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Abstract

New Search for Higgs Boson Decay to a Beyond the Standard Model Vector Boson with
the ATLAS Detector

Christian Thomas Martin Weber
2021

This dissertation presents the search for the beyond Standard Model process H — ZZ; —
4/; the decay of a Higgs boson to four leptons via an intermediate Z boson and an interme-
diate beyond Standard Model dark vector boson Z;. The Z; is in this analysis presumed to
exist in a mass range of 15 GeV to 55 GeV, and connect to the Standard Model via kinetic
mixing with the Z boson. Only electrons and muons are considered in the leptonic final
states.

The analysis is based on 139 fb~! of proton-proton collision with a center of mass energy
of /s = 13TeV recorded with the ATLAS detector between 2015 and 2018. Expected
distributions and yields for the main backgrounds are derived from Monte Carlo simulations
of the relevant processes. The estimate of the reducible backgrounds is derived from a
semi-data derived method, where the background distribution is estimated from Monte
Carlo simulations while the yield is estimated from data. The simulation of the ZZ* — 4/
and reducible backgrounds are verified against data events in dedicated validation regions,
whereas the yield of the H — ZZ* — 4/{ background is estimated in-situ along with the
measurement of the H — ZZ; — 4/ cross section limits in the signal region.

The H — ZZ; — 4/ cross section limits are calculated via a profile likelihood fit
that includes a number of nuisance parameters to account for experimental and theoretical
systematic uncertainties. This dissertation puts upper limits on the H — ZZ; — 4{ cross
section between

OH—ZZ4—40 = 0.17fb and OH—ZZ—40 = 0.931b

at 95 % confidence interval, depending on the presumed Z,; mass. Slight excesses in the
observed cross section limits above the expected ones present themselves around Z; masses
of mz, = 20 GeV and 40 GeV.
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Chapter 1

Introduction

1.1 Introduction

The Large Hadron Collider [1]] (LHC) has been operational for more than 10 years now,
providing proton-proton collisions at unprecedented energies and luminosities. Using these
collisions, the LHC’s experiments have performed successful campaigns of data taking,
measuring the properties of the Standard Model of particle physics to greater precision, and
confirming the Standard Model’s predictions at these new energies. The greatest success of
the data-taking so far has been the discovery of a new particle in 2012 by the ATLAS and
CMS collaborations consistent with the Higgs boson [2} 3|]. This discovery was anticipated
in the run up to the LHC’s start, as previous measurements at LEP [4,|5] and the Tevatron [6,
/] together with theoretical considerations suggested [8] the Higgs boson to exist at a mass
range and cross section accessible to the LHC. This success of finding the Higgs boson
almost 50 years after its postulation [9] validated the theory of electroweak symmetry
breaking and completed the Standard Model - the particles predicted in it have now been
found.

However, not all of the hopes for the Large Hadron Collider have been realized presently.
In anticipation of it’s startup it was hoped that the LHC with its deeper reach into the energy
fronter would quickly discover new phenomena, like supersymmetry [10] (SUSY) or
extra dimensions [11]. But these hopes were not born out by the data. Instead continued
data-taking has only placed exclusion limits for beyond Standard Model phenomena, see
Figure For some of the simpler supersymmetric models the most attractive SUSY
particle mass ranges - where supersymmetry provides an elegant solution to the hierarchy
problem, see Section[I.2]- have already been excluded [[12].

And these hopes for new physics signatures were not unmotivated. The by now con-
firmed lightness of the Higgs boson and evidence for dark matter especially hint at physics
beyond the Standard Model. So we find ourselves in a sort of epistemological catch-22,
where a complete and consistent Standard Model is not providing theoretical guidance



towards the layout of experiments of measurements, and a lack of high energy physics
anomalies prevents the narrowing down of the theory landscape. It is a situation in stark con-
trast to the status quo before the Higgs boson discovery. Where experimentalists could be
guided by the Standard Model’s open questions. Instead we have entered an era where the
experimentalists are more akin like cartographers, exploring the phase space of accessible
phenomena, to find the a region exhibiting unexpected behavior.

This work aims to be part of that map-making endeavor, exploring part of the experi-
mental and theoretical phase space where the Higgs boson decays into four Standard Model
leptons via two intermediate vector bosons, one a Standard Model Z, and the other a beyond
Standard Model Z;:

H—ZZ; — 4

The non-Standard Model Z; is here assumed to be associated with U(1), gauge symmetry
that is realized in the universe in addition to the Standard Model symmetries of

S(3) x SU(2) x U(1).

The Standard Model particles are assumed to be uncharged under the U(1)4, and hence
we refer to the Z; and U(1)4 as ‘dark’. Instead the Z, is connected to the Standard Model
via kinetic mixing with the Z boson, by which the Z; obtains an effective coupling to the
Higgs boson as well as leptons, see Section [2.12] Hence the presented search utilizes the
Higgs boson to probe the putative dark sector [[13]].

This search is a continuation of the Z 7, searches presented in references [|14]] and [[15]],
but now utilizing the full ATLAS run 2 dataset of 139 fb~! of proton-proton (pp) collisions
at a center-of-mass energy of /s = 13 TeV with an updated limit-setting framework.

1.2 Motivation for new physics searches

The following section includes a discussion of the specific reasons that motivate the search
for new physics search, i.e. physics phenomena beyond the purview of the Standard Model,
that comprises this dissertation. But before we motivate the search for a Z; commensurate
with this work, we want to motivate first new physics searches in general. That is, why
would we expect new physics in the first place, given that all particles predicted by the
Standard Model have been found by now, and no measurement of it has shown significant
variations from Standard Model predictions? Below is an overview of a few theoretical
and experimental observations that motivate searches for new and beyond Standard Model
physics. A review of particle physics and such motivations can be found in reference [16].



The Higgs boson’s mass

The measured Higgs boson mass my, is given by its intrinsic mass m}, plus loop induced
corrections due to other particles [[17,|18]]

mi =m}> +6m? . (1.1)

These corrections are proportional to the coupling strength of the Higgs to the particles
in the loop. Thus the largest contribution by Standard Model particles is given by the top
quark [[19]

)\? A2

{r2

om; ~ — (1.2)
where )\, is the top quark Yukawa coupling to the Higgs and A is a cutoff parameter that
effectively prevents divergences associated with the loop correction [20] to grow without
bounds. This cutoff is assumed to take the value of the energy scale where new physics is
realized, which could be anywhere from just above the reach of the LHC at some 10 TeV
to the Planck scale at around 1.2 x 107 TeV. In either case, to reach the measured Higgs
boson mass of 125 GeV the inputs in equation mj, and émy, have to cancel each other
almost but not completely, i.e. they need to be tuned within a fraction of at least 10~ if not
1078 to yield a Higgs mass within the electroweak scale.

Now it might just be the case that we happen live in a universe where these two
parameters are tuned to this degree for no discernible or accessible reason. However such
precise but not complete cancellation of ostensibly unrelated parameters is suspicious, and
mechanisms that lead to this degree of tuning are at least contemplatable. For example,
supersymmetric theories exploit the fact the sign in equation depends on the spin-
statistic of the loop particle. In this way the apparent tuning of the intrinsic Higgs mass
m;, can be interpreted as a hint towards the existence of bosonic particles - supersymmetric
partners of the Standard Model’s fermions. In this case corrections to the Higgs mass by
the top quark can be balanced like

Ao, As

A+

T2 A2
82 1672’

m e —

where S is the supersymmetric partner of the top quark, and \g is its coupling to the Higgs
boson.



Dark Matter

It appears that that moslﬂ matter in the universe is not composed of the Standard Model’s
building blocks. Instead galaxies contain six times as much non-luminous dark matter as
luminous matter. Studies of galaxy rotation curves [21, 22} 23|] provided the first systematic
evidence of that in the 1960s and 70s. These studies revealed that stars in the outer parts of
galaxies rotated faster around their galaxies center’s then was expected from the visible
distribution of mass within, see Figure[I.1]

150

100

V (km s!)

a0

R(kpc)

Figure 1.1: Rotational speed vs. radial distance for the galaxy M33 [24]]. Dots indicate
measured rotational speed with the solid line showing the best-fit model. The short-dashed
line shows the contribution from stars, the long-dashed line gives the contribution from
inner-galactic gas, and the dot-dashed line shows the dark matter halo contribution.

Subsequent observations using gravitational lensing [25, 26, 27, |28, {29} 30]], of cosmic
microwave background [31} 32]], and simulations of structure formation in the early uni-
verse [33]], among others, provided attentional evidence for the presence of dark matter in
the universe.

One of the more significant pieces of observational evidence for dark matter is the
Bullet Cluster 1E 0657-56 [34]. This cluster actually comprises multiple galaxy clusters
which collided about 100 million years ago. Collisional heating within the clusters caused
the intra-cluster medium to emit in the x-ray spectrum, allowing it to be observationally
mapped. Surveys in the optical spectrum measured the distribution and number of stars.

'Only around 14% of the universes matter content appears to be comprised of Standard Model particles,
dark matter accounts for the other 86% [|16]. This neglects dark energy, of which there appears to be about
2.4 times as much as dark- and Standard Model matter combined.



These two surveys together allowed to directly account for the amount and distribution of
baryonic matter, while gravitational lensing permitted the assessment of the total matter
distribution. This revealed that most of the cluster’s matter was distributed along the
collision axis, but displaced from the visible baryonic matter - suggesting the presence of
dark matter in each colliding cluster that was unaffected by the collision, while the baryonic
matter was slowed down in the collision.

The nature of dark matter is currently unclear. Terrestrial direct detection experiments
operating under the assumption that dark matter is particle-like have so far only ruled out
possible dark matter masses and nucleon scatter cross sections [35, 36} 37, 38|]. Attempts to
explain the observational evidence for dark matter in terms of modified Newtonian dynamics
on large scales [39] face difficulties explaining the Bullet Cluster observations and can not
account for all of the observed dark matter effects completely. Thus even scenarios that
presume modified Newtonian dynamics require some amount of dark matter [40]. It was
also proposed that dark matter could be composed of cold, non-luminous baryonic matter,
like brown dwarfs, or black holes. But astronomical observations have greatly limited
the possible phase space where these objects could constitute a meaningful amount of the
observed dark matter in the universe [41}, |42, |43, |44].

Precision measurements of Standard Model processes

Measurements of fundamental interactions at the LHC and other facilities have generally
been in good agreement with Standard Model predictions [45} 46]. There are however a few
precision measurements that show statistical deviation from Standard Model expectations
in their measurements. These tensions with the Standard Model could be first hints of
new physics at higher energies. These new physics states would then manifest themselves
via higher order loop corrections to lower energy processes as subtle deviations from the
expected Standard Model expectations. Alternatively these deviations could be random
statistical fluctuations that will return to the expected mean with more data. In either case,
more data taking is generally anticipated to distinguish between these two scenarios.

We give two examples of such precision measurements that have garnered some interest
in the community. One is the effort to determine the anomalous magnetic moment of the
muon at the E821 experiment [47, 48], and the other is the measurement of exotic B meson
decays [49, |50, 51| at the LHCb experiment [52, 53].

The experimental determination of the muon anomalous magnetic moment a,, relies
on measurements of the muon’s spin precession in a magnetic field. In the case of the
E821 experiment this field is given by a carefully tuned and mapped magnetic storage ring.
The sensitivity of a, to beyond Standard Model physics comes from higher Feynman loop
contributions to it [54, 55,56, 57]. In the E821 experiment a,, was measured to [48]

a™® = 11659208.0(6.3) x 1077



which represents a deviation of 2.7 standard deviation with respect to the theoretical value
of a,:

bay, = aS® — alf* = 26.1(9.4) x 10717

A new experiment to measure a,, to greater precision is currently underway at Fermilab [58,
59]. Together with improved theory calculations it might reach a significance of five stan-
dard deviations [60, [61]].

The measurements of the exotic B meson decays revolve around measuring the branching
ratio of the flavor-changing neutral current decays

b—s+eet and b—s+pu put. (1.3)

These decays are interesting for two reasons. For one, there are no tree level flavor-
changing neutral current processes in the Standard Model, see Figure [I.2] In order to
transition directly from the third generation bottom quark with charge —1/3 to the equally
charged second generation strange quark a higher order loop process it required. And even
those are suppressed in the Standard Model [62]. As such these processes are sensitive to
the effects of new physics that could find its input via a higher order Feynman diagram
contributions. Secondly, the associated Standard Model electroweak processes that give
rise to the decays in equation |l.3|are invariant under lepton generation. That means that
the branching fraction I" for b — s + e e* and b — s + p~ p™* should be equal under the
Standard Model. This makes the process experimentally more relevant, as in turn theoretical
and experimental systematics between the two are correlated. This way the ratio

R= Fb—)s—i—u—;ﬁ'/rb—m—i—e—e“'

is less affected by either, and can thus be measured to higher precision than either branching
ratio alone. And as such it can provide a more sensitive test to beyond Standard Model
physics that violate lepton generation invariance.

LHCb measured this ratio for example in B — K+ + {~¢* decays to [49]

Ry = 0.74575:02% (stat) & 0.036(syst.) .

This represents a deviation of 2.6 standard deviations from one. Similar deviations are also
present in related measurements [50,|51]. Additional data taking with the LHCb detector
will provide improved statistical precision of these parameters, while measurements at other
B factories, like Belle II [[63]] will also broaden the dataset.
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(a) Standard Model loop induced (b) Beyond Standard Model tree level

Figure 1.2: Feynman diagrams for flavor-changing neutral current decays of a b meson via
Standard Model loop process (left), and via a new particle X at tree level (right).

Quantum Gravity

Fundamentally, the Standard Model is not a theory that considers gravitational interactions.
That is empirically adequate. At the relevant scales gravitational forces are much weaker
than the Standard Model onesE] However, all fermions are massive, so they ought to
interact gravitationally while still presenting themselves as quantum objects. Thus we
would expect that particles are to be described most correctly in a quantum-gravitational
manner. However, attempts at providing a theory of quantum gravity have failed so far.
Typical methods to quantize the non-linear equations of general relativity lead to a strongly
non-renormalizable theory [64,|65]].

However the questions remains how to reconcile gravitational interactions with the
Standard Model. This can be illustrated with a thought experiment. Consider for example
the canonical double slit experiment with an electron [66} 67]]. As long as the path of the
particle is not measured [68] superpositioning between the two possible paths leads to
interference patterns at the detection screen beyond the slits. Once the particle has been
detected and it’s position is not anymore an entanglement between the two different paths,
one could imagine that a - very sensitive - gravitational measurement could confirm the
electron’s location on the screen.

In the same way we could imagine that we try to determine the path of the electron
while in flight via gravitational measurements. Could gravitational measurement break the
entanglement between the two paths? This is currently unknown, as there are two possible
scenarios. For one, it might be that gravity is also quantized and we measure the field from
the electron going through one slit or the other. Alternatively, it might be that gravity is not
quantized and that the superpositioned electron’s gravitational field is is averaged between

2E.g., the electrostatic force between two electrons is 43 order of magnitude larger than the gravitational
pull between the two.



the two trajectoriesE] Which scenario is realized in nature is unclear, but experiments to
elucidate this behavior are being proposed [70, 71].

1.3 Motivation for the 77, search

A U(1),4 gauge symmetry additional to the Standard Model ones of SU(3) x SU(2) x U(1)
is generally compatible with the Standard Model Lagrangian, see Section As such,
it is a feature in many Standard Model extensions like grand unified theories with £6 or
SO(10) symmetries [72,|73]], or hidden valley models [74]. Thus searches for the associated
gauge boson of the U(1), can provide a generic way of constraining these theories, many
of which provide solutions to the Higgs naturalness problem.

Specific motivation to search for experimental signatures of an U(1)4 and its associated
gauge boson [75]], the Z;, comes from the anomalous magnetic moment of the muon, hints
of lepton flavor universality violation, dark matter, and observations attributable to the
latter. As discussed in the previous section, the measured deviation of the muon anomalous
magnetic moment from Standard Model expectation could point to new physics states that
contribute to the moments value via higher order Feynman corrections, see Figure
References [[76] and [[77] discuss scenarios in which a U(1)4 can account for the measured
deviation. Similarly reference [78] proposes a U(1), and associated dark sector leptons as
possible explanations to the observed deviation of lepton flavor universality.

Reference [79] proposes a scenario where the Z; is part of the dark matter sector. In
this case the Z; is a force carrier between the dark matter particles. Neither the Z; nor
the dark matter particles are presumed to carry any of the Standard Model charges. The
only coupling to the non-dark sector is provided by kinetic mixing between the Z; and the
Standard Model Z boson, by which an avenue for dark matter production after the big bang
as well as thermal freeze out is provided.

Observations of cosmic ray compositions by the PAMELA collaboration [[80]] and the
Alpha Magnetic Spectrometer 81}, 82] independently indicate an excess of the positron flux
in cosmic rays for positron energies between 1 GeV and 100 GeV, see Figure[I.4] It has
been proposed in references [83]] and [84]] that the positron excess could be explained by
dark matter decays. A candidate for the mediating particle in this case is a Z; with a mass
of few 10 GeV.

Lastly, the specific search for a Z; viathe H — ZZ; — 4/¢ decay is also motivated
by the limits on Higgs boson decays to beyond Standard Model particles. Such branching
ratios are only limited to I'y;_,gsm < 0.34 at 95 % confidence level. Leaving space for the
H — ZZ,; decay search.

3 A more sophisticated treatment of questions at the interplay between particle physics and gravity can be
found in reference [69|
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Figure 1.3: Phase space of Z; mass m z, and kinetic mixing parameter, that could explain the
deviation of the muon anomalous magnetic moment from Standard Model expectation [[77].
See Section [2.12] for meaning of the kinetic mixing parameter.
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Chapter 2

Standard Model of Particle Physics

The Standard Model of Particle Physics is an internally consistent and empirically adequate
theory that describes all known non-gravitational interactions of particles.

It emerged in the 20th century from the interaction of different experimental and
theoretical efforts. These began with attempts to describe anomalies in the hydrogen
spectrum [87]] and efforts to formulate quantum mechanics in a Lorentz invariant way [88,
89|, culminating into the theory of electrodynamics[90, 91]: A quantum gauge field theory
that describes the behavior charged particles and their interactions with the electromagnetic
field, see Section[2.2] Its success in doing so allowed it to become the template for the
theoretical description of the other non-gravitational forces, the weak and the strong force,

see Section[2.4]and respectively.

2.1 Contents and structure of the Standard Model

Unlike the name suggests, the fundamental objects of the Standard Model of Particle
Physics are fields, and it is the field’s excitations that are identified as particles. These fields
can be grouped into two sets by their spin. Fermion fields or particles are the constituents
of matter, and bosonic ones mediate interactions between them as force carriers. The set of
fermionic particles encompasses three generations of each, quarks, leptons, and neutrinos,
see figure The Standard Model bosons on the other hand are the photon, Z and W
bosons, gluons, and the Higgs boson. The photon mediates the electromagnetic force, the
Z and W bosons are carriers of the weak force. An octet of gluons provides the provides
the strong force, and the Higgs boson allows for a mechanism in the Standard Model for
particles to acquire mass.

Mathematically, the Standard Model takes the form of a quantum gauge field theory.
That is a theory whose fundamental objects are fields of operators, whose underlying
interactions and structure are defined by requirements of local gauge invariance. These
gauge invariances can be described in terms of symmetry groups. The relevant group for

11



Standard Model of Elementary Particles

three generations of matter
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Figure 2.1: Particle content of the Standard Model [16} 92]]. The fermionic quarks and
leptons are the building blocks of matter. Right handed fermions take part in the weak
interaction, see Section [2.6] All fermions but the neutrinos interact electromagnetically, and
the quarks carry color charge such that they interact via the strong force too. The vector
bosons mediate the forces between particles: the photon v mediates the electromagnetic
force, the Z and W bosons mediate the weak force, and the gluons g mediate the strong
force between quarks and other gluons. The latter is the case due to gluons themselves
carrying color charge. Last but not least, the Higgs boson provides a mechanism within the
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the Standard Model is a combined
S(3) x SU(2) x U(1)

symmetry, where the SU(3) gives rise to the strong interaction, and the SU(2) x U(1)
gives rise to the electroweak interaction. We introduce the concept of gauge invariance in
the context of quantum electrodynamics in Section [2.2] extend the concept to non-abelian
gauge invariance in Section[2.3] discuss the strong interactions within the context of the
Standard Model in Section and electroweak interactions in Section [2.5|and beyond.

In either case, the physics of the theory is encapsulated in its Lagrangiarﬂ L. With
it the equations of motions for the fields ¢; can be obtained by employing Hamilton’s
principle [93] to arrive at the Euler-Lagrange equation for fields [94]:

oL oL

90, " a00,0) "

As previously indicated, the fields ¢; here are fields of operators that act on its many particle
Hilbert space.

2.2 Quantum electrodynamics and local gauge invariance

Quantum electrodynamics (QED) was the first completed part of the field theories that
comprise the Standard Model today. It arose from attempts to explain precision measure-
ments of atomic spectra and efforts to formulate a Lorentz invariant, quantum mechanical
description of electromagnetism. As such it describes the dynamics of electrically charged
particles and the electromagnetic field.

The QED Lagrangian without interactions is given by [95} 96, 97]

L = (104" —m)h — EFWFW. (2.1)

The first term on the right-hand side yields the equation of motions for free spin 1,/2 fermion,
the Dirac equation

0= (Zlfyua,u - m) (0

with %) is a Dirac Spinor, m the mass associated with the fermion, and the +,, are the Dirac
gamma matrices.

The second term contains the electromagnetic field tensor F),,, which is defined via the

"Technically £ is a Lagrangian density, as we would have to integrate £ over all spacetime to get the
action. However, as we are only discussing Lagrangian densities, we will use the term interchangeably for the
sake of brevity.
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electromagnetic vector potential A,, as
F.=0,A,—0,A,.

Applying the Euler-Lagrange equation for fields to equation [2.1| with respect to the vector
potential A, yields the free Maxwell equation

0= 0,0,A" — 9,0" A"

This becomes more apparent if we enforce the Lorentz gauge condition 9, A” = 0 on the
vector potential
0=0,0"A"

The correct interaction term in the QED Lagrangian [2.1] can in principle constructed by
drawing analogies to the covariant formulation of classical electrodynamics

1
ACEM == Z MVFMV - AHJM, (22)

where J* is the relativistic four-current.

A more interesting approach, and one that demonstrates a fundamental principle of the
Standard Model, is however given by employing the concept of local gauge invariance. It is
easy to see that the Dirac term in equation[2.1]is invariant over a global change of phase,
where the spinors transform as

Y= =€ and P — P = e P, a €R,

while the Lagrangian stays invariant

EDiraC — E;)irac = eimzz (laﬂf)ﬂu - m) weia
= 7Y (IO, — m)
- EDirac .

We can however make a stricter requirement, where we make the parameter « a function
of space-time: &« — «(x). Then the Dirac term alone is not invariant anymore under the
transformation 1) — 1)’ = €**(®)4) | due to the partial derivative within:

EDirac — 'C;)irac - e_m(x)@ (Z.aufyu - m) d}em(x)
_ e—ia(z)@z (ieia(z)a“,yp,#} + i(@ueia(“t))y“zb —m weia(z))
= £Dirac - 157‘% 8,ua(x> (23)
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To ensure that the QED Lagrangian supports local gauge invariance we need to include an
extra term that cancels the second part in equation[2.3] But what form should this extra term
take? One hint toward the correct one is provided when noticing that the electromagnetic
field tensor F),, is invariant under a change of

A, — Ay +0,a(x) (2.4)
As can be seen when making the substitution:

Fu — Fl, = 0,4, — 9,4,
=0, (A + 0pa(x)) = 0, (A + Opa(2))
= 0,4, + 9,0,a(x) — 0,4, — 9,0,a()
— 0,4, — 0,4,
= F,

Then by comparing equation [2.4]to equation [2.3|suggests that by adding a term

‘Cinteraction = 7;'7”17&‘4# (25)

local gauge invariance of the QED Lagrangian is achieved, while introducing an interaction
between the fermion spinors and the vector potential, equivalent to the classical interaction
term in equation[2.2] It bears out to emphasize: by enforcing local gauge invariance in the
Lagrangian, we introduce the correct interaction term into into it.

Now that we know the interaction term that preserves local gauge invariance of the
QED Lagrangian, we can also include it by replacing the partial derivative 0, with the
covariant derivative

D, =0, +iA, (2.6)

in equation 2.1}

‘ 1
EQED - ?/) (ZDM’}/“ — m) @Z) — ZFMVFMV- (27)

2.3 Yang-Mills theory

The scheme laid out above, generating interactions between fields by requiring local gauge
invariances, is a general property of the Standard Model. The type of local gauge invariance
in QED is the simplest manifestation of that principle, and a general theory of local gauge
invariances was developed by Yang and Mills [98, 99]. The idea therein is to generalize the
concept of transformations that can be considered in a quantum field theory. Most generally,
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a global transformation U
=y =Uy
has to be unitary

UU =1,

such that it leaves the Lagrangian invariant, e.g.:

birae = VU (iv*0,, — m) Up = UU (i0,7" — m) ¥ = Loirac-

Dirac

In general, matrix representations of unitary operators can be written as
U = exp [ia®T"] (2.8)

where a“ is a scalar, and the 7", the generators of the transformation, are a set of Hermitian
n X n matrices that form a Lie group [100] via the commutator relation

[Ta’ Tb] — Z'fabc e 7

with £ the structure constant of the Lie group. If f2*¢ # 0 the group and the transforma-
tion are non-abelian. In the case of QED in the previous chapter the generators were scalars
and necessarily f¢ = 0, as there was only one generator. As such the transformation was
abelian.

Equation 2.8 defines a global transformation, but we can elevate it to a local one, by
making the o a function of spacetime

a® = a(x) = U — U(x) = exp [ia(z)T7].
This local gauge transformation does not leave the Lagrangian invariant anymore though:

L — L =yU(z) (iv"0, — m) U(z)
= ¢, exp [—ia"(z) _j“,J (14", — mdj) exp [ia“(x)?}qk} i
= 1; (107" 0y — Tji7" 0u® (x) — mji) Y
= L — ;T4 00 (2) .
Note that 77, j,k = 1...n, is here the j, k, element of the matrix 7*. This implies a set
of n (four-component) spinors.
In analogy to the case of an abelian gauge transform in QED we can attempt to write a

locally gauge invariant Lagrangian by introducing a covariant derivative of the form [101},
102]:

Oy — D,y = 8, — igT"A? (2.9)
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where ¢ is the coupling strength of the interaction. Note that this implies multiple gauge
fields A%, one for each generator of the transformation, and also requires A* to transform as

Al — A = A% —igU (2)9,U (x). (2.10)

to maintain local gauge invariance. This in turn implies a deviation in the kinetic term for
the spin-1 field compared in the abelian case in equation [2.1] as

Fi, = 0,4, — 0,A,

is not invariant anymore under the transformation in equation[2.10] The correct term can be
inferred by observing that the kinetic term in the QED case is obtained by the commutator
of the relevant covariant derivative D, = 0, + 1A,:

[D,,D,| =iF,,.

In analogy to that the field strength F¢

1> and with it the kinetic term F}j, F*** of the spin-1
fields, can be found [101]] to be

F8, = 0,AL — 9,A% + gf*™ AL A
from

—igT*F¢, = [D,, D,] (2.11)
= [aﬂ —igT* A}, 0, — igTbAZ}
= [0, 0] — [0, igT A}] — [igT* A3, D, ] + [igT* AL igT" Al
= —igT* (9,A5 — 0,AL + gf™ A} A;) .

netv
With that the Lagrangian for a Yang-Mills field is given by

I 1 o vo
Lym = 5 (iD= mdje) Y — 2 Ea " (2.12)

D, =0, —igT* Ay, FS, = 0,A5 — 0,A% + gf "™ AL A5

2.4 Quantum chromodynamics

Quantum chromodynamics (QCD) describes properties of the strong force. Its mediating
particles are the gluons which interact with particles carrying color charge - Quarks and
other gluons, as gluons themselves carry color charge. The concept of a strong force goes
back to the discovery of the compositeness of atomic nuclei, but formulation of quantum
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chromodynamics traces discovery of an ever-increasing number of strongly interacting
particles, the hadrons.

Patterns in their properties lead to the proposal that for one, hadrons are non-fundamental
particles and are composed of quarks [103,/104], and that the charge associated with the
strong interactions comes in three types [[105]]. The connection to gauge field theories was
made when it was realized that the transformations between color charges follows an SU (3)
symmetry, and can be described by a Yang-Mills theory.

The quantum chromodynamics Lagrangian is thus given by a Yang-Mills Lagrangian like

in equation [2.12}

o 1 a vo
»CQCD = ¢j (ZDM’}/M — m5]k) ’l/)k — ZFMVFM s (213)

where

* 4, k run over the thee types of color charge

* D, =0, —ig,T*A" is the covariant derivate

T are the Gell-Mann matrices [96], representations of the SU(3) witha =1...8

Fe = 0,A5 — 0,A% — g, f**° A A are the Gluon field strengths

gs the strong coupling constant

1% is the structure constant of the SU(3)

AP are the eight mediators of the strong force, the gluons,

* and 1); is a Dirac spinor representing a quark with color charge j.

The last term of the Lagrangian describes interaction between the gluons themselves. It
results from the non-abelian nature of the SU(3) and gives rise to a dynamic coupling
constant in QCD which tends to zero for small distances or high energies [106,|107]. This
behavior allows perturbative QCD calculations at high energies, when the coupling constant
is small, and gives a framework to understand color confinement. That is, the empirical
phenomenon that quarks are only observed in bound, color neutral states. The idea there
being that at large distances the strong coupling constant grows to such values that it is
energetically more favorable to produce new quark pairs than increasing distances even
more [[101]].

2.5 Electroweak Interactions

The third fundamental force in the Standard Model is the weak interaction. Its history
traces back to attempts in understanding radioactive [3-decay. There it was early realized
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that the associated interaction was weak and short ranged, such that the mediating particle
associated with the interaction must be massive [[89, 108|]. That massiveness of the mediator
though made it difficult though to formulate a theory of weak interactions within the
formalism of gauge field theories, as the inclusion of a mass term for the gauge boson
breaks gauge invariance.

It wasn’t until 1964 before this problem was resolved, when Brout and Englert [[109],
Higgs [9], and Guralnik, Hagen, and Kibble [110] demonstrated independently a theo-
retical mechanism by which a gauge boson can acquire mass without breaking gauge
invariance. We discuss this scheme, the Higgs mechanism, in sections @ to @ The
Higgs mechanism is a part of electroweak theory, which unifies the description of weak
and electromagnetic forces and which we discuss in Section[2.7]and [2.10] But beforehand
we provide a description of the weak interaction.

2.6 Weak Interaction

Weak interactions are mediated by three vector bosons: the W™, W, and Z boson. All
three of them interact with leptons and quarks.

Charged current interactions

The W’s interactions with fermions are described by the charged current Lagrangian [111]:

_,.)/5 1_,.)/5

g _
2 MG d; + py”

1
Ecc:__ U; K
\/i[ !

g is here the weak coupling constant, h.c. the hermitian conjugate of the preceding term,
and w;, d; are pairs from the quark doublets

(2)-()-():

while the e;, v; are stand-ins for the lepton doublets

(2)-Co)-(7)

There are a number of peculiarities to point out in the charged current interaction. First

ei] W, +he. (2.14)

among them is the structure of the interaction defined by

1-+ 1, 1
P =37 = 5
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The first term in it, v*, transforms as a vector under Lorentz transformations while the
second one, v*~°, transforms as an axial vector. Thus this type of interaction is referred to
as Vector-Axial interactimﬂ One property of the V-A term is that in the limit of vanishing
fermion mass 1 — +° projects out the helicity = —1 eigenstate[105]. One can include the
projection term in the fermion states and define left and right handed fermions as:

71—75 —71—|—75— 71+75 o 1—A5

fl_ 9 f7 fl 9 fv f'r 9 f7 fT: f

In this framing and only left-handed particles and right-handed anti-particles interact with
the W bosons.

This also implies that the charged current interaction is not parity invariant. This
becomes apparent when realizing that under parity transformations

P f(t,7) = f (t,—T)
the f~" f terms are invariant under parity inversion[96]
Py f — f'f
while the fv*~° f part acquires sign
P " f = = [ f.

Thus parity inversions transform right handed particles into left handed ones and vice versa,
meaning that the V-A term fully violates parity invariance [|112].

Furthermore, the charged current interaction couples the two components of each lep-
ton doublet with another, e.g. it turns an electron into an electron neutrino via the process
e~ — v, + W ™. While this process maintains flavor in leptonic interactions, the equivalent
quark process is more complex due to the presence of the CKM matrix [[113}|114] in the
Lagrangian It describes the fact that quark flavor eigenstates under 11~ exchanges are
distinct from quark mass eigenvalues, and takes the form:

Mud Mus Mub
MCKM = Mcd Mcs Mcb ;
Mg M, My,

where | M,4|* gives the probability of an up quark to transition to an down quark in an
interaction with a W boson. The CKM is fully described by three mixing angles and an
additional complex phase. The latter gives rise to CP-violation within W interactions.

2Speak: vector minus axial interaction.
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Neutral current interactions

This leaves interactions between fermions an the Z boson, the neutral current interactions:

/

g 3 r 1_’}/5 ) = m
Ly = T; fﬂqui—Sln Ow Qi fivufi | Z". (2.15)

sin QW
The parameters in L, are:

* ¢ is the hypercharge coupling constant,

Ow the weak mixing angle [[115]],

* f; runs over all fermion states, quarks and leptons,

T? the third component of its Isospin

and Q); is the electric charge of the fermion f;, given by isospin and hypercharge as
Qi=T +Yi.

The weak mixing angle’s meanings becomes more apparent in the theory of electroweak
interactions, see Section where it describes the combination of gauge invariant bosons
that give rise to the physical Z boson. As such it also dictates how weak and hypercharge
coupling constants relate to the electric charge e:

e = gsinfy = g’ cos Oy . (2.16)

The value of the weak mixing angle is not determined by theory and is instead measured to
be [116]
sin? Oy = 0.22290(30).

The meaning and origin of isospin and hypercharge become also more apparent in the theory
of electroweak interactions, where they relate to the generators of the relevant fundamental
symmetries. However, the values for quarks and leptons are given in Table 2.1]

A full description of the weak Lagrangian includes among others kinetic terms for the
W and Z bosons, as well as interactions between them. More details on those can be found
in [96].
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lepton  isospin component 72 hypercharge Y electric charge Q

2 . l/é,Vf“Vf_ +1/2 -172 0

—c% ,5 e, 7t -1/2 -1/2 -1

SE udd +12 _12 0

Q = 1ol gl

— d,s'b -172 -1/2 -1

B, VeV,Yy 0 0 0

e g

g8 e, 0 -1 -1

‘Q E T 7T T

=5 u,dt 0 +2/3 +2/3
B 4=

g= dr, s b 0 -1/3 -1/3

Table 2.1: Electroweak charge for leptons within the Standard Model: third isospin com-
ponent 7, hypercharge Y and electric charge Q = 7% + Y. Left-handed fermions (and
right-handed anti-fermions) are part of a weak isospin doublet, thus 7" takes the value
+1/2. Right handed fermions are part of an isospin singlet. Thus the only possible values
for their isospin’s third component is 7% = 0.

2.7 Electroweak theory

Electroweak theory describes weak and electromagnetic interactions in a unified and gauge
invariant way, while providing a mechanism for the physical gauge bosons to acquire an
effective mass [[115,|117,[111]]. It does so by postulating an underlying gauge invariance for
the electroweak interaction by a combined

SU(2) x U(1)

symmetry, with associate gauge bosons W', W2 W3, and B, respectively.
The covariant derivative defining the electroweak interactions is, in analogy to equa-
tion[2.9] given by [111,[96]:

g Y _arrra

8# — DH = 8ﬂ — ZEYBN — 257' WM'
g and ¢’ are the weak and hypercharge coupling constants, see equation for their
relation to the electric charge e and to each other. Y is the generator of the U (1), a complex

scalar with absolute value one and associated charge ‘weak hypercharge’. The 7' are the
three generators of the SU(2) represented by the Pauli matrices:

01 0 —i 10
1 _ 2 3 __
A R ) N ()
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This implies a mathematical structure identical to spin 1/2 systems, and like there we can
associate particles with an eigenvalue to 7" which is called weak isospin. Left-handed
leptons are then identified as part of a spin 1/2 doublet, with electrons having weak isospin
—1/2 and neutrinog’| having weak isospin +1/2, see Table

The W= bosons are then given, like spin 1/2 raising and lowering operators, as combi-
nations of W' and W2

1
+_ 1 2 - _ 1y a2
WN = E (WM _ZWM) s WN = E (WN +ZWM) .
Right-handed leptonsﬂ form a spin singlet with isospin 0 such that they cannot interact with
the W=,
The Z boson and the photon however cannot so directly be associated with the 7¥3 and
B. They are linear combinations given by

7Y\ _ CO.S O sin Oy 33 ' 2.17)
Z —sin Oy cos Oy %74
The reason for the mixing heralds from the mechanism of spontaneous symmetry breaking
within the electroweak realm that we discuss in the following chapters. It not only causes

the mixing, but also accounts for the gauge boson masses of my+ = 80.4 GeV and
myz = 91.2 GeV that would otherwise violate gauge invariance.

2.8 Spontaneous symmetry breaking

Spontaneous symmetry breaking refers to situations where a Lagrangian exhibits a sym-
metry that is not present in the described system’s ground state. Consider for example the

Lagrangian
1 2, 1 9 A
£¢>_ §(au¢) +§m ¢ _Ia

which is invariant under the transformation ¢ — —¢. The ground state of L is not found
at ¢, A = 0 for m > 0 but instead at

6m?2
=4/
o=+ 5

3For right-handed anti-leptons this is flipped, with positrons having 7% =+1/2 and right-handed anti-
neutrinos having 7% =-1/2
4And left-handed anti-leptons too.
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We can expand the Lagrangian around the minimum via the coordinate transformation

, 6m?
¢— ¢ = T+¢
to
1 ,  3m? ) \/X s Ay
£¢—§<3u¢) +W_m ¢ — gmﬁb _Z¢’ (2.18)

which is not anymore invariant with respect to sign change of ¢, while still describing the
same system.

2.9 Higgs mechanism

The breaking of the discrete symmetry in equation proceeded with little physical
consequence, aside from obfuscating the system’s symmetry. This changes though when
the broken symmetry in question is continuous. Consider for example this Lagrangian of a
complex scalar ® = ¢ + io:

1 1 1
Lo = 5(0@)*(0%) + 5,%@*@ — ZA%@*@)? (2.19)
Lg is invariant under a change of the field’s phase:
P — P

We can make Lg locally gauge invariant like the QED Lagrangian in equation by
replacing the derivative 0,, with the covariant derivative D,, = d,, + iA,,. Like we did to
motivate the interaction term in Quantum Electrodynamics in equation [2.6| By making the
replacement

0y, — D, =0, +14,

equation becomes
1 . * . 1 2 A * 1 2 * 2 1 v
Lo = 3 (0, —iA,) D] [(0" + iAF) D] + e O P — Z)\ (O*P)* — §FWFM . (2.20)

where we added the last term with F,, = 9,4, — 0, A, to account for the free-space
behavior of the vector field A,,. As in the QED case, the F},, '*" term describes a massless
spin-1 particle. The potential of L

1 1
U= —§u2(1>*61> + ZAQ@*@)? with g1, A > 0
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is minimized for |®| = £. We can than expand around the minimum by making the

coordinate transformation

q>—>q>':¢1—§+i¢2:q>—§
with which equation [2.20] becomes:
1 . ow C AW ILL 2 17 1 uv
Lo =5 [0 = iA) D] [(0" +iA")0] + (X) ApAV = SFuF (2.21)
1 1
n z’%Au(ﬁ“ FiAMD — ngu(au —iA,)® + St Y — N (D),

The important part here is the emergence of the (‘f) 2 A 4 AF term, which describes together
with the —%FWFW summand a spin-1 particle with mass §. That is, by breaking the
symmetry within the Lagrangian L¢ and expanding it around a ground state, the previously
massless field A, acquires an apparent mass. This idea is used to introduce a mass term to
the electroweak gauge bosons and referred to as the Higgs mechanism [935, 97].

2.10 Electroweak symmetry breaking

To facilitate the acquisition gauge boson mass in the electroweak sector, the existence of a
complex scalar isospin doublet, the Higgs field,

(P [Pzt igy
i = <q)11> B (¢1 + i¢2> (222)

with the Lagrangian
Ly = (D,H)(D"H)+m?H'H — \(H'H)? (2.23)

is postulated. D, is here the covariant for the electroweak sector

g 9 atira
D,u = GM _ZEYBN —257' WH'

The potential of Ly
Uy = —m*H'H + \(H'H)?

2

is minimized for H'H = ’;—A :

8UH o 2 i . T 2 2 2 2_m2
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This minimum is degenerate, and we can choose to expand the minimum at

m

Po=0¢3=04=0, ¢ =—=

NS
H:(g).
NG

With that the first part of equation [2.23]evaluates to

to

(D, H)(D"H) =

Ly ) (5B Wi (4mecw o) (o
4 XA Wy+iWg LB, - Wi AW w2 LB, — W )\ s
g2m2 1yr/71H 217 ,2H 9’2 q 3 31773H

= 3 (W#W + WNW + ?B#B“ — 2EWuB“ + WHW ) (2.24)

The first two terms describe now massive field W' and W2. The latter three terms can be
diagonalized by using the identity

/
g _ tan Oy
g

together with the the transformation from equation[2.17

v\ [ cosby  sinby B - B\  [cosby —sinby y
Z)  \—=sinfy cosby ) \W3 W3 ) \sinfy  cosby Z)

(2.25)
Doing so yields the kinematic terms for a massive spin-1 particle:
2,12 2 / 2,42
gm-.g 9 113 31773M gm
—=B,B" -2=W° Bt + WW*") = ———=7, 7"
8\ (g2 a g " L ) 8\ cos(fy )2 "
Additionally, we can use the definitions of W in terms of W, 172
W= (W W), W = (W
#_E( =), u_ﬁ( W i)
to write equation in terms of the massive gauge bosons W+, W~ Z:
Do) (D H) = T8 (W o Lz 2.26
( " )( ) = Y 1 + W, + m 1 . (2.26)
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Which shows how the breaking of a symmetry in the electroweak realm allows the gauge
bosons to acquire an effective mass.

2.11 Higgs boson

The ideas outlined in sections [2.9)and [2.10]give a conceptual way to accommodate massive
gauge bosons in a quantum gauge field theory. Additionally, the electroweak symmetry
breaking mechanism as outlined in the previous chapter provides testable predictions. For
example, equation [2.26] predicts that the ratio of W' to Z masses is

mw

—— = cos Oy .
mz

Additional consequences become apparent when we expand the Higgs field H in equa-
tion to higher, first orderE] :

0

H={ ,,
NG

+h

Here h is again a scalar field, and the components of equation involving h evaluate
o [111},96]

m? 92 m2

1
I Ul on2h2 g B3
Liggs Qﬁﬂha h—m=h ng h 16

i 2\/_ Wyt o \/_mZZ Zhh + AmWW WHThh + ;mzz Zhhh

I (2.27)

The first line in equation describes a massive scalar particle with mass m/v/2, and
triple and quadruple self-interaction terms - the Higgs boson. The second line describes
couplings of the Higgs boson with the massive electroweak gauge bosons and itself.

2.12 Beyond Standard Model

The Standard Model is defined by the principle of gauge invariance and the underlying
gauge symmetries
SU(3) x SU(2) x U(1).

>We introduced the Higgs field as a complex scalar doublet with four degrees of freedom, but we keep
only expanding one of them. What about the other degrees of freedom? The potential of £ in equation [2.23]
is only dependent on HtH, so it is invariant under a SU(2) transformation and thus threefold degenerate. Per
the Goldstone theorem [118]], these degenerate degrees of freedom would be associated with new emergent
massless particles, Goldstone bosons. But in this case these massless particles are subsumed into now massive
gauge bosons after symmetry breaking as their new longitudinal degrees of freedom.
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These specific symmetries are experimentally motivated, but the theory of particle interac-
tions is not limited to them. Additional symmetries can be included to the Standard Model
ones without violating gauge invariance or introducing consistency problems.

Of specific interest for this work is the existence of an additional U (1) symmetry, which
we refer to as U(1), or ‘dark’ to indicate that it is at best only weakly coupled to the
Standard Model:

SU(3) x SU((2) x U(1) x U(1)g4.

In this case the (unbroken) gauge bosons associated to the two U (1) symmetries have gauge
kinetic terms

1
4

1

B, B" d
L an 1

ZawZd"” (2.28)
where B, = 0,8, — 0, B, is the field strength tensor of the hypercharge gauge boson
associate with the Standard Model U(1), and Zg,,, = 0,24, — 0, Za, the field strength
tensor of the U(1),; gauge boson. The most general gauge invariant Lagrangian for the
kinetic terms in equation [2.28|includes a cross term:

1 1 €

Egauge = _ZBMVBuU + 50089

1
BuZd" = Zayu 2" (2.29)

The cross term maintains gauge invariance and thus the kinetic mixing parameter € is a
priori unconstrained. Instead, we are ought to constrain it experimentally.

We can diagonalize the terms in equation [2.29] via the following transformation when
we work to first order in ¢ [119]]:

(-1 )

This way the hyper charge gauge boson gets a Z; admixture B=B+-—<*—2,

cos Oy
For our purpose we also presume that the U(1), is also broken by a Higgs mechanism,

such that the Z; gauge boson obtains some mass mz,. With that we can write the mass-term

counterpart to the gauge Lagrangian in equation [2.29}

1 5 Y m2 A A
Liass = 5m%, 2o, 2d" + 25 (g’B” _ gwﬂ) (g’B“ _ gw3“) .
The second term here is analog to the relevant part in equation , but with B instead of
B. We can make the presence of the Z; in the second term explicit:

/

(g’BH + LZ@ — gW3M) <g’B“ +

cos Oy

m2 !

8A

1 A oA
Linass = §mQZdZduZd'u + Zd'u — gWSH) .

cos Oy,
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By using the transformation from equation we can make it explicit that the Z boson,
as defined by the mixture
Z = cos Oy W3 — sin Oy B

of pre-symmetry gauge bosons W? and B, is not a mass eigenstate anymore in the presence
of kinetic mixing:
1 2 5 S H 1 2 1z =
Lonass = §mZdZduZd + 3™Mz (ZM — etan HWZdM) (ZF — etan Oy Z4") .
To first order in €, we can define mass eigenstates Z, Zy for the equation above via the
transformation [|119]

Zd 1 —€z Zd € tan HWmQZ
~ = €Cyg = —F—F .
Z +ez 1 zZ)’ T mE - my,
This means that when ‘switching on’ kinetic mixing between the U (1) and the U (1), the Z
boson mass eigenstate goes from Z to

77 =27+¢es7,. (2.30)

Using this gives us a way to formalize the interaction of the Z; with the Higgs boson, and
thus a way to produce the Z; from it. Taking the Z,Z"h term and doing the substitution
from equation yields the interaction term:

my 5 my m?%
L > VAL 2,200 = VN2 2,70+ X%, 2,214 O ()
m m m

The Z Z; term on the right-hand side describes interactions of the kind h — ZZ;, i.e. the
decay of a Higgs boson to a Z and Z; boson.

If there are no dark fermions with my, < my,/2 associated with the U(1), the Z,
will decay back into Standard Model particles via mixing with the Standard Model Z. In
particular we are interested in Z; decays to Standard Model fermions via the mixing with
the Z. This Z; — f f interaction is given by [119]]

m% 1

Y —etan by —

2 ”
5 —g°Y).
cos Oy my —my /g2 + ¢° (675 = ")

9za11Zd" Fouks 92,00 = —9

f here is here the fermion spinor, Y and 7 are Standard Model hypercharge and third
isospin component. This h — ZZ,;, Z; — f f process is the one we are using this in this
work to constrain the U(1)-U (1), kinetic mixing parameter .
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Chapter 3

The Experiment

3.1 LHC and ATLAS

3.2 The Large Hadron Collider

The Large Hadron Collider (LHC) [1] is CERN’s circular proton-proton collider, about
16 km north-east of Geneva. It was built and is operated by the European Center for
Nuclear Research (CERN). The tunnels of the accelerator used to house the former Large
Electron-Positron Collider (LEP), and inscribe a ring of 8.6 km (5.3 mi) in diameter.

With a design center of mass (CoM) energy of 14 TeV, the LHC is the most powerful
machine of its kind, and the second most powerful ever attempted to be builtﬂ It began
operations in 2008, but a superconducting magnet quench damaging several magnets forced
a yearlong shutdown on the accelerator. As a consequence the facility operated at a center
of mass energy of 7 to 8 TeV from 2009 to 2013. The second run begun after a two year
upgrade and maintenance period in 2015 during which the LHC collided protons at an
energy of 13 TeV. The operation below design CoM energy of 14 TeV was favored, as it
lowered the number of quench cycles in the superconducting magnets to accommodate the
CoM energy, thus enabling physics data-taking earlier [[121]. This run lasted until 2018 and
provided the dataset that this analysis is based upon.

'The United States’ Superconducting Super Collider (SSC) was planned to have a center of mass energy
of 40 TeV. The LHC though, was always designed to provide higher luminosity with 1033 cm=2s~! for the
SSC vs. 103 cm=2 s~ ! for the LHC. The SSC was canceled by the US Congress in 1993.
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Figure 3.1: Injector chain for the LHC, consisting of Booster, Proton Synchrotron, and
Super Proton Synchrotron, as well as other accelerators at the CERN site [120].

31



3.3 LHC experiments

There are in total seven experiments at the LHC:

* The two general purpose detectors CMS and ATLAS, designed to measure properties
of the Standard Model and search for physics beyond it

* ALICE [122], the heavy-ion detector, build to study the properties of the strong
interaction

* LHCb, measuring properties of rare B-meson decays
These are the four ‘large’ detectors located at the LHC, the remaining three are:

* TOTEM, devoted to the investigation of proton-proton cross section and the proton
structure

* LHCH, serving the cosmic ray community, by using particles scattered at small angles
with respect to the beam to simulate cosmic rays

* MoEDAL, searching for magnetic monopoles and exotic long-lived ionizing particles.

The ATLAS and the CMS detector serve the same function: finding rare and exotic new
particles in the remnants of more than 800 million proton-proton collisions every second.
However, despite sharing the same purpose, they are not identical; they have been designed
by independent teams, making different compromises [123]]. However, both detectors have a
hermetic layout in common, with cylindrical shells of different sub-detectors enclosing each
other and the pp interaction point, topped off by endcaps composed of more sub-detectors.

3.4 The ATLAS detector

This analysis uses data obtained with the ATLAS detector [[124]], a multipurpose particle
detector with nearly hermetical coverage around its interaction point. Proposed in 1994
and completed in 2008 it is operated by the ATLAS collaboration. With a size of 25 m x
25m x 25m, see Figure[3.2] it is the largest particle detector of its kind, only rivaled in
size by neutrino observatories like IceCube [125] and Hyper-Kamiokande [126]].

The detector is centered around LHC interaction point 1. A right-handed coordinate
system is defined, with the positive x-axis pointing towards the center of the LHC ring,
the positive y-axis pointing upward, and the z-axis oriented along the beam line. With the
detectors cylindrical layout, a cylindrical coordinate system with azimuthal angle ¢ and
radial distance r is habitually chosen to locate events within the machine. However instead
of polar angle ¢ the pseudorapidity 7 = — Intan(6/2) is often used instead. The reason
for that lies in the invariance of differences in (pseudo) rapidity under boosts along the
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Figure 3.2: Schematic of the ATLAS detector in its totality. Note the figures next to the
muon chambers on the left for scale.

beam-axis. That means collisional particle flux through an annulus of size A, centered
around the beam-axis is constant, independently of the pseudorapidity around which the
annulus is drawn.

The ATLAS detector comprises several sub-detectors which together provide for vertex
finding, particle tracking, and calorimeter capabilities in almost 47 steradian coverage.
Radially inside out from the interaction point these sub-detectors are:

1. the silicon pixel detector, Section [3.4.1]
2. the semiconductor tracker, Section [3.4.2]

3. the transition radiation tracker , Section [3.4.3]

N

. the liquid argon calorimeter, Section [3.4.4]
5. the tile calorimeter, Section [3.4.3]
6. the muon spectrometer, Section [3.4.6|

In addition to that the trigger and data acquisition system, Section [3.4.7] controls and
coordinates the operation and readout of the different sub-detectors.

33



3.4.1 The Pixel Detector

The pixel detector is the innermost component of the ATLAS detector. It is responsible for
vertex finding in addition to particle tracking. To identify the vertices correctly, a position
measurement with an accuracy on the order of 10 um is required. This level of accuracy
is achieved by the pitch of the individual pixels of 400 um by 50 um [[127]. The chips
containing the pixels are manufactured in modules about 2 cm by 2 cm in size. Initially the
pixel detector was made up of three layers in the barrel region and in each of the endcaps.
However, during the LHC’s long shutdown in 2013/14 the pixel detector was upgraded
with a 4th layer in the barrel section, called the insertable B-layer [128].
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Figure 3.3: Pixel detector assembly [129].

3.4.2 Semiconductor Tracker

Filling the radial space 30 to 51 cm from the interaction point [130]], the semiconductor
tracker (SCT), also known as the silicon strip detector, is the second of the three inner
detector subsystems. It provides position measurements like the pixel detector, but at a
radial distance where the use of pixel modules is uneconomical, and constraints on precision
and occupation are relaxed. These relaxed constraints allow for the use of silicon strip
detectors [131]], an alternative to pixels. The strips on these have a pitch of 80 um, and a
length of 126 mm. Two-dimensional position measurements are facilitated by layering two
individual strip modules and rotating them by a small pitch angle against each other.
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3.4.3 Transition Radiation Tracker (TRT)

This is the last of the tracking detectors. In the barrel section it extends radially from 60 cm
to about 110 cm. It is a type of straw tube tracker, where the individual tubes are drift ones
operated in proportional mode [133]]. They have a diameter of 4 mm, a length of 1.5m
in the barrel region and 0.4 m in the endcap one. The barrel ones are electrically divided
into two, and read out on both ends, while the endcap ones are undivided with single side
readout. With a time resolution of about 3 ns the straw tubes achieve position accuracy of
130 um. The TRT gets its name from the material between the tubes that emits transition
radiation when subject to ionizing particles under the right conditions. Specifically, that is
polypropylene fibers for the barrel section, and foils in the endcap sections. The transition
radiation is detected by the straw tubes and its amount is dependent on the particle type and
energy. Thus it increases the overall detection efficiency of the TRT, and enables particle

identification [134} [132]].

These three subsystems together comprise the inner detector, the combined system of
the ATLAS detector that is used to construct particle tracks. To enable it to measure the
transverse momentum of particles, it is situated in a 2 T magnetic field from a supercon-
ducting solenoid that is surrounding the inner detector [[135].

This solenoid does not have a separate cryostat, it is housed in the innermost part of the
cryostat for the first calorimeter.
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Figure 3.5: Layout of the inner detector [[129)].

3.4.4 Liquid Argon/EM Calorimeter

The liquid argon or electromagnetic (EM) calorimeter is the innermost of the two calorime-
ters of the ATLAS detector. It is a sampling type one with the argon acting as the intrinsi-
cally radiation hard active medium and used for the electromagnetic calorimetry as well as
hadronic calorimetry for pseudorapidities larger than = 1.4 and detector radii less than
2.2m [[136} [137]. Depending on the pseudorapidity, the calorimeter’s absorber is either

lead, copper, or tungsten [[138]].

47 cm
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outer copper layer
inner copper layer
kapt%n

outer copper layer

LAr electromdgnetic : -4 .
end-cap (EMEC) S stainless steel 7
- glue -~
LAr electromagnetic S ~ lead

barrel & >
LAr forward (FCal)

(a) Layout of the liquid argon calorimeter || (b) Accordion electrode structure of the liquid argon
calorimeter components. || .
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3.4.5 Tile Calorimeter

For detector radii outside 2.2 m calorimetry is performed by the tile calorimeter. Like the
liquid Argon calorimeter, it is a sampling calorimeter. Injection molded scintillating plastic
tiles act here as the active medium. They are interleaved with low-carbon steel absorbers.

The barrel sections of the liquid argon calorimeter provide a total sampling length of
25 radiation lengths [141] and the tile calorimeter provides at least 7.4 nuclear interaction
lengths (for protons), respectively [142]]. Thus, most particles are contained within the
calorimeters, except for neutrinos and muons.

Neutrinos inevitably escape the detectors. The interaction length for a 10 GeV neutrino
through water, for example, is on the order of 3 X 10'9m, or about 0.2 astronomical
units [143]]. Muons on the other hand can cross large paths of the detector with only
comparatively few interactions. Thus, the ATLAS detector has a sub-detector dedicated to
muons.

3.4.6 Muon Spectrometer

One of the design decisions behind the ATLAS detector was to give it good standalone
muon momentum measurement capabilities. This goal is facilitated by the muon spectrom-
eter [[144]. It operates like a large muon tracker, where the tracks are built from a sequence
of position measurements [145]]. Their transverse momentum can be inferred from these
tracks if they are subject to a known magnetic field. This field is provided by toroidal
magnet with a maximum field strength of 4 T, around which the muon spectrometer is
built[]

The muon spectrometer achieves muon track measurements with 50 um accuracy over
a pseudorapidity coverage of || < 2.7. To do so it makes use of multiple sub-detector
technologies: monitored drift tubes, resistive plate chambers, cathode strip chambers and
thin gap chambers.

Monitored drift tubes are gas filled cylinders with an anode wire in the middle. They
are deployed six to eight tubes deep per muon drift tube chamber, so that each chamber can
measure a muon track segment. Muon drift tube chambers are used in the barrel section of
the muon spectrometer and endcap sections up to pseudo rapidity |n| < 2.0.

Cathode strip chambers replace the muon drift tube chambers for pseudorapidities 2.0 <
|n < 2.7 as the former can cope better with the increased particle flux at high pseudorapidity.
They are multiwire proportional detectors, where two-dimensional positional measurements
are enabled by different wire layers being rotated against each other.

Resistive plate chambers provide muon triggering [[146]] in the barrel region and augment

2Having dedicated muon momentum measurements was an early design consideration of the detector. So
much so that the associated magnet system is referenced in the detectors acronym: ATLAS - A Toroidal LHC
ApparatuS
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the muon drift tube measurements by providing the muon coordinate along the muon drift
tube’s anode wire.

Thin gap chambers perform the muon triggering duty of the resistive place chambers in
the detectors barrel section. Like all the other sub-detectors here, it operates on detecting
ionization electron from muons passing through a gaseous medium.

ATLAS

Resistive plate chambers

MDT chambers

Barrel toroid
coils

g

Figure 3.6: Schematic view of the muon spectrometer orthogonal to the beam direc-

tion || .

3.4.7 'Trigger and data acquisition system

Recording of pp collision events with the ATLAS detector is bandwidth and storage limited.
Storing raw unreconstructed data from an event recorded with the ATLAS detector requires
about 1.5 MB on average [[147]. With a collision rate of 40 MHz this would require a
storage bandwidth of 60 TB s~! and would yield a daily storage volume of about 3600 PB,
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assuming a 70 % LHC duty cycle [148]. While the bandwidth requirements compare not
too unfavorably to state of the art network interfaces [149]E] the storage requirements would
still be prohibitively expensive.

However, for the purpose of measurements and searches it is not even necessary to record
all collision events. The total pp-collision cross section at 13 TeV center of mass energy
is about 111 mb [150], while the equivalent Higgs boson production rate is 49 pb [[151]], a
seven order of magnitude separation. Other strong [[152] and electroweak [153]] processes
of interest for Standard Model measurements have comparable cross sections. The ATLAS
detector exploits this circumstance and only reads out and stores a small subset of the
collisions to accommodate bandwidth and storage constraints. This is done by the trigger
system [154, |155]], which comprises a number of readout and decisions elements that
operate in two stages to down sample the 40 MHz collision rate into a manageable 1.2 kHz
event recording rate [[156,157], see Figure

The first level is constituted by the Level-1 trigger system that reduces the rate at which
the whole detector has to be read out to an effective 90 kHz. The decision process itself is
based on information from the muon spectrometer using the resistive plate chambers and
thing gap chambers, as well as from a reduced granularity readout of the calorimeter. The
inner detector which has the highest spatial granularity and that experiences the largest
particles flux is not involved in the Level-1 trigger decision, to accommodate its bandwidth
constraintﬂ Data from different regions and different sub-detectors can be combined to
estimate kinematic properties in the event, like invariant masses, muon momenta, and
missing transverse energy. The decision logic for the Level-1 system is realized in in
custom electronics and field programmable gate arrays (FPGAs) to satisfy the maximum
latency requirements of 2.5 us.

The second level of the trigger, the High-Level trigger, selects among the events
that passed the Level-1 trigger. Events that pass the High-Level trigger are committed to
permanent storage. This step of the trigger system has access to the full detector information,
but readouts from the different sub-detectors are only transmitted to the High-Level trigger
if requested by it. To speed up the decision-making process regions of interest can be
defined by the Level-1 trigger that are then investigated with more information and at higher
resolution by the High-Level trigger. The decision making logic for this part of the trigger
system is implemented in general purpose processing units (CPUs), and uses software that
is based on the ATLAS Athena offline reconstruction framework [160].

3Though this neglects that the detector was designed in the 1990’s where network interfaces were orders
of magnitude slower than today.

4A system to provide partial readouts of the inner detector for Level-1 trigger decisions, the ATLAS Fast
Tracker [158,|159]], was prototyped during the 2015-18. Delays in its commissioning prevent it though to be
included fort the run 3 period.
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Figure 3.7: Schematic of the Trigger and data acquisition (DAQ) system. Sub-detector
front-end (FE) electronics provide low-granularity muon spectrometer and calorimeter
information to the Level-1 trigger system. If the event is accepted by the system full granu-
larity detector readouts are send to the readout drivers (ROD) that format the data, which is
then buffered in the readout system, which provides the information upon request to the
High-Level trigger. At the same time, the High-Level trigger supervisor (HLTSV) assigns
the Level-1 results to High-Level trigger hardware, which then requests full granularity
data as needed. If the event is accepted by the High-Level trigger too, it is committed to
data [156].
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Chapter 4

Analysis

The Z Z,; analysis aims to constrain the cross section of the beyond the Standard Model
process H — ZZ; — 4. This analysis is conceptually similar to other ‘bump hunts’,
like the original Higgs boson searches [2, [3] in that we are looking for a resonance in
the form of an excess above background. What distinguishes this analysis though is its
signal region. Here we are reconstructing Higgs boson decays so that we can probe the
kinematic properties of its decay products. We are probing the mass-spectra of the Higgs
decay products and exploiting the kinematic phase-space available to them:

12

10

Events / 0.5 GeV
Events /0.5 GeV
(2]

60 70 80 90 20 30 40 50 60

100
m;, [GeV] my, [GeV]

(a) Reconstructed Z-mass distribution (b) Reconstructed off-shell Z*-mass distribution

Figure 4.1: Reconstructed Z-mass (m12) and off-shell Z*-mass (m34) distribution from
H — Z7Z* — 40 decay.

In the Standard Model H — ZZ* — 4/{ process one of the Z bosons is produced off-
shell due to mpy < 2-my,. As a consequence, the dilepton invariant mass that reconstructs
this off-shell Z* exhibits a smooth spectrum, lacking the pronounced Z-peak of the other
dilepton pair, see Figure .1l We search for a Z, that would be produced on resonance
in Higgs-decays in addition to an on-shell Z boson, with a mass range of m , between
15 GeV and 55 GeV:

15GeV <my, <55GeV.
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The lower limit is due to signal region choices, see Section that optimize expected
Higgs boson vs non-Higgs background ratios. The upper limit is set at 55 GeV to avoid
ambiguities in distinguishing the on-shell Z from the Z; at those higher Z; masses.

To place constraints on the H — Z Z; — 4/ this analysis has to:

* Select events that likely contain a Higgs boson decaying to four leptons. Specifically,
define a sub-region in the lepton-kinematic phase-space which is statistically sensitive
tothe H — ZZ, — 4{ process. We call this region the signal region. See Section[4.3]

* Establish a Standard Model expectation for the off-shell vector boson mass distribu-
tion to compare against the measured one. See Section {.4]

* Implement a statistical model to make a statement about the compatibility between
the measured mass-spectrum and relevant signal hypothesis. See Section {.8]

* Translate this compatibility to constraints on the H — ZZ; — 4/ cross section. See
Section

We begin with describing the event selection.

4.1 Event Selection

This analysis is searching for the process H — ZZ; — Standard Model. The Z; in
this analysis is assumed to mix with the Standard Model Z boson via which it decays
to Standard Model particles. The Z itself is unstable, decaying with a mean lifetime of
3 x 10725 [16], and the branching ratios listed in Table

decay process branching ratio I'

7 Seter 3.363(4) x 1072
Z = utus 3.364(7) x 1072
Z =717 3.367(8) x 1072
Z v+ 20.00(6) x 1072
Z — Hadrons 69.91(6) x 1072

Table 4.1: Z boson branching ratios taken from the Particle Data Group [|16].

The largest number of signal events would be obtained by including all Z boson final
states in the signal region. However, to make an estimate of the H — ZZ; process with
maximum significance, i.e. making a measurement that has maximal discriminatory power
between explanations of data that include or exclude the H — ZZ; process, the signal to
background ratio has to be taken into account. Not the number of signal events alone; see
reference [[161] for a discussion of significance metrics.

42



For this reason, we limit ourself in this analysis to electron or muon final states only.
A hadron collider like the LHC produces many other hadronic processes that occur as
background in an H — ZZ; — Hadrons analyses. Neutrino final states would only be
detectable as missing transverse momentum signatures in the detector. These could arise
from decays to neutrinos in a number of other electro-weak processes. Tau-leptons would
be suitable as final state objects if they were longer lived.

Taus have a mean life-time of about £, = 3 x 107" s and a rest mass of m, = 1.8 GeV.
Even at energies of 60 GeV, corresponding to Lorentz factors of

v=4/1 —1}2/02_1 ~ 33,

a Tau would only traverse on average a distance of c¢-7y-¢, = 0.3 mm in the lab-frame before
decaying. This is still inside the beam pipe, which has an inner radius of 23.5 mm [162].
Disfavoring the channel even more, Tau decays involve at least a tau-neutrino, while also
having a =~ 65 % branching ratio to hadrons.

Thus we limit ourselves to electron and muon final states only: The former are absolutely
stableﬂ and the latter are effectively stable. At the energies of interest, muons are boosted
such that their expected lab-frame lifetimes put them well outside the detector before
decaying: at a mean life-time of ¢, = 2.2 x 107%s and a rest mass of m, = 0.1 GeV
muons experience a Lorentz boost factor of 10 at energies of 1 GeV. At these energies
muons move with a speed of 0.995¢ and are expected to traverse

v ,0.995¢ =~ 200 m

in the lab-frame before decaying. The ATLAS detector has dimensions of about 44 m
by 25m, while the lower bound on muon energies used in this analysis is 5 GeV, see
Section

The Higgs boson has a predicte(ﬂ mean life-time of tz = 1.5 x 1072%s [[151]] and the
Z bosons mean-lifetime has been measured to t; = 3 x 1072°s. With these life times
non-relativistic particles propagate no further than ¢y - ¢ ~ 5 x 107° nm before decaying,
and available energies limit their Lorentz factors even at the extremes to

v < 1TeV/100 GeV = 10.

This means that even highly relativistic Higgs or Z bosons decay within distances that
cannot be resolved: the vertex resolution of the ATLAS inner detector is about ~ 20 um,
see reference [165]]. Therefore, the signature that we aim to select comprises two pairs of
opposite sign leptons, where each pair can either be ete™ or u* 11—, and whose kinematics
are consistent with originating from a Higgs boson decay.

Reference [163]] reports a lower limit on the electron lifetime of 7, > 6.6 x 10?® years.
ZReference [164] reports a measured upper limit of 77 < 1.9 x 107® s at 95% confidence level
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4.2 Lepton indexing

Before we discuss the formal definition of the signal region for this analysis, we define
our lepton indexing scheme. As discussed above, the final state of interest comprises four
leptons. We will refer to them as ¢; through /4 according to descending pt so that

PT1 = PTo = PT3 = PTa-

We select the H — 4/ final state lepton quadruplet ¢4, /5, {3, and ¢, such that it is made
up out of two sets of lepton pairs, where each pair is required to comprise two opposite-sign,
same-flavor leptons, i.e. ete™ or i ~. These will be labeled as ¢/, and ¢34, which are
defined such that ¢/, is the pair with invariant dilepton mass closest to the Z boson mass
and (/4 the next closest one:

|mig — myz| < |mgs —my|.

See Figure d.2]for illustration. The dilepton invariant masses m;2, ms4 can be calculated

4
4

Figure 4.2: Illustration of our lepton indexing convention. The exact origin of each lepton
is not directly accessible. So for a given doublet of dilepton pairs, we take the pair with
invariant mass closer to the Z mass to originate from an on-shell Z and label as it as pair
¢l15 with dilepton invariant mass m;s, and the other pair as originating from the off-shell
Z* and referring to it as pair /{3, with invariant m3,.

from the four-momenta p,, of the leptons, e.g.:

3

12 H
=0

The four-lepton invariant mass myy, that is also part of the signal selection process, is
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analogously given by

3 4
mye = Z Zpiupiu-

p=0 i=1

4.3 Cutflow

The signal region in this analysis is defined by a cutflow. This is a common analysis method
in high energy physics and was used, for example, in discoveries of the tau lepton [166]],

Z [167]], and Higgs boson [2,|3]. In a cutflow analysis sequential requirements on the event’s
parameters are applied to select a hyper-rectangle in the phase space of event parameters
that provides optimal statistical sensitivity to the signal of interest. The advantage of other
methods of defining signal regions, like boosted decision trees or machine learning based

classifiers, lies in its simplicity and interpretability.
The cutflow here comprises the following steps:

1.

Event preselection: Here selection criteria are applied at an event level, instead of
particle level later on. The requirements here include the detector to be in good
operational condition, association with a fired lepton trigger, the presence of a
primary vertex and at least four leptons. Events that fail any requirement at this step
are discarded from the analysis pipeline.

Lepton selection: For events that pass the preselection, baseline requirements on the
individual leptons are enforced. Leptons that fail those are removed from the analysis
pipeline.

. Lepton-pair and quadruplet formation: All possible same-flavor opposite-sign lepton

pars, i.e. e"e” and ", are assembled from the leptons in the event. From those
pairs all possible lepton quadruplets are assembled. Kinematic and other cuts are
placed on these quadruplets. Those quadruplets that fail these cuts are removed from
the analysis pipeline.

Quadruplet Ranking and Selection: We are considering only one quadruplet per event.
To select one, the quadruplets passing the previous step are ranked in a well-defined
way. The highest ranked is then chosen for the next step, all other ones are removed
from the analysis pipeline.

. Event Selection: Additional cuts are applied to the selected quadruplets. If it passes

those the event is added to the signal region, or the ZZ* validation region, see
Section4.3]

An overview of the specific cuts is given in Table 4.2] a detailed discussed follows below.

45



Category Cut Name Requirement
Event GRL and Cleaning Standard GRL + LArError + TileError + SCTError +
CoreError
Preselection Trigger
Vertex At least one vertex reconstructed with ng,., > 2
Baseline pr > T7GeV
Electrons n |n| <247
ID LooselH
Object Quality Not from a bad cluster
|z0] < 0.5mm
Baseline pr > 5GeV (15 GeV if calo-tagged)
Muons noInl<2.7
ID Loose
|z0] < 0.5mm (stand-alone muons exempt)
dp < lmm (stand-alone muons exempt)
Quadruplet Quadruplet At least four leptons forming a quadruplet, with not more than 2
Formation electrons failing LooseLH identification
Quadruplet | Same-flavor opposite-sign  dileptons are £ £~ pairs
least one Muon Quality Number of calo-tagged muons plus number of stand-alone muons
trigger <1
AR > 0.1 between same-flavor leptons, > 0.2 between different-
flavor
myp constraints 50 < mia < 106 GeV;12 < mgy < 115 GeV; same-flavor
opposite-sign alternative pairings m14, mao3 > 5 GeV
Quadruplet Channel-ordered  Select first surviving quadruplet after iterative ordering:
Ranking 1. Sort the quadruplets according to expected signal rate:
(selects dp > 2e2p > 2u2e > 4e
one) 2. Resolve ambiguities by sorting them ascending in
\mz - m12|
3. Resolve mjs ambiguities by ascending sorting in
Imz — maal
Event Isolation Muon track - FCLoose_FixedRad: max (p%ﬁ{“f{};”, p}?ﬁ"&gzo) <0.15pr
Selection Muon calo - FCLoose_FixedRad: ES™20 < 0.3 pr

Impact Parameter
Higgs Window
Common Vertex

Electron track - FCLoose: p%‘fp"]‘lﬁ% < 0.15p7r
Electron calorimeter - FCLoose: ES™?Y < 0.2 pr
electrons: dy/oq, < 5, for muons: dy/cq, < 3
115 < myy < 130 GeV

x?/ndof < 6 for 4u and 2 /ndof < 9 for others

Table 4.2: Summary of baseline lepton requirements, quadruplet formation, selection,
ranking, and event selection in the cutflow. See Section for details on the various
Isolation, ID, and variable definitions. Reference [168]] describes the isolation variables in

detail.
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4.3.1 Event Preselection

The first step in the analysis cutflow makes cuts on the event level - event refers to a
particular bunch crossing that encompasses usually multiple proton-proton collisions. In
this first step it is ensured that the event had been recorded at a time when the detector was
recording data in good quality, that the event is associated with a relevant fired trigger and
that it contains physics objects of interest.

Data Quality

The quality of the data is checked by comparing the event number against a list of events
known to have been recorded under good detector conditions, the Good Run List (GRL).
Detector error states in the GRL that veto the inclusion of the event include problematic
conditions of the liquid argon calorimeter (LArError), tile calorimeter (TileError),
silicon tracker (SCTError), or the Timing, Trigger and Control system (CoreError).
See reference [[169] for details on ATLAS Data Quality Monitoring.

Triggers

To reduce processing time, all events are required to activate at least a single-, di-, or
tri-lepton trigger [170]], and only so when the given trigger is in unprescaled condition.

Prescaling refers to the practice of reading out the detector at only 1 out of every npregcale
triggered events. This is used to preserve detector readout bandwidth under conditions
where reading out at every 1 out of 1 triggers would exceed it. We are avoiding prescaled
triggers so that propagating the the prescaling to the corresponding Monte Carlo simulations
1S unnecessary.

Event Topology Cuts

To further precondition the events, we require each one to contain at least two leptons with
pr > 0.4 GeV that are associated with at least one primary vertex [171]]. Additionally, we
reject events that fail calorimeter noise rejection criteria outlined in reference [[172]].

We could already require at this stage that all events have at least four leptons associated
with a primary vertex. But delaying that cut allows us to construct later on additional
sidebands that can be used when estimating reducible (see Section 4.6) backgrounds from
data.
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4.3.2 Lepton Selection

If the given event passes all requirements in the previous step, the cutflow continues with it
by enforcing cuts on the leptons present within. These differ slightly between electrons and
muons. However, before these cuts can be applied both types of leptons have to be recon-
structed and identified from the underlying detector signatures: hits in the inner detector,
energy deposits in the electromagnetic (EM) calorimeter, as well as muon spectrometer hits
for muons. Additionally, the inferred lepton energies are adjusted by detector calibrations
to improve the accuracy and precision of the measured energies.

Electrons candidates are reconstructed from clusters of energy deposits in the EM
calorimeter that can be associated with a minimum number of hits in the pixel and semi-
conductor tracker (SCT) [173,174]]. The clusters in the calorimeter are constructed from
seed cells which report an energy deposit in excess of four times the calorimeter noise
floor. To this initial one-cell cluster, neighboring cells which exceed twice the noise floor
are iteratively added until no more neighboring cells can be added, and the cluster is then
finalized by adding the set of adjacent cells next to it. The resulting cluster is a set of
topologically connected calorimeter cells - a topological cluster [175,/176]. At same time
electron track candidates are constructed from hits in the pixel and SCT, that is points in
three-dimensional space from ionizing particles crossing either detector. This is done by
fitting particle trajectories to them [177,178]] and extending those to the transition radiation
tracker [179]]. An electron candidate is constructed when a topological cluster with an
energy of at least 1 GeV is matched to an electron track that has at least four hits in the
pixel and SCT detectors combined. Neighboring topological clusters are then added to
the electron candidate to capture potential energy lost from bremsstrahlung in the inner
detector.

Before particles are detected in the calorimeter they loose energy via interactions with
upstream detector material, like the inner detector, beam-pipe, and cryostat walls. As such
the energy deposited in the calorimeter is different from the particle’s initial energy. The
calorimeter measures the former, but it is the latter that we are interested in. So to infer the
electron candidates energy at the interaction point a calibration is applied to the electron
candidates [180, 181]]. This calibration proceeds in several steps, beginning with a data
driven inter-calibration of the longitudinal segments of the EM calorimeter. For this the
calorimeter segments energy response between the different lays is corrected from muon
energy measurements within them. This is possible due to the large radiation length of
muons compared to electrons. The main part of the calibration involves a multivariate
algorithm [[182} 183 that is training on particle-calorimeter interactions from Monte Carlo
simulations and optimized the calorimeter’s energy response by using the simulated true
electron energies and simulated calorimeter readouts among others. Lastly the simulation
derived calibration is corrected for data-simulation mismatches and pileup effects, among
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others.

In a next step a likelihood-based discriminator is then used to identify prompt electrons
among the electron candidates [[173, 174]. The likelihoods underlying probability density
functions are constructed from the smoothed histograms of inner detector and calorimeter
measurables, like track conditions, calorimeter readouts and track-cluster matching. The
relevant histograms are obtained from Monte Carlo simulations and corrected for simulation
imperfections by data from Z — ee and J/¢ — ee decays. The latter requires necessarily
some form of electron identification, but can be obtained by applying a less well corrected
identification method with decidedly low false-positive rate to at least one electron of
events consistent with Z — ee or J/1) — ee decays, this is known as the tag-and-probe
method [[184} [185].

The identification is parameterized in multiple operating points that cut at different like-
lihood values to make different trade-offs between identification efficiency and background
rejection rate. From lower to higher rejection rate these operating points are VeryLoose,
Loose, Medium, and Tight ID. We are requiring electrons to pass Loose identification,
which has an identification efficiency of about 93 % for 40 GeV electrons [174].

Additionally the electrons for this analysis are required to have transverse momentum
pr > 7GeV, lie within a pseudorapidity region of || < 2.47F| Their longitudinal impact
parameter [[186] must be within |zo| < 0.5 mm. It is the distance along the beam-axis
between the primary vertex of the event and the point along the electrons trajectory that
is closest to the beam axis in radial direction. In addition to that the electron may not be
associated with a bad cluster in the calorimeter.

Muon candidates are reconstructed from tracks in the inner detector and muon spectrometer.
The reconstruction process proceeds first independently in these two detector systems. In
the inner detector muon tracks are reconstruction in the same as in the electron case: helical
particle tracks that are parametrized to account for interactions with the detector material
are fitted to sets of three-dimensional space points representing detector hits.

Track reconstruction in the muon spectrometer proceeds slightly differently by exploit-
ing the segmentation and spatial extend of the muon drift tube chambers. In each chamber
local hits are first reconstructed to track segments and which then are fitted together in a x?
manner to build muon spectrometer tracks [187, 188]].

Muon candidates are then built from combining the inner detector and muon spectrom-
eter tracks. Depending on the match between the different kinds of tracks, four different
kinds of muons candidates are reconstructed.

* Combined (CB) muons are built by matching inner detector and muon spectrom-
eter tracks together. This is done via a concurrent fit to inner detector and muon
spectrometer hits that are each associated with tracks in each sub-detector.

3Pseudorapidity 7 is given via the polar angle # by n = — Intan(6/2).
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* Segment-tagged (ST) muon are similar to CB muons, but here the global fit includes
an inner detector track and only a muons spectrometer track segment, not a complete
track. This is most appropriate for muons that interact only partially with the muon
spectrometer. Either due to low pr or because it falls in a region with reduced muon
spectrometer instrumentation.

* Stand-alone (SA) muons are reconstructed from muon spectrometer tracks alone,
without association to to an inner detector track. This muon type allows to extend
muon reconstruction to the pseudorapidity region 2.5 < |n| < 2.7, beyond the
acceptance of the inner detector.

* Calorimeter-tagged (CT) muons are not associated with any muon spectrometer
tracks, but instead with minimum-ionizing particle signatures in the calorimeter.
They allow to recover reconstruction efficiency in the very central region of |n| <
0.1, where the muon spectrometer suffers from reduced instrumentation due to the
presence of calorimeter cabling.

The muons of interest at the LHC have energies ranging from 1 GeV to 1 TeV, making
them minimum-ionizing [[189]. This allows to utilize a simpler method when correcting
muon energies loss within the detector than the multivariate regression method employed
in the electron case. Instead a detailed description of the detector’s geometry is used to
parametrize the average energy loss experienced by the muons, which is then augmented
by the measured energy deposits in the calorimeters.

Identification requirements are imposed on the muon candidates to select true prompt
muons from among them. Unlike for electrons though, this is not done in a likelihood-
based way, but by putting conditions on the agreement between inner detector and muon
spectrometer measurements where applicable, and on the number of hits in each sub-
detector. In total there are four of these muon identification working points: loose, medium,
tight, and high-pr muon identification. The high-pr working point is designed to prioritize
momentum resolution for muons with transverse momentum py > 100 GeV, while the
other three represent the standard muon identification with ever high prompt muon purity
in exchange for identification efficiency.

This analysis uses loose muon identification, designed to aid in Higgs boson reconstruc-
tion and the most permissive working point [[187]. It uses all four kinds of muon candidates,
but segment-tagged and calorimeter-tagged ones are restricted to only the most central
pseudorapidity region of |7| < 0.1. Muon candidates with inner detector hits must have at
least one hit in the pixel detector, and five hits in the silicon tracker, with fewer than three
layers of both sub-detectors together lacking associated hits. Additionally, to that there
are requirements of hits in the muon spectrometer for stand-alone and combined muons.
SA muons, which are only used in the region |r| > 2.5, must show hits in at least three
sub-detector layers between the muon drift tube chambers and the cathode strip chambers.
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That requirement is slightly reduced to two hits for combined muons, but an additional
selection of ¢/p-significance < 7 is enforced. The ¢/p-significance is given by the absolute
difference of charge to momentum ratios in the two detectors, divided by their combined
uncertainties.

In addition to loose identification, we require the muons to be within a pseudorapidity
region of |1| < 2.57. Muon objects that are associated with an inner detector track, have
to pass impact parameter requirements of |zy| < 0.5 mm and dy < 1 mm. The transverse
impact parameter d is here the radial distance between the beam-axis and the muon, at the
muons closest approach to the beam-axis. Lastly a transverse momentum cut is enforced:
calorimeter-tagged muons are required to have pr > 15 GeV, while the other reconstructed
muon types have to pass a less strict requirement of py > 5 GeV.

4.3.3 Lepton-pair and quadruplet formation

From the leptons passing the requirements in the Lepton Selection[4.3.2] all same-flavor
opposite-sign dilepton pairs are assembled, i.e. all possible pairs of ete™ and ptp~
are constructed. From these pairs all possible lepton quadruplets are assembled, i.e. all
combinations of ete~ete™ ,ete utu™, utpuete” ,and ptpu~ . Then quadruplets
that do not pass the following cuts are discarded:

Overlap Removal

The given quadruplet may not contain overlap removed leptons.

Overlap removal refers to a practice of avoiding associating one single detector response
with multiple different physics objects. In this analysis we are concerned with electron-
electron and electron-muon overlap. Muon-muon overlap is generally avoided within the
event reconstruction.

In the case of electron-electron overlap the electrons may share a common track segment
or calorimeter cluster. In this case the higher-pr electron receives priority, and the lower pr
one is removed.

The process for electron-muon overlap depends on the type of the muon object. In the
cases of stand alone, segment-tagged, and combined (CB) muons sharing a track with an
electron, the electron is removed. For calorimeter-tagged muons sharing a track with an
electron however, the muon is removed. See reference [190] for details on the overlap
removal.

Extended Trigger Requirement

The Event Level cuts 4.3.T|required that the event includes at least one lepton that fired a
trigger. Here this requirement is extended. The given quadruplet must contain at least one
lepton firing a trigger. And if the fired trigger is a di- or tri-lepton trigger, the quadruplet has
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to contain the specific di- or tri-lepton set that fired the trigger. Otherwise the quadruplet is
discarded
Muon type requirement

For quadruplets that contain muons, at most one calorimeter-tagged or one stand-alone
muon may be present. If the number of calorimeter-tagged plus stand-alone muons is larger
than one, the quadruplet is discarded.

Lepton py

The three highest pr leptons in the quadruplet have to satisfy
pr1 > 20 GeV, pry > 15GeV, pry > 10 GeV

where pr, is the transverse momentum of the lepton with largest pr in quadruplet, pr, the
transverse momentum of the lepton with the second largest pr, etc. If the requirement is
not satisfied, the quadruplet is removed from the cutflow.

Dilepton invariant mass requirement

The leading and sub-leading dilepton pairs, (/15 and ¢/5, respectively, have to satisfy
dilepton invariant mass requirements. For the leading pair, i.e. the one whose invariant
mass is closer to the Z mass, the requirement is:

50 GeV < myy < 106 GeV

The requirement on the other lepton pair is conditioned on the four-lepton invariant mass,
see Table[4.3] or Figure 4.3] Quadruplets failing either of the m15 or ms, requirements are
removed from consideration.

My range \ ms4 requirement
105 GeV < mypy < 130 GeV 12GeV < mgsy < 115GeV
100 GeV < my, < 105GeV | 1.4 (myy — 100 GeV) 4+ 5 GeV < mgy < 115 GeV
mye < 100 GeV 5GeV < msy < 115GeV

Table 4.3: Requirements on sub-leading dilepton pair invariant mass, mgs4, depending on
four-lepton invariant mass myy .
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Figure 4.3: Band of mys-ms4 that passes the ms,4 part of the dilepton invariant mass cuts of
the cutflow.

Alternative dilepton pairing requirement

For single flavor quadruplets, i.e. ete ete™ and u*p~ptp~, we can construct the
alternative-pairing dilepton pairs ¢/, and (/53. For those quadruplets we require the
invariant mass of the alternative-pairing dileptons to be larger than 5 GeV:

M14, Mo3 > O GeV.

If they do not satisfy this requirement they are discarded.

4.3.4 Quadruplet Ranking and Selection

We are allowing only up to one contribution per event to the signal region, but it is possible
that more than one quadruplet per event survives the cuts discussed above. So we need
a mechanism to select a single quadruplet among those that have remained. We do this
by ranking those quadruplets and then selecting the highest ranked. The final ranking is
achieved in three steps:

1. First we rank the quadruplets by flavor, according to 4p1 > 2ep > 2u2e > 4e. This
mimics the expected flavor ranking of signal rates.

2. Any ambiguities, for example in the case of two 4, quadruplets, are resolved by
ordering the ambiguous quadruplets by proximity of ms to my, i.e. in descending
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order of |my; — mys|, such that a quadruplet with mg, = 90 GeV is higher ranked
than one with mss = 100 GeV.

3. Any remaining ambiguities, e.g. for quadruplets that share the ¢/, pair, are resolved
by ranking the quadruplet with smallest |, — mg4| highest.

The overall highest ranked quadruplet has to pass a final set of cuts in the next step, before
entering the signal or ZZ* validation region.

4.3.5 Event Selection

The previously selected quadruplet has to pass additional isolation, impact parameter
significance and four-lepton invariant mass cuts.

Impact Parameter Cut

One of the parameters describing a particle track is the impact parameter d, measured in
the plane orthogonal to the beamline. We are adding here information about d, and its
uncertainty to the selection process. The selected quadruplet has to satisfy a cut on the
impact parameter significance dy/c4,, i.e. the ratio of dj to its uncertainty. For electrons
it is dy/og4, < 5 and for muons the requirement is dy/o4, < 3. Stand-Alone muons are
however excluded from the impact parameter fit, as they are not associated with an inner
detector track.

Isolation

Leptons produced in quantum chromodynamic processes within colliders tend to be pro-
duced along with other particles in their vicinity that generate their own detector signatures
in the form of tracks and energy deposits. Leptons from electroweak processes on the other
hand tend to lack these additional signatures. This property of being more ‘isolated’ can be
used to distinguish between these two origin mechanisms. We aim to select leptons from Z
decays, so we are including isolation information in our cutflow.

There are comprehensive frameworks within the ATLAS experiment that define isola-
tion and provide well defined cuts, or working points, on them. See reference [168] for
details. This analysis uses the FCLoose isolation working point for electron isolation and
FCLoose_FixedRad isolation working point for muon isolation as defined below. Each
working point applies cuts on tracker and calorimeter variables.

The variable for the calorimeter cuts for both working points is F5?. It is defined
as the sum of the energies of the topological clusters [176] whose barycenters fall within
AR = /A2 + Ai = 20/100 = 0.2 of the lepton of interest, minus the cluster’s energy

that is directly associated with the lepton.
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The tracker based cut variables, piomeXX and pyaeeneXX “are given by a sum of track

transverse momenta in a cone of radius AR centered around the lepton of interest. To
be included in the sum, the tracks must pass Loose track quality cuts, must have been
included in the vertex fit of the lepton of interest, and have pr > 1 GeV. The cone radius
in pPPYa s given by AR = X X/100, while the cone radius for pfsus™™ is of variable
size. There it is given by AR = min (10 GeV/pr, X X/100). FCLoose uses X X = 20,
and FCLoose_FixedRad uses X X = 20 or 30, depending on the transverse momentum of
the muon.

The isolation cuts for FCLoose are

EF™* < 0.2pr and pRFva < 0.15pr,
and for FCLoose_FixedRad they are
B < 0.3 pr and max (p}f‘}cf’sfo, p%‘}l%%?A) < 0.15py.

The isolation variables described above are corrected for contributions from close-by
leptons Only the other three leptons in the quadruplet are used for this correction,
therefore the isolation decision for a lepton is determined for each quadruplet the lepton is
used in. The isolation variables are corrected as follows:

o E520: Subtract the Er of topoclusters that are both within 0.1 < AR < 0.2 of the
lepton to be corrected and within AR < 0.1 of any of the three other leptons.

p}“}‘%l{}ﬁx Subtract the inner detector track pr of any of the three other leptons if the
track is within the (variable size) isolation cone of the particle.

Primary Vertex

As discussed in Section {.1] our signal signature involves four leptons from one primary
vertex. This condition is enforced here. A cut on the quality of the common vertex fit of the
quadruplet leptons is introduced. The requirement is x?/Ng.¢ < 6 for the 4, channel and
X2 /Naot < 9 otherwise

Four lepton invariant mass cuts

The final cut on the quadruplet is a requirement on the four-lepton invariant mass. The
quadruplet enters the signal region, if the four-lepton invariant mass falls within

115 GeV < myp < 130 GeV

“4This is done with the IsolationCloseByCorrectionTool provided by the Isolation Forum.
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and if
mye < 115 GeV

the quadruplet is placed in the Z Z* validation region that serves to validate the correspond-
ing background.
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4.4 Background Estimation

To constrain the cross section ozz, of the beyond Standard Model H — ZZ; — 4¢
process we require a measurable quantity that is sensitive to oz, as well as a reference
to compare the measured value against. The former is the sub-leading dilepton invariant
mass distribution mg,4 in the signal region. For the latter we use the Standard Model
expectation of the ms, mass in additional to a 0z, dependent expectation of signal from
H — ZZ; — 4¢. We discuss the ZZ; signal modeling in Section while we will
discuss here the background modeling.

Our Standard Model expectation is for the largest part derived from Monte Carlo
simulations of relevant events. These are, in order of decreasing contribution to the signal
region:

» Resonant Higgs boson decays to four leptons, H — ZZ* — 4/.

Decay of non-resonantly produced Z Z* to four leptons, ZZ* — 4/.

Decays of Z bosons coincident with fake or non-isolated leptons. These include
7 + jets, tt, as well as ZW decays.

Decays of a Z boson to two leptons coincident with two leptons from a ¢t pair, or
two other vector bosons.

With the exception of fake or non-isolated leptons, all of the backgrounds involve four real,
prompt, and isolated leptons. For these we rely on Monte Carlo simulations to estimate
their contribution to the signal region ms4 mass distribution.

The backgrounds involving fake or non-isolated leptons, are referred to as reducible
backgrounds. A sufficiently ideal detector could in principle tag the fake or non-isolated
leptons as such, reducing their contribution to zero. The other backgrounds have signatures
that are practically indistinguishable from H — 4/ events. Thus in contexts involving the
study of the H — ZZ* — 4/{ process they are referred to as irreducible backgrounds [191]).

4.5 Background Monte Carlo Simulations

The irreducible backgrounds are estimated from Monte Carlo simulations. Their contri-
bution to the signal region are is shown in Table [#.4] We discuss the different simulations
below by physics process.

H—ZZ7* — 4

The simulation of the Standard Model Higgs boson backgrounds includes the following
Higgs boson production mechanisms: gluon-gluon fusion (ggF) [192], vector-boson fusion
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Background Type mgy signal region expectation | relative contribution
H— 77— 4 197.14+0.2 65.9 %
7270% — 4 100.0 0.2 33.5%
ZZLWZZ WWZ, tt+ Z 1.76 £ 0.08 0.6 %
Total 298.9 £0.3 100 %

Table 4.4: Expected background contributions to the signal region from Monte Carlo
simulations.

(VBF) [[193], production in association with a vector boson (VH) [194]], associated produc-
tion along a tf pair (tH) [195], as well as associated production along bb (bbH) [[196]. The
relevant cross sections and branching ratios that scale the H — ZZ* — 4/ signal region
expectation are taken from references [197, |198]. See Table @] for an overview of the
contribution from the different Higgs boson production channels

process ms4 signal region expectation | relative contribution
gluon-gluon fusion 175.24+0.2 88.8 %
vector boson fusion 15.04 4+ 0.05 7.6 %
associated production WH + ZH 4.18 £+ 0.02 2.1%
bbH 1.79 £ 0.02 0.9%
ttH 1.42+0.01 0.7%
99ZH 0.53+ < 0.01 0.2%
Total H — Z7* — 44 197.14+0.2 100 %

Table 4.5: Expected background contributions to the signal region from Monte Carlo
simulations.

In an ideal scenario we would define a region to validate the Standard Model Higgs
production. However due to the kinematic similarities between the H — ZZ; — 4/¢ and
H — Z7Z* — 4/ processes we are not able to do that. Any region that would include
Standard Model Higgs to four lepton decays, could also potentially include decays to
Z Z4, and we would extend the signal region to include this region too. Instead, we will
leave the normalization of the Standard Model Higgs boson background floating in the
final limit setting, and include it there as a nuisance parameter. As such the shape of the
H — ZZ* — 4/ is determined from Monte Carlo simulation, but the normalization is
implicitly determined from data.

720 — 4

For non-resonant Z Z* background we include two production modes: gluon-gluon fusion
(ggF), and quark-antiquark annihilation (¢¢). Both are simulated with Sherpa 2.2.2 [[199].
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The g9 — ZZ* — 4/ process contributes the majority of ZZ* background at 98.3(2)
events and qq — ZZ* — 4( decay contributes 1.70(3) events.

For the ZZ* background we have a region to validate the background expectation. It
is given by the low-mass sideband of the Z Z; signal region, i.e. quadruplets that pass the
cutflow, but whose four-lepton invariant mass is below 115 GeV, see Section@ This
region is virtually free of H — 4/ events, with Higgs boson decays contributing ~ 1%
of events, and enriched in ZZ* — 4(. See figures [4.4] and 4.5] for comparisons between
measured and expected distributions of m,, and ms, in the Z Z* validation region.
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Figure 4.4: ZZ* validation region with all channels combined: 4u, 2e2u, 2u2e, and 4e
channels. We can use the limit setting mechanism described in Section {.§|to check the
agreement between data and Monte Carlo expectations by adding a scaling factor to the

Z 7 expectation. Doing so yields a maximum likelihood estimate for the scaling factor of
1.00 £ 0.08, indicating good agreement between data and Monte Carlo simulations.

We can use the limit setting mechanism described in Section [4.8|to make a quantitative
statement between the mg, distributions in the ZZ* validation region between data and
Monte Carlo. To do so, we add a norm factor Az, such that the Monte Carlo prediction in
bin ¢ in Figure 4.4b]is given by

Ni=Azz-ZZ;+ B,

where ZZ; is the number of ZZ* — 4/ events in bin ¢ and B; is the number of events
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Figure 4.5: mg, distributions per channel in the ZZ* validation region with 2015-8 data
and simulation. The four-lepton invariant mass is required to be m4, < 115 GeV while all
other requirements are identical to the signal region. There is good agreement between data
and Monte Carlo simulation.
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from other processes. A value of Az, = 1 reproduces the distribution in Figure and
indicates an accurate simulation of the Z Z background process. Performing a maximum
likelihood to estimate Az as outlined in Section yields a value of

Azz = 1.00 &£ 0.08 g

indicating a good agreement between Monte Carlo prediction and data the ZZ* validation
region. See Figure 4.6|for the scan of the profile likelihood ratio used to arrive at the A,
estimate and the the 95 % confidence level interval.
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Figure 4.6: Scan of the negative log likelihood profile ratio for the maximum likelihood
ratio estimate of the Az, and confidence interval. See sectio for details. The green
lines indicate the location of the 95 % confidence level interval.

Triboson and Z + tf backgrounds

The last group of backgrounds are given by triboson processes, ZZZ, WZZ, WW Z,
as well as Z + tt events decaying to four or more leptons. Like the non-resonant ZZ*
background, they are also simulated using Sherpa 2.2.2.. They contribute 0.6 % of the
signal region background estimated, or ~ 1.8 events, and are not validated or normalized to
data.

Total background expectation

Taking all of the discussed background expectations together yields the expected msy
distribution shown in Figure
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Figure 4.7: Signal region background prediction for all final states.

4.6 Data Driven Background Estimates

The Monte Carlo simulation of the reducible background is less robust than the irreducible
one. This is due to their partially hadronic nature and their misidentification as prompt,
isolated leptons. Being hadronic, they are more susceptible to quantum chromodynamic
theory uncertainties, and require full calorimeter shower simulation for appropriate
simulation. The latter is computationally more demanding then fast electromagnetic shower
simulation 202]]. This alone might still be tolerable, but is exacerbated by the small
signal region yield, i.e. the fraction of simulated events that enter the signal region.

Only jets that are reconstructed as two leptons can enter the signal region and the
probability for this is small due to the fake lepton rejection rate of the detector, and we are
currently not able to precondition the Monte Carlo generator to simulate reducible events
that are a priori known to be misidentified as prompt leptons. For example, during the 2012
data taking period the rate to misidentify non-prompt or hadronic backgrounds as electron
was 0.94(1) % [203],, for the LooseLH identification scheme. This means that we have to
expect to simulate ~ 106 jets to encounter one that is reconstructed as a prompt lepton and
~ 1.1 x 10? pairs to find one where both jets are reconstructed as leptons.

To avoid both difficulties we rely on a semi-data driven approach to estimate the
reducible backgrounds: the total yield in the signal region is estimated from data via a
transfer factor method, while the shape of the m3,4 distribution is estimated by smoothing
the relevant Monte Carlo derived histograms.

The signal region yield estimates are taken from the Standard Model H — ZZ* —
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4¢ analysis [204]. These yields are derived by defining additional control regions that
are orthogonal to the signal region and each other, and are enriched in one or multiple
reducible background processes like ¢t or Z+ heavy flavor jet decays. Monte Carlo derived
background predictions are fitted jointly to data in these regions, giving data-driven yield
estimates in those control regions. The reducible background yield in the signal region is
calculated from the fitted yield in a control region that is enriched in all types of reducible
backgrounds by multiplying it with the transfer factor

#Mcsignal region / #MCenriched )

where #MCgignal region 18 the reducible background yield in the signal region as predicted by
Monte Carlo simulation, and #MCeyicheq 1S the equivalent, pre-fit Monte Carlo prediction
in this enriched control region. The data driven reducible background yields are given in
Table

final state flavor reducible background signal region yield
Adp 2.29 £ 1.52 % siar. £ 719 % syt
2e2p 1.95+ 1.52% gar. £ 7.19 % yst.
2p2e  3.24 %+ 5.97% gar. = 14.8 % gyst.
de 2.58 £ 8.43 % g, £ 13.0 % gyt
all combined  9.49 & 2.84 % o £ 8.22 % gyt

Table 4.6: Data driven reducible background yields in the signal region, adopted from the
H — Z7* — 40 analysis [204].

Using the reducible background yields from the Standard Model H — ZZ* — 4/
analysis in this one is justified as both analyses aim to reconstruct H — 4/ processes
with identical cutﬂowﬂ The only relevant difference between the two analyses lies in the
choice of isolation working points: this analysis uses FCLoose working points, while the
H — Z7Z* — 44 analysis uses FixedCutPflowLoose. It is estimated from reference [204]
that this difference in isolation working point affects the reducible background estimate by
around 10 %.

The reducible background constitutes about 3 % of the Z Z, signal region background,
so a mismodelling of the reducible yield by 10 % would change the total background
estimate on the order of 1 x 10~® To confirm that mismodelling of the reducible yield
of this size is negligible, we produced asymptotically estimated expected limits on the
H — ZZ,; — 44 cross section limits with the nominal data-driven reducible background

>This applies for the H — ZZ* — 4/ analysis [204] cutflow for the reducible background yield
estimation. The cutflow in [204] outside the data driven reducible estimates uses a slight different method for
selecting quadruplets, but for purposes of estimating the reducible yields, it is identical to the one used in this
analysis.
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estimates, and reducible estimates that are increased by 20 %, see figure Increasing the
reducible background estimate by this amount, changes the o0, estimate generally by less
then 2 %. A change well within the 1-sigma uncertainty bands, and negligible within the
expected 07z, uncertainty estimate. Either way, an additional 10 % systematic uncertainty
on the reducible normalization is introduced in the limit setting, to reflect the differences in
isolation working point settings.

The reducible background shapes are estimated separately for the ¢/ and ¢/ee final
states. For the ¢/ shape only tf and Z+ heavy flavor jet contributions are considered,
Z+ light flavor jets and W Z contributions are neglected due to their small contribution.
The shapes themselves are derived separate from smoothing the ¢¢ and Z+ heavy flavor jet
mgy distributions in the signal region with a kernel density estimate, realized in the ROOT
RooKeysPDF method. The smoothed shapes are normalized to the relevant yields from the
H — Z7Z* — 4{ analysis [204]] and added together.

The underlying assumption for this method is that the relevant reducible Monte Carlo
simulation are in principle reliable, and that shape fluctuations due to small statistics are
smoothed out via the kernel density estimate. To show that the first part is true, we define
a control region that is enriched in reducible background with sufficient statistic: the
inverted d, region is shown in Figure [4.9]and defined by inverting the dy-significance cut
of the cutflow, see Table not applying the common vertex cut, and removing isolation
requirements from the sub-leading di-lepton pair. The shapes for the ¢{ee final states are
derived similarly, but with one important distinction. The background shapes for this flavor
combinations are derived from smoothed ms4 distributions of Z+ heavy flavor jet and
Z+ light flavor jet backgrounds. However only the Z+ heavy flavor jet component is
derived from its Monte Carlo derived mg4 distribution. The light flavor equivalent is derived
from the smoothed data mg, distribution in another region, the 3/ + X one. In this region
the sub-leading di-lepton pair is required to be same sign, and no electron ID requirements
are applied to the second lepton in the sub-leading di-lepton pair. Additionally all passing
quadruplets with same m 5 are kept to increase statistics in this region.

The combined reducible background estimate for all flavor final states is shown in

Figure 4.10]
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Figure 4.8: Impact of the reducible background estimate on the expected oz, limits. The
1-sigma regions in the left plat are almost, but not completely identical.
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Figure 4.9: Inverted d, region, ¢/uu flavor top and ¢/ee bottom. This region is enriched in
reducible background to show that with sufficient statistic there is good agreement between
simulation and data. It is defined by inverting the d-significance cut in the cutflow, not
applying the common vertex cut, and removing isolation requirements from the sub-leading
di-lepton pair. See Table @ for an overview of the cutflow.
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(b) reducible background from Monte Carlo simulation

Carlo simulations and the data driven approach laid out here.
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4.7 ZZ,;Signal Prediction

We rely on Monte Carlo generators to estimate most of our background in this analysis.
The generators calculate final states in proton-proton collisions based on properties like
mass, charge, and couplings of the initial, intermediate, and final state particles. For the
background estimation all these states are given by Standard Model particles. However, the
Monte Carlo generators are not limited to Standard Model particles. With the appropriate
parameterization Beyond Standard Model particles can be incorporated in the simulations.
These parameterization are availablef| for the ZZ,; benchmark model, the Hidden Abelian
Higgs Model (HAHM) [205, 119].

Having Monte Carlo simulations of our benchmark model allows us to use signal
templates when extracting limits on oz, from the data. Here signal templates are the
expected H — ZZ; — 40 mg, distributions in the signal region. We parameterize the
signal templates in terms of oz, such that we can determine oz, from a fit of the
background + signal expectations to the data in the signal region. We discuss here the
signal templates and their parametrization in terms of 0z, see Section 48| for details on
the implementation on limit setting.

For each event that the generator simulates a truth physics object is produced, along
with an associated weigh w; related to higher order and interference effects. The truth
object is then propagated through a simulation of the detector, its effect on the detector
material is simulated, those material effects are the basis for a simulated detector response,
which is then fed through a reconstruction step, like actual collision data would be, to obtain
(simulated) reconstructed physics objects. Additional post-processing of the simulated
reconstructed physics objects may be applied to correct for systematic differences between
simulation and data events. These corrected simulated events are the Monte Carlo events
that serve as inputs into the cutflow to yield the background and signal Monte Carlo
expectations.

When we simulate a set of events N, of which a subset M enters the signal region,
the signal region expectation is not directly given by the sum of the subset’s weights
Wy =5 jenm wj- The reason for that is that for computational performance reasons the
generators do not sample from the whole, physically possible phase space. We avoid
sampling from areas of the phase space that we a priori know will not contribute to the
signal region. When simulating events, the Monte Carlo generators are configured to only
produce events in a subset of the possible phase space. This phase space constraints include
kinematic filters like on pr, my4e, and myy, but they are not limited to kinematic constraints
alone. The filters can explicitly include the phase space of possible intermediary and

%The Madgraph implementation of the Hidden Abelian Higgs Model that is the basis for our signal
simulations can be found at http://insti.physics.sunysb.edu/~curtin/hahm_mg.html

"Depending on the specifics of the configuration of the specific simulation, all weights might well be 1.
This for example the case for all signal samples.
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final states in proton-proton collisions. For example, when generating the Standard Model
H — Z7Z* — 40 background, the generators are limited to states that include an H — ZZ*
intermediary state, and the Z’s final states are limited to ¢ = e, u. The effective branch-
ing ratios Z — 7, v, hadrons are set to 0. When we are then interested in estimating the
signal or background expectation, we have to account for priming the simulation in that way.

Taking all of this into account, the signal region (SR) expectation for each Monte Carlo
sample within bin ¢ is given by:

Wi

N,=L-0-BR k- €fjer - ——
g Efilte med

The variables here are:

* N, is the number of events in bin ¢ of the signal region. The sum over all /V; is the
signal region yield.

* L is the integrated luminosity of the dataset for which we are formulating a signal
region yield expectation. For this analysis L is 139 fb~!

* ¢ and BR are the cross section and branching ratio for the process of interest, e.g.
oy = 48.6 pb for gluon-gluon fusion (ggF) and BRy_, 77«4 = 1.24 x 107* [151]].
Often we are here combining Higgs production cross section and branching ratio into
a final state cross section: o, zz+—a¢ = 05 - BRy_ 72+ 40 = 6.03 x 1073 pb

* The ‘knowledge’-factor k£ encapsulates next-to-leading-order corrections for Monte
Carlo generation that has been simulated at leading-oder [206]]. If the Monte Carlo
generator operates already at higher than leading-order accuracy k is 1.

* ener: When we limit the Monte Carlo generator to a subset of the possible phase
space, we have to account for that in our signal region expectation. In the example
above, where we consider ggF Higgs production with four-lepton final states this is
done by the branching ratio. However, we can add additional filters, like dilepton
invariant mass requirements that are consistent with the signal region. The goal there
would be to reduce computational effort while maintaining statistical uncertainty on
the signal region expectation. If we implement such a filter, we have to account for
the fraction of events that is not simulated. That’s the purpose of €y,

* The ratio W; /W4 accounts for the events that have been produced, but did not
make it into the signal region. W, is the sum of event weight that make it into bin ¢
of the signal region, while W4 is the sum of all produced event weights.

69



For the signal sample, we do not filter on kinematic properties and we rely on leading-order
simulation. Thus, for a given sample the signal expectation is given by

Wi

Ni:L'UZZd'W—.
prod

4.1
The integrated luminosity L here is known, and W;, Wq are Monte Carlo generator
outputs, while determining o, is the goal of this analysis. Equation[d.1]indicates how
to relate signal region signal expectation to the ZZ; cross section of interest. We discuss
details of the limit setting in Section but conceptually this involves finding oz, such
that the resulting signal expectation plus the background expectation is closest to the
observed number of events. The advantage in using the signal templates is that detector and
reconstruction effects are already included in the NV;, such that 04, is a total, detector or
fiducial independent cross section.

For the limit setting procedure we consider Z; masses between 15 GeV and 55 GeV. As
the mass of the Z; is a parameter that affects couplings and kinematics of the events, each
simulated mass point demands a separate Monte Carlo event generation. Correspondingly,
nine signal samples in 5 GeV steps of mz, within the mass range of interest were generated,

i.e. at
myz, = 15,20, 25, 30, 35, 40, 45, 50, 55 GeV.

In order to constrain oz, for Z; masses in between, we interpolate the signal templates in
steps of 1 GeV using the RooMomentMorph interpolation method [207]].
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Figure 4.11: ZZ, signal templates. Shown are the sub-leading dilepton invariant mass
distributions ms, for various Z; masses my,. ms4 aims here to reconstruct the Z; mass.
The red distributions are taken from Monte Carlo simulations of the H — ZZ; —
40 process, while the blue ones are obtained by interpolation of the blue ones using
RooMomentMorph . The event counts in each bin are for a 0z, of 1fb and an
integrated luminosity of L = 139 fb~1.
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4.8 Limit setting procedure

This analysis aims to constrain the H — ZZ; — 4/ cross section 0z, from proton-proton
(pp) collision data and Standard Model expectations. The limit setting procedure presented
in this section does this in a statistically well-defined way, using pp data filtered through
the event selection detailed in section {.1] and Standard Model background expectations
derived from Monte Carlo simulation, section@ and Z Z; signal templates, Section
The underlying concept of the limit setting is laid out here, which is based on finding the
cross section oz, that maximizes the likelihood between the data and the background
and signal expectation. It is implemented in a set of PyRoot programs [208]], which itself
implement methods from RooStats [209] and HistFactory [210] among others. We begin
describing this maximum likelihood procedure in the case of a single bin in mgy:
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Figure 4.12: ZZ,; signal region with data from the 2015-16 data taking period, relevant
background expectations, as well as signal expectations for three different values of o, .
Which signal cross section yields the best description of the recorded data? The limit setting
procedure is set up to provide a statistical meaningful answer.

4.8.1 Maximum likelihood estimation

The number of events we record in a bin in the signal region, as shown for example in
Figure 4.12] follows a Poisson distribution:

A"

nl’

P(n|A) =e

where P(n|\) is the probability to observe n events given an average number of expected
events \. For our purposes though, we do know the number of events that have been
recorded but would like to infer the number of expected events from that. In other words:
we want to make an observationally conditioned statement about the parameters of the
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model, instead of a probabilistic statement about the possible outcomes conditioned on the
statistical parameters of the model. To make this distinction explicit it is common to talk
about the (Poisson) likelihood instead of probability.

A"

nl

L(An)=P(nl\) =e 4.2)
The functional form though is unchanged between the two. We can then estimate \ from
L (A|n) given n, by choosing A such that the likelihood is maximizecﬂ This is the maximum
likelihood method.
For the Poisson distribution £ (A|n) is maximized for A\ = n:

d

—L =0.

d\ Ix=n
Let us consider the bin 28 GeV < mg34 < 30 GeV in Figure[4.13] We detected 11 events
in this mg4 bin, with a background expectation of 7.1 events and a signal expectation of
4.8 events per fb of Z Z,; cross section. The likelihood for this bin,

L(71+ 072,487 11) , 4.3)

8This way we can expect to be most correct most of the time.

16]
C 012
> 14
C 0.10F
8 12} %\\Q _
INETL )= z [
E 10 : -l§ \ ; 0.08
% 8r ,m._m‘\\\wk\\\\&\ % 0.06 Likelihood bin 2: 28 < m34 < 30 GeV
G 6 i i e
A 3 0.04
4 =
2 0.02
0 0.00( T
22 24 26 28 30 32 34 36 0 1 2 3 4 5 3 7
m,, [GeV] o]

(a) ZZ, signal region with data from the (b) Poisson likelihood with n = 11 as a function of
2015-16 data taking period, emphasis the = ZZ; cross section, see equation@
bin with 28 GeV < m34 < 30GeV, see

Figure [#.12b]

Figure 4.13: 11 events are detected in the 28 GeV < mg, < 30 GeV [(a) with a background
expectation of 7.1 events and a signal expectation of 4.8 events per fb of 0 z,. The Poisson
Likelihood for this bin is maximal for o = 0.8 fb[(b)}
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is then maximal for a signal + background expectation of 11 events, equal to a 02, of
0.81b.

Things are more interesting once we consider multiple bins as in Figure [4.14] We label
the three bins between 26 GeV and 32 GeV there as bin 1, 2, and 3 for convenience. Then
we can find the likeliest 07, by maximizing the likelihood producﬂ

L(0zz,) = L1(By+ 022,51 |n1) - Lo (Ba + 022,5|n2) - L3 (Bs + 022,5n3) (4.4)

3
= H ‘Cz (Bz —f- UZZdSilni) s (45)
i=1

which is maximized for 0, = 0.4fb. This now begs the question though how mean-
ingfully different this extracted cross section is from the Standard Model expectation of
ozz, = 0. Statistics aids here too.

0.15-

— Likelihood bin 1: 26 < m34 < 28 GeV

Events / 2.0 GeV
)

8 z
< 0.10
E
g «/ ikeli in 2:
6 £ 7 \ Likelihood bin 2: 28 < m34 < 30 GeV
= [/
3 \ Likelihood bin 3: 30 < m34 < 32 GeV
4 £ oos~l \
g : \Y — — 100 x Likelihood product bin 1 through 3
- \
2 \
\
N
% 24 26 28 30 32 34 36 P e S S
G V 0 1 2 3 4 5 6 7
ms, [GeV] o]

(a) ZZ; signal region with data from the (b) Poisson likelihoods with n = 10, 11,
2015-16 data taking period, emphasis the  and 5 as a function of ZZ; cross section, as
bins with 26 GeV < ms3s < 32GeV, see well as their product, see equation@

Figure [4.12b]

Figure 4.14: We consider the bins for 26 GeV < mg, < 32 GeV here, from left to right bin
1,2,and 3 The likelihood product is maximized for o = 0.4 fb

9 A priori it might not be clear that the maximization of the likelihood product yields the best estimate of the
0zz,, and not for example the likelihood sum. It might again be useful to recall the similarities of likelihoods
to probabilities. When considering two bins, for example, we are asking what cross section maximizes the
likelihood £( (By + ¢S1) [n1 N (Ba + 052) [n2), which is in the case of statistical independence of the
two bins given by £ (B1 4+ 051|n1) - Lo (B2 + 0S2|n2). The two likelihoods £ and L, are statistically
independent if any underlying kinematic, interference and luminosity correlations are correctly captured by
the background and signal expectations B; and .5;.
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4.8.2 Likelihood Ratio

The task of making a statement about how meaningfully different our extracted example
07z, cross section of 0.4 fb is from the Standard Model expectation of 0 is called ‘hypothesis
testing’.

This involves the choice of an appropriate test statistic and a cut on it to either affirm
the truth of the null hypothesis Hy ( 07z, = 0 in our case) or the alternative hypothesis H;
(072, = 0.41b). We are free to choose the test statistic, but we will make here a choice that
helps us in dealing with the trade-off between the two types of misclassification errors that
we face here:

* rejecting H as false while it is actually true, and
* accepting H; as true while it is notm

The latter is related to the concept of statistical power, which is the probability of accepting
the alternative hypothesis, given that it is true:

P (accept Hq|H; true)

With this in mind we choose the likelihood ratio

LX)
A= T0um)

as our test statistic, where X represents the data underlying the model, )\, is the parameter
encoding the null hypothesis and A, parametrizes the alternative hypothesis, and we will
decide that H, is true, if the likelihood ratio is below some cutoff value:

A <cut = Hjtrue (4.6)

We make this particular choice of test statistic via consideration of the Neyman-Person
lemma [211]], which states that the likelihood ratio is the most powerfulm test statistic for
any given probability « of accepting H as true given that it is true:

a = P (accept Hy|Hy true)

« 1s ours to choose here, and a choice of « also determines the likelihood ratio cutoff. The

10We are generally assuming here that accepting the alternative hypothesis and rejecting the default one are
equivalent proposals.

"'Generally these types of misclassification are non-descriptively referred to as type I and II errors,
respectively.

12This is only strictly true for likelihoods without free parameters, which we will introduce later. But we
will continue using the likelihood ratio as test statistic.
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a conditioned cutoff is obtainable by interpreting A| e as a distribution, the cutoff is
then given by the a-percentile of Az, ue-

For example: We can generate the n; in our example in equation[d.5]according to the
0zz, = 0 hypothesis, i.e. sampled from the probability

n
—-B; Bz

5 B =(73,7.1,6.4),

and plot the resulting likelihood ratio distribution for these sampled n;, see Figure 4.15a
We can then, for example, choose v = 0.95, in which case we find the cutoff in Figure@
to be the 95-th percentile Qg.95 = 3.2.

08—

o
o
T T T

n; generated assuming
Standard Model only hypothesis

n; generated assuming
Standard Model only hypothesis

Frequency
o
o
(=2}
T
Frequency

n; generated assuming
C’zzd = 0.4 fb hypothesis

=}
>
L —

n; generated assuming
0,, =0.4 fb hypothesis

02—

2

1 2 3 4 5
Cumulative Likelihood Ratio A [unitless]

(a) (b)

3 4 5
Likelihood Ratio A [unitless]

Figure 4.15: Likelihood ratio distribution A in subfigure for our example Null Hypothe-
sis of 0z, = 0 (blue) and alternative hypothesis 0z, = 0.4 {b (red). Subﬁgure shows
the cumulative of these distributions. We choose the cutoff for our test statistic () g5, to be
at the 95th percentile of the cumulative likelihood ratio under the /, assumption, which is
at 3.2

We can than compare the likelihood ratio in our example at 7 = (10, 11, 5) against the
cutoff. The likelihood products for the null and alternative hypotheses can be extracted
from Figure as 5.7 x 1075 and 1.8 x 1078, respectively. This yields a likelihood
ratio of

L(077,=04fb) _ [T, £(B; +0.4fb - S;|n,) _87x10°"
Li(0z2,=0) [T, £(B; +0- Si|n,) 58 x 1079

A= =15,

which is smaller than our chosen cutoff ()¢5 = 3.2. Thus we would reject the alternative
hypothesis, which states that the data are best described by a ZZ,; signal with 0,7, = 0.4tb
in addition to the Standard Model expectation. Instead we will accept that the data are best
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described by the Standard Model expectation alone.

4.8.3 Wilks’ theorem

To select a cutoff for the likelihood ratio, we estimated the likelihood ratio distribution
under the null hypothesis. Going forward we will not have to do that. We will make
use of Wilks’ theorem [212], which states that in the limit of large sample sizes 21n A
approache the x? distribution when the null hypothesis is true:

2InA(zy, ..., x,|Hy, Ho) o0, Ho true, 2

Using this result we can approximate our likelihood ratio cutoff as 2 In (g g5 ~ X 21 (0.95) =
3.8, where X 271 is the inverse of the cumulative of the X2 distribution, see Figure m

1.0

0.8

o
=)

— x2(x) distibution

— Cumulative x?2 distibution: j:xz()'()di

probability

N
»

0.2

0.0

X [unitless]

Figure 4.16: x? distribution and cumulative x? distribution X. We had set the significance
limit for out test statistic at the 0.95 confidence limit, which corresponds according to
Wilks’ theorem to the the 95th percentile of the y? distribution which is at x = 3.84

In this approximation, we would also reject the alternative hypothesis, as the likelihood
ratio is
2InA = 0.8 < X2 '(0.95) ~ 3.8.

The approximated cutoff of X 271(0.95) ~ 3.8 is different here from the one estimated in
Figure of 2In 3.2 = 2.3, but in the final limit setting we will use more observations,
so that we can expect the x? distribution to be a better approximation. However, Wilks’
theorem has also a second application, in that we can use it to calculate confidence intervals
around a parameter that we intend to estimate.

3Some sources use an inverse definition of the likelihood ratio A = A" = L(x|Hy)/L(x|H,) and find
thus the limit behavior to be —2In A = 2
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4.8.4 Profile Likelihood Ratio

We demonstrated the use of the likelihood ratio as test statistic to select between theories,
and that Wilks’ theorem simplifies finding the likelihood ratio cut values, equation 4.6
Here we extend the concept to the likelihood profile ratio, which allows us to calculate
confidence intervals on parameters of interest, and also to eliminate nuisance parameters.
We will introduce those in a moment in Section and focus here on the confidence
intervals.

Consider a standard normal Gaussian two-sided confidence interval at significance level
S, i.e. the integral from —S to S over a Gaussian with unit standard deviation and zero

s S 1
/ G(x|,u:0,0:1)dx:/ e zdx

S -S 2

mean:

We begin by pointing out that this Gaussian two-sided confidence interval at significance
level S is identical to the integral over y? from 0 to S?

5 1
/ x2(d) :E/ x 2e 2dx 4.7)
0 0
y=2? 1 R
\/_2_71' Yy e 2 2ydy (4.8)
0
2 [T _p
= e zd 49
o /0 Y (4.9)

1[5

- ~%d 4.10
Tﬂ/_se Y (4.10)
S

:/ Gylp=0,0 = 1)dy (4.11)
-5

€T

So we can associate any likelihood ratio A(z) with a Gaussian significance S under the null
hypothesis via [213]:
2InA ~ x? = S?

This means we can state for a given likelihood ratio A and observation x how significant of
an excursion = under the null hypothesis is, just by calculating /2 1In A(z).

For our example, with counts 7 = (10, 11,5), the observation was at significance
level S = 0.9. In a frequentist interpretation this means that, if we were to repeat the
measurement repeatedly, we would expect the calculated likelihood ratio would be smaller
then A = 1.5 in 63% of the measurements, see Figure [4.17]

Remember though that this is under the assumption of the null hypothesis oz, = 0. But
the relationships between A, the x? distribution and significance limits are not conditional
on this specific null hypothesis. We can also proceed with the null hypothesis being the
most likely value of ZZ, cross section, oz, = 0.4 fb in our example Section and
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Figure 4.17: Standard normal Gaussian distribution, its cumulative from 0 as a function
of significance S, and the cumulative of the 2 distribution as a function of significance
squared S?

consider a set of alternative hypotheses parameterized by the cross section o

L(o)
‘C(UZZd =04 fb)

Alo) =

We can then estimate a confidence interval at significance level S around 0z,, = 0.4 by
finding o such that:
—2InA(0) = 5%

If we do this, we find the nominal 1-sigma confidence interval on 0, to be (—0.04 tb, 0.96 fb),
see Figure Negative cross sections are of course unphysical?] so we would truncate
the bounds to (0fb, 0.96 {b).

14Negative scattering amplitudes on the other hand are physical, and can lead to observable effects, see
references [214}215(|216] for examples relevant to Higgs phenomenology.
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Figure 4.18: Behavior of —21In A(o) with respect to 0. We can use the relationship
S? = —2InA(0), to estimate the the S-sigma confidence intervals on the maximum
likelihood value of 07, .

4.8.5 Nuisance Parameters

One more benefit of the likelihood profile ratio is that it allows to incorporate and eliminate
nuisance parameters when trying to estimate a parameter. Nuisance parameters are here
additional parameters that are present in a likelihood, but whose value is not of direct
interest for us. We will incorporate nuisance parameters in our likelihood to account for
systematic uncertainties. For a likelihood of the form

L(o, ),

where o is the parameter of interest, and y represents one or multiple nuisance parameters
the likelihood profile ratio takes the form

L(a, 1)
L(6,0)

where ¢ and /i represent the global maximum of the likelihood

A(z,0) =

= | =»

and /1 the maximum of £ at o




As an example we extend the likelihood in equation 4.5|by a luminosity systematic. The
luminosity is used to calculate signal and background expectations from simulated Monte
Carlo yields

expectation = luminosity - cross section - Monte Carlo yield, (4.12)

see Section The signal and background expectation in equation {.5]includes already a
luminosity value according to equation4.12] but as Monte Carlo expectations are linear in
luminosity we can include a relative luminosity scaling factor p via

B; — p- By, S; — - S,

were 1 = 1 recovers the nominal expectation again.

We will assume a relative luminosity uncertainty of 10 ‘74];5] here. This implicitly means
that the luminosity is assumed to follow a Gaussian distribution®|around a nominal value
with a standard deviation of 0.1 - nominal value. Since the absolute value of the luminosity
is already included in our background and signal expectations the nominal value for the
relative luminosity uncertainty is 1 and the true value follows a Gaussian distribution:

_(a-w?

G(1]p,0.1) ~ e 2017, (4.13)

We will refer to equation[4.13]as a constraint term, and include it into the likelihood product
from equation so that the likelihood including luminosity uncertainty become

_(-pw)?

3
ﬁ(azzd,,u) =e 2012 - Hﬁz (M(Bz + O'ZZdSi)|ni) . (414)
i=1

We show the resulting two-dimensional, oz, and ;. dependent likelihood distribution in
Figure In general, the inclusion of nuisance parameters leads to a widening of the
logarithmic likelihood profile ratio In A(c), see Figure so that the extracted confidence
intervals widen too.

With the inclusion of the luminosity uncertainties, the 1-sigma confidence limits on
02z, widen from (—0.04 fb, 0.96 fb) to (—0.6 fb, 0.97 fb). The maximum likelihood value
of 0z, also shifts slightly. From 0.4191b to 0.408 b at ;. = 1.005.

15The actual luminosity uncertainty for this analysis is 1.7 %.

16We will also assume all other systematic sources of uncertainty follow a Gaussian distribution, unless
otherwise noted.

17Since we are interested in the ratios of likelihoods or the locations of maxima thereof, we ignore constant
factors.
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Figure 4.19: Two-dimensional likelihood distribution of the likelihood in equation
The red line traces the maximum likelihood for no luminosity error £(c, 1 = 1), while the
blue one traces the likelihood with  chosen so that the likelihood is maximized for given
o: L(o, [1).

— No nuisance parameter, A(o,u=1)

— Luminosity nuisance parameter, A(o,u)
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Figure 4.20: Negative log-likelihood profile ratios with fixed luminosity error parameters
it (red) and floating (blue). The S-sigma confidence limits on o can be found via S? =
—2In A(o). So, the floating 1 leads to widened confidence intervals.
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4.8.6 Treatment of systematic uncertainties

Lastly, we discuss the treatment of systematic uncertainties within the limit setting. The
systematic uncertainties here relate to finite performance of the detector and its calibration.
These are rooted in, among others, the:

* Finite position resolution of the sub-detectors. The position resolution of an individual
pixel in a pixel detector is limited to about 1//12 of its pitch [217 The overall
alignment of the complete, i.e. the precision to which each detector components
location is known, is finite [[165, 218]]. These systematics are relevant for vertex and
impact parameter reconstruction, and especially when associating muon spectrometer
tracks to inner detector ones [219].

* Finite energy resolution and momentum resolution. The reconstruction of particles’
kinematic properties like pr and 7 in the inner detector and muon spectrometer rely
on detector alignment and magnetic field maps. Both are only known with finite
precision. Calorimeters count energy quanta, thus suffer from shot noise and have to
content with upstream material systematically affecting energy measurements.

* Finite detector calibration. Detector calibration relies on conditioning the detector’s
response on well characterized phenomena, like the Z boson and other decays and
calibration systems like the Tile Calorimeter’s Laser calibration system [220], but also
on simulations of the detector response. This involves Monte Carlo simulations along
with extensive Geant4 simulations of detector responses followed by reconstructions
of the response simulations. However, suitable decays exist only at some energies,
leaving gaps in the conditioning that have to be interpolated. Simulations can be
carried out with finite fidelity and suffer from systematic differences to data that have
to be healed by additional calibration against data [221]].

* Number of concurrent collisions per bunch crossing, pileup. Performance of the
detector is pileup dependent. For example, the charge collection time in the electro-
magnetic calorimeter’s liquid argon is longer than the 25 ns bunch crossing period.
Thus, out of time residual charge introduces a pileup dependent background in the
liquid argon signal that affects calibration.

* Integrated luminosity. As mentioned in sections [4.7|and [4.8.5] accurate and precise
measurements of integrated luminosity are crucial for forming Monte Carlo based
event rate expectations. The luminosity has to be determined from specialized
hardware [222, 223]] and reconstruction of suitable events with well-known cross
sections [224]]. Calibration of the later involves among others additional proton-
proton collision runs under low pileup condition.

8Though effects of charge sharing between neighboring pixels in an array can be used to lower that limit.
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See references [225,173] for a detailed discussion of the electron and photon calibration,
and references [ 187, [226]] for muon performance.

For this analysis we are not associating the data events with systematic uncertainties,
but instead shift them to the Monte Carlo driven expectations. This is done by processing
the Monte Carlo samples not only for the nominal value of each every systematic, but also
individually for each 1-sigma up- and down variation per systematics. This way, we arrive
for each systematic and each Monte Carlo sample at three signal region mg, distributions.
One for the nominal value of all systematics, and one for the 1-sigma up-variation of the
given systematic, and one for the 1-sigma down variation. See Table[A.T]for an overview of
the different considered systematics and the signal region background yields, and Table [A.2
for the signal region signal yields.

Then for each systematic we interpolate between these three distributions in a continuous
fashion, where the interpolation is parametrized by a systematic strength parameter «.. The
interpolation is chosen such that o = 0 reproduces the nominal distribution, o = +1 the
1-sigma up variation of the given systematic, and &« = —1 the 1-sigma down variation. See
Figure for an illustration. For a given bin 7 and a systematic j with parameter «; the
background expectation is then a function of «;:

Bi = Bi<aj)

Each systematic is then also associated with a Gaussian constraint term

7(1—%)2

GOlp=aj0=1)~e 212

that is multiplied into the final likelihood product.
Including the systematic j into our example likelihood from equation [4.14] yields the
likelihood:

3

_(1ﬂt)2 _1,2
£<O-ZZda 1L, O-/j) = e 2012 . He 2795 . Hﬁl (,u . Bz-(aj) + - UZZdSi<aj))|ni)-

j i=1

(4.15)
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Ha4l systematic: EL_EFF_ID_TOTAL_INPCOR_PLUS_UNCOR__

Figure 4.21: Expected mg, distribution in the signal region. At o = 0 we find the nominal
expectation, and at « = £1 we find the background expectation for the +1 sigma variation
of the electron ID efficiency systematic. The values in between are interpolated. The
binning along « is for visualization purposes, the ms, distributions are calculated for
arbitrary « as needed in the optimization of the likelihood.
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4.8.7 Likelihood for limit setting

For the actual limit setting we will make use of the likelihood profile ratio as demonstrated
above to extract best estimates of 0z;,. We will make use of the full run 2 ATLAS dataset
of 139 fb~!, may, bins of 1 GeV, see Figure and 21 nuisance parameters to account for
systematic variations including the luminosity uncertainty. See Table and for the
list of included non-luminosity systematics

For the limit setting we are leaving the normalization of the Standard Model H — 4/
backgrounds floating, as indicated in Section 4.5} their normalization is included in the
likelihood as a nuisance parameter. This way we are considering three types of expectations
in the likelihood:

* signal expectation oz, - 5;, where the cross section 0z, is the parameter of interest
of the profile likelihood ratio

 Standard Model H — 4/ expectation \ - H;, where lambda is a nuisance parameter in
the likelihood and normalized the expectation to data in absence of a control region

* backgrounds without scaling parameter Z;, this background is mainly made up of
the non-resonant Z Z* — 4/ background, whose expectation is validated in the Z Z*
control region, see Section[4.5] and irreducible background.

With these, the likelihood for the limit setting takes the form:

L(072,,1,dl7) =¢ B He_% Hﬁ( i(a; +)\H(a])+aZZdSv(aj))|ni>
(4.16)

where

* 1 is the luminosity strength parameter that scales the Monte Carlo signal region event
rates, and §,, = 1.7 % is the uncertainty on s

* «; are the systematic strength parameters which interpolate between the up, nominal,
and down variations of the Monte Carlo derived mg, distributions for systematic j

* n; 1s the number of data events within bin ¢ of the signal region

4.8.8 Cross section limit expectation and uncertainty bands

In addition to extracting oz, from the recorded and predicted signal region event rates, we
are also establishing an a priori range of expected 0z, limits. We do this via a toy model
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Figure 4.22: Signal region ms,4 distribution with data and background expectation.

method, involves repeated sampling from the background expectation in Figure 4.22] and
applying the limit setting method from Section [4.8.7]to the sampled histograms.

Sampling here means interpreting the background expectation in bin ¢ in Figure 4.22]
mean \; of a Poisson distribution

\
P (nl\)\z) = €7>\i—l.

. 4.17)

One individual sample is then generated by drawing random numbers n; according to
equation [4.17)for all bins in the signal region, and filling a new histogram’s bins with the n;.
This sample’s histogram is then treated like data where the limit setting formalism is applied,
yielding a (toy) best estimate of oz, with associated confidence intervals. We repeat this
process up to 155 000 times per Z,; mass point between 15 GeV < my, < 55GeV.

Then for each mass point we have a distribution of lower and upper limits on 0z,
along with a distribution of best estimate values on 0z,. The expected values of the upper,
lower, and best estimate values of the Z Z; cross section are then given by the mean of the
respective distributions, while the 1 and 2-sigma bands around the means are given by the
intervals around the distribution means that include 68.3 % and 95.4 % of the respective
values.
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4.9 Observed Limits

Figure show the observed and expected upper 95 % confidence limits on the H —
ZZ; — 4l cross section 0zz,, and the 1- and 2-sigma uncertainty bands around the
expected upper 95 % confidence limits. Figure shows the derived limits on the
kinematic mixing parameter € and the equivalent expectations, and Figure shows these
¢ limits in the context of constraints on the kinematic mixing parameter from reference [205].
The cross section limits have been extracted as described in Section[4.8] and the recasting of
the cross section limits into the kinematic mixing parameter ones utilizes the parametrization
from reference [205]).

The observed limits in Figure are generally consistent with their expectations.
Notable among them are the > 1-sigma excesses around mz, = 20 GeV and 40 GeV, as
well as the > 2-sigma downward fluctuation around m , = 23 GeV. Figure [4.26] shows
data, nominal background expectations, and the myz, = 20 GeV, 40 GeV, and 50 GeV
signal templates scaled to their respective observed upper limits on the oz, cross section.
When interpreting such excursions like the one around mz, = 23 GeV it is important to
take the ‘look-elsewhere’ effect into account. This refers to the fact that when drawing
sufficiently many numbers from a distribution with defined mean and confidence intervals,
one has to expect to find a certain number of ‘outliers’. E.g. a Gaussian 2-sigma confidence
interval includes 95.4 % of the given distribution. In the limit of many drawn numbers, we
have to expect to find about 5 % of them to be outside of the 2-sigma interval.
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Figure 4.23: Observed and expected limits on the  — ZZ; — 4/ cross section 0z z,.
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Figure 4.24: Observed and expected limits on the kinematic mixing parameter € from this
search .

For the limit setting we are considering 41 Z; mass points. However, the limits are all
extracted from the same recorded data, and the signal templates are wider than the mass
point interval of 1 GeV. This means that ZZ,; cross section limits between neighboring
mass points are correlated, as can be intuited from Figure #.26] So we cannot make a
statement about the look-elsewhere effect on the cross section limits in Figure without
taking the correlation into account.

However, the Z; widths are generally smaller than 5 GeV. So we can claim to have
made at least nine independent measurements of o,,, and we would expect ~ 0.4 mea-
surements to exceed 2-sigma. The upper limiton oz, at my, = 23 GeV is at 0.25 tb. This
corresponds to a downward excursion of ~ 2.5-sigma, or exceeding the 98.76 % confidence
limits around the expected upper limits on o, for that mass point. We would expect that
to occur in around 0.1 limit instances of the nine non-interpolated mass points. Intriguing,
but not too unlikely. Upwards excursions of the cross section limits are observed with even
lower significance.
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Figure 4.25: Extracted limits on the kinematic mixing parameter ¢ from this search super-

imposed on the overview from reference [[205]. Dashed and dotted lines indicate projected
limits

4.10 Conclusion and outlook

As of this writing the Large Hadron Collider (LHC) is shut down and between its runs
two and three. After the conclusion of that run 3 it will shut down again to be upgraded to
run as the High Luminosity LHC for another ten years at ten times the current
luminosity. Between begin-of-construction and end of data taking the project will have
encompassed four decades. If the experience with the BaBar experiment [229,230] is of any
guidance, the data collected at the LHC will be analyzed well into the 2040’s and possibly
beyond. When the LHC project concludes, it is expected that it will have produced more
than 3000 fb~! of proton-proton collisions. The 139 fb~! underlying this search represent
thus less then 5 % of the total data that the LHC will generate over its lifetime. We are still
at the beginning of mapping out the physics landscape and the process of excluding new
physics scenarios.

90



— 7T T 7T T T
[ Reducible (Z+Jets, WZ, ttbar) Vs =13 TeV, 139.0 b
2Z* - 4l Signal Region, 4y, 2e2y, 2u2e, 4e
0GeV [T ZZd, m, = 40GeV
0GeV R stat. uncertainty

H- ZZ*-, 4l: 244.77 £ 0.21
Reducible (Z+Jets, WZ, ttbar): 10.62 + 0.30
VVV, tt+Z: 1.78 £ 0.08
Z7Z*- 4I: 103.25 + 0.28
ZZd, m, =20GeV: 19.89 + 0.11
ZZd, m, = 40GeV: 15.81+ 0.07
Zzd, m,, =50GeV: 13.00 + 0.05

Events / 2.0 GeV

Background : 360.41+ 0.47
Data: 356.00 + 18.87

Data/MC

m,, [GeV]

Figure 4.26: Signal region with mz, = 20 GeV, 40 GeV, and 50 GeV signal templates,
scaled to the respective observed upper limits on o z,. The H — ZZ* — 4{ background
yield is scaled to its postfit value.

This includes the search for the exotic Higgs boson decay H — ZZ; — 4/{ presented
here using 139 fb~! of proton-proton collisions at /s = 13 TeV, recorded with the ATLAS
detector at the LHC. The analysis is based on selecting events with at least four leptons,
electrons or muons, whose four-lepton invariant mass is compatible with a Higgs boson,
share a common vertex, and where one lepton pair identified to originate from a Z boson
decay. The signal region is given by the di-lepton invariant mass spectrum of the other
lepton pair. Background and signal predictions are obtained via Monte Carlo simulations of
the relevant processes, and their simulated interactions with the detector and reconstruction
from those. Both together are used as templates in a profile likelihood fit to the observed
mass distribution to extract limits on the H — ZZ,; — 4/ cross section, see Figure [4.23]
and the kinematic mixing parameter that describes the mixing between the Standard Model
Z boson and the beyond Standard Model Z,, see Figure[4.24] The observed limits on either
generally match the expected limits, with slight local excesses at a Z; masses of around
20 GeV and 40 GeV. This improves the previously reported limits by about a factor of
two.

We hope these results will motivate future searches for the H — ZZ,; — 4/ decay and
related dark sector analyses. Future analyses will benefit from increased datasets, whose
impact can be leveraged by extending the considered final states beyond the set of detector
stable leptons. In addition to that there is more phase space that can be covered with the
already existing dataset, by extending the allowed masses for the Z; beyond the interval of
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15GeV < mg,55 GeV. This will however necessitate changes in the analysis and event
selection scheme to either deal with the increased background rates at below di-lepton
invariant masses of 15 GeV, or to resolve the increased ambiguity in distinguishing the
di-lepton pairs from the Z and the Z,; for masses above 55 GeV. Machine learning methods
like boosted decision trees or neural networks could possibly be used for the latter case to
exploit subtle remaining correlations between the leptons. Additionally, searches for much
smaller mixing parameters will benefit from searches for displaced vertices, which will be
aided by ATLAS software improvements in run three of the LHC.

Despite the LHC currently being shut down, data-taking with the ALTAS detector
will eventually continue. With its complete dataset of 3000 fb~! and no other advances
in the analysis we can expect another four-fold improvement on the H — ZZ; — 4/
cross section limits. We hope that by then the searches with the ATLAS detector will have
completed the map such that new physics is in sight.

92



[1]

(2]

[3]

[4]

[5]

[6]

[7]

Bibliography

Oliver Sim Briining et al. LHC Design Report. CERN Yellow Reports: Monographs.
Geneva: CERN, 2004. D0O1: 10.5170/CERN-2004-003-V—-1. URL: https:
//cds.cern.ch/record/782076l

The ATLAS Collaboration. “Observation of a new particle in the search for the
Standard Model Higgs boson with the ATLAS detector at the LHC”. In: Physics
Letters B 716.1 (2012), pp. 1-29. 1SSN: 0370-2693. DOI: https : / / doi .
org/10.1016/j.physletb.2012.08.020. URL: http://www.
sciencedirect.com/science/article/pi1/S037026931200857X.

The CMS Collaboration. “Observation of a new boson at a mass of 125 GeV with
the CMS experiment at the LHC”. In: Physics Letters B 716.1 (2012), pp. 30—
61. 1SSN: 0370-2693. DOI: https://doi.org/10.1016/7.physletb.
2012 .08.021. URL: http://www.sclencedirect.com/science/
article/pi1/S0370269312008581.

The LEP Working Group et al. “Search for the Standard Model Higgs boson at
LEP”. In: Physics Letters B 565 (2003), pp. 61-75. 1SSN: 0370-2693. DOI: https:
//doi.org/10.1016/S0370-2693(03)00614-2. URL: http://www.
sciencedirect.com/science/article/pi11/S0370269303006142.

DELPHI Collaboration. “Search for the Standard Model Higgs boson at LEP
in the year 2000”. In: Physics Letters B 499.1 (2001), pp. 23-37. 1SSN: 0370-
2693. DOI: https://doi.org/10.1016/S0370-2693(01) 00069—17.
URL: http://www. sciencedirect.com/science/article/pii/
S0370269301000697.

CDF Collaboration. “Inclusive Search for Standard Model Higgs Boson Production
in the WW Decay Channel Using the CDF II Detector”. In: Phys. Rev. Lett. 104
(6 Feb. 2010), p. 061803. pOI1: 10 . 1103 /PhysRevLett . 104 .061803.
URL: https://link.aps.org/doi/10.1103/PhysRevLett.104.
061803.

The DO Collaboration. “Search for Higgs Bosons Decaying to Tau Pairs in pp
Collisions with the DO Detector”. In: Phys. Rev. Lett. 101 (7 Aug. 2008), p. 071804.
DOI:|10.1103/PhysRevLett.101.071804L URL: https://link.aps.
org/doi/10.1103/PhysRevLett.101.071804.

93


https://doi.org/10.5170/CERN-2004-003-V-1
https://cds.cern.ch/record/782076
https://cds.cern.ch/record/782076
https://doi.org/https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/https://doi.org/10.1016/j.physletb.2012.08.020
http://www.sciencedirect.com/science/article/pii/S037026931200857X
http://www.sciencedirect.com/science/article/pii/S037026931200857X
https://doi.org/https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/https://doi.org/10.1016/j.physletb.2012.08.021
http://www.sciencedirect.com/science/article/pii/S0370269312008581
http://www.sciencedirect.com/science/article/pii/S0370269312008581
https://doi.org/https://doi.org/10.1016/S0370-2693(03)00614-2
https://doi.org/https://doi.org/10.1016/S0370-2693(03)00614-2
http://www.sciencedirect.com/science/article/pii/S0370269303006142
http://www.sciencedirect.com/science/article/pii/S0370269303006142
https://doi.org/https://doi.org/10.1016/S0370-2693(01)00069-7
http://www.sciencedirect.com/science/article/pii/S0370269301000697
http://www.sciencedirect.com/science/article/pii/S0370269301000697
https://doi.org/10.1103/PhysRevLett.104.061803
https://link.aps.org/doi/10.1103/PhysRevLett.104.061803
https://link.aps.org/doi/10.1103/PhysRevLett.104.061803
https://doi.org/10.1103/PhysRevLett.101.071804
https://link.aps.org/doi/10.1103/PhysRevLett.101.071804
https://link.aps.org/doi/10.1103/PhysRevLett.101.071804

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Giinther Dissertori. “The pre-LHC Higgs hunt”. In: Philosophical Transactions of
the Royal Society A: Mathematical, Physical and Engineering Sciences 373.2032
(2015), p. 20140039.

Peter W. Higgs. “Broken Symmetries and the Masses of Gauge Bosons”. In: Phys.
Rev. Lett. 13 (16 Oct. 1964), pp. 508-509. DO1: 10.1103/PhysRevLett .13\
508L URL: https://link.aps.org/doi/10.1103/PhysRevLett |
13.508.

Lisa Randall and David Tucker-Smith. “Dijet Searches for Supersymmetry at the
Large Hadron Collider”. In: Phys. Rev. Lett. 101 (22 Nov. 2008), p. 221803. DOI:
10.1103/PhysRevLett .101.221803. URL: https://link. aps |\
org/doi/10.1103/PhysRevLett.101.221803l

Hsin-Chia Cheng, Konstantin T. Matchev, and Martin Schmaltz. “Bosonic su-
persymmetry? Getting fooled at the CERN LHC”. In: Phys. Rev. D 66 (5 Sept.
2002), p. 056006. bOI1: |10 .1103 /PhysRevD. 66 .056006. URL: https:
//link.aps.org/doi/10.1103/PhysRevD.66.056006.

Matthew R. Buckley et al. “Cornering natural SUSY at LHC Run IT and beyond”. In:
Journal of High Energy Physics 2017.8 (Aug. 2017), p. 115. 1SSN: 1029-8479. DOTI:
10.1007/JHEP08 (2017) 115. URL: https://doi.org/10.1007/
JHEPO8 (2017) 115l

Hooman Davoudiasl et al. “Higgs decays as a window into the dark sector”. In: Phys.
Rev. D 88 (1 2013), p. 015022. DOI:|10.1103/PhysRevD.88.015022. URL:
https://link.aps.org/doi/10.1103/PhysRevD.88.015022.

The ATLAS Collaboration. “Search for Higgs boson decays to beyond-the-Standard-
Model light bosons in four-lepton events with the ATLAS detector at /s = 13
TeV”. In: Journal of High Energy Physics 2018.6 (June 2018), p. 166. 1SSN: 1029-
8479. DOI1: 10.1007/JHEPO06 (2018) 166. URL: https://doi.org/10.
1007/JHEP06 (2018) 166.

The ATLAS Collaboration. “Search for new light gauge bosons in Higgs boson
decays to four-lepton final states in pp collisions at /s = 8 TeV with the ATLAS
detector at the LHC”. In: Phys. Rev. D 92 (9 Nov. 2015), p. 092001. bOI1: 10 .
1103/PhysRevD.92.092001. URL: https://link.aps.orqg/doi/
10.1103/PhysRevD.92.092001.

M. Tanabashi et al. “Review of Particle Physics”. In: Phys. Rev. D 98 (3 Aug.
2018), p. 030001. DO1: 10.1103 /PhysRevD. 98.030001. URL: https :
//link.aps.org/doi/10.1103/PhysRevD.98.030001.

André de Gouvéa, Daniel Hernandez, and Tim M. P. Tait. “Criteria for natural
hierarchies”. In: Phys. Rev. D 89 (11 June 2014), p. 115005. pO1: |10 . 1103/
PhysRevD.89.115005. URL: https://link.aps.org/doi/10.
1103/PhysRevD.89.115005.

94


https://doi.org/10.1103/PhysRevLett.13.508
https://doi.org/10.1103/PhysRevLett.13.508
https://link.aps.org/doi/10.1103/PhysRevLett.13.508
https://link.aps.org/doi/10.1103/PhysRevLett.13.508
https://doi.org/10.1103/PhysRevLett.101.221803
https://link.aps.org/doi/10.1103/PhysRevLett.101.221803
https://link.aps.org/doi/10.1103/PhysRevLett.101.221803
https://doi.org/10.1103/PhysRevD.66.056006
https://link.aps.org/doi/10.1103/PhysRevD.66.056006
https://link.aps.org/doi/10.1103/PhysRevD.66.056006
https://doi.org/10.1007/JHEP08(2017)115
https://doi.org/10.1007/JHEP08(2017)115
https://doi.org/10.1007/JHEP08(2017)115
https://doi.org/10.1103/PhysRevD.88.015022
https://link.aps.org/doi/10.1103/PhysRevD.88.015022
https://doi.org/10.1007/JHEP06(2018)166
https://doi.org/10.1007/JHEP06(2018)166
https://doi.org/10.1007/JHEP06(2018)166
https://doi.org/10.1103/PhysRevD.92.092001
https://doi.org/10.1103/PhysRevD.92.092001
https://link.aps.org/doi/10.1103/PhysRevD.92.092001
https://link.aps.org/doi/10.1103/PhysRevD.92.092001
https://doi.org/10.1103/PhysRevD.98.030001
https://link.aps.org/doi/10.1103/PhysRevD.98.030001
https://link.aps.org/doi/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.89.115005
https://doi.org/10.1103/PhysRevD.89.115005
https://link.aps.org/doi/10.1103/PhysRevD.89.115005
https://link.aps.org/doi/10.1103/PhysRevD.89.115005

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Marc Sher. “Electroweak Higgs potential and vacuum stability”. In: Physics Reports
179.5 (1989), pp. 273-418. 1SSN: 0370-1573. DOI: https://doi.org/10.
1016/0370-1573(89) 90061—-6. URL: http://www.sciencedirect.
com/science/article/pi11/0370157389900616.

Stephen P Martin. “A supersymmetry primer”. In: Perspectives on supersymmetry
I1. World Scientific, 2010, pp. 1-153.

Csaba Csaki and Philip Tanedo. “Beyond the standard model”. In: arXiv preprint
arXiv:1602.04228 (2016).

Kenneth C Freeman. “On the disks of spiral and SO galaxies”. In: The Astrophysical
Journal 160 (1970), p. 811.

Vera C Rubin and W Kent Ford Jr. “Rotation of the Andromeda nebula from

a spectroscopic survey of emission regions”. In: The Astrophysical Journal 159
(1970), p. 379.

Vera C Rubin, W Kent Ford Jr, and Norbert Thonnard. ‘“Rotational properties of 21
SC galaxies with a large range of luminosities and radii, from NGC 4605/R= 4kpc/to
UGC 2885/R= 122 kpc”. In: The Astrophysical Journal 238 (1980), pp. 471-487.

Edvige Corbelli and Paolo Salucci. “The extended rotation curve and the dark matter
halo of M33”. In: Monthly Notices of the Royal Astronomical Society 311.2 (Jan.
2000), pp. 441-447. 1SSN: 0035-8711. DOI1:|10.1046/7.1365-8711.2000.
03075 . x. eprint: https ://academic.oup.com/mnras/article—
odf /311/2/441/2881340/311-2-441 .pdf. URL: https://doi |
org/10.1046/7.1365-8711.2000.03075.x.

Steven W Allen, August E Evrard, and Adam B Mantz. “Cosmological parame-
ters from observations of galaxy clusters”. In: Annual Review of Astronomy and
Astrophysics 49 (2011), pp. 409-470.

AN Taylor et al. “Gravitational lens magnification and the mass of abell 1689”. In:
The Astrophysical Journal 501.2 (1998), p. 539.

Douglas Clowe et al. “A Direct Empirical Proof of the Existence of Dark Matter”.
In: The Astrophysical Journal 648.2 (Aug. 2006), pp. L109-L113.D0OI1: 10.1086/
508162, URL: https://doi.org/10.1086%2F508162.

Xiang-Ping Wu et al. “A comparison of different cluster mass estimates: consistency
or discrepancy?”’ In: Monthly Notices of the Royal Astronomical Society 301.3
(1998), pp. 861-871.

Priyamvada Natarajan et al. “Mapping substructure in the HST Frontier Fields
cluster lenses and in cosmological simulations”. In: Monthly Notices of the Royal
Astronomical Society 468.2 (2017), pp. 1962—-1980.

Alexandre Refregier. “Weak gravitational lensing by large-scale structure”. In:
Annual Review of Astronomy and Astrophysics 41.1 (2003), pp. 645—668.

95


https://doi.org/https://doi.org/10.1016/0370-1573(89)90061-6
https://doi.org/https://doi.org/10.1016/0370-1573(89)90061-6
http://www.sciencedirect.com/science/article/pii/0370157389900616
http://www.sciencedirect.com/science/article/pii/0370157389900616
https://doi.org/10.1046/j.1365-8711.2000.03075.x
https://doi.org/10.1046/j.1365-8711.2000.03075.x
https://academic.oup.com/mnras/article-pdf/311/2/441/2881340/311-2-441.pdf
https://academic.oup.com/mnras/article-pdf/311/2/441/2881340/311-2-441.pdf
https://doi.org/10.1046/j.1365-8711.2000.03075.x
https://doi.org/10.1046/j.1365-8711.2000.03075.x
https://doi.org/10.1086/508162
https://doi.org/10.1086/508162
https://doi.org/10.1086%2F508162

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Gary Hinshaw et al. “Five-year wilkinson microwave anisotropy probe* observa-
tions: data processing, sky maps, and basic results”. In: The Astrophysical Journal
Supplement Series 180.2 (2009), p. 225.

Peter AR Ade et al. “Planck 2015 results-xiii. cosmological parameters”. In: As-
tronomy & Astrophysics 594 (2016), A13.

Volker Springel et al. “Simulations of the formation, evolution and clustering
of galaxies and quasars”. In: Nature 435.7042 (June 2005), pp. 629-636. ISSN:
1476-4687. DOI:|10.1038 /nature03597. URL: https://doi.org/10.
1038/nature03597.

Gianfranco Bertone, Dan Hooper, and Joseph Silk. “Particle dark matter: evidence,
candidates and constraints”. In: Physics Reports 405.5 (2005), pp. 279-390. 1SSN:
0370-1573. DOI: https://doi.org/10.1016/j.physrep.2004.08.
031. URL: http://www.sciencedirect.com/science/article/
Pii/S0370157304003515.

E. Aprile et al. “First Dark Matter Search Results from the XENONIT Exper-
iment”. In: Phys. Rev. Lett. 119 (18 Oct. 2017), p. 181301. po1: 10. 1103/
PhysRevLett.119.181301. URL: https://link.aps.org/doi/10.
1103/PhysRevLett.119.181301.

E. Aprile et al. “Constraining the Spin-Dependent WIMP-Nucleon Cross Sections
with XENONIT”. In: Phys. Rev. Lett. 122 (14 Apr. 2019), p. 141301. DOI: 10 .
1103 /PhysRevLett .122.141301. URL: https://link.aps.org/
doi/10.1103/PhysRevLett.122.141301.

D. S. Akerib et al. “Results from a Search for Dark Matter in the Complete LUX
Exposure”. In: Phys. Rev. Lett. 118 (2 Jan. 2017), p. 021303. pOI: 10.1103/
PhysRevLett.118.021303. URL: https://link.aps.org/doi/10.
1103/PhysRevLett.118.021303.

R. Agnese et al. “Improved WIMP-search reach of the CDMS II germanium data”.
In: Phys. Rev. D 92 (7 Oct. 2015), p. 072003. p01: 10.1103/PhysRevD. 92.
072003L URL: https://link.aps.org/doi/10.1103/PhysRevD.
92.072003L.

Mordehai Milgrom. “MOND theory”. In: Canadian Journal of Physics 93.2 (2015),
pp- 107-118.D01: 10.1139/cjp—-2014-0211.eprint: https://doi.org/
10.1139/c9p—-2014-0211L URL: https://doi.org/10.1139/cip—+
2014-0211.

Laura Bernard and Luc Blanchet. “Phenomenology of dark matter via a bimetric
extension of general relativity”. In: Phys. Rev. D 91 (10 May 2015), p. 103536. DOTI:
10.1103/PhysRevD.91.103536. URL: https://link.aps.org/
doi/10.1103/PhysRevD.91.103536.

96


https://doi.org/10.1038/nature03597
https://doi.org/10.1038/nature03597
https://doi.org/10.1038/nature03597
https://doi.org/https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/https://doi.org/10.1016/j.physrep.2004.08.031
http://www.sciencedirect.com/science/article/pii/S0370157304003515
http://www.sciencedirect.com/science/article/pii/S0370157304003515
https://doi.org/10.1103/PhysRevLett.119.181301
https://doi.org/10.1103/PhysRevLett.119.181301
https://link.aps.org/doi/10.1103/PhysRevLett.119.181301
https://link.aps.org/doi/10.1103/PhysRevLett.119.181301
https://doi.org/10.1103/PhysRevLett.122.141301
https://doi.org/10.1103/PhysRevLett.122.141301
https://link.aps.org/doi/10.1103/PhysRevLett.122.141301
https://link.aps.org/doi/10.1103/PhysRevLett.122.141301
https://doi.org/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevLett.118.021303
https://link.aps.org/doi/10.1103/PhysRevLett.118.021303
https://link.aps.org/doi/10.1103/PhysRevLett.118.021303
https://doi.org/10.1103/PhysRevD.92.072003
https://doi.org/10.1103/PhysRevD.92.072003
https://link.aps.org/doi/10.1103/PhysRevD.92.072003
https://link.aps.org/doi/10.1103/PhysRevD.92.072003
https://doi.org/10.1139/cjp-2014-0211
https://doi.org/10.1139/cjp-2014-0211
https://doi.org/10.1139/cjp-2014-0211
https://doi.org/10.1139/cjp-2014-0211
https://doi.org/10.1139/cjp-2014-0211
https://doi.org/10.1103/PhysRevD.91.103536
https://link.aps.org/doi/10.1103/PhysRevD.91.103536
https://link.aps.org/doi/10.1103/PhysRevD.91.103536

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

C. Alcock et al. “The MACHO Project Large Magellanic Cloud Variable-Star
Inventory. IX. Frequency Analysis of the First-Overtone RR Lyrae Stars and the
Indication for Nonradial Pulsations”. In: The Astrophysical Journal 542.1 (Oct.
2000), pp. 257-280. DOI1:|10.1086/309530. URL: https://doi.org/10.
1086%2F309530.

Tisserand, P. et al. “Limits on the Macho content of the Galactic Halo from the
EROS-2 Survey of the Magellanic Clouds ***”. In: A&A 469.2 (2007), pp. 387-404.
DOI:[10.1051/0004-6361:20066017. URL: https://doi.org/10.
1051/0004-6361:20066017.

L. Wyrzykowski et al. “The OGLE view of microlensing towards the Magellanic
Clouds — IV. OGLE-III SMC data and final conclusions on MACHOs*”. In: Monthly
Notices of the Royal Astronomical Society 416.4 (Sept. 2011), pp. 2949-2961.
ISSN: 0035-8711. DOI: 1 10.1111/73.1365-2966.2011.19243. x. eprint:
https://academic.oup.com/mnras/article—-pdf/416/4/2949/
2982628/mnras0416-2949.pdfl URL: https://doi.org/10.1111/
7.1365-2966.2011.19243.x.

Bernard Carr, Florian Kiihnel, and Marit Sandstad. “Primordial black holes as
dark matter”. In: Phys. Rev. D 94 (8 Oct. 2016), p. 083504. DOI1: |10 . 1103/
PhysRevD . 94 .083504. URL: https://link.aps.org/doi/10.
1103/PhysRevD.94.083504.

ATLAS collaboration. “Recent electroweak results from ATLAS”. In: Nuclear and
Farticle Physics Proceedings 282-284 (2017). 19th International Conference in
Quantum Chromodynamics, pp. 177-181. ISSN: 2405-6014. DOI: https://doi.
org/10.1016/7j.nuclphysbps.2016.12.034. URL: http://wwwl
sciencedirect.com/science/article/pii/S2405601416302905.

The LHCD collaboration. “Measurement of forward ¢, W + bb and W + c¢ produc-
tion in pp collisions at /s = 8 TeV”. In: Physics Letters B 767 (2017), pp. 110—
120. 1SSN: 0370-2693. DOI: https://doi.org/10.1016/7.physletb.
2017.01.044. URL: http://www.sclencedirect.com/science/
article/pii/S037026931730062X.

G. W. Bennett et al. “Measurement of the Negative Muon Anomalous Magnetic
Moment to 0.7 ppm”. In: Phys. Rev. Lett. 92 (16 Apr. 2004), p. 161802. DOTI:
10.1103/PhysRevLett.92.161802. URL: https://link.aps.org/
doi/10.1103/PhysRevLett.92.161802.

G. W. Bennett et al. “Final report of the E821 muon anomalous magnetic moment
measurement at BNL”. In: Phys. Rev. D 73 (7 Apr. 2006), p. 072003. DOI: 10 .
1103 /PhysRevD.73.072003. URL: https://link.aps.orqg/doi/
10.1103/PhysRevD.73.072003.

97


https://doi.org/10.1086/309530
https://doi.org/10.1086%2F309530
https://doi.org/10.1086%2F309530
https://doi.org/10.1051/0004-6361:20066017
https://doi.org/10.1051/0004-6361:20066017
https://doi.org/10.1051/0004-6361:20066017
https://doi.org/10.1111/j.1365-2966.2011.19243.x
https://academic.oup.com/mnras/article-pdf/416/4/2949/2982628/mnras0416-2949.pdf
https://academic.oup.com/mnras/article-pdf/416/4/2949/2982628/mnras0416-2949.pdf
https://doi.org/10.1111/j.1365-2966.2011.19243.x
https://doi.org/10.1111/j.1365-2966.2011.19243.x
https://doi.org/10.1103/PhysRevD.94.083504
https://doi.org/10.1103/PhysRevD.94.083504
https://link.aps.org/doi/10.1103/PhysRevD.94.083504
https://link.aps.org/doi/10.1103/PhysRevD.94.083504
https://doi.org/https://doi.org/10.1016/j.nuclphysbps.2016.12.034
https://doi.org/https://doi.org/10.1016/j.nuclphysbps.2016.12.034
http://www.sciencedirect.com/science/article/pii/S2405601416302905
http://www.sciencedirect.com/science/article/pii/S2405601416302905
https://doi.org/https://doi.org/10.1016/j.physletb.2017.01.044
https://doi.org/https://doi.org/10.1016/j.physletb.2017.01.044
http://www.sciencedirect.com/science/article/pii/S037026931730062X
http://www.sciencedirect.com/science/article/pii/S037026931730062X
https://doi.org/10.1103/PhysRevLett.92.161802
https://link.aps.org/doi/10.1103/PhysRevLett.92.161802
https://link.aps.org/doi/10.1103/PhysRevLett.92.161802
https://doi.org/10.1103/PhysRevD.73.072003
https://doi.org/10.1103/PhysRevD.73.072003
https://link.aps.org/doi/10.1103/PhysRevD.73.072003
https://link.aps.org/doi/10.1103/PhysRevD.73.072003

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

The LHCb Collaboration. “Test of Lepton Universality Using Bt — KT(T(~
Decays”. In: Phys. Rev. Lett. 113 (15 Oct. 2014), p. 151601. DO1: |10 . 1103/
PhysRevLett.113.151601. URL: https://link.aps.org/doi/10.
1103/PhysRevLett.113.151601.

R Aaij et al. “Test of lepton universality with B 0— K* 0 ¢*¢~ decays”. In: Journal
of High Energy Physics 2017.8 (2017), p. 55.

The LHCb Collaboration. “Measurement of C'P-Averaged Observables in the
B® — K*°u*u~ Decay”. In: Phys. Rev. Lett. 125 (1 July 2020), p. 011802. DOI:
10.1103/PhysRevLett .125.011802. URL: https://1link. aps.
org/doi/10.1103/PhysRevLett.125.011802.

The LHCb Collaboration. Road map for selected key measurements from LHCD.
Roadmap for selected key measurements of LHCb. Tech. rep. arXiv:0912.4179.
CERN-LHCb-PUB-2009-029. Comments: 379 pages. Geneva: CERN, May 2010.
URL: https://cds.cern.ch/record/1224241.

The LHCb Collaboration. LHCb reoptimized detector design and performance:
Technical Design Report. Technical Design Report LHCb. Geneva: CERN, 2003.
URL: https://cds.cern.ch/record/630827.

Tatsumi Aoyama et al. “Complete Tenth-Order QED Contribution to the Muon
g—2". In: Phys. Rev. Lett. 109 (11 Sept. 2012), p. 111808. poO1: |10 . 1103/
PhysRevLett.109.111808. URL: https://link.aps.org/doi/10.
1103/PhysRevLett.109.111808.

Toichiro Kinoshita and Makiko Nio. “Improved « 4 term of the muon anomalous
magnetic moment”. In: Physical Review D 70.11 (2004), p. 113001.

Michel Davier et al. “Updated estimate of the muon magnetic momentusing revised
results from e+ e-annihilation”. In: The European Physical Journal C-Particles and
Fields 31.4 (2003), pp. 503-510.

Michel Davier and William J Marciano. “The theoretical prediction for the muon
anomalous magnetic moment”. In: Annu. Rev. Nucl. Part. Sci. 54 (2004), pp. 115—
140.

B. Lee Roberts and. “Status of the Fermilab muon ( g - 2) experiment”. In: Chinese
Physics C 34.6 (June 2010), pp. 741-744. DO1: 10.1088/1674-1137/34/6/
021. URL: https://doi.org/10.1088%2F1674-1137%2F34%2F06%
2F021.

Jenny Holzbauer. “The Muon g-2 Experiment overview and status as of June 2016”.
In: Journal of Physics: Conference Series. Vol. 770. 1. IOP Publishing. 2016,
p- 012038.

Fred Jegerlehner and Andreas Nyffeler. “The muon g-2”. In: Physics Reports
477.1-3 (2009), pp. 1-110.

T Aoyama et al. “The anomalous magnetic moment of the muon in the Standard
Model”. In: arXiv preprint arXiv:2006.04822 (2020).

98


https://doi.org/10.1103/PhysRevLett.113.151601
https://doi.org/10.1103/PhysRevLett.113.151601
https://link.aps.org/doi/10.1103/PhysRevLett.113.151601
https://link.aps.org/doi/10.1103/PhysRevLett.113.151601
https://doi.org/10.1103/PhysRevLett.125.011802
https://link.aps.org/doi/10.1103/PhysRevLett.125.011802
https://link.aps.org/doi/10.1103/PhysRevLett.125.011802
https://cds.cern.ch/record/1224241
https://cds.cern.ch/record/630827
https://doi.org/10.1103/PhysRevLett.109.111808
https://doi.org/10.1103/PhysRevLett.109.111808
https://link.aps.org/doi/10.1103/PhysRevLett.109.111808
https://link.aps.org/doi/10.1103/PhysRevLett.109.111808
https://doi.org/10.1088/1674-1137/34/6/021
https://doi.org/10.1088/1674-1137/34/6/021
https://doi.org/10.1088%2F1674-1137%2F34%2F6%2F021
https://doi.org/10.1088%2F1674-1137%2F34%2F6%2F021

[62]

[63]

[64]
[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

S. L. Glashow, J. Iliopoulos, and L. Maiani. “Weak Interactions with Lepton-Hadron
Symmetry”. In: Phys. Rev. D 2 (7 Oct. 1970), pp. 1285-1292. DOI1: 10.1103/
PhysRevD.2.1285. URL: https://link.aps.org/doi/10.1103/
PhysRevD.2.1285.

J.-T. Wei et al. “Measurement of the Differential Branching Fraction and Forward-
Backward Asymmetry for B — K*)[*]=" In: Phys. Rev. Lett. 103 (17 Oct. 2009),
p.- 171801. por: 10.1103 /PhysRevLett . 103 .171801. URL: https :
//link.aps.org/doi/10.1103/PhysRevLett.103.171801.

Richard Feynman. Feynman lectures on gravitation. CRC Press, 2018.

Herbert W Hamber. Quantum gravitation: The Feynman path integral approach.
Springer Science & Business Media, 2008.

Claus Jonsson. “Elektroneninterferenzen an mehreren kiinstlich hergestellten Feinspal-
ten”. In: Zeitschrift fiir Physik 161.4 (1961), pp. 454-474.

Claus Jonsson. “Electron Diffraction at Multiple Slits”. In: American Journal of
Physics 42.1 (1974), pp. 4-11. DOI: 10.1119/1.1987592. eprint: https :
//doi.org/10.1119/1.1987592. URL: https://doi.org/10.
1119/1.1987592]

SP Walborn et al. “Double-slit quantum eraser”. In: Physical Review A 65.3 (2002),
p- 033818.

Kenneth Eppley and Eric Hannah. “The necessity of quantizing the gravitational
field”. In: Foundations of Physics 7.1 (Feb. 1977), pp. 51-68. 1SSN: 1572-9516.
DOI: 10 .1007 /BF00715241. URL: https://doi.org/10.1007/
BF00715241.

André GroBardt et al. “Optomechanical test of the Schrodinger-Newton equation”.
In: Physical Review D 93.9 (2016), p. 096003.

André GroBardt et al. “Effects of Newtonian gravitational self-interaction in har-
monically trapped quantum systems”. In: Scientific reports 6.1 (2016), pp. 1-16.

R. W. Robinett and Jonathan L. Rosner. “Mass scales in grand unified theories”. In:
Phys. Rev. D 26 (9 Nov. 1982), pp. 2396-2419. DO1: 10.1103/PhysRevD.26.
2396. URL: https://link.aps.org/doi/10.1103/PhysRevD.26.
2396.

Paul Langacker. “Grand unified theories and proton decay”. In: Physics Reports
72.4 (1981), pp. 185-385. 1sSN: 0370-1573. DOI: https://doi.org/10.
1016/0370-1573(81) 90059-4. URL: http://www.sciencedirect.
com/scilence/article/pi11/0370157381900594.

Matthew J. Strassler and Kathryn M. Zurek. “Echoes of a hidden valley at hadron
colliders”. In: Physics Letters B 651.5 (2007), pp. 374-379. 1SSN: 0370-2693.
pol: https://doi.org/10.1016/7.physletb.2007.06. 055!
URL: http://www.sciencedirect.com/science/article/pii/
S0370269307007721.

99


https://doi.org/10.1103/PhysRevD.2.1285
https://doi.org/10.1103/PhysRevD.2.1285
https://link.aps.org/doi/10.1103/PhysRevD.2.1285
https://link.aps.org/doi/10.1103/PhysRevD.2.1285
https://doi.org/10.1103/PhysRevLett.103.171801
https://link.aps.org/doi/10.1103/PhysRevLett.103.171801
https://link.aps.org/doi/10.1103/PhysRevLett.103.171801
https://doi.org/10.1119/1.1987592
https://doi.org/10.1119/1.1987592
https://doi.org/10.1119/1.1987592
https://doi.org/10.1119/1.1987592
https://doi.org/10.1119/1.1987592
https://doi.org/10.1007/BF00715241
https://doi.org/10.1007/BF00715241
https://doi.org/10.1007/BF00715241
https://doi.org/10.1103/PhysRevD.26.2396
https://doi.org/10.1103/PhysRevD.26.2396
https://link.aps.org/doi/10.1103/PhysRevD.26.2396
https://link.aps.org/doi/10.1103/PhysRevD.26.2396
https://doi.org/https://doi.org/10.1016/0370-1573(81)90059-4
https://doi.org/https://doi.org/10.1016/0370-1573(81)90059-4
http://www.sciencedirect.com/science/article/pii/0370157381900594
http://www.sciencedirect.com/science/article/pii/0370157381900594
https://doi.org/https://doi.org/10.1016/j.physletb.2007.06.055
http://www.sciencedirect.com/science/article/pii/S0370269307007721
http://www.sciencedirect.com/science/article/pii/S0370269307007721

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

Paul Langacker. “The physics of heavy Z' gauge bosons”. In: Rev. Mod. Phys. 81
(3 Aug. 2009), pp. 1199-1228. pO1: 10.1103/RevModPhys.81.1199. URL:
https://link.aps.org/doi/10.1103/RevModPhys.81.1199.

Maxim Pospelov. “Secluded U(1) below the weak scale”. In: Phys. Rev. D 80
(9 Nov. 2009), p. 095002. po1: 10 .1103/PhysRevD.80.095002. URL:
https://link.aps.org/doi/10.1103/PhysRevD.80.095002.

Hooman Davoudiasl, Hye-Sung Lee, and William J. Marciano. “Muon g — 2,
rare kaon decays, and parity violation from dark bosons”. In: Phys. Rev. D 89 (9
2014), p. 095006. DO1: 10.1103/PhysRevD.89.095006. URL: https :
//link.aps.org/doi/10.1103/PhysRevD.89.095006.

D. Aristizabal Sierra, Florian Staub, and Avelino Vicente. “Shedding light on the
b — s anomalies with a dark sector”. In: Phys. Rev. D 92 (1 July 2015), p. 015001.
DOI: |10 .1103 /PhysRevD. 92 .015001l URL: https://link. aps.
org/doi/10.1103/PhysRevD.92.015001.

Maxim Pospelov, Adam Ritz, and Mikhail Voloshin. “Secluded WIMP dark matter”.
In: Physics Letters B 662.1 (2008), pp. 53—61. 1SSN: 0370-2693. DOI: https://
doi.org/10.1016/7.physletb.2008.02.052. URL: http://www.
sciencedirect.com/science/article/pi1/5S0370269308002402.

O. Adriani et al. “An anomalous positron abundance in cosmic rays with energies
1.5-100 GeV”. In: Nature 458.7238 (Apr. 2009), pp. 607-609. 1SSN: 1476-4687.
DOI: 10 .1038 /nature07942. URL: https://doi.org/10.1038/
nature(07/7942.

M. Aguilar et al. “First Result from the Alpha Magnetic Spectrometer on the
International Space Station: Precision Measurement of the Positron Fraction in
Primary Cosmic Rays of 0.5-350 GeV”. In: Phys. Rev. Lett. 110 (14 Apr. 2013),
p. 141102. por: 10.1103 /PhysRevLett . 110.141102. URL: https :
//link.aps.org/doi/10.1103/PhysRevLett.110.141102/

L. Accardo et al. “High Statistics Measurement of the Positron Fraction in Primary
Cosmic Rays of 0.5-500 GeV with the Alpha Magnetic Spectrometer on the
International Space Station”. In: Phys. Rev. Lett. 113 (12 Sept. 2014), p. 121101.
DOI:10.1103/PhysRevLett.113.121101. URL: https://link.aps.
org/doi/10.1103/PhysRevLett.113.121101.

Adam Martin, Jessie Shelton, and James Unwin. “Fitting the Galactic Center
gamma-ray excess with cascade annihilations”. In: Phys. Rev. D 90 (10 Nov. 2014),
p. 103513. DO1:|10.1103/PhysRevD.90.103513. URL: https://link.
aps.orqg/doi/10.1103/PhysRevD.90.103513.

Nima Arkani-Hamed et al. “A theory of dark matter”. In: Phys. Rev. D 79 (1 Jan.
2009), p. 015014. po1: 10.1103/PhysRevD.79.015014. URL: https :
//link.aps.org/doi/10.1103/PhysRevD.79.015014.

Oscar Adriani et al. “An anomalous positron abundance in cosmic rays with energies
1.5-100 GeV”. In: Nature 458.7238 (2009), p. 607.

100


https://doi.org/10.1103/RevModPhys.81.1199
https://link.aps.org/doi/10.1103/RevModPhys.81.1199
https://doi.org/10.1103/PhysRevD.80.095002
https://link.aps.org/doi/10.1103/PhysRevD.80.095002
https://doi.org/10.1103/PhysRevD.89.095006
https://link.aps.org/doi/10.1103/PhysRevD.89.095006
https://link.aps.org/doi/10.1103/PhysRevD.89.095006
https://doi.org/10.1103/PhysRevD.92.015001
https://link.aps.org/doi/10.1103/PhysRevD.92.015001
https://link.aps.org/doi/10.1103/PhysRevD.92.015001
https://doi.org/https://doi.org/10.1016/j.physletb.2008.02.052
https://doi.org/https://doi.org/10.1016/j.physletb.2008.02.052
http://www.sciencedirect.com/science/article/pii/S0370269308002402
http://www.sciencedirect.com/science/article/pii/S0370269308002402
https://doi.org/10.1038/nature07942
https://doi.org/10.1038/nature07942
https://doi.org/10.1038/nature07942
https://doi.org/10.1103/PhysRevLett.110.141102
https://link.aps.org/doi/10.1103/PhysRevLett.110.141102
https://link.aps.org/doi/10.1103/PhysRevLett.110.141102
https://doi.org/10.1103/PhysRevLett.113.121101
https://link.aps.org/doi/10.1103/PhysRevLett.113.121101
https://link.aps.org/doi/10.1103/PhysRevLett.113.121101
https://doi.org/10.1103/PhysRevD.90.103513
https://link.aps.org/doi/10.1103/PhysRevD.90.103513
https://link.aps.org/doi/10.1103/PhysRevD.90.103513
https://doi.org/10.1103/PhysRevD.79.015014
https://link.aps.org/doi/10.1103/PhysRevD.79.015014
https://link.aps.org/doi/10.1103/PhysRevD.79.015014

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]
[98]

[99]

[100]

SUSY July 2019 Summary Plot Update. Tech. rep. ATL-PHYS-PUB-2019-022.
Geneva: CERN, July 2019. URL: http://cds.cern.ch/record/2682063.

Willis E. Lamb and Robert C. Retherford. “Fine Structure of the Hydrogen Atom
by a Microwave Method”. In: Phys. Rev. 72 (3 Aug. 1947), pp. 241-243. DOLI:
10.1103/PhysRev.72.241. URL:https://link.aps.orqg/doi/10.
1103/PhysRev.72.241.

Paul Adrien Maurice Dirac. “The quantum theory of the emission and absorption
of radiation”. In: Proceedings of the Royal Society of London. Series A, Containing
Papers of a Mathematical and Physical Character 114.767 (1927), pp. 243-265.

Enrico Fermi. “Versuch einer Theorie der 5-Strahlen. I”. In: Zeitschrift fiir Physik
88.3-4 (1934), pp. 161-177.

R. P. Feynman. “Space-Time Approach to Quantum Electrodynamics”. In: Phys.
Rev. 76 (6 Sept. 1949), pp. 769-789. DO1:|10.1103/PhysRev.76.769. URL:
https://link.aps.orqg/doi/10.1103/PhysRev.76.7609.

F. J. Dyson. “The Radiation Theories of Tomonaga, Schwinger, and Feynman”. In:
Phys. Rev. 75 (3 Feb. 1949), pp. 486-502. DO1:10.1103/PhysRev.75.486.
URL: https://link.aps.org/doi/10.1103/PhysRev.75.486.

MissMJ, Cush. Standard model of elementary particles. [Online; accessed June
29, 2020]. 2019. URL: https://en.wikipedia.org/wiki/File:
Standard _Model_of Elementary_Particles.svg.

Herbert Goldstein, Ch Poole, and J Safko. “Classical Mechanics Addison-Wesley”.
In: Reading, MA 426 (1980).

Michael T Vaughn. Introduction to mathematical physics. John Wiley & Sons,
2008.

ME Peskin and DV Shroeder. “An Introduction to Quantum Field Theory, Addison-
Wesely, 1995; S. Weinberg”. In: The Quantum Theory of Fields, Cambridge Uni-
versity Press 1996 (1995).

Matthew D Schwartz. Quantum field theory and the standard model. Cambridge
University Press, 2014.

Eugene D Commins. Quantum Mechanics. Cambridge University Press, 2014.

C. N. Yang and R. L. Mills. “Conservation of Isotopic Spin and Isotopic Gauge
Invariance”. In: Phys. Rev. 96 (1 Oct. 1954), pp. 191-195. po1: 10 . 1103/
PhysRev.96.191. URL: https://1link.aps.org/doi/10.1103/
PhysRev.96.191.

Ian JR Aitchison and Anthony JG Hey. Gauge theories in particle physics: A
practical introduction, Volume 2: Non-Abelian Gauge theories: QCD and the
electroweak theory. Vol. 2. CRC Press, 2012.

David H Sattinger and Oliver L Weaver. Lie groups and algebras with applications
to physics, geometry, and mechanics. Vol. 61. Springer Science & Business Media,
2013.

101


http://cds.cern.ch/record/2682063
https://doi.org/10.1103/PhysRev.72.241
https://link.aps.org/doi/10.1103/PhysRev.72.241
https://link.aps.org/doi/10.1103/PhysRev.72.241
https://doi.org/10.1103/PhysRev.76.769
https://link.aps.org/doi/10.1103/PhysRev.76.769
https://doi.org/10.1103/PhysRev.75.486
https://link.aps.org/doi/10.1103/PhysRev.75.486
https://en.wikipedia.org/wiki/File:Standard_Model_of_Elementary_Particles.svg
https://en.wikipedia.org/wiki/File:Standard_Model_of_Elementary_Particles.svg
https://doi.org/10.1103/PhysRev.96.191
https://doi.org/10.1103/PhysRev.96.191
https://link.aps.org/doi/10.1103/PhysRev.96.191
https://link.aps.org/doi/10.1103/PhysRev.96.191

[101] Taizo Muta. Foundations of quantum chromodynamics: an introduction to pertur-
bative methods in gauge theories. Vol. 5. World Scientific Publishing Company,
1987.

[102] David Bailin and Alexander Love. Introduction to Gauge Field Theory Revised
Edition. Routledge, 2019.

[103] Murray Gell-Mann. “The Eightfold Way: A Theory of strong interaction symmetry”.
In: (1961).

[104] Y. Ne’eman. “Derivation of strong interactions from a gauge invariance”. In: Nu-
clear Physics 26.2 (1961), pp. 222-229. 1SSN: 0029-5582. DOI: https : / /
doi.org/10.1016/0029-5582(61) 90134—-1. URL: http://www.
sciencedirect.com/science/article/pii/0029558261901341!

[105] David Griffiths. Introduction to elementary particles. John Wiley & Sons, 2008.

[106] David J. Gross and Frank Wilczek. “Ultraviolet Behavior of Non-Abelian Gauge
Theories”. In: Phys. Rev. Lett. 30 (26 June 1973), pp. 1343-1346. DOI1:|10.1103/
PhysRevLett .30.1343.L URL: https://link.aps.org/doi/10.
1103/PhysRevLett.30.1343.

[107] H. David Politzer. “Reliable Perturbative Results for Strong Interactions?” In: Phys.
Rev. Lett. 30 (26 June 1973), pp. 1346-1349. DO1:|10.1103/PhysRevLett .
30.1346.URL:https://link.aps.org/doi/10.1103/PhysRevLett.
30.13406l

[108] Fred L Wilson. “Fermi’s theory of beta decay”. In: American Journal of Physics
36.12 (1968), pp. 1150-1160.

[109] F. Englert and R. Brout. “Broken Symmetry and the Mass of Gauge Vector
Mesons”. In: Phys. Rev. Lett. 13 (9 Aug. 1964), pp. 321-323. DOI: |10.1103/
PhysRevLett . 13.321. URL: https://link.aps.org/doi/10.
1103/PhysRevLett.13.321]

[110] G. S. Guralnik, C. R. Hagen, and T. W. B. Kibble. “Global Conservation Laws
and Massless Particles”. In: Phys. Rev. Lett. 13 (20 Nov. 1964), pp. 585-587. DOI:
10.1103/PhysRevLett.13.585. URL: https://link.aps.orqg/
doi/10.1103/PhysRevLett.13.585.

[111] Walter Greiner, Berndt Miiller, et al. Gauge theory of weak interactions. Vol. 5.
Springer, 1996.

[112] C.S. Wu et al. “Experimental Test of Parity Conservation in Beta Decay”. In: Phys.
Rev. 105 (4 Feb. 1957), pp. 1413-1415.D01: 10.1103/PhysRev.105.1413.
URL: https://link.aps.org/doi/10.1103/PhysRev.105.1413\

[113] Makoto Kobayashi and Toshihide Maskawa. “CP-Violation in the Renormalizable
Theory of Weak Interaction”. In: Progress of Theoretical Physics 49.2 (Feb. 1973),
pp. 652—-657. 1SSN: 0033-068X. DO1: 10.1143/PTP.49.652. eprint: https:
//academic.oup.com/ptp/article—-pdf/49/2/652/5257692/
49-2-652.pdfl URL: https://doi.org/10.1143/PTP.49.652.

102


https://doi.org/https://doi.org/10.1016/0029-5582(61)90134-1
https://doi.org/https://doi.org/10.1016/0029-5582(61)90134-1
http://www.sciencedirect.com/science/article/pii/0029558261901341
http://www.sciencedirect.com/science/article/pii/0029558261901341
https://doi.org/10.1103/PhysRevLett.30.1343
https://doi.org/10.1103/PhysRevLett.30.1343
https://link.aps.org/doi/10.1103/PhysRevLett.30.1343
https://link.aps.org/doi/10.1103/PhysRevLett.30.1343
https://doi.org/10.1103/PhysRevLett.30.1346
https://doi.org/10.1103/PhysRevLett.30.1346
https://link.aps.org/doi/10.1103/PhysRevLett.30.1346
https://link.aps.org/doi/10.1103/PhysRevLett.30.1346
https://doi.org/10.1103/PhysRevLett.13.321
https://doi.org/10.1103/PhysRevLett.13.321
https://link.aps.org/doi/10.1103/PhysRevLett.13.321
https://link.aps.org/doi/10.1103/PhysRevLett.13.321
https://doi.org/10.1103/PhysRevLett.13.585
https://link.aps.org/doi/10.1103/PhysRevLett.13.585
https://link.aps.org/doi/10.1103/PhysRevLett.13.585
https://doi.org/10.1103/PhysRev.105.1413
https://link.aps.org/doi/10.1103/PhysRev.105.1413
https://doi.org/10.1143/PTP.49.652
https://academic.oup.com/ptp/article-pdf/49/2/652/5257692/49-2-652.pdf
https://academic.oup.com/ptp/article-pdf/49/2/652/5257692/49-2-652.pdf
https://academic.oup.com/ptp/article-pdf/49/2/652/5257692/49-2-652.pdf
https://doi.org/10.1143/PTP.49.652

[114] Michael E Peskin. Concepts of elementary particle physics. Vol. 26. Oxford Master
Series in Physic, 2019.

[115] Sheldon L. Glashow. “Partial-symmetries of weak interactions”. In: Nuclear Physics
22.4 (1961), pp. 579-588. 1SSN: 0029-5582. DOI: https://doi.org/10.
1016/0029-5582(61) 90469-2. URL: http://www.sciencedirect.
com/science/article/pii/0029558261904692.

[116] Peter J. Mohr, David B. Newell, and Barry N. Taylor. “CODATA recommended
values of the fundamental physical constants: 2014”. In: Rev. Mod. Phys. 88 (3
Sept. 2016), p. 035009. po1: 10.1103 /RevModPhys . 88 .035009. URL:
https://link.aps.org/doi/10.1103/RevModPhys.88.0350009.

[117] Steven Weinberg. “A Model of Leptons”. In: Phys. Rev. Lett. 19 (21 Nov. 1967),
pp. 1264-1266. DOI1: 10 . 1103 /PhysRevLett .19.1264. URL: https :
//link.aps.org/doi/10.1103/PhysRevLiett.19.1264.

[118] Jeffrey Goldstone, Abdus Salam, and Steven Weinberg. “Broken Symmetries”. In:
Phys. Rev. 127 (3 Aug. 1962), pp. 965-970. DOI: 10.1103/PhysRev.127.
965, URL: https://link.aps.org/doi/10.1103/PhysRev.127.
965.

[119] David Curtin et al. “Exotic decays of the 125 GeV Higgs boson”. In: Phys. Rev.
D 90 (7 Oct. 2014), p. 075004. pOI1:|10.1103/PhysRevD.90.075004. URL:
https://link.aps.org/doi/10.1103/PhysRevD.90.075004.

[120] Technology Department, Electrical Power Converters Group, Low Power Convert-
ers. 2016. URL: $7Bhttp://te—epc—-lpc.web.cern.ch/te—-epc-
lpc/machines/lhc/general. stm%7D|(visited on 05/16/2013).

[121] CERN. Restarting the LHC: Why 13 Tev? 2014. URL: http://cds.cern.ch/
record/1998739.

[122] The ALICE Collaboration. “The ALICE experiment at the CERN LHC”. In: Journal
of Instrumentation 3.08 (Aug. 2008), S08002-S08002. DO1: 10.1088/1748~
0221/3/08/s08002. URL: https://doi.org/10.1088%2F1748+
0221%2F3%2F08%2Fs08002.

[123] Daniel Froidevaux and Paris Sphicas. “General-purpose detectors for the Large
Hadron Collider”. In: Annual Review of Nuclear and Particle Science 56 (2006).

[124] ATLAS Collaboration. “The ATLAS Experiment at the CERN Large Hadron
Collider”. In: JINST 3 (2008), S08003. po1:|10.1088/1748-0221/3/08/
S08003L

[125] A. Achterberg et al. “First year performance of the IceCube neutrino telescope”. In:
Astroparticle Physics 26.3 (2006), pp. 155-173. 1SSN: 0927-6505. DOI: https: //
doi.org/10.1016/j.astropartphys.2006.06.007. URL: http://
wWww.Sclencedirect.com/science/article/pii/S0927650506000855.

103


https://doi.org/https://doi.org/10.1016/0029-5582(61)90469-2
https://doi.org/https://doi.org/10.1016/0029-5582(61)90469-2
http://www.sciencedirect.com/science/article/pii/0029558261904692
http://www.sciencedirect.com/science/article/pii/0029558261904692
https://doi.org/10.1103/RevModPhys.88.035009
https://link.aps.org/doi/10.1103/RevModPhys.88.035009
https://doi.org/10.1103/PhysRevLett.19.1264
https://link.aps.org/doi/10.1103/PhysRevLett.19.1264
https://link.aps.org/doi/10.1103/PhysRevLett.19.1264
https://doi.org/10.1103/PhysRev.127.965
https://doi.org/10.1103/PhysRev.127.965
https://link.aps.org/doi/10.1103/PhysRev.127.965
https://link.aps.org/doi/10.1103/PhysRev.127.965
https://doi.org/10.1103/PhysRevD.90.075004
https://link.aps.org/doi/10.1103/PhysRevD.90.075004
%7Bhttp://te-epc-lpc.web.cern.ch/te-epc-lpc/machines/lhc/general.stm%7D
%7Bhttp://te-epc-lpc.web.cern.ch/te-epc-lpc/machines/lhc/general.stm%7D
http://cds.cern.ch/record/1998739
http://cds.cern.ch/record/1998739
https://doi.org/10.1088/1748-0221/3/08/s08002
https://doi.org/10.1088/1748-0221/3/08/s08002
https://doi.org/10.1088%2F1748-0221%2F3%2F08%2Fs08002
https://doi.org/10.1088%2F1748-0221%2F3%2F08%2Fs08002
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/https://doi.org/10.1016/j.astropartphys.2006.06.007
https://doi.org/https://doi.org/10.1016/j.astropartphys.2006.06.007
http://www.sciencedirect.com/science/article/pii/S0927650506000855
http://www.sciencedirect.com/science/article/pii/S0927650506000855

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

KENZO NAKAMURA. “HYPER-KAMIOKANDE — A NEXT GENERATION
WATER CHERENKOV DETECTOR”. In: International Journal of Modern Physics
A 18.22 (2003), pp. 4053-4063. DOI: 10.1142/50217751X03017361. eprint:
https://doi.org/10.1142/50217751X03017361. URL: https :
//doi.org/10.1142/S0217751X03017361.

S Haywood et al. ATLAS inner detector: Technical Design Report, 2. Technical
Design Report ATLAS. Geneva: CERN, 1997. URL: https://cds.cern.ch/
record/331064.

M. Backhaus. “The upgraded Pixel Detector of the ATLAS Experiment for Run
2 at the Large Hadron Collider”. In: Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and Associated Equip-
ment 831 (2016). Proceedings of the 10th International “Hiroshima” Symposium on
the Development and Application of Semiconductor Tracking Detectors, pp. 65-70.
ISSN: 0168-9002. URL: http://www.sciencedirect .com/science/
article/pii/S0168900216303837.

J.J. Goodson. “Search for Supersymmetry in States with Large Missing Transverse
Momentum and Three Leptons including a Z-Boson”. Presented 17 Apr 2012.
PhD thesis. Stony Brook University, 2012.

Y Unno. “ATLAS silicon microstrip detector system (SCT)”. In: Nuclear In-
struments and Methods in Physics Research Section A: Accelerators, Spectrom-
eters, Detectors and Associated Equipment 511.1 (2003). Proceedings of the
11th International Workshop on Vertex Detectors, pp. 58—63. ISSN: 0168-9002.
DOI: http://dx.doi.org/10.1016/50168-9002(03) 01751-0.
URL: http://www.sciencedirect.com/science/article/pii/
S0168900203017510.

J.N. Jackson. “The ATLAS semiconductor tracker (SCT)”. In: Nuclear Instru-
ments and Methods in Physics Research Section A: Accelerators, Spectrome-
ters, Detectors and Associated Equipment 541.1 (2005). Development and Ap-
plication of Semiconductor Tracking Detectors, pp. 89-95. ISSN: 0168-9002.
DOI: http://dx .doi.org/10.1016/ J.nima.2005.01.043.
URL: http://www.sciencedirect.com/science/article/pii/
S0168900205000550.

The ATLAS collaboration. “Operation and performance of the ATLAS semicon-
ductor tracker”. In: Journal of Instrumentation 9.08 (2014), PO8009. URL: http:
//stacks.iop.org/1748-0221/9/1=08/a=P080009.

Adrian Vogel. “ATLAS Transition Radiation Tracker (TRT): Straw tube gaseous
detectors at high rates”. In: Nuclear Instruments and Methods in Physics Research
Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 732
(2013). Vienna Conference on Instrumentation 2013, pp. 277-280. 1SSN: 0168-
9002. DOI: http://dx.doi.org/10.1016/j.nima.2013.07.020.
URL: http://www.sciencedirect.com/science/article/pii/
S0168900213009960.

104


https://doi.org/10.1142/S0217751X03017361
https://doi.org/10.1142/S0217751X03017361
https://doi.org/10.1142/S0217751X03017361
https://doi.org/10.1142/S0217751X03017361
https://cds.cern.ch/record/331064
https://cds.cern.ch/record/331064
http://www.sciencedirect.com/science/article/pii/S0168900216303837
http://www.sciencedirect.com/science/article/pii/S0168900216303837
https://doi.org/http://dx.doi.org/10.1016/S0168-9002(03)01751-0
http://www.sciencedirect.com/science/article/pii/S0168900203017510
http://www.sciencedirect.com/science/article/pii/S0168900203017510
https://doi.org/http://dx.doi.org/10.1016/j.nima.2005.01.043
http://www.sciencedirect.com/science/article/pii/S0168900205000550
http://www.sciencedirect.com/science/article/pii/S0168900205000550
http://stacks.iop.org/1748-0221/9/i=08/a=P08009
http://stacks.iop.org/1748-0221/9/i=08/a=P08009
https://doi.org/http://dx.doi.org/10.1016/j.nima.2013.07.020
http://www.sciencedirect.com/science/article/pii/S0168900213009960
http://www.sciencedirect.com/science/article/pii/S0168900213009960

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

Ahmet Bingiil. “The ATLAS TRT and its Performance at LHC”. In: Journal of
Physics: Conference Series 347.1 (2012), p. 012025. URL: http://stacks.
iop.org/1742-6596/347/1=1/a=012025.

A. Yamamoto et al. “The ATLAS central solenoid”. In: Nuclear Instruments
and Methods in Physics Research Section A: Accelerators, Spectrometers, De-
tectors and Associated Equipment 584.1 (2008), pp. 53-74. 1SSN: 0168-9002.
DOI: http://dx .doi.org/10.1016/ J.nima. 2007 .09.047.
URL: http://www. sciencedirect.com/science/article/pii/
S0168900207020414.

ATLAS liquid-argon calorimeter: Technical Design Report. Technical Design Re-
port ATLAS. Geneva: CERN, 1996. URL: https://cds.cern.ch/record/
331061

Henric Wilkens and the ATLAS LArg Collaboration. “The ATLAS Liquid Argon
calorimeter: An overview”. In: Journal of Physics: Conference Series 160.1 (2009),
p.- 012043. URL: http://stacks.iop.org/1742-6596/160/1i=1/a=
012043.

Huaqiao Zhang and the ATLAS Liquid Argon Calorimeter Group. “The ATLAS
Liquid Argon Calorimeter: Overview and Performance”. In: Journal of Physics:
Conference Series 293.1 (2011), p. 012044. URL: http://stacks.iop.org/
1742-6596/293/1=1/a=012044.

Joao Pequenao. “Computer generated image of the ATLAS Liquid Argon”. 2008.
URL: http://cds.cern.ch/record/1095928.

N. Nikiforou. “Performance of the ATLAS liquid argon calorimeter after three
years of lhc operation and plans for a future upgrade”. In: 2013 3rd International
Conference on Advancements in Nuclear Instrumentation, Measurement Methods
and their Applications (ANIMMA). 2013, pp. 1-12. DOI: 10.1109/ANIMMA .
2013.6728060.

P Puzo. “ATLAS calorimetry”. In: Nuclear Instruments and Methods in Physics Re-
search Section A: Accelerators, Spectrometers, Detectors and Associated Equipment
494.1 (2002). Proceedings of the 8th International Conference on Instrumentatio n
for Colliding Beam Physics, pp. 340-345. 1SSN: 0168-9002. DOI: http://dx.
doi.org/10.1016/S0168-9002(02)01490-0. URL: http://www
sciencedirect.com/science/article/pii1/50168900202014900.

ATLAS Collaboration. “Readiness of the ATLAS Tile Calorimeter for LHC colli-
sions”. In: The European Physical Journal C 70.4 (2010), pp. 1193—-1236. 1SSN:
1434-6052. DO1: 10 . 1140 /epijc/s10052-010- 1508 - y. URL: https
//doi.org/10.1140/epjc/s10052-010-1508~-vy.

Raj Gandhi et al. “Neutrino interactions at ultrahigh energies”. In: Phys. Rev. D 58
(9 1998), p. 093009. DO1: 10.1103/PhysRevD.58.093009. URL: https:
//link.aps.org/doi/10.1103/PhysRevD.58.0930009.

105


http://stacks.iop.org/1742-6596/347/i=1/a=012025
http://stacks.iop.org/1742-6596/347/i=1/a=012025
https://doi.org/http://dx.doi.org/10.1016/j.nima.2007.09.047
http://www.sciencedirect.com/science/article/pii/S0168900207020414
http://www.sciencedirect.com/science/article/pii/S0168900207020414
https://cds.cern.ch/record/331061
https://cds.cern.ch/record/331061
http://stacks.iop.org/1742-6596/160/i=1/a=012043
http://stacks.iop.org/1742-6596/160/i=1/a=012043
http://stacks.iop.org/1742-6596/293/i=1/a=012044
http://stacks.iop.org/1742-6596/293/i=1/a=012044
http://cds.cern.ch/record/1095928
https://doi.org/10.1109/ANIMMA.2013.6728060
https://doi.org/10.1109/ANIMMA.2013.6728060
https://doi.org/http://dx.doi.org/10.1016/S0168-9002(02)01490-0
https://doi.org/http://dx.doi.org/10.1016/S0168-9002(02)01490-0
http://www.sciencedirect.com/science/article/pii/S0168900202014900
http://www.sciencedirect.com/science/article/pii/S0168900202014900
https://doi.org/10.1140/epjc/s10052-010-1508-y
https://doi.org/10.1140/epjc/s10052-010-1508-y
https://doi.org/10.1140/epjc/s10052-010-1508-y
https://doi.org/10.1103/PhysRevD.58.093009
https://link.aps.org/doi/10.1103/PhysRevD.58.093009
https://link.aps.org/doi/10.1103/PhysRevD.58.093009

[144] ATLAS muon spectrometer: Technical Design Report. Technical Design Report
ATLAS. Geneva: CERN, 1997. URL: https://cds.cern.ch/record/
331068.

[145] The ATLAS Collaboration. “Commissioning of the ATLAS Muon Spectrometer
with cosmic rays”. In: The European Physical Journal C 70.3 (2010), pp. 875—
916. 1SSN: 1434-6052. DOI:|10.1140/epjc/s10052-010-1415-2. URL:
https://doi.org/10.1140/epjc/s10052-010-1415-2.

[146] The ATLAS Collaboration. ‘“Performance of the ATLAS muon trigger in pp col-
lisions at \/s = 8 TeV”. In: The European Physical Journal C 75.3 (Mar. 2015),
p- 120. 1SSN: 1434-6052. DO1: 10.1140/epjc/s10052-015-3325-9. URL:
https://doi.org/10.1140/epjc/s10052-015-3325-9.

[147] G. Avolio, S. Ballestrero, and W. Vandelli. “ATLAS TDAQ System: Current Status
and Performance”. In: Physics Procedia 37 (2012). Proceedings of the 2nd Interna-
tional Conference on Technology and Instrumentation in Particle Physics (TIPP
2011), pp. 1819-1826. 1SSN: 1875-3892. DOI: https://doi.org/10.1016/
J.phpro.2012.03.755. URL: http://www.sclencedirect .com/
science/article/p1i1/51875389212018950.

[148] Matteo Solfaroli. “LHC nominal cycle”. In: Proceedings of the 6th Evian workshop.
2015.

[149] John D’ Ambrosia, David Law, and M Norwell. “40 gigabit Ethernet and 100 gigabit
Ethernet technology overview”. In: Ethernet Alliance White Paper (2010).

[150] The TOTEM Collaboration. “First measurement of elastic, inelastic and total cross-
section at y/s = 13 TeV by TOTEM and overview of cross-section data at LHC
energies”. In: The European Physical Journal C 79.2 (Feb. 2019), p. 103. DOI:
10.1140/epjc/s10052-019-6567-0. URL: https://doi.org/10.
1140/epjc/s10052-019-6567-0.

[151] D.de Florian et al. “Handbook of LHC Higgs Cross Sections: 4. Deciphering the Na-
ture of the Higgs Sector”. English. In: arXiv.org (Oct. 2016). 869 pages, 295 figures,
248 tables and 1645 citations. Working Group web page: https://twiki.cern.ch/twiki/bin/view/LHCPL
ISSN: 2331-8422. DOI:110.23731/CYRM-2017-002.

[152] The CMS collaboration. “First measurement of the cross section for top-quark pair
production in proton—proton collisions at s=7 TeV”. In: Physics Letters B 695.5
(2011), pp. 424-443.1SSN: 0370-2693. DOI: https://doi.org/10.1016/7.
physletb.2010.11.058. URL: http://www.sciencedirect.com/
science/article/p11/5037026931001333X.

[153] The ATLAS Collaboration. “Measurement of the W+Z boson pair-production cross
section in pp collisions at s=13 TeV with the ATLAS detector”. In: Physics Letters B
762 (2016), pp. 1-22. 1sSN: 0370-2693. DOI: https://doi.org/10.1016/
J.physletb.2016.08.052. URL: http://www.sciencedirect .
com/science/article/pi11/50370269316304725.

106


https://cds.cern.ch/record/331068
https://cds.cern.ch/record/331068
https://doi.org/10.1140/epjc/s10052-010-1415-2
https://doi.org/10.1140/epjc/s10052-010-1415-2
https://doi.org/10.1140/epjc/s10052-015-3325-9
https://doi.org/10.1140/epjc/s10052-015-3325-9
https://doi.org/https://doi.org/10.1016/j.phpro.2012.03.755
https://doi.org/https://doi.org/10.1016/j.phpro.2012.03.755
http://www.sciencedirect.com/science/article/pii/S1875389212018950
http://www.sciencedirect.com/science/article/pii/S1875389212018950
https://doi.org/10.1140/epjc/s10052-019-6567-0
https://doi.org/10.1140/epjc/s10052-019-6567-0
https://doi.org/10.1140/epjc/s10052-019-6567-0
https://doi.org/10.23731/CYRM-2017-002
https://doi.org/https://doi.org/10.1016/j.physletb.2010.11.058
https://doi.org/https://doi.org/10.1016/j.physletb.2010.11.058
http://www.sciencedirect.com/science/article/pii/S037026931001333X
http://www.sciencedirect.com/science/article/pii/S037026931001333X
https://doi.org/https://doi.org/10.1016/j.physletb.2016.08.052
https://doi.org/https://doi.org/10.1016/j.physletb.2016.08.052
http://www.sciencedirect.com/science/article/pii/S0370269316304725
http://www.sciencedirect.com/science/article/pii/S0370269316304725

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

Peter Jenni et al. ATLAS high-level trigger, data-acquisition and controls: Technical
Design Report. Technical Design Report ATLAS. Geneva: CERN, 2003. URL:
https://cds.cern.ch/record/616089.

The ATLAS Collaboration. “The ATLAS Data Acquisition System: from Run 1 to
Run 2”. In: Nuclear and Particle Physics Proceedings 273-275 (2016). 37th Interna-
tional Conference on High Energy Physics (ICHEP), pp. 939-944. 1SSN: 2405-6014.
DOI: https://doi.org/10.1016/7.nuclphysbps.2015.09.146.
URL: http://www.sciencedirect.com/science/article/pii/
S52405601415006355.

ATLAS Collaboration. Operation of the ATLAS trigger system in Run 2. 2020.
arXiv:2007.12539 [physics.ins—det]l

The ATLAS Collaboration. “Performance of the ATLAS Trigger System in 2010”.
In: The European Physical Journal C 72.1 (Jan. 2012), p. 1849. DO1: 10.1140/
epjc/s10052-011-1849-1. URL: https://doi.org/10.1140/
epjc/s10052-011-1849-1.

M Shochet et al. Fast TracKer (FTK) Technical Design Report. Tech. rep. CERN-
LHCC-2013-007. ATLAS-TDR-021. ATLAS Fast Tracker Technical Design Report.
June 2013. URL: https://cds.cern.ch/record/1552953.

J Anderson et al. “FTK: a Fast Track Trigger for ATLAS”. In: Journal of In-
strumentation 7.10 (Oct. 2012), pp. C10002—C10002. po1: |[10.1088 /1748~
0221/7/10/c10002. URL: https://doi.org/10.1088%2F1748+
0221%2F7%2F10%2Fc10002.

Werner Wiedenmann and the Atlas Collaboration. “The ATLAS online High Level
Trigger framework: Experience reusing offline software components in the ATLAS
trigger”. In: Journal of Physics: Conference Series 219.2 (Apr. 2010), p. 022024.
DOI:|10.1088/1742-6596/219/2/022024. URL: https://doi.org/
10.1088%2F1742-6596%2F219%2F2%2F022024.

William Buttinger and Michel Lefebvre. Formulae for Estimating Significance.
Tech. rep. ATL-COM-GEN-2018-026. Geneva: CERN, Oct. 2018. URL: https
//cds.cern.ch/record/2643488.

The ATLAS Collaboration. “Study of the material of the ATLAS inner detector for
Run 2 of the LHC”. In: Journal of Instrumentation 12.12 (Dec. 2017), P12009—
P12009. po1: 10.1088/1748-0221/12/12/p12009. URL: https :
//doi.org/10.1088%2F1748-0221%2F12%2F12%2Fp120009.

M. Agostini et al. “Test of Electric Charge Conservation with Borexino”. In: Phys.
Rev. Lett. 115 (23 Dec. 2015), p. 231802. DOI: ' 10.1103/PhysRevLett.115.
231802, URL: https://link.aps.org/doi/10.1103/PhysRevLett.
115.231802.

107


https://cds.cern.ch/record/616089
https://doi.org/https://doi.org/10.1016/j.nuclphysbps.2015.09.146
http://www.sciencedirect.com/science/article/pii/S2405601415006355
http://www.sciencedirect.com/science/article/pii/S2405601415006355
https://arxiv.org/abs/2007.12539
https://doi.org/10.1140/epjc/s10052-011-1849-1
https://doi.org/10.1140/epjc/s10052-011-1849-1
https://doi.org/10.1140/epjc/s10052-011-1849-1
https://doi.org/10.1140/epjc/s10052-011-1849-1
https://cds.cern.ch/record/1552953
https://doi.org/10.1088/1748-0221/7/10/c10002
https://doi.org/10.1088/1748-0221/7/10/c10002
https://doi.org/10.1088%2F1748-0221%2F7%2F10%2Fc10002
https://doi.org/10.1088%2F1748-0221%2F7%2F10%2Fc10002
https://doi.org/10.1088/1742-6596/219/2/022024
https://doi.org/10.1088%2F1742-6596%2F219%2F2%2F022024
https://doi.org/10.1088%2F1742-6596%2F219%2F2%2F022024
https://cds.cern.ch/record/2643488
https://cds.cern.ch/record/2643488
https://doi.org/10.1088/1748-0221/12/12/p12009
https://doi.org/10.1088%2F1748-0221%2F12%2F12%2Fp12009
https://doi.org/10.1088%2F1748-0221%2F12%2F12%2Fp12009
https://doi.org/10.1103/PhysRevLett.115.231802
https://doi.org/10.1103/PhysRevLett.115.231802
https://link.aps.org/doi/10.1103/PhysRevLett.115.231802
https://link.aps.org/doi/10.1103/PhysRevLett.115.231802

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

The CMS Collaboration. “Limits on the Higgs boson lifetime and width from its
decay to four charged leptons”. In: Phys. Rev. D 92 (7 Oct. 2015), p. 072010. DOTI:
10.1103/PhysRevD. 92.072010. URL: https://link.aps.orqg/
doi/10.1103/PhysRevD.92.072010.

Karolos Potamianos. “The upgraded Pixel detector and the commissioning of the
Inner Detector tracking of the ATLAS experiment for Run-2 at the Large Hadron
Collider”. In: (2016). arXiv:|1608.07850 [physics.ins—-det].

M. L. Perl et al. “Evidence for Anomalous Lepton Production in e™ — e~ Annihi-
lation”. In: Phys. Rev. Lett. 35 (22 Dec. 1975), pp. 1489-1492. b0o1: 10.1103/
PhysRevLett .35.1489. URL: https://link.aps.org/doi/10.
1103/PhysRevLett.35.14809.

G. Arnison et al. “Experimental observation of lepton pairs of invariant mass
around 95 GeV/c2 at the CERN SPS collider”. In: Physics Letters B 126.5 (1983),
pp.- 398-410. 1SSN: 0370-2693. DOI: https : / /doi .org/ 10 . 1016/
0370-2693(83) 90188—-0. URL: http://www.sciencedirect.com/
science/article/pi1ii/0370269383901880.

Rachel Hyneman et al. Electron, Muon, and Photon Isolation in 2015-2018. Tech.
rep. ATL-COM-PHYS-2019-432. Geneva: CERN, Apr. 2019. URL: https://
cds.cern.ch/record/2672803.

PJ Laycock et al. “ATLAS data preparation in run 2. In: Journal of Physics:
Conference Series 898 (Oct. 2017), p. 042050. DOI: |10.1088/1742-6596/
898/4/042050. URL: https://doi.org/10.1088%2F1742-6596%
2F898%2F4%2F042050.

The ATLAS Collaboration. “Performance of the ATLAS trigger system in 2015”.
In: The European Physical Journal C 77.5 (May 2017), p. 317. ISSN: 1434-6052.
DOI:10.1140/epjc/s10052-017-4852—-3. URL: https://doi.orqg/
10.1140/epjc/s10052-017-4852-3.

Vertex Reconstruction Performance of the ATLAS Detector at ”\/s = 13 TeV".
Tech. rep. ATL-PHYS-PUB-2015-026. Geneva: CERN, July 2015. URL: https:
//cds.cern.ch/record/2037717.

Selection of jets produced in 13TeV proton-proton collisions with the ATLAS detec-

tor. Tech. rep. ATLAS-CONF-2015-029. Geneva: CERN, July 2015. URL: https:
//cds.cern.ch/record/2037702.

The ATLAS collaboration. “Electron and photon performance measurements with
the ATLAS detector using the 2015-2017 LHC proton-proton collision data”. In:
Journal of Instrumentation 14.12 (Dec. 2019), P12006-P12006. DO1: 10.1088/
1748-0221/14/12/p12006L URL: https://doi.org/10.1088%
2F1748-0221%2F14%2F12%2Fpl12006.

108


https://doi.org/10.1103/PhysRevD.92.072010
https://link.aps.org/doi/10.1103/PhysRevD.92.072010
https://link.aps.org/doi/10.1103/PhysRevD.92.072010
https://arxiv.org/abs/1608.07850
https://doi.org/10.1103/PhysRevLett.35.1489
https://doi.org/10.1103/PhysRevLett.35.1489
https://link.aps.org/doi/10.1103/PhysRevLett.35.1489
https://link.aps.org/doi/10.1103/PhysRevLett.35.1489
https://doi.org/https://doi.org/10.1016/0370-2693(83)90188-0
https://doi.org/https://doi.org/10.1016/0370-2693(83)90188-0
http://www.sciencedirect.com/science/article/pii/0370269383901880
http://www.sciencedirect.com/science/article/pii/0370269383901880
https://cds.cern.ch/record/2672803
https://cds.cern.ch/record/2672803
https://doi.org/10.1088/1742-6596/898/4/042050
https://doi.org/10.1088/1742-6596/898/4/042050
https://doi.org/10.1088%2F1742-6596%2F898%2F4%2F042050
https://doi.org/10.1088%2F1742-6596%2F898%2F4%2F042050
https://doi.org/10.1140/epjc/s10052-017-4852-3
https://doi.org/10.1140/epjc/s10052-017-4852-3
https://doi.org/10.1140/epjc/s10052-017-4852-3
https://cds.cern.ch/record/2037717
https://cds.cern.ch/record/2037717
https://cds.cern.ch/record/2037702
https://cds.cern.ch/record/2037702
https://doi.org/10.1088/1748-0221/14/12/p12006
https://doi.org/10.1088/1748-0221/14/12/p12006
https://doi.org/10.1088%2F1748-0221%2F14%2F12%2Fp12006
https://doi.org/10.1088%2F1748-0221%2F14%2F12%2Fp12006

[174] The ATLAS collaboration. “Electron reconstruction and identification in the ATLAS
experiment using the 2015 and 2016 LHC proton—proton collision data at \/s =
13 TeV”. In: The European Physical Journal C 79.8 (Aug. 2019), p. 639. DOI:
10.1140/epjc/s10052-019-7140-6. URL: https://doi.org/10.
1140/epjc/s10052-019-7140-06.

[175] The ATLAS collaboration. “Topological cell clustering in the ATLAS calorimeters
and its performance in LHC Run 1”. In: The European Physical Journal C 77.7 (July
2017), p. 490. 1SSN: 1434-6052. DO1: 10.1140/epjc/s10052-017-5004~
5. URL: https://doi.org/10.1140/epic/s10052-017-5004—-5.

[176] W Lampl et al. Calorimeter Clustering Algorithms: Description and Performance.
Tech. rep. ATL-LARG-PUB-2008-002. ATL-COM-LARG-2008-003. Geneva: CERN,
Apr. 2008. URL: https://cds.cern.ch/record/1099735.

[177] T G Cornelissen et al. “The global y? track fitter in ATLAS”. In: Journal of
Physics: Conference Series 119.3 (July 2008), p. 032013. DOI:|10.1088 /1742~
6596/119/3/032013. URL: https://doi.org/10.1088%2F1742~
6596%2F119%2F3%2F03201 3.

[178] Improved electron reconstruction in ATLAS using the Gaussian Sum Filter-based
model for bremsstrahlung. Tech. rep. ATLAS-CONF-2012-047. Geneva: CERN,
May 2012. URL: https://cds.cern.ch/record/1449796.

[179] T Cornelissen et al. “The new ATLAS track reconstruction (NEWT)”. In: Journal of
Physics: Conference Series 119.3 (July 2008), p. 032014. DOI1:|10.1088/1742~+
6596/119/3/032014. URL: https://doi.org/10.1088%2F1742~
6596%2F119%2F3%2F032014.

[180] The ATLAS Collaboration. “Electron and photon energy calibration with the AT-
LAS detector using 2015-2016 LHC proton-proton collision data”. In: Journal
of Instrumentation 14.03 (Mar. 2019), P0O3017-P03017. DOI1: 10.1088/1748~
0221/14/03/p03017. URL: https://doi.org/10.1088%2F1748~
0221%2F14%2F03%2Fp03017.

[181] The ATLAS Collaboration. “Electron and photon energy calibration with the AT-
LAS detector using LHC Run 1 data”. In: The European Physical Journal C 74.10
(Oct. 2014), p. 3071. 1SSN: 1434-6052. DO1: 10.1140/epjc/s10052-014+
3071 -4, URL: https://doi.org/10.1140/epjc/s10052-014~
3071-4.

[182] P Speckmayer et al. “The toolkit for multivariate data analysis, TMVA 4”. In:
Journal of Physics: Conference Series 219.3 (Apr. 2010), p. 032057. DOI: 10 .
1088/1742-6596/219/3/032057. URL: https://doi.org/10.
1088%2F1742-6596%2F219%2F3%2F032057.

[183] P Speckmayer et al. “The toolkit for multivariate data analysis, TMVA 4”. In:
Journal of Physics: Conference Series 219.3 (Apr. 2010), p. 032057. DOI: 10 .
1088/1742-6596/219/3/032057. URL: https://doi.org/10.
1088%2F1742-6596%2F219%2F3%2F032057.

109


https://doi.org/10.1140/epjc/s10052-019-7140-6
https://doi.org/10.1140/epjc/s10052-019-7140-6
https://doi.org/10.1140/epjc/s10052-019-7140-6
https://doi.org/10.1140/epjc/s10052-017-5004-5
https://doi.org/10.1140/epjc/s10052-017-5004-5
https://doi.org/10.1140/epjc/s10052-017-5004-5
https://cds.cern.ch/record/1099735
https://doi.org/10.1088/1742-6596/119/3/032013
https://doi.org/10.1088/1742-6596/119/3/032013
https://doi.org/10.1088%2F1742-6596%2F119%2F3%2F032013
https://doi.org/10.1088%2F1742-6596%2F119%2F3%2F032013
https://cds.cern.ch/record/1449796
https://doi.org/10.1088/1742-6596/119/3/032014
https://doi.org/10.1088/1742-6596/119/3/032014
https://doi.org/10.1088%2F1742-6596%2F119%2F3%2F032014
https://doi.org/10.1088%2F1742-6596%2F119%2F3%2F032014
https://doi.org/10.1088/1748-0221/14/03/p03017
https://doi.org/10.1088/1748-0221/14/03/p03017
https://doi.org/10.1088%2F1748-0221%2F14%2F03%2Fp03017
https://doi.org/10.1088%2F1748-0221%2F14%2F03%2Fp03017
https://doi.org/10.1140/epjc/s10052-014-3071-4
https://doi.org/10.1140/epjc/s10052-014-3071-4
https://doi.org/10.1140/epjc/s10052-014-3071-4
https://doi.org/10.1140/epjc/s10052-014-3071-4
https://doi.org/10.1088/1742-6596/219/3/032057
https://doi.org/10.1088/1742-6596/219/3/032057
https://doi.org/10.1088%2F1742-6596%2F219%2F3%2F032057
https://doi.org/10.1088%2F1742-6596%2F219%2F3%2F032057
https://doi.org/10.1088/1742-6596/219/3/032057
https://doi.org/10.1088/1742-6596/219/3/032057
https://doi.org/10.1088%2F1742-6596%2F219%2F3%2F032057
https://doi.org/10.1088%2F1742-6596%2F219%2F3%2F032057

[184] The ATLAS Collaboration. “Electron reconstruction and identification efficiency
measurements with the ATLAS detector using the 2011 LHC proton—proton colli-
sion data”. In: The European Physical Journal C 74.7 (July 2014), p. 2941. DOI:
10.1140/epjc/s10052-014-2941-0. URL: https://doi.org/10.
1140/epjc/s10052-014-2941-0.

[185] The ATLAS Collaboration. “Electron performance measurements with the ATLAS
detector using the 2010 LHC proton-proton collision data”. In: The European
Physical Journal C 72.3 (Mar. 2012), p. 1909. 1SSN: 1434-6052. DOI1: 10.1140/
epjc/s10052-012-1909-1. URL: https://doi.org/10.1140/
epjc/s10052-012-1909-1.

[186] N C Benekos et al. ATLAS Inner Detector Performance. Tech. rep. ATL-INDET-
2004-002. revised version number 1 submitted on 2004-01-15 18:11:09. Geneva:
CERN, Dec. 2003. URL: https://cds.cern.ch/record/688762.

[187] The ATLAS Collaboration. “Muon reconstruction performance of the ATLAS
detector in proton-proton collision data at /s = 13 TeV”. In: The European
Physical Journal C 76.5 (May 2016), p. 292. ISSN: 1434-6052. DOI: 10.1140/
epjc/s10052-016-4120-y. URL: https://doi.org/10.1140/
epic/s10052-016-4120—-v.

[188] The ATLAS Collaboration. “Measurement of the muon reconstruction performance
of the ATLAS detector using 2011 and 2012 LHC proton-proton collision data”. In:
The European Physical Journal C 74.11 (Nov. 2014), p. 3130. ISSN: 1434-6052.
DOI:/10.1140/epjc/s10052-014-3130-x.L URL: https://doi.orqg/
10.1140/epjc/s10052-014-3130—-x.

[189] DONALD E. GROOM, NIKOLAI V. MOKHOV, and SERGEI I. STRIGANOV.
“MUON STOPPING POWER AND RANGE TABLES 10 MeV-100 TeV”. In:
Atomic Data and Nuclear Data Tables 78.2 (2001), pp. 183-356. 1SSN: 0092-640X.

DOI: https://doi.org/10.1006/adnd.2001.0861. URL: http://
www.Sclencedirect.com/science/article/pi1/S0092640X01908617.

[190] D Adams et al. Recommendations of the Physics Objects and Analysis Harmonisa-
tion Study Groups 2014. Tech. rep. ATL-COM-PHYS-2014-451. Geneva: CERN,
May 2014. URL: https://cds.cern.ch/record/1700874.

[191] S H Abidi et al. Event selection and background estimation for the measurement
of the properties of the Higgs particle in the four lepton decay channel with the
ATLAS detector. Tech. rep. ATL-PHYS-INT-2014-032. Geneva: CERN, Oct. 2014.
URL: https://cds.cern.ch/record/1965772.

[192] Keith Hamilton et al. “NNLOPS simulation of Higgs boson production”. In: Jour-
nal of High Energy Physics 2013.10 (Oct. 2013), p. 222. 1SSN: 1029-8479. DOI:
10.1007/JHEP10(2013) 222, URL: https://doi.org/10.1007/
JHEP10 (2013) 222

110


https://doi.org/10.1140/epjc/s10052-014-2941-0
https://doi.org/10.1140/epjc/s10052-014-2941-0
https://doi.org/10.1140/epjc/s10052-014-2941-0
https://doi.org/10.1140/epjc/s10052-012-1909-1
https://doi.org/10.1140/epjc/s10052-012-1909-1
https://doi.org/10.1140/epjc/s10052-012-1909-1
https://doi.org/10.1140/epjc/s10052-012-1909-1
https://cds.cern.ch/record/688762
https://doi.org/10.1140/epjc/s10052-016-4120-y
https://doi.org/10.1140/epjc/s10052-016-4120-y
https://doi.org/10.1140/epjc/s10052-016-4120-y
https://doi.org/10.1140/epjc/s10052-016-4120-y
https://doi.org/10.1140/epjc/s10052-014-3130-x
https://doi.org/10.1140/epjc/s10052-014-3130-x
https://doi.org/10.1140/epjc/s10052-014-3130-x
https://doi.org/https://doi.org/10.1006/adnd.2001.0861
http://www.sciencedirect.com/science/article/pii/S0092640X01908617
http://www.sciencedirect.com/science/article/pii/S0092640X01908617
https://cds.cern.ch/record/1700874
https://cds.cern.ch/record/1965772
https://doi.org/10.1007/JHEP10(2013)222
https://doi.org/10.1007/JHEP10(2013)222
https://doi.org/10.1007/JHEP10(2013)222

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

Paolo Nason and Carlo Oleari. “NLO Higgs boson production via vector-boson
fusion matched with shower in POWHEG”. In: Journal of High Energy Physics
2010.2 (Feb. 2010), p. 37. 1SSN: 1029-8479. pO1:|10.1007/JHEP02 (2010)
037.URL: https://doi.org/10.1007/JHEP02 (2010) 037.

Gionata Luisoni et al. “HW=+/HZ + 0 and 1 jet at NLO with the POWHEG BOX
interfaced to GoSam and their merging within MiNLO”. In: Journal of High
Energy Physics 2013.10 (Oct. 2013), p. 83. 1SSN: 1029-8479. DOI: 10.1007/
JHEP10(2013) 083. URL: https://doi.org/10.1007/JHEP10 (2013)
083.

M. Wiesemann et al. “Higgs production in association with bottom quarks”. In:
Journal of High Energy Physics 2015.2 (Feb. 2015), p. 132. 1SSN: 1029-8479. DOT:
10.1007/JHEP02 (2015) 132 URL: https://doi.org/10.1007/
JHEPOQ0Z (2015) 132.

J. Alwall et al. “The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations”. In:
Journal of High Energy Physics 2014.7 (July 2014), p. 79. 1SSN: 1029-8479. DOI:
10.1007/JHEP07(2014) 079. URL: https://doi.org/10.1007/
JHEPQ7(2014) 079.

S. Dittmaier et al. “Handbook of LHC Higgs Cross Sections: 2. Differential Dis-
tributions”. In: (2012). DOI: ' 10.5170/CERN-2012-002. arXiv: 1201 .3084
[hep-ph].

S. Dittmaier et al. “Handbook of LHC Higgs Cross Sections: 1. Inclusive Observ-
ables”. In: (2011). DO1: 10.5170/CERN-2011-002. arXiv:|1101.0593
[hep—ph].

Enrico Bothmann et al. “Event Generation with Sherpa 2.2”. In: SciPost Phys. 7
(32019), p. 34. DO1: 10.21468/SciPostPhys.7.3.034. URL: https:
//scipost.orqg/10.21468/SciPostPhys.7.3.034l

Coll ATLAS et al. The simulation principle and performance of the ATLAS fast
calorimeter simulation FastCaloSim. Tech. rep. ATL-PHYS-PUB-2010-013. Geneva:
CERN, Oct. 2010. URL: https://cds.cern.ch/record/1300517.

E Barberio et al. “The Geant4-based ATLAS fast electromagnetic shower simula-
tion”. In: Astroparticle, Particle And Space Physics, Detectors And Medical Physics
Applications. World Scientific, 2008, pp. 802-806.

Wolfgang Lukas. “Fast Simulation for ATLAS: Atlfast-II and ISF”. In: Journal of
Physics: Conference Series 396.2 (Dec. 2012), p. 022031. DOI:|10.1088 /1742~
6596/396/2/022031. URL: https://doi.org/10.1088%2F1742~
6596%2F396%2F2%2F022031.

111


https://doi.org/10.1007/JHEP02(2010)037
https://doi.org/10.1007/JHEP02(2010)037
https://doi.org/10.1007/JHEP02(2010)037
https://doi.org/10.1007/JHEP10(2013)083
https://doi.org/10.1007/JHEP10(2013)083
https://doi.org/10.1007/JHEP10(2013)083
https://doi.org/10.1007/JHEP10(2013)083
https://doi.org/10.1007/JHEP02(2015)132
https://doi.org/10.1007/JHEP02(2015)132
https://doi.org/10.1007/JHEP02(2015)132
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.5170/CERN-2012-002
https://arxiv.org/abs/1201.3084
https://arxiv.org/abs/1201.3084
https://doi.org/10.5170/CERN-2011-002
https://arxiv.org/abs/1101.0593
https://arxiv.org/abs/1101.0593
https://doi.org/10.21468/SciPostPhys.7.3.034
https://scipost.org/10.21468/SciPostPhys.7.3.034
https://scipost.org/10.21468/SciPostPhys.7.3.034
https://cds.cern.ch/record/1300517
https://doi.org/10.1088/1742-6596/396/2/022031
https://doi.org/10.1088/1742-6596/396/2/022031
https://doi.org/10.1088%2F1742-6596%2F396%2F2%2F022031
https://doi.org/10.1088%2F1742-6596%2F396%2F2%2F022031

[203] The ATLAS Collaboration. “Electron efficiency measurements with the ATLAS
detector using 2012 LHC proton—proton collision data”. In: The European Physical
Journal C 77.3 (Mar. 2017), p. 195. 1SSN: 1434-6052. DOI: |10.1140/epijc/
s10052-017-4756-2. URL: https://doi.org/10.1140/epijc/
s10052-017-4756-2.

[204] Syed Haider Abidi et al. Event selection and background estimation in the H—ZZ—41
channel at \/s=13TeV - Final Run 2 Analysis. Tech. rep. ATL-COM-PHYS-20138-
1710. Geneva: CERN, Dec. 2018. URL: https://cds.cern.ch/record/
2651267.

[205] David Curtin et al. “Illuminating dark photons with high-energy colliders”. In:
Journal of High Energy Physics 2015.2 (Feb. 2015), p. 157. 1SSN: 1029-8479. DOT:
10.1007/JHEPO02 (2015) 157. URL: https://doi.org/10.1007/
JHEPOQOZ (2015)157.

[206] K. Arnold et al. “Vbfnlo: A parton level Monte Carlo for processes with electroweak
bosons”. In: Computer Physics Communications 180.9 (2009), pp. 1661-1670.
ISSN: 0010-4655. pOo1: https://doi.org/10.1016/3.cpc.2009.03.
006. URL: http://www.sciencedirect.com/science/article/
P11/5S0010465509001027.

[207] M. Baak et al. “Interpolation between multi-dimensional histograms using a new
non-linear moment morphing method”. In: Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Asso-
ciated Equipment 771 (2015), pp. 39-48. 1SSN: 0168-9002. DOI: https: / /
doi.org/10.1016/j.nima.2014.10.033. URL: http://www |k
sciencedirect.com/science/article/pi1/50168900214011814.

[208] Christian Weber. ZX PostProcessing. gitlab . cern . ch/chweber / ZX_
PostProcessingPlotter. 2019.

[209] Lorenzo Moneta et al. The RooStats Project. 2011. arXiv: 1009.1003 [physics.data—-an].

[210] Kyle Cranmer et al. HistFactory: A tool for creating statistical models for use with
RooFit and RooStats. Tech. rep. CERN-OPEN-2012-016. New York: New York U.,
Jan. 2012. URL: |https://cds.cern.ch/record/1456844.

[211] Jerzy Neyman and Egon Sharpe Pearson. “IX. On the problem of the most efficient
tests of statistical hypotheses”. In: Philosophical Transactions of the Royal Society
of London. Series A, Containing Papers of a Mathematical or Physical Character
231.694-706 (1933), pp. 289-337.

[212] S. S. Wilks. “The Large-Sample Distribution of the Likelihood Ratio for Testing
Composite Hypotheses”. In: Ann. Math. Statist. 9.1 (Mar. 1938), pp. 60—62. DOTI:
10.1214/aoms/1177732360L URL: https://doi.org/10.1214/
aoms/1177732360.

[213] Luca Lista. Statistical methods for data analysis in particle physics. Springer, 2016.

112


https://doi.org/10.1140/epjc/s10052-017-4756-2
https://doi.org/10.1140/epjc/s10052-017-4756-2
https://doi.org/10.1140/epjc/s10052-017-4756-2
https://doi.org/10.1140/epjc/s10052-017-4756-2
https://cds.cern.ch/record/2651267
https://cds.cern.ch/record/2651267
https://doi.org/10.1007/JHEP02(2015)157
https://doi.org/10.1007/JHEP02(2015)157
https://doi.org/10.1007/JHEP02(2015)157
https://doi.org/https://doi.org/10.1016/j.cpc.2009.03.006
https://doi.org/https://doi.org/10.1016/j.cpc.2009.03.006
http://www.sciencedirect.com/science/article/pii/S0010465509001027
http://www.sciencedirect.com/science/article/pii/S0010465509001027
https://doi.org/https://doi.org/10.1016/j.nima.2014.10.033
https://doi.org/https://doi.org/10.1016/j.nima.2014.10.033
http://www.sciencedirect.com/science/article/pii/S0168900214011814
http://www.sciencedirect.com/science/article/pii/S0168900214011814
gitlab.cern.ch/chweber/ZX_PostProcessingPlotter
gitlab.cern.ch/chweber/ZX_PostProcessingPlotter
https://arxiv.org/abs/1009.1003
https://cds.cern.ch/record/1456844
https://doi.org/10.1214/aoms/1177732360
https://doi.org/10.1214/aoms/1177732360
https://doi.org/10.1214/aoms/1177732360

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

Stephen P. Martin. “Shift in the LHC Higgs diphoton mass peak from interference
with background”. In: Phys. Rev. D 86 (7 Oct. 2012), p. 073016. DOI1:|10.1103/
PhysRevD .86 .073016L URL: https://link.aps.org/doi/10.
1103/PhysRevD.86.073016!

Giampiero Passarino. “Higgs interference effects in gg — ZZ and their uncertainty”.
In: Journal of High Energy Physics 2012.8 (Aug. 2012), p. 146. 1SSN: 1029-8479.
DOI: 10 .1007 /JHEPO8 (2012 ) 146. URL: https://doi.org/10.
1007/JHEP08 (2012) 146.

Lance Dixon and M. Stewart Siu. “Resonance-Continuum Interference in the Dipho-
ton Higgs Signal at the LHC”. In: Phys. Rev. Lett. 90 (25 June 2003), p. 252001.
DOI:10.1103/PhysRevLett.90.252001. URL: https://link.aps.
org/doi/10.1103/PhysRevLett.90.252001.

Helmuth Spieler. Semiconductor detector systems. Vol. 12. Oxford university press,
2005.

S Aefsky et al. “The Optical Alignment System of the ATLAS Muon Spectrometer
Endcaps”. In: Journal of Instrumentation 3.11 (Nov. 2008), P11005-P11005. DOTI:
10.1088/1748-0221/3/11/p11005. URL: https://doi.org/10.
1088%2F1748-0221%2F3%2F11%2Fpl11005.

E. Diehl. “Calibration and Performance of the ATLAS Muon Spectrometer”. In:
(2011). arXiv:|1109.6933 [physics.ins—-det].

D. Boumediene. “Calibration and monitoring systems of the ATLAS tile hadron
calorimeter”. In: Nuclear Instruments and Methods in Physics Research Section
A: Accelerators, Spectrometers, Detectors and Associated Equipment 718 (2013).
Proceedings of the 12th Pisa Meeting on Advanced Detectors, pp. 66—68. ISSN:
0168-9002. DOI: https://doi.org/10.1016/7.nima.2012.11.070.
URL: http://www.sciencedirect.com/science/article/pii/
S0168900212014076.

Kathryn Coldham. “Measurement of the electron identification efficiency for Z —
ee using ATLAS 2015 data”. PhD thesis. 2017.

G. Avoni et al. “The new LUCID-2 detector for luminosity measurement and
monitoring in ATLAS”. In: Journal of Instrumentation 13.07 (July 2018), PO7017-
P0O7017. por: 10 .1088 /1748-0221/13/07/p07017. URL: https :
//doi.org/10.1088%2F1748-0221%2F13%2F07%2Fp07017.

S. Franz and P. Barrillon. “ATLAS ALFA—measuring absolute luminosity with
scintillating fibres”. In: Nuclear Instruments and Methods in Physics Research
Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 610.1
(2009). New Developments In Photodetection NDIPOS, pp. 35-40. 1SSN: 0168-
9002. DOI: https://doi.org/10.1016/j.nima.2009.05.148.
URL: http://www.sciencedirect.com/science/article/pii/
S0168900209010055.

113


https://doi.org/10.1103/PhysRevD.86.073016
https://doi.org/10.1103/PhysRevD.86.073016
https://link.aps.org/doi/10.1103/PhysRevD.86.073016
https://link.aps.org/doi/10.1103/PhysRevD.86.073016
https://doi.org/10.1007/JHEP08(2012)146
https://doi.org/10.1007/JHEP08(2012)146
https://doi.org/10.1007/JHEP08(2012)146
https://doi.org/10.1103/PhysRevLett.90.252001
https://link.aps.org/doi/10.1103/PhysRevLett.90.252001
https://link.aps.org/doi/10.1103/PhysRevLett.90.252001
https://doi.org/10.1088/1748-0221/3/11/p11005
https://doi.org/10.1088%2F1748-0221%2F3%2F11%2Fp11005
https://doi.org/10.1088%2F1748-0221%2F3%2F11%2Fp11005
https://arxiv.org/abs/1109.6933
https://doi.org/https://doi.org/10.1016/j.nima.2012.11.070
http://www.sciencedirect.com/science/article/pii/S0168900212014076
http://www.sciencedirect.com/science/article/pii/S0168900212014076
https://doi.org/10.1088/1748-0221/13/07/p07017
https://doi.org/10.1088%2F1748-0221%2F13%2F07%2Fp07017
https://doi.org/10.1088%2F1748-0221%2F13%2F07%2Fp07017
https://doi.org/https://doi.org/10.1016/j.nima.2009.05.148
http://www.sciencedirect.com/science/article/pii/S0168900209010055
http://www.sciencedirect.com/science/article/pii/S0168900209010055

[224] A.G Shamov and V.I Telnov. “Precision luminosity measurement at LHC using
two-photon production of pt ™ pairs”. In: Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associ-
ated Equipment 494.1 (2002). Proceedings of the 8th International Conference
on Instrumentatio n for Colliding Beam Physics, pp. 51-56. 1SSN: 0168-9002.
DOI: https://doi.org/10.1016/S0168—-9002(02) 01444 — 4.
URL: http://www. sciencedirect.com/science/article/pii/
S0168900202014444.

[225] The ATLAS Collaboration. “Electron and photon energy calibration with the AT-
LAS detector using 2015-2016 LHC proton-proton collision data”. In: Journal
of Instrumentation 14.03 (Mar. 2019), P03017-P03017. DO1: 10.1088/1748~
0221/14/03/p03017. URL: https://doi.org/10.1088%2F1748~
0221%2F14%2F03%2Fp03017.

[226] The ATLAS Collaboration. “Muon reconstruction efficiency and momentum res-
olution of the ATLAS experiment in proton—proton collisions at y/s = 7 TeV in
2010”. In: The European Physical Journal C 74.9 (Sept. 2014), p. 3034. ISSN:
1434-6052. pO1: |10.1140/epjc/s10052-014-3034-9. URL: https :
//doi.org/10.1140/epic/s10052-014-3034-9!

[227] L Rossi and O Briining. High Luminosity Large Hadron Collider: A descrip-
tion for the European Strategy Preparatory Group. Tech. rep. CERN-ATS-2012-
236. Geneva: CERN, Aug. 2012. URL: https://cds.cern.ch/record/
1471000.

[228] Giorgio Apollinari et al. “High luminosity large hadron collider HL-LHC”. In:
arXiv preprint arXiv:1705.08830 (2017).

[229] The BaBar Collaboration. “The BABAR detector”. In: Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors
and Associated Equipment 479.1 (2002). Detectors for Asymmetric B-factories,
pp. 1-116. 1SSN: 0168-9002. DOI: https://doi.org/10.1016/50168~
9002 (01)02012-5.URL: http://www.scliencedirect.com/science/
article/pii/S0168900201020125.

[230] The BaBar Collaboration. “Search for BT — K*777~ at the BaBar Experi-
ment”. In: Phys. Rev. Lett. 118 (3 Jan. 2017), p. 031802. DOI: 10 . 1103 /
PhysRevLett .118.031802. URL: https://link.aps.org/doi/
10.1103/PhysRevLett.118.031802

[231] D Adams et al. Dual-use tools in ATLAS. Tech. rep. ATL-COM-SOFT-2013-125.
Geneva: CERN, Dec. 2014. URL: https ://cds .cern.ch/ record/
1639568.

[232] D Di Valentino and A Calandri. Improving electron energy resolution using the E-p

combination. Tech. rep. ATL-COM-PHYS-2013-1424. Geneva: CERN, Oct. 2013.
URL: https://cds.cern.ch/record/1609218.

114


https://doi.org/https://doi.org/10.1016/S0168-9002(02)01444-4
http://www.sciencedirect.com/science/article/pii/S0168900202014444
http://www.sciencedirect.com/science/article/pii/S0168900202014444
https://doi.org/10.1088/1748-0221/14/03/p03017
https://doi.org/10.1088/1748-0221/14/03/p03017
https://doi.org/10.1088%2F1748-0221%2F14%2F03%2Fp03017
https://doi.org/10.1088%2F1748-0221%2F14%2F03%2Fp03017
https://doi.org/10.1140/epjc/s10052-014-3034-9
https://doi.org/10.1140/epjc/s10052-014-3034-9
https://doi.org/10.1140/epjc/s10052-014-3034-9
https://cds.cern.ch/record/1471000
https://cds.cern.ch/record/1471000
https://doi.org/https://doi.org/10.1016/S0168-9002(01)02012-5
https://doi.org/https://doi.org/10.1016/S0168-9002(01)02012-5
http://www.sciencedirect.com/science/article/pii/S0168900201020125
http://www.sciencedirect.com/science/article/pii/S0168900201020125
https://doi.org/10.1103/PhysRevLett.118.031802
https://doi.org/10.1103/PhysRevLett.118.031802
https://link.aps.org/doi/10.1103/PhysRevLett.118.031802
https://link.aps.org/doi/10.1103/PhysRevLett.118.031802
https://cds.cern.ch/record/1639568
https://cds.cern.ch/record/1639568
https://cds.cern.ch/record/1609218

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

Christian Weber. EP Combination Tool. gitlab.cern.ch/ATLAS-EGamma/
Software/Calibration/EpCombinationk 2018.

Ruggero Turra, Stefano Manzoni, and Archil Durglishvili. Monte Carlo energy
calibration of electrons and photons for release 20.7. Tech. rep. ATL-COM-PHY S-
2017-761. Geneva: CERN, June 2017. URL: https ://cds .cern . ch/
record/2268813.

G Unal. Electron and Photon energy resolutions and their uncertainties for run-1
calibration. Tech. rep. ATL-COM-PHYS-2013-1651. Geneva: CERN, Dec. 2013.
URL: https://cds.cern.ch/record/1637528.

Christian Weber. eGammaEnergyResolution. gitlab.cern.ch/chweber/
eGammaEnergyResolutionl 2018.

Andreas Maul et al. “Spherical fused silica cells filled with pure helium for nu-
clear magnetic resonance-magnetometry”. In: Review of Scientific Instruments
87.1 (2016), p. 015103. DOI1: 10.1063/1.4938251. eprint: https://doi.
org/10.1063/1.4938251. URL: https://doi.orqg/10.1063/1.
4938251.

Nikolai Sinev et al. “Chronopixel project status”. In: 24th International Workshop
on Vertex Detectors. Vol. 254. SISSA Medialab. 2015, p. 038.

C Baltay et al. “Chronopixel Vertex Detectors for Future Linear Colliders”. In:
arXiv preprint arXiv:1109.2811 (2011).

C Baltay et al. “Status of the chronopixel project”. In: arXiv preprint arXiv:0902.2192
(2009).

Philip Bambade et al. “The international linear collider: a global project”. In: arXiv
preprint arXiv:1903.01629 (2019).

Ties Behnke et al. “The international linear collider technical design report-volume
1: Executive summary”. In: arXiv preprint arXiv:1306.6327 (2013).

M. Lozano et al. “Bump bonding of pixel systems”. In: Nuclear Instruments
and Methods in Physics Research Section A: Accelerators, Spectrometers, De-
tectors and Associated Equipment 473.1 (2001). Proceedings of the 9th Interna-
tional Workshop on Vertex Detectors, pp. 95-101. 1SSN: 0168-9002. DOI: https:
//doi.org/10.1016/S0168-9002(01)01127-5. URL: http://www.
sciencedirect.com/science/article/pii/S0168900201011275.

L.F. Mausner et al. “The design and operation of the upgraded BLIP facility for
radionuclide research and production”. In: International Journal of Radiation
Applications and Instrumentation. Part A. Applied Radiation and Isotopes 41.4
(1990), pp. 367-374. 1SSN: 0883-2889. DOI: https://doi.org/10.1016/
0883-2889(90) 90145—-7. URL: http://www.scilencedirect.com/
science/article/pii/0883288990901457.

115


gitlab.cern.ch/ATLAS-EGamma/Software/Calibration/EpCombination
gitlab.cern.ch/ATLAS-EGamma/Software/Calibration/EpCombination
https://cds.cern.ch/record/2268813
https://cds.cern.ch/record/2268813
https://cds.cern.ch/record/1637528
gitlab.cern.ch/chweber/eGammaEnergyResolution
gitlab.cern.ch/chweber/eGammaEnergyResolution
https://doi.org/10.1063/1.4938251
https://doi.org/10.1063/1.4938251
https://doi.org/10.1063/1.4938251
https://doi.org/10.1063/1.4938251
https://doi.org/10.1063/1.4938251
https://doi.org/https://doi.org/10.1016/S0168-9002(01)01127-5
https://doi.org/https://doi.org/10.1016/S0168-9002(01)01127-5
http://www.sciencedirect.com/science/article/pii/S0168900201011275
http://www.sciencedirect.com/science/article/pii/S0168900201011275
https://doi.org/https://doi.org/10.1016/0883-2889(90)90145-7
https://doi.org/https://doi.org/10.1016/0883-2889(90)90145-7
http://www.sciencedirect.com/science/article/pii/0883288990901457
http://www.sciencedirect.com/science/article/pii/0883288990901457

Appendix A

Impact of experimental systematic

uncertainties on background and signal

yields.

Table |A.1| shows the impact of the considered experimental systematic uncertainties on the
yields of the main backgrounds, and Table shows the equivalent impacts on the yields
for the m, = 15GeV, 35 GeV, and 55 GeV signal sample. The tabulated systematics are:

EG_RESOLUTION_ALL - systematics from electron smearing

EG_SCALE_AF?2 - additional uncertainty to electron calibration scale account for
imperfections when using fast simulation

EG_SCALE_ALL - systematic uncertainties in the electron calibration scale
EL_EFF_ID_TOTAL_1NPCOR_PLUS_UNCOR - electron identification systematics
EL_EFF Iso_ TOTAL_INPCOR_PLUS_UNCOR - electron isolation systematics

EL_EFF_Reco TOTAL_INPCOR_PLUS_UNCOR - electron reconstruction systemat-
ics

MUONS_ID - systematics from muon inner detector pr smearing
MUONS_MS - systematics from muon spectroneter pr smearing
MUONS_SCALE - systematic uncertainties in the muon calibration scale

MUON_EFF_ISO_STAT - statistical uncertainties in the muon isolation from limited
statistics in the relevant samples used to study it

MUON _EFF_ISO_SYS - systematic uncertainties in the muon isolation
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MUON _EFF_RECO_STAT_LOWPT - statistical uncertainties in the muon recon-
struction from limited statistics in the relevant samples used to study it for muon
pr < 10 GeV

MUON_EFF_RECO_STAT - statistical uncertainties in the muon reconstruction from
limited statistics in the relevant samples used to study it

MUON_EFF_RECO_SYS_LOWPT - systematic uncertainties in the muon reconstruc-
tion for muon pr < 10 GeV

MUON_EFF_RECO_SYS - systematic uncertainties in the muon reconstruction

MUON _EFF_TTVA_STAT - statistical uncertainties in the muon track to vertex
association

MUON_EFF_TTVA_SYS - systematic uncertainties in the muon track to vertex
association

PileupWeight - uncertainties from pileup reweighting to account for mismodelling of
the pileup activity
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Appendix B

Overview of additional PhD activities

In addition to my work on the H — ZZ; — 4/ analysis I was able to complete and
contribute to a number of additional projects during my graduate studies. This chapter gives
a brief overview of these, while the following ones describe a subset of them in detail.

Energy-momentum combination for electron calibration

The energy-momentum combination is a method to combine independent measurements of
an electron’s energy and momentum from the ATLAS detector into a combined value that
has improved accuracy and precision. My ATLAS authorship task involved implementing
this method for the current release of the ATLAS software. This involved obtaining the
necessary likelihood distributions from Monte Carlo simulations, measuring the methods
efficacy, validating it in simulations and data, and eventually implementing a dual-use
tool [231] that can be interfaces with the ALTAS analysis software. A more detailed
description of the method and the results can be found in Appendix |C] It is based on the
prior work in reference [232]. The dual-use tool can be found in the git repository [233].

Electron and photon resolution parametrization

My ATLAS authorship was task located within the eGamma group of ATLAS. This group is
tasked with maintaining and improving the detector performance with respect to the electron
and photon objects used in ATLAS analyses. I continued my involvement within that group
after completion of my authorship task by deriving the energy and pseudorapidity dependent
parameterizations of the electron and photon energy resolutions. This involved obtaining
Monte Carlo simulations of the relevant particles, measuring the energy resolution in the
relevant regions of phase space, and inferring the resolution parameters. See Appendix D]
for details of the project, which was based on prior work described in reference [234]
and [235], and see the git repository [236]] for the software suite to produce the resolution
parameters.
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Chronopixel - pixel detector research and development

Yale University is involved in research and development of a pixel detector prototype
aimed at the International Linear Collider, the Chronopixel. It combines readout logic and
sensing elements on the same substrate, making it a MAPS device (Monolithic Active Pixel
Sensor). My work on the Chronopixel involved design and construction of an automated
test stand, firmware development, and irradiation tests. See Appendix |E|for more details on
the Chronopixel and my involvement with it.

He-3 magnetometer pre-studies

I performed magnetostatic finite element analysis within Ansys Maxwell, to assess the fea-
sibility of an helium-3 based absolute magnetometer with better than 35 x 10~? fractional
precision for the Muon g-2 experiment. The goal was to estimate the change in the magnetic
field seen by the helium-3 in a container, due to a container’s presence.

The helium-3 container was assumed to be made of fused silica and of near spherical
shape, with the deviations due to the manufacturing process, see Figure for an illustra-
tion of the simulated container’s geometry. The relative change in the magnetic field B due
to the container is estimated to

AB — B

= —6.19(4) x 1077
. (4) x

This is sufficiently small to not hinder the prospects of the helium-3 absolute magnetometer.
The uncertainty was determined by simulating the magnetic field within a perfect spherical
shell of comparable size and comparing the result to the analytical solution of the problem
in this case.

121



B[tes1a]

1.000G0e +020
1. 00BGe +HHA
1, 0000 +600

1.0000e +000
1. 0000e +000
1.0000€ +080
1. 0000 +000
1. 0000e +000

1, 000G +020
1. 00B0e +000
1. 000Ge +020
1. 0OB0e +000

1. 020Ae +HHA

9. 999%e-001
9. 9999e-081
9.9999:-001
I 9. 9999¢-081
9. 999%e-001

0 4 8(mm)

Figure B.1: Geometry of helium-3 enclosure for finite element analysis with magnetic field
strength within. The geometry of the enclosure mimics the one described in reference [237]:
two hemispheric shells inner with diameter of 6 mm and outer diameter of 8 mm, displaced
against each other by 0.1 mm, with an rectangular residual fill-hole of 0.2 mm x 0.1 mm
extending 1 mm from the inner surface. The magnetic susceptibility of the enclosure
material was set to 1.1 x 107° and an external magnetic field along the Z-axis of 1T far
away from the enclosure was applied.
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Appendix C

Energy-momentum combination for
electron calibration

Particle energies £ and their transverse momenta py are related via

E? = m2c* 4 p°c® = m>c* cosh®(n)pt
with ¢ the speed of light, p'the particle three-momentum, m its rest-mass and 7 its pseudo-
rapidity. The ATLAS detector can provide independent measurements of £ and pr via the
calorimeter for the former and via tracking in the inner detector for the latter - provided the
particle leaves a track in it.

The idea underlying the energy-momentum (EP) combination is to combine these
two independent measurements to achieve a particle energy measurement with improved
accuracy and precision. A prerequisite for this is that the two independent measurements
are of comparable precision.

The scaling of the uncertainties in the energy and momentum measurements affects the
potential impact of the EP combination. The inner detector’s relative uncertainty on the
transverse momentum scales as pr:

UPT/pT ~ pr

while the statistical uncertainty on the calorimeter’s energy measurement scales as
op ~V E.

These uncertainties are comparable around py = 15 GeV, for which we expect the EP
combination to have the greatest impact.

Additionally, the pr measurement’s precision in the inner detector is also a function of
the particle’s mass, via its bending radius:

Ymu L

r, = .
7 |¢IB
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B is here the strength of the magnetic field bending the particle, q its charge, v, the com-
ponent of the particles velocity perpendicular to the magnetic field, and v the relativistic
Lorentz factor, with a smaller bending radius implying a more precise momentum mea-
surement. The mass factor in the numerator leaves effectively only electrons as candidates
suitable for EP combination.

The canonical way to combine two independent measurements is by taking a weighted
average of them, where the weights w; are given by the measurements uncertainties o;
as w; = o; 2. This provides the best estimate of the measurements underlying true value,
but only if the measurements are normal distributed around the true value with standard
deviations ;. We can use Monte Carlo simulation of single electrons in the ATLAS detector
to show that measured transverse momenta and energies are not described by a normal
distribution, see Figure

Instead we rely on a more generalized way to combine the transverse momentum
measurements by interpreting the distributions in Figure [C.1] as likelihood distributions. To
do so we fit to each distribution a combined Gaussian and Crystal Ball (C'B) function:

. 2
CG () = wep CB(x) + (1 — wep) exp (W) , (C.1)

UGauss

where C' B is the Crystal Ball function, w¢ g its weighting in the fit, and piGayss and oGauss
the mean and standard deviation of the Gaussian.

The Crystal Ball function is a part Gaussian function that transitions continuously
derivable to a power law function on side and is given by

- 2 -
exp (e—cp) for &—#cB) acn
CB(x) = 2C8 e
- n 2 . - —NcB o
ncp exp _ lacsl nce—lacsl _ z—pcs for (E=#cn) > acp
lacsl ) op 2 lac s ocB ocs

where ncp is the power law parameter, acp determines the transition point between
Gaussian and power law, and pcp and ocg are the mean and standard deviation of the
Crystal Ball’s Gaussian part.

For a given C'G parametrization and measured transverse momentum pr the best
estimate of true transverse momentum pr,,,. 1S the one that maximizes the likelihood

ole ( o ) .
PTirue
Note that C'G is here a function of the transverse momentum ratio pr/pre-

The fitted C'G distributions in Figures and are sharply peaked around
Pt

PTrue

=1,

which implies that the measured pr in each case is the best estimator of the true transverse
momentum. This is not too revelatory, and the way it should be for a well calibrated
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Figure C.1: Distributions of pr.,o/PTyue (1OP)s and Pracrer/PTie (bOttom), from single
electron Monte Carlo simulations with CrystalBall + Gaussian fits (CG). pr,, 1S the
transverse momentum of the electron as measures by the calorimeter and calculated from
E? = m2c* cosh?() P2, Pryscer 1S the transverse momentum as measured by the inner
detector, and pr,,,. 1s the true transverse momentum of the electron in the simulation.
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measurement device.

The EP combination begins when we consider more than one C'G' likelihood function
at once. With the likelihoods for inner detector measurements C'Gyaerer and for calorimeter
measurements C'G.,, we can define a likelihood product

CVCTYtracker (xl) : C1C7Ycalo (x2) .

We can then combine a measurement of pry,.er and Pre,, by finding pr,. so that the
likelihood product

PTirue

Pr PT
CGprod (thrue|thracker7pTcalo) = CGlracker <w> - CGealo (_calo)

Ttrue

is maximized || see Figure [C.2] for illustration.

~ 10}

- 0
Ol m—— C G, likelihood
g | s CG__, likelihood
_e- 08» EEEEEN CGprod likelihood
@© Y.or

oo

(@]

5 0.6

prod’

0.2

~
m LE VT T r—r—v— = : ;. —
10 12 14 pT

GeV)

true (

Figure C.2: Likelihood distributions C'Geker and C'Gy, With their parameters from

Figure [C.1} as well their product CGacker fOr Pripyerer = 10 GeV and prey, = 10.2 GeV.
Note the location of the maximum of the C'G o4 distribution as well its reduced width and
reduced tail.

With Monte Carlo simulations of single electron events we can then plot in Figure [C.3]

the

br pr PTcombi e e
tracker 7 calo , an d combined distribution s,
PTirue PTue PTirue

where Dr.ompinea 15 the value of pr that maximizes

CGPmd (pTlthraCker7 pTcalo) .

'In the case of the product of two Gaussian likelihoods with zero mean the maximization process reduces
analytically to calculating the weighted average of the measured values.
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Figure C.3: thracker/thrue’ pTcalo/thrue’ and pTcombined/thrue distributions from single elec-
tron Monte Carlo simulation.

To account for different sub-detector performance in different spatial regions of the
detector and regions of electron kinematic phase space, we construct individual likelihood
templates in different regions of electron transverse momentum, pseudo rapidity, and fyrems.
The latter is a proxy for energy loss in the inner detector, and is defined as the ratio of
electron momentum at the last measured hit in the inner detector to electron momentum at
its closest proximity to the beamline:

. Dlast ID measurement
f brems — -1

Pperigee

See Table for the fiems and pseudo rapidity regions, the transverse momenta regions
that we distinguish are:

* prvery low: 5 GeV < pr < 7GeV

e prlow: 7GeV < pr < 15 GeV

e pr medium: 15 GeV < pr < 39 GeV
* pr high: 30 GeV < pr.

Additionally, we put a requirement on the agreement between inner detector and calorimeter
measurements by considering only electrons where the ratio of electron momentum p, as
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measured by the inner tracker, and the electron energy £/, as measured by the calorimeter,
is within
0.5<P/E<12.

central 7 medium 7 crack 7 forward 7

In| <0.7  0.7<|n <137 137<|n| <152 152<|n <25
high forems  forems < 0.2 Jorems < 0.3 Jorems < 0.3 Jorems < 0.3
1oW forems  forems > 0.2 Jorems > 0.3 Jorems > 0.3 Jorems > 0.3

Table C.1: Combinations of pseudorapidity and fiems regions that we distinguish in the
EP combinations. For each combination of pr, 7, and fy.ems region an individual pair
of CGaeker and C'Gyy, likelihood functions as in Figure is determined from single
electron Monte Carlo simulation.

Figure [C.4] shows the mean and interquartile range of the pr ratio distributions as
measurements of the EP combination efficacy. The values there are taken from single
electron Monte Carlo simulations. To validate the EP combination we reconstructed J/1)
and Z boson from decays to two electrons in Monte Carlo simulation and data with only
the standard electron calibration, as well as calibration and EP combination, see Figure [C.5]
Using the EP Combination in addition to the standard calibration yields some improvement
in the reconstructed J/v¢) mass spectrum over only using the standard calibration, but it
provides only nominal improvement in the case of Z mass reconstruction or reconstruction
of J/1 from data.
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Figure C.4: Upper plot: means of the distribution of pry,cer/PTiue (P1UE Circle), Do/ PTive
(red hexagon) , and Pr o mpined/ PTuue (€reen thombus). Values closer to one are better, LB
stands for low fyems and HB is for high fiems.

Lower plot: Interquartile range as a measurement of distribution width, defined as 75-th
percentile minus 25-th percentile of the distribution. Markers as in the upper plot, closer to
0 is better.
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Figure C.5: Reconstructed J/v) and Z masses from decays to two electrons. The recon-
structed .J /1) mass distribution in Monte Carlo simulation shows a in improvement in width
when using the EP combination, as measured by the interquartile range (IQR), which is
less susceptible to the tail behavior of the distribution.

The J /1 mass distribution reconstructed from data shows only a nominal improvement
in IQR using the EP combination. The reconstructed Z mass distributions are invariant
under usage of the EP combination, as is expected from the EP combination performance
at higher electrons transverse momentum, see Figure @
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Appendix D

Electron and photon resolution
parametrization

The goal of the resolution parametrization is to determine the energy scaling of the energy
resolution o for electrons and photons. o is here taken to be some width of the Fey0/ Eirye
distribution, where ., is the energy of the relevant particle, determined from Monte Carlo
simulation, and F, is the true energy of that particle in the simulation. The parametrization
finds input into other calibration related ATLAS software.
For this work we assume that resolution o (E') scales as
1

1
2 2
U(E)—EA +ﬁ

B* 4 C? (D.1)
where A, B, and C' taken to be energy independent.
* The sampling term A quantifies the intrinsic Poisson noise of the calorimeter,

* B accounts for the presence of noise in the calorimeter electronics, pileup, and other
non-Poisson noise sources,

* and the constant term C' describes residual effects from imperfect energy calibration.

Due to the non-Gaussian distribution of the E .,/ Fie ratio, see Figure we consider
five different measurements of width:

* 0gq - the standard deviation of the E.,,/ Eie distribution,

* Ohisgo and opisoo - the smallest width subtending 80 % or 90 %, respectively, of the
events in the F o/ Fie histogram, Figure

* g0 and op90 - the smallest width subtending 80 % or 90 %, respectively, under the
area of a Crystal Ball function fitted to the E,/ Fie distribution. See equation
for the definition of the Crystal Ball function.
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Figure D.1: Ey0/ Eye distribution for one region of Ei,. and |7|, with Crystal Ball fit.

To make the different width measures comparable, the oy,;5, and o, measures are normalized
to the equivalent gauss widths, by dividing them by the equivalent width of the normal
distribution. E.g.:

smallest 80 % interval under Crystal Ball
smallest 80 % interval under normal distribution

Ofitg0 =

smallest 80 % interval under Crystal Ball
2T e ()

where ®~! is the inverse cumulative distribution function of the normal distribution.
The Euo/ Fue distributions are calculated in regions of Ey,. and pseudorapidity |7/,
with the bin edges in Fy../GeV given by

15, 20, 25, 30, 40, 50, 60, 70, 80, 100, 120, 150, 200, 250, 300, 400, 500, 700,
and the |n| bin edges given by
0,0.2,0.4,0.6,0.8,1.0,1.2,1.34,1.56, 1.62, 1.72,1.82, 1.92, 2.02, 2.12, 2.32, 2.4.

The resolution parameters are then calculated individually in each region of || and for each
width measure o; by fitting them to the o; binned in ., see Figure

The results are shown in Figures[D.3|,[D.4],[D.5],[D.6] and[D.7|for different types of
electrons and photons:

* electrons in Figure

* photons reconstructed as non-conversion photons in Figure[D.4]

* photons reconstructed as converted photons in Figure

* true non-conversion photons in Figure and
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Figure D.2: Fit of resolution parameters as in equation for one region in |7|

* true converted photons in Figure[D.7]
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Figure D.3: Electron resolution parameters A, B, and C for different resolution measures
o in different pseudorapidity regions of the detector, for ATLAS software release 21 and
electron calibration model es2017_R21_v1.
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Figure D.4: Reconstructed non-conversion photon resolution parameters A, B, and C
for different resolution measures o in different pseudorapidity regions of the detector, for
ATLAS software release 21 and photon calibration model es2017_R21 _v1.
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Figure D.5: Reconstructed converted photon resolution parameters A, B, and C' for different
resolution measures o in different pseudorapidity regions of the detector, for ATLAS
software release 21 and photon calibration model es2017 _R21 _v1.
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Figure D.6: True non-conversion photon resolution parameters A, B, and C for different
resolution measures o in different pseudorapidity regions of the detector, for ATLAS
software release 21 and photon calibration model es2017 _R21 _v1.
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Figure D.7: True converted photon resolution parameters A, B, and C for different resolu-
tion measures o in different pseudorapidity regions of the detector, for ATLAS software

release 21 and photon calibration model es2017_R21 _v1.
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Appendix E

Chronopixel

The Chronopixel [238, 239, |240] is a pixel detector prototype originally designed for the
International Linear Collider [241, 242] (ILC) in cooperation between Yale University,
the University of Oregon, and the Sarnoff cooperation. It distinguishes itself from other
pixel detectors like the ATLAS pixel detector, see Section [3.4.1] by its pixel pitch of
25 um x 25 um - small compared to the ATLAS pixel detector’s pitch of 50 um x 400 um
- and integrated readout logic, see Figure The latter allows the former: the ATLAS
pixel detectors sensors are formed by two parts, a sensing part and a readout part, where
each pixel of the readout part is individually connected to the sensing part via small solder
bumps with sizes of few 10 um, a process called bump bonding [243]]. The presence of the
bump bonds sets a lower limit on the size of the pixel and thus the spatial resolution, while
also adding an additional step in the chip production.

For the Chronopixel, use of CMOS (complementary metal-oxide semiconductor) tech-
nology allows it to place the readout logic on the same chip as the sensing elements. A
design scheme referred to monolithic active pixel detector (MAP). In addition to readout
logic the Chronopixel prototypes also include memory cells that can store timestamps
associated with pixel hits. The underlying design goal was to utilize the ILC’s bunch train
layout by separating the particle sensing and the pixel readout in time to prevent the readout
activity compromising the Chronopixel’s sensitivity.

In an effort to continue development of the Chronopixel and study the radiation hardness
of monolithic pixel detectors we developed a micro-controller based readout board for
the Chronopixel to interface it to a computer, see Figure The board with its initial
micro-controller firmware was designed by Thomas Barker of Tomtronics. I continued
development of the firmware and designed a software suite based on Matlab to read out the
board and automate measurements.

We used this setup to conduct irradiation campaigns of Chronopixels with 1 MeV
protons and neutrons. The neutrons were produced by spallation from Lithium-7 with
4 MeV protons at the University of Massachusetts Lowell, and the proton irradiation was
performed at Yale University. The results of the proton irradiation campaign are shown in
Figure [E.3] indicating that the Chronopixel maintains sensitivity after receiving an ionizing
dose of more than 100 Mrad.
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25 um

(b) logic within a Chronopixel’s pixel

Figure E.1: |(a)| Picture of a Chronopixel prototype chip with wirebonds connecting it to its
packaging. The chip has a size of about 1.2 mm x 1.2 mm.

[(b)| Logic layout of an individual pixel comprising the Chronopixel chip. Note the structures
in the top left and bottoms left forming the time stamp memory registers.

R25 R26 | . 1ol ke 7 . -
77 W ¥ _microcontroller
programming port
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Output

Figure E.2: Custom made readout board, interfacing the Chronopixel with a PC via serial
readout.

140



1 MeV proton irradiation study
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Figure E.3: Chronopixel performance before and after 1 MeV proton irradiation in two
steps, for different sensor types implemented within the prototype. It retains its performance
after receiving an ionizing dose of 120 Mrad.

The neutron irradiation test indicated that the Chronopixel were still operable after
receiving an neutron fluence of 10*® 1 MeV-neutron equivalent per cm?, but a more precise
assessment was not possible due to that Chronopixel’s noise. We eventually concluded that
the observed readout noise was partially related to the speed at which the micro-controller
operates the Chronopixel. In a response to that an updated version of the readout board that
replaces the micro-controller with an FPGA is under development.

We plan to conduct future irradiation studies at Brookhaven National Laboratory’s
Brookhaven Linear Isotope Producer (BLIP) - a 200 MeV proton accelerator designed for
medical isotope production [244]. Studies that evaluate the BLIP facility’s potential to
produce spallation neutrons are ongoing, with me having contributed computational fluid
dynamic and thermal simulations of the spallation target while under beam, see Figure [E.4]
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(a) (b)

Figure E.4: 3-D computer model of spallation target and device under test assembly.
The spallation target is the visible circular insert, with the proton beam impinging head on.
When deployed in the beam the assembly is water cooled, with the water flowing from top
to bottom.

[(6)] Computational fluid dynamic and thermal simulation of spallation target under beam
using COMSOL. Under steady state conditions the temperature in the assembly rises by
about 1 K above the water inlet temperature due to the energy deposited by the beam, an
unproblematic temperature rise.
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