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Abstract

This thesis describes the analysis design and results of the ATLAS
four-lepton measurement, using 139 fb~! of data collected in 13 TeV
proton-proton collisions at the Large Hadron Collider. The measure-
ment is designed for maximal model-independence and inclusivity.
Defined solely in terms of the final state particles, any process leading
to the creation of four or more leptons is considered to be a part of the
signal. The results are presented in the form of inclusive and fiducial
differential cross-sections, and are corrected for detector effects via an
iterative Bayesian technique. The measurement is compared to state-
of-the-art Standard Model predictions, and the two are found to be
consistent. Secondly, two re-interpretation studies are presented where
existing precision fiducial measurements, including the aforementioned
four-lepton measurement, are used to set constraints on two beyond
the Standard Model theories. The first is a generic model of vector-like
quarks, and the second is a model with a gauged and spontaneously
broken B — L symmetry. These studies are conducted using the CON-
TUR re-interpretation toolkit. The derived limits are competitive with
existing ATLAS limits, and exclude previously unexplored regions of

parameter space.
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Chapter 1.

Introduction

What is the universe made of? This question has fascinated both philosophers and
scientist alike for the past millennium. The best theory there is to date that answers
this question is the Standard Model of Particle Physics, often abbreviated as the SM.
All matter in the universe can be broken up into fundamental building blocks, the
fundamental particles, which are governed by fundamental forces. The SM is the most
accurate description that exists of how these particles and forces interact with one
another. The construction of increasingly powerful particle colliders has led to the
observation of a plethora of new particles. The SM has been able to bring to order the
observed particles, as well as accurately predict the existence of postulated particles.
In 2012, two experiments (ATLAS and CMS) at the Large Hadron Collider (LHC)
announced the discovery of a new particle exhibiting the predicted properties of the
Higgs boson, thus completing the SM. Despite its immense success, however, the SM
is not without imperfections. For example, the reasoning behind dark matter, dark
energy, gravity, and the matter-antimatter asymmetry (i.e. the excess of baryons over
anti-baryons) are not incorporated within the model. Rather, the explanations for these
phenomena are postulated by theorists as Beyond the Standard Model (BSM) theories.

Traditionally, the hunt for BSM physics at the LHC takes in the form of dedicated
direct searches. A less labour-intensive, complementary probe for new physics involves
exploiting the precision measurements made at the LHC of predicted SM processes. The
work presented in this thesis focuses on the design and results of one such ATLAS pre-
cision measurement, and how it is used alongside other published LHC measurements

to test new physics theories.

This thesis is structured as follows. Beginning with Chapter 2, a brief review of
the phenomenology of the Standard Model is given. Chapter 3 explains the practical
experimental aspects of the data used, including the LHC, the structure of the ATLAS
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detector, and how collision events are reconstructed. Chapter 4 is the main focus of
this thesis: the ATLAS inclusive four-lepton analysis. The analysis design is described
in detail, with particular attention paid to the unfolding procedure which corrects the
data for detector effects. The results using the complete 139 fb~! Run II data-set are
presented along with several interpretation examples. Finally, Chapter 5 introduces the
concept of reinterpretation and presents the constraints that LHC measurements have
on two BSM scenarios.

Author contributions

The analysis presented in of Chapter 4 is performed as part of the ATLAS Collaboration
with contributions from multiple international institutes. The results presented relies
on the work of many engineers, technicians, experimentalists, and theorists alike. The
data analysis itself is a sub-group effort, and would not have been possible without the
hard work from every team member. The specific contributions from the author to the

analysis are as follows:

* Validations studies of the Monte Carlo samples

Binning definition of all observables

Creation of unfolding inputs

Monte Carlo closure tests

Signal injection studies

Unfolding the data and presentation of final results.

The author did not directly work on the evaluation of the background estimation, the
evaluation of the uncertainties, or the in-house interpretations.

The VLQ re-interpretation study of Chapter 5 is a collaborative effort between UCL
and the University of Glasgow with team members Andy Buckley, Jon Butterworth,
Louie Corpe, and Puwen Sun. The results of the study is published in Reference [1].
Additionally presented are some updated CONTUR scans performed by the author, and
an investigation the role of the new ATLAS four-lepton analysis. The CONTUR study on
the gauged B — L model of Chapter 5 was conducted by the author, following guidance
from Reference [2] regarding what regions of parameter space to sample. The results
are compared to the ATLAS limits, which the author did not work on.

The ATLAS author qualification task conducted by the author is not included explic-
itly in this thesis, however it is documented in Reference [3].



Chapter 2.

The Standard Model

The Standard Model (SM) of particle physics is a rather simplistic name for such a
powerful theory. It is the closest theory that exists to a complete description of the
universe at the most fundamental level, and is arguably the pinnacle of science. In this
chapter, the aim is to provide a a brief overview of the SM, relying on the derivations
of Reference [4]. For a more comprehensive description, one may refer to the above

reference.

2.1. Particle content

The Standard Model is often depicted in compact diagrams similar to that of Mendeleev’s
Periodic Table of Elements. One such diagram is shown in Figure 2.1. In a nutshell, the
particles put forward by the SM are truly elementary particles. Unlike the elements in
the Periodic Table which can be further broken down, these elementary particles are (to
our knowledge) point-like and contain no internal structure. Each particle has a unique
set of properties - quantum numbers - that define it, and split into one of two categories:

fermions and bosons.

Fermions are half-integer spin particles, and are usually thought of as matter par-
ticles. Each fermion has an anti-particle, with an identical mass but opposite electric
charge. They are further classified as either leptons or quarks. Leptons are either neg-
atively charged (-1), or neutral. The latter are referred to as neutrinos, which the SM
predicts to be massless. Quarks have an electric charge of either 3 or —3, and carry an
additional colour charge of either red, blue, or green. The arrangement of fermions in
the SM is generational. The first generation is found in everyday matter. For example
the proton and neutron are made up of up and down quarks, and the electron which
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orbit nuclei. The second and third generation leptons have higher masses and are able

to decay to lighter particles, but they otherwise behave identically.

Bosons are integer spin particles that mediate the interactions within the SM. Elec-
tromagnetism is arguably the most well-known forces, and is carried by the massless
and chargeless photon . Electric charge is conserved during photon-mediated particle
interactions, and the photon has infinite range. Eight gluons mediate the strong force
of quantum chromodynamics. They are also massless and electromagnetically neutral,
but carry a colour charge. Only quarks are able to interact with gluons, and unlike
photons, gluons interact with each other as well as with quarks. This process is known
as gluon self-interaction. The self-interaction leads properties characteristic of the strong
interaction: namely asymptotic freedom and confinement. The weak force arises from
the exchange of three massive force carriers: two charged W * bosons and a neutral Z
boson. As its name suggests, the force is relatively weak compared to the EM and strong
forces, and is only carried over short ranges. The photon, W™ bosons, and Z boson
are gauge bosons of spin 1. Completing the SM is the spin 0 scalar Higgs boson. The
Higgs is electrically neutral, colourless, and massive. It plays a key role in the SM by

providing mass to gauge bosons and fermions through electroweak symmetry breaking.

2.2. Gauge fields

The Standard Model is constructed upon the language of quantum field theory, where
every elementary particle is described as excitations of a quantum field. It describes
the strong and electroweak interaction from the SU(3) - ® SU(2); ® U(1), symmetry
group, each with a conserved quantity (following Noether’s theorem [6]) as indicated
by the indices. All the interactions of the SM can be derived on the basis that the system
is invariant under local gauge transformations. Imposing local gauge invariance under

SU(3) and colour charge conservation returns Quantum Chromodynamics (QCD).
2.2.1. Quantum electrodynamics
To proceed toward a field theory for electrons and quantization of the Dirac field we

wish to find a scalar Lagrangian that yields the Dirac equation. This turns out to be the

Dirac Lagrangian, written as

L = ihcpy"a,p — mc* Py (2.1)
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is invariant under a global gauge transformation ¢ — eiegb, but not under a local gauge
transformation where 6 is a function of x”. Next, an additional term is be added to
equation 2.1 to introduce a new gauge field A,,.

L = iheya,p — me Py — qir pA, (2.2)

This gauge field transforms under local gauge transformations in a way that renders
equation 2.2 invariant. This is not yet complete, since the new vector field must include

it’'s own "free" term. Since it is a vector field, the Proca Lagrangian is examined

—1 1 /mac\2
— ___FWF —(ZAT) AVA L 2.
£ 1671 W+8n< h ) v (2:3)

Here it can be seen that the gauge field must be massless, because A" A, is not invariant
under local gauge transformation A, — A, 4 dA. Also introduced in equation 2.3 is
the shorthand

' = 9MAY — 3" AV, (2.4)

To summarize, in requiring local gauge invariance from the Dirac Lagrangian, a new vec-
tor field with no mass is introduced. In imposing local gauge invariance, the Lagrangian

becomes
L oo —1 _
L = ihcpy"d,ip — mc g + 16_7IFWFP”’ — gy A, (2.5)
The transformation rule of the new vector field corresponds to that of the field of the

massless photon, and the Maxwell equations may be derived from this Lagrangian.

Going back to the free Dirac Lagrangian in equation 2.1, what if an alternate defini-

tion of the derivative, namely

_ - q
Dy =3, +iz A, (2.6)

were to replace d,,? This is a practical definition that absorbs the gauge-fixing interaction
term into the derivative itself. Suppose as well that D, hereforth referred to as the
covariant derivative, transforms like the field 1 itself:

D,y — ?ID, . 2.7)
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It turns out that in doing so, the transformation of of A,

hc
Ay — Ay — ;aye (2.8)

renders the Lagrangian locally invariant. A ” brings along its own free Lagrangian, how-
ever, and the field must be massless to preserve local gauge invariance. All together this
give the final Lagragian stated in equation 2.5, describing the interactions of fermions
with charge g (Dirac fields) with photons (Maxwell fields), more commonly known as

the Lagrangian for quantum electrodynamics.

2.2.2. Quantum chromodynamics

The coloured quark model dictates that each flavour (six in total) comes in three vari-
ations. Arbitrarily, a conserved colour charge is used to differentiate between these
variations: for each quark flavour, there exists a red, blue, and green version. The quark

field in its colour triplet is written in vector notation as
r
¥q
_| . e
lqu = qu ’ lpq - (lpql lI]q' l/’ég) (2.9)
v

such that the Lagrangian resembles the free Dirac Lagragian,

L =i, "9, 4, — m*Py,. (2.10)

In order to maintain local gauge invariance under SU(3) gauge transformations of

the form
P, = Sy, =y, 2.11)

the Lagrangian must be modified. As with the case in QED, a covariant derivative is

introduced to replace the ordinary derivative:

D, =9, +igA, Gy, (2.12)
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where A, witha = 1,2, ..., 8 are the 3 x 3 Gell-Mann matrices, whose role for SU(3) is
analogous to the role Pauli spin matrices play for SU(2). For the new gauge fields G”, it
will suffice to know the approximate transformation rule. For that the infinitesimal case
is considered, where only first-order terms are kept. The transformation rule obtained is

G" - G*

1 .
" — Gy — gayea — fit' Gl (2.13)
S

where f;;; are the structure constants of SU(3).

The modified Lagrangian (with the covariant derivative replacing the derivative)
is locally invariant under SU(3) transformations, and consequently eight new gauge
fields are introduced (one for each Aa)l. Unsurprisingly, these correspond precisely to
the eight gluons. Lastly, the Proca-Lagrangian for the gluon fields must be added in to
introduce a mass term. Here it is useful to define

G = d'G, —9"G] — 8. fuG] G, (2.14)

which looks quite similar to the field strength tensor of QED, except for the vector
product of the third term. This last term is a characteristic of quantum field theories
based on non-Abelian groups; the gauge bosons carry charge and therefore may interact
with one another. In the case of QCD the gluons are bicoloured; carrying both a colour

and an anticolour. The final Lagrangian describing quantum chromodynamics is then
- . 1 .
L= [1170’)/”8],11# - m¢¢] - ZLG;WGZV - gs¢7#Aa¢GZ' (2-15)

Two important features of QCD are asymptotic freedom and confinement. Asymp-
totic freedom, describes the behaviour of quarks at high energies or, equivalently, at
small distances. In this regime, quarks behave as if there were quasi-free particles since
the coupling constant ag becomes increasingly small. However, at small energies, or
large distances, confinement occurs. The strong coupling constant grows continually
thereby increasing the attraction among the quarks. Quarks can consequently not exist
as coloured free particles but are confined into bound colourless states called hadrons.

'Note that that 3 x 3 Hermitian matrices with trace equal to zero is eight dimensional.
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2.2.3. Weak interactions and electroweak unification

The global gauge transformation i — eiegb where 0 is any real number can be thought

of as a matrix multiplication of the form
P — Uy (2.16)

where U'U = 1 and in this case U = ¢". The group of all possible unitary 1 x 1 matrices
is called U(1). The same logic was applied in 1954 by Yang and Mills to the SU(2)

group.

Experimental observations have shown that weak charged currents couple only to
left-handed fermions and right-handed anti-fermions [7]. In order to extract the left-
and right-handed components, it is useful to define the projection operators P; and Py,
which act on fermion fields (expressed by Dirac spinors) in the following manner:

1 1
Yp=ry= 5(1 —75)P,  Yr=Pryp = 5(1 +v5) 9 (2.17)

The left-handed and right-handed fermion fields follow different definitions under
SU(2). The former are arranged as doublets with isospin I = %, while the latter are
singlets with isospin I = 0. The singlets are consequently unaffected by SU(2) local

gauge transformation.

v v v u C t
=) "] aw=].{,] |, (2.18)
e 1 T d s b
L L L L L L
ER — 6R, VR’ TR qR — l/lR, dR, CR, SR’ tR, bR (219)

Notice that in equation 2.18 the the down type quark doublet partners are weak eigen-
states that can transform into one another through interactions with W bosons [5]. The
weak eigenstates d/, s and b’ are related to the mass eigenstates d, s and b through a
unitary 3 x 3 matrix - the Cabbibo-Kobayashi-Maskawa (CKM) matrix.

d/ Vud Vus Vub d
sS1=1vy V. Vul|]|s (2.20)

v Vie Vis  Vy) \D



10 The Standard Model

Similar to the QED and QCD case, a covariant derivative Dy is defined for the theory

to retain its invariance under local gauge transformations:
0" Y
- . a ./
D,=9,+ ng?WV +ig EB’* (2.21)

where g and g’ represent the weak coupling constants, o, with a = 1,2, 3 are the pauli
matrices (i.e. the generators of SU(2)), and Y is the weak hypercharge (generator of
U(1)). Y is the conserved quantity from the U(1), symmetry and it is related to the
electric charge Q by

Y

Q=T+ (2.22)

where Tj is the third component of weak isospin. The Pauli matrices satisfy the condition

[0, 03] = 2ie,.0°. (2.23)

In defining the covariant derivative, four new massless gauge fields W;, Wf, , WS and
B, are introduced. The former corresponds to the three SU(2); generators, while the
latter is associated with U(1)y. The mixing of these four fields gives the electroweak
bosons W', W™, Z and 7. The charged bosons W' and W™ are linear combinations of
W; and Wﬁ :

1 1 D
Mgz—zm@—mw (2.24)
_ 1 1 )
The remaining fields W;’ and B, combine to form the Z boson and the photon as follows:
— 3
A, =B, cosb,+ W,sinb, (2.26)
Z, = —B,sinb, + WS cos 0y, (2.27)

where 0, denotes the Weinberg angle.

The field strength tensors for SU(2); and U(1)y are defined as:

Wi, = 9, Wi — 3, W5 — ge"™ W W (2.28)
B,, =0,B,—9,B, (2.29)
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The first line of equation 2.28 is reminiscent of QCD, where last term gives rise to

self-couplings of the electroweak gauge bosons.

The electroweak interaction, invariant under SU(2); x U(1)y gauge transformations,
has the following Lagrangian:
1 1

L= Zivﬁj’y“quﬂj — ZBWBW - ngvwg‘” (2.30)
]

where j iterates over all the fermion fields. The requirement of local gauge invariant
led to the construction of this Lagrangian that unifies the electromagnetic and weak
interactions, from which the the physical interactions between fermions and the elec-
troweak gauge bosons are correctly reproduced. The electroweak Lagrangian above,
however, does not allow for gauge field mass terms. While the photon (and the gluon)
is indeed massless, the fermions, W, and Z bosons have been experimentally shown to
be massive [9]. So, the question arises as to whether there is a way to address this issue
in gauge theory such that massive gauge fields can be accommodated. The answer is
yes, and it lies in the subtle procedure of exploiting spontaneous symmetry-breaking
and the Higgs mechanism.

2.3. Spontaneous symmetry breaking and the Higgs

mechanism

2.3.1. Spontaneous symmetry breaking
Broken discrete symmetry

The Lagrangian written in the classic form of a kinetic term minus a potential term, is:

L=T-V (2.31)

1 1 1
£=00,0)0") — (19" + ;19"). (2.32)
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For the potential to have a finite minimum, A must be positive. The minimum of the
potential V(¢) occurs at

=+ . (2.33)

Y

This potential is illustrated in Figure 2.2. A new field can be written as perturbations

from the ground states, defined by

2

_ —H

If the Lagrangian of equation 2.32 is rewritten in terms of # as

1 1 1ut
_ 1 ey 2 2 3 Ly 4 1H
L= z(a,,qb)(a ) —un £uly 4)\17 t1x (2.35)

then the second term resembles a mass term, where the mass of the particle is
2
m=\/—2u (2.36)

the third and fourth term of equation 2.35 represent triple and quartic couplings, and

the last term is an insignificant constant.

V0 ".l“\\\‘
T
AT ‘:5‘~

Figure 2.2.: Illustration of the Higgs potential. There is an infinite number of ground states.
At point A, the global symmetry is unbroken. At point B, a local minimum is chosen and
spontaneous symmetry breaking occurs. This figure is from Ref. [10].
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Broken continuous symmetry

The previous section illustrates an example of spontaneous symmetry breaking. The
original Lagrangian of equation 2.32 is invariant if ¢ — —¢; it is even in ¢. In the
reformed Lagrangian of equation 2.35, however, this symmetry is broken because it is
not even in 1. The breaking is considered spontaneous because no external agent is
required; the symmetry simply becomes hidden when selecting a particular ground
state (the "vacuum"). In section 2.3.1 the broken symmetry was a discrete symmetry in
context of a real scalar field. This section will apply spontaneous symmetry breaking to
a complex scalar field.

Consider the following complex scalar field, written neatly as a combination of two
real fields:

1 .
¢ = E((Pl + i) (2.37)
X 1
99 = 5(¢1+93). (2.38)

The Lagrangian written with respect to the two fields ¢; and ¢, is

1 1 1 1
L= 53,90 @"1) + 53,92)(3"92) — |57 (91 +42) + A (9T + 42| (239)

where the terms in the square brackets is the potential energy function V. The minima

of V is a circle with the equation

. 2
b+ = =0 (2.40)

where v corresponds to the ground states. Arbitrarily one can choose

pr=v, $=0 (241)

and introduce fluctuations about this vacuum state as new fields
n=¢1—v, ¢ = o (2.42)

Now equation 2.39 can be rewritten in terms of # and ¢:

L= [%(a;ﬂ7>(ayﬂ) - VZWZ] + E(ayé)(ayé)} + higher order terms. (2.43)
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The first term is the free Lagrangian for the field 77, which includes a mass term, giving

m, = \/ﬁy. The second term describes field ¢, which unlike 7, turns out to be massless.

U
This is Goldstone’s theorem - the appearance of a massless spin-0 Goldstone boson is

the result of a spontaneous broken continuous global symmetry [4].

2.3.2. The Higgs mechanism

The Higgs mechanisms involves spontaneous symmetry breaking of the complex field
in equation 2.38 in a Lagrangian that is locally gauge invariant. Consider the Lagrangian
in equation 2.39: it is invariant under global U(1) transformation ¢ — elqggb, however

igf(x

not invariant under local U(1) gauge transformation ¢ — e )4>. In order to impose

local gauge invariance, the derivatives must be replaced by the appropriate covariant
derivatives
d, =D, =0,+igA, (2.44)

where a new gauge field A, is introduced and transforms as
A, — A, —09,0(x). (2.45)
The locally invariant Lagrangian for the complex scalar field ¢ becomes
* 4 1
L= (Dyg")(D"p) — 19" = Ap* — JF P (2.46)

where the additional term is the Proca Lagrangian acccompanying the gauge field.

As with the previous section, when “l/l2 < 0 in the potential, the choice of a physical
degenate vacuum state breaks the symmetry of the Lagrangian. The complex scalar
tield can be rewritten by substituting equation 2.42 into equation 2.38 to get:

1 .
P(x) = 7 [v +1(x) + zC(x)]. (2.47)
The definition above is used to rewrite the Lagrangian on equation 2.46 as

1 1 1 L1
L :E(a;ﬁ)(ayﬂ) - /\V2’72 + E(ayg)(ay‘:) - ZF],H/P# + EgZUZAyAV

+ gvA, (9"¢) + interaction terms (2.48)
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where the first two terms represent the massive scalar field #, the third term corresponds
to the massless Goldstone boson ¢, and the fourth and fifth terms describes the gauge
field A, which has now acquired a mass. Additional three and four point interactions
terms also exist the fields. The is the exact same Lagrangian as equation 2.46; ¢ has
simply been expanded about the vacuum state. The underlying symmetry of the U(1)
gauge group has consequently been broken.

The final step involves the choice of an appropriate gauge which eliminates the
Goldstone field completely from the Lagrangian. This is motivated by the gvA,, (97¢)
term, which reads as a coupling between the spin-1 gauge field A, and the spin-0 scalar
Goldstone field ¢, where one field can transform into another. Such bilinear terms
indicate that the fundamental fields have been misidentified [4]. If it is read as an
interaction, it leads to a vertex in which ¢ transforms into A, meaning neither exist
independently. This can be resolved by exploiting the freedom in gauge choice and
setting

0(x) = ——C(x), (2.49)
QU
which leads the complex scalar field to transform as

o(x) = e 8T g (x). (2.50)

1 Ted]
Writing equation 2.47 to to first order as ¢ ~ 7 [1/ +7 (x)} ¢ v, the gauge transforma-

tion on ¢ transforms away the Goldstone field completely:

P(x) — e é vt ()] = % vt ). (2.51)

This choice of gauge renders ¢ to be entirely real, and is called the unitary gauge. Here

the field #(x) can be rewritten as /1(x), corresponding to none other than the Higgs field.

The mass term for the scalar Higgs field is
my = gv (2.52)

and the mass of A, the gauge boson associated with the local gauge symmetry, is given

by

m, = V2Av. (2.53)
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2.3.3. The Standard Model Higgs

This final subsection will apply the Higgs mechanism to the electroweak sector of the
Standard Model, with a SU(2); x U(1)y local gauge symmetry.

¢ 1 (¢ + iy
— - 2.54
’ (cpo) V2 <¢3+i¢4) 29

L= (D,¢)(D'¢)" —V(¢p'p) (2.55)
1( 2, 2, 2 2y f
> ¢1 + ¢y + P35+ Py) = > (2.56)

The Lagrangian has an infinite set of ground states, and choosing any particular ground
state will break the symmetry. The vacuum state chosen is

0l10) = 5 (O) 257)

which keeps the ground state electrically neutral, and consequently the photon massless.
Expanding the ground state as before, ¢ is redefined as

(x) MEA| 0 (2.58)
X)=e  — . .
’ V2 \v 4+ h(x)

Choosing a unitary gauge, the Higgs doublet is rewritten such that the massless Gold-
stone fields are "eaten" by the gauge fields and the dependence on ¢, is removed.

p(x) = e p(x) = L ( 0 ) . (2.59)
v+ h(x)

Applying equation 2.59 on the kinematic part of the Lagrangian in equation 2.55 and
expanding generates the mass terms of the gauge boson fields. In the unitary gauge,
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D,¢is
Dy = [0, +igW§WZ + ig'%/By]4) (2.60)
_ 1 aﬁigTWWiJriiiBﬂ igTW(W; — i) ( 0 ) (2.61)
2 igTW(w;Jriwﬁ) ay—igTWWﬁJr%By vth |
1 igTW(w; —iW;) (v +h) 062
V21, - igTWwﬁ 4 %By)(v—kh). |

The kinetic term (D,,¢) (DV¢)+ is

(D) (D'p)" :%(%h)(a”h) + %g%v(w; +HiW) (W —iW™ ) (v+ k) (2.63)

1
+ g(gwws —8/By)(8wW3V —¢'B") (v +h), (2.64)

where the terms proportional to v correspond to the mass terms of the gauge bosons,

namely
My = %ng (2.65)
1
my = 51/\/8%\/ + g'2 (2.66)
my = 0. (2.67)

The spontaneous breaking of the U(1)y x SU(2); symmetry lets the W and Z bosons
acquire mass, while the U(1), symmetry remains unbroken thus leaving the photon
massless.

2.3.4. Yukawa sector: fermion masses

The fermionic mass term given by

—mpp = —m(Prpp + YrY;) (2.68)

is not invariant under a local gauge transformation due to different transformation
properties of its left- and right-handed chiral components. The left-handed states trans-
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form as weak isospin doublets under SU(2);, while the right-handed states transform

as singlets.

It is possible to add interaction terms between the Higgs field and the fermions to the
Lagrangian of equation 2.55 while preserving the SU(2); x U(1)y symmetry. Starting

with leptons, this is done by writing the term

Lyukawa, ¢ = —Co(Prd P + Pro¥;) (2.69)

where ¢, is the Yukawa coupling constant between the specified lepton and the Higgs
field. Next, the Higgs doublet ¢ is replaced with the ground state written in unitary
gauge as per equation 2.59, and the Lagrangian becomes

Lrawa, ¢ = —%v@m + Yripy) — %h(@m + Y, (2.70)
=~y - %Wz @.71)
= —m Py — “Lpyh. 2.72)

The first term is a mass term for the lepton, and the second term represents the coupling
of the lepton to the Higgs boson.

The same mechanism generates mass for the case of down-type quarks. Up-type
quarks require something a little different. The vacuum expectation value for the Higgs
doublet is zero in the upper component, and therefore cannot generate mass for the
up-type quarks and neutrinos”. Focusing on the case of the up-type quarks y,, it is

useful to define the conjugate doublet ¢

R 1 [ —¢s+igy
bo = —icyp* = — . (2.73)
© (qb) ﬁ(%i@)

which transforms exactly like ¢. Now a gauge invariant Yukawa term can be written
for the quark families as

['Yukawa, g — —Cy (%,R‘PE%,L + lpu,RgbCEu,L) — €y (@d,R¢+¢d,L + wd,Rgbwd,L) (2-74)

’The question of neutrino masses will not be addressed in this thesis.



The Standard Model 19

which becomes

Loueama, g = —%v%% - %%%h - %v%w - %%t/zdh (2.75)
=~y — PPk — Mgy — =L el (2.76)

after spontaneous symmetry breaking. The Yukawa constants c,, ¢, are not predicted
by theory, and are assigned values that are consistent with experimental fermion mass
measurements.
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Chapter 3.

The Large Hadron Collider and the
ATLAS experiment

3.1. The Large Hadron Collider

This massive fruit of labour, decades in the making from the hundreds of institutions
which make up CERN, lies hidden 100 meters below the surface of the Switzerland-
France border. Sandwiched between Geneva and the Jura Mountains is a 27 km ring of
superconducting magnets and radio-frequency (RF) cavities, which bend and accelerate
particles to near light speed. More specifically, it is approximately 3 metres per second
slower. This remarkable achievement is none other than the Large Hadron Collider
(LHC). The LHC lives up to its name; it is the largest machine built by humankind,
and unsurprisingly the most powerful high-energy particle collider in the world. The
four main interaction points around the ring where particles collide mark the four main
experiments: ATLAS, CMS, LHCb, and ALICE [11]. The former two are general purpose
detectors with a similar goal: to precisely study the Standard Model and to search for
evidence of new physics. The latter two have specialized purposes. LHCb is dedicated
to probing physics involving b-hadrons in pp collisions, and ALICE’s aim is to shed
light on the physics of the quark-gluon plasma by investigating heavy-ion collisions.

The protons used in the collisions originally come from hydrogen gas. The gas is
housed in tanks and stripped of orbital electrons through of ionization. Prior to the
injection into the LHC, the protons first pass through a series of smaller machines which
boost them to higher and higher energy. The first in the chain is LINAC2, a linear
accelerator in which beams of protons are formed, and given an energy of 50 MeV. Next
the protons are piped into the Proton Synchrotron Booster, the Proton Synchrotron,
and finally into the Super Proton Synchrotron . Through this chain the protons get

21
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The CERN accelerator complex
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Figure 3.1.: The CERN accelerator complex, where the LHC is the largest ring. The four main
collision points corresponding to the main experiments are dotted in yellow. This figure is from
Ref. [12].

boosted to 1.4 GeV by the PSB, then further to 25 GeV by the PS, to a final 450 GeV by
the SPS before entering the LHC. Inside the pipes of the LHC, the protons take a short
20 minutes to reach 6.5 TeV.

The impressive feat of accelerating particles is made possible through the use of
radio-frequency cavities. The idea was first crafted by the young Rolf Widerde [13] for
his PhD thesis and later caught the eye of the brilliant E. Lawrence, recipient of the
Nobel Prize in Physics in 1939 for the invention of the cyclotron. RF cavities are round
chambers along the beam. A voltage generator generate a voltage which oscillates at
400 MHz, inducing an electric field inside the RF cavity. As particles pass through they
experience the force of the field and are accelerated along the beam pipe. In total the
LHC uses 8 RF cavities per beam (so 16 in total), with each cavity capable of delivering
two megavolts of energy. Protons travelling through the cavity increase their energy



The Large Hadron Collider and the ATLAS experiment 23

to 14 times the injection amount, from 450 GeV to 6.5 TeV. Once protons get up to
speed, a proton that has perfect timing are left alone, while protons that arrive slightly
earlier/later will be accelerated /decelerate. The result is a beam of protons sorted into
smaller segments of proton bunches. The LHC produces two such proton beams, one

circulating clockwise and the other counterclockwise.

A key concept in particle physics is luminosity. It is a factor that relates the cross-
section to the number of event per second, written as follows:
1 dN
=—-— (3.1)
o dt
where L is the luminosity, N is the number of events, and ¢ is the production cross

. ) . . o L . 2 _1
section. The dimension of luminosity is events per unit time and unit area cm “s .

There are two properties used to describe a particle beam: its emittance €, and its
function. The emittance can be thought of as the area occupied by the particle beam in
the position momentum plane. A lower emittance means the distance between particles
and the difference in momentum between the particles are small. The B function is also
known as the amplitude function. It is a function related to the transverse size of the
particle beam, and it is proportional to the width of the beam squared divided by the
emittance. With low B, the beam is narrowere and squeezed. When high S, the beam is

wider. The cross sectional sizes of the beam ¢; (i = x,y) are written as

o — JBiCi (3.2)

The beams are assumed to be Gaussian distributed, meaning that in collisions, the
centres of the beams contribute most while the edges have minimal impact. Following
this the luminosity is

_ NlNZfreva

L= s, (33)

where N; and N, are the number of particles for each bunch, N, is the number of
bunches, f is the revolution frequency, and ., %, represent the convolution of the beam
sizes. They can be expressed as

T =\ on + 00 L, = ‘751 + U§2~ (3.4)
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Assuming that the beam sizes are identical and round, 0,y = 0y, = 0,1 = 0}, and the

luminosity becomes

— NlNZfreva — NlNZfrevafY

L *,
4710” drten

(3.5)

where " is the amplitude function at the interaction point. The LUCID-2 detector of the
LHC consists of several small Cherenkov detectors that consists only of photomultipliers
with quartz windows, and it is responsible for luminosity measurements and luminosity

monitoring [14].

When proton beams cross at the LHC, there are many collisions which occur other
than the hard-scatter of interest. While increasing the number of particles per bunch
increases the likelihood of a rare interaction, it also increases the pile-up of multiple
interactions. The number of pile-up events, denoted as y, is one of the biggest obstacles
for LHC experiments; the more there is, the more difficult it becomes to disentangle the
events of interest from the sea of low energy collisions. It is, however, an inevitable con-
sequence that accompanies increasing the instantaneous luminosity. The contribution

to pile-up events can be separated into two main categories:

* In-time pile-up refers to simultaneous proton-proton collisions occurring in the

same bunch crossing as the hard scatter of interest;

* Out-of-time pile-up is the overlay of events from neighbouring bunches which

contaminate signal events, attributed to detector electronics latency.

There are also less-substantial contributions from the cavern background, beam halo
events, and beam gas events. The cavern background is the cloud of gas that floods the
LHC cavern during operation. Beam halo events are from when the proton beam inter-
acts with the collimating instrumentation, and the beam gas events describe interactions
between the beam and the residual gas in the beam pipe.

The LHC was originally designed to reach a peak instantaneous luminosity and

average pile-up of 10** em s ! and (u) = 19 respectively. In Run II, the LHC reached

2

peak luminosity of 2 x 10** em %57}, and peak pile-up of y = 60 [15]. Figure 3.2 shows

the profiles of pile-up conditions in the four years of operation.
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Figure 3.2.: The pile-up, y, is the mean number of collisions per bunch crossing. Shown are
the pile-up distributions from 2015-2018, where each distribution is luminosity weighted. This
figure is from Ref. [16].

3.2. The ATLAS detector

Measuring forty-six meters in length, twenty five meters in height and width, and
weighing in at a hulking seven thousand tons, the ATLAS (A-Toroidal-LHC-ApparatuS)
detector is the Mount Everest of particle detectors. Built with a cylindrical and sym-
metric structure around the beam pipe, it’s detection region covers nearly the entirety
of the 477 solid angle of the collision point. ATLAS is a general purpose detector, and
combines a multitude of detector technologies to conduct searches for new phenomena,

and to make high-precision measurements of the Standard Model.

The right-handed coordinate system used by the ATLAS detector, and also very
commonly in particle physics, is illustrated in figure 3.3. The z-axis is parallel to the
beam pipe, the y-axis points vertically to the sky, and the x-axis points to the centre
of the LHC ring. The xy-plane is often referred to as the transverse plane, and the
frequently encountered variables p and Er refer to the momentum and energy in the
transverse direction respectively. The azimuthal angle in the transverse plane is denoted
as ¢, and polar angle  denotes the angle offset from the beam pipe. Another commonly

used coordinate is the rapidity, y, of an object:

1 E+pZ

yzﬁlnE_pZ, (3.6)
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LHCDb

ALICE ATLAS

Figure 3.3.: The coordinate system used at the LHC in the perspective of the CMS experiment.
Figure taken from [18].

where E is the object’s energy and p is the momentum in the z-direction. Rapidity
differences are invariant with respect to Lorentz boosts along the beam axis. This is the
key reason why rapidities are so crucial in accelerator physics [17]. Alternatively there

is the pseudorapidity # in the massless limit:

n= —lntang. (3.7)

Both rapidity and pseudorapidity are more commonly used than polar angle 6. The
separation of two detected objects, AR, is given by

AR = \/Ay? + A¢?, (3.8)

which is Lorentz invariant under a boost along the longitudinal (beam) direction.

The rest of this section will review the three sub-detectors of ATLAS- the Inner
Detector, the Calorimeter, and the Muon Spectrometer - as well as the Magnet System.
A cross-sectional diagram illustrating the sub-detector systems is shown in Figure 3.4.
The sub-detectors are made up of concentric barrels that wrap around the beam pipe,
and circular endcaps placed at either end of the barrels. The barrels are designed to
detect the particles that travel through the central || region, and the endcaps broadens

the angular coverage for particles whose trajectories run close to parallel to the beam.

3.2.1. The Inner Detectors

The Inner Detector (ID) is able to measure the momentum of charged particles passing
through it. The trajectories of the charged particles as they cross through are curved by
a superconducting solenoid magnet with a 2 Tesla magnetic field [20]. The direction
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Figure 3.4.: The ATLAS detector and its sub-components. This figure is from Ref. [19].

of curvature indicates the particle’s charge, while the degree of curvature indicates
momentum. The Inner Detector is the smallest sub-detector of ATLAS, stretching out to
a radius of only 1.15 meters, with a total length of 7 meters. The barrel arrangement
consists of concentric cylinders wrapped around the beam axis, and the end-cap compo-
nents are attached as disks normal to the beam axis. The inner detector has three main
components: the Pixel Detector, the Semiconductor Tracker (SCT), and the Transition
Radiation Tracker (TRT).

Pixel Detector

The Pixel Detector is the innermost part of the Inner Detector. It is the part of ATLAS that
is closest to the interaction point where particles collide. It was designed with extremely
high granularity in mind in order to accurately resolve primary and secondary vertices,
determine impact parameter resolution, and identify short-lived particles such as b-
hadrons and tau leptons. Prior to Run 2, the pixel detector consisted of three concentric
layers in the barrel, and three disks in the end-cap regions. During the long shutdown
prior to Run 2, an additional layer called the Insertable B-layer (IBL) [21] was added
to the Pixel Detector closest to the beam pipe, making a total of four layers. The pixel
detector are made up of sensor modules, each consisting of 46,080 active silicon pixels
measuring 50 micrometers in width (¢ direction) and 400 micrometers in length (z
direction). Each module consist of the active sensor medium (in this case silicon), and
front-end electronics for readout. In total, the pixel detector hosts an astonishing eighty
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million readout channels. All together, the pixel detector achieves a resolution of 10 pm

in the ¢-direction and 115 pm in the z-direction.

Semi-conductor tracker

The second layer of the inner detector is the SemiConductor Tracker (SCT), made up of
two-sided modules of silicon microstrip sensors arranged back to back and tilted by a
stereo angle of 40 mrad [22]. It wraps around around the pixel detector and has in total
4088 modules, assembled in four cylindrical layers in the barrel region, and two end-
caps containing nine disks each [23]. The stereo angle enables the module to provide
information about where along the strip the hit occurred. This is turn gives resolution
in the z-plane in the barrels, and in R along the endcaps. The spatial resolution of the
detector is 17 ym in R — ¢ coordinate and 580 ym in the z coordinate in the barrel (R in
the endcaps) [24]. In total the SCT hosts 4088 modules, assembled in four cylindrical
layers in the barrel region, and two end-caps containing nine disks each [23].

Transition Radiation Tracker

The third and outermost layer of the inner detector is the Transition Radiation Tracker
(TRT). Unlike the ID and the SCT, it uses a straw drift tube technology, and exploits
transition radiation emission for additional particle identification. Each module consists
of 4 millimetre diameter straw tubes filled with xenon, carbon dioxide, and oxygen
(70%, 27%, and 3%) [25] bundled together. In order to collect charge from ionisation,
a tungsten wire extends axially through the centre of each tube. In the barrel the drift
tubes run parallel with the beam axis, and in the endcaps they run radially. In total
there are 351,000 readout channels, and the resulting position resolution is weaker than
the Pixel Detector or the SCT. The TRT is only capable of performing measurements in
the R — ¢ coordinate, with a resolution of 130 ym [25].

Despite the lower resolution and the lack of sensitivity in the z coordinate, the hits
in the TRT contribute significantly to momentum resolution due to the a larger number
of measurements and an extended measured track length. There are 73 parallel planes
of straw-tubes in the barrel and 80 planes in each endcap. Furthermore, the barrel
straws are inter-weaved in a matrix of polypropylene fibres, and the endcap disks are
wedged in between polypropylene foils, creating numerous material boundaries. As
highly relativistic particles pass through the boundaries they emit transition radiation

photons; predominantly in the X-ray energy regime [26]. These photons are absorbed
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by the gas mixture inside the tubes, and yield higher signal amplitudes than the signal
of hits from minimume-ionizing particles. The energy of the transition radiation photon
is strictly proportional to the relativistic factor v = E/m of the incident particle. For a
given momentum, it is much higher for electrons than it is for pions or muons, a useful

difference that is exploited for particle identification.

3.2.2. Calorimetry

Immediately after the particles exit the inner detector, they reach a set of calorimeters
whose aim is to measure the particles’ energies by fully absorbing them. In contrast
to the Inner Detector, the calorimeters can detect both charged and neutral particles.
Neutrinos and muons, however, pass through the calorimeters unaffected as they are
minimally ionizing particles (MIPs) at the LHC energy scale. The ATLAS calorimeters
use sampling calorimeter technology. This is a design choice where layers of an active
sensing material alternate with layers of a dense absorber material. Particles crossing
the calorimeters will interact with the absorber medium and lose its energy through
interactions. The initial traversing particle eventually creates a cascade of many lower
energy particles - a particle shower. The sensitive detector medium sandwiched between
will generate a signal proportional to this shower, with readout done through ionization
or scintillation. There are two types of particle showers: electromagnetic and hadronic,
depending on the nature of the source. Electromagnetic showers are primarily initiated
by electrons or photons and develop mainly through Bremsstrahlung (¢ — <ye) and
pair production (y — e"e”), while hadronic interactions are more complex, developing
through the strong interaction between the hadrons and the absorber material’s nuclei.
They differ radically, and thus require separate detector technologies for high-precision
detection. In order to meet these needs, there are two types of calorimeters that are
hermetic along the ¢ coordinate and cover up to |17| < 4.9. As depicted in Figure 3.5,
these are the electromagnetic and the hadronic calorimeters.

The Electromagnetic Calorimeter

The electromagnetic calorimeter wraps immediately around the inner detector as illus-
trated in Figure 3.5. The material used for the active sensing medium is liquid Argon
(LAr), chosen for its high intrinsic uniformity, long-term stability of signal response,
as well as radiation hardness [28]. Lead plates are used as absorbers, chosen for its
high hadronic interaction length to radiation length ratio. The resulting electromagnetic
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calorimeter has a total thickness that covers 22 times the radiation length, which corre-
sponds to less that one hadronic interaction length, preventing hadronic showers from
forming. The liquid Argon and lead layers and arranged in an accordian-like geometry,
ensuring a full azimuthal coverage with minimal gaps in acceptance . The barrel sector
consists of three layers of varying granularity and has coverage up to || < 1.475.

The first layer has a granularity of Ay x A¢ = 0.0031 x 0.098. The high Ay resolution
acts as a powerful discriminator between showers originating from single isolated
photons and those originating from multiple photons, from decays of neutral mesons
within jets . The second layer is the thickest of the three, and it absorbs the vast majority
of the shower’s energy. It has a granularity of Ay x A¢ = 0.025 x 0.025. Lastly, a thinner,
lower-granularity final layer with Ay x A¢ = 0.05 x 0.025 is used to estimate the energy
that leaks beyond the electromagnetic calorimeter and into the hadronic calorimeter.
In order to correct for energy lost by electrons and photons when they interact with
the inner detector and magnet, a liquid Argon pre-sampler is installed upstream of the
calorimeter. The pre-sampler is one single sensitive layer of liquid Argon and covers the
range |77| < 1.8. The electromagnetic calorimeter end-caps are made up of four wheels;
an inner and outer wheel on either side of the interaction point. These are each divided
into eight wedge shaped modules and cover the range 1.375 < || < 3.2. Like the barrel
modules, the end-cap modules consist of three layers of varying granularity.



The Large Hadron Collider and the ATLAS experiment 31

The Hadronic Calorimeter

Hadrons lose energy through inelastic interactions with the detector medium, which re-
sult in the production of secondary strongly interacting particles, giving rise to hadronic
showers. The main purpose of the hadronic calorimetry system is to measure the energy
of such hadrons. Its performance is essential for precision measurements of jets as
well as reconstruction of missing energy [29]. The hadronic calorimeter incorporates
modules of varying technologies, the barrel region hosts a tile calorimeter and the

end-caps host a liquid-argon hadronic calorimeter.

The Tile Calorimeter, covering the central region of ATLAS, is further separated
into two sub-detectors. In the |1| < 1.0 region there is the hadronic tile barrel, and the
extended tile barrel resides between 0.8 < |57| < 1.7. Both regions use alternating tiles
of steel absorbers and scintillating sensing elements, arranged parallel to the beam axis.
A total of 64 modules wedge together to give full azimuthal angle coverage. In the
transverse direction there are three layers of varying granularity. The first and second
layers have resolution 0.1 x 0.1 in Ay x A¢, and the third layer a coarser resolution of
An x A¢ = 0.2.1. As an ionising particle crosses the scintillating medium, ultraviolet
scintillation light is produced. Using wavelength-shifting optical fibers, this light is
collected and converted into visible light. Next it is guided towards photomultiplier
tubes at the top of each module, where the optical signal is measured.

The hadronic end-cap calorimeter is a liquid argon sampling calorimeter, similar
to the electromagnetic counterpart. The coverage reaches the 1.5 < |¢| < 3.2 range
in the forward region, where the more radiation resistant liquid argon technology is
better suited than a tile calorimeter. The absorber in the hadronic end-cap, however,
is copper rather than lead. Each end-cap consists of two separate wheels. The inner
wheel has 8.5 millimetre liquid argon gaps wedged between 25 millimetre thick copper
plates, whereas for the outer wheel the copper is 50 millimetre thick. The granularity
is 0.1 x 0.1 in Ay x A¢ for 1.5 < |5| < 2.5, and Ay x A¢ = 0.2 x 0.2 for Ay x A¢ for
25 < |y| < 3.2.

3.2.3. The Muon Spectrometer

The outermost layer of the ATLAS detector system is the muon spectrometer, which as
the name suggests, is designed to provide efficient, high-resolution measurements of
muons’ trajectory and momenta. Energetic muons are minimum ionizing particles, and

can penetrate through the calorimeters. Installing this tracking system wrapping around
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the other sub-detectors gives muons a very distinctive detector signature, leading to
a high purity and efficiency in their reconstruction. Figure 3.6 shows the layout of
the muon system, which consists of four gaseous tracking chambers installed between
the eight coils of the barrel toroidal magnetic system, as well as before and after the
toroid magnets of the endcaps. Two of these are precision tracking chambers made for
precision momentum measurements, and the other two act as an efficient trigger system

for fast response [30].

* Monitored Drift Tubes (MDT): To provide precision coordinate measurements in
the bending plane of the the muon spectrometer, Monitored Drift Tube (MDT)
chambers are installed over the full pseudorapidity range || < 2.7. Each MDT
component consists of a 3 cm diameter pressurised aluminium drift tube filled
with 93% argon and 7% carbon dioxide gas at three bar [31]. As a muon passes
through a drift tube, ionisation electrons drift towards the centre where a wire

stretches through the longitudinal axis.

* Cathode Strip Chambers (CSC): The number of MDTs is reduced in the forward
region 2.0 < || < 2.7, where particle flux is twenty times higher than the aver-
age in the rest of the MS. Here, Cathode-Strip Chambers (CSC) aid momentum
measurement. The CSC are multi-wire proportional chambers, with the cathode
segmented into strips, and the direction of the strip is perpendicular to one of the
wires. This allows for two independent measurements of the muon: one for the
ionisation electrons that are collected at the wire, the other one from the induced

signal collected at the strips.

* Resistive Plate Chambers (RPC): Installed in the barrel region, these chambers
provides fast tracking in the # < 1.05 region. Each chamber is made up of two

gaseous volumes, Bakelite plates, and read-out electronics [30].

* Thin Gap Chambers (TGC): Installed in the endcaps, TGCs makes up the second
part of the muon trigger system. In total each endcap has seven layers of TGC.
Each layer is made up of two resistive grounded cathode planes, with a sheet of
closely spaced wires sandwiched inside [32]. A positive high voltage is applied to
the wire anode. The gap between the anode to cathode plane is thinner than the
wire to wire spacing (1.4 mm and 1.8 mm respectively), a characteristic reflected
in the name of these chambers. TGCs act as a level-1 trigger, and provide high

efficiency and excellent time resolution in a high-background environment [33].
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Figure 3.6.: A section view of the ATLAS Muon Spectrometer and its sub-components. This
figure is from Ref. [34]

3.2.4. Magnet system

The ATLAS detector incorporates a powerful magnet system that bends the trajectory
of charged particles in order to measure their momentum with high accuracy. The
momentum is deduced via the radius of curvature of the tracks seen within the detector
systems. A pictorial representation of the ATLAS magnet system is shown in Figure
3.7. It is a system comprised of four separate superconducting magnets - one barrel
toroid and two endcap toroids incorporated in the muon spectrometer, and one central
solenoid surrounding the inner detector. All four magnets are indirectly cooled, through
conducting, by circulating helium at 4.5 K in the tubes welded onto the aluminum

structure that encloses the coils [35].

The central solenoid is cylindrical in shape, and designed with minimal thickness
in order to reduce energy loss before the particles enter the calorimeter. It is a super-
conducting magnet constructed from niobium-titanium alloy. It provides a magnetic
tield of 2 T to the inner detector axially (parallel to the z—axis), deflecting charged
tracks along the ¢ coordinate. The strength of the central solenoid’s magnet field is near
constant along the radial direction, however it decreases on the axial edges due to the
finite length of the magnet.
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The air toroid system is composed of three magnets: one forming a barrel section,
and the others two end-caps. Each is composed of eight coils positioned in azimuthal
symmetry around the beam axis. The toroids bend charged particles in the muon
spectrometer. Unlike the central solenoid, however, the magnetic field strength varies.
In the barrel it is between 0.15 Tesla and 2.5 Tesla, and in the endcaps it starts at 0.2 Tesla
and reaches up to 3.5 Tesla . The toroids” generated magnetic fields are orthogonal to
that of the solenoid. This has the advantage that independent measurements of muon

momenta can be made in the inner- and outer-most regions of the detector.

Central Solenoid

/
g Barrel Toroid
- /

Endcap Toroid —

Figure 3.7.: Schematic representation of the ATLAS magnet system. This Figure is from Ref. [36].

3.2.5. Trigger system

ATLAS does not record every single collision that the LHC produces. This is partially
because most events are uninteresting low-energy processes, and partially because
the amount of bandwidth and computing resources required make it impossible to
do so. During run 2 the LHC had a bunch crossing rate of twenty five nanoseconds,
corresponding to a collision frequency of forty megahertz. That’s on the order of a few
thousand gigabytes of data per second! It is neither feasible or practical to read out and
record data at this frequency, and here the nifty trigger system comes into play. The
ATLAS triggers act like a fine sieve and select only rare, interesting events. Typically,
interesting events involve objects that have high momentum or energy in the transverse
direction. The ATLAS trigger system throughout run 2 effectively reduces the crossing
rate from forty megahertz to one kilohertz through two triggers. The first is the level-1
(L1) trigger, a hardware based trigger that uses coarse objects from the calorimeters
and the muon spectrometer, which reduces the rate to 100 kilohertz. The second is a
software based high level trigger (HLT), which makes further selection choices bringing
the final rate to one kilohertz [37].
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Level-1 trigger

The level-1 trigger consists of several subsystems. The level-1 calorimeter (L1Calo) and
level-1 muon (L1Muon) subsystems operate separately with calorimetry and muon
spectrometry information. The L1Calo trigger receives reduced resolution analogue
signals from calorimeter trigger towers. These are formed by # x ¢ = 0.1 x 0.1 regions
in the barrel and # x ¢ = 0.4 x 0.4 regions in the endcaps [Y], separately for the elec-
tromagnetic and the hadronic calorimeter [38]. In the central region |7| < 3.2, L1Calo
uses a sliding window algorithm to search for local maximum and forms regions of
interests (ROIs) around them, which are sent for further processing to the HLT. L1IMuon
looks for coincident hits in the muon spectrometer; more specifically in the resistive
plate chambers of the barrel region and and thin gap chambers in the endcaps, see
Section 3.2.3. Finally there is the level-1 topological trigger (L1Topo), which makes
use of takes trigger objects from both L1Calo and L1Muon and combines them into
topological information. For example, one can require that two leptons have small
angular separation AR < 0.1. The L1 trigger makes a binary accept or reject decision via
the the central trigger processor (CTP) which takes input from the three L1 subsystems.
The acceptance rate reaches up to 100 kHz, and the data latency is 2.5 ps.

High level trigger

Once the level-1 trigger has accepted an event, it passes the baton onto the software-
based high level trigger (HLT) for processing. The HLT uses the ROIs provided by the
L1 trigger to seed regional event reconstruction with full detector granularity, including
tracking information from the inner detector. Upon receiving an accept signal from the
L1 trigger, the front-end electronics sent data out to the readout system via readout
drivers. Reconstructing events is computationally expensive, thus the HLT is a built as
a series of numerous individual trigger chains. At each stage an event may be rejected
should it fail to meet the criteria of the chain. Rejected events are aborted, avoiding the
need to run more CPU intensive algorithms. Once the HLT decides to accept an event,
the full event data from various detectors are gathered and transferred to the tier-0
facility at CERN for preliminary analysis. The final event acceptance rate is reduced to
an average of 1.5 kHz, a much more bearable 1.5 GB per second [37]. Not all triggers
need run, or indeed can run, at their full rate. Here the trigger prescales come into
play. The prescale value determines the fraction of events an HLT algorithm is being
executed on, including when it is deactivated. This feature is both essential during
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the commissioning phase of the HLT as well as for adjusting the mixture of recorded
physics events during an LHC run [39].

3.3. Object reconstruction

The ATLAS detector’s raw readout signals must be translated into meaningfiul physics
information before delivered to analysis teams. The responsibility for this task falls upon
the offline reconstruction system, which combines information from all sub-detectors to
reconstruct and identify particles with the highest possible efficiency.

3.3.1. Tracks and vertices

Reconstruction of complex physics objects, such as electrons and muons, begins with
the construction of more basic inputs such as tracks, vertices, and calorimeter clusters.
Charged particle trajectories are called tracks, and their reconstruction is crucial for
many reasons. They are explicit inputs in the identification, reconstruction and isolation
of electrons and muons, which is the signal process for the analysis of this thesis. The
basic building block of a track is the detection of a signal above threshold, a hit, in the
inner tracking detectors. In the pixel detector and semi-conductor tracker, the hits are
tirst assembled into clusters of energy deposits that share common corners and edges,
called space points. Tracks are seeded with a triplet of space points and are extended by
matching subsequent pixel and SCT hits. This is done using a Kalman filter [40], which
searches for adjacent clusters both outwards and inwards in the radial direction while

attempting to smooth the trajectory.

When describing a track, five parameters are used: d, and z;, the transverse and
longitudinal impact parameters, ¢ and 6, the azimuthal and polar angle, and q/p
describing the charge [41]. Together these are known as the perigee parameters. The
two impact parameters are illustrated in figure 3.8. The transverse d, is the transverse
distance from the primary vertex to the point of closest approach in the 77 — ¢ plane,
while the z is the distance from the z—axis. The momentum can be deduced from the
track using the radius of curvature and the solenoid field strength. High momentum
particles have less curved trajectories than low momentum particles. The collision
vertex is the intersection of multiple particle trajectories at their origin. For vertex
finding at least two reconstructed tracks are required as input. The primary vertices are
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Track

Figure 3.8.: Drawn in blue is the particle track, with the transverse and longitudinal impact
parameters illustrated on the left and right graph respectively. The primary vertex (P.V.) is
defined to be at the origin.

points in space where proton—proton interactions have occurred [42]. Track to vertex

association is split into two stages:
* Vertex finding associates reconstructed tracks to potential vertex candidates

* Vertex fitting is the reconstruction of the vertex position, as well as an estimate on
the quality of the fit [43].

These two steps are often interlaced in the algorithms. With a set of selected tracks and
a vertex seed position, an iterative procedure is used to find the best vertex position.
After the vertex position is computed, incompatible tracks are removed and regrouped

with the non-selected tracks to be used in finding and fitting or another vertex.

3.3.2. Clustering algorithms

In the calorimeters, the signals are collected into related clusters. This is done to extract
the significant signal coming from the hard scattering process from the noise [44]. In
the calorimeters, the noise arises from two main sources: the readout electronics, and
pile-up from non-primary interactions [45]. The clustering algorithms aim to group
together the calorimeter cells, in three dimensions, in which incoming particles have
deposited their energy. The clustering allows for the computation of the sum of the
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total energy deposited. Within ATLAS, there are two clustering algorithms: the sliding-
window algorithm, and the topological algorithm. Both are summarised below and are
described in detail in reference [45].

Sliding-window algorithm

The sliding-window algorithm first divides the 7 — ¢ space into a grid. All longitudinal
cells” energies in each grid element is summed together to form rectangular prisms
called towers. Next, a fixed sized window of N,7 X Nq, towers is used to scan across the
grid in search of a local maximum above a chosen energy threshold. once found, it is
used as a seed for the final step; cluster formation. Depending on the hypothesised
particle type and the location in the calorimeter, the clusters pre-defined size in 7 — ¢
space varies [45]. Clusters are built by summing the energies of all cells within the

defined size.

In cluster formation, the sliding window algorithm can form overlapping clusters
if they share common cells. In these cases, the reconstruction algorithm (by default)
includes the overlapping cells in both clusters, thus resulting in a double count of the
energies of the shared cells. The disadvantage of this approach is that objects can be
reconstructed with a larger energy that it had initially, due to the double counting.

Topological clustering

Unlike the sliding-window algorithm, topological clustering results in clusters that
have variable cell sizes. The building of clusters starts by examining the cell signal
significance (), defined as

E

Ceell = cel (3.9)

Unoise,cell

where the numerator is the energy deposited in the cell and the denominator is the
average expected noise in the cell [44]. In building the topological clusters, three
thresholds are defined. The seed threshold (ge.q, the neighbour threshold {peighbours
and the baseline cell threshold (... Any cell whose cell significant is above the seed
threshold is labelled as a seed cell, and forms a proto-cluster. The seed cells are ranked
from high to low based on their (. value. From there, neighbouring cells that have
not been used as a seed cell are added to the proto-cluster if their energy is above

Cneighbour, and also added to the neighbour seed list. If a neighbour cell is next to two



The Large Hadron Collider and the ATLAS experiment 39

> 014_'"‘\""\"“\""\"“\""\"“"""“"_
8 "t ATLAS Simulation Preliminary ]
S 012 H—2Z* > e'ee’e E
S L fs=13Tev :
= 01— ]
_g C ; ]
% 008? GSW/HSW: 0.0231 ‘ l -
‘% 0.06 Osc/Mg 0.0220 o : : - SW —

0.04F- —~-SC ]

0.02[- -

m,, [GeV]

Figure 3.9.: Simulated 4 lepton invariant mass distributions using the super-cluster (SC) and
sliding window (SW) algorithms, in the 4e channel. This figure is from Ref. [46].

proto-clusters, then the proto-clusters are merged. If { .y is below Cpeighbour but still
above (..., then the cell is added to the nearest neighbouring proto-cluster. After the
original seed list is processed, it is discarded and the same procedure is repeated for
neighbour seed list. This is done until no cells remain unprocessed.

The advantage to the topological clustering method, as opposed to the sliding
window method, is that it allows for a more organic growth of clusters rather than
pre-defining its size and shape. The algorithm is formed so that it closely traces the
spatial signal-significance patterns generated by particle showers [46]. Furthermore,
topological clustering requires smaller energy loss corrections. It has a very efficient
energy resolution and collects more energy on average than sliding window clustering
[46]. It is more complex to implement, however, and due to the dependency on noise
levels, uncertainties from the electronics and pile-up directly affect the algorithm’s
reconstruction efficiency [45].

In reference [46], a topological clustering algorithm for electron and photon recon-
struction is presented. It is demonstrated that this algorithm improves the energy
resolution when compared to the traditional sliding window method. Figure 3.9 shows
the resolution improvements in the H — 4¢ channel, taken from reference [46]. The
topological cluster approach has a more narrow Higgs peak, and the peak is also closer
to the true Higgs mass. After performing a fit with a double Crystal Ball function, the

4e channel shows a 5% improvement in resolution.
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3.3.3. Electrons
Electron reconstruction

Following track candidate and calorimeter cluster candidate reconstruction as described
in sections 3.3.1 and 3.3.2 comes the final procedure in electron reconstruction: the
matching of a track candidate to a topo-cluster and the finalisation of the cluster size [47].
The algorithm prepares for reconstruction by first selecting the topo-custers and tracks
it will use. The tracks are then refitted using a Gaussian sum filter (GSF) method [45]
to accommodate for the energy loss due to bremsstrahlung radiation, which affects
electrons more significantly than muons due to their lighter mass. As an electron
loses its energy, its transverse momentum also decreases, and the curvature of its track
becomes more prominent. The refit improves electron reconstruction efficiencies by

correcting for this effect and improving the track parameters.

By extrapolating the track from the perigee to the second calorimeter layer and
using the track’s momentum, re-fitted tracks are matched to topological clusters. Some-
times the momentum of the track is rescaled to match the energy of the cluster, which
improves matching accuracy for electron candidates that lose a portion of their en-
ergy to bremsstrahlung radiation [49]. In order for a track to match, the requirements
|Ay| < 0.05 and —0.10 < g (Prack — Petuster) < 0.05 must be fulfilled, where g is the
charge of the track. The asymmetry of the latter requirement is due to radiated photons
which clusters are able to measure, but tracks may miss [49].

Electron identification

Electron identification is done using a likelihood method that takes calorimeter shower
shapes, tracking information, and cluster-track matching information as inputs. The
advantages of this approach, as opposed to a cut-based approach, are twofold. The
first is that a prompt electron may fail to be identified if it does not pass a singular
selection criterion for cut-based identification. In a likelihood-based method, however,
the electron may still be identified. Secondly, discriminants that are too similar to be
used in a cut-based approach (because it would result in drops in efficiency) are easily
added to the likelihood-based approach without penalty [47].

The ATLAS experiment carries out many physics analyses which require different
signal efficiencies and background rejection rates. For this reason, the likelihood-based

discriminant takes on fixed values for discrete working points [47]. These working
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points are namely loose, medium, and tight, each corresponding to increasingly strin-
gent thresholds. In Run 2, the electron candidates satisfying the tigher criteria are a
subset of those satisfying the looser criteria. The efficiencies are 93%, 88%, and 80% for
identifying a 40 GeV electron in the loose, medium, and tight working points respec-
tively. The medium and tight operating points have lower efficiencies and consequently
a factor of 2.5 and 5 times higher fake electron rejection rates, respectively.

For the ATLAS four lepton analysis of this thesis, the Loose electron identification
working point is chosen following the studies of the H — 4/ analysis [50]. In terms of
tracking criteria, this requires a minimum of two hits in the pixel detector, and seven
total hits in the pixel and SCT combined. The Loose likelihood selection originally made
to match and improve the previous ATLAS Multilepton working point, a cut-based
selection optimized for the H — 4/ analysis [51].

Electron isolation

Isolation is an important step in distinguishing prompt electrons in signal processes,
from misidentified hadrons, semi-leptonic heavy quark decays, and other such back-
ground processes. Signal processes are usually characterized as being well isolated;
there is little activity in the surrounding cells of the signal object in the calorimeter and
the inner detector alike. In order to quantify the amount of activity surrounding the
object of interest, a cone is defined around the electron’s trajectory and the signal inside
that cone (excluding the electron itself) is summed. There are two types of variables

considered for isolation, one that is calorimeter-based and one that is track-based [47].

The calorimeter isolation, EiTs ©,is the transverse energy sum of topological clusters
in a cone around the electron candidate. The value is fully corrected by subtracting the
Et of the underlying event and effects from pile-up [47,52]. The track isolation, PO, is
similarly obtained by taking the scalar pr sum of py > 1 GeV tracks that satisfy basic
quality requirements in a cone around the electron candidate. To minimise the effects
from pile-up, a requirement on the product of the longitudinal impact parameter and
the sine of the polar track angle, |z;sin 0| < 3 mm, is imposed [47]. This requirement

selects tracks whose vertex is also the relevant vertex of the process.

The various working points for track isolation are described in detail in references
[47,49]. The leptons in the relevant analysis of this thesis use the FixedCutPflowLoose
isolation working point, with EX°/Ep < 0.2 and p¥°/py < 0.15 for electrons.
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3.3.4. Muons
Muon reconstruction

Muons come in various types depending on the what subdetector information was
used in reconstruction [53]. In total there are four classes of muons: combined, segment-
tagged, calorimeter-tagged, and extrapolated. Most reconstructed muons are combined
muons, indeed, these are the purest of the four identification categories with the smallest
percentage of fakes. Combined muons have tracks reconstructed independently in the
inner detector and the muon spectrometer, and a global refitting procedure is used to
combine the tracks. Segment-tagged (ST) muons are those with a track in the inner
detector that is outwards extrapolated to at least one matched track segment in the
muon spectrometer. Segmented tracks occur to muons with lower momentum, and in
regions of the muon spectrometer with acceptance holes. Calorimeter tagged muons
refer to a muon with an identified track in both the inner detector that is matched to a
MIP-like energy cluster in the calorimeter. Of all the muon types this is the one with
the lowest purity. As it does not rely on the muon spectrometer, its role is to recover
the coverage gap around 77 = 0. Lastly, extrapolated muons (synonymously standalone
muons) are reconstructed without an inner detector track, and are based only a full
muon spectrometer track. These types are mainly used to extend the muon coverage in
the high-7 region where the inner detector has no coverage.

These four types of muons exists because muons offer an extremely clean signal
in the detector, and therefore they can afford to be further categorised. Figure 3.10
illustrates the detector profiles of each type of muon. In the high multiplicity four lepton
channel, the signal is particularly sensitive to changes in lepton acceptance. For the 4y
channel (the flavour channel with the highest resolution), the slightest improvement in

muon acceptance will cascade into a significant overall acceptance.

Muon identification

Muon identification is carried out with a cut-based approach [55]. The main back-
grounds coming from hadron decays (mostly charged pion and kaon decays) are sup-
pressed by applying quality requirements that select for prompt muons with high

efficiency that provide robust momentum measurements.

There are three identification variables used in discriminating a prompt muon from

a background muon. These are:
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Figure 3.10.: Cross-sectional view of the ATLAS detector and how muon types are identified.
The inner black lines represent the inner detector, the yellow is the calorimeter, and the outer
blue lines are the muon spectrometer. This figure is adapted from [54].
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Together these variables are sensitive in filtering out candidates from charged hadron
in-flight decays in the inner detector. These have a topological "kink" that results in
a combined track with poor fit quality, and incompatible momentum measurements
coming from the inner detector and muon spectrometer.

Various identification criteria are employed to target the diverse needs of physics
analyses. Just like electron identification, the Loose, Medium, and Tight muon identifi-
cation working points define progressively more restrictive requirements. Unlike the
electrons, however, these working points differ not in the thresholds of a likelihood.
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Rather, they differ in the type of candidate muons permitted and in the requirements

on the three variables defined above.

The Loose muon identification criteria are chosen for the ATLAS work of this thesis,
where all four types of reconstructed muons are used. The calorimeter tagged and
segment tagged muons are restricted to a smaller region of || < 0.1. This working
point is designed to maximise reconstruction efficiency all the while providing good-
quality tracks [56]. They were specifically optimised for an ATLAS Higgs analysis in
the four-lepton final state [50].

Muon isolation

Just like electrons, muons have additional isolation requirements imposed to reject
background, because muons originating from vector boson decays are often isolated
while those originating from semileptonic decays are often embedded in jets. The
activity around a muon candidate is therefore measured, in a similar manner to that of
the electrons, by summing a cone of transverse momentum and transverse energy in

the tracking detector and calorimeter respectively.

The tracking isolation is p}*™°***, defined as the scalar transverse momenta sum of
tracks with pr > 1 GeV in a cone of size AR = min <;—%, 0.3) around the muon candidate.
The contribution from the muon track itself is subtracted. The variability in cone size is
to ameliorate performance for high pt muons [56]. Likewise, the calorimeter isolation
variable, EtTOpoconezo, is the sum of the topological energy clusters in a AR = 0.2 cone
around the muon, with the energy deposit of the muon and pile-up effects subtracted.
Various definitions for the discriminant variables are used to setup different working
points. For the four lepton analysis, the FixedCutLoose working point is chosen, with
p%arcone?jo /py < 0.15 and EtTOPOCOHQZO /p% < 0.30. The details of the various muon

isolation working points can be found in reference [56].



Chapter 4.

myp: A measurement designed for

re-interpretation

4.1. Motivation for the m,, measurement

The four lepton final state is a particularly interesting channel to study as it receives
contributions from many physics processes. The predicted cross-sections for these
processes are shown as a function of the invariant four-lepton mass in Figure 4.1.
First and foremost, there is the production of a pair of Z-bosons via quark-antiquark
interactions in both the ¢- and u-channel, drawn in red in Figure 4.1. The t-channel
diagram is shown in Figure 4.2a, and represents, by far, the largest contribution to the
ZZ production and thus to the my, distribution. At low masses where my, = my, single
resonant Z — 4¢ production through QED radiative processes leads to a peak in the
spectrum via the s-channel diagram in Figure 4.2b. At m,, = 180 GeV and beyond, the
threshold for the on-shell production of two Z bosons is reached and results in a peak

in the four lepton invariant mass spectrum.

Second in magnitude is the gluon-induced production of a Z boson pair as shown in
dark blue in Figure 4.1, and the corresponding Feynman diagram is shown in Figure 4.2c.
This occurs via a triangle or box quark loop, which results in a factor oc? suppression. It
still plays a substantial role, however, because at small x’ gluon-gluon luminosity is
higher than the quark-antiquark luminosity [58]. The contribution from this process in
on the order of ten percent [59].

"Here x is the component of the proton’s momentum carried by the struck quark. At the LHC the
protons have very high energies; therefore the LHC can be described as a small x collider [57]

45
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Aside from Z boson pair contributions, there is a small contribution from decaying
Higgs bosons. The Higgs bosons are produced also via gluon fusion, as illustrated in
Figure 4.2d. There is resonant Higgs production at n1,,=125 GeV, and a non-resonant
enhancement at my, = m;, = 350 GeV from the top quark loop. Beyond 350 GeV,
the Higgs-mediated Z boson pair production process destructively interferes with
continuum production of on-shell Z bosons [60]. The Higgs contribution is illustrated
by the cyan line in Figure 4.1.

Finally there are small SM contributions from top-quark pair production in associa-
tion with a dilepton pair (orange line in Figure 4.1), from triboson processes where at
least two bosons decay leptonically (purple line in Figure 4.1), and from events where
T-leptons decay to muons or electrons.

The my, distribution can be a useful probe for certain new physics scenarios. Take
for example, the high mass tail of the invariant mass spectrum. This region is dependent
on the couplings of the Higgs to incoming and outgoing particles while independent of
the Higgs boson width [60], a unique property that can be exploited to derive model-
independent limits on the Higgs couplings, and on the contribution of new states
in the Higgs to gluon coupling [61]. It has also been previously exploited to derive

model-independent constraints on the Higgs boson width [62].

A previous iteration of the m,, by the ATLAS collaboration using 36 fb~! of data
can be found in Reference [63]. For the analysis presented in this chapter, the data
used corresponds to 139 fb ' at /5 = 13 TeV, including the 36 fb~! of the previous
iteration, collected by the ATLAS detector during Run 2 of the LHC between 2015 and
2018. Compared to the previous round, the new m,, measurement takes advantage
of the increased data statistics and focuses on improving inclusivity and acceptance
(particularly in the low mass region), and maximizing reinterpretability. Unlike the
previous iteration of the four-lepton analyses and other dedicated ZZ — 4/ analyses [64,

1, the new inclusive my, analysis does not have an upper mass cut on the lepton pairs.
In addition, the lower m,¢ limit has been simplified to be 5 GeV for all lepton pairs.
In the previous round of Reference [63], the m,, mass lower limit was at 80 GeV. With
improved statistics this is now at 20 GeV. The full set of changes in comparison to the

previous analysis can be found in the internal note [66].

This chapter presents the inclusive four-lepton measurement using 139 fb~" of data
in full, with a stronger focus on the unfolding studies on which the author contributed.

The analysis is published in Reference [67], from which certain sections are adapted.
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Figure 4.1.: Breakdown of contributing processes in the m, distribution as modelled by Monte
Carlo simulation are shown in the solid coloured lines. The total of all processes is represented

by the dotted black line.
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Figure 4.2.: Feynman diagrams for quark- and gluon-induced ZZ production. The processes

shown are the main contributors. This figure is from Ref. [67].
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4.2. Fiducial region

The motivation behind this analysis is to make a measurement as inclusive and as
model-independent as possible. Any process leading to a final state of four leptons -
made up of two same flavour opposite sign electron or muon pairs - is considered to be
part of the signal. Electrons or muons originating from fully leptonic decays of taus are
counted towards the signal. This section describes the fiducial region definition of the
analysis, summarized in Table 4.1, which follows closely the acceptance of the detector.

The signal is defined solely in terms of final state particles as opposed to targeting
a specific process. Beyond the requirement of two same flavour opposite sign lepton
pairs, the measurement is inclusive to additional particles such as additional leptons,
jets, and invisible particles. Contributions from triboson production and vector boson
production in association with top quarks are considered to be part of the signal since
they produce four or more prompt leptons. In general, it is good practice to avoid
the subtraction of so-called "irreducible backgrounds" (which invariably introduces a
theory dependence) and instead make measurements defined solely in terms of the final

state signature.

In context of this analysis, a prompt lepton simply means the lepton did not originate
from a hadron. Prompt leptons are further classified into three categories depending on
their association with emitted photons. These three categories are:

* Born leptons: leptons prior to QED Final State Radiation (FSR);
* Bare leptons: leptons after QED FSR;

* Dressed leptons: leptons after QED FSR, that then have the four momenta of
nearby radiated photons added.

All experiments make lepton measurements after QED FSR has occurred. It is for this
reason that Born leptons are not the best choice. It is more realistic to perform mea-
surements involving only final state particles, and objects constructed from final state
particles, such as dressed leptons [65]. In this analysis, a choice of dressing electrons but
leaving muons bare was made to closer mimic what is seen by the detector. This choice
is studied in detail in the internal note of the analysis [66]. The leptons are required to
satisfy pr and || requirements motivated by detector acceptance. For electrons, the pr
must be greater than 7 GeV and || < 2.47. Muons must have py >5 GeV and || < 2.7.

Events must contain a minimum of four leptons formed of two same-flavour,

opposite-sign electron or muon pairs. Additional requirements are set on the transverse
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Electrons Dressed, pr >7 GeV, || < 2.47
Muons Bare, pr > 5 GeV, |y] < 2.7

Four-lepton signature Minimum four leptons

Two same-flavour, opposite-sign electron or muon pairs
Lepton kinematics Leading lepton pp > 20 GeV

Sub-leading lepton pr > 10 GeV

Lepton separation AR > 0.05 between all leptons
J/p-Veto myy > 5 GeV for all SFOS pairs
pr(AR =0.3)

Truth isolation < 0.16

pr(lepton)

Quadruplet selection  The two SFOS pairs closest to m, are assigned as
the primary and secondary pair

Table 4.1.: Fiducial region definition at truth level.

momentum of the leading and sub-leading lepton to be higher than 20 GeV and 10 GeV
respectively. A lepton angular separation requirement of AR > 0.05 is applied to all
leptons. A cut on the invariant mass of all SFOS lepton pairs is made at 5 GeV. The

motivation behind these cuts and described in Section 4.4.

Finally, an emulation of the reconstruction-level isolation criteria is included in the
fiducial region definition. Although the particle-level application is a simplification, it
nevertheless returns a result that is closer to what is actually measured. The particle-
level truth isolation criteria requires the sum of the transverse momentum of all charged
particles inside a AR = 0.3 cone of the lepton, divided by transverse momentum of the
lepton itself, to be less than 0.16. If any other selected leptons are within the cone, their

momenta is not included.

4.3. Measured observables

The star observable of the analysis is none other than the four lepton invariant mass, 1,,.
It has been measured previously by both the ATLAS and the CMS experiment [63,69,70].
As with the previous round of the analysis, the my, distribution is also measured

double-differentially, in slices of the transverse momentum of the four lepton system,
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the absolute rapidity of the four lepton system, and the flavour channel of the four
lepton system. These double-differential distributions provide a greater sensitivity
to the gg — 7 AN production rate. The py4, observables provide insight into the
potential presence of anomalous triple gauge couplings, while the contribution by the
off-shell s-channel Higgs boson mediated production channel can be probed with the
my—y4, distribution. The double differential with respect to lepton flavour channel

allows for lepton universality cross-checks [63].

New to this round of the analysis is the division of the four lepton invariant mass
spectrum into four separate regions, each dominated by a different process. From
60 GeV-100 GeV resonant single Z production reigns, similarly the 120 GeV-130 GeV
region is dominated by Higgs production, and the high mass region from 180 GeV—
2000 GeV by on-shell ZZ production. Lastly filling the gaps between 20 GeV-60 GeV,
100 GeV-120 GeV, and 130 GeV-180 GeV is the off-shell ZZ region. This is summarized
in Table 4.2. A number of observables are measured within these mass slices, largely
motivated by the ATLAS 13 TeV ZZ — 4¢ measurement [65]. Some of them are
particularly motivated: the azimuthal-angle separation and rapidity difference between
the Z boson candidates probe their angular correlations and may help extract the
contribution of double-parton-scattering Z Z production [65]. The azimuthal-angle
separation is also sensitive to radiation of partons and photons produced in association
with the Z Z pair [65].

All the measured distributions are listed below. First are the single differential 14,

distribution and the distributions measured as a function of my,:
* Single-differential my,
* myy in slices of the four-lepton quadruplet transverse momentum, pr 4/
* my, in slices of the absolute rapidity of the quadruplet y,,
* myy in the decay channels 4¢, 4, and 2e2p.
The following variables are measured double differentially in the four m,, regions:

* Cosine of angle 6, where 0" is the angle between the negative lepton in the di-
lepton rest frame (leading pair) and the di-lepton pair in the lab frame (sub-leading
pair). This angle is sensitive to the polarization of the decaying boson. This is
measured for the primary and secondary lepton pair, cos 67, and cos 63,

* The difference in rapidity between the lepton pairs \Aypairsl
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Region myinterval(s)
Z — 4/ 60 GeV < my,< 100 GeV
H—4/¢ 120 GeV < myy< 130 GeV

on-shell ZZ 180 GeV < my,< 2000 GeV
off-shell ZZ 20 GeV < my,< 60 GeV, 100 GeV < my,< 120 GeV,
and 130 GeV < my,< 180 GeV

Table 4.2.: The four my, regions dominated by the single Z, Higgs, on-shell ZZ and off-shell ZZ
processes.

* The difference in azimuthal angle between the lepton pairs, and between leading
leptons, | A(Ppairs |I | A‘PM |

* The invariant mass of the lepton pairs m, and 3,

* The transverse momentum of the lepton pairs py1, and prs4

4.4. Event reconstruction and selection

A critical aspect of any analysis is its event selection. The dominant backgrounds are
shaped by the selection choices, and signal sensitivity are enhanced with optimized cuts.
The objective of the selection in this analysis is to efficiently identify the four lepton
final states while keeping the background at a minimum. This is achieved through a
combination of online trigger (described in detail in Section 3.2.5) and offline event
selection cuts. As with all ATLAS analysis, basic requirements on the event cleaning
are imposed. Only data recorded with stable beam conditions and with all relevant

information from sub-detectors present are considered.

The requirements on event selection are outlined in Tables 4.4 and 4.5. The cuts are
largely based on the fiducial region definition of Table 4.1 combined with the limited
acceptance and efficiency of ATLAS's object reconstruction. This ensures that there is

little to no extrapolation into unmeasured regions on phase space when unfolding.

First there is the selection of baseline electrons and muons. For both the Loose
identification working point is used. For electrons there is a minimum requirement
of pr >7 GeV and || > 2.7. For muons it is p;y >5GeV and || > 2.47, and if the
muon is a calorimeter-tagged muon there is a more stringent py >15 GeV requirement
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to account for their lower purity. The vertex association requirement ensures that the
leptons are associated to the primary vertex in the event. Lastly a lepton-favoured
overlap removal is applied to ensure that objects are reconstructed with some distance
in between. In the event where a lepton and a jet overlap, priority is given to the lepton.

The events that pass these criteria (listed in Table 4.4) are classified as baseline leptons.

Additional lepton kinematic requirements are imposed on the leptons after overlap
removal. The leading and sub-leading lepton must have a transverse momentum higher
than 20 GeV and 10 GeV respectively in order to maintain a high trigger 449 efficiency
and minimize the reducible background in the low mass region. The minimum separa-
tion between leptons is set at AR = 0.05 in order to suppress contributions from fake
leptons. A ]/ mass cut at 5 GeV is imposed on all same-flavour-opposite-sign lepton
pairs, and also due to generator-level cuts in the MC samples used. The Y contribution is
very small, and no mass cut is imposed to suppress it. It is instead subtracted alongside
the reducible background from the SM predictions prior to unfolding.

Next, a quadruplet is formed from the baseline leptons containing two same-flavour,
opposite-sign (SFOS) lepton pairs. The lepton pair with an invariant mass closest to the
Z mass is the primary pair. Of the remaining leptons, the SFOS pair with an invariant
mass closest to the Z mass is designated as the secondary pair. These are synonymously
referred to as the leading and sub-leading lepton pair, respectively. The baseline leptons
chosen to form the quadruplet undergo a final set of selection cuts outlined in Table 4.5.
An isolation requirement is imposed to ensure robustness against pile-up. Contributions
from other baseline leptons in the vicinity are subtracted from the isolation variables
to ensure that the analysis remains sensitive to highly collimated leptons. Background
from cosmic-ray muons is suppressed by requiring that a muon’s transverse impact
parameter |dy| < 1 mm. Each lepton’s impact parameter must satisfy a requirement on

its significance with respect to the beam line,

where d) is the transverse impact parameter and o, is the associated uncertainty. Sy
must be smaller than three for muons, and five for electrons. Finally, electrons are
subjected to an additional identification criterion requiring a hit in the innermost pixel

layer. LooseBLayer is a variation of the Loose working point [67].

Like so, the signal region used in the measurement is defined as the subset of events
where all four baseline leptons pass all the signal lepton cuts. Those with baseline
lepton(s) that fail the additional cuts of Table 4.5 are not included in the measurement.
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Category Requirement
Event Preselection Fire at least one lepton
trigger

>1 vertex with 2 or more tracks
Four-lepton signature At least 4 leptons (e, )
Lepton kinematics pr > 20/10 GeV for leading two leptons
Lepton separation AR;; > 0.05 for any two leptons
J/y-Veto m;; > 5 GeV for all SFOS pairs
Trigger matching Baseline leptons matched to at least one lepton trigger
Quadruplet At least one quadruplet with 2 Same-Flavour,
formation Opposite-Sign (SFOS) pairs
Quadruplet 4 signal, 0 non-signal: signal region
categorisation < 3 signal, > 1 non-signal: background control region

Table 4.3.: Definition of the reconstruction-level event selection. This table is from Reference [66].

Category Requirement
Kinematics Muons : pt > 5 GeV
If CaloTag: >15 GeV
| <27
Electrons: pr > 7 GeV
7| < 2.47
Vertex association Both : |zgsinf| <0.5 mm
Identification: Muons: Loose ID
Electrons: LooseLH ID
Overlap removal: Lepton-favoured
Additional kinematics Leading lepton pr > 20 GeV

Sub-leading lepton pt > 10 GeV

Table 4.4.: Definition of the baseline lepton event selection. This Table is from Reference [66]



54 myp: A measurement designed for re-interpretation

Input objects Baseline electrons and muons that are part of the quadruplet

Isolation FixedCutPflowLoose working point
Contribution from all other baseline leptons is subtracted

Cosmic muon veto Muons: |dy| <1 mm

Impact Parameter Muons: dy /0y <3

Electrons: dy/ 0, <5
Stricter Electron ID Electrons: LooseBLayerLH ID

Table 4.5.: Definition of the signal lepton selection criteria applied to data. This table is from
Reference [66].

4.5. Predictions from Monte Carlo Event Generators

4.5.1. Overview of Monte Carlo Event Generators

Monte Carlo Event Generators (MCEG) play an important role in high energy physics.
Generators such as Herwig [71], PYTHIAS [72] and SHERPA [73] amongst others are
essential in data analysis. Together with programs that simulate the detector effects,
they are used to estimate the signal and background distributions of various processes.
This section gives a brief review of how MCEGs simulate proton-proton collisions,
drawing from References [9,74,75], to which the readers may refer to for for an in-depth

review.

Protons are composite particles. In order to model how they collide on an event-
by-event basis at the LHC, one must model how the partons (valence quarks, sea
quarks, and gluons) behave. To achieve this complex goal, the event must be broken up
into several phases, each produced via different techniques and occupying a unique
region in phase space. QCD is weakly interacting at short distances. Therefore the
components of the MCEG dealing with short-distance physics are based on perturbation
theory [76]. At larger distances, all soft hadronic phenomena such as hadronization and
the formation of the underlying event in hadron collisions cannot be computed from
first principles [76]. Instead, one must rely upon other models. This is the general idea
behind the factorization theorem [77]. Schematically, a hadron-hadron cross section can

be written as

o = X [ dxidaf, ey 1) £ (o 1) 6501, 00, @ i ). (42)
Ll
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An important concept of the factorization theorem is the Parton Distribution Func-
tion (PDF). Written as f;(x, y%), this corresponds to the probability to find a parton of
flavour i in the proton as a function of the fraction x of the proton’s momentum carried
by the parton and y% the energy scale of the hard interaction. yp is often referred to as
the factorization scale. Since QCD does not predict the parton content of the proton, the
dependence of the PDFs on energy scale and momentum fraction are determined by a

fit to data from experimental observables in various processes [75].

The event simulation starts at the heart of the collision: the hard scatter. In Figure 4.3,
this is the central blob in red. The hard scatter is the one with the largest transfer
of energy between the two colliding partons. This is relatively straight-forward to
simulate to some fixed order via the matrix element prescription. Nowadays for matrix
element calculators, it is standard for most processes to calculate up to Next-to-Leading-
Order (NLO), so as to include loop radiative correction. While including higher-order

corrections reduces theory uncertainty [79], it is computationally expensive.

Another important aspect of event generation is the parton shower, which connects
the matrix element to the produced and observed hadrons. These are the squiggly
branch structures illustrated in Figure 4.3. The parton shower describes what happens
to the incoming and outgoing parton of the hard collision [74]. Since partons are
coloured, they behave in a Bremsstrahlung-like fashion and radiate gluons as they move
through a collision. Recall from Section 2.1 that gluons can also self interact and emit
another gluon, leading to an extended shower of partons that is made up of mostly soft
gluons [74]. The parton shower develops with decreasing values of a parameter that is
a measure of the hardness of interactions [80]. It is an evolution in momentum transfer
scale that starts from the hard process and works to lower momentum until a point is

reached where perturbation theory breaks down [74].

As the parton shower branches, the QCD force grows until confinement takes over
and results in the partons grouping together into colour-singlet hadrons, illustrated
in bright green in Figure 4.3. This process is described using hadronization models.
The hadrons simulated may not be stable, meaning that they decay inside the detector
volume. The decays are modelled inside the simulations using information about
hadron lifetime, branching ratios and hadron decay width [81]. Of course, aside from the
hard collision there are lots of secondary interactions between the proton remnants [74].
This is referred to as the underlying event, sketched in purple in Figure 4.3. It produces
soft hadrons everywhere in the event, which overlie and contaminate the hard process

that was already simulated [74].
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The MCEGs used to simulate four-lepton events for this analysis, along with key
parameters such as PDF set and NLO corrections, are summarized in the next section.
The MC samples are used in the design and optimization of the analysis, in evaluating
the uncertainties, and in correcting the data from detector inefficiency and resolution
effects.

Figure 4.3.: This is a diagram of a simulated proton-proton collision. The hard collision is shown
in the centre in red. In purple is the secondary hard scattering event. The parton shower is
drawn in blue. Hadronisation is sketched in light green, and the subsequent hadron decays and
final state particles are shown in dark green. Finally, the electromagnetic radiation is presented
in yellow. This figure is from Reference [75].

Validation of V+jets production in Herwig7 with NLO multi-jet merging

As part of the ATLAS author qualification task, multi-leg merging at next-to leading
order accuracy using the Matchbox framework [52] in Herwig?7 was explored, with a
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focus on the vector boson plus jets process. Further details of the task and progression
can be found on JIRA (AGENE-1453), and in the technical report of Reference [3].

4.5.2. Monte Carlo samples

This section provides a description of the event samples that are used for this analysis in
the standard description of the ATLAS collaboration. These state-of-the-art predictions
used to model the signal processes at detector-level and particle-level for this analysis,
and to construct the response matrices that correct the data for detector effects.

4.5.3. qq — 4¢

The dominant g4 — 4/ process is simulated using the SHERPA2.2.2 event generator [53]
with the NNPDF3.0nnlo set of PDFs [84]. The matrix elements are calculated at next-
to-leading order accuracy for final states with zero and one jet, and at leading order
accuracy for two- and three-jet final states. The different parton multiplicities are merged
together and matched to the SHERPA parton shower model based on the Catani-Seymour
dipole factorization [85] using the MEPS@NLO prescription [86-88]. A dedicated set
of tuned parton-shower parameters developed by the SHERPA authors are used. An
alternate sample of the g7 — 4¢ process is generated using POWHEGBOX v2 [89-91]. The
sample is generated at NLO accuracy and interfaced to PYTHIAS8 8.186 for the simulation
of the parton shower, hadronization, and underlying event. The tuning parameters are
set according to the AZNLO tune [92]. The sample is corrected to higher order effects
using a k-factor obtained with MATRIX NNLO QCD prediction [93-96]. The k-factor is
defined as the ratio of the NNLO cross-section to the NLO cross-section and applied as a
function of my,. Virtual electroweak NLO effects are accounted for by reweighting both
samples with a mass-dependent k-factor. The high-order real electroweak contribution
of ZZ plus two jets is modelled separately in a SHERPA 2.2.2 sample.

454. gg— 4L

The gluon-gluon initiated gg — 4¢ process is modelled by SHERPA 2.2.2 at leading order
QCD for up to one additional parton emission. The SHERPA parton shower model based
on the Catani-Seymour dipole factorisation is used. Also included in this sample is
the s-channel Higgs signal g¢ < —H (*)> — 7" 7™ _s 47 and its interference with the
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SM box diagram, which has a sizeable contribution above 130 GeV. For particle-level
masses below 130 GeV the sample includes on the gg¢ — 4¢ box diagram because the
role of interference is negligible. An NLO QCD K-factor is derived using the ratio of
the SHERPA sample to an MCFM NLO sample [97]. This is applied as a mass-dependent
weight. An additional constant K-factor of 1.2 is applied to account for NNLO effects
on the off-shell Higgs production cross-section [98,99]. The sample has a generator cut
of my, > 10 GeV for same-flavour, opposite-charge lepton pairs. The contribution is
below this cut is accounted for through the reweighting to MCFM prediction. Scale and
PDF uncertainties are derived in the same way as for the SHERPA g7 — 4¢ sample.

4.5.5. On-shell Higgs

The resonant Higgs-boson production is an important process and is generated inde-
pendently using the most precise description available. The SM Higgs can be produced
via gluon-gluon fusion, vector-boson fusion (VBF), Higgstrahlung (VH), and in as-
sociation with a top quark pair (f#fH). The PDFALHC15nnlo and PDF4LHC15nlo PDF
set [100] are used, alongside AZNLO tune for all on-shell Higgs samples. The dominant
gluon—gluon fusion production channel is simulated using the POWHEG NNLOPS
program [59,101-104] at NNLO accuracy in QCD, and matched to PYTHIAS8 [105] for the
simulation of the parton shower and non-perturbative effects. The sample is normalized
to N°LO in QCD cross-sections, which has been calculated for the gluon-fusion process,
and corrected for NLO electroweak effects [99, 106—115]. POWHEG [89,103,104,116] is
interfaced to PYTHIAS for the vector-boson fusion process, the WH and ZH produc-
tion process, and the small contribution from associated productions with a tf pair.
All are estimated with matrix elements up to NLO in QCD. For VBF, the prediction
is reweighted to an approximate-NNLO QCD cross-section with NLO electroweak
corrections [117-119]. For VH, the prediction is normalized to an NNLO QCD cross-
section calculation with electroweak NLO corrections [120-124]. The uncertainties for
the on-shell Higgs samples are identical of that of a previous Higgs analysis, the largest
of which are from the QCD scale and PDF uncertainties. A detailed description can be
found in Reference [125].

4.5.6. VVV and £tV (V)

A smaller contribution to the four-lepton final state originates from triboson processes,

and vector-boson production in association of top-quark pairs. These are referred to



mye: A measurement designed for re-interpretation 59

as VVV (for WWZ,WZZ and ZZZ) and ttV (V) (for t{Z and ttWW) respectively. The
tribon processes are modelled with SHERPA 2.2.2 at NLO accuracy in QCD, with a
Catani-Seymour dipole factorization based parton shower provided by SHERPA. Two
samples are provided for the t#V (V) contribution. The first is simulated with SHERPA
2.2.0 at LO accuracy up to final states with one additional jet. This sample is used to
construct the response matrix used to correct the data for detector effects. The second
prediction is produced with the MADGRAPH5_aMC@NLO 2.3.3 [126] generator at NLO
accuracy interfaced to PYTHIA88.210 [105]. This particle-level predictions of this sample
is used to compared against the data for the interpretations of Section 4.11. A flat
uncertainty of £15% to account for the differences between the two samples is is

assigned.

4.5.7. Corrections

All MC events are processed through GEANT4 [127] to simulate the expected response
of the ATLAS detector. Next, the samples are passed through the same object recon-
struction and identification algorithms as the data and the analysis selection is applied.
Pile-up is simulated with PYTHIAS8 8.186 as inclusive inelastic pp collisions. The events
are then reweighted to reproduce the distribution of the mean number of interactions per
brunch crossing (33.7 on average for the whole dataset). Lastly, events are reweighted
to account for the differences of the lepton reconstruction, identification, isolation, and
vertex-matching efficiencies between data and simulation.

4.6. Background estimation

4.6.1. Defining leptons

The four lepton channel is quite the golden channel, as it has a very clean signature
with minimal background. The dominant background in this analysis is when one or
more of the reconstructed leptons in the quadruplet are not real leptons; rather they
are misidentified objects in the detector mimicking the same signature [128]. These
"leptons" are non-prompt, and can be referred to as a fake lepton, whereas a lepton
produced from the hard scatter is a prompt, real lepton. One source of fake leptons is
from hadron decays. In the case of the electron, photon conversion and hadronic jets

misidentified due to their large and narrow deposit in the electromagnetic calorimeter
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can also play a role. In this analysis, around three-quarters of the fakes originate from
-hadron decays in Z+jets and tt events.

The size and behaviour of the fake lepton background - also referred to as the
reducible background - is usually estimated using data-driven methods because they
are not well modelled by simulation [128]. One such method is the Fake Factor method.
This method depends on two sets of lepton criteria: a tight criteria that selects leptons
which make it into the signal region, and a loose criteria that is similar but less restrictive.
The leptons selected by the latter are referred to as baseline leptons, and the baseline
leptons that additionally pass the tight criteria are the signal leptons. The rest of this
section will also touch on baseline-not-signal leptons; these are leptons that pass the
"baseline"” loose selection, but do not make the "signal" tight selection.

4.6.2. Fake Factor method

The Fake Factor method relies on the calculation of a fake efficiency, f, which is the
fraction of fake baseline leptons pass the tight selection criteria and become signal
leptons. Because fake leptons not well modelled in simulation, the fake efficiency is
calculated in data, in an alternative region of phase space that is enriched with fake
leptons.

Using the Fake Factor F, the number of baseline leptons, and the number of real
baseline leptons, the number of fake signal leptons can be calculated as

Nsignal —F ( Nbaseline . baseline). 4.3)

fake real

Note that the FF method assumes good modelling in the real component of the sim-
ulation since N2%¢ js taken from MC. The method is described in detail in Refer-

ence [129].

Smoothing on the raw output of the reducible background estimate is performed.
The raw output, due to low statistics in certain bins, have pronounced, jagged features
that resemble resonances. Of course, resonant peaks should not exist. The smoothing
procedure is therefore used to obtain a more even shape, minimizing the impact of any
outlier bins that had a large Fake Factor weight. In order to smooth the distribution,
an intermediate, finer binning is assigned to each observable and the background
estimate is run. The fine-binned intermediate background distribution is smoothed
with Friedman’s super smoother [130]. Lastly, the final background estimate is obtained

by integrating over the smoothed distribution using the coarser, original binning.



mye: A measurement designed for re-interpretation 61

4.6.3. Fake background uncertainties

In the fake-factor background estimate, there are five sources of uncertainty considered:

1. Dominant in the low- and high-mass tails where m4,< 150 GeV and my,> 350 GeV
is the statistical uncertainty of the number of events with in the control region.
This is propagated through the measurement via the bootstrap method [131].

2. The dominant uncertainty in the mid-range region 150 < my,< 350 GeV are the
theory uncertainties associated with the subtraction of prompt-leptons in the

control region. These come primarily from QCD scale variations in WZ events.

3. A smaller contribution comes from the uncertainties in the Monte-Carlo predic-
tions. This covers the modelling of prompt baseline-not-signal leptons, which get

subtracted from the background estimation.

4. Fourth is the statistical uncertainty in the control region data used for the calcula-
tion of the fake factor. This contribution is subdominant.

5. Lastly there is a very small uncertainty from the arbitrary choice of number of
intermediate bins used in the background smoothing procedure. It is accounted
for by comparing the nominal prediction using 500 bins with alternate predictions
using 250 or 1000 bins.

4.7. Detector-level results

In this section the detector-level selected events are presented and compared to the SM
predictions for the single Z, Higgs, on-shell ZZ and off-shell ZZ mass regions, and for
the inclusive my, distribution. The reducible background described in Section 4.6 is also
included.

The number of selected events in the four my, regions over the full fiducial phase
space is presented in Table 4.6, along with the predicted number of events, and the
predicted background contribution from non-prompt leptons. For the g7 — 4/ process
the SHERPA simulation is used. The combined uncertainties (systematic and statistical)
are also quoted. The uncertainty in the total prediction takes into account correlations
between processes, and therefore contributions in a given column do not trivially add
up in quadrature to give the total. Uncertainties in the predictions arise from the sources

discussed in Sections 4.6 and 4.9.
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Region
Full Z =4 H— 4/ Off-shell ZZ On-shell ZZ

qq — 44 6100 +500 1490 +120 128 +£10 800 + 60 3640 + 280
gg— 4l 680 +90 10.8+2.9 39+0.7 49+6 620 + 80
H— 4/ 245+ 20 2.16 £0.18 207 +17 33.54+3.1 1.98 +£0.20
vvv 35+4 0.0184+0.005 0.127+0.018 2.05+022 329+34
ttV (V) 123+ 19 1.37+0.22 1.240.2 155+2.4 105+ 16
Background  330+£50 44438 26 +5 129 £ 19 139 + 30
Total Pred. 7500 +£500 1540+ 110 367 +19 1030 + 60 4530 + 290
Data 7755 1452 379 1095 4828

Table 4.6.: Predicted reconstruction-level yields per process and in total, compared with ob-
served data counts, over the full fiducial phase space and in the following regions of m,,: Z — 4¢
(60 < my, < 100 GeV), H— 40 (120 < my, < 130 GeV), off-shell ZZ (20 < my4, < 60 GeV or
100 < my, < 120 GeV or 130 < my, < 180 GeV) and on-shell ZZ (180 < my,, < 2000 GeV). The
background row is events with non-prompt leptons, including those from Z + Y events. The
H — 4¢ row includes only the on-shell Higgs boson contribution, with off-shell contributions
included in gg — 4/. This table is from Reference [66].

Figure 4.4 shows the inclusive my, distribution at the detector level. The data are
plotted in black along with the uncertainties. The SM prediction is separated into
the individual dominant processes described in Section 4.1 and plotted as stacked
histograms. Overall the data are in good agreement with the predictions, with some
minor fluctuations in the high mass bins due to low statistics. The detector-level plots
for the rest of the observables are not shown in the scope of this thesis, but are published

in Reference [67].

4.8. Correcting for detector effects

When an observable is measured by a particle physics experiment, it is important to
note that the measured distribution, (i.e. what the particle detector sees) is not what
truly occurs at the particle-level. Rather, it is a convolution of the underlying physics
process with the effects of the detector. The ATLAS detector, although an astonishing
feat of technology; is still subject to resolution, acceptance, and efficiency limitations.
The data at the detector level is smeared and includes the effects of these limitations.
For an inclusive measurement such as the four-lepton invariant mass distribution, it is
often desirable to correct for these detector effects and present the data at the particle-
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x axis logarithmic for m, > 225 GeV
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Figure 4.4.: Observed reconstruction-level my, distribution compared with the SM prediction,
using SHERPA for the g4 — 4/ simulation. The statistical uncertainty of the data is displayed as
error bars and systematic uncertainties in the prediction are shown as a grey hashed band. The
ratio of the data to the prediction is shown in the lower panel. The x-axis is on a linear scale
until my, = 225 GeV, where it switches to a logarithmic scale, as indicated by the double dashes
on the axis. There is one additional data event reconstructed with m,, = 2.14 TeV, while 0.4
events are expected from simulation for m,, > 2 TeV. This figure is from Ref. [67].

level. In high energy physics, the term coined for this correction procedure is unfolding.
Unfolding measurements and presenting them at the particle level has many advantages.
In doing so, the measurement may be directly compared to theoretical predictions, as
well as particle-level results from other experiments, in the years to come. Furthermore,
they can be rapidly compared to newly available BSM simulations in re-interpretation

studies. The concept of re-interpretation is further explored in Chapter 5.

4.8.1. Unfolding methodology

Unfolding in particle physics can be more generally referred to as a deconvolution. The
generic problem statement of deconvolution is to derive a relationship between the
true distribution T(x) and the recorded distribution D(y). The two are related by a

smearing function R(x, y), which encompasses the instrumentation effects in making
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the measurement.

T(x) = [ S(x,y)D()dy @

Due to the discretised nature of histograms, the unfolding problem can be stated as a

matrix equation:
X; = SijY (4.5)
where S represents the a smearing matrix of sorts, x; is the true histogram at particle-

level, and y; is the reconstructed histogram at detector-level.

For the four-lepton invariant mass analysis, an iterative unfolding method motivated
by Bayesian statistics, popularised by Giulio D"Agostini [130], is chosen. The method
iteratively applies the three inputs described above to the measured distributions while
using the particle-level SM prediction as a prior.

An iterative Bayesian approach to unfolding

Let there be a set of causes C;, that can produce one effect E.

_ P(EIC)-P(C)
PIGIE) = & = B(E|C) - P(CY) (46)

e P(G;|E): given the effect, the conditional probability that it was produced from the

i-th cause.
e P(E|C;): for the i-th cause, the conditional probability that the effect is produced.

e P(C;) is the initial probability of the i-th cause.

If there are multiple possible effects for the causes, then the formula can be generalized
to be:
P(E;|C;) - P(C;)

PGB = £ L R(EIG) PG 47

The number of expected events for each cause C; can be obtained by multiplying the

number of observations made for effect j with the probability it had been due to cause i,
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and summing over all effects:

N(C;) = }_N(E;)- P(G]E)). (4.8)
j

Here a parallel can be drawn back to equation 4.5, where N(C) = N(C;), N(C,), ..., N(C,,)
represents the number of events in the 1 bins of the true histogram x;, and P(C|E;)
corresponds to R. Combining these equations, the procedure for estimating the true

histogram can be written as:

n Ry P(x;)

Xi = 7 Y-
]g Yi—1 Ryj- P(x;) ™

(4.9)

Here the matrix defined as R;; is the called the response matrix. The denominator in the
equation is a normalization factor using the y-projection of the matrix. P(x;) is the prior,
which is updated in each iteration with the unfolded true distribution x;, also known as

the posterior.

4.8.2. Unfolding inputs

Below is a summary of the terminology commonly used inputs in the unfolding pro-
cedure. These inputs are generated using the Monte Carlo simulations described in
Section 4.5.2.

* Fiducial fraction f;: this is a one-dimensional correction that accounts for events
which do not enter into the fiducial region, but pass the detector-level selection
nonetheless. These occur due to the finite resolution in the measurement the
variables used to select events. The fiducial fraction is defined as the ratio of events
that pass both fiducial and detector-level selection to events that pass detector-level

selection only.

* Reconstruction efficiency e;: this accounts for the acceptance and efficiency of the
detector in reconstructing an event. Of all the events that pass the fiducial selec-
tion, only a fraction will be successfully reconstructed and visible to the detector.
Formally the reconstruction efficiency is also a one-dimensional correction; defined
as the ratio of events which pass both the fiducial and detector-level selection to

events that pass fiducial-level selection only.

* Migration matrix M;;: each bin in the histogram of the measured observable

represents a sub-range of observable values. Sometimes the detector may smear
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the observable’s value high or low enough such that it gets filled to different bins in
particle-level and detector-level. These are referred to as bin-to-bin migrations, and
is corrected for by the migration matrix. This is constructed as a two-dimensional
matrix using events which pass both fiducial and detector-level selection, with
the value at particle-level on one axis and the value at detector-level on the other.
The matrix, Ml-]-,
at particle-level will fall into bin j when reconstructed at the detector-level. The

represents the probability that an event which falls into bin i

diagonal elements of the migration matrix is defined as the unfolding stability; the
fraction of events in a particle-level bin which are reconstructed in same bin at

detector level.

* Fiducial purity: similar to the unfolding stability, but not the same. The fiducial pu-
rity accounts for the probability that an event in the detector-level bin i originated

from the same particle-level bin i.

The construction of the response matrix R;; is done using the above inputs. It is
defined as:

The unfolding software used for this analysis (VIPUnfolding) takes the migration matrix,
reconstruction efficiency, and fiducial fraction as inputs, and constructs the response

matrix within the software.

Figure 4.5 shows the unfolding inputs for the inclusive my, distribution. In the left
panel there are the detector-level and particle-level yields, and in the right panel the
fiducial fraction, reconstruction efficiency, and fiducial purity are plotted. The inputs
here include the application of the pre-unfolding weight (see Section 4.8.4). The event
count on the y—axis shows events per bin and serves as a visual check to ensure all bins
have fourteen or more events. The fiducial purity in yellow, likewise, should always be
above 0.6. The purity tends to be lower in the middle mass range and around the Z and
Higgs peaks due to narrow bin widths. The fiducial fraction in blue is above 85% in all
bins, levelling out to 95% for m,, > 200 GeV. The efficiency in red is lowest below 80%
for the first two mass bins, due to the higher inefficiency when reconstruction low mass

electrons and muons.

The residual efficiency correction taking into account the pre-unfolding weights and
the fiducial fraction for the full fiducial phase-space as well as for each of the four my,
slices are shown in Table 4.7. In order to illustrate the effect of the pre-unfolding and to
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show what the size of corrections would be if pre-unfolding were not applied, Tabe 4.8

shows the efficiency corrections and fiducial fractions before pre-unfolding.

Region Eff. correction  Fid. fraction
Full fid. phase-space | 0.879 £0.021  0.9521 + 0.0033

Z — 4( region 0.79£0.04 0.914 £ 0.009

H — 4/ region 0.898 £0.028 0.937 £0.005
Off-shell region 0.842 £0.028 0.919 £ 0.006
On-shell region 0.9304+0.012  0.9754 +0.0017

Table 4.7.: Efficiency correction taking into account the pre-unfolding weights and fiducial
fraction for the full fiducial phase space and the m,, slices. The quoted uncertainties take into
account the full set of systematics discussed in Section 4.9

Region Eff. correction Fid. fraction

Z — 4l region | 0.425+0.019  0.930 4 0.009
H — 4/ region | 0.534+0.017 0.948 £0.005
Off-shell region | 0.498 £0.017  0.934 +0.006
On-shell region | 0.677 £0.009  0.978 +0.002

Table 4.8.: Efficiency correction and fiducial fraction for the full fiducial phase space and the 114,
slices, without the pre-unfolding weights applied. The quoted uncertainties take into account
the full set of systematics discussed in Section 4.9

Figure 4.6 shows the migration matrix for the inclusive m,, distribution. The x—axis
has the detector-level bins, the y—axis has the particle-level bins, and the matrix is
normalized to the y—axis. The numbers in each square is the percentage probability
that an event in particle-level bin i ends up in detector bin j. The migration matrix
of Figure 4.6 is very diagonal. This is a desirable trait in unfolding, as it means the
distribution has relatively low amounts of bin-to-bin migrations. Most of the bin
migrations are contained within the two neighbouring bins on either of the bin edge.
Similarly in Figure A.13 there is the migration matrix of the four mass regions dominated
by single Z, Higgs, off-shell ZZ, and on-shell ZZ, in that order. Here the migrations
are highest for the off-shell mass slice. This is an expected effect since the off-shell slice
consists of three discontinuous mass regions that neighbour all of the three other mass
slices.
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The remaining plots of the unfolding inputs and migration matrices for all other
observables are available in Appendix A.
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Figure 4.5.: In the left-hand panel, the number of predicted events passing the reconstruction-
and fiducial- level selections are displayed as the detector yield and particle yield, respectively.
They are given as a function of inclusive my, bins. The right-hand panel shows the efficiency,
fiducial purity and fiducial fraction in each of the same m, bins.
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Figure 4.6.: Migration matrix for the inclusive m,, distribution.
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Figure 4.7.: Migration matrices for the four m,, regions between the slices.

Number of Bayesian iterations

When using the iterative Bayesian method to unfold, the number iterations performed
is a key parameter and must be optimized. The method, which uses the nominal MC
distribution as an initial prior, results in a bias towards the original shape of the nominal
prediction. A way to minimize this effect is to use the obtained unfolded distribution
from the previous iteration as the prior for the subsequent unfolding iteration. The
more iterations there are, the less dependence there is on the prior, and therefore the
smaller the bias. A side effect, however, is that increasing the number of iterations also
increases the statistical uncertainty. Fluctuations caused by limited statistics become
amplified by the feedback in the algorithm. These effects are thoroughly studied in
order to strike a balance between minimizing the bias at the cost of increasing the
statistical uncertainties.

One thousand toy distributions are generated using the detector-level Standard
Model prediction where the value of each bin is randomly drawn from a Gaussian
distribution. Each toy is unfolded following the procedure outlined in section 4.8.1,
where the nominal SM predictions are used to construct the response matrix and for the
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prior. The bias, written as

Vi1 M- xj —yi- f;
Yifi '

measures the difference between the product of the migration matrix and the unfolding

Bias; = (4.11)

output, and the product of the detector-level toy and the fiducial fraction. It is an
assessment of the strength of the pull that the shape of the SM prior has on the unfolded
toy result . Additional, a statistical uncertainty from the unfolding procedure for each
individual toy in each bin is quoted. Next, the bias significance per bin is defined as the
quotient of the bias and the statistical uncertainty. After sampling over all toys, the root-
mean-square (rms) of the bias significance in each bin is calculated. Through the rms
bias significance, the size of the bias in comparison to that of the statistical uncertainty
is quantified and used as a criterion in determining the number of iterations. The
requirement is to use the minimum number of iterations needed for a bias significant

lower than 0.5.

For the inclusive m,, distribution, the minimum number of iterations for which the
criterion is met is three. For the majority of the other measured distributions, three
iterations of the unfolding are also found to be optimal. Two iterations are found to be

sufficient for the following observables: myy-1yy, [Adyg|-14¢, and |AYpairs|-m4y-

4.8.3. Binning optimization

The binnings of the measured distributions were optimized based on two factors: the
number of events and the purity of each bin. Here the purity refers to the diagonal of
the migration matrix normalised along truth, thus representing the fraction of truth

events that end up in the same reconstructed event bin.

The first iteration of the binnings were run with the nominal criteria. Here, depend-
ing on the number of events in the bin, the purity requirement varies. Bins with lower
statistics have a high purity requirement to reduce bin-to-bin migrations. The minimum
number of events required for each bin is 14. Between 14 and 20 events, the purity was
required to be at least 80%. Between 20 and 25 events the purity must be 70% or higher.
Finally for the higher statistics bins with more than 25 events the purity cut was 60%.

The binning algorithm is as follows. For the full m,, differential mass distribution
from 20 - 2000 GeV, the distribution is first split into very fine steps of 1 GeV bins from
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20 -450 GeV. From 450 -2000 GeV wider steps of 5 GeV bins were used. Due to the fine
nature of the bin widths, this initial binning failed to meet any of the binning criteria.
Next, the binning algorithm starts from the low mass end and starts to merge adjacent
bins together if the criteria were not met. For example, if bin number 1 [20,21] GeV has
> 10 events, the algorithm merges bin number 1 with the next bin. The new bin number
1 is now [20,22] GeV. Once again, if this bin has > 10 events, it will merge again and
become [20,23] GeV, and so on and so forth until 10 events has been reached. Of course
the purity must also pass the required percentage for the number of events in the bin,
otherwise further bin merging occurs. The bin edges are first fixed to be symmetric
around the resonance masses at 90 GeV and 125 GeV while passing all requirements.
Once this is complete, the remaining bins in between the resonances are passed through
the same algorithm. The results of the final binning for the m,, distribution is given in
Table 4.10.

Next there are the m,, distributions in double differential slices of pr4, y4¢, and
flavour channel. For these distributions, the fine binning is defined as the the binning of
the inclusive my, differential mass distribution, i.e. the output of the algorithm described
in the previous paragraph. Bins are once again checked for number events and purity,
and merged as needed. This is implemented so that all m,, in each of the pr4, 4, and

flavour slices will have bin edges that match with the inclusive distribution.

For the distributions measured double differentially in the four m,, regions corre-
sponding to Z, Higgs, on-shell ZZ, and off-shell ZZ, the same procedure is followed
for binning optimization. Each distribution has a fine binning defined, and the bins are
merged from left to right of the x-axis until the criteria are met. For the polarization
variables cos ;,and cos 03,, an additional requirement for the bins to be symmetric

about zero is imposed.

Nominal High statistics

14 if purity > 0.8
Minimum number of events | 20 if purity > 0.7 100 (purity > 0.6)

25 if purity > 0.6

Table 4.9.: Two different versions of binning with varying event count and purity criteria. The
nominal version is what is for the unfolded results. The high statistics version is used as a
cross-check for interpretation studies.
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my, bins [GeV]

my, | [20, 60, 86, 96,104, 110, 122, 128, 137, 143, 149, 156, 163, 171, 182, 191, 199, 207, 216,
225,234,243, 253, 263, 274, 285, 297, 309, 322, 336, 350, 365, 381, 398, 416, 436, 455,
480, 505, 530, 555, 585, 620, 665, 720, 800, 900, 2000]

Table 4.10.: The binning used in the my, distribution. Each bin satisfies the minimum number of
events and purity criteria. The bins containing resonance peaks are symmetric around the peak.

There were a few iterations of the binning that were run with varying criteria,
summarized in table 4.9. The nominal criteria is what is presented in the final version
of the analysis. The high statistics criteria was an alternative check used to investigate
the effects of bins with low event statistics in the interpretations studies of Section 4.11.

4.8.4. Pre-unfolding weights

When correcting the data for detector effects, one of the things to take into account is
the efficiency correction. Recall from section 4.8.1 that the efficiency correction is the
fraction of reconstructed events that also pass the fiducial selection cuts. A significant
contribution to this is the efficiency correction is efficiency in identifying, reconstructing,
isolating, and track-to-vertex-association of (TTVA) leptons. These are dependent on
lepton kinematics and calculated from Monte Carlo simulation, therefore they may not
be accurate if the data differs from the prediction. To correct for this effect, the lepton
efficiencies are measured as a function of the lepton transverse momentum (py) and
pseudorapidity (77), and the inverse of this is applied as a per-lepton weight in the data.
The term coined for this weight is the pre-unfolding weight, and as the name suggests

it is applied prior to the unfolding procedure detailed in 4.8.1.

Figure 4.8 shows the detector yield from simulation with and without the application
of the pre-unfolding weights, compared to the particle yield. It is readily apparent that
the detector yield comes much closer to the particle yield when pre-unfolding weights
are applied. In some cases, the detector yield surpasses the particle yield around the
resonance peaks. This is attributed to bin migrations, and has negligible effects on
the final unfolded result. Also shown is the efficiency correction with and without
the pre-unfolding weights. In general, a significant increase in efficiency throughout
the whole my, spectrum, ranging from 10% at low mass, up to 25% at high mass. The

conclusion drawn from these plots is that a large portion of the event inefficiency can be
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Figure 4.8.: In the top panel is the effect of the pre-unfolding weights on the predicted detector
level (also called reco level) yield, compared to the particle level yield. The bottom panel shows
the reconstruction efficiency with and without application of the pre-unfolding weights. The
pre-unfolding weights brings the detector yield closer to the particle yield, consequently the
efficiency is much higher.

accounted for using per-lepton corrections, bringing the reconstructed and particle level
yield closer to one another, and minimising the correction needed when unfolding.
4.8.5. Unfolding iterations optimization

With the observable binnings defined and the pre-unfolding weights applied, the next
step is to optimize the number of iterations used in the unfolding. As described in
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Section 4.8.1, the iterative Bayesian approach to unfolding uses the Standard Model
prediction as an initial prior and therefore has a dependence on it. Fewer numbers of
iterations therefore correspond to a larger regularizaton bias on the unfolded result.
Contrarily, increasing the number of iterations reduces the bias at the cost of a larger
statistical uncertainty and results that are more prone to large bin-to-bin fluctuations.
The rest of this section describes the metric used to balance these effects and converge
on an optimal number of iterations.

First, one thousand toy distributions are generated from the Standard Model pre-
dicted yield at the detector level by drawing random Gaussian distributed values for
each bin. Under the assumption that the SM accurately describes the underlying physics,
each toy distribution represents a possible observation. The toy distributions are un-
folded using the nominal unfolding method (Section 4.8.1). The bias of the unfolded
toy result is defined using the migration matrix M, the unfolded yield of the toy U; ,
detector-level yield of the toy R;, and the fiducial fraction f; as:

Y MyxU—R;xf;
truth bin j

Bias =
reco bin i ’
R; x f;

The bias significance of the toy is then be calculated in each bin as the ratio of the bias
and the estimated statistical uncertainty of the unfolding procedure. This ratio is a
comparison of the sizes of the two effects.

Next, the bias significance of the one thousand toys are combined into a singular root-
mean-square value in each bin. As a result, a metric indicating how significant the bias
is expected to be across a range of toy datasets assuming an underlying SM physics is
created. The number of iterations is chosen to be the smallest possible while maintaining
a root-mean-square bias significance of 0.5 or below. This choice corresponds to a factor
two suppresion of the bias compared to the statistical uncertainty. For the majority of
distributions, three iterations of the unfolding comfortably satisfy this criteria, whilst
for myy-myy, |Apy|-myy and [Aypairs|-my, two iterations is sufficient.

4.8.6. Closure tests
Monte Carlo closure tests

As detailed in Section 4.8.1, the unfolding procedure uses a response matrix that has
been derived from Standard Model Monte Carlo predictions. A simple test that can
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be performed to check the validity of the unfolding method is to use the same SM MC
prediction at reconstruction level as pseudo-data, unfold it, and compare it to the truth
level prediction. This is a self-consistency check, and should yield the trivial result that
the unfolded pseudo-data be identical to the truth distribution. This is the full MC
closure test, and acts as a sanity check for the unfolding procedure. The test is shown in
Figure 4.9a for the inclusive my, distribution. Full closure is achieved as the unfolded
distribution and the particle-level distribution are identical. This is the case for all other

distributions as well.

Another similar validation, the half MC closure test, is also performed. This time,
the SM samples are divided in two sets A and B based on whether their tagged event
number is odd or even. Set A is used to construct the fiducial fraction, reconstruction
efficiency, and migration matrix, while set B is used as pseudo-data and unfolded with
the inputs from the set A. The unfolded distribution of the set B is then compared
to the true distribution of the set B. The statistical uncertainties on both sub-samples
are evaluated via the bootstrap method [131]. Figure 4.9b shows the test result for the
inclusive my, spectrum. For this and all other distributions, closure is generally achieved

within the statistical uncertainties in each bin, with no significant discrepancies.

Data-driven closure tests

In order to assess the potential bias in the unfolding method, a data-driven closure test
is performed separately for each measured distribution. For this test, a reweighting is
conducted on the particle-level MC prediction such that the detector-level prediction
represents more accurately the data. The function used for the reweighting is a smoothed
function of the data to MC ratio. The reweighted prediction is used as pseudo-data
and propagated through the nominal unfolding procedure. The difference between the
reweighted particle-level prediction and the unfolded result in each bin is taken to be the
systematic uncertainty of the unfolding method. The associated systematic uncertainty
is below 0.3% across the full mass range. For the double differential observables, the
derived systematic uncertainties averaging much less than 1% but reaching 3% in a few

bins. Overall, it remains subdominant compared to other sources of uncertainty.

4.8.7. Injection studies

Section 4.8.6 demonstrates that the unfolding procedure has closure when unfolding
pseudo-data that agree with the Standard Model. Since the SM predictions themselves
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Figure 4.9.: Monte Carlo closure tests performed on all bins in the inclusive m,, distribution.
The top figure uses the full MC to unfold itself. The bottom figure splits the MC in half, and
uses one set to unfold the other. The pink hash in 4.9b is the MC statistical uncertainty. Closure

is achieved in all bins.
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Injected samples

Gluon-gluon fusion heavy Higgs (Narrow width) m_., = 300, 800, 1400 GeV
Gluon-gluon fusion heavy Higgs (15% width) M, = 300, 800, 1400 GeV
Vector-boson fusion heavy Higgs M = 300, 800, 1400 GeV

99— 7" 7(*) Enhancement ¢ x nominal, c=1.1,12,1.5,2,5,1

Table 4.11.: Modifications made to the nominal SM prediction for injection studies.

were used to derive the corrections and matrix used for unfolding, this is the expected
case. The shape of real data is unknown, however, and may be different than the
Standard Model prediction. Should the my, spectrum be host to contributions that
differ from the SM prediction, it is necessary to check that the unfolding procedure is
nonetheless able to provide an accurate and unbiased particle-level result. In order to
do this a number of injection tests were performed. The first step is to take the nominal
SM prediction, and inject some amount of BSM signal into it. The reconstruction level
yield of this modified sample is used as pseudo-data. It is run through the standard
unfolding workflow in entirety, and compared to the particle level yield of the modified
sample. Conceptually, this procedure is very similar to that of the Monte Carlo closure
tests. These studies also check for the impact and benefit of pre-unfolding weights
described in Section 4.8.4. The weights are designed to minimize bias in the unfolding
procedure, particularly in cases where the predicted SM signal composition does not

match the composition observed in data.

A number of modifications were made to the nominal SM prediction, one set had the
addition of a gluon-gluon fusion produced heavy Higgs boson with a mass of 300, 800, or
1400 GeV with either a narrow width or a width 15% of its mass, and another set where
the heavy Higgs was produced via vector-boson fusion. The gg — VARVAY process was
also modified to have a larger event weight with respect to the SM prediction. These are
described in full in Table 4.11. All of the models describe BSM scenarios with extremely

large enhancements or resonances.

For each of the variations listed in Table 4.11, a range of cross-sections were injected
and then unfolded with and without application of the pre-unfolding weights. In order
to carve a more realistic scenario, one of the injected cross-sections for the heavy Higgs
samples was set to be just within the two-sigma band of the data uncertainty. This was
done by increasing the injected cross-section and calculating the p-value between the
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BSM prediction and the data until a p-value smaller than or equal to 0.05 is reached. This
is the p-value corresponding to a two-sigma significance. The results from the injection
tests corresponding to a two-sigma injected amount for all the gluon-gluon fusion BSM
samples are shown in Figure 4.10. The nominal SM prediction and the modified BSM +
SM prediction at particle level are shown (SM truth and BSM truth respectively), along
with two unfolded BSM distributions, one with pre-unfolding (pre-UF) weights applied
and one without. The lower panel is the ratio of the unfolded BSM distribution to the
true BSM distribution and is interpreted as the bias.

Figure 4.11a is also published in Reference [67]. It shows the result of the injection
test using a BSM model with a resonance mass of m, ., = 300 GeV and width 15% of
the mass, with a cross-section of 6.18 fb ™', Looking at the ratio panel, the bias goes
up to 2.2% without the application of the pre-unfolding weights (in green). With the
weights applied, the bias is smaller and remains within a =+ 0.8% range (in black). The
same trend holds true for the rest of the 15% width samples, see Figures 4.11b-4.11c.
Application of the pre-unfolding weights tend to result in a smaller bias, especially
for 300 GeV and 800 GeV resonances. For the highest resonance mass at 1400 GeV, the
pre-unfolding has a notable effect only in the last m,, mass bin, where it reduces the
bias from 10% to 4%.

The gluon-gluon fusion narrow-width heavy Higgs models’ injection test results are
presented in Figures 4.11d-4.11f. The unfolding method is much more sensitive to, and
therefore less robust to, the presence of narrow resonances. Here, the pre-unfolding is
not as effective in mitigating the effects of the BSM signal. The differences between the
unfolded BSM and the truth BSM, however, is still within 6% bias for the 300 GeV and
1400 GeV resonance mass models. For the 800 GeV model this goes up to 16%. In all
cases, the bias is well within the total uncertainty in the corresponding m,, mass bin.

Similar conclusions are drawn for the the narrow-width VBF samples.

Lastly, the results from enhancing the gg — Z SAS component of the SM prediction
are shown in Figure 4.11. The range of the enhancements vary starting from 1.1 times
the nominal amount, to 10 times the nominal amount. Once again, the unfolded spectra
are compared with and without the application of pre-unfolding weights. Looking at
the bottom ratio pad, it is immediately evident from Figure 4.11 that application of
pre-unfolding weights leads to a smaller bias (i.e. a smaller difference between the true
histogram and the unfolded histogram), especially at high mass. The unfolding pro-
cedure is very robust even for a gg — Z ()7(*) enhancement ten times the SM amount;

the bias for all bins are within 4%.
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Figure 4.10.: This figure shows the results of the BSM signal injection studies performed on the
my, distribution. Six BSM models are considered, with resonance masses at 300 GeV, 800 GeV,
and 1400 GeV, and with narrow widths or a width 15% of the resonance mass. The cross-
sections correspond to a 2¢ signal significant with respect to the data uncertainty. Two unfolded
distributions are shown with and without pre-unfolding (pre-UF) weights applied. The bottom
panel shows the size of the bias.
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Figure 4.11.: This figure shows the results of the enhanced gg — zMz® injection studies
performed on the my, distribution. The nominal gg — Z )7*) contribution is enhanced by
1.1-10 times. Two unfolded distributions are shown with and without pre-unfolding (pre-UF)
weights applied. The bottom panel shows the size of the bias.
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4.9. Measurement uncertainties

An important aspect of an experimental measurement is characterizing its uncertainty.
Broadly speaking, uncertainties can be divided into two types. The first is the statistical
uncertainty, which is caused by inherently unpredictable fluctuations and can be reli-
ably estimated by making repeated measurements [68]. The second is the category of
systematic uncertainties, which arise in the estimation of systematic effects such as back-
ground, selection bias, scanning efficiency, energy resolution, angle resolution, variation
of counter efficiency with beam position and energy, dead time, etc [132]. Systematic
uncertainties are generally more difficult to determine, and cannot be calculated simply
from sampling fluctuations [133]. The total uncertainty of the measurement is the sum

in quadrature of each individual component.

The breakdown and contribution of the uncertainty sources is shown in Figure 4.12
for the inclusive my, spectrum. The dominant is the statistical uncertainty in all but
the third mass bin with resonant single Z production, where the lepton efficiencies’
uncertainty prevails. Table 4.12 shows the breakdown of the uncertainties on the
total fiducial unfolded cross-section, as well as the fiducial cross-section in the four
my, regions. The data statistical uncertainty plays a dominant role, followed by the
uncertainty from the choice of generator. The rest of this section will discuss the different
sources of uncertainty and how they are propagated.

4.9.1. Statistical uncertainties

Predominantly, the statistical uncertainty is the dominant uncertainty in most bins of the
measured differential and double differential cross-sections. The bootstrap method [131]
is used to calculate the statistical uncertainty on the data, and the MC. It is first necessary
to construct pseudo-data (also called toys). For each set of pseudo-data, a random value
is drawn in each bin following a Poisson distribution where the expectation value is the
observed event count that that bin. In total, 3500 pseudo-datasets are generated. Each of
these are propagated through the unfolding procedure described in Section 4.8. The root
mean square of the difference between the unfolded pseudo-data and the unfolded data
is taken as the statistical uncertainty in each bin. The statistical uncertainties obtained
in this way are equivalent to frequentist confidence intervals in the large-sample limit,
while in the bins with few entries, the quoted bands are known to be up to 10% narrower

than a frequentist confidence interval.
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Figure 4.12.: Unfolded systematics for the inclusive my, spectrum. The data statistical uncer-
tainty is the dominant source in all but the third bin. This figure is from Ref. [67]
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Region Inclusive Z — 4¢ on-shell H off-shell ZZ on-shell ZZ
myy [GeV] any 60-100 120-130  20-60/100-120  180-2000
/130-180
DD Closure 0.088%  0.35% 0.13% 0.45% 0.035%
Electron ID 0.94% 1.9% 1.5% 1.3% 0.49%
Electron Isolation 0.52% 1.1% 0.79% 0.73% 0.18%
Electron Reco 0.84% 1.7% 1.3% 1.2% 0.31%
Electron Res. & Scale 0.46% 1.1% 0.83% 0.54% 0.12%
Generator 1.3% 2.6% 1.3% 2.7% 0.13%
MC Stat. 0.087%  0.22% 0.38% 0.26% 0.088%
Muon Isolation 0.96% 1.6% 1.2% 1.2% 0.58%
Muon Reco & ID 0.83% 1.1% 0.91% 0.89% 0.82%
Muon Res. & Scale 0.3% 0.65% 0.55% 0.53% 0.13%
Muon TTVA 0.21% 0.46% 0.28% 0.31% 0.071%
Non-Generator Theory  0.27% 0.31% 0.23% 0.45% 0.27%
Pile-up 0.73% 1.2% 1% 0.81% 0.47%
Reducible 0.8% 0.55% 1.7% 2.5% 0.74%
Trigger 0.33% 0.8% 0.44% 0.44% 0.084%
Total Systematic 2.6% 4.8% 3.7% 4.6% 1.5%
Luminosity 1.7% 1.6% 1.6% 1.6% 1.7%
Data Stat. 1.3% 2.9% 6.2% 4.1% 1.5%
Total 3.3% 5.8% 7.4% 6.4% 2.7%

Table 4.12.: Uncertainties on the unfolded fiducial cross-section inclusively as well as in the four
my, slices studied in this analysis, split by source. Uncertainty contribution larger than 1% are
marked in bold to guide the eye. This table is from Ref. [66].
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The above method of estimating the statistical uncertainty is used as the quoted
uncertainty in the measurements. When testing the observed cross-sections against
the Standard Model, however, a secondary approach - where the expected number of
events is used in place of the observed number of events - is preferred. That is, the 3500
pseudo-datasets follow a Poisson distribution with the mean equal to the predicted
reconstruction-level SM event yield. This was motivated by studies in constraining
SM effective field theory coefficients where the former approach resulted in unreliable

limits. For more details see Section 4.11.

4.9.2. Systematic uncertainties

Systematic uncertainties arise in nearly every step of the measurement. It is the result of
measuring something, or estimating something that is not perfectly known because of
certain limitations [134]. Systematic uncertainties are either experimental or theoretical
in nature. The former is common to all analyses and pertains to to the ATLAS detector,
while the latter relates to the simulation of physics processes as well as to analysis
techniques.

Experimental sources

The flat uncertainty on the integrated luminosity for the for the 2015-2018 datasets of
139 fb~ ' is +1.7%. The integrated luminosity and uncertainty for the whole Run 2 data-
taking period is derived based on a calibration of the luminosity scale using x — y beam-
separation scans, following a methodology similar to that detailed in reference [135],
and using the LUCID-2 detector for the baseline luminosity measurements [136]. While
this uncertainty is not relevant in the unfolding, it applies when converting event counts

into a cross-section result as well as during the interpretations.

There is an uncertainty associated with pile-up reweighting, which refers to the
reweighting of the Monte Carlo samples in order to reproduce the distribution of
the number of pp collisions per bunch crossing () observed in the data [137]. The
uncertainty arises from the modelling of pileup events, including uncertainties in the
pp inelastic cross-section. The resulting effects on the measured distributions of this

analysis is small.

Lepton identification, reconstruction and isolation, and lepton energy /momentum

resolution and scale efficiencies and their uncertainties are derived from data using
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large samples of | /i — £¢ and Z — ¢{ decays. The uncertainties on the performance
are derived following the method reported in reference [56] for muons and references
[49], [47] for electrons. Typical uncertainties on the identification efficiencies are in the
range between 0.5% to 1.0% for muons and 1.0% to 1.3% for electrons.

The uncertainty from the non-prompt lepton background estimate has a size-able
effect in the low- and high-mass tails of the m,, distribution, reach up to 11% and 6.5%
in the first and last bins respectively. The details of the uncertainty estimate on the Fake
Factor method is detailed in Section 4.6.3.

Theoretical sources

The choice of the generator used for the simulation of the g7 — 4/¢ process in con-
structing the response matrix for unfolding (see Section 4.8.1) is the largest source of
theory-related systematic uncertainty. The uncertainty arises from the difference in the
modelling of the final-state radiation of photons between the SHERPA prediction and
the POWHEG + PYTHIAS prediction. To assess the uncertainty, the POWHEG + PYTHIAS8
sample is reweighted to match the SHERPA sample. This is done so no double count-
ing of the unfolding method uncertainty occurs. The data is then unfolded via the
standard procedure using the reweighted POWHEG + PYTHIAS input. The envelope
of the observed ratio between this result and the nominal unfolded result is taken as
the generator uncertainty. From the choice of unfolding method, the uncertainty is

evaluated using the data-driven closure test detailed in Section 4.8.1.

Other theoretical uncertainties have minimal effect on the unfolding, although their
effect is larger on the particle-level predictions that the data is compared against. Gener-
ator choice aside, the dominant source is from the factorization and renormalization
scale variations, with smaller contributions from PDF uncertainties, parton shower
uncertainties, next-to-leading order k—factor reweighting uncertainties. Overall, this
indicates that a good level of model-independence is achieved.

4.10. Results

This section presents the results of the inclusive four-lepton analysis published in
Reference [67] by the ATLAS collaboration. The measured fiducial cross-sections are
presented in Table 4.13. The first column shows the cross-section measured in the full
fiducial phase space, while the subsequent columns quote the cross-section in the four
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Region
Full Z — 40 H— 4/ Off-shell ZZ On-shell ZZ
Measured 88.9 22.1 476 12.4 493

fiducial + 1.1 (stat.) +0.7(stat.) +0.29(stat.) +0.5(stat.) +0.8(stat.)
XS [fb] +23(syst.) +£1.1(syst.) =£0.18(syst.) =+0.6(syst.) +0.8(syst.)
+ 1.5 (lumi.)) £+0.4 (Jumi.)) =£0.08 (lumi.) =+0.2 (lumi.) = 0.8 (lumi.)
+3.0 (total) 1.3 (total) +£0.35(total) +0.8(total) +1.3 (total)

SHERPA 86+5 23.6+1.5 4.57 £0.21 11.54+0.7 46.0£29
POWHEG 83+5 21.2+1.3 4.38 +£0.20 10.74+0.7 46.4 £+ 3.0
+ PYTHIAS

Table 4.13.: Fiducial cross-sections in the full fiducial phase space and in the Z — 4/, H — 4/,
on-shell ZZ, and off-shell ZZ dominated regions in femtobarns. They are compared with two
particle-level predictions and their uncertainties where the g4 — 4¢ process is simulated with
either SHERPA or with POWHEG + PYTHIAS.

my, regions dominated by Z — 4¢, H — 4/, on-shell ZZ, or off-shell ZZ production. The
theoretical predictions for the cross-sections in these regions are also provided in the
bottom two rows. The two predictions differ in the choice of generator used to simulate
the dominant g7 — 4¢ process; one uses SHERPA at NLO accuracy in QCD and the other
uses POWHEG interfaced to PYTHIA8 normalized to a NNLO prediction. Details of the
theoretical predictions can be found in Section 4.5.2.

The associated uncertainties are also presented. For the measured cross-sections,
the total combined uncertainty as well as the uncertainties split into three categories
(statistical, systematic, or luminosity) are given. For more on the uncertainty breakdown
and how they are estimated, see Section 4.9. The data are slightly higher than both
predictions in all but the Z — 4/ region, where it lies between the SHERPA and POWHEG
+ PYTHIAS predicted values. In general, the SHERPA predictions are higher than the
POWHEG + PYTHIAS predictions, with the on-shell ZZ region being an exception. Over-
all, the measured data are in good agreement with both predictions within the quoted
uncertainties. The largest differences comes from the on-shell ZZ region where the data

is around one sigma higher than the predicted SHERPA value.

Figure 4.13 presents the differential cross-section as a function of my,, as well as
two predicted SM cross-sections where either SHERPA or POWHEG is used to model the
g9 — 4¢ contribution. The breakdown of the SM processes in the predictions are plotted
in colour and stacked. Various features corresponding the different physics processes
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are visible in this plot. At my,=m; ~ 91.19 GeV [Y] there is the single resonant Z peak,
and similarly for the my,=my ~ 125.10 [9] for the Higgs. An enhancement is visible at
myy=2my ~ 182 GeV when the on-shell production of two Z bosons becomes possible.
Overall, the SM predictions are in agreement with the measurement within the quoted

uncertainties for the entire distribution.

A p-value quantifies the probability of finding the data at least as extreme as the data
observed [138], with n degrees of freedom equal to the number of bins. There are two
p-values shown (one for each SM prediction using either SHERPA or POWHEG to model
qq — 4/{) for the inclusive my, of Figure 4.13 and all other distributions. The p-value is

derived from the 7(2, which is defined as:
T
X2 _ |gmeas _ &pred] C—l [agneas . a»_pred] (4.12)

where 7™ and 7™ are n-dimensional vectors representing the binned measured and
predicted differential cross-sections, and C is the n x n summed total covariance matrix
which accounts for the combination of statistical and systematic uncertainties. For the
inclusive my, distribution, the calculated p-value for the data is p = 0.22 for the SHERPA
prediction and p = 0.09 for the POWHEG prediction, echoing the results in Table 4.13
where the SHERPA prediction is the higher of the two and the data are higher than both
predictions.

Figure 4.14 shows the differential cross-section as a function of my, in five slices of
the four-lepton transverse momentum, pr4,. Likewise in Figure 4.15 the m,, spectrum
is plotted in five slices of |y,,|, the absolute rapidity of the four-lepton system. Figure
4.16 contains three subplots of the differential cross-section as a function of my, in the
4e, 4y and 2e2y flavour channels. There is good agreement between the data and the SM
predictions overall for these distributions, however, the POWHEG+PYTHIAS prediction
in the 100 < py4y < 600 GeV slice and the 0.9 < y,, < 1.2 slice are below the data,
resulting in low p-values (p = 0.008 and p = 0.003 respectively). These features reflect
the results presented in Table 4.13. The third mass bin of Figure 4.14 (b) displays a
large discrepancy between data and prediction, where both the SHERPA and POWHEG
prediction are over two times larger. This feature is also present in the reconstruction

level results, and therefore is not a by product of the unfolding process.

The cross-section as a function of the dilepton mass of the primary and the secondary
lepton pair, my, and my,, are presented in Figures 4.17 and 4.18 in the different my,
regions. In the region dominated by Higgs production, the Higgs contribution is drawn
separately in blue. For my,, a peak is visible at m, in all but the Z — 4/ region. my,
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Figure 4.13.: Differential cross-section as a function of the four-lepton invariant mass myas
measured in data in black. The error bars on the data points give the total uncertainty and
the grey hashed band illustrates the contribution from the systematic uncertainty. The SM
predictions use either SHERPA or POWHEG + PYTHIAS to model the g3 — 4¢ contribution, plotted
in red and blue respectively. The uncertainties on the SM predictions are represented by the red
and blue hash. The coloured stacked histograms represent the per-process breakdown of the SM
prediction. In the lower left corner of the figure, boundary lines are drawn to indicate the four
different m,, regions, each dominated by a different process. The p-value is the probability for
the x* to have at least the observed value, assuming the SM prediction. The number of degrees of
freedom is the number of bins in the histogram. The ratio of the SHERPA and POWHEG prediction
to the data is shown in the lower panel. The x-axis is on a linear scale until my, = 216 GeV,
where it switches to a logarithmic scale.

on the other hand has the m; enhancement only in the on-shell ZZ region where it is
kinematically allowed. The Z — 4/ and off-shell ZZ regions of m;, are dominated by
off-shell Z boson and photon exchange, while the H — 4/ region is dominated by off-
shell Z production. In the third mass bin of the Higgs slice of m3, shown in Figure A.5,
the theoretical predictions are more than two times higher than the observed data. Once
again, this feature is also present in the reconstruction level results. There are some low
p-values for these observables, notably in the on-shell ZZ region of m,, and the H — 4/
and off-shell ZZ region of m3,. These are attributed to features discussed in Table 4.13,
paired with statistical fluctuations in the data and differences in modelling between the
two generators.
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The transverse momentum of the leading and sub-leading lepton pair in the four my,
regions are presented in Figures 4.19 and 4.20. In the on-shell ZZ region for both the
spectrum peaks at around 40 GeV. For the other three regions, the peak is approximately
20 GeV. The shapes of all slices for both pr, and pr34 are similar, with a steady rise
to the peak and a slow fall into the high pt tail. There is a notable disagreement
between observation and prediction in pr34. An under-prediction of the cross-section
for low pt in on-shell ZZ region is visible. This was already observed in prior ATLAS
measurements of ZZ diboson production [65].

The variables cos 67, and cos 65, are sensitive to the polarization of the decaying
bosons, and can serve as a probe for new physics [139]. For each lepton pair, 6™ is
defined as the angle between the negative lepton in the Z rest frame and the Z boson
in the lab frame. Figures 4.21 and 4.22 show the polarization variables leading and
sub-leading lepton pair, cos 07, and cos 634, in the m,, regions. There is good agreement
between data and prediction for all distributions.

The unfolded cross-section in the my, regions for the azimuthal angle between the
leading and sub-leading leptons of the quadruplet, |A¢,,|, is shown in Figure 4.23.
Studied in detail in Reference [140], this variable is sensitive to next-to-leading order
electroweak corrections on four lepton production. The shape of the distributions in the
four regions are largely similar, peaking at |A¢,y|~ 7T when the leading and sub-leading
leptons are in opposite hemispheres. Good agreement with the SM prediction is seen

throughout.

Figures 4.24 and 4.25 show the azimuthal angle difference and the rapidity difference
between the lepton pairs. In the off-shell ZZ and on-shell ZZ region of \Aqbpairs|, the
low p-values are mainly driven by statistical fluctuations in the data alongside low
SM predictions for [Adp,irs| < 287 The | AYpairs| distributions peak at zero and with a
gradual tail to five. In the on-shell ZZ region of |Ay,is|, the SM prediction drops to
be up to 50% lower than the data at high values, indicating mis-modelling by the MC

generators.

4.11. Interpretations

As a demonstration of how the data may be re-interpreted, two well-motivated BSM
scenarios are selected and the unfolded measurements of Section 4.10 are used to set
exclusion limits on the parameter space of both. The first considers the Standard Model
in an effective field theory (EFT) framework, and the second is a gauged B — L model
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Figure 4.14.: Differential cross-section as a function of 1, in slices of pr4,. The error bars on
the data points give the total uncertainty and the grey hashed band illustrates the contribution
from the systematic uncertainty. The SM predictions use either SHERPA or POWHEG + PYTHIAS8
to model the g4 — 4/ contribution, plotted in red and blue respectively. The uncertainties on the
SM predictions are represented by the red and blue hash. The p-value is the probability for the
x> to have at least the observed value, assuming the SM prediction. The number of degrees of
freedom is the number of bins in the histogram. The ratio of the SHERPA prediction to the data is
shown in the lower panel.
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Figure 4.15.: Differential cross-section as a function of m, in slices of y,,. The error bars on the
data points give the total uncertainty and the grey hashed band illustrates the contribution from
the systematic uncertainty. The SM predictions use either SHERPA or POWHEG + PYTHIAS to
model the g7 — 4¢ contribution, plotted in red and blue respectively. The uncertainties on the
SM predictions are represented by the red and blue hash. The p-value is the probability for the
x> to have at least the observed value, assuming the SM prediction. The number of degrees of
freedom is the number of bins in the histogram. The ratio of the SHERPA prediction to the data is
shown in the lower panel.
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Figure 4.16.: Differential cross-section as a function of my, for each lepton flavour channel. The
error bars on the data points give the total uncertainty and the grey hashed band illustrates
the contribution from the systematic uncertainty. The SM predictions use either SHERPA or
POWHEG + PYTHIAS to model the g7 — 4¢ contribution, plotted in red and blue respectively.
The uncertainties on the SM predictions are represented by the red and blue hash. The p-value
is the probability for the )(2 to have at least the observed value, assuming the SM prediction.
The number of degrees of freedom is the number of bins in the histogram. The ratio of the
SHERPA prediction to the data is shown in the lower panel. The x-axis is on a linear scale until
my, = 225 GeV, where it switches to a logarithmic scale.
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Figure 4.17.: Differential cross-section as a function of m, in the four my, regions. The error bars
on the data points give the total uncertainty and the grey hashed band illustrates the contribution
from the systematic uncertainty. The SM predictions use either SHERPA or POWHEG + PYTHIAS8
to model the g4 — 4/ contribution, plotted in red and blue respectively. The uncertainties on the
SM predictions are represented by the red and blue hash. The p-value is the probability for the
)(2 to have at least the observed value, assuming the SM prediction. The number of degrees of
freedom is the number of bins in the histogram. The ratio of the SHERPA prediction to the data is
shown in the lower panel. In (b) the contribution from Higgs production is shown in addition to

the total SM prediction.
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Figure 4.18.: Differential cross-section as a function of m134 in the four my, regions. The measured
data (black points) are compared with the SM prediction using either SHERPA (red, with red
hashed band for the uncertainty) or POWHEG + PYTHIAS (blue, with blue hashed band for the
uncertainty) to model the g3 — 4/ contribution. In (b) the contribution from Higgs production
is shown in addition to the total SM prediction. The error bars on the data points give the
total uncertainty and the grey hashed band gives the systematic uncertainty. The p-value is
the probability for the x> to have at least the observed value, assuming the SM prediction. The
number of degrees of freedom is the number of bins in the histogram. The lower panel shows
the ratio of the SM predictions to the data.
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Figure 4.19.: Differential cross-section as a function of pr, in the four m,, regions. The measured
data (black points) are compared with the SM prediction using either SHERPA (red, with red
hashed band for the uncertainty) or POWHEG + PYTHIAS (blue, with blue hashed band for the
uncertainty) to model the g3 — 4/ contribution. In (b) the contribution from Higgs production
is shown in addition to the total SM prediction. The error bars on the data points give the
total uncertainty and the grey hashed band gives the systematic uncertainty. The p-value is
the probability for the x> to have at least the observed value, assuming the SM prediction. The
number of degrees of freedom is the number of bins in the histogram. The lower panel shows
the ratio of the SM predictions to the data.
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Figure 4.20.: Differential cross-section as a function of py 3, in the four m,, regions. The measured
data (black points) are compared with the SM prediction using either SHERPA (red, with red
hashed band for the uncertainty) or POWHEG + PYTHIAS (blue, with blue hashed band for the
uncertainty) to model the g4 — 4¢ contribution. The error bars on the data points give the total
uncertainty and the grey hashed band gives the systematic uncertainty. The p-value is the
probability for the x> to have at least the observed value, assuming the SM prediction. The
number of degrees of freedom is the number of bins in the histogram. The lower panel shows
the ratio of the SM predictions to the data.
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Figure 4.21.: Differential cross-section as a function of cos 67, in the four my, regions. The
measured data (black points) are compared with the SM prediction using either SHERPA (red,
with red hashed band for the uncertainty) or POWHEG + PYTHIAS (blue, with blue hashed band
for the uncertainty) to model the g4 — 4¢ contribution. The error bars on the data points give
the total uncertainty and the grey hashed band gives the systematic uncertainty. The p-value is
the probability for the x> to have at least the observed value, assuming the SM prediction. The
number of degrees of freedom is the number of bins in the histogram. The lower panel shows
the ratio of the SM predictions to the data.
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Figure 4.22.: Differential cross-section as a function of cos 63, in the four my, regions. The
measured data (black points) are compared with the SM prediction using either SHERPA (red,
with red hashed band for the uncertainty) or POWHEG + PYTHIAS (blue, with blue hashed band
for the uncertainty) to model the g4 — 4¢ contribution. The error bars on the data points give
the total uncertainty and the grey hashed band gives the systematic uncertainty. The p-value is
the probability for the x> to have at least the observed value, assuming the SM prediction. The
number of degrees of freedom is the number of bins in the histogram. The lower panel shows
the ratio of the SM predictions to the data.
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Figure 4.23.: Differential cross-section as a function of |A¢y| in the four my, regions. The
measured data (black points) are compared with the SM prediction using either SHERPA (red,
with red hashed band for the uncertainty) or POWHEG + PYTHIAS (blue, with blue hashed band
for the uncertainty) to model the g4 — 4¢ contribution. The error bars on the data points give
the total uncertainty and the grey hashed band gives the systematic uncertainty. The p-value is
the probability for the x> to have at least the observed value, assuming the SM prediction. The
number of degrees of freedom is the number of bins in the histogram. The lower panel shows
the ratio of the SM predictions to the data.
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Figure 4.24.: Differential cross-section as a function of |[A¢;.| in the four my, regions. The
measured data (black points) are compared with the SM prediction using either SHERPA (red,
with red hashed band for the uncertainty) or POWHEG + PYTHIAS (blue, with blue hashed band
for the uncertainty) to model the g4 — 4¢ contribution. The error bars on the data points give
the total uncertainty and the grey hashed band gives the systematic uncertainty. The p-value is
the probability for the x> to have at least the observed value, assuming the SM prediction. The
number of degrees of freedom is the number of bins in the histogram. The lower panel shows
the ratio of the SM predictions to the data.



mye: A measurement designed for re-interpretation

101

pausl [fb]

do/d|ay

Prediction/Data

pausl [fb]

do/d|Ay

Prediction/Data

40E_¥5=13 TeV, 139 fb™*
60< m, <100 GeV

2i7 8NN

awww Powheg qg -4l + X E

w44 Sherpa qq- 4l + X

X=0g - 41+H - 4AH+VVV+EV(V) 3

p-val (Sherpa)=0.09

p-val (Powheg)=0.11

25 B é
20 i é
155~ E
10E- 3

5 ; -““,, _ é
14 ; ' f t Z
12F - E

§

1?@@@% i ) Y
0.8 3 | E
ost % : : : :

0 1 3 7 <

IAypawrsl
(@) Z — 4/ region
20EATLAS — Data =
18FVs=13 TeV, 139 fb™ W Powheg qq- 41 + X
E Off-shell ZZ s Sherpa qq- 4l + X
6 X=gg -~ 4l+H - 4+ VVV+HIV(V)

p-val (Sherpa)=0.82
p-val (Powheg)=0.51

il J\\l\\\‘\\\‘\\\‘H\‘H\‘\H‘\H‘\H‘H\

Ay

pairs

(c) Off-shell ZZ region

Prediction/Data

pausl [fb]

do/d|ay

Prediction/Data

EATLAS
10/—Vs=13 TeV, 139 fb™
[ 120< m,, <130 GeV

8—

T T =
—¢— Data =
AN Powheg qgq- 41+ X
w44 Sherpaqgq-4l+ X
X=gg - 4l+H - 44+VVV+EV(V)

p-val (Sherpa)=0.51 —
p-val (Powheg)=0.44

H““‘\\\‘\\\‘\\\

\\\\\\\“‘l“““““

15

Fboed e d |
it L .
0 1 3 ) 5
lAypairsl

(b) H — 4/ region

0 F ATLAS 4~ Daa | =
FVs=13 TeV, 139 fb W Powheg gq- 41 + X 74
[ 180< m,, <2000 GeV g Shepadq - dl+ X 7
soF X=gg- 41+H - 4HVWVHiV(Y) ]

0

20

10

H\WHH‘HH

p-val (Sherpa)=0.03
p-val (Powheg)=0.007

HH}\H\‘\H\‘\\H

12F | | } :
1 i b 4 + ) ;
0.8: E|
0.6F ]
0.4F P
0 1 3

(d) On-shell ZZ region

Figure 4.25.: Differential cross-section as a function of |Ayp,is| in the four my, regions.
measured data (black points) are compared with the SM prediction using either SHERPA (red,
with red hashed band for the uncertainty) or POWHEG + PYTHIAS (blue, with blue hashed band
for the uncertainty) to model the g4 — 4¢ contribution. The error bars on the data points give
the total uncertainty and the grey hashed band gives the systematic uncertainty. The p-value is
the probability for the x> to have at least the observed value, assuming the SM prediction. The
number of degrees of freedom is the number of bins in the histogram. The lower panel shows
the ratio of the SM predictions to the data.
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that introduces a heavy Higgs and a new gauge boson. The EFT limits are presented
in this section, while the B — L limits are presented in Section 5.3.2 of Chapter 5, in
conjunction with limits set by the CONTUR reinterpretation tool. Note that the author
did not explicitly work on the interpretation studies within this section - all results are
credited to relevant members of the analysis team. This section is discussed in detail

due to its relevance to the re-interpretation theme.

Each model has multiple variants which differ in value for some adjustable pa-
rameter. This could be, for example, the mass of a new particle or the strength of a
new coupling constant. These variants can be compared as explanations for the same
observed data, and the probability of the variant being true can be calculated. The
probability to obtain the exact data observations given the parameters is known as
the likelihood of that variant of the model. The maximum likelihood (ML) estimate is
defined as the parameter value at which the likelihood at a maximum. Accordingly, a
maximum likelihood estimator (MLE) returns the value of the parameter which, given
the data, is most likely.

A likelihood function is constructed using only the published results of the measure-
ment and is used to set limits on the BSM models. It has the form

1 1 NT 4/ . .
L=———oxp (_E (rrmeas - rfpfed(e)) c! (ameas - apfed(e))) x TT6 (6:,0,1),
(2m)"[C]| i
(4.13)
where C is the measurement covariance matrix, and #7°* and #°™° k-dimensional

vectors of the measured and predicted cross-sections respectively. The uncertainties
in the BSM prediction are included as Gaussian constrained nuisance parameters 6;
meaning the uncertainties come from imperfect knowledge of the model parameters.
The total covariance matrix is C is the sum of the statistical and systematics uncertainty
matrices and the Standard Model theory uncertainty matrix. For the statistical uncer-
tainty, the predicted uncertainty from the expected Standard Model yield is used instead
of what is observed in data. This was the result of a study which showed that the data’s
downward fluctuations in bins with lower statistics resulted in a biased best fit value as

well as non-optimal intervals, and a non-asymptotic test statistic [66].

For any given point in the BSM parameter space, there may be different effects on
various distributions. In order to obtain the most stringent limit, it is necessary to
examine the effect on each of the unfolded kinematic observables presented in section

4.10. There are a total of twelve observables - those that are measured in slices of
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another count as one observable with the slices combined. Due to the lack of statistical
correlation between the observables, the one providing the best expected sensitivity is

used to set the limit [67].

4.11.1. Z — 4¢ branching fraction

The measured cross-section in the single Z region from table 4.13 is used to extract the
single resonant Z — 4¢ decay branching fraction and the result is compared to previous
LHC measurements. For ease of comparison, phase space corrections are applied the
branching fraction so it matches that of previous analyses.

pred

First, the predicted contribution from sources other than g7 —4¢ (o, T

0.22 +0.04) are subtracted from the measured cross-section (0y,s) in the Z — 44 en-

riched region. Next, contributions originating from t—channel ZZ production rather
than single Z production are accounted for with f; = 0.952 + 0.005. A tau correction
factor of f. = 0.99186 +0.00014 is also applied; this is the fraction of events where
no leptons originate from tau decays. In the denominator, o is the total production
cross-section for single Z as quoted in the ATLAS measurement of Reference [141].
Finally, the fiducial correction factor Ag40.935 4 0.001 accounts for the difference in the

Z mass window definition. This calculation is written as

d
e — rr:(l;i-qq - 4f> X f non-t X (1 - f qqZZ, non-res)

0z X Agig

o

BZ%M =

4

where
Tunfolded = (22.1 £0.7(stat) +=1.1(sys) £ 0.4(lumi)) fb
is the unfolded cross-section in the single Z region (see Section 4.10) and

Crored, non-qqzz = (0222 % 0.036(sys) & 0.001 (stat) = 0.004(lumi) )fb = (0.22 4 0.04) fb

is the predicted contribution in the same region from sources other than qq — ZZ. It is

estimated using the respective theoretical predictions at particle-level.

The resulting Z — 4/ branching fraction is measured to be

By 4 = (4.41+0.13 [stat] +0.23 [exp. sys] & 0.09 [theory] + 0.12 [lumi]) x 10~°
— (4.414+0.30) x10°°
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with the quoted statistical, systematic, theoretical, luminosity, and combined uncer-
tainties. This result is compatible with the previous measurements from CMS and
ATLAS [63,64,142], and is the highest precision measurement of the Z — 4/ branching
fraction achieved at the LHC to date.

4.11.2. EFT couplings

A simple example of an effective field theory (EFT) is the Fermi theory of beta decay.
In this theory postulated in 1933, the neutron decay occurs in a point-like manner to
an electron, a proton, and a neutrino. In the underlying model (the SM), the "point" is
characterized by the emission of a W boson by a down quark which then transforms
into an up quark. The W boson decays to an electron and a neutrino. The Fermi theory
effective Lagrangian describing this interaction contains Gg, the Fermi constant. Gg
is proportional to the ratio of the weak coupling constant to the mass of the W boson.
This was only discovered later on, however, and at the time knowing only the Fermi
constant was a sufficient way to model the process. The W boson has a mass that is an
order of magnitude higher than the typical energy of B decays, and has been integrated
out in the Fermi theory. This is said to be an effective field theory calculation, which is
consistent way to describe a higher-order process so long as the energy scale E of the
process is small compared to the energy scale A of the mediating heavy state [143]. The

scale hierarchy E < A is a fundamental property of an EFT [144].

The Standard Model in the Effective Field Theory approach, often abbreviated as
SMEFT, is an expansion of the Standard Model Lagrangian that introduces higher
dimension operators suppressed by powers of A. The suppression increases by A for
each successive increase in dimension. A represents the mass scale of BSM particles, and
for the EFT to hold its validity the processes probed should be lower than A. The theory
is required to contain the Standard Model gauge groups, and at low energies it must
reduce to the Standard Model. The Standard Model Lagrangian contains operators of
dimension-four, so the expansion for the SMEFT Lagrangian starts at dimension-five

and is written as
¢ 5 ¢ 6 c 7 c 8
Lsmerr = Lom +ZKIQ‘ +ZA—1201' + ZA_Zg,Oi +ZA—1401' + - (4.14)
1 1 1 1

where A is the energy scale at which new physics appears, (’)fl are operators of dimension-
d, and c? are the coupling constants for the operators, also called the Wilson coefficients.
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For each dimension, a complete set of operators must be computed for the expansion.
Starting with dimension-five operators, S. Weinberg showed in reference [145] that it
violates lepton number. Some decades later, reference [146] demonstrated that there
are no SU(3) x SU(2) x U(1) gauge-invariant odd-dimensional operators that preserve
both baryon and lepton number [147]. Even higher dimensions are very suppressed by
factors of A. It is for these reasons that in the SMEFT framework considered for the four
lepton analysis only dimension-six operators are considered. The effective Lagrangian

is therefore defined as
ct
Loperr = Lom + Z A—lch)i : (4.15)
1

A common notation is to absorb the A? into the Wilson coefficient, thus redefining
themasc; = % A complete and non-redundant basis for the fifty-nine independent

dimension-six operators can be found in reference [148].

Following the Lagrangian of equation 4.15, the amplitude is computed as
Mtix = My + ¢; Mepr, 46 (4.16)

where ¢; represent any Wilson coefficient. The matrix element squared reads
Msix|> = [Mgpl + 2R (MéyMegr g—e) + ¢ | Megr, d:6’2~ (4.17)

Here the first term represents the Standard Model contribution, the third term is the
pure BSM component, and the second term describes the interference effect between
the Standard Model and the effective field theory.

If the effective field theory framework is assessed in context of dimension-six and

higher dimension operators, the square of the matrix element is written as

2
C;

C.
|/\/l|2 = Mgy + A;I;MEFT, dime,i T A—fMEFT, dims,i T - -

C.
2 2 ,6 *
(M| = |M5M|/ + 2?73 (MEET, dimeiMsm)

J/

oQ
v O(A™?) (4.18)
C26 2 C'S *
+ ﬁ | Mt dimei|” +2—5 R (MEFT, dimsiMsm) +-- -

(. /

oA
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The Wilson coefficients here are written in their raw form with the power of A included
in the denominator. It is interesting to note that the quadratic term of the dimension-six
operators are suppressed by the same A~* as the interference term of the dimension-
eight operators with the Standard Model contribution. This motivates the construction
of a linear-only model alongside the full model, where terms higher than order A2
are ignored. For the dimension-six model, the linear-only limit sets the third term of
equation 4.19 to zero.

Considering the resulting limits set for the linear-only and the full EFT model, should
the limits be largely compatible with one another then the implication is that the impact
of possible higher-dimension operators is expected to be small. A difference in the two,
however, indicates that sensitivity to the possibly neglected contributions could exist.

The new physics component considered in this section for SMEFT is described using
only dimension-six operators. The energy cutoff scale for new physics is taken to be 1
TeV. Following equation 4.17, the cross-section prediction can also be decomposed into
a Standard Model term, an interference term, and a BSM term.

o
M (ciomnT + €E04—g)- (4.19)

o(c;) = osm+
SM(LO)

The SM prediction g, is the same one described in section 4.5.2 using SHERPA to
simulate the g5 — 4¢ process. The predictions for the interaction and BSM term are
obtained using the SMEFTSIM package [149]. There is an additional factor multiplied:
the ratio of the best SM prediction to the leading order SM prediction. This corrects the
BSM prediction for higher order effects, under the assumption that said effects are the
same for BSM contributions as they are for SM contributions. The limits on the Wilson
coefficients are set using a profile likelihood method as described at the beginning of
this section 4.11.

To test a hypothesized value of ¢, it is useful to write the the profile likelihood ratio:

Ae) = HEAE) (4.20)

where the numerator is the conditional maximum likelihood estimator for specified
¢ while the denominator is the unconditional maximum likelihood estimator. From
the definition of A(c) in, it is evident that that A(c) must lie between 0 and 1, where
A near 1 implies good agreement between the data and the hypothesized value of c.
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Equivalently it is convenient to use the statistic
g=—2InA(c), (4.21)

where higher values of g correspond to a stronger incompatibility between the data and

¢ [150].

A screening procedure is used to identify the subset of the EFT parameters which
contribute non-negligibly to the four-lepton final state. These twenty-two parameters
are:

* cygs CHe, Cyp affecting the Higgs couplings2 ;

* cywp affecting the gauge boson couplings;

® Crids CHur CHer cgl) , cg’l) , cgé, CS; affecting the Z — ¢/ vertex;

. 1 1 ©)

Ceds Ceer Ceur Cidr Cles Cl1s Cpp 1 C1g"s €l Clus Cge from four-fermion interactions (contact

terms).

Limits

Figure 4.26 and Table 4.15 present the limits using the linear-only model, and Figure
4.27 and Table 4.14 show the limits using the full model. Also shown in the tables is the

most sensitive observable that is used to set the limit.

With the two sets of results, a comparison is made to interpret the similarities and
differences. Overall, the coefficients can be grouped into four categories:

1. cyp, CHWB, CHer ng) , cg;, ng) and cl(l1 ) have very similar limits in the linear and full

model. There is a negligible contribution from the quadratic term, and whether or
not it’s included does not affect the end result.

2. cg; and cl(;’) which have slightly lower upper and lower limits due to the small pos-

itive contributions from the quadratic term which enhances the linear contribution

at positive values of the coefficient, and lessens at negative values.

*The tilde indicates a CP-violating term.
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Coefficient Observable 95% CL Expected [Terz] 95% CL Observed [Terz]
CHG M3y VS. My [—0.18, —0.027] [—0.20, —0.029]
U[—0.014,0.011] U[—0.010,0.012]
Che My VS. My [—0.031,0.031] [—0.033,0.033]
Cp M3y VS. My [—0.45,0.44] [—0.60,0.29]
CHWB May VS. My [—0.20,0.21] [—0.29,0.13]
CHA P12 VS. My [—4.9,9.8] [—2.6,8.3]
Chy |Apyo| vs. my [—11,2.8] [—13, —6.9] U [—1.5,4.4]
Che |Appairs| vS. 114 [—0.46,0.49] [—0.70,0.21]
) | Appairs| VS. 114 [—0.39,0.37] [—0.19,0.55]
) |Ayy| vs. gy [—0.28,0.29)] [—0.47,0.12]
i) M3y VS. My [—0.93,0.69] [—1.6,0.43]
i |Appairs| VS. 114 [—0.34,0.33] [—0.15,0.52]
Cos My VS. My [—0.49,0.39] [—0.51,0.41]
Coo M3y VS. My [—38,35] [—33,42]
Coy iy [—0.21,0.35] [—0.14,0.21]
14 Mgy VS. My [—0.40,0.34] [—0.41,0.36]
Cle M3y VS. My, [—23,22] [—21,26]
o Mgy VS. My [—23,21] [—20, 25]
eV |Appairs| VS. 114 [—0.34,0.33] [—0.17,0.50]
ci,’ My [—0.14,0.28] [—0.086,0.17]
) Mgy VS. My [—0.083,0.071] [—0.064, 0.081]
c iy [—0.24,0.32] [—0.16,0.20]
Coe My [—0.17,0.21] [—0.11,0.14]

Table 4.14.: The expected and observed confidence intervals at 95% CL for the SMEFT Wilson
coefficients, including both the linear and quadratic terms. The most sensitive observable
indicated for each coefficient is used for the constraints. Only one coefficient is fitted at a time,
with all others set to zero. This table is from Ref. [66].

3. cyc and cpy, have a double maxima in the likelihood scan when using the full
model with the quadratic term, thus resulting in a less stringent limit than the

linear-only model.

4. the remaining eleven coefficients receive non-negligible contributions from the
quadratic term, and therefore have more stringent limits when using the full-model.

In particular, ¢y receives zero contribution from the linear term.



mye: A measurement designed for re-interpretation

109

Coefficient Observable 95% CL Expected [Terz] 95% CL Observed [Terz]
CHe Mgy VS. My [—0.011, 0.013] [—0.0090, 0.015]
CHG M3y VS. Ty - -

Chp Mgy VS. My [—0.46,0.45] [—0.63,0.28]

CHWB Mgy VS. My [—0.21,0.20] [—0.29,0.13]
CHA P11 VS. MMy [—10, 10] [—3.0,18]
Chu |Ay| vs. 1y [—3.5,3.7] [—1.6,6.1]
Che |Aairs| vS. 11y [—0.47,0.46] [—0.75,0.21]
) |Appairs] V8. 114y [—0.37,0.38) [—0.19,0.57]
%) |Ay| vs. iy [—0.29,0.29)] [—0.51,0.12]
i) Mgy VS. My [—0.81,0.78] [—1.1,0.47]
i |Appaizs] V8. 1114 [—0.34,0.35] [—0.15,0.53]
Cod M3y VS. My, [—1.3,1.8] [—1.0,2.3]
Coo Mgy VS. My [—59,65] (—25,100]
Cop My [—0.62,0.45] [—0.36,0.63]
C1a Mgy VS. My [—1.8,2.5] [—1.3,3.0]
Cle May VS. My [—63, 68] [—18,130]
o Mgy VS. My [—39,43] (—17,70]
eV | Appairs| VS. 114 [—0.34,0.34] [—0.18,0.50]
ci,’ My [—0.76,0.40] [—4.1,0.53]
¢ Mgy VS. My [—0.059,0.083] [—0.050,0.098]
1 My [—1.4,0.99] [—0.78,1.4]
Coe My [—1.1,0.83] [~0.72,1.2]

Table 4.15.: The expected and observed confidence intervals at 95% CL for the SMEFT Wilson
coefficients, including only linear terms. The most sensitive observable indicated for each
coefficient is used for the constraints. Only one coefficient is fitted at a time, with all others set
to zero. This table is from Ref. [66].

The improvement seen in the limits in the last category when using the full-model
including quadratic terms of order A~ *indicate that dimension-eight terms may have

non-negligible effects.

Overall the expected limits and observed limits are compatible, with the exception

(1)

of the lower limit of Clq in the linear-only case. The observed lower limit is significantly
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ATLAS only linear term
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Coeff. Observable Draw Scale Obs. 95% interval
Chc My ' x 10| [-0.0090, 0.015]
Cop My, [-0.63,0.28]

Cows  May [-0.29,0.13]
Cug Py x0.01| [-3.0,18.0]
c,., A9, x0.1|[-1.6,6.1]
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Cf—ill) A‘:Dpairs [-0.19, 0.57]
¥ A, [-0.51,0.12]
Cly My, x 05| [-1.1,0.47]
Ciy AP, [-0.15, 0.53]
Coy My, x0.25 | [-1.0,2.3]
Coo My, x 0.005 | [-25.0,100.0]
Cou My [-0.36,0.63]
Cy My, x,0.25| [-1.3,3.0]
C, Ma, x 0.005 | [-18.0,130.0]
c, my, x0.01| [-17.0,70.0]
e AD,, [-0.18, 0.50 ]
oy m, x0.1| [-4.1,053]
¢ my, x 4 | [-0.050, 0.098 ]
c, My x05| [-0.78,1.4]
Coe My x0.5| [-0.72,1.2]

!
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Figure 4.26.: The expected and observed confidence intervals at 95% CL for the SMEFT Wilson
coefficients, which are in units of TeV? for only the linear terms. The multiplicative number
shown to the right of plotted points indicates a scaling factor that is applied to the limit for
the purpose of the plot, in order to show all coefficients on the same scale. The most sensitive
observable indicated for each coefficient is used for the constraints. Only one coefficient is fitted
at a time, with all others set to zero. This figure is from Ref. [67]

less stringent that the expected lower limit. This is thought to be an artifact of the simple

model where the scale uncertainty is affecting the EFT prediction [ 1.

The paper explains that for a large EFT signal that is incompatible with the data, the EFT scale
uncertainty’s nuisance parameter is pulled in order to bring the prediction closer to the observation.
The nuisance parameter’s constraint term penalizes this behaviour in the likelihood. However, for

large negative values of ¢ g

the size and shape of the scale uncertainty’s effect on the signal prediction

are related in a way that produces a prediction precisely imitating the statistical fluctuations in the
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ATLAS full model
\/§:13 TeV, 139 fbl Expected 95% CL == Observed 95% CL
Coeff. Observable Draw Scale Obs. 95% interval
Chs Mas I > I x4 ] [-0.20,-0.029] O [-0.010,0.012]
Chs Mgy — x 5| [-0.033,0.033]
Cop  May [-0.60,0.29 ]
Cows My, ——— [-0.29,0.13]
Cug  Prop — x0.05 | [-2.6,8.3]
c,, AP, x0.05| [-13.0,-6.9] O [-1.5,4.4]
Che AP0 [-0.70,0.21]
c) AD i [-0.19,0.55]
¥ aw, ——— [-0.47,0.12]
Cly My, x 0.5 | [-1.6,0.43]
cﬁ; DD i I [-0.15,0.52]
Coy May [-0.51,0.41]
Coe My, x 0.01| [-33.0,42.0]
Co My — [-0.14,0.21]
cy My [-0.41,0.36 ]
c, My x0.02 | [-21.0,26.0]
c, My, x 0.02 | [-20.0,25.0]
e AD i — [-0.17,0.50]
cl(;) m, I x 2| [-0.086,0.17 ]
cfj) m., — x 4 | [-0.064,0.081]
c, My x2|([-0.16,0.20]
Cee My x21[-0.11,0.14]
| ] |
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Figure 4.27.: The expected and observed confidence intervals at 95% CL for the SMEFT Wilson
coefficients, which are in units of TeV? for the full model. The multiplicative number shown to
the right of plotted points indicates a scaling factor that is applied to the limit for the purpose
of the plot, in order to show all coefficients on the same scale. The most sensitive observable
indicated for each coefficient is used for the constraints. Only one coefficient is fitted at a time,
with all others set to zero. . This figure is from Ref. [67]
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Limits have previously been placed on ¢y, ¢ and cyyyp, in @ measurement of the
H — 4/ cross-section [151]. The H — 4/ cross-section analysis has more stringent limits
for cy g, but for ¢ the limits are very similar, with the m,, analysis providing slightly
tighter constraints. For ¢y the constraints of this analysis are significantly more strin-
gent with [—0.20,0.21] expected and [—0.29,0.13] observed compared to [—1.09,0.99]
expected and [—1.06,0.99] observed in the H — 4/ analysis. The improvement can be
understood as being due to the fact that changes in cpyyyp affect the entire m,, spectrum,
not just the region close to my; [67]. Limits on the coefficients affecting the Z — ¢/ vertex
have been obtained previously from a global fit to LEP and LHC data [152], and are
generally one or two orders of magnitude more stringent than the limits presented from
Reference [67].

measured cross-section, increasing the likelihood. This leads to a larger than expected observed lower
limit on cl(ql) [67]



Chapter 5.

Re-interpreting results from LHC

measurements

In general, analyses at the LHC fall under one of two broad categories: they are either
measurements (which, to this day, have shown to agree with the Standard Model),
or direct searches for beyond the Standard Model physics. Although direct searches
are precise and sensitive to the targeted new physics signals, they tend to very model
dependent and cover only a small subset of all possible theories and parameter space.
Furthermore, an LHC search can take from months to years from inception to publi-
cation. There is simply not enough person- or computing-power to conduct a direct
search for every BSM model on the market. A solution to this well-known problem lies
in the former category of LHC results: the measurements. The idea is that the addition
of a new particle or new interaction would affect observables that have already been
precisely measured. Therefore a good handful of models may already be excluded,

given that so far, no excesses have been observed.

This idea is a bottom-up, data-driven approach at probing BSM models. In the parti-
cle physics community, the reuse of data after its publication is called re-interpretation.
Re-interpretation allows a much larger breadth of BSM models to be tested outside of
the experimental collaborations by theorists and experimentalists alike. Given how
time consuming it is to do physics analyses, it is in the interest of the particle physics
community to maximize the scientific impact of published data by ensuring reinter-
pretability. Although it is not a tool for discovery, reinterpretation studies are often
useful in helping experiments identify plausible BSM scenarios that direct searches
should target. Since they make use of existing results, they do not require any repro-
cessing of the data, event selection, or background and systematics estimates. It is

considered good practice for analysis teams to publish, along with their measurement,
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material for reinterpretation. The latest report from the LHC reinterpretation forum can
be found in Reference [153], which details the recommendations that analysis teams can
take to ensure reinterpretability.

In this Chapter, an overview of the philosophy and workflow behind the CONTUR
reinterpretation package is given. Two reinterpretation studies are presented where
existing LHC measurements are used to set limits in previously unexplored regions
of BSM model space. The ATLAS four-lepton measurement of Chapter 4 plays a
particularly important role in both, and is studied in detail. First, section 5.1 introduces
CONTUR, from which the results are derived for the rest of this Chapter. Section 5.2
is adapted from Reference [1], where limits are set by LHC measurements on a BSM
particles vector-like quarks. Finally, section 5.3 shows the results of a brief study on a
model with a gauged B — L symmetry. Limits are additionally set on this model as part

of the ATLAS m,, measurement, which are also presented.

5.1. CONTUR and related software tools

This section provides a brief summary of the CONTUR method, adapted from key
paragraphs of the manual. For more comprehensive explanations, please refer to the

relevant sections of the manual.

The backbone of the CONTUR method lies in the fact that many differential cross-
sections are precisely measured and well understood, and that any modifications to
the SM Lagrangian would inevitably introduce changes to these cross-sections. If the
change induced by adding in a new particle or a new field is well beyond the data’s
uncertainties, then (quoting the manual) "we’d already have seen it". In other words,
if one can predict the changes to the hundreds of LHC measured distributions that a
BSM model would make, then one can already determine what regions of the model’s
parameter space are already excluded. This is the philosophy upon which CONTUR was
built.

A couple of ingredients are necessary for running CONTUR. First, the BSM model
must be interfaced to a Monte Carlo event generator in order to simulate events. Fa-
cilitating this procedure is the FeynRules package [154]. At its core, FeynRules is a
mathematica package used to develop BSM models. Upon the input of a Lagrangian, it
derives the Feynman rules. An important feature is the export to the Universal Feyn-
Rules Object [155] (UFO) format, compatible with a range of event generators. UFO
files hold the basic information about new particles and parameters which are directly
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used to generate events for new physics signals. The MC event generator used for
studies in this thesis is Herwig [156], the default MC event generator used by CONTUR.
It is important to note here another pillar in the CONTUR philosophy: to use inclusive
event generation wherever possible. The advantage of doing so is the coverage of
all allowed final states which would be affected if that BSM model were to exist in
nature. Generating events inclusively rather than exclusively allows CONTUR to paint
a comprehensive picture of the exclusion across all manner of final states instead of

focusing on the most spectacular signatures of a new model [157].

Second, a platform to compare the simulated BSM events to the plethora of LHC
measurements is needed. This job is done by RIVET [158], a general-purpose tool used
to reproduce analysis procedures on simulated events. Since its inception, the RIVET
system has been used to validate and tune Monte Carlo event generators with minimal
effort and maximum portability [155]. For example, it has been used extensively in
tuning in Minimum Bias (MB) and Underlying Event (UE) observables for the LHC
using Tevatron data [159]. It hosts a wealth of measurements from various high energy
physics experiments. Each measurement is written into a RIVET routine which preserves
the workflow of the analysis. Included are crucial information such as the fiducial
region selection cuts and observable binnings. With this information, RIVET is able
to transform the output from Monte Carlo event generators into histograms of cross-
sections in the scope of the measurement. In general, it is considered good practice for
LHC measurements to publish their data on HEPData [160] and to provide the analysis
code as a RIVET routine. RIVET’s growing library of available analyses and it’s ability to
make fast and easy to comparisons between raw generator output and particle-level
data is the foundation upon which CONTUR is built.

The CONTUR workflow is summarized in Figure 5.1 in four steps, taken from Refer-
ence [157]. Each step is written in bold, with the tool used to achieve it in smaller font.
First in the workflow is to call upon an event generator (e.g. Herwig) to simulate new
physics events for a specified BSM model. The free paramters of the BSM model should
be defined manually by the user. Herwig is interfaced to RIVET directly so the events
are directly piped into the observables” histograms. The RIVET output corresponds to
the excess BSM contribution in any of the measured distributions made at the LHC
which would be present should the model hold true. The next step is to evaluate the
likelihood for the BSM model given the size of the measurement uncertainty. The heap
of measurements are grouped into orthogonal pools based on their final state signature,
and CONTUR uses the best constraint from each pool to form a global exclusion measure

for a given model at a given set of parameter values [157]. This is CONTUR’s main
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Figure 5.1.: An simplified schematic of the CONTUR workflow. The dotted box denotes the
portion of the workflow that makes extensive use of external packages, affording multiple
options, such as the choice of MC event generator. The next stage is the taking of physics
observables as inputs to a statistical analysis (i.e. evaluating the likelihood for the model).
Finally the last stage involves using tools to visualize the output of the likelihood analysis.
Figure taken from Reference [157]

functionality, and takes around one hour to complete for a single model parameter
point. The same process is repeated for many points in a two-dimensional grid of the
BSM model’s parameter values. With the help of a computing farm with multiple nodes,
this can be done in less than one workday. Finally, CONTUR’s plotting functions allow
the user to visualize the likelihood evaluation of their scanned parameter space. Like
so, CONTUR is able to tell the user whether wide regions of the BSM model’s parameter
is already excluded by LHC previous measurements. An in depth description of each
step can be found in Reference [157].
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5.2. Sensitivity of LHC measurements to Vector-like
Quarks

Vector-like quarks belong to a separate family from the SM quarks. They are non-chiral,
and thus both the left- and right-handed components transform the same way under the
SM symmetries. This enables them to have a bare mass term and obtain mass without
interacting with the Higgs boson. Consequently, they are not constrained by Higgs
measurements, unlike a fourth generation in the SM quark family. In short, VLQs are

simplest example of coloured fermions still allowed by experimental data [161].

Vector-like quarks arise in many classes of BSM theories, such as composite Higgs
that assume electroweak symmetry breaking is due to a a new strongly interacting
sector [162], or little Higgs models that introduce extended global symmetries, or
models with extra dimensional symmetries. As with most models extending the SM,

many of these introduce new sources of CP violation.

5.2.1. Phenomenology of VLQs

For the material presented in this section, vector-like quarks are studied in a model-
independent fashion involving relatively few free parameters. The framework is de-
veloped in Reference [163], which presents an effective Lagrangian description for
vector-like quarks that is easily translated to experimental observables. The Lagrangian

is written in equation 3.2 of Reference [163] as:

CEW & (i
L =kp \ liowi[BL/RWy YupR] +
W

N

+K .T_[TL/RW;rdeIZJ/R] +

+Kx _oi[XL/RW;')’M”ZL/R] + Ky

Ci 8 v i
__[YL/RW ')’MdL/R] +h.C.,
\/ 9 v2 !

(5.1)

where B, T, X, and Y are the four types of vector-like quarks with triplet colour charges,
and electromagnetic charges —%, %, % and —% respectively. The couplings with the
photon and gluon are derived via the standard gauge invariance route. The overall

coupling strength of the vector-like quarks Q is governed by the parameters xg. {;
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represents the coupling of the vector-like quarks to the ith generation SM quark. ¢ 5 and
& govern the couplings of the B and T quarks to Z, W, and Higgs bosons via new QqV
vertices. Another free parameter is the mass of the new quarks, denoted as M. Under
the assumption that ), QB, =land )y é‘\T, =1,and )} ;{; = 1, the branching ratio of
any vector-like quark to an SM quark and gauge boson is written as

BR(Q — Vg,;) = {i¢". (5.2)

At the LHC, vector-like quarks can be either pair- or singly-produced. Pair-production
occurs via the strong and electromagnetic interaction, and via the weak interaction
through the t-channel exchange of an SM weak boson. Single production in association
with a quark or with an SM boson occurs via the weak interaction only. Examples of
leading-order Feynman diagrams for VLQ production are shown in Figure 5.2. Vector-
like quarks can only decay via the weak interaction into an SM weak boson and an SM

quark. Given the charge assignments, the possible decay channels of the vector-like

quarks are:
1
B3—=W +gq, Z+q; H+gqy (5.3)
2
T W' +q, Z+4q, H+g, (5.4)
Xt 5wt 4g, (5.5)
Y5 W 4g, (5.6)

The B and T quark decays to the W, Z, or Higgs boson plus an up- or down-type quark,
depending on the values of the ¢ V and (; parameters. The X and Y quarks, however,
can only decay via the W decay channel due to electromagnetic charge conservation,
and are unaffected by the values of ¢ V1 The production rates of the vector-like quarks
depend on the mass m, especially for the QCD-dominated pair production [163]. The
coupling strength factors x, drive the electroweak production cross-sections, which are

therefore sensitive to the overall strength of the coupling.

The phenomenology of vector-like quark production and decay can be inferred
from the Lagrangian of Equation 5.1. In particular, the production cross-sections are
dependent on MQ and «. For this section, it is assumed that the B, T, X, andY quarks
all have the same mass and coupling strength (ie. My = My = My = My and

Kg = KT = Kx = Ky).

ISince (,‘Wzl and (;‘Z = (;‘H = 0 are constants for X and Y.
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Figure 5.2.: Leading-order Feynman diagrams for production of VLQs Q. The top row (a—)
shows VLQ pair-production diagrams via strong and EM interactions, which do not depend
on k. The second row (d—e) shows pair-production of VLQs via a weak boson V € {W,Z, H},
which may lead to different-flavoured VLQs in the final state. The third row (f-i) shows single-
production of Q in association with a weak boson or SM quark 4. All Feynman diagrams are
from Reference [1].

Pair production

Figures 5.2(a—c) show the pair production of VLQs via the strong and electromagnetic
interaction. These three diagrams are not dependent on any of the coupling parameters
k,¢ or {. For a VLQ of mass ~ 1.3 TeV at the LHC, the cross-section is of the order of
10 tb [1]. In the second row, Figures 5.2(d—e) show the s- and t-channel pair-production
of VLQs through the exchange of a weak boson. These diagrams are dependent on ,
and may have a non-negligible contribution to the production cross-section. In fact,
when the VLQs couple only to first generation SM quarks, Figure 5.2e can become the
dominant production mechanism. Since the up and down quarks are the constituents of
the proton, Figure 5.2¢ is the only possible diagram with two incoming valence quarks.
All other diagrams require at least one anti-quark or gluon. If the VLQs couple to the
second or third generation SM quarks, however, Figure 5.2¢ is no longer dominant. This
effect is illustrated in Figure 5.3 for TT pair-production. For VLQs coupling to the first
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Figure 5.3.: Leading-order cross-sections extracted from Herwig for production of a TT pair

as a function of Mg and «, for 13 TeV pp collisions, in the W:Z:H = %:}L:% scenario, assuming

couplings to individual generations of quarks. The white lines indicate the contours for produc-
tion cross-sections in multiples of 10. The first-generation cross-sections acquire a dependence
on x since pair-production initiated by proton valence quarks becomes possible. The situation
is analogous for other VLQ flavours, although somewhat attenuated for X and Y since they
still require at least one antiquark from the sea to be produced via W exchange in the t-channel.
These figures are from Reference [1].

generation, a dependence on x becomes visible as the mass of the VLQs increase. This
feature is not visible for couplings to the second and third generation. The VLQs are
produced in pairs of different flavours when mediated by a W boson. For the X and Y,

this is always the case since they do not couple to the Z or the Higgs.

Single production

Single production is illustrated in the last row of Figure 5.2. It can occur in association
with a weak boson V, or with a Standard Model quark g. In both cases a strong x depen-
dence is present since single production always takes place via the weak interaction.

Looking first at VLQ production alongside a weak boson, it is important to note
the dependence of the production cross-section on the flavour of the incoming quark.
Consider VLQs that couple only to first generation SM quarks. Using Figures 5.2(f-g)
one can deduced that g +u — T + H/Z production is roughly two times g +d —
B + H/Z production, due to the composition of the proton’s valence quarks, uud.
Similarly, g + u — B + W production is twice as frequentas ¢ +d — T + W, and the
g+ u — X + W production cross-section surpasses that of ¢+ u — Y + W. Factoring
in the weak boson couple ratio of W:Z:H = %:%:}I, the dominant production process
is X + V. The B+ V and T + V production rates are 25% less frequent, and Y + V' is
50% less frequent. When VLQs couple to the second or third generation SM quarks,
the valence quark effect disappears and single-production is suppressed compared to

pair-production. In the case of third-generation coupling, diagrams that include a top

()] uondeS-5501
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Figure 5.4.: Leading-order cross-sections extracted from Herwig for production of a T and Y
with a weak boson as a function of M, and «, for 13 TeV pp collisions, in the W:Z:H = R
scenario, assuming couplings to individual generations of quarks. The white lines indicate the
contours for production cross-sections in multiples of 10. First-generation couplings lead to
higher production cross-sections, as a result of valence-quark-induced diagrams, while second
and third-generation couplings lead to suppressed production rates, according to the relevant
quark PDFs. This figure is from Reference [1].

quark are nearly vanish. X+ W, T + H/Z, and B + W production becomes largely
impossible. These effects are illustrated in Figure 3 of Reference [1] and reproduced
in Figure 5.4. Shown is the production cross-sections for T + V and Y + V for VLQs
coupling to first-, second- or third-generation SM quarks.

Figures 5.2(h-i) show the single-production of VLQs in association with a quark,
mediated by a weak boson. Considering the case where VLQs couple to first-generation
quarks, the dominant production mechanism is the t—channel diagram where both
the incoming quarks can be valence quarks. Valence quarks, on average, carry a larger
portion of the proton’s momentum than sea quarks. Diagrams with dd induced VLQ
production have the lowest cross-section, and ud or uu induced cross-sections are four
times higher 2, Consequently, the dominant production processis u +u — X + g, which
is four times as frequent as the dd induced Y + 4. Both are mediated by a W boson. For
B + g and T + g production there is a further suppression from the small coupling of
the Higgs boson to light SM quarks. When the VLQs couple to the second-generation

2Since the proton composition is uud, the possible incoming quark pairs are: uu, uu, ud,; uu, uu, ud,;
du,du, and dd.

[)] uondas-ss01>
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Figure 5.5.: Leading-order cross-sections extracted from Herwig for production of a T and X
with a SM quark as a function of M, and x, for 13 TeV pp collisions, in the WZ:H = R
scenario, assuming couplings to individual generations of quarks. The white lines indicate the
contours for production cross-sections in multiples of 10. First-generation couplings lead to
higher production cross-sections, as a result of valence-quark-induced diagrams, while second
and third-generation couplings lead to suppressed production rates, according to the relevant
quark PDFs. X + q production goes from being the dominant production process at the LHC if X
couples to first-generation quarks only, to vanishing if X couples to third-generation quarks only.
White cells indicate corners of phase-space where the process in question is highly subdominant,
and therefore where the cross-section was not sampled during the Herwig run. This figure is
from Reference [1].

quarks, the production cross-sections are dependent on the quark PDFs. For coupling
to the third-generation, some production modes are inaccessible if they involve an
incoming top quark. This effect is illustrated in Figure 4 of Reference [1] and reproduced
in Figure 5.5, where the production cross-sections for T and X in association with a
quark are illustrated.

5.2.2. Comparison to ATLAS searches

Typically, searches conducted by the ATLAS and CMS experiments focus on the T and
B vector-like quarks that couple only with the third generation SM quarks. In this
sub-section the same assumption are made in order to compare the exclusions from
LHC results to exclusions computed by CONTUR. The B and T quarks are studied
separately with all other VLQs decoupled from the SM. The possible decay channels

[)] uoRY3S-5501
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Figure 5.6.: Sensitivity of LHC measurements to a B-production for Mz = 1200 GeV and b T-
production for My = 1350 GeV. The CONTUR exclusion is shown in the bins in which it is
evaluated, graduated from yellow through green to black on a linear scale, with the 95% CL

(solid white) and 68% CL (dashed white) exclusion contours superimposed. The mauve region
is excluded at 95% CL by the ATLAS combination [166]. This figure is from Reference [1].

areb+Z,b+ H and t + W for the B quark, and similarly t + Z, t + H and b = W for
the T. Both ATLAS and CMS have conducted searches targeting specific final states .
ATLAS published a combination limit from multiple searches of pair-produced VLQs in
Reference [164], and similarly from CMS in Reference [165]. The ATLAS results presents
the exclusion limits in a two-dimensional parameter space of the VLQ branching ratios
which is easily mimicked by CONTUR.

Figures 5.6a and 5.6b show the results of the CONTUR scan in the triangular plane
of the branching ratios to the weak bosons, for My = 1200 GeV and My = 1350 GeV
respectively. It is assumed that the sum of the branching ratios to the W, Z, and Higgs
bosons is equal to one. On the x-axis is the branching ratio to W’s, §W, and on the
y-axis is the branching ratio to Higgs, ¢, The branching ratio to Z bosons, therefore,
is 1—&" — &%, The shaded purple region shows the excluded phase-space at 95%
confidence level (CL) by ATLAS.

Looking first at Figure 5.6a for the VLB, the excluded region from CONTUR is in the Z
corner of the branching ratio triangle and comes mainly from Z-jet measurements [167-

]. The ATLAS limit in mauve, on the other hand, receives contributions from four
main searches: one each targeting the Z and H decay channels [171,172], and the
remaining two target B-decay to Wt [173,174]. As a result, the sensitivity for BR(B —
tW) is high, thus leading to a strong exclusion at the bottom-right corner of the triangle.
The excluded regions from CONTUR and ATLAS are somewhat complementary.
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Show in Figure 5.6b is the excluded region from CONTUR for M = 1350 GeV,
and the ATLAS search exclusion for this mass value in mauve. Here there are three
analyses going into to the ATLAS combination limit which target T-decay to Ht [172,

, ], two that target T-decay to Zt [171, ], and only one sensitive in the W
channel [177]. The ATLAS sensitivity is mainly in the Higgs corner of the branching
ratio half-plane. In contrast, the CONTUR exclusion comes mainly from top quark and W
boson measurements [175-182], giving sensitivity in the W corner. The complementarity

between CONTUR and direct searches is nicely demonstrated.

5.2.3. All quark generations

Although most searches at ATLAS and CMS assume that VLQs couple only to the
third-generation quarks, it is not at all the case that mixing with the first- and second-
generation quarks are forbidden. They do, however, receive more stringent lower
bounds on the overall coupling x from flavour physics [163]. These bounds come from
the LEP measurements of the Z boson’s couplings to light quarks, and from other low
energy experiments such as the measurement of the weak charge of the Cesium atom
(Atom Parity Violation) [183]. These measurements are proportional to the branching
fraction to the specific generation, and therefore from it an absolute bound on x can
be extracted. For VLQs that couple only to one SM quark generation at a time, these
bounds are estimated to bex < 0.07 and x = 0.2 for coupling to the first- and second-
generation only. Although scenarios with VLQ couplings to all generations is allowed,

they suffer from an extra order of magnitude suppression on x [163].

At low VLQ masses, the QCD induced pair production mode is dominant. As
previously discussed, this is independent of the overall coupling x. However, pair
production sees a suppression at high VLQ masses, therefore when M, is large enough,
single production becomes dominant [184]. This feature is of particular interest when
the VLQs couple to first-generation quarks. Since the proton’s valence quarks are of the
first-generation, production diagrams that involve two incoming initial state quarks
will see an enhancement. In particular, the t—channel VLQ pair production via the
weak interaction (Figure 5.2e) becomes dominant, and a dependence on x comes into
play. The rest of this subsection explores the VLQs coupling to each of the SM quark

generations independently, in four ¢}, branching fraction scenario indicated by ratios:
* W:H:Z =0:0:1coupling only to the Z boson

e W:H:Z=0:1:0 coupling only to the Higgs boson
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e W:H:Z =1:0:0 coupling only to the W boson
e W:H:Z= % : 411 : }l an admixture of the three bosons.

The results are presented as two-dimensional exclusion maps in the plane of M and .
Each square on the map represents a scan point for a specific (Mg, k) combination where
a CLs value is calculated by CONTUR. The colour of the square indicates the dominant
analyses pool contributing towards the exclusion. The final state of the ATLAS analysis
present in Section 4 is four-leptons, and therefore belongs to the four-lepton pool in
pink. The solid white line is the exclusion at 95% CLs, and the dashed at 68%.

Coupling to first-generation quarks

The exclusion maps for VLQs coupling to first-generation SM quarks in the four WHZ
branching fraction scenarios are show in Figure 5.7. The range in x values is from x = 0
to ¥ = 0.15. The bound from flavour physics at ¥ = 0.07 is drawn in pink. In the Higgs
only and the mixture scenarios, the M < 1000 GeV region is largely excluded at 95%
CL. For the W only and Z only configurations, this goes up to M < 1125 GeV and
Mg < 1250 GeV respectively. Below these masses the white contour lines are relatively
vertical and therefore independent of «. This is credited to the fact that the VLQs are
mainly pair-produced via the strong and electromagnetic interaction. Above these
masses the contour lines become nearly horizontal, indicating that a strong dependence
on k has developed as dominant production mode switches to single production via
the weak interaction. Overall the limits at high mass oscillate around x ~ 0.07. They are

most stringent for the Z—only ¢ configuration.

The colouring of the plot indicates the dominant analyses contributing to the ex-
clusion. For all but the Z configuration where Z-+jets measurements hold the most
exclusion power, it is the ATLAS /¢, + ET' s 4 jet pool in light blue that prevails. This
pool contains final state signatures typical of a leptonic WW decay; with two leptons
(either e or y), missing energy Er, and sometimes jets. The sensitivity in the Higgs only
corner occurs as a result of the the H — WW decay channel. In the middle region of
of the Higgs only and W only configuration, there is a strong presence from ATLAS
lepton+ET iss+je’c analyses. This signature is sensitive to the weakly and singly produced
VLQ, thus introducing a reliance on x and driving the exclusion contour horizontally.
Multiple measurements contribute to each analyses pool. An investigation into the
appearance of the lepton+ET' iss+jet pool reveals that it is dominated by measurements of
leading jet pt in the detector-corrected control regions of the 8 TeV ATLAS vector-boson

fusion (VBF) Wjj analysis [178]. In the 1 TeV-2 TeV range, the VLQ decays shows up as
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Figure 5.7.: Dominant LHC analysis pools contributing to VLQ limit-setting in the x vs VLQ
mass plane, where « is the coupling to first-generation SM quarks. All VLQ (B, T, X, Y) masses
are set to be degenerate. The disfavoured regions are located above and to the left of the dashed
(68% CL) and solid (95% CL) white contours respectively. The lower bounds in x from non-LHC
flavour physics are indicated with the pink horizontal contour. The VLQ branching fractions to
W:Z:H are a 0:0:1 b 0:1:0 ¢ 1:0:0 and d %:%:}l. This figure is from Reference [1].
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an excess in the highest leading jet pr bin. This is illustrated in Figure 5.8 for the W only
configuration at MQ = 1000 GeV, 1750 GeV, and 2250 GeV. These are excluded at 28%,
91%, and 41% respectively. For higher masses the enhancement is out of bin range, and
the cross-section also drops.
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Figure 5.8.: ATLAS 8TeV Wjj forward-lepton control region leading-jet pr distributions at three
points on the 95% exclusion contour for W.Z:H = 1:0:0, respectively at M, values of a 1000 GeV,
b 1750 GeV, and c 2250 GeV. The rise and subsidence of a 90% CL exclusion from a single Wjj
bin is seen as the contour passes from below 1 TeV to above 2 TeV. The black points are data, the
red histogram is the VLQ contribution stacked on top of the data. In the lower insets, the ratio is
shown and the yellow band indicates the significance, taking into account the statistical and
systematic uncertainties on the data. The legend gives the exclusion (i.e. one minus the p-value)
for that histogram after fitting nuisance parameters for the correlated systematic uncertainties.
This figure is from Reference [1].

Coupling to second-generation quarks

The results for VLQs coupling to second-generation quarks for the four branching
fraction scenarios is presented in Figure 5.9. These exclusion maps scan between x = 0
and k¥ = 0.4. The bound on the coupling is at ¥ = 0.2 and comes from measurements of
the Z — g couplings at LEP [185, 186]. Since the VLQs couple to second-generation
quarks, access to valence quarks are forbidden, and the weak production diagrams of
Figure 5.2e and Figure 5.2h no longer play a dominant role. It is pair-production via the
strong and electromagnetic interaction that dominates the excluded regions. In contrast

to the first-generation case, only a hint of ¥ dependence is visible at high M.

The Z+jets analyses are driving the exclusion in the Z configuration, and the similarly
the ATLAS ¢, 4, + ET"*° + jet analyses for the W and Higgs configuration. In the WHZ =
%}1% mixture both make an appearance. In the M, region between 1 TeV and 2 TeV, the
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Figure 5.9.: Dominant LHC analysis pools contributing to VLQ limit-setting in the x vs VLQ
mass plane, where « is the coupling to second-generation SM quarks. All VLQ (B, T, X, Y)
masses are set to be degenerate. The disfavoured regions are located above and to the left of the
dashed (68% CL) and solid (95% CL) white contours respectively. The lower bounds in x from
non-LHC flavour physics are indicated with the pink horizontal contour. The VLQ branching
fractions to W:Z:H are a 0:0:1 b 0:1:0 ¢ 1:0:0 and d %:%:}1. This figure is from Reference [1].

same emergence of the lepton+E="*+jet pool is present. The sensitivity is driven by the

same ATLAS VBF Wjj analysis. New in the coupling to the second generation is the
sensitivity coming from the 13 TeV CMS jet mass analysis [187] (and less so from the
ATLAS 13 TeV dijet and inclusive jet analysis [1585]) beyond My =2 TeV.
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Coupling to third-generation quarks

Finally Figure 5.10 shows the exclusion in the M — x plane for VLQs that couple only
to the third-generation SM quarks. Unlike the lighter generations, no constraint exists
on « and therefore it is scanned in the full range from 0 — 1. The results are once again
presented for the four WHZ scenarios. Overall, pair-production dominates and x has
little effect on the shape of the white contour. Single-production via the weak interaction
is sees a further suppression in comparison to the first- and second-generation. At a
high enough x, however, the lepton+ET' iss+je‘c analyses sensitive to single production

bring a little horizontal momentum to the white contour.

Comparing the set of plots for the third-generation with that of the lighter genera-
tions, the biggest difference is in the Z only & configuration. For the former this region’s
exclusion is driven by the ATLAS ¢, £, + EX™* 1 jet pool, with minor contributions from
dilepton and four-lepton measurements, while for the latter it is driven by dilepton+jets
measurements. This is a result of the allowed production and decay modes when the
VLQs only couple to the top and bottom quark. For X 4 g and T + g production, there
is a suppression due to the lack of top quarks in the proton sea. At high masses, Y + g
production dominates. Recalling from Equation 5.1 that the X and Y only couple to W
bosons, therefore even in the Z only configuration they will decay to W’s. Furthermore,
Y and T will decay to top quarks, which then decays very quickly to a W boson and
(usually) a bottom quark. As a result, when VLQs couple to the third-generation, there

are lepton+ET' iss +jet signatures that are not present for the lighter generations.

It is important to highlight here the impact of analyses publishing bin-correlation
information in data. The results of this section make use of correlation information
where available. Correlation information allowed CONTUR to use multiple bins in
the WW analysis pool. Without it, the (statistically limited) ATLAS four-lepton pool
would dominate a larger region of x—~Mg, plane in the Z only configuration, and the
CMS (+E7""+jet analyses [180-182,189-191] would dominate the low M, regions in

the other three configurations.

5.2.4. Role of the ATLAS m 40 measurement

Assuming a {; = 1 branching fraction, the production of a vector-like B or T quark
at the LHC is characterized by final states with high pt Z bosons. In the case where
there are two Z bosons involved that both decay into charged leptons, the result is a
four-lepton final state made up of two same flavour, opposite sign, lepton pairs. All pair
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Figure 5.10.: Dominant LHC analysis pools contributing to VLQ limit-setting in the ¥ vs VLQ
mass plane, where « is the coupling to third-generation SM quarks. All VLQ (B, T, X, Y) masses
are set to be degenerate. The disfavoured regions are located above and to the left of the dashed
(68% CL) and solid (95% CL) white contours respectively. The VLQ branching fractions to
W:Z:H are a 0:0:1 b 0:1:0 ¢ 1:0:0 and d %:%:}1. This figure is from Reference [1].
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production modes can contribute to the four-lepton signature since BB and TT decay
to ZtZt and ZbZb respectively. Single production can also result in a four-lepton final
state, if the VLQ is produced in association with a Z boson (Figure 5.2f and 5.2¢g). The
ATLAS my,measurement presented in Chapter 4 falls into this final state and therefore is
sensitive to the production of VLQs in the Z only scenario. This section explores the role
that the full Run II m,, measurement plays in constraining VLQs. The results presented
in the previous sections were made with CONTUR version 1.2.2 and RIVET 3.1.1 prior to
the publication of the four-lepton analysis. In this section the Z only configuration scans
are remade using CONTUR 2.1.x and RIVET 3.1.4 , which includes the newly published

four-lepton measurement [67].

Figure 5.11 shows the new CONTUR scans in the {; = 1 Z only configuration for
VLQs coupling to the first-, second-, and third-generation SM quarks. These scans
are replicated in the same model parameter space as that of Figure 5.7b, Figure 5.9b
and Figure 5.10b, and uses the ATLAS full Run II m4, measurement (and other new
measurements) in calculating the excluded region. Looking at Figure 5.11a for coupling
to the first-generation quarks, the limits as well as the most sensitivity analyses pools
are similar to that of Figure 5.7b, with some minor differences. First, the white exclusion
contour at 95% is more stringent, extending to lower values of k. Second, there is the
appearance of the sand-coloured CMS ee+jet and CMS upi+jet at high mass.

For the second-generation quarks shown in Figure 5.11b it is a similar story, although
the effects are more prominent. Beyond My =1500 GeV, it is the CMS Z+jets pool
that dominates rather than the ATLAS Z+jet, this is due to the addition of two CMS
Z boson cross-section measurements [192,193]. The four-lepton pool, which was not
visible in the CONTUR 1.2.2 scan of Figure 5.9b, now makes an appearance at low «
between 1000 GeV-1250 GeV. Overall, the CONTUR limit is more stringent. In the high
mass region in particular, the increased sensitivity results in a visible dependence on «,
which was not present earlier.

Lastly, Figure 5.11c is for VLQs that interact only with third-generation quarks.
Here the dominant final state pool for the majority of scan points is still ATLAS ¢,/¢, +
ERSS 1 jet 7. At VLQ masses between 650 GeV-1100 GeV, there is a notable pink patch
that was not visible prior. This is due to the addition of the four-lepton measurement
presented in Chapter 4, whose increase statistics and widened acceptance has boosted
the four-lepton pool to be the one providing the most sensitivity at those points.

miss

*Due to plotting script modifications, ATLAS ¢;¢, + E1"" + jet is turquoise in this plot, and sky blue in
Figure 5.9b
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Figure 5.11.: Dominant LHC analysis pools contributing to VLQ limit-setting in the ¥ vs VLQ
mass plane, where « is the coupling to third-generation SM quarks. All VLQ (B, T, X, Y) masses
are set to be degenerate. The disfavoured regions are located above and to the left of the dashed
(68% CL) and solid (95% CL) white contours respectively. The VLQ branching fraction to W:Z:H
is 0:1:0. Plots are made with CONTUR 2.1.x and RIVET 3.1.4.
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Figure 5.12.: CONTUR exclusion (a) without and (b) with new four-lepton measurement. The
disfavoured regions at 95% CL and 68% CL are shaded in yellow and green respectively.

Figure 5.12 shows the CONTUR excluded region by the four-lepton final state pool
alone in the M — « plane for VLQs coupling to first generation quarks. The yellow
and green regions are disfavoured at 95% CL and 68% CL respectively. The left and
right plots correspond to the limit set by the pool while omitting and including the
full Run II my, measurement, respectively. In other words, the improvement in the
limit seen in Figure 5.12b compared to Figure 5.12a is attributed solely to the addition
of the new m,, measurement. The upper limit on VLQ mass increases from 1000 GeV
to 1100 GeVat low x, and from 1200 GeV to over 1500 GeV at high k. Without the
new my, measurement, the 95% CL exclusion reaches ~ 1 TeV, any higher and there
are not enough events. Below this mass, the exclusion in Figure 5.12a is driven by
pair production via the strong and EM interaction, which is independent of x. The «
dependence in the green 68% CL excluded region of Figure 5.12a is an early sign for
the 95% CL excluded region of Figure 5.12b. The inclusion of the 139 fb? four-lepton
measurement allows probing into higher M, where a x dependence comes into play as
VLQs are pair produced via the weak interaction.

A closer look into what drives the improved limit is illustrated in Figure 5.12 at
the My = 1237 GeV and « = 0.05 scan point. The left and right plot shows the m,,
distribution in the 2e2u channel, for the previous iteration of the four-lepton analysis
(36.1 fb ") and the most recent iteration (139 fb™ ), respectively. The latter has widened
acceptance cuts, improved statistics, and a higher upper mass limit. It is the fine binned
high mass tail of Figure 5.13b that drives the 89% CL given by the 2¢2u channel. Without
it, Figure 5.13a provides only a 30% CL. In general, it is the high mass tails of m,4, related
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variables, and variables in the on-shell ZZ region (see Section 4.2) that provide the

highest sensitivity.

The same conclusions are drawn when the VLQs couple to second- and third-
generation quarks. The addition of the new four-lepton measurement expands the
upper mass limit of the excluded region by the four-lepton pool by a few hundred GeV,
thanks for the finer binning and extended range in the high mass tail. Due to the lack of
access to valence quarks, however, VLQ production via the weak interaction is highly
suppressed and the exclusion contours from the four-lepton pool are independent of .

5.3. Sensitivity of LHC measurements to a gauged B — L

model

The focus of this section is on the limits set on a gauged B — L model. This model
is interpreted by the ATLAS m,, measurement of Chapter 4. As a complementary
further studies are conducted to investigate how the m,, measurement may be easily
re-interpreted using the CONTUR machinery. Both sets of limits (ATLAS and CONTUR)

are presented, with a particular focus on the role the m,, measurement plays.

5.3.1. About the model

Since gauge symmetry has been a huge success in describing the SM, a way of in-
corporating new physics can be through the extension of its gauge symmetry. In the
theoretical community, several new physics scenarios have been postulated in which
the gauge symmetry of the Standard Model are extended via U(1) gauge symmetries
beyond U(1)y [194,195] . This class of models is strongly reinforced by the observation
of neutrino oscillations, evidence that neutrinos have non-zero mass. They predict three
additional SM singlet fermions which are accounted for by right-handed neutrinos, thus

enabling the seesaw mechanism of neutrino mass generation.

In this section, the model is based on the gauge group where an additional U(1)p_;
symmetry group representing the global Baryon-number-minus-Lepton-number sym-
metry: SU(3)c x SU(2); x U(1)y x U(1)_;. The symmetry is spontaneously broken
by an extra SM singlet scalar (the heavy Higgs h,). Three SM singlet fermions are also
introduced (the right-handed neutrinos) for the cancellation of gauge anomalies, along
with an extra gauge boson Z'. The Z couples to the SM via g’, and the heavy Higgs &,
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Figure 5.13.: ATLAS 13 TeV four-lepton measurement at (a) 36.1 fb~ ' and (b) 139 fb ' at Mgy =
1237 GeVand x = 0.05. The black points are data, the red histogram is the VLQ contribution
stacked on top of the data, and the green histogram is the SM prediction. In the lower insets, the
ratio is shown and the yellow band indicates the significance, taking into account the statistical
and systematic uncertainties on the data. The legend gives the exclusion (i.e. one minus the
p-value) for that histogram.
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M, g My, My, sin &
Scenario C  [1,10*] GeV [3x107°,0.6] M,/5 200 GeV 0.2
Scenario E 35 GeV 1077 M, /5 [0,800] GeV [0,0.7]

Table 5.1.: B-L model parameters set for scenario C of the gauge sector and scenario E of the
scalar sector, as defined in Reference [2].

mixes with the SM Higgs with mixing angle a. The introduction of these new particles
may have a non-negligible impact on the phenomenology of the SM, and may manifest
themselves in measurements taken at the LHC.

The constraints from LHC measurements on this model are studied in detail using
the CONTUR machinery in Reference [2]. The paper showed that ATLAS measurements
with a four-lepton final state provided significant constraints on certain regions of
parameter space. In context of the model, contributions to the spectrum may come
from the production of multiple Z’, the production of %, via gluon-gluon fusion which
decays via h, — Z'Z" or hy — ZZ, or the SM Higgs decaying to a pair of Z'. In the
study, five well-motivated scenarios are considered: three target the vector boson sector,
and two target the scalar sector. In all five, the sterile neutrino sector is set as identically.
All scenarios are described in Section 3.4 of Reference [2]. The rest of this section will
focus only on scenarios C and E, as they are found to contribute to a four-lepton final
state in the studies of Reference [2]. In the former, Mhz’ sina, and M,/ are set to be
constants while the scan is performed in the M,/ versus g1 plane. In the latter, M 7' g1,
and My, are set to be constants while the scan is performed in the M, — sina plane.

The parameters for both are summarized in Table 5.1.

5.3.2. ATLAS limit from the m , analysis

One sensitivity scan published in Reference [?] is repeated as an interpretation example
in the ATLAS my, analysis, in the plane of the sine of the mixing angle « and the mass
of the exotic Higgs boson 1, . The new gauge boson 7' is assumed to have a mass of
35 GeV, and weakly coupled to the SM with ¢’ = 1072
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An alternate test statistic § for upper limits is defined using the likelihood function

of equation 4.13 as

-~

ZInE(Li(V)) <O,
£(0,(0))
q= LubW) o< g < (5.7)
N L) =H=
L0 > .

Here the parameter u dictates the strength of the BSM signal process. u = 0 and
i = 1 correspond to the background-only hypothesis and the nominal signal hypothesis
respectively [67]. The reason for setting § = 0 for i > u is that when setting an
upper limit, an excess in data (corresponding to larger 1) should not be used to reject a
signal model with lower yield (lower p). 4 is interpreted as an upper exclusion limit
on the parameter of interest at a certain CL, usually set to 95%, based on the CLs
prescription [196] .

The exclusion contour in the plane of sina — my, is depicted in Figure 5.15, where
the variable providing the best expected sensitivity to set the limit. An alternate ver-
sion using only the inclusive my, distribution to set the limit is shown in Figure 5.14.
Corresponding to Figure 5.15, the colour map of Figure 5.16 shows the observable used
to derive the limits at each point in the parameter space. It is clearly visible that there
is a larger excluded region when using the most sensitive observable rather than the
my, distribution only. The event kinematics of the BSM model changes as the model
parameters change. It is therefore advantageous to exploit various observables accord-
ingly at each model point; ultimately enhancing the sensitivity significantly. This effect
is most evident at high m;, , where the expected limit on sin « strengthens from 0.46 to
0.28. Referring to Figure 5.16, the improvements at high m;,, come mainly from the m,,
distribution. These results demonstrate the power that comes with measuring more

variables in regions of phase space.

5.3.3. Updated CONTUR limit with new m, , measurement

Figure 5.17b shows the exclusion contours from Reference [?] for Scenario E in the
M, — sina plane. In this scenario, the 7' is light enough such that h, — Z'Z’ is an
allowed decay channel. The excluded regions at 95% CL and 68% CL are indicated by
the yellow-shaded and green-shaded areas respectively. The upper right portion of
the plot is excluded by the perturbativity requirement that the model must be stable
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Figure 5.14.: ATLAS result from the m,, measurement. Limits set on the B-L model using
only the inclusive my, variable. The red line shows the observed exclusion and the solid black
line shows the expected exclusion, with the dashed black lines indicating the 10 and £2¢
uncertainty bands. The region above and to the left of the lines is excluded, up to the grey band,
which shows the region m;,, < 2m_, where the four-lepton final state has no sensitivity. This
figure is from Reference [67].
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Figure 5.15.: ATLAS result from the m,, measurement. Limits set on the B-L model using the
most sensitive variable. The red line shows the observed exclusion and the solid black line shows
the expected exclusion, with the dashed black lines indicating the 4 10 and =+ 20 uncertainty
bands. The region above and to the left of the lines is excluded, up to the grey band, which
shows the region m;,, < 2m_, where the four-lepton final state has no sensitivity. This figure is
from Reference [67].
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Figure 5.16.: ATLAS result from the m,, measurement. This colour map shows the B-L model
space and the most sensitive variable at each point used to set the limit. This figure is from
Reference [67].

up to at least 10 TeV, and to a greater extent, by precise measurements of the W boson
mass [2]. The CONTUR excluded region provides some additional sensitivity in the
low M, region. The 7 TeV and 8 TeV four-lepton measurements have shown to be
important in constraining the the small M, g > 1077 region, where the h, decays
dominantly to Z' pairs, and the branching fractions for Z' — u*u~ and Z' — ¢e™ are
both ~20% [2]. Bearing all this in mind, it is sensible to expect that new measurements
in the four-lepton final state should affect the exclusion in the region.

Figure 5.17a is a replica of the scan in the same parameter space performed by the
author using a newer version of CONTUR (and RIVET), which includes the 139 fb!
four-lepton measurement presented in Chapter 4 and published in Reference [67]. The
excluded region in this plot is to the right and above the solid white line at 95% (dashed
white line is 68%). The improvement in the limit in comparison to Figure 5.17b is clearly
visible. The sina > 0.3 region is largely excluded in the high mass range at 95%, and
nearly the entire plane is disfavoured at 68%. At around M, = 200 GeV, CONTUR is
able to rule out a new region of phase space that was previously not excluded. This
drastic improvement is attributed nearly single-handedly to the addition of the of the
new 1, measurement in RIVET. This is illustrated in Figure 5.18, where the 30 excluded
region (yellow) in the four-lepton pool alone is plotted without (left), and with (right),
the new measurement.
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The driving force behind the improved sensitivity in the new my, analysis, partic-
ularly at high M, , is higher event statistics, finer binning, and the addition of new
observables (see Section 4.2). Looking only at the new m,, analysis, the breakdown of
the distribution giving the highest exclusion at each scan point is shown in Figure ??.
At low masses, the |A¢y,|, my, vs flavour, my, vs y,y, and py,, distributions share the
role of being the most dominant. At higher M, , it is the mass of the first lepton pair

my, that is dominant for most parameters.

As presented in Section 4.11 of Chapter 4, CONTUR studies for this model motivated
a complete study in context of the ATLAS four-lepton measurement. The ATLAS limits
obtained, shown in Figure 5.15, are comparable to those of Figure 5.17a. Similarly, the
ATLAS colour map of Figure 5.16 which shows the most sensitive observable used to
derive the limits is comparable to plot to Figure 5.19, which shows the most sensitive
observable used for the CONTUR limit. In both, there is the dominance of m, in the
high M}, region. In terms of the 95% CL excluded region, at low masses the ATLAS and
CONTUR results are largely similar. At higher masses the CONTUR limits are slightly
weaker. The ATLAS limit excludes the entire sina > 0.3 region at high M, , whereas
for CONTUR it is only up to sina > 0.4. These results are a good demonstration of how
useful CONTUR can be in performing broad scans that cover large regions of parameter
space. Although slightly less sensitive than a dedicated ATLAS limit, the CONTUR scan
takes just a few hours, rather than weeks, to complete.

In Scenario C, the effects of the Higgs mixing and the second Higgs mass eigenstates
are switched on by setting sina = 0.2 and M;, = 200 GeV. Figure 5.20b is the excluded
model space from Reference [2] for Scenario C in the M, - ¢1 plane. There is an experi-
mental constraint arising from electron-neutrino scattering that is shaded in red on the
scan, as well as the excluded region from the perturbativity requirement. Figure 5.20a
shows the new exclusion obtained using CONTUR version 2.0.x, which includes the
13 TeV myy analysis. Atlow M, there is an order of magnitude improvement in the
95% CL excluded region. At higher masses, the improvement is more subtle but still
present. Even more prominent is the improvement in the 68% CL exclusion. Prior to
the addition of the 13 TeV m,, measurement, the 68% CL exclusion of Figure 5.20b in
green covers only a little more area than the yellow. In Figure 5.20a, however, nearly the
entire scanned parameter space is excluded at 68% CL (the only allowed area is to the
left of the dashed white line). This change is attributed mainly to the m,, measurement,

which dominates the high mass and low g7 regions.
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Figure 5.17.: (a) Dominant LHC analysis pools contributing to the exclusion limit set for the
gauged B — L model in M), vs sin« plane, where g1 = 0.001and M, = 35 GeV. The disfavoured
regions are located above and to the left of the dashed (68% CL) and solid (95% CL) white
contours respectively. Plot is made with CONTUR 2.1.x and RIVET 3.1.4. (b) The corresponding
heatmap from Figure 6b of Reference [2]. The disfavoured regions at 95% CL and 68% CL are
shaded in yellow and green respectively. The constraints from perturbativity up to a scale of at
least 10 TeV, and from W mass measurements are also shown.
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Figure 5.18.: CONTUR exclusion (a) without and (b) with the new four-lepton measurement.
The disfavoured regions at 95% CL and 68% CL are shaded in yellow and green respectively.
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where ¢; = 0.001 and M, = 35 GeV.



Re-interpreting results from LHC measurements 143

109 102 104
MZ’ (GGV)
(a)

107"
1072
S
1073
10~*
103
M A (GGV)
(b)

@ ATLAS low-mass DY [l ATLAS ee+jet @ ATLAS pp+jet
@@ ATLAS ¢4y @l ATLAS 4/ @@ ATLAS high-mass DY

B CMS pu+E™ et [0 ATLAS (1 4,+EF +jet @8 CMS high-mass DY

Figure 5.20.: (a) Dominant LHC analysis pools contributing to the exclusion limit set for the
gauged B — L model in M, vs g7 plane, where sina = 0.2 and M;,, =200 GeV. The disfavoured
regions are located above and to the left of the dashed (68% CL) and solid (95% CL) white
contours respectively. Plot is made with CONTUR 2.1.x and RIVET 3.1.4. (b) The corresponding
heatmap from Figure 5c of Reference [2]. The disfavoured regions at 95% CL and 68% CL are
shaded in yellow and green respectively. The constraints from perturbativity up to a scale of at
least 10 TeV, and from electron-neutrino scattering, are also indicated.
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Chapter 6.

Conclusion

The Run-2 of the LHC at an unprecedented centre-of-mass energy of 13 TeV is now
finished, and 139 fb~ ! of data has been successfully collected. The ATLAS collaboration
made great efforts in analyzing the data in both making and refining cross-section
measurements and conducting direct searches for new physics. As the latter continues
to be unfruitful, the focus shifts to a complementary approach in the hunt for BSM
physics - the reinterpretation of the precision measurements which are compatible with
the Standard Model. This approach is sensitive to potential new signatures that may be
"hidden" in the data, appearing as subtle changes to a spectrum rather than a visible

peak.

Cross-sections measured in terms of final state particles have a high degree of model
independence, facilitating its reuse in constraining BSM physics. One such precision
measurement targets processes that have at least four leptons in the final state. Chapter 4
presented the ATLAS four-lepton cross-section measurements using 139 fb~! of data.
Four-lepton production has been measured inclusively, and differentially in the fiducial
phase space, along with measurements of the dilepton mass, and kinematic and angular
variables in four regions of m,, dominated by difference physics processes. All results
are presented at the particle-level, meaning they are corrected for detector effects. The
procedure used for the unfolding process was optimized and found to have minimal
bias in the presence of physics beyond the SM. Overall, the measured distributions are
found to be consistent with the leading SM predictions. A few interpretation examples
are conducted by the analysis team. The most precise Z — 4/ branching fraction to
date was extracted and has a value of, consistent with previous measurements and
predictions. Limits on coefficients in a SMEFT framework and parameters governing
a model based on a spontaneously broken B — L gauge symmetry were set using the
data. To facilitate future re-interpretability, the data are made public and the analysis
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workflow documented. In doing so, the analysis team hopes that the measurement can
be used to further probe BSM models in the years to come.

In Chapter 5, two re-interpretation studies using re-interpretation software CONTUR
are presented. The first focuses on a generic class of VLQ models, and the second is the
B — L model that was also interpreted within the ATLAS m,, analysis. For these studies,
a large bank of LHC differential cross-section measurements were used. Although these
measurements were not specifically tailored to be sensitive to the BSM models, they
nonetheless were able to exclude significant regions of the model parameter space. For
the case of the VLQs, the fast-paced CONTUR machinery was able to survey previously
unexplored model scenarios. The study of the B — L model yielded competitive limits to
that of the ATLAS m,, analysis, and improves upon the limits of a previous paper with
limits derived using the same toolkit [2], thanks to the addition of new measurements.
For both models, the role that the new ATLAS m,, measurement plays was investigated.
In certain scenarios, the addition of this new measurement resulted in a significantly

larger excluded region.

Overall, the work in this thesis demonstrated how a model-independent measure-
ment is made, and how powerful they can be, if well preserved, in constraining new
physics. What takes a dedicated search team years accomplish, takes the CONTUR
framework one day. Undeniably, this toolkit can be beneficial if used in complement
by searches when designing analyses and deciding what parameter space to target.
Furthermore, given how resource-intensive it is to publish an analysis, it is in the best
interest of the particle physics community to maximize its usefulness. From an over-
arching collaborative perspective, ensuring an analysis’ re-interpretability is highly
desirable. It signifies a longer legacy for the published data well beyond the lifetime of

the experiment.



Appendix A.

Unfolding inputs and studies

Figures A.1-A.12 show the predicted detector-level and particle-level yields, as well as
the reconstruction efficiency, the fiducial purity (equivalent to the diagonal elements
of the migration matrices) and the fiducial fraction for each bin of each distribution,
after the pre-unfolding weights are applied. Note, that the yields are normalized by bin
width to show clearly that the number of events per bin satisfy the criteria we required,
but this can lead to the distributions looking jumpy.

Figures A.14-A.25 show the migration matrices for each slice of all 2D distributions,
and also the migration matrices across the slices in each distribution. They are separated
purely for legibility, and the elements are normalized across the entire matrix in all

cases.

Figure ?? shows the migration between the m, mass slices with the current definition
and with the Higgs-enriched slice altered from 120-130 GeV to 115-130 GeV. Migrations
between the Higgs-enriched bin and neighbouring off-shell bin do decrease minimally,

but we are not convinced this is sufficient to motivate altering the binning at this stage.

Figures ??-?? show the results of unfolding the MC and comparing it to the particle-

level MC as a cross-check for the method. All distributions close completely.

Figures ??-?? show the results of splitting the MC randomly into two subsets, un-
folding one and validating it against the other. The bins of all distributions generally
close within the uncertainties, which are produced by bootstrapping on both halves of
the MC.
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Figure A.1.: In the left-hand panels, the number of predicted events passing the reconstruction-
and fiducial- level selections are displayed as the detector yield and particle yield, respectively.
The right-hand panel shows the efficiency, fiducial purity and fiducial fraction. All variables are
plotted as a function of the m,bins, in slices of the py4,variable which are stacked and labelled
with the included py4range.
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Figure A.2.: In the left-hand panels, the number of predicted events passing the reconstruction-
and fiducial- level selections are displayed as the detector yield and particle yield, respectively.
The right-hand panel shows the efficiency, fiducial purity and fiducial fraction. All variables are
plotted as a function of the my,bins, in slices of the y,,variable which are stacked and labelled
with the included v range.
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Figure A.3.: In the left-hand panels, the number of predicted events passing the reconstruction-
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Figure A.4.: In the left-hand panels, the number of predicted events passing the reconstruction-
and fiducial- level selections are displayed as the detector yield and particle yield, respectively.
The right-hand panel shows the efficiency, fiducial purity and fiducial fraction. All variables are
plotted as a function of the m, bins, in slices of the m,,variable which are stacked and labelled
with the included m4 range.
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Figure A.5.: In the left-hand panels, the number of predicted events passing the reconstruction-
and fiducial- level selections are displayed as the detector yield and particle yield, respectively.
The right-hand panel shows the efficiency, fiducial purity and fiducial fraction. All variables are
plotted as a function of the m34 bins, in slices of the m,,variable which are stacked and labelled
with the included m4 range.
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Figure A.6.: In the left-hand panels, the number of predicted events passing the reconstruction-
and fiducial- level selections are displayed as the detector yield and particle yield, respectively.
The right-hand panel shows the efficiency, fiducial purity and fiducial fraction. All variables are
plotted as a function of the pr1,bins, in slices of the 1, variable which are stacked and labelled

with the included

myyrange.
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Figure A.7.: In the left-hand panels, the number of predicted events passing the reconstruction-
and fiducial- level selections are displayed as the detector yield and particle yield, respectively.
The right-hand panel shows the efficiency, fiducial purity and fiducial fraction. All variables are
plotted as a function of the pra,bins, in slices of the 4 variable which are stacked and labelled
with the included m4 range.
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Figure A.8.: In the left-hand panels, the number of predicted events passing the reconstruction-
and fiducial- level selections are displayed as the detector yield and particle yield, respectively.
The right-hand panel shows the efficiency, fiducial purity and fiducial fraction. All variables are
plotted as a function of the cos 6*bins, in slices of the m,,variable which are stacked and labelled
with the included m4 range.
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Figure A.9.: In the left-hand panels, the number of predicted events passing the reconstruction-
and fiducial- level selections are displayed as the detector yield and particle yield, respectively.
The right-hand panel shows the efficiency, fiducial purity and fiducial fraction. All variables are
plotted as a function of the cos 6*bins, in slices of the m,,variable which are stacked and labelled
with the included m4 range.
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Figure A.10.: In the left-hand panels, the number of predicted events passing the reconstruction-
and fiducial- level selections are displayed as the detector yield and particle yield, respectively.
The right-hand panel shows the efficiency, fiducial purity and fiducial fraction. All variables
are plotted as a function of the |Acppairs\ bins, in slices of the my,variable which are stacked and
labelled with the included m4,range.
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Figure A.11.: In the left-hand panels, the number of predicted events passing the reconstruction-
and fiducial- level selections are displayed as the detector yield and particle yield, respectively.
The right-hand panel shows the efficiency, fiducial purity and fiducial fraction. All variables
are plotted as a function of the \Aypairs |bins, in slices of the my variable which are stacked and

labelled with the included m4,range.
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Figure A.12.: In the left-hand panels, the number of predicted events passing the reconstruction-
and fiducial- level selections are displayed as the detector yield and particle yield, respectively.
The right-hand panel shows the efficiency, fiducial purity and fiducial fraction. All variables
are plotted as a function of the |A¢,| bins, in slices of the m, variable which are stacked and
labelled with the included m4,range.
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Figure A.23.: Migration matrix for the |[A¢,,;.| bins in each of the myslices of the |A@pqir |-
my,distribution and between the slices.

This appendix includes unfolded systematics for all observables not included in
Section 4.9. In some bins, the reducible background systematic uncertainty drops to zero
as a result of the prediction being truncated to zero during the background smoothing

procedure.
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Figure A.29.: Unfolded systematics versus cos 67, in slices of 1.
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Figure A.30.: Unfolded systematics versus cos 65, in slices of 1.
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Figure A.32.: Unfolded systematics versus [ Ay, in slices of my.
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3.10. Cross-sectional view of the ATLAS detector and how muon types are
identified. The inner black lines represent the inner detector, the yellow
is the calorimeter, and the outer blue lines are the muon spectrometer.

This figure is adapted from [54]. . . . . . . ... ... o oo L.

4.1. Breakdown of contributing processes in the m,, distribution as modelled
by Monte Carlo simulation are shown in the solid coloured lines. The
total of all processes is represented by the dotted black line. . .. .. ..

4.2. Feynman diagrams for quark- and gluon-induced ZZ production. The
processes shown are the main contributors. This figure is from Ref. [67].

4.3. This is a diagram of a simulated proton-proton collision. The hard col-
lision is shown in the centre in red. In purple is the secondary hard
scattering event. The parton shower is drawn in blue. Hadronisation is
sketched in light green, and the subsequent hadron decays and final state
particles are shown in dark green. Finally, the electromagnetic radiation
is presented in yellow. This figure is from Reference [75]. . . . . ... ..

4.4. Observed reconstruction-level m,, distribution compared with the SM
prediction, using SHERPA for the g7 — 4/ simulation. The statistical uncer-
tainty of the data is displayed as error bars and systematic uncertainties
in the prediction are shown as a grey hashed band. The ratio of the data
to the prediction is shown in the lower panel. The x-axis is on a linear
scale until my, = 225 GeV, where it switches to a logarithmic scale, as
indicated by the double dashes on the axis. There is one additional data
event reconstructed with my, = 2.14 TeV, while 0.4 events are expected

from simulation for my, > 2 TeV. This figure is from Ref. [67]. . . . . ..

4.5. In the left-hand panel, the number of predicted events passing the
reconstruction- and fiducial- level selections are displayed as the de-
tector yield and particle yield, respectively. They are given as a function
of inclusive my, bins. The right-hand panel shows the efficiency, fiducial

purity and fiducial fraction in each of the same my, bins. . . . ... ...
4.6. Migration matrix for the inclusive my, distribution. . . . ... ... ...

4.7. Migration matrices for the four my, regions between the slices. . . . . .
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4.8.

4.9.

4.10.

4.11.

4.12.

In the top panel is the effect of the pre-unfolding weights on the predicted
detector level (also called reco level) yield, compared to the particle level
yield. The bottom panel shows the reconstruction efficiency with and
without application of the pre-unfolding weights. The pre-unfolding
weights brings the detector yield closer to the particle yield, consequently
the efficiency ismuch higher. . . .. .. .. .. ... ... ... .. ...

Monte Carlo closure tests performed on all bins in the inclusive my,
distribution. The top figure uses the full MC to unfold itself. The bottom
figure splits the MC in half, and uses one set to unfold the other. The
pink hash in 4.9b is the MC statistical uncertainty. Closure is achieved in

all bins. . . . . .

This figure shows the results of the BSM signal injection studies per-
formed on the my, distribution. Six BSM models are considered, with
resonance masses at 300 GeV, 800 GeV, and 1400 GeV, and with narrow
widths or a width 15% of the resonance mass. The cross-sections cor-
respond to a 20 signal significant with respect to the data uncertainty.
Two unfolded distributions are shown with and without pre-unfolding

(pre-UF) weights applied. The bottom panel shows the size of the bias. .

This figure shows the results of the enhanced gg¢ — Z () z () injection
studies performed on the m,, distribution. The nominal gg — Z*)Z(*)
contribution is enhanced by 1.1-10 times. Two unfolded distributions are
shown with and without pre-unfolding (pre-UF) weights applied. The

bottom panel shows the size of thebias. . . . .. ... ... ........

Unfolded systematics for the inclusive my, spectrum. The data statistical
uncertainty is the dominant source in all but the third bin. This figure is
from Ref. [67] . . . . . . e e
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4.13.

4.14.

4.15.

Differential cross-section as a function of the four-lepton invariant mass
mypas measured in data in black. The error bars on the data points give
the total uncertainty and the grey hashed band illustrates the contribution
from the systematic uncertainty. The SM predictions use either SHERPA
or POWHEG + PYTHIAS8 to model the g4 — 4¢ contribution, plotted in
red and blue respectively. The uncertainties on the SM predictions are
represented by the red and blue hash. The coloured stacked histograms
represent the per-process breakdown of the SM prediction. In the lower
left corner of the figure, boundary lines are drawn to indicate the four
different m 4, regions, each dominated by a different process. The p-value
is the probability for the x* to have at least the observed value, assuming
the SM prediction. The number of degrees of freedom is the number of
bins in the histogram. The ratio of the SHERPA and POWHEG prediction to
the data is shown in the lower panel. The x-axis is on a linear scale until

myy = 216 GeV, where it switches to a logarithmic scale. . ... ... ..

Differential cross-section as a function of m,, in slices of pr4,. The error
bars on the data points give the total uncertainty and the grey hashed
band illustrates the contribution from the systematic uncertainty. The
SM predictions use either SHERPA or POWHEG + PYTHIAS8 to model the
qq — 4¢ contribution, plotted in red and blue respectively. The uncertain-
ties on the SM predictions are represented by the red and blue hash. The
p-value is the probability for the XZ to have at least the observed value,
assuming the SM prediction. The number of degrees of freedom is the
number of bins in the histogram. The ratio of the SHERPA prediction to
the data is shown in thelowerpanel. . . . .. .. ... ... ........

Differential cross-section as a function of my, in slices of y,,. The error
bars on the data points give the total uncertainty and the grey hashed
band illustrates the contribution from the systematic uncertainty. The
SM predictions use either SHERPA or POWHEG + PYTHIAS8 to model the
qq — 4¢ contribution, plotted in red and blue respectively. The uncertain-
ties on the SM predictions are represented by the red and blue hash. The
p-value is the probability for the x> to have at least the observed value,
assuming the SM prediction. The number of degrees of freedom is the
number of bins in the histogram. The ratio of the SHERPA prediction to
the data is shown in the lowerpanel. . . . . ... ... .. ...... ...
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4.16.

4.17.

4.18.

Differential cross-section as a function of my, for each lepton flavour
channel. The error bars on the data points give the total uncertainty and
the grey hashed band illustrates the contribution from the systematic
uncertainty. The SM predictions use either SHERPA or POWHEG + PYTHIAS8
to model the g7 — 4/ contribution, plotted in red and blue respectively.
The uncertainties on the SM predictions are represented by the red and
blue hash. The p-value is the probability for the x* to have at least the
observed value, assuming the SM prediction. The number of degrees of
freedom is the number of bins in the histogram. The ratio of the SHERPA
prediction to the data is shown in the lower panel. The x-axis is on a

linear scale until my, = 225 GeV, where it switches to a logarithmic scale.

Differential cross-section as a function of my, in the four my, regions.
The error bars on the data points give the total uncertainty and the grey
hashed band illustrates the contribution from the systematic uncertainty.
The SM predictions use either SHERPA or POWHEG + PYTHIAS8 to model
the g7 — 4/ contribution, plotted in red and blue respectively. The uncer-
tainties on the SM predictions are represented by the red and blue hash.
The p-value is the probability for the x* to have at least the observed
value, assuming the SM prediction. The number of degrees of freedom is
the number of bins in the histogram. The ratio of the SHERPA prediction
to the data is shown in the lower panel. In (b) the contribution from
Higgs production is shown in addition to the total SM prediction. . . . .

Differential cross-section as a function of m3, in the four my, regions. The
measured data (black points) are compared with the SM prediction using
either SHERPA (red, with red hashed band for the uncertainty) or POWHEG
+ PYTHIAS (blue, with blue hashed band for the uncertainty) to model
the g7 — 4¢ contribution. In (b) the contribution from Higgs production
is shown in addition to the total SM prediction. The error bars on the
data points give the total uncertainty and the grey hashed band gives the
systematic uncertainty. The p-value is the probability for the x”* to have
at least the observed value, assuming the SM prediction. The number of
degrees of freedom is the number of bins in the histogram. The lower
panel shows the ratio of the SM predictions to thedata. . . . . ... ...

92

94



210

LIST OF FIGURES

4.19.

4.20.

4.21.

Differential cross-section as a function of pr;, in the four my, regions.
The measured data (black points) are compared with the SM prediction
using either SHERPA (red, with red hashed band for the uncertainty) or
POWHEG + PYTHIAS (blue, with blue hashed band for the uncertainty)
to model the g7 — 4¢ contribution. In (b) the contribution from Higgs
production is shown in addition to the total SM prediction. The error
bars on the data points give the total uncertainty and the grey hashed
band gives the systematic uncertainty. The p-value is the probability for
the x* to have at least the observed value, assuming the SM prediction.
The number of degrees of freedom is the number of bins in the histogram.

The lower panel shows the ratio of the SM predictions to the data. . . . .

Differential cross-section as a function of prs, in the four my, regions.
The measured data (black points) are compared with the SM prediction
using either SHERPA (red, with red hashed band for the uncertainty) or
POWHEG + PYTHIAS (blue, with blue hashed band for the uncertainty)
to model the qj — 4/ contribution. The error bars on the data points
give the total uncertainty and the grey hashed band gives the systematic
uncertainty. The p-value is the probability for the x> to have at least the
observed value, assuming the SM prediction. The number of degrees of
freedom is the number of bins in the histogram. The lower panel shows
the ratio of the SM predictions tothedata. . . . . .. ... .... .. ...

Differential cross-section as a function of cos 7, in the four m,, regions.
The measured data (black points) are compared with the SM prediction
using either SHERPA (red, with red hashed band for the uncertainty) or
POWHEG + PYTHIAS (blue, with blue hashed band for the uncertainty)
to model the g7 — 4/ contribution. The error bars on the data points
give the total uncertainty and the grey hashed band gives the systematic
uncertainty. The p-value is the probability for the x* to have at least the
observed value, assuming the SM prediction. The number of degrees of
freedom is the number of bins in the histogram. The lower panel shows
the ratio of the SM predictions tothedata. . . . .. ... .. .. ... ...
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4.22.

4.23.

4.24.

Differential cross-section as a function of cos 654 in the four m,, regions.
The measured data (black points) are compared with the SM prediction
using either SHERPA (red, with red hashed band for the uncertainty) or
POWHEG + PYTHIAS (blue, with blue hashed band for the uncertainty)
to model the q7 — 4/ contribution. The error bars on the data points
give the total uncertainty and the grey hashed band gives the systematic
uncertainty. The p-value is the probability for the x* to have at least the
observed value, assuming the SM prediction. The number of degrees of
freedom is the number of bins in the histogram. The lower panel shows
the ratio of the SM predictions tothedata. . . . . ... ... .. ... ...

Differential cross-section as a function of |A¢y,| in the four m,, regions.
The measured data (black points) are compared with the SM prediction
using either SHERPA (red, with red hashed band for the uncertainty) or
POWHEG + PYTHIAS (blue, with blue hashed band for the uncertainty)
to model the g7 — 4/ contribution. The error bars on the data points
give the total uncertainty and the grey hashed band gives the systematic
uncertainty. The p-value is the probability for the x” to have at least the
observed value, assuming the SM prediction. The number of degrees of
freedom is the number of bins in the histogram. The lower panel shows
the ratio of the SM predictionstothedata. . . . . . ... ..... .. ...

Differential cross-section as a function of |Aq’)pairs| in the four my, regions.
The measured data (black points) are compared with the SM prediction
using either SHERPA (red, with red hashed band for the uncertainty) or
POWHEG + PYTHIAS (blue, with blue hashed band for the uncertainty)
to model the g7 — 4/ contribution. The error bars on the data points
give the total uncertainty and the grey hashed band gives the systematic
uncertainty. The p-value is the probability for the x* to have at least the
observed value, assuming the SM prediction. The number of degrees of
freedom is the number of bins in the histogram. The lower panel shows
the ratio of the SM predictions tothedata. . . . .. ... .. .. ... ...
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4.25.

4.26.

4.27.

5.1.

Differential cross-section as a function of |Aypairs| in the four my, regions.
The measured data (black points) are compared with the SM prediction
using either SHERPA (red, with red hashed band for the uncertainty) or
POWHEG + PYTHIAS (blue, with blue hashed band for the uncertainty)
to model the q7 — 4/ contribution. The error bars on the data points
give the total uncertainty and the grey hashed band gives the systematic
uncertainty. The p-value is the probability for the x* to have at least the
observed value, assuming the SM prediction. The number of degrees of
freedom is the number of bins in the histogram. The lower panel shows
the ratio of the SM predictions tothedata. . . . . ... ... .. ... ...

The expected and observed confidence intervals at 95% CL for the SMEFT
Wilson coefficients, which are in units of TeV? for only the linear terms.
The multiplicative number shown to the right of plotted points indicates
a scaling factor that is applied to the limit for the purpose of the plot,
in order to show all coefficients on the same scale. The most sensitive
observable indicated for each coefficient is used for the constraints. Only
one coefficient is fitted at a time, with all others set to zero. This figure is
from Ref. [67] . . . . . . e e e

The expected and observed confidence intervals at 95% CL for the SMEFT
Wilson coefficients, which are in units of TeV? for the full model. The
multiplicative number shown to the right of plotted points indicates
a scaling factor that is applied to the limit for the purpose of the plot,
in order to show all coefficients on the same scale. The most sensitive
observable indicated for each coefficient is used for the constraints. Only
one coefficient is fitted at a time, with all others set to zero. . This figure
isfromRef. [67] . . . . . . . .. e

An simplified schematic of the CONTUR workflow. The dotted box de-
notes the portion of the workflow that makes extensive use of external
packages, affording multiple options, such as the choice of MC event
generator. The next stage is the taking of physics observables as inputs to
a statistical analysis (i.e. evaluating the likelihood for the model). Finally
the last stage involves using tools to visualize the output of the likelihood
analysis. Figure taken from Reference [157] . . .. .. ... ... .....
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5.2.

5.3.

54.

Leading-order Feynman diagrams for production of VLQs Q. The top
row (a—c) shows VLQ pair-production diagrams via strong and EM in-
teractions, which do not depend on k. The second row (d—e) shows
pair-production of VLQs via a weak boson V € {W, Z, H}, which may
lead to different-flavoured VLQs in the final state. The third row (f-i)
shows single-production of Q in association with a weak boson or SM
quark g. All Feynman diagrams are from Reference [1]. . . ... ... ..

Leading-order cross-sections extracted from Herwig for production of
a TT pair as a function of M and «, for 13 TeV pp collisions, in the
W:Z:H = }:1:7 scenario, assuming couplings to individual generations
of quarks. The white lines indicate the contours for production cross-
sections in multiples of 10. The first-generation cross-sections acquire a
dependence on « since pair-production initiated by proton valence quarks
becomes possible. The situation is analogous for other VLQ flavours,
although somewhat attenuated for X and Y since they still require at
least one antiquark from the sea to be produced via W exchange in the

t-channel. These figures are from Reference [1]. . . . . ... ... .. ...

Leading-order cross-sections extracted from Herwig for production of
a T and Y with a weak boson as a function of Mg and «, for 13 TeV pp
collisions, in the W:Z:H = 3:1:] scenario, assuming couplings to indi-
vidual generations of quarks. The white lines indicate the contours for
production cross-sections in multiples of 10. First-generation couplings
lead to higher production cross-sections, as a result of valence-quark-
induced diagrams, while second and third-generation couplings lead to
suppressed production rates, according to the relevant quark PDFs. This

figure is from Reference [1]. . . . . ... ... ... ... .. ... ...
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5.5.

5.6.

5.7.

Leading-order cross-sections extracted from Herwig for production of
a T and X with a SM quark as a function of Mg and «, for 13 TeV pp
collisions, in the W-Z:H = %:%:}1 scenario, assuming couplings to indi-
vidual generations of quarks. The white lines indicate the contours for
production cross-sections in multiples of 10. First-generation couplings
lead to higher production cross-sections, as a result of valence-quark-
induced diagrams, while second and third-generation couplings lead
to suppressed production rates, according to the relevant quark PDFs.
X + g production goes from being the dominant production process at
the LHC if X couples to first-generation quarks only, to vanishing if X
couples to third-generation quarks only. White cells indicate corners of
phase-space where the process in question is highly subdominant, and
therefore where the cross-section was not sampled during the Herwig
run. This figure is from Reference [1]. . . ... ... ... ... ... ...

Sensitivity of LHC measurements to a B-production for My = 1200 GeV
and b T-production for My = 1350 GeV. The CONTUR exclusion is
shown in the bins in which it is evaluated, graduated from yellow
through green to black on a linear scale, with the 95% CL (solid white) and
68% CL (dashed white) exclusion contours superimposed. The mauve
region is excluded at 95% CL by the ATLAS combination [166]. This

figure is from Reference [1]. . . . . . ... ... ... ... ... . ...

Dominant LHC analysis pools contributing to VLQ limit-setting in the x
vs VLQ mass plane, where « is the coupling to first-generation SM quarks.
All VLQ (B, T, X, Y) masses are set to be degenerate. The disfavoured
regions are located above and to the left of the dashed (68% CL) and solid
(95% CL) white contours respectively. The lower bounds in x from non-
LHC flavour physics are indicated with the pink horizontal contour. The
VLQ branching fractions to W:Z:H are a 0:0:1 b 0:1:0 ¢ 1:0:0 and d %:}L:%.
This figure is from Reference [1]. . . . . .. ... .. ... .. ... ....
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5.8.

5.9.

5.10.

5.11.

ATLAS 8TeV Wjj forward-lepton control region leading-jet p distribu-
tions at three points on the 95% exclusion contour for W.Z:H = 1:0:0,
respectively at MQ values of a 1000 GeV, b 1750 GeV, and ¢ 2250 GeV.
The rise and subsidence of a 90% CL, exclusion from a single Wjj bin is
seen as the contour passes from below 1 TeV to above 2 TeV. The black
points are data, the red histogram is the VLQ contribution stacked on top
of the data. In the lower insets, the ratio is shown and the yellow band in-
dicates the significance, taking into account the statistical and systematic
uncertainties on the data. The legend gives the exclusion (i.e. one minus
the p-value) for that histogram after fitting nuisance parameters for the

correlated systematic uncertainties. This figure is from Reference [1]. . .

Dominant LHC analysis pools contributing to VLQ limit-setting in the
x vs VLQ mass plane, where « is the coupling to second-generation SM
quarks. All VLQ (B, T, X, Y) masses are set to be degenerate. The dis-
favoured regions are located above and to the left of the dashed (68% CL)
and solid (95% CL) white contours respectively. The lower bounds in x
from non-LHC flavour physics are indicated with the pink horizontal
contour. The VLQ branching fractions to W:Z:H are a 0:0:1 b 0:1:0 ¢ 1:0:0

and d %:}l:%. This figure is from Reference [1]. . . . . . ... ... ... ..

Dominant LHC analysis pools contributing to VLQ limit-setting in the
x vs VLQ mass plane, where « is the coupling to third-generation SM
quarks. All VLQ (B, T, X, Y) masses are set to be degenerate. The dis-
favoured regions are located above and to the left of the dashed (68% CL)
and solid (95% CL) white contours respectively. The VLQ branching
fractions to W:Z:H are a 0:0:1 b 0:1:0 ¢ 1:0:0 and d %:%:%‘. This figure is
from Reference [1]. . . . . . . . . . . . . e

Dominant LHC analysis pools contributing to VLQ limit-setting in the
x vs VLQ mass plane, where « is the coupling to third-generation SM
quarks. All VLQ (B, T, X, Y) masses are set to be degenerate. The dis-
favoured regions are located above and to the left of the dashed (68% CL)
and solid (95% CL) white contours respectively. The VLQ branching
fraction to W:Z:H is 0:1:0. Plots are made with CONTUR 2.1.x and RIVET
314 e
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5.12.

5.13.

5.14.

5.15.

5.16.

CONTUR exclusion (a) without and (b) with new four-lepton measure-
ment. The disfavoured regions at 95% CL and 68% CL are shaded in
yellow and green respectively. . . . . ... ... ... ... 0 0L

ATLAS 13 TeV four-lepton measurement at (a) 36.1 b~ ! and (b) 139 !
at My = 1237 GeVand x = 0.05. The black points are data, the red
histogram is the VLQ contribution stacked on top of the data, and the
green histogram is the SM prediction. In the lower insets, the ratio is
shown and the yellow band indicates the significance, taking into account
the statistical and systematic uncertainties on the data. The legend gives

the exclusion (i.e. one minus the p-value) for that histogram. . .. ...

ATLAS result from the m,, measurement. Limits set on the B-L model
using only the inclusive my, variable. The red line shows the observed
exclusion and the solid black line shows the expected exclusion, with the
dashed black lines indicating the 4= 10 and =+ 20 uncertainty bands. The
region above and to the left of the lines is excluded, up to the grey band,
which shows the region m, < 2m ,/, where the four-lepton final state has

no sensitivity. This figure is from Reference [67]. . . . .. ... ... ...

ATLAS result from the m,, measurement. Limits set on the B-L model
using the most sensitive variable. The red line shows the observed
exclusion and the solid black line shows the expected exclusion, with the
dashed black lines indicating the 410 and = 20 uncertainty bands. The
region above and to the left of the lines is excluded, up to the grey band,
which shows the region m, < 2m s, where the four-lepton final state has
no sensitivity. This figure is from Reference [67]. . . . .. ... ... ...

ATLAS result from the m,, measurement. This colour map shows the
B-L model space and the most sensitive variable at each point used to set
the limit. This figure is from Reference [67]. . . . . . ... ... ... ...
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5.17.

5.18.

5.19.

5.20.

Al

(a) Dominant LHC analysis pools contributing to the exclusion limit set
for the gauged B — L model in M, vs sin« plane, where g1 = 0.001 and
M, = 35 GeV. The disfavoured regions are located above and to the left
of the dashed (68% CL) and solid (95% CL) white contours respectively.
Plot is made with CONTUR 2.1.x and RIVET 3.1.4. (b) The corresponding
heatmap from Figure 6b of Reference [2]. The disfavoured regions at
95% CL and 68% CL are shaded in yellow and green respectively. The
constraints from perturbativity up to a scale of at least 10 TeV, and from

W mass measurements are alsoshown. . ... ... ... ... ......

CONTUR exclusion (a) without and (b) with the new four-lepton mea-
surement. The disfavoured regions at 95% CL and 68% CL are shaded in
yellow and green respectively. . . . . ... ... ... ... 0 0L

The most sensitive distribution from the ATLAS four-lepton measure-
ment contributing to the limit is indicated in colour for the gauged B — L
model in M, vs sina plane, where g1 = 0.001 and M, =35GeV.. . ..

(a) Dominant LHC analysis pools contributing to the exclusion limit set
for the gauged B — L model in M,/ vs 1 plane, where sina = 0.2 and
M, = 200 GeV. The disfavoured regions are located above and to the left
of the dashed (68% CL) and solid (95% CL) white contours respectively.
Plot is made with CONTUR 2.1.x and RIVET 3.1.4. (b) The corresponding
heatmap from Figure 5c of Reference [2]. The disfavoured regions at
95% CL and 68% CL are shaded in yellow and green respectively. The
constraints from perturbativity up to a scale of at least 10 TeV, and from

electron-neutrino scattering, are also indicated. . . . ... ... ... ..

In the left-hand panels, the number of predicted events passing the
reconstruction- and fiducial- level selections are displayed as the detector
yield and particle yield, respectively. The right-hand panel shows the
efficiency, fiducial purity and fiducial fraction. All variables are plotted as
a function of the m,bins, in slices of the py4/variable which are stacked
and labelled with the included pryrange. . ... ... ..........
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A2.

A3.

Ad4.

A5.

A.6.

In the left-hand panels, the number of predicted events passing the
reconstruction- and fiducial- level selections are displayed as the detector
yield and particle yield, respectively. The right-hand panel shows the
efficiency, fiducial purity and fiducial fraction. All variables are plotted
as a function of the my,bins, in slices of the y,,variable which are stacked
and labelled with the included yyrange. . . ... ... ... .......

In the left-hand panels, the number of predicted events passing the
reconstruction- and fiducial- level selections are displayed as the detector
yield and particle yield, respectively. The right-hand panel shows the
efficiency, fiducial purity and fiducial fraction. All variables are plotted
as a function of the my bins, in the 4¢, 4y and 22y flavour channels from
toptobottom. . .. ... ... L oo

In the left-hand panels, the number of predicted events passing the
reconstruction- and fiducial- level selections are displayed as the detector
yield and particle yield, respectively. The right-hand panel shows the
efficiency, fiducial purity and fiducial fraction. All variables are plotted as
a function of the m, bins, in slices of the m,,variable which are stacked
and labelled with the included myrange. . ... ... .. ... ......

In the left-hand panels, the number of predicted events passing the
reconstruction- and fiducial- level selections are displayed as the detector
yield and particle yield, respectively. The right-hand panel shows the
efficiency, fiducial purity and fiducial fraction. All variables are plotted as
a function of the mj3, bins, in slices of the m,,variable which are stacked
and labelled with the included myrange. . ... ... .. ... ......

In the left-hand panels, the number of predicted events passing the
reconstruction- and fiducial- level selections are displayed as the detector
yield and particle yield, respectively. The right-hand panel shows the
efficiency, fiducial purity and fiducial fraction. All variables are plotted as
a function of the pr4,bins, in slices of the m,,variable which are stacked
and labelled with the included myrange. . ... ... ... ........
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A.7. In the left-hand panels, the number of predicted events passing the

AS8.

A9.

reconstruction- and fiducial- level selections are displayed as the detector
yield and particle yield, respectively. The right-hand panel shows the
efficiency, fiducial purity and fiducial fraction. All variables are plotted as
a function of the pr3,bins, in slices of the m,,variable which are stacked
and labelled with the included myrange. . ... ... ... ........

In the left-hand panels, the number of predicted events passing the
reconstruction- and fiducial- level selections are displayed as the detector
yield and particle yield, respectively. The right-hand panel shows the
efficiency, fiducial purity and fiducial fraction. All variables are plotted as
a function of the cos 0"bins, in slices of the 14 variable which are stacked
and labelled with the included myrange. . . .. ... .. ... ......

In the left-hand panels, the number of predicted events passing the
reconstruction- and fiducial- level selections are displayed as the detector
yield and particle yield, respectively. The right-hand panel shows the
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