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Abstract

A precision measurement of the partial width of the Z boson decay to an
invisible final state is reported. Events from proton-proton collisions pro-
vided by the Large Hadron Collider at a centre-of-mass energy of 13 TeV
are collected by the Compact Muon Solenoid experiment with the invisibly
decaying Z bosons inferred from a hadronic recoil. The data collected cor-
responds to a total integrated luminosity of 35.9 fb~!. The invisible width
is measured to be 5121“%? MeV, consistent with the standard model. This
is a competitive result to previous measurements performed at the Large
Electron Positron collider. The measurement is systematically dominated
by uncertainties associated with the measurement of the energy scale of the

recoiling hadronic system.



iv



Declaration

I hereby declare that the work contained within this thesis is my own. It
is produced on top of the existing work and ideas of several individuals and
the Compact Muon Solenoid collaboration as a whole. The work performed by
others is reviewed by the author, as key aspects in the later stages, in chapters 1-4.
Although author contributions have been made to the hardware trigger, they have
been omitted in this thesis. Chapter 5 details the event selection and categorisation
designed by the author, although inputs are based on work performed by others.
Chapter 6 consists of work performed by CMS collaborators and theoreticians,
apart from the subsections discussing the pis* trigger efficiency and the piiss
calibrations. All remaining chapters details the work done solely by the author.

In addition to the work presented, the author made key contributions to the

analysis known as the at search [1].

The analysis is currently in the internal CMS review process, with a plan to
publish this measurement. All results shown are presented as the work performed
by the author and do not represent approved results by the CMS collaboration.

Shane Davy Breeze.



vi



vii

Acknowledgements

This thesis represents the accumulation of the work that I have done in the past four years.
None of this would have been possible without the support, guidance and encouragement I

have received from many people, before and during my PhD. To all of you, I am truly thankful.

Firstly, I would like to acknowledge the STFC for providing the funding to allow me to
pursue my ambitions. This includes the two terrific years spent out at CERN. And to the
Imperial HEP group for accepting me within their research group for, what I believe, is a
successful PhD.

I would like to thank my supervisor, Sarah Malik, for her guidance throughout my PhD
and, in particular, her patience and encouragement pushing me further. Although the outcome
may differ from our original plan, I still believe it is an exceptional result that would not have

been possible without you.

I would also like to thank the CMS collaborators and colleagues I have worked closely with
throughout the past four years. Although this thesis does not include the work I performed
on the hardware trigger or the at analysis, I am still grateful to both the Calo layer 2 and at
groups. In particular, I would like to thank Alex Tapper for his support and guidance which
resulted in my work being published early on during my PhD. I would also like to thank Rob
Bainbridge for his continual support during the height of the at analysis, and after. And to
Nick Wardle, thank you for the countless discussions that has helped my understanding of

statistics, as well as our more general discussions.

Thank you to all my friends, old and new, who I have relied heavily upon not only with
my work, but in keeping me grounded and helping me through the stressful times. I could not
wish for a better group of friends.

To my Mum, thank you for all the support and encouragement throughout my whole life.
You have been inspirational and have always believed in me. And thank you to my whole
family; my dad, step-dad and siblings, for your support and interest in my work.



viii



Contents

List of figures

List of tables

1. Introduction

2. The Standard Model of Particle Physics
21. Introduction . . .. ... ...

2.2. Elementary particles . . .. .. ... ... .. ... .. .

23. Gaugetheories. . . ... ... ... ..

2.3.1.
2.3.2.
2.3.3.
2.34.

Quantum Electrodynamics . . ... ... ... ... ... . 0.
Quantum Chromodynamics. . . . . . ... ... ... .. . L.
Electroweak physics . . . ... ... ... ... oo
Spontaneous symmetry breaking . . . . . ... ... 0oL

2.4. Eventsimulation and generation . . .. ... .. ... ... . ... . ... ...

2.4.1.

Hadron collider physics . . . . ... ... ... ... . . . L.

25, Summary . . ... e

3. The LHC and CMS detector

3.1. Introduction . . . . . . . . . . . . e e
32. The LHC . . . . . e
3.21. AcceleratorComplex . . . .. ... ... ... ...
322, LHCMainRing . . . .. ... ... ... . . o
3.3. Compact Muon Solenoid (CMS) Experiment . . ... ... ............
3.3.1. Silicon Tracker . . . . . . . . . ...
332. ECAL . . . . o
333. HCAL . . . . e
3.34. SolenoidMagnet . . ... ... ... ... .. oo
3.35. MuonChambers . . . ... ... ... .. ... . ..
33.6. HardwareTrigger. . . . . ... ... ... ... . .. . ...
3.3.7. Software Trigger . .. .. ... ... . .. .. ...
3.3.8. Worldwide LHC Computing Grid (WLCG) . . . . ... ..........
34, SUMMATY . . . . o v vt e e

iX

xiii

xvii



Contents

4. Event reconstruction

4.1.
4.2.

4.3.
4.4.
4.5.

4.6.

Introduction . . . ... ... .. L oL oo
Tracking . . ... .. ... ... .. L o
421. Electrontracking . . ..................
422. Muontracking . ............ .. ... ...
Vertex reconstruction . . . .. ...... .. ... ... ..
Calorimeter clustering . . . .. ... .............
The particle flow algorithm . . .. ... ... ... ... ..
451. Muons ... ... ... .. ... ... o
4.5.2. Electrons and isolated photons . . . . ... ... ..

4.5.3. Hadrons and non-isolated photons

454, Jets . . . o
4.5.5. Missing transverse momentum . . . . ... ... ..

Summary . . ... ...

5. Event Selection and Categorisation

5.1.
5.2.

5.3.

54.

5.5.

5.6.

Introduction . . . .. ... ... .. . e
Samples . . ... ...
52.1. Datacollection . ....................
52.2. Simulation . . . ... ... ... ... ... ...,
Physicsobjects . . . ... ... ... ... ... ... ...
531. Muons . ... ... ... ...
532. Electrons . . . .. ... ... ... .. .
53.3. Photons .. .......... .. ... . .. ... ..
534. Jets . . . . . e
Missing transverse momentum . . . .. .. ... ... ...
Event categorisation . . ... .. ... ... ... ......
5.,5.1. Baselineselection . . .. ... .............
55.2. Categorisation. . ... ... ..............

Summary . . .. ...

6. Simulation corrections

6.1.

6.2.

6.3.

Introduction . . . .. ... ... ... . e
6.1.1. Tagand probemethod . . ... ... .........
Trigger Efficiency . . . ... ... .. ... .. ......
6.2.1. Muon trigger efficiency . ... ... ... ......
6.2.2. Electron trigger efficiency . .. ... .. .. ... ..
6.2.3. pmiss trigger efficiency . . ... ... ... ...
Object-based corrections . . . . ... ... ... . ... ..
631. Muons . ... ... ... . ...



Contents xi

6.3.2. Electronsand Photons . . . . ... ....... ... . ... . ... . ... 64

6.3.3. Jets . . . o e 67

6.4. Luminosity . . . . ... . ... e 70
6.5. Pileupreweighting . . .. ... ... .. ... ... .. .. .. . o .. 70
6.6. ECAL timing degradation . . ... ... ... .. ... ... .. ...... 70
6.7. Theory corrections . . ... ... ... ... ... .. ... ... .. ... 72
6.8. pMISS calibration . . . . ... ... 72
6.9. Summary . . . . ... e e 80

7. Background estimation 81
71. Introduction . . .. ... .. ... e 81
72. W = lvprediction . .. ... .. ... .. .. ... 82
72.1. u+jetscontrolregion . ... ... ... ... .. L oL 82

7.22. e+jetscontrolregion . . ... ... .. ... .. L L 83

7.23. T, +jetsvalidationregion . . .. ... ... L o L oL 85

7.2.4. Systematic uncertainties . . . . .. ... ... L L oL 86

7.2.5. Transfer factormethod . . . . . ... ... ... ... ... . o L. 86

72.6. Validation . . ... ... ... ... ... . 93

7.3. QCD multijet estimation . . . ... ... ... .. ... .. .. . oL 99
74. yfcontribution . ... ... e e e e 102
7.5. Remaining backgrounds . . .. ... ... ... .. .. ... o L. 103
760 SUMMATY . . . . o oottt e e e 104

8. Invisible width measurement 105
8.1. Introduction . . ... ... . ... .. e 105
8.2. Signalregions . .. .. ... ... ... e 105
82.1. fl+4jetsregion . .. ... .. ... 105

8.2.2. PSS £jetSTeGION . . . v v v i 107

8.3. Likelihood fit . .. ... ... .. .. ... .. 108

9. Conclusions 115
A. The likelihood formalism 119
Al Definition . . . ... ... L 119
A.2. Limited sample size of alternative templates . . . . ... ... ... ....... 121
A3. Alternativetemplates . . . . .. .. ... L L 122

Bibliography 127



xii



List of figures

2.1.

3.1.

3.2.

3.3.

34.

3.5.

3.6.

3.7.

4.1.

6.1.

6.2.

6.3.

6.4.

6.5.

6.6.

6.7.

6.8.

6.9.

Summary of the standard model particles. . . . . ... ... ... ... .. ... 4
Schematic view of the LHC complex. . . . . . ... ... ... .. .. ... .... 14
Schematic view of the CMSdetector. . . . .. ... ...... .. ......... 16
Cross-section view of the silicon tracker. . . . . ... ... ... ... ... .... 18
Front cross-section of the ECAL subdetector. . . . .. .. ... .......... 20
Front cross-section view of the four HCAL subdetectors . . . . .. ... ... .. 21
Isometric view of the CMS solenoid encompassing the HCAL. . . . . ... ... 23
Isometric view of an octant of the CMS muon systems. . . .. ... ... .... 24

Coordinate system to describe the curved path of a charged particle within an

magneticfield. . . ... ... L Lo 31
Muon trigger efficiency measurements. . . ... ... .. ... .. .. ... ... 57
Electron trigger efficiency. . . . . ... ... .. .. .. ... . o o 58
Efficiency of the missing energy triggers in data and simulation. . . . . ... .. 59

Missing energy trigger efficiency measurements with the isolated track selection. 60

Systematic uncertainties associated with the missing energy trigger efficiency

Measurements. . . . . . . . v v v i 61
Corrections to simulated muon identification efficiencies. . . . . . ... ... .. 63
Corrections to simulated muon isolation efficiencies. . . . . .. .. ... ... .. 64
Corrections to simulated electron and photon identification efficiencies. . ... 65
Corrections to simulated electron reconstruction efficiency. . . . ... ... ... 66

xiii



xiv List of figures
6.10. Corrections to photon pixel veto efficiency. . . . ... ... ... ... ...... 66
6.11. Corrections to 7-tagged jet efficiency. . . . . .. ... .. ... .. .. ... ... 69
6.12. Pileup distribution in data and simulation for reweighting. . . . .. . ... ... 71
6.13. Kinematics diagram of a Z/y*(— £f) +jetsevents. . ... ............ 74
6.14. Recoil distributions in dilepton final states. . . . ... ... ... ... ...... 75
6.15. Dilepton pt distribution. . . . . ... ... ... o oo o 76
6.16. Fit result to extract the recoil scale and resolution in data and simulation. . . . . 77
6.17. Recoil scale and resolution in the dimuon final state. . . . . . ... ... ... .. 78
6.18. Recoil scale and resolution in the dielectron final state. . . . .. ... ... ... 79
7.1. Single muon final state kinematics. . . . . ... ... ... ... .. 0L, 83
7.2. Single electron final state kinematics. . . . . .. ... ... .. oo oL 84
7.3. Single hadronic T-lepton final state kinematics. . . . .. ... .. ... ... ... 85
7.4. Muon and electron transfer factors into the signal region . . . .. ... ... .. 88
7.5. Theoretical uncertainty on the transfer factors. . . . .. .. ... ... ... ... 89
7.6. Object-based uncertainties on the transfer factors . . . . .. ... ... ... ... 90
7.7. Theoretical uncertainty on the transfer factors. . . . .. .. ... ... ... ... 91
7.8. Object-based uncertainties on the transfer factors . . . . .. ... .. ... .... 92
7.9. Nuisance parameters from a simultaneous fit to the muon and electron control

TEZIOMIS . . o v i v i i e e e e 94
7.10. Recoil distributions in the muon and electron control regions after applying the

transferfactors . . . . ... ... L L 95
7.11. Nuisance parameters from a fit with the transfer factor method from the muon

and electron control regions to the T-lepton validation region. . . ... ... .. 96
7.12. Recoil distributions corrected by the transfer factor from the muon and electron

control regions to the T-lepton validationregion. . . . . . ... .. .. ... ... 96
7.13. Nuisance parameters from a fit to the positive and negative muon control regions. 98
7.14. Recoil distributions after a fit to the positive and negative muon control regions 98



List of figures Xv

7.15. QCD-enriched sideband kinematics. . . . . . .. ... .. ... ... ....... 100
7.16. QCD multijet estimation within the enriched sideband . . . ... ... ... .. 101
7.17. QCD multijet scaling factor for the signal region. . . . . .. ... ... ... ... 101

7.18. Invariant mass distributions of the Z/~* — ¢/, Z — ¢f and * — ¢/ processes. 103

8.1.

8.2.

8.3.

8.4.

8.5.

8.6.

8.7.

8.8.

Al

A2.

A3.

Dimuon kinematics. . . . . . . . . e e e e 106
Dielectron kinematics. . . . . . . . . o e e e e 107
pRiss +jets kinematics. . . . . ... 108

Recoil distributions after a fit to the data between the signal and control regions. 109

Nuisance parameters after a fit to the data between the signal and control regions.110

Likelihood profile in the i,y dimension. . . . . . ... ... ... ... .. .. .. 111
Two-dimensional likelihood profile in the #jny—7¢ plane. . . . . . . ... ... .. 112
Summary of the invisible width measurements. . . ... ... .. ... ... .. 113
Example of MC alternative template smoothing. . . . .. ... .. ... ... .. 122
Alternative templates for the W +jets process. . . . ... ............. 123

Alternative templates for V 4 jets processes within the signal region . . . . .. 124



XVi



List of tables

1.1.

5.1.

5.2.

5.3.

54.

5.5.

5.6.

6.1.

7.1.

7.2.

Summary of the measurements of the I'i,, from the LEP experiments for the
direct measurements (with the statistical and systematic uncertainties), its com-

bination, and the indirect measurement. . . .. .. .. .. ... ... .. .... 2
Requirements placedonmuons. . . . ... ... ... .. . 0 oL 45
Criteria to select and veto electrons. . . . ... ... ... .. .. ... .. .. 46
Photon requirements to vetoevents. . . . .. ... ... ... .. .. ... .. .. 46
Jet selection requirements. . . . . ... ... L Lo 47
Branching fractions of the T-lepton decay modes. . . . . . ... ... . ... ... 438
Analysis event categorisation. . . . . .. ... ... o L 53
Summary of the uncertainties associated to theoretical predictions. . . ... .. 73
Recoilbins. . . . . . .. .. 82
Contributions to the Z/* — (¢ from the Z — ¢¢ and v* — ¢/ processes. . . . . 103

Xvii



xviii List of tables




Chapter 1.

Introduction

The classification and description of fundamental particles and their interactions by the stan-
dard model (SM) of particle physics has been successfully confirmed by countless experiments.
However, it lacks a candidate for dark matter [2, 3], a neutrino oscillation mechanism [4, 5, 6],
or incorporating the gravitational interaction. At the LHC, the SM gained further success upon
the discovery of the Higgs boson [7, §]. Although numerous direct searches for beyond the
SM (BSM) have been performed, no clear signal of BSM physics has been observed. As these
searches continue to probe the extremities of distributions for BSM physics, an alternative

direction proceeds through precision measurements of the SM, as presented in this thesis.

The SM predicts that about 20% [9] of the time a Z boson decays into a neutrino-antineutrino
pair. This decay constitutes the Z invisible width, a signal not discernible in collider-based
experiments. Instead, it is inferred from the missing momentum associated with the invisible
decay of the Z as it recoils against a detectable system. A measurement of the Z invisible width
is a key test of the SM and can be translated into constraints on the number of neutrino species
coupling to the Z boson. Deviations from the SM expectation may point towards the existence
of new particles beyond the SM which contribute to the Z invisible width. Therefore, a precise

measurement of this quantity could reveal signs of new physics

The experiments at LEP measured the invisible width of the Z using two methods. The
direct method measures the rate of an energetic photon recoiling against an invisible system
attributed to the s-channel Z production and subsequent invisible decay with an associated
initial state radiated (ISR) photon: e*e~ — yZ — qvv. The indirect method measures the total
Z width, by studying the lineshape of the Z boson from e*e™ collisions with a centre of mass
energy near the Z mass, and subtracts the partial widths to all visible final state. This method
provides the most precise measurement, with a sensitivity to BSM particles. A summary of the
measurements performed by the LEP experiments L3 [10], OPAL [11] and ALEPH [12] for the
direct method, a combination and the indirect measurement is shown in Tab. 1.1.
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Experiment Iiny MeV)
L3 498 +12+12
OPAL 539 £26 +17
ALEPH 450+34+ 34
LEP combined 503 £ 16
LEP indirect 499.0+ 1.5

Table 1.1.: Summary of the measurements of the I';,, from the LEP experiments for the direct measure-
ments (with the statistical and systematic uncertainties), its combination, and the indirect
measurement.

To date, there is no published measurements of the Z invisible width at a hadron collider.
However, a precise measurement at the LHC complements the LEP measurements through an
independent test of the SM at a different energy scale, exposing contributions to the invisible
width to TeV scale contributions. These additional contributions may come from couplings of
the Z with dark matter particles, such as the lightest supersymmetric candidate, or a mixing
between the neutrino and sterile neutrino states [13], to which both the direct and indirect
measurements are sensitive. However, the direct measurement is also sensitive to contribu-
tions to the invisible final state without coupling to the Z boson, such as a heavier mediator
coupling to neutrinos or other exotic invisible particles, or a four fermion interaction vertex
[13]. Therefore, both measurements are valuable tests of the SM with the direct measurement a

candidate for the LHC to provide a complementary measurement.

The experiment and analysis presented by the author is a direct measurement of the invisi-
ble width of the Z boson with the CMS detector using data from proton-proton collisions at
/s = 13 TeV in 2016, corresponding to an integrated luminosity of 35.9 fb~!. The measurement
targets the invisible decay of the Z bosons recoiling against a hadronic system. The rate of the
invisible final state is compared to the reference signal of the partial widths to leptons (both
electrons and muons) I'(Z — ¢¢), since these decays are kinematically similar. The invisible

width is then given by

0(Z +jets) B(Z — inv)

I'(Z i = _
(Z =) = ) B(Z = 1)

INVARY I (1.1)

where 0(Z + jets) is the cross section for the Z + jets process, modified by either the invisible
branching fraction B(Z — inv) or dilepton branching fraction B(Z — ¢¢).



Chapter 2.

The Standard Model of Particle Physics

2.1. Introduction

The standard model (SM) of particle physics is a quantum field theory description of the
fundamental particles of matter and their interactions. The SM has been widely successful
in its predictions, falling short in providing a dark matter candidate, including the existence
of neutrino oscillations and incorporating gravitational interactions, among other possible
discrepancies. Nevertheless, it is the current best minimal description unifying the electro-
magnetic, weak and strong forces. In the quantum field theory, the equations of motion are
determined from the Lagrangian through the principle of least action. Gauge theories provide
the mathematical basis to embed physical symmetries within the model.

The SM has had many distinguishing successes since its conception. One of the most
notable is the prediction of the Higgs boson [14, 15, 16] and its subsequent discovery by the
ATLAS [17] and CMS [18] experiments. The Higgs field is crucial in providing a mechanism
for the apparent masses of the weak bosons, quarks and charged leptons whilst maintaining a
gauge invariant theory.

This chapter will include an overview of the properties of the SM with particular detail on
the quantum electrodynamic, quantum chromodynamic and electroweak sectors, leading to a
discussion of the spontaneous symmetry breaking in the SM, known as the Higgs mechanism.
This is followed by a discussion of the Monte Carlo techniques used to simulate the SM.

2.2. Elementary particles

The set of fundamental particles and interaction mediators within the SM is shown in Fig. 2.1.
This includes the quarks — fermion constituents of protons and neutrons — with three genera-
tions of up and down-type quarks with a charge of +2/3 and —1/3 (in units of the elementary
charge). A quark also takes one of three colour states, the strong force equivalent of the
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electric charge. Through these colour states the quarks interact with the gluon colour octet via
the strong interaction. In addition, the lepton sector consists of charged fermions which, in
addition to the quarks, interact through the photon field leading to the electromagnetic interac-
tion. Furthermore, all fermions — quarks, charged leptons and neutral leptons (neutrinos) —
interact via the weak force, mediated by the W and Z bosons. A set of antiparticles mirror all

the fermions leading to 12 fermion fields and an equal number of anti-fermion fields, split into

6 quarks and 6 leptons.
]_st 2nd 3rd generation
(5 - - 2\ (1 - ~ 2\ (=20 (1 R \
23MeV @¥5) (128 GeV %) (1732 GeV @2 .
«— charge
% % % «
\ <€— colours =
- u C t
> 2
g g up N charm N top N < spin o
e g
s E o
= (1.8 MV @0‘1/3 (95 MeV «9/(;1/; (4.7 GeV «?/C\f/; %, g
e % % % % = 2
= 2 2
& g g
N d ) b 9 |
: strs 4 4 ®
down N strange N bottom N gluon N ) 5
= _
= =
(511 keV V) (1057 MV Q) (1777 GeV ) g 3
2 =
- e || p || 7 o |
o —
» O o o o ¥ ~ =
% = electron N muon 5 tau N photon N ) g
T3 7
2 g (<2ev (<190keV ) (<182Mev ) (804 GeV % 91.2 GeV E
= 2
o =
S Z
2 1 124 1 SE z
& 2
e j9 T <.
=2
e neutrino @ neutrino o T neutrino @
N NG ~) L N > > Y,
12 fermions 5 bosons
(412 anti-fermions) (+1 opposite charge W)

Figure 2.1.: Diagram of the particles within the SM including their quantum numbers such as charge,
colour and spin, along with their measured masses. The left and right-handed chiral states
are omitted and left for discussion in the main text.

2.3. Gauge theories

In quantum field theory, the fundamental fields are unobservable. Instead, properties deriving
from these fields, such as the cross section or rate of an interaction or decay, are measured.
Many configurations of the underlying fields can give identical observable quantities. The
transformation between these configurations is known as a gauge transformation and leaves
the physical observables unchanged, hence these transformations are known as gauge invariant.
Under Noether’s theorem, a change in the field configuration which leaves the action, and

hence the Lagrangian density, invariant is associated with conserved currents [19].
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2.3.1. Quantum Electrodynamics

Quantum electrondynamics (QED) is a gauge theory that sets out to describe the electron and
the photon along with their interactions. The QED Lagrangian density consists of a Dirac field,
the electron; a vector field, the photon, derived from Maxwell’s equations; and an interaction
term between the electron and photon fields:

£QED = ﬁDirac + LMaxwell =+ ﬁint . (2'1)

Maxwell’s equations of electromagnetism are obtained from the Euler-Lagrange equations
applied to the Lagrangian
1w
£Maxwell = _EF Fyv ’ (22)

where FI*V = 0¥ A — 9V AV [20] for the 4-potential A¥ with an electric scalar potential time-like
and magnetic vector potential space-like components.

The Dirac Lagrangian describes the equations of motion, through application of the Euler-
Lagrange equations [21], of a spin-half fermion field ¢. This field is represented as a four-
component spinor which may be interpreted as the spin-up and down of the left and right-
handed helicity states [20]. To form Lorentz invariant quantities, required in the Lagrangian,
the adjoint field is defined as ¢ = 9" where 1 is the Hermitian conjugate of ¢ and 7 is the
time-like component of the Dirac gamma matrices. These matrices obey the anticommutation
relation {y#, 9"} = 2¢", where ¢" is the Minkowski space metric, leading to the Lorentz
invariant quantities such as Py and Py#9 [20]. These quantities form the basis of the Dirac

Lagrangian of a free spin-half fermion:

ﬁDirac = le_]’)"ua}ll/) - THl/_Jl/J ’ (23)

where id,, is the position-space representation of the 4-momentum p,,, and m is the mass of the
particle [22]. U(1) group transformations of the field

P — e (2.4)

are not physical observables since they cancel in the magnitude of the matrix element used to
determine the rate or cross section of a process. The Lagrangian is already invariant to such
global transformations. However, local transformations where « — «(x) introduces a term to

the Dirac Lagrangian given by

EDirac = ﬁDirac - 7757#(8}!0‘(3())1[] ’ (25)
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To enforce gauge invariance, this additional term must be removed by introducing an addi-
tional field to the Dirac Lagrangian with a U(1) transformation which opposes the additional
term. Therefore, a U(1) gauge invariant electron field must include an interaction with this
new field, which is the photon field. This interaction term is realised through gauge invariance
as

Line = =g 9 Ay, (2.6)

where A, transforms into A, — (9,&(x))/g under a local phase transformation with a coupling
constant ¢ between the electron and photon interaction. The interaction term is absorbed into
the definition of a gauge covariant derivative D, = d,, +igA,, to give the full QED Lagrangian
as

- I
EQED = lI,U’)/VDylP — mth,D — ZFV Fyv . (2.7)

Additional Dirac terms, with associated photon interactions, are included for all spin-half
charged fermions of the SM.

2.3.2. Quantum Chromodynamics

The QED Lagrangian does not include self interaction terms with the photon field A;. The
extension to include interactions of the form A¥A"9, A, and A* introduces us to the theory
of the strong force — quantum chromodynamics (QCD). QCD sets out to explain the quarks,
gluons and their interactions. The quark model explains the plethora of mesons and baryons
as bound states of two and three quarks, respectively. These quarks have fractional electric
charges of +2/3 and —1/3 with six flavours. Furthermore, to explain the baryon spectrum with
the Fermi exclusion principle, one of three colour states is assigned to quarks with equivalent
anti-quark colour states [20]. The minimal symmetry of which the quark colour states may
be invariant to belongs to the SU(3) group. Including the Dirac Lagrangian for the quark
states and enforcing gauge invariance requires countering field interaction terms, similar to the
interaction between the electron and photon. An SU(3) rotation is represented by eight 3 x 3
matrices, hence eight counter terms with an independent field are required. These represent
the eight gluon states A, , witha € {1,2,...,8}. Therefore, the QCD Lagrangian is given by

- . 1
['QCD = ll/)f’)/yDyllJf - mflellff - EFay F‘u]/,g ’ (28)

where ¢ is the quark spinor state with flavour f. The covariant derivative and field strength
tensor are extended to gluon equivalents as

DV = 9" —igs Alt, (2.9)
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and
F}Y =o' Al — 0" Al + gs fanc AL AL, (2.10)

where g; is the quark-gluon coupling strength, ¢, are the generators of the SU(3) group and
fave appears from the non-commutative property of the generators: [t,, t,] = ifactc, leading to

gluon self-interaction vertices [20].

As a result of the QCD interactions the strong coupling constant g; decreases with the
energy scale leading to two notable effects. The first is weak strength of the strong force at
high energies, allowing perturbative calculations. Whereas at low energies the increasing
strength leads to the confinement of quarks and gluons, preventing the existence of isolated
color charged particles in normal conditions. This property is important in high energy particle
collisions where outgoing quarks and gluons form into showers of hadrons, detected as a cone
of hadronic activity [20].

2.3.3. Electroweak physics

Another realised symmetry is the invariance between up and down-type quarks. However,
this symmetry is broken by the weak force where left and right-handed fermions are treated
differently. Instead the left-handed up and down-type quarks are symmetric under the
weak interaction, grouped into doublets with an SU(2) symmetry, and similarly for right-
handed antiparticles. However, right-handed fermions and left-handed antifermions do not
interact with the weak force, and hence form a singlet with a U (1) symmetry. Therefore, the
electroweak interaction is symmetric under SU(2) x U(1) transformations. The modified
covariant derivative requires three generators of the SU(2) group and a single generator of the

U(1) group:
Dy = 3 +i5 Wio' + ' YwB, , 2.11)

where i labels the generators of the SU(2) group, 2 x 2 Pauli matrices ¢, with associated field
W;; an@ coupling g; and Yyy is the generator of the U(1) group with the field B, and coupling g'.
The W, and B, fields represent the physical photon, W=, Z° bosons through the combinations

[20]

_ 1 1 YAT2
i = (WH = zwy) , (2.12)
1

Zg = W (g’W;’ —l—gBH> and
1 3
A= g SR
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However, introducing mass terms for the W and Z bosons breaks the gauge invariance of the
Lagrangian. Similarly, the broken symmetry between left and right-handed particles leads
to gauge invariance breaking terms: {; {r and Pri;, preventing quark mass terms. Instead,
a process known as spontaneous symmetry breaking gives rise to these mass terms whilst

remaining as a gauge invariant theory.

2.3.4. Spontaneous symmetry breaking

The spontaneous symmetry breaking in the electroweak sector provides mass terms for the
W and Z bosons through the Higgs mechanism [14, 15, 16]. A Lorentz scalar, isospin-doublet
field ¢ obeying the U(1) gauge symmetry is introduced with a quartic potential

Lriiggs = (D) (D'¢) + 1 |9]* — Algl* . (2.13)

The covariant derivate includes the weak fields for a gauge invariant Lagrangian. However,
the vacuum expectation value of the field ¢ is non-zero and given by

@ =~ ° (2.14)
(P_\/E o N

with v? = yZ /2A. The ¢ field can be rewritten in terms of two fields, h and x, with no vacuum
expectation values:

¢ = \}E(Z) + h)e'x/v (2.15)
The vacuum state is symmetric in a U(1) transformation, allowing for any x terms to be
absorbed by a redefinition of the U(1) gauge transformation. Expanding out the Lagrangian
with this redefinition introduces # as a real scalar field with mass terms for the h, W and Z
bosons of v/2y, gv/2, and (v/2)+/¢2 + ¢"2 respectively. The photon does not acquire a mass
term, as required for the SM.

Since the ¢ field is an SU(2) doublet a gauge invariant coupling with the left-handed lepton
doublet E; and the right-handed singlet er is included in the Lagrangian as

—Ae(Erp)er +hec., (2.16)

where h.c. represents the Hermitian conjugate of the terms already present and A, is a new
dimensionless coupling constant [20]. Again, expanding out the Lagrangian with Eq. 2.15 leads
to lepton mass terms with m, = A,v/+/2. Similarly, the equivalent SU(2) invariant coupling
for the left-handed quark doublet Q; and right-handed singlets dg and ur is included in the



2.4. Event simulation and generation 9

Lagrangian as

—)\d(Q_LgD)dR —/\ue”b(Qqug)uR—kh.c., (2.17)

where e

is a two-dimensional Levi-Civita tensor [20]. In a similar manner to the lepton
fields, the quark fields acquire mass terms with m; = A0/ V2 and m, = A,v/+/2. Additional
generations of quarks introduce mixing terms between the various generations of up and
down-type quarks through W boson interactions with couplings determined by the 3 x 3

unitary Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [23, 24].

Neutrinos do not have a right-handed chiral state and hence no couplings to the ¢ field can
be included without breaking a gauge symmetry. Therefore, the neutrinos are massless in the
SM. However, the neutrino flavours mixing has been measured experimentally and included
ad hoc into the SM through the Pontcorvo-Maki-Nakagawa-Sakata matrix[25, 26], analogous
to the CKM matrix.

In addition to the mass terms introduced through spontaneous symmetry breaking, the h
field couples to the W and Z with a coupling proportional to the fourth-power of their mass, to
fermions to the square of their mass, along with a trilinear and quartic self coupling.

2.4. Event simulation and generation

The complexity involved with modern particle accelerators, colliders and detectors require the
use of simulated events to interpret the results and validate our understanding of the SM and
beyond. To avoid needlessly generating all possible events from a collision, only the processes
of interest are simulated through Monte Carlo integration of multidimensional integrals to
determine differential cross sections, and hence the scattering probabilities. Additional Monte

Carlo techniques allow the sampling of these distributions to generate events.

Event simulation is based on perturbation theory where higher order diagrams are ne-
glected in calculations to avoid expensive computations. However, ignoring the entire per-
turbation series leads to infrared and ultraviolet divergences [27]. These are avoided through
renormalisation techniques and introducing the factorisation yr and renormalisation ug scales.
Physical observables should not depend on these quantities, however, limitations in the
calculations lead to some dependence.
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2.4.1. Hadron collider physics

In a proton-proton collider, the hard interaction cross section between parton a and parton b in
each proton is factorised into [27]

1
r=Y /O dxadxy / Fuay 1) fo (X0 115 ) A0 (i, 1R) S (2.18)
a,b

where x, is the proton momentum fraction associated to parton a and x;, for parton b in the
other proton. The f(x, jt) are the parton distribution function which describe the momentum
fraction for a particular parton within a proton. The parton cross section 0;;,_,,, denotes the
interaction of partons a and b to form a specific n-particle final state. This is determined from a
matrix element calculation integrated over the available phase space for the outgoing particles,
averaged over initial spin and colour states and scaled by the parton flux. The number of
Feynman diagrams used in the matrix element calculation is determined from the accuracy
required. Leading order (LO) refers to the lowest power in the strong and electroweak coupling
constants, which often refers to tree-level diagrams. Next-to-leading order (NLO) generators
include the next lowest power, with the inclusion of higher-order virtual and real-emission
corrections. Although the electroweak coupling constant is relatively small, virtual gauge
boson loops result in logarithms [25] that scale with the ratio of the centre of mass energy to
the weak scale (100 GeV), and hence become large corrections at a TeV colliders and beyond.
The order to which these logarithms are calculated in the perturbation series proceeds from
the leading logarithm (LL) to the next-to-leading logarithm (NLL), and so on.

The choice of yr and pg are typically set by the scale of the interaction, such as the mass of
an s-channel resonance, or transverse momentum of the primary outgoing particle. The scale
of the interaction may also have further meaning on the initial and final-state parton showers,
where care is taken to avoid double-counting particles between the matrix element calculation
and parton showering. The impact of the choice of scale is determined by varying both yr and
ur up and down by a factor, both uncorrelated and fully correlated. This rescaling is provided

as an alternative event weight to propagate as a systematic uncertainty.

The parton distribution functions are typically determined from a fit between data and
theory predictions. The evolution of these functions from low momentum scale measurements
to energy frontiers is given by the DGLAP equations [29, 30, 31]. The uncertainties associated
with these measurements are propagated through to the generated events.

The fixed order calculations discussed are not sufficient at encapsulating the full picture
of the scattering process. Higher order effects are included through parton showering where
the fragmentation of partons is simulated, down to the hadronization at 1 GeV scales. This
hadronization process confines coloured particles into bound neutral final states, typically



2.5. Summary 11

resulting in a shower of hadrons from each energetic parton. These clusters of hadrons are
grouped into jets as a physical observable in-place of the parton. Multiple jet algorithms define
the set of rules to group final state particles into jets. These typically involve a requirement on
a distance parameter between a pair of particles as well as the momentum assigned to each
particle. The goal is to cluster particles whilst remaining insensitive to non-perturbative effects
associated with collinear splitting and soft emission [32]. The most prominent algorithm used
by the CMS experiment is known as the anti-k; algorithm [33]. This algorithm iterates over all
final state particles, applying a condition on the distance parameter
2
dij = min <pt’i2, pgz) Alle] . (2.19)

where p;; and p;; are the transverse momentum of particles i and j, AR%]. is the distance between
particles i and j in the rapidity-azimuthal plane and R is a chosen scale for the jets, typically
set to 0.4. Particles are combined into a jet if they satisfy this condition.

2.5. Summary

The SM is a gauge theory of the fundamental particles and their interactions, unifying the
electromagnetic, weak and strong forces into a single consistent theory. The matter particles
consist of the coloured spin-half quarks and leptons. Through the spontaneous symmetry
breaking of the electroweak sector, the quarks and charged leptons, along with the W and Z

bosons, acquire a mass with the introduction of a scalar field, the Higgs field.

Simulation and generation of events within the SM framework, and possible extensions,
involve Monte Carlo integration and sampling techniques to solve multidimensional integrals.
The cross section of a proton-proton collision is factorised into the constituent parton interaction
and parton distribution functions of the proton. After the matrix element calculation is
performed, all final state partons undergo a showering procedure and hadronisation, forming
into a jet of particles. These jets are clustered with the anti-k; algorithm.
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Chapter 3.

The LHC and CMS detector

3.1. Introduction

The LHC was built with the design goal of leading the energy frontier of high energy physics.
This led to the successful discovery of the Higgs bosons by the ATLAS [7] and CMS [3]
experiments. Moreover, BSM searches with these experiments continue to push stringent limits
on the possible parameter-space of theorised new physics scenarios. Such discoveries and
searches are only possible by the hugely complex detectors and the LHC accelerator complex,
built and maintained by thousands of Engineers and Physicists.

3.2. The LHC

3.2.1. Accelerator Complex

Proton collisions at the LHC [34] start from the ionisation of hydrogen gas to liberate the
proton nuclei from their bound atomic states. Subsequently, the protons are accelerated by the
radio-frequency (RF) cavity based accelerator LINAC2 and injected into the PS Booster — four
superimposed synchrotron rings accelerating protons from 50 MeV to 1.4 GeV — to enhance
the intensity of the proton injected into the PS. The PS is a synchrotron with a radius of 72m
bending the proton beam into a ring with energies up to 25 GeV before being injected into
the SPS. Prior to this injection the proton beam is bunched into discrete packets of protons
about 4 ns long with an equal spacing of 25 ns required by the LHC for a bunch crossing rate
of 40 MHz. The SPS is another synchrotron with a larger radius of 6.9 km to accommodate the
acceleration of protons up to 450 GeV for the extraction by the LHC. The whole accelerator
complex, shown in Fig. 3.1, allows the LHC to accelerate protons bunches up to energies of
6.5 TeV with a bunch crossing period of 25ns and luminosities of the order of 10** cm 25!

[34].

13
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Figure 3.1.: An isometric schematic view of the LHC complex chain delivering proton-proton collisions
at the four main detectors: LHCb, ATLAS, ALICE and CMS. The coordinate system used by
the CMS detector is shown in both cartesian and polar coordinates. The pseudorapidity 7,
defined as — In(tan(6/2)), typically replaces the 6 angle because of its convenient properties
under Lorentz transformations. This diagram is not to scale and the relative positions of
the rings are guides to the physical positions.

3.2.2. LHC Main Ring

The main physics goals of the LHC project was the discovery of the Higgs boson, to observed
new physics and rare SM processes. The expected rate of a particular process with a cross

section ¢ at an integrated beam luminosity L is
N =Lo. (3.1)

The event rate at the LHC is directly controlled by the luminosity. For a Gaussian distributed
beam, the luminosity can be given in terms of beam parameters as:
NZn
I — b bfrev')/rF , (32)
4re, f*

where Nj, is the number of particles per bunch, 1y, is the number of bunches per beam, frcy is
the revolution frequency, -, is the relativistic gamma factor, €, is the normalised transverse
beam emittance, B* is the beta function at the collision point (related to the transverse size of
the beam) and F is the geometric luminosity reduction factor due to the crossing angle of each

beam at the crossing point.

At the LHC, the luminosity is maximised by tuning all parameters in Eq. (3.2). This
necessitated the use of proton beams circulating in separate vacuum chambers and merging
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at insertion points to the detectors. The beams nominally circulate in 2808 bunches with a
spacing of 25ns inside twin bore superconducting magnets — two sets of coils and beam
channels within the same structure and cryostat — achieving a peak dipole field of 8.33 T to
bend the beam. RF cavities apply the potential gradient to accelerate the protons from 450 GeV
to 6.5 TeV. Quadrupole magnets focus the beam to suppress dispersion to maintain the beam
luminosity. Additional quadrupoles focus the beam as they enter the collision sections and
defocus as they exit [34].

3.3. Compact Muon Solenoid (CMS) Experiment

The conditions provided by the LHC during 2016 data taking resulted in an average number
of collisions per bunch crossing of approximately 25, leading to 1000 charged particles every
25ns bunch crossing. The CMS detector [35] was designed to account for particle multiplicities
of this order by focusing on high-granularity subdetectors with good time resolutions. This
required a large number of detector channels and millions of synchronised detector electronics,

all with a high radiation tolerance.

In addition to the conditions provided by the LHC, the CMS detector’s design was driven
by four main physics requirements to achieve a broad range of precision measurements and
new physics searches, namely: searching for the Higgs Boson, supersymmetric particles, new
massive vector bosons, extra dimensions; precision studies of the SM; and heavy-ion physics.

The physics requirements are summarised as follows:

1. Muon identification: ability to clearly identify muons up to || = 2.4 and dimuon mass
resolutions of about 1% for transverse momenta of 100 GeV, with an unambiguous charge

up to momenta of 1 TeV.

2. Charged particle reconstruction: good momentum and reconstruction efficiency, partic-
ularly for the inner tracker, allowing for the identification of secondary vertices for the
triggering and offline tagging of 7’s and b-jets. This requires a tracker component with a

few cm of the interaction point.

3. Electromagnetic energy resolution: measure the diphoton and dielectron mass with
a resolution of 1% for transverse momenta of 100GeV up to |57| = 2.4. In addition,
efficiently reject backgrounds from 7¥ decays into two photons and maintain prompt
lepton isolation at high luminosities.

4. Transverse missing momentum and dijet mass resolution: near complete reconstruction

of the proton interaction to measure the transverse missing momentum. This requires a
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hermetic detector with hadron calorimeters extending up to || = 5.0 and fine component
segmentation in the #-¢ plane of less than 0.1 x 0.1.

The full design of the CMS detector is shown in Fig. 3.2 which achieves the requirements
outlined above. The main distinguishing feature of the CMS detector is a 3.8 T superconducting
solenoid magnet enclosing the tracking and calorimetry subdetectors with an iron return yoke
to maintain a 2T field outside the solenoid for the muon subdetectors. All subdetectors
are segmented into various regions in 77 known as the barrel (covering the central 77 range)
and endcap (covering up to |i7| = 3.0, with a slight overlap with the barrel). The hadronic
calorimeter has an additional segment in the forward region, (covering 3 < || < 5) as required
for the missing momentum reconstruction. Further subdetector dependent segmentation is
done within the barrel, endcap and forward regions; discussed in further detail in the following
subsections. This gives the CMS detector a total length of 21.6 m and a diameter of 14.6 m and
weighing 12500 tons.

Muon chambers [_]
— - Iron return yoke [l
P | G o HCAL

omme~ Il | I =

"\i — Il Solenoid []
i = e HCAL
thom ) § 7 | N - ECAL g
T~ “
N - Tracker O
- !L'//',/'/A\/%, Beam pipe ]
; ]

o
“ N ~——7 Forward HCAL
A S

Figure 3.2.: A schematic view of the CMS detector and subdetectors with a section removed to view
the internal components. Acronyms are explained in the text. The diagram was produced
using the tools outlined in [36].

3.3.1. Silicon Tracker

The inner most subdetector, the silicon tracker [35], measures the position of charged particles

from ionisation deposits (known as hits) across a silicon-based reverse-biased p-n junction. A
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collection of hits is used to reconstruct the curved trajectory, with a radius of curvature r, of
the particle with a charge g within the magnetic field B to determine the momentum of the
particle transverse to the field, pr, given by:

pr =1qgB. (3.3)

A collection of tracks may intersect at a common point leading to the reconstruction of the
primary interaction, pileup and secondary vertices. All these vertices are typically a few
centimetres apart, therefore, the tracker components are placed as near as 4.4 cm to the beam
pipe. The silicon tracker, shown in Fig. 3.3, consists of two main components: pixels and strips.
The pixels measure 3-dimensional positional coordinates of hits for environments of high
particle flux (up to 10 million particles per second) near the beam. Pixel modules are arranged
into three layers placed in the barrel region (BPIX) at radii of 4.4 cm, 7.3 cm and 10.2 cm with a
length of 53 cm, centred on the z-axis. The pixel modules are staggered in the ¢-direction to
achieve an overlapping configuration. Two additional pixel layers are placed in both endcap
regions (FPIX) with a turbine-like geometry with the blades rotated by 20° for overlapping
blades. The overlap of pixel modules ensures the charged particle passes through at least
one module in each layer. If two modules are hit the charge sharing between these modules
provides additional positional information on the hit leading to improved position resolutions.

Silicon strips are used further away from the beam pipe as the particle flux reduces. Strips
provide an accurate 2-dimensional position for hits, hence layers are typically oriented in a
stereo-configuration! for the full 3-dimensional position. The silicon strips are separated into
an inner and outer component. The inner component is further split by the barrel and endcap
regions. The tracker inner barrel (TIB) component consists of four layers positioned at a radius
of 20-55 cm and covering |z| < 65 cm with cell sizes of 10 cm x 80 um. The first two layers use
the stereo-configuration with an angle of 100 mrad. The tracker outer barrel (TOB) component
has six layers extending the coverage to |z| < 124cm and 55cm < r < 116 cm. Again the first
two layers are placed in a stereo-configuration with an angle of 100 mrad. The inner endcap
(TID) component provides coverage for the gap between the TIB and TOB with three small
disks oriented perpendicular to the z-axis to avoid excessive shallow track crossing angles.
The first two disks have a stereo-configuration. The tracker outer endcap (TEC) consists of
nine disks extending into 124 cm < |z| < 282 cm with stereo-configuration for the first two
and the fifth disks [37]. The entirety of the silicon detector consists of 66 million pixels and 9.6

million silicon strips with near hermetic coverage up to || = 2.4.

To process the data from the pixels and strips an on-detector chip processes and buffers the
analogue signal while waiting on a decision to accept or reject the data (detailed in Sec. 3.3.6).

LA stereo-configuration has layers rotated at an angle with respect to each other to form a crosshatch pattern.
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Figure 3.3.: A cross-sectional view, in the y-z plane, of the silicon tracker. The full tracker is shown in
the upper part of the figure with a zoomed inset of the inner tracker in the central section
and a further zoomed inset of the pixel tracker in the lowest part. The acronyms labelling
various sub-components are defined in the text. The diagram was produced using the tools
outlined in [36].

Upon an accept signal being received the data is transmitted over optical links to off-detector
chips for further processing, such as digitisation and data formatting.

3.3.2. ECAL

The ECAL [35] is a homogeneous calorimeter made of lead tungstate (PbWQO;,) crystals de-
signed to measure electromagnetic deposits (typically electrons and photons) up to || = 3.0.
The choice of lead tungstate scintillating crystals was driven by their short radiation lengths,
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Xo (0.89 cm), and Moliere radius® (2.2cm) with fast responses (80% of the light emitted is
within 25ns) and have a satisfactory level of radiation resistance. These properties allow a
compact design fully enclosed within the solenoid with sufficient containment of electron
and photon showers both laterally and along the length of the crystals. The drawbacks of the
crystal include low light yield (30 photon/MeV) requiring a coupling to photodetectors with
intrinsic gains operable in the magnetic field, and deterioration from continuous irradiation

monitored throughout.

The ECAL is divided into the barrel section (EB) and the two endcap sections enclosing
the forward regions consisting of the endcap crystals (EE) and the preshower (ES), diagram-
matically shown in Fig. 3.4. The EB has an inner radius of 129 cm with the crystals titled at a
3° angle in ¢ and # with respect to the nominal vertex position to avoid particles travelling
fully between two crystals. The crystals cover a 0.0174 (1°) angle in ¢ and 7 with the front face
cross-section of 22 x 22 mm? and a length of 230 mm corresponding to 25.8Xp. A submodule
consists of 5 pairs of crystals held together by a thin-walled glass-fibre structure. The submod-
ules are assembled into groups of 40-50 including the readout electronics and thermal screen.
Four modules are placed side-by-side to create a supermodule that covers half the length of
the barrel and 20° in ¢, two halves of 18 supermodules make the EB, covering a range of up to
|7| = 1.479. The front face of the EE are placed at |z| = 314 cm from the nominal vertex and
extends the ECAL coverage in the range 1.479 < || < 3.0. Each endcap consists of two dees —
semi-circular aluminium plates with structural support units — with crystals arranged in an
x-y grid of 5 x 5 groups known as supercrystals. Partial supercrystals are placed on the inner
and outer boundaries of the EE. Each EE crystal has a frontal cross-section of 28.6 x 28.6 mm?
and a length of 220 mm (corresponding to 24.7Xy). The ES is placed in front of the EE, covering
the range 1.653 < || < 2.6, and consists of two planes of silicon strip detectors behind disks
of lead absorbers at depths of 2X, and 3X, respectively. The purpose of the ES is to initiate
the electron or photon showers with granular tracking to distinguish the individual photons
from the decay of 77° — < for rejection and to provide directional information on the electron
or photon. A preshower placed in barrel was rejected in favour of accommodating a larger

tracker.

The on-detector readout electronics for the ECAL amplify and shape the signal from the
photodiodes and digitise at the bunch crossing rate of 40 MHz. This data is buffered until an
accept signal is received to transfer the data to off-detector electronics for further processing.
In addition to this processing, the on-detector electronics run fast algorithms on data from the

5 x5 clusters of crystals to aid in the accept decision, detailed in Sec. 3.3.6.

2 A radiation length is the distance travelled by a particle through a material where, on average, the particle has
lost 63.2% of it’s original energy. Similarly, the Moliere radius is the radius of a cylinder which captures, on
average, 90% of the particle’s shower, transverse to the initial direction of travel.
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Figure 3.4.: Front cross-sectional view of the ECAL subdetector. Individual crystals are not shown,
instead modules and supercrystals are displayed. The diagram was produced using the
tools outlined in [36].

The energy of a shower determined from photodiode signals is corrected to reproduce
the true energy of the particle initiating the shower. Several factors result in the need for a
correction factor, namely: an imperfect clustering algorithm, energy loss from Bremsstrahlung,
shower containment variations, imperfections within the crystals, crystal-to-crystal variations,
misalignment of the crystals and limitations of the photodiodes. The reconstructed energy of a

shower, E, is given by

E=GF) ciA;, (3.4)

where G is the global absolute scale in converting GeV, determined from in situ measurements
of photons in Z — upy. The function F is a correction dependent on the type of particle; its
position and momentum; and the clustering algorithm used, determined from simulation
validated by test beam and in situ measurements of Z — ee and Z — upvy. The product
of ¢; — the intercalibration coefficients obtained from laboratory measurements, test beam
precalibrations, comic ray measurements and in situ W — ev measurements, and 71° — 7y
and 7 — 7y mass reconstruction — and A;, the signal amplitude, are summed over each
clustered crystal labelled by i.

The corrected energy resolution of a supermodule is measured in a test beam by fitting a

gaussian function to the reconstructed energy distributions and parameterised as

o\2 S \? N\? >
(E)-—<v@>-+<E> e, (3.5)
where S = 2.8 % is a stochastic term, N = 12 % is a noise term and C = 0.3 % a constant term.

The total energy resolution ranges between 1.50-0.35 % for 10-250 GeV, beyond which the
constant term dominates at 0.3 % [38].
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3.3.3. HCAL

The HCAL [35] is designed to provide full coverage of hadronic activity from a proton-proton
interaction, built from four distinct subdetectors, shown in Fig. 3.5 found in the barrel (HB),
endcaps (HE), beyond the solenoid (HO) and far in the forward region (HF) [39]. The HB and
HE subdetectors are sampling calorimeters, fully immersed within the 3.8 T field, with a brass
absorber and plastic scintillator tiles in a sampling ratio® of about 3 : 40. The HB and HE are
separated by a gap at about 57° designed to be non-projective with the interaction point to

avoid particles traversing an uninstrumented gap.

HO [
HB [
5.75m == |l TIEE HE [

f Tl || i\ —— HF I:‘

EmEE N}

] f: 1 \
] 1] 1 [ \r

A
\4

11.2m

Figure 3.5.: Front cross-sectional view of the four HCAL subdetectors. The magnet between the HB and
HO, along with the other subdetectors have been omitted. The HF is placed beyond the
muon endcaps extending the coverage of the HCAL in the forward region. The diagram
was produced using the tools outlined in [36].

The HB covers the central region up to || = 1.4 with a inner radius of 1777 mm and outer
radius of 2876.5 mm, made of two half-barrels in z of 18 identical wedges covering 20° in ¢
with further segmented into 5° sectors. The wedges consist of towers: an alternating stack,
parallel to the beam axis, of 17 active plastic scintillator tiles and brass plates, with the first
and last absorber replaced by steel for structural strength, forming a tower. Constraints on the
space between the ECAL and solenoid restricted the HB to 5.7 hadronic interaction lengths
atn = 0 and up to 9 at 7 = 1.4, necessitating the HO placed beyond the solenoid to improve
the longitudinal containment of hadronic showers. Scintillation photons are produced from
the interaction of hadronic showers with the active scintillation tile, collected by wavelength
shifting (WLS) fibres embedded within the plastic spliced to clear fibres running along the
tower. The optical signal is summed across the depth of a tower in three groups: the first, the
next 4 and the final 12 scintillator tiles ({1 + 4 + 12}). The clear fibres are coupled to by Silicon
photomultiplers (§5iPM). Full scintillator depth-segmentation would allow hadronic shower
discrimination, however, the segmentation is limited by signal-to-noise, number of readout

3The sampling ratio is the depth ratio of sampling to absorbing elements.
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channels, power and cooling constraints. Therefore, a balance of a three-depth configuration is

in-place [39].

The HE subdetector in the endcap provides coverage in the region 1.3 < || < 3.0, overlap-
ping the HB for improved coverage across the uninstrumented gap. The absorber-scintillator
towers follow the same design as the HB towers with wedges covering 20° in ¢, segmented
to 5° for towers in |57| < 1.74. The towers in |y| > 1.74 are instead segmented into 10° to
accommodate the bending radius of the WLS fibres. The 7 segmentation also increases from
0.087 for the towers at |17| < 1.74 to 0.09-0.35 this # range. The coarse azimuthal and polar
segmentation allows for a finer depth segmentation with configurations of four or five-depths
in-place, grouped by {1+2+3+5+7}. The HE provides sufficient material interaction
lengths hence requires no outer calorimeter [39].

The HO consists of plastic scintillator tiles placed beyond the magnet to catch energy
leakage from the HB. Instead of brass, the solenoid and iron return yoke act as the absorber
extending the hadronic interaction lengths by 2-3. Two scintillator layers are placed at 7 = 0,
either side of a 19.5 cm thick piece of iron, where the interaction length of the HB is the lowest.
WLS fibres fed to SiPM detectors readout the signal from the HO. The segmentation follows
that of the muon system with 30° wedges divided into 5° sectors in ¢ to overlap with the HB
segmentation and five # sectors up to |17| = 1.2. Partial plates are placed around the cryogenics

and power cables for the magnet.

High intensity radiation falls upon the HF, placed at |z| = 11.2m downstream of the
interaction point. Consequently, an alternative design of steel absorbers embedded with
radiation hard quartz fibres to produce Cherenkov radiation from hadronic showers, detected
by multi-anode photomultiplier tubes [39]. The steel absorbers are segmented in ¢ by 20°
wedges subdivided into two 10° sectors, apart from the two towers nearest to the beam pipe
which retain the 20° segmentation. The steel absorber towers are placed parallel to the beam
axis with an 7 segmentation of approximately 0.175, varying with z. The fibres also run parallel
to the beam axis placed 5mm apart in an x—y grid with alternating long (full length of 10
interaction lengths) and short (starting after 1.2 interaction lengths). The two fibre lengths
provide shower depth information similarly to the depth segmentation in the HB and HE [40].

3.3.4. Solenoid Magnet

The muon identification requirement of the CMS detector requires a large bending power
provided by the solenoid magnet with a field strength of 3.8 T. Such a high field is obtained
by a superconducting magnet, shown in Fig. 3.6 maintained at operating temperatures by
superfluid helium cooling. To extend the bending power the return field is focused by an iron
return yoke spread throughout the muon chambers to about 2 T.
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Figure 3.6.: Isometric view of the solenoid and HCAL with the muon chambers and HO removed. The
diagram was produced using the tools outlined in [36].

3.3.5. Muon Chambers

Muons from proton-proton collision, or secondary decays, travel through the detector leaving
tracks in the tracker and energy deposits in the calorimetry system, however, most muons
continue unscathed. The muon system [35] is designed to extend the 3-dimensional position
measurements of these muons several metres away from the interaction point. Three types
of gaseous detectors are used with the design driven by the large area to cover and different

radiation environments, particularly between the barrel and endcap.

The layout of the three gaseous detectors in the CMS muon system is shown in Fig. 3.7.
In the barrel, anode wires centred in gas chambers, known as drift tubes (DT), collects the
ionisation from passing charged particles for 2-dimensional position measurements. DTs
perform poorly in the larger background and muon rate environment of the endcaps, hence
cathode stripe chambers (CSC) are in-place. A charged particle ionises the atoms of the
gas volume of a CSC with anode wires to collect the liberated electrons and perpendicular
copper cathode strips where a mirror charge is induced allowing a full 3-dimensional position
measurement. Resistive plate chambers (RPC) accompany both the DTs and CSCs to provide
fast responses with good timing resolution at the cost of coarser positional resolution. The gas
volume within an RPC is ionised by charged particles with the liberated electrons swept by an
electric field induced from a large potential difference across plastic tiles either side of the gas
volume. The electrons are collected by metal strips behind the plastic and the signal read out.
The CMS RPCs consist of a double-gap separating 2 mm thick bakelite tiles by a 2 mm gas gap.
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Figure 3.7.: Isometric view of the rear-top-right octant of the muon system, omitting the iron return
yoke. The interaction point (IP) is shown in the lower left. The division of the muon system
into stations (MB), wheels (YB) and disks (ME) are discussed in the text. The diagram was
produced using the tools outlined in [36].

The muon barrel section (MB) cover || < 1.2 and consists of four concentric stations
labelled MB1-MB4 position at about 4.0, 4.9, 5.9 and 7.0 m away from the beam axis. Each
station is subdivided into 12 sectors in ¢, with subsequent sectors overlapping to avoid
uninstrumented gaps. Two partial sectors are placed around the magnet cryogenic lines and
power cables. The MB is divided into five wheels along 7 labelled YB — 2 to YB + 2. Stations
MB1 and MB2 consist of two RPCs placed either side of a DT chamber whereas MB3 and
MB4 have one RPC placed on the inside of a DT chamber. These DT chambers consist of four
layers of drift tubes, known as a superlayer (SL). Two SLs have their anode oriented along the
beam axis to measure the r-¢ coordinates of muon tracks, SLy, and the third SL rotated by 90°
measures the z coordinate (omitted in MB4), SLy. The SLs are separated by a honeycomb (HC)
structure in the order: SLy, HC, SLg, SLy; where the final SL, is omitted in MB4.

The muon endcaps (ME) enclose the solenoid both ends of the CMS detector with sufficient
overlap with the barrel: 0.9 < || < 2.4. Both endcaps are divided into four disks, labelled ME1-
ME4, perpendicular to the beam axis, subdivided into two concentric rings of 36 chambers
(apart from ME2-ME4’s innermost rings with 18 chambers each). The chambers within a disk
overlap to avoid uninstrumented gaps. Each CSC is trapezoidal in shape with 6 gas gaps to
measure the z position, cathode strips projecting radially outwards to measure the ¢ position
and anode wires closely following the ¢ direction to measure the radial position from the beam

axis. RPCs accompany each CSC up to || = 2.1.



3.3. Compact Muon Solenoid (CMS) Experiment 25

3.3.6. Hardware Trigger

The 40 MHz bunch crossing frequency provided by the LHC at 2016 luminosities yields on
average 25 proton-proton interactions per crossing leading to about 1 billion events per second.
Storage capacities restrict full detector archiving of about 100 crossings per second. Therefore,
an online* triggering system applies a rejection factor of the order of 1 in 10 thousand with
minimal impact to the broad physics program. This system is realised in two-levels: the
first level a hardware trigger (also known as the Level-1 trigger, L1T) [41, 42] with custom
programmable processors, and a second level a software trigger [43] using general-purpose
commercially available processors (discussed in Sec. 3.3.7).

The detector data for each bunch crossing is held in on-detector buffers whilst waiting
on a decision from the L1T to further process the crossing with the software trigger. The
L1T processes up to 128 bunch crossings simultaneously, allowing a total time of 3.2 us on
reaching a decision. The allocated time includes data transit time to the electronics, located in
an adjacent cavern to the detector for radiation protection, which reduces the total processing
time to about 1ps. The L1T is sent a new bunch crossing to process every 25ns and after
the allocated time a decision must be made, also every 25ns. These restrictions prevent data
fetching and result in most operations consisting of simple arithmetic or querying memory in
lookup tables’. Furthermore, information from the tracker and HO is omitted from the L1T
decision owing to their slow response. The other subdetectors provide coarse information,
to reduce processing time, and are divided into the calorimeter and muon triggers with the
candidates sent to the global trigger for the final decision.

The L1T decision is based on reconstruction of individual objects such as photons, elec-
trons, muons, jets, transverse energy sum or missing transverse energy (EX). The physics

requirements can be summarised, with examples of targeted physics, as follows:

1. Triggering of events with a single lepton of |77| < 2.4 and pr > 40 GeV with an efficiency
above 95% to target events with W decays.

2. Dilepton triggers with the same kinematical requirements and an efficiency above 95% to
collect Z decays.

3. Single photon and diphoton triggers with similar thresholds for processes involving a
Higgs boson.

4. Emiss threshold about 100 GeV for sensitivity to new weakly interacting particles.

*Online refers to tasks or processes performed in real-time with strict timing constraints whilst data taking.
Conversely, offline refers to processing after the storage of data without strict timing constraints.

5 A lookup table stores expensive computations in a pre-computed table for significant savings in processing time
and complexity.
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Calorimeter trigger

ECAL (EB and EE) and HCAL (HB, HE and HF) signals are clustered into trigger towers: 5 x 5
arrays of crystals in the EB and EE; single physical tower for the HE and HB up to || = 1.74
and twice the number of physical towers in ¢ beyond this, whereby the energy of the physical
tower is divided equally between the trigger towers; and physical towers grouped into pairs
in ¢ and threes in # for the HE. The transverse energy of each trigger tower is determined by
on-detector electronics and the result is sent to the L1T electronics along with flexible pass-fail
information to, for example, encode depth structure. This information is further processed
with each bunch crossing sent to one of ten processing nodes (with two redundant nodes) to
scan across the full 7—¢ plane and identify physics objects: jets, Ts, electrons and photons; as
well as calculating the transverse energy sum and ET%. The processing nodes run concurrently
with a new bunch crossing occupying the first node upon completion of the previous crossing.
This is known as a time multiplexed system where the output must be reassembled into the

original bunch crossing order (de-multiplexed) for the global trigger.

Muon trigger

The muon trigger system primarily consists of track finding from successive chamber hits by a
muon. This is divided into regional track finders using a combination of the DTs and RPCs
in the barrel (up to || = 0.8), CSCs and DTs in the endcaps (from |77| = 1.25) and all three
chambers in the overlap region between the barrel and endcaps. Additionally, the system is
tasked with assigning hits to the correct bunch crossing, achieved by the high timing precision
of the RPCs and of the CSC’s anode wire response. Timing is also performed with the DTs,
albeit with a poor resolution due to long drift times of 400 ns. The tracks from these regional
triggers is sent to the global muon trigger to merge and remove duplicate muon candidates,
along with combining the isolation information from the calorimeter trigger, and finally sorts

the muons for the global trigger.

Global trigger

The trigger objects and variables received from the calorimeter and muon triggers is collected at
the global trigger for synchronisation and correlation of relevant trigger candidates. The union
of a set of requirements on the trigger objects is determined and forms the basis of the L1T
decision. However, evolving conditions and the collection of events from high cross-sectional
processes requires the global trigger to reject random events to reduce the trigger rate. This
process is known as prescaling and reduces the trigger efficiency by the prescale factor: e.g.
a prescale factor of 10 will accept 1 out of 10 events regardless of decision formed from the
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trigger candidates resulting in a rate reduction of a factor of 10 and a drop efficiency of 90%.
After the prescaling is applied the L1T decision is communicated to the data buffers to discard
or transmit the bunch crossing to the software trigger.

3.3.7. Software Trigger

The software trigger (also known as the high-level trigger, HLT) accepts the full detector
granularity and all subdetector information from the on-detector readout. All bunch crossings
filtered by the L1T are distributed among processing nodes in a processor farm, each node
running a copy of the software code to reconstruct and reject events. To meet the timing
constraint, the HLT performs a partial reconstruction of the event at first, guided by the trigger
objects from the L1T, gradually performing the full reconstruction until the event fails the
trigger criteria. Furthermore, the HLT must be efficient at selecting physics objects of interest
and inclusive to avoid rejecting exotic physics. Therefore, the HLT reconstruction is closely
aligned with offline reconstruction (discussed in Chap. 4). However, calibrations and other
run conditions available for offline analysis cannot be used. After accepting an event, the data
is archived and made readily available for further analysis by the computing grid.

3.3.8. Worldwide LHC Computing Grid (WLCG)

Despite the data reduction achieved by the CMS trigger system, a vast amount of data was
accepted and requires prompt full reconstruction with possible revisions in light of improved
object reconstruction, calibrations or code errors. Moreover, simulations of proton-proton
collisions within the SM and possible BSM physics, including a simulation of the detector, the
trigger and pileup with full reconstruction demands a significant amount of processing power.
To achieve this the WLCG was established [44]. The WLCG is a highly distributed computing
cluster divided into tiers situated at: the main CERN site, national laboratories and Universities
worldwide. The computing provides the resources required for data reconstruction and
simulations, and supports in the design, evaluation, construction and calibration of the detector

and future upgrades.

3.4. Summary

The LHC provides proton-proton bunch crossings at a rate of 40 MHz, a centre-of-mass energy
of 13TeV, and the CMS detector centred on one of these crossings. The CMS detector is
designed to detect and reconstruct the position and momenta of outgoing particles from
the collisions whilst mitigating backgrounds such as noise and pileup, and optimising the
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geometry and readout channels with modern technology. The main feature is a 3.8 T solenoid
enclosing the silicon tracker and calorimetry with an outer muon system. A two-level trigger
system reduces the data output by selecting events of interest for a manageable output rate
for archiving. The immense processing power required for further analysis of the data and
production of simulations is mediated by the WLCG.
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Event reconstruction

4.1. Introduction

The reconstruction and identification of particles with the CMS detector starts from the hits of
ionising particles and energy deposits of particles showers. The granularity of the CMS detector
allows muons, electrons and photons, and charged and neutral hadrons to be distinguished.
Instead of simply detecting, reconstructing and identifying particles with their respective
dedicated system, information from all aspects of the detector are correlated to extract the best
estimate for the reconstructed set of particles. Each particle is distinguished individually by a

technique known as particle flow (PF).

The initial step in reconstruction, prior to the PF method, consists of forming charged
particle tracks from hits in the silicon tracker, tracks in the muon chambers and calorimeter
clusters from energy deposits in the calorimetry system. The basic building blocks form the
input into the PF algorithm which attempts to link the various blocks into a coherent picture of
a particle candidate. For example, tracks are linked to an ECAL deposit to form an electron
candidate. These are further linked to ECAL deposits consistent with Bremsstrahlung photons
from the original electron track. These secondary photons may undergo further interactions
resulting in displaced electrons tracks also linked to the primary electron. Furthermore, the
reconstruction of all particles results in a simple p2* calculation from the negative vector sum

of all particle momenta.

This chapter will describe in detail the process of tracking, clustering and the PF method in

the full reconstruction of a proton-proton interaction.

4.2. Tracking

Charged particles originating from the interaction point travel outward through the magnetic
tield in helical trajectories. The hits in the silicon tracker are reconstructed into the track by a

29



30 Chapter 4. Event reconstruction

fitting procedure known as the combinatorial track finder. Hits are formed within the pixel
tracker by clustering deposits, above a certain threshold, in adjacent pixels. The position of
the hit for single pixel clusters is taken at the centre of the pixel while multi-pixel clusters
have a charge-weighted position, correcting for the drift of electrons in the magnetic field. A
more sophisticated, albeit, computationally demanding method is used for the final track fit
which involves a x2-fit of expected charge deposits from a large number of simulated particles
through the pixels to the observed charge deposit, accounting for pixel deterioration. Strip
tracker hits are formed from clusters of adjacent strips with charge deposits exceeding a noise-
level. The hit position is determined from a charge-weighted average of the cluster, correcting
for the electron drift in the magnetic field and known inefficiencies with the charge collection.
All hits have an associated uncertainty propagated to the track fitting procedure [45].

The combinatorial track finder involves a series of Kalman filters (KF) [46] — a recursive
parameter estimator. A Kalman filter starts with an initial state (a seed), typically from a
guess or estimation, and iterates across measurements updating the initial state parameters
by comparing the prediction to the observations. For track fitting, the fit is performed to five

parameters which describe points along a helical track, known as the perigee parameterisation:

<q/ Xt, yt/ Qf/ ¢t> (41)
PT

where g/ pr is the ratio of the charge to track transverse momentum to give the signed curvature
scale of the trajectory. The parameters x; and y; are the distances from the interaction point to
a point along the trajectory in the X; and j; axis, shown in Fig. 4.1 along with the definitions of

the angles 6; and ¢;.

The trajectory building with a Kalman filter starts with the seed generation stage by
combining a set of pixel hits, where the resolution is the greatest and occupancy the lowest.
Each iteration of the Kalman filter extends to the next tracker layer where each hit candidate,
within a x? window, is kept to form independent track candidates. Fake tracks will typically
have a layer where no hits are within the window and can be dropped. Further checks are
performed on the consistency of hits with the pr of the track, in addition to vertex constraints.
Finally, a cleaning process assigns unique tracks to a seed and vice versa. After determining
the full set of tracks, the Kalman filter procedure is repeated with the precise hit reconstruction,
accounting for inter-layer material and field inhomogeneities, with inflated uncertainties to
avoid biasing the initial result. Furthermore, the Kalman filter is repeated, seeded by hits from
the outermost layer iterating inwards. The best fit tracks are taken from an average of the
Kalman filter starting from the inner layers and the reverse.

The trajectory building is performed ten times with different seeds to target various classes
of tracks with hits associated with candidate tracks removed from subsequent iterations:
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P

Figure 4.1.: Diagram of a track (shown in red) from the interaction point (IP) with the conventional
CMS coordinate system as well as a local coordinate system along the trajectory, an example
of which is shown at point P where f is the tangential vector, ¥; is perpendicular to both the
z-axis and f and #; is the remaining vector to create a right-handed coordinate system. The
angle between the x-axis and the projection of f onto the x-y plane is ¢;. Similarly, the angle
between the y-axis and the projection of f onto the y-z plane is 6;.

e Prompt and high pr tracks, and b-hadron decays are targeted by the first three iterations,
seeded by three hits in the pixel detector with constraints on the track pr and distance of
nearest approach to the beam axis.

e The fourth and fifth iteration targets tracks with one or two missing hits in the pixel
detector as a result of particle interactions and decays, or detector inefficiencies. These

are seeded by two pixel hits or a combination of three pixel and strips hits.
e The next two iterations are seeded by strip hits to target displaced tracks.

o The eighth iteration targets high pr jets with merged constituent tracks, seeded by pairs of
hits in the pixel and strips, with the initial track compatible with a high energy calorimeter

deposit.

e The final two iterations are designed to track muons missed by prior iterations by using

information from the muon chambers to determine the seeds.

After all iterations are complete a full set of tracks within the tracker volume are defined,
known as inner tracks.



32 Chapter 4. Event reconstruction

4.2.1. Electron tracking

Electron tracks may be missed by the combinatorial track finder as a result of significant
Bremsstrahlung and high energy photon emission. To recover these tracks another fitting
procedure is performed, based on a gaussian-sum filter (GSF). The GSF method models hits
by a weighted sum of gaussian distributions for a more accurate representation of hits with
sudden and substantial radiative losses. The results of the fit to the observed hits is fed
into a boosted decision tree' (BDT) to optimise electron track reconstruction efficiency while
minimising fake tracks. This procedure is also effective at tracking electron-positron pairs from
tracker converted photons.

4.2.2. Muon tracking

A track fitting procedure is performed with hits in the muon chambers to form muon track
candidates. Various quality muons are defined based on the inputs and results of the track

titting:

¢ standalone muon: track fitting seeds are formed of track segments from hits within the

DT or CSC detectors. The fit itself uses hits within all muon chambers.
e global muon: a standalone muon track matched to an inner track.

e tracker muon: one muon segment matched to a unique inner track with requirements on

the muon’s momentum and its compatibility with an origin at the beam axis.

4.3. Vertex reconstruction

The conditions provided by the LHC during 2016 data-taking yielded on average about 25
proton-proton interactions per bunch crossing. The low cross section of hard interactions
between protons typically results in a single interaction point of interest, known as the primary
vertex. The other vertices are classified as pileup which result in additional particles leading
to misreconstruction of the primary event. Therefore, the reconstruction of these vertices is
critical in mitigating the impact of pileup interactions, particularly in determining the p2ss of

the primary event.

The vertex reconstruction is performed by a fit to a selection of tracks. The collection of

tracks are selected by their track quality parameters (sufficient number of hits and a satisfactory

LA boosted decision tree is a form of supervised artificial learning with an output from a weighted linear sum of
many decision trees, determined by optimising a function of the truth and prediction with a regularisation term
to penalise tree depth.
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track fit x?) and consistency with the beam spot, a 3-dimensional profile of the luminous region
determined from an average over multiple bunch crossings. From these track collections a set
of vertex seeds are found by searching for convergence points of multiple tracks [47]. These
seeds initialise the adaptive vertex fitter [45], a similar procedure to the Kalman filter although
all tracks are considered in turn weighted by the compatibility of the track’s nearest approach
to the vertex seed. This is followed by updating the vertex position from a method of least
squares to the weighted tracks. This procedure is iterated until convergence resulting in a
collection of vertex candidates. The primary vertex is selected from this collection by the
greatest Y p2 over all outgoing tracks [49].

4.4. Calorimeter clustering

A clustering algorithm groups energy deposits within the calorimeter towers to encapsulate
the whole extent of a particle shower, or multiple overlapping showers. These clusters are
sent to the PF algorithm to link the cluster with a track, or multiple tracks. The clustering
is performed separately in the ECAL barrel and endcaps, HCAL barrel and endcaps, and
the two preshower layers. No clustering algorithm is necessary in the HF since forward jets
typically have large momenta and hence collimated showers. Seeds initialise the clustering
and are identified as cells with an energy above a threshold and greater than the nearest
neighbouring cells. Topological clusters are formed by continually merging neighbouring cells,
with an energy twice the noise level, into the cluster. Individual clusters within a topologial
cluster are distinguished by a gaussian-mixture model: a topological cluster in M cells arise
from N gaussian energy deposits. The deposits are parameterised by the amplitude of the
i-enumerated gaussian, A;; the position of the gaussian centre in 77-¢, ji;; and the width o of
the gaussian, fixed to values assigned for each calorimeter system. The initial values are taken
from the cell seeding the topological cluster and an expected energy fraction measured in cell j

is determined from

fi Ajexp (= (¢ — i;)?/ (202))

Ci i
— ) 42
Yilq exp (= (G — fix)2/ (202)) .

where ¢; is the position of element i. The parameters are estimated from an analytical maximum
likelihood fit with

M
Ai =) fiE (4.3)
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and
M
jii =Y fiEiC;, (4.4)
j=1

where E; is the energy deposited in cell j. This fit is iterated until convergence and the position

and energy of the gaussian functions are taken as the cluster parameters.

The energy of the clusters are calibrated to accurately reflect the true energy deposited. The
calibrations are applied independently to electromagnetic and hadronic deposits, reflecting
the difference in the corresponding showers. Calibrations are determined from test beam data,

radioactive sources, cosmic ray measurements, in situ collision data and simulated events.

4.5. The particle flow algorithm

The PF algorithm attempts to resolve all particles from the interaction point by exploiting the
high granularity of the CMS detector. The algorithm must deal with particle interactions within
the detector leading to crooked tracks (bent at a ‘kink’) and secondary particles. Furthermore,
to avoid a quadratic computation with the number of particles only the nearest neighbouring

PF blocks in #-¢ are considered as candidates in the linking algorithm.

The linking of inner tracks to muon tracks has been discussed in Sec. 4.2.2. Calorimeter
clusters are linked to inner tracks by extrapolating the track to the ECAL or HCAL and a link
formed if these positions lie within a topological cluster’s cells, allowing sufficient margins to
account for gaps in calorimeter coverage, shower profile uncertainties and multiple scattering.
A link distance quantifies the distance between the extrapolated track position and the cluster
position in #-¢ with the link of minimum distance kept. Bremsstrahlung photons are linked to
electron GSF tracks if tangents, at each tracker layer, to the tracks are consistent with ECAL
clusters. A dedicated conversion finder creates a link between two tracks and a photon if
the tracks are compatible with the characteristics of a photon conversion. Clusters are linked
together (preshower to ECAL and ECAL to HCAL) if the more granular calorimeter cluster is
within the less granular calorimeter cluster, retaining the link forming the minimum distance
between the two clusters. Finally, tracks are linked together by a common secondary vertex,
attributed to nuclear-interactions. These tracks must contain at least three tracks: one incoming
from the primary vertex and at least two outgoing, or at least three outgoing. All links are
formed and the subsequent part of the PF algorithm recovers inefficiencies and removes fake
particle candidates by targeting particular particle classes, as follows.
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4.5.1. Muons

Global muons are classified as isolated to avoid the misidentification of charged hadrons,
whereby the total energy in a cone of radius AR = \/An? 4+ A¢? = 0.3 around the muon
candidate must not exceed 10% of the muon pr:

1 —
Itrack,calo - < Z pri| + Z ET,]‘> <0.1, (45)
pr ictracks j€eclusters
AR<0.3 AR<03

where Iiack calo is known as the track-calorimeter isolation, i sums the transverse momenta pt of
all tracks within AR = 0.3 and j sums the transverse energies Et of all clusters within AR = 0.3.
Non-isolated muons are also identified without the isolation requirement, however, inner
tracks must match at least three track segments in the muon detectors or calorimeter clusters

compatible with the muon hypothesis to avoid high pt charged hardon misidentification.

The pr of PF muon candidates is reconstructed from the tracker for pr < 200 GeV, other-
wise the pr is taken from the track fit resulting in the lowest x? from the following combinations
of information: tracker only, tracker and the first muon detector plane, global muons, and
global muons without high occupancy muon detector planes. After all PF muon candidates
are identified and reconstructed the associated PF blocks are removed from further candidate
identification. Note that under certain conditions charged hadrons may later be revised as

muons.

4.5.2. Electrons and isolated photons

Electron and isolated photon reconstruction must collect and associate Bremsstrahlung photons
and electrons from photon conversions to accurately measure the true energy of these particles.
These secondary particles are associated to a seed candidate: an ECAL supercluster above
a transverse energy threshold of 10 GeV with no GSF track link for photons, or GSF tracks
associated to ECAL clusters with fewer than three additional linked tracks. Both classes of
candidates must not have HCAL clusters within AR = 0.15 of the candidate with an energy
deposit exceeding 10% of the supercluster energy. The assigned energy of the candidate is
determined from the sum of all energy deposits linked to the seed, this includes Bremsstrahlung
photons at tangents to GSF tracks at tracker layers and GSF tracks found by the conversion
finder. This energy is calibrated and taken as the final energy for isolated photon candidates.
Electron candidate’s energy is determined from a combination of the calibrated ECAL energy
and GSF track momentum.

To further reduce misreconstruction the candidates must pass additional criteria. A BDT
is trained separately for the barrel and endcaps, and for isolated and non-isolated electrons
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with a requirement placed on the output determined by the following input features: energy
radiated from the GSF track, distance between the GSF track extrapolation and the ECAL
seeding cluster, ratio of the HCAL to ECAL energy, KF and GSF track x? and the number of
hits in the tracker. Photons, on the other hand, are required to be isolated from other tracks,
calorimeter clusters and have HCAL to ECAL energy ratios consistent with typical photon

showers.

Finally, as with muons, the PF blocks associated with the electron and isolated photon

candidates are removed from further processing.

4.5.3. Hadrons and non-isolated photons

The remnants of jet fragmentation and hadronisation with the subsequent decay of heavy
hadrons include: charged hadrons such as 1+, K* and protons; neutral hadrons such as K‘Z
and neutrons; non-isolated photons typically from 7° decays; and rarely additional muons
from early charged hadron decays. Discrimination of hadrons, other than charged and neutral,
is difficult with high misidentification rates, therefore, the PF algorithm makes no attempt at

this distinction.

From the remaining PF blocks, all ECAL clusters within the tracker acceptance (|17| < 2.4)
with no linked tracks are considered as photons. Similarly, HCAL clusters with the same
acceptance with no linked tracks are treated as neutral hadrons. This assumption holds well
within the tracker acceptance where charged and neutral hadrons are distinguishable and 25%
of the jet’s energy is deposited in the ECAL as photons while only 3% as neutral hadrons (1%
for T-lepton decays as a result of Cabibbo-suppression). However, beyond || = 2.4 up to the
ECAL acceptance (|17| < 3.0) the precedence to photons leads to a high misidentification rate
of charged and neutral hadrons, which can account for 25% of the jet’s energy deposited in the
ECAL. Instead, ECAL clusters linked to HCAL clusters are assigned as hadron showers with
an unknown charge, while ECAL clusters without this link are considered photons. Beyond
|7] = 3.0, within the HEF, electromagnetic and hadronic activity are distinguished by exploiting

depth and lateral shower profile information.

Misidentification and misreconstruction may leave inconsistencies in the calibrated calori-
metric energy and tracker momenta for charged hadrons. These are dealt with by reassigning
the identification or refining the reconstruction, since an excess infers the presence of photons
or neutral hadrons. An excess, Jt, in the calibrated cluster energy, consisting of the ECAL and
HCAL energies Er = EECAL + EHCAL ig defined as

6r=Er—|)_prl, (4.6)
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where | Y pr| is the sum of linked track momenta. If the excess is smaller than EX“4L but larger
than the expected resolution of the hadronic deposit above 500 MeV then the excess is revised
as a photon with an energy of ét with the energy calibration repeated under this hypothesis.
However, if the excess is greater than EECAL then the ECAL deposit is still associated to a
photon but the remaining excess, if above 1GeV, is interpreted as a neutral hadron. If the
excess is smaller than 500 MeV and still inconsistent with the expected energy resolution,
a X fit to the tracker and calorimeter information is performed to refine the energy of the
charged hadron. Finally, in the rare case where the track momenta are in excess of Er, i.e.
ot < 0, arelaxed search for muon candidates is performed. Any remaining excess is associated
to misreconstructed tracks with a momentum resolution greater than 1GeV. The leading?
misreconstructed track candidate is repeatedly removed until no excess or no candidates
remain.

Displaced tracks within the tracker volume predominantly from nuclear interactions are
yet to be identified. These involve secondary charged particle tracks linked to a secondary
vertex. The charged particles are replaced by a single charged hadron, conserving energy and
momentum, with a mass of a charged pion. If a primary charged particle track exists, with a
well-defined momentum, then any deficit in the outgoing energy is attributed to undetected
secondary particles and the energy of the primary charged hadron is updated to account for
these particles.

4.54. Jets

The fragmentation and hadronisation of outgoing quarks form a cone of hadrons known as
a jet. The anti-kt algorithm [50, 51] discussed in Sec. 2.4.1 clusters PF candidates into cones
of radius R = 0.4 in the #-¢ plane. The minimum clustering threshold is set to 15 GeV, below
which jets are unreliable at measuring the original parton momentum. Seeding jets by PF
candidates, instead of solely relying on calorimeter deposits, improves the energy resolution
by complimentary tracker measurements for charged hadrons affected by the poorer hadron
calorimeter resolution. However, as with any other jet seed, neutrinos from hadron decays
within the jet are not accountable.

4.5.5. Missing transverse momentum

The PF method allows a simple calculation of the uncorrected (or raw) p=iss from:

ﬁITnII'Z?N =- ZﬁT,i , 4.7)
i

2Leading refers to the candidate in a collection with the largest pr.
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where i sums over the PF candidates. However, residual misidentification and misrecon-
struction can lead to a large p™i* similar to physics beyond that expected from the SM. To
control the artificially large p™i** all particles with a significant correlation with the direction
and magnitude of the pTiss are selected. The particles are typically high pr muons and their

identification and reconstruction revised as follows:

e Genuine cosmic ray muons in coincidence with an LHC beam crossing, positioned
further than 1 cm from the beam axis, are removed from the PF candidate collection if this
leads to a reduction in the pi*® of at least a half. Semi-leptonic decays of b-hadrons are

protected as their removal would increase the p=iss.

e Severely misreconstructed muon momentum as a result of wrong track association, steel
yoke interactions, in-flight decay or significant synchrotron radiation. This typically leads
to inconsistent inner tracks and outer muon chamber tracks resulting in a misrecon-
structed muon pt from the PF algorithm. Instead the pr of the muon is taken from the
track which reduces the piss by at least a half, otherwise the pr from the PF algorithm is

used.

o Particles misidentified as muons typically from charged-hadronic punch-through into
the muon systems. In this case, neutral hadron deposits within the calorimeters are
wrongfully included as independent particles leading to a double-counting of the charged
hadron as a muon and a neutral hadron. Provided that the pTs is reduced by a half
and the muon momentum and neutral hadron energies are larger than 100 GeV, then the

neutral hadron is removed and the muon is revised as a charged hadron.

e Muon and neutral hadron overlap with similar energies which are misidentified as a
charged hadron. The charged hadron is converted into a muon and a neutral hadron if

miss

the associated p7'** is reduced by a half.

After these revisions the pi*® is updated. The approach validated with in situ measurements

and studies in simulated events which show minimal impact on processes with real p7'*, such

as the pair-production of tf.

4.6. Summary

The CMS software reconstruction incorporates the whole detector, correlating detector ele-
ments to improve particle identification and reconstruction with an attempt to reconstruct
all detectable particles in a technique known as particle flow. The PF algorithm starts from
two basic building blocks: tracks and clusters. Tracks are formed from a series of Kalman
filters applied to hits: charge deposits within the tracks. An alternative GSF track finder
attempts to reconstruct the tracks of electrons subject to radiative losses. Vertex reconstruction
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is performed from a fit to high-quality track candidates consistent with the beam spot and the
primary interaction point identified as the vertex with the greatest Y p2 over outgoing tracks.
On the other hand, clusters are formed from energy deposits within calorimeter cells, grouped

and refined by a gaussian-mixture model.

The PF algorithm links the building blocks (tracks and clusters) to form a coherent picture
of each individual particle with complementary measurements from the various subdetectors.
Muon candidates have links between inner and muon chamber tracks. Electron and isolated
photon candidates are formed from ECAL clusters, linked to GSF tracks for electrons, with
further linking to clusters consistent with Bremsstrahlung photons or GSF tracks compatible
with photon conversions. Hadrons and non-isolated photons have possible links between
tracks, HCAL and ECAL clusters. Further refinement is performed on irregular candidates.
After all PF candidates are determined, jets are clustered from all candidates with the anti-kt
algorithm and the p2ss determined from a negative sum over all candidate pr with possible

identification revisions to avoid large spurious p7"'*.
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Chapter 5.

Event Selection and Categorisation

5.1. Introduction

The measurement of the Z — inv width requires the collection of Z(— v7) + jets signal events
with the key signature of jets recoiling against an invisible system, also known as p=iss + jets.
The Z/~*(— ¢f) + jets process is used as a reference to extract the invisible width, under
the assumption of a purely SM Z — ¢/ interaction. In addition, samples of W(— fv) + jets
provide a data-driven estimate of large backgrounds with a similar signature to the signal. A
combination of the large QCD multijet cross-section and inherent jet misreconstruction leads
to additional backgrounds and the need of a sideband' enriched with QCD multijet events for

a data-driven estimate of this background.

This chapters details the process of data collection and reduction to target specific processes
in various categories required for this analysis. Included is the detail of particle identification
refinement from the PF algorithm results for an improved signal acceptance whilst maintaining

a high background rejection.

5.2. Samples

5.2.1. Data collection

Detector measurements associated to a proton-proton bunch crossing are stored by various
sets of HLT requirements, known as HLT paths. The dataset under consideration was collected
during 2016 with proton-proton collisions at a centre-of-mass energy of 13 TeV. Issues during
detector live-time, such as problems with a particular subdetector or beam conditions, requires

LA sideband is an independent set of events to a region obtained by inverting or somehow altering a requirement
which defined the original region.

41
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the rejection of problematic data resulting in a dataset with an integrated luminosity of
35.9fb~ 1.

The relevant process can be classified into events with missing transverse momentum or
more than one lepton. Events with a significant missing transverse momentum are selected by

the HLT paths requiring two conditions or a third to be satisfied. The first is

> pmiss (5.1)

G E W

i¢muons

where the sum is over all PF candidates apart from muons and p{iss

is a particular thresh-
old. The muons act as invisible particles for p%‘[ijs hence this collects Z — v/, W — uv and

Z/v* — utu~ events. The second condition is

Py = ‘ - Y pr| =P, (5.2)

icjets

summed over all PF jets passing the tight jet identification selection with pr > 20GeV and
no muon candidates. This selection is similar to Eq. 5.1, however, the combination of both
maintains a trigger rate for lower P thresholds by removing events with inconsistent visible
(excluding muons) and hadronic recoils, primarily due to misreconstructed soft (pr < 20 GeV)
hadronic activity. The threshold s varies from 90-120 GeV depending on the LHC beam
conditions to avoid prescaling. The third condition recovers small inefficiencies by applying
the selection

piniss — ' — Y Pr| >170GeV, (5.3)

icPF

summed over all PF candidates, with various beam halo or HCAL noise cleaning requirements

(discussed in Sec. 5.5.1) to maintain this threshold as beam conditions change.

A complementary trigger path collects events with at least one muon rather than the
momentum imbalance of an event. Events pass the trigger requirement if there exists a global
or tracker muon with pt > 24 GeV which is isolated from other activity (total energy within
a cone of AR = 0.3 is below 9% relative to the muon pr). To collect events with at least one
electron an alternative trigger path is used with the requirement of at least one GSF electron
passing a tight identification selection and a pr > 27 GeV. Both lepton trigger thresholds are
driven by a goal to maintain data collection efficiency and control trigger rates.
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5.2.2. Simulation

A vast array of simulated proton-proton collisions attempt to fully replicate the events selected
as signal candidates, including backgrounds with similar experimental signatures to the
signal. Vector boson production; namely Z — v, W — v, Z/v* — ({ and prompt photon;
in association with jets, V + jets, are produced with the matrix element (ME) event generator
MADGRAPH5_AMC@NLO v2.2.2 [52] with restricted boson decays and Feynman diagrams
up to O(a?a?), hereby known as next-to-leading order (NLO) in the strong coupling constant.
The production is split into boson pt regions to populate the low cross-section high-pr regions.
These generated events are coupled to the PYTHIAS8.2 package [53] to mediate the parton
showering (PS), hadronisation and particle decays with the CUETP8M1 underlying event
description [54]. Double-counting of jet multiplicity final states with the ME and PS is removed
by the FXFX [55] matching and merging technique. Another set of processes similar to
Z/y* — 00 are generated where, in turn, the Z and 7* interactions are turned off to model the
Z, v* and interference terms of the Z/~* — (¢ process. Furthermore, the processes involving
a 7" have an invariant mass cut-off below 50 GeV to avoid the large cross-section away from
the Z peak.

Minor background processes include the pure QCD interactions between partons forming
a multijet final state with jet misreconstruction leading to spurious pss, faking the signal
signature. The QCD multijet process is produced at leading order (LO) accuracy in the strong
coupling constant by the PYTHIAS8.2 package, split by the interaction scale Q? to populate the
low cross-section regions. Top production leads to real pis® with zero, one or two leptons
in the final state with the pair production, tf + jets, produced using a similar technique as
the V + jets processes, albeit inclusive in pr, and single top production — via the s-channel,
t-channel or associated W production — are produced at NLO by a various combination of
the MADGRAPH5_AMC@NLO v2.2.2, MADSPIN [56], PYTHIAS8.2 and POWHEG [57, 58, 59]
packages. Diboson processes (combination of Z, W and prompt -y from the hard scatter) may
have a similar signature to the signal for particular decays, or particles beyond the detector’s
acceptance or misidentified. Combinations of MADGRAPH5_AMC@NLO v2.2.2, MADSPIN,
PYTHIAS8.2 and POWHEG are used to generate the diboson process at NLO. Finally, vector
boson scattering (VBS) involves the production of a vector boson (W or Z) from VV scattering,
in association with two jets, hence has a signature similar to the V + jets processes. The VBS
sample is produced at LO accuracy by the MADGRAPH5_AMC@NLO Vv2.2.2 package coupled
to PYTHIAS.2, with the boson decay restricted to charged leptons or neutrinos. An overlap
between the phase-space of the diboson and VBS samples is removed by an ad hoc requirement
of one generated boson from the hard scatter for VBS.

All samples are generated with NNPDF3.0 [60] LO and NLO parton distribution functions,
where the LO and NLO generators are used. After the relevant process has been generated the
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full detector response to such an interaction, along with pileup vertices, is simulated with the
GEANT4 [61] package.

5.3. Physics objects

Analysis specific physics objects are derived from PF candidates to refine and target the
selection towards the key signature. These include muons; electrons; photons; jets with tagging
as hadronic t-lepton decays or b-hadrons; and the global event descriptor pIT“iSS, redefined in

terms of the recoil parameter.

5.3.1. Muons

The analysis definition of a muon is split into two categories: veto and selection muons. The
selection defining these categories is shown in Tab. 5.1. Muons from in flight hadron decays
are suppressed by a requirement on the particle-based isolation Ig with a pileup mitigation

term, known as the AB correction

S

= ) (5.4)

Ing =

L q q 1 "
Y Pri+ max (0, Y i+ Y Pri— > ) PT,i)

icch i€nh i€y i€ePU ch

for a muon with transverse momentum pt; charged hadrons (ch), neutral hadrons (nh) and
photons () from the primary vertex in a cone of AR = 0.4 around the muon; and charged
hadrons from pileup vertices (PU ch) also within this cone. This correction mitigates the
contribution from neutral hadrons from pileup vertices by subtracting the momentum of
charged hadrons from these vertices, with a factor of a half to account for the average charged-
to-neutral particle ratio in the isospin limit. Additional selection is placed on the quality of
selection muon tracks, including the impact parameter with the primary vertex split by the

transverse, d,,, and longitudinal, d,, components.

5.3.2. Electrons

Similar to muons, the electrons are classified as veto or selection based on criteria detailed in
Tab. 5.2. The first requirements primarily reduce fake electrons from jets with criteria on (71%75 p
the extent of the shower along the ECAL crystals in the # direction within a 5 x 5 crystal cluster,
typically smaller for electrons and photons than hadronic showers; and Excar/EgcaL, the
ratio of the energy deposited in HCAL towers located behind the ECAL cluster to the ECAL

cluster energy, significantly smaller for electron and photons compared to jets. Subsequent
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Veto Selection
Muon seed Global or tracker  Global
PF muon True True
Track fit normalised x? - < 10
Number of matched stations - >1
Number of muon chamber hits - >0
dyy (cm) - <02
d, (cm) - < 0.5
Pixel hits - >0
Tracker layer hits - >5
Iap < 0.25 < 0.15
pr (GeV) > 10 > 30
"] <25 <24

Table 5.1.: Requirements for muons passing the veto and selection identification. Most track quality
criteria are omitted for veto muons to retain a high efficiency at the loss of fake muon
rejection [62]. The pr requirement on selection muons is driven by trigger requirements for
the single muon triggers used for the piss trigger efficiency measurements.

requirements check the consistency of the GSF track with the ECAL cluster, namely |Ayyy,|, the
difference in 7 of the energy-weighted supercluster centre and the GSF track extrapolated to
the ECAL; |A¢r|, similarly defined in the ¢ direction; |(1/EgcarL — 1/ PTirack)|; and the impact
parameters dy, and d.. The conversion veto rejects electrons with tracks consistent with photon
conversions identified by the conversion finder. The isolation, Iga, requirement on electrons
reduces contamination from in flight hadron decays, with a pileup mitigation technique known
as effective area:

1
Iga = — , (5.5)

Y Pri + max (0/ Y pri+ ) Pri— pAeff)

iech ienh icy

which is similar to I5g, however, the subtracted quantity is the product of the energy density p,
defined by the total energy of the event per unit area in 7—¢, of the event with the (17-dependent)
effective area of the electron, a pre-computed average over multiple events.

5.3.3. Photons

The selection for photons is closely aligned with electrons, although with a single veto category
and without tracker based requirements and an explicit rejection of candidates linked to tracks.
Furthermore, the isolated requirements are split by particle candidates: charged hadrons,
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Veto Selection
Barrel Endcaps Barrel Endcaps

GSF track True

i 0.011  0.0314 0.00998  0.0292
Excar/ Egcar 0.298 0.101 0.0414 0.0641
| At 0.00477  0.00868 0.00308 0.00605
| A | 0.222 0.213 0.0816 0.0394
|(1/EgcaL — 1/ pruk)| (1/GeV)  0.241 0.14 0.0129 0.126
dyy (cm) 0.05 0.1 0.05 0.1
d, (cm) 0.1 0.2 0.1 0.2
Missing tracker hits 2

Conversion veto True

Iga 0.0994 0.107 0.0588 0.0571
pr (GeV) > 10 > 30

Table 5.2.: Criteria for the electrons identified as veto or selection for the analysis. These values are
tuned to obtain a pre-defined efficiency and background rejection. All parameters must
be less than the value unless stated otherwise. The criteria are split by barrel and endcap
regions to retain similar electron identification efficiency in both [63].

neutral hadrons and photons; with a pr-dependence to remain efficient across a broad range
of momenta. The selection is detailed in Tab. 5.3.

Barrel Endcaps
Linked track False False
Lt 0.01031 0.03013
Enicar/ ExcaL 0.0597 0.0481
I 1.295/ pt 1.011/pr
Lin 10.910/pt +0.00148 + 1.7 x 10~°py  5.931/pr + 0.0163 + 1.4 x 10 >pr
I, 3.630/ pr + 0.0047 6.641/pr + 0.0034
pr (GeV) > 25

Table 5.3.: Photon requirements for the veto collection with all parameters lower than the values in
the table unless stated otherwise. The criteria are split by barrel and endcap regions as with
electrons [63]. Only veto photons are defined for this analysis.
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5.3.4. Jets

Requirements on jets, detailed in Tab. 5.4 depend on the region which they fall into with a
veto and a selection category defined below |1| = 2.4 and inclusive in 7, respectively. Pileup
suppression is implemented by removing charged hadrons associated to pileup vertices from
the jet cone. Leptons or photons within their respective veto collection which reside within a
cone of a jet results in the removal of the jet from the event.

Central Endcaps Forward

Charged hadron energy fraction >0 - -

Charged EM energy fraction < 0.99 - -
Charged particle multiplicity >0 - -
Constituent multiplicity >1 >1 -
Neutral hadron energy fraction < 0.99 < 0.99 -
Neutral EM energy fraction <099 <099 <09
Neutral particle multiplicity - - > 10
pr (GeV) > 40

Table 5.4.: Jet selection based on position: central (57| < 2.4), endcaps (2.4 < |5| < 3) and forward
(In] > 3). Distinction between charged and neutral particles is lost beyond the tracker
acceptance of |77| < 2.4 and forward jets are required to have a significant neutral particle
number due to their high radiation environment.

Additional selection applied to jet structure allows the tagging of hadronic T-lepton decays
or jets originating from b-hadrons.

Hadronic t-lepton tagging

The t-lepton decays into hadrons and a neutrino, labelled as 1, 64.8% of the time, with the
remaining decays into an electron or muon and neutrinos. The production of a W boson
and its subsequent decay W — 1, leads to the signal signature of pTiss + jets, therefore,
tagging and vetoing events with a 7,-lepton is vital. The tagging is accomplished with the
hadrons-plus-strips (HPS) [64] algorithm.

The branching fractions of the T-lepton are shown in Tab. 5.5 with a significant 7, branching
fraction into one or three charged hadrons and up to two 7°, detected from their decay into
two photons which typically convert into e*e™ pairs within the tracker. Therefore, the HPS
algorithm is seeded by jets with pr > 14 GeV and || < 2.5 and matches charged hadrons to 7-
¢ strips of photon and electron constituents. The strips are generated by an iterative procedure
starting from the highest pt electron or photon candidates and merging the next highest
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pr candidate which lies in an 77 X ¢ window of 0.05 x 0.20, enlarged in ¢ to accommodate
electron bending, around the strip centre. After merging the strip centre is updated from an
energy-weighted average of the merged candidates and the iteration proceeds until no further
candidates are available. Upon generating all strips, only those with a pr greater than 2.5 GeV
are kept as 71¥ candidates.

Decay mode B [%]
T — lUpvr 35.2
T~ —=hv; 11.5
T = h 7O, 25.9
v = h 110, 9.5
T~ = h hth v, 9.8
T~ = h hth 7, 48
Remaining hadronic decays 3.3
All hadronic decays 64.8

Table 5.5.: Branching fractions B for t-lepton decay modes without particular distinction between
charged hadron, h*, type and highlighting the decay modes targeted by the HPS algorithm.
The two hadron final state is typically mediated by p(770) resonance and the three hadron
final state by a1(1260). The table is adjusted [64] with approximate values based on the
particle data group (PDG) [9].

The 1,-lepton candidates are formed by matching strips to charged particle candidates
within the seeding jet and consistent with the vertex nearest to the leading track: nearest
approach to the vertex of at most 0.4 cm in z and 0.03 cm in the x-y plane to remove spurious
tracks and mitigate pileup effects without a significant loss in efficiency. All 7;,-lepton candi-
dates with one or three charged hadrons and up to two strips, within a cone AR = (3GeV/pr),
are classified into a particular decay mode if the invariant mass of all the hadrons is consis-
tent with the T-lepton mass, with some margin to account for the neutrino. The T,-lepton is

assigned the decay with the highest pr from the remaining modes for a unique classification.

Misidentification of quark or gluon jets as a 7j,-lepton may result in a loss in signal efficiency
for Z(— vv) + jets when vetoing T, events. These are recovered by discriminating T,-leptons
and quark or gluon jets with an isolation-based BDT. The input features vary upon the classified
decay mode and include: the lead track dy, and its significance, the distance between the
T-lepton production and decay vertices and its significance, charged and neutral particle
isolation sums and the Af correction value, an integer encoding the decay modes, a success
flag upon finding a decay vertex for the t-lepton, along with the pr and 5 of the t-lepton.
This BDT is trained and validated on simulated events with a selection on the discrimination
variable defining various signal efficiency and background rejection, adjusted by the T-lepton

pt, working points. A very loose working point with a high efficiency is important for this



5.3. Physics objects 49

analysis for an efficient rejection of 7;-lepton backgrounds. Further discrimination on electron
or muon misidentification as the charged hadron candidate are omitted in favour of higher

selection efficiencies.

The reconstructed 7,-leptons are required to have pr > 20GeV, |y| < 2.3 and pass the very
loose working point to be classified as a veto 7,-lepton, with a more stringent selection of
pr > 30GeV, || < 2.3 and passing the tight working point for the selection classification.

b-jet tagging

The jets associated to the Z(— v¥) production are typically quark or gluon jets with processes
involving neutrinos in the final state along with b-jets resulting in a similar signature, such as
top-quark production. The Z(— v¥) + b jets process is not targeted in this analysis and hence
are discarded. Therefore, discrimination of b-jets from quark or gluon jets and the subsequent

veto of events with b-jets is vital for this analysis.

The b-jet tagging is performed on analysis-level jets by applying criteria on the jet’s con-
stituent tracks and vertices to identify b-hadron decays with displacements of about 1cm,
hence only valid for jets within the tracker’s acceptance |7| < 2.4. First, a set of secondary
vertices are found by an inclusive vertex finding (IVF) algorithm from all tracks within an
event with pr > 0.8 GeV and a longitudinal impact parameter less than 3mm. The vertex
finder is initialised by track seeds defined by a 3-dimensional impact parameter of at least
50 um and a 2-dimensional impact parameter significance above 1.2. From these seed tracks
the algorithm follows [65]:

o Track clustering: grouping the seed track with compatible tracks based on separation
and opening angle.

e Secondary vertex fitting and cleaning: fitting the position of the secondary vertex from
the clustered tracks with the adaptive vertex fitter (discussed in Sec. 4.3). Identified
vertices must have 2 and 3-dimensional flight distances consistent with b or c-hadron

decays and vertices sharing 70% of tracks with another nearby vertex are removed.

e Track arbitration: tracks associated with both primary and secondary vertices are re-

moved if they are more compatible with the primary vertex.

e Refitting and cleaning: positions of the secondary vertices are refitted and duplicate

vertices are removed.

Resulting set of secondary vertices are associated to jets if the angular distance between the jet
axis and the vertex is within AR = 0.3. The jets seeding the b-tag fall into three independent
categories based on the number of secondary vertices and tracks: at least one secondary vertex,
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no secondary vertex but at least two tracks, and the remaining set of candidates. An artificial
neural network? is trained on each category with simulated events to discriminate b, ¢ and
light (u, d, s or gluon) jets. The artificial neural network is fed a large set of input features
based on the jet and its constituent secondary vertices and tracks with parameters based on
distance, invariant mass and multiplicities along with the jet pt and # [65]. Subsequently, a jet
is b-tagged if the resulting discriminating variable is above a threshold defined by a medium
working point where the misidentification probability is about 1%, resulting in a b-jet tagging
efficiency of about 63% [65]. This working point defines a set of b-tagged jets, subsequently
used to veto events.

5.4. Missing transverse momentum

The transverse momentum imbalance of an event is reconstructed from the negative sum of
transverse momenta of all PF candidates. This is used as an estimate for the vector boson pr
in Z(— v¥) + jets events, where it cannot be determined directly. Therefore, in the collection
of events targeting vector boson decays with partial or fully reconstructed decay products a
proxy is used for the vector boson fr, known as the recoil /4, defined as

— }—?»rTmss + Z Pri, (5.6)

iel
where i sums over all electrons and muons passing the analysis selection. In effect, this
parameter determines the missing transverse momentum of an event treating electrons and

muons as neutrinos.

5.5. Event categorisation

A set of categories are defined and used throughout this analysis for various purposes including
signal collection, background prediction, and validation. First, a baseline selection is placed on
all regions furthered by region-specific criteria to define independent categories. The baseline
selection is driven by the desired event topology, trigger thresholds and rejection of spurious
piss backgrounds.

2 An artificial neural network is a form of machine-learning, inspired by biological neural networks, with inter-
connected nodes typically with a non-linear function output of a weighted sum of its inputs. The weights are
adjusted in the learning process to optimise a loss function of the output nodes and the truth category or value
of a set of inputs.
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5.5.1. Baseline selection

The first set of requirements, known as the pIT“iSS filters, remove scarce events which typically
have spurious piss. All events without a reconstructed primary vertex within acceptable
parameters of the beam spot are discarded since the offset of the origin biases the pTiss
distribution and few simulated events predict this contribution. Although infrequently an
issue, machine induced particles, specifically high energy muons, may interact with the
calorimeters with a significant energy deposit leading to spurious pTi*. Such events are
removed by searching for atypical calorimeter shower shapes matching to CSC detectors.
Further noise in the HCAL subdetectors readout system may give rise to spurious p*, hence
events with HCAL readout channels consistent with significant noise leading to a biased
pmiss are discarded [66]. Also as a result of noise ECAL crystals may be masked during
reconstruction, however, this may lead to a significant loss of energy if, for example, a jet is
incident upon the masked crystal leading to spurious p. These events are removed by
inspecting L1T towers to determine if a significant amount of energy was lost. A final source of
spurious ps is a result of high pr, low resolution PF muons which lead to few unaccounted

issues in the reconstruction, removed by inspecting candidate events in depth.

The next criteria target the pTis + jets topology with thresholds driven by the missing
energy trigger paths. To remain efficient in collecting events with these trigger paths the
selection U = |U| > 200 GeV (discussed in Sec. 6.2.3) is applied with the recoil in place of the
pmiss to target similar topologies between events with missing energy from neutrinos and
those with leptons in the final state. The topology is further targeted by requiring a lead jet
pr > 200 GeV within tracker acceptance (|77| < 2.4), avoiding dijet-like events and resulting in
the jet as a primary recoil against the vector boson. An additional requirement on the charged
hadron energy fraction between 0.1-0.95 for this lead jet reduces spurious p'** events arising

from detector noise and machine-induced particles.

Furthermore, events are rejected if there are additional veto objects than selection objects
for the jet, b-tagged jet, or photon collections. These vetoes primarily remove events with VBS,

top production and -y + jets processes.

The final baseline requirement is

|PT™ — PG|

) 7
7 < 0.5, (5.7)

which tests the compatibility of the particle-based pT*s and the muon-corrected calorimeter-

based pTist | relative to the recoil. This inconsistency is typically due to an issue in the

reconstruction and does not significantly impact the signal.
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5.5.2. Categorisation

The event categorisation is shown in Tab. 5.6 with lepton selections and vetoes defining each
region and possible requirements to enhance the signal. The ¢ 4 jets (¢ = e, ) regions have an

accompanied transverse mass selection on the W boson, M, approximated as

My = \/2prepiss (1 - cos(Ap)), (5.8)

where pt is the transverse momentum of the leptons and A¢ is the opening angle between the
lepton and the f)"T“iSS vectors. The window placed on My, surrounds the W mass to enhance
these regions in W + jets events and reduce combinatorial backgrounds. Similarly, the ¢/ + jets
regions are accompanied by an invariant mass M, window centred on the Z mass, significantly
reducing the combinatorial background and contributions from ¢* + jets. A remaining large
contribution remains from the QCD multijet process whereby spurious piss arises from jet
mismeasurement resulting in an overlap between the p7iss and a jet. To avoid significant signal
rejection only the overlap between the leading four jets are considered with the selection:

Apmin = _ min  A¢ (BT, pr;) > 05, (5.9)
i€{jojuj2is}
where i represents the set of the leading four jets and A¢ (4, b) represents the opening angle
between vectors @ and b. The selection on Apmin is inverted to obtain a QCD multijet enriched
sideband. The e + jets region has an additional requirement placed on the pi** to further
avoid the QCD multijet process with jets misidentified as electrons.

5.6. Summary

The data relevant for this analysis was collected during 2016 with the p2S, muon and electron-
based triggers. The data is complemented by a vast array of simulated events, predominantly
from V + jets, generated at NLO accuracy in the strong coupling constant. Minor background
processes are produced with a variety of event generators at LO and NLO accuracy. The
initiating parton in all generated events are sampled from parton distribution functions from
the NNPDF3.0 group at LO and NLO accuracy where applicable. Generated events are
typically coupled to a package to mediate parton showering, hadronisation and particle decays.
An overlay of pileup vertices are placed within the generated events. Subsequent detector
simulation and signal digitisation is performed with the GEANT4 package.

Analysis level physics objects are defined with a veto and selection working point. Lep-

tons and photons are required to pass a pileup-corrected isolation requirement. Furthermore,
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Category = Requirements

pmiss 4 jets  No additional veto electrons, muons or Tj,-leptons

U +jets A single selected muon
No additional muons, or veto electrons or 7,-leptons
30 < Mty < 125GeV

pp +jets Two selected and oppositely charged muons

No additional muons, or veto electrons or 7;,-leptons
71 < My, <111GeV

e +jets A single selected electron

No additional electrons, or veto muons or T1;,-leptons
30 < Mt, < 125GeV
piss > 100 GeV

ee +jets Two selected and oppositely charged electrons

No additional electrons, or veto muons or 7;,-leptons
71 < M, < 111 GeV
T, 1 jets A single selected T1;,-lepton

No additional 7,-leptons, or veto electrons or muons

Table 5.6.: Definitions of each analysis category with the addition of the baseline selection and
APmin > 0.5, and an additional set of mirroring categories with the same definition but
in the A¢min sideband, A¢min < 0.5. A description of the variables is provided in the main
text.

leptons are ignored from the piss calculation to define the recoil of an event. Jets are subcate-
gorised in tags as originating from a hadronic 7-lepton or b-hadron decays. The objects are
used in the categorisation of each event with a baseline selection to filter rare spurious pss
events, apply trigger thresholds and a lead jet selection to target the topology of a primary jet
recoiling against a vector boson. Vetoes are placed on events containing forward (7 > 2.4) jets,
to reduce VBS contamination; b-jets and selected photons. The final baseline condition removes
misreconstructed events with an inconsistent p™is* and p?éffl’ - Subsequent categorisation falls
into piiss +jets, £ +jets (¢ = e, u or T,) or £ + jets regions, with mirroring regions in a QCD
multijet enriched sideband. Mass windows are placed on the combinations of the leptons
and the pss to enrich the signal in all applicable regions. The resulting regions are used

throughout the analysis.
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Chapter 6.

Simulation corrections

6.1. Introduction

This chapter details the corrections applied to the Monte Carlo (MC) simulated events aimed at
improving the description of observed events (data) by the MC. These corrections are typically
understood in terms of a scale multiplied to a quantity, also known as a scale-factor, hence a
scale-factor of one represents no deviation from the nominal MC prediction. There are two
main categories of corrections used in this analysis. The first corresponds to changing the
weighting of a MC event, known as an event-based correction. The weight given to a MC
event is the product of the cross-section of the particular process and the integrated luminosity,
o L. This event weight is later modified to improve the agreement between data and MC. The
cross-section ¢ is calculated to the highest order available in both the strong and electroweak
coupling constants, whereas the luminosity £ is measured by the CMS and surrounding
detectors. Event-based corrections will scale this weight on an event-by-event basis, however,
the sum of the weights over all events should remain unchanged to avoid altering the cross-
section. The second set of corrections represents a shift in a parameter, such as altering the
momentum of an object, hereby known as an object-based correction, which inherently keeps

the cross-section constant.

Typical aggregation of information is in the form of histograms where data in a particular
bin is determined from the total number of events within the bin’s criteria, whereas the MC
contribution is a sum over the weights for the same criteria. Therefore, the event-based
corrections simplify to a scale up or down to an event’s contribution in the sum. However,
object-based corrections alter which bin the event may fall in. Both corrections, even if unity,
are associated with an uncertainty to alter the correction up or down resulting in an alternative
histogram under different variation hypotheses. These hypotheses are used later in the

statistical interpretation of the results.

An event-based correction is determined by measuring the efficiency of a selection or

requirement in data, €4,s, and again in MC, eyc, parameterised in terms of observables ¥
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resulting in a scale-factor, f , of

f() = Sl 61)

This reweighting procedure attempts to have MC replicate the observed efficiency for a
particular selection. The efficiencies are measured with a few different techniques, discussed
in detail below.

6.1.1. Tag and probe method

A common technique to measure the efficiency in data is known as the tag and probe method.
This technique involves the selection of events containing two candidates: a tag which must
pass a tight set of restrictions T to firmly avoid misidentification, and a probe which passes
very loose requirements P. The events are such that the tag infers knowledge of the probe, for
example, in Z/v* — (f where one lepton is a tag and the other a probe. The efficiency of a
selection S, given the probe requirements P, is determined by counting events:

N(SNTNP)

e(S|P) = W’

(6.2)
where N(R) is the number of events passing some set of requirements R. For a tag and probe
from a Z boson decay the event counting is taken from the signal by performing a maximum

likelihood fit to the Z peak with a falling background. A similar procedure can be performed
in MC.

6.2. Trigger Efficiency

The trigger selection discussed in Sec. 5.5.1 collect a particular set of events for the analysis;
however, limitations in the reconstruction available to the L1T and HLT results in a loss of
events. To replicate the data collection in simulated events the efficiency of a trigger selection
is measured. The trigger selections are split into the muon, electron and p™is* categories.

6.2.1. Muon trigger efficiency

The muon trigger efficiency [67] is measured with the tag and probe method where the tag
selection T and probe selection P must pass the full set of analysis requirements apart from the
pr and # criteria for the probe. This allows the parameterisation of the muon efficiency with
pr and 7 as the trigger performance is expected to be highly dependent on these variables.
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The tag is also required to cause the event to pass the muon trigger selection such that the
event is stored. The events are subsequently split into all probes and those passing the muon
triggers with further division into independent pr and # bins. In each category, the maximum
likelihood fit is performed to the invariant mass of the two muons to extract the signal and
background contributions in each bin. The signal is modelled as a Breit-Wigner convoluted by
a gaussian distribution and the background is modelled as a falling exponential. The efficiency
is determined in each bin from the ratio of signal events where the probe passes the muon
trigger selection to signal events without this requirement. The statistical uncertainty on the
signal events is propagated through to the efficiencies. Additional systematic uncertainties are
determined by performing the fit varying, in turn, the number of invariant mass bins, invariant
mass range, signal and background models, tag selection and probe multiplicity. During the
2016 data-taking period, saturation issues in the pre-amplifier chips for the tracker resulted in
a loss of hits. This effect was mitigated in the later part of this period and further reduced by a
re-processing of the data. Nevertheless, the muon trigger efficiencies are split into the initial
part and final part of the data-taking period, as shown in Fig. 6.1.

Trigger efficiency
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(a) Initial data-taking period (b) Final data-taking period

Figure 6.1.: Muon trigger efficiencies parameterised by its pr and |7|, split by the data-taking period.
To maintain a consistent background rejection, the trigger efficiency is lower in the end-
caps where the muon background rate is larger and for low pr muons where the track
reconstruction is poorer. Inefficiencies for high pr muons result from misidentified charged
hadrons or issues in reconstructing the pr for straight tracks. Most of the trigger efficiency
arises from the L1T decision which is heavily constrained by the timing budget. The differ-
ences between the data-taking periods are at most 2%, with significant overlap within the
uncertainties.

This efficiency, ¢;, is associated to a single muon; however, events collected with higher
muon multiplicities were triggered by any of the muons, hence the efficiency associated with
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the event, ¢, for any number of muons is

e=1— [] (1—e), (6.3)

i€muons
as follows from a binomial distribution where at least one muon must pass the trigger selection.
This efficiency scales the MC event weight in regions collected by the muon triggers with a

luminosity-weighted average of the initial and final data-taking periods.

6.2.2. Electron trigger efficiency

The electron trigger efficiency measurement [63] follows a similar procedure to the muons. The
analysis selection is applied to the tag and the probe, with relaxed kinematic criteria. The pair
of electrons are formed into a Z boson candidate with a fit to the invariant mass distribution to
extract the signal contribution and determine the efficiency of the electron trigger selection.
Systematic uncertainties are determined with the same method detailed for the muon trigger
efficiencies. The efficiencies for the electron trigger selection is shown in Fig. 6.2 and follow the

same event-based efficiency in Eq. 6.3.
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Figure 6.2.: Electron trigger efficiency with a threshold of pr > 27 GeV, parameterised with the pt and
absolute supercluster position in 7, |7sc|. The low pr inefficiency is driven by the trigger
threshold and the efficiency in the partially uninstrumented gap in the ECAL is shown in
the bin 1.444 < |gc| < 1.566.



6.2. Trigger Efficiency 59

6.2.3. pTisS trigger efficiency

The p™iss trigger paths collect events for the pTiss + jets, i + jets, up + jets, 7, + jets and the
equivalent QCD multijet enriched sidebands. To measure the efficiency in data, an independent
set of events are collected using the single muon triggers which may pass or fail the pTiss trigger
requirements. Furthermore, the pis® triggers primarily place a selection on the recoil which
ignores the muons, allowing events to populate the tail of the recoil distribution. No reference
trigger is required in MC and the efficiency is extracted from the trigger emulation. The results
for Z(— v) +jets, W(— fv) +jets and Z/7*(— £f) + jets shown in Fig. 6.3, alongside the

measurements from data in the y + jets and pu + jets regions.
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Figure 6.3.: The dependence of the pis® trigger efficiency on the offline recoil I. The efficiency below
200 GeV (grey band) is shown, however, these events are removed in the final analysis.
The uncertainty bands represent the 68.2% asymmetric confidence interval on a binomial
distribution for a given total number of event with a fraction passing the selection. This
band only includes the statistical uncertainty in both simulation and data.

The lower efficiency measured in data is a result of the evolution of trigger paths to higher
thresholds as the beam luminosity increased throughout the 2016 data-taking period, whereas
the simulated trigger efficiency is primarily controlled by the lowest threshold. The impact
of the evolving trigger paths in data is replicated in MC by applying a scale factor correction
determined from the ratio of data to MC efficiency, parameterised with the recoil. However,
a clear efficiency difference is observed between the various muon multiplicity regions. In
fact, the HLT muon collection is not perfectly aligned with the offline reconstructed collection
causing some muons to be included in the HLT recoil calculation leading to values below the
thresholds. This is significantly mitigated by the addition of a p'* trigger path which selects
events with a p2iss above 75 GeV and an isolated track with pr > 50 GeV. This recovers events
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where the muon was misidentified at the HLT level, however, still classified as an isolated track.
The corresponding trigger efficiency measurements are shown in Fig. 6.4, with a significant

improvement between the muon multiplicity regions.
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Figure 6.4.: The pIiss trigger efficiency measurements similar to Fig. 6.3, with the addition of the
isolated track selection.

The pTiss trigger scale factors are taken from the y + jets region where the statistical
uncertainty is the lowest. The remaining difference in the scale factors between the y + jets
and pp + jets regions, shown in Fig. 6.5a is taken as a systematic uncertainty to cover residual
effects from the muon mismatch between the HLT and offline. The effect of using the muon
triggers as a reference in data is emulated in simulation and the difference between the nominal
scale factor is taken as a systematic uncertainty. A final systematic uncertainty is determined by
the difference in the scale factors in an independent region, namely the u + jets QCD enriched
sideband. The scale factors and the associated systematic uncertainties are shown in Fig. 6.5.
The reference trigger introduces a small bias of less than 0.5%, whereas the muon multiplicity
systematic covers a 1% effect and the QCD sideband a 2% effect at ¢/ = 200 GeV and drops off
to a negligible level above 500 GeV where the efficiencies and scale factors plateau at 1. The
scale factors associated with the y + jets region in Fig. 6.5a is applied to all events collected by
piiss trigeers to primarily correct for the changing conditions during data taking by up to 2%,
with three systematic uncertainties propagated as alternative templates for the final statistical

analysis to cover biases in the scale factor measurement.

The muon multiplicity systematic is decorrelated between the pi® + jets, y + jets and
up + jets, allowing the systematic effect to pull each in separate directions. The reference
trigger systematic is correlated among all regions. Similarly to the muon multiplicity, the
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Figure 6.5.: The pIss trigger scale factors measured for various regions to determine the central cor-
rection and relative difference between them for systematic uncertainties. The statistical
uncertainties in the scale factors would artificially inflate the scale factors due to correlations
between the bins, therefore, it is not used any further in the analysis.

independent sample systematic is decorrelated among all regions. This correlation scheme is a
conservative estimate of the underlying uncertainty with the estimation of the pTss trigger

scale factors.
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6.3. Object-based corrections

Corrections based on the physics objects of an event may alter the weight of the event and will
be discussed here, along with corrections to particle kinematics. Furthermore, the selection
discussed in Sec. 5.5.2 are not strict requirements on MC events. In particular, events with
an object and an associated scale-factor f will contribute to the object selection regions by a
weight f. However, this event will also contribute to object veto regions by a weight 1 — f
such that the total contribution of the event across all regions becomes 1, leaving the overall
cross-section unchanged. When f = 1 the strict veto requirements are recovered and the event
does not enter the object vetoing regions. The uncertainty on the efficiency of a selection is

encoded in the scale-factor, 6 f, such that the weight where the event is vetoed is

1—f=1-Nf(fo,6f1) =1~ (fo+Ns(0,1)6f1), (6.4)

where fy is the central value of the scale-factor, 6 is its 1o variation and N¢(p, o) is a gaussian
distributed random variable with a mean u and width ¢. Therefore, MC events vetoed may
still contribute to a region, albeit weighted down or possibly negatively. Such a procedure is
performed with muons, electrons, photons, 7,-leptons and b-tagged jets for both the veto and

selection definitions.

6.3.1. Muons

Muons are formed from tracks with identification and isolation requirements to reduce misiden-

tification. The efficiency in selecting muons is factorised into
ey = €, (IDltrack)e, (Iso[ID) , (6.5)

where the track collection efficiency is near 100% and hence omitted. The parameter ¢(ID|track)
is the identification efficiency for a given set of tracks and e(Iso|ID) is the isolation efficiency
given a collection of muons passing identification requirements. Since the analysis uses two
muon identification and isolation requirements the efficiency must be measured for both the
veto and selection criteria. The measurement is performed using the tag and probe technique
with the tag passing a tight set of requirements to ensure minimal misidentifications and the
probe defined as a set of tracks or muons with an isolation requirement [62]. Similarly to the
muon trigger efficiency measurements, the events are split into bins of lepton pr and 1. A
likelihood fit to the invariant mass distribution of each bin is independently performed to
extract the signal contribution for the numerator and denominator of the efficiency: probes
passing the isolation and identification requirements and all probes, respectively. A similar
approach is performed in MC.
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During the 2016 data-taking period, saturation issues in the pre-amplifier chips for the

tracker resulted in a loss of hits. This effect was mitigated in the later part of this period and

further reduced by a re-processing of the data. Nevertheless, the identification and isolation

efficiencies are split into the initial part and final part of the data-taking period. The ratio

of the efficiencies measured in data and MC for each period is shown in Fig. 6.6 and 6.7

and subsequently the product of the identification and isolation scale-factors is applied as a

correction to MC.
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Figure 6.6.: Muon identification (id) scale corrections applied to MC, parameterised with the muon pt
and |#|. The top row shows the scale-factors for veto muons with corrections less than 1% as
a result of the basic selection. The bottom row shows the scale-factors for selection muons
with corrections from 1-4% with the largest discrepancies on the edges of the endcaps
(09 < || < 1.2 and 2.1 < |5| < 2.4) where the muon identification modelling does not

perform as well in MC.
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Figure 6.7.: Muon isolation (iso) scale corrections applied to MC, parameterised with the muon pr and
|7]. The modelling of the isolation in MC is better than the identification with at most 2%
difference for selection muons with discrepancies only in the low pr region. The z-axis
range is the same as the muon identification scale factor in Fig. 6.6.

6.3.2. Electrons and Photons

The efficiency of the identification and isolation of electromagnetic showers are measured
l. A

fit to the invariant mass distribution of electron pairs is performed to extract the signal yield

with the tag and probe technique in a similar manner to the muon-based efficiencies [

in various probe pr and 7 bins. This allows the efficiencies to be determined with analogous
measurements in MC with the counting method. Systematic uncertainties are determined
from the variation in efficiencies from altering the tag selection, signal model (template from
MC or fully parametric), background model, MC generator (LO against NLO), and additional
sources for the photon identification efficiency to account for differences in the electron and
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photon showers. The ratio of the efficiency in data and MC is determined, shown in Fig. 6.8
and applied as a correction to MC.
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Figure 6.8.: Electron and photon identification scale-factors for the various analysis-level object categori-
sations. The bands at 1.444 < || < 1.566 correspond to the partially uninstrumented gap
in the ECAL. The corrections typically arise from the mismodelling of the interactions of
electromagnetic particles with the inner detector material resulting in photon conversions
and Bremsstrahlung, particularly in the endcaps.

In addition, the efficiency for the reconstruction of GSF tracks matched to ECAL deposits is
measured with the same method and shown in Fig. 6.9. Similarly, the efficiency from vetoing
photons with consistent track in the pixel detector is measured with a similar method in
Z/v* — utu~ vy, where the tag consists of a muon pair and the probe a final state radiated
photon. The ratio of the efficiency in data and MC for the GSF track veto is shown in Fig. 6.10.

Finally, the difference in the scale and resolution of electrons and photons in data and MC
is measured from the impact on the mean and width of the invariant mass distribution in
Z/v* — ete events. A fit to the Z lineshape is performed to extract the mean and width in
data and MC. The observed difference is used as a correction to electron and photon energies
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Figure 6.9.: Electron scale-factors associated with the reconstruction of electrons from tracks and ECAL
deposits. The ECAL partially uninstrumented gap at 1.444 < |y7| < 1.566. Mostly a good
agreement between data and MC with deviations for low p and endcap electrons, again
affected by material interactions.
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Figure 6.10.: Photon pixel veto scale-factors parameterised by |#| and Ry, the ratio of energy deposited
in a 3 x 3 grid of crystals surrounding the seeding crystal with the full supercrystal energy.
The Ry variable is sensitive to unconverted (Rg < 0.94) and converted (Rg 2 0.94) photons.
The pixel veto removes photon candidates matched to tracks in the pixel detector.

with associated systematic uncertainties from the signal and background models, MC generator
and differences between the electron and photon showers.



6.3. Object-based corrections 67

6.3.3. Jets

The detector response to objects, especially the cluster of particles in jets, is not linear. Therefore,
a set of jet energy corrections are measured and applied to map the reconstructed jet energy to
the particle-level equivalent (the energy of all generated particles originating from the parton
excluding neutrinos). A factorised approach is implemented with each level accounting for
different effects [68].

The first step mitigates the contribution of particles from pileup vertices which fall within
the cone of the jet. This contribution is determined with the random cone method in zero
bias events and in simulations without any hard interactions. Zero bias events are collected
by randomly selecting collisions regardless of their content. Since the hard interaction cross-
section is small this typically selected events with pileup interactions. The random cone
method consists of placing a random set of jet cones in a zero bias event, clustering the particles
falling within these cones, and determining the energies of these jets. This energy represents
the contribution to a jet from pileup and is parameterised by the event energy density and
jet pr and 7. A systematic uncertainty is determined by comparing the correction from the
random cone method to the generator-level in MC.

The second step involves the correction to particle-level jets. Again, this is determined from
QCD dijet simulations by comparing the reconstructed jet pr to particle-level pr, parameterised
by the jet pr and 77. A systematic uncertainty is determined for this correction as a result of its
dependence on the underlying detector calibrations with results from test beam studies.

The third and final step attempts to resolve residual differences between data and MC.
These corrections are applied to data since the aim is to replicate the particle-level descrip-
tion which is only available in simulation. This step is split into two stages: the first is
an 77-dependent correction determined from dijet events with barrel jets used as a refer-
ence, and a second a pr-dependent scale difference between data and MC determined from
Z/v*(— 00) +jets, v +jets and QCD multijet events. In these processes the jet energy re-
sponse is studied by comparing reconstructed jets to particle-level jets on a jet-by-jet basis
and also the whole hadronic activity from the correlation of a particle-level jet to the missing
transverse energy of the event. These methods do not fully capture the dependence as a
result of the correlation between initial (ISR) or final state radiated (FSR) jets. Therefore, an
additional correction is determined by probing the 77-dependent corrections with a selection to
enhance the effect of this correlation. Along with these corrections are associated systematic
uncertainties to cover the modelling in MC from an alternative event generator, statistical
uncertainties in the data due to trigger prescales, dependence of the corrections over the data
taking period, constituent particle energy uncertainties, and the residual difference between
the dijet, v + jets and Z/~*(— £¢) + jets samples after all corrections have been applied.
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In addition to the jet energy response difference between data and MC the resolution is
corrected for by comparing the balance of jets in a dijet event. The scale determined to correct
the MC resolution of the dijet balance is applied to MC jets by smearing their energies with
a random variable sampled from a gaussian distribution with a scaled width. Systematic
uncertainties are determined by comparing the results to the particle-level imbalance, the effect
of removing particles below 10 GeV, non-gaussian tails in the resolution due to rare detector
effects and the pr-dependence is propagated through the smearing.

All these corrections, and uncertainties, are propagated through all jet-related quantities
such as the missing transverse momentum where the jet energy correction k;, encoding both

scale and resolution corrections, results in a shift in the p%ﬁss according to

ﬁ%ﬁss — r—)'%liss + Z ﬁT,i (1 _ kl) , (66)

i€jets

where the sum is over clustered jets, i.e. pr > 15GeV. The corrected pTiss quantity is used in

subsequent derivatives such as the recoil.

T,-tagged jets

The jet energy corrections discussed above are determined under the assumption that the jet
originates from a parton. Therefore, the corrections are not applied to 7,-tagged jets, instead
a scale-factor is determined to correct the efficiency of 7,-lepton identification in MC. The
efficiency in data is measured using the tag and probe method in Z/y* — v 7~ decays, where
one 7-lepton decays into a well reconstructed muon to tag the event and the other into one
of the hadronic decay modes to probe the identification. A fit is performed to the invariant
mass of the visible particles to extract the signal contribution with templates taken from MC
for the signal and most backgrounds. Systematic uncertainties on the identification efficiency
are determined from the background normalisation, p¢ uncertainties and limited sample
sizes [09]. The scale-factors and uncertainties to correct the T, identification efficiency in MC is
shown in Fig. 6.11.

b-tagged jets

Jets tagged as originating from b-hadrons have the jet energy corrections applied, however, the
b-tagging discriminant is not perfectly modelled in MC due to detector simulation limitations
and the accuracy of the generator modelling the parton shower and hadronisation. Therefore,
a scale-factor is determined for the efficiency of b-tagging jets from QCD multijet, muon-
enriched jet, dilepton tf and single lepton tf samples [65]. The efficiency is parameterised
by the jet flavour (grouped in b, ¢ and udsg flavours), pr and 7. In simulation, the tagging
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Figure 6.11.: T, identification scale-factors parameterised by the 7;, pr. The dashed line is placed at a
scale-factor of 1. The veto category is mostly consistent with 1 while the selection category
deviates by 5-10% as a result of attempting to reduce misidentifications by probing the
complex structure of multiple hadronic T-lepton decays.

efficiency is calculated by matching jets to generated jets with a particular hadron flavour.
Meanwhile, the data efficiency is measured with a pure sample with jets of a certain hadron
flavour using a selection which does not bias the jets with respect to the variables in the
tagging algorithm. Systematic uncertainties associated to the b-tag scale-factors are determined
by varying background normalisations, branching fractions of hadronic decays within the
PDG uncertainties, reweighting the distribution of the number of tracks, jet energy scale
uncertainties, electron and muon efficiencies and theoretical uncertainties from the event
generators. The scale-factors associated with the i-enumerated b-tagged jet, f;, is measured

with a parameteric form with the pt of the jet given by

po (1 + pipr) / (1 + p2p1), cand b-hadrons

filpr) = (6.7)

po + pipr + pzp% + pgp%, udsg-hadrons

where py, p1, p2 and p3 are parameters measured from a fit to the scale-factors in categories
based on the jet flavour, pr and 7. In the context of this analysis, b-tagged jets are vetoed,

therefore the event weight becomes

w—w [ 1-£). (6.8)

icb—jets
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6.4. Luminosity

The integrated luminosity £ measured for the data-taking period directly scales the weight of
a MC event. At CMS the pixels, drift tubes, HF and other detectors perform complimentary
measurements of the luminosity by rate counting, R, for visible processes with a cross-section
Oyis- The luminosity is determined as

R

L= oo (6.9)

where the visible cross-section and calibrations of each detector is performed by conducting Van
der Meer scans [70] prior to data-taking collisions. The data collected during 2016 corresponds
to an integrated luminosity of 35.9 fb~! with uncertainties from the precision of the visible
cross-section and calibration measurements along with extrapolations to data-taking collisions

resulting in a 2.5% uncertainty [71] on the luminosity measurement.

6.5. Pileup reweighting

The pileup overlay applied to each simulated event is generated by the PYTHIAS8.2 package
with the number of pileup vertices sampled from a poisson distribution with a tail to higher
vertex multiplicities, as shown in Fig. 6.12. In data, for a given instantaneous luminosity, the
number of pileup vertices is expected to be poisson distributed. Therefore, a reweighting
procedure corrects the MC distribution to reflect that observed in data, without altering the
normalisation determined from the product of the process cross-section and the integrated
luminosity. The number of interactions in data is estimated from the measured luminosity in
each bunch crossing and the average total inelastic cross-section. Furthermore, data measure-
ments are averaged over periods of constant instantaneous luminosity to compare with the
mean of poisson distribution sampled in MC, rather than the number of vertices in a particular
event. The total inelastic cross-section, measured by CMS, is 69.2 mb, with an uncertainty of
4.6% represented by the bands in Fig. 6.12. These £1c variations are propagated through to
the Z invisible width measurement.

6.6. ECAL timing degradation

A gradual degradation in the ECAL timing has caused some L1T ECAL towers to be associated
with the incorrect bunch crossing (BX). The L1T logic prevents three successive bunch crossings
to be accepted to avoid buffer overflows. Therefore, the deposit in the ECAL is wrongly
associated to an early crossing which may lead to a L1T accept, later discarded in the HLT



6.6. ECAL timing degradation 71

CMS 35.9 fb~! (13 TeV)
0 T T T T T | T T T ‘ T
§ 0'06_ [1 Data |
- [ 1 MC
2 0.04 R
Q
E - 4
=] L 4
(et
< I l
3 002+ B
< L i
g I l
2 L i

0.00 —

i T T T I T T | T T T ‘ T ]
£ [ ]
P T :
S i
wn | i

O 1 1 L I 1 1 1 | 1 1 1

0 20 40 60

Mean number of interactions

Figure 6.12.: The distribution of the mean number of interactions the events are sampled from, closely
following a poisson distribution with a long tail in MC. The uncertainty band is determined
by varying the total inelastic cross-section by 4.6%. The average of the mean number of
interactions in data is 22.7, under the LHC beam conditions provided during 2016.

where the timing issue is not present. However, the correct crossing is vetoed by the L1T logic
resulting in a loss in efficiency in the data collection. This primarily affects events with ECAL

deposits in the endcaps where the timing degradation is most prevalent.

The efficiency of this issue is measured by collecting immune events which occur three
bunch crossings after a L1T accepted crossing. The immune event is labelled as BX 4 0 and
the n-enumerated crossing before as BX — 1 and after as BX + n. Since BX — 3 is accepted by
the L1T the crossings BX — 2 and BX — 1 are vetoed, hence they cannot veto BX 4 0. Although
these events are immune to the issue, they are tagged as events that would have been vetoed
if BX — 1 or BX — 2 contains a L1T object from BX + 0. However, the event is recovered since
it is protected by the preceding BX — 3. The efficiency is determined from the set of immune
events, with and without a problematic L1T object. It is parameterised by the pr and 7 of the
reconstructed jet associated with the problematic L1T object. In MC the efficiency of this issue
is determined from a product over the measured efficiencies associated to each object which is
applied as a correction to the event weight.
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6.7. Theory corrections

The cross-section applied directly to the event weight of a MC process is calculated by theoret-
ical predictions of the highest available order in the strong and electroweak (EW) coupling
constants. Associated systematic uncertainties are determined by varying the QCD factorisa-
tion and renormalisation scale up and down by a factor of two. This is done for the independent
variation of the two scales and the fully correlated variation, with the largest of the six varia-
tions taken as the systematic uncertainty. In addition, the uncertainties from the measurements
of the sampled NNPDF3.0 parton distribution functions (PDF) [60] are propagated by 100
variations, each randomly sampled from the original distributions of the PDFs.

An alternative method is applied to the signal and dominant V + jets processes. These are
generated at NLO in the strong coupling constant, however, instead of scaling the normalisation
up to the highest order available, a reweighting of the boson pr distribution is performed for
a more accurate prediction. This approach reweights the MC to NNLO QCD and NLO EW
with next-to-leading logarithm (NLL) EW corrections [72]. This procedure scales the cross-
section parameterised by the boson pr, determined from the generated decay products (with
photons within AR < 0.1 of a charged lepton summed into their 4-momentum). Systematic
uncertainties determined for the QCD corrections include variations in the factorisation and
renormalisation scales with the addition of a possible boson pt dependence and encoding the

correlation between the Z + jets and W -+ jets processes.

Another set of systematic uncertainties are determined for the EW corrections to cover
higher-order effects and an additional systematic uncertainty on unaccounted contributions
from diagrams of mixed order in the strong and EW coupling constants by taking the difference
between an additive and factorised combination of the separate QCD and EW corrections. The
PDF uncertainties are propagated with the same procedure as for other generated processes.
The full set of uncertainties are detailed in Tab. 6.1, with the correlation scheme [72].

6.8. pTiss calibration

The missing energy appears in the analysis selection as the recoil variable I/, with the criteria
U > 200GeV driven by the trigger thresholds. This parameter acts as a proxy for the boson
pr in V + jets processes. The simulation modelling of the recoil as a proxy for the boson pr
is confirmed in data by calibration with £/ + jets events. These events have an independent
measure of the boson pr through the dilepton pr. Discrepancies in the modelling are typically
due to the nonlinear response of the calorimeters to hadronic particles and the modelling of
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Label W +jets Z+jets Correlation Other Description

5(1)kQCD v v v v Factorisation and renormalisation
scale variations.

5(2)kQCD v v v Boson pt dependence of the QCD
scales.

) (3)kQCD v Correlations between QCD effects

in Z +jets and W + jets processes,
relative to Z + jets.

SWkew v v v Universal unknown Sudakov loga-
rithms beyond NNLO.
5@ kew v v 5% of the absolute full NLO EW cor-

rection for a conservative estimate
of non-Sudakov factors.

5@ kew v v Difference between a naive and rig-
orous NLL Sudakov approximation.

Ok mix v v v Mixing terms with strong and EW
coupling vertices.

Okppr v v v v 100 PDF variations.

Table 6.1.: All systematic uncertainties included from the theory prediction of process cross-sections
with a tick for which processes the uncertainty affects split into either W + jets, Z + jets or
other processes. A tick in the correlation column signifies the full correlation between the
W +jets and Z + jets processes, otherwise the uncertainty is uncorrelated. A brief description
of each uncertainty is given.

interactions with the inner detector. A schematic diagram of the event kinematics is shown in
Fig. 6.13.

The parallel component u | probes imperfect calibrations of the piss typically from mis-
measurement in the hadronic system, whereas the perpendicular component U/; probes the
isotropic nature of the energy fluctuations from noise and pileup particles. The magnitude
of the 171” subtracted by pr s along with the magnitude of the U, are expected to be centred
on the scale of the p7"*® and a width corresponding to its resolution. The distribution of these

variables is shown in Fig. 6.14.

A maximum likelihood fit is performed to the data, with backgrounds, typically VBS,
subtracted by a template determined from MC, and the signal modelled as a Voigtian — the
convolution of a Gaussian with a Breit-Wigner which captures the peaking nature of the
distribution smeared by the detector resolution. A large tail is seen in the backgrounds within
the U distribution as a result of processes with invisible particles leading to real piss whereas
the background in the ¢/, distribution is symmetric. The Voigtian fit is also performed on the
signal MC distribution to estimate the scale and resolution in MC. The scale is given by the
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ﬁT,ZO

ﬁT,fl

Figure 6.13.: The x-y plane kinematics of a Z/y*(— () + jets event showing the momenta of the lead-
ing lepton ¢y, subleading lepton /;, their sum pt/; the missing transverse momentum
pmiss; the recoil, defined as U= Pr.oc + PISS; and the parallel and perpendicular compo-
nents of the recoil along the pr/ axis, u I and U | respectively. The interaction point (IP) is
at the centre. The missing energy is spurious as a result of mismeasurement, particles out
of acceptance or from pileup vertices, and noise.

mean of the distribution while the width is extracted as

oy = \/leﬁ (0.53467 +1/0216692 + 21n(2)(72> , (6.10)
for a Voigtian with a Gaussian centred on ug and a width ¢ and a Breit-Wigner also centred
on up and a width . When 7 < ¢ the distribution reduces to a Gaussian. These parameters
are extracted from a fit in bins of pr s since the detector resolution varies with the energy of
particle tracks and deposits. The distribution of p1 s is shown in Fig. 6.15 which is divided
into 20 bins of equal events in data, rounded to the nearest 5GeV for convenience. The fit is
performed in each pr, bin with 10 GeV bins in the U/ — pt and U, dimensions. A prediction
for the number of events in each bin is determined from the sum of the Voigtian and the MC
background template. The signal normalisation is unconstrained and determined from the
tit, along with the ug, v and oy parameters. Furthermore, the background contribution in
each bin is constrained by a gamma distribution' centred on the MC prediction. Occasionally
the background contribution is negative as a result of NLO MC event generator weights
leading to a negative probability density function in the maximum likelihood fit. To avoid the
negative contributions, adjacent 10 GeV bins are merged until all background contributions are
positive. This proves to be a robust method while maintaining a satisfactory number of bins.
Additional fitting issues arise when the oy parameter is near the lower limit at zero. In such
cases the 7y parameter is fixed at zero and reliable results are recovered. These precautions
are also used in the MC fits. Example fits in data and MC are shown in Fig. 6.16. The good
agreement in the data fit implies the statistical uncertainty in the background dominates

IThe gamma distribution is the generalised poisson distribution to real numbers, such as for weighted events
from simulations.
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Figure 6.14.: Distributions of the /| — pr¢ and U for the pp + jets and ee + jets regions with the ¢/
requirement relaxed to ¢/ > 100 GeV to probe their dependence with lower recoil while
maintaining a reliable p7'** trigger scale factor measurement.

over the systematic uncertainties. Conversely, the systematic uncertainties in the MC fit may
dominate. To determine the effect of the systematic uncertainties, the MC fit is performed
under the =10 hypotheses for all systematic variations and the difference between the nominal
fit parameters is taken as a systematic uncertainty. These are combined in quadrature for
the final MC fit uncertainties. Most systematic uncertainties alter the normalisation of these
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Figure 6.15.: Dilepton pr, distributions peaking near 200 GeV as a result of the kinematic selection
placed on the recoil and the leading jet.

distributions and hence do not impact the scale and the resolution. However, the lepton and

jet energy scale uncertainties have the largest impact.

The scale 1y and resolution oy extracted from the fits for each p bin is shown in Fig. 6.17
for the pp + jets region and Fig. 6.18 for the ee + jets region.  The scale and resolution in
both the ppt + jets and ee + jets region agree within their respective uncertainties. Therefore,
no additional corrections are derived for the scale or the resolution since the recoil as a proxy
for the boson pr is well-modelled in MC. A few outliers with residuals beyond +1 are seen;
however, the number is not significantly beyond expectations given the number of bins probed.
Furthermore, the most important parameter, the parallel scale, shows an overestimate in the

systematic uncertainties.

Additional studies into the recoil calibration with the number of pileup vertices have been

performed elsewhere [73] and show good agreement between data and MC.
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Figure 6.16.: Fit results for the Z/* — u™ ™~ process in py 4, bin 180-190 GeV in data and MC; showing
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the fit result, background (Bkg.) prefit and postfit, signal Voigtian (Sig.) and the total fit

result and it’s uncertainty band; for the i/ — py distribution. The merging of bins is

apparent with the wide bin where the background estimation increases by a factor of 10 as
a result of large event weights leading to low effective MC statistics with this wide bin.
The residuals represent the difference between the data points and the fit result with good
agreement in the data fit and slightly worse in the MC fit as systematic uncertainties are

not included to cover the discrepancy.
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Figure 6.17.: The p™i® scale and resolution from the fit to data and MC in the pp + jets region. The
residuals represent the difference between data and MC, scaled by the reciprocal of the
uncertainties added in quadrature.
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Figure 6.18.: Similar results to Fig. 6.17 in the ee + jets region.
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6.9. Summary

Corrections are applied to simulation to improve the modelling of data, typically determined
from data-driven measurements of scale factors to correct the efficiency of a selection in MC to
match the data efficiency, along with systematic uncertainties representing limitations in the

scale factors.

The first set of corrections fix the emulated trigger efficiency in MC for the single muon and
electron trigger paths measured in Z/* — (¢ events with the tag and probe method. The piss
trigger scale factors are determined from events collected by the single muon trigger paths
as a reference. Systematic uncertainties estimate the effect of the muon mismatch between
the HLT and offline selection, the use of the single muon trigger reference and variations
from an independent region. After the trigger corrections are applied, object based selection
corrections are measured, typically with the tag and probe method, for the muon identification
and isolation; electron identification, isolation and reconstruction; photon identification and
track veto; and jet b and T13,-tag identification. Similarly, the energy and pr scale corrections and
systematic uncertainties are measured for muons, Tj, electrons, photons and jets, all of which
are propagated through the recoil calculation. Global event-based corrections and uncertainties
are determined for the luminosity measurement, pileup reweighting, ECAL timing degradation
and theory corrections to higher precision in QCD and electroweak vertices including QCD
factorisation and renormalisation scale and PDF variations. The use of the recoil variable as a
proxy for the boson py in Z(— v7) + jets, W(— fv) + jets and Z/y*(— ££) + jets processes is
probed in Z/y*(— ¢f) + jets events by splitting the recoil into a parallel and perpendicular
component to extract the scale and resolution in both data and MC. The results show good
agreement, within uncertainties, hence no additional corrections or systematic uncertainties

are required.

All corrections are applied to the relevant processes in simulated events. Alternative
distributions are provided under the +1¢ variations for later likelihood fits to extract the
Z(— vi) +jets and Z(— £f) + jets event yields in determining the Z invisible width.



Chapter 7.

Background estimation

7.1. Introduction

The processes used to extract the Z invisible width are Z — v7 and Z — ¢¢. The Z — ¢
process is selected by the upu + jets and ee + jets regions and receives small contributions
from background processes, predominantly diboson, as a result of the signal enhancement
from the invariant mass selection. Therefore, these backgrounds are estimated from MC after
the corrections discussed in Chap. 6 are applied. Furthermore, the distinction between the
Z/v* — €€ and Z — ({ processes requires an estimate of the contribution of the * background
as well as the interference between Z and *. With the invariant mass selection, the 7* and
interference contributions are percent-level and hence estimated directly from MC simula-
tions where the Z and * contributions are subsequently turned off in the event generation.
Meanwhile, the Z — v process is collected in the pIiss + jets region which is contaminated by
the W — /v decay where the lepton is out of acceptance or a misidentified 1;,. This W — fv
background is estimated by a data-driven control region method. The remaining backgrounds
are significantly smaller and estimated from MC, apart from the QCD multijet background
which, although small, is estimated with a data-driven method because of large uncertainties
associated with the QCD multijet prediction in MC. All these estimation methods are discussed
in this chapter.

The estimation methods are performed in orthogonal control regions to the piiss + jets
and /¢ + jets signal regions. However, decisions on further categorisation within the regions
is closely aligned to the signal regions. Although the determination of the Z invisible width
requires the overall event yield for the Z — vi and Z — ¢/ processes, the U is divided into
bins to exploit the background and systematic uncertainty dependence on this parameter. The
chosen bin widths are approximately equivalent to the resolution of the ¢/ with an open-ended
final bin, as detailed in Tab. 7.1.

81
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200-220 220-250 250-280  280-310 310-340 340-370  370-400

400430 430470 470-510  510-550 550-590 590-640  640-690

690-740 740-790 790-840  840-900 900-960 960-1020 1020-1090
1090-1160 1160-1250 1250-1400 1400-inf

Table 7.1.: Division of the recoil, in GeV, into 25 bins for the background estimation and Z invisible
width extraction. Exploiting the shape of the recoil distribution exposes regions with larger
signal to background ratios and various systematic uncertainty contributions.

7.2. W — £Lv prediction

The W — (v process contribution in the piss + jets region is estimated from an orthogonal
control region defined by the reconstruction and selection of a single lepton, rather than
vetoing all leptons. Two control regions are defined: the i + jets and e + jets, both are used in
this estimation method as a source of well-reconstructed leptons and complement each other.
These regions are linked to the pTiss + jets region through the transfer factor method, discussed
in the following section. In addition to the two control regions, the T;, + jets is defined as a
validation region to test the use of muon and electron final states to primarily predict the
T-lepton decay of the W — fv process.

7.2.1. p 4 jets control region

The u + jets control region provides the primary measurement for the data-driven estimate
of W — (v in the pIss + jets region. It differs from this region by requiring a single well-
reconstructed muon in the final state along with a transverse invariant mass between the muon
and the p2ss between 30 and 125 GeV. The kinematic distributions for this region are shown
in Fig. 7.1. The most prominent processes include the signal of interest, W(— puv) + jets
(82.1%), along with backgrounds from: W — /v with a t-lepton decaying into a muon (5.4%);
t-quark production (5.3%) and subsequent decay into a muon, jets and neutrinos; diboson
production (2.0%); Drell-Yan production of dimuons (2.0%) with one muon out of acceptance or
misreconstructed; QCD multijet (1.3%) and other processes (1.9%). The shape of the data and
MC distributions are in agreement. Dependence, for instance, with the lead muon # is covered
by systematic uncertainties which are larger in the endcaps where the particle flux is greater
and the magnetic field is more complex. However, there is a significant discrepancy of 10%
between the data and MC normalisation, currently attributed to a normalisation issue with the

W + jets production'. The analysis is designed to be robust against incorrect normalisations

1 This issue has been identified as a problematic cross section deviating from the true theory prediction by about
10% across the full boson pt range for the W + jets process.
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Figure 7.1.: Distributions of kinematic variables within the y + jets region. The ratio of data to MC is
shown in the lower sub-panels along with the statistical uncertainty associated with the MC
prediction, without any systematic uncertainties. Processes with the largest cross sections
are labelled with a grouping of the smallest contributions into the ‘minor’ background.

with the V + jets process through data-driven measurements. This is investigated further by
inspecting the e + jets control region.

7.2.2. e + jets control region

The selection for the e + jets control region is closely aligned to the y + jets to provide a com-
plementary measurement of the W(— ¢v) + jets process. However, the additional selection
pmiss > 100 GeV reduces QCD multijet contamination within this region and the statistical
power to measure the W(— (v) + jets process. The kinematic distributions of this region are
shown in Fig. 7.2 where the same 10% discrepancy between the normalisation in data and
MC is observed, although the shapes of the distributions are in good agreement. Therefore,
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Figure 7.2.: Kinematic variable distributions of the e + jets control region. The ratio of data to MC gives
an indication of their agreement within statistical uncertainties on both the data and MC.
However, no systematic uncertainties are included. The most prominent processes are the
electron (81.1%) and t-lepton (7.4%) decays of the W boson, with subsequently smaller
contributions from ¢-quark production (6.6%) and other ‘minor” backgrounds which include
diboson, Z/v* — e*e” and QCD multijet processes. The asymmetry in the lead electron
1 is covered by electron identification uncertainties which are significantly larger in the
forward 7 regions.

the normalisation is not attributed to the muon or electron reconstruction and identification
or the trigger since they differ for the i 4 jets and e -+ jets regions. This supports the original
hypothesis of a normalisation issue with the W + jets process. Under this hypothesis the
normalisation is expected to persist into the pis* + jets region, scaled down by the relative
contribution of the W + jets process. Therefore, the data-driven estimate of this process is vital
for an accurate background prediction. The 7, + jets region is explored to further support or
refute this hypothesis. The different background composition compared to Fig. 7.1 is driven by
the additional pss selection in the e + jets region.
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7.2.3. Tj, + jets validation region

The 1), + jets validation region is more aligned with the pIss + jets region than the y + jets or
e + jets control regions since no well-reconstructed lepton exists in the final state, instead a
hadronic cluster is tagged as the decay product of a T-lepton. However, as shown in Fig. 7.3, this
region receives a substantial contribution from other hadronic final states with jets mistagged as
a 7, and a lower sample size due to the 7;,-tagging efficiency with a large associated uncertainty.
Therefore, for the purpose of measuring the W + jets process, the 1, + jets region does not
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Figure 7.3.: Kinematic distributions for the 7, + jets validation region. The W + jets process is dom-
inant with the 7-lepton (73.4%) and electron (6.9%) decays, with subsequently smaller
backgrounds from t-quark production (5.7%); QCD multijet (3.6%); diboson production
(3.2%); vector boson scattering, VBS (1.8%); and other contributions grouped into the ‘minor’
background.

provide a similar precision to the y + jets and e + jets regions. However, as a validation region
it supports the normalisation offset associated with the W + jets process at 8%, with the shapes
of the kinematic distribution in good agreement, within uncertainties, between data and MC.
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7.2.4. Systematic uncertainties

The W + jets background estimation is based on a data-driven estimate to improve the MC
prediction. The systematic uncertainties associated with the MC predictions, most notably from
limited knowledge of selection efficiencies, impact this estimation. The full set of systematic

uncertainties affecting the background estimation is as follows.

o All theory uncertainties discussed in Sec. 6.7.

e Veto efficiencies associated to uncertain corrections in vetoing b-jets, photons and -
leptons. The photons have two associated uncertainties: identification and pixel seed
veto efficiencies.

e Proton beam uncertainties such as the luminosity measurement (2.5 %) and the pileup

profile.

e Detector-based uncertainties due to online issues whilst recording data. The most signif-
icant uncertainty is due to the ECAL timing issue.

o Trigger efficiencies as described in Sec. 6.2.3 and 6.2.2. The piss trigger efficiency uncer-
tainty is split into three sources: reference trigger, muon multiplicity and independent
region. The reference trigger uncertainty is correlated between all regions whereas the
muon multiplicity is split into the 0 1, 1 x and 2 u regions and the independent region
systematic is uncorrelated between all regions.

e Muon efficiency uncertainties associated to veto and selection muon identification and

isolation with an uncorrelated statistical and systematic component.

o Electron efficiency uncertainties associated to veto and selection electron identification

and reconstruction.

e Jet energy correction uncertainties determined by varying the scale (JES) and resolution
(JER) of jet energies.

e Unclustered energy uncertainty encoding the impact of energy deposits, below the
clustering threshold, on piiss,

7.2.5. Transfer factor method

The transfer factor method is based on applying correction factors, determined from control
regions, to improve background predictions in a signal region whilst reducing the systematic
uncertainties associated with this estimation. The W + jets prediction in the pi* + jets region,
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Ngijﬂets (W +jets), is determined from the ¢ + jets regions as
miss_ Np%ﬁss‘H.EtS (W + jets) 0+ {4
NPEHS (Wt jets) = —MC_ (N ets _ NLgets (bkgs.)) (7.1)
pred {+jet . obs MC ’
Ny (W +jets)
where Nf,?clssﬂets(w + jets) and Nﬁgets (W + jets) are the MC predictions for the W + jets pro-
cess in the pIiss + jets and £ + jets regions, respectively; N';°® is the observed number of

events in data for the ¢ + jets regions, and Nﬁgas (bkgs.) is the MC prediction for the back-
grounds (processes other than W +-jets) in the ¢ + jets region. The transfer factor is given by

the ratio
. PSS tets .
PSS ts . Ny (W + jets)
By b jets (W +jets) = T Tiets : . (7.2)
Ny (W +jets)

Systematic uncertainties common in both the numerator and denominator typically cancel,
reducing the systematic uncertainty associated with the transfer factor, with respect to the
individual MC predictions. In practice, the transfer factor method is implemented within the
likelihood formalism (App. A) by scaling the W +jets process in the signal and control regions
by a common unconstrained parameter rw determined from a simultaneous fit to the data in
the pTiss + jets and ¢ + jets region. Here, the likelihood is given by the product over all ¢ bins

with two poisson terms for the pss + jets and ¢ + jets region with the expectation values

miss+~ t : . miser' t . ; . : .
T’ZS;T_m;]e S(e’ (PP?‘SSJr]etS) + 7’W5€\}_>4V]e 5(9’ ¢V+JetS) + bP?‘ISSJrJetS(B’ (Pp%ussﬂem) (7.3)
and
l+jets L +jet: (+jet: (+jet:
TWS gy (0, 979°) + b7195(0, 97 19F) (7.4)

respectively. The Z — v contribution in the pTis + jets region, sz_,p, is scaled by the pa-
rameter of interest rz; and similarly by rw for the W — ¢v process sw_,s,. The remaining
backgrounds, b, and all other processes depend on the gaussian constrained, 6, and poisson
constrained MC statistical, ¢, nuisance parameters. Superscripts denote the parameter’s asso-
ciated region. The scaling parameters rz and ry are correlated across all ¢/ bins, and estimated
from a fit to the data. Prior to the fit the MC predictions and the transfer factors are inspected,

as shown in Fig. 7.4.

The transfer factor is a steeply falling distribution where leptons from W decays are more
likely to be below the p acceptance, misreconstructed or misidentified with a lower recoil.
However, the pr of the lepton increases with the recoil and is significantly harder to miss,

resulting in the transfer factor tending to zero. Furthermore, the transfer factor is larger for the



88 Chapter 7. Background estimation

I Data Minors
I SM total QCD multijet )
CMS Z(—w)+j Z/y (= 1) +j 359fb™" (13 TeV
106 : 2.0 F
[T W R =T
‘ 5 15F % stat._:
P 104 i+ jets_ 104 p¥1ss + jetsT E syst. ]
5 5 1o -
iy~ 102 |- g ]
g 051 -]
100 l | I | I | I 100 L I S I I LEN | | O'O : I | I | l | i
1-5 : T I L I L l: 1.5 L T I L I L H 1.5 : T I L I L
£ 10 $ i : :
S . i
0'5 C (. I | 11 Ul 0'5 C l |1 I | I | 0'5 C l |1 I | l 111
500 1000 1500 500 1000 1500 500 1000 1500
U (GeV)
(a) Transfer factor for W + jets from the p + jets to pTisS + jets region.
§ Data Minors
1 SM total QCD multijet
106 EMS Z(— vv) +j Z/y (= 1) +j 5. 359 flbl‘l (13 TeV)
W(= ) +j " T Mc ]
' § £ stat. |
P 104 e+jets_ 104 P{fnlss —l—jets- :f‘: 2 I Syst.t
: 5 -
> b ]
M 02 102 | £ 1 -
= ]
100 i I ) Y - I 11 1| I 100 1 I ) S - I 11 | I 0 11 I 11 1 | I 11 1 |
]..5 : T T | T 1T | LI I: ]..5 L T T | T 1T I T 1T i 1.5 T T I L | L
'-8 1.0 - ITIII r ¢ : 1.0
g THTT E § '
0.5 : 11 I 1111 I 11 1 I: 0.5 : 1| I 1111 I 111 | [: 0'5 1| I 111 I 111
500 1000 1500 500 1000 1500 500 1000 1500

U (GeV)
(b) Transfer factor for W + jets from the e + jets to pIss + jets region.

Figure 7.4.: Distributions of the I/ variable in the y +jets, e + jets and pIi* + jets with the transfer factor
determined from the W + jets MC estimates. The transfer factor includes the uncertainties
associated with the limited number of generated MC events and systematic uncertainties
from all sources whereas the kinematic distributions only include the statistical uncertainties.
The distributions also include the analysis relevant processes.

e + jets predictor rather than y + jets because of the tighter selection and lower reconstruction
efficiency associated with the electrons.

The systematic uncertainties associated with the y + jets and e + jets transfer factor are

split into the theoretical and experimental uncertainties. The relative systematic uncertainties
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Figure 7.5.: Relative systematic uncertainties (%) on the W + jets transfer factor for the piiss + jets
region predicted by the p + jets control region. The uppermost panel includes all the
theoretical uncertainties, while the others include experimental uncertainties. The total
uncertainty, depicted in each panel, represents all uncertainties summed in quadrature.
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Figs. 7.5-7.8, with the uncertainties prior to the transfer factor shown in App. A.3. The

associated with the transfer factor (W +jets) are shown in
theoretical uncertainties primarily cancel as they affect the W + jets process equally in the
piss 4+ jets and p + jets regions. However, the parton distribution function (PDF) uncertainty
does not completely cancel as different partons initiate the interaction as a result of kinematic
sculpting by requirements on muon py and 1 which are not applied in the pi* + jets region.
Nevertheless, these contributions are small in comparison to the experimental uncertainties.
The dominant systematic uncertainties include the jet energy scale, 7;,-tag veto efficiency and
pileup reweighting uncertainty with large contributions from the pss trigger efficiency for
U < 250GeV. The alternative templates representing the £1¢ variations in the jet energy
scale uncertainty are statistically limited in their precision, whereas they are assumed to be
precise within the likelihood fit, leading to non-cancellations in the transfer factor. To partially
redeem this issue the alternative templates are smoothed in an attempt to remove statistical
fluctuations (App. A). Although this proves to be beneficial in obtaining a good fit to the data
the resulting uncertainty is typically dominated by the limited MC sample size.
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Figure 7.6.: Additional object-based systematic uncertainties to Fig. 7.5.
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A set of validation studies are performed to test the transfer factor and the extrapolation
involved in predicting the W + jets process in the pi*s + jets regions from the W + jets process
in the £ + jets region.

7.2.6. Validation

Several aspects of the transfer factor approach are tested to determine if additional systematic
uncertainties are required to cover mismodelling, undercoverage or bias in the MC prediction.
The major background in the pTiss + jets region consists of the W + jets process (34.7%), split
by decay mode: electron (6.3%), leptonic decay of the t-lepton (6.9%), muon (9.2%) and T,-
lepton (12.3%). The data-driven estimate of these processes is performed from the p + jets
and e + jets control regions. The leptonic decay of the T-lepton is similar to the electron and
muon decay modes, with a typically broader U/ distribution. However, the 7,-lepton decay
mode differs by being a fully hadronic final state. Therefore, the validation tests are as follows:
test the grouping of the muon and electron decay modes, test the extrapolation of the muon
and electron decay modes to predict the 7;,-lepton decay mode, and a test of the effects of W

polarisation.

The first test verifies the consistency of the u + jets and e + jets region to validate their
combination in measuring the W + jets process. A simultaneous likelihood fit is performed
between both regions with expected values given by Eq. 7.4. Two additional unconstrained
parameters are applied to the W + jets prediction in the e 4 jets region to extract the normali-
sation, r,, and shape, B,, difference between both regions. Therefore, the expectation for the
W + jets process in the e 4+ jets region is modified to

TWSA oS 5 (re + Be(U/ (U) — 1)) s (7.5)

where () is the weighted average of the U/ distribution to scale B, to a dimensionless parame-
ter, B, varies the shape of the W + jets process in the e + jets region linearly with respect to the
1 + jets region. Perfect consistency between both regions corresponds to 7. = 1 and B, = 0.
The postfit® values for the parameters of interest are

Te = 0.95f8:8§ and
Be = —0.020700%3 . (7.6)

Both are in agreement with a consistent muon and electron channel. The quality of the fit
is inspected through the postfit results for the nuisance parameters along with their impact

2Postfit refers to the set of best fit values, or parameters determined at these values, estimated from a fit to the
data. Conversely, prefit refers to the set of initial values, prior to a fit to the data. The values are typically chosen
such that the prefit distributions correspond to the MC predictions.
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on the parameter of interest r., shown in Fig. 7.9. The postfit nuisance parameters are
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Figure 7.9.: Result of a simultaneous fit between the y 4 jets and e + jets region to extract the scale
and shape difference between the muon and electron decay modes. The postfit values
for the nuisance parameters and their uncertainties are shown as 0 as well as the impact
of fixing the nuisance parameters at the +1¢ and —1c¢ values to determine the effect on
the parameter of interest, A7,.. The set of parameters is restricted to the top 15, in order of
impact on the parameter of interest. The 6 value for r, is omitted since it is not a nuisance
parameter, instead it is included as a reference for its uncertainty shown in A7,.

within a satisfactory limit without significant deviations from the || < 1 region. Therefore,
discrepancies between the data and prediction are covered by the unconstrained parameters,
with a slight deviation in the low recoil u + jets region covered by the p* trigger efficiency
systematic. The systematic uncertainties with the largest impact on the scale r, are the electron
identification, trigger and reconstruction efficiency uncertainties. The postfit distributions,
Fig. 7.10, show the consistency between the postfit prediction and the data. A good agreement
between the data and postfit values supports the results of the fit and the consistency of the
 +jets and e + jets. Therefore, the current W + jets prediction formed from a mixture of muon
and electron decay modes is kept without the need for additional systematic uncertainties to

cover further mismodelling, even though the selections and background compositions differ.

The next validation is a test of the consistency between the y + jets and e + jets with the
Tj, + jets region. This probes the extrapolation performed by the transfer factor method, using
the s + jets and e + jets region to predict the W + jets process in the pi + jets region which
mostly consists of 7;, decays of the W boson. This test is performed in a similar way to the
previous test, however, the W + jets process in the y + jets and e + jets regions are scaled by a

single unconstrained parameter ry, whereas the equivalent process in the T, + jets region is
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Figure 7.10.: Distributions of the U/ in the y + jets and e + jets with the prefit inputs as well as the
postfit results along with its uncertainty. The upper panel shows the results in terms of the
event counts with the postfit background composition, while the middle panel shows the
ratio to the postfit value and the residuals are defined by the difference between the data
and postfit result, normalised by the statistical and systematic uncertainties summed in
quadrature.

scaled by
(re + Be(U/{U) — 1)) rwsy 50 (7.7)
The postfit values of these parameters are

re =1.047007  and

Br = —0.008700:5 . (7.8)
Again, these values show a consistency in the shape and normalisation of the ¢ 4 jets and
T, + jets channels. The nuisance parameters and their impacts on the parameter of interest
rr is shown in Fig. 7.11. Although the T, + jets suffers from a smaller sample size compared
to the u + jets and e + jets regions, the most dominant source of uncertainty comes from the
T,-tag identification uncertainty, albeit unsurprisingly. The pull® on the piss trigger efficiency
is consistent with the first test since the same region is used, with an enhanced pull on the
PDF uncertainties, although within the satisfactory region. The associated U distributions
from this fit are shown in Fig. 7.12. The u + jets and e + jets regions are similar to those
shown in Fig. 7.10 because the T, + jets region does not provide any additional information.
Furthermore, the data and postfit result in the 7, + jets region are in excellent agreement.

3 A pull on a postfit nuisance parameter refers to the deviation of the postfit value from its prefit.
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Figure 7.11.: Postfit nuisance parameters and impact on r; from a simultaneous fit between the y + jets,
e + jets and T, + jets region. The format is aligned with Fig. 7.9.
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test the extrapolation of a well-reconstructed muon or electron to predict the rate of T,
decays from the W + jets process. The axis definitions are aligned with Fig. 7.10.

This is partially by design from the unconstrained parameters r: and B used to extract the
consistency between the various channels.

The final validation tests the extrapolation performed from the different admixture of W*
polarisation states between the £ + jets and p™i® + jets regions. The different admixture is a
result of the typically softer /T pr compared to £~ pr to maintain the left-handed chiral state
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of the associated neutrino (and right-handed anti-neutrino) [74]. This validation is performed
with a similar method, however, the y +jets is split into two regions: ™~ -+ jets is used to predict
the W + jets process in the ut + jets, hence testing this extrapolation. Since the admixture
difference is significantly smaller than the difference between these two regions, any result
discrepancies will have a reduced impact on the W + jets prediction. In this fit, both regions
are scaled by the unconstrained parameter ry, with two additional normalisation and shape

parameters applied to the u™ + jets region as
uttets
(rue 4 Bur U/ U) = 1)) rwsyy Ly, - (7.9)
The postfit values for the parameters from a fit to the data are

Pyt = 0.976f8:8£ and

B+ = 0.0077005; . (7.10)

The uncertainty on the normalisation parameter is noticeably smaller than previous validation
tests as a result of the closer alignment between both regions leading to further cancellations
with the transfer factor method. The null hypothesis of consistent shape and normalisation
between the u' + jets and u~ + jets is within the 95% confidence level* with an excellent
shape agreement and a normalisation near the boundary, although within the consistent limits.
The postfit nuisance parameters and their impacts on the unconstrained parameter r,+ are
shown in Fig. 7.13. The pulls are consistent with previous results including the u + jets
region, without any significant deviations from the prefit values. No significant constraints are
estimated for the nuisance parameters, other than a slight constraint on the ¢ (Z)kQCD, also seen
in Fig. 7.9. This nuisance parameter is associated to the higher-order QCD corrections discussed
in Sec. 6.7. In particular, this systematic uncertainty is included to account for unknown shape
dependencies from the choice of the factorisation and renormalisation scale. However, this
introduces a partial double-counting of the uncertainty on 6! kqcp, the normalisation effect of
the choice of factorisation and renormalisation scales [72]. Moreover, the postfit results are in
excellent agreement with the data, as shown in Fig. 7.14.

The validation tests show a consistency between the three lepton-based regions, with the
set of systematic uncertainties covering discrepancies between these regions. Furthermore, the
offset between data and the MC prediction is completely consistent between all three regions
and corrected by the transfer factor approach. Therefore, no additional systematic uncertainties
are derived or placed on the W + jets transfer factor method. This method is implemented
within the final result as a simultaneous fit between the signal and control regions.

A null hypothesis is typically excluded if it falls outside of the 95% confidence interval.
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7.3. QCD multijet estimation

The QCD multijet contamination within the pTiss + jets signal region is less than 1%, with
a sharply falling U/ distribution compared to the signal, leading to approximately a 0.1%
contribution in the tail of the U/ distribution. Nevertheless, a data driven estimate controls

possibly large systematic uncertainties associated with the QCD multijet simulation.

The estimate is performed from a QCD multijet enriched sideband aligned with the piss +

jets region, with the A¢min selection inverted to
Apmin < 0.5. (7.11)

Equivalent sideband regions are defined, by inverting the A¢nin selection, for the u + jets
and e + jets for an independent W + jets estimation within this sideband, performed with the
transfer factor method. QCD multijet events contaminate the pfi*s + jets region through severe
jet mismeasurement, leading to a jet below threshold, or otherwise misreconstructed, leading
to significant missing energy with no overlap between a jet and the p¥ss in the ¢-plane. By
inverting the A¢min selection, the severely mismeasured jet is required to be reconstructed and
above threshold. This jet is selected from the nearest jet to the missing energy in the transverse
plane (known as the pMi*-aligned jet), as shown in Fig. 7.15 along with other kinematic
distributions. The sideband region predominantly consists of the QCD multijet process
(75.2%) with contamination from W(— ¢v) + jets (10.9%) and the signal Z(— v7) + jets (9.5%),
followed by a small contribution from ¢-quark and minor background processes (4.3%).

A disagreement of 10-20% between data and MC is not covered by scaling the W(— (v) + jets
process up by the 10% determined from Sec. 7.2. Instead, this is attributed to mismodelling of
the QCD multijet process. This disagreement is parameterised by a linear fit to the pr distribu-
tion of the pi*-aligned jet, extrapolated to the pis® + jets region at 0-40 GeV, within each U
bin. A 2-dimensional fit is performed with the likelihood formalism (App. A). The final six U
bins are combined to avoid categories of low statistical power. The linear fit is performed across
10 piss-aligned jet pr bins from 40-1040 GeV. The W + jets prediction is performed by the
transfer factor method, discussed in Sec. 7.2, inclusive in the pTisS-aligned jet pr. Furthermore,
the Z(— v7) + jets signal contamination within this region is allowed to vary to determine the
correlation between the data-driven QCD multijet estimate and the Z(— v7) + jets signal. The
postfit distribuition is shown in Fig. 7.16. The parameterisation model introduced in the fit sig-
nificantly improves the agreement between data and the prediction, with the extrapolation to
the p%‘iss + jets region shown in Fig. 7.17. To a first order approximation, within uncertainties,
the scale factors follow a linear trend with the U/. Therefore, a linear fit determines the scaling
factor to the higher U/ bins, with higher order effects determined from a quadratic fit taken
as an uncertainty on the scale factors, ranging from a 5-100% uncertainty on the correction.
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to the SM total and includes the statistical uncertainty associated with the limited sample

size.
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These corrections are applied as scaling parameters to the QCD multijet process within the
piiss 4 jets region, with the uncertainty as alternative templates, decorrelated across the U
bins to allow the shape of the QCD multijet prediction to vary, as well as the normalisation.
Furthermore, the predictions are found to have a 20% anti-correlation with the Z(— vv) + jets
normalisation, and hence this correlation is included within the final fit.

7.4. ¢* contribution

To determine the contributions to the Z/v* — (¢ process from Z — (¢ and * — ¢/, the
processes are generated at NLO accuracy through the matrix element and parton shower,
without the detector simulation to avoid the expensive computation. Regardless, the sample
size of the generated Z — (¢ and * — ¢/ processes are limited and the statistical uncertainty,
along with QCD scale and PDF variations, are propagated through the ratio of cross sections
of both processes to the Z/+* — ¢/ interaction. The generated processes do not include any of
the corrections discussed in Chap. 6, including the higher-order QCD and EW corrections since
these will mostly cancel in the ratio of cross sections, with the small remainder estimated by
the uncertainties. To avoid inconsistencies between various event generators, the 3 processes
are generated by MADGRAPH5_AMC@NLO v2.2.2. The invariant mass distribution of the
generator-level dilepton is shown in Fig. 7.18. The inclusive ratio of cross sections, with
respect to the Z/* — ¢/ process, within the fiducial region 71 < m, < 111 GeV, defined by
the analysis selection is used to determine the contributions from 7* — ¢¢ and the interference
with the Z — ¢ process. The v* — ¢{ component is treated as a background while the
interference is treated as the Z — ¢/ signal scaled by the square-root of any signal strength
modifiers, to account for the Z — ¢¢ amplitude appearing in the interference cross section
term. Therefore, within the likelihood to extract the Z invisible width, the contribution from
the Z/~* — £ process in the ¢/ + jets region is

00+
(kz?’z —+ (1 —ky — kry*)\/a + kry*) SZ/TyJSiM ’ (712)

where 7z is the unconstrained parameter scaling the Z — ¢/ process, kz is the constrained
parameter measured from the ratio of Z — ¢/ to Z/~* — {f cross sections, and k.- is similarly
defined as the ratio of v* — ¢€ to Z/* — £f. An uncertainty associated with the extrapolation
from the generator-level selection to the analysis region is performed by reweighting the
distribution of partons initiating the interaction to the final analysis region. This captures effects
caused by the analysis selection such as the lepton 7 restriction and the high U/ requirements.
The values are determined after the reweighting procedure and the difference between the
nominal result and the reweighted result is taken as a systematic uncertainty. The measured
values are summarised in Tab. 7.2.
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Figure 7.18.: Invariant mass distributions of the generated dilepton from the Z/y* — ¢/, Z — ¢ and
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The uncertainty bands represent the statistical uncertainty of the MC samples. The region
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kz k%,
Parameter value 1.0165 0.0150
MC Statistical uncertainty [%] 40.1 +0.1
PDF uncertainty [%] +2.3 +2.4

ur and pg uncertainty [%] - -
Reweighting uncertainty [%]  £1.4 +13.5

Table 7.2.: The measured values for the kz and k7, parameters with their associated systematic uncer-
tainties. The factorisation and renormalisation scales have a negligible impact on these
parameters.

7.5. Remaining backgrounds

The remaining backgrounds in the piss + jets and ¢/ + jets regions are estimated directly
from MC with all corresponding sources of systematic uncertainties included in the final fit to
extract the Z invisible width.
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7.6. Summary

The Z(— v7) + jets signal collected in the pTis + jets region is largely contaminated by the
W(— fv) + jets processes. This process is estimated through a data-driven prediction from
the ¢ + jets control regions through the transfer factor approach. The consistency of the
normalisation and shape of the U/ distribution in the y + jets, e + jets and T), + jets regions; as
well as between the y +jets and y~ + jets; is used to test the extrapolation from the control
regions to the pi® + jets region performed in the transfer factor approach. The validation test
results show a consistent set of control regions.

Although the QCD multijet process is a minor background within the piss + jets region,
the large cross section and difficulty in modelling the process has led to a data-driven estimate
of this background. A MC-to-data correction is extrapolated from the QCD multijet sidebands
through a linear fit to the pfiss-aligned jet pr distributions. A further linear parameterisation
determines the correction factor across the ¢/ distribution, with an alternative quadratic fit to

incorporate higher order effects along the U/ distribution through a systematic uncertainty.

To determine the Z invisible width, the rate of the Z — ¢/ process is required. However, the
00 + jets consists of the inseparable processes: Z — £/, v* — ¢ and their interference. Instead,
these are estimated through a generator-level study where the Z and ¢* contributions are
successively suppressed. Systematic uncertainties in this estimation include the theoretical PDF
and QCD scale uncertainties, as well as the difference with the estimation under a reweighting
of the partons initiating the interaction to the analysis reconstructed-level regions.

The estimation of these processes are used within the final fit to extract the rate of
Z(— vi) +jets and Z(— £f) + jets events to determine the Z invisible width.



Chapter 8.

Invisible width measurement

8.1. Introduction

The key ingredients into extracting the Z invisible width from Eq. 1.1 includes the Z(— v7) + jets
and Z(— ¢0) + jets processes. These are estimated from the pi* + jets and ¢/ + jets region
with background subtraction through data driven methods or MC estimation. The comparison
of the predictions to data for these regions are presented in this chapter, acting as the input for
the likelihood fit. The details of the likelihood fit are discussed along with the results of the
fit in terms of the nuisance parameters, their impact on the parameter of interest itself, the Z
invisible width.

8.2. Signal regions

The SM prediction for the Z(— v7) + jets and Z(— ¢¢) + jets processes from MC simulations
predict the rate of events by estimating the efficiency and acceptance of the selection applied,
with data-driven corrections where relevant. The normalisation on these processes is estimated
from a likelihood fit to that data, exploiting the shape of the ¢/ distribution. The shapes of each
process is taken from MC, with the associated uncertainties affecting the normalisation and

morphing the shapes, within their gaussian constraints.

8.2.1. £€ + jets region

The selection applied to the ¢/ 4 jets is designed for similar kinematics between the signal
processes. This is primarily achieved through the ¢/ parameter which is well modelled in
MC, as shown in Sec. 6.8. Furthermore, the selections differ by kinematic requirements on the
final state leptons, including their pr and invariant mass. These kinematic distributions are
shown for the yu + jets and ee 4+ jets regions in Fig. 8.1 and 8.2, respectively. Both regions are

105
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Figure 8.1.: Kinematic distributions within the pp + jets region. The ratio is taken with respect to

the SM total prediction and includes the MC statistical uncertainties, whereas systematic
uncertainties have been omitted.

enriched in the Z/y*(— (¢) + jets process (94%), with the largest background from diboson

production (4-5%) and a smaller contribution from other minor backgrounds (1-2%). These

backgrounds are determined from NLO MC, without any additional data-driven correction.

The systematic uncertainties associated with these processes are included in the background

subtraction performed within the likelihood fit. The data and MC distributions are within

agreement, both for their shape and normalisations. The requirement placed on the recoil and

lead jet pr result in the sculpting of the lead and subleading muon distributions, while the

invariant mass window is centred on the Z mass.
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Figure 8.2.: Kinematic distributions within the ee 4+ jets region, equivalent to those shown in Fig. 8.1.

8.2.2. pTisS 4 jets region

The piss + jets region consists primarily of the Z(— v7) + jets process (59.1%) with a signifi-
cant background from W(— ¢v) + jets (34.6%) and minor contributions from #-quark produc-
tion (1.7%), QCD multijet (0.7%) and other processes (3.9%). The W(— ¢v) + jets process is
modified by the data-driven estimate through the transfer factor approach. Similarly, the QCD
multijet contribution includes a data-driven estimate from an extrapolation from the QCD
multijet enriched sidebands. The other backgrounds are estimated from NLO MC predictions.
The kinematic distributions for the pi* + jets region, without the data-driven estimates, are
shown in Fig. 8.3. The data and SM prediction distributions disagree, however, the large
W(— fv) + jets contribution has a 10% correction determined from the data-driven transfer
factors. The correction covers the discrepancy seen between data and the SM prediction.
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Figure 8.3.: Kinematic distributions within the pii*$ + jets region, similar to those shown in Fig. 8.1.

8.3. Likelihood fit

The Z invisible width is estimated from a simultaneous fit to the data between the p%‘iss + jets,
0l +jets and £ + jets (¢ = e, u) regions under the likelihood formalism (App. A). The W + jets
estimation through the transfer factor approach is implemented by a global unconstrained
parameter which scales the W + jets process in the piiss + jets and ¢ + jets regions. Such a
parameter is constrained by the data in the W +-jets enriched control regions and applied to
the same process in the pi* + jets region, improving the accuracy of the prediction along
with correcting normalisation issues. To extract the invisible width, the Z(— ¢£) + jets process
is scaled by a parameter rz while Z(— v7) + jets is scaled by rzriny. The observed number of
events for a particular process may be expressed as the product of the cross section, branching
fraction, analysis efficiency and acceptance. Setting riny = rz = 1 corresponds to the SM
expected number of events for the process. Therefore, taking the ratio of Eq. 1.1 with its SM
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Figure 8.4.: i distributions for the signal regions to determine the rate of Z(— v7)+jets and
Z(— l0) +jets. The ratio is taken with respect to the SM postfit and includes the pre-
fit result to show the effect of including the scaling factors. The residuals display the
difference between the data and the SM postfit results, normalised by their uncertainties
summed in quadrature.

expectation gives

_ I'(Z—inv)
" Tsm(Z — inv) ’ ®D)

Tinv

where I'sp; corresponds to the SM expected width. Systematic uncertainties, discussed in
Sec. 7.2.4 and included for the pTiss + jets and £/ + jets regions, are encoded as nuisance
parameters allowing the shape and normalisation of the various processes to vary according to
a single nuisance parameter per systematic fully correlated between U/ bins.

The postfit distributions from the simultaneous fit are shown in Fig. 8.4 A significant
improvement with the postfit results in the p' + jets region compared to the prefit as a result
of the data-driven scaling parameter of 10% determined for the W(— ¢v) + jets process. The
QCD multijet process is corrected by up to a factor of 3 in the tail of the I/ distribution. However,
this process remains to be a small background. There is no significant difference between the
postfit and prefit results in the £/ 4 jets regions. Furthermore, one data point is beyond the 3¢
band of the postfit result, however, since there are 75 bins here, along with another 50 in the
¢ + jets regions, this is not a concern and falls within standard expectations. The associated
postfit nuisance parameters and their impact on the i,y parameter is shown in Fig. 8.5. The
postfit nuisance parameters are all within the || < 1 level, with no significant constraint other
than the 6®)kqcp parameter which is associated with a possible shape dependence with the 2/
distribution from the choice of factorisation and renormalisation scale. This parameter has a
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Figure 8.5.: Nuisance parameter (f) pulls, constraints and impacts on riny (Afiny). Only the 20 most
impacting parameters are displayed.
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Figure 8.6.: Likelihood profile across the i, dimension for the fit to data (observed) and an alternative
fit where the data is set to the prediction in the poisson terms of the likelihood (expected).
This is typically known as the Asimov dataset and gives the expected results with all the
parameters set to their input values. In addition, a fit to the data with the systematic uncer-
tainties fixed at their postfit values (stat. only) is included to compare the effect of statistical
and systematic uncertainties. The measurement of the r;,, parameter is systematically
limited.

partial double-counting with the 6(!kqcp parameter which probes the normalisation variation
from the choice of these scales. The largest impacts on the ri,, parameter come from the JES
uncertainties, unclustered energy variations, muon identification selection, electron and prT“iss
trigger. The JES and unclustered energy uncertainties dominate from the lack of cancellation
between the various regions as a result of the limited MC sample size (App. A.3) used to
determined the JES alternative templates. The muon and electron efficiencies are dominant
since they significantly affect the £ + jets and £/ + jets regions but not the pTiss + jets region.
Lastly, the piiss trigger uncertainties have a component uncorrelated between the various

regions, hence leads to a non-cancellation and a large impact on 7iny.

The multi-dimensional minimisation of the likelihood may be profiled onto a single di-
mension by straddling the minimum for various fixed values of the dimension of interest.
The value of the minimum is subtracted from subsequent likelihood profile values to give
—2Alog L, where the confidence interval in terms of the number of standard deviations ng
is given by the intersection points of —2Alog L = nég. The profile for the ri,, is shown in
Fig. 8.6. It is also instructive to perform the scan in 2-dimensions with a modified fit where
the Z(— vi) + jets and Z(— ¢f) + jets processes are scaled by separate parameters, rin, and
7y respectively. This 2-dimensional scan is shown in Fig. 8.7, showing that the measurement is

consistent with the SM prediction.
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Figure 8.7.: Two-dimensional likelihood profile in the i,y plane for a fit with uncorrelated scaling
parameters on the Z(— v7) +jets and Z(— ¢¢) + jets processes. The SM prediction is
within the 68% confidence interval (CI) with the best fit point slightly higher in both
parameters. The nominal fit with the single parameter of interest i, can be interpreted
as the gradient of the line through the origin to any point on the plane. Therefore, the
uncertainty associated with this parameter is less than the uncertainty of the separate
parameters.

The best fit value of the parameter of interest and its associated uncertainty is measured as
Finy = 1.021 £ 0.006 (stat.) T30 (syst.) . (8.2)

As with the likelihood profiles, this is consistent with the SM value of one, and is systematically
dominated. This is translated into an invisible width, by scaling the SM prediction [Y],

Tiny = 512 4 3 (stat.) 715 (syst.) MeV, (8.3)

with the summary of the direct measurement of the invisible width shown in Fig. 8.8. The

measurement presented is comparable to the LEP combined direct measurement.
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Figure 8.8.: Measurement of the Z invisible width by the LEP experiments and the result with the CMS
experiment presented here. The SM prediction is included with a negligible uncertainty.
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Chapter 9.

Conclusions

A measurement of the Z invisible width is performed with 35.9 fb~! of data collected by the
CMS experiment during the 2016 proton-proton collisions at /s = 13 TeV. The invisible width
is measured from the p™i + jets signature left in the detector as the Z boson decays into
neutrinos which pass through undetected. These are compared to the muon and electron
(collectively /) reference decays of the Z boson by collecting events with the ¢¢ 4 jets signature.
The selection placed on these events is similar to the pi + jets region to restrict to similar
kinematics. In particular, the I/ is used in place of the missing transverse energy as a proxy for
the boson pr in V + jets events. The modelling of this variable, as a proxy for the boson pr, is
validated in data by measuring its scale and resolution in events with a fully reconstructed
dilepton for the boson pt. This parameter is further used in the ¢ + jets control regions, where
a data-driven estimate of the large W(— ¢v) + jets background in the pTi + jets region is
performed through the transfer factor approach. Other backgrounds are significantly smaller
and estimated from MC, apart from the QCD multijet process. A QCD multijet enriched
sideband is collected by inverting the selection on A¢min. Within this region, a correction factor
for the QCD process is determined by extrapolation, with conservatively large uncertainties
on the small background. In addition to these background estimations, the Z/* — o process
is divided into the Z — ¢ and y* — ¢/ constituents to determine the contributions from each

subprocess and their interference.

The invisible width is extracted with a simultaneous likelihood fit between the piss + jets,
¢ +jets and ¢/ + jets regions. The parameter of interest is extracted as a scaling parameter
on the Z(— v¥) + jets process, relative to Z(— ¢¢) + jets. This parameter is translated into an

invisible width measurement of
Tiny = 512 4 3 (stat.) 715 (syst.) MeV, (9.1)

consistent with the SM and comparable to the LEP combined measurement. The measurement
presented is systematically dominated, with the limiting sources from the jet energy scale,

muon identification and trigger efficiency uncertainties.
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The limiting systematic uncertainties imply that this measurements will not show signifi-
cant gains from a larger dataset from the continual running of the LHC at increased luminosities.
However, similar precision-based measurements are crucial tests of the SM, especially with
the lack of BSM physics at the LHC. These include furthering our understanding of the Higgs
boson since its discovery at the LHC, as well as probing the electroweak sector with precision
measurements.

The results shown are currently in the review process within the CMS collaboration. Most
aspects of the analysis are in place, missing only the lepton momentum scale uncertainties.
These uncertainties are expected to have a 1-2 % affect on the final result, uncorrelated with
all other uncertainties. In addition to these, a few techniques are under investigation to
improve the limited MC sample size affecting the jet energy scale uncertainties with the hope
of improving the i,y measurement to about 2.7 %.
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Appendix A.

The likelihood formalism

A.1. Definition

Throughout the analysis, parameter estimation is performed under the likelihood formalism,
whereby the maximum likelihood estimator for a set of m parameters 6, L(6), is maximised

dlnL(6)

TR 0, (A1)

where j enumerates the set 8 from 1 to m. For a set of n statistically independent measurements
x, each sampled from a probability density function f(x;; 0) given the set of parameters, the

likelihood function is

n

L(6) =]]f(x0). (A2)

i=1
The set of parameters which maximises this functions is denoted 0.

For large sample size, typical with CMS data, the maximisation procedure become compu-
tationally demanding. Instead, the data is binned and the measurements x represent the event
count in the bins. Typically the event count in a particular bin is considered to be a random
variable, hence the probability density function is a poisson distribution P for the binned data,
given a prediction v,

f(xi;0) = P(x;;vi(0)) . (A.3)

The poisson distribution is replaced by a multinomial distribution if the event count is consid-
ered as fixed. The predictions v are determined from a functional form or estimated from MC

simulations.

The set of parameters may contain unconstrained parameters such as a signal strength
multiplier as well as constrained parameters, known as nuisances parameters, which encode
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systematic uncertainties. For the estimation of a signal strength multiplier the parameters are
divided into unconstrained p, gaussian constrained 6 and poisson constrained ¢ characterising

limited MC sample sizes [75]. With these parameters the likelihood function is given by

m

L(u,6,9) HP xi;vi(p, 0, ¢7) ) P(ni; i (i) [ [IN(6; (A.4)

j=1

where N(0;) is a gaussian distribution with a zero mean and unit width, P(n;;vi(¢:)) is
a poisson distribution extended to real numbers for weighted MC events with an effective
number of entries 7; (the ratio of the sum of weighted events to its variance) with a ¢; dependent
prediction ;. This prediction is given by

1\*
Yi(¢i) = n; <1 + \/ni> (A.5)
to allow ¢; to taken any real number value without resulting in a negative prediction. The
factor 1+ 1/,/n; is chosen to yield convenient values for ¢;, typically between —1 and +1.
The poisson constraints are applied to each bin on the overall MC prediction, summing all
signal and background contributions. For a single signal and single background process, with

contributions s; and b;, the prediction v; takes the form
w090 = 79 (45, (6) + by(0)) (A6

The 6 dependence of s;(6) and b;(0) is determined from alternative MC templates generated
at 6y = —1,0, +1, with all other values interpolated or extrapolated [76]. To encode the shape
dependence of these nuisance parameters along a particular dimension the set of binsi = 1 to
n are split into N categories, each with M bins along the ‘shape” dimension. The effect of the
nuisance parameters is factorised into the inclusive normalisation 7norm and a shape morphing

term 7morph:

m

Si]( =5, H Tnorm, i,k Gk Z 1 + rmorph,i,j,k(ek)) ’ (A7)
=1 j=1

where the signal contribution is subscripted by the categorisation i and shape dimension
bin j with MC prediction for the signal s; j, and a similarly defined relationship for the back-
ground b; ;(0). The normalisation term is determined from the MC templates generated at
0, =—1,0,+1: sl]k,sljands

ij, ks @
. 16|
1 M [sf if6e>0
rnorm,i,k(ek) = M _ . (AS)
Z]':1 Sijj j=1 | 8; ik otherwise
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Meanwhile, the shape morphing term extrapolates linearly for |6| > 1 with a smooth polyno-

mial below this range:
0
Tmorph,ijk = ﬁ (Aijx+Zijkp(6k)) (A9)
ij

where the hat denotes parameters normalised by their sum across the shape dimension, and

the other parameters are defined as

Aijk =81 =Sk (A.10)

Tijk = (85— 8i) + (85 — %)) (A11)
1
—0; (07(30F —10) +15) if 6] < 1

p(6r) =18 (A.12)
O/ |6k otherwise .

This procedure is known as vertical template morphing[76] which uses normalised parameters
to avoid double-counting the normalisation effects, with a linear dependence on 6y for sym-
metric uncertainties and a smooth, differentiable polynomial to alter asymmetric uncertainties.

A similar dependence is defined for all other processes.

A.2. Limited sample size of alternative templates

The accuracy of the vertical template morphing procedure is highly dependent on the quality
of the alternative MC templates s;,rjlk and s; ;| which may suffer from the limited sample size in
MC. Although the statistical size of the nominal template s; ; is incorporated in the likelihood,
the alternative MC templates are assumed to be precisely known. This issue typically exists for
background processes with a small cross section compared to a larger process, hence should
not have a substantial impact on the parameters of interest. However, an alternative template
with a small sample size which results in an abnormally large systematic effect in a particular
bin will lead to a significant constraint on the associated nuisance parameter. If this systematic
uncertainty is correlated with one of the larger processes then the impact of this systematic

uncertainty may be severely underestimated on the parameter of interest.

To avoid issues with the limited sample size of alternative templates, additional constrained
nuisance parameters are introduced in each bin for each systematic uncertainty, to allow the fit
to effectively smooth out fluctuations due to the limited sample size. However, this would
introduce a significant number of parameters to fit, beyond the computational power available.
Instead the alternative templates are smoothed prior to the fitting procedure, as required.
The procedure involves regularising large statistical variations in the relative =1¢ variation
templates. Bins centres are interpolated with a smoothing spline, where each point is inversely
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Figure A.1.: Smoothing of a statistically limited MC alternative template by a spline followed by a
gaussian smear. The uncertainty band represents the uncorrelated uncertainty between the
up and down variation as a representative uncertainty. The resulting smoothed template
has significantly reduced the variation between adjacent bins, especially in the final bins
where the statistical uncertainty is the greatest.

weighted by it’s uncertainty, with a subsequent gaussian smearing to prevent large changes
between adjacent bins. The normalisation effect of the variations is fixed during this smearing
procedure. An example of the smoothing procedure is shown in Fig. A.1. This method proves
to reduce the constraint on systematic uncertainties with a limited sample size, leading to an
overall increase in the uncertainty on the parameter of interest. The smoothing procedure
is only used where it is required, ensuring the method does not lead to a significant loss in

information.

A.3. Alternative templates

The nuisance parameters affect the normalisation and shape of the U/ distribution by interpo-
lating between and extrapolating from alternative templates on the MC, shown in Figs. A.2
and A.3 for the V +jets processes. As detailed in Sec. A.2, these templates are smoothed
in situations where the MC sample size is too small. Some of these templates cancel in the
transfer factor for ri,, measurement, such as the theory uncertainties. However, the JES, JER
and unclustered energy uncertainties are evidently limited by the MC sample size. Although
smoothing aids at determined the ‘true’ template, it cannot reproduce an underlying corre-
lation such as for the JES uncertainty between various processes. Therefore, the 2-5 % JES
uncertainty on the Z(— vi’) + jets process in the piss + jets region may be consistent with
all other processes, however, the limited MC sample size limits our knowledge of this. This
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results in non-cancellation of uncertainties, such as JES, which are expected to cancel in ratios

of the various V + jets processes.
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Figure A.2.:
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The 12 most significant alternative templates on the W + jets process. The left column
shows the template prior to smoothing while the right column shows the same template
after smoothing. Templates which only appear in the right column are not smoothed.
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Figure A.3.: The 12 most significant alternative templates on the V + jets processes within the signal
region. The left column shows the template prior to smoothing while the right column
shows the same template after smoothing. Templates which only appear in the right
column are not smoothed.
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