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Chapter 1

Introduction

On July 4, 2012, the Higgs boson was discovered by the ATLAS and CMS collabora-

tiong 16718

confirming the mechanism by which particles gain mass and completing the Stan-
dard Model (SM) of physics. While the Standard Model has consistently withstood experi-
mental scrutiny, there are many questions in physics that are not explained in the Standard
Model. For instance, it is very natural to assume that both matter and antimatter were
present in equal proportions at the beginning of the universe, but the world we interact
with every day is composed entirely of matter. This apparent contradiction, known as the
baryon asymmetry problem, is one of the biggest open questions in physics and the Standard
Model does not offer a feasible explanation. The baryon asymmetry problem requires a level
of CP-violation that is not present in the Standard Model and necessitates an additional
explanation beyond the Standard Model (BSM). One path forward is to conduct searches
for new particles which arise in extensions of the Standard Model and represent a more
complete model. A complimentary path is to perform high precision measurements of the
properties of known particles to test whether they are consistent with the Standard Model
predictions. These high precision measurements can serve as an indirect search for physics
beyond the Standard Model. In this case, the BSM model predicts small deviations from
SM expectations which can be observed.

The Large Hadron Collider (LHC) provides an opportunity to conduct high precision



measurements of Higgs boson’s properties with the potential to observe deviations from
the Standard Model. Although current measurements of the Higgs boson’s properties are
consistent with the Standard Model !534, the precision is not sufficiently high to exclude the
possibility of anomalous couplings which are not predicted by the Standard Model. There are

2834 spin-zero, but small anomalous couplings

very tight constraints on the spin of the Higgs
of the Higgs to two gauge bosons are still allowed within current experimental uncertainties.
Observation of anomalous couplings will provide evidence for physics beyond the Standard
Model.

In this analysis, the properties of the Higgs coupling to gauge bosons are studied using
multiple production mechanisms: gluon-gluon fusion (ggH), vector boson fusion (VBF),
and associated production (VH). A single Higgs decay mode, H — 77, is utilized to take
advantage of useful properties unique to this decay mode. Because the tau lepton decays
within the detector, multiple decay channels are available for study. This analysis focuses on
events where one tau lepton decays leptonically while the other decays hadronically. These
channels are referred to as 7.7, and 7,7, based on whether the leptonically decaying tau
decays into ev.v; or pv,v;.

This thesis begins with a discussion of the theory underpinning the analysis. Chapter 2
provides an introduction to the Standard Model and anomalous Higgs boson coupling is
given in Chapter 3. The experimental details are then discussed in Chapter 4, Chapter 5,
and Chapter 6 which address the Large Hadron Collider (LHC), the Compact Muon Solenoid
(CMS) experiment, and the object reconstruction within the CMS experiment, respectively.
This is followed by a description of the analysis specific details. The description starts in
Chapter 7 which introduces the final states used in this analysis along with the dominant
backgrounds and the event selection. This naturally leads to an explanation of the event cat-
egorization provided in Chapter 8. Next, Chapter 9 describes the methods used to estimate
background contributions to the analysis. The datasets used in this analysis are described
in Chapter 10 followed by an overview of the required corrections to those datasets in Chap-
ter 11. An extensive discussion of the sensitive observables for the analysis is provided in

Chapter 12 and the uncertainties are assessed in Chapter 13. This thesis concludes with the



results of the analysis in Chapter 14 followed by a summary in Chapter 15.



Chapter 2

Standard Model

The Standard Model provides a framework for describing the interactions between all ele-
mentary particles. The Standard Model is split into two groups: the particles that make up
ordinary matter and the force carriers that facilitate interaction between particles of the first
group. The former group is comprised of fermions, particles with half-integer spin that obey
Fermi-Dirac statistics, while the latter contains particles with integer spin known as bosons
due to their obeying Bose-Einstein statistics. All elementary interactions are described in

the Standard Model in terms of fermions interacting via the exchange of bosons.

2.1 Standard Model: A Qualitative Overview

This section provides a qualitative look into the structure of the Standard Model. The
principal actors in the model are discussed while a slightly more rigorous mathematical

description of the model is left for the next section.

2.1.1 Bosons

The fundamental forces are all characterized by the exchange of force-carrying bosons. The
Standard Model incorporates the electromagnetic force, carried by photons, the strong nu-

clear force, carried by gluons, and the weak nuclear force carried by the W* and Z bosons.



Boson Force Mass Width
Photon () | Electromagnetic - -

Gluon (g) Strong - -
W+ Weak 80.4 GeV 2.09 GeV
Z0 Weak 91.2 GeV 2.50 GeV
H° - 125.1 GeV | < 0.013 GeV

Table 2.1: The properties of all observed bosons. The photon and gluon are massless and
therefore have no decay width. All listed bosons are neutrally charged except the W14,

While gravity is not yet included in the Standard Model, it is hypothesized that a spin-2
boson called the graviton is responsible for the gravitational force. Additionally, the Higgs
field, mediated by the Higgs boson, provides mass to the particles of the Standard Model.
The W*, Z, and Higgs bosons obtain a mass as a result of electroweak symmetry breaking
(EWB) while the photon and gluons remain massless. The properties of the Standard Model

bosons are listed in Table 2.1.

2.1.2 Fermions

There are twelve distinct fermions generally split into two groups of six based on their be-
havior under different interactions. Both groups are then sub-divided into three generations
which have different masses, but are otherwise identical. Fach fermion has an anti-particle
with the all the same properties except for the opposite charge. Together these twenty-four
fermions compose all known matter. Table 2.2 depicts the fermion groupings and gives their
properties.

The first group of fermions, known as leptons, contains the negatively charged electron
and its heavier cousins the muon and the tau lepton. Each of these leptons comes with an
extremely light, neutrally charged neutrino. All leptons interact via the weak nuclear force
and the charged leptons also participate in electromagnetic interactions.

The second group of fermions are the quarks: up, down, charm, strange, top, and bottom.
The first generation consists of the fractionally charged up quark (+2/3) and down quark
(-1/3) which make up the protons and neutrons of ordinary matter. The second and third

generations have similar pairings with the charm and top quarks having (42/3) charge



Leptons Quarks
Generation | Particle Mass (MeV) Charge | Particle Mass (MeV) Charge

Pirst Electron b511 -1 Up 2.16 1/3
Electron Neutrino < 1.1 x 1076 0 Down 4.67 -2/3

Second Muon 105.7 -1 Charm 1.27 x 10° 1/3
Muon Neutrino < 0.19 0 Strange 93.0 -2/3

Third Tau 1776.9 -1 Top 172.8 x 103 1/3
Tau Neutrino < 18.2 0 Bottom  4.18 x 103 -2/3

Table 2.2: All observed fermions grouped by generation and split into leptons and quarks.
The measured masses (in MeV) and charges are shown for each fermion.

and the strange and bottom quarks having (-1/3) charge. In addition to being electrically
charged, the quarks also carry the color charge of the strong interaction. The quarks are
never observed in isolation, but instead are only seen in colorless bound states of two or
three quarks referred to as mesons and baryons, respectively. The quarks also interact via
the electromagnetic and weak nuclear forces.

All fermions interact with the Higgs field via a Yukawa coupling in order to gain mass.

2.2 Standard Model: A Mathematical Overview

The Standard Model is a quantum field theory with a Lagrangian density of the form

L= L(6r,0,0,) (2.1)

where ¢, is a set of fields and 0, is the gradient generalized to four dimensions. The equations
of motion for the fields are derived by applying the variational principle to the action integral

defined in Eq. 2.2 where 2 is an arbitrary region of phase space.

S(©) = [ £(6n0,0)d% 29)

By allowing the fields to vary as

¢r(r) = ¢r(x) + 000 (), (2:3)



and requiring the action to be stationary, we arrive at the Euler-Lagrange equations of

motion for the fields Eq. 2.4.

oL o (o
— = =1,...,N. 24
0, O (ag’%) ST e 24

The theory is then quantized by applying appropriate canonical commutation relations
between the conjugate coordinates and momenta. All particles in the Standard Model cor-
respond to an excitation in these fields.

From Noether’s theorem, we know that if the action is invariant under a transformation
there will be a corresponding conserved current. The same logic can be used in reverse to
show that starting from conserved currents, we can find transformations under which the
Lagrangian is invariant. As an example, consider the well-known conservation of electromag-
netic charge. It is easy to show that by applying the global phase transformation Eq. 2.5
where « is a constant to the Dirac Lagrangian Eq. 2.6, we can derive a conserved charge. It

is also obvious the Lagrangian will be invariant under this transformation.

h(x) = P (x) = e
U(@) = P'(x) = e’

£ = (@) (i, — m)b(x) (2.6)

The global phase transformation can then be generalized to a local phase transformation
Eq. 2.7 along with a gauge transformation of the potential Eq. 2.8. The coupled trans-
formations correspond to a transformation under the U(1) symmetry group. This demon-
strates how we can start from the observation of a conserved current, in this case the elec-
tromagnetic current, and discover a symmetry of the Lagrangian under U(1) transforma-
tions. Using the same process, it can be shown that the Standard Model symmetry group is
SU3)®SU(2)®@U(1). The generators of these groups can be mapped to the force-carrying

gauge bosons.



b(@) = ¥/(x) = e
B(@) = §(x) = e

A,(x) — A;L(:c) =A,(x)+ 0u.f(x) (2.8)

2.2.1 The Electroweak Interaction

The electroweak interaction represents the unification of the electromagnetic force and the
weak nuclear force into a single interaction under the SU(2)®U (1) symmetry group. Starting
from the free-lepton Lagrangian density with lepton masses set to zero, Eq. 2.9, we impose

an odd feature of the weak interaction.

Lo =i [Ye(@)Pe(w) + o, ()0, ()] (2.9)

From observation, we know that the weak interaction only involves left-handed particles

and right-handed antiparticles so we can split the lepton fields

Yh(z) = Prip(z)
L= 2.10)

YT (x) = Prip(x)

then rewrite the fields as two-component fields

wie) = (005 0 = (@10, 0 ) 2.11)

After rewriting Eq. 2.9 in terms of the two-component fields, we can apply the SU(2)
and U(1) transformations enforcing local phase invariance. The transformations take the

form
W) — Vi () = expligrw;(z) /2] (2)

Uj(z) = Ui (x) = expligrjw;(x) /2] V7 (z)



where ¢ is the coupling constant, 7; are the 3 Pauli matrices, and w; are 3 real, differentiable
functions. Following the same procedure as before, we end up with four new fields: three
from the SU(2) transformations and one from U(1). The photon, W* bosons, and Z boson
are then identified as linear combinations of the four gauge fields.

We can now attempt to add mass terms to the Lagrangian density, but these terms break
the SU(2) ® U(1) symmetry and also lead to renormalization issues. The Glashow model
proceeds with adding the mass terms and accepts the broken symmetry. While the Glashow
model does provide decent agreement with experiment in first-order perturbation theory, it
is not renormalizable. To maintain the gauge symmetry and renormalizability, all lepton

and gauge boson masses must be set to zero.

2.2.2 Electroweak Symmetry Breaking

Electroweak symmetry breaking provides a mechanism to introduce non-zero masses to the
Standard Model particles while maintaining renormalizability and gauge invariance. It is
important to note that the symmetry breaking does not refer to a term in the Lagrangian
that violates a previously imposed symmetry, but that it refers to the situation where the
ground state of a system is degenerate. In this case, the arbitrary choice of one of the
degenerate states results in a ground state that no longer shares the symmetries of the
Lagrangian. The symmetry has been spontaneously broken by the choice of a ground state.

For a field theory, the ground state corresponds to the vacuum expectation value (vev)

(0] (2)]0) = o (2.12)

The Higgs mechanism builds on EWB to provide a way to introduce a complex scalar
field to the Lagrangian along with the massless vector fields and produce a real scalar field
and massive vector fields without breaking the gauge invariance of the Lagrangian density.
A complex scalar field, ¢, is introduced to the Lagrangian along with the Higgs potential

V(¢) leading to a Higgs term in the Lagrangian



Figure 2.1: The Higgs potential from Eq. 2.13 with pu?> < 0. The potential is symmetric
about zero in the real-imaginary plane requiring spontaneous symmetry breaking to choose
the ground state?.

L = [D"¢(x)]"[D"¢(x)] — 1*|o(@)* — Alg(x)[* (2.13)

where D* is the covariant derivative used to enforce gauge symmetry in the electroweak

interaction and ¢(x) is given by Eq. 2.14 with o(z) and 7;(x) as real scalar fields.

o(x) = L( NI ) (2.14)

V2 \v+o(x) +ins(x)
In order to put a lower bound on the potential, it must be that A > 0 while x? has no such
constraint. In order to have EWB, the vev must be degenerate leading to the requirement

that u? < 0. This potential is shown in Fig. 2.1. The arbitrary choice of ground state is

Py = (%J ;v = (;—’f) (2.15)

Now that the ground state is chosen, we can write Eq. 2.14 in the unitary gauge as

o) =55 (o) (2.16)

v+ o(z)

made such that

by simply applying a SU(2) transformation followed by a U(1) transformation to Eq. 2.14.
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The Higgs term, now written in the unitary gauge, can be added to the rest of the fields we
have been building in the unitary gauge. Then, the full SM Lagrange density can be written
in the unitary gauge by applying the same SU(2) ® U(1) transformation resulting in four
gauge fields just as in Sec. 2.2.1. The four resulting fields can be identified as the massive

gauge bosons, W* and Z°, and the massless photon, A as shown in Eq. 2.17.

1

1 m
0 _ 3 . _ w
R o (Wi =dB.) 5 mz=_ - (2.17)
1
Ag = (g'Wj’ +9B,) ; my =0

where W) are the three fields generated by SU(2), B, is the field generated by U(1), g is
the coupling constant from the SU(2) transformation, and ¢’ is the coupling constant from
the U(1) transformation, and 6y is the weak mixing angle.

Also, the Higgs boson appears as the quanta of the additional Higgs field added to the
Lagrangian. The Higgs boson has mass given by Eq. 2.18.

Because the Higgs boson is the quantum of a real scalar field, it is predicted to be a neutral,
spin-zero particle which behaves like a scalar. This means the Standard Model Higgs boson
will be an eigenstate of the C'P transformation, Eq. 2.19, where C' denotes charge conjugation

and P denotes a parity transformation.

CP|T) = \|T) (2.19)

In particular, the Higgs boson will be a CP-even state, A = +1, rather than a CP-odd state,
A=—1.
The Higgs mechanism also enables the fermions to gain mass terms in the Lagrangian

via a Yukawa coupling with the Higgs field Eq. 2.20
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L=mypbspy (2.20)

where the fermion mass my is a function of the vev and the measured coupling strength.

2.2.3 The Strong Interaction

The theory describing the strong interaction is known as quantum chromodynamics (QCD)
and is the result of imposing invariance of the SM Lagrangian under transformations from
the SU(3) symmetry group. Particles that participate in the strong interaction, quarks
and gluons, carry color charge which is analogous in some ways to electric charge in the
electroweak interaction. Unlike electric charge which comes in two forms, there are three
different color charges: red, green, and blue. Each quark carries one color charge, while
gluons carry a color-anticolor pair in order to change the color charge of the quarks involved
in the interaction. For instance, a red-antigreen gluon may interact with a green quark to
change the quark’s charge to red. It is easy to see that a total of eight uniquely-charged
gluons are required to mediate interactions between all possible color combinations of two
quarks while conserving color charge.

The Lagrangian density for QCD is given by Eq. 2.21

L = 1o (@) [iDap — mbas] () (2.21)

with the covariant derivative given by Eq. 2.22 and the gluon field strength tensor Eq. 2.23.

' 1
Dlfy = 0usd + 59N s Al () = 7 G () Gip(2) (2.22)
G (@) = F7(x) + o fige A (2) AL (2) (2.23)

In these equations, F!" are the gluon fields with ¢ = 1,...,8, \; are the Gell-Mann

matrices, g, is the strong coupling strength, and f;;; are the structure constants of the
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SU(3) symmetry group. The coupling strength g5 can be used to define the strong coupling
constant as = gs/4m. The strong coupling constant is unique in the SM because it is a
running coupling constant that depends on the momentum transfer in the process. This is

reflected in the definition

_ as (1)
1+ Boors(pF) In(u?/ p3,)

as (1) (2.24)

where p? is the square of the momentum transfer, p% is the renormalization scale where
the coupling constant is known empirically, and Sy relates the number of colors n. and the

number of quark flavors n, as follows

_ 1ln. — 2n,

Bo = T on (2.25)

In the Standard Model, there are 3 known colors and 6 flavors of quarks leading to By > 0.
Taking the asymptotic limits of the strong coupling constant in the Standard Model leads
to some strange features of QCD.

First, in the high momentum transfer limit (@ — oo) the strong coupling constant ap-
proaches zero allowing perturbation theory to provide an accurate description of interactions.
This is the only region in which we can accurately model QCD interactions. In contrast,
at the low momentum transfer limit (4x — 0) the strong coupling strength explodes. This
is easy to see because the coupling strength scales as the inverse of the natural log of the
momentum transfer, which blows up as the momentum transfer approaches zero. The low
energy limit can also be interpreted as the high separation limit meaning that the further
apart two quarks are separated, the stronger the coupling strength. This result is reflected
by the fact that quarks are never observed in isolation, but are only seen in colorless pairs or
triplets (mesons and hadrons). As a pair of quarks are separated, energy builds in the system
analogous to the stretching of a spring. At some point, enough potential is stored in the
system that a quark-antiquark pair is created to form two colorless pairs. This phenomenon

is known as quark confinement and results in another phenomenon, hadronization, at high
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energies where a single high energy quark can result in numerous pair productions leaving

many outgoing hadrons.

2.3 Higgs Boson Production and Decay

Fig. 2.3 shows the four main processes by which the Higgs production can occur at the LHC
and Table 2.3 shows the cross section of each production mode for my = 125.09 GeV. It
is clear from the table that the process with the highest cross section is gluon-gluon fusion
(ggH) in which a pair of high energy gluons merge to form a Higgs boson. Because the gluons
do not couple directly to the Higgs, the production is enabled via a loop which is dominated
in the Standard Model by top quarks. It is possible for additional jets to be radiated away
during this production, but each additional jet is suppressed by a factor proportional to
the strong coupling constant. An order of magnitude smaller in cross section, vector-boson
fusion (VBF) provides the second highest cross section and is characterized by the two quarks
produced in association with the Higgs. These quarks give a distinct signal as they generally
appear in the far forward regions of the detector. Associated production with a W boson
and associated production with a Z boson are referred to jointly as VH while production
with top quarks is referred to as ttH. These processes have very small cross sections and
are fairly rare at the LHC. ttH production is particularly interesting because it provides an
avenue to study how fermions couple to the Higgs at tree-level. The ttH production channel

is studied in a dedicated analysis not included in this thesis.

Production Decay
Process | XS (Pb™1) || Process BR (%)
ool 4861 | bb 53.09
VBF 3.766 T 6.272
WH 1358 || up 0.002
ZH 0.880 WW 21.52
ttH 0.6128 77 2.641

Table 2.3: Higgs production cross sections for various processes at \/s = 13 TeV (left) and
Higgs decay branching fraction (right). Both are shown for mg = 125.09 GeV %°.
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Figure 2.2: The four main Higgs production mechanisms ordered by cross section. Gluon-
gluon fusion (ggH) shown top-left has the highest cross section and corresponds to the majority
of Higgs production. Vector boson fusion (VBF) shown top-right provides the second highest
contribution with a cross section an order of magnitude smaller than ggH. Smaller still,

associated production (VH) shown bottom-left and ttH production shown bottom-right provide
the smallest contributions.
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The Higgs branching fractions are also shown in Table 2.3 for various decay channels.
The branching fraction to fermions scales with the mass of the fermion whereas H — tt is
kinematically forbidden. The H — bb decay has the highest branching fraction, but is in
practice a very difficult analysis at the LHC due to the nature of hadron collisions. The
H — bb final state is accompanied by an overwhelming background of multijet events which
occur frequently in hadron colliders. In contrast, the H — uj decay is an exceptionally clean
channel where exactly two muons can be clearly identified and the dimuon mass resonance
will be very sharp. The difficulty with this channel is that the branching fraction is so small
that the current integrated luminosity delivered by the LHC is not sufficient to construct an
analysis sensitive to H — upi. H — 77 provides a great compromise with a cross section
much larger than H — pji and much smaller backgrounds than H — bb. The H — 77 decay
has already been observed® by CMS and ATLAS with a significance > 50 implying that
sufficient statistics has been collected to perform a sensitive analysis. The H — 77 decay
requires two tau leptons to be present greatly suppressing the multijet background that
plagues the H — bb channel. The main difficulty in H — 77 comes from the fact that the
tau lepton decays within the volume of the detector and can only be observed via its decay

products.
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Chapter 3

Phenomenology

In the Standard Model, the Higgs boson is a CP-even scalar: quantum numbers J©¢ = 0+,
These quantum numbers can be measured experimentally by studying the Higgs coupling in
both production and decay. The nature of the coupling produces noticeable effects in the
kinematics of incoming and outgoing particles for production and decay, respectively. For
example, in VBF production (Fig. 2.3) we can easily measure the azimuthal angle between the
two associated quarks. The details of the HVV coupling determine the kinematic distribution
of this angle over a set of events. This is shown in Fig. 3.1 where the red distribution shows
the angle between the quarks in VBF (left) and ggH (right) production for the SM CP-even
Higgs scalar. The other distributions show the angle under the hypothesis of a pseudoscalar
Higgs (black) and in the presence of interference between a mixed scalar and pseudoscalar
Higgs (green and blue). Clearly, different coupling scenarios produce drastically different
distributions. It is also worth noticing that while pure CP-even and pure CP-odd states
produce distribution symmetric about zero, the mixed states are strikingly asymmetric.
This is a feature that is utilized later in the analysis.

Since the discovery of the Higgs boson, the Higgs coupling has been probed extensively
to determine its quantum numbers. All current experimental evidence is consistent with
the SM Higgs !9 3%, but the measurement uncertainty is still too large to completely exclude

small anomalous couplings. It is possible that there are CP-odd Higgs couplings the effects
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Figure 3.1: The azimuthal angle between the two jets produced in association with the Higgs
boson for VBF (left) and ggH (right) production. The correlation between jets produced in
association with a scalar Higgs (red) and pseudoscalar Higgs (black) is shown in both plots.
Different miztures of CP-even and CP-odd states are also shown in blue and green.*?

of which, including interference with the CP-even state, are beyond the current experimental
precision. The presence of anomalous couplings directly to gauge bosons would be proof of
CP-odd Higgs couplings which are not expected in the Standard Model. These couplings
are probed using the VBF and VH production mechanisms. Because ggH is a loop-induced
process, anomalous couplings in ggH production can be caused by CP-odd couplings or by
the presence of non-Standard Model particles. The contribution of all particles within a loop
must be summed which means that a deviation from SM prediction could be the result of
an undiscovered particle contributing to the loop. Because the anomalous couplings require
new physics, measuring the Higgs couplings provides a strong test of the Standard Model
and a probe for physics beyond the Standard Model.

We start by constructing the most general scattering amplitude possible for the inter-
action of a spin-zero particle (X) with two gauge bosons (Vi,V5)2 First, we denote the
momentum of X with ¢ while ¢, ¢ are the momenta of the two gauge bosons. We assume

the gauge bosons are transversely polarized: g;e; = 0 where ¢; is the gauge boson polarization
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vector. The gauge boson field strength tensor is then written as

fom =g — eql (3.1)
with conjugate field strength tensor
i) _ 1 (i)po o0
fw/ = §€,uupaf = €uvpc€; 4; (32)

Then, the general scattering amplitude can be written as Eq. 3.3

AX 5 VV) = (glm%e*;e; b o oy g peOw o BT gdji”f*“”“”)

(3.3)
where v is the vacuum expectation value and A is the cutoff scale for BSM physics. The
constants g; can be thought of as effective coupling constants under the assumption that
X, V1, V5 are all produced on-shell. This expression is kept general to account for coupling to
massive and massless gauge bosons. For massless gauge bosons, the expression is simplified by
imposing my = 0. Alternatively, the tree-level HZZ coupling can be recovered by assigning
X = H then setting g; = 2i and g;~1 = 0.

Eq. 3.3 can be rewritten by factoring out the polarization vectors as follows
AX = VV) =v et e (algu,,mg( + 24,9, + agew,p,,q’fqg) (3.4)

Here, the coefficients a; are defined as follows

2

m 2s S
a1 =gi—s + go—o + Gh—5,  az=—2g— g3k,  az=—2gq (3.5)
mx mx mx
with
m2 — 2m? S
S =qq2 = %§ k= A2 (3.6)

At this point we focus on the HVV scattering amplitude which allows us to rewrite Eq. 3.4
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in a more interprettable form

vV 2 vV 2
K1 qi + Ky Q3

(AYY)?

AHVV) ~ |aYV + M €165y + ay ¥ i) O gy V D) pr@m - (3.7)

1%

where x; are simply a phase factors for each gauge boson?®.

3.1 The HVV Vertex

The easiest way to start understanding this amplitude is to break it into terms and discuss
each term individually. The first term, the one containing m? €} €, is responsible for
CP-even, tree-level couplings. This is the only term that is nonzero in the case that no BSM
physics is present in the Higgs coupling. The brackets in this term contain the Standard
Model coupling, a;, along with a coupling that scales as A=2. The A term accounts for
BSM physics that affect the CP-even tree-level couplings and is exactly zero in the Standard
Model. In practice, we differentiate between two A terms while summing over all gauge
bosons. The two A terms are: Azz = Aww = Ay and AlZv' Because the kinematics
for Z7 fusion and WW fusion are extremely similar, we choose to make the simplification

a?? = a"W and kYW /(AVW) = kZZ /(A#%). This is just a choice to simplify the analysis

and may be reinterpreted for any other ratio a{'"V /a#?Z.

The next term, proportional to as, provides CP-even loop-level couplings. In the SM,
HVV coupling is only observed at the tree-level meaning that an observation as # 0 hints at
BSM physics, although it could also simply be caused by loop diagrams that are beyond the
current precision. Under the assumption that a nonzero measurement of a is caused by new
physics, the most likely explanation is a heavy state that hasn’t yet been observed. Aside
from containing potential new physics, this term is also pure CP-even i.e. it is not sensitive
to any CP-violation.

The last term includes the pure CP-odd coupling scaled by the coupling constant as.

If CP-violation is present in the Higgs coupling, it will appear as a nonzero value for the

parameter az. Of course the a3 parameter can not provide information about the cause of the
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CP-violation, but it would be a clear indication of a CP-odd Higgs coupling which requires
BSM physics.

The interpretation of these coupling constants carries over directly to associated pro-
duction where, again, two gauge bosons couple directly to the Higgs boson. As a result,
four parameters are measured in the VBF and VH analysis. These include the parameter
sensitive to CP-violation: ag, the loop-level, CP-even BSM parameter: a,, and the tree-level
CP-even BSM parameters: Ayw = Azz = Ay and A1Z7.

In order to cancel many systematic uncertainties involved in measuring the couplings
directly, we choose to measure the ratio of effective cross sections. Each coupling constant is

measured relative the the SM contribution a;. The four ratios and related phases are shown

in Eq. 3.8.

Fis = laz|os L w=arg()
7 a1 [Poy + |as|?os + |asPos + a1 /(M) + .. a3 a
|a2|202 a2

a2 = p ; a2 = aTg\—
f2 |a1]201+|a2|202+|a3|203+0A1/(A1)4—|—... ¢ 2 g(CLl)

. ) (3.8)
fA . UAl/(Al) ) ¢A
1 — ~ 3 1
‘(11’20'1 + ’CLQ’QO—Q + |(I3|203 + JAl/(A1)4 4+ ...
~ 7 zZ

fm . UA?/(A1V)4 . Zv
A1 ) Al

aiPoy a5 /AT +

The cross section, o;, corresponds to the case where the corresponding coupling, a;, is set to
one and all other couplings are set to zero. In this analysis, only ¢,; = 0 or 7 are allowed
in order to restrict the couplings in Eq. 3.7 to be constant and real. This corresponds to an

effective Lagrangian notation.

3.2 The Hgg Vertex

The first term in Eq. 3.7 accounts for tree-level couplings and therefore must vanish for
processes like gluon-gluon fusion where the gauge bosons do not couple directly to the Higgs,
and must be mediated by a loop. In this case, a5® accounts for Standard Model couplings

while a§® scales CP-odd contributions to the coupling. In the Standard Model, this loop is

21



dominated by ¢t due to its large mass with a much smaller contribution from the next heaviest
particle anti-particle pair: bb. In order to remain agnostic to the existence of undiscovered
particles, we do not make any assumptions about the content of the loop and write the
scattering amplitude as

A(Hgg) _ agng*(l)f*(Q)uV + agng*,(/l)]?*(Z)uu (39)

p Iz

The effective cross section is then given in Eq. 3.10.

99H _ a5*"? (3.10)
TR e |

In the end, this analysis places constraints on the five coupling constants in Eq. 3.11.

Because the presence CP-violation in HVV will effect the measurement of CP in Hgg and

g9H

vice versa, the CP-sensitive parameters f,3 and fJ5 are left simultaneously unconstrained.

a

H s ()
: sSign \ —wg
P o o G

(3.11)
HVV . faicos (Pai)

3.3 Comparison of HVV and Hgg

The sensitivity to CP-violation in the HVV and Hgg vertices are fundamentally different
due to the differences in the Feynman diagrams. The HVV vertex is a tree-level process
which always produces two easily identifiable jets. The correlation between these jets is the
key to accessing the nature of the Higgs coupling in HVV. The left side of Fig. 3.1 shows
that a very strong correlation is present in the quarks from VBF production. In contrast,
the right side of Fig. 3.1 shows that the correlation between jets in ggH production is much
weaker. This has to do with the fact that ggH production is a loop-induced process and,
to first order, does not produce any additional jets. Two additional jets must be radiated
during the production in order to access CP-violation via ggH production. The production

of each of these jets is suppressed by a factor proportional to the strong coupling constant
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meaning that the majority of ggH events which do not have additional jets do not provide
information needed for measuring CP-violation. The combination of lower acceptance and
weaker correlation in ggH production results in much lower sensitivity to the Hgg vertex

with respect to the HVV vertex.
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Chapter 4

The Large Hadron Collider

The Large Hadron Collider (LHC)?®, built by the European Organization for Nuclear Re-
search (CERN), is the largest, most powerful accelerator constructed to date. It is designed
to accelerate two proton (or heavy ion) beams along a circular path to nearly the speed of
light before colliding. The LHC is located in a 26.7 km circular tunnel 45 m below the CERN
complex on the border between Switzerland and France. The tunnel was previously home to
the Large Electron Positron (LEP) collider, which was decommissioned in November 2000
after operating for 11 years. Numerous experiments are located around the LHC to study a
myriad of topics using the interactions produced by the accelerator. Of these experiments,
four sit directly on the beamline - one at each interaction point. These experiments are
ATLAS, CMS, ALICE, and LHCb.

As a circular collider, the maximum center of mass energy (1/s) of the LHC is deter-
mined by the size of the ring and the power of the magnets responsible for keeping particles
contained within the ring. The circumference of the ring is constrained by the previously
dug tunnel to be 26.7 km. Currently, superconducting niobium-titanium magnets are used
to create an 8.33 T field that contains the particles within the ring. The result is a maximum
center of mass energy of 13 TeV with the capability to increase to 14 TeV in the future. To
increase this energy, advances in magnet technology are required. For example, development

of 16 T magnets for a future collider could be installed on the LHC to create the High-Energy

24



LHC (HE-LHC) with /s = 27 TeV.

The LHC is fed by a string of accelerators located within the CERN complex starting from
a simple container of hydrogen gas3”. The gas is passed through an electric field to isolate the
protons. The Linear Accelerator 2 (LINAC2)® is the only linear accelerator feeding the LHC
and provides the initial kick to accelerate the protons to 50 MeV. The protons are then fed
to the Proton Synchrotron Booster (Booster)3® which further accelerates the protons to 1.4
GeV. The Booster was installed because the 50 MeV energy coming from LINAC2 severely
limited the number of protons the next stage of acceleration could accept. This next stage
is the Proton Synchrotron (PS)“® which is a 628 m ring with 100 dipole magnets allowing
protons to be accelerated up to 25 GeV. The last stage of acceleration before entering the
LHC occurs in the 7 km ring of the Super Proton Synchrotron (SPS)*'. 744 dipole magnets
allow the SPS to accelerate protons to 450 GeV before they encounter a kicker magnet which

injects the protons into the two opposite-direction beams of the LHC.

4.1 The LHC Ring and Beam Dynamics

The LHC is responsible for accelerating the protons from 450 GeV up to the their final
energy of 6.5 TeV. This is done using radio-frequency (RF) cavities which contain an electric
field oscillating at 400 MHz created by a potential difference of 2 MV. The oscillation is
timed precisely to create bunches of protons spaced by 25 ns by accelerating the slower
protons in a bunch while simultaneously retarding the faster protons in the bunch. The
accelerated protons are contained within the beam by a strong magnetic field generated
using 1232 niobium-titanium dipole magnets cooled using superfluid liquid helium to 1.9 K.
Each magnet is 15 meters long and creates an 8.33 T field.

To increase the number of interactions that occur at each interaction point, the beams
must be focused in the x — y plane. Quadrupole magnets provide the ability to focus the
beam along one axis at the cost of defocusing in the other direction. By using multiple
quadrupole magnets in alternating orientations, the beam can be focused in both = and y.

The distribution of protons within each bunch can be assumed Gaussian with a standard
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deviation given by

0; = \/eB; (4.1)

where ¢ may be x or y, € is the beam emittance, and [ is a function that depends on the

properties of the quadrupoles. The instantaneous luminosity can then be defined as

_ Jrpning
dro,oy,

L F (4.2)
Here f is the frequency of revolution, n; is the number of bunches, and n; are the number of
protons in each beam. The factor F accounts for a reduction in luminosity due to crossing
angle, beam size, and other technical properties of the interaction. The total number of
interactions can then easily be calculated by scaling the total integrated luminosity by the

cross section for proton-proton collision, Eq. 4.3.

N, —o, / i (4.3)

The LHC is designed to deliver an instantaneous velocity of about 10~3*¢m=2s~1. This lu-
minosity decreases as collisions occur, the beam disperses, and other issues occur throughout
a run. Occasionally, the entire beam must be dumped and restarted for a variety of reasons.
As a result, the LHC has been able to deliver a total integrated luminosity of nearly 160
fb=! since 2016. Fig. 4.1 shows the integrated luminosity for each year. Fig. 4.2 shows the
total integrated luminosity as a function of time. This analysis uses the data collected by
the CMS detector during the years 2016, 2017, and 2018 amounting to 158.7 fb~*.

Prior to 2015 the LHC was run at a lower center of mass energy. It started operation
in 2010 at 7 TeV, continued operation in 2011 at 7 TeV with increased luminosity, then was
upgraded to 8 TeV in 2012. In July 2012, observation of the Higgs boson was confirmed by
both CMS and ATLAS experiments at 8 TeV using only about a quarter of the integrated
luminosity collected in 2012 and the data collected at 7 TeV. The LHC then entered its
first long shutdown from 2013 to 2015 to conduct many upgrades including those necessary

to allow operation at the designed energy of 14 TeV. Now, the LHC is in the second long
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Figure 4.1: The total integrated luminosity per year delivered to the CMS experiment as a
function of time4.
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Figure 4.2: The total integrated luminosity delivered to the CMS experiment as a function
of time?.
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shutdown following four years of data-taking from 2015 to 2018. The current shutdown
is expected to last until 2021 and is part of the high luminosity LHC (HL-LHC) upgrade

designed to allow operation at much higher instantaneous luminosities.
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Chapter 5

The CMS Detector

The CMS detector %2746 is one of the four detectors located at an interaction point along the
LHC. It is designed to operate as a general purpose detector combining information from
multiple subsystems to provide a comprehensive picture of every interaction that takes place
within its volume. In order to produce a truly comprehensive picture of the interaction,
the detector must be designed in such a way that it provides as close to a hermetic seal
as possible, without blocking the beamline. To accomplish this, the detector is split into
the cylindrically-shaped barrel region and two disc shaped endcap regions with each region
composed of multiple layers containing the various subsystems.

The cylindrical shape of the detector lends itself to defining a cylindrical coordinate
system for interactions. First, the rectangular coordinates (z,vy,z) are defined to have z
point directly toward the center of the LHC, y point directly upward, and 2z point along the
tangent line starting at the CMS detector in the counterclockwise direction. The spherical
coordinates (p, ¢,0) can then be defined with p as the radial distance from the beamline,
¢ as the azimuthal angle, and 0 as the angle with respect to the z axis. Both coordinate
systems are shown in Fig. 5.1. In practice, the angle 6 is rarely used directly, but is instead

replaced with the pseudorapidity n defined as

n=In [tan <g>] (5.1)



7 is referred to as the pseudorapidity because it approaches the rapidity

1 E+p,
=1 2
y Qn[E_pj (5.2)

in the high energy limit. The four momentum can then be defined as

pi = (pr,m, ¢, M) (5.3)

where p7 is the momentum in the transverse plane and m; is the mass of the particle.

LHCb

= ALICE ATLAS

Figure 5.1: The CMS coordinate system defined relative to the Jura mountains and LHC
ring®.

The majority of the detector sits within the volume of a superconducting solenoid capable
of producing a 4 T magnetic field. This solenoid is 6 m in internal diameter and weighs
12,000 tons. The solenoid is responsible for bending the trajectory of all charged particles
within the detector allowing high momentum resolution. Within the solenoid lie the tracker,
electromagnetic calorimeter, and the hadron calorimeter, listed in order from closest to the
beam to furthest. Outside the solenoid lie the muon chambers, interleaved with the iron
return yoke.*” The following sections will discuss each subsystem in more detail. All together
the detector measures 21.6 m long and 14.6 m in diameter weighing in at about 14,000 tons.

Fig. 5.2 shows a cutout of the detector with the subsystems labelled.
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CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0m Pixel (100x150 ym) ~1m? ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m?* ~9.6M channels

Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels

Figure 5.2: A cross sectional cut out of the CMS detector including a human to show the
relative size. The cross section shows the tracker (blue), ECAL (cyan), HCAL (yellow), and
muon system (white) interleaved with the steel return yoke of the solenoid (red). The LHC
beamline is shown passing through the detector in orange®.

5.1 Tracker

The tracker lies closest to the beamline and is responsible for detecting the trajectory of
charged particles leaving the interaction point. These trajectories are crucial for both particle
identification and momentum resolution. The tracker contains two subsystems, both made
entirely of silicon, the pixel detector and the silicon strip detector covering the area |n| < 2.5.

The sensor modules in each subsystem contain a p-n junction between two silicon semi-
conductors which are connected to an anode and cathode. When a charged particle passes
through the sensor material, it creates electron-hole pairs which are free to move in the elec-
tric field. The movement of electrons and holes produces a current which is amplified and

then read out as a “hit” in the sensor. These sensors provide much better spatial resolution



than detectors using other methods like gas ionization and are much faster allowing them to
keep up with the 25 ns frequency of collisions.

Silicon detectors are generally more prone to radiation damage than gas ionization detec-
tors and are also relatively more dense. Because the tracker is closest to the beamline, special
consideration must be given to producing a radiation hard silicon detector. Additionally, a
strict material budget must be imposed on the tracker such that particles are allowed to pass
through the detector with minimal impediment.

The inner layers of the tracker are composed of 100 pm by 150 um silicon pixels arranged
in 3 layers for 2016 then upgraded to 4 layers during the 2016-2017 technical stop*®. The
layout of the pixel detector is shown in Fig. 5.3. Directly outside the pixel detector lies the
silicon strip detector with 10 layers of silicon strips in the barrel region, 3 layers in the inner
endcap region, and 9 layers in the outer endcap region. The silicon strips provide much
coarser resolution than the silicon pixels, but are required to provide full coverage without

gaps.
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Figure 5.3: Schematic of the CMS tracker in 2016 centered on the interaction point. The
z(mm) denotes the distance in mm along the beamline from the interaction point while
r(mm) denotes the distance from the interaction point in the radial direction. The pizel
detector, shown here with three layers, was upgraded to contain four layers in 2017. The

silicon tracker segments are labeled TIB (tracker inner barrel), TID (tracker inner disk),
TOB (tracker outer barrel), and TEC (tracker endcap)”.

The combination of pixels and strips provides measurements along multiple points of
each particle’s trajectory. These measurements are used to accurately measure the particle’s

momentum and are used as seeds for reconstructing the path of multiple types of particles
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through the detector. Additionally, the layers facilitate high precision measurements of
vertices which arise away from the primary interaction point, known as secondary or displaced

vertices.

5.2 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) surrounds the tracker and is designed to measure
the energy and position of particles which interact electromagnetically. It is constructed pri-
marily from lead tungstate crystals and photo-detectors to measure electromagnetic energy
via scintillation.

When a charged particle with high energy encounters a heavy nucleus, the particle will
emit photons via bremsstrahlung (breaking) radiation. Provided the energy of the initial
particle was large, the radiated photons will have enough energy to pair produce electrons
and positrons which will also emit bremsstrahlung radiation. This process will continue until
the emitted photons are no longer energetic enough to pair produce at which point they can
be absorbed by a scintillating material. This processes is referred to as “showering”. The
scintillator will emit light at a fixed wavelength which can be detected by photodetectors.
The number of photons collected by the photodetector will be directly proportional to the
energy of the initial particle. It is easy to see that photons are measured in the exact same
manner starting from the pair production step.

The precise energy thresholds depend on the properties of the detector material. The
lead tungstate crystals used in the ECAL have the following ideal properties: high density,
heavy nuclei, short radiation length (Xj), and short scintillation time. The short radiation
length (0.89 ¢cm) allows the crystals to be small while still being able to completely absorb the
incoming particle. The short scintillation time is vital to ensure the majority of scintillation
is complete within the 25 ns interval between collisions.

The central region of the detector (|n| < 1.479) contains the barrel ECAL (EB). The
EB is made of 61,200 crystals arranged into 36 supermodules of 1,700 crystals each. The

crystals are designed to be 25.8 - X to allow complete showering for high energy particles.

33



The crystals are shaped such that the area facing the interaction point is smaller (22 x 22
m?) than the outer end (26 x 26 m?). To avoid gaps between adjacent crystals, each crystal
is skewed 3° with respect to the vector connecting the interaction point. Silicon avalanche
photodiodes are used to detect the scintillation light.

The endcap ECAL (EE) extends 1.479 < |n| < 3. Each side is split into two semicircles of
3662 crystals called “Dees”. The crystals are shaped similar to those in the EB with a front
area 28.62 x 28.62 m?, a read area 30 x 30 m?, and a length of 24.7- X;. The EE uses vacuum
phototriodes instead of avalanche photodiodes to handle the increased radiation load.

Fig. 5.4 and Fig. 5.5 depict the layout of the ECAL subsystems and the components of

those systems.

..........

" po/sip

reshower

Super Module EndCap “
(1700 crystals) 3662 crystals

Figure 5.4: A schematic of the ECAL showing the EB (yellow), EE (green), and ES (pink).
The cutout shows a single “Dee” which makes up half of one endcap?.

Neutral pions are produced in abundance at the LHC and decay >98% of the time to a
pair of photons. As |n,0| — oo, the pion’s decay products become increasingly collinear and
may begin appearing in the detector as a single, high energy photon. The ECAL preshower
detector (ES) sits directly in front of the EE to help disentangle these two cases. The ES
covers the region 1.653 < |n| < 3. While the EB and EE are homogenous calorimeters, the
ES is a sampling calorimeter containing alternating layers of lead and silicon strip detectors.
The lead layers initiate showering while the silicon strip detectors measure the development
of showers through the detector. Together, these layers provide the increased resolution
necessary to greatly decrease the rate of misidentification.

The energy resolution of the ECAL can be modeled as three independent terms which
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Figure 5.5: A diagram showing the arrangement of crystals in the EB and EFE with the
ES sitting in front of the FE. Dashed lines are shown at multiple pseudorapidity values
corresponding to to the cutoff of different subsystems. It can be seen that there is a gap
between the EB and ES coverage from 1.479 < |n| < 1.6537.

add in quadrature to give the overall energy resolution Eq. 5.4. The simplest term is the
constant term (C) which is determined based on the calibration of the ECAL crystals. The
noise term (N) accounts for the electronic noise in the readout chain which scales as 1/E
in Eq. 5.4 because the noise is independent of the particle energy. The last term is called
the stochastic (S) term. Because the measurement of energy in the ECAL comes down to
counting photons, the resolution scales as any other Poisson process \/Lwa which is equivalent
to \/LE in Eq. 5.4. The values for C, S, and N are determined empirically to be C' = 0.003,
S =0.028, and N = 0.12.

=) - (5)

5.3 Hadron Calorimeter

The Hadron Calorimeter (HCAL) is a sampling calorimeter designed to measure the energy
of charged and neutral hadrons. The HCAL operates on principles similar to the ECAL,
but utilizing principles of QCD rather than QED. When a high energy hadron encounters
a heavy nuclei, a showering process begins with gluons pair-producing quarks and quarks

pair-producing more quarks due to the color confinement which arises in QCD. From this
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point, the showering progresses via numerous processes. Once the decay products drop below
the energy threshold required to continue showering, they can be absorbed by scintillators
and measured.

The HCAL is constructed of alternating layers of brass and plastic scintillator to account
for the fact that the nuclear interaction length (\g) is much longer than the radiation length
relevant in the ECAL. The brass layers have a short interaction length to help facilitate
the completion of showering within the calorimeter while the plastic calorimeter layers pro-
vide the ability to sample the development of the showers through the calorimeter. As the
scintillators absorb particles from the shower, they emit light which is collected and carried
by wavelength shifting fibers to the electronic readout boxes. The light from each layer of
scintillator is optically summed to construct an HCAL “tower”. The tower can then be used
to measure the energy of the particles which initiated the shower. Lastly, the towers are
converted to electronic signals by special hybrid photodiodes.

The HCAL is split into a barrel (HB) and endcap (HE) just like the ECAL and is shown
in Fig. 5.6. The HB covers the region || < 1.4 with 36 “wedges” parallel to the beam
wrapping around in ¢-space. Each wedge contains a 40 mm thick steel plate on the inside
and a 75 mm steel plate on the outside to provide structural support. The total thickness
of the HB is 5.82-)\ in the central region and increases with pseudorapidity. To increase the
HCAL thickness in the central region, an additional calorimeter called the outer calorimeter
(HO) is placed outside the the solenoid. The HO contains a single layer of scintillator and
uses the material of the solenoid as an absorber layer to initiate showering. The addition of
the HO bring the total thickness of the HCAL in the central region to 11.8-\.

The HE is also composed of 36 azimuthally displaced wedges covering the region 1.3 <
In| < 3. This design intentionally provides an overlap with the furthest forward region of the
HB. While the HB contains eight 50.5 mm thick brass absorbers followed by six 56.5 mm
thick brass absorbers, the HE contains consistent 79 mm thick brass absorbers leading to a
thickness of 10)\,.

The HCAL has an additional responsibility to provide information about invisible par-

ticles. Provided the detector forms a hermetic seal, invisible particles can be detected by
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Figure 5.6: A diagram showing one quarter of the HCAL with each subsystem included.
The number on top and left denote n segmentation while the numbers on right and bottom
label scintillator layers. The four colors denote differing thicknesses!?.

the presence of “missing” energy. That is an energy imbalance when the momenta of all
particles is summed. To improve the hermeticity of the HCAL, a very forward detector (HF)
covers 3 < |n| < 5. This region is constantly bombarded with radiation and the detector
must be designed to be exceptionally radiation hard. For this reason, the HF is designed as
a Cherenkov detector where quartz fibers are embedded in steel absorbers. Particles passing
through the quartz faster than a photon travels in quartz will emit Cherenkov radiation.
This radiation can be detected and provide a measurement of the initial particle’s energy.

The energy resolution of the HCAL is

o\2 S\’
=) == +¢? 5.5
()= (%) 9)
where there is no noise term. Measured using cosmic rays, S = 0.847 GeV'/%(1.98 GeV'/?)
and C' = 0.074 GeVY2(0.09 GeV'/?) for the HB/HE and HF respectively.

5.4 Solenoid

A superconducting solenoid magnet surrounds all previously described layers providing an

exceptionally uniform magnetic field within the detector. The solenoid operates at 3.8 T
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while being capable of producing a full 4 T field. By running the solenoid slightly below it’s
maximum capability, the lifetime of the solenoid is extended. The solenoid is made of 4 layers
of wound NbTi cables coated in pure aluminum and reinforced with an aluminum alloy. It is
12.5 m long, 6.3 m in diameter, and weighs 220 tons. A 10,000 ton iron return yoke guides
the field outside the solenoid and acts as a filter to allow only muons and invisible particles
into the muon system. The solenoid requires a nominal current of 19.14 kA and operates at
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Figure 5.7: Magnetic field strength (left) and predicted field lines (right) for the supercon-
ducting solenoid magnet in the CMS detector!!.

The solenoid produces a uniform field along the beam line in order to bend the trajectory
a charged particles. The benefit is two-fold. First, the direction a track is bent allows us
to easily determine the charge of the particle. Second, the curvature of the particle’s track
provides a highly accurate measurement of the particle’s momentum. Even with a 3.8 T
field, most particles are so energetic that the observed curvatures can be quite small. This

is one reason why a high precision tracker is really crucial.

5.5 Muon System

4ormS,

Because the rate of energy loss due to bremsstrahlung radiation scales as either m™
most muons are able to escape the ECAL (and HCAL) without losing any noticeable amount

of energy. Most other particles will be stopped by the calorimeters and the iron return yoke
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of the solenoid. The muon system, as the name suggests, is designed explicitly to handle the
muons that punch through the rest of the detector. The muon system is interleaved with
the iron return yoke. While some high energy particles may even punch through the first
layer of the return yoke, it’s very unlikely anything besides muons will traverse all layers of
the muon system.
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Figure 5.8: Diagram showing the muon system in relation to the rest of the detector for one
quadrant. The layering of DTs and RPCs in the barrel, labeled MB and RB, respectively, are
shown between the wheels of the return yoke. In the endcap, CSCs and RPCs are layered up
to |eta| < 1.9 and interleaved between the wheels of the steel return yoke'*.

The muon system is composed of 3 different types of muon chambers for a total of 1400
chambers. Muon drift tubes (DT) are located only in the barrel |n| < 1.2, while cathode strip
chambers (CSC) are located only in the endcaps 0.9 < |n| < 2.4. Resistive plate chambers
(RPC) are located throughout the entirety of the barrel extending partially into the endcap
region |n| < 1.9. The RPCs are mixed in with the other chambers in each region. This
layout is shown in Fig. 5.8.

Muon drift tubes provide a 2D image of the muon’s trajectory through the barrel region
of muon system. Each DT contains aluminum strips that are held at a constant 4800V
potential difference with respect to a single 2.4 m long wire stretched down the middle of the
tube. The remaining volume of the tube is filled with a mixture of argon and carbon dioxide.

When a muon passes through the tube, the gas ionizes and the resulting charged particles are
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accelerated by the potential difference towards the wire. This creates a current in the wire
that can be read to indicate a hit. DTs are an excellent choice for the barrel region where
the muon rate is low and the magnetic field is uniform. The DTs are arranged into four
stations between layers of the return yoke. The first three layers contain four DTs measuring
in r — ¢-space and four DTs measuring in the z-direction. The fourth layer contains only
DTs in the r — ¢-space orientation.

The drift tubes from the barrel region are a poor choice for the endcap where muon flux
is much higher and the magnetic field becomes non-uniform. A faster, more radiation hard
version of the drift tubes are the cathode strip chambers. Instead of a single wire stretched
through the tube, CSCs contain closely spaced anode wires perpendicular to copper cathode
strips. Now when a muon ionizes the gas, the free electrons will be collected by the anode
while the ions are collected by the cathode strips. Because the wires can be placed very close
together, the CSCs are more capable of handling the high muon flux in the endcaps.

Resistive plate chambers provide extremely fast measurements necessary for the trigger
system. The chambers are constructed from two highly resistive plastic plates which are held
at a large potential difference. The space between the plates is filled with gas that ionizes
when a muon passes through the chamber. The free electrons are then accelerated through
the gap and collected by an array of strips outside the plates. The RPCs in the muon
system are operated in “avalanche mode” where the chamber is configured such that the
freed electrons are able to ionize the gas freeing more electrons. The result is an avalanche of
electrons caused by a single muon. While this provides an extremely fast measurement, the
spatial resolution is lower than that of DTs and CSCs. For this reason, RPCs are generally
utilized for triggering where speed is more important than precision.

The muon system does not contribute much to the energy resolution of low energy muons
which can be handled with the tracker. At muon pr > 200 GeV, the muon system signifi-

cantly increases the tracker-only muon energy resolution from 10% to 6% at pr = 1000 GeV.
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5.6 Triggers

The LHC produces events at 40 MHz, a rate too high to process and which would result
in much more data than could possibly be stored. Luckily, most events are relatively un-
interesting and can be discarded by an intelligent triggering system. The CMS experiment
consists of a level one (L1) trigger system designed to decrease the rate to 100 kHz followed
by a high-level (HLT) trigger system which further reduces the rate to a manageable 1 kHz.

The L1 trigger combines low resolution calorimeter information with sparse information
from the muon system to select events within a 4 pus interval. This is possible with the
use of field programmable gate arrays (FPGA) and application specific integrated circuits
(ASIC). Both FPGAs and ASICs provide a way implement algorithms in hardware allowing
the system to perform a single task extremely efficiently.

The HLT is able to run a trimmed version of the full event reconstruction on a dedicated
farm of computers. HLTs are implemented as HLT paths which define a set of reconstructions
and basic selections to be performed in a specified order. The logical OR of all HLT paths
is used to decide if an event should be kept. Provided the event is retained, a set of flags are

stored indicating which paths were satisfied by the event.*®
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Chapter 6

Object Reconstruction

The particle flow®® (PF) algorithm constructs PF candidates by combining the information
from all detector subsystems. Physics objects can then be constructed using these PF can-
didates as building blocks. Because there can be multiple collisions within a single bunch
crossing, it is important to define a primary pp vertex. When determining the primary
vertex, we restrict our physics objects to only jets constructed by a clustering algorithm run
over all charged tracks. The vertex with the highest summed py for all jets is designated the

primary vertex. All other vertices are considered pileup vertices.

6.1 Triggers

The CMS experiment provides a robust menu of HLT trigger paths which determine whether
an event is recorded or not. Each trigger path provides a set of events passing a predefined
selection and can be used to select only the subset of all triggered events which are interesting
for a given analysis. Because the final states of interest in this analysis contain either an
electron or muon from a tau lepton decay, a logical choice of trigger path will be one that fires
for events with an isolated muon or electron. These triggers are referred to as isolated, single
lepton triggers. The trigger system is designed to maintain a set event rate which means

that as luminosity increases, the selection applied by the trigger system must become more
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stringent. This usually takes the form of a higher pr cut on the triggering objects. To recover
some of the more interesting events below the py thresholds imposed by the single lepton
triggers, more complex triggers, called cross-triggers, are developed. These cross triggers
require multiple objects to be identified in an event allowing the py threshold on each object
to be lowered while maintaining an acceptable event rate. For this analysis, cross-triggers
requiring the identification of a hadronically-decaying tau lepton in addition to an isolated
electron or muon allow for the recovery of events where the lepton pr is below single lepton
trigger thresholds. This is done by requiring that events fire a single lepton trigger OR the
cross-trigger.

The HLT trigger system is required to run a faster, slimmer version of the full CMS recon-
struction described below. As a result, the selection on fully reconstructed objects is required

to be marginally tighter than the HLT trigger selection to account for any inefficiencies.

6.2 Electron

Electrons traveling through the detector leave hits in the silicon detector and then interact
with the ECAL leaving clusters of energy surrounding the interaction point. To reconstruct
the electron track, the energy clusters in the ECAL are matched to track seeds in the pixel
detector. The seeds are constructed by grouping together hits in the pixel detector. Electrons
can lose energy due to bremsstrahlung radiation while traversing the tracker material. While
the Kalman® filter is used for for most track reconstruction, the Gaussian sum filter is used
for reconstructing electron tracks to account for the energy lost due to bremsstrahlung. The
Gaussian sum filter is a generalization of the Kalman filter in which the energy loss is modeled
as a sum of Gaussians rather than a single Gaussian as is used in the Kalman filter. This
has been shown to improve the momentum resolution of the reconstructed electrons.®!52
Multivariate techniques are utilized in order to further distinguish electrons from other
charged particles which may behave similarly in the detector. These MVA techniques com-

bine information about ECAL shower shapes, the impact parameter, the ratio of energy

in the HCAL and ECAL, and additional information from the track reconstruction and
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matching to create a discriminant which efficiently identifies electrons.

The electron isolation, defined in Eq. 6.1, measures the amount of activity surrounding
the electron in the detector using the ratio of the sum transverse momenta of all charged
hadrons, neutral hadrons, and photons in a cone centered on the electron to the transverse
momentum of the electron itself. The PU term is used to account for particles within the
isolation cone that originate from pileup vertices and varies by analysis. If an electron is
isolated, the electron’s transverse momentum should be much larger than the sum of all

surrounding momenta resulting in a small ratio.

Z Pr; + max <07 Z pr; + Z pPr; — PU)

i€charged i€neutral iEphoton

I = 6.1
P (6.1)

For this analysis, electrons are selected to have pr 1 GeV greater than the trigger thresh-
old and to be in the central region of the detector |n.| < 2.1. Although electrons can be
reconstructed out to || < 2.4, the single electron triggers further restricts the available
phase space. To ensure the electron is coming from the primary interaction, we require that
the electron track is less than 0.2 mm removed from the primary vertex in the Z-direction
(dz) and less than 0.45 mm in the X-Y plane (dxy). Additionally, the electron is required to
pass the MVA-based electron ID at a working point corresponding to 90% efficiency. Lastly,
to avoid contamination from charged particles within jets faking electrons, we require the
electron to be isolated, I, < 0.15, using the rho-correction electron isolation (PU = A - p).
This isolation accounts for the effect of pileup vertices using the effective area of the isolation

cone, A, and the average pileup energy density per unit area, p, which is measured per event.

6.3 Muon

Muons in the detector will leave hits in the silicon tracker and in the muon chambers. Muon
track reconstruction involves a global fit using tracks in the silicon tracker and standalone

muon tracks. The tracks are projected onto a common surface where the fit is performed
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with the Kalman filter. The tracks in the silicon tracker are formed using the standard,
iterative method with a Kalman filter. The standalone muon tracks are constructed using
only information in the muon system. A similar Kalman filter technique is used to combine
information in the muon subsystems and construct the standalone muon track.

Muons are identified using information from the global fit including the 2, the number
of hits in each track, and the muon segment compatibility. The segment compatibility is cal-
culated by extrapolating the muon track from the pixel detector to the muon chambers. The
compatibility is a value bound between 0 and 1 based on how compatible the extrapolated
track is with the standalone muon track. %54

Similar to the electrons, muons are selected to have pr 1 GeV greater than the trigger
threshold and must pass within the area of the tracker |7,| < 2.1. The muon track must
be within dxy < 0.45 mm and dz < 0.2 mm of the primary vertex. The muon ID, which
consists of multiple variables as previously described, is chosen to provide 99.5% efficiency
while maintaining a < 1% fake rate. In addition to the muon ID, a muon isolation cut
I, < 0.15 is applied to reduce the contribution of muons coming from anything besides the
tau decay. The muon isolation is defined using Eq. 6.1 with PU = 3 > pg, where PU refers

iePU
to particles coming from a pileup vertex.

6.4 Tau Leptons

Tau leptons are heavy enough to decay within the detector meaning they may be detected
only through their decay products. The tau decays via the weak interaction meaning it is
capable of decaying both leptonically (B ~ 1/3) and hadronically (B ~ 2/3). Individual
methods are used to identify taus decaying in leptonically or hadronically.

Identifying leptonically decaying taus is simple by comparison and involves identifying
the lighter lepton to which the tau decayed along with nonzero MET corresponding to the
energy carried away by neutrinos. These taus can easily be faked by electrons or muons
55

produced in other processes.

Hadronically decaying taus are identified using the hadrons-plus-strips (HPS) algorithm
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which is seeded using jets. The HPS algorithm starts by identifying “strips” to take into
account photon conversion in the material of the CMS detector. Strip construction starts
by identifying the most highly energetic PF photon or electron in the event. The strip
then iteratively grows to include the next most energetic particle within a window of size
An = 0.05 and A¢p = 0.20 until all particles satisfying the criteria are included. If the total
transverse momentum of the strip is greater than 1 GeV, the strip is then combined with
charged hadrons to reconstruct one of four possible tau decay modes: single hadron, single
hadron plus one strip, single hadron plus two strips, or three hadrons. The terminology used
in the rest of this thesis will refer to hadronic taus based on the number of charged hadrons
called “prong”. For example, a tau decaying to three charged hadrons will be referred to as
a three-prong tau. The HPS algorithm is also capable of reconstructing taus which decay to
two charged hadrons which isn’t physically possible, but is included to help recover events
where a tau decays to three charged hadrons and one hadron escapes detection. Once the
matching is done, the 7, four momentum is reconstructed assuming each hadron to be a pion
and requiring the 7, mass to fit within an appropriate mass window depending on the decay
mode. °%°7

Due to the nature of 75, reconstruction, it is fairly easy for an electron, muon, or jet to be
incorrectly identified as a 7, candidate. In this instance, we say the object “fakes” a 75,. The
DeepTau algorithm®® was created in order to efficiently identify isolated 73, candidates while
rejecting possible fakes. The DeepTau algorithm is implemented as a deep neural network
trained using a large number of features including all the inputs to the HPS algorithm. The
algorithm returns the probability that the 7, candidate falls into each of the four possible
classes: muons, electrons, quark or gluon jets, or real 7. Ratios of these output probabilities
can be used to reject different sources of fakes 73,’s with different tolerances. For example,
an anti-electron discriminator can be formed using the ratio of two the probabilities shown

in Eq. 6.2.

p—_Fr 6.2
P+ P (6:2)
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In this analysis, hadronic taus are generally required to have pr > 30 GeV and |n,, | < 2.3.
For events that fire the cross-trigger, the hadronic tau selection is updated to be slightly
tighter than the selection applied by the trigger to account for any inefficiency. Additionally,
a selection is made on the tau impact parameter, dz < 0.2 mm. While the two-prong decay
mode does recover some mis-reconstructed taus, it leads to a significant increase in the
number of fake taus. For this reason, we reject events with two-prong taus in this analysis.
To reduce the contamination by fake taus coming from jets, muons, and electrons, we require

hadronic taus to be identified as genuine taus by the DeepTau algorithm.

6.5 Jets

9960 implemented

Particle flow candidates are clustered into jets using the anti-kt algorithm
in FASTJET®%2, The anti-kt algorithm iteratively clusters neutral and charged particle
flow candidates based on the transverse momentum of the candidates and the distance be-
tween candidates. The softest candidates are iteratively added to the closest hard candidate
resulting in circularly shaped jets in the n-¢ plane.

The momentum of each charged candidate is measured by the tracker and is matched
to energy deposition in the ECAL and HCAL to measure the candidate’s energy. Charged
candidates not associated with the primary vertex are removed in order to reduce the effect
of pileup. The tracker can not be used to measure the momentum of neutral candidates so
the energy is taken directly from the corrected energy measured in the ECAL and HCAL.
To reduce the effect of neutral hadrons coming from pileup, each jet’s transverse momentum

is corrected® based on the jet’s area®, A;, and the amount of noise measured in the event,

p. The correction is shown in Eq. 6.3

corr

pr" = pr, — Ajp (6.3)

The jets are then corrected for residual differences observed between data and simulation.

During the 2017 run, large amounts of noise were observed in the ECAL endcaps leading
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to discrepancies between data and simulation. All jets with pr > 50 GeV and 2.65 < n <
3.138 must be removed as result of the observed discrepancies. This discrepancy is not
observed in other runs and therefore no jets in those runs require removal.

Jets containing the decay products of a bottom quark (b-jets) are identified using the
DeepCSV algorithm®. When the bottom quark decays, it first forms a neutral B meson,
which will travel a detectable distance in the tracker before decaying. This results in a
secondary vertex; a vertex, displaced by some distance from the primary vertex, from which
a jet originates. The DeepCSV algorithm combines information about secondary vertices
and candidate lifetimes in a neural network to give the probability that the jet originated
from a bottom quark. Jets passing a chosen DeepCSV threshold are considered b-jets. In

this analysis, events which have an identified b-jet are rejected to suppress the ¢t background.

6.6 MET

To account for energy carried away by undetectable particles, neutrinos for instance, the

miss

missing transverse energy (pf**®) is defined as the negative vector sum of all particle flow

66

Miss

candidates.”®. Because pJ**® requires information about the entire event, it is sensitive to

detector errors which lead to particles escaping detection. To ensure a proper description of

miss

p7*%%, event filters are applied which remove events with known detector issues.
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Chapter 7

Event Selection

7.1 Final States

Although this analysis probes four different Higgs production mechanisms, a single final
state can be used to study all four mechanisms. Clearly, each final state will contain a ditau
pair with invariant mass near the Higgs mass in which one tau lepton decays hadronically
and the other decays leptonically producing an electron or muon. Because the Higgs will
typically be produced with low momentum, it is reasonable to assume the tau decay prod-
ucts will frequently be produced back-to-back, meaning with momentum vectors pointing
in nearly opposite directions. The tau leptons clearly must have opposite charges to have
been produced by the neutrally-charged Higgs boson. Because the tau lepton decays weakly,
there will also be a significant amount of missing transverse energy due to the presence of
neutrinos.

The primary difference between the four production mechanisms is the multiplicity and
type of particles produced in association with the Higgs. In the VBF production mode, the
Higgs is produced in association with two jets. In the ggH production mode, the Higgs is
produced with no additional particles. While this appears to lead to different final states,
we know the couplings can only be probed using the correlation between particles produced

in association with the Higgs. For VBF and ggH production, this means our final state is
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required to contain at least two additional jets in order to provide sensitivity to anomalous
couplings. Because ggH production of the Higgs does not require any associated particles,
only events in which two jets are radiated by initial state gluons will be sensitive to anomalous
couplings in the Hgg vertex. In practice, we can squeeze additional sensitivity out of the
analysis by retaining events with any jet multiplicity and then applying a categorization as
described in Chapter 8. The additional jets will also be very far forward in the detector
which can be expressed as a selection on the invariant mass of the dijet system. This fact is
also used in the event categorization.

In summary, the final state which provides access to anomalous Higgs couplings will
contain at least two jets, one hadronically decaying tau lepton, an electron or muon, and
a non-zero amount of missing transverse energy. The hadronically decaying tau lepton will
have opposite sign and be back-to-back to the electron or muon. The invariant mass of the
hadronic tau, electron or muon, and missing energy should be consistent with the Higgs

mass. The dijet system is expected to have a large invariant mass.

7.2 Background Processes

Different physics processes producing signatures similar to the final state, called background
processes, can be split into two groups: reducible and irreducible. The reducible back-
grounds are those that are expected to produce a different final state, but contribute to our
final state of interest due to imperfect measurement of the event. These events are called
reducible because the contribution of these processes could be further reduced by improving
our measurements. The irreducible backgrounds are those which truly produce an identical
final state and are therefore unable to be further reduced. The only way to decrease the
contribution of irreducible backgrounds is to accept the loss of signal events as well.

This analysis is dominated by two backgrounds, one is reducible and the other is irre-
ducible. The largest contribution comes from the irreducible background: Drell-Yan produc-
tion of Z — 77 with two additional jets. In this case, the ditau pair is genuine and, while

the ditau mass should peak near the Z boson mass, the mass resolution is not sufficiently

50



high to avoid overlap between the Z boson and the Higgs boson events. Despite the overlap
between these two processes, the ditau mass does provide the most separation power be-
tween Z — 77 and H — 77. As a result, advanced methods are necessary to provide a high
resolution mass reconstruction.

The second largest background contribution comes from what is referred to as the QCD
background. This process involves the production of numerous jets via the strong interaction.
Because the hadronic tau reconstruction is seeded with jets, it is common for the QCD
interaction to produce a jet which is misidentified as a hadronically decaying tau lepton. This
is clearly a reducible background because as our hadronic tau identification improves, the
contribution from this processes decreases. Provided we could perfectly identify tau leptons,
the contribution from QCD processes could be reduced to zero. Due to imperfections in
tau identification, we need additional selection to reduce this background. Because the jets
produced by QCD are random, it is equally likely for the misidentified tau to have either
charge. As a result, this background is reduced by a factor of two by requiring the ditau
pair to have opposite charges. The ditau mass is also useful to distinguish QCD events in
which the invariant mass does not have a resonant structure.

Other backgrounds, both reducible or irreducible, provide much smaller contributions.
These include tf production in which a high energy gluon pair produces a top anti-top quark
pair which decays to W bosons and b-quarks. One of the W bosons can decay leptonically
producing an electron or muon and a neutrino similar to a leptonically decaying tau. The
other W boson can decay hadronically producing a jet that can be misidentified as a hadron-
ically decaying tau lepton. Rejecting events with a b-jet which are not expected in the signal
process significantly reduces this background. The production of a single top provides an
even smaller background contribution and is similarly rejected by vetoing events with b-jets.
Diboson production can fake the final state in a way similar to ¢, but has much smaller
contribution due to a lower cross section and is heavily suppressed by the event selection.
Lastly, the production of a single W boson with additional jets when one of these jets is
misidentified as a hadronic tau lepton. The W+jets contribution can be heavily suppressed

by applying a cut on the transverse mass (my) Eq. 7.1 of the lepton and MET system. Be-
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Figure 7.1: The transverse mass in the .1, (left) and 7,7, (right) channels. A cut is placed
at mp > 50 GeV to reduce the contribution from the W+jets process which is the dominant
contribution to the jet fakes background in this region.

cause the W boson mass is roughly 45 times larger than the tau lepton mass, the my should

be significantly larger for W+jets than for the signal processes.

my = \/ (Pr + P7**)? = (ph + pp'e)? = (P}, + pyie)? (7.1)

7.3 Selection

This section provides the exact values for the selection criteria discussed in the previous
sections. For the motivation behind each criterion, refer to the corresponding section. The
value for each cut was optimized to reduce background contributions while maintaining signal

efficiency.

7.3.1 Triggers

The trigger menu evolved over time and, as a result, is different between three eras of data-

taking used in this analysis. Table 7.1 lists online pr thresholds for the single lepton triggers
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for each data period and channel while Table 7.2 shows the online p thresholds for each leg
of the cross triggers. The offline py selection is chosen to be slightly higher than the online

selection to account for inefficiencies in the triggers.

‘ Single Electron ‘ Single Muon

2016 25 22
2017 32/35 24/27
2018 32/35 24/27

Table 7.1: py thresholds for single lepton triggers. The single electron trigger is used in the
TeThchannel and the single muon trigger is used in the 7,7, channel. Because the trigger menu
changed over time, the thresholds in 2017 and 2018 changed partially through data-taking.

7.7 - lepton leg | 7.7, - tau leg | 7,7, - lepton leg | 7,7, - tau leg

2016 None None 19 20
2017 24 30 20 27
2018 24 30 20 27

Table 7.2: pr thresholds for each leg of the cross triggers.

7.3.2 Electron Selection

Electrons are required to have pr slightly above the online threshold in the trigger system
and are required to be within the region n < 2.1. The electrons are required to pass an
MVA-based identification algorithm at a working point corresponding to 90% efficiency and
are required to be well isolated, I, < 0.15 using the definition in Eq. 6.1. The electron track

must pass near the primary vertex: dz < 0.2 mm and dxy < 0.45 mm.

7.3.3 Muon Selection

Muons are required to have pr slightly above the online threshold in the trigger system and
are required to be within the region n < 2.1. The electrons are required to pass an identifi-

cation algorithm at a working point corresponding to > 95% efficiency and are required to
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be well isolated, I, < 0.15 using the definition Eq. 6.1. The muon track must pass near the

primary vertex: dz < 0.2 mm and dxy < 0.45 mm.

7.3.4 Tau Selection

The hadronically decaying tau selection is nearly identical in both channels. The tau must
have a small impact parameter, d; < 0.2 mm, and must pass the anti-jet discriminator
from the DeepTau ID at 70% efficiency. The baseline tau selection requires pr > 30 GeV
and |n| < 2.3. The cross trigger requires a tighter selection |n| < 2.1 and a slightly higher
pr threshold in the 7,75, channel for 2017 and 2018: pr > 35 GeV.

Selection criteria are applied to veto events with two-prong taus and events where the
tau charge is mismeasured leading to e, # £1. The tau is also required to pass anti-electron
and anti-muon discriminators from the DeepTau ID at different working points depending
on the channel. For the 7.7, channel, the tau must pass the tight anti-electron working point
and very loose anti-muon working point. In contrast, the tau must pass the tight anti-muon

working point and very loose anti-electron working point for the 7,7, channel.

7.3.5 Event Selection

This subsection describes the selection applied to the event as a whole. Each event is required
to have exactly one light lepton and at least one hadronic tau passing selection. The lepton
and hadronic tau must be oppositely charged and be separated in n — ¢ space by AR > 0.5
where AR is

AR = /By + (8P (7.2)
In the case of multiple hadronic tau candidates, the sorting defined below is applied
1. Prefer the pair with the most isolated lepton.

2. If the isolation of the lepton candidates is the same, prefer the pair with the highest

lepton pr.
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3. If the pr of the lepton candidates is the same, prefer the pair with the most isolated

tau lepton.

4. If the isolation of the tau leptons is the same, prefer the pair with the highest tau

lepton pr.

Any event containing a jet passing the medium working point of the DeepCSV algorithm
is vetoed. To reject W+jets, we require mp < 50 GeV with mr defined in Eq. 7.1. As
mentioned, no selection is applied to the jet multiplicity or dijet mass, but instead events

are categorized based on these properties as discussed in Chapter 8.
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Chapter 8

Categorization

Events are split into categories in order to maximize the overall sensitivity of the analysis.
The categories are chosen to be exclusive to avoid any potential difficulties caused by having
a single event fall into more than one categories. The combination of all categories covers all
phase space preventing a decrease in statistics due to an event slipping between categories.
The categories are defined Table 8.1 and the following sections provide a detailed description

of each category.

Category Selection

0-Jet N(jets) =0

VBF N(jets) > 1 and m,; > 300 GeV
Boosted all other events

Table 8.1: Definition of categories.

8.1 0-Jet Category

The 0-Jet category contains all events in which there is no jet activity aside from the hadron-
ically decaying tau lepton. This region has very large statistics, but the lowest sensitivity
because it is dominated by backgrounds. As a result, the 0-Jet region is very useful to con-

strain the background normalization in the fit. The observables in this region are chosen to
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give the best constraints on the background normalization. Those variables are the ditau

mass and the transverse momentum of the 7.

8.2 VBF Category

The VBF category is chosen to target vector boson fusion. Vector boson fusion always
produces two associated jets in the forward region; the invariant mass of which is typically
larger than that of the jets that are produced in Drell-Yan events, as shown in Fig. 8.1.
To target this production, the VBF category requires the event have two or more jets and
requires the invariant mass of these two jets (mj;) to be above a threshold chosen to provide
the highest sensitivity. The VBF category also provides sensitivity to gluon-gluon fusion
events in which two jets are radiated by gluons. It has been shown that these are precisely
the events that provide the highest sensitivity to the coupling of the Higgs. In this category,

we utilize the MELA discriminants and neural networks described in Chapter 12.
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Figure 8.1: The dijet invariant mass in the 1.1, (left) and 1,1, (right) channels. The VBF
category requires myy > 300 GeV to enhance the contribution of VBF and ggH production.
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8.3 Boosted Category

The boosted category contains all events that do not fit within the 0-Jet or VBF categories.
This can include a small fraction of vector boson fusion events with low dijet mass, but
provides virtually no sensitivity in the VBF analysis. The boosted category does add some
sensitivity to the gluon gluon fusion analysis coming from events with a highly boosted Higgs
boson recoiling against a jet. In order to try to access this sensitivity, we fit the visible Higgs
pr (p) and the ditau mass in the boosted category. The p# distribution for events in the

boosted category is shown in Fig. 8.2.
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TuTh (right).
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Chapter 9

Background Estimation

9.1 Z — 77 Background

As stated in Sec. 7.1, the largest background contribution comes from the irreducible Drell-
Yan production of two tau leptons making it crucial to properly model the Z — 77 process.
The Drell-Yan production can be simulated fairly well, but difficulties arise as the number of
additional jets increases. Because the correlation between two jets is required to access the
Higgs coupling, Z — 77 events must be produced with at least two additional jets to populate
the sensitive region of the analysis. The mismodeling introduced by including additional jets
can be corrected by calculating correction factors, but this introduces additional systematic
uncertainties which must be addressed. In addition to requiring excellent modeling, the
Z — 77 dataset must have sufficiently high statistics to populate all categories without
introducing large statistical uncertainties. Because Z — 77 provides the largest background
contribution, a large statistical uncertainty on the Z — 77 prediction results in a large
degradation in sensitivity.

The best way to handle both problems at once is to utilize a data-driven background
estimation method. Data-driven techniques utilize genuine events collected during data
taking to predict background contributions. This provides two excellent advantages: perfect

background modeling and high statistics. Because the events are coming directly from data,
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no additional corrections are required which eliminates the necessity of adding new systematic
uncertainties to the analysis. The other benefit relates to the fact that producing events using
Monte Carlo simulation is a very time and CPU-intensive process. Data-driven background
estimation provides a high-statistics background estimate (roughly the size of the collected
dataset after some loose selection) without the need to do any time and resource expensive
simulation. As a result, data-driven estimates typically provide much higher statistics than
can be reasonably simulated.

The embedding technique®® is designed to produce a data-driven estimate of the Z —
77 background using Z — ppi events collected by the CMS detector. The best way to
explain the embedding technique is to explain the basic concept in steps and then expanding
on each step in more detail. The embedding process, shown in Fig. 9.1, takes place in four

main steps:
1. In a dedicated control region, Z — uji events are selected in data.
2. Calorimeter deposits and tracks produced by the dimuon pair are removed.

3. The muon Lorentz vectors are used to simulate a ditau system with identical kinemat-

ics.

4. PYTHIA is used to model the decay of the tau leptons in the same way as a typical

Z — 71T decay.

As can be seen in the previous description, the embedding technique is actually a hybrid
approach where the tau leptons are simulated, but the rest of the event comes directly from
data. This means that the description of jets, pileup, etc. is still coming directly from data
and requires no corrections or additional systematic uncertainties. The Z — 77 decay is well
understood and can be modeled very well. As a result, the embedding technique still has the
advantage of much better modeling than Monte Carlo simulation. The embedding technique
also retains the advantage of higher statistics due to the fact that only the tau decay must
be simulated rather than the entire event. The size of the resulting embedded datasets is

still much larger than could be reasonably generated from pure Monte Carlo simulation.
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Figure 9.1: The embedding procedure for producing a data-driven estimate of Z — 7T using
Z — uji events'?.

The embedding procedure starts with the selection of genuine Z — puj events in data.
The selection must be as loose as possible because the accessible region of phase space will be
determined by the kinematics of the selected events. First, events are required to fire at least
one dimuon trigger. These triggers require the presence of two muons satisfying an extremely
loose isolation requirement and very low py thresholds. The muons are required to be within
the muon system |n < 2.5 and must be matched to the primary vertex. Additional selection
criteria are applied to suppress dimuon pairs clearly not originating from a Z boson decay.
The dimuon pair is required to have opposite charges, an invariant mass m,, > 20 GeV,
and, in the case of multiple potential pairs, the pair with the mass closest to the Z boson
mass is selected. This selection results in about 1.5 million events per 1 fb~! data collected
while maintaining > 97% purity.

Once an event has been selected, all traces of the dimuon pair must be erased from the
event record. The muon track from the global fit is used to remove hits in the inner and outer
tracker. Any hit in the tracker system associated to the global muon track is simply removed
from the record. The muons may also deposit energy while traversing the calorimeters. The
global track is again used to identify clusters in the calorimeters which are intercepted by

the interpolated track. The energy of the minimally ionizing particle is subtracted from the
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cluster to account for the presence of other objects in the vicinity of the muon. If the cluster
energy drops below the calorimeter’s noise threshold, the cluster is removed entirely. Now,
the muons may be completely removed from the event record.

The dimuon pair is then used to simulate a ditau pair with the appropriate kinematics. A
completely empty event record is created and then filled with only the kinematic information
from the dimuon pair. The dimuon system is then transformed into the center-of-mass
reference frame while fixing the dimuon invariant mass to the reconstructed value. In this

frame, the lepton energy and momentum are given by

* m — ES
EKZ%S ‘pe‘:\/EEQ_m3§ C=e, (9.1)

The transformed energy and momentum are then used to seed the simulation of tau leptons.
The initial vertex for the simulated tau leptons is set to the primary vertex of the dimuon
event. The tau leptons are simulated four times corresponding to four decay channels: 7.7y,
TuThs ThTh, and 7.7,. The reuse of a single dimuon event is valid provided the analysis of
each channel remains orthogonal to every other channel.

The last step of the embedding procedure involves processing the decay of the simulated
tau leptons. Because the tau lepton decay involves the production of neutrinos which carry
away a fraction of the tau momentum, the visible decay products will be less energetic than
the dimuon pair used to seed the taus. It is possible for the visible decay products end up in
a region of phase space which cannot feasibly be triggered upon. To save time, a kinematic
filter is applied remove events which will never be able to fire the required triggers. The filter
is applied to the tau decay products before they enter the time consuming CMS detector
simulation. Each decay is repeated 1000 times to increase the probability of passing the
kinematic filter. If more than one simulation passes the filter, the most recently simulated
event is fed to the detector simulation and the ratio of simulations passing the filter over
1000 is stored as an additional weight to be applied later.

Evaluated using the 2017 dataset, this procedure produces a sample of Z — 77 events

roughly 14 (15) times larger than observed in the 7.7, (7,7,) channel. This is much larger
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than could be generated using pure Monte Carlo simulation in a reasonable amount of time

and greatly reduces the statistical uncertainty of the analysis. Additionally, the embedded

samples provide much better modeling than Drell-Yan Monte Carlo requiring fewer correc-

tions and, as a result, reduces a number of sources of systematic uncertainty. A comparison

of the visible ditau mass estimated using Z — 77 events from Monte Carlo versus events

produced using the embedding technique is shown in Fig. 9.2.
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Figure 9.2: A comparison of embedded (left) versus Monte Carlo (right) estimates in the
7.y (top) and 7,7, (bottom) channels. The embedding procedure clearly provides a better
description of the data in the region dominated by Z — TT.
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9.2 Jet— 7, Fake Background

The second largest background contribution comes from the reducible QCD background
where quark or gluon jets are misidentified as hadronically decaying tau leptons. In addition
to the QCD production of fake taus, Wjets, ¢, and other smaller processes may produce
many jets which can be misidentified as a tau lepton. These processes are jointly referred to
as the “jet fakes” background and provide a significant contribution to the total background.
Many of the same problems which arise in simulating Z — 77 with additional jets appear
again when attempting to simulate the jet fakes background. Modeling processes with many
jets in Monte Carlo is difficult and requires many corrections and systematic uncertainties.
This is particularly relevant for the QCD processes which are notoriously complicated to
model and introduce many difficulties to the analysis. Also, similar to Z — 77, it is very
difficult to produce Monte Carlo samples modeling fake tau backgrounds with sufficient
statistics. The issue is that the tau identification algorithm has a very small fake rate,
meaning it is very unlikely for a jet to be misidentified as a hadronic tau. As a result,
extremely large Monte Carlo samples must be generated in order to have a workable number
of events with misidentified jets. It is somewhat surprising upon first thought, but, as the
algorithm improves, the contribution of jet fakes becomes smaller while the required number
of generated events becomes larger.

Following the comparison to Z — 77, the best way to handle the jet fakes background
is via a data-driven approach. In this way, we can produce large samples containing fake
taus without introducing new corrections or systematic uncertainties. This analysis uses the
fake factor method®” to produce an estimate of the jet fakes background in the region of
interest. The general idea behind the fake factor method is that a control region enriched in
jets faking tau leptons can be defined by inverting the 7 ID selection in the signal region to
contain only events failing the ID. These events are still required to pass the loosest working
point of the 7 ID. The distributions in this control region can then be scaled by the ratio of
isolated to non-isolated events (called the “fake factor”) to give a reliable modeling of events

with a jet faking a tau lepton in the signal region. This method relies on the assumption
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that the kinematics in the control region and the signal region are similar. Provided this
assumption holds, the fake factors simply provide the correct normalization for those shapes
in the signal region. In practice, the fake factor method has a few more components all
relying on the same general idea and assumption. The extra components are included to
increase the reliability of the estimate and account for small, understood differences in shape

between signal and control regions.

9.2.1 Fake Factor Procedure

The fake factors are measured separately for each channel and data period and are also
measured separately in QCD multijet, ¢¢ , and W+jets events. For each process, a dedicated
control region is constructed to be enriched with events from the given process. The fake
factors will not be consistent between channels due to the differences in event selection.
Generally, the trigger thresholds in the 7.7, channel are higher than in the 7,7, channel
leading to harder tau leptons on average. The fake factors are measured separately for each
data period because the trigger thresholds increase with each year leading again to harder
tau leptons on average. The number of events passing any given 7 isolation working point
will obviously depend on the process that generated the fake tau. This explains why fake
factors are measured separately for each of the main processes contributing to the jet— 7,
fake background.

Because events are going to be categorized based primarily on the number of jets in the
event, the fake factors are measured in the bins: zero jets, one jet, two or more jets. It is
seen that the fake rates decease by about 10% when the jet multiplicity is increased by one.
This is because the probability to find an isolated jet decreases as the event becomes more
crowded with jets.

To account for the pr dependence in the 7 ID fake rates, the fake factors are measured
as a function of the 7py. The measured fake factors are then corrected as a function of the
electron or muon pr. Because the triggers split pr-space into two regions (firing the cross-

trigger or firing a single lepton trigger), the corrections are measured separately for these
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two regions. All three control regions contain slightly different kinematics than the control
region due to the cuts used to define a particular region. The fake factors are corrected to
account for the difference in kinematics.

To get an estimate of the jet—7, background, we start with data events passing all
selection criteria for the anti-isolated control region. The event kinematics are used to find
the fake factor estimate from each background control region with all relevant corrections
applied. The event is then scaled by the weighted average of the three fake factor estimates

as follows

3
FFip = » n; - FF; (9.2)

i=1
where FF; is the fake factor estimate for a given background control region and n; is the
fraction of background 7 events to the total number of background events. This provides an
estimate of the jet—7;, background from data, but contains contamination from processes
with real 7,’s that are not isolated. To account for this, the same procedure is applied to all
background processes with real 7,’s and these events are subtracted from data. The result
is a data-driven estimate of the jet—7;, background which is more reliable than could be

estimated using Monte Carlo.

9.3 Monte Carlo Backgrounds

The remaining background processes are reasonably small when compared to Z — 77 and jet
fakes. As a result, these processes are all simulated using Monte Carlo. These backgrounds
include Drell-Yan processes where the Z boson decays to a di-muon or di-electron pair with
one lepton misidentified as a tau lepton, ¢ production, single top production, and diboson
production. To remove overlap with the jet fakes background, events with a generator-level
quark or gluon jet misidentified as a tau lepton are removed from Monte Carlo samples.
Similarly, Monte Carlo events with two genuine tau leptons are discarded to avoid overlap
with the embedded samples. All Monte Carlo samples are scaled to their expected cross

sections.
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Chapter 10

Data Sets

10.1 Data

This analysis uses a combined 139 fb~! of data collected by the CMS experiment during
2016, 2017, and 2018. The SingleMuon dataset is used for the 7,7, final state while the
SingleElectron (2016 and 2017) and EGamma (2018) datasets are used for the 7.7, final

state.

10.2 Embedded Samples

Embedded samples are used to model backgrounds with a Z boson decaying into a ditau
pair in a data-driven manner. The embedding technique is discussed in detail in Chap 9.
Separate samples are produced for 7.7, and 7,7, in each era resulting in six total embedded

samples.

10.3 Background Monte Carlo

For backgrounds not modeled using a data-driven technique, Monte Carlo simulated samples

are used. The PYTHIA%%% generator is used for parton showering in all Monte Carlo samples.
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The PYTHIA configuration is consistent for 2017 and 2018, but a different configuration is used
for 2016. In 2016, PYTHIA version 8.212 is used for parton showering, tune CUETP8M17 is
used for describing the underlying event, and NNPDF "5 3.0 parton distribution functions
are used. In contrast, PYTHIA version 8.230, tune CP5", and NNPDF 3.1 are used in 2017
and 2018. All Monte Carlo samples include an estimate of additional pp interactions (pileup)
which is reweighted to match the distribution in data. Lastly, GEANT4™ is used to simulate
the CMS detector. All Monte Carlo events are run through this simulation to model detector
effects observed in data.

The MADGRAPH ™" and POWHEG " ®0 generators are used for modeling background
processes. POWHEG is used to model the ¢t and single top backgrounds using versions
2.0 and 1.0, respectively. W+Jets and diboson are both modeled using MADGRAPH with
different configurations. W+Jets is produced at leading order (LO) accuracy with MLM jet
matching and merging, while diboson is produced at next-to-leading order (NLO) with FxFx

jet matching and merging.

10.4 Signal

Anomalous ggH production is modeled using the MADGRAPH generator while VBF and VH
production utilize a combination of the JHUGEN®' and POWHEG generators. Independent
samples are produced for each coupling scenario then a procedure has been developed to
increase the number of events by combining all scenarios and using the matrix element
method to reweight the full sample for each coupling. The scalar H — 77 decay is modeled
using the PYTHIA %% generator. The interference between scalar and pseudoscalar decay
was studied and found to have no effect on this analysis.

The MADGRAPH™ generator is used to produce the Standard Model and anomalous
coupling ggH samples at NLO accuracy with up to two additional jets. The samples with
different numbers of additional jets are stitched together using appropriate cross sections. A
weight is applied in order to match the Higgs pr spectrum from MADGRAPH to the NNLO

prediction. The number of ggH events produced per coupling scenario is roughly tripled by
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combining all coupling scenarios into a single sample and then using the matrix elements
calculated at NLO to produce weights that reshape the merged sample to each coupling
scenario.

The POWHEG®® generator is used to model VBF and VH production at NLO accuracy
in regions on phase space less sensitive to anomalous couplings. In the region sensitive to

anomalous couplings, POWHEG is used for normalization, but the JHU GEN 2381783

generator
is used to model the shape for different coupling scenarios at LO precision. The number
of events per coupling is enhanced using a similar procedure of combining samples then
reweighting to different coupling scenarios. The difference with respect to ggH production
is that the weights used for VBF and VH reweighting are derived using the matrix elements
in the MELA package. The JHUGEN samples are normalized to match the prediction from

the POWHEG 2.0 generator. Additionally, the kinematic distributions from JHUGEN were

compared to the NLO distributions from POWHEG and were seen to be in good agreement.
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Chapter 11

Corrections

11.1 Tau Energy Scale

Commonly differences in 73, energy scale are observed between Monte Carlo and data. This
can occur due to mismodeling of the 7, and detector effects. Similarly, the energy scale of
light leptons faking a 7, can be mismodeled in simulation leading to a difference between
data and Monte Carlo. To correct the modeling in simulation, corrections must be applied
directly to the 75, four-vector. These corrections will vary based on the the 7, decay mode
and whether it is a genuine 75, or an electron faking a 7,. The energy scale for muon faking

75, was found to be negligible.

11.1.1 Genuine Tau Energy Scale

The 75, energy scale is measured in two regions of phase space based on 7, pr using two
separate methods. The 7, energy scale corrections are then applied to genuine 7, based on
decay mode. Because the measured energy scale for both regions is consistent within one
standard deviation, only the corrections from the low pr region are used. Chapter 13 will
discuss the treatment of uncertainties from combining the two measurements.

For the low pr correction, simulated Z/v* — 7,7, are used to reconstruct the 7 mass

(m., ) and the visible mass of the 7 and muon (m,;s). The energy scale of each 73, that can be
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matched to a generator-level 7 is varied in steps of 0.2% to construct templates. A maximum
likelihood fit is used to extract the most likely 7, energy scale. The high pr corrections are

measured in largely the same manner using W* — 7v events and fitting the m,, distribution.

11.1.2 Electron Faking Tau Energy Scale

The e — 7 energy scale is measured using Z — er;, events along with the irreducible
background Z — ee. The visible mass of the 7.7, system is fit allowing the shape of Z — ee
to float. This corresponds to varying the e — 7 energy scale to find the best fit value.
This energy scale is measured separately for the barrel and endcap regions and is binned in

75, decay mode bins.

11.2 Electron Energy Scale

The energy scale of genuine electrons can also be mismodeled in simulation and must be
corrected. The four momentum of all genuine electrons must be scaled and smeared to

match the energy scale and resolution measured in data.

11.3 Tau ID Scale Factors

The efficiency of each DeepTau discriminant may vary between data and Monte Carlo and
corrections must be derived to bring the efficiencies into agreement. Corrections are derived

separately for the DeepTau ID against jets, against electrons, and against muons.

11.3.1 Against Jets ID Scale Factor

The DeepTau against jet ID scale factors are measured using the tag-and-probe method in
Z/y* — 1,7, events. The isolated muon coming from the 7, decay is used as a tag and the
7, is used as the probe. A control region enriched in Z — pji events is used to constrain

the Drell-Yan contribution. The ID scale factor for the embedded samples is derived in the
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exact same way, but substituting the 4 — 7 embedded sample for Drell Yan Monte Carlo. A
maximum likelihood fit is used to extract the data to Monte Carlo corrections in 75, pr and

decay mode bins.

11.4 Against Electron ID Scale Factor

To measure the DeepTau against electron discriminator efficiency, the tag-and-probe method
is utilized in the SingleElectron dataset and all relevant Monte Carlo samples. A well-
identified electron is used as the tag while a loosely identified 7 is used as the probe. Events
are split into two categories, passing and failing, based on whether the 7 passes the discrim-
inant. The fake rate is then defined as the number of Z — ee events in the pass region over
the total number of Z — ee events (Eq. 11.1)

pass

Z—ee
PR = (11.1)

Z—ee

Z—ee

A maximum likelihood fit is then performed simultaneously on the pass and fail regions.
The ratio between prefit and postfit fake rates is used as the DeepTau against electron
discriminator scale factor. The scale factor is determined in different decay mode bins for

the barrel and endcap regions separately.

11.5 Against Muon ID Scale Factor

The against muon discriminator scale factors are derived following the same procedure used
for against electron discriminator scale factors. The probe is changed from an electron to a
muon and the SingleMuon dataset is used instead of the SingleElectron datasets. The scale

factor is determined in decay mode and 7, bins.
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11.6 Recoil Corrections

Recoil corrections are applied to correct the p** spectrum in Drell-Yan, W+Jets, and Higgs
production where neutrinos are produced in the decay of the boson. The vectorial difference
between the measured p*** and the total pr of neutrinos produced in the decay is defined
as U. To correct the piss spectrum, Z — pji events are used because the recoil does not
contain any neutrinos and the Z boson four vector can be measured precisely. U is projected
onto the axes parallel (U;) and perpendicular (Us) to the Z boson py and then U; and U,
are fit separately. The fits are conducted in bins of Z py and jet multiplicity. The mean and

resolution are taken from the fits and used to correct U , and indirectly p7**** in Drell-Yan,

W+Jets, and Higgs production events.

11.7 Pileup Reweighting

Simulated events must be reweighted in order to reproduce the pileup conditions observed
in data. To do this, the number of pileup events is measured in data using a minimum
bias sample. The pileup distribution in Monte Carlo is then reweighted to reproduce the

distribution from the minimum bias sample.

11.8 Prefiring Weights

During 2016 and 2017 data taking, an issue was discovered related to the prefiring of the
L1 trigger. The effect is simulated in Monte Carlo and residual effects are addressed using
an event-dependent correction. The correction is about 95% in topologies with very forward

jets, like VBF production, and very close to unity for events without forward jets.
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11.9 Muon ID /Iso/Trigger Efficiency

Similar to the DeepTau ID efficiency, the muon ID, isolation, and trigger efficiencies can
differ between data and Monte Carlo. The total correction for these efficiencies is factored

as

7 H L
€IDITRK * €Is0|ID * €Trigger|Iso (11.2)

where each term is computed using the tag and probe method. The subscripts show that each
subsequent term uses the numerator of the previous term as the denominator of the current
term. For example, the second term uses events passing the muon ID as the denominator
then events passing muon ID and muon isolation as the numerator. This allows a single
efficiency correction to be derived that accounts for all sources of disagreement. This must

be done separately for the single triggers and for the muon leg of the cross triggers.

11.10 Electron ID/Iso/Trigger Efficiency

The electron ID, isolation, and trigger efficiencies vary in the same way as muon efficiencies

and the corrections are derived in largely the same manner using the tag and probe method.

11.11 Tau Trigger Efficiency

Corrections are also required for the tau leg of the cross triggers. These corrections are only
applied to events which fire the cross trigger and not to events which fire one of the single
triggers. The corrections are derived largely in the same manner as the muon and electron

legs.

11.12 B Tagging Efficiency

Because this analysis vetoes events based on the presence of b-tagged jets, it is necessary to

correct for differences in b-tagging efficiency between data and Monte Carlo. To correct the b-
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tagging efficiency, Monte Carlo events are reweighted to reproduce the DeepCSV discriminant
distribution in data. This requires a weight for every jet within an event as a function of jet
pr , 1, and flavor. The overall event weight is then the product of weights for all jets in the

event.

11.13 Higgs pr Reweighting

In order to achieve a better description of the Higgs pr spectrum, we reweight ggH events
produced with MADGRAPH (NLO) to the NNLO prediction® 8. The weights depend on

the generated Higgs pr , the number of jets with pr > 30 GeV, and the pr of the lead jet.

11.14 7Z pr Reweighting

The Drell-Yan Monte Carlo samples are generated by MADGRAPH at LO. This means that
the generator-level p; and my, distributions need to be corrected to match what is observed
in data. The weights are derived to bring agreement between data and Monte Carlo in a pure
Z — pji control region. The weights change the shape of the pr and my, distributions, but
are normalized to avoid changing the yield. Because Drell-Yan samples generated in 2016
use a different tune than those generated in 2017 and 2018, weights are calculated separately

for 2016 and 201742018 data periods.

11.15 Top pr Reweighting

Similar to the Higgs pr spectrum, we want to correct the top quark pr spectrum in ¢¢ from
NLO to NNLO prediction. The corrections are derived as a function of top quark py. The
total weight is the square root of the product of the corrections for the individual top quarks.
tt simulations also use different tunes in 2016 (CUETP8M2T4) versus 2017+2018 (CP5) and
must also have separate corrections. Because the CP5 tune is used in 2017 and 2018, the

weights are first derived for this tune. To apply these weights to 2016 samples, weights are
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measured to reweight the top pr spectrum in CUETP8M2T4 to that of CP5. Then, the CP5

weights can be applied directly to the 2016 ¢t samples.

11.16 Generator Weights and Luminosity

Monte Carlo generators provide weights on an event-by-event basis used to scale the contri-
bution of that event. In MADGRAPH generated samples, these event weights can even be
negative effectively reducing the statistics of the sample. The generator weights are applied
per event and then each sample is scaled by it’s cross section and the luminosity to get the

effective yield (Eq. 11.3).

o-L

11.3
N, (11.3)

yield = wgep, -

To account for negative weights from MADGRAPH samples, the number of generated
events is scaled by the sum of the generator weights to get the effective number of generated

events.
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Chapter 12

Observables

12.1 Ditau Mass

The CMS detector can not provide the information necessary to fully reconstruct the ditau
mass (m.,) due to the presence of neutrinos in the decay. While each tau lepton will decay
to at least one neutrino, the detector can only provide the transverse momentum of the
vectorial sum of all neutrinos. This vectorial sum will also include any other particles that
evade detection for any reason. Dedicated algorithms have been designed to reconstruct the
most likely m.,, accounting for the incomplete and noisy neutrino information. This analysis
uses a simplified version of the SVFit algorithm®" called FastMTT.

In order to reconstruct m.,, we must first derive a parameterization for the ditau sys-
tem. For a single tau decay, we can combine the information from all visible decay products
into a single four-momentum (FE,;s, pyis). Then, to account for the neutrinos, we include the
Evyis

fraction of the tau energy carried by visible decay products (z = %

tot

) and a description of
the neutrino system. The neutrino system can be described using the difference between the
tau four momentum and the visible four momentum by defining two angles: the Gottfried-
Jackson angle, 6, defined as the angle between the tau and the visible four momentum,
and the azimuthal angle from a cone centered on the visible momentum to the tau, denoted

¢. In addition to these angles, the invariant mass of the neutrino system (m,,) is required
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to fully describe the neutrino system. The tau decay is now fully parameterized in terms of
(Evis, Pois)s ©, and the three parameter neutrino system. Returning to the case of two taus de-
caying, it is easy to see there are six unknown parameters, @ = (1, ¢1, Myp1, T2, G2, Myy2)
and five measured parameters, ¥ = (Eyis1, Puis2, Fuvisis Puis2s E%”SST@C")

The SVFit algorithm determines the most likely m,, by maximizing the likelihood given
in Eq. 12.1

L(Myest|event data) = /p(mTTW, a)0(Mrr — Myest)da (12.1)

where the integral runs over all unknown variables for a given mass hypothesis my.s. In
practice, the probability p(m..|y, @) is written as a product of three independent terms
(Eq. 12.2): the matrix element for each tau decay (ME), the transfer function (TF) discussed
later, and a regularization term (REG) of the form m%_with x ~ 5. The transfer function

is defined in Eq. 12.3

p(m..|§,@) = ME -TF - REG (12.2)

T Fagir = C(Bpis 0| Bpiss o)

1 1 i imiss hypo\Ty,—1/ miss reco miss hypo
— eXp _ = < Emzss reco __ E Yp V E _ E Yp: )
e g (F e by e )

(12.3)

miss hypo
where E.

is constructed for each tau from the triplet of unknown parameters. This
function is designed to give the likelihood of the measured parameters given a hypothesis for
a.

SVFit performs a brute-force search evaluating the integral from Eq. 12.1 for each point
in (7, @) space and returning the most likely my.s as an estimate of m.,.

The SVFit algorithm is very costly in terms of time and memory, especially once we begin
evaluating systematic uncertainties which require the calculation to be performed a number

of times per event. For this reason, the FastMTT algorithm was designed to use SVFit as a

starting point and attempt to simplify the calculation of Eq. 12.1 while maintaining similar
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performance.

The first difference between the algorithms comes from the observation that the ME
term in the integrand has very small impact compared to the transfer function and the
regularization terms. In FastMTT, the ME term is set to 1 leading to a much simpler
integrand. Second, for taus with a sufficient boost, the Gottfried-Jackson angle becomes
very small allowing us to assume the tau direction and neutrino direction are the same,
called the collinear approximation. In the collinear approximation, we define #5; = 0 and
we neglect ¢ because it is no longer well defined. These observations allow us to simplify

Eq. 12.1 to Eq. 12.4.

L(Mmyest|event data) = TF - /5(mTT — Myest)dad (12.4)

The only remaining unknowns in @ are the energy fractions x; which are estimated using

a brute-force search in (z1, z3) space to find the pairing the maximizes Eq. 12.4. The

regularization term is absorbed into m.s and is tuned by hand to give performance similar

to SVFit. These simplifications lead to an estimate of m.,, which is similar in performance

to SVFit while running ~100 times faster.
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Figure 12.1: The ditau mass reconstructed using the FastMTT algorithm in the t.1y, (left)
and 1,7, (right) channel.
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12.2 Matrix Element Likelihood Approach (MELA)

As discussed in Chapter 3, the nature of the Higgs coupling produces a measurable effect
on the other particles involved in the interaction. In the case of Higgs production, this
means the coupling scenarios alter the correlations between final state jets. As a result, a
good description of the Higgs + 2 jet system is crucial. Fig. 12.2 and Fig. 12.3 shows it is
possible to fully describe the kinematics of the Higgs + 2 jet system in the dijet rest frame
using 5 parameters (3 angles and 2 momenta)®3. In order to reduce these five parameters
to the minimal number of observables without losing any information, the matrix element

likelihood approach (MELA)Z17:288283 jg ytilized.

Figure 12.2: Diagram of Higgs production in vector boson fusion (left) and associated
production (right). The five MELA parameters are shown on each diagram along with 0*
which relates the dijet system to the tau decay plane®?.

Given the set of parameters fully describing the system, MELA calculates the probability
of the event given different LO matrix elements. This allows us to calculate the probability
of any process for which we can fully define a matrix element. The probabilities can then be
combined to create MELA discriminants designed to separate different classes of events. This
is particularly useful for distinguishing H — 77 events produced under different coupling
hypotheses. In this way, we are able to simplify the analysis by reducing the dimensionality

of our observable space.
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Figure 12.3: Diagram of Higgs production via gluon-gluon fusion. The five MELA parame-
ters are shown on each diagram along with 6* which relates the dijet system to the tau decay
plane®?.

12.3 MELA Discriminants

It is possible to construct three broad categories of MELA discriminants by taking different
ratios of MELA probabilities. By definition, each discriminant is conveniently bound from
0 to 1 and provides the optimal separation between processes.

The first category of discriminants is constructed to separate signal and background

processes:
Psnr

Dy = ———
"9 Poar + Phig

(12.5)

where Pgys is the probability of the signal process and Py, is the probability of a given
background. Because it is generally quite difficult to write a matrix element describing the
entire background composition, we do not rely on Dy, in this analysis. Instead, we utilize
other tools for distinguishing signal versus background.

It is also possible to construct discriminants that separate different signal hypotheses:

Psmr
D = — 12.6
B Dot + Prsur (12.6)

In this discriminant, Pg), is the probability of the signal process under the Standard Model
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hypothesis while Pggsys is the probability of the signal process under a beyond the Stan-
dard Model hypothesis. This analysis makes extensive use of this type of discriminant for
separating signal processes produced with different couplings.

The last type of discriminant that can be constructed is designed to isolate the interfer-

ence contribution:

Pg}\tf—BSM
D, = — SM=BSM__ 12.7
" Psur + Posu (12.7)
int

The new probability here, Pgy;_pq is the interference part of the probability distribution

containing a mixture of SM and BSM contributions.

12.4 HVYV and Hgg Discriminants

The ggH analysis defines a discriminant to separate Standard Model Higgs coupling from
the pure pseudoscalar coupling hypothesis, DE‘EH, and a pure CP-odd discriminant sensitive
to the interference between couplings, D%gPH. These discriminants are defined in Eq. 12.8 and

Eq. 12.9 and shown in Fig. 12.4.

H P&
ggrl
sm T Fps
pggH
DggPH _ _ "SM-PS _ (12.9)

P&+ PRE
The VBF analysis similarly defines discriminants to separate coupling hypotheses. In
this case, four discriminants shown in Eq. 12.10 are constructed to target the four coupling
parameters defined in Chapter 3. Another discriminant sensitive to interference effects is
defined in Eq. 12.11: D¥EF. Because CP effects are only observable in the f,3 coupling, DEgY

is only used in conjunction with DyBF for measuring the f,3 parameter. The discriminants

used to measure f,3 are shown in Fig. 12.4.
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Both analyses utilize the Dy discriminant defined in Eq. 12.12 and shown in Fig. 12.5.

Dy5" is designed to separate ggH production from VBF production with Standard Model
couplings. Having a good separation between production mechanisms becomes important
in the final fit because the signal strength parameters for each production mechanism are

allowed to float.

ggH ggH
Dyo = HPSM +H7DPS (12.12)
8+ PR+ PR

12.5 Neural Network

A neural network is used to separate signal process from all background processes. To do this,
a fully connected, feed-forward network is trained using the Keras®® framework for binary
classification. Because the kinematics in the 7.7, and 7,7, channel are so similar, a single
network can be trained on the combination of channels to increase the training statistics by
roughly a factor of two. The change in kinematics is significant enough between different
data periods that we choose to have a network per data period instead of combining into a
single network.

The network is trained using events where a Higgs boson is produced via vector-boson
fusion and then decays to a ditau pair. This process is chosen because HVV is the most
sensitive production mode. For the Hgg coupling, the same signal sample is used due to
the fact that the most interesting gluon-gluon fusion events are the events with kinematics

most similar to vector-boson fusion events. This allows us to train a single network that
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Figure 12.4: MELA discriminants targeting the f,3 parameter in the 7,7, channel. The
top row shows the Dy_ discriminants designed to separate the pure scalar (SM) and pure
pseudoscalar (PS) couplings. The Dop discriminants are shown on the bottom row where the
pure scalar (SM) coupling is separated from a mized state (MM) with interference between
CP-even and CP-odd states.
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Figure 12.5: DyJF for the 7.7, (left) and 7,7, (right) channel. Here, the VBF production
(red) is separated from ggH production (blue).

can be used for both analyses. Events where a Z boson decays to a ditau pair are used
as a background for training the network. The network is seen to do a good job rejecting
other backgrounds without explicitly including them in the training. Therefore, we keep
the network as simple as possible by only using Z — 77 events as the background during
training.

As input variables to the network, we provide the ditau mass (m.,), the dijet mass (m ),
the visible Higgs pT (p¥), and the seven MELA input variables which are all shown in
Fig. 12.6, Fig. 12.7, and Fig. 12.8. The MELA input variables give us a complete description
of the system in the dijet rest frame. In order to account for the boost of the entire system,
we include my; and p4. Lastly, m,, is included to separate Higgs to ditau events from Z
to ditau events. These events have very similar kinematics and may only be distinguished
by m.,. All input variables are normalized to mean-zero variance-one. Events are properly
weighted with respect to other events in the same sample and then an additional weight is

applied to account for the different statistics between the two samples.
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Figure 12.6: MELA input variables in

the 1,7, channel used for training the network.
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Figure 12.7: Remaining MELA input variables in the 7,7,

network.
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Figure 12.8: Kinematic variables provided in addition to the MELA input variables for

network training.

The network architecture consists of two hidden layers. The first containing a number of
nodes equal to twice the number of input variables (20). The second layer contains a number
of nodes equal to the number of input variables (10). These choices are made to keep the
network as simple as possible while still providing high separation power. After optimization
studies, the ReLLU activation, Eq. 12.13, function was seen to provide the best performance

when used on the hidden layers.

f(z) = max(0, x) (12.13)
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The sigmoid function, Eq. 12.14, is used in conjunction with the binary cross-entropy loss
function in the output layer. The similarity between the cross-entropy and the definition of
entropy from statistical mechanics can be seen in Eq. 12.15, where p; refers to the probability
of the true class while ¢; is the probability of the predicted class. Binary cross-entropy is a
special case of the cross-entropy used for binary classification where the probabilities of true
classes (y) and predicted classes () are constrained to p; € {y,1 —y} and ¢; € {9,1 — J}.

The activation functions are shown in Fig. 12.9.

flz) = (12.14)

H(p.q) = =Y pilogg = —ylogj — (1 —y)log(1 — 7) (12.15)

10 i

—— RelLU
0.8
06

0.4 1

0.2+

0.0 1 0.00

-4 -2 [+] 2 4 -20 -15 -10 -05 0.0 0.5 10 15 2.0

Figure 12.9: The sigmoid (left) and ReLU (right) activation functions. The sigmoid is
shown along with its derivative which is used during backpropogation.

The loss function is monitored for overtraining and the training process is concluded when
the validation loss has converged for fifty epochs. This monitoring is shown in Fig. 12.10.

The resulting Dy distributions are shown in Fig. 12.11.

89



— loss 104 — loss
109 —— val_loss —— val_loss
0.9 4
2 0. 806
0.7 q
0.6 4 05
T T T T T T T T T T T T T T
[} 100 200 300 400 500 ] 50 100 150 200 250 300 350 400
- - - - 0.86 -
— acc Ca bl g L — acc
0.8 — val_acc 0.841 —— val_acc
Ak i AL
0.82
3 3
® 077 ® 0804
0.6 0.78
T T T T T 0.76 T T T T T T T T T
[} 100 200 300 400 500 ] 50 100 150 200 250 300 350 400
epoch epoch
— loss
1.0 —— val_loss
w 0.9 4
@
L
0.8
0.7 1
T T T T T
[} 100 200 300 400
TR efhet b ey
0.80 4 — val_acc
o
o
@ 0.75 q
0.70
T T T T T
[} 100 200 300 400
epoch

Figure 12.10: Training and validation loss for 2016 (left), 2017 (right), and 2018 (bottom).
In all cases, the training and wvalidation loss converge to a similar value. A divergence
between the losses where the training loss continues to decrease while the validation loss does
not would indicate overtraining of the network.
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is trained to only separate VBE and Z'TT processes, but is observed to separate all background
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Chapter 13

Systematics

The following section describes all systematics uncertainties considered in the analysis and
includes a summary in table 13.1. The table includes the correlation between simulated
processes and the predictions of the embedded samples. In the cases where the correla-
tion is nonzero, the uncertainty is applied separately to the embedded sample to create an
“embedded-only” uncertainty. The correlation is then handled by scaling the MC component

by unity, the correlated embedded component by p, and the “embedded-only” component

by /1 — p2.

13.1 7, energy scale

A decay mode based correction is applied to all real 75, s to correct the measured 7, energy
scale. This effects the shape of many distributions and is therefore treated as a shape
uncertainty. The corrections and corresponding uncertainties are different between Monte
Carlo and embedded samples. The uncertainties are uncorrelated between decay modes and
between data periods.

The Monte Carlo corrections are measured separately for the low pr region using Z —
7T events and the high pr region using W* — 7v,. events. While the measured correction

is consistent within one standard deviation for both measurements, the uncertainties have a
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larger variance. To account for this, the uncertainty on the 7, energy scale is split by pr as
well as decay mode. The uncertainty for events with p7. < 34 GeV comes directly from the
Z — 77 measurement, while the uncertainty for events with p7. > 170 GeV comes directly
from W* — 7v, events. The uncertainty for events with 34 <= p}. <= 170 GeV comes from
the linear interpolation between the two measurements.

For the embedded samples, the uncertainties only depend on the 7 decay mode. The effect
of the 75, energy scale in embedded events is treated as 50% correlated with the uncertainty

from Monte Carlo.

13.2 e — 75, energy scale

The uncertainty on the energy scale of 7, matched to a generator level electron is binned
in decay mode as well as barrel versus endcap. The corresponding uncertainty changes
the shape of all distributions with an electron faking a 7, and thus is treated as a shape
uncertainty. The correction is measured separately for Monte Carlo and embedded samples

so the uncertainties are treated as 50% correlated.

13.3 u — 7, energy scale

A decay mode based correction is also applied to correct the energy scale of 7, candidates
matched to a muon at the generator level. Again, this uncertainty is treated as 50% correlated

between Monte Carlo and embedded samples.

13.4 Electron energy scale

An uncertainty is assigned to account for systematic shifts in the measured electron energy.
It is also possible to assign an uncertainty to the resolution of the electron energy scale, but
this is found to be negligible and is therefore not considered. The electron energy scale is

corrected on an event-by-event basis using the recommendation from the EGamma POG
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and is treated as a shape uncertainty. This uncertainty is 100% correlated between data

periods.

13.5 Muon energy scale

An uncertainty is assigned to measurements of the muon energy scale and is binned in
muon pseudorapidity then treated as a shape uncertainty. The uncertainty is uncorrelated

in pseudorapidity bins, but is 100% correlated between data periods.

13.6 Jet energy scale

Event-by-event jet energy scale corrections are applied to correct the jet energy scale and are
propagated to the p2*. These corrections contain 27 separate sources of uncertainty which
we are able to merge into 11 combined sources based on correlations between individual
sources. These combinations follow the recommendation of the JetMET group and are

documented in table 13.2

13.6.1 Jet energy resolution

Jet energies in simulation must be smeared in order to accurately model the jet energy reso-
lution in data. A shape uncertainty is assigned to the smearing process which is uncorrelated

between data periods.

13.7 pi's* energy scale

To account for uncertainties introduced by the recoil corrections, six shape systematics are
assigned to processes that have recoil corrections applied. The six systematics are split into
two groups which each contain three shapes with one shape per jet multiplicity bin. The two
groups are split based on whether the shape is the result of uncertainty in the resolution of

the correction or the scale.
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For processes that don’t require recoil corrections, a single shape is used to model uncer-

tainty in the measured pf'ss.

13.8 7, ID

Uncertainty in the DeepTau ID’s anti-jet scale factors are modeled using a single shape
uncertainty split into uncorrelated bins based on the tau decay mode and py bin. It is
also uncorrelated between different data periods. This uncertainty is only applied to events

containing a genuine tau lepton at the generator level.

13.9 7, ID against e

A shape uncertainty is assigned to the DeepTau ID’s anti-electron discriminant. The uncer-
tainty is split into the barrel and endcap regions and is uncorrelated between pseudorapidity

bins and data periods.

13.10 7, ID against u

A shape uncertainty is assigned also to the DeepTau ID’s anti-muon discriminant. The
uncertainty is split into five, uncorrelated pseudorapidity bins and is uncorrelated between

year.

13.11 e ID

A flat 1% systematic is assigned to account for uncertainty in electron tracking, reconstruc-

tion, and efficiency. It is uncorrelated in data periods.
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13.12 u ID

Similarly, a flat 1% systematic is assigned to account for uncertainty in muon tracking,

reconstruction, and efficiency. It is uncorrelated in data periods.

13.13 Triggers

The uncertainty in trigger efficiency is 2% per light lepton leg and is treated as a shape effect
to account for the fact that single triggers and cross triggers are combined to cover the full
phase space. In the region where the single trigger fires, there is only the 2% uncertainty.
But, in the region of the cross trigger, there is additionally an uncertainty in the tau leg
that is pr-dependent based on a fit to the tau trigger turn ons. The single and cross trigger
uncertainties are uncorrelated resulting in the shape effect that is uncorrelated between data

periods.

13.14 Other Uncertainties

The prefiring corrections are assigned a single shape uncertainty that is correlated between
2016 and 2017 and between 7.7, and 7,7, channels. There is no uncertainty in 2018 due to
the prefiring issue not being present.

Variations in the QCD scale result in a <1% uncertainty in VBF and VH production
cross sections in addition to a 2.1% (1.9%, 1.3%) uncertainty in VBF (WH, ZH) production
due to variations in the PDFs and «,. The PDF+a, uncertainty is 3.2% in ggH production
while the QCD scale uncertainty is factored into nine shapes. These shapes account for
things like migration between jet multiplicity bins due to QCD scale variations.

A flat uncertainty is assigned to the cross section for each background process. 4.2% for
tt , 5% for diboson, 5% for single top production, and 2% for Drell-Yan.

Uncertainty in the integrated luminosity results in a 2-3% effect in all simulated processes

that is partially correlated between data periods. Similarly, the uncertainty in the H —
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Uncertainty Implementation Year Correlation (%) Emb. Correlation (%)
T, energy scale pr and DM dependent 0 50
e — 73, energy scale 1 and DM dependent 0 50
1 — T, energy scale DM dependent 0 50
Electron energy scale single shape 100 0
Muon energy scale 1 dependent 100 0
Jet energy scale 6 grouped shapes 0-50 0
PSS energy scale single shape 0 0
7, 1D pr dependent 0 50
7, ID against e 1 dependent 0 50
7 ID against u 1 dependent 0 50
e ID InN - 15% 0 50
w ID InN - 20% 0 50
Prefiring single shape 100 0
STXS ggH theory 9 shapes 100 0
PSS recoil correction N(jet) dependent 0 0
Trigger Light Leg 2% per e or 0 0
Trigger Tau Leg pr dependent 0 0
b-jet veto InN - 0.5-5% 0 0
Luminosity InN - 2-3% partial 0
B(H — 77) InN - XX% 100 0
Drell-Yan cross section InN - 2% 100 0
tt cross section InN - 4.2% 100 0
Diboson cross section InN - 5% 100 0
Single Top cross section InN - 5% 100 0

Table 13.1: A summary of all systematics considered in this analysis.

77 branching fraction is treated as a flat uncertainty that is fully correlated between data
periods. The uncertainty is split into a 1.7% uncertainty from high-order corrections that
are not included in the calculation along with <1% uncertainties due to the quark masses
and the measurement of «.

The limited statistics available from simulation or data-driven estimation lead to statis-
tical uncertainty in background and signal predictions. This is accounted for by a bin-by-bin
uncertainty using the Barlow-Beeston approach. In essence, this approach allows the con-
tent of each bin in the final distributions to float and adds additional terms to the likelihood

function quantifying the likelihood to measure the given content.
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Group

Component(s) Correlated
AbsoluteMPFBias, AbsoluteScale, Fragmentation,
Absolute PileUpDataMC, PileUpPtRef, RelativeFSR, SinglePionECAL, yes
SinglePionHCAL
Absolute Year AbsoluteStat, RelativeStatFSR, TimePtEta no
BBEC1 PileUpPtBB, PileUpPtEC1, RelativePtBB yes
BBEC1 Year RelativeJEREC1, RelativePtEC1, RelativeStatEC no
EC2 PileUpPtEC2 yes
EC2 Year RelativeJEREC2, RelativePtEC2 no
FlavorQCD FlavorQCD yes
HF PileUpPtHF, RelativeJERHF, RelativePtHF yes
HF Year RelativeStatHF no
RelativeBal RelativeBal yes
RelativeSample RelativeSample (2017 and 2018) 1no

Table 13.2: Groupings of JES systematics based on JetMET POG recommendation. The
correlated column tells whether the uncertainty is treated as correlated between data periods.
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Chapter 14

Results

For both analyses, the results are extracted using a 2D binned maximum likelihood fit.
In order to reduce the dimensionality of our observables for the 2D fit, Dyy and DY BE are
unrolled into a 1D observable. Fig. 14.1 provides an example of an unrolled distribution. This
observable is combined with the remaining MELA discriminant to form the 2D distribution
provided to the fit. The fit is performed by minimizing the test statistic Eq. 14.1 for each

parameter of interest.

L(datals(r) + b, 0,)

q(r)=—-2AInL =-2AIn Z(datals(7) 1 b.6,)

(14.1)

In the test statistic, s and b are the signal and background distributions while r represents
the best estimate of the signal parameters being profiled and 7 represents a freely floating
value of the signal parameters. 6 represents the best estimate of the nuisance parameters
given a set of signal parameters, 7. The likelihood is the product over all bins used in the

analysis of the likelihood:

L= H Fdata;|s(r); + b;) - C(6:(r)) (14.2)

where C(0;(r)) are the constraints per bin, ¢, from nuisance parameters, 6;(r), and f(...)

represents the Poisson uncertainties derived for the data given the signal parameters. The
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Figure 14.1: An example of an unrolled distribution. This histogram shows how the 2D
Dy versus DYPE distribution is unrolled into a 1D distribution for the VBF category in
the 7,7, channel using the 2018 data period. The distribution only contains events in which

D%Ef is in the range [0.75—1.] and DYEY < 0. The blue text labels the value of Dyy between

each vertical dashed line which shows the edge of each Dyy. The bins within each region
map to bins of DY P within that Dyy bin.

Poisson uncertainties are derived using the statistics of the given bin. Nuisance parameters
are categorized as shape effects and normalization effects as described in Chapter 13. Nor-
malization effects are modeled as a log-normal distribution centered at the expected value
of the given process according to which the normalization is allowed to vary whereas the
process’s shape remains invariant. The shape of a given process is allowed to morph under
the influence of a shape effect.

A scan over 7 is performed to determine the values that minimize the test statistic. To
avoid introducing bias, the analysis is constructed initially without the use of data in sensitive
regions. Expected limits, shown in Fig. 14.2 and Fig. 14.3, are calculated using only signal
and background samples to estimate the sensitivity of the analysis. The parameter of interest
is shown on the x-axis and the test statistic is shown on the y-axis. The location of minimum
value of the test statistic on the x-axis corresponds to the best fit value for the parameter
of interest. The dashed lines at ¢(r) = 1 and ¢(r) = 3.84 mark the one and two standard

deviation regions. Points at which the test statistic exceeds the dashed lines corresponds to
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a point along the scan that can be ruled out at a 68% or 95% confidence level. Respectively,
the sensitivity of the analysis can be inferred from the sharpness of the minimum.

In all cases, the expected best fit value corresponds to the effective cross section for
each coupling being zero. This corresponds to the SM-only scenario indicating the data is
not consistent with the presence of anomalous couplings. The sensitivity for each coupling
scenario is found to be the highest in the 7,7, channel for the 2018 data period. This is
expected because the analysis is statistics-limited, the 2018 period corresponds to the highest
integrated luminosity, and the 7,7, channel has higher statistics than the 7.7, channel.
Despite that, the 2017 period has larger statistics than 2016 data period, but the 2016
period is more sensitive due to detector conditions which decreased signal acceptance during
2017 data taking. The 7,7, channel is consistently more sensitive than the 7.7, channel, as
expected.

Also, as expected, the sensitivity to the Hgg vertex is much lower than the HVV vertex.
While the anomalous couplings in the HVV vertex can be excluded for f,3 = 0.1 at > 20 in
data period 2018 for the 7,7, channel, anomalous couplings in the Hgg vertex at f% = 1.0

are still far from reaching the 1o level for the same data.
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Figure 14.2: The HV'V expected likelihood scan over the parameter of interest fu3 (top left),
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TeTn channel is shown in green, 7,7, is shown in blue, and the combination is shown in black.
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Chapter 15

Summary

I have presented a study of the Higgs couplings in the HVV and Hgg vertices using 158.7 b1
data collected at /s = 13 TeV by the CMS experiment. The study was conducted using
the H — 77 decay mode, specifically where one tau lepton decays leptonically and the other
decays hadronically.

Both studies utilize the correlation between jets produced in association with the Higgs
boson to probe the couplings for CP-violation. The HVV vertex is also probed for anoma-
lous CP-conserving couplings that result in correlations between jets. The matrix element
likelihood approach (MELA) is used to optimally utilize the correlation between jets and con-
struct discriminants to separate signal processes. Additionally, a neural network is trained
to separate background processes from Higgs boson production allowing the MELA discrim-
inants to perform in signal-enriched regions. The result is the most sensitive analysis of the
HVV vertex in the H — 77 channel to date and the first study of the Hgg vertex using
H — 77 events.

This analysis is combined with the other H — 77 decays to produce a full study of
anomalous couplings using the H — 77 decay. In the future, the H — 77 channels will
be added to the HZZ analysis to further constrain anomalous couplings in the HVV and
Hgg vertices. As the Higgs boson’s couplings are further probed, either the constraints on

anomalous couplings will tighten to exclude the possibility of BSM physics in the coupling
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or anomalous effects will be observed opening the door for many BSM scenarios. Regardless
the outcome, understanding the nature of the Higgs boson’s coupling to gauge bosons is

crucial to completing our understanding of fundamental physics.
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