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Supervisor’s Foreword

The quantum theory of the matter and energy that surrounds us, the so-called stan-
dard model (SM) of particle physics, has been extremely successful in describing
both the microscopic world around us and some of the earliest moments of our
Universe. One of the last breakthroughs in completing the full picture of the SM
was the discovery of the Higgs boson at the Large Hadron Collider (LHC) in 2012.
Since then, we have been creating the boson in the laboratory as an excitation of
the all-penetrating Higgs field and studying its properties to understand the origin
of this field and its connection to the rest of our Universe. It is especially important
because the SM appears to be incomplete, as it cannot describe several puzzles in
our Universe, such as the mysteries of dark matter and energy, the apparent lack
of antimatter compared to matter, and the hierarchy of masses of all fundamental
particles, including the mass of the Higgs boson itself. This may imply that the SM
is only an effective field theory (EFT), an approximation of a more general theory.
We cannot resolve the full theory yet because this would require us to reach a much
smaller linear scale or much larger energy scale in our measurements, not reachable
directly at the LHC. However, very important effects, such as hints of new physics,
could be observed in the properties of the Higgs boson and how it interacts with the
rest of the matter and energy in the Universe within the SM EFT. The Higgs field
may become the connection of our known world to the dark, or unknown, world.
Therefore, optimal studies of the Higgs boson’s interactions with the known
matter and force particles are essential to reveal possible new phenomena. This
thesis by Dr. Roskes develops fundamental ideas and advanced techniques for
these sophisticated studies. The unique feature of this work is a simultaneous
measurement of the Higgs boson’s associated production (its “context”) and its
decay (its “end,” in the words of the thesis title) while allowing for multiple
parameters sensitive to new phenomena. This includes computer simulation with
Monte Carlo techniques of the complicated structure of the Higgs boson interactions
(JHU generator); the matrix-element calculation of per-event likelihoods (MELA
package) for optimal observables; and advanced fitting methods with hundreds of
intricate components that cover all possible parameters and quantum mechanical
interference. Optimization of the CMS detector’s silicon-based tracking system,

vii



viii Supervisor’s Foreword

essential for these measurements, is also described. The development of the track-
based alignment algorithm of the silicon tracking detector (HipPy) and the methods
and tools for its validation are discussed in detail. The thesis culminates with a
presentation of both phenomenological development and experimental application
of the most advanced analysis of LHC data to date in the multiparameter approach
to Higgs physics in its single golden four-lepton decay channel. The couplings of the
Higgs boson to both vector bosons and fermions are analyzed under the framework
of the SM EFT and constraints on quantum properties of the Higgs boson are
set. The presented results represent the original work of Dr. Roskes, performed in
collaboration with CMS and theory colleagues.

Baltimore, MD, USA Andrei V. Gritsan
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Rabbi Yishmael says: The Torah can be derived through thirteen principles. ..

12. A matter can be learned from its context, and a matter can be learned from its
end...

—Introduction to Sifra [1], third-century legal commentary on Leviticus

In enumerating the principles listed here, use this rule: any two principles that
follow the same logic are counted together as one principle.
—Commentary of Ra’avad (1125-1198) to this passage [2]

1. “Sifra,” in Sifra devei Rav, A. Shoshana, Ed., vol. 1, Jerusalem: Machon Ofek,
1991, pp. 1-14, ISBN: 9781881255093.

2. A. ben David, “Commentary on Torat Kohanim,” in Sifra devei Rav, A.
Shoshana, Ed., vol. 1, Jerusalem: Machon Ofek, 1991, pp. 15-50, ISBN:
9781881255093. xii
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Chapter 1 ®
Introduction Check for

This thesis will describe several analyses measuring the properties of the Higgs
boson. As this chapter will describe, the Higgs boson was predicted to exist in
1967 as part of a theoretical explanation of the weak nuclear force. The theory that
is now known as the Standard Model of particle physics, or the “SM,” was built
over the next 20 years, and it describes almost all known particles and interactions.
Although the SM is not a complete description of the universe—its most obvious
omission is gravity—almost all measurements of processes the SM covers agree
with the theoretical predictions to incredible precision, with some especially precise
measurements reaching 9 digits of agreement.

For a long time, the Higgs boson was the only elementary particle that was
predicted by the SM but not observed. After almost 50 years of searching by
building experiments designed to probe higher and higher energies, it was finally
discovered by the CMS and ATLAS collaborations in 2012. As the most recently
discovered fundamental particle, the Higgs boson is a natural target for higher-
precision experimental tests of the SM’s predictions. If deviations from the SM are
detected, they would be a hint to further beyond SM, or “BSM,” physics, such as new
particles or interactions, and possibly open doors to understanding other mysteries
of physics, such as the identity of dark matter.

1.1 Elementary Particles

Philosophical arguments for the idea that matter can only be divided up to a
certain fundamental limit, known as an atom, go back to the ancient Greeks.
Ultimately, the word “atom” ended up with a slightly different connotation than
the Greek philosophers intended. The objects now known as atoms, although they
form a useful basic unit in describing how matter interacts under many normal
circumstances, are made of protons, neutrons, and electrons. The electron, isolated

© The Editor(s) (if applicable) and The Author(s), under exclusive license to 1
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by J.J. Thomson in 1897, was the first particle discovered that, as far as we know, is
actually an elementary particle. A few years later, in the results that are considered
to be the birth of quantum mechanics, Planck [1] and Einstein [2] showed that light
is quantized in packets of energy, which came to be known as photons.

With these two discoveries, we have examples of each of the two types
of elementary particles: fermions, which have half-integer spin, obey the Pauli
exclusion principle, and therefore make up matter; and bosons, which have integer
spin and transmit forces between fermions.

Further developments in particle physics over the next few decades came through
experiments probing atomic structure. Rutherford proposed in 1911, based on the
famous gold foil experiments, that an atom’s positive charge is concentrated in
the central nucleus [3], and his subsequent experiments revealed that the nucleus
contains protons [4]. The existence of neutrons was suspected for years and finally
confirmed experimentally in 1932 [5]. Around the same time, to reconcile the energy
spectrum of B-decay with conservation of energy, Pauli proposed the existence of
another very light, neutral particle, known as the neutrino [6].

To explain all of these observations, two new interactions were required. The
weak force makes f decay possible by allowing neutrons to change into protons.
However, calculations showed that this force is too weak to explain how the nucleus,
with many positively-charged protons in close proximity, remains bound. Yukawa
[7] proposed an additional force, the strong nuclear force, mediated by a particle
with a mass between the masses of the proton and the electron. The first particle
discovered that fit this criterion was the muon, which surprised everybody because
it has nothing to do with the strong force and is actually a lepton—except for its
mass, it behaves exactly like the electron. The pion, which really is the particle
predicted by Yukawa, was discovered in 1947 [8, 9]. Over the next decades, a
large number of other strongly-interacting bosons, known as mesons, and fermions,
known as baryons, were discovered. Collectively, these strongly interacting particles
are known as hadrons. (Yukawa’s description of the strong nuclear force should
not be confused with the later development of the quark model and quantum
chromodynamics, which will be described in Sect. 1.5.)

1.2 Gauge Symmetry

In the SM’s current form, its forces are all derived from gauge symmetries of
the interacting particles. The electromagnetic force, mediated by the photon A,
is generated by a U(1) gauge symmetry o« of the charged fermion fields : its
Lagrangian

- 1
L=y(iy" Dy —my = 2 Fp, (1.1)
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where F,,, = 0,A, — 0,A,, Dy, = 0, —iqAy, g and m are the fermion’s charge
and mass, and y* are the Dirac matrices, is invariant under the transformation

Ip — e—ict(x)w

i (1.2)
Ay — Ay + —d,a(x)
q

Since the photon is massless, everything works well.

However, trying to apply the same procedure to a short-range force leads to
trouble. If a force has short range, this implies that the particle that transmits has
mass. A mass term in the Lagrangian, proportional to A,A¥, would violate this
gauge symmetry.

Explanations for the weak force, which is a short-range force, face this difficulty.
On the other hand, because the weak force involves charged currents, which turn
electrons into neutrinos or protons into neutrons, the particles that transmit it, now
known as W bosons, must be charged, meaning that its theory has to be combined
with the electromagnetic force in some way. In 1959, Glashow, Salam, and Ward
developed a theory of the electroweak interaction [10, 11], but the difficulty of
assigning mass to the W and Z bosons, and hence limiting the range of the force,
remained.

1.3 Symmetry Breaking

In the meantime, an early attempt to understand the nature of the strong force was
undertaken by Yochiro Nambu in 1960 [12, 13] by analogy with a similar feature in
superconductivity. In the ground state of a superconductor, all of the electrons in the
material form correlated Cooper pairs. The underlying theory describing how the
electrons interact with each other and with the nuclei is the electromagnetic force,
which respects gauge symmetry. However, the ground state of the system involves
correlated electrons, which requires a fixed relative phase. Although there is no
preference for any particular phase, once a phase is chosen at the time the material
becomes a superconductor, it is fixed. As will be described later in the context of
the Higgs potential, this “spontaneous symmetry breaking” implies the existence
of massless bosons that transmit interactions between excitations from the ground
state. In a superconductor, excitations take the form of linear combinations between
electrons and holes.

Similarly to Cooper pairs of electrons in a superconductor, Nambu suggested that
protons and neutrons are mixture states between more fundamental particles, one
left-handed and one right-handed. Nucleon interactions are invariant under rotations
between left- and right-handed states; however, the nucleon’s mass term breaks this
symmetry. Therefore, as in the superconductor, there should exist a massless boson
that transmits a force between nucleons. Nambu identified this boson with the pion,
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and suggested that the underlying theory of nucleons, unknown at the time, does not
exactly respect chiral symmetry, making the pion mass small but nonzero. Using this
model, Nambu was able to explain several features of pions and heavier mesons.

1.4 The Higgs Mechanism

Nambu’s result was generalized over the next few years by Goldstone, Weinberg,
and Salam [14, 15]. The result is that any spontaneously broken symmetry generates
a massless particle, known as a Goldstone boson.

In simultaneous papers by Brout and Englert [17], Higgs [18, 19], and Guralnik
et al. [20] in 1964, it was shown that spontaneous symmetry breaking can result in
massive gauge bosons, which would be necessary to describe the short-range weak
force as a gauge theory. They considered a complex scalar field ¢ with interactions
following the Mexican hat potential parameterized by constants A and u,

1 1
V(p) = Zx2|¢|4 - §/ﬁ|¢|2, (1.3)

illustrated in Fig.1.1. Before any interactions with other fields are included, the
corresponding Lagrangian is

1 1 1
L=—|d,p|> — =2%|p[* + =1 %|b)? 1.4
2| Mol 1 || +2M || (1.4)

The vacuum, or ground state, is where the energy is minimized: a circle at ¢¢p =
(%)2 Again, the symmetry of the Lagrangian, which was invariant under ¢ — %@,
is broken by choosing one of these ground states.

Rewriting the Lagrangian by starting from one of these ground states, we can set

¢=v+h+i§,

Fig. 1.1 Plot of the Mexican
hat potential, Eq. (1.3). This
plot is from [16]




1.4 The Higgs Mechanism 5

where

I
V= —

A

and h and & are real scalar fields. Substituting this into Eq. (1.4), we find, among
other terms,

1 1
E(duh)2 — uPh? + E(dﬂé)z. (1.5)

Of two particles in this parameterization, one, &, is massless as expected for a
Goldstone boson, and the other, /, has a mass of \/Z,LL. The other terms are cubic
or quartic in the fields and give various interactions of the form hhh, hE&, hhhh,
EEEE, and hhé&E, with coupling strengths that are functions of p and A.

If the original field ® couples to a gauge field A, then the rewritten Lagrangian,
derived from Eq. (1.4) with d, — D, will also contain terms that look like
A,d"&. This term means that A, can turn into £ and vice versa. By further
reparameterization by choosing a particular gauge, £ can be removed from the
equation entirely. The A,d"& terms become a mass term for A,. We now have
a way to introduce massive gauge bosons.

In Peter Higgs’ paper, he pointed out an important consequence of this model: the
scalar field & should be observable as a particle. Although he personally downplays
his role and prefers to share credit with the others who independently discovered
this possibility, this type of particle is generally known as a Higgs boson.

Although fermions are allowed to have a mass term without affecting gauge
invariance, a coupling between fermions and ® would also naturally introduce a
mass term proportional to the coupling strength as well as couplings to # and A,.
From experiments so far, it seems to be the case that the Higgs mechanism also
generates fermion masses.

Using the Higgs mechanism and building on Glashow and Salam’s earlier work,
the full theory of the weak force and its combination with electromagnetism came
through Weinberg and Salam in 1967 [21, 22]. Because there needed to be three
massive vector bosons, the full electroweak theory involves a complex scalar doublet
instead of a single complex scalar as described here. Three of the four degrees of
freedom get “eaten’ to form the masses of the Z and W bosons, and the fourth is left
as a Higgs boson.

Electroweak theory, combined with earlier experiments revealing how the weak
force affects leptons and baryons, predicted properties of the Z and W bosons. The
first interaction mediated by the Z boson, neutrino scattering, was observed in 1973,
and the Z and W bosons themselves were observed in 1983.
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1.5 The Strong Force and QCD

Around the same time as the weak force, the strong force also came to be understood
better. Gell-Mann [23] and Zweig [24, 25] predicted in 1964 that baryons and
mesons are made of one of three types of more fundamental particles, known as the
up, down, and strange quarks. This theory explained the structure and interactions
of the many, many types of baryons and mesons in existence. Each quark carries
a “color charge,” and the differently colored quarks can be rotated into each
other by an SU(3) symmetry, similar to the way the simpler electric charge and
electromagnetic force are invariant under a U (1) symmetry.

The fundamental strong force, known as quantum chromodynamics or QCD,
is transmitted between these quarks by eight gluons. The strong nuclear force,
which affects baryons and mesons and is responsible for holding nuclei together,
comes from interactions between the quarks and gluons that make up the nucleons
involved. Because gluons are massless, there is no need for a Higgs mechanism
here.

The strong force is observed to only act at short distances for a different reason.
Unlike the electromagnetic force, the mathematical description of QCD behaves
well at high energy and badly at low energy. At the shortest distances, quarks do not
interact, and this is known as “asymptotic freedom”. However, when quarks move
too far away from each other, the interaction energy increases significantly. The
result is “color confinement”: free particles with color charge do not exist. Instead,
when a process with high enough energy splits a baryon or meson, more quark-
antiquark pairs are produced from the vacuum to create more baryons and mesons,
all of which are colorless and do not directly interact via the strong force.

This presents experimental advantages and disadvantages. In a high energy
process, QCD effects are small; they can be expanded around the lowest order
contribution and in many cases can be neglected entirely. On the other hand,
when a process produces quarks or gluons, they split into many more quarks and
gluons. Many more quark-antiquark pairs are produced to neutralize the remaining
color charge. The result is a jet containing baryons and mesons, which is more
complicated to detect and measure than electrons or muons.

The existence of a fourth quark, known as charm, was proposed shortly after the
quark model itself, and in 1970 Glashow, [liopoulos, and Maiani used the possibility
to explain why flavor changing neutral currents, which would involve strange quarks
decaying to down quarks, are suppressed [26]. Once it was discovered in the form
of the J/v meson in 1974, there were four known quarks, up, down, charm, and
strange, corresponding to four leptons, the electron and its neutrino and the muon
and its neutrino.
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1.6 The Standard Model

The combined description of the electromagnetic and strong forces was developed
in the 1970s and became known as the Standard Model. Since its initial inception, an
additional generation of quarks and leptons was proposed and discovered, consisting
of the tau lepton and an associated neutrino and the top and bottom quarks.

The resulting theory involves 61 fundamental particles. There are six flavors of
quarks, each of which comes in three colors, and six leptons. Each of these particles
also has a corresponding antiparticle, so the total comes to 48 fermions. There are
12 vector bosons, which transmit forces: 8 gluons for the strong force, the W+ and
Z bosons for the weak force, and the photon for the electromagnetic force. Finally,
the scalar Higgs boson brings the total to 61.

The quarks, which have color charge, interact through the strong force, mediated
by the octet of gluons, which also interact among themselves. The quarks and
charged leptons, which have electric charge, interact through the electromagnetic
force, mediated by the photon. Finally, all types of fermions interact through the
weak force, mediated by the Z and W bosons. The Z and W bosons also interact
with each other, and the W boson, which has electric charge, interacts with the
photon. The relationships and interactions between the SM particles are summarized
in Fig. 1.2.

1.7 Limitations of the Standard Model

As mentioned in the introduction to this chapter, almost all experiments probing the
SM find agreement with the theoretical predictions, although there are a few outliers

Fig. 1.2 Particles of the
Standard Model, shown in the
black circles and ovals, and
their interactions with each
other, shown as blue lines
connecting them. Lines
looping from a particle back
to itself indicate
self-interactions. This clever
illustration is from [27] Higgs boson

leptons

photon

weak bosons
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under further investigation, such as the muon’s anomalous magnetic moment.
However, many phenomena are left unexplained by the SM. This is a list of a few
important holes that may be better understood by examining the Higgs boson, which
can reveal properties of the Higgs field.

From astrophysics, we know that dark matter exists, and observations place
limits on how strongly or weakly it can interact with regular matter. No experiment
has managed to detect dark matter particles on Earth other than through their
gravitational influence on astrophysics and cosmology. If dark matter’s mass is
generated through interactions with the Higgs field, then it should also interact with
the Higgs boson.

The universe contains much more matter than antimatter, which can again be
determined from astrophysical observations. Electromagnetism, the strong force,
and gravity treat matter and antimatter identically. The weak force does interact
differently with matter than with antimatter, violating C P symmetry. However,
calculations show that the small magnitude of C P violation in the weak force is
insufficient to produce the huge ratio of matter to antimatter that we observe. The
SM predicts that the Higgs boson is C P even. If this predication fails and a C P odd
component is present as well, the Higgs boson’s interactions would be an additional
source of C P violation.

Another mystery of the Standard Model is the hierarchy problem. Quantum
corrections to the Higgs boson’s mass, generated by loop interactions with other
particles, are of order 10!° GeV. This means that to produce the value that we
observe, the “bare” mass, before those corrections, must be exactly (x x 101+ 125)
GeV. There is no known mechanism for this fine-tuning. Several theories exist
that would explain it, and predict new particles and/or interactions as part of that
explanation.

A similar puzzle relates to dark energy, which accelerates the expansion of the
universe. All of the fields of the Standard Model, including the Higgs field, should
contribute to the zero-point energy density of empty space, but calculations result in
an energy density 50-100 orders of magnitude larger than what is observed.

There are any number of other theoretical reasons to suggest that new particles,
breaking or producing one symmetry or another, might exist.

The nature of quantum field theory is that a change in the behavior of one particle,
through the twisty lines in Fig. 1.2, has effects on all other particles’ behavior
as well. The existence of another particle that interacts with SM particles would
be observable not just by seeing the particle itself, but also by measuring other
particles’ interactions to higher precision.

The analyses described here search for changes to the Higgs boson’s behavior,
whether they are produced through a new particle or some other mechanism, by
examining both particles produced in association with it (its “context”) and its decay
products (its “end”). Any deviation from the SM predictions would be interesting
both experimentally and theoretically and may help to explain one or more of the
puzzles of the SM.
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Chapter 2 ®
The Experiment Qe

The heaviest particle of the Standard Model is the top quark at 173 GeV, followed
by the H (125 GeV), Z (91.2 GeV), and W (80.4 GeV) bosons. To produce these
particles, you need to give the system at least enough energy to cover the mass. In
addition, for a given targeted process, only a small fraction of collisions will actually
produce that process, so a large number of collisions, high luminosity, is needed
to accumulate enough events to draw interesting conclusions. Finally, you need
a detector capable of measuring the type, energy, and momentum of the particles
produced.

Astrophysical events often involve enormous amounts of energy, and the most
energetic particles detected have come from space. However, this kind of data is
not useful for directly measuring properties of the Higgs boson, which requires
detecting multiple decay products.

The Large Hadron Collider (LHC) is designed to cover the first two requirements,
energy and luminosity. The collisions of the LHC are at the highest energy and
luminosity of any collider to date. The Compact Muon Solenoid (CMS) experiment
is designed to measure particle decays to high precision. Although they were also
designed to be capable of many different analyses, one of the primary design goals
of the LHC and its detectors was to produce, discover, and characterize the Higgs
boson.

2.1 The Large Hadron Collider

The Large Hadron Collider is located 100 m under the French and Swiss countryside
near Geneva, shown in Fig.2.1. It accelerates protons around a 27 km tunnel and
collides them together. Several smaller accelerators are used to accelerate the
protons to successively higher energies until they are injected from the Super Proton
Synchrotron (SPS, shown in blue in the picture) into the LHC at an energy of
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Fig. 2.1 An aerial picture of the ground above the LHC, with its path shown in a circle and the
interaction points labeled with the experiments located there. This picture is from [1]

450 GeV. All around the tunnel, a series of 1232 dipole magnets direct the protons
through the curves of the tunnel, and higher order magnets focus the beams. The
protons circulate in two beams, traveling in opposite directions. Once they are
accelerated to the final energy, currently 6.5 TeV, the beams are brought together
to collide at four interaction points, with a center of mass energy of 13 TeV.

Each interaction point houses one of the four large LHC experiments: ATLAS,
CMS, LHCb, and ALICE. ATLAS and CMS are both general-purpose detectors,
designed to be sensitive to multiple types of possible new physics. LHCb is
optimized for measurements in quark flavor physics, particularly for precise mea-
surements of hadrons containing the b quark. ALICE is designed for the periods of
time when the LHC collides ion nuclei together and particularly focuses on studying
the quark—gluon plasma that can be formed at the extremely high temperatures
generated by the collisions.

During a fill, the LHC collides bunches of protons every 25 ns. Approximately
2800 bunches at a time circulate in the tunnel, and each one contains around 10!!
protons. Each bunch crossing results in an average of 37-38 collisions, giving a
total of 1.5 billion collisions per second. Most of those collisions do not produce
anything interesting. In order to calculate the expected number of collisions that
result in a particular process, we use the process’ cross section, measured in units
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Fig. 2.2 Plots of the integrated luminosity delivered to CMS over the years since the start of LHC
operations. This plot is from [2]

of area, and the integrated luminosity, with dimensions of $ The cross section is
the quantum mechanical equivalent of the cross sectional area of a bucket, and the
integrated luminosity is the equivalent of the number of raindrops falling per area.
The product of the two gives the number of raindrops that fell into the bucket.

Due to improvements in the LHC over the years, the luminosity delivered has
increased, as shown in Fig. 2.2. Additionally, cross sections for processes generally
increase at larger energy, giving a further boost to the number of events involving
rare processes in the more recent runs of the LHC.

2.2 The CMS Experiment

The Compact Muon Solenoid detector is one of the multi-purpose detectors at the
LHC. It is built to cover as much angular space as possible, so that it can detect
almost all of the particles produced in collisions. It is named for three defining
features of its construction:

e CMS is compact: although it is only a fifth the volume of ATLAS, it weighs
almost twice as much.

* CMS is especially optimized for precise measurements of muons, as the next few
sections will discuss.

* The 3.8 T solenoid magnet is especially strong in order to increase the precision
of momentum measurements of long-lived charged particles.

The detector is arranged in layers, each sensitive to different types of particles.
The innermost layer, the tracker, measures the trajectory of all charged particles
while having as little effect as possible on their momentum and energy. The elec-
tromagnetic calorimeter, or ECAL, measures the energy of electrons and photons,
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Fig. 2.3 (a) A cut open view of the CMS detector [3]. (b) A picture of me standing in front of
the CMS detector, taken in the summer of 2013 [4]. The most distinctive parts visible are the
interleaved white muon chambers and red return yoke

absorbing them in the process, while having a small effect on hadronic particles
and muons. The hadronic calorimeter absorbs hadronic particles and measures their
energy, while muons are again mostly unaffected. Finally, the muon system provides
a second measurement of muons’ momentum, and matching to tracks in the tracker
identifies those tracks as belonging to muons.

Figure 2.3 shows a cross section of the CMS detector and a picture of me standing
in front of it.

2.2.1 Coordinate System

The natural geometry for a collider experiment’s detector is cylindrical. There is
one preferred axis, the z axis where the protons enter the detector, but the x and
y axes are, for the purpose of the collisions, arbitrary. The various parts of the
detector are built in two parts: a barrel, to measure particles that travel perpendicular
to the beam axis, and an endcap, to measure particles that travel at larger angles.
Although the barrel and endcap are of a given subdetector provide the same types
of measurements, they are constructed somewhat differently. The endcaps receive a
higher flux of particles, which adds two additional constraints to their design: they
need to withstand more intense conditions, and they must perform higher granularity
measurements in order to distinguish between particles that come at the same time.

The z axis is chosen to be along the beamline. The y axis points up towards the
sky, and the x axis is horizontal. Although collisions are azimuthally symmetric,
gravity points in the —y direction, which is important when considering the
construction of the detector and its movement over time. In addition, cosmic rays,
which are used in calibration, typically travel in an almost vertical direction.
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We often use the standard azimuthal angle ¢. While the radial angle 6 is used
occasionally, particularly when cosmic rays are involved, the more useful quantity
for particle collisions is the pseudorapidity:

0
n= —lntanz 2.1)

Pseudorapidity transforms more nicely than 6 under Lorentz boosts in the z
direction, which are used frequently in order to work in the center-of-mass frame of
a collision. In addition, the number of particles produced in between n and n + An
is approximately constant as a function of .

2.2.2 Magnet

The CMS magnet surrounds the inner three parts of the detector. Inside the magnet,
it produces an almost uniform magnetic field of 3.8 T, parallel to the beam pipe
of the LHC. All particles that have a magnetic moment—electrons, muons, pions,
kaons, protons, and neutrons are the ones that live long enough to be appreciably
affected—are deflected in the magnetic field, and the curvature of the trajectory is
proportional to the particle’s momentum. A stronger magnetic field also produces
sharper curvature, giving a more precise momentum measurement. As mentioned
above, the magnetic field strength was one of the motivations for the design choices
in constructing the CMS detector.

The magnetic field is produced by a superconducting solenoid, 12.9 m long and
5.9 m in diameter. It carries a current of 19.5 kA. The iron return yoke of the magnet
ensures that the return flux of the magnetic field goes through the muon chambers,
so that muon tracks curve and their measurements carry momentum information to
complement the information from the tracker.

2.2.3 Parts of the CMS Detector
2.2.3.1 Silicon Tracker

The silicon tracker is the innermost part of the detector and provides precise position
and momentum measurements for all kinds of charged particles. As a charged
particle travels through the tracker volume, it passes through the silicon sensors and
excites some of the electrons in the silicon. The detectors collect that charge and
provide micron-level resolution of the position of the hit. By matching hits, CMS
reconstructs a track and determines the trajectory of the particle.
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In addition to a curvature measurement that determines the momentum, the
tracker also provides vertexing to determine where particles originate. Because
each bunch crossing involves an average of around 38 collisions, it is important to
determine which particles come from the collision of interest (the primary vertex)
and which come from other collisions (pileup). Additionally, certain particles, like
b quarks and 7 leptons, live long enough to travel a short distance before decaying,
producing a secondary vertex. By tracing the tracks back to their origin, we can
determine each track’s point of origin and associate it to the correct vertex.

The tracker is made of 17,004 silicon modules, rectangles measuring a few
centimeters on a side. It is comprised of three several shells, each of which takes
the form of a barrel and two endcaps in order to cover a large solid angle and
capture as many of the particles produced in collisions as possible. The modules of
the innermost shell, the barrel pixel (BPIX) and two forward pixel (FPIX) endcaps,
which receive the most hits and require the highest precision, are contain pixels of
100 um by 150 um. A voltage is applied across the module, so that when a particle
passes through a pixel module and creates electron-hole pairs in the silicon atoms,
the charges move to the front of the module and are collected by a readout chip.
Although the charge collection is done by individual pixels, the silicon module is
made of one connected piece, and the charge deposited near one pixel is collected
not only in that pixel but also in its neighbors. The readout chip measures the
distribution of charge across pixels, and from this shape CMS can determine the
position of the hit to a precision of several microns, more than an order of magnitude
smaller than the size of the pixels themselves.

The middle shell is made of the Tracker Inner Barrel (TIB) and Disk (TID), and
the outer shell consists of the Tracker Outer Barrel (TOB) and End Cap (TEC).
Because these layers receive fewer hits per unit area than the innermost shell, the
charge is collected by strips instead of pixels. While the width of each strip is around
100 um like the pixels, the length is as long as the module, several cm. For this
reason, the strip tracker provides only a one-dimensional measurement of the hit
position within the module. Some of the strip modules are constructed as stereo
modules, with two layers rotated by 100 urad, or about 6°, with respect to each
other. The combination of the two measurements gives some additional information
that provides a less precise two-dimensional measurement.

The tracker measures the position of hits within a module, while the quantity of
interest is actually the position of the hits in 3D space. While the transformation is
easy to make, it introduces an additional possible source of error—our knowledge
on the hit’s position in space is limited by our knowledge of the module’s position
in space. The procedure to determine the module positions is discussed in detail in
Chap. 3.

The tracker is sensitive to all charged particles, including electrons, muons, and
several hadrons. It cannot measure the energy and momentum of neutral particles,
including, most notably, photons and neutrinos.
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2.2.3.2 Electromagnetic Calorimeter

The electromagnetic calorimeter, or ECAL, measures the energy of electrons
and photons. In the case of elections, information from ECAL complements the
momentum measurement of the tracker; for photons, ECAL provides the only
measurement of their energy and momentum. The presence or absence of a track
in the tracker also allows CMS to distinguish between electrons and photons.

ECAL’s is constructed from 61,200 lead tungstate (PbWO,) crystal scintillators
in the barrel region and 7324 more in the endcap. PbWO, is a dense material
with a radiation length of about 8.9 mm, but is also transparent. When an electron
or positron passes through these crystals, it recoils off nuclei and produces
bremsstrahlung, braking radiation. Similarly, in the presence of the heavy nuclei,
high energy photons can convert into an electron-positron pair. The resulting
cascade is known as an electromagnetic shower.

The low energy photons produced by the shower continue to the end of ECAL,
where they are captured and measured. To amplify the signal and obtain a better
measurement, photomultipliers in the form of avalanche photodiodes in the barrel
region or vacuum phototriodes in the endcap region are used.

An electron or photon’s energy decreases, on average, by 1/e while traveling a
distance in the material equal to its radiation length. Because the width of ECAL is
around 25 times the radiation length, electrons and photons deposit virtually all of
their energy in ECAL and do not affect the measurements in the rest of the detector.
Muons and even the lightest hadrons are significantly heavier than electrons and
do not lose a significant amount of energy to bremsstrahlung. They continue to the
outer parts of the detector. Neutrinos, as before, are unaffected.

2.2.3.3 Hadronic Calorimeter

The next subdetector, the hadronic calorimeter or HCAL, measures the energy of
hadrons. As for electrons, the measurements from charged hadrons can also be
matched to tracks in the tracker, while neutral hadrons, such as neutrons, only leave
energy deposits in HCAL.

Unlike ECAL, HCAL is designed as a sampling calorimeter: not all of the
energy is actually measured. Instead, it is formed from alternating absorber and
scintillator layers. The absorber layers are made of brass, with a nuclear interaction
length of about 16cm. On this length scale, hadrons that pass through HCAL
interact with the nuclei, lose their energy, and produce more, lower energy hadrons.
This phenomenon is similar to the electromagnetic shower in ECAL, but involves
interactions between the hadrons and the nuclei and proceeds through the strong
force, with pions and other mesons taking the place of photons. The scintillator
layers measure the energies of the hadronic particles that pass through them. By
measuring this captured energy, HCAL can determine the energy of the original
particle.
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Like the other parts of the detector, HCAL is divided into barrel and endcap
regions. In addition, there is an outer region outside the magnet, placed there to
capture any particles that were missed by the barrel, and a forward region, designed
to capture radiation that travels almost parallel to the beamline. The width of HCAL
in the barrel region is around 10 times the nuclear interaction length, so it captures
almost all of the energy of hadronic particles. The only particles left are muons and
neutrinos.

2.2.3.4 Muon System

The muon system is designed to give precise measurements of muons. As the
only charged particles not absorbed by ECAL and HCAL, muons are typically
the only particles that leave a track in the muon system. In the barrel region, drift
tube chambers (DTs) are used to detect muons, while in the endcap, cathode strip
chambers (CSCs) are used instead. In both the barrel and endcap regions, there are
also resistive plate chambers (RPCs). All three types of chambers are filled with gas,
and the gas atoms are ionized by muons that pass through. In the DTs, the electrons
drift to wires. In the CSCs, both the electrons and ions are collected by arrays of
cathode and anode wires. In the RPCs, the electrons are collected by strips. The
RPCs are especially precise at determining the time when muons arrive, which is
necessary to associate the muon with a particular event, while the DTs and CSCs
have better spatial resolution.

2.2.3.5 Neutrinos

Neutrinos are not detected by any part of the CMS detector and escape into space.
To measure neutrinos or hypothetical BSM particles that barely interact with normal
matter, we use conservation of momentum. Each collision involves protons moving
in the z direction, with no momentum in the x or y directions. Therefore, the sum
of the products’ transverse momentum pr must be zero as well. Any deviation is
known as missing transverse energy, or MET, and is a sign of neutrinos or other
undetected particles. This is one reason why capturing all of the other particles is so
important: any missed particle results in an incorrect MET measurement.

2.2.4 Trigger

The LHC provides over a billion collisions per second, and most of those collisions
produce nothing interesting. It is impossible to store the data from all of these
collisions. Therefore, a solution must be found to distinguish between interesting
and useless events, and this must happen fast enough so that the measurements made
by the detector can be saved or dropped.
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To accomplish this, a two-level triggering system is used. First, the fast level
1 (L1) trigger, using imprecise, raw measurements, determines whether to keep or
drop the event. This is all done using custom hardware, and reduces the rate to
around 100,000 events per second. Second, events that pass the L1 trigger are given
to the high level trigger (HLT), which runs on software and has access to more
information about the event. Around 100 events per second pass the second trigger.
Events passing both triggers are saved and can be used in analyses.

2.2.5 Particle Identification and Reconstruction

To assemble all of the information from the subdetectors into a full picture of a
collision event, the particle flow algorithm [6] is used. As mentioned above, each
event involves an average of 37-38 collisions, which can all produce particles in
overlapping regions of the detector. A method is needed to sort the particles and
match information between different parts of the detector. Figure 2.4 summarizes
how each type of particle interacts with the various parts of the CMS detector.

The particle flow algorithm first looks for muons, which are the cleanest signal,
and matches tracks from the tracker to those from the muon chambers. Those tracks
are then removed from consideration, and then the algorithm looks at electrons,
matching energy deposits in ECAL with tracks in the tracker. The remaining energy
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Fig. 2.4 A cross sectional view of the CMS detector, showing where each type of particle leaves
its tracks or deposits its energy. This picture is from [5]
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deposits in ECAL are photons. The algorithm then reconstructs hadronic jets, using
the tracker and HCAL for hadronic particles and ECAL for photons produced by
the jet.

Vertexing determines which particles are produced in which collision, as well
as which particles are produced from secondary decays of long-lived particles.
In addition, when an electron, muon, or photon is produced from the decay of a
hadron in a jet, the close proximity between the particle and the jet can be used to
determine that, include that particle’s momentum in jet calculations, and exclude it
from independent consideration.

Jets matching certain criteria, such as a secondary vertex matching the lifetime of
B mesons, are tagged as b-jets, which are likely to have come from bottom quarks.
Similar considerations are used to tag jets as being produced from t lepton decays.

The events originally provided by the detector are saved in “raw” format. From
there, they are processed into more useful data formats that contain electrons,
muons, photons, jets, and MET, which can be used directly in analysis.
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Chapter 3 )
Alignment and Calibration of the CMS oo
Tracker

This chapter describes the calibration of the CMS tracker, and in particular its
alignment [1-3]—the position, orientation, and shape of each of its modules as
recorded in the CMS reconstruction software. The alignment is a crucial ingredient
in translating the information provided directly from the tracker readout, the position
of each hit relative to the module, to the information we actually want, the hit’s
location in 3D space.

For the pixel modules, the precision of a hit measurement is typically a few
microns. Therefore, we need to know the module’s location to similar precision.
This is much smaller than errors that can be introduced when building the detector.
In addition, the modules tend to move over time, in particular when the magnetic
field is turned on or off or when the temperature changes. Therefore, a regular data-
based alignment is needed to maintain the precision of the detector. Some changes
only cause the large mechanical structures to move; for example, the two halves of
BPIX and two halves of each endcap of FPIX are especially sensitive to magnetic
field changes. In those cases, only those structures may need to be aligned. The
detector is designed in a hierarchy of structures, shown in Fig. 3.1, any of which can
be aligned while keeping the relative positions of its components fixed.

Tracker alignment is not like a tire alignment. A tire alignment involves the
mechanic jacking up the car and physically moving its wheels to their correct
positions and orientations. By contrast, when we align the tracker, we do not go
down to the CMS cavern and move any modules, because whether the module
positions exactly match the design specifications is not the point. What matters
is that the module positions assumed in the track reconstruction match the actual
positions of the modules. Alignment can be done months or even years after data
taking, and the data can be reconstructed with the new alignment.

On the other hand, it is important that the detector not be foo misaligned at the
time of data taking, because this can affect the track information that goes into the
high level trigger. While events that pass the trigger can always be rereconstructed
later, events that fail the trigger are lost forever. This happened at the beginning of
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Fig. 3.1 Hierarchies of the pixel (a) and strip (b) components of the tracker. Any of these levels
of the hierarchy can be aligned [1]

the 2015 run, after the detector had been shut down for 2 years. The first cosmic
ray data revealed that one side of FPIX was several millimeters away from its
assumed position, as shown later in Fig.3.17a, and as a result the rate of tracks
in that side of FPIX was around 50% of the rate in the other side. Many of the
events with lost tracks were triggered due to information in the muon systems, but
the tracks were not reconstructed by the software because the misalignment was
severe enough to ruin the pattern recognition responsible for track finding. those
events could be recovered by first performing a rough alignment with the tracks
that were not rejected and then rereconstructing the data using the new geometry,
matching the individual hits to form a track. Any events that did not pass the muon
trigger were just gone. Such a large error would probably not happen during the
more crucial collision data taking, but a severe enough miscalibration could result
in the loss of important events.

The alignment procedure can be done at a hierarchical level: it is possible, for
instance, to align large structures while keeping the individual modules attached
to those structures fixed. Typically, while CMS is running, an automatic procedure
aligns the six pixel structures: two half barrels of BPIX and two half cylinders on
each side of FPIX. This procedure, with only 36 degrees of freedom, is simple
enough to run without human input. Every few weeks, an alignment of the pixel
modules is performed manually. At the end of the year, with the increased statistics
of the full year’s data, a new alignment is derived covering the entire year. The
strips, which are known to be fairly stable and where small movements have less of
an impact on track resolution, are typically only aligned at the beginning of the run
period and during this full-year alignment.
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3.1 Principles of Detector Alignment

The alignment is performed using the data collected. A simple example is shown
in Fig. 3.2. When a track is reconstructed with a misaligned geometry, the result is
as shown on the right side of the illustration. The expected positions of the hits,
calculated from the track’s path and shown in red, and the measured hits, shown in
green, no longer match. This indicates that the detector is misaligned: its assumed
position is wrong.

A real alignment involves many more modules, up to all 17004 (since 2017; the
number of modules was previously slightly smaller) for the most comprehensive
cases. The assumed positions of any of these modules could be wrong, and we need
to fit for all of their positions and rotations in three dimensions. For each module, a
local coordinate system is used, as shown in Fig. 3.3. The w axis is perpendicular to
the module, and the u and v axes are within it, with the u axis in the more sensitive

Actual position Assumed position

| \

T |
T i
T 1
T x— predicted hit T

Fig. 3.2 A simplified illustration of how alignment works. The left side shows the actual position
of the detector at the time of data taking, with a blue track, taken with the magnetic field turned
off, that leaves four hits shown in green. The right side shows the assumed detector position, with
the second module from the top assumed to be slightly to the left of its actual position, with the
same measured hits in green and the expected hits in red

Wy u

o
P

Fig. 3.3 Illustration [2] of the module local coordinates u, v, w and the corresponding rotations
a, B, y for a module. Three other alignment parameters, not shown here, define the curvature of
the module
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direction of measurement. The angles «, 8, and y describe rotations around u, v, w
respectively.

Millions of tracks are used simultaneously for a more precise measurement of
all of the module positions. The magnetic field is turned on and the tracks have
curvature. Unlike the exact hit positions shown in the picture, the hit measurements
have an intrinsic uncertainty, as do the expected hit positions, which are calculated
from the other hits on the track. Additionally, the track parameters themselves are
affected by the alignment, so a procedure is needed to deal with those correlations
as well.

The alignment parameterization in CMS also includes three degrees of freedom
for the deformation of the modules, expanding the curved shape of the modules up
to quadratic terms: Aw = suut? + syv% + supuv. In general, these deformations are
determined by the mechanical stresses on the modules and tend not to change over
time, so they are aligned infrequently.

3.2 Alignment Algorithms

Two algorithms are used on CMS to perform this minimization and determine
alignments: MillePede and HipPy. The ultimate goal is to minimize the objective
x? function:

o tracks hits mij — fij (I;’ ‘_i]) 2
XEPH=)> (—o” ) 3.1)
i Y

where m;; +0;; is the measured position of each hit and f;; is the expected position,
which depends on the positions, rotations, and deformations of the modules p and
the track parameters ¢;. (In the case of the pixels, fl j and m;; + 6;; are two-
dimensional vectors with components in the # and the v direction.) We minimize
this x2 with respect to p and ¢ j, with the primary goal being p. Both algorithms
start by linearizing f;;, and any nonlinear parts are handled by running iterations.
The quantity in the numerator of Eq. (3.1) is the difference between the measured
hit and the reconstructed hit and is known as the residual. If, as is typically the case,
fij is calculated only using m;/; for i’ # i, then the residual is unbiased, because
m;; and f;; are independent. The residuals in Fig. 3.2, on the other hand, are biased,
because a single track is calculated from all of the green hits m;;, and that track is
used to predict the red hits f;;.

It should be stressed that alignment is not just a mathematical problem of
minimizing Eq. (3.1). Certain degrees of freedom are not well-constrained by the
tracks. Those degrees of freedom are known as weak modes, and some of them will
be described in Sect. 3.4. While in theory alignment should never make the situation
worse, in practice there can be biases in track reconstruction that lead to false shifts
in position. Sometimes this can be useful, as alignment can smooth over effective
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shifts and recover degraded performance, but in other situations, particularly when
the bias causes movement along a degree of freedom that is weakly constrained, this
can make the bias in data worse. An example of this will be shown in Sect. 3.4.1.1,
where an unknown bias causes a tension between positively and negatively charged
collision tracks, with the result that the alignment gets significantly worse in an
attempt to compromise between them. Extra constraints need to be added into the
procedure to prevent this.

3.2.1 MillePede

The MillePede algorithm [4, 5] does a simultaneous fit for p; as well as g,
automatically resolving most of the correlations between track parameters and
alignment parameters. The size of the linearized x> matrix is the number of module
parameters, 17004 x 6 &~ 10° for a full scale alignment, plus the number of track
parameters, which could be 107. However, most of the matrix’s entries are 0: the
parameters of one track only have direct correlations with the modules hit by that
track. This fact allows MillePede to reduce the matrix to a more reasonable 103 x 10°
matrix.

In order to improve the computation speed, the MillePede fit runs outside the
CMS software package using independent Fortran code. The track propagation
model is similar, but not identical, to the standard CMS model. This is both a
strength and a weakness of the MillePede approach: the track propagation runs faster
and provides an independent cross check of CMS’s model, but can also introduce
small inconsistencies with the final track reconstruction. In practice, large enough
inconsistencies would lead to an incorrect alignment and would be caught during
the validation procedure.

3.2.2 HipPy

The HipPy algorithm runs iteratively. In each iteration, it runs over the tracks, using
as input the alignment derived in the previous iteration. Subsequently, it aligns each
module individually, inverting a simple 6 x 6 (or 9 x 9, when the sensor curvature
is also aligned) matrix for each module. In practice, when only small, random
movements are involved, ten iterations are usually more than enough to deal with
correlations between modules.

Figure 3.4 shows the capabilities of the HipPy algorithm. It can take input both
from tracks (“AlCaReco”) and from other sources of constraints, such as the optical
survey or laser alignment system. The optical survey was in active use during Run
1 of the LHC. Although the laser system was decommissioned during Run 2, the
functionality can be used to constrain degrees of freedom that tend to move in
unphysical directions, such as the ones described in Sect.3.4.1.1. Reading these
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Fig. 3.4 Diagram describing the HipPy alignment procedure

sources of information, and processing them through the initial alignment for the
iteration, HipPy calculates residuals, as shown in Fig.3.2. Because HipPy’s track
reconstruction has access to the full CMS software, it has the capability to use
any type of constraint defined in that software. Certain types of tracks and hits
provide additional information—for example, the two tracks Z — uu decays can
be constrained to come from the same vertex and to have a dimuon mass around
91.2 GeV, and cosmic rays provide a unique topology of tracks that can constrain
degrees of freedom not covered well by collisions. These tracks can be weighted
higher in the fit in order to best use this information.

In the end, the X2 is minimized and the new output is created, which can include
the modules’ positions and rotations (‘“TrackerAlignmentRcd”) and their curvatures
(“TrackerSurfaceDeformationRcd”). Then, the next iteration is run, starting from
the output of the previous iteration.

HipPy can also handle multi-IOV alignment, which is necessary when part of the
detector shifts at certain points in time and we need to find a separate alignment for
each time period, known as an “interval of validity” or IOV. The simplest way to
handle this movement would be to simply derive a completely separate alignment
for each IOV. However, if we assume that some degrees of freedom remained fixed
in all IOVs, we can gain information by using all tracks to measure those degrees
of freedom, while the other degrees of freedom are aligned separately for each IOV.
In HipPy, this is handled by first aligning the components that frequently move,
independently for each IOV. Subsequently, another alignment starts from the output
of the first step and moves the individual components in a correlated way across all
I0Vs.
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Typically, the large components of the pixel detector move most frequently and
the strips move less often. An example alignment procedure might start by aligning
the large pixel structures separately in each of 15 IOVs. After those outputs are
collected, the pixel modules would be aligned within those structures for each of 5
IOVs, each of which spans 3 of the original 15 IOVs. In IOVs 1, 2, and 3, the large
structures would be in 3 different places, but the relative positions and rotations of
the modules within those structures would be common. Finally, the strip modules,
which are known not to move frequently, would be aligned in a single alignment
covering all 15 IOVs. The curvatures of all of the modules, which also do not change
significantly with time, would also be aligned in the last step.

In dealing with a real systematic global movement, HipPy is slower to converge
than MillePede, because the correlations between modules have to be solved through
iteration. On the other hand, HipPy is more resilient than MillePede to false
correlated movements.

3.3 Validation Procedures

Several validations are used to check the effect of alignments and determine whether
a particular alignment performs well. A validation is essentially a projection of
the alignment performance onto a particularly interesting degree of freedom. The
quantities we choose to plot typically have a known value under perfectly aligned
conditions. For example, a histogram of residuals is expected to peak at 0 with some
width. The difference in parameters between two halves of a cosmic ray track is also
expected to be 0 on average. The mass of a reconstructed Z boson should be around
91.2 GeV. By detecting deviations from these expected values, especially deviations
as a function of the track location or direction, we search for biases.

This section contains a description of several of the validation procedures used
in alignment. Example plots can be found in Sects. 3.4 and 3.5.

3.3.1 Overlaps

The overlap validation monitors the alignment by using hits from tracks passing
through regions where modules overlap within a layer of the tracker. In this method,
the difference in residual values for the two measurements in the overlapping
modules is calculated. Unexpected deviations between the reconstructed hits and
the predicted positions can indicate a misalignment. This is characterized by a
non-zero mean of the residuals. This method is particularly powerful because the
distance between the overlapping modules from the same layer is relatively small,
and therefore there is a relatively small uncertainty in track propagation through
space between the modules. The double difference in estimated and measured hit
positions becomes very sensitive to systematic deformations.
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Fig. 3.5 Illustration of the effect on overlaps between modules when they move relative to each
other in the plane of the overlap. The top pictures show the module positions in the assumed
geometry, with corresponding predicted hits in red. The bottom pictures show the actual positions
of those modules, with the reconstructed hits in green. When projected onto the assumed geometry,
the two hits are inconsistent, and the residuals have opposite signs between the two modules

Two effects in the overlap validation contribute to detecting misalignments.
These effects are illustrated here for the radial misalignment, which will be dis-
cussed in detail in Sect. 3.4.5. The first effect, shown in Fig. 3.5, detects movement
of the modules within the module plane, which is a second-order effect for the radial
misalignment. This leads to a positive shift in residual mean for expansion and a
negative shift for contraction, as shown in Fig. 3.5.

A second effect detects common movement of both modules perpendicular to
themselves. The sensitivity to this movement comes from the fact that two nearby
hits provide a precise measurement of the track angle, and the precision on this
measurement, combined with knowledge of the track’s momentum from the rest
of the hits, can detect the change in track angle resulting from small perpendicular
movements. This effect has an opposite effect for positively and negatively charged
tracks because they curve in opposite directions in the magnetic field. Therefore, it
does not affect the average overlap residual, but might be usable in future studies by
isolating tracks of a particular charge. This effect is shown in Fig. 3.6.

3.3.2 Cosmic Track Splitting

Cosmic track splitting monitors the alignment of the tracker by independently
reconstructing the upper and lower portions of cosmic ray tracks that go through
the tracker. It then compares the parameters describing the two paths to see if they
match up. This method is also powerful because we know that the two halves of a
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given cosmic track should have the same parameters at the origin, while each half
of a track mimics a regular collision track originating from the interaction point.
Systematic differences between the track halves can indicate a misalignment.

3.3.3 Z — pp Decays

The Z — ppu validation uses a sample of Z — pu events and looks for biases by
reconstructing the mass of the muon pair. Each event, with its reconstructed mass,
is placed into a bin depending on 1 and ¢ of the muons. The mass distribution of
each bin is then fit with a Gaussian, and the mean of this Gaussian is recorded as
the reconstructed mass in that bin. The bins are then used to construct profiles of
the mass as a function of 1 or ¢. Misalignment in the tracker may be detected if
the mean reconstructed mass strays from the expected value of 91.2 GeV, either
uniformly or as a function of 7 and ¢.

3.3.4 Distributions of the Medians of the Residuals (DMRs)

The distribution of the medians of the residuals (DMR) is a powerful tool to assess
the statistical precision of alignment. While residuals themselves exhibit natural
statistical fluctuations, the mean of those residuals should be zero in the limit of
infinite statistics if there is no bias in the alignment and calibration of the detector.
However, in order to reduce sensitivity to the tails of the distributions, the median is
a better quantity to monitor compared to the mean. With a large enough number of
tracks N passing through each module, the median distribution should be centered
at zero, and its width should scale as 1/+/N. With a large enough N, the width
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of this distribution of the medians of residuals (DMR) is a measure of the local
precision of the alignment results; deviations of the mean from zero indicate biases.
The unbiased residuals are used in the DMR calculations, when each track is refitted
using the alignment constants under consideration, and the hit prediction for each
module is obtained from all other track hits. The median of the distribution of
unbiased hit residuals is then taken for each module and histogrammed.

3.3.5 Primary Vertex Validation

The resolution of the reconstructed vertex position is driven by the pixel detector,
since it is the closest detector to the interaction point and has the best hit resolution.
The primary vertex residual method is based on the study of the distance between
the track itself and the unbiased vertex, which is reconstructed without the track
under scrutiny.

The distributions of the unbiased track-vertex residuals in the transverse plane,
dyy and in the longitudinal direction, d;, are studied in bins of track azimuth ¢ and
pseudo-rapidity . Random misalignments of the modules affect only the resolution
of the unbiased track-vertex residual, increasing the width of the distributions, but
without biasing their mean. Systematic movements of the modules will bias the
distributions in a way that depends on the nature and size of the misalignment and
of the selected tracks.

3.4 Systematic Misalignments

This section will discuss studies designed to detect systematic misalignments of
the tracker, where all modules move in a correlated way. Two basic categories of
systematic misalignments arise in alignment:

1. Weak modes are particular degrees of freedom that are difficult to detect using
the standard alignment procedures. The most obvious, but not very interesting,
example is a global movement of the whole detector: if we reconstructed tracks
under the assumption that the entire CMS was transported to the moon, the shape
and quality of all tracks would be unchanged. In this section, we study some
more interesting cases. For example, a uniform radial expansion of the tracker by
a factor 1 4 € preserves the shape of tracks as helixes, but introduces biases in
the track curvature and hence in the momentum.

2. Biases can also arise due to tension between conflicting constraints used in
the alignment procedure. For example, sometimes alignment using cosmic
rays and alignment using collisions will find two slightly different optimal
positions, and in a real alignment, which uses both types of tracks, the algorithm
tries to compromise between them. When this happens, it indicates a bias in
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the procedure to reconstruct the tracks, before alignment enters the picture.
The information provided by alignment can be used to improve the tracking
procedure and, in the meantime, to find the best alignment to use for practical
purposes given the non-optimal tracks. Applying weights to different kinds of
tracks is a useful strategy in this case, because we can weight each track topology
based on the confidence we have in the information provided by that topology.

The goal of this study was to identify systematic misalignments in CMS
tracker geometry using various validation tools. The misalignments examined
were first order misalignments of A¢, Ar and Az as functions of z, r and ¢.
Each misalignment was characterized by some €. Systematic misalignments were
generated on the ideal geometry using Monte Carlo. For each type of systematic
misalignment, four different misalignments were generated using different values of
€. The effect of each of the four misalignments was then found in some validation
plot for each different systematic misalignment, and a fit was applied to determine
the relationship between € and a parameter of that fit.

We determined constraints on these systematic misalignments in the CMS
Tracker by comparing the effects of misalignment in simulated Monte Carlo sample
and in a representative Run2 data period using both collision and cosmic track data.
The two most important validation techniques in this study are the overlap residuals
and cosmic tracks split into two halves, have been the focus of this work, following
on the original work during the tracker commissioning at the start of Runl [2].
We have also revisited the systematic z-expansion in the TEC and TOB, following
studies from the beginning of Run 2. Data from the 2017D run period, which ran
from August 30 to September 20, 2017, was used with one of the intermediate
alignments towards the final alignment to be used for reprocessing of the 2017 data.
Values of € for each systematic misalignment in this geometry were determined by
looking at the parameter identified using the Monte Carlo simulation and using the
corresponding fit to identify a characteristic € according to Eq. (3.2).

Let us introduce nine first-order deformations natural for the cylindrical geome-
try of the CMS tracker and parameterize them with simple models described by a
single parameter €. The misalignments in Az, Ar, A¢ are functions of z, r, ¢, with
an overall scaling given by €. The functional forms used to generate each systematic
misalignment are listed in Table 3.1.

For each misalignment, we use the following equation to relate the systematic
misalignment plots to €:

Quantity from Plot = ae + b (3.2)

where the quantity from a plot could be, for example, the mean of a distribution or
a parameter extracted from a fit. In general, we expect b = 0, but we allow this
additional degree of freedom in the equation to distinguish alignment issues from
other possible effects related to reconstruction.

In describing the ¢ values for misalignments, care must be taken as to the
sign. In order to save computing time, Monte Carlo simulations are always done
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Tal?le 3.1 Tal?le qf the.nine. Az Ar A
basic systematic distortions in

the cylindrical system, with z-Expansion Bowing Twist

the names of each systematic 2z Az =€z Ar = Er(Z(Z) ) A =ez
misalignment, the function by Overlap Overlap Z— up
which the misalignment is Telescope Radial Layer rotation
generated, and a validation , Az = er Ar = er A = er
type sensitive to the . .
misalignment. In the formula Cosmics Overlap Cosmics
for bowing, zg = 271.846 cm, Skew Elliptical Sagitta
which is the length of the ¢ | Az=¢€cos¢p | Ar =ercos2p) A¢p = ecos¢
tracker Cosmics Cosmics Cosmics

using the ideal geometry, and the track reconstruction is done with a possibly
misaligned geometry. That is, the “actual” detector position remains fixed to the
ideal geometry, and the geometry used in reconstruction changes. When discussing
data, the opposite convention is more natural: the geometry used in reconstruction
is initially fixed and the actual detector moves.

The equations in Table 3.1 are to the geometry used in reconstruction. Taking
the radial misalignment as an example, a value of € > 0 means that the geometry
used for reconstruction is expanded in the r direction with respect to the geometry
used in data taking. If this happens in data, we call it a radial contraction, because
the detector has moved with respect to the expected position. This is the convention
used in the text when describing the misalignments in data, as well as in Figs. 3.5
and 3.6 above.

3.4.1 z-Expansion

z-expansion (or contraction) is the uniform misalignment of the tracker in the z
direction as a function of z. Because the strip barrel modules are blind to the z
direction, this misalignment is difficult to detect there. z-expansion in BPIX can be
detected using overlaps. We find that a change in € causes a shift in the mean of
the overlap validation plot for overlaps in the z direction. The misalignment is an
increasing function of €. The effect of the misalignment on the mean of the overlap
plot is relatively small.

After fitting the mean of the Overlap Validation distribution in Fig.3.7 with
Eq. (3.2), we have that a = (—2.83 £ 0.05) x 10* um and b = (0.58 £ 0.07) um.
We find that in the pixels, the run 2017D € corresponding to z-expansion is
(3£ 6) x 1072, In BPIX (at z = 260 mm), this corresponds to a contraction of
(9 £ 16) um, consistent with zero.
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34.1.1 z-Expansion in the TEC: DMRs Separated by Charge

In previous alignments, it has been noticed that TEC has experienced some
z-expansion. This is caused by a tension between collisions and cosmics, as the
collisions appear to show a z-expansion but the cosmics do not. It was also found
that in TEC with collision data generated by Monte Carlo, there was a bias between
positively and negatively charged tracks, as shown in Fig. 3.8, indicating that there
may also be a tension between positive and negative tracks in alignment. A possible
explanation could be biased modeling of the track propagation, possibly due to the
material model. This suggestion is supported by the fact that the bias is reduced
for higher-momentum tracks. Since the same effect appears in both data and MC, it
should be possible to track it further with MC simulation. Whatever the source of
this effect, it comes from outside alignment, and further study is beyond the scope
of this work.

3.4.2 Bowing

Bowing is the misalignment of the tracker in the r direction as a function of z. It
is similar to the radial expansion, which will be discussed in Sect. 3.4.5, and differs
only by the fact that the bowing effect is a function of z. For small values of €, many
millions of events would be needed to measure the z modulation. However, fewer
events are needed to exclude the presence of either a bowing or a radial misalign-
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Fig. 3.8 z-expansion
validation in the TEC: DMR
separated by charge for
cosmics and collisions in
Monte Carlo. These events
are simulated with the ideal
detector geometry

Fig. 3.9 Bowing validation:
distribution of overlaps in the
¢ direction with modules
overlapping in the ¢ direction
in TOB for cosmic muon
tracks in Monte Carlo and
data. The Monte Carlo events
are simulated with the ideal
detector geometry and
reconstructed using five
geometries, corresponding to
the Bowing misalignment
with € = 6.77 x 1072 cm?,
3.385 x 10~ cm?, 0,
—3.385 x 1072 cm?, and
—6.77 x 107 cm?
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ment. There is a clear relationship between € set and the mean value of the overlap
distribution, it = €(—3.816 £ 0.014) x 10° umcm? + (—0.86 & 0.05) um. In data,
we observe j = (—0.64 & 0.16) um, yielding € = (—5.8 = 4.5) x 10~ cm?. See

Fig. 3.9 for results.
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Fig. 3.10 Twist validation: CMS Work in progress
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3.4.3 Twist

Twist is the misalignment of the tracker in the ¢ direction as a function of z. As
such, twist shows up clearly in Z — upu plots, and also in overlap plots. The
parameter used is the slope of the M,,,, vs. An plot, taken from An = —2 to +2,
as the plot becomes nonlinear for larger An. Fitting to the Monte Carlo events, we
find that ¢ = (—4.4240.05) x 107> GeV cm and b = (—0.018 £ 0.008) GeV.
The slope in data was found to be (=7 £4) x 1073 GeV, corresponding to € =
(—2.542.2) x 1078 cm™!. See Fig. 3.10 for results.

3.4.4 Telescope

Telescope is the uniform misalignment of the tracker in the Az direction as a
function of r (z — z + €er). This creates concentric rings that are offset in
the z-direction, and this misalignment can be visualized by imagining an actual
telescope. Because of its z-dependence, Telescope is identified primarily with
the track reconstruction of cosmic rays. From fitting Monte Carlo data, we find
a = 3508 £ 40 and b = —0.86 £ 0.06. Running this validation on observed data
and plugging the mean into Eq. (3.2) yields € = (—2.2 £ 0.5) x 107>. In the pixel
detector (r = 160 mm) this epsilon corresponds to a maximum relative movement
of 3.5 um, and in the whole tracker (r = 1100 mm) it corresponds to a maximum
movement of 24 um. See Fig. 3.11 for results.
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Fig. 3.11 Telescope CMS work in progress
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3.4.5 Radial

Radial is the uniform misalignment of the tracker in the Ar direction as a function
of r (r — r + er). Because of the uniform and symmetric nature of this
misalignment, it is not easily detected with cosmic track-splitting or Z — uu
decays. However, it is easily detected using the Overlap Validation since, in the
case of a radial expansion, modules that overlap in the radial direction will move
uniformly apart. Therefore, the difference between actual and predicted hit location
on two overlapping modules is a good indicator of a radial expansion or contraction.
In fact, the linear relationship between the mean of the Overlap Validation plots and
the magnitude of the radial misalignment can be used to categorize the presence of
radial expansion or contraction in real tracker data.

In TOB, after running the Overlap Validation on Monte Carlo data and fitting
the results with Eq.(3.2), we find a = (—7.461 £0.010) x 10* um and b =
(—6.023 £ 0.034) pm. After applying a similar method to tracker data and plugging
the mean from the overlap validation into the fit, ¢ = (2.23 &+ 0.40) x 1075,

In TIB, we find a = (—5.035 £0.010) x 10*um, b = (—3.460 =+ 0.033) um,
and € = (—2.824+0.34) x 107°.

In BPIX, we find a=(—1.4012 4 0.0008) x 10* um, b=(—1.6450 % 0.0030) um,
and € = (—9.26 £ 0.39) x 1075.

Based on the relative epsilon values, we measure a greater radial bias in BPIX
than in the other subdetectors. The radius of BPIX is approximately 160 mm, so this
corresponds to an overall radial expansion of approximately 15um. In TIB (r =
550 mm), we find a contraction of 15 um, and in TOB (r = 1100 mm), we find a
contraction of 24 ym. See Fig. 3.12 for results.
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Fig. 3.12 Radial expansion validation: distribution of overlaps in the ¢ direction for modules
in the ¢ direction in TOB, TIB, and BPIX for collision events in Monte Carlo and data. The
Monte Carlo events are simulated with the ideal detector geometry and reconstructed using
five geometries, corresponding to the radial misalignment with € = 5 x 1074, 2.5 x 1074, 0,

—2.5x 1074, and =5 x 10~

Fig. 3.13 Layer rotation
validation: distribution of
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events in Monte Carlo and
data. The Monte Carlo events
are simulated with the ideal
detector geometry and
reconstructed using five
geometries, corresponding to
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Layer rotation is the misalignment of the tracker in the ¢ direction as a function
of r. The outer layers twist in one direction, while the inner layers twist in the
other direction. The distortion is easily picked up with cosmic track-splitting, as we
can see a change in track curvature between the two tracks. As such, we take the
mean of a value proportional to the curvature, for each epsilon. We found a linear
relationship between p and €, using Eq.(3.2), with a = (208.5 & 3.9) cm e/GeV
and b = (0.9 £2.6) x 1073 e/GeV. For the data, w = (0.005 £ 0.009) e/GeV, so
€ =(=02+1.4)x 1077cm™! See Fig. 3.13 for results.
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Fig. 3.14 Skew validation: CMS Work in progress
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3.4.7 Skew

Skew is the misalignment of the tracker in the z direction as a function of ¢.
Because of the ¢ dependency, it can be detected with cosmic track splitting. We
found that the plots of Ad; vs. ¢ which could be fit by a hyperbolic tangent function
A xtanh(B(¢+C)), which can give us €. Setting A = 134 and C = 1.654, we found
a linear relationship between B and € using Eq. (3.2), with a = (—62.5 £ 1.9)cm
and b = (0.002 £ 0.016) cm. Since for the data, B = —0.007 £ 0.012, ¢ =
(1.4 +3.2) x 10~* cm. See Fig. 3.14 for results.

3.4.8 Elliptical

Elliptical is the uniform misalignment of the tracker in the Ar direction as a function
of (r — r + recos(2¢ + §)). Because of its ¢ dependency, elliptical is easily
detected with cosmic track-splitting. This misalignment is especially clear in the
modulation of the difference in the impact parameter Adyy as a function of the
track’s angle ¢. We fit this modulation to a sine function, Ad,, = —A x sin(2¢),
and find a linear relationship between A and €. Using Eq.(3.2), we find a =
(8.63 £0.11) x 10* um and b = (—0.22 £ 0.34) um. Using Eq. (3.2), this yields
€ = 254 0.6 x 107, In the pixel detector (- = 160mm), this € corresponds
to a maximum movement of 4 um, and in the whole tracker (» = 1100 mm) it
corresponds to a maximum movement of 30 um. The positive sign of € means that
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there is a expansion in Ar as a function of ¢, with the long axis of the resulting oval
shape is in the y direction. See Fig. 3.15 for results.

3.4.9 Sagitta

Sagitta is the uniform misalignment of the tracker in the A¢ direction as a function
of ¢. As with the elliptical misalignment, the ¢ dependence in sagitta allows it to be
detected with the cosmic track-splitting validation. The effect of the misalignment
can be seen in plots with A¢ vs ¢. Figure 3.16 shows sinusoidal distributions, fit to
—A x cos(¢ + B), We fit to Eq. (3.2) using the amplitude (A) of the sine wave as
the quantity from the plot. Fitting to Monte Carlo, we find thata = 1199 £ 5 and
b = (=2 +2) x 1073, For data, we find that A = (0.052 =+ 0.009) pum and thus
€ = (4.5+0.7) x 107 mrad. See Fig. 3.16 for results.

3.4.10 Summary

In this section, we have introduced nine first-order deformations of the CMS tracker
geometry natural for the cylindrical geometry and parameterized them with the
simple models described by a single parameter €. We have determined constraints
on these systematic misalignments by examining the effects of misalignment
in simulated Monte Carlo sample, and then comparing to collision and cosmic
track data from Run2. A characteristic € value, describing the magnitude of a



40 3 Alignment and Calibration of the CMS Tracker

using five geometries,
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misalignment with
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Fig. 3.16 Sagitta validation: CMS Work in progress
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misalignment in each of the nine scenarios, has been determined for each of the
systematic misalignments, along with a corresponding upper limit on the magnitude
of €. These results are summarized in Table 3.2. The constraints are presented at
68% CL (10). The obtained constraints could be used in physics analyses sensitive
to systematic distortions in the tracker geometry to set limits on possible biases.

It may be possible that there is a systematic misalignment present in the tracker
that is not represented by any of the nine misalignments studied in this note.
However, such a misalignment would likely be a higher order function of z, r or
¢ than the ones used in this study and would likely still have some first order
component that would appear in the validation plots described in this note. It would
still be useful to examine such systematic misalignments to better characterize the
systematic misalignments in the tracker.

One indication of a higher order systematic misalignment would be potential
differences between different kinds of tracks or different kinds of plots in estimating
the magnitude of the same misalignment. These differences could indicate that the
misalignment is not exactly of the form studied or could indicate biases in track
reconstruction, unrelated to alignment, similar to the ones seen in Sect. 3.4.1.1.

While we do not pursue this in detail in this study, in the case of radial expansion
(Sect.3.4.5) we obtained three different estimates of ¢, one each in BPIX, TIB,
and TOB, and found different € values, so the misalignment appears to be a higher
order function of . Additionally, because bowing and radial are so similar, we can
compare our estimate of € for bowing in TOB, obtained using cosmic rays, and our
estimate of € for radial in TOB, obtained using collision tracks. In the center plane
of the detector, where bowing’s effect is largest, a bowing misalignment with €, = €
is equivalent to a radial misalignment with ¢, = ebz%. Using zg = 271.846 cm and
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Table 3.2 Summary table of € in each misalignment, each misalignment is listed with its
corresponding validation type and a maximum amplitude of € (at 68% CL, or 1o)

Az Ar Ap
z-Expansion Bowing Twist
Az =€z Ar = er(z% - zz) Ap =€z
z Overlap Overlap 7 — uu
e=(3+6)x 107 e=(—=5.8+45) x100"em 2| e=(—25+2.2) x 10 8cm™!
le| <9 x 10° le| < 1.0 x 10710 cm=2 le] < 4.7 x 1078 cm™!
Telescope Radial Layer rotation
Az =er Ar =er Ap =er
r Cosmics Overlap Cosmics
€=(2.184+0.48) x 1077 | €=(—9.26+0.39) x 107> | e=(—-02+1.4) x 1077 cm™!
le] < 2.7 x 10° le] < 9.9 x 10° le] < 1.6 x 1077 cm™!
Skew Elliptical Sagitta
Az = €cos¢ Ar = er cos(2¢) A¢p = €cos¢
¢ Cosmics Cosmics Cosmics
e=(1.4+3.2) x 10~*cm e=(2.5£0.6) x 107 e=4.5+0.7) x 107
le] < 4.6 x 10~*cm le] < 3.1 x 10° le] < 5.2 % 10°

our measured value for €, we find ¢, = (—4.2 &+ 3.6) x 1070, which is 20 away
from our direct estimate using collision tracks, €, = € = (2.23£0.40) x 1073, This
may indicate that the misalignment has some other position dependence that affects
cosmic rays differently from collisions, though to make a more definite statement it
would be necessary to run over more events.

It is interesting to note that four systematic misalignments were found with €
inconsistent with zero at very high confidence level: Telescope, Radial, Elliptical,
and Sagitta. This may indicate either some time-dependence in the systematic
distortions within a given IOV, or more likely some tension between different
constraints in the alignment procedure. The observed effects are still small and
would not affect most of the physics analyses on CMS, but further investigation
of these effects will be a natural continuation of these studies for further refinement
of the alignment procedure.

3.5 Performance During Run II of the LHC

This section will cover some of the alignment results throughout Run 2, which ran
from 2015-2018. In each year, a selection of plots are shown, so that each type of
validation is covered between the 4 years. For comprehensive plots for each year,
see [6-9].
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Fig. 3.17 Illustration of the differences in the pixel detector position (a) between the end of Run
1 of the LHC and the beginning of Run 2, and (b) between the cosmic ray data collection with the
magnetic field turned off and with the field turned on. In both plots, the older module positions
are shown in gray and the new positions are shown in brighter colors. the colors indicate which
modules moved the most, but the color scaling is different between the plots to better illustrate the
scale of the movements [6]

3.5.1 2015 Startup

The 2015 run of the LHC saw the first collisions at 13 TeV. It was primarily a
preparation run, with only 2.7 fb~! of collisions. During the long shutdown since
Run 1, the detector had been opened and the pixel detector was completely removed
and replaced, so large movements were expected. Figure 3.17a shows the differences
in the pixel detector between the end of Run 1 and the beginning of Run 2. The
larger movements are seen in the —z forward pixel detector, which was inserted
a few millimeters away from its previous position. The alignment result was the
first indication that this had happened. BPIX is mostly yellow in this plot due to
a recentering procedure that was performed. Figure 3.17b shows the much smaller
movements that resulted from turning on the magnetic field.

3.5.2 2016

The 2016 run produced the first higher luminosity 13 TeV proton collisions. As one
of the 3 years of Run 2 designed for precise physics analyses, it was important to
maintain the performance throughout the year. Figure 3.18 shows primary vertex
validation plots for the 2016 data, comparing the performance before and after the
alignment was performed.



3.5 Performance During Run II of the LHC 43

CMS Pre//mmary 3 BT colllswn data 2016 CMS Pre//mmary 3 8T colllswn data 2016

Allgnment cosmlc rays + colllsmns
—e— aligned tracker

—e— tracker in data taking
—&=— MC (no misalignment)

—e— aligned tracker
—eo— tracker in data taking
—&=— MC (no misalignment)

F T
40 { Allgnment cosmlc rays + colllsmns

S A T 3
=N o8 e =A E
o e ~ s
N }g(:, & N =
© 0 © %“'
~ -5 ~ %
15 —40f 3
PEETET BETETEE | P P S TR TR BT R e
3 -2 -1 0 1 2 3 -2 -1 0 1 2
track ¢ [rad] track n
(a) (b)

Fig. 3.18 Primary vertex validation plots for 2016 data, comparing the initial alignment used for
data taking in red, the alignment used to rereconstruct the data for data analyses in blue, and the
Monte Carlo simulation reconstructed under ideal conditions in green. The z distance between the
probe track and the vertex is plotted as a function of (a) ¢ and (b) n of the probe track [7]

3.5.3 2017

For the 2017 run, an entirely new pixel detector was installed. This detector was
designed to provide better resolution for tracks by adding an additional BPIX layer
closer to the beam pipe and an additional disk on each side of FPIX. At the beginning
of 2017, this detector had to be aligned from scratch. The DMR plots in Fig. 3.19
show the improvement resulting from the alignment, first using cosmic rays and
then using the first collisions. The plot in Fig. 3.20 shows the effect of the alignment
on ¢ modulation of the reconstructed Z boson mass. This kind of modulation is
characteristic of a weak mode effect, described in Sect.3.4, and is fixed by the
alignment.

3.5.4 2018

Figure 3.21 shows a comparison of track splitting performance on 2018 cosmic ray
data between the alignment at the end of 2017 and at the beginning of 2018.
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Fig. 3.19 DMR plots for 2017 collision data, comparing three different alignments: the initial
geometry used for data taking (black), the first calibration of the detector using cosmic rays (blue),
and the updated alignment derived using collision data (red). The alignment with cosmic rays
significantly improves the performance, and the alignment with collisions, sensitive to different
degrees of freedom that are relevant to the collision tracks used in the validation, brings further
improvements [8]
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Fig. 3.21 Track splitting plots, showing histograms of Ad,, and Ad, for the 2018 alignment,
reconstructed with the alignment from the end of 2017 and the alignment derived in 2018 [9]

3.6 Conclusions and Outlook

The results shown here are just a small selection of the plots produced by the
CMS tracker alignment group over Run 2 of the LHC. The detector conditions
changed from what they were in Run 1, first with the increased collision energy
in 2015 and subsequently with the new pixel detector in 2017. The conditions will
become even more challenging at the High Luminosity LHC (HL-LHC), when the
luminosity delivered by the LHC, and hence the number of simultaneous collisions,
will increase drastically. The plan is to upgrade the tracker again at that time,
including a much more extensive forward pixel detector that can handle the large
numbers of particles produced close to the beam line, and the forward degrees of
freedom are among the most difficult to align.

Extensive studies are ongoing and will continue throughout Run 3 in order to
prepare for these conditions, which will be more challenging than any faced so far.
The alignment group and procedures have proven to be flexible and resilient to date,
and should be able to incorporate the new developments needed to deliver fast and
precise alignments throughout the run period of the HL-LHC.
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Chapter 4 )
Phenomenology of Higgs Boson Qe
Interactions

In the SM, once the Higgs boson’s mass is measured, all of its other properties
are fixed. This chapter will discuss those properties for a Higgs boson with a mass
of 125 GeV and parameterize possible deviations that could be produced by BSM
effects. This sets the stage for analyses that search for those deviations, which will
be described in the next chapter.

4.1 Production Modes

The Higgs boson can be produced through several different processes. The kinemat-
ics of the Higgs boson and any associated particles are different for each of these
production modes, and for this reason each one provides a unique handle on the
Higgs boson’s couplings and properties.

The four most common Higgs boson production mechanisms at the LHC are
shown in Fig.4.1. The first, gluon fusion, is expected under the Standard Model
to account for 87 % of Higgs boson events in 13 TeV proton-proton collisions [1].
Because gluons are massless, they do not couple directly to the Higgs boson, so
gluon fusion proceeds through a quark loop. The primary contribution has a top
quark in the loop, although there is also a small contribution from the bottom quark,
which affects the pr spectrum. At leading order, gluon fusion does not produce any
other particles together with the Higgs boson. At higher orders, jets can be produced
from the initial state gluons through QCD interactions. These jets are typically soft,
as is characteristic of jets produced through QCD effects.

The second most common production mechanism is vector boson fusion, or
VBF, which accounts for 7 % of Higgs boson events at 13 TeV. In VBF production,
two quarks, one from each of the two incoming protons, radiate Z or W bosons,
which interact to produce the Higgs boson. The exchange of vector bosons typically
involves several hundred GeV of momentum, which is reflected in the large
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Fig. 4.1 Feynman diagrams for the most common Higgs boson production mechanisms at the
LHC: (a) gluon fusion, (b) vector boson fusion, (¢) associated VH production, and (d) ttH or bbH
production

observed transverse momentum of the two quarks, detected as jets, and the Higgs
boson’s decay products. The two jets are usually observed traveling in opposite
directions.

A further 4 % of Higgs boson events are produced through associated VH
production, which again involves the interaction between the Higgs boson and
vector bosons. In this case, two quarks from the incoming protons produce an
offshell Z or W boson, which then radiates a Higgs boson. As in the case of
VBE, additional particles, the decay products of the Z or W boson, are observed
together with the Higgs boson. These could be quarks (detected as jets), leptons, or
neutrinos (detected as missing transverse energy). The invariant difermion mass of
the associated particles is around 80.4 GeV or 91.2 GeV, the masses of the W and
Z bosons.

Most of the remaining 2 % of the Higgs boson cross section is comprised of ttH
and bbH production, each of which contributes around 0.9 %. These production
modes include two extra top or bottom quarks in the final state, which can be
detected by standard methods for identifying top quark decay products or b-jets,
respectively. Although these two processes have similar cross sections, ttH is easier
to detect at the LHC because the top quark’s heavier mass gives the associated
particles a larger momentum. The b-jets produced in bbH are often too soft to detect,
and the pr spectrum of bbH events is very similar to that of gluon fusion events.

Other production modes include gg — ZH and tqH, which contribute 0.2 %
and 0.1 %, respectively, to the total Higgs boson cross section. Because they are so
rare, they are not studied here. However, these production modes are particularly
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Table 4.1 Summary of the Higgs boson production modes discussed in this section

Production mode | Couplings Extra particles Percent contribution at 13 TeV
ggH Fermion None or QCD jets 87 %

VBF Vector boson | Two quarks 7%

VH Vector boson | Z or W 4 %

ttH Fermion Two top quarks 0.9 %

bbH Fermion Two bottom quarks 0.9 %

gg — ZH Both z 0.2 %

tqH Both Top and light quark 0.1%

interesting because they can be produced through the Higgs boson’s couplings to
either vector bosons or fermions, and as such they can be used to measure the
interference between these two couplings.

These production modes are summarized in Table 4.1.

Because it has a finite width, the Higgs boson can also be produced offshell, away
from its pole mass of 125 GeV. In the offshell region above 200 GeV, the important
production modes to consider are ggH, VBF, and VH. ttH and bbH production
become less important at higher mass.

4.2 Decay Modes

The Higgs boson can decay to any light enough massive particle and, through loops,
to massless particles as well. The branching fractions for the primary decay modes,
for a mass range that includes both 125 GeV and the offshell region, are shown
in Fig.4.2. The Higgs boson decays can be divided into four basic cases, shown
in Fig.4.3:

(a) Simple decays to two fermions. Because the Higgs boson’s coupling to other
particles is proportional to their mass, its strongest couplings is to the heaviest
fermions. The top quark’s mass is much higher than that of the Higgs boson, and
therefore its decay is kinematically forbidden. Therefore, the most important
fermionic decays are to the next heaviest fermions, bb or 7.

e The H — bb decay is the dominant Higgs boson decay channel for a
mass of 125 GeV, but because this decay only produces b jets, it has
large backgrounds from QCD processes and is difficult to isolate. It has
been observed by both CMS [2] and ATLAS [3] by looking at leptonic
VH production. Because there are extra leptons present in the event, the
background for this process is low enough to be manageable.

* The H — tt decay has a lower rate and lower background. This channel has
also been observed by CMS [4] and ATLAS [5]. The 7 leptons may decay
either to a lighter lepton and two neutrinos or to one or more mesons and a
neutrino. This decay channel will be discussed further in Sect. 5.5.
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Fig. 4.3 Feynman diagrams for three types of Higgs boson decay modes: (a) H — ff (such as
tTt~ orbb), (b)H — yy, () H - Zy — 2fy,and (d) H — VV — 4f (such as ZZ — 4¢)

(b) Decays to two photons. Because photons are massless, the decay proceeds
through a top quark or W boson loop. This channel has a lower branching
fraction because the loop suppresses the decay, but has the advantage of low
background, and was one of the first channels used to discover the Higgs boson
in 2012. The Higgs boson decay to two gluons is a similar diagram and also
proceeds through a top loop, but because events with two jets are ubiquitous at
the LHC, it is an extremely difficult channel to measure experimentally.

(c) Decays to a Z boson and a photon, where the Z boson subsequently decays to
two photons. This decay also proceeds through a top quark or W boson loop.
The SM rate for the Zy decay is lower than can be measured with the data
collected so far.
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(d) Decays to two weak vector bosons, ZZ or WW, each of which decays to two
fermions. Because the Z and W bosons’ masses are larger than half of the
Higgs boson’s mass, the three particles involved in the H — VV decay cannot
all be onshell. These decay can therefore be studied in two cases: the onshell
region, where the Higgs boson has a mass of 125 GeV and one of the vector
bosons has a mass lower than its pole mass, and the offshell region, where
both vector bosons are onshell and the Higgs boson is offshell with a larger
mass. The leptonic decays, particularly H — ZZ — 4/ and to a lesser extent
H — WW — 2¢2y, are clean channels with relatively low backgrounds. In
addition, the four-fermion system contains information about the polarization
of the Z and W bosons, which can be used to study the tensor structure of the
Higgs boson’s couplings. This information is only available in decays such as
this one, where four final state particles are involved.

The analyses presented here focus on the H — ZZ — 4¢ and H — 77 decays.

4.3 Mass and Width

The Standard Model does not predict any particular mass for the Higgs boson, so
the mass has to be determined experimentally. Currently, the Particle Data Group’s
estimate for the Higgs boson’s mass, based on a combination of CMS and ATLAS
results, is 125.10 &= 0.14 GeV [7-10]. Once the mass is known, the Standard Model
provides a full prediction for the rest of the Higgs boson’s properties. For this reason,
an experimental measurement of these properties constitutes a test of the Standard
Model or, equivalently, a search for beyond Standard Model physics.

The simplest approach for measuring the Higgs boson’s width is to simply
measure the mass distribution of Higgs boson events and observe a Breit-Wigner
distribution. However, for a mass of 125 GeV, the Standard Model predicts a width
of (4.088 £ 0.056) MeV [1], orders of magnitude smaller than the resolution of any
detectors targeting the Higgs boson. Therefore, although the simple procedure can
test whether the Higgs boson width is larger than a GeV or so, there is not much
hope that it will be able to approach the Standard Model expectation.

An alternative procedure is to look at offshell Higgs boson production. As
mentioned earlier, at 125 GeV the Higgs boson cannot decay to two onshell Z
bosons because the Z boson mass is too high. Above 200 GeV, an offshell Higgs
boson can decay to two onshell Z bosons, and the Standard Model’s prediction of
the rate for this process is high enough to be observed at the LHC. The ratio between
the onshell and offshell production rates is proportional to Higgs boson’s width [11],
and this can be used for a much more precise measurement of the Higgs boson’s
width.
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4.4 Anomalous Couplings

The Standard Model predicts how the Higgs boson interacts with other particles.
Starting shortly after the Higgs boson’s discovery and continuing to the present,
analyses by CMS [9, 12-20] and ATLAS [21-27] confirmed that the Higgs boson
is a spin-0 particle and that it primarily interacts with vector bosons through
the tree-level, scalar tensor structure predicted by the Standard Model. However,
additional contributions to the Higgs boson’s interaction are still possible. These
anomalous couplings are small but nonzero even in the Standard Model through loop
couplings, and beyond Standard Model effects can enhance anomalous couplings.
Measurements of these anomalous couplings will be discussed in detail in Chap. 5.

4.4.1 Couplings to Vector Bosons

The possible interactions between the Higgs boson and other particles are limited
by Lorentz invariance. In the case of its interaction with vector bosons V'V, the only
possible couplings up to O(g?) are given by [28]:

VvV _2 VV _2 NA 2
A~ avv_Kl g1 T k3 43 K3 (g1 +q2) )
1 (AVV)2 vv)?
! (a3")

+ a;]Vf:l(,l)f*a) my 4 a;/Vf:l(}l)f-'*Q)uv’ 4.1)

k *
my1€vi1€va

where fOW = el.“ q — € q{‘ is the vector boson’s field strength tensor, ¢; and ¢;

are its momentum and polarization, and f@# = %e’“"‘ﬁ f;/’; is its conjugate field
Vv
strength tensor. The couplings al.v Vand are, in general, arbitrary complex

(+1%)
numbers to be measured.

In the Standard Model, the only tree level coupling is aIZZ = aY"W = 2. The A4
and A o terms represent modifications to this term as a function of the momenta of
the particles involved, either the vector bosons in the case of A or the Higgs boson
in the case of A . Two other tensor structures, a; and a3 are also possible. (They
can also have ¢ modifiers in front of them, but these only enter at higher orders
in q2.) The a; and a; terms are C P-even, while a3 is C P-odd.

This parameterization does not assume any particular mechanism for producing
anomalous behavior. However, any model that predicts anomalous HVV couplings
can be described through this parameterization (possibly with additional terms at
higher order in ¢2). For instance, a new Z' boson with a mass much heavier than
the Higgs boson can produce a finite A term. A new, heavy t’ quark in a loop can
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Fig. 4.4 Distributions of the vector boson mass for (a) the onshell Higgs boson decaying to four
leptons, where m is the dilepton mass closer to 91.2 GeV and m; is the other; (b) VBF, where q2
is negative and therefore \/—g? is plotted; and (¢) ZH production, where Z* decays to Z H

produce an a, term. This term is nonzero even in the Standard Model due to a ¢
quark loop, but its expected value is too small to measure with current data.

Because the anomalous couplings terms are at higher order in q\z, than the
Standard Model term, they become more important when more energy is exchanged.
In the onshell H — ZZ decay, the two Z bosons typically have invariant masses
of around 91.2 GeV and 40 GeV. The typical values of ¢ are larger in VBF and
VH, as shown in Fig. 4.4. For this reason, small anomalous coupling will produce
a greater effect in VBF and VH than in decay, and analyses targeting VBF and VH
can achieve greater sensitivity to small anomalous couplings.

For the same reason, the anomalous couplings are enhanced in the offshell region,
where the increased total invariant mass of the four-lepton system means that both
Z bosons have an invariant mass of 91.2 GeV. The consequences are the same: an
analysis targeting offshell events will be sensitive to smaller anomalous couplings
than an analysis that only looks at the onshell region. The offshell region is also
sensitive to the A g term, which depends only on the Higgs boson’s invariant mass
and is indistinguishable from a; in the onshell region.

It is convenient to measure the effective cross-section ratios (e.g. f,;) rather than
the anomalous couplings themselves (equivalently in the amplitude or EFT notation)
because many systematic uncertainties cancel in the ratios and the physical range
is bounded between O and 1. Moreover, these ratios are invariant with respect to
the coupling convention. Therefore, our primary measurements are performed in
the basis of cross-section ratios. For the electroweak vector boson couplings, the
effective fractional ZZ cross sections f,; and phases ¢,; are defined as

|a.|20. a;
fai = — . i = arg Z : 4.2)

g,
Zj=1,2,3... lajl“o;

where o; is the cross section for the process corresponding to a; = 1, ajx =
0, while o1 is the effective cross section for the process corresponding to A| =
1 TeV, given in units of fb TeV 4. The sum of all f,;’s is always 1.
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The cross sections o; depend on the process under consideration. The primary
fai used is, by convention, defined using the cross sections for the H — ZZ —
2e2u decay, which is independent of collider energy, parton distribution functions,
and other associated uncertainties. Fractions for other processes are written with a

superscript, such as KXBF, but can always be expressed in terms of f;.

4.4.1.1 Couplings to Photons and Gluons

Actually, several instances of ap terms arising from loops have already been
observed. In the case of H — yy couplings, gauge invariance forbids the first
tensor structure; the only possibilities remaining are ag ¥ and a;/ Y. One of these
tensor structures must be involved in the diphoton decay as observed by CMS
and ATLAS. Based on the Standard Model, the t and W loops should produce an
ay tensor structure, and the a3 term should be highly suppressed. This cannot be
directly confirmed experimentally because the helicity information carried by the
photons is lost. With more data, it will become possible to distinguish between a; v
and a;/ YinH — y*y* — 4f decays, where this information is available; however,
the measured rate of H — yy indicates that this process is currently too rare to
detect. (Other processes that involve Htt and HWW couplings can also shed light on
the nature of H — yy couplings, albeit indirectly.)

The same applies to the Hgg coupling, which is also expected in the Standard
Model to proceed through a t quark loop that gives rise to an a%g term. The bare
gluon fusion process shown in Fig.4.1a does not provide enough information to
distinguish between azgg and a3gg. However, if there are two or more extra jets in the
final state, their angular correlations carry information that can be used to measure
the tensor structure of the Hgg interactions. One diagram, which is similar to VBF
(Fig.4.1b), is illustrated in Fig.4.5. The amount of data collected is just sufficient
for first measurements of this process, which will be discussed later. For the gluon
fusion process, we use, from Eq. (4.2):

geH |a§g|2
fa3 |a§g|2 + |a§g|2 (43)
where U2gg and a3gg are equal and therefore drop out in the ratio.

Fig. 4.5 One of the Feynman
diagrams for gluon fusion
production with two extra jets
in the final state
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The HZy couplings are also expected to proceed through a ¢ or W loop that
forms an effective azz ¥ coupling. So far, the H — Zy — 2 fy process has not been
observed, and limits on its production cross section indicate that Zy* contributions
to the H — 4 f final state are still out of reach, assuming that this process proceeds

Zy Zy .
through the a,” or a3” couplings.

The A%V coupling is not, and cannot be, excluded by direct measurements of
H — Zy — 2 fy. Gauge invariance requires that KIZV = 0in Eq. (4.1), so that the

2
bt : so AZv 4y 2 % _x
contribution for this term is A I mzez €.

A ’
sets this contribution to O for any procgss ir>1volving an onshell photon. Therefore, the
only way to measure this coupling is through processes where its contribution would
involve an offshell photon, such as H — Zy* — 4 f, and these measurements form
a part of the H — ZZ — 4/ analysis.

The q)% term in the numerator

4.4.2 Couplings to Fermions

In the case of the Higgs boson’s couplings to a fermion field ¢ with mass my, there
are only two possible tree-level terms in the amplitude [29]:

mg - .~
A ==V (er o+ ikeys) Y (4.4)

The first term gives a scalar coupling, while the second gives a pseudoscalar
coupling. In the Standard Model, k = 1 and ¥ = 0.
Similarly to f,; for HVV couplings, we define

|¢|?

.
lice? + |&¢|?

4.5)

to parameterize the fraction of pseudoscalar Hff couplings. Although the cross
sections are in general different, we drop the cross section ratio in this definition
to remove dependence on uncertainties related to production cross sections.

These couplings are more difficult to measure than the HVV couplings. Many of
the common processes involving Hff couplings do not carry information sensitive
to the precise structure of those couplings. For example, the only way to extract this
information from the H — bb and H — 77 decays is through the helicity of the
T leptons, which is possible [29] but made more difficult by detector resolution, or
b quarks, which is even more difficult due to QCD effects. However, the rare ttH
process is sensitive to Htt couplings. Also, under the assumption that gluon fusion
proceeds through a top and bottom loop with x; = «j and k; = kp
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-1

1
Hff 2 Hff
14238 —— —1 = 4.6
‘ ’ + ggH‘ = sin“ « 4.6)

fa3

where the signs of fp HI and fag3gH are equal, and oM is an effective parameter
sometimes used to descrlbe the CP-odd contribution to the Higgs boson’s Yukawa
couplings. These couplings can be measured by studying gluon fusion production
with two associated jets, as described in the previous section.

The first measurements of Htt couplings in these two processes will be discussed
in Sect. 5.7.

4.4.3 Effective Field Theory

The parameterization of the amplitude in Eq. (4.1) can be related to a fundamental
Lagrangian density function, using effective field theory (or EFT) coefficients of the
so-called Higgs basis [1]:

h (g2+g/2)v2 g2 +g/2
Ly = > |:(1 +dcz) fzuzu + CZZTZMUZHV

’ g2+ 2 5
+c,08 ZliaVZMV +5ZZTZMVZMU

2 2 2
+(1+ 8cw) —W*W,; + wa%W,va,Zv
2
teym8 (Wl;avwljv + h.c.) + Ewwg?W,va,Zv

e/g2+g/2 5 e/g2+g/2

tery =5 Zuv Ay + &y Tz,wfi,w +¢,0188' Zyov Ay

2 2 g2 g2
ey T A A+ Gy A Ay + g 55 G Gl + 30 526, GY |
4 4 4 4
4.7
in accordance with Eq. (I1.2.20) in Ref. [1].

There is a unique representation of each EFT coefficient in Eq. (4.7) by couplings
in Eq. (4.1), as shown below [30]:

2 2.2 zZ 2.2
o= Y42z o _ _Bucu 2 Mzsw ki e By 7z
z 271 ’ 2z o2 2 "z £2 (AIZZ)Z’ &4 o2 3
2 2.2 ww
Sc laWW 1 c _zsw W . _ Miysy K : _2s7w Ww
w = 4 s ww = 22 2w o2 (AWW)Z’ ww = 2 as
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2
o _ZSwa Zy _ SwCw M7 Zy P _ZSwa Zy
v = 2 2 90T (AZV)2 2 = 2 B
1
2 2
— Yy = _ Yy
Cyy="73% > Cyvy =739
2 2
88 ~ 88
Coo = ——a Coo = ——a3°.
88 272 > 88 273
8s 8s
4.8)

Enforcing linear relations for the dependent coefficients [1] allows a unique
relationship based on a minimal set of degrees of freedom [30]:

ww 7z
ag = ay,
4.9)
a2WW = cﬁ)azzz + sﬁ)ajz/y + 2swcwazzy,
(4.10)
a3WW = cﬁ)afz + slzva%/y + 2swcwa3zy,
4.11)
ww 77 vy z7Z Zy
ki (2 —s2) = ki +2s2“2 ) +2s_w(cz_sz)“2_
(AfWy2om (AZH2 7 M2 cw MG
(4.12)
Zy 77 124 77 Zy
Koy 2 2 K a4 — 4 2 2.4
(¢ —s5) = 2sycC + +2(cs — 55)—==.
(Alzy)z w w wlw (AIZZ)Z M% w w M%
(4.13)

4.5 Simulation

Several programs are used to simulate Higgs boson events at the LHC for the
analyses described here.

4.5.1 JHUGEN

The JHU generator [28-32], or JHUGEN, generates a spin 0, 1, or 2 particle under
a generic coupling model. Since the Higgs boson’s discovery, development has
naturally focused on understanding this particle and exploring more of its possible
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interactions, while also keeping the flexibility to search for and characterize other
new resonances.

For a spin O particle, JHUGEN supports all of the processes described in
Sects. 4.1 and 4.2. Within those processes, the HVV coupling model includes
Eq. (4.1), where aYV, a;' v a;’ V and AYV can be set to arbitrary complex numbers,
as can several higher order terms. Scalar and pseudoscalar couplings to fermions, k
and , can also be set for processes involving Hff couplings.

JHUGEN produces either weighted events in the form of histograms or, more
relevant for the analyses here, unweighted events in the Les Houches, or LHE,
format [33, 34].

JHUGEN is used extensively for all of the analysis work shown here. Fig-
ures 4.4, 4.9 and 4.10 show some distributions produced by JHUGEN.

4.5.2 MCFM and MCFM+JHUGEN

The MCFM generator [35] is used to generate the offshell tail of the Higgs boson,
including its interference with background. MCFM is used directly to generate
gluon fusion, gg — ZZ background, and their interference. Modifications to the
MCFM source code, provided by JHUGEN, enable all of the anomalous couplings
to be used for offshell generation. An additional spin-0 resonance, which interferes
with the H boson and with background, can also be included. Mass distributions are
shown in Fig. 4.6.

In addition, JHUGEN wraps the MCFM matrix element to generate offshell VBF
and VH, vector boson scattering (VBS) and tri-vector-boson production (VVV),
and their interference, including anomalous couplings. The JHUGEN code enables
generation of LHE events for this process, which MCFM does not include. This is
the most complicated process implemented in JHUGEN to date, and it uses several
optimizations to make generation more efficient.

— —
—— X(450), I'=46.8 GeV

! J 18 e
= f=1 H(125)+bkg+ 4& E MCFM+JHUGen+HNNLO 38
! i:lf“:‘ :l (129 lg ES E LHC, Vs=13Tev H(125), =0.0041 GeV/ e
[Jfe bkg gg—202¢ 33 E gg202t: —— bkg gg—>202¢' =
= ok [EIW weeTer ggo22t g E —— X(450)+H(125)+ ER
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Fig. 4.6 Distribution of m4 for gg — 4¢, including background (bkg) and the Higgs boson (H).
The left plot includes several anomalous coupling hypotheses for the H boson. The right plot also
includes an additional spin-0 resonance with my = 450 GeV, I'y = 46.8 GeV [1]
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Fig. 4.7 Differential cross section of the process VV — ZZ/Zy*/y*y* — 202¢' (where £,
¢ = e, u, or t) as a function of invariant mass m4, generated with JHUGEN, including VBS and
VVYV background (bkg) and VBF+VH production of both the Higgs boson (H) and a hypothetical
resonance X(1000). The contributions to the final differential cross section are shown isolated
and combined. In all cases interference (I) of all contributing amplitudes is included. The left panel
shows the scalar X hypothesis, and the right panel shows the XVV f,» = 1 and f,3 = 1 hypotheses
[30]

Figure 4.7 shows distributions of my4, for a new resonance with a mass of
1 TeV with several signal, background, and interference components separated. Any
search for this kind of resonance must take all of these components into account
in determining the final distribution of mass and kinematics. Additionally, a new
resonance will not necessarily interact with other particles with the same tensor
structure as the Higgs boson. Its coupling structure can significantly change the
final mass shape, as the figures show.

4.5.3 Higher Order Corrections

JHUGEN and MCFM are leading order generators. In the gluon fusion process,
production at next-to-leading order (NLO), with a single extra jet, is unaffected
by anomalous couplings. POWHEG [36, 37], which is an NLO generator for
Standard Model processes, is therefore used to generate the gluon fusion production
mechanism to include NLO effects. JHUGEN is still used for the H - VV — 4¢
decay.

For other processes, POWHEG is used to generate the Standard Model hypoth-
esis at next-to-leading order [38, 39]. For gluon fusion with two extra jets and for
VH, the MINLO-HIJJ [40] and MINLO-HV]J [41] extensions are used. The results
are compared to JHUGEN’s Standard Model simulation, and the differences in
relevant kinematics are small. This sets the scale for potential differences between
JHUGEN’s simulation of anomalous hypotheses and any NLO corrections that may
arise there.
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4.6 Matrix Element Likelihood Approach

Generators like JHUGEN and MCFM rely on matrix element calculations. It
is also possible to extract those matrix element probabilities and use them for
standalone calculations. The Matrix Element Likelihood Approach, or MELA,
package [28-32], distributed with JHUGEN, provides an interface to the matrix
element calculations contained in JHUGEN and MCFM+JHUGEN.

The matrix element probability uses all of the information present in the kine-
matics of the event. It is also useful conceptually to look at the individual kinematic
distributions that go into this calculation. A general system of four fermion momenta
has 16 components. Of these, four are fixed by the fermion masses, which can be
approximated as zero. Two more can be absorbed by a physically uninteresting
rotation around the z axis and boost along the z axis, keeping the beamline fixed.
Because MELA uses a leading order calculation, an additional two components are
eliminated by setting the system’s transverse momentum pr = (py, py) to zero.

The system of particles involved in the four-fermion decay or in VBF or VH
production can therefore be fully described by eight independent parameters. The
parameterization used here includes (1) the Higgs boson’s mass ma4¢; (2-3) the two
vector boson masses mj 2; (4-6) four angles describing the fermion kinematics,
01,2 and ®; and (7-8) two angles relating production to decay, 6* and ®1. These
observables are illustrated in Fig. 4.8, together with a similar but more complicated
set of angles that describe the ttH process.

For an onshell Higgs boson, ms4; = 125 GeV to well within the detector
precision. Also, for a spin-zero particle, the distributions of * and & are flat. These
three parameters are useful to separate signal from background, and the angles were
also used in [14] as part of the analysis to exclude higher spin hypotheses. However,
they cannot distinguish between different spin 0 coupling hypotheses.

Distributions of the five remaining observables for the H — ZZ — 4¢, VBF, and
VH processes for a variety of coupling hypotheses are shown in Figs. 4.9 and 4.10.

The matrix elements calculated by MELA have two primary uses: to reweight
generated events from one hypothesis to another and to create kinematic discrimi-
nants that can be used to separate hypotheses.

4.6.1 Reweighting

The driving principle behind Monte Carlo generators is that, in a sample generated
to simulate a hypothesis a, the number of events in the output sample in a particular
phase space region, d  around €, is proportional to the probability to obtain an
event in d<2 using a particular probability distribution for that hypothesis P¢.

NQ)dQ ~ P4(Q)dS2 (4.14)
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Fig. 4.8 Four topologies of the H boson production and decay: vector boson fusion qq —
VV(qq) — H(gq) — VV(qq) (top-left); associated production qq — V — VH — (ff) H —
(ff) VV (top-right); ttH or tqH production in association with the top quarks (bottom-left); and
gluon fusion with decay gg — H — VV — 4/ (bottom-right), representing the topology without
associated particles. The incoming particles are shown in brown, the intermediate vector bosons
and their fermion daughters are shown in green, the H boson and its vector boson daughters are
shown in red, and angles are shown in blue. In the first three cases the production and decay
H — VV are followed by the same four-lepton decay shown in the last case. The angles are
defined in either the respective rest frames [28, 29, 31], and subsequent top quark decay is not
shown, but could also be included [29]

(If everything is done correctly, the probability distribution matches the actual
probability distribution of events being studied, which in our case means collisions
at the LHC. JHUGEN provides a good approximation. However, this discussion
of reweighting is purely mathematical and does not rely on how accurate the
simulation is.)

If we index the events by i and assign a weight w{’ = 1 to each event, Eq. (4.14)
becomes
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Fig. 4.9 Distributions of the angles that can be used to distinguish between anomalous couplings.
The left column shows the distributions for the H — ZZ — 4/ decay, the middle column shows the
distributions for VBF production, and the right column shows the distributions for VH production.
From top to bottom, the distributions shown are cos 6y, cos 6>, ¢. The Standard Model hypothesis
a; and three anomalous hypotheses a;, a3 and A are shown

> wf | S~ PUQ)dS (4.15)
ﬁiedﬁ

Next, we assign a second weight to each event in the sample, corresponding to a
second hypotheses b:

b @ a (4.16)
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Fig. 4.10 Distributions of the invariant masses that can be used to distinguish between anomalous
couplings. The left column shows the distributions for the H — ZZ — 4¢ decay, where m is
defined as the heavier dilepton system’s mass and m; is the lighter one. The middle column shows
the distribution for VBF production. The right column shows the distributions for VH production.
The Standard Model hypothesis a; and three anomalous hypotheses a, a3 and A are shown

At any particular phase space point Q,

o PY(Q) -
S ot as=| 3w | B0
A~ A~ Pa(Q)
Q;ed Q;edQ
P&y - (4.17)
=—dQ2
Pa(€2)

= PY(Q)dS

~ PU(Q)

The two ends of Eq. (4.17) look exactly like Eq. (4.14). We now have a way to use
the same exact events to simulate two different hypotheses by using two sets of
weights. This procedure relies on the capability, provided by MELA, to calculate
P¢ and P? for a particular event, independent of the generator.

With an infinite sample, there would be no limitations on reweighting. In any real
case, a limited number of events are generated, and reweighting reduces the effective
number of events even further. The severity of this reduction depends on how similar
hypotheses a and b are. If there is a region where b’s probability density is high
but a’s is low, then that region will be populated by fewer events in the sample
reweighted from a, and the statistical precision will be poor. This is illustrated in
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Fig. 4.11 Distributions of (a) cos6; for the Higgs boson decaying to four leptons and (b) the
transverse momentum of the Higgs boson produced in VBF. Each plot shows the distributions for
the Standard Model hypothesis and a pure a3 hypothesis reweighted from samples generated for
both of these hypotheses

Fig.4.11. In (a), the distributions for the two hypotheses are similar enough that the
reweighting produces a reasonably smooth distribution, while in (b) the differences
are large enough that the reweighted distributions, though correct on average, are
not particularly useful in representing the hypotheses in question in the tail.

Therefore, it is necessary to generate a variety of samples, so that between them
the whole phase space is covered. However, we then reweight each sample to each
other sample, taking care to avoid the spikes. One procedure used to use all of
the samples while minimizing the effect of noise will be discussed in detail in
Sect. 5.6.2.

4.6.2 Discriminants

A second use for matrix element calculations is to create discriminants to distinguish
between different hypotheses. A simple analysis can involve a collection of events,
characterized by measured variables €, that might have been produced through one
of two processes a or b. We want to determine which of those hypotheses is correct.
By the Neyman-Pearson lemma [42], the best way to do this is through the ratio of
probabilities to produce an event at € under hypotheses a and b:

Pa()

dap () = 242
’ 2p($)

(4.18)
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No other observable can help further: all the information carried by €2 that is useful
to separate between a and b is contained in this discriminant.
Equivalently, we can use a function of this ratio, and we typically use

Da 1

Dab = = s
Pa+pp 14+1/dgy

(4.19)

which has the advantage of being bounded between O and 1. This bounding is
important because in practice, we have to bin the discriminant distribution, and in
the process some information, corresponding to changes in shape within a single
bin, is lost. The D, formulation mitigates this effect.

If there is a possibility of a non-interfering mixture between a and b, Dy is still
the best observable to distinguish between them. This is because any intermediate
hypotheses ¢ and d can be parameterized by 0 < f7 4 < 1 and their probabilities
can be expressed as

pc:facpa‘i‘(l _f(f)pb

pa = fipa+ 1= fHps

_ Japat A= fDpp (4.20)
fidpa+ (1 — fpy

 féday + (1= f)

C fddgy + (1= f9)

dcd

which, again, is just a function of d,,

When there are three separate processes a, b, and c, the two-dimensional
distribution of two discriminants d,;;, and d,. is needed to obtain the full information
to separate them. The third discriminant dp. would be redundant because it is
a function of the first two. Similarly, separating n processes requires n — 1
discriminants.

An important special case is two processes that interfere with each other. The
probability for an intermediate hypothesis ¢, with constants g, and g, multiplying
the amplitudes A, and Ap, is

Pe = 8aAa + 8o Ab|*
= |8al*Pa + 18b° b + 2Re(g} gp AL Ap)
= |8aI* pa + 186> P + 2Re(g] gp)Re(A% Ap) — 2Im(g gp)Im(A%Ap)

=()Pat+CIpp+ )P+ )it
4.21)

For the purpose of discriminants, this mixture can be treated as a sum of four
processes. The analyses described here assume that the couplings g, and g, are
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always real, so that there are only three terms, p,, pp, and pin, and only two
discriminants are needed. The discriminants we usually choose are D,;, and

Pint
peb = 4.22
nt 2/PaPb ( )
Pint
or: Db — M (4.23)
n Pa + Pb

This formulation of Djy is typically almost orthogonal to D, and is bounded
between —1 and 1 for any value of Dy. (Di’n was used instead in some older
papers.)

t

4.6.2.1 Discriminant Examples: VBF and ggH

In this section [30], we illustrate the power of the matrix element technique in
application to both VBF and ggH with two jets. In VBF, for illustration purposes we
consider equal strength of WW and ZZ fusion with alzz = a}VW and a3ZZ = a;V Win
Eq. (4.1) and vary the relative contribution of the C P-even and C P-odd amplitudes,
with the f a\gBF parameter representing their relative cross section fraction. The
relative strength of the WW and ZZ fusion is fixed in this study because the
two processes are essentially indistinguishable in their observed kinematics. In the
strong boson fusion, the parameter agégH represents a similar relative cross section
fraction of the pseudoscalar coupling component.

Figure 4.12 shows distributions of the Dy_ and Dcp discriminants, calculated
according to Eqs. (4.19) and (4.22) for the VBF process, to distinguish between the
SM hypothesis alzz = a}VW = 2, the alternative hypothesis a%z = a;)vw # 0, and
the interference between these two contributions. Figure 4.13 shows the same type
of discriminants defined and shown for the ggH process, enhanced with the events in

the VBF-like topology using the requirement m j; > 300 GeV for illustration. The
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Fig. 4.12 Two discriminants defined in Eq. (4.19) (left) and Eq. (4.22) (middle) for the measure-
ment of the C P-sensitive parameter fa\gBF in VBF production. Also shown is the A® ;; observable
(right). The values of fa\;BF = =£0.5 correspond to 50% mixture of the C P-even and C P-odd
contributions, where the couplings have opposite signs in the case of the negative value [30]
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Fig. 4.13 Two discriminants defined in Eq. (4.19) (left) and Eq. (4.22) (middle) for the measure-
ment of the C P-sensitive parameter fffH in ggH production. Also shown is the A® ;; observable

(right). The values of fggH = =0.5 correspond to 50% mixture of the C P-even and CP-
odd contributions, where the couplings have opposite signs in the case of the negative value. A
requirement m ;; > 300 GeV is applied to enhance the VBF-like topology of events [30]

latter requirement is based on the following observation. Among the initial states
in the ggH process, we could have gg, qg, and qq parton pairs. The events with the
quark-quark initial state carry most of the information for CP measurements and
have the topology most similar to VBF process, which is also known to have large
di-jet invariant mass. In both the VBF and ggH cases, the azimuthal angle difference
between the two jets A®; is also shown for comparison [43]. It is similar to the
®VBF angle defined in Fig. 4.8 and shown in Fig. 4.9, but differs somewhat due to
different frames used in the angle definition.

The A®;, angle is defined as follows. The directions of the two jets are
represented by the vectors jj 2 in the laboratory frame, and jr| > are the transverse
components in the xy plane. If we label j; as the jet going in the —z direction (or less
forward) and j» as the jet going in the +z direction (or more forward), then A®
is the azimuthal angle difference between the first and the second jets, or ¢1 — ¢».
In vector notation,

GrixJjr) -2 (Gi—h) -2

AD;; =
|(r1 % jr2) - 2 I(Jl—Jz) zZ

ccos™ (i jr2) . @24

where the angle between ;Tl and }72 defines A®;; and the two ratios provide the
sign convention. This definition is invariant under the exchange of the two jets or
the choice of the positive z axis direction.

The information content of the observables can be illustrated with the Receiver
Operating Characteristic (ROC) curve, which is a graphical plot that illustrates the
diagnostic ability of a binary classifier system as its discrimination threshold is
varied. Figure 4.14 (left) shows the ROC curves illustrating discrimination between
scalar and pseudoscalar models in the VBF process using the Dy_ and Ad;;
observables. The optimal observable Dy_, which incorporates all kinematic and
dynamic information, visible in multiple individual observables shown in Figs.4.10
and 4.9, has the clear advantage. Figure 4.14 (right) shows the same comparison in
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Fig. 4.14 Left: a ROC curve showing separation power of the scalar (SM-like 07) and pseu-
doscalar (07) models in the VBF process using the Dy and Ad;; observables. The diagonal
dashed line shows the hypothetical no-separation scenario. The points represent the efficiency of
selecting each model as threshold in selecting the observable is varied. Right: same as left plot,

but for the gg H process. with a requirement m ;5 > 300 GeV applied to enhance the VBF-like
topology of events. Middle: a ROC curve showing separation power of the figH = +0.5 and
ff3gH = —0.5 models in the VBF process using the Dcp and AP ;; observables. Also shown on
the left and middle plots are the ROC curves representing performance of the optimal observables

obtained with machine learning techniques [30]

the gg H process. The gain in using the optimal observable in the gg H process is
not as large as in VBF because of the smaller differences in dynamics of the scalar
and pseudoscalar models, as both are generated by the higher-dimension operators
with the same powers of qi2 in Eq. (4.1). While the Dy_ observable incorporates all
kinematic and dynamic information, the truly C P-sensitive observable Dcp does
not rely on dynamics and provides the maximal separation between the models
with the maximal mixing of the C P-even and C P-odd contributions and with
the opposite phases. This suggests the optimal way to show the ROC curve as
discrimination between the f a\gBF = #+0.5 models, as shown for the VBF process in
Fig.4.14 (middle).

4.6.2.2 Machine Learning

The discriminants calculated with the matrix elements directly, as discussed in
Sect. 4.6.2, are powerful tools in analysis of experimental data. Most importantly,
they provide scientific insight into the problem under consideration. Nonetheless,
there could be practical considerations which limit their application in certain cases.
For example, events with partial reconstruction would require integration over
unobserved degrees of freedom and substantial detector effects in reconstructed
events with poor experimental resolution would require modeling of such effects
with transfer functions. All of these effects can be taken into account, but may make
calculations inefficient or impractical.

Machine learning is a popular approach to data analysis, especially with the
growing computational power of computers. The problem of differentiating between
the two models, as designed in Eq. (4.19), becomes a trivial task with supervised
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learning where two samples of events with the signal and alternative models are
provided as input for training. One key aspect where the matrix element approach
provides the insight is the set of input observables Q. As long as a complete
set of observables, sufficient for the matrix element calculations, is provided to
the machine learning algorithm, the outcome of training is guaranteed to be a
discriminant optimal for this task, that is equivalent to that in Eq. (4.19), as long
as the proper training is applied. We illustrate this with such a discriminant D(l}’[_L in
Fig.4.14 (left) in application to the VBF process.

Application of the machine learning approach to the discriminant in Eq. (4.22)
is not obvious, because it requires knowledge of quantum mechanics to isolate the
interference component. Nonetheless, we provide the prescription how to obtain
such a discriminant. The discriminant trained to differentiate the models with
maximal quantum-mechanical mixing of the signal and alternative contributions
and opposite phases becomes a machine-learning equivalent to that in Eq. (4.22),
following the discussion in Sect. 4.6.2. The complete kinematic information of the
event should be provided to the training. We illustrate this approach with such a
discriminant Dlg% in Fig. 4.14 (middle) in application to the VBF process.

To summarize, the matrix element technique, expressed in Egs. (4.19) and (4.22),
can be expanded with the help of machine learning with two important ingredients:
the complete set of matrix-element input observables has to be used and the machine
learning process should be based on the carefully prepared samples according to
models discussed above. The machine learning approach is still based on the matrix
element calculations, as the training samples are generated based on the same matrix
elements as the discriminants in Egs. (4.19) and (4.22) [30].
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Chapter 5 ®
Higgs Boson Data Analysis Qe

With the data processed and recorded and the theoretical basis for the calculations
understood, we can analyze the data to measure the Higgs boson’s properties.
Figs.5.1 and 5.2 shows the mass distribution of the four-lepton events from the
Run 2 dataset, with the Higgs boson peak at 125 GeV shown in red. Most of the
analyses shown here use some or all of these events.

5.1 Run 1 Results

Measuring the spin and parity of the Higgs boson was one of the first experimental
priorities after its discovery. The earliest papers from Run 1 of the LHC confirmed
that the newly discovered particle primarily interacts as a spin-zero particle with
JEP = 0FF, with results from both CMS [5-7] and ATLAS [8, 9]. The spin
analyses used the Higgs boson’s decay to H — ZZ — 4, H - WW — 202y,
and yy, while the parity analyses, which need more degrees of freedom than a two-
body decay can provide, used H - ZZ — 4¢ and H - WW — 202v.

As a validation of the spin analysis, it is also interesting to measure the spin of the
Z boson, which is well known to be a spin-1 particle, using identical methods. This
serves as a validation of the matrix element procedure as well as of the background
modeling. The Z boson can decay to 4 leptons through the diagram shown in
Fig.5.3, which forms the peak at 91.2 GeV in Fig.5.2. This is distinguished from
the alternate hypothesis of a new H boson at 91.2 GeV that decays to 4 leptons via
H — ZZ — 4¢. 1t is also possible that the Z boson exists and behaves as expected,
but a tiny fraction of the peak fij is made by a new Higgs boson. Using methods
similar to the ones that will be described below, the fractional contribution of a spin
0 particle to the Z peak is measured to be less than 0.8% at 95% confidence level,
as shown in Fig. 5.4.
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Fig. 5.1 Mass distributions of four-lepton events recorded by the CMS detector at 13 TeV in
(a) 2015 [1], (b) 2016 [2], (¢) 2017 [3], and (d) 2018 [4]

After hypotheses such as a pure a3 contribution were excluded, it still remains
interesting to search for a small anomalous contribution to the Higgs boson’s
interactions. The first comprehensive paper, searching for a wide variety of alternate
spin and coupling hypotheses, was [7], whichused H - ZZ — 4¢,H - WW —
202v, and H — yy data. These early analyses form the starting point for the more
complicated analyses in Run 2, to be discussed further.

The simplest analyses assumed that a maximum of one anomalous term is
nonzero and that the anomalous couplings are real, so that the amplitude and
probability for the Higgs boson’s decay to four fermions, as a function of the SM
coupling a1, an anomalous coupling a;, and the lepton kinematics Qis

Alar, ai, ) = a1 A1 () + a; Ai(R) (5.1)
Plar, ai, Q) = |A? = a?P1(Q) + a*Pi(RQ) + a1a; Pin () (5.2)

The analysis proceeds by constructing templates, n-dimensional histograms that
parameterize the probability as a function of €2, for Py, P;, and Py, as well as
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Fig. 5.2 Mass distribution of all of the four-lepton events recorded by the CMS detector in 2016,
2017, and 2018 [4]

Fig. 5.3 Feynman diagram
for the Z boson’s decay to 4
leptons

for the background contributions. The signal templates are all constructed from
gluon fusion Monte Carlo produced by POWHEG [10-14] with the H — ZZ — 4¢
decay provided by JHUGEN [15-19]. The irreducible backgrounds for this analysis
are qq — 4/, also estimated through Monte Carlo simulated by POWHEG, and
gg — 4¢, estimated through MCFM [20] simulation. Additionally, the Z + X
background, which comes primarily from jets that are misinterpreted as leptons in
the detector, is estimated using a control region in the data.

In principle, the ideal way to go would be to construct templates using the full
probability distribution as a function of the angles and masses that define Q, as
shown in Fig. 4.8. This was done in some simplified cases in that paper, but does
not scale well. Instead, we project 2 onto the most relevant degrees of freedom
using the MELA discriminants described in Sect.4.6.2 and bin the distribution in
3D histograms. For an analysis that searches for just one anomalous coupling, it is
possible to choose three observables that lose no information: Dyye, which separates
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Fig. 5.5 Distributions of the three discriminants for the Run 1 measurement of f43. (a) Dpkg,
defined by Eq.(4.19), separates the SM signal from background. (b) Dy_, also defined by
Eq. (4.19), separates SM signal from pure a3 signal. (¢) D p, defined by Eq.(4.23), separates
the interference component between a; and a3 [7]

signal from background; a D,; discriminant to separate the SM coupling from
the chosen BSM coupling a;; and a Dy, discriminant to separate the interference
contribution. Dy, is calculated from the reconstructed Higgs boson’s invariant mass
mae as well as the kinematics from the decay, the angles and dilepton invariant
masses in Fig.4.8. The other discriminants rely only on the decay kinematics.
Figure 5.5 shows the distributions of some of these discriminants in the Monte Carlo
simulation and data.

The interference discriminant shown in Fig.5.5¢ is special in the sense that it
represents interference between a C P-even and a C P-odd process. The distribution
of this discriminant for any purely C P-even (such as a pure SM Higgs boson or any
background process) or C P-odd process (such as a pure az Higgs boson) will be
symmetric around 0, as shown in the figure. Although this analysis and other similar
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ones described below search for nonzero f;3, any statistically significant asymmetry
in Dcp would be a sign of CP violation, even if it does not match a particular
hypothesis. Another interference discriminant is used in the analysis measuring ay,
which detects the interference between a; and ap, but that discriminant shows no
special symmetry because the interference is between two C P-even terms.

In this simplest example, the only contributions to the probability are back-
ground, SM signal, pure BSM signal, and interference. For this reason, three
discriminants are sufficient to contain all the information from the kinematics, as
described in Sect. 4.6.2. A small amount of information is lost due to finite binning
of those discriminants, but enough bins were used that the loss is small.

Once the templates are constructed, we perform an unbinned extended maximum
likelihood fit [21], where the probability density is normalized to the total event
yield in each process j and category k. In the analyses here, the events were divided
into categories depending on the final state lepton flavor: H — 2e2u, 4e, or 4pu,
and the signal processes are all included together, but the notation is general to
accommodate later, more complicated analyses. The overall probability density
function is given by

Pty ) = wiPhE (& ) + PRE (). (5.3)

Psi¢ is defined by Eq. (5.2) for these analyses and similar expressions for the more
complicated ones described later. It is a function of the kinematics €2, the anomalous
couplings f and the overall scaling ©. As described in Sect. 4.4, we reparameterize
the SM coupling a; and n anomalous couplings a; into n f,;’s (Eq. (4.2)), one for
each anomalous coupling, and the signal strength w. In this way, we decorrelate the
shape of the event distributions, which is our primary interest in these analyses, from
the number of events. In more complicated analyses, different signal processes will
have separate 1 ;’s

The result of the analysis is a likelihood scan that gives the log likelihood for each
value of f,;. Ateach point in the scan, x as well as various systematic uncertainties
are profiled, so that the result is independent of the signal yield. Any value of
fai where the log likelihood is above the lower dotted line is excluded at 68%
confidence level, and any point above the upper dotted line is excluded at 95%
confidence level. Some of the scans from Run 1 are shown in Fig. 5.6.

The same paper also included fits for two simultaneous anomalous couplings,
with an amplitude and probability distribution given by

A(al,ai,aj,é):alAl(ﬁ)-i-ai.Ai(fl)-‘raj.Aj(é) (54)
Plar.ai,a;. Q) = |AP? =a}Pi(Q) + a} Pi(Q) + ai P; ()

+a1a PE(R) + ara; Pl () + aja; P ()
(5.5)

Note that the number of signal terms has increased from 3 to 6, and there is no longer
a way to provide optimal separation between all the terms with only 3 discriminants.
These results are not shown here, but this equation shows how the number of
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Fig. 5.6 Expected (dashed) and observed (solid) likelihood scans for the effective fractions (a)
fa3, (B) fa2, and (¢) fa; from Run 1 H — ZZ — 4¢ events with all other anomalous couplings
fixed to 0. The cos ¢,; term allows a signed quantity, where cos ¢,; = —1 or +1 [7]

terms grows with more couplings, which will be revisited later. Additionally, some
analyses allowed the couplings to be complex, which requires a second interference
term for each pair of couplings.

Later analyses used Run 1 data to search for anomalous couplings in production:
VH in the case of CMS [22] and VBF in the case of ATLAS [23]. As mentioned in
Sect. 4.4, production is sensitive to small anomalous couplings; however, due to the
low statistics available from Run 1 data, the results were at a low confidence level.

In addition, CMS [24] and ATLAS [25] searched for offshell Higgs boson
production and put constraints on its width. The CMS analysis searched for the
A g coupling from Eq. (4.1), and these results are currently the only constraints on
this coupling.

5.2 First Run 2 Results

The first CMS H — ZZ — 4/ analysis in Run 2 [1] used the data taken in 2015.
Using the first year of 13 TeV data, CMS observed the Higgs boson peak in Fig. 5.1a
at a confidence level of 2.5¢0. The analysis also searched for events produced in
vector boson fusion.

With the increased luminosity in 2016, the data, shown in Fig.5.1b, were
sufficient to conduct more detailed analyses of the Higgs boson’s properties [2],
including the first anomalous coupling measurements in production (the Higgs
boson’s “context”) and decay (its “end”) at the same time [26], using kinematics
of VBF and VH production, where the associated vector boson in VH production
decays to quarks. The results shown here are from the next iteration of this analysis
[27], which used the same strategies applied to the data from 2016 and 2017.

In order to isolate VBF and VH, a MELA discriminant Dsje is used to separate
VBF and VH production from gluon fusion produced in association with two jets.
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This discriminant is defined by Eq.(4.19), with VBF or VH production in the
numerator and gluon fusion in the denominator. For VBF or VH production, each
analysis uses the maximum of the probability under the SM and the probability
under the pure anomalous hypothesis considered in that analysis. In this way, the
categorization efficiently selects both SM and BSM events, for greater sensitivity.
Other requirements on the number of jets and leptons in the event are also applied
in order to suppress the ttH contribution.

* The VBF-tagged category requires exactly four leptons, either two or three jets
of which at most one is b-quark flavor-tagged, or more if none are b-tagged jets,
and D;ggF > 0.5 using either the SM or the BSM signal hypotheses for the VBF
production.

* The VH-tagged category requires exactly four leptons, either two or three jets,

2jet 2jet > 7 2jet
either the SM or the BSM signal hypothesis for the VH production.
* The untagged category contains the remaining events.

or more if none are b-tagged jets, and DYl = max (DWH DZH) > 0.5 using

Plots of the MELA discriminants used for categorization are shown in Fig. 5.7, using
the f,3 analysis as an example.

For VBF or VH production of a Higgs boson that subsequently decays H —
77 — 4¢, the HVV vertex appears twice: once on the production side and once on
the decay side. Equation (5.2) is modified to:

CMS 77517 (13 TeV) CMS 7757 (13 TeV)
— T AR R
L —e— Observed i 20 L —e— Observed 4
— Total SM r — Total SM q
10~ []VBF SM 7 i [JVHSM 1
1= Total f;=1 |
c c T [ iVHI=1 1
o) re) r [ zzizy* 7
~ ~ [ Z+X ]
P PEES ] |
c = 10 ,
[ o I 1
> > b g
L L 8 B
57 —
. e S S W m |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
VBF —VBF,0- WH WH0- ZH [ZH0-
max( Dyjet» Dojet ) max( Dyje: D2jet , DZjet’ Dojet )
(a) (b)
Fig. 5.7 Distributions of events for the discriminants max (D;Egl:, D;;gF ’0_) (left) and
WH ~WH,0— ~ZH -~ZH,0— . . .
max (Dzj o Dzj ot ’D2jet’ D2jel ) (right) from the analysis of the a3 coupling for a pseu-

doscalar contribution. The requirement Dykg > 0.5 is applied in order to enhance the signal
contribution over the background. The VBF signal under both the SM and pseudoscalar hypotheses
is enhanced in the region above 0.5 for the former variable, and the WH and ZH signals are
similarly enhanced in the region above 0.5 for the latter variable [27]
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Alay, ai, Q) = (alAll’“’d(?z) + aiAf?f°d(§z)) <a1A‘lieC(§2) + a,-A?“(é)) (5.6)

Plar, ai, Q) = |A]> = a}Po(Q) + a}aiP1(Q) + aa?Pa(R) + a1a>P3(R) + aPa(R)
5.7)

There are now five terms in the probability, each represented by a template,
which is constructed using Monte Carlo simulation from JHUGEN. The gluon
fusion contribution to the probability is unchanged and still follows Eq. (5.2), with
templates modeled through POWHEG+JHUGEN simulations.

In each category, discriminants are chosen to best utilize the information
provided by the production mode targeted by that category. In the untagged category,
which does not target any specific production mode and is dominated by gluon
fusion, the same setup as in Run 1 is used. In the VBF and VH categories, in
principle, we would need four discriminants to separate between the five terms
in Eq.(5.7), plus another one to separate signal from background. Using so

many discriminants is impractical, so we choose the ones that separate the most

useful degrees of freedom: DX(BgF/ VH+deC, which separates signal from background

using the product of the production and decay probabilities; D;;? F/ VH+deC, which

separates SM signal from pure BSM signal, again using both the production and
decay probabilities; and DXIFF/ VH, which separates the interference component for
production. In the VBF-tagged category, VBF information is used, while in the
VH category, VH information is used. Distributions of these discriminants, again
using the f,3 analysis as an example, are shown in Fig. 5.8. Production information
combined with decay information provides significantly more separation between
hypotheses than decay information alone.

In this analysis, the HZZ and HWW couplings are assumed to be equal. This is
relevant for VBF production, which can proceed through either ZZ or WW fusion,
and for VH production. The overall scaling for VBF and VH signal strength, uy,
is floated separately from the scaling pup for the other production modes, ggH,
ttH, and bbH. In this way, uy absorbs the common normalization of a; and the
anomalous coupling a;, while u r allows the fermion coupling « to float as well. The
discriminants used in this analysis are insensitive to anomalous fermion couplings.

The results for this analysis are shown in Fig. 5.9 for four anomalous couplings:
as, ap, A1, and A%V. The last one is included because, as described in Sect. 4.4.1.1,
it is the only coupling involving photons that does not have stringent limits from
onshell photon production. In addition, the results also include data from Run 1 and
the small dataset collected in 2015, which were not categorized due to the small
expected number of VBF and VH events in those datasets.

The most striking new feature of these results, as compared to the ones in
Fig. 5.6, is a narrow but shallow minimum around f,; = 0. This is a result of the
discussion in Sect. 4.4.1. Because the anomalous couplings are proportional to g2 of
the vector bosons, and because the vector bosons in VBF and VH production have
a higher ¢2, VBF and VH are sensitive to smaller anomalous couplings than decay
is. Conversely, when the anomalous couplings are large (f,3 2 0.005, with slightly
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Fig. 5.8 Distributions of the three discriminants used to measure f,3 in the three categories. The
top row shows Dy, (Eq. (4.19)), the middle row shows Dy_ (also Eq. (4.19)), and the bottom row
shows Dcp (Eq.(4.22)). The type of kinematic information used for each discriminant depends
on the category. The left column shows the discriminants in the VBF-tagged category, the middle
column shows the ones in the VH-tagged category, and the right column shows the discriminants
for the untagged category, which can be compared to Fig. 5.5. All of the plots except Dpkg use a
requirement Dypgg > 0.5 in order to enhance the signal over background contributions [27]

different numerical values for the other anomalous couplings), the SM contribution
to VBF and VH is much smaller than the anomalous contribution, and further
increases in f,3 do not affect the VBF shape. The minimum is shallow because
its depth is limited by the relatively small number of events in the VBF- and VH-
tagged categories, which can be seen by counting events in Fig. 5.8.
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5.3 Offshell Higgs Boson Properties

The same paper [27] also includes measurements of anomalous couplings in the
offshell region above 200 GeV. Similar to VBF and VH production, the offshell
region is sensitive to smaller anomalous couplings than the onshell region, because
both Z bosons from the decay are onshell, with a mass of around 91.2 GeV. By
contrast, in the onshell region the lighter Z boson often has an invariant mass
around 30 GeV, as shown in Fig. 4.4a. In this way, the offshell region can provide
additional sensitivity to anomalous couplings. The left plot of Fig. 4.6 shows this
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effect: anomalous couplings result in an increased number of events in the offshell
region.

Another interesting parameter, which is correlated with anomalous couplings, is
the Higgs boson’s width. As described in Sect. 4.3, the cross section to produce an
offshell Higgs boson is proportional to its width. Seeing a higher-than-expected
number of events in the offshell region can be a result of either a larger width
or anomalous couplings. To distinguish between them, we use the same kinds of
MELA discriminants as in the onshell region. Afterwards, we scan the anomalous
couplings and float the width, and separately scan the width and float anomalous
couplings. In this way, the measurement uses as few assumptions as possible.

The offshell measurement is more complicated because of interference between
signal and background. (In the onshell case, this interference is essentially zero
because of the narrow peak at 125 GeV, and we neglect it in all onshell analyses.)
Each process in the offshell region interferes with background processes with the
same initial and final states and similar topology. Gluon fusion interferes with
gg — ZZ; VBF interferes with vector boson scattering, which is the same Feynman
diagram as VBF but involving vertices of three or four Z or W bosons and no
Higgs boson; and VH interferes with VVV production. The result is that the signal
probability density function for gluon fusion (5.2) becomes

Aay, a;, ) = a1 A1 (R) + a; A; () + Apkg(Q) (5.8)
Plar, a;, Q) = |AI> =aiP1(Q) + ¢} Pi(Q) + a1a; P ()
+a1pl§kgint(§2) +ai 7Dlikgint(sﬁz)

+ Pokg ()
(5.9)

The first and last lines of Eq. (5.9) were already included in Egs. (5.2) and (5.3),
while the middle line is new. Similarly, the VBF and VH probability Eq.(5.7)
becomes

Atar.aj, ) = (@ A7) + 0 AT D) (a1 AFD + 6 A D)

+ Apkg ()
(5.10)

P(ay, a;, Q) = | A2 zailpo(é) + a?aﬂ% ) + a%aizpz(ﬁ) + a1a13733 Q) + a?P4(§2)
250 (& L By 2p2 (&
a1 Pokgint(§2) + @16 Poygin (§2) + & Piyging (€2)

+ Poke($2)
(5.11)

Some background processes, such as QCD-induced qq — ZZ, do not interfere with
signal and are included separately in Eq. (5.3) as before.
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The offshell events are divided into categories using the same criteria as in the
previous section, and similar discriminants are used. In the onshell region, Dy,
combined the four lepton invariant mass with the other kinematic information,
because signal events are expected to have an invariant mass of 125 GeV =+
detector resolution. In the offshell region, the invariant mass is nowhere near
125 GeV, and the shape of the mass spectrum can provide additional information
to measure the width and anomalous couplings. Therefore, the mass is used as a
separate observable, and the other kinematic information to separate signal from
background is separated into another observable D‘g]i(‘}s, which includes decay infor-
mation in all categories and VBF or VH information in the respective categories.
Additionally, a pure discriminant, such as Dy_ in the case of the f,3 measurement,
separates the SM from the anomalous contribution.

The discriminants used in the three categories, again using the example of the
fa3 analysis, are shown in Fig. 5.10.

The offshell anomalous coupling results are shown in Fig.5.11. The improve-
ment brought by the offshell region is primarily illustrated by the difference between
the green curves, which use only onshell events, and the red ones, which use offshell
events as well while allowing the width to float.

Figure 5.12 shows the likelihood scan for the Higgs boson width. To make a more
model-independent measurement, various configurations are used for the fit, each
one floating a different anomalous coupling. No matter which coupling is floated,
the results are the same: the zero width hypothesis for the Higgs boson width is
excluded at 95% confidence level, as is a width 2.2 times larger than the SM width.

5.4 High Mass Search

Using similar methods to the offshell analysis, it is possible to search for a new
resonance in the high mass region [28]. This resonance could have a significant
width, which would mean that it interferes with background and with the offshell tail
of the Higgs boson, as described in Sect.4.5.2. Additionally, it could be produced
through any combination of gluon fusion and VBF. The high mass search uses
both the 4¢, 2¢2q, and 2¢2v final states. In the 4¢ channel, 3 categories are used:
untagged, VBF-tagged, and RSE. The RSE category, which stands for “reduced
selection electrons”, includes events with electrons that fail some of the normal
selection criteria, which can be bypassed in the high mass region due to lower
background. The categorization schemes are different for the other final states, but
all cases include a category targeting VBF events and a category targeting gluon
fusion events (Fig. 5.13).
The results of the analysis are shown in Fig. 5.14. No new resonance is found.
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Fig. 5.10 Distributions of the three discriminants used to measure f,3 in the three categories of
the offshell region. The top row shows m4¢, the middle row shows D'g]i(“ , and the bottom row shows
Do—. The type of kinematic information used for each discriminant depends on the category. The
left column shows the discriminants in the VBF-tagged category, the middle column shows the
ones in the VH-tagged category, and the right column shows the discriminants for the untagged
category. To enhance the signal over background contributions, all of the plots except Dpkg use a
cut Dykg > 0.6, and all of the plots except mg4¢ use a cut mgg > 340 GeV [27]

5.5 Anomalous Couplings in the H — 77 Channel

Searches for anomalous HVV couplings using decay information are limited to the
H — ZZ and H — WW decays. However, searches for anomalous couplings in
production can happen in any decay channel. This section will discuss results from
CMS’s anomalous couplings analysis in H — tt, using data from 2016 [29].
Detecting the Tt final state and separating it from background requires different
analysis methods than the ZZ — 4¢ final state used in the rest of the analyses here.
This analysis closely follows the methods used for the discovery of the H — tt
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Fig. 5.11 Expected (dashed) and observed (solid) likelihood scans for the effective fractions (a)
fa3, (b) fa2, and (¢) fa1. The green curves use only onshell events and are equivalent to the red
curves in Fig.5.9. The red and blue curves use both onshell and offshell events. The red curves
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Fig. 5.12 Expected (dashed)
and observed (solid)
likelihood scans for the Higgs
boson’s width I";. The
different curves either fix the
coupling structure to the SM
hypothesis or allow different
anomalous couplings to float
[27]
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Fig. 5.13 Distributions of the four lepton invariant mass in the untagged (a), VBF-tagged (b) and
RSE (c) categories. Signal expectations including the interference effect for several mass and width
hypotheses are shown. The signals are normalized to the expected upper limit of the cross section
derived from this final state. Lower panels show the ratio between data and background estimation

in each case [28]
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Fig. 5.14 Expected and observed upper limits at 95% CL on the pp — X — ZZ cross section as
a function of mx and for several I'x values with fypF as a free parameter (top row) and fixed to 1
(bottom row). The results are shown for 4¢, 2¢2q, and 2¢2v channels separately and combined. The
reported cross section corresponds to the signal-only contribution in the absence of interference
[28]

decay by CMS [30]. The events are divided into categories based on how the t
leptons decay, in categories called tj, 7y, €Ty, ), T, and eu. The 1, decays include all
hadronic decays, typically including various pions and kaons. All 7, decays include
a neutrino, and leptonic decays include two, so the reconstruction is complicated by
the fact that neutrinos can only be reconstructed through MET. The other possible
final states, ee and pu, are not included due to the overwhelming background in
those channels. The algorithm used to identify hadronic 7 decays is described in
[31, 32].

Because there is no HVV vertex on the decay side, the gluon fusion process is
unchanged for any anomalous couplings. The VBF and VH processes have a single
HVYV vertex, and their shape as a function of anomalous couplings is described by
Eq. (5.2), justlike a H — ZZ — 4¢ decay produced in gluon fusion.

The events are divided into three categories:

* The 0-jet category contains events with no jets that have p;* > 30 GeV.

* The VBF category contains events with two jets that satisfy various requirements
to isolate the VBF topology. These cuts vary by category in order to suppress
category-specific backgrounds, but typically require a large dijet invariant mass
myj, alarge n separation between the jets, and/or a high p7* invariant mass.

* The boosted category includes all events that do not fall into the other two
categories. It is called “boosted” because the events have at least one jet, giving
the H boson a nonzero pr.

The backgrounds for this analysis are complicated enough that there is no simple
way to construct a Dy, observable. Instead, we use the mass of the visible T decay
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Fig. 5.15 Distributions of the discriminants used to measure anomalous couplings in the H — tt

final state: (a) Do— for f3, (b) Dopy for fuo, (¢) Day for faq, (d) DIZ\}I for fff (e) shows Dcp,
used to detect interference between a; and a3, and (f) shows the p7 distribution in the boosted
category [29]

products myjs and an estimate of the actual Tt mass m,, obtained using the SVFIT
algorithm [33]. In the boosted category, p7* is used, and this observable provides
extra sensitivity to anomalous couplings. In the VBF category, MELA discriminants
are constructed to separate between the SM and anomalous hypotheses, using
information from VBF kinematics.

Some of the distributions are shown in Fig. 5.15. Because of limited statistics in
control regions in data, the number of bins is reduced with respect to the analyses
described earlier. However, we use the fact that the distribution of D¢ p is symmetric
for any C P-conserving process, which includes all backgrounds. In this way, a 2-
bin distribution of D¢ p can be constructed for free, without losing any statistics: it
is flat for everything except the C P-violating interference components, as shown in
Fig.5.15e.

The boosted category does not have 2 VBF-like jets, and so there is not enough
information to construct a MELA discriminant. However, because anomalous
couplings are enhanced at higher ¢, they also result in a harder p7 spectrum. The
boosted category significantly enhances the sensitivity to anomalous couplings, even
when it is missing some jet information, as shown in Fig. 5.15f.

The results of this analysis are also combined with the ones from the H —
VV — 4¢ analysis, described in Sect.5.2. In doing this combination, the &
coupling is allowed to float as a free parameter, so that there are three independent
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Fig. 5.16 Expected (dashed) and observed (solid) likelihood scans for the effective fractions (a)

fa3z> (B) fa2, (€) fa1, and (d) f/%%/ from VBF and VH production and H — ZZ — 4¢ decay
information from tt and four-lepton events, with all other anomalous couplings fixed to 0 [29]

parameters describing the signal strengths of different processes. The four possible
Ww’s are related by

HZ7Z Hrt
Ky MKy

HZZ — , Hrt'
HFE wg'"

This constraint adds additional sensitivity to the result.

The are shown in Fig.5.16, separately and also combined with the ones from
H — VV — 4{. The red curves here are equivalent to the ones in Fig.5.9.
Because the Tt process has no decay information, it contains only the narrow,
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shallow minimum i6n the center, but levels off after that. Sensitivity to small
anomalous couplings comes from both final states, while additional sensitivity for
large anomalous couplings is contributed by the H — VV — 4/ decay.

5.6 Multiple Anomalous Couplings

As a natural extension of the search for anomalous couplings, we search for more
than one at a time [34], reducing the model dependence of our measurement.
Measuring more anomalous couplings also makes it possible to translate between
the amplitude parameterization in Eq. (4.1) and other parameterizations. Because
Eq. (4.1) contains all Lorentz-invariant terms up to O (qz), any other parameteri-
zation to the same order can only differ by including a linear combination of our
couplings. Therefore, a fit for all couplings at the same time can be translated into
any other parameterization with no loss of information.

In this analysis, the categorization is modified from the one in Sect. 5.2. Because
we search for all couplings at once, the VBF and VH categories use MELA
discriminants for the SM and all anomalous couplings instead of just one at a time. A
boosted category is adopted, similar to the one in Sect. 5.5, and two other categories
sensitive to the VBF and VH yield are added. This increases the sensitivity by adding
additional constraints that prevent the fit from sending py to 0 when anomalous
couplings are large. The categorization is defined as follows:

¢ The VBF-2jet-tagged category requires exactly four leptons, either two or three
jets of which at most one is b-quark flavor-tagged, or more if none are b-tagged

jets, and D;geBtF > 0.5 using either the SM or any of the four BSM signal
hypotheses for the VBF production.

e The VH-hadronic-tagged category requires exactly four leptons, either two or

three jets, or more if none are b-tagged jets, and D;;g = max (Dgg, D%g) >
0.5 using either the SM or any of the four BSM signal hypotheses for the VH
production.

e The VH-Ileptonic-tagged category requires no more than three jets and no b-
tagged jets and exactly one additional lepton or pair of opposite-sign-same-flavor
leptons. In addition, events with no jets and at least one additional lepton are
included in this category.

e The VBF-ljet-tagged category requires exactly 4 leptons, exactly 1 jet, and
D}ggl: > (.7. This discriminant is calculated using the SM hypothesis for the
VBEF production.

¢ The Boosted category requires exactly 4 leptons, three or fewer jets, or more if
none are b-tagged jets, and the transverse momentum of the four-lepton system
pr > 120 GeV

¢ The Untagged category consists of the remaining events.
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events with at least two reconstructed jets are shown, and the requirement Dyxg > 0.7, where Dykg
is calculated using decay information only, is applied in order to enhance the signal contribution
over the background. The VBF (b) and VH (c) signal under the SM and the four pure anomalous
hypotheses, as described in the legend (a), is enhanced in the region above 0.5, indicated with the
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The category discriminants, defined as the maximum of the individual discrimi-
nants for the SM and anomalous hypotheses, are shown in Fig. 5.17.

Fitting for more than one anomalous coupling at the same time essentially
involves the same procedure as fitting for only one. Three additional complications
arise:

1. To distinguish between several different hypotheses, more discriminants
(Sect. 4.6.2) are needed.

2. As the number of couplings grows, the number of interference terms grows even
faster.

3. The multidimensional fit naturally grows more complicated when there are
more dimensions, especially when there are correlations between the different
parameters of the fit.

In the most general case, there can be 13 parameters: aj, a2, a3, and A for ZZ
and WW; a», a3, and A for Zy; and a; and a3 for y y. For this analysis, in addition
to the Standard Model coupling a;, we search for four anomalous couplings at the
same time: as, a3, A1, and Alzy. As in the fits previously described, we assume that
a?? = a}VV = ;. The difficulties listed above prove to be surmountable for this fit.
This procedure could be extended to search for even more couplings at a time, but
the difficulties grow quickly with the number of couplings, and I will give examples
for the most general case where they are relevant.
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5.6.1 Multiparameter Discriminant

To distinguish between background, Standard Model signal, and four anomalous
tensor structures, we use seven discriminants: Dykg, Do—, Don+» D1, Dill/, Dcp,
and Djy;. For each of the untagged, VBF tagged, and VH tagged categories, the
first five discriminants are calculated for decay, VBF + decay, and VH + decay,
respectively, and the last two are calculated for decay, VBF, and VH respectively,
exactly as in the earlier analyses. We use three bins for each of the first five
discriminants and two bins for the last two.

There is a high degree of correlation between these discriminants. The most
extreme case is in the untagged category, where the discriminants are calculated
using decay information only. As described in Sect. 4.6.2, the last six discriminants
are calculated based on only five parameters: 01, 62, ®, my, and mj. (Dpyg also
contains information from my4y, 6%, and ®1.) In the limit of an infinite number of
bins, one of these discriminants is redundant. With a finite number of bins, and
especially with only two or three bins as we use, each discriminant provides some
information, but the correlations mean that many bins are empty. The same is true
in the VBF and VH tagged categories, even though more observables go into those
discriminants.

Because this analysis uses only two bins for D¢ p, these bins can be populated
with no loss of statistics, as mentioned in Sect. 5.5. Dy, uses more observables and
is also less correlated with the other discriminants. We therefore first look at the
distribution of the remaining five discriminants. This five-dimensional distribution
contains 3* x 2 = 162 bins. For each category, around half of these bins
contain almost no events for any signal or background process. To avoid statistical
fluctuations while keeping all events as part of the measurement, all of those bins
are merged into a single bin. The unrolled five-dimensional distribution contains
about 80 bins taken from the original five-dimensional distribution, plus one bin
that covers all of the remaining original bins.

Once the bins to be merged are identified, the final distribution to be used in
the analysis contains three dimensions: Dy, in three bins, Dcp in two bins, and
the distribution described in the previous paragraph. It contains around 480 bins;
however, as in Sect. 5.5, only half of that number are statistically independent due
to the symmetry of Dcp.

In the three new categories, boosted, VBF-1jet-tagged, and VH-leptonic-tagged,
we use pr and Dy, similar to the boosted category in Sect. 5.5.

Figures 5.18, 5.19, 5.20, and 5.21 shows distributions of the discriminants used
for the analysis.
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Fig. 5.18 The distributions of events in the observables X in the HVV analysis. The top row shows
Dykg in the VBF-2jet-tagged (left), VH-hadronic-tagged (middle), and untagged (right) categories.
The rest of the distributions are shown with the requirement Dypkz > 0.7(0.2) in the untagged
(VBF-2jet- and VH-hadronic-tagged) categories in order to enhance the signal over background
contributions. The middle row shows Dy_ in the corresponding three categories. The bottom row
shows Dcp in the corresponding three categories. Observed data, background expectation, and
five signal models are shown on the plots as indicated in the legend in Fig.5.17a. In several cases
a sixth signal model with a mixture of the SM and BSM couplings is shown and is indicated in the
legend explicitly [34]

5.6.2 Template Parameterization

The primary difficulty of the multiparameter analysis is the number of templates, or
histograms, needed to parameterize the probability distribution grows quickly with
number of couplings. For processes with a single HVV vertex, such as gg - H —
77, the probability distribution is
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Fig. 5.19 The distributions of events in the observables X in the HVV analysis. The distributions
are shown with the requirement Dpgg > 0.7(0.2) in the untagged (VBF-2jet- and VH-hadronic-
tagged) categories in order to enhance the signal over background contributions. The top row shows
Don+ in the corresponding three categories. The bottom row shows Djy in the corresponding three
categories. Observed data, background expectation, and five signal models are shown on the plots
as indicated in the legend in Fig. 5.17a. In several cases a sixth signal model with a mixture of the
SM and BSM couplings is shown and is indicated in the legend explicitly [34]

2

P(a;, Q) ~ iaiAi (52) , (5.12)

i=1

where € is the observables, A; is the amplitude corresponding to the coupling a; and
N is the number of couplings in the fit, including the Standard Model coupling a;.
When multiplied out, assuming the couplings are real, the probability distribution

contains (V*77") terms that look like a;a; T;; (2), where Tj; (52) is a product of
amplitudes and is parameterized by a template. In the four-anomalous-coupling fit
described here, this number is 15. In the most general case with 13 parameters, we
have (9+§_1) = 45 terms, because the WW couplings do not contribute to the 4¢
decay.

The number of templates grows significantly faster when we consider a process
with two HV'V vertices, such as VH or VBF production. In this case, the probability

distribution is
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Fig. 5.20 The distributions of events in the observables X in the HVV analysis. The distributions
are shown with the requirement Dpgg > 0.7(0.2) in the untagged (VBF-2jet- and VH-hadronic-
tagged) categories in order to enhance the signal over background contributions. The top row shows
Dy in the corresponding three categories. The bottom row shows DIZ\T in the corresponding three
categories. Observed data, background expectation, and five signal models are shown on the plots
as indicated in the legend in Fig. 5.17a. In several cases a sixth signal model with a mixture of the
SM and BSM couplings is shown and is indicated in the legend explicitly [34]

N N 2

B _AVBF (& iflecay* 7 ]
P(a;, @) ;[a,Al (Q)];[a AP ()] (5.13)

which multiplies out to (5 +j_1) = 70 terms in our four-anomalous-coupling fit.

Each term looks like a;ajara;T;ju (é) and is again represented by a template.

The fully general fit with 13 parameters contains 1605 terms for VBF. This number
comes from a sum of binomial coefficients to address the fact that VBF production
includes WW couplings and 4£ decay does not.

The number of templates is increased further because a separate parameterization
is needed for each of the categories and lepton flavor combinations. All told, several
thousand templates are needed for the four-parameter fit, and an order of magnitude
more would be needed for the fully general case.
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Fig. 5.21 The distributions of events in the observables X in the HVV analysis. The top row shows
Dekg in the boosted (left), VBF-1jet-tagged (middle), and VH-leptonic-tagged (right) categories.
The bottom row shows p‘}e in the corresponding three categories. The p‘}z distributions are shown
with the requirement Dpgg > 0.7 in order to enhance the signal over background contributions.
Observed data, background expectation, and five signal models are shown on the plots as indicated
in the legend in Fig. 5.17a [34]

5.6.2.1 Avoiding Statistical Fluctuations

An important consideration is avoiding statistical fluctuations in the templates. Most
people find it impossible to visualize a seven-dimensional distribution, and it is
even more impossible to visualize thousands of seven-dimensional distributions, so
visual sanity checks are not feasible. One simple check is to change the binning—
for example, remove both the background contribution and Dygg. This does not
appreciably change the expected limits, indicating that statistical fluctuations are
small enough that they do not impact the results.

However, one type of statistical fluctuation is particularly dangerous. If an
interference term fluctuates up in a particular bin and a pure term fluctuates down, it
is possible that, for a particular combination of the parameters, the total probability
parameterization is negative. This is physical and mathematical nonsense, and it
causes the fit to fail. A safeguard is needed to avoid this behavior.

To populate the templates, we use the following algorithm, separately for each
bin: for each template a, we obtain an estimate of the bin’s content by reweighting,
as described in Sect. 4.6.1, from each of the generated samples b: x;p, £ 8x4p. TO
simplify the computation, we need to approximate the weighted Poisson distribution
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as a Gaussian distribution, where the error is the square root of the sum of weights
squared.

Errors on a Poisson count are notoriously difficult to estimate when few statistics
are available, as is the case in several of the bins. However, in our case we have
a way of determining when an error estimate is too small and correcting for it:
if sample b has zero or few events in a particular bin, we look at the better- or
similarly-populated samples b’ and inflate 8x,p t0 8x4p.

Finally, we estimate the final bin content y,. For reasons that will be made clear
below, we do this at the same time for all a by parameterizing the likelihood of
a particular set of bin contents y. In principle, this is a multidimensional Poisson
distributions, including the correlations among these dimensions because the same
samples are used to produce those events. However, to simplify the math and
computation time, we approximate it as an uncorrelated Gaussian distribution:

2
2L =Y (%) (5.14)

a,b

In this form, maximizing the likelihood, or minimizing Eq. (5.14), is simple, as it is
just a sum of quadratics. This gives us the first estimate of y.
The next step is to check whether this estimate is feasible, i.e., that the probability
for an event to fall in the bin remains positive for all possible values of the couplings.
Determining whether the probability parameterization can ever go negative for a
particular y is a complicated undertaking and requires a section of its own.

5.6.2.2 Detecting Negative Probability

In this section, it is necessary to make the relationship between the templates explicit
instead of just enumerating them. Therefore, I will expand the index a of the
previous section into ij or ijkl from Eqgs.(5.12) and (5.13). I will first describe
the simplest case, gluon fusion with a single anomalous coupling, and progress to
the most complicated, VBF with multiple anomalous couplings.

For gluon fusion with a single parameter, there are only three templates, with bin
contents yi1, y12, and yz». Equation (5.12) expands into

P(ai, Q) ~ aiyi + a1axyi + a3yn, (5.15)
which is always positive as long as

yi1 >0
yiz >0 (5.16)
‘ylz (Q)‘ <2yuyz
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With multiple parameters, the criteria for the gluon fusion probability density to
always be positive are similarly

yii >0

- (5.17)
o (2)] <2y

foralli # j.
The VBF probability density is more complicated. With a single parameter,
Eq. (5.13) expands into

P(a;, Q) ~alyin +aiayin +ala3yin + aia3yin +asynn.  (5.18)

To ensure that this is always positive, we first ensure that y;111 and yy22, are positive.
Then, we set a; = 1 (or, equivalently, divide through by a‘f) to obtain a quartic
polynomial f (ay). We differentiate, obtaining a cubic polynomial f’(az), and find
its 1, 2, or 3 real zeros z; using the cubic formula. We then plug those zeros into the
original quartic polynomial and find the smallest f(z;). This is the minimum of the
quartic polynomial. The criteria for y to be reasonable are

yiiir >0
Y2222 > 0 (5.19)
min (f (z;)) > 0
l

The most complicated case is VBF with multiple parameters. Unlike in gluon
fusion, there are terms with up to four different couplings, which means that there
is no way to decouple the interference terms between different couplings, as we
did in the case of gluon fusion. We end up with a multivariate quartic polynomial,
Zi,j,k,l Yijkiaiajaga;, which is similar to Eq. (5.18) but with more terms (70, where
there are four anomalous couplings). In theory, the strategy for minimizing this is
the same as in the one-parameter case: set a; = 1 to obtain a quartic polynomial
f (az,...), find the gradient V f by differentiating with respect to each of the rest
of the parameters, solve V f = 0, find the value of f(aa,...) at each of the real
solutions, and take the smallest.

_ Practically, the difficult part of this is solving the system of cubic equations
V f = 0. Solving simultaneous polynomial equations in general is a complicated
task.

Extensive discussion of algebraic approaches to this problem can be found
in [35]. One approach is to find what is known as a Grobner basis by means
of Buchberger’s algorithm [36]. In practical terms, a Grobner basis is a set of
polynomials that have the same solutions as the original ones, but with particular
mathematical properties, with the result that they can be more easily solved. Grobner
bases in general are unstable with respect to small changes in the coefficients and
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are therefore only practical when working with integer or small rational coefficients.
The algorithm in [37] produces modified Grobner bases that are stable for floating
point numbers, with control over the size of the deviation from the real Grobner
basis for the system. Unfortunately, the efficiency of running this algorithm is highly
sensitive to the chosen order of terms in the polynomial; when a “bad” order is
chosen, it runs for many minutes and produces several gigabytes of output before
converging. In our case, we need to solve hundreds of systems of cubic polynomials.
Determining the best order by trial and error is too slow, and there is no obvious
structure to the coefficients that would help to determine an order. This approach is
therefore not feasible for our application.

Another method for solving polynomial equations is known as homotopy
continuation, described in [38]. This method is analytical rather than algebraic. It
starts with a similar system of polynomials with known solutions, such as x;’ -1=0
for however many i’s are needed. It then continuously transforms the system,
tracking the solutions in the complex space, until it reaches the one we want to
solve. We use the Hom4PS program [39, 40] for this. The efficiency of running
homotopy continuation is simplified by the fact that because our polynomials have
random coefficients, they are unlikely to have degenerate roots or solutions where
one of the variables is zero, cases which require special treatment. Hom4PS takes
about half a second to solve the system of four cubic polynomials needed for the
four-parameter fit.

At Infinity

The multidimensional case has a further complication: the polynomial can be
negative at infinity. For the single parameter case in Eq.(5.22), bad behavior at
infinity can be avoided by just requiring that the pure terms yi111 and yzppo are
positive. For the multidimensional case, instead of two points, we have a sphere at
infinity and have to avoid negative behavior anywhere around this sphere.

Written explicitly in an example with two anomalous couplings, the polynomial
under consideration looks like

2
faz, a3) =y1111 + y1112a2 + y1113a3 + y1122a5 + y1123a2a3
2 3 2 2 3 5.20
+y1133a3 + Y122205 + y1223a5a3 + y1233a2a5 + ¥133303 (5.20)
4 3 22 3 4
+y2200a, + y222305a3 + 223305035 + y2333a2a3 + ¥333343

On the sphere at infinity, the terms with degree 3 dominate, giving
f(ar, a3) & yomas + yasasas + ynxaszas + y33aaa; + yunaas (521
We can then apply the same strategy as before: let a; = 1 and minimize this

polynomial. If it is ever negative, at a, = 1, a3 = «, then the original polynomial is
also negative at a, = ¢, a3 = ca when c is large enough. We also have to look at the
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infinite points of this smaller polynomial. In this case, that just means ensuring that
3333 > 0; with more couplings, it is necessary to recursively find and minimize a
boundary polynomial.

5.6.2.3 Avoiding Negative Probability

Now that we have a procedure to detect when negative probability can occur, we can
construct the templates in a way that avoids it. This is accomplished by minimizing
Eq. (5.14) subject to the constraint that the probability is always positive. This
constraint involves all elements of ¥, and so it is necessary to do a multidimensional
minimization for all a at the same time.

To do this minimization, we use the cutting planes method for convex minimiza-
tion [41] . This method relies on the fact that both the equation to be minimized and
the region over which it is minimized are convex. Equation (5.14) is convex simply
because it is a sum of independent, one-dimensional quadratics, each of which is
convex in its own dimension. The fact that the constraint region is convex is less
obvious. Written explicitly for the four-parameter VBF fit, the set of allowed ¥ is:

yeR®VaeR*: Y yijuaiajaa > 0 (5.22)
i,j,k,1

A set is convex if, given two points ¥; and y; inside it, any point on the line between
them also lies inside the set. Equation (5.22) can be viewed as an infinite set of
individual constraints, each of which, despite being a complicated function of a,
is linear in y. Each of these linear constraints is convex, and therefore, so is their
intersection. Intuitively, because the quartic polynomials defined by ¥ » are always
positive, as the polynomial moves linearly from one to the other, it remains always
positive.

The cutting planes method works in iterations. First, we minimize Eq. (5.14)
unconstrained, which is easy to do because it is a sum of independent quadratics,
obtaining a solution y;. If this solution satisfies the constraint, there is nothing more
to do. If not, we find a particular set of couplings @ where the polynomial is negative,
and choose the linear constraint defined by those couplings from Eq. (5.22). Then
we minimize Eq. (5.14) again, using this linear constraint. The process continues,
with more and more linear constraints, until eventually the minimization converges
to a point that satisfies Eq. (5.22).

This procedure works because minimizing a sum of quadratics subject to a set
of linear constraints is significantly easier than minimizing it subject to an arbitrary
constraint. We use the CVXPY package [42, 43] interfaced to Gurobi [44] in each
iteration.
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Numerical Stability

Several mathematical tricks are used to make the minimization work better.

Scaling the Couplings

For effective numerical minimization, it is important that the relevant scales not
diverge over too many orders of magnitude; instead, all numbers involved should be
as close as possible to 1. A simple approach would be to scale each term of Eq. (5.14)
by a factor kg, which would be set so that the coefficient of each quadratic term is 1
and then divide the resulting y, by k, to get the final bin content. This would work
perfectly well in the first iteration of the minimization. However, because these k,
do not relate to the structure of the polynomial in Eq. (5.22), we would also have
to use y,/k, in finding the minimum of this polynomial, and the linear constraints
defined by this minimum would still have large numbers. This procedure only moves
the large numbers from one place to another in the fit without solving the underlying
problem.

Instead, we compute k, = k; ji; in a correlated way across all coefficients in a way
that leaves the constraint unchanged. We accomplish this by noting that Eq. (5.22)
can be rewritten, for any positive i, as

R N a; aj ai aj
y € Rz € Z (yl]kzlcl/c]ick/q)—l—]—— >0 (5.23)
Ki Kj Kk K|
i,j,k,l
={5eRPva eR*: Z (vijrikik jkek)aiajaga; > 0 ¢ . (5.24)
i,j.k,1

In other words, we can pick any five «’s, one for each coupling, and set k;ji; =
Kik jKky. We find the optimal «’s to use by minimizing Zijkl log2 (Kik jKEKT i kD)
for the known coefficients y;j;. By this procedure, the final coefficients that go into
the fit are typically in the 10~2~10? range, which Gurobi is able to handle without a
problem.

Finding “Divergent” Minima

When Hom4PS tracks the solutions of a multidimensional polynomial, sometimes
one of the solutions moves away to infinity. In that case, Hom4PS calls the solution
“divergent.” Divergent solutions usually result from some kind of special structure
in the coefficients. In our case, the coefficients are random, and so there is almost
never any such structure.

However, one possibility occasionally does give rise to a divergent solution. In
later iterations of the cutting plane procedure, the successive linear constraints try to
eliminate negative probability by pushing the coefficients in a particular direction.
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Sometimes, the result is that a negative minimum of the original polynomial gets
pushed away towards infinity. If it actually reaches infinity, then it will be detected
when minimizing the boundary polynomial, as described above. However, if it
reaches large but finite values of the variables, Hom4PS may give up and report
the solution as divergent anyway.

Empirically, this happens occasionally and is much more likely than unlucky
values of the coefficients giving a divergent complex solution or a divergent
real solution that corresponds to a maximum of the probability. Therefore, when
Hom4PS reports a divergent solution, we have to take this warning seriously and
identify it.

When a false divergent solution is present, it can be made finite by “inverting” the
system of polynomials. First, we introduce a variable o and homogenize the cubic
polynomials by multiplying each term by a power of « so that it has degree 3. The
system is now underconstrained: it has one more variable than it does equations. We
then choose numbers B and add a linear equation

Bo+ D Biai + Pux =0

to the system and solve with Hom4PS. Each solution (o, @) of the new system of
polynomials corresponds to a solution @/« of the original system.

A false divergent solution corresponds to large values of a/o: large enough that
Hom4PS gave up on tracking these values. The trick here is to choose ,5 in such a
way that d is not that large, meaning that & will be very small. In general, choosing
the correct B is difficult. In our case, we have a handle on the correct values. As
already noted, the divergent solution most likely (1) is real and (2) corresponds
to a minimum. That being the case, if it had made it all the way to infinity, it
would correspond to a minimum of the boundary polynomial. Even though the false
minimum apparently did not go all the way to infinity, we expect it to be near a
minimum of the boundary polynomial. Therefore, we can look at those minima
and choose B such that Zi Bia; = 0 at one of them. (B is arbitrary because it
corresponds to a common rescaling of @ and «; 8, is arbitrary because it corresponds
to a rescaling of «.)

We can note here that « is essentially taking the place of aj, which we set
to 1 earlier in the process. An actual divergent minimum would indicate that our
probability goes negative when a; = 0 for some values of the other couplings. A
false divergent minimum means that the probability goes negative at some point
with small a;. By introducing o, we reintroduce a;. The linear equation gives us an
estimate of the values of the couplings at the target minimum.

Permuting the Order of Variables

As mentioned earlier, the first step in finding whether the original homogeneous
polynomial (Eq. (5.18) in the one-dimensional case) goes negative was to seta; = 1.
This was an arbitrary choice; we could instead have set ap = 1. This choice of
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Fig. 5.22 Plots of f
f(a1) = a} — 1 (blue) and r
flax)=1-— a§ (orange).

These polynomials are both 5¢
obtained from the same [
homogeneous polynomial
flai, a) = a} — a3 by ‘
setting one of the couplingsto ~ —,— 7~ I N I
1, but the places where the

resulting polynomials have

negative values are different

which variable to remove does not affect whether the resulting polynomial ever
goes negative, but it does affect the numerical value of the constraints. For a simple
example, we can take the polynomial f(a) = af — ag . If we instead set a; = 1, this
has a minimum of f(0) = —1. If we instead set a; = 1, it has no minimum, but
limg,— +o0 = —00. These are both illustrated in Fig. 5.22.

In the one parameter case, this difference is negligible. When there are multiple
parameters, some choices of which variable to remove result in large numbers in the
cutting plane constraint, causing the fit to fail. The multiparameter case is also more
complicated because, when looking at the behavior around the sphere at infinity,
we set more variables to 1. The order in which we apply this procedure affects the
numerical stability of the fit.

As long as the default procedure performs well, we ignore the potential numerical
problems. If Hom4PS finds “failed paths”, meaning that it loses track of one of the
minima during the transformation process, we try different orders of variables until
one succeeds. Similarly, when Gurobi fails for numerical reasons, we restart the
cutting plane procedure. This time, when we search for negative probability in each
iteration of the cutting plane method, we try every possible order of variables to
remove, skipping variable orders that give divergent or failed results in Hom4PS.
We choose the linear constraint that has the smallest spread in numerical values of
the coefficients. In addition, we optimally look for linear constraints that involve as
many as possible of the coefficients, because in our application constraints involving
only a few coefficients tend to cause the cutting plane algorithm to converge slowly.
This procedure is only used when necessary because each iteration is much slower
than in the default procedure; however, in practice it is only needed for a few bins,
so it does not significantly slow down the overall process.
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Fig. 5.23 Expected (dashed) and observed (solid) likelihood scans for the effective fractions (a)

faz> (B) fu2, (©) fa1, and (d) ff{ from VBF and VH production and H — ZZ — 4¢ decay
information from four-lepton events, with all other anomalous couplings either fixed to O or floated
[34]

5.6.3 Results

The results of the multiparameter HVV anomalous couplings analysis are shown in
Fig.5.23.

The blue scans in Fig. 5.23 are similar to the ones in Fig. 5.9. There are two major
differences:

* The amount of data collected is increased. The previous scans used data from
2016 and 2017, and these add the data collected in 2018.
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» This analysis uses additional categories, improving the sensitivity to anomalous
couplings in VBF and VH production in particular.

Due to these improvements, we expect to exclude small anomalous couplings at
95% CL.

The red scans float the other anomalous couplings. The differences between red
and blue are primarily at large values of the anomalous couplings, indicating that
while the anomalous coupling parameters are correlated—in some cases highly
correlated—in decay, VBF and VH production do not show these correlations,
and the exclusion is about the same whether or not we float the other anomalous
couplings. This is due to the fact that, as described in Sect.4.4 and shown in
Fig.4.10, the SM is an extreme point in the parameter space with many events at
low q‘z,. The anomalous couplings all show an enhancement at high q‘z,, and no
correlation or interference effect will remove this enhancement. If the true minimum
was at nonzero f,;, we would expect to see a larger difference between the blue and
red curves, because a\gBF = 0.1 and fa\gBF = 0.1, for example, look similar in their
¢ spectrum. Discrimination would still be available from the angles, but would be
less sensitive.

The two curves meet at f,; = %1, by definition: if f,; = 1, then all other fy;
must be 0.

When we look at the observed results from data, the blue curves look
similar to the expectation. However, when all four anomalous couplings are
allowed to float independently, the best fit values are (f,3, fa2, fal, ff’f) =
(£0.01, —0.29, 0.13, —0.06), where the two minima at positive and negative values
of f,3 are degenerate. These global minima are driven by the decay information
from H — ZZ — 4¢ and is only slightly preferred to the local minimum at
(0,0,0,0), with a difference in —21n (£) of 0.1 between the SM value and the
global minima. The local minimum at (0,0, 0,0) is still evident in the four-
dimensional distribution and its projections on each parameter, and is driven by
the production information, as discussed above for the fits with one parameter.
Due to this statistical fluctuation in the observed data when the —2In (£) minima
obtained from the decay and from the production kinematics differ, the observed
constraints appear weaker than expected. The results are still statistically consistent
with the SM and with the expected constraints in the SM.

Figure 5.24 shows the two-dimensional likelihood scans from this analysis.

5.6.3.1 EFT Relations with SU(2) x U (1) Symmetry

These studies repeated using the SU(2)xU(1) symmetry in Eqgs. (4.9) to (4.13).
In this case, the fﬂ/ parameter is not independent and can be derived following
Eq. (4.13). Therefore, constraints on the three parameters f;3, fs2, fa1, and the
signal strength are obtained in this scenario following the same approach as above.
These constraints are shown in Fig. 5.25.
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Fig. 5.24 Observed two-dimensional likelihood scans of the four coupling parameters f;3, fu2,

fa1, and ffi’ In each case, the other two anomalous couplings along with the signal strength
parameters have been left unconstrained. The 68% and 95% CL regions are presented as contours
with dashed and solid black lines, respectively. The best fit values and the SM expectations are
indicated by markers

Since the relationship of the HWW and HZZ couplings does not affect the
measurement of the f,3 parameter in the H — 4¢ decay, the constraints from
the decay information in the wider range of f,3 in Approach 2 are unaffected
compared to Approach 1, when other couplings are fixed to zero. However, with
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Fig. 5.25 Observed (solid) and expected (dashed) likelihood scans of f,3 (top left), f;2 (top right),
and fa; (bottom) with the EFT relationship of couplings set in Egs. (4.9) to (4.13). The results
are shown for each coupling separately with the other anomalous coupling fractions either set to
zero or left unconstrained in the fit. In all cases, the signal strength parameters have been left
unconstrained. The dashed horizontal lines show the 68 and 95% CL regions

one less parameter to float, the constraints are modified somewhat when all other
couplings are left unconstrained. The modified relationship between the HWW and
HZZ couplings also leads to some modification of constraints using production
information in the narrow range of f;3. On the other hand, the f,» and fa1
parameters are modified substantially because the fﬁ/ information gets absorbed
into these measurements.

The measurement of the signal strength py and the f,3, f42, and fa| parameters
can be re-interpreted in terms of the 8c;, ¢;;, ¢,, and ¢;; coupling strength
parameters. Observed one- and two-dimensional constraints from a simultaneous
fit of EFT parameters are shown in Figs. 5.26 and 5.27. The cg, and ¢, couplings
are left unconstrained.
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Fig. 5.26 Observed (solid) and expected (dashed) constraints from a simultaneous fit of EFT
parameters 8c; (top-left), c . (top-right), ¢, (bottom-left), and ¢, (bottom-right) with the cg,
and Cgg couplings left unconstrained

5.7 Hff Anomalous Couplings

This section will describe the first search for anomalous couplings in Hff. As
described in Sect.4.4.2, there is only one anomalous Hff coupling, «, and it can
be measured either through gluon fusion with 2 associated jets or through ttH
production. This analysis uses both.

Events are divided into seven categories, similar to the ones in Sect. 5.6:

e The VBF-2jet-tagged category requires exactly four leptons, either two or three
jets of which at most one is b-quark flavor-tagged, or more if none are b-tagged

jets, and DYBF > 0.5 using the SM hypothesis.

2jet
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Fig. 5.27 Observed two-dimensional constraints from a simultaneous fit of EFT parameters dc¢;,
€2z, ¢, and ¢, with the cgg and Cgy couplings left unconstrained

e The VH-hadronic-tagged category requires exactly four leptons, either two or

2jet 2jet > 7 2jet
0.5 using the SM hypothesis for the VH production.
e The VH-Ileptonic-tagged category requires no more than three jets and no b-
tagged jets and exactly one additional lepton or pair of opposite-sign-same-flavor

three jets, or more if none are b-tagged jets, and DY = max (DWH DZH> >
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leptons. In addition, events with no jets and at least one additional lepton are
included in this category.

 The ttH-hadronic-tagged category requires at least 4 jets of which at least 1 is
b-tagged and no additional leptons;

* The ttH-leptonic-tagged category requires at least 1 additional lepton in the event;

e The VBF-ljet-tagged category requires exactly 4 leptons, exactly 1 jet, and
DXgF > (.7. This discriminant is calculated using the SM hypothesis for the
VBF production.

¢ The Untagged category consists of the remaining events.

The categories directly used for anomalous couplings are the two categories that
target ttH production and the VBF-2jet-tagged category. Although the primary focus
is gluon fusion rather than VBFE, the gluon fusion events most sensitive to anomalous
couplings are the ones that look like VBF events with gluons instead of Z or W
bosons. Those are the ones most likely to be in the VBF-2jet-tagged category. The
other categories are used to control yields of VBF, VH, and gluon fusion production,
and the only observable used in those categories is Dyyg.

In the VBF-2jet-tagged category, the observables used are Dyyg to separate
signal from background; DYBF, which separates gluon fusion from VBF (using

2jet *
only the region from 0.5 to 1, since smaller values of D;’ BF

this category); Dg% ; and D%gP . The probabilities for the Dgg_ discriminant are
calculated assuming that the initial state particles are quarks, not gluons, because
this initial state is most likely to produce the VBF-like topology sensitive to
anomalous couplings.

In the ttH category, because of the neutrinos present in leptonic decays and large
number of jets, with possible permutations, present in hadronic decays, direct use
of matrix elements is difficult. We therefore use machine learning, as described in
Sect. 4.6.2.2, to construct a Dp_ discriminant. It is possible to construct a Dcp
discriminant as well using the techniques described there, but this discriminant loses
its sensitivity for ttH when, as in our case, we do not have a way to know the jet
flavors and signs.

The discriminants used for this analysis are shown in Fig. 5.28.

are excluded from

5.7.1 ggH Results

The results for the ggH analysis are shown in Fig.5.29. The observed constraint
in the fag3gH measurement appears to prefer close to the maximum mixture of the
CP-odd and CP-even amplitudes with the negative relative sign, with the best fit
value at f5 et _ _0.68. The D%%,H and Dgg distributions in Fig. 5.28 both indicate
a preference for about equal contrlbutlon of CP-odd and CP-even amplitudes, but
are still consistent with the SM expectation of the pure CP-even contribution. This

result is statistically consistent with f ag3gH = 0, as expected in the SM, at 1.3 0. The
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Fig. 5.28 The distributions of events in the observables ¥ in the Hff anomalous couplings analysis.
The top row shows three of the discriminants used in the VBF-2jet-tagged category: Dpkg, Do,
and D¢ p. The bottom row shows the observables used in the ttH categories: Dypkg and Do [34]

significance of separation of the maximal mixture with the positive relative sign

( fffH ~ 40.5) is larger because this scenario would lead to the opposite forward-

backward asymmetry in the DE%H discriminant distribution shown in Fig. 5.28 for
e~ 05,

These two parameters f3gH and pgey are equivalent to the measurement of the
CP-even and CP-odd couplings on the production side, while the HVV couplings on
the decay side are constrained from the simultaneous measurement of the VBF and
VH processes with f,3 and py profiled. The c,, and ¢4, couplings, introduced
in Eq.(4.8), can be extracted from the above measurements. We follow the
parameterization of the cross section and the total width from [19]. In the total width
parameterization, we assume that there are no unobserved or undetected H boson
decays. We also assume that fermion couplings Hff are not affected by possible new
physics. We allow variation of the HVV and effective Hgg couplings. The former
are scaled with the 1y parameter, and the latter are parameterized with cg, and C,y,
which describe both SM and BSM contributions to the gluon fusion loop. The small
contribution of the H — yy and Zy decays to the total width is assumed to be
SM-like. The resulting constraints are shown in Fig. 5.29. The pure signal strength
measurement [LggH, available even without the fit for f, ang, provides constraint on
(cég + Eég), which is a ring on a two-parameter plane in Fig. 5.29. The measurement

of fag3gH resolves the area within this ring. The H boson width dependence on
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Fig. 5.29 Constraints on the anomalous H boson couplings to gluons in the ggH process using the
H — 4¢ decay. (a) Observed (solid) and expected (dashed) likelihood scans of the CP-sensitive

parameter f agng. The dashed horizontal lines show 68 and 95% CL. (b) Observed confidence level

intervals on the cge and Cgq couplings reinterpreted from the fngH and ptggy measurement with
fa3 and py profiled. The dashed and solid lines show the 68% and 95% CL exclusion regions in
two dimensions, respectively [34]

cgg and Cg, is relatively weak and does not alter this logic considerably. The
results are consistent with the SM expectation of (cgg, Cgg) = (0.0084,0) at 1.15.
The correlation between the two parameters is +0.980. There is a degeneracy in
the measurement between any two points (Cgg, Cgg) and (—cgg, Cgg), as there is no
observable information to resolve this ambiguity.

5.7.2 ttH Results

Figure 5.30 presents the measurement of anomalous couplings of the H boson to
top quarks First, the measurements of fé{g from the ttH process only are reported.
The signal strength iy, which is the ratio of the measured cross section of the ttH

process to that expected in the SM, is profiled when the fé{g results are reported. The

measured value of gy = 0.22f8:§g is consistent with that reported in [4] without

the fit for CP structure of interactions. The correlation between the two parameters is
—0.029. The signal strength of the VBF and VH processes v, ggH process ptgeH,
and their CP properties f,3 and fag3gH are also profiled when this measurement is
performed. This ttH analysis is not sensitive to the sign of fgg. However, for later
combination with the ggH measurement, presented above, under the assumption of
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Fig. 5.30 Constraints on the anomalous H boson couplings to top quarks in the ttH process using
the H — 4¢ and yy decays. Left: Observed (solid) and expected (dashed) likelihood scans of
fé{;} in the ttH process in the H — 4¢ (red), yy (black), and combined (blue) channels, where
the combination is done without relating the signal strengths in the two processes. The dashed

horizontal lines show 68 and 95% CL. Right: Observed confidence level intervals on the «; and i

couplings reinterpreted from the fg',‘,t and pgy measurements in the combined fit of the H — 4¢

and yy channels, with the signal strength sy in the two channels related through the couplings
as discussed in text. The dashed and solid lines show the 68 and 95% CL exclusion regions in two
dimensions, respectively

the top quark dominance in the gluon fusion loop, symmetric constraints on fg}}

are reported.

With just about two signal ttH events expected to appear in the fit in the H — 4¢
channel under the assumption of the SM cross section, the expected confidence
levels of the fé{;} constraints are low. Nonetheless, the very clean signature in the
H — 4¢ channel makes any observed event candidate count. The observed best-
fit value corresponds to the pure CP-odd Yukawa coupling. This is consistent with
the negative value of the Dg_H discriminant for the one observed signal-like event
in Fig.5.28. However, this result is statistically consistent with the pure CP-even
Yukawa coupling expected in the SM at 1.50.

CMS recently reported the measurement of the fgg parameter in the ttH
production process with the decay H — yy [45]. In that measurement, the signal
strength ut)% parameter is profiled, while the signal strengths in other production
processes are fixed to the SM expectation. However, there is a very weak correlation
of the measurement in the ttH process with parameters in the other production
mechanisms. We therefore proceed with a combination of the fg}} measurements
in the H — 4¢ and yy channels, where we correlate their common systematic
uncertainties, but not the signal strengths of the processes. In particular, we do not
relate the pgy and ,u:g_; signal strengths because they could be affected differently
by the particles appearing in the loops responsible for the H — yy decay. The
results of this combination are presented in Fig. 5.30. Since the two H boson decay

channels have the opposite best-fit values, the combined result has a somewhat
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smaller confidence level compared to the H — yy channel alone, excluding the
pure pseudoscalar hypothesis at 3.1 o. However, the expected exclusion at 2.6 o
has a higher confidence level than individual channels. Below we also present an
interpretation of these results where the signal strengths in the two H boson decay
channels are related.

In the above measurements, the fé{},t parameter has the same meaning in both
the H — 4¢ and yy channels. However, the signal strength may have different
interpretation due to potentially unknown BSM contributions to the loop in the H —
yy decay. In order to make an EFT coupling interpretation of results, we have to
make a further assumption that no BSM particles contribute to the loop in the H —
yy decay. Without this or a similar assumption, the signal strength in the H — yy
decay cannot be interpreted without ambiguity. We further re-parameterize the cross
section following Ref. [19] with the couplings «; and k¢, and fix kp, = 1 and ik, = 0.
The bottom quark coupling has a very small contribution to the loopinthe H — yy
decay, but it has large contribution to the total decay width, where we assume that
there are no unobserved or undetected H boson decays. In order to simplify the
fit, we do not allow anomalous HVV couplings, and the measurement of the signal
strength _muV constrains the contribution of the a; coupling in the loop. The fag3gH
and pgey parameters are profiled in this fit. The observed confidence level intervals
on the k¢ and & couplings from the combined fit of the H — 4¢ and yy channels
are shown in Fig. 5.30.

5.7.3 Combined Results

The measurement of anomalous couplings of the H boson to top quarks in the ggH
process, assuming top quark dominance in the gluon fusion loop, is presented in
Fig.5.31. Similarly to the case of the H — yy loop discussed above, the cross
section of the ggH process, normalized to the SM expectation, is parameterized
following Ref. [19] to account for CP-odd Yukawa couplings as follows

H
o(eet) _ K2 +2.38%2 (5.25)

OSM

where we set kf = k¢ = kp and K¢ = K¢ = kp. Equation (5.25) sets the relationship

between the fé{g and ag3gH, reported in Fig. 5.29, according to Eq. (4.6).

Constraints on fg}} are also shown with combination of the ggH and ttH
processes with H — 4¢ only and with H — yy included in the combination,
see Fig. 5.31. The gain in this combination of the ggH and ttH processes is beyond
the simple addition of the two constraints. While in the ggH and ttH analyses the
signal strength of the two processes is independent, these could be related under the
assumption of top quark dominance in the loop using Eq. (5.25). As discussed in

Sect. 4.4.2, the CP-odd coupling predicts rather different cross sections in the two
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Fig. 5.31 Constraints on the anomalous H boson couplings to top quarks in the ttH and ggH

processes combined, assuming top quark dominance in the gluon fusion loop, using the H — 4¢

and yy decays. Left: Observed (solid) and expected (dashed) likelihood scans of fCHI‘} in the ggH

process with H — 4¢ (red), ttH and ggH processes combined with H — 4¢ (blue), and in the ttH
and ggH processes with H — 4¢ and the ttH process with ¥y combined (black). Combination is
done by relating the signal strengths in the three processes through the couplings in the loops
in both production and decay, as discussed in the text. The dashed horizontal lines show 68

and 95% CL exclusion. Right: Observed confidence level intervals on the «; and & couplings

reinterpreted from the fg},‘ and signal strength measurements in the fit corresponding to the full

combination of ttH and ggH processes and the H — 4¢ and yy channels in the left plot. The
dashed and solid lines show the 68 and 95% CL exclusion regions in two dimensions, respectively

processes: o (ky = 1)/o (ks = 1) is 2.38 in the gluon fusion process dominated by
the top quark loop and 0.391 in the ttH process. This means that the ratio differs by
a factor of 6.09 for fH% = 1 when compared to SM (ff% = 0). This correlation
enhances the sensitivity in the fgg measurement.

The combination of the H — 4¢ and y y channels in combination of the ggH and
ttH processes proceed in a manner similar. In particular, we do not allow anomalous
HVV couplings, and the measurement of the signal strength py constrains the
contribution of the a; coupling in the H — yy loop. The full combination of the
fé{},‘ results is also shown in Fig. 5.31.

Finally, the re-interpretation of the fgg and signal strength measurements in
terms of constraints on «f and kf shown in Fig.5.31. In this fit, it is assumed
that kf = ky = kp = Kk = Ky and Kf = K = kp = ko = ky in the
fermion coupling contribution to the production processes and in the decay width
parameterization [19]. The measurement of the signal strength py constrains the
contributions of the a; coupling and anomalous HVV couplings are not allowed. It
is assumed that there are no unobserved or undetected H boson decays.
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Chapter 6 ®
Conclusions and Future Directions Check for

This thesis presents several analyses of Higgs boson anomalous couplings. Over
time, these analyses have improved not only by increasing the amount of data, but
also by developing new methods to increase the sensitivity and run more and more
complicated configurations. We have measured anomalous HVV couplings from
both decay and from VBF and VH production in a model independent way that floats
multiple anomalous couplings at the same time, excluded the pure pseudoscalar
hypothesis for Hff couplings at 68% confidence level, and found the width of the
Higgs boson to be nonzero and not more than 2.2 times its Standard Model value at
95% confidence level.

What remains to be done? One obvious next step is to fully utilize all of the
data that we have. Analyses using production information can benefit by looking
at multiple channels at once. The analysis described in Sect.5.5 is a start in this
direction, and similar analyses can be performed in H — yy and H — bb. The
analysis can also be done in H — WW, which is more similar to H — ZZ because it
has an HV'V vertex on the decay side as well. The Hff analysis can also be extended
to these channels and may be able to reach 95% confidence level exclusion, even
with the current data, through a combination of multiple channels.

It is also possible to look at the phase of various couplings to see if it matches
the Standard Model expectation. The offshell region includes interference between
signal and background. Interference in offshell gluon fusion production is sensitive
to the ¢nyi + Puvv, while interference in VBF and VH production is sensitive to
2¢gyv. Other rare processes, such as gg — ZH and tqH, which have not been
observed yet, provide a unique handle on the interference between HVV and Hff
couplings and can be used to measure ¢yvy — ¢n. These phases might be sensitive
to BSM effects.

Run 3 of the LHC will more than double the current dataset, and the HL-LHC,
to be installed starting in 2023, will increase that by a further order of magnitude.
At that point, it is natural to wonder if it is still interesting to search for anomalous
couplings in the Higgs boson decay. After all, VBF and VH dominate for small
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anomalous couplings, and with the increased dataset they will be able to measure
those small anomalous couplings at high confidence level. However, it is possible to
consider further ¢ dependence of anomalous couplings. If anomalous couplings are
produced through loops involving BSM particles (or, for that matter, SM particles
like the top quark), their effect will change on energy scales around the mass of
those particles. If any anomalous couplings are observed, their ¢ dependence will
help to understand what new physics is causing them. The results we have already
seen in Fig. 5.23, with the decay information minimizing away from f;; = 0 when
multiple anomalous couplings are floated, may even be a hint towards this kind of
q* dependence.

Figure 6.1 [1] shows scans of f,; parameters using the MELA approach; a
Simplified Template Cross Section (STXS) approach [2]; and using decay infor-
mation only. These scans are projected to the full planned HL-LHC luminosity of
3000 fb~!. The red curve excludes much smaller values of the anomalous couplings
than the green one, but the two curves probe different ¢ regions and both remain
interesting—especially if the Run 3 data confirms the minimum away from O seen
in the current analysis.

In the absence of q2 dependence, the fits, dominated by production information,
can be reinterpreted as constraints on the EFT parameters defined in Sect.4.4.3.
In these fits, the anomalous couplings are related by the SU(2) x U(l) in

Egs. (4.9)-(4.13), with a2Z )g,yy fixed to 0. Three anomalous couplings are floated,

corresponding to ap, a3, and A, with A?y defined by a linear combination of
those couplings. Expected one- and two-dimensional constraints [1] on the EFT
parameters are shown in Figs. 6.2 and 6.3.

All of the methods described here can be naturally and directly applied to other
Standard Model processes. For example, vector boson scattering is similar to vector
boson fusion, but instead of a Higgs boson, it include various triple or quartic gauge
boson couplings. The final state for this process is two vector bosons, exactly the
same as we investigate here, and matrix element discriminants can be naturally used
in exactly the same way to probe those couplings. Anomalous couplings in those
processes can be as useful in probing new physics as anomalous couplings of the
Higgs boson.

We know physics beyond the Standard Model is out there. It exists in the form
of gravity, dark matter, dark energy, and several other puzzles. The challenge is to
find where that new physics is hiding in Standard Model language. These results
have eliminated several of those possible hiding places and provided methods for
illuminating more.
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Fig. 6.1 Expected constraints from a simultaneous fit of fg4, fg2, fa1, and ffly using associated
production and H — 4¢ decay with 3000 (300) fb~! data. Three analysis scenarios are shown:
using MELA observables with production and decay (or decay only) information, and using STXS
binning. The dashed horizontal lines show the 68 and 95% CL regions [1]
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Fig. 6.2 Expected constraints from a simultaneous fit of éc;, ¢;;, ¢, and ¢;; using associated
production and H — 4¢ decay with 3000 fb~! data. The constraints on each parameter are shown
with the other parameters describing the HV V and H gg couplings profiled. Two analysis scenarios

are shown: using MELA observables and using STXS binning [1]
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Fig. 6.3 Expected two-dimensional constraints from a simultaneous fit of 8¢, c;;, ¢,0, and ¢;; as
shown in Fig. 6.2 for the MELA observables. The constraints on each parameter are shown with
the other parameters describing the HV'V and Hgg couplings profiled. Top-left: (§c;, c;;); top-
middle: (8c;, ¢,0); top-right: (8c;, ¢;;); bottom-left: (c., ¢,7); bottom-middle: (c,;, ¢;;); bottom-
right: (c,0, ¢z2) [1]
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