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Abstract

Despite its successful predictions, the Standard Model (SM) is not a complete theory. There are
theoretical issues and experimental observations that it cannot explain. Over the years, experimental
measurements of several observables have shown deviations from their SM-predicted values. For
instance, the latest measurement of the anomalous magnetic moment of the muon (g —2), by
Fermilab shows a deviation of 4.20. There is a discrepancy of 70 between the SM value and the
experimentally observed value of the W boson mass as reported by the CDF collaboration. The
SM shows lepton-flavour universality (LFU), i.e., the couplings of leptons to the gauge bosons are
flavour independent in the SM. However, the measurements of the leptonic decays of B-mesons at
BaBar, Belle, and LHCb indicate some LFU violations. These deviations are popularly referred to as
B-anomalies—those seen in the Ry and Rk observables are some of the well-known examples.
Until recently, the experimental values of Ry, and Rp. exceeded their SM predictions by 1.40 and
2.50, respectively. On the other hand, the deviations in the R and Rg+ measurements were smaller
than the theoretical predictions by about 3.10. The current measurement of Ry, still stands 20
away from the SM, putting the global average of R (combined) at 3.20.

The deviations in the measurement of (g —2),,, W boson mass anomaly and the B-anomalies led
to numerous beyond the Standard Model (BSM) explanations in the literature. Among these, the
most popular ones involve a class of hypothetical particles known as the Leptoquarks (LQs). LQs are
scalar (sLQ) or vector (vLQ) bosons that are electromagnetically charged. They are colour triplets
with nonzero lepton numbers. They can form various weak representations—singlet, doublet or
triplet. They appear in theories such as R-parity violating Supersymmetry, SU(5) Grand Unified
Theories, Pati-Salam models, Technicolour models, etc. The LHC has an active LQ-search program.
Their connections to the lepton and colour sector make them ideal candidates for resolving the
above anomalies. In this thesis, we study the phenomenology of TeV-scale LQs, especially of the
models proposed to address the anomalies and investigate their current status. We obtain the latest
bounds from low-energy observables and the latest LHC data. Many of these LQ models involve
sizable cross-generational LQ-lepton-quark couplings, leading to exotic decay modes of LQs. We
estimate the discovery/exclusion prospects of all possible LQs in some interesting or new channels
at the high-luminosity LHC (HL-LHC).
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Chapter

1

Introduction

The Standard Model (SM) of particle physics describes the nature around us at a fundamental level.
It is a quantum field theory based on the SU(3), x SU(2);, x U(1)y gauge symmetry. We show the
particle contents of the SM in Fig 1.1. The visible matter content of the universe is composed of
fermions. There are six flavours of quarks divided into three generations. Each carries a colour
charge and a fractional electromagnetic (EM) charge. Similarly, there are three generations of
leptons, and each generation contains an electromagnetically charged lepton and a corresponding

neutrino.

The SM explains three of the four fundamental forces—strong, weak, and electromagnetic.
Gravity is beyond the purview of SM. There are four types of gauge bosons in the SM responsible
for particle interactions. The massless gluons mediate the strong force; the weak force is mediated
by the massive W and Z bosons and the EM force is mediated by the massless photon. Gauge
invariance requires the gauge bosons to be massless. In the SM, the Higgs Mechanism spontaneously
breaks the electroweak symmetry (SU(2);, x U(1)y) down to U(1)gy; giving masses to the W and Z
bosons and the fermions (except for the neutrinos) but keeping the photon massless. Until recently,
the sole spinless particle of the SM, the Higgs boson, was missing an experimental verification. In
2012, it was discovered at the Large Hadron Collider (LHC), the giant particle accelerator that

currently collides proton beams at the centre of mass energy of 13.6 TeV.

The SM sits at the pinnacle of human intellectual achievements. It is one of the most

well-tested theories. Its predictions have been experimentally verified to spectacular degrees of
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Figure 1.1: Particles in the Standard Model [1]

accuracy. However, we know that it is not the complete theory—it says nothing about gravitational

interactions. However, there are more reasons for viewing the SM as an effective theory.

1.1 Shortcomings of the SM

There are both theoretical as well as experimental reasons for not treating the SM as the ultimate

theory. We start with some pieces of empirical evidence first.

Neutrino Masses

The neutrinos are massless in the SM. Experimentally, we now know that neutrinos have tiny
nonzero masses. The solar neutrino puzzle and the atmospheric neutrino experiments by Raymond
Davies were the beginning. These experiments recorded lesser electron neutrinos reaching the earth
than what was expected. The results suggested that an electron neutrino can change into a muon
neutrino or vice versa as they travel from the sun to the Earth. This transmutation of neutrinos from
one flavour to another can be explained by what is known as the neutrino oscillation, provided

the neutrinos have nonzero masses. The neutrino oscillations experiments (Super-Kamiokande,



IceCube) confirmed this, and now we know that neutrinos have tiny (much smaller than all other

SM particles) but nonzero masses.

Dark Matter and Energy

The matter as we see and measure (i.e., the visible matter) makes up only 5% of the observable
universe. The rest appears to be in forms, the presence of which can only be inferred through their
gravitational interactions. In 1933, when the American astronomer Fritz Zwicky was studying the
galaxies of the Coma cluster, he made a strange observation. He discovered that of the entire mass
of the cluster required to keep it from escaping its gravitational pull, only 1% of the mass came from
the visible stars in those galaxies. Similar studies were later done by numerous people, including
Sinclair Smith in 1936 on the velocities of the galaxies in the Virgo cluster, Babcock in 1939 on the
rotation of Andromeda galaxy (M31) using optical spectroscopy, and Kahn and Woltjer in 1959
on the velocities of the milky way and M31. These findings led us to conclude that the universe
contained some kind of matter with mass but was not visible (i.e., dark matter). In the current
cosmological model, the observable universe has about 27% dark matter and 68% dark energy,
which is a mysterious form of energy with negative pressure needed to explain the expansion of

the universe.

Anomalies in the Low-energy Experiments

Under the electroweak interactions, the three flavours of charged leptons—the electron, the muon,
and the tau—behave as copies of each other, modulo their mass differences. In other words, the
electroweak gauge bosons couple to the leptons in a flavour-universal manner. (The Higgs field,
on the contrary, distinguishes between the different flavours of leptons and gives them different
masses.) This principle of lepton flavour universality (LFU) is an important ingredient of the
SM. The predictions of the LFU are well tested—the semileptonic decays of heavy hadrons act
as excellent probes. However, in the last decade or so, several experiments, such as Babar, Belle,
and LHCb, observed some hints of violations of this principle in some decays of the B meson.
Such violations indicate the existence of some physics beyond the SM (BSM)!. Some significant

deviations (~ 30) were found in the ratios of branching ratios of the semileptonic B-decay processes

nitially the results from these experiments indicated clear deviations from the SM predicted values, but now the

deviations have come down. We have shown both cases in the following chapters.



like the tree level decay b — c£v or the loop-level process of b — s££?. Apart from these, recently,
the Collider Detector at Fermilab (CDF) reported a precise measurement of the W boson mass. It
deviated from the SM value by about 7¢0. Similarly, the Muon g-2 experiment at Fermilab earlier
reported a 4.20 discrepancy in the measurement of the anomalous magnetic moment of the muon.

We will discuss these anomalies and their possible solutions in detail in later chapters.

Parameters of the Standard Model

On the theoretical side, there are a few issues which the SM cannot resolve. For example, it contains
18 free parameters—the six quark masses, three lepton masses, three independent gauge couplings,
three weak mixing angles, and a CP violating phase of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix, the electro-weak symmetry breaking scale (vev) and the Higgs mass—that need to be
determined from experiments. Once the values of these parameters are determined, the SM agrees
very well with the data from other experiments. However, the fact remains that the SM cannot

explain this large set of parameters with some fundamental principles.

Hierarchy Problems

There are two types of hierarchies in the SM that are problematic. One is the gauge hierarchy
problem. It comes from the vast difference between the energy scales of the weak interactions
and gravity. There is another way to see this problem. The mass (~ vev) of the observed Higgs
boson is @(100) GeV, many orders of magnitude smaller than the highest scale in the theory [the
Planck scale 10'° GeV or the Grand Unified Theory scale 10'® GeV]. However, the higher-order
quantum corrections are expected to take the Higgs mass to the highest scale. Since that does not
happen, there must be a very high degree of cancellation within the higher-order corrections. This
unnatural fine-tuning creates a strong motivation to look for a better explanation. The second
hierarchy problem is called the fermion-mass hierarchy. It refers to the wide spectrum of fermion
masses (even if we ignore the tiny neutrino masses, the mass of the electron is 0.5 MeV, which is
negligible compared to the 172 GeV top mass) even though all fermions get their masses from the

Higgs mechanism. The SM offers no explanation for this.

2In the latest update from the LHCb, the deviations in this process have come down.



Unification

The SM describes the strong, weak and electromagnetic interactions, but the interactions do not
unify in the sense that their coupling constants do not merge into a single coupling. Though not
really a limitation but the unification of interactions is a common theme of physics and we look
for possibilities where a single gauge interaction at very high energies gives rise to these different

interactions. This is the motivation for the Grand Unified Theories (GUTs).

In the last few decades, a large number of BSM theories have been hypothesized to address one
or more limitations of the SM. In this thesis, however, we do not look at these hypotheses, rather
we look at the phenomenology of a class of hypothetical particles that appears in many of these

models. We consider the case of TeV-scale Leptoquarks.

1.2 Leptoquarks

Leptoquarks (LQs) are a class of colour triplet scalar and vector bosons that carry lepton numbers.
They can exist as weak singlets, doublets, or triplets and, like the quarks, carry fractional EM
charges. As a result, they can simultaneously couple with quarks and leptons. They are popular
in the current literature as candidates for explaining the B and other anomalies observed in low-
energy experiments. LQs arise naturally in many BSM theories such as R-parity violating (RPV)
Supersymmetry (SUSY) [2], models with quark lepton compositness [3], Pati-Salam model [4],
SU(5) or SO(10) GUTs [5], coloured Zee-Babu models [6], and Technicolor models [7], etc. Below,

we briefly discuss some of these models.

— R Parity-violating (RPV) Supersymmetry: The R parity of a particle is given by
(—1)3B-L)1+25 where B, L, and S denote the baryon number, lepton number, and S spin,
respectively. R parity is +1 for the SM particles and —1 for their superpartners. The
conservation of R parity implies that the lightest supersymmetric particle (LSP) cannot decay
into SM particles. Thus, it can serve as an ideal candidate for dark matter. If R parity is not
conserved then the superparticles can fully decay to SM particles. The RPV models allow
terms that couple the squarks to the SM quarks and leptons. In other words, the squarks
essentially behave as LQs. (For instance, Ref. [8] obtains bounds on SUSY particles by

reinterpreting them as LQs.)



SU(3)xSU(2) x U(1) Spin Symbol F

(3,3,1/3) 0 S, -2
(3,2,7/6) 0 R, 0
(3,2,1/6) 0 R, 0
(3,1,4/3) 0 S; -2
(3,1,1/3) 0 S -2
(3,3,2/3) 0 S -2
(3,3,2/3) 1 U, 0
(3,2,5/6) 1 V, -2
(3,2,—1/6) 1 v, -2
(3,1,5/3) 1 U, 0
(3,1,2/3) 1 U, 0
(3,1,-1/3) 1 U, 0

Table 1.1: Possible LQs [9, 10]

— SU(5) Grand Unified Theories: GUTs are gauge theories where the strong, weak, and
electromagnetic interactions unify and hence can be described by a bigger gauge group. The
general idea is to combine the fermions and bosons into a single multiplet, and interactions
are mediated via new gauge bosons which carry lepton and baryon numbers. The gauge
group like SU(5) proposed by Georgi and Glashow was the first such attempt at the unification
of SU(3), x SU(2); x U(1)y into a simpler group.

— Pati-Salam and Composite Models: There is much similarity between the quark and the
lepton sectors in the SM. Both have the same number of generations, and each generation
has the same properties as the predecessor except the mass. The Pati-Salam model, based
on the gauge group SU(4) x SU(2); x SU(2)g, proposed the unification of the quarks
and leptons into a single representation. It predicts the existence of bosons carrying both
baryon and lepton numbers. These exotic particles can be thought of as LQs. In general, in
composite models, the quarks and leptons are considered to be composite particles which
are composed of some fundamental particles (like Preons). These models also explain the
relationship between the baryon and lepton numbers. In these models, it is assumed that
the fundamental entities combine to form the first generation of quarks and leptons, and
the higher generations are the higher-order excitations of the same system. Leptoquarks
naturally arise in such theories. The fundamental particles that combine to form the quark

and leptons can also combine to form to LQs.

The LQs have well-defined fermion numbers given as F = 3B + L. Thus, LQs can be classified

based on their fermion numbers as those with |[F| = 0 or |F| = 2. The LQs with |F| = 0 couple



with a fermion-fermion pair, whereas the LQs with |F| = 2 couple with a fermion-antifermion pair.
Since they are colour triplets, they can couple with a quark-quark pair as well, but here, in this
thesis, we assume such interaction to be zero to avoid proton decay. We show some LQ interaction

Lagrangians based on different fermion numbers below.

1. $1=(3,1,1/3): Lp=y D yffjéfisliozLi + yfﬁagisle; +H.c.

2. S3=(3,3,1/3): Lpj=y 2 yrﬁiLiji’aeab(TkS’;)bcL{’c +H.c.

3. Ry =(3,2,7/6): Lp—o > —ySLutRGeL]” + yIREIRI Q)" +h.c.

4. Ry= (3,2,1/6): Zirj=0 2 5’ZL_§ c_i}izR‘zleablA,{’b +H.c.

5. V,=(3,2,—1/6): ZLpj=y D fcé_]fjﬂg iy“eabVZIjHeabﬁi’b +H.c.

i} . " i .
6. Vo =(3,2,5/6): Lpj=z D x’zuij dgl}f”VZ‘f“eabLi +x§1§j Llay“eabVZb’M%+H.c.

7. Uy = (3,1,2/3): Lpio O xl%, QLytUy L] + xR, dlyPUy 43 +Hec.
Here, Qg denotes the charge conjugated quark doublet, &Ig denotes the charge conjugated down-
type quark singlet, L; stands of lepton doublet, i, j stand for generation indices, a, b = 1,2 denote
the SU(2) indices, 7k with k = 1,2, 3 stands for the Pauli matrices. Table. 1.1 shows the list of
all the scalar and vector LQs in the literature. The LHC has been actively searching for these
BSM particles. We will discuss these searches and the limits obtained from them in the following
chapters. In this thesis, we investigate a few LQ models that can contribute to the anomalies in the
low-energy experiments and highlight the importance of obtaining precise and competitive bounds

on their parameter space from the LHC.

1.3 Plan of the thesis

The thesis is divided into two parts. In the first part, we focus on the current status of anomalies-
motivated LQ models. We analyse some simple models and obtain the parameter regions favoured
by these observables that survive other low-energy bounds. We compare these with all available
direct search bounds from the LHC. The parameter regions are constrained further by the indirect
limits obtained by recasting the latest high p; dilepton or monolepton searches in terms of the LQ
parameters. We formulate a generic method to obtain these indirect limits. In the second part of

the thesis, we look at its future prospects.



* In chapter one, we present an overview of the main problems with some backgrounds and

briefly review the existing literature.

* In chapter two, we consider a U; = (3,1,2/3) vLQ, known for its ability to fit the R, and
Ry measurements simultaneously. We identify the effective operators and corresponding
coefficients through which the U; can contribute to the Ry and Ry observables. It
contributes to Ry via its coupling to a third-generation lepton(s) and, second- and third-
generation quarks. For Rk, it has to couple to the second-generation leptons. Keeping
these in mind, we make some generic flavour ansatzes and look for the relevant parameter
regions that also satisfy the bounds from all relevant low-energy experiments in a systematic
manner. In particular, we consider an exhaustive list of single and two-coupling scenarios.
After identifying the regions of interest, we estimate the effects of precise direct and indirect
LHC limits on them. We recast the latest high-p; dilepton data to obtain the indirect limits.
For this, we systematically combine all the U; production modes leading to dilepton final
states. The production modes include resonant pair and single production of U;, nonresonant
t-channel U; exchange leading to a lepton pair in the final state and its interference with the
SM background. We use the y? parameter estimation technique to obtain the (20) exclusion
bounds on the LQ couplings. The method is generic and can be adapted to scenarios with
more-than-one unknown coupling—we illustrate the method in detail. We show that the
LHC limits are competitive with the other low-energy bounds and already rule out all single-
coupling scenarios. The scenarios with more than one coupling are more promising as there
are overlaps between the regions favoured by the anomalies and those allowed by the LHC
data. In the Ry motivated single coupling scenarios, the restrictions from the LHC indirect
limits on the Rg ) favoured regions are much less. Interestingly, even though the direct search
limit on U; can go up to 2 TeV, we identify lighter than 2 TeV multi-coupling scenarios that

can bypass all limits and resolve the anomalies simultaneously.

* In chapter three, we investigate an interesting possibility of a simple phenomenological
model with two scalar LQs—one a weak-singlet S; (§, 1,1/ 3) and the other, weak-triplet
Ss (§, 3,1/ 3)—which can provide a simultaneous explanation for the discrepancies in (g—2),,,
W boson mass, R and Rk observables. We discuss an economical solution that requires
minimal new couplings without any fine-tuning and is testable at the LHC. Considering all
relevant bounds, we show that the LQs can be as light as ~ 1.5 TeV. By demanding that all
new couplings remain within the perturbative limit, we also obtain an upper value of the

LQ-mass scale.

* In chapter four, we provide a status update on these models in the light of the latest

measurements of the Rg and Rp observables by the LHCb Collaboration.



* In chapter five, we investigate the discovery/exclusion prospects of TeV scale sL.Qs or vLQs
decaying dominantly to a top quark and a charged lepton. Such LQs would form an exotic
resonance system of a boosted top quark and a high-p; lepton. We make an exhaustive list
of the LQs which can give the desired final states. We introduce simple phenomenological
parametrisations suitable for bottom-up/experimental studies and explicitly map them to
all possible sL.Q and vL.Q models. In our collider analyses, we define our signal inclusively,
allowing us to combine events from the LQ pair and single production processes. Such
combinations have the potential to enhance the reach of an experiment significantly. At
higher mass values, LQ single productions become more important than the pair production
process due to the lesser phase space suppression. At the same time, the contribution of
the single production process scales as A2 (A being the LQ-g-£ coupling) and thus, becomes
significant if A is not negligible. The single production of LQs along with a lepton and a jet
can give us the same final state (qqf{) as the pair production. We propose a search strategy
of selecting events with at least one hadronically decaying top quark and two same-flavour
opposite-sign leptons. For decays involving the T lepton, the selection criteria are adapted
suitably to reflect that a T decays hadronically most of the time. We interpret the 20 and 50
significance contours in terms of LQ masses and new couplings. We identify interesting signal-
signal interference effects that lead to noticeable differences in the LHC reaches depending

on the weak representation of the LQs.

* In chapter six, we focus on an interesting possibility where LQs decay to produce right-
handed neutrinos (RHNs) and quarks. There are no direct experimental constraints on the
LQ couplings with quarks and RHNs. If RHNs are lighter than the LQs (possible within the
inverse seesaw framework), they can be produced copiously via LQs. The LQ-mediated
production of RHNs has never been searched for in experiments. We consider all possible
LQs that dominantly couple to quarks and RHNs. For a conservative estimate of the prospects
of this channel, we consider the quarks to be second-generation ones, except in the cases
of the doublet LQs, where one component of the doublets gains coupling with the first and
third-generation quarks through Cabibbo-Kobayashi-Maskawa quark mixing. There are two
possible production processes for the RHNs—they can come from L.Q decays or they can
be directly pair produced in the quark fusion channel by a t-channel LQ exchange. The
production from LQ decays is more important if the LQs are not very heavy, whereas the
t-channel process contributes more if the LQs are heavy and the coupling A is of order
one. For the same reason as explained above, we combine events from different processes
producing RHN pairs and jets, leading to mono and (opposite-sign) dilepton final states. We

analyse these channels and estimate the HL-LHC discovery and exclusion reaches.



* In the final chapter, we present a summary of our studies, offer our conclusions and point

to some future directions.
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Part 1

Anomalies-motivated leptoquark

models
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Chapter

2

Simultaneous explanations of the anomalies with the U, leptoquark

Several experiments, such as BaBar, Belle (I and II), and LHCb, reported discrepancies between
their measurements of some decays of the B meson from the SM values. These discrepancies,
popularly known as the ‘B-anomalies’, attracted a lot of attention in the literature as they hinted
towards a violation of the Lepton Flavour Universality (LFU) principle, which is a prediction of
the SM. (In this chapter, we describe the anomalies as they were till Summer 2022. We discuss
the changes due to the latest updates in Chapter 4.) The LFU requires the coupling of the gauge
bosons to the leptons to be flavour blind. Hence, any LFU violation would suggest the presence of
some physics beyond the SM (BSM).

Two of the most notable B-anomalies were in seen the Ry) and Rg-) observables. A TeV-scale
charge-2/3 vector LQ, Uj is an ideal candidate to explain these anomalies simultaneously. In this
chapter, we investigate the U; solutions in detail. We obtain parameter regions where the U;
models can explain anomalies without violating any flavour bounds. In these solutions, generally,
one or more new couplings become large to resolve the anomalies. Such large couplings can be
constrained from the LHC data. We inspect the direct search bounds on the U; solutions and obtain
bounds from the latest LHC high-p; dilepton data. To obtain precise limits, one must systematically
combine all the production modes of U;, which lead to dilepton final states. Finally, we show how
a TeV-scale LQ can simultaneously explain the Rj) and Rg) anomalies and satisfy bounds from

LHC and other relevant flavour observables.

13



(a) b

Figure 2.1: We show (a) the tree level SM contribution to the B — DWWy decay and (b) the SM
contribution at the loop level to the B — K®u*u~ decays decay.

2.1 Flavour anomalies

2.1.1 Rj. observables

The Rp observables are defined as,
%B(B — DX 1)

~ 2.1
B(B — DX )

Rpw =

where 2 is the branching ratio, { are the light leptons. The average value of Rp.) as reported
by the BaBar, Belle, and LHCb experiments is (Rpe)g,, = 0.340 £ 0.027 [11-15]. This is about
3.10 away from the value predicted by the SM, (Rp)gy, = 0.258 £0.005. In the SM, it comes
from a charged current-mediated semi-leptonic decay of the b quark to a charm quark and leptons
(b — cTV) at the tree level (see Fig 2.1a). The Lagrangian for the b — ¢t ¥ transition in the SM is

given as
4G 4G _ -
Lsm = _TZFVcb Oy, = _T;Vcb [er*P bl [Ty, Prve] . 2.2)

There can be new physics contributions to the b — ¢7¥ transition in the form of four-fermion
operators. The most general form of the Lagrangian can be written as [16]

G
33_4_F

V2

where the Wilson coefficient corresponding to an operator &, is denoted as ;. The operators have

Voo [(1+6y,) 6y, + 6y, 0y, + 65,05, + 65,05, + 61, 0r, |, (2.3)

three different Lorentz structures:

0VL = [EY“PLb][’EYuPLV]
* Vector:

Oy, = [ey"Prb][%r,PLv]
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Os, = [cP b][TP,V]

L
e Scalar:

Os, = [cPrb][TP,v]

R

* Tensor: O, = [EGWPLb][i'OWPLv].

Evaluating the operators at the scale u = u; we can express the ratios rpe = Rpw) /Rg\(’i) in terms

of the nonzero Wilson coefficients as [17, 18],

— RD NP NP 2
T'Dzwﬁ ’1“1‘(ng +(gVR

2
+1.02 ’%SNP + 65"
D L R

2
+0.90 ‘%ﬁ”

NP NP NPx NPx
+1.49 Re[(1+ €Y7 + G PGNP + €M)
+1.14 Re[(1+ €7 + 6 P)(6NP)], (2.4)
Rp- 2

D = Tsm
D*

2
+

2 2
~ ’1+<g¢jp +0.04 ‘%Sfjp—%;ip +16.07 ’%ﬁp

NP
%VR

—1.81 Re[(1+ 66" ] +0.11 Re[ (1 + 6" — 6} )6} " — 6P

—5.12 Re[(1+<€‘§\zp)<€gp*]+6.66 Re[%‘zp%ﬁp*]. (2.5)

Here, %}?’ P (withX =V, V,, S}, Sk, T ) are the Wilson coefficients corresponding to the new-physics

contributions.

The extra operators also contribute to some other observables in the B — D*t~ v, decay like
the longitudinal polarization of D* or the T polarisation. The D* polarisation is generally expressed
as a fraction:

I'(B— D;t") I'(B— D;tv)

F‘L(D*)= = -~ = % = = % =12
I'(B— D*tv) T(B— Djtv)+I'(B— Dftv)

(2.6)

where D; and D}. denote the longitudinal and transverse modes of the D* meson, respectively. Like

before, we can scale F; (D*) with respect to its SM expectation to express it as a ratio [18]:
LIACHINEES
FM(D*)  rp-
NP _ ¢pNP\(pNP% _ pNPx\] _ NP _ ¢pNPY(cpNPx
+0.24 Re[ (1+ €7 — GYP)( 6N — €M) |- 4.37 Re[ (1 + €T — 6} ") (6™ ] }.
2.7)

f,(D*) = {i1+ G — GNP 2 +0.08 |6)F — 6N +7.02 |6) "1

The polarization of the 7 lepton in the B — D*t~ v, decay is expressed by the following ratio,

I+(D*)—T~(D*)

P (D)= moy v =07’

(2.8)
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where I'*(D*) denotes the D* decay rate when the emitted 7 has helicity equal to £1/2. The scaled

expression for this observable can be written as [18],

p.(D*) 1

PSM(D*)  rp.
NPycoNP NP NPy(cpNP NP

—1.77 Re[ (1 + €)P)6) P |- 0.22 Re[ (1 + 61T — 6} P (6" — 617

p(D") =

{|1+ (g\l/\L]P|2+ |(5‘I/\£P|2—0.07 |(551\L]P—‘€SIXP|2—1.86 |<571{P|2

—3.37Re[(1+ €)")6NP* | +4.37 Re [%@Z%ﬁp*] }. (2.9)

2.1.2 Ry observables

The R observables are defined as follows,

BB —KWutu)
B(B — KWete) '

Ry = (2.10)

The LHCD found Ry 3.1c smaller than the SM-predicted value. In the SM, the b — su™ u~ decay
occurs through a loop (see Fig. 2.1b). A general Lagrangian for b — su™u~ transition can be
written as [19, 20]

4G
7 TFVH,V{‘; > (60+%q)) (2.11)
2 i=9,10,S,P

where the Wilson coefficients are evaluated at u,,, = m;. The operators are given by
O = o= Grrab)(Br"w), 05 = = Garabs) (1)
9 47 Lia"L ’ 9 41 Rl a"R >
a  _ _ a / a _ - a
Oo= - Gurab)(Br®ysw), Op= —Grrabr) (Ar®ys),
T 4m
a _ , a _
Os = 4—(5LbR)(uu), 0y = — (Sgbr) (),
T 4m
a - , a -
Op = ——(Spbr)(ysu), Op = ——(Srby) (fysu)
4 4r

where «a is the fine-structure constant. We show the new physics contributions to the Wilson

coefficients in the following sections.
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2.2 A promising solution to the anomalies

A TeV scale vector LQ is a suitable candidate to explain these B-anomalies [21-50]. ! A U; vector
LQ of charge-2/3 is known to explain the Rp) and Rk« anomalies simultaneously [37]. The

necessary interactions can be expressed as [9, 10, 76, 77],

£ > xkL

1ij QiYuUfPLLj"‘XRR &EYMU{LPRZ;'%"'H'C' (2.12)

1ij

Here, Q; and L; denote the SM left-handed quark and lepton doublets, respectively, and dli{ and E{z
are the right-handed down-type quarks and leptons, respectively. The indices i, j = {1, 2, 3} stand
for quark and lepton generations, respectively; i.e., fol i and xﬁj are 3 x 3 matrices in flavour
space. Though these matrices can be complex in general, we assume them to be real as the LHC is
insensitive to their complex natures. The U; can explain the Rpy anomalies at the tree level via
the U; bt and U;cv couplings, (see Fig. 2.2a). The U; can also contribute to the Rg at the tree
level by the U;su and U; bu couplings (see Fig. 2.2b). Thus, keeping the required couplings in

mind, we make the following flavour ansatz:

0 0 0 0 0 0
LL _ . yRR _
;P =10 A3, AL |; x=|0 A3, 0 |. (2.13)
L L R R
0 ABZ 133 0 ABZ A33

The new coupling A is responsible for the LQ-quark-lepton interaction. For instance, A§3 stands for

the strength of the U; interaction with a second generation quark and a third-generation lepton.
In the case of the vLQ Uj, the kinetic term contains an additional term given as [10, 78],

1 .
¥ >—=U!

5 UL+ MG Uy UY —igex U, Uy, GOM7, (2.14)

where Mlzjl is the mass of U;. The pair and single production cross sections depend on k. For our

analysis, we consider the benchmark value x = 0.

2.3 Rpw» scenarios

From the flavour ansétz in Eq. (2.13), we see that various combinations of the couplings AéB, Aég,

and )\};3 can resolve the R anomalies. After the necessary Fierz transformations, we find that

!See Refs. [51-75] and the references therein for other recent phenomenological studies on LQs.
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(a) b

Figure 2.2: The Feynman diagrams representing the U; contribution at the tree level to the
B — D®t¥and B — K™yt u~ decays.

the U, can contribute only to ¢, and s, i.e., ‘6‘2 ' = ‘55[;1 = %Ti ' =0 [Eq. (2.3)]. The nonzero

Wilson coefficients, 6y, and 65, can be written in terms of the ¢vU; and btU; couplings as,

*
<gU1 — 1 Agv ()’if)
g 2V26GVy,  Mp,
Uy 1 zxcv(kbr)
C, = — 5
' 2V2G Ve,  ME

Thus, the expressions for Rp) and the related observables (see Section 2.1.1) change as follows,

_ Rp Uy |2 U, | Uy, Uk
PER ‘1+<5VL1 +1.02 ’ags; +1.49 Re[(1+ 6, )%, ], (2.16)
D
= Bo 1] 4004 6V 0.11 Re[(1+ %)%, ] 2.17
rD*ZWN + Vi +0. S| T e(+ VL)SL ’ (2.17)
D*
_ F (DY) 1 Uy 2 Uy 2 Uy~ Upk
filD) =g {11+ %, 2+0.08 |6, >~ 024 Re[ (1 + %, )65 "]}, (2.18)
L ( ) D*
_ P(D) 1 Uy 2 Uy 2 Uy~ Uy
p.(D*) =—= ~ —{11+ % P-007 |6 P+0.22Re[ (1 + 6 )%, |} (219)

P,?M(D*) rD*

In addition to this, a nonzero ‘6‘2 ! and %Sil would also contribute to leptonic decays B, — Tv

and B — T as,

2

2 A2 2
TBCmBCfBCGplvcbl m2 \2 U mBC U
B(B, > Tv) = m§(1— ;) 146, + —————%.!| (2.20)
81 myg m.(my +m,)
) 2
U My U (2.21)
BB—->1Tv) = BB-oTY 1+6,'+ ———— .

where 75 is the lifetime of the B, meson, fp_is its decay constant, and %(B — Tv)gy is the

branching ratio within the SM. The LEP data put a constraint on the B, — 7 v branching ratio [79]
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Observable  Experimentally Allowed Range SM Expectation Ratio Value

Rp 0.340+0.027 £0.013 [15] 0.299 £0.003 [11] p 1.137+0.101
Rp- 0.295+0.011 £0.008 [15] 0.258 £0.005 [15] e 1.144+£0.057
F,(D") 0.60+0.08 + 0.035 [82, 83] 0.46 £ 0.04 [84] £,(D%) 1.313+0.198
P.(D) —0.38%0.51+021 [85] —0.497£0.013 [16] p.(D¥) 0.766 % 1.093
BB—>1v)  <(1.09%0.24) x 10~ [80] (0.812 % 0.054) x 10~ [81]

BB, — TV) < 10% [79]

Table 2.1: Bounds on the Rp) scenarios.

as, B(B. — Tv) < 10%. The experimental upper bound on the B — 7v decay is given as [80]
AB(B — 7v) < (1.09£0.24) x 10~*, and the corresponding SM branching ratio is estimated to
be [81] B(B — Tv)gy = (0.812£0.054) x 10~*. We summarise the bounds on these observables
in Table 2.1.

In addition to these, we also consider bounds from the B;-B, mixing [see Fig. 2.3a] through

the effective Hamiltonian,
— SM Ui vz .a =
Hegr = (G + 65, )EL7*bL)(SL Y0 bL) (2.22)

. . U . U
where the SM and U, contributions are given as <ngM and %, ' respectively. €, ' depends on the
0x box box

new coupling(s) as ~ A%. The expressions are given as,

2

G
Coox = r;(Vrers)zMﬁ/So(xt), (2.23)
4
U, A
= . (2.249)
box 87T2Ml2]1

In Eq. (2.24), we ignore the generation indices and Cabibbo-Kobayashi-Maskawa (CKM) elements
as they depend on the scenario we would be considering. The loop function is the Inami-Lim
function [86], So(x; = m?/m3,) ~ 2.37 [87]. The UTf it Collaboration gives the following bounds
on the ratio €' /&M [81]:

box box

Uy
box

SM
box

094 < |1+ < 1.29. (2.25)

A non-zero Aﬁf and QLSLT can also contribute to another lepton-flavour-universal operator in a

log-enhanced manner through an off-shell photon penguin diagram as [see Fig. 2.3b].

4Gy v ouni
£o-—— (Vo Vi) 6™ o™ (2.26)
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€)) (b)

Figure 2.3: (a) The Feynman diagram showing the U; contribution to B,-B, mixing and (b) the
U, -mediated photon penguin diagram contributing to b — s£*(".

where

1 AL(AL)

VeoVes 3v2Gp M,

0,9univ _ % (,74b1) (EY“Z) and <69univ = 10g(m§/ML211)' (2.27)

We consider the 20 limits from the global fits to the b — sy u~ data [88-90] as —1.27 < <€9‘mi" <
—0.51.

We investigate the U; solutions in a bottom-up manner and construct single and multi-coupling
U; scenarios, which can contribute to the Ry anomalies, depending on the couplings we have

assumed. We begin with the single coupling scenarios.

B Scenario RD1A: Here, we set all the Ry motivated couplings but Aég to zero. This gives us the

¢vU,; and §7U; interactions. We further assume that the U; is aligned with the up-type quarks, i.e.,
the down-type quark mix via the CKM matrix [91]. This gives us the required btU; coupling of

strength Vc*blég. Here, V,; is the element in the CKM matrix. The interaction Lagrangian becomes,

£> Aég[aLYu 49 +§LYHTL)]Uf,

- A’éS[ELYy,VL + (VCE&L + VctgL + ‘/c*bEL)YHTL)]U:IiL (2.28)
giving
2
1 (25)
RD1A 23 RD1A
S . gRDIA_ (2.29)
VL 2‘\/§GF Mlzjl SL

Likewise, the observables, Ry, F1,(D*), P.(D*), and %(B() — 7v) also receive contributions

from the U;. In Fig. 2.3, the off-shell penguin diagram leads to a log-enhanced lepton-universal
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contribution to the b — s{*{~ transition [36]:

2
Vv (ML)
o= 262 169(m?/M2). (2.30)
9 VenVis 3v2G M2, v

This scenario would lead to a nonzero contribution to the B,-B, mixing coefficient as

U; |‘/cb|2|Vcs|2(A]£3)4
box 2 . (2.31)
87'52MU1

In this scenario, the U; decays to ¢v and st* with almost 50% BR.

B Scenario RD1B: In this scenario, we assume only Aég to be non-zero. This leads to the btU; and

t vU; couplings. Here, we assume that Uj is aligned with the down-type quarks—there is mixing
in the up-type quarks. Hence, we obtain the effective ¢ vU; coupling as Vcblég. The interaction
Lagrangian is given as,
. -
LD Aggltryuve + bLyHTL]Uf

= Ags[(Vuwll + Voo Cr + Vip E1 )y vi) + bry 7, JUY, (2.32)
and the contributions to the Wilson coefficients are given by

2
RD1B _ _ L (153) RD1B _

Vi _zﬁGF Mlle > St

(2.33)

As in the previous scenario, the Ry, F (D*), P.(D*), and %(B() — 7v) observables receive
contributions from U;. The dominant decay modes of U; are U; — t¥ and U; — bt™ with 50% BR

each.

In a single coupling scenario with only Agg as the non-zero coupling the U; would exclusively
decay to the bt final state. However, only A§3 cannot explain the Rp() anomalies. Hence, we do

not consider it.

We move on to the two-coupling and other multi-coupling scenarios.

B Scenario RD2A: In this two coupling scenario, we consider Aég and Aég to be nonzero. Here,

we assume U; to be aligned with the physical basis of the down-type quarks. Thus, there is mixing

in the up-quark sector. The interaction Lagrangian reads as,

Z> [353(@7“’@ +SpyuT) + lég(fmm + BLY,U,TL)]UTL
= [Aég(vusaLYuvL + VesCrvuVe + VisErYu v +507u 1)

+ lég(VubﬁLYu v+ VepCrypve + Veptryuve + Z_)LYMTL)]UHa (2.34)
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Here, <€RLD 24 is the only nonzero Wilson coefficient, i.e.,

L L L
Vi T o /5 2 ’ s .
L 2v2Gp Vg MU1 '

In addition to the contribution to the Rpw, F (D*), P.(D*), and %B(B() — Tv) processes, we

consider the lepton flavour-universal contribution

1 7‘537%3
bV:; BﬁGFMlzjl

‘69‘,1““’ =— log(mlz)/Mlzjl). (2.36)

In this scenario, the B,-B, mixing coefficient would receive a contribution from U,

o _ (45) (A5)
g = BT v (2.37)
1

Here, U; can decay to c¢¥, s, t9, and bt final states with roughly equal BRs.

B Scenario RD2B: In this scenario, we assume Aég and 7L§3 are nonzero. The interaction Lagrangian

reads as,

7] [Aég(ELYuVL +S5yuT) )L};BBRYMTR]U{‘

= [l]ﬁg(VusaLYp, v+ VcsELYp, v+ Vts ELYM vy + §LY;,LTL) + 7‘53 Z_)RYHTR]U# (2.38)

Similar to the previous two-coupling scenario, we assume mixing among the up-type quarks.

However in this case, we get a contribution to 6y, :

L 3R
@RD2B _ (gRDZB Ves  Ag3hss (2.39)

> L '\/EGFVCb Mlzjl
Here, Rp, F1(D*), P.(D*), and %B(B(.) — 7 ) receive contributions from U;. The dominant decay
modes of U; are U; — ¢¥, U; — st*, and U; — bt*. Note that even though Aés = 0 in this
scenario, a small 6y, can be generated from effective Aég coupling if, instead of up-type quark

mixing, one assumes mixing in the down sector (like in Scenario RD1A).
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Combinations Best fit lo 20 Corresponding scenarios

Gy =—6, —0.44 [—0.52,—0.37] [—0.60,—0.29] RK1A, RK1B, RK2A
C =—6" —0.0252 [—0.0378,—0.126] [—0.0588,—0.0042] RK2B
6 =6, +0.06 [—0.18,+0.30] [—0.42,40.55] RK1C, RK1D, RK2D
¢, =6, —0.0252 [—0.0378,—0.126] [—0.0588,—0.0042] RK2C

Table 2.2: Global fits of combinations of Wilson coefficients relevant in the R observables [89,
90, 92].

2.4 Ry scenarios

We write the U; contribution to the Wilson coefficients in terms of the buU; and 5uU; couplings as,

L Ly
@l _ _glQ n Asu(}‘bu)
o V26V Via M2
FVtbVts U;
L R
%LQ _ —%LQ _ —1/57'[ )'s,u(a'bu)
$ P GrVpVia M2
FVtbVts U,
. (2.40)
R Rx
¢ — gl _ T ASu(kbu
o T V3GV, Via M
FVtb Vs Ul
R Lx
(g/LQ (g/LQ . —1/57'[ As,u(kbu
S TP GpVpVia M2
FVtb Vs Uy J

As we did for the Rp scenarios, Here, as well, we consider one and multi-coupling scenarios. The
relevant global fits of the Wilson coefficients to the b — sy u~ data are taken from Refs. [89, 90, 92]
and are listed in Table 2.2.

B Scenario RK1A: In this Rg single coupling scenario, we consider only Aéz to be nonzero. This
generates the required suU; coupling. If we assume the U, is aligned in the physical up-quark
basis, then the required buU; coupling is generated via CKM mixing in the down-quark sector,

(similar to Scenario RD1A and Scenario RD1B). The interaction Lagrangian reads as
LD Ay vy + (Viady + VS, + VA by )y u)UY. (2.41)
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This Lagrangian contributes to the following coefficients:

Vi (A5,)?

G M = —gR A = (2.42)
V2GpVpVia Mg,
The contribution to the B,-B; mixing coefficient is given by
Voo |1 Ves [P (A5,)°*
gl = b e T (2.43)

box 87'52M[2]1

The dominant decay modes of U; in this case are U; — c¢v and U; — sut with almost 50% BR

each.

B Scenario RK1B: In this single-coupling scenario, we assume only AL to be nonzero. The

interaction Lagrangian is given by
L DAL lE vy + (Vidy + Vs, + Vi by )y u)JUY. (2.44)

The relevant Wilson coefficients are given by

(gRKlB _(gRKlB n (A 2)2 (2.45)
\/_GFOL M2

and the contribution to the B,-B, mixing coefficient is given as

U, _ Ith|2|Vt3|2(7L§2)4
bor T T gmaE
1

(2.46)

Here, we consider the U; to be aligned with the up-type quark sector. Hence, the off-diagonal
couplings are generated via mixing amongst the down-type quarks. From the Lagrangian, we can
see that the SuU; coupling is V;-suppressed. The coupling Aéz alone, however, cannot explain the
jo) anomalies. From Table 2.2, we see that the anomalies need a negative %6, whereas the r.h.s.
of Eq. (2.45) is always positive (even if we consider a complex Aéz). The dominant decay modes

of U; in this case are U; — t7 and U; — bu™, and they share almost 50% BR each.

B Scenario RK1C: In this scenario, we assume only /Igz to be nonzero. The interaction Lagrangian

is given by,
Z 5 Agz[(vcd&R + VesSp + VchR)Yp‘.U/R]UiA- (2.47)

The nonzero Wilson coefficients from Eq. (2.40) are

R \2
RK1C _ orRK1C _ “V* b Ves (A 2)
? V26V Via M

(2.48)
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and the contribution to the B,-B, mixing coefficient is

U, _ |Vcb|2|Vcs|2()L§2)4 (2 49)
box 87'1:2ML2,1 ' .

Here, the buU; coupling is Vv, suppressed. In this scenario, the U; — su” decay mode has almost
100% BR.

B Scenario RK1D: We assume Agz to be nonzero and the rest of the couplings to be SM-like. The

interaction Lagrangian is given by
£ 2 M, [(Veqdg + VisSg + Vip br)Y utir 1U} (2.50)

where the 5uU; coupling is V,; suppressed. The nonzero Wilson coefficients are

R \2
/RK1D _ o/RK1D _ Vi Ves  (A3,)

(2.51)

In this scenario, the U; — bu* decay mode is dominant with almost 100% BR. The contribution to
the B,-B, mixing coefficient is given as

U, _ |th|2|VtS|2(A§2)4

box 87'52M[2]1

(2.52)

We now consider the two coupling scenarios relevant to the Ri(y anomalies.

B Scenario RK2A: In this scenario, we assume the couplings Aéz and Aéz to be nonzero. The

interaction Lagrangian reads as,

L7 [Aéz(ém/“ v +Syuu) + )\éz(fLyuvL + BLYM,uL)]U{L. (2.53)

The dominant contributions to the Wilson coefficients are,
L 4L
_ AzaA3s

@RK2A _ _pRK2A T
g 0 36y Via M2,

(2.54)

Here, we don’t show the CKM-suppressed couplings as we already get the dominant required

interactions.

The contribution to the B,-B; mixing coefficient is

(A3,)*(A5,)
Gy = e P (2.55)
8nMy
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In this scenario, the dominant decay modes for U; are bu't, su*, c¥, and t 7.

B Scenario RK2B: In this scenario, only Aéz and 7L§2 are nonzero. The interaction Lagrangian is

given by
£ > [Aéz(ELYu VL +Spyub) + Ve BRYNMR]Uf (2.56)
The Wilson coefficients getting the dominant contributions are

L R
<€RKZB (gRKZB —V2m ApAy _
GrVpVia M2

(2.57)

For this scenario, B,-B, mixing is not relevant. The dominant decay modes of U; are bu™, su™, and

cv.

B Scenario RK2C: In this scenario, only AR and ALZ are nonzero. Ignoring the CKM-suppressed

couplings, we get the following interaction Lagrangian:
%> [l§2§RmuR + Aéz(fLyu v, + Z_)L}f“,uL)]Uf (2.58)

The Wilson coefficients getting the dominant contributions are

R L
/RK2C _ ,/RK2C —/2m A l

3 =%
P S T GpVpVia M2

(2.59)

In this case also B,-B; mixing is not relevant. The dominant decay modes of U; are bu*, su™, and

ty.

B Scenario RK2D: Here, we assume )ng and )ng to be nonzero. We ignore the CKM-suppressed

couplings and the interaction Lagrangian reads as
%> (Agzs'RyuuR + A};z ERYM,uR)Uf. (2.60)

The Wilson coefficients are

R R
/RKZD T A A

0 26,V Via M2

/RK2D

¢y

=%

(2.61)

The contribution to the B,-B; mixing coefficient is given as

o UBFO5Y e
box ™ 8m2M; ' .
1

The dominant decay modes of U; are bu™ and su™.
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Rp) scenarios AL Ar AR Ry scenarios 7(,5LM Agu lfu A’;u
RD1A AL ViAL — RK1A viAL VAL - —
RD1B VipAly AL, - RK1B ViAL Vi AL, - -
RK1C - - VA, Vp A%,
RK1D - — VAR, VAl
RD2A VAL + VAL, AL, — RK2A AL, AL - —
RD2B VAL - A%, RK2B AL - - AL,
RK2C ~ AL, A -
RK2D - — A% A,
RD3 Vcbkgs + Vcsxéz; Aés l}3e3 RK4 Aéz Agz A}212 l}3e2

Table 2.3: We show the summary of the single and multi-coupling scenarios that contribute to the
Rpe and Rk scenarios.

In a similar fashion, one could construct three or four coupling scenarios relevant to the Rg)
and jo). But we don’t show such multi-coupling scenarios as one cannot conclude anything extra
from such scenarios. Our analysis of the single coupling scenarios is generic and hence can act as a
template to obtain bounds on the multi-coupling scenarios [63, 91]. In Table 2.3, we summarise

the various RSJ*) and Rf;) anomalies motivated single and multi-coupling scenarios.

From the list of single and multi-coupling R and Rk -motivated scenarios, they may not
appear very different from each other in an effective theory perspective. However, when we study
their LHC phenomenologies, they look different. For instance, let us consider the two single-
coupling Rp-scenarios, Scenario RD1A and Scenario RD1B. In both cases, 6y, receives a nonzero
contribution proportional to the square of the unknown new coupling, 7%3 or Aég. Hence, from
the effective-theory side, both scenarios look essentially the same. However, the dominant decay
modes of U; in these two scenarios are different—in the first one, they are U; — cv and U; — 57,
whereas in the second one, they are U; — tv and U; — bt. Thus, in the first scenario, U; can
produce F; +jet or T + jet in the final state, whereas, in the second scenario, it can produce t + E
or T + b signatures. Moreover, in the first scenario, a U; can be produced via c- or s-quark-initiated
processes. However, in the second scenario, it is produced by the b-quark-initiated processes. Since
the b-quark parton distribution function (PDF) is smaller than the second-generation ones, the U;
production cross sections would be higher in Scenario RD1A than those in Scenario RD1B. Hence,

one needs to analyse the LHC bounds for the scenarios differently.
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2.5 Bounds from the LHC

As explained earlier, it is important to consider the bounds from LHC as those are competitive with
the low-energy ones. The bounds from the LHC are of two kinds—direct and indirect. First, we list

the latest direct bounds from the LHC:

— Pair-produced scalar LQs decaying to a light quark and a neutrino with 98 unity can be
excluded up to 980 GeV. A scalar LQ decaying to a b-quark and a neutrino with a 100%
branching ratio can be excluded up to 1100 GeV [93].

— A scalar LQ decaying to a b-quark and a neutrino with a 100% branching ratio can be
excluded up to 1100 GeV [93]. The ATLAS experiment searched for scalar LQs decaying to
the following final states, uc, u + a light quark, and ub [94].

— Assuming the extra gauge coupling k = 0 (we follow the same convention as [78]), a recent
LQ pair production search at the CMS detector has excluded vLQs with masses below 1460
GeV for B(LQ — tv)=1[93].

— For a vLQ decaying to a light quark and a neutrino with 100% BR, the mass exclusion limit is
at 1410 GeV. In the case where it decays to a bottom quark and a neutrino, the limit goes to
1475 GeV.

— If the vL.Q decays to a top quark + a neutrino and a bottom quark + 7 with equal BRs, then
the mass points below 1115 GeV are excluded. For k = 1, the limits go up [93].

We also include the scalar searches as we recast scalar searches for better limits on U; than ones
from vLQs. These direct limits, however, do not provide the entire picture. Thus, we systematically
combine these direct bounds with the indirect limits to obtain the most precise limits on the U;
parameter space. We show that these limits are competitive with the bounds from the flavour data.
The indirect bounds are obtained by recasting the latest LHC high p; dilepton and monolepton data
in terms of the model parameters. However, in [91], one finds that the bounds from the dilepton
searches are more restricting as compared to the monolepton searches. Hence, here we consider
the indirect limits from the dilepton searches. We consider the latest ditau and dimuon search data.

There are four modes of production that can give us the desired dilepton final states.
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Integrated Scalar LQ Vector LQ, k =0 Vector LQ, k =1

Luminosity [fb™] Mass [GeV] Mass [GeV] Mass [GeV]
LQ — tv (8 = 1.0) [93, 95] 35.9 (36.1) 1020 (992) 1460 1780
LQ — qv (% = 1.0) [93] 35.9 980 1410 1790
LQ — by (8 =1.0) [93, 95] 35.9 (36.1) 1100 (968) 1475 1810
LQ — bt /t¥(B = 0.5) [96] 137 950 1290 1650
LQ — bt (B =1.0) [95] % (36.1) (1000) - -
LQ — uj (B =1.0) [94] * (139) (1733) - -
LQ — uc (B = 1.0) [94] (139) (1680) - -
LQ — ub (B = 1.0) [94] * (139) (1721) - -

Table 2.4: Summary of LQ mass exclusion limits from recent direct searches by the CMS (ATLAS)
Collaboration.

(b @

Figure 2.4: We show diagrams for the various production modes of the U;. (a) Gluon initiated
pair production process. (b) quark initiated pair production process. (c) quark and gluon initiated
single production process. (d) Nonresonant production of U;. The q£U; coupling denoted by A is
marked in red colour.

2.6 Production modes and decays

We investigate the possible LHC signatures of the scenarios we constructed in the previous
section. We discuss various modes of L.Q production and decay to the desired final states. The U;
can be produced resonantly (i.e., near on-shell) in pairs (see Fig. 2.4a and 2.4a) or singly along
with a lepton (see Fig. 2.4c). They can also be produced non-resonantly through a t-channel U,

exchange as shown in Fig. 2.4d.
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Pair production

In this production mode, a pair of resonant LQs are produced which subsequently decay to quarks
and leptons, thus leading to dijet and dilepton in the final state. Consider Scenario RD1A, where
only 253 is nonzero. Thus, the main decay modes of U; are st and c v with roughly equal (about
50%) BRs. We have ignored the CKM-suppressed effective couplings in the discussions on the LHC
phenomenology of U; as they do not play any important role. Thus, here the pair production of U;

leads to the following final states:

U,U; — stst = 17+4+2j
pp—14 U U, — stcy = 1+F+2j (2.63)
U,U; — cveyv = Er+2j

where j denotes a light jet or a b-jet. Here, the second channel has a cross section almost two
times that of the other two channels due to combinatorics. However, this channel is not fully
reconstructible due to the presence of the missing energy. As a result, both the first and second
channels have comparable sensitivities. The sensitivity of the third channel (E; + 2j) is poor as
there are two neutrinos in the final state. So far, these channels with cross-generation couplings

have not been used in any LQ search at the LHC.

Next, we consider the Scenario RD1B. Here, only 7L§3 is nonzero. Here, U; — tvand U; — bt
are the main decay modes of U; with roughly equal (about 50%) BRs. Thus, the pair production of

U; mostly leads to the following final states:

U,U; — btbt = t1+2j
pp—1{ UU, — bttty = t+Fr+j.+j ¢. (2.64)
Uu,U; — tvty = Er+2j,

Here, j, corresponds to a fatjet originating from a hadronically decaying top quark. One can also
consider the leptonically decaying top quark with a lower cross section. In Chapter 5, we show
that by using sophisticated jet-substructure techniques, we can tag the boosted top-jets. This could
improve the collider prospects of U; in the second and third channels. The symmetric £ + 2j,
channel (where both LQs decay to the same final states) has been considered in Refs. [58, 97].
The asymmetric channel (where the two LQs decay to different final states), the one with single
T, one top-jet, and missing energy (T + E; + j, + b), has started receiving attention [96]. This
channel has a bigger cross section due to combinatorics. Hence, its unique final state might act as

a smoking-gun signature for such scenarios (i.e., ones with non-negligible )\és).
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If only Agg is nonzero, then U; entirely decays through the U; — bt mode and contributes to
the bt bt = 77 + 2j final state [93]. In this single coupling scenario, the U; cannot resolve the

Rpe anomalies as the necessary couplings are not generated.

In multi-coupling scenarios such as Scenario RD2A, Scenario RD2B and Scenario RD3, there
are many possible decay modes to investigate. Such investigation has been done in the context
of sLQs [63]. For example, If one considers the two-coupling scenario Scenario RD2A (non-zero
Aég and Aég), then one can obtain all the decay modes mentioned in Egs. (2.63) and (2.64). In

addition to this, we can also obtain the asymmetric decay channels such as,

UU; — stbt = 17+2j
pp—=1{ UU, — sttv = T+Fr+j.+] ¢- (2.65)
U,U; — cvty = Er+2j,

The strength of any particular channel depends on the couplings involved in production as well as
the BRs involved.

In the case of Rg( scenarios, we have muons or neutrinos in the final states. Consider the single
coupling scenario Scenario RK1A, where Aéz is the only nonzero coupling. Here, the pair production

processes are given as,

UU; — susy = pu+2j
pp—13 UU; — sucv = u+F;r+2j (2.66)
U]_Ul — Ccvcy = ET+2]

We can use similar processes for Scenario RK1B. In the single coupling scenarios, Scenario RK1C
(only Ag‘z nonzero) and Scenario RK1D (only Agz nonzero), the BR of the U; — sy and U; — bu is
100%. Similarly, the two coupling Rk scenarios have numerous interesting channels to explore,
and the LHC is yet to perform searches for LQs in most of the asymmetric channels and some of

the symmetric channels.

In Table 2.5, we have summarised the possible final states from U; pair production and the
fraction of U, pairs producing the final states in the one- and two-coupling scenarios. The fractions
depend on combinatorics and the relevant U; BRs. (Here, we have ignored the possible minor
correction due to the mass differences between different final states, i.e., assumed all final state
particles are much lighter than U;). For example, in Scenario RD1A, since f(U; — s7) ~ p(U; —
cv) & 50%, only 25% of the produced U; pairs would decay to either 77 + 2j or F; + 2j, whereas,
as explained above, 50% of them would decay to the T + F; + 2j final state. Interestingly, we
see that even in some two-coupling scenarios the fractions corresponding to the 77 /uu + 2j final

states are constant irrespective of the relative magnitudes of the couplings, for example, it is 25%
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Nonzero couplings Signatures

TT+2j T+Fr+2j Er+2j TH+Er+j.+] Fr+2j, Er+j.+j

AL (Scenario RD1A) 0.25 0.50 0.25 — — —
Aég (Scenario RD1B) 0.25 - — 0.50 0.25 —
AR, 1.00 - - - - -
AL, AL (Scenario RD2A)  0.25 3 g2 g (-8 2:(i-¢)

AL, AR, (Scenario RD2B) (3 + E)z 2(3-¢?) (1 —E)z - - -
i+ 2j u+Ep+2j Er+2j pt+Er+i+i  Er+2j. Er+jo+]

AL, (Scenario RK1A) 0.25 0.50 0.25 — — —
Aéz (Scenario RK1B) 0.25 - - 0.50 0.25 —
A%, (Scenario RK1C) 1.00 — — — — —
A%, (Scenario RK1D) 1.00 — - - - -
AL, AL (Scenario RK2A)  0.25 3 g2 g (1-¢)  26(3-¢)
AL,, A%, (Scenario RK2B) (3 +€)2 2(% —&2) (3 —5)2 — — —
AR, AL, (Scenario RK2C) (3 +£)2 — - 2(3-¢?) (3 —5)2 -
A%, A%, (Scenario RK2D)  1.00 — - - - -

Table 2.5: Here, we show the effect of branching ratios on the pair production process of U, (pp —
U, U,) in various single and multi-coupling scenarios. We list the possible final states and the fraction
of U; that decays to them, depending on the different coupling scenarios. The pair production
contribution is calculated as the cross section of U; pair production multiplied by the appropriate
branching fraction. Here, 0 < £ < % is a free parameter. We ignored the mass differences between
the final state particles.

in Scenario RD2A or 100% in Scenario RK2D. (This is interesting because, in the presence of two
nonzero couplings, one normally expects the fraction corresponding to a particular final state
to depend on their relative strengths. It happens because we sum over the possible flavours of
the jets.) Moreover, we show that it is possible to parametrise all final states with just one free

parameter (). Such simple parametrisations could guide us in future U; searches at the LHC.

Single production

The second resonant mode of Uj is the single production process. Here the U; is produced along
with SM particle(s). There are two types of single productions of our interest: (a) where a U, is
produced in association with a lepton, i.e., U;u, U;T or U; v and (b) where a U, is produced with a
lepton and a jet, i.e., Ujuj, U;Tj or Uy vj. In process (b), the quark and the lepton can arise from
the decay of an on-shell LQ; such a process should then be counted as pair production. To avoid

double counting, we ensure that one of the LQs is off-shell while generating the single production
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events [98-100]. The single production process is model-dependent. Its contribution depends on

k [78] and A. The single production channels for the single coupling scenario Scenario RD1A is

given as,
Upt+Uitj — (T)t+(st)tj] = 7TT+nj
U v+Uvi — (cv)v+(cv)yi = Er+nj
Uit+ Uit — (ev)t+(cv)tj = Tt+F;r+nj
Upv+Uvi — (st)v+(t)vj = t+Er+nj

The single production modes have the same final states as the pair production searches. The
first and the second channels are symmetric, whereas the third and the fourth are asymmetric
modes [63]. These modes have not been considered by the LHC in the search for LQs. For the R

motivated scenarios, the single production channels Scenario RK1A are as follows,

Uipn+Upj — (bp)u+(buuj = upu+nj
Ujp+Uuj — (p+(MNuj = u+Er+jo+nj
pp — (2.68)
Upv+Upvj — (bu)v+(bu)vj = u+Er+nj
Upv+Uyvj — (tv)v+(tv)vj = Er+j,+nj

In case of Scenario RK1B, we could have interesting signatures such as boosted top quarks in the

final states. In Scenario RK1C (Scenario RK1D), the U; — s(b)u decay has 100% BR.

2.6.1 Nonresonant production and interference

A Uj can be exchanged in the t-channel and give rise to both dilepton and lepton+missing-energy
final states [see e.g., Fig. 2.4d]. It is evident from Fig. 2.4d that the cross sections of the
nonresonant production scales as A*. This channel becomes important for large values of
the new couplings. At higher masses of Uj, this nonresonant mode of production overtakes
the contributions from pair and single production processes. In addition to this, there is also
a possibility of large interference of this nonresonant mode with the SM processes such as
pp — v/Z(W) — ££ (£ + F7). This interference contribution scales as A2, but the contribution
can be significant due to the large SM backgrounds. For U;, the interference is destructive in
nature. The net nonresonant contribution from the A* part and the destructive A? part can be
positive or negative. Thus, the cross section of the exclusive pp — ££ ({ + F1) process can be

bigger or smaller than the SM-only contribution [ 57] depending on the kinematic region we consider.

In Fig. 5.2, we show the parton-level cross sections of various production modes of U; as a function

of My, . In Figs. 2.5a and 2.5b the cross sections have been obtained by setting k=0 and the relevant

33



10°

107!

1072

+(pb)
=
[=]

C
1073

104

107°

1076

My, (TeV)

(a)

My, (TeV)
Figure 2.5: Here, we show the Parton-level cross sections of the various U; production modes as a

(b)

benchmark scenario with 153 =1 as the nonzero coupling, and in (b), we consider 152 =1. We set
of pr > 20 GeV on the jets and leptons.

function of their mass. We compute the cross section at the 13 TeV LHC. In (a), we consider the
k = 0 in both cases. We denote the light and the b jets as j. We apply a basic generational level cut

new coupling, AL, or AL

227

to one, respectively. The pair production cross section is insensitive
to the A couplings; the major contribution comes from the QCD-mediated mode. The single

production mode contributes more than the pair production mode for higher mass values. While

generating processes like U 7j, U;uj, U; vj, we make sure the one LQ remains off-shell so as to

avoid contamination from the pair production process. The nonresonant LQ production cross
section does not depend very strongly on the LQ mass. With nonzero Aég and A

the possibility of producing U; (that couples to the third-generation fermions) through charm-
and/or strange-initiated processes at the LHC.

L, we now have

2.7 Recast of dilepton data

The LHC dilepton searches, generally, do no put restrictions on the number of jets present in the
final states, and hence, all the production modes of U; that lead to £{+jets in the final state can

contribute to the exclusion bounds. It is non-trivial to obtain precise LHC bounds from the dilepton
data, especially when multiple new couplings are involved. This is because different couplings

lead to different topologies with the same final states. We provide an elaborate explanation of our

approach for obtaining the bounds. We discuss the method in the context of the U; scenarios, but
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the method is generic and can be applied to other general cases (including other BSM ones) as

well.

First, we take a quick look at the LHC dilepton searches we consider.

2.7.1 ATLAS 77 search

We consider the LHC search by the ATLAS Collaboration where they searched for a heavy particle
decaying to a pair of 7’s at the 13 TeV LHC with 139 fb™! integrated luminosity [101]. In this
search, they analysed events coming from two kinds of T decays. Firstly, when both the s decay
hadronically (Tp,4Theq). Second, when one T decays hadronically and the other decays leptonically

(Thad T1ep)- Below we list the basic event selection criteria for the 77 channel.

* The 71,44 Traq channel has

— at least two hadronically decaying 7’s with no additional electrons or muons,

— tWo Tpqq’s With pr > 65 GeV. They should be oppositely charged and separated in the
azimuthal plane by |A¢(pT , pT2)| > 2.7 rad.

— pr of leading T must be > 85 GeV.

* The 7y, Thaq channel has one 7,4 and only one £ = e or u such that

the hadronic 7 has pp > 25 GeV and |1(Tpqq)| < 2.5(excluding 1.37 < |n| < 1.52),
— if £ =e, then |n| < 2.47 (excluding 1.37 < |n| < 1.52) and if £ = u then |n| < 2.5,

— the lepton has p(£) > 30 GeV with azimuthal separation from the 7,4, | A¢( pf}, p%h“d) |
> 2.4.

— the transverse mass on the selected lepton and missing transverse momentum,
mr(p%, Er) > 40 GeV.

— If £ = e, to reduce the background from Z — ee events with an invariant mass for 7 —{

pair between 80 GeV and 110 GeV are rejected.

The transverse mass is defined as

mT(pT, )—\/ZprT —cosAqb(p?,p?)}. (2.69)

The analysis also made use of the total transverse mass defined as

miot (11, T, Br) = / m2 (D, pi2) + m3(ps!, Er) + m2(p2, Er), (2.70)
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Here, 7, in the 7., Tpqq channel represents the lepton. We use the distribution of the observed

tot

and the SM events with respect to my

presented in the analysis.

2.7.2 CMS uu search

A search for nonresonant excesses in the dimuon channel was performed by the CMS experiment
at a center-of-mass energy of 13 TeV corresponding to an integrated luminosity of 140 fb~! [102].

The event selection criteria that we use in our analysis can be summarised as

* In the dimuon channel, the requirement is that both of the muons must have |n| < 2.4 and

pr > 53 GeV. The invariant mass of the muon pair is m,,, > 150 GeV.

We implement the above cuts in our analysis to obtain the cut efficiencies. (Following Ref. [91],
we have validated the above cuts with the efficiencies given in the experimental papers.) We use

observed and the background distributions of the invariant mass of the muon pair, m,,, to obtain

T
the limits.

2.7.3 Cross section parametrisation for the {{ signal processes

B Pair production: Although the dominant contribution to the pair production mode comes from
the QCD-mediated process (See Fig. 2.4a), it is not entirely model-independent. It depends on the
gluon-U;-U; coupling x given in the Eq. (2.14). There is also a contribution from the t-channel
lepton exchange diagrams (Fig. 2.4b). These diagrams depend on the new coupling A responsible
for the £qU, interactions. If there are n different new couplings (A; with i = {1,2,3,...n}) involved,

then the total cross section for the process pp — U;U; can be expressed as,

n n
of (My,,2) = 0% (My,) + Y . 2207 (My,) + D 222207 (My,) 2.71)

i i>j
where the sums go up to n. The oPx terms depend only on the mass of U;. The o?°(My, ) term
denotes the cross section of the QCD-mediated process. It doesn’t depend on A and can be obtained
by setting A; — 0. The of ?(My, ) term originates from the interference between the QCD-mediated
model-independent diagrams and the model dependent t-channel lepton exchange diagrams. The

D. .
al.j“ (My,) terms are from the pure t-channel lepton exchange diagrams.
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We observe that for a particular My, , there are n unknown crf 2 and n(n + 1)/2 unknown crip] 4
functions that one needs to compute. For that, we compute o? for n(n + 3)/2 different values of A;
and solve the resulting linear equations. We repeat the same procedure for different mass points.

We interpolate o (M, , A) for any intermediate value of My, .

In the presence of kinematic selection cuts, different ox(My, ) parts contribute differently to
the surviving events. Hence, the overall cut efficiency for the pair production process € depends
on both My, and A. The total number of surviving events from the pair production process passing

through some selection cuts can, therefore, be expressed as
NP =P o€l (My,A) x B*(My,A)x L

n n

= {GPO x P+ W20 x ef2 4 > 22207 x ef;} x B*(My,, ) x L (2.72)
i i>j

where all e’ depend only on My, . Here L is the integrated luminosity, and %(My,,A) is the

relevant branching ratio (of the decay mode of U; that contributes to the signal) which can be

obtained analytically. The ePx(M) functions can be obtained by computing the fraction of events

surviving the selection cuts while computing the oP(My, ) functions.

B Single production: The contribution of the single production of U; comes from two processes—
pp — Uyq and pp — U;qf. The amplitudes of U; x type of processes are always proportional to A.
But U; yz amplitudes can have both linear and cubic terms in A. Therefore, the most generic form
of the single production process pp — U;x + U; yz can be expressed as
n n
o (M, A) =D Ao (My)+ Y, A2A2A20TS (My,). (2.73)

i i>j>k
The o* (M) functions can be obtained following the same method used for pair production. We
can express the total number of single production events as

N =0"0€ (My,,A) x B(My,,A) x L

- {Z 220 (My,) x €2 (My) + D) A2AZA20%, (My,) x e;;k(MUl)}
1

i>j>k

X %(MUl,Ai) x L. (274)

B Nonresonant production: The nonresonant production contribution comes from the t-channel
U, exchange and its interference with the SM background process. The cross section contribution

from the t-channel U; exchange is proportional to A* and the interference is proportional to A2.
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Thus, the total cross section is given as,

o (My,, A) = > A2oT"(My,) + ZA?AJ?U?].”(MUI). (2.75)

i>j
Note that 0""(My,,A) can be negative when the signal-background interference is destructive.

Indeed, this is the case we observe for U,. By introducing the e(My, ) functions, the total number

of surviving events can be written as

N = gl o ! (MUlal) x L

n n

= {Z A2o1(My,) x €l (My,) + D A22207 4 (My,) x e?jr“(MUl)} xL.  (2.76)
i i>j

Notice, no BR appears in the above equation. A negative o™ (My, ,A) makes 4™ a negative

number as presented in Table 2.6.

2.7.4 Limits estimation: A y? test
We perform y?2 tests to estimate the limits on parameters from the transverse mass distribution of
the 77 [101] and the invariant mass distribution of the uu [102] data. The method is essentially

an extension of the one used in Ref. [91] for S; LQ. The steps are as follows.

1. For each distribution, the statistic can be defined as

Ni(My., A)— A1)
12=Z( Ty, ) D) (2.77)

AN

i
where the sum runs over the corresponding bins. Here, J&/Ti(MUl, A) stands for expected

(theory) events, and JVS is the number of observed events in the i" bin. The number of

theory events in the i bin can be expressed
fj‘{[‘i(MUlil) = ‘/V[}.l(MUliz') + JVSlM
=[ANP(My,, A) + N (My,, A) + A (My,, A) ]+ Ay, (2.78)
Here, JVJl and ¢A§M are the total signal events from U; and the SM background in the i‘" bin,
respectively. The total signal events are composed of AP, A%, and /™" from Egs. (2.72),

(2.74), and (2.76), respectively. The details on how to calculate JVL}II for different scenarios

is sketched in Appendix 2.7.3. For the error A, we use

AN = (A + (DA 2.79)
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where AN = v/ JVDi and we assume a uniform 10% systematic error, i.e., AN, i =8ix ,/%)i

stat — syst

with 61 = 0.1.

2. In every scenario, for some discrete benchmark values of My, = Mgl we compute the

minimum of x as x2, n(Mé’,l) by varying the couplings A.

3. In one-coupling scenarios (like Scenario RD1A, Scenario RK1A, etc.), we obtain the 10 and
20 confidence level upper limits on the coupling at My, = Mgl from the values of A for
which sz(Mbl, A) = xz(Mbl, A)— xiin(Mll}l) =1 and 4, respectively.

In two-coupling scenarios (like Scenario RD2A, Scenario RK2A, etc.), we do the same, except
we obtain the 1o and 20 limits (contours) from the 2-parameter limits on Ay?; i.e., we

solve A){Z(M[l}l, A, Ag) = xz(Mbl, A1, Ag) — xiin(MlI}l) =2.30 and 6.17, respectively.

Similarly, we can obtain the limits for the scenarios with n(> 2) free couplings by using the

n-parameter ranges for Ay 2.

4. We obtain the limits for arbitrary values of My, by interpolating the limits for the benchmark

masses.

In Table 2.6, we show the production cross sections, cut efficiencies, and number of events
surviving the cuts from different signal processes for the Rj)-motivated and Rg)-motivated one-
coupling scenarios, respectively. We obtain these numbers by setting the concerned coupling to
one. There are a few points to note here. The major contribution to pair production is insensitive
to the new physics coupling; however, As expected, there is a minor contribution that comes from
the A-dependent t-channel lepton exchange diagram [see Fig. 2.4b]. In Scenario RD1A where
only Aég is nonzero, the pair production cross section is 40.87 fb for My = 1 TeV, whereas in
Scenario RD1B, it is 35.67 fb. This is because the t-channel lepton exchange contribution is larger
in Scenario RD1A. In the Scenario RD1A, the contribution comes from the s quark, and its PDF
is more than the b PDF contributing in Scenario RD1B. Also, in the case of Scenario RD1A, there
is a t-channel neutrino exchange diagram for the cc — U, U, process. Whereas, such a process is
not possible in the Scenario RD1B. We observe a similar trend in the single production mode; the
cross section is larger for scenarios where second generation quarks appear in the initial states.
The cut efficiencies for different production modes for Rg() scenarios are generally much higher
compared to Rp scenarios. This is mainly because the selection efficiency of the 7 in the final
state is much lower compared to the u. For example, in the Rg) scenarios, the efficiency for pair
production processes ¢ can be as high as 71% for My, =1 TeV, whereas for Rp) scenarios, it is
only ~ 2%. The hadronic BR of 7 is ~ 64%, and the 7-tagging efficiency is about 60%. Combining
just these two factors, we get a factor of 0.64% x 0.6% ~ 1/7 reduction in the efficiency for the two
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Mass Pair production Single production t-channel LQ Interference

(TEV) O.p ep Wp O.s ES JVS O.nr4 enr4 Wnr4 O.nr2 6nr2 JVan
Contribution to 77 signal [101]

A%, =1 (Scenario RD1A)

1.0 40.87 2.33 8.59 58.80 3.30 35.0770.57 7.22 183.33 -232.63 3.17 -266.21

1.5 1.39 1.50 0.19 3.91 2.74 1.9314.94 7.00 37.77 -104.31 3.34 -125.62

2.0 0.08 1.01 0.01 0.44 2.50 0.20 5.04 7.25 13.19 -58.79 3.28 -69.57

AL, =1 (Scenario RD1B)

1.0 35.67 1.69 5.43 29.00 2.57 13.4620.20 6.21 45.26 -75.02 3.08 -83.41

1.5 1.17 1.09 0.11 1.72 2.16 0.67 4.31 6.22 9.68 -33.62 2.88 -33.01

2.0 0.06 0.81 0.00 0.17 1.98 0.06 1.39 6.27 3.15 -18.97 2.88 -19.71

A§3 =1

1.0 35.67 1.74 22.45 29.18 2.43 25.6220.17 6.45 46.97 -27.4 3.32 -32.83

1.5 1.17 1.10 0.46 1.69 1.88 1.15 4.31 6.47 10.06 -12.31 3.27 -14.54

2.0 0.06 0.84 0.02 0.17 1.57 0.10 1.39 6.33 3.18 -6.94 3.26 -8.17
Contribution to uu signal [102]

AL, =1 (Scenario RK1A)

1.0 40.89 71.88 265.27 58.68 72.66 769.5270.40 62.77 1595.21 -233.00 42.73 -3594.15

1.5 1.39 64.44 8.10 3.91 71.35 50.3015.20 64.33 352.97 -105.00 42.59 -1614.37

2.0 0.08 52.62 0.36 0.44 70.15 5.60 5.00 64.22 115.92 -58.80 43.08 -914.54

A%, =1 (Scenario RK1B)

1.0 3891 71.74 1007.69 58.29 72.36 1522.3670.43 62.69 1593.99 -82.52 49.17 -1464.79

1.5 1.32 64.18 30.64 3.81 68.62 94.4015.21 64.20 352,57 -37.33 49.09 -661.52

2.0 0.07 52.50 1.36 0.42 63.79 9.78 5.00 64.53 116.48 -21.0 48.62 -368.53

AL, =1 (Scenario RK1C)

1.0 35.67 71.59 230.45 28.93  72.74 379.7620.00 63.49 458.17 -75.30 39.10 -1062.87

1.5 1.17 64.46 6.78 1.72 72.33 22.44 429 64.58 100.49 -33.70 39.82 -484.39

20 0.06 5247 0.29 0.17 71.77 2.22 141 64.90 33.04 -19.00 40.12 -275.17

A%, =1 (Scenario RK1D)

1.0 35.67 71.75 923.90 29.04 72.37 758.7320.05 63.73 461.36 -26.29 45.77 -434.43

1.5 1.17 64.60 27.19 1.69 69.28 42.27 4.29 64.43 99.74 -11.84 46.32 -197.94

2.0 0.06 52.00 1.14 0.17 65.35 3.95 1.41 65.37 33.25 -6.69 46.64 -112.60

Table 2.6: In this table. we show the cross section (o) in fb, efficiency (€) in %, and the number of
events (A") surviving the cuts applied in the dilepton searches from various production processes.
The number of events (A) is calculated as (A) = o x e x.¥. Where ¥ is the luminosity. We explain
the superscripts in detail in section 2.7.3. The negative signs in the interference contributions

indicate destructive interference.
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Thad S in the pair production final state. We can see from the table the pair, single productions, and
the t-channel induced processes contribute positively. The signal-background interference has a

negative sign indicating the destructive nature of the interference.

2.8 Computational tools for performing simulation and analysis

We use the software package FeynRules [103] for implementing the Lagrangian in section 2.12
in order to obtain the UFO model files. [104]. We generate signal events using the MadGraph5
Monte-Carlo event generator [ 105] at the leading order (LO). The NNPDF2.3LO PDFs [ 106] are used
with default dynamical scales.? We perform showering and hadronization using Pythia6 [107]
and matched up to two additional jets using the MLM matching scheme [108, 109] with virtuality-
ordered PYTHIA showers to remove the double counting of the matrix element partons with parton
showers. We simulate the detector environment using Delphes 3.4.2 [110] (with ATLAS and
CMS cards). We cluster the jets using the anti-k; algorithm [111] with the radius parameter
R=0.4.

2.9 Results

In Fig 2.6, we show the exclusion limits on the Ry« and Ry -motivated couplings taken one at a
time. These are the LHC indirect limits obtained by recasting the dilepton data. These are the
95% (20) confidence level (CL) exclusion limits. The regions above the lines are excluded with
95% CL. To obtain the limits, we set the coupling under consideration to nonzero and the rest
to zero. In Fig. 2.6a, we plot the exclusion limits for Rp«) motivated couplings. The strongest
limit comes from the Aég coupling. This occurs because for a nonzero 153 coupling, we get a
s-quark initiated t-channel U; mediated process which interferes with the SM ss — y*/Z* — 11
process. But in the case of a nonzero AééR coupling, the limits weaken because here the process
is b quark initiated, and the b PDF is small as compared to s PDE. Similarly, in Fig. 2.6b, the
limits on kééR is more severe than the ones on A%R. The A§2 (A};Z) coupling has much stricter

bounds than the 7‘52 (Aéz) because, in case of right-handed coupling, the BR is 100%. The four

2The NNPDF2.3LO PDF for the heavy quarks might have considerable uncertainties. However, the limits on the U;

parameters are largely insensitive to these.

41



3.5 T T T 3.5 T T T T T T

LHC exclusion limits LHC exclusion limits

1 2 3 1 £ 2 I 5 ; 3 l 5 Il 1 ‘ 5
My, (TeV) My, (TeV)

(a) (b)

ot

ot
-
—
2
N

Figure 2.6: We show the 20" LHC exclusion limits on the couplings relevant to the (a) Ry and (b)
Rk scenarios. The regions above these lines are excluded. We obtain these exclusion limits by
recasting the latest LHC dilepton data [101, 102] by combining all the U; production processes
that contribute to dilepton in the final states.

modes of dilepton production contribute differently in different mass ranges to the exclusion
limits. Fig. 2.7 shows the exclusion limits if one excludes the resonant production. From
Fig. 2.6 and Fig. 2.7, it is clear that the resonant modes play crucial roles, especially in the
lower mass regions, in making the limits tighter. This is an important point as often in the
literature the resonant contributions are overlooked. Whereas, for high masses and A 2 1, the
nonresonant modes of production play a more determining role. At high masses, the contri-

butions from resonant production are negligible, and hence the limits Fig. 2.6 and Fig. 2.7 converge.

In 2.8, we plot the LHC indirect exclusion limits along with the direct limits from the jj + F and
tt+F channels [93] and the bounds from the R, scenarios for single and multi coupling scenarios.
In addition to this, we also show the parameter space satisfying the relevant flavour observables
in these plots. From Fig. 2.8a, we see the importance of the indirect limits for single coupling
scenario )LIZ“S. For instance, if one were to consider only the direct limits (shown in magenta), then
one would conclude that a U; LQ can explain the Rp scenarios (shown in yellow). But once we
include the LHC indirect limits (shown in purple), we find that the entire Ry favourable region is
excluded by the LHC data. Here, FlavD is defined as

FlavD = the region allowed by {Rpe) + F;(D*) + P.(D*) + B(By — tv) + 6,"},  (2.80)

and is in tension with the B-B, mixing data (shown in orange) and is independently and entirely

excluded by the LHC ditau search data. The tension between FlavD and the B,-B; mixing data arises
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Figure 2.7: Similar to Fig. 2.6, we show 20 LHC exclusion limits on the couplings to the relevant
to the (a) Rpw and (b) Rgey scenarios. However, here we consider only contributions from the
nonresonant modes while recasting the latest LHC dilepton searches. Contrary to 2.6, in the
lower mass region, the bounds are loose. Hence, it is important to include the resonant modes of
production to obtain tighter bounds. We find that in the higher mass regions, the limits mainly
come from the nonresonant production and its interference with the SM background.

since the B,-B, mixing data favours a smaller ‘6"2 ! (via %;2 . which roughly goes as the square of

‘5‘2 1) than the Rp.) observables.

Fig. 2.8b shows parameter regions in Scenario RD1B. This scenario doesn’t contribute to

Eq. (2.26) and, thus, cannot accommodate a nonzero <€9‘mi". Here, FlavDy is defined as,
FlavD, = the region allowed by {Rpw + F.(D*) + P,(D*) + B(B() — T7)}. (2.81)

In Fig. 2.8b, we find that all but a minor region at high masses are excluded by the latest 77 data.
Unlike Fig. 2.8a, the direct search limits in Fig. 2.8b show a slight model dependence since, in this
case, the CMS analysis included the model-dependent single production in the signal [96]. The
two-coupling scenarios show more promise. Fig. 2.8c and 2.8d correspond to Scenario RD2A and
Scenario RD2B, respectively. In these plots, we show a slice of the three-dimensional parameter
space of the two scenarios. In Fig. 2.8c, we vary the 153 coupling and fix Aég = 0.5. We observe
that a good portion of the FlavDy region survives the LHC bounds but is in disagreement with the
B,-B, mixing data. However, we note that a small region of FlavD, agrees with B,-B; mixing and

survives the LHC bounds.

In Fig. 2.9, we show the bounds by varying the couplings and keeping the mass of U;
fixed. Fig. 2.9a (Fig. 2.9¢) corresponds to the two coupling scenario Scenario RD2A for a mass
of My, = 1.5 (2.0) TeV. The blue colour stands for the region allowed by the LHC bounds. As
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Figure 2.8: Here, we show the regions preferred by the flavour anomalies and the 20 exclusion
limits from the LHC. The purple color denotes the regions excluded by the LHC indirect limits by
20. The magenta and blue color denote the regions excluded by the LHC’s direct limits (Search
by search in the ccvv channel [93]). (a) We consider only Aég to be nonzero (Scenario RD1A).
The yellow color denotes the regions favoured by the R anomalies and is labeled as FlavD as
explained in Eq. (2.80). The light orange region is favoured by B,-B, mixing. (b) In scenario RD1B,
we consider only Aég to be nonzero. The green-coloured region is allowed by the constraints in
FlavD except for %’ém“’ (See Eq. (2.27)). The magenta color depicts the limits from the recent CMS
direct search in the tbt v+ tTv mode [96]. (c) In Scenario RD2A, we set A§3 =0.5 and Aég is the
free parameter. The color scheme is the same as the previous plots. (d) In Scenario RD2B, we set
A§3 = 0.5 (benchmark choice) and Aég is free coupling parameter. The blue dashed line shows the
limits from the ATLAS bbt T direct search data [95]. The dashed line implies that the recast has
been done from a scalar LQ direct search. The FlavDyy region (olive green), defined in Eq. (2.82),
agrees with all the constraints in the FlavDy region without the constraints from the B,y — 7
decays. The light orange colour shows the region preferred by B,y — 7.
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Figure 2.9: We show the two coupling scenarios for two benchmark mass values. We show the
regions favoured by the flavour observables in yellow (FlavD), green(FlavDy,), and orange color
(B,-B, mixing). The blue color denotes the regions allowed by the LHC data. In (a) and (c), we
show the two-coupling scenario (Scenario RD2A) for masses My, = 1.5 TeV and My, = 2.0 TeV. In
(b) and (d), we show the two-coupling scenario (Scenario RD2B) for masses My, =1.5TeV and
My, = 2.0 TeV. The olive green color denotes the regions favoured by the flavour anomalies except
for ﬁg‘mi" and the B(.y — 7v decay. We mark the regions preferred by the B(,) — 7 v decay in light
orange colour.
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we can see, the blue region overlaps with the regions contributing to R observables as well
other relevant bounds. For higher masses, the LHC bounds become less strict. We plot similar
limits for the Scenario RD2B in Figs. 2.9b and 2.9d. Here, the absence of Aég makes it difficult to
accommodate the allowed <€9‘miv. Thus, there is no overlap between the regions favoured by the
Rp observable and the bounds from the 98(B(.) — 7 v) constraint. The region FlavDy is defined

as,

FlavDgy = the region allowed by {Rpw) + F;(D*) + P.(D*)}. (2.82)

In Fig. 2.10, we plot the LHC exclusion limits (violet-coloured region) from the CMS uu
data [102] along with the regions favoured by the Rg(.) anomalies and allowed by the B,-B, mixing

data (yellow coloured region) for the single coupling scenarios. Here, FlavK region is defined as,
FlavK = the region favoured by {the global fits to b — suu data + B,-B mixing} (2.83)

However, in Fig. 2.10b (Scenario RD2B), we find that (as expected) lgz alone cannot explain the
Rk anomalies, thus we plot only the regions allowed by the B,-B; mixing data. The magenta
dashed lines are the bounds from the recent LHC pair production searches. We obtained the direct
limits by recasting the recent ATLAS search for scalar LQ in the uu + jj/bb channel obtained with
139 fb~! of integrated luminosity [94]. Although the search was designed for a scalar LQ, we recast
the limits assuming the (kinematic) selection efficiencies do not change when we switch from sLQ
to U; LQ. We observe that the LHC exclusion limits from the uu data are much less constraining
than those from the 77 data. This happens because the magnitudes of these couplings required
to explain the Rg«) anomalies are much smaller than those in the Rj) scenarios. We also note
that the direct search mass exclusion limits are weaker in the scenarios with left-type couplings
(i.e., Scenario RK1A and Scenario RK1B) than those with right-type couplings (Scenario RK1C and
Scenario RK1D). This is because the decay U; — ub/uj has 100% BR in the right-type coupling
scenarios instead of the 50% in the left-type ones. The recast limits imply that all the two-coupling

scenarios with a 1.5 TeV U, are ruled out.

We consider a 2 TeV U, in the two-coupling scenarios in Fig. 2.11. There we show the regions
allowed by the LHC data along with the FlavK regions in Scenario RK2A and Scenario RK2D and
FlavKy regions in Scenario RK2B and Scenario RK2C. In the last two scenarios, the constraints
from B,-B, mixing data are not applicable, and the FlavKy regions are just the ones favoured by

the global fit of b — suu data

FlavK; = FlavK + the region exclusively disfavoured by B-B, mixing

the region favoured by the global fits to b — suu data. (2.84)
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Figure 2.10: We show the 20 excluded region by the LHC indirect limits in purple for the single
coupling scenarios. We obtain it by recasting the latest CMS uu search data [102]. The yellow
color region (Defined as FlavK in Eq. (2.83)) is relevant to the global fits to the b — suu and B,-B,
mixing. We show the exclusion limits by recasting the ATLAS direct search for pair production of
sLQs decaying to uu + jj/bb channels [94] as magenta dashed lines. (a) We set Aéz (Scenario
RK1A) to be nonzero. (b) Here, we set Aéz (Scenario RK1B) to be nonzero. Since lgz alone cannot
explain the Rg) anomalies, we only show the region allowed by the B;-B, mixing data. (c) we set
A%, (Scenario RK1C) to be nonzero. (d) Scenario RK1D: Only A%, is nonzero.
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Figure 2.11: We show the regions favoured by the Ry observables in yellow (FlavK as defined in
Eq. 2.83) and green (FlavKy as define in Eq. 2.84). The blue colour denotes the regions allowed by
the LHC indirect obtained by recasting the CMS uu search data [102]. In (a) and (d), we show
the two coupling scenarios—Scenario RK2A and Scenario RK2D and in (b) and (c) we show the
Scenario RK2B and Scenario RK2C.

Before we move on, we make an interesting observation. A priori, it appears from the recast of the
ATLAS scalar-search limits that a 1.5 TeV Uj is ruled out by the LHC data. However, we show that
a 1.5 TeV Uj solution to Rpy and Ry anomalies can still be viable with multiple new couplings.
The presence of the extra couplings reduces the 3(U; — ub/uj) below 0.25, bringing down the
mass limit below 1.5 TeV. We consider the points A5, = 0.006 and A%, = 0.93 in Fig. 2.12. These
points are relevant to the Ry observables and satisfy the B,-B, mixing constraint and are allowed
by the LHC limits. This result is interesting as we show four possible parameter choices for which a
1.5 TeV U; can account for both Rj) and Rg(-) anomalies. (A similar reduction in the mass limit
can also be seen from Ref. [68], which studies LQ-mediated scalar productions at the LHC. There,
a scalar LQ has six decay modes with roughly equal branching ratios (~ 1/6), bringing down the
direct limit it below 1.5 TeV))
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Figure 2.12: We show the regions in the parameter space of a 1.5 TeV U; surviving the LHC limits
and tha can simultaneously explain the Ry and Rg«) anomalies. The FlavK (yellow), FlavKp
(green) and the blue regions are identical to the ones in Fig. 2.11. We recast the ATLAS search
in the uu + bb/jj channels [94] and add the following couplings—?té3 = 0.006 and Aés =0.93
that are allowed by the LHC and flavour data (see Fig. 2.9a). This relaxes the exclusion limits and
allows the otherwise excluded mass value in the Rg) two-coupling scenarios.

For an illustration, we show the observed uu data [102] and the corresponding SM contributions
in Fig. 2.13. We show the different signal components for M = 1.5 TeV and Aéz =1 (Scenario
RK1A) in the lower panel. Here, #P* = AP + _#* denotes the total number of surviving events
from the pair and single production processes, A2 is for the SM-BSM interference, and A"
denotes the number of pure-BSM nonresonant events. As the interference is destructive in nature
and can be large, the total number of signal events can be positive or negative depending on the

invariant mass of the muons.
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Figure 2.13: The observed M,,, distribution and the corresponding SM contributions from Ref. [102].
We have obtained the errors using Eq. (2.79). (Lower Panel) We show the different signal compon-
ents for a particular mass of U; and benchmark scenario.
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Chapter

3

Combined explanation of multiple anomalies in a singlet-triplet

scalar leptoquark model

3.1 Overview

In the previous chapter, we showed that a 1.5 TeV U; LQ could address the anomalies in the Ry () and
Rp observables [15, 112-122]. However, there are more statistically significant experimental
anomalies. For example, the experimental measurement of the anomalous magnetic moment
of the muon, commonly referred to as (g —2),,, performed by the Muon g — 2 collaboration at
Fermilab [123, 124] deviates from the SM value computed by the Muon g-2 Theory Initiative [ 125-
160]? by 4.20. Moreover, very recently, the CDF collaboration [163] at Fermilab observed a
discrepancy of 7o while measuring the mass of W boson. Various new-physics explanations of the
W -boson mass anomaly have already been proposed in the literature [164-169, 169-204]. We
know that various LQs can resolve different anomalies [31, 37, 45, 63, 205-213]. It is possible

to resolve all these anomalies simultaneously if one considers models with more than one LQ. A

ISimilar to chapter 2, we describe the anomalies as they were till Summer 2022. We discuss the changes due to the

latest updates in Chapter 4.
2Note that if, instead of the e*e™ — hadrons data-driven calculation by the Theory Initiative, the lattice-calculated

value of hadronic vacuum polarisation from the BMW Collaboration [161] is used, the deviation reduces to only

1.60 [162].
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recent experiment at the LHCb detector strongly hints towards the existence of LQs [214] (also
see Ref. [215]). In this chapter, we illustrate this point with a simple setup of two TeV-scale
scalar Leptoquarks (sLQs)—a weak-singlet S; (§, 1,1/ 3) and a weak-triplet S5 (g, 3,1/ 3)—that can
address all these anomalies simultaneously. Apart from being simple, this model is also economical

as it requires only a few free parameters and is testable at the LHC.

3.2 The S; +S; model

Some of the S; + S; models have been studied in different contexts earlier [29, 216-228].The

Yukawa part of the Lagrangian can be written as [9, 10]
Ly 2 x}QS1S, (i05) L] + xR 1S4, + yEQS H(i05) (6 - 85) L] +h.c., 3.1

where we have ignored the diquark interactions. The indices i and j denote the generations of
the SM fermions, while Qgi and Li are the ith-generation (charge-conjugated) quark and lepton
doublets, respectively. The Pauli matrices are denoted by o’s. In general, the couplings x’, x&,
and y! are 3 x 3 complex matrices, but for simplicity, we assume all couplings are real. The triplet

Ss has three components with charges —2/3, 1/3, and 4/3.

3.2.1 Flavour ansatz

Following a similar approach as in the previous chapter, we make an economical flavour ansatz.

We will elaborate on this particular choice of couplings in the following sections,

0 0 0 0 0 0
xXMR=1o0 o x&|; yt=10 yL o], (3.2)
L/R L
0 xj3, 0 0 y35, O

The x'/R coupling matrix corresponds to the singlet sLQ S and the y*/R coupling matrix corresponds
to the triplet sSLQ S5. We point out that the zeros in the coupling matrices are phenomenological and

may not be strictly applicable in specific models [66, 71]. This leads to the following interaction
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Figure 3.1: Here, we show the various diagrams that can contribute to the anomalies. S;, denotes
a scalar LQ. The q¢LQ coupling is shown in red.

terms:

5 3z, (Vea U5 py + Vi CEag + Vi Tp 1) — x5, DYV Vup X3y Egbin +x55 €L 71 1S1 = [y, (BT v Yur
+Viq Gy + Vig 8y + Vi T801) + ¥y (5,0, + Veg 0y + Vi €80y + Vi £001,) 1557
+ V2 yh (Vg @89, + Vi €9, + Vi £9,)552% + V2 y L, (Vig aS v, + Vg €9, + Vi, £,)552/°
~ V2 (y3, b+ y5 54 )S3 . (3.3)
Here, we have assumed the LQ interactions to be aligned with the down quarks and suppressed
the neutrino-mixing matrix (since neutrino mixing would not affect the short-ranged experimental

measurements of the low-energy observables).

3.3 Contribution to the anomalies

3.3.1 W mass

The recent CDF measurement puts the W-boson mass at m$>" = 80.4335+0.0094 GeV [163], about
70 away from its SM value, mW = 80.361+0.006 GeV [229]. The difference can be parameterised
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in terms of the Peskin-Takeuchi parameters (S, T, and U), of which the T parameter is the most
sensitive. In Fig. 3.1a, we show the singlet-triplet model could contribute to the W-boson mass
anomaly. A positive correction to the W-boson mass can come from the triplet scalar if there is a
mass split among two of its components. In order to obtain the required mass split, we consider
a Higg portal to mix different LQs which leads to a mass split after the electroweak symmetry
breaking (EWSB) [230]. The relevant terms of the scalar potential are given as follows,
" " 2 o
Lso — > [M2s]s + AL (H'H)(]S,) + 2, (s/S,)” |- [2H (3 - $3)HS; +he] (3.4
i=1,3

Here, H is the SM Higgs doublet, and M2, lgl_ , Ag,, and A are positive quantities. The charge-1/3
components of the two SLQs (S; and 531 /®) mix in the presence of a nonzero A after EWSB. We get

the following mass matrix for the charge-1/3 fields:

) Ml2 Av2/2
ME = ) E (3.5)
AvE/2 Mg

where M 12 = Mg_ + 7L§I_ v2. An orthogonal transformation can diagonalise it:
L 1

S| [ cos® sinf S, 3.6)
S, |\ —sin@ coso Sé/?’ '

where S, are the mass eigenstates with masses m., and 6 is the mixing angle:

ME = % [M§ + My £ %\/ (2 —m3)" + (Av2/2)2J, (3.7)
1 [ Av?)/2
06 = Etan ! (m) €[—mn/4,m/4]. (3.8)

Due to the §; < S;/ 3 mixing, a mass split is induced among the components of S5. This shifts
the T parameter and induces a shift in the W mass (the sLQ-induced corrections to the oblique

parameters are studied in Ref. [231]). In the S; + S5 model, the shift of the T parameter, AT, is

given by
3 1
AT = ——— [F(Ms, M_)cj + F(Ms, M,)s; ], 3.9)
47sy,, my,

where sy, is the sine of the Weinberg angle, cy = cos(0) and sg = sin(0). The function F(m,, my)

is given as
2m2?m? m?
F(ma,mb)=m§+m§—%bzlog(—;). (3.10)
mg —m; my,

It goes to zero in the limit m, = m;. The W-boson mass is connected to the oblique parameters

through the following relation:

2 .2 2 2

a,com AS Cc,, —S
Am%vz%[——+c5vAT+ LA WAU}, (3.11)

iy — Sy 2 4s:,
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where a is the fine-structure constant at the Z pole and Cgv =1 —s%v. In our model, the S and U
parameters do not shift significantly. The sign of AM = M3 — M, is important; we use AM > 0
in our analysis. We find that a slight mass difference, AM = M; — M; ~ 25 GeV, is necessary to

explain the W-mass anomaly. The choice of the LQ mass will be explained later.

3.3.2 Anomalous magnetic moment of muon (g —2),

The recent experimental measurement of the anomalous magnetic moment of the muon- (g —2),
by the Muon g — 2 collaboration at Fermilab and the earlier result by the E821 experiment at the
Brookhaven Lab put it at aEXp = 116592061(41) x 107!1, The SM predicted value computed by
the Muon (g-2) Theory initiative is given as, a =116591810(43) x 107!, Thus, this leads to
a discrepancy of 4.20, Aa, = aEXp SM = (2. 51 +0.59) x 107°. In our model the S, and 54/3
contribute to the (g — 2)M (see Fig. 3.1b) From the flavour ansatz in Eq. (3.2), the following

L/R L/R

couplings can contribute: xg; ", y32, and y,, . Package-X [232] gives the total contribution to Aa,,

as,

Nc mH t 2 m
A, = 16m2| M2 6 §ln 2x32x3zvb39+x32y3zvb529 +x32y22Vb529)
1 m‘z‘ 2 2 2 2
+6—2{(|x32| Ve + 15, 2) 55+ (15 Ve + 1y, V)c9+x32y32V529}
+
m,m, (7 2
BRY? {6 ( )}(2)(323632 tbcg x?zy:'fzvtbsw_ngyszVcbsze)
m 2
U
6_2{(|x32|2V +|x32|2)c +(|.V32|2V +1y3, 7V, ) —X§2y§2Vt529}
m 5
___“(| L2 L2
Yool + 722 )] (3.12)
2 (V32 22
3 M3

Here, V, = |V,q|2 + V5|2 + |V, |? and V, = |V, 4|? + |V.s|> + |V.|?. The terms contributing to the
Aa,, can be categorised into two types: 1) the chirality-preserving terms, where the chiralities of
the initial and final muons are identical (these terms contribute as mi) and 2) the chirality-flipping
terms where the initial and final muons have opposite chiralities and they contribute as m,m,
(g is the quark that runs in the loop). If we consider the quark running in the loop to be the top
quark then, the muon g —2 discrepancy can be accommodated with perturbative couplings without
conflicting with the current LHC data. We primarily consider the x32/ couplings of the S; for this
purpose.
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3.3.3 Ry observables

In the previous chapter, we mentioned that in SM, the b — suu decay occurs through loop diagrams.
Similarly, the S; sLQ also contributes to the decay at the loop level. Thus, the S; would require
large Yukawa couplings to resolve the Ry anomalies. Such large couplings would either be ruled
out or would be in tension with the LHC data. However, we find that the 4/3 component of S;
(S;r / 3) can contribute to the observables at the tree level (see Fig. 3.1c). We see that the required
interactions are busg/ % and susg/ 3, Thus, in the flavour ansatz, we set the yéz and yZL2 couplings
to nonzero. (It is possible to get the necessary interactions with only one of the couplings if the S;
is aligned with the up-type quarks. The other coupling can then be generated through CKM mixing.
However, since the CKM off-diagonal elements are small, the coupling must necessarily be large
and hence will be in conflict with the LHC data.) The two non-zero couplings generate two Wilson
operators, Oy = (5y,P;b) (fy*w) and 0,9 = (Sy,P.b) (mf"‘}fs,u), relevant for the Ry observables.

We express the corresponding coefficients in terms of the model parameters,

L, L
_ _ v? Y32Y00
69 =—%10 —

— (3.13)
aVp Vi M2

The global fit for €y = —%,( put them at —0.39t8:8; [233, 234]. . The negative value implies both

the Yukawa couplings are either positive or negative since V,, is also negative.

3.3.4 Rj. observables

In Fig. 3.1d, we show how the charge-1/3 components in the model, S., can contribute to the
Rp) observables at the tree level via bvS; and ctS; couplings. These couplings are generated
by nonzero x%, and x5, couplings. The product x3,x5, needs to be (1) for TeV-scale LQs to
explain the R anomalies. (One could also assume the coupling xés to be nonzero. However, it
would create a tension between the recent Ry” measurements and the products y2,x2, or x5, x2,.
This can be mitigated by adding some constraints as done in [216].) Based on the interactions in
Eq. (3.3), the coefficient of the operators 05, = (¢P;b)(TP,v) and O, = (co""P;b) (%GWPL v)

can be written as

L R.2 L R.2 L R L R
G = —dpg. = -1 [xszxzsce X32%X2359 | Y32X23C080  V32X353€050 :I (3.14)
S, — p T, — 2 P 2 2 .
442V, Gg- M? M? M? M2

The p = p(my, M) is the modification due to the running of the strong coupling [235]. In our
model, the coupling x§2 produces a second-generation neutrino in the b — ¢t v process. Whereas

in the SM, the same process will produce a third-generation neutrino. Hence, the 05, and 0y, in
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our model will not interfere with the corresponding SM operators. These operators contribute to

the Rp F(D*) and P.(D*) observables (Refer to the 2 for the expressions and the values). They

contribute to the R observables as [18]

R
rp = RS—@[ ~ 1+1.02 (%5, [*+0.9 |6, >+ 1.49 Re[ 65, | + 1.14 Re[ 67, |,
D

Rp-
Fpe = RSLM ~ 1+0.04 |6, [*+16.07 |y, |*—0.11 Re[ 65, | —5.12 Re[ 6, | .

D

The current averages are [63]
rp=1.137+0.101 and rp. = 1.144 + 0.057.

The 05, and 0y, operators also contribute to the F;(D*) and P;(D*) observables as,

FL(D*) 1
D=2~ 1+0.08 |45 |* +7.02 |6y, |*
D)= i ~ ool s, 6,
—0.24Re[ %, ]—4.37Re[ %, ] }.
p.(D* 1
p.(D¥) = HCHIN {1—0.07|<€SL|2—1.86><|‘€TL|2

PSM(D*) "~ rp.
+0.22 Re[ %, ] —3.37 Re[%y, ] }.

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

The couplings that play a role in explaining the B-anomalies can also contribute to the flavour-

changing neutral-current (FCNC) process b — svv. In the SM, this process occurs via a loop and is

suppressed by the Glashow-Iliopoulos-Maiani (GIM) mechanism. There are some ways to avoid

a large contribution to Ry” while generating the necessary contribution to the Ry observables.

For example, Ref. [216] imposes a discrete symmetry to control the couplings with the fermions.

We don’t follow such an approach here. In our model, the R;” observable receives the following

correction [235]:

L L 2 L L 2 L L
RY=1+ o Y32Y225¢ +y32y22c9 +x32}’2259C9
€7 3212 M2 M2 Ve
th " ts - + —
L, L 2 L ,L .2 L L .2
_X32y2259 Co i 2.9/ y32y2286 " }’32.)’22C9
Mi 3thvts ME M_%_
L L L L
+X32y2259C9 _ X35Y5256Co
M2 M2

(3.20)

where ./ = v27?/(e*Gp|C;M|) with C;M &~ —6.38 [235]. In the following section, we show that

our choice of couplings does not create any tension between the Rp) observables and the R;”

measurements.

57



Observable

Relevant couplings

Experimental bounds

RY

BR(T — uy)
BR(B, — 77)
f1.(D¥)

p-(D*)

&g, (Z — pp)
&g (Z — )
5ng(Z —77)

X390 Y320 Y3 [235]
X335 X335 Y33 Yz [227]
X35, X33, Y35 [235]
X35, X33, V5, [18]
X35, X53, V3, [18]
X3» Ya2> Yz [235]
x5, [235]

<2.7[236
< 4.4 x 1078237
<10%[79

1.277+ 0.193 [238, 239

0.766+ 1.093 [63
(0.3+1.1) x 1073 [240
(0.24+1.3) x 1073 [240

]
]
]
]
]
]
]
xR, [235] (0.66 £ 0.66) x 1072 [240]
]
]
]
]
]
]

BR(D° — upu) xb, vk, yb[235] <7.6x107°[241
BR(T — ppup) Xy X3, Vi Yy [227] <2.1x1078[242
BR(K — uv) X35, Yans Yy [235] (63.56+£0.11)% [243
BR(D, — uv) xk vk vk [235] (0.543 £ 0.015)% [243
BR(B — uv) X35, Y55, Yoy [235] 8.6 x 1077 [243
Am(BY —B?) Yan Yoy [219, 227] (0.993 +0.158)Am5™ [244, 245

Table 3.1: Here, we list all the relevant low-energy observables sensitive to the new Yukawa
couplings. BR(x — y) denotes the branching ratio of the x — y decay. We use the “x” symbol to
denote the couplings that contribute through off-diagonal CKM terms.

3.4 Bounds

We show a comprehensive list of all the relevant low-energy experimental bounds that our model
obeys in Table 3.1. In addition to being economical and providing a simultaneous solution to the
relevant anomalies, we ensure that our model is testable at the LHC by considering the LQ mass
around the TeV scale. We choose M; = 1.5 TeV and M3 = 1.525 TeV. This gives us a mass difference
of AM = M5 — M; ~ 25 GeV, which is necessary to explain the W-mass anomaly. Currently, there
is no bound on the Higgs-portal coupling, A, that controls the mixing between S; and S;; we set it

to 1. Below we explain our rationale for considering this mass value.

3.4.1 LHC bounds

As before, we systematically consider all the appropriate LHC bounds (direct [101, 102, 246-249]

and indirect ones) on the S; + S; parameter space.

Direct bounds:
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395 xéz, )’3Lz and yZLZ), one obtains the

(a) Based on the flavour ansatz in Eq. (3.2) (i.e xgs, X
following decay modes: tu, bv,cT,sv, and cu for the charge-1/3 sLQs. Our analysis shows
that the x§2 coupling tends to be small in the favoured parameter regions (see the following
Results section). Also, if we ignore the CKM-suppressed decay modes of the 1/3 sLQ, the
left-handed couplings lead to two decay modes and the right-handed ones lead to a single
decay mode. Hence, we can infer that these decay modes individually cannot have more
than 50% BR. Among these final states, the ¢t mode does not have a direct search limit.

Whereas the strongest bound is obtained as 1.4 TeV in the cu mode [249] with 50% BR.

(b) Based on the couplings, y?fz and ysz, the limits on the S 2/3 decaying mainly to t v, cv final

states are weak.

(c) We find that the strongest collider bound on our model setup comes from the direct limits
on the charge-4/3 component of S, (S;'/ %) decays to bu and su decay modes via yéz and
ysz couplings, respectively. The ATLAS Collaboration has put the lower limit on SLQs
that decay to the bu and uj final states with a 100% BR at 1721 and 1733 GeV [249]
respectively. Now, for these direct limits to come down to our desired mass value of 1.5
TeV, we find that the branching ratio BR(Sg/ 3 b(s)u) < 0.53 (0.6). Since, the branching
ratio BR(S;‘/3 — bu) + BR(Sg/3 — su) = 1, thus this leads to the couplings |y§2| and |y2LZ| be

closer to each other in our case. We show this in Figs. 3.5b and 3.5c.

Indirect bounds: In the previous chapter, we highlighted the techniques and the importance of
considering the indirect bounds from the LHC data. We explained that our methods were generic,

and here we use it on the S; + S3 model.

We obtain the indirect bounds on the coupling parameters recasting the latest high-p; dilepton
data [101, 102]. We systematically consider all the production modes [91, 250] of the LQs that
lead to a pair of leptons in the final states. We show the various production modes of sLQ in
Fig. 3.2. We briefly mention the various production modes here (for a detailed description, refer
to Chapter 2). Since the high-p; searches are agnostic about the number of associated jets, these

production modes can contribute to the dilepton final states.

(a) The resonant production modes of sLQs comprises of pair production and single production
processes. In the pair production mode, the sLQ decays to a lepton and a quark, and thus,
we obtain dileptons and jets in the final state (pp — S;S;q — €€ +2j). The pair production
processes are mostly QCD-mediated (see Fig. 3.2a). Thus, the new couplings mainly feature

in the BRs. In the case of the single production process, a LQ is produced along with a lepton
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Figure 3.2: The Feynman diagrams for various production modes of the LQ at the LHC.

and/or a jet (pp — Syl /S;olj — £+ jet(s)). The single production depends on the new
coupling as A2 [98, 99].

(b) The nonresonant production modes of sLQs include the dilepton production from the t-
channel LQ exchange (See Fig. 3.2c) and its interference with the SM dilepton production.
For the t-channel and interference process, the new coupling contribution to the cross section
scales as A% and A2 respectively (also see Ref. [91]). Since we considered a 1.5 TeV sLQ for
our analysis, we found that the resonant productions are suppressed than the nonresonant
processes. The suppression is more in the case of sLQs than in the case of vLQs such as Uj.
Hence, we consider only the nonresonant contributions to obtain the indirect limits on the

new couplings.

We use publically available packages such as FEYNRULES [103] to generate the UNIVERSAL FEYN-
RULES OUTPUT [104] files. We use MADGRAPHS5 [105] to generate parton-level events from the
nonresonant processes. These events are then passed through PYTHIA6 [107] for showering and
hadronisation. We use DELPHES V3 [110] to simulate the detector environments. Following what
we did in chapter 2, we recast the Dilepton data from Refs. [101, 102] following the y? fitting

technique as shown in chapter 2 to obtain the indirect limits on the Yukawa couplings.

3.5 Results

The current LHC data prevent the sLQs to be lighter than about 1.5 TeV. Thus, in order to explain the
W-mass anomaly, we consider M; = 1.5 TeV and M5 = 1.525 TeV. This gives us a slight difference
of AM = M5 — M; ~ 25 GeV required to explain the anomaly. We perform a parameter scan of the
five nonzero couplings in order to obtain the parameter regions that can provide a simultaneous

explanation. In addition to this, we also ensure that the parameter regions satisfy the relevant
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experimental constraints listed in Table 3.1. These parameter regions are shown in green color in
Fig 3.3, Fig 3.4, and Fig 3.5. In these figures, the indirect bounds are shown with dot-dashed lines.
The blue regions are the ones that can simultaneously explain the anomalies, satisfy the necessary
experimental bounds, and are allowed by the LHC’s direct and indirect limits. The number of
couplings ensures that our model is minimal. The mass scale makes our model testable at the
LHC. As one can see the current LHC bounds severely restrict the parameter space of the 1.5 TeV
LQs. The LHC data do not allow the LQ mass scale to be smaller than ~ 1.5 TeV. It is evident from
Figs. 3.5b and 3.5c that the 6y = —%, global fit implies that both | y§2| and | y2LZ| cannot be large
simultaneously; whereas the LHC direct limits on S:,'/ 3 require | y§2| ~ | ysz|, severely constricting
the parameter space. For a lighter LQ mass, the upper limit on BR(S,j/ S b(s)u) will be tighter and
impossible to satisfy. One could always introduce new large couplings which would reduce the BR
of the restrictive modes and reduce the direct limits on the mass scale. But introducing additional
couplings makes the model appear less appealing and fine-tuned. One could also consider a heavier
LQ which would enhance the allowed parameter regions as heavier LQs are less constrained by the
low energy and LHC bounds. However, the trade-off is that they would require large couplings to
accommodate the anomalies. We find that if we restrict all the couplings to the perturbative and
add no additional couplings, then the upper bound on the LQ mass scale, i.e. the heaviest it can go
is about 8 TeV. Our model also points to the exotic signatures the LHC could use to probe for LQs

. . . R L
such as c¢t, tu coming from the cross-generational couplings such as x5, x3,.
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Figure 3.3: The light-green color denotes the regions that simultaneously explain the W-mass,
muon g — 2, Rgx, and Ry anomalies without violating the limits shown in Table 3.1. The blue
color denotes the regions that explain the anomalies simultaneously and also is allowed by the
LHC’s direct and indirect searches. The dot-dashed lines described the bounds coming from the
LHC’s indirect limits—recasting the high-p; dilepton data. These plots are self-explanatory.
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Figure 3.4: The description of the colored regions and the dashed lines is identical to Fig. 3.3.
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Figure 3.5: Here, Fig. 3.5c is the same as Fig. 3.5b with higher magnification. Rest of the description

is same as Fig. 3.3.
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Chapter

4

Status update on the B anomalies

The recent experiments at the LHCb have updated the measurements of the Rg) and Ry observ-
ables. The Rg() numbers are as follows [251, 252],

low— ¢ Rg =0.9947009 (stat)"3:9% (syst), )
Rg. =0.92770:09 (stat)*5-93¢ (syst),
— 0.042 0.022
central — g? Ry = 0.94977 01 (stat) Tg g (syst), 4.2)
Rg. =1.027%0072(stat)*0-027 (syst),

These measurements are compatible with the SM predictions. In other words, the anomalies in
the Ry have vanished and their latest values should be treated as another bound on the relevant
BSM models. Recent experiments have also updated the values of the Ry [253]. The latest values

stand as,

Rp« =0.284+£0.013,
. (4.3)
Rp =0.356+0.029
The Ry and R, values exceed the SM predictions by 2.00 and 2.20, respectively. However, the

combined R still has a deviation of 3.30 from the SM predicted value.

The change in the combined Ry anomaly is not drastic, the tension between the experimental
measurements and the SM values has decreased slightly. Hence, our analysis on the R scenarios
in chapter 2 are still valid—the LHC limits (the focus of our study) do not change but the relevant
parameter spaces open up. For example, in Fig. 4.1, we show the updated favoured regions in some

viable Rp scenarios. Fig. 4.1a indicates that in Scenario RD1B, the high-p; 77 limits still rule
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Figure 4.1: We show the updated figures for the R motivated scenarios.
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Figure 4.2: We show the updated flavour regions for the recent experimental update of the Rg
observables.
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out most of the favoured region but the narrow strip that was allowed in Fig. 2.8b widens a little.
(Scenario RD1A remains completely ruled out.) In the two-coupling scenarios, Scenario RD2A and

Scenario RD2B, the changes in the flavour-favoured regions are minimal (see Figs. 4.1c and 4.1d).

However, with the Rg) anomalies disappearing, the immediate motivation behind the Ry
scenarios vanishes. Nevertheless, in the scenarios where the coupling(s) needed to address the
anomalies were small or consistent with zero (see Figs. 2.10 and 2.11), the regions consistent
with the low energy bounds (including the latest Rxy) would not change drastically but contract
towards the x axis. Hence, our conclusions will not be affected. Among the exceptions, we show
the updated plot for Scenario RK1A in Fig. 4.2. We see that the FlavK region has come down (the
B,-B, mixing data prevent it become zero). To obtain this, we have used the updated global fit for
the scenarios satisfying ‘69U = —‘61%1 from Ref [254]. The corresponding two-coupling scenario,

Scenario RK2A shows similar behaviour.

In Figs. 4.3, 4.4 and 4.5, we show the updated plots for the singlet-triplet scalar model
described in chapter 3. The changes are minor and we observe that the blue-coloured regions (that
explain the anomalies and survive the low-energy experimental and LHC bounds) decrease slightly.
This implies that the updated measurements have reduced the scope for such a construction with
1.5 TeV LQs, although it still remains a valid and testable (and hence interesting) possibility to

address the existing anomalies.
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Figure 4.3: The light-green colour denotes the regions that simultaneously explain the W-mass,
muon g — 2, Rgx, and Ry anomalies without violating the limits shown in Table 3.1. The blue
colour denotes the regions that explain the anomalies simultaneously and also is allowed by the
LHC’s direct and indirect searches. The dot-dashed lines described the bounds coming from the
LHC’s indirect limits—recasting the high-p; dilepton data. These plots are self-explanatory.
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Part 11

Prospects at the HL-LHC
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Chapter

O

Searching for leptoquarks with boosted top quarks and high-p;

leptons

The LHC has been actively looking for LQs for a while now. In Chapter 2, we discussed the current
searches for LQs in various final states [246, 248, 255-257] and listed the bounds on them. Here,
we discuss the discovery prospects of LQs in the future run of the LHC, namely the High Luminosity
LHC (HL-LHC). We investigate the prospects of all possible scalar and vector LQs decaying to top
quarks and charged leptons. TeV-scale LQs decaying to a top quark and a charged lepton give
rise to an exotic and interesting resonant system of a boosted top quark and a high-p; lepton. In
most prospect studies, one generally focuses on the pair production of LQs. However, the pair
production mode is good for producing only low-mass L.Qs; as the masses go up, its contribution falls
down rapidly due to phase-space suppression. Hence, we consider the contributions from model-
dependent single production mode as well. The single production contribution scales as A2 (LQ-q-£
coupling). So for €(1) or larger couplings, the single production contribution becomes significant.
We show that if one systematically combines the pair and single production events [64, 98-100],

then one could significantly enhance the discovery/exclusion prospects of the LQs at the HL-LHC.
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5.1 Scalar leptoquarks (sLQs)

We look at scalar Leptoquarks (sLQs) that decay to a top quark and a charged lepton £. Below, we
list the possible sLQs with charge-1/3, 2/3, and 5/3 (Ref. [9, 10, 76, 77]).

S; =(3,1,1/3): The interaction Lagrangian of the sLQ S; which we encountered in Eq. (3.1)

in chapter 3 can be written as follows:
Ci 277 ic p
=2 DJ’llJQL S1i0“L +y1UuR Sz +H.c, (5.1)

where uy and £, are a right-handed up-type quark and a charged lepton, respectively and Q;
and L; are the left-handed quark and lepton doublets, respectively. The superscript C denotes
charge conjugation, and o is the second Pauli matrix. The generation indices are denoted by
i,j ={1, 2, 3}. We suppress the colour indices. The terms relevant to our analysis are given as

(Following the notations of Ref. [10])

£ 2yt (=by vy +E701) 81+ y5E, EGlrSy + Hee. (5.2)

We write the neutrinos as v as the LHC is flavour blind.

S3 = (3,3,1/3): We show the interaction Lagrangian of a weak triplet sLQ S;.

%> yBUQCla abgkskyber ) + Hee (5.3)

Here, we denote the SU(2) indices by a, b,c = {1, 2}. We consider the terms relevant to our

analysis.

£ 5 -y3y, [(vaL +%0,)83 + «/E(BEZLS;‘B — Evasgz/s)] +H.c.

R, =(3,2,7/6): The Lagrangian terms for the R, sLQ is given as,

L7) —ygf]u;{RaeabLi by yzLie{zRa *QiL’a +h.c.
On expanding we get,

5/3 - 2/3 5/3 2/3
< D—yéugj trl, R, / +y§L3] tr VLR, / + ¥R 3 rtR, / "+ yiR i3 rb.R; 3 4

74



5.2 Vector leptoquarks (VLQs)

Similarly, we look at the vLQs that can decay to a top quark and a charged lepton.

U; = (3,1,5/3): The vLQ U is charged 5/3. Thus, it couples only with the right-handed

leptons.
& o R aby" 0y b5+ Hee. (5.4)
For our analysis, we have
2> %% tp(y-Up)er+He, (5.5)

U; = (3,1,2/3): As seen in Eq. (2.12), the required terms for the charge-2/3 U; vLQ is

given as,

£ >t QuytUL Ly + %, dpy!Uy by +Hee. (5.6)

Expanding it we get,

2 :)Xflé] {EL ('}’ * Ul) VL + BL ('}’ * U]_)EL} +x}12j33 BR ('}’ * UI)ZR +H.C. (5.7)

V, = (3,2,5/6): For V,, the Lagrangian is as follows:

RL 5Ci byjb LR ACia byb pJ
£ D xyy; dg'yMVy €Ly + X, HyteV,y Ly + Hee. (5.8)

J ij €L

Expanding the Lagrangian and writing the required terms, we get,

L7 —nggjf)g {(y . V21/3) v, — (y . V24/3)£L} +x§}éj {ELC (}f . V21/3)_ Bg (y . V24/3)}£R + H.c.

(5.9
V, = (3,2,—1/6): For V,, the Lagrangian is given as,
O R 10
The terms with the vLQs interacting with top quarks and leptons are given as,
- - ~1/3 7—2/3
25884 {-(r 0o (r 0,7 ke s
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Us; = (3,3,2/3): The necessary interaction terms for the weak triplet Us are given as,

- ab ib
25 xL Qv (o*uk ) 1 + He. (5.12)

The terms for the third-generation fermions can be written explicitly as,

£ > xkLL

33j{—BL(y-U32/3)£L+EL(}/-U§/3)VL+\/§BL(}/-U;US) vL+1/§EL(Y-U§/3)€L}+H.c.

(5.13)

As mentioned in chapter 2, the Lagrangian of the vL.Qs contain an additional gauge coupling,

k [10].

L= 1"+ My 2yt =g g, Ty G, (5.14)

where y,, is the field-strength tensor of generic vLQ, y. The cross section of pair and single
production processes get contribution from k. We consider two benchmark values, k = 0 and

Kk =1.

5.3 Simplified phenomenological models

For our analysis, we propose some simplified Lagrangians that are easier to implement in collider

searches:
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£ > M{vm ELC€L+1/77R EEER}¢1+AVB]?VL¢1’

+H.c., (5.15)
< > ie{mBReﬁmBLeR}qsﬂivavL@

+H.c., (5.16)
% > ig{MER€L+@EL€R}¢5+H.c., (5.17)

Z > Ag{m 2 (r - 71 b + VAT fg(y-xlm}

+ A, b5 (y- x1) v, +He, (5.18)
2 5 Ao VIR Bl )t VAT B 1) )

+A, &, (y-x) v, +Hec, (5.19)
2 5 MV B0 G VB G0

+Hec. (5.20)

Here, a charged 1/3, 2/3 and 5/3 sLQ is denoted as ¢, ¢, and ¢ and similar charged vLQs
are denoted as y;, y, and ys respectively. Here, n; and g = 1 —n; are the charged lepton
chirality fractions [64, 98]; thus, it tells us the fraction of leptons coming from LQ decays that
left-handed and right-handed. In Eq. (5.19), €y is a parameter that can be used to obtain a relative
sign between the left-handed and the right-handed terms. We consider real couplings for simplicity.
Now, we introduce some benchmark scenarios based on the chirality of the leptons. The goal is
to show that, in each scenario, one can map our simplified LQ models to the relevant LQ models

within the Buchmiiller-Riickl-Wyler classifications.

* Left-handed couplings with the same sign (LCSS:) For the scalar case, in Eq. (5.15), we
set Ay = A, and N = 0. The ¢; LQ couples to the left-handed ¢s. In this scenario, the ¢,
can be mapped to the sLQ S; /3 and the coupling corresponds to —y?f% i The sLQ ¢; decays
to t-¢ and b-» with 50% branching ratios (BR). In case of vLQs, we set Ay = A, and n; = 1
in Eq. (5.19). Here, y, behaves as a U; vLQ with A, = A, = X{3;- %2 decays to tv or bl with
equal BR.

* Left-handed couplings with opposite sign (LCOS): This scenario is similar to above, except
the couplings for the sLQs are set as A, = —A,, and in the case of vLQs, we consider A, = —A,,.
Here the ¢, corresponds to the sLQ S; and the couplings are given as ylLL3 i Similar to

the previous scenario, ¢, decays to t-¢ and b-v with 50% BR. In this scenario, the vLQ ¥,
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Figure 5.1: We show the various production processes of LQ at the LHC. (a) and (b) ((e) and (f))
show the pair production of the sLQs (VLQs). Similarly, (c¢) and (d) ((g) and (h)) show the single
production of the sLQs (VLQs).
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2/3

corresponds to U;"” and the corresponding coupling being —xé,bfj. The branching ratio of y,

is the same as in the previous scenario.

* Left Coupling (LC): In this scenario, we set 1; in Eq. (5.17) to one. We look at the LQs
exclusively couplings to left-handed leptons. Here, ¢, maps to (83_ 2/ 3)1 and iv maps to

(\/_ 3’331) The sLQ ¢, can also map to RZ/ ® and )AL maps to the coupling yg?fj. In both

>/% and the simplified

cases, ¢, decays only to top and ». In Eq. (5.17), the sLQ ¢5 maps to R,
coupling M maps to yzL But here they decay to top and T with 100% BR. In the case of
vLQs, we set 1; in Eq. (5.18) and (5.20) to one. The vLQ y; corresponds to Vz/ and A,
corresponds to the actual coupling x§L3 i The charge-2/3 vLQ y, maps to (\7_2/ B)T and
the coupling A, maps to (x2 33) In Eq. (5.20), x5 and coupling A, maps to vLQ US/ ® and
coupling v2 x3 3j2 respectively. In this scenario, y; and ys decay to tt with 100% BR and

%o decays to tv with similar BR.

* Right Coupling (RC): In this scenario, we set N = 1 in Eq. 5.15 and 5.17 for the simplified
sLQ models and in Eq. 5.18 and 5.20 for the vLQs. Here, the LQs exclusively couple to
right-handed leptons as they have no weak charge. In the case of SLQs, ¢; and ¢ s correspond
to the standard LQs S; and Rg/ 3 respectively, and the simplified couplings—A, and ig map to
yf};j and yéugj respectively. Both these sLQs decay to the t¢ mode with 100% BR. The vLQs

%1 and ys map to Vl/ ® and U, respectively. The simplified couplings A, and A, map to the

actual coupling as x2 ; and x . The decay mode and the BR are similar to the sLQs.

3j

* Right (lepton) left (neutrino) couplings with the same sign (RLCSS): Here, we set ﬁe =
)L and /g = 1 in Eq. (5.16). The ¢, maps to RZ/3
y2 33 (y2 33)*. Here, ¢, decays to tv and b{ with a branching ratio of 50%. Similarly, in

and the coupling relation maps as

the case of vLQs we consider ,/nz =1 and A, = A,. The generic vLQ y; corresponds to the
standard LQ Vl/ and the coupling relation map as x2 3 = x2 3 The decay modes of y; are
t¢ and by with 50% BR.

* Right (lepton) left (neutrino) couplings with the opposite sign (RLCOS): This scenario
is similar to the previous one, except that here the coupling relation is ig = —iv in case of
sLQ and A, = —A, in case of vLQ. The generic LQs ¢, and y; map to the similar standard
scalar and vector LQ from the previous scenario. Similar to the previous scenario, ¢, decays

to tv and bf with 50% BR and y; decays to t{ and bv with similar BR.

We summarise the mapping of the simplified Lagrangians to the standard LQ models in
Table 5.1 with various benchmark scenarios. In Fig. 5.2, we show the parton-level cross sections

of different production processes of sLQs. The single production processes are computed for
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Simplified models [Egs. (5.15) — (5.20)]

LQ models [Egs. (5.2) — (5.13)]

Nonzero Charged Nonzero Branchin
Benchmark Possible Type of . lepton Type of . Decay . J
scenario charge(s) LQ couplings chirality LQ coupling mode(s) ratios(s)
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Figure 5.2: Here, we show the parton-level cross sections of the different production modes of
sLQs (¢1, ¢, and ¢s) at the 14 TeV LHC as functions of My . We compute the single production
processes for a benchmark coupling A = 1. We include both the ¢;7j and ¢, 7t in the single
production process. j includes all the light jets and b-jets. We generate these cross sections with a
generational level cut on the transverse momentum of the jet, p% > 20 GeV.

A/A = 1. We point out the role of single production processes at higher masses. With order one
A (or A), it is possible for some single production modes to have bigger cross sections than the
pair production in the mass range of our interest. The single production process [pp — ¢,£j] in
the LCOS scenario overcomes the pair production only for My > 2.2 TeV] whereas in the LCSS
scenario, it overcomes at a much lesser mass Mgy Z 1 TeV. This happens because, in the LCOS
scenario, the diagrams 5.1c and 5.1d in the single production channel interfere destructively, and
in the LCSS scenario, they interfere constructively. However, the cross section in both scenarios is
the same for the single production channel pp — ¢£t. In the RC scenario, the single production
channel [(pp — ¢£j)] is smaller than the pair production process. The cross-section is small
because ¢, doesn’t couple to a b quark or a left-handed top quark. Thus, the top quark cannot
couple with the W boson and can do so only via chirality flipping. A similar situation arises in
the case of ¢ in the LC scenario. Here, the ¢ couples exclusively to right-handed tops. Single
production cross sections vary as the square of the new coupling A or A. For the RLCOS and
RLCSS scenarios, we show a ¢, decaying to tv and bf. From Fig. 5.2c, we can see that the
single production channel doesn’t overtake the pair production mode till My % 2.5 TeV. In the LC
scenario, pp — y17j overtakes the pair production processes at 2.6 TeV for k = 1 [Fig. 5.3g], but
the cross section for the similar y; 7t process remains lower. In the RC scenario, we find that the
o(pp — yx1Lj) process is reduced by almost 2 orders of magnitude compared to that in the LC
scenario. This happens because in the RC scenario, a y; couples to a right-handed top that comes
from another left-handed top generated in the charged-current interaction through a chirality flip.
In the case of vLQs, the LCSS and LCOS scenarios are equivalent. The single production cross
sections are the same, as there are no interfering diagrams. For y,, pair production pp — y,x2

always dominates over single production pp — y,tv up to a mass of 3 TeV with A =1 coupling
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Figure 5.3: In (a), (b), and (c), we show the parton-level cross section of the different production
modes of y;, x5, and ys, respectively for k = 0 and in (d), (e), and (f), we show the production
modes of y1, y,, and ys, respectively for k = 1. In these Figures, { denotes light leptons only.
However, in Figs.(g), (h), and (i), we show the single production of y, along with a T and a 7j.
The generation level cut includes a cut on the transverse momentum of the jet, p]T > 20 GeV.
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for both k = 0 and k = 1. In this case, we obtain a tt plus large F signature which was ana-

lysed in Ref. [97]. The y5 vLQ is similar to the y; and one obtains similar signatures at the colliders.

5.4 LHC phenomenology

We have discussed the publically available relevant computational packages in the previ-
ous chapters 2. The UFO model files are generated by encoding the simplified Lagrangians in
FEYNRULES [103]. We generate signal and background events using MADGRAPH5 [105]. The
next-to-leading order (NLO) QCD K-factor of 1.3 [51, 258] is available only for the pair production
cross sections of sSLQs. We use NNPDF2.3LO [106] parton distribution functions with dynamical
renormalization and factorization scales set equal to the mass of the LQs. Showering and hadroniz-
ation of the generated events are done using PYTHIA6 [107] and the detector simulation is done
via DELPHES3 [110].

5.4.1 Production at the LHC

We have discussed the various production modes of LQs in the previous chapters 2 and 3.
Here, we consider their resonant modes of production— pair and single production. The pair

production channels for the sLQs and vL.Qs are given as,

P19/ 210 = (£0)(el)/(e)(bv)/(bv)(b)
pp =\ $292/2222 — (V) (&v)/(£v)(b)/(bL)(bL)

Psds/xsxs — (t£)(tl)
(5.21)

In Eq. (5.21), we include the symmetric and asymmetric decay modes of the pair-produced scalar
and vector L.Qs. In symmetric decay modes, the pair of LQs decay to the same final states—¢;¢; —
(t£)(tf). Whereas, in the asymmetric mode, they decay to different final states—¢,¢; — (t£)(bv).
We perform prospect study for symmetric and asymmetric decays modes of sL.Qs and vL.Qs decaying
top quark and lepton (Ref. [64, 78, 259]). It is generally believed that the symmetric modes have
good discovery prospects [260]. However, the asymmetric modes can be equally or more promising
than the symmetric modes as their contributions becomes significant due to combinatorics. We

ignore decay modes that do not contain a top quark or a lepton (£) in the final state.
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The possible symmetric and asymmetric single production modes are as follows,

¢1/x1tl — (tO)tl/(bv)tL
pp — ¢1/x1 by (t&)bv/(bv)by , (5.22)

d1/x1ti — O/ (bv)Ej
a2/ x2tv — (t)tv/(bl)tv

!

pp - ¢/ xs b — (tv)bL/(bL)bL ¢, (5.23)
balxavi = (EV)vi/(bO)v]
¢s/xstl — (t0)tl
- . (5.24)
PP { bs/asti — (tOL] }

The three-body single production process, where a sLQ/VLQ is produced along with a jet
and a lepton, can have similar final states as the pair production process. Hence, we show that
systematically combining contributions from the single production process can help achieve higher

discovery reach.

5.5 Search strategy

5.5.1 Signal topologies

We consider scalar and vector LQs that mainly decay to boosted top quarks and high py leptons.
Thus, we assume an interesting signal topology of a hadronically decaying top quark and exactly two
high-p; same-flavor-opposite-sign (SFOS) leptons in the final state. Since we analyze symmetric

and asymmetric modes of production, we consider the following types of signatures,

1. Signature A (t;££): At least one hadronically decaying top quark forming a fatjet and exactly
two high-p same-flavor-opposite-sign (SFOS) light leptons t,£*£~. This signal is considered
to analyse the collider prospect of vLQs (Refer to [78]).

2. Signature B: While investigating the collider prospects of sLQs and vL.Qs decaying to a top
quark and 7 (Ref [259]), we find the necessity to consider two distinct signal topologies

because the 7 decays hadronically and leptonically.
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— Signature B.1 (¢, 7,7y + t; 7, T,): At least one hadronically-decaying top quark along
with either two hadronically-decaying T leptons (t;,T,T) or a hadronically-decaying ©

and a leptonically-decaying one (t,7,7,),

— Signature B.2 (t;,7,+MET): At least one hadronically-decaying top quark with only

one 7 decaying hadronically and some missing energy.

Our choice of signal topologies allows us to combine events from pair and single production
modes and enhance our signal sensitivity. The final state t{t{ can come from pair-produced LQs
decaying to a top and a lepton, or from a singly produced LQ along with a lepton and a top. Here,
there is a possibility of double counting between events coming from single production and ones
coming from pair production. Thus, to avoid this we ensure that y /¢ and y7/¢ " are never on-shell

simultaneously in any single production event [98].

5.5.2 SM background process

We discuss the main SM background processes for the signal topologies listed above. The SM
background processes should have two high p; leptons in their final state and a top-like jet. This
top-like jet could either come from an actual top or could arise from other jets (for example, QCD
jets). Processes with a single lepton can also contribute if the second lepton appears due to a
jet misidentification. However, the jet misidentification rate is tiny, and thus these backgrounds
contribute negligibly to the total background. There are some backgrounds that have a huge
contribution, but we are interested in a specific kinematic region. Thus, we generate the background
processes with strong generation-level cuts. This is done for better statistics and it saves computation
time. We list some generational-level cuts and explain these background processes in detail.

Generation level cuts:

1. pr(£;) > 250 GeV (For signature A); pp(£;) > 100 GeV (For signature B),

2. the invariant mass of the lepton pair M({,£5) > 110 GeV (the Z-mass veto).

Here, £, and ¢, denote the leptons with the highest and the second highest pt, respectively. We

discuss the different background processes in more detail below.

1. Z + jets: We simulate the Z background as pp — Z/y* + (0,1, 2)-jets — £{+jets and we
match up to two extra partons. For Signature A (t;,£¢), the required two high p; leptons can
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be obtained from the leptonic decay of the Z boson. The top-like jet can arise from the QCD

jets. This background is constrained by applying the Z-mass veto cut at the generation level.

This background process can also contribute to signatures B.1 (t, 7,7y, + t,T47,) and B.2
(t, Ty +MET). The single lepton can come from the leptonic decay of Z. Small QCD jets
can sometimes be mistagged as a hadronic tau (7;). Although the mistagging rate is small,
the background cross section is large and it leads to a large number of background events

surviving at the end.

. W + jets: We simulate this SM process as pp — W +(0, 1,2)-jets — £ v+ jets matched up to
two extra partons. We can reconstruct the top-like jet from the QCD jets. Like Z + jets, the
cross section of this background is also very high. But our signatures A and B.1 demand two
high p; opposite-sign dilepton, hence this background contribution comes down. However,

since it can contain a single 7 in the final state, it can contribute to signature B.2.

. WW + jets: The diboson processes that can mimic signature A are as follows, W,W,, W, Z,,
and Z;,Z, plus additional QCD jets. The requirement for two opposite-sign dileptons can
come from the leptonic decay of WW and the top-like jet can be reconstructed from the
additional QCD jets. Similarly, in the W} Z,, and Z, Z, modes, the dilepton can come from the
leptonic decay of the Z boson and the top-like jet can be obtained from the hadronic decays
of W and Z bosons.

For signatures B.1 and B.2, the following diboson processes can contribute, W,W;,, W,Z,
Z,Zy,. The W, and Z, can decay to Ts which can further hadronically decay giving us the
desired background. The top-like jet can be reconstructed from the hadronic decay of the

bosons. We find this background process to be subdominant.

. tt+ jets: The SM top pair production is one of the most important background processes. We
generate this background by matching up to two additional jets. In the case of signature A, we
consider the leptonic decay of both the tops (t,t,). This gives us the required opposite-sign
dilepton in the final state. The required top-like jet comes from reconstructing the additional
QCD jets.

In the case of Signature B.1 and B.2, we include the hadronic and semi-leptonic decays of the
top quarks (t,t, and tjt) as well. The contribution from the semileptonic mode is dominant,

followed by the leptonic and hadronic modes.

. ttV: The SM background of the pair produced top quarks along with a vector boson could
act as a background process for our signatures. For signature A, one background could be
tntnZ,. The leptonically decaying Z would give us the dilepton final state and the top-like

fatjet comes from t;. Secondly, t,t,Z;, can also contribute as background to signature A.
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For signature B.1, background processes such as a t,t,Z, and t,t,Z;, could contribute. The
top-like jet could come from one of the hadronically decaying top, and the pair of hadronically
decaying ts can be obtained from the hadronic decay of the Z bosons. A lepton can come
from the misidentification of the jet as a lepton or from the leptonic decay of the top quark.
The t,t,Z; process can also contribute to signature B.2. However, the background processes

have a small cross section and do not contribute much.

. tV: The SM process of a top quark produced along a W/Z boson is one of the subdominant
background processes. We add additional jets and match up to two jets. For signature A, the
background process t, W, would contribute as one could get the dilepton from the leptonic
decay of the top and the W boson. The top-like jet could be obtained from the additional jets.
Another background that can contribute to signature A is t,Z,. Here, the dilepton is obtained
from the leptonic decay of the Z boson, and the top-like jet comes from the hadronic decay

of the top quark.

In signature B.1, the background process that can contribute is t; W},. The top-like jet comes
from the hadronic top, and the jets from W, can mimic the hadronic decay of the 7s. A t;W,
can also contribute to signature B.1, the lepton coming from the W can mimic the leptonic
decay of the 7, and the other hadronic decays can come from the hadronic top and additional

jets. This background process could also be ideal for signature B.2.

We summarize all the relevant background processes in Table 5.2. They are computed at

various orders of QCD, as mentioned in the literature. We scale the LO cross sections by their

corresponding K-factors.

5.5.3 Selection cuts

We analyse the prospects of vLQs decaying to boosted tops and high p; light leptons (in

ref. [78]) and sLQs and vL.Qs decaying to a boosted top quark and a 7( in [259]). We use the anti-k,

jet clustering algorithm for both signatures. We analyse two kinds of jets based on the jet radius

parameter R. We call jets with R = 0.4 “AK4-jets” and the jets with R = 0.8 ones as “AK8-fat jets”.

The AK4-jets are used to identify 7,- and b-tagged jets. We utilise information from the Delphes

tower objects to construct the AK8-fatjets. In the following sections, we apply some conditions on

these AK8-fatjets to identify the hadronic top. We sequentially apply the analysis level cuts on the

signal (See 5.5.1) and background processes.
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Background o QCD
processes (pb) order
) Z+ jets 6.33 x 10* N2LO
V+ jets [261, 262] ] s
W+ jets 1.95x10 NLO
WW+ jets 124.31 NLO
VV+ jets [263] WZ+ jets 51.82 NLO
ZZ+ jets 17.72 NLO
tW 83.10 N2LO
Single t [264] tb 248.00 N2LO
tj 12.35 N2LO
tt [265] tt+ jets 088.57 N3LO
ttZ 1.05 NLO+N2LL
ttV [266] 2
ttWw 0.65 NLO+N-“LL

Table 5.2: Cross-sections of the major background processes without any cut. The higher-order
cross-sections are taken from the literature; the corresponding QCD orders are shown in the last
column. We use these cross-sections to compute the K factors to incorporate the higher-order

effects.

5.5.3.1 Cuts for signature A (t,£{)

%1 (a) We demand at least one top jet, which we tag using the sophisticated tagging algorithm

HEPTOPTAGGER with a transverse momentum p(t;) > 135 GeV.

(b) We demand exactly two same flavor opposite sign (SFOS) leptons with p(£;) > 400 GeV

and pr(£,) > 200 GeV and pseudorapidity |n(£)| < 2.5. For the electron, we consider the

barrel-end cap cut on 1) between 1.37 and 1.52.

(c) The invariant mass of the lepton pair should be greater than 120 GeV [M({,{5) > 120

GeV] to minimize the dilepton background coming from Z boson.

(d) We consider the missing energy F; < 200 GeV.

%,: The scalar sum of the transverse p of all visible objects, St > 1.2 x Min (Mx’ 1750) GeV.

%63: We consider the invariant mass of the reconstructed top jet and lepton cut as
Max(M(£1, t) OR M(£y,t)) > 0.8 x Min (M,,,1750) GeV.

For Signature B, we do not use the tagging algorithm HEPTOPTAGGER but rather cluster the

jets using the anti-k, algorithm and apply the following conditions to tag the hadronic top among

them. These conditions are common to both signatures B.1 and B.2.
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— We demand that the mass of the AK8-fatjet, My; > 120 GeV and the transverse momentum
pr > 200 GeV.

— The subjettiness parameter Ty tells us the about the number of subjets in a fatjet. If Ty
assumes small values, then the fatjet contains N subjets. Here, we apply the subjettiness

ratios T3, < 0.81 and 7,; > 0.35 where 7,; = 7;/7;.

5.5.3.2 Cuts for signature B.1

1. Leptons and jet selection: We demand leptons with transverse momentum pr(£) > 100
GeV and pseudorapidity |n,| < 2.5. We exclude the parameter region 1.37 < |n,| < 1.52.
Similarly, the transverse momentum of the jet pr(j) > 30 GeV and the pseudorapidity
In;| < 5.0. We demand p1(7;,) > 150 GeV. After the basic cuts on the py of the leptons, we
demand there be at least one high p lepton with pT(@) > 250 GeV.

2. Number of leptons or jets: We demand exactly two hadronically decaying 7 leptons (N(7}) =
2) or one hadronically 7 lepton and one leptonically decaying 7 (N(7,) = N(£) =1). We
require atleast one b-tagged AK4-jet (N(b) > 0).

3. Mass cuts: We demand that the invariant mass of the hadronic ditau M(7y,7,) > 250
GeV. And we require that the transverse mass of the single hadronic 7 and leptonic 7
My(ty, E7) > 300 GeV.

4. Top quark identification: The top decay as fatjets. The transverse momentum of the fatjet—
pr(fatjet) > 200 GeV. The mass of the fatjet is M (fatjet) > 120 GeV. The subjettiness paramet-
ers are assumed to be 75, < 0.81, T5; > 0.35. The fatjet-lepton radius cuts are AR(fatjet, 21),
AR(fatjet, ,) > 0.8. Finally we apply the cut the scalar sum of tranverse momenta—Sy > 1300
GeV.

5.5.3.3 Cuts for signature B.2

1. Leptons and jet selection: Here, the basic level leptons and jets py and pseudorapidity 1 cuts

are the same as above. The only difference is that we demand pr(7j) > 250 GeV.

2. Number of leptons or jets: We demand only one hadronically decaying T (N(7;) = 1) and at
least one b-tagged AK4-jet (N(b) > 0).
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3. Mass/Energy cuts: Here, we demand that the missing energy F1 > 300 GeV and we require
that the transverse mass of the single hadronic 7 and the missing energy M(7}, £1) > 300
GeV.

4. Top quark identification: The cuts are the same as the ones given in Signature A with minor
differences such as—-AR(fatjet, 7;,) > 0.8 and St > 1100 GeV.

The transverse mass My is defined as,

MXAB) = 2pip{1—cosad(pf,ph)}, (5.25)
MZ(A,B,Er) = MZ(AB)+MZ(A Er)+ M2(B, Er). (5.26)

A few remarks highlight the motivation behind the cuts. We demand at least one b-tagged AK4-jet
as it reduces the single vector boson plus jets background drastically. We demand that the fatjet

and 7y, are radially separated while tagging a top so as to avoid overlap. The invariant mass cut on

the pair of 7 in signature A is to avoid the Z+jets background.

5.6 HL-LHC prospects

We use the following definition of statistical significance % [267],

Ns +N.
.?Z’:\JZ(NS+NB)IH( SN B)—ZNS, (5.27)
B

where Ng and Ny are the numbers of the signal and background events, respectively, surviving the

selection cuts as mentioned in Section 5.5.3:

NS = (O-pair(M¢/;()epair + Azo'single()L =1, M¢/}() X esingle) X< (5.28)
NB:O'BXEBX.%, (529)

where 0, is the cross section from the pair production mode, Onge is the cross section from
the single production channel, oy is the cross section of the background process, €, denotes the
fraction of events surviving the cuts mentioned above and ¢ is the luminosity of the HL-LHC which
is 3000 fb".
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5.6.1 Results: signature A

Here, we present the results for signature A. We show the signal significance as a function of the mass
of the LQ. We plot these for 14 TeV LHC with 3000 fb™! of integrated luminosity. We have considered
A =1 while calculating the significance for the combined signal (pair and single production mode)
for vL.Qs decaying to top and light leptons. In 5.4, we show the significance vs mass plot for the
vLQs y; and y5 and for the scenarios k = 0 and x = 1 (See Figs. 5.4a,5.4b,5.4¢,5.4d). Here, the y
decays to a top quark and a light lepton. The three horizontal dotted lines in the figures are the
20, 30, and 50 significance. The Pair100 or Pair50 curve denotes the significance as a function of
mass when one considers contributions from the pair production mode only. The curves labeled
LC50, LC100, RC50, and RC100 involve contributions from both pair and single production modes.
The 50 and 100 denote the branching ratio (BR) of y — t£ as 50% and 100% respectively. Some

key observations are as follows,

— Assuming ¥ = 0, for y;, the discovery mass reach with pair production search only
pair100(50) is about 2.05 (1.80) TeV. If one considers the contribution from the single
production mode as well then the discovery reach goes as high as 2.35 (2.10) TeV in the
case of LC100 (50). However, the enhancement in the RC scenario is minimal as the

o (pp — x1£j) is small in the RC scenario.

— For k = 1, the discovery reach enhances as the cross section goes up due to additional
diagrams coming from the gy y coupling. For pair100 (50), the reach goes up to 2.36(2.10)
TeV and once you consider the combined signal then the reach enhances to 2.51 (2.26) TeV.

We obtain similar numbers for y5 as well.

— In the absence of discovery, we also show the heaviest LQ one can exclude with 95% confidence
limit (CL). In the case of pair100 (50), for k = 0 one can exclude a vLQ up to a mass of
2.23 (1.97) TeV. On combining the single production process, the exclusion limit goes as high
as 2.64 (2.1) TeV in the LC100 (RC100). For k = 1, the numbers go up.

For completeness, we also show a previous study [64], where the decay of sLQs (¢; and ¢s) to top
quarks and light leptons (See Fig. 5.5) was analysed. We have summarized the discovery reaches
and exclusion limits for y; and y5 in Tables. 5.3 and 5.4 for benchmark scenario k =0 and k =1

respectively.

In Fig. 5.11 and 5.7, we obtained the discovery reach and exclusion limits by setting A = 1.

We recast these significance plots in terms of A and M,,. In Fig. 5.11, we show the discovery curves
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Figure 5.4: We show the y; significance for (a)[k = 0],(b)[x = 1] and ys(c)[x = 0],(d)[x = 1]
signals over the SM backgrounds. We plot them as a function of their masses M, for 3 ab™! of
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modes. We show the pair production significance for 50% and 100% BRs in the y — t{ decay
mode. We set the benchmark coupling A = 1 while generating the signal.
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Figure 5.5: For completeness, we also show the expected significance for observing ¢ /¢s based
on the study [64].
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Limit on M p (TeV)

%j k=0

k=

g X1 Xs

A Combined Pair Combined Pair
LC50 LC RC50 RC | BR=0.5 BR=1| LC RC | BR=1
210 234 185 2.10 1.79 2.05 | 2.36 2.07 | 2.04
225 251 197 2.22 1.89 2.15 | 2,52 2.18 | 2.15

2 239 2.64 206 231 1.97 2.23 | 2.66 227 | 2.23

Table 5.3: We show the mass limits for y; and ys at k = 0. The 50 significance corresponds to
discovery reach and the 30 and 20 correspond to the exclusion limits for observing the sLQs signals
over background at 3 ab™! integrated luminosity at the 14 TeV LHC. Here, we combine the signal
events from pair and single production processes. Here, LC (RC) denotes LC100 (RC100).

N Limit on M Py (TeV)

o k=1

=

.50 X1 Xs

« Combined Pair Combined Pair
LC50 LC RC50 RC |BR=0.5 BR=1| LC RC | BR=1

5 2.26 2.51 214 2.40 2.10 2.36 | 2.52 2.39 | 2.36

3 240 2.65 226 2.51 2.21 247 | 2.66 2.50 | 2.47

2 2.52 276 235 2.59 2.29 2.55 | 2.78 2.58 | 2.55

Table 5.4: Here, we show the mass limits for y; and ys for k = 1. The rest of the description is the

same as Table. 5.3
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Figure 5.6: We show the 50 discovery reach as a function of A-M o for y; with (a) k =0 and (b)
k =1 and for ys with (c) k = 0 and (d) k = 1. Here, we show the smallest value of new coupling
A required to observe a y/ys signal with 5o significance for different values of M, with 3 ab~! of
integrated luminosity. The shades of green colour denote the pair-production-only regions for 50%
and 100% BRs in the y — t{ decay mode. The pair production mode is insensitive to A thus one
can get 50 even with a small value of coupling in the green region.
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Figure 5.7: Here, similar to the previous figure, we show the 20 exclusion limits in the A-M,
planes for y; with (a) k =0 and (b) k =1 and for y5; with (c) xk =0 and (d) x = 1. These plots
show the smallest A that can be excluded by the HL-LHC with 3 ab™"! of integrated luminosity. The
pair-production-only regions for 50% and 100% BRs in the y — t{ decay mode are shown with

green shades.
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while the 20 exclusion curves are displayed in Fig. 5.7. These plots show the lowest value of A
required to observe the vLQ signal for a varying M, with 50 confidence level for discovery. For
the exclusion plots, all points above the curves can be excluded at the 95% confidence level at the
HL-LHC.

5.6.2 Results: signature B

Here, we discuss the results for signatures B.1 (t;, 7,7, + t, T, 7,) and B.2 (t;t,.+ MET). In Fig. 5.8,
we plot the significance as a function of the mass of sLQ and vLQ for A/A = 1. In the case of
vLQs we have shown only the scenario with k = 1. ‘Pair’ implies contributions are from the pair
production channel only and ‘comb’ means contributions from pair and single production processes.
LC50 and RC50 denote the left and right-handed coupling scenarios (See section 5.3), where LQs
decay to tT with 50% BR. We highlight some key results as follows,

1. Signature B.1

— In Fig. 5.8a, if one considers the pair-only searches with BR 50% for ¢p; — t7 mode, the
discovery limit can go up to 0.96 TeV. However, one can probe higher M, values in the
combined LCSS scenario (1.07 TeV) than the combined LCOS scenario (0.99 TeV) even
though the decays ¢; — t7 and ¢; — bv share 50% BR each in both scenarios. This
difference occurs due to the destructive interference in single production diagrams in
the case of LCOS and constructive interference in the LCSS scenario. In the RC scenario,
¢ has 100% BR in the ¢p; — t7 decay mode. In the scenario, the single production
contribution is small, thus the improvement in reach from the pair-only search (1.31
TeV) to the combined search (1.33 TeV) is marginal. The expected significance for ¢5

is shown in Fig. 5.8c.

— In Fig. 5.8b, we show the significance for the vLQ y; with k = 1. There are no LCOS
and LCSS scenarios here. Here, the LC50 and RC50 represent the scenarios where the
BR of y; — tT mode is 50%. Such scenarios occur only if there are other decay modes
whose only role is to modify the BR. We show these scenarios to outline the variation of
the significance with respect to the BR. The discovery reach numbers for vLQ ys are

similar to that of y; (See Fig. 5.8d).
2. Signature B.2

— InFig. 5.9, we plot the expected significance % as a function of My, /, . CMS performed
an analysis of the signature tht v+ tTv in [96] for charge-2/3 vLQ (y5) or the charge-
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Figure 5.8: We show the expected significance  for observing ¢,, [(a) and (c)] and y,, [(b) and (d)]
for the signal signature A (t, 7,7y + t,T,T,) as a function of their masses for 3 ab~! of integrated
luminosity at the 14 TeV HL-LHC. We plot for different coupling scenarios. The ’comb’ denotes
combined events from pair and single production processes. For the pair production process, we
show significance with BR = 50% and BR = 100%. We consider A, A = 1 when computing the

signals.

1/3 sLQ (¢1). Considering this analysis as a motivation we show that a charge-2/3

sLQ (¢,) or a charge-1/3 vLQ (y;) can lead to the same final state. In Fig. 5.9a, we

show the significance vs mass plot for ¢;. Here, there are no interference effects for
¢,. Thus, we combine the LCOS and LCSS scenarios and denote it as LC50. Thus, for

this signature, the discovery reach for the pair-only (with BR= 50%) searches is 1.10

TeV, and once we add the single production-comb(LC50) the reach goes up to 1.16 TeV.
Similarly, in the case of ¢,, we club the RLCOS and RLCSS and write it as RLC50. The

discovery reach in the pair-only mode and the combined (LC50) mode is given as 1.09

TeV and 1.13 TeV respectively. We have summarized the discovery reach and exclusion

limits for all the L.Qs and their scenarios and for each signature in Tables. 5.3, 5.4, 5.5,

5.6, 5.7, 5.8, and 5.9.
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Figure 5.9: Similar to the Fig. 5.8, we plot the expected significance % for observing ¢, [(a) and

(c)] and y, [(b) and (d)] for the signal signature B (t;, 7}, + MET)

EN Limit on My (TeV)

—g thThTh + tAThTe

S ¢ Ps

Combined Pair Combined Pair

LCOS LCSS RC BR=0.5 BR=1 LC RC | BR=1l
0.99 1.07 1.33 0.96 1.31 1.33 1.34 1.31
1.13 1.23 1.44 1.10 1.23 1.44 1.45 1.42
1.23 1.36 1.52 1.19 1.50 1.53 1.53 1.51

Table 5.5: We show the 50 discovery limits and 20 /30 exclusion bounds on ¢,, for signature

B.1 (t,TyTy + t4TyT). We show limits for pair only and combined signals computed for 3 ab™?
integrated luminosity at the 14 TeV LHC.
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EN Limit on My (TeV)

@' ty Tp+MET

S ¢ ¢

Combined Pair Combined Pair

LCSS BR=0.5 RLCSS BR=0.5
1.16 1.10 1.13 1.09
1.32 1.24 1.27 1.23
1.42 1.34 1.37 1.33

Table 5.6: We show the 50 discovery limits and 20 /30 exclusion bounds on ¢,, for signature B.2

(t,Tp+MET). We show limits for pair only and combined signals computed for 3 ab™! integrated
luminosity at the 14 TeV LHC.

) Limit on M, (TeV) (Signature: t, 7, Ty, + t4TyT,)

—g k=0

S X1 x5

Combined Pair Combined Pair

LC50 LC RC50 RC BR=0.5 BR=1 LC RC BR=1
1.49 1.75 1.43 1.69 1.41 1.68 1.75 1.69 1.68
1.60 1.87 1.53 1.80 1.51 1.78 1.87 1.80 1.78
1.69 1.96 1.61 1.88 1.59 1.86 1.96 1.88 1.86

Table 5.7: We show the 50 discovery limits and 20 /30 exclusion bounds on y,, for signature B.1
(tpThTh + Ty Ty) for kK = 0. We show limits for pair only and combined signals computed for 3
ab~! integrated luminosity at the 14 TeV LHC.

) Limit on M, (TeV) (Signature: t,T,Tp + t4TyT,)

o) =1

g K

O X1 X5

Combined Pair Combined Pair

LC50 LC RC50 RC BR=0.5 BR=1 LC RC BR=1

5 1.78 2.05 1.76 2.03 1.74 2.02 2.05 2.03 2.01
1.90 2.16 1.87 2.13 1.85 2.12 2.16 2.13 2.12
1.98 2.25 1.95 2.21 1.92 2.20 2.25 2.21 2.20

Table 5.8: We show the 50 discovery limits and 20 /30 exclusion bounds on y,, for signature B.1
(tpTpTh + Ty Ty) for k = 1. We show limits for pair only and combined signals computed for 3
ab™! integrated luminosity at the 14 TeV LHC.
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EN) Limit on M, (TeV) (Signature: t;,v,+MET)

,.g k=0 k=1

&) X1 X2 X1 X2

Combined Pair Combined Pair Combined Pair Combined Pair
RLC50 BR=0.5 LCSS BR=0.5 RLC50 BR=0.5 LC50 BR=0.5

1.58 1.53 1.56 1.53 1.90 1.88 1.88 1.87
1.69 1.64 1.66 1.63 2.01 1.98 1.99 1.97
1.79 1.72 1.74 1.71 2.10 2.07 2.08 2.06

Table 5.9: We show the 50 discovery limits and 20 /30 exclusion bounds on y,, for signature B.2
(tpTp+MET). We show limits for pair only and combined signals computed for 3 ab™! integrated
luminosity at the 14 TeV LHC.

In Figs. 5.10 and 5.11d, we show the 50 (20) discovery (exclusion) reaches for signature B.1
as a function of A-My and A-M,, , respectively. And in Figs. 5.12 and 5.13, we show the 50 (20)
discovery (exclusion) reaches for signature B.2 as a function of A-My and A-M, , respectively.
These plots show the lowest values of LQ-g-¢ couplings needed to observe the LQ signatures as
functions of LQ masses with 50 confidence level for discovery. For the exclusion plots, all points
above the curves can be excluded with 95% confidence level at the HL-LHC. These plots are
significant from the perspective of the B-meson anomalies. For example, the A in the LCOS curves
in Figs. 5.10a and 5.10b represent the ylLLg3 coupling of S; or the A in the LC50 curves in Figs. 5.13c
and 5.13d is the x{“%s coupling of U;. Hence, these plots show how far the LHC can probe the

couplings required to explain the anomalies.
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Figure 5.10: The 50 (20) discovery (exclusion) reaches the mass-coupling plane for signature B.1.
These plots describe the lowest values of couplings needed to observe LQ signals with 50 and 20
significance as functions of My with 3 ab™! of integrated luminosity. The pair-production-only
regions for 50% and 100% BRs in the y /¢ — t7 decay mode are shown in green. The pair
production processes are insensitive to the new couplings.
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Figure 5.11: Same as Fig. 5.10 but for y,,.
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Figure 5.12: Same as Fig. 5.10 but for the t, 7, + MET channel. The pair-production-only regions

for 50% BRs in the ¢ — t7 and bv decay mode are shown in blue.
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Figure 5.13: Same as Fig. 5.12 but for y,,.
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Chapter

6

Hunting for right-handed neutrinos from leptoquark productions

In this chapter, we study the discovery prospects of LQs exclusively decaying to quarks and right-
handed neutrinos (RHNs). Such decays are possible if the RHNs are lighter than the LQs. Sub-TeV
RHNs are realisable in models where the neutrinos acquire masses through a process like the
inverse seesaw mechanism. Experimentally, it is an unexplored channel and phenomenologically, it
is an interesting decay mode as there are no direct experimental bounds on the coupling of LQs,
quarks, and RHNs. It opens up the possibility of producing the RHNs abundantly at the LHC, which
is otherwise a challenging task. In this chapter, we investigate the signatures at the LHC from the
LQs decaying dominantly to second-generation quarks (for reasons we explain later) and RHNs.
For completeness, we also study the RHN pair production through a t-channel LQ exchange. For
our analysis, we consider the dilepton and monolepton final states to estimate the discovery and
exclusion prospects at the HL-LHC. Similar to the previous case (See Refs, [68, 268-271])), we
consider simple phenomenological models covering all possible scalar and vector LQs that can give

us the desired final states.

6.1 Inverse seesaw mechanism

Neutrino oscillations observed in various experiments (e.g., solar neutrino experiments, KamLAND)

have established that neutrinos carry tiny nonzero masses. Various mechanisms have been proposed
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to explain these observations. The seesaw mechanism [272, 273] offers a natural explanation for
the smallness of the neutrino mass. In the seesaw mechanism, one includes a heavy right-handed
neutrino Ny for each generation. The RHNs are colour and weak singlets and are electromagnetically

neutral. The seesaw mechanism follows from the neutrino mass matrix of the form,

0o M
M, = T ) (6.1)
Mp Mg

Here, My, is the Dirac mass and is of the order of the electroweak scale and My, is the mass of the
heavy right-handed neutrino. On diagonalising the mass matrix, we get two eigenvalues, A; and
A,. Since the determinant of the matrix is —M g, if one of the eigenvalues goes up, the other has to
come down, hence the name seesaw mechanism. Since My is much heavier than the electroweak
scale, A; &~ My and A, ~ —Mp/Mg. For A, to be in the eV-scale neutrino mass range, My needs
to be around the GUT scale. This elegant solution to the neutrino mass problem is however not
directly testable at the LHC as the GUT scale lies way beyond its reach. Thus, from a collider
perspective, a more testable model would need to contain TeV-range RHNs. For our purpose, we

look at an ingenious mechanism known as the inverse seesaw mechanism (ISM) [274, 275].

The ISM is a variation of the standard seesaw mechanism. It extends the original idea by
introducing three additional singlet neutral fermions S;; (i =1, 2,3 is the generation index) to the
particle spectrum. These fermions are known as the sterile neutrinos. Due to these extra fermions,
the mass matrix becomes 3 x 3 (for each generation) and gains an extra eigenvalue. This allows

the RHNs to have (sub-)TeV-range masses. The interaction Lagrangian is given as,
- 1.
g D _V_LmDNR_SLMNR_ESL VSE+H.C. (6.2)

Here, we have suppressed the generation indices but otherwise, mp, M, and w are all 3 x 3 matrices.

These 3 x 3 mass matrices can be arranged as a 9 x 9 neutrino mass matrix in the basis (v;, NLC ,
SL) :

0 mi O
M,=|mp, 0 MT|; (6.3)
0O M u

For u < mp < M, we get the effective neutrino mass matrix after diagonalising the 9 x 9 mass
matrix. The masses of the SM neutrinos are given as, m, = m}(m”)"'u M~'mp. Thus, there is a
double suppression that allows another scale below the GUT scale. If m, at the electroweak scale,
M at the TeV scale, and u at the KeV scale, then one can get SM neutrinos at the sub-eV scale (see,
e.g., Ref. [276]).

We consider the parameter regions where the RHNs are lighter than LQs so they can decay

exclusively through the RHN+jet decay mode. For the LHC to detect their signatures, the RHNs
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should not be long-lived and decay to SM particles within the detectors. Generally, the strongest
collider bounds on the RHNs come from the searches for the same-sign dilepton pairs, the signature
of the Majorana nature of the RHNs. However, these bounds do not affect our analysis as the RHNs
are pseudo-Dirac types in ISM. They decay mainly through the vz — W*{¥ and vz — Z/h v,
processes in roughly 2 : 1 : 1 ratio [276, 277].

6.2 Scalar and vector leptoquark models

Generally, a quark and a neutrino of different generations can simultaneously couple with a LQ.

Below, we list the scalar and vector LQs which couple to the RHNs and light quarks [10].

6.2.1 Scalar LQs

B R, =(3,2,1/6): The interaction of R, can be written as follows,

25 7R QPR +He, (6.4)
where Q; denotes the left-handed quark doublet, a, b = 1,2 are the SU(2) indices, and € = ic2.

The terms relevant to our analysis are
_i in2/3 3
= yZ ii uL VRR / +y2 ii dl vR 2 Y +H.c. (65)

Since we consider the interactions with second-generation quarks and leptons, the Lagrangian
simplifies as,
o yIR Ey2R2P 1 gIR 52RP 1 He. (6.6)

Here, 1)112z denotes the second generation RHN.

B S; =(3,1,1/3): The interaction Lagrangian of S; coupling exclusively to RHN and quark is

given as,

Z> -y dlis;vh +He (6.7)
The relevant interactions are,

25—y 5¢1sv2 + He. (6.8)
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[ | §1 = (3,1,—2/3): The relevant term is

<D +y122 Rlslv +H.c. (6.9)

6.2.2 Vector LQs

B V,=(3,2,—1/6): The RHN interaction of V, can be written as

~IR AC i, a eab{rb ,J
&5 %55Q) V,, Vg +He, (6.10)
which gives us the terms relevant to our analysis:

5 2Rl o, 28— g IR AL U P 4 e, (6.11)

m U, =(3,1,—1/3): The only relevant term for Uj is as follows,

$Dxlu dl}f”UluvR—FHc (6.12)

B U; =(3,1,2/3): The relevant term for U is as follows,

£ > 3B glyh g vk + He. (6.13)

As mentioned in chapters 3 and 6, the vL.Qs have an additional parameter k in the Lagrangian.

Here, we consider two benchmark values, k = 0 and xk = 1.

For our study, we will focus on the second-generation interactions, i.e., we will consider
the cases where LQs mostly decay to a second-generation quark and a second-generation RHN
(which produces a muon in the final state). This is mainly to obtain a conservative estimate of
this channel’s prospects (the first-generation interactions will lead to better prospects owing to the
larger PDFs, and the third-generation interactions will produce third-generation fermions, which
require separate analysis strategies) and make use of the superior muon-detection efficiency than
those for the other leptons. However, the second-generation case is interesting for another reason.
So far, while studying the LHC phenomenology of LQs, we have ignored the effect of quark mixing.
However, if a LQ directly couples with a left-handed quark of a particular generation, it gets coupled
with the quarks of the other two generations through the CKM matrix. Hence, even if we start with
only second-generation interactions, the LQs will couple to the first-generation quarks enhancing

the production cross sections. This effect is most prominent in the second-generation case.
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6.2.3 Phenomenological models

As we did in the cases with LQs decaying to a top and a lepton [64, 78, 259], we introduce simple

phenomenological Lagrangians which can be mapped to the LQ models:

<D A’lgL de)l + )LZEL VR¢2 + H.C., (614)

L) A1'§R ('}/xl) VR+AZER ('}’XZ) VR+H.C. (615)

Here, ¢, denotes a charge n/3 sLQ and y,, denotes a charge-n/3 vLQ. For the interactions with
the right-handed quarks (i.e., for the weak-singlet LQs), there is no quark mixing and hence, it is
easy to map the above Lagrangians to the models. For instance, the ¢; term in Eq. (5.15) can be
mapped to $;(3,1,1/3) with A; = —yfﬁ. (in this case, the s; in the phenomenological Lagrangian
actually represents the charge-conjugate state of a right-handed s quark). Similarly, the y, term in
Eq. (5.18) maps to U; = (§, 1,2/3) with A, = J_le_ﬁ To map the interactions of the doublet LQs (Rz
or V,), we can set A; = A, (or A; = —A,) and replace s; by [VCKM]Zjdi (where d’ is a down-type
quark of generation j) if the LQ is aligned with the up-type quarks or ¢; by [VgKM]zju{ (where
Ve is the CKM quark-mixing matrix) if the LQ is aligned with the down-type quark basis. We

assume all couplings to be real for simplicity.

6.3 LHC phenomenology

In the above models, both pair and single productions of LQs lead to a pair of RHNs and high-p;
jets. Then there is also the gqg — vz Vg process via a t-channel LQ exchange. As we saw earlier, the
single production depends on the LQ-g-v; coupling as A2 and the t-channel process as A*. This
coupling (and the parameter space in general) remains unexplored. Hence, if it is large [i.e., (1)],
both single and t-channel processes are relevant, especially for the higher LQ masses. In fact, for a
very heavy LQ, the t-channel process directly producing a RHN pair (which we can also think of as
the indirect production of the LQ) becomes the leading one. We show the dependence of the cross

section of each production mode on the mass of the LQ in Fig. 6.1.

The figures marked as up- or down-aligned correspond to the cases when the LQ is aligned
with the left-handed up-type or down-type quarks, respectively (if the LQ couples with the right-
handed s or ¢ quark, quark mixing does not affect our analysis). As explained above, the cross
sections are generally larger in the presence of quark mixing (see, e.g., Figs. 6.1a and 6.1b) since,

in that case, the first-generation quarks can also contribute to the initial states. This can also be
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Figure 6.1: Cross-sections of different production modes of sLQs [(a) — (d)] and vLQs with k =0
[(e) - (h)]and k =1 [(i) — ()]. We also show the cross-section of RHN pair production through
t-channel LQ exchange. The LQ single productions and RHN pair production process are computed

for A(A) =1.
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inferred from the fact the cross sections are significantly larger in the up-aligned cases, especially

for the single LQ production and t-channel process.

In principle, LQs decaying exclusively through RHN can be lighter than a TeV since there are
no direct experimental bounds on them. Here, however, we mainly look at the Mo > 1 TeV and
M,,, ~ 500 GeV region. In the case of RHNs coming from vLQs we consider the scenarios with

extra gauge coupling k =0 and x =1 [10].

6.3.1 RHN decay modes

The RHN neutrino can decay to a W boson and a charged £ a Z boson and a neutrino, or a H boson
and a neutrino. For our study, we consider the first two decay modes (Sophisticated techniques
such as machine learning would be better suited to study the RHN neutrino decay to a H boson and
a neutrino). Hence, a pair of RHNs would lead to two charged leptons and at least one boosted W
boson or a single charged lepton and missing energy and a boosted Z boson. We classify the RHN

pair production in terms of the charged leptons in the final state as follows,

(a) Monolepton final state: Here, we consider one of the RHNs to decay to a W boson and a
muon and the other to decay to a Z boson and a neutrino. The different production and

decay modes of RHNs with monolepton final state are as follows,

— Pair Production mode
pp = $¢/xx = GvR)(ive) = u* Wy Zyvy +jet(s) (6.16)
— Single Production mode
pp = ¢/x vr (+3) = (R vg) = u* Wy Z, vy + jet(s) (6.17)
— RHN Pair Production via t-channel LQ
pp = VrVr (+]) = Vrvr (+) = uEWT Zy vy +jet(s) (6.18)

(b) Dilepton final state: Here, both the RHNs decay to a W boson and a muon. We consider
only oppositely charged muons in the final state. Thus, we obtain dimuon in the final state
and a couple of fatjets. Another way to obtain dimuon in the final state is to decay both
the RHNs to a Z boson and a neutrino. Then, we can obtain the pair of oppositely-charged

muons from the leptonic decay of one Z boson, and the other decays hadronically to a fatjet.

111



However, we do not consider this mode because as one applies the Z-veto cut to suppress
the large Drell-Yan dilepton background, the signal events from the leptonic decays of Z are

also cut out.

The different production and decay modes are as follows,

— Pair Production mode

*uTWEWT +jet(s
T Wy 3 jet(s) 6.19)
vV ZKZ, +jet(s)

pp = ¢¢/xx — (Gvr)(v) — {

— Single Production mode

+ F + F :
. . . usutT WEWT 4 jet(s)
pp — ¢/x v (+j) = (Gv)(vr) = h h, (6.20)
Vi VLZnZy +jet(s)
— RHN Pair Production via t-channel LQ
+,,F T F oL
. . u ut WIEWT 4 jet(s)
pp — VrVg (+)) = vrvr (+)) = hoR (6.21)
vV ZyZ,, +jet(s)

One could also get more than two muons in the final state, by considering the leptonic decays
of the W and Z bosons. However since the leptonic branching ratios of these heavy gauge bosons
is smaller than their hadronic decays, we do not consider final states with more than two muons.

The subscripts h and u denote the hadronic and leptonic decays of vector bosons, respectively.

6.4 Search strategy

Keeping in spirit with our previous studies [98, 99] where we showed how one could systematically
combine pair and single production processes leading to the same final states without double
counting. Later, in Refs. [64, 78, 100, 259], we further demonstrated the usefulness of it. Here,
we extend this strategy to the pair production of RHNs.

6.4.1 Signal selection
We discuss signal selection criteria for monolepton and dilepton events as follows:
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(a) A monolepton event must have contain exactly one high-p;r muon. This muon comes from
the decay of the heavy RHN to a W and a muon and hence would possess high-p. It should
have at least one high-p; AK4 jet. This AK4 jet comes from a TeV scale LQ decaying to a
RHN and a jet, hence the high-p; (see chapter 5 for the definitions of AK4 and AKS jets.)

(b) In the case of dilepton events, we demand the signal to contain a pair of opposite-sign muons
and one of them should have a high-p;. In addition to this, we demand at least one high-p;

AK4 jet and at least one AKS fatjet.

6.4.2 Background channels
Below We list the background proceeses relevant to the dilepton and monolepton final state

seperately. These background processes have been generated with some basic generation-level cuts

to save computation time.

1. Monolepton final state :

W, (+2))

- Wy Zy, (+2))

Zy (+2)

W, Wy, (+2))

tg+b/]'

2. Dilepton final state :

WiZ, (+2j)

W, Wy (+25)

teW, (+2))

toty (+25)

h denotes hadronic decay mode and ¢ denotes leptonic decays. While generating the processes
with very high cross-sections, we apply some basic generational-level cuts to save computation
time. We list only those processes which contribute For the dilepton final state, the W,+jets process

can act as a background since a jet can be misidentified as a lepton. In fact, it is one of the major
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backgrounds for the RHN searches with same-sign dilepton final states. Since we consider only
opposite-sign lepton pairs, in our case, the contribution is not important as the jet-faking-lepton

efficiency is very small, ~ 10~% [278].

6.4.3 Signal and background cuts

We sequentially apply the following analysis level cuts on our monolepton and dilepton signals and

their corresponding background process.

(a) Cuts on dilepton final state:

Selection of high pr Leptons and jets (&) : pr(u) > 220 GeV, p1(j;) > 200 GeV, No

b-tagged jet

Identification of fatjet (€;) : pr(fjg(,)) > 120 (180) GeV,
To1 < 0.3,

65 < M(fj) < 100 GeV,

AR(fj,u) > 0.8

— Dilepton invariant mass (€3) : M(u, u) > 150 GeV

Scalar cuts (&) : St > 1400 GeV, fjHT > 600 GeV

(b) Cuts on monolepton final state:

— Selection of high p; Leptons and jets (¢;) : pr(u) > 200 GeV,
pr(j1) > 200 GeV,
No b-tagged jet

— Identification of fatjet (&,) : pr(fj) > 80 GeV]
To1 < 0.3,
65 < M(fj) < 100 GeV,
AR(fj,u) > 1.0

— Dilepton invariant mass (€3) : —

— Scalar cuts (€4) : Sy > 1200 GeV, E1 > 150 GeV, fj > 600 GeV

114



35 35
3t 3t
X
25 N 25
21 2L
< <
15¢ 15¢
1} 1t
50 50
0.5 0.5
25 3 25 3
35 35
310 3L
e
2.5 & 2.5 "
N $
o &
2t X 2t %
A\
< < A3
15¢0 15¢
1l 1}
50 50
0.5 ] 0.5 ]
Up aligned Down aligned
1 1.5 2 25 3 1 1.5 2 25 3
Mg, (TeV) Mg, (TeV)
(o) (d

Figure 6.2: We show the least value of new coupling A needed to observe the signals with 50
significance as a function of mass at the HL-LHC. These plots are generated for M, = 500 GeV. The
QCD regions (A — 0; dominated by LQ pair productions) in the monolepton and dilepton channels
are shown with solid colours; the dashed lines are obtained by combining the LQ pair and single
production events. Combining single-production events with pair-production events enhances the
prospects. However, the prospects improve even further for high couplings since the RHN pair
production via LQ exchange also contributes to the signals and enhances the significance (solid
lines).

115



35
3 L
25
2 L
<
151
-
=
1 ? 1
50
05} ° ]
Kk=0.0
1 35 4
35 35
= =
| 3 Up/aligned | | H D ligned
algne: own aligne
251 < pranencd 25k < yaad
& w\g
21 & 21 &
< o < x
1.5} 1.5} &
10 10
50
0.5 ] 0.5 56
Kk=0.0 Kk=0.0
1 3 35 4 1 15 2 25 3 35 4
My, (TeV) My, (TeV)
(@] (d)
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plane. The combined contours are obtained for A, A = 1.
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6.5 Results

We use the same computation packages as in previous chapters to generate the model files, event
generation, showering, and detector simulations. We estimate the signal significance from the
binned data using the Liptak-Stouffer (weighted) %-score method. We explain it in detail in

appendix A. We now discuss the important results and offer some key insights.

We plot the 50 (discovery) significance contours on the M;5—A/A planes for the sLQs and
vLQs in Figs. 6.2 and 6.3 respectively. These plots show the minimum coupling required to obtain
50 significance for a given mass of the LQ. We show similar plots for the 20 exclusion limits in
Figs. 6.4 and 6.5 for the sLQs and vLQs, respectively. We fix the mass of the RHN at M,, = 500 GeV.
The olive colour denotes the dilepton final state and the violet colour denotes the monolepton final
state. The solid regions denote the discovery reaches or exclusion limits obtained with only the pair
production mode; A/A — 0 implies a coupling small enough to suppress the single productions
and the t-channel LQ exchange but not enough to form displaced vertices. The dashed contour
lines denote the 50 reaches or the 20 limits when one considers events from the pair and single
production modes. Whereas, the solid lines indicate the 50 reach or the 20 limits when one
considers events from the pair, single, and t-channel LQ-induced RHN pair production modes. We
see that the minimum values of coupling needed to obtain the required significance come down

when all production modes are combined.

The 50 discovery reaches for the charge-1/3 S; and the charge-2/3 S; go as high as 1.6
and 1.5 TeV, respectively, in the dilepton channel with the pair-only signal. Once we include the
single production and the t-channel LQ-exchange contributions, the reaches go up to 1.8 and
1.6 TeV, respectively, for A = 1. The reach is higher in the case of S; because, in this case, the
quark-initiated single and RHN pair production process can come from a s quark whereas for S;
these are c-initiated processes. Hence, the contribution is higher as we know the s quark PDF is

more than the ¢ quark PDE

In the case of vector LQs we obtain similar results. For the charge 1/3 vLQ (U;) and the
charge 2/3 (U;), the 50 reaches in the pair-only mode are about 1.9 and 1.8 TeV, respectively.
For A = 1, the same RHN mass and k = 0, once we combine the single production and the
t-channel events, the reach enhances to 2.1 and 2.0 TeV. These numbers can go up if we include
the additional gy y coupling—k. Setting x = 1, the 50 reaches for U; and U; go to about 2.2
and 2.1 TeV, respectively, in the pair-only mode. On including single and t-channel mode with

A =1, the reach enhances to 2.4 and 2.2 TeV. In the absence of discovery, we provide the 20
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exclusion limits. For M, =500 GeV, the HL-LHC can exclude up to 2.0 and 1.9 TeV in the cases
of S; and S, respectively. The exclusion limits for U; and U; for k = 0 are 2.4 and 2.3 TeV]
respectively in the dilepton mode. For k = 1, the 20 limits change to 2.6 and 2.5 TeV, respectively
in the combined mode. The enhancement occurs because as we show in Fig. 6.1, for a nonzero

K, we get additional diagrams in the pair and single production modes and the cross-section goes up.

We find the results for the doublet model more promising for two reasons. The doublet L.Q
contains two components of different charges. The selection criteria we proposed doesn’t depend
on the charge of the LQ. It is specific to the final state. Thus, we can systematically combine
individual components leading to enhancement in the signal. Secondly, we show that in the sLQ
R,, one component couples with the first generation quark through the CKM mixing. This could
be either of the two charged components-1/3 or 2/3, depending on how the LQ is aligned. This
enhances the cross-sections. In Fig. 6.2c and Fig. 6.2d, we show the 50 discovery contour for the
pair-only (solid regions) and combined modes (solid and dashed lines) for the dilepton (yellow)
and monolepton (violet) for R, aligned with up-type and down-types quarks respectively. It is
evident from the figures that since the CKM mixing leads to enhancement in the cross-section, this
leads to that fact now, for a given mass of LQ, one can obtain 5¢ discovery for a lower new coupling
value. A similar trend can be seen for the vLQ V, in Figs. 6.3c and 6.3d. In Fig. 6.6, We show the
20 and 50 contours on the Mg 7 —M,, planes to demonstrate how the signal significance varies
with M,, . Since the RHNs appear only in the decay, we do not expect any significant dependence
on M,, (we only show the S, U, plots for illustration). We observe a drop in the sensitivity in the
M, < Mg region. If the M}, — M, mass gap is large, the RHN becomes highly boosted, and the
decay products of RHN become very collimated, making it difficult to isolate the W -like fatjet from

the selected muon. This requires a different strategy, and has been discussed in Ref. [279].
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Chapter

7

Summary and conclusions

Leptoquarks are special types of BSM scalars or vector bosons that simultaneously couple to leptons
and quarks. They appear in various BSM theories. They are currently popular in the literature as
they can explain experimental anomalies like the recent CDF measurement of the W boson mass,
the magnetic moment of the muon (g —2),, and the B-anomalies, etc. In this thesis, we have
studied some anomalies-motivated LQ models by scrutinising the relevant parts of the parameter
spaces that survive the relevant experimental constraints. We have looked at various low-energy
bounds and obtained precise, competitive and complementary bounds from the latest LHC data,
thus bridging a gap between the B-physics literature and the LHC studies on LQ models. We
have also looked at the discovery and exclusion prospects of all possible LQs in some interesting

channels.

— We started with a U; vLQ model that could explain the R and Rg) anomalies simultaneouly.
We introduced some simple flavour ansatzes to generate the required cvU,;, btU;, suUy,
and buU, interactions. Adopting a minimalist approach, we looked for possibilities with
only a few unknown couplings. We listed the possible single and multi-coupling scenarios
in a bottom-up manner. These scenarios may appear similar from an effective-field-theory
approach but their LHC perspectives (hence, the limits on them) are very different, as the
production processes and decay modes differ with different new coupling(s). Based on
the different final states, we considered an exhaustive list of bounds from the recent direct

searches. We found that the direct bounds did not show the complete picture—one needed
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to consider the indirect LHC bounds on these models because they contain one or more
order-one (i.e., large) coupling(s). For instance, in the case of the Rj)-motivated single
coupling scenarios, one could wrongly conclude that the LHC allows the relevant regions if
one considered the direct bounds only. However, the indirect limits essentially rule out those

regions.

We recast the latest high-p; 77 and uu searches by systematically combining the events
from all production modes of U; that lead to dilepton final states to obtain the indirect limits.
The production modes consist of the resonant pair and single production modes and the
nonresonant dilepton production via a t-channel U; exchange and its interference with the
SM dilepton production process. We found that, in the regions of interest, the number of
events from the interference term contributes the most and, since it is destructive in nature,
leads to a decrease in the overall number of events. We obtain the 20 exclusion bounds by
performing a y? fit on the latest 77 and uu search data. For the lower masses of LQs, the
pair production mode is majorly QCD-mediated and contributes more as compared to the
nonresonant mode. But as we move over to the higher masses, the nonresonant contributions,
especially the interference part, take over. Thus, it is essential to systematically combine all
production modes to obtain precise bounds. We showed this quantitatively in the exclusion

limits for the single coupling scenarios.

We analysed all possible one and two-coupling scenarios of U;. We found that in the two
coupling scenarios, there were considerable overlaps between the regions relevant to the
observables and the regions allowed by the LHC’s direct and indirect bounds. The LHC’s
indirect limits are less restrictive on the Ry, scenarios since the Rg«) anomalies require
smaller couplings than those needed for the Rj) anomalies. We found that the LHC’s direct
bounds rule out a U; of mass 1.5 TeV in the Ry single-coupling scenarios. However, we
showed that with multiple new couplings, it is possible to obtain a 1.5 TeV U, that is allowed

by the LHC data and can simultaneously explain the Rj) and Rg) anomalies.

We considered a multi-component model containing a combination of a singlet and a triplet
(S; + S3) sLQ for a simultaneous explanation of the discrepancy in CDF W boson mass
measurement, (g — Z)M anomaly, and the anomalies in the Rp) and Rg() observables. The
model is simple and economical, requiring only a few new couplings (~ a minimal set).
Based on the assumed couplings, we considered an exhaustive list of the relevant low-energy
experimental constraints and the bounds from the LHC direct searches. We found that the
LHC data allowed the sLQs in our model to be about 1.5 TeV. Hence, the model is testable at
the LHC. We showed that if all the couplings were perturbative, the heaviest the sLQs could

become would be about 8 TeV without any additional new couplings.
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— Recent experimental updates from the LHCb put the Rg() observables within the SM ex-
pectations. Similarly, the tension between the experimental and the SM value of Rj. came
down slightly in the recent experimental update. The combined measurement of the Rp)
observable still deviated from the SM value by 3.20. We updated our analysis with the new
values. We observed that almost all LQ models we considered remained valid possibilities.

The LHC limits we obtained are unaffected by the updates.

— We also studied the prospects of LQs through boosted top quarks and high-p; leptons at the
HL-LHC. Considering all possible scalar and vector LQs that decay to a top quark and a charged
lepton, we designed simple phenomenological Lagrangians suitable for experimental searches.
These simple models can be easily mapped to all the scalar and vector LQ models that give us
the desired final states. Often, the prospect studies focus on the LQ pair production process,
which is mainly QCD-mediated and contributes more at low masses. But its contribution
decreases rapidly at high masses due to phase space suppression. We devised a strategy
to systematically combine the pair-production signal with the (model-dependent) single-
production signal to address this shortcoming. The contribution from the single production
process scales as A2; thus, at higher masses and for @(1) coupling or more, the single
production contribution becomes significant. We quantitatively showed that the inclusion
of single production significantly enhanced the discovery or exclusion reaches of the LQs at
the HL-LHC. We found that the HL-LHC can discover a ~ 2 TeV sLQ and a ~ 2.5 TeV in the

modes we considered.

— We also performed a similar prospect study for the LQs decaying exclusively to RHNs and
(second-generation) quarks. This is an experimentally unexplored interesting channel as
there are no direct experimental bounds on the couplings responsible for such interactions. If
a LQ is heavier than the RHN, a pair of RHNs can come from the decay of the LQ (produced
singly or in pairs) or via a t-channel LQ exchange. The nonresonant contribution scales as
A*. Hence, if the unknown coupling is large enough, the nonresonant mode can contribute
significantly. We considered two signal topologies producing dilepton and monolepon final
states. We found that for perturbative new couplings and 500 GeV RHN, the discovery reaches
for the sLQs could go as high as 3 TeV and about 4 TeV for the vLQs.

To summarise, we have performed a detailed phenomenological investigation of the TeV-
scale LQ models. We have looked at their current status and future prospects. Our analyses are
exhaustive and systematic and our methods are generic. They can be easily applied to other BSM
scenarios (including other LQ models) as well. While our analyses are precise and sophisticated and

our results are promising, more advanced computational techniques such as machine learning or

124



multivariate analysis can improve them further. One could also investigate LQ decays to first/third-
generation RHNs and quarks. One could also study the prospect of these models at other future

colliders (such as the muon collider).
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Appendix

A

Systematics errors

In experiments at the LHC, one has to account for the systematics. In our study of sSLQs and vLQs
decaying to the top and 7 [259], we find our estimates get affected by systematic uncertainties.
We consider two benchmark choices of 5% and 10% systematics on our background estimations.

In the presence of total systematic error oz, Eq. (5.27) generalises to

2 2 2 1/2
y:ﬁ((NS+NB)1n[(NS+NB)(NB+GB)]—(&) 1n[1+GB—NSD . (A

NZ+ (Ns +Np)o3 o Np(Ng +03)

whose approximated form is perhaps more familiar,
Ng
Nz +02
B OB

We find that the Eq. (A.1) severely affects the estimation of our mass limits, especially for the sLQs

¥ (A.2)

as their cross sections are smaller than the vLQs [280]. To overcome these effects due to systematic
errors, we estimate the mass limits from binned data. We estimate the signal significance from the
binned data using the Liptak-Stouffer (weighted) %-score method. The Metascore or the combined
significance is given as,

Zévzl w}

Here, Z; denotes the signal significance in the i bin (i € {1,2,3,...,N}) computed from Eq. (A.1)

o — (A.3)

and w; is the corresponding weight, which is taken to be equal to the inverse of the variance

in that bin. We have set the w;’s equal to the inverse of the square of the total errors, i.e.,
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Limit on M, & (TeV)
(Signature: t, T, Ty + ty Ty Ty) (Signature: t, 7, + MET)
LCSS-Comb. | Pair (BR=0.5) RC-Comb. Pair (BR=1) LCSS-Comb. | Pair (BR=0.5)
5% 10% 5% 10% 5% 10% | 5% 10% 5% 10% | 5% 10%
1.06 094 | 0.84 0.75 142 137 ] 140 1.36 | 1.19 1.11 | 1.15 1.05
1.34 1.26 1.12 1.04 1.56 151 1.54 1.49 | 137 130 | 1.32 1.24
1.53 1.47 1.27 1.22 1.67 1.65| 1.66 1.63 || 1.47 143 | 1.44 1.38

Comb. #

w

Table A.1: The mass limits for some sample scenarios, with 5% and 10% systematic uncertainties.

w1 = (statistical error)? + (systematic error)®> = N} + (o). In Fig. A.1, we show the binned
distribution for the sLQ ¢, for a benchmark mass point. In Figs. A.1a and A.1b, we plot the number
of signal and background events at £ = 3000fb—! as a function of the binning parameter transverse
mass [m¢ (7,4, Ey)] for signature A. A similar figure is given for Signature B in Figs. A.1c and A.1d,
with the binning variable-missing transverse energy (MET). We show the mass limits for the sLQ

¢, with benchmark systematic uncertainties 5% and 10% in Table A.1.
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Figure A.1: The bins show the number of signal and background events in the t, 7,7, + t;, 7,7,
channel [(a) and (b)] and the t;, 7+ MET channel [(c) and (d)]. The events are obtained applying
all the cuts in Sections 5.5.3.2 and 5.5.3.3, except the ones on the variables used for binning, i.e.,
N(7y) and My in the t, 7,7y, + t, T, T, channel and N(b) and MET in the t;, 7+ MET channel.
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