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ABSTRACT

Leptoquarks (LQ) are hypothetical bosons proposed in various extensions [1-5] of the Stan-
dard Model (SM) of elementary particles. As leptoquarks carry both baryon and lepton
numbers, they can provide connections between the quark and lepton sectors of the Standard
Model. Leptoquark also provides an explanation for Lepton Flavor Universality (LFU) viola-
tion, whose hints were found in physics of B-mesons [6-13]. Leptoquarks can be either scalar
(spin-0) or vector (spin-1) bosons and can be classified according to their gauge quantum
numbers [14]. All leptoquarks carry color charge and fractional electric charge, interacting
via strong and electroweak interactions. Vector leptoquarks have additional parameters that
determine their nature. Depending on the value of the parameters, vector leptoquark can
be a new gauge boson (Yang-Mills case) or just a strongly-interacting vector boson (mini-
mal coupling) which could be a composite resonance state. The U; vector leptoquark [15] is
an SU(2)w singlet that interacts via U(1)y and SU(3)c gauge bosons. This leptoquark is
proposed as one of the candidates for the B-anomalies [16, 17].

Supersymmetry (SUSY) is a framework of theories extending the Standard Model by intro-
ducing partners of each particle constituting it. Top squark and tau slepton are supersym-
metric partners of the top quark and tau lepton, having the same quantum number as their
SM counterparts except being spin-0. Top squarks can be produced in pairs at the Large
Hadron Collider (LHC) via proton-proton collision. They can decay via tau sleptons, leaving
tau leptons, b-jets and missing energy in the final states.

As pair production of leptoquarks at the LHC can have similar final states, search for the top
squarks and tau sleptons can also be optimized for leptoquarks. This work presents a vector
leptoquark interpretation of the search for top sqarks decaying via tau sleptons, which was
simultaneously optimized for third-generation scalar leptoquarks. The analysis uses the full
Run-2 data taken by the ATLAS detector between 2015 and 2018, with integrated luminosity
of 139 fb~!. A parameter space consisting of the mass of leptoquark (m(LQ)) and branching
ratio to charged leptons (B(LQ — b7)) is scanned. The U; vector leptoquark is excluded
up to around 1.8 TeV (1.5 TeV) for Yang-Mills (minimal coupling) case and intermediate
branching ratio.
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CHAPTER 1

THEORETICAL OVERVIEW

1.1 The Standard Model of Elementary Particles

The Standard Model (SM) of particle physics is the theory that describes fundamental con-
stituents of the nature and their interactions except gravity. In this section, a theoretical
summary of the Standard Model is presented, which can be found in many textbooks [18-21]
with more detail.

1.1.1 Lagrangian Formulation

Including the Standard Model, many theories in particle physics are based on Lagrangian
formulation of quantum field theory. In this point of view, constructing a theory is finding a
plausible Lagrangian density £ as a function of fields ¢; and their derivatives. The equation
of motion that ¢; obeys is derived using the Euler-Lagrange equation:

oL oL
5.~ (30,39) =° o

Noether’s theorem states that each continuous symmetry of a field is related to a conservation
law. This principle gives rise to fundamental laws of physics, such as conservation of energy
and momentum.

The Lorentz-invariant Lagrangian of a real scalar field is

LeinGordon = 5 (049) (99) — 57, (12)
while for a complex scalar field
Liein-Gordon = (9u9)" (9"¢) — m*'o. (1.3)
Both Lagrangians are Lorentz invariant and lead to the Klein-Gordon equation
(0,0" +m?) ¢ = (O+m?) ¢ =0, (1.4)

which is the equation of motion for a free spin-0 particle with mass m. The scalar field ¢
is quantized using plane-wave solutions of eq. (1.4) and creation- (aL) and annihilation (ap)
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operators:

e

where Ez = p’. It can be shown that eq. (1.5) satisfies eq. (1.4).

The Lorentz invariant Lagrangian of a free spin—% particle is
LDirac = U (iv' Oy —m)p = W) (z@ - m) P (1.6)

where 9 is defined as 4%, Applying the Euler-Lagrange equation to the Dirac Lagrangian
leads to the Dirac equation

(i — m) ¥ (z) = 0, (1.7)

which is the equation of motion for a free spin—f particle with mass m. For a field v that
obeys eq. (1.7),

G =Pyt (1.8)

is a conserved current, i.e. d,j% = 0. This can be interpreted as the probability current of
the Dirac field. The spinor fields are quantized as

v = [ o2 s 2 (e e e (er) (19)

spins

and satisfy eq. (1.7). In physics of elementary particles, the particles constituting the matter
are spin—% particles.

The Lorentz-invariant Lagrangian of a free spin-1 particle is

1 m?
[:Proca = _ZFMVFMV + 714,;,14“ (110)

for a real vector field A,,. If the field A, is complex, the correct Lagrangian is

1
£Proca = §F/L,Fw/ + m2AT A*F, (111)

The field strength tensor in eqgs. (1.10) and (1.11) is defined as
Fu = 0,A, — 0,A,. (1.12)

Applying the Euler-Lagrange equation to the Proca Lagrangian, the resulting equation of
motion is the Proca equation

OuFM +m?AY = 0. (1.13)
The vector field A, can be quantized using plane-wave solutions of eq. (1.13):
A = [ S S (s e 7+ a0 (119
27T 2Ep spins

where €, are the polarization vectors.
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1.1.2 Quantum Electrodynamics and Local Gauge Invariance

The classical theory of electrodynamics, formulated by Maxwell, can be rewritten in La-
grangian formulation:

1 .
»CMaxwell = _ZFMVF“V - ]NA,UJ (115)

where j# is the electromagnetic source and F),, is defined as in eq. (1.12). Applying eq. (1.1)
to eq. (1.15), the resulting equation of motion

O 1 = jv (1.16)

is the inhomogeneous part of Maxwell’s equations (Gauss’ law and Ampere’s law with Maxwell’s
modification). Furthermore, eq. (1.12) satisfies the Bianchi identity

OMFV,\ + 8,,F,\u + a/\ij =0, (1.17)

which becomes the homogeneous part of Maxwell’s equations (Gauss’ law for magnetism
and Faraday’s law). In classical electrodynamics, the electromagnetic potential can undergo
arbitrary ‘gauge’ transformation without changing the physics':

A—-A+VA
oA
VoV-—-—
YT
or, in four-vector notation,
Ay — A, — 0N (1.18)

where A is a function of position and time. This is one of the key ideas used in more
sophisticated theories of fundamental interactions.

To construct ‘quantum’ electrodynamics, it is essential to describe a fermion field 1 interact-
ing with a vector field A,. The first term to include is the free Dirac Lagrangian in eq. (1.6).
The next part is the homogeneous case of eq. (1.15)

1

4FWFW,

which also is the massless case of eq. (1.13). To describe the interaction between the fermion
) and photon A, the source term —j* A, in eq. (1.15) needs to be understood properly. The

electromagnetic current j# can be thought of as the charge times the probability current of
the fermion in eq. (1.8):

J* = qyty. (1.19)
Therefore the Lagrangian of an electromagnetically interacting fermion becomes

Lapn =0 (i = m) § — {FuF™ — qirp A, (1.20)

In quantum electrodynamics (QED), one can imagine a global phase rotation

Y(z) = () (1.21)

'What we measure is the electric or magnetic field, not the potential itself.
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where « is a constant. The physics remains unchanged since the Lagrangian is invariant
under this transformation. In fact, the QED Lagrangian is invariant under even more general
transformation

(@) = e Dy(a), (1.22)
provided the vector field A, transforms together:
1

A, — A, — aﬁﬂa(x), (1.23)

which is exactly the gauge transformation of classical electrodynamics given in eq. (1.18).

Such transformations form a unitary group U(1).

Taking this local gauge invariance as a fundamental principle of physics, the quantum elec-
trodynamics can be completely restored by constructing a gauge invariant Dirac Lagrangian.
The fermion mass term —ma) in eq. (1.20) is already invariant under local gauge transfor-
mations. To add any term including derivative of 1), one needs to see which problem the
normal derivative has. The derivative of v in in direction of n* can be expressed as

n*0,p = lim ! [Y(z + en) — Y(x)].

e—0 €

For general case of local phase rotation, ¢(x+en) and ¢ (z) transform differently. By defining
a quantity U(y,x) that compensates the difference with the following properties:

U(z,z) =1
Uly,z) — WU (y,z)e @),
it follows that
P(y) — e Wip(y)
Uly, )¢ (x) — WU (y, x)p(x).

Therefore a modified definition of derivative

nF Dy = lim = [ + en) — U(x + en, 2)(a)] (1.24)

e—0 €

makes sense since ¢ (z +en) and U(x +en, z)y(x) transform in the same manner. Expanding
U(x + en,z)(x) to the first order of €, it can be shown that D,, must have a form of

D, =0, +iqAu(x) (1.25)

where a vector field A, has appeared. Inserting egs. (1.22) and (1.23) to eq. (1.25), it can be
shown that D, (x) transforms the same as ¢)(z) under local gauge transformations:

Dyab(z) — @ D ap(x).

Therefore it makes sense to call D, the gauge-covariant derivative or simply covariant deriva-
tive. Furthermore, applying the commutator of covariant derivatives to ¥ (x), it can be shown
that the commutator is invariant:

[Dy, D) () — @D, D] (x). (1.26)
Evaluating the commutator of covariant derivative,

[Dy, D] = iqF,. (1.27)
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From egs. (1.26) and (1.27), it is shown that the field strength tensor F),, is invariant under
local gauge transformation as in the classical electrodynamics.

Summarizing all of these, the minimal Lagrangian invariant under Lorentz transformations
and U(1) local gauge transformations is the QED Lagrangian:

Laep = (i) —m) Y — iFM,,F‘“’. (1.28)

Yang and Mills [22] expanded this idea of local gauge transformation to more general contin-
uous groups. For a doublet of fermions

o~ (36)

and transformation

k
, T
$(o) = Vi)ita) = expdia (@) Jo(o) (1.30)
where o (x) are real functions and 7% are the Pauli matrices, the covariant derivative becomes
Dy = 8 — igAh T 1.31
=0y —1g p,?v ( . )

which implies that three vector fields A, (), A%(x) and A3 (x) have appeared. The transfor-
mation in eq. (1.30) construct an SU(2) group, which is a nonabelian special unitary group.
In this case, the vector fields transform differently:
. L1 .
Ay, = A+ -0,0—d x Ay, (1.32)
g

The commutator of covariant derivatives becomes

[D,, D] = —igF,, - g (1.33)
where the definition of field strength tensor has changed:
Fu=0,4, —9,A, +gA, x A, (1.34)

In Yang-Mills theory, the field strength tensor is not invariant under local gauge transforma-
tion anymore:

F, — F,—adxF,. (1.35)

However, it is still possible to construct a gauge-invariant Lagrangian
_ 1o o
Lyv = (i) —m) — EF,ZWFW ; (1.36)

which predicts three massless vector bosons.

1.1.3 Quantum Chromodynamics

While the similarity between proton and neutron was the motivation of isospin, Gell-Mann [23]
and Ne’eman [24] took notice of the SU(3) symmetry? in the property of baryons and mesons

2This is a broken symmetry, since the hadrons have different masses.
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known at the time. To account for their quantum numbers, Gell-Mann [25] and Zweig [26, 27]
introduced three elementary particles - up (u), down (d) and strange (s) quarks. However,
AT (uuu), A™ (ddd) and Q= (sss) become inconsistent with Pauli’s exclusion principle,
since these baryons consist of three identical fermions with symmetric spatial and spin con-
figurations. This can be solved by introducing color charges [28], consisting of red, green
and blue. The color charges generate the SU(3)¢c symmetry which is analogous to the flavor
SU(3) symmetry. In this model, baryons consist of three quarks with three different colors,
while mesons consist of a quark and antiquark with the same color and anticolor.

As an SU(3)c-analogy of the Yang-Mills theory, the Quantum Chromodynamics predicts
eight vector fields appearing in the covariant derivative

ACL

D, = 0 — igsGy 5, (1.37)

where A\ are the Gell-Mann matrices. The vector bosons G, are gluons, the mediators of
strong interaction. The field strength tensor becomes

Gy = 0uGY — 0,G5 + s fane GG, (1.38)

where fgp. are the structure constants of SU(3). As in the Yang-Mills theory, it is possible
to construct a Lagrangian invariant under SU(3) local gauge transformations:

_ . 1
Lqcp =9 (2@ — m) P — ZGZVGGW

_ _ )@
Y (i —m) Y + gswv“?sz — iGguGaW. (1.39)

1.1.4 Higgs Mechanism and Electroweak Unification

Interpreting the new vector bosons of the Yang-Mills theory as mediators of the weak inter-
action raises a serious problem. Once the gauge bosons are given nonzero mass, the local
gauge invariance of the theory does not hold anymore. At the time the Yang-Mills theory
was formulated, the existence of the weak force had already been known and its short range
was predicting heavy mediators.

This contradiction can be resolved by introducing spontaneous symmetry breaking and local
gauge invariance together, as formulated independently by Englert and Brout [29], Higgs [30],
Guralnik, Hagen and Kibble [31]. Introducing a potential term to the Lagrangian where the
vacuum state does not need to be invariant under gauge transformations, expansion of the
Lagrangian near the vacuum state introduces a massive scalar field and mass terms for the
gauge bosons. Meanwhile, Goldstone’s theorem [32] states that every spontaneously broken
continuous symmetry gives rise to a massless scalar field called the Goldstone boson. The
experimental absence of such massless scalar boson can be explained if the entire Lagrangian
is still invariant under local gauge transformations. Choosing an appropriate local gauge
transformation, the terms for Goldstone boson disappear from the Lagrangian, which is often
said each gauge boson eats a Goldstone boson by acquiring mass and an additional degree
of freedom. By this mechanism which is often called the Higgs mechanism, various gauge
theories with massive mediators can be constructed using plausible gauge groups.

Weinberg [33] applied the Higgs mechanism to Glashow’s attempt to unify EM and weak
interactions [34]. Introducing a doublet of complex scalar fields

o= (%)
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described by the Higgs Lagrangian

EHiggs = (Du(b)T (DM¢) - V(‘b)
= (Do) (D) + p?6T¢ — A(676)%, (1.40)

the potential term V(¢) can be minimized at ¢f¢ = % The Lagrangian in eq. (1.40) is
invariant under SU(2) and U(1) gauge transformations

() — ¢ @7 %5 40 (1.41)

where 7% (k = 1,2,3) are the Pauli matrices and D, ¢ is the appropriate covariant derivative.
This transformation resembles a composition of the isospin transition in Yang-Mills theory
and a QED-like transformation. The covariant derivative becomes

Tk g/
D, =0, — z’gAjj7 —i% By (1.42)

where Aﬁ and B, are the gauge bosons of SU(2) and U(1). By spontaneous symmetry
breaking, the doublet ¢ gets a vacuum expectation value

(¢) = - (0> (1.43)

where v = 4/ “72 The quadratic terms of the gauge bosons

T
A= ((-igAr - i3 B @) ((-iga'r —ig'B*) (0))
'1)2
5 [P(A0)° + g% (A0)° + (—945 +9'B,)] (1.44)

naturally appear, showing that three vector bosons acquire mass:

1 . gu
Wi = —2(A; FiA), mw = ) (1.45)
1 v
Z, = W(QAEL —¢'Bu), mz=vg"+9%5 (1.46)
while one vector boson
1 /43

remains massless. The massive vector bosons in eqs. (1.45) and (1.46) can be interpreted
as charged and neutral weak bosons respectively, while the massless boson in eq. (1.47) is
interpreted as the photon. Indeed, assuming that the fermionic terms are invariant under
SU(2) x U(1) gauge transformations, the covariant derivative for fermions becomes

D, =0, —igAiT" —ig Y B,

=8, - i% (Wi + W, T7) —i
/
i A, (T +Y) (1.48)

92 — 9/2 Zu (92T3 _ gl2y)
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oo

where TF = %, T+ = T' 4+ 4T? and Y is the hypercharge of the fermion. Interpreting
% as the elementary charge e and setting I° +Y = @Q where I3 is the eigenvalue of T3,
9%+g

the photon term in eq. (1.48) is identical to the QED covariant derivative. Introducing the
Weinberg angle 6y, egs. (1.46) to (1.48) can be further simplified to

Zg = Ai cos Oy — B, sin Oy
A, = Ai sin Oy + B,, cos

€
D,=98,—i— (WITt + W T~
K K \/isinew( K K )

e
—g— 7 (T3 _sin?H —ieA. O.
Zsinﬂw cos Oy “( St WQ) ieduQ

This theory is often referred to as the Glashow-Weinberg-Salam theory. At the time this
theory was suggested, the chiral nature of the weak interaction had already been known [35].
The particles that undergo both SU(2) and U (1) gauge transformations are left-chiral lepton

and quark doublets
_ (VL _ fur
EL— <6L>’ QL_ <dL>’

which have hypercharge ¥ = —% and Y = % respectively. The right-chiral fermions vy, eg,
ur and dp are isospin singlets that undergo only U(1) transformations. These singlets have
hypercharge identical to their electric charge @), which means vg is automatically excluded
from any form of electroweak interaction. The electroweak sector of the Lagrangian is then

Lrw = Ey, (i) Ep, + ég (i) er + Qr (i) Qr + g (i) ur + dg (i) dg
= Ey, (i) Er + e (id) er + QL (id) QL + ur (i9) ur + dg (id) dr
g (W T+ W dhy + Z00%) + eAulfiy (1.49)

where the charged and neutral weak currents are

1
Ty = NG (Tryter +ury*de) (1.50)
_ 1 _
T = o5 (exyve + diyur) (1.51)
K 1 77 ~H 1 5 A 1 : 2 (2
2= cos Oy [VLV 5 Jvetery” (-5 +sin0w |eL+ery (sin® Ow) er
(12 2.
+ury §—§sm Ow | ur + uRry —gsm Ow | ur
(11 (1
+dry —§+§sm Ow | dr + dr7y 3 sin Ow dR} (1.52)
and the EM current is
H eH TG 2 TP 1
Jpn = e (1) e+ uy 3 u+dy —3 d. (1.53)

The EM current multiplied by the elementary charge e is exactly an example of eq. (1.19),
with electric charge —e, +2e and —%e. The currents in egs. (1.50) and (1.51) show that
W and W~ are the physical bosons that mediate weak interaction changing the flavor of
the fermions. The neutral current in eq. (1.52) consists of terms analogous to egs. (1.19)
and (1.53), with a difference that this interaction acts as if left- and right-chiral fermions
have different charge.
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However, the chiral nature of the weak interaction makes it difficult to add mass terms
to eq. (1.49) as in eq. (1.6), since left- and right-handed fermions transform differently. For
example, the mass term for the electron

—me(€e) = —me(érer + €rer) (1.54)

breaks the SU(2) x U(1) gauge invariance. The Higgs field ¢ resolves this problem nicely,
under the assumption that ¢ transforms as in eq. (1.41). Introducing Yukawa-type terms

AL, = —M.Epper +h.c. (1.55)
ALy = —NQrddr — M€ Qradiur + h.c. (1.56)

which are invariant under SU(2) xU(1) local gauge transformations, the mass terms naturally
appear at the vacuum expectation value of ¢:

1

AL, = ——=)\.v(€rer + Ere 1.57
7 (érer + €rer) (1.57)
1 - 1

Aﬁq = ——)\d?}deR — —)\uvﬂLuR + h.c. (158)

V2 V2

The higgs field terms in eq. (1.40) can be expanded near the vacuum expectation value v.
Due to the local gauge invariance of the Glashow-Weinberg-Salam theory, the Higgs field ¢
can be expressed as a fluctuation from the vacuum rotated by U(x) € SU(2) at every point:

1 0
o) = 0@ 5 () (1.59)
such that the fluctuation h(x) is always real. Expanding and rearranging eq. (1.40), the Higgs
field terms become

1 Y
EHiggs = 5 (a“h) (8Mh) — Iu,2h2 — \/X,U,h3 _ Zh4

1 h\?
+ m%VW“JFWM_ + 27)’LQZZMZH:| <1 + 'U> .

The first two terms are exactly what appear in the Klein-Gordon Lagrangian in eq. (1.2), with
mass my = V2u. The new real scalar field h(z), being its own antiparticle, is the physical
scalar boson known as the Higgs boson. The second line shows how the Higgs boson couples
to the W and Z bosons, as well as their Proca mass terms as in egs. (1.10) and (1.11).

1.1.5 Particle Contents of the Standard Model

The particles constituting the Standard Model are classified into four categories: quarks,
leptons, gauge bosons and the Higgs boson.

e Quarks: consisting of six flavors, quarks are the constituents of baryons and mesons.
In addition to the up-, down- and strange quarks that were first proposed, Glashow
and Bjorken [36] introduced a fourth quark later named the charm, to account for the
mechanism of neutral kaon decays suggested by Glashow, Iliopoulos and Maiani [37].
The existence of the charm quark was proven by the discovery of the J/¢ meson [38,
39], which is a bound state of c¢. Two additional quarks, bottom- and top quarks were
introduced by Kobayashi and Maskawa [40], to account for the C'P-violation, which is
the intrinsic asymmetry between matter and antimatter. The existence of the bottom
quark was proven by the discovery of the Y meson [41], which is a bound state of bb.
The top quark, being the heaviest particle in the SM, was discovered at the Tevatron
in 1995 [42, 43].



10 CHAPTER 1. THEORETICAL OVERVIEW

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
I I 1
mass  =2.2 MeV/c? =1.28 GeV/ic? =173.1 GeW/c? 0 =124.97 GeVic?
charge | ¥ ¥ 3 0 0
spin | % u % C L t 1 9 o H
up charm top gluon higgs
S
=47 MeVic? =96 MeV/c2 =4.18 GeVic? 0
-l -l -l 0
. x (8 . (0 .
down strange bottom photon
_
=0511 MeWic? =105.66 MeW/c? =1.7768 GeV/c? =91.19 GeVic?
-1 -1 -1 0
« x (M « &
electron muon tau Z boson
e
<10 eVic? <0.17 MeVic? <18.2 MeV/c? =80.39 Gelic?
0 0 0 £1
. || [-® | @®
electron muon tau
. - . W boson
neutrino neutrino neutrino —

Figure 1.1: Particle contents of the Standard Model [51].

e Leptons: while the electron was one of the first elementary particle to be found, its
heavier version, muon was discovered in cosmic rays. In addition to these charged
leptons, neutral leptons were proposed to account for the energy distribution of the
(B-decay of neutrons. These are the neutrinos, interacting only via weak interaction.
The third charged lepton was found in anomalous signatures of eTe™ collisions at the
SPEAR, in 1975 [44]. The lepton sector is then summarized into three charged leptons
and their neutrino counterparts, although the properties of the neutrinos are still under
active investigations.

e Gauge bosons: the photon, W boson, Z boson and gluons are the mediators of
fundamental interactions. The W and Z bosons were found at the SPS in 1983 [45,
46]. The existence of gluons were proven by observation of three-prong jets in electron-
positron colliders such as DORIS and PETRA [47, 48]. All of these gauge bosons are
spin-1.

e Higgs boson: being the only scalar boson in the SM, the Higgs boson is an essential
part of the theory to account for the mass of W and Z bosons, as well as the fermions.
Its existence was found at the LHC [49, 50], being one of the biggest achievements of
the experiment.

All of these elementary particles are summarized in fig. 1.1.
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1.2 Shortcomings of the Standard Model

Despite its great success in many experiments, there are hints that suggest there might be a
more fundamental theory of physics than the Standard Model.

e Arbitrary parameters in electroweak unification: in the Glashow-Weinberg-
Salam theory, there are three fundamental parameters e, fy and my which can be
completely arbitrary. The reason these parameters have the experimentally observed
values is unknown.

e No unification of the electroweak and strong interactions: although the elec-
troweak (EW) and strong interactions are formulated in a similar manner, they are still
different interactions, with different couplings without any evidence that they originated
from the same coupling.

e Mass of neutrinos: since right-chiral neutrino never appears in egs. (1.50) to (1.53),
neutrinos are usually assumed massless in the SM. However, experiments observed
‘neutrino oscillations’, implying they do have small mass and their flavor eigenstates
and mass eigenstate do not match. In the Glashow-Weinberg-Salam theory, a Yukawa
term

AL, = —)\,,eabELan)ZVR + h.c.

analogous to egs. (1.55) and (1.56) can be included [20]. The coupling strength A, must
be extremely small for compatibility with the neutrino mass, which has no apparent
reason. Alternatively, neutrino might be a Majorana fermion where the right-chiral
neutrino is just the right-chiral antineutrino [52]. This hypothesis predicts neutrinoless
double S-decay and is under active investigations.

e Mass of particles in general: the SM successfully explained how the particles ac-
quire mass - via Higgs mechanism. However, the SM does not explain why the masses
should be the very values measured experimentally. For the SM gauge bosons, their
masses are expressed in terms of the vacuum expectation value of the Higgs field and
couplings of the gauge groups. For the fermions, the masses are expressed in terms
of the vacuum expectation value and the Yukawa couplings. This merely replaces the
mass with another empirical parameter and the reason why the masses of fermions with
different generations are so different remains unknown.

e Hierarchy problem: in the Glashow-Weinberg-Salam theory, all particle masses are
proportional to the vacuum expectation value of the Higgs field. As all the constituents
have been discovered, the vacuum expectation value is known to be

v~ 246 GeV.

This is unnatural, since v is much smaller than 10! GeV where the fundamental in-
teractions are believed to unify. If such unification scheme is to exist, this discrepancy
requires extremely fine tuning of parameters to avoid divergences in computations of
loop diagrams involving the Higgs boson.

e Gravitation: the SM does not say anything about gravitational interactions, as there
is no completely proven quantum field theory of gravity yet.

e Dark matter: astronomical observations imply there is unknown matter that does
not interact electromagnetically or current formulation of gravitational theories needs
modification. The SM explains neither of them.
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Names spin-0 spin-3  SU(3) x SU(2) x U(1)

squarks and quarks  Q  (iz,dp)  (uz,dp) (3,2,3)
(x 3 families) u Up uTR (3,1,-2)

d d, dl, (3,1,3)
sleptons and leptons L (7g,ér) (vp,er) (1,2,-1)
7 7 vh, (1,1,0)

e &, ely (1,1,1)

Higgs and higgsinos H, (H;}, HY) (HF, HY) (1,2, %)
Hd (HgaHd_) (Hd7H ) (1727_%)

Table 1.1: Chiral multiplets of the Minimal Supersymmetric Standard Model and their SM
partners [54].

Names spin-3 spin-1  SU(3) x SU(2) x U(1)
gluino and gluon 9 g (8,1,0)
wino and W bosons W% W3 W+ W3 (1,3,0)
bino and B boson B B (1,1,0)

Table 1.2: Gauginos in the Minimal Supersymmetric Standard Model and their SM part-
ners [54].

e Lepton Flavor Universality: in the SM, all generations of leptons interact identically,
except they have different masses. However, recent experimental results imply there
might be a violation in this universality. This will be explained with more details
in section 1.4.1.

e Magnetic moment of muon: the muon g — 2 experiment has reported a strong
evidence of deviation from the prediction of the SM [53] by measuring the magnetic
moment of the muon. This suggests there might be unknown particles or processes
contributing to the EM interaction of the muon.

1.3 Supersymmetry

One of the most remarkable candidates for the extension of the SM is supersymmetry, often
referred to as SUSY. Supersymmetry introduces a broken symmetry ® between fermions
and bosons by assigning a superpartner to each SM particle. In supersymmetry, every SM
fermion (spin—%) has a supersymmetric scalar boson (spin-0) counterpart called sfermion.
The sfermions are called squarks or sleptons depending on their SM partners. Unlike in the
SM, two Higgs doublets are needed and have spin—% partners called higgsinos. These fields
which have chiral structures are summarized in table 1.1. A notable property is that each
SM particle and its superpartner have the same SU(3) x SU(2) x U(1) quantum numbers.

Likewise, each SM gauge boson has a supersymmetric partner called gaugino. The SM gluons
have gluinos as their superpartners, while W bosons of the SU(2) group and the B boson
of the U(1) have winos and bino. This is the Minimal Supersymmetric Standard Model
(MSSM). The gauginos of the MSSM are listed in table 1.2.

3The fact there is no observed supersymmetric particle yet implies such particle must be very heavy.
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One of the theoretical advantages of the supersymmetry is that the hierarchy problem is
resolved. Each loop diagram involving the Higgs boson and a SM fermion can be canceled
by a corresponding loop diagram with a sfermion. Likewise, a loop containing a SM gauge
boson is can be canceled by a loop with a gaugino. With these properties, divergences in
loop diagrams can be avoided without fine tuning of parameters.

Another advantage is that it enables the unification of the SM interactions at higher energies.
In the Standard Model, the U(1), SU(2) and SU(3) gauge groups have different coupling
constants. Extrapolating these running couplings to higher energy scales, the U(1) coupling
increases while the SU(2) and SU(3) couplings decrease. This makes the couplings converge
but not match at the same point, as shown in the upper plot in fig. 1.2. Grand Unified
Theories predict these couplings originate from one coupling of a larger gauge group such
as SU(5) [1]. If the couplings are extrapolated using the Minimal Supersymmetric Standard
Model instead, they become identical at the scale of 10'® GeV, as shown in the lower plot
of fig. 1.2 [55].

Supersymmetry also includes candidates for dark matters. The R-parity is defined as
PR — (_1)3(B—L)+28 (160)

where B, L and s are the baryon number, lepton number and spin respectively. If this new
quantum number is conserved, the Lightest Supersymmetric Particle (LSP) is stable [54].
The neutralinos (Y°), which are mixed states of the gauginos and higgsinos, are the LSP in
many scenarios.

The particular supersymmetric scenario that this work re-interprets is the pair production of
top squarks (f) decaying via tau sleptons (7), shown in fig. 1.3. The three-body decay of the
top squark produces a tau slepton, a b-quark and a neutrino. The tau slepton decays into a
tau lepton and a gravitino (é) which is the LSP and the superpartner of the graviton. The
top squarks and tau sleptons are often abbreviated to stops and staus.

1.4 Leptoquark

Leptoquarks (LQ) are hypothetical bosons carrying nonzero baryon and lepton numbers
proposed in various extensions of the SM. They can be either scalar (spin-0) or vector (spin-
1) bosons.

The SU(5) Grand Unified Theory proposed by Georgi and Glashow [1] is the simplest grand
unification that embeds SU(3) x SU(2) xU(1). In a different aspect, Pati and Salam suggested
an SU(4) symmetry to unify the lepton and quark sectors of the SM, taking the lepton number
as the ‘fourth color’ [2]. Both Georgi-Glashow model and Pati-Salam model can be embedded
in a larger gauge group SO(10) [3]. In these models, leptoquarks are heavy gauge bosons
of the larger gauge groups. Technicolor theories [4, 5] and composite models [56, 57| also
predict leptoquarks. In supersymmetric theories where the R-parity defined in eq. (1.60) is
not conserved, squarks have the properties of the scalar LQ [58].

In these theories, there are common properties that the leptoquarks must have. The lepto-
quarks carry color charges, making them color triplets. This automatically allows the lep-
toquarks to interact via strong interaction. Leptoquarks also carry electroweak hypercharge
and thus can interact via charged or neutral EW bosons. As they couple to lepton and quark
at the same time, they can turn a quark into lepton or vice versa, mediating processes that
are highly suppressed in the SM. The absence of observation of the leptoquarks implies they
must be very heavy.
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Figure 1.3: Pair production of top squarks (¢) in a proton-proton collision followed by decays

via tau sleptons (7).
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Figure 1.4: Diagrams of B mesons decaying into D mesons in the SM (left) and a leptoquark
scenario (right).

Focusing on the coupling of leptoquarks with the SM fermions, the effective Lagrangians of
the leptoquarks can be constructed according to their gauge quantum numbers [14]. In sec-
tion 1.4.2, the classification and naming schemes are explained.

Recent results in the physics of B mesons support the possibility of leptoquark scenarios. The
experimental results and phenomenology of the leptoquarks are explained in section 1.4.1.

1.4.1 Hints from B-anomalies

In the Standard Model, there is no difference between different generations of leptons in the
way they interact. The only difference is the mass, which is purely an empirical parameter
in the SM. This principle is called the ‘Lepton Flavor Universality (LFU)’. However, recent
measurements in rare decays of B mesons are reporting hints of LFU violation. One example
is the transition of the b quark via charged currents b — clv. In the SM, the leading order
process is the decay via W boson. To test the LFU, the ratio

R(DW)y = BEB= DTV oy (1.61)
B(B — DO11) ey

is checked, where [ denotes the electron and muon. As shown in fig. 1.5, experimental results
deviate from the SM prediction [6-13]. This discrepancy can be explained if there are tree-
level processes involving leptoquarks, as shown in fig. 1.4.

Another example is the transition of the b quark via neutral currents b — sil. This transition
is responsible for rare decay modes B — Kll. Since there is no flavor-changing neutral current
(FCNC) at tree level in the SM, such processes can occur only via higher order diagrams,
such as the left diagram in fig. 1.6. Due to the small decay rate, these processes are sensitive
to potential contributions from physics beyond the Standard Model. For example, if there
exist leptoquarks that couple to multiple generations of SM fermions, tree level processes like
the right diagram in fig. 1.6 are possible.

Measuring the decay rates allows for the test for LFU, by calculating the rate

B(B = K™ ppt)exp
B(B = K®ee)exp

R(K™)) = (1.62)

Measurements in R(K*)) have shown a hint of its violation [11-13], the most recent result
showing 3.10 of significance.
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Figure 1.5: Combined plot of R(D®*)) measurements by BaBar, Belle and LHCb collabora-
tions [59].

Figure 1.6: Diagrams of charged B mesons decaying into K mesons in the SM (left) and a
leptoquark scenario (right) [13].
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Name Spin F=3B+L SUB)c SUQ2)w U(l)y Allowed coupling Q=1°+Y

S 0 —2 3 1 3 qrln or uper 3

S0 —2 3 1 3 dSer 3

Sy 0 —2 3 3 i ailr 333
_ a 5 FC A/ JC A 41

Vs 1 2 3 2 8 qiyter or depytiL 33

s 1 2 3 2 -1 aSyt, 3 —3

Ry 0 0 3 2 I qrer or Urly 2,2

Ry 0 0 3 2 : drly, 2,—3

U, 1 0 3 1 2 qrLylL or dryter 2

7 5 iy 1

U, 1 0 3 1 3 URY"ER 3

Us 1 0 3 3 2 qyMr 2,2, -1

Table 1.3: Quantum numbers of scalar and vector leptoquarks with SU(3) x SU(2) x U(1)
invariant couplings to quark-lepton pairs [14].

1.4.2 Classification of Leptoquarks

Buchmiiller-Riickl-Wyler model [14] classifies leptoquarks by their gauge quantum numbers,
as shown in table 1.3. All leptoquarks are color triplets which interact via QCD. One way to
classify leptoquarks is the fermion number, defined as F' = 3B + L, where B is the baryon
number and L is the lepton number. Leptoquarks with F' = —2 decay into an antiquark and
antilepton. Such leptoquarks are anticolor triplets, denoted by 3 in table 1.3. Leptoquarks
with F© = 0 decay into a quark and antilepton. These leptoquarks are color triplets and
denoted by 3 in the SU(3)¢c column of table 1.3. Leptoquarks can be either spin-0 (scalar)
or spin-1 (vector). Scalar and vector LQs are denoted by S and V respectively in the case
F = —2, while R and U in the case F' = 0. In terms of SU(2)y dimensionality, the LQs can
be a singlet, doublet or triplet. This determines the subscript in the LQ name. The singlet
leptoquarks do not interact via charged weak bosons. This thesis addresses the U; vector
leptoquark, which provides a viable explanation both for R(D®)) and R(K*)) anomalies [16,
17, 60].

1.4.3 Production Mechanism of Leptoquarks at Hadron Colliders

The dominant processes in pair production of leptoquarks at hadron colliders are gluon-gluon
fusion (fig. 1.7a) and quark-antiquark annihilation (left of fig. 1.7b). Lepton exchange (right
of fig. 1.7b) is negligible in most cases, as long as the coupling of the LQ with the SM fermion
is not large [61].

The production cross section of leptoquarks is discussed in section 5.1, both for scalar and
vector cases.
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Figure 1.7: Pair-production mechanism of leptoquarks at the LHC [61].

1.4.4 Simplified Scalar Leptoquark

The generic Lagrangian of a scalar leptoquark is similar to eq. (1.3):
L = (D,®)" (D'®) — mio|® + L, (1.63)

but replacing 9,, with the SM covariant derivative D, and adding Yukawa terms Li,; similar
to egs. (1.55) and (1.56). Neglecting difference between particles and antiparticles, it is
possible to construct a simplified scalar leptoquark model [62] in which all kinds of Yukawa
couplings are possible. In the simplified model, the scalar leptoquarks are assumed to interact
only via strong interaction, where the covariant derivative becomes eq. (1.37). The simplified
model contains up- (Q = +%e) and down- (Q = —%e) type leptoquarks, with Yukawa terms

Ll = N(vnrdrlp + VIrdrlr)® + Avdryr® + hec.
LE = N(Vnurls + vrarls)® + A\ drri® + h.c.

respectively. The fields ur g and dr g are chiral quarks, while /;, g and vy are charged
leptons and neutrinos. For the down-type LQ, I , and v§ denote charge conjugates of the
charged leptons and neutrinos, namely their antipérticles. Therefore, the up- and down-type
leptoquarks in this simplified model have F' = 0 and F' = 2, the latter case being similar to
antiparticles of leptoquarks with F© = —2 in table 1.3. Restricting the coupling of the LQ
to the third-generation SM fermions, the up-type LQ decays into (b,7) or (¢,v), while the
down-type LQ decays into (b,v) or (¢,7). This is illustrated in fig. 1.8. Comparing fig. 1.8
and fig. 1.3, the similarities in their final states show that the two scenarios can be covered
in one analysis. The ATLAS collaboration has searched for them in Run-2 of the LHC [63,
64].

The coupling strength to charged leptons and neutrinos can be parameterized as

N =M/B
A=A/1-7 (1.64)

where A represents the global Yukawa coupling strength and S determines the relative cou-
pling strength with charged leptons and neutrinos. The scalar LQ search this thesis re-
interprets assumed S = 0.5 such that the coupling strength with charged leptons and neu-
trinos are the same. Conventionally, it has been assumed that A = 0.3 in searches for pair
production of leptoquarks. This parameter affects the t-channel diagram with lepton ex-
change (the right diagram of fig. 1.7b). However, as discussed in section 1.4.3, the lepton
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Figure 1.8: Pair production of up-type (left) and down-type (right) leptoquarks in a proton-
proton collision followed by decays into third-generation SM fermions [63].

exchange diagram becomes negligible with this choice of value. The parameters n; and ngr
determine the chiral property of the leptoquarks. In the scalar LQ search, it was assumed
that n, =1 and nr = 0.

Using Run-2 data taken in 2015 and 2016, ATLAS excluded both up- and down-type third-
generation scalar leptoquarks up to 800 GeV for g = 0.5 [63]. With the full Run-2 data taken

from 2015 to 2018 and a new optimization of analysis, the exclusion limit was extended up
to 1.25 TeV [64].

1.4.5 The U; Vector Leptoquark

The Lagrangian of the U; leptoquark is

1 .
Lo, == UL, UL +mi, UL UY — igs(1 = ko)UY T*U G

.2 - v, 9uU ij i i ij i j
—igy5(1- Ro)UY Uy BY + U (BLauly + Brdryuer) +hel  (1.65)

7

where the strength tensor of the vector LQ is generically defined as Uy,, = D,U, —
D,Uy, [15, 16, 60, 65]. The first two terms are similar to eq. (1.11), but replacing 0, in
the strength tensor with the SM covariant derivative. As U; has hypercharge Y = %, its
covariant derivative becomes D, = 0, — igy%Bu - igs%Gz [60, 66]. The parameters ky and
ky determine the nature of the LQ. The first case where ky = Ky = 0 is often called the
“Yang-Mills’ case, which means the LQ itself is a heavy gauge boson. Another case where
ky = ky = 1 is the ‘minimal coupling’ case, where eq. (1.65) gives the minimal vector boson
coupling. This thesis covers both cases as «ky significantly affects the production cross section
of the LQ and kinematics of the decay products. The last terms in eq. (1.65) are analogous to
the charged weak current terms in egs. (1.49) to (1.51), with a difference that the leptoquark
U, couples to a lepton and a quark simultaneously. The quark doublets and lepton doublets
are defined as

where Vj; are the CKM matrix elements. The fact that U couples to a lepton doublet implies
that LQ couples to charged lepton and neutrino with equal strength, which is equivalent to
choosing # = 0.5 in the simplified scalar LQ model. This benchmark model suppresses certain
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generations of couplings such that the coeflicients ﬁg and Bg form matrices

0 0 pB# 00 0
Br=|(0 0 21, Br=[0 0 0 (1.66)
0 B pB 00 BF

As this analysis addresses the third-generation LQ), [323 is set to 1 and all other elements
of Bj:j are set to 0. The vector LQ is assumed chiral such that the vector LQ couples only
to left-chiral fermions, therefore 53 is also set to 0. The global coupling strength gy is
equivalent to A in the simplified scalar LQ model. Although it has been common to assume
A = 0.3 in the scalar LQ searches, gy = 3.0 is chosen such that other heavy gauge bosons (¢’
and Z') appearing in the vector LQ model are suppressed [15]. The CMS collaboration has
excluded the U; vector LQ up to 1.41 TeV in the mimimal coupling case and 1.73 TeV in the
Yang-Mills case for gy = 2.5, combining single and pair production searches [67].
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EXPERIMENTAL SETUP

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a hadron-hadron collider located near Geneva, operated
by CERN. The LHC collides proton beams or heavy ion beams such as lead. Reusing the
tunnel built for the Large Electron-Positron Collider (LEP), the collider has a circumference
of 27 km, being the largest particle collider ever as of 2021. Targeted at the TeV scale where
the electroweak symmetry breaking takes place, the LHC has successfully carried out precise
tests of the Standard Model and the discovery of the Higgs boson. In exploring the frontier
of particle physics, typically two aspects of challenges are faced.

The first aspect is the energy scale. To reach the mass scale of unknown particles, it is
essential to reach as high a center-of-mass energy as possible. One advantage that circular
colliders like LHC have over linear accelerators is that the particle beams can be used again
and again. However, retaining the circular beam entails technical difficulties, since bending
particle beams at such high energy requires extremely strong superconducting magnets. The
circular beams also lose energy through synchrotron radiation. For a particle with electric
charge e moving in a circular trajectory with radius p, the energy loss per turn is [19, 68]

47 e?

AE = ——p3* 2.1

3, By (2.1)
where B = v/c and v = 1/4/1 — 2. Noting that £ = ymc? and 3 ~ 1 for relativistic
particles, eq. (2.1) becomes

4 e?E* 1

AE ~ ————. 2.2
3 pc® mi (22)
Therefore, an electron loses 10'3 times more energy than a proton when accelerated to the
same energy. This is the reason the LHC can reach much a higher energy than the LEP could

do, despite using the same tunnel.

Another aspect is the luminosity. The event rate of a physical process can be expressed as
o(y/s) x L, where o(,/s) is the cross section of the process at the center-of-mass energy /s
and L is the luminosity. Usually the processes to be searched for have very small cross section
and therefore increasing the luminosity is a key part in accumulating sufficient statistics.

The LHC does not accelerate protons from the beginning. Instead, many older accelerators
that have retired from the energy frontier are used as boosters for the LHC. The protons from

21
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Figure 2.1: The CERN accelerator chain including the LHC [69].

the source are accelerated using a linear accelerator, up to the energy of around 50 MeV. The
PS Booster accelerates these protons up to 1.4 GeV, before delivering them to the Proton
Synchrotron (PS) which is the oldest operating synchrotron at CERN. At this step, protons
reach the energy of 26 GeV. The Super Proton Synchrotron (SPS), known for the discovery
of W and Z bosons, accelerates the protons to 450 GeV. This chain of acceleration is shown
in fig. 2.1, with an overview of the CERN accelerator complex, including the LHC.

The first phase of the LHC operation, called ‘Run 1’, was from 2010 to 2012. Having started
at the center-of-mass energy /s = 7 TeV, the energy was ramped up to /s = 8 TeV. The
Higgs boson was discovered using part of the data taken in this phase.

The second phase, ‘Run 2’, was from 2015 to 2018. Operated at /s = 13 TeV with higher
luminosity, the LHC was improved up to the level such that even events involving the Higgs
boson are backgrounds in many analyses. This thesis uses the full Run-2 dataset with an
integrated luminosity of 139 fb~1.

The next phase, ‘Run 3’, will start in 2022 with a target center-of-mass energy of /s =
14 TeV.

2.2 The ATLAS Detector

The ATLAS (A Toroidal LHC ApparatuS) detector [70] is a multi-purpose detector located
at the Interaction Point 1 (IP1) of the LHC. In ATLAS, a right-handed Cartesian coordinate
system is used, where the z-axis is along the beam and the x — y plane is perpendicular to
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the beam. The z-axis points from the interaction point to the center of the LHC ring and the
y-axis points upwards. Additionally, the azimuthal angle ¢ is measured around the z-axis,
starting from the positive x-axis. The polar angle # is measured from the positive z-axis.
One convention in parametrizing the polar angle is the pseudorapidity

z—1n<tan§> :ém(lg“:i:) (2.3)

! E+p,

which converges to rapidity

in the relativistic limit. The angular distance is defined as
AR = /(A7) + (Ag)? (2.5)

The ATLAS detector has a cylindrical structure, consisting of many different layers specialized
for different purposes.

e Inner Detector (ID): since particles are produced and decay near the interaction
point, high precision is required in identification of the vertices. Therefore the in-
nermost part of the ATLAS detector is designed to precisely measure the position of
charged particles. Furthermore, by applying a magnetic field to charged particles, their
momentum can be measured from the trajectories. For ATLAS, a solenoid magnet
surrounds the inner detector to produce a magnetic field in the axial direction. An im-
portant point is that the particles should not lose too much energy in the inner detector,
otherwise this affects the energy measured by the calorimeter system. Using semicon-
ductors like silicon, this problem can be avoided, as only a small amount of energy is
needed to excite electrons and thus to create a measurable current in semiconducting
materials. The silicon pixel detector and silicon strip detector (SCT) record positions
of the particles with high precision. The transition radiation tracker (TRT) provides
further information on the type of the particle that passed through. The inner detector
covers the range |n| < 2.5 and provides electron identification in the range |n| < 2.0.

e Calorimeters: the purpose of the calorimeter system is to measure the energy of
particles and trigger events. The inner layer of this part consists of lead absorber plates
and liquid argon (LAr) used as the active material. In this layer, electrons dissipate
energy through Bremsstrahlung (‘braking radiation’), followed by pair creation of an
electron and a positron from the photon. Electrons and photons are ‘stopped’ by the
chain of these processes. Although muons have long enough lifetime to reach this layer,
they are not stopped as their bremsstrahlung is negligible compared to electrons. The
electromagnetic end-cap (EMEC), hadronic end-cap (HEC) calorimeters and forward
calorimeter (FCal) also use liquid argon as the active material, covering regions with
high pseudorapidity. The outer layer uses steel as the absorber and scintillator tiles as
the active material. This layer is designed to measure the energy of hadrons by cascades
of hadronic collisions.

In total, the calorimeter system covers the range |n| < 4.9.
e Muon Spectrometers: the outermost part of the ATLAS detector consists of muon
spectrometers which measure position and momentum of muons.

The barrel muon system has three concentric layers which consist of monitored drift
tubes (MDT) and resistive plate chambers (RPC). The MDT perform high-precision
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Figure 2.2: Overview of the ATLAS detector [71].

muon tracking, while the RPC provide muon triggers. The end-cap muon system con-
sists of thin gap chambers (TGC) and MDT, where the TGC provide muon triggers.
In the forward region close to the beam line, cathode strip chambers (CSC) provide
muon tracking. The muon system in total covers the region |n| < 2.7 and can trigger
on events where a muon within |n| < 2.4 is reconstructed by the online algorithms.

e Magnet System: the central solenoid surrounding the inner detector produces a mag-
netic field of 2 T in the axial direction. This enables the inner detector to measure
momentum of charged particles. The barrel toroid consisting of eight coils produces
a magnetic field of 4 T in azimuthal direction. Two end-cap toroids, each consisting
of eight coils, also generate an azimuthal magnetic field of 4 T in the end-cap region.
These toroids enable the muon system to measure the momentum of muons.

The configuration of the ATLAS detector is shown in fig. 2.2.

2.3 ATLAS Data Taking

At collision points of the LHC, proton bunches collide around 40 million times per second. In
each collision of proton bunches, there are around 30 simultaneous proton-proton collisions
on average. These concurrent collisons are called pileups. Combining these numbers, there
are around 10° proton-proton collisions per second at the luminosity of 1034 cm=2s~!. How-
ever, most of the collisions do not contain hard scattering processes of interest. Out of the
40 million bunch-crossings happening every second, the trigger system selects and records
relevant collision events. In Run-2, ATLAS uses two levels of triggers that make a real-time
selection of events to be recorded [72].

The Level-1 (L1) trigger consists of hardware-based systems which make a coarse selection
based on information from calorimeters and muon systems. L1Calo uses calorimeter informa-
tion of electrons, photons and jets, while L1Muon is triggered by muons passing the RPC of
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the barrel and TGC of the end-cap. L1Topo combines information from L1Calo and L1Muon
into variables that are used in further L1 selections. After these processes, the event rate is
reduced to around 100 kHz.

The High-Level Trigger (HLT) is a software-based system. Combined with offline reconstruc-
tion tools, the HLT also provides reconstruction of particles which are categorized in sec-
tion 2.4. After the HLT, the average event rate is reduced to around 1 kHz.

2.4 Particle Reconstruction

The physical objects that the ATLAS detector can identify are summarized into the following
categories.

e Electrons and photons: in general, the energy of electrons and photons (e/v) can
be measured by the EM calorimeters. Electrons additionally leave a track in the inner
detector such that their momentum can be measured. The electrons are then recon-
structed by matching electron candidates from the energy deposit in the EM calorime-
ters to the ID tracks [73]. In this work, electrons and photons are not in the desired final
states. However, electrons are used for a veto requiring zero light leptons in the final
state. The electron candidates are required to fulfill Loose [74] identification criteria,
with impact parameter zp < 5 mm, pp > 10 GeV and |n| < 2.47.

e Muons: As muons leave no energy in the calorimeter system, inner detectors and muon
spectrometers measure and identify muons. The muons are reconstructed if the tracks
in the ID and muon spectrometers are matched [75]. In this work, muons are not in the
desired final states. However, like electrons, muons are used for the veto that requires
zero light leptons in the final state. Muon candidates are required to fulfill Medium
identification criteria, with impact parameter zop < 5 mm, pp > 10 GeV and |n| < 2.7.

e Hadronic jets: due to quark confinement, quarks hadronize. The quarks also emit
gluons (parton shower), which produce further quark-antiquark pairs causing multiple
hadronization processes. In the end, these particles form a cone-shaped cluster called
jet. The jets are reconstructed using the anti-k algorithm [76] with distance parameter
R = 0.4. Jet candidates are required to have pp > 20 GeV and |n| < 2.8, with Tight
selection criteria [77]. To remove jets from pileup, a jet-vertex-tagger (JVT) [78] is
used. Jets with pr < 60 GeV and |n| < 2.4 are rejected if the JVT score is less than
0.5.

Since hadrons containing b-quarks are relatively long-lived despite their mass, decays of
such hadrons usually form a secondary vertex. By identifying the secondary vertices,
it is possible to tag b-hadrons with sufficiently high probability. As this work requires
b-tagged jets in final states, the DL1r b-tagger [79] is used. Choosing FixedCutBEff_77
criteria, b-jets are identified with an efficiency of around 77%.

e Tau leptons: due to its short lifetime, the tau lepton decays before leaving any track
in the detector. Therefore, the existence of tau leptons must be inferred indirectly.
Tau leptons can decay either leptonically (35%) or hadronically (65%). Leptonically
decaying tau leptons are observed as muons or electrons, while hadronically decaying
tau leptons are observed as hadronic jets with a secondary vertex. As this work requires
a hadronically decaying tau lepton in the final state, tau leptons are reconstructed from
anti-kt jets [80] with distance parameter R = 0.4, pr > 10 GeV and |n| < 2.5 [81,
82]. Tau candidates are required to have pr > 20 GeV and lie outside the region
1.37 < |n| < 1.52 which is between the barrel and end-cap calorimeters. For the
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identification of hadronically decaying tau leptons, a recurrent neural network (RNN)
algorithm [83] is used, with Medium identification criteria.

Missing energy: when there are invisible particles in the final state, the transverse
momentum of all particles from one event do not cancel out. By convention, the neg-
ative sum of transverse momenta of the detected particles is denoted by E%‘iss. The
magnitude of this quantity is called missing transverse energy, denoted by EITniss or Fp.
As mismeasurements of the objects can also lead to nonzero E%liss, this also requires
a dedicated identification algorithm. One typical example of the invisible particles is
the neutrino. Some theories beyond the Standard Model, like SUSY, also predict invis-
ible particles. Therefore, large Effniss is a good criterion to search for new particles or
phenomena.
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DATA SET AND SIMULATION

3.1 ATLAS Data

The proton-proton collision data used in this work was taken by the ATLAS detector between
2015 and 2018, at a center-of-mass energy of /s = 13 TeV. However, not all of the data
can be used in the analysis, since there are times in which the beam does not meet the
quality standards or parts of the detector are not fully functioning. In Run-2, an integrated
luminosity of 156 fb~! was delivered in total. Out of this, 145 fb~! was recorded by the
ATLAS detector and 95.6% of the data was qualified to be ‘good for physics’, amounting
to an integrated luminosity of 139 fb~! [84]. The qualified luminosity blocks are contained
in the Good Runs List (GRL), which is used in the analysis. The GRLs are summarized
in table 3.1.

GRL J Ldt[fb™]
datal5_13TeV.periodAllYear _DetStatus-v89-pro21-02_Unknown_PHYS_Standard GRL_All_Good_25ns.xml 3.22
datal6_13TeV.period AllYear_DetStatus-v89-pro21-01_DQDefects-00-02-04 PHYS_Standard GRL_AIl_Good_25ns.xml 32.99

datal7_13TeV.period AllYear_DetStatus-v99-pro22-01_Unknown PHYS_Standard GRL_AIl Good_25ns_Triggernol7e33prim.xml  44.31
datal8_13TeV.period AllYear_DetStatus-v102-pro22-04_Unknown PHYS_StandardGRL_All_Good_25ns_Triggernol7e33prim.xml  58.45

Table 3.1: GRLs used in this analysis and their corresponding integrated luminosity.

3.2 Signal

The signal process, namely pair production of vector leptoquarks, is simulated using various
softwares and Monte Carlo (MC) generators, specialized in each step of the process.

Usually, theorists use FEYNRULES [85] to derive Feynman rules from the Lagrangian of a
physics model, which formats the results in Universal FEYNRULES Output (UFO) [86]. The
UFO can be read by MC generators to simulate physics processes of the corresponding model.
The UFO used in this work can be found at [87].

In this work, the MADGRAPH5_AMC@NLO (v2.8.1) [88] framework is used for the simulation
of the hard-scattering processes at parton level. MADGRAPHS computes the scattering matrix
elements using the UFO provided by theorists at leading order (LO) in QCD. At this step, the
momentum distribution of partons in the protons is interpolated by LHAPDF (v6.2.3) [89],
using NNPDF 3.0 NLO [90] PDF sets. In subsequent two-body decays of the leptoquarks,
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MADSPIN [91] is used to preserve spin correlations. As the width can be exactly computed
for two-body decays, an analytic formula derived by FEYNRULES and stored in the UFO is
used [92].

The hadronization and parton shower of the parton-level processes are simulated using
PyTHIA (v8.244) [93], with NNPDF 2.3 LO [94] PDF sets and the A14 set of tuned parame-
ters [95]. Subsequent decays of heavy-flavor hadrons are simulated by EVTGEN (v1.7.0) [96].
The detector response and object reconstruction is simulated by AtlFast-II (AFII). The sim-
ulated signal samples are listed in appendix A.

The MC samples are generated in three different subcampaigns. MC16a is used only for 2015
and 2016 data, while MC16d is for 2017 and MC16e for 2018. These subcampaigns reflect
changes made in the ATLAS detector and pile-up profile of each data taking period. The
number of LQ signal samples for each mass and subcampaign is summarized in table 3.2.

In the previous search for third-generation scalar LQ [63], a parameter space consisting of the
mass of LQ (m(LQ)) and branching ratio to charged leptons (B(LQY — br) and B(LQS —
tT)) was scanned. As the mass of the top quark cannot be neglected, the branching ratio
B deviates from [ defined in eq. (1.64) for the third-generation LQ. The desired branching
ratio was obtained by reweighting the MC events generated with 5 = 0.5, without having to
produce additional samples. This work studies the same parameter space and reweighting
method. However, one thing to note is that the branching ratio to charged leptons is different
for the vector LQ. This is discussed in section 5.2.

Denoting the theoretical branching ratio of the LQ into charged leptons by By, the number
of charged leptons (nq = 0,1,2) originating from a pair of leptoquarks obeys the following
probability distribution:

(1-— Ecl)Q, for ng=20

A~ ~

P(ng,Ba) =< 2By(1 — By), for ng=1 (3.1)

Bc217 for ng = 2.

To obtain an arbitrary branching ratio B instead of By, a weight of

’U}(B l) _ P(ncthl)
¢ P(nclyBcl)

must be assigned to each event. From eq. (3.1) follows a convenient formula for reweighting:

Nel o (2—nc1)
w(Be) = (Bid> X (1 Bid> . (3.2)
Bcl 1- Bcl
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mq[GeV] MC16a MC16d MC16e Nevents
300 90,000 120,000 150,000 360,000
400 80,000 100,000 120,000 300,000
500 230,000 290,000 370,000 890,000
600 80,000 100,000 120,000 300,000
700 80,000 100,000 120,000 300,000
800 80,000 100,000 120,000 300,000
900 180,000 230,000 290,000 700,000
1000 50,000 70,000 90,000 210,000
1100 50,000 70,000 90,000 210,000
1200 50,000 70,000 90,000 210,000
1300 140,000 180,000 230,000 550,000
1400 10,000 20,000 20,000 50,000
1450 10,000 20,000 20,000 50,000
1500 10,000 20,000 20,000 50,000
1550 10,000 20,000 20,000 50,000
1600 10,000 10,000 10,000 30,000
1650 10,000 10,000 10,000 30,000
1700 50,000 70,000 80,000 200,000
1750 10,000 10,000 10,000 30,000
1800 10,000 10,000 10,000 30,000
1850 10,000 10,000 10,000 30,000
1900 10,000 10,000 10,000 30,000
1950 10,000 10,000 10,000 30,000
2000 10,000 10,000 10,000 30,000
2050 10,000 10,000 10,000 30,000
2100 10,000 10,000 10,000 30,000
2150 10,000 10,000 10,000 30,000
2200 10,000 10,000 10,000 30,000
2250 10,000 10,000 10,000 30,000
2300 10,000 10,000 10,000 30,000
2400 10,000 10,000 10,000 30,000
2500 10,000 10,000 10,000 30,000

Table 3.2: List of LQ masses used for the generation of vector LQ samples with Neyents
corresponding to the total number of generated events summed over all MC16 subcampaigns.

All samples have been generated with gy = 3.0 and 333 = 1.
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3.3 Standard Model Backgrounds

For pair production of third-generation leptoquarks, the most dominant background process
is pair production of top quarks, denoted by tf. Single top quark production also gives
a significant contribution. Other background processes with smaller contributions include
top-pair production associated with a vector boson or a Higgs boson.

The background processes are summarized in table 3.3, with corresponding MC generators
and order of QCD computations.
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CHAPTER 4

ANALYSIS STRATEGY

Searches for physics beyond the Standard Model at colliders are challenging because it is not
possible to tell if a specific event recorded by the detector came from the investigated ‘signal’
process or a ‘background’ process that has a similar signature. Therefore it is common to
count events that pass certain criteria, compare the observed numbers with simulated events
and determine whether there is a statistically significant excess of events over the background
expectation. The following sections are devoted to the strategies used in the analysis.

4.1 Cut-Based Analysis

The parameter space consisting of signatures such as kinematic variables (e.g. pr, E%liss) and
number of identified objects can be divided into several regions with different purposes. A
signal region (SR) is a part of the parameter space designed to contain a significant amount
of signal events. In contrary, a control region (CR) is situated in a different part of the
parameter space where the signal process yields are very low compared to background ex-
pectation. In many cases, there is a discrepancy between simulated backgrounds and data
in the CR, due to mismodelling of the background processes. Since this leads to systematic
uncertainties, simulated background processes are normalized to match the data in the CR.
The validation region (VR) lies between the CR and SR and is used to validate the extrapola-
tion of the normalized background prediction. The normalization procedure will be discussed
in section 4.3.

This work uses the same cut selections as the stop-stau and scalar LQ search [64]. The con-
figuration of the regions has been optimized for maximal sensitivity using both the stop-stau
and the scalar-LQ scenario. The significance was estimated using the following formula [114]:

T (R e RN R N | )

where s and b are the expected signal and background yields with total background uncer-
tainty 0. The analysis has two channels: the di-tau channel targeting low mass splitting
(Am = mj; — ms) and the single-tau channel targeting high mass splitting and scalar LQ.
The preselection criteria for the di-tau and single-tau channels are summarized in table 4.1.
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Di-tau preselection Single-tau preselection

Emiss_trigoer fired and EIS > 250 GeV
No light leptons (e/pu)
At least two jets
At least one b-tagged jet

At least two taus Exactly one tau
At least two b-tagged jets

Table 4.1: Preselection cuts for the di-tau and single-tau channel. The cuts above the line
are common to both channels and referred to as “common preselection”.

Several variables other than ER and pr are used to define the regions. In general, the
invariant mass of two particles is defined as

m(l, 2) = \/m% + m% + 2(E1E2 —P1- pg) (42)

which becomes

m(1,2) = \/2F1 E2(1 — cos(Ap(1,2))) (4.3)

in the relativistic limit, where A¢(1,2) is the angle between the two particles. If there are
invisible particles in the final states, the transverse mass can be defined:

mr(pr BFS) = \/2pr B (1 — cos Ag(pr, B=)), (4.4)

which resembles eq. (4.3) but considering only transverse components and replacing particles
1 and 2 with the visible particle and missing energy. The key feature of mr is that it has a
kinematic endpoint at the mass of the mother particle when it decays semi-invisibly, i.e. into
a visible daughter and an invisible daughter. For example, when a W boson decays into a
charged lepton (1) and a neutrino (v),

mw = \/m? +m3 +2 (Br(1) Ex(v) cosh(AY) — pr(l) - pr(»))

> /2o (DEF™ - pr(l) - BR)
= mr(pr(l), EF*™) (4.5)

where E1 = 4/ p% +m? and AY is the difference in rapidity between the charged lepton and

the neutrino [115]. This property of mr was used in the search for the W boson by the
UA1 collaboration at the SPS, setting a lower bound on its mass consistent with theoretical
predictions [45]. In searches for new particles, applying an mp-cut well above the mass of
the W boson suppresses SM backgrounds with such semi-invisible decays.

However, in many scenarios including the stop-stau and leptoquarks produced in pairs, there
are two or more semi-invisibly decaying particles. In such cases, E%ﬁss contains contributions
from two or more invisible particles which cannot be distinguished. Another variable called
the stransverse mass is hence defined [115, 116]:

mro(ph, pE EES) = min (max [mr(phaf),meet ab)]),  (46)
af-+ap=Bg

where p% and p% are the transverse momenta of the two visible particles. If the transverse
momenta of the two invisible particles (q{ and q%) were known as well, the transverse masses
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Variable CR tf (2real7) CR tt (1 real7) VR tt (2real 7) VR tf (1 real 7) SR
E%iss > 280 GeV
OS(11,72) 1 - 1 - 1
mra(71, ) < 35GeV < 35GeV [35,70] GeV 35,70 GeV > 70GeV
m(71,72) > 50 GeV > 50 GeV - - —
mr(r) > 50 GeV < 50GeV > 70 GeV < 70GeV -

Table 4.2: Definitions of the ¢t control and validation regions in the di-tau channel as well as
the SR definition. Here, 7o) refers to the leading (subleading) tau candidate. A dash signifies
that no requirement on the given variable is applied, while brackets indicate an allowed range
for the variable. These cuts follow after the di-tau preselection cuts given in table 4.1.

could be still constrained by the mass of the semi-invisibly decaying mother particles:
Mmother = Max {mT(p’%‘v q’(Il‘)v mT(p’%‘v q’%):| . (47)

Since only the sum of the two momenta (q% +qb = EI) can be known in reality, the mass
of the mother particle can only be constrained by the minimum of the quantity in eq. (4.7):

Mumother > min(max [mr(pt,af), mr(p. ab)] ) (4.8)
qp+qr=Ep"

Thanks to eq. (4.8), mpo can be a good discriminating variable to suppress SM background

processes with semi-invisible decays. Since the semi-invisibly decaying particles to be searched

for are much heavier than SM examples like the W boson, applying an m7o cut well above

its mass can effectively reject such backgrounds. However, even an mrs cut below the W

boson’s mass effectively reduces backgrounds.

The di-tau channel consists of two CRs, two VRs and one SR. One CR is designed to contain
a large number of tt events where both W bosons originating from the top quarks decay into
tau leptons. This region is denoted by ‘CR tt (2 real 7)’, with a corresponding VR denoted by
‘VR tt (2 real 7)’. These regions require the two tau lepton candidates have opposite electric
charges. Another CR is designed to contain ¢t events where only one of the W bosons decays
into a tau lepton and the other decays hadronically. The hadronic jets can be misidentified as
hadronically decaying tau leptons and satisfy the preselection criteria for the di-tau channel.
This region is denoted by ‘CR tt (1 real 7)’, with a corresponding VR denoted by ‘VR
tt (1 real 7). The SR in the di-tau channel is not used in the leptoquark interpretation.
However, the two CRs are used in exclusion fits which will be discussed in section 4.3. The
cuts defining the di-tau channel are summarized in table 4.2.

The single-tau channel consists of two CRs, two VRs and two SRs with different purposes.
One CR is designed to contain a large number of ¢t backgrounds where only one tau lepton
from the W boson is identified. This can be the case where only one of the W bosons
decays into a tau lepton, or both W bosons decay into tau leptons but only one is correctly
identified. This region is denoted by ‘CR ¢t (1 real 7)’, with a corresponding VR denoted
by ‘VR tt (1 real 7)’. Another CR is designed to contain an enhanced number of single-top
backgrounds. This region is denoted by ‘CR single top’, with a corresponding VR denoted
by ‘VR single top’. As the single-tau channel requires two b-tagged jets in the preselection,
the sum of their mt can be defined and used as a discriminating variable:

> mr(by, bg) = m(by) + mr(by). (4.9)

For a similar reason, the variable sp can be defined as the scalar sum of pt of the hadronic
tau and the two jets:

st = pr(7) + pr(j1) + pr(j2)- (4.10)
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Variable CR it (1 real 7) CR single top VR it (1 real 7) VR single top SR

Fpmiss > 280 GeV > 280 GeV > 280 GeV > 280 GeV > 280 GeV
s [500, 600] GeV - > 600 GeV - > 800(600) GeV
> mr (b1, be) [600, 700] GeV > 800 GeV [600, 700] GeV > 800 GeV > 700 GeV
mr(r) - <50 GeV - [50,150] GeV > 300(150) GeV

pr(7) - > 80GeV - > 80 GeV (binned)

Table 4.3: Definitions of the ¢t (1 real 7) and single-top control and validation regions in the
single-tau channel as well as the SR definition. Here, by(9) refers to the leading (subleading)
b-jet candidate. A dash signifies that no requirement on the given variable is applied, while
brackets indicate an allowed range for the variable. These cuts follow after the single-tau
preselection cuts given in table 4.1. Additionally, cuts for the multi-bin SR are enclosed by
the parentheses. In the multi-bin SR, the binning in pr(7) is [50,100] GeV, [100,200] GeV
and > 200 GeV.

The single-tau channel has two SRs. In addition to the one-bin SR, another SR with looser
cuts and three separate bins is defined. This is the ‘multi-bin SR’ used for exclusion fits which
will be discussed in section 4.3. The cuts defining the single-tau channel are summarized
in table 4.3.

The validity of this configuration for the vector LQ signal model will be discussed in sec-
tions 5.3 and 5.4.

4.2 The CL, Method

To quantitatively determine statistical significance of a discrepancy between MC simulation
and data, a common way is to do a hypothesis test. In searches for new particles or phe-
nomena, there are two hypotheses. One is that there is no new particle or phenomena in the
observed events, denoted by Hj. Another hypothesis is that some of the observed events are
due to new particles or phenomena, denoted by Hgyp. In this work, hypothesis test is done
using the CL; method [117, 118], which was devised in searches for the Higgs boson at the
Large Electron-Positron Collider (LEP) [119].

The simplest case is counting events in a single bin, where ngps events are observed. Setting
Hy, as the null hypothesis, the probability that ng,s or more events happen is

p= Y P(n|H)

N>Neobs

where P (n|Hp) is the probability distribution under the condition that null hypothesis Hy is
true. If py is sufficiently small, the probability that the excess of events is due to statistical
fluctuation is small and the alternative hypothesis H 1 is favored, rejecting Hy. This can be
expressed using significance Z, defined as

Z=3"1(1-pp)

where ®~! is the inverse of the cumulative Gaussian distribution. Conventionally, Z > 3 is
interpreted as ‘evidence’ and Z > 5 as ‘discovery’ in particle physics.

Likewise, setting Hgyp as the null hypothesis, the probability that ngps or less events happen
is

DPs+b = Z P(n’Herb)

7'LSTLObS
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If psyp is sufficiently small, the probability that there was any contribution from the signal
is small and the alternative hypothesis Hy is favored, rejecting Hgyp.

In this simple example,

DPs+b
CL; T (4.11)
can be interpreted as an approximation of confidence level in case of a signal-only experiment,
which does not exist in most cases. In exclusion, where Hgyp is the null hypothesis, CL;
reduces the false-exclusion rate.

In actual searches, the likelihood is defined as the product of Poisson distributions [120]:
L(n7 00|Msiga b7 0) = PSR X PCR X C1syst

= P(ns|As(psig, b,0)) x [ PnilXi(usig, b,0)) x Cayst(6°,6).  (4.12)
i€CR

In eq. (4.12), Psr is the probability distribution of event counts ng in the SR(s) where
Ag is the Poisson expectation value depending on background predictions b and nuisance
parameters 6. Likewise, Pcr is the product of Poisson distributions of event counts n; in
each CR 7, where ); is the Poisson expectation value. The last factor Cgy; is the probability
distribution of nuisance parameters where the systematic uncertainties are included. The
nominal values of the nuisance parameters are 8. The parameter Hsig s called the signal
strength which equals to 0 in absence of signal and 1 for nominal value of the signal model.

The profile log likelihood ratio is defined as

A~

L ig» :
Gy = —21n Llpsig, 0) (4.13)
L(Msiga 0)

S

where [i5; and 6 maximize the likelihood L and @ maximizes the likelihood for a specific
value of p.. This is the test statistic used in actual hypothesis tests, where the CL, values
are computed using the probability distribution of g, .

4.3 Discovery and Exclusion Fits

In this analysis, hypothesis tests are done by the HistFitter framework [120]. The normal-
ization of simulation is usually called fits and categorized into the following three types.

e Background-only fit: only the simulated backgrounds are normalized in the CRs to
match the data. This is extrapolated to the VRs and SRs. Until this step, the data in
the SRs stays blinded to avoid biasing the analysis. Once a good agreement with the
data in the VRs is checked, the SRs are then unblinded.

e Model-independent signal fit: also known as the discovery fit, this fit is used to
check if there is a significant excess of events in the SR. In this case, backgrounds and
dummy signals are used in the CRs and a one-bin SR. The p-values and CLg values
are obtained under the background-only hypothesis Hy. As no significant excess was
found [64], only the model-dependent fit is used in this thesis to set limits on the vector
LQ signal model.

e Model-dependent signal fit: also known as the exclusion fit, this fit uses both the
background and signal predictions in the CRs and (possibly multi-bin) SRs. The p-
values and CL; values are obtained under the signal+background hypothesis Hgy.
Conventionally, signal points with CL; values under 0.05 are excluded.
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Figure 4.1: An example of upper limit scan in the multi-bin SR, for U; vector LQ with
m(LQ) = 1.7TeV and B(LQ — b7) = 0.5 in the Yang-Mills case. The p-value is represented
by the CL; value which varies depending on the signal strength (mu_SIG).

In exclusion fits, simulated background yields can be used instead of the actual data in the
SRs, in which case the exclusion limit is called the expected limit. Another limit set using the
actually observed event yields is called the observed limit.

4.4 Upper Limits

While running an exclusion fit, HistFitter [120] can scan a range of the signal strength
parameter (usig). The CL, value decreases when g, increases and a point where CLy falls
below 0.05 can be found. The pug, value at this point is called the upper limit of 95%
confidence level, which means the signal strength above this value is excluded. An example
of the upper limit scan is shown in fig. 4.1. By scaling the upper limit by the production
cross section of the corresponding signal, upper limits can be set on the cross section. The
results of the upper limit scan are shown in appendix C.3.



CHAPTER D

LCOMPARISON OF SCALAR AND VECTOR LEPTOQUARK

Although the scalar and vector leptoquarks can yield the same final states, their theoretical
differences make it worthwhile to check in which experimental aspects they differ. The
production cross section of the vector LQ first needs to be compared with the scalar LQ, since
it is a key factor in limit-setting. As the analysis scans the branching ratio into charged leptons
(B(LQ — b7)) by reweighting each simulated event, the decay width and branching ratio of
the vector LQ also need to be checked. To confirm the reliability of the reinterpretation of
the scalar LQ search, kinematics and signal acceptance are checked at truth-level, i.e. using
only MC generator information.

5.1 Production Cross Section

As dominant processes in pair production of leptoquarks are gluon-gluon fusion and quark-
antiquark annihilation, differences in these partonic processes lead to different cross sections
in proton-proton collisions. For scalar leptoquarks, the leading order cross section follows
generic formulae for scalar bosons interacting via QCD [65, 121, 122]:

_ 2 1
o(g9 — LQsLQg) = ggs {5 (41 —318%) — (17— 188% + ) In 1:2} (5.1)
2
o(47 + LQsTQs) = 27, (52)

where § is the Mandelstam variable defined as

(Pgr + Pgs)? = (PLQ -l-pm)Q, in gigo —» LQLQ

>
Il

(Pq +1g)? = (pQ +Prg)®,  in ¢ — LQLQ

in the parton-level diagrams. The parameter § is defined as

Am?
11— —=2, (5.3)
S

39
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which is not to be confused with eq. (1.64). Vector leptoquarks have additional parameters
that determine whether they are gauge bosons or strongly interacting composite bosons. For
the Uy LQ, ky and Ry are such parameters. Assuming only QCD processes contribute, cross
sections can be computed generically for all vector leptoquarks in terms of k, which is kg7 in
the case of Uy [65]:

o(99 — LQyLQy)

:9(;:3%@ 5(54213 905% + 354>—i(65—83ﬁ2+1954 5% In 1+§
H{—4B(41—962)—f(l—ﬁ%miﬁ}
" {6(75 95) + 48 i(1—6162)1n1tg}
o (520 +§}
+“4{;iﬂ+gﬂm% <4+ 52 ln (5.4)

o(qq — Lvav)
4ra? 4 3 23 — 332 1 3 5 o[ 1 3 1

= B + S — )+ = -t (5.5
9mg 24 miq 24 12mg, 6 24mi,, 6

The cross section in proton-proton collisions at the center-of-mass energy /s = 13TeV is
shown in fig. 5.1. The vector LQ in the minimal coupling case shows cross sections larger
than the scalar LQ in order of 10. The Yang-Mills case shows enhanced cross sections which
are a few times larger than in the minimal coupling case.

5.2 Decay Width and Branching Ratio

Once produced, leptoquarks decay into a lepton and a quark. The general formula for decay
width of a scalar LQ is

\/mﬁQ +ml +mj —2 (m%ng + m%le2 + mgm?)

' (LQg — ql) =|yal* T
LQ

X (mLQ m2 —mj), (5.6)

where ¢ and [ are the quark and lepton the LQ couples to and y, denotes the Yukawa
couphng In the limit where the fermion masses become negligible, the decay width becomes
'~ |1y6|ﬂ mpq. However, this is not a good approximation for third generation leptoquarks due
to the top quark mass. Using the Yukawa coupling constants given in eq. (1.64) and setting
the b quark and all leptons massless, the decay width of the up-type scalar LQ becomes
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Figure 5.1: Cross section of pair production of scalar and vector leptoquarks in proton-proton
collisions at the center-of-mass energy of /s = 13 TeV. The cross section of scalar leptoquark
is computed at NNLOgapprox + NNLL. The cross section of vector leptoquark is computed at
LO. The error bars indicate theoretical uncertainties, which will be discussed in section 6.1.

u N(1-8), 5 2\ 2
u A2/8 4

Using egs. (5.7) and (5.8) and setting 8 = 0.5, the branching ratio B(LQ} — b7) becomes

4
u mLQ
B(LQ5 — br) = 5 . (5.9)
(m%Q — mf) + mﬁQ
The formula is different for vector leptoquarks:
4
o l ) \/mLQ + mi 4+ mj —2 <m%ng +miami + mgmlz)
— g
( QV q ) |yql’ 487Tm%Q
4 4 4 2 2 2 2 2,2
y 2mLQ — My — My —MmygMg — Migm; + quml (5.10)
5 .

In the limit where the fermion masses become negligible, the decay width becomes I' ~

%mLQ. The reason of the difference between egs. (5.6) and (5.10) is discussed in appendix B.

For the benchmark model of U; vector LQ used in this thesis, the fermion coupling terms
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in eq. (1.65) can be explicitly expanded:

Ling =2L[UFBY Gyl + B diyuel) + hic)
NG

_9u

NG

_9

V2

[quivul% + h.c.]

VisU' i yuvrr + VasUL'eryuver + VasUL tryuver + UL'bryurr + hee.

Thus the individual couplings corresponding to yq in eq. (5.10) are

v _

qgu U
Ybr = ﬁy Ytv, = \/5‘/33; Yev, = —Vis.

Vaz,  Yuw, = g
\/5 bl UV \/i

Setting all fermions but the top quark massless, eq. (5.10) is simplified to egs. (5.11) to (5.14):

2 2
(m%Q — m?) <1 + 2;:%(2)

2
Ju 2
T Y=t ="Z|Vs 5.11
(105 — tor) =2 vy YT (5.11)
9t 2 miQ
(1O _9v 12
(15 = evr) =G Vsl 8 (512
9t 2 miQ
T(LQY =22\ Vgl ——— 5.13
(105 = wr) = Vial' 5 (5.13)
9(2] mﬁQ
r M br) ==%——=— 5.14
15 = o) = 508 (514
where the values of the CKM matrix elements are
Vizg = 0.00134 — 0.00346¢, Vo3 = 0.0397, V33 = 0.9992.
Thus the branching ratio into charged lepton becomes
B(LQ3 — b1) =
4
m
- : LQ . (5.15)
|Va3]? (m%Q - m?) (1 + QZ§Q) + [Vas|Pmiq + [Vas|?miq +miq

Plotting eqs. (5.9) and (5.15), the branching ratio of vector L(Q deviates from scalar LQ as
fig. 5.2 shows. The cross-generational branching ratio B(LQ} — cv;) is negligible.
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Figure 5.2: Branching ratio of scalar and vector leptoquark into charged or uncharged leptons
with respect to myq.

In actual MC simulations, it is possible to restrict the decays using MADSPIN commands
such that the leptoquarks decay only into the third generation fermions without crossing
generations. This simplifies eq. (5.15) to

4

2 2 ’
Vial? (i~ m?)” (14 g ) + ik

B(IQz — br) = (5.16)

Using eq. (5.16) instead of eq. (5.15), the branching ratio is plotted in fig. 5.3 in comparison
with the scalar LQ.
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Figure 5.3: Branching ratio of scalar and vector leptoquark into charged or uncharged lep-
tons. Cross-generational decays of the vector LQ are manually suppressed with MADSPIN
commands and the branching ratio follows eq. (5.16).

5.3 Kinematics

For vector-LQ interpretation of the scalar L(Q search, kinematics of vector LQ needs to be
checked in comparison with the scalar LQ. The comparison is at truth-level, i.e. using only
MC generator information stored in Les Houches Event Files (LHE) generated by MAD-
GRAPH5 (v2.7.3). The momentum distribution of partons in the protons is interpolated by
LHAPDF [89], using NNPDF 2.3 [94] parton distribution functions (PDF) at leading order
(LO) in QCD. The specific PDF set used here is NNPDF23_nlo_as_0119, with as(mz) = 0.119.
Renormalization and factorization scales are set to ug = urp = myz in this comparison. For
vector LQ, both Yang-Mills case (ky = Ry = 0) and minimal coupling case (ky = fy = 1)
are investigated.

Kinematic distributions of simulated LQ pair productions are shown in fig. 5.4. In general,
vector LQ has higher pp than scalar LQ in pair production (fig. 5.4a). Especially, minimal
coupling case shows higher pr compared to Yang-Mills case. The pr difference is less pro-
nounced at higher LQ masses. To see differences in angular distribution, rapidity (Y) and
pseudorapidity (n) are checked. In terms of rapidity which is a Lorentz-invariant quantity,
vector LQs are produced more forward, resulting in slightly broader distribution (fig. 5.4b).
The difference between minimal coupling case and Yang-Mills case is very small. Comparison
of pseudorapidity gives a similar result (fig. 5.4c).
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Figure 5.4: Comparison of kinematic variables of L(Q between scalar and vector LQ, at
m(LQ) =1.0TeV (left) and m(LQ) = 1.8 TeV (right). While differences in angular distribu-
tions (Y and 7) are very small, pr of LQ shows relatively clear differences.
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The possible decay products of the third-generation LQ are the b and ¢ quarks, the tau lepton
and the tau neutrino. Since the top quark promptly decays into a b quark and a W boson,
b quarks are either direct decay products of the LQ or subsequent decay products of the top
quarks. For the same reason, tau leptons in the final states are either direct decay products
of the LQ or subsequent decay products of the W bosons.

The pr distribution of the tau leptons and b quarks are shown in figs. 5.5a and 5.5b. As the
vector LQ tends to have higher pr than the scalar LQ, tau leptons and b quarks show similar
tendencies. However, one notable difference between the scalar and vector LQ is the shape
of distribution in the low-pt bins. This difference becomes clear when looking specifically
into the tau leptons and b quarks originating from the top quarks (figs. 5.5¢ and 5.5d).
Considering MADSPIN simulates the decay of the LQs preserving spin correlations, it needs
to be investigated what happens in the subsequent decays of the top quarks.

The SM predicts that about 68% of these W bosons are longitudinally polarized, while
31% and 1% are left- and right-handed respectively [123]. This prediction agrees with the
measurement by the ATLAS collaboration [124]. When a scalar LQ decays into a top quark
and an antineutrino, the top quark is right-handed in the LQ rest frame since the antineutrino
is right-handed. Taking the helicity of the b quark into account, 68% of the W bosons have a
momentum component parallel to the top quark, while 31% have an antiparallel component.
On the other hand, when a vector LQ decays into a top quark and an antineutrino, the top
quark is left-handed in the LQ rest frame since the antineutrino is right-handed. In contrary
to the scalar LQ case, 68% of the W bosons have an antiparallel momentum component,
while 31% have a parallel component. This leads to differences in the angular distribution
of the W bosons. This can be clearly demonstrated by comparing the distribution of angles
between the momentum of the top quark in the LQ rest frame and its decay products (b, W)
in the top quark’s rest frame. The average angle between the top quark and the W boson
(0(t,W)) is larger for the vector LQ (fig. 5.5¢). The average angle between the top quark
and the b quark (6(¢,b)) is larger for the scalar LQ (fig. 5.5f).
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Figure 5.5: Comparison of decay products (tau leptons and b quarks) of scalar and vector
LQ, at m(LQ) = 1.0TeV. The top plots show pr distributions, including decay products
of the subsequent top quark decays. The middle plots show pr distributions of the decay
products of the top quarks specifically. The bottom plots show the angles between the top
quark’s momentum in the LQ rest frame and the decay products’ momenta in the top quark’s

rest frame.
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Angular distribution of tau leptons originating either from L(Q or top quark are shown
in fig. 5.6. As the differences in figs. 5.4b and 5.4c are small, differences in Y () and n(7) are
also small.

Since the comparison is done at truth-level, invariant mass of the decay products of the LQ
can be compared even when the neutrino is present in the final state. The invariant mass my;
where [ is either the tau lepton or the tau neutrino, shows that the result is consistent with
differences in pr(LQ) (fig. 5.7).
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Figure 5.6: Angular distributions of the decay products (tau leptons and b quarks) of the
LQs, at m(LQ) = 1.0 TeV.

3 50000 -
8T ]
o -
L5 — LQ; minimal (KU=E|U=1) b
g 40000? ]
£ L —LQ! Yang-Mills (k,=k};=0) ]
30000{— — LQ: —
20000; {
10000} -
. ]
S 3
€ 2f £
0g 200 400 600 800 1000 1200 1400 1600 1800 2500
m o= 1000 GeV, g = 0.3, =05 m, [GeV]
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1.0 TeV.
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5.4 Comparison in the SR

The SimpleAnalysis framework [125] provides tools for truth-level analyses, including ‘smear-
ing’ which mimics the detector responses. Using private TRUTH3 samples with 100,000
events, variables defining the signal regions are compared (fig. 5.8). Only the common prese-
lection cuts of the di-tau and single-tau channels have been applied. For all of these variables,
the vector LQ tends to show slightly higer values than the scalar LQ. Since these variables
are based on pr of the identified objects or E%iss, these differences follow the tendencies in
pr of the LQ.

SimpleAnalysis can compute acceptance values in each region defined in the analysis, where
the acceptance is defined as the fraction of events that pass the cuts. Here, a provisional
version of the one-bin discovery SR was used, which has a slightly tighter pp-cut (pp >
300 GeV). To see the difference between the scalar and vector LQ scenarios, cuts defining the
SR are applied one-by-one (table 5.1). The minimal coupling case of the vector LQ shows the
highest acceptance, followed by the Yang-Mills case and the up-type scalar LQ. This can be
again accounted for by the pt of LQ, since most of the cuts are related to pt of the identified
particles and E%“iss, and the minimal coupling case showed the highest pp(LQ).
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Figure 5.8: Distributions of variables defining the single-tau SRs.
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Preselection EMi > 300GeV Y mr(by,bg) > 700GeV  mr(r) > 300GeV st > 800 GeV

m(LQ) = 1.0 TeV
LQ3 0.218 0.153 0.134 0.086 0.079
+0.002 +0.002 +0.002 +0.002 +0.001
LQ3 (YM) 0.234 0.163 0.151 0.101 0.095
+0.002 +0.001 +0.001 +0.001 +0.001
1QY (MC) 0.241 0.167 0.154 0.108 0.102
+0.002 +0.001 +0.001 +0.001 +0.001

m(LQ) = 1.4TeV
LQj 0.227 0.190 0.180 0.131 0.128
+0.002 +0.002 +0.002 +0.002 +0.002
Q3 (YM) 0.242 0.200 0.192 0.143 0.141
£0.002 +0.001 +0.001 +0.001 +0.001
Q3 (MC) 0.245 0.203 0.195 0.149 0.146
£0.002 +0.001 +0.001 +0.001 +0.001

m(LQ) = 1.8 TeV
LQj 0.232 0.207 0.199 0.157 0.156
+0.002 +0.002 +0.002 +0.002 +0.002
1QY (YM) 0.242 0.215 0.210 0.170 0.168
+0.002 +0.001 +0.001 +0.001 +0.001
Q3 (MC) 0.245 0.218 0.212 0.173 0.171
+0.002 +0.001 +0.001 +0.001 +0.001

Table 5.1: Cutflows and acceptance values in the provisional one-bin SR in the single-tau
channel for LQ signal models, with statistical uncertainties.
Yang-Mills case and minimal coupling case of the vector LQ, respectively. Cuts in the first
row are applied one-by-one, from left to right.

‘“YM’ and ‘MC’ indicate the



CHAPTER 6

THEORETICAL UNCERTAINTIES

6.1 Uncertainties in Production Cross Section

To estimate theoretical uncertainties in the production cross section of leptoquarks, rec-
ommendations by the Physics Modelling Group (PMG) of the ATLAS collaboration [126]
are followed. The Leptoquarks Cluster of the ATLAS collaboration recommends using the
following uncertainties [127]:

e PDF uncertainties: as the parton distribution functions (PDF) are determined experi-
mentally, they intrinsically include experimental uncertainties. The PDFs are interpo-
lated to functional forms in the actual computations and this adds further uncertainties.

e «, uncertainty: as the value of the strong coupling «; is determined experimentally, the
uncertainty in this parameter must be taken into account. Conventionally, as used in
each PDF set is represented by its value evaluated at the mass of the Z-boson (as(mz)).

e Scale uncertainties: in Monte Carlo simulations, the renormalization scale (ug) and the
factorization scale (up) are conventionally set to the mass of the LQ. As they affect the
production cross section, uncertainties originating from variations of these parameters
need to be taken into account.

The PMG recommends using prescriptions by the PDFALHC group [128] to evaluate the
PDF and «; uncertainties. In the computation, NNPDF30_nlo_as_0118 is used as the nominal
PDF set. As this is a Monte Carlo PDF set, the PDF uncertainty is

Nmem

1 A
0=\ N =1 2= (@ @) (61)
=1

where Npem = 100 is the number of replicas in the set and (o) is the mean cross section:

1 Nmem .
(o) = % > ol (6.2)
mem i=1

The «a, uncertainty is computed using NNPDF30_nlo_as_0117 and NNPDF30._nlo_as_0119 (cor-
responding to as(myz) = 0.117 and as(mz) = 0.119 respectively) as alternative PDF sets:

50 — o (as :0.119);U(a5 :0.117). (6.3)
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The PDF and oy uncertainties, which are symmetric by definition, are then combined in
quadrature:

§PDF+as ;. _ \/(5PDFU)2 + (5%0)2_ (6.4)

To evaluate scale uncertainties, ur and pr are varied by factor of 2. This yields nine combi-
nations in total:

pr ={0.5,1,2.0} - mrq, pr=1{0.5,1,2.0} mrq. (6.5)
Out of the nine combinations, two combinations

KR = 3MLQ R = 2miq
) (6.6)
HE = 2mLq pp = imiqg
are excluded. By taking the envelope of the cross sections using the 7-point combinations,
relative uncertainties in the cross section can be obtained. These uncertainties are in general
assymmetric.

The PDF+a; uncertainties are again combined in quadrature:

(5i0 _ \/(5PDF+aSJ)2 4 (5sca1e:l:0)2_ (6,7)

The cross section and relative uncertainties are summarized in tables 6.1 and 6.2.



6.1. UNCERTAINTIES IN PRODUCTION CROSS SECTION

95

type m(LQY) [GeV] cross section [pb] scale [%)] PDF+as [%)] relative uncertainties [%]
min 300 9.4408 - 101! +25.783 -17.829 3.9584 +26.085 -18.264
min 400 1.7844 - 10! +26.452 -18.245 5.0424 +26.928 -18.929
min 500 4.5569 - 1070 +26.967 -18.603 5.9697 +27.620 -19.537
min 600 1.4056 - 1010 +27.623 -19.048 6.9850 +28.492 -20.289
min 700 4.9690 - 1071 +28.245 -19.480 7.8372 +29.312 -20.997
min 800 1.9286 - 1071 +28.937 -19.937 9.0932 +30.332 -21.913
min 900 8.0880 - 1072 +29.515 -20.325 9.8545 +31.117 -22.588
min 1000 3.5659 - 1072 +30.241 -20.786 10.794 +32.109 -23.422
min 1100 1.6647 - 1072 +30.837 -21.181 12.119 +33.133 -24.403
min 1200 8.0461 - 1073 +31.463 -21.589 13.151 +34.101 -25.279
min 1300 3.9740- 1073 +32.163 -22.029 14.262 +35.183 -26.243
min 1400 2.0364 - 1073 +32.730 -22.389 15.565 +36.243 -27.268
min 1450 1.4738 -1073 +33.044 -22.580 15.808 +36.630 -27.564
min 1500 1.0622 - 1073 +33.400 -22.795 16.825 +37.398 -28.332
min 1550 7.7058 - 1074 +33.703 -22.983 17.812 +38.121 -29.078
min 1600 5.6119 - 1074 +34.066 -23.198 18.830 +38.924 -29.878
min 1650 4.1260 - 10~* +34.311 -23.351 19.180 +39.308 -30.218
min 1700 3.0228 - 10~* +34.665 -23.568 20.747 +40.399 -31.399
min 1750 2.2331-1074 +34.926 -23.721 21.164 +40.838 -31.790
min 1800 1.6557 1074 +35.156 -23.867 22.127 +41.540 -32.546
min 1850 1.2280-10* +35.483 -24.045 23.595 +42.612 -33.688
min 1900 9.0981 -107° +35.774  -24.242 24.689 +43.466 -34.600
min 1950 6.8297 - 107° +35.954 -24.345 26.628 +44.740 -36.080
min 2000 5.0885-107° +36.314 -24.553 28.301 +46.039 -37.467
min 2050 3.7987 -107° +36.437 -24.632 31.130 +47.924 -39.696
min 2100 2.8842-107° +36.661 -24.786 30.196 +47.496 -39.066
min 2150 2.1543-107° +36.880 -24.908 33.153 +49.591 -41.467
min 2200 1.6317-107° +37.053 -25.022 36.085 +51.721 -43.912
min 2250 1.2373-107° +37.247 -25.152 39.752 +54.476 -47.041
min 2300 9.4279 - 1076 +37.313  -25.200 43.010 +56.939 -49.848
min 2400 5.3893 - 10~ +37.567 -25.384 52.045 +64.187 -57.905
min 2500 3.1852- 1076 +37.735 -25.507 57.059 +68.408 -62.500

Table 6.1: Cross sections and their uncertainties for pair production of vector leptoquarks.
‘min’ denotes the minimal coupling case.
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type m(LQy) [GeV] cross section [pb] scale [%)] PDF+as [%)] relative uncertainties [%]
YM 300 3.3970 - 1072 +30.772 -21.628 2.7784 +30.897 -21.806
YM 400 6.8769 - 101! +31.889 -22.229 3.4228 +32.073 -22.491
YM 500 1.8463 - 10+ +32.753 -22.708 4.0681 +33.005 -23.070
YM 600 5.9234 - 1010 +33.466 -23.094 4.8711 +33.819 -23.602
YM 700 2.1542 - 1010 +34.149 -23.479 5.6966 +34.621 -24.160
YM 800 8.5507 - 107! +34.624 -23.748 6.4625 +35.222 -24.611
YM 900 3.6537- 107! +35.147 -24.047 7.3704 +35.911 -25.151
YM 1000 1.6483 - 1071 +35.689 -24.341 8.1368 +36.605 -25.665
YM 1100 7.7747 1072 +36.152  -24.595 8.9668 +37.247 -26.179
YM 1200 3.7974 - 1072 +36.667 -24.873 10.524 +38.147 -27.008
YM 1300 1.9083 - 1072 +37.183 -25.150 11.468 +38.911 -27.641
YM 1400 9.8516 - 1073 +37.651 -25.392 12.455 +39.657 -28.282
YM 1450 7.1243-1073 +37.824 -25.494 13.375 +40.119 -28.789
YM 1500 5.1735-1073 +38.092 -25.634 14.546 +40.775 -29.474
YM 1550 3.7790 - 1073 +38.271 -25.722 14.712 +41.001 -29.632
YM 1600 2.7529 - 1073 +38.499 -25.841 15.359 +41.450 -30.061
YM 1650 2.0259 - 1073 +38.600 -25.900 16.714 +42.063 -30.825
YM 1700 1.5026 - 1073 +38.875 -26.031 17.409 +42.595 -31.315
YM 1750 1.1058 - 1073 +39.038 -26.124 18.517 +43.207 -32.021
YM 1800 8.2188 - 1074 +39.216 -26.208 19.275 +43.696 -32.533
YM 1850 6.1264 - 10~4 +39.398  -26.300 21.206 +44.743 -33.784
YM 1900 4.5739-10~* +39.538 -26.373 22.438 +45.461 -34.626
YM 1950 3.4237-1074 +39.627 -26.420 23.899 +46.276 -35.626
YM 2000 2.5529 - 10~4 +39.727 -26.463 25.883 +47.415 -37.017
YM 2050 1.9229 - 10~ +39.894 -26.551 28.472 +49.012 -38.931
YM 2100 1.4462 - 10~ +39.771  -26.496 31.465 +50.713 -41.135
YM 2150 1.0998 - 10~ +39.812  -26.515 30.336 +50.052 -40.290
YM 2200 8.2638 - 107° +39.801 -26.506 39.007 +55.729 -47.160
YM 2250 6.2760 - 107° +39.891 -26.566 36.137 +53.826 -44.851
YM 2300 4.7736-107° +40.051 -26.646 40.029 +56.625 -48.087
YM 2400 2.7688 - 107° +40.071 -26.653 48.164 +62.653 -55.046
YM 2500 1.6261 -1075 +39.817 -26.552 54.308 +67.341 -60.452

Table 6.2: Cross sections and their uncertainties for pair production of vector leptoquarks.
“YM’ denotes the Yang-Mills case.
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6.2 Uncertainties in Acceptance

Another aspect of theoretical uncertainties is their impacts on the shape of variables used
in the analysis. Since the change in the shape of the discriminating variables affects the
acceptance values in the regions, these are checked using SimpleAnalysis and TRUTH3 sam-
ples. As in section 6.1, PDF+a; uncertainties and scale uncertainties are taken into account.
Following the PDF4ALHC recommendation [128], the PDF uncertainty is evaluated by the
standard deviation of acceptance using replicas:

N,
1 mem ) 2
PDF E : i) _
where the mean value of acceptance is defined as

Nmem .
a®. (6.9)

While using as(mQZ) = 0.118 as the nominal value, its uncertainty is evaluated using two
adjacent values:
a(as =0.119) —a (as = 0.117)

As o . 1
d%a 5 (6.10)

The PDF and ay uncertainties are then combined in quadrature:

§PDF+as , \/(5PDFa)2 + (6asa)2‘ (6.11)

Uncertainties related to renormalization and factorization scales can be evaluated using seven
combinations of their values:

pr ={0.5,1,2.0} -myq, pr={0.5,1,2.0} - myq (6.12)
excluding two combinations
IR = 5MLQ KR = 2mLQ

pr = 2mpq HF = 3miq

The scale uncertainty is then evaluated by taking envelope of the seven combinations. Ad-
ditionally, uncertainties in parton shower and hadronization must be taken into account.
Radiation uncertainty (Var3c), which is a variation of strong coupling in the initial state radia-
tion [126], is evaluated using two additional TRUTH3 samples with ‘Var3Up’ and ‘Var3Down’,
comparing their acceptance values with the nominal value. The results are summarized in
table 6.3, which shows the conservative flat 20% uncertainty can be used for all signal points.
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SR (disc.) SR (excl.)

Lng, mLqQ = 1200 GeV

PDF+ag +1.15 +0.79
Scale +0.26| — 0.25 40.66] — 0.63
Radiation (Var3c) +6.10/ +0.96 +6.80| + 3.63
LQ%““, mLqQ = 1400 GeV

PDF+ag £2.69 +1.90
Scale +0.41] — 0.43  +0.58] — 0.58
Radiation (Var3c) —1.60] +1.27 —0.85| + 0.53
LQy'™, myq = 1600 GeV

PDF+ag +2.40 +1.50
Scale 40.59| — 0.57  +0.63| — 0.59
Radiation (Var3c) +1.23] -1.26 +2.46| — 0.71
LQ™™, myq = 1800 GeV

PDF+ag +5.24 +4.38
Scale +0.38] — 0.37  +0.35/ — 0.33
Radiation (Var3c) +3.88| +2.94 +4.01| 4+ 1.57
LQT™ myq = 2000 GeV

PDF+ag £2.58 +2.07
Scale +0.29] — 0.32  +0.27 — 0.27
Radiation (Var3c) —1.88) —0.41 —1.24| —0.50
LQI‘I,—lm, mLqQ = 2200 GeV

PDF+ag +2.43 +2.69
Scale +0.38] —0.40  +0.31| — 0.29
Radiation (Var3c) —0.58| — 0.38 +0.19] — 0.07
LQYM, myq = 1200 GeV

PDF+ag +4.75 +2.56
Scale +0.74| — 0.86  40.52] — 0.59
Radiation (Var3c) +5.20] +2.72  +1.77] +3.10
LQYM, myq = 1400 GeV

PDF+ag +3.27 +3.17
Scale +0.47| — 0.55 +0.20] — 0.24
Radiation (Var3c) +3.284+0.29 +2.54| +0.23
LQYM, myq = 1600 GeV

PDF+ag +2.89 +2.02
Scale +0.76| — 0.80  40.52] — 0.55
Radiation (Var3c) +0.87| —1.91 +0.71] —2.16
LQYM, myq = 1800 GeV

PDF+ag +4.41 +3.43
Scale 4064/ — 0.72  +0.49) — 0.53
Radiation (Var3c) +0.03| +0.53 —0.43] —0.30
LQYM, myq = 2000 GeV

PDF+ag +5.03 +4.53
Scale +0.37| — 0.43  +0.31| — 0.34
Radiation (Var3c) —1.98) —2.37 —-3.19| — 3.17
LQYM, myq = 2200 GeV

PDF+ag +5.92 +4.00
Scale 4024/ — 0.28  +0.06| — 0.07
Radiation (Var3c) —0.26] — 0.81 —0.19] — 0.39

Table 6.3: Relative uncertainties of theory systematics for several vector LQ signal points in
the single-tau SRs in percent. For symmetric uncertainties one single value is given, while
for asymmetric uncertainties the variations are separated by a vertical bar, where the former
denominates the up and the latter the down variation.
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RESULTS

7.1 Signal Contamination

In background-only and exclusion fits, there is a potential risk that the normalization is
biased by assuming the CRs and VRs to be free of any signal contribution. The number
of signal events divided by the total background yields in a certain region is called the
signal contamination. Since there has been no previous search for vector LQ for the ATLAS
collaboration, signal contamination in the CRs and VRs needs to be checked. In the CRs in
the di-tau channel, signal contamination is larger than 10% in a wide range of L(Q masses,
especially at high B(LQ — br). The CRs in the single-tau channel are less affected by the
signal contamination. In the ¢t (1 real 7) CR, signal contamination exceeds 10% at masses up
to around 750 GeV and 800 GeV for minimal coupling and Yang-Mills cases. In the single-top
CR, masses up to around 800 GeV and 1000 GeV are affected for minimal coupling and Yang-
Mills cases (fig. 7.1). In the VRs, the range of masses affected by the signal contamination is
extended beyond 1000 GeV in the Yang-Mills case (fig. 7.2).

However, the exclusion fit takes the signal contributions into account in all regions including
the CRs. Large signal contribution in the CRs may cause failures in hypothesis tests, but
signal points with such a problem can be manually excluded by upper limit scans. Indeed,
the upper limits on cross sections shown in fig. C.12 are far below the simulated cross sections
shown in fig. 5.1 and tables 6.1 and 6.2.

Additionally, the exclusion of signal points with high signal contamination can be justified
by checking the normalization factors. The normalization factors from the background-only
fit in the CRs are shown in table 7.1. As neither of the factors is larger than 1, the signal
yields would be very small even if the signal existed in the CRs and VRs, unless the simulated
backgrounds were abnormally overestimated for some reason.

Normalization factor Fitted value

Htt (2 real 1) 0931—8%%
Htt (1 real 1) 0841—8%%
Hsingle-top 018J_r8¥6)

Table 7.1: Values for the normalization factors from the background-only fit using the full
set of systematic uncertainties [64].
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Figure 7.1: Signal contamination in each CR for minimal coupling (left) and Yang-Mills
(right) case. Red contours indicate signal contamination of 10%.
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Figure 7.2: Signal contamination in each VR for minimal coupling (left) and Yang-Mills
(right) case. Red contours indicate signal contamination of 10%.
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7.2 Kinematic Distributions in the Signal Regions

Since the analysis is not optimized for the vector LQ), it is further checked if the configuration
of the regions was also good for the vector LQ. In fig. 7.3, the variables used to define
the regions are compared between the signal models, all at reco-level using the official MC
samples. In the one-bin (discovery) SR, normalized distributions of st, Y mr (b12) and
mr(7) are compared between up- and down-type scalar LQ and vector LQ in minimal coupling
and Yang-Mills cases, all at m(LQ) = 1.2 TeV. As the difference exceeds 50% for none of the
variables, it also captures the characteristic kinematics of the vector LQ Merging the three
bins of the multi-bin (exclusion) SR, nominal distribution (pre-fit) of pr(7) is compared
between the signal and the backgrounds. The mass points of the signal models are chosen
near the exclusion limit of each scenario, which will be shown in section 7.3. Since the
Asimov significance (Z4) defined in eq. (4.1) does not show much difference between the
signal models, the multi-bin SR is expected to have a similarly good acceptance for the
vector-L(Q interpretation.
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Figure 7.3: Normalized distributions of the leptoquark signals for st and mr(7) in the single-
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7.3 Exclusion Limits

The full Run-2 data taken by the ATLAS detector has shown no significant excess of events
over the background expectation in the signal region [64]. Using the CLg method described
in section 4.2, limits can be set on the vector L(Q in minimal coupling and Yang-Mills cases,
at 95% confidence level. In the minimal coupling case, the U; vector LQ is excluded up to
around m(LQ) = 1.5TeV for intermediate branching ratios as shown in fig. 7.4a. As the
Yang-Mills case yields larger production cross sections, the exclusion limit is increased up to
around m(LQ) = 1.8 TeV for intermediate branching ratios, as shown in fig. 7.4b. The CL;
values of the scanned signal points are listed in appendix C.2.

The analysis shows relatively low sensitivity when B(LQ — b7) is small, which was the same
in the scalar LQ case. For the U; vector LQ, however, this is not a serious problem, since
the theory already assumes equal couplings to charged leptons and neutrinos. Scanning over
the signal strength parameter pg, as explained in section 4.4, upper limit on the production
cross section can be set on each signal point. Choosing mass points near the exclusion limits
and B(LQ — b7) = 0.5 which is close to theoretically preferred values, the results are shown
in fig. 7.5. For this value of branching ratio, the exclusion limit is between 1.75TeV and
1.8 TeV for the Yang-Mills case and between 1.5 TeV and 1.55 TeV for the minimal coupling
case. Upper limits scaled by the cross sections are summarized in appendix C.3.
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Figure 7.4: Expected and Observed limits for [Q3, following the CL4 prescription. The black
dashed lines indicate expected limits, while yellow bands indicate uncertainties. The red solid
lines indicate observed limits, with red dashed lines indicating uncertainties.
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CHAPTER 8

CONCLUSION AND OUTLOOK

Vector leptoquark interpretation of the search for top squarks decaying via tau sleptons is
presented. The analysis designed for the stop-stau and scalar L(Q scenarios has shown a good
sensitivity to vector LQs as well. The U; vector LQ is excluded up to m(LQ) = 1.5TeV
in minimal coupling case and m(LQ) = 1.8 TeV in Yang-Mills case, both for intermediate
branching ratio. Still, large range of masses remain to be excluded. For the U; vector LQ to
be able to explain all of the B-anomalies, its mass must be below 12.5 TeV [17].

Therefore there are several outlooks worth pointing out. For example, the analysis was not
optimized for the vector LQ and there might be a space for further optimizations. In the
di-tau CRs and VRs, a wide range of masses were affected by signal contamination. It needs
to be investigated if the signal contamination can be reduced.

For simplicity, the vector LQ is assumed to couple only with left-chiral SM fermions in this
thesis. In general, however, it is possible to make the LQ non-chiral by setting ﬁ%?’ comparable
to 6%3. This scenario can provide advantages in explanations for B-anomalies [15, 60]. Since
the CMS searches [67, 129] have not addressed this possibility either, this case still remains
unexplored.

The global coupling strength of the vector LQ was set to gy = 3.0, while the corresponding
parameter for scalar LQ has been set to A = 0.3. The latter case can be certainly said to be
a ‘small coupling’ case where the pair production is not affected. It needs to be checked if
the former case significantly deviates from the small coupling cases and how the sensitivity
further changes depending on the coupling.

Another open topic is the order of the QCD computations used in simulations. The un-
certainties in production cross section of vector leptoquarks were relatively larger compared
to the scalar LQ, as the simulation was at leading order. Once higher order computations
become available, this would help setting more precise limits by reducing scale (ug and ur)
uncertainties.
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APPENDIX A

LIST OF SIGNAL SAMPLES

The signal MC samples used in this thesis are listed in tables A.1 and A.2. The tables show
the Dataset ID (DSID) of each signal, the type of the vector LQ (minimal coupling or Yang-
Mills), the mass of the LQ and the sample’s name. The sample names are referred to as
‘physicsShort’ in the ATLAS software framework, where the MC generator information and
the physical process are summarized. For example, ‘MGPy8EG’ means that these samples
were generated using MADGRAPHS, PYTHIA 8 and EVTGEN. The remaining parts represent
the pair production of the U; leptoquarks in the minimal coupling or Yang-Mills case, with
[3%3 = 1.0 and the LQ mass given in the last part. The tables also include the pair production
cross sections and uncertainties computed as described in section 6.1, as well as theoretical
branching ratios into charged leptons computed using eq. (5.16).
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DSID type mass [GeV] physicsShort o [pb] rel. unc. [%] By

502723 min 300 MGPy8EG_U1_Pair min bL33_1p0_M300 94.408289 +26.1-18.3 0.656231
502724 min 400 MGPy8EG_U1_Pair min bL33_1p0_M400 17.843761 +26.9-18.9 0.579828
502725 min 500 MGPy8EG_U1_Pair min bL33_1p0_M500  4.556913  +27.6-19.5  0.548845
502726 min 600 MGPy8EG_U1_Pair min bL33_1p0_M600  1.405636  +28.5-20.3 0.533160
502727 min 700 MGPy8EG_U1_Pair min bL33_1p0_M700  0.496898  +29.3 -21.0 0.524084
502728 min 800 MGPy8EG_U1_Pair min bL33_1p0_M800  0.192855  +30.3-21.9 0.518343
502729 min 900 MGPy8EG_U1_Pair min bL33_1p0_M900  0.080880  +31.1-22.6 0.514475
502730 min 1000 MGPy8EG_U1_Pair min bL33_1p0_M1000 0.035659  +32.1-23.4 0.511742
502731 min 1100 MGPy8EG_U1_Pair min bL33_1p0_M1100 0.016647  +33.1-244 0.509738
502732 min 1200 MGPy8EG_Ul_Pair min bL33_1p0_M1200 0.008046  +34.1-25.3 0.508224
502733 min 1300 MGPy8EG_Ul_Pair min bL33_1p0_M1300 0.003974  +35.2-26.2 0.507051
502734 min 1400 MGPy8EG_U1_Pair min bL33_1p0.M1400 0.002036  +36.2-27.3 0.506125
502735 min 1450 MGPy8EG_U1_Pair min bL33_1p0_M1450 0.001474  +36.6 -27.6 0.505733
502736 min 1500 MGPy8EG_U1_Pair min bL33_1p0_M1500 0.001062  +37.4-28.3  0.505380
502737 min 1550 MGPy8EG_U1_Pair min bL33_1p0_M1550 0.000771  +38.1-29.1 0.505061
502738 min 1600 MGPy8EG_U1_Pair min bL33_1p0_M1600 0.000561  +38.9-29.9 0.504771
502739 min 1650 MGPy8EG_U1_Pair min bL33_1p0_M1650 0.000413  +39.3 -30.2  0.504508
502740 min 1700 MGPy8EG_U1_Pair min bL33_1p0_M1700 0.000302  +40.4 -31.4  0.504268
502741 min 1750 MGPy8EG_U1_Pair_ min bL33_1p0_M1750 0.000223  +40.8 -31.8  0.504049
502742 min 1800 MGPy8EG_U1_Pair min bL33_1p0_M1800 0.000166  +41.5-32.5 0.503848
502743 min 1850 MGPy8EG_U1_Pair min bL33_1p0_M1850 0.000123  +42.6 -33.7 0.503663
502744 min 1900 MGPy8EG_Ul_Pair min bL33_1p0_M1900  0.000091 +43.5 -34.6  0.503492
502745 min 1950 MGPy8EG_U1_Pair min bL33_1p0.M1950 0.000068  +44.7-36.1 0.503335
502746 min 2000 MGPy8EG_U1_Pair min bL33_1p0_M2000 0.000051  +46.0-37.5 0.503189
502747 min 2050 MGPy8EG_U1_Pair min bL33_1p0_M2050 0.000038  +47.9-39.7 0.503054
502748 min 2100 MGPy8EG_U1l Pair min bL33_1p0_M2100 0.000029 +47.5-39.1  0.502928
502749 min 2150 MGPy8EG_U1_Pair min bL33_1p0_M2150 0.000022  +49.6 -41.5 0.502812
502750 min 2200 MGPy8EG_U1_Pair min bL33_1p0_M2200 0.000016  +51.7-43.9 0.502703
502751 min 2250 MGPy8EG_U1_Pair min bL33_1p0_M2250 0.000012  +54.5-47.0 0.502601
502752 min 2300 MGPy8EG_U1_Pair min bL33_1p0_M2300 0.000009  +56.9 -49.8  0.502506
502753 min 2400 MGPy8EG_U1_Pair min bL33_1p0_M2400 0.000005 +64.2-57.9 0.502334
502754 min 2500 MGPy8EG_Ul_Pair min bL33_1p0_M2500 0.000003  +468.4 -62.5 0.502182

Table A.1: List of signal samples with DSID, type, mass, physicsShort, cross section, relative
uncertainty and theoretical branching ratio to charged leptons. ‘min’ denotes the minimal
coupling case.
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DSID type mass [GeV] physicsShort o [pb] rel. unc. [%)] By

502755 YM 300 MGPy8EG_U1_Pair_YM_bL33_1p0_M300  339.703233 +30.9 -21.8 0.656231
502756 YM 400 MGPy8EG_U1_Pair YM bL33_1p0_M400  68.768831  +32.1-22.5 0.579828
502757 YM 500 MGPy8EG_U1_Pair YM bL33_1p0_-M500  18.463368 +33.0 -23.1  0.548845
502758 YM 600 MGPy8EG_U1_Pair_YM_bL33_1p0_M600 5.923428 +33.8 -23.6  0.533160
502759 YM 700 MGPy8EG_U1_Pair_YM_bL33_1p0_M700 2.154186 +34.6 -24.2  0.524084
502760 YM 800 MGPy8EG_U1_Pair_YM bL33_1p0_M800 0.855073 +35.2-24.6  0.518343
502761 YM 900 MGPy8EG_U1_Pair_YM_bL33_1p0_-M900 0.365366 +35.9 -25.2  0.514475
502762 YM 1000 MGPy8EG_U1_Pair_YM_bL33_1p0_-M1000 0.164826 +36.6 -25.7  0.511742
502763 YM 1100 MGPy8EG_U1_Pair YM bL33_1p0_-M1100  0.077747 +37.2-26.2  0.509738
502764 YM 1200 MGPy8EG_U1l_Pair_YM bL33_1p0_M1200  0.037974 +38.1 -27.0  0.508224
502765 YM 1300 MGPy8EG_U1_Pair_YM bL33_1p0_M1300  (0.019083 +38.9-27.6  0.507051
502766 YM 1400 MGPy8EG_U1_Pair_YM bL33_1p0_M1400  (0.009852 +39.7 -28.3  0.506125
502767 YM 1450 MGPy8EG_U1_Pair_YM bL33_1p0_M1450  0.007124 +40.1 -28.8  0.505733
502768 YM 1500 MGPy8EG_U1_Pair_YM bL33_1p0_-M1500  0.005173 +40.8 -29.5  0.505380
502769 YM 1550 MGPy8EG_U1_Pair YM bL33_1p0_M1550  0.003779  +41.0-29.6 0.505061
502770 YM 1600 MGPy8EG_U1_Pair_YM bL33_1p0_M1600  0.002753 +41.4 -30.1  0.504771
502771 YM 1650 MGPy8EG_U1_Pair_YM_bL33_1p0_M1650 0.002026 +42.1 -30.8  0.504508
502772 YM 1700 MGPy8EG_U1_Pair_YM_bL33_1p0_-M1700 0.001503 +42.6 -31.3  0.504268
502773 YM 1750 MGPy8EG_U1_Pair_YM bL33_1p0_M1750  0.001106 +43.2 -32.0  0.504049
502774 YM 1800 MGPy8EG_U1l_Pair_YM bL33_1p0_M1800  0.000822 +43.7 -32.5  0.503848
502775 YM 1850 MGPy8EG_U1_Pair_YM bL33_1p0_M1850  (0.000613 +44.7 -33.8  0.503663
502776 YM 1900 MGPy8EG_U1_Pair YM bL33_1p0_M1900  0.000457  +45.5-34.6 0.503492
502777 YM 1950 MGPy8EG_U1_Pair_YM bL33_1p0_M1950  (0.000342 +46.3 -35.6  0.503335
502778 YM 2000 MGPy8EG_U1_Pair_YM_bL33_1p0_M2000  0.000255 +47.4 -37.0 0.503189
502779 YM 2050 MGPy8EG_U1_Pair_YM_bL33_1p0_M2050  0.000192  +49.0 -38.9  0.503054
502780 YM 2100 MGPy8EG_U1_Pair_YM bL33_1p0_M2100  0.000145 +50.7 -41.1  0.502928
502781 YM 2150 MGPy8EG_U1l_Pair_YM bL33_1p0_M2150  0.000110 +50.1 -40.3  0.502812
502782 YM 2200 MGPy8EG_U1_Pair_YM_bL33_1p0_-M2200  (0.000083 +55.7 -47.2  0.502703
502783 YM 2250 MGPy8EG_U1_Pair YM bL33_1p0_M2250  0.000063  +53.8 -44.9  0.502601
502784 YM 2300 MGPy8EG_U1_Pair_YM bL33_1p0_M2300  0.000048 +56.6 -48.1  0.502506
502785 YM 2400 MGPy8EG_U1l_Pair_YM bL33_1p0_M2400  0.000028 +62.7 -55.0  0.502334
502786 YM 2500 MGPy8EG_U1_Pair YM bL33_1p0_M2500  0.000016  +67.3 -60.5 0.502182

Table A.2: List of signal samples with DSID, type, mass, physicsShort, cross section, relative
uncertainty and theoretical branching ratio to charged leptons. “YM’ denotes the Yang-Mills

case.
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APPENDIX B

DECAY WIDTH OF LEPTOQUARKS

In this chapter, egs. (5.6) and (5.10) are derived.

B.1 Decay Width of Scalar Leptoquarks

To obtain the decay width formula, one should first write down the matrix element of the
diagram. The Yukawa term of a scalar LQ coupling to a right-chiral quark ¢ and a left-chiral
lepton [ is

AL = yuddrlr, (B.1)

where ¢ denotes the scalar LQ. This term is analogous to the Yukawa coupling of the Higgs
field in eq. (1.55). The LQ decays into a quark and an antilepton, as shown in fig. B.1.

The corresponding matrix element of this decay is

1—75

M = igga(on) (1572 ol (B.2)

where p; and po denote the four-momenta of the quark and the antilepton as shown in fig. B.1.
Following the commonly used convention, # and v represent the outgoing fermion (i.e. the
quark) and the outgoing antifermion (i.e. the antilepton), respectively. For Dirac fermions
the following completeness relations hold:

s S
___%___ e\pz

Figure B.1: Decay of a leptoquark into a quark and an antilepton. The LQ is denoted by ®.
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> wp)a(p) = p+m (B.3)
> 0 )" () = p - m. (B.4)

As the scalar LQ has only one spin state, it suffices to sum over all spins of the final state
particles to obtain the unpolarized decay width. Using eqs. (B.3) and (B.4) and the trace
technology, this can be simplified as follows:

v(p2)

5 IME = 3 bl o) (15

spins 81,82 )

=5 ol o) (15

51,52

=§: o *u(p1) (1 _275> <;¢2 - mz) (1 275> u(pr)
—; Yt Tr Kl _275> (21’2 - mz) <1 J;%> u(pl)ﬁ(pl)]
ol 1 [ (15 (8- ) (522) (9,4 ma)] (®.5)

Here, s; and so denote the spin states of the quark and the antilepton respectively. Using
the trace theorems [18, 20], the trace in eq. (B.5) becomes

(7)) (757) (o)

=5 T (1) + 55 Ty, + 5T (o)
=2(p1 - p2). (B.6)

Since eq. (B.6) is Lorentz-invariant, it suffices to compute the momenta in the LQ rest frame.
In the LQ rest frame, the four-momenta of the LQ and its decay products are

k= (mLQ) 07 07 O)

b1 = (\/m(g +p250707p)
b2 = <\/ml2 +p270707 _p> .

By conservation of energy,

mrq = \/mg + p? + \/ml2 + p2.
Solving this equation for p,

4 4 4 0.2 2 5. 2 2 o 2 2
p2= mLQ—l—mq—{—ml 2mLqu 2mLle quml

2
4mLQ
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and this yields useful results such as

2 2 2
mio +mg —m]

k-p1=mrLqy/m2+p? = Q 2q (B.7)
2 2 2
mio +m;y —m

kep2 =miqy/mf +p? =2t (B.8)

k-pik-po L ZQmﬁQ — 2mi gmg — 2mi om}

p1-p2= 3
mLg mLQ 4mLQ
2 2 2
mio—mi;—m
e v (B.9)
2
which will be used in the next section as well.
In general, width for a two-body decay in the rest frame of the mother particle is
\/mj{‘ + m‘}g + m‘é — Qmim% — 2m?4m% — Qm%m%
I'A— BC) = 3
167Sm?
x |IM (A = BC)|? (B.10)

where S denotes the multiplicity of identical particles in the final state. For the decay of a
leptoquark, S = 1. Inserting eq. (B.9) to eq. (B.10), the decay width of a scalar LQ is

4 4 4 _ 2 2 _ 2 2 2,2
) \/mLQ + mg +my ZmLqu 2mLle 2mqml

I'(LQ — ql) =|yql

167rm%Q

x (miq—mi—mj).

For a scalar LQ coupling to a left-chiral quark and a right-chiral lepton, eq. (B.1) is replaced
with

AL = yadqrlr,
and eq. (B.2) with

iM = iygu(pr) <1 J;%> v(p2).

The spin summation in eq. (B.5) is replaced with

52 1M = bl 1 [ (572 (1= ) (552 (0 )

spins

which can be shown to yield the same result. Therefore, the decay width does not depend
on the chiral property of the scalar LQ.

B.2 Decay Width of Vector Leptoquarks

For a vector LQ, the coupling term with a left-chiral quark and a left-chiral lepton is

AL =y Vgt
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where V' denotes the vector LQ. This term is analogous to egs. (1.50) and (1.51), neglecting
the difference between quarks and leptons. In this case, the matrix element corresponding
to fig. B.1 is

iM = iygeu(k)u(p)y" (1_275) v(p2)

where €, is the polarization vector of the vector LQ and k is its four-momentum. As the
vector LLQ has three initial spin states, the unpolarized decay width requires averaging over
all initial spin states as well as a summation over all final spin states. For massive vector
bosons the following completeness relation holds:

Kk

W7 (B.ll)

Y eulk)el (k) = —gu +

spins

where k denotes the four-momentum of the vector boson. Using egs. (B.3), (B.4) and (B.11),
the unpolarized |M|* can be simplified as follows:

;EZMMAZEZ“@P[@mm@ﬂw<1;%>wmﬁ[@%m@DW<1;%>Mmﬂ*
|

- Z vl i (2572) o] [ (F52) v utpre
o (52) ) (552 ]
Z e o (1520 (- ) (M57) vutompiton)] oty
b
8 (gt o (152) ) (52) (o)
:’ngl‘z <_gw + f:g;) T [w <1 ‘2”5> (p,— )7 <1 _2”5) (v, +mq)] ,
(B.12)

where s1, so and r denote the spin states of the quark, the lepton and the vector LQ respec-
tively. Rearranging the terms in the square bracket and using the trace theorems [18, 20],
eq. (B.12) is further simplified:

1 y12 k. k
"j£:|A4F==L¢Lt' —gu + 5= | 2(PV'D5 — ¢ (p1 - p2) + PhPY)
3 3 miq

2 k - k -
3 miq

spins
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which is also Lorentz-invariant. Inserting egs. (B.7) to (B.9) to eq. (B.13), The unpolarized
IM|? is finally obtained:

4 4 4 2,2 2 2 2 2
3 2 3 m} ' '
spins LQ

Inserting eq. (B.14) to eq. (B.10), the decay width of a vector LQ is

\/mﬁQ + mé + m;l -2 <m%ng + m%Qm? + mgml?)

L(LQy — ¢l) =|yql?
( QV q ) |yql’ 487rm%Q
y QmiQ — mé — mjl — m%ng — m%le2 + ZmZml2

2
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APPENDIX C

ADDITIONAL PLOTS

C.1 Kinematics

Kinematic distributions discussed in section 5.3 are shown in figs. C.1 to C.8, at different mass
points. Kinematic variables defining the SRs are shown in figs. C.9 and C.10 at additional
mass points.
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C.2 Observed CL, Values

The observed CL; values at the scanned signal points are shown in fig. C.11, with the same
exclusion contours as in fig. 7.4. The points where the CLg value is missing indicate failures
in hypothesis tests, which is typically due to high signal contamination. These points can be
still excluded by upper limit scans, which is shown in appendix C.3.
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C.3 Observed Upper Limits on Cross Section

The results of upper limit scans are shown in fig. C.12. The scan returns upper limit values
on signal strength parameter jie, which means signal strength above this value is excluded.
The upper limit value scaled by the cross section of the signal point means the signal with
cross section larger than the limit is excluded. Comparing the upper limits in fig. C.12 with
the cross section values in tables 6.1 and 6.2, it is confirmed that the points with missing
CL; values in fig. C.11 are also excluded, as their upper limit values are far below the cross
sections.
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