Search for rare Higgs boson decays
at a center of mass energy of /s = 13 TeV with
the CMS Experiment at the LHC

Dissertation

zur Erlangung des Doktorgrades

an der Fakultit fiir

Mathematik, Informatik und Naturwissenschaften

Fachbereich Physik

der Universitit Hamburg

vorgelegt von
Torben Lange

im Jahr

2022

m

Hamburg



i o



Gutachter/innen der Dissertation:

Prof. Dr. Peter Schleper
Jun.-Prof. Dr. Gregor Kasieczka

Zusamensetzung der Priifungskommission:
Prof. Dr. Caren Hagner
Prof. Dr. Peter Schleper
Jun.-Prof. Dr. Gregor Kasieczka
Prof. Dr. Christophe Grojean

Prof. Dr. Elisabetta Gallo

Vorsitzende/r der Priifungskommission: Prof. Dr. Caren Hagner
Vorsitzender Fach-Promotionsschuss PHYSIK: Prof. Dr. Wolfgang J. Parak
Leiter des Fachbereichs PHYSIK: Prof. Dr. Giinter H. W. Sigl
Dekan der Fakultit MIN: Prof. Dr. Heinrich Graener

Datum der Disputation:

Universitit Hamburg
Universitdt Hamburg

Universitit Hamburg
Universitdt Hamburg
Universitdt Hamburg
DESY /
Humboldt-Universitit zu Berlin
DESY /

Universitit Hamburg
Universitdt Hamburg
Universitdt Hamburg
Universitit Hamburg
Universitdt Hamburg

28th. of April 2022






Abstract

After the discovery of the Higgs boson in 2012, several of its key properties remain unmeasured,
including the Higgs boson couplings to second generation fermions and the trilinear Higgs bo-
son self-coupling. In this thesis a contribution to the first evidence of Higgs boson decays into
muons (H — pp) and a contribution to a search for Di-Higgs boson production in final states
with multiple leptons (HH — Multilepton) is presented, providing crucial tests of the Standard
Model of particle physics.

The main focus of this thesis lies within the HH — Multilepton analysis and its 3¢+ 11, event
category. The 3¢+ 17, category provides the strongest individual results of the analysis, espe-
cially in physics scenarios with high (positive) k; or small Di-Higgs invariant masses.

For the HH — Multilepton analysis, seven different event categories are devised covering differ-
ent final states aimed at HH decays both into vector bosons and tau leptons. For each category,
a set of parameterized boosted decision trees is trained, separating the HH signal from a set of
different background processes such as single, double, and triple vector boson production, single
Higgs boson production and top-quark related backgrounds. The signal extraction is then per-
formed on adequately binned BDT distributions. Here, the background estimation for processes
involving misidentified leptons or leptons with misidentified charge feature data-driven methods
such as the Fake-Factor method.

Results include an observed (expected) limit at 95% CL on the signal strength modifier for Stan-
dard Model like HH production, r = opyy/ Gf%, of 21.8 (19.6) and an observed (expected)
limit on the coupling modifier for the trilinear Higgs boson self-coupling k; = Agpn/ A
of —6.98 < K, < 11.17 (—6.98 < k; < 11.73). Further limits on resonant Di-Higgs boson pro-
duction via a new, hypothetical heavy spin-O or spin-2 resonance in the mass range between
250 GeV and 1 TeV, as well as on non-resonant EFT HH production are investigated.
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Kurzfassung

Nach der Entdeckung des Higgs-Bosons in 2012 sind mehrere seiner wichtigsten Eigentschat-
ten bisher noch unerforscht. Das schlie8t die Higgs-Boson-Kopplung an Fermionen der zwei-
ten Generation, sowie die trilineare Higgs-Boson-Selbstwechselwirkung ein. Diese Arbeit pri-
sentiert Beitridge zur ersten Evidenz von Higgs-Boson-Zerfillen in Myonenpaare (H — pp) so-
wie zur Suche nach Doppel-Higgs-Boson-Produktion in Endzustiinden mit mehereren Leptonen
(HH — Multilepton) und leistet so Beitrige zu wichtigen Tests des Standardmodells der Teil-
chenphysik.

Der Hauptfokus der Arbeit liegt auf der HH — Multilepton Studie und seiner 3¢ + 11, Ereig-
niskategorie. Die 3¢ + 17, Kategorie liefert hierbei die stirksten Einzelergebnisse der Analyse,
insbesondere fiir Physikszenarien mit besonders hohem (positivem) k; oder niedriger invarian-
ten Doppel-Higgs-Boson-Masse.

Fiir die HH — Multilepton Studie werden sieben Ereigniskategorien definiert, welche auf Higgs-
Boson-Zerfille sowohl in Vektor-Bosonen als auch Tau-Leptonen gerichtet sind. Fiir jede Kate-
gorie wird eine Reihe an parametrisierten Boosted-Decision-Trees zur Trennung des HH Signals
von Untergrundprozessen wie Einzel-, Doppel- und Dreifach-Vektor-Boson-Produktion, Einzel-
Higgs-Boson-Produktion und Untergrundprozessen mit Top-Quarks trainiert. Die Signalextrakti-
on erfolgt dann auf den histogrammierten Ausgabeverteilungen. Die Untergrundbestimmung fiir
Prozesse mit fehlidentifizierte Leptonen oder Leptonen mit Ladungsfehlmessung erfolgt durch
datengetriebene Methoden wie der Fake-Faktor Methode.

Ergebnisse enthalten sowohl eine beobachtete (erwartete) obere Grenze mit 95% Konfidenzin-
tervall auf die Signalstirke fiir standardmodellartiege Doppel-Higgs-Boson-Produktion
r=oyn/ Gﬂﬁé von 21.8 (19.6) sowie eine beobachtete (erwartete) Einschénkung auf den Kopp-
lungsmodifikator der trilinearen Higg-Boson-Sselbstwechselwirkung

Ky = XHHH/XI?\I&[H von —6.98 < k3 < 11.17 (—6.98 < k; < 11.73). Desweiteren werden so-
wohl resonante Doppel-Higgs-Boson-Produktion im Massenbereich von 250 GeV bis 1 TeV so-
wie nichtresonante EFT-Doppel-Higgs-Boson-Produktion untersucht.
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Introduction

The Standard Model of particle physics developed over the last century is the so far most suc-
cessful theory in describing the fundamental particles of nature and the forces between them.
With the discovery of the famous Higgs boson in 2012 by the CMS and ATLAS collabora-
tions [1, 2] all fundamental particles predicted within the context of this gauge theory have been
found. While the Standard Model of particle physics describes most phenomena in agreement
with experimental high energy physics data, it is not the only model and it can not explain all
astrophysical observations, only to be explained by new physics beyond the Standard Model of
particle physics.

In the search for new physics, this thesis focuses on the remaining unmeasured properties of the
Higgs boson, to verify if it is indeed the Standard Model Higgs boson or if it carries hints of new
physics beyond the Standard Model. With this thesis, contributions in two major projects are
reported: the search for the decay of Higgs bosons into a pair of muons where evidence could be
claimed in the CMS H — pp analysis [3] and the study of processes involving the production of
two Higgs bosons, resulting in the CMS HH — Multilepton analysis [4].

The latter is the main focus of this thesis and involves the search for Di-Higgs boson produc-
tion in final states with multiple leptons. In this, both non-resonant Di-Higgs boson production
featuring so far undiscovered couplings predicted by the Standard Model of particle physics,
non-resonant Di-Higgs boson production via Beyond Standard Model EFT couplings and reso-
nant Di-Higgs boson production featuring a new massive spin-0 or spin-2 boson decaying into
Higgs-Boson pairs are studied. This thesis features major contributions in the 3¢ + 11, event
category, the study of control regions relevant also for other final states and the combined anal-
ysis of all HH — Multilepton final state categories. For the latter, a physics model is developed
enabling the scanning in an EFT coupling space and is also to be used in other upcoming CMS
Di-Higgs boson searches.

The thesis is structured in the following manner: Sec. 2 discusses the Standard Model of particle
physics and the role of the Higgs boson within it, as well as the phenomenology and theoretical
motivation of Di-Higgs boson production. Sec.3 describes the Large Hadron Collider and the
data taking with the CMS experiment. Sec. 3.3 features a contribution made to the operation
of the CMS detector made during the work on this thesis. Sec.4 explains the machine learning
tools used in this thesis. The CMS H — pp analysis is briefly discussed in Sec. 5 while Sec. 6
contains the HH — Multilepton analysis. The results of the HH — Multilepton analysis as well
as the current CMS and ATLAS HH efforts and a comparison of these results to previous HH
measurements is then presented in Sec.7. Finally Sec.8 summarizes the achievements of the
presented analysis and concludes this thesis.






The Higgs Boson within and beyond the
Standard Model

The Standard Model of particle physics (SM) is the most successful theory in describing the fun-
damental laws of nature, that is the laws of particles and their interactions via gauge bosons and
Higgs (Yukawa) interactions. It is able to describe all fundamental particles known to mankind
as well as the electromagnetic, weak and strong forces between them. Only the theory of gravity
as entailed in the general theory of relativity and the so far not understood phenomena of dark
matter and dark energy are currently not covered by this theory. Otherwise it is consistent with
almost all experimental observations and all particles predicted by the SM are discovered by
now. The last of the jigsaw pieces in the puzzle that is the SM, was the Higgs boson discovered
in 2012 by the CMS and ATLAS collaborations [1, 2]. The following chapter aims at describing
the SM of particle physics and the role of the Higgs boson within it. Sec. 2.1 looks at the general
structure and the particle content of the SM and discusses a few of its shortcomings. In Sec.2.2
the Higgs boson is introduced and its importance for the self consistency of the SM explained.
The next sections deal with more specific properties of the Higgs boson connected to the physics
studied within this thesis, with Sec. 2.3 and Sec. 2.4 dealing with the Higgs boson self-interaction
and other processes connected to Di-Higgs boson production.

2.1 The Standard Model of Particle Physics

The SM developed over the course of the last century describes nature as a quantum field theory.
It explains the interaction of spin—% matter particles (fermions) by the exchange of spin-1 gauge
bosons. Whether a fermion participates in one of the three interactions, electromagnetic, weak,
or strong, depends on the charges it carries, which are related to the coupling constants to the
different gauge bosons. For example, the well-known electric charge determines if a particle
such as the electron participates in the electromagnetic interaction by photon exchange. In the
same way the weak isospin of a particle determines its participation in weak interactions and
color charged particles interact via the strong force. Fig.2.1 shows the particle content of the
SM and the different properties of its constituents. In the figure, the particles are grouped by
their roles in the standard model. The quarks are the color-charged fermions forming baryonic
matter such as mesons and hadrons. The leptons on the other hand are not color charged with
the extremely light and electrically neutral neutrinos only interacting via the weak interaction.
The most prominent (electrically) charged lepton, the electron, forms together with up and down
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Figure 2.2: Feynman diagrams for the leptonic (left) and hadronic (right) decay of a tau lepton.

quarks the stable matter around us. The gauge bosons mediate the forces between the fermions
based on their quantum charge numbers. Gauge bosons like the color charged gluon carry charge
themselves, allowing also for bosonic self interactions. Finally the Higgs boson, the only spin-0
(scalar) particle of the SM, interacts with all SM particles based on their mass. The quarks and
leptons come in six flavors and three generations each. The 2nd. (II) and 3rd. (III) generation
fermions are heavier copies of the 1st. (I) generation particles with the same quantum numbers
and interactions. As for the six flavours, for each generation the SM provides a doublet of an
up and a down type particle. The up and down type particles differ in electric charge and weak
isospin allowing for transitions between them via the W bosons of the weak interaction. This
can be seen in Fig. 2.2 showing two possible decays of a tau lepton. The graphs in Fig.2.2 are
examples of Feynman diagrams which are not only a useful tool in understanding certain interac-
tions but actually graphic representations of the complex integrals needed to calculate the cross
section of the various particle physics processes. Looking at Fig. 2.2, a few more phenomenolog-
ical aspects of the theory can be observed. First, as the W boson is over 40 times heavier as the
initial t lepton, the shown decay would violate energy conservation. However, as an intermediate
process the quantum mechanical uncertainty principle allows to produce a particle like the W
boson away from its "mass shell" as a virtual particle. Virtual particles can only exist for a short
amount of time, depending on the width of the corresponding mass resonance and the virtualness
describing how far away a particle is away from its resonance mass. Therefore the produced W
boson has to decay almost immediately. This can either be leptonically into a muon or an electron
or hadronically into a pair of quarks. In both cases a particle and an antiparticle, indicated by
the bar, are produced. Anti-matter particles that exist for every fermion are charged flipped twins
of their matter counterparts with the same mass and spin properties. Within the SM quantum
numbers like the lepton number conserve the balance between matter and anti-matter particles
meaning that they can only be produced in matter/anti-matter pairs. Lastly, the hadronic W bo-
son decay on the right side of Fig. 2.2 shows the production of color charged particles. Contrary
to the weak and electromagnetic charge, color charged states cannot exist in nature, as the strong
color field between two color charged particles makes it energetically more favourable to create
new particles when they are separated from each other. This is known as hadronization and in
case of the hadronic decaying tau in Fig. 2.2 leads to the production of a number of mesons’ like
the pion. More on tau decays and their reconstruction in experimental particle physics can be
found in Sec. 3.2.11. The final aspect of Fig. 2.2 is the production of neutrinos. Neutrinos are fas-

"Bound states of a quark and an anti quark.



cinating for their lack of interaction with other standard model particles as they only interact via
the weak force. They are also an example of the difference of flavour and mass eigenstates in the
SM. The SM contains flavour mixing as given by the Pontecorvo—-Maki—Nakagawa—Sakata ma-
trix (PMNS) and the Cabibbo—Kobayashi—-Maskawa matrix (CKM). In the case of the neutrinos,
Fig. 2.2 shows the weak eigenstates e.g. a decay involving an electron or positron will always
involve an electron (anti) neutrino. However, when measuring a particle we usually speak of a
mass eigenstate with a distinct mass that is due to flavour mixing realized as a mixture of flavour
eigenstates. In case of neutrinos this leads to a phenomenon known as neutrino oscillation where
e.g an electron neutrino can oscillate in a muon neutrino eigenstate. While in the case of neu-
trinos, Fig. 2.2 cites the flavour eigenstates, for quarks, usually mass eigenstates are used. This
means that the W boson cannot only connect up and down particles but also particles of different
generations. In the case of the top quark however, the mixture between the 3rd. generation quark
and the 1st. and 2nd. generation is quite small and top quarks decay in 99% into a bottom quark
and W boson.

While the SM describes most particle observations made at high energy collider experiments
nearly perfect, there are shortcomings and open questions that motivate theoretical extensions
beyond standard model (BSM). The following will provide just a few examples of these with a
connection to the rare Higgs boson processes discussed in this thesis.

Matter-Anti-Matter Asymmetry:

As previously discussed, matter and antimatter within the SM is produced (and annihilated) in
pairs, suggesting a complete symmetry between matter and antimatter in the universe. However,
a completely matter dominated universe is observed [6] around us. While the SM does not pro-
vide a mechanism to provide an explanation for an asymmetry this large, many BSM models do.
These include models with extended or modified Higgs sectors as for example in [7].

Dark Matter:

Cosmological observations like the rotation curves of galaxies [8] as shown in Fig.2.3 or the
study of the cosmic microwave background [9] suggest the existence of an additional only weakly
interacting matter component. With the SM not providing adequate candidates for this dark mat-
ter, SM extensions such as those including a dark sector with a Higgs boson portal are motivated.
These can feature for example new heavy resonances decaying into a pair of Higgs bosons [10].

Additional symmetries:

While the SM is a complete theory with few free parameters, extensions can be made offering
perspectives for a wide array of BSM phenomena. One theoretically motivated extension is the
inclusion of supersymmetry. Supersymmetric models are ideal to solve multiple open questions
of the SM as they can provide the CP violation needed to explain the matter anti-matter asymme-
try, they provide dark matter candidates, and they also deliver an elegant theory addressing issues
like naturalness and the unification of the three forces at high energies. Even minimal extensions
like the MSSM [11] require an extended Higgs sector with additional Higgs like bosons.
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Figure 2.3: Rotation curve of the M33 galaxy as measured in astrophysical observations (points). The dashed lines
show contributions from the stellar disk as gas contents of the galaxy (visible matter), the dotted-dashed lines show
possible contribution of a dark matter halo and the solid line, the best fit result of a combined model [8].

Hierarchy problem:

As will be discussed in Sec. 2.2 the SM enables the unification of the electromagnetic and the
weak force into one electro-weak force. From the standpoint of simplicity it would be favorable
to extend this to a unification of all four fundamental forces, the electromagnetic, weak, strong
force and gravity. Gravity is defined at much higher energy scales than the other forces, the
Planck scale at 0(1019 GeV). This makes the formulation of a consistent theory of everything
very difficult, as the mass of particles such as the Higgs boson would receive strong corrections
from higher order effects, making it difficult to keep these masses at the electroweak scale of
O(mz) [12].

An example of a theoretical model solving the hierarchy problem would be the Randall-Sundrum
model. In this context, as discussed in Sec.?2.4, new heavy resonances decaying into pairs of
Higgs bosons can arise.

2.2 Electroweak Unification and the Higgs Mechanism

The Higgs boson in the SM is strongly intertwined in the self-consistency of its theoretical foun-
dation. The following will attempt a small detour into the theoretical motivations of the SM
Lagrangian, the unification of the electromagnetic and weak force and subsequently the theo-
retical basis and properties of Higgs-Boson interactions in the SM context. As this is a well
described topic in literature, more and detailed information about this topic can be found in most
common particle physics textbooks such as [12] on which the following text is based heavily.

SM physics is described within the framework of quantum field theory in which fermions are
described by Dirac spinors, (gauge) bosons are described by (gauge) field and their interactions
arise from the requirement of invariance of the corresponding Lagrangian under local transfor-
mations of a given symmetry.

This allows the description of electromagnetic interactions in Quantum-Electro-Dynamics (QED)
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via a U(1) symmetry with a local phase transformation given by:

y(x) = ¥ (x) = Wy ()

with g, the electric charge of the Dirac field y, and a phase shift y(x). Applied on the Dirac
equation iy" 8ul// = my, describing the relativistic properties of a Dirac field of mass m one
arrives at:

i o, v =iy" (9, +iqd, X))y # i' 9w = my

To fulfill the fundamental requirement of invariance under the U(1) phase transformation, an
additional gauge field A, with the transformation property:

!
Ay = A=A, +dux

can be introduced, restoring the U(1) invariance by introducing a new interaction term between
the fermionic field y and the gauge field A, to the Dirac equation then invariant under the given
transformation:

iY'D,, = iY" (9, +igA, )y = my

Similarly the weak interaction can be described by requiring the invariance under transformations
in SU(2):
O (x) = ¢'(x) = expligy &(x) - T9 (x)

With T, the generators of the SU(2) group, given for example in the basis of Pauli matrices with
T:%G, the local phase is given by the three functions a(x) and gy, the weak coupling constant.
To allow for the flavor changing properties of the weak interaction, the left handed” fermions and
right handed anti-fermions are placed in an iso-spin doublet:

0u(x) = eﬁ%)

with the upper and lower components corresponding to the up and down type fermions with an
weak 1sospin of Iy = % Their counterparts, the right handed fermions and left handed anti-
fermions are instead placed in a singlet with I, = 0 not participating in the weak interaction,
describing the parity violating V-A structure of the weak interaction. As in the QED case, inter-
action terms of fermions with the three new bosonic fields W arise when demanding invariance
under the given SU(2) transformation. This modifies the Dirac equation for the left handed
fermions to:

iYqubL = i}/”(&u + igWTkW;If)‘PL =my

*The chirality is a fundamental property of particles, the Dirac spinor can be decomposed in two chiral
eigenstates, the right-handed and left-handed chiral components, by the projection operators Pr = %(1 + )fs ) and
P = %(1 + ); ). The concept of chirality is related to the more vivid property of helicity, the projection of the parti-
cles spin on its direction of flight. In the speed of light limit of the particle, helicity and chirality eigenstates become
the same, with the spin of right handed particles pointing parallel to their direction of flight.
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By rewriting the given equation, the W bosons of the weak interaction can be identified with
WMjE = %(le) F iwﬁ) yielding the desired charged currents %V)ﬁu%(l —7 )e and

‘%éy‘u %(1 — }; )v facilitating flavor changing interactions. The W= obtained this way are cou-
(3)

pling to the third component of the weak iso-spin Iy;,’, equal to +% for v; and —% fore;.

As established, the weak charged interactions only couples to left handed fermions and right
handed anti-fermions. In nature however, also couplings of Z bosons to right handed fermions
and left handed anti-fermions are observed. As such the remaining WS) can not simply be iden-
tified with the physical Z boson.

To explain this behaviour, both symmetries U(1) of QED and SU(2) of the weak interaction, need
to be unified to an U(1)xSU(2) symmetry describing the combined electro-weak interaction sec-
tor. Here the terms found for the U(1) symmetry in Eq. 2.4 are reintroduced for a bosonic field
B, coupling to the hypercharge ¥ and combined with the terms of the weak interaction in Eq. 2.7

yielding:

. Y
Du = a‘u +lng 'Wu +lg/§B”

The physical representations of the Z boson and the photon can then be obtained by mixing the
two fields B, and Wf’):

A

3 3
W +ewB, , awW —¢'B,
H > o 0 H 2 . n '
8wt8& 8wt8

with the photon coupling to the electric charge g and the Z boson coupling to the weak hyper-
charge Y =2(q— I‘(; )) as observed in nature.

Establishing electroweak interactions between the derived Wﬁ, Z,, bosons and the photon A,
leaves however one problem, the observed mass of the Wffand Z,, bosons. Introducing mass
terms for a bosonic field such as A, is not possible in the theoretical framework described thus
far, as these would violate gauge invariance under for example the U(1) transformation in Eq. 2.3:

1 1 1
SAUAY = Smy(Ay = x)(AF — 0" ) # SmyA A 2.10

To resolve this, an iso-spin doublet of two complex scalar "Higgs" fields are introduced:
0"\ _ 1 (9 +ig an
¢ = = . 2.11
0" ) V2 \os+io,
with the corresponding Lagrangian .# and the Higgs potential V (¢):

L =(9,0)"(0"0) -V (9>, V(9)=u0To+A(979) 2.12

The Higgs potential is shown in Fig. 2.4 for an adequately chosen ,u2 < 0,4 > 0. An infinite

2
amount of minima defined by the vacuum expectation value v satisfying |v|2 =— HT is found. By



Figure 2.4: Simplified illustration of the Higgs potential V(¢) for u2 < 0. The SM ¢ is an iso-spin doubled with
two real and two imaginary components. The two components shown here can be interpreted as belonging to the
electrical neutral ¢0 component [13].

choosing the minimum:

1 0
¢(x) = 7 (V+h<x)> 2.13

where h(x) are small excitations around the vacuum expectation value v yielding the Higgs boson.
The U(1)y xSU(2); symmetry is spontaneously broken.

For the chosen ¢ (x) and the covariant derivative D,, in Eq. 2.8, the Higgs Lagrangian in Eq. 2.12
changes to:

2= (D,9) (D"9) ~V(9) = 5 (3,)(@"h) + g Wi+ W)W I — WD)y )2

1 1
—I-g(gWWf) —¢'B) (gwW I — ¢'BY) (v 1) — AR — v’ — ZM4

By collecting the terms quadratic in the gauge boson fields, mass terms can be identified:

1 1
Ve W WO L ww ) o (g WY — B, (g W — ¢'BY) =

Lo myn L2 oweu Y (00 g —gwg ) (WOH
EmWWu w +§mWWu w +§<W BM) —gWg' gl2 i 215
1 5

1 5 _ _ 1 5
:EmWW;E+)W(+)u+§mWWLE )W( )”+§mZZHZ”

with my = %ng and my, = %v \/ g%v + g'z. The Lagrangian now also contains terms quadratic,
cubic and quartic in & where the quadratic term can be identified with a Higgs boson mass term
with my = v/2Av. The cubic and quartic terms correspond to self interactions of the Higgs boson
defining the three point Higgs boson interaction vertex discussed in Sec. 2.3 and shown in Fig. 2.7
and a quartic Higgs boson interaction, currently beyond the reach of experimental sensitivity.
Similarly terms containing both the fields of the gauge bosons as well as the Higgs field facilitate
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Figure 2.5: The two main single-Higgs boson production diagrams at the LHC, gluon-gluon fusion on the left and
vector boson-fusion on the right. The V in the right plots can stand for both, W and Z bosons.

interaction vertices between the Higgs boson and the W and Z bosons proportional to the bosons
mass o< m%/v. The described Higgs mechanism can be extended to explain the fermion masses as
well. Here terms proportional to LOR + (E(j)R)T are introduced, with L corresponding to the iso-
spin doubled of left handed fermions and R representing the singlets of right handed fermions.
Similarly to the bosonic case, terms mixing the fermion fields with the Higgs are found, yielding
to a Higgs boson coupling to fermions proportional to the fermions mass o< \/Emf/v. This is
known as the Higgs Yukawa coupling. The introduced couplings of the Higgs boson yield several
possible Higgs boson production mechanisms and decays. As the Higgs boson couplings depend
on the particle masses, decays in heavy fermions such as b quarks and t leptons as well as W
and Z bosons are the most prevalent. While the top quark itself is too heavy to play a direct
role in Higgs boson decays, the main mode of Higgs boson production at the LHC is given by
the gluon-gluon fusion (gg f or ggH) process shown in Fig. 2.5 involving a fermion loop with
the main contribution arising from top quarks. Beside the strong top Yukawa coupling, gg f at
the LHC is also driven by the composite nature of the protons as described in Sec.2.5 where
the proton parton density function (PDF) heavily favors processes involving gluons in the initial
state. The second largest Higgs boson production mechanism at the LHC, vector boson fusion
(VBF or qqH), is about 10 times smaller than gg f and is driven by the Higgs boson couplings to
bosons instead. Fig. 2.6 shows for the most prevalent Higgs boson production mechanisms at the
LHC their cross section as well as an overview of the different Higgs boson branching fractions.
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Figure 2.6: Cross sections for different production modes of single Higgs boson production at the LHC for a center
of mass energy of /s = 13 TeV on the left. The shown cross sections correspond from highest to lowest cross
sections to the total single Higgs boson production cross section, vector boson fusion (qqH), associated production
of a Higgs boson and a vector boson (WH and ZH), associated production of a Higgs boson and a pair of top-quarks
(ttH), associated production of a Higgs boson and a pair of bottom-quarks (bbH) and associated production of a
Higgs boson and a top-quark (tH). The branching fractions of the most likely Higgs boson decays on the right. The
dependency on the Higgs boson mass in a 5 GeV window around the observed Higgs boson mass of about 125 GeV
is shown in both plots [14].

2.3 Boxes and Triangles — Non-Resonant Di-Higgs Bo-

son Production

The study of processes involving the production of two separate Higgs bosons is connected to
multiple physics phenomena like the so far unmeasured trilinear Higgs boson self-coupling. The
following aims at explaining these phenomena and their connection to the phenomenology of
Di-Higgs boson production. More about this topic can be found in [15] on which this section
is based. First non-resonant production is discussed, that in contrast to the resonant production
discussed in Sec 2.4 does not involve the decay of a possible new heavy resonance into two
Higgs bosons. Within the Standard Model of particle physics, two Higgs bosons can either be
produced by processes involving already observed couplings like the top Yukawa coupling y,
in a similar fashion to the various single Higgs boson production modes, or, more interestingly,
through so far unobserved couplings, constraining possible SM extensions further.

Di-Higgs Boson Production in the SM

Analogously to single Higgs boson production, Di-Higgs boson production can be divided into
a number of production modes as gluon-gluon fusion like (ggHH) or vector boson fusion like
(qqHH) production. Fig.2.7 shows some of the different leading order SM Feynman diagrams
contributing to Di-Higgs boson production. In the case of the main HH production mode at the
LHC ggHH, the two main contributions are given by the simultaneous production of two Higgs
bosons via the top Yukawa coupling y, (IJ), and the production via the trilinear Higgs boson
self-coupling A (A). As discussed in Sec. 2.2, the latter is a consequence of the terms cubic in A

12



g — - H g _-H
/\///
t,b t.b -—--
g — - H g s
q > q q > q - H
W, 7 A -
_____ H ] //
W, Z ---- &
----H \\\
q q q q \\H
q W, Z q
~H
q ~H q
q > 7 g > Z
by b----- H t,b '
Y )\//H
g - H g - -®--H
g ooo00 —>—— 1 g 06000 —>—— 1 - H
______ H A///
77777 o«
ffffff H \\\
g TOoo —— € g oo TO—— NS4

Figure 2.7: The Feynman diagrams for Di-Higgs boson production at leading order within the Standard Model of
particle physics. From top to bottom the various production modes analogously to single Higgs boson production:
gluon-gluon fusion (ggHH), vector-boson fusion (qqHH), Double-Higgs boson strahlung of vector bosons and
fermions (WH and ZH) as well as Di-Higgs boson production associated with top quarks (ttHH). The trilinear
Higgs boson self-coupling A is highlighted [15].
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within the SM Lagrangian, fixing the SM trilinear Higgs boson self-coupling at /'Lﬁ%H =7

v
Fig. 2.8 shows the cross section of these different production modes for the LHC with a center
of mass energy of /s = 14 TeV.

The trilinear Higgs Boson Self-Coupling and ggHH Production

Looking at Fig. 2.8, two observations can be made. Firstly, the total cross section for a standard
model like Higgs self-coupling (Aypp) scenario of Agyy/ ﬂ,ﬁl\ﬁ[H = k), = 1 is extremely small in
the order of 30fb~!. The standard model NNLO cross section [17-19]. of the main production
mode (ggHH) for the LHC at a center of mass energy of 1/s = 13 TeV amounts to:

oontim [f] = 3105795, (QCD scale +m,) = 3% (ot +PDF) 2.16

Secondly, the k; dependence of the cross sections in the various production modes shows a
parabolic shape. This leads to the unintuitive observation that a higher trilinear coupling than
in the SM not necessarily leads to an increased overall cross section. Usually a quadratic de-
pendence of the cross section on the modified coupling with an ever growing cross section is
expected. The cross section at the level of NLO [20, 21] / NNLO [22] calculation can be param-
eterized in dependence of k; as:

Oauitn () [fb] = 62.5339 —44.3231 - 1, +9.6340 - K,

Oantitt (K2 [fb] = 70.3874 — 50.4111 - & + 11.0595 - &

2.17

The uncertainty on the NNLO cross section from the scale of QCD interactions and the mass of
the top quark varies with k; as well as described in [18]. This can be parameterized as:

O, o1in (K)[fb] + 16 = max(76.6075 — 56.4818 - ky + 12.635 - k3, 75.4617 — 56.3164 - 15 + 12.7135 - k)

op (1) [fb] — 1o = min(57.6809 — 42.9905 - k; +9.58474 - k3, 58.3769 — 43.9657 - &y, +9.87094 - 3

Og

Both the k; dependent uncertainty in Eq.2.18 as well as the x; dependent k-factor

GggI\II{LI({) (xa)/ O'gl;\IgLI?H(K/I) derived with Eq.2.17 are taken into account in the extraction of HH
results in this thesis (see.Sec.7.2.1).

Both the observation of a low SM cross section as well as the described k; dependence can be
explained by the destructive interference of the different Feynman diagrams, for instance the A
and the [J Feynman diagrams in the ggHH case. The A diagram involves an off-shell Higgs
boson going into two on-shell Higgs bosons. Since the SM Higgs boson has compared to its
mass of 125.09 GeV [23] a very small decay width of about 4 MeV, the A process is suppressed.
In addition the two Higgs bosons are produced nearly at rest with respect to each other. For
invariant Di-Higgs mass mpy, this leads to a characteristic narrow mass spectrum close to the
kinematic edge of two times the Higgs boson mass. For the [ process no such limitation exists,
leading to a broad but steadily falling mp spectrum after the kinematic turn on around the same
mass regime of 250-300 GeV. Thus the destructive interference between these two diagrams

does not only influence the production cross section, but also the kinematic properties of the
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Figure 2.8: The production cross section for non-resonant Di-Higgs boson production at the LHC for different values
of the trilinear Higgs boson self-coupling k) = A/ ﬂ,ﬁl\éH at a center of mass energy of /s = 14 TeV on the top
and for different center of mass energies with fixed standard model like couplings on the bottom. The plots shown
correspond to NLO QCD calculations taken from [16]. The uncertainty given by linear sum of scale and and PDF
uncertainties is displayed as color bands in the top figure and line thickness in the bottom figure. The dashed lines
with the lighter colored uncertainty bands in the upper picture correspond to calculations at LO QCD.
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Figure 2.10: The single Higgs boson pt spectrum for Di-Higgs boson production at the LHC for a center of mass
energy of /s = 14 TeV for various values of the trilinear Higgs boson self-coupling relative to the Standard Model

of particle

physics k3 = A/A8); [24]. The figure on the left shows a narrow k;, range around the region of maximum

interference, while the right figure shows a broader range of k; scenarios.

produced Higgs bosons. This leads to drastic variations in the mypy spectrum with k; and thus
also for the kinematic properties of the subsequent Higgs boson decay products. The effects of
this interference are shown in Fig. 2.9 and Fig. 2.10, showing the myy spectrum as well as the

resulting Higgs boson p for various choices of A.
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Figure 2.9: The invariant mass spectrum for Di-Higgs boson production at the LHC for a center of mass energy
of /s = 14 TeV for various values of the trilinear Higgs boson self-coupling relative to the Standard Model of
particle physics k3 = A/AfMy; [24]. The figure on the left shows a narrow k; range around the region of maximum
interference, while the right figure shows a broader range of k; scenarios.

Beside its strong influence on the Di-Higgs boson production cross section and the kinematic
properties of the expected Di-Higgs boson signal, the trilinear Higgs boson self-coupling also
has an effect on the single Higgs boson production and branching fractions through higher order
effects. This can be seen in Fig. 2.11. Both effects play a notable effect in the search for Di-Higgs
boson signals on a broader range of k; and are are taken into account in the extraction of HH
results in this thesis (see.Sec.7.2.1 ). The parametrization of the Higgs boson branching fraction

scaling and the single Higgs boson production scaling are taken from [25] and [26].
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Figure 2.11: The dependence of the single Higgs boson branching fractions on the trilinear Higgs boson self-
coupling k; = k3 = Aun/Agy on the left [25]. The dependence of the single Higgs boson production cross section
for various production modes on the Higgs boson self-coupling on the right [26].

Figure 2.12: The LO Feynman diagram contributing to the Di-Higgs boson qqHH production mode involving the
Standard Model coupling [27].

VBF like qqHH production

Di-Higgs boson measurements also allow to constrain another, so far unobserved Standard Model
coupling, the coupling between two vector bosons and two Higgs bosons, c¢,y,. This coupling
contributes with the diagram shown in Fig. 2.12 to the subleading qqHH production mode and
interferes with the other two leading order qqHH diagrams shown in the second row of Fig.2.7.
To provide adequate sensitivity on this coupling, the study of event categories tailored to the
specific VBF like signature are needed. This usually involves the study of additional forward
particle jets produced in the detector by additional final state quarks in the qqHH production
mode.

As the requirements on the Multilepton signatures presented in this thesis are already quite
strong, the analysis presented in Sec 6 does not offer enough expected signal to allow for a
focus on these qqHH specific signatures.

BSM Di-Higgs Boson Production and EFT Couplings

This thesis also looks at the effects of new beyond Standard Model phenomena on non-resonant
Di-Higgs boson production. Since the amount of theoretical models containing beyond Standard
Model Di-Higgs boson production can be arbitrarily large, instead of full physics models, these
Standard Model extensions are probed using an effective field theory approach (EFT). Contrary
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Figure 2.13: LO Feynman diagrams involving the EFT couplings -, ¢2g and |¢2| for the leading ggHH produc-
tion mode.

to a full model, an EFT only looks at the effective coupling behaviour between particles. From
an experimental standpoint of view this allows the study of any number of theoretical models at
once.

Within the context of the Di-Higgs boson studies presented here, an EFT framework containing 5
BSM couplings is used. Besides potentially modified versions of A and the top Yukawa coupling
¥ this encloses the three couplings ¢;, ¢, and ¢,, describing contact interactions of Higgs bosons
with gluons or top-/anti-top pairs that for example could be mediated by new heavy particles.
This follows the EFT Lagrangian given in Eq. 2.19, corresponding to extensions of the Standard
Model with up to dimension 6 operators as in [28].

1 1 m -
Ly = §8MH8”H B Em%{HZ — g AguvH? — — (v+ i H + ClHH)(tLtR +h.c)
v v
2.19
1 O Cog v
- H- =HH)G"'G
T3y el =2, TG Gy

Feynman diagrams featuring these five couplings in the leading ggHH production mode are
shown in Fig. 2.13. It should be noted that this EFT representation corresponds to the Higgs Ef-
fective Field Theory formalism (HEFT), one of two formalisms commonly present in literature.
As this thesis discusses EFT physics in terms of the introduced HEFT couplings A,y , ¢, ¢, and
Cog» the second formalism, the Standard Model Effective Field Theory approach (SMEFT) is not
discussed here. A good summary of both formalisms and their connection to Di-Higgs boson
physics can be found in [15].

As the study of a 5-dimensional parameter space leads to a very large amount of possible signal
scenarios, the presented HH analysis focuses on a set of EFT benchmark scenarios, condens-
ing the set of possible signal kinematics arising from the 5-dimensional parameter space into
a small number of investigated scenarios. These benchmarks are discussed in Sec.6.2.4. Also
studied is a reduced parameter scenario without the couplings ¢, and ¢,, to the color charged
sector in Eq. 2.19 focusing only on A,y, and ¢,. This and especially a scan in the y;, — ¢, plane is
performed in the presented analysis and further discussed in Sec. 7.2.1.
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Figure 2.14: An example Feynman diagram for Di-Higgs boson production in a decay of a heavy resonance .

2.4 Gravitons, Radions and the Resonant Di-Higgs Bo-

son Production

While the study of and the search for final states involving two Higgs boson decays is motivated
by the non-resonant Di-Higgs boson production in the SM and BSM variations thereof, the same
final states also allow for the search of new heavy particles decaying into a pair of Higgs bosons.
This is refereed to as resonant Di-Higgs boson production. A Feynman diagram of the HH decay
of such as new particle ¥ is shown in Fig.2.14.

The search for resonant Di-Higgs boson production presented in this thesis is rather model
unspecific, looking at heavy spin-0 and spin-2 particles in the mass range between 250 and
1000 GeV. The width of the new resonance is assumed to be small compared to the experimental
Di-Higgs mass resolution and thus neglected assuming a sharp peak in myyp; around the resonance
mass.

This sort of BSM resonances is motivated by many different models, with examples being:

* Models with an extended Higgs sector, where a second Higgs iso-spin doublet (see Sec. 2.2)
is introduced, usually leading to 5 instead of one Higgs bosons. Here one of the neutral non
SM Higgs bosons could decay into a pair of SM Higgs bosons. These two-Higgs doublet
model are for example featured in [29] and [30].

* Many BSM scenarios feature a hidden sector containing additional particles not interacting
with most SM particles thus explaining phenomena such as dark matter. A subset of these
models contains a so called Higgs portal, where interactions between the hidden sector and
the SM sector are facilitated via interactions between the "hidden" Higgs bosons and the
Higgs boson in the SM. Depending on the mass ratio of the Higgs bosons in the hidden
sector and in the SM sector, resonant decays into two SM Higgs bosons can be observed.
This is for example described in [31] and [32].

* To solve the hierarchy problem between the weak scale of particle physics interactions
and the Planck scale of gravitational physics, models with extra dimensions can be intro-
duced in the context of string theory. An example of this would be the Randall-Sundrum
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model described in [33]. As shown in [34] these can feature heavy spin-0 (radion) or spin-2
(graviton) resonances able to decay into two SM Higgs bosons.

2.5 High energy particle physics with proton-proton in-

teractions

Proton-Proton (pp) collisions with a circular collider allow for high interaction rates at high
center of mass energies and therefore provide excellent potential for the discovery of new physics
at ever increasing energy scales. This makes them different from e.g. electron-positron colliders,
where the Bremstrahlung losses of electrons do not allow for the use of circular colliders and
thus high interaction rates at high center of mass energies. High interaction rates however come
at a cost intertwined with the composite nature of the proton.

The proton is a bound state of three quarks, two up-quarks (u) and an anti-down quark (d) held
together via the strong interaction. The visible structure of the proton depends strongly on the
energy scale probed. At high enough energy scales the interactions between the three quarks are
resolved, showing gluon exchanges between these valence quarks. These gluons can be virtual,
constantly splitting into and recombining from quark/anti-quark pairs giving rise to a sea of
virtual particles within the proton. This has three main effects on the application of pp collisions
in experimental particle physics.

* At high enough energy scales, the collision of two protons does not only allow for inter-
actions between the valence quarks of both protons, but also interactions involving the sea
quarks and gluons making up the then resolved proton structure.

* pp collisions involve more particles than the two partons of the two interacting protons
that form the hard processes. Events observed at experiments such as CMS (see Sec.3.1)
also contain interactions of the proton remnants that don’t participate in the hard inter-
action, producing a multitude of particle signatures overlaying the final state particles of
the hard process. This is known as underlying event and together with the occurrence
of multiple simultaneous pp interactions (pile-up) puts an additional challenge on event
reconstruction.

* While the momenta and energy of the colliding protons is relatively well known, the rel-
ative momenta of the colliding partons and thus the center of mass of the collision is not
known. This means the momentum balance along the proton beam axis is not known and
constraints on momentum conservation along the beam axis cannot be used in the event
reconstruction. This also means that, the hard interaction processes do not occur at a fixed
center of mass energy and, in combination with the diverse particle content in the proton,
allows for a large amount of different initial states and processes at the LHC.

Due to this composite nature of the proton, the cross section and kinematics of a given process
is not fully determined by the matrix element of the hard interaction process between partons.
For this, the parton density functions (PDFs) describing the probability for a given particle type
within the proton to carry a given fraction of the protons energy are needed. The fraction of
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Figure 2.15: Proton parton density functions as given in the NNPDF3. 1 PDFs set[35] for an energy scale of uz =
10 GeV? and u* = 10* GeV>.

the proton momentum carried by the different partons is usually given in terms of the Bjorken
scaling variable x which describes the fraction of the proton momentum carried by each parton
in the infinite momentum frame where E;, >> m,,. In this frame, the energy of the parton is then
given by E, = xE|, [12]. The PDFs of the different proton components such as gluons, sea-
and valence quarks then describe the probability to find a particle of the given type at a given
x. The PDFs themselves depend on the energy scale ,uz of the interaction, given by the negative
four-momentum transfer of the hard interactions.

The PDFs can not be calculated from theory and are instead determined experimentally. The
PDF sets used for the simulation of particle physics events in this thesis are given in Sec. 6.2.2.
Fig. 2.15 shows PDFs for the NNPDF3. 1 PDFs set [35] used for the simulation of collision events
in 2017 and 2018 collision data. As can be seen, for low x the probability for gluon scattering is
greatly enhanced. As the center of mass energy between the two protons with /s = 13 TeV at
the LHC is much higher than the energy scale of electro-weak physics at O(my ), most collisions
occur at low x making the LHC effectively a gluon collider.
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The CMS Experiment and Reconstruction of
High Energy Collision Data

The experimental data used in this thesis is gathered with the Compact Muon Solenoid experi-
ment (CMS) [36] located at the P5 collision point of the Large Hadron Collider (LHC) [37] near
Geneva. The following will describe the accelerator in Sec 3.1 and the CMS experiment and
its various subsystems as well as basic particle reconstruction in Sec. 3.2. Sec. 3.3 gives a more
in-depth look into detector operation on the example of single event-upsets.

3.1 The Large Hadron Collider and the CERN Acceler-

ator Complex

The phenomena described in Sec. 2 can be studied in various ways. For example, particles can be
observed directly by studying the interaction of cosmic radiation in earth’s atmosphere as done
by large telescope arrays like the Pierre Auger Observatory [38] or by neutrino experiments like
the Kamiokande experiment [39] studying cosmic, solar and nuclear neutrinos. They can also
be observed indirectly as done in astronomic observations hunting for annihilation signatures in
cosmic radiation. As for the Higgs boson and other high energy physics phenomena the most
promising experimental signatures are studied using particle colliders. The LHC is the world’s
largest circular collider with a center of mass energy of up to /s = 14 TeV for proton-proton
collisions.

The LHC features four main detector experiments CMS, ATLAS [40], LHCb [41] and ALICE [42]
located at 4 different interaction points. LHCb and ALICE are specialized experiments focusing
on b-physics and heavy-ion interactions, while CMS and ATLAS are general purpose detectors.
As such they aim to study a wide range of particle physics interactions with the discovery and
study of the Higgs boson being one of their main goals.

The LHC itself is part of a larger accelerator complex, shown in Fig. 3.1. A pre-accelerator chain
consisting of the LINAC 2 linear accelerator, the Booster, the Proton Synchrotron (PS) and the
Super Proton Synchrotron (SPS) circular accelerators, that enhance proton energies to 450 GeV
before their final energy of currently 6.5 TeV inside the LHC is reached. Circular colliders such
as the LHC allow for a very high luminosity with currently up to 60 collisions per bunch crossing
every 25 ns [45]. This allows to measure even extremely rare processes such as the HH produc-
tion. The luminosity quantifies the cross section dependent number of observed events and is
defined as:
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Figure 3.1: The CERN accelerator complex located near Geneva on the border between France and Switzerland.
The LHC is schematically shown as a blue circle with its four main experiments CMS, ATLAS, LHCb and ALICE.
The pre-accelerators LINAC, PS and SPS feeding the LHC with 450 GeV protons as well as other accelerators and
experiments featured at CERN are shown as well [43, 44].

nin
<z =1 4ro,0,

Here f is the collision frequency, n; the number of particles per bunch and o; the beam bunch
size in x and y directions transverse to the particle beam. The number of observed events for a
cross section o is given by 0 X L = ¢ x [ .Zdt. The current peak luminosity reached at the LHC
is about £ =2 x 10>*em s, leading to a time integrated luminosity of L. =140 b~ ! recorded
with CMS and ATLAS experiments over the 2016-2018 Run 2 data taking periodl. To illustrate
this, one can compare the integrated luminosity with the cross section of the main process studied
in this thesis, ogg = 31.05 o' (ggHH) corresponding to about 4260 Di-Higgs boson events
over the whole data taking period [14]. The physics implications of a proton-proton (pp) collider
with composite particles, compared to e.g. lepton colliders, are discussed in Sec. 2.5.

1b=102m?
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Figure 3.2: The CMS experiment inside the cavern of interaction point P5 of the LHC on the French side of the
accelerator ring. The experiment here is opened for maintenance during the shutdown between LHC Run 2 and Run
3 and offers a view inside the barrel part of the experiment.

3.2 The Compact Muon Solenoid

The data used in this thesis was recorded between 2016 and 2018 with the CMS experiment at
the LHC PS5 interaction point. A picture of the opened CMS experiment can be seen in Fig. 3.2.
Like its sister experiment ATLAS, the CMS experiment is a general-purpose detector designed to
access a wide range of SM and BSM physics with special emphasis on the discovery and study of
the Higgs boson. The design is cylindrical around the interaction point where the proton beams
collide. From the inner tracker to the outer muon system, several subsystems are designed to
measure energy and momentum and to identify the produced particles during the pp interactions.
CMS name-giving feature is a huge 4 T solenoid magnet surrounded by a massive iron yoke that
houses a precise muon system. The solenoid has a diameter of 6 m enabling the encapsulation
of the tracking systems and most of the two calorimeters. This gives CMS a compact design
compared to other detectors such as ATLAS.

It has a length of 21.6 m and a diameter of 14.6 m and a weight of about 12 500t.

3.2.1 CMS Coordinates

The CMS coordinate system is displayed in Fig. 3.3. It is centered around the beam pipe with its
origin in the center of the detector. The direction of the z-axis is given by the beam direction that
faces the Jura Mountains. The x-axis points to the center of the LHC ring while the y-axis points
upwards. The angles ¢ between the x and the y-z plane as well as the angle 6 to the z axis can
be used to describe the direction of particles traversing the detector. As protons are composite
particles (see Sec.2.5), the momentum in z-direction of the colliding proton fragments forming
the "hard process" is not known. Therefore, energy (£) and momentum (p) measurements are
mostly projected to the transverse x-y plane (Ey/pp). For the same reason, instead of 6, the
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Figure 3.3: The CMS coordinate system on the left and a visualisation of the pseudorapidity 7 [46, 47].

pseudorapidity 1 and the rapidity y are commonly used. They are defined as:

n =—In [tan(g)} , yz%ln (M)

E—pr

Differences of 1 or y are Lorentz invariant. Angular distances are usually given by the quantity

AR=\/A¢)2 —|—An2. To complete the polar coordinate system given by the angles ¢ and 1 and
the coordinate z along the x axis, the distance r is defined as the distance to the center in the
transverse plane. In discussions of CMS structure, the terms “barrel’, refers to the central low ||
region of the detector and end-cap’ refers the high |1 region of the detector.

3.2.2 The Particle Flow Algorithm

The layered design of the CMS detector allows for particle identification as every particle type
interacts with different types of the detector. From the interaction point outwards, the tracking
system, calometric system, the magnet and the muon system are passed by the particles created
in the proton-proton collision. The magnetically bend tracks charged particles leave in the track-
ing system allow for the measurement of the pt of particles and of their electric charge. The
excellent 3D spatial resolution of the inner tracking system allows for the precise reconstruc-
tion of the point of origin of charged particles. Thus the identification of primary and displaced
secondary vertices is possible, allowing for the identification of particles with distinct lifetimes.
Most particles are stopped in the calorimeter systems producing scintillation light that enables the
measurement of particle energies. This also allows the identification of neutral particles, which
are not associated to tracks. To distinguish between predominantly electromagnetically interact-
ing particles like electrons or photons and mainly hadronically interacting particles like protons
and neutrons, the calorimeter system consists of two subsystems, the electromagnetic calorimeter
(ECAL) transversed by most hadrons and the hadronic calorimeter (HCAL). While some high-
energetic particles are not fully stopped by the hadronic calorimeter or shortly after, only two
SM particles can traverse the whole detector, namely muons, and neutrinos. The former are elec-
trically charged but as minimally ionizing particles loose only very little energy traversing the
detector. They leave additional tracks in the outer muon system, allowing for their identification
and additional input for the momentum reconstruction. Neutrinos do not interact with the detec-

tor significantly and thus are only measured indirectly, namely from the momentum imbalance
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Figure 3.4: Schematic overview of the CMS detector showing a transverse slice through the different sub-detectors.
The characteristic signatures of different particles such as muons, electrons, charged hadrons as the = , neutral
hadrons such as neutrons and photons leave in the detector are shown as well [48].

of the reconstructed particles they recoil against. More complex signatures of composite parti-
cles can be reconstructed by their decay products, for instance decaying neutral pions. This can
include in the case of charged decay products the observation of a displaced vertex correspond-
ing to the characteristic decay length of the mother particle, the determination of a characteristic
resonant mass from the decay products or in the case of the neutral pion the observation of the
energy deposit from the decay into photons. Examples of all the described signatures can be
seen in Fig.3.4. The particle flow algorithm of CMS uses the logic and information above to
find particle candidates for electrons, muons, photons, hadrons and subsequently jets. Jets are
then further refined by additional quality and isolation criteria to serve as basis for analysis level
objects. Particle flow objects are then further augmented by additional algorithms as described
in Sec. 3.2.12 and Sec. 3.2.11 to reconstruct and identify more complex objects like hadronically
decaying taus or the jets produced by b-quarks. More details on basic object reconstruction in
particle flow is found in [48].

3.2.3 The Inner Tracking System

The CMS tracking system as shown in Fig. 3.5 consists of several subsystems. The innermost
system is the pixel detector, surrounding the beam pipe. The pixel detector is used as a vertex
detector to find the primary vertex of the hard interaction process allowing the distinction of
particle signatures from multiple proton-proton collisions. It also provides the identification of
secondary vertices from short lived particles and seeds the track finding algorithms of CMS that
together with hits in the strip detectors produce track candidates for charged particles. It consists
of two parts, first the cylindrical barrel BPIX detector covering the central region up to |n| ~ 1,
and secondly the forward-facing FPIX extending the pixel detector coverage to || = 2.5. Until
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Figure 3.5: The CMS tracking system with its sub-detectors, the silicon pixel detector in the center, surrounded by
the strip-tracker Tracker Inner Barrel (TIB) and Tracker Outer Barrel (TOB) detectors in the barrel region, and the
Tracker Inner Disk (TID) and the Tracker End Caps (TEC) in the end cap region [36].
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Figure 3.6: The layout of the CMS pixel detector before and after the 2016 phase 1 upgrade. The pixel detector
surrounds the beam pipe and consists out of 3 (4) pixel layers in the barrel region and 2 (3) disks in the forward
region [49].

the end of 2016, the pixel detector consisted of three 53 cm long layers at r = 4.4, 7.3 and
10.2 cm in the barrel part and of two discs at z=%+34.5 cm and +46.5 cm. As shown in Fig. 3.6,
the pixel detector was upgraded between the data taking in 2016 and 2017, including now four
layers in BPIX at r=2.9, 6.8, 10.9 and 16 cm and three disks with two separate rings at z==+
30.9-33.8cm, + 38.4-41.3cm and + 47.9-50.8 cm. A picture of one half of the new 4-layered
pixel detector can be seen in Fig.3.7. As the pixel detector is the innermost detector, with the
first layer only a few centimeters away from the collision point, it has to withstand a high flux
of high energetic particles. At the same time the detector needs to provide a high granularity
for fast measurement of around 1000 particles per collision every 25 ns. Further, the material
budget i.e. the stopping power of the tracker and its support electronics, cooling and structure,
needs to be minimal. This is to not reduce the energy measurement resolution of the outer CMS
detectors such as the ECAL and HCAL. The design choice that follows these requirements is the
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Figure 3.7: One half of the barrel BPIX detector with its four pixel layers. Photo taken during the long shutdown
between the LHC data taking Run 2 and Run 3 where the pixel detector was extracted for maintenance in January
of 2019.

usage of silicon semiconductor sensors in the entire tracking system. The pixel sensors provide
a two-dimensional hit measurement with a pixel cell size of about 100 x 150 umz. The spatial
resolution of the detector was measured to be 9.5 um in the r-¢ direction and 22.2 um in the
z-direction for the BPIX layer three [49]. More about the operational challenges of the pixel
detector in this high radiation environment can be found in Sec.3.3. The rest of the tracking
system, with its length of 5.8 m and a diameter of 2.5 m, consists of 10 layers of strip detectors
in the barrel region and 12 disks in the endcap region. As seen in Fig. 3.5, these are subdivided
into four sub detectors, the Tracker Inner Barrel (TIB), Tracker Outer Barrel (TOB), Tracker
Inner Disks (TID) and Tracker EndCaps (TEC). For reference, the spatial resolution of the TIB
is given as 23 um in layers 1 and 2 and 35 yum in layers 3 and 4 [36, 49].

3.2.4 Particle showers and the Calometric System

Calorimeters are used to measure particle showers from high energetic particles interacting with
the detector material. Depending on the detector material and the original particle, electromag-
netic or hadronic particle showers can occur.

Electromagnetic showers are caused by mainly electromagnetically interacting particles such as
photons, electrons or positrons. As shown in Fig. 3.8, electrons and positrons produce brem-
strahlung photons that subsequently create electron-positron pairs, doubling the showers particle
content every radiation length2 X, until a critical average energy per particle is reached. The
shower is stopped when the shower particles lose their remaining energy via ionization.

A hadronic particle shower behaves similar with the distinction that new particles are created via
the strong interaction, producing a multitude of hadrons and mesons as well as electromagnetic

sub-showers.

2X0 o< ﬁ, with n the density of nuclei and Z the charge number of nuclei in the absorber material.
n-4 -in
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Figure 3.8: An electromagnetic shower induced by an electron doubling its particle content by bremstrahlung and
pair production every radiation length X, [12].

To induce and measure these particle cascades, a calorimeter often consists of a passive absorber
material facilitating the shower interactions and an active detector material, stopping and measur-
ing the lower energetic shower particles. This is often done by a scintillating material in which
charged particles produce light proportional to their kinetic energy, which is then measured by
photo-sensors and converted into an electrical signal.

The measurement of these two shower types in CMS is performed by the electromagnetic calorime-
ter (ECAL) and the hadronic calorimeter (HCAL).

The ECAL implores a high Z material to trigger electromagnetic interactions, and enough elec-
tromagnetic radiation lengths to stop most electromagnetically interacting particles.

While this does not prevent hadronic interaction, the number of hadronic interaction lengths3 A
in the ECAL is low enough that hadronically interacting particles lose most of their energy in the
HCAL. This allows easier particle identification by using the two distinct detectors [12].

CMS ECAL

The CMS ECAL consists mostly of lead tungsten (PbWQ,) crystals, combining a high Z ab-
sorber material with the scintillating properties of an active detector material. As can be seen
in Fig. 3.9, the high density crystals are transparent and allow scintillation light to travel to the
photo detectors, which are attached at the end of each crystal. This choice of combined active
detector and passive absorber material allows for a very precise energy resolution compared to
typical sampling calorimeters consisting of alternating absorber and detector layers:

Similar to the tracking detector, the ECAL consists of a cylindrical barrel part around the beam
axis closed by two end caps extending the coverage to || = 3. The general ECAL layout can be
seen in Fig. 3.10.

The barrel part (EB) extending up to || = 1.479 consists out of 61200 crystals with a granularity

3),, o< n, with n the density of nuclei in the absorber material.
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Figure 3.9: Lead-tungsten (PbWOQ,) crystals with photo detectors, for the barrel part (left) and encap part of the
CMS ECAL [36].
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Figure 3.10: The general layout of the CMS ECAL and its sub components. The barrel part (EB) covering a region
up to |n| < 1.479 consists out of modules containing 400-500 PbWO, crystals each grouped into supermodules
containing four modules. The endcap region (EE) up to || < 3 is covered by four "D" shaped detectors consisting
of supercrystals grouping 5 x 5 PbWO, crystals into 156 supercrystals per Dee. An additional pre-shower detector
is placed in front of the EE covering 1.653 < |n| < 2.6 with a high granularity sampling calorimeter, assisting pion
and electron identification [36].

of 0.0174 x 0.0174 in n-¢ and a length corresponding to 25.8 X|,, starting at r=1.29 m.

To avoid cracks in the ECAL coverage as much as possible, the shapes of the crystal are slightly
altered based on 1. Further they are put into modules of 400-500 crystals and combined into
supermodules consisting out of four modules or 1700 crystals.

The two endcaps (EE) at z = +315.4 cm consist of a total of 14848 crystals organized in two
halves or Dees per endcap, with 156 super crystals, a 5 X 5 unit of PbWO, crystals each.

The crystals have a front surface of 28.62x28.62 mm? and a length corresponding to a radiation
length of 24.7 X,,.

An additional pre-shower detector is placed in front of the EE, consisting out of two layers. Each
is made from a lead radiator to initiate showering and is followed by a silicon strip sensor. This
sampling calorimeter with a thickness of 2 + 1X, has a high granularity offering an improved
position measurement for electrons and photons. This is needed for the identification of neutral
pions and the distinction of electrons and minimal ionizing particles (MIP) such as muons in the
forward detector region 1.653 < |n| < 2.6.
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Figure 3.11: Longitudinal slice of the CMS detector, showing the position of the different HCAL sub-detectors, the
barrel calorimeter HB within the CMS solenoid, the end cap calorimeter HE, the forward calorimeter HF and the
outer calorimeter HO placed outside the CMS solenoid [36].

CMS HCAL

The CMS HCAL is a classical sampling calorimeter, consisting of a barrel detector (HB)
between the EB at r = 1.77m and the CMS solenoid at r = 2.95m, an endcap detector (HE),
covering particles up to 1| < 3, a forward detector (HF) placed 11.2m away from the interac-
tion point and an outer calorimeter (HO) in the barrel region extending the HCAL beyond the
solenoid. This tail catcher is necessary, because the size of the solenoid restricts the amount of
HCAL material and thus its stopping power. Showers produced by high energetic particles can
punch through the HB and extend beyond the magnet. The general structure of the HCAL and
its position within the CMS detector can be seen in Fig.3.11. The HB consists of alternating
layers of brass and steel absorber plates and Kuraray SCSN81 plastic scintillator, divided into
two times 18 wedges in ¢ with a further subdivision of the active detector material into 16 sectors
or towers in 1. The HB is shown in Fig. 3.12. It covers the range up to |17| = 1.3 and allows for
a granularity of An x A¢ = (0.087 x 0.087). The total absorber thickness at 1 = 0 is 5.8 A; with
an additional 1.1A; from the ECAL. The absorber thickness further increases by sirll 5
forward flying particles.
Covering the 7 range from |n| = 1.3 to || = 3, the HE sits in the difficult spot at the end of the
4T solenoid, and requires the use of non-magnetic materials while providing enough stopping

for more

power to contain the high energetic particles in the forward region of the detector. This leads to
the choice of brass as absorber material, which provides a thickness of about 10 A; together with
the ECALSs EE. Within the absorber material, 18 scintillator layers with Kuraray SCSN81 in the
outer 17 and Bicron BC408 scinillator are placed in the innermost layer. The active material is
arranged into trays, providing a detector granularity of An x A¢ = (0.087 x 0.087) for |n| < 1.6
and An x A¢ = (0.17 x 0.17) for 1.6 < |n| < 3.0.

The HO indirectly uses the solenoid as absorber material with —=%

sin @
returning the magnetic field is placed around the magnetic coil (see Sec. 3.2.5). It consists of 5

A;. A massive iron yoke for

rings, containing the HO as its first sensitive layer, followed subsequently by the muon detectors
(see Sec. 3.2.6). Because the detector thickness is the lowest at 11 = 0, the innermost ring contains
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Figure 3.12: The separation of the HCAL HB, HE and HO detectors in the » — z plane into readout towers in 1. The
section shown corresponds to a quarter of the three sub-detectors [36].

an additional 19.5cm iron piece surrounded by two scintillator layers while the HO in the other
rings contains only one layer. This extends the total HCAL thickness to a minimum of 11.8 4;.
Similar to the other HCAL sub-detectors, the HO has a granularity of An x A¢ = (0.087 x 0.087).
The HF extends the CMS detector to a range of |1| < 5 working in a region of extremely high
particle flux with ~ 88% of the energy left in the detector being deposited in the two forward
calorimeters. The HF is a Cherenkov detector, detecting the Cherenkov light that is produced
by charged particles that travel faster than the speed of light in the given medium. The HF
consists of quartz fibers serving as the active detector material within a steel absorber struc-
ture. As the detector captures the Cherenkov light of charged particles, the fibers forming
(An x A@) = (0.175 x 0.175) towers mostly focus on the electromagnetic sub-component of
hadronic showers [36].

The energy resolution of the HCAL depends greatly on the electromagnetic and neutral sub-
components of the hadronic shower and thus varies greatly between different particle types as
well as HCAL subsystems. To give a general idea of the HCAL performance one can look at
the combined ECAL+HCAL energy resolution of charged pions as measured in test beam stud-

ies [50] and is found to be:
c 84.7%

E[GeV] /E[GeV]
The energy resolution of jets shown in Fig.3.13. 1is about 20% for low energy jets (pp <

100 GeV) and 5-10% for high energetic jets (pp > 100 GeV) [36]. More about jet reconstruc-
tion can be found in Sec. 3.2.10.

+7.4%

3.2.5 The CMS Solenoid

Surrounding the ECAL and the HCAL, the CMS experiment features one of the largest solenoids
in the world with a diameter of 6 m and a length of 12.5 m. The superconducting coil provides a
magnetic field strength of up to 4 T within the solenoid. The magnetic field is returned in a mas-
sive iron yoke that surrounds the solenoid and houses the HO HCAL sub-detector (see Sec. 3.2.4)
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Figure 3.13: The jet energy resolution of jets clustered with the anti-k; algorithm [51] described in Sec. 3.2.10 for
simulated CMS events at /s = 13 TeV. CALO jets, clustered only from ECAL and HCAL energy deposits as well
as particle flow (PF) jets clustered from all reconstructed particle flow objects [48].

as well as the muon system described in Sec. 3.2.6. This allows to bend charged particles in the
whole detector, allowing for charge identification and for improved momentum resolution. The
size of the magnet allows to house (most of) both calorimeters. This reduces the amount of ma-
terial passed and thus the energy lost before entering the instrumentation region. The iron return
yoke is segmented into 5 rings along z and 6 endcaps [36].

3.2.6 The Muon System

The muon system constitutes CMS outermost layers. The basic muon reconstruction is described
in Sec.3.2.8.

The muon (tracking) system consists of three sub types of gaseous detectors, first the drift tube
chambers (DT) in the barrel region covering up to |1| = 1.2, second, the cathode strip chambers
(CSC) in the end-cap region covering 0.9 < |n| < 2.4 and third, resistive plate chambers (RPC)
in both the barrel and end-cap regions.

The muon barrel sub-detector (MB) as seen in Fig. 3.14 consists of four layers in each ring of
the iron yoke (see Sec. 3.2.5) each consisting of 12 sectors in ¢. Ten of these sectors contain one
DT chamber with two DT chambers in the fourth layer of sector 4 and 10 as seen in Fig.3.15
holding both the DT and RPC subsystems. Each DT chamber contains 2-3 super layers (SL) each
combining four layers of drift chambers. Two of the SL are measuring the muon track position
in the r — ¢ plain achieving a global resolution of 100 um with 8 hits in the two SL. In the three
inner layers, each DT chamber also contains a third SL oriented to measure the z axis instead.
The drift cells themselves consist of an anode wire in an electric field. The track position is then
determined by measuring the drift time of the ionization signal to the anode wire.

The layout of the muon system end cap region can be seen in Fig. 3.16. The CSC, covering each
either 10° or 20 ° in ¢ are grouped such that they overlap and provide full ¢ coverage with the
exception of the ME1/3 ring. Muons in the endcap region 1.2 < |n| < 2.4 cross 3-4 chambers
while muons in the overlap region 0.9 < |n| < 1.2 travel through both, the barrel DT chambers
as well as some CSC. The CSC are multi-wire proportional gas chambers that allow for a precise
measurement in the difficult magnetic environment of the muon end caps. The CSC wires run
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Figure 3.14: r — ¢ view of the CMS detector showing the layout of the DT chambers of the MB detector for one
wheel of the CMS iron yoke. The MB is split into twelve sectors consisting of four layers of chambers in between
the iron support structure. Sectors 4 and 10 hold 2 DT chambers in the outermost layers while all other layers and
sectors only contain one [36].
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Figure 3.15: r — ¢ view of the drift tube chambers within the barrel muon system. Each chamber contains two super
layers (SL) separated by a light weight honeycomb plate consisting of 4 layers of rectangular drift cells measuring
the track position in the » — ¢ plane. All DT chambers except the outermost ones in layer 4 contain an additional SL
in between the other two, measuring the track position along z. The DT chambers also contain RPC [36].
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Figure 3.16: r — ¢ view showing a quarter of the CMS detector with the position of the cathode strip chambers in
the end cap muon system [36].

along ¢ allowing for a measurement in r. To allow for a measurement along the wires in ¢, finely
segmented cathode strips running orthogonal to the wires are used.

Finally, the RPC are gaseous parallel-plate detectors with an extremely fast readout. While they
also contribute to muon track measurements, their primary function is the assistance in the trigger
system (see Sec. 3.2.7), with a response time much shorter than 25 ns.

In the barrel region, two RPC planes are contained in each of the two inner DT chambers. Further
there is one RPC plane in each of the two outer DT chambers adding up to 6 planes in total. In

the end cap region, four layers of RPC up to a coverage of || = 1.9 are installed [36, 52].

3.2.7 The CMS trigger system

To enable the measurement of the rarest processes, the LHC operates at an extremely high lumi-
nosity with bunch crossings happening every 25 ns leading to 40 million interaction events every
second. While this is impressive, such a high number of events come with two main problems.
Firstly, the data size needed to store all the relevant information of one event amounts to approx-
imately 0.5 MB making the storage of 40 million events per second (20 TB/s) a computational
impossibility for any feasible time period. Secondly, even though each event contains multiple
proton-proton collisions, only a small fraction of events actually contains hard interactions tar-
geted with the CMS physics program. This makes their study a literal search for the needle in a
haystack.

Therefore, CMS makes use of a 2-stage triggering system reducing the data readout to a man-
ageable event rate of up to 400 Hz. The first stage, the hardware-based L1 trigger, uses basic
particle candidates based of energy clusters in the HCAL and ECAL as well as hits in the DT,
CSC and RPC muon subsystem to decide within 4 (s whether to reject an event or to accept it for
further processing. This reduces the trigger rate to a maximum of about 100 kHz. This provides
the necessary time for a full event readout and the processing by the software-based high level
trigger (HLT), which makes the final storage decision.

In contrast to the L1 trigger, the HLT uses the complete event information to perform a simplified
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event reconstruction, providing objects such as electrons, muons, taus and jets similar to those
in the final offline event analysis. Based on these a customizeable trigger menu designed for the
needs of the current physics program is implemented. HLT triggers with a high rate are prescaled
by skipping events and latter scaling the recorded events with the corresponding pre-scale fac-
tor. This allows for balancing the different physics needs while also recording data streams for
detector calibration, detector monitoring and minimal bias events representing the entire physics
content of all collision events while staying within the data processing limits with a recording
rate of about 400Hz [53].

3.2.8 Muon reconstruction

Being MIPs, muons usually travel through the whole detector, and leave a track in the inner
tracking system as well as in the outer muon system while only depositing small amount of
energy in the ECAL and HCAL. Depending on the hits in the tracker, we can distinguish between
three muon types:

1. Standalone muons leave at least hits in the DT and CSC subsystems. These are clustered
to form segments used as seeding input for a pattern recognition algorithm to fit all RPC,
DT and CSC hits along the muon trajectory to a standalone muon track.

2. Tracker muons: Tracks found in the inner tracking system reconstructed by a pattern recog-
nition algorithm with a py > 0.5 GeV and p > 2.5 GeV that are compatible with at least
one muon segment are classified as tracker muons. Physics wise, these correspond to lower
energetic muons stopped in the iron yoke.

3. Global muon: If a track in the inner tracker and a standalone muon track can be matched,
a global muon track is fitted to all hits of both tracks, improving the momentum resolution
of high pt muons compared to a (inner) tracker only fit.

Within CMS analyses, usually global and tracker muons are used, leading to an excellent muon
reconstruction efficiency of 99 %. For the use as an analysis level object, muon candidates ob-
tained in the above described manner are further refined as described in Sec. 6.3 [48].

3.2.9 Electron reconstruction

Most electrons emit a sizeable fraction of their energy in the form of bremsstrahlung photons
before depositing their energy in the ECAL. An inclusive tracking algorithm is used to identify
all kinds of radiating and non-radiating electrons as well as electrons contained in jets. ECAL
deposits over 4 GeV are used as electron seeds, as well as tracks found by an iterative tracking
algorithm exceeding 2 GeV.

For electrons seeded by tracks, the potential energy loss of photons is taken into account by re-
fitting potential tracking candidates with a Gaussian-sum filter (GSF). For electrons seeded from
GSF tracks, the corresponding ECAL deposit must not be compatible with three or more tracks.
The high chance of photon radiation is used to distinguish electrons from charged hadrons. In
case of a non-radiating electron, the energy of the ECAL deposit closest to an extrapolated track
is required to be compatible with the tracks pr to form an electron seed. For electrons seeded

37



from ECAL clusters, energy deposited in the HCAL closer than R = 0.15 must not exceed 15 %
of the ECAL clusters energy. To form the electron candidate, all ECAL clusters associated with
the GSF tracks tangents or the ECAL supercluster formed from electron and photon ECAL en-
ergy deposits along the electrons trajectory are combined, with an additional £ and 11 dependent
energy correction of the ECAL clusters. For the final electron direction, the GSF track direction
is used. Before being used as analysis level objects as described in Sec. 6.3 additional quality
criteria are applied [48].

3.2.10 Jet Reconstruction - the Anti-k; Algorithm

Because color-charged particles cannot exist freely within nature, quarks and gluons produced
within CMS hadronize, and produce a cascade of charged and neutral particles commonly re-
ferred to as a jet.
For jet reconstruction, particle flow objects are clustered by a jet algorithm such as the anti-ky
algorithm which will be described in the following. Two distances are calculated for each particle
flow candidate i:

2 2
=) (9 —9; . . .o
0i73,) R2(¢ %) , as distance parameter between two particles i, j

i 2p  2p
I. d;; = min(pr; s DT )
2. dp= pTin , as distance parameter between particle i and the beam

with y; the rapidity of object i and R, p adjustable parameters of the algorithm. As long as
d;; < d;p particles i and j are combined, if d;; > d;g or no other remaining objects are found,
i is classified as a jet. The parameter p steers the ordering in which objects are merged, for
the anti-k; algorithm p = —1, hence the name anti-k; with ks being another symbol for the
transverse momentum pr. Choosing a negative p leads to cone shaped jets of radius R where
softer particles are merged around central objects with higher py. Within CMS, usually jets of

cone size R =1/ An2 + Aq)2 = 0.4 or "AK4" jets are used as standard jets, while jets with R = 0.8
or "AKS8" jets are used for merged topologies, i.e., boosted top or W boson decays. Jets obtained
by the anti-k; algorithm undergo further quality criteria as described in Sec. 6.3 before being
used as analysis level objects. They also serve as input for e.g. 7, reconstruction (see Sec. 3.2.11
or are used to tag certain physics objects such as b-quarks as described in Sec. 3.2.12.[51] .

3.2.11 Tau Reconstruction - The Deep Tau Algorithm

The HH analysis presented in this thesis makes heavy use of t leptons, requiring a special re-
construction and tagging algorithm that is presented in the following. Because t leptons only
have a mean lifetime of about 290.6 fs [5] corresponding to ¢ - T =0.087 mm in the detector, t
leptons can only be seen indirectly by their decay products. As described in Sec. 2.1 t leptons
either decay leptonically into a muon or an electron and two neutrinos or into a neutrino and a
hadronically decaying W boson. Thus when talking about t reconstruction in particle physics,
only hadronically decaying t (labeled t,) are considered because leptonically decaying t are al-
ready reconstructed as muons or electrons. Vice versa, only electrons, muons (and leptonically
decaying t) are referred to as leptons.

The 7, identification uses the hadron-plus-strips algorithm (HPS) [54, 55] developed for the
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Decay mode Resonance PB(%)
Leptonic decays 35.2

T e V.V, 17.8

T L VWV, 17.4
Hadronic decays 64.8

T —=h v, 11.5

T = h 'y, p(770) 25.9

v = h n’nlv, a1 (1260) 9.5

T h hTh v, ay(1260) 9.8

o h hTh 4.8

Other 3.3

Table 3.1: Possible decay modes of t into leptons and hadrons with their respective branching fraction 4. For
hadronic decays, also the corresponding meson resonances are given[5, 56]. & denotes electrically charged low
mass mesons such as pions and kaons as well as their exited states.

/s = 7,8 TeV LHC data. In this analysis a newer version optimized for the /s = 13 TeV data
taken in 2015-2018 [56]. The algorithm uses the constituents of particle flow jets, orienting itself
on the possible t decay final states summarized in Tab. 3.1

7, candidates

The signature of 7, is defined by an odd number of charged hadrons h* plus a number of
neutral pions '
Neutral pions decay nearly instantly into a pair of photons, that in rare cases converts into e e
pairs while traversing the tracker. To identify and reconstruct the neutral pions, all electrons and
photons, falling into a "strip" of dynamically defined size An x A@, are clustered together to form
an’ candidate. These strips are seeded by photon and electron constituents of a particle flow jet

in the following manner:

1. A new strip is seeded by the highest pr e/y not yet included in a strip.

2. The e/y with the next highest pr within:

A = F(pr") + F(pr™™), f(pr) = 0.2pp 6

A9 =g(pr”") +(pr™™), g(pr) = 0.35py 7!
is merged with the strip.

3. The strip position is recomputed by the py weighted average of all e /y within the strip.

4. The strip is complete, once no e/y candidate can be found within the dynamic An x A¢
window. If any e /vy are left, a new strip is seeded with the highest pt e/y.

The charged hadrons entering the 1, reconstruction must originate from the primary vertex of
the event, be it with a relatively loose restriction on the impact parameter of d,, < 0.lcm to
account for the t lifetime. To ensure sufficient quality of the underlying tracks, selected hadrons
are further required to have a py > 0.5 GeV.

Based on these "hadrons" and "strips", t;, candidates with up to three h™ and zero to two n° are
constructed. For each jet, only the highest p candidate is kept.
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7, neural network discriminator

Different from the original approach in [56], the DeepTau algorithm used in this thesis uses a
multivariate convolutional deep neural network to separate t;, candidates from jets, electrons and
muons. For this, the CMS detector is divided into a grid of cells with An x A¢ = 0.02 x 0.02
within a signal cone of AR = 0.1 and An x A¢ = 0.05 x 0.05 outside the signal and within an
isolation cone of AR = 0.5 around the 7, candidates major axis. For each particle flow candidate
in one of these two grids, up to 37 variables in addition to a number of global variables such
as the t;, candidates four-momentum enter the network. This high number of input variables
allows for an excellent discrimination of 1, candidates, improving the 1, identification efficiency
by about 20 %. This can be seen in Fig. 3.17 where DeepTau is compared to the previous algo-
rithm [56]. For the application in CMS analyses, 8 working points from VVVLoose-VVTight on
the discriminator outputs against jets and electrons, and four working points on the discriminator
against muons from VLoose-Tight are defined. In the HH analysis presented in this thesis, the
medium working point against jets, the VLoose working point against muons and the VVVLoose
and VLoose working points against electrons are used. More information about the performance
and training of the DeepTau DNN can be found in [57], [58], and [59]. This analysis uses the
Deep Tau v2.1 training of the DeepTau algorithm.

3.2.12 b-jet tagging and the DeepJet algorithm

Electrons and muons leave fairly distinct signatures in the detector, but color charged particles
such as gluons or quarks hadronize, leaving particle jets of many charged and uncharged particles
in the detector. While at first glance, these complex objects only offer little information about the
mother particles of the jet, besides the overall energy deposit left in the detector and the particles
general direction, the type of the mother particle subtly influences the jets substructure.

These differences in jet shape and composition are used in jet-substructure techniques to sepa-
rate jets induced from comparatively heavy b-quarks from other jets induced by lighter quarks
or gluons. Modern algorithms such as DeepJet even allow further distinction between b-quark
induced, charm-quark induced, gluon-induced and light-quark (u,d,s) induced jets.

Deeplet is a neural network-based algorithm making use of around 650 input features containing
track quality criteria, track displacement and secondary vertex information. In addition global
features are used, such as the number of reconstructed primary vertices to judge the pileup con-
tent of the event. A full list of input variables can be found in the appendix of [60].

The sophisticated DeepJet architecture, shown in Fig. 3.18, allows to make use of this high num-
ber of low level input features using convolutional as well as recurrent neural network layers.
The excellent performance for DeepJet can be seen in Fig. 3.19. Based on this, the three working
points Deeplet-L, DeepJet-M and Deeplet-T are defined on the b-jet vs light jet (udsg) discrim-
inant, for a b-jet misidentification probability of 10%, 1% and 0.1% respectively.

3.2.13 Prompt lepton MVA

The lepton selection in the HH part of this thesis uses an additional BDT discriminant to further
refine the object definition of muons and electrons with respect to the rejection of non-prompt

leptons, i.e., from b-jets as well as misidentified leptons.
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Figure 3.17: The performance of the DeepTau identification algorithm for differentiation against jets (top), electrons
(middle) and muons (bottom). The working points used in this thesis are shown, giving the corresponding Tau ID
efficiency and jet/electron/muon to tau misidentification rate [59].
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Figure 3.18: The neural network architecture of the DeepJet neural network. The input features are separated into
four different branches. The low-level input variables belonging to charged and neutral jet constituents as well as
secondary vertices within the jet undergo a feature transformation by a convolutional network layer before being
combined in a recurrent neural network and finally being processed together with the global features in a dense
layer [60].

{s=13TeV (s=13TeV
> 1f T e e > oo o o e e
3 CMS: Simulation hre]]mihar\/ e ?ﬁ 3 P\/HS Simulation unﬁmipnry “ //,I
% tTevents z 7] § ft events /i
s AK4iets (p_>.30 GeV) S S [ AKdjets (p.>90 Ge A/
N T //' Pd R T P4 .
% " DeepFlavour phase 1 B ’ / % L DeepFlavour phase 1 +?
€ 10 F| —— DeepCSV phase 1 /' kS 10 [l —— DeepCSV phase 1 /
[i"] —— Deepcsv phase 0 o S [ —— DeepcsV phase 0 z 5 /
, /. ? /.
P / K ”
— udsg Ry / — udsg o /
10214-- ¢ | L. 102 -~ ¢ | o !
10° /] ' 10°
01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09
b jet efficiency b jet efficiency

Figure 3.19: Performance of the Deeplet algorithm for the separation of b-quark induced jets vs udsy or charm
quark induced jets. The comparison to the previously used deepCSV algorithm is shown. The performance was
determined on tt events in /s = 13 TeV 2017 data recorded with the CMS experiment [61].

This approach was originally developed for the CMS search for tH production with Multilepton
final states [62]. For the presented analysis, the BDTs working points have been optimized such
as accounting for the higher-lepton multiplicities in the targeted final states. The BDT uses the
leptons kinematics, lepton quality criteria such as their isolation, properties of the nearest jet,
such as its b-tagging score (see Sec. 3.2.12) and impact parameters4.

Different trainings are performed for muons and electrons with prompt leptons from W /Z decays
and from leptonic t decays in ttH events as signal and non-prompt leptons from tt —jets events
as background. The training is performed separately for the 2016 and 2017/2018 to account for
the difference in "phase-0" and "phase-1" CMS detector conditions.

3.3 Detector Operation: Single Event Upsets in the

Pixel Detector

The data needed for the successful analysis work presented in this thesis does not only rely on
detector design but also on the continued effort of detector operation. Within this thesis it was
possible to make a small contribution to these efforts. The following shows an example of the
challenges faced in the day-to-day operation of the big undertaking that is CMS.

*Closest distance of track and primary vertex along z-axis (d.), in the xy plane d,, or in 3D d3p.
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These challenges include dealing with effects of the high radiation environment on the operation
of the innermost CMS tracking detector, with the innermost layer of the pixel detector only be-
ing about 3 cm away from the center of the experiment. Here, the electronics of the otherwise
radiation hard silicon detector face disturbances in operation caused by the influence of ionizing
radiation.

To understand this, a deeper explanation of the data acquisition within the pixel detector sub-
system is given in the following. Read-out chips (ROC) collecting the hit information of the
pixel sensors are grouped into modules containing 16 ROCs. Depending on the layer of the pixel
detector these contain a number of token bit managers (TBM) channeling the information of the
ROC:s into a number of read-out channels while also providing the modules with the LHC inter-
nal clock. If a readout is triggered, the TBM sends a token through its corresponding read-out
chain with each ROC appending its corresponding hit information. After the TBM receives the
token back from the last ROC it sends the data via pixel-opto hybrids (POHs) converting the
electrical into optical signals to the back-end electronics outside the CMS cavern. These POHs
and other support electronics of the pixel detector are organized in portcards and configured by
CCus’ reviving their commands from the back end electronics outside the experimental cavern.
More about the data acquisition system of the CMS tracker can be found in [63].

All of these electronic components close to the interaction point can be affected by the flip of
bits in their hardware registers due to ionizing radiation causing a so called single event upset or
SEU. The SEUs affecting the pixel detector can be classified in one of two categories, soft errors
that can be recovered during data taking by reprogramming the affected hardware and Single
Event Latch-ups (SEL) in which the TBM are caught in a stuck state that can only be resolved
by turning the low voltage supply of the chip on and off. For technical reasons, SELs could only
be handled in between LHC fills during the data taking in 2017 and 2018, when no pp collisions
took place, allowing for the build up of a number of malfunctioning modules during data taking.
For the soft errors, an online recovery system is in place. Once triggered, data taking is paused
and the affected channels are recovered by reprogramming the affected hardware components.
This soft-error recovery (SER) is triggered either by the failure of a portcard or the accumulation
of masked TBM channels with different thresholds for the different layers of the pixel detector.
TBM channels are masked when 64 consecutive "out of sync errors" corresponding each to 255
missed read-outs are recorded. As SEL affected hardware can not be recovered through this
soft-error recovery, not recovered channels are blacklisted after the third SER attempt to avoid
the continuous triggering of SER by SEL affected channels. As each SER pauses the data taking
for about 5 seconds, the SER serves as a trade-off between data quality and the amount of data
taken.

As part of this thesis, the trigger rate of SER and their channel recovery efficiency have been
measured as documented in [64] serving as future input to the design of the soft-error recovery
system. Over a period of 2 month in September and October 2018 628 SER attempts have been
recorded. This corresponds to 2.12+1.46 SER per 100 pbf1 of data taken. About 56 ROCs where
recovered per SER attempt. Without counting SER attempts triggered by the failure of portcards
with about 200 ROCs, about 18 ROCs where recovered per SER attempt. As the described sys-

Command and Control Units
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tem does not detect the failure of single ROCs that also can be affected by SEU, the true number
of recovered ROC:s is higher. This effect can be gauged by studying the data of the CMS data
quality monitoring [65], which records the number of ROCs that have not been sending data over
more than 10 lumi sections®. From this it can be estimated that the rate of additionally recovered
ROC:s per SER is about 35 ROCs per SER. These numbers stand in contrast to about 23 ROCs
per SER that can not be recovered most often due to SELs.

®One lumi section lasts about 23 seconds and is the lowest granularity unit in which the LHC data taking is split.
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How to train with your (two) Higgs bosons -
Machine Learning Methods

The use of machine learning techniques has become an important part of modern particle physics
as they provide a convenient solution to complex task such as the identification and separation
of different particle physics processes. Sec. 4.1 introduces the concept of boosted decision trees
(BDT) used in the analysis presented in this thesis to separate the different H (see Sec.5) or HH
(see Sec. 6.6) signals from various background processes. Similar to other multivariate analysis
(MVA) tools, the internal structure of a BDT can be tweaked to suit the needs of the desired task
and the amount of available training data. The hyperparameters used in the HH analysis (Sec. 6)
are tweaked by the means of an evolutionary algorithm presented in Sec. 4.2.

4.1 Boosted Decision Trees

The general idea behind any MVA technique is to use a mathematical model with trainable pa-
rameters to approximate a complex function. An example of this would be the separation of two
or more processes by assigning them different functional values based on a set of input variables.
The model is trained by adjusting the trainable parameters such that the loss function measuring
the distance of the approximated functional value from the desired target is minimized. This is
done by iteratively evaluating the loss function on a set of training data with examples containing
the desired output for a given set of input variables. In the desired classification task, this would
be events of different processes with labels identifying the given process, for example as signal
events with a label of 1 or as background events with a label of 0.

The loss function usually serves a second purpose. By adding regularization terms, the loss is
designed such that the trained model keeps a balance between accuracy in fulfilling its trained
task and the complexity of the model. If the model is too complex, it can even describe statis-
tical fluctuations in the training data, which then are not present in new data, thereby lowering
the performance of the model. This difficulty is known as overtraining and corresponds to the
concept of overfitting.

In case of BDTs, these concepts are implemented using decision trees. Simply phrased, a deci-
sion tree sorts input events in a set of categories called leafs by a set of chained criteria. To arrive
at the desired function, each leaf then can be assigned a score, assigning each event a functional
value. In the simple example of one decision tree, the choice of the criterion separating events in
each node of the tree and the score assigned to each leaf are learnable parameters. In the case of
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Figure 4.1: Visualisation of the concept of tree ensembles to separate two categories, members of a family who like
or dislike a certain computer game. Two trees of depth 1 are shown, separating members of a family based on their
age and computer use which can be assumed correlated to the question of the classification task. Each leaf gets a
score assigned and the final score of each family member is obtained by summing over all leaves they are assigned
to [67].

BDTs, not a single tree is used but an ensemble of trees, where the final score of each event is
obtained by the sum of the leaf scores assigned to the given event. This is visualized in an exam-
ple shown in Fig. 4.1 from the documentation of the XGBoost package [66, 67] which is used in
this thesis to implement BDTs for the HH analysis in Sec. 6. BDTs are only one concept based
on the use of tree ensembles, with another one being random forests. The concept of BDTs is de-
fined by how they are trained, namely in an additive manner, where iteratively one tree at a time
is added and within each tree one split or node at a time is added on the already existing struc-
ture of trees from the previous iteration. Therefore each iterative step consists out of two parts,
optimizing the parameters of the newly added tree structures by minimizing the corresponding
loss function terms using a gradient based algorithm and then finding the next possible splitting
or tree addition further reducing (boosting) the overall loss. This concept is know as gradient
boosting, hence the name Boosted Decision Trees. The training and possible structure of the
BDT is governed by a set of parameters set before the training, such as the maximum number of
allowed trees and their depth. These parameters are commonly referred to as hyperparameters.
The XGBoost hyperparameters considered in this thesis are the following:

e n_estimators: Maximum number of considered trees.
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* subsample: Fraction of randomly sampled events of the training data before growing a
new tree. Lower values can help against overtraining. Subsampling is done once every
booster iteration.

* colsample_bytree: Fraction of randomly sampled input variables for the optimization of
each tree. Lower values can help against overtraining. This is done once for every tree.

e gamma: Minimum amount of loss reduction required for adding a new split in a tree.
Higher values make the training more conservative.

* learning_rate: Rescales weights of newly added tree structures by reducing the influence
of each individual tree in order to leave room for the improvement by new trees. This
concept is known as shrinkage and is similar to the concept of a learning rate in other MVA
techniques, where the learning rate steers the step size when searching for the minimum of

a loss function.

* max_depth: Maximum depth of the considered trees. Higher numbers make the tree more

complex but can lead to overtraining.
* min_child_weight: Minimum amount of weighted events in each leaf.

For the training of the BDT methods in this thesis, two things need to be optimized, the choice
of the above hyperparameters and the choice of possible input variables/features in the training
dataset. The former is done by an evolutionary algorithm described in Sec. 4.2. The latter is
done by finding physics inspired variables and selecting the most relevant ones as described in
Sec. 6.6. For this, an input variable ranking implemented in XGBoost evaluating the gain of
each feature. The gain is measured as the improvement in accuracy/purity splits using the given
feature provide for the branches these splits are on, i.e the accuracy of the branch before the split
compared to the accuracy of the two created branches.

4.2 The Particle Swarm Algorithm

For the optimization of BDT hyperparameters in the HH — Multilepton analysis presented in
Sec. 6 of this thesis, the particle swarm algorithm [68] was used. To optimize the model perfor-
mance, a fitness function, a modified dScore [69] was designed to balance the need for accuracy
on an test dataset and the amount of observed overtraining. It is given by:

AUC ot —AUCyy;
dScore = AUCoy — K - lteftAUCtesttram

where AUCy is the area under the Receiver Operator Characteristic' for the training/test dataset
and k an adjustable parameter steering the importance of overtraining prevention on the opti-
mization target. The adjusted dScore compared to the measure developed in [69] increases the

'These curves show the relation of selection efficiency on signal and background for different splittings on a
variable such as an BDT or neural network output.
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importance of the overtraining penalizing term depending on the overall accuracy of the model,
such that with higher accuracy, the optimization against overtraining becomes more and more
important. In the iterative Particle Swarm Optimization method (PSO) an ensemble or swarm
of hyperparameter configurations is generated distributed over the whole space of available pa-
rameter configurations. This allows for the efficient scan of all possible hyperparameters for
the configuration yielding the best dScore. In each iteration the particles or configurations in
the swarm move closer to the optimal dScore by updating the positions of each particle 7 in the

following manner:

1k ko ook k1 k1 k
i =X tw-p+F; pi =X X

with xff the position x of the particle i in the hyperparameter space in iteration &, pf the momentum

X

of particle i given by the distance and direction traveled in the parameter space in the previous
update, a weight w steering the importance of the momentum, and an attractive force F' towards
the currently known best configuration of the particle itself (£) and the swarm (). Its given by:

k ok k sk k
F=cpr-(& —x)+cyrn (X —x)
Here, ¢, ¢, are adjustable parameters steering the relative attraction of the two terms, and r;
random numbers between 0 and 1. The inclusion of the attraction to the particles best configura-
tion allows the particle to find new best locations, preventing the whole swarm flying towards a
local maximum in dScore. The momentum p prevents the particle from getting stuck at a local

maximum.

48



The CMS H — uu Analysis

As established in Sec. 2.2, the coupling of the Higgs boson to particles of the SM is predicted
to be proportional to the particles mass ~ m/v for fermions and ~ m\Z//v for the gauge bosons of
the weak interaction. So far the couplings to both Z and W bosons, the heavy third generation
t- and b-quarks, and third generation t lepton have been confirmed experimentally by the CMS
and ATLAS collaborations [70—83]. As can be seen in Fig. 5.1 all measurements are, within their
respective uncertainties, in agreement with the SM prediction.

Overview of the CMS Run 2 H — pu analysis

To establish the Higgs boson coupling to second generation fermions, the most likely discovery
channel is the decay of the Higgs boson into a pair of muons. Despite the muons low mass of
only 105.66 MeV [5] and a correspondingly low SM branching fraction of the Higgs boson into
muons of 2.18x10™* [14], the clean signature and high mass resolution of the corresponding
Di-Muon pair allows for the potential discovery of a signal peak on a steeply falling spectrum
of mostly Z/y" — uu dominated background. To further increase the significance of the signal
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Figure 5.1: Best fit values for the reduced coupling strength modifiers of the x-framework [84] for Higgs boson
couplings to fermions and the gauge bosons of the weak interaction. The error bars correspond to the 68% CL
interval of the measured coupling strength parameters. All measurements so far are, within their given uncertainties,
in agreement with the SM prediction given by the dashed blue line [3].
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peak, the CMS H — pp analysis for the full LHC Run 2 dataset of 137 fo! [3] studies multiple
Higgs boson production modes in a set of orthogonal event categories. By doing this, in addition
to the clean signature of the oppositely charged Di-Muon mass pair, each category is able to
capitalize on the distinct features of the corresponding production mode. The different categories
are defined in the following way:

» Events containing b-tagged jets are associated with either hadronic, or in case additional
leptons are present, leptonic ttH decays.

» Events containing no b-tagged jets but containing one (two) additional leptons are associ-
ated with leptonic WH (ZH) decays.

* Events not falling into any of the ttH or WH /ZH categories but containing an additional
Di-Jet pair with an invariant mass above 400 GeV and a separation in 17 > 2.5 are associ-
ated with qqH production.

* The remaining 96% of Di-Muon events are studied in an inclusive category dominated by
ggH events.

For the qqH category the signal extraction is performed by a maximum likelihood fit of the data
with signal and background templates estimated from Monte Carlo simulation. This is performed
on adequately chosen bins of a deep neural network classifier.

In all but the qqH category, the signal extraction consist of a binned maximum likelihood fit to
the steeply falling Di-Muon mass spectrum in the mass range 110 GeV < m,, < 150 GeV. For
this, the signal peak is modelled by a double sided Crystal-Ball function on top of the back-
ground modelled by a set of monotonically decreasing functions such as a modified version of
the Breit-Wiegner function, Bernstein polynomials or a set of exponential functions. Bias studies
are performed to quantify the influence of the choice in background parametrization and were
found to be negligible. To enhance the sensitivity further, the ggH, VH and ttH categories are
subdivided based on a set of BDT discriminators into low and high signal significance S/v/B re-
gions.

The final fit results are summarized in Fig. 5.2 with the left plot showing the Di-Muon mass
in the range 110 GeV-150 GeV for events of the qqH category according to the signal and back-
ground rates extracted from the maximum likelihood fit. The events are weighted by the SJ%B
ratio as a function of the DNN output. The right plot shows the Di-Muon mass spectrum for the
same range but for all categories weighted by S+LB' The signal is shown for the best fit signal
strength of 1.191“8:‘318 (stat.)fgj%i (syst.) for a Higgs boson mass of 125.38 GeV [85]. This corre-
sponds to an observed (expected) significance of 3.0 (2.5) standard deviations and therefore the
first evidence of H — up decays.

Study of a VH hadronic event category

For this thesis, the prospects for including a VH hadronic channel in the context of the CMS
H — pp analysis are studied. As potential VH hadronic events are already treated within the in-
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uu for all categories weighted by H%'

clusive ggH category, the main target of a dedicated VH category would not only be the optimal
separation of H signal events from background events, but also achieving a relatively high purity
of VH events. Similar to other sub-channels, the signal extraction is designed as a ’bump hunt’
on the falling m,,, spectrum between 110 GeV and 150 GeV.

The base selection of the VH hadronic category requires a pair of jets within an invariant mass
window around the W /Z boson mass 60 GeV < m jj < 110 GeV in addition to the oppositely
charged pair of muons. Furthermore, b-jets are vetoed to reduce the contribution of tt back-
ground events and to orthogonalize the VH selection to that of the ttH channel. Additional lep-
tons are vetoed to remove overlap with the VH leptonic categories. Forward jets with || > 2.5
are vetoed to increase the purity of VH events compared to other H — pp signals.

Within a signal mass window of 120 GeV < m,,, < 130 GeV this leads to an expected signifi-
cance of signal (S) over background (B) S/+/B = 0.25 with a purity of the VH signal compared
to all H — pp decays of 24.6%, yielding a significance for the VH signal of 0.062 with the full
Run 2 LHC dataset. The partially blinded Di-Muon mass spectrum after these basic selection
criteria is shown in the left part of Fig. 5.3 for the 2018 data taking period. Starting from this
base selection, both a cut based and a BDT based approach are tested. For the cut based approach
several kinematic quantities are tested with the goal to optimize the significance of the VH signal
over background ‘\//—%. The optimization was performed on Monte Carlo simulation for the 2018
dataset, yielding the following selection:

* The mass window on the invariant Di-Jet mass is tightened to 64 GeV < m; < 106 GeV

* The Di-Jet system originating from the W or Z boson decay in signal is expected to point
in the opposite direction of the Di-Muon system originating from the Higgs boson decay.
Therefore the angle between both pairs is required to be close to 7: |AR(jj,up) — | < 0.4

* While the jets in signal originate from W or Z boson decays into a pair of quarks, the
main background from Z /y* — pu decays mostly features gluon induced jets from initial
and/or final state radiation (ISR/FSR). Jets from (light) quarks can be separated from gluon

51



59.74 fb* 13 TeV 59.74 fo* 13 TeV

S 800F T T T T T T T T T > L L B B N BN BRI UL
(0] £ MS o data |=zm-2 . 5] CMS o data Ezy-2 ]
O 700i . gghx100 T2 3 (O] ) —WwHx100 EJ-2 ]
o = Work in Progress —Wwx100 RS E o 50[ Work in Progress gghx100 B NuLboson —
5 = —zHx100 it g, E 3 —2ZHx100 mmyz gy q
- — — vbf x 100 — - —— vbf x 100 -
= 600 /oty = = v ]
by E — tth x 100 B (90)2Z— 41 7 S 40 —tth x 100 B (99)2Z— 41 =
> 500 C — Signals x 100 x> MC stat. unc. . > bo — Signals x 100 2 MC stat. unc. ,
L E = 1] ]
400F 3 30 -
8001 E 20 =
200 = n

= E 10 -

100

!

0

o) )

=15 =

3 - PRIV X ) 14 3

?U' 1ieswww L Lt i 4 L3 a0 3 1 & 4 t }—5'

o 05 [a) l
110 115 120 125 130 135 140 145 150 110 116 120 125 130 135 140 145 150

My (GeV) m (GeV)

Figure 5.3: The distribution of m,, for events passing the VH hadronic base selection on the left and for events
passing the selection criteria of the cut-based optimization approach on the right. Data and simulated events shown,
correspond to the 2018 LHC dataset as recorded by CMS. The Di-Muon mass spectrum is blinded in the signal
sensitive mass region between 120 GeV and 130 GeV. The shown uncertainty bands correspond to statistical uncer-
tainties only.

induced jets using an MVA approach, the Quark-Gluon Likelihood (QGL), introduced
in [86]. The larger of the two QGL from the two selected jets is required to be greater than
0.65.

» Compared to the ISR/FSR jets in the Z/ ¥* — up background, the Di-Jet system in the VH
signal is observed to be slightly boosted, a pt of the Di-Jet system greater than 75 GeV is
required.

* Finally, the smaller of the two QGL is required to be greater than 0.25. This last cut does
not increase the significance ‘\//—% but enhances the purity of the VH signal by about 10%.

The result of the described selection can be seen in the right part of Fig. 5.3 showing the Di-Muon
mass spectrum for the 2018 dataset in the VH hadronic category definition of the cut based ap-
proach. A significance of Y/—% =0.075 (\/LE = 0.125) and a purity of about 60% can be achieved
in the full Run 2 dataset utilizing only about 2.3 signal events or 0.3% of signal events otherwise
contained in the inclusive ggH category. To gauge the sensitivity, 95% CL upper limits on the
H — pp cross section o were extracted for an early version of the H — pp analysis including
most of the final systematic uncertainties. An expected upper limit of 17.36 x ogy; was found.
For the BDT based approach, a BDT implemented in TMVA [87] was trained on simulated

Z/y" — pu background and VH signal events for the 2016 dataset. As input 11 variables were
selected including the maximum and minimum QGL of the two selected jets, the invariant mass,
pr and opening angles A@(j, j) and An(j,j) of the Di-Jet system, the py of the two selected

jets relative to m ;;, the opening angles An(jj,un) and |A@(jj,un) — | between the Di-Jet and

i
Di-Muon systems and the 7, of the Di-Muon system. These variables add information char-
acterizing the Di-Jet system and W /Z boson decays to the information used in the cut based

approach. As the Di-Muon system in signal is produced more centrally in the detector compared
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VH hadronic BDT

Method kBDT
input variable transformation Gaussian
NTreees 120
BoostType Grad
Shrinkage 0.5
UseBaggedBoost True
nCuts 30
MaxDepth 3
MinNodeSize 10%
NegWeightTreatment Pray

Table 5.1: TMVA [87] configuration used for the training of the VH hadronic BDT.

Variable Importance Separation
An(up,jj) 1.733e-01  1.711e-01
Max(QGL) 1.032e-01  6.034e-02
m;; 9.895e-02  6.133e-02
Min(QGL) 9.521e-02  4.153e-02
pr(ja)/m;; 8.558e-02  1.297e-01
pr(i)/my; 8.450e-02  1.392e-01
AN(j,j) 7.997e-02  6.007e-02
Ny 7.929¢-02  6.567e-02
|AG(up,jj)—m| 7.852e-02 1.028e-01
pr(jJj) 7.454e-02  1.463e-01
Ad(J,7)) 4.688e-02  1.189e-01

Table 5.2: Separation and importance using TMVA [87] for the different input variables of the VH hadronic BDT. The
selected jets are denoted by j with the (sub) leading jet denoted as j; (j,).

to background, the variable 7, is able to provide some additional separation power. The TMVA
configuration and an overview of the separation power of the different BDT input variables is
given in Tab. 5.1 and Tab. 5.2. The resulting separation power of the resulting BDT is shown in
Fig.5.4. Optimizing the overall cross section limit on H — up decays, the BDT output is then
used to define three categories with a ggH enriched category containing events with a BDT out-
put lower than 0.7 and two VH enriched categories for events with a BDT output greater/smaller
than 0.8. The three BDT categories from lowest to highest BDT output feature a significance ‘\//—%

( \/LE) of 0.041 (0.225), 0.042 (0.083) and 0.071 (0.104) and purity % of 18%, 50% and 72%
respectively. The partially blinded Di-Muon mass spectrum of all three categories for the 2018
dataset is shown in Fig. 5.5. Similar as for the cut-based approach, the expected 95% CL upper
limits on the H — pp are estimated corresponding to an early version of the H — pu analysis.
Only using the two VH enriched categories containing about 2.7 signal events or 0.3% of the
signal events in the inclusive ggH category an expected upper limit of 14.88 X ogy, is found.
Using all three categories and a total of 17.8 signal events or 2% of the signal event in the ggH
category an expected upper limit of 7.47 can be achieved.

Considering the high expected background in the order of 5000 events compared to about 20
H — pp signal events, both the results of the cut-based as well as the BDT approach, result in
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Figure 5.4: The output of the BDT trained for the VH hadronic selection on the left and the corresponding Receiver
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cuts on the BDT output. The BDT separating VH hadronic events from Z /y* background events, was trained and
evaluated on simulated events corresponding to the 2016 LHC dataset. The simulated events used in the training
correspond to an independent dataset not used in the calculation of expected upper limits.

respectable expected upper limits on ¢ of about 15-20 X og)y; while utilizing only a small fraction
of the overall signal. In the context of the CMS H — up analysis, the optimized VH hadronic
category would enter as a dedicated new category with a sensitivity about four times lower than
the VH leptonic category. Future iterations of the analysis will have to decide if the described
approach for a VH hadronic selection is to be expanded and a dedicated category should enter
the analysis approach.
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The Di-Higgs Boson Analysis

As described in Sec. 2 the study of HH signatures allows for an analysis with a broad scope in
particle physics. As the expected production rates especially for SM like physics scenarios are
quite small and BSM physics can offer challenging final state signatures, the discovery potential
of HH studies with the current LHC dataset of around 140fb™" per experiment for ATLAS and
CMS was deemed small only a few years ago. Decent results were only expected at the high
luminosity LHC [88] in the 2030s with a dataset of 3000 b ! or at the earliest at the end of the
next LHC data taking period, with then a combined \/Zs) — 13 TeV dataset of 300fb" per ex-
periment.

As explained in the following however, current analyses have developed far and especially their
combination is approaching the sensitivity needed to probe SM like HH production.

To maximize sensitivity with the current dataset, as many HH decay modes as possible must be
studied. Fig. 6.1 shows the branching fraction of the most prominent HH decay modes as well
as their planned experimental coverage by the CMS collaboration. Most analyses cover a single
final state with at least one H — bb decay, offering a high HH branching fraction of ~ 58 % [5].
This thesis mainly contributed to the CMS HH — Multilepton analysis [4]. The HH — Multilepton
analysis does not focus on a single HH decay channel but instead covers a set of HH decays with
multiple leptons in the final state that do not contain a H — bb decay. In doing so, several so far
uncovered decay channels are combined in a single analysis.While this analysis has a lower HH
branching fraction than others, the seven selected Multilepton final states offer very clean sig-
natures with high selection efficiencies even at low particle energies in overall low background

1
bb B(HH — zxzyy)
D HH — Multilepton 01
WW D Other CMS searches
> 1072
= B8
T 1073
= 77 -
1074
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1075

bb WW g8 77 77 %
H — zx

Figure 6.1: Overview of branching fractions (%) for the most prominent HH decays as well as their planned

experimental coverage in CMS analyses. The decay channels covered by the HH — Multilepton analysis featured
in this thesis are highlighted as well [14].
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categories. As shown in this thesis, this leads to a sensitivity comparable to the three leading
bbbb [89, 90], bbyy [91, 92], and bbtt [93, 94] analyses.

Sec. 6.1 gives an overview of the HH — Multilepton analysis discussed in more detail in Sec-
tions Sec. 6.2-Sec. 6.6. The major contributions of this thesis to the HH — Multilepton analysis
are discussed in Sec. 6.5.1 and Sec. 6.6.1 covering the 3/ + 11, sub channel. The methodology
of the signal extraction as well as the results and interpretation of the analysis are then presented
in the following chapter Sec.7.

6.1 Analysis Overview

In Fig. 6.2 a potential HH candidate event for the HH — Multilepton analysis is shown. It was
found in the 3/ + 17, final state this thesis focuses on. The following sections will give an
overview of the HH — Multilepton analysis, explaining how that event was identified. Inspired
by previous analyses covering multilepton final states such as the CMS ttH —Multilepton anal-
ysis [62], this analysis focuses on decay channels with two or more leptons1 (¢) or hadronically
decaying taus (t;) in the final state.

Seven analysis channels are defined:

* 00441, e 20(ss) +0/1 1y, e 3(+ 01,
* 14431, o 20421, e 30+ 11y,
o 4/

where 2/(ss) denotes two same charge (sign) leptons. This covers most leptonic final states of
the HH — 4V, HH — 2V2t and HH — 4t decay modes. The analysed data corresponds to the
2016-2018 LHC dataset with a luminosity of 138fb ™! recorded at /s =13 TeV by CMS. A set
of single, double and triple lepton triggers as well as a Di-Tau trigger and a lepton-tau cross
trigger are used. For the optimization of the analysis, the training of MVA methods as well as the
background and signal modeling in the signal extraction, Monte Carlo event simulation (MC) is
used. The dataset, the used triggers and MC methods are further described in Sec. 6.2.

To suppress background from misidentified hadronic taus as well as misidentified leptons as
much as possible, this analysis makes use of the DeepTau algorithm (Sec.3.2.11) and a ded-
icated prompt lepton MVA (Sec.3.2.13). For the 2/(ss) + 0/1 1}, and 3¢ + Ot;, channels, the
presence of additional jets, reconstructed with the anti-kt algorithms (Sec.3.2.10), and origi-
nating in hadronic W decays, is required. Jets from b-quarks are identified with the DeepJet
algorithm (Sec. 3.2.12) and are vetoed in all channels to suppress top-quark related background
processes such as tt and ensure orthogonality to other HH analyses. The reconstruction of lep-
tons, hadronic taus as well as jets and other event quantities is described further in Sec. 6.3. The
event selection based on these object definitions is described in Sec. 6.5.

As most channels target final state signatures with high object multiplicities or uncommon sig-
natures such as two leptons of same electric charge, the amount of genuine background with
indistinguishable final state content (prompt background) is comparatively small. Instead back-

1
Muons or electrons.
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CMS Experiment at LHC, CERN

Data recorded: Tue Aug 1 00:12:10 2017 CEST
Run/Event: 300233 / 11237565

Lumi section: 53
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Figure 6.2: Event display of a potential HH candidate event observed in 2017 with the CMS experiment. The
display shows three reconstructed leptons, two electrons and an anti-muon and one reconstructed hadronic tau with
positive charge, all potentially originating from an HH — WW W W decay. The event also contains two additional
jets of which the more higher energetic one recoiling against the potential HH system is shown.
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grounds involving misidentified leptons or hadronic taus (fake background) or backgrounds with
misidentified lepton charge (charge-flip background) become relevant. As these backgrounds
are not well described in simulation, data driven background methods are used as described in
Sec. 6.4.

For the signal extraction the output of a BDT aimed at separating signal and background events
is used. Three different BDTs are used for spin-0 and spin-2 resonant as well as non-resonant
signals. To ensure the best performance over the wide range of HH physics scenarios, the BDTs
are parameterized in the resonant mass or a set of non-resonant benchmark scenarios. Details
about the BDT training can be found in Sec. 6.6.

The signal extraction itself, systematic uncertainties and background validation as well as the
results of the analysis are discussed in Sec. 7

6.2 Datasets and Event Simulation

The analysed dataset of 137.6 fo! (137.2 fbfl) corresponds to proton-proton pp collision data
at a center of mass energy of /s = 13 TeV with an average of about 30 pp collisions per
bunch crossing. The data was taken during the Run 2 LHC data taking period, with 36.3 fo!
(35.9fb~ 1), 41.5fb " and 59.7 b~ of collected luminosity” in the years 2016, 2017 and 2018,
respectively.

As described in Sec. 3.2.7, CMS makes use of a two level trigger system to select relevant data
from the 40 million events per second present during the runtime of the LHC. This analysis uses
a set of different multilepton, tau and lepton/tau cross triggers as listed in Sec. 6.2.1.

For the optimization of the analysis, training of MVA methods as well as background and signal
modeling Monte Carlo event simulation is used. This includes a full detector simulation for the
respective state of the detector in 2016, 2017 and 2018, a simulation of the proton remnants not
participating in the hard interaction process (underlying event) as well as additional pp collisions
happening during the same bunch crossing (pile up). The various stages of simulation, involved
tools and the selected MC datasets are given in Sec. 6.2.2.

While the Monte Carlo simulation already includes effects such as detector response and pile-up
effects” additional data to Monte Carlo corrections are applied to further improve the agreement
of simulation and data. They are listed and discussed in Sec. 6.2.3.

For the signal modelling MC samples at different order of matrix element calculation are used.
In non-resonant gg HH production, NLO MC samples for four different values of k; as well as
LO MC samples for 12 different benchmark coupling scenarios in the EFT parameter space and
the SM are available. A reweighting procedure is introduced, reweighting the sum of the either
the 4 NLO or the 13 LO MC samples to arbitrary points in the 5D EFT parameter space. This

%A newer calibration of the luminosity measurement places the 2016 luminosity about 0.4 fo! higher. This
change would have an impact of 0.3 % of the total signal normalization and an negligible effect on the background
prediction, where background modeled by simulation would be scaled upwards by 0.3 % while data-driven back-
grounds are diminished. While the final signal extraction is performed on the newer luminosity estimate, the opti-
mization/validation of the analysis was performed on the older estimate given in brackets. In plots showing the full
Run 2 data this is indicated by labels 138fb~'/137fb ! for the new/old luminosity estimate.

3The effect of multiple pp interactions per bunch crossing.
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Trigger | 00+4ty | 1043ty | 20(ss) +0/1 1y | 20427y | 3040ty | 30+17, | 44
Double T, trigger v v X X X X X
Lepton + 1, cross trigger X v X X X X X
Single lepton trigger X v v v v v v
Double lepton trigger X X v v v v v
Triple lepton trigger X X X X v v v

Table 6.1: HLT trigger categories used in the seven different sub-channels of the HH — Multilepton analysis.

allows not only for the study of the mentioned EFT benchmark scenarios but also additional pa-
rameter scans such as in the ¢, EFT coupling. By combining the samples of either all NLO or
all LO samples, the available amount of simulated events for each scenario is increased. This
provides the necessary statistics for the non-resonant BDT training, where the reweighted sum
of the 13 LO MC samples is used. While the reweighting accounts for kinematic differences of
the HH topology between LO and NLO, it cannot account for all LO to NLO effects, such as
the modeling of initial-state or final-state radiation (ISR/FSR) motivating the use of the lower

statistic NLO samples for the signal extraction as described in Sec. 7.2.

6.2.1 Triggers and Datasets

The choice of the different trigger categories for the different channels is summarized in Tab. 6.1.
As depending on the triggers and lepton multiplicity, pr thresholds and other quality criteria
change, the combination of these three trigger categories yields a higher signal efficiency than,
for instance, single lepton triggers on their own. A set of lepton-tau cross triggers is used for the
14+ 31, channel, while both the 1¢+ 31, and the 0¢ 4 41, also use double-tau triggers.

The actual HLT trigger paths corresponding to these categories for the three different years are
given in the Appendix A. Within CMS every HLT trigger path corresponds to a different data sub
stream / sub dataset. The actual datasets used are given in Tab. 8.2, Tab. 8.3 and Tab. 8.4 of the
Appendix B. While one data event can fulfill multiple trigger paths, double counting is prevented
by a prioritization of the different triggers allowing each event only to be taken from one data

set.

6.2.2 Monte Carlo Simulation

Matrix element generators compute cross sections by numerically integrating Feynman integrals.
While doing so they generate random variations of the hard interaction at the core of the desired
process that can be used as a first step of event generation. As this can only describe the core
event up to a certain order in the perturbative series, additional initial-state radiation, final-state
radiation and the hadronization process of color charged particles are not directly calculated but
modeled by a parton shower algorithm. These are phenomenological models tuned to experi-
mental observations. In addition, parton distribution function of the colliding protons described
in Sec. 2.5 enter the calculation.

Finally, events are run through a detector simulation, modelling the detector response used as
input to the same event reconstruction as used for recorded data.

For the Monte Carlo event simulation in this analysis, events at leading order (LO) matrix el-
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ement level are generated using MADGRAPHS_AMC@NLO [95]. Events at next-to-leading
order (NLO) matrix element level are generated using either MADGRAPHS_AMC@NLO or
POWHEG v2[24, 96-110]. A few samples modelling single Higgs boson background pro-
cesses where generated using the JHUGEN generator [111-117]. For the modelling of parton
shower effects, hadronization and t decays, PYTHIA [118] is used with the CUETP8M1,
CUETP8M2 and CUETP8M2T4 tunes [119] used for the simulation of 2016 events and the
CP5 tune [120] used for 2017 and 2018 simulated events. Both tunes are based on the MONASH
tune [121].

For all samples NNPDF [35, 122—-125] is used. Events generated with the CUETP8* tunes use
the the NNPDF3.0 PDF set while samples generated with the CP5 tune the NNPDF3.1 PDF set.
For the detector simulation, GEANT 4 is used [126].

Background events from single boson production (W, Z), Di-Boson production (WW, WZ,
7.7,), triple-boson production (WWW, WWZ, WZ7Z, 277, WZy), processes including one or
two top quarks (t,tt,tt W, ttZ,tt WW) or single Higgs boson production
(ggH,qqH,tHq,tHW,ttH, WH, ZH) are modelled by simulation. Where these processes con-
tribute through leptons or hadronic taus from misidentified jets or through misidentified lepton
charge, data driven background estimation (see Sec. 6.4) is used instead. Background from pro-
cesses involving lepton pairs from photon conversions in detector material are modeled by sim-
ulation as well, using a combination of X +jets and dedicated X + vy samples for singe boson and
top production.

Some background processes are covered by multiple available MC datasets. Depending on the
available amount of simulated events and the occurrence of negative event weights, different
samples are used for the BDT training and the background modelling in the signal extraction.
For the simulation of signal, four different sets of MC events are used. For resonant HH produc-
tion, a number of different mass points between 250 and 1000 GeV is covered both for a heavy
spin-0 and a heavy spin-2 resonance decaying into a pair of SM Higgs bosons generated at LO.
For non-resonant HH production, two sets of MC events are used in the ggHH production mode.
Four different points in k; produced at NLO matrix element precision are used exclusively for
the signal extraction together with a set of signal samples for VBF like non-resonant HH pro-
duction at LO. The second set of non-resonant ggHH samples is produced at LO matrix element
accuracy and used for the training of MVA methods. All four sets of signal samples are generated
exclusively for either the HH — 4V, HH — 4t or HH — 2V 21 decay modes with V either being
a W or a Z boson.

All samples, if not otherwise stated are normalized to their respective cross section at the highest
order available for the given process. A full list of the MC event samples entering in this analy-
sis including their cross section and whether or not they were used for the BDT training can be
found in Appendix C.

6.2.3 Data to Monte Carlo Corrections

Additional data to Monte Carlo corrections are applied to the generated event samples from
Sec. 6.2.2 to further improve agreement between data and simulation and take into account a
variety of experimental and resolution effects. These include:
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Figure 6.3: From left to right, the distribution of pileup events for the 2016, 2017 and 2018 data taking periods. The
plots correspond to an inelastic pp cross section of 69.2 mb and correspond to an average amount of 23/32 and 32
proton-proton interactions per bunch crossing in 2016/2017 and 2018 [127].

1. Pile-up reweighting: As the amount of pileup interactions in simulation and data does
not match, a reweighting corresponding to an inelastic pp cross section of 69.2 mb [127]
is applied to simulated events. The expected pileup for this cross section can be seen in
Fig.6.3.

2. Trigger efficiency: The efficiency for events passing a given trigger is not perfectly de-
scribed in simulation, especially for events close to the triggers threshold(s). To account
for this scale factors (SF) are applied to reweight events by the ratio of the efficiency in
data and simulation. For the 2¢(ss) + 0/1 1y, 2¢ 4 27, , 3¢ + 01y, 3/ 4 171, and the 4¢ chan-
nel, SF from [62] are used. These SF are gained by measuring the efficiency in data and
simulation on an orthogonal E}”iss based trigger. The SF are measured separately for the
ee, ep and pp case for 2¢ events and inclusively for 3/ events. Events containing 4/ use
the SF obtained for 3¢ events. All SF are parameterized in cone- pT4 of the leading/sub-
leading lepton. In case of the 0/ 441, and 1/ 4 31, channels, efficiency curves measured
inZ/y" —ee, Z/y" — up and Z /y" — 11 events using a tag-and-probe method are used.
They are parameterized in pr and 7 of the lepton and pt, 1, ¢, decay mode and DeepTau
working point of the t;,. The efficiency in the 1¢ + 31, case is then parameterized depend-
ing on the probability to pass the single lepton trigger &, the lepton part of the lepton+tau
cross-trigger €, or the tau part of the lepton+tau €; for the leading, sub-leading and third
highest pt 1, as stated in equations Eq. 6.1 and Eq. 6.2.

g —min(g;, &) x & if only the single lepton trigger fires
E=1¢ (g—¢)xe if only the cross-trigger fires ,
min(&;, &) X & if both triggers fire

with
go={1—(1—g)(1—en)(1—&3).

In case of the 0¢ + 4, channel the total efficiency is given as the product of the efficiencies
of both parts of the double tau trigger.

3. Identification and isolation efficiencies of electrons and muons: To correct for differ-
ences in the lepton selection efficiency for passing the given lepton ID and isolation criteria,

4see Sec. 6.3
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1, decay mode 2016 2017 2018

hE 0.994+0.010 | 1.007 +0.008 | 0.987 £0.011
hE + 17 and AT +27° | 0.995+£0.009 | 0.998 40.008 | 0.995 +0.009
KRt rt 1.000+0.011 | 1.001 £0.009 | 0.988 = 0.008
WERFn® +12° 1.00040.011 | 0.999+0.010 | 0.988 - 0.008

Table 6.2: Scale factors for the 1, energy scale as determined on Z/y" — 1t — 1,1t events. The scale factors are
given by the ratio of the energy scale in data and simulation and are then applied as a correction in simulated events.

scale factors, given by the ratio of the lepton selection efficiency on data and simulation
are applied as a multiplicative event weight per lepton.

The efficiencies are measured separately for muons and electrons, both for passing the
Loose lepton ID and Tight lepton IDs used in this analysis (see Sec. 6.3). The efficiencies
were originally measured for the CMS ttH analysis [62] as a function of lepton |1| and py
using a tag-and-probe method on Z /y* — ee and Z /y" — pu events.

To reapply them for this analysis, a correction factor accounting for the looser working
points (Sec. 6.3) in the prompt lepton MVA (Sec. 3.2.13) is calculated using the WZ con-
trol region (Sec. 7.3) by measuring the average of the original scale factor SFtafVI‘fgI and the
corresponding average correction factor corr needed for a data to simulation ratio of one.
The new Loose-Tight ID scale factors SFy (pr, |1|) are then given by:

1 — corr x SF%8

ttH
SFHH(I’T?‘T”):I_ (I_SthH<pT7‘nD) avg
I_SthH

4. =, identification efficiency: Similarly to leptons, the efficiency for 1, to pass the Tight ID
selection criteria in Sec. 6.3 have been measured in Z /y* — 1t and the ratio of the efficiency
in data and in simulation has been applied as a pt and |1 | dependent scale factor. The scale
factors have been determined centrally by the Tau POG® of the CMS collaboration and can
be found in [128].

5. 7, energy scale: The 7, energy scale is measured by fitting the m, , mass in Z /y* — 1t —

T
T, events. The energy scale is calculated separately for the diffgient Ty, decay modes of
the DeepTau 1, identification described in Sec. 3.2.11, and is provided centrally by the Tau
POG of the CMS collaboration. The ratio of the energy scale in data and in simulation
is then used to calculate the scale factors given in Tab. 6.2 that are then applied to the 1},

energy in simulated events.

6. b-tagging efficiency and miss-tag rates: The efficiency for b-jets passing the given work-
ing points of the DeepJet discriminator described in Sec. 3.2.12 as well as the misidentifi-
cation probability for light jets, slightly differs between data and simulation. For each jet a
individual weight in dependence of the jets pt, 1, b-tagging score and original generator
level flavour is derived. The final correction is then given by the product of all jet weights
in the event [129].

5Physics Objects Group
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7. Jet Energy Scale and Jet Energy Resolution: The energy of jets is calibrated such that
both the jet energy scale (JES) as well as the jet energy resolution (JER) of data and sim-
ulation match. For this, Di-Jet and Z /y"+jets events are used to measure the jet energy
response of the CMS detector as well as their pt resolution. This procedure is described
further in [130].

8. E7" corrections: Differences in the scale and resolution of E7"

in data and simulation
are accounted for by propagating data to simulation differences found in the JER and JES
to the Ef™* calculation. Within the CMS collaboration, this is typically referred to as
"type-I" corrected PF E"™* and is validated in [131].

Due to inhomogeneities in the detector, "type-1" corrected PF E7' S Shows a sinusoidal
modulation in ¢. This is accounted for by applying a correction parameterized in the re-
constructed number of vertices as measured on Z — pp events to the p, and p, components

of ESS.

9. Prefiring issue in ECAL trigger: During 2016 and 2017, a timing problem with the
ECAL trigger caused an efficiency loss in data by triggering events early. In case a suffi-
cient amount of energy in the ECAL was deposited between 1| =2 and |1| = 3 an event
could trigger a readout for the previous bunch crossing. As the triggering of events in two
consecutive bunch crossing is vetoed in the trigger system, events could thus veto them-
selves causing the loss of relevant data. As this effect is not present in simulation, the
corresponding efficiency loss is corrected for by applying a weight based on an associated
prefire probability [132].

10. tt reweighting: The py spectrum of simulated tt events is corrected to match the predic-
tions of the higher order NNLO QCD calculations in [133] as the pt spectrum produced
by POWHERG is found to be more energetic than observed in data.

6.2.4 EFT benchmarks and signal reweighting

Definition of EFT benchmarks

As discussed in Sec. 2.3 this thesis studies BSM variations of non-resonant Di-Higgs boson
production in an EFT context (HEFT) within a set of 5 EFT couplings. A study in more than
2-3 parameters facilitates a challenge on both the practical level, yielding a potentially very high
number of signal scenarios, and on the interpretational level where assumptions need to be made
on fixed parameters. This thesis instead focuses on a set of adequately chosen benchmark sce-
narios.
For this two sets of benchmarks are discussed as featured in [28] and [134]. To keep confusion at
a minimal level, the 12 benchmark scenarios from the former are denoted as JHEPO4BMX with X
a number between 1 and 12. The seven benchmarks from the latter are denoted as JHEPO3BMX
with X a number between 1 and 7. The first set of benchmarks is the older of the two and was also
used in the BDT training as described in Sec. 6.6. Therefore in cases where the JHEPO3/JHEP04
part of the name is not specified, BMX refers to JHEPO4BMX.
Both sets of benchmarks are selected using shape analysis techniques, clustering the different
kinematic distributions in kinematic scenarios representative of the whole phase space. In the
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Benchmark name | x; | kK | ¢ Cy | Cog
JHEPO4BM1 75 [ 1.0|-1.0] 0.0 | 0.0
JHEPO4BM2 1.0 |1.0| 05 | -0.8 | 0.6
JHEP04BM3 1.0 |1.0|-1.5] 0.0 | -0.8
JHEPO4BM4 -35115]-30| 00 | 00
JHEPO4BM5 1.0 | 1.0| 0.0 | 0.8 | -1.0
JHEPO4BM6 24 110 00 | 02 | -0.2
JHEPO4BM?7 50 1.0 00 | 0.2 | -0.2
JHEP0O4BM& 1501 1.0 00 | -1.0| 1.0
JHEPO4BM&a 1.0 |1.0[ 05| 04 | 00
JHEPO4BM9 1.0 | 1.0 1.0 | -0.6 | 0.6
JHEPO4BM10 100 | 1.5 | -1.0 | 0.0 | 0.0
JHEPO4BM11 24 {10 00 | 1.0 | -1.0
JHEPO4BM12 150 1.0| 1.0 | 0.0 | 0.0

Table 6.3: EFT benchmark scenarios as chosen in [28] using a cluster analysis on Di-Higgs mass and cos 8" distri-
butions. JHEPO4BM8a is taken from [20], as JHEPO4BMS does not yield representative kinematics for samples in
cluster 8 on NLO accuracy level. As the coupling convention in[28] and [20] is slightly different for ¢, and c,,,
JHEP04BMS&8a has been converted to the convention of [28].

JHEOPO4 case this is done by comparing the Di-Higgs mass and |cos 8”| distributions for sce-
narios in the 5d EFT space and by clustering them together based on a likelihood test statistic,
quantifying the shape difference of two distributions. The benchmark is then defined as the sce-
nario within each cluster, that is most similar to all other samples within the cluster. The number
of clusters is chosen by comparing the kinematic uniformity within each cluster for different
numbers of clusters. This worsens visibly for less than 12 clusters. The 12 benchmark points
in [28] where found using simulated pp collisions at leading order (LO) matrix level accuracy.
When repeating the same clustering in next-to-leading order simulations in [20] similar results
are achieved, with the kinematic distributions showing the same general features as observed at
LO. Only the distribution for JHEP0O4BMS8 does not yield kinematic distributions representative
of cluster 8 on NLO. Therefore an additional benchmark point 8a (JHEPO4BM&8a) is defined,
representing the cluster 8 kinematics more closely.

The couplings of the chosen JHEP0O4 benchmarks are given in Tab. 6.3. Di-Higgs mass distribu-
tions for all JHEPO4 benchmark points except JHEPO4BMS are shown in Fig.6.4 . The seven
benchmark points in[134] are found by means of an unsupervised neural network approach,
finding the number of seven clusters as optimal number of distinct shape types, with more than
7 clusters not yielding to any new distinct shape types. Among each cluster, the benchmark sce-
nario is then defined as the scenario among the training input scenarios closest to the average
of all scenarios in the cluster. In case of ambiguities, the scenario closest in y; to the SM not
exceeding a total cross section of 6.9 Og,,, i1s chosen. The couplings of the chosen JHEPO3
benchmarks are given in Tab. 6.4. Di-Higgs mass distributions for all JHEPO3 benchmark points
are shown in Fig. 6.5.

Non-resonant ggHH signal reweighting

In[135], a polynomial parametrization of the Di-Higgs boson cross section Oy (Kj , K, €2, g5 Cog )
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Figure 6.4: Differential ggHH production cross section in the Di-Higgs mass (my;) for the EFT benchmark sce-
narios and the SM as given in [20] at LO and different levels of NLO matrix element calculation [20].

Benchmark name | «; K cy Co Cog
JHEPO3BM1 394 {094 | —3 | 0.75 | -1.0
JHEPO3BM2 6.84 | 0.61 00 |-1.0
JHEPO3BM3 221 | 1.05| -5 | 0.75 | -1.5
JHEPO3BM4 279 | 0.61 -0.75 | -0.5
JHEPO3BM5 395 | 1.17 | —3 | 0.25 | -1.5
JHEPO3BM6 5.68 | 0.83 -0.75 | -1.0
JHEPO3BM?7 -0.10 | 094 | 1.0 | 0.25 | -0.5

Table 6.4: EFT benchmark scenarios as chosen in [134] using a neural network based cluster analysis on Di-Higgs
mass distributions. As the coupling convention in [28] and [134] is slightly different for Cq and Cogs the coupling
values have been converted to the convention of [28].
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Figure 6.5: Differential ggHH production cross section in the Di-Higgs mass (myy) for the EFT benchmark sce-
narios as given in [134] at LO (dotted lines) and NLO (solid lines) matrix element calculation.

relative to the SM cross section Gﬂﬁé is developed at LO matrix element level as:

LO
O Ky,K:,Cr,Cy,C
LO HH( A By €25 C gy 2g) 4 2 2 2\, 2 2 2
Ryp = SSILO =A K +Axcy + (Asky +Aycy) Ky +Ascyg + (Ager +A7K K ) KG
HH

2
+(Agki Ky, +Agcg Ky ) o +A 9020 + (A0 K A 1202, ) K

+(A13K)0q +A14Co0 ) K Ky + A 5C5Cop Ky

This can easily be extended to a model, for the differential HH cross sections by rewriting Rﬁ%
as:

LO
LO GHH(K/’L,K},Cz,Cg,ng) Fracj

Ryn = SM,LO 5w = Poly (A7)

logane Frac f

where Frac; and F racf-M are the fractions of events in an adequately binned differential distri-

bution. The coupling dependent (differential) cross section can then be obtained by extracting
the coefficients Alj in a likelihood fit to an ensemble of base scenarios distributed in the 5d EFT
parameter space. In[135] these coefficients are extracted for a binning based on the Di-Higgs
boson invariant mass myyy; and |cos 0|, the angle between the flight direction of either Higgs
boson and the beam axis in the Di-Higgs boson rest frame. As these two variables completely
define the kinematics of the HH system, the obtained differential cross section can be used for the
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reweighting of non-resonant ggHH signal samples to any point in the 5d EFT parameter space.
This has two advantages: first the studying of a multitude of different signal scenarios without
having to generate every single one of them and secondly the enhancement of signal statistics
by reweighting the sum of any existing signal sample. In [20] this approach is extended to NLO

accuracy:

dNLO

4 2.2 2.2 2 2 3
d}:-l :Ath +A2Kt Kl +A4Cg KA +A5C2g +A6C2Kt +A7Kt Kl
HH

2 2
+AgCr K Ky, +AgCrCe Ky +A 100200 A 1K Co Ky +A12K Cog
> 3
A 3K Ky Cp A 14K Ky Cop T A15C5 K Cop +A 16K, Cg T A 17K C2C,

2 22 2 3
+A18 K‘tcg Ky +A19KthC2g +A20Kt Cg +A21C2Cg +A22Cg Ky
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where the coefficients A are extracted in the invariant Di-Higgs boson mass spectrum. As the sec-
ond reweighting only considers myy; and not | cos 8*|, custom coefficients have been extracted by
CMS using the same NLO parametrization as in [20]. They can be found in [21]. The described
reweighting of ggHH samples is used in this analysis in one of three different ways:

* The sum of the LO non-resonant ggHH samples was reweighted using the LO coefficients
from [135] to be used in the BDT training described in Sec. 6.6.

* The final BDT training for the 3¢ + Oty and the 2/(ss) + 0/1 1, channels was performed
using the reweighted sum of the LO non-resonant gg HH with the NLO coefficients in [21].

* The sum of all available NLO ggHH samples was reweighted using the NLO coefficients
in [21] to be used in the signal extraction (see. Sec. 7.2) on the described EFT BM scenarios
and for a scan on the EFT coupling parameter c,.

These differences in the reweighting approach have mostly historical reasons, with the used
approach representing the status of the CMS HH effort at the different steps of the analysis. The
main differences between the different approaches is given by the softer mpypy spectrum in NLO
compared to LO and the inclusion/absence of additional initial or final state radiation (ISR/FSR)
in the core matrix element in NLO/LO simulation. ISR and FSR determine the overall boost of
the HH system and modify the single Higgs boson pt on top of the differences in myy. While
these effects can have an influence on the kinematic distributions of the HH system at the order
of 5-10%, the general kinematic properties remain unchanged resulting only in a slightly sub-
optimal BDT training. The biggest effects are expected in the 3¢ + Oty and the 2/(ss) + 0/1 1,
channels, where the use of differential NLO cross section mitigates some of the differences.
Fig. 6.6 shows these differences for the visible Di-Higgs mass mﬁSH in the 3¢+ 0r), channel given
by the invariant mass of the three selected leptons and two AK4-jets. All approaches agree
well in overall signal acceptance and yield. The main differences are in the tail of mﬁ}l where
the genuine NLO signal as well as the NLO—NLO reweighted signal show a generally softer
behaviour.
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Figure 6.6: The visible Di-Higgs mass mﬁSH in the 3¢+ Or;, channel given by the invariant mass of the three selected
leptons and two AK4-jets. The genuine SM NLO ggHH signal is compared to the reweighted sum of all NLO
ggHH signal samples reweighted to SM NLO (NLO—NLO), the SM NLO reweighted sum of all LO ggHH
signal samples (LO—NLO) and the SM LO reweighted sum of all LO ggHH signal samples (LO—LO). The
NLO reweighting is based on the parametrization in [20] extending it to a reweighting in my; and |cos 8| with
custom coefficients in [21]. The LO reweighting is based on the parametrization and coefficients in [135]. All signal
distributions are scaled for an inclusive ggHH cross section of 1 pb.

Phase space comparison of ggHH signal scenarios

As this thesis explores a multitude of physics scenarios with the two sets of EFT benchmarks,
as well as parameter scans in K, k; and c,, it is interesting to understand their connection and
kinematic similarities for both, the interpretation of the final results and the optimization of the
analysis. The latter is of particular importance, as the main feature of the non-resonant HH anal-
ysis is a parameterized BDT, using the 12 original JHEP04 benchmarks and the SM as input and
target scenarios.
Parameter scans showing the kinetically closest benchmark scenario for different regions in the
5d EFT space are given in[135]. These are obtained by plotting the position of samples from
the twelve clusters found in [135] on slices of the parameter space. Fig. 6.7 shows two of those
parameter scans in K-k; and k;-c,. It can be seen that scans in k; outside of the SM and
interference regions (k) = 1.0 and k) = 2.45), correspond to EFT benchmark scenarios like
JHEPO4BM7 and JHEPO4BM12 with strong contributions in the low mass regime of myp. This
makes sense, as with growing k; the contribution of the triangle diagram is enhanced. For neg-
ative K, the interference between triangle and box diagram is constructive, explaining the map-
ping to JHEP0O4BM12 with a broader myp distribution compared to JHEP0O4BM?7. For k; =0
the Di-Higgs boson kinematics are similar to those of JHEP0O4BM4 with a long tail in myyy as fa-
vored for the box diagram. Variations in k; seem to have a smaller impact on the myy spectrum
and the Di-Higgs boson kinematics in general, with increased || leading to slightly increased
contributions of the box diagram and therefore a slightly more energetic myy spectrum. This
makes benchmarks JHEPO4BM 12, JHEP04BM4, and JHEPO4BM7 good reference points for the
kinematics present in a k; scan and is used in Sec. 6.6 to verify the performance of the nonRes
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Figure 6.7: Distribution of points from the 12 clusters found in [135] in two slices of the 5d parameter space. The
gray contours correspond to constant HH production cross sections.

JHEPO3BM /JHEP04BM8a benchmark | closest JHEPO4BM benchmark
JHEPO3BM1 JHEPO4BM11
JHEPO3BM?2 JHEPO4BM11
JHEPO3BM3 JHEPO4BM5
JHEPO3BM4 JHEPO4BM3
JHEPO3BM5 JHEP0O4BM9
JHEPO3BM6 JHEP04BM3
JHEPO3BM?7 JHEPO4BM9
JHEPO4BMS8a JHEPO4BM9

Table 6.5: Mapping of JHEPO3 EFT benchmark scenarios [134] and the JHEPO4BM&8a benchmark [20] to the
JHEPO4 benchmark scenarios [28] using the metric in Eq. 6.7 on the differential NLO HH cross section as a function
of myy [20, 21].

BDT among all desired Di-Higgs boson kinematics. As discussed in Sec. 7.2, the BDT output
optimized on JHEPO4BM7 is chosen for coupling scans as it allows a focus on the currently
important regions in K, .

For variations in ¢, the myp spectrum gets harder for high |c,| resulting in long tails towards
high myy; as present in benchmarks like JHEPO4BM4, JHEP0O4BM3 or JHEPO4BMO.

For comparisons between results on the JHEPO4 and JHEPO3 set of benchmarks and the choice
of the ideal nonRes BDT output for the JHEPO3 benchmarks and the JHEPO4BM8a benchmark,
a mapping between the two sets is useful as well. For this the differential NLO HH cross section
in mypy of the different benchmarks is compared by minimizing the following metric:

bins s1 . 52 .
N —N,
diff(sl,s2) _ Z i\ienls(l.) i\éents(l.)
i=0 Nevents(l) +1 “events(l)

This yields the shown mapping of benchmarks in Tab. 6.5
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6.3 Particle Reconstruction and Event Level Quantities

The general reconstruction of electrons, muons, taus, and jets within the CMS experiment is
described in Sec. 3.2. On top of this, additional quality criteria are applied to define the analysis
level objects used in the HH — Multilepton analysis [4].

Electrons

Based on the basic electron reconstruction, three different electron identification IDs given
in Tab. 6.6 are defined for this analysis. The Tight ID is used for the final event selection of
events in the signal regions of the 1¢4- 31, 2¢4(ss) + 0/1 1y, 2¢ 4 21y, 3¢ 4 0ry, 3¢+ 11, and 44
channel. The Fakeable electron ID together with the Tight electron ID is used for the estimation
of background from misidentified leptons as described in Sec. 6.4. The Loose electron ID is used
for low level event vetoes, such as background events containing a Z — ¢¢ decay or the decays
of low mass meson resonances. Additionally the Loose electron ID is also used to clean other
collections such as jet and t;, candidates from overlapping electron candidates.

The following describes the different electron requirements further: Electron reconstruction

Observable Loose ID Fakeable ID Tight ID
Cone-pr > 7 GeV > 10 GeV > 10 GeV
n] <25 <25 <25
|d,| < 0.05cm < 0.05cm < 0.05cm
|d.| <0.1cm <0.1cm <0.1cm
d/oy, <8 <8 <8

I, <04 X py <04 x pr <04 xpr
Oinin - < {0.011/0.030}' < {0.011/0.030 }'
H/E - <0.10 <0.10
1/E - 1/p - > —0.04 > —0.04
Conversion rejection — v v
Missing hits <1 =0 =0
EGamma POG MVA | >WP-loose >WP-90 (>WP-loose) >WP-loose
Deep Jet of nearby jet — <WP-tight (<WP-medium)} <WP-medium
Jet relative isolation® — <07()%F —
Prompt-e MVA - < 0.30(> 0.30) > 0.30

! Barrel / endcaps.
T For electrons failing (passing) the prompt-e MVA > 0.30 requirement

Table 6.6: Electron selection criteria for the Loose electron ID used for low level vetoes and cleaning between
electrons, muons, jets and taus, the Tight electron ID used for the Event selection of signal region events in the
14437y, 20(ss) + 0/1 1y, 20+ 214, 304 07y, 3¢+ 11, and 44 channels and the Fakable electron ID used in the data
driven background estimation of processes involving misidentified leptons (Sec. 6.4). The different selection criteria
and variables are described in Sec. 6.3.

relies on the coverage of the CMS tracking system as well as the CMS ECAL allowing for an
electron reconstruction up to || = 2.5. For this analysis, electrons with a pr as low as 10 GeV are
targeted. Therefore, instead of the normal electron pt, a modified py variable labeled as cone-
pr is used in the definition of electrons and muons to avoid potential biases with the Fakable
lepton ID definition and the data driven background estimation for misidentified leptons. In case
the electrons fails the selected working point of the Prompt-e MVA, the cone-pt is given by
electron pr and mini-isolation: cone-py° = p° +1, in case there is no jet closer than AR=0.4 or,
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otherwise, by 0.9 times the lepton subtracted jet pr. If the electron passes the selected Prompt-e
MVA working point, the cone-pt° is given by the reconstructed electron pr°.

Unlike leptons from hadron decays in jets, signal like electrons and muons are expected to be
isolated from other particle candidates in the detector. To quantify this, the lepton isolation is
defined by the scalar pt sum of reconstructed particles in a cone of size R around the electron
candidate. To take into account the effects of boosted event topologies and allow for electrons
from events with high hadronic activity a pt dependent cone size is used. To reduce the effect
of pileup on the isolation efficiency, only charged particles from the electron production vertex
are taken into account. A correction for the neutral pileup contribution based on the energy
density p of neutral particles within the acceptance of the tracking detectors is applied. This
"mini isolation" [136] is the defined as

R \2
I, = Z pT+max<O, Z pT—pd(ﬁ>>

charged neutrals

with the sums running over all particles in a cone

0.05 if pt > 200GeV
R=1¢ 10GeV/pr if50 < pp <200 GeV |,
0.2 if pr <50 GeV

The neutral pileup correction is determined by the effective area <7 calculated as the correlation
of 1, and p.
For all electrons a mini isolation of I, < 0.4 x p1° is required.

General quality cuts on the distance of the reconstructed electron track to the matched pri-
mary vertex d,, and d, are applied, as well as quality cuts on the width of the corresponding
electron cluster o;,;,,, the energy ratio of HCAL and ECAL deposits H/E and the difference of
the inverse cluster and track energy 1/E-1/p are applied. For Fakable ID and Tight ID electrons
also requirements on conversion rejection and the number of missing tracker hits are applied.
Common to electron identification in CMS, a BDT based algorithm (EGamma POG MVA) [137]
is used to separate electron from jets. Three working points WP-loose, WP-90 and WP-80 are
defined corresponding to 98%, 90% and 80% signal efficiency respectively. For all three IDs,
WP-loose electrons are required, as these possess the highest signal efficiency. In case of the
Fakable electron ID, if the Prompt-e MVA requirement can not be satisfied, the EGamma POG
MVA requirement is raised to WP-90.

Additional requirements on the closest jet are applied such as the Deeplet (Sec. 3.2.12) b-quark
identification score and the jets relative isolation defined as the particle flow relative isolation [48]

Jet
in case the jet is further away than AR=0.4 or as ppT = — 1 otherwise. Both cuts are tightened for

the Fakable electron ID in case the Prompt-e requirTement is failed.

Finally a cut on the Prompt-e lepton MVA described in Sec.3.2.13) is applied. This recipe
is based on the lepton selection in the CMS search for ##H production with Multilepton final
states [62] and is optimized for both the identification of low pr electrons and the application of
the Fake-Factor method for background prediction.
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Muons
Similar to the electron selection described in the previous paragraph, three different muon
identification IDs given in Tab. 6.7 are defined for this analysis. The Tight ID is used for the final
event selection of events in all channels. The Fakeable muon ID together with the Tight muon
ID is used for the estimation of background from misidentified leptons as described in Sec. 6.4.
The Loose muon ID is used for low level event vetoes, such as background events containing
a Z — (¢ decay or the decays of low mass meson resonances. Additionally, the Loose muon
ID is also used to clean other collections such as jet and t;, candidates with overlapping muon
candidates.
For this analysis muons with a pt as low as 10 GeV are targeted. Instead of the normal muon

Observable Loose ID Fakeable ID Tight ID
DT > 5 GeV > 10 GeV > 10 GeV
1| <24 <24 <24
|d,] < 0.05cm < 0.05cm < 0.05cm
A <0.lcm <0.lcm <0.lcm
d/oy <8 <8 <8

1, <04 xpr <04 xpr <04 xpr
PF muon ID >WP-loose >WP-loose >WP-medium
Deep Jet of nearby jet — <WP-interp. (<WP-medium) | <WP-medium
Jet relative isolation — <0.8(—) -
Prompt-p MVA - <0.5(>0.5) >0.5

+ For muons failing (passing) the prompt-u MVA > 0.50 requirement

Table 6.7: Muon selection criteria for the Loose muon ID used for low level vetoes and cleaning between electrons,
muons, jets and taus, the Tight muon ID used for the Event selection of signal region events in all channels, and
the Fakable muon ID used in the data driven background estimation of processes involving misidentified leptons
(Sec.6.4).

P, however, a modified pr variable labeled as cone-pt defined in the same way as the electron
cone-pr 1s used to avoid potential biases with the Fakable lepton ID definition in the data driven
background estimation for misidentified leptons.

Similar as for electrons, a requirement on the mini isolation of 7, < 0.4 x pr" is added. General
quality cuts on the distance of the reconstructed muon track to the matched primary vertex d,.,,
d, are applied.

Instead of the EGamma POG MVA for electrons, requirements on a different set of muon IDs
(PF muon ID) are set. WP-loose muons are defined as particle flow (PF) muons that are tagged
either as a global or as an arbitrated tracker muon as studied in [138]. For WP-medium muons,
additional requirements on the quality of the muon track fit such as the xz of the fit are applied.
Additional requirements on the closest jet are applied. These include the DeepJet b-quark iden-
tification score and the relative isolation of jets. The latter is defined as the particle flow relative
isolation [48] in case the jet is further away than AR=0.4 or as ’;TTj:t — 1 otherwise. Both cuts are
tightened for the Fakable muon ID in case the Prompt-u requirement failed.

Finally a cut on the Prompt-pu lepton MVA (Sec. 3.2.13) is applied. This recipe is based on the
lepton selection in the CMS search for t#H production with Multilepton final states [62] and is
optimized for both the identification of low pr muons and the application of the Fake-Factor

method for background prediction.
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Hadronic Taus

The reconstruction of hadronic taus using the hadron + strips algorithm and the DeepTau
algorithm is described in Sec.3.2.11. Similar to the muon and electron identification in this
analysis, two hadronic tau IDs are defined, with the Tight t;, ID being used for the final event
selection of events in the signal regions and a Fakable 7, ID used in the data driven background
estimation for events containing misidentified 1, as described in Sec. 6.4.
Hadronic taus with a pr as low as 20 GeV are reconstructed. Additional quality criteria on the
distance of the reconstructed t;, direction to the matched primary vertex d,, and d, are applied.
These criteria are relatively loose compared to electrons or muons to account for the displaced
secondary vertex of the t decay due to the finite t lifetime. For the separation against muons and
electrons, the loosest available DeepTau working points, WP-VLoose and WP-VVVLoose, are
used as they deliver the highest signal efficiency without increasing the 1, misidentification rate
significantly. Only in the 1/+ 37, and the 3/ + 11, channels, misidentified 1}, from Z — ee decays
can contribute significantly. The data driven background estimation focuses on misidentified 7,
from jets wich is not being accounted for in the data driven background estimation. Therefore
additional criteria are applied wich further discussed in Sec. 6.5. The definition of the Fakable t;
ID and the Tight 1, ID are summarized in Tab. 6.8.

Observable Fakable ID Tight ID

Pr > 20 GeV > 20 GeV

Ll <23 <23

|d,] < 1000 cm < 1000 cm

A <0.2cm <0.2cm
DeepTau vs. jets > WP-VVLoose WP-Medium
DeepTau vs. muons > WP-VLoose > WP-VLoose
DeepTau vs. electrons | > WP-VVVLoose' | > WP-VVVLoose'

Table 6.8: Selection criteria for the Tight ID hadronic taus used in the event selection of signal region and Fakable
ID hadronic taus used in the data driven background estimation described in Sec. 6.4. In the 3/+ 17, and the 1/+ 37,

channel, the DeepTau Working point (1) is raised to WP-VLoose.

Jets and b-jets

Jets are reconstructed using the anti-kT algorithm described in Sec. 3.2.10. Three types of jets
are used in this analysis: AK4 jets, AK8 jets and b-tagged jets. The jets are mainly used for
two purposes. The first one is to reconstruct hadronically decaying W bosons expected to leave
either a pair of AK4 jets or a single merged AKS jet.
The AK4 jets are required to have a pt > 25 GeV and fulfill some additional quality criteria
summarized in Tab. 6.9, Tab. 6.10 and Tab. 6.11 for 2016, 2017, and 2018, respectively. Central
and forward AK4 jets are defined by |n| with || < 2.4 and 2.4 < || < 5.0, respectively.
Correspondingly AKS jets are required to have a rather large pr > 100 GeV motivated by the
boosted nature of the two merged W boson decay products. The AKS jets are further required to
have a "subjetiness" parameter [139] 7,/7; < 0.75 and should contain two central AK4 sub-jets
with pr > 20 GeV as well as at least one tight ID lepton within AR < 1.2 of the jet. The AK8
jets used in this analysis are only reconstructed in the central region |1| < 2.4, are only clustered
from non-lepton PF candidates, and are thus referred to as lepton subtracted AKS jets.
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Criterion In| <2.7 In| <3.0 | [n|>3.0
D1 > 25 GeV > 25 GeV | >25GeV
Neutral Hadron Fraction <0.99 < 0.98 -
Neutral EM Fraction <0.99 > 0.01 < 0.90
Number of Constituents 1 - -
Charged Hadron Fraction | > 0(|n| <2.4) - -
Charged Multiplicity >0(n|<2.4) - -
Charged EM Fraction <0.99 (In| <24) - -
Neutral Multiplicity - >2 > 10

Table 6.9: Jet quality criteria for AK4 jet selection in 2016. The selection is based on the number (multiplicity) of
charged/neutral objects within the jet candidate as well as the fraction of energy neutral/charged particles have left
in the CMS ECAL (EM Fraction) and the CMS HCAL (Hadron Fraction).

Criterion In| <2.7 In| <3.0 In| > 3.0
D1 > 25 GeV > 25 GeV > 25 GeV
Neutral Hadron Fraction < 0.90 - > 0.02
Neutral EM Fraction < 0.90 >0.02and <0.99 | <0.90
Number of Constituents 1 - -
Charged Hadron Fraction | >0 (|n| <2.4) - -
Charged Multiplicity >0(n|<2.4) - -
Neutral Multiplicity - >2 > 10

Table 6.10: Jet quality criteria for AK4 jet selection in 2017. The selection is based on the number (multiplicity) of
charged/neutral objects within the jet candidate as well as the fraction of energy neutral/charged particles have left
in the CMS ECAL (EM Fraction) and the CMS HCAL (Hadron Fraction)

The second purpose for jets in this analysis is to identify and veto events containing b-quark

induced jets either from top-quark decays or from H — bb decays, ensuring orthogonality with

respect to other HH analyses. b-tagged jets are defined as central AK4 jets passing either the

DeeplJet-L or DeepJet-M working points of the Deeplet algorithm detailed in Sec. 3.2.12.

E}'"™ and other quantities

Particles such as weakly interacting neutrinos can not be reconstructed by the particle detectors

at collider experiments. They can, however, show up as a momentum imbalance in the x —y plane

Criterion N <26 |26<n<27| 27<|n/<3.0 |3.0<|n|<5.0
DT > 25 GeV > 25 GeV > 25 GeV > 25 GeV
Neutral Hadron Fraction < 0.90 <0.9 - > 0.02
Neutral EM Fraction < 0.90 <0.99 > 0.02 and < 0.99 < 0.90
Number of Constituents 1 - - -
Charged Hadron Fraction >0 - - -
Charged Multiplicity >0 >0 - -
Neutral Multiplicity - - >2 > 10

Table 6.11: Jet quality criteria for AK4 jet selection in 2018. The selection is based on the number (multiplicity) of
charged/neutral objects within the jet candidate as well as the fraction of energy neutral/charged particles have left
in the CMS ECAL (EM Fraction) and the CMS HCAL (Hadron Fraction)
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where energy and momentum conservation is required. Based on this, the Missing Transverse
Energy (MET) is defined as the negative transverse momentum of the sum of all reconstructed
miss

PF candidates, with Ep
four vector sum.

and ¢ (EJ™) given by the magnitude and ¢ direction of the resulting

Hy' 8% is defined in a similar fashion to E} iss only considering the reconstructed central jets,
electrons, muons and T, passing the Fakable ID. Only considering these reconstructed event
level objects, reduces the dependence of Hy' 5 on pileup, while also reducing the corresponding
resolution.

With a linear combination of E7' S and Hy' iss energy resolution and pileup dependence can be
balanced while reducing the contribution of "fake" MET from instrumentation effects compared
to "genuine" MET, e.g. from neutrinos. This reduction has its origin in the reduced correlation

J miss - . . j .
of E7"* and Hy™ in events without a genuine source of E7". For this reason,

EF™LD = 0.6 x Ef™ +0.4 x HI"™

is used to track the contribution of MET in this analysis. While H' i85 35 the negative vectorial
sum of the transverse momenta of all reconstructed event level object, HT tracks the overall
energetic activity of an event, and is defined as the scalar sum of these momenta.

6.4 The Fake-Factor Method and Data-Driven

Background Estimation

The high object multiplicities required in most of the sub channels of this analysis as well as the
exotic charge requirement in the 2/(ss) + 0/1 t;, channel lead to channels low in genuine back-
ground with final states matching the required event signatures, making fake leptons an important
source of background.

The object reconstruction algorithms within CMS are highly effective and feature high signal
efficiency and small misidentification rate. Still, processes with a high cross section compared
to signal or the genuine background processes entering the signal categories, can contribute with
an additional misidentified lepton or t,. One example of this is the contribution of leptonically
decaying WZ events in the 3/ + 11, channel, in which a jet can be misidentified as a 7, . Here, the
jet can be either a pileup jet or the result of initial or final state radiation. With a cross section of
4.43 pb [140] the WZ process contributes nearly as many fake background events as ZZ yields
genuine background events, despite a cross section for leptonically decaying ZZ events that is
about a factor four lower [140] and further reduced by about a factor three due to the restriction
to at least one Z — tt decay.

Therefore, while rare, the contribution of background events containing misidentified electrons,
muons, and 1, becomes one of the leading contributions to selected events in this analysis.

As the effects leading to misidentified e, u, and 7, are not well described in simulation, the corre-
sponding background processes are modelled by a data driven approach schematically described
in Fig. 6.8 that is known as the Fake-Factor (FF) method [141]. To avoid double counting, events
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Figure 6.8: Schematic representation of the fake background estimation of the HH — Multilepton analysis. First,
the probability f of a misidentified lepton or t;, passing the corresponding Fakeable ID to also pass the Tight ID is
measured in a measurement region as the ratio of objects passing (p) Tight ID criteria Np,¢, and all Fakable objects
passing and failing (f) the Tight ID criteria Np,i, + Ng,; (Ieft). These are then used to compute fake factors F' = %
to calculate weights (Eq. 6.10) applied on an application region (AR) where at least one of the objects required for
the signal region (SR), does only pass the Fakable ID but not the Tight ID criteria.

where the selected final state objects cannot be matched to objects at the generator level of the
simulation are vetoed.

To model this fake background, first the probability f of a lepton or t, which passes the Fakable
ID to also pass the corresponding Tight ID is determined in a measurement region (MR) where
no genuine leptons/t;, are expected.

These misidentification rates f = % are determined separately for electrons, muons and
7,, and all three data taking years in bins of |n| and (cone-)pr.

For electrons and muons, the measurement is performed in events enriched in QCD multijet
events, requiring exactly one lepton passing the Fakable ID in addition to at least one jet with
AR > 0.7 between jet and lepton. A set of single electron and muon triggers is used and offline
jet and lepton pr thresholds chosen to ensure full trigger efficiency. Events with genuine leptons
are modeled by simulation and subtracted from data before extracting f.

For 1,, the measurement of f is performed on Z/y" — pp+ jets events requiring a pair of op-
positely charged Tight ID muons with a leading (subleading) pr > 25(15) GeV of the muons in
a mass window 60 < m,,, < 120 GeV with an additional t;, passing the Fakable ID. The events
are further enriched in Z /y" — pp events by vetoing events containing more than one Deeplet-L
tagged or any DeepJet-M b-tagged jet in order to reduce the contribution of tt events. For the
measurement of f events containing a t;, from genuine 1, electron, or muon are subtracted using
simulated data.

Based on the misidentification rates f from the measurement region, the fake background in the
signal region (SR) is estimated by applying adequately chosen weights to events selected in an
application region (AR). The AR is defined by loosening the lepton and 7y, ID of the correspond-
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ing SR from Tight to Fakable and vetoing any SR events, i.e. events where all objects pass (p)
the Tight ID criteria, therefore requiring at least one of the selected objects to fail (f) them.

fake

The fake background events N " are then given depending on the number of required leptons

and 1, by one of the following sums:
]Vfake — ZF1+ZF2—ZF1F2
f f ff
Nfake _ ZF1+ZF2+ZF3
f f] f

Y FR-Y FF-Y BEF+)Y FEF,

ff fpf ff ftf
Nfake — ZF1+ZF2+ZF3+ZF4

f] f] f] f

-Y R =Y RF-Y FF,—)Y FKF—-)Y KBhF ) FF,
ff; fpf; fppf ff fpf ff

+Y FRF+)Y FEF+Y FIRF,+) FFF—-Y FIRFF. (6.10
fft] ffpf fpff fff ffff

Here the lepton indices (p,f) are ordered by pt. This means that e.g. the sum Y ¢ F>F3F}, runs
over events with a total number of four leptons and t;, where the highest pr objects passes the
Tight ID criteria, where the remaining ones pass the Fakable ID but fail the Tight ID. The fake
factors F; are then given by the corresponding misidentification rate

_fi
Fi—lei‘

The sums run over all events in the AR region with the given number and pr order of leptons/t,

6.11

passing and failing the Tight ID criteria.

To ensure the validity of the method a closure test comparing the number of simulated events in
the SR with that extrapolated from the AR to the SR is performed in the 3¢+ 0ty and 2¢(ss) + 0/1
1, channels. This leads to only small differences in the order of 5 — 10% between expected and
extrapolated simulation events. The remaining non closure is applied as an additional normaliza-
tion and shape uncertainty in these two channels. Additional normalization uncertainties on the
fake background are applied in all channels as described in Sec.7.1. Additionally the closure of
data and background prediction is studied in a set of channel specific background control regions
described in Sec. 7.3.

In the 2/(ss) + 0/1 t;, channel in addition to genuine and fake backgrounds, also events con-
taining leptons with misidentified charge ("flips") can enter the SR. These originate for example
from Z/y* — (¢ events with two leptons and two jets in the final state. As the charge flip of
leptons is not well modelled in simulation, this charge flip background is estimated from data as
well.

For this the charge flip rate of electrons and muons in Z /y* — ¢/ events is determined compar-

ing the Z boson mass peak in same sign and opposite sign lepton pairs in bins of |n| and pr.
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The charge flip rates for muons is found to be negligible compared to electrons. The charge flip
rates for electrons are applied as a multiplicative event weight to ee and ep events in the charged
flipped 2¢ (OS) + 0/1 1, side band of the 2/(ss) + 0/1 t;, channel.

6.5 Event Selection

Based on the Multilepton signature of the leptonic decay channels in HH — 4W, HH — 2W2t
and HH — 4t decays, seven channels are defined requiring a number of Tight ID leptons (¢) and
Tight ID hadronic taus (t;,). These channels are chosen to cover most of the leptonic W decay
modes with the exception of final states with low object multiplicities and a high number of ex-
pected background events like the 2¢ (OS) final state.

On top of the event reconstruction described in Sec. 6.3 an additional filter algorithm is applied
rejecting events influenced by detector noise, calibration and beam halo® effects. A list of the
Filter tags applied, commonly referred to as Ef S Filter, is given in Tab. 6.12 as reference. Com-
mon among all seven channels is the rejection of events involving b-tagged jets, reducing the
number of background events from processes containing top quark decays as well as ensuring
orthogonality to other HH analyses within CMS. This b-jet veto rejects all events with more than
one DeepJet-L b—tagged jets or any DeepJet-M b—tagged jet.

Furthermore all channels involving two ore more leptons undergo up to three additional criteria:

* A veto against low mass meson resonances, as they are not covered well by the simulation.
* A veto against leptonic Z boson decays that are common to many background processes.

* A veto against leptonic H — ZZ decays reducing single Higgs boson background and
ensuring orthogonality against the CMS HH — bbZZ analysis [142].

All these vetoes are performed on Loose ID lepton pairs. In the case of the low mass resonance
any event with a Di-Lepton pair mass m,, < 12 GeV is rejected. For the Z boson mass veto all

%The proton bunches circulating within the LHC have a small but finite size within the beam pipe. Beam halo
refers to the proton expansion in the transverse plane.

Filter name Used for data events | Used for simulated events
Flag_goodVertices v v
Flag_globalSuperTightHalo2016Filter v v
Flag_HBHENoiseFilter v v
Flag_HBHENoiseIsoFilter v v

Flag_EcalDeadCellTriggerPrimitiveFilter (Only 17/18) (Only 17/17)

Flag_BadPFMuonFilter v v
Flag_ecalBadCal ibReducedMINIAODFilter' v v
Flag_eeBadScFilter v -

Table 6.12: Event filters (E} 5 filters) rejecting events influenced by detector noise, calibration and beam halo
effects. The given names reflect CMS internal flags and are given for reference. The Flag_eeBadScFilter filter
is only applied on simulated events while the Flag_EcalDeadCellTriggerPrimitiveFilter is only available
in 2017 and 2018 data and simulation.
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events with a same flavor opposite sign pair (SFOS) with an invariant mass in a 10 GeV mass
window around the Z boson mass are vetoed. The H — ZZ veto is applied on events containing
four leptons forming two SFOS pairs with a total invariant mass m,;, 7 < 140GeV.

Background from events with fake 7, from misidentified electrons is not modelled by the data
driven background estimation described in Sec. 6.4 and is not properly described by simulation.
This can lead to disagreements between data and background prediction at low py' for both the
14+ 37, and the 3¢+ 17, channel. In the 2¢+ 21, channel no such discrepancies were observed as
the main contribution of such fake 7, events originates from Z — ee decays, where one electron
is misreconstructed as a t;, leading to final states with an odd number of leptons.

To resolve this issue, additional requirements are placed on the 1, in both the 1/ + 37, and the
3¢+ 17;, channel:

* 3{+ 1ty,: As one of the main reasons for electron misidentification are dead regions or
"cracks" between the subcomponents of the ECAL, events where the t;, is compatible
with passing through the main crack of the ECAL at 1.460 < |n| < 1.558 are vetoed.
Additionally the DeepTau working point for the discriminant against electrons is raised
from WP-VVVLoose to WP-VLoose.

* 1/43t,: Due to the higher multiplicity of t;, in the 1¢4-3t;, channel, the same requirements
cannot be applied without reducing signal efficiency. Therefore, as the main contribution
of these fake 7;, comes from Z — ee decays, the "crack" cut in the 1/ + 31, channel and the
DeepTau vs. electrons WP-VLoose requirements are only applied on t;, having an invariant
mass with an oppositely charged electron close to the Z boson mass my —20 GeV < m?,ci <
my + 10 GeV.

After the described T, criteria are applied, no further disagreements between data and background
prediction are observed as can be seen in Sec.7.3. In addition to this general selection criteria,
every channel was optimized separately with the final selection criteria described in the following
two sections for the 3/ 4 11, channel in Sec. 6.5.1 and all other channels in Sec. 6.5.2.

6.5.1 The 3/+ 11, channel

The 3/ 4 11, analysis focuses on the HH — 2W2t and HH — 4W tau decay modes. It requires
exactly 3 Tight ID leptons and 1 Tight ID 1, with a total electric charge sum of 0.

H — WW decays lead to one on-shell W and one off-shell W boson with the latter only having a
mass of typically 40 GeV. This motivates the relatively low p thresholds for the selected leptons
down to 10 GeV. Thresholds lower than the required 25/15/10 GeV for the leading, subleading
and third highest pt lepton would lead to higher contributions from fake background as well as
complications with trigger requirements leaving little room for further optimization. A similar
case can be made for the requirement on 1, at pp > 20 GeV. Instead, the working points for the
Prompt-lepton MVA used in the electron and muon reconstruction (Sec. 6.3) were optimized. It
was found, that the working points used by the ttH analysis, for which this MVA was developed,
were too tight for some of the high object multiplicity channels in this analysis. For a consistent
lepton ID use in all Multilepton channels, the working points where re-optimized for the rela-
tively high statistics 3¢ 4 Ot;, channel to the values reported in Sec. 6.3. These where then used
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Criterion Value

Tight ID leptons 3

Lepton pt > 25/15/10 GeV

Tight ID 7;, >1

Tau pr > 20 GeV

deep Tau WP (vs Electrons) WP-VLoose

Tau |n| veto 1.460 < |n| > 1.558
Low mass resonance veto any my " ™° < 12 GeV

Z mass veto any |m?eF 08, Loose ID| 10 Gev
b-jet Veto any DeepJet-M or > 1 Deeplet-L b-tag
Charge Sum O(t,) +X;0(4) =0

Table 6.13: Event selection for the 3/ 4 17, channel.

in all other channels as well.

The use of a lower working point on the DeepTau discrimination between 1, and misidentified
jets was studied as well. A looser working point than the commonly used Medium-WP leads to
disagreements between data and background prediction, while the use of tighter working points
leads to a reduction in signal efficiency. As described in the beginning of Sec. 6.5 the DeepTau
working point against electrons is raised to WP-VLoose and an additional veto against taus com-
patible with passing through the ECAL crack around 1.460 < |n| < 1.558 is applied to counter
background events containing Z7 — ee decays.

As in other Multilepton channels the vetoes against low mass resonances as well as b-tagged
jets and leptons from Z — ¢¢ are applied. The selection criteria are summarized in Tab. 6.13.
The given selection leads to a category with a very low expected background yield of about
55 events for the combined Run 2 dataset, which consist mostly out of genuine ZZ events and
fake T, and fake lepton events from WZ, with smaller contributions from single Higgs boson
production and other rare processes such as triple boson production as can be seen in Fig. 6.9
. Due to the low expected signal yield of about 0.2 SM events for the full Run 2 data taking

period, further selection requirements as on an minimal amount of E"

LD were omitted and
corresponding variables with good signal to background separation where left to an event level
BDT instead (see Sec. 6.6.1) which then is used in the signal extraction (see Sec.7.2). Similarly
sub categorization by the number of SFOS lepton pairs splitting the 3¢ + 11, channel into a ZZ
enriched NSFOS> 1 and a fake background enriched NSFOS=0 region was considered, but the
corresponding information was left to the BDT instead. This was done, as a splitting of the
channel would place an additional challenge on the background prediction and the BDT training
because of the limited statistics of the simulation and in the application region (Sec. 6.4). With
an increased amount of data and simulated events however, such a sub categorization might gain
interest again in the future. Then the application of two separate BDTs or neural network dis-
criminators could focus on one singular background in each category instead of the combined

77 and Fake background in the unsplit 3¢ 4 17 channel.
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Figure 6.9: The distribution of the visible Di-Higgs mass given by the invariant mass of the three selected leptons
and the hadronic tau for the full Run 2 dataset on the left. The right shows the relative contributions of the different
backgrounds in a pie chart. The shown uncertainty band corresponds to statistical uncertainty contributions only.
The SM expected ggHH /qqHH signal is scaled by a factor of 100/1000 for better visibility.

Criterion 00 +41y 10431, 20421y
Tight ID leptons 0 1 2
Lepton pp — > 20(15) GeV for an electron (muon) 25/15 GeV (leading/subleading lepton)
Tight ID 1y, >4 3 2
Tau py 40/40/20/20 GeV > 40/30/20 GeV > 20 GeV
T, In| veto + DeepTa(L;sz. Ele WP-VLoose 1460 < 1] > 1.558 _ B
ifmy —20GeV <my; <my +10 GeV
h
Low mass resonance veto — — v
7 mass veto - - v
b-jet Veto v v v
Charge Sum X0(ty,) =0 LO(ty)+0(0) =0 LO(t,) +0(0) =0
40 3(+0ty 2((ss) + 0/1 Ty
Tight ID leptons >4 3 2
Lepton pp 25/15/15/10 GeV 25/15/10 GeV 25/15 GeV
Tight ID 1y, - 0 <1
number of jets — > 1 AK8 jet(s) or > 1 AK4 jet(s) > 1 AK8 jet(s) or > 2 AK4 jet(s)
Low mass resonance veto — - v
Z mass veto v v extended to SS ee pairs
b-jet Veto v v v
H — Z7Z — 4( Veto v v v
miss > 45/30/0GeV for events with/without > 30/0 for events without/with Tight ID muons
Er LD - SFOS Fakable ID Iepton pairs/ > 4 AK4 jets
Charge Sum ¥ O(leading 4¢) =0 YO(0) =0 YO(r,)+0(6) =0

Table 6.14: Event selection for the 0¢ +4r,, 1£+ 31y, 20+ 21y, 3¢+ Oy, 4¢ and 24(ss) + 0/1 1, channels.

6.5.2 Other HH — Multilepton Channels

The six other Multilepton channels 0¢ 4 4t,, 1¢+3t,, 20 + 21y, 3/ 4 07,, 4¢ and 2{(ss) + 0/1
1, are defined in a similar fashion to the 3¢ + 11, channel (Sec. 6.5.1) by requiring the specific
amount of Tight ID final state objects and, where necessary, vetoing additional Tight ID leptons
and 1}, to avoid overlap with other sub-channels.

In addition to these basic criteria, all channels follow the b-jet, Z — ¢/, low mass resonance and
H — Z7Z — 4/ rejection criteria described in Sec. 6.5 where applicable.

Additionally the 3¢ + Oty and 2/(ss) + 0/1 1, require the presence of jets aiming at the pres-
ence of one (two) hadronically decaying W bosons. These two channels also place additional

™SS D, motivated by the presence of neutrinos in the signal. The exact se-

requirements on E.
lection criteria, also including pt thresholds are summarized in Tab. 6.14. The given selection
results in six channels defined mostly by a mixture of Di-Boson ZZ and WZ as well as fake

lepton/ty, background (see Fig. 6.10). The expected event yields range between about 3 events in
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Figure 6.10: Background composition in the 0¢ 44, 14431y, 20+ 21y, 30+ 01y, 44, 24(ss) + 0/1 7, and 3¢+ 11y,
channels.

the 0 + 4, and about 10000 expected events in the 2¢(ss) + 0/1 t;, channel. While all channels
contain contributions from the HH — 4W, HH — 2W2t and HH — 41 decay modes as well
as smaller contributions from HH — 47 and HH — 2721 decays, each signal is dominant in a
different subset of channels allowing a good constraint of bosonic as well as fermionic Higgs
boson decay modes.

This results, as shown in Sec. 7.4 and Sec.7.5.1, in an advantage over other HH analysis with a
high number of fermionic Higgs boson decays: for large values, the trilinear Higgs boson self-
coupling k; has a profound effect on the single Higgs boson branching fraction (see Sec. 2.3)
reducing/enhancing the contribution of fermionic compared to bosonic decay modes for posi-
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Process 20(ss)+0/1 7,  3(+0r, 40 00447y, 10431, 20+ 21y 30+ 1ty

SMHH —4V (x30) 729+1.6 33.0+£0.7 223+£0.11 026+0.01 0.1940.02 0.164+0.04 0.91+0.05
SM HH — 2V2t(x30) 30.8+0.7 11.9+04 095+£0.07 0.07+£0.03 0.61+£0.14 394+037 4.13+£0.24
SM HH — 4t (x 30) 2.7+0.1 1.0+£00 0.104£0.01 132+0.20 2.59+0.28 230+0.13 0.89 +£0.05

Table 6.15: Expected SM signal yields for the seven different HH — Multilepton channels scaled by a factor of 30.
The signals include both ggHH as well as qqHH production. The given uncertainties correspond to the complete
sum of statistical and systematic uncertainties [4].

tive/negative ;. Thus, while for other analysis the sensitivity for negative k; is usually higher
than for positive K, the sensitivity in the HH — Multilepton search is almost flat in k), as a result
of the interplay between the seven different channels. A table showing the signal composition in
each of the seven sub channels is given in Tab. 6.15.

6.6 BDT Disciminants

The main separation between the various HH signals and the W%, ZZ, Fake and other back-
grounds is achieved by three different parameterized BDT discriminants for each of the seven
channels. The output of the different BDT discriminants is then used in a binned maximum like-
lihood fit together with the control region distributions (Sec. 7.3) as described in Sec. 7.2.

To ensure a sufficient number of training events, the training is performed on simulated events
only, taking any contribution of fake lepton/t; backgrounds from simulation instead of back-
ground events estimated from data. Further the lepton ID requirements are relaxed to the Loose
lepton ID and the DeepTau working point against jets is relaxed from WP-Medium to WP-
VVVLoose (Training Region). For backgrounds with multiple available datasets, the one with
the fewer negative event weights is used for training and the other dataset is used in the signal
extraction. Any remaining events with negative weights are removed from the set of training
events gained in this manner. The background events are then re-scaled relatively to their ex-
pected event yields in the signal region. This ensures that every background is considered in the
BDT training with regard to its relative contribution. Both signal and the sum of backgrounds
are scaled to a total of 50000 events to give both of them the same importance in the training
dataset. To avoid potential biases when applying the trained BDT on the rest of the background
processes and signal in the signal extraction, the dataset is split by an unambiguous event number
in even and odd events. Two separate sub-BDTs are trained for each discriminant with the BDT
trained on the odd half of training events evaluated (test events) and latter being applied on the
even number events and vice versa.

For the resonant spin-0 and spin-2 signal scenarios two different BDTs parameterized in the sig-

nal resonant mass mfgl;”ﬁﬁe are trained. For this, the background events are added multiple times

in the training dataset, for each signal mass used. To aid the BDT especially for low m;’e’;"gge

with low signal acceptance, the BDT inputs are decorrelated from the signal input mass m;z;nﬁaﬁe
This is done by fitting the mass dependence of the mean fi;, of any appropriate non-integer BDT
input variable in signal by a higher order polynomial and then dividing the given BDT input vari-
able by the functional value of the polynomial for all events of the given mass. This essentially

. spinCase . . . . . spinCase
shifts the m cen HH dependence of the signal events in a given variable into a m en HH depen-
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Figure 6.11: The visible Di-Higgs boson mass myyy = m(3¢+ It,) in the 3¢+ 11, channel (left) is decorrelated

from the signal dependence on the generator Di-Higgs mass mg,, yy (right) by fitting the mean fig;, of mﬁSH in

signal in dependence of the generator mass m,,, i (center) and dividing m}{”H by the functional value of this fit

at the given m,, s for all training events including background. The training events use a relaxed version of the
3¢+ 1y, signal region selection in Tab. 6.13 with the working point on the DeepTau discriminant against jets relaxed
to WP-VVVLoose and only Loose ID requirements on the lepton. The same procedure is used for all non integer
input variables of the resonant BDT training in all channels.

dence of the background, overlaying and thus maximizing the use of signal statistics as much as
possible. To illustrate this, Fig. 6.11 shows one of the BDT inputs in the 3¢+ 17, before and after
the decorrelation as well as the corresponding polynomial fit of the variable mean for signal. For
the analysis of non-resonant Di-Higgs boson production a similar approach is used. Here a single
parameterized BDT (nonRes BDT) is trained on a set of 12 different EFT benchmark points and
the SM with a "one-hot" encoded variable nodeX used as parametrization for the 13 different
input scenarios. This means, that the EFT scenario is given by a 13 dimensional vector of 12 ze-
ros and one one, with the one representing the active scenario. The signal samples are obtained
by reweighting the LO non-resonant signal events according to the procedure described together
with the EFT scenarios in Sec. 6.2.4. Similar to the resonant case, the background events are
added multiple times to the training dataset for each of the 13 variants of the "one-hot" encoded
variable for the physics scenario.

The optimization of each of the three BDTs is guided by the following algorithm:

* A set of physics inspired high level event variables as well as promising low level variables
is chosen as the possible set of BDT input variables for each subchannel.

* Pairs of BDT input variables with a correlation higher than 0.8 on the whole dataset (signal

+ background) are trimmed, only keeping one of the variables .

* The BDT is trained iteratively, determining the importance of each input variable on the
BDT input as described in Sec. 4.1. The lowest scoring variables are removed. This is re-
peated until the observed performance of the BDT measured by the integral of an Receiver-
Operator-Curve (ROC) drops visibly compared to the previous iteration, finding the min-
imal viable set of BDT input variables. This reduction in input variables is performed to
reduce the chance of overtraining and corresponding biases on the limited training dataset.

* The hyperparameters of the three BDTs constructed with XGBOOST as described in Sec. 4.1
are optimized using a particle swarm optimization (PSO) as described in Sec.4.2. As
this optimization balances the BDT performance against overtraining quantified by the
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difference in the BDT performance on test and training events, a random event splitting
instead of the even/odd event number splitting for the final BDT training is used. This
is done to not choose hyperparameters that contain but simply hide a relevant amount of
overtraining in the final BDT training.

Depending on the channel, the optimization procedure might slightly differ from the described
approach, e.g. in cases where the chosen variables in the resonant spin-0 scenario yield a similar
result in the resonant spin-2 BDT training as the spin-2 BDT variables chosen by the described
algorithm, the variable choice might be simplified by using the spin-0 variables for both the spin-
0 and the spin-2 training. Additionally, input variables and hyperparameters are also tweaked by
hand on a case by case basis to ensure the stability and degree of optimization.

6.6.1 Optimization of the 3/+ 11, Channel

The dominant signal in the 3¢ + 11, channel is given by HH — W W=t events with a sizeable
contribution of HH — WWWW events. To separate these from the two main backgrounds
27 production and fake background events (mostly from WZ production), a number of physics
inspired variables are studied as discussed in the following.

Depending on the Di-Higgs mass mypy and the boost of the HH system both in the resonant
as well as the non-resonant case, the decay products of both Higgs bosons are collimated and
the remnants of the two Higgs boson decays fly into opposite regions of the detector. This
distinguishes the HH signal uniquely from Fake background events, as the direction of the fake
lepton or T, is arbitrary to the rest of the event. Sadly, the event kinematics of ZZ events are
quite similar to HH events with the collimated decay products of two Z bosons flying in opposite
directions of the detector, with three small differences. One difference between the HH signal
and ZZ events is of course given by the different mass of H and Z boson. Secondly, the Z
boson decay products show a flavor connection as a Z boson can only decay in a pair of same
flavored particles yielding for Z — ¢¢ decays always to a pair of muons or electrons while an
H — WW — /Z¢vv decay can also yield and electron + muon pair. Thirdly, the Higgs boson
mass of about 125 GeV yields an on-shell W boson of about 80 GeV and an off-shell boson of
about 40 GeV. This subsequently yields one higher and one lower energetic W boson decay
product, while on the other hand, for an Z — ¢¢ decay, there is no inherent energetic difference
between the two produced leptons.

The main BDT input variables used in this channel are given by a kinematic pairing inspired by
the above event information, labeled in the following as "smart pairing":

» The two Higgs bosons are each identified with an oppositely charged pair of leptons and a
lepton and the T,

* These pairings are chosen such that the invariant mass of none of the pairs exceeds that of
the Higgs boson at 125 GeV

* In case both or none of the possible pairings passes the Higgs boson mass criterion, both
the leading lepton as well as the t, are paired with one of the subleading leptons
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Decay mify cut | smart pairing | min(AR(¢/) pairing) | min(AR(¢ty)) pairing
- 81.5% 88.3% 79.1%
HH - WW1t < 350 GeV 59.5% 69.4% 42.5%
> 350 GeV 84.9% 91.2% 84.7%
- 90.7% 94.8% 98.1%
HH - WWWW | <350 GeV 60.4% 70.8% 87.4%
> 350 GeV 94.2% 97.6% 99.3%
- 77.9% 81.0% 77.6%
HH — 11t < 350 GeV 51.8% 41.0% 38.8%
> 350 GeV 82.1% 87.5% 83.8%

Table 6.16: Efficiency of the smart pair method to find the correct pairing of Higgs boson decay products compared
to a pair finding based on minimizing the opening angle of the ¢¢ (min(AR(¢¢)) or the ¢t (min(AR(¢z},)) pair. The
efficiencies are given for the inclusive myy; distribution and for events below or above a Di-Higgs mass of 350 GeV.
All pairings yield similar pairing efficiencies with slightly higher values for the min(AR(¢¢) pairing.

* If the leading lepton and the 7, have the same charge, two possible pairings remain and the

pairs

pair that maximizes the sum of the pairs pts, pt = pTM + pTZTh is chosen.

Here the pairing of leading lepton and subleading lepton is motivated by the on- and off-shell W
bosons in the H - WW decay. Similarly a H — tt — /1, v decay motivates the pairing of the 1,
with a low p lepton, as the leptonically decaying t produces an additional neutrino.

Similar arguments can be made for the HH — WWWW decay mode. This method identifies
the correct pairing in about 82%/91%/78% of the cases in the HH — WWt/HH - WWWW
and HH — 1ttt decay modes.

Other pairing methods can be used as well, e.g. choosing the pairing where the opening angle
of the lepton pair AR, or the opening angle of the lepton/t;, pair ARérh is minimized. While the
smart-pairing only yields comparable results to these pairing methods (see Tab. 6.16), the smart
pairing does not use any angular or mass information. This has the big advantage of avoiding
background sculpting, where the pair selection biases the background to look signal like. An
example of this would be, that when the pairing that minimizes AR/, is selected, both signal and
background will tend to lower AR ;. A AR, neutral pairing on the other hand yields a distribution
that is more flat in background, separating it better from the signal peaking at low AR,.

smart -

t t . . t
pr and ARy ™" as well as the invariant masses migy " and mye " in

The opening angles AR,
Fig. 6.12 show good separation and are included in all the BDT trainings. Other pair related
variables such as the opening angels A¢ and An, the pairs total pt as well as the py difference of
the pair constituents were studied as well, but did not rank highly enough to be included in the
BDTs.

As the main backgrounds in the 3/ + 17, channel are ZZ and WZ (+fake) production, several
variables targeting Z bosons where studied. The probably strongest variable in the 3¢+ 11, chan-
nel would be the number of SFOS lepton pairs, as it enables the near complete suppression of any
Z boson related background. However, as also 2/3 of the signal contain at least one SFOS lepton
pair, using this variable directly does not yield the best results. Instead, it is used in combina-
tion with another variable, the SFOS Di-Lepton mass closest to the Z-boson mass. While the Z
boson veto greatly reduces background events with Z — ¢/ decays, the chosen mass window of
10 GeV around the Z boson mass is intentionally small, allowing for further optimization on the
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Figure 6.12: From top to bottom, the distributions of ARy, tr, » My and my = as used in the 30+ 11,
BDT training. The shown simulated events, correspond to a relaxed lepton and t;, selection with Loose ID leptons
and DeepTau vs. jets WP-VVVLoose t;,. Contrary to other parts of this thesis, the shown simulated events also
contain fake background events with wrongly identified leptons and t,. From left to right, the input distributions
for the non-resonant, spin-0 and spin-2 BDT are shown. For the resonant spin-0 and spin-2 BDTs, the shown input
distribution was decorrelated from the signal Di-Higgs mass dependence.
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Figure 6.13: The distribution of mgfos,z, defined as the same-flavor opposite-sign Di-Lepton mass closest to m;,
in case an SFOS Di-Lepton pair exists and -1 otherwise. The shown simulated events correspond to a relaxed
lepton and 1, selection with Loose ID leptons and DeepTau vs. jets WP-VVVLoose 7, as used in the BDT training.
Contrary to other parts of this thesis, the shown simulated events also contain fake background events with wrongly
identified leptons and t,. From left to right, the input distributions for the non-resonant, spin-0 and spin-2 BDT
are shown. For the resonant spin-0 and spin-2 BDTs the shown input distribution was decorrelated from the signal
Di-Higgs mass dependence.

Z o .
952 25 the same flavor opposite sign Di-Lepton mass

my, spectrum by the BDT. By defining mgf
closes to my in case an SFOS Di-Lepton pair exists and setting it to -1 otherwise, a variable is
designed combining the remaining exclusion power of the Di-Lepton-mass spectrum and ngggg-
Fig. 6.13 shows mz‘jos,z as used in all three BDTs for the training dataset with an accumulation
of signal at low masses and for nggys=0.

Other Z boson related variables that were studied but not used are the transverse mass (Eq. 7.7)
of EJ"*, and an lepton/t,, pair my(Ef™, f1,) aimed at Z — 1t — (1, decays as well as the single
Z boson mass of a kinematic fit’ for a ZZ scenario.

The Di-Higgs mass spectrum is the driving kinematic quantity between any HH signal scenario
and drives the differences between the different resonant masses and EFT scenarios. Therefore
variables highly correlated to mpyy offer not only potential for signal to background separa-
tion but also information about the BDTs parameter dependence. In the T, dominated 04 + 47,
1443, and 2¢ + 27, channels a kinematic fit using SVFit [143] is used for the reconstruction of
myp- This was tested for the 3¢+ 11, channel as well, however as SVFit is heavily tailored on
decays involving t, the simpler visible HH mass mﬁSH defined as the invariant mass of the three
leptons and the 1, providing similar results is used instead. The visible Di-Higgs mass is used
in all three BDT trainings and can be seen in Fig. 6.14 for the training dataset. Other variables
based on the HH system that were studied but not included contain the Di-Higgs boson pr itself,
and several projections of the Di-Higgs boson pt e.g. parallel and orthogonal to the hadronic
component of E7' 55 calculated by adding the p, and p, components of the 3{+ 1t system to the
s,

Another significant property of the signal is the high number of expected neutrinos compared to
background as every W boson decay contains one, and every leptonic t decay contains two neu-
trinos. This leads to an increased amount of E5 for signal, making E**LD another promising
BDT input variable as can be seen in Fig. 6.15. Also the WZ (+fake) background contains gen-

miss miss

uine E7 ", Therefore, variables such as the transverse mass between E7 ~ and one of the leptons,
aiming at the reconstruction of the W boson decay and the opening angle A¢ (E7"*, £) between

TSVFIT[143]
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Figure 6.14: The distribution of the visible Di-Higgs mass myj;};, defined as the invariant mass of the three leptons
and the t;,. The shown simulated events correspond to a relaxed lepton and t;, selection with Loose ID leptons and
DeepTau vs. jets WP-VVVLoose T, as used in the BDT training. Contrary to other parts of this thesis, the shown
simulated events also contain fake background events with wrongly identified leptons and t,,. From left to right, the
input distributions for the non-resonant, spin-0 and spin-2 BDT are shown. For the resonant spin-0 and spin-2 BDTs
the shown input distribution was decorrelated from the signal Di-Higgs mass dependence.
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Figure 6.15: The distribution of E}’ SSLD as used in the 3¢+ I, BDT training. The shown simulated events corre-
spond to a relaxed lepton and 1, selection with Loose ID leptons and DeepTau vs. jets WP-VVVLoose 1;,. Contrary
to other parts of this thesis, the shown simulated events also contain fake background events with wrongly identified
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For the resonant spin-0 and spin-2 BDTs the shown input distribution was decorrelated from the signal Di-Higgs
mass dependence.

ET S and lepton were tested. While yielding some separation power, they did not score high
enough to be included in the final variable selection. The final variable used as BDT input in the
nonRes BDT training is HT, tracking the general energy content or activity of an event. Non-
resonant HH production in general shows a broader distribution than resonant production and a
tail towards high myp, offering some signal to background separation at high HT as shown in
Fig. 6.16. Other low level event variables such as single lepton/t,, pr/n /¢, the transverse mass
of lepton/t;, with E'T"iss, the number of electrons/muon/jets and the maximum impact parameter
of the leptons were studied as well. With the latter being aimed at the identification of a lepton
from a leptonic t decay. None of these improved the BDT performance further. Overall the op-
timization of BDT input variables yielded 7 variables for both the resonant spin-0 and resonant
spin-2 BDT training and 8 variables for the nonRes BDT training as summarized in Tab. 6.17.
Control plots for the BDT training variables are shown in Sec.7.3. Signal region distributions
of all 8 variables are shown in the Appendix D. The BDT hyperparameters (Sec. 4.1) used in the
three 3¢ + 11, BDT trainings are listed in Tab. 6.18. To account for the relatively low amount
of available simulated signal, the depth and number of the used trees is kept relatively low. De-
spite this, the three BDTs are able to achieve a good performance as can be seen in Fig.6.17
showing Receiver Operating Characteristic (ROC) for the BDT output as evaluated on the train-
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BDT Input Features:

Variable | nonRes BDT | spin-0 BDT | spin-2 BDT Description
Opening angle
ARG v v v AR = \/An?+ A2 of the
smart paired Di-Lepton pair
t Opening angle
Smari
ARp, v v v AR = \/An* + A¢> of the
smart paired Lepton/t;, pair
smart Invariant mass of the
Armgg v v v smart paired Di-Lepton pair
smart Invariant mass of the
Am&h v v v smart paired Lepton/t;, pair
Invariant Di-lepton mass
m?j 05,2 v v v of the SFOS pair closest to my
Set to -1 for NSFOS=0
Visible Di-Higgs mass,
mivy v v v invariant mass of the
three leptons and the T,
E?i‘Y‘YLD v v v Missing trligfverse ener%n%lss
=0.6xEr " +04x Hy
Event activity, the scalar py
HT v X X sum of all (Fakable) leptons/t;,
and jets in the event
BDT parametrization:
Variable | nonRes BDT | spin-0 BDT | spin-2 BDT Description
Generator level mppy
spinCase of resonant signal, used for
gen I X v v BDT parametrization, set to
each of the signal masses
for every background event
Set of 13 BDT input variables
used as ’one-hot’ encoding
for the EFT scenario
nodeX v X X of the non-resonant signal

used as BDT parametrization
Background is added for each
signal configuration of nodeX

Table 6.17: Summary and description of the BDT input features and parametrization variables used in the 3¢+ 17,

BDT training.
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Figure 6.16: The distribution of HT as used in the 3¢+ 11, BDT training. The shown simulated events correspond
to a relaxed lepton and t;, selection with Loose ID leptons and DeepTau vs. jets WP-VVVLoose t;. Contrary to
other parts of this thesis, the shown simulated events also contain fake background events with wrongly identified
leptons and t;,. From left to right, the input distributions for the non-resonant, spin-0 and spin-2 BDT are shown.
For the resonant spin-0 and spin-2 BDTs the shown input distribution was decorrelated from the signal Di-Higgs
mass dependence.

XGBoost Hyperparameter | nonRes BDT | spin-0 BDT | spin-2 BDT
n_estimators 115 129 71
subsample 0.8032 0.8269 0.8370
colsample_bytree 0.6841 1.0 0.8887
gamma 0.0 0.2957 3.8066
learning_rate 0.1642 0.4998 0.2911
max_depth 2 2 3
min_child_weight 205.97 474.38 405.65

Table 6.18: XGBoost Hyperparameters used in the 3/ + 11, nonRes, spin-0 and spin-2 BDT trainings.

ing dataset. The same figure also shows ROC performances for different subsets of the training
dataset, showing the higher performance of high mass scenarios in the resonant BDT trainings.
This is expected as kinematic distributions such as the opening angles of the lepton and lepton/t,
pairs show a clearer distinction for higher mass scenarios. The same effect can be seen partly
in the non-resonant training as well, where EFT scenarios, such as BM7 with a softer distribu-
tion in myyp, present a more challenging phase space for the BDT. In general, the performance
of the resonant training is distinctly better than the nonRes BDT training as non-resonant HH
production in general leads to a broad distribution in myy resulting in a wide range of different
signal kinematics, more challenging to grasp. As can be seen by the ROC curves, the chosen
hyperparameters are able to keep the amount of overtraining at an acceptable level. BDT outputs
for example resonant mass and EFT scenarios are shown in Fig. 6.18, showing good agreement
of training and validation events.
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Figure 6.17: ROC curves for the 3¢+ 11, BDT training (top row). From left to right, they show the separation
potential of the trained non-resonant, spin-0 and spin-2 BDTs on the BDT training dataset. Per BDT, two sub-BDTs
are trained on the even and odd numbered halves of the training set and are applied (tested) on the corresponding
other half. The lower two rows show ROC curves corresponding to exemplary mass points (middle row) and EFT
scenarios (bottom row). The chosen EFT scenarios correspond to the SM, EFT BM7 with a soft mgpg spectrum
and EFT BM4 covering similar kinematics as in a scenario of maximum interference between the triangle and box
ggHH Feynman diagrams. For the resonant BDTs, the example mass points were chosen to cover the whole myy
phase space. The amount of visible overtraining was found to be acceptable.
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Figure 6.18: From top to bottom example BDT outputs on the BDT training dataset per BDT. Two sub-BDTs are
trained on the even and odd numbered halves of the training set and are applied (tested) on the corresponding other
half for the nonRes, spin-0 and spin-2 BDTs. The chosen EFT scenarios correspond to the SM, EFT BM7 with a
soft mgpg spectrum and EFT BM4 covering similar kinematics as in a scenario of maximum interference between
the triangle and box ggHH Feynman diagrams. For the resonant BDTs, the example mass points were chosen to
cover the whole my;; phase space. The amount of visible overtraining was found to be acceptable.
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Results and Interpretation of the HH analysis

As discussed in Sec. 2.3 and Sec. 2.4 a diverse set of physics scenarios is tested in the presented
analysis. For this thesis the following results are obtained:

* Limits on both the signal strength modifier » and the cross section of non-resonant SM like
HH production

* Limit and likelihood scans in both the SM parameters k, k;, and ¢, as well as the EFT
coupling parameter ¢,, placing 1D as well as 2D limits on the coupling parameters

* Cross section limits on non-resonant ggHH production for the EFT benchmark scenarios
in [28], [20], and [134]

* Cross section limits on both spin-0 and spin-2 resonant ggHH production.

For the results presented in Sec. 7.4 a binned maximum likelihood fit ( Sec. 7.2) is performed on
the BDT outputs described in the previous chapter as well as two control region distibrutions,
described together with other background checks in Sec.7.3. In this context a physics model
used for scans of the various HH coupling parameters was developed and its implementation
is discussed in Sec.7.2.1. The fit includes several nuisance parameters representing system-
atic uncertainties described in Sec. 7.1. The final parts of this chapter discuss other ongoing
HH searches in Sec.7.5 as well as their combination with the HH — Multilepton analysis in
Sec.7.5.1. An outlook to possible future developments in HH is found in Sec. 7.6

7.1 Systematic Uncertainties

While the overall modelling of background processes works very well as can bee seen in Sec. 7.3,
several experimental and theoretical effects contribute as sources of uncertainty, both on the yield
as well as the kinematic properties of the considered background and signal processes. Most of
the experimental effects correspond to the data to simulation corrections described in Sec. 6.2.3
and uncertainties on the data driven background estimation described in Sec. 6.4. These effects
and the corresponding systematic uncertainties are treated as nuisance parameters in the signal
extraction described in Sec. 7.2 and will be described further in the following.

Trigger efficiency:

As discussed in Sec.6.2.3 the efficiency of simulated events to pass the trigger requirements
described in Sec.3.2.7 is not perfectly modelled. To account for this, the applied trigger scale
factors are varied within their uncertainties. The resulting uncertainty models both variations in
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the BDT/CR shapes as well as the expected event yields. The corresponding uncertainties are
treated as uncorrelated among the different data taking years but are treated as correlated among
the 2{(ss) + 0/1 t;, and 2¢ + 27, channels and among the 3¢ + O, 3¢ + 11}, and 4/ channels.
Uncertainties on the electrons, muons and 1, reconstruction:

The uncertainty on the electron, muon and 7, identification and isolation criteria have been mea-
sured separately in Z boson enriched regions for the Loose, Fakable and Tight ID leptons. These
uncertainties are given as a function of p, |17| and 1, decay mode and thus describe both varia-
tions in the expected event yield as well as the BDT and CR shapes.

The 1, energy scale described in Sec. 6.2.3 has an uncertainty of about 1% depending on the
data taking year and the decay mode of the t;,. As the 1, energy scale affects both the selection
efficiency of 1, as well as the energy itself, this uncertainty leads to a variation in the expected
event yield as well as the expected BDT and CR shapes. The uncertainties on the electron, muons
and 1, reconstruction are treated as correlated among different processes but uncorrelated across
different data taking years.

Jet Energy Scale and Resolution:

As discussed in Sec. 6.2.3 jets within CMS undergo a calibration procedure in order to achieve
matching JES and JER between simulation and data. Uncertainties on the scale and resolution of
reconstructed jets are centrally measured for all CMS analysis using Di-Jet control regions and
are common for most CMS analysis as described in [144]. Uncertainties on the JES are evaluated
in a set of 11 different components, with 6 component correlated and 5 components uncorrelated
among the different data taking years. The uncertainty on the jet JER is treated as uncorrelated
among the different data taking years. For the application of the given uncertainties, the energy
of reconstructed jets is varied according to the different uncertainty components and the events
are reanalyzed resulting in both variations of the expected event yield as well as event kinematics
varying the shape of the BDT and CR distributions.

As corrections in JER and JES are propagated to the calculation of Ef™

certainties therefore yield an additional uncertainty on E7’ S that is treated as uncorrelated among

, the corresponding un-

the different data taking years.

b-tagging rate and mistag rates:

The scale factors, applied for corrections of the b-tagging efficiency described in Sec. 6.2.3 come
with three sources of uncertainties connected to impact of the JES uncertainties, the purity and
the size of the event sample used for the scale factor extraction. The statistical part of these un-
certainties is treated as uncorrelated across the different data taking years with the others treated
as correlated among all three years.

Luminosity:

The uncertainties on the luminosity measurement [ 145—147] affect the overall normalization of
the number of expected events. Uncorrelated uncertainties amount to 1%, 2% and 1.5% for the
2016, 2017 and 2018 data taking period respectively. Correlated uncertainties among all years
corresponding to 0.6%, 0.9% and 2% and further correlated uncertainties for the data taking in
2017 and 2018 corresponding to 0.6% and 0.2% are applied.

Pileup:

To account for the uncertainty on the inelastic proton-proton interactions and therefore the num-
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ber of PU interactions, the amount of PU interactions is varied by 5% and the analysis is repeated
for the different conditions, leading to a small uncertainty treated as uncorrelated among the three
data taking years.

Prefiring issue in the ECAL trigger

The uncertainty of the scale factors used to correct for the prefire issue described in Sec. 6.2.3
is accounted for and treated as uncorrelated among the two affected data taking years 2016 and
2017.

Uncertainties on the theory cross section:

The theory cross sections used in this analysis to normalize the signal and background processes
are only known up to a certain degree. This uncertainty is dominated by the order of Feyn-
man diagrams considered in the calculation, the choice of the scale of QCD interactions, the
coupling strength of the strong interaction ¢, uncertainties on the proton PDF and the mass
of the top-quark. The uncertainty on the total non-resonant ggHH signal production is dis-
cussed in Sec. 2.3. For SM non-resonant qqHH production, the total cross section amounts
to 1.726f8:8§;(QCD scale) +2.1%(c; + PDF){b[148]. The uncertainties on the total signal cross
section are applied when deriving limits on the signal strength modifier r (see. Sec.7.2) and
frozen when deriving limits on the signal cross section itself as described in Sec. 7.2. The uncer-
tainties on the background cross section are treated in the following manner:

* Uncertainties arising from the uncertainty on the proton PDFs are correlated among pro-
cesses with the same initial state, that means for example that the PDF uncertainty for tt
production is correlated with gluon induced ZZ production (ggZZ), but decorrelated from
quark induced ZZ production (qqZZ). Processes involving Higgs boson production are
decorrelated from other background processes.

* Uncertainties arising from the choice of the QCD scale are treated as correlated among
processes with similar final states, for example, for all processes involving Di-Boson pro-
duction.

* Uncertainties arising from ¢ are correlated among all processes involving Higgs boson
production and among all other processes.

This scheme corresponds to the recommendations used for all CMS HH analyses [149].

For both signal HH and single Higgs boson production, theoretical uncertainties on the Higgs
boson branching fractions are placed, with an uncertainty of 1.65%, 1.54% and 1.54% for Higgs
boson decays into tt, ZZ and WW respectively [14].

On top of normalization uncertainties corresponding to the QCD scale, ¢, PDF and m,, the un-
certainty on the effect of missing higher orders in calculation is estimated by varying the renor-
malization (Up) and factorization scales (U ) between 0.5 and 2 times their nominal values under
the constraint 0.5 > /g < 2 and taking the result as an uncertainty on the shape of the BDT
output and CR distributions.

For the qqHH signal an additional uncertainty is applied on a model choice in the parton show-
ering, corresponding to the application of the dipole recoil scheme in PYTHIA. As some of the
background processes only contribute with very few events in most of the channels the contribu-
tions of triple-boson production, Wy, Zy, ty, tty, tZq, qW, tttt, tttW, ttWZ and ttZZ are
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treated as a single combined background (Other) in the signal extraction and instead of assigning
individual cross section uncertainties, a conservatively chosen 50% normalization uncertainty is
assigned. Similarly the uncertainty on the normalization of conversion background is chosen to
be 50% as well.

Uncertainty on the data-driven background estimation:

For the uncertainty on the data driven fake-background estimation, uncertainties on the measure-
ment of the fake-rate (misidentification rate ) f (see. Sec.6.4) are propagated as an uncertainty
on both the expected yield as well as the BDT and CR region shapes of the fake lepton back-
ground. As discussed in Sec. 6.4 a closure test is performed to check the validity of the fake
background estimation by applying the method on simulated instead of data events. The closure
of simulated events in the signal region with the prediction from simulated events in the AR is
used as a shape and normalization uncertainty for the 2¢(ss) + 0/1 <, and 3/ 4 Oty channels as
well as the WZ and ZZ control regions. For the other lower statistics channels, this uncertainty
is deemed negligible as it is expected to be much smaller than the statistical uncertainty on the
fake background estimation. On top of this an additional normalization uncertainty is placed on
the data driven background corresponding to a 20% uncertainty correlated among all data tak-
ing years and channels and a 20% uncertainty treated as uncorrelated among the different data
taking years and channels. As the 1/ + 3ty and 3/ + 17}, channel use a slightly different 1, ID
than that used in measuring the fake factors, an additional 30% uncertainty is placed on the fake
background in these channels.

For the charge flip background in the 2/(ss) + 0/1 t;, channel, a normalization uncertainty of 30%
correlated among all data taking years is used.

7.2 Signal Extraction

For the signal extraction, the BDT output distributions in all seven Multilepton channels as well
as two control region distributions for the prompt WZ and ZZ background (Sec. 7.3) are evalu-

ated in a binned maximum likelihood fit, measuring the signal strength of the given signal sce-

fit
nario defined as r = % with a profile likelihood test statistic [150]. The likelihood quantifying
HH

the probability finding the given data given the background (+ signal) model with and without
the contribution of signal, is defined in terms of nuisance parameters 6, representing the dif-
ferent systematic uncertainties discussed in Sec. 7.1 in the modified frequentist approach [151].
Additional nuisance parameters taking into account statistical uncertainties on the prediction of
signal and background approaches (MCStat) are taken into account using the approach described
in[152].

The significance of the found best fit signal strength 7 is then given by the ratio of the likelihoods
for a fit with freely floating r, resulting in the best fit signal strength 7 and a set of correspond-
ing nuisance parameters 6 and a fit for the background only hypothesis with fixed r = 0 with
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resulting nuisance parameters 6,

o (.,zﬂ(datayr =0, 90)>

Z(data|r = #, )

This definition is then used to place upper limits on r using the an asymptotic approxima-
tion [150] of the CL. method [153, 154] defining a 95% confidence interval for r, excluding higher
values with a 95% probability. As the amount of observed data is a statistical observable, in ad-
dition to the observed limits obtained as described above, expected limits are calculated as well
using an Asimov dataset [150] based on the signal and background model. The expected signif-
icance/limit is given by the average over many toy datasets, thus providing a reliable estimator
for comparing the sensitivity of different analyses.

The limits provided in this analysis are extracted using the Higgs Combine toolkit [155] com-
mon among all CMS Higgs analyses.

Limits on r can simply be converted into limits on signal cross section by multiplying the re-
sulting upper limit on the signal strength r with the signal cross section the input signal model
is normalized to. To place limits on coupling parameters k such as on the trilinear Higgs boson
self-coupling parameter K, the upper limit on r is scanned in the given parameter and the limit
on K is then given by the intersection of the limit on r with one, excluding all kK scenarios where
values r(k) < 1 are excluded. By including the coupling parameters in a physics model as de-
scribed in Sec. 7.2.1, the coupling dependence can be included in the likelihood as well, allowing
for the determination of best fit values and likelihood profiles in the given parameters.

Verifying the statistical model:

To test the validity of the signal + background model and its compatibility with the observed
data two tests are performed. Firstly, to check the validity of the systematic model, the postfit
values and uncertainties of the different likelihood nuisance parameters and their impact on the
best fit 7 are estimated by fitting the nuisance parameter in question simultaneously with the
parameter of interest (POI) r. This is both important to find out which uncertainties currently
limit the sensitivity of the analysis as well as a sanity check of both the choice of prefit nuisance
constraints as well as the fitting behaviour. Fig.7.1 shows this for the 15 most important non
MCStats nuisances. The whole list of (non MCStats) pulls and impacts can be found in the
Appendix E. Tab. 7.1 summarizes the impact of different nuisance groups. As can be seen the
impact of statistical uncertainties from data and the background prediction with 84% and 34% is
quite high. This promises better results for the future as with more data and simulation these will
automatically get lower. Due to the strong dependence on statistical uncertainties, the obtained
results are also found to be relatively robust with respect to small changes in the systematics
model or the ordering of fit parameters in the ML fit leading to fluctuations on the observed
limits in r in (1 —2%).

Secondly, a goodness of fit (gof) test is performed calculating a measure quantifying how well
the given signal + background model can describe the data. The gof measure itself is calculated
in the saturated model [156] a more generalized version of a 752 = 2In.%Z term. By comparing
the gof statistics on data and a set of toy datasets generated for the signal + background model
the stability and consistency of the model is tested. Distributions of the gof on data and toy data
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Figure 7.1: Pulls and impacts for the 15 most important nuisance parameters in the combined HH — Multilepton
signal extraction fit with the JHEPO4BM7 tuned nonRes BDT output in all seven Multilepton channels and the
kinematic distributions in the WZCR and ZZCR for all three years using SM like non-resonant HH signal. These
include uncertainties on the rate of the fake background, conversion background, other background category, uncer-
tainties on the t;, ID efficiency, the fake rate measurements and the MC closure of the fake background estimation.

Uncertainty group Contribution to uncertainty on 7
Statistical uncertainty (Data) 84%

Nuisance parameters:

MCStats 34%

Signal rate 21%

Data driven fake BG 21%

Background rate (Simulated BG) 11%

Other <0.1%

Table 7.1: Impact of different uncertainties on the total uncertainty on the best fit signal strength modifier 7. The
impact for the nuisance parameters is estimated by comparing the total uncertainty on 7 for a fit to an Asimov dataset
with all nuisance parameters A7, with a fit where the corresponding group of nuisances is fixed Af ; oroup x bY SUb-

tracting the two uncertainties in quadrature and dividing by the total uncertainty, \/ (Afau)2 — (AP0 group X)2 /APy
The impact of the statistical uncertainty on the data in the SR is estimated by dividing the uncertainty obtained
when freezing all nuisance parameters by the total uncertainty. The biggest uncertainties are given by the statistical
uncertainty on the SR data, statistical uncertainties of the BG prediction, theoretical uncertainties on the signal rate
(including single Higgs boson branching fractions), uncertainties on the data driven background estimation and the
theoretical uncertainties on the background prediction taken from simulation. Compared to these, all other uncer-
tainties including uncertainties from the lepton and t;, reconstruction efficiency , pileup, b-tagging, JES and JER,
E7"” and experimental issues like the prefiring issue are negligible and contribute with less than 0.1% of the total
uncertainty.
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Figure 7.2: Distribution of the gof measure in the saturated model [156] for all seven event channels separately
as well as their combination for the signal + background fit on data (dotted line) as well as a set of toy data sets
generated from the expected signal and background distributions. The signal extraction corresponds to a fit of SM
like signal on the JHEPO4BM7 optimized nonRes BDT output. For the combined fit of all channels also the two
control region distributions for the WZCR and ZZCR are included in the fit.

for the seven Multilepton channels as well as the combined Multilepton fit is shown in Fig. 7.2.

Choosing the right BDT output node:

The three parameterized BDTs trained in the context of the presented analysis allow for some
freedom when choosing the BDT output node for the given signal scenario. The different choices
used in the signal extraction are given and motivated in the following.

For the limits on resonant HH production the corresponding spin-0 or spin-2 BDT of the given
channel is evaluated for the corresponding mass scenario. Similarly for the cross section limits
on the EFT benchmarks in non-resonant HH production with the JHEPO4 benchmark points,
the nonRes BDT is evaluated for the given scenario. For the JHEPO3 benchmarks and the
JHEPO4BM&8a the BDT output is evaluated on the kinematically closest benchmark scenario
as discussed in Sec. 6.2.4. For the presented parameter scans performed in K, K -K;, ¢, K3 -C>
and K, -c, the choice of the BDT output is less obvious. As discussed in Sec. 6.2.4 scenarios with
high k; correspond to kinematically softer scenarios, suggesting the use of the JHEPO4BM?7 or
JHEP0O4BM12 optimized BDT output. Indeed, as shown in Fig. 7.3, the choice of JHEPO4BM?7
compared to for instance the SM tuned BDT output was found to improve the cross section limit
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Figure 7.3: Expected (blinded) limits at 95% CL on the HH production cross section as a function of k; for a fit
involving all seven HH — Multilepton channels and the two control region distributions. Limits for a fit on the SM
tuned nonRes BDT output as well as the JHEPO4BM7 tuned nonRes BDT output is shown.

for high k; by about 5-10% and the limit on «; itself by 1-3% compared to a limit scan per-
formed with the SM optimized BDT output. For scenarios around the SM where the myy is
expected to be larger on average, the differences between different BDT nodes is found to be
smaller. A similar trend is also observed for scans in ¢, where the on average larger my;y would
suggest the use of the JHEPO4BM9 output, but only a small improvement is found. As the differ-
ent parameter scans overlap, the choice of a single BDT output allows for more consistent results
and therefore is favored. Therefore as the choice of the BDT output node has the strongest influ-
ence on scans in K;, the JHEPO4BM7 output is used for all coupling scans. For the limit on the
SM signal strength modifier and cross section however the SM optimized node is used instead.

Optimizing the binning:

The choice of binning of the BDT output used for the signal extraction, has to balance the
needs for a valid background estimation and for signal sensitivity. The high amount of available
simulated events and events available for the estimation of fake- and flip backgrounds allows
for a sensitivity optimized binning in the 2¢(ss) + 0/1 t,, 3¢+ Ot} and 4¢ channels. For these
channels the BDT output is binned based on quantiles of the signal, making the amount of signal
constant across all bins and thus bringing out the signal peak with more bins in the high BDT
score region. This results in only a few bins containing most of the background, allowing the
constraint of background normalization with the rest of the bins containing a relatively high
amount of signal increasing the overall sensitivity. The number of signal quantiles is chosen
such that the relative statistical uncertainty of the summed Run 2 background prediction in each
bin does not exceed 15% of the total background. The total number of quantiles is limited to a
minimum of 5 and a maximum of 25.

For the remaining four channels the BDT is binned in quantiles of the background, ensuring a
solid background prediction also in the high BDT score region. Here also a maximum relative
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Figure 7.4: Distribution of the output for the JHEPO4BM7 tuned nonRes BDT for all seven HH — Multilepton
channels and the kinematic distributions for the two CR, from top-left to bottom right: the 24(ss) + 0/1 1y, 3¢+ Ory,,
4f, 30+ 11y, 20+ 21y, 14431, and the 0€ + 47, channel followed by the WZCR and ZZCR control distributions .
The plots show the Run 2 combination as a linear sum of the 2016, 2017 and 2018 prefit distributions for SM like
ggHH + qqHH signal. The signal shown corresponds to 30x the SM signal strength.

per bin uncertainty per bin of 15% of the total background is chosen. For the 2¢ + 21, and
the 3/ + 17, channel this criterion is relaxed, requiring a relative per bin uncertainty of 15%
on the background contributions covered by simulated events and a 50% criterion on the fake
background contribution. This is done because the data driven fake background contribution
contains a high number of negative event weights, yielding by construction a high statistical
uncertainty even for a comparatively high amount of events in the background extrapolation.
Fig. 7.4 shows exemplary prefit distributions for the seven Multilepton channels and the two
control regions. While all distributions enter the fit individually for each data taking year, the
shown distributions correspond to the full Run 2 distributions obtained by adding the distributions
for 2016, 2017 and 2018 for better visibility. Corresponding postfit distributions and yields for
the different channels and years are given in Sec.7.4.2. Postfit distributions for the individual
years and a variety of signal scenarios can be found in the Appendix F.
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Figure 7.5: Illustration of the squared matrix element for non-resonant ggHH production involving SM like cou-
plings and the EFT ¢, coupling. Feynman diagrams for the three involved processes at LO are shown.

7.2.1 Physics models and parameter scans

As discussed in Sec. 2.3 the measurement of the trilinear Higgs boson self-coupling A and the
coupling of the four point interaction between two Higgs bosons and two vector bosons ¢,y is of
particular interest for the study of non-resonant Di-Higgs boson production.

This motivates parameter scans in a set of SM like Higgs boson couplings K, k; , ¢y, ¢oy to non-
resonant Di-Higgs boson production in the ggHH and qqHH production modes. The facilitation
of such a (multidimensional) scan is computationally challenging, especially when performed at
a high granularity of scanned coupling points or along more than one axis of the parameter space.
While an event based reweighting procedure as described in Sec. 6.2.4 allows the modulation of
signal for all necessary coupling scenarios, the signal obtained in this manner would still need to
pass through all steps of the analysis to obtain the necessary BDT outputs for the given scenario.
As this would still be computationally not feasible a physics model was developed for CMS HH
analyses [157]. The model uses the BDT output distributions (or any other distribution) of a
chosen few scenarios in a linear combination, to reproduce the desired distribution for any given
coupling scenario.

This thesis expands on this idea, developing a similar model expanding the default model for
scans used for scans in k; and k; to cover the EFT coupling parameter ¢, as well. As motivated
in the discussion of the EFT parameters, the parameters k; and ¢, are inherently connected,
motivating a focus on the reduced parameter space of K, k; and c;.

As illustrated in Fig. 7.5 the matrix element determining the gg HH Di-Higgs boson production
cross section at leading order, for a physics scenario involving the ¢, coupling is proportional
to the sum of three Feynman diagrams. As in Sec.2.3, the SM diagrams are labeled as the [I-
and A- diagram, respectively. The additional diagram involving the ¢, coupling is labeled as
the X-diagram. Looking at Fig. 7.5, the A diagram is found to be proportional to «; x k. For
simplicity, the whole diagram can be written as k), - k; - A with A absorbing all components of the
A matrix element constant with respect to the couplings. Similarly the []-diagram and X-diagram
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can be written down as Ktz -0 and ¢, - X, respectively. With this, the ggHH matrix element can
be written as:

AP =15 | AP+ O + 3 X 41 K0 |ATX + XA
Ko O X+ X0+ k- |[AD+O°A|

. : 2
Based on this, the cross section ¢ o< |A”| can be expressed as:

T
G('(?LvKt?CZ):c (Kvitac‘Z)'V

with ¢/ (i, K, ,¢,) = (K‘% Ktz : 1(,4, c%, CrK) K5 Co Ktz , K‘S K3 ) a vector holding the coupling depen-

dencies found in Eq.7.2 and a vector v containing the coupling independent A, [, X terms as
well as any additional phase space related factors. The functional form found in Eq.7.3 holds
true for any order of matrix element calculation as long as the couplings remain unchanged.
Equation Eq. 7.3 can not only be used for the total ggHH cross section but also for any differ-
ential cross section or kinematic distribution directly proportional to the cross section in general,
with v absorbing any additional factors. For a reduced model with constant x; and x;, everything
can be reduced to three dimensions and ¢’ becomes ¢’ (¢,) = (1, c%, ¢,) with the 1 absorbing all
now constant K ;' terms.

. . . b .
Assuming a scenario with three measured observables ¢“, 6, 6¢, according to Eq. 7.3 one can

write:
a a a a
(e} Cl C2 C3 Vl
— b b b b
=10 |=|a & G v [=C-v
C C C C
(e} c1 Cp C3 V3

The vector v could now be found by solving the corresponding set of linear equations. An easier
and more general way however is to use Eq. 7.3 substituting v = c'.Gin Eq. 7.4 to arrive at:

o(cy)=¢'(¢e;)- €'

or for the full k3, k;, ¢, case at:

T -1 =
G(KkataCZ):c (Kl7Kt7C2)'C -0

This allows the description of any cross section dependent distribution by a linear combination
of adequately chosen input scenarios G by calculating ¢’ for the target scenario and C ! the
inverted matrix of ¢/ from the input scenario couplings.

Choosing the input scenario basis:

As the physics model needs to be able to extrapolate any scenario by a linear combination of
a given set of basic scenarios, the choice of a basis with kinetically diverse scenarios is advan-
tageous. A valid basis is found, if the resulting matrix C is invertable. Mathematically, this can
also be quantified in terms of the condition number [158], describing how well a matrix is (nu-
merically) invertable and therefore how close it is to an ideal basis with a matrix of eigenvectors.
Fig. 7.6 shows the differential ggHH cross section as inferred from the reweighting procedure in
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Figure 7.6: Differential ggHH cross section in the invariant Di-Higgs mass myyp; for different values of the EFT
coupling ¢, in the range —2 < ¢, < 3. For this comparison all other couplings with an impact on Di-Higgs boson
production are fixed to their SM value. For an easier comparison of the different kinematic scenarios, the cross
section distributions are shown normalized to 1. The differential cross section is calculated as described in Sec.
6.2.4.

Sec. 6.2.4 for different values of ¢, in the range —2 < ¢, < 3. As can be seen in Fig. 7.6, the sce-
narios with the strongest kinematic differences correspond to (k3, ki, ¢;) (1,1,0.35), (1,1,0.1)
and one of the scenarios at the edge of the presented scan, either (1, 1,-2) or (1, 1,3) with all
other scenarios in between these three (four) cases.

Therefore any combination of the scenarios (1, 1,0.35), (1, 1,0.1) and one of (1, 1,-2) or (1, 1, 3)
will form a good basis of the ¢, part of the parameter space. As the SM is close to (1,1,0.1) it
can be used instead. For the K, and k; part of the parameter space a set of four dedicated NLO
ggHH samples also used in the "default" non EFT model is available. These correspond to the
SM (1, 1, 0), a scenario without the trilinear Higgs boson self-coupling corresponding to the []
diagram (0, 1, 0), a scenario corresponding to high k; and the A diagram (5, 1, 0) and a scenario
representing the maximum interference between the [J and A diagrams (2.45, 1, 0). For the full
description of k;, k; and ¢, a total of six scenarios is needed. While the described scenarios are
sufficient to separately describe variations in K -x; and c,, no complete basis with an invertable
matrix C is found. To solve this, a scenario describing contributions only from the [J and X
diagrams (0, 1, 1) is found to complete the basis. The final basis of six scenarios is then found
by choosing six of the described nine scenarios such that the samples contain the SM and the
condition number is minimized. In the end the scenarios: (0, 1,0), (1,1,0), (2.45,1,0), (0,1, 1),
(1,1,0.35) and (1, 1, 3) are used.

The default ggHH model used for non-EFT scans in the combination is similarly parameter-
ized in &, &, with ¢/ = (x, K5 K7, K k) using the (k, = 1, k, = 1), (k; =5, k, = 1) and
(k) =2.45, k; = 1) scenarios.

Similarly to the ggHH signal, the qqHH signal is parameterized in k; and the Higgs boson
vector boson couplings ¢y and c,y,. Here ¢ = (c‘Z/ K;ZL, cé, c%v, 0‘3, K, CyCav Ky s c‘z/czv) and sce-
narios (K, ¢y, coy)=(1,1,1), (0,1,1), (2,1,1), (1,1,0), (1,1,2) and (1,1.5,1) are used. Both
the default and the ¢, EFT model are implemented in the Inference framework [159] used for
parameter scans in all CMS HH analyses.

108



The ggHH input scenarios for both models are either generated at NLO accuracy or obtained
using the NLO signal reweighting discussed in Sec. 6.2.4. For NNLO matrix element accuracy
they are normalized to their NNLO cross section using the k; dependent NLO/NNLO k factor
and the kx; dependent cross section uncertainties described in Sec.2.3. Both single Higgs bo-
son backgrounds as well as the HH signal are scaled according to the x; dependence of the
single Higgs branching fractions. Furthermore the scaling of the single Higgs boson processes
also includes the k; dependence of their production cross section. Both effects are discussed in
Sec.2.3.

7.3 Background Control Regions

For this analysis two types of control regions are defined:

* The WZ — 3¢ and ZZ — 4/ control regions are used to constrain the two main prompt
background processes and their related systematic uncertainties in the final signal extrac-
tion described in Sec. 7.2.

* A number of channel specific control regions are defined close to the signal region of
the channel in question to check the overall modelling of backgrounds also in the various
kinematic distributions used in the BDT based signal/background discrimination.

The following will describe the various control regions with a focus on the WZ — 3¢ and 727 —
4/ control regions as well as three control regions defined for the 3¢ + 1t;, channel.

WZ — 37 control region

Genuine WZ — 3/ events are the main background in the 3¢+ Ot channel and have a sizeable
contribution in the 24(ss) + 0/1 t;, channel as well. The WZ — 3/ control region (3/CR) is defined
analogously to the 3/ + Ot; channel described in Sec. 6.5.2 by requiring 3¢ passing the Tight ID
criteria with a total charge sum of £1 and a pr > 25/15/10 GeV for the leading/sub leading and
third highest py lepton. Events containing any t,, any DeepJet-M b-tagged jet or more than one
Deeplet-L b-tagged jet are vetoed. Events likely to contain a low mass meson resonance are
vetoed by excluding events containing a Di-Lepton pair with a mass below 12 GeV. In contrast
to the 3¢ + Oty channel the presence of a same flavor opposite sign lepton pair with a mass
\m?gF 05 _ my| < 10 GeV is not vetoed but required. For the low mass veto as well as the inverted
Z boson mass veto, Loose ID leptons are used. To account for the presence of a neutrino in the
W decay, E7' SSLD> 45 GeV is required. These selection criteria are summarized in Tab. 7.3.
For the signal extraction (Sec. 7.2) the visible mass edge of the W decay is calculated by finding
the two same flavor opposite sign leptons with the closest Di-Lepton mass to m; and computing

miss

the transverse mass between E7 and the remaining lepton ok

mr (R 6) = (B 4 BR) = (B 4 p2) + (B + py')?)

7 of e, pP) p? the momentum of ¢* in x/y direc-

tion, and E™/ E) S the components of Ef"* in x/y direction. The post signal extraction fit

with EIT3 the transverse energy E; = E - |
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Figure 7.7: The distribution of the transverse mass between the vector of missing transverse energy and a the non Z
boson tagged lepton my (E7' i”,é3) for the 3¢ CR approximating the mass of the decaying W boson in the W7 decay.
The plot shows shows the Run 2 combination as a sum of the 2016, 2017 and 2018 postfit distributions from the
combined HH — Multilepton signal extraction. The dominant contribution comes from WZ production with only
smaller contributions from other processes as listed in Tab. 7.2. ( made public in [4] )

Process 2016 2017 2018 Run2
Wz 3248.7+24.4 3873.2433.1 5432.8438.4 | 12554.74+56.3
77 195.242.6 267.6£3.6 337.24+4.5 800.0+6.4
Fakes 160.7£13.5  423.1+27.0  322.2423.1 906.0+38.0
Conversion 38.0+4.4 49.3+4.5 459452 133.248.1
Other backgrounds 171.246.5 179.1+6.8 265.5£10.6 615.8+14.2
Total expected background | 3813.84+28.3 4792.3+36.5 6403.6£43.8 | 15009.7+63.7
Data observed 3757 4813 6424 14994

Table 7.2: Post signal extraction (Sec.7.2) yields in the WZ control region separately for 2016, 2017, 2018 as
well as their Run 2 combination [4]. The given errors for all three years correspond to the full postfit uncertainty
including all statistical as well as systematic uncertainties. The Run 2 uncertainties correspond to the quadratic sum
of the uncertainties in all three years.

my(E3™ 6% distribution for the combination of all three years can be seen in Fig. 7.7 with plots
for the individual years in Appendix F. The distribution of my (Ef"™,¢*) shows as expected a
peak around the W boson mass. A good agreement of data and background prediction within
the given uncertainty bands is observed, proving that the dominant W7 background as well as
the given lepton ID are well modelled within the context of this analysis. The post signal extrac-
tion fit event yields of data and background prediction for all three years are given in Tab. 7.2.
In addition to its role in the signal extraction fit, the 3/CR is also used as a control region for
the kinematic variables in the 2/(ss) + 0/1 t,, and 3/ + Oty channels by requiring additional jets
where necessary. No significant disagreements between data and background prediction where
observed.

7.7, — 4/{ control region
Genuine decays of ZZ pairs into leptons and t;, are the main background in the 4¢ channel,
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Criterion 3¢CR 4/CR

Number of Tight ID leptons 3 4

Lepton pt >25/15/10 GeV >25/15/15/10 GeV
Number of Tight ID 1, 0 —

Low mass resonance veto any my™® < 12 Gev any my ™ < 12 Gev

7 mass requirement at least one |mzF 0S. Loose ID| < 10GeV  atleast one \m?}: 08, Loose ID\ < 10 GeV
b-jet Veto any DeepJet-M or > 1 Deeplet-L b-tag any DeepJet-M or > 1 Deeplet-L b-tag
Charge Sum |x004)=1 |X0(4)]=0

Missing energy E7"’LD> 45 GeV -

H — Z7 veto - myy < 140 GeV and two SFOS pairs

Table 7.3: Selection criteria for the WZ and ZZ control regions.

Process 2016 2017 2018 Run2

77 524.4+8.6 614.0+10.3 895.5+14.9 | 2033.94+20.0
Fakes 4.6+2.1 4.04+2.1 4.64+2.4 13.24+3.9
Conversion 0.940.1 1.0+0.1 1.0£0.1 2.9+0.1
Other backgrounds 15.64+0.7 16.74+0.8 26.4+1.3 58.7+1.6
Total expected background | 545.5£5.5 635.7+6.9  927.449.6 | 2108.6+13.1
Data observed 582 620 916 2096

Table 7.4: Post signal extraction (Sec. 7.2) yields in the ZZ control region separately for 2016, 2017, 2018 as well
as their Run 2 combination. The given errors for all three years correspond to the full postfit uncertainty including
all statistical as well as systematic uncertainties. The Run 2 uncertainties correspond to the quadratic sum of the
uncertainties in all three years.

one of the two main backgrounds in the 3/ + 11, channel, with further strong contributions in the
00+ 4y, 144 31y, and 20 + 27, channel.

The ZZ control region (4¢CR) is defined analogously to the 4¢ channel by requiring at least 4
Tight ID leptons with a pt higher than 25/15/15/10 GeV for the leading/sub-leading/third and
fourth highest pt lepton. The charge sum of these four leptons is required to be zero. Events
containing any DeepJet-M b-tagged jet or more than one DeepJet-L b-tagged jet are vetoed. To
avoid overlap with the HH — bbZZ — bb4/ analysis [142] as well as to reduce contribution
from single Higgs boson H — ZZ — 4/ production, events with two same flavor opposite sign
pairs and a four lepton mass my, < 140 GeV are vetoed. Events likely to contain a low mass
meson resonance are vetoed by excluding events containing a Di-Lepton pair with a mass below
12 GeV. In difference to the 4/ channel the presence of at least one same flavor opposite lepton
pair with a mass |m?; 05 _ my| < 10 GeV is required. For all mass veto as well as the inverted Z
boson mass veto, loose ID leptons are used. These selection criteria are summarized in Tab. 7.3.
For the signal extraction (Sec. 7.2) the four lepton mass m,, is used. The post signal extraction
fit my, distribution for the combination of all three years can be seen in Fig. 7.8 with plots for
the individual years in Appendix F. The distribution of m,, shows as expected a peak around two
times the Z boson mass. Very few events are observed below a threshold of 140 GeV, showing
the veto on H — ZZ — 4/ events. A good agreement of data and background prediction within
the given uncertainty bands is observed, proving that also the dominant Z7 background is well
modelled within the context of this analysis. The post signal extraction fit event yields of data
and background prediction for all three years are given in Tab. 7.4. In addition to its role in the
signal extraction fit, the 4¢/CR is also used as control region for the studied kinematic variables
in the 4/ channel. No significant disagreements between data and background prediction where
observed.
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Figure 7.8: The distribution of the four lepton mass m,, in the ZZ CR. The plot shows shows the Run 2 combination
as a sum of the 2016, 2017 and 2018 postfit distributions from the combined HH — Multilepton signal extraction
(Sec.7.2)[4]. The dominant contribution comes from ZZ production with only smaller contributions from other
processes as listed in Tab. 7.4. ( made public in [CMS-PAS-HIG-21-002 ]

3¢+ 11, control regions

The 3/ 4 11, channel as described in Sec. 6.5.1 features fake 1, events from WZ as well as
77 — lltt events as its two main background processes. The two dominant control regions
of this analysis, the 3¢/CR and 4/CR, give no handle on the adequate modelling of the fake 1,
background component. While the general method for the fake background estimation has been
used many times and is verified in the 2¢(ss) and 0/1 7, and 3¢ + Oz, channels for this analysis,
the MC closure test described in Sec. 6.4 mainly checks the method with regard to fake leptons,
not for 1. On the other hand, while the global 4/CR covers the second major background ZZ,
it does not provide a handle on the modelling and reconstruction of 7, . Therefore the kinematic
variables studied in the 3¢+ 11}, channel (Sec. 6.6.1) as well as basic kinematic quantities such
as the 1, pr are studied in three additional control regions. All of them are defined closely
to the selection criteria of the 3¢ + 1t channel summarized in Tab.6.13. Two fake enriched
control regions are defined by inverting the charge sum criterion requiring |Q(ty,) + Y; O(¢;)|
> 0 (3¢ + 11, FakeCR) or by inverting the b-jet veto requiring at least one DeepJet-M tagged
or more than one DeepJet-L tagged jet (3/+ 11, BCR). In addition, for both of these control
regions the veto for lepton pairs around the Z boson mass is dropped. The third control region
(30417, ZZCR) enriched in ZZ decays is defined by inverting the Z boson mass veto, requiring
at least one Loose ID same flavor opposite sign charge pair (SFOS) in the Z boson mass window
|m?§OS, Loose ID mZ| <10 GeV.

The general agreement of the background prediction and data can be seen in Fig. 7.9 showing
distributions for the number of muons, the number of jets, E7' SS1.D and HT for the Run 2 com-
bination of 2016, 2017 and 2018 data in the 3¢ + 11, control regions. While this shows that the
modeling of the energy content and object multiplicities in the 3/ + 1, phase space works well,
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Process 2016 2017 2018 Run2
Fakes 13.06+1.82 13.81+£1.89 19.54+2.25 | 46.4143.45
77 0.70+0.02  0.49+0.01  0.724+0.02 | 1.9240.03
WZ 0.09+0.06  0.10+£0.06  0.214+0.08 | 0.3940.11
Single H 0.04+0.11  0.13£0.09  0.084+0.06 | 0.25+0.15
Conversion 0.07+£0.04  0.04+0.03 —+— 0.1140.05
tt+X 0.01+0.01 —+— 0.034+0.01 | 0.04+0.01
Other Backgrounds 0.14£0.04  0.15£0.04  0.2940.10 | 0.57%0.11
Total expected background | 14.114+1.82 14.72+1.89 20.87+2.25 | 49.71+£3.46
Data observed 14 16 21 51

Table 7.5: Expected and observed yields in the 3¢+ 1t;, FakeCR for the years 2016, 2017 and 2018 as well as their
Run 2 combination. The given uncertainty corresponds to statistical uncertainty contributions only.

Process 2016 2017 2018 Run2

77 36.89+0.12 41.694+0.10 63.15+£0.21 | 141.73+0.27
Fakes 10.64+1.80 14.1942.06 24.77+£2.70 | 49.60+3.84
Single H 2.20+£0.67 2.83+0.79  0.2240.06 5.28+1.03
tt+X 1.08+£0.07  1.00+0.05  1.854+0.10 3.92+0.13
WZ 0.07£0.04  0.04+0.04  0.0940.06 0.2040.09
Conversion -0.02+0.03  0.0340.03 —+— 0.01£0.03
Other Backgrounds 1.534+0.18  1.58+0.22  2.174+0.33 5.2840.44
Total expected background | 52.394+1.93 61.354+2.22 92.23+2.73 | 205.98+4.01
Data observed 69 77 86 232

Table 7.6: Expected and observed yields in the 3¢+ 11, ZZCR for the years 2016, 2017 and 2018 as well as their
Run 2 combination. The given uncertainty corresponds to statistical uncertainty contributions only.

Process 2016 2017 2018 Run2
77 1.3940.02  1.804+0.02  2.66+0.05 | 5.85+0.06
Fakes 5.78+1.27  7.904+1.40 8.244+1.49 | 21.91£2.41
Single H 2.08+0.17  2.2540.17  3.7340.18 | 8.07+0.31
tt +X 6.15+0.16  8.23+0.14 12.4940.26 | 26.87+0.33
WZ —+— —+— 0.02+0.02 | 0.02£0.02
Conversion 0.01+0.01  0.05+0.04 —+— 0.061+0.04
Other Backgrounds 0.20+£0.05  0.50+0.09  0.5740.09 1.2840.14
Total expected background | 15.60+1.30 20.74+1.43 27.71+£1.53 | 64.05+2.46
Data observed 18 20 29 67

Table 7.7: Expected and observed yields in the 34 11, BCR for the years 2016, 2017 and 2018 as well as their Run
2 combination. The given uncertainty corresponds to statistical uncertainty contributions only.
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the modelling of leptons and especially 7, is also of particular concern. As the estimation of
fake background in this analysis (Sec. 6.4) focuses on misidentified jets and does not model T,
fakes from misidentified electrons for example in Z7Z — ¢lee decays, in the past, disagreements
between background prediction and data have been observed at low py't for looser tau selection
criteria (see Sec. 6.3). As seen in Fig.7.10 showing the 1, pr,n,¢ and charge for the Run 2
combination of 2016, 2017 and 2018 data, the current 1, selection criteria lead to a good agree-
ment between data and background expectation in all three 3¢ + 11, control regions. Fig.7.13,
Fig.7.11 and Fig. 7.15 display the p,n and ¢ of electrons and muons for the Run 2 combination
of 2016, 2017 and 2018 data in the three 3¢ 4 11, control regions, showing that also the leptons
at their relatively low pt threshold down to 10 GeV are well modelled. Data and background
prediction agree within 5 — 15%.

Other control regions

Similar as for the 3¢+ 11, channel, a fake control region is defined for the 2¢ + 21, channel by
inverting the charge sum criterion and dropping the Z boson mass veto of the channel selection
criteria described in Sec. 6.5.2. Therefore events with two Tight ID leptons with pr > 25/15 GeV
and two Tight ID t;, with an invariant same flavor opposite sign Di-Lepton mass in a 10 GeV mass
window around the Z boson mass and a neutral charge sum Y, Q(¢;) +Y,;QO(t,;) are selected.
Events containing a low mass meson resonance are excluded. Events containing more than one
DeepJet-L or any Deeplet-M b-tagged jet are vetoed as well. The observed and expected yields
for this 2¢ + 27, FakeCR are summarized in Tab.7.9. Exemplary plots for the 2¢ + 21, FakeCR
showing the visible Di-Higgs mass mﬁsﬂ the invariant mass of both selected leptons and taus can
be seen in Fig. 7.16. Data and background prediction agree within 10%. To verify the modelling
of background events from photon conversion, a dedicated control region (ConversionCR) is
defined by selecting p ute events with ET S.D < 45 GeV where the electron fails either the
conversion rejection or has one lost hit in the tracker. The T pair is required to have a mass
compatible with the Z boson mass |mu_u+ —my| < 10GeV targeting p uty events. As in the
3¢+ Or;, channel a veto of events with more than one Deeplet-L or any Deeplet-M b-tagged jet
is applied and the selected leptons are required to have a pr > 25/15/10 GeV for the leading,
subleading and third highest pt lepton. Expected and observed yields for this control region are
given in Tab. 7.10. Fig. 7.17 shows a plot of the invariant three lepton mass in the ConversionCR.
Data and background prediction agree within 10%.
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Figure 7.9: Distributions of the number of muons, the number of jets, Ef*LD and HT in the 3/ + 11, ZZCR (left),
the 374 11, BCR (center) and the 3/ + 11, FakeCR (right) as defined in Tab.7.8. The distributions are shown for
Run 2 combination of the 2016, 2017 and 2018 dataset. The shown uncertainty bands corresponds to statistical
uncertainty contributions only.

115



CMS Work in Progress 3¢+ 117,(8¢cR) 137 fb" (13 TeV)
T T T T

CMS Workin Progress 3¢+ 17,8cr) 137 fbo' (13 TeV) o CMS work in Progress 3¢ + 17, (FakecR) 137 fo™' (13 TeV)
T T T

30

T T T T T T T T T T T T T
Conversions [ Wz TT+X = Total HH SM x 100 wz .convemons Smaller bkg = Total HH SM x 100 TT+X | Conversions | | Single Higgs —— Total HH SM x 100

S 90 S L 7 S C |
I 80 smaterkg [ single Higgs Nrakes —— goHH SMx 100 o 25 ;7 Izz Single Higgs [\ Fakes —— ggHH SMx 100 —; 5 50F lwz Smaler bikg Izz — ggHHsMx 100
70 certainty  § Data  —— qaHH SMx 1000 20 £ [mex guncer\am\y 4 pata —— qgHHSMx 1000 3 F Fakas %umenaml‘( 4 oaim —— qaHHSMx 1000 ]
= e 405 B
60 C ] C ]
50 151 = 30 E
40 F 3 E E
20 0f E 20 E
20 sE . s E
10 £ r 1
c 0 c 0 - l c 0 = -
S, 2 S 2 S 2
o515 | P A AT ofz15E ] 'R L o515
&804¢ LS E - U LAY LI 5504
5 Y0 10 20 30 40 50 60 70 80 5 Y0 10 20 30 40 50 60 70 80 X Y0 10 20 30 40 50 60 70 80
5 5 ;
Py’ [GeV] Py’ [GeV] Py [GeV]
% CMS Workin Progress 3¢ + 11, (zzcr) 137 fb' (13 TeV) CMS Workin Progress 3¢+ 11, 8cr) 137 fbo! (13 TeV) CMS Work in Progress 3¢ + 11, (FakecR) 137 fo'" (13 TeV)
‘2 .cnnvev‘swons wz | 74X — Total HH SW1x 100 ‘g 30 Elw Comversons. || Smalerthg | Towl HSM x 100 ] ‘2 2 17+ x [ conversons [ Snole Higgs | —— Total HH SN x 100
o 80 N 2 L N 7 o 18
G, Single Higgs | Smaller bkg Fakes —— ggHH SMx 100 . £ Izz single Higgs [\[Fakes —— ggHH SM x 100 E 3 s lwz Smaller bikg Izz —— ggHH SM x 100
60 Izz guncenamty 4 Data —— qaHH SMx 1000 ; T guncenamy 4 bata —— qqHH SM x 1000 ; 14 N %uncenaml‘{ 4 oaim —— qqHH SM x 1000
20 E
15 3
10 - -
5 3
$.2 5 2 5 2
o518 1 1 i3 M T AR T N T N o518
&lgoglT ' N ! Sgogpf T 5303
= 2515 1 05 0 05 1 15 2 5 255 1 05 0 05 1 15 2 = 255 1 05 0 05 1 15 2
nn n n
CMS Workin Progress 3¢ + 1 1, (zzer) 137 fb" (13 TeV) 30 CMS Workin Progress s/ + 17, B0R) 137 b (13 TeV) o5 CMS Work in Progress 3¢ + 11, (FakecR) 137 fb'" (13 TeV)
2 g0 F Pooesions [wz T X L Total HH SM 100 | 2 wz [ Conversions || Smallerbkg —— Total HH S 100 2 17 +x [ conersors [ Single Higss. ——— Total HH SH x 100
[ N © o
o Single Higgs | Smaler kg \[Fakes —— ggHH SM x 100 o 2 Izz Single Higgs [\ Fakes —— ggHH SMx 100 o 20 lwz Smaler bkg Izz —— ggHH SMx 100
Izz gumenam(y 4 bata  —— qaHH SMx 1000 2 T @uncenamy 4 bata —— qqHH SM x 1000 Nrekes %unceﬂaml‘{ 4 oaim —— qqHH SM x 1000
15
15
10
10
ot o \ x& |
A\
of o Ao
< c c
S.2 S.2 s 2
E§1-5E1 + t i 4 P ] g§1-55| i | I W 1.3 g§1-5l I
Sgoéé i Sgo.ég LR ) — i S§0.§
573 2 a0 1 2 3 g V3 2 4o 1 2 3 R I 1 2 3
™ ¢ A
CMS Workin Progress 3¢ + 1 1, (zzer) 137 fb (13 TeV) CMS Workin Progress 3¢+ 17,8cr) 137 fbo! (13 TeV) CMS Workin Progress 3¢ + 11, (FakecR) 137 fb'' (13 TeV)
g 250 Comersons [z X L TorHr S 100 % 100 F wz | [conersons | smaler bkg Total HH SMx 100 | ‘E T+ x Pcomersors. | Single Higgs ~— Total HH S x 100
I S ] e I N ] e 7
o [ s s [ smaterbig Fakes — ggHHsix 100 J O gl Izz single Higgs [\ Fakes — gaHHSMx 100 o o lwz Smaler bkg Izz —— ggHH SMx 100
200 - Wz BJuncerainy § paa — qarHsmMx 1000 ] [ [rrex Buncerany 4 paia —— qaHHSMx 1000 | Nreces Funcorany 4 oaa —— qaHH SM x 1000
150 - E 60 ]
100 f§ | 40 _‘_f
E RRRRRRRRARRRRRRARRARE

o E
c 0 + c 0 + c 0
2 2 2
8gogf IR L) S | £ - S | ]
5 -1.5 -1 -0.5 0 0.5 1 15 o -15 -1 -0.5 0 0.5 1 1.5 5 -1.5 -1 -0.5 0 0.5 1 1.5
Q(ry) Q(ty) Q(ry)

Figure 7.10: Distributions of pr, 17, ¢ and charge of the 1, in the 3¢+ 11, ZZCR (left), the 3/ 4 11, BCR (center)
and the 3¢+ 17, FakeCR (right) as defined in Tab.7.8. The distributions are shown for Run 2 combination of the
2016, 2017 and 2018 dataset.The shown uncertainty bands corresponds to statistical uncertainty contributions only.

116



CMS Work in Progress 3¢ + 11, (zzcr) 137 fb! (13 TeV) 20 CMS workin Progress 3¢+ 11,(8cR) 137 fo (13 TeV) 20 CMS Work in Progress 3¢ + 11, (FakecR) 137 fb" (13 TeV)
@ 120 T T IEARRARARNA) %) £ RS AR AR AR ) Ra=) AR TR AR
= b Hcomersions [ljwz TT+X —— Total HH SMx 100 | = [ Pwz  [Bconversions | smallerbkg —— Total HH SM x 100 € 77+ x W conversions [ Singie Higgs —— Total HH SM x 100
[ L y ] [ L . [}
3 100 [ [singie tiggs [T smater kg Fakes —— ggHHSMx 100 ] o BE lzz singl Higgs JFakes —— ggHH SM x 100 o Iwz ‘Smaller bikg Izz —— ggHH SM x 100
L Izz guncer\am\y { bata —— qaHHSMx 1000 ] E [rmex[Euncerainy 4 pata —— qqHH SM x 1000 Nrakes @umenﬂmly = —— qqHH SM x 1000
80 — — 20— 20
60 ? 3 15 ff- 15
40— i 10
20 — 5

NN
ST

0 - . G| 1 o 0
c c c
S.2 S.2 S.2
gl51s . als12 | AT TR O AT | L o513
Séo'é 8§0§ LR b L G T | 1 g§0_§ it S
g5 0 20 40 60 80 100 120 140 160 180 200 5 0 20 40 60 80 100 120 140 160 180 200 S 0 20 40 60 80 100 120 140 160 180 200
p#' [GeV] p#‘ [GeV] p’;‘ [GeV]
CMS Work in Progress 3¢ + 11,(zzCR) 137 fb! (13 TeV) CMS Work in Progress 3¢ + 11,(8cR) 137 ! (13 TeV) CMS Work in Progress 3¢ + 11, (FakeCR) 137 o' (13 TeV)
*2 .Conver‘swans W X Toral HH SN« 100 ‘E 30 E v Weorversons | smater okg' — Tatal i s 100 ‘g 22 11+ x Blconversons | Snge Higgs | —— Total HH SM x 100
o 70 N [ £ ~ | o 20
u>J Single Higgs | Smaller bkg [ Fakes —— ggHH SMx 100 u>J 0 E lzz single Higgs JFakes —— ggHHSMx100 o 18 IWZ ‘Smaller bkg Izz —— ggHH SM x 100
60 Izz guncenam\y § Data —— qqHH SMx 1000 E cortainty  { Data — qaHHSMx 1000 ] 16 £ NFrkes @umenamly = —— qqHH SM x 1000
20 E
15F E
"oF # E
sE - I
C | N\ &\\«:&\

et
—
-
-
—)
utiu]

o =
SRS N

o =
oL ©

Data
Expectation
o =
oo
-
P
p
o
-
bkt
Data
Expectation
Data
Expectation

e e s

-2 -15 -1 05 0 05 1 15 2

-2 -15 -1 -05 0 05 1 15 2

CMS Work in Progress 3¢ + 11, (zzCR) 137 fb! (13 TeV) 30 CMS Work in Progress 3¢ + 11, (BcR) 137 ! (13 TeV) CMS Work in Progress 3¢ + 11, (FakeCR) 137 o' (13TeV)
‘2 60 [ [oowertors vz TToX L Total HH St 100 ‘E wz [ Conversions || Smallor kg —— Total HH SM x 100 g 22 T+ x [l coversins [} Hiags —— Total HH Sk 100
[ - [ . o 20
& 50 smatertkg [ single Higgs NFakes —— ggHH SMx 100 o 25 lzz single Higgs Fakes —— ggHH SMx 100 o 18 Iwz Smaller bkg Izz —— ggHH SM x 100
Izz @unwnamw § Data —— qaHH SMx 1000 Juncerainty ¢ oata —— qqHH SM x 1000 16 £ NFrakes @umenﬂmy (= —— qqHH SM x 1000
40 20 14
12
15
3 10
20l ] 10 :
10 5%
c 0 c 0 c 0
S.2 S, 2 S, .2
o518 PR 3R A 1 1 3 o518
5|5 ©| o 1 T T\ 5
5 go.é 3 30.§§ t (S5 8 3o.§
3 =73 =2 4 0 1 2 3 X

Figure 7.11: Distributions of pt, 1 and ¢ for the leading muon in the 3¢ + 17, ZZCR (left), the 3/ 4 11, BCR
(center) and the 3¢+ 11, FakeCR (right) as defined in Tab. 7.8. The distributions are shown for Run 2 combination
of the 2016, 2017 and 2018 dataset.The shown uncertainty bands corresponds to statistical uncertainty contributions
only.

117



CMS Work in Progress 3¢ + 11, (zzcR) 137 fb (13 TeV) CMS Workin Progress 3¢+ 17,8cr) 137 fbo' (13 TeV) CMS work in Progress 3¢ + 17, (FakecR) 137 fo™' (13 TeV)

j23 T T T T = [Z2] T T T T T [} T T T T T
€ 180 .Convevsmns wz TT+X = Total HH SM x 100 < wz .Convelsmns Smaller bkg —— Total HH SM x 100 € 50 T+ X .Cunversmns Single Higgs  —— Total HH SMx 100
° 3] °
\ S
I 160 smaterkg [ single Higgs Nrakes —— goHH SMx 100 o 50 Izz Single Higgs [\ Fakes —— ggHH SMx 100 o lwz Smaler bikg Izz —— ggHH SMx 100
0- g
140 Izz certainty  § Data  —— qaHH SMx 1000 40 T guncer\am\y 4 pata —— qqHH SM x 1000 Nrekes %umenaml‘( 4 oaim —— qqHH SM x 1000

120 E 1 ]
100 E B 1
80 E 3 E
60 E E 1
40 E E =
F g E : ]
c 0 - ' c 0 c 0
5.2 5.2 5.2
o515 | PN X | o518 o515 ¢
&803 LA M L T L :
X o 20 40 60 80 100 120 Z o 20 40 60 80 100 120 X 0 20 40 60 80 0
iz [GeV] P2 [GeV] P2 [GeV]
CMS Workin Progress 3¢ + 11, (zzcr) 137 fb' (13 TeV) CMS Workin Progress 3¢+ 11, 8cr) 137 fbo! (13 TeV) CMS Work in Progress 3¢ + 11, (FakecR) 137 fo'" (13 TeV)
2 45 E Woomersons [{wz | [ITT+x' — Toat o s 100 2 ey Convorsons. || Smaler 9| —— Total HH SN x 100 1 2 P Er S Wcomesons [srotetors ' Taain s 00 ]
19 5 [ - - @ |
) Single Higgs | Smaller kg \[Fakes —— ggHH SM x 100 U>J E Izz single Higgs [\ Fakes —ggHHsMx 100 u>J 12 lwz Smaller bikg Izz — ggHHsMx 100 ]
35 Izz guncenamty 4 Data —— qaHH SMx 1000 20 F [rrex guncenamy 4 bata — qaHHSMx 1000 —| N %Uncenamw 4 oaim —— qaHHSMx 1000 ]
E ] 10 B
30 r 1 |
2 3 E =
2 L | A
0 10 4 3
15 5 1 E
10 5L ’ 3 ]
5 ] 1
0 BN\ 0 = 0 |
c c c
S.2 S, .2 5.2
L APa i £ 1] e — ‘o o
©| o ¥ 1 T t ©| o ©| o
&lgoglt i 1 g I 5303
X 2 15 -1 05 0 05 1 15 2 X 2 45 -1 05 0 05 1 15 2 X 2 45 -1 05 0 05 1 15 2
nﬂz r,ﬂz ,7“2
CMS Workin Progress 3¢ + 1 1, (zzer) 137 fb" (13 TeV) CMS Workin Progress 3 + 11, 8cr) 137 fbo' (13 TeV) CMS Work in Progress 3¢ + 11, (FakecR) 137 fb'" (13 TeV)
‘2 60 [ [fconeres oz | S ags L Totl HH SM x 100 ‘2 25 "l [ onersons | smater g — Totl 1 shax 100 ‘E 16 "It P corversons [WsingleFioss —— Total tH Shax 100
2 N 2 N 2
o 50 TTax Smaler big Fakes —— ggHH SM x 100 k1 Izz singlo Higgs [Fakes —— ggHH SMx 100 D 14 lwz Smaler bkg Izz —— ggHH SMx 100
gumenmnly § oaa —— qqHH SM x 1000 20 T @uncenamy 4 bata —— qqHH SM x 1000 12 Nrekes %unceﬂaml‘{ 4 oaim —— qqHH SM x 1000
40
15 10
30 s
1
20 0 6
““““ 4
10 5

c 0 c 0 c 0

S.2 S.2 5. 2
E§1'5E 4 ' L } } ;é £§1'5E 1 1 | 1 1 L ! o518
&lgogl? Slgogf i 1 LI - U

58 =2 1 o0 T2 3 g8 2 a1 0 T2 3 &

Figure 7.12: Distributions of pp, 1 and ¢ for the subleading muon in the 3¢+ 11, ZZCR (left), the 3¢+ 11, BCR
(center) and the 3¢+ 11, FakeCR (right) as defined in Tab. 7.8. The distributions are shown for Run 2 combination of
the 2016, 2017 and 2018 dataset. The shown uncertainty bands corresponds to statistical uncertainty contributions
only.
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Figure 7.13: Distributions of pr, 1 and ¢ for the leading electron in the 3¢+ 11, ZZCR (left), the 3¢+ 17, BCR
(center) and the 3¢+ 11, FakeCR (right) as defined in Tab. 7.8. The distributions are shown for Run 2 combination of
the 2016, 2017 and 2018 dataset. The shown uncertainty bands corresponds to statistical uncertainty contributions
only.

119



CMS Work in Progress 3¢ + 11, (zzcR) 137 fb (13 TeV) CMS Workin Progress 3¢+ 17,8cr) 137 fbo' (13 TeV) CMS work in Progress 3¢ + 17, (FakecR) 137 fo™' (13 TeV)
12 3 12 B 12}
z 300 .Cnnv‘evswons w‘z TT+X jus Total HH S‘M x100 7 = 100 wz ! .Convels‘mns Sm;\\ev bkg pN Total HH S‘,M x100 — € 70 YT1>‘< .Cunversn‘ons Smg\‘e Higgs T Total HH S‘M %100 4
<4 3 = ) g o
o Single Higgs | Smaller kg \[Fakes —— goHH SM x 100 E o Izz Single Higgs [\ Fakes —— ggHHSMx 100 7 D 60 lwz Smaller big Izz —— ggHH SM x 100
250 I - gUm ey Oata —— qaHH SM x 1000 —E 80 TTex gu"cenaymy § Data —— qaHH SM x 1000 7: 0 Nrekes gumnam § oaa —— qaHH SM x 1000
200 3 ]
150 § = ]
100 = ]
50 | E E
oF = 0 -
5.2 5.2 S
oz 1.5 4 o715 ol®
880 g (g0 38
a b o oY [=] 2
5 0 20 40 60 80 100 120 5 0 20 40 60 80 100 120 i
(=
P [GeV] P [GeV]
CMS Workin Progress 3¢ + 11, (zzcr) 137 o' (13 TeV, CMS Workin Progress 3¢+ 11, 8cr) 137 fbo! (13 TeV) CMS Work in Progress 3¢ + 11, (FakecR) 137 fo'" (13 TeV)
[Z] F = j23 E 3 [2]
€ E .Cenvev;mns W X = Total HH SMx 100 B € 16k .Cunvelsl‘mvs Wz | Smaterike | —— Total HH SM x 100 E e 12 . x Wcomersions || Sigle Higgs | —— Total HH M1 x 100 -
2 E N E S E N E 2 £ E
O E- [omatersio [{srtetoss Nraos — gohsuxio0 5 G 4k Izz singoioos rakes  —— ggHH SMx 100 3 3 10 lwz Smaler bikg Izz — ggHHsMx 100
25 Izz ncertainty  § Data  —— qgHH SMx 1000 12 E [rax corany ¢ pata —— qaHHSMx 1000 3 Fakes %uncenaml‘{ § oaa —— qqHHSMx 1000 o
F 1 £ | 81 |
20 e E r ]
151 E e E i E
E 1 6F 4 L 3
10 o | 4 E E F .
S . e B 4= - C ]
5 2F = n ]
c 0 i - c 0 . c
5.2 s.2 S
o515 | T 1 f { f I l o513 RS
¥
EE [ ! i &30,
= 2 -15 -1 05 0 05 1 15 2 = i 2 -15 -1 05 0 05 1 15 2
n° ne
CMS Workin Progress 3¢ + 1 1, (zzer) 137 fb" (13 TeV) CMS Workin Progress 3 + 11, 8cr) 137 fbo' (13 TeV) CMS Work in Progress 3¢ + 11, (FakecR) 137 fb'" (13 TeV)
[Z] T T T T T T [Z2] ET T T T T T j2} B T, T T T
z Conversions [ WZ TT+X —— Total HH SM x 100 € Conversions [l wz Smaller bkg Total HH SM x 100 c TT+X [ Conversions | Single Higgs = Total HH SM x 100
z \ s N 2
O smallertig [ single biggs [JFakes —— gohH SM x 100 o 2 singoioos [Fakes  —— ggHH SMx 100 o Pz [ smaerve Pz —— ggHH SM x 100
ceranty  § Data —— agHH SMx 1000 cotainy 4 Dan  —— qgHH SMx 1000 Fakos [fJuncenany 4 pata —— qaHH SM x 1000
8
6
4
2
c c 0 c
S,2 T S.2 S
E§1-5E1 } { " i3 gl515 e, Eelhss
1 t
lgogf 7 L ] &g i
] -2 -1 0 1 2 3 ] -2 -1 0 1 2 3 =
2 #*

Figure 7.14: Distributions of pp, n and ¢ for the subleading electron in the 3¢+ 11, ZZCR (left), the 3¢+ 11, BCR
(center) and the 3¢+ 11, FakeCR (right) as defined in Tab. 7.8. The distributions are shown for Run 2 combination of
the 2016, 2017 and 2018 dataset. The shown uncertainty bands corresponds to statistical uncertainty contributions
only.
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Figure 7.15: Distributions of py, 1 and ¢ for the lepton with the third highest pr in the 3¢ 4 11, ZZCR (left), the
3¢+ 17, BCR (center) and the 3¢+ 11, FakeCR (right) as defined in Tab. 7.8. The distributions are shown for Run 2
combination of the 2016, 2017 and 2018 dataset. The shown uncertainty bands corresponds to statistical uncertainty
contributions only.
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Figure 7.16: Distribution of the visible Di-Higgs mass mﬁSH, the invariant mass of both selected leptons and taus
for the 2¢ + 21, FakeCR. The distributions are shown for the 2016, 2017 and 2018 datasets. The shown uncertainty
bands corresponds to statistical uncertainty contributions only.
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Table 7.8: Selection criteria for the three control regions used for the 3¢ + 1t;, channel. The fake enriched 3¢+ 11, BCR and 3¢+ 11, FakeCR as well as the ZZ dominated 3¢+ 17,
ZZCR are all obtained by inverting one of the selection criteria of the 3¢ 4 11, channel described in Sec. 6.5.1 and summarized in Tab. 6.13. The changed criteria, the Z boson mass
requirement, the b-tag and the lepton + 1, charge requirement are marked in red for the given CR.

Criterion 30+ 11, 27ZCR 3¢+ 11, BCR 30+ 1t FakeCR
Tight ID leptons 3 3 3

Lepton py > 25/15/10 GeV > 25/15/10 GeV > 25/15/10 GeV
Tight ID 7, >1 >1 >1

Tau pr > 20 GeV > 20 GeV > 20 GeV

deep Tau WP (vs Electrons) WP-VLoose WP-VLoose WP-VLoose

Tau |n| veto 1.460 < |n| > 1.558 1.460 <|n| > 1.558 1.460 < |n| > 1.558
Low mass resonance veto any my'® < 12 Gev any my® '™ < 12 Gev any my'® < 12 Gev

7 mass requirement
b-jet Veto
Charge Sum

at least one t:,wmom, LooseD _ . | < 10 GeV
any DeepJet-M or > 1 Deeplet-L b-tag

O(t,) +X:0(4)=0 O(ty) +X:0(4)=0

no Deeplet-M or < 2 Deeplet-L. b-tag any DeepJet-M or > 1 DeepJet-L b-tag

0(ty) + X Q(4)| > 0
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Process 2016 2017 2018 Run2
Fakes 29.71£3.37 31.814+3.82 48.55+4.70 | 110.07£6.93
77 0.40+0.01  0.35£0.01  0.5240.02 1.284+0.02
Single H 0.01+£0.01  0.09£0.08  0.5440.24 0.65+0.26
tt+X —+— —+— 0.01+£0.01 0.02+0.01
Conversion 0.02+0.02 —+— 0.05+0.03 0.07+0.04
Other Backgrounds 0.04£0.02  0.05+0.02  0.05%+0.03 0.15+0.04
Total expected background | 30.194+3.37  32.3+3.82 49.724+4.70 | 112.224+6.93
Data observed 45 37 45 127

Table 7.9: Expected and observed yields in the 2¢ 421, FakeCR for the years 2016, 2017 and 2018 as well as their
Run 2 combination. The given uncertainty corresponds to statistical uncertainty contributions only.

Table 7.10: Expected and observed yields in the ConversionCR for the years 2016, 2017 and 2018 as well as their

Process 2016 2017 2018 Run2
Fakes 64.6+8.2 46.1+7.7 61.0+9.6 | 171.7+14.8
77 20.440.1 11.3+0.1 21.6+0.1 53.240.2
WZ 40.5+1.2 22.9+1.1 40.1£1.2 | 103.6+2.0
Single H 1.05+0.34  0.44+0.25 0.9940.36 | 2.4840.55
tt+X 0.11+0.02  0.07+£0.01  0.1140.02 | 0.29+0.04
Conversion 179.9£13.4 105.0+8.1  138.9+12.6 | 423.84+20.1
Other Backgrounds 13.7+4.0 6.0£2.2 11.0+4.8 30.746.6
Total expected background | 320.2+16.3 191.64+11.4 273.9+£16.5 | 785.7+£25.9
Data observed 284 179 247 710

Run 2 combination. The given uncertainty corresponds to statistical uncertainty contributions only.
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Figure 7.17: Distribution of the three lepton mass Mot in the ConversionCR. The distributions are shown for

the 2016, 2017 and 2018 datasets. The shown uncertainty bands corresponds to statistical uncertainty contributions

only.
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7.4 Results of the HH — Multilepton Analysis

In the following the results of the HH — Multilepton analysis on both resonant HH as well
as non resonant HH production are discussed as made public in [4] . Sec.7.4.1 presents the
results for the 3¢ + 11, channel while Sec.7.4.2 shows the results for the combination of all
seven Multilepton channels.

The presented results are also planned to be published with slight modification in [160].

7.4.1 Results of the 3/+ 17, channel

Fig.7.18 shows a postfit BDT output distribution in the 3¢ 4 11, channel for a combined fit on
all HH — Multilepton channels and the two control regions as discussed in Sec. 7.2. No signifi-
cant deviation from the background hypothesis is found. Within the most signal enriched bin, 6
events are found of which two exceed a BDT score of 0.85. One of these is shown in Fig. 6.2 at
the beginning of Sec. 6.

The cross section limits on resonant ggHH production as extracted in the 3/ + 1t} channel
are shown in Fig.7.19 and Fig. 7.20 for heavy spin-0 and spin-2 resonances. In the mass range
250 GeV-1 TeV, no deviation from the background only hypothesis can be observed. Overall the
limits for the spin-2 case are found to be slightly stronger than for the spin-0 case. Production
cross sections for a new heavy resonance decaying into a pair of Higgs bosons can be excluded
in the range of 2.8 pb-440 fb depending on the mass of the heavy resonance. The limits at higher
masses are stronger due to the correspondingly higher signal acceptance and better BDT perfor-
mance. Despite this, the overall mass dependence of the limits in the 3/ 4 11, channel is quite
small compared to other channels (see Sec.7.4.2) and analyses (see Sec.7.5.1). This makes the
3¢+ 17, channel an important contributor for low mass scenarios.

CMS Preliminary 3¢ + 11, 1381fb" (13 Te

L L L B L I B

\\IMisid. leptons [l zz Single H
Other Bkg. . Wz . Conversions

§Z§ Uncertainty f Data — SM HH x 30

Events
w
[$;]

HH“HX“HLV

“HHHH“HH

Data
Expectation

i . gt :

”*LW v L i ¥
2 3 4 5 6 7

Bin number

Figure 7.18: Distribution of the output for the JHEPO4BM?7 tuned 3¢ + 1t, nonRes BDT. The binning is chosen
such that the background prediction is approximately flat. The plot shows the Run 2 combination as a linear sum of
the 2016, 2017 and 2018 postfit distributions from the combined fit to all HH — Multilepton channels and the two
CR distributions for SM like ggHH + qqHH signal. For better visibility, the signal shown corresponds to 30 x the
SM signal strength while the best fit value for the signal strength modifier corresponds to # = 6 /Gy, = 1.963?9'27.

( made public in [4] )
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Figure 7.20: Expected and observed cross section limits at 95% confidence level (CL) on resonant HH production
for a heavy spin-2 resonance in the mass range 250 GeV - 1 TeV. Left: For the full Run 2 data collected in the
3¢+ 17, channel. Right: For the data collected in the 2016, 2017 and 2018 separately compared to the Run 2 result.

Fig.7.21 shows the limit on SM like non-resonant HH production. For the limit on the corre-
sponding cross section, theoretical uncertainties on the SM HH cross section are frozen, yielding
an observed (expected) 95% confidence level (CL) upper limit on the total HH cross section for
SM kinematics of 1.40pb (1.92 pb). The observed (expected) limit on the SM HH production
rate is 45.2 x oiy1 (63.0 X o).

Fig. 7.22 shows the 95% CL upper limit on the non-resonant HH production cross section and
signal strength modifier r = oy / Gﬁlﬁo as a function of k. Overall cross section limits between
about 3 pb for high x; scenarios and 2 pb for k scenarios in the interference region are extracted.
The slightly lower performance for high k; is expected as these correspond to a softer myy mass
spectrum where both signal acceptance and BDT performance are lower. Similar as for the lim-
its on resonant HH, the limits for different k, are very uniform, delivering comparatively strong
limits in the difficult high |k, | regime. From the limit on r, the observed (expected) 95% CL
limit on the Higgs boson trilinear self-coupling modifier k; is found to be —13.00 < x; < 16.75
(—1291 <K <16.93).

In the SM the ggHH production cross section depends both on the trilinear Higgs boson self-
coupling modifier k; as well as the coupling between Higgs boson and top quark x;. Fig.7.23
shows a two dimensional limit scan in K -k;. Both the limits on k; and x; as well as their best
fit value are found to be in agreement with the SM.
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Figure 7.21: Limits on SM like HH production in the 3¢+ 11, channel for the years 2016, 2017 and 2018 as
well as their combination. Left: The 95% confidence level (CL) upper limit on the signal strength modifier » =
o(pp — HH)/ogy. Right: The limit on the corresponding HH production cross section. For the cross section
limit, theoretical uncertainties on ogy, are frozen. For both limits the SM tuned output of the 3¢+ 11, nonRes BDT
is used.
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Figure 7.22: Left: The 95% CL upper limit on the HH signal strength modifier r = G5y /Oy (). The intersection
of the limit with the line at one correspond to the observed (expected) limit on k; of —13.00 < k) < 16.75(—12.91 <
k3 < 16.93). Right: The HH production cross section(on the right) as a function of k; . For the cross section limit,
theoretical uncertainties on Oy, are frozen. For both limits the JHEPO4BM?7 tuned output of the 3¢+ 11, nonRes
BDT is used.
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Figure 7.23: Limit at 95% CL on non-resonant HH production in the k; -k; space for the 3¢ + 11, channel . The
coupling point (k; = 1, k;, = 1) corresponding to the standard model as well as the best fit value for k; , k; is shown
as well. For reference the theory cross section is given in contour lines. For this scan, the JHEPO4BM?7 tuned output
of the 3¢+ 11}, nonRes BDT is used.
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Figure 7.24: The 95% CL limits in the 3¢+ 17, channel on the coupling strength modifier for non-resonant qqHH

production 7 yy = Oqqun/ Ggﬁ_’m for different values of the coupling c,y,. The intersection of the limit with the

line at one corresponds to the observed (expected) limit on ¢y, of —5.73 < ¢y < 7.86 (—6.68 < ¢y < 8.83).

Fig.7.24 shows the 95% CL limits on the coupling strength modifier for non-resonant qqHH
production 7y = Ogqmn/ Gctll:ffIH for different values of the coupling c,y,. As described in pre-
vious sections, the presented analysis is not very sensitive to this VBF like HH production and the
observed (expected ) limits on ryp for SM like qqHH production is found to be 1880 x GSQ%IH
(2036 XGSQAHH ) and an observed (expected) 95% CL limit on ¢y, of —5.73 < ¢y < 7.86
(—6.68 < ¢y < 8.83) can be placed.

Limits at 95% CL on the ggHH production cross section for the different EFT BM scenarios
discussed in Sec. 6.2.4 are shown in Fig.7.25 and Fig.7.26 for both the JHEP0O4 and JHEPO3
set of benchmark points. Overall cross section limits in the range between 734 fb and 2.6 pb are
found. Only a small dependence of the limit strength on the different physics cases is found,

underlining the importance of this channel for more difficult BM scenarios like JHEPO4BM?7
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Figure 7.25: Limits for the 3¢+ 11, channel at 95% CL on the ggHH production cross section for the EFT bench-
mark scenarios features in [28] (JHEPO4BM1-12) and [20] (JHEP0O4BMS8a) as discussed in Sec. 6.2.4. Left: For the
full Run 2 data collected in the 3¢+ 11, channel. Right:For the data collected in the 2016, 2017 and 2018 separately
compared to the Run 2 result.
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Figure 7.26: Limits for the 3/ + 11, channel at 95% CL on the ggHH production cross section for the EFT bench-
mark scenarios features in [134] as discussed in Sec. 6.2.4. Left: For the full Run 2 data collected in the 3¢+ 11,
channel. Right:For the data collected in the 2016, 2017 and 2018 separately compared to the Run 2 result.

corresponding to a soft myyy spectrum.

As discussed in Sec. 7.2.1 a physics model is developed for limit scans in the EFT coupling
parameter ¢,. Fig.7.27 shows the 95% CL upper limit on the HH production cross section
and signal strength modifier r = oyyy/ Gﬂlﬁo as a function of ¢,. Overall the cross section lim-
its are very similar across the displayed range in ¢, and vary between about 1.5 pb for high ¢,
scenarios and 2 pb for scenarios with small ¢,. The slightly higher performance for high ¢, is
expected as these correspond to a more energetic myy mass spectrum. From the limit on , the
observed (expected) 95% CL limit on the Higgs boson EFT coupling parameter ¢, is found to be
—1.79< ¢y <221 (—1.95< ¢, <2.39).

Fig. 7.28 shows two dimensional limit scans in ¢,-k; and ¢,-k; . The limits on k;, k; and ¢, as
well as their best fit value are found to be in agreement with the SM.

128



.
A

T

CMS Work in progress 30+ lTh 138 b1 (13 TeV) CMS Work in progress 30+ lTh 138 fb (13 TeV)
A A A A A e A AR AR A R R B e e L AL IV
F - 68% CL expected —— Observed - 68% CL expected —— Observed
[ i ] 6 )
------- 95% CL expected ~ ----- Median expected | === 950% CL expected  ------- Median expected

5 —‘ Theoretical prediction

[y
o

95% CL upper limit on o, /afhe
I
3

[

95% CL upper limit on a(pp - HH) [pb]

theo

Figure 7.27: Left: The 95% CL upper limit on the HH signal strength modifier r = oy /05y (1). The intersection
of the limit with the line at one corresponds to the observed (expected) limit on ¢, of —1.79 < ¢, <2.21 (—1.95 <
¢y < 2.39). Right: The HH production cross section as a function of ¢,. For the cross section limit, theoretical
uncertainties on Oy, are frozen. For both limits the JHEP04BM?7 tuned output of the 3/+ 11, nonRes BDT is used.

CMS Workinprogress_ 3£+ 17y 138 " (13 Tev)

. 20 CMS workin progress_ 3¢+ 1ty 138 1b*(13 Tev)

I3
o

- Excluded (observed) ------- Excluded (expected) ] YL | | Excluded (observed) -~~~ Excluded (expected) ]

T

I

15-  + Bestfitvalue - 68% CL expected + Bestfitvalue - 68% CL expected

| I

¢ Standard model =~ - 95% CL expected

¢ Standard model o 95% CL expected

L

I I I Lt I I I I
-25 -20 -15 -10 -5 O 5 10 15 20 K25
A

Figure 7.28: Left: Limit at 95% CL on non-resonant HH production in the c,-k; space for the 3¢ 4 11, channel.
Right: Limit at 95% CL on non-resonant HH production in the k; -k; space for the 3¢ 4 11, channel. The coupling
point (¢, =0, K, = 1, k3, = 1) corresponding to the Standard Model as well as the best fit values for the given
coupling combination are shown as well. For reference the theory cross section is given in contour lines. For these
scans, the JHEPO4BM?7 tuned output of the 3¢+ 11, nonRes BDT is used.
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7.4.2 Results for the HH — Multilepton combination

The following presents the HH — Multilepton results as also reported in [4].
Fig.7.29 shows postfit BDT distributions for a combined fit with SM like ggHH + qqHH signal
to the JHEPO4BM7 tuned nonRes BDT output of all seven channels and the two CR distributions.
The displayed signal corresponds to 30 times the SM signal strength. The best fit signal strength
for the given scenario is 7 = 1.96399'27. While the 2/(ss) + 0/1 1}, and the 3/ 4 Ot, channel show
a small excess in the high BDT score region, no significant deviation from the background only
or the SM hypothesis is found. The corresponding postfit event yields for the signal regions
can be found in Tab. 7.11. More postfit distributions split by data taking year can be found in
Appendix F. Upper limits at 95% CL on resonant ggHH production for the combination of all
seven
HH — Multilepton event channels and the two control regions as well as for the individual
channels are shown in Fig.7.30 and Fig.7.31 for heavy spin-0 and spin-2 resonances in the
mass range 250GeV-1TeV. A small 0(1.5-2) o excess is observed for high mass scenarios
mostly originating from the 2/(ss) + 0/1 t;, and 3¢ 4- Oty channels. The access is visible over a
rather large mass range, which can be explained by the rather broad Di-Higgs mass resolution
of the HH — Multilepton event channels and the subsequent high correlation of BDT outputs
for close by mass scenarios (&' (100-200 GeV)). Overall the limits for the spin-2 case are found
to be slightly stronger than for the spin-0 case. Production cross sections for a new heavy res-
onance decaying into a pair of Higgs bosons can be excluded in the range of 1pb-200 fb de-
pending on the mass of the heavy resonance. The overall mass dependence especially for the
3¢+ vy, and 44 channels is quite small compared to other channels and analyses. This makes the
HH — Multilepton analysis an important contributor for low mass scenarios.
Fig.7.32 shows the limit on SM like non-resonant HH production. For the limit on the corre-
sponding cross section, theoretical uncertainties on the SM HH cross section are frozen, thus the
observed (expected) 95% confidence level (CL) upper limit on the total HH cross section for SM
kinematics amounts to 659 fb (598 fb) while the observed (expected) limit on the SM HH pro-
duction rate correspond to 21.8 x Gﬁ% (19.6 xoﬁ%). The strongest individual limit is observed
in the 3/ + 11, channel, while the best sensitivity for SM like production is given by the 3/ 4-Ot;
and 14+ 37, channels.

Fig.7.33 shows the 95% CL upper limit on the HH production cross section and signal strength
modifier r = opyy/ Gﬁ'ﬁo as a function of k3. Overall cross section limits between about 1 pb
for high |x; | scenarios and 500 fb for k; scenarios in the [J-A interference region are extracted.
Similar as for the result in the 3/ 4 11, channel, the slightly lower performance for high x is
expected as these values correspond to a less energetic mpypy mass spectrum. From the limit on
r, the observed (expected) 95% CL limit on the Higgs boson trilinear self-coupling modifier k;
is found to be —6.98 < k; < 11.17 (—6.98 < k; < 11.73). Fig.7.34 shows a comparison of
the limits on r and ¢ for the seven different channels and their combination. The overall most
sensitive channel is found to be 3¢ 4- Oty with strong contributions from 3¢+ 11, at highly pos-
itive k; and 144 3t at highly negative k. The strongest observed limit over most of the kj
range is given by 3¢+ 11, . Depending on the contribution of fermionic and bosonic Higgs boson
decays, the branching fraction scaling described in Sec. 2.3 leads to a tilt of the mostly flat cross
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Figure 7.29: Distribution of the output for the JHEPO4BM?7 tuned nonRes BDT for all seven HH — Multilepton
channels, from top-left to bottom right: the 24(ss) + 0/1 1y, 3¢ +0ry, 44, 30+ 11y, 20+ 21, 14+ 37,, and the 0/ + 47,
channel. The binning is chosen such that for the 2¢(ss) + 0/1 1y, 3¢ + Ot;,, and 4¢ channel (top row) the signal is
approximately flat and for the other channels the background is flat. The plots show the Run 2 combination as a linear
sum of the 2016, 2017 and 2018 postfit distributions from the combined fit to all HH — Multilepton channels and
the two CR distributions for SM like ggHH + qqHH signal. For better visibility, the shown corresponds to 30 x the
SM signal strength while the best fit value for the signal strength modifier corresponds to 7 = & /ogy = 1.965%?

( made public in [4] )
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Process 20(ss) + 0/1 7y, 304 0Ory, 40
SM HH — VVVV (x30) 729+ 1.6 33.0+ 0.7 223 +0.11
SM HH — VV1r (x 30) 30.8 £ 0.7 11.9+04 0.95 £ 0.07
SM HH — 1ttt (% 30) 27+0.1 1.0+ 0.0 0.10 £ 0.01
WZ 2013.7+17.2 13230+ 11.7 0.44 +0.06
77 122.6 +£ 0.5 1102+ 0.8 54.76 £ 1.59
Conversion 10019 +£60.8 1455+£114 0.89+£0.35
Fakes 3952.0 £ 81.3 6684 +£258 228+ 1.02
Flips background 366.4 +17.8 < 0.1 < 0.01
Single Higgs 2155+£2.2 61.6 = 0.6 242 +0.32
Other backgrounds 26719 £ 722  292.1+£105 3.97+0.22
Total expected background 10344.0 +86.1 2600.8 +£31.2 64.77 £ 1.74
Data 10344 2621 62
Process 00+ 47, 14431, 20427, 30+ 17y,
SMHH —-VVVV (x30) 0.26+£0.01 0.19£0.02 0.16£0.04 091 +0.05
SM HH — VV11 (x 30) 0.07£0.03 0.61+0.14 394+037 4.13+0.24
SM HH — 1ttt (X 30) 1.32£0.20 259+0.28 230+0.13 0.89 £0.05
WZ < 0.01 < 0.01 0.02+0.01 0.16 £0.01
77 0.70£0.05 191+£0.12 1856 +0.41 2429 +0.33
Conversion < 0.01 0.02+0.03 0.10+0.05 0.14£0.02
Fakes 149 £094 201 £142 3336+3.75 25.14+3.12
Single Higgs 0.38+0.13 0.76 £0.25 2.86+0.50 3.80+0.19
Other backgrounds 0.02+0.02 0.12+£0.04 211022 2.664+0.13
Total expected background 2.59 £0.96 4.82 +1.45 57.00£3.81 56.20+£3.23
Data 1 6 55 55
Process 3/CR 4/CR
WZ 12554.7 £ 56.3 <0.1
77 800.0 £6.4 2033.9 +20.0
Conversion 133.2 £ 8.1 29+0.1
Fakes 906.0 + 38.0 13.2+3.9
Other backgrounds 615.8 £14.2 587+ 1.6
Total expected background 15009.7 = 63.7 2108.6 £ 13.1
Data 14994 2096

Table 7.11: Event yields for each of the seven HH — Multilepton event channels and the two WZ and ZZ control
regions. The HH signal corresponds to 30 times the SM expectation for the sum of ggHH and qqHH. The yields
and uncertainties for the different backgrounds correspond to the complete Run 2 expectation obtained by summing
the postfit event yields for the 2016, 2017 and 2018 data taking periods. ( made public in [4] )

section limits either towards positive k; as in the HH — 4W dominated 2/(ss) + 0/1 t;, channel,
or negative k in case of the HH — 4t dominated 1/ + 3t channel.

Fig.7.35 shows a two dimensional limit scan in K -k;. Both the limits on k) and k; as well as
their best fit value are found to be in agreement with the SM.

Fig.7.36 shows the 95% CL limits on the coupling strength modifier for non-resonant qqHH

theo

production r .y = Oqquu/Oyqun for different values of the coupling c,y,. As described in

q
previous sections, the presented analysis is not very sensitive to this VBF like HH production
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Figure 7.30: Expected and observed cross section limits at 95% CL on resonant ggHH production for a heavy

spin-0 resonance in the mass range 250 GeV - 1 TeV. Left: For the full Run 2 data collected in the combination of
all seven event channels and the two control regions. Right: For the data collected in the individual event channels

separately, and compared to the combined Run 2 HH — Multilepton result. ( made public in [4] )
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Figure 7.31: Expected and observed cross section limits at 95% CL on resonant ggHH production for a heavy
spin-2 resonance in the mass range 250 GeV - 1 TeV. Left: For the full Run 2 data collected in the combination of
all seven event channels and the two control regions. Right: For the data collected in the individual event channels
separately, and compared to the combined Run 2 HH — Multilepton result. ( made public in [4] )

and the observed (expected) limits on r, gy for SM like qqHH production is found to be 360
X GSS/IHH (496 x ng/lHH ) and an observed (expected) 95% CL limit on ¢,y of —3.42 < ¢y < 5.56
(—2.73 < cyy < 4.83) can be placed. The displayed sensitivity is mostly delivered by the higher
statistics 20(ss) + 0/1 t;, and 3¢ + Ot;, channels.

Limits at 95% CL on the ggHH production cross section for the different EFT BM scenarios
discussed in Sec. 6.2.4 are shown in Fig. 7.37 and Fig. 7.38 for both the JHEP04 and JHEPO3 set
of benchmark points. An overview is also given in Tab. 7.12. Overall cross section limits in the
range between 200 fb and 1.2 pb are found.

Fig.7.39 shows the 95% CL upper limit on the HH production cross section and signal strength
modifier r = oy / Gﬁ‘ﬁo as a function of the EFT coupling parameter ¢,. Overall the cross sec-
tion limits are very similar across the displayed range in ¢, and very between about 1.5 pb for
high ¢, scenarios and 2 pb for scenarios with vanishing c¢,. The slightly higher performance for
high ¢, is expected as these correspond to a more energetic myy mass spectrum. As scenarios
corresponding to higher values of ¢, correspond to a more energetic myy spectrum, this mea-
surement takes most of its sensitivity from the 2¢(ss) + 0/1 1}, and 3/ + Oz, that also for resonant
HH provide the best sensitivity at high masses. From the limit on r, the observed (expected)
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Figure 7.32: Limits on SM like HH production for the different HH — Multilepton event channels as well as their
combination. Left: The 95% confidence level (CL) upper limit on the signal strength modifier 4 = r = 6(pp —
HH)/ogy. Right: The limit on the corresponding HH production cross section. For the cross section limit,
theoretical uncertainties on Ogy, are frozen. For both limits the SM tuned output of the nonRes BDT is used. ( left
figure made public in[4] )
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Figure 7.33: Left: The 95% CL upper limit on the HH signal strength modifier r = o(pp — HH)/0ogy. The
intersection of the limit with the line at one corresponds to the observed (expected) limit on k; of —6.98 < k; <
11.17 (—6.98 < k; < 11.73). Right: The HH production cross section as a function of the trilinear Higgs boson
self-coupling k; for the combination of all HH — Multilepton channels. For the cross section limit, theoretical
uncertainties on Gﬂlﬁo are frozen. For both limits the JHEPO4BM7 tuned output of the nonRes BDT is used. (right
figure made public in [4])
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Figure 7.34: Left: The 95% CL upper limit on the HH signal strength modifier r = Oy / oﬁl;f for the individual
HH — Multilepton channels and their combination. Right: The HH production cross section as a function of the
trilinear Higgs boson self-coupling k; for the individual HH — Multilepton channels and their combination. For

theo

the cross section limit, theoretical uncertainties on oyy; are frozen. For both limits the JHEPO4BM?7 tuned output
of the nonRes BDT is used. (right figure made public in [4])
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Figure 7.35: Limit at 95% CL on non-resonant HH production in the kj-k; space. Shown is the result of the

combination of all seven HH — Multilepton channels .

The coupling point (k) = 1, K, = 1) corresponding to the

Standard Model as well as the best fit value for k3, k; is shown as well. For reference the theory cross section is
given in contour lines. For this scan, the JHEP04BM7 tuned output of the nonRes BDT is used.
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Figure 7.37: Upper limits at 95% CL on the ggHH production cross section for the EFT benchmark scenarios
features in [28] (JHEPO4BM1-12) and [20] (JHEP04BMS8a) as discussed in Sec. 6.2.4. Left: For the combination of
all HH — Multilepton channels. Right: For the individual channels as well as their combination. ( made public in
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Figure 7.38: Upper limits at 95% CL on the ggHH production cross section for the EFT benchmark scenarios
features in [134] as discussed in Sec. 6.2.4. Left: For the combination of all HH — Multilepton channels. Right:
For the individual channels as well as their combination. ( made public in [4] )

Benchmark Obs. (Exp.) limit
JHEPO4 BM1 471 1b (354 fb)
JHEP04 BM2 205 tb (159 b)
JHEP04 BM3 571 fb (451 fb)
JHEPO4 BM4 687 tb (604 fb)
JHEPO4 BM5 442 tb (265 tb)
JHEPO4 BM6 750 b (588 fb)
JHEPO4 BM7 | 1102 b (1168 fb)
JHEPO4 BMS8 491 b (336 tb)
JHEPO4 BM9 547 tb (298 fb)
JHEP04 BM10 | 1005 fb (867 fb)
JHEPO4 BM11 | 801 fb (576 fb)
JHEPO4 BM12 | 9101fb (910 fb)
JHEPO4 BM8a | 611 1b (354 1fb)

Benchmark Obs. (Exp.) limit
JHEPO3 BM1 | 898 fb (656 tb)
JHEPO3 BM2 | 837 fb (635 tb)
JHEPO3 BM3 | 539 fb (294 fb)
JHEPO3 BM4 | 563 fb (438 fb)
JHEPO3 BMS5 | 557 tb (313 fb)
JHEPO3 BM6 | 665 fb (521 tb)
JHEPO3 BM7 | 530 fb (282 tb)

Table 7.12: Observed (expected) 95% CL limits on the gg HH production cross section for the twelve EFT bench-
mark scenarios from [28], the additional EFT benchmark scenario 8a from [20] and the seven EFT benchmark sce-
narios from [134]. The given limits correspond to the combination of all seven channels. ( made public in [4] )
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Figure 7.39: Left: The 95% CL upper limit on the HH signal strength modifier r = o/ Gﬂl . The intersection
of the limit with the line at one corresponds to the observed (expected) limit on ¢, of —1.06 < ¢, < 1.49 (-0.97 <
¢ < 1.37). Right: The HH production cross section as a function of the EFT coupling parameter c,. For the cross

section limit, theoretical uncertainties on Gﬂlg) are frozen. For both limits the JHEPO4BM?7 tuned output of the
nonRes BDT is used. ( right figure made public in [4] )

95% CL limit on the Higgs boson EFT coupling parameter ¢, is found to be —1.06 < ¢, < 1.49
(—0.97 < ¢, < 1.37). Fig.7.40 shows a two dimensional limit scan in ¢,-k;. The limits on k;
and ¢, as well as their best fit value are found to be in agreement with the SM.

7.5 Comparison to other HH results

The presented HH — Multilepton analysis is the first ever analysis targeting the HH — 4t and
HH — 2W2rt decay modes and the first analysis by CMS targeting HH — 4W decays. The most
similar analysis so far was published by the ATLAS collaboration in 2018 targeting HH — 4W
decays by analysing the ATLAS 2016 dataset of 36.1 fo! [161]. The ATLAS analysis features
a cut based approach in a total of 9 event channels targeting Multilepton decays into 2 same sign
leptons, three leptons and four leptons. Further subcategoriztion is performed by lepton flavor
and the number of opposite sign same flavor lepton pairs. Similar to the CMS HH — Multilepton
analysis, background contributions from prompt backgrounds are modeled by simulation while
background contributions from misidentified leptons and charge flipped leptons are estimated
from data. While the object selection and general event selection are similar, instead of a BDT
based approach, the event selection is tightened on four channel specific variables with a good
separation of signal and background events. In general, this makes the selection in the ATLAS
HH — 4W analysis more restrictive compared to the CMS HH — Multilepton analysis. For
the ATLAS 2/(ss) channel a total event yield of 57 events in 2016 is found, compared to the
2978 events that the CMS analysis features for the approximately same luminosity. In general
the background composition is very similar to the CMS Multilepton analysis with the 4¢ phase
space dominated by ZZ background and the 2¢ and 3¢ background consisting of mostly prompt
lepton backgrounds like WZ with strong contributions from lepton fakes. Observed (expected)
limits at 95% CL on the SM signal strength modifier of 160 (120) are placed. These compare
to an observed (expected) limit of 40.5(40.4) in the HH — Multilepton analysis for the same
luminosity. A dedicated comparison of resonant limits for both analysis using only the corre-
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Figure 7.40: Limit at 95% CL on non-resonant HH production in the ¢,-k; space. Shown is the result of all seven
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Figure 7.41: Comparison of upper cross section limits at 95% CL achieved for the CMS HH — Multilepton analysis
made public in [4] on the left and the ATLAS HH — 4W analysis pb published in [161]. For both results, only the
data collected in 2016 is used.

sponding 2016 CMS dataset of approximately 36 b~ ! is shown in Fig.7.41. Both results place
the CMS HH — Multilepton at a sensitivity about four to five times higher than the ATLAS
HH — 4W analysis. Ignoring smaller differences in detector performance and resolution, a fac-
tor of up to 2 can be attributed to the inclusion of more HH signal processes like HH — WW1trt
and HH — 1177 not considered in the ATLAS analysis. This leaves a factor of about 2-3 to the
inclusion of more phase space in the study of decay modes involving hadronic taus as well as the
use of multivariate analysis techniques in all 7 event channels.

The latest combination results for HH are given in [162] (ATLAS) and [163] (CMS) for the 2016
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Figure 7.42: Upper limits at 95 % CL on the signal strength modifier r = oyy/ GSI% for SM like non-resonant

HH production for different analyses using the 2016 datasets of CMS and ATLAS with 35.9 fb~! for CMS and
27.5-36.1fb"" for ATLAS, respectively. Both results for individual analysis as well as their combination within
each collaboration are shown as published in [162, 163]. The HH — Multilepton analysis presented in this thesis
was not yet available at the time of the 2016 combinations.

datasets, respectively. Fig. 7.42 shows the 95% CL upper limits on the SM signal strength mod-
ifier. The best individual results in both experiments have been achieved by analysis covering
the HH — bbbb, HH — bbtt and HH — bbyy final states. Both experiments place limits on
SM like non-resonant production at about 10 — 12 X og), or about two times the sensitivity in
the CMS HH — Multilepton search. The latter is in its sensitivity most comparable to the 2016
CMS and ATLAS searches covering the HH — bbyy final state. Regarding limits on the trilin-
ear Higgs boson self-coupling, both publications place the observed (expected) 95% CL upper
limits at —11.8 < k) < 18.8 (—7.1 < k3 < 13.6) for the CMS combination and —5 < k; < 12.0
(=5.8 < k3 < 12.0) for the ATLAS combination. This places the CMS HH — Multilepton
analysis at about the same or even slightly better sensitivity on k; than the ATLAS and CMS
combinations for the 2016 datasets. The cross section limits on non-resonant HH production for
both combinations as a function of k; is shown in Fig. 7.43. Fig.7.44 shows upper limits at 95%
CL on resonant HH production for the CMS and ATLAS combination of analyses for the 2016
datasets. The sensitivity for both experiments at low masses is comparable to that of the CMS
HH — Multilepton analysis with limits in the order of 1 pb. At higher masses the cross section
limits of the two combinations are about a factor of 5 (2 expected) times stronger, with limits of
about 40 fb at a resonant mass of 1 TeV compared to about 200 fb (80 fb expected).

7.5.1 Recent Results and Di-Higgs Boson Analysis Prospects

More recent results for non-resonant HH production utilizing the full luminosity of the LHC
2016-2018 Run 2 data taking period of about 140 fb~! have been released for the bbbb [164]
(qqHH only), bbtt [165], bbyy [166], and bblv{v [167] final states by the ATLAS collaboration
and the bbbb [90] and bbyy [92] final states by the CMS collaboration. An overview of these
results can be found in Tab. 7.13. With limits in the order of 5 X oy, or better, the CMS results
for the bbbb and bbyy and ATLAS results for the bbyy and bbrr final states, place the so far
strongest limits on non-resonant HH production and promise together with the upcoming results
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Figure 7.43: Upper limits at 95 % CL on the cross section for non-resonant HH production as a function of the
trilinear HH self-coupling modifier x; for a combination of analyses in the bbbb, bbyy and bb1r final states for
the CMS collaboration on the top and the ATLAS collaboration on the bottom. The CMS combination results also
contains the bbV'V final state. The theory cross section expectation for variations in k; is shown as well. For the
ATLAS analyses, also the results of the individual channels are shown. All results correspond to the 2016 datasets
of CMS and ATLAS with 35.9fb~! for CMS and 27.5 — 36.1fb~! for ATLAS, respectively [162, 163].

Experiment | luminosity [fbfl] decay mode limit 6 /0ogy; [exp.] allowed K [exp.])
ATLAS 36.1 4W —Multilepton 160 (120) -

ATLAS 27.5-36.1 Combination 6.9 [10] (-5.0)-12.0 [(-5.8)-12.0]
CMS 35.9 Combination 22.2[12.8] (-11.8)-18.8 [(-7.1)-13.6]
ATLAS 139 bbtrt 4.7 [3.9] -

ATLAS 139 bbbb 4.1[5.5] (-1.5)-6.7 [(-2.4)-7.7]
ATLAS 139 bblviv 40 (29) -

CMS 137 bbyy 7.715.2] (-3.3)-8.5 [(-2.5)-8.2]
CMS 138 bbbb 3.6 [7.3] (-2.3)-9.4 [(-5.0)-12.0]
CMS 137 Multilepton 22.3[19.8] (-7.3)-11.4 [(-7.0)-11.8]

Table 7.13: Overview of results on non-resonant HH production for the ATLAS HH — 4W analysis [161], the CMS
and ATLAS combinations of 2016 results [162, 163] as well as the most recent Run 2 results from ATLAS [165—
167] and CMS [90, 92] compared to the results of the CMS HH — Multilepton analysis [4]. All limits correspond

to 95% CL.
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Figure 7.44: Upper limits at 95 % CL on the cross section for resonant HH production as a function of the mass
of the new resonance y (S) for the combination of analyses in the bbbb, bbyy, bbtt and bbVV final states for
the CMS collaboration on the top and the bbbb, bbyy, bbtt, bbWW, WWWW and WWyy final states for the
ATLAS collaboration on the bottom. For the ATLAS analyses, also the results of the individual channels are shown.
All results correspond to the hypothesis of a heavy spin-0 resonance and use the 2016 datasets of CMS and ATLAS
with 35.9fb™" for CMS and 27.5 —36.1fb' for ATLAS, respectively [162, 163].
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Figure 7.45: Upper cross section limits at 95% CL on resonant H — Ak, production in the bbtr final state for
different masses of a new heavy resonance H in the range of 240 GeV to 3 TeV decaying into a SM Higgs boson
h and a second new resonance hg of variable mass between 60 GeV and 2 TeV. To display results for all mass
scenarios simultaneously the cross section limits for different masses of the heavy resonance H have been scaled by
an adequate factor as given in the figure. For m;, = 125 GeV results corresponding to resonant production of two
SM Higgs bosons are obtained [94]. '

in other HH final states a result, that previously was unexpected for the current luminosity. For
the trilinear Higgs boson self-coupling, it is apparent that while in the limit on SM like HH
production in the CMS HH — Multilepton analysis is about a factor of 3-4 less sensitive than
the leading bbbb and bbyy and bbtrt analyses, the results for BSM HH production, especially
at high x; are comparable and highly significant. The limits on k; are highly asymmetric with
stronger bounds on negative k; promising an exclusion of k; = 0 in the not so distant future. For
the next data taking period it might even be possible to reach sensitivity approaching standard
model like HH production.

The latest results for resonant HH production are presented in the CMS analysis studying the
bbrrt final state with the full Run 2 luminosity [94]. Limits are placed on y — HH| production1
for different values of resonant masses m, and my . They are shown in Fig.7.45. For my =
125 GeV results comparable to the results of the HH — Multilepton analysis are given. In the
low mass regime around m, =250 GeV the presented cross section limits are found to be around
100 tb for decays into a b-quark pair and an t pair corresponding to an upper limit on the y — HH
cross section of about 1.4 pb assuming SM Higgs boson branching fractions. For intermediate
mass scenarios with m, =500 GeV, upper cross section limits in the order of 10fb are found,
corresponding to an upper limit on the y — HH cross section of about 140 fb. Finally for high
mass scenarios with m, = 1 TeV cross section limits around 5 fb corresponding to limits on the
x — HH cross section of 70 fb are placed. This is comparable to the cross section limits achieved

'A different labeling/naming scheme is used in the bbtt analysis with H instead of y, & instead of H and h;
instead of H .
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in the CMS HH — Multilepton analysis where (expected) limits in the order of 900 fb - 200 b
(1 pb-80 fb) are placed over the same mass range.

7.6 Prospects and Outlook

As discussed in previous sections, the current CMS HH — Multilepton analysis is predominantly
limited by both the available amount of data and the availability of simulated events both for the
optimisation of multivariate analysis methods as well as the modelling of background. Higher
amounts of both simulated and recorded events will not only reduce the statistical uncertainties
and improve the quality of the data driven background estimation but will also allow for a more
sophisticated analysis. This can be, for example, in the form of further subcategorization both
by lepton flavor and the amount of same flavor opposite sign lepton pairs. Both quantities have
a strong influence on the contribution of background containing either prompt leptons or fake
lepton background and thus will allow a stronger focus on the individual background processes.
In the higher statistics channels also a stronger focus on qqHH production is possible, either by
the introduction of new event categories or the usage of MVA methods with multiclassification.
In analyses that are statistically limited, the usual gain with luminosity follows a square root law,
as the sensitivity of an analysis can be usually approximated by the significance S/+/S+ B with
the number of expected signal events S and the statistical error of the total expected event yield
V/S+B. As this does however not take into account indirect improvements in both background
prediction and analysis optimization available with more event statistics, the HH — Multilepton
analysis profits over proportionally from additional data, so that an almost linear gain can be
expected. Since the main strength of the presented analysis compared to analyses targeting other
final states lies in the constraint of HH production at low myy and subsequently high (positive)
K, the expected impact of the analysis on the overall HH effort will remain high at least for
the next data taking period of the LHC. However, as limits on the lower boundary of k; are
approaching 0 and the limits for SM like non-resonant production are approaching the sensitivity
needed to constrain SM HH production, the long term impact of the presented analysis will
decrease beyond that time frame and will mostly remain relevant in the search for BSM EFT
scenarios and searches for resonant HH production.

In general the amount of available HH results and BSM interpretations as shown in this thesis is
only ever increasing. In addition to the possible discovery of either SM or BSM like HH in the
not so distant future, analyses will start becoming sensitive to the measurement of differential
distributions allowing to constrain BSM effects even further. Without exaggeration it can be said
that the age of HH measurements has now really begun and interesting times are ahead.
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Summary and Conclusion

This thesis presented the search for rare Higgs boson production phenomena at the LHC using
data of the CMS experiment with proton-proton collision data collected in the years 2016-2018
with a total luminosity of 137 — 138fb ' at a center of mass energy of /s = 13 TeV.

The main topic of this thesis is the CMS HH — Multilepton analysis [4] where both results for
non-resonant and resonant HH production where obtained. It focuses in particular on:

* the analysis of the 3/ 4 17, final state.
* the combination of all seven multilepton final states.

* the interpretation of results in resonant production of Higgs boson pairs through the decay
of a heavy spin-0 or spin-2 resonance.

* the interpretation of results for Standard Model like non-resonant Higgs boon pair pro-
duction with modified trillinear Higgs boson self-coupling, modified Top-Yukava coupling
and modified VVHH quartic coupling.

* the interpretation of results in a 5 dimensional EFT parameter space.

The HH — Multilepton analysis was performed in seven different decay channels with different
multiplicities of electrons, muons and hadronic taus in the final state. For each channel a set of
three different parameterized BDTs was trained separating HH signal for the non-resonant and
resonant spin-0 or spin-2 HH production and the channel specific background processes. The
signal extraction is performed simultaneously on the adequately binned output of said BDT for
all seven channels and additionally kinematic distributions in two control regions, for the 2016,
2017 and 2018 LHC datasets of the CMS experiment. For the description of signal processes
as well as background processes containing prompt leptons simulated event samples are used.
For background processes involving misidentified leptons or 1, and charge flip backgrounds,
data driven methods such as the Fake-Factor method are used. For non-resonant HH produc-
tion the observed (expected) bound on the trilinear Higgs boson self-coupling modifier obtained
by this analysis can be placed at —6.98 < k) < 11.17 (—6.98 < k; < 11.73) and the observed
(expected) upper limit at 95% CL on SM like HH production can be set at 21.8 xcﬁ% (19.6
X cﬁ%). Limits on the upper cross section for non-resonant ggHH for a variety of EFT bench-
marks are set as well in a range between 200 fb and 1.2 pb. An observed (expected) limit on
the EFT coupling parameter ¢, describing the point interaction of two top quarks and two Higgs
bosons of —1.06 < ¢, < 1.49 (=0.97 < ¢, < 1.37) can be set as well. For resonant production
limits in the mass range 250 GeV < m, < 1000 GeV for both a new boson of spin-0 or spin-2
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decaying into a pair of SM Higgs boson have been obtained and range between 1 pb to 200 fb. In
comparison to other analyses the presented HH — Multilepton analysis shows particular strong
sensitivity for scenarios with a low Di-Higgs boson invariant mass or scenarios of high (positive)
K; . Within the HH — Multilepton analysis this is especially true for the 3¢+ 11, channel with a
sensitivity on the HH cross section of about 3 pb-600 fb depending on the physics case and a rel-
atively strong limit on the Higgs boson trilinear self-coupling modifier of —13.00 < k; < 16.75
(—12.91 < Ky, < 16.93).

In addition to the main focus of this thesis on the study of HH processes, smaller contributions
where made to the CMS H — up analysis [4] which was able to claim the first evidence for the
coupling between the Higgs boson and muons. The contribution to the H — pup analysis was
centered around a feasibility study for a dedicated category aiming at Higgs boson production
in association with hadronically decaying vector bosons. Both a cut based approach as well as
BDT based approach were studied. While a dedicated VH hadronic category did not enter the
current iteration of the H — pp analysis, it shows promise and the presented study will serve as
input for future iterations of the analysis.

Conclusion

The Run 2 data taking period was an exciting time for particle physics in general and Higgs
boson physics in particular. The presented thesis could make contributions to two of the most
interesting Higgs boson analyses, establishing the coupling of Higgs bosons to second genera-
tion fermions and putting strong constrains on the Higgs boson trilinear self-coupling and the
production of Di-Higgs boson pairs. Both analyses feature extremely rare signals, showing the
high levels of precision the LHC experiments are able to achieve with the current level of anal-
ysis techniques assisted by modern multivariate analysis tools that enable a surprisingly high
sensitivity for the current amount of collected data. With this level of sensitivity, the prospects
for future data taking are better than ever and the time of Higgs boson precision and Di-Higgs
boson measurements has now truly begun!
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Appendix

Appendix A HLT Trigger Paths (HH — Multilepton)

Category HLT path Used in 16/17/18
Double T, triggers HLT_DoubleMediumIsoPFTau35_Trkl_eta2pl_Reg vV IX/IX
HLT_DoubleMediumCombinedIsoPFTau35_Trkl_eta2pl_Reg vVIX/7X
HLT_DoubleMediumChargedIsoPFTau35_Trkl_eta2pl_Reg X/vIX
HLT_DoubleTightChargedIsoPFTau35_Trkl_TightID_eta2pl_Reg XIVIV
HLT_DoubleMediumChargedIsoPFTau40_Trkl_TightID_eta2pl_Reg X/ VIV
HLT_DoubleTightChargedIsoPFTau40_Trkl_eta2pl_Reg X/viIv
HLT_DoubleMediumChargedIsoPFTauHPS35_Trkl_eta2pl_Reg X/X/v
Single lepton triggers HLT_Ele25_eta2pl_WPTight_Gsf vV IX/IX
HLT_Ele27_WPTight_Gsf v IX/X
HLT_Ele27_eta2pl_WPLoose_Gsf v IX/X
HLT_Ele32_WPTight_Gsf X/ VIV
HLT_Ele35_WPTight_Gsf XX
HLT_IsoMu22 vV IX/IX
HLT_IsoTkMu22 vV IX/X
HLT_IsoMu22_eta2pl v IX/X
HLT_IsoTkMu22_eta2pl v IX/X
HLT_IsoMu24 VIvVIiv
HLT_IsoTkMu24 vV IX/X
HLT_IsoMu27 X/vIX
Lepton+t,, cross—triggers | HLT_Ele24_eta2pl_WPLoose_Gsf_LooseIsoPFTau20 vV IX/X
HLT_Ele24_eta2pl_WPLoose_Gsf_LooseIsoPFTau20_SingleL1 vV IX/IX
HLT_Ele24_eta2pl_WPLoose_Gsf_LooseIsoPFTau30 vV IX/IX
HLT_Ele24_eta2pl_WPTight_Gsf_LooseChargedIsoPFTau30_eta2pl_CrossL1 X/viIv
HLT_Ele24_eta2pl_WPTight_Gsf_LooseChargedIsoPFTauHP330_eta2pl_CrossL1 X/X/v
HLT_IsoMul9_eta2pl_LooseIsoPFTau20_SingleL1l vV IX/X
HLT_IsoMu20_eta2pl_LooseChargedIsoPFTau27_eta2pl_CrossL1 X/vVIv
HLT_IsoMu20_eta2pl_LooseChargedIsoPFTauHPS27_eta2pl_CrossL1 X/X/v
Double lepton triggers HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVL_DZ vV IX/X
HLT_Ele23_Elel2_CaloIdL_TrackIdL_IsoVL X/vVIv
HLT_Mul7_TrkIsoVVL_Mu8_TrkIsoVVL v IX/X
HLT_Mul7_TrkIsoVVL_Mu8_TrkIsoVVL_DZ v IX/X
HLT_Mul7_TrkIsoVVL_TkMu8_TrkIsoVVL v IX/X
HLT_Mul7_TrkIsoVVL_TkMu8_TrkIsoVVL_DZ vV IX/X
HLT _Mul7_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_Mass8 X/vIX
HLT_Mul7_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_Mass3p8 X/vIv
HLT_Mu8_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL v IX/X
HLT_Mu8_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ VIvVIv
HLT_Mu23_TrkIsoVVL_Ele8_CaloIdL_TrackIdL_IsoVL v IX/X
HLT_Mu23_TrkIsoVVL_Ele8_CaloIdL_TrackIdL_IsoVL_DZ vV IX/X
HLT_Mu8_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ VIiviX
HLT_Mul2_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ VIiviX
HLT_Mu23_TrkIsoVVL_Elel2_CaloIdL_TrackIdL_IsoVL vVIiviX
HLT_Mu23_TrkIsoVVL_Elel2_CaloIdL_TrackIdL_IsoVL_DZ X/v /X
Triple lepton triggers HLT_Ele16_Elel2_Ele8_CaloIdL_TrackIdL VIviIv
HLT _TripleMu_12_10_5 VIviIiv
HLT_Mu8_DiElel2_CaloIdL_TrackIdL VIvViIiv
HLT_DiMu9_Ele9_CaloIdL_TrackIdL v IX/X
HLT_DiMu9_Ele9_CaloIdL_TrackIdL_DZ X/vIv

Table 8.1: HLT trigger paths used in the HH — Multilepton analysis. The corresponding trigger category mapping
the different trigger to the seven analysis sub channel as given in Tab. 6.1 and weather the trigger path was used (v")
or not used (X) in a given data taking year 16/17/18 is given as well.



Appendix B List of datasets (HH — Multilepton)

Data stream

Dataset name

LHC run number

Integrated luminosity (fbfl )

SingleElectron /SingleElectron/RunQO16B-17.]u12018_ver2-v1/MINIA0D1 273150-275376 5.75
/SingleEleCtroH/Run?OlGC—17Ju12018—v1/MINIADD] 275656-276283 2.57
/SingleElectron/Run2016D-17Jul2018-v1/MINIAOD' 276315-276811 4.24
/Sing:l_eElectron/R’.unQO16E—17.]1112018—vl/MINIADD1 276831-277420 4.02
/SingleElectron/Run2016}7‘—17Jul2018—vl/MINIAUDl 277932-278808 3.10
/SingleEleC‘cr.”oH/Ru.l’lQO16(}—17Ju12018—V1/I"IINIAOD1 278820-280385 7.58
/S:'LngleEleCtroH/Run?O16H—17Ju12018—V1/I"IIN]:A[]D1 281613-284044 8.65

SingleMuon /SingleMuon/RunZOlGB—17Jul2018_ver2-v1/MINIA0Dl 273150-275376 5.75
/SingleMuon/Run2OlSC—17Ju12018—v1/MINIAOD1 275656-276283 2.57
/SingleMuon/Run2016D-17Jul2018-v1/MINIACD' 276315-276811 424
/SingleMuon/Run2016E-17Jul12018-v1/MINIACD' 276831-277420 4.02
/SingleMuon/RunQOlGF—17Ju12018—vl/MINIA0D1 277932-278808 3.10
/SingleMuon/RunQOlGG—17Jul2018—v1/MINIA0D1 278820-280385 7.58
/Singlel"[uon/Run2016H-17Jul2018-V1/MINIAOD1 281613-284044 8.65

DoubleEG /DoubleEG/Run2016B-17Jul2018_ver2-v1/MINIAOD' 273150-275376 5.75
/DoubleEG/Run2016C-17Jul2018-v1/MINIAODl 275656-276283 2.57
/DoubleEG/Run2016D—17Ju12018—v1/MINIAODI 276315-276811 4.24
/DoubleEG/Run2016E—17Ju12018—v1/MINIAODI 276831-277420 4.02
/DoubleEG/Run?OlGF—17Ju12018—v1/MINIAODI 277932-278808 3.10
/DoubleEG/RunQOlSG—17Ju12018—v1/MINIAODl 278820-280385 7.58
/DoubleEG/Run2016H—17Jul2018—v1/MINIAODl 281613-284044 8.65

DoubleMuon /DoubleMuon/Run2016B-17Jul2018_ver2-v1/MINIAGD® 273150-275376 5.75
/DoubleMuon/Run20160—17Jul2018—v1/MINIAOD1 275656-276283 2.57
/DoubleMuon/Run2016D—17Ju12018—v1/MINIA0D1 276315-276811 4.24
/DoubleMuon/Run2016E-17Jul2018-v1/MINIAOD' 276831-277420 4.02
/DoubleMuon/Run2016F-17Jul2018-v1/MINIAOD' 277932-278808 3.10
/DoubleMuon/Run2016G-17Jul2018-v1/MINIACD' 278820280385 7.58
/Doublel"[uon/RunQO16H—17Ju12018—V1/1"IINIAOD1 281613-284044 8.65

MuonEG /MuonEG/Run2016B-17Jul2018_ver2-v1/MINIAOD' 273150-275376 5.75
/MuonEG/RunQOlGC—17Jul2018—v1/MINIAODl 275656-276283 2.57
/MuonEG/Run2016D-17Jul2018-v1/MINIADDl 276315-276811 4.24
/MuonEG/Run2016E‘.—17Jul2018—v2/MINIAODl 276831-277420 4.02
/MuonEG/Run2016F-17Jul2018-v1/MINIAOD' 277932-278808 3.10
/MuonEG/Run2016G-17Jul2018-v1/MINIAOD' 278820-280385 7.57
/1"IuonEG/Run2016H—17Ju12018—V1/1"[INIAODl 281613-284044 8.65

Tau /Tau/Run2016B-17Jul2018_ver2-v1/MINIAGD' 273150-275376 5.75
/Tau/Run2016C—17Ju12018—v1/MINIA0D1 275656-276283 2.57
/Tau/l'1‘.un2016D—17.]u12018—V1/I"IINIA0D1 276315-276811 4.24
/Tau/Run2016E-17Ju12018-v1/MINIA0D1 276831-277420 4.02
/Tau/Run2016F-17Jul2018-v1/MINIAOD' 277932-278808 3.10
/Tau/Run2016G-17Jul2018-v1/MINIAOD' 278820-280385 7.58
/Ta11/Run2016H—17\]1112018—Vl/MINIAOD1 281613-284044 8.65

Table 8.2: 2016 CMS datasets used in the HH — Multilepton analysis. The corresponding data stream, the range
of LHC run numbers and the gathered luminosity per data set are given as well. From the given run range, only

! Cert_271036-284044_ 13TeV_23Sep2016ReReco_Collisions16_JSON.txt

validated runs (good-run) with verified data quality according to the indicated json file are used [168].

II



Data stream Dataset name LHC run number | Integrated luminosity (fb71)
SingleElectron /SingleElectron/RunQO17B—31Mar2018—v1/MINIAOD1 297047-299329 4.79
/SingleElec:tron/Run2O17C-31Mar2018-vl/MINIA0D1 299368-302029 9.63
/SingleElectron/Run2017D-31Mar2018-v1/MINIAOD' | 302030-302663 4.25
/SingleElectron/Run2O17E—311"[ar2018—v1/MINIAODl 303818-304797 9.31
/SingleElectron/Run2017F-31Mar2018-v1/MINIAOD' | 305040-306460 13.54
SingleMuon /SingleMuon/Run2O17B—31Mar2018—v1/MINIAODl 297047-299329 4.79
/SingleMuon/Run2017C-31Mar2018-v1/MINIAOD' 299368-302029 9.63
/SingleMuon/RunQO17D—31Mar2018—v1/MINIAODl 302031-302663 4.25
/SingleMuon/Run2017E-31Mar2018-v1/MINIAOD' 303824-304797 9.31
/SingleMuon/Run20 17F—31Mar2018—v1/MINIAODl 305040-306462 13.54
DoubleEG /DoubleEG/Run20 17B—311"Iar2018—v1/1"IINIAOD1 297047-299329 4.79
/DoubleEG/Run2017C-31Mar2018-v1/MINIAOD' 299368-302029 9.63
/DoubleEG/Run20 17D—311"Ia.r2018—v1/MINIAOD1 302030-302663 4.25
/DoubleEG/Run2017E-31Mar2018-v1/MINIAOD' 303818-304797 9.31
/DoubleEG/Run20 17F—31Mar2018—v1/1"IINIAOD1 305040-306460 13.54
DoubleMuon /DoubleMuon/Run2017B-31Mar2018-v1/MINIAOD' 297047-299329 4.79
/DoubleMuon/Run20 17C—31Mar2018—v1/MINIAODl 299368-302029 9.63
/DoubleMuon/Run2017D-31Mar2018-v1/MINIAOD' 302031-302663 4.25
/DoubleMuon/RunQO17E‘.-31Mar2018-v1/MINIAODl 303824-304797 9.31
/DoubleMuon/Run2017F-31Mar2018-v1/MINIAOD' 305040-306462 13.54
MuonEG /I"[uonEG/RunQO17B—31Ma1:‘2018—v1/MINIA(JD1 297047-299329 4.79
/MuonEG/Run2017C-31Mar20 18—V1/MINIAOD] 299368-302029 9.63
/MuonEG/RunQO17D—31Mar2018—vl/MINIAOD1 302031-302663 4.25
/MuonE‘.G/RunQOl?E—BlMar2018—V1/MINIAOD] 303824-304797 9.31
/MuonEG/Run2017F-31Mar2018-v1/MINIAOD' 305040-306460 13.54
Tau /Tau/Run20 17B-31Mar2018-v1/MINIADDl 297047-299329 4.79
/Tau/Run2017C-31Mar2018-v1/MINIAOD' 299368-302029 9.63
/Tau/Run2017D-31Mar2018-v1/MINIADDl 302031-302663 4.25
/Tau/Run2017E-31Mar2018-v1/MINIAOD' 303824-304797 9.31
/Tau/Run2017F-31Mar2018-v1/MINIAODl 305040-306460 13.53

! Cert_294927-306462_13TeV_E0Y2017ReReco_Collisions17_JSON_v1.txt

Table 8.3: 2017 CMS datasets used in the HH — Multilepton analysis. The corresponding data stream, the range
of LHC run numbers and the gathered luminosity per data set are given as well. From the given run range, only
validated runs (good-run) with verified data quality according to the indicated json file are used [168].

Data stream Dataset name LHC run number | Integrated luminosity (fb71)
SingleMuon | /SingleMuon/Run2018A-17Sep2018-v2/MINIAQD' 315257-316995 14.03
/SingleMuon/RunQOlSB—17Sep2018—v1/MINIAODl 317080-319310 7.06
/SingleMuon/Run2018C—17Sep2018—v1/MINIAODI 319337-320065 6.90
/SingleI"Iuon/RunQO18D—22Jan2019—V2/MINIA0Dl 320500-325175 31.74
EGamma /EGamma./RunQOlSA—17Sep2018—V2/MINIAOD1 315257-316995 14.03
/EGamma/Run2018B-17Sep2018-v1/MINIAOD' 317080-319310 7.06
/EGamma/RunQOlSC—17Sep2018—V1/I"IINIAOD1 319337-320065 6.90
/EGamma/Run2018D-22Jan2019-v2/MINIAOD' 320413-325175 31.74
DoubleMuon /DoubleMuon/RunQOlSA—17Sep2018—v2/MINIAODl 315257-316995 14.03
/DoubleMuon/Run2018B-17Sep2018-v1/MINIAOD' 317080-319310 7.06
/DoubleMuon/RunQO180—17Sep2018—v1/MINIAODl 319337-320065 6.90
/DoubleMuon/Run2018D—PromptR,eco—vQ/MINII-\UD1 320500-325175 31.74
MuonEG /MuonEG/Run2018A-17Sep2018-v1/MINIAOD' 315257-316995 14.03
/MuonE‘.G/RunQOlSB—17Sep2018—V1/I"IINIAOD1 317080-319310 7.06
/MuonEG/RunQO180—17Sep2018—v1/MINIAUD1 319337-320065 6.90
/MuonE‘.G/RunQO18D—PromptReco—v2/MINIAODl 320500-325175 31.74
Tau /Tau/Run2018A-17Sep2018-v1/MINIAOD' 315257-316995 14.01
/Tau/Run2018B—17Sep2018—v1/MINIAODl 317080-319310 7.06
/Tau/Run2018C-17Sep2018-v1/MINIAOD' 319337-320065 6.90
/Tau/Run20 18D-PrornptReco—v2/MINIA[]Dl 320497-325175 31.74

: Cert_314472-325175_13TeV_17SeptEarlyReReco2018ABC_PromptEraD_Collisions18_JSON.txt
Table 8.4: 2018 CMS datasets used in the HH — Multilepton analysis. The corresponding data stream, the range
of LHC run numbers and the gathered luminosity per data set are given as well. From the given run range, only
validated runs (good-run) with verified data quality according to the indicated json file are used [168].
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Appendix C List of MC samples (HH — Multilepton)

MC background samples 2016
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Table 8.6: List of of MC samples used to estimate and model top-quark related backgrounds for events gathered in 2016. The cross section used for each sample is given, where
available cross sections from higher order calculation are used. Some cross section are directly extracted from the corresponding MC sample as the cross section is computed during
matrix event generation, this indicated by labels for the usage of MADGRAPHS5_AMC @NLO: [M], POWHEG Vv2: [POW] and PYTHIA: [PY] (see Sec. 6.2.2). Additionally the
usage in signal extraction and the training of ml methods is given.

Process CMS internal sample name Cross section [pb] ml-training | signal ext.
tt+jets \HqﬂomrmzcuﬂznmommummsmHmdﬂm|Hme<|woszm|v<derm\_ 88.4[5, 170] v v
\Haﬂommawrmvdouu0|H:ﬂmnvm|wmsmwmde|Hwaa<-ﬁosrmmuv%dewm\H 365.25 [5, 170] v 4
/TTToHadronic_TuneCP5_PSweights_13TeV-powheg-pythia8/" 377.85 [5, 170] v v
tt 4+ v+ jets \HﬂoumﬂmuezhmocmawmzHlHwﬂm<lmSomﬁsHomxmxuamawvwd|v%ﬁ39wm\9> 4.215 [M,PY] X v
ttW \HﬂsumﬂmﬂorzzlﬂzdmOCMvazHlHmﬂm<|wEnNﬂdHOﬂxmx|Ewmwvwd|w%dWme\m 0.196 [14, 171, 172] X v
/ttWets_13TeV_madgraphMLM/’ 0.6008 [14] v v
ttZ \HHNHorrlzuHﬂoHO|HﬁdmOGMvaZH|Hwﬂm<|EmeHmvrer|v%demm\_ 8.22x 1072 [5, 14] X v
/TTZToLLNuNu_M-10_TuneCUETP8M1_13TeV-amcatnlo-pythia8/>’ 2.81x 1071 [5, 14] X v
\ddNumﬁm|Hwﬂm<|stmHmv32h3|v%dwwmm\_ 2.81 X_o\_ﬁmqwh_ v X
ttWW \HHS€|chmocm4meMH»|Hwﬂm<|5m&mHmwr|v%dwwww\m 0.006981 [M,PY] X v
Single top quark \MH|m|nrmbbmH|®m|HmvﬂobUmnm%m|Hwﬂm<|msnmﬁuHo|v%ﬂrwmmlﬂcumocMvazH\_ 3.364 [171, 172] X v
\mﬂ|m|orwbdmw|»m|wmvdouconm%m|Hwam<lvmsmwm7dm|mEnwddHo|v%dewm\_ 3.364 [171, 172] X v
\mald-owmuamwldovlpm|w=nwnmw<mconw%m|Hwﬂm<|voszm<w|Emamvwuuv%drwwmlanumOGMmezH\_ 136.02 [171, 172] X v
\mﬂldunrwbdmwlmbdMdOﬁlﬁmlwdanmH<mcmnw%mlHwﬂm<|woswmm<w|EmamvMuuﬁwdrwmmlﬂcmeCMmezH\_ 80.95 [171, 172] X v
\waldlnwmbﬁmwnmbd»downﬁmnwbnwzmw<m0mom%mlHwam<nvwsowmwdm|@osWom<w|Bmameb\~ 80.95 [171, 172] X v
\MH|ﬁs|ﬁov|mm|MbchmH<mUmom%M|Hwﬂm<lvosrmm|v<ﬁrwmm|HCbmncmavaH\N 35.85[171, 172] X v
\mﬂ|n2|mudwdov|wm|HuowcmH<mcmow%m|Hwﬂm<|vosrmmlw<ﬁdwwwuﬂzdmocmammzp\m 35.85[171, 172] X v
\mﬂ|ﬂswu|mm|r0|Hmﬂm<|zmnnHmkuv%dewm\m 0.01096 [M,PY] X v
Single top quark +y+- jets \HnumﬂM|Hmwdouomnm<m|Hwﬂm<|mEnmddH0|Ew&mdelw<ﬁmew\u 1.018 [M,PY] X v
Single top quark +7Z \ﬁNnuu.“_.uﬁuqum<|m~=omn:“_.0|vﬁ5wmm\~ 0.07358 [M,PY] X v
\delHHlﬁulvMSmHmwﬁm|Hme<|mEOWﬂdHo|w%dEHNW\_ 0.07358 [M,PY] X v
tttt \HﬂaﬂlﬂcumocMvazHlHwﬂm<lmanmﬁuHouv<ﬂmem\q @m_vA_owwH?ﬁWMq X v

V1

_wcdHchEEmHHQZH5H>DU<m|ﬁGZOHHodﬂpﬂ|©»xlaomch|mm%EwdOdwn|<w|<H\ZHzH>DUMHZ
Nw:bHchEEmHH®3H5H>0U<w|vGZOHHonHﬂlwﬁx|Enwcbwlmm<E@donwn|<w|mxdH|<H\ZHZH>DUMHZ
wwCﬂHHmcEEmHHmZWuH>OU<w|vc30wwouaHﬂlm»xlanwcuwlmm%E@donwnl<w|<M\3HzH>ocmHz
#m:bHHmﬁasmﬂHmzwhw>cc<w|mc30nwouapﬂ|m»xlaomﬁuw|wM%BvdOdM0|<w|oNdH|<M\ZH2H>ccmHz
mwchHm:BBmHHmszH>oc<w|vGZOHwobaHﬂ|m%x|anm:bw|mm%svdoaHn|<w|oxdw|<H\ZHzH>ocmHz

awcdHHm:EEoHH03H5H>9U<m|mGZOHHonHﬂ|o%x|5nmndw|mm%5vdowHn|<w|mxdw|<p\3HzH>ocmHz
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Table 8.8: List of of MC samples used to estimate and model the triple boson backgrounds for events gathered in 2016. The cross section used for each sample is given, where
available cross sections from higher order calculation are used. Some cross section are directly extracted from the corresponding MC sample as the cross section is computed during
matrix event generation, this indicated by labels for the usage of MADGRAPHS5_AMC @NLO: [M], POWHEG Vv2: [POW] and PYTHIA: [PY] (see Sec. 6.2.2). Additionally the
usage in signal extraction and the training of ml methods is given.

Process | CMS internal sample name Cross section [pb] ml-training | signal ext.
WWW | /WWW_4F_TuneCUETP8M1_13TeV-amcatnlo-pythia8/' | 2.09 x 10~ [M,PY] X v
WWZ \££N|Hsbmocm.ﬁvmzp|Hwﬂm<|mBOWﬁbHo|@%ﬁmem\_ 1.68 x 10 [M,PY] X v
WZ7Z \zNN|Hcﬂmoc.mﬂwmzH|Hwam<|maomﬁbu.o|w<demm\_ 570 x 10 % [M,PY] X v
777 \NNNl.ﬁcbmodmﬂumzH|Hwﬂw<|msowduu_.o|v%dwmrmm\_ 1.47 x 10" [M,PY] X v
WZy /WZG_TuneCUETP8M1_13TeV-amcatnlo-pythia8/> 4.35x 102 [M,PY] X v

! RunIISummer16MiniAODv3-PUMoriond17_94X_mcRun2_asymptotic_v3-v2/MINIAODSIM
" RunT ISummer16MiniAODv3-PUMoriond17_94X_mcRun2_asymptotic_v3-v1/MINIAODSIM
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MC background samples 2017
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Table 8.11: List of of MC samples used to estimate and model top-quark related backgrounds for events gathered in 2017. The cross section used for each sample is given, where
available cross sections from higher order calculation are used. Some cross section are directly extracted from the corresponding MC sample as the cross section is computed during
matrix event generation, this indicated by labels for the usage of MADGRAPHS5_AMC @NLO: [M], POWHEG v2: [POW] and PYTHIA: [PY] (see Sec. 6.2.2). Additionally the
usage in signal extraction and the training of ml methods is given.

Process CMS internal sample name Cross section [pb] ml-training | signal ext.
tt+jets \HHHOMFMZﬁuﬂcumovmuHmﬂm<|vo£me|v%«mem\_ 88.4[5,170] v v
\Hﬂﬂombwzclﬂccmovm|1m5mwmwﬁm|Hwﬂm<|vosrmm|v%ﬁwwmm\w 88.4 (5, 170] v v
\Haaommawhmwdobw0|a=u¢ovm|Hwem<|voswmm|v<nwwmm\_ 365.25 [5, 170] v v
\Hﬂﬂommawhmﬂdodwnlﬂcbmovmlwmsmwmr«wlHwﬂm<|vosw@m|v<«rwmm\w 365.25 [5, 170] v v
\Hﬂﬂomwmnouw0|H:umovm|uwﬂm<|voswmm|v%wrwwm\w 377.85 [5, 170] v v
\Hﬂaommawoawn|HCdmovm|vamHmwdmlHwam<|wosvmm|w%dbumm\_ 377.85[5, 170] v v
tt +y+ jets \Hﬂoumﬁm|H=bmomm|Hwam<|mEnmﬁbHommelawmmkulv%wvwmm\ou 4.215 [ML,PY] X v
ttW /TTWJetsToLNu_TuneCP5_13TeV-amcatnloFXFX-madspin-pythia8/ 0.196 [14, 171, 172] X v
\HHSumﬁmﬂorzc|ﬂcumovm|vm:mwmrﬁM|Hwﬂm<|msomﬁdwomxmx|Emnmvwd|v%ﬁuwwm\o 0.196 [14, 171, 172] X v
/ttWJets_13TeV_madgraphMLM_pythia8/® 0.6008 [14] v v
t1Z /TTZToLLNuNu_M-10_TuneCP5_13TeV-amcatnlo-pythia8/ 2.81x 1071 [5, 14] X v
\HHNHobrzczz|3|HouﬂsbmovmnvwsmwmcnmuHmﬂm<|manmwuwo|v<ﬁrwmm\a 2.81 X_O\_ﬁmw_k_ X v
\HHNaohhlzlHdoH0|H:=mnvm|Hwem<|mﬁnmﬂuwo|v%nwwmm\q 0.0822 [5, 14] X v
/ttZJets_13TeV_madgraphMLM-pythiag/%" 2.81x 107" [5, 14] v X
ttWW \Hass|ﬂsumovm|Hwem<|awnmﬂmvwlw<wcwmw\m 0.006981 [M,PY] X v
Single top quark /ST_s-channel_4f_leptonDecays_TuneCP5_13TeV-amcatnlo-pythia8/ 3.364 [171, 172] X v
\waumuncmbbmwn¢m|Hmvdobcmom%m|szmovm|vm5mwmwﬁmuHmam<|m5nwnbwo|v%dbumm\o 3.364 [171, 172] X v
\mald|nrmubmHlmddHdovlﬁm|HdnHcmw<mUmnm<m|e:dm01m|Hmem<|vosrmm<m|Emnmvwd|m<dwwmmq 80.95 [171, 172] X v
\maln|nrmubmHlmhﬁHdovlﬁm|HanHcmw<mUmnm<m|e::movm|vm2mwmwﬂmlqum<|vosrmmum<ﬂstmo 80.95 [171, 172] X v
\mﬂldwnEwamHlﬁovlpm|wunH=mH<mcmnwwmlﬂdbm0ﬁmlHwﬂm<wvoswmm<mwEwnmvawv%derm\_ 136.02 [171, 172] X v
\mﬂ|n|nwm==mH|now|pm|H=oH=mH<mcmoW%mladumovm|vm5mwmwdm|Hmﬂm<|vot=mm|v%dwwwm\a 136.02 [171, 172] X v
\mﬂudznmududovnmm|Hﬁnwzmw<mcmnw%mneszmnvwnHwam<|woscmm|v%dcwmw\q 35.85[171, 172] X v
\maln€|muﬁHﬂovlmm|HunH:mH<mvmnm<M|q:umovm|vmsmHdeM|Hwam<|vosrmmlv<drwmm\q 35.85[171, 172] X v
\mH|d£|dov|mm|H=0H¢mw<mUmnN%M|ﬂc=movm|Hmﬂm<wvoﬂimmwv%ﬁUHWW\q 35.85[171, 172] X v
\manw£|ﬁov|mm|MbnpcmH<mumnm%m|szmovmnvm5mwmwﬁmnHmam<|vosvmm|v%ﬁwumm\_ 35.85[171, 172] X v
\maldSlemm|ho|e:dmovm|vmsmHmwﬂM|Hwem<|Em&mHmmwlv%nrwmm\m 0.01096 [M,PY] X v
Single top quark +y+ jets Hnumnm|Hmvdobumnmwm|chmovm|vm5mMmcﬁmu»mam<|manwdbwo|v%dwumm\a 1.018 [MLPY] X v
Single top quark +Z \dN@L.H|»m|nwsnzrcnasumowmnvm2mMmcdmnHm.ﬂm<|msnmdbwo|v%ﬁ~ime 0.07358 [M,PY] X v
tttt /TTTT_TuneCP5_13TeV-amcatnlo-pythia8/ 8.21 x 1077 [M,PY] X v
\HﬂaanecumovmuwmsmwmwdmnHwam<|w50mduwo|w%ncwmw\m 8.21 x 10 uﬁwﬁwmq X v
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! RunIIFalll7MiniAODv2-PU2017_12Apr2018_new_pmx_94X_mc2017_realistic_v14-v1/MINIAODSIM
NmbhHHMNHHHNKH=M>GU<MrvaoHﬂ|Hm>vﬂmolenmslvaxlohxlsnmoHﬂlﬂmmHWMdMn|<H»y<M\zH=H>DUmHz
3 RunIIFalli7MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic_v14_ext1-v2/MINIAODSIM

4 RunIIFalli17MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic_v14_ext1-v3/MINIAODSIM

5 RunIIFalll7MiniAODv2-PU2017_12Apr2018_new_pmx_94X_mc2017_realistic_v14_ext1-v1/MINIAODSIM
mmbeHmmHHHNZH=w>DU<M|vaoH<|Hm>vnmoHM|m»x|anoHQ|memedMn|<H»|<H\ZH2H>OUmHz

7

RunIIFall17MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic_v14-v2/MINIAODSIM

8 RunIIFall17MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic_v14_ext1-v1/MINIAODSIM
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Table 8.13: List of of MC samples used to estimate and model the triple boson backgrounds for events gathered in 2017. The cross section used for each sample is given, where
available cross sections from higher order calculation are used. Some cross section are directly extracted from the corresponding MC sample as the cross section is computed during
matrix event generation, this indicated by labels for the usage of MADGRAPHS5_AMC @NLO: [M], POWHEG Vv2: [POW] and PYTHIA: [PY] (see Sec. 6.2.2). Additionally the
usage in signal extraction and the training of ml methods is given.

Process | CMS internal sample name Cross section [pb] ml-training | signal ext.
WWW | /WWW_4F_TuneCP5_13TeV-amcatnlo-pythias/’ | 2.09x 10~ ' [M,PY] X v
WWZ | /WWZ_4F_TuneCP5_13TeV-amcatnlo-pythia8/' | 1.68x 10~ [M,PY] X v
WZZ | /WZZ_TuneCP5_13TeV-amcatnlo-pythia8/> 5.70x 10~ [M,PY] X v
777 \NNNlHEumowm|Hwﬂm<|m.sowddu.o|3~ﬁmem\m 1.47 x 10~ % [M,PY] X v
WZy \SNQchdmowm|Hw.wm<|m§nmdbwo|w%demm\m 435% 102 [M,PY] X v

! RunIIFalli7MiniAODv2-PU2017_ 12Apr2018_94X_mc2017_realistic_v14-v2/MINIAODSIM
% RunIIFall17MiniAODv2-PU20 17_12Apr2018_94X_mc2017_realistic_v14-v1/MINIAODSIM
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Table 8.16: List of of MC samples used to estimate and model top-quark related backgrounds for events gathered in 2016. The cross section used for each sample is given, where
available cross sections from higher order calculation are used. Some cross section are directly extracted from the corresponding MC sample as the cross section is computed during
matrix event generation, this indicated by labels for the usage of MADGRAPHS5_AMC @NLO: [M], POWHEG v2: [POW] and PYTHIA: [PY] (see Sec. 6.2.2). Additionally the
usage in signal extraction and the training of ml methods is given.

Process CMS internal sample name Cross section [pb] ml-training | signal ext.
tt+jets \HﬂﬂowrmzznﬂswoowmnHwao<:wosrmm|@%ﬁmem\_ 88.4 [5, 170] v v
/TTToSemiLeptonic_TuneCP5_13TeV-powheg-pythiag/' 365.25 [5, 170] v v
\Hﬂﬂo:waHonM0|qumovm|qum<uwosrmm|v%dwwwm\_ 377.85 [5, 170] v M
tt + 7+ jets \HﬂnumdmlﬂcdmovmlHwﬂm<|mEnmddHomxmxlsm&mvwdlw%ﬁwHNW\_ 4.215 [M,PY] X v
ttW \HHSQmﬁmeoﬁzzleﬁbmowmlHwem<-maomnuwomxmxusmnmku|w%ﬁrwwm\w 0.196 [14, 171, 172] X v
\ddSdeM|chmovm|Hwﬂm<|EmeHmeZrz|w%dwHmm\m 0.6008 [14] v v
ttZ /TTZToLL_M-1t010_TuneCP5_13TeV-madgraphMLM-pythia8/ @mwvA_owwﬁm,_bg X v
/TTZToLLNuNu_M-10_TuneCP5_13TeV-amcatnlo-pythiag/>! 2.81x 107" [5, 14] X v
/ttZJets_TuneCp5_13TeV_madgraphMLM_pythiag/> 2.81x 1071 [5, 14] v X
ttWW \HH€€|H:bmomw|Hwﬂo<|BmeHmvw|v%ddumm\N 0.006981 [M,PY] X v
Single top quark \mﬂlmunrwbumw|hﬂ|Hmwdodcmnm%M|szmovm|Hmﬂm<|EwQMHwﬁr|ﬁ%derm\u 3.364 [171, 172] X v
\mald-o#mﬂﬁow|dov|%m|HuOHSMM<momow<mlﬂcumovm|Hwﬂm<-woszmuamamvwbuvwdwwmm\_ 136.02 [171, 172] X v
\mﬂlﬁunrmbbmembd|m0Hmu>me<|w0HH|»m|anwcmw<mcmom%mlﬂdbmnvm|Hwﬂm<|voswmm|5mamvwd|w%ﬂrwmm\_ 80.95 [171, 172] X v
\mﬂ|dz|dov|mm|Man:mH<oUmom%m|szoovm|Hwam<lwosrmm|w%dwwmm\» 35.85[171, 172] X v
\malﬁzlwbﬁwdovlmwlHwnwsmw<mcmnw%muecumnwmuHwem<|vos5mmuvwanwm\a 35.85[171, 172] X v
\MHlﬂSHH|mm|rD|H:dmovm|vmsmHmrdM|Hmﬂm<|Em&mHme|w%drumm\a 0.01096 M,PY X v
Single top quark +y+ jets \Houmﬁmuwmwﬂouomnm%wuﬂcbmowmlHmem<|5m@mumvr|v<arpmw\m 1.018 [M,PY] X v
Single top quark +7Z \denwwlﬁm|aw5|2ﬁ0|ﬂzbaommlHwﬂm<-8mamHmvw-v%dwwmm\N 0.07358 [M,PY] X v
tttt /TTTT_TuneCP5_13TeV-amcatnlo-pythia8/> 8.21 x 10> [M,PY] X v
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Table 8.18: List of of MC samples used to estimate and model the triple boson backgrounds for events gathered in 2018. The cross section used for each sample is given, where
available cross sections from higher order calculation are used. Some cross section are directly extracted from the corresponding MC sample as the cross section is computed during
matrix event generation, this indicated by labels for the usage of MADGRAPHS_AMC@NLO: [M], POWHEG v2: [POW] and PYTHIA: [PY] (see Sec. 6.2.2). Additionally the

usage in signal extraction and the training of ml methods is given.

Process | CMS internal sample name Cross section [pb] ml-training | signal ext.
WWW \222l®w|ﬂczwovmlHwﬂm<|wEnmdw”_.o|w%dwu..mm\H 2.09% 10" [M,PY] X v
WWZ \SSNlﬁEoovm|Hw.ﬁm<|maowdu”_.o|w%dwwwm\_ 1.68x 107! [M,PY] X v
WZ7Z \SNNb.cdmovmuHwﬂm<|msnmﬁuwolw<ﬁwumm\_ 570x 107 [M,PY] X v
777 /7Z7_TuneCP5_13TeV-amcatnlo-pythia8/’ 1.47 x 10~ [M,PY] X v

! RunITAutumn18MiniAOD- 102X _upgrade2018_realistic_v15_ext1-v2/MINIAODSIM
? RunITAutumni18MiniAOD- 102X_upgrade2018_realistic_v15-v1/MINIAODSIM
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MC signal samples
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Table 8.21: List of LO non-resonant ggHH samples for various EFT BSM points as described in Sec.6.2.4. The samples are scaled to an inclusive ggHH cross section of 1 pb.
The symbol V stands for both W and Z bosons. A few samples were privately produced in addition to the central CMS samples to increase the training statistics. These samples
are aquivalent to the centrally produced ones and use the same code for generation. The LO non-resonant ggHH samples are used soley for the training of BDTs and not in signal

extraction.

Process Sample name EFT BSM points (JHEPO4BMX) Year | Branching ratio[14]
ggHH — 41 \OHCOHcHommHo%chnboam|x_ SM, box, 2, 3,4,5,6,7, 8,9,10,11,12 | 2016 0.003934
\owcowzﬂommao%ﬂms|uoam|xu SM, 2,3,7,9, 12 2017
/GluGluToHHTo4Tau_node_X" 1,4,5,6,8,10, 11
(privately produced) SM, 1,4,7,12
\nwcowﬂﬂommﬂo»ﬂldoaolxm SM,1,2,3,4,5,6,7,8,9, 10, 11, 12 2018
ggHH — VV1r \ou.soHs.ﬁomm.H.ow<wﬂwcudoam|xm SM, 1,2,3,4,5,6,7,8,9, 10, 11, 12 2016 0.030092
/GluGluToHHTo2V2Tau_node_X° SM, 2,3,4,5,6,7,8,9, 10, 11, 12 2017
/GluGluToHHTo2V2t mcuboamux» 1
(privately produced) SM, 1,4,7,12
\owcoHcHommHow<w.ﬁmclboam|xm sM, 1,2,3,4,5,6,7,8,9, 10, 11, 12 2018
ggHH — 4V \OHCQHﬁHomIHo¢<|Eon|xN sM, 1,2,3,4,5,6,7,8,9, 10, 11, 12 2016 0.057547
\nwsowcﬂommao»,\lsOamlxw SM, 2,3,4,5,6,7,8,9,10, 11, 12 2017
/GluGluToHHT04V_node_X' 1
(privately produced) SM, 1,4,7,12
\OHCOHcHommHo»<|SOQm|xm SM,1,2,3,4,5,6,7,8,9,10, 11, 12 2018

1

2

_13TeV-madgraph/RunIISummer16MiniAODv3-PUMoriond17_94X_mcRun2_asymptotic_v3-v2/MINIAODSIM

- |H:meCMHmm3H|mm£mwmwﬁM|Hwﬂm<|5wnmwwvvuvwnwwwm\m:bHHm:EEmHHQSHdw>GU<m|MCZQHMonawﬂlm»xlanw:bmlwm%ivnowwn|<w|<p\ZHZH>DUMHZ

3

_13TeV-madgraph_correctedcfg/RunIIFall17MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic_v14-v1/MINIAODSIM

4 _TuneCP5_PSWeights_13TeV-madgraph-pythia8_correctedcfg/RunIIFall17MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic_v14-v1/MINIAODSIM

5 _TuneCP5_PSWeights_13TeV-madgraph-pythia8/RunIIAutumn18MiniAOD-102X_upgrade2018_realistic_v15-v2/MINIAODSIM
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Table 8.23: List of non-resonant qqHH samples for seven combinations ofcy, ¢, and k; coupling scenarios. The sample names ending with L 2or? belong to 2016, 2017 and 2018
data taking period, respectively. The samples are normalized to N3LO cross section and already take into account the branching ratio of the corresponding HH decay mode. For this
the LO cross section obtained from the MC simulation (See 6.2.2) is scalled by the appropriate k-factor (On31.0/010) from [148]. Both saples with and without the dipoleRecoil
generator feature are used as indicated in the table. The samples in 2017 with enabled dipoleRecoil are used for an additional modelling systematic as described in Sec.7.1.

Process Sample name cy | oy | Ky dipoleRecoil Cross section [pb]
enabled 2016 [ 201772018
qqHH — 41 /VBFHHT0AT_CV_1_C2V_1_C3_1_dipoleRecoil0Off >° : e X 6
/VBFHHT04T_CV_1_C2V_1_C3_1_dipoleRecoilOn’’ v 6.79>10
/VBFHHT0AT_CV_1_C2V_1_C3_2_dipoleRecoilOff *~ 1|1 ]2 X 5.628%10°° 5597 x 10°°
N N T.2.3
\<¥mmaoﬁ-o<-H-SFPS-H-&w&%mnoﬂoﬁﬁ N X S 6616%10-5 | 5503 % 10-5
/VBFHHT04T_CV_1_C2V_2_C3_1_dipoleRecoilOn v
/VBFHHT04T_CV_1_C2V_1_C3_0_dipoleRecoilOff'” 1|1 ]o X 1.8062x 10> | 1.813x107°
/VBFHHT04T_CV_0_5_C2V_1_C3_1_dipoleRecoilOff 05[] 1 |1 X 42791107 | 42578x10°
/VBFHHT04T_CV_1_5_C2V_1_C3_1_dipoleRecoil0ff >~ 5] 1 |1 X 2.60945 x 10" | 2.59704 x 10 *
/VBFHHT04T_CV_1_C2V_0_C3_1_dipoleRecoil0ff ™~ 1ol X 1.07126 x 107 | 1.06527 x 107
qqHH — VVte | /VBFHHTo2V2Tau_CV_1_C2V_1_C3_1_dipoleRecoilOff >° T X S 1938 % 10-5
/VBFHHT02V2Tau_CV_1_C2V_1_C3_1_dipoleRecoilOn>" v e
/VBFHHT02V2Tau_CV_1_C2V_1_C3_2_dipoleRecoilOff =’ 1 1|2 X 4305x10° | 4.2815x10°
N N 1,23
\<mmmmaow<wamc-o<-H-SFM-S-H-&wou%mooﬁomb s X 433091 104 | 427841 x 103
\<mmmmeom<w.ﬁmclo<|Hlom<lmunm|Hlmwwowmmmnou.wou v
/VBFHHT02V2Tau_CV_1_C2V_1_C3_0_dipoleRecoilOff =’ 1 1o X 138167 x 10~ 7 | 1.38689 x 107
/VBFHHT02V2Tau_CV_0_5_C2V_1_C3_1_dipoleRecoilOff 7 | 0.5 | 1 | 1 X 3.27333x 107 | 3.25704x 10 *
/VBFHHT02V2Tau_CV_1_5_C2V_1_C3_1_dipoleRecoilOff *° | 1.5 | 1 | 1 X 1.99611x 10> | 1.98662x 10"
/VBFHHT02V2Tau_CV_1_C2V_0_C3_1_dipoleRecoilOff 3 1o |1 X 8.19465x 10 * | 8.14887 x 10 *
qqHH — 4V /VBFHHT04V_CV_1_C2V_1_C3_1_dipoleRecoilOff > Ty X 5
/VBFHHT04V_CV_1_C2V_1_C3_1_dipoleRecoilOn’’ v 9:9326>10
/VBFHHT04V_CV_1_C2V_1_C3_2_dipoleRecoilOff 1)1 ]2 X 8.2320x 10> | 8.1879x 10"
N N T.23
\<¥=5&<lo<-H|S<|w-oulfﬁw&mmonoﬂﬂHE s Ty X 028237 x 10~ | 818197 x 10~
/VBFHHT04V_CV_1_C2V_2_C3_1_dipoleRecoilOn v
/VBFHHT04V_CV_1_C2V_1_C3_0_dipoleRecoilOff " 1|1 ]o X 264229 x 10 % | 2.65227 x 10 *
/VBFHHT04V_CV_0_5_C2V_1_C3_1_dipoleRecoilOff > 05] 1 |1 X 6.25988 x 10 % | 6.22873 x 10 *
/VBFHHT04V_CV_1_5_C2V_1_C3_1_dipoleRecoilOff *? 1501 |1 X 3.81734x 10 ° | 3.79918 x 10 °
/VBFHHT04V_CV_1_C2V_0_C3_1_dipoleRecoilOff " 1o |1 X 1.56714x 10 ° | 1.55838x 10 °

! -TuneCUETP8M1_PSweights_13TeV-madgraph-pythia8/RunIISummer16MiniAODv3-PUMoriond17_94X_mcRun2_asymptotic_v3-v1/MINIAODSIM

2 -TuneCP5_PSweights_13TeV-madgraph-pythia8/RunIIFall17MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic_v14-v2/MINIAODSIM

3 -TuneCP5_PSweights_13TeV-madgraph-pythia8/RunIIAutumni8MiniAOD-102X_upgrade2018_realistic_v15-v2/MINIAODSIM
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Appendix D Signal region plots of the BDT input variables in the 3/+ 17, channel
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Figure 8.1: Distribution of the 3¢+ Iy, BDT input variables the signal regions. The distributions are shown for the 2016 dataset. The shown
uncertainty bands corresponds to statistical uncertainty contributions only.
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Figure 8.2: Distribution of the 3/ + 11, BDT input variables the signal regions. The distributions are shown for the
2017 dataset. The shown uncertainty bands corresponds to statistical uncertainty contributions only.
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Figure 8.3: Distribution of the 3/ + 11, BDT input variables the signal regions. The distributions are shown for the
2018 dataset. The shown uncertainty bands corresponds to statistical uncertainty contributions only.
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Appendix E Distribution of Pulls and Impacts
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Figure 8.4: Pulls and impacts for nuisance parameters in the combined HH — Multilepton signal extraction fit with
the JHEPO4BM7 tuned nonRes BDT output in all seven Multilepton channels and the kinematic distributions in the
3/CR and 4/CR for all three years using SM like non-resonant HH signal. (Page 1/16)
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Figure 8.5: Pulls and impacts for nuisance parameters in the combined HH — Multilepton signal extraction fit with
the JHEPO4BM7 tuned nonRes BDT output in all seven Multilepton channels and the kinematic distributions in the
3/CR and 4/CR for all three years using SM like non-resonant HH signal. (Page 2/16)
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Figure 8.6: Pulls and impacts for nuisance parameters in the combined HH — Multilepton signal extraction fit with
the JHEPO4BM7 tuned nonRes BDT output in all seven Multilepton channels and the kinematic distributions in the
3¢CR and 4/CR for all three years using SM like non-resonant HH signal. (Page 3/16)
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Figure 8.7: Pulls and impacts for nuisance parameters in the combined HH — Multilepton signal extraction fit with
the JHEPO4BM?7 tuned nonRes BDT output in all seven Multilepton channels and the kinematic distributions in the
3¢CR and 4/CR for all three years using SM like non-resonant HH signal. (Page 4/16)
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Figure 8.8: Pulls and impacts for nuisance parameters in the combined HH — Multilepton signal extraction fit with
the JHEPO4BM7 tuned nonRes BDT output in all seven Multilepton channels and the kinematic distributions in the
3¢CR and 4/CR for all three years using SM like non-resonant HH signal. (Page 5/16)

Impact Ar
-0.08 -0.04 0 0.04 0.08
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
CMS .Impact+10
Work in progress [ impact-10
138 fb™* (13 TeV) —e— Pull

CMS_multilepton_Clos_e_shape_2016_2Iss
CMS_multilepton_Clos_e_shape_2017_2Iss
CMS_multilepton_FakeRate_m_norm_2016
CMS_multilepton_Clos_m_norm_2017_3lI
CMS_multilepton_thu_shape_Other
CMS_scale_j_HF
CMS_multilepton_Clos_e_norm_2017_2Iss
CMS_ttHID_eff m_loose
CMS_multilepton_Clos_m_norm_2016_3lI
CMS_multilepton_FakeRate_m_pt_2017
CMS_res_j_2017
CMS_multilepton_fakes_2Iss_2017
CMS_multilepton_FakeRate_e_norm_2017
CMS_multilepton_fakes_WZCR_2018|
CMS_multilepton_Clos_e_norm_2016_2Iss
-2 -1 0 1 2

Pull (8 )/ A®

post epre

Figure 8.9: Pulls and impacts for nuisance parameters in the combined HH — Multilepton signal extraction fit with
the JHEP0O4BM7 tuned nonRes BDT output in all seven Multilepton channels and the kinematic distributions in the
3/CR and 4/CR for all three years using SM like non-resonant HH signal. (Page 6/16)
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Figure 8.10: Pulls and impacts for nuisance parameters in the combined HH — Multilepton signal extraction fit
with the JHEPO4BM?7 tuned nonRes BDT output in all seven Multilepton channels and the kinematic distributions
in the 3/CR and 4/ CR for all three years using SM like non-resonant HH signal. (Page 7/16)
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Figure 8.11: Pulls and impacts for nuisance parameters in the combined HH — Multilepton signal extraction fit
with the JHEP0O4BM?7 tuned nonRes BDT output in all seven Multilepton channels and the kinematic distributions
in the 3¢CR and 4¢CR for all three years using SM like non-resonant HH signal. (Page 8/16)
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Figure 8.12: Pulls and impacts for nuisance parameters in the combined HH — Multilepton signal extraction fit
with the JHEPO4BM?7 tuned nonRes BDT output in all seven Multilepton channels and the kinematic distributions
in the 3/CR and 4/ CR for all three years using SM like non-resonant HH signal. (Page 9/16)
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Figure 8.13: Pulls and impacts for nuisance parameters in the combined HH — Multilepton signal extraction fit
with the JHEP04BM?7 tuned nonRes BDT output in all seven Multilepton channels and the kinematic distributions
in the 3/CR and 4¢CR for all three years using SM like non-resonant HH signal. (Page 10/16)
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Figure 8.14: Pulls and impacts for nuisance parameters in the combined HH — Multilepton signal extraction fit
with the JHEPO4BM?7 tuned nonRes BDT output in all seven Multilepton channels and the kinematic distributions
in the 3/CR and 4/ CR for all three years using SM like non-resonant HH signal. (Page 11/16)
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Figure 8.15: Pulls and impacts for nuisance parameters in the combined HH — Multilepton signal extraction fit
with the JHEP0O4BM?7 tuned nonRes BDT output in all seven Multilepton channels and the kinematic distributions
in the 3¢CR and 4/ CR for all three years using SM like non-resonant HH signal. (Page 12/16)
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Figure 8.16: Pulls and impacts for nuisance parameters in the combined HH — Multilepton signal extraction fit
with the JHEPO4BM?7 tuned nonRes BDT output in all seven Multilepton channels and the kinematic distributions
in the 3/CR and 4/ CR for all three years using SM like non-resonant HH signal. (Page 13/16)
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Figure 8.17: Pulls and impacts for nuisance parameters in the combined HH — Multilepton signal extraction fit
with the JHEP04BM?7 tuned nonRes BDT output in all seven Multilepton channels and the kinematic distributions
in the 3/CR and 4¢CR for all three years using SM like non-resonant HH signal. (Page 14/16)
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Figure 8.18: Pulls and impacts for nuisance parameters in the combined HH — Multilepton signal extraction fit
with the JHEPO4BM7 tuned nonResBDT output in all seven Multilepton channels and the kinematic distributions
in the 3/CR and 4/ CR for all three years using SM like non-resonant HH signal. (Page 15/16)
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Figure 8.19: Pulls and impacts for nuisance parameters in the combined HH — Multilepton signal extraction fit
with the JHEP0O4BM?7 tuned nonRes BDT output in all seven Multilepton channels and the kinematic distributions
in the 3¢CR and 4/ CR for all three years using SM like non-resonant HH signal. (Page 16/16)
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Appendix F Additional Postfit Plots (HH — Multilepton)
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Figure 8.20: Postfit plots (2016-2018) for the 0 + 4, channel with resonant ggHH signal for the spin-0 case and
m, = 300GeV (scaled to 1 pb).
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Figure 8.21: Postfit plots (2016-2018) for the 0¢ + 41, channel with resonant ggHH signal for the spin-0 case and
my = 750GeV (scaled to 1 pb).
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Figure 8.22: Postfit plots (2016-2018) for the 0 + 41, channel with resonant ggHH signal for the spin-2 case and
m,, = 300GeV (scaled to 1 pb).
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Figure 8.23: Postfit plots (2016-2018) for the 0¢ + 41, channel with resonant ggHH signal for the spin-2 case and
my, = 750GeV (scaled to 1 pb).
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CMSworkin Progress 07 + 4T, 36 fb” (13 TeV.
E T T T T T T T T T

CMSworkin Progress 0¢ + 4T, 41 16" (13 TeV)
T T T T T T T

CMSwork in Progress 0 + 4T, 60 b (13 TeV)
T T T T T T T T

§ Misid. leptons
% Uncertainty

Single H lzz
+ Data

— SM ggHH (1pb)

9
8
7
6
5
4
3
2

22
PSRSTSIO0S
.:.:’&;*g 5

RS

Bin number

Events

Data
Expectation

T T 3
Misid. leptons . 7z Single H =

Other bkg. % Uncertainty *

Data
— SM ggHH (1pb)

3

%

RS

O LMo 4N WA OO N ® O
& il

Bin number

optimized nonRes BDT output (scaled to 1 pb).

Events--xlabel

Data
Expectation

CMSwork in Progress 07 + 4T, 361" (13 TeV)
E AR R S AR RaRA T

CMSwork in Progress 02 + 4T, 41 o™ (13 TeV|
ARERRRRAN RRRRS

Events

Data
Expectation

z Misid. leptons 7z Single H

7B % Uncertainty + Data — SM ggHH (1pb) =
6F 3
5E 3
4k 3
3 3
2 3
= | ]
0

R
0 R R R R 'tf.fmmoagﬁ?o?oftﬁ? PLNERINIINAY SRS Nl

Bin number

CMSwork in Progress 02 + 4T, 60 fb” (13 TeV]
AR R R ARl AR RN AARE

Misid. leptons

Single H l 2z
% Uncertainty

fpata  —HH(1pD)

JHEP04 BM7

9
8
7
6
5
4
3
2

s = = P IS
,:t‘. R SRS RIS
R R R e R

R

Bin number

Events--xlabel

Data
Expectation

T T T . .
Misid. leptons [l zz Single H
Otherbkg. £ Uncertainty $ Data

—HH (1 pb)

JHEP04 BM7

Events--xlabel

| |Misid. leptons [JJzz [ single H
% Uncertainty + Data — HH (1 pb)
JHEP04 BM7

SRR

O L NO AN WA OO N ®©

Bin number

Data
Expectation

|
|
q

SRR R B
s b

O L N0 LN WA OO N ©®©

Bin number

Figure 8.25: Postfit plots (2016-2018) for the 0¢ 4- 41, channel with non-resonant ggHH signal for the JHEPO4BM7
scenario (scaled to 1 pb).
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Figure 8.26: Postfit plots (2016-2018) for the 0¢ + 41, channel with non-resonant ggHH signal for the
JHEPO4BM12 scenario (scaled to 1 pb).
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Figure 8.27: Postfit plots (2016-2018) for the 0 + 4t channel with SM like non-resonant HH signal on the
JHEP04BM7 optimized nonRes BDT output (scaled to 30 x O'HH
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Figure 8.28: Postfit plots (2016-2018) for the 1¢ + 31, channel with resonant ggHH signal for the spin-0 case and
m,, = 300GeV (scaled to 1 pb).
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Figure 8.29: Postfit plots (2016-2018) for the 1¢+ 31, channel with resonant ggHH signal for the spin-0 case and

my, = 750GeV (scaled to 1 pb).
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Figure 8.30: Postfit plots (2016-2018) for the 1¢ + 31, channel with resonant ggHH signal for the spin-2 case and

my =300GeV (scaled to 1 pb).
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Figure 8.31: Postfit plots (2016-2018) for the 1¢+ 31, channel with resonant ggHH signal for the spin-2 case and

my, = 750GeV (scaled to 1 pb).
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Figure 8.32: Postfit plots (2016-2018) for the 1¢+ 31, channel
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Figure 8.33: Postfit plots (2016-2018) for the 1/ + 3, channel with non-resonant ggHH signal for the JHEPO4BM7
scenario (scaled to 1 pb).
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Figure 8.35: Postfit plots (2016-2018) for the 1/ + 3ty channel with SM like non-resonant HH signal on the
JHEP04BM7 optimized nonRes BDT output (scaled to 30 x O'HH
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Figure 8.36: Postfit plots (2016-2018) for the 2¢ + 21, channel with resonant ggHH signal for the spin-0 case and
m,, = 300GeV (scaled to 1 pb).
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Figure 8.37: Postfit plots (2016-2018) for the 2¢ + 21, channel with resonant ggHH signal for the spin-0 case and
my, = 750GeV (scaled to 1 pb).
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Figure 8.38: Postfit plots (2016-2018) for the 2¢ + 21, channel with resonant ggHH signal for the spin-2 case and
m,, = 300GeV (scaled to 1 pb).
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Figure 8.39: Prefit plots (2016-2018) for the 2¢ 4 21, channel with resonant ggHH signal for the spin-2 case and
m,, =750GeV (scaled to 1 pb).
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Figure 8.40: Postfit plots (2016-2018) for the 2¢ + 21, channel with SM non-resonant ggHH signal on the SM
optimized nonRes BDT output (scaled to 1 pb).
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Figure 8.41: Postfit plots (2016-2018) for the 2¢ 4 2t;, channel with non-resonant gg HH signal for the JHEPO4BM7
scenario (scaled to 1 pb).
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Figure 8.42: Postfit plots (2016-2018) for the 2¢ + 2t, channel with non-resonant ggHH signal for the
JHEPO4BM12 scenario (scaled to 1 pb).
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Figure 8.43: Postfit plots (2016-2018) for the 2¢ + 21, channel with SM like non-resonant HH signal on the
JHEP04BM7 optimized nonRes BDT output (scaled to 30 x GHH)
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Figure 8.44: Postfit plots (2016-2018) for the 3¢+ 11, channel with resonant ggHH signal for the spin-0 case and
my, =300GeV (scaled to 1 pb).
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Figure 8.45: Postfit plots (2016-2018) for the 3¢ + 11, channel with resonant ggHH signal for the spin-0 case and
m,, =750GeV (scaled to 1 pb).
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Figure 8.46: Postfit plots (2016-2018) for the 3¢ + 11, channel with resonant ggHH signal for the spin-2 case and
m,, = 300GeV (scaled to 1 pb).
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Figure 8.47: Postfit plots (2016-2018) for the 3¢+ 11, channel with resonant ggHH signal for the spin-2 case and
my, = 750GeV (scaled to 1 pb).

CMSWDrkm ngress 37 + 174 36 fb @13 Tev CMSWorkm F'rogless 3¢ + 113 41 b (13 TeV) CMSWoIk in Prugress 3¢ + 17, 60" (13 TeV)
[2] [2} F 3 [2} T |
< 0 Mlswd leptons .zz SmgleH -5 “ry Mnsld leptons .zz SmgleH - E .zz N Misid. Iepions Other bkg. =
> — S n ] S =
o omerbig. [ coversions [l wz - W 12[ [onerg [l conversions [l wz - o Single H .wz % Uncertainty =
8 [ Uncertainty  § Data — SM ggHH (1pb) —: 10 [ & Uncertainy ¢ Data — SMggHH (1pb) = 14 E § Data  —SMggHH (1pb) 3
1 E ] 12E =
| 8 — E Ei
° 1 E E 10 E
] 6F = E E
4 = E ] 8 3
] - 2 of 3
1 E JE I
2k O
o & SN ‘,\_\-\\\\«\\\§\
2

1 2 3 4 5 6 7 8 9 10 11
Bin number Bin number Bin number

01234567891011

T72 8 4 5 6 7 8 9 10 11

Data
Expectation
Data
Expectation
Data
Expectation

Figure 8.48: Postfit plots (2016-2018) for the 3¢+ 11, channel with SM non-resonant ggHH signal on the SM
optimized nonRes BDT output (scaled to 1 pb).
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Figure 8.49: Postfit plots (2016-2018) for the 3¢+ 11;, channel with non-resonant ggHH signal for the JHEPO4BM7
scenario (scaled to 1 pb).
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Figure 8.50: Postfit plots (2016-2018) for the 3¢+ 1t channel with non-resonant ggHH signal for the
JHEPO4BM12 scenario (scaled to 1 pb).
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Figure 8.51: Postfit plots (2016-2018) for the 3¢ + 17, channel with SM like non-resonant HH signal on the
JHEP04BM7 optimized nonRes BDT output (scaled to 30 x GHH
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Figure 8.52: Postfit plots (2016-2018) for the 2¢(ss) + 0/1 t;, channel with resonant ggHH signal for the spin-0 case
and my, = 300GeV (scaled to 1 pb).
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Figure 8.53: Postfit plots (2016-2018)

and my, = 750GeV (scaled to 1 pb).
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Figure 8.54: Postfit plots (2016-2018) for the 2¢(ss) + 0/1 t;, channel with resonant gg HH signal for the spin-2 case

and m, = 300GeV (scaled to 1 pb).
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Figure 8.55: Postfit plots (2016-2018) for the 2¢(ss) + 0/1 t;, channel with resonant ggHH signal for the spin-2 case

and m, =750GeV (scaled to 1 pb).
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Figure 8.56: Postfit plots (2016-2018) for the 2/(ss) + 0/1 t;, channel with SM non-resonant ggHH signal on the
SM optimized nonRes BDT output (scaled to 1 pb).
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Figure 8.57: Postfit plots (2016-2018) for the 2¢(ss) + 0/1 1, channel with non-resonant ggHH signal for the
JHEPO4BM7 scenario (scaled to 1 pb).
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Figure 8.58: Postfit plots (2016-2018) for the 2¢(ss) + 0/1 t;, channel with non-resonant ggHH signal for the
JHEPO4BM12 scenario (scaled to 1 pb).
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Figure 8.59: Postfit plots (2016-2018) for the 2¢(ss) + 0/1 1}, channel with SM like non-resonant HH signal on the

JHEP04BM7 optimized nonRes BDT output (scaled to 30 x oy

Postfit 3/ 4Ot

37

SM
H.

37

37

CMS Work in Progress
T

36 (13 TeV.
T T

CMS work in Progress 411 (13 TeV
T T T T

CMSwork in Progress 60 fo' (13 TeV.
T T T

%) T T T ) T ER) T T E
§ 10° . wz Misid. leptons Other bkg. E E 108 .WZ Misid. leptons Other bkg. = g) 10° . wz @ Misid. leptons Other bkg. é
o 108 . Conversions . 7z Single H = W g . Conversions . 2z Single H - w 10° . Conversions . 7z Single H 3
10 % Uncertainty * Data — X HH (1 pb) ,; 10¢ % Uncertainty * Data — X HH (1 pb) ; 10t %(% Uncertainty * Data — X— HH (1 pb) E
s . 3 . 3 . 3
10 my = 300 GeV, spin 0 E 10° my = 300 GeV, spin 0 E 10° my = 300 GeV, spin 0 E
107 - 102 = 102 -
10 z 10 B = 10

1 1 = N:

107" 107 | = 107 |

Bin number

Bin number

s s 5
o5 o5 o538 ERW
©| o < ©| o E ©| o E hd [ 20 4
alg05 <= 0ol805 i = olgo05
a5 12 3 45 6 7 8 9 10111213 14 I 12 3 45 6 7 8 9 10111213 14 o 12 3 45 6 7 8 9 10111213 14

Bin number

Figure 8.60: Postfit plots (2016-2018) for the 3¢+ Ot,, channel with resonant ggHH signal for the spin-0 case and

my = 300GeV (scaled to 1 pb).
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Figure 8.61: Postfit plots (2016-2018) for the 3¢+ Ot;, channel with resonant ggHH signal for the spin-0 case and

my, = 750GeV (scaled to 1 pb).
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Figure 8.62: Postfit plots (2016-2018) for the 3¢+ Ot,, channel with resonant ggHH signal for the spin-2 case and
my = 300GeV (scaled to 1 pb).
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Figure 8.63: Postfit plots (2016-2018) for the 3¢ + Ot} channel with resonant ggHH signal for the spin-2 case and
my, =750GeV (scaled to 1 pb).
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Figure 8.64: Postfit plots (2016-2018) for the 3/ + Ot channel with SM non-resonant ggHH signal on the SM
optimized nonRes BDT output (scaled to 1 pb).
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Figure 8.65: Postfit plots (2016-2018) for the 3¢ 4 Oty, channel with non-resonant gg HH signal for the JHEPO4BM7
scenario (scaled to 1 pb).
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Figure 8.66: Postfit plots (2016-2018) for the 3¢ + Ot, channel with non-resonant ggHH signal for the
JHEPO4BM12 scenario (scaled to 1 pb).
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Figure 8.67: Postfit plots (2016-2018) for the 3¢ + Ot;, channel with SM like non-resonant HH signal on the
JHEP04BM7 optimized nonRes BDT output (scaled to 30 x Gﬁl\{[{).
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Figure 8.68: Postfit plots (2016-2018) for the 4¢ channel with resonant ggHH signal for the spin-0 case and m,,

300GeV (scaled to 1 pb).
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Figure 8.69: Postfit plots (2016-2018) for the 4¢ channel with resonant gg HH signal for the spin-0 case and m, =

750GeV (scaled to 1 pb).
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Figure 8.70: Postfit plots (2016-2018) for the 4¢ channel with resonant gg HH signal for the spin-2 case and m, =

300GeV (scaled to 1 pb).
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Figure 8.71: Postfit plots (2016-2018) for the 4¢ channel with resonant gg HH signal for the spin-2 case and m, =
750GeV (scaled to 1 pb).
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Figure 8.72: Postfit plots (2016-2018) for the 4¢ channel with SM non-resonant ggHH signal on the SM optimized
nonRes BDT output (scaled to 1 pb).
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Figure 8.73: Postfit plots (2016-2018) for the 4¢ channel with non-resonant ggHH signal for the JHEPO4BM7
scenario (scaled to 1 pb).

LVI



CMSWorkarogress 4¢ 36fb (13 TeV

CMSwork in Progress 4¢ 41 fb (13 TeV) CMSwork in Progress 4¢ 60 fb (13 TeV
Aaaan T ARARRRRRARRRREY Aaans'

T 10° T T T x| @ 5 T T | D T =
8 . 72z Other bkg M|5|d Ieptons R 10 Bz Other bkg MISId Ieptons E g 10° Bz Other bkg. Slngle HZ
I 10 Single H . wz . Conversions = z 10* Single H . wz . Conversions = :I; 10* . Conversions Misid. leptons . wz é
E 10° % Uncertainty * Data — HH (1 pb) - g 10° % Uncertainty } Data — HH (1 pb) - :,E, 10° % Uncertainty * Data — HH (1 pb) i
> ER.— E > H
w = L 3 w E
102 JHEP04 BM12 = 107 JHEP04 BM12 . 102 JHEP04 BM12 -

10 = 10 - 10 -

= 1 1 =

107! 10" 107 =

c c c
o215 o215 o215 E
55 1F T5 1 % 5|5 1 g
o[g05 o|g05 5 o|g0.5 E

5 1 2 3 4 5 &5 1 3 4 5 X 3 5
BDTOutput in signal quantiles BDTOutput in signal quantiles BDTOutput in signal quantiles

Figure 8.74: Postfit plots (2016-2018) for the 4¢ channel with non-resonant ggHH signal for the JHEP0O4BM12
scenario (scaled to 1 pb).
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Figure 8.75: Postfit plots (2016-2018) for the 4/ channel with SM like non-resonant HH signal on the JHEP0O4BM7
optimized nonRes BDT output (scaled to 30 x GHH
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Figure 8.76: Postfit plots (2016-2018) for the 3¢/ CR.
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Figure 8.77: Postfit plots (2016-2018) for the 4¢CR.
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