.3)

(1.4)

along with the transformation:

Aµ �→ Aµ +
�
e
∂θ(x). (1.5)

By substituting this transformation into the Lagrangian 1.2 the interac-

tions between the fermion fields and the vector field Aµ become apparent.

From this Lagrangian one can derive the charge current and prove that charge

is conserved. Another striking feature of this method is that the Maxwell

equations can be rederived by taking the derivative of the field strength.

The weak interaction can be described in a similar way by starting from

the SU(2) group, the group of all unitary 2-by-2 matrices with determinant

1. The generators of the group are the three Pauli matrices and the invariant

quantity that is conserved under the weak interaction is called weak isospin.

A general SU(2) transformation can be written as: ψ(x) �→ ψ(x)′ =

ei
�τ·�θ(x)

2 ψ(x), where �τ are the three Pauli matrices:
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τ1 =

(
0 1

1 0

)
, τ2 =

(
0 −i

i 0

)
, τ3 =

(
1 0

0 −1

)
. (1.6)

When this transformation is applied to the Lagrangian, the same problems

with the local invariance are encountered as with U(1) symmetry. Again, a

covariant derivative can be constructed to re-establish local invariance:

I∂µ �→ Dµ = I∂µ + ig
�τ

2
�Bµ. (1.7)

The largest difference with the U(1) group is that the covariant derivative and

the gauge fields �Bµ are now no longer diagonal matrices. The transformation

of a SU(2) gauge field is therefore somewhat more complex since the gauge

field itself rotates:

�Bµ �→ �Bµ − 1

g
∂µ�θ − �θ × �Bµ (1.8)

It is tempting to take the three B-fields for the three weak gauge bosons,

but the representation of the mass eigenstates of the gauge bosons is a rotated

version of the basis above. From the Wu-experiment [31], we know that the

weak charged current exhibits maximum parity violation:

J (CC)µ = ψ̄f ′γµ 1

2

(
1− γ5

)
ψf . (1.9)

After some algebra, we can deduce from this equation that the two charged

W-bosons are formed by: W±
µ =

B1
µ∓iB2

µ√
2

. The rotation does not introduce

mass terms in the Lagrangian as they would not be gauge invariant. If the

electroweak symmetry would hold, both bosons should be massless. Yet the

mass of the W± and Z bosons are measured to be substantial: 80.4 and 90.2

GeV [32].

The introduction of a spin-0 particle (the Higgs boson) solves this prob-

lem. One of the merits of the Higgs boson is that it breaks the electroweak

symmetry by mixing the B3 and A0 fields. This opens up the possibility of

introducing invariant mass terms into the Lagrangian.

There is a striking resemblance between the Z-boson and the photon; they

share the same vertices with left-handed particles. Just as the B1
µ and B2

µ
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fields can be combined to form the W± bosons, there are also fields that are

combined to form the Z-boson and the photon. The first field is B3
µ and the

second comes from a U(1) group with an invariant scalar that is called the

hypercharge (Y). The rotation matrix for the Z/γ bosons can be written as:

(
γ

Z0

)
=

(
cos θW sin θW

− sin θW cos θW

)(
A0

µ

B3
µ

)
(1.10)

The angle θW was predicted by Steven Weinberg [22] and measured by

several experiments to have the value sin2(0.2223) [32]. To break the symme-

try, a potential should be used that has at least one local minimum. This can

be achieved by adding a fourth order term to the quadratic potential:

V (φ) = µ2φ†φ+ λ
(
φ†φ

)2
with:

(
µ2 < 0, λ > 0

)
. (1.11)

Where φ is an SU(2) doublet of complex scalar fields:

φ =
1√
2

(
φ1 + iφ2

φ3 + iφ4

)
. (1.12)

The global minimum of this potential is found at φ†φ = −µ2

2λ ≡ v2. There

are still three degrees of freedom in choosing a specific point at this minimum.

These degrees of freedom lead to three additional massless scalar fields in the

Lagrangian and are referred to as Goldstone bosons [33]. However, these

bosons can be ‘gauged away’ by expanding φ(x) around a specific choice of

the minimum:

φ1 = φ2 = φ4 = 0, φ2
3 = v2. (1.13)

The expansion of φ(x) can be written as:

φ(x) =
1√
2

(
0

v +H(x)

)
. (1.14)

It reflects the idea of a field H that fluctuates around the vacuum expectation

value v. When the potential of the field is added to the electroweak Lagrangian

with the generators from the pure hypercharge and isospin U(1) and SU(2)



25

CHAPTER 1

τ1 =

(
0 1

1 0

)
, τ2 =

(
0 −i

i 0

)
, τ3 =

(
1 0

0 −1

)
. (1.6)
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2
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∂µ�θ − �θ × �Bµ (1.8)
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2

(
1− γ5

)
ψf . (1.9)
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µ =

B1
µ∓iB2

µ√
2

. The rotation does not introduce
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electroweak symmetry would hold, both bosons should be massless. Yet the

mass of the W± and Z bosons are measured to be substantial: 80.4 and 90.2
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µ
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fields can be combined to form the W± bosons, there are also fields that are
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are still three degrees of freedom in choosing a specific point at this minimum.

These degrees of freedom lead to three additional massless scalar fields in the

Lagrangian and are referred to as Goldstone bosons [33]. However, these

bosons can be ‘gauged away’ by expanding φ(x) around a specific choice of
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The expansion of φ(x) can be written as:
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It reflects the idea of a field H that fluctuates around the vacuum expectation

value v. When the potential of the field is added to the electroweak Lagrangian

with the generators from the pure hypercharge and isospin U(1) and SU(2)
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groups, the mass terms can be rearranged in such a way that the rotated mixed

W- and Z-generators acquire a mass term, while the photon field remains

massless. The part of the SM Lagrangian that describes the boson masses

can be derived as follows, in which we omit intermediate algebraic steps:

LH =(Dµφ)
†
(Dµφ)− V (φ)

=[(∂µ − ig
�τ

2
�Wµ − ig′

Y

2
Bµ)φ]

2 − µ2φ†φ− λ
(
φ†φ

)2

=
1

2
∂µH

1

2
∂µH

−λv2H2 − λvH3 − λ

4
H4

+
g2v2

8

(
|W+

µ |2 +
∣∣W−

µ

∣∣2)

+
g2v2

8 cos2(θw)
|Zµ|2 + 0AµA

µ

+int. terms + kin. terms + h.c.

(1.15)

Where g and g’ are the gauge couplings for the SU(2) and SU(1) groups.

They can be related to the electrical charge and the Weinberg angle: g =
e

cos θW
and g′ = e

sin θW
. Mass terms are of the form 1

2M
2. From equation

1.15, the masses of the Higgs and gauge bosons can be related to the coupling

strengths of the isospin and hypercharge groups and the vacuum expectation

value:

MW =
|gv|
2

MZ = v

√
g2 + g′2

2

MH =
√
2λv2.

(1.16)

(1.17)

(1.18)

The weak mixing angle expresses the ratio between the mass of the weak

gauge bosons: cos(θW ) = MW

MZ
.

By using the Euler-Lagrange equation (eq. 1.1) a kinematical description

of interactions between multiple particles can be derived. However, the re-

sulting equations cannot be solved in an exact way. Instead, perturbation
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theory can be used to transform a single integral into a sum of recursive inte-

grals [34, 35]. Each next iteration in the series will carry an additional factor

equal to the electroweak coupling constant αEM ≈ 1
137 . The significance

of each next iteration will therefore be less than ≈ 1% and for electroweak

interactions it is in most cases sufficient to only calculate the first integral

of the series which is referred to as the leading order (LO) approximation.

Richard Feynman introduced a notation with which a schematical diagram of

a specific interaction (Feynman diagram) can be used to visualise the equa-

tion to describe the interaction [36]. To calculate the scattering probability

for an initial state going into a final state, all possible Feynman diagrams for

this scattering need to be included. However, since usually each additional

electroweak interaction will reduce the probability for that process with a

factor αEM , we only need to include diagrams with a minimum number of

electroweak couplings (LO diagrams). In particle physics, these interaction

probabilities are referred to as “cross sections”.

The SM of particle physics has proven to provide an extremely good de-

scription of nature. However, there are still many open questions that cannot

be answered by the SM alone. For example, we know that ≈ 5% [37] of the

matter and energy in the universe consists of atoms. The rest of the universe

consists of dark matter [38] (≈ 27%) and dark energy [39],[40],[41] (≈ 68%).

At the same time, theorists have pointed out the necessity for particles be-

yond the SM for which supersymmetry [42],[43], [44],[45] or extra dimensions

[46] are possible candidates.

Many future analyses at the Large Hadron Collider (LHC) will focus on

final states with multiple bosons. For example, the measurement of the scalar

potential can be measured through the triple Higgs coupling. This implies

processes with a Higgs decaying into two other Higgses, which again will either

decay into four W/Z bosons, into four photons, etc. In these multi-boson

final states, it becomes increasingly important to very precisely understand

contamination by background processes. DPI events are a potential threat

as they may easily generate multiboson final states that can mimic the rare

multi-Higgs signal.
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groups, the mass terms can be rearranged in such a way that the rotated mixed

W- and Z-generators acquire a mass term, while the photon field remains
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Where g and g’ are the gauge couplings for the SU(2) and SU(1) groups.

They can be related to the electrical charge and the Weinberg angle: g =
e

cos θW
and g′ = e

sin θW
. Mass terms are of the form 1

2M
2. From equation

1.15, the masses of the Higgs and gauge bosons can be related to the coupling

strengths of the isospin and hypercharge groups and the vacuum expectation

value:
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2

MH =
√
2λv2.
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The weak mixing angle expresses the ratio between the mass of the weak

gauge bosons: cos(θW ) = MW

MZ
.

By using the Euler-Lagrange equation (eq. 1.1) a kinematical description

of interactions between multiple particles can be derived. However, the re-

sulting equations cannot be solved in an exact way. Instead, perturbation
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theory can be used to transform a single integral into a sum of recursive inte-

grals [34, 35]. Each next iteration in the series will carry an additional factor

equal to the electroweak coupling constant αEM ≈ 1
137 . The significance

of each next iteration will therefore be less than ≈ 1% and for electroweak

interactions it is in most cases sufficient to only calculate the first integral

of the series which is referred to as the leading order (LO) approximation.

Richard Feynman introduced a notation with which a schematical diagram of

a specific interaction (Feynman diagram) can be used to visualise the equa-

tion to describe the interaction [36]. To calculate the scattering probability

for an initial state going into a final state, all possible Feynman diagrams for

this scattering need to be included. However, since usually each additional

electroweak interaction will reduce the probability for that process with a

factor αEM , we only need to include diagrams with a minimum number of

electroweak couplings (LO diagrams). In particle physics, these interaction

probabilities are referred to as “cross sections”.

The SM of particle physics has proven to provide an extremely good de-

scription of nature. However, there are still many open questions that cannot

be answered by the SM alone. For example, we know that ≈ 5% [37] of the

matter and energy in the universe consists of atoms. The rest of the universe

consists of dark matter [38] (≈ 27%) and dark energy [39],[40],[41] (≈ 68%).

At the same time, theorists have pointed out the necessity for particles be-

yond the SM for which supersymmetry [42],[43], [44],[45] or extra dimensions

[46] are possible candidates.

Many future analyses at the Large Hadron Collider (LHC) will focus on

final states with multiple bosons. For example, the measurement of the scalar

potential can be measured through the triple Higgs coupling. This implies

processes with a Higgs decaying into two other Higgses, which again will either

decay into four W/Z bosons, into four photons, etc. In these multi-boson

final states, it becomes increasingly important to very precisely understand

contamination by background processes. DPI events are a potential threat

as they may easily generate multiboson final states that can mimic the rare

multi-Higgs signal.
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1.3 The Strong Nuclear Force

As a reference to the word “color”, the theory describing the strong interac-

tions is called Quantum Chromodynamics (QCD). Gluons are invariant under

the transformations that belong to the SU(3) group. The generators of the

group imply the existence of one singlet gluon state and eight doublet states.

The singlet state ((bb̄+ rr̄ + gḡ)/
√
3) is therefore color-neutral and does not

participate in interactions. Whereas each of the eight doublet states repre-

sents a gluon. Since gluons are massless they can very easily be created and

annihilated.

While the value of the QED “coupling constant” αEM increases slowly with

increasing energy, the QCD coupling constant (αS) depends heavily on the

energy involved in the interaction. αS is close to unity at low energies (Λ ≈ 300

MeV [32]), while it becomes of order ≈ 0.1 in interactions at the scale of the

Z-mass. As a consequence, perturbative QCD is not applicable at low energies

( O(1 GeV)). Studying DPI events is essential in understanding proton-proton

collisions. For interactions at higher energies, higher order calculations are

necessary to properly describe interactions correctly since each new order will

approximately contribute O(10%) to the total probability. Because QCD is

very strong at low energies, colored quantum states are strongly suppressed.

Colored particles will instantly bind to other colored states or will even create

particle/anti-particle pairs to neutralise their own color. This results into a

cascade of interactions until only stable color-neutral particles are left. This

behaviour results in two interesting phenomena:

Quantum confinement implies that quarks can not be observed as free

particles, but are confined in hadrons.

Since gluons are massless and carry color, they can be created with a

minimal energy. However, when they get very close to each other, color

charges will be screened and forces therefore reduce. As a result, partons

at short distance behave as if they are almost free. While for increasing

distance, the force increases as well. This effect is called asymptotic

freedom.
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The property of asymptotic freedom can be used to calculate cross sections

for processes involving high energy proton-proton collisions.

1.3.1 Factorisation

Hadron-hadron collisions are complex interactions encompassing both pertur-

bative and non-perturbative effects. However, the cross section for hard inter-

actions can be calculated by exploiting the factorisation theorem. Asymptotic

freedom implies that partons interacting at high energy (or short distance)

can be regarded as free particles. Therefore, one can separate the calculation

of the actual large momentum transfer from the calculation of the probability

that two partons collide. The probability that the two protons provide the

two partons with a specific energy/momentum is given by Parton Distribution

Functions (PDFs). PDFs are a function of the energy scale of the scattering

and the momentum fraction x of the total proton momentum that is taken by

a parton. The energy scale of the scattering process is called the interaction

scale and it is typically associated with the momentum transfer Q2, or centre

of mass energy ŝ.

For each quark flavour and for gluons, there is a separate PDF. The factori-

sation theorem states that the hard interaction cross section for two colliding

protons can be calculated as a convolution of two PDFs and a perturbatively

calculable partonic cross section. The theorem can be formulated as:

σX(p1, p2) =
∑
i,j

∫
dx1

∫
dx2f

i
P (x1, Q

2)f j
P (x2, Q

2)×

σ̂i,j→X(x1p1, x2p2, Q
2).

(1.19)

The f i
P (x,Q

2) represent the probabilities for finding a parton i in the pro-

ton with energy fraction x of the total proton energy (p1, p2 resp.), evaluated

at momentum transfer Q2. Equation 1.19 is exact at leading order (LO) and

approximate at higher orders. The factorisation theorem of 1.19 breaks the

complex calculation of proton-proton collisions at the LHC into three parts:

Measuring the PDFs at low Q2 and extrapolating to high energies with

the evolution equations
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1.3 The Strong Nuclear Force
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Since gluons are massless and carry color, they can be created with a
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charges will be screened and forces therefore reduce. As a result, partons

at short distance behave as if they are almost free. While for increasing

distance, the force increases as well. This effect is called asymptotic
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The property of asymptotic freedom can be used to calculate cross sections
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Hadron-hadron collisions are complex interactions encompassing both pertur-

bative and non-perturbative effects. However, the cross section for hard inter-

actions can be calculated by exploiting the factorisation theorem. Asymptotic

freedom implies that partons interacting at high energy (or short distance)

can be regarded as free particles. Therefore, one can separate the calculation

of the actual large momentum transfer from the calculation of the probability

that two partons collide. The probability that the two protons provide the

two partons with a specific energy/momentum is given by Parton Distribution

Functions (PDFs). PDFs are a function of the energy scale of the scattering

and the momentum fraction x of the total proton momentum that is taken by

a parton. The energy scale of the scattering process is called the interaction

scale and it is typically associated with the momentum transfer Q2, or centre

of mass energy ŝ.

For each quark flavour and for gluons, there is a separate PDF. The factori-

sation theorem states that the hard interaction cross section for two colliding

protons can be calculated as a convolution of two PDFs and a perturbatively

calculable partonic cross section. The theorem can be formulated as:
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complex calculation of proton-proton collisions at the LHC into three parts:

Measuring the PDFs at low Q2 and extrapolating to high energies with

the evolution equations
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Calculating the hard scattering process through perturbation theory

Combining the results of the two steps above by using the factorisation

theorem

Since the 1960s there have been experiments that focussed on probing the

structure of the proton with (deep inelastic scattering, DIS) with electrons

and positrons. Examples are experiments at SLAC [47] and the ZEUS and

H1 experiments at the HERA collider [48]. According to Bjorken scaling [49],

the DIS scattering cross section is a function of the structure function F2(x)

that only depends on x and not on Q2. F2 can again be related to the parton

momentum distributions (fi(x)) by:

F2(x) = e2x
∑
i

fi(x). (1.20)

By measuring the DIS cross section, the weighted sum over all parton mo-

mentum distributions can be calculated. The parton momentum distributions

are the probability functions that a parton of type i (all quark flavours and

gluons) carries a momentum fraction x. By exploiting our prior knowledge of

the proton contents flavour dependent distribution functions can be derived

from F2. First, the total sum over all parton momentum fractions should be

one: ∑
i

∫
dxxfi(x) = 1. (1.21)

Next, the proton has two up valence quarks and one down valence quark. F2

however, can also be measured in the neutron, in which there are two down

and one up valence quark. In addition to the valence quarks, hadrons also

carry a large number of sea quarks. Sea quarks are quark-antiquark pairs

that are created by gluon annihilation. The momentum distributions of a sea

quark pair should cancel, i.e. the momentum carried by sea quarks should

exactly be opposite to the momentum carried by anti sea quarks. Since the

three lightest quarks (up/down/strange) are much lighter than the typical

momentum transfer, it can be assumed that the sea quark distributions are

approximately equal:
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us = ūs = ds = d̄s = ss = s̄s = S(x). (1.22)

This approach results in a number of sum rules:

∫ 1

0

[u(x)− ū(x)] dx = Nu

∫ 1

0

[
d(x)− d̄(x)

]
dx = Nd

∫ 1

0

[
S(x)− S̄(x)

]
dx = 0,

(1.23)

(1.24)

(1.25)

where Nu and Nd are the number of up and down valence quarks in the

hadron. By combining equations 1.20 and 1.23, the following equations can

be derived:

1

x
F ep
2 =

1

9
(4uv + dv) +

4

3
S(x)

1

x
F en
2 =

1

9
(uv + 4dv) +

4

3
S(x). (1.26)

From these equations and the measurements of the DIS cross sections of pro-

tons and neutrons, the momentum distributions for the up and down valence

quarks and for the sea quarks can be derived. The gluon PDFs can be con-

structed by considering the constraint that they should carry all the remaining

proton momentum after subtracting the quark momentum distributions.

The statement that the scattering cross section only depends on F2(x) re-

lies on the assumption that the photon probes a free parton inside the proton.

However, higher order QCD corrections cause a violation of this scaling. For

example, a gluon could be emitted just before or after the parton was struck

by the photon. The Q2 dependence of the PDFs can be calculated through

the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equations

[50–52], which can be derived from renormalisation group equations [53, 54].

These integro-differential equations evolve the quark and gluon fractions as

a function of Q2, by assuming that a parton with momentum fraction x was

created by another parton with a higher momentum fraction y that splitted

into two separate partons with fractions x and y-x. For quark qi and gluon g,
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Calculating the hard scattering process through perturbation theory
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however, can also be measured in the neutron, in which there are two down
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that are created by gluon annihilation. The momentum distributions of a sea

quark pair should cancel, i.e. the momentum carried by sea quarks should

exactly be opposite to the momentum carried by anti sea quarks. Since the
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momentum transfer, it can be assumed that the sea quark distributions are

approximately equal:
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hadron. By combining equations 1.20 and 1.23, the following equations can

be derived:
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From these equations and the measurements of the DIS cross sections of pro-

tons and neutrons, the momentum distributions for the up and down valence

quarks and for the sea quarks can be derived. The gluon PDFs can be con-

structed by considering the constraint that they should carry all the remaining

proton momentum after subtracting the quark momentum distributions.

The statement that the scattering cross section only depends on F2(x) re-

lies on the assumption that the photon probes a free parton inside the proton.

However, higher order QCD corrections cause a violation of this scaling. For

example, a gluon could be emitted just before or after the parton was struck

by the photon. The Q2 dependence of the PDFs can be calculated through

the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equations

[50–52], which can be derived from renormalisation group equations [53, 54].

These integro-differential equations evolve the quark and gluon fractions as

a function of Q2, by assuming that a parton with momentum fraction x was

created by another parton with a higher momentum fraction y that splitted

into two separate partons with fractions x and y-x. For quark qi and gluon g,
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the equations read:
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The probability of a parton to split into two new partons is given by the

splitting functions P. The splitting functions are visualised in figure 1.2:

A gluon either can be created through the three gluon vertex or by

radiation off a quark (Pgg and Pgq)

A quark can either be created through gluon splitting into a quark-

antiquark pair or via a parent quark (Pqg and Pqq)

Figure 1.2: The four leading order processes that contribute to parton
splitting. Each diagram reflects the probability that a parton with mo-
mentum x was created from an original parton with momentum z [55].

The probability of splitting is largest when at least one of the emitted

partons is soft (x � z) and collinear (the angle between the split parton and

its parent is small). The splitting functions are calculated at (LO), next-

to-leading order (NLO) and next-to-next-to-leading order (NNLO) by using

perturbation theory [52].

The (Q2, x)-dependence of the structure functions has been studied exten-

sively and the data are modelled very well by the DGLAP equations. Figure

1.3 shows a summary of data collected by four experiments [56–60].

INTRODUCTION

Figure 1.3: Collected data on measurements of the structure functions
F2(x,Q

2). The figure shows that at large x, F2 is independent of Q2. At
low x and low Q2, a scaling violation occurs. Figure taken from [61].

Two examples of PDFs at a low momentum transfer (Q2 = 10 GeV2) and

at typical LHC momentum transfer (Q2 = 10000 GeV2) are depicted in figure

1.4. The measured low Q2 PDFs are used as an input to the DGLAP evolution

equations to calculate the PDFs at higher Q2 (figure 1.4) The high Q2 PDFs

show a few specific features such as that the parton-densities for all parton

flavours shift to small momentum fractions. When the proton is probed at

higher momentum transfer, partons with smaller momentum fraction become

visible. Gluons become increasingly dominant at higher momentum transfer,
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and sea quarks carry a larger fraction of the momentum in comparison to the

low Q2-PDF.

Figure 1.4: Parton distribution functions fitted by the MSTW group [62]
to data from various experiments, for two different Q2-values. The width
of the lines indicates the total error.

1.3.2 Proton-Proton Collision Cross Section

When two protons collide, two classes of interactions may occur:

Elastic scattering: the protons remain intact, the pT transfer is typically

small and the protons are scattered in very forward direction.

Inelastic collisions:

– Single diffractive (SD). One of the protons breaks up and its quarks

and gluons form a jet of particles in the forward direction.

– Double diffractive (DD). Both protons break up into two forward

jets.

– Non-diffractive (ND). In these collisions the momentum transfer

is large enough for the partons from both protons to probe each

other. Typically these events are characterised by high-pT objects.

INTRODUCTION

The total interaction cross section (σtot) is the sum of the four components:

σtot = σel + σSD + σDD + σND. (1.29)

At low pT transfer, a proton can be described by a single wave func-

tion. Therefore the optical theorem, a non-perturbative formula: σtot =
4π
k Im(fh(0)) [63], can be used to calculate the total cross section. Im(fh(0))

is the imaginary part of the hadronic scattering amplitude with a polar angle

of zero and k is the wave vector. At the LHC, the Totem experiment measures

charged particles in elastic and inelastic events in the very forward direction

(θ ≈ 0). Using the Totem measurements as an input to the optical theorem

gives a value for the total cross section at 8 TeV; σtot = 101.7± 2.9 mb [64].

A method to derive the total non-diffractive cross section is to assume

that it is dominated by the gluon 2 → 2 process. The gluon-gluon interaction

cross section can be calculated by [65]:

d ˆσint

dp2T
=

8πα2
S(p

2
T )

9p4T
. (1.30)

This equation can be substituted into equation 1.19 to include the PDFs.

In [65], the cross section is calculated as:

σint =

∫ s/4

p2
Tmin

dσ

dp′2T
dp′2T ∝ 1

p2T
. (1.31)

The non diffractive cross section is divergent, but more importantly it

exceeds the total cross section calculated with the optical theorem. The total

cross section and the QCD 2 → 2 interaction cross section (σint) as a function

of the interaction scale are shown in figure 1.5. It is tempting to assume that

the discrepancy between σint and σtot at small scales is due to the breakdown

of perturbation theory. However σint is already larger than σtot at Q2 =

2.5 GeV2, at which the total and interaction cross sections intersect at ≈
100mb. Moreover, 2.5 GeV2 is well above the perturbative QCD scale ΛQCD.

Therefore perturbative breakdown cannot be main cause of the difference

between the two differential cross sections. Both [66] and [65] mention two
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and sea quarks carry a larger fraction of the momentum in comparison to the

low Q2-PDF.
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the discrepancy between σint and σtot at small scales is due to the breakdown

of perturbation theory. However σint is already larger than σtot at Q2 =

2.5 GeV2, at which the total and interaction cross sections intersect at ≈
100mb. Moreover, 2.5 GeV2 is well above the perturbative QCD scale ΛQCD.

Therefore perturbative breakdown cannot be main cause of the difference

between the two differential cross sections. Both [66] and [65] mention two
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effects that could provide an explanation. The first effect is referred to as

Figure 1.5: The total proton-proton and the QCD 2 → 2 interaction
cross section for the LHC and Tevatron configurations. Whereas the total
cross sections are approximately constant as a function of the centre-of-
mass energy, the interaction cross sections rise rapidly for lower energy
scales and exceed the total proton-proton cross sections.

“dense packing” [67]. At low energies (O(1GeV )), the wave length of the

probing gluons are too large to resolve the partons. The partons are screened

due to asymptotic freedom. As the pT of a parton becomes smaller, the more

it gets screened by its neighbouring partons. A correction factor is applied to

compensate for this effect. The factor can be derived by evaluating the cross

section at a pT increased by a small value pT0 at which the partons can still

be regarded as free particles. This results in the following correction:

dσ

dp2T
→ dσ

dp2T
·
α2
S

(
p2T0

+ p2T
)

α2
S (p2T )

p4T(
p2T0

+ p2T
)α2

S

(
p2T

)2
. (1.32)

INTRODUCTION

pT0
is a free parameter in this model and can be extracted from underlying

event measurements. A typical value for pT0 is 2 GeV [65]. Dense pack-

ing can partly account for the discrepancy that exists between σtot and σint.

Another cause for the difference is multiple partonic interactions in a single

proton-proton collision. They are counted as the same interaction in the total

proton-proton cross section. However, each additional partonic interaction in

the same proton-proton collision adds to σtot. To correct σint for this mul-

tiple counting effect, it should be divided by the average number of partonic

interactions per proton-proton collision:

σpartonic(pTmin)

σtot
=< n > (pTmin). (1.33)

DPI events are a special type of MPI events in which exactly two pairs

of partons form high pT interactions. Since DPI events can form a sizeable

contribution to the background of rare physics processes, it is important to

understand how precise the cross section of DPI events can be estimated. In

a first approach, the two interactions can be modelled as independent and the

cross section of individual partonic interactions factorise. However, there are

situations in which an independent modelling is insufficient and kinematical,

flavour or spin correlations should be included. These correlations can po-

tentially increase the size of the DPI cross section in specific parts of phase

space. The next capter chapter explains how DPI can be modelled by as-

suming that the interactions are independent and an overview is provided of

various models that include correlations.
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pT0
is a free parameter in this model and can be extracted from underlying

event measurements. A typical value for pT0 is 2 GeV [65]. Dense pack-
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Another cause for the difference is multiple partonic interactions in a single

proton-proton collision. They are counted as the same interaction in the total

proton-proton cross section. However, each additional partonic interaction in

the same proton-proton collision adds to σtot. To correct σint for this mul-
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interactions per proton-proton collision:
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DPI events are a special type of MPI events in which exactly two pairs

of partons form high pT interactions. Since DPI events can form a sizeable

contribution to the background of rare physics processes, it is important to

understand how precise the cross section of DPI events can be estimated. In

a first approach, the two interactions can be modelled as independent and the

cross section of individual partonic interactions factorise. However, there are

situations in which an independent modelling is insufficient and kinematical,

flavour or spin correlations should be included. These correlations can po-

tentially increase the size of the DPI cross section in specific parts of phase

space. The next capter chapter explains how DPI can be modelled by as-

suming that the interactions are independent and an overview is provided of

various models that include correlations.
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Introduction

In the previous chapter the dynamics of proton-proton interactions were dis-

cussed. This chapter focuses on the case where two pairs of partons in a single

proton-proton collision collide into two separately measurable hard interac-

tions, DPI events. In hadron colliders, DPI processes may suffer from back-

grounds where two proton-proton collisions occur at the same bunch crossing

and cannot be separated. This phenomenon will be discussed in more detail in

chapter 4, whereas this chapter is constrained to discussing phenomenologic

aspects of DPI processes.

DPI can be divided into two different types of processes as is illustrated

in figure 2.1. In pure DPI processes, two partons from the first proton and

two partons from the second proton form two separate interactions (fig. 2.1

a). In “rescattering” processes, a second parton from one of the protons will

recombine with either one of the incoming or outgoing particles from the

primary scattering. The process visualised in the second type of diagram (2.1

b) is highly suppressed at high transverse momenta [68].

The following sections discuss how the PDFs for single parton interactions

can be extended to describe the matter distribution as a function of a spatial

parameter. These new PDFs can be used to set up a model to relate the

cross section of DPI processes to those of SPI processes. At the low energy-

scale that is typical to MPI interactions, the different partonic interactions

can be modelled as being independent. There is a strong expectation that at

more energetic scatterings the kinematic correlations between the interactions

DOUBLE PARTON INTERACTIONS

Figure 2.1: Diagrams of a pure double parton interaction (a) and of an
interaction where a second parton from the first proton rescatters with a
higher order splitting of the outgoing parton from the second proton (b).
[68]

will become more important. In the last section two models are introduced

describing correlations between the two simultaneous interactions.

2.1 Uncorrelated Parton Interactions

A phenomenological way of formulating DPIs is generalizing Single Parton

Density Functions (sPDFs) to incorporate two partons with longitudinal mo-

mentum fractions x1 and x2, that undergo two separate interactions with

momentum transfers Q2
1 and Q2

2. In the most general form, an additional pa-

rameter is introduced to specify the spatial transverse distance (b) between

the partons inside the proton. These PDFs are often referred to as generalized

PDFs (gPDFs), e.g. [69], or double PDFS (dPFS), e.g. [70]. In this section I

will assume that the dPDFs (F) factorize into two sPDFs (f1 and f2) while

b and x are assumed to be uncorrelated:

F (x1, x2, Q
2
1, Q

2
2,b) ⇒ f(x1, Q

2
1)G(b1)f(x2, Q

2
2)G(b2). (2.1)

The function G(b) is referred to as the matter distribution of the proton.

Assuming that both partonic interactions are uncorrelated, the factori-

sation satisfies equation 1.19. The next assumption is that the probability

of a DPI event is proportional to the partonic overlap of the two protons.

This overlap as illustrated by figure 2.2 can be calculated by using the matter

distribution functions [65]:
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Introduction
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Figure 2.2: A schematic overview of the overlap between two colliding
protons and the definition of the vectors b,b1,b2. When b1 + b2 = b
the two partons interact.

A(b) =

∫
db1G(b1)db2G(b2)δ(b− b1 − b2). (2.2)

Since the partons are assumed to be isotropically distributed in the proton,

the transverse distance b becomes the impact paramater b. Consequently,

the overlap function A(b) becomes A(b). A partonic interaction implies that

the partons are at the same location at the time of collision b = (b1 +

b2). Integrating over the product of the matter distribution functions of the

the protons in the overlapping region gives the overlap. The factorisation

theorem (eq. 1.19) that is used to calculate the cross section of a single

parton scattering can be slightly modified, such that the cross section becomes

proportional to the overlap, visualised as the shaded area in figure 2.2:

σX =
∑
i,j

∫
d2b

∫
dx1

∫
dx2

∫
dt̂f i

P (x1, t)f
j
P (x2, t)A(b)× σ̂k

i,j→X . (2.3)

Since we should require that the formula reduces to its original form in the

case of Single Parton Interaction (SPI), the integral over the overlap function

should be normalised to unity:

∫
d2bA(b) = 1. (2.4)

DOUBLE PARTON INTERACTIONS

On the basis of the assumptions above, the cross section for DPI can

be calculated. The ingredients to calculate σDPI are the matrix elements

for both interactions and a multiplication of the four PDFs fD(x,Q2)G(b).

The integrals should be performed over the x-space, pT and over the spatial

parameter b. The DPI cross section can then be expressed as a function of

the separate SPI cross sections (σX , σY ).

σXY =
1

1 + δX,Y

∫
d2b (A (b)σSPI)

2
. (2.5)

The factor 1
1+δX,Y

corrects for double counting in the case of identical par-

tonic processes X and Y. The expression suggests that a DPI process can be

calculated by factorising two SPI processes, and normalizing to a certain value

that can be calculated by evaluating the squared overlap of the two protons.

This idea is reflected by introducing the effective cross section σeff .

σXY =
1

1 + δX,Y

σX · σY

σeff
. (2.6)

Again, the first factor ensures the correction to double counting. The

normalisation factor is called the effective cross section (σeff ) and from 2.5

and 2.6 it can be derived that it is related to the overlap function as:

σeff =
1∫

d2b(A(b))2
. (2.7)

This formula relates the size of DPI cross sections to the matter distribution in

a proton. Unfortunately, the matter distribution cannot be measured directly,

but it is possbile to match several functions with measured values of σeff and

other observables (e.g. [68]).
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normalisation factor is called the effective cross section (σeff ) and from 2.5

and 2.6 it can be derived that it is related to the overlap function as:

σeff =
1∫

d2b(A(b))2
. (2.7)

This formula relates the size of DPI cross sections to the matter distribution in

a proton. Unfortunately, the matter distribution cannot be measured directly,

but it is possbile to match several functions with measured values of σeff and

other observables (e.g. [68]).
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2.2 Estimating σeff

2.2.1 Theoretical Estimation

The most straightforward way of calculating σeff is assuming an explicit func-

tion for the matter distribution function G(b) and calculating σeff through

equation 2.2. In [71], G(b) is modelled as a Gaussian distribution: G(b) =
1

πR2 e
− b

R2 , where R is the proton radius. In [72], G(b) is modelled as the

electromagnetic charge distribution: G(b) = 1
Reb/R. The results for these two

implementations are summarised in table 2.1, where the explicit calculation

of σeff is done for three different values of the proton radius.

R = 0.6 fm R = 0.7 fm R = 0.86 fm

G(b) = 1
πR2 e

− b
R2 30 mb 41 mb 62 mb

G(b) = 1
Reb/R 21 mb 29 mb 44 mb

Table 2.1: Values of σeff for two different types of matter distribution
functions, two hypothetical proton radii and the radius measured by elastic
electron-proton scattering (0.86 fm). All calculated values for σeff are
above the experimentally determined value.

Experiments point at a value for σeff between 10 and 20 mb, which is

much smaller than the predicted values in table 2.1. An overview of the values

that are measured by various experiments is provided in figure 2.3. Since the

experimentally determined magnetic radius (r = 0.86 fm) [32] gives a σeff

that is too large in comparison to the experimental measurement, also two

other hypothetical radii are tested. Several groups attempted at improving

MPI models in such a way that they also describe high transverse momenta

scatterings correctly [73, 74], these models typically predict values for σeff in

the order of 30-40 mb.

The discrepancy between the theoretical prediction and the experimen-

tal measurement of σeff points at a correlation between the two partonic

interactions.

DOUBLE PARTON INTERACTIONS

Figure 2.3: Summary of measurements of σeff , an arrow indicates that
the error was not calculated (AFS measurement) or a limit (UA2 mea-
surement). Measurements by the UA2,CDF, D0, CMS and ATLAS col-
laborations gave values between 10 and 20 mb. [6–10, 75–78]. This is
significantly smaller than the theoretically predicted value, which is be-
tween 30 and 40 mb.

2.3 Correlated Interactions

There are several mechanisms through which two partons in the same proton

can be correlated. This section provides an explanation of two models that de-

scribe flavour correlations and momentum correlations. There are also models

that take spin correlations into account, but these correlations are negligible

for DPI in Z + 2 jets events. However, there is a LHCb measurement [79]

that provides evidence for spin correlations which I will discuss at the end of

this section.
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can be correlated. This section provides an explanation of two models that de-
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that take spin correlations into account, but these correlations are negligible

for DPI in Z + 2 jets events. However, there is a LHCb measurement [79]

that provides evidence for spin correlations which I will discuss at the end of

this section.
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2.3.1 Flavour Correlations

Processes that rely on quarks instead of gluons in the initial state are sup-

pressed by flavour correlations. For example, a W− boson is predominantly

produced by an anti-up quark and a valence down quark. The production of

a second W− is then suppressed because in one of the protons, the valence

down quark is no longer available. Flavour correlations can be estimated by

redefining the sum rules (eq. 1.23) for the second partonic interaction.

The authors of [73] developed a more sophisticated approach. They assume

that the radius of the proton is not fixed, but depends on the distances between

the valence quarks. The valence quarks are exponentially distributed as a

function of the proton radius. In addition, the gluon and sea quarks should

always be inside the sphere that is spun by the three valence quarks. This is

achieved by rescaling the gluon and sea quark densities to an area confined

by the proton radius.

Next, DPI cross sections may then be calculated by integrating over all

possible configurations of valence quarks and accordingly rescaled gluon and

sea quark densities. These integrals can be reduced to simple scale factors

(Θij
kl) depending on the number of valence quarks involved in the two hard

interactions. The DPI cross section reads:

σDPS(A,B) =
1

1 + δA,B

∑
ijkl

Θij
klσij(A)σkl(B) (2.8)

The scale factors Θij
kl are then flavour dependent effective scaling factors.

They can be calculated [80] and are summarised in table 2.2

Interestingly, the calculated effective cross section for the W+2jets process

is much closer to the measured value of ≈ 15mb (fig. 2.4, [80])

2.3.1.1 Momentum Correlations

In [70] Gaunt and Stirling present a study in which they do not assume that

dPDFs factorise into two sPFDs. Instead, they apply evolution equations that

are an extended form of the DGLAP equations: double DGLAP equations

(dDGLAP). The evolution equations were already calculated by Snigirev in

DOUBLE PARTON INTERACTIONS

Interaction type Scale factor 1/Θij
kl (mb)

(ss-ss) 12.4
(vs-ss) 31.9
(vv-ss) 28.3
(vs-vs) 69.4
(vs-sv) 69.4
(vv-sv) 68.3
(vv-vs) 67.4

Table 2.2: Scale factors, dependent on the parton-type, that take the
role of σeff in the model of transversely correlated valence/sea-quarks.

Figure 2.4: DPI cross sections for several processes as a function of the
centre-of-mass collision energy, calculated by using the scale factors from
table 2.2. The CMS and ATLAS σeff measurements of the W+2jets
process are also included in the figure. [80]

[81], but Gaunt and Stirling developed a method to numerically calculate the

dPDFs from the dDGLAP equations. In addition to the DGLAP equations,

the dDGLAP have non-homogeneous terms that “feed” the dPDF with input

from the sPDF equation [82, 83]:



47

CHAPTER 2

2.3.1 Flavour Correlations

Processes that rely on quarks instead of gluons in the initial state are sup-

pressed by flavour correlations. For example, a W− boson is predominantly

produced by an anti-up quark and a valence down quark. The production of

a second W− is then suppressed because in one of the protons, the valence

down quark is no longer available. Flavour correlations can be estimated by

redefining the sum rules (eq. 1.23) for the second partonic interaction.

The authors of [73] developed a more sophisticated approach. They assume

that the radius of the proton is not fixed, but depends on the distances between

the valence quarks. The valence quarks are exponentially distributed as a

function of the proton radius. In addition, the gluon and sea quarks should

always be inside the sphere that is spun by the three valence quarks. This is

achieved by rescaling the gluon and sea quark densities to an area confined

by the proton radius.

Next, DPI cross sections may then be calculated by integrating over all

possible configurations of valence quarks and accordingly rescaled gluon and

sea quark densities. These integrals can be reduced to simple scale factors

(Θij
kl) depending on the number of valence quarks involved in the two hard

interactions. The DPI cross section reads:

σDPS(A,B) =
1

1 + δA,B

∑
ijkl

Θij
klσij(A)σkl(B) (2.8)

The scale factors Θij
kl are then flavour dependent effective scaling factors.

They can be calculated [80] and are summarised in table 2.2

Interestingly, the calculated effective cross section for the W+2jets process

is much closer to the measured value of ≈ 15mb (fig. 2.4, [80])

2.3.1.1 Momentum Correlations

In [70] Gaunt and Stirling present a study in which they do not assume that

dPDFs factorise into two sPFDs. Instead, they apply evolution equations that

are an extended form of the DGLAP equations: double DGLAP equations

(dDGLAP). The evolution equations were already calculated by Snigirev in

DOUBLE PARTON INTERACTIONS

Interaction type Scale factor 1/Θij
kl (mb)

(ss-ss) 12.4
(vs-ss) 31.9
(vv-ss) 28.3
(vs-vs) 69.4
(vs-sv) 69.4
(vv-sv) 68.3
(vv-vs) 67.4

Table 2.2: Scale factors, dependent on the parton-type, that take the
role of σeff in the model of transversely correlated valence/sea-quarks.

Figure 2.4: DPI cross sections for several processes as a function of the
centre-of-mass collision energy, calculated by using the scale factors from
table 2.2. The CMS and ATLAS σeff measurements of the W+2jets
process are also included in the figure. [80]

[81], but Gaunt and Stirling developed a method to numerically calculate the

dPDFs from the dDGLAP equations. In addition to the DGLAP equations,

the dDGLAP have non-homogeneous terms that “feed” the dPDF with input

from the sPDF equation [82, 83]:



48

CHAPTER 2

dDj1,j2
h (x1, x2, Q

2)

dQ2
=

αs(Q
2)

2π

[∑
j′1

∫ 1−x2

x1

dx′
1

x′
1

D
j′1,j2
h (x′

1, x2, Q
2)Pj′1→j1(

x1

x′
1

)

+
∑
j′2

∫ 1−x1

x2

dx′
2

x′
2

D
j1,j

′
2

h (x1, x
′
2, Q

2)Pj′2→j2(
x2

x′
2

)

+
∑
j′

Dj′

h (x1 + x2);Q
2)

1

x1 + x2
Pj′→j1,j2

(
x1

x1 + x2

)]
.

(2.9)

The Dh variables are the generalized PDFs that may either indicate a

sPDF or a dPDFs, the j’s indicate the type of parton. Implicitly these equa-

tions account for all the separate valence, sea quark and the gluon distribu-

tions. The first two terms are the same as in equation 1.27 but the upper

bounds of the integrals are modified in such a way that they don’t violate

momentum conservation. They reflect the two upper diagrams in figure 2.5.

The two partons described by the dPDFs evolve individually by splitting a

parton. As an addition to the regular DGLAP equations, the third term

models the process in which a parton from an sPDF splits into two separate

partons that are both extracted by the hard scattering, which is illustrated by

the lower diagram in figure 2.5. As the third term depends on a single input

parton, its evolution should be performed from a sPDF.

Notice that in these equations the energy scale Q2 is set equal for both of

the processes. This is a simplification of the full model in which the separate

scatterings are allowed have different scales. The authors of e.g. [69] include

DOUBLE PARTON INTERACTIONS

a difference in the energy scales of the two processes, but they do not apply

a numerical evolution of the equations.

Figure 2.5: Diagrams that contribute to the evolution in the dDGLAP
evolution equation. Each diagram indicates how an initial state with either
two separate or one single parton can contribute to states with two partons
having longitudinal momentum fractions x1 and x2

The input PDFs to the dDGLAP equations are constructed by using the

assumption that at low energy scale Q2 the sPDFs factorise. Additional

boundary conditions are applied to the total momentum and to the number

of quarks in these sPDFs as indicated below.

The momentum and number sum rules for dPDFs is similar to the sum

rules for sPDFs(eq. 1.23), but should be slightly modified. The PDF for the

first parton depends on the momentum fraction that is taken by the second

parton and vice-versa. The integral over all momentum fractions x1 between

zero and 1 − x2, summed over all parton flavours j1, should be equal to the
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PDF of x2, rescaled by 1− x2: T The momentum rule is formulated as:

∑
j1

∫ 1−x2

0

dx1x1D
j1j2
h (x1, x2, Q

2) = (1− x2)D
j2
h (x2, Q

2). (2.10)

The left hand side of the equation calculates the expectation (the first moment

in x1 of the dPDF) for the PDF of the first parton, for all parton types. The

right hand side of the equation gives the rescaled PDF for the second parton.

If for example x2 is very small, the equation tells that the PDF for the first

parton reduces to a sPDF and the momentum rule reduces to the sPDF

momentum rule (eq. 1.21).

The number sum rules refer to the fact that the sum over the full phase

space should result in the correct number of quark types. By pursuing this

logic, the following number sum rules can be derived. The index jv1 indicates

that the first parton is a valence quark:

∫ 1−x2

0

dx1D
j1v j2
h (x1, x2, t) =




Njv1D
j2
h (x2, t) when j2 �= j1 or ĵ1

(Njv1 − 1)Dj2
h (x2, t) when j2 = j1

(Njv1 + 1)Dj2
h (x2, t) when j2 = ĵ1

(2.11)

From this model one can calculate the dPDFs by numerically integrating

the dDGLAP equations (eq. 2.9), imposing the boundary conditions given by

the sum and momentum rules and using factorised sPDFs at low Q2 as an

input. The correlations between the two momenta of the partons can be tested

by dividing the dPDFs by the factorised ansatz as a function of x = x1 = x2.

The graphs in figure 2.6 provide a reflection of these ratios. Especially in the

case where two up quarks are extracted from the proton, the corrections are

considerable. But also for the other scenarios, the correlations are already

clearly visible at the scale of x ≈ 0.1.

DOUBLE PARTON INTERACTIONS

Figure 2.6: Ratios of the factorized sPDFs, multiplied by (1− x1 − x2)
p

and the GS09 dPDFs for x1 = x2 = x and four different parton-type
combinations as a function of x.

2.3.1.2 Problems in the dPDF Framework

The GS09 dPDFs are the first set of dPDFs for which the numerical calcu-

lations have been implemented at large range of values for Q2, x1 and x2.

The calculations opened up the opportunity of phenomenological studies to

DPI-processes, see for example: [84],[85]. Nonetheless, some theoretical flaws

in the framework were discovered by Diehl and Schafer [86] and were also

comprehensively described by Gaunt and Stirling [87]. The conclusion of this
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paper is that factorisation of longitudinal and transverse components of the

dPDF is not correct. The necessity of including a transverse component in

the definition of the dPDF arises from the interference between SPI and DPI

processes in the diagrams where two partons are created from parton split-

ting, as described by the third term in equation 2.9. Especially in the case

where in both protons the partons are the result of parton splitting, there is

a large interference with SPI loop diagrams. An example of such a diagram

for W-pair production is depicted in figure 2.7.

Figure 2.7: The diagram in which two W-bosons are created in a loop
diagram. This process can both be regarded as a SPI gluon-gluon diagram
and as a DPI-diagram with two pairs of quarks. It is not clear how this
interference between SPI and DPI should be handled.

These diagrams have singularities of the order 1/b2, which implies that

the closer the two initial partons are in coordinate space, the larger their

contribution. This seems natural, the distinction between a DPI and SPI

process becomes ambiguous and one should take double-counting effects into

account. The problem is that at LO the diagram has a divergence in DPI

processes, but at NLO the diagram is a SM-loop diagram which should cancel

the DPI-divergence. There is still an active debate on when this diagram

should be calculated as a LO DPI and when as a NLO SPI process.

One suggestion is to use a cutoff scale Q2 = µ2, above which one counts

the diagram as an SPI process and below which it should be considered as a

DPI process. The objection against this approach is that there is no natural

choice for the value of the scale and the value would therefore be arbitrary.

DOUBLE PARTON INTERACTIONS

Another approach was chosen in [69], in which they argue that the DPI

part of the ambiguous diagram has a back-to-back enhancement of the size
Q2

Λ2 which does not occur in the SPI part. With this knowledge one can define

a part of phase-space in which the process is calculated as DPI and another

part in which the SPI-loop calculation is applied.

A last option that is advocated in [87] is to completely omit the process

in which all four partons are created by the inhomogeneous dDGLAP-term.

Instead, the two scenarios in which two partons are created from the inhomo-

geneous dDGLAP term and two partons from the homogeneous terms should

be fully incorporated into the dPDF framework.

2.3.1.3 Spin Correlations

Two additional types of correlations occur due to spin and color. The first

theoretical evidence that these correlations could play an (important) role in

DPI processes was already shown in [88]. In recent work [89–93] evolution

equations for spin-states of partons are formulated and upper limits for an-

gular correlations between partons are calculated. These correlations are not

verified by experiments as the experimental precision is not sufficient yet. Ei-

ther the systematic uncertainties are too large (processes involving jets) or the

backgrounds are too high (processes with either jets or vector bosons). How-

ever, recently the LHCb collaboration published a measurement [79] of pairs

of open-charm production (D0D0 and D0D+). According to phenomenolog-

ical studies [94] DPI is the dominant production mechanism for these final

states. Interestingly, the ∆φ measurement between the two charm hadrons

showed a sinusoidal shape as shown in figure 2.8. This shape points at a

correlation between the two partonic interactions and it was argued [95] that

this shape is likely to be the result of spin correlations. However, higher order

calculations are required to reproduce the large cos 2φ shape that is shown in

the data.
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be fully incorporated into the dPDF framework.

2.3.1.3 Spin Correlations

Two additional types of correlations occur due to spin and color. The first

theoretical evidence that these correlations could play an (important) role in

DPI processes was already shown in [88]. In recent work [89–93] evolution

equations for spin-states of partons are formulated and upper limits for an-

gular correlations between partons are calculated. These correlations are not

verified by experiments as the experimental precision is not sufficient yet. Ei-

ther the systematic uncertainties are too large (processes involving jets) or the

backgrounds are too high (processes with either jets or vector bosons). How-

ever, recently the LHCb collaboration published a measurement [79] of pairs

of open-charm production (D0D0 and D0D+). According to phenomenolog-

ical studies [94] DPI is the dominant production mechanism for these final

states. Interestingly, the ∆φ measurement between the two charm hadrons

showed a sinusoidal shape as shown in figure 2.8. This shape points at a

correlation between the two partonic interactions and it was argued [95] that

this shape is likely to be the result of spin correlations. However, higher order

calculations are required to reproduce the large cos 2φ shape that is shown in

the data.
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Figure 2.8: ∆φ between the two charmed-hadrons (D0, D0)/(D0, D
+)

The significance of this result is the fluctuation in the form of cos 2φ that
points at a correlation between the two separate processes in the DPI.

2.4 Conclusions

Whereas theory predicts non-negligible correlations between the two partonic

interactions in DPI, it is still very difficult to verify this experimentally. The

DPI measurements that are published until now, are restricted to measuring

the size of the total cross section. The LHCb detector is designed to measure

separate hadrons and is therefore very suitable for measuring DPI in open

charm production. The estimation of the SPI background requires higher

order precision calculations and therefore it is difficult to predict its contri-

bution. The ATLAS and CMS detectors are dedicated to measuring objects

with high pT . Involving electroweak bosons in a DPI measurement has the

advantage that they are relatively easy to reconstruct. The current dataset

provides too little statistics to measure the DPI production of two electroweak

bosons. Consequently, a logical choice is to measure one electroweak boson

in association with two jets. CMS and ATLAS already published studies on

W+2jet DPI production [9, 10]. The next step is to measure DPI in in a Z +

DOUBLE PARTON INTERACTIONS

2 jets final state. Since the cross section of Z-production is approximately ten

times smaller than the cross section of W-production, this process could not

be measured in earlier datasets. A clear advantage of the Z + 2 jets final state

over the W+2jet final state is the absence of missing energy, which carries a

large systematic uncertainty.

The fraction of DPI events in the Z + 2 jets final state is expected to be of

the order 3-4 %. The large background to this channel renders a measurement

of correlations very difficult. Spin correlations require a precise measurement

of the azimuthal angle between the Z boson and the 2-jet system. This variable

(∆φ(Z, jj)) is difficult to model in the simulation of Z + 2 jets SPI events

and therefore the background estimation cannot be performed with sufficient

precision. In addition, the region between π/2 < |∆φ(Z, jj)| < π will have

a signal-to-background ratio smaller than 1 %, which further complicates

the DPI measurement in that region. Correlations between the longitudinal

momenta of the incoming partons are difficult to measure in the Z + 2 jets

final state since the correlations are small for low values of x that are expected

in Z + 2 jets events.

Consequently, I will neglect correlations between the two partonic inter-

actions and focus on the measurement of σEff as given in equation 2.6.
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Introduction

To measure the Z + 2 jets DPI signal, it is necessary to know how the back-

grounds to this process look. The largest background is the SPI Z + 2 jets

process, while the production of top quarks processes with two electroweak

bosons in the final state form minor backgrounds. The contribution of these

backgrounds are estimated by simulating proton collisions. These simulations

involve a translation from the theoretical concepts explained in chapter one

to a set of algorithms that can practically be implemented in computer pro-

grams. Monte Carlo techniques are the main ingredient in these algorithms

and therefore the computer programs used to simulate high energy processes

are called Monte Carlo (MC) generators. In the first section of this chapter

I will explain how proton collisions are simulated in MC generators. In the

second section, I will focus on how MPI processes are modelled in a selection

of MC generators. As DPI events are modelled as an extrapolation of MPI

events into the larger pT region, this section also addresses the modelling of

DPI events.

3.1 Modelling the Z + 2 jets Process in Proton

Collisions

Mismodelling the SPI jets effectively results in an error on the signal (DPI)

measurement. A careful modelling of the background from Z+jets from SPI is

EVENT MODELLING

therefore equally important as the modelling of the DPI jets. In this section I

will explain how the Matrix Element (ME) and Parton shower (PS) methods

are used to optimize the description of the SPI jet kinematics.

Calculating Z + 2 jets events can be done by using several methods:

To calculate all the Z+jet amplitudes at tree-level/leading order (LO)

and include the additional splittings that produce additional jets at

LO. These calculations do not include virtual corrections to the ad-

ditional splittings and therefore they will have divergences in the in-

frared/collinear regions.

Another method is approximating the splittings in the soft and collinear

limits in a similar way as was done in section 1.3.1. An advantage is that

an implementation of this approximation can easily be implemented us-

ing MC techniques that are called Parton Showers (PS). A parton shower

also allows for multiple emissions by the same parton. A disadvantage

is that it is not accurate for high transverse momenta and wide-angle

splittings.

Alternatively, higher order calculations can be included. At Next-to-

Leading-Order (NLO) this implies that all diagrams, including virtual

corrections, with one additional parton-splitting are precisely calculated.

At Next-to-Next-to-Leading Order (NNLO), all (real and virtual) dia-

grams for two additional splittings are included.

While the first two methods described above are accurate in disjoint re-

gions in phase space (wide-angle, high pT splittings for matrix element calcu-

lations and collinear, soft pT splittings for parton shower calculations). Matrix

element and parton shower calculations should be combined to optimally de-

scribe the jet kinematics. However, if the two regions of phase space are not

matched carefully, a double-counting of diagrams with at least one jet might

occur. The third method provides a good description of the full phase space,

but is both theoretically and computationally very challenging. In general,

ME-calculations cannot calculate parton-splittings that are either collinear or

very soft since the calculations diverge if not all virtual corrections are taken
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therefore equally important as the modelling of the DPI jets. In this section I

will explain how the Matrix Element (ME) and Parton shower (PS) methods

are used to optimize the description of the SPI jet kinematics.

Calculating Z + 2 jets events can be done by using several methods:

To calculate all the Z+jet amplitudes at tree-level/leading order (LO)

and include the additional splittings that produce additional jets at

LO. These calculations do not include virtual corrections to the ad-

ditional splittings and therefore they will have divergences in the in-

frared/collinear regions.

Another method is approximating the splittings in the soft and collinear

limits in a similar way as was done in section 1.3.1. An advantage is that

an implementation of this approximation can easily be implemented us-

ing MC techniques that are called Parton Showers (PS). A parton shower

also allows for multiple emissions by the same parton. A disadvantage

is that it is not accurate for high transverse momenta and wide-angle

splittings.

Alternatively, higher order calculations can be included. At Next-to-

Leading-Order (NLO) this implies that all diagrams, including virtual

corrections, with one additional parton-splitting are precisely calculated.
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lations and collinear, soft pT splittings for parton shower calculations). Matrix

element and parton shower calculations should be combined to optimally de-

scribe the jet kinematics. However, if the two regions of phase space are not

matched carefully, a double-counting of diagrams with at least one jet might

occur. The third method provides a good description of the full phase space,

but is both theoretically and computationally very challenging. In general,

ME-calculations cannot calculate parton-splittings that are either collinear or

very soft since the calculations diverge if not all virtual corrections are taken
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into account. At the same time, Parton Showers are specialized in exactly

this area. To prevent double-counting a matching scheme is employed that

handles the intersection between PS and ME-calculations. Depending on how

many parton emissions are calculated by including virtual emissions (NLO), a

different type of matching scheme should be employed. The list below summa-

rizes the possible combinations and references to the theoretical explanations.

The possible combinations are also visualised in figure 3.1.

ME calculation including all one-loop diagrams for Z+1jet processes,

while further splittings calculated by a parton shower. Two programs

that exploit this technique are MC@NLO [96] and POWHEG [97]. This

example is illustrated in the top-left part of figure 3.1.

MEPS (Matrix Element+Parton Shower): Tree-level ME calculations

for each process involving zero or more splittings. These diagrams can

be calculated up to five additional splittings. To calculate the soft and

collinear splittings, a parton shower is used. Popular matching schemes

are MLM [98, 99] (Alpgen) and CKKW [100, 101] (Sherpa). This is

illustrated in the bottom left part of figure 3.1.

MENLOPS (Matrix Element at Next-to-Leading Order + Partons Shower):

ME calculations are used for processes Z+1 additional parton, in which

one-loop virtual corrections are included. Tree level ME calculations

are used to calculate the kinematics of higher order splittings. Finally a

parton shower that showers all the additional splittings is also employed

[102],[103]. This matching scheme is visualised in the top right corner

of figure 3.1.

In the last type of combination, ME calculations including one-loop vir-

tual corrections are used to calculate processes up a number of 4 partons,

interfaced with a parton shower. This is visualised in the bottom right

corner of figure 3.1. This scheme is for example implemented in the

Sherpa 2.0 program [104].
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Figure 3.1: Four different approaches to calculate kinematics of higher
order QCD emissions [96, 97]; Top left: only 1-jet events include one-
loop virtual corrections; other jets are generated with a parton shower
algorithm. Top right: 1-jet diagrams events include one-loop virtual cor-
rection, while the diagrams contributing to more splittings are calculated
at tree-level (MENLOPS) [102, 103]. Bottom left: All diagrams are cal-
culated at leading order and are interfaced with a parton-shower[98–101].
Bottom right: all diagrams are calculated including one-loop virtual cor-
rections and are interfaced with a parton-shower [104]. (Figure taken from
[105])

3.1.1 Matrix Element Calculations

At this moment, the most advanced ME calculations for the Z + 2 jets final

state include all diagrams up to NNLO. At LO, the number of real diagrams

already rises rapidly with the number of outgoing particles. For the Z + 2 jets

process, there are there are already 762 different diagrams. As an example,

all the eight leading order diagrams for the sub-process gg → Zuû → e+e−uû

are shown in figure 3.2.
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Figure 3.2: The eight LO diagrams that correspond to the sub-process
g, g → e+e−uû in the calculation of Z-production associated with two jets.

By applying recursive techniques, the relevant Feynman diagrams can be

selected and calculated through automated algorithms. a few examples of

implementations of these algorithms are Alpgen [106], CalcHEP [107] and

MadGraph [108].

3.1.2 Parton Showers

In chapter 1, the DGLAP equations were used to model partons that split into

two partons in the approximation that all splittings are either collinear or soft.

The same technique is used to iteratively calculate splittings for the initial and

final state quarks and gluons that are generated by the hard scattering. How

Q2 is defined in PS calculations, is somewhat arbitrary. Pythia [109] uses a

pT -ordered shower (Q2 ∝ p2T ), while Herwig uses an angular-ordered shower

algorithm: (Q2 ∝ 2E2
ij(1 − cos(θij))). The probability that a parton splits

into two parton with momentum fraction z and (1− z), can be sampled from

probability distributions by using Monte Carlo techniques. Integration over

the splitting functions Pa→bc(z), shown in figure 1.2, for all allowed values of

z gives the splitting probability at certain value of t = ln(Q2):

I(t) =
∑
b,c

αs

2π

∫ z+(t)

z−(t)

Pa→bc(z)dz. (3.1)
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The probability (P) that there is no splitting between (t0, t0 + δt) is given

by (1 − I(t0)δt). To calculate the total probability that there is no splitting

between two arbitrary values for t, (t0, t) all these infinitesimal probability

densities need to be factorised. As a consequence, formula 3.1 should be

exponentiated to obtain the total probability that there is no splitting between

t0 and t:

Pno−branching = e
−

∫ t
t0

I(t′)
dt′. (3.2)

This function is called the Sudakov form factor. As P = 1−Pno−branching,

the probability density function P(t) that can be used in Monte Carlo tech-

niques is given by differentiating 1− Pno−branching:

dPa

dt
= I(t)e

(
−

∫ t
t0

I(t′)dt′
)
. (3.3)

This function gives the probability distribution of a parton “a” at energy

scale t0 that absorbs another parton, after which it will be at energy scale t.

This process should be iterated for all partons up to a certain cut-off scale

tcut at which perturbative calculations are no longer valid.

When final state branchings no longer occur, quarks and gluons hadro-

nise. The hadronisation is a non-perturbative QCD process and cannot be

calculated by using PS techniques. The Pythia and Herwig MC generators

use string [109] and cluster [72] hadronisation models respectively.

3.2 MPI in MC generators

MPI are modelled in MC programs as a part of the underlying event. In the

following I will explain how I am going to extract Z + 2 jets DPI events from

the UE. In particular I will explain how the fraction of DPI events (fDPI) in

the total Z + 2 jets sample can be extracted. I will measure fDPI in the MC

sample, so that we can later compare it to the value measured in the data.

In section 2.3 that the experimental determination of σeff , a measure

of the size of the cross-section of DPI-processes, does not correspond to the

theoretical prediction. The same holds for extrapolations of MPI-tunes into
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nise. The hadronisation is a non-perturbative QCD process and cannot be
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of the size of the cross-section of DPI-processes, does not correspond to the

theoretical prediction. The same holds for extrapolations of MPI-tunes into
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the hard-scattering regime. For theoretical explanations of this phenomenon

I refer to Chapter 2, however it is important to notice that DPI processes

are not described correctly by current MC-generators. In general, if a gen-

erator is tuned to fit low energetic tracks, scatterings with a higher pT are

underestimated. Still the MPI-frameworks of the generators can proof useful

to construct a template for DPI events in cases where it is not possible to

extract the template from the data. In the following I will first briefly explain

how Pythia, Herwig and Sherpa model MPI and therefore DPI. The next

section will show more on how these templates can be constructed.

3.2.1 Pythia

Pythia currently has the most advanced MPI model of all general purpose MC

generators. It uses a so-called interleaved evolution [65], which means that

the additional parton interactions compete with ISR for beam-momentum.

Opposed to Pythia 6, version 8 also incorporates FSR in the interleaving.

Interleaving is formulated by substituting I(t) = dPMPI

dp′
T

+
∑ dPISR

dp′
T

+
∑ dPFSR

dp′
T

into equation 3.3, where the summations run over all ISR and FSR partons.

dP
dpT

=

(
dPMPI

dpT
+
∑ dPISR

dpT
+
∑ dPFSR

dpT

)

× e
−

∫ pMax
T

pT

(
dPMPI

dp′
T

+
∑ dPISR

dp′
T

+
∑ dPFSR

dp′
T

)
dp′

T
.

(3.4)

pMax
T is the pT of the previous step [68]. The advantage of interleaving is that

the three (two for Pythia 6) different mechanisms are connected. If the ISR

uses a large fraction of the proton momentum, the probabilities that the MPI

and FSR mechanisms will also use a large fraction of the proton momentum

will be proportionally be smaller.

Pythia also includes the rescattering process. In this process a secondary

parton removed from one of the protons recoils with an outgoing particle of

the hard process, as was shown in figure 2.1.

The MPI interactions are modelled mainly as QCD 2 → 2 processes with

a certain pT -cut-off. Even processes such as J/Ψ and W production, with

relatively low cross sections, are also incorporated into the probability model.
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To calculate the probability of additional secondary parton interactions,

the overlap function 2.3 is used. Pythia applies a double-Gaussian matter

distribution [66]. This distribution reflects the idea that a proton consists of

a core with highly energetic partons, surrounded by a cloud of softer partons.

The variables a1,a2 and β are tuned to fit underlying event data.

ρ(r) = (1− β)
1

a31
e−r2/a2

1 + β
1

a32
e−r2/a2

2 . (3.5)

Multiplying two matter distribution functions and integrating over the radius

as given by equation 2.2, results in a complex overlap function A(b). Pythia8

also provides the option of using a simple overlap function with a single free

parameter (p):

A(b) ∝ e−bp (3.6)

Additionally, a tune was developed in which an Bjorken x-dependent mat-

ter overlap was proposed [68], following experimental evidence for such an

ansatz in [110, 111]. Since this tune is not yet validated, it is not used for

the MC samples in this thesis. It is however interesting to present the matter

distribution function:

ρ(b) ∝ 1

a3(x)
e
− r2

a2(x)

a(x) = a0 (1 + a1) ln
1

x
.

(3.7)

a1 and a2 are again tuning parameters that are fitted to underlying event

measurements. All of the given matter distributions try to model experimental

evidence for what is called the “pedestal effect”, which means that there is

more UE activity in the central region in the case of a hard scattering. The

reason for this seems to be that a proton is formed of a core of particles that

carry a larger fraction of the momentum and a softer cloud.

A final part in the model is the rescaling of the PDF that compensates for

the extraction of a parton. Momentum conservation is modelled by evaluating

the extracted parton at a higher x, dependent on the previously extracted
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the hard-scattering regime. For theoretical explanations of this phenomenon
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pMax
T is the pT of the previous step [68]. The advantage of interleaving is that
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EVENT MODELLING

To calculate the probability of additional secondary parton interactions,

the overlap function 2.3 is used. Pythia applies a double-Gaussian matter

distribution [66]. This distribution reflects the idea that a proton consists of

a core with highly energetic partons, surrounded by a cloud of softer partons.

The variables a1,a2 and β are tuned to fit underlying event data.

ρ(r) = (1− β)
1

a31
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1 + β
1

a32
e−r2/a2

2 . (3.5)
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x
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partons:

x′
i =

xi

1−
∑j=i−1

j=1 xj

. (3.8)

The extraction of a valence quark rescales the valence quark PDF in such a

way that the sum rules are obeyed. The sum rules also apply to sea quark

PDFS. If a sea quark is extracted from the proton, a anti sea quark is left

behind in the proton.

3.2.2 Herwig

In Herwig, the MPI model is based on the assumption that the total inelastic

proton-proton cross section should resemble the sum of the parton-parton

cross sections in each collision, (1.3.2) [72]. The result is that Herwig uses

two independent Poisson distributions to sample the number of semi-hard

parton MPI interactions and soft non-perturbative interactions. The matter

distribution is assumed to be proportional to the Fourier transform of the

electromagnetic form factor:

G(b) =

∫
d2k

(2π)2
eik·b

(1 + k2/µ2)2
. (3.9)

Where µ2 is the proton-radius. The resulting overlap function, which is the

convolution of the matter distribution, is:

A(b;µ) =
µ2

96π
(µb)2K3(µb). (3.10)

where K3 is a Bessel-function of the third kind. µ is tuned for two different

pT -regions, with two separate parameters the semi-hard scatterings µh, and

the soft scatterings µs. In the Z+jets samples that were used in this thesis,

the two parameters were set to same value (2.386).

At the start of the event generation, the number of semi-hard scatterings

nsh to be produced is sampled as a Poisson distribution, with its mean pro-

portional to the overlap of the protons. All the nsh interactions are produced

according to the hard QCD 2 → 2 cross section. The conservation of momen-

tum is protected by verifying that the sum of the longitudinal momenta of the

EVENT MODELLING

extracted partons does not exceed the total proton momentum. If a new inter-

action violates energy-momentum conservation, it is vetoed and new parton

interactions will be sampled until nsh is reached. The proton sum rules are

protected by verifying that valence quarks can only be extracted once. When

a sea quark is extracted, the number of anti sea quarks is not increased. Each

of the additional interactions is showered independently.

3.2.3 Sherpa

Sherpa applies the same (simplified) model as used by Pythia. In short, the

model assumes a double Gaussian matter distribution just as in equation

3.5. It diverges from Pythia as it comes to the showering, where each MPI

interaction is showered independently as opposed to the interleaved evolution

used by Pythia.
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Introduction

The ATLAS (A Toroidal LHC ApparatuS) [112] is one of the two general

purpose detectors at the Large Hadron Collider (LHC), the largest and most

powerful particle collider in the world. ATLAS was designed to fully exploit

the potential of the proton-proton collisions delivered by the LHC, i.e. cover

the range of physics in the fields of the Standard Model, Higgs boson, SUSY

and searches for exotic particles and models. In addition to these topics,

ATLAS also has B-physics and heavy ion programs, although it is not as

specialised in these topics as respectively the LHC-B [113] and ALICE [114]

experiments. The LHC collides protons with an unprecedented energy (8 TeV

in 2012) and luminosity ( L ≈ 5·1033cm−2s−1). The luminosity is a measure of

the rate at which particles are collided and depends on the beam parameters.

As the probability of a certain physical interaction between two protons is

expressed as a cross section with unit cm2, the number of events is calculated

as: N = σ
∫
Ldt. In the formula, the luminosity is integrated over the time

to calculate the integrated luminosity (Lint =
∫
Ldt). The high luminosity

provided by the LHC provides great opportunities in testing new theories,

but also introduces experimental challenges. Each proton beam is divided in

a large number of bunches. In 2012, the bunches were separated by 50 ns,

which results in around 1400 bunches per beam. Due to the short separation

between each bunch crossing, the electronics will not be read out before the

next event occurs. This effect is called out of time pileup. Moreover, during

each bunch crossing there will be many different pairs of protons interacting.

THE ATLAS EXPERIMENT

Usually only one proton-proton interaction will create an interesting physics

event. However, the other proton-proton interactions will create tracks in the

inner detector and deposit energy in the calorimeter. This effect is called

in-time pileup and figure 4.1 (a) shows the distribution of the number of

interactions per bunch crossing in 2012 data. The 2012 data had an average

of approximately 20 interactions per bunch crossing, which especially causes

large challenges in the reconstruction of tracks and primary vertices. This

aspect will be discussed in more detail in section 6.2.1, but figure 4.1 (b) shows

a glimpse of the complexity when there are 20 primary vertices reconstructed

in ATLAS.

(a) Number of interactions per bunch
crossing in ATLAS 2012 Data.

(b) ATLAS event display for an
event with 20 reconstructed pri-
mary vertices.

Figure 4.1: The pileup distribution in the ATLAS 2012 data and a figure
showing the influence of pileup on especially the track reconstruction in
the inner detector.

Pileup introduces challenges in the analysis of physics events, but also in

the design of the detector set up. In this chapter I will explain the design and

functioning of the ATLAS detector and address the various challenges created

by pileup.
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Introduction
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Pileup introduces challenges in the analysis of physics events, but also in

the design of the detector set up. In this chapter I will explain the design and

functioning of the ATLAS detector and address the various challenges created

by pileup.
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4.1 ATLAS

Figure 4.2 shows a schematic view of the detector, the small picture of two

people standing on top of the forward shielding structure gives an idea of

the scale of the detector. The 44 meter long and 20 meter high detector is

the largest one built at the LHC. Its three main parts, as regarded in order

from the inside towards the outside, are the inner detector, the calorimeters

and the muon spectrometer. All three consist again of smaller subdetectors.

In support of accurately measuring the momentum and charge-sign of the

charged particles, ATLAS uses an impressive magnetic system, consisting of

a solenoid around the inner detector and three toroids that together provide

the field for the muon spectrometer.

Directions and positions in the ATLAS detector are denoted in two dif-

ferent coordinate systems, (x,y,z) and (r,φ,η). The Cartesian coordinates are

measured in a right-handed system. The polar coordinate-system is more

commonly used when it comes to track directions in the detector. The angle

φ is defined in the x-y plane and is zero when pointing in the direction of the

positive x-axis, it runs from −π to π. The polar angle θ runs from 0 to π from

the left to the right side of the detector. A Lorentz-invariant transformation

of the polar angle is called the rapidity, which is equal to the pseudorapidity

in case of massless particles:

η = − ln

(
tan

(
θ

2

))
. (4.1)

The left and right side of the detector are referred to as the A- and the C-

sides. Both sides of the detector consist again of two parts, the barrel and the

end-cap. The barrel detectors are composed of sensors that are directed radi-

ally towards the interaction point, whereas the end-cap detectors are directed

horizontally in the z-direction.

In addition to the three subdetectors, ATLAS posesses an impressive mag-

net system to support the momentum measurements of the inner detector and

the muon spectrometer. The magnet system will not be evaluated in detail

in this chapter, but is worth summarising its components. The tracks in the

THE ATLAS EXPERIMENT

inner detector are bent by a surrounding solenoid magnet that produces a

magnetic field of 2T. ATLAS is named after the large barrel toroid that in-

duces the magnetic field for the muon spectrometer. This toroid consists of

8 superconducting coils, each of 25 metres long and five metres wide. The

end-cap muon spectrometers are supported by two end-cap toroids and are

positioned at both sides of the inner detector. Figure 4.2 shows how the three

types of magnets are positioned in the detector.

In the following sections I will describe each subdetector in the same order

as particles traverse through the detector.

Figure 4.2: A schematic overview of the ATLAS detector. The size of
the detector is 44m in length and 25m in height.

4.2 Inner Detector

The inner detector is the part that is built the closest around the interac-

tion point. It is designed to measure the charge and momentum of the all
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inner detector are bent by a surrounding solenoid magnet that produces a
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duces the magnetic field for the muon spectrometer. This toroid consists of
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end-cap muon spectrometers are supported by two end-cap toroids and are

positioned at both sides of the inner detector. Figure 4.2 shows how the three

types of magnets are positioned in the detector.

In the following sections I will describe each subdetector in the same order

as particles traverse through the detector.
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4.2 Inner Detector

The inner detector is the part that is built the closest around the interac-

tion point. It is designed to measure the charge and momentum of the all
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charged particles with a momentum above 0.1 GeV and pseudorapidity be-

low 2.5. A good resolution is achieved by a combination of high resolution

track measurements and the stable 2T magnetic field. Apart from a good

momentum resolution and charge-identification it should also determine the

primary and secondary vertices. The discriminating parameters between ver-

tices are the d0 and z0 displacements, respectively the transverse and longitu-

dinal displacements of a vertex from the interaction point and are determined

by extrapolating tracks back to the interaction point. The inner detector is

built from three subsystems, two precision trackers (the Pixel Detector and

the SemiConductor Tracker (SCT) ) and the Transition Radiation Tracker

that provides a large set of track hits as well as an extra separating power

between electrons and charged pions. Figure 4.3 shows a schematic overview

of the inner detector geometry. On average a track has three hits in the pixel

detector, eight hits in four layers of the SCT and thirty-six hits in the TRT.

Figure 4.3: A schematic overview of the ATLAS detector Inner Detector.
Four examples for tracks at different pseudorapidities show which detector
parts should fire.

4.2.1 Pixel Detector

The first component of the precision tracker provides three track measurement

in layers at 50.5, 88.5 and 122.5 mm from the interaction point in the barrel

and in disks at 495, 580 and 650 mm in the end-cap. It is designed in such a

way that all tracks will traverse through three layers as can be seen in figure

THE ATLAS EXPERIMENT

4.3. As its position is the closest to the beam pipe, an important requirement

is that it should have a high granularity to distinguish between the charged

particles and be very radiation hard at the same time. One pixel is 400 µm

by 50 µm in local x-y space and has a thickness of about 250 µm. This fine

granularity causes the detector to have large number of read-out channels. It

has 1744 modules that each hosts 46080 pixels. A pixels is made of n+-in-n

doped silicon and the sensors are fully depleted at an inverse-voltage over the

p-n junction of 20V. This voltage will be increased in order to compensate for

radiation damage effects that will occur.

To even further improve the hit resolution the Time over Threshold (ToT)

information can be used. A charged particle almost never causes a hit in

a single pixel but usually induces a signal in a larger cluster. The ToT is

related to the charge induced in one pixel and a more precise measurement

of the particle hit can be achieved by comparing the ratios of charge induced

in each of the pixels. A hit resolution of 10 µm by 115 µma particle can be

achieved by using this information. The hit efficiency and random noise ratios

have been studied in depth per pixel detector layer. The seven central layers

are found to have an efficiency of around 99 %, which means that 99 % of the

hits can be associated to a reconstructed track. The two most outward disks

in the end-caps show an efficiency that is around 1 or 2 percent lower, this

is due to known issues with these two disks. Another important operational

parameter is the noise occupancy of the pixels. This can be measured by

using random triggers and identify which pixels have a significantly higher

occupancy and are determined to be ḧoẗ. This is only a small fraction of

the total pixels in the detector (300-1500 pixels out of 80 million). In further

track reconstruction hot pixels are excluded by using this correction, the noise

occupancy of the detector is below 10−9 hits per pixel per bunch crossing.

4.2.2 SemiConductor Tracker

The second layer of the precision tracker, the SCT, is required to provide at

least four additional tracking points. The SCT has four layers in the barrel

between 29.9 cm and 51.4 cm of radial distance to the interaction point. In
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granularity causes the detector to have large number of read-out channels. It
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doped silicon and the sensors are fully depleted at an inverse-voltage over the
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information can be used. A charged particle almost never causes a hit in

a single pixel but usually induces a signal in a larger cluster. The ToT is

related to the charge induced in one pixel and a more precise measurement

of the particle hit can be achieved by comparing the ratios of charge induced

in each of the pixels. A hit resolution of 10 µm by 115 µma particle can be

achieved by using this information. The hit efficiency and random noise ratios

have been studied in depth per pixel detector layer. The seven central layers

are found to have an efficiency of around 99 %, which means that 99 % of the

hits can be associated to a reconstructed track. The two most outward disks

in the end-caps show an efficiency that is around 1 or 2 percent lower, this

is due to known issues with these two disks. Another important operational

parameter is the noise occupancy of the pixels. This can be measured by

using random triggers and identify which pixels have a significantly higher

occupancy and are determined to be ḧoẗ. This is only a small fraction of

the total pixels in the detector (300-1500 pixels out of 80 million). In further

track reconstruction hot pixels are excluded by using this correction, the noise

occupancy of the detector is below 10−9 hits per pixel per bunch crossing.

4.2.2 SemiConductor Tracker

The second layer of the precision tracker, the SCT, is required to provide at

least four additional tracking points. The SCT has four layers in the barrel

between 29.9 cm and 51.4 cm of radial distance to the interaction point. In
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the end-caps, the SCT has nine disks between 85.3 cm and 2.72 m distance

in the z-direction. As the track density is already somewhat lower at these

distances, the necessity of the high granularity becomes lower. The SCT

uses the same silicon semiconducting technology as the pixel detector but

instead of using rectangular pixels, strips of 12 cm in length are used. The

width of the strips are 80 µm on average and vary between 54 and 94 µm.

One sensor consists of 768 of those strips and two of these sensors are glued

together back-to-back under a small stereo angle of 40 mrad to form a detector

module. This stereo measurement is used to obtain a resolution of 580 µm

in the non-bending plane. The size of this angle was carefully chosen in

order to keep the occupancy of the strips as low as possible while obtaining a

satisfying resolution. The resolution in the R-φ plane is comparable to that

of the pixel-detector with 17 µm.

4.2.3 Transition Radiation Tracker

The third layer of the inner detector has two functions: it provides a large

number (> 30) of additional tracking hits with measurements in the x-y plane

and it is used in the electron identification measuring the transition radiation

from traversing particles. The detector provides coverage in the region η < 2.

It is filled with straw tubes of 4 mm in diameter, filled with a gas mixture

(70%Xe + 20%CF4 + 10%CO2) and a thin anode wire. These straw tubes

are of 144 cm in length and stacked in 73 layers in the barrel section. In the

end-cap the straw tubes have a length of 39 cm and are radially stacked in

160 layers. With the use of these tubes a hit resolution in the radial direction

is achieved of 118 µm in the barrel section and of 132 µm in the end-caps.

In between of the straw tubes, radiator foils are placed made of Polypropy-

lene and Polyethylene. When particles traverse through these foils they will

radiate photons due to the difference in the dielectric constants of the foils

which will subsequently be detected in the xenon gas. As the emitted radia-

tion is proportional to the relativistic gamma factor of the particles: γ = E
m ,

the TRT can be used as an excellent discriminator between particles with a

large mass difference. Electrons are the only particles that travel fast enough
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to produce significant transition radiation. Using this technique, electrons

and pions can efficiently be distinguished between 1 and 150 GeV, which is

reflected in figure 4.4.

Figure 4.4: Probability of a TRT high-threshold hit as a function of the
particleś γ-factor as measured in 7 TeV collision events.

The high number of measuring points inside the TRT comes at the price

of the long tubes that do not provide information in the z-direction. This

is necessary to ensure that the total number of read-out channels does not

become too large. Another disadvantage of long straws is the high occupancy,

which is in the order of a 1000 times higher than that of the pixel detector.

The danger from a high occupancy is that multiple particles traverse through

one straw and together produce the same hit. From simulation studies it was

established that at a 20% detector occupancy, 10 % of all hits are expected

to be due to these overlapping particles. The effect of pileup and increasing

occupancy in the TRT is studied extensively and one of the aspects is the

average number of robust tracks in an event as a function of the number of hits

inside the detector. This function was measured for three different numbers

of average proton-proton interactions in the TRT, the result is shown in figure

4.5. As this function is stable for the different data runs with different pileup,

it can be concluded that the track efficiency and the fake track rate is stable.
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distances, the necessity of the high granularity becomes lower. The SCT

uses the same silicon semiconducting technology as the pixel detector but

instead of using rectangular pixels, strips of 12 cm in length are used. The

width of the strips are 80 µm on average and vary between 54 and 94 µm.

One sensor consists of 768 of those strips and two of these sensors are glued
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(70%Xe + 20%CF4 + 10%CO2) and a thin anode wire. These straw tubes

are of 144 cm in length and stacked in 73 layers in the barrel section. In the

end-cap the straw tubes have a length of 39 cm and are radially stacked in

160 layers. With the use of these tubes a hit resolution in the radial direction

is achieved of 118 µm in the barrel section and of 132 µm in the end-caps.

In between of the straw tubes, radiator foils are placed made of Polypropy-

lene and Polyethylene. When particles traverse through these foils they will

radiate photons due to the difference in the dielectric constants of the foils

which will subsequently be detected in the xenon gas. As the emitted radia-

tion is proportional to the relativistic gamma factor of the particles: γ = E
m ,

the TRT can be used as an excellent discriminator between particles with a

large mass difference. Electrons are the only particles that travel fast enough
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to produce significant transition radiation. Using this technique, electrons

and pions can efficiently be distinguished between 1 and 150 GeV, which is

reflected in figure 4.4.

Figure 4.4: Probability of a TRT high-threshold hit as a function of the
particleś γ-factor as measured in 7 TeV collision events.

The high number of measuring points inside the TRT comes at the price

of the long tubes that do not provide information in the z-direction. This

is necessary to ensure that the total number of read-out channels does not

become too large. Another disadvantage of long straws is the high occupancy,

which is in the order of a 1000 times higher than that of the pixel detector.

The danger from a high occupancy is that multiple particles traverse through

one straw and together produce the same hit. From simulation studies it was

established that at a 20% detector occupancy, 10 % of all hits are expected

to be due to these overlapping particles. The effect of pileup and increasing

occupancy in the TRT is studied extensively and one of the aspects is the

average number of robust tracks in an event as a function of the number of hits

inside the detector. This function was measured for three different numbers

of average proton-proton interactions in the TRT, the result is shown in figure

4.5. As this function is stable for the different data runs with different pileup,

it can be concluded that the track efficiency and the fake track rate is stable.
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Figure 4.5: The average number of tracks in an event as a function of
the number of hits inside the TRT.

4.3 Calorimetry

ATLAS uses sampling calorimeters that cover a large η-space (|η| < 4.9).

This high hermiticity ensures that a minimum of particles escape detection

and optimize the missing ET resolution. The calorimetric system can be

divided in four different parts, an overview of the lay-out is presented in

figure 4.6. The EM calorimeter and the Hadronic calorimeter have a separate

specialised section as well as a combined component in the most forward

direction. The EM calorimeter is a LAr-lead detector, while the hadronic

calorimeter uses a combination of scintillators and steel tiles. The hadronic

calorimeter has an extra component in the end-cap (HEC) based on copper

as the passive material and LAr as the active material. For the most forward

region (3.2 < |η| < 4.9), a combined hadronic-electromagnetic calorimeter is

used in order to achieve the 4π closure of the detector.

4.3.1 Electromagnetic Calorimetry

The electromagnetic calorimeter has a barrel part (|η| < 1.475) and an end-

cap part (1.35 < |η| < 3.2). The section in between of the barrel and end-cap
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Figure 4.6: An overview of the calorimeter section lay-out in the ATLAS
detector.

parts are called the crack regions and suffer from a degraded resolution due

to the cabling and the support structures in these sections. Photons detected

in these sections are never used in physics analyses, while the use of electrons

from this region is avoided. The calorimeter uses lead as the passive material

and cryogenically cooled liquid Argon (LAr) as the sampling material. Typical

to the detector is the accordion shape that ensures full coverage and that the

detector is hermetically sealed. The barrel section has more than 24 radiation

lengths of material for every direction, while the end-cap even uses more than

26 radiation lengths of material. In the most central region (|η| < 1.8) a

presampler is installed to correct for energy loss in inactive material in front

of the calorimeter. The granularity is defined by three sampling layers. The

first layer has a very fine granularity in the η-direction (0.003), but is courser

in φ-direction (0.1). This layer is used in distinguishing between prompt

photons and neutral pions that decayed to two photons. The other two layers

still ensure excellent directional measurement with cells of 0.025 x 0.025 and

0.05 x 0.025. The energy resolution of electrons has been studied in detail

and can be described using the standard parametrisation of a sampling term,

a constant term and a noise term: σ
E = a√

E
+ b

E + c. The sampling term
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Figure 4.5: The average number of tracks in an event as a function of
the number of hits inside the TRT.
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specialised section as well as a combined component in the most forward

direction. The EM calorimeter is a LAr-lead detector, while the hadronic

calorimeter uses a combination of scintillators and steel tiles. The hadronic

calorimeter has an extra component in the end-cap (HEC) based on copper

as the passive material and LAr as the active material. For the most forward

region (3.2 < |η| < 4.9), a combined hadronic-electromagnetic calorimeter is

used in order to achieve the 4π closure of the detector.

4.3.1 Electromagnetic Calorimetry

The electromagnetic calorimeter has a barrel part (|η| < 1.475) and an end-

cap part (1.35 < |η| < 3.2). The section in between of the barrel and end-cap
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in these sections are never used in physics analyses, while the use of electrons

from this region is avoided. The calorimeter uses lead as the passive material

and cryogenically cooled liquid Argon (LAr) as the sampling material. Typical

to the detector is the accordion shape that ensures full coverage and that the

detector is hermetically sealed. The barrel section has more than 24 radiation

lengths of material for every direction, while the end-cap even uses more than

26 radiation lengths of material. In the most central region (|η| < 1.8) a

presampler is installed to correct for energy loss in inactive material in front

of the calorimeter. The granularity is defined by three sampling layers. The

first layer has a very fine granularity in the η-direction (0.003), but is courser

in φ-direction (0.1). This layer is used in distinguishing between prompt

photons and neutral pions that decayed to two photons. The other two layers

still ensure excellent directional measurement with cells of 0.025 x 0.025 and

0.05 x 0.025. The energy resolution of electrons has been studied in detail

and can be described using the standard parametrisation of a sampling term,

a constant term and a noise term: σ
E = a√
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E + c. The sampling term
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depends on the number of connections between the passive and active layer

and can be extracted from Monte Carlo simulation, it was determined to be

between 8 and 11 %, depending on the η − φ-region. The constant term was

measured to stay below 3 %, but in most regions around 0.7 %. The noise

term is only significant in measuring the softest electrons as this term was

estimated to be around 400 MeV.

4.3.2 Hadronic Calorimetry

The hadronic calorimeter consists of three main components. Up to a range of

|η| < 1.7, particles are detected by the tile calorimeter. For the more forward

region up to |η| < 3.2 a LAr-copper detector is used for the Hadronic End Cap

(HEC). In the most forward region the LAr Forward Calorimeter (FCAL) is

used as a combined electromagnetic-hadronic calorimeter between the region

of 3.2 < |η| < 4.9, this component will be discussed in the next section.

The tile-calorimeter is segmented in 64 wedges over the whole φ-region,

which corresponds to a granularity of ∆φ 0.1. Each wedge consists of three

layers in the radial direction, the first two have a granularity in the η-region

of approximately 0.1, the third layer around 0.2. Figure 4.7 shows how the

passive and active materials are interconnected. At both sides of each module,

wavelength shifting fibers are used to transport the signals from the scintil-

lators to the PMTs, this double sided read-out is important to minimize the

response non-uniformity.

The tile calorimeter can also be used to add measurement points to the

muon trajectory. The signal-to-noise ratio was measured for connecting cells

with a threshold of 250 MeV and found to be around 29. A typical muon loses

between 1 and 3 GeV in the calorimeter, while a noisy tower has a maximum

measured energy of a few hundred MeV.

The HEC covers precision energy measurements of hadronic particles at

higher pseudorapidities (1.5 < |η| < 3.2). In each end-cap two wheels are

installed that consist of 32 modules that are connected in φ-direction. The

radially outward sections of each module are again divided in two sections,

so that a granularity of 0.1 x 0.1 can be maintained up to pseudorapidities
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Figure 4.7: Schematic view of a tile calorimeter module. It is shown how
the different calorimeter components are oriented, how the scintillators are
read out by the optical fibers and where the PMTs are positioned.

of |η| < 2.5. Above these pseudorapidities the granularity becomes 0.2 x

0.2. Figure 4.8 shows the schematic build-up of a HEC module and of the

granularity in the two HEC-wheels.

The performance of the HEC was already tested in 2002 [115]. It was

established that its performance fitted the expectancy from GEANT simula-

tion studies very closely. While the good performance of the tile calorimeter

cannot be matched, the calorimeter still functions outstandingly as a forward

detector. Muons can be measured with a S/B ration of 5.9 while the energy

resolution of measuring jets is σ
E = (54.2±)2%√

E
+ (2.6± 0.2)%.

The jet energy resolution was required to be in the order of [112] σ
E =

50%√
E
+3%±0.1%. In practice, the precise jet energy resolution depends on the

reconstruction algorithm and method and cannot easily be expressed in a gen-

eral parameterisation of three variables. The total uncertainty was however

measured [116] for various pT - and η-bins for two different jet reconstruction

algorithms (anti-kT with R-parameters of 0.4 and 0.6). The total resolution
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depends on the number of connections between the passive and active layer
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estimated to be around 400 MeV.
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The tile calorimeter can also be used to add measurement points to the
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with a threshold of 250 MeV and found to be around 29. A typical muon loses
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Figure 4.7: Schematic view of a tile calorimeter module. It is shown how
the different calorimeter components are oriented, how the scintillators are
read out by the optical fibers and where the PMTs are positioned.
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granularity in the two HEC-wheels.
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established that its performance fitted the expectancy from GEANT simula-

tion studies very closely. While the good performance of the tile calorimeter

cannot be matched, the calorimeter still functions outstandingly as a forward

detector. Muons can be measured with a S/B ration of 5.9 while the energy

resolution of measuring jets is σ
E = (54.2±)2%√
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The jet energy resolution was required to be in the order of [112] σ
E =

50%√
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+3%±0.1%. In practice, the precise jet energy resolution depends on the

reconstruction algorithm and method and cannot easily be expressed in a gen-

eral parameterisation of three variables. The total uncertainty was however

measured [116] for various pT - and η-bins for two different jet reconstruction

algorithms (anti-kT with R-parameters of 0.4 and 0.6). The total resolution
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Figure 4.8: Schematic view of a HEC module and of the R-z view of
the two wheels of the HEC. It shows how the cells are positioned inside
the module and which cells are traversed through by particles at a certain
pseudorapidity.

remained below 20 % for all low-pT jets and below 10 % for jets with a higher

pT (¿ 200 GeV). These resolutions can still be improved significantly by using

the transverse momenta of the tracks obtained by the inner detector, This

reconstruction method is especially beneficial in the reconstruction of low pT

jets.

4.3.3 Forward Calorimeters

The most forward calorimeters ensure the full hermiticity of the detector.

They consist of a electromagnetic part made of copper in the front section

and two hadronic parts behind it that use tungsten as its passive material.

Behind the FCAL, a shielding layer is added to the detector to protect the

forward muon detectors from the high forward fluxes. A detailed overview of

the different detector components is shown in figure 4.9.

The largest challenge for this part of the detector is the high particle flux

that arises from the beam remnants, resulting in a high pileup of signals in

the detector, but also in the build-up of ionized Argon particles. To minimize

this effect, the LAr gaps were decreased by almost a factor ten in comparison

to the gaps in the EMEC. These smaller gaps give a shorter peak current, but
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Figure 4.9: A schematic overview of the position of the forward calorime-
ters and the shielding structure.

with the same instantaneous current size. The drift time is around 60 ns in

the first, electromagnetic, section of the FCAL and are somewhat larger, up

to 115 ns, in the hadronic sections. The resolution of the detector is given by
σ
E = 100%√

E
+ 10%.

4.4 The Muon Spectrometer

High energetic muons are the only detectable particles that traverse through

the calorimeter. By installing a specialized muon detector around the calorime-

ters, this property can be used to improve the momentum measurement and

the determination of the charge sign. In addition, these detectors ensure that

muons do not suffer much from misidentification backgrounds. Muon tracks

can either be reconstructed by solely using the track points from the muon

spectrometer or by a combination of points from the spectrometer and the

inner detector. These muons are then respectively referred to as standalone

and combined. One of the requirements that were set during the design phase

of ATLAS was that the muon momentum resolution should not surpass 10%

at 1 TeV. To achieve this, a combination of a high magnetic field, a good un-

derstanding of this field and a track-measurement with better precision than

60 µm are necessary.
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Figure 4.8: Schematic view of a HEC module and of the R-z view of
the two wheels of the HEC. It shows how the cells are positioned inside
the module and which cells are traversed through by particles at a certain
pseudorapidity.

remained below 20 % for all low-pT jets and below 10 % for jets with a higher

pT (¿ 200 GeV). These resolutions can still be improved significantly by using

the transverse momenta of the tracks obtained by the inner detector, This

reconstruction method is especially beneficial in the reconstruction of low pT

jets.

4.3.3 Forward Calorimeters

The most forward calorimeters ensure the full hermiticity of the detector.

They consist of a electromagnetic part made of copper in the front section

and two hadronic parts behind it that use tungsten as its passive material.

Behind the FCAL, a shielding layer is added to the detector to protect the

forward muon detectors from the high forward fluxes. A detailed overview of

the different detector components is shown in figure 4.9.

The largest challenge for this part of the detector is the high particle flux

that arises from the beam remnants, resulting in a high pileup of signals in

the detector, but also in the build-up of ionized Argon particles. To minimize

this effect, the LAr gaps were decreased by almost a factor ten in comparison
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Figure 4.9: A schematic overview of the position of the forward calorime-
ters and the shielding structure.

with the same instantaneous current size. The drift time is around 60 ns in

the first, electromagnetic, section of the FCAL and are somewhat larger, up

to 115 ns, in the hadronic sections. The resolution of the detector is given by
σ
E = 100%√

E
+ 10%.

4.4 The Muon Spectrometer

High energetic muons are the only detectable particles that traverse through

the calorimeter. By installing a specialized muon detector around the calorime-

ters, this property can be used to improve the momentum measurement and

the determination of the charge sign. In addition, these detectors ensure that

muons do not suffer much from misidentification backgrounds. Muon tracks

can either be reconstructed by solely using the track points from the muon

spectrometer or by a combination of points from the spectrometer and the

inner detector. These muons are then respectively referred to as standalone

and combined. One of the requirements that were set during the design phase

of ATLAS was that the muon momentum resolution should not surpass 10%

at 1 TeV. To achieve this, a combination of a high magnetic field, a good un-

derstanding of this field and a track-measurement with better precision than

60 µm are necessary.
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The magnetic field is created by a large barrel toroid and two smaller

end-cap toroids. The overall magnetic field is not completely uniform in η-

direction, arising from the fact that three different toroid magnets are used

to create the field. Different regions can be identified however. As where

the barrel toroid dominates the field in the region |η| < 1.4 and the end-cap

magnets dominate the regions 1.6 < |η| < 2.7, the region in between is called

the transition region. The field is created by a combination of two magnets

in this region, but the strength cannot entirely match the other two regions.

This dip in the magnetic field results in a degredation of the resolution of the

muons that are reconstructed standalone by the muon spectrometer. However,

figure 4.10 shows that the reconstruction efficiency of combined tracks hardly

suffers from this gap in the field.

Figure 4.10: The efficiency for reconstructed muon tracks (pT = 100
GeV, φ = 0 and φ = π

8
) as a function of the pseudorapidity. It shows that

the transition region degrades the efficiency of standalone tracks, while
the efficiency of the combined tracks remains stable.

The ATLAS muon spectrometer consists of four different subdetectors,

two for the precision measurements and two different triggering detectors are

used. Figure 4.11 shows where the components of these detectors are installed.

The spectrometer should record at least three track points for all track di-

rections in order to reconstruct the sagitta of the curvature. This requirement

holds for both the precision chambers and the triggering chambers, figure 4.11

shows how these requirements are fulfilled. The main tracking devices are the

Monitored Drift Tube chambers (MDTs). They are complemented by the
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Figure 4.11: Positions of the different spectrometer components. Two
different precision measurement techniques are used, the Monitored Drift
Tubes and the Cathode Strip Chambers. The triggering is performed
by separate chambers. Resistive Plate Chambers are used in the barrel,
whereas Thin Gap Chambers provide finer granularity in the end-caps to
avoid high occupancies.

Cathode Strip Chambers (CSCs) in the most forward region to avoid prob-

lems with high occupancies in the MDTs. In the barrel section Resistive Plate

Chambers (RPCs) are used for the triggering, whereas Thin Gap Chambers

(TGCs) are used for this purpose in the end-caps.

MDT chambers are composed of long tubes with a diameter of 3 cm and are

filled with a gas mixture composing of Ar-CO2 (93% - 7%). Inside the tubes

a very thin anode wire is spun, while the tube itself is grounded. A charged

particle that traverses through the tube will ionize the gas and the electrons

and ions will respectively drift towards the walls of the tube and the central

wire. In one MDT chamber there are two multilayers of tubes, which each

consist of three or four layers of MDTs. In between the layers a monitoring

system is installed that measures the absolute position of the chambers as

well as the relative displacements with a intrinsic precision of 1 µm. The

drift time of the ions in the tubes can be as large as 700 ns, which makes the



85

CHAPTER 4

The magnetic field is created by a large barrel toroid and two smaller
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This dip in the magnetic field results in a degredation of the resolution of the

muons that are reconstructed standalone by the muon spectrometer. However,
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suffers from this gap in the field.
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) as a function of the pseudorapidity. It shows that

the transition region degrades the efficiency of standalone tracks, while
the efficiency of the combined tracks remains stable.

The ATLAS muon spectrometer consists of four different subdetectors,

two for the precision measurements and two different triggering detectors are

used. Figure 4.11 shows where the components of these detectors are installed.

The spectrometer should record at least three track points for all track di-

rections in order to reconstruct the sagitta of the curvature. This requirement

holds for both the precision chambers and the triggering chambers, figure 4.11

shows how these requirements are fulfilled. The main tracking devices are the

Monitored Drift Tube chambers (MDTs). They are complemented by the
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Figure 4.11: Positions of the different spectrometer components. Two
different precision measurement techniques are used, the Monitored Drift
Tubes and the Cathode Strip Chambers. The triggering is performed
by separate chambers. Resistive Plate Chambers are used in the barrel,
whereas Thin Gap Chambers provide finer granularity in the end-caps to
avoid high occupancies.

Cathode Strip Chambers (CSCs) in the most forward region to avoid prob-

lems with high occupancies in the MDTs. In the barrel section Resistive Plate

Chambers (RPCs) are used for the triggering, whereas Thin Gap Chambers

(TGCs) are used for this purpose in the end-caps.

MDT chambers are composed of long tubes with a diameter of 3 cm and are

filled with a gas mixture composing of Ar-CO2 (93% - 7%). Inside the tubes

a very thin anode wire is spun, while the tube itself is grounded. A charged

particle that traverses through the tube will ionize the gas and the electrons

and ions will respectively drift towards the walls of the tube and the central

wire. In one MDT chamber there are two multilayers of tubes, which each

consist of three or four layers of MDTs. In between the layers a monitoring

system is installed that measures the absolute position of the chambers as

well as the relative displacements with a intrinsic precision of 1 µm. The

drift time of the ions in the tubes can be as large as 700 ns, which makes the
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chambers susceptible to high occupancies. But by measuring the drift times,

a better reconstruction of the muon trajectory through the multilayers can be

achieved. Combining the signals from all tubes in the chamber and by using

the alignment system, the resolution in the direction of the bending plane is

around 35 µm.

In the region ( 2.0 < |η| < 2.7), where the highest muon and background

rates are expected, the use of the MDT chambers is not suitable anymore. In

this region, multiwire proportional chambers, called Cathode Strip Chambers

(CSCs), are installed. These chambers consist of grids of anode wires in the

R-direction and cathode strips perpendicular to them. The grid structure en-

ables the measurement of the direction in the non-bending plane and improves

the granularity. This is important as the high density of particle could cause

ambiguities between particles with the same η-direction. Each muon traverses

through four layers of such grids. In addition to this extra measurement, the

different gas mixture (Ar-CO2, 80% - 20%) is less susceptible to neutrons and

causes smaller drift times. By combining all measurements in the CSCs, the

time resolution becomes 7 ns and the spatial resolution 30 µm by 115 mrad.

The drift times inside the MDTs are much larger than the time between

each bunch-crossing. For this reason, MDTs cannot be used for triggering

purposes and the signals cannot unambiguously be matched to a particular

bunch-crossing. Another shortcoming of the MDTs is the lack of measure-

ment in the φ-direction. All these deficiencies can be solved by combining

the precision information from the MDTs with the excellent timing informa-

tion and the φ-measurement that are provided by the trigger chambers. An

additional requirement to the trigger chambers is that they should do an in-

dependent measurement of the pT in order to check the momentum-threshold

of the trigger.

Triggering relies on Resistive Plate Chambers (RPCs) in the barrel. These

chambers use a high voltage between two plates in the saturated regime to

cause an avalanche after a charged particles ionizes electrons in the gas. The

read-out of these plates are aligned perpendicular in respect to each other and

provide independent measurements in the η- and φ-directions. Two of these

RPCs are attached to the middle MDT layer, one to the bottom and one on
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top of the chambers. The third RPC is attached to the outward side of the

outer MDT layer. For muon triggers with a low-pT threshold (6 to 9 GeV),

only the two inward RPCs are used. In this case the sagitta can be recon-

structed by using the primary vertex as the third measurement point. The

information from the third RPC becomes necessary when the pT threshold

is larger than 9 GeV. The end-caps are equipped with Thin Gap Chambers

(TGCs). These multiwire proportional chambers are made of graphite strips

with thin gaps filled with anode wires that are spun perpendicular to the

strips. The combination of the gas in the chambers (CO2 : n− C5H12 = 55

: 45) and the high voltage between the strips and the wires is in saturated

mode to ensure a quick avalanche. Instead of attaching the TGCs to the

MDT and CSC chambers, they are positioned separately in four radial layers

around the beam axis. The first chamber is mounted on the barrel toroid

support structure at a distance of around 7 meters from the interaction point.

The other three layers are placed at a distance of around 14 meters from the

interaction point and add a total of seven measurement points to the forward

muon triggering system.

Dominant effects that determine the combined resolution of the muon

measurement can be divided in three different regions:

pT < 30 GeV. The energy loss in the calorimeter is the largest uncer-

tainty.

30GeV < pT < 200 GeV. Multiple scattering effects cause the muon

to change its trajectory slightly and produces the largest uncertainty in

this region.

Above 200 GeV the curvature of the muon trajectory becomes so small

that the sagitta measurement is the limiting factor in the precision mea-

surement.

The effects of these three regions are also reflected in the relation between

the resolution and the pT of the muon, which is shown in figure 4.12. The reso-

lution drops steeply in the low-pT region as the energy loss in the calorimeter

becomes less significant. Between 30 and 200 GeV the resolution does not
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improve due to multiple scattering effects and remains constant. Above 200

GeV the resolution start to degrade again, this is where the muons are less

curved and the sagitta can be determined less precisely. The figure also shows

that the extra inner detector information improves the resolution significantly,

especially in the low-pT regime.

Figure 4.12: Resolution for combined and standalone muons in the barrel
(left) and in the end-cap (right). The figure illustrates the limiting effects
for the muon momentum measurement.

4.5 Conclusion

The ATLAS detector has been collecting data for five years. This period

includes service and upgrade breaks. In 2011 and 2012, ATLAS recorded

approximately 93 % of the luminosity that was delivered by the LHC as is

shown in figure 4.13. Over its full data-taking period ATLAS published more

than 400 papers (452 at the time of writing). The Higgs discovery was most

certainly the pinnacle until now, but there are many more years ahead in which

the LHC will deliver collisions with a higher energy and a higher luminosity.

THE ATLAS EXPERIMENT

Figure 4.13: Integrated luminosity as delivered by the LHC and recorded
by the ATLAS detector in 2011 and 2012 [117].
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Introduction

With bunch crossings at 40 MHz and approximately 1.6 MB of data per

recording, a fast functioning triggering/data acquisition system (TDAQ) is

required. The ATLAS trigger system has one hardware-based level (level 1)

and two software levels (level 2, event filter). The latter two together form the

High Level Trigger (HLT). The trigger can be configured by using dedicated

trigger items that represent physical objects such as muons or electrons with a

certain threshold momentum. For each level a trigger menu can be set up that

consists of a list of such items. Each item can be prescaled, which refers to a

certain additional rejection factor to reduce the trigger rate of an individual

item. A prescale of 10 means that only once in ten times that the item fires,

it will be accepted.

The level 1 trigger (L1) only uses calorimeter and muon trigger chamber

information to identify thresholds. The tasks of L1 is to reduce the event rate

to a maximum of 75 kHz and identify Regions of Interest (RoI), geometrical

regions in the detector defined by their angular directions. Upon an L1 accept,

these RoI are passed to the level 2 (L2) trigger that uses RoI information as a

seed of its calculations. After a decision is made by the L2, a signal is sent to

the Read Out Drivers (RODs) attached to the detector electronics that send

the detector signals to the Read Out Buffers (ROBs). In the case of a rejection

at L1, the signal is issued that enables the deletion of the event in the RODs.

Figure 5.1 shows a scheme of the L1 trigger. Each ROB has a memory of 64

MB and three ROBs are placed on one ROBIN, each is attached to a ROD
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by a Read Out Link (ROL). These ROBINs are PCI-cards that are attached

to a high-end commercial server that is called the Read Out System (ROS)

or ROS-PC. The function of these ROS-PCs is to answer data requests from

the L2 Processing Units (L2PU) and the Event Builder (EB), delete retrieved

data on the ROBINs and control the configuration of the ROBINs. In total,

there are 151 ROS-PCs attached to 1583 RODs.

In case of an acceptance by the L1, RoI information is sent to the L2

Supervisor (L2SV). This application assigns the processing of the event to an

L2PU on which the HLT algorithms are run. This L2PU then requests the

necessary data from the ROS-PCs, based on the RoI information available.

If necessary, the L2PU can also request additional information from outside

the defined RoIs. The data is only retrieved from the ROS-PCs upon request

of the algorithms to minimize the required bandwidth and computing power.

The L2 output event rate should be reduced to a few kHz. Once an event is

accepted by the L2, it is completely retrieved from the detector, built at the

Event Builder and sent to the Event Filter (EF). Since this third level trigger

has access to the full event and can use more processing time, it can run more

sophisticated reconstruction algorithms to reduce the rate to a few hundred

Hz. Figure 5.2 shows a schematic overview of the event flow in the trigger

system.

Figure 5.1: L1 overview
Figure 5.2: Overview of the
ATLAS triggering system.

It is important to make efficient use of the available resources to cover
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the widest possible range of physics analysis with the luminosity at hand. To

achieve this, it is necessary to know what the restrictions of the system are.

By design, the following bottle-necks were identified:

The maximum L1 output rate is restricted by the readout electronics to

75 kHz and will possibly be upgraded to 100 kHz,

The CPU power and network bandwidth of the ROS-PCs restricts the

maximum number of requests given to a single ROS-PC,

The computing power of the L2 and EF processing units (L2PU and

EFPU) restrict L2 and EF work load,

Long-term restrictions to the storage and analysis capacity.

If any of the first three limits is exceeded there will be a certain “dead time”

and a resulting a loss of luminosity. The dead time is defined as the time in

which events cannot be recorded, even if the triggers are fired. For example,

if the L1 rate exceeds the 100 kHz, the buffers of the readout electronics

will get filled up and new events will be prevented from recording. Similar

situations occur if the available resources in either the ROS-PCs, the L2 or

the EF systems get overloaded.

An example of what happened in an actual situation is shown in figure

5.3. The figure shows the L1 EM2 rates of a ATLAS run at the 25th of

May in 2010. At that time the luminosity of the LHC was still as low that

the there was no HLT rejection required. The output of the L1 trigger was

low enough to be passed to the event builder directly. However, at a certain

point the L1 output became too high to be handled by the event building and

storage facilities. The red line in figure 5.3 shows the rate at which the L1

trigger fires. The green line shows the rate after the veto that was applied to

match the maximum L2 input rate. The difference between the red and the

green line gives the loss of luminosity. At 4:05 the L2 started to reject all of

these triggers and the dead time smoothly decreased and disappeared around

4:40. As the luminosity slowly decreases during a run, the L1 EM2 trigger

rate decreases accordingly. When the trigger rate dropped below 200 Hz at
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around 6:20, the L2 was set to accepting this triggers again and the L2 input

closely followed the L1 output.

Figure 5.3: Example of a dead-time that occurred in an ATLAS run at
May 25th, 2010. [118]

A monitoring framework was set up that measures the required computing

resources of individual triggers and of complete trigger menus. These mea-

surements can also be used to extrapolate the costs and the trigger rates to

higher luminosities. With the use of this framework, the steering of the trigger

can be optimized by testing different configurations. A detailed description

of the trigger steering and the cost monitoring software is provided in the

sections below.

5.1 HLT Steering

Each trigger item consists of a chain of algorithms in the steering software. A

chain consists of sequences or steps, which again are formed by one or more
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surements can also be used to extrapolate the costs and the trigger rates to
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of the trigger steering and the cost monitoring software is provided in the

sections below.

5.1 HLT Steering

Each trigger item consists of a chain of algorithms in the steering software. A

chain consists of sequences or steps, which again are formed by one or more
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Feature Extraction (FEX) algorithms and one Hypothesis (hypo) algorithm.

The former are used to extract complex information from the event, such

as a track reconstruction, or the combining of an inner detector and a muon

chamber track. FEX algorithms usually consume much more time than hypos,

which are used to make relatively simple and quick decisions such as whether

a certain pT threshold is exceeded. The name of a hypo is referred to as a

signature and always describes the level and the object that was found at

that point, for example L2 e5 medium or L2 muon standalone. An example

of how the complete execution of the mu6 chain evolves is shown in figure 5.4.

Because different chains may use the same algorithms, execution time can be

reduced by using algorithm results multiple times. Another time reduction

is achieved by executing the trigger step by step. If one step leads to the

rejection of a chain, the further execution of all chains that rely on this step

can then be omitted. Following the same reasoning, prescales are also applied

at the beginning of the chain evaluation to avoid redundant calculations.

Figure 5.4: An example of how the mu6 chain is handled by the trigger.
Each step consists of one or more FEX algorithms (e.g. Fast muon track-
ing) and one hypo (L2 muon standalone). The name of the established
object is referred to as a signature.
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The organisation of memory objects in the HLT is called the navigation

and can be seen as a tree with nodes and connections between those nodes.

The nodes are formed by objects that are called Trigger Elements (TEs).

Each TE can be seeded by one or multiple other TEs and seeds one or more

TEs itself. Several types of features can be attached to the TEs. Usually, one

sequence of algorithms is attached to each TE and determines whether the

TE should be activated. Inactive TEs are not taken into further account as

the chains with corresponding sequences cannot pass on that specific RoI. A

detailed example of how the navigation works is displayed in figure 5.5. The

first TE at the top of the tree (not displayed in the figure) has always the

operational information of the event attached to itself, such as the number of

RoI, the activated chains and the timing. This initial TE seeds the TEs that

have RoI descriptors attached. RoI descriptors contain information about

the L1 thresholds and the type of the RoI that was provided to the HLT.

From this information it can be determined which L2 algorithms should be

run on the data coming from the corresponding RoI. In the software this

is established by creating a threshold TE that has a sequence of algorithms

attached. In figure 5.5 red blocks show the active TEs and violet blocks show

the inactive blocks, for which no further calculations should be performed.

The colored/dark bands show which FEX algorithms are used multiple times

by different chains. The first time the L2PU needs to retrieve the detector

data from the ROS-PC, the necessary calculations are done and the result is

saved in the cache. Succeeding chains that use the same FEX can then just

use the result that was calculated the first time.
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5.2 Cost Monitoring

To achieve an optimal allocation of the available resources for the trigger

system it is necessary to identify the bottlenecks. Once the bottlenecks are

identified, it is equally important to monitor the online pressure on the re-

sources. A trigger menu contains hundreds of signatures, and different items

may use the same algorithms as explained in the section above. To predict

the necessary computing a detailed monitoring framework was developed. The

L1, L2 and EF trigger decisions are stored for each event. Once in every ten

events, the cost data is extracted from the HLT software and stored on disk.

The cost data include the timing of individual algorithms and the retrieval

times for the requests from the L2PU to the ROS-PC. A detailed list of the

stored information is given below.

Executed algorithms.

– Algorithm Id.

– start and stop time.

– RoI index.

Executed sequences.

– Instances of the algorithms belonging to this sequence as described

above.

– Id of the chain of which this sequence is part of.

– Information about the the type of sequence. E.g. Was the re-

sult retrieved from the cache, was it an initial sequence or was it

initiated by another sequence?

Executed chains.

– Chain Id

– Level of the trigger

– Decision that was established for this chain

CHAPTER 5

Figure 5.5: A graphical display of the HLT navigation. The marked
bands indicate that an algorithm was performed multiple times on the
same RoI and can therefore be retrieved from the cache.
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Figure 5.5: A graphical display of the HLT navigation. The marked
bands indicate that an algorithm was performed multiple times on the
same RoI and can therefore be retrieved from the cache.



100

CHAPTER 5

RoI in the event.

– RoI Id

– RoI Type (EM, Tau, Muon, Jet, Total energy)

– Number of L1 thresholds exceeded, this corresponds to an energy

level estimated by the CTP.

Data requests to the ROS-PCs.

– Time of the request, time of the retrieval.

– List of ids of the ROBs from which the data was requested, with

for each ROB:

State of the data request, was it retrieved from the cache or

from the ROB itself? Other possibilities are that the ROB was

disabled, that it was ignored or the state is unknown.

History of the data request, was it retrieved by prefetching

(see further on), was the retrieval successful or is the history

unknown?

L1 Items.

– Identifier of the Item.

– Information about the L1 decision.

Trigger Elements, only the output elements for each chain are saved.

These contain information about.

– Id of the corresponding sequence.

– RoI-id on which the sequence ran.

– The state and the type, was it active? (was the hypo true?) Was

it a L1 threshold? Was it a topological TE?

Four examples of applications of this cost data information are presented

in the next section.

THE TDAQ SYSTEM

5.2.1 Online Cost Monitoring

The results of the cost data analysis from ATLAS runs are automatically

published on a website. Average computing time per event, algorithm or

signature can easily be monitored from these websites. If one specific trigger

item or algorithm uses a disproportionally high share of the cost resources this

can easily be identified. Additionally, these online data can also be used to

study specific trigger properties. Two examples are the unequal distribution

of data requests for different Pixel Detector ROS-PCs and the optimization

of the trigger chain performance.

The former example was an issue that discovered by Jos Vermeulen at the

end of 2010 and could have lead to problems at higher luminosities because

of the overload of one of the ROS-PCs. The reason was that the cabling

between the different detector parts and the ROS-PCs was not optimal. The

two different cabling schemes are illustrated in figures 5.6 and 5.6.

Figure 5.6: The original, non-optimal, cabling of the ROS-PCs to the
pixel detector. Figure provided by Jos Vermeulen.

The problem with the original lay-out was that the probability was very

high that the reconstruction of a single track needs data from two ROS-PCs.

Two smaller requests to separate ROS-PCs is more costly than one larger
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Figure 5.7: The improved cabling of the ROS-PCs to the pixel detector.
Figure provided by Jos Vermeulen.

request to a single ROS-PC. In addition, the loads of the ROS-PCs was more

asymmetric than necessary since ROS-PC-B-05 was hardly ever used in the

original lay-out. The latter is a problem as dead time arises whenever one

of the ROS-PCs gets overloaded, therefore the distributions of the requests

should be as equal as possible. The rate request to the different ROS-PCs for

two different lay-outs different is plotted in figure 5.8. The two bands in red

and blue correspond to the two layouts that are displayed in figures 5.6 and

5.7. The graph shows that almost all ROS-PCs receive a lower request rate,

and the requests are much more evenly distributed.

5.2.2 Rate Predictions

The testing of new trigger menus is done offline. This can be done by using

so called Enhanced Bias samples of data, for which only a small selection

of prescaled L1 and minimum bias triggers are used for its collection. Each

enhanced bias dataset contains around 2 million events and has an advantage

that it is still unbiased by the HLT. Enhanced bias triggers include all trig-

gers that seed primary HLT triggers and therefore offers a reliable source of

THE TDAQ SYSTEM

Figure 5.8: The request rate to the different pixel detector ROS-PCs,
shown for two different lay-outs of the cabling.

L1 input events for the testing of the HLT system. The HLT software can

therefore be run offline and new trigger algorithms and combinations of new

triggers (trigger menus) can safely be tested and scaled up to expected LHC

luminosity. The cost data obtained by the offline running of the HLT can

be used to simulate specific parameters such as the data retrievals from the

ROS-PCs, the required bandwidth in the network and the processing time per

event by the L2PU and the EFPU. By using this method the trigger rates can

be predicted within a precision of 1 Hz at a luminosity that is a factor of ten

compared to the original enhanced bias sample [119]. The scaling of the rates

is performed by applying a linear factor to the rates, obtained by normalis-

ing the trigger counts to the integrated luminosity during the enhanced bias

run. Linear scaling is considered to be justified for triggers with a high pT

threshold. Meanwhile, the overall trigger rates are dominated by these high

pT triggers and an overall linear scaling factor is considered to be justified.

That this presumption is ineed correct can be checked by comparing a set of

online trigger rates to the rates that are predicted for that specific luminosity

and trigger menu. The results of this check are presented in figure 5.9.
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Figure 5.7: The improved cabling of the ROS-PCs to the pixel detector.
Figure provided by Jos Vermeulen.
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Figure 5.9: Comparison of the online EF trigger rates after prescale to
those that are predicted offline by using the cost monitoring data [119].

5.2.3 Testing Prefetching

In 2011 a new procedure was proposed to retrieve the data from the ROS-

PCs. The default procedure is that each algorithm can make a request for data

from a ROB inside one of the ROS-PCs. This request is answered immediately

by returning the requested data of that specific ROB. The problem with this

procedure is that there can be multiple data requests issued to the same ROS-

PC in the case an algorithm needs additional information about an RoI that

wasn’t requested before. The aim in the new procedure is a decrease in the

number of data retrievals by requesting all the ROB data from one ROS-PC

for the whole event in one data request. To determine which specific ROBs

should be in the request, an inventarisation is taken of all the algorithms that

will run in the event and which data they will require. This procedure is

called pre-fetching. The advantage of this method will be that less computing

power will be required from the ROS-PCs, as the number of requests go down.

A disadvantage could be a higher pressure on the bandwidth. Since all data

requests by the algorithms are recorded in the cost data, the implications of

this new procedure can be simulated offline. The procedure to get this done

is the following. First a HLT reprocessing was requested for the enhanced

bias run 189421, which was the latest at that point. In this reprocessing

(AtlasCAFHLT,16.1.3.14.1, Physics pp v3, 3e33 menu), an extra algorithm

THE TDAQ SYSTEM

was used that lists all ROBs that might be requested in that event before

all other algorithms run. This list can then later be used to simulate the

prefetching as it is explained above. The algorithm to perform this can be

summarised as:

Run over all algorithms in the event.

Check for all requests done by this algorithm whether there are ROS-

PCs that were already in the list made by the Prefetch algorithm.

If the latter is the case, add the ROBs from the list to the request to

this ROS-PC. The history of this request is set to ”retrieved”, to denote

that the data was really retrieved from the ROS-PC.

If another algorithm, later in time, requests ROBs that are already in

this inventorised list, their history should be set to ”cached”, to denote

that the data was already stored in the system.

This is sufficient to simulate the number of requests, as well as the band-

width used by the data requests. That the number of requests goes down

significantly is shown in figure 5.10. The bandwidth that is used is increased

by less than 5 %, which is shown in figure 5.11. This means that only a tiny

number of ROB requests is done redundantly. The overall result is a decrease

in the total retrieval time as this is dominated by the number of requests.

At the moment this study was performed, the request rate per ROS-PC

was still well below its limit and it was decided to wait with the actual imple-

mentation of the prefetching. The implementation is however still possible in

the future.

5.2.4 Predicting Combined Triggers

The cost monitoring software can also be used to calculate the rates of com-

bined triggers using parts that were already in the existing menu. The ad-

vantage of using the cost monitoring data for this is that it has all trigger

decisions saved in one root-file, separated from the real data. Triggers of dif-

ferent types can be checked by just looking at the chain results. For example,
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Figure 5.9: Comparison of the online EF trigger rates after prescale to
those that are predicted offline by using the cost monitoring data [119].
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Figure 5.10: The ratio between the data requests done to the various
ROS-PCs when the new prefetching scheme is used and when the default
procedure is used.

Figure 5.11: The ratio of the used bandwidth when using prefetching
and without prefetching. The figure shows that the bandwidth is only
increased by several percent when requesting data recorded by the TILE,
HEC and FCAL subdetectors

when calculating how often the combined item EF e10 AND EF xe20 fires,

one can just loop over all events and check for each event whether there is

a passed chain of both types present. This is not possible for triggers of the

same type, for example with EF e10 AND EF e10. In this case it is necessary

to include the RoI information and this can only be obtained from the TEs.

As the TEs are by default not saved into the cost ntuples, it is necessary to

save the right information in an efficient way. It was decided that the L1
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thresholds, and the output TEs to the L2 and EF are only saved by the of-

fline cost monitoring software. This means that combined trigger calculations

with TEs can be performed on all the analyses that are run on the enhanced

bias data. In principle, all trigger items can be simulated by using the TEs.

From the configuration one can retrieve the output TEs of a certain chain

and check whether those output TEs with the same RoI are indeed present

in the event. To calculate the rate of a combined trigger with overlap such

as EF e10 AND EF e10, it is necessary that there are two trigger elements

with different RoI present for each of the required sequences: EF e10 calo,

EF e10 id and EF e10. Where the latter is the sequence that checks whether

the combination of the calorimeter and the inner detector matches.

To check whether the algorithm was implemented correctly, combined

triggers that are already implemented in the menu can be compared to the

calculated rate of the combination of the two single chains. For example,

EF e5 tight and EF 2e5 tight are both in the trigger menu Physics pp v3.

For this menu it was checked and confirmed to correspond exactly to the

rates of the combined triggers that were calculated in the HLT itself.
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Figure 5.10: The ratio between the data requests done to the various
ROS-PCs when the new prefetching scheme is used and when the default
procedure is used.
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Introduction

This chapter focuses on all prerequisites for the actual physics analysis. These

prerequisites include the object selection, event selection, background estima-

tion and the evaluation of systematic uncertainties. The first section explains

the object and event selection. In this section the algorithms and selection

cuts to reconstruct muons, electrons and jets are evaluated. An important

part of the event selection is the primary vertex selection, since proton-proton

collisions are a potential background to DPI analyses. In the second section

I will explain how the size of various backgrounds (Z + 2 jets from SPI, tt̄,

fake QCD backgrounds, diboson, single top, Z → ττ) are estimated. In the

third section I will summarise all systematic uncertainties and event yields

including all uncertainties. An important convention that is used throughout

the following chapters is that a lepton is defined as the common denominator

for electrons and muons, while τ -leptons are excluded from this definition.

6.1 Object Reconstruction

6.1.1 Electrons

Electrons are reconstructed by an algorithm that matches high energetic clus-

ters in the electromagnetic calorimeter to tracks in the inner detector. The

pseudorapidity region is constrained to |η| < 2.46, while excluding the “crack”
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regions in 1.37 < |η| < 1.52, where the cables for the inner detector pass

through the calorimeter.

Electrons can be identified with three different levels of tightness (loose/medi-

um/tight) based on a large range of variable that can be categorised as fol-

lowing:

The shape of the electromagnetic shower, combined with information

on the energy deposit in the hadronic calorimeter.

Information on the track-quality, based on the number of pixel,SCT and

TRT hits on the track together with the transverse impact parameter

d0.

Matching between the identified track and the calorimeter deposit.

Z bosons are reconstructed by applying the medium prescription. The

advantage of the medium prescription is that it efficiently removes fake leptons

from QCD and heavy flavour backgrounds, while retaining a large number of

electron candidates. A precise definition and study on the efficiency modelling

of electrons, is documented in [120].

Figure 6.1: Electron identification efficiency for three prescriptions of
identification criteria as a function of the transverse energy of the elec-
trons. [120].

The pT of the electron is calculated by using the energy measurement of the

calorimeter and the polar angle measured by the ID : E(calo)/ cosh(η(ID)).
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A minimum pT of the electrons is set to 20 GeV/c2 in accordance with the

cut on the pT of the muons which is constrained by the trigger threshold of

18 GeV.

6.1.2 Muon Definition

In ATLAS there are three different algorithms that combine the hits in the

inner detector and muon spectrometer to reconstruct the muon tracks. These

algorithms are referred to as chains. The first chain combines tracks in the

muons spectrometer with tracks in the ID, while the second chain performs

a complete refit of all the tracks in both the subdetectors. The third chain

was developed to combine the best features of both older chains and will be

used to reconstruct tracks in this analysis. The reconstruction efficiency of

the third chain muons is significantly higher than for the other two chains

as was presented in [121]. Only combined muons are used in this analysis,

muons that have a track in both the inner detector and the spectrometer. An

indication of the reconstruction efficiency of muons was already provided in

figure 4.10.

In addition to the default third chain prescription, a set of additional inner

detector requirements on muons are applied: The track in the inner detector

should have at least:

1 pixel hit, or an expected hit in a dead pixel.

5 SCT hits, or expected hits in dead sensors.

A successful TRT extension if the track is in the range of 0.1 < |η| <
1.9).

To reduce the selection of muons originating from hadronic decays and

long living particle decays, the transverse impact parameter significance ( d0

σd0
),

defined in chapter 4, is required to be smaller than three. Another requirement

to reduce the background from hadronic activity is the muon isolation. The

summed pT of all particles in a cone of ∆R < 0.2 (∆R as in eq. 7.7) around

the muon should be less than 10 % of its own pT . Muons can be measured in
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the pseudorapdity region up to 2.4 and their pT is required to be larger than

20 GeV, which is well above the trigger threshold of 18 GeV.

6.1.3 Jet Reconstruction

6.1.3.1 Jet Algorithm

Jets are clustered according to a sequential recombination algorithm, which

means they are reconstructed by iteratively recombining individual final state

particles (or calorimeter cells) based on a certain measurement of the kine-

matic distance between the the particles. The recombined particles are then

called pseudo jets and will be used as an input to the next step of the algo-

rithm. The algorithm is iterated until there are no pseudo jets in the vicinity

of each other closer than a certain value R. All sequential recombination al-

gorithms in general are stable w.r.t. infrared and collinear emissions. The

difference between the algorithms are how the distance between the pseudo

jets is measured. In the Anti-kt [122] algorithm as used in ATLAS, the dis-

tance between particles is defined as:

di,j = min(1/k2Ti, 1/k
2
Tj)∆R(i, j), (6.1)

where ∆R(i, j) is defined by equation 7.7. Iterative recombination algorithms

function in such a way that in each step the two closest particles (according to

formula 6.1) are combined. Once the smallest di,j between a pseudo jet and

any other particle j is larger than a parameter R, this pseudo jet is upgraded

to a jet. In this analysis the parameter R is set to 0.4.

In the case that both particles i and j are soft, the momentum factor

(min(1/k2Ti, 1/k
2
Tj) in eq. 6.1) will be large. If either one of the particles i or

j is hard and the other is soft, the distance will on the other hand be small

and they will form a pseudo jet, depending on their separation ∆R(i, j).

The advantage of this definition is that the 2D-shape of a jet is very close

to a circle in η− φ-space, while the 2D-shape is very insensitive to additional

soft particles. This means that if a new soft particle is added to the event,

it is predictable to which jet it will be added. Because the jet surface is well
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A minimum pT of the electrons is set to 20 GeV/c2 in accordance with the

cut on the pT of the muons which is constrained by the trigger threshold of

18 GeV.
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A successful TRT extension if the track is in the range of 0.1 < |η| <
1.9).

To reduce the selection of muons originating from hadronic decays and

long living particle decays, the transverse impact parameter significance ( d0

σd0
),

defined in chapter 4, is required to be smaller than three. Another requirement

to reduce the background from hadronic activity is the muon isolation. The

summed pT of all particles in a cone of ∆R < 0.2 (∆R as in eq. 7.7) around

the muon should be less than 10 % of its own pT . Muons can be measured in
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the pseudorapdity region up to 2.4 and their pT is required to be larger than

20 GeV, which is well above the trigger threshold of 18 GeV.

6.1.3 Jet Reconstruction

6.1.3.1 Jet Algorithm

Jets are clustered according to a sequential recombination algorithm, which

means they are reconstructed by iteratively recombining individual final state

particles (or calorimeter cells) based on a certain measurement of the kine-

matic distance between the the particles. The recombined particles are then

called pseudo jets and will be used as an input to the next step of the algo-

rithm. The algorithm is iterated until there are no pseudo jets in the vicinity

of each other closer than a certain value R. All sequential recombination al-

gorithms in general are stable w.r.t. infrared and collinear emissions. The

difference between the algorithms are how the distance between the pseudo

jets is measured. In the Anti-kt [122] algorithm as used in ATLAS, the dis-

tance between particles is defined as:

di,j = min(1/k2Ti, 1/k
2
Tj)∆R(i, j), (6.1)

where ∆R(i, j) is defined by equation 7.7. Iterative recombination algorithms

function in such a way that in each step the two closest particles (according to

formula 6.1) are combined. Once the smallest di,j between a pseudo jet and

any other particle j is larger than a parameter R, this pseudo jet is upgraded

to a jet. In this analysis the parameter R is set to 0.4.

In the case that both particles i and j are soft, the momentum factor

(min(1/k2Ti, 1/k
2
Tj) in eq. 6.1) will be large. If either one of the particles i or

j is hard and the other is soft, the distance will on the other hand be small

and they will form a pseudo jet, depending on their separation ∆R(i, j).

The advantage of this definition is that the 2D-shape of a jet is very close

to a circle in η− φ-space, while the 2D-shape is very insensitive to additional

soft particles. This means that if a new soft particle is added to the event,

it is predictable to which jet it will be added. Because the jet surface is well



114

CHAPTER 6

defined, the estimation of pile up contribution has a smaller uncertainty w.r.t.

other jet definitions [123].

6.1.3.2 Jet Calibration

In theory, the inputs to the jet algorithm are hadronic particles. However,

in a detector one cannot always distinguish individual particles. Instead the

most precise input that is available are the energy deposits in calorimeter

cells. In ATLAS, these cells are called topological clusters. Figure 6.2 shows

a schematic overview of the reconstruction and calibration procedure of jets

in ATLAS.

Figure 6.2: Schematical overview of the jet reconstruction and calibra-
tion procedure in the ATLAS detector [124]. (A) The different inputs
to the jet algorithm are truth particles, tracks or calorimeter clusters.
Calorimeter clusters can either be calibrated before (LCW) or after the
jet finding (EM). (B) After the (EM/LCW) calorimeter clusters are re-
combined to form jets, a Jet Energy Scale (JES) adjustment is applied to
further apply a calibration to the jets.
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Part 6.2 (A) shows the different types of input to a jet finding algorithm:

Tracks and calorimeter clusters in case of detector reconstruction result in

track jets and calorimeter jets, respectively. The calorimeter jets used in this

analysis use Local Calibration Weights (LCW). This means that calorime-

ter clusters are first calibrated before they are provided to the jet algorithm

(lowest line in figure 6.2 (A)).

After the jet algorithm provides its jet definitions, an additional Jet Energy

Scale (JES) correction is applied as is shown in figure 6.2. This correction

includes pile up subtraction, an origin correction that forces the jet to point

at the reconstructed primary vertex, a MC-dependent calibration and an in

situ calibration applied. All are applied to each jet individually. The MC

calibrations are derived from comparing MC truth jets to fully simulated jets

and deriving correction factors as a function of the pT and the pseudorapidity

of the jets. In situ calibrations are derived from measuring the momentum

balance in events where a jet recoils against a Z boson or a photon, which

both can be measured with high precision.

The uncertainty on measured jet properties are especially high in the re-

gions of low pT and large pseudorapidity as is shown later in this chapter in

figure 6.10. The DPI/SPI ratio, however, drops for higher transverse momenta

since DPI jets do not recoil against a heavy object such as the Z-boson. At

the same time, the ratio does not depend on the pseudorapidity. The pseudo-

rapidity of the jets is therefore restricted to |η| < 2.4. At the same time, the

threshold on the pT of the jets is lowered to 25 GeV, which does not signif-

icantly increase the systematic uncertainty in the central region. The choice

for these kinematic jet cuts is supported at the end of this chapter, in tables

6.6 and 6.7, where the uncertainties are summarised for different cuts.

6.1.3.3 JVF Cut

At the high luminosity of the 2012 LHC dataset (≈ 6 − 8 · 1033 cm−2s−2),

the possibility arises that there is so much pileup in the event that a jet can

be reconstructed by only pileup contribution. To reduce the probability that

clusters with high pileup activity are selected as real jets, a Jet Vertex Fraction

(JVF) cut is be applied. The JVF is computed centrally and is defined as



115

CHAPTER 6

defined, the estimation of pile up contribution has a smaller uncertainty w.r.t.

other jet definitions [123].

6.1.3.2 Jet Calibration

In theory, the inputs to the jet algorithm are hadronic particles. However,

in a detector one cannot always distinguish individual particles. Instead the

most precise input that is available are the energy deposits in calorimeter

cells. In ATLAS, these cells are called topological clusters. Figure 6.2 shows

a schematic overview of the reconstruction and calibration procedure of jets

in ATLAS.

Figure 6.2: Schematical overview of the jet reconstruction and calibra-
tion procedure in the ATLAS detector [124]. (A) The different inputs
to the jet algorithm are truth particles, tracks or calorimeter clusters.
Calorimeter clusters can either be calibrated before (LCW) or after the
jet finding (EM). (B) After the (EM/LCW) calorimeter clusters are re-
combined to form jets, a Jet Energy Scale (JES) adjustment is applied to
further apply a calibration to the jets.

EVENT RECONSTRUCTION

Part 6.2 (A) shows the different types of input to a jet finding algorithm:

Tracks and calorimeter clusters in case of detector reconstruction result in

track jets and calorimeter jets, respectively. The calorimeter jets used in this

analysis use Local Calibration Weights (LCW). This means that calorime-

ter clusters are first calibrated before they are provided to the jet algorithm
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includes pile up subtraction, an origin correction that forces the jet to point

at the reconstructed primary vertex, a MC-dependent calibration and an in

situ calibration applied. All are applied to each jet individually. The MC

calibrations are derived from comparing MC truth jets to fully simulated jets

and deriving correction factors as a function of the pT and the pseudorapidity

of the jets. In situ calibrations are derived from measuring the momentum

balance in events where a jet recoils against a Z boson or a photon, which

both can be measured with high precision.

The uncertainty on measured jet properties are especially high in the re-

gions of low pT and large pseudorapidity as is shown later in this chapter in

figure 6.10. The DPI/SPI ratio, however, drops for higher transverse momenta

since DPI jets do not recoil against a heavy object such as the Z-boson. At

the same time, the ratio does not depend on the pseudorapidity. The pseudo-

rapidity of the jets is therefore restricted to |η| < 2.4. At the same time, the

threshold on the pT of the jets is lowered to 25 GeV, which does not signif-

icantly increase the systematic uncertainty in the central region. The choice

for these kinematic jet cuts is supported at the end of this chapter, in tables

6.6 and 6.7, where the uncertainties are summarised for different cuts.

6.1.3.3 JVF Cut

At the high luminosity of the 2012 LHC dataset (≈ 6 − 8 · 1033 cm−2s−2),

the possibility arises that there is so much pileup in the event that a jet can

be reconstructed by only pileup contribution. To reduce the probability that

clusters with high pileup activity are selected as real jets, a Jet Vertex Fraction

(JVF) cut is be applied. The JVF is computed centrally and is defined as
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the scalar sum of the pT of the tracks in the jet area coming from the same

primary vertex, divided by the scalar pT sum of all tracks in the jet area.

JV F (jeti, vtxj) =

∑
k |pT |(trk

jeti
k , vtxj)∑

n

∑
p |pT |(trk

jeti
p , vtxn)

. (6.2)

The JVF should be higher than 50 % for jets with a pT lower than 50 GeV.

This cut was studied by the Jet-Etmiss group in ATLAS and figure 6.3 shows

that it very effectively rejects jets from pileup.
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Figure 6.3: The effectivity of the JVF cut for the reduction of pileup
jets.

6.1.3.4 Overlap Removal

An additional requirement that is applied to the jets in the Z selection, is that

they should not overlap with the leptons. If there is an accepted lepton in the

vicinity of ∆R(l, j) < 0.4, the jet is removed from the list of jet candidates.

The cut on ∆R(l, j) is specific to the Z + 2 jets event category and cannot

be applied directly to the 2jets event category. However an additional correc-

tion is applied to to ensure that the same efficiency in both event categories is
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achieved. For this purpose, a 2 dimensional histogram of the leading and sub

leading lepton pseudorapidity and azimuthal angle (η, φ) is measured from

the Z + 2 jets data. In the 2 jets selection the directions of the leptons are

sampled from this histogram and if a jet overlaps with one of these sampled

lepton directions, it is removed from the list of jet candidates.

6.1.4 Summary

In this chapter I described all the reconstruction methods for the three impor-

tant types of physics objects: electrons, muons and jets. In the next section

the definitions of the full event reconstruction for three different categories

will be explained. Table 6.1 summarises the selection requirements for the

three different physics objects.

Electrons Muons Jets

Medium identification 3rd chain muons LCW+JES calibration∑
∆R<0.2 pT (track)

pT (Muon) < 0.1 Anti-kT algorithm
d0

σd0
< 3 JV F > 0.5

ID hit requirements ∆R(l, j) > 0.4
pT > 20 GeV pT > 20 GeV pT > 25 GeV

1.37 < |η| < 1.52 or |η| < 2.4 |η| < 2.4
|η| < 2.47

Table 6.1: Object selection summary.

6.2 Event Selection

The calculation of σeff depends on three separate cross section as is indicated

by equation 2.6. In the case of a DPI measurement in Z + 2 jets events, the

three cross sections are for the σZ+0jet, σ2jets and σDPI
Z+2jets (Z + 2 jets events

solely from the DPI process). The measurements of these three input cross

sections is done by defining three categories of different event selections as

indicated in table 6.2. The object selection for three categories is the same

and summarised in table 6.1. A minor difference between the jet selections in
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the scalar sum of the pT of the tracks in the jet area coming from the same

primary vertex, divided by the scalar pT sum of all tracks in the jet area.

JV F (jeti, vtxj) =

∑
k |pT |(trk

jeti
k , vtxj)∑

n

∑
p |pT |(trk

jeti
p , vtxn)

. (6.2)

The JVF should be higher than 50 % for jets with a pT lower than 50 GeV.

This cut was studied by the Jet-Etmiss group in ATLAS and figure 6.3 shows

that it very effectively rejects jets from pileup.
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6.1.3.4 Overlap Removal

An additional requirement that is applied to the jets in the Z selection, is that

they should not overlap with the leptons. If there is an accepted lepton in the

vicinity of ∆R(l, j) < 0.4, the jet is removed from the list of jet candidates.

The cut on ∆R(l, j) is specific to the Z + 2 jets event category and cannot

be applied directly to the 2jets event category. However an additional correc-

tion is applied to to ensure that the same efficiency in both event categories is
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achieved. For this purpose, a 2 dimensional histogram of the leading and sub

leading lepton pseudorapidity and azimuthal angle (η, φ) is measured from

the Z + 2 jets data. In the 2 jets selection the directions of the leptons are

sampled from this histogram and if a jet overlaps with one of these sampled

lepton directions, it is removed from the list of jet candidates.

6.1.4 Summary

In this chapter I described all the reconstruction methods for the three impor-

tant types of physics objects: electrons, muons and jets. In the next section

the definitions of the full event reconstruction for three different categories

will be explained. Table 6.1 summarises the selection requirements for the

three different physics objects.

Electrons Muons Jets

Medium identification 3rd chain muons LCW+JES calibration∑
∆R<0.2 pT (track)

pT (Muon) < 0.1 Anti-kT algorithm
d0

σd0
< 3 JV F > 0.5

ID hit requirements ∆R(l, j) > 0.4
pT > 20 GeV pT > 20 GeV pT > 25 GeV

1.37 < |η| < 1.52 or |η| < 2.4 |η| < 2.4
|η| < 2.47

Table 6.1: Object selection summary.

6.2 Event Selection

The calculation of σeff depends on three separate cross section as is indicated

by equation 2.6. In the case of a DPI measurement in Z + 2 jets events, the

three cross sections are for the σZ+0jet, σ2jets and σDPI
Z+2jets (Z + 2 jets events

solely from the DPI process). The measurements of these three input cross

sections is done by defining three categories of different event selections as

indicated in table 6.2. The object selection for three categories is the same

and summarised in table 6.1. A minor difference between the jet selections in



118

CHAPTER 6

the Z + 2 jets and the 2jet categories is in the lepton overlap removal that

is applied artificially to the jets in the 2 jets category as described in section

6.1.3.4.

Selection category Pre-selection Trigger N-leptons N-jets

Z + 2 jets � Lepton 2 2
Z + 0 jet � Lepton 2 0
2 jets � Jet (prescaled) 0 2

Table 6.2: Summary of event selections for the three different categories.

A Z boson is selected by requiring two oppositely charged, equally flavored

leptons to have an invariant mass between 71 and 101 GeV/c2. In addition

to selecting a specific number of objects in each event category, events should

also pass vertex reconstruction, trigger and data quality requirements. These

will be described in the following sections.

6.2.1 Vertex Reconstruction

In the context of the high pileup conditions in the 2012 dataset, it is crucial

to identify each proton-proton collision as precisely as possible. A precise

vertex reconstruction is especially important for DPI analyses, since additional

proton-proton collisions are a potential background to these processes. A

comprehensive explanation on how vertices are reconstructed in ATLAS can

be found in for example [125]. In this section, primarily the performance

and its influence on vertex merging will be evaluated. The performance of the

vertex reconstruction in ATLAS was addressed in [126]. The vertex resolution

can be extracted from the data by measuring the distance between two vertices

in a large dataset. The result is shown in figure 6.4. With a perfect vertex

reconstruction, the distribution of the distance between two vertices would be

a Gaussian with a width of
√
2 times the length of the beam spot. However,

the figure shows a drop around ∆Z = 0, which indicates that vertices are very

likely to merge if they are closer than ≈ 5 mm.

Next to the possibility of two vertices merging, a single vertex could also

be misreconstructed as two separate vertices. This phenomenon is called a
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Figure 6.4: Distance between two reconstructed vertices. The drop at
∆Z = 0 shows that vertices are likely to merge when they are closer than
≈ 5 mm. [126]

split vertex. Even though ATLAS has a very precise vertex reconstruction,

there will be primary vertices with contamination of pileup vertices. Figure

6.5 shows the fraction of vertices with low pileup contribution (> 30%, blue

line), high pileup contribution (> 50%, red line) and split vertices (green) as a

function of the number of proton-proton interactions per bunch crossing (µ).

The figure indicates that for a number of interactions per bunch crossing of 20,

approximately 5% of the vertices have a low contamination from pileup and

even less have a high contamination. For a very large number of interactions

per bunch crossing (40), these values are approximately twice as high.

A merged vertex causes a potential background to DPI events. If for ex-

ample a Z boson was created in a vertex and the pileup influence causes a

high deposition of energy in the calorimeter, a jet could be mimicked that

is not vetoed by the JVF cut. Another case is that two real hard jets are

produced in the second vertex. However, we can assume that these two cases

form only a small fraction of the cases in which two vertices merge since the

di-jet cross section decreases exponentially as a function of the pT and the

majority of vertices are dominated by low-pT QCD interactions. Therefore we

can safely assume that merged vertices are only a very small background to
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the Z + 2 jets and the 2jet categories is in the lepton overlap removal that

is applied artificially to the jets in the 2 jets category as described in section
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6.5 shows the fraction of vertices with low pileup contribution (> 30%, blue

line), high pileup contribution (> 50%, red line) and split vertices (green) as a

function of the number of proton-proton interactions per bunch crossing (µ).

The figure indicates that for a number of interactions per bunch crossing of 20,

approximately 5% of the vertices have a low contamination from pileup and

even less have a high contamination. For a very large number of interactions

per bunch crossing (40), these values are approximately twice as high.

A merged vertex causes a potential background to DPI events. If for ex-

ample a Z boson was created in a vertex and the pileup influence causes a

high deposition of energy in the calorimeter, a jet could be mimicked that

is not vetoed by the JVF cut. Another case is that two real hard jets are

produced in the second vertex. However, we can assume that these two cases

form only a small fraction of the cases in which two vertices merge since the

di-jet cross section decreases exponentially as a function of the pT and the

majority of vertices are dominated by low-pT QCD interactions. Therefore we

can safely assume that merged vertices are only a very small background to
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Figure 6.5: Different scenarios in pileup reconstruction as a function
of the interactions per bunch crossing: clean reconstruction (black line),
merged vertices with low pileup contribution (blue line) or high pileup
contribution (red line), and split vertices (green line). [126]

DPI processes. Nonetheless, the influence of pileup on the vertex reconstruc-

tion should still be incorporated in the detector simulation of events. This

can be achieved by adding “minimum bias” events to the event record before

applying GEANT simulation of the ATLAS detector. A minimum bias event

is defined as all types of inelastic non-diffractive proton-proton collisions and

includes soft QCD, hard QCD and electroweak processes. If the distribution

of the number of added minimum bias events is matched to the distribution of

the interactions per bunch crossing in the event selection, this method should

very reliably include the influence from proton-proton collisions. In figure 6.6

the number of primary vertices per bunch crossing is measured as a function of

the number of interactions per bunch crossings in 2011 data. The figure shows

a very good agreement between simulation and data and therefore indicates

that the simulation of the vertex reconstruction is very well modelled.
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Figure 6.6: Comparison between data and simulation of the number
of primary vertices as a function of the number interactions per bunch
crossings. The figure shows a very good agreement between data and
Monte Carlo and therefore indicates a very good modelling of the vertex
reconstruction. [126]

6.2.2 Data Quality Requirements

Before selecting the event, it should fulfill a number of data quality condi-

tions, usually referred to as the pre-selection criteria. The primary vertex of

the event should at least have three assigned inner detector tracks. Events in

which there are indicated errors in the LAr calorimeter and the Tile calorime-

ter are vetoed. An event is also vetoed if a jet is likely to originate from

either electronic noise in the calorimeters or from non-collision background.

The presence of such a “bad” jet indicates that other parts of the detector are

likely to be influenced by electronic noise or non-collision background and it

is safer to veto the complete event.

6.2.3 Event Triggering

Events in the Z+ 0,2 jet categories are selected by applying di-lepton trig-

gers. The muon trigger is EF mu18 tight mu8 EFFS. The two electron trig-

gers, of which either one is required to be fired, are: EF 2e12Tvh loose1 and

EF 2e12Tvh loose1 L2StarB.
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Figure 6.5: Different scenarios in pileup reconstruction as a function
of the interactions per bunch crossing: clean reconstruction (black line),
merged vertices with low pileup contribution (blue line) or high pileup
contribution (red line), and split vertices (green line). [126]
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tions, usually referred to as the pre-selection criteria. The primary vertex of

the event should at least have three assigned inner detector tracks. Events in

which there are indicated errors in the LAr calorimeter and the Tile calorime-

ter are vetoed. An event is also vetoed if a jet is likely to originate from

either electronic noise in the calorimeters or from non-collision background.

The presence of such a “bad” jet indicates that other parts of the detector are

likely to be influenced by electronic noise or non-collision background and it

is safer to veto the complete event.

6.2.3 Event Triggering

Events in the Z+ 0,2 jet categories are selected by applying di-lepton trig-

gers. The muon trigger is EF mu18 tight mu8 EFFS. The two electron trig-

gers, of which either one is required to be fired, are: EF 2e12Tvh loose1 and

EF 2e12Tvh loose1 L2StarB.
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The triggering for the 2 jets selection is a somewhat more complex proce-

dure, as there are twelve different triggers with each different prescales and

momentum thresholds. An event is only accepted if the jet pT is above the

99.5 % efficiency threshold of the trigger. A summary of which prescales are

applied and which jet momentum thresholds are required for each jet trigger

is presented in table 6.3.

Leading jet pT Fired trigger Luminosity weight

25 GeV < pT < 50 GeV EF j15 a4tchad 8/0.014734
50 GeV < pT < 100 GeV EF j25 a4tchad 8/0.014734
100 GeV < pT < 136 GeV EF j55 a4tchad 1/0.441786
136 GeV < pT < 190 GeV EF j80 a4tchad 1/2.3164
190 GeV < pT < 204 GeV EF j110 a4tchad 1/9.81141
204 GeV < pT < 252 GeV EF j145 a4tchad 1/36.2647
252 GeV < pT < 304 GeV EF j180 a4tchad 1/78.7753
304 GeV < pT < 404 GeV EF j220 a4tchad 1/261.379
404 GeV < pT < 522 GeV EF j280 a4tchad 1/1164.69

pT > 522 GeV EF j360 a4tchad 1./20277.1

Table 6.3: Applied luminosity weights as a function of the leading jet pT
and the fired trigger for the 2 jets event selection.

6.3 Background Estimation

The largest background to Z + 2 jets production from DPI is Z + 2 jets

from SPI. Chapter 3 explains how this background can be estimated by using

MC techniques. Other backgrounds to Z production are the dileptonic decay

channel of tt̄, diboson processes WW,WZ,ZZ, single top and QCD multijet

events in which leptons are produced in the jet formation, or jets are mis-

reconstructed as leptons. Finally, events where a Z-boson decays into two

τ -leptons, which both decay into either two electrons or muons are also re-

garded as background. The QCD background is estimated by exploiting a

data-driven method. This cannot be estimated by using simulation, since the

effect that a jet fakes an isolated lepton only occurs very rarely (≈ 0.001% of

the jets fake a lepton [127]) and would therefore require a very large set of
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detector-simulated events. For the tt̄ and single top backgrounds, three com-

bined control regions are defined in which the estimations of MC generators

are verified. The other backgrounds are estimated purely by the use of MC

generators. In the next two sections I will explain how the control regions for

the top and QCD processes are constructed.

6.3.1 Top Control Regions

The basic selection for the top control regions is the same as for the Z → ll

selection, but requiring an electron together with a muon, instead of two

same-flavour leptons. At least two jets should be reconstructed. To reduce

the remaining backgrounds, there are three separate requirements applied for

the three Control Regions (CR):

CR 1: pT (jet1) > 80 GeV

CR 2: ETMiss > 60 GeV

CR 3: At least one b-tagged jet

Figure 6.7 shows the number of jets for the three control regions in compar-

ison to the prediction given by the POWHEG+Pythia generator combination.

They show that the number of jets is very well modelled by this generator

up to a number of 6 jets. The modelling of the number of jets in an event is

sensitive to higher order effects. Showing that this distribution is well mod-

elled for more than two jets is an indication of a good modelling of the overall

event topology.

In addition to the number of jets, also other variables are tested. For

example, the pT of the jets and the azimuthal angle between the jets are de-

scribed very well by the MC. The conclusion of this study is that it is justified

to estimate the top-related backgrounds by using the POWHEG+Pythia MC

sample.

6.3.2 Fake Backgrounds

QCD-processes can produce a background to Z + jets events in two ways: ei-

ther real leptons are created in the formation of jets and pass the isolation and
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The triggering for the 2 jets selection is a somewhat more complex proce-

dure, as there are twelve different triggers with each different prescales and

momentum thresholds. An event is only accepted if the jet pT is above the

99.5 % efficiency threshold of the trigger. A summary of which prescales are

applied and which jet momentum thresholds are required for each jet trigger

is presented in table 6.3.

Leading jet pT Fired trigger Luminosity weight

25 GeV < pT < 50 GeV EF j15 a4tchad 8/0.014734
50 GeV < pT < 100 GeV EF j25 a4tchad 8/0.014734
100 GeV < pT < 136 GeV EF j55 a4tchad 1/0.441786
136 GeV < pT < 190 GeV EF j80 a4tchad 1/2.3164
190 GeV < pT < 204 GeV EF j110 a4tchad 1/9.81141
204 GeV < pT < 252 GeV EF j145 a4tchad 1/36.2647
252 GeV < pT < 304 GeV EF j180 a4tchad 1/78.7753
304 GeV < pT < 404 GeV EF j220 a4tchad 1/261.379
404 GeV < pT < 522 GeV EF j280 a4tchad 1/1164.69

pT > 522 GeV EF j360 a4tchad 1./20277.1

Table 6.3: Applied luminosity weights as a function of the leading jet pT
and the fired trigger for the 2 jets event selection.
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garded as background. The QCD background is estimated by exploiting a

data-driven method. This cannot be estimated by using simulation, since the

effect that a jet fakes an isolated lepton only occurs very rarely (≈ 0.001% of

the jets fake a lepton [127]) and would therefore require a very large set of
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detector-simulated events. For the tt̄ and single top backgrounds, three com-

bined control regions are defined in which the estimations of MC generators

are verified. The other backgrounds are estimated purely by the use of MC

generators. In the next two sections I will explain how the control regions for

the top and QCD processes are constructed.

6.3.1 Top Control Regions

The basic selection for the top control regions is the same as for the Z → ll

selection, but requiring an electron together with a muon, instead of two

same-flavour leptons. At least two jets should be reconstructed. To reduce

the remaining backgrounds, there are three separate requirements applied for

the three Control Regions (CR):

CR 1: pT (jet1) > 80 GeV

CR 2: ETMiss > 60 GeV

CR 3: At least one b-tagged jet

Figure 6.7 shows the number of jets for the three control regions in compar-

ison to the prediction given by the POWHEG+Pythia generator combination.

They show that the number of jets is very well modelled by this generator

up to a number of 6 jets. The modelling of the number of jets in an event is

sensitive to higher order effects. Showing that this distribution is well mod-

elled for more than two jets is an indication of a good modelling of the overall

event topology.

In addition to the number of jets, also other variables are tested. For

example, the pT of the jets and the azimuthal angle between the jets are de-

scribed very well by the MC. The conclusion of this study is that it is justified

to estimate the top-related backgrounds by using the POWHEG+Pythia MC

sample.

6.3.2 Fake Backgrounds

QCD-processes can produce a background to Z + jets events in two ways: ei-

ther real leptons are created in the formation of jets and pass the isolation and
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(a) (b)

(c)

Figure 6.7: Number of jets for the three tt̄ control regions: requiring of
a high-pT jet (A), a large ETMiss (B) or at least one b-tagged jet (C).
These plots are produced by Ulrike Blumenschein in an unpublished

private study.

vertex requirements or hadrons in the jets cause signals in the EM-calorimeter

or muon spectrometer which mimic real leptons. To assess these backgrounds

a data driven technique is used, which is explained below.

A control region for the fake QCD background can be constructed by only

selecting leptons that are very likely originating from jets. In selecting signal

events in the muon channel, the isolation and the d0 requirements are pri-

marily used to reduce the selection of muons faked by jets. For the electron

channel the Medium++ prescription already includes requirements that re-

duce the influence of QCD pollution. Those requirements, as listed in table

6.1, can be inverted to select a pure sample of QCD-events. For electrons, we

will create a template by using same-sign Loose++ electrons that do not pass

the Medium++ requirements. For muons, the d0-significance cut is inverted,
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while the isolation requirement of the muons is dropped. A systematic un-

certainty on the shape of the template is derived by using two different sets

of cuts. The first is created from inverting the isolation, while keeping the

d0 significance cut. The second is created by inverting the isolation, while

dropping the d0 significance cut.

Because this control region is kinematically very close to the signal region,

the events can be used to estimate the shapes of the background in the signal

region. To determine the size or the normalisation of the QCD background, we

are fitting the QCD template together with all the electroweak backgrounds

to the measured data of the reconstructed Z-mass in a large mass-window

(50-150 GeV). The uncertainties on the normalization include:

The statistical uncertainty on the fit

The systematic uncertainties on the electroweak template, including the

JES,JER,lepton scale/ID, trigger efficiency and pileup uncertainties.

A variation in the fitted mass range

A variation on the QCD-template (only in the muon-channel)

A variation in the MC-prediction for the Z → ll template, where the

alternative template is taken from the Sherpa (MENLOPS) generator.

Figures 6.8 and 6.9 show the resulting templates in the full Z-mass region

for the 0 jet and 2 jets selections. Table 6.4 shows the resulting fraction of

QCD events in the full mass region and all its errors. The fraction of events

under the Z-peak (71-111 GeV) is in the order of three times smaller than the

fraction in the full mass range.

6.4 Uncertainties

Each item in the event selection incurs a corresponding uncertainty. The

dominating uncertainties originate from the measurements of the jet energy,

although we are also including the uncertainties on the muon energy, the trig-

ger efficiency and the pileup reweighting procedure. Below I will explain how
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Figure 6.7: Number of jets for the three tt̄ control regions: requiring of
a high-pT jet (A), a large ETMiss (B) or at least one b-tagged jet (C).
These plots are produced by Ulrike Blumenschein in an unpublished

private study.

vertex requirements or hadrons in the jets cause signals in the EM-calorimeter

or muon spectrometer which mimic real leptons. To assess these backgrounds

a data driven technique is used, which is explained below.

A control region for the fake QCD background can be constructed by only

selecting leptons that are very likely originating from jets. In selecting signal

events in the muon channel, the isolation and the d0 requirements are pri-

marily used to reduce the selection of muons faked by jets. For the electron

channel the Medium++ prescription already includes requirements that re-

duce the influence of QCD pollution. Those requirements, as listed in table

6.1, can be inverted to select a pure sample of QCD-events. For electrons, we

will create a template by using same-sign Loose++ electrons that do not pass

the Medium++ requirements. For muons, the d0-significance cut is inverted,
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while the isolation requirement of the muons is dropped. A systematic un-

certainty on the shape of the template is derived by using two different sets

of cuts. The first is created from inverting the isolation, while keeping the

d0 significance cut. The second is created by inverting the isolation, while

dropping the d0 significance cut.

Because this control region is kinematically very close to the signal region,

the events can be used to estimate the shapes of the background in the signal

region. To determine the size or the normalisation of the QCD background, we

are fitting the QCD template together with all the electroweak backgrounds

to the measured data of the reconstructed Z-mass in a large mass-window

(50-150 GeV). The uncertainties on the normalization include:

The statistical uncertainty on the fit

The systematic uncertainties on the electroweak template, including the

JES,JER,lepton scale/ID, trigger efficiency and pileup uncertainties.

A variation in the fitted mass range

A variation on the QCD-template (only in the muon-channel)

A variation in the MC-prediction for the Z → ll template, where the

alternative template is taken from the Sherpa (MENLOPS) generator.

Figures 6.8 and 6.9 show the resulting templates in the full Z-mass region

for the 0 jet and 2 jets selections. Table 6.4 shows the resulting fraction of

QCD events in the full mass region and all its errors. The fraction of events

under the Z-peak (71-111 GeV) is in the order of three times smaller than the

fraction in the full mass range.

6.4 Uncertainties

Each item in the event selection incurs a corresponding uncertainty. The

dominating uncertainties originate from the measurements of the jet energy,

although we are also including the uncertainties on the muon energy, the trig-

ger efficiency and the pileup reweighting procedure. Below I will explain how
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Figure 6.8: Overview of all
processes contributing to events
with 2 muons + 0 jets in the ex-
tended M(Z) (=Mll) spectrum.

Figure 6.9: Overview of all
processes contributing to events
with 2 muons + 2 jets in the ex-
tended M(Z) (=Mll) spectrum.

Muon channel Electron channel
Njet = 0 Njet = 2 Njet = 0 Njet = 2

Estimated event yield: 3.8e+03 6.5e+02 2.5e+04 2.0e+03
Statistical error: 7.7 % 12 % 1.3 % 4.4 %

Experimental uncertainty: 23 % 21 % 18 % 12 %
Fit range variation: 47 % 30 % 9.4 % 7.3 %
Model uncertainty: 46 % 49 % 5.7 % 6.8 %
Template variation: 12 3 X X

Total uncertainty: 69 % 54 % 20 % 15 %

Table 6.4: QCD fractions in Z → ll̂+jets events in the Z-mass range
50-150 GeV

the various uncertainties are estimated and summarise the different compo-

nents.

6.4.1 Jet Energy Scale

The calibration of the calorimeters that is used is referred to as Local Cell

Weighting (LCW) [124]. In this scheme, the calorimeter clusters are cali-

brated by using properties determined prior to the jet finding algorithm. The
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calibration weights are determined from a GEANT simulation of the energy

measurement of charged and neutral pions in the calorimeter. The uncer-

tainty on the calibration is measured in [124] and is broken down into sets of

separate components. For this analysis we are using a set of 15 independent

nuisance parameters:

six parameters as measured from in-situ analyses

two parameters from the eta-intercalibration uncertainty

four parameters that model the uncertainty on the pileup correction

one parameter that models the uncertainty on the flavour composition

of the jet

one parameter that models the uncertainty on the flavour response

The uncertainties are propagated by re-running the analysis twice for each

parameter and scale the jet energy up/down according to the uncertainty. A

summary of these parameters as a function of the pseudorapidity and the pT

of the jet is shown in figure 6.10

(a) Uncertainty on the Jet Energy
Scale as a function of the pT of central
jets.

(b) Uncertainty on the Jet Energy
Scale as a function of the pseudorapid-
ity of jets with a pT ≈ 40 GeV.

Figure 6.10: Uncertainty on the Jet Energy Scale as a function of the
pT and the pseudorapidity.
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Figure 6.8: Overview of all
processes contributing to events
with 2 muons + 0 jets in the ex-
tended M(Z) (=Mll) spectrum.

Figure 6.9: Overview of all
processes contributing to events
with 2 muons + 2 jets in the ex-
tended M(Z) (=Mll) spectrum.
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Statistical error: 7.7 % 12 % 1.3 % 4.4 %

Experimental uncertainty: 23 % 21 % 18 % 12 %
Fit range variation: 47 % 30 % 9.4 % 7.3 %
Model uncertainty: 46 % 49 % 5.7 % 6.8 %
Template variation: 12 3 X X

Total uncertainty: 69 % 54 % 20 % 15 %

Table 6.4: QCD fractions in Z → ll̂+jets events in the Z-mass range
50-150 GeV

the various uncertainties are estimated and summarise the different compo-

nents.

6.4.1 Jet Energy Scale

The calibration of the calorimeters that is used is referred to as Local Cell

Weighting (LCW) [124]. In this scheme, the calorimeter clusters are cali-

brated by using properties determined prior to the jet finding algorithm. The

EVENT RECONSTRUCTION

calibration weights are determined from a GEANT simulation of the energy

measurement of charged and neutral pions in the calorimeter. The uncer-

tainty on the calibration is measured in [124] and is broken down into sets of

separate components. For this analysis we are using a set of 15 independent

nuisance parameters:

six parameters as measured from in-situ analyses

two parameters from the eta-intercalibration uncertainty

four parameters that model the uncertainty on the pileup correction

one parameter that models the uncertainty on the flavour composition

of the jet

one parameter that models the uncertainty on the flavour response

The uncertainties are propagated by re-running the analysis twice for each

parameter and scale the jet energy up/down according to the uncertainty. A

summary of these parameters as a function of the pseudorapidity and the pT

of the jet is shown in figure 6.10

(a) Uncertainty on the Jet Energy
Scale as a function of the pT of central
jets.

(b) Uncertainty on the Jet Energy
Scale as a function of the pseudorapid-
ity of jets with a pT ≈ 40 GeV.

Figure 6.10: Uncertainty on the Jet Energy Scale as a function of the
pT and the pseudorapidity.
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6.4.2 Jet Energy Resolution

Next to an uncertainty on the jet calibrations, calorimeters also have a fi-

nite jet energy resolution. The modelling of the energy resolution of the jet

measurements is done by the GEANT simulation and was tested in [128]. A

result from this study is shown in figure 6.11, in which the jet resolution is

compared between data and simulated events as a function of the jet balance

of the leading two jets in an event. The graph shows that for central jets the

detector simulation is describing the resolution within the uncertainty interval

for central jets (|y| < 0.8). In this study the uncertainty on the resolution

was summarised, of which the relevant information can be found in table 6.5.

Figure 6.11: Resolution on the jet energy as measured in the data, for
four different calibration schemes. The measured resolution is compared
to the resolution obtained from the GEANT model in the lower plot.

Table 6.5: Uncertainty on the jet energy resolution as a function of three
pT bins and four rapidity bins.

Rapidity range pT < 100 GeV 100 GeV < pT < 250 GeV pT > 250 GeV

0 < |y| < 0.8 17% 15% 11%
0.8 < |y| < 1.2 20% 17% 14%
1.2 < |y| < 2.1 20% 17% 18%
2.1 < |y| < 2.8 20% 17% 18%

The uncertainty on the jet energy resolution in the event selections can be

modelled by applying an additional smearing on the jets after the GEANT
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simulation. However, additional smearing only models the upward variation.

Since it is not possible to undo the smearing due to the GEANT simulation if

the original jet momentum is not known, the downward variation is calculated

by symmetrising the final distribution.

6.4.3 Jet Vertex Fraction

A well tested variable that discriminates between real jets and pileup jets is

the JVF as was shown in [129]. The fraction of tracks associated to a jet from

the same primary vertex carries an uncertainty due to track reconstruction

inefficiencies. This uncertainty is estimated by rerunning the analysis with a

JVF cut on the jet selection of 0.47 and 0.53 according to the official ATLAS

recommendation.

6.4.4 Lepton Uncertainties

Just as with the jets, lepton measurements are also subject to uncertainties on

their scale and resolution. By comparing the lepton energy on measured and

simulated data, corrections can be derived to improve the detector modelling.

Each of these corrections will carry an uncertainty, and together they model

the uncertainty on lepton measurements.

Uncertainties on the muons can be divided in three categories. The first is

the uncertainty on the scale correction, the second is the uncertainty on the

resolution correction and the third is the uncertainty on the identification of

the muon. For the electrons there is an additional correction applied for its

reconstruction efficiency.

The uncertainty on the event acceptancy due to the lepton uncertainties

are negligible in comparison to the jet uncertainties.

6.4.5 Trigger efficiency

The performance of the lepton triggers is modelled in the GEANT detector

simulation of ATLAS and the differences between the data and the simulation

is measured [130],[131]. A correction for these differences is applied by using
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6.4.2 Jet Energy Resolution

Next to an uncertainty on the jet calibrations, calorimeters also have a fi-

nite jet energy resolution. The modelling of the energy resolution of the jet

measurements is done by the GEANT simulation and was tested in [128]. A

result from this study is shown in figure 6.11, in which the jet resolution is

compared between data and simulated events as a function of the jet balance

of the leading two jets in an event. The graph shows that for central jets the

detector simulation is describing the resolution within the uncertainty interval

for central jets (|y| < 0.8). In this study the uncertainty on the resolution

was summarised, of which the relevant information can be found in table 6.5.

Figure 6.11: Resolution on the jet energy as measured in the data, for
four different calibration schemes. The measured resolution is compared
to the resolution obtained from the GEANT model in the lower plot.

Table 6.5: Uncertainty on the jet energy resolution as a function of three
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0.8 < |y| < 1.2 20% 17% 14%
1.2 < |y| < 2.1 20% 17% 18%
2.1 < |y| < 2.8 20% 17% 18%

The uncertainty on the jet energy resolution in the event selections can be

modelled by applying an additional smearing on the jets after the GEANT
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simulation. However, additional smearing only models the upward variation.

Since it is not possible to undo the smearing due to the GEANT simulation if

the original jet momentum is not known, the downward variation is calculated

by symmetrising the final distribution.

6.4.3 Jet Vertex Fraction

A well tested variable that discriminates between real jets and pileup jets is

the JVF as was shown in [129]. The fraction of tracks associated to a jet from

the same primary vertex carries an uncertainty due to track reconstruction

inefficiencies. This uncertainty is estimated by rerunning the analysis with a

JVF cut on the jet selection of 0.47 and 0.53 according to the official ATLAS

recommendation.

6.4.4 Lepton Uncertainties

Just as with the jets, lepton measurements are also subject to uncertainties on

their scale and resolution. By comparing the lepton energy on measured and

simulated data, corrections can be derived to improve the detector modelling.

Each of these corrections will carry an uncertainty, and together they model

the uncertainty on lepton measurements.

Uncertainties on the muons can be divided in three categories. The first is

the uncertainty on the scale correction, the second is the uncertainty on the

resolution correction and the third is the uncertainty on the identification of

the muon. For the electrons there is an additional correction applied for its

reconstruction efficiency.

The uncertainty on the event acceptancy due to the lepton uncertainties

are negligible in comparison to the jet uncertainties.

6.4.5 Trigger efficiency

The performance of the lepton triggers is modelled in the GEANT detector

simulation of ATLAS and the differences between the data and the simulation

is measured [130],[131]. A correction for these differences is applied by using
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a scale-factor, which is defined by equation 6.3.

SF =
1−

∏N
n=1(1− εData,n)

1−
∏N

n=1(1− εMC,n)
. (6.3)

The systematic errors for these scale factors are determined by varying

input assumptions on its derivation, such as the momentum resolution, the

bin-size, the matching requirement of the tag-and-probe method and the MC-

simulation model. The total uncertainty on the triggering is 1.4 % for the

electron trigger and 4% for the muon trigger. This difference is likely to

originate from the high upper threshold of 18 GeV in the muon trigger which

is close to the muon selection threshold of 20 GeV.

6.4.6 Pile-up Reweighting

Effects from pileup are modelled by adding simulated minimum bias events

to the MC-event. After the simulation is performed, the average number

of interactions per bunch crossing in MC-samples is compared to the actual

distribution in the data and MC-events are re-weighted in such a way that

the distributions will match afterwards. A systematic variation is derived by

varying the average correction with 3%. The propagated error to the final

event selection is in the order of 1% as is shown in tables 6.6 and 6.7.

6.4.7 Theoretical Uncertainty

Modelling Z boson production in proton-proton collisions depends on a num-

ber of parameters with non-negligible uncertainty. In chapter 3 it was already

explained that there are various methods of modelling the production of a

Z associated with two jets. In short, the uncertainty can be divided in five

categories:

The PDF uncertainty

Uncertainties in the modelling of the hard scattering

Uncertainties in modelling virtual corrections (the parton shower)
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Uncertainties in modelling non-perturbative corrections in the hadroni-

sation process

Uncertainties in the underlying event model

Ideally, all these uncertainties are addressed separately and most of these

categories should even be broken down into several sub-sources of uncertainty.

However, the necessary ATLAS samples to calculate these uncertainties are

not available. Instead of evaluating these sources separately, the difference

between the Alpgen+Pythia6 and the Sherpa generators will be used as an

estimations of the theoretical uncertainty. The MPI partons cannot be traced

in the samples from these generators and therefore the following assumption is

made. The relative bin-by-bin uncertainty derived from the Alpgen+Pythia6

and the Sherpa generators is assumed to be independent of the DPI veto.

Therefore the up and down variations obtained from comparing the Alp-

gen+Pythia6 and the Sherpa generators can directly be applied on the his-

tograms obtained from the Alpgen+Herwig+Jimmy generator configuration

in which the DPI events are vetoed. The up and down variations are calcu-

lated as;

α+ =
Alpgen− Sherpa

Alpgen+ Sherpa

α− =
Sherpa−Alpgen

Alpgen+ Sherpa
.

(6.4)

(6.5)

And they are applied as:

Theory+ = (1 + α+) ·AlpgenJimmyDPI−veto

Theory− = (1 + α−) ·AlpgenJimmyDPI−veto.

(6.6)

(6.7)

6.4.8 Summarised Estimated Uncertainties

If the uncertainties are uncorrelated, they can be added square-wise to esti-

mate the total uncertainty. Tables 6.6 and 6.7 show the estimated uncertain-

ties on the total event selection for different jet selections It must be noted

that the uncertainty on the total event selection might be very different from
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The systematic errors for these scale factors are determined by varying

input assumptions on its derivation, such as the momentum resolution, the

bin-size, the matching requirement of the tag-and-probe method and the MC-

simulation model. The total uncertainty on the triggering is 1.4 % for the

electron trigger and 4% for the muon trigger. This difference is likely to

originate from the high upper threshold of 18 GeV in the muon trigger which

is close to the muon selection threshold of 20 GeV.
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to the MC-event. After the simulation is performed, the average number

of interactions per bunch crossing in MC-samples is compared to the actual

distribution in the data and MC-events are re-weighted in such a way that

the distributions will match afterwards. A systematic variation is derived by

varying the average correction with 3%. The propagated error to the final
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6.4.7 Theoretical Uncertainty

Modelling Z boson production in proton-proton collisions depends on a num-

ber of parameters with non-negligible uncertainty. In chapter 3 it was already

explained that there are various methods of modelling the production of a

Z associated with two jets. In short, the uncertainty can be divided in five

categories:
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Uncertainties in the modelling of the hard scattering

Uncertainties in modelling virtual corrections (the parton shower)
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Uncertainties in modelling non-perturbative corrections in the hadroni-

sation process

Uncertainties in the underlying event model

Ideally, all these uncertainties are addressed separately and most of these

categories should even be broken down into several sub-sources of uncertainty.

However, the necessary ATLAS samples to calculate these uncertainties are

not available. Instead of evaluating these sources separately, the difference

between the Alpgen+Pythia6 and the Sherpa generators will be used as an

estimations of the theoretical uncertainty. The MPI partons cannot be traced

in the samples from these generators and therefore the following assumption is

made. The relative bin-by-bin uncertainty derived from the Alpgen+Pythia6

and the Sherpa generators is assumed to be independent of the DPI veto.

Therefore the up and down variations obtained from comparing the Alp-

gen+Pythia6 and the Sherpa generators can directly be applied on the his-

tograms obtained from the Alpgen+Herwig+Jimmy generator configuration

in which the DPI events are vetoed. The up and down variations are calcu-

lated as;
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.

(6.4)
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And they are applied as:
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(6.6)

(6.7)

6.4.8 Summarised Estimated Uncertainties

If the uncertainties are uncorrelated, they can be added square-wise to esti-

mate the total uncertainty. Tables 6.6 and 6.7 show the estimated uncertain-

ties on the total event selection for different jet selections It must be noted

that the uncertainty on the total event selection might be very different from
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the propagated errors on the fDPI extraction, as especially shape uncertain-

ties are of influence on fDPI . Since the jet selection is an open parameter

in the analysis, in order to minimise the error on fDPI , tables 6.6 and 6.7

show the uncertainties on the Z + 2 jets for three different pT cuts and also

for three different selection criteria w.r.t. the pseudorapidity and JVF. These

errors are calculated with the Alpgen+Pythia6 MEPS samples.

pT > 20 pT > 25 pT > 30
JES: 10.9 % 10.6 % 10.8 %
JER: 8.49% 6.49% 5.94 %
JVF: 2.58% 1.51% 0.92%
Pileup distribution: 0.32% 0.19% 0.11%
Muon: 1.04% 1.05% 1.05%
Muon Trigger: 4.00% 4.00% 4.00%
Electron: 0.7% 0.7% 0.7%
Electron Trigger: 1.6% 1.6% 1.6%
Statistics: 0.15% 0.18% 0.21%

Total: 14.7 % 13.2 % 13.0%

Table 6.6: Uncertainties on the total Z + 2 jets selection as a function
of the jet pT , jets are only measured in the region |η| < 2.4 and a JVF
cut of 0.5 is applied. It is striking that the JES is independent inside this
region, while the JER increases for lower transverse jet momenta.

A general conclusion that can be drawn from these tables is that a restric-

tion to the inner detector region and on top of that, applying a higher JVF

cut reduces the uncertainty largely. Furthermore, when the most restricted

region is used to measure jets, the pT of the jets can be reduced from 30 GeV

to 25 GeV without increasing the uncertainty much.

The uncertainties on the jet measurements in the 2 jet category are very

similar to the uncertainties in the Z + 2 jets category. However, the spectrum

of the pT of the jets is declining more rapidly than the spectrum of the jet pT

in the Z + 2 jets category. Therefore the uncertainties in the 2 jet category

will be somewhat larger. Figure 6.12 shows the spectrum of the subleading

jet for the 2 jet category for the data and Powheg+Pythia MC sample that is

used to estimate the uncertainties. The figure shows that the MC prediction

describes the data correctly, except for the lowest transverse momenta where

EVENT RECONSTRUCTION

|η| < 4.4,
|JV F | > 0.25

|η| < 2.4,
|JV F | > 0.25

|η| < 2.4,
|JV F | > 0.5

JES: 14.6 % 11.9 % 10.6 %
JER: 12.4% 9.89 % 6.49 %
JVF: 0.92% 1. 16% 1.51%

Pileup: 0.74% 0.27% 0.19%
Muon: 1.05% 1.05% 1.05%

Muon Trigger: 4.00% 4.00% 4.00%
Electron: 0.7% 0.7% 0.7%
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Table 6.7: Uncertainties on the total Z + 2 jets selection for three dif-
ferent combinations of the pseudorapidity region and the JVF cut, the
applied pT threshold is 25 GeV. The table shows that by constraining the
pseudorapidity of the jets, and applying a strict JVF cut, both the JES
and the JER can be largely reduced.

the pT of the jets in the MC sample drops more rapidly than the jets in the

data. Consequently, the uncertainties will be somewhat overestimated.

Figure 6.12: Comparison of the subleading jet momentum between the
MC prediction and the data in the 2 jet category.
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6.4.9 Summary

Finally, we summarise the estimations on the background event selections,

the various signal samples and their uncertainties in table 6.8 for the 2 jets

selection and in table 6.9 for the 0 jet selection. The conclusion that can be

drawn from these tables, is that the Z → l+l− channel is very clean, with

small background contributions. While statistical errors remain small for all

samples, the systematic error is relatively large for the Z + 2 jets selection.

For the Z + 0 jet selection, the systematic uncertainties are much smaller since

there is only a cut on the hardest jet, which usually has a lower uncertainty

than the second and third jets. In chapter 8 the uncertainties on the event

selections will be propagated to the final results on fDPI and σeff .

Background Event estimation and uncertainty (syst+stat)

Muon channel Electron channel

QCD 650± 54% 2 · 103 ± 20%

Zττ 56.1± 47% 36.0± 138%

tt̄ 3.35 · 103 ± 5.3% 2.79 · 103 ± 5.0%

Di-Boson 1.65 · 103 ± 7.6% 1.3 · 103 ± 6.0%

Single Top 237± 8.2% 238± 8.6%

Z → l+l− (Alpgen+Pythia) 2.83 · 105 ± 12% 2.08 · 105 ± 12%

Z → l+l− (Sherpa) 2.70 · 105 ± 15% 2.16 · 105 ± 15%

Z → l+l− (Alpgen+Jimmy) 2.72 · 105 ± 13.0% 2.05 · 105 ± 13%

Data 2.73 · 105 ± 0.2% 2.16 · 105 ± 0.2%

Table 6.8: Summary of the background and signal event estimations and
their errors for the 2-jet event selection.

EVENT RECONSTRUCTION

Background Event estimation and uncertainty (syst+stat)

Muon channel Electron channel

QCD 3.29 · 104 ± 69% 5.84 · 104 ± 20%

Zττ 1.66 · 103 ± 4.5% 202.5± 34%

tt̄ 252± 19% 164± 19%

Di-Boson 2.4 · 103 ± 6.0% 1756± 5.3%

Single Top 216± 12% 74.0± 15%

Zµµ (Alpgen+Pythia) 6.24 · 106 ± 4.6% 4.50 · 106 ± 3.1%

Zµµ (Sherpa) 7.36 · 106 ± 4.7% 5.65 · 106 ± 3.2%

Zµµ (Alpgen+Jimmy) 6.5 · 106 ± 4.7% 4.60 · 106 ± 3.2%

Data 6.88 · 106 ± 0.04% 5.09 · 106 ± 0.04%

Table 6.9: Summary of the background and signal event estimations and
their errors for the 0 jet event category.
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Introduction

In chapter 3 it was explained how proton-proton collisions can be simulated

by using Monte Carlo techniques. In practice, these simulated datasets always

suffer from limited statistics. Another restriction is that not for each generator

there is an ATLAS detector-simulated dataset. In this chapter I will first give

a summary of the available ATLAS Z+jets datasets. The second section of

this chapter explains how DPI events are vetoed from one of these datasets

to create a pure SPI Z + 2 jets background sample.

7.1 Z+jets Dataset Summary

It is illustrative to show a comparison of the number of jets and the pT of the

sub-leading jet for different samples of Z+jets events. There are four available

ATLAS samples that are based on the following algorithms:

A MEPS sample in which the matrix elements are calculated by Alpgen

and Pythia6 for the parton shower. The merging is done by the MLM

method.

Alpgen+Herwig+Jimmy: A limited statistics sample, but with the ad-

vantage that MPI-partons can be traced in the event-record

A MENLOPS sample with events calculated by the Sherpa1.4 computer

program.

Z+JETS MONTE CARLO DATASETS

A NLO+PS sample where the NLO Z+0jet matrix elements are calcu-

lated by the Powheg generator and further jet emissions are calculated

by using the Pythia8 parton shower.

Figure 7.1 shows a comparison of the samples with Atlas data for the

number of jets associated with the production of a Z boson. The upper plot

shows all histograms, while the ratio plots show the comparisons with the

individual samples with the data. These ratio plots include all experimental

systematic uncertainties. While the Alpgen samples show a good resemblance

for the jet-bins with 2-3 jets, the MENLOPS Sherpa agrees with the data

where the number of jet is between 0 and 3 jets. The bottom ratio plot

shows the comparison with the Powheg+Pythia8 sample. This sample does

resemble the 0 and 1-jet cross sections very well, but heavily underestimates

the jet rates for Njets ≥ 2 (points not in the range of the ratio plot).

Figure 7.1: Comparison of the number of jets between a number of
samples and the data. The plots show the performances of two MEPS
samples, a MENLOPS sample and a NLOPS sample.

The same comparison can be made for the pT of the leading jet and the

sub-leading jets as in figures 7.2 and 7.3. Again it shows that the MEPS

and the MENLOPS sample describe the momenta of the jets very well. This
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The same comparison can be made for the pT of the leading jet and the

sub-leading jets as in figures 7.2 and 7.3. Again it shows that the MEPS

and the MENLOPS sample describe the momenta of the jets very well. This
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is in contrast to the Powheg+Pythia8 NLOPS sample which only performs

moderately well in describing the leading jet distribution while the spectrum

of the sub-leading jet is not well described. Since the Powheg program requires

the leading jet to be matched to the ME-parton, the sub-leading jet is always

modelled by the parton shower. Figures and 7.2 7.3 show that the transverse

momenta of the jets in the Powheg+Pythia sample are not well modelled.

Therefore it can be concluded that hard jet kinematics are not well modelled

by a parton shower.

Figure 7.2: Comparison of the transverse momentum of the leading jet
between the data and the MC samples.

7.2 MPI and SPI Topology

The following section evaluates a number of distributions that clearly sep-

arate DPI from SPI events. For this investigation both the SPI and DPI

distributions are extracted from the MC sample. First I will present a list

of variables that are especially sensitive to DPI effects. In section 7.3 I will

explain how DPI events are vetoed from the Z+jets MC sample, in order to

construct a clean SPI background sample of events. Finally, the separated

Z+JETS MONTE CARLO DATASETS

Figure 7.3: Comparison of the transverse momentum of the subleading
jet between the data and the MC samples.

DPI and SPI samples are used to estimate signal over background ratios for

the listed variables.

7.2.1 DPI Sensitive Variables

DPI jets can be modelled by regarding them as an independent QCD 2 → 2

interaction. As a consequence, the jets will typically have a lower pT than jets

in the SPI process, since they do not recoil against the heavy Z boson. The

azimuthal angle between the jets will be close to π, because to first order there

are no other particles balancing their momentum. The same reasoning holds

for the Z boson system. The pT of the Z will be lower for DPI events and

the angle φ between the leptons from the Z decay will on average be larger.

Finally, since the two systems should largely be independent, the azimuthal

angle between the di-jet and the reconstructed Z should be flat for DPI events

and peaking at π for SPI-events.

Summarising, there are the following variables that enable discrimination

between DPI and SPI:
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Jet-balance:

∆jj = �pTj1 + �pTj2, (7.1)

which is small for DPI events, as shown in figure 7.6.

Normalised jet-balance:

∆N
jj =

�pTj1 + �pTj2

| �pTj1|+ | �pTj2|
, (7.2)

which peaks close to zero for DPI/back-to-back jets, as shown in figure

7.7.

Angle between the jets in the transverse plane: ∆φ(j, j), peaks near π

for DPI and is more uniformly distributed for SPI.

Normalised lepton-balance:

∆N
ll =

�pTl1 + �pTl2

| �pTl1|+ | �pTl2|
, (7.3)

which peaks towards zero for DPI/back-to-back leptons.

Transverse momentum of the Z boson: pT (Z) = �pTl1 + �pTl2. Peaks

towards small values for DPI.

Azimuthal angle between the leptons: ∆φ(l, l). Peaks near π for DPI,

is more uniformly distributed for SPI.

Azimuthal angle between the two systems: ∆φ(Z, jj). Flat for DPI,

while it peaks at π for SPI.

7.3 DPI Veto in Monte Carlo

In a search for DPI events, special care should be taken in defining the SPI

background processes. We are using Z+jets MC samples that include both

jets from the SPI process and from hard MPI. If we would like to use these

Z+jets samples to model the SPI and soft MPI background of Z + 2 jets DPI

Z+JETS MONTE CARLO DATASETS

events, we first need to strip the DPI events from them. To measure the DPI

fraction in events with Z + 2 jets, it is important to have a clear idea on how

DPI is modelled in event generators. In specific, the fraction of DPI events in

Z + 2 jets events as modelled in MC-generators will be determined:

fDPI =
NDPI

NDPI +NSPI
. (7.4)

In this section I will explain how this can be done, and use the results to show

the event topology of DPI events.

The underlying event cannot be neglected as it significantly contributes to

the energy of SPI jets. Instead, jets should be matched to MPI quarks and

gluons. If it is determined that both jets in the event originate from MPI

partons, the event is identified as a DPI event and it is vetoed. A simple

algorithm will be set up that decides whether a jet originates from a MPI-

parton, based on two kinematic variables:

∆R(jet, parton) < Rcut

pT (parton) > pMax
T ,

(7.5)

(7.6)

where ∆R(i, j) is defined as:

∆R(i, j) =
√
∆η(i, j)2 +∆φ(i, j)2,

η = − ln

(
tan

Θ

2

)
.

(7.7)

(7.8)

η is called the pseudorapidity which approached the rapdity for low mass

particles. The differences between rapidities and pseudorapidities are Lorentz

invariant and are therefore preferred over the polar angles, Θ.

The challenge in this study is to optimize the two variables Rcut and pMax
T

to cut away DPI events as efficiently as possible, while not removing events

with SPI jets from the sample. In this study jets are selected in the region

pT > 25 GeV, |η| < 2.4. very similar to how jets are to be defined in the

analysis chapter 6.
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Figure 7.4 shows a 2-dimensional histogram obtained from the Alpgen+Jimmy

sample that contains both SPI and DPI events. The x-axis of the histogram

gives the parton pT and the y-axis gives the pT of the jet that is matched

with the parton in a cone with Rcut = 1.0. There are two main structures in

this plot: the vertical line at parton pT ≈ 5 GeV and a diagonal line. From

this histogram we learn that partons with a pT lower than 15 GeV are largely

uncorrelated with the jet pT and the two selected jets likely comes from SPI.

Cutting at pMax
T = 20 GeV would leave all events with jets from SPI, but

will also leave a fraction of the DPI events in the sample. pMax
T and Rcut

can however be further optimized by examining fDPI for a range of values

between 10 GeV < pMax
T < 20 GeV and 0.6 < Rcut < 1.2.

Figure 7.4: 2-dimensional histogram of the MPI particle pT and the jet
pT that were matched in a cone with Rcut = 1.0. The vertical band of low
pT partons are uncorrelated to the reconstructed jets.

To determine the optimal values for pMax
T and Rcut, the fraction of DPI

events (fDPI) is measured in the MC samples as a function of these two

variables. fDPI can be measured by performing a Maximum Likelihood (ML)

fit with the SPI and DPI templates to the full MC sample.
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The variable that is used to perform the fit is the normalised jet balance

(eq. 7.2), which is shown in figure 7.7. A template for the DPI events can

be extracted by assuming that the two hard parton-parton interactions are

independent of each other and the two jets from the secondary scattering can

very well be modelled by 2 → 2 QCD interactions. The shape of the DPI

template can then be created by measuring it in 2-jet events. The fraction

of DPI events in the Alpgen+Jimmy MC sample (fDPI(MC)) can now be

determined by fitting the DPI template, together with the SPI template (on

which a DPI veto was applied) to the full Alpgen+Jmmy sample.

The exact statistical procedure for the fitting is explained in section 8.2

For now I will only show the results for the value of fDPI(MC). Figure 7.5

shows the result for a range of values for the Rcut and pMax
T variables.

Figure 7.5: Fraction of DPI in the Alpgen+Jimmy sample, obtained by
fitting a di-jet distribution together with the SPI-template corresponding
to the given pMax

T cut to the origininal distribution. The distribution that

was used for this purpose is the normalised jet balance ∆N
jj =

�pTj1+ �pTj2

| �pTj1|+| �pTj2|
.

The figure shows that the largest DPI-fraction is obtained by using a Rcut

of 1.0. Moreover, increasing or decreasing Rcut hardly has any influence on

the result. It is not only important to maximize fDPI , but also to obtain a

DPI sample that is not polluted by SPI events. If we would increase Rcut,
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Figure 7.4 shows a 2-dimensional histogram obtained from the Alpgen+Jimmy

sample that contains both SPI and DPI events. The x-axis of the histogram

gives the parton pT and the y-axis gives the pT of the jet that is matched

with the parton in a cone with Rcut = 1.0. There are two main structures in
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T = 20 GeV would leave all events with jets from SPI, but

will also leave a fraction of the DPI events in the sample. pMax
T and Rcut

can however be further optimized by examining fDPI for a range of values

between 10 GeV < pMax
T < 20 GeV and 0.6 < Rcut < 1.2.

Figure 7.4: 2-dimensional histogram of the MPI particle pT and the jet
pT that were matched in a cone with Rcut = 1.0. The vertical band of low
pT partons are uncorrelated to the reconstructed jets.
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events (fDPI) is measured in the MC samples as a function of these two
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fit with the SPI and DPI templates to the full MC sample.
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determined by fitting the DPI template, together with the SPI template (on
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the result. It is not only important to maximize fDPI , but also to obtain a

DPI sample that is not polluted by SPI events. If we would increase Rcut,
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more jets will be matched to partons and therefore more events will be marked

as DPI and be vetoed from the SPI template. However, if the value for Rcut

is increased, the fraction of DPI events drops. This phenomenon can be

explained by the fact that events were falsely marked as DPI, i.e. they did

not have a DPI topology and could not be explained by increasing fDPI(MC)

in the fit. On the other hand, by decreasing the value of Rcut, less events are

removed from the SPI that could otherwise have been compensated by a larger

fDPI(MC). In other words, lower values than 1.0 result in a loss of efficiency

in the DPI veto. The templates for Rcut values of 0.8 and 1.2 are used as a

systematic uncertainty, even while this uncertainty is much smaller than the

statistical uncertainty.

It is however somewhat more difficult to choose an appropriate value for

pMax
T as the DPI fraction is monotonically declining for increasing values of

pMax
T . Therefore it is not immediately clear which value should be chosen to

create the SPI-template. To solve this issue, an interpolation is created be-

tween histograms with different pMax
T values with an interpolation parameter

α. α is then fitted to the ∆N
jj distribution in the data to determine which

shape of the SPI-template optimally describes the background. This study

results in a pMax
T -cut of 17 GeV, while an up- and down-variation of 2 GeV

is used as a systematic uncertainty on this parameter.

7.3.1 DPI Distributions

Figures 7.6-7.9 show the DPI-over-SPI ratios for the suggested DPI sensitive

variables listed above. In general, the DPI templates show sharper peaks in

the distributions of the lepton variables than in the distributions of the jet

variables. The first reason for this is that leptons loose less energy from final

state radiation than jets. The second reason is that the invariant mass of the

system is larger, which forces a large opening angle between the two leptons.

Figure 7.9 shows that the DPI-over-SPI ratio for the azimuthal angle between

the two systems is relatively large over a long range of ∆φ(Z, jj). This might

be a beneficial property to extract fDPI in a ML-fit. A disadvantage of this

distribution is that it is difficult to construct an independent data-driven

Z+JETS MONTE CARLO DATASETS

template for the DPI events in this distribution and one will have to rely

on the extracted DPI template from the DPI veto. The reason that a DPI

template cannot be extracted from the data is that this variables relies on

the connection between two processes, which is exactly what we are trying to

measure. The lepton and jet variables can be extracted from measuring them

in a “standalone” jet/Z production and vetoeing the other. This cannot be

done for ∆φ(Z, jj). In chapter 8 I will provide another assessment of these

variables, taking into account all detector effects and uncertainties.

(a) Jet-balance (b) pT of the Z boson

Figure 7.6: The balanced pT of the jet and the Z boson systems. The
balanced pT declines more rapidly for DPI events and this is even more
the case for the Z-system in comparison to the jet-system.

(a) Normalised jet-balance (b) Normalised lepton-balance

Figure 7.7: ∆N
jj/ll for DPI and SPI events. The ratio for the lepton

variables peaks much sharper than the jet variables.
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more jets will be matched to partons and therefore more events will be marked
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is increased, the fraction of DPI events drops. This phenomenon can be

explained by the fact that events were falsely marked as DPI, i.e. they did
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fDPI(MC). In other words, lower values than 1.0 result in a loss of efficiency
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7.3.1 DPI Distributions

Figures 7.6-7.9 show the DPI-over-SPI ratios for the suggested DPI sensitive

variables listed above. In general, the DPI templates show sharper peaks in
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state radiation than jets. The second reason is that the invariant mass of the

system is larger, which forces a large opening angle between the two leptons.
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the two systems is relatively large over a long range of ∆φ(Z, jj). This might

be a beneficial property to extract fDPI in a ML-fit. A disadvantage of this

distribution is that it is difficult to construct an independent data-driven
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template for the DPI events in this distribution and one will have to rely

on the extracted DPI template from the DPI veto. The reason that a DPI

template cannot be extracted from the data is that this variables relies on

the connection between two processes, which is exactly what we are trying to

measure. The lepton and jet variables can be extracted from measuring them

in a “standalone” jet/Z production and vetoeing the other. This cannot be

done for ∆φ(Z, jj). In chapter 8 I will provide another assessment of these

variables, taking into account all detector effects and uncertainties.
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Figure 7.6: The balanced pT of the jet and the Z boson systems. The
balanced pT declines more rapidly for DPI events and this is even more
the case for the Z-system in comparison to the jet-system.
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Figure 7.7: ∆N
jj/ll for DPI and SPI events. The ratio for the lepton

variables peaks much sharper than the jet variables.
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(a) Azimuthal angle between the jets. (b) Azimuthal angle between the lep-
tons.

Figure 7.8: The azimuthal angles between the jets and between the
leptons peaks towards π for DPI events. The ratios for the most sensitive
bins are in the order of a factor 2 smaller than for the �pT dependent
variables.

Figure 7.9: Azimuthal angle between the jet-system and the Z-system.
Although the distribution shows a large DPI-over-SPI ratio for a large
number of bins, the exact shape of the DPI distribution cannot be ex-
tracted from the data.
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(a) Azimuthal angle between the jets. (b) Azimuthal angle between the lep-
tons.

Figure 7.8: The azimuthal angles between the jets and between the
leptons peaks towards π for DPI events. The ratios for the most sensitive
bins are in the order of a factor 2 smaller than for the �pT dependent
variables.

Figure 7.9: Azimuthal angle between the jet-system and the Z-system.
Although the distribution shows a large DPI-over-SPI ratio for a large
number of bins, the exact shape of the DPI distribution cannot be ex-
tracted from the data.
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Introduction

The DPI measurements in the past until present were performed with 4 jets

[6],[7],[8] W+2jets [9] and photon+3jets [78] in the final state. Their results

were already summarised in figure 1.8. These channels were chosen mainly

because of restrictions on the integrated luminosity. Since σeff is a large

number in comparison to hard-scattering cross-sections, one can only probe

DPI-processes of which the individual cross-sections are also large. At higher

integrated luminosities, processes with somewhat smaller cross sections such

as electroweak bosons production also become within reach.

One of the advantages of the large integrated luminosity of the ATLAS

2012 dataset for DPI measurement is that the Z + 2 jets final state becomes

available for a σeff measurement. This channel is cleaner than previous mea-

surements since it does not require the measurement of missing energy to

reconstruct a W-boson, while there are only 2 jets in the final state. A dis-

advantage of the high luminosity of the current dataset is that effects from

pile-up become more important and soft jets become unavailable for measure-

ments.

The calculation of σeff needs three cross sections as an input. First, the

calculation requires a measurement of the cross section of the Z + 2 jets events

that come from DPI. This cross section is especially difficult to measure, since

it suffers from very high background from ISR jets. The other inputs to the

calculation are the separate cross sections for the exclusive Z+0jet production

and the exclusive 2jets production, of which the first process does not suffer
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from any background and the second process only has a very small background

as was summarised in chapter 6.

The general formula for a cross section is the following:

σ =
N

εAL
. (8.1)

Where N is the number of measured events, ε is the total efficiency of the

measurement and A is the acceptancy of the measurement that extrapolates

a fiducial measurement to the total theoretical cross section. Since we are

interested in a ratio of cross sections, the efficiencies and acceptancies for

measuring jets and leptons cancel in the ratio:

σeff =
σZ+0j × σ2j

σZ+2j(DPI)

=
NZ+0j

ε2lA2lL
× N2j

ε2jA2jL2j
/

NZ+2jDPI

ε2jε2lA2jA2lL

=
1

fDPI

NZ+0j

NZ+2j

N2j

L2j
.

(8.2)

Because the dijet measurement relies on highly prescaled triggers, the

integrated luminosity used for the measurement of dijets is different from the

full luminosity and the two do not cancel.

The total event yields for the Z + 2 jets and the Z+0jet selections were

already summarised in chapter 6 and the uncertainties on these measurements

will be assumed to be Gaussian distributed. This chapter therefore mainly

focuses on measuring Z + 2 jets events from DPI through a profile likelihood

fit. The channel of the Z boson decaying into muons already provides more

than enough statistics for the fitting. However, the electron channel will be

used as a parallel cross-check.

In section 8.1 I will discuss the discriminating variables as proposed in

chapter 1 and this time also include experimental uncertainties in the discus-

sion. In section 8.2 I will explain the statistical framework behind a profile

likelihood fit and in section 8.3 the results from the fit will be discussed.
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Introduction

The DPI measurements in the past until present were performed with 4 jets

[6],[7],[8] W+2jets [9] and photon+3jets [78] in the final state. Their results

were already summarised in figure 1.8. These channels were chosen mainly

because of restrictions on the integrated luminosity. Since σeff is a large

number in comparison to hard-scattering cross-sections, one can only probe

DPI-processes of which the individual cross-sections are also large. At higher

integrated luminosities, processes with somewhat smaller cross sections such

as electroweak bosons production also become within reach.

One of the advantages of the large integrated luminosity of the ATLAS

2012 dataset for DPI measurement is that the Z + 2 jets final state becomes

available for a σeff measurement. This channel is cleaner than previous mea-

surements since it does not require the measurement of missing energy to

reconstruct a W-boson, while there are only 2 jets in the final state. A dis-

advantage of the high luminosity of the current dataset is that effects from

pile-up become more important and soft jets become unavailable for measure-

ments.

The calculation of σeff needs three cross sections as an input. First, the

calculation requires a measurement of the cross section of the Z + 2 jets events

that come from DPI. This cross section is especially difficult to measure, since

it suffers from very high background from ISR jets. The other inputs to the

calculation are the separate cross sections for the exclusive Z+0jet production

and the exclusive 2jets production, of which the first process does not suffer
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from any background and the second process only has a very small background

as was summarised in chapter 6.

The general formula for a cross section is the following:

σ =
N

εAL
. (8.1)

Where N is the number of measured events, ε is the total efficiency of the

measurement and A is the acceptancy of the measurement that extrapolates

a fiducial measurement to the total theoretical cross section. Since we are

interested in a ratio of cross sections, the efficiencies and acceptancies for

measuring jets and leptons cancel in the ratio:
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Because the dijet measurement relies on highly prescaled triggers, the

integrated luminosity used for the measurement of dijets is different from the

full luminosity and the two do not cancel.

The total event yields for the Z + 2 jets and the Z+0jet selections were

already summarised in chapter 6 and the uncertainties on these measurements

will be assumed to be Gaussian distributed. This chapter therefore mainly

focuses on measuring Z + 2 jets events from DPI through a profile likelihood

fit. The channel of the Z boson decaying into muons already provides more

than enough statistics for the fitting. However, the electron channel will be

used as a parallel cross-check.

In section 8.1 I will discuss the discriminating variables as proposed in

chapter 1 and this time also include experimental uncertainties in the discus-

sion. In section 8.2 I will explain the statistical framework behind a profile

likelihood fit and in section 8.3 the results from the fit will be discussed.
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8.1 Fitting Variables

In chapter 3, the signal over background ratios at truth-level were already

investigated for a set of seven variables. In this section I will first discuss the

five distributions that were found to be the most sensitive to the DPI-signal,

but this time the detector effects are included in the discussion. All sources of

uncertainty as described in section 6.4 are included in the results discussed in

this chapter. From the five selected variables, at least one should be chosen

to be used for the fDPI extraction. The following criteria can be listed that

should be satisfied:

The distribution of this variable in the data should be well described by

the MC, both in the signal and background region

A good shape distinction between the signal and background should be

provided

The uncertainties in the signal region should be small

The extracted fDPI should not depend on the fitting region

Figures 8.1-8.3 show all the SPI backgrounds compared to the data. DPI

events are vetoed from the Alpgen+Jimmy sample by using the procedure

that was explained in chapter 7.

The information that can be extracted from these plots is how large the

uncertainty is in the DPI regions and whether the data is well described in

the SPI region. In addition, we can already estimate the shape of the DPI

events from the deficiency between the data and the background.

The two variables that depend on the lepton-variables (pT (Z) and ∆N
ll )

have the undesired property that the largest part of the systematic uncertainty

is in the bins where we expect the DPI to be prominent (small pT of the Z,

low values for ∆N
ll ). Given the fact that the uncertainties are dominated on

the jet measurement, these high uncertainties for events with low pT (Z) can

be explained by the fact that the two jets in these events will also have a low

pT . Additionally, non-perturbative processes are of relative large influence to

EXTRACTING σeff

(a) Normalised jet-balance (b) Normalised lepton-balance

Figure 8.1: Data/MC comparison for ∆N
jj/ll. Whereas the uncertainty

for the normalised jet-balance is mainly in the higher bins, where the jets
are collinear, the uncertainty is large for the lower bins in the normalised
lepton balance.

(a) Jet-balance (b) Lepton-balance

Figure 8.2: Data/MC comparison for ∆jj/ll. Whereas the uncertainty
for the normalised jet-balance is mainly in the higher bins, where the
jets are collinear, the uncertainty is large for the lower bins in the lepton
balance.

the shape of the distribution for low Z-pT and therefore there is also a large

theoretical uncertaincty in the (DPI) low Z-pT region.

The problem that the systematic uncertainty is higher in the DPI-sensitive

bins is to a lesser extent also true for the angle between the two systems

∆Φ(Z, jj). Two additional shortcomings of this variable are that the data is
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uncertainty is in the DPI regions and whether the data is well described in
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have the undesired property that the largest part of the systematic uncertainty

is in the bins where we expect the DPI to be prominent (small pT of the Z,
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ll ). Given the fact that the uncertainties are dominated on
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the shape of the distribution for low Z-pT and therefore there is also a large

theoretical uncertaincty in the (DPI) low Z-pT region.

The problem that the systematic uncertainty is higher in the DPI-sensitive

bins is to a lesser extent also true for the angle between the two systems

∆Φ(Z, jj). Two additional shortcomings of this variable are that the data is
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Figure 8.3: Data/MC comparison for ∆φ(Z, jj). The uncertainties are
somewhat larger in the DPI-sensitive area (the lower half of the histogram)

not well described in the SPI region (values close to pi) and that a data-driven

DPI template cannot be extracted from the data.

The two jet dependent variables (∆jj and ∆N
jj) are however more suitable.

For these variables, the data distributions are reasonably well described by

the MC model and the uncertainties are evenly distributed among the bins.

However, since there is a small slope in the ratio between the data and MC

for the jet-balance (∆N
jj), the fit region will influence the fDPI extraction

when using this distribution. Specifically, a larger fit range will increase the

normalization on the SPI template in order to fit the data and by doing so,

it decreases the DPI fraction.

From the given arguments, it is concluded that the best distribution for

this purpose is the normalised jet-balance (∆N
jj)).

8.2 Statistical Model

To determine the optimal number of DPI events in the dataset, a template

fit with two templates will be applied. The first one is the DPI template and

the second is the total SPI background. In general each of those templates

should be normalised in such a way that they optimally match the data. For

EXTRACTING σeff

this purpose a test statistic t(fDPI , Nevt|�x) is defined, where Nevt is the total

number of estimated events in the measured data set and �x is the actual

binned space. This test statistic is a scalar number that measures how well

the model fits the data, given the fitting parameters.

In addition to fDPI and Nevt, there are also nuisance parameters (θi).

These nuisance parameters are not of specific interest to the result, but are

used to introduce the systematic uncertainties into the statistical model. The

systematic uncertainies for each distributions are calculated by varying various

uncertainty sources with a ±1σ prescription and re-running the event selec-

tion. For each source of uncertainty, this procedure will result in three separate

histograms: the nominal and the up/down variations. However, by interpolat-

ing (or extrapolating) these three histograms a continuous function of the ex-

pectation model and the test statistic can be constructed: t(fDPI , Nevt, θi|x)
In this thesis, a linear interpolation and a quadratic extrapolation are used,

the nuisance parameters are used as an interpolation variable. The values ±1

coincide with the ±σ variations and 0 coincides with the nominal distribution.

This technique of incorporating the systematic uncertainties into statistical

model is called profiling.

The variables will be optimized to fit the data by using a likelihood fit.

The likelihood gives the chance that the model is true given a certain dataset

and is a function of the model parameters. Each bin of the data histogram

is Poissonian distributed and is independent of the uncertainty in other bins.

Therefore the likelihood can be computed as the product of Poissonian dis-

tributed chances of all separate bins, multiplied by additional constraints on

the likelihood. These additional constraints reflect prior knowledge of the

likelihood.

For each systematic uncertainty source, an additional Gaussian constraint

is added to the likelihood. The mean value of these Gaussian constraints are

set to zero to reflect that the model is expected to be at the nominal value.

The standard deviations of the systematic uncertainty constraints are set to

unity to reflect that the prior uncertainties are ±1σ.

The statistical uncertainty in the MC background histogram is modelled
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Figure 8.3: Data/MC comparison for ∆φ(Z, jj). The uncertainties are
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For these variables, the data distributions are reasonably well described by

the MC model and the uncertainties are evenly distributed among the bins.

However, since there is a small slope in the ratio between the data and MC
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jj), the fit region will influence the fDPI extraction

when using this distribution. Specifically, a larger fit range will increase the

normalization on the SPI template in order to fit the data and by doing so,

it decreases the DPI fraction.

From the given arguments, it is concluded that the best distribution for

this purpose is the normalised jet-balance (∆N
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fit with two templates will be applied. The first one is the DPI template and

the second is the total SPI background. In general each of those templates

should be normalised in such a way that they optimally match the data. For

EXTRACTING σeff

this purpose a test statistic t(fDPI , Nevt|�x) is defined, where Nevt is the total

number of estimated events in the measured data set and �x is the actual

binned space. This test statistic is a scalar number that measures how well

the model fits the data, given the fitting parameters.

In addition to fDPI and Nevt, there are also nuisance parameters (θi).

These nuisance parameters are not of specific interest to the result, but are

used to introduce the systematic uncertainties into the statistical model. The

systematic uncertainies for each distributions are calculated by varying various

uncertainty sources with a ±1σ prescription and re-running the event selec-

tion. For each source of uncertainty, this procedure will result in three separate

histograms: the nominal and the up/down variations. However, by interpolat-

ing (or extrapolating) these three histograms a continuous function of the ex-

pectation model and the test statistic can be constructed: t(fDPI , Nevt, θi|x)
In this thesis, a linear interpolation and a quadratic extrapolation are used,

the nuisance parameters are used as an interpolation variable. The values ±1

coincide with the ±σ variations and 0 coincides with the nominal distribution.

This technique of incorporating the systematic uncertainties into statistical

model is called profiling.

The variables will be optimized to fit the data by using a likelihood fit.

The likelihood gives the chance that the model is true given a certain dataset

and is a function of the model parameters. Each bin of the data histogram

is Poissonian distributed and is independent of the uncertainty in other bins.

Therefore the likelihood can be computed as the product of Poissonian dis-

tributed chances of all separate bins, multiplied by additional constraints on

the likelihood. These additional constraints reflect prior knowledge of the

likelihood.

For each systematic uncertainty source, an additional Gaussian constraint

is added to the likelihood. The mean value of these Gaussian constraints are

set to zero to reflect that the model is expected to be at the nominal value.

The standard deviations of the systematic uncertainty constraints are set to

unity to reflect that the prior uncertainties are ±1σ.

The statistical uncertainty in the MC background histogram is modelled
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by implying additional gaussian constraints on the likelihood. For these con-

straints, the mean of the Gaussian is set to the bin value and the standard

deviation is set to the bin uncertainty. By doing this, an additional param-

eter Γi for each bin is introduced in the model. This way of modelling the

statistical uncertainty in the model is called the Beeston-Barlow method [132].

For a Poissonian dataset with bin contents xi, a model PDF M(fDPI ,θ)

and signal and background PDFs S(θ) and B(θ), the likelihood can be written

as the following function:

L(Nevt, fDPI , θ|x) =
nbins∏
i=1

Nevt ·Mxi
i

xi!
e−(Mi)

· 1

2
√
π
e
(Γi−Mi)
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2∆Mi

·
NNP∏
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1
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√
π
e

Θ2
j
2

(8.3)

M(fDPI , θ) = fDPI · S(θ) + (1− fDPI) ·B(θ). (8.4)

According the Neyman-Pearson lemma [133], the most powerful test statis-

tic between two hypotheses is given by a ratio of the two likelihood. For the

purpose of fitting, the denominator of this ratio is defined as the likelihood of

the estimators, i.e. the optimal value of the variable. An estimator is denoted

by adding a circumflex to the symbol: ˆfDPI . The estimator denotes the value

for fDPI that maximizes the likelihood. Since the likelihood is a multidimen-

sional function, the addition of a second circumflex denotes that the variable

is estimated while assuming an arbitrary value for the other variables. The

test statistic that will be used is the Profile Log-Likelihood (PLL) ratio and

is written as:

t(µ, θ|x) = −2 ln
L(x|µ, ˆ̂θ)
L(x|µ̂, θ̂)

. (8.5)

According to Wilk’s theorem [134], the uncertanties on the estimated vari-

ables can be extracted from this test statistic. The theorem states that minus

EXTRACTING σeff

two times the logarithm of the likilihood is asymptotically distributed as a χ2

and therefore certainty limits can be derived from the following equation:

χ2 =
√
2 · Erf−1(CL). (8.6)

For example, for the 68.3% certainty limit (a 1σ deviation) on fDPI can

be found at the point where t(fDPI |x) =
√
2 · Erf−1(0.683) = 1.0.

8.2.1 Profile Likelihood

In the statistical formulation as provided above, the systematic uncertainties

are incorporated in the statistical model. In this formulation one can define

two states of knowledge for each systematic uncertainty, the prefit and the

postfit uncertainty. The prefit uncertainty is calculated by evaluating the fit

for the nominal distribution and for the input distributions for the ±1σ pre-

scriptions for that uncertainty. However, in a profile likelihood fit the nuisance

parameters are fitted to the data and it can be that the uncertainties as a

result of the fit are different from 1 for these uncertainties. As a consequence,

the uncertainty on the parameter of interest (PoI) will also be proportionally

different from the prior uncertainty. If there is indeed a significant difference

between the prefit and postfit uncertainties, there should be a good physical

explanation for this shift. The implementation of the model is done through

the RooFit [135] package, which provides an interface to a large class of sta-

tistical tools. In the next section, the resuls will be presented and both the

prior and posterior uncertainties will be calculated.

8.3 Results

8.3.1 Extracting fDPI

fDPI is extracted by optimising the model formulated in 8.3. The optimisa-

tion, including the error propagation is implemented in the RooFit package.

The results are visualised in figure 8.4 and equation 8.7.
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tic between two hypotheses is given by a ratio of the two likelihood. For the

purpose of fitting, the denominator of this ratio is defined as the likelihood of

the estimators, i.e. the optimal value of the variable. An estimator is denoted

by adding a circumflex to the symbol: ˆfDPI . The estimator denotes the value

for fDPI that maximizes the likelihood. Since the likelihood is a multidimen-

sional function, the addition of a second circumflex denotes that the variable

is estimated while assuming an arbitrary value for the other variables. The

test statistic that will be used is the Profile Log-Likelihood (PLL) ratio and

is written as:
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ables can be extracted from this test statistic. The theorem states that minus
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two times the logarithm of the likilihood is asymptotically distributed as a χ2

and therefore certainty limits can be derived from the following equation:

χ2 =
√
2 · Erf−1(CL). (8.6)

For example, for the 68.3% certainty limit (a 1σ deviation) on fDPI can

be found at the point where t(fDPI |x) =
√
2 · Erf−1(0.683) = 1.0.

8.2.1 Profile Likelihood

In the statistical formulation as provided above, the systematic uncertainties

are incorporated in the statistical model. In this formulation one can define

two states of knowledge for each systematic uncertainty, the prefit and the

postfit uncertainty. The prefit uncertainty is calculated by evaluating the fit

for the nominal distribution and for the input distributions for the ±1σ pre-

scriptions for that uncertainty. However, in a profile likelihood fit the nuisance

parameters are fitted to the data and it can be that the uncertainties as a

result of the fit are different from 1 for these uncertainties. As a consequence,

the uncertainty on the parameter of interest (PoI) will also be proportionally

different from the prior uncertainty. If there is indeed a significant difference

between the prefit and postfit uncertainties, there should be a good physical

explanation for this shift. The implementation of the model is done through

the RooFit [135] package, which provides an interface to a large class of sta-

tistical tools. In the next section, the resuls will be presented and both the

prior and posterior uncertainties will be calculated.

8.3 Results

8.3.1 Extracting fDPI

fDPI is extracted by optimising the model formulated in 8.3. The optimisa-

tion, including the error propagation is implemented in the RooFit package.

The results are visualised in figure 8.4 and equation 8.7.
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(a) Electron channel (b) Muon channel

Figure 8.4: Result of the fDPI fit for both the muon and electron chan-
nel. The green histograms show the total model, the blue histograms are
the total SPI template, while the red histogram shows the DPI contri-
bution in the ∆N

jj . The ratio-plot shows the ratio of the measured data
histogram over the total model in green and the ratio of the data over the
SPI-only template in blue.

fDPI measured from both the muon and electron channel, with total errors

computed by using the profiling method are:

fDPI(muon channel) = 4.15+.3
−.3%

fDPI(electron channel) = 3.04+.3
−.3.%

(8.7)

(8.8)

These values can be compared to the fraction of DPI events as determined

in the Monte Carlo distributions, given in figure 7.5. The fraction of DPI

events as measured in the muon channel is approximately 20 % larger than in

the MC, while the fraction measured in the electron channel is approximately

10% smaller. Earlier measurements [9, 10] predict that the fraction of DPI

events in Monte Carlo generators is underestimated. The result as obtained

in the muon channel fulfills this expectation, whereas the electron channel

does not.

The errors and the mean value of fDPI are obtained from minimising the

negative log-likelihood as shown in figure 8.5. The curves in this figure show

the profile likelihoods (eq. 8.5) for the two channels. For each point on these

graphs, all nuisance paramaters are optimised for a given value of fDPI . The
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fact that they intersect at −2 · L
L0

≈ 2.5 means that both values are shifted

more than 2σ from the mean value of the two.

Although a small difference might be expected due to different efficiencies

and acceptancies in both channels, 25% is not expected. σeff should however

be independent of efficiencies and acceptancies and therefore be equal for the

two channels. In section 8.3.2, it is explained how the effective cross section is

calculated and shown that even for this variable, there is a difference between

the channels.

At the end of this chapter, a section will be dedicated to discuss the origin

of this difference.

Figure 8.5: The profile likelihood as a function of fDPI for the electron
channel and the muon channel. For each point on the graphs, all the nui-
sance parameters are optimized to obtain the minimum profile likelihood.

Since the profile likelihood is a continuous function of all the nuisance

parameters, it is not straightforward to break down the total error in different

components. The influence of a single nuisance parameter on the total error

can be computed as follows:

Calculate the total error by incorporating all nuisance parameters in the

fit

Perform the fit again, but now setting one nuisance parameter as con-

stant at the value obtained in the previous fit
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the total SPI template, while the red histogram shows the DPI contri-
bution in the ∆N

jj . The ratio-plot shows the ratio of the measured data
histogram over the total model in green and the ratio of the data over the
SPI-only template in blue.
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These values can be compared to the fraction of DPI events as determined

in the Monte Carlo distributions, given in figure 7.5. The fraction of DPI

events as measured in the muon channel is approximately 20 % larger than in

the MC, while the fraction measured in the electron channel is approximately

10% smaller. Earlier measurements [9, 10] predict that the fraction of DPI

events in Monte Carlo generators is underestimated. The result as obtained

in the muon channel fulfills this expectation, whereas the electron channel

does not.

The errors and the mean value of fDPI are obtained from minimising the

negative log-likelihood as shown in figure 8.5. The curves in this figure show

the profile likelihoods (eq. 8.5) for the two channels. For each point on these

graphs, all nuisance paramaters are optimised for a given value of fDPI . The
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≈ 2.5 means that both values are shifted

more than 2σ from the mean value of the two.

Although a small difference might be expected due to different efficiencies

and acceptancies in both channels, 25% is not expected. σeff should however

be independent of efficiencies and acceptancies and therefore be equal for the

two channels. In section 8.3.2, it is explained how the effective cross section is

calculated and shown that even for this variable, there is a difference between

the channels.

At the end of this chapter, a section will be dedicated to discuss the origin

of this difference.

Figure 8.5: The profile likelihood as a function of fDPI for the electron
channel and the muon channel. For each point on the graphs, all the nui-
sance parameters are optimized to obtain the minimum profile likelihood.

Since the profile likelihood is a continuous function of all the nuisance

parameters, it is not straightforward to break down the total error in different

components. The influence of a single nuisance parameter on the total error

can be computed as follows:

Calculate the total error by incorporating all nuisance parameters in the

fit

Perform the fit again, but now setting one nuisance parameter as con-

stant at the value obtained in the previous fit
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The influence of this parameter on the total error can be calculated by

subracting the error obtained in the second step quadratically from the

total error obtained in the first step

Each nuisance parameter has three properties that are of interest to the

measurement:

Its estimated mean value and uncertainty

The prefit impact on fDPI

The postfit impact on fDPI

Figure 8.6 shows a summary of these four properties for each nuisance

parameter. The figure has two axes. The upper axis show the impact on

fDPI and the lower axis shows the mean value and error of the nuisance

parameter in units of 1σ. For each axis, there are also two error bars plotted.

The solid green error bar shows the prefit impact and the dashed blue error

bar shows the postfit impact. For the lower axis, the red error bars have a

value of zero, with a 1σ uncertainty. These red error bars therefore show the

prefit estimators on the nuisance parameters. The black error bars show the

postfit estimators, or the “pulls”, of the nuisance parameters.

From figure 8.6 a number of interesting facts can be extracted. The first

important point is that all nuisance parameters are largely overconstrained

by factor of approximately 14. This phenomenon will be discussed in the next

subsection.

Second, it is striking that the uncertainty on the jet energy resolution has

by far the largest impact on the measurement. Third, the impact of quite a few

parameters is asymmetric and of a large number of low-impact parameters the

impact is even one-sided. Fourth, the mean value of the estimators of all the

nuisance parameters are very close to zero. This phenomenon is explained by

the fact that the statistical uncertainty on the background template is large.

Therefore the discrepancy between the model and the data are corrected by

shifting the Beeston-Barlow parameters in such a way that the total model

coincides with the data histogram. The estimators on the Beeston-Barlow

parameters are shown in figure 8.7. The figure shows that quite a few bin
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Figure 8.6: A summary of the properties for all nuisance parameters in
the model.

values are pulled beyond a 1σ certainty limit, which indicates that the values of

the Beeston-Barlow parameters compensate for deficiencies in the background

model.

The correlation matrix also gives an important visualisation of the statis-

tical model, which is split in figures 8.8 and 8.9. The first figure (fig. 8.8)

shows the correlations of the parameters of interest with the Beeston-Barlow

nuisance parameters and the second (fig. 8.9) show the correlation of the

parameters of interest with the nuisance parameters corresponding to the

systematic uncertainties. These figures show that the largest anticorrelation

of fDPI is with the Beeston-Barlow parameters belonging to the second bin

until approximately the eleventh bin. This is expected since an increase in

the expected number of background events in these bins would decrease the

estimated number of DPI events. On the other hand fDPI correlates with

the expected number of background events in bins 24-34. This correlation

is caused by the fact that a higher expected value in these bins are com-

pensated by a lower normalisation on the SPI-template to fit the data. The
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The influence of this parameter on the total error can be calculated by
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total error obtained in the first step
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bar shows the postfit impact. For the lower axis, the red error bars have a

value of zero, with a 1σ uncertainty. These red error bars therefore show the

prefit estimators on the nuisance parameters. The black error bars show the

postfit estimators, or the “pulls”, of the nuisance parameters.

From figure 8.6 a number of interesting facts can be extracted. The first

important point is that all nuisance parameters are largely overconstrained

by factor of approximately 14. This phenomenon will be discussed in the next

subsection.

Second, it is striking that the uncertainty on the jet energy resolution has

by far the largest impact on the measurement. Third, the impact of quite a few

parameters is asymmetric and of a large number of low-impact parameters the

impact is even one-sided. Fourth, the mean value of the estimators of all the

nuisance parameters are very close to zero. This phenomenon is explained by

the fact that the statistical uncertainty on the background template is large.

Therefore the discrepancy between the model and the data are corrected by

shifting the Beeston-Barlow parameters in such a way that the total model

coincides with the data histogram. The estimators on the Beeston-Barlow

parameters are shown in figure 8.7. The figure shows that quite a few bin
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The correlation matrix also gives an important visualisation of the statis-

tical model, which is split in figures 8.8 and 8.9. The first figure (fig. 8.8)

shows the correlations of the parameters of interest with the Beeston-Barlow

nuisance parameters and the second (fig. 8.9) show the correlation of the

parameters of interest with the nuisance parameters corresponding to the

systematic uncertainties. These figures show that the largest anticorrelation

of fDPI is with the Beeston-Barlow parameters belonging to the second bin

until approximately the eleventh bin. This is expected since an increase in

the expected number of background events in these bins would decrease the

estimated number of DPI events. On the other hand fDPI correlates with

the expected number of background events in bins 24-34. This correlation

is caused by the fact that a higher expected value in these bins are com-

pensated by a lower normalisation on the SPI-template to fit the data. The
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Figure 8.7: A summary of the Beeston-Barlow parameters. These pa-
rameters the statistical uncertainty for each background template bin and
their corresponding fitted shift from their nominal value.

SPI template is normalised by (1− fDPI), which means higher values for the

Beeston-Barlow parameters in bins 24-34 cause a higher fDPI . It should also

be noticed that the correlation between fDPI and the nuisance parameters

for the systematic uncertainties are close to zero. This means the nuisance

parameters only have a minor influence on ˆfDPI .

8.3.1.1 Overconstraining of the NPs

Overconstraining can be caused by either an incorrect formulation of the input

uncertainties or by an underlying physics-driven constraint in the measure-

ment. All prescribed experimental uncertainties have been supplied as an

input to this fit. The theoretical uncertainty has been simplified by taking it

as the difference between the Alpgen & Pythia generators on the one hand

and the Sherpa generator on the other hand. However, since the theoretical

uncertainty is known to be a minor uncertainty in this topology [9, 10], it
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Figure 8.8: Correlation histogram of the fitting model, fDPI and Nevt

are the free parameters in the model and the γ(∗) are the Beeston-Barlow
nuisance parameters of the SPI template.

is not expected that this simplification is the cause of overconstraining the

nuisance parameters. From the kinematics in the measurement there is an

additional constraint. The normalised balance of the two jets is measured

and the main reason of an imbalance between the two jets is the pT of the Z

boson. The momentum of the leptons is however measured very precisely and

therefore a strong constraint is forced on the uncertainty of the normalised

jet balance. The argument of the physical constraint may explain the large

reduction in the postfit uncertainty. Table 8.1 shows the uncertainties as com-

puted with three different methods. The first column shows the uncertainties

as computed in the classical method, i.e. all up and down variations are fitted

separately and their differences w.r.t. the nominal fit are added quadratically.

The second column shows the uncertainties as computed with a profile likeli-

hood, but with the prefit uncertainties on the nuisance parameters applied. In

the quoted uncertainties in the third column full use of the profiling method
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Figure 8.7: A summary of the Beeston-Barlow parameters. These pa-
rameters the statistical uncertainty for each background template bin and
their corresponding fitted shift from their nominal value.
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Beeston-Barlow parameters in bins 24-34 cause a higher fDPI . It should also

be noticed that the correlation between fDPI and the nuisance parameters

for the systematic uncertainties are close to zero. This means the nuisance

parameters only have a minor influence on ˆfDPI .
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Overconstraining can be caused by either an incorrect formulation of the input

uncertainties or by an underlying physics-driven constraint in the measure-

ment. All prescribed experimental uncertainties have been supplied as an

input to this fit. The theoretical uncertainty has been simplified by taking it

as the difference between the Alpgen & Pythia generators on the one hand

and the Sherpa generator on the other hand. However, since the theoretical

uncertainty is known to be a minor uncertainty in this topology [9, 10], it
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Figure 8.8: Correlation histogram of the fitting model, fDPI and Nevt

are the free parameters in the model and the γ(∗) are the Beeston-Barlow
nuisance parameters of the SPI template.

is not expected that this simplification is the cause of overconstraining the

nuisance parameters. From the kinematics in the measurement there is an

additional constraint. The normalised balance of the two jets is measured

and the main reason of an imbalance between the two jets is the pT of the Z

boson. The momentum of the leptons is however measured very precisely and

therefore a strong constraint is forced on the uncertainty of the normalised

jet balance. The argument of the physical constraint may explain the large

reduction in the postfit uncertainty. Table 8.1 shows the uncertainties as com-

puted with three different methods. The first column shows the uncertainties

as computed in the classical method, i.e. all up and down variations are fitted

separately and their differences w.r.t. the nominal fit are added quadratically.

The second column shows the uncertainties as computed with a profile likeli-

hood, but with the prefit uncertainties on the nuisance parameters applied. In

the quoted uncertainties in the third column full use of the profiling method
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Figure 8.9: Correlation histogram of the fitting model, fDPI and Nevt

are the free parameters in the model and the other parameters are the
nuisance parameters coming from the systematic uncertainties.

has been made and the postfit, or constrained, uncertainties on the nuisance

parameters were applied. From the comparison of the prefit and postfit un-

certainties, it can be concluded that the effect of the overconstraing largely

reduces the systematic uncertainties. Since the statistical uncertainty in the

MC is of equivalent size, the influence of the overconstraing on the total un-

certainty is only 2.5%. However, compared to the case in which no profiling

is applied, a large reduction in the uncertainty is achieved.

8.3.2 Calculating σeff

The measurement of fDPI is the last unknown variable in calculation of σeff

as calculated with equation 8.2. A summary of the results for both channels

and the resulting σeff is shown in table 8.2.

EXTRACTING σeff

No profiling Prefit Postfit

JES 11 % 2.5 % 0.6 %
JER 15 % 5.8 % 1.5 %
JVF 1 % < 0.1 % < 0.1%
Muon 0.2 % 0.19 % 0.15 %
Trigger 0.2 % < 0.1 % < 0.1 %
BCH < 0.1 < 0.1 % < 0.1 %
PRW < 0.1 % < 0.1 %

Total systematics 19 % 6.6 % 1.2 %

MC statistics 6.1 6.1 % 6.1 %
Data statistics 3.6 % 3.6 % 3.6 %

Total 20.2 % 9.7 % 7.2 %

Table 8.1: categorised prefit and postfit errors on fDPI

.

Electron channel Muon channel

NZ+2jet 2.13 · 105 2.73 · 105
NZ+0jet 5.13 · 106 6.88 · 106
σ2j 2.49 · µb 2.49 · µb
fDPI 0.030 0.041

σeff 19.9± 2.0 mb 15.6± 1.3 mb

Table 8.2: Summary of the calculation of σeff

Whereas the result of the muon channel is very similar to the result pre-

viously measured by the ATLAS, D0 and CDF collaborations as shown in

figure 2.3, the electron channel gives a somewhat higher value and is closer to

the value as extracted by the CMS collaboration in the W+2jet channel. The

uncertainty on the previous measurements of σeff are however considerably

larger as these measurements did not apply a profile likelihood method. In

the next section this discrepancy will be further investigated.

The quoted uncertainty on σeff in table 8.2 is the postfit uncertainty. In

equation 8.2, all the variables depend on a subset of the nuisance parameters

used in the extraction of fDPI . As a consequence, the postfit systematic un-

certainty on σeff is again largely reduced and can be neglected. The dominat-

ing postfit uncertainties are the data statistics and the MC statistics. These
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Figure 8.9: Correlation histogram of the fitting model, fDPI and Nevt

are the free parameters in the model and the other parameters are the
nuisance parameters coming from the systematic uncertainties.
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and the resulting σeff is shown in table 8.2.
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Whereas the result of the muon channel is very similar to the result pre-

viously measured by the ATLAS, D0 and CDF collaborations as shown in

figure 2.3, the electron channel gives a somewhat higher value and is closer to

the value as extracted by the CMS collaboration in the W+2jet channel. The

uncertainty on the previous measurements of σeff are however considerably

larger as these measurements did not apply a profile likelihood method. In

the next section this discrepancy will be further investigated.

The quoted uncertainty on σeff in table 8.2 is the postfit uncertainty. In

equation 8.2, all the variables depend on a subset of the nuisance parameters

used in the extraction of fDPI . As a consequence, the postfit systematic un-

certainty on σeff is again largely reduced and can be neglected. The dominat-

ing postfit uncertainties are the data statistics and the MC statistics. These
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uncertainties are propagated through the likelihood by the RooFit package.

The uncertainties on the separate variables were already computed in chap-

ter 6. However, since the input variables NZ+0jet,NZ+2jet,σ2jet and fDPI de-

pend on the same systematic uncertainties, the uncertainty on σeff is much

smaller than when assuming an uncorrelated hypothesis.

A breakdown of the uncertainty on σeff was performed and found to be

nearly equal to the breakdown of the uncertainties on fDPI as shown in table

8.1.

8.3.3 Electron-muon Discrepancy

Both the results on fDPI and σeff suffer from a large difference between the

electron and the muon channel. Due to small differences in the acceptance and

efficiency between electrons and muons, a small difference in fDPI is expected

between the two channels. However, σeff is independent of efficiency and

acceptance of the detector as is shown in equation 8.2.

To determine the cause of this difference, a number of cross-checks was

performed:

Several control plots are produced for both channels and shown below.

The cut on lepton momentum was varied and the discrepancy was shown

to be insensitive to this cut.

The cut on ∆(l, j) was varied and the discrepancy was shown to be

insensitive to this cut.

The jet-threshold was increased and the discrepancy was shown to be

sensitive to this threshold.

It was verified that the W+jets and photon-induced processes are a

negligible background to the signal process.

A cutflow comparison was performed for the electron channel and no

differences between analyses were found.

Unfolded distributions are compared, this is shown in detail in chapter

9.

EXTRACTING σeff

8.3.3.1 Control Plots

As a first cross-check, data-MC comparisons for three distributions are pre-

sented for both channels. The pT of the leading lepton is shown in figure 8.10,

the mass spectrum of the Z boson is shown in figure 8.11 and the normalised

jet balance is shown in figure 8.12. By investigating how well these distribu-

tions are described by the MC, it can be established whether both electron

and muon channel gives a good description of the Z + 2 jets phase space. The

leading lepton distribution shows that although the data are overestimated

for small pT in the muon channel, the peak region (25-60 GeV) of the distri-

bution is very well described. This is not true for the electron case, where the

the data over MC ratio clearly shows a shape difference in the peak region.

(a) Electron channel (b) Muon channel

Figure 8.10: Data-MC comparison for the pT of the leading electron
(left) and leading muon (right). The description of the peak region (25-60
GeV) is better for muon channel than for electron channel.

The Z boson mass spectrum is again much better described in the muon

channel. For electrons, there is a large underestimation of the data in the

regions 75-85 GeV and 100-110 GeV.

The next pair of plots show the normalised jet balance. These plots show

that the data-MC ratio is larger over the full range of the distribution, except

for the region where DPI has the largest contribution (0-0.2). Although this is

only a difference of a few percent, it causes a 25% difference in the fraction of

estimated DPI events in the selection. The control plots demonstrate that the
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uncertainties are propagated through the likelihood by the RooFit package.
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(a) Electron channel (b) Muon channel

Figure 8.11: Data-MC comparison for the Z boson mass spectrum for
the electron channel and muon channel. The electron channel suffers from
a faulty GEANT desription of the ATLAS detector and the MC has large
deviations from the data in the regions 75-95 GeV and 100-110 GeV.

difference in the result between the electron channel and the muon channel

is very likely to be due to a wrong description of the data in the electron

channel. After completion of the analyses, it was demonstrated that the

GEANT description for electrons in the ATLAS detector was not correctly

implemented. For this reason, only the result obtained in the muon channel

will be trusted and quoted as the official result of this thesis.

(a) Electron channel (b) Muon channel

Figure 8.12: Data-MC comparison for the normalised jet balance for
the electron channel and muon channel. The ratio between the data and
MC is larger everywhere in the electron channel compared to the muon
channel, except for the DPI-sensitive region below 0.2.

EXTRACTING σeff

8.4 Conclusions

By measuring DPI events in the Z + 2 jets channel a new process is added

to the list of effective cross section measurements. The fraction of DPI events

in Z + 2 jets events is measured to be fDPI(muon channel) = 4.15+.3
−.3% in

the muon channel, while in the electron channel a different result is obtained:

fDPI(electron channel) = 3.04+.3
−.3%. A small difference between the result on

fDPI could be explained by differences in efficiency and acceptance between

muon and electron detection. The cross section should however not be affected

by these factors. Nevertheless, it yields a similar discrepancy: σeff (muon) =

15.6± 1.3 mb, against σeff (electron) = 19.9± 2 mb.

By comparing control plots in the two channels, it can safely be acknowl-

edged that the difference is likely to originate from a fault in the electron

channel. The version of the detector simulation that was used to simulate the

electron events is today known to produce a deficiency in the shape of the Z

boson mass, which is reproduced in this analysis. Since there was no Z + 2

jets MC dataset available at the time of this analysis, no definite prove can be

given. Nonetheless, the conclusion is that the result in the muon channel is

more solid than the result in the electron channel and is therefore established

as the official result of this analysis.

Another important conclusion from this analysis is that the systematic

uncertainties can be greatly reduced by applying a profile likelihood w.r.t.

using the classical method of propagating by adding all errors quadratically.

Further improvement can be achievend by using a larger Z+jets back-

ground MC dataset. The systematic uncertainty is dominated by the sta-

tistical uncertainty on the background template. In addition, there are no

supporting datasets available with which the theoretical uncertainty on the

Alpgen+Herwig+Jimmy MC dataset can be estimated. Although this latter

uncertainty is not expected to be large, a thorough evaluation of the theoret-

ical uncertainties should improve the error estimation.

A larger MC dataset background events will open up the possibility of

slicing the dataset in different bins of (for example) pT (j1) or η(jj) and the

effective cross section can then be derived for each slice. With such a method,
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effective cross section can then be derived for each slice. With such a method,
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the dependence of the effective cross section on various kinematic variables

can be tested. Measuring such a dependence will be a precursor for the next

step: testing correlations between the two partonic interactions.

EXTRACTING σeff
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Introduction

As a last step in the analysis, I will explain how the data is “unfolded” and

how the analysis is repeated with the unfolded data. Unfolding is a technique

with which measured data can be transformed to a distribution at truth level.

In other words: unfolding is a transformation that attempts at inverting the

detector effects. An advantage of unfolding is that it makes the measurement

independent of the detector and can therefore be compared to distributions

measured by other collaborations and phenomenologists can use the results

to test new models. In this chapter I will first explain the Bayesian unfolding

method, then in the next section show the details of the efficiencies and fake

events in the two reference samples, and finally in the last section I will explain

how the analysis is performed on the unfolded data.

9.1 Iterative Bayesian Unfolding

In a simplified model, unfolding can be regarded as a deterministic problem.

A detector simulation can be modelled as a matrix multiplication: R = DT.

Where the R and T represent vectors of the bin contents of the detector

reconstructed (reco) and truth histograms and D is the matrix that represents

the detector. The obvious way of obtaining a truth histogram as a function

of the reco histogram would be inverting the D-matrix and multiplying it by

the reco histogram. This method however fails and results in heavily varying

bin contents as is showed and explained in [136] and [137]. The fundamental
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reason that the method fails is that finding T should be treated as a statistical

problem instead of a deterministic. From a statistical perspective the problem

can be stated as estimating the chances P (µi|νj): the chance of a entry in a

truth histogram bin i, given a entry in a reco histogram bin j. The detector

simulation can be used to derive the relation in the other direction: P (νj |µi):

the chance of a entry in a reco histogram bin j, given a entry in a truth

histogram bin i. The relation between P (µi|νj) and P (νj |µi) is given by the

Bayes’ theorem [138]:

P (µi|νj) =
P (νj |µi) · P (µi)∑
i P (νj |µi) · P (µi)

. (9.1)

The formula introduces a prior estimation on the truth P (µi) and a nor-

malisation that represents P (νj), the total chance of an event in the reco

histogram bin j. In a simplified detector model the chances P (νj |µi) repre-

sent the resolution function or the smearing matrix, the chances are written

as λji. P (µi|νj), which is not the inverted smearing matrix, is written as

θji. λji can be taken from detector simulated data by filling a 2-dimensional

histogram with truth values on the one axis and the reco values on the other.

It should be noted that this matrix holds rows and columns for all histogram

bins, and additionally holds another row and column for all fake events (events

that passed the selection on reco level while failing it at truth level), and mis-

reconstructed events (events passing the truth selection, while failing the reco

selection). θij can be calculated from equation 9.1. The only missing variable

that is needed is the prior, which is chosen to be flat (all bins equally likely).

This spectrum will almost never resemble a real physical spectrum and it will

bias the final result. However, this is the case for all spectra and the influence

of the prior can largely be reduced by iterating the procedure a few times.

In this iteration, the output unfolded spectrum is used as an input prior to

the next iteration. Usually, the distribution already converges after two or

three iterations. Iterating much more often results in large irregularities as

the output will approach the result from the deterministic approach.
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Introduction

As a last step in the analysis, I will explain how the data is “unfolded” and

how the analysis is repeated with the unfolded data. Unfolding is a technique

with which measured data can be transformed to a distribution at truth level.

In other words: unfolding is a transformation that attempts at inverting the

detector effects. An advantage of unfolding is that it makes the measurement

independent of the detector and can therefore be compared to distributions

measured by other collaborations and phenomenologists can use the results

to test new models. In this chapter I will first explain the Bayesian unfolding

method, then in the next section show the details of the efficiencies and fake

events in the two reference samples, and finally in the last section I will explain

how the analysis is performed on the unfolded data.

9.1 Iterative Bayesian Unfolding

In a simplified model, unfolding can be regarded as a deterministic problem.

A detector simulation can be modelled as a matrix multiplication: R = DT.

Where the R and T represent vectors of the bin contents of the detector

reconstructed (reco) and truth histograms and D is the matrix that represents

the detector. The obvious way of obtaining a truth histogram as a function

of the reco histogram would be inverting the D-matrix and multiplying it by

the reco histogram. This method however fails and results in heavily varying

bin contents as is showed and explained in [136] and [137]. The fundamental

UNFOLDING

reason that the method fails is that finding T should be treated as a statistical
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This spectrum will almost never resemble a real physical spectrum and it will

bias the final result. However, this is the case for all spectra and the influence

of the prior can largely be reduced by iterating the procedure a few times.

In this iteration, the output unfolded spectrum is used as an input prior to

the next iteration. Usually, the distribution already converges after two or

three iterations. Iterating much more often results in large irregularities as

the output will approach the result from the deterministic approach.
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The bin contents of the unfolded histogram can now be obtained by using

the θij matrix:

x(Ci) ≈
1

εi
θij · x(Ej). (9.2)

x(Ci) denotes the content of the cause bin i, where cause is a more general

term that in this case is the MC truth histogram. x(Ej) denotes the content of

the effect bin j, where effect is a more general term for the detector simulation

histogram. The efficiencies can be calculated by normalising the histogram

of events that were matched to a reco event with the total truth distribution.

Remember that the mis-reconstructed events are already stored in an extra

column of the λ-matrix. The efficiencies can be calculated from the additional

column by: εi = 1− λnE+1,i, which gives the last ingredient to calculated an

unfolded distribution.

9.2 Unfolding Z + 2 jets Distributions

9.2.1 1-Dimensional Case

The response matrix for the Z + 2 jets selection is derived by requiring that

the event passes the selection at truth and at reco level, and additionally, the

two jets should also be matched by requiring both jets at reco level to be

within a range of ∆R < 0.4 within the truth jets. By using this additional

requirement, the influence of pileup jets at reco level can be further reduced.

The fiducial phase space for the truth selection is very close to the selection

at reco level:

Leptons are dressed by photons not coming from the GEANT simulation

in a cone of ∆R < 0.2

pT (Lepton) > 20GeV

|η(Lepton)| < 2.5

Jets are reconstructed by a anti-kT algorithm with R = 0.4, jets in the

vicinity of a lepton (∆R(j, l) < 0.4) are removed.

UNFOLDING

pT (Jet) > 25GeV

|η(Jet)| < 2.4

Exactly 2 jets and 2 leptons are required in the event

Since the resolution of the transverse momentum of the jet is the dominant

uncertainty in the measurement, it is interesting to look at the fake fraction

and the efficiency in figure 9.1 close to the jet pT threshold.

(a) Subleading jet fake fraction (b) Subleading jet efficiency

Figure 9.1: Fake fraction and efficiencies for the subleading jet. The
bins below 50 GeV show a higher fake fraction and lower efficiency, due to
the JVF cut applied. The figures show very high fakes and low efficiencies
for events with a subleading jet near the pT threshold. This problem can
partly be fixed by employing a 3-dimensional unfolding method.

The figures especially shows that the fake fraction is indeed very high near

the jet pT threshold. Part of the problem is that there are many events where

the jets are just above the threshold at reco level, but the truth jets are just

below the threshold. Even if the jets in the reco event can be matched to the

events in the truth event, the match will not be included in the response ma-

trix due to the fact that the truth event does not pass the selection criteria. A

solution that can be proposed to this problem is to lower the threshold of the

jets and include the pT of subleading and subsubleading jets (2nd and 3rd jets)

on two additional Y- and Z-axes of the histogram: (∆N
jj , pT (J2), pT (J3)). If

that 3-dimensional histogram is then unfolded, the bins in which the sublead-

ing jet is above the required threshold and the third jet is below the threshold

can be selected and the low pT jets will have a smaller fake fraction. The
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The bin contents of the unfolded histogram can now be obtained by using
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Figure 9.1: Fake fraction and efficiencies for the subleading jet. The
bins below 50 GeV show a higher fake fraction and lower efficiency, due to
the JVF cut applied. The figures show very high fakes and low efficiencies
for events with a subleading jet near the pT threshold. This problem can
partly be fixed by employing a 3-dimensional unfolding method.

The figures especially shows that the fake fraction is indeed very high near

the jet pT threshold. Part of the problem is that there are many events where

the jets are just above the threshold at reco level, but the truth jets are just

below the threshold. Even if the jets in the reco event can be matched to the

events in the truth event, the match will not be included in the response ma-

trix due to the fact that the truth event does not pass the selection criteria. A

solution that can be proposed to this problem is to lower the threshold of the

jets and include the pT of subleading and subsubleading jets (2nd and 3rd jets)

on two additional Y- and Z-axes of the histogram: (∆N
jj , pT (J2), pT (J3)). If

that 3-dimensional histogram is then unfolded, the bins in which the sublead-

ing jet is above the required threshold and the third jet is below the threshold

can be selected and the low pT jets will have a smaller fake fraction. The
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improvement of the efficiency and fake fraction can be tested by lowering the

jet threshold to 20 GeV and project the bins that select events with a jet

threshold of 25 GeV. These histograms are shown in 9.2.

(a) Subleading jet fake fraction (b) Subleading jet efficiency

Figure 9.2: Fake fraction and efficiencies for the subleading jet with a
pT threshold of 20 GeV. It shows that events with a subleading jet with a
pT above 25 GeV have lower fakes and higher efficiencies if the reco jets
are allowed to be matched to truth jets below the jet threshold.

9.2.2 3-dimensional Case

The algorithm for 3-dimensional unfolding is in principle the same as for 1-

dimensional unfolding, there are just more bins. Since Bayesion unfolding has

a complexity of ∝ i ·N3 (with i, the number of iterations, and N the number

of truth/reco bins), the number of bins should be restricted. Another issue

that constrains the number of bins is the limited statistics in the MC sample.

For these reasons, only 2 bins will be used for the y,z-axes: one bin above the

jet threshold and one bin below the jet threshold. The x-axis will still have

50 bins, just as with the analysis at detector reconstruction level. By using 3-

dimensional unfolding another complication is introduced. It can happen that

the leading jet at truth level is reconstructed in de detector with a lower pT

than it actually has, or oppositely: a low pT jet is reconstructed with a higher

momentum. In these situations, the ordering of the jets could be swapped.

For example, the response matrix could be filled in which the 3rd jet is above

the jet threshold and the 2nd jet is below the threshold. This effect will also
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happen in the real detector, it is however not possible to measure how often

this happens and in which events this was the case. To overcome this effect,

MC events are required to have the same ordering at truth level as on reco

level. Events that do not pass this requirement are added to the inefficiency

bin of the response matrix.

The response matrix and the fake and efficiency rates for the normalised

jet balance in the 3-dimensional case are presented below. Since the rates are

represented in a 3-dimensional histogram, while the response matrix is now

6-dimensional (3 reco dimensions mapped to 3 truth dimensions), a transfor-

mation is applied to visualise the 3 dimensions as a single dimension:

Bin1D = i+ nx× (j + ny × k) + 1. (9.3)

The equation maps bin number (i,j,k) with respectively (nx,ny,nz) number

of bins to a single 1-dimensional bin number. For our histogram, this gives

the following cases:

bin number 1-50: projection on the x-axis for the (y,z)-bin in which

2ndjet− pT < 25, 3rdjet− pT < 25

bin number 51-100: projection on the x-axis for the (y,z)-bin in which

2ndjet− pT > 25, 3rdjet− pT < 25

bin number 101-150: projection on the x-axis for the (y,z)-bin in which

2ndjet− pT < 25, 3rdjet− pT > 25 (never occurs)

bin number 151-200: projection on the x-axis for the (y,z)-bin in which

2ndjet− pT > 25, 3rdjet− pT > 25

The comparison between the Alpgen+Pythia6 and the Sherpa samples

for the inefficiencies and the fake rates are show in figure 9.3. The response

matrix is only shown as it was produced with the Alpgen+Pythia6 sample in

figure 9.4
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improvement of the efficiency and fake fraction can be tested by lowering the

jet threshold to 20 GeV and project the bins that select events with a jet

threshold of 25 GeV. These histograms are shown in 9.2.

(a) Subleading jet fake fraction (b) Subleading jet efficiency

Figure 9.2: Fake fraction and efficiencies for the subleading jet with a
pT threshold of 20 GeV. It shows that events with a subleading jet with a
pT above 25 GeV have lower fakes and higher efficiencies if the reco jets
are allowed to be matched to truth jets below the jet threshold.
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happen in the real detector, it is however not possible to measure how often

this happens and in which events this was the case. To overcome this effect,
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(a) Inefficiencies for the 3-dimensional
∆N

jj-histogram
(b) Fake rate for the 3-dimensional
∆N

jj-histogram

Figure 9.3: Comparisons between the two different reference sample for
the inefficiencies and the fake rates of the ∆N

jj histogram. The bins for the
second and third dimension of the histogram are projected on additional
bins on the x-axis. The histograms show that the Alpgen+Pythia6 sample
gives a somewhat higher efficiency (≈ 5%) than the Sherpa sample and
also a slightly higher fake ratio (up to (≈ 10%).

Figure 9.4: Response matrix for the 3-dimensional ∆N
jj histogram as

made with the Alpgen+Pythia6 sample. The bins for the second and
third dimension of the histograms are projected on additional bins on the
axis of the first dimension (x-axis in the original histogram). The matrix
shows the possibility that a truth event on the y-axis migrates to a reco
bin on the x-axis.

9.2.3 Unfolding Tests

A series of tests are be performed to examine the performance of the unfolding

algorithm. In a first test the MC reco histogram is unfolded with the response
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matrix that was produced with the same MC sample. If this procedure results

in exactly the MC truth histogram the test passes. Such a test is called a

closure test and it was acknowledged that the applied unfolding procedure

passes the test. Another type of closure test is to use half of the MC sample

to train the response matrix, and use the other half of the MC sample as an

input to the unfolding procedure. These tests are shown in figure 9.5. The

next step is to check how the unfolding with Alpgen+Pythia6 sample differs

from unfolding with the Sherpa sample, this is showed for the unfolding of

the normalised jet balance in figure 9.6. A last check that is performed is the

comparison between the results that is obtained by using the 3D unfolding

procedure, with the results obtained by using the 1D unfolding procedure as

shown in figure 9.7.

These tests and checks consistently show that the unfolding works well for

the ∆N
jj variable for a large range. However, there are significant shape varia-

tions between the several ways of unfolding for low values (∆N
jj < 0.05) of this

distribution and for large values (∆N
jj > 0.9). In the next section, the results

of the fitting procedure for the unfolded distributions is summarised. The

problematic region will be excluded from the fit to minimize the uncertainty

due to the unfolding procedure.

9.3 Results from the Unfolded Distributions

From the procedure as explained in the previous section, fDPI and σeff can

be extracted in a similar way as was done in chapter five. There are however

a few differences:

Instead of the reconstructed data, the unfolded data is used

The truth MC distribution is used to model the Z + 2 jets SPI back-

ground instead of the detector simulated sample.

A bin-by-bin unfolded distribution is used to model the truth level dijet

signal template.
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jj histogram. The bins for the
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bins on the x-axis. The histograms show that the Alpgen+Pythia6 sample
gives a somewhat higher efficiency (≈ 5%) than the Sherpa sample and
also a slightly higher fake ratio (up to (≈ 10%).

Figure 9.4: Response matrix for the 3-dimensional ∆N
jj histogram as

made with the Alpgen+Pythia6 sample. The bins for the second and
third dimension of the histograms are projected on additional bins on the
axis of the first dimension (x-axis in the original histogram). The matrix
shows the possibility that a truth event on the y-axis migrates to a reco
bin on the x-axis.

9.2.3 Unfolding Tests

A series of tests are be performed to examine the performance of the unfolding

algorithm. In a first test the MC reco histogram is unfolded with the response
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matrix that was produced with the same MC sample. If this procedure results

in exactly the MC truth histogram the test passes. Such a test is called a

closure test and it was acknowledged that the applied unfolding procedure

passes the test. Another type of closure test is to use half of the MC sample

to train the response matrix, and use the other half of the MC sample as an

input to the unfolding procedure. These tests are shown in figure 9.5. The

next step is to check how the unfolding with Alpgen+Pythia6 sample differs

from unfolding with the Sherpa sample, this is showed for the unfolding of

the normalised jet balance in figure 9.6. A last check that is performed is the

comparison between the results that is obtained by using the 3D unfolding

procedure, with the results obtained by using the 1D unfolding procedure as

shown in figure 9.7.

These tests and checks consistently show that the unfolding works well for

the ∆N
jj variable for a large range. However, there are significant shape varia-

tions between the several ways of unfolding for low values (∆N
jj < 0.05) of this

distribution and for large values (∆N
jj > 0.9). In the next section, the results

of the fitting procedure for the unfolded distributions is summarised. The

problematic region will be excluded from the fit to minimize the uncertainty

due to the unfolding procedure.

9.3 Results from the Unfolded Distributions

From the procedure as explained in the previous section, fDPI and σeff can

be extracted in a similar way as was done in chapter five. There are however

a few differences:

Instead of the reconstructed data, the unfolded data is used

The truth MC distribution is used to model the Z + 2 jets SPI back-

ground instead of the detector simulated sample.

A bin-by-bin unfolded distribution is used to model the truth level dijet

signal template.
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(a) Alpgen 1
2
- 1
2
closure test (b) Sherpa 1

2
- 1
2
closure test

Figure 9.5: 1
2
- 1
2

Closure tests for the unfolding of the normalised jet
balance with the Alpgen+Pythia6 sample and for the Sherpa sample. In
these test, the closure test is mimicked, but now the response matrix and
the input data histogram are statistically independent. These figures show
that the unfolding works well, except for low ∆N

jj values.

Figure 9.6: Comparison of the unfolding between the Alpgen+Pythia6
sample and the Sherpa sample. There are significant differences for the
lowest bin (back-to-back jets) and the upper few bins (collinear jets).

The systematic uncertainties are modelled by variations on the data

distribution instead of variations on the two templates in the model.
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(a) Alpgen 3D unfolded/1D unfolded (b) Sherpa 3D unfolded/1D unfolded

Figure 9.7: Comparison between the unfolded data as performed with
the 3 dimensional procedure and the unfolded data as performed with
the 1-dimensional procedure. The response matrix used for the unfolding
was made with the Alpgen+Pythia6 sample for the left plot and with the
Sherpa sample in the right plot.

The systematic uncertainties are propagated to the unfolded data by set-

ting up a different response matrix for each variation and unfolding the data

for each of these response matrices. A disadvantage is that a profile likeli-

hood method cannot be applied since the test statistic for the configuration

where the systematic uncertanties are in the data instead of in the model

is currently not implemented in the RooFit package. As a consequence, the

total systematic uncertainty can only be calculated by adding all variations

quadratically.

The fact that only a simple bin-by-bin unfolding method is used to model

the dijet truth signal is a shortcoming of this part of the analysis. However,

the full 3-dimensional bayesian unfolding could not be finished in time to be

incorporated in the analysis described in this thesis.

For the three different categories that are an input to the calculation of

σeff three different control plots are shown. Figure 9.8 shows a comparison

of the Z + 2 jets unfolded data, including all uncertainties, and the truth

Alpgen+Herwig+Jimmy MC for the ∆N
jj distribution for both the muon and

the electron channels. Figure 9.9 shows a comparison of the Z+0jets unfolded
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(a) Alpgen 3D unfolded/1D unfolded (b) Sherpa 3D unfolded/1D unfolded

Figure 9.7: Comparison between the unfolded data as performed with
the 3 dimensional procedure and the unfolded data as performed with
the 1-dimensional procedure. The response matrix used for the unfolding
was made with the Alpgen+Pythia6 sample for the left plot and with the
Sherpa sample in the right plot.

The systematic uncertainties are propagated to the unfolded data by set-

ting up a different response matrix for each variation and unfolding the data

for each of these response matrices. A disadvantage is that a profile likeli-

hood method cannot be applied since the test statistic for the configuration

where the systematic uncertanties are in the data instead of in the model

is currently not implemented in the RooFit package. As a consequence, the

total systematic uncertainty can only be calculated by adding all variations

quadratically.

The fact that only a simple bin-by-bin unfolding method is used to model

the dijet truth signal is a shortcoming of this part of the analysis. However,

the full 3-dimensional bayesian unfolding could not be finished in time to be

incorporated in the analysis described in this thesis.

For the three different categories that are an input to the calculation of

σeff three different control plots are shown. Figure 9.8 shows a comparison

of the Z + 2 jets unfolded data, including all uncertainties, and the truth

Alpgen+Herwig+Jimmy MC for the ∆N
jj distribution for both the muon and

the electron channels. Figure 9.9 shows a comparison of the Z+0jets unfolded
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(a) Muon channel prefit data/SPI (b) Electron channel prefit data/SPI

Figure 9.8: Comparison of the unfolded data with the truth distribution
of the Alpgen+Herwig+Jimmy sample in which the DPI events are vetoed
for the normalised jet balance in the Z + 2 jets event selection.

data with the Powheg+Pythia NLO MC sample for the mass spectrum of

the Z boson for both the muon and electron channels. Figure 9.10 shows a

comparison of the unfolded dijet data and the Powheg+Pythia truth MC for

the ∆N
jj distribution.

(a) Muon channel (b) Electron channel

Figure 9.9: Comparison of the unfolded data with the Powheg+Pythia
NLO truth level MC for the mass distribution of the Z boson in the Z+0jet
event selection.

From these three distributions, again the fDPI and subsequently σeff can

be extracted. fDPI is determined from fitting a SPI and a DPI template to

the unfolded data. In the case of fitting to the unfolded data, the SPI template

is the Alpgen+Jimmy truth histogram and the DPI template is taken from

the unfolded di-jet data. Since it is not possible to apply a profile-likelihood
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Figure 9.10: Comparison of the unfolded data with the Powheg+Pythia
NLO truth level MC for the normalised jet balance in the 2jet event se-
lection.

method, the uncertainties of fDPI are determined by applying the fit for each

systematic variation of the DPI template and for each variation of the unfolded

data. The total uncertainty is then calculated by adding all differences with

the nominal value quadratically. The results on fDPI and σeff are shown

below:

fDPI(muon channel) = 4.03+1.0
−1.1%

fDPI(electron channel) = 2.65+1.5
−0.70%.

(9.4)

(9.5)

σeff (muon channel) = 16.5+5.0
−8.1 mb

σeff (electron channel) = 26.0+13
−9.5 mb.

(9.6)

(9.7)

The results for the muon channel are comparable to the results obtained

at detector level, while the result in the electron channel deviates even more

from the muon channel than was the case at detector level. This provides

additional arguments why the result in the muon channel is indeed correct

and the electron channel is less reliable.

The uncertainties on fDPI and especially on σeff are siginificantly larger.

This is even the case when comparing them to the uncertainties computed by

adding all the uncertainties from the separate nuisance parameters quadrati-

cally. The reason for this is the different way of unfolding the data in the Z +
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Figure 9.10: Comparison of the unfolded data with the Powheg+Pythia
NLO truth level MC for the normalised jet balance in the 2jet event se-
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additional arguments why the result in the muon channel is indeed correct
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This is even the case when comparing them to the uncertainties computed by

adding all the uncertainties from the separate nuisance parameters quadrati-

cally. The reason for this is the different way of unfolding the data in the Z +
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fDPI σeff

JES 18 % 23 %
JER 19 % 31 %
Generator-dependence 8 % 10 %
JVF 3.5 % 6 %
Muon 1 % 2 %
Trigger 0.2 % < 0.1 %
BCH < 0.1 < 0.1 %
PRW < 0.1 % < 0.1 %

Total systematics 26 % 39 %

MC statistics 6.0 6.0 %
Data statistics 4.0 % 4.0 %

Total 28 % 41 %

Table 9.1: Categorised uncertainties on fDPI and σeff , the errors have
been symmetrised as (up+down)/2.

2 jets and the 2jet event categories. In the Z + 2 jets selection, the distribu-

tions are unfolded by using a 3-dimensional unfolding in which the migrations

across the jet threshold are included in the efficiency calculation. This is not

the case for the 2jet event selection. Here simple bin-by-bin correction factors

are applied. As a consequence, for many systematic variations the efficiency

estimation is shifted upwards in comparison to the nominal for the Z + 2 jets

selection. The same variation results in a downward shift for the efficiency

estimation in the 2jet selection. Especially for the calculation of σeff this

anticorrelation results in a much larger propagated uncertainty than was the

case at detector level. An overview of the systematic breakdown is given in

table 9.1.

9.4 Conclusions

This chapter describes how the efficiency and acceptancy of the ATLAS de-

tector are reversed to retrieve the “truth”-histogram. Unfolded distributions

obtained by 1-dimensional and 3-dimensional unfolding methods are com-

pared. The 3-dimensional method shows a significant improvement. The

unfolded distributions obtained by using the Sherpa and the Alpgen+Pythia
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generators to fill the response matrix are compared and shown a small dif-

ference. The generator dependence is included in the calculation of the total

uncertainty.

The result on σeff in the muon channel is very similar to the result ex-

tracted at detector level and is therefore very similar to the result of earlier

measurements presented in figure 2.3. However, the result in the electron

channel shifted even further away from the result in the muon channel as

compared to the extraction at detector level. The large difference in the elec-

tron channel between the extracted σeff at unfolded level and at detector

level supports the conclusion that the applied version of the detector simula-

tion cannot be correct. At the same time, the comparable results in the muon

channel give confidence that these are solid.

The values of fDPI and especially σeff have large uncertainties. This

is due to a combination of the facts that a profile-likelihood method cannot

be applied and that the di-jet data and the Z + 2 jets data are unfolded

using different methods. It is fair to conclude that these uncertainties are

overestimated and the uncertainties obtained in chapter 8 are derived in a

more comprehensive and statistically correct procedure.
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generators to fill the response matrix are compared and shown a small dif-
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uncertainty.
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level supports the conclusion that the applied version of the detector simula-

tion cannot be correct. At the same time, the comparable results in the muon

channel give confidence that these are solid.

The values of fDPI and especially σeff have large uncertainties. This

is due to a combination of the facts that a profile-likelihood method cannot

be applied and that the di-jet data and the Z + 2 jets data are unfolded

using different methods. It is fair to conclude that these uncertainties are

overestimated and the uncertainties obtained in chapter 8 are derived in a

more comprehensive and statistically correct procedure.
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SUMMARY

Summary

With the discovery of the Higgs boson [1, 2], the only unmeasured property

of the Standard Model is the scalar potential. Even after the discovery of

the Higgs, there are still many open question and theories that predict the

existence of very rare particles. For the measurement of the scalar potential

and the search for future rare beyond the standard model processes, a very

detailed understanding of proton-proton collisions is required.

The chance that not one, but two pairs of partons within the same proton-

proton collision form a hard interaction increases with the centre-of-mass col-

lision energy of the protons. The phenomenon is referred to as Double Parton

Interaction (DPI). In a crude model, the two interactions are considered to

be independent and its cross sections can be calculated by factorising the two

separate cross section with a certain normalisation factor. This normalisation

factor is called the effective cross section (σeff ) and has been studied in eight

different analyses [6–10, 75–78]. This analysis adds an independent, clean,

measurement.

More sophisticated models incorporate flavour, longitudinal momentum

and spin correlations. An overview of these models is presented, but the

conclusion is that a measurement of these correlation effects is very difficult

with the current dataset.

DPI has not yet been studied in the Z + 2 jets channel until now. While

its event topology is very similar to the topology of W+2jet events, it does

not depend on the reconstruction of missing energy. Even when the cross

section of Z boson production is approximately ten times smaller than that of

W boson production, the 2012 dataset holds sufficient statistics. In the muon

channel, the event yield is ≈ 270,000 events, while the electron channel still

holds ≈ 200,000 events.

The number of DPI events is estimated by fitting a SPI and a DPI template

to the data. The SPI template is taken from a MC Alpgen+Herwig+Jimmy

dataset of Z+jets events, from which the DPI events are vetoed. By assuming

that the two partonic interactions are independent, a DPI template can be

SUMMARY

taken from the set of 2jet events in the data. The variable that is used for the

fitting is the normalised jet balance
(
∆N

jj =
| �pT (j1)+ �pT (j2)|
| �pT (j1)|+| �pT (j2)|

)
. This variable is

found to be very well described by the Alpgen+Herwig+Jimmy sample and

is very sensitive to DPI.

The systematic uncertainties on the measured values fDPI and σeff are

estimated by applying a profile-likelihood method. A multi-dimensional like-

lihood in constructed is created in this method. Each source of systematic

uncertainty forms a nuisance parameter in the likelihood and the maximisa-

tion of the likelihood gives the estimator on the final result. In this analysis,

the total uncertainty is reduced drastically w.r.t. the classical method of

adding all systematic uncertainties quadratically. The uncertainties on the

nuisance parameters are however overconstrained to less than 10 % of their

“prefit” values. It is shown that using the prefit values for the nuisance pa-

rameters does not greatly increase the total systematic uncertainty and the

largest reduction of the uncertainty is due to the profiling itself.

The fraction of DPI events in the data is measured to be fDPI(muon channel) =

4.15+.3
−.3% in the muon channel, while in the electron channel a different result

is obtained: fDPI(electron channel) = 3.04+.3
−.3%. Event generator programs

already include an estimation of DPI in the high transverse momentum re-

gion of the underlying event model. These estimations are considered to be

too small, in the MC dataset Alpgen+Herwig+Jimmy the fraction of DPI is

determined to be fDPI(MC) = 3.3+.15
−.15%.

The fraction of DPI events is not expected to be equal in the two channels,

although a difference of more than 25 % is surprising. The effective cross

section should however be independent of the efficiency and acceptance of the

lepton measurements and should therefore be equal in both channels. This is

not the case, as in the muon channel the result is σeff (muon channel) = 15.6±
1.3mb whereas in the electron channel the result is σeff (electron channel) =

19.9± 2 mb.

It is not possible to directly compare distributions that are measured by

different detectors, since they have different efficiencies, acceptances and res-

olutions. To overcome this, it is necessary to apply a transformation that
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Summary
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taken from the set of 2jet events in the data. The variable that is used for the

fitting is the normalised jet balance
(
∆N

jj =
| �pT (j1)+ �pT (j2)|
| �pT (j1)|+| �pT (j2)|

)
. This variable is
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reverses detector effects. The resulting “unfolded” distribution can be com-

pared directly to the output of event generator programs. Unfolded distri-

butions are especially useful to phenomenologists in comparing their theo-

retical model with experimental results. The last chapter of this thesis fo-

cuses on the unfolding of the measured distributions and repeats the analysis

with the unfolded distributions. The “unfolded” effective cross sections are

σeff (muon channel) = 16.5+5.0
−8.1 and σeff (electron channel) = 26.0+13

−9.5. While

the result in the muon channel is very similar to the result obtained at de-

tector level, the result in the electron channel shifted even further from the

muon value.

A series of cross-checks is performed that point at a problem in the electron

channel. The transverse momentum and the mass spectrum of the Z boson are

not as well described in the electron channel as they are in the muon channel.

The bad agreement between data and MC in the mass spectrum of the Z

boson is a by now known issue for the version of the detector simulation that

is applied on the Z+jets MC dataset used in this analysis. Unfortunately,

there are no relevant ATLAS datasets available yet in which the updated

version of the detector simulation is applied.

The result obtained in the muon channel is nonetheless considered as the

outcome of this study and is very close to earlier results obtained in the studies

mentioned earlier. A shortcoming of this study is that there is only one MC

dataset available for the largest background: Z + 2 jets from single parton

interactions. This Alpgen+Herwig+Jimmy dataset describes the data very

well, but the number of events is low and there are no additional samples

available that model the theoretical uncertainties. With a larger MC back-

ground dataset, there would be more opportunities to test correlations in the

data. By slicing up the dataset and fit the normalised jet balance for each

slice, the dependence of the effective cross section on various variables could

be tested.

With the measurement of DPI in Z + 2 jets, a new channel is added to the

list of DPI measurements. Ultimately, it would be interesting to measure DPI

in final states with two electroweak bosons such as same-sign W-pairs, W±Z

or ZZ final states. This would require at least hundreds of inverse femtobarns
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at
√
s = 13 TeV, but it is only a matter of time when such a dataset is

available.
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Samenvatting

Met de ontdekking van het Higgs boson [1, 2] is de laatste onbekende

eigenschap van het Standaard Model de scalar potentiaal. Zelfs na de ont-

dekking van Higgs zijn er nog vele open vragen en theorieën die het bestaan

van zeldzame deeltjes voorspellen. Om de scalar potentiaal te meten en voor

toekomstige zoektochten naar natuurkundige processen buiten het Standaard

Model, is het essentieel om proton-proton botsingen tot in detail te begrijpen.

De kans dat er niet één, maar twee parton paren in dezelfde proton-proton

botsingen een energetische interactie aangaan neemt toe met de zwaartepunts

energie van de proton botsingen. Dit fenomeen wordt een Double Parton In-

teraction genoemd (DPI), terwijl een normale botsing een Single Parton In-

teraction (SPI) wordt genoemd. De twee interacties kunnen grofweg gemod-

elleerd worden als onafhankelijk van elkaar en de werkzame doorsnede kan

worden berekend door de twee individuele werkzame doorsneden te vermenigvuldigen

en te normaliseren. Deze constante wordt de effectieve werkzame doorsnede

genoemd (σeff ) en is al in acht eerdere analyses onderzocht [6–10, 75–78]. De

analyse beschreven in dit proefschrift voegt een extra onafhankelijke meting

toe.

Geavanceerdere DPI modellen gebruiken smaak, impuls en spin correlaties.

Deze modellen zijn besproken, maar de conclusie is dat een meting van deze

correlaties erg ingewikkeld is met de huidige ATLAS dataset.

DPI was tot nu toe nog niet bestudeerd in het Z + 2 jets kanaal. Terwijl

de topologie van de events erg lijkt op die van W+2jet, is er geen missende

energie in Z + 2 jets. Zelfs met een tien keer keer kleinere werkzame doorsnede

van de Z boson ten opzichte van die van een W boson, bevat de 2012 dataset

voldoende statistiek. In het muon kanaal zijn er na het toepassen van alle

selectiecriteria nog ≈ 270.000 events en in het electron kanaal nog ≈ 200.000

events.

Het aantal DPI events wordt geschat door een SPI sjabloon met een DPI

sjabloon aan de data te fitten. Het SPI sjabloon wordt geëxtraheerd uit een
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Alpgen+Herwig+Jimmy Monte Carlo (MC) dataset, waaruit de DPI events

zijn weggefilterd. Door aan te nemen dat de twee parton interacties on-

afhankelijk zijn kan een DPI sjabloon worden opgesteld uit 2 jet events in de

gemeten data. De genormaliseerde jet balans
(
∆N

jj =
| �pT (j1)+ �pT (j2)|
| �pT (j1)|+| �pT (j2)|

)
wordt

gebruikt als fit-variabele. Deze variabele wordt goed beschreven door de MC

dataset en is erg onderscheidend voor het DPI signaal.

De systematische onzekerheden op de gemeten waarden van fDPI and σeff

worden geschat door een profile-likelihood methode toe te passen. In deze

methode wordt een multi-dimensionale aannemelijkheidsfunctie opgesteld. Elke

bron van onzekerheid vormt een storingsparameter in de aannemelijkheids-

functie en de maximalisering daarvan ten opzichte van elk van die parameters

geeft een schatter van het eindresultaat. In deze analyse wordt de totale

onzekerheid drastisch gereduceerd ten opzichte van de klassieke manier om

onzekerheden af te schatten, namelijk door elke onzekerheid kwadratisch op

te tellen. De onzekerheid op de meeste storingsparameters wordt in deze anal-

yse echter tot minder dan tien procent van hun originele waardes ingeperkt,

het model is overbepaald. Het is aangetoond dat de reductie op de totale

onzekerheid op fDPI and σeff niet komt doordat het model is overbepaald,

maar door het profileren van de aannemelijkheidsfunctie zelf. Dit is gedaan

door de oorspronkelijke fouten op de storingsparameters te gebruiken als input

in de berekening van de totale onzekerheid op fDPI and σeff .

De fractie van DPI events in de data is gemeten op fDPI(muon channel) =

4.15+.3
−.3% in het muon kanaal, terwijl in het electron kanaal een afwijkend

resultaat is gemeten: fDPI(electron channel) = 3.04+.3
−.3%. De theoretis-

che computermodellen die gebruikt worden om proton-proton botsingen te

simuleren bevatten al een schatting van het aantal DPI events in het hoge

impuls gebied van het onderliggende event model. Het wordt breed gedragen

dat deze schattingen te laag uitvallen ten opzichte van de werkelijkheid. De

gevonden fractie in de MC Alpgen+Herwig+Jimmy dataset is vastgesteld op

fDPI(MC) = 3.3+.15
−.15%.

Hoewel de fractie van DPI events niet verondersteld wordt gelijk te zijn

in de twee kanalen, is een verschil van 25 % erg verrassend. De effectieve

werkzame doorsnede zou echter onafhankelijk moeten zijn van de efficiëntie
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and acceptatie op de lepton metingen en daarom gelijk moeten zijn in beide

kanalen. Dit is niet het geval, in het muon kanaal is een waarde σeff (muon channel) =

15.6± 1.3 mb gemeten, terwijl in het electron kanaal de uiteindelijke waarde

σeff (electron channel) = 19.9± 2 mb is.

Het is niet mogelijk om distributies afkomstig van verschillende detectoren

direct met elkaar te vergelijken, doordat ze beide andere efficiënties, accep-

taties en resoluties hebben. Om dit toch te kunnen doen, moet er eerst een

statistische techniek worden gebruikt die unfolden wordt genoemd. Met deze

techniek worden de detector effecten zo goed als mogelijk ongedaan gemaakt

en kunnen de verkregen distributies direct vergeleken worden met de voor-

spellingen van simulaties. Deze techniek is in het bijzonder nuttig voor phe-

nomenologen die hun theoretische modellen willen toetsen aan experimentele

data. Het laatste hoofdstuk van dit proefschrift richt zich op het unfolden van

de gemeten distributies en de effectieve werkzame doorsnede wordt hieruit

geëxtraheerd. Het resultaat in het muon kanaal is: σeff (muon channel) =

16.5+5.0
−8.1 en in het electron kanaal: σeff (electron channel) = 26.0+13

−9.5. Terwijl

het resultaat in het muon kanaal erg dicht zit bij het eerder verkregen resulaat

op detector-niveau, ligt het resultaat in het electron kanaal zelfs nog verder

af van het eerdere resultaat.

Er is nog een aantal andere controles uitgevoerd die erop wijzen dat er

een probleem zit in het electron kanaal. De transversale impuls en het massa

spectrum van het Z boson komen niet zo precies overeen met de voorspelling

als dit het geval is in het muon kanaal. Het feit dat de experimentele data

en de voorspelden waarden niet goed overeenkomen voor het massa spectrum

van het Z boson is heden een bekend probleem en is veroorzaakt door een

onzorgvuldigheid in de detector simulatie. Helaas zijn er geen relevante MC

datasets beschikbaar die gesimuleerd zijn met de nieuwste versie van de de-

tector simulatie.

Het resultaat in het muon kanaal wordt beschouwd als de uitkomst van

deze studie en komt zeer goed overeen met de uitkomsten van eerdere studies.

Een tekortkoming van deze studie is dat er slechts één MC dataset beschikbaar

is voor de grootste achtergrond: Z + 2 jets afkomstig van SPI. Deze dataset

is produceerd met de combinatie van de Alpgen+Herwig+Jimmy simulatie
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paketten. De dataset beschijft de experimentele data erg nauwkeurig, maar

het bevat slechts een beperkt aantal events en er zijn geen schattingen van

de theoretische onzekerheid beschikbaar. Met een grotere dataset zouden er

meer mogelijkheden zijn om correlaties tussen de twee partonische interacties

te testen. Om correlaties te testen moet de effectieve werkzame doorsnede

worden gemeten als functie van een variabele die gevoelig is voor een correlatie.

Dit kan bijvoorbeeld de totale transversale impuls van de jets zijn of de azimut

hoek tussen het Z boson en de twee jets. Om dit te doen moet de dataset

worden opgedeeld in meerdere gebieden van deze gevoelige variabele en voor

elk gebied moet de effectieve werkzame doorsnede bepaald worden.

Met deze DPI meting in Z + 2 jets events is er een nieuw proces toegevoegd

aan de lijst van DPI metingen. Uiteindelijk zou het fascinerend zijn om DPI te

meten in processen waarin twee electrozwakke bosons worden gecreëerd, zoals

gelijkgeladen W-paren of Z boson paren. Om zo een soort meting mogelijk te

maken zouden op zijn minst honderden inverse femtobarns op
√
s = 13 TeV

verzameld moeten worden, maar het is slechts een kwestie van tijd voordat

deze statistiek verzameld is.
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geforderte Bewegung von in ruhenden Flüssigkeiten suspendierten

Teilchen. Annalen der Physik, 322:549–560, 1905.

[14] A. Einstein. Zur Elektrodynamik bewegter Körper. Annalen der Physik,

322:891–921, 1905.
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