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Supervisor’s Foreword

The Standard Model (SM) of Particle Physics describes very successfully the
fundamental building blocks of matter and the interactions among them. It has been
tested to extremely high precision in many experiments. However, most likely the
SM is only a “low-energy” effective theory of a more general theoretical frame-
work, expected to be valid way beyond the energy scales probed so far. Currently,
particular interest is devoted to the electroweak energy scale of about a Tera
electronVolt (TeV), which is probed by the LHC accelerator and its experiments at
CERN. In fact, during the years 2010-2012 the LHC has delivered proton—proton
collisions at the center-of-mass energies of 7 and 8 TeV. The main questions
addressed at this high-energy collider setup are the origin of electroweak symmetry
breaking and the related question of the existence of one or more scalar Higgs
bosons, with the spectacular discovery of a new boson, consistent with the
hypothesis of an SM Higgs boson, in 2012. Further important efforts are devoted to
the searches for physics beyond the SM, such as the appearance of supersymmetric
particles. Supersymmetry (SUSY) is a theory, which introduces a new fundamental
symmetry between fermions and bosons, and thus ultimately between matter and
force particles. This theory has had enormous theoretical and experimental attention
for many years, and can be considered as one of the most studied possibilities for an
extension of the SM. The reason for the popularity of this model is its potential to
solve a number of problems arising in the SM. For example, the various coupling
constants appear to unite at a very high energy scale, and probably most impor-
tantly, the model offers a candidate for the dark matter particle, namely weakly
interacting massive particles such as the neutralino. If SUSY particles exist with
masses accessible at the LHC, typically they would be produced in coloured pairs,
such as squarks and gluinos, which then undergo characteristic decay chains to
further SUSY or SM particles. In most cases, a decay chain ends with a lightest
stable SUSY particle, which is very weakly interacting and thus leaves the
experiment undetected. The experimental signature is thus a considerable missing
transverse energy, accompanied by a certain number of hadronic jets and/or leptons.
Many searches at the LHC have been developed for such signatures or topologies,
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characterized by different sensitivities to SUSY particles and different amounts of
backgrounds to be controlled.

The data sample, which the LHC has already delivered, represents only a small
fraction of the total expected dataset to be collected by the experiments during the
coming decade(s). Because of the foreseen increase in luminosity, the detectors will
have to operate in an ever more challenging environment, with particular attention
to be given to the radiation hardness of detector components and their related
longevity and continued excellent performance. In order to respond to these chal-
lenges, the CMS experiment will be upgraded in several steps. A first important
upgrade will consist in the replacement of the current three-layer pixel detector with
a new, four-layer detector in the year-end technical stop 2016-2017. Other
extensive R&D studies are targeted toward the replacement of the forward-calo-
rimeter elements in a long shutdown, foreseen around 2023-2024. In all of these
cases extensive simulation studies had and have to be carried out, in order to
evaluate the performance and physics potential of the proposed detector upgrades.

The thesis of Hannsjorg Artur Weber represents an exceptionally complete
approach to the above-mentioned issues, since it consists of an analysis of the
8 TeV dataset targeted at the search for SUSY particles, which has led to some
of the world’s best limits, as well as of simulation and R&D studies related to
the pixel and calorimeter upgrades.

Regarding the data analysis, already during his master thesis he contributed to
the so-called Mt, hadronic SUSY analysis (Mt is a kinematic observable well-
suited for SUSY searches), carried out by members of the ETH Zurich group in the
CMS experiment. The analysis, which was published in JHEP, resulted in the
world’s best limits on squarks and gluinos in the context of the constrained minimal
SUSY extension of the SM. For the 8§ TeV M, hadronic SUSY analysis, Hannsjorg
became one of the two leading members of the analysis team, and, notably, the
driving force behind most of the data-driven background predictions which con-
stitute one of the core elements of this analysis and which have gained considerable
attention and recognition within the CMS collaboration. Again, the analysis
resulted in some of the world’s best limits on the production of coloured SUSY
particles. The corresponding publication has been submitted to JHEP in February
2015.

The second part of his thesis describes the work carried out in the context of the
CMS upgrade efforts. In a first study based on simulations, he evaluated the physics
potential of the proposed pixel detector upgrade, by taking a special version of the
M, analysis, which also requires hadronic jets tagged as originating from b-quarks.
He showed that the new detector would allow for a substantial improvement in
terms of b-jet selection efficiency, and thus improves the performance of analyses,
which are based on final states including b-jets. Finally, Hannsjoérg has performed
an in-depth study of the response evolution of the CMS electromagnetic calorimeter
endcaps. The scintillating crystals and light detectors in this part of the calorimeter
are expected to suffer from the radiation environment at the LHC. Indeed, changes
are revealed by a monitoring system using laser light injection to track the overall
response evolution. However, it is difficult to disentangle the contributions of the
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different detector components, and to understand their origin: whether they are
dependent on the rate of exposure and possibly recovering spontaneously, or
whether they are proportional to the cumulated exposure. In order to gain a better
understanding, he performed a study of monitoring data taken in-situ, trying to find
a correlation with component quality parameters measured during detector con-
struction. The study performed by Hannsjorg has allowed to observe such corre-
lations, and to disentangle the order of magnitude of the various contributions. As
such, it represents an important input to the ongoing discussions within CMS for
selecting the best possible upgrade solutions.

With this thesis, Hannsjorg Artur Weber has very clearly shown to have a deep
understanding of LHC physics, and to be able to carry out very involved data
analyses, in an independent manner and using innovative approaches. Furthermore,
he has made important contributions to the upgrade activities of the CMS experi-
ment. The amount, quality and impact of the results obtained during his Ph.D.
studies, covering a broad spectrum of experimental issues, are rather exceptional. I
am very happy and proud that his work has been selected for publication in the
Springer Theses Series.

Zurich, Switzerland Prof. Giinther Dissertori
May 2015



Abstract

Over the past decades, the standard model of particle physics has been proven to
accurately describe the vast majority of the experimental observations within par-
ticle physics. The discovery of a boson at a mass of about 125 Gev seems to provide
the last missing piece of the standard model, the Higgs boson.

Despite this success, there are some phenomena, for which the description of the
standard model is insufficient. In order to surmount these shortcomings, new-
physics models have been advanced. One popular model is supersymmetry, which
solves several of the deficiencies of the standard model. Supersymmetry extends the
description of the standard model by adding a symmetry between fermions and
bosons: the elementary particle spectrum is at least doubled.

In this dissertation, a search for supersymmetry in fully hadronic final states is
presented. The search analyzes proton—proton collision data, collected at /s = 8 TeV
with the Compact Muon Solenoid experiment at the Large Hadron Collider. The data
correspond to an integrated luminosity of 19.5 fb™".

The search uses the variable Mr; to discriminate between events coming from
standard model processes and signal events. The variable is a generalization of the
transverse mass for events containing two pair-produced particles, where both
particles decay at least to one detected and one undetectable particle. Selecting
events with high values of My, reduces the contribution from standard model
processes, in particular multijet events, and enhances the sensitivity for signal
events for a large variety of supersymmetric models.

The signal regions of this search are defined by the jet and b-tagged jet multi-
plicities, the hadronic energy in the event, and the value of Mr,. The combined
information of multiple signal regions yields a high sensitivity for the production
of the partner particles of both gluons and quarks, regardless of the quark flavor, for
a wide range of particle masses.

The event yields in the signal regions stemming from standard model processes
are estimated by prediction methods that use data from control regions orthogonal
to the signal regions definition. No significant excess over the expected numbers of
background events is observed. The comparison of data yields and predictions is
used to set exclusion limits on various models of supersymmetry.

ix
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Beyond this search in hadronic final states, the potential of a search for the pair
production of supersymmetric partners of the top quark is assessed using events
containing two charged leptons. Several signal discriminating variables have been
tested, such as variants of the Mt variable or a discriminant based on the exam-
ination of the event kinematics.

The second part of this dissertation contains two studies related to the upgrade
program of the Compact Muon Solenoid detector.

The physics performance of the pixel detector upgrade, which is foreseen to
happen in 2017, is evaluated in the first study. Based on the event selection of the
so-called Mt,b search for supersymmetry, performed in 2011, the focus of the study
is the improvement of identifying jets, which originate from bottom quark hadr-
onization. For the tested model, an increase of 20 % in the signal selection effi-
ciency is observed for a fixed rate of misidentifying light-quark or gluon jets as
bottom-quark jets.

In the final study presented in this dissertation, the long-term evolution of signals
produced in the forward part of the electromagnetic calorimeter of the Compact
Muon Solenoid experiment is analyzed. The lead—tungstate crystals, which act both
as absorber and scintillator, are the heart of the calorimeter. The scintillation light is
read out by vacuum phototriodes in the forward part of the detector.

The transparency of the crystals decreases under radiation. In order to measure
and correct for these transparency changes, a light monitoring system has been
installed within the calorimeter.

Several sources are known to contribute to the transparency decrease. The goal
of this study is to disentangle various contributions to the signal change. In order to
achieve this, measurements, performed during quality assurance tests prior to the
construction of the detector, are correlated with signal changes observed in moni-
toring data during proton—proton collision data taking. Pseudorapidity-dependent
contributions are singled out: ionizing damages to crystals, damages to the vacuum
phototriodes, and possible cumulative damages to crystals. The results of this study
are compared with predictions, which are based on laboratory and testbeam results
and are used in studies for possible detector upgrades. The comparison indicates
that the modeling of the predictions is satisfactory.



Preface

Concepts of fundamental states or elements have been developed independently by
several ancient civilizations several centuries before the Common Era, such as the
concept of indestructible particles, which was devised in Greece and India, for
example. However, the scientific discipline of particle physics is rather young. The
first elementary particle to our current knowledge, the electron, was only discovered
at the end of the nineteenth century. The discovery of quantum mechanics and
special relativity, around the same time, allowed for the development of theories
of the fundamental interactions. The first successful description of interactions
between fundamental particles, quantum electrodynamics, was developed only in
the 1940s.

During the past century, huge efforts on both theoretical and experimental sides
have led to the current description in particle physics, the standard model (SM) of
particle physics. It describes, within the common framework of relativistic quantum
field theory, the interactions between elementary particles for three out of the four
known fundamental forces: the strong force described by quantum chromody-
namics, and the weak and electromagnetic forces, described by the electroweak
theory. For gravitation, the “oldest” known fundamental force, no successful
description at short distances exists. Up to the time of this writing, 17 elementary
particles (not counting the antiparticles) have been observed: six quarks, six lep-
tons, four gauge bosons, and a boson, which is likely the Higgs boson.

The observations of a huge amount of experiments have proven the validity
of the SM to an extremely high precision for all accessible energy scales. Despite
this unprecedented success of the SM, several theoretical indications and experi-
mental measurements clearly point to physics beyond the SM. The observation of
neutrino oscillations or the evidence of dark matter find no explanation within the
SM. The missing description of quantum gravity, which is important for energies
around the Planck scale, Mpj,ncx ~ 10'® GeV, requires a new theoretical framework.
These and other arguments place the SM as an effective low-energy theory, valid
for energies up to the electroweak scale, v ~ 246 GeV.

In order to overcome some of the shortcomings of the SM, multiple theories
have been developed. One very popular theory is supersymmetry (SUSY). The SM

xi
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is extended by an additional symmetry between bosons and fermions: for each
elementary particle in the SM, there exists a partner particle, which differs in spin
by one half. Because of the breaking of the symmetry, these particles are much
heavier than their SM counterparts and have not yet been observed. The model of
SUSY provides elegant solutions to multiple problems, for example, the problem of
dark matter mentioned above: the lightest new particle within the SUSY framework
could be a candidate for the dark matter particle.

Yet, no observation of supersymmetric particles or other evidence for SUSY
have been found so far.

With the construction of the Large Hadron Collider (LHC), a new energy regime
has been made accessible: the energy frontier has been pushed up to the TeV scale.
If supersymmetric particles exist, they will likely have masses around this scale.
Therefore, the general purpose detectors at the LHC should be able to discover
them.

In this dissertation, a search for supersymmetric particles produced in proton—
proton (pp) collisions is presented. The search is performed using data collected by
the Compact Muon Solenoid (CMS) experiment at a center of mass energy of /s =
8 TeV. The data sample corresponds to an integrated luminosity of 19.5 fb~!. This
search uses primarily the kinematic variable My, for discriminating between new
physics candidate events and events from SM processes. This variable is a gener-
alization of the transverse mass to the case of the pair production of two particles,
which both decay semi-invisibly.

The variable M, is also used in a study for evaluating the feasibility of a search
for the production of supersymmetric partner particles of the top quark in events
containing two charged leptons. In many SUSY scenarios, the supersymmetric top
quark partner is the lightest strongly produced supersymmetric particle. Therefore,
several dedicated searches for this particle are designed. The study presented here
shows the possibility of using various variables to discriminate between the SUSY
signal events and events from the main SM background process, 7 + jets.

It has been decided that the full potential of the LHC will be exploited by an
upgrade of the LHC machine around 2022. The upgrade will increase the instan-
taneous luminosity of the LHC by approximately a factor ten, thus allowing for the
collection of pp collision data corresponding to about 3000 fb~'.The upgrade will
require also the experiments to be upgraded.

Already before the year 2022, the innermost detector of the CMS experiment,
the pixel detector, will have to be replaced because of radiation damages. The
replacement will be used to change the pixel detector design. In this dissertation, a
study of the physics performance of this upgrade is shown with focus on the
capability of tagging jets, which come from b-quark hadronization. The study is
performed in the context of SUSY using the event selection of the Mryb search,
which was performed during 2011 for the analysis of 7 TeV pp collision data.

It is expected that by 2022, the forward part of the electromagnetic calorimeter
of the CMS experiment will also need to be replaced due to high radiation damages.
A study of the long-term evolution of the signals produced in this forward part is
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presented using in-situ data of the light monitoring system of the calorimeter.
Comparisons with laboratory measurements preceding the construction of the CMS
experiment are discussed. The correlations between these laboratory measurements
and the in-situ data are used to disentangle various components that contribute to
the change in signal measurements of the calorimeter.

The thesis is organized as follows: in Chap. 1, the theoretical aspects of the SM
relevant for high energy physics are reviewed. Then, in Chaps. 2 and 3, SUSY and
consequent signatures at the LHC are introduced. In Chap. 4, the LHC accelerator
and CMS detector are described, followed by a description of the reconstruction of
basic physics objects in Chap. 5. In Part II of the thesis, the search for SUSY is
covered: in Chap. 6, the main search variable, M, , and its kinematical properties
are introduced. This chapter contains also a summary of the SUSY search per-
formed at /s = 7 TeV. Chapter 7 is dedicated to the search for SUSY in hadronic
final states using the M, variable with pp collision data collected at /s = 8 TeV. In
Chap. 8, the feasibility study of a search for the pair production of scalar top quark
partners is summarized. In Part III, studies related to the upgrade program of the
CMS experiment are presented. After a short review of the upgrade program in
Chap. 9, the physics performance study for the pixel detector upgrade is discussed
in Chap. 10. Finally, Chap. 11 contains the evolution study of the electromagnetic
calorimeter endcap signals. In Chap. 12, a summary is given.
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Introduction to Theory
and Experiment



Chapter 1
Introduction to Physics at the High-Energy
Frontier

Particle physics is the research field among the physics disciplines that explores the
fundamental constituents of the universe. The theory describing the properties of
those constituents is known as the standard model of particle physics (SM). Within
the framework of the SM, three fundamental forces between particles are described:
the strong, weak, and electromagnetic interactions.

The strong interaction is described by quantum chromodynamics (QCD) based
on a SU(3) gauge group. Due to the self-interaction of the bosons associated to this
gauge group, the gluons, the force is very short ranged, up to ranges of order of the
proton radius.

The weak and electromagnetic interactions have a common description, called
the electroweak theory, which is based on SU(2) and U(1) gauge groups. While the
range of the electromagnetic interaction is very long-ranged, the range of the weak
force is short due to the masses of the associated gauge bosons. The theory behind
the masses of those gauge bosons is called electroweak symmetry breaking, which
is mediated by the Higgs field. The recent observation of a new boson [1-3] seems
to be, up to this writing, the last missing component of the SM, the Higgs boson.

In Tables 1.1 and 1.2 the properties of the gauge and Higgs bosons and fermions
are summarized. These are all the fundamental particles within the SM.

In the following, the SM is reviewed in more detail, focusing on the important
aspects for energies much larger than the proton mass equivalent. The electroweak
theory and QCD are presented in Sects. 1.1 and 1.2. A short summary and experimen-
tal tests of the theory are given in Sect. 1.3 and finally, in Sect. 1.4, several limitations
of the SM are discussed, hinting to the conjecture that the SM is only an effective
theory, valid up to the electroweak scale.

This chapter follows the notation and argumentation of [6, 7] and is further based
on [8-11].

© Springer International Publishing Switzerland 2015 3
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Table 1.1 Properties of the SM gauge and Higgs bosons

1 Introduction to Physics at the High-Energy Frontier

Boson Gauge group Interaction Number Interacting
particle

Gluon (g) SUQB)c Strong 8 q,9

W SUQ)L Weak 2 qr. 1. W=, Z, 7,
h

z SU@2). xU(l)y | Weak 1 g, 1%, v, Wk, Z,
h

Photon () U(l)q Electromagnetic | 1 q, =, wt

Higgs boson (h) |- Higgs field 1 Massive particles

Here, ¢ (/) denotes quarks (leptons).The subscript L denotes left-handed particles, while the + signs

indicate the sign of the electric charge

Table 1.2 Properties of the SM fermions: C is the color, T the weak isospin, 73 its third component,
Y the hypercharge and Q the electric charge

Type Generation C T T3 Y 0
Ist 2nd 3rd
u c +1/2 2/3
Quarks ( /) ( ,) ( /) r, g,b 1/2 / +1/3 +2/
aj, '), vy, —1/2 —-1/3
u c t +4/3 +2/3
R R R L ab 0 0 / /
dr SR br —2/3 —1/3
v, 1% V. +1/2 0
Leptons ( e) ( /L) ( T) 0 1/2 / -1
/L |\, L -1/2 -1
€eR MR TR 0 0 0 -2 -1

The weak quark eigenstates (¢’) refer to the CKM matrix [4, 5] rotated flavor eigenstate (g)

1.1 Electroweak Theory

The electroweak theory [12-15]" is a unification of the electromagnetic force, which
is described by quantum electrodynamics (QED), and the weak force. The theory
describes the interaction between leptons, quarks and weak gauge bosons (W*, Z)
or photons (), the gauge boson of QED. Its Lagrangian can be written as

. .
Lew = — ZWI’WWLU - ZBWBMV

_ 1 . .
+ Py (i@,l, —g=o W

1

2

Y
- ¢ =B

2

— Y
e+ Tt (- a5 8) v (L)

with Wi, = 8, W}, — 8,W! — ge;jx W Wk and By, = 9,B, — 9, B,..

INote, that in these papers quarks were not part of the model. The existence of quarks was suggested

by [16-18].
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Here, 11 /g are left/right-handed fermion fields, B, is the U(1)y gauge field, and
W;L are the SU(2)r, gauge fields. The values g and ¢’ are the coupling constants of
the two gauge fields to the fermion fields. The hypercharge Y is the generator of the
U(1) algebra, while the Pauli matrices fullfil the SU(2) algebra [o¥, '] = iekl™ o™,
The B boson couples to the hypercharge, while the W bosons couple to the weak
isospin.

Comparing the SU(2) and U(1) currents with the electromagnetic one, the relation

1
Q= Y+ (1.2)

is found: The electric charge Q can be derived from 73, the third component of the
weak isospin, and the hypercharge Y.
The mass eigenstates of the charged and neutral currents are defined as

1 A cosf, sinf B
+=_ - 1 s 172 wy _ w w 7]
Wy = V2 (W“ + lW") ’ (Z,,) - (— sin 0, cos Qw) (Wﬁ’) ’ (1.3)

where 0, is called the electroweak mixing angle. The photon field is A,,. Using again
the analogy of the respective currents one can derive the relation

e=gsinf, = g cosby,. (1.4)
The W bosons couple to the weak isospin, and therefore only to left-handed

fermions, while v and Z bosons couple both to left- and right-handed fermions. This
can be appreciated from the corresponding Feynman rules:

The vector and axial-vector couplings c{; and cf; of Z bosons to fermion type f are
defined as
o, =1 —20;sin%0,, | =T (1.5)

In the upper rules, one finds the projectors on left- and right-handed particles, P g =
3(1LF 7).
Gauge Invariance and Massive Particles

It has been experimentally observed, that W and Z bosons and fermions carry mass.
In principle, those masses can be introduced by hand

Lo = M3Z,Z" + MWW — [ﬁLM”uR +dL VI MYdg + e MCep + h.c.] . (L6)

The 3 x 3 unitary CKM matrix is denoted by V.
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The mass terms within the Lagrangian as in Eq. (1.6) violate gauge invariance: The
fermion mass terms mix left- and right-handed components, but those components
carry different quantum numbers for the gauge fields. Also the mass terms of the
gauge bosons violate gauge invariance. This can be observed by reviewing gauge
transformations:

Defining T¢ as the generator of the gauge group and a“(x) as real numbers, a
local infinitesimal SU(n) transformation acts on 1) and AZ as

Px) = [1+iT% (x)] ¥ (x),
AZ(x)T“ — AZ(x)T” + iaﬂa’l(x)T” + f”b‘“T”AZ(x)a"(x),
gx

with gx being the considered gauge coupling and ¢’ the structure constants defined
by
(T4, T?] = if®ere. (1.7)

For massless gauge bosons, gauge invariance is possible with the covariant
derivate
Dy, =0, +igxT"Aj, (1.8)

and the gauge field strength tensor
Ff, = 0,A% = 0,A% — gx fape AL AS,. (1.9)

A Lagrangian with massive gauge bosons cannot be made invariant under these
transformations.

“Unrenormalizibility” of a Gauge Theory with Massive Gauge Bosons

The propagator of the massive weak gauge boson behaves for large momentum
transfer as oup
—igw + # PuPv

p2 — ]W2 +l€ p2—>oo pQMZ'

Integrating over momentum space for gauge bosons leads to severe divergences. Even
for a p? cut-off parameter, an infinite number of such parameters would be needed
due to higher order diagrams. Thus, the theory would be “unrenormalizable”.

Unitarity Violation

Processes contributing to the WW scattering of longitudinal polarized W bosons,
W_, are shown in Fig. 1.1. The scattering amplitude for this process scales as E> for
high energies E:

MWW, — Ww) ~ EZ
MWL W, L L)|E>>Mw
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@ (b) (c) (@)

w+ wt wt wt wt wt wt W=

W= w- w- W W W W w

Fig. 1.1 Leading Order diagrams contributing to WrW~ — W*W™ scattering. a Quartic
coupling, b s-channel, ¢ t-channel, d u-channel

Therefore, the electroweak theory of the Lagrangian in Eq. (1.1) breaks down at high
energies.

1.1.1 The Electroweak Symmetry Breaking

At the end of the previous section, three problems within the electroweak theory were
shown. The minimal solution to those problems is to retain the gauge symmetry in
the Lagrangian, but dropping it for the physical states. This concept is known as
electroweak symmetry breaking. In the following, the discussion is restricted to the
case of the SM, the Higgs mechanism [19-21], sometimes also called Brout-Englert-
Higgs mechanism.

The Higgs mechanism introduces a complex scalar field ¢ with ¥ = 1 and weak

isospin 7' = 1/2:
_ L (dr+ign) _ ¢>+)
¢= V2 (¢3 +i¢4) - (¢>0 (110

The Lagrangian of the Higgs field can be written as

2
— luzd)T(b — )\(d)Tﬁb)z + ﬁYukawa-

(1.11)

o Y
(iay — gal W, — g’EBV) 10)

LHiggs =

The term V(¢) = p>¢’ ¢ + M@ ¢)? is referred to as the Higgs potential with 12
being the mass parameter, and A the four-point vertex coupling. The term Lyykawa 1S
discussed later in this section. All terms of Eq.(1.11) are invariant under SU (2)1, X
U (1)y transformations.
For /Jz < 0and A > 0, the minimum of the potential will not be for ¢ = (0, O)T,
but for
2
(;STQS:UZ:—MT. (1.12)

By choosing a vacuum configuration, for example

I (0
=—("). 1.13
=" (v) (1.13)
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the electroweak symmetry is spontaneously broken, as the Lagrangian itself is still
invariant under the symmetry, while the expansion of the potential around the vacuum
state (¢) is not. Due to the relation (1.2), the scalar field does not carry electric charge,
the symmetry of QED is conserved and therefore the photon remains massless.

Inserting the vacuum state (¢) asin Eq. (1.13) into the kinematic term of Eq. (1.11),
one obtains mass terms with

1 1
My = Zvg, Mz = EU\/QZJr—g’Z, My =0. (1.14)

Using Eq. (1.4), a relation between the W and Z boson masses is derived:

M
M—Z = cos . (1.15)

Also fermions obtain masses by their couplings to the Higgs field, described in
the term Lyukawa of Eq.(1.11). For this, one introduces the Yukawa coupling G/
of the Higgs field to the fermion and the charge conjugate of the Higgs doublet,
¢ = io?¢’. The Lagrangian of the Yukawa coupling can then be written as

Lyukawa = _GeFL - per — Gd@L - @dr — G“@L : ¢CMR + h.c., (1.16)

where e denotes all lepton flavors, u(d) all up-(down-)type quark flavors, and E,
and Q7 are the corresponding SU(2); doublets. Inserting the vacuum state Eq. (1.13)
into this formula yields fermion masses

Glv
Mf = /\/E .

(1.17)

Higgs Field Self-Coupling and the Higgs Boson Mass

Expanding the scalar field ¢ around the vacuum state leads to four new fields £¢ and
h(x):

1 aca 0
_ i09€8 (x) /v
P(x) = ﬁe (U +h(x)). (1.18)

The fields £4 are massless. Those unobserved states are called Goldstone bosons,
as predicted by Goldstone’s theorem [22, 23]. They are absorbed into the massive
gauge fields, and provide the longitudinal polarization of those fields. The field 4 (x)
describes the Higgs boson. Due to the self-coupling of the Higgs field, it acquires a

mass of Mj, = v/2 2.

Unitarity Violation Revisited

In Fig. 1.1, leading order diagrams contributing to the WYW~ — WTW™ scat-
tering were shown. The interaction between the W boson and the Higgs boson leads
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(a) (b) (©
w+ w+ w+ ’\/\/\/\/\/\/\(VWWVV w+t W+ wW-—
W W= W MWW e Wt

Fig. 1.2 Leading Order diagrams contributing to W+ W~ — W+ W~ scattering via Higgs boson
exchange. a s-channel, b t-channel, ¢ u-channel

to additional diagrams as displayed in Fig. 1.2. The contribution of | M |? that scaled
with E? for the gauge boson interactions cancels exactly with the contribution from
the Higgs boson exchange for high energies. The unitarity of the W W scattering for
longitudinally polarized W bosons is restored.

1.2 Quantum Chromodynamics

The theory of the strong interaction between quarks and gluons, the gauge boson
of the theory, is QCD [24-26].% It describes the strongest interaction among the
fundamental forces, but the interaction is also short-ranged with typical ranges of
order of the proton radius. The symmetry group is SU(3), the corresponding charge
is called color.

So far, no free color charges have been experimentally observed. Neutral color
states, the formation of hadrons, are a result of the strong interaction. Two kinds of
color-neutral hadrons are observed? (indices are denoting the color):

e Mesons are quark—anti-quark pairs (q,q ); have mteger spms and are bosons.
e Baryons are (anti-)quark triplets (¢;jxq' g/ g~ ei ikq'q’q k), have half-integer spins,
and are fermions.

But first, the fundamental interaction between quarks and gluons is introduced.
The QCD Lagrangian can be written as*

—_ . 1 vV
Laocp = q;(i0x0, — gsTj“kGZ)y"qk - 4G“’ GZ,,, (1.19)
where ¢ is the quark field, Gﬁ the gluon field, and g, the strong coupling. The indices
J» k denote the color charge, and G‘/j,, = 0,GS — 8,,GZ — gs fabCGZGg. The SU(3)
algebra has eight generators 7% and therefore eight types of gluons exist.

2The mentioned references introduced the gluon or the SU(3) algebra leading to the color charge.
Many more people contributed to the development of QCD.

3Recent results of the LHCb experiment show the existence of a state not belonging to these two
classes [27].

“The quark masses are omitted as they are already explained in Sect. 1.1.1.
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In principle, the Lagrangian would additionally have a gauge fixing term in order
to properly define the gluon propagator. This term would then be accompanied by a
ghost field term. As these ghost fields are not physical, they are not discussed any
further.

1.2.1 The Strong Coupling Constant: “Running” of o

Any interaction within QCD is proportional to powers of gsz. Therefore we define
the strong coupling constant

2
— 9

o (1.20)

Qg
In perturbation theory, the calculation of interaction amplitudes will contain loop
diagrams for higher order contributions. The integration over those loop momenta
can lead to divergencies for the limit of infinite loop momenta. These divergencies
are usually called ultraviolet (UV) divergencies. In particle physics theory, these
divergencies are controlled by renormalization techniques: The bare parameters of
the theory, like the masses, field strengths, and coupling constants are modified,
such that they contain counterterms to absorb these divergencies. In the context
of renormalization, an unphysical scale pg, the renormalization scale, has to be
introduced. As this scale g is not physical, any physical observable does not depend
on it. Details about renormalization can be found elsewhere, for example in [10].
The physical observables themselves are not constants, but depend on the momen-
tum transfer O, at which the observable is probed. The dependency is ruled by the
renormalization group equation (RGE) [28]. For oy, on which several observables
depend on, the RGE is

zaas(,ﬂ) - Qs ag\? 3
W = o o+ (5) +ow@) (1.21)

with (; being constants depending on the gauge group. For example, Gy = 11— %n 1
where 7 ¢ is the number of quark flavors.
Solving Eq.(1.21) at leading order results in

s (03)
1+ a5(03)50 In(Q%/ 03’

as(Q%) = (1.22)

where a; has to be determined by measurements for a reference value o (Q%).

For high momentum transfer (or short distances), the coupling constant becomes
small as By > 0. Thus, quarks and gluons can be regarded as free at short dis-
tances. This behavior is called asymptotic freedom [29, 30]. At hadron colliders, the
processes of interest occur at large Q2. Hence, perturbation theory can be used to
calculate observables and get accurate predictions.
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If, however, the momentum transfer becomes small (Q — Aqgcp = 90.6 &+
3.4 MeV” [31]), a, gets very large and perturbation theory breaks down. This is
called confinement. This effect prohibits the existence of free quarks, hadrons are
formed.

1.2.2 Infrared Divergencies

In the last section, the evolution of the strong coupling constant due to the absorption
of UV divergencies was presented. There exists also another category of divergencies,
classified as infrared (IR). These occur as virtual corrections for soft loop momenta
in loop diagrams, but also as real emission in the soft or collinear limit, meaning
that the emitted particle has very low energy or is collinear to the emitting particle.
In experiments, these effects are not measureable as a soft particle or two collinear
particles are not resolvable. Hence, observables that are predicted by QCD should
be invariant (IR-safe) under these effects, for example by the cancellation between
the virtual and real emissions.

1.2.3 The Structure of the Proton

This thesis is mainly based on data collected in proton-proton ( pp) collisions. There-
fore, a good understanding about the structure of the proton is required. The proton
itself is not a fundamental particle, it is a composite hadron made out of three valence
quarks (|p) = |uud)), as well as sea-quark pairs and gluons. The parton model of
the proton assumes that each constituent of the proton, further called partons, carries
a certain momentum fraction £ of the proton’s momentum.

For pp collisions at the LHC, where large momentum transfers are expected, the
partons involved in the hard scatter are approximately free and independent from the
proton structure. The long-distance behavior of the proton, described by the parton
density function (PDF), f, (&, u%), and the hard scatter process factorize:

1 1
olpp — X) = /O dx) /O dxy Y falxr, p) fo (k2. p) 5702, i),
a,b

(1.23)
where 6@~ %) is the hard-scatter cross section. The new introduced factorization
scale puF sets the scale between the hard physics and the resolution of the partons
a, b. At leading order, the PDF describes the probability of finding a parton a with
the momentum fraction £ within the proton. Collinear and soft emissions below ur

5The value has been calculated in the M S scheme with six quark flavors. Using only five quark
flavors, the value is Aqcp = 214 &7 MeV.
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x f(x,Q) versus x
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Fig. 1.3 Scale dependence on two sets of PDFs: Left for the CT10 NNLO PDF set at Q> =
10 GeV? [35]. The dashed curves are the central fits of the CT10 NLO PDFs. Right for the
MSTW?2008NLO PDF set at 0% = 10* GeV? [36]

are unresolvable and thus inside the PDF. As the PDF absorbs the divergencies of
those emissions, the leading-order picture of the PDF does not fully apply.

The PDFs themselves cannot be calculated within QCD, they need to be measured
experimentally for a given scale. The evolution of PDFs as a function of ufv is
described by the DGLAP equation [32-34]

9 - (x, 2 s 2 ld
2 00at i) _ 3¢ Wi [T o5 (;—C,/fp> (1.24)

ou% ~ 2r Jy oz ¢

with P,;(z) being the splitting function representing the probability of parton a to
split a — bc with longitudinal momentum pp = zp,,.

In Fig. 1.3, the scale dependence is shown for two sets of PDFs obtained by
different analyses.

1.2.4 The Physics of Proton-Proton Collisions

So far, the hard interaction between partons, described by perturbative QCD, and
its convolution with the proton structure, from which the partons originate, were
discussed.

However, a collision event is far more complicated as illustrated in Fig. 1.4. In this
section, the missing parts for describing a full event will be introduced. It is based
on the discussion in [11, 37].
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Fig. 1.4 Illustration of a pp collision event. Taken from [38] with added labels

Parton Shower

Before and after the hard scatter, partons emit gluons or split into quarks. This
process is called parton shower and is also known as initial (final) state radiation
(ISR/FSR), depending if the emission happens before (after) the hard interaction.
Emitted photons are also called bremsstrahlung. The idea for the computation of
the parton shower is that the matrix element of a parton emission is largest, if the
emission is either soft or collinear. In this approximation one can determine the cross
section of a n + 1 parton final state, do,,+1, from the cross section of the n parton
final state before the parton emission, do,, via

dO? oy -
dons1 = dan?dzﬁPab(Z), (1.25)

where P, (z) = Pyp(z) is the splitting function for z < 1.
The probability of a parton to evolve from momentum scale ¢ to 7. without a
splitting a — bc is given by the Sudakov factor

t 4t 1—e(t') Qs
A(t) = exp —/ —,/ dz—Pup(2) { - (1.26)
te t E(t/) 27T

The cutoff ¢, is the scale where hadronization becomes important (7, = AéCD).
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(a) b (b)

Fig. 1.5 Sketches of hadronization models. a String model, b Cluster model [37]

Hadronization

There exist no free quarks or gluons due to confinement. After the parton shower
the existing partons have such low virtualities (Q?) that the strong coupling constant
is very large and the partons begin to build stable hadrons. This process is called
hadronization and cannot be described by perturbative QCD. Only phenomenological
models are available. The idea is that gluons and quarks build color-neutral hadrons,
and unstable hadrons decay into stable hadrons, leptons and photons. In experiments,
the cluster of hadrons around the direction of a parton from the hard interaction is
called jet, see also Sect.5.7. Two models of hadronization are commonly used by
simulation programs, the string model [39—41] and the cluster model [42], illustrated
in Fig. 1.5.

The string model assumes that the color field between gq pairs collapses into a
string of uniform energy density at the end of the parton shower. This string is broken
up by quarks or antiquarks, while gluons produce ‘kinks’ in the string. These kinks
have local energy equal to the gluon energy. In the model, a string then breaks into
hadrons through spontaneous g¢ pair creation. While meson production is explained
naturally in this model, baryon creation is more complicated [11].

The second popular model, the cluster model, requires all gluons at the end of the
shower to split into gq pairs. Then, clusters are formed by connecting neighboring
quarks to color-singlets. The clusters decay isotropically into a pair of hadrons. The
energy needed for the hadron formation by the gg production is extracted from the
cluster field. Clusters with too low energy will decay into only one hadron, while
heavy clusters can split into lighter daughter clusters [11].
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Multiple Parton Interaction and Underlying Event

Besides the hard interaction, there can be secondary interactions of other partons of
the protons. These processes are called underlying event (UE). The beam remnants
usually have very small momentum transfers that they need to be described by non-
perturbative QCD. If the secondary scatter interaction is still hard enough to be
described by perturbative QCD, the process is called multiple parton interaction
(MPI).

The UE is often modeled by so-called minimum bias events. Minimum bias events
is an experimental expression: The decision of recording an event by a detector
is usually based on some trigger condition. If minimal trigger conditions are met
like requiring a minimal energy deposit in the detector, the recorded event is called
minimum bias. These events basically correspond to soft inelastic collision events
due to the cross section of hadron-hadron scattering.

1.3 Summary and Experimental Tests of the Standard Model

In Sects. 1.1 and 1.2, the underlying theories of the SM were reviewed. The total
description of the SM is the combination of these theories using a SU(3)¢ x SU(2), x
U(1)y gauge group.

The hard interaction can be described using the total Lagrangian, which is

Lsm = LEw + LHiggs + Locp (1.27)

with the single terms described by Eqgs. (1.1), (1.11), (1.16), and (1.19).

The properties of the bosons and fermions were already summarized in Tables 1.1
and 1.2. As right-handed neutrinos have no quantum numbers at all, they are con-
sidered as non-existing in the SM.

1.3.1 Experimental Tests of the Standard Model

The SM leaves several parameters free, they have to be determined by experiments.
Among those are the gauge, Higgs and Yukawa couplings and the Higgs mass para-
meter

g’ glv gSr )\1 //(" Gf'

All parameters of the SM can be measured in several ways. Usually these mea-
surements are indirect and therefore depend on the underlying theory itself. Thus,
measuring several observables with high precision to deduce the same parameter
results, on the one hand, on a higher accuracy of the parameter value, but also pro-
vides, on the other hand, a test of the theory itself as the measurements should be
compatible with each other.
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Fig. 1.6 Examples of experimental tests of the SM. a Determination of the electroweak mixing
angle from several forward-backward asymmetry measurements and its constraint on the Higgs
boson mass [43]. b Agreement between measured quantities and their values from the global SM
fit to electroweak precision data [44]

Anexampleis shown in Fig. 1.6a: Measurements of forward-backward asymmetry

parameters for leptonic or quark couplings are combined. These asymmetries depend

on c‘J; and cﬁ, Eq. (1.5), and one can deduce the weak mixing angle. The result can

be used further, to constrain other parameters. In the example of Fig. 1.6a, the Higgs
boson mass dependence on the weak mixing angle can be used to constrain the mass.

Considering several measurements together, the consistency of the SM can be
tested. Such a consistency test is the global fit to electroweak precision data by LEP
and SLC [43, 44], shown in Fig. 1.6b. The precision of the measurements ranges
from 1073 for strong variables like oy, 1075-10"* for weak quantities, up to 10719
for the electromagnetic coupling constant [31].

These studies are continued by present experiments. A measurement of the strong
coupling constant o using a three-to-two jet ratio is shown in Fig. 1.7a, for example.
Some of these studies are the first measurements performed, like tests on the new
observed Higgs boson-like particle. For instance, the measurement of the vector
boson and fermion couplings to the Higgs boson is shown in Fig. 1.7b.

Newest results from the large LHC experiments can be found in [47], comprehen-
sive summaries and combinations are performed by the Particle Data Group [31].
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Fig. 1.7 Examples of present studies on the SM physics. a Measurement of «; and comparison to
previous measurements by the CMS experiment [45]. b Measurement of vector boson and fermion
coupling factors to the Higgs boson (observed at ~126 GeV) by the ATLAS experiment [46]

1.4 Limitations of the Standard Model

In the previous section, experimental tests of the SM showed good agreement between
theoretical predictions and experimental measurements. Despite this tremendous
success, the SM is not the final theory of particle physics, as several theoretical
questions and experimental observations cannot be answered by it. Below is a list of
questions, which are not answered by the SM.

e The SM is a theory describing the strong, and electroweak forces. There exists no
consistent quantum theory of gravitation between fundamental particles. Gravita-
tional effects are expected to be important at the Planck scale

he 13
Mp = ~ 2.4 x10°° GeV. (1.28)
881G

This scale is much larger than the electroweak scale v ~ 246 GeV, therefore
gravitational effects cannot be observed at accelerators so far.

e The extreme mass scale difference between the electroweak and the Planck scale
seems unnatural. The different scales create an unattractiveness called the hierar-
chy problem. Calculating fermionic loop corrections to the Higgs boson mass, as
sketched in Fig. 1.8, yields mass corrections of

(G’ T 2 2 A
SMj|p = — A*-0(Mim—)|. 1.29

ils 82 ! My ( )
Here, A is the UV cutoff scale. For the SM it is usually around M p, the scale where
gravitation becomes important. In order to achieve a small mass of M;, ~ 125 GeV,
one requires extreme fine-tuning in the renormalization process.
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Fig. 1.8 Fermion loop f
contribution to the Higgs
boson mass
h h
f

e Recent observations of neutrino oscillations have established that at least two
neutrino generations have mass [48—51] while they are assumed to be massless in
the SM.

e There are several astrophysical and cosmological observations suggesting the exis-
tence of dark matter [52, 53]. The baryonic mass that we can observe makes out
only 4 % of the energy of the universe. The SM fails to provide a particle candidate
for dark matter. Even more obscure is the concept of dark energy.

e During the creation of the universe, there should have been (almost) equal amounts
of matter and antimatter, yet we only observe clusters of matter. The SM cannot
explain this large matter-antimatter asymmetry observed in the universe.

e The theory of QCD allows for a CP violating phase [54, 55]. Measurements show
that this phase must be extremely small or even zero. There is no natural explanation
for this.

e The SM has 19 free parameters® needed to be determined by experiments. The
question is, if these parameters are fundamentally independent or interconnected.

This list could be extended with several more questions: Why is there such a
hierarchy among the quark masses? Why are there three families? Hence, the SM is
not the final theory. As the SM explains most of the phenomena observed so far with
high accuracy, it is an effective theory valid up to the electroweak scale.

In the following chapter, a possible extension of the SM will be introduced, which
will allow to “fix” several of the above problems.
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Chapter 2
Physics Beyond the Standard Model:

Supersymmetry

In this chapter, one model for physics beyond the SM is introduced: supersymme-
try (SUSY). As it will be shown, this model will “solve” several of the problems
mentioned in Sect. 1.4.

The concept behind SUSY is quite simple: There exists a symmetry relating
fermions and bosons, or to be more precise: There exists an operator changing the
spin of a particle by 1/2. As this operator changes only the spin, all superpartners of
the SM particles should already have been observed, as they would have the same
masses. This is clearly not the case. However, an escape to this is SUSY breaking,
which can lead to larger masses for the superpartners.

The transformation between fermions and bosons can be simply expressed as

Q1b) = 1), Ol1f) = 1b), 2.1

where Q is the symmetry operator, | f) a fermionic state, and |b) a bosonic state.
The operator Q itself must carry spin 1/2 and is fermionic. This symmetry oper-
ator! must satisfy the following algebra [2, 3]:

{Qa. O} =200, P, 22)

[Qa, 05} = {0}, O} =0, 2.3)

[P", Qul =[Q}, P'1=0, (2.4)
1

(M, Qo] = 5 (00207, 2.5)

with o123 being the Pauli matrices, o° the identity matrix, and «, 3 being spinor
indices. The generator of the translation and Lorentz groups are P, and M, respec-

tively, and (0,0 = ((0,)ar (077 = (0,)ar (0,)77).

I'The representation here is the so-called N = 1 supersymmetry, see for example [1].
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Equatlon (2.5) simply states that Q1 (Q») changes the z component of the sp1n
by + ) Similarly, Q1 (Q2) changes the z component of the spin by — (+2)
As Q has to commute with the Hamiltonian (it is a symmetry operator), so has its
anticommutator: the Eq. (2.2) follows, as the anticommutator has to be a conserved
spin-1 operator, and therefore ~ P,. In principle, states with spins between —2 up to
2 are allowed, thus up to eight SUSY operators Q are possible, since an operator
cannot be applied twice (follows from Eq.(2.3)). The discussion in this thesis is
restricted to SUSY with one such operator. The symmetry operator Q is the only
possible extension to the Poincaré group (follows from the commutator relations of
Egs.(2.4) and (2.5) and [2, 3]).

In theory, the fields of the SM particles and their supersymmetric partners can be
arranged into supermultiplets. As the symmetry operators commute with the gener-
ators of the gauge group, all particles within the same supermultiplet have the same
electric, weak, and color charges. An elegant formulation of SUSY can be obtained
using the superspace formulation. One displays all fields within a supermultiplet in
one object, the superfield [4]. While we do not engage in the discussion of superfields
here (for more details, see for instance [5]), we want to mention that the properties
of SUSY can be derived directly in this formulation, such as the fact that the num-
bers of degrees of freedom for a boson field and its fermion partner field have to be
identical. This argument will also lead to the introduction of the non-propagating
auxiliary fields F and D, as discussed later.

The naming convention of the partner fields, that will be used hereafter, is simply
constructed out of the names of the SM partner fields: for fermions, the partners will
be called sfermions, like squarks for quark partners.” For gauge and Higgs bosons, the
partners are denoted with an appended ino, like higgsino for the Higgs boson partner.
The symbol for the partner particle has the same letter with a tilde, for example the
gluino g is the partner particle of the gluon g.

In the following, the basic principles of the supersymmetric theory will be intro-
duced in Sect.2.1. The consequences on the Higgs sector are reviewed in Sect.2.2,
and on the masses of the supersymmetric particles in Sect. 2.3. Also, the SM problems
from Sect. 1.4 are revisited in Sect. 2.4. Possible experimental signatures of SUSY
will be discussed in Chap. 3.

This and the following chapters are mainly based on [5-7].

2.1 The Minimal Supersymmetric Standard Model

In its minimal form of adding one supersymmetric operator on top of the SM theory,
the extended theory is called the Minimal Supersymmetric Standard Model (MSSM).
The Lagrangian of the unbroken MSSM can be written as

LN = Lin + Lehiral — V. 2.6)

2For the name of flavored squarks, we omit the word quark (that is stop instead of stop quark or
top squark). The same holds for the word boson.
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The Kinematic Part of the Lagrangian

The kinematic term of Eq. (2.6) can be written as

1
Lyin = — D/LQ'S*!D[L(bl _ nﬁ"a/‘ llwl _ 4 /W jF],ul/a _ l/\TaO'#V )\a

— Vg [ @ TN + X @ T ] 2.7)

Here, v denotes the fermion fields and ¢ its partner fields; the index i runs over
all flavors and chiralities. The gauge boson and its partner fields are Aj, and A“,
respectively, with couplings g; and generators Tj‘.‘. The index j denotes the gauge
group. In this and following equations, we apply the Einstein notation for summing
over indices appearing twice. The field strength tensors F'? 4 are known from Eq. (1.9)
as well as the covariant derivatives D,, from Eq. (1.8). The covariant derivative for
the gaugino fields, V,,, is defined as

= O\ — g feab . (2.8)

The gauge couplings are the same for the SM particles and their supersymmetric
partner particles.

The Chiral Part of the Lagrangian

In order to obtain the chiral part of Eq. (2.6), the superpotential W, a function leading
to the MSSM Lagrangian that is invariant under supersymmetric transformations, is
defined:

W = ci; [ Gl Hi L) a@r)b + Gy Hi (8] Da@R)p — Glip HY( DY a iRy + i H
(2.9)

with G'-*-4 being Yukawa couplings, ; the Higgs mixing parameter,’ H,, 4 the Higgs
doublets, and é L, L L, UR, d, R, €r the left- and right-handed partner multiplets for
all three fermion generations. The antisymmetric tensor ¢;; = —¢;; is defined with
€12 = 1. The superpotential has to be a holomorphic function of the scalar fields.
Therefore, terms like HH* are forbidden, and two Higgs doublets are needed to
provide masses for up- and down-type quarks and leptons.

The chiral Lagrangian is then given as

1 O*W
Lechiral = ) 0600 ; wﬂb/ +h.c. (2.10)
ey

Here, ¢ are any of the scalar fields of Eq.(2.9) and ¢ their partner fields.
This Lagrangian resembles the well known SM Yukawa coupling of Eq. (1.16), but
also describes similar vertices, where the Higgs boson and one fermion are exchanged

3This parameter should not be confused with the Higgs mass parameter from the SM, Eq. (1.11).
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by their superpartners. Also vertices with charged Higgs bosons or higgsinos are
described by it. The p-term of Eq. (2.9) leads to masses for the higgsinos.

The Potential of the Lagrangian

The final term in Eq. (2.6), the potential, can be written as

. 1
V(o) = F{F' + DD 2.11)
with oW
F = 6745"’ DY = —9¢?Ti?¢j-

These F and D fields are auxiliary fields. They are needed to match the numbers
of degrees of freedom for fermion supermultiplets (F-term) and the gauge super-
multiplets (D-term) in the case of off-shell fields.

The F-term can be separated into three types of interactions. First, the Yukawa
part of Eq.(2.9), leads to quartic interactions between two Higgs bosons and two
sfermions of the same flavor generation. Secondly, there exists a part with interactions
between one Higgs boson and two sfermions. The final part is the terms coming from
the p-term of Eq. (2.9):

Vi = |l (1HOP + [HP + 1 HF 1+ 1Hy )

Note, that this potential is similar to the 2 term of Eq.(1.11). However, it is pos-
itive definite, and thus electroweak symmetry breaking does not occur, if SUSY is
unbroken.

The contribution to the Lagrangian, introduced by the D-term of Eq.(2.11) is
quadratic in gauge couplings and quartic in scalar fields. Quartic Higgs boson cou-
plings have already been observed in Eq. (1.11). SUSY also adds these couplings to
the other type of scalar fields, the sfermion fields. One should note, that in SUSY
these quartic couplings are determined by gauge couplings through the definition
of D4.

Summarizing our current findings: So far, we have reproduced the interaction
vertices from the SM. The theory doubles the particle spectrum, and the chiral and
gauge eigenstates are summarized in Table?2.1. Further interactions are introduced
by exchanging two SM particles by their supersymmetric partners at the SM ver-
tices. These interactions happen at the same strength as the ones in the SM, because
the coupling constants are equal. It is important to note, that SUSY does not intro-
duce new couplings. Additional interaction vertices emerge like the quartic coupling
between sfermion fields, where no analogon in the SM exists.

This extended theory has some problems: First, we have no electroweak symme-
try breaking. Also, we introduced a lot of new particles, which only differ in spin
from their SM partner particles, but not in mass. However, these particles have not
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Table 2.1 The particle content of the MSSM in terms of the chiral and gauge eigenstates and the
representation in the SM gauge groups

Name Spin-0 Spin-1/2 Spin-1 SUB)c x
SUQ2). x
U(Dy
Squarks, 0L (i, dp) (ur. dr) - (G.2.4+3)
quarks
(x3 uR g ug - G.1.+3)
generations)
dr dr dg - G.1,-hH
Sleptons, Ly L. 1) (VL. er) - (1,2,-%)
leptons
(x3 eRr eR eRr - (1,1,-1)
generations)
Gauginos, Il - g g (8,1,0)
gauge bosons | W — W w (1,3,0)
B - B B (1,1,0)
Higgs boson, | H, (Hu*, Hl?) (ﬁu*, HS) — 1,2, +%)
higgsino Hy (HY, Hp) |(H}, Hp) | = (1,2,-9)

been observed. In order to obtain a SUSY model with realistic phenomenological
observations, SUSY needs to be broken.

2.1.1 Breaking of Supersymmetry

SUSY should be broken in such a way that the symmetry itself is preserved, but the
vacuum state is not symmetric under supersymmetric transformations.

Unlike the Higgs mechanism, the underlying mechanism to break SUSY is not yet
fully understood, and only a parameterization of the breaking terms can be written
down. The way SUSY is broken should not introduce new “problems” like the ones
mentioned in Sect. 1.4. For example, dimensionless couplings lead to quadratic diver-
gencies as observed in the hierarchy problem [5]. Thus, only soft SUSY breaking
terms are allowed. A possible parameterization can be

: 1 o - .
Lot = — 5 (MiBB + MoyWW + M3Gg + c.c.)
— (FrAuOLH, — drAdOLHs — ErALLH, +c.c.)
— ézsz QL — sz%zL — ﬂ}rem%ﬂlg — (Al;gmé’dv]g — E}mSER

— M}, |Hy|* — M}, |Hql* + (BuHy Hq + c.c.). (2.12)
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In total, 105 new parameters are introduced: the gaugino mass terms M1, M», M3,

the sfermion 3 x 3 mass matrices sz, m%, m%,mczl, mg, the Higgs mass terms

MIZ_IU, Mlzid, trilinear sfermion-sfermion-Higgs coupling 3 x 3 matrices A,, A4, Ae,
and off-diagonal Higgs mass term B u. These terms should be roughly of the SUSY
breaking scale M.

This new Lagrangian introduces flavor-changing neutral currents and CP-violating
effects that have been excluded experimentally. One potential way out is diagonal-
izing the newly introduced 3 x 3 mass matrices, m% = m%m 1l, making the trilinear
couplings proportional to the Yukawa couplings, A, = A,oG~*, and removing new
complex phases, Im(M| 2,3) = Im(Ay0,40,c0) = 0.

2.1.2 The Hidden Sector—The Origin of Supersymmetry
Breaking

If global SUSY is broken, the potential of Eq.(2.11) is required to have a non-zero
vacuum expectation value, and thus (F') # Oor (D) # 0. Asnone of the MSSM fields
can obtain a non-zero vacuum expectation value without spoiling gauge invariance,
this breaking must occur in the “hidden sector”. It is assumed that this hidden sector
either couples extremely weakly or only indirectly via messenger particles to the
“visible sector”. One consequence of SUSY breaking is the existence of a neutral
and massless fermion, the goldstino. Two popular models of spontaneous SUSY
breaking are discussed here. Other SUSY breaking scenarios have been developed,
for instance anomaly mediated breaking [8, 9], but are not discussed.

In supergravity mediated models (SUGRA), the hidden sector is around the Planck
scale, Mp, and interacts with the visible sector via gravitation. When gravitation is
taken into account, SUSY becomes a local symmetry, supergravity, with the addition
of the spin-2 graviton and its spin-3/2 partner, the gravitino. The gravitino absorbs
the goldstino, acquiring the mass M3, ~ (F)/Mp. The scale requested for the soft
breaking terms is at the TeV scale,

F
Moge ~ j\/I_> ~ 1TeV,
P

hence one estimates /(F) ~ 10!" GeV. In this scenario the gravitino is heavy.
For collider physics, typically it does not play a role due to the weakness of the
gravitational interaction.

Another popular model of SUSY breaking is the gauge-mediated SUSY breaking
(GMSB). Instead of coupling directly to the hidden sector, GMSB introduces messen-
ger fields with SM gauge quantum numbers: gauge interactions with these messenger
fields mediate the breaking by quantum fluctuations. Hence, the soft breaking scale
can be estimated as

a (F)

M. ft~ —
0 27T Mimess

~ 1TeV
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with a being the gauge couplings involved in the loop interaction. Assuming that
M2 . isofthe same scale as (F), one concludes that ./{F) ~ 10*—10° GeV. A direct

mess

consequence of this is that the gravitino is extremely light: M3, < v &~ 246 GeV.

2.1.3 R-parity

The Lagrangian introduced in Egs. (2.6) and (2.12) conserves the discrete quantum
number
R = (_1)3B+L+2S’ (213)

with B being the baryon number, L the lepton number, and S the spin. This quan-
tum number has values R = +1 for all the SM particles and R = —1 for their
supersymmetric partners.

Requiring R-parity conservation has several phenomenological consequences:

both the baryon and lepton numbers are conserved,

sparticles can only be produced in pairs,

sparticles can only decay into an odd number of other sparticles, thus requiring
that the lightest supersymmetric particle (LSP) is stable,

due to cosmological constraints, the LSP must be electrically neutral and interact
only very weakly.

Previously, R-parity conservation was assumed without mentioning. In fact, more
terms in Eq. (2.9) are allowed:

Wrpv = Nijk(L0)i(L1) j(@r)i + )\;jk(zL)i(éL)j(jR)k
+ N @R)i (dR) j(dR)k + i (LL)i Ha (2.14)

The first, second and fourth term violate lepton number conservation, while the
third term violates baryon number conservation. The coupling );;x permits slepton-
lepton-lepton interactions, the second coupling, A} ke slepton-quark-quark or lepton-
squark-quark interactions, while the third coupling, )\;; «» corresponds to a squark-
quark-quark vertex.

Allowing for R-parity violation (RPV) has severe consequences: sparticles can be
produced as single particle and also decay into an even number (including zero) of
other sparticles: the LSP does neither have to be stable nor to be neutral. Besides direct
SUSY phenomenology, RPV allows for several interactions forbidden by the SM. For
example, protons can decay at strength \’\” via squark exchange, like p — et ¥,
A very concise review of RPV can be found in [10]. Indirect measurements put
strong limits on the couplings of Eq. (2.14). Taking the example of the proton decay
p — et 70, experiments have limited the proton lifetime > 103 years. This yields

a stringent limit of X}, A/}, < % - 1077 (M /100 GeV)?.
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For the rest of this writing, R-parity conservation is assumed, unless stated oth-
erwise.

2.1.4 Unification of Gauge Couplings

In Sect. 1.2.1, the evolution of the strong coupling constant a; as a function of Q>
was shown. The ; coefficients of Eq.(1.21) depend on the particles entering the
loops. If this evolution is considered for all three coupling constants, no scale Q2 is
found, for which the three coupling constants intersect within the SM, see Fig.2.1,
left.

The framework of MSSM introduces new particles at a scale of the order of 1 TeV.
These particles alter the coefficients §; and all three gauge couplings meet at a scale
Mgur ~ 10°—10'0GeV below the Planck scale Mp, allowing for a unification,
see Fig. 2.1, right. The unified coupling agut = 1/25 is well within the perturbative
regime. Such a theory is known as Grand Unification Theory (GUT).

If unification occurs, the three SM gauge groups unify into one group. Conse-
quences depend on the unification group. Some of them are phenomenologically
interesting: A SU(5) unification can predict the electroweak mixing angle compati-
ble with measurements, or explain the quantization of charge g (¢) = —3¢(d). On the
other hand, also new phenomena open up, like the introduction of leptoquarks (cou-
ple to lg) and diquarks (couple to gg). These can be derived from the representations
for quarks and leptons, which are, for SU(5), 5= {dr, L1} and 10 = {Q, ug, er}.
The interactions with leptoquarks or diquarks lead to tree-level contributions to the
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l()logQ IOIOgQ

Fig. 2.1 Evolution of the inverse of the gauge coupling constants with energy Q [GeV]. Left for
SM, right for MSSM with sparticle masses of ~1TeV. Based on [11] and taken from [12]
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Fig. 2.2 Example of a mass spectrum: left for sfermions of the first and second generations and
the Higgs boson mass parameter My, (here My, ), right for sfermions of the third generation and
My, . The parameter Mlziu becomes negative for Q < Mgur. Taken from [15]

proton decay. However, the contributions are surpressed compared to GUT scenar-
ios within the SM alone. Another popular group is SO(10). In this model, all SM
leptons of a given generation, including vg, are unified in one supermultiplet within
the representation 16 = {Q, ug, dr, L1, er, Vr}. A review on the popular SU(5),
SO(10), and other unification groups can be found in [13].

One possible result of gauge unification is discussed here: The positive Higgs
boson mass parameter M%{u (at Mgut) becomes negative at the electroweak scale,
v, due to the influence of the strong top quark Yukawa coupling in the RGE. This
natural explanation of electroweak symmetry breaking via quantum corrections is
called radiative electroweak symmetry breaking [14]. An example of a mass spectrum
is shown in Fig.2.2.

2.2 The Higgs Sector in the Minimal Supersymmetric
Standard Model

In the MSSM, two Higgs doublets H, = (H,", H?) and H; = (HJ, H;) are
required, as anomaly cancellation involving chiral fermions requires the existence of
two fermionic partners in the Higgs sector with ¥ = +1/2. Minimizing the Higgs
potential for HS and H(?, obtained from all relevant terms of Egs.(2.6) and (2.12),
one arrives at the conditions

2Bp < 20ul*+ Mz + Mz, and  (Bp)? > (lu® + My )(ul* + M7,).



32 2 Physics Beyond the Standard Model: Supersymmetry

Due to the running of M121u described in Sect.2.1.4, these conditions can be met

easily. Defining the vacuum expectation values v, /4 = (HS / N V2, one finds the

relation
4MZ

92 + g/2 :

v2=v2+vfl=

u

(2.15)

The two Higgs doublets have eight degrees of freedom. As described in Sect. 1.1.1,
three of them are absorbed by the massive gauge bosons (W* and Z), leaving five
degrees of freedom, forming five Higgs bosons: i, H, A, and H £, Two of them
(h, H) are scalar bosons with convention M, < My, A is a pseudoscalar boson,
while H* are two charged bosons.

Calculating the pseudoscalar boson mass

2 2
v, v
M% = By—t—-1 (2.16)
Uy Vg
and defining the ratios (—7/2 < a < 0)
, M3 + M2
tan § = ﬂ, tan2a) = tan(ZB)%, 2.17)
Ud My — M7

one can obtain the Higgs boson masses at leading order

1
2 2 2 2 2 2 2 2 2272
Mps = Miy + M3, Mj, = (MA +ME £\ (M3 + M2)? —aM3 M2 cosz(Zﬂ)) :

(2.18)

It is interesting to note, that at tree-level My, < Mz| cos(2/3)|. However, including
radiative corrections from stop- and top-quark loops,

3 M: M,
AMy) ~ o cos? a(G')2M? ln( ;‘42 ’2) (2.19)

t

an upper limit of My, < 135 GeV is obtained. The newly found Higgs-like boson at
a mass of M, ~ 125 GeV fulfills this requirement.

The relative coupling strengths of the neutral MSSM Higgs bosons compared to
the ones of the SM Higgs boson are expressed in Table2.2.

The case of Mi > M2, that is for M4 > 300 GeV, is known as the decoupling
limit. In this limit, A, H, and H* have the same mass scale (Mg ~ My ~ My+)
and decouple from k. As §—«a ~ 7/2, the couplings of the light MSSM Higgs boson
h become identical to the ones of the SM Higgs boson and the discovery potential
for the heavier MSSM Higgs bosons might be challenging [16].
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Table 2.2 The MSSM Higgs couplings relative to the SM Higgs couplings expressed in « and 3

Higgs state hy ha hy hq

SM h 1 1 1 1

MSSM h sin(3 — «) cos(f — «) cosa/sin 3 —sina/ cos 3
MSSM H cos(B — ) —sin(f — @) sin o/ sin 8 cos v/ cos 3
MSSM A 0 0 cot 3 tan 3

The relative coupling strength &y denotes couplings to vector bosons, /14 couplings to AZ, and
hyya couplings to up- or down-type quarks and leptons

2.3 Sparticle Masses in the Minimal Supersymmetric
Standard Model

It is a consequence of the electroweak symmetry breaking and the soft SUSY break-
ing terms that particle states with equal gauge quantum numbers mix among each
other. The mass eigenstates are obtained by diagonalizing the mass matrices in the
Lagrangian.

Gluinos do not share quantum numbers with any other sparticle and therefore do
not mix. The other neutral gauginos and higgsinos form four mass eigenstates, called
neutralinos, 5{0 while their charged counterparts form two mass eigenstates, called
charginos, Xt

Mixing also appears in the sfermion sector. However, the diagonalization of the
mass matrices and trilinear couplings, as mentioned in Sect. 2.1.1, leads to negligible
mixing among the flavors. Because of the Yukawa coupling strengths, mixing is
usually assumed only for third generation sfermions. The amount of the mixing also
depends on tan 3: for small tan /3, the sbottom and staus mixing is small, and the stop
mixing is large, while it is the opposite for large tan 3.

In Table 2.3, the gauge and mass eigenstates of the sparticles are summarized. Itis

conventional that M (X y>M (X )if j > i for the mixed mass eigenstates X = x°,

Table 2.3 The gauge and mass eigenstates of the MSSM sparticles

Type Gauge eigenstate Mass eigenstate
Neutralinos E, WO, I-I,O, ﬁ(? %?7 %5’, %2, >~<2
Charginos W, H;r, H ﬁt, )~<§E
Gluinos g q
Squarks Ur, Ug, dp, dg g, Ug. dp, dg
CL, CR, SL, SR CL, CR, SL, SR
i, g, br. br 71, b, b, by
Sleptons €L, €r, Ue er, er, Ue
AL, BR, Uy AL, PR, U
TL, TRs Uz T2, T1, Ur
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X*t.7, b, or 7. For displaying purposes, hereafter, all anti-particles of supersymmetric
particle states will be denoted like g* = 3 We also will denote the mass of particle
X as M (X) instead of My from here on.

The mass spectrum depends strongly on the SUSY parameters of the soft-breaking
Lagrangian, Eq.(2.12), as well as the breaking scenario. Some limiting scenarios are
worth mentioning.

One limit considers the electroweak symmetry breaking effects to be small com-
pared to the MSSM parameters: M (Z) < |u £ M1|, |u &= M>|. Three hierarchies
can be distinguished:

o |u| > My > My: The 5('(1) is bino-like, %g and ﬁt are wino-like, and 5('(3)’4 and )Zzi
are higgsino-like. Furthermore M (5{ =M (552))

e || > M; > M>: The ¥ Xj is wino-like, X2 is bmo like, while the other states
behave as in the previous case. Furthermore M (X] ) >~ M(Xx )

o |ul K My, My: Here both the X xl and YV X1, are higgsino- hke with M(X1 ) ~

M(X],Z)’ while Y. Xz and Y9 X34 are gaugino-like.
As for the gauginos and higgsinos, the sfermion masses are obtained from the running
of the corresponding soft-term parameters at the SUSY breaking scale down to the

electroweak scale. From the D-term contribution of the potential, Eq.(2.11), general
sum rules can be stated:

2.2
ML) — M2(Bor) = M2(iL) — M2(dL) = g* 24 = — M2(W) cos(28).

(2.20)

Since cos(23) < 0, it follows that M (e) > M (v,1.), and similar for the other cases.
If it is further assumed that the sfermion masses unify at the GUT scale, another sum
rule holds:

2 (M?(@R) — M*(dR)) + M*(dr) — M?(dL) + M*@L) — M*(&R) = 3 M (Z) sin? 0, cos(23).
(2.21)

These rules also apply to the second generation.

For third generation sfermions, the strong Yukawa couplings introduce a mixing
of the left- and right-handed scalars and reduce the effect of the RGE evolution.
Therefore, in many scenarios, 7] or by are the lightest squarks, and 7 the lightest
slepton.

The explicit mass formula for the mentioned cases can be found in [5], for example.

In R-parity conserving models, the LSP is stable, and thus its content is important
to study.

From cosmological conmderatrons charged sparticles as LSP are excluded, nat-
ural candidates are the neutralino Y Xi» the lightest sneutrino v/, or the gravitino G.

In GMSB models, the LSP is G. The next-to-LSP (NLSP) can be charged, most
likely being the 71, or neutral, usually being the )Z(]) . In SUGRA models, all three
candidates can have masses of few hundreds GeV. The most likely candidate for the
LSP is the lightest neutralino i(l) , which is assumed to be the LSP from now on.
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2.4 Revisiting the Limitations of the Standard Model

The theory of SUSY has been introduced in its minimal version, the MSSM. For each
SM particle, there exists one partner particle. They are connected via an operator Q
that changes the spin quantum number by 1/2. The doubled particle spectrum requires
the presence of two Higgs doublets, leading to the existence of five Higgs bosons.

Having introduced the most important aspects of the theory, the SM limitations
of Sect. 1.4 are revisited: How does the MSSM change the picture?

e Solving the hierarchy problem is one of the key motivations for SUSY. Each
fermion has a scalar supersymmetric partner particle, coupling to the Higgs boson
as sketched in Fig.2.3. The correction to the Higgs boson mass is:

iy =+ G [4° 0 (i gz )
OMA(h)| = +——- | A2 =0 M(f)lan(f) . (2.22)

The coupling strength is equal to Eq. (1.29), but the mass correction has opposite
sign due to the scalar nature of the sfermion: the quadratic divergencies cancel
exactly with those of Eq.(1.29). The remaining correction is only logarithmic in
A. If the differences between the squared masses of the fermions and sfermions
are not too large, small Higgs boson masses can be achieved naturally.*

e The electroweak symmetry breaking is not constructed adhoc as in the SM (by
choosing ;> < 0 and A > 0), but can be naturally explained via quantum cor-
rections (radiative electroweak symmetry breaking). The observed mass of the
Higgs-like boson, M (h) ~ 125 GeV fits well within the bound set by the radiative
corrections M (h) < 135GeV.

e Grand unification is not a limitation of the SM. However, SUSY allowing for
unification of the gauge couplings is more than just a coincidence: some free para-
meters in the SM are determined at the unification scale. For example, SUSY can
explain that the proton charge is equal to the positron charge. Also, the electroweak
mixing angle is fixed, and agrees with measurements.

e The MSSM is still a theory of the strong, weak, and electromagnetic interactions.
Gravitation is not included in SUSY, with the exception of being a possible source

Fig. 2.3 Sfermion loop 7
contribution to the Higgs
boson mass

“4The observation of a Higgs-like boson with M (h) ~ 125 GeV raises the so-called little hierarchy
problem, as large stop masses are required for the Higgs boson acquiring this mass. A fine-tuning
of 1-10 % is needed [17, 18].
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of SUSY breaking in the hidden sector. However, local SUSY requires the existence
of a spin-3/2 particle, the gravitino, and its partner, the graviton. This theory is
called supergravity. It might be a step to a more inclusive theory like superstring
theory, describing all fundamental interactions.

e There exists no particle candidate within the SM, that could explain the amount of
dark matter observed in the universe. In R-parity conserving SUSY models, the
5{(1) is a good particle candidate for dark matter.

The principles of SUSY, a symmetry relating fermions and bosons, provide elegant
solutions to several of the limitations in the SM. It is therefore a very well motivated
and appealing theory. As of this writing, no direct evidence, especially none of the
SM superpartners, has been observed.
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Chapter 3
Possible Signatures of Supersymmetry
at the Large Hadron Collider

Following the motivation and introduction of SUSY in Chap. 2, this chapter is devoted
to possible signatures of SUSY that could be observed at hadron colliders. A special
focus is set on hadronic signatures for SUGRA models with R-parity conservation,
relevant to this dissertation. Other models, such as models with RPV or models with
GMSB scenarios, will not be mentioned. For more details on such models, see for
instance [1].

3.1 Production of Sparticles at Hadron Colliders

In this section, the sparticle production for models with R-parity conservation is
presented. Sparticles are produced in pairs, as mentioned in Sect.2.1.3. For similar
masses, strong production dominates over electroweak processes because of the
couplings. Strong processes involve

99,99 — 99 99/99 = 94/99"
a9 — 49, 99/99" — 99 /9q".

As exemplified in Fig. 3.1, the relative strength of the production heavily depends
on the averaged produced mass, as well as the relative mass relation between the ¢
and the g. The exclusive pair production cross section of a given particle is largely
independent on other sparticles.

Production processes for charginos, neutralinos, and sleptons involve

99 —> Xt X; . XexXys qq — ', o7,

ud /ud — if)?}/%fj{?, ud/ud — 15,/ 7).
The production cross section for these processes is much lower due to the weaker
couplings involved, and due to the gq /¢q initial state. Of course, also mixed processes

© Springer International Publishing Switzerland 2015 39
H. Weber, Search for Supersymmetry in Hadronic Final States,
Springer Theses, DOI 10.1007/978-3-319-19956-6_3


http://dx.doi.org/10.1007/978-3-319-19956-6_2
http://dx.doi.org/10.1007/978-3-319-19956-6_2

N
(e}

3 Possible Signatures of Supersymmetry at the Large Hadron Collider

@ '] 1 )T ]
r LHC 1 H i
L m-/m-=08 ] L m:/m-=16 ]
L 08 AT ] L 08 Hat e ]
a3 2
3 [ . s [ ]
2 F R i r . 1
= 06 qg qq -7 7 s 06~ . 88 N
= Foo---s e ! = = b
&= k. ~. - i = L =
= 3 < | s L vl
§ 041 “ ] 504 .
= F . = Tl e = & i
L .44 T 02 - .
r a9 g i
e e ] 0Z;:~=‘=F%1Z§_—;1:H,l‘,4,\_4 ]
1000 1500 2000 500 1000 1500 2000
m; [GeV] mg [GeV]

Fig. 3.1 Relative fractions of final states containing squarks and gluinos for pp collisions at /s =
14 TeV as a function of M (q), M (g): a for M(q)/M (g) = 0.8, b for M(q)/M(g) = 1.6 [2, 3]

Fig. 3.2 Cross section for 10
sparticle pair production at

pp collisions with

/s = 8TeV, calculated with
PROSPINO [2-5]. Plot taken

from [6]
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are possible, like gg — gx°. Figure3.2 shows the sparticle pair production cross
section for pp collisions at /s = 8 TeV.

3.2 Sparticle Decays

Decay chains of sparticles can be long with several intermediate sparticle states. It is
very dependent on the mass hierarchy of the involved particles. All sparticle decays
will end up in final states containing a number of SM particles plus an odd number of
LSPs (usually one). The LSPs cannot be detected with collider experiments. Thus,
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for R-parity conserving models, events usually contain some amount of missing
transverse momentum, ! ET'SS,

Gluino decays

Gluinos can only decay via squark exchange, as they do not couple to other particles.
If the gluino is heavier than at least one squark, it will decay via

9= 99 (@ q).

Hereafter, the expression f? " will include f * f/ with f and f’ denoting fermions.
The decay happens democratically to all squarks accessible, unless one squark is
much lighter than the other ones. If the gluino is lighter than any squark, three-body
decays will be mediated by a virtual squark,

~ ~ ~ _
G X;q9q org— XVqq.

The mass hierarchy of the squarks is important: if one squark type is much lighter

than all other squarks, the mediating virtual squark will be dominantly of that type.
A phenomenological possibility is the formation of R-hadrons [7]. If the lifetime

of the gluino is long enough because of extremely heavy squark, it will build bound

states like gqq, 9qqq or gg.

Squark decays

Squarks couple both via the strong and electroweak forces. In the phase space of
gluinos being lighter than the squark, the dominant decay mode is

q — 99
Otherwise, the usual decays are

q—X

g and g — )”{iiq’.

The relative decay fraction depends on the mass hierarchy and the chirality: for bino-
like LSP, the g will decay to Sél)q with ~100 %, while the g7, decays to ifq’ and
)zl.oq with a ratio of about 2:1. Furthermore, decays to lighter squarks happen if the
mass difference is large enough:

g—dwW* ZH* and § — §1Z, §1H.

In this section, H is used as a representative for all neutral Higgs bosons. There are
cases, for which the upper rules might not be applicable. The stop decay is discussed
as an example. Processes like 7 — g or 7 — b%;’, t 5(? might not be allowed if the
mass splitting is too small. In that case, the stop undergoes multi-body decays, for

I'The historical term “missing transverse energy” is not used, but its symbol E?iss.
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example 7 — bW™T )}{1), bltv, bItT, oreven i — bf 75{? . In the case of extremely
compressed spectra (M (1) < M (5{?) + M (b)), the flavor-changing process 7 — cS{?
will open up, involving a loop and the CKM matrix element Vj,.

Chargino, neutralino, and slepton decays

Charginos can decay into sfermions or neutralinos via
>~<li — qq, Vi, lv, )"{(])-Wi, or )Z(])»Hi.

Neutral decays can only happen between )"{zi and )"{f In case of compressed spectra
with respect to the LSP, decays can involve virtual W, Z, or Higgs bosons or three-
body decays X — £ 1 X0.

Possible neutralino decay modes are

X —gq, 1, v, )’Z?EWJF, gthjF, X9Z. or XOH.

Decays might involve virtual sparticles or bosons, or three-body decays for some
regions of the phase space. In regions of nearly degenerated )“{g and 5{?, the one-loop
decay via )?(2) — )Z?fy might be important.

Sleptons usually decay to neutralinos, charginos, or to the partner slepton:

- ZSZ(/)., 1/3(7, vW™, orvH™;

U — 1/)29, l)?}', IW™T, orlHT.

The last two decays v — W+, TH+ might not be open for all sneutrinos, see
Eq.(2.20). As for the squark decays, the relative branching fraction depends on the
chirality of the lepton. Decays into Higgs bosons usually are not important for e or
1 due to the weak Yukawa couplings. If the difference between 7, and 77 is large
enough, decays via Z or Higgs bosons are allowed.

Other interesting phenomenological signatures might also involve SM particle
decays. For example, Higgs boson decays such as h — 5(‘1) 5611) are not fully excluded
by experiments.

3.3 Models for Testing Supersymmetric Signatures

In the MSSM, there are over 100 parameters unconstrained by theory. The amount of
parameters allows for arbitrarily many variations. From an experimentalist’s point of
view, only the phenomenology of the theory is important in order to design a search.
On the other hand, models for interpretations should be general enough, such that
they can be used for wider interpretations in different models. They should contain
only small numbers of parameters or sample the parameter space appropriately. Three
variations of sampling the MSSM are introduced.
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3.3.1 The Phenomenological Minimal Supersymmetric
Standard Model

The phenomenological MSSM, or short pMSSM [8], contains only 19 parameters
in addition to the SM parameters. The assumptions for this models are:

e R-parity conservation: based on the non-observation of baryon- and lepton-number
violation,

e no new source of C P violation or flavor changing neutral currents,

e and first and second generation universality: based, for example, on data from
KK mixing.

The 19 parameters can be chosen as:

tan 3, My, p : parameters of the MSSM Higgs sector,
My, My, M3 : gaugino mass parameters,
mg,my, mg, mp, me (x2) : sfermion mass parameters of all three generations,

A;, Ap, A; : third generation trilinear couplings.

Further assumptions can be made, for example requiring that the LSP is the 5{(1) or
that sparticle decays happen promptly. This model captures largely the phenomenol-
ogy of the R-parity conserving MSSM supported by experimental (non-)observations.

3.3.2 The Constrained Minimal Supersymmetric Standard
Model

The constrained MSSM (cMSSM) [9-12], also known as minimal supergravity
(mSUGRA), considers more constraints. In this model, the SUSY breaking is medi-
ated by gravity, and gauge unification happens at the scale Mgyrt. Further constraints
are derived at the unification scale:

common gaugino masses: M| = My = M3 =my 3,
common scalar masses: mg = my =mg =my =me =mol, Mg, = My, = my,
common trilinear couplings: A, = AgG", Ay = AOGd, Ao = AgG©.

The number of parameters is thus reduced to five?:

mij2, mo, Ag, tan (3, sign(u).

2More precisely, to four parameters and a sign, as the value of y2 is determined by the radiative
electroweak symmetry breaking.
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The constraints at the unification scale have several consequences for the spar-
ticle spectrum at the TeV scale. For example, the running of the gaugino masses is
connected to the gauge coupling evolution via M; / 91'2 =my2/ gé with gy being the
unified gauge coupling. It thus follows that

My : M, M ~6:2:1. 3.1)

This means that the gluino is significantly heavier than the lighter neutralinos and
charginos. Squark masses are a factor 2-3 larger than slepton masses, following from
the formula [13]:

M?(fr.r) = MP(f) +md + b(fr p)m? , £ M*(Z) cos@RT{E = @y, sin® 0,1,
(3.2)

The coefficients b are determined by the RGE equations. For third generation sfermi-
ons, where mixing is important, the masses of the mixed states f] are at leading
order

_ 1 _ _
M*(fi2) = 3 [Mzm) + M%(fr)

T / (M2(fL) — M2(Fr))” +4M2(f) (Ag — urf)z] (3.3)

with ¢ being cot 3 for stops, and tan (3 for sbottoms or staus. Because of the mixing,
11 and b are expected to be the lightest squarks, and 7| the lightest slepton.

The recent observation of a Higgs-like boson can be used to further constrain
the model parameters. If this boson is the lightest MSSM Higgs boson £, its mass
M (h) ~ 125 GeV can be used to eliminate another parameter. It has been suggested
in [14, 15], that the observed Higgs boson mass can be achieved by requiring maximal
stop mixing. A choice for a model could be

Ao =-2 max(mo, ml/z). (3.4)

3.3.3 The Simplified Model Framework

The Simplified Model Spectra (SMS) [16, 17] are the most restricted models avail-
able. The approach of providing a full SUSY model is given up, instead only one
sparticle production and decay process is considered. In its simplest form, one spar-
ticle gets produced and decays directly, under emission of SM particles, to the LSP
in a multi-body decay. At most, there are one or two intermediate steps in the decay
chain. The branching ratio is set to 100 % for the considered production and decay
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of the sparticle. All involved SM particles decay with their measured SM branching
ratios.

The SMS cannot fully describe the underlying physics behind the MSSM. How-
ever, they can be used to identify the sensitivity of a search to a given class of processes
and give a rough characterization of the new physics signals, if observed. Further-
more, the results of the SMS interpretations can be recast for the interpretation in the
context of other, more complete models, see for example [18]. However, one should
also be aware that the interpretations in the SMS framework do not cover the phe-
nomenology of the MSSM, and limits set on SMS parameters cannot be translated

into limits on corresponding parameters in the full MSSM, see for example [19].
For this work, the production of squarks and gluinos is of particular interest.
Hence, generic SMS models considered are

pp — §9 — 4qX19aX; pp — §g — bbX|bbYY, pp — §§ — 1IX XY,
pp — 33* — aX3gx}. pp — bib} — bR, pp — 11} — 1Y

The corresponding diagrams are displayed in Fig.3.3.

(a)

Fig. 3.3 Diagrams for the processes of different SMS models. a pp — g9 — qqxquxl, b
pp — 99 — bbxlbbx.,CPp — §g — X175, dpp — §g* — qXqX},e— bib} — bXbXY,
fpp—> 1 — tX1lX1
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Chapter 4
Experimental Set-Up

4.1 The Large Hadron Collider

The LHC [1-4] is a particle ring accelerator and collider located at the border between
Switzerland and France near Geneva, Switzerland at the European Organization for
Nuclear Research (CERN). The purpose of the LHC is to provide high energy particle
collisions between protons and/or heavy ions to experiments so that the SM, including
the Higgs sector, can be probed and studied at these energies, and searches for physics
beyond the SM can be performed.

The LHC is built inside a 26.7 km long tunnel, roughly 100 m underground, that
had been constructed for the Large Electron Positron collider (LEP) [S]. Besides the
tunnel, also the injector chain of LEP has been largely reused, with upgrades for
proton and ion injections.

The CERN accelerator complex is shown in Fig.4.1. Protons are extracted from
a duoplasmatron source (an apparatus that ionizes hydrogen). The protons are
accelerated by the linear accelerator Linac2 to energies of 50MeV. The proton
beam is then successively accelerated by the Proton Synchrotron Booster (PSB)
(50MeV — 1.4GeV), the Proton Synchrotron (PS) (1.4GeV — 26GeV), and
finally by the Super Proton Synchrotron (SPS) (26 GeV — 450 GeV) before it is
injected into the LHC main ring. During the PS acceleration, the proton beam is
also split into short bunches of protons with nominal 25 ns bunch spacing. In case of
heavy ion acceleration, the ions are first accelerated by Linac3 instead of Linac2.

The LHC is used as the final step of acceleration. In 2010 and 2011, protons had
been accelerated up to energies of 3.5 TeV. For 2012, the energy had been increased to
4TeV. The design energy for proton beams is 7 TeV. Ions are accelerated to 2.76 TeV
per nucleon. The acceleration is performed by radiofrequency (RF) cavities running
at 400 MHz with a field of 5.5 MV/m. Besides their primary purpose of acceleration,
they also keep the proton beam separated in short and dense bunches. The beams
are bent to a circular orbit by 1232 superconducting dipole magnets. The maximal
magnetic field of 8.33 T is the limiting factor in the proton beam energy. As two
equally charged proton beams run counter-clockwise in the LHC ring, all structures

© Springer International Publishing Switzerland 2015 47
H. Weber, Search for Supersymmetry in Hadronic Final States,
Springer Theses, DOI 10.1007/978-3-319-19956-6_4



48 4 Experimental Set-Up

CMS

| 2008 (27 km)] | E?Im
. \Nnﬂha\ma

ALICE _ HCb

CNGS \J

g East Area
PS
1953 [B2B m]

Fig. 4.1 The CERN accelerator complex with the LHC. Illustrative sketch taken from [6] and
modified

need to have two beam lines with separate bending coils and RF cavities for each
single beam.

In order to perform physics studies with high precision, experiments at the LHC
need high rates of particle collisions. This can be appreciated from Fig.4.2: Several
processes of interest (like Higgs boson production) happen with a rate more than
ten orders of magnitude smaller than the total rate of pp interactions. The rate of
a process is given as R = oL, the cross section ¢ multiplied by the instantaneous
luminosity £, which can be expressed as

L= fenpy al Nzﬁz F. @.1)
It depends on the revolution frequency, frey, the number of bunches, n g, the numbers
of protons per bunch, Ny and N, for the two colliding beams, a geometry factor F
arising from the crossing angle between the colliding beams, and the transverse beam
profile, usually parameterized by the normalized beam emittance, €,, the relativistic
~, and the beta function at the interaction point, 5*. For a high rate, large np, Ny,
N3, and small 5* are required.

A high number of dense bunches are obtained prior to the LHC injection, the
bunching is mainly performed by the PS. Nominally, up to 2808 proton bunches
with 1.2 x 10! protons per bunch are kept in the LHC, leading to a bunch crossing
rate of 40 MHz. A small transverse beam profile is achieved by the beam focussing of
392 quadrupole magnets. Both the bending dipole magnets, as well as the focussing
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quadrupole magnets are superconductive and need to be cooled down to 1.9 K us-
ing pressurized superfluid helium. Additional multipole magnets are used for beam
corrections in order to keep the beams stable.

The number of protons per bunch is very high at the LHC, the chances of having
multiple pp collisions at the same bunch-crossing are high. In interesting physics
events (a collision at high Q?), additional collisions at the same or neighboring bunch-
crossings feeding into detector signatures are usually called pileup interactions or
just pileup. These pileup interactions happen at low Q2, and are treated as minimum
bias interactions.

In Table 4.1, the design parameters for LHC pp collisions are listed and compared
to the conditions during 2010, 2011, and 2012 operation.

The LHC provides proton and heavy ion collisions to four experiments:

ALICE (A Large Ion Collider Experiment) [9] is dedicated to heavy-ion physics.

ATLAS (A Toroidal LHC ApparatuS) [10] is one of the two general-purpose

detectors.

e CMS (Compact Muon Solenoid) [11] is the other general-purpose detector. It will
be discussed in Sect. 4.2.

e LHCD (LHC beauty) [12] is specialized for heavy-flavor physics.



50 4 Experimental Set-Up

Table 4.1 LHC parameters during 2010, 2011, and 2012 operation for pp collisions compared
with the design parameters

Parameter 2010 2011 2012 Design
Beam energy [TeV] 35 3.5 4 7

* for ATLAS/CMS [m] 2.0/3.5 1.5/1.0 0.6 0.55
Bunch spacing [ns] 150 75/50 50 25
Number of bunches 368 1380 1380 2808
Maximal number of protons per bunch | 1.2 x 10M| 1.45 x 10| 1.7 x 10| 1.2 x 10!!
&p at start of a fill [mm-mrad] ~2.0 ~2.4 2.5 3.75

Peak luminosity [em~2s 1] 2.1 x 1032 3.7 x 103 7.7 x 1033 103
Maximal mean number of pileup events| 3 16 36 18

Stored beam energy [MJ] ~28 ~110 ~140 362

Taken from [8]

The LHC also hosts three smaller experiments: LHCf [13], MoEDAL [14, 15], and
TOTEM [16].

4.2 The Compact Muon Solenoid Experiment

The CMS experiment is a general-purpose detector located at the LHC. The physics
goals of the experiment are:

e discover and study the properties of the Higgs boson to understand the nature of
the electroweak symmetry breaking,

e search for physics beyond the SM, such as SUSY or extra dimensions,

e perform high precision measurements of the SM to probe its validity at the TeV
scale,

e observe and study rare processes in the heavy-flavor sector,

e and study the quark-gluon plasma in heavy-ion collisions.

To achieve these goals the focus of the CMS detector construction was set to have

e a muon system that provides good momentum resolution and high muon identifi-
cation efficiency,

e acompact inner system with good track momentum resolution and high precision
electromagnetic energy measurements,

e and a hermetic hadron calorimeter allowing for a reliable reconstruction of the
Evli‘T'IISS.

The CMS detector is constructed out of many subdetectors. In the innermost
part are the silicon pixel and strip detectors for measuring the tracks and momenta
of charged particles, followed by the electromagnetic crystal and hadron sampling
calorimeters, measuring the energies of electrons, photons, and hadrons.
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Fig. 4.3 Schematic view of the CMS detector [11]

The heart of the CMS experiment is the superconducting magnet. The 6 m-in-
diameter and 12.5 m-long solenoid produces a magnetic field of 3.8 T. This strong
field bends the tracks of charged particles, allowing the tracking system to precisely
measure the momenta of charged particles, but also to build the detector in a compact
way. Around the solenoid, a steel yoke, made out of five wheels and two endcaps,
has been built to return the magnetic flux.

Within the steel return yoke, the muon system is built, providing additional track
measurements for muons. Additional hadron calorimeters complement the energy
measurement in the very forward region. The architecture of the detector can be
decomposed in three parts: a cylindrical, onion-shaped part at the center around the
beamline, the barrel, as well as two endcaps at the forward ends of the detector,
allowing for a nearly 47 coverage around the interaction point. A schematic view of
CMS is shown in Fig.4.3.

The coordinate system used in CMS and throughout this dissertation is defined
as follows: the origin is set to the nominal interaction point in the middle of the
experiment. The x axis points upwards, the y axis to the center of the LHC ring, and
the z-axis is along the counter-clockwise beam direction. The azimuthal angle ¢ is
defined as the angle in the transverse xy plane starting at the x axis. The polar angle
0 is measured from the z axis. Furthermore, the radius r is defined as the distance to
the beam axis z, and the pseudorapidity 7 is defined as = — In tan(6/2).
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In the next sections, the design of each subdetector is reviewed. A more detailed
overview is given [11], which is the basis to this chapter. Section4.2.5 is based
on [17].

4.2.1 The Tracking System

The tracking system is the innermost subdetector of the CMS experiment. It measures
accurately the position of charged particles, leading to precise measurements of the
track momenta and efficient vertex reconstruction. The system is built out of a pixel
detector surrounded by a strip detector. The full tracker volume has a length of 5.8 m
and is 2.5 m in diameter, covering a region up to |n| < 2.5. The layout of the tracking
system is shown in Fig.4.4.

The pixel detector is made out of 1440 modules with 66 million silicon pixels.
They are located in three cylindrical barrel layers at radii r = 4.4, 7.3, and 10.2cm,
and two disks in each endcap at |z| = 34.5 and 46.5cm. The pixel dimension is
100 x 150 wm?. The total active area is about 1 m?. The pixel detector has high
resolutions in the r¢- and z-direction of 10 and 20 m, respectively.

The strip detector is made out of 9.3 million silicon micro-strips with an active
area of about 198 m?. The detector has a dense inner part (TIB/TID, see Fig.4.4)
consisting of four cylindrical layers and three disks on each end within the radii of
20-55cm, and a less dense outer part (TOB/TEC region, see Fig.4.4) covering a
region with radii up to 116cm and a z range up to |z| < 282 cm. The outer part is
arranged in six barrel layers and nine disks per endcap. The strip detector provides
up to nine ¢ measurements along . The two innermost layers and rings of both the
inner and outer parts, as well as the fifth ring for the outer disks are equipped with
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Fig. 4.4 Layout of the CMS tracking system in the rz view [11]
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secondary strip modules allowing also measurements along r in the barrel, and z in
the endcaps.

The track momentum resolution in CMS is <2 % in the barrel (|n| < 1.6) for a
charged particle with transverse momentum ( p) less than 100 GeV and deteriorates
to &7 % at |n| = 2.4 for pt = 100 GeV. The resolution on the transverse impact
parameter is below 20-30 wm for tracks of pt > 10 GeV and degrades to 90-200 pum
for pr = 1GeV.

4.2.2 The Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) is a homogeneous crystal calorimeter sur-
rounding the tracker volume. The main component are the 75’848 lead tungstate
(PbWOy) crystals. They act as both absorber and scintillator, and therefore provide
an excellent energy resolution.

The crystals have a high density of p = 8.28 g/cm? resulting in a small Moliére
radius (2.2cm) and a short radiation length (0.89 cm). Thus, the calorimeter can be
made compact with high granularity. In the ECAL barrel (EB), covering || < 1.479,
the crystals have a front-face size of 22 x 22 mm? and a length of 23 cm. For the ECAL
endcaps (EE), extending the coverage up to || < 3.0, the front-face cross section of
the crystals is 28.62 x 28.62 mm? and their length is 22 cm. Another advantage of
PbWOy is that it is radiation-hard and fast: about 80 % of the light is emitted within
25ns. The discussion of sources of radiation damages is postponed to Sect. 11.1. The
limitations of PbWOy is its low light output of ~6—10 photoelectrons/MeV [18, 19].
The reason of the spread in light yield is found in the production mechanism: Two
producers were chosen for providing the PbWOQOy crystals to CMS: The Bogoroditsk
Techno-Chemical Plant (BTCP) in Russia and the Shanghai Institute of Ceramics
(SIC) from China used different crystal growing techniques and different doping.
This results in a 50 % higher light yield for SIC crystals [19]. Therefore, it has been
chosen to use only SIC crystals for the most inner part (high |7| region) in the ECAL
endcaps.

The scintillation light produced by the crystals is collected by two silicon
avalanche photodiodes (APDs) per crystal in the barrel. In the endcaps, vacuum
phototriodes (VPTs) are used as they are radiation-harder. Their lower gain times
quantum efficiency compared to the APDs is partially compensated by the larger
coverage of the back-face crystal surface. Both the light yield of the crystals as well
as the amplification factor of the APDs are highly temperature dependent: a stability
of 18 & 0.05 °C is required.

The ECAL has been built to measure precisely the energy of electrons and photons.
One of the physics goals is to provide a very good 7y mass resolution, needed for
Higgs boson physics. In order to distinguish photons from neutral pion decays into
v+, the preshower detector has been built in front of the ECAL endcaps, covering
the region 1.653 < |n| < 2.6. The preshower has two layers of lead absorbers, each
layer followed by a plane of silicon strip sensors.

A schematic view of the CMS ECAL components is shown in Fig.4.5.
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supermodule

Supercrystals

Dee

End-cap crystals

Fig. 4.5 Layout of the ECAL subdetector. Taken from [11]

The energy resolution has been measured to be [11]

o(E)  28% o 12 %
E  E/GeV ~ E/GeV

for a 3 x 3 crystal matrix using testbeam data. The first term is the stochastic con-
tribution due to fluctuations in photostatistics and due to the preshower. The second
term comes from noise of the detector electronics and digitization. The third term
is constant and arises from non-uniformity of the light collection, intercalibration
errors, and back-end energy leakage.

®0.3% 4.2)

4.2.3 The Hadron Calorimeter

The hadron calorimeter (HCAL) is located between the ECAL and the magnet,
complementing the energy measurement for hadrons. It is particularly important for
jetenergy and E ‘Tniss measurements. The HCAL, illustrated in Fig. 4.6, is divided into
four components: the HCAL barrel (HB) and HCAL endcaps (HE), enclosed in the
magnet volume, the HCAL outer (HO) outside the magnet, and the HCAL forward
(HF) in the very forward region close to the beam line.

The HCAL is an absorber/scintillator sampling calorimeter. In the HB, covering
Inl < 1.3, it has 16 absorber plates, the first and last being out of steel, while the
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Fig. 4.6 Illustration of the segmentation of the CMS HCAL [20]

others are made out of brass. The thickness of these plates varies between 50.5—
56.5 mm for the brass plates, and is 40 (70) mm for the inner (outer) steel plate. The
active material between these absorber plates is a radiation-hard plastic scintillator
of 3.7mm thickness, except for the first and last layers, which are 9 mm thick. This
sampling corresponds to 5.82 (10.6) interaction lengths (A;) for || = 0.0 (1.3). The
channel segmentation in the HB is An x A¢ = 0.087 x 0.087.

At central rapidities, the hadronic shower is not fully contained within the HB.
Therefore, the HCAL is extended outside the magnet with the HO. The solenoid is
used as additional absorber material. The HO has two scintillator layers interleaved
with a 19.5 cm thick iron plate for the most inner ring, and one scintillation layer for
the outer rings. The effective absorber length of the HCAL is extended beyond 10 \;
in the barrel. The coverage of the HO is |n| < 1.262.

The HE covers 1.3 < |n| < 3.0. The sampling is done with 79 mm thick brass
absorber plates and 3.7-9 mm thick plastic scintillation layers. The granularity of the
HEis An x A¢ =~ 0.17 x 0.17.

These inner HCAL components (HB, HE, and HO) are read out by multichannel
hybrid photodetectors (HPDs) with a gain of ~2000.

The HF extends the coverage of the HCAL to the very forward region of 3.0 <
Inl < 5.0. It has to sustain extremely high particle fluxes and must be very radiation-
hard. Two sets of quartz fibers are used as active material: long fibers, running over
the full depth of the detector, and short fibers, starting at a depth of 22cm from
the front of the detector. They are interleaved with steel absorber. The Cherenkov
light captured by the quartz fibers is read out by conventional photomultiplier tubes
(PMTs). The segmentation of the HF is Anp x A¢ ~ 0.175 x 0.175.
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The energy resolution for hadrons of the combined calorimeter (ECAL and
HCAL) has been determined for the barrel as

o(E) _ 847%

= 7.4 %, 4.3
E ~ JEGw 247 43
and for the HF as
o(E) 198 %
= 9% [20]. 4.4
z GV ®9% [20] 4.4

4.2.4 The Muon System

The radial most outer subsystem of the CMS detector is the muon system, which is
embedded in the steel return yoke. The muon system complements the inner tracker
for the measurements of muons. It ensures a high identification efficiency and very
precise momentum measurements. The muon system is comprised of three different
detector technologies: drift tube (DT) chambers in the barrel (|| < 1.2), cathode
strip chambers (CSCs) in the endcaps (0.9 < |n| < 2.4), and resistive plate chambers
(RPCs) in both the barrel region and a fraction of the endcap region (|n| < 1.6). A
sketch of the muon system can be found in Fig.4.7.

The DTs are segmented in four cylindrical stations with a total number of 172’000
sensitive wires. The wires are arranged into groups of four layers. In the three inner
stations two groups are aligned with the beamline, providing a r ¢ measurement, and

T T
eta=0.8 / 1.04
4

RPC

Z (cm)

Fig. 4.7 Illustration of the CMS muon system [17]
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one group is orthogonal to the beamline to provide an additional rz measurement.
The outer stations have two groups for the ¢ measurement. The wires are made out
of gold-plated stainless steel and have a length of 2.4 m, one drift cell has a transverse
dimension of 21 mm. The cathode is made out of aluminium tape. The drift gas is a
mixture of 85 % Ar + 15 % CO,.

In each endcap, 234 CSCs are deployed, stationed in four layers. The CSCs are
multiproportional wire chambers with anode wires made out of gold-plated tungsten,
and cathode strips perpendicular to the wires. The gase mixture for the CSCs is
40 % Ar + 50 % CO3 + 10 % CFys.

The RPCs provide a very fast muon measurement, important for efficiently trig-
gering an event containing a muon. The RPCs are parallel-plate detectors with
a gas-filled gap between them. The plates are bakelite-based, the gas mixture of
95.2 % CoHyF4 + 4.5 % C4H10 + 0.3 % SFg is kept at ~45 % humidity to keep the
bakelite resistivity constant. The RPCs are divided into 109’608 strips with widths
of 1.95—4.10cm [21].

The resolution for muons, reconstructed only by the muon system, is about 9 %
for low pr muons (pt < 200 GeV) and up to 15—40 % for pr = 1 TeV. Combining
tracker and muon system information yields a momentum resolution of 0.8 —2 % for
pr S 200GeV and 5—10 % at pr = 1 TeV.

During the long shutdown of the LHC in 2014, the muon system has been up-
graded [22]: the fourth layer for both the CSC and RPC systems is completed
for the outer rings, enhancing the muon identification efficiency by ~2 % for
1.2 < |n| < L.8.

4.2.5 Trigger and Data Acquisition

At the LHC, pp collisions happened at a bunch-crossing rate of 20 MHz, the design
rate is 40 MHz. The amount of data accumulated is so large that it cannot be stored,
an immense reduction of a factor 10° is needed. The CMS trigger system is a two
stage trigger: the Level-1 (L1) trigger is a hardware-based system, consisting of
programmable electronics, with a design output rate of 30—100kHz. The second
step, the High-Level trigger (HLT), is software-based, and reduces further the rate
to about 100 events per second.

The L1 trigger is based on the information of the calorimeter and muon sys-
tem only. It analyzes each bunch-crossing with a maximum latency between the
bunch-crossing and the trigger decision of 3.2 s, requiring pipelining of the event
processing. The local trigger tower for the calorimeters is formed by 5 x 5 ECAL
crystals and one HCAL cell. This local trigger information is sent to regional triggers
of 4 x 4 trigger towers. The regional trigger selects e, 7, and 7h,q candidates, and
determines isolation bits for muons. The global trigger determines jets, transverse
energy, E‘T“iss, jet counts, and Hr (the scalar sum of the transverse momenta of jets
above a programmable threshold). Both the DTs and CSCs form the local trigger
from each single chamber. The RPCs form a muon candidate if the pattern logic is
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consistent with a possible muon track. The global muon trigger combines the infor-
mation of all three subsystems using the four best muon candidates of the DT and
CSC substystems and all RPCs candidates.

The HLT farm processes all events with positive L1 decision and uses the full
detector information including the tracker and the full granularity of the calorimeter.
The HLT allows to compute sophisticated objects and to use combinations of objects
for the final trigger decision: the trigger paths can be based on two or more objects,
like jets and E%ﬁss, and can contain complex objects like b-quark or 7,4 tagging
information. The HLT is very flexible, but the general idea is to use as few information
as possible and discard events as soon as possible.

The data acquisition (DAQ) system must be able to cope with the high data
rates produced by the L1 trigger, which is of order of 100 GB/s. The DAQ system
is responsible for reading out the information from the subdetectors of about 500
sources, process the events in the HLT farm, send the data to the CERN computing
center (called Tier-0), where the data is stored with a rate of several hundred MB/s.
The data is further distributed and duplicated to few national computing centers
(Tier-1’s), and also regional or institutional computing centers (Tier-2’s).
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Chapter 5
Event Reconstruction for Proton-Proton
Collisions

In this chapter, the event reconstruction of the CMS experiment is introduced. First,
the basic ingredient of track and vertex reconstruction is discussed, then the particle
flow algorithm and object definitions are reviewed. A special focus is set on the
definitions used in this dissertation.

5.1 Track Reconstruction

Before reconstructing a track, local signals above a threshold in the pixel and strip
detectors (for muons also in the muon chambers) have to be clustered into so-called
hits. The threshold is defined for noise suppression. Local signals in adjacent detector
units (like pixels) are combined, the hit center is estimated and corrected for the drift
of the collected charge in the magnetic field [1].

Tracks are reconstructed from hits using a combinatorial track finder algorithm
based on an adapted Kalman filter [2]. The idea is to perform the tracking iteratively:
first, the “simple” tracks (for example high-prt and high purity tracks) are recon-
structed. The associated hits are removed, before the next iteration is started. Thus,
combinatorics are reduced for the more difficult classes such as low-pr tracks. In
total, six iterations take place.

Each iteration is performed in four steps: First, a seed is defined. Each seed is
extracted out of two or three hits. For example, the first iteration requires three hits
in the pixel detector. These hits must be compatible for a track and define its initial
trajectory. The second step is the track finding based on a Kalman filter: The trajectory
is extrapolated and compatible hits are added to the track. Then, the track is fitted
to provide the best estimate of its properties (like its momentum). The reconstructed
track quality is examined and tracks failing quality criteria are removed.

A detailed description of the combinatorial track finder algorithm can be found
in [1].
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5.1.1 Primary Vertex Reconstruction

A vertex is called primary if it comes from a hard scattering. This includes both
the vertex of the hard interaction of interest as well as vertices of additional pileup
interactions.

Tracks used for primary vertex (PV) reconstruction [1] have to be compatible with
the beamspot, contain at least two pixel and five pixel+strip hits, and must be of high
quality.

The vertices are then found by a deterministic annealing algorithm [3]. The track-
vertex assignment is soft: a track i has a probability p;;r to come from vertex k.
The number of vertices and vertex positions are found in the iterative minimization
procedure for the possible vertex position z,i/. The algorithm starts with one vertex.
During the iterations, a vertex is split if tracks associated to it are compatible to come
from two distinct vertices. The algorithm stops at a critical scale, set to have a possibly
large vertex finding efficiency, but low fraction of incorrect vertices. To reduce the
number of fake vertices, a vertex is kept if at least two tracks are compatible only
with that vertex. A track must have a probability of at least 0.5 to be assigned to a
vertex.

In the final step, an adaptive vertex fitter is used to obtain the best estimate of the
vertex properties, such as its position. The vertex resolution is about 20 wm for the
x and y directions, and around 25 pm for the z direction for vertices with at least 50
associated tracks.

The hard scatter vertex is usually chosen as the PV, which has the largest 3", (pr,; )2
of tracks i associated to it. Below, if the PV is not specified, it is assumed to be that
vertex.

5.2 The Particle-Flow Algorithm

The particle-flow (PF) event reconstruction [4] aims to identify each particle in a
collision by using information of all subdetectors. Input to this algorithm are tracks
from the tracker and muon systems as well as calorimeter clusters. These clusters
are seeded by calorimeter cells having local energy maxima, and adjacent cells are
clustered if they exceed the noise signal threshold. For the HF, no clustering is per-
formed. Then, the signals of tracks, calorimeter clusters, and muon tracks are linked
together to form PF blocks. For example, the track trajectory is extrapolated to the
ECAL system, and if a compatible ECAL cluster is found, these two measurements
are linked together. In this linking, also effects like bremsstrahlung photons along
the track are considered to recover their energies. Similar linkings happen between
the ECAL and HCAL systems, and inner and muon tracks. Additional information,
like the calorimeter shower shapes, are taken into account to discriminate between
the different particle types and noise signals. The particle types reconstructed by the
PF algorithm are electrons, muons, photons, charged and neutral hadrons.
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In the following, the reconstruction of important objects are described. At the end
of each section, the identification criteria are stated as used in this dissertation.

5.3 Muon Reconstruction

Muons can be measured by the tracker only (tracker muons), the muon system only
(stand-alone muons) or their combination (global muons). Similar to the track finding,
stand-alone muon tracks are obtained by a Kalman filter. These tracks are extrapolated
to the tracker, and its measurement with the best-compatible track is combined to form
a global muon. Furthermore, vertex constraints are required. The PF algorithm for
muons is based on this global muon reconstruction [5, 6]. As muons are minimizing
ionizing particles, they leave little deposits in the ECAL and HCAL. This information
can be used to identify prompt muons and discriminate against charged hadrons.
However, the PF algorithm also exploits the reconstruction of non-prompt muons,
for example from heavy-flavor decays. These muons are inside a jet and therefore not
isolated. Their measurements are important to correct the energy of the jet measured
by the calorimeter. The identification efficiency for PF muons has been measured
to be ~99 % for muons with pr < 20GeV and close to 100 % for muons above
pr > 20GeV [5].

In the analysis described in this thesis, muons with pr > 10GeV and || < 2.4
are selected. They are required to be global PF muons, must be compatible with the
PV and must fulfill identification criteria to distinguish them from charged hadrons.
These criteria are stated in [5] as tight muon selection. Muons are required to be
isolated as the interest is in prompt muons from W or Z boson decays. The isolation
[5] is defined using the transverse momentum sum of charged hadrons from the PV,
neutral hadrons and photons in a cone of AR = /(A¢)? + (An)? = 0.3 around the
muon axis. This momentum sum is corrected for the effect of additional energy in
the cone due to neutral particles coming from pileup interactions as described in [7].
The ratio between this corrected momentum sum and the muon- pT, called relative
isolation, is required to be less than 0.2.

5.4 Electron Reconstruction

Electrons produce a track in the inner tracking system and leave their energy com-
pletely in the ECAL. Therefore, the electron reconstruction [8] is either seeded by
a track (for low-pr electrons) or an ECAL supercluster (for isolated high-pr elec-
trons). A supercluster is a group of ECAL cells, 35 x 5 crystals wide in ¢ x 7, taking
into account the characteristics of the energy deposits due to bremsstrahlung photons.
For the ECAL endcaps, superclusters are a group of 5 x 5 crystals. The combina-
tion of track and ECAL deposit and the trajectory reconstruction are performed by
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a Gaussian sum filter (GSF). Due to the large material budget of the tracker, many
electrons undergo bremsstrahlung before reaching the calorimeter. The GSF takes
into account the bremsstrahlung photon emissions, the subsequent loss of the electron
momentum, and the influence on the electron trajectory. Compatibility between the
track trajectory and ECAL deposit location as well as track momentum and ECAL
energy is required. In addition, to discriminate electrons against charged hadrons,
requirements on the HCAL deposit with respect to the ECAL deposit, and on the
shower shape along 7 within the ECAL are set. The identification efficiency for
electrons is measured to be between 96-99 %, but can go as low as 80 % if tight
identification criteria are required [8].

For this work, electrons with pr > 10GeV and |n| < 2.4 are selected, unless
the electron candidate enters the EB-EE transition region (1.442 < |n| < 1.566).
The interest is to select electrons from W or Z boson decays with high efficiency.
Therefore, selected electrons are required to pass loose identification and be isolated.
The isolation is defined similar to the one for muons (see Sect. 5.3), however, pileup
contributions in the isolation cone are treated differently: the transverse momentum
sum of neutral particles is corrected using the energy density of pileup interactions
and the effective area of the isolation cone, as motivated by [9]. The relative isolation
is required to be less than 0.15.

5.5 Tau Reconstruction

About 63 % of all taus decay hadronically to one or three charged hadrons plus
several neutral hadrons and a tau-neutrino, else a tau decays into one electron or
muon and two neutrinos. For simplicity, hadronically-decaying taus are called taus
further on. The tau reconstruction [10] is based on the collection of jets, described
in Sect.5.7. Taus are identified via the hadron-plus-strips algorithm. The algorithm
uses PF to identify one or three reconstructed charged hadrons, and uses the silicon
strip detector to identify photon conversions from neutral hadron decays. PF photons
and electrons within the jet, compatible with a silicon strip signal, and the charged
hadron candidates are combined to a tau candidate if they are in a narrow cone around
the tau candidate axis. In order to reduce the misidentification rate of jets as taus, the
tau decay products need to be isolated.

Taus used in this dissertation are selected with pt > 20 GeV and |n| < 2.3. They
are required to pass loose isolation criteria on PF charged and neutral candidates.
The isolation is corrected for contribution of pileup interactions similar to the case
of muons, see Sect.5.3. For this isolation, a tau identification efficiency of ~50 %
is achieved for a misidentification rate for jets of about 1 % [10]. Further rejection
criteria are applied to discriminate taus against muons or electrons.
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5.6 Photon Reconstruction

As for electrons, photons are not directly reconstructed by the PF algorithm. The
main reason is, that PF is not fully efficient in the electron-photon disambiguation.
The photon reconstruction [11] is based on the ECAL supercluster signal. Due to
the large material budget of the tracker, a significant fraction of photons converts
into eTe™ pairs before reaching the calorimeter. These conversions are recovered
by finding a pair of oppositely charged tracks inside a supercluster compatible with
a conversion signal. Photon candidates compatible with an electron signature are
rejected. A narrow shower shape is required to discriminate against isolated neutral
hadron decays into photons (like 7% — ~+). The shower shape in 7 is independent of
the magnetic field. Therefore, a good discriminator is the energy-weighted variance,
Oinin» of the position in 7 of the crystal with maximum energy within the 5 x 5 crystal
array around it. It expresses the extent of the cluster in 7. Another discriminant against
neutral hadrons is the requirement of low energy deposit in a single HCAL tower
with respect to the corresponding ECAL signal. Prompt photons are required to be
isolated. The isolation is based on PF using particles in a cone of AR < 0.3 around
the photon candidate and including pileup corrections similar to the electron case,
see Sect.5.4.

For this work, photons with pr > 20GeV, |n| < 2.4 are selected, unless the
photon candidate is pointing to the EB-EE transition region (1.442 < |n| < 1.566).
The photon candidate must fulfill loose identification and isolation criteria. The
selection efficiency for these criteria is =90 % (85 %) for photons reconstructed in
the ECAL barrel (endcaps) [12].

5.7 Jet Reconstruction

As already described in Sect. 1.2.4, quarks and gluons create showers and hadronize
and form clusters of hadrons, called jets. A jet represents the properties of the initial
parton, for example its four-momentum. The clustering method used in this disser-
tation is the anti-kt algorithm [13]. For each pair of particles i and j, three distance
parameters, d; (d;) and d;, are defined as

-2
di = Pr;»

oy (i — )P+ (i — y))?
dijzmm(pT’%, pT,zj) . . R2 : !

, (5.1

E+p:
E—p;

as for most CMS analyses, R = 0.5 is chosen. The algorithm starts with a list of
all particles. In each clustering step, all distances d; and d;; are calculated and the
minimum is found. If the minimum is any d;;, objects i and j are clustered to a new
object k and removed from the object list, the new object & is added to the list. If any

where y = % In ( ) is the rapidity, and R a distance parameter. In this analysis,
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d; is the minimum, this object is removed from the list and called a jet. The algorithm
is performed until no object is left in the list. This algorithm is both collinear and
infrared safe. All PF particles are clustered into jets using this algorithm [4, 14].

In this work, two exceptions are made: Charged particles not originating from the
PV are removed from a jet, the so-called charged-hardon subtraction (CHS) [15].
This reduces the influence of pileup interactions on the jet energy measurement. The
second exception is that jets, which axes are within AR = 0.4 of the direction of
selected electrons, muons, or photons, are not considered.

Any measured object within the detector, including artificial detector signatures
such as noise signals from readout electronics or the calorimeter, is taken into account
in the jet clustering. To avoid jets arising from such noise signatures, identification
criteria are applied on the hadronic, electromagnetic and charged energy fractions
[14]. These retain almost all jets truly originating from a quark or gluon hadronization,
but reject most jets due to noise and other spurious signals.

In this dissertation, jets are reconstructed as PF jets with ptr > 40GeV and
In| < 2.4. For some variables, jet candidates with pt > 20 GeV are used if specified.
The jet- pr is corrected for non-uniform jet energy response as described in the next
section. Additionally, loose identification criteria are applied.

Jet Energy Corrections

A reconstructed jet should resemble the property of the initial parton, especially its
direction and energy. While the energy is measured with high precision for single
particles, energy measurements of jets are not perfect due to effects of the UE, pileup,
noise, hadronization products being outside the jet cone, or non-uniformities in 7 and
pt- Therefore, the measured (“raw”) jet momenta pﬁlw have to be corrected for these
effects [16]. As jets are an important ingredient in the analyses presented in this
work, the jet energy corrections are reviewed in greater detail.
The calibrated jet momenta are obtained via

P" = Plaiy = CPlaw- (5.2)

The correction factor C is factorized via

C= Coffset(pT,raw) : CMC(pZFv ) - Crel(n) : Cabs(pzlé)v (5.3)

where p/. (p}) denotes the jet- pr after applying the offset (all previous) corrections.
The offset correction, Coffset, removes energy from pileup interactions. As charged
particles not coming from the PV are already removed, this correction is only applied

to the neutral part of the jet momentum. The correction uses a hybrid FastJet pileup

subtraction scheme [9, 17]: the average pr-density p is defined as the median (%) ,

where A is the area of jet j. The calculation of p is performed with jets clustered by
the kt algorithm [18, 19] with R = 0.6 so that p is insensitive to jets from the hard
interaction. In the offset correction, p is adjusted for the contribution from the UE,
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and an additional factor (3(n) is used to correct for non-uniformities of the energy
response along 7). The correction Coffse; is expressed as

Coffset (P PTyaw, A, 1) =1 — ﬁ(n)ﬁcorr(UE) 4 . 54
PT,raw
The second factor, Cyc, corrects for the difference between generated jet ener-
gies and reconstructed jet energies using simulation. The reconstructed particles are
processed through the simulation of the CMS detector based on GEANT4 [20].
The goal of the relative correction, Cr, is to obtain a uniform jet energy response
as a function of 7. The relative response, Ry, is calibrated to jets with |n| < 1.3
using dijet balancing with one jet (fag) being within || < 1.3 and the second jet
(probe) at any arbitrary n:

be tag
24+(B) Py —p
Reel = B with B = ﬁ (5.5)
—{B) (PY7 + pr¥)/2

The factor Cy is the relative response Ry with additional small residual corrections
absorbing the radiation bias (due to the presence of a soft third jet) and asymmetries
in 7.

The absolute correction, C,ps, provides uniformity of the jet energy response in pr.
It is measured for jets within || < 1.3 using the E{-niss—projection-fraction method
in 7+ jets and Z + jets events with Z — eTe™ or u 1. The idea is that a balanced
event has no E‘TniSS (thus ﬁ%z =— ﬁﬁ?”“), while if the responses R are not one,

~y,Z —recoi S
RA,/,ZP% + Rrecoilp"r[?cml = _E%HSS- (5.6)

Photons, electrons, and muons can be measured with high precision and therefore
R,z =~ 1. If one requires the v or Z boson to recoil against one hard jet, the
measurement of Ryecoil can be used for the absolute response calibration. The bias
of additional jet activity is corrected for.

In Fig.5.1, the jet energy correction factor for PF jets in simulation is shown on
the left, the uncertainty on the correction, as measured in data, is shown on the right.

5.7.1 B-Quark Jet Tagging

The identification of jets from b-quark hadronization (also called b-quark jets) is of
particular interest, because third generation squarks are expected to be lighter than
those of the first and second generations in many SUSY scenarios, see Sect.2.3.
Jets originating from heavy-flavor quark hadronization (mostly b-quarks) can be
discriminated against light-flavor quark and gluon jets, further called light jets. The
reason is that B hadrons (and to a lesser extent D hadrons') have relatively large

'Mesons containing a ¢ quark are called D hadrons.
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CMS preliminary, L = 11 fb s=8TeV
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Fig. 5.1 Jet energy corrections in simulation as a function of 79t (left) and jet energy correction
uncertainty measured in data for 7/t & 0 as a function of pJ; ! (right). Taken from [21]

masses and long lifetimes, they fly a short distance before decaying. The tracks of
the daughter particles from that decay point to a secondary vertex close to the PV,
from which the B hadron originated. In CMS, several methods are used to identify
b-quark jets [22, 23]. Here, the combined secondary vertex (CSV) tagger is described.
The tagger uses a sample of high-purity tracks and is based on secondary vertex and
track-based lifetime information.

Secondary vertices are reconstructed by the adaptive vertex fitter [24]. A high
purity is obtained by requiring that the majority of tracks associated to the secondary
vertex are not pointing to the PV, and the two vertices are significantly separated.
Vertices compatible with K© decays are rejected. Although the tracking system of
CMS is very performant, a secondary vertex cannot always be reconstructed. Even
though, information on the tracks inside the jet can be used to discriminate B-hadron
decays: For example, tracks pointing to a secondary vertex are expected to have
high impact parameters. The CSV tagger therefore builds a likelihood using vertex
information, and track information like the 3D impact parameter of all tracks inside
a jet. This likelihood yields a high discrimination power: For a light-jet rejection
of =99 %, a b-quark jet tagging efficiency of 65-75 % is achieved. As D hadrons
also have a significantly long lifetime, the c-quark jet tagging rate is about 15-20 %.
This working point is usually called medium operating point [22, 23] and is used
throughout this dissertation. A jet tagged with this working point will be called b jet.

InFig.5.2, the b-quark jet tagging efficiency as a function of the CSV discriminant
is shown.
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CMS Preliminary, 19.8 fb™ at Vs = 8 TeV
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Fig. 5.2 The b-quark jet tagging efficiency as a function of the CSV tagger discriminant [23]. The
medium operation point is indicated by the second arrow at 0.679

5.8 Reconstruction of the Missing Transverse Momentum

The EY miss [25] is the magnitude of the momentum imbalance observed in the detector.
In its simplest form, the vector Em‘“ is the transverse projection of the negative
momentum sum of all PF partlcles It also can be calculated using only calorimeter

miss
information, ET calo”

The magnitude of E'Tmrs;w is often underestimated. The reasons are similar to the
ones for the jet energy reconstruction: Non-uniform response in the calorimeters, but
also inefficiencies in tracking or minimal energy thresholds in calorimeter cells [25].

As a lot of the energy inside an event is contained in jets, one can use the jet
energy corrections, as described in Sect.5.7 and defined as “type-1 corrections, to

reduce this underestimation:

miss rmiss —jet —jet
E ET,raw - Z (pT calib — PT rdw) . (57)

jets

The response and resolution of ErTniSS are shown in Fig.5.3. There exist further
methods to improve the ET"** resolution, but those usually come at the expense of a
non-uniform response [25].

In this dissertation, type-1 corrected E%liss is used.
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5.3 Response and resolution of E}“iss [25]. a E%“iss response as measured with Z — pu, ee,

and v data as a function of the boson-pt (=¢T). Here, )| is the projection of transverse momentum
of the hadronic recoil parallel to the axis set by gt. The scalar quantity —(u)) /gt is referred to as

the EIT‘““ response. b Resolution of the E{‘?i“ projection along the x axis as a function of the scalar

sum

of the transverse momenta of all PF particles. The resolution along the y axis is comparable
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The Search for Supersymmetry



Chapter 6
Search for Supersymmetry: Using M1,
as Discovery Variable

The Mt, variable [1, 2], sometimes called stransverse mass, has been proven to be
very sensitive to events emerging from SUSY production processes, while strongly
suppressing the background due to SM processes. This chapter is devoted to the
introduction and discussion of this variable.

In Sects. 6.1-6.3, I will review its definition and kinematical properties. Further-
more, in Sect. 6.4, I will summarize the SUSY search that used the M) variable in
a hadronic environment and was performed at /s = 7 TeV. Since this analysis and
the review of the kinematical properties had been part of another thesis [3], it will
not be discussed in detail here.

The review of both the Mty variable and the 7TeV search can be seen as an
introduction to the main body of this part of the dissertation, the search for SUSY
with the M, variable at \/s = 8 TeV, which will be presented in Chap. 7.

6.1 Definition of the M1, Variable

For the discovery of the W boson in 1983 [4, 5], the UA1 collaboration introduced
the transverse mass Mt [4] to give a first estimate of the W boson mass. In events of
a single produced particle, P, that decays semi-invisibly, the transverse momenta of
the unobserved particle, ﬁ%f and the sum of the observed decay products, ﬁ%is, can
be combined to form

(M1)? = (M) + (My* +2 (B EY - i p}) 6.1)
~ 2p¥ pX (1 — cos Ag) .
Here, the visible (invisible) systems are denoted by vis (). The approximation in

the second line holds for the massless case, Myis = M5y = 0, and A¢ is the angle

between ﬁ%is and ﬁ% . This variable has an endpoint at the parent mass: Mt < M (P).
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Fig. 6.1 Illustration of a
particle pair-production for vis(1)
particles P decaying proton
semi-invisibly

proton

For the case of leptonic W boson decays, X is a neutrino with My = M(v) = 0,
and the mass of the charged lepton is negligible compared to the W boson mass.
Therefore, the approximation holds.

In R-parity conserving SUSY models, sparticles are produced in pairs. Both spar-
ticles decay into several SM particles and at least one LSP, which is not detectable.
As at least two LSPs are present in the event, their momenta are not directly ac-
cessible. Only the transverse momentum sum of the LSPs is known by measuring
ﬁ%liss = ETmiSS. Hence, it is not straight-forward to form M for a single decay chain.
A way out is the definition of the stransverse mass variable, Mt>:

Mp(My)=  min [max (M%”, M?))] (6.2)

) =% emi
17%( )+p_l>§( ):pﬂrrmss

with the free parameter! My. The index i = 1,2 denotes the two decay chains.
The M, variable is the extension of the Mt variable to the case of pair-produced
particles, each decaying semi-invisibly, as illustrated in Fig. 6.1.

The idea behind this definition is that for correct transverse masses Mél’z), the
larger of the two is still smaller than or equal to the parent mass. The minimization
over all possible splittings of ﬁ’T“iSS to the transverse momenta of the unseen particles,
ﬁ?r((l’z) , ensures that each transverse mass is not exceeding the parent mass. The mass
of the unseen particle cannot be determined with this formula and is kept as a free
parameter. If this testmass is smaller (larger) than the true mass, the endpoint of the
M distribution will be below (above) the parent mass.

In this work, the testmass in the M, calculation is set to zero: Mty = M12(0).

Let us, for a moment, assume that all visible particles are correctly assigned and
there is no transverse boost due to ISR. Then, an exact solution to Eq. (6.2) exists [2,
6]. There are two cases to consider: In the first case, the ﬁ%‘iss splitting yields a
minimal Mt of one system, for which the Mt of the other system is smaller, as
sketched in Fig. 6.2, left. This solution is called unbalanced, and

M = M) + M;. (6.3)

vis

'As M ; is a parameter, the symbol My, is chosen over M ()) in the equations of this section.
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Fig. 6.2 Tllustration of the unbalanced (left) and balanced (right) solutions of Mt [6]

The second case is the balanced solution, where Mt; is the intersection between
~miss

the two Mt curves along the py™ splitting, illustrated in Fig. 6.2, right. Using the
definition

AT _ E¥is(l)E¥is(2) + ﬁ¥is(1) . ﬁ¥is(2) (6.4)
one finds [6]
4M2
M2, = My + At + (1 + X ) (42 - mmG).
2AT _ (M\(”]S))z _ (M\(”QS))Z VIS Vis
(6.5)

The system can be boosted by upstream transverse momentum (UTM). This boost
comes from particles, upstream the parent particle decay, like ISR. If there is such
a boost, only numerical solutions to the M1, computation exist. The calculation of
M, can be done, for example, by the bisection method using the code of [7]. This
method has been used in this dissertation.

The initial idea of M1, was to measure masses [1]. However, the variable can
be used to discriminate SUSY signals against the SM background, as first proposed
in [8]. The analysis presented in this dissertation follows this approach, with the
difference of using pseudojets for the definition of the visible systems, as described
in Sect. 6.2, instead of the two leading jets.

6.2 Definition of the Visible Systems for the Mt; Calculation

In an event with exactly two visible objects (leptons or jets), the definition of Mt is
unambiguous. However, as soon as three visible objects are reconstructed, multiple
combinations exist, and the question is how to group these objects into the two visible
systems, needed for the M, calculation.
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In this section, the hemisphere algorithm [9] is introduced, which will be used to
form the two visible systems that will be used for the M, calculation.

The idea of the hemisphere algorithm is to cluster all observed particles into two
groups, such that each group correctly represents the momentum sum of the visible
decay products of the parent particle. The algorithm has three steps: First, two seeds
are chosen, forming the initial axes. Then all other objects are assigned to one of the
two hemispheres (in the first step to the seeds) given a certain association criterion. In
the last step, the momenta of all objects in a group are summed up, and the hemisphere
axes are recomputed. This algorithm is iterated, until no object switches from one
hemisphere to the other one during an iteration. The final two hemispheres will be
called pseudojets throughout this dissertation.

In this work, the seeding of the hemisphere algorithm is performed with the two
(massless) jets, for which the invariant dijet mass M ; is the largest. The associa-
tion method uses energy-weighted hemisphere masses, the so-called Lund distance
measure [9], inspired by Eq. (15.15) of [10]: an object & is associated to hemisphere
i rather than j if:

=t < (E; —pjcosb;)
Eo) — J J J

(Ei + (©0)

E: — p:cosf: =
(E; — picosbi) E + B0

where ;. is the angle between hemisphere i and object k.

In [9], the efficiency to correctly assign a jet to the parent hemisphere has been
measured in several SUSY benchmark models. For squarks, the association efficiency
is of order 85 %, while for gluinos it is of order 70-75 %. The reason for the weaker
efficiency in the gluino case is that the jets, for the tested models, are softer with
respect to the ones from squark decays.

The hemisphere algorithm allows for some flexibility, both in the input to the
algorithm as well as for the choice of seeding and clustering. Furthermore, one can
replace the algorithm by another clustering algorithm like a k-type algorithm. This
flexibility has been studied after the searches, presented in Sect. 6.4 and Chap. 7, had
been performed. In order to not interrupt the line of argument here, these studies are
presented in Appendix A.

Hemisphere Masses in the M, Calculation

The formula of MT; includes masses of both the visible systems and the unseen
LSP, see Eq.(6.1). It has been argued before (Sect. 6.1) that the LSP testmass in the
calculation of Eq. (6.2) cannot be constrained by the M, variable itself, and is set
to zero.

In order to better understand the influence of the masses of the visible systems
vis(i)

(pseudojets), we approximate the formula (6.5) for the case of M 0 « Dr

VIS
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(D \?2 u® 2

M
2 (1 4 cos Adp2) + ngl) + Vgg) ,
Pt Pt

is(1) _vis(2
(M12)* ~ P%ls( )P?( )

(6.7)
where A is the angle between the two pseudojets in the transverse plane.

It is evident that using pseudojets in the MT; calculation over the two leading jets,
as proposed in [8], has a significant influence on the M, variable: While the mass
of a single jet is usually small compared to its pr, the invariant mass of a pseudojet,
involving multiple jets, can be large. For the case of the M, calculation with the
two leading jets, the MT; variable is mostly dominated by the angular term. Let us
inspect the case of massive pseudojets: The M, variable is bounded from below by
the larger mass of the two pseudojets, due to the maximum requirement in Eq. (6.2)
and the inherited mass dependence of Eq. (6.1). This means that events with no E‘TniSS
from unseen particles, such as the LSPs, can have large M, if one pseudojet mass
is large.

The variable Mty can be used as a signal-discriminating variable, as will be
discussed in the next section. For a hadronic search, the QCD multijet production is
extremely important due to the huge cross section. Having the masses of pseudojets
in the M, calculation will lead to a dramatic enhancement of multijet events in
the tail of the M, distribution, and any signal will be covered by a huge multijet
background. Hence, it is important for a search to enforce zero masses on the visible
systems (in practice, set £y YISO — pY®yin order to suppress the multijet background
with no Em‘SS. This argument is supported by comparing the distributions of M,
using rnassless pseudojets and MT, with massive pseudojets, as done in Fig. 6.3. For
the hadronic searches presented in this dissertation, the M, variable is calculated
using massless pseudojets.

Slmulat/on a! r 8 TeV L= 19 5 fb’

yyyyyyyyyyyyyyyyyyyyyyyyyyyy ™8
1Og ;? Mu\tljets, massive pseudo]els 3;
108 E Multijets, massless pseudojets E
£ ----SUSY model, massive pseudojets
> 107 F peoncae® 4
(0] 5 E — SUSY model, massless pseudojets 3
G 10°F z
[Te} = 3
a 10° F 4
~ 4 F 3
@ 10" z
c = 3
g 10°¢ 3
® 10%F E
10 ¢
3
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Fig. 6.3 Comparison between the M, distributions using massive (dashed lines) and massless
pseudojets (solid lmes) for QCD multijet production (gray) and a SUSY model (black) of direct stop
pair production with7 — tx M () = 400 GeV, M (X Xi 0y = 0 GeV. While the SUSY signal becomes
dominant over the multijet background for M1, 2 200 GeV when using massless pseudojets, it is
hidden under the multijet background for Mt with massive pseudojets
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6.3 Kinematical Properties of Mr;

In this section, the properties of M, are discussed. The discussion is limited to the
most important aspects for SUSY searches, as a detailed study was subject to another
dissertation [3].

As we just discussed in Sect. 6.2, pseudojets have to be defined massless so that
M has discrimination power between multijet events and SUSY signal events. An

interesting approximation of Eq. (6.5) is the case of zero masses, M5 = Mélls 2 =0

M3, =247 = 2p 0 pYSD (1 4 cos Agrn), (6.8)

where A is the angle between the two pseudojets in the transverse plane.

Correlation Between Mrrand EXis

In Eq.(6.8), we found a simple expression for Mt in the case of zero masses and
no UTM. Three conclusions can be drawn from this result:

For back-to-back systems (A¢2 = ), M1 will be close to zero. This observation
is important for constraining QCD multijet production: In dijet events, even for strong
mismeasurement of the energy of one jet, MT> = 0. For multijet events, if one of
the leading jets is mismeasured, Mty will still have small values. In a spherical
multijet event with several equally hard jets, jet energy mismeasurements can result
in two pseudojets not being back-to-back. Further handles are needed to suppress
the multijet background in the M, tail.

Next, let us inspect the EFS: Using Em‘“ + pm(l) +p Wls(z) 0 one can easily
find (Emlgg)z (pws(]) v1s(2))2 + 2pvls(l) v1s(2)(1 + cos Adra). (6.9)
Comparing Egs. (6.8) and (6.9), we get My ~ E%‘iss if pm(l) {-18(2). Typical
SUSY signal events will have large EF"** due to the presence of the two LSPs. As
the pseudojets are not back-to-back, SUSY signal events will populate the tail of the
M, distribution. The same argument holds for events of SM processes involving
true E%‘iss due to the presence of neutrinos, such as Z(vv) + jets, W(lv) + jets, and
11 4 jets with leptonic W boson decays.

Another conclusion can be drawn for very asymmetric events, where pr >

p%ls(z). The EIS can be quite large, while the Mty will be small (Mr, < ERNS),
even for A¢p <« 7. For a small asymmetry between the transverse momenta of the
pseudojets, M1y < E{?iss.

As Eq.(6.8) is a simplification of the full MT, calculation, let us inspect the
correlation of M, and E%ﬁss for a SUSY signal model and various SM processes.
Fig. 6.4 shows the correlation for events of the SUSY signal model LM6 [9], as well

vis(1)
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Fig. 6.4 Correlations between E%‘iss and M, for LM6 SUSY signal events (a) and QCD multijet
events (b). The normalization is arbitrary. For multijet events, most events accumulate at My <
125 GeV, while for the LM6 SUSY signal events M2 values over 1000 GeV can be reached

as for QCD multijet events. We observe that for SUSY, most events are around the
diagonal E‘TniSS M2, while for QCD multijet production, events are located at
Mty ~ 0 even for larger Ef"%°. Figure 6.5 shows the Ef"**- My correlation also for
other SM components, such as Z(vv)+jets, W (Iv)+jets, and semileptonic ¢7+jets
events. All three components have E%‘iss due to the presence of neutrinos. The
tf production is a pair-production, similar to the case of SUSY. Therefore, Mt
can constrain? this component to Mty < M (t). However, the presence of additional
jets, such as ISR jets, can dilute the endpoint. For W and Z boson production, no
such constraint exists, and high values of Mt are possible.

Both figures show, that our conclusions, drawn from the simplified expression of
M2, Eq. (6.8), hold also for the full calculation of M.

The Influence of the Upstream Transverse Momentum
in the M1, Calculation

Both the full calculation of the balanced solution of Mt2, Eq.(6.5), as well as the
massless version, Eq. (6.8), assumed that there is no UTM or ISR.

In experiments, however, there is generally some contribution of UTM, for exam-
ple soft or very forward jets. In the analysis presented in this dissertation, the upstream

upstream . . . . .
transverse momentum, ﬁTp , is identified with the momentum imbalance

I;}I{Pstream _ _ (ETmiss + l—’»¥is(l) + ﬁ¥is(2)) ] (6.10)

2This argument holds also for the asymmetric decay (one W boson decaying leptonically, the other
one hadronically), as reasoned in [3].
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This momentum imbalance is due to reconstructed particle energies not clustered
into jets: low momentum, unclustered particles and particles pointing to the forward
part of the detector.

There is no analytical expression for M, for p%pmeam # 0. We, therefore, esti-
mate the influence of UTM by comparing the full calculation of Mt in the massless
case, Eq. (6.2), in this section called M%“ZH, with the simplified version of Mt in the

massless limit, Eq. (6.8), for this section called M%‘Z’UTM. Inspecting the difference

M%‘Z“ — M%gUTM as a function of p%pmeam for a SUSY signal, we observe that this

upstream

difference is limited by py , see Fig.6.6.

It is shown in [3] that the difference M{-‘gl — M%gUTM is the largest positive

(negative) if ﬁ%psmam is parallel (antiparallel) to ﬁ%is(l) + ﬁ%is(z) and antiparallel

(parallel) to E%‘iss.
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6.3.1 The Influence of the Initial State Radiation
in the M1, Calculation

If jets from ISR are not clustered into one of the pseudojets, they are part of the UTM,
which just has been discussed. However, it is not (easily) possible to distinguish
between jets from the hard interaction and jets from ISR in a reconstructed event.
Usually, ISR jets are clustered into the pseudojets if they are not too soft or forward.
In the presence of ISR, there is no analytical solution of Eq. (6.2), and the endpoint
of the M, distribution is diluted, as already observed in Fig. 6.5c, for example. A
method to reduce the influence is the definition M%%b [11], where the visible systems
in the M, calculation are constructed only out of a subset of the reconstructed objects
in the event. In [12], a version of M%%b is proposed that should strongly reduce the
influence of ISR in the M, calculation:

MBE = min M), 6.11)

iefvisible objects}

where MT;(i) is the Mt variable, for which object i is not clustered into any of
the two pseudojets. The idea behind this formula is, that the largest disturbance to
the M, endpoint is due to one hard ISR jet. This variable is tested for a stop pair
production model with M (f) = 400 GeV, M ()?(1)) = 0GeV, and SM processes. In
Fig.6.7, the M{Pg“ variable is shown and compared to M for events of electroweak
production (left) and signal (right). The M," endpoints for both the signal and the
SM processes are shifted by 2200 GeV compared to the endpoint of MT;. Since it
does not improve the sensitivity for a SUSY search, it will not be used further on.
Anyhow, this variable is supposed to improve the mass measurement. For this, one
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6.4 The Search for Supersymmetry at /s = 7 TeV

The MT, variable has been used to perform a search for SUSY with CMS pp colli-
sion data, selected during 2011 at /s = 7 TeV, and corresponding to an integrated
luminosity of 4.73 fb~!. The Mr, variable was calculated using two pseudojets, as
described in Sect. 6.2, and raw E%“iss (see Sect.5.8). This search is published [13] and
has been the subject of another dissertation [3]; this section contains only a summary.

The 7 TeV search was based on two non-exclusive analyses, the M, analysis and
the MT,b analysis. Both analyses selected events based on the Hr variable:

Hr=>pr, (6.12)

jets

where the jets? are required to have pt > 50 GeV and |77| < 3.0. These requirements
are driven by the jet selection of the trigger. At trigger level, Hr > 650 GeV was
required for the runs with highest instantaneous luminosity. Offline, events with
Hy > 750 GeV were selected. Furthermore, events were rejected if they contained
electrons, muons, if they were tagged by noise filters, or if the event had |E‘Tniss -
Ijl%“isﬂ > 70 GeV. Here,

HPS = =" jr 6.13)

jets

with jets satisfying pt > 20 GeV and || < 2.4.

For the M, analysis, at least three jets were required, and A¢(all jets, E%“i“) >
0.3. The MT,b analysis selected events with at least four jets, A@(four leading jets,
E‘T“iss) > 0.3, and at least one b jet.* As these criteria are similar for the 8TeV search
(Sect.7.2), they are not discussed here.

The signal regions were defined by Ht and MT;. Two Hrt regions had been defined
(750 < Ht < 950GeV and Ht > 950GeV) and up to five bins in Mt, per Ht
region: for the MT, (MT2b) analysis the lowest bin started at M, = 150 (125) GeV.

The backgrounds were predicted by the means of data-driven methods.

The results for the Mty and MT1>b analyses can be found in Figs. 6.9 and 6.10.

Both analyses did not see a significant excess over the background prediction.
Interpretations in several SUSY models had been performed, and the observed limits
in the respective model parameter space were among the strongest observed limits
of all analyses performed at /s = 7 TeV.

3For the 7 TeV search, no CHS was applied.

“In the M2b analysis, b jets were selected by a simple secondary vertex tagger with an efficiency
of about 40 % and a light-jet mistagging rate of ~0.1 %.
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Fig. 6.9 Data yields for the signal regions of the M, analysis, corresponding to 4.73 fb~! at
/s = 7TeV, compared to the background prediction and a possible SUSY signal. Left for the
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Chapter 7
Search for Supersymmetry in Hadronic
Events Using M1 at /s = 8 TeV

This chapter is dedicated to the SUSY search using a pp collision data sample
collected by the CMS experiment at /s = 8TeV. The data sample corresponds
to an integrated luminosity of 19.5fb™!. The search selects hadronic events using
the Ht and E%“SS variables. The main variable to discriminate SUSY signal events
against events from SM processes is the M, variable, which has been discussed
in great detail in Sects.6.1-6.3. The data are analyzed in separate regions defined
by the Ht and Mt variables as well as the jet and b-jet multiplicities, N; and Ny,
respectively.

This search is a continuation of the 7 TeV search [1], which has been presented in
Sect.6.4. As no hint of new physics was observed in 7TeV pp collision data, there
was a strong focus on the optimization and improvement of this analysis, both in
the strategy as well as the background predictions. In addition, all objects needed
to be redefined to handle the harsh environment expected for the high instantaneous
luminosity during 2012 data taking.

The analysis presented here is the inclusive Mt analysis. The aim of this analysis
is to cover a large phase space within SUSY, and to be sensitive to a wide variety
of signatures, possibly also outside SUSY. In fact, the analysis is sensitive to any
physics beyond the SM if the new physics events contain large ETmiSS and Hr, and
the new physics particles are produced in pairs.

The event selection criteria are designed to strongly suppress the background
due to instrumental noises and jet energy mismeasurements, while keeping a high
efficiency for a potential SUSY signal. Itis shown in simulation and data, that the main
SM background stems from electroweak processes, Z(vv)-+jets and W (lv)+jets
events, as well as top quark production, mainly semi-leptonic ¢7+jets events. The
background is predicted by the means of data-driven estimation methods.

Alternative inclusive SUSY searches in the hadronic final states at /s = 8 TeV
have been performed by the CMS [2—4] and ATLAS [5, 6] collaborations. The
M, variable has been used previously for measurements and searches by the CDF,
ATLAS, and CMS collaborations [1, 7-16].

This chapter is structured as follows: in Sect. 7.1, the data selection and simulation
are discussed. In Sect. 7.2, the event selection and validation are reviewed, followed
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by the search optimization and strategy in Sect. 7.3. In Sects. 7.4-7.6, the background
predictions are described. In Sect. 7.7, the results are shown, followed by their inter-
pretations in Sect. 7.8. In Sect. 7.9, the results are put into context with respect to other
hadronic searches. Finally, Sect. 7.10 contains the summary, including an outlook for
the future of this analysis.

This analysis has been published [17], and this chapter is based on that work.
Note, that the publication contains a further analysis, the Mty Higgs analysis. That
analysis is a spin-off of the inclusive Mt analysis, but is subject to another, future
thesis, and is not discussed in this thesis.

7.1 Data Selection and Simulation

Data Selection

Events are selected by three different trigger paths, based on E%‘iss and/or Ht. In
the 7TeV analysis, only Hr-based triggers had been used. This path is also used in
this search. The trigger selected events online with Ht > 650 GeV. The variable Ht
is defined in Eq. (6.12). This trigger is based on PF jets. For a large fraction of the
data taking, pileup corrections for jets were applied online at trigger level, allowing
to keep this threshold throughout 2012. This trigger is fully efficient for an offline
selection of Ht > 750GeV, as shown in Fig.7.1a.

Besides this Ht-only trigger, two further trigger streams are used: the first path is
purely based on E‘T“iss. The selection at trigger level was E’T’[liss > 150GeV throughout
2012. The second path is a cross-trigger based on both Hy and Ef"**. The threshold
for this trigger has been Hy > 350GeV and EF"* > 100GeV. The E{"*-only
trigger has been measured to reach an efficiency of ~90 % for an offline selection of
E%’iss > 200GeV, see Fig.7.1b. As this trigger does not reach full efficiency, it was
decided to select events at lower Hr (thatis below Ht = 750 GeV) by combining the
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Fig. 7.1 Trigger efficiency of the Hr-only (a) and ET"**-only (b) trigger measured with respect to
a single muon trigger
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E%’iss-only and the H'[‘-E%liss cross trigger via a logical OR. The combined trigger
has been measured to be fully efficient for an offline selection of Hr > 450 GeV and
E‘TniSS > 200 GeV, shown in Fig.7.2. The selection efficiency of both the combined
trigger and the Hr-only trigger have been measured in a data sample selected by a
single muon trigger.

The selection efficiencies of the triggers have been also measured against other
kinematical variables, like the jet or b-jet multiplicities. No dependence on these
variables has been found.

For background estimation methods, further triggers have been used. In the esti-
mation of the background due to jet energy mismeasurements (Sect.7.4), Hr-only
triggers with a lower threshold of Hr > 350 GeV have been used. These triggers were
prescaled, meaning that only a defined small fraction of events passing the trigger
threshold were actually stored. Which events are stored, is random. For the estima-
tion of the Z(vv)+jets background, a single photon trigger has been used, selecting
photons with p% > 150 GeV. The trigger reached full efficiency for an offline selec-
tion with p’TY > 180 GeV. Further, photon data were selected via a photon- Ht cross
trigger with p% > 70GeV and Ht > 400 GeV, which was found to be efficient at
p% > 80GeV and Ht > 450 GeV offline. Also, events containing an ete orptu”
pair were selected using triggers with an online selection of pt > 17 (8) GeV for the
leading (trailing) lepton. For an offline selection of pt > 20 GeV for both leptons,
these triggers have reached the efficiency plateau.

Simulation

The analysis strategy and event selection have been decided using only simulated
events. The simulation is further used in the background estimations and the result
interpretations. The SM processes are simulated using several generators: PYTHIA
6.4 [18] for the multijet background, POWHEG [19, 20] for single top production,
and MADGRAPH 5 [21] for all other processes.! Signal samples are produced

IFor the Z (1) +jets estimation method, also the multijet background is modelled by MADGRAPH 5.
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by MADGRAPH 5 for the SMS models (see Sect.3.3.3) and PYTHIA 6.4 for the
cMSSM/mSUGRA model (see Sect. 3.3.2).

The parton shower and hadronization is modeled by the PYTHIA 6.4 generator. All
generators use CTEQ6L1 [22] PDFs, and apply the Z2* tune [23, 24] for the modeling
of the UE. Tau decays are modeled using TAUOLA [25]. All generated events for SM
processes are passed through a detailed simulation of the CMS detector based on
GEANT4, [26], generated signal events are processed using the “fast simulation” [27]
of the CMS detector response.

The signal mass spectra are calculated with SOFTSUSY [28]. The sparticle decay
branching fractions are calculated with SDECAY [29]. For the cMSSM/mSUGRA
model, SUSY- HIT [30] is used to interface SDECAY with HDECAY [31], which cal-
culates the decay branching fractions of the MSSM Higgs bosons.

For SM processes, the most accurate cross sections available in literature, usually
next-to-leading order (NLO) in «, are used. The cross sections for SUSY processes
are calculated at NLO using PROSPINO [32-35] and, additionally for the SMS models,
using the calculations of [36-39]. For the cMSSM models, process dependent k-
factors were derived using PROSPINO to reweight the leading-order cross sections to
NLO.

7.2 Event Selection and Validation

In the following, I will describe the event selection and validation of the selected
events. The selection contains noise cleaning criteria, as well as selection criteria to
suppress the SM background contribution in the signal regions. The exact definition
of the signal regions will not be discussed in this section, but in Sect.7.3.

The physics objects, which the selection is based on, have been described in detail
in Chap. 5. The selection starts with a minimal set of criteria:

Atleast one good vertex (Sect. 5.1.1) needs to be reconstructed. The PV, which has
the largest >, ( pr.i)? of tracks i associated to it, is chosen to be the hard interaction
vertex. Next, the events have to pass the trigger requirements (Sect.7.1): an event
must have either Ht > 750GeV, or Ht > 450GeV and E%liss > 200GeV to be
selected. The third primary requirement is the selection of at least two jets: The M,
variable needs as input at least two detected objects and ErTniSS. In this analysis, the
visible systems in the M, calculation are defined by two pseudojets, as described
in Sect. 6.2. The input to the pseudojet calculation are all jets candidates with pt >
20GeV and |n| < 2.4 and all charged leptons. In addition, the two leading jets are
required to have pr > 100 GeV, and E'S must exceed 30 GeV. These requirements
make sure, that the momenta of the visible systems and E"'Tniss have meaningful
magnitudes and directions.
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7.2.1 Validation of the Stability of the My, Variable

The experimental environment in the CMS experiment during 2012 data taking has
been very harsh, the mean number of pileup interactions per colliding bunch has
been 20 [40]. In Fig.7.3, the number of reconstructed primary vertices is shown.

The distributions of pileup interactions in simulation is reweighted to match the one
measured in data.
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Fig. 7.3 Distribution of the number of vertices. Left for 450 < Ht < 750 GeV, E%’jss > 200GeV,
and Mt, > 200GeV. Right for Hr > 750 GeV and Mt > 125 GeV
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Fig. 7.4 Pileup dependence of the Mt; variable. a Profile of the Mr; distribution as a function
of the number of pileup interactions for simulated Z(vv)-+jets events, for 450 < Ht < 750 GeV,
E-‘l?iss > 200 GeV. b M, distribution for simulated Z (7)-+jets events in various selections of the
number of pileup interactions, for Hr > 750 GeV. The bottom ratios are between the normalized

distribution for a given selection of number of pileup interactions and the inclusive normalized
distribution
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The main signal discriminant should not depend on the number of pileup interac-
tions. We apply energy corrections to jets (see Sect.5.7), and thus also to E%‘iss, NY)
that the influence of additional energy due to pileup is largely reduced. These correc-
tions provide also stability for the Mt variable as a function of pileup: in Fig.7.4a,
we see the profile of the M, distribution as a function of the number of pileup inter-
actions in simulated Z(vv)-+jets events. The average value of Mty is completely
stable, even for scenarios with extremely high numbers of pileup interactions. We
also prove that the shape of the M, distribution is stable as a function of the number
of pileup interactions, see Fig.7.4b. Hence, we conclude that the pileup dependence
is very small, and the M, variable does not depend on the pileup condition.

7.2.2 Cleaning Procedure Against Instrumental Effects

The Mt variable strongly correlates with EIT“iSS. The E‘Tniss reconstruction can be
affected by instrumental effects like noise signals in the calorimeter and tracker
systems, dead detector regions like ECAL cells, misreconstructions, or environmental
noise like interactions of protons with residual gas inside the beam pipe.

All these effects can lead to signatures with large reconstructed E?iss and M,
although the physics process does not contain a source of ET", like neutrinos or
LSPs.

Therefore, events with anomalous signatures need to be filtered out. A lot of
sources have been studied within the CMS collaboration, and filters have been devel-
oped for events affected by those sources [41]. Figure 7.5 shows the E%ﬁss distribution
before and after event noise cleaning for events triggered by the Hr-only trigger. It is
evident that the far tail of the E‘TniSS distribution would be dominated by events with
fake EF" if no cleaning was applied.

During the analysis of the 2012 pp collision data, three noise categories had been
identified in studies of the E%‘iss distributions that are not tagged by filters provided
by the CMS collaboration.

One source are deposits in the CMS detector due to beam halo particles [42].
The filter provided by the CMS collaboration is about 87 % efficient [43]. Some
events in the tail of the MT; distribution are due to beam halo particles that were
efficiently rejected by requiring the leading jet to pass tighter identification criteria
if A¢ between the two leading jets is smaller than 0.2.

Another source of noise are anomalous signals in the HO component of the HCAL
(see Sect.4.2.3). As the HO signals have been part of the PF reconstruction, but were

not used for the computation of the calorimeter-based E‘Tnicsglo (see Sect.5.8), an

efficient way to reject these signals has been found by requiring EaniSS / E'Tmcsasl 0 <2
Examples for data events tagged by those two filters are given in Fig.7.6.
The third source of noise, not tagged by filters provided by the CMS collaboration,
is due to fake TOB/TEC tracking seeds (see Sects.4.2.1 and 5.1). These fake tracking

seeds can lead to a huge number of fake tracks resulting sometimes in large E%‘iss.


http://dx.doi.org/10.1007/978-3-319-19956-6_5
http://dx.doi.org/10.1007/978-3-319-19956-6_4
http://dx.doi.org/10.1007/978-3-319-19956-6_5
http://dx.doi.org/10.1007/978-3-319-19956-6_4
http://dx.doi.org/10.1007/978-3-319-19956-6_5

7.2 Event Selection and Validation 95

CMS Private, Vs =8 TeV, L= 19.5 fb
A e

e 3
o[, = databefore ET* cleaning 1
10° g data after recommended ET**® cleaning3
o -edata after full ET'*° cleaning ]
105 E® ! E
o ° ]
O 10tF -
o E
™ 'g full analysis selection applied
~ Q

o 10° =2 jets, H_> 750 GeV 3
& % ]
,f>j 10? <. 3
L E
W o ]

10 Lk o
by i
t it T o, 1
; g T
PRI NSRRI i | ISR | B I

500 1000 1500
ET [GeV]

Fig. 7.5 The E%’iss distribution for Hy > 750 GeV after an event selection without the noise
filters. The open circles identify data without noise cleaning, the gray triangles show data after
recommended noise cleaning, and the solid circles show the data after full event noise cleaning.
The step in the uncleaned data at E{a"iss = 750 GeV is due to noise sources creating a large local
signal in soft events (small true Ht and E‘T“iss). This noise signal creates Hr > 750 GeV and
E%llSS ~ HT

Fig. 7.6 Left Event tagged by the beam halo filter in the rz view: a beam halo signal in the HCAL
(blue signal) results in two energetic jets (yellow bars) pointing opposite to EX"* (orange arrow).
Right Event tagged by the anomalous HO noise filter in the r¢ view: the HO signal is shown in

green, the EJ" in orange, and the E?icsglo in light blue

Figure7.7a shows a data event, where correctly reconstructed tracks (green) and
possibly fake tracks (yellow) are overlaid.
In order to remove those events from the selection, we require

R = max

number of tracks from last iteration
v <38, (7.1)
7,

number of tracks from first iteration

where the n¢ plane is sampled in 0.1 x 0.1 bins.



96 7  Search for Supersymmetry in Hadronic Events Using My at /s = 8 TeV

(b) T T T T
Treeeees 7]
L 4—0\*\‘\‘\\ 4
09 e
> L ]
8 [ ]
s 08[ ]
() r ]
0 o) ]
L —e— fast simulation ]
06 E —e— full simulation E
0_5"H\H‘\H‘\H‘\Hm“
0 200 400 600 800 1000

HT cut (GeV)

Fig.7.7 aDataevent in the rz view, where correctly reconstructed tracks (green) and possibly fake
tracks (yellow) are overlaid. b The overall event passing efficiency of the TOB/TEC noise tagger
as a function of Hr for simulated events of stop production processed with detailed (red dots) and
fast (black dots) simulation of the CMS detector

The fast simulation of the CMS detector response includes a simplified version of
the tracker, the noise due to TOB/TEC fake seeds is not present in the fast simulation,
see Fig.7.7b. The overall tagging efficiency for signal events, which are processed
with the fast simulation, is emulated by parameterizing the TOB/TEC tagger passing
efficiency in data as a function of jet- pt and |7|. This parameterization has been found
to model best the overall event tagging efficiency. The jet used in the parameterization
is found as follows: We define a search window around the barrel-endcap transition
region: |n| = 1.5 & 0.2, and the highest- pt jet within that window is selected. If
no jet is in that range, the search window is increased by 0.4 in . For example, in
the second iteration, it is || = 1.5 £ 0.4. This is repeated, until a jet is found. The
efficiency map is shown in Fig.7.8.

7.2.3 Selection Criteria to Reduce the Standard Model
Background

In order to enhance the signal sensitivity, we want to reject as much SM background
in our signal region as possible while keeping a high signal event selection efficiency.
For this, we study the reasons for SM processes to have high values of our signal
discriminant M.

One reason is the bias to the Mt shape introduced by UTM. As we saw in
Sect. 6.3, the difference between the analytical version of M, Eq. (6.5), and the full
expression, Eq. (6.2), is limited to the magnitude of UTM. For this search, the UTM
is expressed as | ﬁ%pmeam| = |E¥liss — Ijl{niss| with I-AI%niss defined by Eq.(6.13). The
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Fig.7.9 aNormalized M, distributions in simulated QCD multijet events for Hy > 750 GeV and
for various selections on UTM = |ETmiss - H}“issl. b Distribution of the UTM = |E’TniSS - H}“issl
variable in W (Iv)+jets enriched data, selecting one electron or muon, zero b jets, Ht > 750 GeV,
and M1, > 150 GeV

value of the Mt variable can be driven by the amount of UTM for multijet production
with no source of EF"**. The normalized Mr; distributions for various selections of
UTM = | ﬁ%pmeam | are shown in Fig.7.9a for simulated QCD multijet events. We
observe that the distortion of the M, shape becomes significant for | l:frT“iss — Fl}niss | 2
70 GeV. We, therefore, require all selected events to pass |E¥ﬁss - ﬁ%nisﬂ < 70GeV.
The shape of the | E’%‘iss — IjlfrniSS | distribution at high M, is reasonably well modelled,

as validated in a W (Iv)+-jets data control region, selecting one electron or muon and
zero b jets, see Fig.7.9b.
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As we discussed in Sect. 6.3, QCD multijet events enter the tail of the MT; dis-
tribution, if one jet is severely mismeasured and the pseudojets are not back-to-back
anymore. However, in these cases the pr of the mismeasured jet is aligned with the
E %’i“. A good variable to reject those events is the minimal azimuthal angle between
the pr of jets and E%‘iss, min A¢(jets, E%liss). In order to keep a high signal effi-
ciency for models with multiple jets in the final states (like pp — gg — t?)?l) t?)’{?),
min Ag¢(jets, Ex"™) is computed using only the four leading jets.

Figure7.10a shows the min A¢(jets, EF"*%) variable in data and simulation
for events with Hy > 750GeV and M1, > 125GeV. We can see, that the
min A¢(jets, E%‘iss) distribution is peaked at min A¢(jets, E%‘iss) = 0 for QCD
multijet production, while it is relatively flat for the electroweak backgrounds and
the SUSY signal (here, the LM6 model). The profile of the min Ag¢(jets, E%“i“) dis-
tribution as a function of M, Fig.7.10b, illustrates that multijet events in the tail of
the M, distribution dominantly have small min A¢(jets, Efrniss). _

For rejecting events due to multijet production, we require min A¢(jets, Ef"*) >
0.3.

All SM backgrounds except the multijet production contain true E%‘iss inside the
event due to the presence of one or more neutrinos. One background is from events
containing a Z boson decaying into two neutrinos and is irreducible. The other
source of neutrinos are W boson decays. Events containing a leptonically decaying
W boson together with several hard jets can naturally lead to high values of M.
The contribution of such events is reduced by rejecting events containing a charged
lepton (e, u, or 7, where 7 means hadronically decaying taus). This requirement
leaves hadronic SUSY signals nearly unchanged, while the W (Iv)+jets and 7 +jets
backgrounds are strongly reduced.
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Fig. 7.10 Studies of the min A¢(jets, E’T“iss) variable. a Distribution of the min A¢(jets, E%‘i“)
variable for data and simulation after a selection of Hy > 750 GeV and M1, > 125 GeV. b Profile
of the min A¢(jets, E’Tniss) distribution as a function of M, for multijet events after a selection of
Hr > 750 GeV
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7.2.4 Summary of the Event Selection

In this section, the basic selection was shown. It is:

at least one good PV,

pass either Ht > 750 GeV, or Ht > 450 GeV and EITniSS > 200GeV,

at least two jets, the two leading jets are required to pass pt > 100 GeV,
EMSS > 30GeV,

reject events tagged by one of the noise filters,

|EF™ — Hi"™*| <70 GeV,

min A¢(jets, Ef"*) > 0.3, and

reject events containing at least one charged lepton.

On top of this selection, further selections are applied on My, Ht, and the jet
and b-jet multiplicities. These variables are the main signal discriminants and define
the signal regions. The selection criteria on them are discussed in Sect.7.3.

7.3 Optimization and Search Strategy

Now, I will outline the search strategy for the inclusive Mt; analysis.

In this analysis, a large phase space is selected and then divided in several mutually
exclusive signal regions. This division is optimized for a search for a large variety of
possible new physics models, especially in the context of SUSY. The signal regions
are defined by both the event topology and kinematical variables. The search strategy
is:

1. Data are selected with three trigger paths based on Hrt and E%‘iss, see Sect.7.1,
and are required to pass the event selection from Sect.7.2.4.

2. Three regions along Hr are defined as sketched in Fig.7.11, left: a low Ht region
requiring E%“iss > 200 GeV and 450 < Ht < 750 GeV, a medium Hr region for
750 < Ht < 1200 GeV, and a high Ht region, going beyond Ht > 1200 GeV.
The thresholds on Ht and E'T]fliss for the low HT region, and on Ht for the medium
Hr region are driven by the trigger selection.

3. Nine different event topologies are selected along the jet and b-jet multiplicities
(Nj and Ny, respectively), see Fig.7.11, right: The regions with 0 b jets are sensi-
tive to SUSY models involving first and second generation squarks, while regions
with higher b-jet multiplicity increase the sensitivity to third generation squark
production. The signal regions with >3 b jets have high sensitivity for gluino
decays via third generation squarks.

A dijet selection is sensitive to direct squark production, while the 3-5 jet and >6
jet regions increase the sensitivity to gluino and stop pair productions.

4. On top of the signal region selection based on Ht and the number of (b-)jets,
several adjacent bins along M7, up to nine, are defined. The sparticle masses
determine the average values of Ht and Mt», and therefore having various bins
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Fig. 7.11 Left Binning in Ht and E‘T"i“. Right Definition of the topological regions in numbers of
jets and b jets, Nj and Ny, respectively. The pie charts show the relative expected contribution from
different SM processes to the signal regions for each topological region

in these variables results in a sensitivity for a wide mass range for sparticle
production. The number of bins depends on the topological and Hr regions. In
each of these regions, the lower boundary on MT; has been chosen, such that the
expected contribution of the multijet background to the total SM background is
of order 1-10% or less. The lowest selection on M, for all regions is Mty >
100 GeV. The exact definition of all signal regions is given in Table7.1.

5. The SM background in each signal region is predicted by data-driven background
estimation methods. For each source of SM background, a separate method is
used. The results of the background predictions are compared to the observed
data.

6. The results of the analysis are interpreted in several models of SUSY and exclu-
sions on the model parameters are obtained.

The outlined strategy was defined as the result of an optimization exercise, which
I want to sketch here: The optimization was based on the expected mass exclusion
reach for various simplified models (in the absence of a signal) using the method
and models presented in Sect.7.8. These studies were performed with simplified
systematics, and sometimes with enhanced signal cross-section. Therefore, one has
to consider all numbers and figures of the optimization as relative.

The first step of optimization had already been presented in Sect.7.1: Besides
the Ht-only trigger that had been used for the 7TeV search, a combination of a
HT—E¥liss cross trigger and a E’T“iss—only trigger is used to access a phase space with
lower Ht. The new added low Hrt region is sensitive to SUSY models, where the
difference between the mass of the initially produced sparticle and the mass of the
LSP is relatively small. An example is shown in Fig.7.12a: The low Ht region (in
plot met_combined) allows to increase the exclusion reach for higher LSP mass at
a fixed sbottom mass. The model in this figure is direct sbottom production with
b — bY".
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Table 7.1 Signal region definitions of the inclusive Mt analysis
Low Hr region Medium Hrt region High Hr region
M) bin (GeV) M, bin (GeV) M, bin (GeV)
2 jets, 200-240 | 350420 | 570-650 | 125-150 | 220-270 | 425-580 | 120-150 | 260-350
0b jets
240-290 |420-490 | >650 150-180 |270-325 | 580-780 | 150200 | 350-550
290-350 |490-570 180-220 |325-425 | >780 200-260 | >550
2 jets, 200-250 |310-380 | 450-550 | 100-135 | 170-260 |>450 100-180
>1b jets
250-310 |380-450 | >550 135-170 |260-450 >180
3-5jets, |200-240 | 420-490 160-185 |300-370 | >800 160-185 | 350-450
0b jets
240-290 |490-570 185-215 |370-480 185-220 |450-650
290-350 |570-650 215-250 |480-640 220-270 | >650
350-420 | >650 250-300 | 640-800 270-350
3-5 jets, | 200-250 | 310-380 | 460-550 | 150-175 | 210-270 | 380-600 | 150-180 | 230-350
1 b jets
250-310 | 380-460 | >550 175-210 |270-380 | >600 180-230 | >350
3-5 jets, | 200-250 | 325-425 130-160 |200-270 |>370 130-200
2 b jets
250-325 | =425 160-200 |270-370 >200
>6jets, |200-280 | >380 160-200 |250-325 | >425 160-200 | >300
0b jets
280-380 200-250 |325-425 200-300
>6jets, |200-250 | >325 150-190 |250-350 150-200 | >300
1bjets
250-325 190-250 | >350 200-300
>6jets, |200-250 | >300 130-170 |220-300 130-200
2 b jets
250-300 170-220 | >300 >200
>3 jets, |200-280 | >280 125-175 | 175-275 | =275 >125
>3 b jets

The phase space is further increased by the inclusion of dijet events (the 7 TeV
search selected events with >3 jets). This increases the sensitivity for various models
dominated by direct squark production. An example is shown in Fig.7.12b, again
for the sbottom production model: the explicit dijet region (here met_2j_gelb, that
is with the requirement of >1 b jets), has high sensitivity for high sbottom mass,
while for a low mass splitting between the sbottom and LSP, signal regions with
>3 jets become important. The reason is, that the selected events often contain ISR
jets. These jets boost the bpz%)?? system such that the event passes the MT, and Ht
requirements.
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Fig.7.12 Simplified expected exclusion limits on direct sbottom production. a Simplified expected
exclusion limit on direct sbottom production. b Simplified expected exclusion limit on direct sbottom
production for EF"** > 200GeV, and 450 < Ht < 750 GeV

In many SUSY models, third generation squarks are expected to be lighter than
those of the first two generations, see Sect.2.3. The division of the phase space
along the b-jet multiplicity is designed for a better reach for events involving third
generation squarks. An example of exclusion limits on a model of gluino pair pro-
duction with g — bzi(l) via a virtual sbottom is shown in Fig.7.13a. Having search
regions with multiple b jets, like ht_ge3j_ge3b with >3 b jets, strongly increases the
exclusion and discovery reach of this analysis.

It is also important that the information of multiple signal regions is combined. In
Fig.7.13Db, the expected mass exclusion reach for the process of direct stop production
with 7 — t)}? for various signal regions in Ht x Nj x Ny have the same reach on
their own. Using the multibin approach and combining them, strongly enhances the
reach.
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Fig. 7.13 Simplified expected exclusion limits on direct gluino production with gluino decays via
a virtual sbottom (a) and on direct stop production (b)
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7.3.1 The Inclusive Mt Analysis: Distributions
and Background Composition

The M, distributions for the low, medium, and high Ht selections, inclusively in
all nine topological regions, are shown in Fig.7.14. We observed that the events
with Mty < 80 GeV basically stem only from multijet production. We require the
expected contribution of multijet events to the total SM background to be of order
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Fig.7.14 The MT; distributions in data and simulation for the low (a), medium (b), and high (¢) Ht
selections and for > 2 jets, > Objets. All selection criteria, Sect. 7.2.4, are applied. The data, selected
at /s = 8 TeV, correspond to 19.5 fb~! integrated luminosity. The simulation is normalized to the
integrated luminosity. The last bin contains the overflow. The ratios of the number of data events
versus the number of simulated events show some disagreement. However, the final estimation of
the SM background event yields is not obtained from simulation, but using data-driven background
prediction methods
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<10 %. Hence, regions with M1> < 100GeV are not selected. For the low Hr
region, the M, distribution below M1, = 200 GeV is not used because of the
trigger requirement E%‘iss > 200 GeV. The SM background in the signal regions
consists mainly out of Z(vD)+jets, W(I/v)+jets, and semileptonic 7+jets events.
The t7+jets background decreases for higher M1, with respect to the Z (v7)+jets and
W (lv)-+jets background because of the kinematical properties of the M, variable,
explained in Sect.6.3.

The dominant background for the low jet and/or zero b-jet regions is Z (vv)-+jets,
followed by W (Iv)+jets. The production of t7+jets is unimportant in these regions.
All three processes are of equal importance in the one b-jet region. For increasing
b-jet multiplicity, the #7+jets background becomes more and more important, and is
the dominant component for all regions with at least two b jets. Also in regions with
at least six jets, the r7+jets background is always important. These observations
are independent of the Ht selection, and the features are illustrated in the M,
distributions of Fig.7.15, where 8 TeV collision data, corresponding to 19.5fb™!
integrated luminosity, are compared to the yields in simulation for a selection of at
least two b jets (left) or at least six jets (right), as well as in the M distributions of
the previous Fig.7.14 for an inclusive selection of at least two jets, but different Ht
selections.

Other contributions, such as ~y-+jets, Z(IT17)+jets, or di-/tribosons+jets pro-
duction are negligible with respect to the three main components, Z(vv)-jets,
W (lv)-+jets, and tf-+jets events.
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Fig. 7.15 M, distribution in data and simulation for medium + high Hr selection, for > 2 jets,
> 2 b jets (a), and for > 6 jets, > 0 b jets (b). All selection criteria, Sect.7.2.4, are applied. The
data, selected at /s = 8TeV, correspond to 19.5fb~! integrated luminosity. The simulation is
normalized to the integrated luminosity. The last bin contains the overflow
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7.4 Prediction of the Background Due to Jet Energy
Mismeasurements

The initially largest background is the one of multijet events, where the energy of at
least one jetis mismeasured. Although dramatic jet energy mismeasurements are rare,
the overwhelming cross section of multijet production makes this process dominant
over the electroweak processes or t7+jets production. However, the properties of the
M, variable allow to reduce the multijet background to a negligible level in our
signal regions.

The remaining multijet contribution is estimated by a data-driven prediction
method. The method also predicts fully hadronic #7+jets production and the pro-
duction of hadronically decaying bosons, which are negligible. As we have seen
in Fig.7.10b, the M1, and the min A¢(jets, Efrniss) variables are strongly correlated
for multijet events. We also know, that multijet events tend to populate the low
min Ag(jets, E‘T“iss) region, Fig.7.10a. We will use these two observations to con-
struct a prediction method for multijet events.

We form the ratio r(Mr2) = N(min Ag(ets, EF'*) > 0.3)/N (min Ag(jets,
ET") < 0.2). Here, N (X) means the number of events for a given M passing the
selection of X and the selection of Sect.7.2.4 but min A¢(jets, EJ") > 0.3. For
the prediction, we use data from a control region with min A¢(jets, EF"**) < 0.2
and high M-, and scale it with » (M) to predict the yield of multijet events in the
various signal regions.

The ratio r (Mt2) for simulated multijet events is shown in Fig. 7.16 for all three
Hr selections and the high statistics region with 3-5 jets, 0 b jets.

We find in simulation that the ratio falls exponentially for Mty > 50 GeV and
reaches a constant value at high MT5. This has been confirmed in 7 and 8§ TeV data.
The ratio can be parameterized for Mty > 50 GeV as

simulation - 3-5 jets, 0 b jets, simulation - 3-5 jets, 0 b jets, simulation - 3-5 jets, 0 b jets,
low HT medium HT high HT
\\ BN ¥
1F 10'F 1
ie] L 102k i<l
@ 10 S ok g
10%F — P
10% f 0
N op ] B T N
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
M, [GeV] M.,[GeV] M.,[GeV]

Fig. 7.16 Ratio r(Mt;) as a function of M1, for simulated events for the low (left), medium
(center), and high (right) Hr selections and 3-5 jets, O b jets. The simulated data points are overlaid
with three fit functions. The red curve is a full parameterization fit, the green curve is a purely
exponential fit, and the blue curve is the analysis fit. The dashed vertical lines indicate the fit
region. More information about the three fit models is given in the text
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N (min A¢(jets, EF') > 0.3)

: : miss - ea_b.MTz +c, (7.2)
N (min Ag(ets, EXS) < 0.2)

r(Mr) =

where a, b, and c are fit parameters. This parameterization is the full parameterization.
If we set ¢ = 0, it is a purely exponential parameterization. The parameterization
can be understood as follows: The exponential part is modelling the “core” of the
jet energy resolution [44]. This core is driven by the detector resolutions of the
tracking, ECAL and HCAL systems, see Sects.4.2.1-4.2.3. Besides this core, the
distribution of the jet energy resolution has a long tail due to severe jet energy
mismeasurements. In multijet events, the larger the value of E%niss (and M) is,
the larger is the probability of an alignment between the E"%‘iss and the pr of the
mismeasured jet. Thus, the ratio r (Mt2) decreases as a function of Mt». For very
large M, the strongly mismeasured jet and the E%ﬁss are always aligned. However,
for a certain fraction of events, the mismeasured jet becomes that soft, such that it
is too soft and not among the four leading jets anymore. This acceptance fraction
determines the constant value.

We have seen before that the event composition in the region of M, < 80 GeV
is dominated by multijet events. Thus, we can obtain the parameters a and b from
Eq.(7.2) by fitting the data ratio r(MT2) in the region 50 < Mty < 80 GeV. The
full fit, including parameter c, can only be obtained using the full range of MT; >
50GeV (red curves in Fig.7.16). However, at high MT;, the multijet production is
small compared to electroweak and top production, and the data cannot be used for
fitting. On the other hand, the purely exponential fit (green curves in Fig.7.16) will
underpredict the multijet background for very high values of M.

Therefore, a pseudoparameter ¢’ is determined from data in such a way that the
multijet background is not underpredicted for high M, but one also does not depend
on simulation for extreme jet energy mismeasurements. We change the parameteri-
zation of Eq.(7.2) to

(M) N (min A¢(jets, E?iss) >0.3) e—b-Mr2 if My < 200GeV,
rT) = N (min Ag(ets, EXN5%) <02) | ¢/ = e@—0200GeV i a1y = 200 GeV.
(7.3)

This is the analysis parameterization (blue curves in Fig.7.16). It depends only on
parameters a and b, which are determined in data as described above. We choose to
fix ¢’ at M = 200 GeV, because we can show that the data follow the exponential
fit up to that point. Usually, the analysis parameterization overpredicts the multijet
contribution for M1, > 200 GeV. However, we will find that in this region the multi-
jet background is negligible compared to the background coming from electroweak
and top processes. It should also be noted that for M» < 200 GeV, the analysis
parameterization leads to an accurate prediction of the multijet backgrounds.

The ratio r (MT2) is shown for the full range in Mt in Fig.7.17 for the selection
of 3-5 jets, 0 b jets, and medium Ht. We observe that the data, after the subtraction
of electroweak and top contributions from simulation, follow the exponential fit. For
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Fig. 7.17 The ratio r (M) 19.5 b (8 TeV)
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Mty > 200 GeV, the statistical uncertainty on the ratio is so large that the data are
compatible with both fits using the exponential and analysis parameterization.

The data of the low Hr regions are triggered by the E%liss and E%liss-HT triggers.
The EF"* requirement in the triggers biases the Mr; distribution at low Hr, and
strongly reduces the multijet contribution for low Mt,. Therefore, we need other
triggers for determining parameters @ and b in the low Ht region. We use the prescaled
Hr triggers with a threshold of Hr > 350 GeV, see Sect.7.1. We measure the
effective prescale factor by comparing the yields in data selected by the prescaled
and the analysis Hr trigger in the region Hr > 750 GeV. We find a factor 353 +
1.9, see Fig.7.18. The ratio r (MT>) is obtained from data selected by the prescaled
Hr triggers: the yield of the electroweak and top contributions from simulation is
downscaled by the prescale factor, and subtracted from the data ratio. Then, the ratio
is fitted to obtain parameters a and b.

After finding the parameters a and b for the ratio r (M) as listed in Table 7.2, the
prediction is obtained by selecting the data in a control region with min A¢(jets, E%‘iss)
< 0.2 for each M>, Ht, and topological region, subtracting the contamination from
electroweak and top processes using simulation, and scaling the data yields with the
fitted r (M) ratio.

The systematic uncertainties on the background prediction are obtained by study-
ing the effect of the subtraction of the electroweak and top contribution, and by
studying the stability of the fit of »(MT;): The fit conditions are varied, such as
variations in the borders of the fit window, or changing the selection criterium
of min A¢(jets, ETmiSS) for the control region. The fit is robust against these vari-
ations, and the uncertainties are mainly driven by the statistical power of the fit. The
uncertainties are quoted as the uncertainties on parameters a and b in Table 7.2. For
Mty > 200 GeV, we require the systematic uncertainty to be at least 50 %. This is
done, because there is an intrinsic uncertainty due to the choice of M1, = 200 GeV
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Fig. 7.18 Left Hr distribution for the analysis Hr triggers, and two prescaled Hr triggers with
threshold Hr > 350 GeV. Right Ratio of the data yields selected between the analysis Hr trigger

and the prescaled Hry triggers. The ratio is fitted with a constant pO for Ht > 750 GeV

Table 7.2 Fit results of parameters a and b using the analysis parameterization

Low Ht Medium Ht High Ht
(Nj, Np) |a b x 10? a b x 10? a b x 10?
(GeV—h (Gevh (GeVh

(2,0) 3.09+£0.94 |3.66+1.59 [3.12+0.27 |2.67 £ 0.46 [2.41 £0.94 | 1.91 + 1.64
2,>1) - - 2.24+0.66 [1.83+1.13 |- -

(3-5,0) 2.99+0.32 [3.334+0.54 [2.36 £0.05 | 2.274£0.08 | 1.95+0.14 | 1.53 £0.23
(3-3,1) 236 £0.59 [3.0940.98 [2.39+0.09 |2.5740.14 [1.31 £0.23 | 1.22 £ 0.38
(3-5,2) 2.79+1.90 [3.98+3.18 [ 1.77+£0.18 | 2.36 4+ 0.30 | 1.60 + 0.57 | 1.89 & 0.92
(=6,0) 1.66£1.13 [1.63+1.86 | 1.94+£0.10 | 1.46 £ 0.17 | 1.08 £0.21 |0.71 £ 0.34
(=6,1) 3.60 £2.56 |4.91+4.46 [ 1.85+£0.15 | 2.00 & 0.25 [ 2.35 £ 0.37 | 2.88 & 0.61
(>6,2) 458 +6.91 [5.34410.26| 1.65 £0.30 | 1.79 £ 0.50 | 1.13 £0.91 | 0.99 + 1.50
(=3,23) |- - 1.48+£0.50 [1.72+0.82 |- -

The parameters are obtained separately for each Ht region and topological region, (Nj, Np). In

regions denoted by

ITER)

, no stable fit can be performed. In these regions, the simulation is taken to

predict the background. However, the multijet yield is extremely small in these regions (which is
the reason why no stable fits can be performed)

for the evaluation of the parameter ¢’. In addition, uncertainties due to the statistical
power of the data control sample are taken into account.

We can see from the example in Fig.7.19 that the prediction from simulation is
not good enough. On the other hand, the data-driven estimation method accurately
predicts the yield of the multijet backgrounds.

The results of the multijet background prediction can be found in Sect.7.7,
together with the results of the other estimation methods.
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Fig. 7.19 The M, distributions in simulation and 8 TeV data, corresponding to an integrated
luminosity of 19.5 fb~!, for the medium Hr selection, 3-5 jets, and 1 b jet. The multijet background
is either obtained from simulation (left) or the data-driven estimation method (right). The ratio
“Data/sim.” shows that the simulation does not predict the multijet background precisely enough,
but the data-driven prediction is accurate (“Data/pred.”). By definition of the estimate, there is no
prediction for M, < 50 GeV. However, that region is not part of any signal region

7.5 Prediction of the Background Due to Leptonic W Boson
Decays

From Figs.7.14 and 7.15 and the previous discussion in Sect. 7.3.1, we expect events
containing leptonic W boson decays, such as W (Iv)+jets, t7+jets or single top+jets,
to be one of the dominant SM background contributions to the signal regions of the
M, analysis. The contribution of hadronic W boson decays to the signal regions is
negligible, as the event does not contain any source of E‘Tniss, except for jet energy
mismeasurements. It is estimated with the method presented in Sect.7.4. In leptonic
events, the neutrino is the source of E%‘iss. In our selection criteria, Sect.7.2.4, we
reject any event containing at least one charged lepton in order to reduce this type
of SM background. The background remaining after rejecting those events has two
sources: either the charged lepton is outside the detector acceptance because it is
very soft (low pr) or pointing to the very forward region of the detector (high |n|),
or the lepton fails to pass the identification or isolation criteria, see Sects.5.3-5.5.
We call these leptons lost.

For both sources, we expect the contribution of events with taus to be slightly
higher compared to events with muons or electrons, as the reconstruction efficiency
is smaller, and the acceptance requirements are more stringent. The contribution of
events with muons and electrons to the lost lepton background are comparable. Note,
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that leptonic tau decays are assigned to the electron or muon category, depending on
the flavor of the tau decay products.

The amount of events with lost leptons is estimated from a data sample with
events containing exactly one charged lepton. For the estimation, we need the lepton
reconstruction efficiency ¢.

In Fig.7.20, we see two examples, which show that the shape of the M, distri-
bution for events with leptonic W boson decays is invariant under the requirement
of the lepton to be within acceptance or reconstructed. We, therefore, can define one
efficiency ¢, describing the probability to reconstruct a lepton within acceptance for
an event with leptonic W boson decays. This efficiency combines the identification,
isolation and acceptance efficiencies of that lepton.

To first order, the number of all events containing a leptonically decaying W
boson, Ny, can be decomposed into the number of events with the lepton being
reconstructed, NJj°® = €Ny, and the number of events with the lepton being lost,
Nt = (1 = &) Na.

There are three points to consider beyond this picture.

The efficiency € depends on the lepton flavor. For example, the tau identification,
as well as the acceptance efficiencies result in a lower efficiency compared to muons
or electrons: The total reconstruction efficiency is of order 50-60 % for electrons, 60—
70% for muons, and 15-30% for taus. These numbers contain the acceptance, which
is around 70-75% for electrons and muons, and 45-60 % for taus. The efficiencies
also depend on the jet multiplicity.

The second point is that there can be non-prompt leptons from heavy-flavor hadron
decays, or even fake leptons like a jet faking a hadronic tau signature. The component
of non-prompt leptons is usually small, as these leptons are not isolated. However,
the contribution of jets faking taus is roughly 20 % in the one tau data sample.

Finally, SUSY signals might also have signatures with one lepton. We want as
little signal contamination to our data control region as possible. For events, where
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Fig. 7.20 Normalized M, distribution for simulated events containing a leptonic W boson decay
(black), events where the charged lepton is within acceptance (blue), and events where the charged
lepton is reconstructed (red). Left for events with one muon, 3-5 jets, 0 b jets, medium Hr. Right
for events with one electron, 3-5 jets, 1 b jet, low Ht. The black distribution shows the statistical
power of the simulation sample
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the lepton and the EY miss (coming from a neutrino) originate from a W boson decay,
Mt < M(W) with MT constructed out of the lepton- Ef miss gystem, see Eq. (6.1). For
SUSY events, this bound does not exist because of the presence of the LSPs. We,
therefore, require Mt < 100 GeV, in order to reduce potential signal contamination
to the one lepton data control region.

Figure7.21 illustrates the Mt distributions in events with one electron, muon,
or tau, in data and simulation, for the low and medium + high Ht regions and
inclusively in all topological regions.

The formula for estimating the lost lepton background from a one lepton data
sample is given as

1—¢
Nlost ( Nreco lbg) Rir where R = l :

(7.4)
EIEMT

This formula has to be applied for each lepton flavor separately: [ = e, u, 7. As
we predict the number of lost lepton events, Nll"s‘, from a sample of events with
a reconstructed lepton, N 1€ we have to subtract the number of events with non-
prompt or fake leptons, NE ; - In addition, the formula has an extra factor €, which
is the selection efficiency of the Mt < 100 GeV criteria applied to the sample with
one reconstructed lepton. For events with one electron or muon, €y is of order of
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Fig. 7.21 The M, distributions for events with one reconstructed electron (left), muon (middle),
or tau (right) in data and simulation for the low Ht (fop row) and medium + high Ht (bottom row)
selections and > 2 jets. The events are required to pass Mt < 100 GeV, where Mt is constructed
out of the lepton-pr and ET miss The data correspond to an integrated luminosity of 19.5 fb~!


http://dx.doi.org/10.1007/978-3-319-19956-6_6

112 7 Search for Supersymmetry in Hadronic Events Using Mt; at /s = 8 TeV

95 %, while for taus it is about 90 %. The lower efficiency for taus is expected due
to the presence of two tau-neutrinos.

The efficiency ey is taken from simulation: if there is signal contamination to
the high Mt region in the one lepton control region, the efficiency measured from
data would be too low, leading to an overprediction of this background. Also, the
acceptance can be determined only from theory and thus simulation. Besides, a
lost lepton can be reconstructed as a jet (if not isolated) or be not clustered (if not
passing identification). This leads to a dependency of the event kinematics on how
the lepton is lost, which is difficult to determine from data. Therefore, we take ¢;
from simulation.

The €y, efficiency is measured in data in a loose selection and compared to
simulation. From this study, we assign a relative 5 % systematic uncertainty for € p,.
The reconstruction efficiency ¢; has been measured in an orthogonal sample (mainly
events containing Z(/l) decays). From this data versus simulation comparison we
assign also arelative 5 % systematic uncertainty on ¢;. The statistical uncertainty on €
because of the limited size of the simulation sample, that has been used to determine
€, is added quadratically to the systematic uncertainty. The systematic uncertainty on
the background subtraction has been assessed to be 50 % for events with electrons
or muons [45], while the mistagging tau rate is known with 20 % precision [46].

In the estimate, we have a small contribution of events where two leptons have
been lost (that is two leptonic W boson decays, mainly from dileptonic ¢7+jets).
These events amount to about 3 % of the total lost lepton background. Also, the one
lepton data control sample contains events with two leptons, but where one of them
has been lost. The lost lepton events in our data control regions (dileptonic #7+jets
with one lost lepton), to some extent, predict the double lost lepton contribution to
the signal regions (dileptonic t7+jets with two lost leptons). However, the efficiency
€My 1s expected to be lower in the dileptonic case, as there are two neutrinos present,
and efficiency ¢; can be different as the efficiencies of the two leptons are usually
correlated. We choose the difference between our estimation of the double lost lepton
events and the prediction from simulation as systematic uncertainty.

In principle, this method can be applied in every signal region. However, we see
in Fig.7.21 that the data yield at high M, is very scarce. A reliable estimate for
signal regions with high Mt is not possible. We modify the estimation strategy as
follows:

e The data event yields for all signal regions along M2 in a given Ht x Nj x Ny
region are summed up. The estimate, using Eq. (7.4), is performed in these summed
regions.

e The shape of all M, distributions is extracted from simulation. These shapes are
used to split the estimated lost lepton yields in order to obtain the prediction for
all individual signal regions in Mtz X Ht X Nj x Np.

In Fig.7.22, the values Ry, are reported for all lepton flavors, Ht and topological
regions.

The modified approach leads to robust estimates in all signal regions, even for
high Mt,. But it comes at the expense of an additional modeling uncertainty. We
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Fig. 7.22 Values of Ry for all topological regions and the three Ht regions. Left for electrons,
center for muons, and right for taus

assign the uncertainty on the modeling of the M, distributions by varying several
modeling parameters, namely:

e System recoil [47]: It has been observed that the pt of the hard process (such as
the W boson-pr or ¢7 pair-pr) is not correctly modeled in simulation, likely due
to NLO effects such as ISR. The simulation is corrected for this mismodeling, and
the method from [47] is used to assign the uncertainty.

e W-jets and r7+jets cross section: The associated uncertainty changes the relative
contribution between the two processes; the total combined cross section is deter-
mined from the data in the control regions. For t7+jets, the cross section is varied
by 7% [48], for W+jets by 5% [49]. For events containing b jets, the W4-jets
cross section is less well known, and the cross section is varied by 50 %.

e Renormalization and factorization scale: These two scales are varied by a factor 2
using dedicated simulation samples.

e Matching scale: This scale is varied by a factor 2 using dedicated simulation
samples.

e Top mass: The top mass is varied by 5 GeV within the simulation using dedicated
samples.

e B-tagging efficiency: It is known that the simulation does not perfectly model the
b-tagging discriminator values. The efficiency in simulation is corrected to match
the one observed in data [50]. The uncertainty on this scale factor is taken into
account.

e Pileup interactions: The number of pileup interactions within a bunch crossing in
simulation is reweighted to match the one in data. The number of pileup interactions
depends on the instantaneous luminosity and the total cross sections. The uncer-
tainty is obtained by varying the minimum bias cross section by 5 %. This leads
to different event weights for the simulation.

e Jetenergy scale: The jet energy scale is varied by its uncertainty [51]. All variables
affected by the change in the transverse momenta of the jets, such as Ht or Mr»,
are recomputed.
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e Unclustered E%‘iss scale: The energy, which is not clustered into jets, still con-
tributes to the determination of EF"**. The unclustered energy is varied by 10 %,
and all event variables are recomputed.

Out of these parameters, the dominating uncertainty sources are the renormalization,
factorization, matching, and jet energy scales and the system recoil. An example of
a shape uncertainty is shown in Fig.7.23, varying the system recoil in events with 2
jets, 0 b jets, and medium Hr.

We want to verify the correct modeling of the MT> shape in simulation using data.
We apply two relaxed selections:

e First, we combine all Ht and jet multiplicity regions together (>2 jets as well as
Ht > 450GeV, E%‘iss > 200GeV or Hr > 750GeV), but we keep three b-jet
multiplicity regions (0, 1, or >2 b jets). These three regions are binned in Mt
using the Mt signal region definition of the corresponding 3-5 jets, medium Ht
regions, see Table7.1.

e For the second selection, we combine the Ht and b-jet multiplicity regions, but
keep the three jet multiplicity regions. We bin the Mt distributions according to
the corresponding 0 b jet, medium Hrt regions, see Table7.1.

We apply the lost lepton prediction method to these validation regions and examine
the agreement between the data estimations and the predictions from simulation.
The agreement is quantified by defining the Pull for each validation region in My X
N;j(Np) x lepton flavor:

Nobs — Npred
Pull = —2——P=C (7.5)
2 2
O obs + Jpred
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Fig. 7.24 Pull distribution for the first (left) and second (right) validation region selection

where Ngps is the estimated yield using the (observed) data with its uncertainty oopg,
and Npreqd is the prediction using simulation with its uncertainty opreq. For a correct
modeling, we expect the mean of the pull distribution to be at zero, and its spread
(RMS) to be one. Figure 7.24 shows the pull distributions for the two selections. We
verified, that the M, shape is reasonably well modeled in simulation.

The results of the lost background prediction can be found in Sect.7.7, together
with the results of the other estimation methods.

7.6 Prediction of the Background Due to Z Boson Decays
into Neutrinos

The SM background of events involving Z boson decays into neutrinos is irreducible.
Among the main three background categories, this one results in the most SUSY-like
event signature. A robust and precise estimation method is crucial.

We use a method that is based on a y+jets data control sample. The basic idea of
the background estimation method is the following: If we treat the photon as if it was
not in the event, the event will have the same signature as if there was a Z boson that
decayed into two neutrinos. Therefore, we will select y+jets events, substitute the
E‘TniSS by E%‘iss + ﬁ%, remove the photon from the visible object list, and recompute
all event quantities such as Mt>. Then, the event yields in the y4-jets control regions
are scaled to predict the Z (vv)-+jets event yields in our signal regions.

First, I restrict the discussion to the case of 0 b jets. For events with > 1 b jets,
the method is slightly modified.

Prediction of the Z(vv)+Jets Background in the 0 b-Jet Signal Regions

The production processes of Z-+jets and y-+jets events are similar, they involve the
same diagrams. But differences occur because of different coupling factors (see dia-
grams on p. 5) and the Z boson mass. If the boson- p is much larger than the Z boson
mass, the ratio of the number of Z-+jets events versus the number of v+jets events
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will be essentially flat, as it is only determined by the boson-quark couplings [52].
This is illustrated in Fig.7.25, where only Z boson decays into neutrinos are con-
sidered. Therefore, one can predict the Z(vv)+jets background in the signal regions
using y+jets data.

The selection of photons, see Sect.5.6, includes prompt photon production via
direct production as well as parton-to-photon fragmentation, which is small for
large p% [53]. Also non-prompt photons, mainly from neutral meson decays (like
70 — ~7), are part of the photon selection. These mesons are produced in jets. If
their boost is high enough, the two photons are so close to each other that they are
reconstructed as a single photon. While the isolation criteria of the photon selection
strongly reduces the non-prompt photon contribution, the purity of prompt photons
within the reconstructed photon selection needs to be determined.

The background prediction method can be described as

Nzww = N - R(ZwD)/v) - P, (7.6)

where Nz, is the estimated number of Z(v7)+jets events in the respective signal
region, N;j,a‘a the number of y+jets events in data, R(Z(v7)/7) is the Z(vv) /~ ratio
from simulation, and P is the purity factor of prompt photons within the reconstructed
photon selection.

This equation can also be restated as

Nzom = (N8 = N2OWPom) R(Z(57) /) (1.7)

with Nson—p rompt being the number of events containing a non-prompt photon.

The data need to be selected by triggers, which are not based on a E%‘iss selection,
as p% plays the role of ET"** for the y+jets event selection. For the medium and high
Hr selection, one can use the signal trigger. For the low Hr region, we use a trigger
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based on a selection of one high-pr photon, as described in Sect.7.1. The photon
needs to pass p% > 180 GeV in this Ht region. .
For events in the y-+jets control region, we require Ef"* < 100GeV before

adding p} to Efrniss. With this requirement we limit potential signal contamination
to the data control sample.

After selecting the y+4-jets events, we need to determine the prompt photon purity
within the data control sample. In simulation, prompt photons are modeled by the
~v-+jets simulation samples, while non-prompt photons are modeled by the multijet
simulation sample. For the latter sample, we need an additional requirement: through
the parton shower, this sample includes prompt photon production from ISR and FSR.
Events containing such a photon, namely a photon radiated of a parton, are rejected
in the multijet simulation sample for this estimation.

In data, we estimate the purity using the distribution of the o, variable of all
photon candidates. As stated in Sect. 5.6, the ;y;,, variable describes the shape of the
electromagnetic shower: We expect a narrow shower for a single prompt photon, and
therefore low values of o;y;;, while for two close-by photons from a neutral meson
decay, which are reconstructed as a single photon, we expect high values of o;;;;; as
the shower is wider.

In order to estimate the prompt photon purity, we select photons without any
requirement on ;. We build two templates of the 0;y;;;, distribution: one for prompt
photons, the other for non-prompt photons. Both templates are created using simu-
lation. As the non-prompt photon component rapidly decreases with p%, the oiyiy
templates are done inclusively for all p%, but separately for each Ht and topological
regipn. The value of Mt> is driven by p% because of the correlation between M, and
EMSS ~ pl see Sect.6.3. This can also be appreciated from Fig.7.26. Therefore,
the purity is determined also inclusively in M.
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Fig. 7.27 Illustration of the purity fit. The prompt photon template (dashed pink line) and non-
prompt photon template (dashed green line) are fitted to the y-+jets data (black points) in the oy,
variable. The combined fitted template distribution is the blue line. The fit is performed separately
for photons measured by the ECAL barrel (left) and by the ECAL endcaps (right). The selection
for these plots is Ht > 750 GeV, > 2 jets, and 0 b jets

The templates are fitted to the o}y, distribution observed in data using an extended
maximum likelihood fit. The purity fits are performed separately for photons mea-
sured by the ECAL barrel and photons measured by the ECAL endcaps, as the prompt
photon discrimination power is different for the two detector regions. In Fig.7.27,
the fit is illustrated for an inclusive selection of Ht > 750 GeV, > 2 jets, 0 b jets.
We observe an overall purity, combined for photons measured by the ECAL endcaps
and barrel, of order 75 %.

For the low Hr region, we need to require p% > 180 GeV because of the trigger
selection. In this boosted regime, the non-prompt photons from neutral meson decays
are so collimated that they are indistinguishable from prompt photons. We use the fit
results of the medium and high H regions and extrapolate in p% to obtain the purity
in the low Ht region.

The Mr> distribution for y+jets events are compared between data and simulation
in Fig.7.28. The ﬁ% is added to the ErT“iss, and all event variables are recomputed.
The simulated events are reweighted by factors obtained from the purity fits. We
observe that the purity increases with MT;: For example, the prompt photon purity is
about 95 % for M2 > 100 GeV. We use simulation to model the purity dependence
on MT;: We perform the background prediction using Eq. (7.7), and take Ngon'p rompt
from simulation after scaling the simulation according to the results of the prompt
photon purity fits.

Besides N;lon—pmmpt, we need to determine R(Z(vv) /7).

We previously argued that the Z(17) /~y ratio can be calculated by theory. We use
simulation to obtain R(Z (vv)/~) within our selection. The advantage of using simu-
lation is that we also correct for the photon acceptance and reconstruction efficiency.
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Fig. 7.28 The Mt distribution for y-+jets events in data and simulation after adding p). to E'T“i“
and recomputing all event variables. Left for the low Hr selection, > 2 jets, and O b jets. Right for
the medium + high Hr selection, > 2 jets, and O b jets

If we use simulation, we need to verify the modeling of R(Z(vv)/7) in simula-
tion. We actually can access the properties of the Z boson in data using Z — []~
decays. We select events containing one e*e™ or pu ™ pair using the dileptonic
triggers described in Sect.7.1. We require the invariant mass of the two leptons to be
76 < Mj < 106 GeV in order to select events containing Z boson decays. We add
the transverse momenta of the two leptons to E%‘isg in order to mimick a Z boson
decay into neutrinos. For this study, we also select photons with the photon- Ht
trigger, described in Sect.7.1.

The modeling of the Z /~ ratio is independent of the Z boson decay except for the
rate difference due to the branching ratios of the Z boson decay.”? Therefore, we can
use the Z(ll)/ ratio to compare simulation and data, and assign uncertainties on
the Z(vv)/~ ratio. However, one should realize that the selected dileptonic events
contain also a contribution from v* — [[~. No corresponding contribution of v*
decays into neutrinos exists. We use the dileptonic data events only for assigning
uncertainties to R(Z(vv)/7v), and not for correcting the value of R(Z(vv)/7v) in
simulation.

We study the Z (/) /~ ratio for different kinematic selections and as a function of
our search variables MT;, Ht, number of jets, as well as the boson-pr. In Fig.7.29,
the M, distributions of Z(Il)+jets events and y+jets events in data and simulation
are shown for Hr > 450 GeV, > 2 jets, 0 b jets, and boson-pt > 80 GeV. The figure
also contains the Z(Il)/~ ratios in data and simulation.

2This rate difference is the reason, why Z(Il)+jets data are not used directly to predict the
Z(vv)+jets yield.
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Fig.7.29 Left The Mt distributions of Z (/])+jets events and y+jets events in data and simulation
for Hr > 450GeV, > 2 jets, 0 b jets, and boson-pt > 80 GeV. Right The corresponding Z (1) /v
ratios in data and simulation

The result of these studies is, that we can verify the agreement between data and
simulation Z (/1) /~ within 20 %.3

Let me summarize the methodology for the Z(vv)-+jets background prediction
for the signal regions with 0 b jets. We obtain the prompt photon purity (or the number
of events containing non-prompt photons) by performing a template fit in the o)
distribution. The ratio R(Z(vv)/+) is obtained in simulation and verified in data
comparing the event yields of Z(ll)+jets and vy+jets. The number of Z(v7)+jets
events in each signal region is predicted by using the yields of y+jets data in the
corresponding control region, and scale them as stated in Eq. (7.7).

Besides the statistical uncertainty of the y+-jets data sample, the systematic uncer-
tainties are:

e A 20 % uncertainty on R(Z(vv)/~) from the studies of the Z(Il)/ ratio in data
and simulation. As the statistical size of the Z(//)+jets data sample is limited at
high M, this uncertainty is increased to 30 % for M, > 350 GeV.

e Uncertainty on R(Z(vv)/~) due to the statistical limitations of the Z(vv)+jets
and ~vy+jets simulation samples. This uncertainty is negligible compared to the
previous one for most signal regions.

e Uncertainty on the prompt photon purity fits, which results in a 5-10 % uncertainty
for subtraction of the non-prompt photon contribution to the y-+jets sample.

e Uncertainty on the non-prompt photon subtraction because of the statistical limi-
tation of the multijet simulation sample.

3Note, that CMS has measured the ratio Z (/1) /7 in a looser selection [54]. The ratio in simulation
differs with respect to the ratio in data by roughly 15 %. This measurement was performed in parallel
to this search, and the authors of both analyses had been in contact.
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Prediction of the Z(vv)+Jets Background in b-Jet Enriched Signal Regions

It has been pointed out, for example in [55, 56], that there are differences observed
between data and simulation in Z-+jets events, where at least one jet has been iden-
tified as a b jet. The authors speculate that the reason for this difference might be in
the treatment of b quarks in the simulation, such as assuming b quarks to be massless
quarks, or the choice of the number of quark flavors considered in the parton densities
of the proton. A similar study is missing for photon data. However, we conclude that
it is not safe to apply the previous method directly for the b-jet enriched case.

Other common data-driven methods, used to predict the Z (v7)+jets background,
are not practicable either: A data-driven method using W (Iv)+jets data and the
Z < W correspondence cannot be used as the b-jet enriched data have a too large
contribution of t7+jets. Also, the data-driven method using Z (/1)+jets events cannot
be used because of statistical limitations of the Z(/l)+jets data sample.

We use instead a hybrid method, which is applied to all signal regions containing
one b jet.

e We apply the previous method using v+jets data for the signal region definitions
with one b jet. However, we revert the b-jet requirement and select O b jets.

e Then, we construct the ratio Z;;(1b)/Z;;(0b), the ratio between the numbers of
events containing Z boson decays to eTe™ or u 1, and 1 b jet or 0 b jets, respec-
tively. This ratio is used to scale the estimate, obtained from events containing no
b jets, to predict the number of Z(v7)+jets events in the one b-jet region.

Z(ll)+jets events are kinematically not different from the Z (v7)+jets events. There-
fore, the scaling will result in the correct prediction for the one b-jet region without
a bias. No theoretical uncertainties are introduced, as the Z (I/)+jets event sample is
obtained in data.

This hybrid method has the advantage of using a high statistics sample, the
~v+jets data sample, but also keeping the theoretical uncertainties under control,
since R(Z(vv)/+) is obtained within a 0 b-jet selection. We avoid the statistical lim-
itation of the Z(I/)+jets control sample by constructing the ratio Z;;(1b)/Z;;(0b)
inclusively for multiple signal regions instead of separately for every signal region.
For this, we need to show that the ratio is stable against our signal region definitions.

The ratio Z;;(10)/Z;;(0b) as a function of MT; is shown in Fig.7.30 for events
with Ht > 450 GeV, Z boson-pt > 80GeV, and at least two jets. It is observed
that the ratio is flat as a function of M1,. The Z;;(1b)/Z;;(0b) ratio is also flat as a
function of Hr, but not as a function of Nj, see Fig.7.31.

The stability is also tested for more exclusive selections on Ht, Mo, jet multi-
plicity, and for different requirements on the Z boson-pr. For all tested selections,
we find that the ratio is flat as a function of Ht and MT;, but scales linearly as a
function of Nj. The increase with the jet multiplicity is expected, as the phase space
for b-quark jets increases with Nj. Therefore, we can extract the Zj;(1b)/Z;;(0b)
ratio for an inclusive selection on Mt, and Hr, but separately for the different jet
multiplicity selections. The Z;; (1b)/Z;;(0b) ratio, as a function of M, is fitted with
a constant for an inclusive selection on Ht and boson-pt > 20 GeV. The estimate
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Fig. 7.30 Left Distribution of M1, for Z(Il)+jets events in data and simulation with Ht >
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Fig. 7.31 The ratio Z;;(1b)/Z;;(0b) for Z(ll)+jets events in data and simulation with Hy >
450 GeV, Z boson-pt > 80GeV. Left Ratio Z;;(1b)/Z;;(0b) as a function of Hr, Right Ratio
Z11(1b)/ Z;;(0b) as a function of the jet multiplicity. The different behavior of the ratio for data and
simulated events in the right plot is not fully understood, see also the discussion at Fig.7.32

of the y+jets data for O b jets is scaled with this constant in order to obtain the
prediction for the 1 b-jet region.

For low Nj (2 jets and 3-5 jets), there is enough data to obtain the ratio
Z1;(1b)/ Z,;1(0b) separately, but not for the high Nj selection (> 6 jets). We extrapolate
the Z;; (1b)/ Z;;(0b) ratio from the low jet multiplicities by fitting the Z;; (1b) / Z;; (0b)
ratio as a function of the jet multiplicity with a linear function, as exemplified in
Fig.7.32.
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Fig. 7.32 The ratio Z;;(1b)/Z;;(0b) for Z(ll)+jets events as a function of the jet multiplicity in
data and simulation with Ht > 450 GeV, together with a linear fit (solid line). Left for Z boson-
pt > 80GeV, Right for Z boson-pt > 180 GeV. The flat behavior in the simulation for Z boson-
pr > 80GeV is not fully understood. Defining the ratio Z;; (1b)/Z;;(0b) using all b-quark jets, as
created by the generator program, results in a linear (non-flat) behavior of the ratio as a function
of the jet multiplicity. Also, using the high statistics simulation sample for boson-pt > 180 GeV
(right figure) does not show a flat behavior in the ratio using simulated events

The uncertainties on the Z;;(1b)/Z;;(0b) ratios are comprised of

e the statistical precision of the constant fit to the Z;; (1) /Z;;(0b) distribution. For
the >6 jet selection, the fit uncertainties on both the constant and the slope are
taken into account.

e the difference in the fit due to the background subtraction: We expect a little
contribution from #7+jets events for the dileptonic selection. This contribution is
subtracted using simulation and is validated in e* ;¥ data. The subtraction is varied
by 100 % and the difference is taken as uncertainty. This uncertainty is small.

e uncertainties due to the kinematic selection: We perform the constant fit for more
exclusive selections such as Hr > 750 GeV or Z boson-pt > 180 GeV, and the
differences observed contribute to the uncertainties for the medium and high Ht
or the low Hr selection, respectively.

e the uncertainty on the average jet multiplicity for the >6 jets region, which deter-
mines the scaling factor. The average number of jets in data has been found to be
6.12 + 0.06.

e the statistical precision for the >6 jets selection, expected if the Z;;(1b)/Z;;(0b)
ratio would have been fitted as a function of M.

Table 7.3 summarizes the scaling factors and their uncertainties, obtained from
the fits on the Z;; (1b)/Z;;(0b) ratios.

Prediction for signal regions with multiple b jets: The hybrid method, as
described above, cannot be applied for events with >2 b jets. The main reason
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Table 7.3 Factors from fits to the Z;; (1b)/Z;;(0b) ratios and their uncertainties

Fitted Z;;(1b)/Z;;(0b) ratios
Jet multiplicity Low Ht Medium Ht High Hy
2 jets 0.093 £ 0.022 0.093 + 0.050 0.093 &+ 0.060
3-5 jets 0.162 + 0.024 0.162 £ 0.018 0.162 £ 0.030
>6 jets 0.269 + 0.168 0.269 £ 0.143 0.269 £ 0.201

The factors are used to scale the y-+jets estimate from the O b-jet to 1 b-jet selection. For the 2 jet
selection, 1 b jet implicitly means >1 b jets

is that the contribution of t7+jets events becomes dominant for the dileptonic event
selection. Furthermore, the statistical power is very weak for a selection with at least
2 b jets. The Z(vv)+jets background is predicted using simulation. The uncertainty
is set to 100 %. As the Z(v7)+jets contribution is small compared to #7+jets for
events with >2 b jets, the choice of the uncertainty has no measurable influence. It
has been tested that changing the uncertainty by a factor 3 does not affect the inter-
pretations, presented in Sect.7.8.2. We validate the Z-+jets simulation by comparing
data and simulation in eTe™ /™~ + jets events for a selection of Hr > 450 GeV,
>2 jets, and >2 b jets. We see an overall data-simulation agreement within the
statistical precision for the M, and Mj; distributions, shown in Fig.7.33.

Summary of the Estimation Methods for the Z(vv)+Jets Background

For events with 0 b jets, the Z(vv)+jets background is predicted using v+jets data.
The Z(vv)/~ ratio is obtained from simulation. The simulation is validated using
the Z(ll)/~ ratios in data and simulation. The prompt photon purity of the photon
selection is obtained by a template fit to the y+jets data in the o, distribution.
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2 2
c c 10
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> >
w w
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10 1
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Fig. 7.33 The M, distribution (left) and the M;; distribution after M, > 100 GeV (right) in data
and simulation events containing a u* 1~ or eTe™ pair, > 2 b jets, and Hr > 450 GeV
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A hybrid method is applied for events containing one b jet. The above method
is applied, with the exception that still zero b jets are required. The predicted yield
is then scaled by values obtained from the Z;;(1b)/Z;;(0b) ratios. The ratios are
obtained in data using the numbers of events containing Z boson decays into eTe™
or ™, as well as 0 b jets and 1 b jet, respectively. The stability of this ratio is
tested against the signal region variables. It has been found that the Z;; (1b)/Z;;(0b)
ratios are flat as a function of MT; and Hr, but scale linearly with the number of jets.
Therefore, the scaling factor is obtained inclusively in M1, and Hr, but separately
for the jet multiplicity regions.

The Z(vv)-+jets background is taken from simulation for signal regions that
require at least two b jets. The simulation is validated in data using e™e™/ut ™+
jets events.

The results of the Z(vv)-+jets background prediction are shown in Sect.7.7,
together with the results of the other estimation methods.

7.7 Results

The background prediction methods have been described in Sects. 7.4—7.6. For each
signal region, the yields of the three prediction methods are summed up and then
compared to data yield. Figures 7.34, 7.35 and 7.36 show the MT; distributions for
all Ht x Nj x Ny regions in data corresponding to 19.5 fb~!. The predicted yields of
each background component are also shown and stacked on top of each other. The
combined uncertainties are shown as shaded bands.

In Table 7.4, the combined background prediction and the data yields for all signal
regions are given. The uncertainties are the quadratic sum of the uncertainties of all
background estimations.

The compability of the data event counts with the results of the background
estimates is tested by making the pull distributions, where the pull for each signal
region (in Mr2, Hr, Nj, and Ny) is defined by Eq. (7.5), repeated here:

Pull = Nobs — Npred .
2 2
Oobs + Upred

The data yields and the associated statistical uncertainties are Nops and ogpg, and
Npred denotes the results of the summed background estimates with uncertainties
Opred-

The pull distribution is shown in Fig.7.37. The observed mean value of this
distribution is 0.26 £ 0.07 with an r.m.s. of 0.81 4 0.05.

The compatibility of the data and the data-driven background predictions is stud-
ied by simulating pseudodata. The pseudodata are distributed in each signal region
according to a Poissonian distribution with the mean being the result of the back-
ground predictions, and then smeared by a Gaussian distribution with the standard
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Fig.7.34 The Mr; distributions in data compared to the predicted background estimates for the low
Hr selection. The last bin contains the overflow. The data correspond to an integrated luminosity
of 19.5fb~!. The topological regions (Nj, Ny) are given for each plot. a 2 jets, 0 b jets. b 2 jets, >1
b jets. ¢ 3-5 jets, 0 b jets. d 3-5 jets, 1 b jet. e 3-5 jets, 2 b jets. f >6 jets, O b jets. g >6 jets, 1 b jet.
h >6 jets, 2 b jets. i >3 jets, >3 b jets

deviation being the uncertainty associated to the background predictions. In doing so,
correlations among the signal regions are kept, such as the systematic uncertainty on
the Z(vv)/~ ratio. Many pseudoexperiments are performed, that is we create many
pull distributions for all signal regions by recreating pseudodata. We find that the
probability to obtain a mean of the pull distributions of at least 0.26 (the one observed
in data) is 11 %. There are three signal regions with Pull > 2. This number agrees
with the expectation, which is about 2.8 regions. Therefore, it is concluded that there
is satisfactory agreement between the data and the results of the background esti-
mates, although the background estimates slightly underpredict the data. There is no
hint of physics beyond the SM in this search.
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7.8 Interpretation of the Results

The results of this search are interpreted in several potential signal scenarios, such
as the pMSSM, cMSSM/mSUGRA, and SMS models, described in Sect.3.3. First,
I will introduce the statistical procedure used in the interpretation, and then show
limits on the parameter space of the models, derived by the results of this analysis.

7.8.1 Statistical Procedure

In order to give the most complete statement for the models considered, we com-
bine the information of multiple signal regions. Even regions with low expected
signal-to-background ratio are useful, as those regions can serve as a constraint on
the background predictions within their uncertainties. Hence, a multi-bin approach
is used. For this, we construct a likelihood function as the product of Poisson prob-
abilities of all signal regions:

N P\
SR)\;’lte Ai

L= (7.8)

N
!
Here, )\; and n; denote the prediction and the observed data event yield for sig-
nal region i, where i ranges from 1 up to the number of signal regions, Nsr. The
prediction in a signal region is given as
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NBs
A= pesi+ ) bij, (7.9)
j=1

where b;; is the background prediction in signal region i from background source j
(Ngs is the number of background sources), and s; is the expected signal prediction,
which can be modified by the scale p, commonly known as the signal strength
modifier, to test also other values for the signal production cross section. In short,
we will write Eq. (7.8) as L(n|u) = Poisson(n|u - s + b).

The uncertainties on the predictions are handled by nuisance parameters 6,,. For
each uncertainty source m, a separate 6, is introduced. The sources of uncertainties
are considered to be fully correlated, uncorrelated, or fully anti-correlated, whichever
seems to be more appropriate or more conservative. We denote 6 = {0, ..., On,,.}
as the collection of all nuisance parameters for Ny different uncertainty sources. In
this way, we can incorporate the systematic uncertainties into the likelihood function
in a clean manner:

L(nlp, 0) = Poisson(n|u - s(0) + b(6)) - p(d), (7.10)

with p(6) being the probability density function (pdf*) associated with a given uncer-
tainty.
In this analysis, the pdfs are lognormal distributions:

_ 1 (n (0/6))°

where 6 is the best estimate of the nuisance parameter (usually its mean value) and
 encodes the spread in the distribution: k = 1 £ gy/6 with g being the uncertainty
of 6. Usually, k = 1 + o4 /0 is chosen.
The estimate of the background component j in signal region i can be modeled
by [57]
NUI'IC

bij©) = [ Y - Cijm)?". (7.12)
m=0

where b?j is the central prediction of background component j in signal region i,
and k;jp, is defined as the lognormal spread for the nuisance parameter m. In this
model, ), is a random number generated according to a Gaussian distribution with
mean = 0 and standard deviation = 1.

Using this approach, two components b;; and by; (with eitheri # k and/or j # [)
can be modeled to be fully (anti-)correlated under source m, if 5, > 1and Ky, > 1

(Kkim < 1).

“4The probability density function (pdf) should not be confused with the parton density function
(PDF).
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The compatibility of the data with the background-only and background + signal
hypotheses is tested using a modified frequentist approach referred to as CLg [58,
59]. First, we construct the test statistics g, [60]:

Lnlp, 6, . R
a4 = —21n{Li)] with 0 < /i < g, (7.13)
Lnlp, 0)

where n can denote observed data or pseudodata yields. In the numerator, the likeli-
hood is maximized for a fixed p, but floating nuisance parameters. The value, where
the maximum s achieved, is GA,,,. For the denominator, both the signal strength modifier
and the nuisance parameters are floating, and the maximal likelihood is achieved for
i1 and 6. Two contraints on 1 are imposed: first, /i is required to be positive as the
signal contribution is expected to be positive, secondly, the upper constraint results
in one-sided confidence intervals. The latter constraint can be interpreted as upward
fluctuations in data not being considered as evidence against the signal hypothesis.
If n denotes observed data yields, the test statistics is called qﬁbs.

Next, we define the probabilities of observing an experiment with an outcome at
least as “signal-like” as the one observed in data for the background-only hypothesis,
Hy, and for the signal + background hypothesis, H;:

CLstb = P(qu = g5 | H),
CLy = P(qu = ¢ |Ho). (7.14)

Then, the CLg value is given by the ratio of the two probabilities:

. CLS+b

CLg
CLy

(7.15)

This value depends on u. In the frequentist picture, CLg < « is required in order to
claim a (1 — «) confidence level (CL) exclusion on the considered signal.

The probabilities, Eq. (7.14), are calculated from the distribution of g,,, obtained
by simulated pseudoexperiments.

7.8.2 Exclusion Limits on the Production of Supersymmetric
Particles

This search is interpreted in three classes of SUSY models: the pMSSM, the
cMSSM/mSUGRA, and several SMS models. The key features of these models
are described in Sect. 3.3. The interpretation in the pMSSM model is part of another
analysis and is not described here.
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The interpretation can be done in two ways:

e For a given model, we compute a 95 % CL upper limit on the signal production
cross section. It is obtained by finding pyr, the signal strength modifier, for which
CL; = 0.05. Then, the limit is simply the nominal signal production cross section
times pyp. The meaning of that limit is that we exclude signal models like the
given model at 95% CL if the cross section is larger than the computed upper
limit.

e The signal strength modifier is fixed to unity, © = 1. A given signal model is
excluded at 95 % CL, if we obtain CLg < 0.05. This procedure is performed for
the observed signal region distribution (in data), as well as for the expected signal
region distribution (from the background prediction). For the observed distribution,
we also vary the signal production cross section by its theoretical uncertainty,
and for the expected distribution, we vary the distribution by the experimental
uncertainty on the signal and background.

The uncertainties on the background have been discussed in the Sects.7.4-7.6.
The following sources of systematic uncertainties on the signal yield have been
considered: The uncertainty on the trigger efficiency has been measured to be <1 %.
The uncertainty on the integrated luminosity is 2.6 % [61]. The uncertainty associated
to the choice of PDFs has been evaluated following the prescription of the PDF4ALHC
group [62]. The dominant sources of the systematic uncertainties, that both affect
the shape and the normalization of the signal region distribution, are the jet energy
scale [51], the b-tagging efficiency [50], and the system recoil modeling [47]. A
summary of the uncertainties, for signal and background, is given in Table 7.5.

Exclusion Limits on Simplified Model Spectra

Here, mass exclusion limits at 95 % CL are given for various SMS. The concept of
the SMS was given in Sect. 3.3.3. Limits are set on both the upper signal production
cross section and the model itself. The SMS considered are parameterized by two
mass parameters: the mass of the initially produced sparticle and the mass of the LSP.
For a given SMS, not all topological signal regions are used for the interpretation.
Only a subset, for which a high signal sensitivity is expected, is used. But within this
subset, the information of all signal regions in Ht and Mt is combined with the
method described in Sect.7.8.1.

Six topologies are studied by this analysis:

e Direct squark pair production: pp — gg* — ¢ 5{?5%? , where ¢ denotes squarks of
the first and second generations. For this model, the following topological regions
are used: (Nj = 2,Np = 0), (N; = 2,Np =2 1), 3 < Nj < 5Ny, = 0),
(3 < Nj £5,Np = 1), and (N; > 6, Ny, = 0). The exclusion limits are shown
in Fig.7.38a. Two scenarios are shown: in the first one, all squarks of the first
and second generations are degenerate; the second scenario assumes that only one
squark within the first and second generations is light and accessible.

e Direct sbottom pair production: pp — b1b] — bSZ?E%?. The following topo-
logical regions are used: (N; = 2, Np > 1), 3 < N; < 5,Np, = 1), and
(3 < Nj <5, Ny = 2). The exclusion limits are shown in Fig.7.38b.
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Table 7.5 Summary of the systematic uncertainties

Process Source/Region Effect (%) Shape
Multijet Mty < 200 GeV 10-50 -
Mty > 200 GeV 50-100 -

W (lv)+jets and Lost lepton method 10-65 -
t1+jets

b-tagging scale factor |—

Jet energy scale -

Matching scale -

X | X | X|X

Renormalization and | —
factorization scale

System recoil - X
modeling
Z(vv)+jets Z(vv)/~ ratio 20-30 -
(0-1 b jets)
Zy(1b)/Z;1(0b) ratio | 10-75 -
Statistics from y+jets | 5-100 -
data (0-1 b jet)
Simulation (> 2 b jets) | 100 -

Signal Luminosity 2.6 -
measurement
Trigger efficiency 1 -
Parton distribution 5-15 -
functions

b-tagging scale factor | 540

Jet energy scale 5-40
System recoil 10-20
modeling

The column “Effect” denotes typical ranges of the effect of a systematic uncertainty on the normal-
ization. If the x symbol is set in the column “Shape”, the shape of the signal region distribution is
affected by the uncertainty

e Direct stop pair production: pp — ?1?]* — t)”{??f((l). The following topolog-
ical regions are used: 3 < N; < 5N, = 1), 3 <= Ny < 5,Np = 2),
(Nj=6,Np=1), (Nj = 6,N, = 2), (N; = 3, Np > 3). The exclusion lim-
its are shown in Fig. 7.38c.

e Direct gluino pair production: pp — §g — ¢g¥;9gX;- The following topological
regions are used: 3 < N; <5, Ny =0), < N; <5 Ny =1), Nj =26, Np =
0), and (Nj > 6, Ny = 1). The exclusion limits are shown in Fig.7.39a.

e Direct gluino pair production: pp — gg — bBS{?bE;{? . The following topological
regions areused: 3 < N;j <5, Ny =1), B<N; <5, Ny =2),(N; 26, Np =
D, (Nj = 6, N, = 2), (Nj = 3, Np > 3). The exclusion limits are shown in
Fig.7.39b.
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Fig. 7.38 Exclusion limits for simplified models with direct squark production. a pp — gg* —
q%?ﬁ)}?. b pp — b1b} — b%?bi?. epp — it — t%?t%?

e Direct gluino pair production: pp — gg — tf)f?t?)z(l). The following topological
regions are used: (N; > 6, N, = 1), (N; > 6, N, = 2), and (N; > 3, Np > 3).
The exclusion limits are shown in Fig.7.39c¢.

Except for the model of direct stop pair production, the expected and observed
mass limits at 95 % CL agree within the uncertainties. The disagreement for the model
of direct stop pair production has been investigated. We find that the data in the u+jets
and 7+jets control regions for events with >6 jets and 1 b jet seem to underfluctuate
strongly with respect to the expectation from simulation. The probability to find an
underfluctuation in the leptonic control regions at least as strong as the one observed
in data has been evaluated to be ~65 %.

The observed mass exclusion limits for the various simplified models, given at
95 % CL, are summarized in Table 7.6. We quote mass limits of the gluino or squark
mass for a LSP mass of 0 GeV, the absolute mass limit on the LSP mass for any parent
mass, as well as the lower limit on the difference between parent and LSP mass. The
mass limits are quoted for the observed limits minus the theory uncertainty, Oheory-
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Fig. 7.39 Exclusion limits for simplified models with direct gluino production. a pp — gg —
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Exclusion Limits for a cMSSM/mSUGRA Model

The cMSSM/mSUGRA has been introduced in Sect.3.3.2. It is, contrary to the
simplified models, a full model of SUSY. The cMSSM/mSUGRA has five free para-
meters: my,2, mo, Ao, tan3, sign(u).

These parameters need to be constrained, such that M (h%) ~ 125 GeV. We choose
Ap = —2max(mg, m1,2), as mentioned before in Sect.3.3.2.

In order to visualize the results, further choices are made: we set tan 5 = 30 and
sign(p) positive. Thus, we have fixed three parameters, the two free parameters are
mg and my ;.

For this model, 95 % CL exclusion limits on the parameter space in the mo —m1 2
plane are obtained by combining all signal regions of this search. The limits are
shown in Fig. 7.40.

The limits can be directly transformed onto mass limits in the M (g) versus M (g)
plane. Here, M (g) is the averaged mass of all squarks of the first generation. The
transformed limits are shown in Fig.7.41.
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Table 7.6 Summary of observed mass limits at 95 % CL for the various SMS

Simplified model Limit on parent mass | Best limit on LSP Limit on mass splitting
at M(X}) = 0 (GeV) | mass (GeV) parent—LSP (GeV)

Direct squark production

Single light squark M@@) > 520 M) > 120 AM@G,XY) <200

8 degenerate light M@G) > 875 MQEY) > 325 AM@G,XY) < 50

squarks

Direct sbottom M(b) > 640 MEY) > 275 AMB,RY) < 10

production

Direct stop production

M@ > MO+MEY) | MG > 450 M®EY) > 60 AM@T,XY) <230

M@ >MO+ME) | MG > 175 M®EY) > 60 AM@G, YY) <90

Direct gluino production

7 — 99x) M@G) > 1225 MY > 510 AM@G, XY <25

g — bbYY M) > 1300 M®&Y) > 740 AM@G, Y)) <50

g X0 M®G) > 1225 MY > 450 AM @G, X)) < 225

The limits quoted are the observed limits minus the theory uncertainty, otheory. The limit on the
mass of the intially produced particle is quoted for M (%?) = 0, the limit on the LSP mass is taken
as the best limit. The limit on the mass splitting of squark/gluino and LSP is taken, where it is the
smallest
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Fig. 7.40 The 95 % CL exclusion limits as a function of mq and m; for the cMSSM/mSUGRA
model with tan 3 = 30, Ag = —2max(mo, m1,2), and 1 > 0. Here, m(q) is the average mass for
the first generation squarks. The isomass lines for the lightest Higgs boson, the gluino and squarks
are shown. The 7 = LSP region indicates the region, where the T is the LSP. This case is disfavored
by cosmology

For the parameter choice as done here (Ag = —2 max(mo, m1,2), tan 3 = 30, and
1 > 0), we obtain, at 95 % CL, an absolute gluino mass limit of M (g) < 1150 GeV,
and an absolute squark mass limit of M(g) < 1450 GeV. For the special case of
M (g) = M(q), the mass limit is M (g, g) < 1550 GeV. All these limits correspond
to the observed limits minus the theory uncertainty, oeory-
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Fig. 7.41 The 95 % CL exclusion limits as a function of msquark = M (g) and mgjuino = M (g) for
the cMSSM/mSUGRA model with tan § = 30, Ag = —2max(mo, m1,2), and z > 0. Here, M (q)
is the average mass for the first generation squarks. The isomass lines for the lightest Higgs boson
are shown. The 7 = LSP region indicates the region, where the 7 is the LSP. This case is disfavored
by cosmology

7.9 Comparison of the Results of the My, Analysis to Other
Searches for Supersymmetry

In this section, I will compare the results of the M, analysis with other hadronic
SUSY searches. The best way to do so is using the expected limit interpretations
of the analyses. In CMS, there are several “inclusive” hadronic SUSY analyses: a
rnultijet+H{~niSS search [4], a search with b jets and EITniSS [3], the a7 analysis [2],
and the Razor analysis [63]. Also specific searches, targeting sbottom [64] and stop
production [65, 66], have been performed. The ATLAS collaboration has a similar
set of analyses: inclusive analyses searching for squark and gluino production [5, 6],
as well as specific searches for sbottom [67] and stop pair production [68, 69].

Reviewing the exclusion limits in the SMS or cMSSM/mSUGRA pictures, one
finds the M, analysis among the strongest hadronic analyses for any of the inter-
pretations. In fact, each model parameter space contains regions, where the expected
limit (at 95 % CL) of the MT> analysis is the strongest ones of all hadronic analyses.
For the comparison to CMS analyses, this can be appreciated in the examples of
Fig.7.42 or other summary plots given in [70]. The M, analysis did not interpret
its results in very specific models, such as direct stop production with 7 — c>~<(1). Itis
expected that the targeted searches are stronger for such models.
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7.10 Summary of the Hadronic Mt; Search
for Supersymmetry

A search for SUSY or new physics with similar final states has been presented. The
search is based on pp collision data, collected by the CMS experiment at /s = 8 TeV
and corresponding to an integrated luminosity of 19.5fb~!. The signal has been
discriminated against the SM background using the kinematic variables Mt and Hr.
It was shown that Mt is small for multijet events. For events of SUSY production,
MrT; can be large. A search selecting events with high values of Mr» is sensitive to
SUSY signals for models with R-parity conservation.

The MT, analysis is based on fully hadronic final states. Events are collected
with three different trigger types. The phase space is divided into multiple exclusive
search regions depending on the jet and b-jet multiplicities, Ht, and MT>. By doing
so, the search is sensitive to both gluino production and squark production of all
three generations, and is also sensitive to a wide mass range of the initially produced
sparticle.

The main SM backgrounds are predicted using data-driven estimation methods.
No significant excess over the SM background prediction has been observed. The
results are interpreted in several SMS scenarios, in the cMSSM/mSUGRA model,
and the pMSSM model. For the cMSSM/mSUGRA models, absolute mass limits
M (g) > 1150 GeV for gluinos, and M (q) > 1450 GeV for squarks are obtained at
95 % CL. For simplified models, gluino mass limits between 1225 up to 1300 GeV
are reached. Squark mass limits vary between 450 and 875 GeV.

The analysis is summarized in [17].



142 7 Search for Supersymmetry in Hadronic Events Using Mt; at /s = 8 TeV

7.10.1 Prospects for the Continuation of This Search

The Mt;-based all hadronic search will be continued for the 13 TeV run of the LHC.
The increase in the center-of-mass energy will tremendously boost the discovery
reach of new physics searches. For example, the cross-section for gluino pair pro-
duction at M(g) = 1(1.5) TeV increases by a factor ~20(55) for /s = 14TeV
compared to /s = 8TeV, see Fig.7.43.

However, the analysis needs to be consolidated: The expected rise in instantaneous
luminosity will also strongly increase the amount of pileup interactions per bunch-
crossing. In order to keep the influence of pileup small, new object definitions might
be needed. Another challenge might be the trigger definition. The overall trigger
rate is expected to increase due to the higher center-of mass energy and the higher
instantaneous luminosity. Therefore, trigger thresholds might become tighter.

In case of no discovery, the analysis might, on the one hand, be pushed to more
extreme selections in order to boost the sensitivity for sparticles with very large
masses. Another direction might be to try to access difficult regions in phase space,
such as compressed mass spectra, for which the current search has only limited reach.

If an excess is observed in the signal regions of this search, the main effort will
be the classification of the new physics involved. This includes mass and spin mea-
surements. The Mty variable is very well suited for this. Endpoints can be used
for mass determination. The LSP mass could be determined using the Mrokink
method [72-75], for example. Also, spin measurements could be made with a M-
based search [76, 77].

The MT, variable can be generalized to the 3 4+ 1 dimensional variable M, [78—
80], where the full momenta of the LSPs are estimated (instead of only their transverse
momenta). While a search based on M, does not improve the discovery reach com-
pared to a Mto-based general SUSY search, it will result in sharper endpoints for
subsystems, and therefore lead to more accurate mass measurements for sparticles
within the decay chain of the initial sparticles. Furthermore, M, might help to dis-
criminate between event topologies, for example between pp — gg — q@j{?chﬂ)
(three-body decay of the gluino) and pp — 99 — 4449 — qqX19qX; (two-body
decay of the gluino via a squark).

Fig. 7.43 Cross sections for 104 . — 5
the pair production f’f 10° F — g, 14 TeV E
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Chapter 8
Assessment of a Search for Stop Pair
Production in Dileptonic Events

It has been mentioned in Sect. 2.3 that the lighter stop is the lightest squark for many
SUSY scenarios. It could be the only accessible strongly produced sparticle at the
LHC. Therefore, a large effort by both the CMS [1] and ATLAS [2-6] collaborations
is invested on searches for direct stop production.

In R-parity conserving SUSY, stop pair production usually leads to similar final
states as ¢7 production. The stop likely decays via

- t)?? and/or 7} — bﬂ' — bW+>~<(1)

However, other poss1b1e decays exist: stop decays could involve the X9 X5 instead of
% 1» furthermore, the X7 * could decay via other sparticles like v orvl. Also multibody
decays (like t1 — bqq’ Xl) and decays involving CKM matrix elements and loops
(like 7] — % Y) might be possible.

In most cases, the numbers and nature of the visible final state particles are the
same as for 77 events: one possible final state is composed out of events with two
charged leptons (dileptonic events) and two b-quark jets plus particles from ISR/FSR,
and EI because of the neutrinos and LSPs.

This chapter describes a study testing the discrimination power between a signal
from stop pair production and SM background for several variables in this final state.
Most variables are based on the M, definition, Eq.(6.2), but also a different kind
of variable is introduced. The study presented here is not a full analysis. No attempt
on predicting the SM background or similar was done. It assesses only the usage
of search variables to discriminate between the stop production signal and the SM
background. The study has been presented within the CMS collaboration, however,
no public documentation exists.
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8.1 Basic Event Selection and Signal Models

The final state of the signal of interest contains at least two differently charged
leptons and two b-quark jets. As the purity of taus is not high enough, we consider
only events with a 1=, ete™ or yuteT pair. An event containing a third charged
lepton is rejected. Leptons are required to have pt > 20 (10) GeV for the leading
(trailing) lepton and |n| < 2.4. For events with same-flavor leptons (u+p=/eTe™),
we additionally require |M;; — M(Z)| > 10GeV. Thus, the SM background due to
Z+jets events is heavily reduced. The event is required to contain at least two b jets.
Since b jets can also originate from ISR/FSR, no veto on events with more than two
b jets is applied. The b jets are required to pass pt > 40GeV and |n| < 2.4. In
principle, one could also require a certain amount of E%liss. However, a selection on
ET"SS will be applied implicitly via the search variables. Finally, events affected by
electronic noises, dead detector regions, misreconstructions, or physics noises are
rejected. The definitions of the objects used are given in Chap. 5.

The SM simulation used in this study is the same as described in Sect.7.1. The
signal models shown here are produced with the PYTHIA 6.4 generator, the sparticle
decay branching fractions are calculated with SDECAY. The generated signal events
are processed with the fast simulation of the CMS detector response. The considered
signal models contain the following stop decay modes:

= txX) = bWHY) — bty (“viar?),
0= DX] > BWIRY = bl (via 57

= b%L — bt — bty (“vial”),
- b}?l — bITU (“via D7).

e o o o
~
—_

As the T decay is usually fully invisible (1/)}{1) ), the sneutrino can effectively be treated
as LSP. In the simulation, the latter two decays are modeled within one sample with
50 % branching ratio for each decay chain. The label in parentheses is used as the
identifier of the decay chain.

8.2 M1,-based Search Variables

The Mt, variable has been discussed in detail in Sects. 6.1 and 6.3. Dileptonic stop
searches are ideal for a M1,-based search, as the two stop decays are often identical.
We can define three variants of Mt»:

e Mo (ID): each visible system is composed out of one charged lepton and one b jet.

e Mt (b): each visible system is composed out of one b jet. As the leptons are
downstream, the ETmiSS is replaced by E%liss + pr(IT17) when calculating M (b).

e Mty (1): each visible system is composed out of one lepton. As the b jets are
upstream of the W boson or Sa—L decay, they are considered as UTM.

Each of these Mt definitions will have different endpoints depending on the
process. The endpoints are given in Table8.1 for the case of no ISR and correct
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Table 8.1 Mrt; endpoints for different stop decay modes and for 77 events in case of no UTM and
correct testmass

Decay M (1b) M2 (D) Mt (D)
Via t M) M) x
2~%
et ~ ~ MY et
Via 1 M@) Mm)(l e MEE)
~ MEGE)
. - ~ _ X1 ~ ~+
Vial M@) M(z])(l eI ME)
Via 7 mi (1= 222) | (1= G0 e |- 22) (12 22e
! M) ! M2@) i M2(Ey) M2
M2(w)
Top quark M) M) (17 s M(W)

The endpoint of Mt (/) is not available for the stop decays via top quarks, as the leptons and E%‘i“
do not form a complete decay chain of an (intermediate) particle

testmass. Several endpoints for M1 (lb) and MT>(l) are approximations. They are
not analytical due to the presence of unseen particles of different nature, except for
the stop decay via ¥ and the top quark decay. The endpoints of Mt(/) should be
taken with care, as the event always contains UTM because of the two b jets.

Hereafter, we will consider only one model point for plotting: 7; — bf{f —
bWHXY — bty X with M (7)) = 400GeV, M(XT) = 300GeV, and M (X)) =
100 GeV. As only few model points were studied, no exact numbers will be stated,
the discussion is kept generic. The conclusions are the same for all tested models,
although the exact discrimination strength depends on the model.

8.2.1 Search with M1,(lb)

The MT;(lb) variable cannot be constructed straight away: there are two combina-
tions of forming the /b pairs out of the two leptons and the two b jets. If more than
two b jets are available, more combinations are possible. Going to a simple parton
level simulation of ¢7 production, we find that for the correct combination of /b pair
(that is each lepton—b-quark pair originates from the same top quark decay), M1> (/D)
has an endpoint at the top quark mass, while the wrong combination can yield values
above the top quark mass, see Fig.8.1.

We cannot know the correct pairing. Therefore, we calculate M, for all combi-
nations of lepton—b-jet pairing, and take the smallest value of M, as the Mt (Ib)
value of the event.

Unfortunately, we find a large contribution of t7+jets events at high M1, (/b), see
Fig.8.2. The tail is due to events, where at least one of the selected b jets does not
come from a top quark decay, see Fig.8.3. There are two reasons for that: The first
one is the b-quark jet tagging efficiency, which is about 70 %. The other one is the jet
acceptance. In both cases, instead of picking the correct b-quark jet, a b-tagged ISR
jetis used in the MT;(Ib) calculation. Another contribution in the tail of the Mt (Ib)
distribution is t W 4-jets production with a b-tagged ISR jet.
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Fig. 8.1 The Mt (/b) distribution for 77 events at parton level. Left correct pairing of the lepton—
b-quark system. Right wrong pairing of the lepton—b-quark system

Fig. 8.2 The Mr,(Ib) CMS Simulation Preliminary, {s =8 TeV, L =10 fb"

distribution for simulated Wi )+jets
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We can suppress the contribution of those events with another variable: M,

the invariant lepton—b-jet mass. For top quark decays, M, < M (t),/1 — 1\1/{/122(0‘4/)) =
153 GeV. For all the considered stop decay modes except the one via ¢, the M
variable is not constrained to such low values. The Mj;, distribution for signal and
SM background is shown in Fig. 8.4a. If we apply a selection on this variable, Mj;, <
180 GeV for both lepton—b-jet pairs, we significantly clean up the tail in the Mt (Ib)
distribution for the SM background, because the Mj;, variable can exceed 180 GeV
for lepton—b-jet pairs with a b-tagged ISR jet. Therefore, we strongly enhance the
discrimination power of this variable, see Fig. 8.4b, even though we might remove
some good signal events.
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Fig. 8.3 The Mt (Ib) distribution for simulated signal and SM background events. The simulation
is normalized to an integrated luminosity of 10 fb~!. Left both b jets originate from a stop or top
quark decay. Right one of the two b jets does not originate from a stop or top quark decay
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Fig. 8.4 Effect of the M, selection on the Mt>(/b) distribution. a The M;;, distribution for all
possible lepton—b-jet pairs. b The Mt (/b) distribution after requiring that the lepton—b-jet pairs
pass My, <180GeV

8.2.2 Search with M1,(b)

The M (b) variable does not consider the leptons as visible objects, the dilepton-
pr is added to the E’Tniss. Then, MT;(b) is calculated for all choices of two b jets as
visible systems. We take the smallest one as the MT,(b) value of the event.

Because of events with a b-tagged ISR jet and a missed b-quark jet from the
top quark decay, the Mt (b) variable shows no discrimination power, the tail is
dominated by 77+jets events as shown in Fig.8.5a. We disregard this variable as
signal selection variable.
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Fig. 8.5 The Mty (b) (a) and M1, (/) (b) distributions for simulated signal and SM background
events. The simulation is normalized to an integrated luminosity of 10 fb~!

8.2.3 Search with M1, (1)

The third variant of MTz is Mty (1). This variable is purely constructed out of the two
charged leptons and Emlss Hence, it does not suffer from the problem that a b jet
from the top quark decay was missed and an ISR jet was used in the calculation of
M. In Fig. 8.5b, the MT>(I) distribution is shown. We find strong discrimination
power for M1, (1) 2 120 GeV, a signal-over-background ratio of 21 is achieved for
the shown SUSY model.

As the discrimination power is very good for this variable, one can try to select
a larger phase space. An obvious choice is allowing also events with 1 b jet, as the
b jets are not required for the M, (/) calculation. Still, two jets are required. Thus,
we also collect those events, where one b-quark jet from the stop decay was not
tagged as a b jet. We find, that M, (/) still leads to a strong discrimination between
signal and background events. This can be appreciated from Fig. 8.6a. One can try to
do the same for M1, (I/b). Here, the second “b” for finding the lepton—“b-jet” pairs
is obtained from the list of all jets. For the MT;(Ib) distribution, the discrimination
power is extremely small, as can be seen from Fig. 8.6b.

8.2.4 Search Using Multiple Variants of M,

We found so far that M1, (/) has a very good signal sensitivity, Mt2(I/b) has only
little signal discrimination power against the SM background, while Mr>(b) shows
no sensitivity for signal discrimination. For M, (l) < 120 GeV, the Mt (l) vari-
able itself is not powerful enough. We can combine the information of M, (/) and
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Fig. 8.6 The Mt,(l) (a) and MT,(Ib) (b) distributions for events with one b jet for signal and SM
background simulation. The simulation is normalized to an integrated luminosity of 10 fb~!. For
the M1, (Ib) distribution both lepton—jet pairs need to pass M, < 180 GeV

MT,(Ib) to increase the signal sensitivity for this region. A loose cut on Mt;(1),
for example M1>(l) > 85GeV, already rejects a lot of SM background events.
Then, the Mt (Ib) distribution can be used to discriminate the signal. In Fig. 8.7, the
M (1)) distributions for > 2 b jets (left) and 1 b jet (right) are shown after requiring
Mj, < 180GeV for both lepton—jet pairs and M1>(/) > 85GeV. The region with
Mt2(Ib) Z 220 GeV shows a nice signal-to-background ratio.
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Fig. 8.7 The M>(Ib) distributions for simulated signal and SM background events with > 2 b jets
(left) and 1 b jet (right) after requiring M, < 180GeV for both lepton—jet pairs, and Mty () >
85 GeV. The simulation is normalized to an integrated luminosity of 10 fb~!
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Fig. 8.8 The M1, (I) (left) and Mt (Ib) (right) distributions for simulated signal and SM back-
ground events with at least two b jets. The simulation is normalized to an integrated luminosity of
10 fb~!. For the Mr> (Ib) distribution, both lepton—b-jet pairs need to pass Mj, < 180 GeV. In this
signal, the stop decays via sleptons or sneutrinos

8.2.5 Comment on the Stop Decays via Sleptons or Sneutrinos

It has been mentioned before that the general features observed above are valid for
all considered signal models. However, out of the four stop decay modes mentioned
above, the ones labeled as “via [” or “via 7 always lead to a final state containing
two charged leptons, while for the other two decay modes, the branching ratio to
a final state with two charged leptons (e or u only) is roughly 4 % due to the W
boson branching ratio into electrons and muons. Therefore, for the stop decay modes
via sleptons or sneutrinos, we expect an effective dileptonic stop production cross
section that is roughly 20 times larger than the one of the other stop decay modes. To
demonstrate this, we define a signal model with a mixture of n— b%fr — bult —
bty X) and 7y — bX{ — bIT¥ with branching ratio of 50% for each decay
mode, and M (f;) = 400GeV, M(S(']i) = 300GeV, M() = M(v) = 200GeV
and M ()"('(1) ) = 100 GeV. We observe in Fig. 8.8 the tremendous dominance of signal
events over SM background events for high values of M, for both the MT;(I) and
M, (Ib) distributions.

8.3 Distinguishing Direct Stop Pair Production from ¢¢+jets
Production Using the Event Kinematics

We know that the kinematics of ¢f events are constrained by the properties of the top
quarks and W bosons. Let us denote

ti = bWt — bilfy; withi =1,2.
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The momenta of the b quarks and the charged leptons can be measured. In total,
there are six unknowns, the momenta of the two neutrinos. However, we can impose
four mass constraints (the top quark and W boson masses for both decays) and two
momentum constraints from E?iss. These six constraints should allow to determine
the neutrino momenta.

The constraints lead to a fourth-order equation [7] that can be solved. A test on
simulated ¢ events shows that, for perfect detector resolution, the solution is found
in 99.8 % of all cases. However, if the 77 signal is smeared with the experimental
resolution, the efficiency of finding the solution drops to 72.2 %. It is expected to
further decrease if ISR is present.

Therefore, a discriminant has been developed to quantify how “fz-like” an event
is. First, let us state the constraints:

M2(t) = (pp, + p1, +a1)° = (po, + pi, +42)°,
M>(W) = (pi, +qD* = (p, +2)°,
EF' = Gr,1 + G2 8.1)
The four-momenta of the neutrinos, b quarks and charged leptons are denoted by ¢;,
Dy, and py,, respectively. Instead of solving this system of equations, we parameterize

it by two parameters, for example g, ; and g, ». For notation purposes, we define
auxiliary variables

(M2 MA(W) My, + M5,
Al =35 = - T = a=—X>=, - A17
2\ Ipyl | ;| 2| pp, |
> > M2 + M2 .
J)I'Z&_&s C2=—12b2ﬁ Wy —Az—ﬁ)2~E¥nSS.
|po; | 1Pl 2| pp, |

In these expressions, M, is the invariant mass of the charged lepton—b-quark pair
I;b;, and My, the invariant mass of the charged lepton—neutrino pair /;»;. Similar,
we define M;, as the invariant mass of the charged lepton—neutrino—b-quark triplet
l;v;b;. For correct g;, we should obtain My, = M(W) and M;, = M(¢t) for a tf
event.

Using these auxiliary variables and assuming the b quarks and the charged leptons
to be massless, we arrive at two constrained equations

—17;,-~Z]i+ci=0, i=1,2.

Thus, we can parameterize the transverse momenta of the neutrinos by g, 1 and g 2:
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wy 2(wz,19z,1 — ¢1) + wy, 1(wz,2q,2 — €2) ~
Yy, Z, Z, Yy, Z,242,
dx,1 = , dx,2 = (E"T"uss)x —d4qx,1»
Wy Wx,2 — Wx, Wy 2

Wy 2(Wz,19z,1 — €1) + Wy, 1(Wz,292,2 — €2)
qy,1 = s qy2 = (E’r[‘m“)y —dqy,1-
Wy, Wy, 2 — Wy Wy 2
(8.2)

Within the 2D plane (¢;.1, ¢g;.2), we should be able to find a point such that

Myw, =~ M(W) and M,, ~ M (t) for a tf event. But this does not have to be true for
events of direct stop pair production because of the presence of the two LSPs. This
allows us to define a discriminator

1 1/2
Dy == min ([Mw1 — MW + My, = M(W)I> + [My, — M) + My, — M(r)]z) :

241, qz,2
(8.3)

A value of D, compatible with zero should reflect that the event is r7-like, whereas
for a7} event, D, can have large values.

Note that the auxilary variables ¢; depend on My;. This introduces a loop in the
calculation of D;, as we need My, in order to calculate g, ; and gy ;. We, therefore,
approximate the calculation of D, by replacing My, by the true value M(W) in the
calculation of ¢;.

The D, distribution is obtained as follows: First, we test if the fourth-order equa-
tion [7] can be solved for an event. If the event kinematics solves the equation, we set
Dy = 0. Otherwise, we obtain D; by finding the values of g; 1 and g; 2, for which
the minimum in Eq. (8.3) is reached. We test all combinations of lepton—b-jet pairing
b, and choose the smallest value of Eq.(8.3) as the D, value for the event.

Fig. 8.9 The D; distribution CMS Simulation Preliminary, (s = 8 TeV, L, =10 fb”
for simulated signal and SM -
background events. The 10* Wl V(v)pets
simulation is normalized to Wz 7)+jets
an 1nte]grated luminosity of . th+jets
10 fo~ 10 .
- . single top
= tt+W/z
2 L
) 10 = [l di-itribosons
c -
g -— wae Stop
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The distribution of D5 in simulated signal and SM background events is shown in
Fig.8.9. Unfortunately, we do not observe any signal-background discrimination for
any selection on Dj. It appears that misreconstruction (not selecting all b-quark jets
from top quark decays) and detector resolution enlargen the contribution of r7+jets
events for high values of D», such that the variable does not discriminate between
the signal and the SM background. Also, often small D; values are obtained for the
stop signal events.

8.4 Summary

The ability of discriminating a signal from stop pair production against SM back-
ground processes has been tested for several search variables in events containing at
least two charged leptons. It was found that Mt>(/), the M, variable calculated with
the two charged leptons as visible systems, is very well suited as search variable: for
the main background of ¢#7+jets production, we expect Mt (1) < M (W), while this
bound does not hold for the signal because of the momenta of the two LSPs present
in a 717] +jets event.

Another variant of the M, variable, M1> (D), calculated with one b jet and one
charged lepton for each visible system, was found to provide only small discrimi-
nation power: the M, (Ib) variable in r7+jets events can reach high values, when a
b-quark jet, originating from a top quark decay, has not been reconstructed as a b jet.
However, using a loose selection on M2 (1) increases the discrimination power of
M (Ib).

Another variant of MT; has been tested using only b jets as visible systems. Also
a discriminant based on kinematic constraints has been developed. Both variables
have been found to not discriminate between signal events from stop pair production
and SM background events.
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Part II1
Studies for the Upgrade Program
of the Compact Muon Solenoid Detector



Chapter 9
Upgrade Efforts for the Compact Muon
Solenoid Detector

The third part of this dissertation contains two studies related to the upgrade efforts
for the CMS detector. This chapter serves as an introduction. The reasons and general
ideas for future detector upgrades of the CMS experiment are summarized.

The performance of the LHC has been extraordinary. Already in the first years
of operation, the performance has reached or even exceeded the design values for
various parameters. This can be appreciated from Table4.1.

The high luminosities provided by the LHC to the experiments can create issues
related to the performance of the experiments [1]: A high instantaneous luminosity
leads to high numbers of pileup interactions. The trigger must be able to discrimi-
nate bunch-crossings with a hard interaction against bunch-crossings with many soft
interactions, such that the trigger performance is not biased by pileup interactions.
Also, the experiments must be able to reconstruct a hard-collision event and reduce
the influence of pileup interactions to the event kinematics.

The second issue is radiation damage: high doses of radiation will damage the
materials of several CMS detector components. For some subdetectors, which are
exposed to high radiation doses, the damage becomes severe and their capability of
detecting particles decreases strongly.

Other, minor issues can also degrade the performance of the CMS experiment [1].

Already during the long shutdown of the LHC in 2014, parts of the CMS exper-
iment have been upgraded, such as the CSC and RPC systems [2]. These upgrades
were not addressing the degradation of the detector performance, but are rather
improvements of the muon detection capability at high |n|.

The first major upgrade, the Phase-I upgrade, is anticipated for 2016-2018. The
pixel detector, the electronics of the HCAL, and the L1 trigger system will be modified
or replaced.

The pixel detector is the innermost subdetector of the CMS experiment. Therefore,
itis exposed to high radiation doses. The induced damage to the read-out chips of the
pixel modules will lead to significant data losses. In order to avoid this, the complete
pixel detector will be replaced. The new detector is expected to be more insensitive
to radiation, but also be able to increase the performance of reconstructing charged
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particles. The design of the upgraded pixel detector will be introduced in Chap. 10,
a detailed discussion can be found in [3].

The electronics of the HCAL subdetector will be replaced both in the forward
and barrel parts. The PMTs, currently used in the HF subdetector, will be replaced
by multi-anode tubes. The new read-out electronics are less affected by anomalous
signals, and they are also able to act as time-to-digital converters. The electronics of
the HB, HE and HO components, the HPDs, will be replaced by multipixel Geiger-
mode APDs, which are silicon photomultipliers (SiPMs). The HPDs are affected by
the appearances of electric discharges when high voltages are applied. This problem
does not occur for the SiPMs. Another advantage of the SiPMs is their fine seg-
mentation. This allows for a better reconstruction of particle showers in the HCAL
subdetector. A detailed description of the HCAL Phase-I upgrade is given in [4].

The L1 trigger system is the third system that will be upgraded. The upgrade will
happen already for 2015/2016. The bandwidth of the optical links will be increased,
the trigger logic will be implemented on field programmable gate arrays, and the
electronics will be implemented in the standard W TCA. These changes allow for
more flexibility in the trigger logic such as defining isolation criteria at the L1 trigger.
Also, subdetector information can be combined: for example, the information of
all three muon subsystems will be combined in order to increase the efficiency of
reconstructing muons at L1 trigger. The upgrade of the L1 trigger system is discussed
in more detail in [5].

It is foreseen that the LHC will provide about 300 fb~! integrated luminosity of
pp collision data at /s = 13-14TeV until 2022. After this phase (Phase-II), the
LHC will be upgraded to the High-Luminosity LHC (HL-LHC) [6]. The HL-LHC
is expected to reach an instantaneous luminosity of about 1035 cm=2s7L, a value,
which is ten times higher than the design value of the LHC. With this upgrade, the
HL-LHC is expected to provide much more pp collision data to its experiments
than initially planned. For the ATLAS and CMS experiments, the data amount will
correspond to an integrated luminosity of about 3000 fb~!.

In order to cope with the new conditions because of the higher instantaneous
luminosity of the HL-LHC, several components of the CMS detector need to be
upgraded. A general discussion about challenges for the detectors after the HL-LHC
upgrade can be found in [7]. The current upgrade strategy of the CMS collaboration is
not fully defined yet, as studies for the possible upgrade are still ongoing. However, it
is clear that parts of the tracker system and the calorimeters of the CMS detector will
need to be replaced in order to keep a high detector performance under the radiation
dose rates expected at the HL-LHC.

In the following chapters, two studies are presented: The first one focuses on the
physics performance of the CMS experiment after the upgrade of the pixel detector,
foreseen for 2017. It is documented in Chap. 10. The other study is more general.
The long-term evolution of the signals measured by the ECAL endcap crystals is
presented in Chap. 11. This study can bring valuable information for decisions on a
future upgrade of the ECAL endcaps, needed for the HL-LHC.
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Chapter 10
Physics Performance Study for the Pixel
Detector Phase-1 Upgrade

This chapter describes a study that has been conducted to show the physics perfor-
mance of the CMS detector after replacing the current pixel detector with a new
design. This replacement is foreseen for 2017 and is known as the pixel phase-1
upgrade.

After a short introduction of the need of the upgrade and the design of the new
pixel detector in Sects. 10.1 and 10.2, the actual study will be shown in Sect. 10.3.

10.1 The Need of a Pixel Detector Upgrade

There are several reasons, why the pixel detector needs to be replaced:

e The pixel detector is the innermost part of the CMS experiment. It is exposed
to the full radiation generated in the pp collisions. The radiation damages both
the pixel sensors and the readout electronics, the performance degrades with in-
tegrated luminosity. The excellent performance of the LHC machine has led to
the estimate that instantaneous peak luminosities of twice the design luminosities
will be reached. Due to the higher radiation an intermediate replacement during
the year 2017 is needed. A replacement of the pixel detector had been foreseen
already in the initial technical design report [1].

e The increased estimate of the LHC luminosity will also inflate the hit occupancy.
This will lead to unwanted data losses, as the buffer size and the readout bandwidth
are limited.

e A higher luminosity also means higher rate of tracks needed to be reconstructed.
The CPU time will grow, and the rate of wrongly reconstructed and fake tracks
increases.
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10.2 The Design of the Upgraded Phase-1 Pixel Detector

The current design of the pixel detector has been mentioned in Sect.4.2.1: three
cylindrical layers in the barrel, and two discs on each end hold in total about 66
million pixels.

The new design will have four layers in the barrel and three disks on each end,
the number of pixels increases to approximately 124 million pixels. In this design,
the innermost barrel layer will be closer to the beam line with a distance » = 3.0 cm
instead of 4.4 cm. The new fourth layer will be at a radius » = 16.0 cm. Furthermore,
the arrangement of modules within the disks has been changed to have a better pixel
hit coverage for a single track. The new layout is compared with the current one in
Fig.10.1.

The new geometrical design will enhance the physics performance: the better
pixel coverage will increase the purity of the tracking algorithm, as a single track
will be composed out of more pixel hits. Also the primary and secondary vertex
reconstruction is enhanced, as the innermost layer is closer at the pp collision point.

Besides the geometrical differences, also the electronics and supporting structures
will be upgraded:

The readout chips will be replaced to decrease the latency, increase the buffer
size, and thus minimize data losses. The new chip has roughly double buffer size for
data and timp stamps. Its readout has been changed from a 40 MHz analog readout
to an 8bit digitized readout with 160 Mbits/s. Furthermore, the operational charge
threshold can be decreased. The tracking efficiency loss will be less than 0.5 % instead
of 8.6 % in the current design for tracks from muons.

Moreover, the material budget will decrease. First, the new readout chip will be
smaller in its transverse dimension (75 pm instead of 175 pm). Second, the cooling
system is changed. The current cooling, using liquid CeF14, will be replaced by two-
phase CO; cooling. Besides the lighter element, also the cooling structures, such as
tubes, can be reduced in size and thickness in the new system. The third aspect is
a lighter support structure. The reduced material budget has several advantages: the
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Innerrings /) {
— |
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n=25 3 barrel layers
Current
| \ 3 =20

Fig. 10.1 Comparison between the layout of the current and the upgraded pixel detector. Left the
rz view. Right the transverse-oblique view. Taken from [2]
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number of unwanted interactions between particles and the pixel detector (that is
interactions that are not with the pixel sensor) are decreased. This, on the one hand,
increases the resolution of low pr track measurements itself, but also can boost
the performance of downstream detectors, such as the ECAL: a photon hitting the
pixel detector might convert into a e*e™ pair. If the material budget is reduced, such
conversions happen less often, thus a better discrimination for photons coming from
the hard interaction can be achieved. The total reduction of the material is 20 % at
n = 0 and over one half in the endcap part.

A detailed description of the pixel phase-1 detector and its expected performance
can be found in [2].

10.3 The 2011 Mt,b Analysis as a Performance Study
of the Pixel Phase-1 Upgrade

The pixel detector phase-1 upgrade should improve the capability of identifying jets
originating from b-hadron decays as b jets. This needs to be verified. Therefore, the
2011 Mtyb analysis, as summarized in Sect.6.4, is used as an example analysis.
The only objective of the analysis described here, is a test, how the new detector
geometry influences the b-tagging capability of the CMS detector, and thus, how the
signal efficiency is modified for SUSY signal events containing primarily b quarks
in the final state. This is the reason, why the analysis is based on the selection of the
2011 Mr,b search, but does not contain all aspects of a search such as background
estimation methods. The study presented here has been documented in [2].

Let me recall the key selection of the M12b analysis: Data were selected with
a Hr trigger. Therefore, events needed to pass Ht > 750 GeV. At least four jets
were selected, out of which one needed to be tagged as a b jet. In order to re-
duce the multijet contribution to the signal region, an event was required to pass
A¢ (four leading jets, E%liss) > 0.3 and |E%‘iss — H{niss| < 70 GeV. Events contain-
ing an electron or muon, as well as anomalous signatures like electronic noises were
rejected. In total, eight signal regions had been defined as a function of Ht and M.
The lowest requirement on Mt was M1, > 125 GeV.

The same selection is used for this study with three modifications: The b tagging
relies on the CSV tagger rather than a simple secondary vertex tagger. This reason
for this change is that b-tagging performance studies are the primary object of this
analysis. However, it is important to note that the algorithm of the CSV tagger has
not been optimized for either the new detector designs nor the conditions expected
for 2017 data taking. It has been taken as the one used for analyses of the 7TeV pp
collision data. Furthermore, the jet- p threshold was increased from pt > 20 GeV
to pt > 30GeV, and the isolation criteria on leptons were relaxed. These two
modifications have been made to decrease the influence of pileup interactions, as the
number of pileup interactions is expected to increase for 2017 data taking.

The study has been performed for /s = 14 TeV. Two processes were consid-
ered: as SM background, only the dominant contribution of ¢7+jets events has been
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Table 10.1 Definition of the benchmark point LM9 [4]

Benchmark | mg mipy | tanfB | Ag sign(u) | M(9) M(Z?) M®@) | M@, d)
point (GeV) | (GeV) (GeV) (GeV) | (GeV) | (GeV)| (GeV)

LM9 1450 | 175 50 0 + 507 66 870 1481

considered. Its cross-section is 874 pb [3] for \/s = 14 TeV. The signal model is
called LM9. This model is defined in the context of the cMSSM (see Sect.3.3.2).
The parameters for this model can be found in Table 10.1, together with the values
of some sparticle masses. The cross-section for this signal model at /s = 14 TeV is
39.8 pb [4]. One should note that the MT,b search performed with 7 TeV pp collision
data, collected during 2011, already excluded, at 95 % CL, this signal model.

For each process, two samples are produced. Samples denoted by “StdGeom?2”
describe events being reconstructed with the current detector design. Events recon-
structed by the CMS detector with the new proposed pixel detector are denoted by
“Phasel”.

We expect to find mainly one bb pair inside a 17+jets event. Additional b quarks
can come from gluon splitting, ¢ — bb. Events of the LM9 signal model can have
different b-quark content: for roughly 10 % of the events, no b quark is produced, there
is one bb pair in 40 % of the events, else the event contains two bb pairs. The primary
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Fig. 10.2 Number of generated b and b quarks within detector acceptance (pr > 30 GeV, || <
2.4) for both signal and background events. The difference of the yields for 2 b quarks for the
tf+jets samples is not understood. The ratio plot shows the ratio of event yields of the “Phasel”
and “StdGeom?2” samples. The simulations are normalized to an integrated luminosity of 20 fb!
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source of bb pairs inside the signal events are three-body decays of the gluino. The
number of generated b (and b) quarks within detector acceptance (pr > 30GeV,
[n| < 2.4) for both signal and background events is shown in Fig. 10.2.

If the b-tagging performance of the CMS detector improves, the selection effi-
ciency for signal events containing several b quarks can be increased substantially.
We compare the b-tagging efficiency for b-quark jets versus the b-tagging efficiency
of non-b-quark jets within the event selection. The correlations between these two
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Fig. 10.3 The b-tagging efficiency for b-quark jets versus the b-tagging efficiency for c-quark jets
(left) and u, d, s-quark or gluon jets (right). The efficiencies have been calculated for 17+jets events.
The correlations have been obtained by varying the selection on the CSV discriminant
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Fig. 10.4 The b-tagging efficiency for b-quark jets, c-quark jets and light (u, d, s-quark and gluon)
jets as a function of jet-pt for a CSV working point yielding an overall 0.1 % mistagging rate on
light jets



170 10 Physics Performance Study for the Pixel Detector Phase-1 Upgrade

M, distribution CMS Simulation, /s = 14 TeV
(a) 5 --e-- TTbar, StdGeom2
107 Bre-e-
E - —4— TTbar, Phase1
C - --3-- LM9, StdGeom2
4 g —4— LM9, Phasel
10 Ifﬂ_'.v.""‘-'ﬁ-v-_v_—v—__o-_—
2 N
o
u>J 10° E-
102
_______ o
10 R T R B S
0 200 400 600
& 15[
~ (2 — ]
o 1 e ’ - __.T________j____
g-0-5-....I....I....I....I....I....I...
M, [GeV]
M., distribution CMS Simulation, Vs = 14 TeV
®) 15 =
E --6-- TTbar, StdGeom2
oo
?003_._ —4— TTbar, Phasel
Al O-{O;_&_ -~ LM9, StdGeom2
10" & o
E - —— LM9, Phasel
e R v T
‘g L v
g 10 7 o
N EEELH y
2
e o]
. —4
- C:)- ______
e
0 200 400 600
° -
-
15 . |
2 ? E :9:::*-"‘—4—_.:. " ¢ v.
o e m e e e e e e e e e m e e e e e e e e e e e ——————— - - - = = = = =
%0-5-....I....I....I....I....I....I...
M, [GeV]

Fig. 10.5 The M, distributions for simulated LM9 signal and t7+jets events for the two de-
tector geometries. a M, distribution with no b-jet requirement. b M, distribution for events
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samples. The simulations are normalized to an integrated luminosity of 20 fb~!
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efficiencies is illustrated in Fig. 10.3 for 77 +jets events. We find that for any mistag-
ging rate of non-b-quark jets as b jets, the detector design using the new pixel detector
instead of the current one yields a higher b-tagging efficiency for b-quark jets.

A working point that has the same mistagging rate as the one used in the 7 TeV
search is chosen: We require a mistagging rate of 0.1 % for jets originating from
u-, d-, s-quark or gluon hadronization. For this choice, the b-tagging efficiency for
b-quark jets improves from 28 % in the current detector geometry to about 36 % for
the geometry with the proposed new pixel detector layout. The b-tagging efficiency
as a function of jet-pr is shown in Fig. 10.4.

We are now ready to evaluate the improvement of the b-tagging efficiency for the
MTb analysis.

First, events are selected using the MT,b event selection with no requirement on
b jets. It is verified that the selection efficiency for both the current and the upgraded
geometry are the same. This can be appreciated from the ratio plot of Fig. 10.5a.

Next, the requirement of at least one b jet is added to the event selection. One can
observe, Fig. 10.5b, that the signal selection efficiency is improved by roughly 20 %
for a selection on M1y > 200 GeV.

Conclusion

It has been shown, using the selection of the 7TeV Mtyb analysis, that the CMS
detector design with the new proposed pixel detector enhances the b-tagging perfor-
mance, leading to an increase of the signal selection efficiency of 20 % (for the tested
signal model) without substantial effort of optimizing the analysis.

Since the time this study had been performed, the M, analysis itself has pro-
gressed a lot. With the b-jet multiplicity binning introduced (see Sect.7.3), the gain
of the selection efficiency for signal events involving third generation squarks can be
expected to be even higher. Additionally, reoptimizing the b-tagging discriminant for
the new detector design might further improve the b-tagging performance. Overall,
one can conclude that the new pixel detector design will improve analyses, which
use b-tagging variables.
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Chapter 11

Evolution Studies of the CMS
Electromagnetic Calorimeter Endcap Signals

The study presented in this chapter has been performed to disentangle various contri-
butions to the ECAL endcap signal modulations during 2011 and 2012 data taking. It
has been known that there are different sources of radiation damages decreasing the
light transparency observed by the crystal readout. While models of these sources
exist, based on laboratory measurements performed prior to the ECAL assembly, no
study has been done for observing the different sources in-situ previous to this one.
However, a good knowledge of the different components changing the signal trans-
parency is needed in order to understand the longterm evolution of the ECAL signals.
Since the radiation doses are much higher in the forward region of the detector, this
study focuses on the ECAL endcap readout.

Measurements on crystal and VPT properties have been used. These were deter-
mined during quality assurance tests prior to the built-up of the CMS detector. The
measurements have been correlated with in-situ data of the ECAL light monitoring
system.

This chapter introduces the sources to signal losses, the characteristic variables
used in this analysis, and the light monitoring systems in Sects. 11.1-11.3. This
introduction is based on [1]. The general layout of the ECAL has already been
presented in Sect.4.2.2. The actual study is shown in Sects. 11.4—11.7. It has been
documented in a CMS note, which is not accessible publicly.

11.1 Signal Losses Within the Electromagnetic
Calorimeter Endcaps

The ECAL endcaps are exposed to radiation degrading the performance of the crystals
and the on-detector electronics, mainly the VPTs. The predicted dose rates hitting
the ECAL for the design luminosity of 103 cm~2s~! are shown in Fig. 11.1.
Extensive studies had been done to identify how radiation damages the crystals
and readout electronics, and what are the underlying mechanisms. For the PbWO,4
crystals, the source of the main mechanism has been found to be ionizing radiation

© Springer International Publishing Switzerland 2015 173
H. Weber, Search for Supersymmetry in Hadronic Final States,
Springer Theses, DOI 10.1007/978-3-319-19956-6_11


http://dx.doi.org/10.1007/978-3-319-19956-6_4

174 11 Evolution Studies of the CMS Electromagnetic Calorimeter Endcap Signals

=148 n=11
0.04 0.03 0.02
0.2~
0.28 0.18 T
IS
n=26 14 | 2
n=3.0 3.0 15. I
3.23m

Fig.11.1 Predicted dose rates in Gy/h at various places of the ECAL for an instantaneous luminosity
of 10**cm~2s!. The values given at the front of the ECAL are those obtained at the shower
maximum, values at the end of ECAL are obtained behind the crystals. Taken from [1]

[1-6]. Oxygen vacancies are created, so-called color centers. These color centers
absorb scintillation light, and thus the transparency of the crystals decreases. How-
ever, this damage to the crystals can recover spontaneously at room temperature. In
fact, the transparency loss stabilizes under radiation at a dose rate-dependent level,
when the color center annihilation and creation rates equalize. Both the scintillation
mechanism and the uniformity of the crystal are not affected by this radiation type.

Another component of crystal damage is hadron-induced damage [7]. Nuclear
interactions between incoming hadrons and the crystal material can lead to fission
products like iron and zirconium. These processes can lead to displacement of lattice
atoms and reduce the scintillation light transparency. The hadron-induced damage is
cumulative and does not recover at the temperature of operation (18 °C). However,
for high temperatures above 350 °C, full recovery of the hadron-induced damage can
be achieved.

Also the VPTs are exposed to the radiation in the endcaps, although the received
dose is damped by the crystals before them, as seen in Fig.11.1. An important
component is the damage to the face-plates of the VPTs. Under irradiation, color
centers are formed in the glass material of the face-plates, leading to a further decrease
in transparency. Transmission losses of ~10 % under -y radiation for doses expected
at |n| ~ 2.6 have been measured [8, 9]. For neutron irradiation up to 7 x 1015n/cm2,
light transmission losses of about ~10—30 % have been measured [8]. These neutron
fluences are at least an order of magnitude larger than expected at the LHC [1]. The
VPTs used in CMS were required to receive small face-plate damages by requiring
a transparency loss of the VPTs less than 10 %, when the loss is weighted by the
scintillation spectrum for a dose of 20 kGy [10].

A further contribution to the VPT losses under radiation is the response loss
caused by positive charge accumulation on the photo cathode, mainly due to the
scintillation light showers within the photo tube [9]. This can happen if, for example,
the scintillation light hits residual gas in the photo tube leading to ion collection on
the photo cathode. This contribution is sometimes called VPT conditioning.

A third component to the VPT damage could be ingress of Helium to the photo
tube, deteriorating the vacuum. However, it has been concluded in tests that this
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effect has no significant influence for CMS operation at conditions expected at the
LHC [11].

Damages to the photo tube or due to crystal shower leakages have been tested and
estimated to be negligible [1].

11.2 Characteristic Variables Describing the Radiation
Hardness of Detector Components

Most of the components leading to decreasing transparency because of radiation have
been known prior to the construction of the CMS ECAL. Therefore, many measure-
ments have been performed to test the radiation hardness of the used materials for
each radiation component.

The damage to the crystals due to ionizing radiation had been studied with great
detail [1-6]. The variable characterizing the ionizing damage is the induced absorp-
tion coefficient uNp (A), derived from the Beer-Lambert law and defined as

1 LT\
—.In ,
L LT(\)

HIND(A) = (11.1)

where LTy (LT) is the longitudinal light transmission measured before (after) irradi-
ation through the length ¢ of the crystal.

The hadron-induced absorption does not correlate with the pnp variable [7].

The crystals from the two producers (BTCP and SIC) behave differently due to
the distinct production mechanism, see Sect.4.2.2. A fraction of the PbWOy crystals
of the CMS ECAL had been tested for radiation hardness to the ionizing radiation
component under a standardized irradiation condition. Two different irradiation con-
ditions, optimized for each set of crystals from the two producers, were designed.
The crystals were exposed to photons from a °°Co source. The BTCP crystals were
exposed to 350 Gy/h for 1 h at the Geneva hospital, and pnp was measured at CERN,
Geneva roughly 1h after the irradiation. The SIC crystals were exposed to 30 Gy/h
for 24 h at the Calliope source, Rome, and pnp was measured directly following
the irradiation. More details on the radiation damage and the procedure to measure
pIND can be found in [12]. Although the two methods are very different, the resulting
absorption coefficients measured are in good agreement, as shown in Fig. 11.2. Still,
as the crystals from the two producers have different properties, the samples will be
studied separately. The induced absorption coefficient measured under these stan-
dardized irradiation conditions is called pgq hereafter. Maps of the pgq values for
the ECAL endcaps (EE+ and EE-") are shown in Fig. 11.3. Only 6.6 % of all PbWOy
crystals were tested under these conditions. The SIC measured also pNp privately
for their production and provided their measurements to CMS. These measurements
will be called usic.

I'The sign indicates the sign along the z axis.
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Fig. 11.3 Maps of pgq (given in m~1) for the ECAL endcaps EE- (left) and EE+ (right). The
crystals are identified by their location indices ix and iy for each endcap, going from 1 to 100

A characteristic variable also exists for the VPT damage component. The variable
used in this study is the burn-in ratio, or short burn-in. It is obtained in accelerated
ageing tests as described in [11]: The VPTs are exposed to a high constant current by
illuminating them uniformly with LED light. The anode response is then measured
using a second pulsing LED. The ratio of the initial current and the final current after
illumination is the relative anode response loss. An example of the response loss of
a VPT anode during the LED illumination is given in Fig. 11.4.

For CMS, a standardized illumination [13] was defined as follows: Each VPT
will be initially illuminated uniformly by a LED producing an initial photocurrent of
100nA for 2h under normal VPT operation. Then, the illumination is readjusted to
produce again a photocurrent of 100 nA and the intial anode current, Iy, is recorded.
After a 4h uniform illumination period the final anode current, [, is recorded. The
burn-in is defined as the relative anode response loss,



11.2  Characteristic Variables Describing the Radiation ... 177

10 <
r .\.\'

09 100,

0.8

0.7

Anode current (a.u.)

0.6

0.5

0 5 10 15
Time (hours)

Fig. 11.4 Relative VPT anode current as a function of time under LED illumination producing
an initial photocurrent of 200 nA [9]
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Fig. 11.5 Maps of the burn-in values for the ECAL endcaps EE- (left) and EE+ (right). The VPTs
are identified by the location indices ix, iy

. Iy
burn-in = —. (11.2)
Iy

In CMS, the burn-in has been used to reject VPTs with inferior vacua. Except for the
preproduction batch of 500 VPTs, all VPTs were required to pass burn-in > 0.9 [13].
Maps of the burn-in values for the ECAL endcaps are shown in Fig. 11.5. All of the
VPTs have been tested under these conditions.

11.3 The Monitoring System of the Electromagnetic
Calorimeter

The reasons for the transparency losses in the ECAL subdetector under the radiation
expected during LHC operation have been discussed. The loss of transparency leads
to energy measurements being smaller than the true signals. In order to be able to
reconstruct the correct energy of a particle in the calorimeter, a laser monitoring
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Fig. 11.6 Sketch of the components of the laser monitoring system for a barrel crystal [10]. The
laser chain is identical for endcap crystals that have a VPT instead of two APDs attached to it

system has been built to measure the relative transparency changes of the crystal and
the connected readout electronics. A sketch of the monitoring system is drawn in
Fig.11.6.

Blue light with A = 440 nm is produced by a light source of a Nd: YLF pump laser
and a tunable Ti:Sapphire laser. There exists a second blue laser system as backup to
ensure constant availability of laser pulses at A = 440nm, as well as an infrared
laser system producing pulses at A = 796 nm. The light is sent to multiple crystals
at the same time, one out of 88 calorimeter regions is monitored at once. The light is
injected to the crystals during ~1 % of the LHC beam abort gaps, a 3.17 s period
at the end of every 88.924 pws LHC beam cycle. Thus, the light does not interfere
with the collision data taking. The monitoring of the full ECAL detector takes about
40 min [14].
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The same blue laser light is sent to control silicon PN photodiodes outside the
detector. This PN diode is not subject to the radiation inside CMS, thus the relative
response of APD/PN or VPT/PN is a measure of the relative crystal transparency.
Here APD (VPT) denotes the laser light signal produced in the crystal and readout by
the APD (VPT), and PN denotes the laser light signal produced in the PN photodiode.
This ratio is stable against many systematics like laser light intensity, and therefore
is chosen rather than the direct signal from the APDs and VPTs. The APD/PN and
VPT/PN values have been normalized to unity at the beginning of 2011 pp collision
data taking.

The optical paths and the spectra are not equal between the laser light and the
scintillation light produced in the crystals during collision data recording; the changes
in response are not the same. The relation between the response changes can be

written as
S R\“
—={—) , (11.3)
So Ry

where Ry (Sp) is the APD/PN or VPT/PN ratio for the laser (scintillation) light signals
before irradiation, and R (S) are the same ratios after irradiation. The variable « is a
characteristic value for the crystal and has been defined as o & 1.53 for BTCP crystals
and o & 1.0 for SIC crystals.? This correction is needed to correctly reconstruct the
true energy of a particle in the electromagnetic calorimeter.

Between the data taking periods in 2011 and 2012, the laser monitoring system
of the CMS ECAL has been upgraded. The reason was the discontinuation of the
production of Nd: YLF pump lasers by the supplier. A diode-pumped solid state laser
was installed. This new laser is much more stable in operation and has consistent
response compared to the Nd: YLF laser-pumped Ti:Sapphire laser. More information
on this new laser can be found in [15].

In the studies presented hereafter, we will only consider the data obtained by the
blue lasers at A = 440 nm.

11.4 Correlation Between Light Monitoring Signals and ps¢q

The first set of studies examines the correlation between the laser monitoring data
and the measurements of ji5q. As introduction, we consider only a fixed time period
for the study. The correlation for this time period is shown and the parameters related
to it are defined.

We have seen the geometrical dependence of the radiation exposure of the ECAL
crystals in Fig. 11.1. Hence, the correlation will be investigated as a function of |7)|.

Then, the time evolution of the previous observations is studied. Finally, the results
are compared to simulation.

2Recent measurements determine o ~ 1.12 for BTCP crystals in the endcaps, effectively correcting
for VPT response variation [14].
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11.4.1 Study of the Correlation for a Fixed Time Period

For this initial study, we considered monitoring data taken in autumn 2011 and
corresponding to a delivered integrated luminosity of approximately 2 fb~!. The
chosen period provided two objectives:

The crystals had been irradiated for a long time, but the time period began just
after a technical stop of the LHC, which had been about two weeks long. The crystals
had time to recover from the expected damage due to ionizing radiation. On the other
hand, a component due to permanent hadron-induced damage could still be present.
The other reason was that pp collision data were taken without major interruptions
during the chosen time period.

As an example, the correlation between the maximal VPT/PN signal change and
sg for crystals within 2.6 < |n| < 2.8 and produced by the SIC is shown in Fig. 11.7.
Each entry corresponds to an individual crystal, for which a pgq measurement was
performed.

As expected, a correlation is observed between the in-situ measurement and figq:
if the measured value of pgyq is large, meaning that the crystal was sensitive to ion-
izing damage during the laboratory classification tests, the crystal should be equally
sensitive within the detector. Thus, a large change in the VPT/PN signal is expected.
For small values of jgq, small changes in VPT/PN are anticipated.

The correlation seems to be linear, therefore, a linear fit on the correlation is
performed. The fit parameters are a “u-slope” and a “p-intercept”. The u-slope
characterizes the contribution to the VPT/PN change correlating with the crystal
resistance to ionizing radiation. The p-intercept corresponds to the contributions
unrelated to pgq. It contains other components, like those from hadron-induced
damage or VPT damage.
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Fig. 11.7 Correlation between the maximal VPT/PN change and pi5q for crystals within 2.6 <
|n| < 2.8 and produced by the SIC. Each entry corresponds to a single crystal. The correlation is

fitted with a straight line. The two dotted lines indicate the uncertainty on the fit: Both fit parameters
are scaled up or down at the same time
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Using this correlation, we are able to disentangle the damage component of crys-
tals due to ionizing radiation.

As both parameters are not compatible with zero, we observe, in this example,
components related and not related to ionizing radiation contributing to the trans-
parency loss observed by the light monitoring system.

The amount of radiation, the crystals are exposed to, depends on the inclination
of the crystal position, thus on |7|. The correlation is investigated for various bins of
|n| of size An = 0.2. In addition, the BTCP and SIC crystals are studied separately.

We perform linear fits for the correlations between the maximal VPT/PN signal
change and pgq for all groups of crystals, as done in the example of Fig.11.7.
The results of those fits are reported in Figs. 11.8 and 11.9 for the p-slopes and p-
intercepts, respectively. The BTCP crystals do not populate the most inner region of
the ECAL endcaps (closest to the beampipe). Therefore, no correlation results are
available for || > 2.6.

The p-slopes increase with |7, the correlation fits become steeper. This is ex-
pected: the ionizing dose rate also increases towards higher || values, thus causing
a larger damage amplitude for crystals of same pgq. It is also observed, for a given
|n7| bin, that the ;-slope values between crystals of the SIC and BTCP are consistent
despite the differences in the way p5q was obtained for the two production sets (see
Sect. 11.2).

We observe a similar behavior for the p-intercepts: they increase for higher |7|.
Hence, it can be assumed that the underlying causes, responsible for the presence
of the intercepts, depend on the radiation exposure. This is true for hadron-induced
damage, which scales with the radiation dose. Also, the VPT damage is dependent
on the radiation dose.

For a given || bin, the p-intercept values for SIC and BTCP crystals are consistent,
although the pu-intercepts for SIC crystals seem to be a bit higher. The comparison
can be made only up to |n| < 2.6 because BTCP crystals do not populate the inner
ECAL endcap regions.
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Fig.11.8 The p-slopes, obtained from the linear fits to the correlations between the VPT/PN change
and pigq, as a function of |n|. The uncertainties in the p-slopes are the fit uncertainties while the
horizontal bars simply correspond to the 7 coverage of the bins. Left for crystals produced by the
SIC. Right for crystals produced by the BTCP
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Fig. 11.9 The p-intercepts, obtained from the linear fits to the correlations between the VPT/PN
change and 54, as a function of |7|. The uncertainties in the p-intercepts are the fit uncertainties
while the horizontal bars simply correspond to the 1 coverage of the bins. Left for crystals produced
by the SIC. Right for crystals produced by the BTCP

11.4.2 Time Evolution of the Correlations

So far, we have studied the correlation between the VPT/PN change and pgq as a
function of |7, but for a fixed time period. However, the goal of this analysis is to
observe the long-term signal evolution of the ECAL signals.

Therefore, we want to study the correlation as a function of time. For this, the
approach of calculating the correlations is slightly modified. We do not use the
maximal change in VPT/PN, but define

A VPT 1 VPT 114
(W(t))_ _W(t)' (11.4)

This formula expresses the change of VPT/PN with respect to the beginning of
pp collision data taking in 2011. Note, that the VPT/PN values were normalized to
unity for this beginning of data taking in 2011. The VPT/PN values are chosen as
daily averages, that is one VPT/PN value per day.

First, we test if the correlation between A(VPT/PN) and pgq is observed over a
large span of time. We define the correlation coefficient

Dy {(stai — (psia)) (A (%) (AVPT))}

=
\/Z?:l (Hsa.i = (sta)) \/Zz— (A (Bx); — (A%

where i denotes the ith crystal within n crystals contributing to the correlation.
The values within ( ) are the averaged values for all n crystals. This coefficient is
calculated for each |7| bin and the two producer groups. The uncertainty on p,, is
given by o(p,) = (1 — pi)/\/n —3.

The time evolution of the correlation coefficients is shown in Fig. 11.10. The corre-
lation builds up very quickly, the correlation coefficients reach roughly stable values

- (11.5)
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Fig. 11.10 The correlation coefficient as a function of time for crystals in various |n| bins and
produced by the SIC (left) and the BTCP (right). The anomalous behavior of p,, for the SIC crystals
between 1.8 < |n| < 2.0 is not understood. See the corresponding discussion in Sect. 11.5

of about 0.3-0.8, depending on the crystal producer and || region. Furthermore,
we see that the correlation coefficient decreases in periods where no pp collisions
were provided by the LHC. This could be due to different time constants for color
center creation and annihilation because of ionizing radiation: If crystals with similar
Lsta have different annihilation time constants, the spread in A(VPT/PN) increases,
reducing the value of p,,.

We have observed the correlation to be reasonably large. Therefore, linear fits to
the correlations are performed. For each day, the correlation between A(VPT/PN)
and pgq is formed and fitted, p-slopes and p-intercepts are obtained in each |n| bin
and for the two crystal producer groups.

The time evolution of the p-slopes is shown in Fig. 11.11. The p-slopes increase
over time. This is expected because of the increasing instantaneous luminosity (see
corresponding figures in [16]) and thus an increasing ionizing dose rate. We also
observe the |n| dependence, as has been observed before in Fig. 11.8. A different
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Fig. 11.11 The p-slopes as a function of time for crystals in various |7| bins and produced by
the SIC (left) and the BTCP (right). The anomalous behavior of the p-slopes for the SIC crystals
between 1.8 < |n| < 2.0 is not understood. See the corresponding discussion in Sect. 11.5
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Fig. 11.12 The p-intercepts as a function of time for crystals in various || bins and produced by
the SIC (left) and the BTCP (right)

behavior seems to be present for the SIC crystals within 1.8 < |n| < 2.0 and is not
understood. A corresponding discussion can be found in Sect. 11.5.

During 2012, the pu-slope values approach a stable level, the transparency loss due
to irradiation and the spontaneous recovery level out. In this period, the averaged
instantaneous luminosity had been roughly constant. This behavior had already been
observed in laboratory measurements for damages from ionizing radiation. Another
observation is the increase of the p-slope values as a function of |n|. This was already
shown in Fig. 11.8.

One notices further that the p-slope values decrease during beam-off periods, that
are periods, where LHC did not provide pp collisions: this is expected, since the
damage from ionizing radiation recovers spontaneously at room temperature.

Next, the time evolution of the u-intercepts is inspected. It is shown in Fig. 11.12.
As for the p-slopes, we see an increase over time, albeit the behavior of the increase
is different: pu-intercept values do not reach a plateau value, they seem to grow
steadily. This might hint to a cumulative damage component, dependent on the dose
(or integrated luminosity) rather than the dose rate (or instantaneous luminosity).
Such a behavior is predicted for the hadron-induced damage, for example.

The p-intercepts also have a recovering component. This component might be
of different origin than the annealing from ionizing damage. For example, the VPT
response might exhibit some recovery [17]. Another reason might be that, due to the
difference between the creation and annihilation rates for color centers, the recovery
for p-intercepts could partially come from the connection between pu-slopes and
p-intercepts in the fitting procedure.

11.4.3 Comparison of the Correlation Results with Simulation

Using the results obtained in the previous section, we want to perform a comparison
with simulation. Given the complexity of the exact understanding of the transparency
loss in the ECAL readout chain, and given the simple ansatz of the present analysis,
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Fig. 11.13 Relative loss of — - - 1 - . . 1 T T
ECAL endcap response for 1k CMS ECAL J
electrons with an energy of \
50GeV as a function of |7| i

and for various values of
integrated luminosity, as
obtained from simulations. )
Taken from [21] 10 E

o Simulation
P [ 50GeVe-

—— 10fb7, 5E+33 cm’s™
100 fb™', 1E+34 cm?s!

—— 500 fb™, 2E+34 cm’s™
1000 b, 5E+34 cm?s!
———2000 fb™', 5E+34 cm’s™
3000 fb™!, 5E+34 cm?s™!

o l_
1.5 2 2.5 3

we do not aim to give a quantitive statement of the agreement between data and
simulation. Rather, a qualitative corroboration of the predictions from simulation is
given.

We make the reasonable assumption that the time, for which we had the largest
recovery of the ionizing damage, is prior to the 2012 pp collision running. The p-
intercepts from the fits of the A(VPT/PN)-versus—ugq correlations are compared
to predictions from simulation. In Fig. 11.13, the expected loss of ECAL endcap
response for electrons with an energy of 50 GeV as a function of || and for various
values of integrated luminosities is shown.

Inputs to the simulation are:

e The fluence of charged hadrons in CMS based on MARS simulations [18], and
measured pnp values for hadron damage [7].

e The ionizing dose, based on MARS simulations and measured pnp values of the
ionizing damage, assuming a simple model for the equilibrium between darken-
ing and recovery [19]. A maximum value of yp = 2m~!is permitted in the
simulation.

e The integrated charge Q of photoelectrons from the VPT cathode as well as the
resulting VPT conditioning VPT(Q), based on the average behavior of about ten
VPTs, tested by the CMS ECAL collaboration [20].

As stated above, the comparison between the p-intercepts and the prediction
from simulation is only a qualitative statement. No studies on varying the fit model
have been performed. Furthermore, no uncertainty on the VPT/PN measurement is
considered beyond the statistical spread of the population. This is the reason, why
no uncertainties in the comparison are quoted, such that the impression of a precise
measurement is avoided.
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Table 11.1 Comparison between predictions and observations for the SIC (BTCP) crystals of the
non-recovering ECAL endcap signal loss

|n| bin In| ~2.1 In| ~2.3 In| =~ 2.5 In| ~2.7 In| ~2.9
Prediction 0.11 0.14 0.20 0.25 0.29
Observation | 0.10(0.08) 0.08(0.14) 0.14(0.07) 0.19(-) 0.23(-)

The values of the p-intercepts at the beginning of 2012 pp collision data taking are chosen as the
observed values. In order to avoid the impression of a precise measurement, no uncertainties in the
comparison are quoted

The comparison between the p-intercepts and the prediction from simulation is
shown in Table 11.1. The predictions match the order of magnitude of the measure-
ments. This suggest that the prediction model of the ECAL transparency loss as a
function of || and integrated luminosity is correct to an acceptable level.

11.5 Correlations Between Light Monitoring Signals
and pgic, a Validation

The SIC measured the pnp values for all of its crystals by itself. In order to distin-
guish it from pnp of Eq. (11.1), the measured variable is called usic. Figure 11.14
illustrates the pgsic values for both endcaps. Also, the comparison of the pgq and
usic values for crystals, where a measurement of ji5g had been performed, is shown
in Fig. 11.15. The correlation is wide spread.

We repeat the studies presented in Sect. 11.4.2 for the SIC crystals using psic.
Using Eq.(11.4), we form the correlation between A(VPT/PN) and usic, and
fit it to obtain pu-slopes and p-intercepts. The correlation coefficient is shown in
Fig.11.16. We make three general observations with respect to the correlation be-
tween A(VPT/PN) and pigq, Fig. 11.10, left:
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Fig. 11.14 Maps of pgsic (given in m~!) for the ECAL endcaps EE- (left) and EE+ (right) for all
crystals produced by the SIC. The crystals are identified by their location indices ix and iy for each
endcap, going from 1 to 100
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e The anomalous behavior for the SIC crystals within 1.8 < |n| < 2.0 is not
observed when using usic. However, the observation from Fig. 11.10 is not due
to fluctuations in the ugq measurements, because the anomalous behavior is also
observed for correlations with burn-in, see Sect.11.6.1. The non-observation in
Fig.11.16 does not give any hint for the underlying reason of the anomalous
behavior in Figs. 11.10 and 11.11.

e The correlations seem to build up quicker than presented in Fig. 11.10. A reason
might be that all SIC crystals contribute to the correlation and fits. The correlation
might be visible even for small changes in VPT/PN, while for the correlation
between A(VPT/PN) and pgq we need stronger changes, as less crystals contribute
and statistical fluctuations have larger impact.

e The correlation seems weaker. For the correlation between A(VPT/PN) and g4,
we had values of about 0.3—0.8. Now, values between 0.2—0.6 are reached. We
might find the reason for this difference in Fig. 11.15: most of the usic values are
given in steps of 0.1. Furthermore, the difference between pigg and pgyc is quite
large for some crystals. If the pgic measurements have a larger uncertainty than
the measurements of ji5q, a lower p,, is expected.
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Fig. 11.17 The p-slopes (left) and u-intercepts (right) for the SIC crystals in various |7| bins as a
function of time

Figure 11.17 shows both the p-slopes and p-intercepts obtained from the fits of
the correlations between A(VPT/PN) and usic.

The general behavior of the previous results as a function of time or || is repro-
duced in the correlations between A(VPT/PN) with psic compared to the correlations
with ugg. However, the absolute strengths of the u-slopes and p-intercepts for the
regions 1.8 < |n| < 2.4 are a bit different from those of the correlations using jigq.
Only few crystals contribute in that region, see Fig. 11.14. Therefore, this observation
could be due to statistical fluctuations.

Another strange behavior is observed for the u-slopes and p-intercepts for Sep-
tember/October 2012 and 2.0 < |n| < 2.2: the u-slopes suddenly increase strongly,
while the p-intercepts decrease in a similar strong manner. Maybe, statistical fluctu-
ations lead to different fit conditions in that period.

Besides these observations, the general observations made previously in
Sect. 11.4.2 also hold for the correlations using psic.

11.6 Correlations Between Light Monitoring Signals
and the Burn-In

In the previous sections, we studied the correlations between the laser monitoring
data and the laboratory measurements of pgqg (usic). We interpreted the observed
linear correlations as follows: The slopes must be mostly because of the transparency
change of the crystals due to ionizing radiation. We attributed every other damage
component to the intercepts. Among those could be a component due to radiation
damages to the on-detector readout electronics.

In this section, we will investigate damages to the VPTs more closely. We use the
same approach as before: the laser monitoring data are correlated with laboratory
measurements, this time with a variable describing the VPT quality. We have intro-
duced the burn-in in Sect. 11.2. It is the ratio of the anode currents measured before
and after LED illumination.
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Fig. 11.18 Left Correlation between A(VPT/PN) and burn-in for VPTs attached to BTCP crystals
within 2.0 < |n| < 2.2. A linear fit to the correlation is shown with uncertainties indicated by
dotted lines. Right Corresponding profile of the A(VPT/PN) as a function of burn-in. The linear fit
function (solid line) is the one on the correlation in the left-hand side plot

First, we want to review the correlation itself. For this, we consider the same fixed
period as we did in Sect. 11.4.1, obtain the A(VPT/PN) for each VPT (connected
to a crystal) and correlate it with the measurements of the burn-in. An example
of the correlation for VPTs attached to BTCP crystals within 2.0 < |n| < 2.2 is
shown in Fig. 11.18, left. We observe a linear anti-correlation. The anti-correlation
is much weaker than the correlations observed between A(VPT/PN) and pgq, but
its existence is nicely illustrated by the profile shown in Fig. 11.18, right. We fit this
anti-correlation with a linear function. We obtain a negative “burn-in slope” and the
value of burn-in at unity (“burn-in = 17).

The burn-in is purely a VPT quantity. Therefore, the burn-in slope contains
information about the VPT component of the transparency changes due to radia-
tion damages. On the other hand, burn-in = 1 contains all components not related to
VPTs.

11.6.1 Time Evolution of the Anti-correlations

Similar to the study presented in Sect. 11.4.2, we define A(VPT/PN) values as in
Eq.(11.4), correlate them with the burn-in values, and fit the correlations to obtain
burn-in slopes and burn-in = 1 values. But first, we test the strengths of the anti-
correlations by studying the correlation coefficient ppymin, defined in a similar manner
as Eq. (11.5), as afunction of time and various bins in |7|. The study is done separately
for VPTs attached to SIC or BTCP crystals, as we do not want to introduce any bias
due to the crystal properties. The time evolution of the correlation coefficient is
shown in Fig. 11.19.

The anti-correlation is very weak, but builds up quickly within few months. The
Pournin Values are roughly between —0.1 and —0.25, but for the most outer ring
(1.4 < |n|] < 1.6), the correlation is positive for a large fraction of 2011 pp collision
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Fig. 11.19 The correlation coefficient ppymin as a function of time for VPTs attached to crystals
produced by the SIC (left) and the BTCP (right) for various |7| bins. The anomalous behavior of
pournin for VPTs attached to SIC crystals between 1.8 < || < 2.0 is not understood. It is related to
the observations of Figs. 11.10 and 11.11

data taking. The statistical uncertainties on the correlation coefficients for VPTs
attached to SIC crystals are very large in most || regions because of the limited
numbers of VPTs within those regions. We observe an anomalous behavior of ppyrmin
for VPTs attached to SIC crystals between 1.8 < |n| < 2.0. This behavior is related
to the anomalous behavior observed previously in Sect. 11.4. The reason for it is not
understood. Possible wrong associations of crystals and VPTs with either the laser
monitoring data output or the laboratory measurements of tigg and burn-in have been
discarded after discussion with experts [20].

Next, we investigate the evolution of the burn-in = 1 values as a function of time
in Fig. 11.20. We expect no new information from these values, as they encode the
time evolution behavior not related to the VPT quality, which was also studied in the
correlations between A(VPT/PN) and pugq in Sect. 11.4.

We observe a steady increase of the burn-in = 1 values during collisions that seems
to become flatter with time (or instantaneous luminosity), and a rapid decrease of
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Fig. 11.20 The burn-in = 1 values as a function of time for VPTs attached to crystals produced by
the SIC (left) and the BTCP (right) in various |7| bins
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burn-in = 1 values during periods, where no pp collisions were provided to CMS by
the LHC. The rapid decrease is mainly due to the recovery of crystal transparency
losses from ionizing damage. The tendency of the increase in burn-in = 1 values to
be small during stable running conditions reflects the equilibrium between creation
and annihilation rates for color centers in crystals because of ionizing radiation.
However, a plateau is not reached. This is expected because of permanent damage
components like hadron damage to crystals.

The more interesting observation is the evolution of the burn-in slopes as a function
of time and |n|. It is shown in Fig. 11.21. The burn-in slopes get steeper over time.
Such a behavior is expected for damages to the VPTs. Since the integrated luminosity,
and with it also the dose, has been increasing over time, also the damage to the VPTs
could increase. The dependence on the radiation exposure of VPT damage is also
reflected in the dependence of burn-in slopes with |7|.

The initial drop of the burn-in slope values over time is most likely coming from
the initial rapid VPT conditioning rate, which had already been observed in dedicated
laboratory tests and can be seen in the example of Fig. 11.4. In Fig. 11.21, one also
notices that the burn-in slopes reach a plateau, suggesting that the VPT response loss
stabilizes at a constant value in 2012. A similar behaviour was found in laboratory
tests, see Fig. 11.4.

In general, for both the burn-in slopes and burn-in = 1 amplitudes, one observes
values that are slightly larger in channels with SIC crystals than in channels with
BTCP crystals. A possible explanation might be that, on average, SIC crystals pro-
duce 50 % more light than BTCP crystals. Thus, the integrated photocurrent for VPTs
reading out SIC crystals is on average 50 % larger than that for BTCP channels, caus-
ing correspondingly larger losses through VPT conditioning.
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Fig. 11.21 The burn-in slopes as a function of time for VPTs attached to the SIC (left) and the
BTCP (right) crystals in various || bins. The anomalous behavior of burn-in slopes for VPTs
attached to SIC crystals between 1.8 < |n| < 2.0 is not understood
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11.7 Summary

The evolution of the signals measured in the CMS ECAL endcaps was studied.
The change in light signals obtained by the laser monitoring system of the ECAL,
A(VPT/PN), was compared to several quality parameters of ECAL on-detector
components.

The first quality parameter considered was (5, the absorption coefficient of ion-
izing radiation measured for the PboWOQy crystals of the ECAL under standardized
conditions. The comparison is done for both crystal producers separately and for var-
ious regions in || because of the dose (rate) dependence on |n|. We have observed
a linear correlation between the laser monitoring data and the laboratory measure-
ments of pigq. The correlation has been fitted with a linear function. Encoded in the
slope of the linear fit, this correlation has allowed to disentangle the component of
ionizing radiation to the crystal transparency change. The same results have been
found when pgic, the absorption coefficient as measured by the SIC for its crystals,
was considered in the correlation.

The p-slopes reached a stable value during 2012 pp collision data taking, indicat-
ing that the amount of ionizing radiation damage to the crystals was compensated
by the recovery rate of the same damage component.

Within the extrapolation of the correlation to psq = O, the average crystal trans-
parency change not related to ionizing radiation, was found. Non-vanishing values
of the pu-intercepts indicated the presence of contributions to the signal loss uncor-
related with crystal resistance to ionizing radiation. The u-intercepts kept growing
throughout 2011 and 2012, as expected for a cumulative damage like hadron dam-
age to the crystals or VPT damage. The comparison between the pu-intercepts and
the prediction from simulation support the validity of the long-term EE performance
predictions that are needed for informed decisions on the upgrade needs for HL-LHC
conditions.

The other quality parameter that has been studied is the burn-in, a quality para-
meter for the VPTs in the ECAL endcaps. The burn-in is the ratio of VPT anode
currents before and after an illumination with standardized conditions. We have ob-
served a linear anti-correlation between the signal changes of the laser monitoring
system, A(VPT/PN), and the burn-in values. The strength of this anti-correlation
has been weaker than the correlation between A(VPT/PN) and u5q. This shows that
the contribution of the crystal damage to the ECAL transparency is dominant over
the contribution of the VPTs. The slopes of the linear fit to the anti-correlation be-
tween A(VPT/PN) and burn-in can be used to partly disentangle the photodetector
contribution of the transparency loss.

These measurements provide the first evidence with in-situ data for a cumulative
damage component and a component to the transparency loss related to the readout
electronics within the CMS ECAL.

With the availability of more data after the long shutdown from 2015 onwards,
these studies can be extended to further establish the evolution of various contribu-
tions to the signal changes in the ECAL endcaps. One might also gain more significant
evidence of the observations made in this study.
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Chapter 12
Summary

The successful operation of the LHC and the associated experiments during the
first run of data taking from 2010 to 2012 has resulted in remarkable results. The
highlight has certainly been the observation of a boson at a mass of about 125 GeV
by the ATLAS and CMS collaborations. This boson seems to be compatible with the
predicted Higgs boson, and therefore its observation has resulted in the adwarding
of the Nobel Prize in Physics to Francois Englert and Peter Higgs in 2013.

Among the rich physics program of the two general-purpose experiments, the
ATLAS and CMS experiments, large efforts have been put into direct searches for
physics beyond the SM. Several indications exist that the SM is not the final theory
of particle physics, and that new physics signatures might be accessible at the energy
scale of the LHC.

One of the new physics models is SUSY. Several “problems” of the SM can be
solved: SUSY offers a natural explanation of the hierarchy problem, can provide a
dark matter particle candidate, and might even open the door for a more complete
theory including gravity. Therefore, SUSY is one of the most popular theories of
physics beyond the SM. As the masses of the supersymmetric particles are expected
to be around the TeV scale, SUSY signatures should be observable by the LHC
experiments.

In this dissertation, a search for SUSY has been presented. The search analyzed
pp collision data collected by the CMS experiment at /s = 8 TeV. Events resulting
in hadronic final states were selected.

In order to surpress the SM background of the QCD production of multijet events,
a selection on MT, was deployed. The variable M, and its kinematical properties
were reviewed, as well as the search for SUSY performed with pp collision data
collected at /s = 7 TeV, which also had been based on a selection on M.

The search made use of multiple signal regions defined by selections on M2, Hr,
the number of jets, and the b-jet multiplicity. This multibin approach allowed for a
high sensitivity to several SUSY scenarios. A dedicated dijet selection was designed
for squark pair production signals, while the multijet regions were sensitive to gluino
production. The division of search regions along the b-jet multiplicity allowed to
search for any kind of squark flavor, either in the direct production or within gluino
© Springer International Publishing Switzerland 2015 195
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decays. A wide range of masses of supersymmetric particles was made accessible
by the selection criteria on Mt and Hr.

The background due to SM processes was estimated by the means of data-driven
estimation methods. No significant excess beyond the expectation from SM processes
was observed. The results were interpreted in various models of SUSY. Within the
framework of simplified models, gluino masses below 1225 GeV have been excluded
at 95 % CL, independent of the considered decay modes. In models of direct squark
pair production, squark masses up to 450—-875 GeV have been excluded at 95 % CL,
depending on the flavor and number of the accessible squarks. The best limits at 95 %
CL on the LSP mass have been between 450 and 740 GeV for gluino-initiated LSP
production, while the limits have been 60-325GeV for squark-initiated LSP pro-
duction. In a cMSSM/mSUGRA model with tan 8 = 30, Ag = —2 max(myg, m1,2),
and p > 0, the absolute mass limits on the gluino and first generation squarks at
95 % CL have been determined to be 1150 and 1450 GeV, respectively. The estab-
lished exclusion limits belong to the strongest limits obtained for hadronic SUSY
signatures.

Another strategy for a search for supersymmetric particle production was pre-
sented. This strategy was focused specifically on the direct production of stop pairs
using events containing two charged leptons. The discrimination power for sig-
nal events from stop production against background events from the production of
tt+jets was investigated for several variables. Most of them were based on the M)
variable. It was found that MT, constructed with the two charged leptons as visible
systems and ETmiSS provides the best discrimination power. Small signal sensitivity
was observed for MT; constructed with two visible systems, each one composed of a
charged lepton and one b jet, and ErTniss for events, where the invariant masses of the
lepton—b-jet systems were below 180GeV. The usage of another variant of My,
using only the b jets as visible systems, did not enhance the discrimination for signal
events. In addition to M, variables, a discriminant based on fitting the event kine-
matics to mass constraints from top quarks and W bosons was developed. However,
this discriminant was not able to distinguish between signal and background events.

Even though the first run of data taking at the LHC at /s = 7-8 TeV did not
reveal any clear hint of new physics, a large phase space for new physics signatures
is still uncovered. For the second run of the LHC, the center of mass energy will be
increased to 13—14 TeV. This will boost the sensitivity for many new physics models,
where the new physics particles have masses above 1 TeV. Furthermore, the validity
of the SM will be probed at higher energies, and the properties of the Higgs boson
will be studied.

Nevertheless, new physics signatures might still “hide” at lower energies: For
instance, SUSY scenarios where the masses of the initially produced particle and
the LSP are very close, the so-called compressed scenarios, are not constrained by
most of the searches performed. In order to clearly observe a signal in those models,
searches might need to study a very large data set, especially when only sparticles
produced in electroweak processes are accessible at the energies provided by the
LHC. This is one of several reasons for the decision to upgrade the LHC machine
for the HL-LHC.
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The upgrade program of the CMS experiment has already been started. In 2014,
the coverage of the CSC and RPC detectors in the muon subsystem has been extended
to higher |n|. The next step involves major upgrades of the L1 trigger system, the
HCAL electronics, and the pixel detector.

The pixel detector will be replaced by a newly designed detector during the yearly
shutdown between 2016 and 2017. Instead of three layers in the barrel part of the
detector and two disks in each endcap, the new design will be composed of four
barrel layers and three disks per endcap. At the same time, the material budget will
be decreased. The overall tracking and vertexing performance is expected to increase.
In order to evaluate the physics performance of this upgrade in the context of SUSY
searches, a study was performed using the event selection of the M, b analysis, which
had been performed with pp collision data collected at /s = 7 TeV. A special focus
was set on the capability of identifying jets originating from b-quark hadronization.
For the tested model, the signal selection efficiency increased by 20 % for the CMS
detector design with the new pixel detector compared to the current design. This
increase was found for a constant rate of misidentifying light-flavor quark and gluon
jets as b jets.

For the HL-LHC upgrade, also other parts of the CMS detector will need to be
upgraded. Among them will be the (partial) replacement of the ECAL endcaps. The
radiation exposure in the forward part of the CMS detector leads to a decrease of the
energies measured by the ECAL system. For the HL-LHC, the radiation will be too
strong to be sustained by the ECAL endcaps.

Several reasons for the decrease in signals are known: ionizing radiation will
create color centers in the crystals of the ECAL, thus reducing the transparency
of the crystals. Also, hadron-induced damage is diminishing the transparency of
the crystals. Moreover, several sources are known to damage the VPTs. In a study
presented in this dissertation, the long-term evolution of the signals produced in the
ECAL endcaps was investigated.

The objective of the study was to disentangle various contributions to the signal
decrease. For this purpose, response changes in data, obtained by the ECAL light
monitoring system, were compared to measurements of quality parameters of the
different ECAL on-detector components. The absorption coefficient pgq, measured
under standardized conditions, describes the resistance of the PbWOQO4 crystals to
ionizing radiation. Linear correlations between the values of g and the changes
in the in-situ data measurements were observed. The slopes of the correlations can
be contributed to damages because of ionizing radiation. The values of those slopes
stabilized during 2012 pp collision data taking, indicating that the annihilation and
creation rate for color centers had leveled out. The linear correlations also showed the
existence of non-zero intercepts, indicating the presence of a damage component not
related to ionizing radiation. The values of the intercepts kept growing throughout
data taking, as expected for cumulative damage, for example because of hadron
radiation. The values of the intercepts were compared with predictions of the signal
decrease due to the cumulative damage to the ECAL. The comparison acts as a
validation of the prediction model used in studies performed for the ECAL upgrade.
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A similar study was done for a VPT quality parameter, the burn-in. The burn-
in is the ratio of the measured anode current before and after LED illumination.
Linear correlations with non-zero slopes were observed between the burn-in values
and the changes in monitoring data. Therefore, for the first time with in-situ data, a
contribution to the ECAL signal changes could be attributed to the readout chain.

The coming years will be very interesting in the field of high energy physics. The
jump in the center of mass energy of the LHC will allow to test the validity of the SM
at high energies, allow to probe the Higgs sector and determine the properties of the
new boson, and allow to search for new physics signatures. Regardless if new physics
is found or only null results are obtained, the impact of searches to our understanding
of particle physics will be substantial.



Appendix A
Alternatives to the Hemisphere Algorithm
Used in the 7 and 8 TeV Searches

The hemisphere algorithm, described in Sect. 6.2, has been studied in great detail
and the choice of the hemisphere for the 7 and 8§ TeV searches, as described in
Sect. 6.4 and Chap.7, was driven by a high efficiency for correct jet assignment to
the hemispheres.

The studies presented in this subsection are twofold: first, a study of the input to
the hemisphere algorithm for stronger background rejection for multijet background.
Here, the idea is not driven by the correct jet assignment, but rather by the sensitivity
of Mt to discriminate signal versus background. The second part of the studies is of
different nature. When the hemisphere algorithm was introduced, no fast calculation
of an iterative jet clustering algorithm had been available. Now, with the FASTJET
package [1, 2], k-type jet finding algorithms could be used as an alternative to the
hemisphere algorithm. It should be noted by the reader that these studies where done
after the 8 TeV SUSY search had been performed.

In these studies, the performance of MT», using as visible systems the pseudo-
jets as defined in Sect. 6.2, is compared to a “modified M>”, short mMT;, where
the input for the pseudojet calculation has been changed. The comparison is per-
formed using simulation samples of QCD multijet production, an electroweak sam-
ple, mainly consisting of simulated events of W (/v)+jets and Z(vv)+jets, and a
SUSY benchmark signal of direct stop pair production with decay 7 — t%‘l) and
masses M (1) = 400 GeV, M (5{?) = 0GeV, see also Sect.7.1. The samples are nor-
malized to 19.5 fb~! and generated at /s = 8 TeV. The events selected for this study
have Ht > 750 GeV and at least three jets. This is a relaxed selection compared to
Sect.7.2.

The first set of studies is targeting stronger multijet background rejection. One
ansatz is using transverse objects already in the seeding. The reasoning behind that is
the following: Mt> is sensitive to the pt of the two hemispheres, however the seeding
and clustering uses the full momenta of the visible objects. The two hemispheres
could be seeded by two hard forward ISR jets, but not by the hard process, which
is expected to by more central. Therefore the event might be asymmetric in the
transverse plane. One possibility is to use the transverse dijet mass instead of the
invariant dijet mass for selecting jets in the seeding of the algorithm. Figure A.1 shows
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Fig. A.1 Correlation between MT-, seeded by the invariant dijet mass (x axis), and mMr», seeded
by the transverse dijet mass (y axis), for events with > 3 jets. a for multijets, b for electroweak
production, ¢ for a SUSY model

the correlations between M1, and mMT, with the modified seeding. For most events,
the different seeding method does not change the M, value, only a fraction of events
obtain a different value. In order to better visualize the effect on the M, variable,
the M, distributions with and without modified seeding are shown in Fig. A.2. The
multijet background at high Mt is suppressed substantially by ~20 %, while the
electroweak background and the SUSY signal benchmark models are not affected
within the statistical precision.
An attempt to quantify this result is the metric

N4 (X) = N_(X)

M) = No(X) + N_(X)

(A.1)
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Fig. A.2 Comparison and ratio between M, distribution for events with > 3 jets for Mr,, seeded
by the invariant dijet mass (gray distribution), and mMr2, seeded by the transverse dijet mass (black
distribution). a for multijets, b for electroweak production, ¢ for a SUSY model

with

N4+ (X) = number of events with {(M1, — mMty) > +X}
N_(X) = number of events with {( M1, — mM;) < —X}.

The idea is the following: if M (X) > 0 holds for multijet events, but not for
SUSY signal events (and electroweak events, which behave SUSY-like as explained
in Sect. 6.3), then the new implementation might perform better, while for M (X) < 0
it does not. This statement, of course, depends on the cut value X and also the SUSY
model under consideration, and therefore is not very strict.
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If X =20GeV (100 GeV), this metric yields M = 0.23 £ 0.01 (0.68 £ 0.03) for
the multijet sample, while M = 0.06 = 0.03 (0.24 = 0.06) for the SUSY benchmark
model. This metric confirms the observation of Fig. A.2.

Further studies have been performed, changing the seeding or clustering algo-
rithm,! as well as changing the object selection for the pseudojets calculation. How-
ever, none of the other studies showed such an improvement as the one presented
here. Therefore, those figures are omitted.

The second set of the studies examines, whether the hemisphere algorithm can be
replaced by a kt-type clustering algorithm. Three algorithms have been tested: the
kT, the Cambridge-Aachen [6], and the anti-kT algorithms. The k1 algorithm uses
2 instead of —2 as exponent of Eq.(5.1), the Cambride-Aachen algorithm uses 0.
The algorithm is slightly modified with respect to the one presented in Sect.5.7: The
starting point is the list of jets. The reason for using jets over individual PF particles
is that the energy corrections applied to the jets (Sect.5.7) are already included. The
clustering is performed in the same manner as in Sect. 5.7, but instead of removing
an object i when d; is smaller than any dj;, the clustering is continued, using the
minimum d;;, until exactly two objects are left.

As for the first study, the M, variable is called Mr; if the hemisphere algorithm
was used, while the name will be mMr; if a kt-type clustering has been used.

In Figs. A.3 and A.4, the correlation between MT, and mMT; are shown for using
the kT and anti-kT algorithms, respectively. While the Mt value does not change for
a large fraction of events, meaning that both the hemisphere and kt-type algorithm
yield the same pseudojets, there are significant differences between M1, and mMT;
for the other fraction of events. The difference tends to yield, on average, lower mMT;
values compared to M-, especially for the anti-kt algorithm. For better comparisons,
the M, distributions for both M1, and mMT; are drawn in Figs. A.5 and A.6 for
using the kT algorithm or the anti-kt algorithm, respectively. The studies using the
Cambridge-Aachen algorithm are not shown, because the shapes of the distributions
are between the ones using the anti-kT and kt algorithms.

The first observation is that the M» distributions obtained using the kT clustering
algorithm are very close to the ones using hemisphere algorithm, the correlations are
fairly symmetric with respect to the diagonal M1, = mMr»,.

Let us apply the metric from above, Eq.(A.1): if X = 20GeV (100 GeV), the
metric is M = 0.33 £ 0.01 (0.82 £ 0.03) for multijets event, while it is M =
—0.02 4+ 0.02 (0.10 £ 0.05) for the chosen SUSY model. The results lead to the
conclusion that the hemisphere algorithm can be replaced with the k1 clustering
algorithm.

The picture is different for the comparison between M, computed using the
hemisphere algorithm, and mMt,, using the anti-kt clustering algorithm. Many
events are populating the region of M12 > mMry, the tail of the mMr, distribution

IConsidered changes involve all proposals of [3], as well as clustering algorithms used by other
analyses [4, 5].
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Fig. A.3 Correlation between Mt2, using the hemisphere algorithm (x axis), and mMr;, using the
kT algorithm (y axis), for events with > 3 jets. a for multijets, b for electroweak production, and ¢
for a SUSY model

is depleted with respect to the Mt distribution. This feature is not wanted for a
search: The multijet background is already strongly suppressed for Mty 2 200 GeV
for MT; using the hemisphere. This limits the phase space for the sensitive region in
a search using Mt>. At high MT;, the mMt, distributions are shifted to lower values
by ~150-200 GeV with respect to Mt>. Thus, the sensitive region of phase space is
largely reduced.

The source for this dramatic change for mMt using the anti-kT algorithm has
been investigated. It lies within the algorithm itself: the anti-kT algorithm clusters,
to leading order, first the hard objects. When the anti-kT algorithm is applied on a
collection of jets, the hardest jet is usually clustered with a softer jet close to it. As the
new clustered object becomes harder than the initial hard jet, it is likely that the new
object will be clustered next, and so on. Therefore, one can obtain very asymmetric
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Fig. A.4 Correlation between Mt,, using the hemisphere algorithm (x axis), and mMr;, using the
anti-kt algorithm (y axis), for events with > 3 jets. a for multijets, b for electroweak production,
and ¢ for a SUSY model

numbers of jets between the pseudojets. This reasoning is confirmed in Fig. A.7. In
this figure, the events of the SUSY signal model are investigated closer. A cluster
asymmetry is defined as

{Njets in pseudojet 1} — {Njets in pseudojet 2}
cluster asymmetry =

; , (A2
Njets in the event

where Njes stands for number of jets. While this asymmetry is small for pseudojets
constructed with the hemisphere algorithm, the k1 algorithm, and the Cambridge-
Aachen algorithm, the pseudojets from the anti-kT algorithm can yield a very large
asymmetry.
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a for multijets, b for electroweak production, and ¢ for a SUSY model

The result of this is that, in many events, one of the pseudojets is soft while
the other one is hard and contains most of the jets inside an event. It is easy to
see, for example using Eq. (6.8) that the M, value for such a configuration can be
significantly lower than for a symmetric distribution of jets into the pseudojets.

This set of studies shows that indeed the hemisphere algorithm can be replaced
by a kr-type algorithm. The tested algorithm, resembling closest the distributions
of M, using the hemisphere algorithm, is the kT clustering algorithm. The anti-kt
algorithm, used for jet clustering in CMS, is not optimal for the construction of the
two pseudojets.
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Both studies presented in this section show that there is flexibility in the definition
of the pseudojets. There is some room of improvement on the hemisphere algorithm
itself, however, the settings used for the hadronic search (Chap. 7) are close to optimal.
Another option of replacing the hemisphere algorithm with a kt-type clustering
algorithm has been investigated and was shown to be a valid alternative, but the choice
of the clustering algorithm is very important. While Mt using the kt algorithm
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Fig. A.7 Cluster Signal simulation at Vs = 8 TeV
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seems to result in a similar distribution compared to Mt, using hemispheres, the
anti-kt algorithm yields very asymmetric pseudojets and therefore a much softer
M- distribution.
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