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Abstract

In this thesis, a combination of searches for gauge-mediated supersymmetry in events with
at least one photon is presented. The combination is based on proton-proton collision data
recorded by CMS in 2016, which corresponds to a center-of-mass energy of 13 TeV and an
integrated luminosity of 35.9 fb~!. Four individual analyses, which all focus on signatures with
isolated photons and a significant amount of missing transverse momentum, are combined to
cover a wide range of different signal scenarios. These signatures are complemented by additional
charged leptons, a second photon, or additional requirements on the hadronic activity. Within
the combination, the signal regions of the contributing analyses are studied concerning possible
overlaps, which are removed by an optimized veto strategy. The combination of searches probes
the phase space of two general gauge-mediated scenarios. For these scenarios, the combination
sets the first observed lower limits on neutralino and chargino masses, which reach up to 475 GeV
and 850 GeV, respectively. In addition, the results of the combination are interpreted with respect
to strong gluino pair production and with respect to electroweak scenarios, which feature a
variable gaugino decay. Within these scenarios, gluino masses up to 2100 GeV and neutralino
masses up to 1200 GeV can be excluded.
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1 Introduction

For ages, humans have been trying to understand the principles and constitution of the matter
surrounding us. Starting with the ancient Greeks, who described the matter as the composition
of atoms, named by the old Greek word for indivisibility dtomos. Followed by scientists like
J.J. Thompson, who discovered the electron in 1897 [I], or Ernest Rutherford, who showed in
1911 that atoms contain a small and dense nucleus [2]. This research was brought to a new level
by the use of particle colliders beginning in the middle of the last century [3].

With the use of this new kind of experiments, multiple new particles including their prop-
erties and interactions have been observed and studied at particle colliders like the Large
Electron-Positron Collider (LEP) [4] or the Tevatron [5]. So far, all observations and measure-
ments made in this field of research, namely the elementary particle physics, can be explained
by the standard model of particle physics (SM) leading to confidence in the validity of this
theory. Nevertheless, there are indications that the SM is not complete and has to be extended
by theories, which describe physics beyond the standard model. Shortcomings of the SM are for
example based on the origin of dark matter [6], the unification of the fundamental forces, or the
scale of the Higgs mass [7]. One possible extension of the SM, which accounts for these shortcom-
ings, is the theory of supersymmetry (SUSY) [7]. Here, a new symmetry between fermions and
bosons is introduced resulting in an extended particle content, which can be described by the
minimal supersymmetric standard model (MSSM). With this extended particle content, several
shortcomings of the SM can be solved while maintaining the successful predictions made by the
SM itself.

Finding evidence for physics beyond the standard model, such as SUSY, is one of the pri-
mary goals of the currently largest and most powerful particle collider, the Large Hadron Col-
lider (LHC) [8], which is operated by the European Organization of Nuclear Research (CERN)
near Geneva. Among other detectors, two multi-purpose detectors, namely ATLAS (A Toroidal
LHC Apparatus) [9] and CMS (Compact Muon Solenoid) [10], are used to study proton-proton
collisions, which feature a center-of-mass energy of currently 13 TeV.

In this thesis, a combination of four individual searches for gauge-mediated supersymmetry
in events with photons is performed. All four contributing searches are based on the data
recorded by CMS in 2016, which corresponds to proton-proton collisions at a center-of-mass
energy of 13 TeV and an integrated luminosity of 35.9 fh! [11]. The searches in events with
photons are motivated by the gauge-mediated SUSY scenarios considered in the individual
analyses. In those scenarios, the next-to-lightest supersymmetric particle (NLSP) is given by
the lightest neutralino )Z(l) Depending on the composition of the NLSP its decay to the lightest
supersymmetric particle (LSP), given by the gravitino é, and a photon v can be enhanced.
This decay results in events with at least one photon and a large amount of missing transverse
momentum pp - caused by the undetected gravitino.

Each of the four searches used in the combination is based on this kind of signature, but they
differ with respect to additional requirements. Two of the four analyses, namely Photon+S7 [12]
and Photon+H% [13], cover a wider phase space since their event selection does not include any
requirements on further reconstructed particles. While the Phot0n+H% search uses an additional
requirement on the hadronic activity of an event to gain sensitivity for strongly produced SUSY,
the Photon+5’% event selection avoids such a requirement to focus on electroweak scenarios. The
event selections of the two remaining searches, in contrast, feature additional particles. In the
case of the Photon+Lepton [I4] search, a charged lepton, given by an electron or muon, is re-
quired in addition to the photon, while the event selection of the Diphoton analysis [I5] requires
at least two photons.



1 Introduction

Mainly two different aspects motivate the combination of these four searches. On the one hand,
a combination would lead to a consistent picture of searches for SUSY in events with photons
performed on the CMS data set recorded in 2016 at 13 TeV. On the other hand, a statistical
combination should increase the sensitivity to several SUSY scenarios and can be used to set the
first exclusion limits on two new gauge-mediated SUSY scenarios, which include a wide range
of possible final states.

This thesis is structured as follows. The standard model of particle physics as well as the theory
of supersymmetry including the framework and signal scenarios used for the interpretation of the
combination, are introduced in Sec. [2] In Sec. [3] the procedure of limit setting, which is widely
used not only in the final interpretation but also for the development of a robust combination
strategy, is illustrated. The experiment itself, namely LHC and CMS, and the different data
sets including SM background simulations and object definitions are covered by Sec. [d] and [f]
respectively. The combination is interpreted in two different types of signal scenarios, which are
discussed in detail in Sec. [f] For the first type different simplified models, which were already
used in the individual analyses, are merged to achieve variable gaugino decay branching fractions.
The second type corresponds to two new general-gauge mediated models, which are especially
produced for the combination. For these models, a detailed discussion on the mass spectra and
sparticle decays as well as on the performed cross section calculation is given. In Sec. [7] the
event selections and the background estimation methods used by the four individual analyses
are briefly discussed. This discussion is followed by a study of phase space overlaps between
the signal regions of the contributing searches in Sec. [§] Within this study possible overlaps,
which would not allow for a statistical combination, are removed, and a robust combination
strategy is developed by adding additional vetoes to the individual event selections. To ensure a
reliable background prediction for searches, which are affected by the additional vetoes, further
validations of the background prediction methods are performed. In a last step towards the
final combination, uncertainty correlations between the individual searches are studied in Sec. [9]
The results of the combination are presented in Sec.[I0] An overview of the agreement between
background prediction and observed data is given for each search bin used in the combination.
Furthermore, the results are interpreted with respect to different scenarios and the resulting
exclusion contours are discussed in detail. Finally, the thesis is concluded by a summary and a
brief outlook in Sec. 11l



2 Theory

The main theory used to describe the different aspects of high energy physics is the standard
model of particle physics (SM). This model classifies all known elementary particles and describes
their interactions with each other. It has been tested for example at particle colliders such as
the Large Electron-Positron Collider (LEP) [4] and the Tevatron [5]. Its predictive power was
just recently again confirmed by the discovery of the Higgs boson in July 2012 by CMS [16] and
ATLAS [17] at the LHC.

One possible extension to this model, which is needed due to several shortcomings, is the theory
of supersymmetry (SUSY). This extension can solve multiple problems, which are based on
experimental results as well as theoretical aspects that cannot be explained by the SM. Finding
evidence for this new theory is the main motivation of the different contributing analyses.

The following sections aim to give an introduction into the theoretical aspects relevant to the
combination. The commonly used unit system and notations will shortly be explained, as well as
the central features of the SM and its shortcomings. The primary goal, however, is to introduce
the concept of SUSY including a possible SUSY breaking scenario and the framework applied
to interpret the results of the combination.

2.1 Units and Notations

The commonly used unit system in particle physics is the natural unit system, where the speed
of light ¢ as well as the reduced Planck constant A are set to unity:

h=c=1. (2.1)

With this choice natural units simplify the central quantities of particle physics. The mass, the
momentum, and the energy are given in the same unit, usually stated in GeV.

For convenience, the natural units are not used for time and length, which are still given
in SI units. In addition, cross sections and the integrated luminosity are expressed in powers of
barn (1b =102 m?).

2.2 Standard Model of Particle Physics

The standard model of particle physics (SM) [18-22] is the main theoretical framework describing
the properties and interactions of all known elementary particles. In this model, the fundamental
forces responsible for the interactions between particles are based on a renormalizable quantum
field theory. They result from the local gauge invariance under the combined symmetry group
of the SM:

SUB)x SU((2)xU(1) . (2.2)

The strong force is based on the SU(3) group, while the electromagnetic and the weak force are
unified under SU(2) x U(1). Thus, the SM can describe three of the four known fundamental
forces of nature but does not account for gravitation.
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2.2.1 Particle Content and Fundamental Forces

The elementary particles of the SM are classified by their spin into two groups, the fermions
and the bosons (cf. Fig. . Fermions have a half-integer spin and consist of a total of twelve'
particle and their corresponding antiparticle types. These antiparticles differ only by the sign of
the additive quantum numbers from the associated particle. Unless otherwise stated, no distinc-
tion between particle and antiparticle is made in the following. The fermions are further divided
into leptons and quarks.

Leptons interact via the weak force and, if they are electrically charged, also via the electromag-
netic force. In this group, each of the charged leptons (electron e, muon u, and tau 7) can be
connected to a corresponding uncharged lepton (electron neutrino ,, muon neutrino v, and tau
neutrino v, ), which together form a generation resulting in a total of three lepton generations.
Quarks, in contrast, also interact via the strong force and therefore couple to all three funda-
mental forces described by the SM. They can be further divided into up-type quarks with an
electrical charge of @ = +2/3 and down-type quarks with Q = —1/3. Here, each of the three
quark generations includes an up-type and a down-type quark.

mass & =23 MaVic* =1.275 GeV/c* =173.07 GaWic* o =126 GeVic*
charge = 2/3 u 213 C 2/3 t 0 0 H
spin = 1/2 & 12 12 & 1 9 0
Higgs
up charm top gluon bogon
=4.6 MeVic? =85 MeV/c? =4.18 GeV/c? o
-3 d 113 S 13 b 0 '
112 4 12 4 12 - 4 1 ‘»
down strange bottom photon
0.511 Mev/e* 105.7 MeVic? 1,777 GeVic? 91.2 GeVic?
-1 -1 -1 o i
12 e y 12 u 112 T 1 a
electron muon tau Z boson
(T,] <2.2 eVic* <0.17 MeVic* <15.5 MeV/c* 80.4 GeVic?
= |o 0 0 +1
‘“ 112 ve 12 vll 142 -I)T 1 W
B electron muon tau
neutrino neutrino neutrina W boson

Figure 2.1: Elementary particles of the SM [23] grouped into quarks (purple) and leptons (green),
which build the group of fermions. The bosons include the gauge bosons (red) and
the Higgs boson (yellow). The charge and the spin of each particle are given in units
of the elementary charge e and the reduced Planck constant h, respectively.

The second group of the elementary particles is given by bosons, which have integer spin. They
consist of the gauge bosons mediating the forces described in the SM and the Higgs boson, which
introduces mass to charged fermions and massive gauge bosons via the Higgs mechanism [24].
This mechanism as well as the three fundamental forces will be briefly introduced in the next
paragraphs.

The SM simultaneously describes the electromagnetic force and the weak force based on the
SU(2) x U(1) gauge group. The electroweak force is mediated by the four eigenstates of this

1Neglectimg different chirality states.
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gauge group (Wl, W2, W3, and B). Due to electroweak symmetry breaking the gauge eigenstates
mix to the four gauge bosons (Wi, 7% and 7), which have been experimentally observed [25-29].
The only massless particle of these electroweak gauge bosons after the symmetry breaking is
the photon «, which couples to the electric charge and therefore mediates the electromagnetic
force. The weak force, in contrast, is mediated by the remaining three massive gauge bosons
W7 and ZO, which couple to the weak isospin I3, also called flavor. While the photon does not
distinguish between different chirality states, which in case of massless particles correspond to
the projection of the spin along the linear momentum of the particle, the massive gauge bosons
do. This so-called parity violation is maximal for interactions mediated by Wi, which does not
couple to right-handed fermions, and is also found in interactions mediated by ZO, which couples
to right- and left-handed fermions with a different strength.

In order to preserve local gauge invariance, which was otherwise violated by W+ and Z° not
being massless, the Higgs mechanism [24] was introduced as the latest addition to the SM. The
mechanism is based on the non-zero vacuum expectation value of the Higgs potential leading to
a spontaneous symmetry breaking. As a consequence of this, W+ and Z° are massive while local
gauge invariance is still preserved. Furthermore, this mechanism results in the prediction of an
additional neutral particle, the Higgs boson. A particle with properties consistent with the SM
Higgs boson was observed in 2012 verifying the latest part of the SM [16], [17].

In the SM, quantum chromodynamics (QCD) is used to describe the interactions between
quarks caused by the strong force. This non-abelian gauge theory is based on the SU(3) gauge
group, which has eight eigenstates associated with eight gluons completing the group of gauge
bosons (cf. Fig. . Gluons mediate the strong force by coupling to color charge carried by all
quarks and the gluons themselves. Therefore, there are not only interactions between gluons and
quarks, but also between two or more gluons (gluon self-coupling). In contrast to the electroweak
force, where charged particles can be observed, only color neutral combinations of quarks, but
no free quarks or gluons have been detected so far. These combinations can be classified into
combinations of a quark and an anti-quark (mesons) and of three (anti-)quarks (baryons), which
together form the group of hadrons®. The reason for this behavior is the effect of color confine-
ment [31]. This effect is based on the linearly increasing potential energy with increasing distance
between two quarks leading to the creation of new quark pairs in between. Since the quark pairs
immediately form color neutral combinations, separated quarks can cause hadronic showers, also
called jets.

2.2.2 Shortcomings of the Standard Model

So far the SM has been confirmed by multiple experimental tests and precision measurements.
It was able to predict several particles over the last decades like for example the Higgs boson
or the top quark observed by Tevatron in 1995 [32] [33]. Nevertheless, there are experimental
observations as well as problems in the model itself, which call for extensions of the SM, often
referred to as physics beyond the standard model. Some of the main shortcomings motivating
one possible extension, namely supersymmetry, will be shortly discussed in the following.

Unification of Forces

Based on the unification of the electromagnetic and weak force it seems likely that all forces
described in the SM can be unified at a higher energy scale. This would allow for a consis-

% Just recently additional combinations of four quarks and one anti-quark, called pentaquark, have been ob-
served [30]
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tent theory of the electroweak and strong force at high energy scales, also called grand unified
theory (GUT), using only one common symmetry. For this, the coupling constants associated
with the three forces would need to be energy dependent, which is the case and enables the
electroweak unification as a consequence of electroweak symmetry breaking [34]. In addition,
a common intersection point of all three coupling constants is required for the unification of
the three forces. By extrapolating the coupling constants to higher energies, this common inter-
section point cannot be predicted by the SM. Therefore, a unification of all three forces is not
possible in the SM.

Hierarchy Problem

A fundamental problem in the SM is based on quantum corrections to the Higgs mass caused by
the coupling of massive particles to the Higgs field [7]. In case of the scalar Higgs boson, these
loop corrections depend in first-order quadratically on the energy cutoff scale Ayy:

A2
Am? = —I;;‘A%V +. (2.3)

Each massive fermion can play the role of f leading to the largest corrections in case of the
top quark. If the SM was valid up to for example the reduced Planck scale Mp ~ 10'8 GeV, the
cutoff scale needed to be of the same order resulting in corrections to the Higgs mass, which are
around 30 orders of magnitude larger than the measured value. Since these corrections would
have to cancel each other almost exactly, this would result in fine-tuning of the Higgs mass,
often referred to as the hierarchy problem.

Dark Matter Problem

Multiple astrophysical experiments found evidence for the existence of non-baryonic matter,
which accounts for up to one quarter of the energy density of the universe. The strongest of
these evidence is given by the difference in the rotational speed of galaxies between its measured
value and the calculated result based on the visible mass of the galaxies [6]. Since non-baryonic
matter does not interact via the electromagnetic force, neutrinos are the only stable particles
in the SM which could contribute to the hot (relativistic) dark matter. Taking into account
that only a small part of the dark matter can be relativistic [34] and that the neutrino masses
are small, neutrinos cannot account for the complete amount of dark matter present in the
universe. Therefore, there is no particle in the SM, which could serve as an adequate dark
matter candidate.

2.3 Supersymmetry

One possible extension to the SM is the theory of supersymmetry (SUSY) [7]. This theory can
account for several of the shortcomings, introduced before, by extending the SM particle content.
Each elementary particle in the SM is assigned an additional supersymmetric partner (sparti-
cle) together forming a supermultiplet. The superpartners inside these multiplets have the same
quantum numbers with exception of the spin, which differs by half a unit between the superpart-
ners. Thus, the superpartners of fermions are bosonic (integer spin) and vice versa. To adapt this
symmetry in the naming scheme the superpartners of fermions are named with a prepending
"s" (e.g., smuon) while the superpartners of the bosons have an appending "ino" (e.g., wino).



2.3 Supersymmetry

This extension to the SM is accompanied by changes in the Higgs sector as well as additions
covering gravitation to form the minimal supersymmetric standard model (MSSM). In contrast
to the SM, the Higgs sector in the MSSM is described by two doublets (cf. Fig. . Here, the
down-type doublet H, causes the mass of the down-type quarks and all charged leptons, while H,,
is responsible for the up-type quark masses. The SM Higgs boson is given by a linear combination
of Hg and Hg. These changes to the Higgs sector are necessary since, among other reasons, using
only one supermultiplet based on the SM Higgs boson would lead to a gauge anomaly in the
electroweak gauge symmetry and therefore to an inconsistent quantum theory. To account for
gravitation, an additional boson called graviton G is added to the SM (cf. Fig. [2.2] .

Similarly to the situation in the electroweak sector described in Sec. [2.2.1] [2.2.7] the gauge eigenstates,
namely bino B winos W and higgsinos H mix to mass elgenstates These mass eigenstates
can be grouped by their electrical charge into charginos X]_,Q and neutralinos X1_4, where higher
indices correspond to larger masses (cf. Fig. [2.2)).

HOLOBRO
dstWG

S Ul e H) H; H,

o
m o
(on] —+
&=
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o @t
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X1-4 Xl 2

Figure 2.2: Particle content of the minimal supersymmetric standard model. The left side cov-
ers the standard model content. The SM particles are grouped into quarks (purple),
leptons (green), gauge eigenstates (red), and two Higgs doublets (yellow), while the
corresponding SUSY particles are shown on the right. Gauginos (red) and higgsi-
nos (yellow) mix to the mass eigenstates 5(%4 and )ng.

The theory of supersymmetry can account for several shortcomings of the SM. The three coupling
constants can have a common intersection point at high energies enabling the unification of
forces [34]. In addition, the hierarchy problem can be solved, since the contributions to Aml%[ due
to bosonic loops have a relative minus sign compared to the ones by fermionic loops (cf. Eq. ),
which allows for the absorption of the large corrections to the Higgs mass. Furthermore, R-parity
conserving SUSY theories can provide an adequate dark matter candidate solving the dark
matter problem. The R-parity, which is given by

(2.4)

R = (—1)3B+L+25
includes baryon number B, lepton number L as well as the spin S. The baryon and lepton
numbers equal +1 and —1 for the corresponding particles and antiparticles, respectively. Thus,
the R-parity of SM particles is given by 41 while for SUSY particles it equals —1. Since the
conservation of the three quantum numbers (B, L, S) holds for all measurements so far [34],
R-parity could be conserved as well, which is assumed in the following. This leads to two main
consequences. On the one hand, SUSY particles can only be produced in pairs. On the other
hand, the lightest supersymmetric particle (LSP), which is included in the final state of each
decay chain containing SUSY particles, has to be stable. If the LSP is electrically neutral, which
holds for most of the R-parity conserving SUSY theories, it can be a dark matter candidate.
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2.3.1 Gauge-mediated Supersymmetry Breaking

Since none of the predicted sparticles have been observed so far, SUSY has to be a broken sym-
metry, which allows for mass differences between the superpartners [7]. The symmetry breaking
in SUSY can be achieved by introducing a hidden sector. This sector causes the breaking per
se, which is then mediated to the MSSM (visible sector). There are different theories about
how the breaking is mediated between the two sectors. The most popular way is to describe
the mediation via gravitation, whereas this thesis will focus on SUSY scenarios, which feature
gauge-mediated symmetry breaking [7, [35].

To cover a large number of different gauge-mediated models the general gauge-mediation frame-
work (GGM) [36H38] is used, among others, for the final interpretation. In this framework, the
SM gauge interactions are the only source of communication between the hidden sector and the
MSSM. In addition, GGM does not consider different realizations of the hidden sector used by
various gauge-mediated models but describes the effects of SUSY breaking based on a completely
arbitrary hidden sector.

With this definition of GGM, the framework itself yields two of the main generic predictions of
gauge-mediation models. Since gauge interactions are flavor independent (e.g., the coupling of
electrons and muons to Z° is the same), flavor universality among the sfermions is guaranteed.
Furthermore, the gravitino, the superpartner of the graviton, is the lightest supersymmetric
particle, which could account for dark matter to some extent. Besides these two predictions,
which are made by every gauge-mediation model, there are additional sfermion mass relations

in the GGM:

m% :m2Q+m2U—2m%
9 9 ) (2.5)

2
mE:3<mU—mD

Each m denotes the sfermion mass of a different flavor. The indices are given by the five flavor
groupsg of the SM. With these relations for the sfermion masses the initial parameter space of
the MSSM combined with SUSY breaking, which includes up to 105 free parameters, is strongly
reduced. The full phase space can be spanned by eight independent parameters:

2 2 2
Ml? M27 M?n meq, My, Mp, [, and Mmess (26)

Here, M, 5 5 are given by the bino E, wino \7\7, and gluino g mass, respectively. These masses as
well as all other parameters are defined at the messenger scale M,,..,, which also corresponds
to the scale where Eq. holds. In addition, the Higgs mass parameter p is used as an input
parameter in the GGM. The gap between M,,,.., and the weak scale, which is currently accessible
by experiments, can be of the order of up to 15 magnitudes. Thus, due to renormalization
group (RG) running the parameters in can be significantly modified at the weak scale [7].

*Left-handed quarks (Q), right-handed up-type (U), and down-type anti-quarks (D), left-handed leptons (L)
and right-handed anti-leptons (E)
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2.3.2 Signal Scenarios

The interpretation of the combination performed in this thesis will be mainly focused on two
different GGM signal scenarios [38, 39]. With the recent discovery of the Higgs boson and its
measured mass of m;, = 125 GeV [34], there are some constraints on the spectra of sparticles.
In particular, small stop masses in the order of 1 TeV can conflict with the size of the measured
Higgs mass. To avoid such conflicts the squark masses, including the stop mass, are set to high
values (8 — 10 TeV), which satisfies the Higgs mass constraints in a trivial way.

The stable gravitino G is the LSP in gauge-mediated scenarios. Thus, the final states, which
could be observed by the detector, are determined by the next-to-lightest supersymmetric parti-
cle (NLSP), given by the lightest neutralino %), decaying to its SM superpartner and the LSP. To
ensure NLSP decays inside the detector, which are necessary for the GGM scenarios to become
accessible for the analyses used in the combination, the NLSP decay width given by

5
m-
X1

Ao (2.7)

X1—XG 487rm§/2M12:,
has to be taken into account. Here m—y and m3/, denote the NLSP and gravitino mass, respec-
X1

tively, while Mp stands for the reduced Planck mass. With Eq. (2.7)), the decay length of the
NLSP can be derived by

5
h 200 GeV ms /9 \ 2
o= o € ~53 pm (e ) <105/\2/,> . (2.8)
X1 ;({1]—>XC~} m;((l] e

Fixing the gravitino mass to mgz/, = 10 eV for both GGM scenarios used in the combination
ensures prompt NLSP decays on the detector scale.

Since the squark masses are set to large values to satisfy the Higgs mass constraints and the
gluino masses turn out to be large as well (cf. Sec. , the production channels for the GGM
scenarios at the LHC are based on electroweak production. The implicit production mechanisms
are shown as a blob in Figure [2.3] since different channels can contribute to the production
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Figure 2.3: One possible GGM diagram with ﬁ;zg production. The )Zg line of the upper leg
including its decay can be removed to illustrate j(vlijz[l) production, while X%XT pro-
duction can be achieved by replacing the upper leg by the lower leg of the diagram.



2 Theory

itself. Each of the channels yields an initial state with two nearly mass degenerate gauginos,
which decay further determining the final state. In total there are three different combinations
of gauginos accessible in the GGM scenarios. These combinations are given by ﬁ[ X1, ﬁt )2(1), and
55?553 production, with their relative abundance depending on the input parameters.

The decay chain for each of the gauginos, which can be produced in the initial state, is shown in
Figure The main focus lies on the 52? decay, since this decay corresponds to the only source
of photons, which are essential for each of the analyses used in the combination. Besides the
X(l) decaying to v and (~}, the photon can also be substituted by a Z boson leading to final states
with additional fermions. The corresponding branching fractions of the %(1) for these two decays
are determined by the composition of the neutralino and depend, similar to the abundance of
the production processes, on the GGM input parameters.

Two different GGM signal scenarios will be used for the interpretation. The statements made
before hold for both of these scenarios. However, they differ in the way the remaining parameters,
mainly the gaugino mass parameters M,;, are chosen. The main properties caused by these
different choices as well as the different gaugino decays are discussed in detail in Sec. [6] Since
based on the choice of the GGM input parameters several production channels and gaugino decay
modes are accessible, in the following both GGM scenarios are referred to as full scenarios.

In addition to the two GGM scenarios, several simplified models (SMS) [40] will be used for the
final interpretation. In contrast to the full GGM scenarios, these models usually contain fixed
branching fractions for the gaugino decays, and only the gaugino masses are changed within
the models. Besides the electroweak production, which is present in the GGM scenarios, for the
SMS also strong gluino pair production is accessible due to lower gluino masses (cf. Fig. [2.4]).

v/Z
XY
G
Wi soft
- ~+
X 1jE X1
G X7

Figure 2.4: The upper left diagram corresponds to strong gluino palr production with charged
and neutral gluino decay. In the upper right diagram the x X1 decay, where the branch-
ing fraction to 'yG and ZG is varied, can be seen. In addition, two possible ¥ X decays
to WG (lower left) and X + soft (lower right) are shown.
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2.3 Supersymmetry

To interpret the single analyses as well as the combination regarding different final states the
gaugino branching fractions (cf. Fig. are scanned for the different SMS. These variations
are possible in case of the simplified models, whereas for the GGM scenarios the underlying
full model would be spoiled. In detail, the branching fraction of the NLSP decay is varied
between ZG and ’yG for the electroweak case corresponding to the neutralino branching fraction
scan. In the chargino branching fraction scan, which features electroweak production, the decay
of the lightest chargino is varied between WG and X(lj +soft. Here, the neutralino decays further
to 'yé and soft denotes an off-shell Wi, which leads to low-momentum particles not recovered
by the detector. In case of strong gluino pair production, the gluino branching fraction for the
neutral and charged decay is equally set to 50%, which for example can lead to signatures shown
in the upper left part of Fig. 2.4]

These additional interpretations are motivated by the prospect of separating the contributing
analyses by their specific final states. Performing the combination on simplified models might
also allow for a better understanding of the more complex GGM scenarios. Furthermore, by using
the strong gluino pair production scenario the combination can be interpreted with respect to
strongly produced SUSY, which is not present in the two GGM scenarios.

11






3 Limit Setting

The primary goal of this thesis is to combine four individual analyses and interpret the results
in the context of SUSY. Since none of the four analyses observed a significant deviation from the
standard model prediction [I2HI5], the interpretation focuses on upper exclusion limits for the
signal strength, which can be for a given signal scenario translated to limits on parameters such
as sparticle masses. Each of the four analyses is designed as a multi-bin counting experiment.
Thus, the result of the combination is given by a set of statistical independent search bins. For
each of these bins a background prediction, the observed data, and a signal prediction, depending
on the signal scenario under test, are available. Out of these three quantities, exclusion limits
can be derived by the method explained in this chapter.

3.1 Profiled Likelihood Test Statistic

The result of a counting experiment can be interpreted in terms of a hypothesis test [41H43].
Here, the null hypothesis is given by the assumption that the SM background processes account
entirely for the observed data. The alternative hypothesis is that the signal scenario under test
is realized in nature and contributes to the observation. To separate these two hypotheses with
respect to the outcome of the experiment a test statistic is used. Following the Neyman-Pearson
lemma [44], which states that the ratio of two likelihoods is the most powerful discriminator for
a hypothesis test, the test statistic used in the following is in general given by

L(data|signal + background)
L(datalbackground)

q=—2In (3.1)

Both £ denote likelihoods which are mainly based on a product of multiple Poisson probabili-
ties (cf. Eq. ) assuming one of the two hypotheses for signal 4+ background and background.
With this ratio, the background hypothesis is favored for ¢ > 0 while for ¢ < 0 the signal +
background hypothesis is favored.

Signal and background prediction, both used to evaluate the test statistic, are subject to mul-
tiple uncertainties. In order to account for these uncertainties in the limit setting, nuisance
parameters 6 are included in the likelihood. The resulting likelihood can in detail be written as

(i +b;)"™ ohsib

L(datalp,0) = 1:[ il p(010) (3.2)

s; = 5;(0), b; = b;(0) .

Signal and background prediction for each search bin ¢, which both depend on the set of nuisance
parameters 6, are given by s,(0) and b;(0), respectively. The observed count is denoted by n; and
1 is the signal strength parameter, which changes the signal cross section and is equal to zero for
the null hypothesis. To take the distribution of the nuisance parameters into account, the product
of Poisson probabilities is multiplied by the underlying probability density function (pdf) p(66),
where 0 denotes the default values of the nuisance parameters. This pdf is either based on a
log-normal, a gamma, or a log-uniform distribution, depending on the origin of the uncertainty
and on the analysis using the corresponding nuisance.
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3 Limit Setting

With the test statistic given by Egs. and (3.2), an experimental result showing downward
fluctuations with respect to the background prediction would lead to a stronger limit on the
signal strength. To avoid this behavior caused by a negative signal strength, the corresponding
parameter p is forced to be positive. In addition, the test statistic is chosen to be one-sided,
since only upper limits are set in the interpretation leading to a profiled likelihood test statistic
given by

L(data|p,0
qu:—zlnM, 0<a<pu. (3.3)
L(datalf1,0)

Here fi and 0 correspond to the global maximum of the likelihood while HA# refers to the likelihood
maximum under the condition of p.

3.2 The CLg Method

In order to set upper exclusion limits on the signal strength p based on the test statistic g, the
modified frequentist C' L, method is used [41H43]. In this method, the limit is calculated not based
on a single confidence level but on the ratio of confidence in the signal + background (CL, )
to the background hypothesis (CLy):

oL, = L _ P
o CL 1—py

(3.4)

The p-values of the two hypotheses for a given observed value of the test statistic are denoted
as p, and p;, (cf. Fig.|3.1)). These p-values can be calculated as follows:

P, = P(q, > (jzbslsignal + background) = /qobs f((ju\,u,ézbs) dq, , (3.5)
m
1 —py = P(4, > @ |background) = / 1,068 dg,, - (3.6)
qu

Here, cjzbs denotes the observed value of the test statistic. The integrand of both equations is
given by a pdf of the test statistic g,. For the first p-value, this pdf is constructed assuming the
stgnal + background hypothesis, where a signal with strength p is present, and the nuisance
parameters ézbs fit the observation for the corresponding hypothesis. For the second p-value, the
pdf is built for the background hypothesis, which is similar to the method described above with
1 set to zero. A more detailed discussion of the pdfs and their construction, which can be based
on pseudo-data or an approximative description, can be found in the next section.

The signal strength parameter g is the only free parameter left in the C'L; method. Thus,
using the observation to calculate (jzbs and ég’fg, a confidence level can be assigned to each
signal parameter by applying Eq. . The upper exclusion limit on the signal strength u at a
confidence level of (1 — ), which is commonly chosen to be 95%, is then given by p_q) with
CL,(pi(1—a)) = «. Since the signal scenario under test refers to a signal strength of one, the
signal + background hypothesis can be ruled out at a confidence level of 95% if pgse, < 1.

The use of CL, instead of the single confidence level C'Lg, is mainly motivated by experi-
mental results which show downward fluctuations with respect to the background prediction.
Using C'Lg 4y, a signal strength of zero could be excluded by such downward fluctuations. By
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3.3 Asymptotic Approximation

——5_0.2
i i
:-I._—’ -
B obs
L qu
0.15 :
- f s+b
ol f(aulstb)
005 Pb
0 L=
-10 0

Figure 3.1: Sketched distribution [modified from [45]] of a test statistic g,,, which with respect
to the shown distributions equals the profiled likelihood test statistic g,. The dis-
tributions under the background hypothesis f(q,|b) and the signal + background
hypothesis f(g,|s + b) are shown. Both are derived from toy data (histograms) and
from ghe asymptotic formula (curves). The observed value of the test statistic is given

0o0s

by g, °. In addition, the probabilities p, (yellow) and p,, (green) used for the C'L, are
shown. Here, the observation is constructed to fit the mean background prediction.

construction of the C'L,,;, method, 5% of all searches would exclude the background hypoth-
esis (u = 0) at a confidence level of 95%. Even though this is a valid statistical statement, it
should be interpreted such that the probability of observing a similar or stronger limit in a future
experiment is less than 5%. To avoid this situation, the consistency between background predic-
tion and observation is taken into account using the C' L, method. Thus, downward fluctuations
with respect to the background prediction would result in a small denominator in Eq. and
therefore to a lower confidence level for excluding a signal strength of zero compared to C'Lg,,.
With the consistency between background prediction and observation taken into account, the
CL, method in general results in more conservative limits.

3.3 Asymptotic Approximation

When applying the C'L, method, the pdfs of the test statistic ¢, under the assumption of the

alternative hypothesis f (qzbslsignal + background) and the null hypothesis f (qzbslbackground)
have to be available. These distributions are usually constructed by pseudo-data sets, which are
simulated based on the two hypotheses [43]. Calculating the test statistic for these data sets
leads to distributions which follow the pdfs in question (cf. Fig. . This procedure has to be
repeated multiple times to find the signal strength parameter matching the conditions of g5y
resulting in a computing intensive method due to the simulation of multiple pseudo-data sets.

To save computing time an asymptotic approximation of the test statistic, which allows for a
parametrized formulation of the pdfs, is used in this thesis [45]. For simplicity, the approximation
of the test statistic g, which does not include the constraint of u being positive, is introduced
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3 Limit Setting

in the following. In the asymptotic limit, g,, is equivalent to the test statistic g,, which includes
the lower bound of y. A complete discussion of ¢, can be found in [45]. In the asymptotic
approximation, g, can be expressed as

A

2
=" L oaVN), <. (3.7)

g

The data sample size is denoted as N and ji follows a Gaussian distribution with standard
deviation o. With this approximation, the corresponding probability density function for g, is
in general given by

! / 2
Jal') = @ (’Q;”) 5(4) + w;?qexp [—; ( 7, - ;“) ] .6
I

Within this expression, the delta function is denoted as 6(g,) and ® denotes the cumulative
Gaussian distribution. To get the pdf under the assumption of the background hypothesis, p’
has to be set to zero while for the signal 4+ background hypothesis ;' is equal to the signal
parameter p under test. With this, the only unassigned parameter left in Eqs. and is
the standard deviation o. This parameter is estimated by the use of a so-called Asimov data set,
which is defined as a data set where all statistical fluctuation are suppressed, and the observed
count as well as all nuisance parameters are set to their expected values. Using the parametrized
pdfs and their corresponding cumulative distributions the C'L, can then be calculated by an
algebraic formula:

o, — =W v (3.9)

with g, 4 = — .

CT (A T o

Here, g, 4 denotes the test statistic evaluated with the Asimov data set. For ¢, = qzbs a confi-
dence level based on the observed count can be assigned to each signal parameter. Thus, following
the method introduced in the previous section, the observed limit ,ugg‘% can be calculated. To
interpret the results in the absence of data fluctuations, expected limits, which are achieved if
the observation would fit the background prediction, are used in the final interpretation. This
can be done by replacing /i in Eq. , which is in case of the observed limits determined by the
observation. For ji = 0 the observation would fit the background prediction, while i = No would
correspond to a prediction shifted by IN-times the standard deviation o. Using this replacement
Eq. solves for the expected upper limit at 95% confidence level

Hosy = 0 |07 (1= a®(N)+ N| ,  with1—a=0.95. (3.10)

Thus, the median expected limit is given by NV = 0, and the 10 and 20 uncertainty bands on
the expected limit can be derived with N = +1 and N = 42, respectively.
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4 Experimental Setup

All four analyses used in the combination are based on the study of high energy proton-proton
collisions. These collisions are produced at the currently most powerful particle collider, the Large
Hadron Collider, which is run by the European Organization of Nuclear Research (CERN) near
Geneva. The Compact Muon Solenoid, which is a general-purpose particle detector located at
one of the interaction points of this collider, recorded the data used by all four searches. In this
chapter, the collider and the detector along with its subcomponents will be briefly introduced.

4.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [8] based at CERN is currently the largest and most powerful
particle collider. It has a circumference of 26.7 km and was built in the tunnel of the old Large
Electron-Positron Collider (LEP) [46] at a depth between 45 m and 170 m underground. The
collider is designed to collide protons at a center-of-mass-energy /s of up to 14 TeV and heavy
ions with an energy up to 2.76 TeV per nucleon.

The particle collisions, which occur at four interaction points at the LHC, are detected by
four different experiments (cf. Fig. [4.1). Two of these experiments, namely ATLAS (A Toroidal
LHC Apparatus) [9] and CMS (Compact Muon Solenoid) [10], are general-purpose detectors
designed to perform SM precision measurements as well as searches for physics beyond the
standard model. The third experiment, LHCb (Large Hadron Collider beauty) [47], is a forward
detector specialized for the detection of heavy flavor quarks, which for example allows for studies
on CP-violation. The fourth experiment, ALICE (A Large Ion Collider Experiment) [48], is a
detector specially designed for heavy ion collision to study the quark-gluon plasma.

To achieve collisions with a center-of-mass energy up to 14 TeV at the LHC the protons are
accelerated before entering the LHC itself. For this pre-acceleration a linear accelerator as well
as three different synchrotrons are used (cf. Fig. , which accelerate the protons to an energy
of 450 GeV. Following the pre-acceleration, every 25 ns around 10t protons are injected in up
to 2808 bunches into the two beam pipes of the LHC. Here, the protons are further acceler-
ated to an energy of up to 7 TeV allowing for collisions with the center-of-mass energy stated
above. Currently, the LHC is operated at /s = 13 TeV, which almost matches the design value
of 14 TeV.

An additional measure for the performance of a particle collider is given by the instantaneous
luminosity £ and the integrated luminosity L, [49):

nyfN*F

dro 0,

L— , Lmt:/ﬁ-dt. (4.1)

Here, n; denotes the number of bunches per beam, IV is the number of particles per bunch, and
f is given by the revolution frequency of the bunches. The additional factor F' takes losses due
to the crossing angle at the interaction point into account. The denominator 47o,0, accounts
for the beam geometry, where o, and o, are given by the Gaussian widths of a bunch with
respect to the plane perpendicular to the beam direction. Using the instantaneous luminosity,
the expected rate N of a process with cross section o can be derived by N = Lo. The integrated
luminosity L;,,;, in contrast, determines the total number of events for a given process in a given
data set.
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4 Experimental Setup

LINAC 2

Figure 4.1: Different steps of the proton acceleration process at the LHC [modified from [50]].
Before the proton injection into the LHC, the protons run through a linear acceler-
ator (LINAC 2) and three synchrotrons (PSB, PS, and SPS). In addition, the four
experiments at the interaction points of the LHC are indicated.

4.2 The Compact Muon Solenoid

The CMS detector [10] is a multi-purpose detector located at one of the interaction points of the
LHC. It is divided into four different subdetectors cylindrically placed around the interaction
point (cf. Fig. . The tracker, measuring the tracks of charged particles, is the innermost part
of the detector. Two calorimeters, which measure the energies of different types of particles, are
located around the tracker. The outermost part of the detector is the muon system, which detects
muons escaping the calorimeters. Each of the subdetectors is separated into two main parts. The
part shown in Fig. is called barrel and encloses the beam pipe around the interaction point.
In addition, each subdetector has two endcaps, which close both open ends of the barrel around
the beam pipe.

Another main feature of the CMS detector is the large superconducting solenoid located between
the calorimeters and the muon system. This magnet, which is cooled to about 4.5 K, provides
an almost homogeneous magnetic field of 3.8 T in the inner part of the detector. The whole
detector measures 21.6 m in length and has a diameter of 14.6 m. The following paragraphs
briefly introduce the coordinate system as well as the four subdetectors and the trigger system
of the CMS detector.

Coordinate system

A coordinate system centered around the interaction point, which matches the features of the
CMS detector, is defined as follows. The x-axis is pointing towards the center of the LHC,
and the z-axis is parallel to the beam axis, which points in the direction of the beam moving
counter-clockwise in the collider. The y-axis is then chosen to point upwards resulting in a
right-handed coordinate system. Particle trajectories inside the detector are described based
on spherical coordinates. To simplify the discussion of tracks from relativistic particles, the
pseudorapidity

n=—In <tan g) (4.2)
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4.2 The Compact Muon Solenoid

is used instead of the polar angle 8. Thus, distances with respect to the beam plane are stated
in An, which is, in contrast to A, invariant against Lorentz boosts along the z-axis in the
limit of massless particles. In addition, A¢ is used to measure distances regarding the plane
perpendicular to the z-axis, while AR, given by

AR =/ (An)* + (A¢)* (4.3)

states combined distances. Regarding the coordinate system used in this thesis, particle momenta
as well as energies are in the following usually projected to the transverse plane perpendicular
to the beam axis (pr and Er).
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Figure 4.2: A transverse slice of the CMS detector [51]. The different subdetectors as well as the
superconducting solenoid are shown. In addition, starting at the interaction point,
signatures for various particle types in the different parts of the detector can be seen.

Tracker system

The tracker system, which starts at a distance of 4.4 cm to the center of the beam pipe and
extends to a radius of 1.3 m, is the innermost subdetector. It measures the trajectory of charged
particles emerging the beam pipe and is divided into two parts. The part next to the interaction
point is composed of a silicon pixel detector, which covers an area of around 1 m?. On this
area, a total amount of 66 million pixels are used for detection allowing for a spacial resolution
of ~ 15 pm. The second part of the tracker, which is built around the pixel detector, is a silicon
strip detector, which includes a total of 9.3 million strips. With both parts combined the tracker
system covers the range of |n| < 2.5.

Charged particles flying through the tracker system result in hits in the different layers of the
tracker, which are used to reconstruct the particle trajectories. Due to the curved trajectories
caused by the magnetic field inside the tracker not only the particle tracks but also the momenta
of charged particles can be measured. A resolution of 1 to 2% can be achieved up to |n| = 1.6 for
high momentum particle tracks around 100 GeV. This resolution decreases for lower momenta
as well as for larger values of |7)|.
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4 Experimental Setup

Calorimeter systems

The CMS detector consists of two different calorimeters, the electromagnetic calorimeter (ECAL)
and the hadronic calorimeter (HCAL), which are both mainly used to measure the energy of
particles stopped in the corresponding calorimeter.

The ECAL, which covers the range up to || < 3.0, is built around the tracker system and
extends to a radius of 1.77 m. Here, more than 7 - 10* lead tungstate (PbWOQO,) crystals are used
to essentially identify photons and electrons and measure their energy. Particles interacting
with the PbWQO, detector material produce electromagnetic showers inside the crystals. Due to
scintillating features of the material the showers result in multiple photons, which are detected
by photodiodes and phototriodes in the barrel and endcap part, respectively. Thus, the total
energy of all scintillation photons caused by a particle, which is stopped in the ECAL, should
match the initial particle energy. By this method, an energy resolution, which depends on the
measured energy itself, of around 0.5% can be achieved for electrons with 120 GeV.

The HCAL is located around the ECAL, covers a total range of |n| < 5.2, and extends to a
radius of 2.95 m. Here, a different technique to the one described above is used to measure the
energy of hadrons included in jets, which were initially produced by quarks and gluons. The main
difference to the technique used in the ECAL is that the HCAL consists of two different types
of layers, which are stacked in an alternating way. Incoming hadrons crossing the brass absorber
layers produce hadronic showers via strong interactions. These showers are then measured by
plastic scintillators, which build the second type of layers. In the HCAL an energy resolution of
120% /+/'E for a single pion with energy E can be achieved in the barrel [52].

Muon system

Muons, which usually escape both calorimeters without leaving a signal, are detected in the
muon system, which corresponds to the outermost part of the CMS detector. It extends to
the full radius of the detector (7.3 m), covers a range of |n| < 2.4, and is embedded into the
flux-return yoke of the solenoid. Three different detector types are used to measure the muon
trajectories. The barrel region of the muon system consists of drift tubes, while in the endcap
part cathode strip chambers are used. To improve the trigger performance of the muon system,
additional resistive plate chambers are installed in the area of || < 1.6.

Embedding the muon system into the flux-return yoke allows for the use of the homogeneous
magnetic field inside the yoke itself, which is close to zero in the remaining parts of the muon
system, since the muon system is installed outside the solenoid (cf. Fig. . Thus, the curved
trajectories of the muons can be exploited, similar to the method used in the tracker, to measure
the muon momenta. With this, a momentum resolution of around 9% can be achieved for
momenta up to 200 GeV and small |n| without including information from the tracker system.

Trigger system

To manage the huge event rate delivered by the LHC, which is of the order of 40 MHz, a two-step
trigger system is used [53], [54]. The first step corresponds to the Level-1 trigger (L1), which is
purely based on electronics. Here, the event rate is reduced to a maximum of 100 kHz using
information from both calorimeters and the muon system. This rate is further reduced by the
High-Level Trigger (HLT), which accounts for the second step of the trigger system. In the HLT
a software system exploiting information from all subdetectors is used to reduce the event rate
by an additional factor of 10°. Thus, the initial event rate, which would be impossible to store,
can be reduced by a total factor of around 10° trying to keep only events of possible interest at
a rate of the order of 1 kHz.

20



5 Event Reconstruction and Background Simulation

The final interpretation of the combination is mainly based on the signal prediction, depending
on the signal scenario under test, the observed data, as well as the background prediction for each
search bin. In each of the four independent analyses, the latter two yields are derived using data
sets recorded by the CMS detector and Monte-Carlo simulations of standard model processes.
In this chapter, the data sets including the triggers used by the four analyses are introduced.
Furthermore, the procedure of SM Monte-Carlo simulation as well as the object definitions used
for the event reconstruction are briefly explained.

5.1 Data Sets and Triggers

The data sets used by the analyses were recorded by the CMS detector in 2016 at a center-of-mass
energy of 13 TeV and correspond to an integrated luminosity of 35.9 fh! [11]. The complete list
of data sets can be found in Appx. [Il Due to the different final states targeted by the analyses
multiple high-level triggers, which are summarized in Tab. are used. The corresponding
trigger efficiencies were derived by the individual analyses.

Table 5.1: Summary of the triggers grouped by the corresponding analyses. The last column
states the efficiencies derived in the individual analyses. The first two Photon+Lepton
triggers are combined with a logical disjunction. In case of the Diphoton analysis, no
uncertainty on the efficiency was available.

Analysis Trigger e (%)
Photon+S57 HLT Photon165 HE10 94.3 + 0.4
Photon+H3, HLT Photon90 _Caloldl, PFHT600 96 + 4

HLT Mul7 Photon30 CaloldL L1Iso 04+ 4
Photon+Lepton HLT Mu38NoFilterNoVtz _Photon38 CaloldL
HLT Diphoton30 18 R9Id* 96 + 4
Diphoton HLT Diphoton30 18 R9Id* 97.2

The Photon+5% analysis targets final states, which are mainly characterized by the presence
of at least one high-momentum photon. Thus, the SINGLEPHOTON primary data set® (PD) is
used. The trigger requires a photon with pp > 165 GeV, where the fraction of energy deposited
by the photon candidate in the HCAL compared to the ECAL is not allowed to exceed 10%.
As in the Photon+S7. analysis, the SINGLEPHOTON PD is also used for the Photon+H 7 search.
The targeted final state is defined by a photon and a large amount of hadronic activity. These
characteristics are covered by a trigger, which requires a photon with pp > 90 GeV and a
transverse hadronic activity (Hp) of at least 600 GeV. In addition, the photon has to fulfill a
loose calorimeter identification.

4Full trigger name: HLT Diphoton30_18 R9I1d _OR__IsoCalold _AND HE _R9Id _Mass90.
5Primary data sets are defined by groups of triggers, which require similar high-level objects.
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5 Event Reconstruction and Background Simulation

The final states targeted by the Photon+Lepton analysis are split up depending on the nature
of the detected charged lepton, which is required in addition to the photon. For the final states
including a muon, two different muon-photon triggers based on the MUONEG PD are used. The
first trigger requires a muon with pr > 17 GeV and an isolated photon with pp > 30 GeV,
which passes a loose calorimeter identification. The second trigger has a symmetric pt threshold
of 38 GeV and no additional isolation requirements. Since there is no distinction between photons
and electrons on trigger level, a diphoton trigger can be used with the DOUBLEEG PD to select
events with an electron accompanying the photon.

The Diphoton analysis, which covers final states with two photons, is based on the same primary
data set and trigger. Here, two isolated electromagnetic objects, which have an invariant mass
above 90 GeV, are required. In addition, the leading object has to fulfill pp > 30 GeV, while for
the subleading object p > 18 GeV is required.

5.2 Standard Model Background Simulation

Besides background predictions based on data-driven methods, Monte-Carlo (MC) simulations of
SM processes are used by each of the four analyses to predict the number of expected background
events in the signal regions. A detailed description of the background prediction methods used
by the individual analyses is given in Sec. [7], while the following part will focus on the background
simulation process itself.

The MC simulation process can mainly be divided into three different steps. In the first step,
the particles produced in the proton-proton collision are simulated based on the matrix ele-
ment, which corresponds to the SM process of interest, by using the MADGRAPH [55H57] or
POWHEG [58-62] event generators. The second step covers the showering of the particles pro-
duced in the first step. Here, the hadronization of color-charged particles as well as additional
particle radiations, such as photon emission by electrons, can be simulated. For this step, the
PYTHIA framework [63] is used, which can also replace the event generators mentioned above.
Finally, the interactions between particles and the detector material resulting in the detector re-
sponse are simulated. This step is provided by GEANT4 [64] based on a detailed implementation
of the CMS detector. Due to the last step the MC samples do not only contain information on
the generated particles but can also be processed by the same event reconstruction (cf. Sec.
used for data.

To compare the simulation to data recorded by the CMS detector, additional weights have to be
applied to the MC samples. To match the integrated luminosity L;,; of the CMS data set with
respect to the cross section o of a SM process and the total number of generated events N,
each of the simulated events is weighted by

* Hint
_ 9 Lim 5.1

gen
Independent of the Feynman diagrams considered by the event generators in the first step of the
simulation the cross section o is usually chosen to match the highest available accuracy (e.g.,
leading order (LO) or next-to-leading order (NLO)).
Another difference between simulation and data is based on the triggers used by the anal-
yses. Two different ways of reweighting are considered. For the first option the simulated
events are weighted by the efficiency of the trigger, which is used for the corresponding data
set (cf. Tab. . The second option makes use of the trigger simulation available in the MC sam-
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ples. In this case, the simulated events are weighted by the ratio between the trigger efficiency
measured in data and the simulated trigger efficiency.

To match the number of proton-proton interactions per bunch crossing (pileup) observed in data
each simulated event is overlaid with a certain number of additional events and an additional
weight is applied to each simulated event. This weight is derived such that the simulated pileup
distribution is reweighted to match the distribution measured in data.

5.3 Object Definitions

Particles produced by proton-proton collisions in the center of the CMS detector result in a large
number of signals from the subdetectors. The main task in terms of event reconstruction is to
identify each detected particle as well as its kinematics from these signals. At the CMS detector,
this task is carried out by combining the information from the different subdetectors using the
particle flow (PF) algorithm [65].

In the first step of the PF algorithm, signals from the tracking system, which result from charged
particles, are merged into tracks by an iterative tracking algorithm. In addition, energy deposi-
tions in both calorimeters are combined into clusters around their local maxima using a clustering
algorithm. In the second step, the PF algorithm connects the information from the different sub-
detectors. Here, the reconstructed tracks can be linked to energy clusters in the calorimeters or
depositions in the muon system. In the last step, the particles are identified using the linked
entries from the different subdetectors. Thus, the PF algorithm is able to distinguish photons,
electrons, and muons as well as neutral and charged hadrons.

In the contributing analyses, supplementary identification criteria (IDs) are applied to the can-
didates reconstructed by the PF algorithm to further improve the object reconstruction. These
criteria as well as additional variable definitions will be covered by the following sections.

5.3.1 Photons

Photons in the CMS detector mainly originate from particle decays or emissions by charged
particles. They are reconstructed by the PF algorithm using energy clusters in the ECAL, which
are not linked to an electron track® in the tracker system. To reduce the rate of other particles
being misidentified as a photon a cut-based photon ID [67], which follows the recommendations
of the CMS collaboration, is applied in each of the four analyses.

The most significant difference between the analyses is that the photon ID is used at a medium
working point (WP) by the Diphoton analysis, while the remaining three analyses choose the
loose WP for their definition of signal photons. In addition, endcap photons (1.566 < |n| < 2.5)
are utilized in the background validation method of the Photon+H}. analysis while only bar-
rel photons (|| < 1.4442) are used by the other analyses. Besides these differences the four
searches are based on a quite similar photon definition, which is mainly given by the pho-
ton ID (cf. Tab. [5.2). The parameters used in this photon identification are defined as follows:

H/E is the energy deposited in the HCAL segment, which is closest to the ECAL cluster linked
to the reconstructed photon, divided by the energy of the ECAL cluster itself. Since photons
are stopped inside the ECAL, there should be no significant energy deposit in the HCAL, which
could be linked to the reconstructed photon. Thus, an upper limit on this parameter reduces,
among others, the rate of jets being misidentified as photons.

®Electron tracks are reconstructed by an Gaussian-sum filter algorithm taking additional bremsstrahlung into
account [66]
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Oinint This parameter takes the width of the electromagnetic shower in the ECAL initiated by
the photon candidate with respect to the n-coordinate into account. An energy weighted mean
distance between the crystal with the highest energy deposition, called seed, to the crystals
forming a 5x5 cluster around the seed is calculated. Since hadrons, in contrast to photons,
usually initiate showers with a larger expansion, the rate of misidentification caused by jets can
be further reduced.

IngsIcw, Ipg: These requirements are used to suppress the reconstruction of photons orig-
inating from jets by only extracting well-isolated photons. Neutral hadrons (NH), charged
hadrons (CH), as well as additional photons (PH) reconstructed in a cone of AR < 0.3 around
the photon are taken into account. The sum of transverse momenta from the corresponding
PF candidates is calculated for each of the three particle classes. Upper limits on these sums
corrected by additional contributions from pileup are then used to reduce jet contributions.

Ngeeq denotes the number of seeds in the innermost part of the tracking system (pixel seeds) that
would allow for the reconstruction of a trajectory between the ECAL cluster and the interaction
point. Since electrons create ECAL entries similarly to photons but should also be detected by
the tracker system, the rate of electrons misidentified as photons can be significantly reduced
by requiring the absence of such seeds.

Table 5.2: Definition of the loose and medium working point for the cut-based photon ID with
additional N, criterion [67]. Here, only the values for the barrel photon are shown.
The definitions for the endcap photons vary slightly. The parametrization for Iy is
given by f(pt) =0.0148 - pp + 1.7 - 107°. (pT)Q.

Parameter Loose WP Medium WP
H/E < 0.0597 < 0.0396
Tinin < 0.01031 < 0.01022
Icy < 1.295 GeV < 0.441 GeV
Ing < 10.910 GeV + f(pr) < 2.725 GeV + f(pr)
Icy < 3.630 GeV + 0.0047 - pp | < 2.571 GeV + 0.0047 - pp
Neeed <1 <1

5.3.2 Electrons

Electrons initiate electromagnetic showers in the ECAL similar to the showers created by pho-
tons. However, due to their electric charge, electrons are also detected in the tracking system.
Thus, the PF algorithm identifies electrons from ECAL clusters, which can be linked to an elec-
tron track reconstructed in the tracker system.

To reduce the rate of misidentified electrons, an additional electron ID [68] is used. The Dipho-
ton analysis identifies electrons based on the loose WP to veto events with charged leptons.
In the Photon+Lepton search as well as in the veto strategy of the combination (cf. Sec. ,
the medium WP with a small change in the isolation criterion is used. In each case, barrel and
endcap electrons are considered. The parameters of the electron ID listed in Tab. of which
H/E and 0;,,, are already used in the photon ID, are defined as follows:

ANgeeds APy, take the distance between the reconstructed trajectory and the corresponding
ECAL cluster in n and ¢, respectively, into account. A good match between cluster and track
reduces the rate of false links created by the PF algorithm.
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T;s0¢ Lhe relative isolation criterion is used to only reconstruct well-isolated electrons. The
contributions from charged and neutral hadrons, as well as photons in a cone of AR < 0.3
around the electron relative to the electron pr are taken into account. As for the isolation
criterion in the photon ID contributions from pileup are removed. A slightly different isolation
criterion, PF mini isolation [69], is used when applying the medium WP.

|E_:l —p! |: This parameter is also used to test the agreement between the reconstructed track
and the corresponding ECAL cluster. The difference between the inverse energy measured in
the ECAL and the momentum derived by the bending of the trajectory is used. Since electrons
are nearly massless compared to the measured energy scale, this difference should be small for
a correct link between track and cluster.

N,.iss» Conversion Veto are used to reduce the rate of reconstructed electrons, which originate
from pair production caused by an initial photon. Here, N,,;,, denotes the number of missing
hits in the tracker, which would be expected for an electron not originating from an initial
photon. In addition, a conversion veto, based on a conversion vertex fit probability, is used to
further reduce the rate of reconstructing electrons from pair production.

Table 5.3: Definition of loose and medium working point for the cut-based electron ID used for
barrel (endcap) electrons [68]. *Relative isolation replaced by PF mini isolation [69].

Parameter Loose WP Medium WP
H/E < 0.298 (0.101) < 0.253(0.0878)
Ginin < 0.011 (0.0314) < 0.00998 (0.0298)
ANgoeg < 0.00477 (0.00868) | < 0.00311 (0.00609)
Ay, < 0.222(0.103) < 0.213(0.045)
Tlso < 0.0994 (0.107) <0.1(0.1)*
E'— Pl | <0.241(0.14) GeV ™' | < 0.134(0.13) GeV ™!
Nmiss <2 (2) <2 (2)
Conversion Veto pass (pass) pass (pass)

5.3.3 Muons

The reconstruction of muons is performed in two ways resulting in global and tracker muons.
For global muons, tracks inside the muon system are reconstructed and then linked to trajec-
tories in the tracker system. For tracker muons, each reconstructed track in the tracker system
is assumed to be possibly caused by a muon. If a track can be linked to entries in the muon
system, a tracker muon is reconstructed.

The muon identification used by the analyses, which covers the range of |n| < 2.4, is slightly
different. The Diphoton analysis utilized muons, which fulfill a loose identification [70], to veto
events with charged lepton. This loose identification does only require the muon to be recon-
structed in one of the ways explained above. In addition, the muon has to match a loose isolation
similar to the criterion used for the electron ID. The muon identification in the Photon+Lepton
search as well as in the veto strategy used for the combination is based on the medium muon
ID, which in detail is shown in Tab. The requirements can depend on whether the muon is
assumed to be a "good" global muon. In contrast to the Diphoton analysis, a medium isolation
criterion supplements the identification used in the Photon+Lepton search and in the combina-
tion.
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There are three different requirements for the muon to be tagged as a "good" global muon. The
parameter X%Tack /ndf describes the goodness of the combined fitted trajectory in the tracker
system and the muon system using a X2 test. The position match and the kink finder ensure a
good quality of the trajectory in the tracker system only.

The additional parameters used for both muon categories in the medium muon ID can be ex-
plained as follows:

Segment Compatibility: The compatibility of entries inside the muon system is tested and
assigned with a score. In addition, the matching between the extrapolated trajectory of the
tracking system to the corresponding entries in the muon system is taken into account.

Valid Tracker Hits denote the fraction of valid hits inside the inner tracker system. This
requirement does also ensure a good quality of the reconstructed trajectory in the tracker system.

|dg|, |d.| denote impact parameters, which are given by the transverse and longitudinal distance
of the reconstructed trajectory to the primary vertex. By this requirement, the number of muons
originating from pileup is reduced.

Table 5.4: Definition of the medium muon ID [70] supplemented by additional impact parameter
requirements (last two rows). The limit for the segment compatibility depends on
whether the muon matches the "good" global muon requirements.

Parameter "Good" Global Muon | "Normal" Muon
Loose Muon true true
Global Muon true -

X?rack/ndf <3 -

Position Match <12 -
Kink Finder < 20 -
Segment Compatibility > 0.303 > 0.451
Valid Tracker Hits > 80 % > 80 %
|do| < 0.05 cm < 0.05 cm
|d, | < 0.1 cm < 0.1 cm

5.3.4 Jets

Quarks and gluons produced in proton-proton collisions eventually result in jets, which are built
in the reconstruction by combining neutral and charged hadrons reconstructed by the PF algo-
rithm. Here, the anti-kt clustering algorithm [71] with a distance parameter of 0.4 is used. In
addition, jets have to fulfill the identification criterion shown in Tab.

The parameters used in the jet ID predominantly consider energy fractions for different par-
ticle classes with respect to the reconstructed jet energy Ej.. In addition, the total number
of constituents as well as the number of charged hadrons and neutral particles is taken into
account. These requirements have been optimized for different |7| ranges to ensure a good jet
reconstruction.

The |n| ranges used for the reconstruction differ between the individual analyses. The Photon—i—S%
and Photon—{—H% searches consider jets in the range of |n| < 3.0, while the Photon+Lepton anal-
ysis reconstructs jets in the range of |n| < 2.5. In the Diphoton search jets are not used.
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Table 5.5: Definition of the jet ID, which is defined for three different |n| ranges. Here, h de-
notes hadrons, while em stands for electromagnetic particles. Both particle classes
are separated into charged (+) and neutral (0) representatives.

Parameter | | <2.4 | 24<|n <27 |27<|n <3.0

E,o/Eje < 0.99 < 0.99 < 0.98
E o/Ej | <0.99 < 0.99 > 0.01
em
Nparticle >1 >1 -

E,+/Ejy >0 - -
Eemi /Ejet < 099 - -
Nh:t >0 - -

- - > 2

particleo

5.3.5 Additional Variables

Besides kinematic variables, like the transverse momentum or the longitudinal flight direction of
reconstructed particles, additional variables, which combine the properties of multiple particles,
are used in the individual analyses as well as in the combination. These variables allow for a
better separation between background and signal processes and better classification of different
signal scenarios.

The missing transverse momentum p™> (cf. Eq. (5-2)) is one of the main variables used in
searches for SUSY. It is motivated by particles, which are not detected by the different sub-
detectors and escape the experiment without any signal. In case of the considered SUSY sce-
narios (cf. Sec. the gravitino, which is the LSP, would match the criterion of such an
undetected particle. Here, the missing transverse momentum would provide a measure for the
transverse momentum of the escaping gravitino. Thus, the missing transverse momentum is
based on all particles reconstructed by the PF algorithm and is defined as

miss

P = | (5.2)

N
_ \—Zm
7

Due to the negligible transverse momenta of the colliding protons, the summed transverse mo-
menta pr, of the N reconstructed particles should be zero if each of the produced particles is
detected and reconstructed. An undetected particle, however, would lead to an imbalance, which
can be quantified by p7™*. For an ideal measurement of the transverse momenta in the case of
only one undetected particle, pp > would match the transverse momentum of this undetected
particle by construction. In the case of multiple undetected particles, pr1 " corresponds to a
measure for the transverse momentum sum of all undetected particles.

To measure the mass of a mother particle decaying into two or more daughter particles the
invariant mass of the daughter particles is used. Here, the four-momenta of the daughter par-
ticles are summed and then transformed into the rest frame of the mother particle. In case of
an undetected particle, this construction fails since only the transverse momentum of the unde-
tected particle can be approximated by pr . This problem is addressed by using the transverse
mass M, defined by

My = \/Qp%ﬁssp% [1 —cos Ag (m,ﬁ%ﬂss)] , (5.3)
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as a measure for the mass of the mother particle. Here, z denotes the detected daughter particle,
miss

while pp - takes the undetected daughter particle into account. Thus, for the considered SUSY
signals the mass of the NLSP, for example, can be approximated by Mr.

Besides these commonly used variables there are specific variables characterizing the Photon—l—H%
and Photon+S7} analyses. As the names already imply H7}. is used in the Photon+H/]. search
to separate signal scenarios from background processes, while for the same reason 5’% is used in
case of the Photon+S7 analysis. These variables are defined as follows:

Sy =pF=+ 3 ph, Hl=pi+> pr (5.4)
phot. jets

For the S variable the transverse momenta of all reconstructed photons are combined with pp iss,
In the SM there are no processes, where a photon and a neutrino are correlated, which could
result in large S%. In the SUSY scenarios, in contrast, the NLSP can decay to a photon and
a gravitino, where the gravitino accounts for p'™ in the event. Thus, SUSY events populate
higher S regions compared to SM events, which allows for good separation between SM and
SUSY events using the S7. variable [12].
The H% variable, in contrast, is defined by the summed transverse momenta of the leading photon
and all reconstructed jets. This variable is specially designed to gain sensitivity for strong SUSY
scenarios. In those scenarios, the mass of the SUSY particles can extend to high values. Since the
decays of these particles usually contain high-momentum jets as well as high-momentum photons
from the NLSP decays, the SUSY events populate higher H% regions, where only a small number
of SM events is expected. Thus, in the case of strong SUSY scenarios, the H}. variable ensures
good separation between SM and SUSY events [13].
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Signal yields based on the signal prediction for a given scenario are required for the final inter-
pretation of the combination. This prediction is derived using simulated signal samples, which
are based on the scenarios introduced in Sec. 2.3.21

The simulation of these samples mainly follows the procedure discussed in Sec The only
significant difference to the simulation of SM background processes is given by the detector
simulation. Here, the full CMS detector simulation implemented in GEANT4 is replaced by the
FastSim framework [72], which is based on a simplified description of the CMS detector. With
this replacement the computation time needed for the last step of the production procedure can
be reduced by a factor of ~ 100 while obtaining similar observable distributions compared to
the use of GEANTA4.

Different signal scenarios, given by simplified models [40] as well as two full GGM scenarios,
are used for the interpretation of the combination. The SMS scenarios have been already used
for the interpretation of the individual analyses. Based on the manipulation of these samples
the interpretation of the combination is performed on scenarios with variable gaugino branch-
ing fractions. Both new GGM models, in contrast, were not used in the initial searches. Thus,
the corresponding samples were not available in advance and had to be specially produced
for the combination based on model parameters provided by theorists [38] [39]. This procedure
and the corresponding cross section calculations for the GGM models as well as the manipulation
of the SMS samples are discussed in the following sections.

6.1 Simplified Models and Branching Fraction Scans

Two different scenarios with scanned gaugino branching fractions (BF) and one with a fixed BF
are used for the final interpretation. The former two are based on electroweak (EWK) production
and include a variable neutralino’ and chargino BF, respectively. The third scenario is based on
strong gluino pair production. Here, the gluino BF is fixed. For all three scenarios, next-to-leading
order plus next-to-leading-log (NLO+NLL) production cross sections are available [73H81].

For the EWK production two different SMS samples, namely TChiNg and TChiWg, are available.
The masses of the lightest neutralino )Z? and chargino )Zli, which are simultaneously varied across
the phase space, are assumed to be approx1mately degenerate. The TChiNg sample is constructed
such that each event contains two neutralinos xl, each decaying to ’yG ZG and HG with 50,
25 and 25% probability, respectlvely In the TChiWg sample, in contrast each snnulated event
consists of one neutralino X X1 decaylng to 'yG and one chargino y X1 decaying to WEG.

In the neutralino BF scan the ¥ X1 decay probability is rescaled between fyG and ZG while the HG
case is neglected assuming no higgsino contributions to X1- For this purpose, the simulated events
in the TChiNg sample are separated by their final state into vy, vZ, and ZZ events. With this
separation the BF-dependent signal yield A(X) can be expressed as

AX)=X" A +2-X-(1-X) Ay +(1—X)* Agy, (6.1)

with the BF of a neutralino decaying to *yé given by X. For the neutralino BF scan, the combined
chargino-chargino and chargino-neutralino production cross section is used. This is possible due
to the degenerate mass mentioned above and the assumption that produced charginos decay to

"Unless otherwise stated, "neutralino" denotes the lightest neutralino.
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neutralinos via soft radiation ()ﬁc — )Z(l) + soft), which corresponds to low momentum particles
from an off-shell W+ decay not reconstructed by the detector. Thus, both production channels
effectively contain two neutralinos.

For the chargino BF scan, in contrast, the chargino decay probability is rescaled between W G
and Y X1 + soft with the neutralino further decaying to fyG This variation results in v+, w Y,
and WEWT final states. The TChiWg sample is used for the Wi’y final state, the v+ events
are taken from the TChiNg sample, and the WEWT final state is neglected. The signal yield
depending on the chargino BF is then given by

Here, X denotes the BF for Xli — 2(1) + soft. The chargino BF scan is scaled only to the
chargino-chargino production cross section since by construction the production of two charginos
is assumed for each event.

In the case of strong gluino pair production one SMS scenario, namely T5Wg, is available. In
this scenario, the gluino mass and the mass of the neutralino, which equals the mass of the
chargino, are used to span the phase space. The BF for the charged (g — X1 + qq) and neutral
gluino decay (g — Xl + qq) are equally set to 50%. The neutralino decays to vG while the
chargino decay is given by x X1 — WE 4 X1- Thus, the dominant final state is w* ~v with a decay
probability of 50%, while the v+ and WEWT final state each make up 25% of the signal events.

6.2 General Gauge-Mediation Scenarios

Two full GGM scenarios based on the GGM framework (cf. Sec. are used for the main
part of the final interpretation. In contrast to the SMS scenarios, the different gaugino branching
fractions are not rescaled by hand but come as a result of the model itself. While the SMS samples
were already available for the individual analyses, the GGM samples are produced along with the
combination. Thus, the model parameters used for the GGM sample production as well as the
corresponding cross section calculations are described in more detail in the following sections.

6.2.1 Model Parameters and Sparticle Spectra

The GGM framework hase been used by theorists |38, B9] to develop both GGM scenarios.
The model parameters, which correspond to the eight independent GGM parameters, and the
sparticle masses, are available in SUSY Les Houches Accord (SLHA) files. These files are studied
to get better insight into the GGM scenarios used for the interpretation of the combination.

The choice of the GGM input parameters for both scenarios can be seen in Tab. The main
difference between the scenarios corresponds to the pair of parameters, which are used to span
the phase space. In case of the M1M2 scenario, the bino mass M; and the wino mass My, both
defined at the messenger scale M,,..s, are scanned while the gluino mass Mj is fixed to 8 TeV.
In the M1M3 scenario, the phase space is spanned by M; and M5 while the wino mass is set
between the bino and gluino mass. The Higgs mass parameter p equals M3 and —My for the
M1M2 and M1M3 scenario, respectively. This is mainly motivated by the range of the gaugino
masses, which can be limited by the choice of . The remaining input parameters are kept
unchanged between the two scenarios. For both scenarios, the variable parameters are scanned
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in 50 GeV steps. Each of the resulting parameter combinations is denoted as a signal point in
the following.

Table 6.1: Definition of GGM input parameters for the two different GGM signal scenarios
used in the final interpretation of the combination. All parameters are defined at
the messenger scale M, ., = 10" GeV. The separation between up- and down-type
squarks holds only for right-handed squarks.

Parameter MI1M2 Scenario | M1M3 Scenario
Bino Mass M, (250, 1500) GeV | (50, 1500) GeV
Wino Mass M, (250, 1500) GeV (M + M3)/2
Gluino Mass M3 8 TeV (1000, 2500) GeV
Left-handed Squark Mass mg, 10 TeV 10 TeV
Up-type Squark Mass my; 10 TeV 10 TeV
Down-type Squark Mass mp 8 TeV 8 TeV
Messenger Scale M. 10" GeV 10" GeV
Higgs mass® 7 8 TeV — M,

The physical masses of the sparticles are derived based on the GGM input parameters for both
scenarios. Since the input parameters are defined at the messenger scale of 10" GeV while the
physical masses are usually interpreted at the EWK scale, renormalization group running has
to be taken into account. This running results in a difference between the gaugino masses used
as input parameters and the corresponding physical masses.

The resulting physical masses for the gauginos of main interest in the M1M2 scenario can be
seen in Fig. The most intuitive distribution corresponds to the chargino ﬁ[ mass, which
scales with the wino mass M; and varies between 90 GeV and 1200 GeV. The scaling of both
neutralino masses, in contrast, depends on the area of the phase space. This behavior is caused
by one of the main features of the MIM2 scenario. For signal points with Mj > Mj, where the
primed masses denote the gaugino masses exploited at the EWK scale, the lightest neutralino %(1),
which is the NLSP, is dominated by its wino component. Thus, in this area the physical mass
of the NLSP scales with the wino mass M,. While for signal points with M; < Ms the bino
component is dominant and the NLSP mass scales with the bino mass M;. In total, the NLSP
mass varies between 90 GeV and 700 GeV. The statements on the NLSP mass can be simply
reversed in case of the )Zg as can be seen by comparing the two upper plots in Fig. Here,
the mass varies in the same range as the chargino mass. The effect of the dominant gaugino
component for the NLSP is also visualized in the mass difference between NLSP and chargino (cf.
lower right plot in Fig. [6.1]). Since the chargino is dominated by its wino component, NLSP and
chargino are almost mass degenerate for points with M; > M, while the mass difference reaches
up to 1100 GeV for the remaining signal points. Due to the constant Ms value of 8 TeV the
physical gluino mass is of the order of 5 TeV, which effectively suppresses contributions from
gluinos in this GGM scenario.

®Here, the Higgs mass parameter of the GGM framework is defined and not the mass of the SM Higgs.
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Figure 6.1: Physical masses in the M1M2 scenario of the lightest neutralino )Z(l) corresponding
to the NLSP (upper left), the next-to-lightest neutralino Y3 (upper right) and the
lightest chargino )ﬁc (lower left). In addition, the mass difference between the lightest
neutralino and the lightest chargino is shown (lower right).

The physical gaugino masses for the M1M3 scenario are shown in Fig. [6.2] Here, the physical
masses scale more intuitively, since for all signal points X? and Xg are bino- and wino-like,
respectively. Thus, the NLSP mass varies with M; between 10 GeV and 750 GeV, while the )Zg
mass scales with My, which is set to (M; + M3)/2, between 450 GeV and 1750 GeV. Another
consequence is that for all signal points in the M1M3 scenario ﬁc and )Zg are nearly mass
degenerate. Due to the lower values of M3 compared to the M1M2 scenario gluino masses down
to 2350 GeV are possible. However, gluino pair production is still not accessible.

6.2.2 Sparticle Decays

Based on the sparticle spectra branching fractions for sparticle decays in both GGM scenarios are
calculated using the SUSYHIT framework [82]. This framework combines two separate software
packages, SDECAY [83] and HDECAY [84], to account for sparticle as well as Higgs decays,
which are described by the two Higgs doublets (cf. Fig. .

The event signatures in both GGM scenarios are mainly determined by the decays of the lightest
chargino ﬁc and the two lightest neutralinos 2(1) and %g. The main parameters driving the
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Figure 6.2: Physical masses in the M1M3 scenario of the lightest neutralino )Z? corresponding to
the NLSP iupper left), the next-to-lightest neutralino e (upper right), the lightest
chargino x7 (lower left) and the gluino g (lower right).

branching fractions for these decays correspond to the mixing of the gauginos as well as the
physical gaugino masses.

Since the lightest chargino )ﬁc is wino-like for all signal points in both scenarios, its dominant
decay is )ﬁc — WE 4 )Z(l). The only exception to this occurs in the M1M2 scenario if )ﬁc and )Z(f
are almost mass degenerate (cf. Fig. [6.1]). In this case, the mass difference between the two
gauginos is too small for an on-shell W to be produced Thus in this part of the phase space,
the decay of the lightest Charglno is dominated by Y Xl — WG,

The decay scheme of the X2, in contrast, differs between the two GGM scenarios. For the
M1Ma3 scenario )Zg and )ﬁc are almost mass degenerate over the entire phase space (cf. Fig. .
Thus, the charged decay (X5 — Wt X7) is suppressed while the neutral decay (Y — Z/H+x1)
is allowed with the decay including the Z boson dominating across the phase space. For the
M1M2 scenario again the neutral decay dominates in the part of the phase space where ig and
)Zli are almost mass degenerate. In this area, the decay including H is dominant due to a
different 523 composition compared to the M1M3 scenario. For the phase space with M) > Mj,
the mass degeneracy between )Zg and )ﬁc does not hold (cf. Fig. . Thus, the charged decay
dominates in this part of the phase space.

The most relevant gaugino decay is the decay of the lightest neutralino )2(1), which is the NLSP
and the primary source of photons in both GGM scenarios. There are only two NLSP decays
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6 Signal Samples

possible in both GGM scenarios. Bino-like NLSPs predominantly decay to vé, while the decay
of wino-like NLSPs is predominantly given by X? — Z4G. The branching fractions for these two
decays are complementary Due to the change of the NLSP composition in the M1M2 scenario
the phase space with M, < M, features a large branching fraction to fyG Signal pomts with
M, > M}, in contrast, are characterized by decays to ZG as can be seen in Fig. |6.3] The
only exception to this separation of the phase space corresponds to the area where the NLSP
is wino-like, but its mass is smaller than my. Here, again the decay to 'yé is dominant. Since
in the M1M3 scenario the NLSP is dominated by its bino component across all signal points,
the lightest neutralino predominantly decays to a photon and a gravitino with rather small
contributions from the decay to ZG (cf. Fig. |6
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Figure 6.3: Branching fractions of the lightest neutralino )Z?, which corresponds to the NLSP,
decaying to a photon and a gravmno for the M1IM2 (left) and M1M3 (right) scenario.
The branching fractions for ¥ X1 — Z+G are complementary to the ones shown in the
plots.

Due to the varying gaugino BFs across the phase spaces combined with multiple production
channels, both GGM scenarios feature a large number of different final states. Since all four
analyses, which contribute to the combination, are based on final states including at least one
photon, the NLSP decay is the most relevant decay for the final interpretation. As can be seen
in Fig.[6.3| most of the signal points in both scenarios can be related to a large BF for the NLSP
decaying to ’yCN}. This does not hold for an area in the phase space of the M1M2 scenario, where
the NLSP is wino-like and its mass exceeds my. Here, the possibility of NLSP decays including
a photon is of the order of 30% resulting in a higher amount of events without photons in the
final state. The impact of the remaining two gauginos (28 and Xli) discussed above is mainly
based on the observation that not every GGM event features two NLSPs and that additional
W* can be produced. The latter feature significantly affects the Photon+Lepton analysis, since
additional charged leptons can be present in the events due to w decays.
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6.2 General Gauge-Mediation Scenarios

6.2.3 Cross Section Calculation

In addition to the different decay branching fractions, production cross sections have to be
derived based on the model parameters for both GGM scenarios. These cross sections differ
from the ones used for the SMS scenarios due to varying gaugino compositions. Thus, a complete
next-to-leading order (NLO) cross section calculation is performed using the PROSPINO 2.1
framework [85), [86].

The cross sections are derived for each signal point in both scenarios based on the corresponding
model parameters given by the SLHA files. In addition to the model parameters, a parton den-
sity function (PDF), which describes the parton momentum distributions inside a proton, has
to be used as an additional input to the framework. Since the resulting cross section strongly
depends on the PDF choice, different PDFs are taken into account in the calculation and a
PDF-dependent uncertainty is assigned to the final cross section following the PDFALHC recom-
mendations [87]. The recommended procedure is to perform the cross section calculation for each
signal point 100 times while changing the input PDF for each iteration. Out of these 100 PDF
replicas, one third each is based on CT14 [88], MMHT14 [89], and NNPDF3.0 [90] covering the
uncertainty of the PDF itself. The final cross section is then given by the mean of the 100 results
and the cross section uncertainty due to different PDF choices is derived by the corresponding
standard deviation. The uncertainty on the strong coupling constant o, = 0.1180 4+ 0.0015 is
taken into account by two additional iterations based on PDFs, which are derived with an «
value shifted by its uncertainty. For the resulting a;, uncertainty on the final cross section half
the difference between these two additional iterations is used. Since the PROSPINO 2.1 frame-
work does not support the LHAPDF file format [91], which is needed to perform the calculation
following the PDFALHC recommendations, a small extension to the framework has been imple-
mented. A validation of this extension can be found in Appx. 2] In addition to uncertainties
based on the PDF and «, choice, effects of different renormalization and factorization scales
are studied. For the proper cross section calculations, these scales are set to the mass of the
produced sparticles. To test the cross section dependency to different scale choices the nominal
scales are shifted by a factor of two in both directions. The results based on the shifted scales are
used to assign an additional scale uncertainty to the final cross section. The difference between
the cross sections with a shifted scale and the initial results are taken as the scale uncertainty.
Using this procedure a nominal cross section as well as corresponding uncertainties due to
PDF, «,, and scale variation are derived for each signal point. To ensure a complete coverage
of the total cross section each possible production channel is tested for both signal scenarios.
Due to the large sfermion, squark, and gluino masses, production channels including these spar-
ticle classes do not contribute to the total cross section. While the remaining light gauginos,
namely )Zf, 28, and )Z(l), can be produced in the proton-proton collisions resulting in pure EWK
production for both scenarios.

The total cross section and the combined relative uncertainty, covering PDF, ay, and scale vari-
ations, for the M1M2 scenario can be seen in Fig. Here, the dominant production channel
changes across the phase space. Chargino pair (%f%f) production makes up around 30% of the
total cross section for all signal points. For the phase space with M) > My, the remaining 70%
result from chargino-neutralino (ﬁy‘f) production, while for M| < Mj, this fraction is cov-
ered by sgli;zg production, including the next-to-lightest neutralino. Comparing the production
channels with the gaugino masses (cf. Fig. shows that the dominant contributions result
from pair production for nearly mass degenerate gaugino pairs. The total cross sections decrease
with increasing mass of the produced particles. The total uncertainty, in contrast, increases with
increasing mass for most of the signal points. This behavior is caused by the PDF uncertainty,
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6 Signal Samples

which dominates the total uncertainty for M, > 500 GeV. The total uncertainty for the re-
maining signal points is dominated by the scale uncertainty, which scales contrary to the PDF
uncertainty. A complete overview of the individual uncertainties can be found in Appx. [3
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Figure 6.4: Total NLO cross sections derived for the M1M2 scenario (left). Combined relative
cross section uncertainties including PDF, «y, and scale uncertainty (right).

The results of the cross section calculation for the M1M3 scenario are shown in Fig. In
contrast to the M1M2 scenario, around 70% of the total cross section corresponds to ﬁci pro-
duction across the whole phase space. The remaining 30% is covered by chargino pair production
for all signal points. As already stated in case of the M1M2 scenario, the total cross section scales
contrary to the mass of the produced particle while the opposite holds for the combined relative
uncertainty. Here, the total uncertainty is dominated by the PDF uncertainty across the whole
phase space (cf. Appx. |3).

Comparing the total cross sections for both GGM scenarios shows that in the M1M2 scenario
larger cross sections can be achieved. The main reason for this is the lower mass of the produced
particles in the M1M2 scenario compared to the M1M3 scenario (cf. Fig. and .
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Figure 6.5: Total NLO cross sections derived for the M1M3 scenario (left). Combined relative
cross section uncertainties including PDF, «y, and scale uncertainty (right).
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7 Event Selections and Background Estimation Methods

The four analyses, which are used in the combination, were all developed individually based on
different final states including at least one photon. Thus, each of the searches is characterized by
its own event selection resulting in a large phase space that can be covered by the combination.
Due to the different final states, the background processes contributing to the individual search
regions differ between the analyses. These contributions to the signal regions are estimated using
different background estimation methods. To give an overview of the different event selections” as
well as the different techniques used in the background estimations each of the four contributing
analyses is briefly introduced in the following.

7.1 Photon+S7

The Photon+S% analysis [12] is designed to cover a wide range of different SUSY models mainly
focusing on EWK scenarios. In this analysis, events are required to contain a high-energy photon
and a large amount of missing transverse momentum pyp . To maintain sensitivity to EWK as

well as strong SUSY scenarios no additional jet requirements are considered.

The event selection is mainly defined by the presence of at least one high-energy photon
with pp > 180 GeV to match the requirements of the single photon trigger (cf. Sec. .
The photon has to be reconstructed in the ECAL barrel (|n| < 1.4442). In addition, the events
in the signal region are required to fulfill p7™> > 300 GeV. To avoid significant pp™> con-
tributions from mismeasurements of jet energies, each jet with pp > 100 GeV is required to
exceed an angular distance to pp - of A¢(pr ,jet) > 0.3. Finally, the selected events have
to match Mp(yq,pr ) > 300 GeV, where v, denotes the leading photon, to further improve
the signal sensitivity while reducing SM background contributions. The final signal region is
separated into four exclusive bins in S%, where all photons fulfilling pp > 15 GeV and the object
definitions in Sec. are used in the calculation of S%. The corresponding bins are defined by
the S% regions 600 — 800, 800 — 1000, 1000 — 1300, and > 1300 GeV. In addition to the signal
region, a control region (CR), used in one of the background estimation methods, is defined.
Here, the pr and My(v,,pr ) requirements are both lowered to 100 GeV while excluding the
signal region.

The main SM background contribution to the signal region arises from vector boson production
with initial-state radiation of a photon (V7). The prediction of this SM process as well as of
direct photon production in association with jets (y-+jets) is based on a X2—ﬁt performed in the
CR. Here, the distribution of Ag(pr ", nearest jet/v) is used to separate the two backgrounds.
Using the simultaneous X2—ﬁt between the MC prediction and the observed data in the CR,
a scale factor for each of the two backgrounds is derived. Contributions from other SM back-
grounds to the CR, which are small compared to Vv and y+jets, are kept constant in the fit.
The corresponding post-fit distribution in the CR can be seen in Fig. For the final back-
ground prediction, the MC prediction in the signal region is scaled by the scale factors derived
in the CR.

An additional contribution to the signal region originates from electrons which are misidentified
as photons (e — 7). A misidentification rate f,_,, measured in observed Z — ete” events
with the tag-and-probe method [92] is used to estimate this contribution. Since the derived rate
depends on several kinematic properties of the photon, a 50% uncertainty is assigned to f, oy

9The event selections discussed in this chapter are based on the initial analyses while additional changes with
respect to the combination strategy are discussed in Sec.
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7 Event Selections and Background Estimation Methods

To estimate the final contribution to the signal region an additional sample, which fulfills the
event selection of the signal region but replaces the photon by an electron, is scaled by misiden-
tification rate f,_,. Smaller contributions to the signal region from tt(v) and diboson processes
are estimated based on simulation.

The combination of the different background prediction methods is tested in an exclusive val-
idation region, which is defined by the same event selection as the signal region but instead
requires S% < 600 GeV. As can be seen in the right plot of Fig. a good agreement between
the SM background prediction and the selected data is achieved.
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Figure 7.1: Left plot: Distribution of the angular distance between p1 and the nearest jet or
after the simultaneous x*-fit in the control region [12]. The scaled contributions from
V7 (orange) and y+jets (blue) including scale factors as well as the total fit (red) and
the fixed background (dark magenta) are shown. The statistical uncertainty (oga¢)
for the fit, the systematical uncertainty (ogyg fixea) for the fixed background, and
the pull between data and fit can be seen. Right plot: Validation of the background
prediction in the validation region [I2]. In the ratio plot, the systematic (o) as
well as the total uncertainty (o) of the background prediction are shown, while in
S% distribution only the systematic uncertainty is given.

7.2 Photon+H7Y

In the Photon+H. analysis [13], the targeted final states are again characterized by a high-energy
photon and a large amount of p1 . Since this analysis focuses mainly on strong SUSY scenarios,
events are required to fulfill an additional condition on the transverse event activity.

To fulfill the requirements of the trigger used in this analysis (cf. Sec. , the signal region
is mainly defined by at least one high-energy photon with pp > 100 GeV reconstructed in
the ECAL barrel and an event activity of H% > 700 GeV. In addition, the missing transverse

momentum p%ﬂss of the selected events has to exceed 350 GeV. Due to possible misreconstruction

of the photons in the barrel, jf and py’ 55 can be falsely aligned. Thus, events in the signal region

—miss =Y

are additionally required to match [A¢(£pT ,pp1)| > 0.3 allowing for a reliable background
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prediction. In contrast to the Phot0n+S% search, the signal region is separated in two dimensions
by splitting it into three pf'™ ranges (350 — 450, 450 — 600 and > 600 GeV) and two HJ
ranges (700 — 2000 and > 2000 GeV). This results in a total of six search bins of which only
the three bins with HJ > 2000 GeV are used for the final combination (cf. Sec. . Two
additional CRs, used for the background predictions, are defined. Events in the photon CR
fulfill all requirements of the signal region but match pt™ < 100 GeV. The jet CR, in contrast,
is only defined by the H% condition of the event selection.

One of the main background contributions for most parts of the signal region corresponds to
QCD processes with jets, where the photon is directly produced (y+jet) or reconstructed from
a jet (multijet). Here large amounts of DT MISS can arise from mismeasurements of the jet ener-
gies (nongenuine pr ™). Since the pp™ shape of both processes is similar, estimates for these
contributions are simultaneously derived by a data-driven method. The shape of the pp"™ dis-
tribution in the jet CR is corrected to match the corresponding shape i 1n the photon CR. This
is achieved by applying a constant shift factor, which is derived by a X method in the region
of pmlss < 100 GeV, to the pt IS yalues in the jet CR. To avoid contributions other than multijet
events to the jet CR additional events are subtracted using simulation. Finally, the modified

P distribution of the jet CR, which is normalized to the p*° distribution of the photon CR
in the range of pI™ < 100 GeV, is used to estimate contributions from nongenuine p™ to
the signal region. Uncertainties on this background prediction arise mainly from the statistics
in the photon CR and from uncertainties on the derived factor, which take, among others, its
deviation from unity into account. This background prediction method is tested on simulated
v+jet and multijet events resulting in a good agreement between the direct simulation and the
data-driven method applied to simulation (cf. Fig. .
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Figure 7.2: Left plot: Validation of the nongenuine p=™* prediction for HJ > 2000 GeV using
~v+jet and multijet simulation [I3]. The blue bins correspond to the background
prediction method applied to simulation, while the black dots are given by the direct
simulation. The total uncertainty on the background is shown as the shaded area.
Right plot: Validation of all background prediction methods for H. > 2000 GeV [13].
Since the validation of the background prediction is the primary goal, the data in
the last three bins, which correspond to the signal region, is not shown.
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Further contributions to the signal region from vector boson production with photon radia-
tion (YW /~Z) and top quark pair production in association with a photon (vtt) are estimated
using simulation. The impact of electrons being reconstructed as photons and thus contributing
to the signal region is predicted by a scale factor using the same procedure as in the Photon—i—S%
search.

The complete background prediction is validated in two different ways. First, the whole method
is applied to events, where the signal photon is replaced by a photon reconstructed in the
range of 1.6 < |n| < 2.5, corresponding to a selection which is orthogonal to the signal region
and shows negligible contributions from signal events. The corresponding plot can be found
n [13]. Additionally, the pr° range between the photon CR (p7™ < 100 GeV) and the signal
region (pp > 350 GeV) is used to validate the background prediction (cf. Fig. . Both
validations show a good agreement between background prediction and observed data.

7.3 Photon+Lepton

The Photon+Lepton analysis [14, 93], in contrast to the inclusive searches introduced before,
targets rather specific final states. A charged lepton is required in addition to the photon and
a high amount of missing transverse momentum. Due to the charged lepton requirement a
lower photon-pp threshold, compared to the inclusive searches, can be used allowing for a high
signal efficiency even in phase space regions with low sparticle masses. As in the Photon+57
search additional criteria with respect to the hadronic activity are not applied, which maintains
sensitivity for strong as well as EWK SUSY scenarios.

The signal region of this analysis is separated into ey and p7y channels considering the na-
ture of the charged lepton. The lepton has to exceed a transverse momentum of 25 GeV. In
case of the p~vy channels, muons are reconstructed in the range of |n| < 2.4 while electrons for
the ey channels have to be detected in |n| < 2.5 excluding the barrel-endcap transition region
of 1.44 < |n| < 1.56. If more than one charged lepton matches these criteria, the one with
the highest pr is selected. For the reconstructed photon, a moderate pr threshold of 35 GeV
and a |n|-value below 1.44 are required. To suppress photons created by final state radiation
of the charged lepton, photons are rejected in the area of AR < 0.3 around any reconstructed
electron or muon. This criterion is tightened in case of the separation between the leading
photon and the leading lepton. Here, the photon is rejected if the separation in AR falls be-
low 0.8. To avoid high contributions from Z — ete™ events to the e~ channels, where one
of the electrons is reconstructed as a photon, the invariant electron-photon mass has to ex-
ceed my by at least 10 GeV. In addition to these criteria, the selected events have to ful-

fill P > 120 GeV and M (¢, pP™) > 100 GeV. Based on the splitting into ey and p7y chan-
nels the signal region is further separated into bins of pp™™ (120 — 200, 200 — 400, > 400 GeV),
pr (35— 200, > 200 GeV), and Hrp (0 — 100, 100 — 400, > 400 GeV)'® resulting in a total of
36 exclusive search bins.

In the Photon+Lepton analysis contributions from SM processes to the signal region are clas-
sified into five different groups. In two of the groups, the photon is misidentified, while a real
charged lepton can be reconstructed. As in the two searches introduced before there is the chance
of electrons being misreconstructed as photons. Again contributions from this process are esti-
mated using a misidentification factor applied to a control sample. The factor is derived in the

region of p%ﬁss < 70 GeV using the tag-and-probe method in data. In contrast to the inclusive

10Only jets, which are separated from the photon and the charged lepton by AR > 0.4, contribute to the hadronic
activity Hr.
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searches, where contributions from this process are small, in the Photon+Lepton search, the
method is performed for several bins in pt and |n| of the probed object as well as in the number
of vertices in the selected events. This allows for a more accurate background prediction and
thus, for a smaller uncertainty assigned to this contribution. The method is validated by com-
paring the background prediction to the simulation of the corresponding SM processes as can
be seen for the p+y channels in Fig.

In addition to electrons, jets can be misidentified as photons. To predict contributions from this
process a jet-to-photon misidentification factor R = Njqq.~/Nprozy depending on the photon
candidate p is derived in the region of p?iss < 70 GeV. The denominator is based on the num-
ber of jet proxies, which are given in a hadron control sample defined by inverting the cluster
shape and isolation criteria of the photon identification (cf. Sec. [5.2). The nominator is derived
by applying a hadron fraction factor to the selected photons resulting in an estimate on the
number of photons, which are reconstructed from jets. This hadron fraction is calculated using a
template fit to the isolation distribution separating pure photons and jet-to-photon misidentifica-
tions. To improve the method in the region of high-pt candidates, which is limited by statistics,
the pp distribution of Njqq. and Ny, is modeled with the sum of two exponential functions.
The jet-to-photon misidentification factor R derived from these two functions is finally applied
to the hadronic control sample in the area of pp™> > 120 GeV to predict the contributions of

misidentified jets to the signal region.
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Figure 7.3: Left plot: Validation of the e —  background prediction [I4]. The misidentification
rate is derived in a control region, which is dominated by Z — ete™ events (yellow).
The final prediction (red) is compared to the prediction from direct simulation, which
is shown as black points. The hatched areas correspond to the total uncertainty on
the final prediction. Right plot: Validation of the complete background prediction
in the region of My (f,p™) > 100 GeV using the full p** distribution without
signal region binning [14]. For both plots, the pf™ distribution of the py channels
is shown.

To predict the background contribution from vector boson production in association with a pho-
ton and from misidentified charged leptons a fit method similar to the method applied in the
Photon+S7 analysis is used. The shape of Vv is modeled by simulation, while for the misiden-
tified leptons a lepton CR with inverted isolation requirement of the lepton identification is
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used. The fit is performed in the region of 40 < Pt < 70 GeV using the A¢(l, is_s) distri-
bution resulting in a scale factor for each of the two background processes. The pp™ region
below 40 GeV is left out to reduce contributions from Z+v events. The final contributions to the
signal region are derived by applying the scale factors to events in the lepton CR and simulation,
which match pp™ > 120 GeV, for misidentified leptons and V+, respectively.

Additional contributions from diboson and top quark pair production in association with a pho-
ton are predicted based on simulation only. The final background prediction including all five
different contributions is, for example, validated using the p7p™ distribution of the signal re-
gion without applying the signal region binning (cf. Fig. . A good agreement between the

background prediction and the observed data is found.

7.4 Diphoton

The fourth analysis used in the combination is based on final states with two photons and
a significant amount of missing transverse energy. The Diphoton analysis [15] mainly targets
SUSY scenarios where the NLSP features a large bino component leading to a large probabil-
ity for )Z(l) — ’y—l—(N} decays. As in the Photon+S7, and Photon+Lepton searches, no additional
requirement on the hadronic event activity is used to maintain high sensitivity to EWK and
strong SUSY scenarios.

Motivated by the choice of the diphoton trigger the signal region of this analysis is mainly
defined by the requirement of two photons with pp > 40 GeV, whose invariant mass has to
exceed 105 GeV. To select events with a significant amount of pp™*, each event in the sig-
nal region has to fulfill p7™ > 100 GeV. An additional lepton veto is used to distinguish
this analysis from other SUSY searches with photons and leptons. An event is rejected if an
electron (muon) with pp > 25 GeV and |n| < 2.5 (2.4) can be reconstructed. The final sig-
nal region is separated into six exclusive bins using pr . The boundaries of these bins are
given by pp>° = 100, 115, 130, 150, 185, and 250 GeV with the last bin including the region

of P > 250 GeV.

The background in the signal region of the Diphoton analysis is dominated by QCD events, where
the photons can be directly produced or misreconstructed from jets. To predict the contribu-
tions from these processes a data-driven method is used. Two misidentified photons ("fakes"),
which are defined by looser photon and neutral-hadron isolations and fail the shape requirement
or the charge-hadron isolation (cf. Sec. , are selected to construct the ff control sample,
which includes two fakes. To avoid a large number of signal events in this control sample, the
fakes are required to satisfy Rg > 0.9, where Ry corresponds to the ratio of the energy in a
3x3 array cluster around the ECAL seed to the total energy of the reconstructed supercluster.
To predict the contributions from QCD processes, the ratio of real diphoton events to ff events
is modeled by an exponential function in the region of pp>> < 100 GeV, as shown in the left plot
of Fig. The final QCD prediction is derived by scaling the number of ff events, which fulfill
the remaining requirements of the event selection, with the exponential function. To validate
this procedure, the same method is used to predict the number of events with one photon and
one fake (v f events). A good agreement between the prediction and the observed v f events,
which are cleaned from W+jet events using simulation, is found [I5].

Additional contributions to the signal region result from EWK events, which feature inher-
ent pp > and electrons being reconstructed as photons. Similar to the searches introduced before,
an electron-to-photon misidentification factor (f,_,,), derived by the tag-and-probe method, is
applied to an ey control sample to predict this background contribution. To cover possible de-
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pendencies between f,_,, and various kinematic variables a 30% uncertainty is assigned to the
misidentification factor.

Irreducible contributions from Z~~ events with the vector boson decaying to neutrinos are pre-
dicted by simulation. The final background prediction including QCD, EWK, and Z~~ contri-
butions is validated using events, which match the event selection with exception to the p1™ re-
quirement (cf. Fig. . A good agreement between background prediction and observed data

is found.
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Figure 7.4: Left plot: Ratio of real diphoton events (y7) to events with two misrecon-
structed photons (ff) modeled by an exponential function py - e ¥ in the re-
gion of p1™™ < 100 GeV [15]. Right plot: Final prediction for the whole pt™™ spec-
trum [modified from [I5]]. The shaded yellow areas in the upper part as well as the
grey region in the ratio plot correspond to the total uncertainty on the background
prediction. Since the validation of the background prediction is the primary goal,
the data in the last six bins, which correspond to the signal region, is not shown.
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8 Phase Space Overlaps

As the event selections of the four contributing analyses introduced in the previous chapter are
not exclusive, phase space overlaps between the four signal regions have to be studied. Since a
reliable combination can only be performed in the case of statistically exclusive signal regions,
overlaps have to be removed by additional vetoes. To keep the rather specific signal regions
of the Photon+Lepton and Diphoton analyses (specific searches) unchanged, this procedure is
performed on the signal regions of the two inclusive searches (Photon—kS’% and Photon—l—H%).
Different combination strategies are tested to find an ideal strategy, which results in improved
limits across different SUSY scenarios. Since the additional criteria imposed to remove the
overlap can lead to changes in the background predictions of the two inclusive searches the
corresponding background validations are repeated.

These three steps, namely the study of phase space overlaps, the development of additional
vetoes and combination strategies, as well as the background validations for the modified signal
regions, are discussed in the following sections.

8.1 Overlap Studies

The four analyses used in the combination can be separated into two groups. The Photon+Lepton
and Diphoton analyses target specialized signal regions due to additional object requirements
besides the photon criteria (c.f. Sec. . Phase space overlaps between these two analyses should
be naturally avoided by the lepton veto applied in the initial event selection of the Diphoton
analysis. The remaining searches, Photon—i—S% and Photon+H. %, in contrast, cover a wider phase
space, since their signal regions are mainly defined by the existence of only one high-energy pho-
ton. Here, overlaps between these two searches as well as to the signal regions of the specific
searches are expected to be found.

The phase space overlaps are studied using data events selected by the four analyses. The event
selections of the three remaining searches are implemented in the frameworks of both inclusive
analyses. Thus, each event selected by one of the inclusive searches can be tested with respect
to the remaining three event selections. This procedure is validated on an event-by-event basis
by comparing event lists of the four signal regions.

The resulting phase space overlaps in data are shown in Fig. The search bins of both
inclusive searches are dominated by events, which are not selected by any of the three remaining
analyses. The ratio of exclusive events with respect to the total number of events per bin varies
in the range of 67 to 88%. The only exceptions to this are the third and the fifth search bin of
the Photon+H7. analysis, where the exclusive events account for ~ 50% of the total yield. The
smallest overlap to the signal regions of the inclusive searches is found in the event selection of the
Diphoton analysis. Only one search bin in each of the inclusive searches is affected. This can be
explained by the restrictive Diphoton event selection where only events in the highest p1™>-bin
of the Diphoton signal region could be shared with the inclusive searches (c.f. Sec. .

The overlap to the Photon+Lepton analysis, in contrast, is spread over multiple search bins
of the inclusive searches. For the Photon+S7 signal region, an overlap in all four bins which
corresponds to a fraction of 2 to 4% is found. For the Photon+H% search only the first four
bins are affected with a contribution of 4 to 17% from events, which are likewise selected by the
Photon+Lepton analysis.

The main overlap in both inclusive analyses is found among each other shown by the third row in
each of the two plots (c.f. Fig. . The four bins of the Photon+S7 search feature a contribution
from Photon+H7, events in the range of 9 to 31% with the third bin (57 = 1000 — 1300 GeV)
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8 Phase Space Overlaps

corresponding to the largest overlap. These fractions are exceeded in case of the Photon+H,
signal region. Here, events selected by both inclusive searches account for 24 to 50% of the yield
in the six search bins. Due to the two inclusive event selections, which are both designed to cover
a wide phase space, this comparatively large overlaps match the expectation.

CMS Private work 35.9 fb™ (13 TeV) CMS Private work 35.9 fb™ (13 TeV)
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Figure 8.1: Phase space overlaps in data studied for the four search bins of the Photon—i—S%
analysis (left) and the six search bins of the Photon+H.. analysis (right). The latter
six bins are separated into events with H% above and below 2 TeV. The first and
the second row in both plots show the number of total events and the number of
events which are exclusive for the corresponding analysis, respectively. The upper
three rows account for the overlap to the remaining searches, which is non-exclusive
between these three rows. The number of data events per bin is shown in red.

8.2 Veto and Combination Strategy

To perform a reliable combination of the four analyses the overlaps studied in the previous
section have to be assigned to one of the four analyses by applying additional vetoes to the
remaining searches. The veto strategies, which are developed in the following, are applied to
the two inclusive searches. There is one main reason for modifying the signal regions of the
inclusive searches instead of changing the event selection of the specific searches. The most
significant overlap was found between the two inclusive searches while the event selection of the
specific searches is exclusive by design. Thus, by developing a veto strategy, which only affects
the inclusive searches, two of the four analyses can remain unchanged. Although the sensitivity
of the inclusive searches might decrease due to the additional vetoes, in the combination the
contributions from the two specific searches are expected to make up for this decrease.

The vetoes used for the combination are given by the criteria shown in Tab. To remove the
overlap between the inclusive searches and specific searches a lepton veto as well as a diphoton
veto are applied to the event selection of the Photon—l—S% and the Photon+H% analyses. These
two vetoes are designed to match the corresponding event selection of the Photon+Lepton and
Diphoton searches (c.f. Sec. and [7.4).

The overlap removal between the two inclusive searches is studied in detail to develop an op-
timized way of assigning the large phase space overlap between both inclusive searches. Three
different vetoes are designed to study different combination strategies of the Photon+S57, and the
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8.2 Veto and Combination Strategy

Photon—{—H% analyses. For the first strategy (Strategy 1), the event selection of the Photon+5’%
search remains unchanged while an S% veto is applied to the Photon—i—H% analysis. With this
strategy, the overlap is entirely assigned to the signal region of the Photon+5’% analysis. In
the second strategy (Strategy 2), the opposite approach is used. Here, the Photon—i—H% search
remains unchanged while a full—H% veto is applied to the event selection of the Photon+S%
analysis. The last strategy (Strategy 3), in contrast to the first two strategies, is designed to
split the overlap in a natural way. Here, only the three search bins of the Photon—i—H% search
with H% > 2 TeV (c.f. Sec. are used in the combination while a high—H% veto is applied to
the event selection of the Photon+5% search. This strategy is motivated by the features of the
different SUSY scenarios targeted by the two inclusive searches. Since the Ph0t0n+H% analysis
is designed for strong SUSY scenarios, which feature a large amount of hadronic activity in each
event, the high-H% bins provide the largest sensitivity. The Photon—l—S% search, in contrast,
mainly targets EWK scenarios with a low hadronic activity. Thus, applying the high—H% veto
should not affect the sensitivity to EWK scenarios of the Photon—|—5’% search to a large degree.

All vetoes designed for the combination are validated by comparing the resulting signal regions
on an event-by-event basis in data. Thus, it is ensured that none of the observed events is
included in more than one of the combined signal regions.

The validation of the three combination strategies regarding the background predictions, which
could change due to the veto applications, can be found in Appx.[d In case of the final strategy,
which also includes both specific searches as well as the corresponding diphoton and lepton
vetoes, the background validation is discussed in Sec. [8.3

Table 8.1: Definition of vetoes used for different combination strategies. The diphoton as well as
the lepton vetoes are applied to the event selection of both inclusive searches for the
final combination. The full- and the high—H% vetoes are applied to the Photon—i—S%
event selection for Strategy 2 and Strategy 3, respectively. The S% veto is applied
to the Photon+H7 event selection for Strategy 1. An event is only affected by the
veto if all criteria of the corresponding veto are fulfilled. The number photons, which
fulfill the photon identification with respect to the medium working point, are denoted
as N.

Ymed®

Veto Criteria

N, d22withp:}>40GeV

Diphoton Veto Tme
My, > 105 GeV

N, > 1 with pf > 25 GeV
Lepton Veto Mp(£, pF™) > 100 GeV, |my., —my| > 10 GeV
Leptons satisfying Photon+Lepton criteria
HJ. > 2000 (700) GeV, p™ > 350 GeV
|A(£PT, 1) > 0.3
py > 180 GeV, S1. > 600 GeV
My (v, PR%) > 300 GeV

High-(full-) H] Veto

S% Veto
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8 Phase Space Overlaps

The performance of the three different combination strategies introduced above is tested by
combining only the two inclusive searches. The two specific searches, whose usage does not
differ between the three strategies, as well as the lepton and diphoton vetoes are not included
in these studies.

The combination itself as well as the limit setting, following the procedure introduced in Sec. [3]
is performed using the HiggsCombine framework [43]. For the interpretation of the combined
results, which include a total of ten search bins for the first two strategies and seven search bins in
case of the third strategy, two unmodified SMS scenarios are used. To cover both possible SUSY
production channels, namely EWK and strong production, which might behave differently for a
given strategy, expected mass limits are set for the TChiNg and the THWg scenario (c.f. Sec. .
To avoid possible bias caused by fluctuations in the observed data, only the expected limits are
studied to test the performance of the different combination strategies.

The results for the three strategies with respect to both SMS scenarios can be seen in Fig. [8.2]
Since the phase space of the strong T5Wg scenario is spanned by the gluino mass and the
neutralino mass, which is degenerate to the chargino mass, the limit contour is displayed in a
two dimensional way. Significant differences between the three strategies can be found. Strategy 2
and 3 coincide over a wide range and only differ for larger neutralino masses, where the limit
resulting from Strategy 3 starts to exceed the others. The first strategy, in contrast, results in
a weaker limit for most parts of the phase space but coincides with Strategy 3 close to the
diagonal. This behavior can be explained by the design of the different strategies. The first
strategy favors the Photon—l—S% search, which mainly targets signal events with a low amount of
hadronic activity. Since these kinds of events are predominantly produced if the mass difference
between gluino and neutralino is small, Strategy 1 results in a strong limit close to the diagonal.
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Figure 8.2: Left plot: Expected exclusion limit contours in the phase space of the THWg scenario,
which is spanned by the gluino and neutralino mass. Right plot: Expected upper
cross section limits in the phase space of the TChiNg scenario, which is spanned by
the mass of the neutralino. The solid black line corresponds to the theoretical cross
section of the given signal scenario. The results of all three combination strategies
are shown in both plots, with Strategy 1 (green) and Strategy 2 (red) favoring the
Photon—i—S% and Photon—i—H% analyses, respectively. In Strategy 3 (blue) the overlap
is split between these two inclusive. In these studies the two specific searches as well
as the lepton and diphoton vetoes are neglected.
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8.3 Validation of Background Estimations

The second strategy favors the Photon+H% analysis, which targets events with a large hadronic
activity. For most parts of the signal region, such events are dominant due to the large mass
difference between gluino and neutralino, resulting in the limit contour of Strategy 2. The third
strategy is designed to keep the strengths of both inclusive analyses by splitting the overlap.
The resulting limit verifies the success of this approach since this limit not only envelopes the
other two limits but exceeds them at neutralino masses of the order of 1500 GeV.

The phase space of the EWK TChiNg scenario, in contrast, is only spanned by the mass of the
lightest neutralino. Thus, cross section limits for all three strategies as well as the theoretical
cross section are shown in Fig. Here, the first and the third strategy, whose difference is
small, exceed Strategy 2 across the whole phase space. This is caused by the design of Strategy 2,
which favors the Photon+H. search. Since electroweakly produced signal events usually feature
only a small hadronic event activity, the second strategy results in a weaker limit. Strategy 3
almost coincides with Strategy 1, which favors the Photon—i—S% search.

Based on the study of the three different combination strategies, it can be stated that the first
two strategies, which are designed to assign the overlap to only one of the inclusive searches,
lead to a performance, which strongly depends on the nature of the tested scenario. The third
strategy, in contrast, is developed to keep the strengths of both inclusive analyses. Here, good
performance across both signal scenarios is found. In the final combination, the Photon+S7. and
Photon+H% analyses are combined using Strategy 3. In addition, the two specific searches, which
were neglected for the performance studies of the different combination strategies, associated
with the lepton and diphoton vetoes are included in the final combination.

8.3 Validation of Background Estimations

For the final combination of all four analyses, multiple vetoes are applied to the signal selec-
tion of the two inclusive searches. To remove the overlap between each of the inclusive to the
specific searches, lepton and diphoton vetoes are applied to the signal region of Photon+S%
and Photon—i—H%. In addition, overlap removal according to Strategy 3 is applied. Due to these
additional vetoes the compositions of both inclusive search regions change. To include these
changes into the background predictions, the vetoes are applied to all additional regions used
for the different background estimation methods (c.f. Sec[7.1] and [7.2). Since this might change
the performance of the different methods, the main background validations for the two inclu-
sive searches are reproduced for the modified event selections to ensure that the background
predictions are still reliable.

In case of the Phot0n+5% search the lepton, the diphoton, and the high—H% vetoes, defined
by Tab. are applied to the event selection. To validate the full background prediction for
this modified selection the validation region, which is given by the same selection as the signal
region but requires S% < 600 GeV, is used. To take the changes of the signal region into account,
the same vetoes are applied to the validation region. The result of this validation can be seen
in Fig. The S% distribution as well as the pp spectrum of the leading photon in the validation
region are shown. For both distributions, good agreement between the observed data and the
predicted background yields is achieved. Thus, it can be concluded that the background predic-
tion methods used by the Photon+S% analysis still provide reliable predictions after applying
the modified event selection.
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Figure 8.3: Validation of the background prediction in the validation region (S% < 600 GeV) with

lepton, diphoton, and full—H% vetoes applied. The left plot shows to the S% spectrum
while in the right plot the pp distribution of the leading photon is shown. The
systematic uncertainty on the background prediction (ogys) is shown in both parts
of the plots while the total background uncertainty (o) can additionally be seen
in the ratio parts.
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Figure 8.4: Left plot: Validation of the nongenuine pt™™ background prediction for the high-
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H/ region with lepton and diphoton vetoes applied using simulation. The blue bins
correspond to the background prediction performed on simulation. The black dots are
given by the direct simulation. The total uncertainty on the background is shown
as the shaded area. Right plot: Validation of all background prediction methods
combined for the high—H% region with the lepton and diphoton vetoes applied. Since
the validation of the background prediction is the primary goal, the data in the last
three bins, which correspond to the signal region, is not shown.



8.3 Validation of Background Estimations

Following the combination strategy only the three high-H7 bins of the Photon+H. search,
which fulfill H% > 2 TeV, contribute. Thus, the effects of the lepton and diphoton vetoes on the
background prediction for this part of the initial Photon—|—H% search region have to be studied.
As in the procedure for the Photon—i—S% search, the corresponding background validations are
reproduced with respect to the additional vetoes. The dominant nongenuine p'o*° background
is validated comparing direct simulation and the data-driven method performed on simula-
tion (c.f. Sec. . The result of this validation, which is performed with the additional vetoes
applied, is shown in the left plot of Fig. A good agreement between direct simulation and the
nongenuine pp > background prediction is observed. In addition to the validation of the main
background, the combination of all background predictions is tested in data using the validation
region 100 < pr>° < 350 GeV. Again good agreement between the observed data and the back-
ground prediction with respect to the uncertainties is found. Both plots can be compared to the
initial background validations shown in Fig. which do not include the vetoes. With both
background validations showing a good agreement, it can be stated that the methods of the

Photon+H7 analysis lead to reliable background estimates also for the modified event selection.

The reproduction of the main background validations for the two inclusive searches with respect
the modified event selections shows that the background estimation methods for both searches
still provide reliable background predictions. Since the Photon+Lepton and the Diphoton anal-
yses remain unchanged in the final combination, no additional background validations for these
two searches have to be performed.
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9 Uncertainty Correlations

The estimated background yields as well as the signal predictions are subject to multiple uncer-
tainties. These uncertainties are calculated individually by each of the corresponding auaalyses11
As introduced in Sec. [3] nuisance parameters are used in the limit setting procedure to account
for different uncertainties. In contrast to the interpretation of a single analysis, additional corre-
lations between the uncertainties used in the contributing searches have to be taken into account
in the combination. The neglect of such correlations could spoil the limit setting, which would
lead to an inaccurate interpretation of the combined results. In the following, the uncertainties
on the estimated backgrounds as well as on the signal predictions used by the analyses are dis-
cussed regarding correlations. Following the procedure of the HiggsCombine framework [43], the
uncertainties are assumed to be either fully correlated or fully uncorrelated between analyses.

9.1 Background Uncertainties

Regarding uncertainties, considered in the background prediction methods of the searches,
two different aspects are discussed. On the one hand, correlations can be based on statistical
overlaps between the multiple data control regions used for the background prediction meth-
ods (cf. Sec. . On the other hand, similarities between the methods could justify correlations
between the corresponding uncertainties.

To study the overlap between the data control regions used by the different analyses, selected
events are compared on an event-by-event basis. To adapt the combination strategy introduced
in the previous chapter, the corresponding vetoes are applied to the control regions of the two
inclusive searches. The results can be seen in Tab. Most of the 15 possible combinations,
based on a total of six control regions, do not show any overlapping events. The highest number
of events selected by two of the control region definitions is found between the jet control
region of the Photon+H, analysis and the ff control sample of the Diphoton search. However,
this overlap only corresponds to an overlapping fraction way below one per mill, which can be
neglected. The highest overlapping fraction with respect to the total yield is found for the lepton
control region in the Photon+Lepton search. Here, the study shows an overlap of around 5% with
respect to the Photon+S7. control region.

In addition to the study of the control region overlaps, similarities between the different back-
ground prediction methods are studied. While comparing the different methods, described
in Sec. [7, the most apparent similarities can be found in the method used to predict the con-
tributions from electrons being reconstructed as photons. In all four searches, variations of the
tag-and-probe method [92] are used to estimate the background yields given by this process.
Thus, the corresponding uncertainties, which are assigned by the analyses, are assumed to be
fully correlated between all four searches.

In each of the four analyses mainly subdominant background contributions are estimated based
on plain simulation. These backgrounds are given by diboson and top quark pair processes
in three of the searches while in the Diphoton analysis the Z~vy background is estimated
by this method. Since the simulated samples used for these predictions are produced simi-
larly (cf. Sec. and do coincide in case of the diboson and top quark pair background estima-
tions, the corresponding uncertainties are assumed to be fully correlated between the analyses.
Motivated by the small contributions from these processes, a conservative uncertainty estimate
is preferred against a detailed calculation by each of the four analyses. To use a similar estimate

A detailed description of the different uncertainties can be found in the references of the individual analyses.
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9 Uncertainty Correlations

Table 9.1: Overlaps between the control regions used by the individual analyses modified by
the additional vetoes. The first and the last row correspond to the Photon+5’% and
Diphoton control regions, respectively. For the Photon—i—H% search the photon () as
well as the jet control region are studied. In the case of the Photon+Lepton analysis,
the lepton (¢) and the hadron (jet) control sample are taken into account. The diagonal
denotes the total event yield of the corresponding control regions.

St | H} (v) | H} (jet) | Lepton (¢) | Lepton (jet) | Diphoton
ST 12568 - - 9 2 -
Hy (7) - | 107260 - - - -
HI (jet) - - 8894300 - 1 36
Lepton () 9 - - 184 - -
Lepton (jet) 2 - 1 - 1274 -
Diphoton - - 36 - - 210554

across all searches, the uncertainty used in the PhotonJmS’% analysis is changed from 30% to 50%,
matching the description used in the remaining searches.

The last prediction methods, which feature similarities between at least two of the contributing
analyses, correspond to the fit procedure used in the Photon—l—S% and Photon+Lepton searches.
In the case of the Photon+S% search, scale factors for the Vv and y+jets prediction are derived
by performing a fit in an angular distribution, which separates the shape of both background con-
tributions (cf. Sec. . In the Photon+Lepton search, a similar procedure is used to derive scale
factors for the Vv processes and contributions from misidentified charged leptons (cf. Sec. [7.3)).
In addition, the control regions used in these predictions show an overlap of 9 events, which
make up for 5% of the lepton control region. To cover these similarities as well as the overlap
the uncertainties regarding the fitting procedure are assumed to be fully correlated between the
Ph0t0n+S% search and the Photon+Lepton search.

9.2 Signal Uncertainties

In addition to the uncertainties assigned to the background yields, nuisance parameters are
also assigned to the signal prediction, to take uncertainties based on the signal simulation into
account. Here, additional uncertainties are assigned to the initial set of uncertainties used by the
different analyses. This step is mainly motivated by the fact that the same signal simulations are
used by all analyses, but different sets of signal uncertainties are taken into account. Thus, by
assigning a uniform set of signal uncertainties to each analysis, a consistent description across
the combination can be ensured. In addition, all uncertainties assigned to the signal predictions
are assumed to be fully correlated between the four searches. The only exception to this is given
by the statistical uncertainties of the signal yields. As discussed before, the signal regions used
in the combination are exclusive due to the removal of the overlaps discussed in Sec. Thus,
each of the simulated events used for the signal prediction is only selected by one of the four
analyses.
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9.2 Signal Uncertainties

Since the assignment of a uniform set of signal uncertainties can result in small changes com-
pared to the description of uncertainties used by initial analyses, the set of systematic signal
uncertainties will be briefly introduced in the following:

Fast Simulation of p**: In the procedure of signal simulation the detector simulation using

GEANT4 [64] is replaced by the FastSim framework [72] to save computing time. This replace-
ment can affect the simulated reconstruction of particles in the signal events. Since the missing
transverse momentum is based on all reconstructed particles, changes with respect to the re-
constructed pp™™* cannot be excluded. Comparisons between FastSim and GEANT4 yield large
changes in events where p1">° is caused by mismeasurements. To reduces these changes, the
signal selection of all four analyses is performed twice, once using the reconstructed and once
using the generated missing transverse momenta. The average yield of both iterations is used as
the final yield while half the difference between the iterations is assigned as uncertainty to the

signal yield.

Initial State Radiation: To improve the modeling of initial state radiation (ISR), which
affects the total transverse momentum of the SUSY particle system (prIFSR), a reweighting of the
p{«SR distribution in EWK SMS scenarios is performed. This reweighting procedure is based on
studies of the transverse momentum of Z events [94]. To account for any systematic effects, the
difference to the result based on the unweighted distribution is assigned as an ISR uncertainty
to the signal prediction.

Photon Scale Factors: Since the event selections of all contributing analyses are mainly based
on the reconstruction of at least one photon, differences between the photon reconstruction
efficiency in data and simulation have to be taken into account. Here, studies comparing data
and simulation with respect to the photon reconstruction were performed by each of the analyses.
These studies result in an additional uncertainty on the signal yield between 2 and 5%.

Pileup: To take differences between data and simulation with respect to the number of si-
multaneous interactions into account, an additional pileup uncertainty is assigned to the signal
yield. This uncertainty is derived by splitting the simulated signal events into a low-pileup and a
high-pileup category and performing the signal prediction for each of the categories individually.
The difference between the signal yields derived from the two categories is assigned as the pileup
uncertainty to the signal prediction.

Jet Energy Scale: The energy scale of reconstructed jets is corrected to account for effects
of pileup and of non-uniform detector responses [95]. This correction propagates to observables
like the missing transverse momentum, which can change the final signal yield. To account for
these changes the signal prediction is additionally performed using a jet energy scale, which is
shifted upward and downward by its uncertainty. Half the difference between the signal yields
from these two additional iterations is assigned as a jet energy scale uncertainty to the signal
prediction.

Measured Luminosity: The simulated signal events are scaled to match the measured lumi-
nosity of the observed data. Since the luminosity measurement has an uncertainty of 2.5% [96],
the same value is assigned as luminosity uncertainty to the final signal prediction.

All of these uncertainties, except for the first two uncertainties, are also assigned to parts of
the background predictions performed by the individual analyses. Thus, the correlation of these
signal uncertainties not only affect the signal predictions but can also lead to minor effects on
the background predictions.
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10 Results and Interpretations

The different steps towards a reliable combination of the four analyses, including overlap studies,
additional background validations, and studies regarding the uncertainty correlations between
different searches, are discussed in the previous sections. In this section, the results of the final
combination are presented. The observed yields are compared to the background prediction for
each search bin of the combination. In addition, SMS as well as GGM scenarios are used to
interpret the final results and to set upper limits on multiple signal parameters following the
method discussed in Sec. Bl

10.1 Results

The final results used in the combination are based on the combination strategy developed
in Sec. In this strategy, the two specific searches, Photon+Lepton and Diphoton, are kept
unchanged while additional vetoes are applied to the event selection of the two inclusive searches,
Ph0t0n+5% and Photon—i—H%. A lepton veto as well as a diphoton veto are added to the selection
of both inclusive searches. In addition, the signal region of the Photon+S7}. analysis is modified
by a high—H% veto while only the three Photon—i—H% search bins, which fulfill H% > 2 TeV, are
used. Due to this strategy, the final results include a total of 49 exclusive search bins. Four out
of these 49 bins are based on the Photon—i—S% analysis, where the signal region is divided by
the S% variable. The Photon—l—H% search accounts for three search bins, which are divided with
respect to prrfliss. The largest number of the search bins used in the combination is contributed
by the Photon+Lepton analysis. Here, the search region is divided into ey and p7y channels
based on the nature of the reconstructed charged lepton. These channels are further divided
by pr ", the total hadronic activity Hr, and the transverse momentum of the leading photon p..
resulting in a total of 36 bins. The remaining six search bins are contributed by the Diphoton
search, where the signal region is only divided by pp .

The comparison between the observed yield and the background prediction for all 49 search
bins is shown in Fig. In case of the Photon+Lepton and Diphoton searches these compar-
isons correspond to the published results, while the yields of the Photon—i—S% and Photon+H%
analyses are based on the modified event selections, which ensure exclusive signal regions. For
most of the 49 search bins good agreement between the observed events and the standard model
prediction is found. One significant deviation between the observed yield and the background
prediction is found in the second search bin of the Phot0n+H% analysis. Comparing this devia-
tion to the published result of this search [13] it is found, that the excess is not caused by the
additional vetoes but is a feature of the initial analysis.

Additional deviations can be found in the search region of the Photon+Lepton analysis. The
fourth and the last search bin in the ey channels as well as the tenth bin in the puvy channels
show a small excess in the observed data compared to the background prediction. Since in case
of the Photon+Lepton search the event selection is kept unchanged, these deviations are not
caused by the combination strategy [14].

The same argumentation holds for the last search bin of the Diphoton search, which also shows
an excess. While the deviations in case of the Photon—i—H% and Photon+Lepton analyses are
found in search bins, which feature a rather low sensitivity to the shown GGM signal point,
the excess in the last Diphoton search bin coincides with a rather high sensitivity affecting the
interpretations discussed in the following sections.
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Figure 10.1: Comparison between background prediction and observed yields for all 49 search
bins used in the combination. Bins 8 to 25 correspond to the py channels of the
Photon+Lepton search, while bins 26 to 43 cover the ey channels. The six different
background contributions (colored areas) as well as the total uncertainties (red
shaded area) are shown in the upper part of the plot. In addition, one example
signal point for the M1M2 scenario, which corresponds to a bino mass of 1000 GeV
and a wino mass of 750 GeV, both defined at the messenger scale, is overlaid (red
line). The lower part of the plot shows the ratio between background prediction
and observation, including the total background uncertainty.

The largest two excesses discussed above, which both correspond to deviations of the order of
two standard deviations from the background predictions, are expected. Since the combination
includes a total of 49 bins, in around two to three bins a deviation of this order should be
found. The majority of the search bins show a good agreement between the observation and the
standard model prediction. Thus, no evidence for physics beyond the standard model is found,
and the results of the combination are used to set upper exclusion limits with respect to several
SUSY scenarios.

10.2 Limits on General Gauge-Mediation Scenarios

The results of the combination are used to set limits on two full GGM scenarios. The features
of both scenarios as well as the corresponding cross section calculations are explicitly discussed
in Sec. Especially in case of the interpretation based on the M1M2 scenario, these features
are essential to discuss the resulting limits, which are more complex compared to the remaining
interpretations.
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10.2 Limits on General Gauge-Mediation Scenarios

The interpretation of the combination in the M1M2 scenario at 95% confidence level (CL) is
shown in the left plot of Fig. [I0.2] Based on the expected limit all signal points below a wino
mass My, defined at the messenger scale, of around 1250 to 1300 GeV can be excluded. The
only exception to this is given by an area, where the wino mass is of the order of 850 GeV
and the bino mass M; exceeds 1350 GeV. About the same area is likewise not excluded by the
observed limit, which, in contrast to the expected limit, rules out signal points with wino masses
below 1050 to 1100 GeV resulting in a discrepancy between expected and observed limit at high
wino masses.

The interpretation based on the M1M3 scenario is shown in the right plot of Fig. Based
on the expected limit signal points with a gluino mass M3 up to 2350 GeV and a bino mass M;
up to 1450 GeV can be excluded. In case of the observed limit, these upper bounds are lowered
by around 400 GeV and 500 GeV for the gluino and bino mass, respectively. This results in a
visible discrepancy between the observed and expected limit, similar to the interpretation of the
M1M2 scenario. These discrepancies will be discussed at a later point.
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Figure 10.2: The 95% CL limits for the M1M2 (left) and M1M3 (right) scenarios. All masses
spanning the phase spaces (bino mass M7, wino mass My, and gluino mass M3) are
defined at the messenger scale of 10" GeV. The colored histograms correspond to
the observed upper cross section limit for each signal point. The thick lines in black
and red show the observed and expected limits, respectively. The phase space below
these lines is excluded by the combination. The thin lines indicate the uncertainty
bands for both limits. For the observed limits, the theory uncertainties on the signal
cross section are shown, while the expected limits are connected to the experimental
uncertainties.

The features of the limit contours as well as the gain from the combination for the two GGM
scenarios can be extracted from Fig. where the area excluded by the expected limits of
the combination and of the single analyses are shown. The results of the two inclusive searches,
Photon-f—S% and Photon+H.., are summarized to improve the readability of the plot.

In case of the M1M2 scenario, the composition of the excluded area can be explained as follows.
The green area denoted as "All" corresponds to the area, which is excluded by all four contribut-
ing analyses. The light green part of the phase space above this area, in contrast, is only ruled
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10 Results and Interpretations

out by the specific searches, while the small line below is covered by the inclusive searches and
the Photon+Lepton search. In addition, areas, which are only excluded by one of the specific
searches are found in the plot.

The low sensitivity of the Diphoton search as well as the two inclusive searches below the area,
which is excluded by all searches, is caused by the smaller branching fraction of the neutralino'?
decaying to 'yé (cf. Sec. . This part of the phase space is mainly covered by the Pho-
ton+Lepton search, which benefits from the wino-like neutralino leading to additional charged
leptons from the )Z? — 724G decay. These features do not hold for signal points with a wino
mass around 300 GeV. For these points the mass of the neutralino is too small for an on-shell Z
to be produced and the decay to 'yé is again dominant.

In contrast to the sensitivity of the inclusive searches being limited by the nature of the neu-
tralino decay below the area excluded by all searches, the restriction above this area is mainly
caused by the signal cross section decreasing with an increasing wino mass combined with a
smaller neutralino mass at low M, values. Since in the signal events pr " mainly originates from
to the undetected gravitinos from neutralino decays, at low neutralino masses the high p71™° re-
quirements of the inclusive searches are not fulfilled by most of the signal events resulting in a
reduced sensitivity.

The decreasing signal cross section is also the main reason for the limited sensitivity of the
Photon+Lepton search for signal points at wino masses around 800 GeV as well as of the two
specific analyses at high wino masses. At wino masses around 1200 GeV the separation between
Photon+Lepton and Diphoton is caused by the different branching fractions of the neutralino
decay. Here, the probability of pure diphoton final states decreases in favor of a higher probability
of vZ final states with increasing bino masses.
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Figure 10.3: Excluded areas for the individual analyses and the combination based on the ex-
pected limit contours at 95% CL for the M1IM2 (left) and M1M3 (right) scenario.
The different areas are each labeled by the searches by which they can be excluded.
The results of the Photon—&—S% and Photon—i—H% analyses are summarized and de-
noted as "SinglePhoton". The area marked as "All" is excluded by all analyses. The
grey areas, labeled as "Combination" are only excluded by the combination and not
by any of the individual searches. In the M1M3 scenario, no signal points excluded
by the inclusive searches are found.

2Unless otherwise stated, "neutralino" denotes the lightest neutralino.
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10.2 Limits on General Gauge-Mediation Scenarios

The main differences of the M1MS3 scenario to the M1M2 scenario in the considered phase
space correspond to the smaller signal cross sections and the bino-like nature of the neu-
tralino (cf. Sec. and . This results in a simpler structure regarding the excluded phase
space of the M1M3 scenario. Since both inclusive searches do only feature a small sensitivity in
this phase space, none of the signal points can be excluded by the Phot0n+5’% or Photon+H%
analyses alone. This is mainly caused by the comparably low signal cross sections across the
whole phase space and the fact that the highest cross sections are found at low masses, which
feature only small p1"", as explained above. Although the two inclusive searches cannot exclude
any points, they nevertheless contribute to the combination. The specific searches, in contrast,
are able to exclude areas at lower masses both limited by the decreasing signal cross sections.
The separation between both specific searches is again caused by the probability of pure dipho-
ton final states decreasing in favor of 4Z final states with increasing bino mass (cf. Sec. .
An additional discussion of the most sensitive searches for each point in the phase space of both
GGM scenarios can be found in Appx.

The gain from the combination of the individual searches for both GGM scenarios with respect
to the expected limit is shown as grey areas in both plots of Fig. These parts of the phase
space can only be excluded by the combination and not by any of the individual analyses. In
case of the M1M2 scenario, two areas which are only covered by the combination are found. At
high wino masses as well as at wino masses around 800 GeV, which are both limited by the
decreasing signal cross sections, a gain of the order of 100 GeV for the expected limit on the
wino masses can be achieved. For the M1M3 scenario, the expected limit on the gluino and wino
masses can be increased by around 150 GeV and 200 GeV, respectively, by combining the four
individual searches.

In order to discuss the discrepancy between the expected and observed limits found in the in-
terpretation of both GGM scenarios as well as the gain achieved by the combination regarding
sparticle masses, the limit contours are translated to the sparticle mass planes (cf. Fig.[10.4)). In
case of the M1M2 scenario, the area which features a small mass difference between the lightest
neutralino and chargino (cf. Sec. would lead to an inconsistent description of the mass
diagonal. Thus, only signal points with a mass difference of at least 120 GeV are taken into
account for the M1M2 scenario.

The discrepancies between the expected and observed limits are also found in both sparticle
mass planes. These discrepancies originate from the individual limits of both specific searches,
which drive the sensitivity at high chargino masses. Since both individual limits do already
feature a weaker observed limit compared to the expected limit in the same regions of the
phase space, the gap between expected and observed limits can only increase in the combina-
tion. The discrepancies can be explained by excesses found in multiple bins of both specific
searches (cf. Fig. [10.1]). For the second group of limit contours in the M1M2 scenario at wino
masses of the order of 800 GeV, in contrast, no significant discrepancy is found (cf. Fig. .
Here, a higher contribution from the Photon—i—S% search is present (cf. Appx. . Since in case
of the Photon—l—S% analysis a good agreement between observation and background prediction
is found, the expected and observed limit contours are in agreement in this area.

With the discrepancy between expected and observed limits assumed to be caused by excesses
in some of the sensitive bins, there are multiple possible origins for these excesses. On the one
hand, the excesses could be caused by an inaccurate standard model background prediction or
statistical fluctuations in the corresponding search bins. On the other hand, there could be ad-
ditional contributions to the observed yield from further processes, including physics beyond the
standard model, which are not taken into account by the individual analyses. Since the signal
region distributions used by the searches are not able to distinguish between these origins, this
question cannot be finally answered by the combination either.
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Figure 10.4: Exclusion contours at 95% CL of the individual searches and the combination for
the sparticle mass planes of the M1M2 (left) and M1M3 (right) scenario. In case
of the M1M2 scenario, the plane is spanned by the mass of the lightest neutralino
and chargino, while only the phase space with a mass difference of at least 120 GeV
is shown. The phase space of the M1M3 scenario is spanned by the mass of the
lightest neutralino and the gluino mass.

The gain achieved by the combination regarding the expected limit on the wino mass in the
M1M2 scenario, which is of the order of 100 GeV (cf. Fig. , can be translated to a gain of
the same order on the expected limit of the chargino mass (cf. Fig. . In case of the observed
limit, this gain can only be found at low neutralino masses, while at high neutralino masses
the observed limit of the combination is slightly exceeded by the Photon+Lepton search. This
feature is mainly caused by the excess in the Diphoton signal region, as discussed above. Thus,
in case of the M1M2 scenario, the combination results in an observed (expected) limit on the
chargino mass up to 850 (1050) GeV depending on the neutralino mass.

In case of the M1M3 scenario, the gain of 200 GeV in the bino mass corresponds to an in-
crease of the upper expected limit on the neutralino mass of the order of 100 GeV. The gain
of 150 GeV with respect to the gluino mass M3, defined at the messenger scale, can be trans-
lated to an increase of the upper expected limit on the gluino mass at the EWK scale of the
order of 250 GeV. For the observed limit, this gain is again only found at low neutralino masses.
At higher neutralino masses, in contrast, the combination is slightly exceeded by the individ-
ual Photon+Lepton limit, similar to the M1M2 scenario. Thus, in case of the M1M3 scenario,
the combination results in an observed (expected) upper limit on the neutralino mass of the
order of 475 (650) GeV and on the gluino mass of the order of 4000 (4850) GeV. The latter limit
has to be treated with caution since this limit is only valid in the M1M3 scenario and is derived
indirectly from EWK production, while gluino pair production is not accessible.

10.3 Limits on Branching Fraction Scans

In addition to the interpretation based on the two GGM scenarios, exclusion limits for two
scans based on simplified models are extracted from the results of the combination. Here, two
different scans, which each feature a variable gaugino decay branching fraction (BF) as well as
electroweak production, are used. The composition of these scans, namely the neutralino BF
scan and the chargino BF scan, is discussed in Sec. [6.1}
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10.3 Limits on Branching Fraction Scans

The interpretation of the combination in both scans at 95% CL is shown in Fig. In the
neutralino BF scan, neutralino masses up to 1200 GeV at a BF of 100% to fy(~} can be excluded
by the expected limits, which extends to a BF of 5%. In case of the observed limit, this ex-
tension is only slightly smaller, while at a BF of 100% the upper neutralino mass limit drops
to 1050 GeV. While this scan is based on the combined cross section for neutralino-chargino
and chargino-chargino production, only the latter one is used for the chargino BF scan. Here,
neutrahno masses close to 1000 GeV can be excluded by the expected limit at a BF of 100%
to X1 + soft, with the neutralino further decaying to WG With respect to the chargino BF the
expected limit extends to a value of 10%, while the observed limit only excludes points with a
BF down to 18%. Similarly to the first scan, the upper neutralino mass is lowered in case of the
observed limit, which excludes neutralino masses up to 825 GeV at a BF of 100%. As already
seen in the interpretations based on the two GGM scenarios, in the results for the two branching
fraction scans a discrepancy between the expected and observed limits, which is due to the same
reasons as in the GGM scenarios, is found.

To discuss the performance of the individual analyses as well as the gain caused by the combi-
nation, the expected and observed limit for the combination and all four individual searches for
both EWK branching fraction scans are shown in Fig. Here, mainly the expected limits
are studied since those are not affected by the excesses discussed before.

In case of the neutralino BF scan, the Photon—i—S% search covers a wide area of the phase
space. Since only one photon is required by this search, good performance even at lower BFs
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Figure 10.5: The 95% CL limits for two EWK scans with variable gauglno decay branching frac-
tions. In the left scan, the decay of the lightest neutralino ¥ X1 is varied between fyG
and ZG, Whlle in the right scan the decay of the lightest chargino x Xl varies be-
tween WEG and y X1 + soft with x X1 further decaying to 'yG The y-axis in both plots
is given by the mass of the lightest neutralino. The colored histograms correspond
to the observed upper cross section limit for each signal point. The thick lines in
black and red show the observed and expected limits, respectively. The phase space
below these lines is excluded by the combination. The thin lines indicate the uncer-
tainty bands for both limits. For the observed limits, the theory uncertainties on
the signal cross section are shown, while the expected limits are connected to the
experimental uncertainties.
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10 Results and Interpretations

is achieved. The Photon+H% search, in contrast, leads to a weaker exclusion contour across
the whole BF range due to the additional requirement on H% A slightly different dependency
on the neutralino branching fraction can be found in case of the Diphoton analysis. Here, the
expected limit almost reaches the one of the Photon+S7 analysis at high BFs, while at lower
BFs it falls below the Phot0n+H% search. The shape of this contour is caused by requiring at
least two reconstructed photons. This requirement combined with the decreasing probability
for diphoton events at lower BFs leads to a steeper drop of the expected limit of the Diphoton
search. The lowest exclusion contour corresponds to the Photon+Lepton search, which requires
an additional charged lepton. Since the only possibility for charged leptons to be produced in
this scan is the neutralino decay to ZG with the Z decaying to eTe” or ut ", only a few signal
events at branching fractions significantly below 100% match this additional requirement. Thus,
the Photon+Lepton search is expected to have no sensitivity at high BFs, where the 7G decay
is suppressed. The reason why this feature is not reflected by the Photon+Lepton limit, which
is almost constant towards higher branching fractions, is that in case of signal events with two
photons, one of these photons can be falsely reconstructed as a charged lepton matching the
requirements of the Photon+Lepton event selection.

In case of the chargino BF scan, the upper mass limits set by the four analyses (cf. Fig.
are reduced compared to the previously discussed scan, since only chargino-chargino production
is taken into account. The shapes of the Photon+S% and Diphoton limits are quite similar
compared to the neutralino BF scan. The main difference is given by the coincidence of these two
expected limits at high branching fractions, while the Diphoton limit exceeds the Photon+S57
limit at lower BFs. This difference compared to the neutralino BF scan is mainly a result of
different requirements on the missing transverse momentum. Since this requirement is rather
restrictive in the Photon—i—S’% analysis, larger neutralino masses are preferred with respect to the
sensitivity, while the lower requirement in the Diphoton analysis ensures a high sensitivity at
lower neutralino masses. This behavior, which is similar to the one found in both GGM scenarios,
is further visualized in Appx. 5] The expected limit contour of the Photon+Lepton search, in
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Figure 10.6: Exclusion contours at 95% CL of the individual searches and the combination for
both EWK branching fraction scans. In the left scan, the decay of the lightest
neutralino )z(l) is varied between yé and ZG while in the right scan the decay of the
lightest chargino ﬁc varies between WG and 92(1) + soft with X(l) further decaying
to 7@. The y-axis in both plots is given by the mass of the lightest neutralino.
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10.4 Limits on Gluino Pair Production

contrast, differs between the two EWK branching fraction scans. While in the previous scan
Charged leptons were produced following the neutralino decay to ZG here the chargino decay
to WG can result in charged leptons. Thus, the Photon+Lepton limit shows a maxunum at
a BF around 50%, where the probability for a final state with one photon and one W+ boson
is maximal, and even exceeds the other individual limits at low branching fractions. In case of
the Photon—i—H% search, no limit contour is found for the chargino BF scan due to the reduced
signal cross sections.

The sensitivity of the combination for both EWK BF scans is mainly driven by the Photon+S57
and the Diphoton searches, with smaller contributions from the Photon+Lepton search in the
chargino BF scan (cf. Fig . In case of the neutralino BF scan, only a small gain at low BFs
with respect to the expected limit can be achieved by the combination. Due to the excess in the
Diphoton signal region, this gain is not present in observed limits, where the highest limit is set
by Phot0n+5’% search. For the chargino BF scan, in contrast, the combination results in a gain
on the upper neutralino mass limit up to 100 GeV across the whole BF range with respect to
the expected limit. This gain originates from the coincidence of the Photon—{—S% and Diphoton
limit contours in the chargino branching fraction scan, while in the neutralino BF scan such a
coincidence is only present at the lowest BFs. The improvement of the observed limit by the
combination is again strongly reduced by the excess in the Diphoton signal region and is only
present at a BF between 50 and 70%, where a larger contribution from the Photon+Lepton
search is found.

10.4 Limits on Gluino Pair Production

The last interpretation of the combination is performed on a simplified model, namely T5Wg,
which features strong gluino pair production as well as fixed gaugino decay branching frac-
tions (cf. Sec. and . For this interpretation, the combination strategy is slightly changed
such that the Diphoton search is not included in the combination. This change allows for the re-
moval of the diphoton veto. The adaption of the combination strategy is motivated by studies of
the performance of the expected limit based on the combination with and without contributions
from the Diphoton search (cf. Appx. @

The interpretation of the combination at a 95% CL is shown in the left plot of Fig.
where the phase space is spanned by the gluino mass and the mass of the neutralino, which is
degenerate with the chargino mass. Gluino masses up to 2100 GeV close to the mass diagonal
and up to 1700 GeV at low neutralino masses can be excluded with respect to the expected
limit. The observed limit only excludes gluino masses up to 1950 GeV near the mass diagonal
while the upper mass limit decreases down to 1550 GeV at low neutralino masses. Similarly
to the interpretations discussed before, the observed limit lies below the expected limit, but
with respect to the corresponding uncertainties, a better agreement between the two contours
is found.

There are two different reasons for the increased agreement between observed and expected
limits in the THWg scenario compared to the previous interpretations. For the THWg scenario,
the only production channel taken into account corresponds to strong gluino pair production.
Since in case of strong SUSY scenarios the signal cross section uncertainty is significantly larger
compared to EWK scenarios due to larger PDF uncertainties [73H81], the observed limit features
broader uncertainty bands. In addition, the Diphoton signal region, which is the primary origin
of the discrepancies between observed and expected limits in the GGM scenarios and BF scans,
is not included for the T5Wpg interpretation.
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Figure 10.7: The 95% CL limits for the strong T5Wg scenario for the combination (left) and all
individual searches as well as the combination (right). The phase space is spanned
by the gluino mass and the mass of the neutralino. Left plot: The thick lines in
black and red show the observed and expected limits, respectively. The phase space
between these lines and the mass diagonal is excluded. The colored histogram cor-
responds to the observed upper cross section limit for each signal point. The thin
lines indicate the uncertainty bands for both limits. For the observed limit, the the-
ory uncertainties on the signal cross section are shown, while the expected limit is
connected to the experimental uncertainties. Right plot: The observed (solid) and
expected (dashed) limits for the individual searches and the combination are shown
without uncertainties.

The contributions from the remaining three analyses to the combination in case of the THWg
scenario are shown in the right plot of Fig. [I0.7] Most parts of the phase space are dominated
by the PhotonJrH% analysis, which is specially designed for strong SUSY scenarios. The only
exception to this is found close to the mass diagonal, where the gluino and the neutralino masses
are of the same order. For this part of the phase space only a small amount of hadronic activity
is present in the signal events. Thus, the Photon—i—S% search, which has no requirements on
the hadronic activity, has the strongest limit. For the Photon+Lepton analysis, in contrast, a
lower sensitivity compared to the two inclusive searches across the whole phase space is found.
Here, mainly the additional charged lepton requirement but also the lower requirement on the
missing transverse momentum compared to the inclusive searches, which favors sensitivity to
lower neutralino masses, decrease the sensitivity.

By combining the three analyses, a gain on the upper limit on the gluino mass of the order
of 50 GeV at neutralino masses of 1700 GeV can be achieved with respect to the expected
limit. Since, even with the Diphoton signal region removed from the combination, all three
analyses feature a lower observed limit compared to the expected limit, this gain is not found
in the observed limit of the combination. The observed limit of the combination is exceeded
by the Phot0n+H% limit for most parts of the phase space, while it almost coincides with the
Photon+S% limit close to the diagonal.
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11 Summary and Outlook

For the first time in the CMS collaboration, multiple searches for gauge-mediated supersymme-
try in events with photons have been combined. The data set used in this context was recorded
by CMS in 2016 at a center-of-mass energy of 13 TeV and corresponds to an integrated lu-
minosity of 35.9 fb~!. For the combination, the results of two inclusive searches, Photon—i—S’%
and Photon—i—H%, and two more specific searches, Photon+Lepton and Diphoton, were com-
bined. While all four searches are based on final states with at least one photon and a signifi-
cant amount of missing transverse momentum, additional requirements used by the individual
searches allowed for a high sensitivity of the combination across multiple SUSY scenarios.

To ensure a reliable combination of the searches, the overlap between the four signal regions
was studied and removed by additional vetoes. These vetoes were applied based on an optimized
combination strategy resulting in a good performance of the combination with respect to EWK
as well as strong SUSY scenarios. In this optimized strategy, the two specific searches remained
unchanged, while a lepton veto and a diphoton veto were applied to the event selection of the two
inclusive searches. To remove the overlap between the inclusive searches, only the high—H% search
bins of the Photon+H% were used, while a high—H% veto was applied to the Photon—i—S% event
selection. Thus, a total of 49 exclusive search bins were available for the combination. To study
possible changes in the background prediction caused by the additional vetoes, the background
validations of the inclusive searches were repeated based on the modified event selections. Good
agreement between background prediction and the observed data in the corresponding validation
regions was found.

To account for possible correlations between background prediction uncertainties assigned by the
individual analyses, the overlap between multiple control regions used in the prediction methods
as well as similarities in the methods were studied. Several background prediction uncertainties
were assumed to be fully correlated between the analyses. To ensure a consistent description of
the signal prediction, which is based on identical signal simulations for all four searches, a set of
signal uncertainties was defined and assumed to be fully correlated across all search bins.

For most of the 49 search bins used in the combination, good agreement between the background
prediction and the observed data was found. Only three bins in the Photon+Lepton signal region
and one bin each in the Photon—kH% and Diphoton analyses showed an excess. These excesses
were found to be features of the individual analyses instead of being caused by the additional
vetoes applied in the combination.

The interpretation of the results was performed using several SUSY scenarios. In this context,
two new GGM scenarios, which feature electroweak production of gaugino pairs, were produced
along with the combination. This production as well as the mass spectra, sparticle decays, and
signal cross sections of the two GGM scenarios were studied in detail to understand the resulting
limit contours of the combination as well as the individual searches. The observed (expected)
limit of the combination excludes chargino masses up to 850 (1050) GeV in the M1M2 scenario
and neutralino masses up to 475 (650) GeV in the M1M3 scenario. The expected mass exclusions
of the combination are about 100 GeV higher compared to the expected limits of the individual
searches. Due to an excess in the Diphoton bin with the highest sensitivity only small improve-
ments in case of the observed limit were achieved by the combination.

To study the results of the combination with respect to different branching fractions for neu-
tralino and chargino decays, multiple EWK simplified models were merged and then used as
additional interpretations. Here, a high sensitivity of the combination across a wide range of
branching fractions, which exceeds the sensitivity of the individual searches in case of the ex-
pected limits, as well as good separation between the contributing searches were found. In addi-
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11 Summary and Outlook

tion to the EWK scenarios, the results of the combination were also interpreted with respect to
gluino pair production. Here, the expected limit of the combination was found to coincide with
the envelope of the two published expected limits of the Photon—i—S% and Photon—}—H% analyses
and to exceed these two limits in a particular phase space region by about 50 GeV with respect
to the gluino mass. This resulted in an upper gluino mass exclusion of 1950 (2100) GeV set by
the observed (expected) limit of the combination.

Summarizing the different interpretations, the combination sets the first limits on the two new
GGM scenarios as well as on the EWK branching fraction scans. The combination improves the
expected upper mass limits across a wide phase space for these two types of scenarios as well as
for the gluino pair production. In case of the observed limit, this improvement is reduced due to
excesses found in the individual search bins. Nevertheless, the different interpretations motivate
the general concept of combining individual analyses not only to cover larger phase spaces but
also to improve exclusion limits.

Along with this thesis, a detailed description [97] of the combination was developed within a
small team of the CMS collaboration and the analysis is planned to be published as a paper [98].
With the start of the second long shutdown of the LHC by the end of this year, the complete data
set of Run 2 taken between 2016 and 2018 will become available. This will allow for a detailed
analysis of the complete Run 2 data set, which exceeds an integrated luminosity of 140 bt [99],
during the upcoming shutdown, where no additional data is taken. Due to the increased data
statistics available in this data set, the current exclusion limits could be further increased by
a new iteration of the four individual analyses as well as the combination. A new iteration of
combination would, in addition, also lead to a consistent result for searches for gauge-mediated
supersymmetry in events with photons at CMS based on the complete Run 2 data set.
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Appendix 1: CMS Data Sets

All four analyses contributing to the combination are based on the data recorded by CMS in
2016. This data was taken at a center-of-mass energy of 13 TeV and corresponds to an integrated
luminosity of 35.9 fb™' [11I]. The composition of the data is shown in Tab. The data is
divided into different primary data sets (PD), which are based on trigger paths that require
similar high-level objects. The two inclusive searches use the SINGLEPHOTON PD, while the
Diphoton search is based on the DOUBLEEG PD, which is also used by the Photon+Lepton
search combined with the MUONEG PD. In addition to the separation into different PDs, the
data is divided into exclusive run eras, which are denoted by capital letters.

Table Al.1: Paths for the data sets used by the four analyses. PD has to be replaced by the
corresponding name of the primary data set. MINTAOD denotes the format of the
data sets.

Data Sets
/PD/Run2016B-03FEB2017__VER2-V2/MINIAOD
/PD/RuUN2016C-03FEB2017-v1/MINIAOD
/PD/Run2016D-03FEB2017-v1/MINIAOD
/PD/Run2016E-03FEB2017-v1/MINIAOD
/PD/RuUN2016F-03FEB2017-v1/MINTAOD
/PD/Run2016G-03FEB2017-v1/MINITAOD
/PD/RuNn2016H-03FEB2017__ VER2-v1/MINIAOD
/PD/RuN2016H-03FEB2017 VER3-v1/MINIAOD
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Appendix 2: Prospino Extension

To perform the cross section calculation following the PDFALHC recommendations [87], an
extension is implemented to the PROSPINO 2.1 framework [85]. This extension allows for the
use of the LHAPDF file format [91], which is needed to follow the recommendations. To verify the
extension the NLO cross section calculation for one arbitrary signal point of the M1M2 scenario
is performed in two different ways using only one instead of 100 iterations. On the one hand, the
build-in PDF class for CTEQG6.6 [100] is used, which result in the following PROSPINO output:

nmm 1 5 0.0 0.0 1.0 374.7 374.8 0.000 0.865E-01 0.755E-03 0.102 0.645E-03 1.1745 0.920E-01 0.108

nmm 1 7 0.0 0.0 1.0 374.7 374.8 0.000 0.386E-01 0.777E-03 0.455E-01 0.663E-03 1.1775 0.410E-01 0.483E-01

nm 5 7 0.0 0.0 374.8 374.8 0.000 0.603E-01 0.759E-03 0.725E-01 0.638E-03 1.2008 0.641E-01 0.770E-01
il i2 dummyO dummyl scafac ml m2 angle LO[pb]l rel_error NLO[pb] rel_error K LO_ms [pb] NLO_ms [pb]

On the other hand, the same PDF is used in the LHAPDF format via the implemented extension
leading to the following output:

nm 1 5 0.0 0.0 1.0 374.7 374.8 0.000 0.865E-01 0.755E-03 0.102 0.645E-03 1.1745 0.920E-01 0.108

nmm 1 7 0.0 0.0 1.0 374.7 374.8 0.000 0.386E-01 0.777E-03 0.455E-01 0.662E-03 1.1775 0.410E-01 0.483E-01

nm 5 7 0.0 0.0 1.0 374.8 374.8 0.000 0.604E-01 0.758E-03 0.725E-01 0.632E-03 1.2009 0.641E-01 0.770E-01
il i2 dummyO dummyl scafac ml m2 angle LO[pb] rel_error NLO[pb] rel_error K LO_ms [pb] NLO_ms [pb]

Only the accessible production channels are taken into account. The results of the cross section
calculation in LO and NLO can be seen in the last two columns of the output. Since these values
are equal within both methods, the extension to the framework is validated and can be used for
cross section calculation within the two GGM scenarios.
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Appendix 3: Cross Section Uncertainties

The individual cross section uncertainties for both GGM scenarios can be seen in Fig. [A3]]
and[A3.2] The uncertainties are separated into contributions from PDF, «,, and scale variations.
The scale uncertainties are further divided into results from upward and downward shifting of
the renormalization and factorization scales by a factor of two. For both scenarios, the cross
section uncertainties are dominated by the PDF variations. Uncertainties up to 7.5% and 19%
are found for the M1M2 and M1MS3 scenarios, respectively. The only part of the phase space,
where another uncertainty besides the PDF uncertainty is significantly contributing, is found at
low My values in the M1M2 scenario. Here, the uncertainty is dominated by the scale variations,
which are of the order of 5%.
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Figure A3.1: Individual cross section uncertainties for the M1M2 scenario divided into PDF
uncertainty (upper left), a;, uncertainty (upper right), and scale-up (lower left) as
well as scale-down uncertainty (lower right). In each of the four plots, the relative
uncertainty is shown.
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Figure A3.2: Individual cross section uncertainties for the M1M3 scenario divided into PDF
uncertainty (upper left), a, uncertainty (upper right), and scale-up (lower left) as
well as scale-down uncertainty (lower right). In each of the four plots, the relative
uncertainty is shown.
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Appendix 4: Additional Background Validations

In the studies of the different combination strategies with respect to the performance of the
expected limit13, different vetoes are added to event selections of both inclusive searches. These
vetoes change the composition of the signal regions and affect the background predictions as
well. To ensure a reliable background prediction for both inclusive searches in each of the three
combination strategies, the main background validations are performed with respect to the
additional vetoes.

Strategy 1

The first strategy is designed to assign the overlap to the signal region of the Photon—i—S%
analysis. Thus, this analysis remains unchanged while an S, veto is added to the selection of
the Photon+H% search. The background validation based on this changed selection is shown
in Fig. for the low—H% and high—H% region. Both plots show good agreement between the
observed data and the background prediction in the validation regions.
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Figure A4.1: Background validation for the event selection of the Photon+H7. analysis, with
additional S% veto. The distribution of the missing transverse energy separated
into normalization and validation region for the low-H7. (left) and high-H}. (right)
region is shown. Since the validation of the background prediction is the primary
goal, the data in the last three bins, which in both plots correspond to the signal
region, is not shown.

Strategy 2

The second strategy is designed to assign the overlap to the signal region of the Photon—i—H%
analysis. While this search remains unchanged, the additional full—H% veto is applied to the
Photon—i—S% event selection. The corresponding background validation for this modified event
selection is shown in Fig.[A4.2] Good agreement between the observed data and the background
prediction in the validation region is found.

'3 As mentioned in the discussion of these studies, the two specific searches are not included. Thus, the following
background validations do not contain the lepton veto nor the diphoton veto. The background validations with
respect to the final combination including these vetoes is discussed in Sec.
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Figure A4.2: Validation of the background prediction in the validation region (S < 600 GeV)
with the full—H% veto applied. The left plot corresponds to the S% spectrum while
in the right plot the p distribution of the leading photon is shown. The systematic
uncertainty on the background prediction (ogys) is shown in both parts of the plots
while the total background uncertainty (oy,;) can be seen in the ratio parts.

Strategy 3

The third strategy is designed to split the overlap between the two inclusive searches. In case
of the Photon+H7, search, only the three high-H] bins with H} > 2 TeV are used in the
combination, while an additional high—H% veto is added to the Photon+5% event selection. Thus,
the background prediction of the Photon+H, analysis remains unchanged. The background
validation for the Photon—i—S% search including the high—H% veto is shown in Fig. @ Good
agreement between the observed data and the background prediction in the validation region is
found.
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Figure A4.3: Validation of the background prediction in the validation region (S < 600 GeV)
with the high—H% veto applied. The left plot corresponds to the S% spectrum while
in the right plot the p distribution of the leading photon is shown. The systematic
uncertainty on the background prediction (0gy;) is shown in both parts of the plots
while the total background uncertainty (oy,;) can be seen in the ratio parts.
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Appendix 5: Sensitivity Comparisons

For further studies on the sensitivity of the individual analyses, each signal point in the different
scenarios is tested with respect to the most sensitive analysis. These studies are based on the
expected limits, which are not affected by fluctuations in the data.

In case of both full GGM scenarios, the phase space is mainly dominated by the two specific
searches (cf. Fig. [A5.1]). The lower sensitivity of both inclusive searches is caused by the lower
neutralino masses, which cannot account for the high pT™ requirements used in the event
selections of the Photon—l—S:f search and Photon+H% search. The only exception to this can be
found at high M, values, which correspond to the largest neutralino masses. In these areas, the
inclusive searches can achieve the highest sensitivity for a few signal points. This behavior is
expected to continue if the phase space would be extended to higher bino masses. The remaining
signal points are split between the Photon+Lepton and Diphoton searches. This sng is
6.2.2))

mainly based on the different neutralino branching fractions to 'yé and ZG (cf. Sec.
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Figure A5.1: The analysis with the best expected exclusion limit for each signal point in the
MIM2 (left) and M1IM3 (right) GGM scenario.

In case of the two EWK scans, which feature a variable gaugino branching fraction, the compo-
sition of the phase space with respect to the most sensitive analysis changes (cf. Fig. . Due
to the additional H}. requirement in the event selection of the Photon+H7. analysis no contri-
butions from this analysis are found. The Phot0n+5’% search, in contrast, mainly dominates the
phase space at high neutralino masses, while the Diphoton search leads to the strongest expected
limits at high branching fractions, which correspond to a high probability for final states with
two photons. Significant contributions from the Photon+Lepton search can only be found in the
chargino BF scan. Here, the area at low branching fractions, which correspond to a large proba-
bility for W bosons in the final state, is covered by the Photon+Lepton search. This does not
hold in case of the neutralino BF scan. The only origin of charged leptons in this scan is given
by the Z boson from the neutralino decay, which is enhanced at low BFs but features a lower
branching fraction to charged leptons compared to the W= boson. Here, only a few points at
the smallest neutralino masses and smallest BFs are dominated by the Photon+Lepton search.
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Figure A5.2: The analysis with the best expected exclusion limit for each signal point in the
neutralino BF scan (left) and chargino BF scan (right).

In case of the strong gluino pair production, the phase space is dominated by the two inclusive
searches (cf. Fig.[A5.3). This is on the one hand caused by the larger neutralino masses compared
to the scenarios discussed before, which typically results in a higher momentum of the undetected
gravitino and thus to larger p1™" in the signal events. On the other hand, at lower neutralino
masses, the neutralino can be highly boosted due to the large mass difference between gluino and
neutralino also leading to large pt° in the events. The separation between the two inclusive
searches in this scenario is based on the H% requirement used in the event selection of the
Photon+H7 search. While close to the mass diagonal the quarks, which originate from the
gluinos decaying to an EWK gaugino, can only have a small momentum, in the remaining parts
of the phase space high momentum quarks can be produced leading to large H% in the signal
events.
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Figure A5.3: The analysis with the best expected exclusion limit for each signal point in the
scenario, which features strong gluino pair production.
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Appendix 6: Modified Combination Strategy

For the interpretation based on the scenario with strong gluino pair production, the combi-
nation strategy is slightly changed. This change is motivated by the performance of the ex-
pected limit calculated based on a combination with and without including the Diphoton anal-
ysis (cf. Fig. . Towards higher neutralino masses the combination without a Diphoton
contribution exceeds the nominal combination by up to 30 GeV with respect to the expected
upper limit on the gluino mass. This difference is caused by the additional diphoton veto, which
is applied to the event selection of the inclusive searches in case of the nominal combination.
While this veto only affects a total of two events in data (cf. Sec. , in case of the signal events
a larger number of events can be affected and removed from the signal region of the inclusive
searches. While this can be absorbed in case of the other scenarios due to the high sensitivity of
the Diphoton analysis, this does not hold for the gluino pair production scenario (cf. Appx. [5)).
Thus, removing the Diphoton analysis from the combination results in an increased expected
limit for this scenario.

This adaption of the combination strategy could lead to a slightly different background predic-
tion in case of the two inclusive searches. Since only one data event in each of the two signal
regions is affected by the Diphoton veto, the background prediction for the modified combination
is expected to still be in line compared to the nominal combination.
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Figure A6.1: The 95% CL expected limits for the strong T5Wg scenario for the nominal combi-
nation (grey) and the modified combination, without contributions from the Dipho-
ton analysis (blue). The phase space is spanned by the gluino mass and neutralino
mass.
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