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Abstract

The LHCDb experiment at the Large Hadron Collider (LHC) is a fully
instrumented forward-arm spectrometer initially designed to study the decays
of heavy flavour particles produced close to the beam-line (2.0 < n < 4.5).
This unique precision coverage of the forward region at the LHC means that
the experiment is also able to make measurements of massive electroweak
vector boson production which are complementary to those made at the
general purpose detectors. Such measurements are sensitive to the inner
structure of the proton, probing parton distribution functions at low values of
Bjorken-z. These measurements also provide precision tests of perturbative

quantum chromodynamics and the Standard Model.

This thesis considers the production of Z bosons in association with
jets at LHCb in events where the Z bosons decay directly to two muons.
Jet reconstruction at LHCb makes use of a particle flow algorithm which
enables the majority of the jet content to be measured using the LHCb
tracking systems. This algorithm enables jets to be reconstructed with a
transverse momentum resolution of about 11-13%. The measurement of the
Z+jet production cross-section is made above two jet transverse momentum
thresholds: 10 and 20 GeV, using data collected by the LHCb experiment
in 2011 corresponding to an integrated luminosity of about 1 fb™'. The
fiducial region for these measurements is defined by requiring that both the Z
boson and the jet lie within the LHCb detector’s acceptance. Measurements
are also made of the ratio of these cross-sections to the inclusive Z boson
production cross-section, and of the differential cross-sections with respect
to kinematic variables associated with the Z+jet events. These results show
good agreement with theoretical predictions based on the Standard Model,
evaluated by matching fixed order calculations using POWHEG to PYTHIA for
simulation of the parton shower development and hadronisation. The thesis

concludes by considering the impact of related future measurements.
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Preface

This thesis describes my work on various aspects of the LHCb research programme.
I present this review of the content so that those reading are aware of where I have

concentrated my studies over the last few years.

The main body of the thesis begins with a short introduction, followed by a discussion
of the theoretical framework that underpins our current understanding of particle physics.

This review is based on the work of others, which is cited.

I then discuss the LHCb detector and data collection. Parts of this chapter therefore
also review the work of others. However, within the LHCb ‘QCD, Electroweak and
Exotica’ Working Group I played a major role in the event selection, and was responsible
for the implementation of the software trigger lines and offline selection requirements.

This work is therefore presented in some detail.

The chapter on jet reconstruction is a summary of the work of the LHCb ‘Tools for
jet reconstruction’” working group. I made major contributions to the work of this group.
I was jointly responsible for the initial development of the LHCb particle flow algorithms,
which was subsequently further developed by others. I was also responsible for studies of

the jet reconstruction performance at LHCb.

The LHCb jet reconstruction is then put to use in the final analysis chapters. These
chapters detail the LHCb measurement of forward Z+jet production, published in JHEP
in January 2014. I was the lead analyst within the collaboration for this measurement,

which was the first published LHCb jet measurement.

I conclude the thesis by considering related measurements of interest that can be

made in the coming years.

William James Barter
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“Look deep into nature, and then you will understand everything better.”
— Albert Einstein






Chapter 1

Introduction

“When it comes to the world around us, is there any choice but to
explore?”
— Lisa Randall

Few scientific experiments have caught the public imagination like the Large Hadron
Collider (LHC). The first day of operation was marked across the globe by mass media
coverage. In the United Kingdom the event dominated the news, and particle physics

has been catapulted to the front of the public perception of science.

The first data-taking period at the LHC has just finished, and the detectors and
machine are now being prepared for higher energy collisions. Analysis of the initial data
has led to many interesting scientific discoveries: the most obvious success is the discovery
of a particle with properties consistent with those of the Standard Model Higgs boson
by both the ATLAS [1] and the CMS [2] experiments. There have also been exciting
developments away from the LHC. Recent results have shown that the neutrino sector
contains considerable mixing [3] between all three neutrino flavours. Regardless of future
measurements, the success of the Standard Model can be described as the crowning
achievement of modern particle physics: it has provided accurate predictions for a range
of physics processes at many different experiments. Neither direct nor indirect detection

measurements at the LHC or elsewhere have seen conclusive evidence for supersymmetry
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or other models of new physics; for the last forty years the Standard Model has passed

every test!.

Despite this success there are still major questions to be answered: we have yet to
detect a particle which could account for astrophysical observations of dark matter, and
the Standard Model does not account for gravity (though this does not provide problems
for predictions at current experiments, since gravity is extremely weak at TeV energy
scales). In addition, our current knowledge of the Standard Model suggests a degree of
fine-tuning; over the coming years the LHC will provide stringent tests of naturalness.
There is still much to be understood about the Standard Model and about nature at the
TeV scale.

Precision measurements seek to study the Standard Model in detail: some directly
extract Standard Model parameters (for example, the weak mixing angle) from data and
test whether the measured values agree with other constraints. Others attempt to compare
well measured quantities at colliders (for example, production cross-sections) with precise
theoretical predictions. Such measurements can inform us about the behaviour of the
Standard Model, testing both its structure and the assumptions and approaches taken in

evaluating predictions. We discuss one such measurement here.

This thesis documents the measurement of forward Z boson and associated jet (‘Z+jet’)
production, in events where the Z boson directly decays to two muons, at the LHCb
experiment, based on data collected in 2011 corresponding to an integrated luminosity of
about 1fb~!. These studies were also presented in Ref.[4], and were the first published
results from LHCDb to include jet reconstruction. This measurement provides a test of
perturbative quantum chromodynamics (pQCD) in the forward region. It also provides
sensitivity to the parton distribution functions (PDFs) that describe the inner structure
of the proton, and therefore also tests the accuracy of different PDF parametrisations
and the DGLAP equations that govern their evolution. Such studies build on earlier

measurements of inclusive W and Z boson production at LHCb [5, 6].

The motivation for the Z+jet measurement can also be viewed from another angle:
measurements of well-predicted Standard Model quantities provide useful benchmark
calibrations of the experiment performance. If the measurement agrees with the Standard
Model then there will be increased confidence in future work using the same techniques.

This thesis therefore also discusses related analyses that can be carried out in the near

!Neutrino mixing and neutrino masses were not originally included within the Standard Model, and
some therefore argue that they are the first evidence for physics beyond the Standard Model. However,
neutrino masses can be (and have been) incorporated into the theory.
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future. We also consider the prospects of repeating the measurement using the larger
sample of /s = 8 TeV data recorded by the LHCb experiment in 2012.

The thesis is organised as follows: chapter 2 introduces the theoretical background
to the events studied, starting with the mathematical structure of the Standard Model,
and following with an overview of relevant phenomenology at the LHC. Chapter 3 then
documents the LHC and the LHCb detector that we use for the measurement. We pay
special attention to the selection of events to be studied, as the author was responsible for
this within the LHCb QCD, Electroweak and Exotica Working Group. We also discuss
the event reconstruction techniques at LHCb, before turning to look at the LHCb jet
reconstruction algorithms and their performance in chapter 4. LHCb uses a particle-flow
approach to reconstruct jets, taking as much information about the final state from
the tracking sub-systems. Only the reconstruction of stable neutral particles relies on
calorimeter information. Chapters 5 and 6 together outline the analysis of the Z+jet
events. We introduce the detailed motivation for the analysis in chapter 5, along with the
event selection. This chapter also presents studies of selected events: we determine their
purity, compare them to simulated data, and determine the efficiency with which a Z
boson decaying directly to two final state muons is reconstructed. Chapter 6 introduces
corrections for the resolution of the jet transverse momentum (pr), and documents a
measurement of the Z+jet production cross-section (and related differential distributions
and quantities) above two jet transverse momentum thresholds?: 10 and 20 GeV. These
results are compared to Standard Model theoretical predictions, which are based on
fixed order matrix element calculations evaluated using POWHEG [7—11] that are matched
to PyTHIA [12] for simulation of the parton shower development and hadronisation.
There is also a thorough discussion of the systematic uncertainties associated with the
measurement. Chapter 7 examines the potential for related future measurements, and

chapter 8 concludes the thesis.

Before we turn our attention to the theoretical description of the Standard Model
and the phenomenology of particle collisions at the LHC, we will briefly discuss the
conventions used for co-ordinates at hadron colliders within this thesis (and within

particle physics in general).

2Throughout this thesis we use natural units, where i = ¢ = 1.
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1.1 Co-ordinates at hadron colliders

It is desirable to introduce the notation used for measurements at hadron colliders and
the commonly used co-ordinate system, as we will make reference to various co-ordinates
throughout this thesis. The specific co-ordinate system for the LHCb experiment will be
discussed in Chapter 3.

The colliding beams are often defined to travel in the =+ z direction. The plane to
which this direction is normal is the plane transverse to the beams, and the component
of a particle’s momentum in this plane is usually labelled the transverse momentum, pr.
The azimuthal angle in this plane is defined to be ¢. Whilst the particular value of ¢ = 0,
corresponding to the x-axis, is peculiar to an experiment, differences in the value of ¢
are well defined without reference to particular Cartesian axes. With this information, a
particle’s momentum in the x and y directions may be found. To specify the direction
a particle travels in, one more piece of information is needed - how far ‘forward’ the

particle is travelling. This is typically measured at hadron colliders using the rapidity

1 E+p,

where F is the energy of the particle. This variable is, for massless particles, equivalent

variable, given by,

Y

to the pseudorapidity, given by,

0 %m <M> = _In(tan(6/2)), (1.2)

‘p| — Pz
where p is the particle’s 3-momentum, and € is the angle the particle makes to the z-axis.

The rapidity variable is useful as particle production at hadron colliders is typically
reasonably flat as a function of rapidity (until there is a kinematic cut-off at large |y|).

Differences in rapidity are also invariant under longitudinal Lorentz boosts.

In addition, the n and ¢ variables provide a space which contains angular information
about the direction of travel of particles, and the distance measure AR? = An? + A¢?

provides a reasonable variable to determine the separation of two particles.

The values of rapidity are often used to label certain areas of phase space. The central
region refers to the region where hard particle production is favoured (for kinematic

reasons), roughly |n| < 1.5. The forward region can be thought of as complementary,
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occupying the region with roughly |n| > 2. Energy-flow increases in the forward region,

as the proton remnants scatter through small angles in particle collisions.






Chapter 2

Theoretical overview

“One never notices what has been done; one can only see what remains
to be done.”

— Marie Curie

This chapter discusses some of the theoretical concepts that are used throughout the
rest of the thesis. We begin by looking back and summarising our best theory of the
sub-atomic world, the Standard Model of Particle Physics, which was formulated in the
latter half of the twentieth century. This is followed by more detailed discussions on the
electroweak and strong interactions. We then focus on how these theories give rise to

predictions for observables at proton-proton collider experiments.

2.1 The Standard Model of particle physics

The Standard Model of Particle Physics [13-16] is summarised in the following section,
based on summaries presented in Refs. [17-21]. The Standard Model consists of a set of
fundamental particles and the rules that govern their interactions. These rules describe
the interactions of three of the four fundamental forces of nature: the electromagnetic
force, the weak force, and the strong force. The mathematical formulation of these forces
is based on gauge symmetries within group theory. Specifically, the Standard Model
is invariant under SU(3) ® SU(2), ® U(1) transformations. The Standard Model does
not describe the gravitational interaction however; there exists no quantum theory of

gravity which provides experimentally verifiable predictions. Classical gravity, being
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much weaker than the three other forces, is not expected to affect processes at the LHC
(or similar energy scales). Some modifications to the Standard Model to include gravity
make predictions where gravitational interactions can affect LHC processes but so far
there has been no experimental evidence for these extensions to the Standard Model [22].
In addition, the Standard Model contains no natural candidate for dark matter. For these
reasons, the Standard Model is not a complete or universal theory of nature. Instead,
some theoretical physicists advocate viewing it as an effective theory that is valid at

relatively low energy scales [23].

In the Standard Model, the forces are mediated by the exchange of fundamental
bosons, summarised in Table 2.1. The electromagnetic force is mediated by the photon,
the weak force is mediated by the W and Z bosons, and the strong force is mediated by
the gluon. There is one other boson predicted by the Standard Model. The spin-0 Higgs
boson is a direct consequence of the presence of the Higgs field. This field provides mass
to the particles of the Standard Model whilst maintaining gauge invariance through the
Electroweak symmetry breaking mechanism. The ATLAS and CMS detectors at CERN
recently announced the discovery of a new particle with properties consistent with those
of the Standard Model Higgs boson [1,2].

The other particles of the Standard Model are the 12 fermions. These come in two
varieties: the leptons and the quarks, each arranged in three generations. In the leptons,
each generation consists of one charged lepton and one neutrino. Each quark generation
consists of a positively charged up-type quark and a negatively charged down-type quark.
The quarks are distinct from the other fermions in the Standard Model in that they
feel the strong interaction. This will be discussed in more detail in Section 2.1.2. Every
fermion in the Standard Model also has a partner anti-fermion, which has the same mass
and spin, but opposite charge. The non-neutral fermions come in two further varieties:
left- and right-handed chiral states. Only the left-handed chiral states interact with the
W * boson, and the left-handed and right-handed states interact with the Z boson with

different strengths. The leptons and quarks are summarised in Tables 2.2 and 2.3.
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Force Particle Mass / GeV Spin  Q/e
Electromagnetism Y 0 1 0
Weal W= 80.385+0.015 1  +1
7 91.1876 +0.0021 1 0
Strong g 0 1 0
Higgs H 125.9 + 0.4 0 0

Table 2.1: The fundamental bosons in the Standard Model, and their mass, spin, and electric
charge (Q). The particle associated with the strong force, the gluon, is theoretically defined
to have zero mass, but experimental measurements are consistent with a mass up to a few
MeV. Likewise, the photon is defined to have zero mass and charge, and the upper bound on
its mass is measured to be 1 x 10724 GeV and the upper bound on the magnitude of its charge
is measured to be 1 x 1073%e. From Ref. [24].

Generation Particle Mass / MeV Spin  Q/e
1 e 0.510998928 £+ 0.000000011  1/2 -1
v, : 12 0
5 v 105.6583715 £ 0.0000035 /2 -1
Vo - 1/2 0
5 T 1776.82£0.16 /2 -1
Ve ; 1/2 0

Table 2.2: The flavour eigenstates of the fundamental leptons in the Standard Model, and
their mass, spin, and electric charge (Q). Anti-particles are not shown, and have the same
mass and spin as their particle partners, but have the opposite electric charge. Neutrinos are
measured to undergo flavour oscillations as they propagate. This measurement implies that the
neutrinos have non-zero masses, and that the mass eigenstates are distinct from the flavour
eigenstates. These masses have not yet been measured, but are known to be less than 2 eV.
There are also precision measurements of the differences in the squared masses of the neutrino
mass eigenstates. The values in the table have been taken from Ref. [24].
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Generation Particle Mass / MeV Spin  Q/e

. u 2.3107 /2 +2/3
d 48702 /2 -1/3
) c 1275+ 25 /2 +2/3
s 95+ 5 /2 -1/3
. t 173070 £ 520+ 720 1/2  +2/3
b 4180+ 30 /2 -1/3

Table 2.3: The mass eigenstates of the fundamental quarks in the Standard Model, and their
mass, spin, and electric charge (Q). Anti-particles are not shown, and have the same mass
and spin as their particle partners, but have the opposite electric charge. As free quarks are
never observed, their masses can be defined in different ways. The mass given here is that in
the MS renormalisation scheme. The top quark decays before hadronising, so a direct mass
measurement is possible. The number quoted for the top quark mass is that found from direct
measurements. From Ref. [24].

2.1.1 Light, matter, and nuclear decays
Quantum electrodynamics

Quantum electrodynamics (QED) is the quantum theory of light and its interaction with
matter[25]. It is an Abelian gauge field theory, invariant under local U(1) transformations.

The charge of the theory is the electric charge.

The theory starts with the Lagrangian® given by
. 1 ,
EQED = W(V“Du - m)l/f - ZFWF“ ) (2-1)
where the covariant derivative
D, =0, +1ieA, (2.2)

acts on some spin 1/2 field 1 (with ¢ = 1)14°), describing a charged quark or lepton of
mass m, with the photon field A, interacting with this particle. The propagation of the
photon field is described by the term

F, = 0,4, — 0,A,. (2.3)

!The Dirac gamma matrices are represented by v, with the index p running from 0 to 3. We also
assume the Einstein summation convention.
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Figure 2.1: Loops such as the one shown here mean that renormalisation is needed in order
to keep predictions from QED finite. Renormalisation subsumes the contributions of such loops
into the definition of fundamental quantities, like the value of the electromagnetic coupling
strength.

This Lagrangian is invariant under the transformations

) — e ), (2.4)

AP — AP 4 91 g(x). (2.5)

The photon field must be massless, as a term representing a massive propagator (v?A,A*)

breaks the gauge invariance.

From this Lagrangian the interactions within the theory can be calculated, using
the Feynman rules to calculate the amplitudes and probabilities for various processes to
occur. For the simplest processes the lowest order term in the electric charge is O(e?);
it is conventional to replace the charge by a coupling strength, a = €?/4w. The lowest
order terms in the probability for each interaction are called leading order (LO). The

next-to-leading-order (NLO) terms contain an extra power of a.

At leading order, calculations in QED give finite results. However, the theory diverges
at higher orders, as loops like those shown in Figure 2.1 can be added in throughout
any Feynman diagram, and the net effect of these loops is to render the calculation
divergent. However, using renormalisation, the effect of these diagrams can be summed
and removed from the theory by allowing quantities like the coupling strength to change
with the energy of the process being studied. At higher energies the electromagnetic

charge appears to increase due to this ‘running’.

Studies of QED have shown its power to describe electromagnetism at the quantum
level to high levels of precision. The spin magnetic moment of an electron, p,, is usually

parametrised by p, = —gsupS, where S is the electron spin and pp is the Bohr magneton,
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with the parameter g, relating the spin to the magnetic moment. The Dirac equation
predicts gs = 2, but higher order corrections in QED lead to a predicted value [26] of
(g9s —2)/2 =1159652181.78(0.77) x 10~*2, where the figure in parentheses indicates the
theoretical uncertainty. This QED prediction agrees with the measured value [27] of
(g5 — 2)/2 = 1159652 180.73(0.28) x 10712 at the level of nine parts in ten billion. QED

is arguably the most precisely tested theory of nature.

The electroweak interaction

The theory of QED can be extended to account for the weak force - the force that

describes nuclear decays.

We begin with the electroweak Lagrangian given by

»CEW = LBosons + LFermions + LHiggs: (26)

where the separate terms deal with the propagation of the vector boson fields, the
interaction of the vector boson fields with the fermions (quarks and leptons), and the
mechanism by which particles in the Standard Model acquire mass without breaking

gauge invariance.

Consider first Lposons, given by

1 . - 1 .
*CBosons = _ZW;VWZM - ZLBMVBM 5 (27)
Wﬁy = (%W; — W — gweijkWZWf, (2.8)
B/ux = 81/B,u - auBua (29>

where the B field behaves similarly to QED (and is invariant under U(1)), and the W
field is invariant under SU(2), with structure constants given by €%, The indices i, j

and k£ run from 1 to 3.

The term Lgermions describes how these massless fields couple to the fermions, and how
the fermion fields propagate. The left-handed (V) and right-handed (¢g) fermions are

treated differently. Right-handed fermions are singlets, whereas left-handed fermions are
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placed in doublets with the corresponding fermion of the same generation (for example

up-type quarks are paired with down-type quarks). The Lagrangian is given by

ﬁFermions = Z lIIL’yMDﬁWL + @ER’YNDf@ZJR) (210)

fermions

with the covariant derivatives defined as

. Tisxri .
Dyj = 0y + igw 5 W, +igsY By, (2.11)

DY = 0, +igpY B,.. (2.12)

This Lagrangian is invariant under U(1) ® SU(2), transformations. The structure of
the Lagrangian means that left-handed fermions interact with both the W and B fields
whereas the right-handed fermions only interact with the B field. Explicit fermionic mass
terms are forbidden through gauge symmetries. The matrices 7; are the generators of
SU(2), of which the Pauli spin matrices are one representation, and the coupling strength
of the fermions to the W fields is gyr. The B field couples with strength gg to particles
carrying weak hypercharge Y. The four vector fields (W?', W2 W3, B) are all massless.

The final part of the electroweak Lagrangian enables the fermions and bosons to
acquire mass, whilst maintaining the overall gauge invariance under U(1l) ® SU(2)
transformations, by introducing a complex scalar (Higgs) field, ® (an SU(2) doublet
with @ = —i(®T73)T), which breaks the electroweak symmetry by acquiring a non-zero
vacuum expectation value [28-33]. This vacuum expectation value enables the fermions
to acquire mass through Yukawa terms, and, through the coupling of the bosons to the
scalar field, the bosons also acquire mass. Perturbations around this vacuum expectation
value couple to both bosons and fermions, and are seen as a spin-0 particle which couples
to mass, the Higgs boson. A particle with similar properties has recently been observed
at the LHC [1,2]. The Lagrangian for these interactions, assuming massless neutrinos, is

given by

Luiggs = Lup + Lur + Luq, (2.13)

Lup = (D, 0) (D"®) — 1*®Td — \(TD)?, (2.14)
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ACHL = _gN‘IJNLwNeR(I) + h.C., (215)

Lug =~V Guntnar® — ¥ Guntnwr® + hec.. (2.16)

In the terms Lyy, and Ly the hermitian conjugate is taken, in order to ensure that
the Lagrangian is hermitian. These terms also include sums over up-type and down-type
quarks, and electron-type fermions. The couplings here are proportional to the fermion
masses, and must be set individually through the coefficients Gy and gn. These
parameters account for the majority of the Standard Model parameters. The W' and
W2 bosons acquire the same mass. These fields can be combined to form the physical
W and W~ bosons, which couple only to left-handed particles which carry weak isospin.
There are also two electrically neutral spin-1 boson fields, the W3 and the B. These mix

to form new combinations,

7" = cos(By )W — sin(fy, ) B*, (2.17)

A* = sin(Oy )W + cos(Ow ) B, (2.18)

where one combination, the Z field, acquires mass (and the consequences of this, includ-
ing a longitudinal polarisation), whereas the other, the A field, remains massless and
corresponds to the photon. The amount of mixing is defined by the Weinberg (or weak)
mixing angle, Oy [14], an experimental parameter that must be measured (or derived
from measurements of other Standard Model parameters). Like the underlying fields,
the Z boson couples with different strengths to left-handed and right-handed particles.
The photon couples equally to left-handed and right-handed particles, and maintains a

residual U(1) local symmetry.

There is one more subtlety we must consider before we continue our discussion of the
Standard Model - the reason that the quark fields are primed above in equation (2.16).
There is no reason why the eigenstates of the fermions when they interact with the weak
force should be the same as the mass eigenstates of the fermions; there is no reason that
a top quark must decay to a bottom quark and a W' boson, and not, for example, to
a strange quark and a W' boson. Allowing for this possibility in the Standard Model

introduces the CKM matrix? [34,35]. This unitary matrix allows for mixing between the

2If neutrino masses are included, then a similar matrix, the PMNS matrix, is necessary.
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flavour and mass eigenstates across the generations and is described by three rotation
angles and one complex phase. The presence of this phase allows for CP violation.
Experimentally it has been seen that the diagonal elements of the CKM matrix are close
to unity; a top quark is more likely to decay to a bottom quark than a down quark or
a strange quark. A primary goal of the LHCb experiment [36] is to perform precision
measurements of the CKM matrix, to better understand differences between matter and

anti-matter.

2.1.2 The strong interaction

Our most fundamental theory that describes the strong interaction is quantum chromo-
dynamics (QCD). Like QED, the theory describes the interactions of matter by means of
particle exchange. In the case of QCD, particles with colour charge (like quarks) interact
with each other by gluon exchange. Unlike QED, the gluons themselves carry colour
charge, and so also interact with each other by emitting and absorbing gluons. There
are three different types of colour charge, conventionally labelled red, green and blue.
Antiparticles carry the anti-colour. Quarks are associated with a single colour; gluons are
made up of a colour and an anti-colour (or a superposition of such pairs). The presence of
the colour quantum number means that to first order (neglecting differences in couplings
and masses) a particle is three times more likely to couple to a particular quark than a

particular lepton.

QCD is a gauge field theory, with the theory invariant under local non-Abelian SU (3)

transformations. The Lagrangian of the theory is given by

= a 1 v
Locp = Val(iy" D — md™ )iy — ZF;‘VFX : (2.19)
with the covariant derivative given by
DY = 69, +ig.GyTy, (2.20)

and the gluon field Gﬁ propagating term being given by

Fi = 8,6 — 8,G1 — g, fapcGEGS. (2.21)
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The extra term in this tensor in comparison with QED highlights the non-Abelian nature

of QCD. This Lagrangian is symmetric under SU(3) gauge transformations.

The field 1 describes the quarks in the theory, carrying a colour charge, with the
quantum number of the colour charge given by a and b. As there are three colours
(N¢ = 3), these indices run from 1 to 3. The coupling strength of the theory is g,, and
the structure constants are f4pc, where the indices A, B, C' run from 1 to N3 —1 =38.
The generators of the gauge group are T4, and can be represented as eight 3 x 3 matrices
(the Gell-Mann matrices). Like QED, the strong interaction is associated with a coupling

strength, ag = g2 /4.

QCD, like QED, contains divergences when particle exchanges are evaluated beyond
leading order. As with QED, these divergences can be removed by renormalising the
theory. The coupling strength of the strong interaction varies with the energy of the

process being considered, (), as

as(QF)

3 = —, 2.22

) = Gas @ () 22
_ 11Ng — 2N

f=—p— (2.23)

so for 3 colours and 6 quark (N; = 6) flavours, as in the Standard Model, # > 0 and the

strong interaction runs to become weaker at higher energies.

At low energies, ag is too large for a perturbative approach to be valid. It is in this
realm that we must turn to soft (or non-perturbative) QCD. The large value of this
coupling strength in low energy QCD means that particles we measure in nature only
exist in colour charge neutral (‘colourless’) states. This is known as confinement. We
measure particles that are made up of colour-anti-colour pairs (mesons) or bound states
of the three different (anti)colours (baryons). The different states of matter that contain

particles which feel the strong force are labelled collectively as hadrons.

At higher energies, the value of ag is sufficiently small (ag(Mz) = 0.1184 £ 0.0007 [24])
to allow the use of perturbative approaches. In this regime, we make predictions using
perturbative QCD (pQCD). A key point of high energy QCD is that quarks that are

bound in baryonic states may be considered as free particles, as their coupling to each
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other is sufficiently small [37,38]. The demonstration of this ‘asymptotic freedom’ won
the Nobel prize in 2004.

2.2 Theoretical predictions of Standard Model processes

Putting together the different pieces of the Standard Model allows for the construction
of a gauge field theory that is invariant under SU(3) ® SU(2), ® U(1) transformations.
The different terms contained within the Lagrangian give rise to different interactions,
allowing the probability of any fundamental process to be written down using perturbative
approaches. As discussed previously, a consequence of considering theoretical predictions
beyond leading order is that the coupling strengths of the different interactions vary with
the energies being probed, as the theories must be renormalised to provide meaningful
predictions. This running means that for the strong interaction, the perturbative approach
only becomes valid at high energies. In some cases, there seems to be an obvious choice
for the renormalisation scale (for example, for interactions on the Z pole, it can make
sense to set the renormalisation scale to the Z mass). However, the theory does not

provide a correct scale to use, and the use of any scale in calculations is technically valid.

If a calculation were possible at all orders in the perturbative expansion, then the
calculation would show no dependence on the renormalisation scale; the effects of the
renormalisation scale can be viewed as effects of truncating the full perturbative expansion.
In most cases, changing the renormalisation scale has a smaller effect in calculations at
higher orders in the perturbative expansion than at lower orders. Since it is known that
the calculation will show no dependence on the renormalisation scale were a complete
calculation to be made, then the change in prediction when the renormalisation scale is
varied provides information about the size of effects associated with higher order terms.
This can be used to set an uncertainty from missing higher order terms in any theoretical
prediction calculated using perturbation theory. The effect of varying scales is usually
only studied in pQCD; perturbative series in QED tend to converge sufficiently quickly

that the effects of changing the renormalisation scale can typically be neglected.

However, there are other noticeable effects which arise from higher orders in QED.
Consider the Feynman diagram shown in Figure 2.2a. The final state particles, the
muons, carry electrical charge, and can radiate photons, as shown in Figure 2.2b. These

photons are real (as opposed to virtual, off-shell) particles, and the effect of their presence
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Figure 2.2: Feynman diagrams at the Born level in QED do not have photon radiation from
the final state particles, as shown on the left, whereas at the bare level (the level at which
experiments reconstruct particles) the final state particles have emitted radiation. An example
of such radiation is shown on the right.

can be directly measured. This causes a difference between results defined at the Born

level (before such radiation) and the bare level (after the radiation).

2.2.1 The factorisation theorem

We can calculate the cross-section for some hard process, for example qq — Z — ptu™,
using perturbative methods. However, the experiments at the LHC and the Tevatron
collide hadrons, not partons. We therefore need to find some method for getting
predictions for the proton collisions, rather than simply predictions for the parton

collisions.

Here we make use of the factorisation theorem [20] and asymptotic freedom. We can
essentially calculate the cross-section for each possible initial state, and then weight
this cross-section by the probability that the protons contain initial-state partons of the
required energy. These probabilities are parton distribution functions (PDFs). This
approach is legitimate providing that the interactions between different partons in the
same proton are small, which is the case at the high energies where asymptotic freedom

applies. We can express the factorisation theorem mathematically as [20]:

O'(Pla PQ) = Z / dxld:@fi(xlv MQ)fj(x% Mz)aij(plvp% O‘S(MQ)a Q27 IUZ) (2'24>
i,

where o(Py, P») is the cross-section for two hadrons with momenta P; and P,, and where

we sum over all possible initial-state parton contributions, ¢ and j. These partons have
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momenta p; = x1 P, and ps = 19 P, so the integrals are over all possible parton momenta.
015 (p1, P2, as(1?), Q% p?) is the cross-section for the interaction of these partons, and in
pQCD depends upon the renormalisation and factorisations scales (which for simplicity
here are set equal to each other, y?). The parton distribution functions, f, are dependent

upon the scale, 42, and the momentum fraction of the partons.

The factorisation scale is the scale which separates long and short range physics. Long
range physics (low momentum parton emission) can be described by the structure of
the colliding hadrons, and can therefore be absorbed into the definition of the proton
through the parton distribution functions. Higher energy parton emission is considered
to be part of the hard process. The actual cross-section we measure in nature does not
depend upon this scale. However, we will find different predictions for cross-sections
by varying this scale. Choosing a realistic factorisation scale is therefore an important
element of finding realistic theoretical predictions. It is often set to either the vector
boson mass (for inclusive vector boson production) [7], or the transverse momentum of
the vector boson in the event (for inclusive vector boson + jet production) [11]. When
higher orders terms are considered within a calculation the dependence of the calculated
cross-section upon the factorisation scale diminishes, similarly to the way the dependence

on the renormalisation scale reduces.

We shall discuss other elements of QCD before returning to the crucial role that PDFs
play in hadron collider physics.

2.2.2 Determining the final state

In addition to the primary hard process that we study we must also consider the effect
of a potentially large number of additional partons also being emitted in a proton-proton
collision. For high energy partons (within pQCD) this effect is typically small, but at
lower energies and momenta (where a; becomes larger) the effects of soft (or collinear)

parton emission can become important. This can be treated in different ways.

In beam-beam collisions, at leading order, vector bosons produced by parton collisions
should have zero transverse momentum (neglecting the intrinsic transverse momentum
of the colliding partons). Higher order diagrams include the emission of partons which
can generate transverse momentum, and include terms that are of order o/ In™(pr?/M?)
for all m > 0[39-41], where pr is the transverse momentum of the vector boson and

M is the relevant energy scale, typically the vector boson mass. In the limit that
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pr — 0, these terms are divergent (and are therefore no longer small). Therefore fixed
order predictions from pQCD are known to break down when predicting the transverse
momentum distributions of vector bosons at low pr. However, in the limit of soft gluon
emission the effect of these large logarithmic terms can be summed at all orders and
included in the calculations [39-41]. This can be used to modify results from fixed order
calculations so that the vector boson pr distribution (and related variables) can be
modelled more accurately. We will briefly return to this approach when we consider the

computational programs available for calculating predictions at the end of this chapter.

Instead of resumming the effect of soft gluon radiation, which is known for only a small
subset of processes, the effect of large higher order terms can be handled through the
use of a parton shower [12,42,43]. Parton showers provide predictions for the complete
final state. The result of a calculation of some hard process is found, and then the
parton shower is responsible for simulating the effect of higher orders in pQCD and
the effect of the evolution of other objects in the final state (for example, remnants of
protons in pp collisions). Missing terms in the perturbation expansion are accounted
for by allowing particles to radiate additional partons and photons. The showering
is carried out in a strict ordering (a necessity of the calculation) until no final state
particles have energy above some threshold (PyTHIA [12,42] and HERWIG++ [43] both
apply a 1 GeV threshold). The evolution variable used for the ordering varies between
different programs. PyTHIA [12,42] considers pr ordering, where the hardest partons are
emitted first whereas HERWIGH+ [43] considers angular ordering. Parton showers are
only strictly accurate in the limit that the parton splitting is soft or collinear, and the

contribution of splitting at large angles is therefore underestimated.

As parton showers simulate the effect of higher orders in pQCD, parton showers and
NLO calculations overlap in what they simulate. Historically, this has led to problems
interfacing calculations beyond LO with parton showers and avoiding the double counting
of various higher order contributions. Recent advances in the study of parton showers
has enabled this double counting to be subtracted when the predictions of hard processes
are found at NLO [8,9,44]. This means that predictions for hard processes can be made
at NLO using one program, and then interfaced with other programs to simulate the

parton shower and subsequent clustering and hadronisation.

In the processes we have discussed so far we have considered final states which include
partons. However, the partons are not observed in the final states that we see in physical
events. At lower energies, the coupling strength of the strong force increases. Since the

partons are coloured states, the force between the partons increases, and the partons
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hadronise into colourless bound states (of hadrons). There are no clear theories of how
this process works as it is a low energy process and cannot be predicted by pQCD.
One approach is the Lund String Model [45]. In this model the energy associated with
the separated partons becomes sufficiently large for new partons to be created out of
the vacuum. This process continues until some cut-off energy scale is reached. At this
stage bound colourless hadrons are formed out of the particles that have been produced,
using measured fragmentation functions. Other models take a different approach. The
cluster model [46] works by splitting all the final state gluons into quarks and antiquarks.
Neighbouring quarks and antiquarks are then grouped into colourless clusters. The mass
and quark content of these clusters determine the hadrons formed, through the use of

fragmentation functions and hadronisation fractions.

The unstable final state hadrons then decay through various Standard Model processes
into more stable particles. This process is quantum mechanical in nature, and is therefore

fundamentally probabilistic. It is typically modelled using measured branching fractions.

In some events there may be no single hard process: there may be additional inter-
actions between other partons in the initial state, as the proton remnants are coloured
objects and will interact, primarily through the strong interaction. If multiple initial-state
partons in the same proton play a significant role in the event then we tend to label the
event as containing multiple interactions. If, on the other hand, the final state is simply
populated with additional soft QQCD radiation and associated hadrons then we classify
this as being part of some underlying event that takes place in addition to the hard
interaction. This separation between underlying event processes and multiple interactions
is arbitrary, and is simply a way of labelling different parts of the event. Ultimately, as we
cannot observe the free partons, we deal with models tuned to other experimental data.
These models give rise to empirical predictions that match what we observe, hopefully to

a high level of precision.

2.2.3 Jets

The final state partons shower, hadronise and decay to produce a set of particles with the
same momenta as the partons; the particles observed in the final state of a proton-proton
collision are the long-lived stable particles following such processes. Whilst individual
particles often contain little direct information about the hard event that took place, if a
sufficiently hard parton is emitted in the laboratory frame of reference, then the particles

it decays to will tend to form a collimated beam, with higher momentum partons tending
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to produce more collimated beams. We therefore introduce jet clustering algorithms
for the final state that produce experimental observables which contain significant and
useful information about the partons emitted in the hard process and the QCD processes
they undergo in hadronising [47]. Ultimately, the purpose of defining jets is to reduce the

complexity of the final state objects whilst retaining the physics information of interest.

There are some fundamental requirements for well-behaved jet clustering algorithms at
hadron colliders. These were produced by a collaboration of experimental and theoretical
particle physicists, in a statement known as the Snowmass Accord [48]. These requirements

are that:

e the algorithms should be easy to implement theoretically and experimentally.

e the algorithms should be defined at all orders of pQCD, and should give finite results
at all orders of pQCD. This is referred to as infrared safety. The most important
concerns here are that the emission of extra soft particles or collinear splitting of

partons should have no effect on the jets clustered.

e the algorithms should be applicable before and after hadronisation is considered,

and should be as insensitive to hadronisation effects as is possible.
These are achieved through the choice of suitable clustering definitions.

The most commonly used jet algorithms are those in the kr family [49-52], which are
sequential recombination algorithms. Historically these are computationally intensive,
but modern techniques such as those implemented in FASTJET [53] have enabled a fast

implementation. These use the following algorithm:

1. We define some distance measure, d;;, between any two particles ¢ and j. We also

calculate the distance between each particle, ¢, and the beam. We label this d;p.

2. We take the minimum distance. If this corresponds to a pair of particles, they
are combined into one overall particle. This is typically done by summing their
4-momenta, and using this quantity to define a new particle. We then replace
the merged particle with this new particle. If the minimum distance is between a
particle and the beam, then we remove this particle from the list of particles and

consider it to be a jet.

3. We then repeat the process on the new list of particles.

This process provides a list of jets in the event.



Theoretical overview 25

For the kt family [49-52] the distance measures are given by

_ : 2p  2p
diy = mm@T,pPT,j) R2

dip = pi, (2.26)

where pp; is the transverse momentum of particle ¢ and AR;; is the relative distance in
1 — ¢ space between the particles ¢ and j, given by AR?j = Anfj + quﬁfj. The parameter R
is the “cone size”. As we shall see, two particles inside this cone will tend to be clustered
into the same jet. When the parameter p = 1, we have the kt algorithm. For p = 0, we

have the Cambridge-Aachen algorithm. For p = —1, we have the anti-kr algorithm.
We show how the anti-kt [52] algorithm functions by considering a few simple cases:

e [f there are any two particles in the range AR5 < R then they will be clustered

together to form a jet.

e The d;; between a hard particle and a soft particle is determined by the momentum
of the hard particle. If there are no other hard particles present within a distance
2R of the hard particle, then all soft particles within a radius R of the hard particle

will be clustered with it to form a conical jet with radius R.

e If there is another hard particle in the range R < AR5 < 2R from the hard particle
then there will be two jets present. If one of the particles is much harder, then it
will form a conical jet, and the softer particle forms a non-conical jet. If the two

hard particles have similar transverse momenta then neither jet will be conical.

If there is collinear splitting of a parton, k, into particles ¢ and j, then the AR;; value
after this splitting will be 0, and the particle we form by recombining ¢ and j is the same
as the particle present before the collinear splitting, k. Collinear splitting of partons
therefore has no effect on the clustered jets. In addition, we can consider the emission
of a soft particle from a hard parton with non-zero angular separation. Such emissions
do not modify the kinematic properties of the jet. These properties together make the

algorithm infrared safe. As such it can be considered to be well defined at all orders in
pQCD.

Jet shapes are defined by adding many soft particles to the event throughout n — ¢
space. By considering which particles are clustered into which jets, we can set up
boundaries for the jets in n — ¢ space, giving a shape to the jets. The process of adding
these soft partons to the event does not change the shape or kinematics of the jets in the

event as the algorithm is infrared safe. The shape of jets reconstructed using different
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Figure 2.3: The shape of jets in the same event that are clustered using different algorithms.
Taken from Ref. [52].

algorithms is compared in Figure 2.3. One of the nice features of the anti-kt algorithm

is that it tends to give more conical jets than the other algorithms in the kr family [52].

We must also consider the differences between jets reconstructed at different stages
of a proton-proton collision. In particular, we want to compare jets reconstructed
at the parton level, created out of final state partons produced in a matrix element
level calculation and any subsequent parton shower, to the jets we would reconstruct
after considering hadronisation and fragmentation. This stage corresponds to the jets
defined at the hadron level, and the jets correspond to those we would reconstruct in a
perfect detector. There are different effects [52] that give rise to differences between jets

reconstructed at the hadron level with respect to those reconstructed at the parton level:

e Underlying event: The underlying event will cause particle production through
all n — ¢ space. When included within the clustering, this has the net effect of

increasing the momentum of jets. The effect is smaller for smaller values of R.
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e Hadronisation: As hadronisation occurs, the final state partons will cluster into
particles which then undergo subsequent decays. This may well lead to particles
formed from partons inside a jet at parton level falling outside a jet at hadron level.
This reduces the momentum of jets at the hadron level with respect to those at the

parton level. The effect decreases for larger cone sizes.

These processes will also generate mass for jets - even for jets which at the parton level

consist of one massless parton?.

The size of these effects have been modelled and studied [54] and found to be greater
for gluon-initiated jets than quark-initiated jets. In essence, as they carry more colour
charge, the amount of radiation in gluon-initiated jets tends to be greater than the amount
in quark-initiated jets. The sum of the squares of the typical sizes of these processes
squared is shown in Figure 2.4 as a function of the radius parameter used. These effects
also depend on the momentum and type of emitted parton. A broad minimum is seen in
the region between R = 0.5 and R = 0.7.

2.2.4 Parton distribution functions

Parton distribution functions are, crudely, a measure of the probability of a certain
parton having a given energy, and represent the modulus squared of the wavefunction of
the inner structure of the proton. They are found as a function of the energy scale being
considered, Q% and the Bjorken-z value [56]. This variable was first introduced in deep
inelastic scattering measurements, and is given by x = Q%/2p- ¢, where p is the parton’s
4-momentum and ¢ is the 4-momentum transfer in the interaction being considered. In
the high energy limit,  can be viewed as the fraction of the proton’s momentum carried

by the parton [17]. Indeed, the x variable was already introduced in equation (2.24).

A naive view of the proton treats it as simply being composed of two up quarks and
one down quark. This approach is surprisingly powerful for calculating, for example,
the magnetic moment of the proton, but it is not a complete picture. Due to gluon
exchange inside the proton, quark and anti-quark pairs or gluons are constantly being
created and annihilated. Consequently, the proton contains other contributions than

those suggested by the simple picture. However, we can split these sources up, leaving

3Light quarks are often modelled as massless, as their mass is much lower than the energy scales being
probed.
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Figure 2.4: The sum of the squares of the expected differences in jet pr between the parton
and hadron levels, due to the effects of the underlying event and hadronisation. Also shown
are effects related to processes decribed by higher-orders in pQCD. These processes cause
differences in the jet pr between jets formed from final state particles found in fixed order
pQCD predictions and jets formed after any parton shower is considered. Taken from Ref. [55],
in the style of Ref. [54]
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valent contributions to the up and down distribution functions (u, and d,), such that

/x:1 uy(z)dz = 2, (2.27)

/I1 dy(z)dr =1, (2.28)

so that the proton contains two up valence quarks and one down valence quark. Then

the sea contributions, from particle and anti-particle creation, can be written as

Uy = Uy, (2.29)

d, = d,. (2.30)

It is reasonable to make the approximation that u, = d, as the difference in mass between
up and down quarks is small, and the production of sea partons is dominated by QCD.
There are also other sea contributions to the PDFs from the strange and charm partons. It
is also normal to include a contribution to PDF's from bottom quarks, though four flavour
PDFs are calculated neglecting this contribution (so all bottom particles are produced in
the final state) [57]. There is also a gluon PDF'. Indeed, the majority of proton-proton
interactions at the Large Hadron Collider are due to gluon-gluon interactions, and over
half the proton’s momentum is carried by gluon constituents at LHC energy scales.
Recent PDF's have considered the possibility of including a photon contribution, though
this is not yet a standard approach [58]. Typical values of PDFs are shown in Figure 2.5.

The different PDFs are also constrained by the total momentum carried by the proton.

This condition - a momentum sum rule - can be written as

Z/: zfi(z)dz = 1, (2.31)

where the parton distribution associated with a species of particle, i, is given by f;(z).

Other sum rules can also be considered, which constrain other properties of the proton [59].

The factorisation scale, discussed earlier, determines the energy at which emission is
considered to occur within the hard interaction or within the proton. This split is, of

course, completely arbitrary, and is not due to any physics, but due to computational
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Figure 2.5: PDFs at different values of  and Q2. From Ref. [57]
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approaches. Therefore, the complete theoretical prediction at all orders in pQCD will be
independent of the factorisation scale choice. This fact enables the PDF at one energy
scale to be ‘evolved’ to find the PDF at another, different energy scale, through the
DGLAP equations [20,60-62]. PDFs can be found at different orders in pQCD, to match
onto hard process calculations at different orders. The orders differ by the number of

splittings they consider for the different partons inside the proton.

PDFs can be calculated directly from lattice QCD. However, this approach currently
yields large uncertainties in the distributions. PDFs used to make predictions of cross-
sections at the LHC are therefore calculated by performing global fits to data taken at
fixed target experiments, and to collider data recorded at HERA and the Tevatron. These
fits are performed by different groups: MSTW [57] (originally MRST [63]), CTEQ [64],
NNPDF [65] and others. However, the distributions are not particularly well constrained
for small values of x. The LHCDb experiment will play a key role in making measurements
that can be used to probe, understand and potentially constrain the PDFs in this
region [66]. This will be discussed in more detail later in this thesis (see Chapter 5). The
study of parton distribution functions and the inner structure of the proton is a rich area

of research within QCD and one where data taken at the LHC has an important role to

play.

2.3 Computational programs for predictions at hadron

colliders

As has been demonstrated previously, there are many different approaches to making
predictions based on the Standard Model. A discussion of the main computational
programs available follows. All programs discussed here make use of Monte Carlo
methods, relying on random number generation to compute the various integrals and
probabilities yielded by analytic calculations. The different programs take different

approaches to simulate the various stages of events at hadron colliders discussed above.

There are standard programs for calculating cross-sections for processes involving elec-
troweak boson production at hadron colliders, FEWz [67] and McFM [68]. These produce
predictions at the parton level, which are generally accurate for angular distributions
like rapidity, but do not provide accurate predictions at low transverse momenta [41].

These predictions are now available at NNLO for vector boson production. Programs
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like RESBOS [39,41,69,70] allow for resummation of soft gluon emission at the level of
next-to-next-to-leading logarithms (NNLL), providing corrections to NLO distributions
for vector boson production. These predictions tend to provide more accurate predic-
tions at low transverse momentum, but are only available for a few processes, and the

predictions are inclusive in the number of jets.

Programs like PYTHIA [12,42] and HERWIGH+-5 [43] provide LO predictions of the
hard process being simulated. They then run parton showers and clustering models to
provide a complete event simulation. The evolution variables and clustering approaches
differ between the two programs, so a comparison is expected to provide a reasonable
estimate of the differences between theoretical approaches. Other programs, like ALP-
GEN [71,72] and SHERPA [73] also provide similar predictions. In addition, there are
programs like PHOTOS [74], which are dedicated to the study of QED FSR.

Relatively recently it has become possible to interface higher order predictions of a
hard process with a parton shower program without double counting. For example, the
POWHEG [7-10] generator enables parton level predictions of a hard process at NLO to
be interfaced with either PYTHIA [12,42] or HERWIG [75,76] for subsequent modelling
of a parton shower, clustering and hadronisation. This has many advantages. The
calculation of the hard process at NLO provides more accuracy in predictions of the
overall cross-section and angular variables than LO calculations, whereas the interface
with a parton shower enables a complete event simulation, the construction of hadron

level quantities, and accurate predictions at low transverse momenta.

There is one final stage that is often associated with Monte Carlo simulation of
events. It is often useful to apply a simulation of a detector experiment to the final state
generated by a complete event generator. Such studies can be used to determine the
potential for a detector to make particular measurements, to compare data taken at an
experiment directly with theory without unfolding detector effects, or to analyse the
detector performance. These simulations are often performed using sophisticated models
of the detector geometry and response, and include simulation of secondary particle

interactions with the machinery. This is often implemented using GEANT4 [77,78].

The different Monte Carlo generators have various parameters that can be set to

govern the different parts of the simulation (for example, different parameters control

4There are two versions of PYTHIA: PYTHIA 6 and PYTHIA 8. PYTHIA 8 is an update of the original
fortran version to C+++, and is the currently maintained code.

SHERWIGH+ is a C++ implementation of the original HERWIG code. However it has been extended
beyond HERWIG as it is now the maintained code from HERWIG collaborators.
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the implementation of the parton shower and hadronisation models). These parameters
are tuned to match data, but can be varied, and such variations can be used to find the
sensitivity of the computation to different parts of the simulation. For predictions at
the LHC, the Monte Carlo generators have been tuned on measurements at previous
experiments such as LEP. Different tunings are often studied in measurements of the

underlying event.
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Chapter 3

The LHCb experiment at the LHC

“The test of all knowledge is experiment. Fxperiment is the sole judge
of scientific truth.”
— Richard Feynman

In this chapter we discuss the Large Hadron Collider Beauty (LHCb) experiment at
the Large Hadron Collider (LHC), and the computing and software environments used by
the experiment. The LHC machine is the highest energy collider yet constructed, colliding
proton beams at multi-TeV energy scales. The LHCb detector is a fully instrumented
forward spectrometer primarily designed to search for physics beyond the standard model
in the decays of particles containing b quarks [36]. These measurements will mainly
search for an enhanced rate of processes that are very rare within the Standard Model,
or for CP violation at levels that are inconsistent with other measurements of Standard
Model parameters. Many of the details of the LHC machine and the LHCb detector are
taken from Refs. [79] and [80]. This chapter also provides detail on the LHCD trigger and

the LHCD offline data selection, as the author has worked on these extensively.

3.1 The LHC

The LHC machine [79,81] is located at the European Organisation for Nuclear Research,
CERN, just outside Geneva (see Figure 3.1), and is a 27 kilometre machine that acts as
a particle accelerator and collider. The machine crosses the border between France and

Switzerland in the circular tunnel that was originally constructed for the Large Electron

35
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Figure 3.1: The CERN site. Source: CERN

Positron collider (LEP). The LHC is a synchrotron accelerator, and is used to accelerate
and collide both protons and lead ions. Within this thesis we only consider the machine

when colliding protons.

The LHC proton beams begin as hydrogen stored in gas bottles. The hydrogen from
these bottles is ionised, and the protons are extracted. The protons are then accelerated
through a series of particle accelerators (as shown in Figure 3.2), many of which were also
responsible for important physics discoveries in the 20'" century. The first acceleration
stage occurs at the LINAC 2 machine [82,83]. This delivers the protons to the Proton
Synchrotron booster at an energy of 450 MeV, which in turn feeds the Proton Synchrotron
(PS) with proton beams of 1.4 GeV. The PS accelerates the protons to 25 GeV, develops
the LHC bunch train, and delivers the protons to the Super Proton Synchrotron (SPS).
This accelerates the protons to 450 GeV, and creates the beam structure required for the

LHC. This entire process takes around sixteen minutes [79].

The LHC then accelerates the proton beams over a period of about twenty minutes.
Eight radio-frequency cavities are used by the LHC to accelerate each beam to its final
energy' (3.5 or 4 TeV). This allows proton collisions with centre-of-mass energies of 7
or 8 TeV. The LHC beams consist of bunches of protons, designed to be separated by
a 25 ns time interval. However most runs to date have collided beams with a bunch
spacing of 50 ns. Each bunch contains roughly 1.15 x 10! protons, and the design allows
for 2808 bunches per beam. The LHC could contain more bunches per beam, up to

a maximum of approximately 3600, but some bunches are left empty to facilitate the

!The machine is currently being prepared to deliver beams with energies up to 7 TeV.
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Figure 3.2: The CERN accelerator complex. The different accelerators which now accelerate
protons before injection to the LHC themselves played an important role in discoveries in the

latter half of the 20" century. Source: CERN
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transfer of the beam during the injection stages. With the 50 ns bunch spacing each
LHC beam in 2011 and 2012 typically contained around 1400 bunches.

The beam is controlled and accelerated using 1232 dipole magnets, which each produce
a field of 8.4 T. The magnets are cooled to 1.9 K in order to produce the high magnetic

field needed. This cooling is managed using super-fluid helium.

The LHC beams travel through Ultra High Vacuum conditions of better than 10~®mbar.
The beams are typically a few millimetres wide in the transverse plane, but are focused
at the detectors to a width of around 14 microns using quadrupole magnets. The

2

nominal operating luminosity is 10** cm=2s7!, however, the current operating luminosity

is typically around 5 x 10% cm~2s™!, yielding 20-30 proton-proton interactions in each
bunch crossing. At the LHCb experiment, the luminosity is around 4 x 1032 cm=2s7!,
yielding less than 2 proton-proton interactions per bunch crossing (on average). This
lower luminosity is a deliberate design choice, since the presence of fewer proton-proton
interactions in a bunch crossing means that LHCb can reconstruct secondary vertices
within each proton-proton collision more efficiently. This also has the additional advantage
that the sub-detectors at LHCDb suffer less radiation damage. The reduced luminosity is

achieved by de-focusing the beams, and is known as luminosity levelling.

The protons are collided at four main sites around the LHC ring. These sites house
four different large detector experiments. The ATLAS [84] and CMS [85] detectors are
‘general purpose’, and are mainly designed to search for the direct production of new
particles or the presence of new physics effects. The ALICE [86] detector is designed to
probe collisions of lead ions, investigating quark-gluon plasma effects. The LHCD [80]

detector is discussed in more detail in the following section.

3.2 The LHCb experiment

The LHCb detector [80] is a fully instrumented forward-arm spectrometer located at
Point 8 of the LHC ring. The primary design purpose of the detector is to measure the

production and decay of particles containing b quarks.

At the LHC, the dominant production mechanisms of b quarks are gluon-gluon
splitting, quark-antiquark annihilation and gluon fusion [80]. The parton distribution
functions for the initial states mean that the overall system tends to be boosted along

the direction of the beamline; one colliding parton is at high x, and the other at low x.
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Figure 3.3: Production angles of bb pairs at the LHC. The red region shows the acceptance
of the LHCb detector, with the light red region highlighting the events where both beauty
particles are produced in the LHCb acceptance. Source: The LHCb collaboration

This means that the final state particles are produced close to the beam axis: production
is disfavoured as the sum in quadrature of the b-quark mass and transverse momentum
increases [87]. Production is therefore favoured in the forward and backward regions; the

angles of the b and b are highly correlated, as shown in Figure 3.3.

The LHCD detector is consequently designed with sufficient coverage to detect many
of the B hadrons that are pair-produced. In order to fit into the existing cavern at
point 8 of the LHC tunnel the LHCb detector only probes the forward region (and
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Year and Polarity 2011 MU 2011 MD 2012 MU 2012 MD
Crossing angle (z — z) / prad 520 20 236 236
Crossing angle (y — z) / urad 35 35 100 100

Table 3.1: Beam crossing angles at LHCb. The data taken in 2010 had the same crossing
angle as that in 2011. MU and MD are abbreviations of the magnet up and magnet down
polarities respectively.

Figure 3.4: Schematic to show the beam crossing angles. In the plane shown here the beam
crossing angle, 6, is given by 6 = (6, + 62)/2.

not the backward region as well). The maximum angular acceptance of the detector is
4 300 mrad in the horizontal plane and 250 mrad in the vertical plane; the full angular
coverage of the LHCDb detector corresponds to approximately 2.0 < n < 4.5, where the
upper limit reflects the size of the beampipe. The LHCb detector structure is outlined
in Figure 3.5, which also shows the co-ordinate system used at LHCb, with the z-axis
corresponding to the beam direction?, the y-axis in the vertical direction and the z axis
constructed to create a right-handed co-ordinate system. The proton-proton interactions
take place close to the origin of the co-ordinate system. The LHC beams are displaced
before the collisions occur, and the collisions take place at small angles. This setup
ensures that there is a localised interaction point. The crossing angles are also chosen
to minimise the effect of the LHCb dipole magnet on the beams. They are shown in
Table 3.1 and Figure 3.4, but are sufficiently small to be treated as negligible for the rest
of this thesis. We now discuss the different subsystems of the LHCb detector and their

use.

2This statement ignores the small change in beam direction due to the crossing angle.
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3.2.1 Beampipe

The beampipe surrounds the LHC beam as it passes through the centre of the LHCb
detector, and therefore occupies the high rapidity region. This means that particles
from the interactions of interest will pass through the beampipe. The beampipe is
therefore designed to contain a minimal number of interaction lengths since interactions
would produce secondary particles which would pass into the LHCb detector, increasing
occupancy. This would reduce the performance of the RICH detector and the tracking
subsystems [80].

The beampipe consists of four main conical sections: the three closest to the interaction
point are made of beryllium (corresponding to 12 metres of the 19 metre beampipe),
the one furthest away is made of stainless steel. Beryllium was chosen for the region
closest to the interaction point because of its high transparency to particles produced in
proton-proton collisions. Whilst beryllium is the optimal material, its toxicity, fragility
and cost are drawbacks which mean that stainless steel was chosen for the region with
the lowest particle density. Flanges, bellows and the VELO exit window are made of
aluminium alloys. The first cone is 1 mm thick, and includes a 25 mrad half-angle cone.
The other Beryllium sections range from 1 mm to 2.4 mm thick, and are at half-angles
of 10 mrad. The vacuum inside the LHCb beampipe is isolated from the main LHC

vacuum, to allow interventions within the LHCb vacuum system.

3.2.2 Vertex Locator

The Vertex Locator (VELO) joins onto the beampipe, surrounding the location where the
LHC beams cross. The VELO is designed to track the production of charged particles in
the proton-proton collisions, enabling the reconstruction of individual interaction and
decay vertices within the proton-proton events. This is particularly important at LHCb
since many analyses search for secondary vertices where a B-hadron decays®. As well
as allowing efficient vertex reconstruction, the VELO is also an important component
within the LHCD tracking systems [80].

The VELO consists of 21 stations, each divided into two modules (left and right). Any
track within the kinematic acceptance of the LHCb detector will pass through at least

three stations. There are an additional 2 stations upstream of the nominal interaction

3A typical B hadron will fly a distance of O(1 cm) before decaying.
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Figure 3.6: The layout of the VELO, showing the different stations, and the region of overlap
when the VELO is fully closed. Source: The LHCb collaboration

point, perpendicular to the beam line. These form the pile-up veto system, and can be
used to reject events containing too many proton-proton interactions. The structure of
the VELO is shown in Figure 3.6. Each VELO station contains silicon tracking sensors
designed to measure the radial and azimuthal positions of any track passing through
it, and associated electronic chips which readout this information. This information is
combined with information from the other sub-detectors to reconstruct tracks. In order
to reduce ‘edge effects’ and improve knowledge of the detector alignment the left and
right VELO modules are designed to overlap [80].

The VELO sits inside the LHC vacuum. However, to protect the vacuum from
potential leaks of the gas in the modules, the two halves of the VELO are placed inside
aluminium boxes. These boxes also shield the VELO, so that the radio frequency (RF)
electromagnetic fields generated by the LHC beam do not affect the electronics in the
modules. For this reason the aluminium boxes, shown in Figure 3.7, are called ‘RF boxes’.
The boxes are corrugated on their inner faces to enable the two sides of the VELO to
slot together and provide the overlap between the left and right modules. In this region
the RF box is known as the RF foil. The RF foil makes the largest contribution of the
VELO to the material budget; the entire VELO corresponds, on average, to 17.5% of a
radiation length [80].
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In order to make the best measurements of vertices and the impact parameters of
tracks with respect to these vertices it is advantageous to have the VELO as close as
possible to the interaction region. However, the beam spot size decreases between the
beams being injected and stable running. The VELO is therefore designed to retract:
during stable running the VELO is at a distance of 5 mm from the beam, whilst during
the injection phase the VELO is retracted by 3 cm.

The VELO is designed to measure tracks within a cylindrical geometry, as studies
have shown that this allows for faster track reconstruction. The sensors are split in two;
half measure the radii of the hits (the distance from the beam-line) and the other half
measure the azimuthal angles of the hits. The sensors are therefore labelled as R-sensors
and ¢-sensors respectively (shown in Figure 3.8). By considering the position of each
sensor within the VELQO, the third dimension is added. Both sensor types are 300 microns
thick, with the active area extending from a radius of 8 mm to a radius of 42 mm, but

their inner strip structure is very different.

The R-sensors are divided into 4 regions, each covering 45° and containing 512
strips. Each strip forms an arc of a circle with the centre being the nominal beamline.
The decision to split the sensor into different regions reduces the capacitance and the
occupancy of each strip. The pitch (the distance between adjacent strips) increases
linearly with the radius of the sensor, from 38 microns (the minimum achievable) at the
innermost radius to 102 microns at the outer radius. This ensures that measurements at

each radius contribute with equal weight.

In the simplest case, the ¢-sensor would simply consist of radial strips, with the pitch
increasing linearly with radius, with the minimum allowed pitch at the inner radius.
However, this would make the pitch too large at the outer radius, resulting in too high
strip occupancies. As a solution, the ¢ sensor is divided into two regions. In the inner
region, the system is set-up as described above. In the outer region, starting at a radius
of 17.25 mm, the pitch is set to be half that of the inner region at the same radius. In
addition, the strips do not run radially in each region. The strips run at an angle of
~ 20° to the radial direction in the inner region, then at an angle of ~ 10° in the outer
region. The direction of this skew changes (from e.g. +20° to —20°) from one ¢-sensor

to the next.

The VELO is the part of the LHCb detector which lies closest to the collision point.

It is therefore the part of the detector which suffers the most radiation damage, and so
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vertex. Source: The LHCb collaboration

performance degrades with time. There is a replacement VELO available should such

damage become significant [80].

The position of vertices within the VELO can be measured with a typical resolution
in the transverse plane of 10-20 microns (shown in Figure 3.9), and a typical resolution
in the z direction of 50-100 microns, depending on the number of tracks which form
the vertex. The VELO also plays a key role in determining the impact parameters of
tracks with respect to these vertices, providing an impact parameter resolution of about

13 microns for high momentum tracks.
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3.2.3 The LHCb magnet and tracking detectors

The LHCb tracking systems are the VELO, the TT and the T1, T2 and T3 stations [80].
The TT and the inner tracker (the IT) of the T1-3 stations are silicon trackers. The
outer tracker (the OT) of the T1-3 stations is a drift-time detector. The LHCb dipole
magnet is located between the T'T and the T1 station, and also plays a pivotal role
in tracking measurements at LHCb. Tracking measurements are used to reconstruct
electrically charged particles as they traverse the detector, determining their momenta
(and related quantities) [80].

The LHCb magnet

The LHCb dipole magnet is used to measure the momentum of charged particles (as
the radius of curvature of a particle in a magnetic field is determined by the particle’s
momentum). The magnet covers the complete LHCb acceptance, with the field aligned
in the + y-direction. Uniquely at the LHC, the magnetic field polarity can be switched.
This is useful for analyses of asymmetries as many systematic effects can be removed by
considering the mean of measurements made with opposite field polarities. The magnet
has a peak field strength of 1.1 T, and provides an integrated field strength of ~4 Tm
for tracks of length 10 m. The peak field is achieved between the T'T and the T1 stations,
whilst the field inside the RICH detectors is as small as possible (< 3 mT), as discussed
later. The coils used to achieve the magnetic field are shown in Figure 3.10. Each coil

has a mass of 27 tons, and surrounds a yoke of mass 1500 tons [80].

In order to reach the required momentum resolution, the magnetic field was measured
using an array of Hall probes to a relative accuracy of 4 x 107*, and the position of the
peak B-field was measured to a precision of a few millimetres. The magnetic field is
shown in Figure 3.11. The reproducibility of the magnetic field was also determined at
this level. This is especially important at LHCb as hysteresis effects become important
due to the periodic changing of the field polarity. In most regions of the detector, the
agreement between the measured field and the calculated field is better than 1% [80].

The silicon trackers

The silicon trackers are located in the TT and the IT within the T1-3 stations. The

detectors use silicon microstrips, with a strip pitch of about 200 microns. Each silicon
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Figure 3.10: The LHCb magnet. Dimensions shown are in millimetres. Source: The LHCb

collaboration
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Figure 3.11: The magnetic field throughout the LHCb detector for the two magnet polarities
used. The measured field is shown as points, with the line showing the field predicted by the
detector model. Source: The LHCb collaboration
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collaboration
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tracker consists of 4 layers. The strips in the second and third layers are rotated by
+ 5° with respect to those in the first and fourth layers. The TT is located between
the RICH1 detector and the LHCb magnet. It is designed to detect low momentum
particles that would otherwise be swept out of the LHCb detector acceptance by the
dipole magnet. It is 150 cm wide and 130 cm high, and has an active area of 8.4 m?.
The TT corresponds to about 4% of a radiation length. The IT, located in the T1-3
stations, covers a 120 cm by 40 cm cross-shaped region with an active area of 4.0 m?,
and corresponds to about 3.5% of a radiation length. This region of the detector sees the
highest density of particles passing through it: the IT covers only 2% of the detector
acceptance but approximately 20% of tracks pass through it. It is for this reason that

silicon technology is used [80].

The outer tracker

The outer tracker makes up the rest of the T1-3 tracking stations (as shown in Figure 3.12).
It is designed as an array of individual, gas-tight Kapton straw-tube modules. Each
module contains 4.9 mm diameter drift-tubes. The gas (70% Argon, 30% Carbon Dioxide)
ensures a fast drift time (below 50 ns), and a resolution of better than 200 microns. As
for the IT, there are 4 layers, with the middle layers arranged at =+ 5° to the vertical.
The total active area of each station is 5971 x 4850 mm?. Occupancies are smaller than
10% (with the IT covering the region with higher particle density) [80].

3.2.4 Ring imaging Cherenkov sub-detectors

The ring imaging Cherenkov (RICH) sub-detectors measure Cherenkov radiation emitted
by charged particles that pass through them. This, along with knowledge of the particle
momenta from the tracking systems, allows particle masses to be determined. The
RICH sub-detectors provide particle ID for particles with momenta between 2 GeV and
100 GeV [80].

The sub-detector works on the principle that charged particles which travel through
a medium faster than the speed of light in that medium will emit coherent radiation.

The angle of this radiation with respect to the particle’s direction of propagation, 6, is

1
Bn
medium. This gives rise to characteristic rings of light formed when a particle traverses

given by cos(f) = o= where (3 is the particle’s speed and n is the refractive index of the

the medium. Measurements of the radii of the rings will give the emission angle, which in
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turn provides the particle’s speed. The RICH sub-detectors rely on sophisticated pattern

recognition algorithms to search for photons emitted by particles [80].

We consider the two RICH sub-detectors separately as their design is different, having

been optimised to measure particles with different momenta.

RICH 1

The RICH 1 detector (shown in Figure 3.13) is located between the VELO and the T'T.
It contains aerogel and C4Fy gas as the radiator media. Aerogel has a refractive index
of 1.030 for wavelengths of 400 nm, whilst C4F;¢ has a refractive index of 1.0014 at the
same wavelength. The Cherenkov angles of these media as a function of particle species
and momenta are shown in Figure 3.14. These radiators were chosen to provide efficient
detection of particles with 1 < p < 60 GeV; the particle ID performance seen in LHCb
data is shown in Figure 3.15 [80].

As charged particles traverse the RICH 1 detector they radiate Cherenkov photons
uniformly along their tracks. These photons are then focused using spherical mirrors
(with radii of curvature 2700 mm), producing rings on a detection plane which are then
reflected onto the photon detectors using flat mirrors. This is necessary in order to
keep the photon detectors out of the acceptance. The photons are readout using Hybrid
Photon Detectors (HPDs). These are vacuum photon detectors in which a photoelectron
is released by the incident Cherenkov photon. This photoelectron is then accelerated
by a high voltage (10 to 20 kV), creating around 5000 electron-hole pairs. The readout
electronics are able to distinguish individual photons [80] with high efficiency. Quartz
plates separate the HPDs from the radiator gas, and the whole RICH 1 detector is
enclosed using a 6 sided box made from 30 mm thick aluminium alloy plates. The
thickness of RICH 1 is approximately 8% of a radiation length [80].

The RICH 1 detector is shielded from the magnetic field using iron plates which

reduce the magnetic field in the HPD plane to a maximum value of 2.4 mT [80].

RICH 2

The RICH 2 detector is designed to detect higher momentum particles, and is located
downstream of the magnet, between the last tracking station and the first muon station. It
contains a CF, radiator, which provides efficient PID for particles with 15 < p < 100 GeV
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Figure 3.13: The design of the RICH 1 detector. The mirrors reflect Cherenkov radiation from
charged particles in the LHCDb acceptance into the photon detectors, with coherent radiation
forming characteristic rings. The photon detectors are located outside the acceptance to reduce
the material that particles in the detector pass through, and are shielded from the magnetic
field. A schematic of a particle traversing the detector is shown in the figure. Source: The
LHCb collaboration
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Figure 3.14: The Cherenkov angles of the different radiators used in RICH 1 and RICH 2 for
different particle species. RICH 2 is designed to provide particle identification capability for
higher momentum particles than RICH 1. Source: The LHCb collaboration
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Figure 3.15: The performance of the RICH 1 sub-detector in LHCb data. The ability to
distinguish different particles is clear. From Ref. [88].
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Figure 3.16: The design of the RICH 2 detector. The design is similar to that of RICH 1.
Source: The LHCD collaboration
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(as shown in Figure 3.14). The refractive index of CFy is 1.0005 for light with a wavelength
of 400 nm [80].

The RICH 2 detector has a reduced angular acceptance of £ 120 mrad in the horizontal
plane and + 100 mrad in the vertical plane, extending down to the beampipe. It is

shown in Figure 3.16. It corresponds to a thickness of 15% of a radiation length.

As for RICH 1, spherical mirrors focus the Cherenkov radiation into rings, and flat
mirrors direct this radiation onto the HPDs. Quartz plates separate the HPDs from the
radiator gas, and the entire detector is contained within aluminium panels. The HPDs
are shielded from the magnetic field using iron plates. The residual field is between 0.2
and 0.6 mT [80].

3.2.5 Electromagnetic calorimeter and associated subsystems

Here we discuss three related parts of the detector: the electromagnetic calorimeter
(ECAL), the preshower (PRS) detector and the scintillator pad detector (SPD). This
system is designed to determine the transverse energy of electron and photon candidates,
with the different elements used to distinguish between species of particles. The system
is also used to select events in the LHCb hardware trigger (discussed in Section 3.2.8)

within a 4 us window [80].

The PRS and SPD are located before the ECAL, and are separated by a lead
converter of 2.5 radiation lengths for electrons (only 1% of pions will interact with the
converter). This length was chosen as a compromise between energy resolution and
trigger performance. The ECAL, located after the PRS, is 25 electron radiation lengths
in depth. This was chosen to ensure that an entire electron shower is contained within

the ECAL systems, which improves the energy resolution [80].

Electrons, being charged, will interact with the SPD, whereas photons will not. This
enables photons and electrons to be distinguished. The photons tend to begin showering
in the PRS, though some may reach the ECAL before converting into an electron-positron
pair. The presence of the PRS in addition to the ECAL enables the background of charged
pions to be distinguished from electrons and photons since, even if pions begin showering
in the ECAL, they are very unlikely to shower within the PRS. The shower structure of

different particles within the LHCb calorimeter system is shown in Figure 3.17.
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Figure 3.17: Schematic to show the shower structure within the LHCb calorimeters, from
Ref. [89]. Different particle species produce different shower structures, allowing for efficient
particle identification.

The PS, SPD and ECAL use a lateral segmentation with 3 different regions of the
detectors, as the hit density varies by two orders of magnitude across the calorimeter
surface. The structure is shown in Figure 3.18. The PRS and SPD contain 3072 cells
in the inner region, with 3584 in the middle and 5376 in the outer regions. Each cell
is attached to readout channels to determine the energy of electromagnetic particles as
they shower [80].

The PRS and SPD are two almost identical planes of rectangular scintillator pads of
high granularity. The sensitive area is about 7.6m x 6.2m. The PRS is roughly 0.45%

smaller than the SPD, in order to cover the same angular acceptance.

The ECAL uses shashlik calorimeter technology, an alternating sampling scintillator
and lead structure that is readout by plastic wavelength-shifting (WLS) fibres. The ECAL,
like the PRS and SPD, has finer granularity in the region with the highest particle density.
The energy resolution of an ECAL cell is about o/E = 9.0%/+/F/GeV @ 0.8% [80] for

photons or electrons.

Measurements of electrons at LHCb use information from both the tracking systems
and the ECAL since the ECAL is used to correct the measured track momentum for the
effect of bremsstrahlung radiation. The bremsstrahlung radiation appears in the detector
as a neutral cluster which ‘points’ back to a track. At sufficiently low momenta the
electrons will be bent by the magnet into a different ECAL cell from the radiation. At
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Outer section :

121.2 mm cells

2688 channels
Middle section :

60.6 mm cells

1792 channels

Figure 3.18: The design of the PRS, SPD and ECAL contains three regions of different
granularity, as the particle density varies across the detector. The innermost black region is the
beampipe. This schematic shows only one quadrant of the sub-detectors, and the lines on the
schematic do not correspond to the cell sizes. Source: The LHCb collaboration [80]

higher energies the tracks will be (almost) straight, and the electrons will give deposits

in the same cells as the bremsstrahlung photons.

The gain within each ECAL cell is optimised for the low transverse energies studied
within B physics, with the calorimeter cells saturating for Et > 10 GeV. This enables a
B mass resolution of 65 MeV for the process B — K*y. This is however problematic for
measuring higher energy electrons if there is significant bremsstrahlung, as the saturation
dilutes the ability to accurately determine the energy deposit from the radiation, and
correct the electron momentum measured by the tracking systems. This is only an issue,

however, when there is a significant amount of high energy bremsstrahlung [6].

3.2.6 Hadronic calorimeter

As for the ECAL, the hadronic calorimeter (HCAL) is mainly used to enable efficient
and fast selection of events within the hardware trigger. The HCAL is designed to detect
hadronic particles as they pass through the LHCb detector, and is 5.6 hadron interaction
lengths deep. This length is determined by the available space within the LHCb cavern;
hadron showers may not be fully contained within the calorimeter. The HCAL consists of

two regions, with larger cell sizes in the region with lower particle density. This structure
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Outer section :

262.6 mm cells

608 channels

Figure 3.19: One quadrant of the HCAL. Like the ECAL, the HCAL has sections of different
granularity to account for the variation in particle density across the detector. The lines on the
schematic do not correspond to the cell sizes. Source: The LHCb collaboration [80]

is different to the ECAL structure due to the larger hadronic shower dimensions, and is
shown in Figure 3.19 [80].

The HCAL is constructed with scintillating tiles sandwiched between steel absorber
plates. The light generated in the tiles is transmitted to photon detectors by WLS fibres.
The energy resolution of an HCAL cell is about og/E = 69.5%/+/E/GeV @& 9% [80].

3.2.7 Muon chambers

The muon chambers at the LHCb experiment (shown in Figure 3.20) are designed to
allow fast selection of muon candidates but also to allow for efficient muon identification
in data analysis [90]. The muon system covers the angular range 20-306 mrad in the
horizontal plane, and 16-258 mrad in the vertical plane. This is sufficient to capture

~20% of muons from semileptonic B decays [80].

The muon system consists of five chambers or stations. The first chamber is located
before the calorimeter, with the others located downstream of the HCAL. This design
allows a fast estimate of the muon transverse momentum in the hardware trigger. Stations
M2-M5 are interleaved with 80 c¢m thick iron absorbers. The minimum momentum for
a muon to cross all five stations is, on average, about 6 GeV; the absorbers (including

the calorimeters) correspond to 20 interaction lengths for charged hadrons. Stations
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Figure 3.21: The design of each muon chamber (only one quadrant is shown). Source: The
LHCb collaboration

M1-3 have high spatial resolution, enabling accurate determination of the transverse

momentum. M4 and M5 provide efficient muon identification.

The size of each muon station is scaled to give the same angular coverage; the layout
of each station is otherwise largely similar, and is shown in Figure 3.21. Each station is
divided into four regions, R1 to R4, with each region at increased distance from the beam
axis. The linear dimensions of the regions R1, R2, R3 and R4 and their segmentations
scale in the ratio 1 : 2 : 4 : 8. The muon stations use two different technologies; multi-wire
proportional chambers (MWPCs) are used for all regions except the inner region of
MT1. In this region the expected particle rate would exceed safety limits for ageing, so

triple-GEM (gas electron multiplier) technology is used instead [80].

The MWPCs contain four 5 mm gas gaps, each containing an Ar/CO,/CF, mixture.
A muon crossing a gas gap produces electrons which are accelerated towards 2.8 kV
anode wires. It should be noted that in M1 there are only two gas gaps, to reduce the
material budget in front of the ECAL. Logical pads are defined by the edges where the
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horizontal and vertical strips cross. A combination of wire and pad readout is used. This
is necessary, as in R1 and R2, the required resolution would demand unfeasibly small
logical pads. The different pads in different layers are combined using the logical ‘OR’ in

order to improve trigger efficiency and readout time [90].

Triple-GEM detectors are formed by three gas electron multiplier foils between an
anode and cathode plane. The gap between the foils is filled with a different Ar/CO4/CFy
mixture. As for the MWPCs, a muon crossing the system will produce an electron,
which is attracted across the foils by electric fields. This provides good time and spatial

resolution, whilst being less sensitive to radiation damage.

3.2.8 The LHCb trigger

The LHCD detector operates at a much lower luminosity than the LHC design luminosity.
This means that the majority of bunch crossings contain only a few proton-proton
interactions. This aids triggering and reconstruction as the occupancy is lower than at
the general purpose detectors. However, there are still too many interactions to record
every event. It is the job of the LHCb trigger to reduce the interaction rate* from
~ 10 MHz to a recordable rate (about 3-5 kHz) [91,92].

This reduction is done in two stages or levels. Initially, a hardware (Level-0) trigger
is used to reduce the rate to around 1 MHz. This is a more manageable rate where a
partial reconstruction can be performed. After this reconstruction, the high level trigger
is used to confirm Level-0 decisions and then select events using information from a more
detailed reconstruction. This reduces the rate to the desired 3 kHz (in data recorded in
2011) or 5 kHz (in data recorded in 2012). Individual physicists at LHCb can then select
and study these data[91,92].

The structure of the trigger is summarised in Figure 3.22 and discussed in more detail

below.

The LHCb hardware trigger

The Level-0 hardware trigger attempts to reconstruct the highest Et hadron, electron

and photon clusters in the calorimeters and the two highest pr muons in each of the

4The crossing rate is about 40 MHz, but many bunch crossings do not contain visible proton-proton
interactions.
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Figure 3.22: The LHCb trigger in 2012. Source: The LHCb collaboration

four muon chambers. There are also dedicated triggers designed to accept events with
very low occupancies, which are of interest for the study of central exclusive production
(CEP) [91].

The different Level-0 trigger lines use information about the level of pile-up, informa-
tion from the calorimeters, and information from the muon chambers. The pile-up system
aims to distinguish bunch-crossings containing multiple collisions from those containing
single collisions. It uses 4 silicon sensors like those used in the VELO to measure the
radial position of tracks. It also provides an estimate of the position of primary vertex
candidates along the beamline, and the number of backward travelling tracks. The
calorimeter trigger system looks for high Er hits in the ECAL and HCAL, indicating the
presence of electrons, photons, neutral pions or hadrons. Clusters are formed by adding
together the transverse energy of 2 x 2 calorimeter cells, and selecting those clusters with
the highest transverse energy. Information from the PRS and the SPD enables particle
identification. The muon chambers allow stand-alone muon reconstruction, providing a
transverse momentum resolution of about 20 %. This is performed by processing strip and
pad elements to form towers pointing towards the interaction point. The Level-0 muon
trigger looks for tracks within the muon stations, based on seeds within the M3 station.
For each logical pad hit in M3, the expected position for hits in M2, M4 and M5 is found

by assuming a straight line between the hit and the interaction point. Corresponding
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hits are sought in these stations. Because the structure of the muon chambers is scaled
to provide the same angular coverage, there is a one-to-one correspondence between pads
in each chamber. This makes it simple to implement the muon trigger using only logical

decisions as track extrapolation is easier and faster with such a design [91].

The Level-0 decision unit collects information from all the components to form the
overall trigger. It combines information from the different systems with simple logic to
provide a decision for each bunch crossing within 4pus. This includes the particle time of
flight, and all cable and electronic delays, meaning the trigger itself makes the decision
within 2ps [91]. The Level-0 decision unit is based on a specially designed electronic
‘TELL1 board’ [93]. To enable the decisions to be made sufficiently quickly the technology
and computational approach used within the Level-0 trigger were chosen with great care.
The detector data are serialised, optical links are used as transport media, and high

density devices are used to make decisions.

There are different possible ways for the collisions within a bunch crossing to pass the
trigger, since there are many trigger lines, and if one of these is passed then the entire
event will be read out and recorded (the different lines are joined using a logical OR).
The lines are largely stable, with the established lines undergoing relatively few changes
throughout the data taking period [91]. The collection of Level-0 lines run is limited by
the space available to program the Level-0 decision unit. A typical selection of the main
lines within a trigger configuration key (TCK) is shown in Table 3.2, along with their

approximate rates.

To stop a few events with high occupancy dominating the CPU processing time in
the software trigger, ‘global event cuts’ (GEC) are applied in the Level-0 trigger. The
dominant GEC is on the number of hits in the SPD. The effect of these requirements
depends on the specific physics analysis studied, and will be discussed in the relevant

chapters.

The LHCb software trigger
The software (or high level) trigger (HLT) is another important component within the
LHCb experiment. We therefore discuss it here.

An event which is accepted by Level-0 is transferred by the on-line system to the

Event Filter Farm (EFF), which consists of approximately 1000 multi-core computing
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Trigger Selection requirements Rate / kHz
LOElectron ngpp < 600, ES > 2.5(3) GeV 160
LOPhoton  ngpp < 600, EY > 2.5(3) GeV 80
LOMuon nspp < 600, pf > 1.48(1.76) GeV 340
LOHadron ngpp < 600, E% > 3.5(3.7) GeV 405
LODiMuon  ngpp < 900, pi, | X plf 5 > 1.296(1.6) GeV? 75

Table 3.2: Typical Level-0 trigger lines, their selection requirements in 2011 (with 2012
requirements shown in brackets) and their typical rates in 2011 (the precise rate depends upon
the instantaneous luminosity). In addition to the lines shown here, there are minimum bias
lines, which do not select events at random, and low multiplicity lines, which specifically select
events with a low number of SPD hits (ngpp). There are also lines which do not have any
requirements on the number of SPD hits, but these are only run once in every 10* collisions.
Finally, there are also lines which monitor beam-gas collisions in events where one of the beams
contains no protons in that particular beam-beam crossing.

nodes. The HLT is itself based on the same software used throughout the LHCb data
processing and is a C++ application (called ‘MOORE’) that runs on every CPU in
the EFF. Currently there are 26110 copies of MOORE running in the EFF. The HLT

application has access to all data from the detector and takes about 30 ms to run on
each event. The HLT is split into two stages: HLT1 and HLT2 [91,92].

The main function of HLT1 is to confirm decisions made at Level-0 using more
complete event information. It reduces the input rate from 1 MHz to about 50 kHz,
making use of a partial event reconstruction. The off-line VELO reconstruction software
is sufficiently fast to permit the full 3D pattern recognition to be run on all events
that enter the HLT. This enables the primary vertices (reconstructed proton-proton
interactions) to be found [91,92]. The majority of HLT1 trigger selections (‘lines’) then
select events containing tracks which are significantly displaced from these vertices. This
is of particular interest since heavy flavour particles are expected to travel before decaying,
creating tracks which do not point to the primary vertices. However, for the studies
within this thesis, these trigger lines are not useful, as electroweak bosons decay very

rapidly®. Therefore we will only discuss the muon and electron triggers here.

The muon triggers in HLT1 rely on finding VELO tracks that are muon candidates.
The VELO tracks are reconstructed using a Kalman filter based track fit [94,95]. For
every VELO track a search window is implemented in the M3 station by extrapolating
the VELO track in a straight line, with the size of the window defined by the expected

5The Z boson has a lifetime of about 1072° seconds.
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deflection of a 6 GeV muon in the horizontal plane, and by the expected effect of multiple
scattering in the vertical plane. Hits in the window are combined with VELO tracks to
form candidate tracks, which are then further combined with hits in M2, M4 and M5. A
muon candidate is accepted if it has a hit in M3 matching the VELO track and if the
X2 fit of the candidate track (containing the VELO track and muons hits) per degree of
freedom is less than 25[91,92]. Track segments in the OT and IT are also reconstructed.
Requiring high momentum tracks reduces the size of the search windows that need to be
considered, increasing reconstruction speed. The track momenta are determined using a
Kalman filter [94, 95] based track fit. Individual trigger lines within HLT1 then allow for

specific selection of events [91,92]. The typical rates of such lines are shown in Table 3.3.

The electron triggers in HLT1 are based on the Level-0 trigger candidates [91,92].
The reconstructed Level-0 electrons are re-analysed, and matching tracks are sought
in the tracking stations. The search window is determined based on the position and
energy of the ECAL cluster. If a successful search occurs, then a track fit is performed
incorporating VELO information. The tracks coming from this search are then also
reconstructed using the Kalman filtering process [94,95]. Individual lines using these
electron candidates then allow for the selection of events passing specific criteria. The
typical rate of the line designed to select events containing high pr electron candidates is
shown in Table 3.3.

Once the HLT1 has reduced the trigger rate to about 50 kHz, the HLT2 is able to
select events based on a complete event reconstruction. This reconstruction is very similar
to the full ‘off-line’ reconstruction (discussed in the next section). The main differences
are that a simplified geometry is used for track fits and that the RICH information is

only provided on-demand for a small subset of events [91,92].

The HLT2 makes use of forward tracking algorithms for all VELO tracks. This
technique is also used in the off-line event reconstruction. Other techniques are also only
used offline; the tracking efficiency in the trigger is lower than in the off-line reconstruction
by about 1 — 2% per track. To save CPU time, reconstructed tracks in the HLT2 must
satisfy ppr > 0.5 GeV and p > 5 GeV [91,92].

The trigger lines in HLT2 are less generic than those in HLT1, and select events
specifically for subsets of physics studies. The selection requirements and typical rates for

lines used for the study of electroweak production physics are summarised in Table 3.4.
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Trigger Selection requirements Fractional Rate (%)
HLT1SingleMuonHighPT o pr > 4.8 GeV, 1.4

e p>8 GeV,

® Xiraa/dof < 4

HLT1DiMuonHighMass e pp > 0.5 GeV, 3.1

p>6 GeV,
X%rack/d()f < 47
M(pp) > 2.7 GeV

HLT1SingleElectronNolP e pr > 10 GeV, 1.4

X%rack/dOf <4

Table 3.3: Typical HLT1 trigger lines for electroweak production physics studies at LHCb
are shown, along with the most important selection requirements and their typical rate (as a
percentage of the total HLT1 rate), though the precise rate depends upon the instantaneous
luminosity. The numbers shown are for 2012 data.

The LHC machine only delivers stable colliding beams for about 30% of the year [92].
In order to use the idle time well at the EFF, about 20% of Level-0 events are stored
locally on hard discs to be processed in the time between the fills. This increases the
number of events available for analysis. This technique was introduced in 2012 running,

and, along with other improvements, allowed the output of the HLT to be increased from
3 kHz in 2011 running to 5 kHz[92].

The efficiency and performance of the various triggers depend upon the process being
studied, and will be discussed in later chapters. However, it is useful to introduce now

the notation used within the experiment to label trigger decisions:

e “Decision” refers to whether or not a particular trigger line was passed (‘fired’) by

the event in question.

e “TOS (Trigger On Signal)” refers to whether a specific candidate object (or collection
of objects) fired a particular trigger. It is the response to the question: “would this

candidate fire the trigger if present on its own?”.
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Trigger Selection requirements Rate / Hz
Hlt2SingleMuonHighPT o pp > 10 GeV 45
Hlt2SingleMuonLowPT o pr > 5 GeV 5

e Prescale: 0.002
Hlt2DiMuonZ o M(up) > 40 GeV 0.05
Hlt2SingleElectron TF'VHighPt o pp > 15 GeV 25
HIt2SingleElectron TFHighPt e pp > 10 GeV 1

e Prescale: 0.01

Table 3.4: Typical HLT2 trigger lines for electroweak production physics studies at LHCb
are shown, along with the most important selection requirements, beyond the standard ones
outlined in the text, and their typical rate (the precise rate depends upon the instantaneous
luminosity). Some lines are ‘prescaled’ to only be run on a small fraction of events, as their
rate would otherwise be too high. The numbers shown are for 2012 data. In addition to the
lines shown there are other trigger lines which extend the dimuon invariant mass range down to
M (pup) > 2.5 GeV, for the study of the Drell-Yan process at lower invariant masses. Including
these lines, and the lines for the study of CEP, the triggers used to study electroweak production
processes at LHCDb take a rate of between 100 and 150 Hz.
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e “TIS (Trigger Independent of Signal)” refers to whether the event would still be
triggered if the candidate object(s) were removed from the event. This can be

defined with respect to a specific trigger, or to a collection of triggers.

3.2.9 Detector readout and management

The Data Acquisition (DAQ) system [93,96] is responsible for transporting the data
taken in a given bunch crossing to permanent storage. This interfaces with the detector,
the EFF and the HLT, before transferring the selected events for permanent storage to
CERN. There is a 40 Tb storage system which offers buffer capacity in case the link to
CERN is interrupted.

The Timing and Fast Control (TFC) system drives all stages of data readout at the
detector. It distributes the beam-synchronous clock, the trigger reset and fast control
commands simultaneously across the detector. The Experimental Control System (ECS)
is responsible for monitoring the state of the entire detector. It monitors the voltage
supply to the different components of the detector, the temperature changes in the

detector, gas flows and pressure, and is also responsible for monitoring the trigger, TFC
and DAQ systems [80].

3.2.10 Recorded integrated luminosity and running conditions

The LHC and the LHCb detector have been operational and collecting data in 2009,
2010, 2011 and 2012. In 2010, 2011 and 2012 the LHCb experiment collected about
[L£dt=37pb™!, [Ldt =1.1fb " and [ Ldt=2.1 fb~" of data respectively [97]. The
accumulated luminosity throughout the calendar years is shown in Figure 3.23. The
efficiency of the LHCb detector is shown in Figure 3.24: the detector operated at ~ 93%
efficiency, with the dominant inefficiencies being due to the DAQ system and readout

dead time.

The average number of proton-proton interactions in a bunch crossing is labelled
v. This is related to the average number of visible proton-proton interactions in bunch
crossings, pu. The two are different because the calculation of p excludes bunch crossings
where the proton-proton interaction is not visible to the detector (typically because
the interaction is either elastic or diffractive with no decay products in the LHCb

acceptance) [98]. The number of interactions, n, in a given bunch crossing is governed by
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LHCDb Integrated Luminosity pp collisions 2010-2012
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Figure 3.23: The total integrated luminosity delivered to and recorded by the LHCb detector
in 2010, 2011 and 2012.

a Poisson distribution, with probability P(n|u) given by

pre
P(nl|p) = :

(3.1)

n!

The average number of observable proton-proton interactions is also measured (the
‘pile-up’). This is different to the average value of 1 because bunch crossings where there
are no proton-proton interactions are not observed. This means that the average pile-up
is the zero suppressed mean of the distribution of the number of visible proton-proton
interactions [98]. The average p and pile-up are shown in Figure 3.25 and Figure 3.26

respectively.

At ATLAS and CMS, a decreasing instantaneous luminosity is seen throughout a fill
due to depleting proton beams. However, at LHCb, the luminosity levelling changes to

ensure that the instantaneous luminosity, and therefore p and v, are roughly flat within
each fill.

The average number of visible proton-proton interactions in each bunch crossing,
4, is proportional to the luminosity. Any stable measure of the interaction rate can
therefore be used as a relative luminosity monitor. In practice the number of hits in the
Pile-Up veto stations in the VELO and the average number of VELO tracks provide the

most robust estimates of the relative luminosity. The p values estimated using these
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LHCDb Efficiency breakdown pp collisions 2010-2012
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Figure 3.24: The efficiency with which the LHCb detector was able to collect the luminosity
provided by the LHC machine, and the cause of inefficiencies in data collection. Source: The
LHCb collaboration
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LHCDb Average Pileup at 3.5 TeV in 2011
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Figure 3.26: The average pile-up in bunch crossings at LHCb in 2011 fills. Source: The LHCb
collaboration

two subsystems are shown in 2010 data in Figure 3.27. The agreement is stable at the
~ 1% level, with the offset from unity due to the difference acceptances of the different

sub-systems [97].

The absolute luminosity is determined for short dedicated periods of data-taking.
This can then be extrapolated to find the absolute luminosity at any period using the
monitors discussed above. In order to calibrate this luminosity scale, the measurements
of the absolute luminosity seek to determine the beam densities as a function of position.
Knowledge of this beam profile is needed to find the absolute luminosity since the average

instantaneous luminosity is given by®
L= 2N1N2f / P1 (J}, Y, =, t)pg(l', Y, =, t)d.l’d’dedt, (32)

where there are N; 5 protons in each bunch in beams 1 and 2, f is the beam-crossing
frequency, and the density of each bunch is given by p;2[97]. In order to calculate the
absolute luminosity the number of protons in each bunch therefore also needs to be
known. This is found by measuring the induced current in beam current transformers

placed close to each beam [97].

6This equation only holds in the relativistic limit and when the beam crossing angle is zero.
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Measurements of the particle densities in each beam are performed using two methods:
Van der Meer scans and beam-gas imaging [97]. The Van der Meer scan method is based
on separating the two beams and measuring the change in interaction rate as a function
of their displacement. The beam-gas imaging method relies on the interactions of each
beam with the residual gas (mainly hydrogen, carbon and oxygen) in the LHC machine.
This residual gas is uniformly located throughout the beampipe (this has been confirmed
at the level of 0.05%). The beam-gas interactions give rise to tracks in the LHCb detector
which allow the vertices of the beam-gas interactions to be reconstructed. The location
and density of these vertices enable the beam angles, profiles and relative positions to be
found. These two procedures to measure the beam densities have different advantages.
The Van der Meer scan has a high rate of particle interactions with respect to beam-gas
imaging. However, beam-gas imaging provides a non-invasive approach, where the beam
positions are stable and so effects associated with the displacement of the beams are

small. The two approaches have uncorrelated systematic uncertainties [97].

The measurement of the number of particles in each beam provides the largest sys-
tematic uncertainty in the luminosity determination. The overall luminosity uncertainty
is currently 3.5 % in data recorded in 2010 and 2011 [97], and 1.2 % in data recorded in
2012799, 100].

3.3 Event Reconstruction and the LHCb software

environment

In this section we discuss the reconstruction of events at LHCb using the information
from the detector subsystems discussed previously. We also briefly discuss the rest of the

LHCb computing infrastructure.

3.3.1 Track reconstruction at LHCb

Track reconstruction is performed using seed hits in the VELO or the T-stations, adding
in information from the other tracking stations with forward /backward projection and
seeking hits in various search windows. Track segments in the different sections of

detector are then combined if a good match is found. All potential tracks are fitted with

"This uncertainty was about 5% until recently, and a paper is in preparation from the LHCb collaboration
documenting this new result [99].
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Figure 3.27: Estimates of p from different detector sub-systems in 2010 data, which enables
the relative luminosity to be found. From Ref. [97].
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a Kalman filter [94,95], extracting the track information and determining the probability
that the hits do correspond to a particle traversing the detector. This fit accounts for
multiple scattering and energy loss within the detector. Finally, the overall set of tracks
found is considered. Some tracks within this set may be double-counted ‘clones’. A clone
killing algorithm, based on the Kullback-Liebler distance, is run[101,102]. This compares
the tracks, and if any two tracks share many hits or if the tracks parameters contain
sufficiently similar information then the track with the most hits is kept. The track
momentum resolution at LHCb varies for tracks from 0.4 % for tracks with momentum
of 5 GeV to 0.6 % at 100 GeV. In order to select high quality tracks the standard LHCb
reconstruction algorithms require a ‘good’ x?/dof associated with the track fit: for data
collected in 2011(2012) tracks are only recorded if they have x?/dof < 5(3)[103]. The
detector alignment was better understood in the 2012 data-taking period than the 2011
data-taking period, so the y? values associated with track fits in 2012 data tend to
be smaller than those in 2011 data, accounting for the different requirements in the
different periods [103]. The tracking efficiency for these requirements is typically high
(> 90%) [104]. Additional track selection requirements can be used to provide a cleaner

selection of candidate events.
LHCD considers different classes of tracks. These are:

e long tracks, which correspond to tracks which contain information from both the
VELO and the T1-3 stations.

e downstream tracks, which correspond to tracks with information in the TT and
T1-3 stations, but no information in the VELO. These tend to correspond to tracks

formed from the decay of long-lived (neutral) particles (for example, the K9).

e upstream tracks, which correspond to tracks with information only in the VELO
and the TT. These tracks tend to correspond to low momentum particles which are

swept out of the LHCb acceptance by the magnet.
e VELO tracks, which correspond to tracks which only contain VELO information.

e T tracks, which correspond to tracks which only contain information from the T1-3

stations.

3.3.2 Particle ldentification at LHCb

This thesis contains studies of muon decays of vector bosons and is therefore reliant on
the ability of the LHCb to reconstruct muons. Within the offline analysis of data at
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LHCDb there is a standard Boolean variable which can be used to select a set of tracks
containing a high purity of muons with low contamination. This variable is labelled
ISMUON. This Boolean variable is true if a track lies sufficiently close to hits in the muon
chambers at LHCb (a search window is created within each muon station based on the
track kinematics), and is otherwise false. If a particle has momentum above 10 GeV, then
hits must be found in M2, M3, M4 and M5 in order to satisfy the ISMUON criterion. The
performance of the muon systems (both within triggering and for particle identification)

will be discussed later when discussing the efficiency on the analyses considered.

In addition, it is also possible to calculate the relative likelihood that a track corre-
sponds to a particular particle species. This is performed using information from the
all the particle identification sub-detectors - the muon chambers, the calorimeters and
RICH 1 and RICH 2 all contribute [88,90,105]. The set of likelihoods for different hy-
potheses of the particle species then form the basis for particle identification requirements
at LHCb [106].

Alternatively, a neural network based approach can be employed, using information
from all LHCb detector subsystems to provide the probability that a track corresponds
to a particular particle species [106,107].

3.3.3 The LHCb software environment

The computing environment at LHCb uses a software framework and architecture called
GAUDI [108]. This framework extends throughout the LHCb experiment. The software
trigger is implemented in a package, MOORE (discussed earlier) [91]. This stage is followed
by the full event reconstruction, managed by BRUNEL [109]. BRUNEL implements both
the track reconstruction algorithms and the particle identification based on the RICH,
muon and calorimeter sub-detectors. Detailed physics studies and analyses of detector
performance take place in a package named DAVINCI. Dedicated algorithms can be
created and used here to search for particular types of events, or to create event wide
information (for example jet reconstruction). Much of this computing at LHCD takes
place on the worldwide computing grid. This is managed using DIRAC [110], with the
interface with the LHCb software being controlled by GANGA [111]. There are also many
other, smaller, packages. Two such examples are EOLAS [112] and PANORAMIX [113],
which both enable events at LHCb to be visualised.
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3.3.4 Simulating proton-proton interactions at LHCb

Simulation of events at LHCb occurs in three stages. These are discussed briefly below.

Event simulation is performed in the GAuUss [114, 115] package. The simulation used
for the hard process is PYTHIA 6 [12]®, interfaced with PHOTOS [74] for the inclusion
of QED FSR. The decay of final state hadrons is managed by EVTGEN [116,117]. The
EvTGEN package was specifically built by the BaBar collaboration [118] to handle heavy

flavour decays.

The detector geometry and material content are approximated within
GEANT4 [77,78,114]. This detector simulation is then implemented in GAuss [114,115].
The GAuss framework also handles the particles produced in the primary physics

process [115], and the production of secondary particles in interactions with the detector.

Finally, the detector digitisation is simulated within BOOLE[119]. This package models
the response of each sub-detector to the particles passing through it, and simulates the
readout of the detector (and the Level-0 trigger). Effects such as noise and spillover
(where information from previous bunch crossings remain within the detector electronics)
are simulated at this stage. After the simulation within BOOLE the simulated data are

treated in the same manner as the data recorded by the LHCb detector.

3.4 Offline Data Storage

All events that are selected by the software trigger are stored permanently at CERN on
tape. However, for ongoing usage the LHCb data are also stored on disc at CERN and

at other Tier One sites across the globe [120]. This allows easy access to the data.

There is not enough disc space to store every event readout by the trigger, so pre-
selections are run in advance of the data being uploaded to the Tier One storage sites.
This process is known as ‘stripping’ the data. Stripping lines select individual events
that will be of interest for studies of physics processes and detector performance. The
requirements placed by these lines must be loose enough so that all desired events are
selected (as re-strips of the data are rare) but tight enough to fit in the available disc

space. Lines which have a large overlap of events are collected together to form streams.

8Simulation using PYTHIA 8 is now starting. However, differences between the two programs are
typically small.
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Line Selection requirements Retention Rate (%)
WDMulLine Selects events containing a single muon 0.257

with pf > 15 GeV
Z02MuMulLine Selects events containing two oppositely 0.001

charged muons with pf. > 15 GeV and
a combined invariant mass greater than

40 GeV

MuMuSSLine4 Selects events containing two muons of 0.002
the same charge with a combined invari-
ant mass greater than 20 GeV

Table 3.5: Three typical stripping lines in the EW stream, and the percentage of triggered
events that they accept.

Each stream is considered in turn, and all the events selected by the lines in a given
stream will be written to the same files. By placing lines with a large overlap of events in
the same stream the number of files containing the same event is reduced. This enables
disc space to be used more effectively. All events considered in this thesis are selected
by the electroweak (EW) stream, which is used by analyses within the LHCb QCD,
Electroweak and Exotica (QEE) working group. The overall EW stream contains nearly
60 stripping lines, and retains about 2.1 % of all events selected by the trigger. Three
typical stripping lines are shown in Table 3.5.
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Chapter 4

Jet Reconstruction at LHCb

“It is sometimes said that scientists are unromantic, that their passion
to figure out robs the world of beauty and mystery... It does no harm to
the romance of the sunset to know a little bit about it.”

— Carl Sagan

In this chapter we discuss jet reconstruction at LHCb. We start by considering the
particle flow algorithm we use to select inputs for jet reconstruction, and then discuss the
jet reconstruction process. We also detail the selection requirements we make to remove
poorly reconstructed jets. We discuss the jet energy scale, and the overall performance
of jet reconstruction at LHCb. As is usual for studies of jet reconstruction at hadron
colliders, this discussion is based on simulated data. Measurements of jets at LHCb
are therefore strongly reliant on simulation. However, when we take a quantity from
simulation, we cross-check it against data to set a systematic uncertainty. This will
be discussed in subsequent chapters, as this is specific to the analysis discussed later.
The work described in this chapter is based on the work of the author and others in
Refs. [4,121-124]. The author’s work focused mainly on creating the initial framework for
jet reconstruction at LHCb (which was then further developed by others), determining
the performance of jet reconstruction in simulation, and comparing this performance
with that achieved in data.

Jet physics in the forward region probes a different kinematic region to that at the
general purpose detectors. A jet with total momentum of 400 GeV in the forward region
will have pr of around 100 GeV for n~ 2, and about 40 GeV for n~ 3. A hard particle

produced with pr of 400 GeV and with n ~ 2 would have total momentum in excess of
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Figure 4.1: The relationships between the pseudorapidity, momentum and transverse momen-
tum of jets. The black curve shows the total momentum of a jet with pr equal to 40 GeV.
The red curve shows the pr of a jet with a total momentum equal to 400 GeV. Also shown
as dashed lines are the LHC kinematic limits: jets cannot have total momentum greater than
3.5 TeV (blue) or 4 TeV (green) in 2011 and 2012 running respectively.

1 TeV. These relations are shown in more detail in Figure 4.1. Consequently LHCb is
sensitive to jets in a different region to that of ATLAS and CMS: the majority of jets at
LHCDb have comparatively low transverse momenta; relatively few events contain jets
with pr above 100 GeV. This chapter therefore concentrates on jets with pr in the region

between roughly 10 GeV and 100 GeV.

4.1 The particle flow algorithm

Jets are reconstructed with the standard particle flow algorithm used by LHCb[4,121,125].
This algorithm is designed to use information from throughout the LHCb detector to
provide a list of input particles that are subsequently reconstructed into jets. Jet recon-
struction algorithms at some other detectors simply use information from calorimeters,
running the jet clustering algorithms on a list of calorimeter-based inputs. Such an

approach is not feasible at LHCb as the calorimeter cells are coarse and saturate at
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high energies. However, the tracking systems at LHCb (discussed in Chapter 3) enable
accurate energy resolution of charged particles. The particle flow approach uses different
detector subsystems to measure different particles, improving the jet energy resolution
from that which would be achieved from a ‘simple’ calorimeter based approach. The par-
ticle flow algorithm is tuned to optimise the jet energy resolution, using information from
tracks where possible, and only uses calorimeter information where no track information

is available (for example, for neutron and photon contributions).

An advantage that the LHCDb experiment has over the other experiments at the LHC
is that collisions at LHCb take place in a low pile-up environment: collisions at LHCb
typically contain only one or two reconstructed primary vertices. Consequently the
effects of particles produced in other proton-proton interactions are lessened. In addition,
because of the excellent impact parameter resolution in the VELO, tracks which originate
in the VELO can have a primary vertex requirement placed on them, further reducing the
effect of pile-up interactions. However, there is no way to associate calorimeter clusters

accurately with an individual vertex, so all calorimeter clusters are considered.

The particle flow algorithm starts by selecting all long! tracks from the primary vertex
of interest. All downstream tracks are also selected. The particle identification subsystems
are used to determine the most likely species of each track, and the corresponding particle
mass is used to set the particle four-momentum. No additional track quality requirements
are placed on the tracks beyond the standard LHCD track quality requirements discussed
in Section 3.3.1. Upstream tracks are also considered for their primary vertex information;
the momentum resolution of these tracks is very poor, but the momentum of these tracks
is also typically comparatively small, as they are bent out of the detector coverage by the
magnetic field. These particles are therefore simply assigned zero momentum within the
particle flow algorithm. As the kr algorithms used to reconstruct jets are infra-red safe,
the presence of zero momentum particles in the list of inputs does not change the number
of jets or the jet energy [52]. It does however increase the number of particles in the jet
associated with the primary vertex. This is a useful quantity that will be discussed later,
as it is a variable that can be used to reject ‘fake’ jets. If a group of tracks are consistent
with a neutral resonance (a VO - typically a K; or A - or a B or a D meson) then the
tracks are removed from the list of inputs (if they were initially included) and instead
the resonance is used. The advantage of this approach is that the resonant particle will

tend to ‘point’ back to the proton-proton interaction whereas the tracks may have a

!'The LHCb nomenclature for track types was discussed in Section 3.3.1.
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large impact parameter with respect to the vertex. Where it is possible to reconstruct

multiple VOs from the same tracks, the VO with the best vertex y? is used.

In addition to track-based inputs, the particle flow algorithm considers reconstructed
neutral particles as inputs for jet reconstruction. Isolated clusters in the electromagnetic
and hadronic calorimeters are associated with neutral electromagnetic and hadronic
particles respectively. The clusters are considered to be isolated if they are sufficiently
far from tracks. This is defined in terms of the x? separation of the cluster from nearby
tracks. For clusters in the ECAL, if the y? separation from every track is greater than
25 then the cluster is considered isolated. For clusters in the HCAL, then the required
separation for a cluster to be considered to be isolated is chosen to vary with the cluster
energy. For cluster transverse energies below 5 GeV the separation must be greater than
25, whereas for transverse energies above 5 GeV then the cluster separation must be
greater than 16. HCAL clusters are only considered if they have transverse energy greater
than 2 GeV.

However, a jet contains many particles produced at small angles with respect to
each other. Simply taking isolated neutral particles will underestimate the number of
neutral particles in a jet, as some will fall close to tracks. The main advantage of the
particle flow approach is that it enables the recovery of this neutral content. For each
track in the event, the expected calorimeter deposits in both the ECAL and HCAL are
found [126] as a function of the track momentum and the best hypothesis of the track
species. In other words, the algorithm expects electrons to leave different deposits in the
calorimeters to charged hadrons. This procedure is discussed in more detail in Ref. [126],
but we provide an overview here. The expected energy deposits are measured by selecting
isolated tracks which are well associated with calorimeter clusters, an example of which is
shown in Figure 4.2. The expected response is found separately for the different regions
within the electromagnetic calorimeter system, given the different sizes of the calorimeter
cells. Small differences in the calorimeter response are seen between data and simulation,
so different expected energies are calculated for data and simulation. No significant
differences are seen between the calorimeter response for collisions at /s = 7 TeV and
collisions at /s = 8 TeV. If a track leaves deposits in both the ECAL and the HCAL
then the deposits are combined to form an overall calorimeter energy deposit, as the
energy deposited in the HCAL and the ECAL tends to be anti-correlated.

Within the particle flow algorithm the total expected deposit from charged particles
(tracks) in each calorimeter cell is then compared to the measured non-isolated deposits

found in the calorimeters. If a cluster of cells shows an excess over the expected energy
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Figure 4.2: Expected energy deposits in the ECAL for electrons for data and simulation
where there is little associated HCAL activity. From Ref. [126].

deposit then the excess is hypothesised to be associated with a neutral particle. To
be considered the cluster must have excess energy greater than 1 GeV [127]2. Finally
we note that as calorimeter cells saturate, it becomes harder to recover neutral energy
deposits [127].

The particle flow algorithm allows for the exclusion of certain particles. The measure-
ment of jets produced in association with Z bosons is discussed later in this thesis. For
this case, and other similar cases, it is important to neglect the tracks associated with
the decay particles of the Z boson in the jet reconstruction. This is handled easily by the
algorithm, and the candidate tracks corresponding to the Z boson decay are not included

in the list of particles to be clustered into jets.

The clustering of the list of input particles is handled using the FastJet [53,128]
interface. Jets are reconstructed using the anti-kr algorithm [52] with R = 0.5. This
value of R gives reasonably small differences between the hadron level and the parton

level [54], as discussed in Chapter 2, and the jet energy resolution at LHCb shows little

2Different requirements were tested here, and the 1 GeV requirement provided the best improvement
in the jet energy resolution.
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variation with values of R in the range 0.4 to 0.7[127]. The chosen value of R is the same
as the value used by the CMS experiment, allowing easier comparison with CMS results
where applicable. The LHCb software has the ability to reconstruct jets with pr above
5 GeV, but in this thesis we only consider jets with pr > 7.5 GeV and 2.0 < n < 4.5.

Truth jet reconstruction

It is useful at this stage to introduce the reconstruction of simulated jets at the hadron
level using truth information. These jets correspond to the true jets in the simulated
event - effectively, the jets which would be reconstructed by a perfect detector. These
jets are found by selecting all true stable® final state particles after the parton shower
and hadronisation, and using these as the inputs to be clustered into jets. The same

clustering algorithm that is run on the reconstructed particles is run on these inputs.

Jet composition

The fraction of the jet transverse momentum carried by charged particles was determined
at LEP [129]: charged particles are expected to constitute roughly 60% of a jet’s pr, with
neutral particles contributing the remaining pr (about 30% of the total pr is typically
associated with neutral electromagnetic particles). Neutrinos contribute less than 1% of
a jet’s pr (for light-parton-initiated jets). This behaviour is seen clearly in the LHCb
simulation: the fraction of the jet pr carried by different types of particles is shown at
hadron level for light parton initiated jets in Figure 4.3. This can be compared to the
fraction carried by the different particle flow inputs in the reconstructed jets in Figure 4.4.
Tracks correspond to roughly 60-68% of the reconstructed jet pr. Of this contribution,
resonant neutral particles which decay to tracks correspond to about 1%. There are a few
trends in Figure 4.4 that are worth discussing in detail, as they reveal the performance

of the particle flow approach:

e The fraction of the reconstructed jet’s pr made up from isolated neutral particles
decreases with pr. At higher pr jets become more collimated and tend to contain
more particles, so fewer neutral particles and clusters are isolated. The fraction
of the jet pr from particles found using the neutral recovery techniques sees a

corresponding increase.

3We define stable particles to be those with a mean lifetime greater than 1073 s.
4The neutrino content of jets which are initiated by heavy flavour particles tends to be higher.
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Figure 4.3: The mean fraction of the jet’s pr carried by different types of particles within the
jet, at truth level.

e The fraction of the reconstructed jet pr carried by charged particles at the lowest jet
pr decreases slightly with increasing pr. This is due to the jet selection requirements

(discussed later) biasing this variable.

e Above 30 GeV the fraction of the reconstructed pr contained in tracks then increases.
This is is due to some of the jet neutral energy being lost through the saturation of
the calorimeter clusters. This neutral energy is not recoverable, and consequently

tracks make up a greater proportion of the jet pr.

e At low pr, tracks make up about 62% of the reconstructed jet transverse momentum,
though simulation predicts that tracks correspond to 65% of the jet pr at truth
level. This discrepancy is due to track detection inefficiencies; track reconstruction
at LHCb is about 90-95% efficient. If the track is not reconstructed, then the energy
associated with the track will still be measured in the calorimeters and assigned to

the jet.
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Figure 4.4: The mean fraction of the jet’s pp carried by different types of particles within the
jet in simulation at reconstructed level.

4.2 Jet identification selection

The jet reconstruction efficiency - the probability that a jet is reconstructed - is typically
O(99 %), since most jets contain a large number of particles. However, within the sample
of reconstructed jets there will be ‘bad jets’ - ‘fake’ jets made from neutral particles
which have been produced in pile-up proton-proton interactions, or made from poorly
measured particles. High quality jets are selected using selection requirements which

reject the majority of ‘bad jets’. Three variables are used for these requirements®:
® Tpointing: the number of particles in the jet which point to the primary vertex (PV)
of the jet,
e mtf: the fraction of the jet’s pr carried by the hardest charged particle in the jet,
e mpt: the pr carried by the hardest charged particle in the jet.
The distributions of these variables for ‘good’ light quark/gluon initiated jets and fake

jets are shown in Figure 4.5. Fake jets tend to only have few particles associated with the

primary vertex. A requirement that jets contain at least two particles which point to a

®Other variables were studied, but the variables listed here were found to give the best performance[130].
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primary vertex removes about 40 % of fake jets whilst rejecting few good jets. In addition
fake jets tend to have higher fractions of the jet energy in one, often misreconstructed,
particle: this particle can be a charged particle, leading to a large value of mtf and mpt,

or a calorimeter cluster, leading to a low mtf and low mpt.

The fake jets dominated by a single calorimeter cluster predominantly have low
pr [130]. An absolute minimum momentum requirement placed on the hardest track in
the jet, using the mpt variable, is therefore better at removing these fakes and retaining
‘good’ jets than a relative requirement (using the mtf variable) [130]. However, when
the fake jet contains one high momentum track there is no obvious absolute momentum

requirement to be made. In this case a fractional requirement (mtf) is chosen.

Based on these studies, and optimisation of the fake/good jet separation [130], the

following criteria are therefore used to select candidate jets:

® Npointing = 2: There must be at least two particles in the jet pointing back to the
PV,

e mtf < 0.75: No one charged particle carries more than 75% of the jet pr,

e mpt > 1.8 GeV: The jet must contain a charged particle with pr > 1.8 GeV.

These selection requirements were tuned on simulation, with the cut values chosen to
remove the majority of bad jets whilst retaining good jets. The fake rate is higher for
low pr jets, and whilst the precise rate depends on the analysis, the fake rate for the
Z-+jet process is typically around 4% for low pr jets, decreasing to about 1% for higher
pr jets (with pr > 20 GeV). A small number of true jets are rejected by the identification
requirements, so that the jet selection efficiency is not 100%. This efficiency is typically
between 75% and 96% (with the highest efficiencies achieved at higher pt), but clearly
depends on the process studied. Discussion of the precise values and uncertainties on

these values will therefore take place when discussing the specific Z+jet analysis.

4.3 Jet energy scale

Not all the energy associated with a jet in the LHCb acceptance can be reconstructed,
owing to calorimeter saturation and other effects. In addition, in events with pile-up
interactions calorimeter clusters and downstream tracks which are not associated with

the proton-proton interaction of interest will be considered as particle flow inputs and
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Figure 4.5: The distributions of fake jets (red) and ‘good’ jets (black) in the npginting (top),
mtf (middle) and mpt (bottom) distributions. The mtf and npeinting distributions are shown
for pr > 20 GeV. The mpt distribution is shown for ppr > 10 GeV and is truncated to only
show the region with 0 < mpt < 5 GeV, as the fake jets removed by the selection requirement
on this variable tend to have low pr. The uncertainties shown are statistical. None of the jet

identification selection requirements are placed on these distributions.
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clustered into jets incorrectly. We must therefore correct the energy of the clustered jets

to obtain the best estimate of the energy of the jet at the hadron level®.

We use the standard correction provided by the “LHCb Tools for Jet Reconstruction
Working Group” for light quark- or gluon-initiated jets. The correction factor, k, is
applied such that the reconstructed 4-momentum p*(reco) = k - p®(clustered), with the
value of k defined so that the reconstructed pr gives the best estimate of the true pr [122].
The correction factor, k, is seen to depend on three variables: the jet pr, the jet n, and
the number of primary vertices in the interaction [122]. Other variables, like the fraction
of the jet’s pr carried by charged particles, were also considered”, however their effect on

the correction factor is small (< 1%).

pr(clustered)

pr(true)
discussed above, using multivariate regression techniques implemented in the TMVA

The best estimate of the ratio is found as a function of the variables

package [122,131]. Specifically, neural networks are used to determine this estimate, using
the variables listed above as inputs [132]. The inverse of the best estimate of the ratio
sets the correction factor. This correction factor is then extracted in bins of the relevant
variables (bins of width 1 GeV are used for reconstructed pr, bins of width 0.1 are used
for the reconstructed pseudorapidity, and three bins in the number of primary vertices
are used, corresponding to one, two, and three and more primary vertices). Such an
approach provides greater statistical precision than directly extracting the correction

factor only using events which are in the relevant bins [122].

The correction factor is shown as a function of the jet pr, n and number of primary
vertices in Figure 4.6. The correction factor increases with pr. This is due to the
effect seen in Figure 4.4: the reconstructed charged particle fraction is seen to increase
with pr. The correction factor accounts for the unreconstructed neutral energy. The
correction factor is also seen to increase dramatically at low and high 7. In these regions
the neutral content of jets is underestimated, as this region is close to the edge of the
detector geometric acceptance, where the calorimeter efficiency to detect neutral particles
is reduced. The correction also changes in the rest of the detector, as the calorimeter
cell size varies across the detector. The correction factor also decreases as the number of

primary vertices increases. This is because energy from neutral particles produced in

8For this thesis we call the raw, unclustered jet pr the ‘uncorrected pr’. The corrected pr is labelled
as the jet pr. This corresponds to the ‘reconstructed jet’. For simulation, the truth information is
labelled as being ‘truth or true level’ (depending on the context).

"Jets predominantly consisting of charged particles are expected to be better reconstructed than jets
predominantly reconstructed from calorimeter clusters, which are subject to saturation at high
energies. However, this has little effect on the correction factor.
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other proton-proton collisions will be incorrectly included within jets in events where
there are multiple proton-proton interactions. However, this effect is small (< 0.5%).
Typically, the factor takes values within 10% of unity, suggesting that the reconstruction
is performing well and that the chosen LHCb acceptance (2 < 1 < 4.5) is reasonable.

Uncertainties on the jet energy scale

Different sources of uncertainty on the jet energy scale were considered [122]. We

summarise these below:

e In order to determine the statistical uncertainty on the evaluation of the jet energy
scale the correction was evaluated on different sub-samples. The mean correction in
these sub-samples sets the overall correction, whilst the uncertainty on the mean
defines the statistical uncertainty on the correction. This uncertainty is typically
less than 1% [122].

e The matching of true jets and reconstructed jets was found to contribute a negligible
uncertainty: the matching requirements were varied and the change in the jet energy

scale was found to be below the level of the statistical uncertainty [122].

e The systematic uncertainty associated with the multivariate method used to find the
correction factor was determined by effectively finding the correction factor using an
alternative approach. A Gaussian was fitted to the peak of the (P eco — PTtrue)/PTtrue
distribution in bins of the jet pr and the number of primary vertices. The difference
between the mean of this Gaussian and zero sets the uncertainty on the energy scale

from the method. This uncertainty tends to be largest at low pr [122].

e A closure test is performed by determining the correction factor on events which
have already had their pr corrected. The difference between the new correction
factor and unity is assigned as a systematic uncertainty. This uncertainty tends to

be largest in regions with a small sample size [122].

e The systematic uncertainty associated with the flavour content of the jet is evaluated
by determining the correction factor separately for jets formed by the emission of
gluons and jets formed by the emission of light quarks. The difference in response

is typically about 1-2%, and is reasonably constant [122].

The correction factor is derived using simulation. Therefore, in addition to these
method-based uncertainties, there is an uncertainty associated with the degree to which

modelled detector response to jets in simulation is accurate. One commonly used
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approach to determine this uncertainty is to extract the correction factor from data by
considering events where a photon and a jet are emitted back to back and are expected
to have balanced transverse momenta (the ATLAS collaboration used this method and
documented it in Ref. [133]). However, such an approach is not feasible at LHCb, due to
the poor energy resolution of the ECAL when measuring high energy photons. Instead,
back-to-back Z+jet events are used to determine how well the simulation models the
detector response to jets. Since the main analysis this thesis discusses is the production
of Z+jet events, we will cover this systematic uncertainty later, when we discuss the
degree to which Z+jet simulation provides an accurate model for events in data, and the

degree to which simulation based assumptions affect the Z+jet analysis.

The method-based uncertainties correspond to an overall uncertainty in the jet pr
that varies between the different bins used to determine the correction factor. This
uncertainty is 2% at best, and is only larger than 5% in low statistics regions. Typical

contributions to the energy scale uncertainty are shown in Figure 4.7.

4.4 Jet reconstruction performance

We consider here the performance of jet reconstruction at LHCb in the standard LHCb
simulation. We will discuss the resolution with which we reconstruct jets, both in terms
of their angular variables, and their transverse momentum. The simulation sample used
for these studies is a PYTHIA 6 sample of Z+jet events, but other samples give compatible
results [127].

In order to consider these resolutions we must match jets at truth level to the
corresponding reconstructed jets (if they exist). We consider here two different methods

of matching jets between the truth level and the reconstructed level.

1. We match truth jets to the nearest reconstructed jet in n — ¢ space. We will refer

to this as “R matching”.

2. We match truth jets to the hardest pr reconstructed jet within a radius of 0.5 in
n — ¢ space. We will refer to this as “R — pr matching”.

In the majority of cases the two methods provide the same matching between truth and
reconstructed level jets. This is because no two jets (at the same level - either truth or
reconstructed) can be closer than the radius parameter used in the anti-kr algorithm

(which in this case is 0.5), as discussed in Section 2.2.3.
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Jet direction resolution

For the determination of the jet direction resolution, the separation of the truth jets
from the matched reconstructed jets in n — ¢ space is studied. This performance is
shown in Figure 4.8, along with the cumulative distribution. We define the resolution,
oes%(AR) as the distance in 77 — ¢ space such that the probability of getting a value
of AR(Reco, Truth) less than ogsy(AR) is 68%. The distribution of this variable as a
function of the jet pr is shown in Figure 4.9. The resolution improves with increasing jet
pr, as expected. As the jet pr increases the jet will tend to include more particles. With
more particles in the jet, the resolution of the jet direction improves. The resolution
shows little dependence on the jet pseudorapidity, even close to the edge of the LHCb
acceptance. This means that the effect of jets outside the defined acceptance being

reconstructed inside the same acceptance is small.

Transverse momentum resolution

We also measure the accuracy with which LHCb can reconstruct the transverse momentum
of jets. This is a key number which will determine the feasibility of various analyses, and

influence the choice of bin widths when measuring jet pr distributions.

The distribution of the ratio of the reconstructed jet pr to the truth jet pr is shown in
Figure 4.10, for all events in the LHCb acceptance with pr > 20 GeV and for the subset
of events which only contain one primary vertex. This subset of events is expected to
have the best pr resolution. Again, the two matching methods provide indistinguishable

results.

The ratio shows a clear peak at 1.0, confirming that the jet pt reconstruction at LHCb
provides a good measurement of the jet pr at hadron level. However, the distribution is
clearly non-Gaussian, since the different regions in the distribution of the ratio correspond
to different effects. The region below the peak tends to correspond to a particle in the
jet not being reconstructed, whereas the region around the peak (and above it) is largely

affected by the resolution with which the particles in the jet are reconstructed.
In order to quantify the resolution we take two approaches:

1. We define the quantity oggogmin to be the smallest width in pre.o/PTie that contains
68% of the events. We take half of this quantity, %Jﬁg%mm as a measure of the

resolution.
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uncertainties are too small to be visible on this plot.

2. We fit a Gaussian to the peak of the distribution (within the region 0.8 <
DPTreco/ PTirue < 1.2), and take the standard deviation of this Gaussian fit to define

the resolution.

These two measures of the resolution would be equivalent for a Gaussian-distributed
ratio. However, since the distribution is non-Gaussian, the second method returns smaller
values for the resolution. A third method was considered: finding half the width between

~1/2 times the

the points in the pr e.o/PTie distribution where the number of events is e
number found at the peak. However, this method gives a larger statistical uncertainty
than the two methods used, and tends to give results which are compatible with the

Gaussian fit.

The transverse momentum resolution is shown as a function of the number of primary
vertices and the jet pr in Figure 4.11. The jet pr resolution is typically between 10 and
15%, depending upon the definition used, and is found to have little dependence on the
jet . For the majority of jets with pp > 20 GeV the jet pr resolution is between 11 and
13%. The values found are consistent with preliminary studies of the pr balance in di-jet
events in data [127].
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The resolution is best in events with only one primary vertex, as expected. In events
containing more primary vertices, particles produced in other collisions may be incorrectly
assigned to the jet, degrading the resolution. However, since the particle flow algorithm
uses track-based information to reconstruct the majority of the jet pr, and tracks are
assigned to primary vertices, the effect of the presence of additional primary vertices
is small (about 1%), as shown in Figure 4.11. At low pr the jet transverse momentum
resolution improves as the jet pr increases, since there are more particles in jets as the
pr increases, so the effect of a mismeasurement of any one particle decreases. However,
an optimal resolution is achieved when the jet pr is in the range 30 — 60 GeV. Above
this pr, the resolution worsens for two reasons. First, the need for neutral recovery
increases with jet pp. This process introduces a large uncertainty into the energy of
each individual recovered calorimeter cluster, and the jet pr resolution correspondingly
worsens. Secondly, the calorimeter cells start to saturate at higher values of the jet pr,
so less of the jet content is measured, with the jet energy correction becoming larger to
correct for this saturation effect. With less of the neutral content of the jet reconstructed
and an ‘average’ correction becoming necessary, the jet pr resolution suffers. Comparison
of jet reconstruction at LHCb with and without the neutral recovery shows that the

neutral recovery process improves the jet pr resolution by about 1-2%8.

8Tt is important to note that this means that the overall resolution has improved from, e.g. about 13%
to, e.g. about 11% (and not by 2% on the 13% figure, which would be negligible).
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4.5 Summary of jet reconstruction at LHCb

We have briefly discussed jet reconstruction at LHCb. The LHCDb particle flow approach
uses information from throughout the LHCb detector to reconstruct jets, with the best
jet transverse momentum resolution typically between 11% and 13%, depending upon
the jet pr, and the number of proton-proton interactions in the event. This performance
is comparable with that published? by the general purpose detectors when reconstructing
jets with pr < 100 GeV: the ATLAS experiment has an energy resolution between 8
and 15% [134] (depending upon rapidity and pr), whilst the CMS experiment reconstruct
jets with a pr resolution of about 10% [135].

We now turn our attention to the analysis of events detected at LHCb, making use of

the work presented in this chapter.

9Discussions with members of the ATLAS and CMS collaborations suggest that their jet pr resolution
has improved since these publications were produced.



Chapter 5

Production of Z bosons in association
with jets at LHCb

“The beginning in every task is the chief thing.”
— Plato

The analysis discussed in this thesis considers events containing a Z boson and at
least one jet, where the Z boson directly decays to two muons, which we refer to as
‘Z+jet’” events. Z boson decays to two muons tend to be the cleanest Z boson decays
to measure in the LHCb detector environment, so this decay channel has advantages
over other potential measurements which probe similar underlying physical processes (for
example, events where the Z boson decays directly to two electrons). We measure jet
production above two transverse momentum thresholds: pr > 10 GeV and pr > 20 GeV,
allowing us to consider the dependence of different effects on the jet transverse momentum.
Predictions based on pQCD above the 20 GeV threshold are expected to give reasonable
agreement with measurements, whereas the region above 10 GeV is more sensitive to

soft QCD effects [136].

This chapter starts with an overview of measurements of massive electroweak vector
boson production at the LHCb experiment, summarising why such studies are interesting
and reviewing existing work. We then cover the selection of Z+jet events, and compare
the kinematic distributions of selected events in data and simulation. We consider the
purity and efficiencies associated with this selection. These studies are of importance for

measurements of the Z+jet production cross-section, discussed in Chapter 6.

101
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5.1 Overview of electroweak production measurements

in the forward region

The collisions producing massive electroweak vector bosons at LHCDb involve one parton
with high Bjorken-z and one parton with low Bjorken-z, as shown in Figure 5.1. This
is because the collisions must be boosted into the forward region to be in the LHCb
acceptance: the rapidity of a directly produced particle of mass M is related to the
x values of the colliding partons (labelled 1 and 2) by x5 =~ %eiy, where /s is the
centre-of-mass energy associated with the proton-proton collision. Collisions in the
forward region therefore have the ability to probe values of & which are small, and values

of x which are close to unity.

The parton distribution functions (PDFs) at high z are already well constrained by
previous results from HERA [66, 137] and other experiments. However the low z region
has not been directly probed at high Q? by previous measurements [66]. In order to
calculate predictions for electroweak boson production in the forward region the known
parton distributions have to be evolved over many orders of magnitude using the DGLAP
equations. These predictions therefore have a large theoretical uncertainty associated
with the PDF values used, as shown in Figure 5.2. This means that measurements of
electroweak boson production at LHCb can be used to probe PDFs at low x and high
Q?, testing their behaviour and the DGLAP equations that govern their evolution in this
regime. This opportunity is uniquely available at the LHC to LHCb, as the coverage
of ATLAS and CMS do not allow such low values of = to be probed. Measurements of
electroweak boson production at LHCb are therefore directly complementary to those at

the general purpose detectors, and play a key role in the study of PDF's at the LHC.

LHCD has presented measurements of inclusive! W and Z boson? production in the
muon decay channels using data collected in 2010 [5] (summarised in Figure 5.3) and
inclusive Z production in the electron [6] and tau decay channels [138] using data collected
in 2011. All these measurements correspond to proton-proton collisions with a centre-
of-mass energy of /s = 7 TeV. These measurements have all shown good agreement

with Standard Model predictions based on a variety of PDF parametrisations (with the

I'We define ‘inclusive’ to mean events with > n jets. Inclusive Z production refers to events with > 0
jets. Inclusive Z+jet production refers to events with at least 1 jet. Exclusive Z+1 jet production
corresponds to events containing exactly one jet.

2Throughout this and subsequent chapters we use Z to refer to both the Z boson and the virtual photon
(v*) contributions.
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Figure 5.1: The values of z and Q? probed by different experiments. Measurements of
electroweak boson production at LHCD are sensitive to PDF's at small values of « that previous
experiments have not probed. The PDF's used to calculate theoretical predictions of processes
at LHCb therefore have to be evolved over many orders of magnitude from the values previously
determined. Adapted from Ref. [66] by J. Anderson.

most precise measurements probing the Standard Model at the level of 1-2%). These

measurements also agree with measurements made at ATLAS and CMS [139].

Forward Z+jet production

This thesis concentrates on measurements of 7Z production in association with jets,
continuing the studies at LHCb outlined above. The leading order Feynman diagrams
for the Z+jet process are shown in Fig. 5.4 (for comparison, the leading order Feynman
diagram for inclusive Z production is shown in Fig. 5.5). Theoretical predictions evaluated
by the author at O(a?) using POWHEG [8-11] show that roughly two thirds of Z+jet
events in the LHCb acceptance contain gluons in the initial state of the hard process,
with this fraction increasing with the jet pr. Z+jet production is therefore sensitive to

the gluon PDF (more information on the sensitivity of vector boson production at the
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Figure 5.2: PDF uncertainties on standard model measurements of electroweak vector boson
production as a function of rapidity. The left hand plot shows W boson production uncertainties
and the right hand plot shows uncertainties associated with the Drell Yan process. In the
forward region the PDF uncertainty grows, as the PDFs are less well constrained by previous
measurements, and have to be evolved over many orders of magnitude from these previous
constraints. This means that measurements of vector boson production at LHCb have the
ability to probe the reliability of this PDF evolution. Adapted from Ref. [66] by J. Anderson

and the author.



Production of Z bosons in association with jets at LHCb 105

LHCb, f5=7 TeV o MSTWO08 ¥ NNPDF21 p§>200c\’fc
Data,, o ABKM09 ¢ HERAIS 20<1' <45
Data, & JRO9 & CTEQ6M (NLO) Z:60<m_u_u<12(](3(:%’;’1:2
'_Ol_—'D—i
ety
_—
.|....|..n..|....|....|....|..U b
65 70 75 80 85 90 2y [PP]
—_— —_—
—
M . . [T N N o, . _[pb]
700 750 800 850 900 950 Wy
——
. stmay
.—ﬁ—'»—o—c
e by sy by by v by vy g b
550 600 650 700 750 w oy [P]
—_———
....|....|....|.“...|....|.GW'—W"’
1.1 1.2 1.3 1.4 15 Ow v
!—ﬁ_'._v_'
e + -
AN PP IRV EPE A PP N VPRI ST 6W'—>u'\' GW'—H-V\"
16 17 18 19 20 21 22 23 Oz iy
!
|....|....|....“|....GW'—’M'V
9 10 1 12 Oy iy
——
—a—
— G _
A AP B B D L A R B W —uv
7 7.5 8 8.5 9 9.5 10 Oz up

Figure 5.3: Summary of previous results in electroweak vector boson production with muon
final states at LHCb. The data are shown as the gold band, with the inner band showing the
statistical uncertainty and the outer band showing the systematic uncertainty. The points
correspond to theoretical predictions calculated using PDF parametrisations from different
PDF fitting groups, with the uncertainties corresponding to the combination of the scale and
PDF uncertainties in quadrature. From Ref. [5].
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LHC to the gluon PDF is given in Ref. [140]). LHCb occupies a region of phase space
where both the Z boson and at least one jet are produced in the forward region. This
acceptance is different to that of the general purpose detectors, making measurements at
LHCb complementary to those at ATLAS and CMS. Measurements of Z+jet production
at LHCb provide an interesting test of both PDFs and the DGLAP equations at low-x
and high %, with particular sensitivity to the gluon PDF. Such studies of the proton’s
inner structure are important in their own right, but measurements which are sensitive
to the gluon PDF at low z are also of interest for the detailed way they probe the PDF
evolution. The gluon saturation problem states that the gluon content of the proton is
expected to saturate with decreasing x [141] (at very low z). Such saturation is yet to be

observed.

As mentioned above, theoretical predictions of the Standard Model cross-section
for the Z-+jet process have been calculated at O(a?) [11,67,68,71,73,142-144]. Similar
analyses at ATLAS [145] and CMS [146-148] have shown reasonable agreement between
data and such predictions. In addition to the PDF sensitivity, studies of Z+jet production
in the forward region provide complementary tests of pQCD (and the Standard Model)
to those at the general purpose detectors. The importance of higher orders in pQCD, and
the predictive ability of Monte Carlo generators, can also be examined by comparing the
measured data to predictions calculated at different orders in the perturbative expansion

of the strong coupling.

Measurements of Z+jet production in the forward region provide important tests of
the DGLAP equations, with particular sensitivity to the gluon PDF, and also probe
pQCD and the Standard Model. We therefore turn our attention to the data collected
by the LHCb experiment, and the experimental considerations we must make to perform

a measurement of this process.

5.2 Event selection

In this section we discuss the event selection for Z+jet candidate events, starting with
the data samples considered. We also discuss the kinematic distributions of the selected

events, comparing their distributions in data and simulation.
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Figure 5.4: The lowest order Feynman Diagrams for Z+jet production at a hadron collider
(with the boson subsequently decaying to 2 muons). Charges are not displayed, as all particles
in each diagram can be swapped for their corresponding anti-particles and the diagram would
still be valid.
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Figure 5.5: The leading order Feynman Diagram for Z production (with the boson subsequently
decaying to 2 muons). Charges are not displayed, as all particles in the diagram can be swapped
for their corresponding anti-particles and the diagram would still be valid.
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5.2.1 Event samples
Data

The analysis presented in this thesis is based on data collected in 2011 with the LHCb
detector, corresponding to an integrated luminosity of [ £-dt = 1.01£0.04 fb~!. This is
the entire dataset collected in 2011 by LHCb, apart from a small sample (corresponding
to an integrated luminosity of about 0.02 fb™!) triggered using a different global event
cut (discussed in Section 3.2.8) on the number of SPD hits from the rest of the dataset.
As this sample has a different Z boson detection efficiency, and contains few events, it is

not considered here.

The analysis is performed using Reco® 12 and Stripping® 17. This version of the

reconstruction software has been extensively studied by the LHCb collaboration.

Monte Carlo simulation

The analysis of Z+jet production also relies on Monte Carlo (MC) simulation which has
been interfaced with the detector simulation, as we use simulated events to determine
the detector response (though systematic uncertainties are determined from comparisons
between data and simulation). The LHCb event simulation environment is based on
PyTHIA [12] using the CTEQ611 [149] parametrisation of PDFs, and was discussed in
more detail in Section 3.3.4. The simulation studied here is the MC11° sample of the
Z—+jet process: the simulation has been analysed using the same reconstruction and
stripping selection that is applied to the data collected at the detector. This simulation
sample corresponds to a leading order description of the hard process, with the parton
shower simulating the effects of further quark or gluon emission. This is expected to
provide an accurate description of the content of (and detector response to) light quark
jets [150]. The contribution of heavy flavour jets to the Z-+jet process is negligible, as
it requires heavy flavour in the initial state, and the initial state is dominated by light
partons. We have roughly nine times as many Z+jet events in simulation as in data. We
also use MC11 simulation of the inclusive Z process (where all jets are produced through

a Parton Shower) as a cross-check. This shall be discussed in more detail later.

3This refers to the version of the LHCb particle reconstruction software used.
4This refers to the version of the stripping used.
5The standard simulation used in LHCb for data taken in 2011.
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5.2.2 Selection requirements

Z boson event selection

We use the standard LHCb Z boson selection for candidate Z — putu~ events, which
was used in the analysis of inclusive Z production at LHCbD [5] (we will refer to this as
the ‘nominal selection’). We select events containing two tracks satisfying the ISMUON
flag (discussed in Section 3.3.2). We then require that these tracks are consistent with a

common production vertex, and satisfy the following criteria:
o ph > 20GeV,
o 2.0 <n* < 4.5,

e and we require that the invariant mass of the dimuon candidates, M* ™" must lie
in the range 60 < M*™* < 120 GeV.

These kinematic requirements also form the fiducial acceptance for the cross-section
analysis (discussed later). The invariant mass range was chosen to minimise differences
between results quoted at the Born and ‘bare’ levels [151]. In addition, to select well

reconstructed events we require that:

e the relative uncertainty on the momentum of each muon is less than 10%: o, /|p| < 0.1.
This requirement rejects few events (only 0.08% of events fail this requirement).
The requirement is made to ensure that that the muon charge type (positive or
negative) is known to a high degree of precision. Events with very poor momentum
resolution will have a poorly measured track curvature, and so the charge of the

particle producing the track will not be determined with sufficient accuracy.

e the muons come from well measured tracks: the x? probability associated with the
track fit, Prob(x?, dof) > 0.001.

e at least one of the muons is TOS (‘trigger on signal’, defined in Section 3.2.8) all the
way though the trigger, on the following lines: LOMuon, HIt1SingleMuonHighPT,
H1t2SingleMuonHighPT. This trigger route selects events containing at least one
muon with pp > 10GeV. The trigger route makes no other kinematic requirements.

We refer to this as the single muon trigger route.

After applying these requirements we select 53182 candidate Z— utp~ events in the
2011 dataset.
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Figure 5.6: A Z+jet event measured at LHCb. The Z boson and the jet are produced
back-to-back in ¢, and are measured to have similar momenta: p% =75 GeV; pit' = 65 GeV .
In order to show the angles in the event, the pseudorapidity, rather than the rapidity, is plotted.
Consequently the Z boson is further forward than both the decay muons. All the activity in
the event is shown in this plot. The event contains only one primary vertex, and little other
activity is measured (all reconstructed particles in the LHCb acceptance are shown in this plot).
However, it is a fairly typical event Z+jet event at LHCb, as the beam crossings at LHCb
provide a low pile-up environment.

Jet selection

As well as the jet identification requirements placed on reconstructed jets (see Section
4.2), we also place kinematic requirements, restricting ourselves to jets within the LHCb
acceptance, requiring 2.0 < 7°* < 4.5. We also restrict ourselves to jets which are well
separated from the decay muons of the Z boson. We require, for a jet to be considered,
AR(jet, u) > 0.4. This reduces contributions to jets from clones of, and from final state

radiation (FSR) of, muons produced in the Z boson decay.

After applying these requirements, in addition to those on the decay muons, we select
4118(10576) candidate Z+jet events in the 2011 dataset for pjft > 20(10) GeV. A typical

event is shown in Figure 5.6.
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5.2.3 Kinematic distributions of selected events

The kinematic distributions of selected events in data and simulation are shown in
Figs. 5.7, 5.8, 5.9, 5.10, 5.11 and 5.12, for the jet pr above the 10 and 20 GeV thresholds.
No efficiency corrections are applied to these distributions. Broadly, we see agreement

between data and simulation in most distributions at better than the 10 % level.

The agreement between data and simulation in the leading jet pr distribution, shown
in Fig. 5.7, and the leading jet n distribution, shown in Fig. 5.8, is particularly impressive.
At high pr, the relative number of events in data is slightly higher than the number
of events in simulation. This is expected, as it is at high pr that the effect of higher
orders in pQCD are most important (and simulations at higher orders in pQCD will
tend to include a larger number of jets with high pr). The leading jet n distribution is
shown in Figure 5.8. The distribution favours jet production at lower pseudorapidity.
This is because high pr jets are easier to produce at lower pseudorapidities, as shown in

Figure 4.1. This effect becomes more pronounced when the jet pr threshold is increased.

There is some disagreement between data and simulation in the Z boson pr distribution
at low pr, shown in Fig. 5.9. Similar discrepancies have been seen in measurements
at other LHC detectors [152]. The vector boson pr is known to be hard to simulate
accurately at low pr, due to the effects of multiple gluon emission and soft QCD [136].
However, in the high pt tail, above the peak in the distribution, data and simulation
show good agreement. The position of the peak is seen to change with different pr
requirements being made on the jet. This is also well understood: with higher pr jets in
the event, the Z boson will also tend to have a higher pt in order to give zero total pr in
the event (as the Z and jet tend to be produced back-to-back in ¢).

There is also a small discrepancy between data and simulation in the Z boson rapidity
distribution, shown in Fig. 5.10. This discrepancy is less than 10% (typically about
5%), and is probably (at least, partly) due to the sensitivity of the Z boson rapidity
distribution to the choice of PDF. Indeed, more recent PDFs parametrisations than
the standard LHCDb choice show similar changes in forward Z production. The peak
in the distribution is due to the requirement that both decay muons lie in the LHCb
acceptance (2.0 < n* < 4.5). If there were no kinematic requirements placed on the decay
muons then the distribution of |y| would be observed to fall monotonically. In addition,
increasing the jet pr requirement from 10 GeV to 20 GeV slightly increases the fraction
of events where the Z boson is produced at low rapidity. This is for the same reasons as

those discussed above for the jet n distribution: more energetic events tend to occur in
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the central (low rapidity) regions. However, this effect on the Z rapidity distribution is

very small.

The difference in rapidity® between the Z and the leading jet, Ay(Z, jet) = y% — y'°t,

is shown in Figure 5.11. This distribution shows good agreement between data and
simulation. The shape of the distribution is driven by the kinematic acceptance of the
detector: in selecting events with 2 < y < 4.5 the difference in rapidity between the Z
and the jet is constrained to lie within the region between —2.5 and +2.5. The peak lies
above zero, since jet production is most favoured at low pseudorapidities, whereas we
tend to measure Z bosons which are produced in the centre of our acceptance, given the
requirements that both decay muons must lie in the LHCb acceptance. As the jet pr

threshold increases, the peak of the Ay distribution becomes sharper.

The simulation overestimates the number of events where the Z boson and jet are
produced back-to-back, as seen in Fig. 5.12. The simulation relies on a parton shower to
produce jets around the hardest parton in the event. The parton shower is only accurate
in the collinear approximation, as discussed in Section 2.2.2 - it underestimates jets which
are produced at large separations from the hardest jet. The hardest jet will tend to be
produced back-to-back with the Z boson, but may not be in our acceptance. So, in the
simulation, jets which are not back to back with the Z boson will tend to be produced
in the parton shower, and the number of these is likely to be underestimated. As the
jet pr threshold increases, the fraction of events where the Z and the jet are produced
back-to-back increases. This is due to the fraction of events containing an additional jet
decreasing as the leading jet pr increases. With fewer additional jets in the event, the Z
boson and the jet momenta must balance each other more precisely in the transverse

plane: the Z boson and the jet become more back-to-back in ¢.

The jet multiplicity shows the largest discrepancy between data and simulation. If we
consider the ratio of the number of reconstructed inclusive Z+2 jet events to the number
of reconstructed inclusive Z+jet events, Nyio jet/Nztjet, for szet > 10 GeV, we see that
there is a large difference between data (0.157 £ 0.004) and simulation (0.098 +0.001)".
The simulation we run is for the Z+jet process, and only includes additional jets beyond
the jet generated in the hard process when they are generated by the parton shower.

However, parton showers underestimate the radiation of partons at large angles from the

6We consider for this distribution the true rapidity of the jet. Since the invariant mass of a light parton
induced jet is typically much smaller than the total momentum of the jet, the difference between the
jet pseudorapidity and the jet rapidity is negligible.

"The uncertainties quoted here are statistical.
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primary emission, and consequently the number of additional jets (above a significant
pr threshold, like the 10 GeV threshold applied here) is also underestimated. The
underestimate in this region of phase space is not surprising: the simulation is only
expected to be accurate for the leading jet (for which we see excellent agreement between

data and simulation, in Fig. 5.7).

We see then that there are three areas where the simulation fails to accurately
reproduce the data: at low p?, at small A¢, and in events which contain more than one
jet. However, these situations are largely equivalent. If the Z boson has a small pr in an
event containing a jet, then another jet must be produced in the event to balance the
total transverse momentum®. In turn, the production of the additional jet means that
the angular separation of the Z boson and the leading jet (in our acceptance) is reduced.
This region is dominated by higher orders in pQCD, and so it is not surprising that the

leading order simulation fails to reproduce the data.
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Figure 5.7: The leading jet transverse momentum distribution in data (black) and simulation
(red), for Z+jet events. No corrections for detection inefficiencies or resolution effects have
been made.The uncertainties shown are statistical.

8We note that this additional jet may not be in the LHCb acceptance.
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Z+jet events, for pjfit > 20 GeV (left) and pjft > 10 GeV (right). No corrections for detection
inefficiencies or resolution effects have been made. The uncertainties shown are statistical.
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5.3 Background

Other processes at LHCb can give rise to particles that mimic the Z+jet events. We

consider the background contribution from different sources:

1. We consider the combinatorial background, from random combinations of muons
in the event that happen to be produced with the correct invariant masses. These
muons could come from semileptonic B decays, W boson decays, or could be mesons
that have either decayed in flight or incorrectly pass the ISMUON flag. A jet could
also be produced in the same event from unrelated QCD processes (and multiple
parton interactions), leading to the event passing all our selection criteria. We
estimate this background by considering the number of same sign events (L™ p* or
™) which otherwise pass our selection criteria, using the same dataset collected
in 2011. Assuming no charge bias, this should equal the number of opposite sign
events which would pass our selection from the same background combinatorial
processes. Using this method we estimate this background to be 16 4 events,
for the 10 GeV jet pr threshold, and 5+ 2 for the 20 GeV threshold, where the
uncertainties are statistical. The number of p*u™ and u~ ™ events are consistent.
The number of same sign events has been demonstrated to give a good estimate of
the combinatorial background in other studies of electroweak boson production [6],
where alternative methods of predicting the combinatorial background were shown
to agree at the level of ~5%. In our case this uncertainty is much smaller than the

statistical uncertainty in the background.

2. Z— 171 decays, where both taus subsequently decay to muons, and a jet is produced
in association with the Z boson form another potential background source. We rely
on Monte Carlo simulation to estimate the number of these events which would
pass our selection. We estimate this background to be 12+ 3 for the 10 GeV jet pr
threshold, and 7+ 3 for the 20GeV threshold. The uncertainties are statistical.

3. We consider tf production, where each top quark decays to a b quark and a W
boson. The b quarks will be associated with jets. If the W bosons each decay to a
muon and a neutrino, the overall final state could mimic the Z+jet final state. NLO
simulation suggests that we would detect 14 events in 1 fb™' of data [153] with both
muons passing our 7 and pr selection, neglecting reconstruction efficiencies. Half of
these events will pass our dimuon invariant mass selection [154]. Assuming that we
have an efficiency to reconstruct both muons of 70% (see Section 5.4), this means

that our expected background level is 54 2. The background level does not change
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between the 10 GeV and 20 GeV thresholds, as the b-quark-induced jets in these
events are expected to have pp ~ my,,/2, which is much larger than the threshold.

The uncertainty is statistical.

4. The diboson production process with the largest cross-section in our fiducial accep-
tance, W boson pair production, is around 20% of the ¢t production cross-section [5]
in our acceptance. The requirement that a jet is produced in our acceptance in
association with the W boson pair further reduces this cross-section. It is therefore
considered a negligible background source in comparison to the other possible back-
ground sources considered. Other diboson production processes are even rarer, and

so also contribute a negligible amount to the sample studied.

5. Heavy flavour decays of Z bosons, where the heavy flavour decay products decay to
muons, provide a negligible contribution, as the muons rarely have sufficient energy

to pass the invariant mass and pr requirements.

We therefore estimate the total background to be 33+£6 for the 10 GeV jet pr
threshold and 17 +4 for the 20 GeV threshold. This corresponds to sample purities, p,
of 0.9969 £ 0.0005, and 0.9959 4 0.0010 respectively. The results for the two thresholds
are consistent - there is no evidence for the background level varying significantly
with jet transverse momentum. These purities are also consistent with the purity of
0.9971 4+ 0.0003 measured in the preliminary measurement of inclusive Z production in
data collected in 2011 [155]. Previous studies [5,155] with higher statistics have also
shown no evidence for any variation of the background level with different kinematic
distributions of the Z boson. We therefore assume that the purity is flat. The effect of

this assumption is minimal as the total background level is small.

We have not considered here the effect of events which contain a (correctly) recon-
structed dimuon decay of a Z boson, but where a jet is incorrectly reconstructed (no jet
is present at truth level, but a jet is reconstructed in the event). These correspond to

‘fake jets’, and will be discussed separately later.

Cross-check of the background levels

The study described above showed that the total background level in selected Z+jet events
(at both the 10 GeV and 20 GeV jet pr thresholds) is consistent with the background

level in the inclusive Z events.
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Figure 5.13: The top plots show the invariant mass distributions of dimuon candidates for
inclusive Z (black) and inclusive Z+jet (red) events, where both distributions are normalised to
have unit integral, for jet pp > 10 GeV. The top-left plot has a linear scale, whilst the top-right
plot has a log scale for the y-axis. The bottom plot shows the ratio of the number of Z+jet
events to the number of inclusive Z events as a function of the invariant mass of the dimuon pair,
for jet pr > 10 GeV. For all plots, the uncertainties shown are statistical. The distribution in
the bottom plot is fit with a straight line, pg + p1 - M Wt W, with the best fit determined using
minimisation of the x2. We find pg = 0.20 4 0.02 and p; = 0.00003 £ 0.00023 GeV !, consistent
with a flat line.
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Figure 5.14: The top plots show the invariant mass distributions of dimuon candidates for
inclusive Z (black) and inclusive Z+jet (red) events, where both distributions are normalised
to have unit integral, for jet pr > 20 GeV. The top-left plot has a linear scale, whilst the
top-right plot has a log scale for the y-axis. The bottom plot shows the ratio of the number
of Z+jet events to the number of inclusive Z events as a function of the invariant mass of
the dimuon pair, for this plot, the jet pr > 20 GeV. For all plots, the uncertainties shown
are statistical. The distribution in the bottom plot is fit with a straight line, pg + p1 - M ”ﬂF,
with the best fit determined using minimisation of the x?. We find py = 0.07£0.01 and
p1 = 0.0002 4 0.0002 GeV~!, consistent with a flat line.
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We check this by considering the invariant mass distributions of the dimuon pairs
in both inclusive Z and Z+jet events. Signal events will form the characteristic Z peak
with a low mass tail associated with the virtual photon. Background events should not
form such a peak; instead they are expected to be preferentially located at low dimuon
invariant masses. Therefore, if the background levels were higher(lower) in the Z+jet
events than in inclusive Z events, we would see proportionally more(fewer) Z+jet events

with a low dimuon invariant mass.

The invariant mass distributions for inclusive Z and Z+jet events are shown on
the same plot in Figure 5.13 (for the 10 GeV jet pr threshold). The invariant mass
distributions agree well between the Z+jet events and the inclusive Z events. The ratio
of the number of Z+jet events to the number of Z events as a function of the dimuon
invariant mass®, also shown in Fig. 5.13 (for the 10 GeV threshold), is consistent with
a flat line. This is consistent with our hypothesis that the background levels are the
same in the Z boson and Z+jet samples, assuming that any enhancement or deficit of the
background is not symmetric about the centre of the range considered (90 GeV). The
same is true of the 20 GeV threshold, shown in Figure 5.14.

5.4 Z boson detection and reconstruction efficiencies

Following Ref. [5], the total Z boson detection efficiency can be factorised into four
separate components as €z = €1p ETrack ETrigger EGEC, Where the ex factors correspond to
the efficiencies associated with the muon identification, the muon track reconstruction,

the trigger requirements and the global event cuts respectively.

We calculate each of these efficiencies separately using data-driven methods. These
methods have already been used in analyses of inclusive electroweak boson production
at LHCb [5,6,155]. The validity of splitting the efficiencies into separate, independent
contributions (with negligible correlations between the efficiencies) has been demonstrated
by other studies [156].

The muon track reconstruction, identification and trigger selection efficiencies are
found as a function of the kinematic parameters of the muon. These can then be
combined on an event by event basis, and combined with the global event cut efficiency,

to determine an overall Z boson detection efficiency, for the kinematics of an individual

9We note when taking the ratio that the Z+jet events are also present in the inclusive Z sample.
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Figure 5.15: The tag-and-probe method of measuring efficiencies for both the muon identifi-
cation and muon track reconstruction efficiencies. The left-hand schematic shows the method
used to measure the muon identification efficiency, whereas the right-hand schematic shows the
method used to measure the track reconstruction efficiency. From R. McNulty.

event. We will therefore discuss these efficiencies in turn. Before this, however, we briefly
describe the use of tag-and-probe methods to measure efficiencies, as such an approach is

used to determine the muon identification, track reconstruction and trigger efficiencies.

A schematic showing the tag-and-probe method is shown in Figure 5.15. The method
relies on selecting pure events based on one particle in the event. If this is sufficient
to know that there is another particle in the event, then whether or not there is a
reconstructed track associated with that particle, or if the particle is correctly identified,
provides knowledge of the efficiency associated with track reconstruction or particle

identification respectively.

5.4.1 Muon identification

The muon identification efficiency is defined to be the probability that a true muon is
reconstructed as a muon, passing the ISMUON requirement. We therefore seek to measure

how often true muons pass the ISMUON requirement.

We do this using a data-driven tag-and-probe method (as we do not know the reliability
of the simulation). We select events consistent with a Z— p*u~ decay, containing two
long tracks which have a combined invariant mass consistent with a Z boson. Tight
selection requirements are then placed on one of the candidates (the tag), but the other
candidate (the probe) is not required to pass any particle identification requirement. A

schematic of this is shown in Figure 5.15. We then find the ratio of the number of probe
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tracks that pass the ISMUON requirement to the total number of probe tracks considered.
This provides a measurement of the muon identification efficiency. This efficiency is
studied as a function of relevant variables (like the muon pseudorapidity, or the jet
multiplicity). Different muon charges and different magnet polarities are also considered

separately.
The requirements used to select the tag-and-probe events are:
e Requirements on both tag and probe:

— 86 < M(tag, probe) < 96 GeV — the invariant mass of the tag and probe
particles must lie within 5 GeV of the nominal Z boson mass,

— The x? probability associated with the track fit must satisfy Prob(x?, dof)
> 0.001; the particles must be associated with high quality tracks,

— 0p/lp| < 0.1,

— pr > 20 GeV,

— 2.0<n<45,

— |A¢(put, u)| > 0.1 - this requirement is very loose, and is simply present to

ensure that one particle is not a poorly measured clone of the other.

e Requirements on the tag:

— pr > 30 GeV,

— Passes the ISMUON requirement.

— ProbNNmu> 0.68 - this number corresponds to the neural network based particle
identification mentioned in Section 3.3.2,

— TOS on the single muon trigger lines,

There is no evidence for any dependence of the efficiency on magnet polarity, or
for differing u* or u~ efficiencies. There is also no evidence for any dependence of
the muon identification efficiency on the jet multiplicity (see Figure 5.16), but we do
see a dependency on the muon pseudorapidity (shown in Figure 5.17). The dip in
efficiency at high pseudorapidity corresponds to the edge of the detector where the muon
identification performs less well. Previous studies have shown little dependence upon the
muon pr [5,155], and no evidence is seen here. Indeed, the efficiencies found here agree
well with those reported by others [157].

This selection is designed to ensure a high purity Z— p™u~ sample, without biasing the
muon identification efficiency associated with the probe. The invariant mass distribution

of the tag and probe pairs is shown in Figure 5.18. We check for any effects of impurities
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Figure 5.16: The muon identification efficiency, binned as a function of the (exclusive) jet
multiplicity and the muon pseudorapidity. We see no obvious dependence on jet multiplicity.
The uncertainties shown are statistical. Where the efficiency is close to unity, the uncertainty
is assigned using the Feldman-Cousins approach [158].
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Figure 5.17: The muon identification efficiency, binned as a function of the muon pseudora-
pidity. The uncertainties shown are statistical, calculated using the binomial approach.

in the efficiency determination by repeating the calculation using a wider mass window,

but tightening the other selection requirements so that:

e 70 < M(tag, probe) < 110 GeV,
e the HCAL energy deposit associated with the tracks (Fycar) is small: Eycar/|p| < 0.1,

e the tag track is isolated - the total transverse momentum associated with tracks in

a cone of size 0.7 in n — ¢ space centred on the tag is less than 10 GeV.

The effect on the efficiency from changing these selection requirements is about 0.5%,
and is assigned as a systematic uncertainty. The effect of this on the Z+jet production

cross-section shall be discussed later.

Validation of method

We show in Figure 5.19 the muon identification efficiency as a function of the azimuthal
angle of the muon in the detector, ¢. There is a small drop in efficiency noticeable at
¢ = +m/2, associated with the change in ‘sides’ of the detector. Whilst the effect is
small (< 1%), it could lead to a bias in the tag-and-probe method through correlations in
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Figure 5.18: The invariant mass distribution of the tag and probe pairs considered when
determining the muon identification efficiency is shown in black. The red lines show the invariant
mass selection requirements placed on the tag-and-probe pairs. The uncertainties shown are
statistical.
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Figure 5.19: The muon identification efficiency, binned in the muon ¢. The uncertainties
shown are statistical.

¢ between the tag and probe muons [159] when the efficiency is not binned in ¢. However,
the expected effect of such correlations is small. Indeed, biases could be introduced
through any potential correlations between the tag and probe particles. For example, the
kinematic requirements placed on the tag muon could bias the kinematic distributions of

the probe muon, also potentially biasing the measured efficiency.

We therefore investigate any possible bias in the method by performing the same
tag-and-probe analysis to determine the muon identification efficiency on simulated data.
This efficiency is then compared with the muon identification efficiency found using truth
level information. These two efficiency determinations were made using statistically
independent Monte Carlo (MC) samples to enable ease of interpretation. The results
are shown in Figure 5.20. Any differences between the two methods in the main region
of the detector are not statistically significant. In the region 4.25 < n < 4.5, there is
possibly a larger discrepancy, but when we apply the tag-and-probe method on data in
this region, the statistical uncertainty is much larger than the possible discrepancy. We
therefore conclude that there is no evidence for any significant bias in our determination

of the muon identification efficiency using the tag-and-probe method.
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Figure 5.20: The muon identification efficiency measured on statistically independent MC
samples using the tag-and-probe method, and directly from MC truth information. The bottom
plot is the same as the top plot, but zoomed in on the region of interest. The uncertainties
shown are statistical.
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5.4.2 Muon track reconstruction efficiency

We apply a similar tag-and-probe analysis to that described above to determine the
muon track reconstruction efficiency. This efficiency is the probability that a muon
in the detector acceptance gives a reconstructed track that passes the track quality
requirements. The tag is a long track which passes the ISMUON requirement, whilst the
probe is composed of a well reconstructed track in the muon stations that is linked to
hits in the TT. We consider how often the muon-TT probe is matched to a long track
that passes the track requirements we consider in the nominal selection: Prob(x?, dof)
> 0.001, 0,/|p| < 0.1. The relative number of times that a long track which passes
the selection requirements is matched to a muon-TT probe track sets the muon track
reconstruction efficiency. The matching is performed by requiring that the long track
and the muon-TT track share detector hits and are within a radius of 0.2 of each other
in 7 — ¢ space [160] and share hits in the muon stations. This method is the standard
LHCb approach to determine the track reconstruction efficiency for muons, and more
detail is provided in Ref. [160].

The selection used to measure the efficiency is:

e Requirements placed on both tag and probe particles:

— 80 < M (tag, probe) < 100 GeV,
- 2.0<n<45,
— pr > 20 GeV,

— [Ad(uTu7) > 0.1,
e Requirements placed on the tag particle:

— passes the ISMUON requirement.

— pr > 30 GeV,

— TOS on the muon trigger lines,

— The x? probability associated with the track fit must satisfy Prob(y?, dof)
> 0.001,

— o,/|p| <0.1.

The invariant mass distribution of tag and probe pairs is shown in Fig. 5.21. The
distribution does not show a sharp peak at the Z boson invariant mass as the momentum
resolution of the muon-TT probe track is not as good as for long tracks. Since there is
little advantage from a tight selection requirement, the invariant mass requirement is

fairly loose.
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Figure 5.21: The invariant mass distribution of the tag and probe pairs considered when
determining the track efficiency is shown in blue. Where there is a matched track, the invariant
mass distribution of the matched track and the tag muon is shown in black. The dashed red
lines show the values we select between for the tag and probe pairs. The uncertainties shown

are statistical.
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Figure 5.22: The muon track reconstruction efficiency, binned in the (exclusive) jet multiplicity
and muon 7. The uncertainties shown are statistical.

The measured track reconstruction efficiency is binned in jet multiplicity and muon
pseudorapidity (shown in Fig. 5.22). Integrating over the binning in jet multiplicity,
the efficiencies agree well with those reported by others [161]. The decrease in the track
reconstruction efficiency at low muon pseudorapidity is due to the alignment being less
well understood in this region. Consequently the x? values associated with tracks in
this region tend to be larger, and fewer tracks pass the selection requirements. The
presence of additional hits in tracking subdetectors is also known to reduce the track
reconstruction efficiency [160]. This is observed: the presence of a jet in the event is seen

to decrease the track reconstruction efficiency by about 2%.

No evidence is found for a change in the track reconstruction efficiency associated
with the different magnet polarities, or for different efficiencies associated with positive
and negatively charged muons. As with the muon identification efficiency, the track
reconstruction efficiency determination is repeated using with a wider mass window
(70 < M (tag, probe) < 110 GeV) in the selection requirements, to test the effect of
possible background contamination. Any possible effect is below the 0.6% level, and the

difference is assigned as a systematic uncertainty.
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Figure 5.23: The muon track reconstruction efficiency, binned in the muon ¢. The uncertainties
shown are statistical.

We show in Fig 5.23 the muon track reconstruction efficiency as a function of the
azimuthal angle of the muon in the detector, ¢. As with the muon identification efficiency,
there is a small drop in the track reconstruction efficiency, about 5%, noticeable at
¢ = £m/2. This is associated with the change in ‘sides’ of the detector.

Validation of method

As with the identification efficiency, we check the possibility that there is a bias in the tag-
and-probe method by applying it to simulation, and comparing the measured efficiencies
to those found on a statistically independent sample from MC truth information. In
calculating this efficiency we neglect the effect of the track quality requirements, as
these will be considered separately below. The track reconstruction efficiency, found
using the two independent methods, is shown as a function of the muon pseudorapidity
distribution in Fig. 5.24. We see that the tag-and-probe method yields similar efficiencies
to those found using truth information. However, there is a clear disagreement between
the efficiencies at a level > 1o. The mean absolute offset between the two methods

is 0.3%. We therefore conclude that the tag-and-probe method we use to determine
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Figure 5.24: The muon track reconstruction efficiency, measured on simulation, using the
tag-and-probe method, and from MC truth information. The uncertainties shown are statistical.

the track reconstruction efficiency is accurate to the level of 0.3% (per track). This
is consistent with other studies [156], and provides a contribution to the systematic

uncertainty associated with the track reconstruction efficiency.

In addition, we need to consider whether the method used to determine the track
reconstruction efficiency introduces a bias into the distributions used to select high quality
tracks. If the x? probability distribution'® is different between the matched tracks and
those selected in the standard analysis using the nominal selection, then the fraction
failing the selection requirements will be incorrectly measured: a bias will be introduced
into the efficiency measurement. The probability x? distribution is therefore compared
between all tracks in the nominal selection and the tracks which are considered when
measuring the track reconstruction efficiency. No significant differences are seen between
the distributions: the selection of events used to measure the efficiency does not introduce

a bias. The two distributions are shown, overlaid, in Figure 5.25.

19We neglect the o, /|p| distribution since this has a negligible impact on the efficiency, only rejecting
0.08% of events.



134

Production of Z bosons in association with jets at LHCb

Fraction of events

Fraction of events

0.1

0.08

0.06

0.04

0.02

O Tracks selected in analysis

l“'lllllllllllllll

Tracks used to determine
track reconstruction efficiency

S e S TS Ty e ot S T SN T

0

01 02 03 04 05 06 07 08 09 1

Prob(y2, dof)

||||||,|||

||||||,|||

Tracks used to determine
: track reconstruction efficiency

O Tracks selected in analysis

4 3 2 1 0
loglO(Prob(Xz, dof))

Figure 5.25: The x? probability distribution for the tracks use to determine the track
reconstruction efficiency, and the muon tracks found using the nominal selection (neglecting the
x2 probability requirement). The bottom plot shows the same distribution on log scales, with
the blue line showing the requirement made in the nominal selection. The agreement between
the distributions continues for Prob(x?2, dof) < 107°. The uncertainties shown are statistical.
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Figure 5.26: The single muon trigger efficiency, binned as a function of the muon 7. The
uncertainties shown are statistical.

5.4.3 Muon trigger efficiency

We also seek to determine the single muon trigger efficiency, egyr. This is the probability
that a muon passes our trigger requirements. We measure this using data, again using a
tag-and-probe method. The same selection requirements are made to those outlined for
the nominal selection for the Z+jet sample (see Section 5.2.2), except that the trigger
requirements are changed. Here, the tag is required to be TOS on the muon triggers. The
probability that the probe is also TOS on these trigger lines sets the trigger efficiency for

a single muon to pass the muon lines.

This efficiency is shown as a function of the muon pseudorapidity in Fig. 5.26. There
is no obvious dependence of the efficiency on the jet multiplicity, the muon pr, the muon
charge, or the magnet polarity. The efficiency calculation is also repeated for a tighter
dimuon invariant mass selection (80 < M*™*~ < 100 GeV). The efficiencies found with
this selection are consistent with those found using the wider mass window to within
0.1%.

Having found the single muon trigger efficiency, we are able to calculate the efficiency

for either muon in our selection passing the single muon triggers. This overall trigger
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efficiency (emvigger) 1S given by

€Trigger( M1, H2) = 5SMT( M ) + €SMT( P«z) - 5SMT( M ) '€SMT( W )> (5-1)

where egyr( Wy, ) 18 the single muon trigger efficiency associated with the kinematics of
the n'" decay muon of the Z boson. This combination assumes that the single muon
trigger efficiencies associated with each individual muon in the event are uncorrelated:

triggering on one muon does not change the probability of triggering on the other.

It is also worth noting here that this combination reduces any dependence of the
overall trigger efficiency on any other variables. If the single muon trigger efficiency was

to change by ~ 1%, then the overall trigger efficiency would change by only ~ 0.4%.

Validation of method

We check for a possible bias in the tag-and-probe method by validating the method on
simulation. The trigger efficiency is found on simulated events, using the tag-and-probe
method, and compared to the efficiency found from MC truth information. Again, for
the two methods, statistically independent samples are used. No significant difference is

seen between the two methods (see Fig. 5.27).

The assumption that the probability of triggering on each muon in the event is
uncorrelated is also checked. The overall trigger efficiency on simulation is found directly
(by finding the ratio of the number of events which pass the trigger requirements to
the total number of events considered). This is then compared to the efficiency found
by combining the single muon trigger efficiencies. These two methods of finding the
overall trigger efficiency are applied to statistically independent simulation samples.
The combination method and the overall method give consistent efficiencies (within one
standard deviation), so we conclude that the method of combining the single muon trigger
efficiencies into an overall efficiency is valid, and that the probabilities of triggering on

either of the muon candidates in the event are uncorrelated.

5.4.4 Global event cut efficiency

The lowest level trigger at LHCD also includes global event cuts (GEC) that are designed
to reject very high occupancy events that will take too long to process. It is clear that the

GEC efficiency will have a dependence on the jet multiplicity. The greater the number
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Figure 5.27: The single muon trigger efficiency, measured on simulation, using the tag-and-
probe method, and from MC truth information. The uncertainties shown are statistical.

of jets in the event, the greater the occupancy, and the more likely it is that the event
will not pass the GEC.

The trigger path used in this analysis contains a GEC requirement placed on the
number of hits in the SPD: ngpp < 600. However, there is an alternative path possible
since trigger lines requiring DiMuon final states are available at each level of the trigger
(LO, HLT1 and HLT?2). This trigger path is not used in the nominal selection as it has
a lower efficiency than the single muon trigger. However, the DiMuon trigger has a
looser GEC requirement, ngpp < 900, and we can therefore use it to estimate the number
of events rejected with 600 < ngpp < 900. The distribution of ngpp agrees very well
between the two different trigger paths in the region where both paths select events
(nspp < 600); the ngpp distributions for both trigger routes are overlaid and shown in
Fig. 5.28.

We also need to consider the number of events we reject with ngpp > 900. This is a

small contribution, which we determine by fitting the ngpp distribution (for the DiMuon
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Figure 5.28: The distribution of ngpp for the two different trigger routes. The uncertainties
shown are statistical.

trigger route) with a gamma function [162], as in Ref. [6]:

Yy = A . nspDa_l . eXp<—nspD/ﬁ), (52)

where A, a and [ are the parameters that are used to fit y, the fraction of events. The
fit is performed using the binned-likelihood method. An example fit is shown in Fig. 5.29.
The fit result is then extrapolated to calculate the expected fraction of events with
nspp > 900. This fraction is typically much smaller than the fraction of events with
600 < ngpp < 900. As an alternative, we also fit the tail of the distribution with an
exponential decay. The difference between efficiencies measured using the two different
fits gives a measure of the uncertainty associated with the fit. This difference is typically
much smaller than the fraction of events with ngpp > 900, and is assigned as a systematic

uncertainty on the efficiency.

These two steps together enable a determination of the fraction of events with
ngpp > 600 that do not pass the GEC in the required single muon trigger path. The
efficiency is measured as a function of the number of primary vertices and the jet

multiplicity and is recorded in Table 5.1 (the distribution of the number of primary
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vertices in reconstructed Z+jet events is shown in Figure 5.30). Whilst the efficiency is

seen to drop with increased jet multiplicity, few events contain more than one jet.

No Z+jet events are observed to contain zero reconstructed primary vertices; there
are only 59 events with zero primary vertices in the entire nominal Z— ptp~ sample.
Studies using simulated data (without global event cuts applied) show no Z+jet events
containing zero primary vertices, so the lack of events in recorded data is not associated
with a significant detection inefficiency (instead, the presence of a Z boson and a jet in
an event typically ensure that a primary vertex is reconstructed). No events containing
only one primary vertex are seen to contain ngpp > 600, so this efficiency is set to unity,
and an appropriate uncertainty is assigned using the Feldman-Cousins approach [158].
The mean GEC efficiency for the Z+jet sample is 91.3 £0.1%.

The global event cut efficiency shows no significant dependence on the kinematic
parameters of the muons [155]. The global event cut efficiency was also studied as a
function of the jet pr. The efficiencies found when binning in the jet pr were consistent
with each other, within the statistical precision achievable (1-2%), once the dependence

on the jet multiplicity was accounted for.

Validation of extrapolation method

The validity of fitting the ngpp distribution to determine the global event cut efficiency is
checked by performing a similar fit to the same distribution between 200 < ngpp < 450,
for events containing 1 primary vertex. Again, the fit function used is the gamma function
outlined in equation 5.2. This fit is then used to estimate the number of events with
nspp > 450. However, this quantity can also be directly measured. The fit suggests that
there would be 97 such events, whereas 88 events are observed. These two numbers are

compatible within Poisson fluctuations. We therefore have confidence in the extrapolation
of the fit.

5.5 Summary

We have considered the selection of Z+jet events at LHCb, for two jet transverse
momentum thresholds, 10 and 20 GeV. We measure roughly 10000 and 4000 events

containing jets with above these respective thresholds. The background levels are seen to
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Figure 5.29: An example of the gamma function fit used to determine the number of candidates
that would have had more than 900 SPD hits. This plot shows events with a jet multiplicity
(for jets with pp > 10 GeV) of 1, and with 2 reconstructed primary vertices. The uncertainties
shown are statistical. The bottom plot shows the graph on a logarithmic scale. In this case, it
is clear that the effect of events with SPD > 900 is very small, and the change in measured
efficiency with the change in fit function is small. The fit shown in the plot is performed using
the binned-likelihood method. A compatible fit using the minimisation of x? method returns a
best fit value of x2/dof = 60/47.
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Jet Multiplicity

0 1 2 >3

0 1.0010:09 - - -

1 | 1.0000F3:9990  1.000079:999  1.00079-9% 1.0015:05
npy

, | 0-993240.0008 0.974:£0.003 0.9240.015

(0.9931) (0.974) (0.920)
0.47 £0.06 (0.34)
g | 089540004 078240011 0.5940.03

(0.894) (0.772) (0.56)

Table 5.1: The global event cut efficiency, measured as a function of the number of primary
vertices (npy) and the jet multiplicity (for jet pr > 10 GeV). The main numbers shown are for
the fits to the ngpp distribution using a gamma function, whilst those in brackets correspond
to fitting the distribution using an exponential decay. As can be seen, the effect of changing
the fit is small in most bins. This is for two reasons: the number of events with ngpp > 900 is
small, and the ngpp distributions are well described by both gamma functions and exponential
decays. The number of bins used is determined by the number of events in each bin - there are
too few events to bin more finely. This means that we combine the 2 and >3 primary vertex
bins together for events with jet multiplicity >3.
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Figure 5.30: The distribution of the number of primary vertices in the reconstructed Z+jet
events. The uncertainties shown are statistical. The distribution falls rapidly for events with
more than 3 primary vertices.
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be low (~0.3%). The efficiency with which Z bosons are detected and pass the nominal
selection was measured as a function of the kinematic parameters of the decay muons.
This detection efficiency is typically around 70%, and is dominated by the ability of the
LHCb detector to reconstruct and select the tracks formed by the decay products of the
Z boson (typically 90% per track).

The next chapter will focus on taking these events and efficiencies and measuring

cross-sections for the production of Z+jet events at LHCb.
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Chapter 6

Measuring the Z+jet production
cross-section at LHCb at /s = 7 TeV

“When you can measure what you are speaking about, and express it in
numbers, you know something about it.”
— Lord Kelvin

In this chapter we discuss the measurement of the Z+jet production cross-section,
building significantly on the work discussed in previous chapters. The work of the author
in this chapter is also documented in Ref. [4]. We consider the challenges of accurately
measuring the jet pr spectrum, due to the resolution effects discussed in Chapter 4. In
addition, we correct the distributions shown in Chapter 5 for Z and jet reconstruction
efficiencies, enabling the measurement. We also focus our attention on the systematic
uncertainties associated with the measurement. Before we discuss these matters, however,
we begin by defining the distributions we will measure, and the theoretical acceptance

that these measurements correspond to.

6.1 Defining the measurement

We measure the Z-+jet production cross-section and the ratio of this cross-section to
the inclusive Z boson production cross-section. In addition, we measure the differential
cross-sections for Z-+jet production. The differential measurements are made as a function

of the transverse momentum and pseudorapidity of the leading jet in the event, the Z
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boson transverse momentum and rapidity, and the difference in rapidity and the difference
in azimuthal angle between the Z boson and the leading jet. The data are compared to
O(a?) and O(ay) predictions from POWHEG [7-11] using different PDF parametrisations
that are matched to PyTHIA [12] for simulation of the parton shower development and

hadronisation. These predictions will be discussed in Section 6.6.

We choose to normalise the differential measurements to the total Z+jet cross-section,
so that the integral of each differential distribution is equal to unity. This choice reduces
the impact of some systematic uncertainties (like the luminosity), and also enables us to
concentrate on the shape of the differential distributions measured while the normalisation
is probed by the measurement of the total cross-section. The total cross-section and
cross-section ratio are measured at the Born level; a correction is applied to remove
the effects on the cross-section from FSR associated with the final state muons. This
correction will be discussed in detail in Section 6.3.1. This correction enables direct
comparison of the result to the measurement of inclusive Z boson production [5]. However,
no correction is applied to the shapes of the differential distributions, since the programs

providing theoretical predictions can be configured to include the effects of FSR.

In our case the fiducial acceptance matches very closely the kinematic selection
requirements placed on the events in Chapter 5'. The fiducial selection is defined for the

final state muons from the Z boson decay by:
e pi > 20 GeV,
e 2.0 <yt < 4.5,
e 60 < M** < 120 GeV.

This fiducial acceptance is the same as that used for the measurement of the inclusive
Z cross-section [5]. The final state jets, defined at the hadron level, using the anti-kr

algorithm [52] with R = 0.5, are required to have:
o 2.0 < et < 4.5,
o Py’ >10(20) GeV,

o AR(jet,pn) > 0.4.

'However, there is no a priori reason that the selection requirements should be the same as the
fiducial cross-section: for example, it is possible to consider having loose selection requirements, and
correcting to a tighter fiducial acceptance using some correction factor (as was done in Ref. [6]).
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6.2 Jet transverse momentum resolution and jet

detection efficiencies

Before we consider the Z+jet cross-section, we turn our focus to the ability of LHCD to
accurately reconstruct jets, and the impact any inaccuracies have on the measurement of
the Z+jet production cross-section. We consider different effects which mean that the
hardest reconstructed jet pr may not fall in the same bin as the hardest true jet pr in

the same event.

The jet pr resolution smears the true jet pr distribution. The resolution was discussed
in Section 4.4, and is typically 11-13%. This causes migrations in the jet pr distribution
between true jet pr bins and reconstructed jet pr bins. This is the dominant migration

effect on the jet pr distribution.

In addition, the leading jet may not be reconstructed, or if it is reconstructed, it may
fail the jet identification requirements. If there is no other jet in the event, then the
event will not be selected. This shows up as an inefficiency in jet detection. However, if
the event contains an additional jet, which is reconstructed and passes the identification
requirements, then the net effect will be a migration in the jet pr distribution between
the true and reconstructed levels. This latter effect is small: fewer than 0.5% of Z+jet

events contain two or more jets where the leading jet is not reconstructed and identified.

Another similar effect can also influence the jet pr distribution. If two jets in an
event have similar pr, then the wrong jet may be reconstructed as the hardest jet in
the event. This will lead to a migration in the jet pr distribution between the true and
reconstructed levels. This effect is also small: first, the jets must have similar pr, which
reduces the effect of any migration. Second, the probability of having two similar pr jets
in the same event is itself small: typically 3% of Z+jet events with one jet in the range
20 < pr < 30 GeV contain a second jet in the event with similar pr. Fewer than half of

these events will have the second jet incorrectly identified as the hardest jet.

In addition, there is the possibility that jets just outside the LHCb acceptance might
be partially reconstructed, with the direction of the jet incorrectly identified as inside
the acceptance. However, studies of the jet direction resolution, discussed in Section 4.4,
show that this effect should be small. Simulation studies of the migration across the
edge of the acceptance n = 2.0 show that any possible effect is smaller than 1%. This

migration across this border is an example of a wider class of events where there is no
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jet at truth level in the event, but where a jet is reconstructed. Such jets are labelled
as ‘fake jets’. Most fake jets are typically due to the presence of one poorly measured
particle. The jet identification requirements reduce the fake rate to about 4% for low pr

jets, and 1% for high pr jets.

The migrations in the leading jet pr distribution between the truth level and the
reconstructed level are shown in Figure 6.1. For most values of jet pr, the probability
of an event in a given truth bin being in the same reconstructed bin is ~ 60 — 70%?2.
We must undo the effect of these migrations, and measure the true jet pr distribution
(defined at the hadron level).

We select events where the reconstructed jet pr is above some cut-off p$*, and split

the corrections for the differences between the true distribution and the reconstructed
distribution into two stages. First we consider migrations in the jet transverse momentum
distribution (correcting events where the truth jet transverse momentum bin is different
from the reconstructed jet transverse momentum bin). We correct for these migrations
by unfolding, as explained below, giving the ‘truth’ pr distribution for the selected Z+jet

cut

events with pj{ft(reco) > p$". Then we find the efficiency, €je, to correct for the fraction

of true events where no jet was reconstructed, or where the reconstructed jet pr was
below p** or where the reconstructed jet failed to pass the jet identification requirements.
This efficiency measurement allows for the pr distribution to be corrected for selection

inefficiencies.

The threshold p§" is chosen to be 7.5 GeV: we unfold the pr distribution to find the
true pr distribution associated with the selected events with a reconstructed pr above this
threshold. Corrections for the fraction of true events that do not contain a reconstructed
jet above the threshold are then found as efficiencies. An alternative approach would be
to consider a 10 GeV threshold. However, many true events above 10 GeV may have
migrated to a transverse momentum below 10 GeV and consequently be lost (indeed
roughly half of events with true pr = 10 GeV will migrate to have a reconstructed pr
below a 10 GeV threshold). Placing the threshold at 7.5 GeV enables us to consider more
of these events within the unfolding. We consider this unfolding next, before considering
the jet reconstruction and selection efficiencies in Section 6.2.2. The net effect of placing
the threshold at 7.5 GeV is that the selection outlined in Section 5.2.2 and considered
in Chapter 5 is modified for this chapter: the jet pr requirement is now pJTet > 7.5 GeV.

The selected events must still pass all the other selection criteria listed in Section 5.2.2.

2This is dependent on the bin widths chosen.
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Figure 6.1: The probability that an event with a given true pr of the leading jet (z axis) is
reconstructed in a particular bin of the measured jet pr (y-axis). Columns therefore sum to
unity. This probability is shown by the colour scheme.

6.2.1 Unfolding the jet pt distribution

We seek to correct the jet pr distribution from the binned quantities we reconstruct to a
reliable estimate of the corresponding binned distribution at truth level. This is typically

known as unfolding the data.

We start by defining terminology. We refer to migrations when we mean the changes
in the binned distribution between the truth and reconstructed levels. The matrix
describing this, R, is the response matrix, which is typically measured on simulation
using some training sample. If the (binned) truth distribution is labelled y and the

(binned) measured distribution is labelled x then we can write
x =Ry, (6.1)

where it is clear that we can associate the elements of the response matrix with the

probability that an event in a given true pr bin is measured in a particular reconstructed
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pr bin. We use the term corrections to refer to the changes we apply to the reconstructed
distribution to measure an estimate of the true distribution. This process of correcting
the reconstructed distribution is the unfolding, and the matrix for these corrections, U,
is the unfolding matrix. We can calculate the unfolded distribution, u (our estimate of

y) from
u=Ux, (6.2)

where the elements of the unfolding matrix contain the probabilities that events measured

in bins of the reconstructed pr distribution correspond to particular true pr bins.

We therefore discuss below different methods to determine U and find the distribution
u that provides a reliable estimate of y. We then turn our attention to their application

in our case.

Unfolding techniques

We could take the response matrix R describing the migrations between bins of pr
from simulation. The inverse of the response matrix will enable an estimate of the true
distribution in data to be recovered from the reconstructed distribution: we could set
the unfolding matrix U = R™!, and u = R™'x. However, the inverse of R is not always
well determined. If the response matrix has small off-diagonal elements, these elements
may have a large statistical uncertainty. These elements become important when the
inverse is found as they are used to calculate large elements in the inverse matrix, which
will as a consequence have large uncertainties. This means that the inverse matrix we
would use to correct the reconstructed distribution is not necessarily well determined;
this method of determining the unfolding matrix yields large (anti)correlations between

bins in the unfolded distribution.

Instead, the unfolding matrix U could be directly measured in simulation (without
the need to invert the response matrix). This matrix contains elements which describe
the probability of an event being in a particular bin of the true pr distribution given the
presence of the event in a particular bin of the reconstructed pr distribution. However,
this probability depends on the true distribution used in the simulation. This can be

directly seen through Bayes’ theorem [163]:
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U;; = Prob(true bin 4 | reco bin j)

Prob(t bin 4
= Prob(reco bin j | true bin 1) rob(true bin 1)

Prob(reco bin j)

Prob(true bin 1)
= Ry —, 6.3
" Prob(reco bin j) (6:3)

where we have chosen to identify® the elements of the response matrix with the migration
probabilities as Rj; = Prob(reco bin j | true bin ¢) and the elements of the unfolding
matrix as U;; = Prob(true bin ¢ | reco bin j). Even if the response matrix is accurately
simulated, it is clear that a direct determination of the unfolding matrix from simulation
relies on the true distribution also being accurately simulated. Therefore simply taking

the unfolding matrix directly from simulation does not guarantee an accurate result.

Various solutions to these problems have been proposed, based on different potential
assumptions. We discuss the two most commonly used here: the D’Agostini/Bayesian
unfolding [164] and the single value decomposition (SVD) [165] unfolding methods.

The D’Agostini approach takes the unfolding matrix from simulation, and uses this
matrix to correct the reconstructed distribution. This yields a truth level distribution in
the measured data. This distribution is not necessarily accurate, for reasons outlined
earlier. However, this truth distribution can be used to reweight the unfolding matrix
that was taken from simulation, effectively using equation (6.3), so that it better describes
the recorded data*. This process can be repeated iteratively, with a new truth level
distribution found for data with each iteration. A small number of iterations typically
tends to give a reasonable result [166]; a large number of iterations provides a result
which is identical with inverting the response matrix, containing large (anti)correlations
between bins in the unfolded distribution and large uncertainties on the final result.
Therefore, the iteration process must be stopped after an appropriate (small) number of
iterations. The number of iterations is therefore a key parameter which regularises the
unfolding procedure for the D’Agostini method, and is referred to as the ‘regularisation

parameter’. If it is set to unity, then the unfolding matrix is not reweighted: the unfolding

3We use here the notation that the probability of an event a given knowledge that an event b has
already occurred is Prob(a|b). We also use the notation that elements of the matrix M are referred
to as M;;.

4This use of Bayes’ theorem gives the unfolding method its alternative name - ‘Bayesian unfolding’.
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matrix is simply taken directly from simulation. Historically, the D’Agostini method
has shown issues with the propagation of uncertainties. According to Ref. [166], the
original paper by D’Agostini [164] neglected a term in the uncertainty propagation: after
two iterations the unfolding matrix itself obtains an uncertainty associated with the
reweighting procedure. The author of Ref.[166] has expanded on the original paper to
include this term in the uncertainty propagation and demonstrated the accuracy of this

approach by comparing the propagation with toy studies.

The SVD unfolding method provides an alternative approach to inverting the response
matrix using the language of linear algebra [165]. The response matrix and the associated
truth and reconstructed distributions form a set of linear equations [165], as shown in
equation (6.1). The SVD approach rotates the co-ordinate system so that the response
matrix is diagonal. This approach implicitly brings in the problems associated with
directly inverting the response matrix. Some of the diagonal elements in the rotated
matrix are not well determined as they are consistent with zero: the matrix is consistent
with being singular [165]. The SVD approach to unfolding therefore sets these elements to
zero, and rescales the linear equations® so that the equations which are best determined
carry the most weight [165]. The presence of a singular response matrix is equivalent to
stating that the problem is under-constrained. The SVD approach takes other information
to provide additional constraints [165]. Usually the condition that the truth distribution
varies smoothly is applied, though due to the rescaling of the linear equations, this
condition is entirely equivalent to the assumption that the differences between the
training sample (used to determine the response matrix) and data vary smoothly [165].
The weight given to this assumption is set by some integer regularisation parameter,
which typically varies between unity and the number of bins being considered [165]. The
choice of regularisation parameter is important: a choice of unity returns an unfolded
distribution identical to the truth distribution in the training sample, whereas the choice
where the parameter equals the number of bins keeps many of the large statistical
fluctuations associated with inverting the response matrix [166]. Intermediate values

work best; a reasonable choice can be made by studying the system in question [166].

The two methods both take the response matrix and provide an unfolded distribu-
tion using different approaches to avoid the pitfalls associated with directly inverting
the response matrix. They therefore provide independent approaches to unfold the

reconstructed jet pr distribution measured at LHCb.

5Rescaling linear equations will not change the solution obtained for non-singular problems. However,
when external constraints are necessary and the solutions found are not exact, as in singular problems,
the scaling has a noticeable effect. More detail on this is available in Ref. [165].
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Unfolding the LHCb data

We unfold the LHCb data using the D’Agostini [164] and SVD [165] approaches discussed
above, as implemented in the ROOUNFOLD package [166]. The training sample for the
unfolding was the Z+jet simulation sample discussed in the previous chapter. The
unfolding is performed using different binning schemes for the reconstructed and truth
levels. At the reconstructed level, we consider the bins defined by the bin edges (and an
inclusive high pr bin) [7.5, 10, 15, 20, 25, 30, >30 GeV], whereas at the truth level we
consider the bin edges (and inclusive high pr bin) [0, 5, 10, 15, 20, 25, 30, >30 GeV]°.
This unfolding automatically corrects for the presence of fake jets, correcting for events

where there is no jet at truth level, but where there is a reconstructed jet.

The regularisation parameters to be used in the D’Agostini method and the SVD
method were both determined by investigating the performance of the unfolding. An
independent simulation sample was studied: this sample was based on the PYTHIA 6 [12]
simulation of inclusive Z boson production”, with the simulation of the LHCb detector
included. We will refer to this as the pseudo-data sample, as the sample was then treated
like data and unfolded using the two approaches. This unfolding could then be used
to estimate the total number of the pseudo-data events containing a jet with pt above
the 20 GeV threshold. This number was then compared to the known number in the
pseudo-data sample using truth level information. The same number of events were used
in the pseudo-data as were present in data. For the D’Agostini method the use of two
iterations was found to give the best agreement between the unfolded distribution and
the truth distribution in pseudo-data. For the SVD method, a regularisation parameter
of three gave the best agreement. These choices of regularisation parameters also gave
the best agreement in the pseudo-data sample between the number of unfolded events

and the number of truth events containing a jet with pr greater than 10 GeV.

When applied to the recorded LHCb data, the two methods agree impressively in the
unfolded pr distribution of the selected events, as shown in Figure 6.2. The numbers of
events above the 20(10) GeV threshold agree within 0.3(0.2)%. This level of agreement
is a consequence of the data and simulation agreeing well (as was shown in Figure 5.7).
In addition, the effect of changing the number of iterations used when unfolding the

data using the D’Agostini method is shown in Figure 6.3, where one iteration is used

5Two bins are used for pr(true) < 10 GeV, as this region sees reasonably large variations, and it was
felt such a binning scheme might be necessary. However, other binning choices here were found to
give consistent results.

"In this simulation sample all jets are produced using the parton shower.
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and the resulting distribution is compared to the distribution found using two iterations.
As discussed earlier, one iteration of the D’Agostini method corresponds to taking the
unfolding matrix directly from simulation, and not reweighting it. Once again, excellent
agreement is seen: the result is stable to this change in the number of iterations. This
stability is again due to data and simulation already agreeing well. Repeating the

unfolding using different binning schemes also gives consistent results.

6.2.2 Jet reconstruction and selection efficiency

We also need to correct for the events where there was a truth jet but no reconstructed
(and selected) jet above the 7.5 GeV threshold, in which case the event was not considered
using the migrations discussed above. This could be because there was no reconstructed
jet in the event, or because the reconstructed jet migrated below the threshold, or because
the reconstructed jet failed to pass the jet identification requirements. Explicitly, we
define this jet reconstruction and selection efficiency, €je, to be the probability that
given a true jet in our acceptance, a jet is reconstructed in the event with pr > 7.5 GeV,

passing the jet identification selection.

This efficiency is directly measured from the Z-+jet simulation, and is shown in
Figure 6.4 as a function of the true jet pr. We see a very strong dependence on pr, due
to two effects. At low pr there is a larger probability that our jet pr resolution can lead
to us not reconstructing the jet with pr above the 7.5 GeV threshold. The efficiency
therefore drops at low pr. In addition, at low p, more events fail the jet ID requirements.

This is the larger of the two effects.

The efficiency is shown as a function of the jet pseudorapidity in Figure 6.5. The
efficiency shows a variation of about 2-3% across the detector acceptance, with the largest
effect seen closest to the edge of the acceptance. This is primarily due to the increased
impact of the jet identification requirements in this region. Figure 4.6 shows that less of
the jet content is reconstructed near the edge of the detector acceptance. This in turn
increases the impact of the jet identification requirements, so the jet reconstruction and

selection efficiency drops.

However, we know that simulation and data do not agree exactly (this was discussed in
detail in the previous chapter). We therefore consider reweighting the events in simulation
to better match the events measured in the recorded data. The effect of reweighting

the jet multiplicity distribution to be the same in simulation as in the recorded data
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is ~0.5%, and is also shown in Figure 6.4. Since the efficiency is seen to have a small
variation with the jet pseudorapidity, we also consider the effect of differences in the jet
pseudorapidity distribution between data and simulation. If we reweight the events used
to measure €j¢; so that the true jet pseudorapidity distribution in simulation is the same
as the measured jet pseudorapidity distribution in data, then we see a negligible change
in the efficiencies (< 0.1%). The efficiencies found are also consistent with those found

from the inclusive Z boson simulation sample.

There are also uncertainties associated with the degree to which simulation provides
an accurate model for jets in the recorded data and therefore the degree to which the
simulation provides an accurate determination of the jet reconstruction and selection
efficiency. We will discuss this in Section 6.4.6, when we consider systematic uncertainties

on the measurement of the Z+jet production cross-section.

6.3 Cross-section measurement

So far we have discussed the selection of Z+jet events, the background sources to this
selection, the Z and jet selection and reconstruction efficiencies, and the effect of the
jet transverse momentum resolution. We now take these different studies, and combine

them, using this information to measure the Z+jet production cross-section.

We determine the number of events within each bin of the unfolded jet transverse

momentum, N (pif), corrected for the Z detection efficiency® €, determined on an

event-by-event basis from the kinematics of the particular event:

m U punf7 preco
N(pt) = > YUl pi) - ) (6.4)

selected Z+jet events
where U (pinf, piec©) is an element of the unfolding matrix U: it determines the probability

that an event containing a jet with reconstructed transverse momentum in the bin

reco

Dt
matrix using the D’Agostini scheme, with the SVD method considered earlier providing

contains a truth jet with transverse momentum in the bin pf. We determine the

a cross-check. For the differential jet pr distribution, a different binning scheme is used,

with a larger number of bins at high pr. The results from this binning scheme are

8Since the efficiencies associated with each event vary within a narrow range between about 65% and
75% the effect of using weighted events on the (fractional) statistical uncertainty is negligible, and is
therefore neglected. This was confirmed using studies in ‘toy’ simulation.
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consistent with the results using the standard scheme described above. For measurements
of the other differential distributions the analysis is repeated separately in each bin of
the relevant distribution. Consequently the unfolding matrix is re-determined for each

bin in each distribution, only using events reconstructed in that bin®.

We then correct the N (pihf) distribution to account for the jet reconstruction efficiency,
€jet- For the differential measurements, as with the unfolding matrix, €je; is re-determined
based on events in the relevant bin. In addition, for the differential measurements, a
factor A, is applied to account for migration between different bins (for example, in
the jet pseudorapidity distribution)!. This correction typically has a small net effect of
less than 2-3% (see for example Figure 6.6), and is taken from simulation. Dividing by
the integrated luminosity, [ £ dt, then determines the cross-section,

o = o Aig y (pant), (6.5)

Ejet

p%nf>p%l‘1r

thr

where pi* is the relevant threshold, 20 or 10 GeV, and p is the purity of the sample,

accounting for the presence of background.

Having found the total cross-section in each bin of a differential distribution, we then
normalise the distribution to the total cross-section so that each differential distribution
has an integral of unity. The integrals of the differential distributions (before this nor-
malisation) are consistent with the total cross-section for all the distributions considered.
Finally, the measurement of the overall Z+jet cross-section is corrected to the Born level:
the effect of FSR from the decay muons of the Z boson is removed. This will be discussed

below.

The work discussed so far also enables us to find the inclusive Z boson production
cross-section (in the muon decay channel). This cross-section can be found by summing
over all the selected Z boson events (i.e. neglecting the jet selection requirements) and

evaluating

1
azzfcpdt >y (6.6)

selected Z events

9We give an example to ensure clarity: for the jet n distribution, for the bin 2.0 < 7** < 2.5, we
determine the unfolding matrix for the jet pr solely using events reconstructed in that bin. We carry
this out separately for each bin in the jet n distribution.

10This is not done for the differential p distribution, as the unfolding already accounts for these
migrations.
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Comparison of this result with existing measurements at LHCb allows for a cross-check
of the Z+jet analysis. It also lets us find the ratio of the Z+jet production cross-section

to the inclusive Z boson production cross-section, for both jet transverse momentum
thresholds.

6.3.1 Final State Radiation (FSR)

Charged particles radiate photons. This means that the particles we reconstruct do
not strictly correspond to those in the Feynman diagrams shown in Fig. 5.4 or Fig. 5.5.
Instead, we measure particles after they have radiated photons. The ingredients we
have discussed so far allow us to make measurements at the ‘bare’ level, as we have not

considered the effect of these photons!t.

In order to aid comparison with previous results for inclusive Z boson production at
LHCb, we choose to correct the total cross-section measurement for Z+jet production,
and the ratio of this cross-section with the inclusive Z boson production cross-section
for the effect of the photons radiated from the muons produced by the Z boson decay.
This corrects the measurement to the Born level in QED. However, since the simulation
that we compare to data has the option to include FSR, we choose not to correct the
differential distributions, and simply compare our results at the bare level to simulation
with FSR included.

We determine the corrections to the overall cross-section from bare level to Born level
by taking the ratio of the cross-section in simulation with FSR turned on to that with
FSR turned off. To perform the correction, we simply multiply the bare level cross-section

by the correction factor.

The correction factors have been measured in Herwig++ [167] for both the inclusive
Z and the Z+jet processes. The model implemented in Herwig++ is based on YFS QED
radiation theory and also includes fixed order QED matrix element corrections [168-170].
Using this simulation the correction factor for the inclusive Z boson production cross-
section is evaluated to be 1.02309 £ 0.0008, where the uncertainty quoted is statistical.
The overall correction factors for the Z+jet process evaluated using Herwig++ are:
0.9994 4 0.0016 (p* > 10 GeV) and 1.0096 +0.0027 (p£*) > 20 GeV).

11FSR, and the differences between Born and bare level calculations, were discussed briefly in Section 2.2.
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Source of Systematic Uncertainty Relative Uncertainty (%)
Z boson selection and reconstruction efficiencies 3.5
Jet energy scale 6.3
Jet energy resolution 0.4
Unfolding 0.3
Background and fake jets 1.5
Jet identification and reconstruction efficiency 4.3
FSR corrections 0.2
Luminosity 3.5
Total 9.3

Table 6.1: The relative uncertainty from each source of possible systematic uncertainties
considered for the Z+jet cross-section for pr(jet) > 20 GeV. The relative uncertainties are
similar for the 10 GeV threshold.

The correction factors have also been found using Pythia8 interfaced with Pho-
tos [42,74,171]. This uses the same theoretical ingredients as Herwig++, but simulates
higher order effects differently [168]. The corresponding corrections [171] agree with those
found using Herwig++ at the level of 0.15%. Other uncertainties associated with the

calculation are known to be much smaller [171].

6.4 Systematic uncertainties

Statistical uncertainties are well understood, and their size can be evaluated precisely.
However, we must also consider systematic uncertainties. These are, inevitably, hard
to determine precisely: if a clear bias was present then it would be the scientist’s role
to quantify and correct for it. Instead, systematic uncertainties describe the degree to
which we trust a calculated result. In this section we discuss the treatment of systematic
uncertainties in the Z-+jet cross-section measurement. The relative contributions to
the measurement are summarised in Table 6.1. Before we start discussing the methods
used to estimate these uncertainties, we note that the normalisation of the differential
distributions such that their integral is unity reduces the effect of some systematic
uncertainties. Uncertainties that are fully correlated between bins, like the luminosity
uncertainty, have no effect on the distributions. Other uncertainties which are largely

uncorrelated with the measured distribution also have their effect reduced.
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6.4.1 Z boson reconstruction and selection systematic uncertainties

We take the statistical uncertainties associated with the efficiency determination and use
these as the systematic uncertainties on each efficiency associated with the precision to
which we determine that efficiency, as considered in Refs. [5,155]. This is done for each Z

detection efficiency (esmr, €GEC, 1D ETrack) 1D turn.

In addition to these uncertainties, we consider other possible sources of uncertainty.
As discussed in Section 5.4, we have checked for the possible effect of background
contamination by re-evaluating the efficiencies using different mass windows in the tag-
and-probe method. The calculations are therefore repeated using each of the re-evaluated
efficiencies in turn. The change in the final result with respect to the nominal central value
sets an additional systematic uncertainty for each of the efficiencies. The data-driven
measurement of the tracking efficiency was also found to be accurate at the level of 0.3%
per track. This is also assigned as a systematic uncertainty associated with eacc. This
therefore gives an overall systematic uncertainty of 0.6%, as there are two muon tracks
we must reconstruct and select in the Z— p*u~ decay. We also consider the systematic
uncertainty associated with the fit used to determine eggc. This is evaluated by replacing
the efficiencies found using the gamma function extrapolation with those found using the
exponential decay fit, and determining the change in the calculated cross-sections from
the nominal results. The largest uncertainties associated with the Z boson reconstruction
and selection efficiencies are due to determination of the tracking and global event cut

requirements, which are both typically ~ 2% for the overall cross-section.

6.4.2 Jet energy scale

The jet energy scale (see Section 4.3) plays an important role in the distributions we
present: it determines explicitly the number of jets we see in each event above a given
transverse momentum threshold. The LHCDb collaboration have provided standard uncer-
tainties associated with the jet energy scale based on the performance in simulation [4,123].
These uncertainties, corresponding to uncertainties in the methods used to set the scale,
the flavour content of jets and the statistical uncertainty in the scale evaluation, were
discussed in Section 4.3 and typically provide a ~ 2 — 3% uncertainty on the energy scale
within the majority of our acceptance. The analysis is repeated with the energy scale in

each bin (used to determine the scale) simultaneously'? varied in data by one standard

12The variation is done simultaneously for all bins as these uncertainties are largely correlated [123,132].
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deviation. The differences in the measured cross-sections with respect to the nominal
results set the systematic uncertainty associated with these sources. For the 20 GeV

threshold this introduces a systematic uncertainty of ~ 3.5%.

The numbers used in the jet energy correction are determined from simulation, and
are therefore optimised to provide the best performance based on simulation. However,
there is a further systematic uncertainty associated with the degree to which such an
approach is valid: we need to determine whether the jet detector response is accurately
modelled in Monte Carlo (MC) simulation. If, for example, there are differences in the
alignment between data and simulation, the response of the detector to jets might be
different. Discrepancies in the particle reconstruction performance in data and simulation

would also create differences in the jet reconstruction.

We therefore seek to determine how well simulation and data agree. In order to
do this, we must measure jets in both data and simulation. We choose to do this by
considering events where the physics of the production mechanism is believed to be well
understood, so that any discrepancies between data and simulation can be associated
with the simulation of the detector. The size of any possible discrepancies between data
and simulation then provide systematic uncertainties on the jet energy scale based on

how well the detector is simulated.

Conventionally, the pr balance of v +jet events would be considered for such a study.
However, the LHCDb calorimeter saturates at high pr, and the resolution degrades. We
therefore choose to study the pr balance of Z+jet events instead. We consider the pJ{ft /P4
distribution. In events with little other activity, and where the Z boson and jet are
produced back-to-back in ¢, the Z boson and the jet should balance in pr. In effect,
we can use the Z boson pr as a proxy for the true jet pr. In these events the ;ft /P4
distribution is expected to be well modelled at generator level by simulation [150], so that
any discrepancy between data and simulation can be assigned to the detector response.
By comparing this distribution between data and simulation, we can gauge the extent to

which the detector response to jets agrees between data and simulation.

Before proceeding with this investigation, we note that the correlations between the

;t /p% distribution in the selected back-to-back events and the distributions we seek
to measure in the analysis are small, and so assigning a systematic uncertainty based
on the agreement between data and simulation does not render the comparison of the
measured distributions with theoretical predictions uninteresting. We also note that the

selection of back-to-back events does not bias our comparison to events where the jet
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Figure 6.7: The pr balance of selected Z+jet events at the truth level, for p]{ft > 10 GeV.

reconstruction performs best: the jet energy scale and resolution show no dependence on

the difference in azimuthal angle between the Z and the jet.

In order to select back-to-back events with little other activity, we place additional selec-

tion requirements to the nominal selection of Z+jet candidate events discussed in the pre-
Second jet

pr IV .95

pr(Hardest jet)

We place no jet identification requirements on the second (next highest pr) ‘jet’ in the

vious chapter. We require that |[A¢(Z, Hardest jet)| > 7x /8, and

event. This means we are selecting events with little other activity, rather than just
events where there is no second jet. In these events, the Z boson pr is expected to largely

balance the jet pr at the truth level. This is shown in simulated events in Fig. 6.7.

The '{ft /p% distributions in data and simulation are overlaid and plotted in Figure 6.8.
Good agreement is seen between data and simulation, and similar agreement is seen
when the distribution is considered as a function of the jet pr and n. This agreement
provides confidence that the jet reconstruction is well modelled in simulation, so we
proceed to quantify the level to which we can trust simulation, and measure a systematic

uncertainty associated with the simulation of the detector response to jets.
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Figure 6.8: The pr balance of selected Z+jet events for pJTBt > 10 GeV. The data is shown as
the black, with simulation in red.

We consider the effect of varying the detector response in simulation. We vary the

. . .. iet iet
reconstructed jet pr from its original value, pr’,;,, to a new value, pr’ ., through

jet
T, new

simulation we can fit for the parameter 3 which gives the best agreement between data

=[x ;’t orig- BY comparing the ) /p% distribution between data and the varied
and simulation. If 3 = 1, then the simulation has not been varied; any offset of the ‘best’

value from unity is used to set the systematic uncertainty.

We quantify the agreement between data and simulation by performing a x? compari-
son between data and simulation as a function of 3. The results are shown in Fig. 6.9: a
clear minimum is seen, occurring at fhest = 1.02, with an uncertainty of about 0.02. The
best value of 3 is therefore consistent with unity (for this value of 3 the x? test suggests
that the distributions in data and simulation are consistent at the level of ~10%). We
therefore consider a global uncertainty in the jet energy scale of 3%, in order to account
for the offset and the potential uncertainty in the offset. This uncertainty is conservative,
as the systematic uncertainty may be smaller than the numbers we assign. However,
without evidence to this fact, we choose to assign an uncertainty that corresponds to the

level at which we can be sure that the simulation accurately models data.
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Figure 6.9: The value of x? from a comparison of the ;t /p% distribution in data and

simulation as a function of 3, for p]Tet > 10 GeV. The minimum x?2 is 32 (based on 23 degrees
of freedom), and occurs at fpest ~ 1.02. For this value of 8 data and simulation are consistent
at the level of 10%.
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Figure 6.10: The comparison of the mean of the ;t / p% distribution in data and simulation
for ;t > 10 GeV. The mean in data is shown in black (with the uncertainty given by the
shaded region), with the mean in simulation shown in red as a function of 5. The best agreement
between data and simulation occurs for Byt = 0.996 +0.011.
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Bin Bbest
10 < pr < 20 GeV | 0.98 £0.02
20 < pr < 30 GeV | 1.02£0.02
30 < pr <70 GeV | 0.98£0.02
pr > 70 GeV 0.98 +0.04
20<n <25 0.994+0.02
25 <n <35 1.00£0.02
3.5 <n<45b 1.00£0.03

Table 6.2: The values of 3 where we see best agreement between data and simulation, for the
different bins considered, based on comparing the means of the p’{ft / p% distribution between
data and simulation. A two dimensional binning does not provide sufficient precision to probe
the performance of simulation.

We also desire to test the performance of simulation as a function of the jet pr and 7.
We investigate this by finding the difference in the means of the pl{ft /p# distribution in
data and simulation. This mean is truncated by considering events that lie in the range
0.4 < pJTet /p% < 1.6, since outlying events in this distribution are particularly sensitive to
multi-jet events which are not expected to be well modelled in simulation [150] and could
make the distribution less sensitive to the jet detector response. This test is used to
determine the agreement between data and simulation in the binned samples as it is more
straightforward and robust at probing potential discrepancies than the y? comparison
when the sample sizes decrease. The test is consistent with the y? comparison within

the assigned global uncertainty when the overall sample is considered (see Figure 6.10).

The bins in pr are chosen to maximise sensitivity to the 10 and 20 GeV thresholds,
but to also confirm the behaviour at higher pr, whilst the bins in 7 are chosen to check the
performance close to the edge of the LHCb detector (at low 1), and in the regions where
track finding is dominated by the outer and inner trackers (2.5 <7 < 3.5 and n > 3.5
respectively). The values of 5 which give the best agreement between the means of the

;t /p% distribution in data and simulation are consistent with unity, varying between
0.98 and 1.02 as a function of the jet n and pr, as shown in Table 6.2. To account for
potential differences in the detector response to jets between data and simulation we
consider the effects of a 3% systematic uncertainty in each bin of the jet pseudorapidity
and pr considered. This covers the measured offsets from unity. This uncertainty is also
statistically limited, and were more data available the uncertainty would be expected to

decrease.
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We note that taking a global uncertainty of 3% and an uncertainty of 3% in bins of 7
or pr at the same time might lead to a possible double counting of the uncertainty from
potential discrepancies between data and simulation. We therefore investigate this. The
effect of the global uncertainty on the normalised differential distributions is negligible,
as globally varying the energy scale tends to change the number of events but not the
relative number in each bin. Likewise the binned uncertainties have a small effect on
the total cross-section when their effects are combined in quadrature. We are therefore

comfortable proceeding with this approach.

Repeating the analysis with the energy scale varied in data yields a difference in the
overall cross-section at the level of 5.3% for the 20 GeV pr threshold with respect to the
nominal cross-section. This sets the systematic uncertainty associated with the degree
that the detector response to jets in simulation and data agree. This uncertainty on the

energy scale has since become the standard uncertainty from this source considered by
the LHCb collaboration [127,172].

Combining this uncertainty with the other uncertainties from the jet energy scale
discussed earlier sets a total uncertainty from the jet energy scale on the overall Z+jet
cross-section of 6.3% above the 20 GeV threshold. This provides the dominant uncertainty.
The jet energy scale uncertainties are a similar size for most of the differential distributions,
but the uncertainties are smaller for the Z boson rapidity, as this variable has less direct

dependence on the jet kinematics.

6.4.3 Jet energy resolution

We also assign a systematic uncertainty based on how well the jet energy resolution
agrees between data and simulation. The same selection of events described in Section
6.4.2 is then used to select back-to-back events where the jet pr/ Z pr distribution is
strongly influenced by the detector response to jets. The jet energy in simulation is then
smeared, and the data and smeared simulation are compared to determine the level of
smearing where data and simulation agree best. The smearing is performed by taking a
random number from a Gaussian distribution of unit mean and width «, for each jet in
simulation, and multiplying the jet pt by this random number to get a fluctuated pr for
each jet. We compare the width (standard deviation) of the distribution in the smeared
simulation and data. The width of the distribution in data and simulation already agree
at the ~0.6 0 level with no smearing (o = 0). We therefore take as the systematic

uncertainty the level of smearing where we see disagreement between data and simulation.
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This occurs for a~0.1. This is a conservative approach, but the systematic uncertainty
from the jet energy resolution is not dominant. There is no evidence for any variation of
this value with the jet pr and n. The analysis is then repeated a large number of times
with the simulated jet transverse momentum smeared by this additional factor, with
the absolute mean change in each cross-section setting the relevant uncertainty. This
uncertainty tends to be small as the net effect of the smearing is small (the jet pr is as

likely to fluctuate upwards as downwards).

6.4.4 Unfolding

The difference in the number of unfolded events above the 10 and 20 GeV thresholds be-
tween the D’Agostini and SVD methods is taken as the systematic uncertainty associated
with the unfolding method. For the 20 GeV threshold this gave a 0.2% uncertainty.

The unfolding was validated on an independent simulation sample (as discussed in
Section 6.2.1). The level to which the unfolded distribution in the validation sample agrees
with the simulated truth distribution in the same sample is set as an additional systematic
uncertainty associated with the unfolding procedure. This systematic uncertainty is
conservative since the differences between the two simulation samples studied are larger
than the differences between the Z+jet simulation used in the measurement and the
recorded data. This provides a 0.1% uncertainty for the 20 GeV threshold'®. For the
differential cross-sections, the uncertainties are larger, but are typically much smaller
than the statistical uncertainty in the relevant bin. The exception to this is at small
|A¢| and small p4, where this systematic uncertainty is similar in size to the statistical

uncertainty. Even in these regions it is not the dominant uncertainty.

6.4.5 Background and Fake Jets

The purity was estimated to be ~0.997+0.001 (discussed in Section 5.3), where the un-
certainty quoted is statistical. Other possible systematic uncertainties on the background
level were discussed in Section 5.3 and are much smaller than the statistical uncertainty.
The statistical uncertainty on the number of background events is therefore treated as a
systematic uncertainty in the cross-section analysis. This matches the procedure used in

Ref. [5], and provides a negligible systematic uncertainty.

I3This can also be viewed as a closure test; the method provides the truth distribution at the level of
0.1%.
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Another potential source of ‘background’ comes from the presence of fake jets. The
jet identification requirements we use to select well reconstructed jets and remove fake
jets were introduced in Section 4.2. Fake jets are typically caused by a single particle
mis-measured as having high transverse momentum. The jet identification requirements,
introduced in Section 4.2, make use of this to select well reconstructed jets, reducing the
fake rate to ~4% of jets above the 10 GeV threshold, ~ 1% of jets above the 20 GeV
threshold, and ~0.7% of jets above 50 GeV. These are then removed by the unfolding.
Data and simulation agree well in the distributions which are most sensitive to these
remaining fake jets, as shown in Figure 6.11, so the presence of fake jets appears to be

well-modelled in simulation.

By changing the requirement on mtf to < 0.4 or npeinting to > 4 we reject the majority
of the remaining fake jets (see Figure 6.11). If we do this, the fraction of events rejected
in data and simulation agrees to the level of 2% (mtf) or 1% (npointing). This difference
could be due to the fake jets being simulated incorrectly; we therefore assign a 1.5%
systematic uncertainty for jets with pr < 50 GeV. Above 50 GeV we assign a 0.7%
uncertainty for this contribution (the size of the effect). This is done as there are not
enough events to carry out the same analysis described above to a high enough statistical
precision. This is clearly a conservative estimate, but the size of the effect is small and

the uncertainty is not dominant.

6.4.6 Jet reconstruction and selection efficiency

In addition to the uncertainty associated with the jet identification cuts and fake jets, we
seek to determine the systematic uncertainty associated with the value of eje; we measure

from simulation. We consider contributions from a variety of effects.

The effect of reweighting the simulation sample to match the jet multiplicity distri-
bution in data is to change the efficiency by ~ 0.5%. This is assigned as a systematic
uncertainty. Reweighting the simulation sample based on other distributions yields

negligible changes to €jet.

In addition, we note that e, varies rapidly at low prp. If the pr distribution is incor-
rectly simulated, then the values of €;e; in each bin could be biased. We therefore repeat
the analysis with the bin sizes halved. This change in binning makes the measurement
of gjey less sensitive to the py distribution in each bin, and so provides an estimate of

the size of any possible effect. The change in the final Z+jet production cross-section
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Figure 6.11: The npointing (top) and mtf (bottom) distributions for fake jets (purple) in
simulation, and for all jets in data (black) and simulation (red) that pass the jet identification
requirements.
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with the modified binning is small (0.2%), and is assigned as an additional systematic

uncertainty. The effect is of a similar size for the differential distributions.

We also calculate ¢je; using the inclusive Z— putu~ simulation sample. The measured
efficiencies agree at the level of 0.1% for pjft > 20 GeV. We assign this as an additional
systematic uncertainty on the method. We also carry this out for the differential
distributions, and assign the difference in each bin as a systematic uncertainty. This

uncertainty is typically smaller than the statistical uncertainty in each bin.

We also assign a systematic uncertainty associated with whether simulation accurately
models the fraction of true jets where we fail to reconstruct a jet, or events where a
reconstructed jet is rejected by the jet selection requirements. We consider these separate

contributions in turn.

The fraction of events containing a reconstructed jet (neglecting the jet identification
requirements), given that there is a true jet in the event, is about 98.5% (for pi¢* > 10 GeV).
This efficiency is seen to increase to about 99% for p]ft > 20 GeV. We have considered
different approaches to determine how well this quantity is modelled in simulation, but
we do not achieve a statistical sensitivity better than the size of the effect. We therefore
assign a 1.5% systematic uncertainty to the jet reconstruction efficiency. This is a
conservative estimate - we are stating that the simulation could be incorrect by a factor

of two.

The dominant contribution to gje; comes from the jet identification requirements. We
seek to determine how well the effect of these requirements is modelled in simulation.
The approach we take to determine the accuracy of the simulation of the npginting, mtf
and mpt distributions will have some overlap with the discussion above concerning fake

jets, as these same distributions enable us to estimate how well fake jets are simulated.

Specifically, we want to consider how well the regions we remove with the jet iden-
tification requirements are modelled in simulation. We choose not to simply compare
data and simulation in these regions: the regions were removed for a reason; the fraction
of fake jets in these regions is known to be large and would ‘pollute’ any comparison of
data and simulation. Instead, we consider how well data and simulation agree close to
the ‘cut’ value. If data and simulation agree at the level of % in this region, and the
fraction of true Z+jet events rejected by the jet identification requirements is y, then we

set the systematic uncertainty on the overall efficiency from the agreement of data and
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Bin z(mtf) (%) | z(mpt) (%) | 2(npointing) (%)
10 < pr(jet) < 20 GeV | 7+8 9+3 442
20 < pr(jet) <30 GeV | 0417 548 244
pr(jet) > 30 GeV 30+ 10 0+15 1544

Table 6.3: The agreement between data and simulation in each of the distributions used to
select jets, close to the ‘cut’ value for the jet identification requirements.

simulation to be y x 2%.'* Since the efficiency varies strongly with pr we perform this

analysis as a function of the jet pr.

We have already seen that the jet identification requirements are placed on distribu-
tions that shown good agreement between data and simulation. For the mtf distribution,
we consider the agreement between data and simulation in the region 0.6 <mtf< 0.75.
For mpt, we consider the region 1.8 <mpt< 3.6 GeV. For npginting, We consider the region
2 < Npginting < 4. We consider the relative numbers of events in data and simulation in
this region near the cut value, and express how well these numbers agree as a percentage,
x, given by & = 100% X | fsim — fdatal/ fsim, Where feample is the relative number of events

in the region close to the cut value in the relevant sample.

The values of = as a function of jet pr for the three different distributions we cut on
are shown in Table 6.3. Whilst some of the numbers are significantly different from zero,
the differences between data and simulation tend to be small. The largest values of x are
for the mpt distribution at low jet pr (~10%) and for the mtf distribution at high jet pr
(~30%). We therefore assume we determine the relative number of events lost through
the jet ID requirements to an accuracy of ~ 10% at low pr and ~ 30% at higher pp. This
leads to a conservative estimate of the systematic uncertainty as we implicitly assume
that all the events that fail the ID requirements are failing the particular requirement
where data and simulation agree the least well. However, the effect of this assumption
is small. The agreement between data and simulation is similar at low pr for all the
variables, and at high pr the majority of events which fail to pass the requirements are

rejected by the requirement on mtf.

The values of the jet efficiency vary between ~ 75% at low jet pr and ~ 95% at higher
jet pr. A ~10% uncertainty on the 25% of events rejected at low pr yields a ~ 2.5%

14We give here a numerical example: if data and simulation agree at the level of 10% close to the
requirement, and the requirement rejects 15% of events, then we set the systematic uncertainty
associated with the efficiency to be 10% on that 15% of events, i.e. the efficiency is 85.0 &1.5%.
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uncertainty on the overall efficiency. Likewise, at higher pt the ~ 30% uncertainty on
the 5% of events rejected yields a ~ 1.5% uncertainty on the overall efficiency. Similar
agreement (and uncertainties) are seen when the distributions are considered as a function

of the jet pseudorapidity. For simplicity, we estimate our uncertainty on the jet efficiency

to be 2.5%.

For the overall cross-section we treat this 2.5% as being correlated between the pr
bins: this simply translates into a 2.5% systematic uncertainty on the overall cross-section
measurement. For the differential distributions we take a conservative approach and
consider this uncertainty as uncorrelated between the different bins, providing coverage
of the ‘worst’ possible situation and increasing confidence in our final results. However,
we note that the impact of this choice is small, as the uncertainty considered here is not

dominant.

6.4.7 Final State Radiation

We correct the total Z—+jet cross-section from the bare level to the Born level by multiplying
by a correction factor. This correction factor is taken from simulation. Correction factors
for the inclusive Z process produced by different theoretical programs agree at the level
of 0.15% (discussed in Section 6.3.1). The difference between the correction factors
predicted by different programs is a good indicator of the theoretical uncertainty in such
predictions [168]. We therefore consider this 0.15% to be the systematic uncertainty in the

FSR correction. A similar approach has been taken in other LHCb measurements [155].

6.4.8 Luminosity

We measure the luminosity to an accuracy of 3.5%, as detailed in Ref. [97], and discussed
in Section 3.2.10. This therefore contributes a 3.5% systematic uncertainty on any

cross-section measurement.
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6.5 Cross-checks

6.5.1 Measuring the Z production cross-section

We can take the efficiencies we have outlined in the previous chapter, and, using the
corrections for FSR we outline in Section 6.3.1 and the relevant systematic uncertainties
outlined in Section 6.4, we can calculate the inclusive Z cross-section using events recorded

in 2011 where the Z boson decays to a dimuon final state. This cross-section is

oz = 76.5£0.3(stat.) £ 1.2(syst.) £ 2.7(lumi.) pb,

where the first uncertainty is statistical, the second is systematic and the third is the
uncertainty due to the luminosity determination. This result agrees very well with the

values published by LHCb for Z bosons decaying to a dimuon final state,

o7 = T76.7+1.7(stat.) £ 3.3(syst.) £ 2.7(lumi.) pb,

based on data recorded in 2010 [5], and for Z bosons decaying to a dielectron final state
in data recorded in 2011 [6],

oz = 76.0+£0.8(stat.) £ 2.0(syst.) £ 2.6(lumi.) pb.

These results are compared to each other and a theoretical prediction in Figure 6.12:
clearly good agreement is seen, increasing confidence in the presented Z boson reconstruc-
tion. The main difference between the results based on dimuon decays of the Z boson
measured in 2010 and those measured in 2011 is the improvement in the systematic
uncertainty quoted for the 2011 result. The systematic uncertainties in Ref. [5] were
statistically limited: the tag-and-probe samples used to determine the efficiencies were

small in comparison to the samples now available.

6.5.2 Magnet polarity and charge asymmetries

The efficiencies presented here were checked for any bias between the two muon charges,
and for differences between different magnet polarities. No such effects were seen,
providing confidence in the results quoted here. In addition the reconstructed distributions
were compared for the different magnet polarities. No significant variations were seen

with magnet polarity.
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Figure 6.12: The inclusive Z production cross-section is shown for events where the Z boson
decays directly to a dimuon final state (based on work in this thesis and Ref. [5]) and for events
where the Z boson decays directly to a dielectron final state [6] in black. For the measurements
the inner error bars show the statistical uncertainties, whilst the outer error bars show the total
uncertainty. These results are compared to a theoretical prediction from FEWZ [67] evaluated at
O(a?) using the MSTWO08 NNLO PDF parametrisation [57], taken from Ref. [5], shown in red.



178 Measuring the Z-+jet production cross-section at LHCb at /s = 7 TeV

6.5.3 Closure tests

An uncertainty was applied to account for the differences between the unfolded and truth
distributions when an independent simulation sample was studied. An uncertainty was
also assigned to account for the (small) changes when ¢;, was re-determined using this
independent sample. In both cases the assigned uncertainty was about 0.1%. These two
stages together form a closure test; when the ‘jet’ analysis is applied to the independent

simulation sample closure is seen at the level of about 0.2%.

In addition, the (un-normalised) differential cross-sections can be calculated. If the
overall (un-binned) cross-section failed to account for an important variation of an
efficiency with one of the variables the differential cross-sections consider, then the sum
of all the bins in the relevant differential cross-section would not be equal to the overall
cross-section. This is not the case. We see excellent agreement in the total cross-section,
regardless of whether it is measured as a function of a differential variable or calculated

globally*®.

6.6 Results

The Z+jet cross-section and the cross-section ratio o(Z+jet)/o(Z) are measured at the
Born level (in QED). For the pt* > 20 GeV threshold the results are

o(Z+jet) = 6.3+£0.1(stat.)£0.5 (syst.) £ 0.2 (lumi.) pb,

o(Z+jet)

() = 0.083£0.001 (stat.) £ 0.007 (syst.),

and for the fet > 10 GeV threshold,

o(Z+jet) = 16.0+£0.2(stat.) £ 1.2 (syst.) £ 0.6 (lumi.) pb,

o(Z+jet)

= 0.209 4 0.002 (stat.) = 0.015 (syst.),
o(Z)

where the first uncertainty is statistical, the second is systematic and the third is the

uncertainty due to the luminosity determination. For each of the differential distributions

15This is of course a necessity; if this was not observed, we would have to investigate the problem, and
potentially bin the analysis in another variable.
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the cross-section and uncertainty in each bin are shown graphically below, and are

tabulated in the appendix.

The measured cross-sections are compared to theoretical predictions for the Z-+jet
process evaluated at O(a?) using POWHEG [7-11] and matched to PYTHIA 6.4[12] (using
the Perugia 0 tune [173]) for shower development and hadronisation. Jets are created
out of all stable particles in the final state that are not produced by the decay of the Z
boson. These predictions are computed with the renormalisation scale and factorisation
scales set to the nominal value of the vector boson transverse momentum. These are the
default settings within POWHEG [11] for predictions of Z+jet production at O(a?). These
theoretical predictions are computed for three different NLO PDF parametrisations:
MSTWO08 [57], CTEQ10 [64] and NNPDF 2.3 [65].

For the ratio 0(Z + jet)/o(Z), the Z+jet and inclusive Z production cross-sections
are evaluated separately. The Z+jet production cross-section is computed at O(a?) as
above. The inclusive Z boson production cross-section is computed at O(«y), also using
PowHEG and PyYTHIA [7], with the nominal renormalisation and factorisation scales set
to the POWHEG default for inclusive Z boson production (they are both set to the Z
boson mass) [7]. These cross-sections, and the ratio, are evaluated separately for the

MSTWO08, CTEQ10 and NNPDF 2.3 PDF parametrisations.

We also wish to consider the effect of different order calculations. The O(ay) predic-
tions of inclusive Z boson production include jet production at leading order. Therefore,
to see the effect of higher orders in pQCD on the Z+jet cross-section, theoretical pre-
dictions for the ratio are also computed by taking the ratio between the Z-+jet and
inclusive Z cross-sections where both are evaluated!® at O(a;). This is calculated using
the MSTWO08 PDF parametrisation. Theoretical predictions of Z+jet production at
O(a,) using the MSTWO08 PDF parametrisation are also computed for the differential
distributions. These predictions are all evaluated using the same settings described above

for the calculation of the inclusive Z boson production cross-section.

In addition, we calculate a parton level prediction for the ratio o(Z + jet)/o(Z) using
FEWZ [67]. In order to find this ratio the Z+jet cross-section is computed at O(a?) and

the inclusive Z boson production cross-section'” is computed at O(c,). The predictions of

16These predictions correspond to the same inclusive simulation, where, in order to find the Z+jet
cross-section, as opposed to the inclusive Z boson cross-section, we require a jet in the final state in
the fiducial acceptance.

1"We could have chosen to calculate the inclusive Z boson production cross-section at O(a?) using
FEwz. However, we choose to determine the cross-section at O(«a;) to enable easier comparison with
other predictions.
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the numerator and the denominator both use the same MSTWO08 PDF parametrisation,
and the renormalisation scale and factorisation scales are set to the nominal value of the
vector boson mass. These settings correspond to the default for FEWZ [67]. The parton
level prediction of the ratio neglects effects from hadronisation and the underlying event,
and so comparisons with the results and the other predictions are indicative of the size

of these effects.

Uncertainties on all predictions are calculated by repeating the calculations with the
renormalisation and factorisation scales simultaneously varied by a factor of two about
their nominal values. The spread in predictions from the different PDF parametrisations
is indicative of the PDF uncertainty. The matching of the PDF orders and the orders of

the relevant calculation was made following Refs. [174,175].

The cross-section ratios are compared in Fig. 6.13 to the Standard Model theoretical
predictions discussed above. The results for the differential cross-sections, uncorrected
for final state radiation from the muons, are presented in Figs. 6.14-6.19. For all cases
reasonable agreement is seen between the Standard Model calculations and the data. The
various trends in the distributions are similar to those discussed in detail in Section 5.2.3,

and so we will not repeat all the points made there in detail.

The agreement of the measured cross-section ratio with the theoretical predictions
is better for the 20 GeV threshold than the 10 GeV threshold. This is not surprising:
pQCD is more valid for large values of the jet transverse momentum, and is typically
considered reliable above about 10-15 GeV [136]. The smaller uncertainties associated
with the O(ay) predictions than the O(a?) predictions are due to the scales used being
larger in the O(a;) predictions (scale variations tend to decrease with increasing scale),
and because a larger number of the jets are produced in the parton shower. The scales
used in the parton shower stage of the simulation are not varied, so the O(a) predictions,

which rely more on the parton shower, appear to have a lower uncertainty.

We start our discussion of the differential distributions by noting that as the jet pr
threshold increases, both the jet pseudorapidity distribution (see Figure 6.15) and the
Z boson rapidity distribution (see Figure 6.16) shift to favour more central production.
Consequently the value of Ay (see Figure 6.19) becomes more strongly peaked at zero.
This behaviour is due to the kinematics of such events since more energetic parton
collisions tend to lead to jet production in the central region as it is easier to generate pr
in more central collisions (as was shown in Figure 4.1). There are two other important

effects as the jet pr threshold increases. Because of the correlations between the jet pr
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Figure 6.13: Ratio of the Z+jet cross-section to the inclusive Z cross-section, for (top)

;Et > 20 GeV and (bottom) ;Et > 10 GeV. The bands show the LHCb measurement (with the
inner band showing the statistical uncertainty and the outer band showing the total uncertainty).
The points correspond to different theoretical predictions with the error bars indicating their
uncertainties as described in the main text. These results are corrected for FSR from the final
state muons from the Z boson decay.
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Figure 6.14: Cross-section for Z+jet production, differential in the leading jet pr, for
.Tet > 10 GeV. The bands show the LHCb measurement (with the inner band showing
the statistical uncertainty and the outer band showing the total uncertainty). The points
correspond to different theoretical predictions with the error bars indicating their uncertainties
as described in the main text. Predictions are displaced horizontally for presentation. These

results are not corrected for FSR from the final state muons from the Z boson decay.
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Figure 6.15: Cross-section for Z-+jet production, differential in the leading jet pseudorapidity,
for (top) .;t > 20 GeV and (bottom) .{ft > 10 GeV. The bands show the LHCb measurement
(with the inner band showing the statistical uncertainty and the outer band showing the total
uncertainty). Superimposed are predictions as described in Fig. 6.14.
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Figure 6.16: Cross-section for Z+jet production, differential in the Z boson rapidity, yZ, for
(top) fet > 20 GeV and (bottom) ‘T“ > 10 GeV. The bands show the LHCb measurement
(with the inner band showing the statistical uncertainty and the outer band showing the total
uncertainty). Superimposed are predictions as described in Fig. 6.14.
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Figure 6.17: Cross-section for Z+jet production, differential in the Z boson transverse
momentum, for (top) ' > 20 GeV and (bottom) pl’ > 10 GeV. The bands show the LHCb
measurement (with the inner band showing the statistical uncertainty and the outer band

showing the total uncertainty). Superimposed are predictions as described in Fig. 6.14.
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Figure 6.18: Cross-section for Z-+jet production, differential in the modulus of the difference in
¢ between the Z boson and the leading jet, for (top) Tet > 20 GeV and (bottom) ;t > 10 GeV.
The bands show the LHCb measurement (with the inner band showing the statistical uncertainty

and the outer band showing the total uncertainty). Superimposed are predictions as described

in Fig. 6.14.
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Figure 6.19: Cross-section for Z+jet production, differential in the difference in rapidity
between the Z boson and the leading jet, for (top) ;Ft > 20 GeV and (bottom) ;Ft > 10 GeV.
The bands show the LHCb measurement (with the inner band showing the statistical uncertainty
and the outer band showing the total uncertainty). Superimposed are predictions as described
in Fig. 6.14.
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and the Z boson pr, the peak of the Z boson pr distribution (see Figure 6.17) shifts to
higher values. In addition, the Z boson and the leading jet become more back-to-back.
As the pr of the leading jet increases it is less likely that another jet is produced in the
event with a similar pr [136]. Consequently, there is less other significant activity in the
events which pass the higher jet pr threshold, and the distribution of the difference in
azimuthal angle between the leading jet and the Z boson (see Figure 6.18) favours more
production of back-to-back events in order to ensure that the total momentum in the
transverse plane balances. In all these differences between the 10 and 20 GeV thresholds

the theoretical predictions match the data well.

However, we also note that the differential distribution measurements, like the ratios,
show slightly better agreement between data and theory above the 20 GeV threshold
than above the 10 GeV threshold. This is probably because soft, non-perturbative, effects
become more important at low pr [136]. Such effects are modelled within the parton
shower approximation, but a degree of Monte Carlo tuning is expected to be needed to
describe the data. Different tunes can have a noticeable effect on the jet pr and correlated

distributions where the parton showers are important (typically low pr) [140, 152].

The potential importance of accurately modelling soft QCD behaviour can also be
seen in the Z boson pr spectrum at low pr, for both jet transverse momentum thresholds.
In this region no prediction completely reproduces the measured distribution. Similar
behaviour was seen by the CMS experiment for the inclusive Z boson pr distribution [152].
Non-perturbative physics dominates predictions in this region of phase-space[152], so such
behaviour is not surprising. Indeed, further tuning of the parameters that govern non-
perturbative behaviour in Monte Carlo based simulation of proton-proton interactions is

expected to provide better agreement between data and the theoretical predictions [152].

Irrespective of the pr threshold, the theoretical predictions tend to agree better with
the measured differential cross-sections when the hard process is evaluated at O(a?).
The leading jet pr distribution, shown in Figure 6.14, clearly exhibits this behaviour: the
O(ay) prediction tends to underestimate the number of high pt jet events. The Z boson
transverse momentum distribution behaves similarly, with the higher order calculations
predicting more events with higher Z boson pr, matching the data better. Since, the jet
pr and the Z boson pr are highly correlated, this behaviour is expected. The difference
in azimuthal angle between the Z boson and the leading jet shows similar behaviour.
Parton level predictions of the hard process at O(«) require the parton and the Z boson
to be produced back-to-back. The theoretical principles underlying parton shower based

predictions are only accurate in the limit where a parton splits collinearly; parton shower
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models favour collinear splitting. It is for this reason that the predictions of the A¢
distribution at O(«y) fail to reproduce the data, even when matched to a parton shower
as the parton shower fails to predict enough events where the azimuthal angle between
the Z boson and the jet is small. At higher orders, more partons are produced in the
hard process, and non-trivial angles between the Z boson and the partons are generated
more easily. Consequently higher order predictions of the A¢ distribution contain more
events where the Z boson and the jet are not produced back-to-back, and so the higher

order predictions better match the data.

Unlike the distributions discussed above, the leading jet 7, Z boson rapidity, and the
difference between the rapidity of the Z boson and the leading jet show little dependence
upon the perturbative order of the hard process predictions. This is because these
distributions tend to measure how forward the event is, which tends to depend more on
the momenta of the initial state partons than the evolution of the final state, since the
conservation of momentum means that the initial state largely determines the rapidity.
Therefore, such measurements are dependent on the PDFs of the colliding partons,
probing their values of Bjorken-z; we recall the approximate formula: ;5 =~ %eiy.
Clearly, if the assumptions made in the DGLAP equations break down then the PDFs
will not be extrapolated correctly from previously measured constraints: in such a case
the data and theoretical predictions of the rapidity based observables are expected to
disagree. Likewise, differences between the different PDF parametrisations, if present, are
expected in these distributions, as these variables, unlike the jet pr, are more dependent
on the PDFs.

All the different PDF parametrisations studied agree with the data, confirming
our understanding of the inner structure of the proton. However, there are hints of
tension between the different PDF sets in the Ay distribution. This tension between
PDF parametrisations highlights the sensitivity of the Ay distribution to the PDF
parametrisation used. The NNPDF 2.3 parametrisation has been tuned on LHC data,
unlike the other parametrisations, so it is therefore perhaps unsurprising that such tension
is visible. Whilst the current uncertainties on the measurement mean that the data
agree with all the parametrisations considered, the experimental uncertainties on future
measurements are expected to decrease. Measurements of this distribution in the coming
years are therefore expected to provide one way to test the performance of the different

PDF parametrisations.

Regardless, it is clear that the measured cross-sections shown here agree very well

with the Standard Model predictions. Whilst this measurement of Z+jet production
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at LHCb does not provide an obvious channel to search for new physical effects and
processes, it remains important to test the Standard Model in regions where it is expected
to provide accurate predictions. In that sense, this measurement is a continuation of the
achievements of the initial LHC measurements, both at the general purpose detectors
and at LHCb, in that it provides another confirmation of the great success of the
Standard Model in describing physics at high GeV and low TeV energy scales. The
measurement also confirms our current understanding of the proton’s inner structure, as
the distributions potentially sensitive to PDFs show good agreement between data and

theoretical predictions, for a range of PDF parametrisations.

6.7 Summary

We have discussed the measurement of the Z+jet production cross-section at LHCb,
based on events where the Z boson decays to two muons. We have considered the effect of
the jet transverse momentum resolution on the data, correcting for this and for detection
efficiencies. We have also considered the systematic uncertainties associated with the
measurement. The dominant uncertainty is the jet energy scale. A variety of sources
contribute to this uncertainty. We discussed some of the sources earlier; in this chapter
we focused on estimating the level to which the energy scale, determined from simulation,

agrees with the data, by comparing the pr balance in back-to-back Z+jet events.

The total Z+jet cross-section was measured for two jet transverse momenta thresholds,
20 and 10 GeV. Differential cross-sections were also measured as a function of kinematic
variables associated with the Z and the jet. The measured cross-sections agree reasonably
well with theoretical predictions based on fixed order matrix element calculations that are
matched with parton showers. The predictions at O(a?) show better agreement with the
pr and A¢ distributions than predictions at O(ay), as these distributions are sensitive
to higher order effects. The agreement of the data with these theoretical predictions
provides another confirmation of pQCD at LHC energy scales, and also confirms our

current understanding of the inner structure of the proton.

We now turn our attention to future related measurements at LHCb, and their

potential impact.



Chapter 7

Related measurements for the coming

years

“Predictions can be very difficult—especially [those] about the future.”
— Neils Bohr

The measurement of the Z+jet production cross-section in /s = 7 TeV data recorded
by the LHCb experiment in 2011 opens up many other exciting possibilities. In the
coming pages we will discuss some of these options. We begin by considering the impact
and potential of repeating the measurement using data recorded in 2012 (at the higher
centre-of-mass energy of 8 TeV). We then turn our attention to other related precision
measurements that will provide important tests of the Standard Model, and extend the
studies presented here. The Z+jet analysis presented earlier is important for such studies,
as the good agreement with the Standard Model predictions means that we are confident

in the performance of the LHCb jet reconstruction algorithms.

7.1 Z+jet measurements using data recorded in 2012

The LHCb collaboration is yet to publish any measurements of electroweak boson
production using data recorded in 2012, and the jet reconstruction for this data-taking

period is still to be finalised!. However, it is instructive to consider this dataset and

'In this section, seeing as the jet reconstruction is still being tuned, we do not apply a correction factor
for the jet pr. However, since studies have shown that the correction factor is close to unity at low
pr, the effect of this choice is small.

191
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potential measurements using it. We will discuss here the feasibility and attractions of a

measurement of the Z+jet production cross-section using this data.

The jet reconstruction performance in simulated Z-+jet events at /s = 8 TeV using
the default LHCb 2012 reconstruction is shown in Figure 7.1. The jet pr resolution
is similar to the values quoted earlier (11-13%), and is again dependent on pr and
the number of pile-up interactions. Whilst the performance of the jet reconstruction
algorithms has remained broadly unchanged with respect to the data recorded in 2011,
the knowledge of the detector alignment has improved significantly, especially at low
pseudorapidities. The probability distribution associated with the track fit is shown
in Figure 7.2. This distribution is noticeably flatter than the same distribution in the
reconstruction of the 2011 dataset (see Figure 5.25 for comparison). This means that the
tracking efficiency for muons associated with a Z boson decay is expected to increase by
about 3-5% per muon, as the x? requirement rejects fewer true events (with the most
pronounced effect at low pseudorapidities). The global event cut efficiency is expected to

decrease however?

, as the number of pile-up events is greater in the 2012 dataset, and the
overall underlying event activity is greater in /s = 8 TeV collisions than /s = 7 TeV

collisions.

The increase in the centre-of-mass energy in 2012 relative to 2011 means that the
expected Z+jet cross-section is higher: results evaluated by the author at O(a?) using
FEWz [67] predict that the cross-section for Z+jet production in the LHCb fiducial
acceptance defined previously is 9.7 pb (for pjft > 20 GeV). This is an increase of about
40% on the predicted /s = 7 TeV Z+jet cross-section above the same pr threshold. This
increase in cross-section comes from two related effects. The higher centre-of-mass energy
of the proton-proton collisions increases the overall inclusive Z cross-section by about
25%. In addition, the increased energy of the collisions also increases the fraction of

events above any jet pr threshold (relative to the total number of Z events).

The 2012 dataset recorded at LHCb corresponds to an integrated luminosity of about
2.1 fb~!, roughly two times the amount of data recorded in 2011. This also increases the

number of events seen and the statistical precision of any potential measurement.

The same selection requirements outlined in Section 5.2.2 can be applied to the 2012
dataset to determine the number of Z boson events and the number of Z+jet events
recorded by the LHCb experiment at /s = 8 TeV. In the 2012 dataset there are roughly

2Preliminary studies by other members of the LHCb collaboration suggest that this efficiency drops by
about 3% relative to the 2011 dataset [176].
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Figure 7.1: The jet pr resolution in simulation using the LHCb reconstruction for data
recorded in 2012, for pli' > 20 GeV. The matching between reconstructed and truth jets is
performed using the R — pr algorithm discussed earlier.
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Figure 7.3: The leading jet pr distribution in data (black) and simulation (red), for Z+jet
events produced in /s = 8 TeV pp collisions. No corrections for detection inefficiencies or
resolution effects have been made. The uncertainties shown are statistical.

three times the number of events in the 2011 dataset: about 145 thousand Z boson
events are reconstructed, with roughly thirty thousand events containing a jet with pr
above the 10 GeV threshold and about twelve thousand events containing a jet above
the 20 GeV threshold. We briefly consider here the events selected in the 2012 dataset
with p]TEt > 20 GeV. A sample of Z+jet events is simulated using the same conditions as
discussed in Section 5.2.1, except that the sample discussed here corresponds to the higher
centre-of-mass energy recorded in 2012. The jet transverse momentum distribution and
the Z boson rapidity distribution are shown in Figures 7.3 and 7.4 respectively for both
the 2012 data and simulation. Relatively good agreement is seen; comparisons of data
and simulation show similar features to those outlined in the discussion in Section 5.2.3,

so we shall not discuss these distributions further here.

The increase in the number of events in the 2012 dataset means that the statistical
uncertainty on any Z+jet measurement is expected to be about 1.7 times smaller than
that on the same 2011 measurement. In addition, the dominant systematic uncertainty on
the 2011 measurement was based on the degree to which the jet energy scale (determined
using simulation) could be validated on data. This validation was also statistically
limited, and, as such, this uncertainty is also expected to decrease within the 2012

dataset, potentially by roughly the same factor (providing this uncertainty remains
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Figure 7.4: The Z boson rapidity distribution in data (black) and simulation (red), for Z+jet
events produced in /s = 8 TeV pp collisions. No corrections for detection inefficiencies or
resolution effects have been made. The uncertainties shown are statistical.

statistically limited), yielding a total jet energy scale uncertainty of about 4%. The
uncertainty associated with the jet identification requirements will need to be studied
further for any measurement based on the 2012 dataset, as its level within the 2011
analysis is comparable to this expected jet energy scale uncertainty in the 2012 dataset.
However, it is not unrealistic to also expect that this uncertainty could decrease in any
future analysis, given that the systematic uncertainty currently assigned is conservative,
and that there are more events available to test potential discrepancies between data and
simulation in the 2012 sample than the 2011 sample. The current uncertainty on the
recorded integrated luminosity in the 2012 data taking period is about 1.2%[99, 100]. This
is significantly lower than the 3.5% luminosity uncertainty on the 2011 dataset; the jet

energy scale is still expected to provide the dominant uncertainty in future measurements.

Z-+jet
M at the 5% level
o

should be feasible. Such measurements will enable LHCb to further probe PDF physics

Considering these different contributions, measurements of

at low Bjorken-z.

A direct comparison of the reconstructed (detector-level) distributions in the 2011
dataset with the same distributions in the 2012 dataset is not valid as various efficiencies

have changed with the improved reconstruction available in the 2012 dataset (for example
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the variations in the track reconstruction efficiency with the muon pseudorapidity are
much smaller in the 2012 dataset [156]). We therefore turn to theoretical predictions
to briefly examine the physics sensitivity of a /s = 8 TeV measurement relative to the
v/$ = 7 TeV measurement. We compare predictions evaluated at O(a?) within the LHCb
Z+jet acceptance using FEWZ[67] and the MSTWO08 PDF parametrisation for the two
different centre-of-mass energies. These predictions are shown as a function of the Z
boson rapidity in Figure 7.5. In addition to the increased cross-section at the higher
centre-of-mass energy the events produced are also noticeably more forward: the region
probed shifts to moderately higher rapidities as the centre-of-mass energy increases. This
means that a potential 8 TeV measurement probes slightly different physics than the
7 TeV measurement: the presence of more events at higher rapidities and the higher
centre-of-mass energy means that LHCb is able to probe lower values of Bjorken-z (as
can be seen through the relation x; o ~ \/Mgeiy). Such measurements will therefore be
an important contribution to LHCb’s measurement of production cross-sections in the

forward region in the coming years.

7.2 Other measurements at LHCb

With the increased number of events available for analysis in the 2012 dataset, LHCb
has increased sensitivity to other variables. The 2012 dataset contains roughly seven
hundred events containing at least two jets with pr above the 20 GeV threshold. This
is enough events for LHCb to perform a statistically sensitive measurement of the
jet multiplicity distribution. In addition, differential measurements can be made as
function of correlations between the kinematic variables associated with these jets. Such
measurements would enable detailed probes of pQCD, and have already been made by

other LHC experiments in different kinematic regions [145, 147].

There are ongoing efforts [177] to extend the LHCD jet reconstruction programme
by developing jet flavour-tagging algorithms that will allow LHCb measurements to
determine whether a jet is heavy-flavour initiated (and if so, whether the jet was initiated
by a b or a ¢ quark). Preliminary studies of these algorithms suggest that they can
provide a light-parton initiated jet rejection rate of 99.5% for a b-tagging efficiency of
50% [177]. For the same efficiency the charm quark initiated jet rejection rate is about
98% [177]. This tagging is being used in an ongoing analysis of Z+b jet production [178],

which probes heavy flavour PDF's, building on the work presented in this thesis. However,
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Figure 7.5: The predicted Z boson rapidity distributions for different centre-of-mass energies.
The top plot shows the differential cross-sections for Z+jet production as a function of the Z
rapidity for the two collision energies, whilst the bottom plot then shows the ratio of these
differential cross-sections. Uncertainties are not shown on these plots, as the scale uncertainties
between the 7 TeV and 8 TeV cross-section predictions are highly correlated.

the cross-section for the production of Z bosons in association with heavy flavour particles
in the LHCb acceptance is small [178,179].

Regardless of such future studies of the Z+jet process, the Z+jet analysis presented
here and published in Ref. [4] has provided an important benchmark result for other
jet based analyses at LHCb, as the agreement between the Z+jet results and Standard
Model predictions provides confidence in the standard LHCb jet reconstruction. We
therefore consider here one more future jet measurement. LHCb has made measurements

of inclusive W boson production in events where the W boson decays to a muon and a
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neutrino [5]. A measurement of the W+jet production cross-section using such W boson
decays would be complementary to similar ATLAS[180] and CMS [146] measurements.
However, it should be noted that such a measurement is challenging for LHCb, as LHCb
is not a hermetic detector and does not measure the total missing transverse energy in an
event. This means that LHCD is not able to determine a reliable estimate of the direction
and momentum of the neutrino in the transverse plane, and so LHCDb is not able to
use transverse mass requirements to select W boson events. Instead, a high pr muon is
required to indicate the presence of a W boson [5]. However, with no transverse mass
requirement possible, background levels in the LHCb selection are higher than at ATLAS
and CMS. It should be noted though that the physics interest in such a measurement
is high: a measurement at LHCb has the potential to probe lower values of Bjorken-x
than measurements at ATLAS and CMS. A measurement of the total W+jet (the sum
of contributions from positive and negative W bosons) production cross-section would
also be a pathway to a measurement of the ratio of the W+jet and Z+jet production
cross-sections. A lot of the experimental systematic uncertainties (like the luminosity
and jet energy scale) are expected to (largely) cancel in such a ratio, enabling a precision
test of the electroweak and pQCD sectors of the Standard Model at the level of about

1%. Such measurements would be amongst the most precise at the LHC.

Historically, PDF fitting groups have relied on a few very precise measurements at
colliders as inputs: typically measurements of inclusive (massive) vector boson production
cross-sections, their ratios, and measurements of inclusive jet production cross-sections
are combined with measurements of deep inelastic scattering to create a dataset which can
be used to fit PDFs[140]. Measurements of the production cross-section of massive vector
bosons in association with jets are not typically used as an input to these fits as theoretical
predictions of these measurements are usually reasonably sensitive to different choices (in,
for example, the choice of method used to match the parton shower to predictions of the
hard process or from tunable parameters within the parton shower) [140]. Additionally,
there has been little impetus experimentally for such measurements to be used, as their
impact is usually reasonably similar to that of the (typically more precise) inclusive
measurements [181]. The experimental uncertainties are usually correlated between
such measurements as well. Measurements of massive vector boson and associated jet
production are therefore typically used to probe the behaviour of PDF's (without being
used to constrain them) or are used as benchmark measurements of Standard Model
processes, validating the experimental performance. However, a recent paper by Malik
and Watt (see Ref. [140]) suggests that the related measurements of inclusive W and

Z boson production at high pr can provide very important constraints on PDFs and
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should be considered by PDF fitting groups®. Theoretical predictions are well understood
when the pr of the vector boson is larger than its mass as fixed order calculations are
known to provide accurate results; matching methods, soft gluon resummation and other
theoretical choices associated with calculations at lower p play a negligible role [140)]
here. Such high pt inclusive measurements can therefore provide important constraints
on the gluon PDF [140]. With its different kinematic coverage to the general purpose
detectors, LHCb can make complementary measurements to ATLAS and CMS, adding
additional power to constrain PDFs. Such measurements are therefore of great interest

in the coming years.

3These measurements are also an important way to constrain potential backgrounds to new physics
signals [140].
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Chapter 8

Conclusions

“I'd take the awe of understanding over the awe of ignorance any day.”

— Douglas Adams

The initial run of the Large Hadron Collider finished in early 2013. The measurements
made using the first data have written a new chapter in the history of particle physics: the
overwhelming success of the Standard Model at low TeV energy scales. First conceived
in the 1970s, no collider experiment has yet produced results which place this theory in
serious jeopardy. Within the initial LHC run the ATLAS and CMS experiments have
discovered a particle with properties similar to the postulated Higgs boson, and no LHC
experiment has yet published significant evidence for supersymmetry or other theories

describing physics beyond the Standard Model.

The LHCb detector at the LHC was initially designed to study heavy flavour decays,
in order to probe CP violation within the CKM matrix (and consequently theories of
baryogensis that explain the observed matter/anti-matter asymmetry in the universe).
The LHCb experiment was also designed to search for new physics in very rare decays of
particles containing b quarks. Since the majority of B hadrons are produced in the forward
(and backward) region the LHCDb detector has a limited angular coverage (2 < n < 4.5).
However, the LHCb detector is able to make complementary measurements to the general
purpose detectors in studies of electroweak boson production. These studies tend to
probe pQCD, and are sensitive to parton distribution functions at low Bjorken-z. The
thesis therefore began by discussing the theoretical considerations that underlie these
different areas. This was followed by a detailed discussion of the LHCb detector. We also
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discussed the triggering and selection of events at LHCb, given the author’s involvement

in this work.

We have considered the reconstruction of jets at LHCb. Measurements of jet pro-
duction provide a test of pQCD, but are also often a key signature in events described
by physics beyond the standard model. The ability to reconstruct jets is therefore
an important extension to LHCb’s initial mission. Given the forward coverage of the
detector, LHCb tends to be sensitive to jets with pr < 100 GeV. The LHCb experiment
uses a particle flow algorithm to reconstruct jets, using as much information as possible
from the tracking systems, and only relying on the calorimeters to reconstruct neutral
particles. The jet pr resolution is typically 11-13% (depending upon the jet pr, and the
definition used for the resolution). This performance is comparable to that of the general

purpose detectors for jets with similar pr.

The thesis then documented a measurement of the production cross-section of Z+jet
events within the LHCb fiducial acceptance above two jet pr thresholds: 10 and 20 GeV.
This measurement was also published in Ref. [4], and was the first published LHCb
measurement to include jets. The kinematic coverage of LHCb for this measurement
is unique at the LHC: both the Z boson and at least one jet must be produced in the
forward region. This analysis provides a test of pQCD and probes parton distribution
functions at low Bjorken-z. The measured Z+jet cross-section, and the ratio of this

cross-section with respect to the inclusive Z cross-section, for qu‘ft > 20 GeV are,

o(Z+jet) = 6.3+£0.1(stat.)£0.5 (syst.) £ 0.2 (lumi.) pb,

o(Z+jet)

() = 0.083£0.001 (stat.) £ 0.007 (syst.),

and the corresponding measurements for pJTet > 10 GeV are

o(Z+jet) = 16.0+£0.2(stat.) £ 1.2 (syst.) £ 0.6 (lumi.) pb,

o(Z+jet)

- 7) = 0.209 £0.002 (stat.) £ 0.015 (syst.).

These results and the measured differential distributions show good agreement with
Standard Model theoretical predictions based on matrix element calculations evaluated
at O(a?) using POWHEG [7-11] that are matched to PYTHIA [12] for simulation of the

parton shower and hadronisation. This agreement was seen for three different PDF



Conclusions 203

parametrisations, confirming our current understanding of the inner structure of the

proton, and providing another confirmation of pQCD at LHC energy scales.

The agreement of the LHCb Z+jet measurement with the Standard Model predictions
can also be viewed as providing confidence in the performance of the LHCDb jet recon-
struction algorithms. We therefore discussed potential future measurements with jets
at LHCb. We considered both the impact of repeating the measurement with the 2012
dataset and other related measurements (like that of the W+jet production cross-section),
and ratios with respect to the Z+jet production cross-section. We also considered other
similar (inclusive) measurements: Ref. [140] suggests that the related measurement of
the inclusive vector boson pr distribution (at large pr) may provide new inputs which
can be used to constrain PDFs. Such measurements will probe the inner structure of the
proton and test the Standard Model.

The coming years in particle physics will see a host of interesting measurements. The
Standard Model will continue to be probed at higher energies (the next LHC run is
expected to have a centre-of-mass energy of 13 TeV). These measurements will allow
precision tests of both the electroweak sector and pQCD. Measurements sensitive to
parton distribution functions will provide related tests of the DGLAP equations. There
will also be direct searches for new particles, and indirect searches for new effects.
Together, these measurements will test our knowledge of the universe at a new energy
frontier. The Standard Model has provided extremely accurate predictions, but we know
that it is not an ultimate theory, as it has no answer to the question of the nature of dark
matter, and it provides no quantum theory of gravity. The coming years may not answer
these mysteries, but the principle of naturalness will be placed under the microscope:
just how fine-tuned is nature? With few hints of possible new effects and mysteries, we

must ask the fundamental question: what’s next?
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Colophon

This thesis was made in TEX 2¢ using the “hepthesis” class [182]. Feynman diagrams

have been produced using Axodraw [183].
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